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ABSTRACT

The Euclid Early Release Observations (ERO) programme targeted the Perseus cluster of galaxies, gathering deep data in the central region of
the cluster over 0.7 deg2, corresponding to approximately 0.25 r200. The data set reaches a point-source depth of IE = 28.0 (YE, JE, HE = 25.3)
AB magnitudes at 5σ with a 0 .′′16 (0 .′′48) full width at half maximum (FWHM), and a surface brightness limit of 30.1 (29.2) mag arcsec−2. The
exceptional depth and spatial resolution of this wide-field multi-band data enable the simultaneous detection and characterisation of both bright
and low surface brightness galaxies, along with their globular cluster systems, from the optical to the near-infrared (NIR). This study advances
beyond previous analyses of the cluster and enables a range of scientific investigations summarised here. We derive the luminosity and stellar
mass functions (LF and SMF) of the Perseus cluster in the Euclid IE band, thanks to supplementary u, g, r, i, z, and Hα data from the Canada-
France-Hawaii Telescope (CFHT). We adopt a catalogue of 1100 dwarf galaxies, detailed in the corresponding ERO paper, which includes their
photometric and structural properties. We identify all other sources in the Euclid images and obtain accurate photometric measurements using
AutoProf or AstroPhot for 138 bright cluster galaxies, and SourceExtractor for half a million compact sources. Cluster membership for the
bright sample is determined by calculating photometric redshifts with Phosphoros. Our LF and SMF are the deepest recorded for the Perseus
cluster, highlighting the groundbreaking capabilities of the Euclid telescope. Both the LF and SMF fit a Schechter plus Gaussian model. The LF
features a dip at M(IE) ≃ −19 and a faint-end slope of αS ≃ −1.2 to −1.3. The SMF displays a low-mass-end slope of αS ≃ −1.2 to −1.35. These
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observed slopes are flatter than those predicted for dark matter halos in cosmological simulations, offering significant insights for models of galaxy
formation and evolution.

Key words. Galaxies: clusters: individual: Perseus – Galaxies: luminosity function – mass function – Galaxies: fundamental parameters

1. Introduction

The Luminosity function (LF) and stellar mass function (SMF)
have often been used in the literature to constrain cosmological
simulations and semi-analytic models of galaxy evolution (e.g.,
Kauffmann et al. 1993; Kauffmann & Haehnelt 2000; Cole et al.
2000; Benson et al. 2003; Schaye et al. 2015; Pillepich et al.
2018). The number of objects detected in blind observations in
given intervals of luminosity or mass can be easily compared
to those predicted by simulations. When measured in the visi-
ble and NIR bands they trace the statistical weight of galaxies
of different luminosities and stellar masses to the total stellar
emission of the Universe. Moreover, they can be measured in
different intervals of redshift to study the evolution of galaxies
with time (e.g., Efstathiou et al. 1988; Loveday et al. 1992; Lilly
et al. 1995; Cole et al. 2001; Blanton et al. 2003; Bell et al. 2003;
Faber et al. 2007; Pozzetti et al. 2010).

The comparison of observed LFs in the visible and NIR
bands with the predictions of simulations has been crucial for
understanding the importance of feedback in shaping galaxy
evolution. The observed flat slope of the distribution compared
to the steep rise at the faint end predicted by the first gener-
ation of cosmological simulations (the ‘missing satellite prob-
lem’) has been solved by including the contribution of feed-
back from supernovae. In low-mass systems feedback is able
to sweep away a considerable fraction of the cold interstellar
medium (ISM) loosely bound to shallow gravitational potential
wells, thus significantly reducing the star-formation activity in
the disc. Feedback from an active galactic nucleus (AGN) has
also been claimed to explain the observed abrupt decrease of
massive galaxies at the bright end of the LF and SMF (e.g.,
White & Frenk 1991; Kauffmann et al. 1993; Somerville & Pri-
mack 1999; Benson et al. 2003; Somerville & Davé 2015), and
in general the feedback processes and the interplay with the en-
vironment give rise to the different shape of the SMF compared
to the halo mass function (Dekel & Birnboim 2006).

The LF and SMF are powerful statistical tools for char-
acterising the properties of galaxies in different environments,
from rich clusters to groups, filaments, and voids. Several stud-
ies seem to indicate that the properties of the LFs of galaxies in
high-density regions are different than those derived in the field,
where the slope at the faint end is generally flatter and the char-
acteristic luminosity lower than in rich clusters (Sandage et al.
1985; Balogh et al. 2001; De Propris et al. 2003; Lin et al. 2004;
Hansen et al. 2005; Popesso et al. 2005; Boselli & Gavazzi 2006;
Ferrarese et al. 2016). This systematic difference in the statistical
distribution of galaxies has been explained as related to the dif-
ferent evolutionary paths that they undergo in rich environments
where they suffer a large variety of perturbations (e.g Boselli &
Gavazzi 2006, 2014; Boselli et al. 2022b). The brightest galax-
ies (centrals) are formed by multiple merging events in the most
massive halos (Ostriker & Hausman 1977; De Propris et al.
2003; De Lucia & Blaizot 2007; Cappellari et al. 2011; Boselli
et al. 2014), while dwarf systems can be formed in rich environ-
ments by galaxy harassment (Moore et al. 1998; Mastropietro
et al. 2005b; Popesso et al. 2006; Barkhouse et al. 2007; de Fil-

⋆ This paper is published on behalf of the Euclid Consortium
⋆⋆ e-mail: jc.cuillandre@cea.fr

ippis et al. 2011) or by the simple fading of the star-formation
activity of galaxies undergoing a ram-pressure-stripping event
(e.g., Boselli et al. 2008b,a; Boselli & Gavazzi 2014). The shape
of the LF also changes as a function of wavelength, with red-
der galaxies dominant in high-density regions and star-forming
galaxies in the field (e.g., Blanton et al. 2005a), as expected for
the well-known morphological segregation effect (e.g., Dressler
1980b; Whitmore et al. 1993; Dressler et al. 1997).

There are, however, several unclear questions that still need
to be answered. The first of them concerns the contribution of
low surface brightness (LSB) galaxies to the observed LF, in par-
ticular at the faint end where these systems can be dominant. Us-
ing a complete set of data extracted from the Sloan Digital Sky
Survey (SDSS), Blanton et al. (2005a) have shown that the faint
end slope of the LF measured in the visible bands and parame-
terised with a Schechter (1976) function can drastically change
from α ≃ −1 to α ≃ −1.5 (where α is the slope of the power-
law distribution) when LSB galaxies are correctly accounted for.
This steeper slope is still far from the one predicted for the dark
matter halo mass function by cosmological simulations (α ≃ −2,
e.g., Somerville & Davé 2015). It is rather similar to the one of-
ten observed in rich clusters where the LFs are measured using
deep and very sensitive imaging data gathered using wide-field
cameras coupled with 4–8 m class telescopes (e.g., Sandage et al.
1985; Popesso et al. 2006; Ferrarese et al. 2016). Presently, stud-
ies of the faint end of the LF and SMF can only be conducted on
nearby clusters with deep imaging data able to detect LSB sys-
tems (e.g., van Dokkum et al. 2015b; Koda et al. 2015; Mihos
et al. 2015; Venhola et al. 2017; van der Burg et al. 2017; Lim
et al. 2020; Zöller et al. 2024) and in field/group environments
Marleau et al. 2021). Further study, including systems of vary-
ing halo mass would allow us to trace any possible dependence
of the LF on the mass of the host dark matter halo and, at the
same time, minimising the impact of sampling variance on our
results.

The Euclid space mission (Euclid Collaboration: Mellier
et al. 2024) has been designed to map with an extraordinary
sensitivity and image quality most of the extragalactic sky [Eu-
clid Wide Survey (EWS), 14 000 deg2] in the visible and NIR
wavelength range. In particular, the VIS (Euclid Collaboration:
Cropper et al. 2024) and NISP (Euclid Collaboration: Jahnke
et al. 2024) instruments are the first wide-field cameras sensi-
tive to surface brightness levels of 29.8 and 28.4 mag arcsec−2

(Euclid Collaboration: Scaramella et al. 2022) in the visible and
NIR bands, respectively, values never achieved before over such
a wide area. The EWS will provide a unique set of photomet-
ric data to explore the LSB Universe and thus quantify on solid
statistical arguments the contribution of LSB and ultra diffuse
galaxies (UDGs), and in general dwarf systems, at the faint end
of the LF. The four Euclid photometric bands used during the ob-
servations (IE, YE, JE, and HE) are sensitive to the bulk of the stel-
lar emission and are thus optimal to infer the SMF with extreme
accuracy. Covering a wide fraction of the sky, the EWS will be
perfectly suited to derive these statistical functions for galax-
ies in different environments, from rich clusters to voids, and
at different redshifts, thus providing a unique reference for com-
parison with the predictions of cosmological simulations on the
mass assembly process in the Universe. The improvement with
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Fig. 1: Colour image of the Perseus cluster released worldwide by the European Space Agency (ESA) in November 2023, created by combining
visible imager (VIS) and Near-Infrared Spectrometer and Photometer (NISP) Euclid images using the IE band in the blue, YE in the green, and HE

in the red. The field of view of this image is 0.5 deg2, with the x- and y-axes aligned with the Euclid camera native pixel geometry (see Fig. B.1 for
an equatorial projection). Credit: ESA/Euclid/Euclid Consortium/NASA, image processing by J.-C. Cuillandre (CEA Paris-Saclay), G. Anselmi.

respect to SDSS will be substantial, while the synergy with the
Ultraviolet Near Infrared Optical Northern Survey (UNIONS)
in the northern hemisphere and Legacy Survey of Space and
Time (LSST) in the south will be extremely useful for deriving
photometric redshifts and physical properties of galaxies, hence
enabling the study of the wavelength dependence of these statis-
tical functions, fundamental for reconstructing the stellar evolu-
tion across time (Guy et al. 2022).

This paper presents the results obtained by the analysis of
the data gathered during the Euclid Early Release Observations

(ERO, Euclid Early Release Observations 2024) programme for
the Perseus cluster of galaxies. This unique data set is used to de-
rive the LF and SMF of galaxies located within R ≃ 0.25 r200 of
the cluster centre. Here, r200 is the radius within which the clus-
ter density is 200 times the Universe’s critical density, a proxy
for the virial radius. Being a nearby rich cluster of galaxies dom-
inated by LSB early-type objects, Perseus is an excellent target
for testing the unique capabilities of the telescope in the study
of the LSB Universe. Located at a relatively low Galactic lati-
tude (b ∼ −13◦), Perseus is also an optimal target to quantify
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the possible contamination of Galactic cirrus emission in these
bands, providing us with a unique reference for all future Eu-
clid extragalactic studies. The paper is structured as follows. We
describe in Sect. 2 the main properties of the Perseus cluster, in
Sect. 3 the data used in the analysis, and in Sect. 4 the method-
ology used to identify all cluster members. The LF and the SMF
are derived in Sects. 5 and 6. The results are discussed in Sect. 7
and the conclusions are given in Sect. 8. In the following analy-
sis we adopt a standard flat ΛCDM cosmology with Ωm = 0.319
and H0 = 67 km s−1Mpc−1 (Planck Collaboration 2020), and all
magnitudes are given using the AB magnitude system.

2. The Perseus cluster

The Perseus cluster (Abell 426) is one of the most intensively
studied high-density regions in the nearby Universe. Located at
only 72 Mpc (Vc = 5258 km s−1, σc = 1040 km s−1; Aguerri
et al. 2020) at the edge of the Taurus void (Batuski & Burns
1985), it belongs to the Perseus-Pisces supercluster, a large-scale
structure in the southern sky extending more than 50 Mpc in
the direction perpendicular to the line of sight (Chincarini et al.
1983; Wegner et al. 1993). Perseus is classified as a Bautz–
Morgan type II-III cluster of richness class 2 (Bautz & Morgan
1970; Struble & Rood 1999), and hosts one of the most spectac-
ular known core-cooling flows tightly connected with the central
type-D giant elliptical galaxy galaxy NGC 1275 and its AGN ac-
tivity (Conselice et al. 2001; Fabian et al. 2003b; Salomé et al.
2006). Perseus is also the brightest known X-ray cluster of galax-
ies (Edge et al. 1990), the target of several X-ray observations
given its peculiar structure, with large-scale motions in the intra-
galactic medium (IGM) and complex metal enrichment history
(e.g., Churazov et al. 2003; Sanders & Fabian 2007; Simionescu
et al. 2012, 2019; Werner et al. 2013; Boyarsky et al. 2014; Aha-
ronian et al. 2017; Lau et al. 2017; Sanders et al. 2020). X-ray
observations also indicate that the cluster might not be fully re-
laxed (Ulmer et al. 1992; Churazov et al. 2003; Ichinohe et al.
2019). Additional peculiarities have been observed in the radio
domain, with the presence of a mini-halo and cavities associated
with radio-mode feedback from NGC 1275 (e.g., Soboleva et al.
1983; Boehringer et al. 1993; Gendron-Marsolais et al. 2017,
2020).

The cluster has been the target of several spectroscopic sur-
veys aimed at identifying its galaxy members, including dwarf
LSB systems (e.g., Chincarini & Rood 1971; Brunzendorf &
Meusinger 1999; Penny & Conselice 2008; Wittmann et al.
2017, 2019; Aguerri et al. 2020; Meusinger et al. 2020). The
spectroscopic data have also been used to derive the mean prop-
erties of the cluster, such as its radius and mass (r200 = 2.2 Mpc
and M200 = 1.2 × 1015 M⊙, Aguerri et al. 2020). These val-
ues can be compared to the estimates of r200 = 1.79 Mpc and
M200 = 6.65 × 1014 M⊙ derived from X-ray observations by
Simionescu et al. (2012). The cluster population is dominated
by early-type systems with few spiral galaxies (Kent & Sargent
1983; Andreon 1994; Giovanelli et al. 1986), but it hosts a few
star-forming galaxies with radio continuum morphologies wit-
nessing an ongoing transformation (Roberts et al. 2022b, George
et al. 2024 in prep.). The region analysed in this work covers
0.7 deg2 on the sky (1 Mpc2 at the Perseus distance), located
within the inner ≃ 0.25 r200, where the density of galaxies is
very high (around 3000 galaxies deg−2 at the distance of the clus-
ter). Consistently with the other papers based on ERO data on
the cluster, we assume a distance of 72 Mpc (m − M = 34.287,
z = 0.0167).

3. Observations and data processing

The core of our data set are the new deep Euclid observations
of the Perseus cluster in the very broad filter IE (equivalent to
r + i + z) in the optical from the VIS instrument (Cropper et al.
2016; Euclid Collaboration: Cropper et al. 2024) and the three
broad filters YE, JE, and HE in the NIR from the NISP instru-
ment (Maciaszek et al. 2016; Euclid Collaboration: Jahnke et al.
2024).

To fully harness the scientific potential of the Euclid data,
integrating complementary optical broad-band photometry is es-
sential. This section briefly reviews the observations obtained
with Euclid and their performance, alongside deep complemen-
tary MegaCam data acquired at the CFHT prior to the Euclid
launch.

The comprehensive range of science cases explored by the
ERO Perseus science team using this data set is detailed in Ap-
pendix A. Each scientific programme demands high-quality data
that preserve both resolution and photometric integrity for var-
ious astronomical objects, from compact sources such as stars,
globular clusters, and field galaxies, to extended sources includ-
ing large galaxies. Details of the specific efforts undertaken to
process the ERO data set are documented in Cuillandre et al.
(2024), while this report focuses solely on the performance
achieved for the Perseus field.

Accompanying this report on the LF and SMF of the Perseus
cluster, are two papers focusing on how these data have trans-
formed our understanding of Intra-cluster light (ICL) and in-
tracluster globular clusters (ICGCs) and cluster dwarf galaxies
(Kluge et al. 2024; Marleau et al. 2024a).

3.1. Euclid VIS and NISP data set

The Perseus cluster data were collected during the Euclid
performance-verification phase in September 2023 (Cuillandre
et al. 2024). All Euclid science observations adhere to a prede-
termined reference observing sequence (ROS, Euclid Collabo-
ration: Scaramella et al. 2022), which consists of four dithered
exposures lasting 566 s each in the IE filter, and four dithered
exposures of 87.2 s each in the YE, JE, and HE filters. Their pass-
bands are shown in Fig. 2 (Euclid Collaboration: Schirmer et al.
2022; Cropper et al. 2016; Euclid Collaboration: Scaramella
et al. 2022).

Four ROSs were obtained in total on the Perseus cluster, two
ROSs on 9 September, with a 3′ offset between the two ROSs,
along the x, y common axis of both instruments. Due to an inver-
sion of the dither axis, this set was duplicated on 16 September to
mitigate signal-to-noise ratio variations across the detector mo-
saic gaps. In total, with these four ROSs, the integration time
over the common field of view of 0.7 deg2 between the two in-
struments is 7456.0 s in the IE filter and 1392.2 s in the YE, JE,
and HE filters (see Table 1). This combination achieves a depth
that is 0.75 mag deeper than the EWS for the compact sources,
which relies on a single ROS (Euclid Collaboration: Scaramella
et al. 2022). The data are of exceptional quality, benefiting from
being gathered in a nominal spacecraft configuration.

The ERO data are meticulously detrended, calibrated, resam-
pled, and stacked, as detailed in Cuillandre et al. (2024). The
relative internal photometric calibration accuracy is evaluated at
5 % – this represents the internal scatter for stars matched with
Gaia-DR3 (Gaia Collaboration et al. 2023) – while the absolute
photometric calibration (zero points) achieves precision at the
percent level. Astrometric precision using Gaia-DR3 as a ref-
erence reaches 8 mas for VIS and 15 mas for NISP, both repre-
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Fig. 2: Transmission of the Euclid and CFHT filters used in the present work.

senting less than a tenth of a pixel for each instrument across the
entire field of view.

The ERO pipeline (Cuillandre et al. 2024) produces two dis-
tinct types of stacks for each Euclid band: an LSB stack designed
to preserve all extended emission; and a stack optimised for com-
pact sources science, which suppresses all diffuse emission be-
yond approximately 6′′. This latter stack is referred to as the
‘compact-sources stack’.

The pixel sizes for the VIS and NISP data are 0 .′′1 and 0 .′′3,
respectively, while the FWHM in the IE, YE, JE, and HE science
stacks measures 0 .′′16, 0 .′′48, 0 .′′49, and 0 .′′50, respectively. At
the distance of the Perseus cluster, these values correspond to
approximately 56 pc for VIS and 171 pc for NISP.

Fig. 3: Left: ERO pipeline extended-emission stack preserving all scales
across the image, optimised for the photometry of extended objects such
as these Perseus cluster galaxies. Right: ERO pipeline compact-sources
stack where the internal background subtraction suppresses much of the
signal from the large galaxies. The field size is 3′ by 3′.

Figure 1 presents a red-green-blue (RGB) colour image of
the Perseus cluster, where extended diffuse emission is easily
seen. The image background of each stack is dominated by zo-
diacal light (Euclid Collaboration: Scaramella et al. 2022), mea-
sured here at 22.3 mag arcsec−2 in IE, and 22.1, 22.3, and 22.5
mag arcsec−2 in YE, JE, and HE, respectively.

Section 9 of Cuillandre et al. (2024) reports that the sensi-
tivity to LSB features of both instruments is exceptional thanks
to Euclid’s unique optical design, and based on a depth metric
assuming the absence of contaminants in the sky background,
such as high stellar density or Galactic cirrus, the following
depths are expected to be reached: µIE = 30.5 mag arcsec−2 and
µYE,JE,HE = 28.7, 28.9, 28.9 mag arcsec−2 1σ limiting surface
brightness at the 10′′ × 10′′ scale.

Fig. 4: The Euclid Perseus area, marked in red and covering 0.7 deg2,
is shown against the broader coverage of the CFHT-MegaCam observa-
tions, which extend over 1.2 deg2. This high-contrast colour image is a
composite RGB picture created from the MegaCam r, g, and u bands.
The Galactic cirrus, which peaks in brightness in the g band, highlights
the extent of contamination in this area, with an average E(B − V) of
0.17. While significantly fainter in the r band, the Galactic cirrus still
impacts the VIS IE band, thereby limiting the low-surface brightness
performance across the Euclid field of view.

As detailed in Sect. 4, we extensively employ the tools
AutoProf and AstroPhot (Stone et al. 2021, 2023) to derive
radially integrated profiles for all galaxies in the Perseus cluster.
The Perseus field, filled with objects of various kinds, exhibits
a notably patchy background due to Galactic cirrus, particularly
prominent in the IE band. This patchiness, combined with a rela-
tively high stellar density, significantly challenges our ability to
detect ultra-faint contrasts, even when integrating over thousands
of square arcseconds in the outer annulus.

Based on an AutoProf analysis of isolated elliptical galax-
ies in the Perseus cluster (such as NGC 1281), which possess
certified faint extended stellar halos blending into the sky, we
evaluate the LSB performance relevant to our scientific objec-
tives over several arcminutes. For the best cases – isolated galax-
ies with minimal Galactic interference – the Perseus data set
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Table 1: Properties of the Euclid data set. The limiting surface brightness metric is the maximum depth reached for radially integrated profiles on
Perseus cluster galaxies. The sixteen exposures originate from the execution of four Euclid ROSs of four exposures each per filter. A point source
stands for stars while a compact source stands for distant galaxies up to a few arcseconds in size at most.

Filter IE YE JE HE

Integration time per exposure [s] 566.0 87.2 87.2 87.2
Total number of exposures 16 16 16 16
Mean image quality [arcsec] 0.16 0.48 0.49 0.50
Sky background level [mag arcsec−2] 22.3 22.1 22.3 22.5
Point source depth 5σ PSF magnitude 28.0 25.2 25.4 25.3
Compact source depth 10σ [Kron magnitude] 26.1 23.8 24.0 24.1
Achieved limiting surface brightness [mag arcsec−2] 30.1 29.1 29.2 29.2

achieves an LSB performance of µIE = 30.1 mag arcsec−2 and
µYE,JE,HE = 29.1, 29.2, 29.2 mag arcsec−2. Compared to the stan-
dard LSB metric, VIS slightly underperforms, largely due to the
presence of Galactic cirrus that are brighter and more structured
in the IE band, with surface brightness levels ranging from 25
(maximum) to 26 (median) mag arcsec−2.

Fig. 5: Galactic cirrus contamination in the Perseus field. This illus-
tration, particularly around UGC 2621 (located at the center of the
image), demonstrates the non-uniformity of the sky background in
the IE filter. Here, the cirrus shines at surface brightness levels from
26.3 mag arcsec−2 (maximum) to 27.5 mag arcsec−2 (median), affecting
the LSB detection performance. This contamination limits our ability to
detect other extended emission, such as the outskirts of diffuse stellar
halos. The field of view here is 5′ by 5′.

These Euclid data are ideally suited for deriving the LF and
SMF of the cluster, especially since their faint ends are domi-
nated by LSB systems (e.g., Sandage et al. 1985). The depths
for compact sources, as determined from our multi-band photo-
metric catalogue, are detailed in Sect. 3.3.

3.2. CFHT-MegaCam data set

In the context of the Euclid Surveys (Euclid Collaboration:
Scaramella et al. 2022), complementary ground-based optical
data are crucial for enhancing the Euclid data set, particularly for
deriving colours and computing photometric redshifts. Observa-
tions were conducted using MegaCam at the CFHT atop Mau-
nakea, employing the u, g, r, i, and z filters, along with the Hα
‘off’ filter (CFHT ID 9604). This filter is centred on λc = 6719 Å
with a width of ∆λ = 109 Å, corresponding to a heliocentric ve-
locity range of 4660 ≲ vhel/km s−1 <∼ 9600, making it well-suited
to cover the velocity range of the Perseus cluster.

The observations took place during January and February
2021, November 2021, and September 2022, under dark skies
and photometric conditions at an airmass of 1.3. Table 2 details
the main properties of this data set.

Fig. 6: NGC 1275 in the CFHT-MegaCam Hα image in comparison to
the Euclid IE image, demonstrating that our adopted narrow-band filter
captures the Hα emission line at the velocity range of the Perseus clus-
ter, as demonstrated here with the showcase of NGC 1275’s spectacular
filaments of ionised gas. The field of view per panel is 4′ by 4′.

A very large dithering approach was employed for these ob-
servations, moving objects by up to 10′ along both camera axes.
This scale surpasses the size of all astronomical objects in the
field, including the large elliptical galaxies that necessitated this
dithering strategy. Such extensive dithering facilitates a clean
median model of the background, although it results in a loss of
field of view in the final stacked images. Only the central region,
where the signal-to-noise ratio is relatively uniform, is retained.

The native camera field of view is 1.1 deg2, with a pixel res-
olution of 0.187 arcsec pixel−1. The final MegaCam stacks cover
1.2 deg2 and overlap with 95% of the Euclid observation (Fig. 4).

All images were detrended and calibrated using the Elixir
pipeline (Magnier & Cuillandre 2004), and further processed
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Table 2: Properties of the CFHT-MegaCam data set. The limiting surface brightness metric is the maximum depth reached for radially integrated
profiles on Perseus cluster galaxies using AutoProf. Both compact source performance (Kron magnitude) and diffuse emission performance
(LSB) match well with the Euclid NIR observations, facilitating the production of a rich multi-band catalogue.

Filter u g r i z Hα
Integration time per exposure [s] 240 120 120 240 240 360
Total number of exposures 7 14 51 10 6 7
Mean image quality [arcsec] 1.46 1.23 0.79 0.56 0.60 0.49
Sky background level [mag arcsec−2] 23.07 22.3 21.3 20.5 19.2 21.2
Compact source depth 10σ [Kron magnitude] 24.3 25.1 25.1 24.0 22.3 22.9
Limiting surface brightness [mag arcsec−2] 29.5 29.9 29.8 29.5 28.0 n/a

Fig. 7: Illustration of the comparative depth of the CFHT and Euclid
Perseus cluster observations (the featured galaxy is PGC 12254). This
indicates that our ground-based optical data (r-band here) match the
Euclid data well, both for compact sources and extended emission. The
detection becomes challenging from the ground towards the NIR where
the Earth sky brightness increases rapidly (CFHT z-band observations
versus Euclid HE-band here). The field of view per panel is 4′ by 4′.

with the Elixir-LSB pipeline, specifically designed for the
Next Generation Virgo Survey (NGVS, Ferrarese et al. 2012),
to detect extended LSB features. This pipeline was also applied
to the narrow-band imaging for the Virgo Environmental Survey
Tracing Ionised Gas Emission (VESTIGE, Boselli et al. 2018).
Thanks to MegaCam’s well-calibrated and stable performance,
no significant challenges were encountered in preparing this data
set, which was captured under excellent sky conditions.

Exceptional image quality was achieved using the Hα fil-
ter (FWHM= 0 .′′49), comparable to the Euclid NIR bands, and
in a subset of r-band images that matched the FWHM criteria.
The r-band image was employed to subtract a scaled continuum,
producing a pure Hα emission image used in this study to iden-
tify signs of star formation and assess the membership of some
galaxies in the Perseus cluster.

3.3. Compact sources multi-band photometric catalogue

The general effort for ERO processing and calibration (Cuil-
landre et al. 2024) was focused on providing all science teams
with astrometrically and photometrically calibrated image stacks
across all four Euclid bands, accompanied by comprehensive
catalogues produced using the tool SourceExtractor (Bertin
& Arnouts 1996). These versatile, science-ready catalogues
are tailored exclusively for compact sources, utilising only
the compact-sources stack while excluding the diffuse-emission
stacks designed for tools such as AutoProf/AstroPhot used in
this study. This processing enabled us to determine the depth of
each band that we report in this work.

The VIS catalogue is stand-alone, reflecting its distinct depth
and resolution compared to the NISP bands. For the YE, JE, and
HE bands, a χ2 image combining these three bands is initially
created by the ERO pipeline to optimise detection across all
bands. A χ2 image is produced by SWarp (Bertin et al. 2002),
which combines all available signals to create very deep images.
These images match the position, scale, and input size of the YE,
JE, and HE bands images. Point spread function (PSF) models are
derived for each band using PSFex to facilitate PSF photometry
by SourceExtractor. The detection threshold for both VIS and
NISP is set at 5 pixels above 1.5σ, resulting in a total of 546 562
sources in the VIS catalogue and 335 340 for each of the NISP
bands. These catalogues are densely populated with physical pa-
rameters, featuring approximately 200 columns that leverage the
latest advancements in SourceExtractor, including spheroid
and disc models. The depths are reported in Table 1.

The need for photometric redshifts in the Perseus programme
necessitated the creation of matching catalogues for all our
CFHT-MegaCam bands. Custom stacks were constructed from
the individual images using SWarp (Bertin et al. 2002) to re-
sample individual frames just once – from the native 0 .′′187 per
pixel to the NISP pixel scale of 0 .′′3. This single resampling was
mandated by the use of the NISP χ2 image for detection. Con-
sequently, the MegaCam catalogues contain the same number of
entries as the NISP catalogues and the fluxes are derived in the
same apertures, to ensure the colours from the same physical re-
gions are used when deriving photometric redshifts.

The multi-wavelength catalogue utilised in this analysis
was constructed by matching the coordinates of NISP and
VIS sources with a search radius of 1′′. This method effec-
tively removes most spurious detections resulting from cos-
mic rays or border effects, resulting in a catalogue of 263 196
sources. The availability of colours and morphological param-
eters from SourceExtractor1 allowed us to perform a thor-
1 See https://SExtractor.readthedocs.io/en/latest/
index.html for the details on the used parameters.
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Fig. 8: The diagnostics used for star-galaxy separation: a source is classified as star if it fulfils at least four selection criteria. The panels illustrate:
1. the distance with the matched Gaia-DR3 stars; 2. the colour-colour diagnostic; 3. the stellarity criterion provided by Sextractor; 4. the relation
between the magnitude in the Kron-aperture and the maximum surface brightness; 5. the size of the objects; 6. the SPREAD_MODEL sequence for
point-like objects. The objects selected in each criterion are highlighted in red.
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Fig. 9: Number counts in the MAG_AUTO iCFHT band compared to the
Besançon model rendition in the same filter. The reference counts have
been extracted at the centre of the Perseus field in an area of 1 deg2

and compared to the number counts of stars selected with the multiple
criteria method. The solid histogram refers to the data not corrected for
Milky Way (MW) extinction, while the dashed histogram represents the
corrected iCFHT.

ough star-galaxy separation, combining different methods, with
limits identified looking at positions of the matched SDSS and
Gaiastars and extrapolating to fainter magnitudes. We applied
the following six criteria (see e.g., Temporin et al. 2008; Estrada
et al. 2023, for similar combinations of criteria):

1. match with Gaia DR3 (Gaia Collaboration et al. 2016, 2023)
stars: candidate stars are identified within a search radius of
0 .′′3;

2. colour-colour (g− z) versus (z−HE) diagram: with candidate
stars characterised by (z − HE) < 0.3(g − z) − 0.2 (similar to
the well known BzK criterion by Daddi et al. 2004);

3. stellarity classifier: high probability provided by
CLASS_STAR, with CLASS_STAR > 0.95 in IE if
MAG_AUTO > 16 or CLASS_STAR > 0.80 if MAG_AUTO ≤ 16
to include saturated objects;

4. compactness: the maximum surface brightness to be
MU_MAX < 14.5 in IE if MAG_AUTO < 16 (to include saturated
objects) or MU_MAX < 0.9 MAG_AUTO if MAG_AUTO > 16;

5. small size: KRON_RADIUS = 3.5 px in IE, corresponding to
the minimum aperture adopted in SourceExtractor;

6. comparison with local PSF: SPREAD_MODEL < 0.01 in IE

(see also Massari et al. 2024), with SPREAD_MODEL being
a SourceExtractor parameter that compares the objects
with the local PSF model, and providing values close to zero
for point sources, positive for extended sources, and negative
for detections smaller than the PSF.

The criteria and their selection regions are illustrated in
Fig. 8, where in some of the panels the transition to bright satu-
rated objects is producing discontinuities.

We considered as stars the objects fulfilling at least four of
the six above criteria. To validate the procedure, we verified that
all the objects identified as stars in SDSS are included in our
sample. The final number of selected candidate stars is 49 922
and their number counts are in fairly good agreement with the
Besançon model of stellar population synthesis of the Galaxy
(Robin et al. 2003; Czekaj 2012; Lagarde et al. 2021) as shown
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Fig. 10: Number counts of galaxies in the Perseus field compared to COSMOS2020 in HE and iCFHT, both corrected for MW extinction. Other
data from the literature are taken from Driver et al. (2016), while the Durham Cosmology Group’s counts are from the compilation available
at the dedicated web page (http://star-www.dur.ac.uk/~nm/pubhtml/counts/counts.html). Left: HE number counts. The COSMOS
(from the Farmer catalogue described in Weaver et al. 2022, after removing masked regions and objects classified as stars) counts are derived
from UltraVISTA H-band magnitudes (dotted dark cyan line), also converted to HE using the equation D.22 in Euclid Collaboration: Schirmer
et al. (2023, solid dark cyan line). Perseus galaxy number counts in HE are shown as a solid red line, while the dashed red line represents the
counts once the members of the Perseus cluster are subtracted. Right: i-band number counts. The COSMOS2020 data are from the Subaru-Hyper
Suprime-Cam (HSC) i-band, Perseus magnitudes are IE (red solid line) and iCFHT (red dotted line); the dashed red line represents the counts after
the members of the Perseus cluster are subtracted.

in Fig. 9. We observe a mild overestimate of our star number
counts at magnitudes between mi = 15 and 19, that can be due to
either misidentification of globular clusters or of compact galax-
ies. Very compact or nucleated galaxies could be classified as
stars with the above criteria: we verified that among the sample
of dwarf galaxies in Marleau et al. (2024a), only 4 out of 1100
were incorrectly assigned to the sample of stars candidates. The
above validations indicate that the combination of criteria for
star-galaxy separation is effective out to faint magnitudes, at the
same time avoiding the failure of some criteria because of satu-
ration issues.

The remaining 212 975 objects are considered as galaxies in
the following analysis. Their intrinsic fluxes are derived by cor-
recting for the MW extinction, which is significant in the Perseus
field of view (see also Marleau et al. 2024a).

We adopted the Planck 2013 (Planck Collaboration 2014)
dust opacity map,2 from which we extracted the values of the
colour excess E(B − V) to be associated to each galaxy in our
catalogue (see Fig. 14). The colour excess is related to the mag-
nitude absorbed at different wavelength through the MW extinc-
tion curve k(λ) = A(λ)/E(B−V) = RV A(λ)/AV , where A(λ) and
AV are the magnitudes attenuated at the wavelength λ and in the
V filter. We used the extinction curve by Gordon et al. (2023),
assuming the extinction ratio RV = 3.1.

Since the extinction depends on the wavelength and can vary
substantially, especially in the UV, the exact derivation of the
absorbed magnitude in broad-band photometry depends also on
the shape of the spectral energy distribution (SED) of the ob-
served object (e.g. Galametz et al. 2017). The correction process
is implemented in a consistent way in Phosphoros (Paltani et
al. in prep.), the photometric redshift code used in Sect. 4.2.2,
while we employed the SED of a 5700 K blackbody to derive
an average correction in all the other cases. To this aim we de-
rived a factor cx to derive the intrinsic magnitude in a filter x as

2 https://irsa.ipac.caltech.edu/data/Planck/release_1/
all-sky-maps/

mint = mobs − cxE(B − V). This parameter has been derived in-
cluding the above ingredients and the total transmission of the
filters Rx(λ) represented in Fig. 2, multiplied by λ to take into
account the photon transmission:

cx = 2.5 log10

∫
Rx(λ) λ FBB5700(λ) 100.4 k(λ) dλ∫

Rx(λ) λ FBB5700(λ) dλ
. (1)

The values we obtained are cx = 4.633, 3.552, 2.516, 1.919,
1.487, 2.122, 1.066, 0.726, and 0.470 in the u, g, r, i, z, IE, YE, JE,
and HE bands, respectively. Given that the E(B−V) values range
from 0.12 to 0.20, the magnitudes absorbed in the IE band range
from 0.255 to 0.424. These corrections have been implemented
for the objects not classified as stars.

The galaxy number counts compared to COSMOS2020
(Weaver et al. 2022) and literature data are shown in Fig. 10.
Overall we see a quite good agreement in the whole range
of optical and NIR magnitudes, especially when removing the
members of the Perseus cluster: at bright magnitudes the COS-
MOS2020 catalogue is incomplete because the COSMOS field
was chosen to explore the distant Universe, while the decrement
at faint magnitudes is due to the incompleteness beyond the lim-
iting magnitudes.

The photometric redshifts derived for the full sample of
galaxies are described in Sect. 4.2.2.

4. Identification of cluster galaxies

The major challenge in the determination of the LF and SMF
in nearby clusters of galaxies is the accurate identification of all
cluster members down to a given magnitude limit. The differ-
ent criteria used to identify cluster members should also max-
imise the completeness and minimise the contamination of fore-
ground and background sources. The analysis presented in this
work is based on a selection performed on the VIS data, which
are of higher image quality in terms of sensitivity and angular
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resolution than the NISP data. We also limit the identification
of cluster members to resolved systems, thus to objects with
an optical extension exceeding 56 pc (corresponding to the size
of the FWHM in VIS, 0 .′′16, see Sect. 3.1). We will discuss in
a following section how this assumption can affect the results.
For the identification of cluster members we adopt the following
methodology used by Ferrarese et al. (2016, 2020), and Boselli
et al. (2016), which already proved to be efficient in the Virgo
cluster. This identification is first based on morphological argu-
ments, but then follows more stringent statistical and quantita-
tive methods based on selected scaling relations to reject back-
ground systems and reduce incompleteness. Despite the greater
distance to Perseus (72 Mpc versus 16.5 Mpc for Virgo), this is
possible thanks to the crisp image quality of the Euclid data
versus the ground-based imaging data of the NGVS in terms
of angular resolution (FWHM in the i band ≲ 0 .′′6, Ferrarese
et al. 2012, versus 0 .′′16 in Perseus) and sensitivity to LSB fea-
tures (µg = 29.0 mag arcsec−2 versus µIE = 30.1 mag arcsec−2 in
Perseus).

4.1. Main catalogue

The main sample of galaxies analysed in this work is the com-
bination of dwarf Perseus members described in Marleau et al.
(2024a) and the bright Perseus members (Mondelin et al. in
prep.).

The dwarf systems have been identified as cluster members
after visual inspection of the VIS and VIS+NISP colour images
performed by seven independent (human) classifiers. A detailed
description of the criteria used to identify and select the dwarf
galaxy candidates, as well as the comparison with other sam-
ples of dwarf systems in this cluster, can be found in that paper.
We recall that cluster membership based on morphological clas-
sification has been successfully used in the past (e.g. Binggeli
et al. 1985, VCC catalogue), also in massive clusters such as
Coma (Michard & Andreon 2008) and Perseus (Wittmann et al.
2019). A total of 1100 dwarf galaxies were counted. We then
shift our focus to galaxies located at the periphery of the field
of view (FoV) captured by the NISP and VIS instruments. The
alignment between the two fields of view is not perfect, as de-
picted in Cuillandre et al. (2024). Regarding the LF analysis, we
concentrate on the shared FoV between VIS and NISP. Thus 17
dwarf galaxies were excluded from the cluster source catalogue.

For the most luminous galaxies, a thorough selection process
was carried out. Initially, we surveyed galaxies within the field
with spectroscopic redshifts sourced from the literature, primar-
ily from the SDSS catalogue3 but also from the NASA Extra-
galactic Database.4 The selection criterion was a spectroscopic
redshift ranging from 0.005 to 0.03. Following this, we exam-
ined galaxies with only photometric redshifts falling within the
range of 0.005 to 0.03. Notably, we observed a small subset of
SDSS galaxies in the zspec versus zphot plane with zspec below 0.03
but zphot between 0.03 and 0.06, as depicted in Fig. 15. Con-
sequently, we expanded the selection criteria to include galax-
ies with zphot up to 0.06. Subsequently, we visually confirmed
galaxies with sizes exceeding several arcseconds and/or display-
ing visible substructure as potential cluster members. Finally, we
conducted a thorough review of the entire VIS image, overlaying
the source catalogue to ensure the inclusion of any bright galax-
ies. Additionally, we explored approximately 20 galaxies with

3 https://skyserver.sdss.org/dr18/
4 ned.ipac.caltech.edu

sizes of a few arcseconds that could potentially be located in the
outskirts of the cluster.

The two final samples of dwarf and bright galaxies include
1083 and 137 galaxies, respectively, for a total of 1220 ob-
jects inside the common FoV of VIS and NISP. This number
drops to 1211 once the sample is cut to a completeness limit of
IE ≲ 23.6 after correcting for the MW extinction. The final sam-
ple of bright galaxies includes 105 galaxies with spectroscopic
redshifts; out of the remaining 33 galaxies, 24 have photomet-
ric redshifts from SDSS, while 9 lack a redshift estimate. We
made several tests to identify any possible missing cluster ob-
ject, as well as to quantify the completeness as a function of
the apparent magnitude and the possible contamination of back-
ground sources. Our derivation of the completeness function is
described in Appendix B.

The size of the cutouts varied for all the dwarfs depending
on their effective radius, as described in Marleau et al. (2024a).
For the bright galaxies, the cutouts also varied in size, ranging
from 1000 × 1000, 2000 × 2000, 4000 × 4000, and 8000 × 8000
VIS pixels, depending on their angular scale on the sky, the tile
size being optimised to facilitate accurate sky background esti-
mation. Only the two largest galaxies in the cluster, NGC 1272
and NGC 1275, required a tile size of 8000 × 8000 VIS pixels,
as illustrated in Fig. 11.

For the dwarf galaxies, the galaxy modelling was initially
performed using AutoProf (Stone et al. 2021) to obtain a first
estimate of the structural parameters. These initial estimates
were then used as input to both Galfit (Peng et al. 2010) and
AstroPhot (Stone et al. 2023). The details of the dwarf galaxy
modelling procedure and results are presented in Marleau et al.
(2024a).

For the bright galaxy sample, after initially selecting galax-
ies based on their apparent size, a second sorting was conducted
based on the proximity of the galaxies to each other. This prox-
imity significantly influenced the choice of photometric extrac-
tion tool. AutoProf was utilised for relatively isolated galaxies,
where their outermost isophotes do not significantly overlap with
those of neighbouring galaxies. Conversely, AstroPhot is pre-
ferred for galaxies that are in close proximity to each other.

Once the tiles were extracted, the photometry of isolated
galaxies was determined using the AutoProf tool. To min-
imise contamination from MW stars in the VIS photometry
calculations, a star mask was created from each segmentation
map generated by SourceExtractor. AutoProf then took this
mask along with the galaxy image from the corresponding tile
as inputs. AutoProf processed each galaxy to provide a de-
tailed surface brightness profile, after fitting isophotes leading
to an azimutally averaged profile averaging the pixels along the
isophotes. Output products included characteristic fit parameters
such as sky background estimation, position angle, and mean el-
lipticity, among others. Figure 11 displays examples of profiles
generated by AutoProf. Additionally, a Sérsic model fit to the
1D profile was performed to derive the Sérsic index. Other pho-
tometric parameters extracted include total magnitude and effec-
tive radius, providing a comprehensive picture of each galaxy.

The remaining galaxies found in a crowded environment,
i.e., 34 of the 138 bright galaxies, were analysed using the
AstroPhot tool, which provides a range of modelling options.
For these galaxies, simple Sérsic profiles were initially fitted.
Tiles of 4000 pixels× 4000 pixels were preferred, to ensure am-
ple sky background for accurate photometry estimation in these
complex areas. To initialise AstroPhot, star masking was con-
ducted using the same approach as with AutoProf, employing
segmentation maps and parameters from SourceExtractor,
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Cuillandre et al.: Euclid: ERO – Overview of the Perseus galaxy cluster and the luminosity & stellar mass functions

Fig. 11: Examples of AutoProf radial profile extraction on VIS data to derive photometric and morphological properties. Top left: NGC 1272
isophote fitting on an 8000 pixel× 8000 pixel pixel cutout (800′′ × 800′′, red angular scale on the image: 2′). Top right: Radial surface brightness
profile for NGC 1272, showing a dip at r = 180′′ due to overlap with NGC 1275, marking the photometry’s limit. In such complex cases,
AstroPhot handles the photometric analysis. Bottom left: NGC 1281 isophote fitting on a 2000 pixel× 2000 pixel cutout (200′′ × 200′′, red
angular scale on the image: 30′′). Bottom right: Radial surface brightness profile for NGC 1281, reaching down to 30.1 mag arcsec−2 at r = 100′′
despite the proximity of a bright star. Cyan and red points on the radial profiles refer to the colours of isophotes in the associated AutoProf visual,
which help guide the eye when comparing plots.

such as ellipticity, position angle, and estimated flux for each
galaxy. Sérsic models were then initialised over 100 × 100 pixel
windows, typically encompassing the galaxy’s core. The process
began with a first iteration using an iterative method to refine the
model. This was followed by a second iteration that utilised the
parameters from the first iteration but expanded the analysis to a
1000×1000 pixel window. Ultimately, a Sérsic profile was fitted
for each galaxy, detailing associated morphological and photo-
metric parameters, as depicted in Fig. 12. The results of the pho-
tometric analysis for bright galaxies are described in the tables
of the Appendix D.

The two tools, AutoProf and AstroPhot, while demon-
strating equivalent effectiveness for isolated galaxies, comple-
ment each other well within the highly diverse environment of

the Perseus cluster. Together, they deliver quality photometry for
all types of galaxy. Figure 13 illustrates the diversity of galaxy
properties in the catalog, with a cumulative light distribution
showing that 90 % of the light from the cluster originates from
the top 7 % of the most brilliant galaxies. Fig. 14 is a map dis-
playing the distribution of light across the cluster, superimposed
on the adopted Planck dust map [average E(B − V) = 0.156].

4.2. Photometric redshifts

4.2.1. Photometric redshifts from SDSS

SDSS photometric redshifts are available for galaxies with r-
band magnitudes brighter than r ≲ 21 (Csabai et al. 2003, 2007).
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Fig. 12: Example of an AstroPhot fitting process on VIS data to derive photometric and morphological properties. Left: Input image
(4000 pixel× 4000 pixel pixel cutout, 400′′×400′′) featuring multiple overlapping galaxies from the Perseus cluster, namely NGC 1270, NGC 1268,
NGC 1267, and CGCG540-089. Centre: Segmentation map of the image by SourceExtractor (scale in pixels). Right: Residual image (image
minus models) for the initial fit, this gets substantially improved upon iterating.

Being trained on a large sample of galaxies mainly located in
the local Universe, these photometric redshifts are optimised to
identify local systems with excellent accuracy.5 This is partic-
ularly true for galaxies with magnitudes r ≲ 17.7, the redshift
completeness limit of SDSS. Figure 15 shows the relationship
between the SDSS photometric redshifts and the spectroscopic
redshifts for all galaxies with available spectra within the Perseus
cluster (R < r200). It shows that a cut in zphot(SDSS) ≲ 0.05
secures an accurate identification of cluster members (87 % of
those spectroscopically identified) with a minor contamination
(11 %) when cluster members are defined as those with a red-
shift zspec ≲ 0.02446 corresponding to Vc + 2σc.6

We can thus conclude that this selection on the SDSS pho-
tometric redshift zphot(SDSS) ≲ 0.05 for galaxies with r ≲ 17.7
leads to a purity of 87 % and a completeness of 89 %. We can
thus select all sources within the footprint of the Euclid obser-
vations with zphot(SDSS) ≲ 0.05 and r ≲ 17.7 not yet included
in the main catalogue. After ignoring all stars and objects al-
ready included in the main catalogue, we identify three potential
cluster member candidates with the SDSS photometric redshift
cut. We visually inspected the deep VIS images of these three
objects: one is severely contaminated by the presence of a bright
star close to its centre, which prevents the derivation of any struc-
tural and photometric parameters. The other two have morpho-
logical properties consistent with those observed in other cluster
members. We thus included these two objects in the main cat-
alogue and derived their structural parameters consistently with
the other cluster members.

4.2.2. Full-sample photometric redshifts

The photometric parameters of all the emitting sources have
been extracted using SourceExtractor on the compact-source
stacks. This extraction pipeline has been run in dual mode on
all the CFHT and Euclid NISP images, while in an independent
mode on the Euclid VIS image, producing a different number of
detected sources, as mentioned in Sect. 3.3.

5 https://www.sdss4.org/dr17/algorithms/photo-z/
6 A cut in the spectroscopic redshift at zspec ≲ 0.02446 is appropriate
given that a group of galaxies has been observed in projection close to
Perseus at a mean velocity of approximately 9000 km s−1 (Aguerri et al.
2000).

The photometric redshifts of all sources identified as galax-
ies in Sect. 3.3 have been derived using the SED fitting code
Phosphoros7 (Euclid Collaboration: Desprez et al. 2020), and
are denoted as zphot hereafter. We used the CFHT broad bands
and NISP for which all the parameters have been derived within
the same Kron aperture determined by SourceExtractor in the
χ2 image (see Sect. 3.3), while the VIS catalogue has been de-
rived separately, so as not to lose its superior resolution. For this
reason the VIS photometry has not been used to derive photo-
metric redshifts.

Photometric redshifts have been derived by comparing the
observed photometry values with that derived from the templates
used in COSMOS (Ilbert et al. 2009), suitable for high-redshift
galaxies that need to be separated from the potential Perseus
members. In template SED fitting, a grid of model photometry is
generated for plausible amounts of the internal dust attenuation
and the redshift, with finer redshift steps (three equally-spaced
binning schemes in three redshift ranges) at very low redshift.
However, photometric redshifts derived from template fitting
techniques inherently face challenges at low redshifts. The key
features used to estimate the distance of a galaxy from broad-
band photometry are the slope of the SED and spectral breaks,
notably the 4000 Å break. While this break can be bracketed by
the u and g filters out to a redshift z ≃ 0.35, degeneracy in the
properties regulating the slope of the blue part of the SED re-
sult in poor constraints at low redshift with this combination of
broad-band filters.

Promising improvements have been obtained for bright and
resolved objects when using machine-learning techniques com-
plementing the flux measurements with the images (Treyer et al.
2024). Nonetheless template-fitting methods are still required for
faint galaxies for which no training sample is available.

A compromise between the need to remove high-z sources
without rejecting potential members has been achieved with the
use of a prior. The luminosity function prior, implemented in a
fully Bayesian manner in Phosphoros, adjusts the likelihood
when a degenerate probability distribution function is encoun-
tered based on the probability of a galaxy having a given lumi-
nosity at the photometric redshift. For our prior, we adopted the
LF in the B band derived by Giallongo et al. (2005) at a redshift

7 https://phosphoros.readthedocs.io/
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Cuillandre et al.: Euclid: ERO – Overview of the Perseus galaxy cluster and the luminosity & stellar mass functions

Fig. 13: Bottom left: Cumulative light distribution (blue line) for the Perseus cluster catalogue of 1220 galaxies, which reaches down to M(IE) =
−10. The absolute magnitude of the galaxy at the centre of each image cutout is indicated in the IE band. While the 1083 dwarf galaxies dominate
by number, 90 % of the light in Perseus comes from the 83 galaxies brighter than M(IE) = −19.5 (the remaining 48 galaxies plus all dwarf galaxies
account for just 10 % of the light in Perseus). This is demonstrated with examples of relative brightness and physical size, all presented at the
same pixel scale. The range spans from the giant elliptical NGC 1275 (top left), which alone contributes 10 % of the light in Perseus, to a dwarf 12
magnitudes fainter (top right). The colour for each magnitude bin matches the colour used to represent galaxies on the map of Fig. 14. All dwarf
galaxies are fainter than M(IE) = −18, while all other galaxies are brighter than M(IE) = −16.

of approximately 1.2 (chosen to avoid overly constraining the
bright local galaxies).

The robustness of these photometric redshifts is tested here
by comparing their values to those of the spectroscopic red-
shifts, where available, within the observed field (130 objects,

see Fig. 15).8 Despite the very limited number of objects (the
ERO Perseus field is the first deep field ever observed within
the Euclid photometric bands), Fig. 15 shows that a selection

8 The dynamic range in redshift sampled in right panel of Fig. 15 is
limited to z ≤ 0.23 where spectroscopic redshifts of galaxies are avail-
able in the literature.
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Fig. 14: The Perseus catalogue of 1220 galaxies plotted over the 0.7 deg2 sky coverage, alongside the Planck dust map [average E(B−V) = 0.156].
The colour map for the galaxies is scaled from red to black according to the absolute magnitude ranging from M(IE) = −24 to −10 (Fig. 13).
Measured ellipticity and angular size are depicted for the bright galaxies, while all 1083 dwarfs are represented as round dots, exaggerated in size
relative to their physical dimensions. The three largest ellipses are NGC 1275 and NGC 1272 on the lower left, and NGC 1265 at the top.

of zphot ≲ 0.1 is appropriate to include all galaxies identified as
Perseus members, thanks to their spectroscopic redshift. With
this cut, the contamination of background galaxies is 27/130
(≃ 21 %). This number drops to 17/130 (≃ 13 %) with a more
stringent limit on spectroscopic redshift (zspec ≲ 0.03) for cluster
membership.

4.3. Stellar masses

Similarly to photometric redshifts, stellar massesM9 have been
derived with the SED-fitting technique, using the code hyperz
(Bolzonella et al. 2000, 2010). To derive the physical proper-
ties of galaxies fitting their optical and NIR emission, the tem-
plates need to be derived from stellar population synthesis mod-
els (e.g., Fioc & Rocca-Volmerange 1997; Bruzual & Charlot
2003; Maraston 2005; Conroy & Gunn 2010). In the present
work we have used the composite stellar populations derived

9 We use that symbol in this paper to distinguish stellar masses from
absolute magnitudes.

from Bruzual & Charlot (2003) models revised in 2016,10 as-
suming the initial mass function of Chabrier (2003). We adopted
different star-formation histories (exponentially declining and
delayed) with different timescales and two stellar metallicities
(Solar and subsolar) and let the code chose the best-fit age, pro-
vided that it is smaller than the age of the Universe at the given
redshift. For the members of the Perseus cluster we have fixed
the redshift at z = 0.0167 and determined the best-fit template.

The stellar mass, defined as in equation 2 of Longhetti &
Saracco (2009), is determined for each galaxy by the best-fit
model and its normalisation. It is therefore important to have
an estimate of the integrated colours for each galaxy, since they
are related to the stellar population, and they can largely vary
from the inner regions to the outskirts, as seen from the spa-
tially resolved analysis (see Appendix A.6). Moreover, the total
stellar mass can only be recovered from the total flux. The pho-
tometry derived from the compact-sources stacks, despite being
robust for the estimate of colours, does not match the require-
ment of representing a good fraction of the stellar light, espe-

10 https://www.bruzual.org/bc03/Updated_version_2016/
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Fig. 15: Left: Comparison between the SDSS photometric redshift and the spectroscopic one for targets located within R ≤ r200 in the Perseus
cluster with an r-band magnitude r ≲ 17.7. Right: Comparison between the photometric redshifts derived with Phosphoros and the spectroscopic
ones for targets located within the Euclid field of the Perseus cluster (R ≤ 0.25r200). The vertical black dotted line shows the adopted limit in
spectroscopic redshift used for identifying Perseus members [zspec ≲ 0.02446, corresponding to Vc + 2σc = (5258 + 2 × 1040) km s−1]. The green
dashed line shows the limit in photometric redshift to identify potential cluster candidates [zphot(SDSS) ≲ 0.05, left; zphot ≲ 0.1, right]. The upper
and right histograms show the spectroscopic and photometric redshift distribution, respectively, for all galaxies and for those objects classified as
cluster members using their spectroscopic redshift (zspec ≲ 0.02446, red).

cially for large galaxies. To estimate the total stellar masses we
used instead the photometry derived from the ring-filtered im-
ages, described in Appendix B, with the flux measured in larger
apertures. The MAG_AUTO values in the different bands as mea-
sured in double image mode and using the ring-filtered IE image
provides a better representation of the total flux, but it can still
lack part of the flux for the brightest galaxies and not be accurate
in the presence of close bright objects. We therefore rescaled the
stellar mass output from hyperz with the IE magnitude derived
by AutoProf, i.e., log10(M/M⊙) = log10(Mbf/M⊙) − 0.4 (Ibf

E −

IAutoProf
E ), where Mbf is the stellar mass derived from the SED

fitting applied to MAG_AUTO magnitudes, Ibf
E is the magnitude

derived from the best-fit template, and IE is the total magnitude
derived from the AutoProf measured profile.

Deriving the completeness in stellar mass is not straightfor-
ward. For extragalactic surveys characterised by a flux limit, the
smallest stellar mass used to derive the SMF with negligible in-
completeness is obtained by rescaling the stellar masses at the
limiting magnitudes and checking their distributions in redshift
bins (Pozzetti et al. 2010). This approach is not feasible in this
case; instead we propagated the information on the incomplete-
ness function derived in Appendix B, taking into account that
there is a scatter introduced by the different mass-to-light ratios.
The median stellar mass at which we reach 90 % completeness
(M(IE) ≃ −14) is log10(M/M⊙) ≃ 7, and in Sect. 6 we will use
this limit.

A typical uncertainty in stellar mass estimate is of the or-
der of 0.2 dex (Pozzetti et al. 2007; Wuyts et al. 2009; March-
esini et al. 2009; Pforr et al. 2012; Roediger & Courteau 2015;
Mobasher et al. 2015), depending on the assumptions on the
SED fitting method, the star-formation history, and the model
of stellar population synthesis. Besides these uncertainties, the
statistical 1σ error we derived from the SED fitting on Perseus

galaxies is of the order of 0.05 dex (consistent with e.g. Roediger
& Courteau 2015). In Sect. 6 we will therefore adopt a binning
larger than 0.25 dex to ensure our SMF does not depend on the
scatter in the stellar mass estimate.

4.4. Refining cluster membership through scaling relations

4.4.1. Scaling relations for the full catalogue

Following Boselli et al. (2016) we use the output parameters
of SourceExtractor to construct several scaling relations to
identify all possible cluster members. Given that the complete-
ness test shown in Appendix B has indicated that the main cat-
alogue is approximately 50 % complete at IE ≃ 23.6 (including
a mean Galactic attenuation of AIE ≃ 0.33, see Sect. 3.3), we
limit the analysis to all detected sources satisfying this magni-
tude limit. These are 33 083 galaxies and 34 649 stars. Figure 16
shows the relation between the mean model effective bright-
ness (MU_MEAN_MODEL, representing the mean effective surface
brightness above the background from the model-fitting photom-
etry) and the proxy for the total magnitude (MAG_AUTO in the ver-
sus) both corrected for dust attenuation using the extinction law
from Gordon et al. (2023) and the Planck 2013 dust map (Planck
Collaboration 2014), as described in Marleau et al. (2024a).

As already noticed in Boselli et al. (2016), this scaling rela-
tion well segregates stars from galaxies. 228/34 649 (0.6 %) of
the sources identified as stars using four, five, or six independent
methods (as described in Sect. 3.3) are located below the black
solid line in Fig. 16, defined as

〈
µIE

〉
= 0.783 IE+3 mag arcsec−2,

while 1001/1018 of the cluster members (spectroscopically con-
firmed or visually identified) are above it (98.3% completeness).
It is thus likely that the large majority of the sources with zphot
greater than 0.1 (black dots) and smaller than or equal to 0.1
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Fig. 16: Relation between the mean versus model effective surface brightness and the total magnitude for all sources in the full SourceExtractor
catalogue with IE ≲ 23.6. Brown, orange, and yellow dots are for targets classified as stars consistently by six, five, and four independent criteria,
respectively. Black and green dots are for galaxies with photometric redshifts from Phosphoros zphot > 0.1 and ≲ 0.1, respectively, cyan dots
for spectroscopically confirmed background galaxies (zspec > 0.02446), red dots for optically identified cluster members, and magenta dots for
spectroscopically confirmed cluster members (zspec ≲ 0.02446). The black solid line (⟨µIE ⟩ = 0.783 IE + 3 mag arcsec−2) delimits the region where
most (17/1018, 1.7 %) of the spectroscopically and visually identified members are located.

(green dots) located below this line are misclassified stars that
can be removed. We thus adopt this cut to exclude all possible
stars from the following analysis.

Again following Boselli et al. (2016) we construct other di-
agnostic diagrams to identify background galaxies from those
located within the Perseus cluster. Figure 17 shows the i−HE ver-
sus g − HE colour-colour diagram for the galaxies satisfying the
previous criteria (i.e., with zphot ≲ 0.1 and identified as galaxies
in Fig. 16). The figure compares the distribution of these objects
to that of the galaxies of the main catalogue and of spectroscop-
ically confirmed background objects.

The spectroscopically and visually identified cluster mem-
bers are well located along a very tight relation, while the galax-
ies with a photometric redshift zphot ≲ 0.1 follow the same rela-
tion but with a substantially larger scatter, with on average red-
der i−HE colours than cluster members. Their distribution within
this diagram suggests that some of them are background galax-

ies, and can thus be removed from the following analysis. We do
so by removing all objects located outside ±3σ of the best-fit re-
lation. We also exclude all objects with i−HE > 1.1, since all the
massive and spectroscopically confirmed galaxies of the cluster
have colours bluer than this value. This choice is justified by the
fact that possible members are likely low-luminosity metal-poor
objects, thus their colour is bluer than that of massive cluster
members. The resulting sample of potential members missing
from the main catalogue drops to 350 candidates.

Finally, as is common in the literature, we use a colour-
magnitude relation (e.g., Bower et al. 1992; Aguerri et al. 2020,
for Perseus), g − HE versus IE in this case, to further reject
background galaxies from the sample of potential members
(Fig. 17). Most spectroscopically or visually identified cluster
members are located along a tight colour-magnitude relation,
as expected for a galaxy population highly dominated by qui-
escent early-type systems. Those located 3σ above the relation
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Fig. 17: Left: i − HE versus g − HE colour-colour diagram for all sources in the full SourceExtractor catalogue with IE ≲ 23.6 identified as
galaxies in Fig. 16 with zphot ≲ 0.1 (green dots), spectroscopically confirmed background galaxies (zspec > 0.02446; cyan dots), and optically
identified (red dots) or spectroscopically confirmed (magenta dots) cluster members (zspec ≲ 0.02446). Filled dots are for galaxies with uncertainty
in the colour larger than 0.1 mag. The black dashed line shows the bisector fit to the data for galaxies with a colour uncertainty σcol ≲ 0.1, while the
solid lines delimit the region within the 3σ dispersion of the relation, where 99.7 % of the spectroscopically and visually identified members are
located. The black solid horizontal line shows the upper limit in colour observed in the spectroscopically confirmed cluster members (i−HE < 1.1).
Right: i−HE versus IE colour-magnitude relation for the same sample of galaxies but limited to those objects identified as potential cluster members
in the i − HE versus g − HE colour-colour diagram (left panel). Galaxies are identified using the same symbols, with the exception of green dots
within black circles, which are systems lying > 3σ from the mean colour-magnitude relation, where 99.7 % of the spectroscopically and visually
identified cluster members are located.

(redder colours, 17 objects) are either galaxies with uncertain
colours as given by SourceExtractor, which is optimised to
derive photometric parameters for point sources, or background
galaxies, as also suggested by the distribution of the spectroscop-
ically confirmed background objects. Those located below the
relation (25) are mainly background objects or star-forming sys-
tems, rare but still present in massive clusters of galaxies (e.g.,
Gavazzi et al. 2010; Boselli et al. 2014). Indeed, visual inspec-
tion of those already identified as cluster members show a spi-
ral/irregular morphology typical of star-forming systems, some
of which also host star-forming regions evident in the narrow-
band Hα image (see next section). After removing the objects
located above the colour-magnitude relation, the sample of po-
tential members not included in the main catalogue drops to 333
objects, 25 of which are located > 3σ below the relation traced
by quiescent, early-type systems.

4.4.2. Hα excess

Galaxies located more than 3σ below the colour-magnitude re-
lation traced by quiescent early-type systems (25 objects) are
either blue background galaxies or star-forming systems within
the Perseus cluster. In this second case, their ongoing star-
formation activity would produce ionising radiation detectable
in the Balmer Hα emission line at 6563 Å. If present, this line
emission can be detected in the narrow-band Hα image of the
cluster, which has been taken within a filter covering the velocity
range 4660 km s−1 ≲ vhel ≲ 9600 km s−1 thus perfectly match-
ing that of the cluster. We visually inspected the continuum-

subtracted images of these objects, and found that only one of
the 25 objects has detectable Hα emission. This source, how-
ever, is discarded because it is associated with the perturbed gas
of the galaxy UGC 2665, which is already included in the main
catalogue of spectroscopically confirmed objects.

4.4.3. Visual inspection

We then visually inspected all the remaining objects selected
using the VIS IE-band images. Out of these, 85 are misclas-
sified stars, seven are bright objects at the edge of the field
where the image of the galaxy is truncated, 37 are problematic
sources in low signal-to-noise ratio regions at the periphery of
the frame where only a few exposures are available, or sources
close to very bright stars where the photometry cannot be accu-
rately measured. One source is another part of the fragmented
ram-pressure-stripped galaxy UGC 2665, four are different parts
of two independent merging, star-forming systems. Since they
do not have any associated emission in the Hα continuum-
subtracted image, these must be background systems. All 129
of these sources can be removed from the following analysis. Of
the remaining 180, seven are relatively bright galaxies that might
have been missed during the first visual inspection of the Euclid
image for the definition of the bright galaxy sample mentioned in
Sect. 4. The remaining 173 are faint objects of small size when
compared to those of the main cluster catalogue, as depicted in
Fig. 18. If we remove those located at more than 3σ from the
scaling relation drawn by the cluster members in the main cata-
logue, only 123 galaxies remain as potential candidates.
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Fig. 18: Relation between the FLUX_RADIUS and the IE-band magni-
tude for all sources in the SourceExtractor catalogue with IE ≲ 23.6
identified as galaxies that satisfy the surface brightness-magnitude se-
lection (Fig. 16), the colour-colour selection, and the colour-magnitude
selection (Fig. 17, left and right panel) for potential cluster members.
Filled and empty dots are for galaxies with uncertainty in the g − HE

colour smaller or larger than 0.1, respectively. Magenta dots are for
spectroscopically confirmed cluster members (zspec ≲ 0.02446), red dots
for optically identified members, cyan dots for spectroscopically con-
firmed background galaxies (zspec > 0.02446), and green dots potential
members with zphot ≲ 0.1 after visual inspection of their VIS images.
Blue dots are faint objects of small size considered as background sys-
tems.

Figure 19 shows how the possible cluster members identi-
fied using the surface brightness versus IE, i − HE versus g − HE,
g − HE versus IE, and FLUX_RADIUS (the estimate of the half-
flux radius as derived by SourceExtractor) versus IE scal-
ing relations are distributed within these relations in comparison
to spectroscopically confirmed or optically identified members.
They perfectly match the distribution of other cluster members
in the photometric scaling relations (i−HE versus g−HE, g−HE

versus IE) as expected, given that they have all been selected to
have a photometric redshift below 0.1. However, their distribu-
tion along the two structural scaling relations (surface brightness
versus IE, FLUX_RADIUS versus IE) is systematically different
from the other cluster members. On average, they have higher
surface brightness and a smaller size than cluster dwarf galaxies,
as is expected for background objects. Visual inspection shows
that the majority of them are tiny objects, with no obvious re-
solved structures or the presence of any globular clusters. We re-
call that the purity of the photometric redshift selection adopted
at the beginning of their identification, which reduced the orig-
inal sample down to 1419 sources, is of order 21 %. Our crite-
ria adopted so far have been tuned to reject background sources
and we are left with these 123 potential candidates that could be
true cluster members. We thus consider them in the following
analysis as background systems, but discuss how their inclusion
within the sample of Perseus members would affect the determi-
nation of the LF and SMF.

4.4.4. Scaling relations for the cluster members

To further test the purity of the selected sample of cluster mem-
bers, we determine some scaling relations but using a more ac-
curate measure of different structural parameters derived for the
main catalogue of galaxies by means of AutoProf, AstroPhot,
and Galfit (Marleau et al. 2024a, Mondelin et al. 2024, in
prep.). Compared to those coming from SourceExtractor,
where the different photometric parameters are derived auto-
matically, here the ad-hoc extraction minimises the uncertain-
ties, thus reducing any systematic scatter in the scaling relations.
Figure 20 shows some typical scaling relations between several
structural parameters (Sérsic index n, effective radius, central
surface brightness, and mean effective surface brightness) as a
function of the total magnitude. Surface brightness and magni-
tudes are corrected for Galactic dust attenuation as described in
Marleau et al. (2024a). Such scaling relations have been success-
fully used to identify cluster membership in Virgo by Ferrarese
et al. (2020).

Figure 20 shows that all galaxies identified as cluster mem-
bers are well distributed along tight relations. The distribution
of the few spectroscopically confirmed background galaxies (23
objects) is generally more scattered than that of cluster mem-
bers, in particular in the re (effective radius) versus IE and µ0
(central surface brightness) versus IE (total magnitude) relations.
Although spectroscopically confirmed background sources have
only a limited range of magnitudes (13 ≲ IE ≲ 20), prevent-
ing the comparison on the whole dynamic range of the relations,
Fig. 20 consistently indicates that the galaxies included within
the main catalogue are indeed all cluster members. This sug-
gests that the possible contamination of background galaxies in
the selected catalogue, if present, is minimal and thus will not
strongly affect the estimation of the LF.

4.5. The final catalogue

To conclude, after the different selection criteria adopted to iden-
tify cluster members we end up with 1172 galaxies of M(IE) ≲
−11 observed magnitude, or equivalently M(IE) ≲ −11.33 when
corrected for Galactic attenuation, above a completeness limit of
approximately 50 %. Indeed, in this final step, 48 dwarf galax-
ies have corrected magnitudes M(IE) greater than −11.33. This
is the sample of galaxies used to derive the LF. To summarise,
Perseus cluster members have been selected using the follow-
ing criteria: 1) morphology (main catalogue, from Marleau et al.
2024b and Mondelin et al., in prep.), or 2) SDSS photometric
redshift zSDSS ≤ 0.05. A strict selection on the full catalogue of
SExtractor detections with magnitude brighter than this limit for
sources satisfying the following criteria: 3) Phosphoros photo-
metric redshift zphot ≤ 0.1; 4)

〈
µIE

〉
≤ 0.783 IE + 3 mag arcsec−2;

5) within 3σ of the i − HE vs. g − HE, g − HE versus IE, and
log10 FLUX_RADIUS vs. IE relation. would add only 123 possi-
ble cluster candidates, a number roughly comparable to the pos-
sible contamination of background objects selected using these
standard relations. We thus did not included them in the follow-
ing analysis. We recall that the completeness of the main cat-
alogue described in Sect. 4.1, on which most of the following
analysis is based, is ∼ 90 % (see Appendix B). The one of possi-
ble Perseus members derived from the full catalogue using pho-
tometric redshifts and scaling relations (Sect. 4.2) is of the order
of ∼ 87 % , 89 % photometric redshifts, 98.3 % the mean effec-
tive surface brightness versus total mag relation (Fig. 16), 99.7%
in the colour-colour, colour-magnitude, and FLUX_RADIUS vs.
magnitude relations (Figs. 17 and 18). We also stress that the cur-
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Fig. 19: Distribution of spectroscopically confirmed cluster members (zspec ≲ 0.02446, magenta dots), optically identified cluster members (red
dots), spectroscopically confirmed background objects (zspec > 0.02446, cyan dots), and of the 123 possible members considered as likely back-
ground systems (blue dots) in the four scaling relations (surface brightness versus IE, upper left panel; i − HE versus g − HE, upper right; g − HE

versus IE, lower left; FLUX_RADIUS versus IE, lower right) used for their identification.

rent selection, which is principally based on morphology, does
not allow to discriminate cluster members from foreground ob-
jects or from systems in the very close background from the clus-
ter (vhel ≲ 12 000 km s−1). The possible contamination of these
objects, however, is very marginal and can be estimated by inte-
grating the i-band LF of the field derived at z = 0.1 by Blanton
et al. (2003) using SDSS data in the range −25 ≤ Mi ≤ −11
and multiplying it by the sampled volume up to a distance of
170 Mpc (≃ 350 Mpc3, 15 objects in total).

5. The luminosity function

For presentation purposes, we derive a binned LF of the clus-
ter by counting the number of objects per 1.0 dex bin of IE-band
luminosity (corrected for Galactic extinction) and we correct it
for completeness by dividing these numbers using the correction
function shown in Fig. B.7. The two LFs of the Perseus clus-
ter, that have been measured within R ≲ 0.25 r200, are shown in
Fig. 21.

The IE-band LF shows three clear regimes: a Gaussian dis-
tribution at the bright end with a clear dip at M(IE) ≃ −19;

a steep rise out to M(IE) ≃ −14; and a flattening down to the
completeness limit of M(IE) ≃ −11, with an abrupt decrease at
fainter luminosity that is clearly due to incompleteness. The dip
at M(IE) ≃ −19 seems real, since the number of objects in that
magnitude bin (19) would need to be approximately double to
reach those measured in the adjacent bins, which is impossible
given that the survey is 100 % complete at these luminosities.
Indeed, the dip is 4.6σ below the best-fit single Schechter func-
tion (see below), whereσ is the Poisson uncertainty (for a critical
discussion on the possible relation between incompleteness and
the presence of the dip see Andreon et al. 2006). The flattening
observed at M(IE) ≃ −14 might be partly due to incompleteness;
however, the analysis presented in the previous sections suggests
that the observed trend is real. Indeed, to keep the same slope
observed in the −19 ≲ M(IE) ≲ −14 range (α ≃ −1.5, see be-
low), the two following bins [M(IE) = −13 and −12] should be
missing about 400 objects, which is very unlikely. The statistical
analysis presented in Sect. 4 identified 123 potential cluster can-
didates that the selection might have missed, which includes the
fainter magnitude bin M(IE) ≃ −11.

Article number, page 19 of 44



A&A proofs: manuscript no. output

Fig. 20: Scaling relations between the Sérsic index n, the effective radius Re, the central surface brightness µIE ,0, and mean effective surface
brightness within Re, ⟨µIE ,e⟩, and the total magnitude measured using AutoProf/AstroPhot. Magnitudes are corrected for Galactic attenuation.
Black dots are for cluster member galaxies, cyan dots for spectroscopically confirmed background objects. The red dashed line shows the 50 %
completeness of the sample, corresponding to M(IE) = −11.33, assuming a mean Galactic attenuation AIE = 0.33. The effective radius is in pixel
units and surface brightness in mag arcsec−2.

We fit the LF using a combination of parametric functions,
specifically a Schechter (1976) function for faint objects and a
Gaussian to reproduce the distribution of luminous galaxies:

Φ(M)dM =Φ∗S

×

{
0.4 ln(10) 10−0.4 (M−M∗S) (αS+1) × exp

[
−10−0.4 (M−M∗S)

]
+ AG exp

−0.5
(

M − M∗G
σG

)2} dM , (2)

where Φ∗S, M∗S, αS are the normalisation, the characteristic abso-
lute magnitude and the faint-end slope of the Schechter func-
tion, while AG, M∗G, and σG are the normalisation relative to
the Schechter, the mean absolute magnitude and the width of
the Gaussian component. To derive the parameters of Eq. (2) we
adopted the Maximum Likelihood Estimator, firstly described in
Sandage et al. (1979, see also Ilbert et al. 2005; Johnston 2011).
No binning is used here, instead a log-likelihood is computed

for each galaxy magnitude and summed to return a joint log-
likelihood. Following the formalism of Mehta et al. (2015) and
Fossati et al. (2021), the fit is carried out by deriving the poste-
rior distribution and the best-fit parameters using the MULTINEST
Bayesian algorithm (Feroz & Hobson 2008; Feroz et al. 2019).
Section 7.2 expends on the robustness of the derived parame-
ters and associated errors. We limit the fit to galaxies above the
completeness magnitude limit of M(IE) ≲ −11.33. The fit is per-
formed using the full set of galaxies above this magnitude limit,
or excluding the central cD (NGC 1275) and/or the two other
cDs (NGC 1272 and NGC 1265), as often done in the literature
(e.g., Lin et al. 2004; Meusinger et al. 2020). For comparison
with previous results in the literature we also fit the data using
a single Schechter function. The best fit to the data are shown
in Fig. 21, and the best-fit parameters are given in Table 3. The
Φ∗ parameters give characteristic numbers of objects of the fit-
ted function within the surveyed region. The accurate volume
of this region is hardly quantifiable given the complex structure
of the cluster. Nevertheless, assuming a spherical distribution of
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Fig. 21: Observed (grey dots) and corrected for completeness (black dots) IE-band LF derived excluding the three cD galaxies NGC 1275,
NGC 1272, and NGC 1265. The solid red and blue lines and the associated dotted lines show the best-fit and 1σ confidence regions of the
Schechter and Schechter + Gaussian LF parametrisations, respectively. The vertical grey dashed line shows the 50 % completeness limit. The
two LFs are compared to those available in the literature for the Perseus cluster in the K band (Meusinger et al. 2020), in the r band (Aguerri
et al. 2020), and in the B band (Penny & Conselice 2008), to the mean i-band LF of SDSS local clusters derived by Popesso et al. (2005) within
0.5 h−1 Mpc from the cluster centre, and to the Cluster-EAGLE simulations (Negri et al. 2022). The LFs of Perseus have been derived on different
fractions of the cluster. They have been shifted to the IE band using the mean colour of galaxies in the cluster, and in the Y-axis direction to visually
match the data. The best fit parameters are given in Table 3.

size r200 = 2.2 Mpc (see Sect. 2), and considering that the sur-
veyed region is of approximately 0.7 deg2, we can estimate that
the corresponding volume is V ≃ 4.33 Mpc3.

6. The stellar mass function

As described in Sect. 4.3, the available multifrequency data al-
low us to measure stellar masses for all the detected sources, and
thus derive the SMF of the cluster. The SMF has a shape quite
different to that of the LF. It has a steep rise at the bright end
down toM ≃ 1010 M⊙, then the number of objects moderately
increases down toM ≃ 107 M⊙ and rapidly decreases below this
limit. In this range of stellar masses the increase of number of
objects is not as smooth as observed in the LF, but quite noisy:
a dip might be present at M ≃ 109.5−10 M⊙, and the slope of
the distribution changes significantly at lower stellar mass. We
fit the SMF using a single Schechter function and show the non
parametric function in bins of 0.4 dex. To avoid any complex

completeness correction (as mentioned in Sect. 4.3), we fit the
data down to stellar masses M = 107 M⊙ (679 objects) where
the completeness is near 100 %.

The Schechter parametrisation has a slope αS ≃ −1.2 and
flattens more rapidly than the data atM ≃ 107 M⊙. In the stellar
mass range 107 ≲ M ≲ 109.5 M⊙ the distribution has a slope
close to αS = −1.35. Below this stellar mass limit, the observed
distribution might be not complete. The inclusion of the mas-
sive cD galaxies NGC 1272, NGC 1275, and NGC 1265, does
not have any effect on the determination of the faint-end slope of
the distribution.

7. Discussion

7.1. Compact sources

Studies of nearby clusters such as Virgo and Fornax indicate that,
at the sensitivity of the Euclid observations, compact sources
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Table 3: Best-fit parameters of the LF .

Sample Φ∗S M∗S αS AG M∗G σG

All galaxies 134.63+33.18
−27.14 −17.95+0.44

−0.47 −1.22+0.04
−0.03 0.33+0.09

−0.06 −20.04+0.05
−0.37 1.45+0.27

−0.23

Excluding NGC 1275 125.88+30.34
−25.46 −18.15+0.44

−0.44 −1.22+0.03
−0.03 0.36+0.10

−0.07 −20.22+0.43
−0.31 1.28+0.25

−0.20

Excluding NGC 1275, NGC 1272, NGC 1265 114.75+27.43
−24.17 −18.38+0.41

−0.46 −1.23+0.03
−0.03 0.42+0.12

−0.09 −20.39+0.33
−0.22 1.06+0.22

−0.15

Excluding NGC 1275, NGC 1272, NGC 1265 26.18+4.20
−3.72 −22.41+0.25

−0.28 −1.30+0.01
−0.02 – – –

Notes: the parameters correspond the 16, 50, and 84% percentiles of the distribution. Φ∗S is in units of N dex−1.

Fig. 22: SMF derived excluding the three cD galaxies NGC 1275, NGC 1272, and NGC 1265. The solid black and dotted black lines show the
best-fit and ±1σ confidence regions of the Schechter SMF parametrisation. The red dashed line, which is a reasonably good fit to the slope of the
faint end of the distribution, has α = −1.35. The vertical grey dashed line shows the stellar mass limit used in the fit. The best-fit parameters are
given in Table 4.

such as blue compact dwarfs (BCDs) and ultra compact dwarfs
(UCDs) can be detected (Sandage et al. 1985; Boselli et al. 2016;
Saifollahi et al. 2021). If reached, these particular populations of
compact sources should thus be accounted for in the determi-
nation of the LF. The methods described above used to identify
members of the Perseus cluster, and in particular those based
on the positions of galaxies along several scaling relations, have

been mainly defined to identify extended, LSB objects (e.g.,
Binggeli & Jerjen 1998). They might thus fail to recognise BCDs
and UCDs, the former generally characterised by a relatively low
luminosity but with a high surface brightness, which make them
similar to background luminous star-forming systems, the latter
by a point-like morphology similar to that of stars or globular
clusters, which are generally poorly resolved in ground-based
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Table 4: Best-fit parameters of the SMF.

Sample Φ∗S log10M
∗
S/M⊙ αS

All galaxies 51.32+9.80
−8.35 11.28+0.13

−0.11 −1.21+0.02
−0.01

Excluding NGC 1275 54.66+10.25
−9.03 11.21+0.12

−0.11 −1.20+0.02
−0.02

Excluding NGC 1272, NGC 1275, and NGC 1265 60.24+10.10
−9.62 11.10+0.12

−0.12 −1.19+0.02
−0.02

Notes: the parameters correspond the 16, 50, and 84 % percentiles of the distribution. Φ∗S is in units of N dex−1.

observations. To check whether these objects can be identified
in the selection criteria mentioned in Sect. 3.3 we first derived
the mean properties of approximately 40 BCDs in the Virgo
cluster given in the Virgo cluster catalogue (VGC) of Binggeli
et al. (1985). Using the full compilation of photometric data
analysed in Boselli et al. (2014), we estimated that the mean
B-band isophotal diameter of BCDs is D25.5(B) = 40′′ ± 16′′,
while the H-band effective radius re(H) = 7 .′′4 ± 4 .′′1. Scaled
to the distance of the Perseus cluster (72 Mpc versus 16.5 Mpc
for Virgo; Gavazzi & Boselli 1999; Mei et al. 2007; Cantiello
et al. 2018) they are D25.5(b) = 10′′ ± 4′′ and re(H) = 1 .′′8 ± 1′′.
BCDs are thus fully resolved in the Euclid data, even in the ring-
filtered images which remove only star-like sources. They have
B-, H-, and K-band absolute magnitudes MB ≥ −17 (Sandage
et al. 1985) and MH ≥ −17.7 (Boselli et al. 2000), as well
as MK ≥ −16.6 (Boselli et al. 1997), and have stellar masses
M ≲ 108 M⊙ (Boselli et al. 2014). They are, however, rare in rich
environments where star formation is generally quenched due to
the interaction of galaxies with their surroundings (e.g., Boselli
& Gavazzi 2006). Those catalogued in the VGC and selected in
the B band are 49/2096 (2.3 %), and they are principally located
at the periphery of the cluster. We checked the nature of all line
emitters in the continuum-subtracted Hα narrow-band image to
see whether we detected compact star-forming sources with mor-
phological properties similar to those of local BCDs, but we did
not detect any of them. BCDs are high-surface brightness objects
with a very strong star-formation activity, and are thus easily de-
tectable in narrow-band imaging if present (Boselli et al. 2002,
2022a). Given that the Euclid observations concern only the in-
ner ≲ 0.2 r200, that Perseus is a rich and massive cluster, and
their very blue colour, we expect that the fraction of BCDs in
the targeted region is significantly lower than the one observed
in Virgo, as suggested by the analysis of the Hα data. We thus
consider as negligible their possible contribution to our IE-band
LF.

UCDs are much more compact than BCDs and for this rea-
son are more difficult to be identified and distinguished from
other point-like sources such as stars and globular clusters.
Those identified in the Virgo cluster by Liu et al. (2020) have
effective radii in the g and i bands of 10pc ≲ re(g, i) ≲ 100 pc,
which at the distance of Perseus correspond to 0 .′′03 ≲ re(g, i) ≲
0 .′′3, but most of them having re(g, i) ≲ 0 .′′1 (see Penny et al.
2012). They are thus hardly resolved even at the excellent angu-
lar resolution of the Euclid VIS imaging data (FWHM = 0 .′′16).
Their stellar mass is M ≲ 107 M⊙, and their luminosity Mg ≥

−12 and MK ≥ −12.4 (Liu et al. 2020; Saifollahi et al. 2021).
They are often associated with the central massive ellipticals
(Liu et al. 2020; Saifollahi et al. 2021), and are thus potentially
present in the Perseus field. The extraordinary quality of the Eu-
clid data, however, allows the detection of these and other com-
pact sources (globular clusters) associated with many massive
galaxies. Their observed LF begins at IE ≃ 23 [M(IE) ∼ −11.3]

and steeply rises up to IE ≃ 25.5 or 26 [M(IE) ≃ −8.8 to −8.3],
and drops below this. Being compact sources, we expect that the
selection criteria mentioned in Sect. 3.3, and in particular the
one used to discriminate stars from galaxies, have removed them
from the sample of possible members. In any case, their contri-
bution to the LF derived in this work, which is limited to galaxies
with M(IE) > −11.3, is certainly negligible.

7.2. Robustness of the derived parameters

The three cD galaxies in the core of the cluster (NGC 1275,
NGC 1272, and NGC 1265) introduce a discontinuity in the
LF that cannot be traced by our simple parametric function
given in Eq. (2). We thus fit the data including all galaxies with
an absolute magnitude M(IE) ≤ −11.33, or excluding either
NGC 1275, or the three brightest objects NGC 1275, NGC 1272,
and NGC 1265. The best fit to the data derived using these three
different samples are given in Table 3. Figure 23 shows the prob-
ability distribution functions of the output parameters derived
when the three cD galaxies are excluded.

As expected, the output parameters of the Gaussian function
strongly depend on the adopted sample, i.e., on the inclusion or
exclusion of the brightest cD galaxies. This is due to the fact
that the number of bright objects is very limited, thus any out-
put parameter in this magnitude regime is statistically uncertain.
More interesting, in the framework of galaxy formation and evo-
lution, is the faint end of the LF. The faint end slope of the LF,
αS, is robustly determined, as depicted in Fig. 23, and around
αS = −1.2 to −1.3. This is significantly flatter than the slope
of the dark matter halo mass function predicted by cosmologi-
cal simulations (α ≃ −2, e.g., Somerville & Davé 2015). This is
also the case if the fit is limited to the steep rise of the distribu-
tion [M(IE) ≲ −15], where αS ≃ −1.5, and drops to αS ≃ −1.1
in the −15 ≲ M(IE) ≲ −11.3 magnitude range. Any possible
missed satellite, if it exists, must have a surface brightness at
re (µIE,e) ≳ 29 mag arcsec−2.

7.3. Comparison with other work

The IE-band LF of the Perseus cluster measured within R ≲
0.25 r200 is compared to those derived in other bands in Fig. 21.
The faint-end slope of the fitted function is compared to those
derived in these other works at different wavelengths in Fig. 24.
These have been determined in the K band using WISE 2.4-µm
data by Meusinger et al. (2020) and concern the inner R ∼ r200,
and in the r band by Aguerri et al. (2020, R ∼ 1.4 r200). The
IE-band LF is also compared with that of Penny & Conselice
(2008) measured in the B band for a limited number of dwarfs in
the very inner regions of the cluster. To compare LF derived in
different photometric bands, we cross-matched the Euclid cata-
logue with those used in previous studies. We estimated the mean
colour in the different bands, which we then used as a system-
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Fig. 23: Probability distribution function of the output parameters of the fit of the luminosity function for a Schechter + Gauss parametric function
when the galaxies NGC 1275, NGC 1272, and NGC 1265 are excluded.

atic correction on the X-axis. Since the Y-axis normalisation de-
pends on the sampled volume, which varies across these studies,
we arbitrarily chose the normalisation on this axis to match the
distribution observed in the IE band.

The IE-band LF derived in this work is significantly deeper
than those of Meusinger et al. (2020) and Aguerri et al. (2020),
which are both limited to the bright end, M(IE) ≃ −18.3 and
M(IE) ≃ −16.2, respectively, when these limiting magnitudes
are derived using the mean colour of common galaxies in the
different bands. It is also deeper than that of Penny & Conselice
(2008, M(IE) ≃ −13.9), although that does not sample the bright
end given the very limited sky region covered during the obser-
vations (173 arcmin2).

For a fair comparison, three things should be remembered.
Firstly, the IE-band LF measured in this work concerns only the
inner R ≲ 0.25 r200 which, for the well known morphology-
segregation effect (Dressler 1980a; Whitmore et al. 1993), is
highly dominated by early-type systems. Indeed, the number of
star-forming galaxies is limited to a handful of objects, as de-
picted in the colour-magnitude diagram shown in Fig. 17. Sec-
ondly, the overall shape of the LF is known to change at differ-

ent distances from the cluster centre (e.g., Beijersbergen et al.
2002; Popesso et al. 2006; de Filippis et al. 2011). Finally, the
shape also changes as a function of the photometric band (e.g.,
Andreon & Cuillandre 2002; Popesso et al. 2005; Boselli et al.
2016).

The IE-band LF measured in this paper agrees with the de-
crease observed at M(IE) ≃ −19 by Meusinger et al. (2020) and
Aguerri et al. (2020) when limited to the early-type galaxy pop-
ulation. This decrease is due to the presence of the dip, which
corresponds to the relative decrease of objects at IE ∼ 15 in the
scaling relations shown in Fig. 20 (see also figure 11 of Marleau
et al. 2024a). The faint end of the IE-band LF is comparable to
the one observed in the B band by Penny & Conselice (2008) in
the same magnitude range.

The IE-band LF of Perseus can also be compared to those
derived for other nearby clusters of galaxies. Figure 21 shows
the comparison with the i-band LF of composite SDSS clusters
measured within R < 0.5 h−1 Mpc by Popesso et al. (2005). It
shows a discontinuity at M(IE) ≃ −19, where the IE-band LF of
Perseus has a dip, and is significantly steeper at fainter luminosi-
ties (α = −2.17; see also Fig. 24). The presence of the dip with
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Fig. 24: The faint-end slope αS of the LF derived in this work [M(IE) ≤
−12; big filled cyan circle] is compared to the values of the analogous
Schechter parameters α available in the literature in different photomet-
ric bands for the Perseus cluster (green circles, references given in the
text), for the Coma cluster (red boxes, taken from the compilation of
Milne et al. 2007), the Virgo cluster (blue triangles, from the compi-
lation of Ferrarese et al. 2016), and for the composite LF of clusters
of Popesso et al. (2005, black hexagons, double Schechter functions,
measured using two different background subtraction techniques within
0.5 Mpc). Empty symbols are for LF of the whole cluster, filled symbols
for the core region as in the Euclid field.

properties similar to the one presented here has been observed
in other very massive nearby clusters, such as Coma (Biviano
et al. 1995; Lobo et al. 1997; de Propris et al. 1998; Adami et al.
2007; Milne et al. 2007) and Abell 85 (Durret et al. 1999). The
slope of the LF in the −19 ≲ M(IE) ≲ −14 absolute magnitude
range is α ≃ −1.5, and is significantly flatter than the one derived
by Popesso et al. (2005, α ≃ −2.17). However, this difference
should be considered with caution for several reasons. First of
all, this luminosity range is generally lacking spectroscopic data,
thus cluster membership is often derived using statistical argu-
ments, such as a statistical subtraction of the background galaxy
counts, as done in Popesso et al. (2005). This technique is obvi-
ously very sensitive to sampling variance, since in this luminos-
ity regime the number of background galaxies largely exceeds
that of cluster members. For the region analysed in this work, for
instance, the number of galaxies detected by SourceExtractor
with IE < 23.6 is about 33 000, most of which have faint lumi-
nosities (see Sect. 3.3),with only 1220 finally being identified
as cluster members. As a consequence, the statistical subtraction
of the background galaxy counts introduces large uncertainties at
the faint end, as suggested by the very discrepant results obtained
even on the same cluster when different techniques are used (see
Fig. 24). In the Coma cluster, by far the most studied local mas-
sive cluster of galaxies, the results obtained so far give slopes
ranging from α = −1.0 to α = −2.0 (see table 1 in Milne et al.
2007; Yamanoi et al. 2012), suggesting that the faint end slope
of the LF is still poorly constrained whenever the identification
of cluster members suffers from large uncertainties. This is also

the case in other nearby clusters where different values of α are
often derived when using different techniques to account for the
background contamination (e.g. Boué et al. 2008). We will be
able to test this statistical correction and compare the results to
those found in this work once a robust estimate of the galaxy
number counts will be measured thanks to the Euclid mission.

A particular case is the Virgo cluster. Located at only
16.5 Mpc (Gavazzi & Boselli 1999; Mei et al. 2007; Cantiello
et al. 2018), this is the closest cluster of galaxies and for this
reason it has been the target of several multifrequency surveys.
Thanks to its proximity, deep ground-based imaging surveys can
easily sample the dwarf galaxy regime over a luminosity range
comparable to the one reached by Euclid in Perseus. NGVS (Fer-
rarese et al. 2012) managed to detect and identify cluster mem-
bers down to a stellar mass limit of M ≃ 106 M⊙. The typi-
cal angular resolution of these data, 0 .′′6 in the i band (49 pc),
is comparable to the physical scales probed by VIS in the IE

band at the distance of Perseus (0 .′′16, 56 pc, see Sect. 3.1). Fer-
rarese et al. (2016) derived the i-band LF of the cluster within
R ≃ 0.2 r200 down to Mi ≃ −10, where the 336 cluster members
have been identified with criteria very similar to those used in
this work. The two sets of data can thus be directly compared.
The bright part of i-band Virgo cluster LF is poorly constrained
because of the very limited number of massive objects; it is thus
impossible to see whether a dip is present also in this cluster. The
faint end, however, is well represented by a Schechter function of
slope α = −1.35, a value slightly steeper than the one found for
Perseus (−1.30 ≲ α ≲ −1.20). This difference is not surprising
given that Perseus is a very massive spiral-poor relaxed cluster
(M200 = 1.2 × 1015 M⊙), while Virgo is a spiral-rich, interme-
diate mass unrelaxed system (M200 = 1–4 × 1014 M⊙, Ferrarese
et al. 2012; Boselli et al. 2022b). A flattening of the B-band LF
measured in selected regions out to R ≃ 1 r200 in the magni-
tude range −14 ≲ MB ≲ −11 has been claimed by Trentham &
Hodgkin (2002, α = −1.3 to −1.0) with shallower INT data, and
only partly confirmed by the deeper NGVS data in the inner re-
gion (α = −1.39 for −17.4 ≲ Mg ≲ −14.4 versus α = −1.26 for
−14.4 ≲ Mg ≲ −9.13, Ferrarese et al. 2016).

The results obtained in this work are consistent with those
available in the literature for Virgo, and extend those derived
for other very massive clusters such as Perseus to a luminosity
range never explored before. They provide a unique sample for
comparison with the prediction of cosmological simulations to
constrain galaxy evolution in a very rich environment.

Finally, we compare the observed LF to that predicted for
cluster galaxies using the Cluster-EAGLE cosmological simula-
tions in the SDSS i band (Negri et al. 2022). The two LFs are
fairly different: the cosmological simulations do not show an
obvious dip at M(IE) ≃ −19, but just a flattening of the curve,
although they have a faint-end slope in the sampled magnitude
range [M(IE) < −15] close (α = −1.3) to the observed one. The
LF of Negri et al. (2022) has been derived combining 30 clusters
of mass 1014 ≲ M200/M⊙ ≲ 1015.4 with galaxies located within
R = r200. The difference with the observed one might partially
be due to the fact that in Perseus we are sampling only the very
innermost regions (R ≲ 0.25 r200) and that Perseus is a very mas-
sive cluster, where a dip at intermediate luminosity is generally
observed.

7.4. Implications of the results in an evolutionary picture

The field galaxy LF and SMF are generally considered to be
composed of two different components, one for the quiescent
population and one for the star-forming systems, dominant in
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low-density regimes (Bell et al. 2003; Baldry et al. 2012; Muzzin
et al. 2013). They can both be represented by two functions.
The former, generally characterised by a Gaussian or a Schechter
function declining at faint luminosities (α > −1), is dominated
in the high-luminosity, high-mass regime. The latter, mainly fit-
ted with a Schechter function, is dominant at the faint end. In the
cluster environment the relative weight of the two populations
is significantly changed, in particular at the faint end where the
dominant population consists of dwarf ellipticals (e.g., Sandage
et al. 1985). Given the tight positive relation between the frac-
tion of slow/fast rotators with stellar mass (Cappellari 2016) ob-
served also in clusters such as Virgo (Boselli et al. 2014), it is
likely that the Gaussian part of the luminosity and mass func-
tions are dominated by massive ellipticals formed during major
merging events, and those of lower luminosities/stellar masses
by gentler mechanisms.

The steep rise of the dwarf elliptical galaxy population in the
luminosity range −19 ≲ M(IE) ≲ −14 observed here and in other
nearby clusters (e.g., Sandage et al. 1985) can be explained if the
galaxies infalling into the cluster since its formation, which are
preferentially star-forming objects, are quenched after their in-
teraction with the hostile surrounding environment (e.g., Boselli
& Gavazzi 2014). We recall that the field LF, when measured in-
cluding the dominant LSB population, has a slope in the visible
bands close to α = −1.5 (Blanton et al. 2005b). A simple fading
of the star-formation activity, which might follow ram-pressure-
stripping events (e.g., Boselli et al. 2022b), can transform blue
galaxies into red systems (e.g., Gavazzi et al. 2010) without af-
fecting their structural (e.g., Boselli et al. 2008b,a) and kinematic
properties (e.g., Toloba et al. 2011, 2015), and more important
the shape of the luminosity and mass functions. This evolution-
ary picture is consistent with the observed variation of the slope
of the LF of the Virgo cluster derived using tracers sensitive to
the youngest stellar populations (Hα, UV, Boselli et al. 2016,
2023) or to older populations (visible bands, Sandage et al. 1985;
Ferrarese et al. 2016). It is also consistent with the observed in-
crease of the fraction of red/blue galaxies with decreasing red-
shift at the faint end of the LF in clusters of galaxies (De Lucia
et al. 2007, 2009; Stott et al. 2007, 2009; Gilbank et al. 2008;
Boselli & Gavazzi 2014).

The flattening at lower luminosities should still be con-
firmed with more accurate spectroscopic observations. If borne
out, lowest-mass objects gravitationally perturbed during their
flyby encounters with other cluster members (galaxy harass-
ment, Moore et al. 1996; Mastropietro et al. 2005a) might ex-
plain this flattening. In the most extreme cases a large frac-
tion of the mass is removed during the interaction, leaving just
the galaxy nucleus (Bekki et al. 2003; Drinkwater et al. 2003;
Goerdt et al. 2008; Pfeffer & Baumgardt 2013). This mecha-
nism, which has been often proposed to explain the formation
of UCDs, might reduce the number of objects in this luminos-
ity/mass regime, flattening the observed distribution. Interest-
ingly, Kluge et al. (2024) have shown a significant contribution
of dwarf galaxies to the intracluster globular cluster LF. These
dwarf galaxies would be entirely disrupted to form the ICL so
this could partly explain the observed difference between the
steep faint-end slope of the dark matter halo distribution pre-
dicted by simulations with the flatter slope observed in the LF
and SMF. This speculative interpretation should be tested by
comparison with hydrodynamic cosmological simulations once
they reach this very low-mass regime with sufficient statistics.

7.5. Perspectives

The analysis and results presented in this work demonstrate the
extraordinary capabilities of Euclid in the study of galaxy evo-
lution in rich environments. Although not reaching the spectacu-
lar angular resolution of Hubble Space Telescope (HST), Euclid
will provide a homogeneous set of optical (and NIR) images with
a typical FWHM ∼ 0 .′′16 (∼ 0 .′′49) over more than 14 000 deg2.
This resolution will be crucial for the identification of galaxies
belonging to different local environments, from massive clus-
ters such as Perseus down to groups and filaments, hundreds of
which will be covered during the mission. Furthermore, the ex-
traordinary quality of the images in terms of sensitivity to LSB
regions will be crucial to study different characteristic features
associated with galaxies in rich environments, such as tails, fil-
aments, shells of tidally perturbed objects (Duc et al. 2015), or
the intracluster light present in the central regions of massive
clusters (Kluge et al. 2024). These particular stellar features are
formed only during gravitational perturbations that are able to
displace the stellar component, while not in hydrodynamic inter-
actions affecting only the gas (e.g., Boselli et al. 2022b). The Eu-
clid observations will thus be of prime importance for the identi-
fication of the dominant perturbing mechanism in different envi-
ronments, from filaments and groups, to massive clusters. It will
also be extremely important to identify UDGs, a population seen
in nearby clusters as well as in the field (Marleau et al. 2024a;
Koda et al. 2015; Mihos et al. 2015; van Dokkum et al. 2015b;
Zöller et al. 2024), whose origin is still under debate (Di Cin-
tio et al. 2017; Carleton et al. 2019; Tremmel et al. 2020; Junais
et al. 2022).

8. Conclusions

The Euclid ERO programme gathered deep optical and NIR
imaging data of the inner regions (R ≤ 0.25 r200) of the nearby
Perseus cluster. We used this unique set of imaging data, which
reached a point-source depth of IE = 27.3 and surface bright-
nesses µIE = 30.1 mag arcsec−2, to measure the LF and SMF of
this cluster. We identified cluster members out of the roughly
half-million detected sources using a combination of photomet-
ric redshifts, scaling relations, cross-matches with catalogues
available in the literature, and visual inspection of the images.
We identified 1220 cluster members. Using the observed dis-
tribution of their structural properties (total magnitude, surface
brightness, extension, Sérsic parameter, and inclination) we ac-
curately measured the completeness function of the sample,
which reaches 50 % at M(IE) = −11.3. We derived the IE-
band LF of the inner region of the cluster and fitted it using a
parametric Schechter plus Gaussian function, which reproduces
well the observed distribution, in particular whenever the three
brightest cD galaxies (NGC 1275, NGC 1272, and NGC 1265)
are excluded. The fitted function, which is significantly deeper
than those derived so far using ground-based data, has a dip at
M(IE) ≃ −19 and a faint-end slope αS ≃ −1.2 to −1.3. We used
the unique set of multifrequency data in hand, which also include
deep, unpublished ugriz and narrow-band Hα imaging data gath-
ered at the CFHT, to measure the stellar mass of all the cluster
members, and thus derive the SMF of the cluster. The SMF can
be represented by a Schechter function with a faint-end slope
αS ≃ −1.2 to −1.35.

Despite the exceptional sensitivity of Euclid to LSB objects
(∼ 30.1 mag arcsec−2), which are expected to dominate at faint
luminosities, the observed faint-end slope of the LF and SMF
of Perseus are significantly flatter than those predicted for the
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dark matter halo distribution by cosmological simulations. The
unique set of data that the Euclid mission will soon provide will
be crucial to extend this analysis to a much larger sample of local
galaxies in different environments, from the field to groups and
rich clusters. These data will offer new, stringent constrains to
cosmological simulations on galaxy evolution, and thus provide
a unique opportunity to understand the processes that shape the
LF and SMF in different environments.

Acknowledgements. This work has made use of the Early Release Observations
(ERO) data from the Euclid mission of the European Space Agency (ESA),
2024, https://doi.org/10.57780/esa-qmocze3. The Euclid Consortium
acknowledges the European Space Agency and a number of agencies and in-
stitutes that have supported the development of Euclid, in particular the Agen-
zia Spaziale Italiana, the Austrian Forschungsförderungsgesellschaft funded
through BMK, the Belgian Science Policy, the Canadian Euclid Consortium,
the Deutsches Zentrum für Luft- und Raumfahrt, the DTU Space and the Niels
Bohr Institute in Denmark, the French Centre National d’Etudes Spatiales, the
Fundação para a Ciência e a Tecnologia, the Hungarian Academy of Sciences,
the Ministerio de Ciencia, Innovación y Universidades, the National Aeronautics
and Space Administration, the National Astronomical Observatory of Japan, the
Netherlandse Onderzoekschool Voor Astronomie, the Norwegian Space Agency,
the Research Council of Finland, the Romanian Space Agency, the State Secre-
tariat for Education, Research, and Innovation (SERI) at the Swiss Space Of-
fice (SSO), and the United Kingdom Space Agency. A complete and detailed
list is available on the Euclid web site (http://www.euclid-ec.org). Based
on observations obtained with MegaPrime/MegaCam, a joint project of CFHT
and CEA/DAPNIA, at the Canada-France-Hawaii Telescope (CFHT) which is
operated by the National Research Council (NRC) of Canada, the Institut Na-
tional des Science de l’Univers of the Centre National de la Recherche Scien-
tifique (CNRS) of France, and the University of Hawaii. The observations at the
Canada-France-Hawaii Telescope were performed with care and respect from
the summit of Maunakea which is a significant cultural and historic site. This
work presents results from the European Space Agency (ESA) space mission
Gaia. Gaia data are being processed by the Gaia Data Processing and Analysis
Consortium (DPAC). Funding for the DPAC is provided by national institutions,
in particular the institutions participating in the Gaia MultiLateral Agreement
(MLA). Funding for the Sloan Digital Sky Survey V has been provided by the Al-
fred P. Sloan Foundation, the Heising-Simons Foundation, the National Science
Foundation, and the Participating Institutions. SDSS acknowledges support and
resources from the Center for High-Performance Computing at the University of
Utah. SDSS telescopes are located at Apache Point Observatory, funded by the
Astrophysical Research Consortium and operated by New Mexico State Univer-
sity, and at Las Campanas Observatory, operated by the Carnegie Institution for
Science. The SDSS web site is www.sdss.org. SDSS is managed by the As-
trophysical Research Consortium for the Participating Institutions of the SDSS
Collaboration, including Caltech, The Carnegie Institution for Science, Chilean
National Time Allocation Committee (CNTAC) ratified researchers, The Flat-
iron Institute, the Gotham Participation Group, Harvard University, Heidelberg
University, The Johns Hopkins University, L’Ecole polytechnique fédérale de
Lausanne (EPFL), Leibniz-Institut für Astrophysik Potsdam (AIP), Max-Planck-
Institut für Astronomie (MPIA Heidelberg), Max-Planck-Institut für Extrater-
restrische Physik (MPE), Nanjing University, National Astronomical Observa-
tories of China (NAOC), New Mexico State University, The Ohio State Uni-
versity, Pennsylvania State University, Smithsonian Astrophysical Observatory,
Space Telescope Science Institute (STScI), the Stellar Astrophysics Participa-
tion Group, Universidad Nacional Autónoma de México, University of Arizona,
University of Colorado Boulder, University of Illinois at Urbana-Champaign,
University of Toronto, University of Utah, University of Virginia, Yale Univer-
sity, and Yunnan University. CS acknowledges the support of the Natural Sci-
ences and Engineering Research Council of Canada (NSERC). Cette recherche
a été financée par le Conseil de recherches en sciences naturelles et en génie du
Canada (CRSNG). CS also acknowledges support from the Canadian Institute
for Theoretical Astrophysics (CITA) National Fellowship program. FB acknowl-
edges support from the project PID2020-116188GA-I00, funded by MICIU/AEI
/10.13039/501100011033. LQ acknowledges funding from CNES postdoctoral
fellowship program.

References

Aaronson, M., Gordon, G., Mould, J., Olszewski, E., & Suntzeff, N. 1985, ApJ,
296, L7

Abdurro’uf, Lin, Y.-T., Hirashita, H., et al. 2022, ApJ, 926, 81
Abdurro’uf, Lin, Y.-T., Wu, P.-F., & Akiyama, M. 2021, ApJS, 254, 15

Abdurro’uf,, Lin, Y.-T., Wu, P.-F., & Akiyama, M. 2022, piXedfit: Analyze spa-
tially resolved SEDs of galaxies, Astrophysics Source Code Library, record
ascl:2207.033

Abramson, A., Kenney, J., Crowl, H., & Tal, T. 2016, AJ, 152, 32
Adami, C., Durret, F., Mazure, A., et al. 2007, A&A, 462, 411
Aguerri, J. A. L., Girardi, M., Agulli, I., et al. 2020, MNRAS, 494, 1681
Aguerri, J. A. L., Varela, A. M., Prieto, M., & Muñoz-Tuñón, C. 2000, AJ, 119,

1638
Aharonian, F. A., Akamatsu, H., Akimoto, F., et al. 2017, ApJ, 837, L15
Alonso Asensio, I., Dalla Vecchia, C., Bahé, Y. M., Barnes, D. J., & Kay, S. T.

2020, MNRAS, 494, 1859
Amorisco, N. C., Monachesi, A., Agnello, A., & White, S. D. M. 2018, MNRAS,

475, 4235
Andreon, S. 1994, A&A, 284, 801
Andreon, S. & Cuillandre, J. C. 2002, ApJ, 569, 144
Andreon, S., Cuillandre, J. C., Puddu, E., & Mellier, Y. 2006, MNRAS, 372, 60
Baldry, I. K., Driver, S. P., Loveday, J., et al. 2012, MNRAS, 421, 621
Balogh, M. L., Christlein, D., Zabludoff, A. I., & Zaritsky, D. 2001, ApJ, 557,

117
Barkhouse, W. A., Yee, H. K. C., & López-Cruz, O. 2007, ApJ, 671, 1471
Batuski, D. J. & Burns, J. O. 1985, AJ, 90, 1413
Bautz, L. P. & Morgan, W. W. 1970, ApJ, 162, L149
Beijersbergen, M., Hoekstra, H., van Dokkum, P. G., & van der Hulst, T. 2002,

MNRAS, 329, 385
Bekki, K., Couch, W. J., Drinkwater, M. J., & Shioya, Y. 2003, MNRAS, 344,

399
Bell, E. F., McIntosh, D. H., Katz, N., & Weinberg, M. D. 2003, ApJS, 149, 289
Benson, A. J., Bower, R. G., Frenk, C. S., et al. 2003, ApJ, 599, 38
Bertin, E. & Arnouts, S. 1996, A&AS, 117, 393
Bertin, E., Mellier, Y., Radovich, M., et al. 2002, in Astronomical Society of the

Pacific Conference Series, Vol. 281, Astronomical Data Analysis Software
and Systems XI, ed. D. A. Bohlender, D. Durand, & T. H. Handley, 228

Bertin, E., Schefer, M., Apostolakos, N., et al. 2020, in ASP Conf. Ser., Vol. 527,
Astronomical Data Analysis Software and Systems XXIX, ed. R. Pizzo, E. R.
Deul, J. D. Mol, J. de Plaa, & H. Verkouter, 461

Binggeli, B. & Jerjen, H. 1998, A&A, 333, 17
Binggeli, B., Sandage, A., & Tammann, G. A. 1985, AJ, 90, 1681
Binggeli, B., Tarenghi, M., & Sandage, A. 1990, A&A, 228, 42
Biviano, A., Durret, F., Gerbal, D., et al. 1995, A&A, 297, 610
Blakeslee, J. P., Jensen, J. B., Ma, C.-P., Milne, P. A., & Greene, J. E. 2021, ApJ,

911, 65
Blanton, M. R., Eisenstein, D., Hogg, D. W., Schlegel, D. J., & Brinkmann, J.

2005a, ApJ, 629, 143
Blanton, M. R., Hogg, D. W., Bahcall, N. A., et al. 2003, ApJ, 592, 819
Blanton, M. R., Lupton, R. H., Schlegel, D. J., et al. 2005b, ApJ, 631, 208
Boehringer, H., Voges, W., Fabian, A. C., Edge, A. C., & Neumann, D. M. 1993,

MNRAS, 264, L25
Boissier, S., Boselli, A., Voyer, E., et al. 2015, A&A, 579, A29
Bolzonella, M., Kovač, K., Pozzetti, L., et al. 2010, A&A, 524, A76
Bolzonella, M., Miralles, J. M., & Pelló, R. 2000, A&A, 363, 476
Boselli, A., Boissier, S., Cortese, L., & Gavazzi, G. 2008a, ApJ, 674, 742
Boselli, A., Boissier, S., Cortese, L., & Gavazzi, G. 2008b, A&A, 489, 1015
Boselli, A., Boissier, S., Voyer, E., et al. 2016, A&A, 585, A2
Boselli, A., Fossati, M., Côté, P., et al. 2023, A&A, 675, A123
Boselli, A., Fossati, M., Ferrarese, L., et al. 2018, A&A, 614, A56
Boselli, A., Fossati, M., Longobardi, A., et al. 2022a, A&A, 659, A46
Boselli, A., Fossati, M., & Sun, M. 2022b, A&A Rev., 30, 3
Boselli, A. & Gavazzi, G. 2006, PASP, 118, 517
Boselli, A. & Gavazzi, G. 2014, A&A Rev., 22, 74
Boselli, A., Gavazzi, G., Franzetti, P., Pierini, D., & Scodeggio, M. 2000, A&AS,

142, 73
Boselli, A., Iglesias-Páramo, J., Vílchez, J. M., & Gavazzi, G. 2002, A&A, 386,

134
Boselli, A., Tuffs, R. J., Gavazzi, G., Hippelein, H., & Pierini, D. 1997, A&AS,

121, 507
Boselli, A., Voyer, E., Boissier, S., et al. 2014, A&A, 570, A69
Boué, G., Adami, C., Durret, F., Mamon, G. A., & Cayatte, V. 2008, A&A, 479,

335
Boulanger, F. & Perault, M. 1988, ApJ, 330, 964
Bower, R. G., Lucey, J. R., & Ellis, R. S. 1992, MNRAS, 254, 589
Boyarsky, A., Ruchayskiy, O., Iakubovskyi, D., & Franse, J. 2014,

Phys. Rev. Lett., 113, 251301
Bruce, V. A., Dunlop, J. S., Mortlock, A., et al. 2016, MNRAS, 458, 2391
Brunzendorf, J. & Meusinger, H. 1999, A&AS, 139, 141
Bruzual, G. & Charlot, S. 2003, MNRAS, 344, 1000
Buitrago, F., Ferreras, I., Kelvin, L. S., et al. 2018, A&A, 619, A137
Buitrago, F. & Trujillo, I. 2024, A&A, 682, A110
Bullock, J. S. & Boylan-Kolchin, M. 2017, ARA&A, 55, 343
Cantiello, M. & Blakeslee, J. P. 2023, arXiv e-prints, arXiv:2307.03116
Cantiello, M., Blakeslee, J. P., Ferrarese, L., et al. 2018, ApJ, 856, 126

Article number, page 27 of 44

https://doi.org/10.57780/esa-qmocze3
www.sdss.org


A&A proofs: manuscript no. output

Cantiello, M., Raimondo, G., Brocato, E., & Capaccioli, M. 2003, AJ, 125, 2783
Cappellari, M. 2016, ARA&A, 54, 597
Cappellari, M., Emsellem, E., Krajnović, D., et al. 2011, MNRAS, 416, 1680
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Appendix A: Overview of the science programme

The extraordinary data quality and richness of this ERO Perseus
cluster programme opens the door to other exciting analyses.
In the following subsections, we briefly present soon-to-be pub-
lished research activities by the ERO Perseus science team be-
yond the primary focus of this paper.

Appendix A.1: Dwarf galaxies

Dwarf galaxies are the oldest and most numerous galaxy type in
the Universe (Binggeli et al. 1990; Ferguson & Binggeli 1994),
yet the driving mechanism(s) in their evolution and the trans-
formation into the different types we see today remains elu-
sive. The two main types are the dwarf irregular (dI) galaxies
and the dwarf elliptical/spheroidal (dE/dSph) galaxies, but many
other subclasses make up this population of galaxies, such as
UCDs and UDGs. The defining distinction between dwarf and
giant galaxies is that dwarfs are extremely faint, with magni-
tudes fainter than −18 in the V band (Aaronson et al. 1985), al-
though this magnitude limit varies greatly in the literature (see,
for example, Hodge 1971). They are also defined by their typi-
cally low stellar masses (≤ 109 M⊙, Bullock & Boylan-Kolchin
2017) and small physical sizes, with sizes ranging from a few
hundred parsecs to a few kiloparsecs. Dwarf galaxies often host
globular clusters (GCs), which can be used to probe the underly-
ing mechanisms driving galaxy assembly, the dynamics of stellar
populations, and the influence of environment on star-formation
processes.

In Marleau et al. (2024a), we conduct a comprehensive cen-
sus of the dwarf galaxies, their nuclei, and their globular clus-
ter populations in the Perseus ERO programme. Our study maps
their spatial distribution and visual morphologies, while also ex-
tracting their photometric and structural properties. Our analysis
reveals a total of 1100 dwarf galaxy candidates, 630 of which are
found to be new discoveries. The morphological mix consists of
96 % dE, 53 % nucleated, 26 % GC-rich, and 6 % with disturbed
morphology. We classify a relatively high fraction of galaxies,
9 %, as UDGs. The majority of the dwarf candidates follow the
scaling relations of dwarf galaxies in the literature. However, our
dwarf sample significantly extends the known scaling relation
towards diffuse galaxies. In agreement with studies of nucle-
ated populations, we find fewer nuclei in faint, small, and high-
ellipticity dwarfs, with flatter surface brightness profiles. Glob-
ally, the GC specific frequency, S N , of the Perseus dwarf candi-
dates is intermediate between those measured in the Virgo and
Coma clusters. While the dwarf candidates with the largest GC
counts are found throughout the Euclid FoV, the dwarfs located
around the east-west strip, where most of the brightest cluster
members are found, exhibit larger S N , on average.

Appendix A.2: Asymmetries in dwarf galaxies for studying
environmental processes

Dwarf galaxies are excellent tracers of the effects of environ-
ment, due to their LSB signature. We analyse the morphology of
dwarf galaxies in Perseus to study the role of the environment
in this massive cluster, where strong gravitational forces shape
the evolution of its galaxies. We concentrate on the asymmetries
of early-type dwarfs (dE and dSph), which are a solid indica-
tor of tidal forces (see Penny et al. 2011). We conducted such
an analysis for the 564 dwarfs catalogued in the Fornax Deep
Survey (Venhola et al. 2018). Penny et al. (2011) found strong
asymmetries in 11 galaxies in HST data of the outer parts of

Perseus. With the Euclid data on the Perseus cluster, strong of
1100 dwarf galaxies, we now have a 100-fold increase in the
number of dwarf galaxies available, permitting a comprehensive
analysis of their morphological evolution within the cluster.

Appendix A.3: Environmental dependence of the nucleation
fraction in dwarf galaxies

Nuclear star clusters (NSCs) are compact stellar systems with
sizes (half-light radii) of 1–50 pc and stellar masses spanning
several decades, from as low as 104 M⊙ to as high as 108 M⊙.
This makes them, on average, larger and more massive than a
typical GC, and their central stellar surface densities can be even
more extreme. Sitting at the bottom of their host galaxy’s poten-
tial well, NSC stellar populations and dynamics encode a record
of the formation and evolution of galactic inner regions (see Neu-
mayer et al. 2020, and references therein) and inform us about
the efficiency of high-pressure star formation at early times.

NSCs are found in galaxies spanning a wide range of
masses, morphological types and environments, and nucleation
seems to be a complex function of all these parameters. Re-
cent studies in the nearby Universe have cemented the role
of galaxy mass/luminosity as the main driver of NSC occur-
rence (Sánchez-Janssen et al. 2019). Remarkably, they have also
uncovered an unambiguous secondary dependence on the en-
vironment at low galaxy masses [6 < log10(M/M⊙) < 9],
whereby more massive haloes feature higher nucleation fractions
than lower density environments (Hoyer et al. 2021; Poulain
et al. 2021; Zanatta et al. 2021, 2024). With a virial mass
M200 ∼ 1015 M⊙ Perseus is an ideal laboratory to study nucle-
ation at extreme environmental densities, with over a thousand
dwarfs already identified as candidate cluster satellites within the
Euclid footprint (Marleau et al. 2024a). We will take advantage
of Euclid’s exquisite sensitivity for both extended and compact
sources to carry out a comprehensive study of the phenomenon
of nucleation down to the luminosity regime of the ‘classical’
Galactic satellites, as well as provide a thorough comparison
with other relevant environments in the nearby Universe.

Appendix A.4: Globular clusters of dwarf galaxies

In this project, we use Euclid ERO data on the Perseus galaxy
cluster and identify GCs around dwarf galaxies in this cluster.
Given the observations of a number of GC-rich dwarf galaxies in
nearby galaxy clusters (Amorisco et al. 2018; Prole et al. 2019;
Lim et al. 2020; Saifollahi et al. 2022) and galaxy groups (Müller
et al. 2021; Carlsten et al. 2022), the GC content of dwarf galax-
ies has become a topic of interest in the past few years. The GC-
rich dwarfs host a few times more GCs compared to the general
population of dwarf galaxies of the same stellar mass. It appears
that the high-density environments within galaxy clusters, envi-
ronments similar to the environment of the Perseus cluster, play
a role in the formation of GC-rich dwarf galaxies. However, un-
til now, most of the observations have focused on a sub-class of
dwarf galaxies with large size and very low surface brightness,
known as UDGs (van Dokkum et al. 2015a). In the meantime,
the GC properties of the general population of dwarf galaxies
have not been studied in detail, which potentially can lead to in-
consistencies in interpretations of GC observations of UDGs.

However, now, with the ERO data of the Perseus cluster, we
are able to have a uniform analysis and in-depth study of the
GC properties of more than 1000 dwarf galaxies, including sev-
eral UDGs. Given the spatial resolution, as well as the depth of
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the Euclid IE-band image of this ERO programme, we are able to
identify GCs brighter than the turn-over magnitude of the GC lu-
minosity function (GCLF) at the distance of the Perseus galaxy
cluster (Kluge et al. 2024; Marleau et al. 2024a). For the GCs,
the combination of IE with the three Euclid NISP bands, YE, JE,
and HE, help to further clean the sample of GC candidates from
possible contaminants (Saifollahi et al. 2024, Euclid Collabora-
tion: Voggel et al. in prep.). As a result of our search for GCs,
we produce catalogues of GC candidates for each dwarf galaxy
identified within the ERO data. Then, using these catalogues, we
examine the properties of GCs of dwarf galaxies in the Perseus
cluster for a wide range of galaxy luminosities and sizes, and
study the galaxy-GC scaling relations. Furthermore, given the
correlation between GC numbers and galaxy halo mass (Spitler
& Forbes 2009; Harris et al. 2013), we convert the estimated GC
numbers to dwarf halo mass and further investigate their stellar-
to-halo mass ratios.

Appendix A.5: Measuring distances to early-type and dwarf
galaxies using surface brightness fluctuations

The surface brightness fluctuation (SBF) method is a robust tech-
nique for determining distances to early-type galaxies out to
about 200 Mpc (and beyond, with JWST data, see Cantiello &
Blakeslee 2023, and references therein). By measuring intrinsic
variance in surface brightness distribution, it estimates distance
with up to 5 % accuracy for individual targets (Mei et al. 2007;
Blakeslee et al. 2021; Jensen et al. 2021). The SBF signal arises
from the stochastic stellar counts and luminosities in the host
stellar population and corresponds to a quantity closely related
to the luminosity-weighted mean brightness of the stars within
the target galaxy (Tonry & Schneider 1988; Tonry et al. 1990).

To derive the distances from SBF, accurate knowledge of
fluctuations of magnitude (m) and absolute magnitude (M) in the
same passband is crucial. Typically, M is calibrated in a two-step
procedure: first using galaxies with known distances to establish
the zero point, and then examining the dependence of M on stel-
lar population properties (see, e.g., Tonry et al. 2001; Cantiello
et al. 2018). This is often done using galaxies at a common dis-
tance (e.g., in groups or clusters) and colour measurements to
standardize the stellar population dependence of M.

Euclid’s high-resolution imaging, depth, and wide sky sur-
vey area offer potential for precise SBF measurements for thou-
sands of galaxies in the local Universe. This makes the Perseus
ERO programme invaluable for testing and calibrating SBF mea-
surement procedures using Euclid’s specific data set.

SBF magnitudes (and colours) offer insights into unresolved
stellar populations in targeted galaxies (Jensen et al. 2015).
Despite lower angular resolution in NIR observations, NISP
instrument will provide ample data for NIR SBF magnitude
calibration, particularly beneficial for elliptical galaxies where
red-giant-branch stars dominate NIR flux. Contemporary VIS
and NISP fluctuation amplitudes aid in understanding potential
sources of scatter, such as the impact of intermediate-age asymp-
totic giant branch stars on NIR SBF (Cantiello et al. 2003; Rai-
mondo 2009).

The Perseus cluster, at 72 Mpc, is an ideal environment for
SBF measurements. Its minimal depth effects enable precise
characterization of the SBF amplitude relative to galaxy colour,
available from Euclid’s VIS and NISP imaging. We aim to con-
duct SBF measurements on all Perseus cluster galaxies with
smooth morphology using VIS and NISP imaging data. Chal-
lenges include standardising M in the IE band (due to its wide

wavelength range), and addressing undersampling of the PSF in
NISP data. Preliminary tests are currently underway.

Appendix A.6: Spatially-resolved stellar populations

The deep images and highly resolved, precise photometry ob-
tained in the optical and NIR by Euclid on the Perseus clus-
ter enable the mapping of spatially-resolved stellar mass den-
sity of galaxies in the field via resolved SED fitting. Combin-
ing these data sets with UV and optical imaging from GALEX
(Morrissey et al. 2007) and CFHT offers sufficient constraints
on other important properties, including stellar age, metallicity,
and even star-formation history. By deriving spatially resolved
maps of stellar mass and other properties of the stellar popu-
lations, we can delve deeper into the understanding of the as-
sembly of galaxy mass within the cluster, disentangling the roles
of endogenous galaxy processes, environmental influences, and
galaxy mergers. The mass profiles derived will be the benchmark
for future kinematic and dynamical follow-up studies and high-
resolution H i and H2 gas maps and masses to constrain the in-
terplay of the small-scale physics of gas and star formation with
galaxy-scale properties.

We will use the piXedfit (Abdurro’uf et al. 2021, 2022;
Abdurro’uf, et al. 2022) pipeline for performing spatially re-
solved SED fitting on the combined data from Euclid and CFHT.
This code has been rigorously tested on galaxies simulated by
the TNG collaboration (Abdurro’uf et al., in prep.). Leverag-
ing synthetic spectral models (e.g., Bruzual & Charlot 2003),
we will determine the best-fitting template and its characteristic
stellar population parameters for each pixel, thereby construct-
ing stellar population maps for the target galaxies extending to
their outer galactic regions. For NGC 1268, in Fig. A.1 we show
the 2D maps of the fluxes in each band and mass density map
obtained after SED fitting.

Appendix A.7: The mysterious origin of NGC 1277

NGC 1277 is the most extreme case of relic galaxy, i.e., a local
counterpart of the massive ultra-compact galaxy population also
known as ‘red nuggets’ common at z > 2 (Ferré-Mateu et al.
2017; Spiniello et al. 2024). How this object remains similar to
those in the primeval Universe is a mystery. In addition, it has
also been found that this galaxy is consistent with being dark
matter deficient ( fdm(5re) < 0.05 at the 2σ confidence level,
see Comerón et al. 2023), being the first such galaxy found with
a high stellar mass (M ∼ 1.6 × 1011 M⊙). Our project aims at
shedding light into these conundrums by looking for interactions
of this galaxy, combining both HST and Euclid photometry, in
the optical but crucially also in the NIR that better tracks stel-
lar mass. Euclid’s LSB capabilities and unique spatial resolu-
tion is an asset for this kind of study. Finding asymmetries in
the galaxy surface brightness profiles favours a scenario where
it has lost some of its baryonic mass (and thus the lower-bound
dark matter) via tidal interactions with the cluster or its neigh-
bour giant elliptical NGC 1278. Conversely, the dearth of these
features allows us to detect well-defined galaxy edges or trunca-
tions, a novel physically-motivated galaxy size indicator related
with the gas density threshold for enabling efficient star forma-
tion (e.g., Buitrago & Trujillo 2024; Fernández-Iglesias et al.
2024). In fact, because of NGC 1277’s very high formation red-
shift (Trujillo et al. 2014; Buitrago et al. 2018), our Euclid ERO
data are in a position to prove that relic galaxies are those for
which these truncations appear the sharpest.
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Fig. A.1: Left: Flux maps for NGC 1268 in various CFHT and Euclid bands. Right: Stellar mass density map obtained after SED fitting.

Appendix A.8: Euclid view of known jellyfish galaxies in the
Perseus cluster

Two star-forming perturbed galaxies, UGC 2665 (49:51:50.7,
41:38:07) and MCG+07-07-070 (50:05:30.9, 41:38:27) are in-
cluded within the Euclid ERO images of the Perseus cluster.
These objects are characterised by filamentary dusty and stellar
structures escaping from their stellar discs, like those observed
in a few cluster objects with available HST data (Kenney et al.
2015; Abramson et al. 2016; Cramer et al. 2019). The two galax-
ies also have extended radio continuum tails of cometary shape
(Roberts et al. 2022a). All this observational evidence suggests
that the two galaxies are undergoing a ram-pressure-stripping
event (Boselli et al. 2022b). We use the optical and NIR imag-
ing data of extraordinary quality gathered during the Euclid ERO
programme of the Perseus cluster to study the impact of the per-
turbing process on the galaxy properties down to scales of 50 –
100 pc. The data are first used to identify the dominant perturb-
ing mechanism, hydrodynamical versus gravitational, since the
two processes have different effects on the stellar component at
very low surface brightness levels, such as those reached by Eu-
clid. We then compare the observed colours of the filamentary
structures formed during the interaction to date their epoch of
formation with the purpose of posing strong observational con-
straints on models and simulations. Finally, we can discuss the
possible impact that Euclid can have on local studies of galaxy
evolution in rich environments thanks to its extraordinary image
quality in terms of sensitivity to LSB emission and angular res-
olution.

Appendix A.9: The density and colour profiles of the far
outskirts of galaxies

The high spatial resolution of Euclid offers an unprecedented
view of the Perseus cluster with a FoV large enough to encom-
pass a wide range of environments, from field galaxies to groups
and galaxies in the cluster itself, each harbouring massive disc
galaxies with stellar masses exceeding 1010 M⊙. Euclid’s ad-
vanced VIS and NISP cameras provide us with a unique opportu-
nity to explore the detailed stellar structures of the galactic outer
discs, thanks to their depth in the optical and NIR domains. The

depth and uniformity of the imaging coverage is unequalled for
a survey covering both a cluster and field galaxies. Traditionally,
the luminosity profiles of disc galaxies have been described by
a single exponential (de Vaucouleurs 1959), but over the years
observations have been challenging this first model, revealing
a more complex reality characterised (at the next level of ap-
proximation) by double exponentials (Erwin et al. 2005; Pohlen
& Trujillo 2006). Simulations suggest that truncated profiles
may stem from internal dynamical processes within the discs,
such as Lindblad resonance or star-formation thresholds (Kenni-
cutt 1989), while the origins of anti-truncations remain elusive.
These outer disc profiles serve as cosmic fingerprints, offering
insights into their late-stage assembly processes (Gutiérrez et al.
2011) and the influence of dark matter halos, sculpted by the
surrounding cosmic environment.

The analysis of ERO images of the Perseus cluster – which
lies within the gigantic Perseus-Pisces filament – unveils a spec-
trum of profile types, from truncated to anti-truncated, each pro-
viding clues about the disc’s composition and evolution. Prelim-
inary studies conducted on clusters like Coma (Head et al. 2015)
and Virgo (Erwin et al. 2012), where evolved discs abound, have
yielded ambiguous conclusions regarding the environmental in-
fluences. Within the framework of the ERO, Euclid’s resolution
and its large field of view offer a promising avenue for pilot stud-
ies, providing limited yet sufficient statistics to delve into the in-
tricate interplay between galaxies and their cosmic surroundings.

Appendix A.10: Analysis of the intracluster light and
intracluster globular clusters

ICL is a ubiquitous feature in galaxy clusters (e.g., Feldmeier
et al. 2004; Kluge et al. 2020; Golden-Marx et al. 2023). Its as-
sembly history is central to understanding the global evolution
of the cluster galaxy population, while it can also be a tool to
infer the radius of the cluster and even its dark matter distribu-
tion (e.g., Montes & Trujillo 2019; Alonso Asensio et al. 2020;
Gonzalez et al. 2021; Yoo et al. 2022; Contreras-Santos et al.
2024).

In Kluge et al. (2024), we make a comprehensive study of
the ICL and ICGC in the Perseus ERO programme, mapping
their distribution and properties out to a radius of 600 kpc from
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Fig. A.2: Left and middle: example of AGN decomposition, performed with the new package GingaFit, featuring the NGC 1279 X-ray source
galaxy. Fitting residuals from single Sérsic, double Sérsic (bulge+disc), PSF+Sérsic, and PSF+double Sérsic models are labelled from A to D.
The residuals, shown in linear scale, are normalised to the original image and zoomed-in to show the central area of the galaxy, enclosed in half
the Kron Radius. Right: IE AGN luminosity versus total AB magnitude of the host. The sub-populations of objects identified with properties that
are similar to the X-ray sources are identified within the boundaries motivated by the faintest of the X-ray sources.

the brightest cluster galaxy (BCG). We estimate that the central
500 kpc of the Perseus cluster is host to 70 000 ± 2800 globular
clusters (BCG+ICGCs), with half of them situated at a distance
greater than (239±16) kpc, as well as 1.6×1012 L⊙ of BCG+ICL
in HE. We use various properties of the ICL and ICGCs to deter-
mine that these intracluster stellar components are most likely to
have been tidally stripped from the outskirts of massive ellipti-
cal galaxies and from the disruption of dwarf galaxies. The ICL
and ICGCs share a coherent spatial distribution, and we find that
the ICL and ICGC contours on the largest scales are not centred
on the BCG, but rather are offset westwards of the BCG core by
approximately 60 kpc, in the direction of several bright cluster
members.

Appendix A.11: Galaxy morphology from bulge and disc
decomposition of galaxies at z<1

The Hubble sequence has been observed to be in place as early as
a billion years after the Big Bang (Ferreira et al. 2023). Thanks
to its high spatial resolution and wide field of view, Euclid will
enable the morphological analysis of billions of galaxies out to
redshifts z ≃ 3 (Euclid Collaboration: Bretonnière et al. 2022),
and the reconstruction of the history of the Hubble sequence over
most of the age of the Universe.

The ERO Perseus data allow us to test the ability of Euclid
images to characterise galaxy morphology for galaxies, mostly
in the cluster background, out to redshifts of z ∼ 1. In this
study, we perform multi-band luminosity model-fitting of the
VIS and NISP images with the SourceXtractor++ software
(Bertin et al. 2020; Kümmel et al. 2022), whose efficiency was
demonstrated in the Euclid Morphology Challenge (Euclid Col-
laboration: Bretonnière et al. 2023). We perform and analyse the
results of several model-fitting runs, using either a single Sérsic
profile (Sérsic 1963), or decomposing galaxies as the sum of a
Sérsic bulge and an exponential disc. Examining multi-variate
distributions of galaxy, bulge and disc properties, we examine
the consistencies and biases between the various modelling con-
figurations, and we assess the reliability of the derived structural
parameters in these first Euclid data, in the light of the results ob-
tained by the Euclid Morphology Challenge for synthetic galaxy
images (Euclid Collaboration: Bretonnière et al. 2023). We are
then able to provide robust model-fitting photometry and mea-

sure biases between adaptive aperture, single Sérsic, and bulge-
disc model photometry, depending on the morphology of the
galaxies.

Finally, to build upon the results of Quilley & de Lapparent
(2022) that highlighted the Hubble sequence as an inverse evolu-
tionary sequence, along which bulge growth and disc reddening
are indicators of the quenching of galaxies, we derive prelimi-
nary variations of bulge and disc fluxes, colours, and sizes as a
function of redshift out to z ∼ 1.

Appendix A.12: Probing AGN activity and host galaxy
morphology

The Perseus cluster provided the first and most spectacular ex-
ample to date of radio-mode AGN feedback from a BCG on
the surrounding intracluster medium (Fabian et al. 2003a, 2006;
Sanders 2020; Reynolds et al. 2021; Veilleux et al. 2023). Such
feedback is expected to be ubiquitous among galaxy clusters
throughout the Universe, but is challenging to identify in large
numbers. The high-resolution imaging of the EWS opens up the
possibility of teasing out point-source AGN emission from host
galaxies, and thereby building a census of AGN activity in the
Euclid survey. We explore the reliability of this AGN-host de-
composition on the members of the Perseus cluster, including
the hosts of 13 known X-ray point sources (Santra et al. 2007),
which serve as a reference sample. For the structural decompo-
sition (Kim et al. 2008; Bruce et al. 2016; Wittmann et al. 2019;
Peng et al. 2010) we carefully account for sources of bias, mak-
ing sure that our measurements are robust against degeneracies
in the multi-dimensional parameter space of galaxy structural
properties (Tarsitano et al. 2018). We perform multiple fits of in-
creasing complexity, combining one or multiple Sérsic profiles
and PSF components, using our newly developed python pack-
age named GingaFit.11

In the fitting residuals (as those shown in the left panels of
Fig. A.2), both the single Sérsic (panel A) and the bulge+disc
(panel B) models leave a central concentration of light and struc-
ture at large radii, arising from the fact that galaxies do not have
smooth, axi-symmetric light profiles. In each case, the addition
of a point-source component significantly improves the fitting

11 https://github.com/AstroFederica/GingaFit/tree/main
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Fig. A.3: VIS image of the dual lensed AGN candidate
SDSS J032023.93+412131.5 at z = 2.811, showing the nearby
companion at 0 .′′65 of separation. The contours show two fitted PSFs.

model, whilst also accounting for the point-source residual. In
the right panel of Fig. A.2, we show the implied point-source
luminosity for each cluster member galaxy, integrated over the
IE band, against their host’s absolute magnitudes from the bulge
and disc components. We are able to isolate two sub-samples,
one within the same luminosity-magnitude range of the X-ray
sources, and another low-mass sample with high luminosity. The
measurement reliability and nature of the emission of all lumi-
nous point sources will be determined in a future paper.

Appendix A.13: Dual/lensed QSO candidates at sub-arcsec
separations

During their life, galaxies experience a number of major and mi-
nor mergers with other galaxies. The supermassive black holes
(SMBHs) present in the centres of most massive galaxies merge
together with their hosts, creating a SMBH pair that slowly
reduces its separation and eventually merges, creating a burst
of gravitational waves (GW; e.g., Colpi 2014). During the in-
spiralling phase, which can last gigayears (e.g., Volonteri et al.
2022), these pairs can be detected as dual AGN at kiloparsec
separations.

The appearance of two or more QSOs at the same redshift
and close separations can also be due to strong gravitational lens-
ing of a single QSO due a foreground galaxy, producing multi-
ple images of the background source. These are systems or great
relevance in many fields of the astrophysics (e.g., Shajib et al.
2022).

Detecting these rare systems of dual or lensed QSOs is chal-
lenging because it requires high resolution imaging over large
parts of the sky, and only a small number of confirmed such sys-
tems have been discovered, especially outside the local universe
(De Rosa et al. 2019; Mannucci et al. 2023). Recently, several
techniques based on the ESA Gaia satellite have been proposed
to select homogeneous samples of dual/lensed AGN candidates
at sub-arcsec separations (e.g., Lemon et al. 2017; Hwang et al.
2020; Mannucci et al. 2022). With its large FoV, superb spa-

tial resolution, and high sensitivity, the Euclid VIS camera can
outperform the previous techniques based on optical data and
provide large samples of dual/lensed AGN candidates, i.e., AGN
with nearby companions.

One such system have already been discovered by examining
the eight known QSO with z > 0.1 covered by the VIS image of
the Perseus cluster. One of them, SDSS J032023.93+412131.5,
a QSO at z = 2.811 discovered by the SDSS (Lyke et al.
2020), shows a nearby companion at 0 .′′65 of separation and
3.1 magnitude fainter than the primary component, see Fig. A.3.
This system in unresolved in the Euclid NISP image, charac-
terised by a much lower spatial resolution. Preliminary high-
resolution NIR imaging with LBT (Ulivi et al., in prep), has re-
vealed that the two objects have very similar optical-to-nearIR
colours, indicating that the faint component is likely to be a sec-
ondary QSO in either a dual or a strongly lensed system. In the
former case, the projected separation between the two compo-
nent would be ∼ 5.2 kpc.

Appendix A.14: Properties of the interstellar medium: albedo
derivation from the optical to the NIR

The ERO Perseus data allow us to test the idea of using the
Euclid images to study the structure of the Galactic interstel-
lar medium (ISM) as well as the properties of interstellar dust.
These micron-size solid particles absorb starlight, producing ab-
sorption, AV , and reddening, E(B − V), in the visible (and NIR),
as well as a wide emission spectrum extending from the mid-IR
to millimetre wavelengths. These signatures have been exten-
sively used to understand the nature of interstellar dust, and also
as tracers of the ISM structure. The underlying idea is that dust
and gas are well mixed, in every phase of the ISM (Boulanger &
Perault 1988).

In addition to absorption, a significant fraction of the
starlight impinging on micron-size dust grains is scattered off
their surfaces. Given their size and shape, the scattering is ob-
served in the UV through the NIR, with an expected maximum
around λ = 1 µm (Gordon 2004; Jones et al. 2017). This scat-
tered light, historically dubbed diffuse Galactic light (DGL) has
been known for several decades (Elvey & Roach 1937; Sandage
1976), but it is only recently that it has been used, like absorption
and emission, as a tracer of interstellar structure (Boissier et al.
2015; Miville-Deschênes et al. 2016; Mattila et al. 2018; Román
et al. 2020; Liu et al. 2023). An important difference with emis-
sion and absorption is that the scattered light amplitude depends
on the 3D structure of the radiation field because stellar photons
are predominantly scattered in the forward direction. Therefore,
in regions with very anisotropic radiation fields, the scattered
light image will give a distorted picture of the interstellar den-
sity field. Fortunately most of the sky at high Galactic latitude is
composed of diffuse interstellar clouds that are not forming stars
and are illuminated by the general interstellar radiation field that
can be considered to be close to isotropic. In this case, large area
mapping of diffuse areas of the sky in the optical and NIR with
very high angular resolution offers the opportunity to map the
ISM structure down to AU scales over hundreds of parsecs.

The Perseus cluster field is a good test case for this. It is
at intermediate latitude (b = −13◦) with a moderate column
density of NH ≃ 1.4 × 1021 cm−2 using the E(B − V) ≃ 0.16
estimate of Planck Collaboration (2014) in this area and the
E(B − V)/NH conversion factor of Lenz et al. (2017). This
corresponds to the translucent part of the interstellar medium
(AV ≃ 0.5) where matter is expected to be mostly atomic. Ac-
cording to the THEMIS dust model (Jones et al. 2017), the dust
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scattering should be maximum in the Euclid JE band. However,
these theoretical estimates are based on very little data (see the
review by Gordon 2004) and the exact shape of the scattered
light spectrum should vary locally, since it contains information
about dust shape, composition, and sizes. The combination of
Euclid’s four bands, coupled with deep complementary optical
u, g, r, i, and z ground-based CFHT data, provides a power-
ful wavelength range to study the DGL. In particular, combin-
ing scattering and emission offers a great opportunity to improve
current dust models (e.g., Zhang et al. 2023).

Appendix B: Completeness of the main catalogue

Fig. B.1: The Perseus field is divided into three regions
10 000 pixels× 10 000 pixels each (1000′′ on a side) to investi-
gate completeness under various conditions: Region 1, large galaxies,
Region 2, regular field density composed of background galaxies and
stars; and Region 3, Galactic cirrus. The Galactic cirrus manifests
itself as a faint orange haze in frame 3, with the top-left thumbnail
displaying an enhanced version of the image that highlights extended
diffuse emission, cirrus, and intracluster light. Collectively, these three
representative regions cover 44 % of the total area. In all images, north
is oriented upwards and east to the left.

We derived the main catalogue of bright and dwarf galax-
ies through exhaustive visual scrutiny of the entire data set, ini-
tially detecting galaxies from the high-resolution VIS IE-band
image and using the VIS+NISP colour images for additional
verification (Marleau et al. 2024a). The manageable size of our
Euclid FoV for the Perseus cluster allows this approach over a
fully automated method (e.g., Ferrarese et al. 2020). This method
ensures a comprehensive review of cluster galaxy candidates,
yielding a nearly complete sample, although mastering the com-
pleteness function is essential to correct the LF.

Completeness loss occurs due to the finite depth of the data
set or the complex nature of the observed field, where high star
density and dense interstellar matter, along with large, bright
cluster galaxies, can obscure fainter galaxies. About 10 % of the
Euclid Perseus field is occupied by bright sources, complicating
the detection process.

To analyse completeness, we simulated the injection of
dwarf galaxies into the original Euclid IE image. We selected
three square areas, each 1000′ × 1000′ (or 10 000 pixels across),
representing a significant 44 % of the whole image, while en-
compassing the three most diverse environments: one centred
on the cluster core rich in large galaxies (Region 1); one in an
area heavily affected by Galactic cirrus (Region 3); and one rela-
tively free of these complexities, but with similar stellar density
(Region 2). Figure B.1 illustrates these regions, highlighting the
variability in environmental conditions that affect light detection.

Fig. B.2: Left: Section of the original VIS image (900 pixels×
900 pixels, 90′′ on the side) displaying standard features, specifically
extended cluster galaxies, stars, background galaxies, and optical ghosts
near bright stars appearing as faint round structures. Middle: Ring-
filtered version enhancing extended sources and removes compact ones,
with red circles (10′′ in diameter) marking dwarfs from our main cata-
logue. Right: SourceExtractor segmentation map confirming detec-
tion of all dwarfs, maintaining a low count of other detected sources.

The initial step involved selecting an automated detection
method capable of accurately identifying the majority of galax-
ies in the main catalogue while excluding most sources that do
not share their morphological characteristics. This strategy en-
sures that the detection method can be confidently used to iden-
tify injected simulated galaxies without mistaking them for other
compact sources.

Testing different image-filtering techniques revealed that the
ring filter, recommended by Secker (1995) and Ferrarese et al.
(2020) for this specific task, is near to optimal.12 We utilised the
background map created by the ICL team (Kluge et al. 2024)
aimed at detecting compact sources. The parameters for the ring
filter were set with an inner radius of 2 pixels and an outer ra-
dius of 4 pixels, with the VIS FWHM at 1.6 pixels. The resulting
smoothed background map effectively meets our requirements
for detecting faint extended structures.

Visual inspection showed that all faint galaxies (IE > 16) were
significantly enhanced. SourceExtractor (Bertin & Arnouts
1996) was then configured to detect only objects exceeding
a size of 500 pixels (DETECT_MINAREA), with a detection
threshold above 2σ (DETECT_THRESH), and using a 64-pixel
mesh size (BACK_SIZE), along with a moderate smoothing fil-
ter (BACK_FILTERSIZE = 3) for internal background subtrac-
tion.

This approach achieved a recovery rate of 93 % for all faint
galaxies in our catalogue, which have a limited angular size
on the sky and remain unaffected by the internal sky back-
ground subtraction – ensuring they are not partially erased.
Figure B.2 demonstrates these steps, from the original image
through the ring-filtered version to the SourceExtractor seg-
mentation map, confirming the effective detection of all dwarf
galaxies.

12 This is effectively a low-pass spatial filter for removing PSF-sized
sources.
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Fig. B.3: Fits to model parameters for dwarf galaxies. A multivariate Gaussian fit (blue dots) was applied to the dwarf sample from the main
catalogue (red dots), ensuring the five defining parameters per galaxy – Sérsic index n, surface brightness Ie at the effective radius Re, ellipticity
e, and position angle PA, indicated in the green box – are weighted proportionally to their occurrence in the real data. The total magnitude IE,
dependent on Sérsic index, Ie, and Re, is not used in the simulation.

While the SourceExtractor measurements are not as
precise as those from AutoProf/AstroPhot for determining
the total magnitude of these peculiar objects – being within
0.5 magnitude of accuracy – they still enable a fully automated
method for testing completeness. This is done by injecting sim-
ulated galaxies and verifying how many are successfully identi-
fied in the extracted catalogue.

To ensure comprehensive statistics, we inject each simulated
galaxy onto a grid every 25′′ in both the x and y directions across
our observational regions, resulting in 400 injections per region,
totaling 1200 injections for each simulated galaxy. This process
was replicated for 817 galaxies spanning nine magnitude bins
from IE = 16 to IE = 24. Initially, we analyse the primary phys-
ical parameters of the dwarfs in our main catalogue on the IE

image: Sérsic index; effective radius Re; surface brightness at Re
(Ie); ellipticity; position angle; and total magnitude IE (Marleau
et al. 2024a). An average of 90 galaxies per magnitude bin was
sampled using a multivariate Gaussian fit to reflect the actual
distribution of these parameters among the dwarf population.

Figure B.3 illustrates the correlations between these six pa-
rameters in red. While the total magnitude IE, which is closely
linked to the Sérsic index n, Ie, and Re, was included for demon-
stration only, and was not directly used in the simulations. In-
stead, it was derived from n, Ie, Re, and the ellipticity. The blue
dots in Fig. B.3 represent the randomised parameters drawn to

accurately depict the actual dwarf population in the Perseus clus-
ter.

Fig. B.4: Injection of simulated galaxies. Left: A simulated IE = 22.4
dwarf galaxy with specific physical parameters (Sérsic index = 0.61,
Ie = 0.49 ADU per pixel, Re = 18.10 pixels, ellipticity = 0.14, and posi-
tion angle = 72◦ is injected into a 250 pixel× 250 pixel grid (marked by
red circles). Right: The SourceExtractor segmentation map shows
successful recovery of most injected sources. This example clearly
demonstrates how completeness is compromised by crowding from
nearby stars and galaxies. The image area is the same as in Fig. B.2.

We utilise the image simulation tool makeimage
from the Imfit package (Erwin 2015) to generate 817
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Fig. B.5: In this 75′′ wide area featuring nine injected dwarf galaxies
(the same as shown in Fig. B.4), two are not recovered: the centre top
red circle overlaps with a background galaxy, and the centre bottom
overlaps with a bright star. The segmentation map on the right displays
a single polygon at the location of each simulated dwarf, highlighting
where recoveries succeeded and where they were hindered by overlap-
ping objects.

250 pixel×250 pixel stamps based on our five drawn parameters.
The largest dwarfs in our main catalogue do not exceed 20′′ in
diameter, as highlighted in the sub-panel for Re in Fig. B.3.

Each stamp is replicated 400 times in a 20 × 20 grid and in-
serted into each of the three ring-filtered regions to streamline
the process and conserve computing resources. This method is
effective since these stamps, featuring flat and featureless pro-
files, are minimally impacted by the tight ring filter, with differ-
ences at the percent level.

There is no need to randomise the injection positions due to
the automated detection scheme employed. Figure B.4 demon-
strates this process, where the SourceExtractor segmentation
map shows that the simulated galaxies are typically successfully
recovered (indicated by red circles). Figure B.5 displays two in-
stances where recovery failed due to overlaps with a bright star
and a background galaxy.

The recovery level, which assesses completeness for each
galaxy, is determined by automatically comparing the ex-
tracted catalogue with the values in a catalogue generated by
SourceExtractor from simulations using the same parame-
ters. We use a matching radius of 1′′, and a galaxy is consid-
ered lost if its recovered magnitude deviates by 5σ from the ex-
pected value, based on the dispersion observed across 400 mea-
surements without injections.

Overall, 980 400 simulated galaxies were processed by
SourceExtractor to generate three completeness measure-
ments per galaxy, corresponding to each of the three regions.
To validate the method, we ran a matching code for each galaxy
against the SourceExtractor catalogue produced for the three
regions without any injected galaxies, ensuring that our tests
were not influenced by existing sky data. The negligible match-
ing level of 0.4 % confirms that the completeness values accu-
rately reflect the ability to recover the injected simulated galax-
ies, free from background contamination.

The correlation of the 2451 measurements with our key pa-
rameters is detailed in Fig. B.6. Clear expected trends are evi-
dent with respect to the Sérsic index, Re, and Ie, yet it is the total
magnitude that shows the strongest correlation. We delve deeper
into this completeness relationship in Fig. B.7, now focusing on
absolute magnitudes.

A dashed red median line illustrates a slight decline in com-
pleteness from M(IE) = −18 to M(IE) = −12, beyond which
completeness rapidly decreases, hitting 50 % at M(IE) = −11
and nearly 12 % at M(IE) = −10. Comparisons across the three

Fig. B.6: Completeness covariance with respect to the main physical
parameters. The total magnitude IE, which derives from the Sérsic in-
dex n, the effective radius Re, Ie the surface brightness at Re, and the
ellipticity e, shows the tightest relation to completeness.

regions (Fig. B.1) reveal that only the presence of large galaxies
in Region 1 slightly impacts completeness across all magnitude
bins, reducing it by 7%. In consequence we adopt a unique com-
pleteness correction across the entire IE range.

The polynomial fit in Fig. B.7 incorporates all simulated
dwarf measurements and thus represents the median complete-
ness across the entire image.

Fig. B.7: Completeness estimates. The completeness of the Perseus
dwarf galaxies is depicted in blue, based on 980 400 individual injec-
tions across three distinct Perseus regions, each containing 400 samples
from each of the 817 simulated galaxies, resulting in 2451 complete-
ness measurements shown on this plot. The dashed red median line
shows that completeness begins to decline at M(IE) = −12, dropping
to 50 % at −11. The green data points illustrate that even the faintest
of our bright galaxy samples achieve 96 % completeness when simu-
lated similarly to the dwarfs, with completeness approaching 100 % at
M(IE) = −19. For brighter and larger galaxies, the testing method used
here is not ideally suited, leading to an apparent drop in completeness
(green dots on the right). However, our catalogue achieves 100 % com-
pleteness for all bright galaxies.

The faintest members of the bright galaxies in our catalogue
were tested using the same method as the dwarfs, with results
depicted in green on Fig. B.7. This approach is effective primar-
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ily for galaxies in the faintest magnitude bin at M(IE) = −18,
where galaxies are also more compact. To accommodate their
size and prevent truncation, the simulation and injection grid was
expanded from 250 × 250 to 1000 pixels× 1000 pixels.

This testing shows that completeness stands at 96 % for non-
dwarf galaxies at M(IE) = −18. However, completeness quickly
decreases for brighter and more extended galaxies because our
dwarf-focused measurement method unintentionally suppresses
flux due to SourceExtractor’s background subtraction being
influenced by the galaxy itself. This was visually confirmed, as
even the faintest bright galaxies are distinguishable when near a
star or adjacent to a larger galaxy. Given the few faint non-dwarf
galaxies in the M(IE) = −18 bin, it is evident that a completeness
correction for the luminosity function (LF) is unnecessary for
the bright galaxies (M(IE) > −18).

Appendix C: Photometry pipeline comparisons

In this paper, the photometry is carried out with AutoProf
for the bright galaxies and a combination of AstroPhot and
Galfit for the dwarf galaxies (Marleau et al. 2024a). Other pho-
tometry software codes are available for comparison. In Stone
et al. (2021), AutoProf has been compared to PHOTUTILS,
XVISTA, and Galfit. In this appendix, an additional compar-
ison is made with the Archangel pipeline (Schombert 2007;
Schombert & Smith 2012) using the same specific Euclid ERO
data. Previously, the Archangel software had been adapted for
Spitzer space observations as described in detail in Sorce et al.
(2012). For the comparisons in this appendix, it was further
modified to be applied to Euclid data. Briefly, Archangel per-
forms the masking of stars and flaws. Subsequently, it replaces
masked regions by mean isophote values. Ellipses are then fit
to isophotes with increasing radii. The 2D information is com-
pressed into uni-dimensional surface brightness and magnitude
growth curves. Other parameters such as extrapolated magni-
tudes, are finally derived. Archangel was run once on each
galaxy of our test sample. We did not modify the parameters be-
tween elliptical, spiral, and dwarf galaxies so as not to bias the
comparisons. In any case, Sorce et al. (2012) showed that the ma-
jor contribution to the magnitude uncertainties for space-based
observations is the setting of the sky level. Furthermore, Sorce
et al. (2012) and Sorce et al. (2014) demonstrated the agreement
between magnitudes obtained with the Spitzer-adapted version
of Archangel and other alternative pipelines, such as the soft-
ware developed for the GALEX Large Galaxy Atlas13 (GLGA,
Seibert 2007) or for the Spitzer Survey of Stellar Structure in
Galaxies (S4G, Sheth et al. 2010). The sky setting was identified
as the cause of any difference between a few outliers.

Following the main analysis of the paper, the zero point is set
to 30.13 (30) for the IE (YE, JE, HE) bands, the pixel size is 0 .′′1
and magnitudes are given in the AB system. In this appendix, de-
tailed comparisons are presented for an elliptical, a spiral, and a
dwarf galaxy, to emphasise the agreement between both software
codes. Figure C.1 shows the surface brightness profile (blue solid
and dashed lines) and the curve of growth (red solid and orange
dashed lines) obtained for the three galaxies using Archangel
(solid lines) and AutoProf (dashed lines). There is an agree-
ment between the surface brightness profiles out to the edges of
the galaxies. The curves of growth tend to increase faster with
AutoProf but converge asymptotically to the same magnitude
as those obtained with Archangel. Axis ratios and position an-
gles derived with both codes are similar though. The curves of

13 https://sites.astro.caltech.edu/ neill/GALEX/glga/

growth thus differ only by the radius definition. Table C.1 sum-
marises the magnitudes in the four Euclid bands obtained with
both codes for the three galaxies, confirming the agreement.

UGC02665 WISEAJ031917 76+413839 6

16

18

20

22

24

26

28

30

0 20 40 60 80 0 20 40 60 80 0 20 40

Dwarf138

I
E

14

16

18

20

Archangel

AutoProf

µ
[m

ag
ar
cs
ec

−
2
]

Radius [arcsec]

Fig. C.1: Surface-brightness profiles (red and orange lines, and left axis)
and curves of growth (blue lines and right axis) obtained for three galax-
ies whose names are given at the top of each panel. The photometry has
been performed with AutoProf (dashed lines) and Archangel (solid
lines). There is a good agreement between both software codes.

Appendix D: Photometric tables of bright galaxies

This section presents nine tables offering a complete overview
of the catalog which will be available as supplementary material
at the Strasbourg astronomical Data Centre (CDS):
Table D.1: Complete list of parameters extracted for Tables D.3
to D.5, along with their descriptions and associated table
indexes.
Table D.2: Complete list of parameters extracted for Tables D.6
to D.9, along with their descriptions and associated table
indexes.
Table D.3: Primary data from VIS photometry.
Table D.4: Associated errors for the primary data catalogue.
Table D.5: Redshift and extinction corrections.
Table D.6: Magnitudes within one effective radius (Re) in VIS
and NISP bands.
Table D.6: Associated errors of the 1 Re magnitudes catalogue.
Table D.8: Magnitudes using VIS photometry to constrain NISP
photometry.
Table D.9: Associated errors of the forced magnitudes.
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Table C.1: Magnitudes in the four Euclid bands. Uncertainties on magnitudes derived by Archangel and AutoProf are held below 0.05 but for
the dwarf galaxy. Magnitudes obtained with both software codes are very similar, if not equal, and differences are held below a few percent.

Archangel AutoProf

Name IE YE JE HE IE YE JE HE

UGC02665 (spiral) 13.92 13.12 12.97 12.79 13.92 13.12 12.97 12.79
WISEAJ031917_76+413839_6 (elliptical) 13.61 12.78 12.65 12.47 13.57 12.97 12.59 12.41
Dwarf138 (dwarf) 18.88 18.35 18.26 18.23 18.85 17.97 17.52 17.81

Table D.1: Summary table of parameters extracted from Tables D.3 to D.5, along with their descriptions and associated table numbers.

Parameter Description Table numbers
ID Object identifier Table D.3 to Table D.9
RA Right ascension in degrees Table D.3 to Table D.9
Dec Declination in degrees Table D.3 to Table D.9
xpix x-coordinate in pixels for AutoProf run Table D.3
ypix y-coordinate in pixels for AutoProf run Table D.3
IE Apparent magnitude in VIS band Table D.3
M(IE) Absolute magnitude in VIS band Table D.3
Re Effective radius in pixels Table D.3
Re Effective radius in arcseconds Table D.3
Re Effective radius in kpc Table D.3
n Sersic index Table D.3
AR Axis ratio Table D.3
PA Position angle in degrees Table D.3
µIE,0,GD Central surface brightness (Graham and Driver) Table D.3
µIE,e,GD Surface brightness at effective radius (Graham and Driver) Table D.3
⟨µIE,e,GD⟩ Average surface brightness at effective radius (Graham and Driver) Table D.3
µIE,0 Central surface brightness Table D.3
µIE,e Surface brightness at effective radius Table D.3
⟨µIE,e⟩ Average surface brightness at effective radius Table D.3
σx Error on x-coordinate in pixels Table D.4
σy Error on y-coordinate in pixels Table D.4
σIE Error on apparent magnitude Table D.4
σM(IE) Error on absolute magnitude Table D.4
σRe Error on effective radius in pixels Table D.4
σRe Error on effective radius in arcseconds Table D.4
σRe Error on effective radius in kpc Table D.4
σn Error on Sersic index Table D.4
σAR Error on axis ratio Table D.4
σPA Error on position angle in degrees Table D.4
σµIE ,0,GD Error on central surface brightness (Graham and Driver) Table D.4
σµIE ,e,GD Error on surface brightness at effective radius (Graham and Driver) Table D.4
σ⟨µIE ,0,GD⟩ Error on average surface brightness at effective radius (Graham and Driver) Table D.4
σµIE ,0

Error on central surface brightness Table D.4
σµIE ,e

Error on surface brightness at effective radius Table D.4
σ⟨µIE ,e⟩

Error on average surface brightness at effective radius Table D.4
zspec Spectroscopic redshift from literature Table D.5
zphot SDSS or NED Photometric redshift Table D.5
σzspec Error on spectroscopic redshift Table D.5
σzphot Error on photometric redshift Table D.5
flagtool Tool indicator (AP for AutoProf, APh for AstroPhot) Table D.5
EC(IE) VIS extinction correction cIE E(B − V) from Eq. (1) to be used for all VIS magnitudes Table D.5
EC(YE) Y extinction correction cYE E(B − V) from Eq. (1) to be used for all YE magnitudes Table D.5
EC(JE) J extinction correction cJE E(B − V) from Eq. (1) to be used for all JE magnitudes Table D.5
EC(HE) H extinction correction cHE E(B − V) from Eq. (1) to be used for all HE magnitudes Table D.5
σEC(IE) Error on VIS extinction correction Table D.5
σEC(YE) Error on YE extinction correction Table D.5
σEC(JE) Error on JE extinction correction Table D.5
σEC(HE) Error on HE extinction correction Table D.5
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Table D.2: Summary table of parameters extracted from Tables D.6 to D.9, along with their descriptions and associated table numbers.

Parameter Description Table numbers
ID Object identifier Table D.6 to Table D.8
RA Right Ascension in degrees Table D.6 to Table D.8
Dec Declination in degrees Table D.6 to Table D.8
IE Magnitude within 1 Re aperture in the VIS band Table D.6
M(IE) Absolute magnitude within 1 Re aperture in the VIS band Table D.6
YE Magnitude within 1 Re aperture in the YE band Table D.6
M(YE) Absolute magnitude within 1 Re aperture in the YE band Table D.6
JE Magnitude within 1 Re aperture in the JE band Table D.6
M(JE) Absolute magnitude within 1 Re aperture in the JE band Table D.6
HE Magnitude within 1 Re aperture in the HE band Table D.6
M(HE) Absolute magnitude within 1 Re aperture in the HE band Table D.7
σIE Error on the magnitude within 1 Re aperture in the VIS band Table D.7
σM(IE) Error on the absolute magnitude within 1 Re aperture in the VIS band Table D.7
σYE Error on the magnitude within 1 Re aperture in the YE band Table D.7
σM(IE) Error on the absolute magnitude within 1 Re aperture in the YE band Table D.7
σJE Error on the magnitude within 1 Re aperture in the JE band Table D.7
σM(JE) Error on the absolute magnitude within 1 Re aperture in the JE band Table D.7
σHE Error on the magnitude within 1 Re aperture in the HE band Table D.7
σM(HE) Error on the absolute magnitude within 1 Re aperture in the HE band Table D.7
IE Total forced magnitude in the VIS band Table D.8
M(IE) Total absolute forced magnitude in the VIS band Table D.8
YE Total forced magnitude in the YE band Table D.8
M(YE) Total absolute forced magnitude in the YE band Table D.8
JE Total forced magnitude in the JE band Table D.8
M(JE) Total absolute forced magnitude in the JE band Table D.8
HE Total forced magnitude in the HE band Table D.8
M(HE) Total absolute forced magnitude in the HE band Table D.8
σIE Error on the forced magnitude in the VIS band Table D.9
σM(IE) Error on the absolute forced magnitude in the VIS band Table D.9
σIE Error on the forced magnitude in the YE band Table D.9
σM(YE) Error on the absolute forced magnitude in the YE band Table D.9
σJE Error on the forced magnitude in the JE band Table D.9
σM(JE) Error on the absolute forced magnitude in the JE band Table D.9
σHE Error on the forced magnitude in the HE band Table D.9
σM(HE) Error on the absolute forced magnitude in the HE band Table D.9
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