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ABSTRACT

We examine the star cluster populations in the three nearby (3.20-3.45 Mpc) galaxies IC 342, NGC 2403, and Holmberg II, observed as part of the
Euclid Early Release Observations programme. Our main focus in this paper is old globular clusters (GCs), for which the wide field of view and
excellent image quality of Euclid offer substantial advantages over previous works. With respect to IC 342, in particular, this is the first study of
stellar clusters that goes beyond its nuclear cluster. After a selection process based on size and magnitude criteria, followed by visual inspection,
we identified 111 old (21 Gyr) GC candidates in IC 342, 49 in NGC 2403 (of which 15 were previously known), along with 7 in Holmberg II.
In addition, a number of younger and/or intermediate-age candidates were identified. The colour distributions of GC candidates in the two larger
galaxies show hints of bimodality, with peaks at (I — Hg)o = 0.36 and 0.79 in both IC 342 and NGC 2403, corresponding to metallicities of
[Fe/H] = —1.5 and [Fe/H] ~ —0.5. These results are similar to those reported for the metal-poor and metal-rich GC subpopulations in the Milky
Way. The luminosity functions of our GC candidates exhibit an excess of relatively faint objects, relative to a canonical, approximately Gaussian
GC luminosity function (GCLF). Although some contamination from background galaxies and younger clusters might be present in our GC
samples, we argue that the excess could be at least partially real. In particular, we find this could be the case for IC 342, where the excess objects
could be similar to those previously identified, for example, in M101 and NGC 6946. The specific frequency of old GCs in IC 342, as determined
on the basis of the brighter half of the GCLF, appears to be unusually low with Sy ~ 0.2-0.3. The combined luminosity function of young and
intermediate-age clusters in all three galaxies is consistent with a power-law distribution of dN/dL oc L=>3*01_ The total numbers of young clusters
brighter than M(Iz) = —8 in NGC 2403 and Holmberg II are comparable with those found in their Local Group counterparts, namely, M33 and the
Small Magellanic Cloud, respectively.

Key words. galaxies: individual: IC 342 — galaxies: individual: NGC2403 — galaxies: individual: Holmberg II — galaxies: spiral —
galaxies: star clusters: general

1. Introduction Holmberg II were observed in the context of the Nearby Galax-
ies Showcase programme (Hunt et al. 2025; hereafter H25). In
; . ; ) terms of their total luminosities and overall morphologies, these
(2%1212_11?1 Earlfy Reclezzse (ljlbsi:lrvatlonls . 2?é43’ 4 %u(l}lggj(r)e;et ali' galaxies are comparable to the Milky Way or M31, as well as
» herealter ), the three galaxies ’ »a0¢ M33, and the Small Magellanic Cloud, respectively. They are

* This paper is published on behalf of the Euclid Consortium. located at distances of 3.20-3.45 Mpc, which is close enough
** Corresponding author: s.larsen@astro.ru.nl for the brightest red giants to be resolved in the Euclid images,

As part of the Euclid Early Release Observations
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and for stellar clusters to appear noticeably more extended than
point sources. In the present paper, we follow up on the initial
exploratory work on globular clusters (GCs) presented in H25
with a more detailed analysis of the star cluster populations in
the three galaxies. An analysis of the star cluster populations
in the Local Group galaxies IC 10 and NGC 6822, which were
also included in the Showcase programme, will be published as
a separate paper (Howell et al. 2025).

A comparison of the star cluster populations of Local Group
and other nearby galaxies reveals a considerable degree of diver-
sity. In particular, the distinction between ancient (globular)
clusters (GCs), typically associated with the spheroidal compo-
nents of their parent galaxies, and younger (open) star clusters
in star-forming discs is not always as clear as it might appear
to be in the Milky Way. Over the past decade, evidence has
emerged that differences in the mass function of young star clus-
ters are correlated with the star formation rate and gas surface
density of the parent galaxies (Larsen 2009; Johnson et al. 2017;
Wainer et al. 2022). Thus, the more massive clusters form pref-
erentially in environments with high star formation rates. This
suggests that the ancient GCs, which must have been born with
masses greater than 10° M, to survive to the present epoch,
can trace episodes of intense star formation in the past histo-
ries of their parent galaxies, whether these took place in situ or
in smaller galaxies that were subsequently accreted.

Theoretical efforts to model the characteristics of GC popu-
lations, based upon the premise that their initial properties can
be determined by applying knowledge obtained from studies of
young cluster populations in various environments, have been
met with considerable success (Choksi et al. 2018; Pfeffer et al.
2023; Reina-Campos & Kruijssen 2017; Reina-Campos et al.
2022). A key prediction from such modelling is that the char-
acteristics of GC populations, such as their age, metallicity,
and phase-space distributions, will depend on the individual
hierarchical assembly histories of galaxies (Pfeffer et al. 2020;
Trujillo-Gomez et al. 2023).

There is ample empirical evidence to support the hierarchi-
cal assembly paradigm in both the Milky Way and M31 GC sys-
tems. Mackey & Gilmore (2004) estimated that about 40 of the
Milky Way halo GCs have been accreted from approximately
seven dwarf galaxies. Subsequent works have substantiated and
refined these results, suggesting that about half of the Galactic
GCs might have an accretion-based origin. These works have
even associated GCs with specific dwarf galaxies and streams,
and have provided significant insight into the assembly his-
tory of the Milky Way (Forbes & Bridges 2010; Massari et al.
2019; Forbes 2020; Kruijssen et al. 2020; Callingham et al.
2022; Limberg et al. 2022; Belokurov & Kravtsov 2024). The
high fraction of accreted GCs inferred from observations is in
agreement with expectations from theoretical work (Qu et al.
2017; Davison et al. 2020; Keller et al. 2020). Likewise, about
half of the GCs in the outer halo of M31 appear to be asso-
ciated with the halo sub-structure that is clearly evident from
observations of the field stars (Mackey et al. 2010, 2019b,a).
The M31 GC system is significantly more populous than that
of the Milky Way: the Harris (1996) (2010 edition) catalogue
lists 157 GCs in the Milky Way, while M31 probably has at
least three times as many (Harris et al. 2013; Huxor et al. 2014;
Larsen 2016). A similar analysis is more challenging for M33,
owing to its sparser GC system. Harris et al. (2013) listed a total
of about 50 + 20 GCs for M33, but the number of objects that
have been robustly confirmed individually as ancient GCs, based
either on resolved imaging (Sarajedini et al. 1998; Chandar et al.
1999; Sarajedini et al. 2000; Huxor et al. 2009; Cockcroft et al.
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2011) or spectroscopy (Beasley et al. 2015; Larsen et al. 2022),
is much smaller.

Beyond the Local Group, a vast collection of literature on
extragalactic GC systems has accumulated over the past several
decades. The GC systems of spiral galaxies are particularly dif-
ficult to identify and characterise, as they are generally poorer
than those of early-type galaxies and harder to pick out among
a variety of potential contaminants in the discs of spirals. As in
some Local Group galaxies, the distinction between GCs and
young massive clusters is frequently blurred, and young clus-
ters with masses in the range 10°—10° M, have been found in a
number of actively star-forming galaxies, such as M51, M83,
and NGC 6946 (Larsen 1999; Larsen et al. 2001a; Haas et al.
2008; Chandar et al. 2016), as well as starburst dwarf galax-
ies and interacting and merging galaxies (Portegies Zwart et al.
2010; Whitmore et al. 2010; Adamo et al. 2020a,b). Gener-
ally speaking, younger clusters are expected to be bluer than
their older counterparts (i.e. GCs), but several factors come
together to make the distinction far from straightforward in
practice. These factors include the age-metallicity degener-
acy, whereby old, metal-poor stellar populations have colours
similar to those of younger, more metal-rich ones (Worthey
1994). Surveys such as PHANGS have demonstrated the power
of high-quality multi-passband imaging for identification and
rough age-dating of clusters, especially when UV imaging
is included (Floyd et al. 2024; Maschmann et al. 2024). How-
ever, even with multi-colour photometry, broad-band colours
remain much more sensitive to metallicity than to age for ages
greater than about a Gyr, making accurate age-dating challeng-
ing (Chies-Santos et al. 2011; Powalka et al. 2017). Additional
complications come from uncertainties in the reddening, ran-
dom fluctuations in the colours due to stochastic sampling of the
stellar masses (Fouesneau & Lancon 2010; Popescu & Hanson
2010; de Meulenaer et al. 2014), and the overall difficulties asso-
ciated with obtaining accurate photometry for objects superim-
posed on a highly irregular background.

The richness of a GC system is usually quantified
by the GC specific frequency, Sy = Ngc 1004Mv+15)
(Harris & van den Bergh 1981), for a galaxy with Ngc GCs and
an integrated absolute visual magnitude My. The Milky Way
exhibits Sy = 0.48, while M31 exhibits Sy = 0.86, which are
fairly typical values for spiral galaxies (assuming My = —21.3
for the Milky Way and —21.8 for M31, as listed by Harris et al.
2013). The Sombrero galaxy, M104/NGC 4594 (type S0/Sa), has
a rich GC system that can be fairly easily identified even in
ground-based data (Harris et al. 1984; Bridges & Hanes 1992),
with the most recent study estimating a total of 1610 + 30 GCs
and a corresponding specific frequency of Sy = 1.8 = 0.1
(Kang et al. 2022). Another well-studied system is the nearby
Sb-type spiral M81 (e.g. Chies-Santos et al. 2022; Pan et al.
2022). Despite the challenges associated with identifying indi-
vidual GCs, the estimate of the total number of GCs in M&1
has remained relatively stable over time, with Perelmuter et al.
(1995) quoting an estimated total of Ngc = 210 + 30 and
Nantais et al. (2011) finding 220-230 GCs, which yields Sy =
1.1-1.2.

The excellent image quality over a wide field-of-view
offered by FEuclid (Euclid Collaboration: Mellier et al. 2025)
holds greats promise for studying the outskirts of nearby galax-
ies, including their GC systems. It is in these regions that the
signatures of hierarchical assembly histories are expected to
be most apparent and identifications of GC candidates for fur-
ther spectroscopic follow-up studies is therefore of consider-
able interest. Our main focus in this paper is on the old GC
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populations in and around the three galaxies, IC 342, NGC 2403,
and HolmbergIl. Hence, our lists of cluster candidates are
built primarily with GCs in mind, although they also contain
plenty of younger objects. Compared with previously published
studies of GC systems based on the ERO data, such as For-
nax (Saifollahi et al. 2025), Dorado (Urbano et al. 2025), and
Perseus (Kluge et al. 2025), the Showcase galaxies are much
closer. GCs are, therefore, expected to be better resolved, but
also spread out over a larger area of the sky. Therefore, besides
identifying and characterising the GC systems of these three
nearby galaxies and comparing with those of the Local Group
counterparts, another aim of this paper is to gain a better under-
standing of how best to capitalise on the unique characteris-
tics of Euclid in this regime. We leave aside the question of
the exact relation between ‘ancient” GCs and the younger clus-
ters observed in star-forming galaxies, and do not intend to dis-
cuss whether a physically meaningful distinction can even be
made between these classes of objects. We loosely (and per-
haps not always entirely consistently) use the term GC to refer to
objects with relatively red integrated colours, presumably indi-
cating ‘old’ ages (~ Gyr). A detailed description of our identifi-
cation and classification criteria is given below (Sect. 4).

2. Data

The three galaxies were all observed with the same standard
Reference Observing Sequence (ROS) used for the main
Euclid Wide Survey (Euclid Collaboration: Scaramella et al.
2022), with four dithered subexposures yielding a total
exposure time of 4 X 566s in the [; filter of the VIS
instrument (Euclid Collaboration: Cropper et al. 2025)
and 4 X 87.2s in each of the Y., J., and H; filters of
the NISP instrument (Euclid Collaboration: Jahnke et al.
2025). The pixel scale of the VIS instrument, 071 pixel™!
(Euclid Collaboration: Cropper et al. 2025), corresponds to a
linear scale of 1.6-1.7pc at distances of 3.20-3.45Mpc, so
that for a typical point-spread function (PSF) full width at
half maximum (FWHM) of about 1.6 pixel, the light profiles
of star clusters with half-light radii of several pc are expected
to be significantly broader than those of individual stars. The
field of view is about 0°7 x 028 for both instruments, or about
39kpc x 45 kpc at 3.2 Mpc. As described in H25 (where colour
composite images can be found), the ERO data were processed
independently of the standard Euclid science ground segment
pipelines, using a custom procedure described in detail in C25.

For NGC2403 and IC342, the Euclid imaging data
were supplemented with archival ground-based observations
obtained with MegaCam on the Canada-France-Hawaii Tele-
scope (CFHT). The MegaCam images cover a 1°04 x 1°15 field
of view centred on each galaxy in the filters u, g, and r, as well
as Ha for IC 342. The observations of NGC 2403 were made
on 30 January 2012, while those of IC 342 were made between
12 January and 11 February 2021. The exposure times were
5% 60s (g, r) and 5 x 240s (1) for NGC 2403, and 7 x 120s
(9), 21 x 1205 (r), 7 x 240 (u), and 14 x 360 s (Ha) for IC 342.
For each filter and galaxy, the MegaCam mosaics of 40 indi-
vidual 2048 x 4612 pixel CCDs were combined and co-added
to a single image with a pixel scale of 0”756 since the data were
obtained in a FWHM seeing of typically ~1’’5 for a diffuse emis-
sion motivated programme (down from the native camera sam-
pling of 0”719). For the photometric calibration of the MegaCam
data we used the zero-points specified in the image headers as
derived by the CFHT Elixir pipeline (Magnier & Cuillandre
2004).

Table 1. Galaxy properties.

Galaxy D AV BT MB MV MEIR SFRFIR
MpC mag mag mag mag mag MO yl‘i1

I1C342 345 153 9.1 -206 -21.3 6.95 1.7f(1):g

NGC2403 32 011 893 -187 -19.18 863 035073

HolmbergIl 3.32 0.087 11.1 —16.6 —17.03 12.84 0.0077+0%77

Notes. Star-formation rates are computed from the far-infrared mag-
nitudes mpr and distances D using Eq. (6) from Larsen & Richtler
(2000).

For Holmberg II, we supplemented the Euclid observations
with deep imaging in the g and r bands from the Large Binocu-
lar Telescope (LBT). These images were acquired as part of the
Smallest Scale of Hierarchy Survey (Annibali et al. 2020), using
the Large Binocular Camera (LBC) which has a field of view of
about 23’ x 23’. The images were acquired in binocular mode
for a total 1h exposure time in each band, organised into 240s
dithered exposures. During observations, the seeing was ~0"’8.
Image reduction and creation of the final g and r stacked mosaics
were performed using a specific pipeline developed at INAF-
OAR, as described in detail in Annibali et al. (2020). The photo-
metric calibration is based on the PAnSTARRS1 (Chambers et al.
2016; Flewelling et al. 2020) photometric catalogue, after the
PS1 photometry was transformed into the SDSS photometric
system using the equations provided by Tonry et al. (2012). We
note that the Euclid and MegaCam/LBT photometry used in this
paper is calibrated to the AB system, while literature B and V
magnitudes are generally (approximately) Vega-based.

3. Overview of the three galaxies

Basic properties of the galaxies are listed in Table 1. We
assume the same distances and foreground extinctions as in
H25, while the integrated photometry is from the RC3 cat-
alogue (de Vaucouleurs et al. 1991) as provided through the
NASA/IPAC Extragalactic Database (NED). The RC3 lists no
V magnitude for IC 342, but we have assumed a colour of
(B—V)o = 0.7, which is intermediate between those of (B—V), =
0.51 for M33 and (B — V)¢ = 0.87 for M31. For Holmberg II,
we note that Bernard et al. (2012) find a somewhat fainter inte-
grated magnitude, My = —16.3. Here and elsewhere, we follow
the common convention of denoting reddening-corrected colours
by the subscript ‘0’. The star formation rates, SFRgr, were com-
puted from far-infrared (FIR) magnitudes (mpr) and distances,
D, using Eq. (6) from Larsen & Richtler (2000). The underlying
calibration of the SFR in terms of FIR luminosity (Buat & Xu
1996) claims an uncertainty of about a factor of two for galaxies
with a morphological type of Sb or later, although a comparison
with the SFR derived from resolved photometry for Holmberg II
(see below) suggests a substantially larger uncertainty. There-
fore, the SFRs in Table 1 should only be taken as indicative.

We corrected the photometry for a single value of the fore-
ground extinction, assumed to be uniform across each field. The
Ay values were converted to extinctions in each of the Euclid fil-
ters, assuming a spectral template with T = 4500 K, logg = 2,
and [Fe/H] = —1 (as an approximation to the spectrum of an old,
moderately metal-poor GC), with the G23 extinction curve from
Gordon et al. (2023). The conversions are: A(l;)/Ay = 0.69,
A(Yp)/Ay = 035, A(Jp)/Ay = 0.23, and A(H)/Ay = 0.15.
For the MegaCam filters the corresponding conversions are
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A,/Ay = 150, Aj/Ay = 1.14, and A,/Ay = 0.81. For the
LBT photometry we used the Galactic foreground extinctions
for SDSS ¢g and r from Schlafly & Finkbeiner (2011), avail-
able through the NED. Although the extinction correction will
depend somewhat on the spectral energy distribution (SED) of
each source, especially for the very broad I, filter, we assumed a
single correction for all sources.

For a standard, approximately Gaussian GC luminosity func-
tion (in magnitude units), the turn-over is expected at Mto(l;) =
—8 (Euclid Collaboration: Voggel et al. 2025). For the distances
and extinctions of NGC 2403 and HolmbergII this implies an
apparent magnitude of mro(lz) =~ 19.7, while the higher fore-
ground extinction (and slightly greater distance) of IC 342 places
the expected turn-over at mro(l;) ~ 20.9.

NGC2403 is an outlying member of the MS81 group
(Tammann & Sandage 1968). Its Mp is about 0.3 mag brighter
than that of M33 and (similarly to M33), it is a late-type spi-
ral with no central bulge. Deep imaging of its outer parts has
revealed an extended stellar component that can be traced to a
distance of 40 kpc from the centre of the galaxy (Barker et al.
2012) and the galaxy also has a relatively undisturbed, sym-
metric, and warp-free HI disc (de Blok et al. 2008). This points
to NGC2403 having evolved in relative isolation until the
present time and now being on its first approach towards the
MS81 group (Williams et al. 2013), although there is evidence
of an interaction with the dwarf galaxy DDO 44 (Carlin et al.
2019; Veronese et al. 2023). The SFRgr is lower by about
a factor of two than the SFR of ~0.74 Myyr~! of M33
(Lazzarini et al. 2022). However, Williams et al. (2013) found
a SFR of 0.7 M, yr‘1 for NGC 2403. Hence, within the mar-
gins of uncertainty, the two galaxies could be considered to
have similar SFRs. Prior to the Euclid ERO observations, a
number of studies had identified GC candidates in NGC 2403
(Tammann & Sandage 1968; Battistini et al. 1984; Drissen et al.
1999; Davidge 2007; Forbes et al. 2022) and seven old GCs
had been confirmed spectroscopically, with eight new candidates
identified in H25. Based on the halo mass versus GC number
relation of Burkert & Forbes (2020), Forbes et al. (2022) pre-
dicted a total population of 40-50 GCs, suggesting that a sig-
nificant number of GCs might still be awaiting discovery.

IC 342 is one of the closest large spirals outside the Local
Group, but its low Galactic latitude (b = 10°6) and considerable
foreground extinction make it a challenging target for studies of
stellar clusters (and old GCs, especially). With My ~ —21.3, its
luminosity is comparable to that of the Milky Way and somewhat
lower than that of M31 (see the introduction to this paper). The
SFRpR is similar to the current SFR of the Milky Way (2.0
0.7 Mg, yr~!; Elia et al. 2022) and several times higher than that
of M31 (~0.3-0.4 M, yr~!; Tabatabaei & Berkhuijsen 2010). To
our knowledge, there are no previous studies of GCs or other
star clusters in IC 342, other than the massive (M ~ 6 x 10°M)
nuclear star cluster (Boker et al. 1999; Schinnerer et al. 2003).
By comparison with the Milky Way and M31, we might expect
to find 150-500 GCs in IC 342.

Finally, Holmberg IT (UGC 4305 = DDO 50) has a luminos-
ity that is similar to that of the SMC and we might expect to find
a few several-Gyr old GCs in Holmberg II. Compared to SFRgg,
estimates from resolved colour-magnitude diagrams (CMDs)
give a higher SFR of ~0.06 M, yr~! averaged over the past
1 Gyr (Weisz et al. 2008), but still slightly lower than the mean
SFR of about 0.1 Mg yr~!' over the past 2-3 Gyr derived for the
SMC with similar methods (Harris & Zaritsky 2004). Alterna-
tively, we can compare the absolute FIR magnitudes of the SMC
(Mpr = —15.50) and Holmberg II (Mpr = —15.13) directly; the
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difference again suggests a slightly lower SFR for Holmberg II.
The star cluster population in Holmberg IT was included in the
HST-based study by Billett et al. (2002) and the galaxy was also
part of the ANGST (Cook et al. 2012) and LEGUS (Cook et al.
2019) surveys.

4. Analysis
4.1. Identification of cluster candidates

To search for star clusters, we first generated lists of sources
in the VIS images using SExtractor (Bertin & Arnouts 1996).
We determined a source to be detected based on at least six con-
nected pixels (DETECT_MINAREA=6), each with a signal exceed-
ing the mean background level by eight standard deviations of
the background noise (DETECT_THRESH=8). An area of six pix-
els corresponds to a radius of 1.4 pixels or 2.3 pc at the dis-
tances of our galaxies; therefore, we expect the light from a typ-
ical star cluster with a half-light radius of several pc to extend
over a significantly larger area than six pixels, so this require-
ment would not be expected to significantly bias the detection
against even fairly compact clusters. This expectation is borne
out by the completeness tests described below (Sect. 4.3).

Next, we converted the coordinates of sources detected in the
VIS images to the NISP and MegaCam (LBT for Holmberg II)
frames, using the World Coordinate System information in the
image headers. For the IC 342 and Holmberg II images, no sig-
nificant systematic offsets were found between the coordinate
systems of the Euclid and ground-based observations, whereas
corrections of 0”750 in RA and 0”736 in Dec were applied to
the MegaCam solution for NGC 2403. We then used the IRAF
version of DAOPHOT (Stetson 1987) to obtain aperture photom-
etry on all images, using an aperture radius of 1” (10 pixels
for the VIS images, 3.3 pixels for NISP, 2 pixels for MegaCam,
and 4.4 pixels for LBT). The transformed coordinates from the
VIS images were used directly, with no re-centring. The adopted
aperture radius was chosen as a compromise suitable for both the
high-resolution Euclid images and the ground-based data, while
at the same time being large enough to avoid large systematic
uncertainties on the total magnitudes of the clusters. For a King
(1962) profile with a half-light radius of 3 pc and distances of
3.20-3.45 Mpc, the adopted 1" aperture encloses 96-97% of the
total light, although the PSF will still scatter a larger fraction of
the total light beyond this radius, even for a point source. For
the Euclid images aperture corrections of —0.072 mag (/) and
—0.135mag (H;) were adopted from C25, as in H25. For the
ground-based images, aperture corrections from the » = 1”” aper-
tures were determined by measuring the differences between the
magnitudes measured in those apertures and larger apertures for
about 50 isolated stars in each frame, located outside the main
bodies of the galaxies. The curves of growth were found to flat-
ten beyond r = 5”; hence, those apertures were used as a refer-
ence. For the IC 342 observations, the aperture corrections were
determined to be —0.404 mag, —0.378 mag, and —0.393 mag
in the u, g, and r filters. For NGC 2403, the corresponding
corrections were —0.679 mag, —0.564 mag, and —0.323 mag
and for Holmberg II, the corrections were —0.153 mag (g) and
—0.144 mag (r). The differences between the different images
mainly reflect differences in the seeing. We assumed that these
aperture corrections, determined for point sources, were also
adequate for star clusters.

The initial SExtractor runs detected more than 100000
sources in each field, of which only a very small fraction are
star clusters. Hence, an additional selection based on the sizes
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Fig. 1. PSF-corrected FWHM size as a function of /z magnitude for
sources in the NGC 2403 field. Previously known GCs are shown with
red filled circles while the new candidates identified in H25 are shown
with open circles. Data for Milky Way GCs are also included, scaled to
the distance of NGC 2403 (black filled circles). The red line indicates
our size cut for the selection of cluster candidates.

and magnitudes of the sources was applied, followed by a visual
inspection of the remaining candidates. We used the ISHAPE
code (Larsen 1999, 2014) to measure PSF-corrected sizes for
all sources brighter than I; = 22 in each image. At this mag-
nitude, the photometric uncertainties for the VIS images are
generally less than 0.01 mag, corresponding to a S/N > 100,
ensuring accurate size measurements (Larsen 1999). A PSF was
first constructed for each image from about 100 individual, iso-
lated stars, using the PSF task in DAOPHOT. ISHAPE then mea-
sured the intrinsic sizes of the sources by convolving a chosen
analytic model profile with the PSF and adjusting the FWHM of
the model until the best match was obtained. We assumed King
(1962) profiles with a concentration index ¢ = r¢/r. = 30 for
tidal and core radii, r; and 7., as a reasonable approximation to
the luminosity profiles of old GCs. For these models, the con-
version between the FWHM and half-light radius, ry, is given
by r, = 1.48 FWHM (Larsen 2014). We allowed ISHAPE to fit
for both the major and minor axes of the models but used the
sizes measured along the major axis. In principle, the ratio of the
minor to the major axis of the model fit might be used as an addi-
tional selection criterion. However, while most Milky Way GCs
appear fairly round in projection, star clusters in some galaxies,
such as the LMC and NGC 6822, have a broader distribution
of axis ratios, reaching values as low as ~0.6 (Goodwin 1997;
Huxor et al. 2013; Larsen 2001). Therefore, to avoid introduc-
ing a bias against unusually elliptical objects, we have chosen
not to use the axis ratio as a selection criterion here. A mas-
ter catalogue containing the Euclid VIS and NISP photometry,
the ISHAPE size measurements, and the MegaCam/LBT ground-
based photometry was produced for each field.

Cluster candidates were selected from the master catalogues
by applying the same size cut as in H25: FWHM > 0.5 pixels
for 19 < I; < 21.5 and FWHM > 0.5 — (f; — 19)/10 pixels for

I; < 19. The size cut is indicated by the red line in Fig. 1, which
shows the ISHAPE PSF-corrected FWHM values as a function
of the I; magnitude for sources in the NGC 2403 master cata-
logue. The previously known GCs are shown as filled red cir-
cles and the candidates from H25 are shown with open red cir-
cles. The figure also shows data for Milky Way GCs (Harris
1996), scaled to a distance of 3.2 Mpc and assuming a constant
V — Iy = 0.5. For the Milky Way GCs, the same conversion
between FWHM and ry, given above has been assumed, although
this depends somewhat on the concentration parameter and not
all Milky Way GCs have exactly the same c value. Nevertheless,
it is clear that the vast majority of the Milky Way GCs would fall
above the adopted size cut. A sequence of unresolved sources
(stars) is visible at FWHM = 0 pixels for magnitudes [, > 18. At
brighter magnitudes, point-like sources are saturated in the VIS
images and ISHAPE thus tends to measure larger sizes, while
more extended sources can still avoid saturation. The limit at
FWHM = 0.5 pixels corresponds to about 0.75 pc at a distance
of 3.2 Mpc, or a half-light radius of about 1.1 pc for the assumed
King ¢ = 30 model profiles.

Accounting for the assumed distances and foreground
extinctions, the apparent I, = 21.5 magnitude limit translates
to absolute magnitudes of M(Ig) = —7.24, —6.10, and —6.17 for
IC 342, NGC 2403, and Holmberg II, respectively. Using PAR-
SEC simple stellar population models (Bressan et al. 2012) for
an age of 10 Gyr, [Fe/H] = —1, and assuming a Kroupa (2001)
IMF, these magnitudes correspond to (initial) masses of about
1.9 x 10° My, 6.7 x 10* My, and 7.2 x 10* M, respectively,
although the present-day masses corrected for stellar evolution
will be about a factor of two lower. We also note that dynamical
evolution was not considered in this estimate.

While the size cut eliminates most foreground stars, the
remaining sources still include many non-clusters. Outside the
main bodies of the galaxies, these are mainly background galax-
ies, but SExtractor also detects numerous sources in crowded
regions of the disc and spiral arms, many of which remain in the
candidate catalogue also after application of the size cut. It is
difficult to ascertain the exact nature of many of these sources.
Some are clearly regions of ongoing or very recent star forma-
tion, associated with nebulosity, while others could be young
star clusters or OB associations, or simply asterisms (chance
alignments of a few relatively bright stars) or regions of higher-
than-average surface brightness that happen to be picked up by
SExtractor. Background galaxies tend to be redder than GCs,
but with some overlap, so that a colour cut can potentially help
reduce the contamination. Nonetheless, a visual inspection was
still found to be a necessary further step.

4.2. Artificial cluster tests: Expected appearance of GCs

To assess how GCs are expected to look in the Euclid images,
we added artificial clusters to the VIS images of NGC 2403
and IC 342 at several different locations within the two galaxies.
The artificial clusters were generated by sampling stellar masses
at random from a Kroupa (2001) IMF and distributing them
spatially according to a probability distribution defined by a
King (1962) profile. Euclid I, magnitudes were then assigned to
each star by interpolating in a PARSEC isochrone (Bressan et al.
2012; Tang et al. 2014; Chen et al. 2015) with [Fe/H] = -1.0
and an age of r = 10Gyr. The absolute magnitudes from the
isochrone were converted to apparent magnitudes in the Euclid
images by adding the distance modulus and A(/;) value appropri-
ate for each galaxy. The clusters were then simulated by adding
these member stars to the VIS images with the MKSYNTH task in
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Fig. 2. Simulated images of GCs added to the Euclid VIS image of
NGC 2403, next to the clusters D6 (top), JC15 (centre), and a new can-
didate closer to the centre of NGC 2403 (bottom). In each panel, sim-
ulated GCs are shown for masses of 10° My, 3 x 10° M, and 10° M,
(left to right) a half-light radius of 3 pc, and an assumed age of 10 Gyr.
Each panel measures 295 x 70 VIS pixels (29”5 x 7"0).

ESCC-IC342-551
Ll

.

Fig. 3. Top and centre panels: As Fig. 2, but for IC 342. Bottom panel:
Simulated clusters with the same masses, but for an age of 20 Myr. See
text for details.

the BAOLAB package (Larsen 2014), using the same PSFs as for
the ISHAPE size measurements. Simulated clusters with masses
of 10° Mo, 3 x 10° M, and 10°M,, and a half-light radius of 3 pc
were added next to a known cluster (or cluster candidate), sepa-
rated by 7”.

Figure 2 shows artificial clusters in NGC 2403 added next
to the known GCs D6 (top; at a projected separation of 14!3
from the centre of NGC 2403), JC15 (middle; at 41), and a
new candidate nearer the centre (bottom; ESCC-NGC2403-118),
at 13 (we adopted the naming convention ESCC-Galaxy-ID,
for Euclid Star Cluster Candidate, for the new star cluster can-
didates). The three cases, which are all displayed with the
same contrast settings, illustrate a range of crowding condi-
tions encountered within the images. Near D6, the field star
density is very low and the more massive clusters are eas-
ily recognised as resolved into individual stars in their outer
regions. The median sky background in this field is about
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Wi, ~ 22.6magarcsec”, which is essentially the pure back-
ground sky level of the Euclid I exposures for NGC 2403
(H25; Euclid Collaboration: Scaramella et al. 2022). However,
even under these favourable conditions, a confident identification
of GCs with masses less than about 10°M,, based on (partial)
resolution into individual stars is challenging. As crowding
increases nearer the centre of the host galaxy, it becomes more
difficult to identify clusters reliably. The field near JC15 has a
median sky background of pj, ~ 21.8 magarcsec™2, and the
outer resolved regions of the GCs now start blending in with
the general background of resolved field stars. In the inner field,
with p7, ~ 20.9 mag arcsec™2, the outer resolved regions of the
simulated clusters are now essentially impossible to distinguish,
although the central parts are still spatially resolved, and the
lowest-mass clusters appear visually similar to a number of other
sources of uncertain nature visible in the field.

Figure 3 shows artificial clusters added to the IC 342 images
next to sources ESCC-IC342-551 (top; at 15’8), ESCC-IC342-
525 (middle; at 6.6), and ESCC-IC342-396 (bottom; at 4/2).
Even though the distances (and, hence, physical scales) in Figs. 2
and 3 differ only slightly, the increased extinction towards IC 342
makes it more difficult to recognise individual RGB stars and,
consequently, to use this as a robust criterion for identification
of GCs. Indeed, the tip-RGB at M(I;) = —3.3 (according to the
PARSEC isochrones) will appear at I, ~ 25.5 in IC342 and at
I; = 24.3 in NGC 2403. For IC 342 this is about 0.7 mag brighter
than the expected 50 detection limit for an isolated point source
in the VIS images, while in NGC 2403 (and HolmbergII) the
brightest RGB stars are about 2 mag brighter than the detection
limit. Younger clusters, in which the brightest individual stars
can be far more luminous than the tip-RGB, will be more easily
identifiable. The artificial clusters in the lower panel of Fig. 3
have the same masses and sizes as in the top panel, but an age
of 20Myr. The star cluster to the right in this panel is one of
the brightest in the disc of IC 342. The difference in brightness
between a 10 Gyr old population and a 20 Myr population with
the same mass is certainly striking, as is the evident resolution
into numerous bright stars in the younger object.

4.3. Artificial cluster tests: completeness and photometric
uncertainties

Tests of the type described in Sect. 4.2 were also used to quantify
the completeness of our candidate samples and the photometric
uncertainties. We restricted this analysis to IC 342 as the most
‘complex’ case of the three galaxies, owing to its higher red-
dening and slightly greater distance compared to NGC 2403 and
Holmberg II.

Of the 157 Milky Way GCs in the Harris (1996) catalogue,
146 would fall within the footprint of the Euclid VIS image if
projected onto the disc of IC 342. Of these 146 Milky Way GCs,
about 87 would have I; < 21.5, corresponding to M(I;) = —7.3
or My ~ —6.8 for typical GC colours, and would therefore be
bright enough to be included in our candidate list.

To assess what fraction of a Milky Way-like GC popula-
tion we would actually have identified in the Euclid images, we
converted the Galactic heliocentric (X, Y) coordinates of Milky
Way GCs in the Harris (1996) catalogue to corresponding CCD
(x,y) coordinates in the Euclid VIS image of IC 342. For this
conversion, we assumed a distance of 8.4 kpc from the Sun to
the Galactic centre along the X-direction (Ghez et al. 2008). We
made no attempt to correct for any inclination of IC 342. For
each cluster, we adopted the half-light radius and absolute visual
magnitude, My, in the Harris (1996) list and then added the
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Fig. 4. Luminosity functions for simulated Milky Way GCs added to
the Euclid images of 1C 342. The distributions of input /; magnitudes
are shown for all clusters added within the Euclid footprint (blue), those
recovered in the VIS images (orange), and those that also have photom-
etry in the NISP (black hatched) and MegaCam images (green circular-
hatched).

clusters onto the Euclid VIS and NISP images, as well as
the MegaCam images, using the same simulation procedure
described in Sect. 4.2. The PSFs were constructed for each image
in the same way as described for the VIS images (Sect. 4.2). For
simplicity, we again assumed the same age (10 Gyr) and metal-
licity ([Fe/H] = —1) for all clusters. To improve the statistics,
each cluster was added four times to the images by inverting
the X- and Y-coordinates relative to the centre of IC 342. In this
way, a total of 584 artificial Milky Way GCs were added within
the Euclid footprint. Figure C.8 shows VIS thumbnail cut-outs
of a selection of the simulated Milky Way GCs brighter than
I, = 21.5. Most of these stand out quite clearly above the back-
ground and would be confidently identified as non-stellar.

We repeated the SExtractor detection procedure, the
ISHAPE size measurements, and the DAOPHOT photometry on
the IC 342 images with the artificial Milky Way GCs added
to them. Figure 4 shows the distributions of input /; magni-
tudes for all clusters added to the images, those recovered in
the VIS images only, and those for which DAOPHOT was able
to measure magnitudes in the NISP and MegaCam images. The
apparent sharp drop in clusters with NISP and MegaCam pho-
tometry below Iy = 22 is due to the magnitude cut applied in
the master catalogue. We note that this cut was applied to the
measured magnitudes, not the input magnitudes, which explains
the presence of a few objects with I, > 22. Of the 584 sim-
ulated clusters, 359 are brighter than our I, = 21.5 selection
limit, and 336 (94%) of these were recovered in the VIS image.
For nearly all of the clusters detected in VIS and brighter than
I, = 21.5, DAOPHOT was also able to measure magnitudes in
the MegaCam and NISP images (330 and 336, respectively).
A few clusters have measured sizes smaller than our adopted
size cut of FWHM = 0.5 pixels, leaving 319 objects with
VIS+MegaCam photometry after the size selection. Dividing by

four, we would thus have detected about 80 out of the 87 Milky
Way GCs contained within the Euclid footprint that satisfy our
magnitude limit. These numbers remain unchanged if we modify
the SExtractor DETECT_MINAREA parameter from 6 to 3 con-
nected pixels. Hence, down to our adopted selection limit, we
expect to detect more than 90% of any GCs, drawn from a popu-
lation with properties similar to those of the Milky Way GC pop-
ulation, present within the Euclid footprint. These 80 detected
clusters thus represent about half of the total population of 157
Milky Way GCs.

We can also use the artificial cluster tests to quantify the
uncertainties on the photometry. The input and measured Mega-
Cam/Euclid CMDs are shown in Fig. 5 with our (extinction-
corrected) magnitude limit for selection of cluster candidates
indicated by the horizontal dashed lines. The scatter in the
input colours is caused by the stochastic sampling of the stel-
lar masses, which, like the photometric uncertainties, becomes
more pronounced for fainter clusters. The stochastic sampling
effects are also more significant in redder bandpasses, where
the contribution from giants is more significant. The observed
colours scatter fairly symmetrically with respect to the input val-
ues, with no evident bias as a function of magnitude. The black
error bars show the computed dispersion of the measured colours
(excluding outliers lying more than 30 away from the mean),
while the grey error bars show the mean uncertainties reported
by DAOPHOT. It is clear that the formal photometric uncertainties
underestimate the true uncertainties on the Euclid GC colours,
for which the stochastic sampling effects play an important role
even at relatively bright magnitudes.

4.4. Visual inspection of the candidates

Guided by the simulations just described, the objects remain-
ing after the size- and magnitude cuts were visually classified as
‘unlikely’, ‘maybe,” or ‘likely’ (globular) clusters. Sources for
which individual stars could be visually discerned, at least in
the outskirts, were classified as ‘likely’, whereas more ambigu-
ous cases were classified as ‘maybe’. During this inspection,
a few additional cluster candidates, not included in the master
catalogues, were found and manually added to our candidate
lists. Objects that appeared clearly cluster-like, but whose visual
appearance was nevertheless deemed inconsistent with a classi-
fication as old GCs (such as those in the lower panel of Fig. 3,
resolved into stars much brighter than RGB stars, or objects
clearly associated with on-going or very recent star formation),
were classified as ‘young’. The visual classification was done
independently by three of us (AF, JH, SL) and our individual
classifications were combined by a generalisation of the scheme
described in Howell et al. (2025) to assign the following numer-
ical classes to the objects:

— atleast one ‘unlikely’ classification: class = 5;

— else: at least one ‘young’ classification: class = 10;

— else: sources classified as ‘likely’ by all: class = 1;

— else: sources with at least as many ‘likely’ as ‘maybe’ clas-

sifications: class = 2;

— else: sources with at least one ‘likely’: class = 3;

— else: (sources classified as ‘maybe’ by all): class = 4.
Objects in the young (class=10) category are treated separately
throughout the remainder of the paper. Cut-outs of all GC candi-
dates are shown in Appendix C with the class indicated for each
candidate.

A selection of sources in IC 342 that passed the first round
of size and magnitude criteria, but were not included in the list
as class 1-4 cluster candidates, are shown in Fig. 6. Since most
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Fig. 5. Input and measured colour-magnitude diagrams for artificial
Milky Way GCs added to the IC 342 images. The horizontal dashed
lines indicate our magnitude limit for selection of cluster candidates.

of these do not have an ESCC (Euclid star cluster candidate)
identifier, we identified them based on the IDs in our master cat-
alogue. Some of these are very obvious late-type galaxies (first
row), while others are almost certainly early-type galaxies (sec-
ond row) with very smooth profiles that show no hint at all of
resolution into individual stars, despite being located in regions
of low background far from the main body of IC 342. Clearly,
such cases can be more ambiguous when projected against the
disc of our target galaxies. The third row shows four objects
in the ‘young’ category. In addition, some saturated foreground
stars remained in the list even after the size cut but were gen-
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Fig. 6. Cut-out images of various sources in IC 342 that passed the
magnitude- and size criteria, but were not classified as class 1-4 cluster
candidates. Each cut-out measures 5" X 5”.

erally easy to recognise by their sharp edges and diffraction
spikes (fourth row). Similar cases might also be recognisable
due to their non-zero Gaia proper motions and/or parallaxes,
but this will not always be the case; for example, the rela-
tively faint object #238438 (I; = 20.56) has proper motions of
pmg, = +0.25 + 0.30 mas yr~!, pmp; = —0.51 + 0.45 masyr !,
and a parallax of p = —1.27 + 0.52 mas, and would not be easily
identifiable as a foreground star based on Gaia DR3 astrometry,
while object #219713 (I = 20.55) has no Gaia DR3 astrometry
at all. Other sources, such as those in the fifth row, could also
turn out to be individual luminous stars in IC 342 (or foreground
stars projected against the disc); alternatively, they could also
be compact clusters. The final row with objects labelled ‘stars’
illustrates the diversity of morphologies seen in crowded regions
that frequently exhibit some level of ‘clustering’, but have not
generally been included in our lists of cluster candidates.

Table 2 lists the number of sources remaining after each stage
of the selection: Nyseer 18 the total number of sources in each
master catalogue, Ns.; the number of objects remaining after the
magnitude and size selection, and Nc=19, Nc=; and Nc=»—4 the
number of young (class 10), class 1, and class 2—4 candidates.
The class 5 category encompasses all remaining sources out of
the total Nse;. The lower fraction of class 1 sources in IC 342 rel-
ative to class 2—4, compared to the two other galaxies, is proba-
bly caused to some degree by the higher foreground extinction,
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Table 2. Statistics for cluster candidate selection.

Galaxy Nmaster  Nset Nc=10 Nc=1 Nc=2-4 Niac Nocc  Nunknown
IC342 51815 6835 246 39 273 172 111 29
NGC2403 47544 9073 72 42 105 81 49 17
HolmbergIl 12475 3254 7 7 6 6 7 0

Notes. The columns are described in the main text. Of the clusters in
the Nc-; and Nc-,_4 categories, Ngcc indicates the number of GC can-
didates remaining after colour selection, Niac the intermediate-age can-
didates, and Nynknown Objects with missing/ambiguous colours.

which makes it more difficult to discern individual stars in the
clusters (Sect. 4.2).

For NGC 2403, the class 1-4 candidates listed include the
seven previously known old GCs and the eight new candidates
identified in H25. Of the 13 class 1-4 candidates in Holm-
bergII, 9 have been included in previous works (Fig. C.7). Of
the three cluster candidates identified by Billett et al. (2002), we
classified two as background galaxies (BHE-1, BHE-2), while
BHE-3 (our ESCC-HolI-012) is in common with the LEGUS
sample (Cook et al. 2019; their #11). We have an additional five
candidates in common with LEGUS and three clusters in com-
mon with ANGST (Cook et al. 2012). The remaining columns
in Table 2, Niac, Noce, and Nypknown give the classification
statistics for the class 1-4 clusters as intermediate-age or GC
candidates based on the MegaCam/LBT photometry, as will be
explained and discussed in more detail below.

4.5. Photometry of the cluster candidates

In Fig. 7, we show the Euclid (I, — Hg, I;)o CMDs for the clus-
ter candidates in each galaxy, together with all sources in the
master catalogues. The best cluster candidates (class 1, i.e. clas-
sified as ‘likely’ unanimously) are indicated with filled blue cir-
cles and the more uncertain candidates (class 24, i.e. with at
least one ‘maybe’ classification) with open blue circles. Class 10
(young) candidates are marked with smaller magenta symbols.
For NGC 2403, we also indicate the GCs identified prior to the
Euclid ERO observations (solid red circles) and those identified
in H25 (open red circles). It is evident that the fraction of class 1
sources is higher among the brighter sources; this is consistent
with the artificial cluster simulations (Sect. 4.2) which showed
that it becomes increasingly difficult to confidently ascertain the
nature of the fainter sources.

Compared to NGC 2403, IC 342 hosts a higher proportion
of relatively blue, luminous clusters, which could suggest dif-
ferences in the age and/or metallicity distributions of the clus-
ter populations. However, there is also a great deal of overlap
between the colours of the class 10 candidates and the class
1-4 candidates, suggesting that the Euclid colours by themselves
might not be very effective at discriminating between clusters of
different ages. In Holmberg II, the CMD is clearly much more
sparsely populated with cluster candidates than in the two larger
galaxies. Two very faint cluster candidates, but nevertheless clas-
sified as class 1, were noticed during the visual inspection and
added manually to the master catalogue. A few manually added
faint candidates in IC 342 are also visible in the CMD.

4.5.1. Simple stellar population model colours

To better understand how the various colours depend on age
and metallicity, we plot simple stellar population (SSP) model
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Fig. 7. Euclid CMDs. The grey dots show all sources in the master
catalogue for each galaxy, while the open and filled blue circles are
our new candidates classified as ‘possible’ or ‘likely’, respectively. For
NGC 2403, the previously known GCs are shown in red. Formal uncer-
tainties on the photometry are generally less than 0.01 mag, but see
Sect. 4.3 for a detailed discussion of the uncertainties.

colours in Fig. 8. The colours are shown as a function of age
for three different metallicities ([Fe/H] = -2, —1, and 0) for
models based on PARSEC isochrones. It is clear that the Euclid
I, — H;;, colours (top panel) alone are insufficient for determining
whether a source might be an old, relatively metal-poor GC or
a younger, more metal-rich star cluster; for example, a 10 Gyr
old cluster with [Fe/H] = -2 is predicted to have an I — H;
colour similar to that of a solar-metallicity cluster with an age of
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Fig. 8. PARSEC simple stellar population model colours versus age.
Top: Euclid I, — Hg;. Middle: MegaCam g — r. Bottom: MegaCam u — g.
For the MegaCanm filters, dashed and solid lines indicate models for the
old and new MegaCam filters, respectively. The horizontal dashed lines
indicate the colour criteria for selection of old GC candidates.

around 100 Myr. Both combinations are quite likely to be found
in a giant spiral like IC 342. While it was reported in H25 that
the old GCs in the outer regions of NGC 2403 do have redder
colours than the young objects, the models in the upper panel of
Fig. 8 suggest that the Euclid colours in general are not ideal for
discriminating between young and older star clusters.

The two lower panels in the figure show models for the
CFHT MegaCam colours. Dashed and solid lines indicate mod-
els for the old and new MegaCam filters, for observations made
before and after 2015, respectively. We note that the NGC 2403
observations were made with the old filters and those of IC 342
with the new ones. The ugr colours provide better age dis-
crimination than the Euclid colours, although a significant age-
metallicity degeneracy is still present at ages older than about
1 Gyr. Adding to this fundamental uncertainty is the unknown
contribution from dust reddening internal to the galaxies. Ulti-
mately, these degeneracies can only be alleviated by means of
spectroscopic observations and/or resolved CMDs of the clus-
ters. Nevertheless, a selection based on the u—g and g—r colours,
with (u —g)o > 0.75 and (g — r)o > 0.30, as indicated by the hor-
izontal dashed lines in Fig. 8, should allow us to provide a first,
tentative list of clusters older than about 1 Gyr, and we will adopt
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Fig. 9. MegaCam Ha — r vs. (u — g)o two-colour diagram for sources in
IC 342. Symbols as in Fig. 7. The dashed line indicates our colour cut
for selection of old GC candidates.

these criteria for selection of ‘old’ GC candidates throughout the
remainder of this paper.

4.5.2. The effect of line emission

The r-band filter includes the Ha line, and can thus be affected
by line emission, which is not included in the PARSEC SSP
models. The He imaging of IC342 can help us quantify the
effect. To this end, Fig. 9 shows a Ha — r versus u — g two-
colour diagram for cluster candidates in IC 342. Photometry was
carried out on the Ha images in the same way as for the ugr
images. Many of the young (class 10) candidates have a strongly
enhanced flux in the He images (i.e. a lower value of Ha — r),
confirming the visual classification of these sources as young. In
contrast, none of the sources with u — g colours redder than our
adopted selection limit for old GC candidates, indicated by the
vertical dashed line, show significantly enhanced Ha emission.
We therefore expect that a selection based on the combination
of (u — g)o and (g — r)o colours will indeed lead to a reasonably
clean list of candidate old clusters.

4.6. Globular cluster candidate selection: MegaCam and
LBT photometry

In Fig. 10, we show the MegaCam/LBT (g —r)q versus Euclid I
CMDs with vertical dashed lines indicating our adopted colour
cut for selection of old GC candidates. We see that all of the
known GCs in NGC 2403, as well as most of the candidates
from H25, fall to the right of the colour cut, consistent with these
objects being old GCs. Again, many of the young sources have
colours overlapping with those expected for old GCs owing to
the effect of line emission. However, for the purpose of select-
ing old GCs, this ambiguity is removed by the inclusion of the
u — g colour, except for Holmberg II (where, however, the visual
inspection will still help us identify the youngest sources). The
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lack of stars brighter than /; = 18 — 19 in Holmberg II is caused
by saturation in the deep LBT exposures.

Figure 11 shows a two-colour diagram of (g — r)y versus
(u—g)o- Based on this diagram, we will henceforth refer to class
1-4 objects in the upper right quadrant of this figure as GC can-
didates (GCC), those in the two left quadrants as intermediate-
age candidates (IAC), and those in the lower right quadrant as
ambiguous. We reserve the term young cluster candidates for our
class 10 sources. For Holmberg I1, this categorisation is based on
the g — r colours only. The numbers of objects in each of these
categories are listed in the last three columns of Table 2. Very
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Fig. 11. MegaCam-only two-colour diagrams. The coloured quadrants
indicate the classification of our class 1-4 candidates as GC candidates
(red), intermediate-age candidates (blue), or ambiguous (grey). Small
grey points indicate sources classified as galaxies during the visual
inspection.

roughly, the candidates in the young category probably have ages
up to about 10 Myr, the TAC sources up to ~1 Gyr, and GCC
sources ages greater than about 1 Gyr. We emphasise that these
age ranges are only rough indications.

Based on the MegaCam colour selection, we identified 49
GC candidates in NGC 2403 and 111 in IC 342 (Table 2); based
on the LBT g — r colours alone, 7 GC candidates were identi-
fied in Holmberg II. The status of these sources as GC candi-
dates should be strongly emphasised, but we note that the total
number of GC candidates in NGC 2403 is quite similar to that
expected based on the total mass of the galaxy. The 111 candi-
dates in IC 342 might be compared with the 157 known GCs in
the Milky Way and more than 450 in M31, where we recall from
Sect. 4.3 that we would have expected to detect about 80 of the
157 Milky Way GCs at the distance of IC 342. For comparison
with Holmberg II, we note that the SMC, of comparable lumi-
nosity, hosts only one object that is traditionally classified as an
old GC, NGC 121, although it hosts several clusters with ages
>1 Gyr (Glatt et al. 2009; Parisi et al. 2014).

We note that a smaller number of class 10 sources also fall
within the quadrant with GC-like colours (12 objects in IC 342
and six in NGC2403). Following a re-examination of these
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objects, we find that a handful of them could be visually misclas-
sified older clusters, while the rest might be reddened or subject
to stochastic colour fluctuations.

4.7. Spatial distributions

The spatial distributions of the class 1-4 cluster candidates are
plotted on top of the VIS images in Figs. B.1-B.3, colour-coded
according to their classification as intermediate-age (blue), old
(red), or ambiguous (black circles) based on the MegaCam
colours. The intensity scale is logarithmic in order to empha-
sise the faint outer parts of the galaxies. We do not include the
class 10 sources in these figures.

Many of the IAC sources in IC 342 tend to be aligned with
structure in the underlying disc, such as the spiral arms, while
the old GC candidates are somewhat more uniformly distributed.
Nevertheless, some GC candidates also align with disc structure,
such as the outer spiral arm extending towards the south-west
(also compare with the maps in H25). Keeping in mind the rel-
atively crude age dating based on the MegaCam colours, it is
possible that some of these are somewhat younger disc objects
rather than ancient GCs associated with the spheroidal compo-
nent(s) of IC 342. The median projected galactocentric distances
of the IAC and GCC sources are 5.3 kpc and 5.7 kpc, respec-
tively. For comparison, the median Galactocentric distance of
the Milky Way GCs in the Harris (1996) catalogue, projected
onto the Galactic plane, is 5.0kpc. For the M31 GC system,
we add the PAndAS clusters identified by Huxor et al. (2014)
to the confirmed GCs in v.5 of the Revised Bologna Catalogue
(Galleti et al. 2004), where the latter already includes the PAn-
dAS clusters from Huxor et al. (2008). This yields a median pro-
jected galactocentric distance of confirmed M31 GCs of 7.0 kpc.
Quantified in this crude sense, the spatial distribution of the
IC 342 GCs is thus intermediate between those of the Milky Way
and M31.

For NGC 2403 (Fig. B.2), the spatial distribution of the GCC
sources is noticeably more extended (median distance = 3.7 kpc)
than that of the IAC sources (2.7kpc). There is a deficit of
sources near the centre, in part because a significant number of
sources are missed by SExtractor, probably due to the dif-
ficulty of deblending detections in the crowded inner regions.
Apart from the cluster ESCC4, all of the IAC sources are located
within 7’ of the centre of NGC 2403, while 11 old GC candidates
are found outside this radius. It is also interesting to note that the
distribution of the old GCs appears to be aligned with the major
axis of NGC 2403, except for the cluster ESCCS5 (towards the
south). This might suggest that most of the GCs in NGC 2403
follow a more disc-like distribution. As in IC 342, it is possi-
ble that some of these objects are younger clusters with ages
of only a few gigayears (Gyr). They could possibly be even
younger, reddened objects. The impression of a disc-like dis-
tribution might be partly driven by the four clusters located to
the north-west, roughly aligned along an extension of the major
axis. An alternative interpretation is that these GC candidates
might be associated with the stream connecting DDO 44 and
NGC 2403 (Veronese et al. 2023; Carlin et al. 2024), extending
northwards from the western side of NGC 2403.

For HolmbergII the distribution of our new cluster candi-
dates is noticeably asymmetric and skewed towards the west-
ern side of the galaxy. Figure B.3 also includes our class 10
sources and candidates from the literature and it can be seen that
these are more evenly distributed, perhaps even with an opposite
asymmetry. The asymmetry might reflect an age gradient across
the galaxy, with more active/recent star formation on the eastern
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Fig. 12. Comparison of sizes for GC candidates in IC 342 measured on
the Euclid VIS images and on HST/ACS F606W images.

side, where the most prominent HII regions are also found. Inter-
estingly, the distribution of HI gas exhibits a similar asymme-
try, being compressed on the south-eastern side and with a more
diffuse extension in the opposite direction (Bureau & Carignan
2002). The two faintest objects in our list, ESCC-HolI-001 and
ESCC-HolI-002, which were manually added, are not included
in any of the existing catalogues, although ESCC-HolI-001 is
contained within the field of view of a single parallel HST/WFC3
F775W observation with an exposure time of 490 s (programme
ID 16359). The HST observation shows a faint source at the
position determined from the Euclid image, contaminated by
several cosmic ray hits. We discuss these two outer sources in
more detail below (Sect. 5.2).

4.8. Comparison with HST imaging

We have indicated the coverage of existing HST/ACS observa-
tions in the F435W/F606W filters by superimposing them on the
VIS images of IC 342 and NGC 2403. The enormous gain in spa-
tial coverage by the Euclid observations is immediately visible.
Also included for NGC 2403 is the JWST/NIRCAM pointing of
Programme ID 1638, which contains none of our candidates, but
illustrates the difference in FOV sizes of Euclid versus JWST.

The HST footprints for IC342 include 41 of our 111 GC
candidates and 69 of our 172 IAC candidates. The HST/ACS
F606W cut-outs of our GC candidates in IC 342 are shown in
Fig. C.9. Based on inspection of the HST images of these can-
didates, our classifications based on the Euclid images did not
change significantly for all but a few sources, such as ESCC-
1C342-244, ESCC-IC342-330, and ESCC-IC342-355, which
have somewhat irregular appearances in the HST images sug-
gesting they might be younger objects.

As a check of the size measurements on the Euclid images
we also measured sizes for the GC candidates contained
within the HST images, again using ISHAPE with custom-made
PSFs constructed from isolated stars in the HST images. The
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comparison is shown in Fig. 12. Most of the measurements
lie well within 0”71 (i.e. one Euclid VIS pixel) of the 1:1
relation, as indicated by the dashed and dotted lines in the
figure. One source, ESCC-1C342-241, is unresolved in the HST
images and is thus a probable star, whereas the fits to the Euclid
images returned a PSF-corrected FWHM of 1.67 pixels. The rea-
son for the discrepancy is possibly related to the fact that the
source is located only 60” from the nucleus of IC 342, where
the background is very high. Excluding this and another out-
lier falling outside the dotted (+0’/1) lines in Fig. 12, the dis-
persion of the FWHM measurements around the 1:1 relation
is 07033 (1/3 of a VIS pixel), corresponding to a dispersion
of 0.82pc on the half-light radii at the distance of IC 342. We
note that this is about 4 times larger than the uncertainty quoted
by Euclid Collaboration: Voggel et al. (2025) for GCs in For-
nax. While the scatter here includes contributions from both the
FEuclid and HST size measurements, this underscores the need to
assess the uncertainties on this type of analysis individually for
each case.

4.9. Sizes of the cluster candidates

Figure 13 shows the half-light radii as a function of M(l;) for
cluster candidates in each of the three galaxies. Symbols are
again colour-coded according to the classification of the clus-
ters as GC (red) or IAC (blue) candidates. We have omitted the
unclassified objects and the class 10 objects. For reference, we
also show the corresponding relations for Milky Way GCs, using
the half-light radii from Harris (1996).

The old GC candidates brighter than M(I;) ~ —8.5 gener-
ally have half-light radii in the range 2-5 pc, similar to what
is seen for the Milky Way GCs. At fainter magnitudes, how-
ever, the spread in the sizes increases considerably, with a tail
extending up to r, ~ 15pc. By comparison with Fig. 12, it is
clear that this scatter cannot be attributed to uncertainties on
the size measurements. Nor is the scatter driven by sources with
uncertain classifications; many of the largest candidates are high-
confidence class 1 clusters (filled circles). While the Milky Way
does host a number of similarly large GCs, they are rarer than in
either of the two spirals studied here. A Kolmogorov—Smirnov
test confirms that the size distributions of old GC candidates in
both NGC 2403 and IC 342 differ significantly from that of the
Milky Way GCs, with K-S p-values of 3.5 x 1076 and 1078,
respectively. The difference between NGC 2403 and IC 342 is
not highly significant, at p = 0.10.

Figure 14 shows the measured cluster sizes as a function
of the projected galactocentric distances. The coloured symbols
have their usual meaning and in addition the solid lines con-
nect the median values in bins of 10 clusters. As is well known
(van den Bergh et al. 1991; Baumgardt & Hilker 2018), there is a
correlation between size and Galactocentric distance for Milky
Way GCs. This trend does become somewhat weaker when pro-
jected onto the 2D plane, but it is still noticeable in Fig. 14. It is
less evident that such a trend is present in our data, and the median
sizes are seen to be larger than in the Milky Way, driven upwards
by the larger fraction of extended clusters. It is, however, some-
what striking that no clusters larger than about 10 pc are found
in IC 342 outside a projected galactocentric distance of ~12 kpc,
coinciding roughly with the outer edge of the IC 342 disc (H25).
This might suggest that the fainter, extended clusters constitute
a disc population that is distinct from the classical GCs. In this
sense, NGC 2403 is different since it does have a number of rela-
tively large clusters beyond the point where the surface brightness
of the disc starts to drop rapidly, at about 5 kpc (H25).
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Fig. 13. Half-light radius as a function of M(Iz) for star cluster can-
didates. In each panel, the corresponding data for Milky Way GCs are
shown for reference.

5. Discussion

5.1. Globular clusters: Specific frequencies and luminosity
functions

When calculating GC specific frequencies, a common approach
to circumventing the difficulty of identifying the faintest clus-
ters is to assume that the GCLFs follow the roughly Gaussian
distributions as a function of magnitude commonly observed,
and then to double the number of objects brighter than the
peak (Harris & van den Bergh 1981). In NGC 2403, IC 342, and
HolmbergII there are 19, 45, and 2 old GC candidates with
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Fig. 14. Cluster half-light radii versus projected galactocentric distance
for globular and young clusters, compared with Milky Way GCs. The
coloured lines show median values for the corresponding types of clus-
ters in bins of 10.

M(I;) < -8, so that the estimated total populations would then
be ~38, ~90, and ~4 GCs in each galaxy. For the My val-
ues in Table 1, the corresponding specific frequencies are then
Sy = 0.81 (NGC2403), Sy = 0.27 (IC342), and Sy = 0.62
(Holmberg IT). These are fairly typical values, albeit somewhat
on the low side for IC 342. This does not account for any clus-
ters that might lie outside the Euclid footprint, but this would
probably be a minor correction for NGC 2403 and Holmberg I,
and even for IC 342 if the radial structure of its GC system is
similar to that of the Milky Way. However, we could be miss-
ing a more extended component of the GC system, such as that
associated with M31.
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Fig. 15. Luminosity functions of class 1-4 cluster candidates in each
of the three galaxies, compared with the Milky Way GCLF. The dashed
lines indicate the I; = 21.5 selection limits for the cluster candidates.

The fact that the total numbers of GCs actually detected in
each galaxy (Table 2) exceed those estimated in the previous
paragraph suggests that the simple characterisation in terms of
total GC numbers and S y might be somewhat deceptive. Indeed,
comparing the GCLFs in more detail (Fig. 15), it becomes clear
that neither the NGC 2403 nor IC 342 GCLFs match that of the
Milky Way particularly closely (for Holmberg II the small num-
ber of candidates makes such a comparison less conclusive).
The requirement that candidates must pass our visual inspec-
tion might contribute to a decrease in completeness towards the
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selection limits (dashed lines in Fig. 15), despite the fact that
our tests in Sect. 4.2 suggest a better than 90% detection efli-
ciency all the way down to [; = 21.5. With this in mind, we
conclude that the LFs of neither IAC nor GC candidates show
a clearly detected peak or turn-over, although such a detection
would have been expected, at least for NGC 2403, based on com-
parison with the Milky Way GCLF. Here it is important to recall
that our GC candidate samples might include younger objects
scattering across the boundaries defining the separation between
IAC and GCC samples (Fig. 11), particularly at the faint end
where the photometric uncertainties increase.

For IC 342, however, the bright end of the GCLF shows a
real and significant deficit of GCs compared to the Milky Way.
The Milky Way has 30 GCs that would have Iy < 19, or
M(I;) < —9.7, at the distance of IC 342, while we find only 11
old GC candidates in this magnitude range in IC342. A naive
scaling based on these numbers would then suggest that IC 342
hosts only ~11/30 x 157 = 58 ‘true’ GCs, an even smaller
number than that obtained by doubling the number of clusters
brighter than the GCLF turn-over, and implying an even lower
Sy = 0.18. It thus appears that the GCLF in IC 342 could indeed
be somewhat ‘bottom-heavy’ compared to that of the Milky Way.
This could be partly due to the same effect noted for NGC 2403,
that is, the sample of GC candidates possibly being contaminated
by younger objects and/or background galaxies. We recall that
other properties of the fainter candidates suggest that some frac-
tion of them might not be classical GCs (Sect. 4.9). If, indeed,
IC 342 only hosts on the order of 60 classical GCs, then this
would imply that about half of the 111 candidates actually iden-
tified are of a different nature.

As there is no sharp separation between the regions of the
(u — g, g — r) plane (Fig. 11) defining our IAC and GCC sources,
we briefly discuss the sensitivity of the preceding results to the
colour criteria employed. In particular, the SSP models in Fig. 8
suggest that a bluer colour limit, for instance, at (¥ — g)g = 0.6,
would lead to a more complete sample of metal-poor GC candi-
dates. At the same time, however, this would also be expected to
increase the fraction of intermediate-age interlopers in our GC
candidate sample, particularly if some reddening is present. In
fact, changing the (# — g)o limit to 0.6 mainly affects the statis-
tics of the fainter part of the GCC samples: the total numbers of
GC candidates increase from 111 to 130 (IC 342) and from 49
to 51 (NGC 2403), while the number of GC candidates brighter
than M(I;) = —8 increases slightly from 45 to 49 in IC 342 and
remains unchanged at 19 in NGC 2403. In IC 342, the number of
GC candidates with Iz < 19 remains unchanged at 11.

Our study would not be the first to suggest an excess
of relatively faint, GC-like objects; this has also been found
by HST-based studies of other spirals, such as NGC 6946,
M101, NGC 628, and NGC 3627, where these fainter objects
appear to be associated with the discs of their respective galax-
ies (Chandar et al. 2004; Barmby et al. 2006; Simanton et al.
2015; Floyd et al. 2024). The diversity of cluster demograph-
ics is also illustrated by the ‘faint fuzzy’ or ‘diffuse’ star clus-
ters that have been identified in a number of SO-type galax-
ies (Brodie & Larsen 2002; Pengetal. 2006; Hwang & Lee
2006), as well as in M31 (Huxor et al. 2005, 2014), NGC 6822
(Howell et al. 2025; Hwangetal. 2011) and other galaxies.
These again tend to be fainter than the GCLF turn-over and
have half-light radii in the range 7-15 pc, not unlike the excess
fainter clusters that we have identified in IC 342 and, in smaller
numbers, in NGC2403. The relatively large sizes of several
of the GCs located outside the main disc of NGC 2403 are
also reminiscent of those measured for GCs in the outskirts of

M33 (Cockceroft et al. 2011). More reliable estimates of the ages
and other properties of the clusters will require follow-up spec-
troscopy or deeper, multi-colour space-based imaging.

Capitalising on Euclid’s unique suitability for mapping the
outer regions of GC systems, we can also compare the number
of GC candidates in IC 342 beyond the R = 10kpc circle indi-
cated in Fig. B.1 with statistics for the Milky Way and M31.
Outside the 10 kpc circle, we find 13 GC candidates in 1C 342.
Using the data from Sect. 4.3 to project the simulated Milky Way
GC system onto the same part of the Euclid footprint, we find a
very similar number of GCs (12) brighter than our I, = 21.5
selection limit. For the brightest clusters (I; < 19), for which the
IC 342 GC system as a whole has a deficit with respect to that
of the Milky Way, the comparison for the outer regions is less
conclusive: there are two such GCs in the Milky Way and none
in IC 342. For comparison, M31 has 78 GCs with projected radii
between 10 kpc and 20 kpc and estimated /; magnitudes brighter
than 21.5 (here assuming V — I; = 0.5) if shifted to the distance
and extinction of IC 342. Hence, while the data allow for the
existence of a GC system in the outer regions of IC 342 roughly
comparable to what is found in the Milky Way, a GC system
as rich as that associated with M31 appears to be clearly ruled
out. NGC 2403, finally, has a total of seven GC candidates out-
side 10kpc, a fairly similar number to the five found in M33
(Cockcroft et al. 2011).

5.2. Globular clusters: colours and metallicities

Figure 16 shows the Euclid CMDs and colour distributions
for the old GC candidates in each galaxy together with Euclid
photometry for spectroscopically confirmed GCs in the Fornax
cluster (Saifollahi et al. 2025). On the top axis we indicate the
colours corresponding to [Fe/H] = -2.5,-1.0,-0.5, and O,
according to the PARSEC SSP models. Here, we used models
for an age of 12.5 Gyr, recalling that the Euclid colours depend
only weakly on age (Fig. 8).

The colour distribution of the Fornax GCs extends to some-
what bluer colours than in the three Showcase galaxies. This
could be partly due to the colour cuts applied when selecting
the Showcase GC candidates: these cuts were intended to reduce
contamination by younger clusters, but might also have elimi-
nated some genuine old, very metal-poor GCs. However, chang-
ing the selection limit to (u — g)o = 0.6 does not significantly
modify the (I — Hg)y colour distributions of our GC candi-
dates. There are about 10 sources with much redder colours,
(I — Hg)o > 1.2, than predicted by the SSP models for any
age/metallicity combination, most of which are associated with
IC 342. We have inspected Herschel SPIRE and PACS images of
IC 342 and found no particularly prominent features that might
suggest a strong increase in Galactic foreground extinction at the
locations of these objects. We also attempted to apply correc-
tions for local variations in the reddening, based on the colours
of RGB stars (Annibali et al., in prep.) but found this to have a
negligible impact on our results, much less being able to account
for the very red sources in IC 342. However, most of them tend
to be located in dense regions of the IC 342 disc and it is possible
that some are heavily reddened, younger objects. For example,
one of these sources, ESCC-IC342-091, a high-confidence clus-
ter candidate (Figs. C.2 and C.9), is associated with enhanced
emission in a WISE 12 ym image, where PanSTARRS colour
images also suggest the presence of significant dust extinction.
Other sources might be misclassified background galaxies. We
also note, from the artificial cluster experiments (Fig. 5), that
a small number of clusters scatter far from the input colours;
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Fig. 16. Colour distributions of GC candidates in the three Showcase
galaxies. Also included are data for spectroscopically confirmed GCs in
the Fornax cluster (Saifollahi et al. 2025).

hence, the effects of photometric uncertainty cannot be entirely
discounted.

Within the range of ‘normal’ GC colours, some differences
between the four systems might be noted. The colour distribution
for GC candidates in IC 342 appears to be more heavily weighted
towards relatively red colours. Comparing with the CMD in the
lower panel, we see that this is mainly due to the fainter objects
discussed previously and, again, this suggests that these might be
relatively low-mass, metal-rich, and/or reddened objects asso-
ciated with the disc. In all three galaxies, the histograms sug-
gest a peak in the colour distribution around (I; — Hy)g ~ 0.3,
while IC 342 and NGC 2403 also have peaks at redder colours.
A KMM test for bimodality (Ashman et al. 1994) confirms the
visual impression that the colour distributions for GC candidates
in both spirals are better approximated by a sum of two Gaus-
sians than by a single Gaussian. For candidates in the range
0 < (Ig — Hp)p < 1.2, the KMM test returns p-values of 0.003
and 0.001, respectively, with peaks at (I — Hy)o = 0.36 and
0.79 in both galaxies. Converting these colours to metallicities
using the 12.5 Gyr PARSEC models, we find [Fe/H] = —1.26
and [Fe/H] = -0.29 for IC342 and [Fe/H] = -1.26 and
[Fe/H] = —0.28 for NGC 2403. A correction for an assumed a-
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Fig. 17. Luminosity functions of young star cluster candidates.

enhanced composition of the GCs would decrease these values
by about 0.2 dex, and the mean metallicities of the two popula-
tions would then be fairly similar to the mean metallicities of the
metal-poor and metal-rich GCs in the Milky Way (Zinn 1985)
and other large galaxies (Larsen et al. 2001b; Peng et al. 2006).
The effect of changing the colour limit for GC candidate selec-
tion to (# — g)o = 0.6 is minimal: the mean colours returned by
the KMM analysis change by only 0.01 mag.

In Holmberg II, seven GC candidates have LBT colours sug-
gesting they might be old GCs. Three of these are included in the
LEGUS catalogue with poorly constrained ages (our IDs ESCC-
Holl-015, ESCC-HolI-013, and ESCC-HolI-012, with LEGUS
IDs #4220, #3, and #1 1, respectively). The faint, outlying objects
ESCC-HolI-001 and ESCC-HolI-002, both classified by us as
class 1 GC candidates, do not appear to have been noticed pre-
viously. Both have a (g — r)y = 0.44 with uncertainties of 0.01—
0.02 mag, while the Euclid colours are (I; — Hy)o = 0.257+0.014
and 0.028 + 0.019, respectively, consistent with them being
old, metal-poor GCs. Both are quite extended with r, = 15pc
and 30 pc, respectively, raising the question whether they are
more properly classified as stellar clusters or perhaps rather as
ultra-faint dwarf galaxies (UFDs). With absolute magnitudes
of M(I;) = —5.3 and —4.8, they are about 3 mag fainter than
the peak of the GCLF, and thus located in the region of the
size-luminosity space where properties of GCs and UFDs over-
lap (Drlica-Wagner et al. 2015; Simon 2019). Of the two Local
Group ERO targets, NGC 6822 has six known extended clusters
with r, > 10pc (including one object newly discovered in the
ERO data), of which two are faint objects with magnitudes com-
parable to those of the two objects in Holmberg I (Hwang et al.
2011; Huxor et al. 2013; Howell et al. 2025). No such clusters
have so far been found in IC 10.

5.3. The young star cluster systems

Finally turning briefly to the younger cluster candidates, we
show the luminosity functions (LFs) for the IAC and young can-
didates in Fig. 17. The filled and open histograms show the LFs
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for the class 1-4 IAC candidates and the class 10 candidates,
respectively. From a maximum-likelihood fit of a power-law to
the LFs of the IAC candidates in IC 342 with M(l;) < -8,
dN/dL o« L%, we find a slope of « = —2.64 + 0.26, and
a = —2.37 £ 0.10 for the combined young/intermediate-age
sample. Combining the IAC and young clusters brighter than
M(1I;) = —8 in all three galaxies, we get @ = —2.32 +0.09. These
slopes are similar to those reported for young cluster populations
in a variety of other star-forming galaxies (e.g. Larsen 2002;
Whitmore et al. 2014). Such relatively steep cluster LFs are con-
sistent with a scenario in which the underlying cluster mass func-
tion has the shape of a power-law with an exponent close to
—2 at low masses, with an exponential truncation at a mass that
depends on the intensity of star formation, but is typically in the
range of several times 10* M, to a few times 10° M, in normal
star-forming galaxies (Larsen 2009; Portegies Zwart et al. 2010;
Johnson et al. 2017).

While no particular effort has been made to ensure or quan-
tify the completeness of the young cluster samples, it is inter-
esting to compare the statistics for candidates in Holmberg IT
and NGC 2403 with their Local Group analogues, the SMC
and M33. The PHATTER cluster catalogue for M33 includes
22 clusters with Mggiaw < —8 (Johnson et al. 2022), where
we have converted the Vega magnitudes in the PHATTER cat-
alogue to AB magnitudes for consistency with the Euclid I
magnitudes. This is just slightly less than our combined sam-
ple of 8 + 18 = 26 intermediate-age and young candidates in
NGC 2403, consistent with the two galaxies having roughly sim-
ilar star-formation rates. For the SMC, we use the cluster cata-
logue by Rafelski & Zaritsky (2005) and convert their / magni-
tudes to the AB system by adding 0.45 mag (Blanton & Roweis
2007). In this way we find 9 SMC clusters with M; 45 < —8. The
difference with respect to the three young+IAC clusters in Holm-
berg I might be partly explained by the somewhat higher star-
formation rate of the SMC (Sect. 3). In addition to homogenising
the photometric data, a more refined analysis should also adopt a
uniform strategy for identification of young clusters in different
galaxies.

6. Summary and conclusions

We present our analysis of the star cluster populations in three
nearby galaxies, IC 342, NGC 2403, and Holmberg II, observed
as part of the Euclid Early Release Observations programme. For
IC 342, this is the first study of stellar clusters (other than the
nuclear cluster). Our main focus old clusters, where the Euclid
observations have the greatest potential for improvement over
existing studies as they allow a more complete census of the clus-
ter populations also in the outer regions of galaxies. At distances
of 3.20-3.45 Mpc, the Euclid field of view covers a region of
39kpc x 45 kpc to 42 kpe X 48 kpc around each galaxy, which is
large enough to include about 90% of the known Milky Way GC
system when set at the distance of our target galaxies; we note,
however, that the M31 GC system has about 100 GCs, or about
20% of the entire population, falling outside 20 kpc). Our main
results are as follows.

— We identified 111, 49, and 7 old GC candidates in IC 342,
NGC 2403, and HolmbergII, respectively. These numbers
include 15 previously identified GC candidates in NGC 2403
(including 8 candidates from H25) and 2 faint, extended
(rn = 15pc and 30 pc), and previously unknown stellar sys-
tems outside the main body of Holmberg II. With M(I;) =
—5.3 and —4.8, it is unclear whether the latter are stellar clus-
ters or UFDs.

— The median (projected) galactocentric distances of the GC
candidates in IC 342 and NGC 2403 are 5.7 kpc and 3.7 kpc,
respectively. Compared with the corresponding values for
the Milky Way (5.0 kpc) and M31 (7.0 kpc), these values thus
appear fairly typical.

— By doubling the numbers of GCs brighter than M(I;) = -8,
corresponding to the expected peak of the GC luminosity
function, we find specific frequencies of Sy = 0.28 (IC 342),
0.81 (NGC 2403), and 0.62 (HolmbergII). The values for
NGC 2403 and HolmbergII are fairly typical for late-type
galaxies, but somewhat on the low side for IC 342. The total
GC population of NGC 2403 also agrees well with expec-
tations based on the relation between galaxy mass and GC
numbers (Burkert & Forbes 2020; Forbes et al. 2022).

— In both IC342 and NGC 2403, we find an excess of rel-
atively faint clusters compared to the canonical, approx-
imately Gaussian, shape of the GC luminosity function,
as reported previously for other spiral galaxies. The faint,
extended, predominantly red clusters in IC 342 are largely
confined to the disc and resemble the ‘faint fuzzy’ star
clusters observed in the discs of some lenticular galaxies.
NGC 2403, by contrast, also hosts a number of relatively
extended clusters beyond the disc, as found previously for
M31 (Huxor et al. 2014) and M33 (Cockcroft et al. 2011).

— The Euclid I, — Hy colours are consistent with the GC can-
didates spanning a broad range of metallicities, —2.5 <
[Fe/H] < 0. Both IC342 and NGC 2403 exhibit bimodal
colour distributions with mean metallicities similar to
those of the metal-poor and metal-rich GC subpopulations
observed in the Milky Way and other large galaxies.

— Based on a power-law fit to the combined LFs of the young
and intermediate-age candidates, we find a slope of —2.32 +
0.09, similar to what has been reported in previous studies of
young cluster populations in a variety of galaxies.

Despite the relatively small sample of galaxies investigated here,
the comparison with their Local Group analogues has yielded
intriguing hints that interesting trends might emerge from stud-
ies of larger samples. On the one hand, the GC systems of M33
and NGC 2403 appear similar in many respects, including the
total number of GCs, their spatial distributions, and the presence
of a number of relatively extended clusters in the outskirts of the
galaxies. In contrast, the GC system of IC 342 differs more sig-
nificantly from those of the Milky Way and M31, in particular,
regarding the relatively small number of luminous GCs present
in IC 342. If we adopted the view that a significant fraction of the
GC populations around major galaxies are associated with accre-
tion events, we might speculate that IC 342 has had an unusu-
ally quiescent accretion history. It would be of great interest to
investigate the characteristics of the stellar halo, for instance, in
terms of its spatial and metallicity distributions, and compare
this information to that of its Local Group counterparts.

The preceding analysis demonstrates the power of the large
field of view, combined with exquisite image quality offered by
Euclid, for studies of nearby galaxies. The full Euclid Wide Sur-
vey will not be limited by the coverage of a single observation,
but it will provide contiguous coverage of thousands of square
degrees of sky, including many galaxies in the Local Universe
where studies similar to the one presented here can be under-
taken. The analysis presented here also demonstrates the pow-
erful combination of the high resolution imaging provided by
Euclid with ground-based multi-colour photometry, not only for
the core science, but also for legacy science on stellar popula-
tions. Thus, the results presented in this paper should not be seen
as definitive, but rather as a preview of things to come.
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Data availability

The full Table A.l1 is available at the CDS via https://
cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/703/A113
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Appendix A: Cluster candidates

Table A.1. Euclid star cluster candidates.

ID

Master ID
I

Other ID
Ys

Class
Je

RA (2000.0)
Hy

Dec (2000.0)
u

FWHM
9

B/A
r

ESCC-NGC(C2403-001

ESCC-NGC2403-002

ESCC-NGC(C2403-003

ESCC-NGC2403-004

ESCC-NGC(C2403-005

ESCC-NGC2403-006

ESCC-NGC(C2403-007

ESCC-NGC2403-008

ESCC-NGC(C2403-009

ESCC-NGC2403-010

ESCC-NGC2403-011

ESCC-NGC2403-012

ESCC-NGC2403-013

ESCC-NGC2403-014

ESCC-NGC2403-015

ESCC-NGC2403-016

ESCC-NGC2403-017

ESCC-NGC2403-018

ESCC-NGC2403-019

ESCC-NG(C2403-020

374860
21.17 £ 0.01
259038
19.32 + 0.00
360879
20.66 + 0.01
313462
21.08 +0.01
15230
19.76 + 0.00
51661
19.86 + 0.00
29907
20.20 + 0.00
58158
19.32 £ 0.00
46808
21.34 £ 0.01
366220
18.60 + 0.00
361920
18.56 + 0.00
184817
18.99 + 0.00
90028
20.75 £ 0.01
268458
21.21 +0.01
264875
20.56 + 0.01
265847
20.59 +0.01
324497
19.61 + 0.00
270093
20.16 £ 0.01
255111
21.28 +0.01
318587
20.19 + 0.00

ESCC1
20.75 £ 0.01
ESCC2
18.93 + 0.00
ESCC3
20.31 £ 0.01
ESCC4
21.08 +£0.01
ESCC5
19.47 £ 0.01
ESCC6
19.44 + 0.01
ESCC7
19.88 £ 0.01
ESCC8
18.98 + 0.01
ESCC9
21.01 £ 0.01
D6
18.15 + 0.00
Fl1
18.19 + 0.00
C3
19.02 + 0.01

21.02 +0.01

21.67+0.03

20.69 + 0.01

20.90 +0.02

19.55 +0.01

20.60 + 0.02

21.45+£0.03

19.94 + 0.01

1 (GCC)
20.71 = 0.01
1 (GCC)
18.90 = 0.00
1 (GCC)
20.32 = 0.01
1 (NC)
21.28 + 0.02
1 (GCC)
19.53 +0.01
3 (GCC)
19.38 + 0.01
1 (GCC)
19.89 + 0.01
1 (GCC)
18.97 +0.01
1 (GCC)
20.92 + 0.01
1 (GCC)
18.11 + 0.00
1 (GCC)
18.18 + 0.00
1 (IAC)
19.19 +0.01
10 (YC)
21.15+0.01
10 (YC)
21.97 + 0.04
10 (YC)
20.90 + 0.02
10 (YC)
21.14 = 0.02
1 (IAC)
19.64 + 0.01
10 (YC)
21.02 = 0.02
3 (NC)
21.62 +0.04
1 (IAC)
19.97 + 0.01

113.6659832
20.73 £ 0.00
113.6923724
18.92 + 0.00
113.8561006
20.39 + 0.00
113.8722446
21.47 £ 0.00
114.0401552
19.60 + 0.00
114.4157049
19.34 £ 0.00
114.5104579
19.95 £ 0.00
114.5153481
19.03 £+ 0.00
114.5744057
20.94 £ 0.00
113.7740279
18.13 £ 0.00
113.8019055
18.23 + 0.00
113.9289148
19.37 £ 0.00
113.9390452
21.13 £ 0.00
113.9591640
21.94 £ 0.00
113.9593628
20.65 + 0.00
113.9605876
21.25 £ 0.00
113.9736692
19.69 + 0.00
113.9780801
21.04 £ 0.00
114.0000863
21.82 £ 0.00
114.0002545
19.95 + 0.00

+65.8406444
22.87 +0.05
+65.6259126
21.13+0.01
+65.7187595
22.38 +£0.03
+65.6541417
21.83+0.03
+65.3527644
21.64 £ 0.02
+65.5158114
21.80 £ 0.02
+65.4709785
21.93 £ 0.02
+65.5153979
20.86 + 0.01
+65.5099033
23.23 +0.07
+65.7575610
20.45 +0.01
+65.7209848
20.32 +£0.01
+65.5921973
19.43 £ 0.00
+65.5478183
20.59 £ 0.01
+65.6299970
20.38 +£0.02
+65.6292573
20.53 +£0.02
+65.6300640
19.83 + 0.01
+65.6599677
20.03 £ 0.01
+65.6314992
19.59 + 0.01
+65.6262356
22.07 £ 0.04
+65.6549993
21.20 £ 0.02

4.78
21.77 £ 0.02
5.55
20.09 + 0.01
5.68
21.29 £ 0.01
1.31
21.08 +0.01
2.83
20.26 + 0.01
0.98
20.60 + 0.01
8.49
20.82 £ 0.01
271
19.87 + 0.01
-99.00
22.04 £ 0.03
0.82
19.40 + 0.00
2.28
19.32 + 0.00
4.15
18.92 + 0.00
1.48
20.70 £ 0.01
1.39
20.54 £ 0.03
3.29
20.49 £ 0.02
0.52
19.94 + 0.01
1.06
19.68 + 0.01
1.36
19.82 + 0.01
4.06
21.36 £ 0.03
1.87
20.57 £ 0.01

0.85
21.27 £ 0.02
0.86
19.50 + 0.01
0.87
20.82 £ 0.01
0.85
21.10+£0.02
0.92
19.89 + 0.01
0.96
20.08 + 0.01
0.84
20.30 £ 0.01
0.88
19.45 + 0.01
-99.00
21.52+0.03
0.96
18.70 + 0.00
0.75
18.74 + 0.00
0.78
18.92 + 0.00
0.57
20.63 +0.01
0.35
20.54 +0.03
0.66
20.20 £ 0.02
0.57
20.10 £ 0.02
0.90
19.66 + 0.01
0.62
19.73 £ 0.01
0.94
21.29 £ 0.04
0.95
20.27 £ 0.01

Notes. The first 20 entries of the catalogue are listed here for guidance regarding the contents. The full catalogue is available at the CDS. For
NGC 2403, the first nine entries repeat the numbering scheme of H25, while the remaining entries are sorted in order of increasing RA. The
FWHM values are given in VIS pixels (0”71), from King model fits corrected for the PSF. A value of —99.00 indicates that no FWHM could be
measured. The B/A values are the minor and major axis ratios of the model fits.
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Appendix B: Locations of cluster candidates

Fig. B.1. Euclid VIS image of IC 342 with class 1-4 cluster candidates marked. Old GC candidates are shown with red circles, intermediate-age

candidates in blue, and ambiguous candidates as open black circles. The dashed black circle indicates a radius of 10 kpc and the white/magenta
dashed lines indicate the HST/ACS F435W+F606W coverage from programmes 10579 and 16002. North is up and east to the left.
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Fig. B.2. Euclid VIS image of NGC 2403 with cluster candidates marked. Symbols and orientation of the image are as in Fig. B.1. Also indicated
is a JWST/NIRCAM pointing from Programme ID 1638 (dashed blue lines).
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i
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Fig. B.3. Euclid VIS image of the central 400" x 400" around Holmberg I with cluster candidates marked. As in Fig. B.1, red and blue circles

indicate our old GC and IAC candidates, respectively. Large magenta circles indicate young (class 10) objects and smaller magenta markers
indicate clusters from the LEGUS survey (Cook et al. 2019).
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Appendix C: Cutouts of cluster candidates
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Fig. C.1. Cut-outs of clusters in IC 342 classified as intermediate-age candidates based on their MegaCam colours. The ID of each cluster is
indicated with the leading ‘ESCC’ stripped. Each cut-out measures 5 X 5”.

A113, page 25 of 28



Larsen, S. S., et al.: A&A, 703, A113 (2025)

Fig. C.2. Cut-outs of clusters in IC 342 classified as GC candidates based on their MegaCam colours. Each cut-out measures 5" x 5”.
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Fig. C.3. Cut-outs of clusters in IC 342 with ambiguous MegaCam colours. Each cut-out measures 5” x 5”.
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Fig. C.4. Cut-outs of intermediate-age cluster candidates in NGC 2403. Each cut-out measures 5" X 5”.
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Fig. C.5. Cut-outs of GC candidates in NGC 2403. Each cut-out measures 5" X 5”.
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Fig. C.6. Cut-outs of ambiguous cluster candidates in NGC 2403. Each cut-out measures 5" x 5”.
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Fig. C.7. Cut-outs of cluster candidates in Holmberg II. The objects HolI-001 and HolI-002 are shown at a higher contrast than the other objects.
Each cut-out measures 5 X 5”.
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Fig. C.8. Example cut-outs of Milky Way GCs added to the Euclid VIS image of IC 342. Each cut-out measures 5" X 5”.
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Fig. C.9. HST/ACS F606W cut-outs of the GC candidates in IC 342. Compared to Fig. C.2, these cut-outs are zoomed in by a factor of two. Each
cut-out thus measures 2’5 x 2'/5.
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