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ABSTRACT

The well-known bimodality between star-forming discs and quiescent spheroids requires the existence of two main processes: galaxy quenching,
causing the strong reduction of star formation, and morphological transformation, causing the transition from disc-dominated structures to bulge-
dominated ones. In this paper, we aim to understand the link between these two processes and their relation with the stellar mass of galaxies and
their local environment. Taking advantage of the first data released by the Euclid Collaboration, covering more than 60 deg® with space-based
imaging and photometry, we analyse a mass-complete sample of nearly one million galaxies in the range 0.25 < z < 1 with M, > 10°° My, using a
combination of photometric and spectroscopic redshifts. We divide the sample into four sub-populations of galaxies, based on their star-formation
activity (star-forming and quiescent) and morphology (disc-dominated and bulge-dominated). We then analyse the physical properties of these
populations and their relative abundances in the stellar mass versus local density plane. Together with confirming the passivity-density relation
and the morphology-density relation, we find that quiescent discy galaxies are more abundant in the low-mass regime of high-density environment
where log, (1 + ¢6) > 1.3. At the same time, star-forming bulge-dominated galaxies are more common in field regions with log,,(1 + ) < 0.8,
preferentially at high masses. Building on these results and interpreting them through comparison with simulations, we propose a scenario where
the evolution of galaxies in the field significantly differs from that in higher-density environments. The morphological transformation in the
majority of field galaxies takes place before the onset of quenching and is mainly driven by secular processes taking place within the main sequence,
leading to the formation of star-forming bulge-dominated galaxies as intermediate-stage galaxies. Conversely, quenching of star formation precedes
morphological transformation for most galaxies in higher-density environments. This causes the formation of quiescent disc-dominated galaxies

before their transition into bulge-dominated ones.
1. Introduction

When dealing with galaxies, form and substance are tightly con-
nected. Since the introduction of the Hubble sequence (Hubble
1926), it has been well known that the morphology of galax-
ies strongly correlates with their physical properties (e.g. mass
and star-formation rate, SFR; see e.g. Kauffmann et al. 2003;
Brinchmann et al. 2004; Wuyts et al. 2011; Huertas-Company
et al. 2024). Throughout most of cosmic history (up to at least
z ~ 3; see e.g. Huertas-Company et al. 2025), this correlation
is clearly visible in the bimodal distribution of galaxies, where
most of the objects belong to two main families. The first one
is characterised by blue rest-frame colours, active star forma-
tion, young stellar ages, and discy morphologies. The second
one, on the contrary, includes galaxies with redder colours, neg-
ligible star formation, older stellar populations, and spheroidal
morphologies (see e.g. Strateva et al. 2001; Allen et al. 2006;
Euclid Collaboration: Quilley et al. 2025). The limited number
of galaxies found in between these populations (see some ex-
amples of passive discy galaxies in e.g. Masters et al. 2010 and
of star-forming spheroids in e.g. McIntosh et al. 2014) is nor-
mally explained through the rapid evolution from one group to
another. This process must include both galaxy quenching (i.e.
the stopping of star formation; see e.g. Man & Belli 2018 and
references therein) and morphological transformation (i.e. the
transition from a disc-dominated structure to a bulge-dominated
one; see e.g. Liu et al. 2019 and references therein). However, it
is not clear whether these two processes take place at the same
time or not and — in this second case — if there is a causal con-
nection between them.

The common treatment of galaxy quenching relies on the
distinction between two main families of processes: those re-
lated to internal factors and those depending on external ones
(see e.g. Peng et al. 2010 and references therein). The internal
processes include physical mechanisms, such as feedback from
massive stars or supernovae (e.g. Ciotti et al. 1991), as well as
active galactic nuclei (AGN; e.g. Bower et al. 2006; Croton et al.
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2006). These processes are commonly considered together in the
general class of ‘mass quenching’, since they are mostly respon-
sible for stopping of star formation in massive galaxies, regard-
less of their environment. The second family, instead, includes
processes able to inhibit star formation by preventing the accre-
tion of cold gas from the intergalactic medium (starvation; see
e.g. Larson et al. 1980; van den Bosch et al. 2008) or by de-
pleting the gas reservoirs in galaxies (e.g. by tidal stripping or
ram-pressure stripping; see e.g. Gunn & Gott 1972; Feldmann
et al. 2010; Boselli et al. 2022). All these processes are normally
referred to as ‘environmental quenching’, since they are more
effective in high-density environments such as galaxy groups or
clusters (Feldmann et al. 2010). One of the main results of the
current research in this field is that these two effects are separable
(i.e. they act independently of each other) and effective at least
since redshift z ~ 1 (Peng et al. 2010). At higher redshifts, the
picture becomes less clear, and a consensus in the community
is still far from being reached, with several studies presenting
different conclusions about the effectiveness of environmental
quenching at z > 1.5 (see, for instance, Fossati et al. 2017; Foltz
et al. 2018; Xu et al. 2025; Pan et al. 2025).

When it comes to morphological transformation and its re-
lationship with mass and environmental quenching, scientific
literature becomes less rich.! While it is well established that
the fraction of early-type galaxies is higher at high masses and
in high-density environments (see e.g. Dressler 1980; Dressler
et al. 1997; Postman et al. 2005; Euclid Collaboration: Cle-
land et al. 2025), the physical mechanisms able to produce the
morphological transformation are still to be completely under-
stood. A possible solution can reside in galaxy mergers, which
are able to dissipate angular momentum and cause the transition
from disc-dominated structures to bulge-dominated ones (see
e.g. Hopkins et al. 2008; Cox et al. 2008), even though it is still
debated if the cessation of star formation induced by mergers is
permanent or not (see e.g. Dubois et al. 2016; Athanassoula et al.
2016). An analogous debate is still active on the possible effects

' It is interesting how taking the morphological transformation into
account was already seen as a priority by Peng et al. (2010).
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of feedback mechanisms on the angular momentum of galaxies,
and on the consequent possibility of inducing a morphological
transformation (see e.g. Ubler et al. 2014; Agertz & Kravtsov
2016; Yang et al. 2024). In addition, the possibility of morpho-
logical quenching has been proposed by Martig et al. (2009). In
this scenario, the formation of a dominant bulge in star-forming
galaxies could help stabilise the disc, preventing further star for-
mation.

A full observational test of these scenarios is quite challeng-
ing, since it requires wide sky surveys (to sample different envi-
ronments with different densities), with good photometric con-
straints (to properly assess photometric redshifts and physical
properties of the observed galaxies), and high-resolution imag-
ing (to accurately constrain the morphology of galaxies). Un-
til now, no survey has met all these criteria. On the one hand,
wide ground-based surveys missed the key ingredient of high-
resolution imaging, while, on the other, space-based missions
(such as the Hubble Space Telescope or the James Webb Space
Telescope) are fundamentally limited by their small fields of
view, making it hard to perform large sky surveys (see some
noteworthy examples in Scoville et al. 2007 and Casey et al.
2023).

The recent launch of the Euclid satellite (Laureijs et al. 2011;
Euclid Collaboration: Mellier et al. 2025) promises to be a game
changer in this field. Several studies based on the first data col-
lected by the telescope already showed how — even only relying
on photometric redshifts — these data can be employed to char-
acterise the environment of galaxies (e.g. Euclid Collaboration:
Cleland et al. 2025), their position in the cosmic web (e.g. Euclid
Collaboration: Laigle et al. 2025) and their physical properties
(e.g. Euclid Collaboration: Enia et al. 2025; Euclid Collabora-
tion: Tucci et al. 2025). In this study, we aim to address the sci-
entific issues introduced before by adding morphological infor-
mation to the classical studies focusing on galaxy quenching as a
function of mass and environment. In our approach, we focus on
the ‘intermediate stages’ in the transition between star-forming
discs and quiescent spheroids: objects with either discy struc-
tures and negligible star formation or with predominant bulges
and active star formation.

The paper is structured as follows. In Sect. 2, we introduce
the first Euclid data used in our analysis. In Sect. 3, we de-
scribe the procedure followed to estimate the local environmen-
tal density for our galaxies. In Sect. 4, we describe the four sub-
populations of galaxies considered in our analysis and compute
their relative abundances as a function of stellar mass and local
density. The observed properties are then linked to the hosting
dark matter halos through comparison with simulations. These
observational results are then employed in Sect. 5 to propose an
evolutionary scenario for the four sub-populations. Finally, we
draw our conclusions in Sect. 6 and present the future perspec-
tives of our work in anticipation of the next data releases from
the Euclid satellite.

Throughout this paper, we assume a standard ACDM cos-
mology with the parameters reported in Planck Collaboration:
Aghanim et al. (2020). We also assume a Chabrier (2003) initial
mass function. Finally, all the magnitudes quoted throughout the
text are reported in the AB photometric system (Oke & Gunn
1983).

2. Data
2.1. The Euclid survey and the Q1 data

During the nominal duration of its mission, the Euclid satellite
will carry out a wide survey covering almost 14 000 deg® of the
extragalactic sky (Euclid Collaboration: Scaramella et al. 2022).
As part of this survey, it will collect space-based imaging in
one broad visible (VIS) filter (/;; Euclid Collaboration: Cropper
et al. 2025) and three near-infrared (NIR) filters (Y, J;, and Hy;
Euclid Collaboration: Jahnke et al. 2025), together with slitless
spectroscopy at NIR wavelengths (Euclid Collaboration: Gillard
et al. 2025). This wide survey will be complemented by a deeper
one (covering the three Euclid Deep Fields — EDFs — for a total
of more than 50 deg” at the end of the survey) with significantly
higher exposure times (expected gain of about two magnitudes in
photometry; see Euclid Collaboration: Mellier et al. 2025). We
refer to Laureijs et al. (2011) and Euclid Collaboration: Mellier
et al. (2025) for a complete description of the Euclid satellite, its
main scientific goals, and the technical details of the telescope.

In this paper, we analyse the first data released by the Euclid
Consortium (the Euclid Quick Release Q1 2025; Q1 in the fol-
lowing, see Euclid Collaboration: Aussel et al. 2025). These data
cover 63.1 degz, divided between the deep fields Fornax (EDF-
F; 12.1 degz), North (EDF-N; 22.9 degz), and South (EDF-S;
28.1 degz). The 10 o depth of the Q1 data (measured in a cir-
cular aperture with a radius equal to twice the full width half
maximum of the point spread function; PSF FWHM) is fixed to
I, = 24.5, equivalent to the nominal depth of the wide survey at
the end of the mission lifetime. A complete description of the Q1
data can be found in Euclid Collaboration: Aussel et al. (2025).

For our analysis, we employ the photometric redshifts
and physical properties (stellar masses, SFR?, and rest-frame
colours) estimated in Euclid Collaboration: Enia et al. (2025)
through the machine-learning algorithm Nearest-Neighbour
Photometric Redshift (nnpz; see Euclid Collaboration: Desprez
et al. 2020; Euclid Collaboration: Enia et al. 2024). These data
differ from the standard data products included in the Q1 release
(see their descriptions in Euclid Collaboration: McCracken et al.
2025; Euclid Collaboration: Polenta et al. 2025; Euclid Collab-
oration: Romelli et al. 2025; Euclid Collaboration: Tucci et al.
2025). We refer to Euclid Collaboration: Enia et al. (2025) for
a complete discussion on the main differences between the two
data-sets. Here, we highlight the fact that the physical properties
obtained by Euclid Collaboration: Enia et al. (2025) are com-
puted by taking into account the Euclid photometry (I, Yz, Jg,
and H; bands), the external ground-based photometry collected
between 0.3 pm and 1.8 wm by the Ultraviolet Near-Infrared Op-
tical Northern Survey (UNIONS; Gwyn et al. 2025) and the Dark
Energy Survey (DES; Flaugher et al. 2015; Dark Energy Survey
Collaboration et al. 2016), and the mid-infrared (MIR) photome-
try at 3.6 um and 4.5 um collected by Spitzer/IRAC and extracted
by Euclid Collaboration: Bisigello et al. (2025). The last compo-
nent is not included in the official data products by the Euclid
Collaboration, even though it is available for most of the sources
from the Q1 release thanks to the Cosmic Dawn Survey of the
Euclid Deep and Auxiliary Fields (DAWN; Euclid Collabora-
tion: Moneti et al. 2022; Euclid Collaboration: McPartland et al.
2025). The inclusion of MIR photometry produces a significant
improvement in the accuracy of the photometric redshifts and

2 Throughout this study, we use a SFR averaged on the last 100 Myr
of the star formation history of each galaxy (see Euclid Collaboration:
Tucci et al. 2025; Euclid Collaboration: Enia et al. 2025).
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stellar masses, especially at higher redshifts (see the discussion
in Euclid Collaboration: Enia et al. 2025).

The second tier of data products employed in this analy-
sis consists of the morphological parameters estimated by the
MERge Processing Function (MER PF; Euclid Collaboration:
Romelli et al. 2025). Specifically, we make use of the modelling
with a single bi-dimensional Sérsic profile (Sérsic 1963) per-
formed on the VIS images. The modelling is performed with
the SourceXtractor++ code (Bertin et al. 2020; Kiimmel et al.
2022), as described in more detail in Euclid Collaboration: Quil-
ley et al. (2025).

2.2. Sample selection

As already done in several studies analysing the first Euclid data,
we apply a series of criteria to clean the sample from spurious
detections. These are based on the quality flags introduced by
Euclid Collaboration: Tucci et al. (2025) and correspond to those
employed in Euclid Collaboration: Enia et al. (2025):

{SPURIOUS_FLAG =0; 0

DET_QUALITY_FLAG < 4.

These criteria are useful to avoid spurious detections and
sources that are saturated or too close to the borders of the de-
tection image. In addition to these criteria, we aim to remove as
many non-galaxies and point sources as possible from our sam-
ple, so we add some extra conditions following Euclid Collab-
oration: Matamoro Zatarain et al. (2025) and Euclid Collabora-
tion: Quilley et al. (2025):

MUMAX_MINUS_MAG > 2.6 ;

PROB_QSO < 0.86 ;

PROB_STAR < 0.10; @)
q>005;

0.0la <R, <2a.

Here, g and R, are the axis ratio and effective radius of the Sér-
sic profile, a is the major semi-axis of the segmentation area,
MUMAX_MINUS_MAG is a compactness criterion defined as the dif-
ference between the peak surface brightness and the total magni-
tude in the detection band, and PROB_QSO and PROB_STAR quan-
tify the probability of a given object to be a quasi-stellar object
(QSO) or a star, respectively. As reported in Euclid Collabo-
ration: Tucci et al. (2025), the QSO classification is obtained
through a random forest classifier and achieved a 95% success
rate when validated on a spectroscopic sample of non-stellar ob-
jects. This value increases slightly when the threshold adopted
in Equation 2 is chosen, as reported by Euclid Collaboration:
Matamoro Zatarain et al. (2025).

Finally, we aim at analysing a complete sample of galaxies
in the redshift range 0.25 < z < 1. Therefore, we choose to work
with a flux- and mass-limited sample. For doing so, we perform
a last series of cuts:

H, <24,
M, > 10°° Mg; 3)
0.25 < zphot < 1.

The first condition roughly corresponds to a S/N>5 cut in the
H; band, which allows us to focus on a sample of galaxies with
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good constraints in the NIR regime. The chosen limiting mass
corresponds to the 95% completeness limit for quiescent galax-
ies with H; < 24 at z ~ 1, as estimated by Euclid Collabora-
tion: Enia et al. (2025) following the standard relation of Pozzetti
et al. (2010) applied to their data products. Given the overall
behaviour of the mass completeness, the percentage is clearly
higher at lower redshifts and for star-forming galaxies. The cho-
sen redshift range allows us to focus on galaxies covering a sig-
nificant cosmological volume and with an accurate photometric
redshift (see Sect. 3). The final sample of galaxies employed to
estimate the density field (Sect. 3) includes 975 830 objects. The
rest of the analysis, where we intensively take advantage of the
morphological parameters, is based on a sub-sample of 876 727
galaxies with

g<l;
4
{0.302 < nger < 545, @)

where ng., is the Sérsic index. These cuts are prescribed by Eu-
clid Collaboration: Quilley et al. (2025) to remove from the sam-
ple galaxies with inaccurate morphological analysis.

2.3. Ancillary spectroscopy

To incorporate the spectroscopic information available for some
of the galaxies observed in Q1, we take advantage of the spectro-
scopic compilation available within the Euclid Consortium (C.
Saulder, private communication). This collection includes red-
shifts from: the Dark Energy Spectroscopic Instrument (DESI,
DESI Collaboration et al. 2016, 2024); the 16th Data Release
of the Sloan Digital Sky Survey (SDSS, Ahumada et al. 2020);
the 2MASS Redshift Survey (2MRS, Huchra et al. 2012); the
PRIsm MUIti-object Survey (PRIMUS, Coil et al. 2011); the
Australian Dark Energy Survey (OzDES, Yuan et al. 2015; Chil-
dress et al. 2017; Lidman et al. 2020); 3dHST (Brammer et al.
2012); the 2-degree Field Galaxy Redshift Survey (2dFGRS,
Colless et al. 2001); the 6-degree Field Galaxy Redshift Sur-
vey (6dFGS, Jones et al. 2009); the MOSFIRE Deep Evolu-
tion Field Survey (MOSDEEF, Kriek et al. 2015); the VANDELS
ESO public spectroscopic survey (Pentericci et al. 2018; Talia
et al. 2023); the JWST Advanced Deep Extragalactic Survey
DR3 (JADES, D’Eugenio et al. 2025); the 2-degree Field Lens-
ing Survey (2dFLens, Blake et al. 2016); and the VIMOS VLT
deep survey (VVDS, Le Fevre et al. 2005). These are all matched
to Euclid sources. We only include in our procedure sources with
secure redshifts (i.e. with quality flag Qr > 3), obtaining a spec-
troscopic coverage of about 5% of the galaxies involved in the
analysis, decreasing quite linearly from 10% at z = 0.25 to 2%
at z = 1. In the considered redshift range, we find an overall
good agreement between the photometric and the spectroscopic
redshift, with a o°a,/(1+2 ~ 0.3. We underline, however, that the
spectroscopic coverage is biased towards star-forming galaxies,
for which the presence of emission lines makes it easier to model
the spectroscopic redshift.

3. Estimation of the density field

We reconstruct the density field of the Q1 galaxies following
a tomographic approach, necessary because the accuracy of the
available photometric redshifts does not allow a 3D modelling
(o a1+ ~ 0.03; see e.g. the discussion in Malavasi et al. 2016
on the possibility of reconstructing the density field with such
photometric redshifts). Following Euclid Collaboration: Laigle
et al. (2025), we divide the redshift range 0.25 < z < 1 into
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Fig. 1. (First three panels) Density field as estimated in Sect. 3 for the three EDFs. The three panels show the density contrast parameter as a
function of the redshift in each field. The horizontal solid, dashed, and dotted lines represent the median value of log,,(1 + 6), the 20, and the 5o
levels, respectively. They separate the field, intermediate-density regions, and high-density ones. (Last panel) Distribution of the log(1 + ¢) in the
three EDFs. The dashed lines indicate the same levels as in the previous panels. The shaded area reports the area excluded from the analysis.

20 overlapping redshift slices with a fixed comoving width of
170Mpc h~!. The overlap is constant and fixed to 90 Mpc /™",
The choice of a fixed comoving size for the redshift slices will
allow us to compare our results in different redshift bins. More-
over, by employing overlapping slices, we reduce the probability
of missing significant over-densities because of the slicing. The
lower bound of the redshift range is chosen to sample a large
enough volume (and, hence, a large enough sample size), while
the upper bound is justified by the decreasing accuracy of the
photometric redshifts and by the necessity of analysing a mass-
complete sample. Moreover, in this redshift range the VIS filter
samples a narrow range of rest-frame optical emission, avoiding
biases in the determination of the morphologies (see Sect. 4).

In each redshift slice, we reconstruct the density field
through the Xy estimator (see e.g. Postman et al. 2005; Baldry
et al. 2006; Euclid Collaboration: Cleland et al. 2025), defined
as

N+1

2
R v

EN = s (5)

where Ry is the projected distance from the considered galaxy
to the N-th closest neighbour. Since the density field is mostly
traced by massive galaxies (which, being brighter, are also char-
acterised by a more robust photo-z; oaz/(1+z) = 0.015), we com-
pute the Xy estimator for the galaxies with M, > 10'%3 M, (see
e.g. Euclid Collaboration: Laigle et al. 2025) and then assign
to the less massive galaxies the density field value of the clos-
est massive neighbour. We underline that our sample is mass-
complete at all redshifts with this choice (see Sect. 2.2).

To properly take into account the uncertainties on the photo-
metric redshifts, we rely on a Monte Carlo integration. In prac-
tice, we perform 103 realisations of the density map of each red-
shift slice in each of the three EDFs covered by Q1. In each iter-
ation, we randomly sample a value from the Gaussianised proba-
bility distribution of the photo-zs for each galaxy. For the galax-
ies for which a spectroscopic redshift is available (see Sect. 2.3),
we model the probability distribution as a delta function centred
on the spec-z value.

This procedure allows us to estimate the posterior probabil-
ity distribution of Xy for all the galaxies in our sample. In the
following, we will assume as the reference value of Xy the me-
dian value of the posterior distribution and as the related uncer-
tainty half the symmetrised interval between its 84th and 16th
percentiles. Moreover, accounting for the evolution of the mean
density of the Universe, in the rest of the analysis we will employ
the density contrast parameter, defined as
Iy - iN)

log,o(1 + 6) = log,, (1 + S 6)

N

where £y is the median density of the galaxy sample in a given
redshift slice. To avoid spurious effects due to galaxies close to
the edges of the deep fields and of masked regions, we do not
take into account any object with a density contrast parameter
lower than ¥y — 20, with o being the standard deviation of the
distribution estimated through sigma-clipping.

Finally, we perform the procedure discussed above for sev-
eral values of N, in the range [3,10]. Since we notice that the
widest dynamical range of log,,(1 + ¢) is achieved with N = 5,
in the rest of the analysis we will only focus on X5. An example
of the density field as a function of redshift in the three EDFs
is reported in Fig. 1. The estimated density field shows a loga-
rithmically Gaussian shape, with median and standard deviation
not evolving strongly with redshift or with the position within
the EDFs. Therefore, we highlight three different regimes: in the
following we will refer to ‘field galaxies’ as all the sources with
alog,,(1 + ) below median + 20, galaxies in ‘intermediate den-
sity regions’ where median + 20~ < log,((1 + ) < median + 5o,
and ‘high density’ where log;,(1 + ¢) > median + 50. A quan-
titative assessment of the reliability of these definitions can be
found in the Appendix A.

4. Sub-populations of galaxies
4.1. Classification scheme

Our goal is to analyse the interplay between star formation, stel-
lar mass, environment, morphology, and redshift. Clearly, even
with the large statistics offered by the QI data, it is extremely
challenging to analyse the correlations between so many con-
tinuous variables in a multi-dimensional space. For this reason,
we simplify the problem by studying the evolution of different
sub-populations of galaxies as a function of stellar mass and en-
vironment in different redshift bins.

The starting point is the bi-modality reported by Euclid Col-
laboration: Quilley et al. (2025) in the rest-frame u — r versus
Sérsic index plane, which divides the galaxies into red and blue,
and into disc-dominated and bulge-dominated.® Instead of di-
viding the sample into the two classical families of early- and
late-type galaxies (where the colour information is combined
with the morphology), we rely on a classification in four fam-
ilies of objects. The first classification regarding the morphology
of galaxies is the same as in Euclid Collaboration: Quilley et al.
(2025), employing nse; = 2 as the threshold between disc- and
bulge-dominated galaxies.

3 For the sake of brevity, in the following we will refer to these pop-
ulations as ‘discs’ and ‘spheroids’, acknowledging the fact that both
components are present in all the objects, with different ratios.
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Fig. 2. Selection of star-forming and quiescent galaxies following the rest-frame NUV—r*—J colour selection by Ilbert et al. (2010), with the
quiescent galaxies located in the upper left part of the plot. The left panel reports the number of discy galaxies belonging to the two selected
families, the right panel the number of spheroidal galaxies. The numbers in the two plots report how many galaxies belong to each of the four

sub-populations.

For the second classification into star-forming and quiescent
galaxies, we employ a combination of two rest-frame colours
(NUV — r* and r* — J) to have a more robust criterion against
contamination by dusty star-forming galaxies than by only using
a single u — r colour. We underline that this precaution is needed
since the dust content of galaxies is expected to correlate with
mass (see e.g. Salim & Narayanan 2020 and references therein),
which is one of the variables involved in our analysis. We adopt
the selection by Ilbert et al. (2010), classifying as quiescent all
the sources with both

NUV -r*>3.1. ™

{NUV—rJr >3(rt-N+1,

We note that this selection is the same employed by Euclid
Collaboration: Enia et al. (2025) to compute the mass complete-
ness of the sample; this ensures that our analysis is performed
on a 95% mass-complete sample. A visual representation of the
selection in Eq. (7) is reported in Fig. 2.

The above-mentioned classifications allow us to separate the
full sample of galaxies into four populations. Two of them rep-
resent the more common stages of galaxies in the Universe at
z < 1: the star-forming discs and the quiescent spheroids. These
two classes encompass around 82% of the total sample of galax-
ies at 0.25 < z < 1 (with 66% of star-forming discs and
16% of quiescent spheroids). The other two classes are normally
considered as intermediate phases of the evolution between the
two main categories: the quiescent discs and the star-forming
spheroids. This intermediate scenario is suggested by their low
number densities (~ 18% of the total, with 5% of quiescent discs
and 13% of star-forming spheroids). Some examples of galaxies
belonging to the four families are shown in Fig. 3. We under-
line that the choice of a single threshold for dividing the two
populations is clearly an over-simplification: we expect the pop-
ulation of spheroids to include both objects where the stellar
disc is completely absent, as well as others where its contribu-
tion is less significant than that of the bulge (e.g. Sa spirals and
lenticular galaxies). The proposed classification is affected by
two main sources of uncertainty. On the one hand, those com-
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ing from the estimation of the physical parameters (i.e. the rest-
frame colours) and — consequently — the classification in star-
forming and quiescent galaxies. On the other hand, the uncer-
tainty on the Sérsic modelling and the consequent classification
in discy and spheroidal galaxies. We explore the effect of these
uncertainties on our classification scheme through a Monte Carlo
integration, where the four classes are recomputed 10? times. For
each iteration, a value for the three rest-frame colours and for the
Sérsic index is randomly sampled from the Gaussianised poste-
rior probability contained in the catalogues. We report variations
of less than 1% in the different classes, ensuring that our classi-
fication scheme is robust against the considered uncertainties.

4.2. Population-level properties

A first characterisation of the four sub-populations of galaxies
relies on their physical properties. In Fig. 4, we report the rel-
ative abundances of the four classes in the stellar mass versus
star-formation rate plane in three redshift bins: [0.25, 0.5], [0.5,
0.75], and [0.75, 1.0]. Each pixel reports the relative abundance
of one population in the combined bin of redshift, stellar mass,
and SFR. The location of the main sequence of star-forming
galaxies (MS; see e.g. Elbaz et al. 2011; Schreiber et al. 2015;
Popesso et al. 2023) as parametrised by Euclid Collaboration:
Enia et al. (2025) by analysing the same data included in this
paper is shown for reference.

We find that star-forming discs represent the vast majority
of the galaxies in the MS, while the quiescent spheroids pop-
ulate the so-called red cloud, with SFR at least one dex lower
than MS galaxies, and with masses above 10' M. Looking at
the two intermediate populations, we see that the quiescent discs
represent the majority of galaxies located below the main se-
quence (at the same distance from the relation by Euclid Collab-
oration: Enia et al. 2025 as the quiescent spheroids) with stellar
masses below 10'%3 My*. The star-forming spheroids, instead,
represent the majority of galaxies located in the so-called ‘green

4 A relative majority of low-mass star-forming discs in the highest red-
shift bin is also visible in Figure 4. However, this feature is likely a
spurious effect due to the low photometric S/N of the galaxies in that
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Fig. 3. Some examples of galaxies selected according to the criteria presented in Sect. 4. Starting from the upper left row and proceeding clockwise,
the figure shows star-forming discs, quiescent spheroids, star-forming spheroids, and quiescent discs. All the cutouts have a 5 arcsec side and are
realised by combining the Euclid images in the Hg, Y, and I; filters through the algorithm by Lupton et al. (2004).

valley’ (see e.g. Bell et al. 2004; Schawinski et al. 2014) between
the main sequence and the red cloud, at stellar masses higher
than 10'° M. These results confirm the well-known correla-
tion between morphology and location in the stellar mass ver-
sus SFR plane (e.g. Wuyts et al. 2011; Huertas-Company et al.
2024), as well as the mass separation between disc-dominated
and bulge-dominated galaxies in the red sequence (e.g. Quilley
& de Lapparent 2022). Moreover, the same study by Quilley &
de Lapparent (2022) found that the green valley is mostly com-
posed of bulge-dominated objects such as Sa spirals and lentic-
ular galaxies, in good agreement with what is reported in Fig. 4.
We also find an interesting difference between our results and
those reported by Wuyts et al. (2011): at low masses, we report
a higher fraction of quiescent discs, More in detail, we report
a median Sérsic index lower than 2 (see also Fig. 12 by Euclid
Collaboration: Enia et al. 2025), while Wuyts et al. (2011) finds a
higher value for the galaxies located below the main sequence at
M, < 10'%> M. However, this tension disappears when we only
include galaxies located in the field (see the definition in Sect. 3)
in our analysis. This result will be explored in more detail in the
next section.

4.3. Effects of mass and environment

A second characterisation of the four sub-populations relies on
their location in the stellar mass versus local density contrast
plane, as shown in Fig. 5. These plots are realised by dividing the
parameter space into several bins of mass and log;,(1 + ¢), with
a fixed logarithmic width of 0.175 dex on both axes. Each pixel
represents the relative abundance of each population with respect
to the total number of galaxies in the combined bin of redshift,
stellar mass, and local density contrast. To ensure the representa-
tiveness of our results, we only report in Fig. 5 the bins including
at least 15 galaxies. To take into account the uncertainties on the
stellar masses and on the characterisation of the environment,
all the reported plots are obtained through a Monte Carlo inte-
gration, where each plot is realised 10° times by sampling each
time a different value from the Gaussianised posterior distribu-
tion of the stellar masses and the density contrast parameter (see
Sect. 3). The reported plots are obtained as the median of the dif-
ferent realisations. We only report in the figure the bins where the
signal-to-noise ratio (i.e. the median value of the bin divided by
the relative uncertainty estimated as the half-symmetrised inter-

region of the diagram. Therefore, we do not include this feature among
the results discussed in the remainder of the paper.

val between the 84th and 16th percentile of the posterior distri-
bution) is higher than three. With this choice, we limit the impact
of galaxies with poorly constrained local density.

The main observational results of the plots shown in Fig.5
are the following. Firstly, we confirm the main findings of sev-
eral studies such as Peng et al. (2010) and Euclid Collaboration:
Cleland et al. (2025): star-forming discs represent the vast major-
ity of galaxies at low masses and in low-density environments,
while quiescent spheroids dominate the high-mass and high-
density regimes. The transition point (i.e. where the star-forming
discs become less than 50% of the total number of galaxies) in
the field (i.e. where the effect of environmental quenching is neg-
ligible) is located around 10'%3 M, and shows a slight increase
with increasing redshift. Both results are in good agreement with
what was found by Peng et al. (2010) in their analysis of a spec-
troscopic sample of galaxies in the Sloan Digital Sky Survey and
the zZCOSMOS survey, ensuring the reliability of our methods.
Analogously, the effects of the environment start to become vis-
ible in intermediate and high-density environments (i.e. where
the density contrast is above 20" of the density field, see the hor-
izontal lines in Fig.5). The effect of environmental quenching
is visible as oblique transitions instead of vertical ones at inter-
mediate and high densities (i.e. at fixed masses below 10'%> M,
the fraction of quiescent galaxies increases with increasing lo-
cal density) and also shows an evolution with redshift, with a
strength that seems to be much less significant at higher redshift.
This result is also in good agreement with what is found by Peng
etal. (2010) and Euclid Collaboration: Cleland et al. (2025), sug-
gesting a lower efficiency of environmental quenching at z > 1.
A possible explanation of this result resides in the evolution of
the dynamical state of over-densities with cosmic time (see e.g.
Chiang et al. 2017).

Secondly, we observe that quiescent discs represent only a
tiny fraction (less than 5%) of the galaxies in the field in the
highest redshift bin (0.75 < z < 1), with only a slight evolution
with cosmic time. Moreover, their relative abundance in the field
is found to be independent on the stellar mass.’> On the other
hand, the fraction of these sources is higher in intermediate- and
high-density environments, with a strong evolution with cosmic
time and with a dependence on stellar mass becoming more ev-
ident and complex at lower redshifts. All these findings suggest
that the formation of quiescent discs is mainly driven by envi-

3> A small effect is visible in the highest redshift bin, but the overall
change in relative abundance is less than 5% and — therefore — not sig-
nificant in a 95% mass-complete sample, see Sect. 2.
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Fig. 4. Four sub-populations of galaxies in the SFR versus stellar mass plane. Each pixel reports the relative abundance of each population through
the colour-code reported in the colour-bar (which is different for each panel). The white solid line reports the location of the main sequence of
star-forming galaxies as parametrised by Euclid Collaboration: Enia et al. (2025), while the shaded area reports its intrinsic scatter of o= ~ 0.3 dex.

ronmental effects, while their possible transition into quiescent
spheroids is mainly due to internal effects, as it will be discussed
in detail in Sect. 5.2.

The final observational result concerns the star-forming
spheroids. These sources represent a significant fraction (up to
25%) of the galaxies in the high-mass end of the distribution in
the field. Their relative abundance in this region of the mass-
density plane evolves with cosmic time, decreasing down to
less than 20% in the lowest redshift bin (0.25 < z < 0.5).
On the other hand, these sources are initially (i.e. at z > 0.75)
found also in over-dense regions (with fractions reaching 20—
25%), but then their relative abundance in intermediate- and
high-density regions decreases with cosmic time, reaching levels
around 10%. These findings suggest that the formation of star-
forming spheroids is mainly driven by internal processes and un-
common in over-dense regions, as discussed in greater detail in
Sect.5.1.
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4.4. Connection to dark matter halos

To offer a physical interpretation of the observational results pre-
sented in Sect. 4.3, we rely on the Euclid Flagship-2 simula-
tion (Euclid Collaboration: Castander et al. 2025)°. We analyse a
light-cone with the same observational properties as the sample
introduced so far. In more detail, we focus on an area of 63 degz,
selecting a mass-limited sample of galaxies following the same
criteria introduced in Eq. (3). For these sources, we characterise
the environment using the same procedure described in Sect. 3,
by employing the same redshift slicing introduced there. Since
we are dealing with a simulation, we have access to additional
parameters that we could not include in our analysis. Specifi-
cally, we have access to the masses of the dark matter halos host-
ing our sources and to the distinction between central and satel-
lite galaxies (see Euclid Collaboration: Castander et al. 2025).
Following the same procedure as in Sect. 4.3, we obtain the plots
shown in Fig. 6. There, we report the median halo mass and the

® The Flagship-2 simulation was retrieved from the CosmoHub por-
tal (Carretero et al. 2017; Tallada et al. 2020): https://cosmohub.
pic.es/home.
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Fig. 5. Relative abundances of the four sub-populations of galaxies analysed in this paper as a function of stellar mass and local density contrast
log,,(1 + 6). Each bin has a fixed size of 0.175 dex on both axes. The three rows report the results in three redshift bins with a fixed size of 0.25 in
the range 0.25 < z < 1. The dashed lines separate the different density regions (field, intermediate, and high) defined in Sect. 3 and Fig. 1.

fraction of central galaxies as a function of the stellar mass and
local density contrast, in the same three redshift bins introduced
in the previous sections. Looking at the upper panels of Fig. 6, it
is possible to notice how the halo mass tends to increase mono-
tonically with the stellar mass for the galaxies in the field, while
it is almost independent on the stellar mass for galaxies in over-
dense regions. Moreover, this uniform halo mass for the sources
in these latter regions increases with cosmic time (as expected
given the evolution of the halo mass function; see e.g. Watson
et al. 2013). Looking at the bottom panels of the same figure,
we can see how the field is dominated by central galaxies, while
the over-dense regions present a clear bi-modality. Specifically,
galaxies less massive than M, ~ 10'3 M, are mainly satellites,
while the higher masses are dominated by central galaxies. We
will use these findings in the next section to develop a physical
interpretation of our observational results.

5. Evolutionary implications

In this section, we focus on the possible evolutionary implica-
tions of the observational results presented in the previous sec-
tions. Based on this evidence, we propose a simple evolutionary
scenario where galaxies start their evolution as discs, they evolve
as part of the main sequence, then they quench their star forma-
tion and reach the red cloud (see also e.g. the analogous studies
by Bouché et al. 2010, Wuyts et al. 2011, or Davies et al. 2025).
This simple scenario does not include any additional phenom-
ena such as rejuvenation (e.g. Chauke et al. 2019; Mancini et al.
2019; Martin-Navarro et al. 2022) or wet major mergers. The
first phenomenon is hard to take into account without proper
stellar ages for our objects, but — anyway — it is not expected
to impact more than ~ 20% of galaxies in the mass and red-
shift ranges covered by our observations (see e.g. Chauke et al.
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Fig. 6. Median halo mass (top row) and fraction of central galaxies
(bottom row) as a function of stellar mass and local density contrast
log,o(1 + 6). The plot is constructed following the same procedure em-
ployed for Fig.5, but analysing the galaxies included in the Euclid
Flagship-2 simulation (Euclid Collaboration: Castander et al. 2025).
For satellite galaxies, the plot reports the mass of the main dark matter
halo. The horizontal dashed lines report the same density regions as in
Fig. 1.

2019; Arango-Toro et al. 2025, but also a different perspective by
Mancini et al. 2019). Similarly, the impact of wet major mergers
on the morphology is expected to be significant only at very high
masses (M, > 10" My; see e.g. Rodriguez-Gomez et al. 2017).
At the same time, our scenario aims to explain our observations
at z < 1; therefore it does not account for the possible direct for-
mation of star-forming compact galaxies through — for instance
— feedback-free mechanisms (Dekel et al. 2023) expected to take
place at higher redshifts.

In our scenario, we will assume that the effects of the en-
vironment are negligible in the field (in our analysis, where the
density contrast parameter is below +2¢ from its median value).
We acknowledge that this last assumption represents an oversim-
plification and that a more complete treatment of the problem
would require the assembly of a sample of galaxies in cosmic
voids (see e.g. Kreckel et al. 2012 and Euclid Collaboration: Pa-
pini et al., in prep.).

In this section, we will focus on the formation paths of the
two intermediate populations, namely the star-forming spheroids
and the quiescent discs as proxies to investigate galaxy quench-
ing and morphological transformation in environments with dif-
ferent densities. A sketch summarising our scenario is shown in
Fig.7.

5.1. Galaxy evolution in the field and role of star-forming
spheroids

As noticed in Sect. 4.3, star-forming spheroids represent a sig-
nificant fraction (up to 25%) of the galaxies at the high-mass end
(M, > 10'%3 M) in the field, decreasing with cosmic time up to
15% in the lowest redshift bin (0.25 < z < 0.5). At the same
time, the relative abundance of quiescent spheroids in the field
and in the same mass range is found to increase (from ~ 30% to
~ 50%). We couple these findings with the results presented in
Sect. 4.2 and shown in Fig. 4, concerning the abundance of these
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galaxies in the green valley and at the high-mass end of the main
sequence. In addition to these results, we recall that Arango-Toro
et al. (2025), in their analysis of the evolutionary path of galaxies
in the stellar mass versus SFR plane, found that the vast majority
of the galaxies in the green valley were previously located at the
high-mass end of the MS (between 70 and 90% at 0.25 <z < 1)
and moves towards the red sequence because of a rapidly declin-
ing star-formation activity’. All these findings clearly support a
scenario where the bulges of star-forming galaxies grow during
their evolution as part of the main sequence, together with the
growth of stellar mass. Once galaxies reach the high-mass end
of the MS, the crossing of the green valley and the transition to
the red cloud are driven either by the simple ageing of the stellar
population (e.g. Bremer et al. 2018; Phillipps et al. 2019) or by
the quenching (either mass- or morphology-driven; e.g. Martig
et al. 2009; Peng et al. 2010).

This scenario is supported by several observational results.
Firstly, the higher abundance of bulge-dominated galaxies at the
high-mass end of the MS and in the green valley (see Fig.4,
but also analogous studies by e.g. Wuyts et al. 2011; Lang et al.
2014; Bremer et al. 2018; Huertas-Company et al. 2024; Eu-
clid Collaboration: Enia et al. 2025; Euclid Collaboration: Quil-
ley et al. 2025). Secondly, the lower abundance of star-forming
spheroids in denser environments, decreasing with cosmic time,
even in the same mass range where they are more common in
the field (see Fig. 5). In this case, most of these sources are the
central galaxies of groups (as the vast majority of galaxies with
M, > 10'%3 My, in dense environment; see Fig. 6, but also analo-
gous studies such as McCracken et al. 2015; Popesso et al. 2019)
and — therefore — that the mass quenching efficiency is higher
because of the larger halo masses (Sect. 4.4), causing the ear-
lier transition into the class of quiescent spheroids (see e.g Peng
et al. 2012).

In terms of physical processes involved in our scenario for
the formation of star-forming spheroids in the field, there is a rich
literature of possible mechanisms able to increase the bulge size
in star-forming galaxies. The main ones involve the accretion of
small satellites via minor mergers (see e.g. Bekki & Couch 2011;
Sachdeva et al. 2017; Tacchella et al. 2019), through in-sifu star
formation (see e.g. Noguchi 1999; Dekel et al. 2009b; Yu et al.
2022; Tan et al. 2024; Lyu et al. 2025) potentially resulting from
gas accretion with misaligned angular momentum (see e.g. Sales
et al. 2012) or clumps formation and migration through disc in-
stabilities (see e.g. Perez et al. 2013; Bournaud 2016). Similarly,
the quenching of galaxies in the upper part of the MS can be ex-
plained by several mechanisms. A possible cause can reside in
the presence of the bulge itself, as in the morphological quench-
ing proposed by Martig et al. (2009), where the bulge causes the
stabilisation of the stellar disc and — therefore — the cessation of
star formation. An alternative explanation can reside in the ac-
cretion of cold gas, expected to be inefficient in massive halos
(M, > 10'> My, in the redshift range covered by our observa-
tions) due to virial shock heating (see e.g. Birnboim & Dekel
2003; Keres et al. 2005; Dekel et al. 2009a). This phenomenon
can easily explain the decrease of SFR for massive star-forming
galaxies (e.g. Daddi et al. 2022). Finally, a role could be played
by feedback mechanisms (e.g. by AGN), more common in mas-
sive galaxies above 10'%3 My, (see e.g. Bongiorno et al. 2016;

7 We underline, however, that the study by Arango-Toro et al. (2025)
is only based on photometric observations. Hence, the reconstruction
of non-parametric star formation histories might be affected by biases.
Similar studies analysing spectroscopic data (e.g. Mancini et al. 2019)
found higher fractions of rejuvenated galaxies in the green valley.
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Chen et al. 2020) and with prominent bulges (e.g. Ferrarese &
Merritt 2000; Héring & Rix 2004). A similar scenario would
also be in agreement with what has been found by Correa et al.
(2019) in their analysis of the EAGLE simulation (Crain et al.
2015; Schaye et al. 2015), where the time of maximum bright-
ness of the SMBH in elliptical galaxies is found to tightly corre-
late with the time when the same objects cross the green valley,
while such a correlation is negligible in discy galaxies.

5.2. Galaxy evolution in high-density environments and role
of quiescent discs

In Sect. 4.3, we noticed that the relative abundance of quiescent
discs is almost negligible in the field, while it can reach fractions
up to 20% in over-dense regions. Moreover, these sources are al-
ways located at lower masses with respect to quiescent spheroids
in dense environments, in a mass regime where we expect to be
dominated by satellite galaxies (see Sect. 4.4 and Fig. 6). At the
same time, no significant trend with mass is visible in the field.
Finally, their overall abundance increases with decreasing red-
shift (analogously to the strength of environmental effects).

We interpret all these results as evidence that quiescent discs
are formed from star-forming discs through satellite quenching
in dense environments. If some of them then stop their evolution,
becoming the passive discs observed in the local Universe (e.g.
Masters et al. 2010), others keep evolving transitioning into the
class of quiescent spheroids. In more detail, in our scenario qui-
escent discs are prevented from forming stars because of exter-
nal mechanisms in high-density environments (e.g. through tidal
stripping or starvation, depending on the nature and state of the
over-density; see e.g. Merritt 1983; Read et al. 2006; Feldmann
et al. 2010), lowering the amount of molecular gas available for
star formation. Subsequently, other phenomena such as galaxy
harassment and minor mergers causes the morphological trans-
formation into bulge-dominated galaxies, eventually increasing
their stellar mass. Again, this scenario is in agreement with what
has been found by Correa et al. (2019) in the EAGLE simula-
tions, where quiescent discs are mainly found as satellites of
groups and clusters and their morphology is transformed after
the quenching of their star formation.

6. Summary

In this paper, we characterised the galaxy quenching and the
morphological transformation of disc-dominated galaxies into
bulge-dominated ones as a function of mass and environment.

)

Fig. 7. Sketch summarising the evolutionary
scenario inferred from our observational re-
sults. The transition from star-forming discs
into quiescent spheroids is significantly differ-
ent in the field and in high-density environ-
ments. In the first case, the morphological trans-
formation for most objects happens through
secular evolution taking place in the main se-
quence and it is then followed by quenching by
internal processes. In over-dense regions, on the
other hand, the quenching for the majority of
galaxies is due to external processes and pre-
cedes the morphological transformation. Fur-
ther details in Sect. 5.

Quiescent
Spheroid

For our analysis, we took advantage of the first data released
by the Euclid Collaboration as part of its Q1 release, which
covers about 60deg?, reaching a limiting magnitude of I, =
24.5. After assembling a mass-complete sample of galaxies with
M, > 10°3 Mg and characterising the density field through the
X5 estimator and the corresponding density contrast parame-
ter log,,(1 + &), we studied the evolution of the relative abun-
dances of four families of galaxies as a function of stellar mass,
local density, and redshift. These four classes of galaxies are
based on the joint classification between star-forming and quies-
cent galaxies and disc- and bulge-dominated ones. The unprece-
dented statistics offered by the Euclid telescope allowed us to
assemble a statistical significant sample of galaxies belonging
to the two intermediate populations of quiescent discs and star-
forming spheroids and to study at the same time their distribution
in mass and local density field. Our observational results can be
summarised as follows.

— Quiescent disc-dominated galaxies represent a negligible
fraction of the sources in the field, where their relative abun-
dance does not show any significant correlation with stellar
mass. Conversely, these objects are significantly more com-
mon in denser environments, where their relative abundance
is higher at lower masses and tends to increase with cosmic

time.
— Star-forming bulge-dominated galaxies represent a signifi-

cant fraction of the high-mass galaxies in the field, while
their relative abundance at lower masses is negligible in all
environments. Moreover, their relative fraction at the high-
mass end of high-density environments tends to decrease
with cosmic time. Finally, their relative abundance at the
high-mass end of the field distribution tends to decrease with
cosmic time, while an increasing fraction of quiescent bulge-
dominated galaxies appears in the same region of the param-
eter space.

These findings allow us to propose a simple evolutionary sce-
nario, where the galaxy evolution in the field and in over-dense
environments is significantly different. In more detail, our sce-
nario is the following.

— In the field, the morphological transformation of galaxies
happens mainly through secular processes taking place as
part of the main sequence, with the formation of a dom-
inant bulge once the stellar masses approach 10'%> M,
where up to 25% of the galaxies become star-forming bulge-
dominated galaxies. The following migration to the red se-
quence happens thanks to internal processes. These can in-
clude the simple ageing of the stellar populations or the
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quenching, driven by possible mechanisms such as AGN
feedback, morphological quenching, or virial shock heating
driven by the large halo masses.

— In higher-density environments, the evolution of structures
follows the opposite trajectory, with the quenching of star
formation taking place before the morphological transforma-
tion. In this scenario, the environmental quenching of star-
forming discs (mostly satellite galaxies in large dark mat-
ter halos) produces quiescent discy galaxies, whose transfor-
mation into bulge-dominated quiescent galaxies eventually
happens at a following stage through external mechanisms.
These can include well-known processes such as dry mergers
or galaxy harassment.

These results highlight the scientific potential of the Euclid
data in constraining the evolution of galaxies in different envi-
ronments. These results are based on the first quick data release
of the Euclid Consortium, covering a small fraction of the total
area that will be observed in the wide survey and with a depth up
to two magnitudes brighter than what will be reached in the deep
survey at the end of the nominal length of the mission. On the
one hand, the availability of a wider sky coverage will allow us to
cover a larger dynamical range in the density contrast parameter,
reaching levels where the environmental quenching is stronger
even at higher redshifts. On the other hand, the availability of
deeper data will allow us to extend our analysis to lower stellar
masses and higher redshifts, to better constrain the photomet-
ric redshifts of our sources, and to better characterise their mor-
phologies. In particular, the expected availability of bulge-disc
decomposition for the galaxies included in the next data releases
will allow us to better discriminate between disc- and bulge-
dominated objects. Similarly, the forecasted improvement of the
photometric redshifts in the next Euclid data releases (see e.g.
Euclid Collaboration: Enia et al. 2024), will allow us to reduce
the comoving size of our redshift slices and consequently the
shot noise affecting the estimation of the density contrast. A fi-
nal improvement will be represented by the availability of slitless
spectroscopy for most of the galaxies observed by Euclid (Euclid
Collaboration: Le Brun et al. 2025; Euclid Collaboration: Copin
et al. 2025). These new data will - on the one hand - increase the
spectroscopic coverage of our sample (still limited, see Sec. 2.3),
and - on the other hand - allow us to identify remaining AGN. Al-
though we expect our selection criteria, outlined in Section 2, to
effectively minimise contamination of our sample by AGN host
galaxies, some may still have been included, which potentially
affected the physical properties derived by the Euclid pipeline
(colours, SFR, and morphology).
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Fig. A.1. Cumulative purity and completeness of our estimation of the density field as a function of the halo mass and of the threshold employed
to define over-dense regions, as assessed from the Euclid Flagship-2 simulation.. A description of the two quantities can be found in Appendix
A.

Appendix A: Properties of the density field

In order to estimate the reliability of our reconstruction of the density field in the EDFs, we apply the same pipeline described in
Sect. 3 to the simulated data from the Flagship-2 simulation (see Sect. 4.4). We adopt a quantitative approach by introducing two
different metrics. The first is the cumulative purity (upper row of Fig. A.1): for a given value of the halo mass (M;), we define
this quantity as the number of central galaxies with My, < M; and with a density contrast log;y(1 + 6) above no- from the median
divided by the total amount of central galaxies with log,,(1 + &) above the same threshold. This quantity tells us what percentage
of low-mass halos are included in our selection. From Fig. A.1, we can see how for all thresholds, more than 80% of sources that —
according to our selection — belong to over-densities actually have an halo mass compatible with a group (M, > 10'3 M).

The second metric that we employ is called completeness (lower row of Fig. A.1) and is defined, for a given value of the halo
mass (M), as the fraction of central galaxies with My, = M, and with a density contrast above no- from the median, divided by the
total amount of central galaxies with My = M;. In other words, this quantity tells us what fraction of central galaxies with a given
halo mass is recovered by our selection and — therefore — how complete is our sample of over-densities. From Fig. A.1, we can see
how our selection is able to identify more than half of the massive structures (M > 10'* M) when a threshold of 20 is adopted, but
how this fraction rapidly decreases when we choose a higher threshold or when we go to lower halo masses.

In summary, our selection of high-density regions is definitely pure (i.e. only structures with massive halos are retrieved by our
selection), but not totally complete (several massive structure are missed by our selection). This result is easily explained by the
employment of photometric redshift and, therefore, of thick redshift slices. This produces a shot noise due to the galaxies in the
line-of-sight diluting the signal of real over-densities and biasing our selection towards the most massive structures.
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