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ABSTRACT

We present an analysis of Euclid observations of a 0.6 deg” field in the central region of the Fornax galaxy cluster that were acquired
during the performance verification phase. With these data, we investigated the potential of Euclid to identify globular clusters (GCs)
at 20 Mpc and validated the search methods using artificial GCs and known GCs within the field from the literature. Our analysis of
artificial GCs injected into the data shows that Euclid’s data in the I band is 80% complete at about /g ~ 26.0 mag (My ~ —5.0 mag),
and it resolves GCs as small as r, = 2.5 pc. In the /¢ band, we detected more than 95% of the known GCs from previous spectroscopic
surveys and GC candidates of the ACS Fornax Cluster Survey, of which more than 80% are resolved. We identify more than 5000 new
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GC candidates within the field of view down to /g = 25.0 mag, about 1.5 mag fainter than the typical GC luminosity function turn-over
magnitude, and we investigated their spatial distribution within the intracluster field. We then focused on the GC candidates around
dwarf galaxies and investigated their numbers, stacked luminosity distribution, and stacked radial distribution. While the overall
GC properties are consistent with those in the literature, we found an interesting over-representation of relatively bright candidates
within a small number of relatively GC-rich dwarf galaxies. Our work confirms the capabilities of Euclid data in detecting GCs and
separating them from foreground and background contaminants at a distance of 20 Mpc, particularly for low GC-count systems such

as dwarf galaxies.

Key words. methods: observational — galaxies: clusters: intracluster medium — galaxies: dwarf —
galaxies: clusters: individual: Fornax — galaxies: star clusters: general

1. Introduction

It is well established that globular clusters (GCs) mostly formed
during the earliest stages of star and galaxy formation, and they
co-evolved with their host galaxies during their lifetimes (Pfeffer
et al. 2018; Creasey et al. 2019; Massari et al. 2019; Horta et al.
2021). This view of GC formation implies a connection between
the properties of GCs and those of galaxies (Bastian et al. 2020).
There are several known scaling relations between the properties
of GCs and their host galaxies (Spitler & Forbes 2009; Misgeld
& Hilker 2011; Harris et al. 2013; Forbes et al. 2018; Hudson &
Robison 2018; Kruijssen et al. 2019; Burkert & Forbes 2020) as
well as the environments that those galaxies inhabit (Peng et al.
2011; Harris et al. 2017), which overall are the main evidence of
galaxy-GC-halo connection. Currently, it has become possible
to observe GCs at higher redshifts (Alamo-Martinez et al. 2013;
Lee et al. 2022; Faisst et al. 2022; Harris & Reina-Campos 2023)
and examine directly what the GC progenitors at redshifts z > 5
may be (Vanzella et al. 2017; Chen et al. 2023). By combining
the information from high-z observations with a wide-field cen-
sus of the GC populations in the local Universe, unprecedented
empirical constraints on the models can be gathered regarding
processes that determine how these compact stellar clusters are
formed and distributed in space over time.

Massive galaxies have collected their GCs over time dur-
ing their mass assembly. Therefore, the overall GC properties
of massive galaxies, such as GC number count, radial distri-
bution, and average colour, are valuable tracers of their hosts’
mass-assembly process (Beasley et al. 2018; El-Badry et al.
2019; Valenzuela et al. 2021). However, mergers cannot have
played a major role in the assembly of low-mass galaxies, and
the present-time (old) GCs of dwarf galaxies are expected to
have developed with the galaxy at earlier stages of formation.
Additionally, because of the lower mass of their host galaxies,
dynamical mass loss and evaporation (Reina-Campos et al. 2020;
Gieles & Gnedin 2023) has had a minimal effect on GC evolu-
tion. Therefore, the GCs of dwarf galaxies potentially reflect the
conditions and the environment at the time they formed (Larsen
et al. 2022; Romanowsky et al. 2023; Gvozdenko et al. 2022).
However, the majority of dwarf galaxies host few or no GCs
(Georgiev et al. 2009; Cole et al. 2017; Prole et al. 2018; Beasley
et al. 2019; Marleau et al. 2021; Roman et al. 2021; La Marca
et al. 2022), although there are some exceptions (Veljanoski et al.
2013; Lim & Lee 2015; Veljanoski et al. 2015; de Boer & Fraser
2016; van Dokkum et al. 2017; Saifollahi et al. 2021b; Miiller
et al. 2021; Danieli et al. 2022). Obtaining a general census of
GCs of dwarf galaxies requires studying large samples over a
wide range of galaxy masses and environments (Durrell et al.
1996; Miller et al. 1998; Lotz et al. 2004; Bassino et al. 2003;
Georgiev et al. 2010).

Several deep ground-based surveys have collected data
on extragalactic GCs within the local Universe (Kissler-Patig
1997; Harris 1991; Harris et al. 2013; Cantiello et al. 2020;
Federle et al. 2024). However, extragalactic GC detection with
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ground-based surveys is limited to the depth and the spatial res-
olution that can be achieved from the ground. The deep optical
ground-based surveys typically detect the brightest GCs, brighter
than the turnover magnitude of the GC luminosity function
(GCLF) at My = —7.5 (Rejkuba 2012) for galaxies at distances
further than 10 Mpc. This is the distance regime in which the
two nearest large galaxy clusters, the Virgo galaxy cluster and
the Fornax galaxy cluster, are located, respectively at 16 Mpc
and 20 Mpc. However, at such distances, separating GCs from
non-GCs is very challenging. Given that the typical half-light
radius of a GC is about 3 pc (King 1966; Masters et al. 2010;
Baumgardt et al. 2019; Hilker et al. 2020), GCs hosted by galax-
ies more distant than about 10 Mpc typically appear as point
sources in the seeing-limited wide-field imaging data of ground-
based telescopes. In addition, they share the same optical colours
and brightnesses as the foreground stars and distant background
galaxies, which also appear as point sources. Therefore, attempts
to photometrically identify GCs tend to result in a sample
highly contaminated by foreground stars and background galax-
ies. Lowering the rate of contamination in GC samples is crucial
for studying systems with a low GC count, such as dwarf galax-
ies. Separating GCs and non-GCs can be improved by combining
deep optical and near-infrared imaging data (Muiioz et al. 2014;
Liu et al. 2020; Saifollahi et al. 2021a) and possibly by using
techniques such as supervised machine learning (Saifollahi et al.
2021a; Mohammadi et al. 2022; Dold & Fahrion 2022; Euclid
Collaboration: Voggel et al. 2024). However, near-infrared obser-
vations deep enough to reach the GCLF turnover magnitude at
a few tens of megaparsec require long exposure times and have
not been feasible on large areas.

Because of its sensitivity and spatial resolution, the Hubble
Space Telescope (HST) has been used frequently for GC stud-
ies (Miller & Lotz 2007; Georgiev et al. 2009; Peng et al. 2011).
With the HST, it is possible to resolve GCs in the local Universe
within a few tens of megaparsec (Jordan et al. 2007, 2015), and
this has led to reference GC samples for a broad variety of envi-
ronments. Even for more distant objects up to 100 Mpc, where
GCs are unresolved in HST images, HST data are precious for
GC identification, as GCs appear as point sources, while most
of the background objects are resolved (Peng et al. 2011; Har-
ris et al. 2020). At even larger distances — a realm that is now
accessible for GC studies through pointed observations with
the James Webb Space Telescope (JWST) — stellar contamina-
tion progressively drops, as the remote GCs become fainter than
foreground stars with similar colours (Harris & Reina-Campos
2023). However, HST and JWST observations are limited to a
small field of view (FoV) of a few square arcminute for a limited
number of targets selected for an observing programme. This
issue will be tackled in the coming years with the six-year wide
survey of the recently launched Euclid mission.

The Euclid Wide Survey (EWS; Euclid Collaboration:
Scaramella et al. 2022) will cover an area of 14000deg® and
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enhance our understanding of GCs and their connection to their
host galaxy and environment. The homogeneous catalogues that
will be produced at the end of the survey will allow the com-
munity to revisit statistics on sizes, spatial distributions, and
near-infrared colours as a function of environment (and not only
in galaxy clusters) in order to tighten constraints on theoretical
models that link GC systems at high and intermediate redshifts
with those seen today. In particular, it is expected that Euclid will
observe a large number of dwarf galaxies and their GC systems
(Euclid Collaboration: Mellier et al. 2025).

This paper devotes specific attention to the dwarf galaxies,
as we expect the EWS to be particularly helpful in characteris-
ing this elusive population on large scales. Euclid is equipped
with two instruments: the VISible imaging instrument (VIS)
for imaging at red optical wavelengths with a broad bandwidth
(one filter; I;) and the Near Infrared Spectrometer and Pho-
tometer (NISP) for imaging and low-resolution spectroscopy
in the near-infrared range (three filters, Y;, J;, and Hy; Euclid
Collaboration: Schirmer et al. 2022). The imaging data of the
EWS will reach a depth of Iz = 26.2, Yg = 24.3, Jg = 24.5,
and Hg = 24.4 (50 detection for point-like sources Euclid
Collaboration: Scaramella et al. 2022). The spatial resolution
of VIS images and the inferred Euclid colours can distinguish
between GCs and non-GCs (foreground stars and background
galaxies), which makes the EWS a unique survey for identifying
GCs around galaxies in the local Universe (Euclid Collaboration:
Voggel et al., in prep.) and for further studies on their properties
(Hunt et al. 2025; Marleau et al. 2025).

Motivated by this upcoming survey, we selected a 0.6 deg®
field in the Fornax galaxy cluster as a target for Euclid’s Early
Release Observations (ERO) programme (Euclid Early Release
Observations 2024). We assessed the capabilities of Euclid in
identifying and studying GCs around dwarf galaxies as well
as the intracluster GCs. The Fornax galaxy cluster, located at
20 Mpc (Blakeslee et al. 2009), is the second-nearest massive
galaxy cluster. It has an estimated virial mass of My = 7 X
10'3 Mg, and a virial radius of Ryia = 700 kpe (Drinkwater et al.
2001). It has been the target of many past ground-based obser-
vations (Bassino et al. 2006), the most recent deep ones being
the Fornax Deep Survey (FDS; Venhola et al. 2018) and the
Next Generation Fornax Survey (NGFS; Eigenthaler et al. 2018),
which led to several studies on compact sources and GCs (Prole
et al. 2019; Cantiello et al. 2020; Saifollahi et al. 2021a). Addi-
tionally, the ACS Fornax Cluster Survey (ACSFCS; Jordan et al.
2007) has targeted 43 galaxies within the cluster with HST
(galaxies with Mp < —16.0") and identified the GCs around
these. Figure 1 shows the FoV of the ERO Fornax data (referred
to as ERO-F) in comparison to ACSFCS. This FoV was selected
for the Euclid ERO programme because of the availability of a
number of massive galaxies and dwarf galaxies, as well as sev-
eral hundreds of known GCs from the previous spectroscopic
surveys and ACSFCS.

The rich archival data within ERO-F allowed us to make a
detailed assessment of the power of the EWS for GC identifica-
tion around galaxies at a distance of 20 Mpc. This paper presents
the results of our assessment. The structure of this paper is as
follows. In Sect. 2, Euclid data and the complementary archival
data are described. Section 3 presents the methodology for data
analysis and GC identification. This includes several steps, such
as point spread function (PSF) modelling, source detection, pho-
tometry, simulations of GCs, and GC selection. Using the output
of this analysis, in Sect.5 we examine the performance of GC

I Expressed in the Vega magnitude system here.

identification and study the properties of the GCs within the
cluster and around dwarf galaxies. Section6 summarizes the
findings. In this paper, all magnitudes are in the AB system,
unless otherwise specified.

2. Data

This work uses the imaging data of the Euclid VIS (Euclid
Collaboration: Cropper et al. 2025aa) and NISP (Euclid
Collaboration: Jahnke et al. 2025) instruments, in one visible
band (/) and three near-infrared bands (Y, J;, and Hy), and the
galaxy and GC catalogues available in the literature. We describe
these data sets below.

2.1. Euclid VIS and NISP

The Euclid observations for ERO-F were carried out during the
performance verification (PV) phase of the mission in August
and September 2023. The observations are centred at RA =
336’8759 and Dec = —35°16’0”38 in the Fornax cluster and
cover an area of 0.6 degz. In total four 560 s exposures in I;;, three
112 s exposures in Y, and four 112 s in each of J; and H; were
acquired that satisfied our requirements for scientific exploita-
tion. The EWS will provide similar total exposure times with
four exposures per filter. While the dither pattern of the EWS
was designed to fill gaps between detectors, the ERO-F images
were taken at two different dates in the PV sequence with two
different orientations on the sky, which leaves small areas uncov-
ered after stacking. The data reduction and stacking procedures
are described in Cuillandre et al. (2025). The resulting stacked
frames have the original pixel scales of 0”1 for I; and 0”'3 for
the NISP bands. The I; stacked frame, based on four exposures,
is reserved for the examination of extended sources. For the study
of GCs, we produce an additional stacked frame with only the
two I; images with the best PSF, using the SWarp code (Bertin
et al. 2002). The other two I;; frames are excluded here because
of PSF imperfections due to Euclid’s tracking issue in the first
month of the PV phase. In the two-image stacked frame, about
65% and 35% of the area is covered, respectively, by two and one
exposures. Such a distribution is clearly not ideal, and in partic-
ular, it makes it impossible to correct all the pixels affected by
cosmic ray hits. This leads to increased errors in measurements
compared to expectations in the standard EWS data. In this work,
we analyse 100% of the covered area.

The full-width at half-maximum (FWHM) of the average
PSF in the two-image I; stacked frame is 0”19 (1.9 pixels). The
PSF of that I; stack is not typical of the EWS. It is affected by the
resampling of only two images that are initially under-sampled
and have different orientations, and it is 20% larger than the
native FWHM of the initial frames, which is 0”716 (1.6 pixels).
Nevertheless, as is seen in Fig. 2, this is a considerable improve-
ment in spatial resolution with respect to the ground-based
optical wide-field surveys. The FWHM of the PSF in the Y;, J;,
and H; stacked frames are 0”750 (1.7 pixels), 0”54 (1.7 pixels),
and 0”755 (1.8 pixels), respectively. For point sources, the stacked
frames reach a 100 depth of Iy = 25.5, Yg = 23.4, Jg = 23.6,
and Hg = 23.5.

At the distance of the Fornax cluster, 1 pixel of the VIS
instrument (0”/1) corresponds to a physical size of about 10 pc.
Based on the previous experience with HST (Jordén et al. 2015),
we expect to resolve bright (high signal-to-noise ratio) GCs of
one-fifth of the pixel-scale. At 20 Mpc, this corresponds to a
FWHM of 2pc and (for typical GC light profiles) a half-light
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Fig. 1. Field of view of the Euclid observations of the ERO Fornax cluster (ERO-F) presented in this paper. North is up and east is to the left. The
stack of four VIS images is shown in translucent grey above a colour image from the Fornax Deep Survey (FDS), which shows the brightest cluster
galaxy NGC 1399 just off the Euclid pointing in the south-east. The ERO-F field includes ten massive galaxies previously targeted by the ACSFCS
(small inset images) around which about 900 GC candidates were identified by that survey (yellow dots: GC probability pgc > 0.95; Jordén et al.
2015). The galaxy FCC161 (NGC1379) is among the galaxies in the ACSFCS survey; however, its final HST data are corrupted. Therefore, no
ACSFCS GC catalogue for this galaxy has been published. Additionally, the Euclid FoV overlaps with the position of about 30 dwarf galaxies
(large green dots; Venhola et al. 2018, 2022) and about 602 spectroscopically confirmed GCs (red dots; references in the text).

radius of about r, = 3 pc, which is the average size for Galactic
GCs.

2.2. Galaxy catalogues

The FoV of ERO-F was chosen to overlap with the location of ten
major galaxies (Fig. 1), of which nine have published ACSFCS
data? (Jorddn et al. 2007, 2015). Additionally, the FoV con-
tains 48 galaxies listed as dwarf or low-surface brightness (LSB)
galaxies in the Fornax Deep Survey (FDS) dwarf catalogues
(Venhola et al. 2018, 2022). Here, we consider the 45 galaxies
with M, > —17 as dwarf galaxies. The remaining three galaxies
in the FDS dwarf catalogue are relatively brighter than the rest
of the sample and are among the 10 massive galaxies observed
by ACSFCS. After visual inspection of the I; frame, we exclude
from further analysis some objects from the FDS list: those that
appear to be spiral galaxies; duplicates in the catalogues; and
dwarf galaxies that are not fully covered by stacked frames in
one of the filters. This selection leads to a sample of 30 dwarf

2 Note that FCC161 (NGC1379) is among the galaxies in the ACSFCS
survey; however, its HST data are corrupted and have not been used in
ACSFCS publications.
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galaxies for further analysis of their GCs. Tables 1 and 2 present
the galaxy samples used in this paper. In these tables, proper-
ties of galaxies are adopted from Venhola et al. (2018, 2022) and
Spavone et al. (2020). The stellar masses of the dwarf galaxies
in Table 2 are derived based on equations in Taylor et al. (2011)
using the total r-band magnitudes and g — i colours measured by
Venhola et al. (2018, 2022).

2.3. GC catalogues

Our searches for GCs in the Fornax cluster take advantage of
previous surveys of GCs and compact sources in the cluster, con-
ducted from the ground and from space. ACSFCS (Jordan et al.
2015) used the HST Advanced Camera for Surveys (ACS) to
acquire 202" x 202" images centred on galaxies within the ERO
FoV (Fig.2). The images were taken in the F475W band with
an exposure time of 760, and in the FS50LP band with a total
exposure of 1220s (2 X 565s + 90s), and have an initial pixel
scale of 0705. The ACSFCS team exploited a combination of
colour, magnitude, compactness, and distance to the host galaxy
centre to identify GC candidates and compute the probability of
the candidates being a GC (Jordén et al. 2015; Liu et al. 2019).
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Fig. 2. Euclid I data (two-image stacked frame) versus the Dark Energy Survey (Abbott et al. 2021) in the » band for a cutout around dwarf galaxy
FCC188 (FDS11_DWARF155). The galaxy is surrounded by several small point-like sources, some of which are the GCs of the galaxy. Given the
high-resolution images of Euclid in Iz, we are were to resolve the majority of GCs around similar objects and distinguish them from foreground
stars. These images have a total exposure time of 1120s and 720's for Euclid VIS and DES, respectively.

Table 1. Properties of the ten most massive galaxies located within the footprint of the Euclid ERO-F images.

Galaxy Alternative name(s) M, (mag) R. (kpc) logio(M./My) D (Mpc)
(1) (2) 3) “) (5) (6)

FCC167 NGC 1380 -22.36 5.80 10.99 21.2+0.7
FCC184 NGC 1387 -21.43 3.22 10.67 19.9+0.8
FCCl161 NGC 1379 -21.02 2.76 10.42 -

FCC147 NGC 1374 -20.96 2.36 10.38 19.6 + 0.6
FCC170 NGC 1381 -20.71 1.69 10.35 21.9+0.8
FCC148 NGC 1375 -19.79 2.73 9.76 19.6 £ 0.7
FCC190 NGC 1380B —-19.28 2.36 9.73 20.3+0.7
FCC143 NGC 1373, FDS16_DWARF002 —18.77 1.03 9.45 19.3+0.8
FCC182 FDSI11_DWARF279 —17.88 0.97 9.10 19.6 £ 0.8
FCC136 FDS16_DWARF159 —-17.76 1.75 9.01 18.8 +0.7

Notes. Columns 1 and 2 present the FCC and other names of the galaxies (NGC and/or FDS names from Venhola et al. 2018). Columns 3, 4, and
5 present the total absolute magnitude in the r-band, effective radius (half-light radius), and stellar mass of galaxies (Spavone et al. 2020; Venhola
et al. 2018). When available, the distances derived from the surface-brightness fluctuations (SBF) studies of Blakeslee et al. (2009) are provided in
Col. 6. Throughout this paper, we use the FCC names of massive galaxies.

This probability is larger than 95% for 906 ACSFCS catalogue
objects in our field. In the remainder of this paper, we always
use this 95% probability cut when exploiting the ACSFCS cat-
alogue. Furthermore, the Fornax cluster has been the target of
several spectroscopic surveys and more than 2 800 GCs are spec-
troscopically confirmed (Hilker et al. 1999; Drinkwater et al.
2000; Mieske et al. 2004; Bergond et al. 2007; Firth et al. 2007,
2008; Gregg et al. 2009; Schuberth et al. 2010; Pota et al. 2018;
Fahrion et al. 2020; Chaturvedi et al. 2022)%. About 602 of these
GCs overlap with the Euclid observations, of which 225 GCs
are in common with the ACSFCS GC catalogue. We use these

3 Compilation of these catalogues are provided by Wittmann et al.
(2016) and Maddox et al. (2019), with ground-based optical and near-
infrared photometry in Saifollahi et al. (2021a).

samples of previously known GCs as a reference set to establish
our methodology for GC identification in Sect. 4.

3. Data processing

Given the small angular sizes of GCs at the distance of the
Fornax cluster, and the similarity of their photometric proper-
ties to some of the foreground stars and background galaxies,
GC detection and identification requires careful analysis of the
detected sources*. To do this, firstly, we model the PSF in all
bands (Sect. 3.1). Then we perform source detection and photom-
etry to construct a source catalogue (Sect. 3.2). The performance

4 The source code for the analysis described in this paper is available
athttps://github.com/teymursaif/GCEx
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Table 2. Similar to Table 1 but for the 30 dwarf galaxies overlapped with the Euclid ERO data of the Fornax cluster.

Galaxy FCC name  Alternative name(s) M, (mag) R, (kpc) logio(M./My)
(D 2 3 4 (&)
FCC188 FDS11_DWARF155, NGFS J033705-353525 -16.25 1.22 8.34
FCC195 FDS10_DWARFO014, NGFS J033723-345401, -15.43 1.28 8.04
FCC181 FDS10_DWARFO003, NGFS J033653—-345619 -14.95 0.97 778
FCC160 FDS11_DWARF289, NGFS J033604-352320 —14.81 1.36 7.72
FCC133 FDS16_DWARF253, NGFS J033420-352145 —-14.61 1.13 7.70
FCC156 FDS16_DWARF257, NGFS J033543-352018 —14.98 1.54 7.67
FCC171 FDS11_DWARF294, NGFS J033637-352309 —14.25 2.05 7.46
FCC157 FDS16_DWARF185a, NGFS J033543-353051 -13.75 1.19 7.33
FCC175 FDS11_DWARF246, NGFS J033643-352609 —13.80 1.61 7.19
FCC140 FDS16_DWARF346, NGFS J033456-351127 -13.39 0.95 7.16
FCC142 FDS16_DWARF441, NGFS J033458-350235 -13.38 0.85 7.09
FCC145 FDS16_DWARF330, NGFS J033505-351307 —12.88 0.54 7.07
FCC168 FDS11_DWARF365, NGFS J033628-351239 -13.43 0.86 7.02
- FDS11_DWARF306, NGFS J033700-352035 —13.48 1.45 7.01
FCC197 FDS11_DWARF330, NGFS J033741-351746 -12.92 0.62 6.89
FCC185 FDS10_DWARFO034, NGFS J033703-345233 —12.54 0.53 6.82
FCCl144 FDS16_DWARF280, NGFS J033500-351920 -12.68 0.57 6.77
- FDS11_DWARF299, NGFS J033738-352308 -11.62 0.60 6.69
- FDSLSB56 -12.70 0.93 6.68
- FDS16_DWARF172, NGFS J033453-353411 -12.16 0.42 6.67
FCC146 FDS16_DWARF281, NGFS J033512-351923 —12.41 0.54 6.59
- FDS16_DWARF272, NGFS J033558—-352053 -12.05 0.40 6.49
- FDS16_DWARF329, NGFS J033458-351324 -11.76 0.43 6.32
- FDSLSB220 —11.80 1.06 6.30
- FDS16_DWARF141 -11.29 0.29 6.03
- FDSLSB45 —10.60 0.30 5.89
- FDSLSB43 —10.60 0.39 5.83
- FDS16_DWARF230b, NGFS J033512-352603 -10.67 0.59 5.78
- FDS16_DWARF227, NGFS J033505-352703 —11.50 0.85 5.77
- FDSLSB36 —10.60 0.39 5.76

Notes. Columns 1 and 2 present the FCC and other names of the galaxies (FDS names from Venhola et al. 2018 and/or NGFS names from
Eigenthaler et al. 2018). Columns 3, 4, and 5 present the total absolute magnitude in the r-band, effective radius, and stellar mass of galaxies
(Venhola et al. 2018, 2022). Throughout this paper, we use the FDS names of dwarf galaxies.

of source detection is then investigated using GC simulations
(Sect. 3.3). Subsequently, we examine the photometric proper-
ties of the known GCs, namely ACSFCS GC candidates and
spectroscopically confirmed GCs (Sect. 4.1). Using the observed
properties of known GCs combined with the outcome of the GC
simulations, we finally search for GC candidates within the data
(Sect. 4.2). GC selection is done using the compactness indices
and colours of the sources. The resulting GC sample is used in
Sect. 5, where we examine the distribution of intracluster GCs
(ICGCs) and GC properties of Fornax cluster dwarf galaxies.

3.1. Point spread function

Point spread function models are constructed from the stacked
frames and they are used to estimate aperture corrections
(Sect.3.2) as well as to simulate GC images (Sect.3.3). One
PSF model is produced per filter. For I;;, the PSF model is made
from the two-image stacked frame. To produce these models for
a given filter, an initial catalogue is produced with SExtractor
(Bertin & Arnouts 1996) in its default configuration. Subse-
quently, non-saturated bright points sources are selected based
on MAG_AUTO, FWHM_IMAGE, and ELLIPTICITY, as well as the
FLAGS parameters of SExtractor. We select objects with 19
< MAG_AUTO < 21 (for the I; PSF model), 18 < MAG_AUTO <
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20 (for the Y, Ji, and H; PSF models), ELLIPTICITY < 0.1,
FLAGS < 4 and a range in FWHM_IMAGE that is determined from
the point source sequence in the FWHM_IMAGE-MAG_AUTO dia-
gram of a given filter. Next, cutouts of 40 pixels x 40 pixels
(4” x4” in I and 12” x 12" in Yy, J;;, and H;;) are made around
the selected point sources (about 1000 sources in each filter).
We update the centroid of sources by running SExtractor on
the cutouts. Subsequently, taking into account the new centroids,
all the cutouts are normalised and stacked using SWarp (Bertin
et al. 2002). The output of the stacking is the PSF model. The
stacking is done with an over-sampling factor of 10 for each
filter.

3.2. Source detection and photometry

We now produce a detection frame from the /; image and subse-
quently measure the photometry of compact sources. We make
the detection frame by applying a ring filter with inner and outer
radii of 4 and 8 pixels to the data in ;. This procedure sub-
tracts the light of galaxies, which improves the detection of GCs
around galaxies using SEXTRACTOR, in particular for the most
massive galaxies. This step is particularly important because
the majority of the known GCs that we target to validate our
methodologies are located in such massive galaxies.
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Table 3. SExtractor parameters that were used for making detection
frames and source extraction.

SExtractor parameter Value
DETECT_MINAREA 4
DETECT_MAXAREA 200
DETECT_THRESH 1.5
ANALYSIS_THRESH 1.5
DEBLEND_NTHRESH 32
DEBLEND_MINCONT 0.0005
BACKPHOTO_TYPE GLOBAL
BACK_SIZE 32
BACK_FILTERSIZE 1

For source detection, we run SEXTRACTOR on the detec-
tion frame. We modify some of the SExtractor parameters
and use tophat_1.5_3x3.conv kernel for filtering the stacked
frames to maximise point source detection. In total 93995 and
207 842 sources brighter than I; = 25 and I; = 26, respectively,
are present in the final source catalogue. Table 3 summarizes the
SExtractor parameters that are used for source detection.

Given the detections in I; from the previous step, we per-
form (forced) aperture photometry at these positions (now using
the aperture task of photutils because this circumvents the
need for identical pixel coordinates in all images when using
SExtractor). Fluxes are measured within an aperture radius of
1.5 times the FWHM of the PSF for each filter (2.8 pixels in I,
and between 2.4 pixels and 2.8 pixels in Yz, Ji, and Hg). After-
wards, for each source, the background is estimated within an
annulus with an inner radius of 5 times the FWHM of the PSF
and a thickness of 20 pixels.

We correct the measured aperture magnitudes for the aper-
ture size using the PSF models. Flux corrections are 8% in I
and 5% in Y;, J, and H; stacked frames, consistent with the mea-
surements of Massari et al. (2025). Considering that the majority
of the GCs at the distance of the Fornax cluster, though com-
pact, are not strictly speaking point sources in I, we expect that
our aperture-corrected photometry misses a small fraction of the
total flux of GCs in that band. We evaluate this fraction for I
(this effect is negligible for the near-infrared bands) by aperture
photometry of ACSFCS GC candidates with a diameter of 1.5
times and 20 times the FWHM (2.8 pixels and 40 pixels) and find
an average magnitude offset less than 5%. The larger aperture
diameter encloses more than 0.998 of the total flux of the PSF
(Cuillandre et al. 2025). Additionally, photometry of the artifi-
cial GCs injected into the data (Sect. 3.3) shows that for a typical
GC with r, = 3 pc, we lose up to 5% of the total flux.

Additionally, we performed aperture photometry within 2, 4,
and 8 pixel aperture diameters. We used these aperture magni-
tudes to set up proxies for source compactness, which allowed us
to exploit the spatial resolution of the VIS images when selecting
GC candidates. The difference between two aperture magnitudes
is a widely used and simple way of characterising the light pro-
file of compact sources in this context (Peng et al. 2011; Powalka
et al. 2016; Harris et al. 2020). Here we define two compact-
ness indices in I, namely C,_4 (for aperture diameters of 2 and
4 pixels) and C,_g (4 and 8 pixels)>. The first compactness index

5 With this definition, which agrees with common practice, large
values of C,_4 and C4_g imply less concentrated (more extended) pro-
files, which in the literature has led some authors to rename the same
quantities ‘inverse concentration indices’.

measures the concentration of the light in the inner parts of light
profiles, while the second is sensitive to the outer parts.

3.3. Artificial GCs and expected completeness

We assess the performance of GC detection by injecting artificial
GCs into the frames and applying the same source detection and
photometry procedure as in Sect.3.2. The light profiles of the
artificial GC images follow King profiles (King 1962), which are
characterised by a core radius r, a tidal radius r; and a concen-
tration index log;o(7¢/r.). We set the latter to 1.4, a central value
in the range 0.5-2.4 that is observed for Milky Way GCs (Harris
1996).

We vary the half-light radii r, between 2 pc and 6 pc (0.8 <
ro/pc < 2.4), and the absolute I; magnitudes between —11 and
-5, and we set the colours to I; — Y; = 045, I, — J; = 045,
and I; — Hy; = 0.45 (see Appendix B and Euclid Collaboration:
Voggel et al., in prep. for typical spectral energy distributions
of GCs over the spectral range relevant to Euclid). Each King
model is then convolved with the PSF. At the end, Poisson noise
is added to the artifical GCs. We produce 3000 artificial GCs in
total, making sure to avoid placing them inside the image gaps.
We then run the detection and measurement pipeline of Sect. 3.2
on the new images. Since that carries out forced photometry in
the NISP bands at the position of the I detections, we declare
a GC detected in one of the infrared bands if the difference
between input and output magnitude is smaller than 1.0.

We show in Fig.3 that the I, Yg, Jg, and Hg detections
are 80% (50%) complete down to magnitudes 26.2 (26.5), 24.0
(25.3), 24.0 (25.4), and 23.6 (25.5), respectively. The 50% and
80% detection-completeness magnitudes were estimated by fit-
ting a modified version of the interpolation function of Fleming
et al. 1995:

a(m — mygy)
it —mz)

where ¢ is an additional free parameter compared to the origi-
nal equation that corresponds to the completeness at the brightest
magnitude. The Ig — Yg colour is used later for GC identification.
When both /g and Yg detections are required, we expect a com-
pleteness of about 80% (50%) for objects brighter than /g = 25.2
(26.2). These magnitudes are about 1.7 and 2.7 fainter than the
typical turn-over magnitude of the GCLF, located at I, = 23.5
(i.e. My = =7.5 with V — I, = 0.5, as described in Sect. 4.2).

1
fmy == eo - (M

4. Selection of GC candidates

Our selection of GCs among all the detected sources is based
on the properties of previously known GCs (Sect.2.3), and on
the characteristics of the simulated GCs (Sect. 3.3). Here we first
examine the characteristics of the known GCs in the I; stacked
frame before defining a selection procedure.

4.1. Compactness of the known GCs and of simulated GCs

The top panel of Fig. 4 shows the compactness indices measured
for the two reference sets of known GCs in the 2-image VIS
stacked frame. We match catalogues using a cross-match radius
of 0”5. In the ACSFCS catalogue, we consider only the objects
with a GC probability (Pgc) larger than 0.95. The scatter in com-
pactness originates from the natural range of sizes of globular
clusters, combined with noise that mainly affects the candi-
dates located very close to their host galaxy (closer than 30”),
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Fig. 3. Completeness expected in the ERO-Fornax catalogue data
based on artificial GCs. Top panel: combined completeness for sources
detected in both /g and Y as a function of simulated input /; magnitude.
Bottom: detection completeness in the four individual filters as a func-
tion of the respective input magnitude. For old GCs (older than 7 Gyr)
with sub-solar metallicities (Z < 0.02), the GCLF turn-over magnitude
is expected to be at Iy = 23.5.

for which the photometry is affected by the light of their host
galaxies.

The compactness indices of the simulated clusters are dis-
played in the middle panel of Fig. 4. For index C,_4 (left panel),
the dispersion in the empirical stellar sequence is larger than the
dispersion among artificial clusters with small radii. The simu-
lated GCs are injected in the stacked frame rather than into raw
frames, with a single PSF model; hence the point source scat-
ter shows that much of the dispersion in the empirical C;_4 is
likely due to source-to-source variations of the core of the PSF
in our two-image stacks, themselves resulting from a combina-
tion of intrinsic effects (spatial and colour-dependent variations
of the PSF in the raw frames and changes in the PSF between
the two combined exposures), effects of interpolation during
the astrometric transformation, and possible weighting effects
while stacking. All these effects are not typical of the EWS,
and developing more detailed specific software for one particular
non-standard image set was deemed too costly. The middle row
of Fig. 4 nevertheless indicates the expected location of clusters
and shows that our reference samples (top panels), both spectro-
scopically confirmed and from ACSFCS, mostly contain objects
with half-light radii smaller than about 5pc, with a sparsely
populated tail to larger values.
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From Fig.4 (upper panel) we see that the majority of the
known GCs have a larger compactness index than the vertical
sequence of point sources. This is clear in particular for Cp_4.
Point sources have average C,_4 and C4_g values of 0.70 and
0.26. The majority of known GCs have C,_4 in the range of
0.7-1.0, and C4_g between 0.2 and 0.5 This range of compact-
ness is also consistent with the outcome of the GC simulation,
as is shown in the middle panels of Fig. 4. Based on this figure,
objects with C,_4 > 0.8 are resolved. This compactness thresh-
old corresponds to a GC half-light radius of 2.5 pc measured by
ACSFCS.

4.2. GC identification

We identify candidate GCs in the source catalogue in two steps,
the first based on the compactness indices, and the second on
colour. In the first step, we select marginally resolved sources by
requesting compactness indices that are broadly within the range
expected from known GCs and simulations. We select sources
with compactness indices within 99% quantile from the median
value of C,_4 and C4_g in a given magnitude range for the artifi-
cial GCs. Additionally, to take into account any other effects in
GC compactness not included in the simulations (see Sect. 4.1),
we extend the upper limits on compactness by 0.1 mag. This
value corresponds to half of the width of the stellar sequence
in Cy_4. The resulting sample, after applying the compactness
criteria, is shown in the lowest panels of Fig.4. This selec-
tion picks up more than 80% of the spectroscopic GCs, as well
as the GC candidates in the ACSFCS catalogue. The major-
ity of the remaining 20% of GCs are objects that are in close
vicinity to the bright galaxies, and therefore their photometry is
strongly affected by the galaxy. This effect is stronger for fainter
GC:s. Selection in this step includes 17 596 sources brighter than
I; = 25 out of the initial 93 995 sources (18.7%).

Subsequently, in the second step of GC identification, we
apply colour cuts to the initial GC sample. The range for
these colour cuts is determined using the observed colours of
known GCs in the ERO-F data, as shown in Fig. 5. With colour
selection, we mainly aim to clean the initial GC sample from
background galaxies and artefacts. Figure 6 shows the I, — Y;
colour of GCs, as well as foreground stars and background galax-
ies in the ERO-F. The stars and galaxies are selected based
on their radial velocities (Maddox et al. 2019; Saifollahi et al.
2021a). The background galaxies have I; — Y; > 0.8 while GCs
have I; — Y; < 0.8. Therefore, we selected objects with I — Y;
bluer than 0.8. We also apply a lower limit at I, — Y, = 0 given the
colours of the known GCs in Fig. 6. The colour-colour diagrams
show that the known GCs and foreground stars have similar
I, — Y} colour, and therefore a careful GC selection based on the
compactness of sources is essential (previous step). In addition
to the I — Y; colour cut, we apply Y — J;; and J; — H; colour cuts.
Here we aim to increase the purity of the sample while retaining
as much completeness as possible. Therefore, we applied these
colour cuts (Y; — J; and J; — H) to objects with positive flux
(from forced photometry at fixed positions) in J; and Hy. This
means that we keep sources without detection in J; or Hg. The
colour-ranges in Yz — J; and J; — H; are between —0.3 and 0.5
(for both colours). These are conservative cuts considering the
range of actual GC colours, based on synthetic photometry of
star cluster models (cf. Appendix B). These models show that
GCs with old stellar populations (older than 7 Gyr) and sub-solar
metallicities (Z < 0.02) have Euclid colours 0.2 < I, — Y; < 0.8,
0.05 < Y;—J: <0.24,and —-0.12 < J; — H; < 0.16. In addition to
the colour cuts, here we only include sources with ELLIPTICITY
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Fig. 4. Compactness indices measured in I and first step of the GC selection. The sources in the full catalogue are displayed in grey. Top panels:
compactness indices of the spectroscopically confirmed GCs (red points), and of GCs in the ACSFCS catalogue (yellow points). These two samples
serve as empirical references. The vertical sequences at C,_4 = 0.70 and C4_g = 0.26 correspond to point sources. Objects on the right side of this
sequence with a larger compactness index are extended sources. Objects with smaller compactness index are mostly artefacts (e.g. cosmic rays)
in the data. Middle panels: Compactness indices of the 3000 artificial GCs with half-light radii between 2 and 6 pc, which were injected into the
images (black points). Lower panels: compactness indices of the sources in the initial GC sample after selection based on their compactness indices,
as described in Sect. 4.2 (green points). The colours in these panels demonstrate source density in the parameter space.

smaller than 0.5 (in I;;) as GC candidates. This is the observed
upper limit for the known GCs as well as the artificial GCs. The
procedure described above results in 5449 GC candidates as faint
as I, = 25, out of the 17241 sources in the initial GC sample
(31.6%).

When it comes to GC selection, there is always a trade-off
between the completeness and purity (cleanness) of the final GC
sample. The above-mentioned limits on colours are strict and are
applied in order to have a clean GC catalogue. However, for iden-
tifying GCs around dwarfs, a more complete sample is desired.
Therefore, for selecting GCs of dwarf galaxies we extend the

colour range to take into account the scatter from photometric
uncertainties, in particular for the fainter GCs. We select sources
with I; — Y; < 1.2 with no lower limit, and Y; — J; and Y; — J;
between —1.0 and 1.0.

5. Results

In the previous section, we performed source detection and
photometry, produced multi-wavelength source catalogues,
and selected GCs based on their compactness, colours, and
ellipticity. Here, we assess the performance of our methodology
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Fig. 5. Colour-magnitude diagram of the detected sources (grey points) versus the spectroscopically confirmed GCs (red points) and GCs in the
ACSFCS catalogue (yellow points). Considering the photometric uncertainties of the fainter GCs (fainter than I; = 22), the majority of the known
GCs have 0.0 < Iz — Y < 0.8, -0.3 < Yz — Jg < 0.5, and —0.3 < J; — Hx < 0.5. In this work, we use these colour ranges and apply a colour cut for

GC selection.
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Fig. 6. Three panels showing the Euclid colour-colour diagram with (I — Yx) plotted against the (Iz — Hg) colour index. In each panel, the grey dots
show the distribution of all photometric sources. In the left panel, we show the location of foreground stars and background galaxies in cyan and
blue, respectively. The middle panels show spectroscopically confirmed GCs as red points, and GCs in the ACSFCS catalogue as yellow points. In
the third panel, we show the initial GC candidates as dark green points and the retained GC candidates in light green colours. The applied colour
cuts are shown as a dashed box. These colour cuts are used to identify the intracluster GC candidates in the ERO-F data. However, we use a more
relaxed colour cut for identifying GC candidates around dwarf galaxies. For that, we apply an upper limit in /;-Y%, shown by the vertical solid black
line.

and the completeness of the GC selection based on archival GC
catalogues. Then, we investigate the properties of GCs within the
Fornax cluster and around its dwarf galaxies.

5.1. The Euclid GC sample compared to archive samples

We compare our own source catalogues and GC (candidate)
catalogues with the existing ACSFCS and spectroscopically con-
firmed GC catalogues (Sect. 2.3). For simplicity, we refer to the
objects in these reference sets as known GCs. Our first aim is
to estimate the completeness of our sample relative to the refer-
ence sets. There are 602 spectroscopically confirmed GCs in the
FoV of our observations, out of which 600 (more than 99.5%)
are initially detected by SExtractor in /.. In the case of the
ACSFCS GC candidates, 906 candidates overlap with the data,
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of which 888 (98%) are detected. This is consistent with the
expectations from the completeness assessment based on artifi-
cial GCs. As seen in Fig. 3, GC detection in /; is more than 95%
complete by magnitude I; = 25.0. GC selection based on com-
pactness indices retains 80% of the known GC sample. About
half of the non-selected GCs are close to the centres of major
galaxies, within about 30 arcsec (2.9 kpc), in regions where the
light of the bright galaxies affects their photometric properties.
When adding the cuts in colour space to our GC selection
we find that our completeness decreases. Our colour selection
includes only the main locus of the GC colours (see middle panel
of Fig.6), and we have traded completeness for higher purity.
Here we identify 70% of the known GCs, including ACSFCS GC
candidates and spectroscopically confirmed GCs, farther than
90 arcsec from the massive galaxies. This rate is expected to be



Saifollahi, T., et al.: A&A, 697, A10 (2025)

5.0 1 All FDS sources All FDS sources Speclmscop?c stars Al EDS sources PY ((;Cia‘;];“g?:jsv)
@  Spectroscopic Galaxies Spectroscopic GCs E < =l.omag
. (Ig < 21.5mag)
4.0 -
"on e
] .
E30 Ry 3
N AT e,
| R 5 S K
o~ RN A
AR S
2.0 - .r*fg.;.
i
1.0 1 .
00 20 40 6.0 0.0 2.0 4.0 6.0 0.0 2.0 4.0 6.0
u—i [mag] u—i [mag] u— i [mag]
All FDS sources All FDS sources Spectroscopic stars All EDS N GC candidates
1.5 | @ Spectroscopic Galaxies Spectroscopic GCs > sourees L (g <21.5mag))
. @ (i <21.5mag)
1.0 {
o0
<
£ :
T 057 L %ead
! o . #‘
0.0 1 e pt 20,
—0.5 1 L L L L L L L .
0.0 1.0 20 3.0 0.0 1.0 2.0 3.0 0.0 1.0 2.0 3.0
g —i [mag] g — i [mag] g — i [mag]

Fig. 7. Colour-colour diagrams showing uiK (upper panel) and gri (lower panel) for the detected sources in ERO-F data (grey points), using the
photometry of the Fornax Deep Survey (FDS, Peletier et al. 2020) provided in Saifollahi et al. (2021a). GCs (red points) are known to show a
well-defined sequence in uiK; separated from stars, except those at the bluest end (light blue points), and from galaxies (dark blue points). More
than 90% of the bright GC candidates with Iz < 21.5 (green points) selected in this work are located on this diagram, while less than 10% are

consistent with being a foreground star or background galaxy.

valid elsewhere in the data, within the cluster. This rate is about
80% for dwarf galaxies considering the less strict colour cut
applied for GC selection around them. This is consistent with the
estimated completeness of combined I; and Y; detections from
GC simulations; that GC detection rate is 80% down to I, = 25.2,
which is 1.7 mag fainter than the typical turn-over magnitude of
GCLF. After applying colour cuts, we identify 5631 and 1923
GC candidates in the Fornax cluster brighter than I; = 25 and
I, = 23.5 (the typical GCLF turn-over magnitude), respectively,
of which 4691 and 1556 are not in any of the previous spectro-
scopic catalogues and the ACSFCS candidates (with high GC
probability).

The purity of the final GC sample is harder to evaluate.
Normally, the purity of a photometric GC sample can be eval-
uvated by comparing the sample with a complete sample of
spectroscopically confirmed GCs and/or assessing the identified
GC candidates in a field where no GCs are expected. Neither of
these two approaches applies to the ERO-F given the incomplete
spectroscopic GC samples and the high GC density environ-
ments in the central region of the Fornax cluster. Instead, we
employ the uiK diagram (u — i versus i — K;) to make an assess-
ment of the GC candidates, assuming that the true GCs lie on a
specific GC sequence in this colour-colour space (Mufioz et al.
2014). For this purpose, we cross-match the GC candidates with
the optical/near-infrared photometry of the Fornax cluster pro-
vided in Saifollahi et al. (2021a). Given the limited depth of the
ground-based data in u and K, we can only assess GC candidates

brighter than I, = 21.5 with this method. In this magnitude
range, 90% of the candidates have photometry in u and K. The
upper panel of Fig.7 shows the uiK diagram for the detected
sources in the data, including spectroscopic GCs, spectroscopic
stars and galaxies, as well as the GC candidates in this work. By
visually assessing this plot, more than 90% of the GC candidates
seem to be located on the GC sequence, while less than 10% are
consistent with being foreground stars and background galaxies,
respectively.

While the uiK, diagram is powerful in distinguishing GCs
and non-GCs, collecting sufficiently deep (ground-based) data
in u and Kj is very challenging and observationally expensive.
In the meantime, the gri colour-colour diagram (g — r vs. r — i),
even though it does not provide a clear separation between GCs
and non-GCs (Fig.7 in the lower panel), can be assessed for
GCs 2 mag fainter than what is shown in the uiK diagram. Here
we do not apply any colour cuts based on the ground-based
optical/near-infrared photometry; however, these additional pho-
tometric data from deep ground-based surveys (e.g. FDS, DES,
NGEFS for the Fornax cluster) are complementary to Euclid data
and could be used in future for further cleaning the GC samples.
For the EWS, the data from Euclid ground segment will pro-
vide complementary deep optical imaging data. In particular, the
Canada—-France Imaging Survey (CFIS) and the Legacy Survey
of Space and Time (LSST) data in u-band will be beneficial for
further cleaning the catalogues of GC candidates derived from
Euclid observations from non-GCs.
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Fig. 8. Projected distribution and density map of GC candidates (white points) brighter than Iz = 23.5 (left panel) versus the diffuse light in Iy
(background image in the right panel) in the ERO-F field of view in the Fornax cluster. In the left panel, the size of the white points (GC candidates)
corresponds to the total magnitude of GC candidates (brighter GCs appear larger). In the right panel, the smoothed version of the ERO-F data
made from four exposures is shown. This is a different stack than the stacked frame used for the GC selection (which is made from two exposures

with the best PSF). The black lines within the image are regions without any available data.

5.2. The spatial distribution of GCs

Due to the magnitude limits of the spectroscopic searches for
GCs in the Fornax cluster, such surveys have only covered the
brightest end of the GCLF and are highly incomplete at the faint
end. The ACSFCS survey is deep but limited to small fields
around the galaxies in their sample. Therefore, the distribution
of the intracluster GCs (ICGCs) is less known outside the core
of the Fornax cluster. On larger spatial scales, the most recent
ground-based photometric searches of GCs within the virial
radius of the cluster (Cantiello et al. 2020; Saifollahi et al. 2021a)
are expected to be contaminated by non-GCs, as discussed in the
previous subsection. In the Euclid data, we automatically iden-
tify GC candidates independent of their location and thus also
in the intra-cluster region. Since our sample is expected to be
about 70% complete, we can examine the spatial distribution of
intra-cluster GCs.

Figure 8 shows the projected distribution and the density
contours of the selected GCs brighter than I, = 23.5 across
the FoV in the left-hand panel. In the right-hand panel, the
four-image I stacked frame is shown. In this frame, the main
galaxies and extended diffuse intracluster light (ICL)® within the
Fornax cluster can be easily seen. At first glance when consid-
ering Fig. 8, the density distribution of the GCs appears to share
some patterns with the ICL. In particular, it seems that both the
GC distribution and the ICL show a characteristic excess in the
south-east corner of the FoV, which is expected because this
is the direction of FCC 213 (NGC 1399), the central dominant
galaxy of the Fornax cluster that is located just outside the field
of view (D’Abrusco et al. 2016; Cantiello et al. 2020; Diego et al.
2023). Here, we discuss and investigate this possible connection
between the ICL and the GC density distribution in more depth.

6 The diffuse light within the ERO-F data is a mixture of ICL and the
extended stellar halo of galaxies. Here for simplicity, we only refer to it
as the ICL.
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5.2.1. Intracluster light within the Fornax cluster

The apparent distribution of the diffuse light in the ERO-F data
must be interpreted with caution because of low-level straylight
in some areas of the ERO-F image. lodice et al. (2016) used FDS
deep images to highlight the extended diffuse halo of FCC 213,
the western part of which is also clearly seen in the south-east
corner of our FoV. Iodice et al. (2017) subtracted galaxy light
and they were able to describe a much more extended diffuse-
light distribution, which reaches (in projection) from FCC 213
to FCC 184 and to the smaller elliptical galaxy FCC 182, and
even to the edge-on spiral FCC 170. The 4-image I.. stack from
ERO-F confirms the presence of diffuse light on these scales.
The diffuse light is clearly significant from FCC 213 to FCC 184
and FCC 167, but only marginally significant north of FCC 170.
Future EWS data, in which a correction for straylight in /; will
be implemented that is not yet available, will be needed to
check whether or not diffuse light really extends from the cen-
tral regions of the galaxy cluster to FCC 167 in the north of
our FoV or to FCC 147 towards the west. Such extensions are
not seen in the ground-based data of Iodice et al. (2017), but a
connection to FCC 167 would not be too surprising considering
the current understanding of the three-dimensional structure of
this area of the Fornax cluster. Indeed, according to the surface
brightness fluctuation (SBF) estimates of Blakeslee et al. (2009),
recalled in Table 1, FCC213 and FCC 167 are at similar dis-
tances, respectively, (20.9 + 0.9) Mpc and (21.2 + 0.7) Mpc. The
projected separation between these two galaxies is only about
250 kpc. On the contrary, Blakeslee et al. (2009) place the spi-
ral FCC 170 about 1 Mpc further (21.9 Mpc), and FCC 147 about
1 Mpc closer to us (19.6 Mpc).

5.2.2. Distribution of GCs versus ICL

To further investigate this possible connection between the ICL
and the GC density, we divide the FoV of the ERO-F data into
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Fig. 9. 2D maps of GC density, flux density, and the ratio between
them across the FoV: (a) GC density in the Fornax FoV binned into
a 20 x 20 grid, (b) flux density of diffuse light within the same cells as
panel (a), with all bright galaxies and other bright sources masked, (c)
ratio between the GC density and the flux density of the diffuse light.
The colour-bar on the left corresponds to the ratios shown in this panel.

a 20 x 20 grid and calculate the GC density, the average ICL
flux density, and the ratio between these two in each cell. This
is shown in Fig. 9. To calculate the ICL flux density, we mask
the pixels in the image above a threshold that corresponds to
roughly 4 times the half-light radius for the bright galaxies. This
is necessary so that the calculation of the average flux is not dom-
inated by bright galaxies and stars in the cells. As seen in Fig. 9,
the area around the brightest galaxies in the FoV produces sev-
eral local peaks in both GC density and ICL flux maps. Outside
the proximity of the bright galaxies, we see substantial ICL flux,
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Fig. 10. Diffuse light flux density (Fig. 9b) plotted against the GC den-
sity (Fig. 9a) for each bin of the 2D histogram.

as well as GC density. To calculate the ratio between GC den-
sity and ICL flux density, we use the same mask used earlier.
As shown in Fig. 9c, the ratio between GC density and ICL flux
scatters around the mean and there are no areas with obvious
lack of GCs compared to what would be expected from the ICL,
indicating that the ICL mostly follows the GC distribution.

This correlation between the ICL flux density and GC den-
sity is visualised in Fig. 10 for each cell of the two-dimensional
histogram. We find a correlation between the average ICL flux
density and GC density indicating that indeed most of the GCs
follow the ICL distribution. The empty area in the top left of the
figure implies that for a given density of GCs, there is always a
minimum flux in ICL light that is significantly above the back-
ground. This implies that for a certain threshold in GC density,
there is always a corresponding minimum diffuse light level,
supporting the idea that this correlation is real and not an artefact
(e.g. stray light).

Thus, while there is a scatter in the relation, as it is expected,
the ERO-F data indicates that GCs trace the ICL light in galaxy
clusters. A more global correlation between diffuse light and the
density distribution of GCs was also found in ultra-deep JWST
observations of a massive cluster at z = 0.4 (Diego et al. 2023;
Martis et al. 2024), and in the Euclid observations of the Perseus
galaxy cluster (Kluge et al. 2025). A combined view of GCs
and ICL within the Fornax cluster emphasizes Euclid’s excellent
view of the compact sources and low-surface brightness features
at 20 Mpc, despite the non-optimal data used in this work.

5.3. GC properties of dwarf galaxies

The dwarf galaxies we study here (30 galaxies) were taken from
the FDS dwarf catalogue (Venhola et al. 2018, 2022), where the
authors apply size and colour criteria for discerning member
dwarf galaxies from background galaxies. We present the list of
these dwarf galaxies and their properties in Table 2. The results
of exhaustive searches for new dwarf galaxies in the ERO-F data
will be discussed elsewhere. Preliminary tests on these dwarf
galaxies have shown that we can use the SBF method to estimate
distances for the galaxies in the field, including several dwarfs.
This will provide a great tool to establish group membership of
the dwarf galaxies in the future.
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Fig. 11. A few examples of Euclid VIS image cutouts centred on the most massive dwarf galaxies in the Fornax cluster in our sample, with stellar
masses of M, > 107 M, (see all 14 dwarf galaxies in this stellar mass range in Fig. C.1). The cutouts correspond to 4 times the half-light radius
(of dwarf galaxies) on each side. North is up, east to the left. The red circles mark the final GC candidates that were selected based on their
compactness and colours. Those candidates that pass the compactness criteria, but do not satisfy colour selection, are shown with orange circles.
The green circles show all the sources identified around these dwarf galaxies. The three numbers below the name of each dwarf galaxy correspond
to the number of GC candidates within 3R., the number of GC candidates in the background normalised to the area within 3R., and the estimated
number of GCs corrected for incompleteness, respectively.
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Fig. 12. Similar to Fig. 11 but for dwarf galaxies with stellar mass M, < 10" M, (see all 16 dwarf galaxies in this stellar mass range in Fig. C.2).
On average, the galaxies in this stellar mass range do not host GCs; however, there are a few exceptions with GC number counts greater than
zero. Considering the detections and possible contaminants, statistically one expects the dwarf galaxies FDSLSB45 (with M, = 5.89 x 10° M),
FDSLSB43 (with M, = 5.83 x 10° M), FDS16_DWARF227 (with M, = 5.78 x 10> M,,), and FDSLSB36 (with M, = 5.76 x 10° M) with 1.0,

0.7, 0.9, and 0.7 GCs, respectively (see Fig. C.2).

In Sect.5.1, we discussed that the GC sample of dwarf
galaxies in the ERO-F FoV is expected to be 80% complete.
Our sample, unlike the majority of previous works, extends to
GCs well below the GCLF turn-over magnitude. However, at
those faint limits, the contribution from intracluster GCs, as
well as contamination (foreground stars and background galax-
ies) become increasingly important, which one must carefully
take into account. Figures 11 and C.1 show the brightest dwarf
galaxies in the sample and their GCs identified in this work.
By visual inspection of the I; images of the dwarf sample, it
seems that the dwarf galaxies with a stellar mass less than M, =
107 Mo, on average host no GCs, although with a few exceptions
(Fig.C.2).

Our search for GCs around dwarf galaxies in the ERO-F
data also identifies the nuclear star clusters (NSCs, Turner et al.
2012) of several dwarf galaxies in the sample as GC candi-
dates. This is reasonable, given the similarity of the majority
of NSCs of dwarf galaxies to bright GCs, in terms of compact-
ness and colours. The suggested formation scenario of NSCs in
dwarf galaxies is that NSCs are formed after inspiraling into
the centres of galaxies (Ordenes-Bricefio et al. 2018; Sanchez-
Janssen et al. 2019; Johnston et al. 2020; Fahrion et al. 2022;
Roman et al. 2023). We find that 47% of all the dwarf galaxies
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in this study host an NSC, which is consistent with predictions
for the nucleation fraction at that mass range (Sdnchez-Janssen
et al. 2019). Furthermore, for four dwarf galaxies in the sam-
ple, we identify a previously undetected NSC, namely galaxies
FDS11_365, FDS10_034, FDS16_172, and FDSLSB220. This
proves the capabilities of Euclid for detecting the faintest NSCs,
which is necessary for studying the nucleation fraction of dwarf
galaxies. Considering the newly discovered NSCs, we find a
nucleation fraction of 85% for galaxies with a stellar mass
between M, = 10" M and M, = 108 M, (13 galaxies), which is
higher than the expected range (50-60%, Sanchez-Janssen et al.
2019). The NSCs of dwarf galaxies will be studied in detail in a
future paper (Fig. 12).

In this section, we focus on the properties of GCs around
these dwarf galaxies. The intracluster GC candidates are a major
source of contamination when studying GCs of dwarf galaxies
since there is no way for us to determine whether the candidates
of a given dwarf are bound to it. Because our observations are
close to the core of the cluster, the density of intra-cluster GCs
relative to the GCs of dwarf galaxies is high. Due to this and the
fact that dwarfs host a small number of GCs, we use the stacked
average properties of GCs around these dwarf galaxies in order
to be less affected by individual contamination.
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Fig. 13. Total number of GCs as a function of the stellar mass of the
host for the dwarf galaxies in this work (black stars). Top: Compari-
son with other studies in the Fornax cluster. The total GC numbers of
massive galaxies from ACSFCS from Liu et al. (2019) are shown as
red discs and those of the Fornax cluster central LSB galaxies from
Prole et al. (2018) as yellow crosses. The black curve shows the aver-
age GC number for a given mass range of dwarf galaxies in this work
(30 galaxies). Error bars correspond to the uncertainties on the mean.
The three relatively GC-rich dwarf galaxies above this curve are indi-
cated by the last three digits of their FDS name. Bottom: GC numbers for
galaxies in other environments. Massive galaxies from the ACS Virgo
Cluster Survey (Peng et al. 2008) are shown as blue squares, Virgo clus-
ter dwarf galaxies from Carleton et al. (2021) as green triangles, dwarf
galaxies in the local Volume from Carlsten et al. (2022) as green crosses,
NGC5846-UDG1/MATLAS2019 from Miiller et al. (2021) with a pur-
ple disc (the value of 54 GCs reported by Danieli et al. 2022 for this
galaxy is beyond the range displayed), UDGs from Saifollahi et al.
(2022) and Ferré-Mateu et al. (2023) (see references therein) as pink
squares, and NGC1052 DF2 and DF4 from Shen et al. (2021) as dark
blue triangles.

5.3.1. Total GC number

The GC numbers are estimated by counting all the GC can-
didates as faint as I; = 25.0 within a 480 arcsec box around
each galaxy. We count the GC candidates within 3R, (dwarf-GC
count), and between SR, and 15R. (background count), and nor-
malize the counts to the area within 3R.. Then, we subtract the
latter from the former and correct the result for incompleteness
(a factor of 1.25, considering the overall completeness of 80% in
GC identification), which then gives us an estimate of the total

number of GCs (Ngc). We note that this is different from the
approach taken in the majority of recent works on GCs of dwarf
galaxies that count GCs up to the turn-over magnitude of GCLF
and correct the GC total number for the faint end of the GCLF
(a factor of 2). Instead, we count all the GCs, considering that
our observations are expected to reach the faint end of GCLF.
Additionally, we justify the choice of 3R, later in this section,
where we study the radial distribution of GCs around their host
dwarf galaxies. This choice is consistent with the GC radial dis-
tribution previously observed for dwarf galaxies (Carlsten et al.
2022). Ideally, one needs to study the GCLF and the GC distribu-
tion of individual objects to estimate the GC number. However,
this is not possible for low GC count objects such as the dwarf
galaxies in our sample.

The total number of GCs in a given galaxy correlates with
its total dark matter halo mass (Harris et al. 2013; Burkert &
Forbes 2020) as a consequence of the hierarchical formation
of massive galaxies (El-Badry et al. 2019). However, for dwarf
galaxies, while the observational evidence supports such a corre-
lation, more studies are needed to understand the physics behind
this scaling relation. We present the total number of GCs for a
given galaxy in Fig. 13. For dwarf galaxies less massive than
M, = 107 M,, the average number of GCs per galaxy is con-
sistent with zero, except in a few cases. In particular, for a few
dwarf galaxies with a stellar mass of less than M, = 10° Mo,
namely FDSLSB45 (with M, = 5.89 x 10° M,), FDSLSB43
(with M, = 5.83 x 10° M), FDS16_DWARF227 (with M, =
5.78 x 10° M), and FDSLSB36 (with M, = 5.76 x 10° M)
with 1.0, 0.7, 0.9, and 0.7 GCs, respectively. The dwarf galaxies
with a stellar mass larger than M, = 10’ M, host between 0 and
13 GCs, while 17% of them have a GC number of 5 and more.

Figure 13 compares the total GC numbers of dwarf galax-
ies in this work with the ones in the literature in the Fornax
cluster (upper panel) and in other environments (lower panel).
The upper panel of Fig. 13 presents the total GC numbers of
Liu et al. (2019) for the massive galaxies in Fornax using the
ACSFCS observations, and those of Prole et al. (2019) for LSB
galaxies in the central regions of Fornax using the data of FDS.
We also present the average GC number of dwarf galaxies in this
work for four stellar mass bins (black curve). Overall, the GC
numbers of galaxies seem to follow a continuous relation from
the massive galaxies (red circles) to dwarf galaxies (back stars).
Some of the dwarf galaxies show a higher than average GC
number, namely FDS16_DWARF257, FDS11_DWARF294, and
FDS11_DWARF306 with estimated GC numbers of 12.2, 13.0
and 11.1 (background-subtracted and completeness-corrected).
These GC-rich dwarf galaxies are indicated in the upper panel
of Fig. 13 and are located above the black curve.

In the lower panel of Fig. 13, along with the total GC num-
bers in this work, we present the GC numbers of the massive
(Peng et al. 2008) and dwarf galaxies (Carlsten et al. 2022) of
the Virgo cluster, and of local Volume dwarf galaxies (Carlsten
et al. 2022). In addition to these GC samples, we show the results
for some GC-rich ultra-diffuse galaxies (UDGs, van Dokkum
et al. 2015) in the literature studied using HST Saifollahi et al.
2022; Ferré-Mateu et al. 2023; Gannon et al. 20247. Here we
use the GC numbers from the catalogue, except the GC numbers
of some of the Coma cluster UDGs DF44, DFX1, DF07, and
DF17. For these Coma cluster UDGs, we use the more recent GC
number estimates in Saifollahi et al. (2022). We also included
NGC 5846-UDG1/MATLAS2019 in the NGC 5846 group

7 Gannon et al. (2024) provides spectroscopic properties as well as GC
numbers of UDGs and it is compilation of several works.
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(Miiller et al. 2021; Danieli et al. 2022), and NGC 1052-
DF2 and NGC 1052-DF4, two UDGs lacking dark mat-
ter in the NGC 1052 group (van Dokkum et al. 2018b,
2019). In this context, The GC numbers of the three GC-
rich dwarf galaxies (FDS16_DWARF257, FDS11_DWARF294,
FDS11_DWARF306) seem to be an extension of the GC-rich
UDGs with two to three times more GCs than average at a
given stellar mass. These dwarf galaxies are a UDG by defini-
tion (FDS11_DWARF306 with R, = 1.45kpc is marginally a
UDG). The galaxy FDS11_DWARF246 is another UDG in the
sample with zero GCs. This dwarf galaxy is located close to the
FCC 213, and therefore the estimated GC number for this object
is highly affected by the ICGS. In the future, with such informa-
tion on the GC contents of dwarf galaxies as well as their stellar
populations, we will be able to investigate the various formation
scenarios of UDGs and dwarf galaxies (Ferré-Mateu et al. 2023;
Buzzo et al. 2024). The latter would be possible using Euclid’s
data combined with the ground-based surveys.

5.3.2. GC luminosity function

The GCLF of massive galaxies typically follows a near-Gaussian
profile in logarithmic units of luminosity with a peak around
My = -7.5 (Rejkuba 2012) and a standard deviation of o =
1.2 mag. Trends with host galaxy properties have been identified,
such as a decrease in the width of the GCLF with decreasing
luminosity (Villegas et al. 2010, hereafter V+10). The study of
the GCLF of low-mass dwarf galaxies requires larger galaxy
numbers than for massive galaxies, and the GCLF properties
in this regime remain controversial. While earlier works showed
that the GCLF is Gaussian for dwarf galaxies (Georgiev et al.
2009), more recent work on UDG and LSB galaxies has sug-
gested that there might be a wide range of GCLFs for dwarf
galaxies (van Dokkum et al. 2018a). This could be a conse-
quence of small galaxy samples, as well as small numbers of
GCs within dwarf galaxies, or bias towards the environment with
the FoV. With a single Euclid pointing within the Fornax galaxy
cluster, small samples remain a limitation for the dwarf galaxy
GCLF and the early trends discussed must be reviewed when full
coverage becomes available.

Before producing the GCLF, we repeat the photometry of
GC candidates in I using an aperture with a radius of 3 times
the FWHM in [, about 5.7 pixels. This aperture is twice the size
of the aperture used in Sect. 3.2 and provides a better estimate of
the total luminosity of the GCs. This choice of aperture size is
particularly important for studying the GCLF at the bright side,
where GCs are typically larger. For these GCs, our earlier pho-
tometry with smaller apertures would underestimate their total
luminosity by about 10% for the largest GCs, while with the
larger aperture, the fraction of missing light is below 1%. Using
a smaller aperture for photometry of GCs would lead to more
accurate magnitude and colour estimates for fainter and smaller
GCs, which is critical for GC identification and that is why it was
used earlier in Sect. 3.2.

Here, we produce the GCLF using all GC candidates within
4 R, of their host for massive galaxies (in Table 1), and within
2 R, for dwarf galaxies. We exclude the central 0.1 R, of dwarf
galaxies to remove the NSCs, and the central 0.2 R. of massive
galaxies where GC selection becomes too difficult. The differ-
ent selection radii are implemented because the radial extent of
GC systems relative to the effective radius of their host is known
to scale with the host galaxy mass (De Bértoli et al. 2022), and
because a selection radius larger than 2 R, for dwarfs is not war-
ranted by our data (see Sect.5.3.3). For massive galaxies, our
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selection radius is about 15% larger than the typical effective
radius of the GC systems found by Hudson & Robison (2018).

The stacked GCLF of dwarf galaxies includes dwarf galaxies
with a stellar mass larger than M, = 107 M, (14 dwarf galaxies,
shown in Fig. 11), which have GC numbers larger than 1. We
sum up all the GC candidates for these 14 dwarf galaxies and
derive the stacked luminosity function of GC candidates of dwarf
galaxies. Next, we estimate the average contamination from the
background and subtract it from the luminosity function of GC
candidates. The background includes intracluster GCs, as well as
any foreground stars or background galaxies that passed the GC
selection criteria. We estimate its contribution by selecting GC
candidates between 5R. and 15R. from the 14 dwarf galaxies
used for this analysis, normalised to the total area of the back-
ground and multiplied by the total area within 2 R, of the 14
dwarf galaxies. Finally, we correct the background-subtracted
luminosity function for the incompleteness of detection, based
on the results of Sect. 3.3. We use the same background and com-
pleteness correction procedure for deriving the GCLF of massive
galaxies. The outcome is the stacked GCLF of galaxies shown
in Fig. 14. For the massive galaxies (top panel), we do indeed
recover a GCLF similar to a Gaussian for our GC candidates.
It has a turnover at I; = 22.90 + 0.09, which corresponds to an
I; absolute magnitude of —8.59 + 0.09. A conversion between I,
and V for old and metal-poor GCs leads to My = —8.06 mag.
The width of the GCLF is oo = 1.06 + 0.07. The derived GCLF
parameters are consistent with the GCLF parameters reported in
V+10 using the ACSFCS data.

The GCLF of dwarf galaxies is shown in the bottom panel of
Fig. 14. Its appearance is more irregular than that of the massive
galaxies; despite stacking we remain in a regime of small num-
ber statistics with this single-field observation. The initial dwarf
GC-candidate sample contains 112 objects, and we distributed
them into 12 bins. After statistical correction for the background,
this number is reduced to about 38 objects. The statistical
errors are estimated with Poisson statistics before background
subtraction and then propagated. We have obtained best-fit Gaus-
sian estimates of the intrinsic GCLF of dwarf galaxies in two
ways. Firstly, we computed heteroscedastic maximum-likelihood
parameters for the binned background-corrected distribution
(Fig. 14). Secondly, we computed parameters using individual
measurements (before any background subtraction), for a model
that combines a representation of the background magnitude dis-
tribution, a Gaussian GCLF for the dwarfs, the completeness
correction, and a prior on the proportion of contaminants that is
compatible with the statistical background subtraction of the first
method. In the second approach, the parameters are the mean and
standard deviation of the Gaussian and the relative scaling of the
Gaussian relative to the background. This latter method takes
into account the individual photometric uncertainties. Details for
it are provided in Appendix A. Both methods can be repeated,
with variations for instance in the exact bin boundaries for the
first one, or in the exact range of magnitudes taken into account
for the second.

Using the first method, we find that the best-fit Gaussians
have a mean magnitude of ppeax = 23.6 + 0.42, and a GCLF
width of o = 1.00 + 0.33. The second method based on individ-
ual measurements gives ppeax = 23.2+0.2, and a GCLF width of
o = 0.9 £ 0.2. In the second method, no background-subtraction
is performed and the fitting function includes a background
component. The uncertainties quoted here account for changes
in the best-fit parameters depending on the details of the fit-
ting method. However, the maxima of the posterior probability
distributions are quite flat, and a broader range of parameters
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Fig. 14. Stacked GCLF of massive galaxies (top) and dwarf galaxies
(bottom). The GCLF is derived for the final GC candidates in this work
(selected based on their compactness, colour and ellipticity). The black
histogram shows all GC candidates within 4R, and 2R, of a given
host galaxy for massive and dwarf galaxies, respectively. The red his-
togram shows the magnitude distribution of background sources, and
the blue histogram is the background-corrected histogram. The best
fit Gaussian to the background-corrected histogram is shown as the
black line. The histograms are completeness-corrected. The errorbars
represent the Poisson uncertainties for the number of GC within the
magnitude bin and take into account the Poisson uncertainties from
the (subtracted) background. The displayed best Gaussian fit for the
GCLF of dwarf galaxies is done including and excluding the GC excess
between Iz = 22.0 and 22.5., shown with grey and black curves, respec-
tively.

has probabilities within one e-fold of the best fit (contours in
Fig. A.1c). The errors for u and o are correlated (same figure).
Extrapolating the results of V+10 to the lower luminosities
of the dwarf galaxies in this work, the estimated GCLF peak
is, within uncertainties, consistent with expectations; however,
we find a wider GCLF than expected. The extrapolated ACS-
FCS results suggest that most galaxies in the luminosity range
of our sample would have a narrow GCLF with o = 0.5 for
dwarf galaxies of the same luminosity as in our sample, while
our probability analysis shows that such a small o is unlikely to
describe the observed GCLF. We estimate that the ratio between
the probabilities of having a broad GCLF with o = 0.9 and
a narrow GCLF width with o = 0.5 is more than 40. This
broadening of the GCLF of dwarfs cannot arise from a distance
difference: based on the SBF distance for the Fornax cluster
galaxies (Blakeslee et al. 2009), the bright galaxies in ERO-
F are at (20 + 1) Mpc. This + 5% scatter in distance translates

into roughly +0.1 mag on the distance modulus, which could
contribute only about + 0.1 mag to the width of the GCLF.

The larger GCLF width found here seems to arise from a
population of bright GCs with I; between 22 and 22.5, corre-
sponding to My between —9 and —8. In particular, the binned
GCLF of Fig. 14 displays a peak for I between 22 and 22.5. The
aspect of the peak depends to some extent on binning choice,
but a clear jump at I; = 22.4 is seen even in the distribution of
individual GC-candidate magnitudes. Although this peak rep-
resents only a 1.5-2 ¢ deviation from the bin-value expected
from a smooth model, its presence has the effect of favouring
larger values of o. Given the location of this second GCLF
peak at My = —9 this GCLF is similar to the stacked GCLF of
two UDGs in the NGC 1052 galaxy group lacking dark mat-
ter, NGC 1052-DF2 and NGC 1052-DF4 (Shen et al. 2021).
Such massive GCs around low-mass dwarf galaxies are valu-
able objects for studying star cluster formation. Repeating the
fitting after excluding the excess of bright GCs using the first
and second methods results in a lower o, about oo = 0.52 £ 0.13
and o = 0.5 = 0.2 (see Fig. A.2), respectively. These values are
consistent with the above-mentioned expectations for the GCLF
of dwarf galaxies. These results overall show that the GCLF of
dwarf galaxies is not a single Gaussian distribution.

The relevance of the bright peak in the dwarf GCLF will
have to be re-investigated once Euclid has covered the whole
Fornax cluster. The effect of the bright GCs on the fit param-
eters justifies a closer examination of those objects. We find
that the majority of the GC candidates composing the peak are
around only three of the 14 dwarf galaxies (FDS11_DWARF155,
FDS10_DWARFO014, FDS11_DWARF294) and each contribute
two GCs in the bright GC excess. The first two out of these three
dwarf galaxies are the most massive ones in the sample, with
stellar masses equal to or larger than M, = 108 M. Addition-
ally, all three dwarf galaxies have a bright and dominant NSC,
and a relatively high number of GCs among the dwarf sample,
with 9.9, 6.6, and 13.0 GCs. The presence of the bright GC
components might be connected to the massive halos of these
galaxies, since these three dwarf galaxies are among the ones
with the largest GC number (Forbes & Gannon 2024) and bright-
est NSCs. Two of them are 100 kpc from the centre of the Fornax
cluster while the third one is at 300 kpc. We will re-investigate
this finding using the future Euclid data for the Fornax cluster
and other nearby systems.

5.3.3. GC radial distribution

Here, we study this GC profile for the dwarf galaxies in our sam-
ple (30 dwarf galaxies). With the Euclid data and the GC sample
presented here, one can inspect the stacked radial profile of GCs.
For that purpose, we normalize the galactocentric distances of
GCs to their host galaxy to the effective radius of the host (R.).
Additionally, we only consider dwarf galaxies with a stellar mass
of M, = 107 Mg and larger (14 galaxies) because they seem to
have a few GC candidates. Stacking the GC radial distributions
of these dwarf galaxies, we aim to enhance the low GC number
statistics and reduce the statistical effect of contamination.
Figure 15 presents the GC radial profile of these dwarf
galaxies. As is seen in this figure, GCs are distributed out to
3R. from their host dwarf galaxies. Beyond 3R. (2R. in the
lower panel), the GC distribution reaches a plateau (i.e. has
reached the ICGCs), consistent with being due to a uniform
background. This is valid for the GCs brighter than I, = 23.0
(upper panel) and I; = 24.5 (lower panel). We fit a Sérsic pro-
file to the stacked GC radial distribution to characterize this
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Fig. 15. Stacked radial distribution of the GC number density of dwarf
galaxies (14 galaxies with stellar masses of M, > 107 M) for GCs
brighter than Iz = 23 (upper panel) and GCs brighter than Iz = 24.5
(lower panel). The GC radial distance from the centres of their host
galaxies (x-axis) is normalised to the host galaxy’s effective radius (R.).
The GC number density (y-axis) represents sum of GCs around all the
14 dwarf galaxies has the unit of R;%. For a typical dwarf galaxy with
R, = 1kpc this unit corresponds to kpc 2. The red-dashed curve demon-
strates the best-fit Sérsic profile for the binned data and the displayed
error bars. The errors correspond to Poisson uncertainties of the num-
ber of GCs normalised to the unit area.

distribution. We quantify the radial profile of GCs by using
the ratio between GC half-number radius and galaxies’ effec-
tive radius (Rgc/R.). We estimate Rgc/R. = 0.84 + 0.27 and
Rge/R. = 0.80 £ 0.22 for the GCs brighter than I; = 23.0 and
I, = 24.5, respectively. The values of the Sérsic index are very
uncertain and about 1.6 + 1.9 and 0.5 + 0.7 respectively. We note
that the GC radial profile of dwarf galaxies presented here is
produced excluding the NSCs. The GC radial profiles in Fig. 15
are based on 67 and 305 GC candidates within 5R., for GCs
brighter than I; = 23.0 and I; = 24.5, respectively. However,
about half of these GCs are around three GC-rich dwarf galaxies
in the sample (FDS16_DWARF257, FDS11_DWARF294, and
FDS11_DWARF306). Therefore, the GC radial profile might be
highly biased to these systems. However, we do not see any dif-
ference in GC profiles when we divide the three GC-rich systems
and the rest of the dwarf galaxies.
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These results do not support the common view of GC pro-
file of dwarf galaxies with Rgc/R. = 1.5 (van Dokkum et al.
2017; Lim et al. 2018). This ratio has been studied in a few
more recent works using ground-based data of dwarf galaxies
(Carlsten et al. 2022) and space-based data for GC-rich UDGs
(Miiller et al. 2021; Montes et al. 2021; Saifollahi et al. 2022;
Janssens et al. 2022). Carlsten et al. (2022) studied dwarf galax-
ies in the local Volume, in galaxy groups and also in the Virgo
cluster and found Rgc/R. = 1.06 and Rgc/R. = 1.25, respec-
tively. Within uncertainties, the estimated Rgc/R. in this work
is consistent with Carlsten et al. (2022), but also indicates that
GC distribution is even more compact. Carlsten et al. (2022)
was based on optical ground-based imaging, and therefore the
slightly higher values could arise from higher contamination in
ground-based GC samples. However, our estimated Rgc/R. is
consistent with Rgc/R. < 1 found for GC-rich UDGs using the
HST. The fact that these objects are GC rich is the reason that
the authors could estimate Rgc/R. for these objects.

Overall, the estimated values of Rgc/R. imply that the GCs
of dwarf galaxies, regardless of being GC rich or GC poor, UDG
or non-UDG, have a more compact radial distribution than the
expectations for dwarf galaxies based on the previous works.
This points to a diversity of GC properties of dwarf galax-
ies in their radial profile and potentially has implications for
astrophysical processes that are involved in formation and evo-
lution of various types of dwarf galaxies. Studying this diversity
and understanding dwarf galaxies through their GCs is one of
the main objectives of Legacy Science with the Euclid Wide
Surveys.

Furthermore, based on the best-fit Sérsic function, the
stacked radial distribution of GCs (Fig. 15) reaches the back-
ground level (0.5 = 0.1)R;? and (3.3 = 0.3)R;? for the GCs
brighter than I, = 23.0 and I; = 24.5, respectively. On average,
this corresponds to 0.04 R;? and 0.24 R;> GCs for each galaxy.
Assuming an average R. = 1kpc for the dwarf galaxies in the
sample, these values convert to 0.04kpc™ and 0.24kpc™2. In
total, we estimate, 0.4 and 2.1 GCs within 3R, of each dwarf
galaxy. The GC background originates from ICGCs and non-
GCs. Therefore, the above-mentioned estimations provide an
upper limit on the purity of the GC candidates and an upper limit
on the contamination from non-GCs for their corresponding
magnitude range.

6. Summary and conclusions

In this paper, we have presented the Euclid ERO data of a field in
the Fornax cluster to investigate the potential of Euclid data for
studying GCs, particularly around dwarf galaxies. We followed
a step-by-step analysis to maximise the efficiency of source
detection and the accuracy of the source photometry. We iden-
tified a catalogue of candidate GCs in the studied Fornax FoV
using the Euclid data by modelling the PSF, performing source
detection, and finally obtaining aperture photometry of all the
detected sources. We then applied cuts in colour and compact-
ness to select the most likely sources for our final GC candidate
catalogue. We estimated the completeness of GC detection by
injecting artificial GCs into the data.

Additionally, we assessed the performance of the GC detec-
tion using the spectroscopically known GCs as well as GC
candidates of the ACSFCS. Overall, we recovered approxi-
mately 80% of GCs in I; and Y; down to magnitude I; = 25.2.
This is 1.7 mag fainter than the typical turnover magnitude of
the GCLF at My = —7.5. The completeness limit is driven by the
NISP images, which in these early Euclid observations lack the
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ancillary data needed for more precise calibrations that became
possible a few weeks later; the EWS data will be more complete.

The purity of the derived GC candidate catalogue is much
harder to estimate because there is no easy way to know how
many foreground and background contaminants remain after
our colour and completeness cuts. Photometrically selected GC
samples tend to have contamination, and only spectroscopic
follow-up will show exactly what the purity of the sample is.
Here, we assessed the purity of the bright GCs and showed that
about 80% of the GC candidates for GCs brighter than /; = 21.5
are true GCs, based on the uiK; and gri colour-colour diagrams
of GC candidates.

We used the final GC candidate catalogues to study the prop-
erties of the GCs surrounding dwarf galaxies in the Fornax
cluster as well as the spatial distribution of the intracluster GCs.
Our main findings are as follows:

— We identified more than 5000 new GC candidates in the For-
nax cluster and within the ERO-F FoV, brighter than [, = 25
(My = —6). This magnitude corresponds to 1.5 mag fainter
than the typical GCLF turnover magnitude (My = -7.5) at
the distance of the Fornax cluster. We showed that the ICGC
sample is 70% complete at this magnitude. Furthermore,
we discussed how the identified ICGCs follow a distribution
similar to the ICL within the FoV;

— Overall, dwarf galaxies in the Fornax cluster have Ngc val-
ues consistent with the expectations for dwarf galaxies of
their stellar mass. Three dwarf galaxies (UDG by defini-
tion) seem to have more GCs than the average and are thus
GC rich. Dwarf galaxies less massive than M, = 107 M,
(M, > —13.5) on average have no GCs, except in a few cases.
In particular, we identified a few dwarf galaxies with a stellar
mass less than M, = 10® M, that have about one GC each;

— The GCLF of dwarf galaxies does not seem to follow a Gaus-
sian distribution. However, assuming that it is a Gaussian
distribution, the GCLF has a turnover magnitude at about
I, = 23.62 £+ 042 (My = —-7.38 £ 0.42), which is consis-
tent with values in the literature. However, the width of the
GCLF of dwarf galaxies, oo = 1.00 + 0.33, is larger than the
expected value. This broadening of the GCLF arises from
bright GCs with I; between 22 and 22.5 (My = -9 and
—8.5), and the majority of these GCs are associated with
three of the dwarf galaxies in our sample. When excluding
these bright GCs, we found a turnover magnitude of Iy =
23.74 +0.14 (My = —7.75 + 0.14) and a narrower Gaussian
distribution with o = 0.52 + 0.13, which is more consistent
with the expectations for dwarf galaxies of the same stellar
mass regime;

— We found the ratio between the GC half-number radius and
dwarf galaxy half-light radius: Rgc/R. = 0.84 + 0.27 and
Rgc/R. = 0.80 = 0.22, for GCs brighter than I, = 23.0
and I; = 24.5, respectively. These numbers imply that in
dwarf galaxies, GCs follow the same (or more compact)
radial distribution as stars. These results do not support
the current view of the GC profile of dwarf galaxies (with
Rge/R. = 1.5) and indicate that the GC radial profile of
dwarf galaxies is more compact. Furthermore, we discussed
how this is similar to what has been observed for some of the
UDGs. However, compared to those UDGs, the majority of
dwarf galaxies studied here are poor in GCs (for their stellar
mass), while the UDGs host two to three times more GCs.

We have shown in this paper that Euclid imaging is well suited to
study dwarf galaxies in order to explore low GC-count systems
and study the galaxy-GC-halo connection. With the upcoming

EWS that will span 14 000 deg? of the sky (Euclid Collaboration:
Mellier et al. 2025), such studies will be possible for all the
nearby galaxies and galaxy clusters besides the Fornax cluster.
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Appendix A: Fitting the GCLF using individual
measurements.

We fit the stacked distribution of I; magnitudes of GC can-
didates located within 2 R, of dwarf galaxy centres, with two
components: a Gaussian with mean magnitude y and standard
deviation o, and an exponential that matches the distribution of
I of GC-candidates in background areas around the dwarfs down
to I, = 25. The background count model is based on observa-
tions, and hence that component does not need to be multiplied
by the completeness function c(m) (Fig.3, top panel), but the
Gaussian model of the dwarf component of the GCLF does. In
practice, the completeness function remains very flat over the
range of magnitudes that is actually used. Thus, the effect of c(m)
is marginal. The resulting probability for any random GC to be
detected within dm of magnitude m is written

—(m - )? _25
p(m)dm = | c(m) exp % + Bexp % dm/N(u, o, B),
Sm; p, o, B)

(A1)

where N(u,o,) is the integral of f(m; u,o,B) over the full
range of magnitudes m that are being considered (in practice
20.5 < Iz < 25), and

0.86 — 1.0 (m — 26.31)

c(m)=0.5 .
V1 +1.02(m—26.31)2

(A.2)

The denominator of the argument of the second exponential in
p(m) results from a fit, and varying it by £5% has little effect
on results. Similarly, the factors 1.0 in c(m) result from a fit
(see Eq. 1). The photometric measurements have errors, and we
represent the standard deviations s(m) with
s(m) = 0.01 +0.07 exp [(m —25)/1.2]. (A.3)
That function implements a minimum uncertainty of 0.01 at
magnitudes brighter than about 21.5 then a progressive increase
so that the 1 o uncertainties amount to 0.05 at I; = 24.2 and 0.1
at I, = 25.3. The stacked I; distribution in the magnitude range
of interest contains N objects with individual magnitudes m; and
individual uncertainties s;. For a given (u, o, 8), the probability
of observing one object within s; of m; is evaluated as

I+ S;
pi = f p(m)dm,

m;—S;

(A4)

and assuming independence between the data points, the likeli-
hood of the data set is L(u, o, 8) = [1; pi-

A maximum likelihood fit would assume flat priors for u, o
and SB. However, the GC-candidate counts on dwarf galaxies and
around them provide prior information on . In the background
areas, there are 3718 GC candidates. In the on-dwarf areas,
which cover 50 times less sky, we counted 112. Hence, the lat-
ter consists approximately of 74 contaminants and 38 true dwarf
members. The ratio Ry is 1.95. We could allow for stochasticity
roughly by assuming Poisson statistics:

@ ~ 0.27;
38

5R~«/ﬂ+

N — h
i " ence,

OR ~ 0.27 R.es ~ 0.53.
(A.5)

If we let G denote the integral of the first term of f(m) and 8B the
integral of the second term, the ratio 8 B/G should not be too far
from Ry¢. This defines a first guess for 8 for any choice of u and
o: B =1.95 G/B. The prior on 8 is modelled with a Gaussian
probability distribution,

a2
B-5) ] A6)

,0) X exp|—
pBlu, o)« pl 20;

truncated to keep only 8 > 0 and normalised. We adopted o3 =
0.53 G/B. For our fits, we maximised a posterior probability that
accounts for this prior.

The data and an example of the fit results are shown in
Fig. A.1. The same figure for results after removing two-thirds of
the GC candidates within I; = 22 and 22.5 is shown in Fig. A.2.
In these figures, panel (a) presents the photometry of objects
within 2 R, of the centres of 14 dwarf galaxies, with the errors
just described. Panel (b) shows the same data after sorting and
compares that distribution with the sorted magnitudes of all
the sources in background rings around dwarf galaxies. Panel
(c) shows the map of posterior probabilities obtained when, for
each (u, o)-pair, the value of 8 that maximises the probability is
retained. We checked that the range explored for 8 was sufficient,
by verifying that it does not reach the extremes defined in the
code for any (u, o)-pair in the region of interest. The white con-
tour corresponds to an e-fold decrease in likelihood compared to
the best fit, the black contour a 10-fold decrease. Finally, panel
(d) shows the cumulative distributions of observed magnitudes
together with the cumulative distribution of the best-fit model.
The best fits are not very good fits: a KS-test returns a p-values
around 0.26 and 0.30, respectively (We note that the KS-test
does not take into account photometric errors). These p-values
mean that deviations from the modelled cumulative distribution
as large as observed would result from random realisation more
than one time out of four; in other words, the Gaussian model for
the dwarf GCLF cannot be safely excluded.

The inferred magnitude distributions for the background
objects and the dwarf GCs are shown separately in Fig. A.3, for
the same fitting parameters as in Fig. A.2 (that is after exclud-
ing two-thirds of the bright GCs within I; = 22.0 and 22.5).
Although the peak of the dwarf GCLF model occurs at 23.7, the
contrast with respect to background sources is highest at about
23.5. We recall that the sample of GC candidates examined here
results from selection criteria that are more permissive than, for
instance, the selection used to investigate the spatial distribu-
tion of GCs within the full FoV (see last paragraph of Sect. 4);
the modelling done here handles the contamination by explicitly
including that component.
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Fig. A.1. Data set of individual /;z magnitudes of GC candidates and fits to the GCLF. (a): photometry of objects within 2 R. of the centres of 14
dwarf galaxies. (b): same data after sorting (green), compared with the sorted magnitudes of all the sources in background rings around dwarf
galaxies (red). (c): map of posterior probabilities obtained when, for each (i, o)-pair, the value of 8 that maximises the posterior probability is
retained. The white and black contours correspond, respectively, to an e-fold and a 10-fold decrease in probability compared to the best fit. (d):
cumulative distributions of observed magnitudes together with the cumulative distribution of the best-fit model (black line).

Appendix B: Colours and colour transformations
for old stellar populations

For convenience, Fig.B.1 displays the colour-colour diagrams
relevant to the transformations of GC magnitudes from external
catalogues to the Euclid system, and to the intrinsic colours of
GCs in Euclid passbands. Because the GCs around early-type
galaxies are typically old and well represented with a single-
age population, we restrict the models to so-called simple stellar
populations (SSP) with ages older than 7 Gyr (and younger than
15 Gyr). The V band in Panel (a) is from Bessell (1990), and
that panel was used to convert V-band GCLF-properties from
Rejkuba (2012) to the Euclid system. The g band in Panel (b) of
Fig. B.1 refers to the OmegaCAM instrument on VST (Vista Sur-
vey Telescope, European Southern Observatory), as used in the
Fornax Deep Survey. The F850LP passband in Panel (c) is from
the Advanced Camera for Surveys onboard the Hubble Space
Telescope used in the ACS Fornax Cluster Survey; F475W, also
used in that survey, is not shown, because its synthetic photome-
try is identical to that of the VST g band to better than 4%. Panel
(d) displays J; — H; vs I — Y;, for comparison with Figs. 5 and
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6 used to implement a colour-selection for GC candidates. The
models used in all panels, and their main ingredients, are listed
below.

— Padova PC (Bressan et al. 2012; Marigo et al. 2017):
isochrones as available in the default configuration of the Padova
distribution® in early 2024, i.e. with PARSEC 1.2 (Tang et al.
2014; Chen et al. 2015) with the TP-AGB extension of the
COLIBRI code (Pastorelli et al. 2019, 2020).

—Pégase (Fioc & Rocca-Volmerange 1997, hereafter FRV97;
Le Borgne et al. 2004): stellar evolution tracks mainly from
the Padova group (published 1993—-1996), but extended through
the thermally pulsing asymptotic giant branch (AGB) and to
the post-AGB as described in FRV97; isochrones computed
on-the-fly; and BaSeL spectral library (Lejeune et al. 1997,
1998).

— XSL iSSP (Verro et al. 2022a) : PARSEC-COLIBRI
isochrones as in Padova PC above, but with colours based on
the empirical spectra from the X-shooter Spectral Library (Verro
et al. 2022b).

8 http://stev.oapd.inaf.it/cgi-bin/cmd
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Fig. A.2. Similar to Fig. A.1 but after removing about two-thirds of the GC candidates (seven) between /; = 22 and 22.5.
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Fig. A.3. Derived model for the luminosity distribution of GC candidates towards dwarf galaxies. Left panel: Inferred magnitude distributions for
the fit carried out within the range 20.5 < Iz < 25, excluding two-thirds of the bright GCs (as in Fig. A.2). The distributions for all GC candidates
for the background GCs (exponential) and for the dwarf-galaxy GCs (Gaussian) are shown in black, red, and green, respectively. Right panel: Ratio
of the dwarf GCLF to the background GCLF in the model, with ratios of one and 1.6 highlighted.

— SL Synthe: Models computed using BaSTI isochrones
(Hidalgo et al. 2018; Pietrinferni et al. 2021) and synthetic
spectra produced with ATLAS or MARCS stellar atmospheres

— BCO3 (Bruzual & Charlot 2003, 2016 version®): Padova
isochrones (1994+); and BaSeL 3.1 spectral library (Westera et al.
2002).

9 http://www.bruzual.org/bc03/Updated_version_2016/
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Fig. B.1. Colour-colour relations based on synthetic photometry carried out on the spectra produced for old SSPs with various population synthesis
codes (see text for details). (a) Colour transformation from the generic V band of Bessell (1990) to the Euclid system, used for converting the
GCLF-properties of Rejkuba (2012). (b) Colour transformation from the g passband of the OmegaCAM instrument on VST (European Southern
Observatory), used for comparisons with the FDS survey. (c) Colour transformation from the F850LP passband of the Advanced Camera for
Surveys on HST, as used in the ACSFCS survey of the Fornax cluster; F475W photometry differs from the g-band photometry of panel (a) by less
than 4% and is not shown. (d) Colours of old single stellar populations in a Euclid colour-colour plane. All passband transmissions used include
the filter, the instrument, and the detector.

(Kurucz 1970; Gustafsson et al. 2008) and the SYNTHE and
Turbospectrum spectral synthesis codes (Kurucz & Avrett 1981;
Kurucz 2005; Alvarez & Plez 1998). See Larsen et al. (2022) for
details.

Appendix C: Cutouts of dwarf galaxies and their
GC candidates

In figures C.1 and C.2, Euclid VIS image cutouts of 30 dwarf
galaxies and their GC candidates are presented.
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FDS11_ DWARFI55 FDS10 DWARFO014 FDS 10 DWARF003 FDS11_DWARF289
[15.0, 7.0, 9.9]

[12.0, 6.6, 6.6] [11.0, 11.6,0.0]

[7.0, 4.3, 3.3]

FDS16 DWARF253 FDS16_ DWARF257 FDS 11 DWARF294 FDS16_ DWARF1854
4.0, 3.5, 0.6] [20.0, 10.1, 12.2] [26.0, 15.5, 13.0] [3.0, 6.4, 0.0]

J o

s

-
FDS11_DWARF246 FDS16_ DWARF346 FDS16_ DWARF441 FDS16_ DWARF330
[11.0, 11.7, 0.0] [5.0, 4.4, 0.6] [5.0, 2.7, 2.8]

[1.0, 1.7, 0.0]

FDS11_DWARF365 FDS 11 _DWARF306
[1.0, 3.0, 0.0] [20.0, 11.1, 11.1]

Fig. C.1. Euclid VIS image cutouts centred on 14 Fornax cluster dwarf galaxies with stellar masses of M, > 107 M, (studied in this work). The
order is from the highest stellar mass (top left) to the lowest stellar mass (bottom right).
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Fig. C.2. Euclid VIS image cutouts centred on 16 Fornax cluster dwarf galaxies with stellar mass M, < 107 My, (studied in this work). The order
is from the highest stellar mass (top left) to the lowest stellar mass (bottom right).
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