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ABSTRACT

Euclid is poised to make significant advances in the study of nearby galaxies in the Local Universe. Here we present a first look at six galaxies
observed for the Nearby Galaxy Showcase as part of the Euclid Early Release Observations acquired between August and November, 2023.
These targets, three dwarf galaxies (Holmberg II, IC 10, and NGC 6822) and three spirals (IC 342, NGC 2403, and NGC 6744), range in distance
from about 0.5 Mpc to 8.8 Mpc. We first assess the surface brightness depths in the stacked Euclid images, and confirm previous estimates in
100 arcsec? regions for VIS of 1o~ limits of 30.5 mag arcsec™2, but find deeper than previous estimates for NISP with 100 = 29.2-29.4 mag arcsec™>.
By combining Euclid Hg, Yg, and Iz into RGB images, we illustrate the large field-of-view (FoV) covered by a single Reference Observing
Sequence, together with exquisite detail on scales of < 1-4 parsecs in these nearby galaxies. Analysis of radial surface brightness and color
profiles demonstrates that the photometric calibration of Euclid is consistent with what is expected for galaxy colors according to stellar synthesis
models. We perform standard source selection techniques for stellar photometry, and find approximately 1.3 million stars across the six galaxy
fields. After subtracting foreground stars and background galaxies, and applying a color and magnitude selection, we extract stellar populations
of different ages for the six galaxies. The resolved stellar photometry obtained with Euclid allows us to constrain the star-formation histories of
these galaxies, by disentangling the distributions of young stars, as well as asymptotic giant branch and red giant branch stellar populations. We
finally examine two galaxies individually for surrounding systems of dwarf galaxy satellites and globular cluster populations. Our analysis of the
ensemble of dwarf satellites around NGC 6744 recovers all the previously known dwarf satellites within the Euclid FoV, and also confirms the
satellite nature of a previously identified candidate, dw1909m6341, a nucleated dwarf spheroidal at the end of a spiral arm. Our new census of the
globular clusters around NGC 2403 yields nine new star-cluster candidates, eight of which with colors indicative of evolved stellar populations.
In summary, our first investigation of the six Showcase galaxies demonstrates that Euclid is a powerful probe of stellar structure and stellar
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populations in nearby galaxies, and will provide vastly improved statistics on dwarf satellite systems and extragalactic globular clusters in the

local Universe, among many other exciting results.

Key words. Galaxies: dwarf — Galaxies: irregular — Galaxies: spiral — Galaxies: starburst — Galaxies: stellar content

1. Introduction

Under the currently favored cosmological-constant-dominated
cold dark matter (ACDM) paradigm of structure formation,
galaxies form hierarchically, through the accretion of lower mass
systems. Mergers of equal mass galaxies are catastrophic events
that are expected to destroy altogether the pre-existing stellar
disks. However, such events are relatively rare, with massive
galaxies, on average, participating in only one such event over
the last 10 Gyr (e.g., Mundy et al. 2017; Conselice et al. 2022).
On the other hand, minor mergers of a massive galaxy and a
low-mass satellite, or even of two low-mass dwarf galaxies, are
more common and occur even in the current epoch (e.g., Mihos
& Hernquist 1994; Hammer et al. 2005; Martinez-Delgado et al.
2010; Lelli et al. 2014; Conselice et al. 2022). In such mergers,
the disk structure of the parent galaxy may be conserved, but the
lower mass accreted galaxy is completely disrupted, leaving be-
hind many faint structures, such as shells, streams, and plumes,
in the parent stellar halo (e.g., Bullock & Johnston 2005).

Observational verifications of such a scenario have been
found in the Local Group of galaxies, with minor merger events
occurring in the outskirts of the Milky Way (e.g., Ibata et al.
2001; Majewski et al. 2003; Belokurov et al. 2006; Juri¢ et al.
2008; Carollo et al. 2016; Helmi et al. 2018; Martin et al. 2022b),
around Andromeda (M31, e.g., Ferguson et al. 2002; Ibata et al.
2007; Carlberg et al. 2011; Komiyama et al. 2018), and the Tri-
angulum galaxy (M33, e.g., Ibata et al. 2007; McConnachie et al.
2009, 2010). In addition to the dark matter halo and stars, the
globular cluster (GC) populations of the accreted galaxy also
tend to merge with the GC populations of the more massive par-
ent (e.g., Forbes & Bridges 2010; Mackey et al. 2019).

The problem with observational confirmation of this ‘smok-
ing gun’ of hierarchical ACDM galaxy formation is that the tidal
remnants are extremely faint with very low surface brightness
(LSB, ug 2 27-28 mag arcsec2, Johnston et al. 2001; Martinez-
Delgado et al. 2008, 2009; Martin et al. 2022a). In galaxies well
beyond the Local Group (D 2 5Mpc), individual stars cannot
be easily resolved so that contrast enhancement techniques are
used, and the intrinsic spatial resolution is degraded to obtain
fainter limits (e.g., Martinez-Delgado et al. 2010; Trujillo & Fliri
2016; Merritt et al. 2016; Mihos 2019; Martinez-Delgado et al.
2023; Roman et al. 2023b).

The study of LSB emission in integrated light and resolved
stars in nearby galaxies requires both high spatial resolution (not
achievable from the ground), and a wide field of view (FoV).
The first criterion is met by Hubble Space Telescope (HST) and
by the James Webb Space Telescope (JWST); HST has revo-
lutionized our understanding of star-formation histories (SFHs)
through color-magnitude diagrams (CMDs, e.g., McQuinn et al.
2010; Weisz et al. 2011; Cignoni et al. 2019; Annibali & Tosi
2022). However, the FoV of HST is limited to a few arcminutes,
making it time consuming to perform large-scale photometric
surveys for resolved stellar photometry over entire nearby galaxy
disks.

This limitation is now overcome by Euclid, recently
launched, commissioned, and currently taking data. Euclid will

* This paper is published on behalf of the Euclid Consortium.
** e-mail: leslie.hunt@inaf.it
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provide a new window on the stellar populations and LSB emis-
sion in nearby galaxies through its wide FoV of 0.67 deg” (Eu-
clid Collaboration: Scaramella et al. 2022; Euclid Collabora-
tion: Mellier et al. 2024), using the VIS camera with a broad
visible filter I; (Euclid Collaboration: Cropper et al. 2024),
and NISP, Euclid’s near-infrared (NIR) camera/spectrometer, en-
dowed with three photometric filters Yz, Ji, and Hy (Euclid Col-
laboration: Schirmer et al. 2022; Euclid Collaboration: Jahnke
et al. 2024). Detecting LSB emission also requires highly sta-
ble optics that minimize stray light, together with a well-defined
point-spread function (PSF). Euclid’s superb optics are designed
to be thermally stable within a specific satellite orientation (Lau-
reijs et al. 2011; Euclid Collaboration: Mellier et al. 2024). The
unprecedented sensitivity of Euclid to LSB emission is illus-
trated by Euclid Collaboration: Borlaff et al. (2022) and Euclid
Collaboration: Scaramella et al. (2022) who predicted that Eu-
clid will enable detection of LSB emission in integrated light
down to I, =29.1-29.5 magarcsec> (30, 100 arcsec?) in the
Wide Survey, and 2 magnitudes deeper in the Deep Survey. More
recently, similar limits have been demonstrated with the Early
Release Observations (ERO) data in Cuillandre et al. (2024).

Another avenue of improvement offered by Euclid comprises
statistics of LSB and ultra-diffuse dwarf galaxies (UDGs, van
Dokkum et al. 2015), as well as their compact dwarf counter-
parts. Dwarf galaxies are the most abundant galaxy population
at any redshift, but tend to be missed by large-scale surveys that
are not sensitive to LSB emission. Euclid’s wide FoV and multi-
band coverage will enable a new census of dwarf galaxies, both
as satellites around more massive hosts and as isolated galaxies
in the field (e.g., Mihos et al. 2015; Muiioz et al. 2015; Marleau
et al. 2021; Roman et al. 2021; Venhola et al. 2022).

In addition to LSB studies, Euclid will also revolutionize in-
vestigations of nearby galaxies along many other avenues. One
of these will be a vast improvement of the demographics of
extragalactic globular clusters (EGCs). GCs are relics dating
back to the earliest epochs of star formation in galaxies (e.g.,
Kruijssen 2015). Colors and other properties of EGCs provide
strong constraints on hierarchical galaxy formation (e.g., Brodie
& Strader 2006; Forbes & Bridges 2010; Harris et al. 2013;
Roman et al. 2023a), and have been extensively studied both
from the ground (e.g., Harris & Racine 1979; Forbes et al. 1996;
Blakeslee et al. 1997; Pota et al. 2013; Cantiello et al. 2018a)
and from space (e.g., Larsen et al. 2001; Harris 2009; Peng et al.
2009; Pancino et al. 2017). Euclid Collaboration: Voggel et al.
2024 (in prep.) have shown that known GCs in galaxies within
20 Mpc can be spatially resolved with Euclid VIS, and the NISP
filters will constrain the stellar populations within the GCs (see
also Saifollahi et al. 2024). Euclid’s wide FoV combined with its
superb spatial resolution enables drastically improved statistics
of EGCs in and around nearby galaxies.

In this paper, we explore the potential of Euclid for studies
of nearby galaxies provided by the ERO Program (Euclid Early
Release Observations 2024)? taken in the context of the “Euclid
ERO Nearby Galaxy Showcase” (hereafter Showcase). These
observations were acquired during the performance-verification
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Table 1. Showcase galaxy properties

Galaxy Rank  Morphological Major Distance Foreground  Galactic 12+ logio logio
name order type? diameter (Mpc)®  extinction latitude  log;o(O/H)* (M./My)°®  (sSFR/yr™1)®
WXSC (arcmin)? Ay (mag)© (deg)®

Holmberg IT (UGC 04305) - Im 7.9 (- 3.32 0.087 32.69 7.89 8.29 -9.43
IC10 51 IBm 6.3 (7.33) 0.72 4.299 -3.33 8.14 8.64 -9.25
IC 342 11 SAB(rs)cd 21.4 (12.98) 3.45 1.530 10.58 8.83 10.31 -9.70
NGC 2403 18 SAB(s)cd 21.9 (10.94) 3.20 0.110 29.19 8.48 9.47 -9.61
NGC 6744 29 SAB(r)bc 20.0 (9.14) 8.80 0.118 -26.15 8.88 10.66 -10.34
NGC 6822 25 IB(s)m 15.5(9.53) 0.51 0.646 -18.40 8.11 8.16 -9.97

# Morphological types, galaxy major axis diameters (the blue isophotal values), and Galactic latitudes are taken from the NASA/IPAC Extragalactic
Database (NED);'! the major diameters in parentheses are from Jarrett et al. (2019).

® Distance determinations: Holmberg II TRGB (Sabbi et al. 2018); IC 10 TRGB (Gerbrandt et al. 2015); IC 342 TRGB (Wu et al. 2014); NGC 2403
TRGB (Radburn-Smith et al. 2011); NGC 6744 TRGB (Sabbi et al. 2018); and NGC 6822 CMD (Fusco et al. 2012).

¢ Foreground Ay extinction values are calculated as described in Sect. 4.1, based on the Schlafly & Finkbeiner (2011) determinations.

d Metallicity determinations: Holmberg II, IC 10, IC 342, NGC 2403, and NGC 6744 (Pilyugin et al. 2014); and NGC 6822 (Lee et al. 2006).

¢ Taken from Nersesian et al. (2019), except for NGC 6744 from Leroy et al. (2021). All estimates use a similar technique, namely SED fitting
with CIGALE (Boquien et al. 2019). Distance-dependent quantities (M.,) have been reported using the distances given here.

(PV) phase of Euclid operations over a period of three months
from August to November, 2023.

The preliminary results we present here focus on individual
nearby galaxies and illustrate what will be possible with Eu-
clid over the span of the Euclid Wide (EWS) and Deep Sur-
veys (EDS). The current analysis is confined to select key sci-
ence themes including VIS and NISP integrated light and depth
measured from the images, resolved star photometry, and case
studies of dwarf galaxy satellites and EGC demographics around
individual galaxies in the Showcase. Future papers will discuss
other science avenues for nearby galaxies with Euclid, includ-
ing semi-resolved pixel-based fitting of spectral energy distribu-
tions (SEDs, e.g., Abdurro’uf et al. 2022), and estimating dis-
tances with surface brightness fluctuations (SBFs, e.g., Tonry
etal. 2001; Mei et al. 2005, 2007; Blakeslee et al. 2009; Cantiello
et al. 2018b). Section 2 presents the Showcase targets and their
selection criteria, while Sect. 3 briefly describes the Euclid data
processing and photometric calibration adopted for the ERO ef-
fort, together with an estimate of surface brightness depth. We
report results for integrated light properties in Sect. 4, and for
resolved stellar photometry and star counts in Sect. 5. Case stud-
ies for dwarf satellites around NGC 6744 are presented in Sect. 6
and for EGCs of NGC 2403 in Sect. 7. We summarize results and
give conclusions in Sect. 8.

2. The ERO Showcase galaxies

The galaxies for the Showcase were selected from the WISE
Extended Source Catalog (WXSC) that contains the 100 largest
galaxies in the WISE survey in terms of angular size (Jarrett et al.
2019). We required that the extent of the galaxy be smaller than
the Euclid FoV, so that the galaxy could be properly imaged with
one Reference Observation Sequence (ROS) typical of the EWS.
The other main selection criterion was visibility during the PV
phase, that ultimately turned out to be extremely stringent, given
the spacecraft’s strong pointing constraints, driven by thermal
stability considerations and straylight suppression. An additional
consideration was the available ancillary data for the targets, in-
cluding image cubes of atomic and molecular gas.

With these criteria, the distances of the observed Show-
case galaxies range from 0.5Mpc within the Local Group

(NGC 6822, IC 10), to 8.8 Mpc (NGC 6744). The closest dis-
tances enable the comparison of limiting surface brightness de-
rived from resolved stellar photometry (e.g., de Jong et al. 2007,
Barker et al. 2012) with that derived from integrated light. This
is a powerful approach, able to probe deeper surface brightness
levels than integrated light alone, and one that has been ham-
pered so far by the small FoVs of space-borne facilities.

The final observed Showcase sample is given in Table I,
where column (2) reports the WXSC rank order with the largest
galaxy having rank 1 and the smallest galaxy in the WXSC
ranked 100. The Showcase galaxies are those with the largest
apparent size observable during the PV phase of Euclid obser-
vations. The exception to this selection is Holmberg II, which
had been selected as a possible target for another ERO proposal
that could not be executed. There are three dwarf irregulars and
three late-type spiral galaxies in the Showcase, with individual
descriptions given below.

— HolmbergII, a Magellanic dwarf irregular galaxy, was dis-
covered by Holmberg (1950) in the outskirts of the M 81
group of galaxies (Karachentsev et al. 2002). Star-formation
activity in Holmberg II has been relatively constant over the
past 100-200 Myr, with a recent peak at 10-20 Myr (e.g.,
McQuinn et al. 2010; Cignoni et al. 2018). Hodge et al.
(1994) identified 82 Hu regions in this galaxy, which cap-
ture the effects of triggered star formation on local and
large scales (Stewart et al. 2000; Egorov et al. 2017). On
larger scales, a star count analysis has shown that, un-
usually, the young stellar populations in HolmbergII have
a more extended distribution than its older stars (Bernard
et al. 2012). HolmbergII is a ‘poster child’ of Hr holes,
shells, and bubbles, possibly driven by stellar feedback
from supernovae (SNe; Puche et al. 1992), or from feed-
back over longer timescales (e.g., Rhode et al. 1999; Weisz
et al. 2009). Holmberg II also hosts an ultra-luminous X-ray
source, HoITULX-1, positioned along a chain of Hu re-
gions bordering one of the Hr cavities (Zezas et al. 1999),
and probably associated with a stellar mass black hole (Goad
et al. 2006; Barra et al. 2023).

— IC10 is a dwarf irregular member of the Local Group, con-
sidered to be the closest example of a starburst galaxy, and a
likely member of the Andromeda subgroup (van den Bergh
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1999). Its location at low Galactic latitude behind 2 4 magni-
tudes of visual extinction (see Table 1) makes it challenging
to study at UV and optical wavelengths. IC 10 hosts numer-
ous star clusters (e.g., Hunter 2001; Lim & Lee 2015) and
possibly the most massive known stellar-mass black hole, as-
sociated with a highly variable ultra-luminous X-ray binary,
IC10X-1 (Silverman & Filippenko 2008). IC 10 X—1 may
be powering a large non-thermal superbubble, possibly also
associated with an H1 cavity (Heesen et al. 2015, 2018). The
galaxy is embedded within a huge H1 envelope that shows
signs of interaction and possibly late merger with another
dwarf galaxy (e.g., Wilcots & Miller 1998; Nidever et al.
2013; Ashley et al. 2014; Namumba et al. 2019).

— IC 342 is the dominant member of the IC 342/Maffei group,
one of the galaxy groups closest to the Milky Way (Buta &
McCall 1999). It is a large spiral galaxy, close to face on,
one of the apparently largest galaxies in the northern sky.
Historically, IC 342 has been known as the ‘hidden galaxy’
because of its low Galactic latitude, and like IC 10, suffers
from a significant amount of foreground extinction (see Ta-
ble 1). The stellar populations in IC 342 have not been ex-
tensively studied, because of its large size on the sky and
its position behind the Milky Way disk. Nevertheless, it is
known to harbor a luminous nuclear star cluster (Boker et al.
1999), and HST NIR imaging of the stellar populations in the
galaxy’s outskirts has allowed a distance determination (Wu
et al. 2014). Like HolmbergII and IC 10, IC 342 also hosts
an ultra-luminous high-mass X-ray binary, IC 342 X-1, con-
sidered to be a roughly 100 M, black hole (e.g., Cseh et al.
2012; Das et al. 2021), possibly coincident with a supernova
remnant (Roberts et al. 2003).

— NGC2403 is a late-type spiral, without a measurable
bulge, morphologically very similar to M33 and NGC 300
(Williams et al. 2013). Like Holmberg I, it lies on the out-
skirts of the M81 group of galaxies (Karachentsev et al.
2002). The exponential disk of NGC 2403 is extremely ex-
tended, out to 18 kpc, with an additional stellar structural
component reaching even larger distances (<40 kpc, Barker
et al. 2012). Recent deep Hyper Suprime-Cam imaging with
Subaru reveals stellar streams in the direction of NGC 2403
emanating from a candidate dwarf satellite DDO 40 (Car-
lin et al. 2019). There is evidence of extraplanar H1 gas
in NGC 2403 (Fraternali et al. 2002; Walter et al. 2008; de
Blok et al. 2014) that has been attributed to gas accretion
caused by galactic fountains from stellar feedback (Frater-
nali & Binney 2008; Li et al. 2023), or an interaction with
the nearby dwarf galaxy DDO 40 (Veronese et al. 2023). De-
spite its relatively low stellar mass, NGC 2403 harbors a sig-
nificant number of EGCs with a wide range of ages (Forbes
et al. 2022).

— NGC 6744 is one of the largest spirals in physical extent be-
yond the Local Group, and the largest angular-extent barred
ringed spiral in the southern sky (de Vaucouleurs 1963).
An extensive multi-frequency study by Yew et al. (2018)
found several point sources detected in both X-rays and ra-
dio, likely supernovae remnants, and a luminous nuclear X-
ray source thought to be associated with a super-massive
black hole. This central source is optically characterized
as a very low-luminosity active galactic nucleus (da Silva
et al. 2018). In 2005, a Type Ic SN exploded in the disk of
NGC 6744 (Kankare et al. 2014), adding evidence for a past
star formation episode. H 1 observations show that the bulk of
the atomic gas has a ring-like morphology, associated with
the spiral arms and the dwarf companion NGC 6744 A (Ry-
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der et al. 1999). NGC 6744 may also possibly host a dwarf
spheroidal satellite (Bedin et al. 2019), and several other
LSB (candidate) dwarf satellites (Karachentsev et al. 2020).

— NGC 6822 was first identified in 1925 by Hubble as a ‘very
faint cluster of stars and nebulae’ well beyond the Milky Way
(Hubble 1925). At 510 kpc distance, NGC 6822 is the closest
galaxy in the Showcase sample, and its stellar populations
have been heavily studied (e.g., Tantalo et al. 2022). There
are at least two distinct kinematic components seen in the H1
and stars of NGC 6822 (e.g., Demers et al. 2006), although
it may resemble dynamically a late-type galaxy rather than
a ‘polar ring’ (Thompson et al. 2016). NGC 6822 shows a
large H1 cavity, ‘supergiant shell’ (de Blok & Walter 2000),
though with fewer H1 features than Holmberg II. Stellar age
gradients around the Hr cavity point to a stellar feedback
origin, not necessarily related to star clusters (de Blok &
Walter 2006). A recent panoramic view of NGC 6822 in g+
filters shows no stellar overdensities in its outskirts, ruling
out any recent interaction with a companion galaxy (Zhang
et al. 2021; McConnachie et al. 2021), although it may have
passed through the virial radius of the Milky Way about 3—
4 Gyr ago (Teyssier et al. 2012; Zhang et al. 2021). There are
currently eight known GCs in NGC 6822 (Huxor et al. 2013;
Larsen et al. 2018), spread out over an extended region up to
a projected radius of 11 kpc (Veljanoski et al. 2015).

3. Euclid data reduction, photometric calibration,
and surface brightness depth

The ERO observations of the Showcase galaxies were obtained
during Euclid’s PV phase, with the last object, Holmberg II, ob-
tained at the end of November, 2023. Euclid broadband coverage
includes the VIS band I;;, and the three bands of NISP, Y;, Ji, and
H;. With the exception of IC 10, the Showcase galaxies were ob-
served with one standard ROS, similar to the EWS (Euclid Col-
laboration: Scaramella et al. 2022), with four dithered images
per band for a total exposure time of roughly 1 hour, consisting
of four repetitions of 560 s for VIS and 87 s for each NISP band.
For IC 10, two ROS were acquired for a total of eight, rather
than four, exposures per band. The ROS exposures are dithered
to mitigate cosmic rays and detector defects. The NISP detector
gaps are somewhat larger than those of VIS, and the photomet-
ric depth varies because of the interchip gaps. More details of
the payload and the instrumentation are given in Euclid Collab-
oration: Mellier et al. (2024).

The ERO data were not reduced with the standard Science
Ground Segment pipeline, but rather using a set of procedures
optimized for LSB emission, developed ad hoc for the ERO
program as described in Cuillandre et al. (2024). The reduc-
tion starts with the calibrated Level 1 raw frames provided by
the VIS and NISP processors (e.g., Euclid Collaboration: Crop-
per et al. 2024; Euclid Collaboration: Jahnke et al. 2024). Sub-
sequent image processing considers: (1) elimination of cosmic
rays; (2) astrometric distortion across the wide FoV; (3) variation
of the PSF full-width half maximum (FWHM) as a function of
field position; (4) modeling and subtraction of persistence effects
that result from the preceding spectroscopic exposure imprinting
remnant signal on the subsequent photometric exposures; (5) de-
veloping a ‘super flat field’ including the illumination pattern
and low-level flux non-linearity. Details of how these effects are
treated are given in Cuillandre et al. (2024).

The pixel sizes for the VIS and NIR images are 0’1 and
073, respectively, implying that for both instruments the PSF
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is slightly undersampled. The final ERO stacked frames have a
median PSF FWHM of 0”716, 0747, 0”747, and 0749 (1.57, 1.57,
1.58, 1.65 pixels) in I, Y;, J5, and Hg, respectively (Cuillandre
et al. 2024). Because of the rudimentary set of calibration data
used by the ERO pipeline, it was not possible to stringently con-
strain uncertainties, so that the photometric calibration uncer-
tainties were simply required to be < 10%. The ERO data were
arbitrarily rescaled to have a nominal zero point of ZP =30 AB
mag; this satisfies the uncertainty requirement for Yz, J, and Hg,
but subsequent checks against Gaia showed that ZP =30.13 AB
mag is a better estimate for /;. More details are provided by Cuil-
landre et al. (2024).

3.1. Sky level and noise estimation

As described in Sect. 1, one of Euclid’s most important advan-
tages is its sensitivity to LSB emission. Following the metric
used in previous studies (e.g., Merritt et al. 2016; Trujillo & Fliri
2016; Borlaff et al. 2019; Roman et al. 2020; Euclid Collabora-
tion: Borlaff et al. 2022; Euclid Collaboration: Scaramella et al.
2022), we quantify this sensitivity (image depth) o by consid-
ering sky surface brightness variations over areas of 100 arcsec?
in empty regions of the images with only sky emission. We have
adopted the common scaling (see, e.g., Akhlaghi 2019a; Romén
et al. 2020) for converting o (in units of counts or ADU per
pixel) to a limiting surface brightness i, (AB magarcsec™?)
within a region of area b*:

Him = ZP—=2.5 log,o(no)+2.5 log,,(bp) mag arcsec™?, (D)

where n is the signal-to-noise of the detection, b is the square
root of the area of the region in arcsec, and p is the pixel scale
of the image (arcsec pixel ™). This scaling can be understood in
several ways, in particular by considering that uncorrelated noise
measured by o adds in quadrature within a region of area b?,
and that within a 100 arcsec? region there are (b/p)?* pixels (see
Appendix A).?

We adopted three approaches to estimate o: (1)
gnuastro/noisechisel (Akhlaghi & Ichikawa 2015;
Akhlaghi 2019a,b); (2) Gaussian fitting on the sky-only masked
image following the scheme of Roman et al. (2020), with the
mask provided by noisechisel in the previous step; and (3)
AutoProf (Stone et al. 2021). Details of these calculations are
given in Appendix A.

A caveat of our calculations is that the scaling to convert o
to a limiting surface brightness i, assumes that the noise is
uncorrelated, and that the noise per pixel (o) can be accurately
scaled to a limiting i for an arbitrary region size. In any stacked
mosaic, the noise is correlated because of resampling, so our es-
timates assuming Eq. (1) are lower (fainter) than the true SB
limits. We have assessed this effect in some detail, as described
in Appendix A, and estimate that it would make our SB limits
over 100 arcsec? regions brighter at most by <0.15 mag in VIS,
and 0.3 mag in NISP.

There are also additional factors not considered in our anal-
ysis. As noted by Kluge et al. (2024), foreground Galactic cirrus
emission is an important contaminant of sky background, and
can compromise the SB depth that can be achieved in a given sky
region. Also, at low Galactic latitudes, spatially variable fore-
ground extinction from the Milky Way will create difficulties in
measuring LSB emission. Finally, in general, the data processing
used to create the stacked images could automatically remove

3 See also https://www.gnu.org/software/gnuastro/manual/
html_node/Surface-brightness-limit-of-image.html.

LSB features through sky subtraction or flat fielding. However,
as described in Cuillandre et al. (2024), this is probably not the
case here where we use the ‘extended-emission’ stack whose
goal is to preserve extended LSB emission (see Cuillandre et al.
2024, for more details). In any case, automated detection algo-
rithms to identify LSB dwarf galaxies, for example, may not be
able to achieve the cited limits, depending on the algorithm pa-
rameters and the morphology and contrast levels of the individ-
ual object.

With these caveats, the results given in Appendix A show
that Euclid’s sensitivity to LSB emission on 100 arcsec? scales
is superb, with 1o limits ® 30.5 AB mag arcsec™? in I, and
slightly brighter, 29.2-29.4 AB mag arcsec™?, in Y;, J;, and H.
Our measured LSB performance of Euclid for VIS is roughly
consistent with the predictions of Euclid Collaboration: Borlaff
et al. (2022) and Euclid Collaboration: Scaramella et al. (2022),
but nominally ~ 0.5 mag better (fainter) than the NISP estimates
given in Euclid Collaboration: Scaramella et al. (2022). This
comparison takes into account (see Table A.1) the asinh scaling
used by Euclid Collaboration: Scaramella et al. (2022, equiva-
lent to —0.5 mag); however, it is possible that their background
models of zodiacal light for the NIR emission were overly pes-
simistic. Our SB limits are also consistent with those given
in Cuillandre et al. (2024), once the additional factors applied
there to the noise measurements are taken into account: the as-
inh factor (—0.52 mag); and the scaling factors that consider the
SWarp stacking, 1.32 for VIS (—0.30 mag), and 1.69 for NISP
(—0.57 mag). These scaling factors for stacking are somewhat
larger than what we inferred for the resampling correction as
discussed above (see Appendix A). Converting these 1o limits
to 30~ would reduce them by 1.19 mag. Such limits are partic-
ularly striking, given the relatively short exposure time of less
than 1 h for a single ROS, and the wide FoV covered in a single
pointing.

4. Integrated light properties

To combine and compare the multi-band images for each galaxy,
the images were aligned astrometrically and rebinned to a com-
mon 0”3 pixel size (the same as for NISP) using gnuastro rou-
tines. Sky background emission was subtracted globally, adopt-
ing the sky level determined from Gaussian fitting using Ap-
proach (2) (see Sect. 3.1 and Table A.1).

4.1. Correction for foreground extinction

It is also necessary to correct for foreground extinction by the
Galaxy. Foreground extinction for each target has been estimated
from the Schlegel et al. (1998) dust maps recalibrated to the scale
of Schlafly & Finkbeiner (2011), as implemented in the publicly
available Python package dustmaps.* For a given location on
the sky, the module returns the corresponding E(B — V) value
derived by linearly interpolating the dust maps. We have used
Ry =3.1toconvert E(B—V)to Ay. Values of Ay for each galaxy
are given in Table 1, and agree with the Ay values from Schlafly
& Finkbeiner (2011) tabulated by NED. For the integrated light,
we have adopted a single value of Ay for each galaxy; instead
for the resolved stellar photometry, we implemented a spatially
variable foreground extinction, as described in Sect. 5.

4 dustmaps is found at https://dustmaps.readthedocs.io/en/
latest/maps.html and the dust maps themselves can be accessed and
downloaded in the context of this package.
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Fig. 1. RGB image of Holmberg Il with Hy red, Y; green, and I blue. Foreground extinction has been corrected and sky subtracted as described
in the text (Sect. 4.1). In the top panel, the full FoV of 027 x 097 is shown, while the bottom one displays the inner 6’ X 6 region corresponding
to the white box in the upper panel. In the lower panel, to the east, there is an extensive north-south chain of Hu regions (e.g., Hodge et al. 1994),
that harbors the ultraluminous X-ray source Ho IIULX-1 (e.g., Zezas et al. 1999; Kaaret et al. 2004), visible as a triangular-shaped blue H 1 region
at @ =08:19:28.98, 6§ = +70:42:19.3 (J2000). Also visible as a blue circular structure to the north of the H n-region chain is an artefact dichroic
ghost (see also Sect. 6, Fig. 15).
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68°20'

Fig. 2. Same as for Fig. 1, but for IC 342, and with the top left panel showing the full FoV of 027 x 027 and the bottom panel the inner 6" X 6’
region corresponding to the white box in the upper left. The top right panel shows the zoomed-in 30” X 30" RGB image of the blue nucleus, also
revealed in the radial color profiles (see Sect. 4.4, Fig. 6).
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Fig. 3. As in Fig. 1, but for NGC 6744, the most distant galaxy of the Showcase. In the top panel, the full FoV of 027 x 027 is shown, while the
lower panel gives the inner 6’ X 6’ region corresponding to the white box in the upper panel. The filamentary dust lanes within the spiral arms are
delineated with exquisite detail.

Article number, page 8 of 37



L. K. Hunt et al.: Euclid: ERO — Deep anatomy of nearby galaxies

The images are corrected for foreground reddening accord-
ing to the extinction curve from Gordon et al. (2023, G23), im-
plemented through dust-extinction,’ an affiliated package of
astropy. Because of the difficulties in knowing the source spec-
trum a priori, and its variation across the FoV, for the integrated
light, we assume a flat source spectrum in wavelength. Thus, to
compute the effective wavelength across the Euclid filters, we
took the bandwidths from Laureijs et al. (2011) and computed
the mean across the bandwidth. This also assumes that the fil-
ters have a flat transmission curve, which is not far from the
true transmission, as shown in Laureijs et al. (2011) and Euclid
Collaboration: Schirmer et al. (2022). The effective wavelengths
obtained in this way are 0.725um, 1.033 um, 1.259 um, and
1.686 um, respectively, for I, Yy, Ji, and Hy. The G23 extinc-
tion curve gives relative ratios of A /Ay =0.678, 0.366, 0.261,
and 0.160, for I, Y;, Ji, and H;, respectively. Corrections for
each Euclid band have then been applied to the images using the
G23 models within the dust-extinction package. As men-
tioned above, we have assumed a single value of E(B — V) for
each galaxy (see Table 1), so that the extinction correction is
constant across the image. Future papers will delve more deeply
into the question of the effects of spatially variable foreground
extinction for the integrated light, as well as investigate the color-
dependence of the extinction coeflicients.

Our central wavelengths for the Euclid bands are not exactly
coincident with those given in Euclid Collaboration: Scaramella
et al. (2022): 1=0.72um (f;); 1.10um (Yz); 1.40 um (J;); and
1.80 um (H;). However, their final A, extinction corrections are
quite close to our estimates, despite their different A and adopted
extinction curve (Gordon et al. 2003): A,/Ay =0.68, 0.34, 0.23,
0.16, for I, Y;, Ji, and Hy, respectively.

Figures 1, 2, and 3 show the aligned, sky-subtracted,
extinction-corrected images of representative Showcase galax-
ies combined into RGB format, with 7; as blue, Y; green, and
H; red; Holmbergll, IC 342, and NGC 6744 are shown here,
while the remaining galaxies are shown in Appendix B. Fig-
ures 1-3 (and Appendix B) illustrate the capability of Euclid to
image extremely wide regions over the sky, but also to probe
the fine, highly spatially resolved, details of stellar content and
background objects. The close proximity of IC 10 and NGC 6822
enables careful assessment of star counts and resolved stellar
populations (see Sect. 5). Stellar populations are still resolved
in slightly more distant galaxies (out to about 3 Mpc) such as
Holmberg II, IC 342, NGC 2403, and even NGC 6744 at 9 Mpc.
Euclid’s superb resolution probes the central regions of IC 10,
IC 342, and NGC 2403 at 1-4pc scales, revealing young star
clusters and dusty filaments across their nuclei. The more distant
spiral, NGC 6744 at 9 Mpc, can be examined on slightly coarser
4-13 pc scales, ideal for comparing stellar populations with the
distribution of molecular gas (e.g., Leroy et al. 2021) and other
tracers of the interstellar medium (ISM).

4.2. Comparison of stellar and H I morphologies

Stellar content and Hr gas properties are intimately related. In
luminous galaxies not dominated by dark matter (DM), the stars
dominate the gravitational potential (e.g., van der Kruit 1981;
Mancera Pifia et al. 2022), and for galaxies of all types, the com-
bination of stars and H1 is fundamental for determining the char-
acteristics of the DM. It is commonly thought that Hr gas tends
to be more extended than the stellar disk (e.g., Bosma 2017),

3> Available at https://dust-extinction.readthedocs.io/en/
stable/.
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Fig. 4. H1overlays on high-contrast Euclid I images: IC 10 (top panel);
and IC 342 (middle). The H1beam size is shown in the lower left corner,
and contours are at 207, 407, 707, 100, and 200-. The bottom panel gives
the H1 overlay for IC 10 as in the top panel, but using the 3-arcmin
beam-smoothed Hr1image from Namumba et al. (2019); contours are at
20, 30, 50, 1007, 1007, and 700.

possibly because of dwarf galaxy satellites being disrupted in
the process of a minor merger (e.g., Kamphuis & Briggs 1992;
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Fig. 5. Herschel SPIRE 250-pum overlays on high-contrast Euclid I; images for IC 10 (left panel) and IC 342 (right).

Mayer et al. 2006; Boselli et al. 2014; Zemaitis et al. 2023),
or through cold accretion episodes (e.g., Bland-Hawthorn et al.
2017), or both. However, deep optical imaging suggests that stel-
lar substructures can extend as far as the Hr disk (e.g., Lewis
et al. 2013; Okamoto et al. 2015). Recent work on H1 demo-
graphics finds that the extent of the Hr disk depends on star-
formation activity, and that more massive galaxies tend to have
less extended H1 disks (Reynolds et al. 2023). The extent of H1
also depends on environment, since there is a decrease in the H1-
to-optical diameter in cluster environments (e.g., Reynolds et al.
2022).

Here, for illustration, in Fig. 4 we compare the H 1 morphol-
ogy in IC 10 and IC 342 to the stellar content as traced by Eu-
clid imaging.® The H1 data for IC 10 are taken from Wilcots &
Miller (1998),7 and for IC 342 from Chiang et al. (2021). The
beam sizes are shown in the lower-left corner of the overlays;
Lo sensitivities range from ~ 1.3 x 10'® cm™2 for IC 10 (bottom
panel), to 1 x 10" cm=2 for IC 10 (top), and ~ 2 x 10?° cm~2 for
IC 342 (middle). It can be seen from Fig. 4 that the stars in IC 10
are slightly more spatially extended than this H1 map, although
the H1 feature to the south is not reflected in the Euclid I, mor-
phology. The outer H1 spiral arms in IC 342 do not fall within
the stellar disk, but the bulk of the H1 distribution is closely mir-
rored by the stars. The Euclid I, ‘spur’ toward the northwest is
not seen in the H1 morphology tracing spiral arms in the gas.

Measurement sensitivity in terms of H1 beam size and lim-
iting column density, and the SB limits that can be achieved for
the stellar component, are arguably the most important discrim-
inators for determining the relative sizes of the Hr1 and stellar
distributions (e.g., Xu et al. 2022). The bottom panel of Fig. 4
shows an H1 moment map taken from Namumba et al. (2019)
with a larger beam than that shown in Fig. 4 (top panel). With
this larger beam, sensitive to fainter H1 column densities, the
H1 extends beyond the stellar disk, extending to the northwest
where there is a putative stellar stream culminating beyond the
Euclid FoV (e.g., Nidever et al. 2013; Namumba et al. 2019).
We examine whether this extension seen with Euclid can be as-
sociated with stars or foreground cirrus in the next section. In

¢ The mag arcsec™2 units have not been rescaled by Eq. (1) within the
100 arcsec? regions discussed in Sect. 3.1.

7 These archival data have been reprocessed by F. Walter et al. (priv.
comm.).
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any case, the above comparison demonstrates that the interplay
of stars and H1 morphology in galaxies can be reassessed on a
statistical basis with the sensitivity of Euclid.

4.3. Comparison of stellar, ISM, and cirrus emission

Atomic gas and dust tend to be spatially correlated within a typi-
cal ISM. However, in nearby galaxies it is not always straightfor-
ward to separate the foreground dust emission in the Milky Way
(MW) from dust emission originating within the nearby galaxy
itself. Conversely, H1 enables such a separation because of the
spectral resolution and corresponding velocity measurements.
Figure 5 overlays far-infrared (FIR) dust emission from Herschel
SPIRE/250 um over high-contrast Euclid I, images of IC 10 and
IC 342. The FIR images are taken from the Dwarf Galaxy Survey
(Madden et al. 2013) and the Key Insights on Nearby Galaxies:
A FIR Survey with Herschel (Kennicutt et al. 2011).

The dust emission in IC 10 roughly follows the ; filament to
the northwest, but it is not altogether possible to distinguish the
dust morphology from that of the H1 gas shown in Fig. 4 (bottom
panel). Although H1and dust tend to be cospatial, identifying the
origin of H1and FIR is problematic in IC 10 because of its prox-
imity, and thus low recession velocity, relative to the MW. IC 10
has a recession velocity of —348 km s~!, so is somewhat more
blue-shifted than the highest H1 velocities (~150kms™") con-
sidered as belonging to the MW by Planck Collaboration et al.
(2011). Those authors also found that the emissivity of Galactic
dust in these high-velocity clouds is low, so that relatively lit-
tle dust emission would be expected from such clouds (see also
Bianchi et al. 2017, who analyzed the Virgo cluster). The H1 gas
around IC 10 toward the northwest extension is found at about
—-400kms™! (e.g., Nidever et al. 2013), a higher velocity than
expected for gas belonging to the MW, and consistent with be-
ing intrinsic to IC 10.

However, it is not clear whether the filamentary dust traced
by the FIR in IC 10 belongs indeed to IC 10. The large-scale Her-
schel SPIRE/250 um image suggests that there is dust emission
throughout the entire northwest region around IC 10, which is
more widespread than the H1, and possibly corresponding to a
MW cirrus field. A stellar overdensity toward the NW could re-
solve the ambiguity, but there is no such obvious feature (see Fig.
12). Galactic cirrus tends to have blue optical colors (Roman
et al. 2020), but the severe foreground extinction of Ay= 4 to-
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Fig. 6. Top: Surface brightness profiles extracted by AutoProf as described in the text for IC 342 (left panel) and NGC 6822 (right). The four
bands are given by purple, blue, green, and red curves for I, Yz, Ji, and Hg, respectively. The 1o SB limits from AutoProf (not rescaled to
100 arcsec? regions) in units of mag arcsec~? are shown as dashed horizontal lines, with colors corresponding to the Euclid bands. The fluxes have
been corrected for foreground extinction (see Sect. 4.1); the uncorrected I profile is shown as a dotted (purple) curve in the top panel. Middle and
bottom: Iy —Hy and Yy —Hg radial color profiles. The top axis corresponds to galactocentric radii in units of arcsec, and the bottom in units of kpc.
The mean Iz —H; color over typically a factor of 100 in radius is shown as a horizontal dashed line in the middle panel; the light gray rectangular
regions illustrate the full spread in model colors (see Fig. 7) and the dark gray one the standard deviation about the mean of the models. The mean
galaxy Iz —Hg with its standard deviation is also shown as a gray rectangular region in Fig. 7.

ward IC 10, and its possible spatial variation, makes an accu-
rate color determination difficult, as well as the separation of the
I;; stellar emission from potential cirrus, either belonging to the
MW or IC 10.

In contrast, the case of IC 342 is unambiguous. Dust emis-
sion toward IC 342 follows the /; emission in the spur feature,
but the Hr1 at the recession velocity of IC 342 does not. The
conclusion is that in IC 342, the I; emission in the spur is due
to foreground cirrus, rather than a stellar stream. Its morphol-
ogy is mirrored exactly by the FIR 250 um-emission, but not in
H1. Consequently, in addition to tracing stars, sensitive Euclid
I; images, compared with other wavelengths, will be a powerful
diagnostic for the Galactic ISM, in particular for assessing the
importance of the diffuse cirrus component.

4.4. Surface brightness profiles

We have generated surface brightness (SB) profiles for the
Showcase galaxies using AutoProf. AutoProf is a Python-
based pipeline for non-parametric profile extraction, that in-
cludes masking, sky determination, centroiding, and isophotal
fitting (Stone et al. 2021). For this paper, we use AutoProf in
the default mode but with 5o clipping. Because centers are dif-
ficult to determine, particularly in nearby dwarf galaxies with
resolved stellar populations, we have fixed the profile centers to
the NED coordinates for the galaxy. Results are shown in Fig. 6

for IC 342 and NGC 6822; the profiles of the remaining galax-
ies appear in Appendix C (Fig. C.1). The sky values determined
from Approach (2), as given in Table A.1 and shown in Fig. A.2,
are consistent to within a few percent with the sky levels from
AutoProf.

In Fig. 6 (and Fig. C.1), the surface brightness profiles cor-
rected for foreground extinction are shown as solid lines, while
for I the uncorrected profile is shown as a dotted line. Because
of their low Galactic latitude (see Table 1), for IC 10, IC 342, and
NGC 6822, these corrections can be significant, up to 3 I, mag
in the case of IC 10. The top horizontal axis reports the angular
galactocentric distance, while the bottom gives the physical radii
in kpc. Figures 6 and C.1 show that in these nearby galaxies Eu-
clid is able to trace galaxy emission out to 20—30 kpc in radius
in a single ROS.

Figures 6 and C.1 also illustrate the difficulty of determining
the sky value when the galaxy fills the image. IC 342’s profile ex-
tends smoothly out to the limits of the Euclid FoV (1600” on the
diagonal), but does not quite achieve the SB limits expected from
Sect. 3.1. The implication is that the galaxy emission could have
been measured at even larger radii, were it not limited by the (al-
ready large) FoV. On the other hand, the profile of NGC 6822,
an apparently smaller galaxy, approximates the SB limits in the
very outer regions. The problem of large galaxies will be miti-
gated in the EWS, because of more continuous coverage.
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Fig. 7. Synthetic Iz —Hg from the Bruzual & Charlot (2003) models with exponentially declining SFH (left panel); the same Bruzual & Charlot
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been corrected for foreground extinction from our Galaxy. The different behavior of the models is due to the smoothed-out SFH in the left panel,
and the different treatment of red supergiants (RSGs) that begin to dominate around 10 Myr, and the most massive AGB stars around 100 Myr.

4.5. The diagnostic power of Euclid colors

The radial trends of selected Euclid colors, I. —H; and Y; —H;
are also shown in Figs. 6 and C.1. As an initial evaluation of
the photometric calibration (see also Sect. 5), we compare the
colors of the Showcase galaxies with those obtained using syn-
thetic templates. In particular, we use Bruzual & Charlot (2003)
synthetic models, and calculate the magnitudes using the SED-
fitting code 1lephare (Arnouts et al. 1999; Ilbert et al. 2006). We
assume an exponentially declining SFH, with an SFR duration 7
in the range 0.1-30 Gyr, ages up to 14 Gyr, metallicity from sub-
Solar to Solar (0.2 Zs, 0.4 Z, and Z), and vary the internal ex-
tinction with E(B—-V)=0,0.1,0.2, and 0.3 using the attenuation
curve of Calzetti et al. (1994). From the combination of these pa-
rameters, we generate a library of 2300 synthetic magnitude sets
at z = 0. Given the wide range of parameters explored, most of
the galaxies in the local Universe would be expected to possess
colors within the model predictions.

From the distribution of the Euclid colors in the library, we
determine the median and the 16—84th quantile of the distribu-
tions, and find the following color ranges: I; —Y; =0.45 = 0.24;
Yy —J; =0.10 £ 0.08; and J; —H; =0.09 = 0.09. In Figs. 6
and C.1, these are shown as dark gray rectangular regions. The
full color ranges spanned by the models are encompassed by the
light gray ones.

Virtually all of the colors shown in Figs. 6 and C.1 fall within
the ranges predicted by these models. In the spirals, 1C 342,
NGC 2403, and NGC 6744, there is a trend for the outer regions
to be bluer than the bulk of the inner disk, possibly implying an
inside-out disk formation scenario (e.g., Williams et al. 2009b;
Gogarten et al. 2010; Wang et al. 2011), consistent with radial
metallicity gradients in nearby spirals (e.g., Sanchez et al. 2014)
Conversely, the central regions of IC 342 and IC 10 are extremely
blue, challenging the spread of allowable colors predicted by
the models. However, as shown in Figs. 2 and B.1, the centers
of both galaxies are unusual. IC 342 has an extremely luminous
young star cluster complex in its nucleus (Boker et al. 1999; Car-
son et al. 2015; Balser et al. 2017), the brightest of those exam-
ined by Carson et al. (2015). Figure 2 and HST colors show that
it is extremely blue, associated with a massive Hn region and
an X-ray source (Mak et al. 2008). In IC 10, the NED center po-
sition corresponds to a complex of Hu regions (e.g., Hodge &
Lee 1990; Polles et al. 2019), and there are several more located
near the nucleus (e.g., Vacca et al. 2007). Thus, extremely blue
nuclear colors are expected for both IC 342 and IC 10.
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We explore this further in Fig. 7, where I, —H; is plotted as
a function of age, and color coded by metallicity Z. We com-
pare the predictions of the Bruzual & Charlot (2003) models de-
scribed above and shown in the left panel, with those of Bruzual
& Charlot (2003) for single stellar population (SSP) models and
with PEGASE SSPs by Fioc & Rocca-Volmerange (1997) and Le
Borgne et al. (2004). No internal extinction has been applied to
the SSP colors. Also shown as gray regions are the mean I, —H
color ranges of the Showcase galaxies that are reported as hor-
izontal dashed lines in Figs. 6 and C.1. The models in the left
panel of Fig. 7 were generated with a limited range of metal-
licities and ages, as can be seen from the comparison with the
SSPs in the right two panels. In addition to the different pa-
rameter ranges, the BC0O3 models behave differently due to the
smoothed-out SFH in the left panel, compared to the SSP in the
middle one. The BCO3 and PEGASE SSP models also differ in
their treatment of red supergiants (RSGs) that begin to domi-
nate at ~ 10 Myr, and the most massive asymptotic giant branch
(AGB) stars at ~ 100 Myr.

The bluest colors are found at young ages, < 10 Myr, consis-
tent with the properties of IC 10 and IC 342 in their central re-
gions. Moreover, sub-Solar metallicity makes these colors even
bluer, so appropriate for IC 10 at about 0.3 Z, (log,y(Z/Zs) =
—0.55 for the color coding). At a slightly super-Solar metal-
licity, the age of the IC 342 nuclear star cluster is estimated to
be ~5Myr (e.g., Carson et al. 2015), so the limits of the SSP
PEGASE models constrain well the observed colors at this young
age.

In summary, Euclid colors are diagnostic of the age and
metallicity of the stellar populations in galaxies, and will provide
an important tool for the exploration of broader galaxy popula-
tions. At Euclid’s resolution, in the centers of these nearby galax-
ies, we are essentially just probing small star clusters or even
bright stars. At the same time, Euclid’s sensitive SB limits allow
the examination of galaxy disks to depths that can reveal disk
breaks and faint external features of galaxies that could be sig-
natures of interaction (e.g., Peters et al. 2017; Sdnchez-Alarcén
et al. 2023). Details of the SB profiles and color gradients, and
the disk properties of the Showcase galaxies, will be discussed
in a future paper.
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5. Resolved stellar photometry and star counts

Going beyond the integrated light described in Sect. 4, photom-
etry of resolved stars in nearby galaxies is a powerful tool, not
only for understanding stellar content and galaxy formation sce-
narios, but also for probing the outer regions of galaxy disks and
disk formation (e.g., Barker et al. 2012; Crnojevi¢ et al. 2016;
Hillis et al. 2016; Jang et al. 2020a). The surface brightness
of resolved stellar populations, once corrected for completeness
and projection effects, can reach fainter SB limits than integrated
light alone (e.g., Barker et al. 2012). Thus, through stellar pho-
tometry in nearby galaxies, Euclid opens a new perspective also
on resolved stellar populations and their diagnostic capabilities.
Here we present a first look at resolved stellar photometry in the
Showcase galaxies.

5.1. Stellar photometry

For all galaxies, point-source photometry was performed with
SourceExtractor (Bertin & Arnouts 1996). Detections were
considered independently in the four Euclid bands, adopting a
7x7 mexhat (wavelet) filter before detection, and then consid-
ering as valid detections all sources having even a single pixel
1.50 above the background. The filtering step performed by
SourceExtractor prior to source identification has the effect
of “smoothing” the images, thus minimizing spurious detections
despite the low 1.50 detection threshold. The photometric anal-
ysis of the identified sources is performed on the original im-
ages. For the photometry, we adopted a 5-pixel diameter aper-
ture, corresponding to 0”’5 and 1’’5 in the VIS and NISP images,
respectively. This aperture, which totals approximately 3 times
the PSF FWHM in all Euclid bands, is sufficiently small to guar-
antee accurate photometry in moderately crowded regions of the
galaxies. Aperture corrections from 5-pixel to large apertures
of 6” for VIS and 18" for the NISP images, totaling about 40
times the FWHM of the PSFs, were computed from the most iso-
lated, bright, unsaturated stars. The corrections amount to —0.27,
—-0.11, —0.12, and —0.15 mag in I;, Y;, Ji;, and Hg, respectively.
Finally, magnitudes were calibrated applying the zero points of
ZP;. =30.13, and ZPyr =30.0, as discussed in Sect. 3. PSF-
fitting photometry aimed at characterizing the resolved stellar
content of the innermost star-forming regions will be presented
in subsequent papers.

The photometric catalogs in the VIS and NISP bands were
cross-matched by assigning a 1” maximum tolerance in sep-
aration between sources. For every galaxy except 1C 342 and
NGC 6744, we were able to produce a final master catalog con-
taining only sources with photometric detections in all four
bands. For IC 342 and NGC 6744, in order to achieve sufficient
statistics, we adopted a less conservative approach, and cross-
matched the I; VIS band with only the J; and H; NISP bands.
Although comparable depth is reached by all the NISP bands
(namely, Yy =24.45, J;, =24.6, H, =24.5 at 5o for a point source,
Cuillandre et al. 2024), the Y;; band is less advantageous than the
Jg or H; bands for detecting faint red RGB stars or stars that suf-
fer significant extinction. In any case, the cross-match removes
the majority of spurious detections, such as cosmic rays, emis-
sion peaks on bright star spikes, or residual artefacts from the
image reduction pipeline described in Sect. 3.

Additional selection cuts based on some of the
SourceExtractor output parameters are then applied to
remove saturated stars and extended background galaxies.
More specifically, we retain sources that: (i) have a measured
FWHM in VIS between 1.2 and 2.5 pixels; and (ii) lie within
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Fig. 8. SourceExtractor output parameters for NGC 6822, intended
to illustrate the typical selection cuts applied to our photometric cata-
logs. Purple points are the sources matched in all four Euclid bands,
while yellow points correspond to our selections. In the top panel, we
retain all sources with a measured FWHM in VIS between 1.2 and 2.5
pixels, while in the bottom panel, we show our adopted selection in the
plane defined by central surface brightness versus aperture magnitude.
Sources with a FWHM smaller than 1.2 pixels (namely smaller than
the PSF) are likely artefacts, while sources with large FWHM values
and/or large values of yy,,x compared to aperture photometry are either
saturated stars or extended objects (background galaxies or resolved star
clusters).

the locus populated by compact sources in the plane defined
by central surface brightness (umax) versus aperture magnitude,
as illustrated in Fig. 8. Objects with a FWHM smaller than
1.2 pixels (namely smaller than the PSF) are likely artefacts,
while values of the FWHM larger than 2.5 pixels have a high
probability of being associated with extended objects. Indeed,
extended systems (such as background galaxies or resolved
star clusters), as well as saturated stars, tend to have fainter
central surface brightnesses compared to point sources with the
same aperture flux. Nevertheless, such selection criteria are not
always effective in removing very compact background galaxies
from the final catalog. The horizontal concentration of sources
at FWHM(Z;.)=10 in the top panel of Fig. 8 is due to spurious
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Fig. 9. I versus Iz-Hg color-magnitude diagram of all sources within
the FoV of NGC 6822, after applying the selection cuts described in
Sect. 5.1 and illustrated in Fig. 8, and after correction for foreground ex-
tinction (Sect. 5.2). Yellow points indicate bright MW and background
galaxy contaminants, namely sources cross-matched with the Gaia DR3
catalog that have a measured proper motion PM larger than 307py;. The
vertical feature at I, — Hy ~ 1.3, Iz = 21 is due to the MW M dwarf
population.

detections related to the effect of saturation, and corresponding
NaN pixels. With these cuts, we are left with: 332900, 323 260,
116551 and 30755 sources in the I.—Y.—J.—H; matched
catalogs of NGC 6822, IC 10, NGC 2403, and HolmbergII,
respectively; and 318 366 and 162 286 sources, respectively, in
the I.—J:—H; matched catalogs of IC 342 and NGC 6744.

5.2. Reddening correction

Individual source magnitudes were corrected for spatially vari-
able foreground reddening, as described in Sect. 4.1, but for
each source position, rather than assuming a single value for
the entire galaxy. Also, rather than using a flat spectrum as for
the integrated light, here we assume a 5700 K blackbody to ap-
proximate a G2V stellar spectrum in order to better emulate the
emission from individual stars. This assumption provides rela-
tive ratios of A, /Ay=0.726, 0.375, 0.266, and 0.173 for I, Y,
Ji, and Hy, respectively. The correction is modest in the case of
Holmberg IT, NGC 2403, and NGC 6744, while it has a major im-
pact on the CMDs of IC 10, IC 342, and NGC 6822, which suffer
the strongest extinction. Indeed, the reddening-corrected CMDs
of these galaxies exhibit, besides a global shift toward brighter
magnitudes and bluer colors, narrower and cleaner stellar evolu-
tionary sequences compared to the non-corrected CMDs.
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5.3. Foreground star removal

Although the selection cuts described in Sect. 5.1 are effective in
removing a substantial fraction of extended background galax-
ies, our photometric catalogs still suffer from major contamina-
tion due to foreground Galactic stars. This is evident in Fig. 9
where we show, as an illustrative example, the final calibrated,
reddening-corrected I;; versus I, — H; CMD of NGC 6822. In the
diagram, the vertical band of sources delineating a sharp edge at
I; — H; ~ —0.4 and extending toward the red up to I, — H; ~ 1.3
are main sequence stars from the Galactic disk, with the vertical
feature at Iy — Hy ~ 1.3, I; * 21 due to the M dwarf population.
In order to remove these contaminants, we adopt two comple-
mentary steps using (i) the constraints provided by Gaia proper
motions (PMs), and (ii) the implementation of additional selec-
tions based on color-color diagrams in the Euclid bands.

In step (i), we cross-correlate our photometric catalogs with
the Gaia DR3 release (Gaia Collaboration et al. 2021), adopting
a 1”” maximum tolerance in RA, Dec coordinates. Since the ERO
Showcase galaxies have PMs compatible with zero within the er-
rors (e.g., McConnachie et al. 2021; Bennet et al. 2023), likely
MW members are identified, and then removed from our cata-
logs, as those having a measured proper motion PM larger than
30pMm, Where opy is the PM uncertainty. With this approach, we
effectively remove bright foreground stars with I, < 20 from
our CMD. The removed sources are indicated as yellow points
in the CMD of Fig. 9. Nonetheless, it is evident that the vertical
sequence of MW contaminants at Iy — H; ~ —0.4 and I; > 20 is
still present in the CMD.

Next, we implement step (ii) to remove some foreground
contaminants fainter than I; ~ 20, which do not have a coun-
terpart in Gaia. More specifically, we apply a selection in the
Y: — Hy versus I; — H; plane, as shown in Fig. 10 for NGC 6822.
As illustrated in the top panel of the figure, stars in the MW
and in NGC 6822 populate the same locus of the diagram at
I.—H; < 1, because the colors of giant and dwarf stars are degen-
erate for early spectral types. Indeed, stellar isochrones (Bressan
et al. 2012; Marigo et al. 2017) displayed for a wide range of
ages (10 Myr to 10 Gyr) and metallicities of < 40% Solar,® com-
patible with NGC 6822’s chemical abundance estimates (Venn
et al. 2001; Lee et al. 2006; Patrick et al. 2015), completely over-
lap at blue colors with the TRILEGAL model of the Milky Way
(Girardi et al. 2005, 2012), so that a separation between the two
components is not possible in this regime. On the other hand,
the colors of dwarf and giant stars start to diverge at I, — Hy > 1,
and Galactic M dwarfs depart from giants in NGC 6822, form-
ing a relatively bluer sequence with —0.15 < Yy — H; < 0.3 (see
e.g., Majewski et al. 2003; Bentley et al. 2019, for similar clas-
sifications). The selection outlined in the bottom panel of Fig.10
therefore provides a sensible strategy for the removal of a large
number of MW M-dwarf contaminants. M dwarfs belonging to
NGC 6822 are not present in our catalog because, at the galaxy
distance of 0.5 Mpc, they are too faint to be detected.

The selection illustrated in Fig. 10 also enables the removal
of a few residual spurious detections (typically located at the
edge of detectors) and the contribution from compact red galax-
ies that survived the initial cuts based on the SourceExtractor
parameters in Sect. 5.1; these sources have IR colors typically
redder than Galactic M dwarfs (see, e.g., Fig. 2 of Bell et al.
2019) and form a separate sequence with Y; — H; colors interme-
diate between those defined by Galactic M dwarfs and AGB stars
in NGC 6822. A visual inspection of these sources in the VIS

8 The PARSEC isochrones in the Euclid bands were downloaded from
http://stev.oapd.inaf.it/cgi-bin/cmd.
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Fig. 10. Distribution in the Yz —Hy versus Iz —Hg plane of sources in
the NGC 6822 photometric catalog, after removal of bright I; < 20 MW
disk stars in Gaia DR3. In the top panel, the PARSEC stellar isochrones
(Bressan et al. 2012; Marigo et al. 2017) in the Euclid bands are super-
imposed in red for different ages (from 10 Myr to 10 Gyr) and metal-
licities of Z < 0.006 (about one third Solar); in blue is the TRILE-
GAL Galaxy model. Giant stars in NGC 6822 and dwarf stars in the
MW overlap at Iz —Hg < 1, while the two populations diverge at red-
der colors. In the bottom panel, we denote the location of Galactic M
dwarf stars, AGB stars in NGC 6822, background compact red galaxies,
and residual spurious detections. The dashed orange polygon outlines
our final selection, which provides a reasonable compromise between
the need of retaining the largest possible number of stars belonging to
NGC 6822, while removing Galactic M dwarfs, compact red galaxies,
and residual spurious detections (see text for details).

image confirms that they are compact background galaxies. In-
deed, although a portion of the isochrones displayed in red in the
top panel of Fig. 10 seems to closely follow that intermediate-
color sequence of sources, we checked that both the position of
these sources on the CMD of NGC 6822, and their rather uni-
form distribution over the FoV, excludes their association with
NGC 6822. Furthermore, a direct visual inspection on the VIS
image clearly reveals that they are either compact background
galaxies or the nuclei of relatively more extended ones.

After removal of MW contaminants, we are left with
233900, 199 260, 65296, and 16 928 sources in the I,—Y.—J.—H,
matched catalogs of NGC 6822, IC 10, NGC 2403, and Holm-
bergII, respectively; and with 120747 and 112872 sources,
respectively, in the I;—J;—H; matched catalogs of IC 342 and
NGC 6744. The surviving stars after removal of these contam-
inants are typically 56—70% of the original sample. The ex-
ception is IC 342, where the fraction drops to 38% due to the
high foreground star contamination for this low-Galactic latitude
galaxy, coupled with its relatively large distance (see Table 1),
which hampers the detection of its resolved stellar population.

5.4. Identifying individual stellar populations

To illustrate the results, we show in Fig. 11 the final I; versus
I, — H; and J; versus Y; — H; CMDs of NGC 6822. These di-
agrams present a dramatic improvement when compared to the
CMD of Fig. 9, since the removal of foreground and background
contaminants unveils the presence of well-defined stellar evolu-
tionary sequences within NGC 6822, which are indicated in the
left panel of Fig. 11: a blue plume (BP) at -2 < I; — H; < —1,
populated by massive main sequence (MS) stars and post-MS
stars in the hot core helium-burning phase, with ages <100 Myr;
a vertical sequence of red supergiants (RSG) at I, — H; =~ 1,
17.5 S Iy £ 19.5, with ages from about 20 Myr to 50 Myr; bright
andred (1.2 < I;—H; < 5) AGB stars with ages from about 0.1 to
2 Gyr; and red giant branch (RGB) stars with O S I; — H; < 1.5,
I; = 20 and ages older than 1-2 Gyr (and potentially as old as
~ 13 Gyr). Also visible at -04 < I, — H; < 0.6, I, = 23.5,
towards our detection limit, is the red clump (RC) of low-mass
stars in the core-helium burning phase, with ages >1-2 Gyr. At
I; — Hy ~ 0.3, I = 22.7 we detect the AGB bump (AGBD).

A direct comparison between the observed CMD and the
predictions of stellar models is presented in the middle panel of
Fig. 11, where we overplot the PARSEC stellar isochrones (Bres-
san et al. 2012; Marigo et al. 2017) in the Euclid bands for stel-
lar ages in the range 10 Myr—10 Gyr; isochrones younger than
~1 Gyr are displayed for a Z = 0.006 metallicity (about 30%
Solar), compatible with estimates from H it regions or young su-
pergiants in NGC 6822 (Venn et al. 2001; Lee et al. 2006; Patrick
et al. 2015), while a lower metallicity of Z = 0.001 is adopted
for older populations. The models were shifted by applying a
distance modulus of (m — M)y = 23.54 from Fusco et al. (2012),
corresponding to a distance of 510 kpc. This distance is compat-
ible with the observed RGB tip (TRGB) at I; ~ 20.2. Indeed,
a recent calibration of the TRGB in the Euclid bands based on
Gaia-DR3 synthetic photometry predicts an absolute value of
M, trge = —3.3 (Bellazzini & Pascale 2024) that translates into
a distance modulus of 23.5 in I, consistent with the distance
from Fusco et al. (2012), but somewhat larger than the 470-kpc
distance found by Weisz et al. (2014).

The right panel in Fig. 11 presents the J; versus Y, — H;
CMD of NGC 6822. In this CMD, the same stellar evolutionary
sequences described for the I; versus I, — H; CMD can be easily
identified, with the exception of the less evident RC and AGBb
features. On the other hand, there is a clearer separation between
O-rich versus C-rich AGB stars, with the former delineating an
almost vertical sequence with colors 0.35 < Y; — Hy < 0.55, and
the latter forming a horizontal feature at 17.9 < J; < 18.5 (see
also Nally et al. 2023, for a similar classification based on JWST
data).
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Fig. 11. Left: Final calibrated, reddening-corrected, I versus Iz —H; CMD of NGC 6822 after removal of extended background galaxies, bright

MW contaminants and faint Galactic M dwarf stars. Indicated are the

main stellar evolutionary sequences: the blue plume (BP), populated by

massive MS and post-MS stars in the hot core helium-burning phase (ages < 100 Myr); red supergiants (RSG), with ages from about 20 Myr to
50 Myr; bright and red AGB stars with ages from 0.1 to 2 Gyr; red giant branch (RGB) stars, with ages older than 1-2 Gyr; the red clump (RC)
of low-mass stars in the core-helium burning phase; and the AGB bump (AGBD). The blue, green, and red polygons, driven by the comparison
with stellar evolutionary models, indicate the selection regions used to create the star count maps in Sect. 5.5. as indicated in the legend. Middle:
Iy versus Iy — Hg CMD (same as left panel) with superimposed PARSEC stellar isochrones for different ages (10 Myr to 10 Gyr) and for two
metallicity values, Z = 0.006 and 0.001 (40% and 6% solar, respectively.). Right: Jg versus Yz — Hy CMD. In this diagram, the oxygen-rich and
the carbon-rich AGB stars (O-AGB and C-AGB) appear well separated and define vertical and horizontal sequences, respectively.

5.5. Star-count maps

The features outlined by the polygons in the left panel of Fig. 11
were used to select stellar populations for different age inter-
vals in the six Showcase galaxies. These selections were slightly
adapted to account for the different depths sampled, depending
on the galaxies’ distances. The age selection thus enabled the
construction of star count maps in different age intervals.

The final maps were smoothed by convolving with a Gaus-
sian kernel the two-dimensional histograms. Subtraction, in a
statistical sense, of foreground stars or background objects that
do not belong to the galaxies was performed by removing the
density of counts computed in regions at large galactocentric dis-
tance, where it is reasonable to assume a negligible presence of
the intrinsic stellar populations from the galaxy. However, this
may lead to an over subtraction of the background in the case
of NGC 6822, for which Zhang et al. (2021) demonstrated that
the stellar component extends at faint levels to beyond the Eu-
clid FoV. The star counts within these regions were calculated,
together with their standard deviation, opcx. The final maps were
constructed by only considering the star counts that exceeded
Obnek Dy a given signal-to-noise: S/N =35 for young stars; and
S/N =3 for RGB and AGB stellar populations, in order to bet-
ter highlight low surface brightness structures in the old stellar
component.

The stellar populations in the Showcase galaxies will be ex-
amined in detail in future papers, with a careful analysis of com-
pleteness limits, local extinction corrections, and galaxy mem-
bership. Here, we present the results of the preliminary analysis
described above. Figure 12 shows smoothed maps of the star
counts for IC 10 and IC 342, while NGC 6822 is presented in
Fig. 13, and Holmberg Il in Fig. 14. The remaining maps can be
found in Appendix D; we have obtained star counts with Euclid
even for NGC 6744, which has the largest distance in the Show-
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case sample (9 Mpc), although there we mostly detect young
stars, AGB stars, and blends of bright RGB stars.

The maps of the giant spirals, IC 342 and NGC 6744, show
that young stars follow closely the spiral structure well into the
outer disk, exemplifying the notion that spiral arms tend to be
the sites of recent star formation (e.g., Gerola & Seiden 1978;
Roberts & Hausman 1984; Wada et al. 2011). Similar behav-
ior is also seen in M 33, a flocculent spiral (Lazzarini et al.
2022), M 81 (Williams et al. 2009a; Okamoto et al. 2015), and
NGC 6946 (Tran et al. 2023). The AGBs in IC 342 also follow
the spiral arms, but tend to be more broadly distributed, possibly
implying the lack of a systematic time delay in the SFH across
the arm, similar to the case of M 81 (e.g., Choi et al. 2015).

Conversely, rather than tracing the flocculent spiral struc-
ture, the young stars in NGC 2403 (see Appendix D) are more
uniformly distributed across the disk (see also Barker et al.
2012). This would imply that the young stellar disk in NGC 2403
has been relatively undisturbed out to a galactocentric radius
Z 10kpc, similar to its morphological twin, NGC 300 (e.g.,
Hillis et al. 2016; Jang et al. 2020b).

Figures 12 and 13 show that in the dwarf galaxies, IC 10
and NGC 6822, the AGB stars are more centrally concentrated
than the RGBs, a common (e.g., Gerbrandt et al. 2015), but not
inevitable (e.g., Bernard et al. 2012), feature in dwarf irregular
galaxies (see e.g., Fig. 14). It is more difficult to characterize the
stellar populations in IC 10 than the other galaxies in the Show-
case, because of large foreground extinction and contamination
by foreground stars (e.g., Massey et al. 2007). We find that the
stellar distribution in IC 10 is quite extended in roughly a circu-
lar morphology (see also Fig. 4), consistent with Gerbrandt et al.
(2015). The young-star counts are even more centrally concen-
trated than the AGB stars, with the AGB stars possibly showing
more of a flattened distribution in the central regions. It is inter-
esting to speculate that this feature could be a signature of a past
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Fig. 12. Maps of star counts of two Showcase galaxies divided into individual stellar populations as described in the text: IC 10 (left panel); and
1C 342 (right). Young stars are shown as blue points, AGB stars as green, and evolved RGB stars as red. More details are given in the text. In IC 10
(left panel), young stars are clearly more concentrated than the older ones, and in IC 342 (right), the young stars clearly delineate the spiral arms
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Fig. 13. Star-count maps obtained as for Fig. 12, but for the closest Showcase galaxy, NGC 6822 (left panel), and with H1 contours overlaid on
the maps (right). H1 data are taken from de Blok & Walter (2000); contours are at 207, 40, 70, 1007, and 200-. The young stars in NGC 6822 are

clearly aligned with the atomic gas, as discussed in the text.

star-formation event. According to Weisz et al. (2014), in IC 10,
like other dIrr galaxies, significant star formation has taken place
over the last 2-3 Gyr; some of these stars are most likely the pro-
genitors of the AGB population in IC 10 (see also Dell’ Agli et al.
2018). Maps of the atomic gas (see Fig. 4) suggest that IC 10 has
undergone an interaction in the past, or is currently accreting
gas (e.g., Shostak & Skillman 1989; Nidever et al. 2013; Ashley
et al. 2014; Namumba et al. 2019).

The configuration and orientation of the RGB and AGB pop-
ulations in NGC 6822 shown in Fig. 13 agree with previous maps
(e.g., Demers et al. 2006; Sibbons et al. 2012; Tantalo et al.
2022). In NGC 6822, the young stars are oriented roughly along
the H1 emission, as illustrated by the overlay of Hr1 in the right
panel of Fig. 13. Young stars are found where the H1 has higher
column density, but are also present in the Hr cavities, such
as the ‘hole’ toward the southeast of the nucleus. This orien-

tation of the young population was also found previously (e.g.,
Komiyama et al. 2003; de Blok & Walter 2003; Zhang et al.
2021), implying that high H1 column density may foster star for-
mation. However, NGC 6822 is kinematically complex, with a
potentially counter-rotating component both in the gas and the
stars (e.g., de Blok & Walter 2006; Belland et al. 2020), so the
connection of the H1 with star formation may also be influenced
by kinematics. Figure 13 shows that the combined stellar mor-
phology produces an “X’-like configuration of the overall stel-
lar content, with the young stars oriented along a NW-SE direc-
tion, like the H1, and the older RGBs elongated along a NE-SW
direction; such a configuration is consistent with that found in
previous studies (e.g., Komiyama et al. 2003; de Blok & Wal-
ter 2003; Zhang et al. 2021). There is still debate about whether
the unusual properties of NGC 6822 have been caused by a prior
merger or stellar feedback (e.g., de Blok & Walter 2000; De-
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Fig. 14. Star-count maps obtained as for Fig. 12, but for Holmberg II
with Hr1 contours overlaid (top panel); the bottom panel shows the
zoomed-in image corresponding to the 15’ x 15’ gray box (shown in the
top panel). H1 data are taken from Walter et al. (2008); contours are at
20, 40, 70, 100, and 200. The AGB and old RGB stars are not visible
in the map of Holmberg II because they are entirely covered by young
stars.

mers et al. 2006; Cannon et al. 2012; Belland et al. 2020; Zhang
et al. 2021), but the case of NGC 6822 illustrates the potential of
Euclid to contribute to this debate.

Figure 14 presents the star-count maps of HolmberglIl,
where the bottom panel gives a zoomed-in region with the H1
overlay (Walter et al. 2008), corresponding to the 15’ X 15’ box
shown in the top panel. Unlike most dwarf galaxies, the AGB
stars in Holmberg Il are not more concentrated than the more
evolved RGB stars (e.g., Bernard et al. 2012). Confirming ear-
lier work, we find that the young stellar and AGB populations
are roughly spatially coincident, together with the underlying
older, RGB, population. The comparison of stellar populations
with the well-defined H1 cavities also shows that multiple stellar
populations tend to be found within the Hr holes, in agreement
with previous results (e.g., Puche et al. 1992; Rhode et al. 1999;
Weisz et al. 2009). The implication is that a single episode of
star formation is not responsible for carving the Hr cavities, but
rather feedback from SNe over time from multiple stellar gen-
erations. In summary, Euclid will be a powerful tool for further
constraining the past history of IC 10, NGC 6822, Holmberg II,
and other dwarf galaxies that will be observed during its lifetime,

Article number, page 18 of 37

as well as assessing the SFH of more massive disk galaxies and
the origin and longevity of spiral arms.

6. Dwarf satellites around NGC 6744

The unprecedented combination of low surface brightness sen-
sitivity, high spatial resolution with a pristine PSF, and wide-
area coverage of Euclid enables the detection and characteriza-
tion of the low surface brightness dwarf satellites around their
host galaxies, as well as the simultaneous study of their nu-
clear star clusters and globular cluster systems. To demonstrate
the capability of Euclid to investigate the satellite systems of
nearby galaxies, we visually identified the dwarf galaxies in the
Euclid Showcase fields. Here, we present some highlights for
NGC 6744.

6.1. Known dwarf satellites of NGC 6744

It is common to find ensembles of dwarf satellites around nearby
galaxies (e.g., Karachentsev et al. 2014). The dwarf satellite sys-
tem of the host galaxy NGC 6744 was explored in the context
of the ELVES (Exploration of Local VolumE Satellites) survey
by Carlsten et al. (2022), which confirmed 338 satellites with
absolute magnitude My < —9 mag and central surface bright-
ness oy < 26.5 mag arcsec™2 in the vicinity (the majority within
300 kpc) of 30 host galaxies in the local volume (D < 12 Mpc).
In particular, the galaxy NGC 6744 was found to have 15 dwarf
satellite candidates. Of these, five were confirmed via SBF mea-
surements (Carlsten et al. 2019) or other methods, four were re-
jected via SBF, and six remained unconfirmed.

6.2. Visual identification of new satellites

In the ERO Showcase field of NGC 6744, we first identified the
dwarf candidates using a combination of the high-resolution VIS
image and the lower resolution (by a factor of 3) VIS+NISP
color image. Jafar, an on-line visualization and annotation tool
that makes use of the CDS Aladin lite facility,9 was used for
identifying and labeling the dwarfs (see Sola et al. 2022). The
use of the color image was crucial as artefacts of the optical sys-
tem, the so-called ‘optical ghosts’, appear as faint small round
regions (~ 10— 13” in diameter) in the VIS image and look very
similar to dwarf galaxies. However, since they are more promi-
nent in the VIS image than in NISP, they have a very distinctive
fuzzy blue color in the image, unlike the real dwarfs (see Fig.
15).

Of the five confirmed dwarfs of Carlsten et al. (2022), only
four fall in the ERO field of view and thus are also found in our
Euclid NGC 6744 dwarf catalog, as shown as RGB images in
Fig. 15. The second galaxy from the left is close to the edge of
the image, resulting in slightly more artefacts in NISP.

The capability of Euclid to detect and characterize new pop-
ulations of dwarf (satellite) galaxies is highlighted by the confir-
mation of a previously identified dwarf satellite candidate in this
ERO field, shown in Fig. 16. This object (dw1909m6341) was
previously listed by Carlsten et al. (2022) as one of six possible
satellites, and was assigned a 50% likelihood of being a satellite
of NGC 6744. The superior quality of the Euclid images now
confirms the association with NGC 6744 as it is clearly semi-
resolved. dw1909m6341 is a nucleated dwarf elliptical with an
absolute I;-band magnitude of —12.2, assuming a distance of

° https://aladin.cds.unistra.fr/AladinLite/
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Fig. 15. Euclid RGB images of the four previously known dwarf satellites from Carlsten et al. (2022) that fall in the field of view of the Euclid
image of NGC 6744. Red is given by Hg, green by Y, and blue by I;. The sizes of the images are 250", 150", 120", and 120" on a side, from left
to right; north is up, east to the left. With the exception of NGC 6744A, a well-known dwarf satellite lying along spiral arms to the northwest of
the nucleus, name designations are from Carlsten et al. (2022). In the cut-out of dw1906m6357 (third panel from the left), there are also two blue

circular structures that are dichroic ghost artefacts (see also Fig. 1).

8.8 Mpc, with an effective radius of 0.4 kpc and a surface bright-
ness within one effective radius of 24.1 mag arcsec 2, placing it
clearly within the scaling relations of the classical dwarf regime.
It is located at @ =19"9™ 833, § =-63°41"779 (J2000), at
the end of a spiral arm, and has avoided past characterization
probably because of the high stellar density in this region. How-
ever, the combination of low surface brightness sensitivity and
high spatial resolution of Euclid allows us to easily identify and
characterize such galaxies, even in crowded regions.

Fig. 16. Confirmation image of a previously identified dwarf satellite
of NGC 6744, dw1909m6341; the image on the left is 50”x50”. The
larger 12’ x 12" image on the right shows its location near a dense stellar
region that belongs to one of the spiral arms of the galaxy. The images
are oriented with north up, and east to the left.

6.3. Resolved stellar populations of dwarf satellites

We compare the visual appearance of the images of a known
satellite, dw1906m6357 (see Fig. 15, Carlsten et al. 2022), and
one of the galaxies identified by Carlsten et al. (2022) to be
a background contaminant, dw1912m6351. An example of a
zoomed-in image of dw1906m6357 is shown in the left panel
of Fig. 17, compared with dw1912m6351 (right panel), identi-
fied as a background object based on surface brightness fluctua-
tion measurements. The background object is shown at the same
zoomed-in scale, but is characterized by unresolved stellar light.
This illustrates the capability of Euclid to clearly identify satel-
lites of massive galaxies at the distance of NGC 6744. As can

Fig. 17. Comparison of the zoomed-in images of one of the known
satellites (left panel, dw1906m6357) shown in Fig. 15 and a galaxy
(dw1912m6351, right panel) identified as a background object based on
surface brightness fluctuation measurements by Carlsten et al. (2022).
The sharp PSF of Euclid allows us to clearly see that the stellar popula-
tion is resolved in the image on the left (satellite), but not in the image
on the right (background galaxy). The images are 40" on a side, with
north up, and east to the left.

be seen in Fig. 16, the stellar population of dw1909m6341 is
also resolved, suggesting that this dwarf is indeed a satellite of
NGC 6744.

7. Extragalactic globular cluster candidates in
NGC 2403

The investigation of EGCs with Euclid will revolutionize our un-
derstanding of their properties, and the constraints they impose
on hierarchical galaxy formation. Here we present preliminary
results for the EGCs around NGC 2403, while the GC and star-
cluster populations of other Showcase galaxies will be discussed
in future papers (Howell et al. 2024, in prep; Larsen et al. 2024
in prep).

7.1. Known clusters and cluster candidates

The first discussion of star clusters in NGC 2403 dates back to
Tammann & Sandage (1968), who presented a list of four can-
didates that they had identified on photographic plates from the
Hale 200-inch telescope. They noted that one of their candidates,
C4, ‘could well be a globular cluster such as w Cen or 47 Tuc’,
while C1-C3 had blue colors resembling those of young star
clusters in the Milky Way. A fifth object, C5, was associated with
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Fig. 18. Euclid VIS images of known GCs in NGC 2403 (top), young
clusters (middle), and non-clusters (bottom). Each image shows a 5 X
5" cut-out around each object. North is up, and east to the left in all
images.

an H i region. The current list of spectroscopically confirmed old
(> several Gyr) GCs in NGC 2403 consists of seven objects: C4,
D6, F1, F16, F46, JD1, and JC15 (Forbes et al. 2022; Larsen
et al. 2022). Objects with IDs starting with a ‘C’ are from the
original list by Tammann & Sandage (1968), with a ‘D’ refer-
ring to candidates identified by Davidge (2007), and ‘F’ to Bat-
tistini et al. (1984), while clusters JD1 and JC15 were identified
by Forbes et al. (2022).

The top panel in Fig. 18 shows 5” x 5” cut-outs from the
Euclid VIS image around the seven confirmed NGC 2403 GCs.
The cut-outs show that all of these clusters are resolved into indi-
vidual stars in their outer parts, demonstrating Euclid’s potential
for revealing additional candidates.

A number of other objects have been discussed as potential
GCs in the literature. The middle panel in Fig. 18 shows the four
bluer objects from Tammann & Sandage (1968). The spectra
of C1 and C3 exhibit strong Balmer absorption lines, confirm-
ing these objects as young clusters, with ages of a few hundred
Myr (Battistini et al. 1984; Forbes et al. 2022), while Larsen
& Richtler (1998) found an age of about 250 Myr for C2 based
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on its UBV colors. By comparing the images of these young
clusters with those of the old GCs, it is evident that morphol-
ogy alone is not sufficient to identify old GCs as such. The bot-
tom group of cut-outs in Fig. 18 shows various candidates that
clearly are not stellar clusters. The spectra obtained by Forbes
et al. (2022) already revealed D2 to be a foreground star. The
Euclid VIS image shows that this source (as well as D3) is ac-
tually composed of two stars separated by less than 1”7, which
explains the non-stellar appearance in the ground-based images
from Davidge (2007). The VIS image also shows that D1 is a sin-
gle star, while D4 is a background galaxy. None of the additional
non-confirmed GC candidates from Battistini et al. (1984) are
stellar clusters. F47 has a non-zero parallax of 0”788 + 0”712 ac-
cording to Gaia DR3, which demonstrates that it is a Milky Way
foreground star, while the remaining objects are background
galaxies. All coordinates listed in this paper are based on the
Euclid VIS astrometry.'”

7.2. Searching for new clusters

Having established that the VIS images allow star clusters in
NGC 2403 to be identified based on their resolution into in-
dividual stars, we carried out a search for additional cluster
candidates. While we expected clusters to be identifiable from
a careful, visual inspection of the images, the sheer size of
the Euclid VIS image (36000 pixels x 36000 pixels)'! made
it necessary to first apply a preselection to reduce the num-
ber of candidate sources that were then subjected to visual
inspection. To this end, we first generated a source catalog
by running SourceExtractor on the VIS images with rela-
tively conservative extraction settings: DETECT_MINAREA=6 and
DETECT_THRESH=8, meaning that a source detection requires six
connected pixels, each with a signal of at least 80~ above the
background noise. This produced an initial catalog of 392099
sources. We also ran SourceExtractor on the NISP images,
using the Y;-band data for source detection while carrying out
photometry on all three NISP images. The magnitudes were
measured within circular apertures with diameters of 20 pixels
on the VIS frame and 6.7 pixels on the NISP frames (in both
cases corresponding to an aperture radius of 1”), as well as in
Kron-like (AUTO) apertures.

According to Cuillandre et al. (2024), the encircled energy
fractions in the I; and H; filters are 0.936 and 0.883 for a point
source measured in a 1”” aperture, corresponding to a aperture
color correction of A(l; — H;) = 0.06. While the corrections
may differ for more extended sources, we assume that a similar
correction is applicable to the colors of the cluster (candidates)
in NGC 2403. We verified for two clusters, D6 and F1 (which are
relatively isolated), that similar color corrections are indeed ob-
tained. Specifically, we found a mean correction of 0.05 from 1”
to 8” for these two clusters, essentially the same value reported
by Cuillandre et al. (2024) for point sources.

Next, we used the ISHAPE software (Larsen 1999) to mea-
sure PSF-corrected sizes for all sources brighter than I(AUTO) =
22 mag. ISHAPE requires a PSF subsampled by a factor of 10
with respect to the pixel size of the VIS images, which was pro-
duced with the PSF task in the IRAF version of DAOPHOT (Stet-

10" There are notable discrepancies for many of their candidates between
the coordinates listed by Battistini et al. (1984) and the locations given
on their finding chart.

" The original VIS detector has 6 x 6 chips with 4000 pixels each, but
the ROS dithers and the resulting resampled stacks increase the size of
these images from the original 24 000 x 24 000 pixels.
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Fig. 19. New GC candidates identified in the Euclid VIS images. Each
stamp image shows a 5 X 5" cut-out around each object. North is up,
and east to the left in all images.

son 1987, 1994) from about 100 stars. ISHAPE then measures
the sizes by convolving the PSF with King (1962) models with a
concentration parameter ¢ = ry/r. = 30 (for tidal- and core radii
r. and r.) until the best fit was obtained for each source. A list of
cluster candidates to be inspected visually was then produced by
applying the following selection criteria.

— Magnitude: 17 < I < 21.5.

— Size: FWHM > [0.7 — (I; — 17)/10] pixels (for I; < 19) and
FWHM > 0.5 pixels for 19 < I; < 21.5. Here the FWHM is
the intrinsic size of the object (namely, corrected for the PSF,
so that a point source should have FWHM~=0).

— Color: I; — H; < 0.9 (1”), or equivalently, I, — H; < 0.96
(infinite aperture).

At the distance of NGC 2403, the size cut of FWHM = 0.5
VIS pixels corresponds to a linear FWHM = 0.78 pc or a half-
light radius of , = 1.1pc for the adopted King models. We
found this cut to effectively eliminate the vast majority of in-
dividual stars, while still comfortably allowing the inclusion of
GCs that have typical half-light radii * 3 pc (Harris 1996). The
magnitude-dependent size cut for Iy < 19 accounts for the fact
that individual stars start saturating in the VIS images above this
limit, and thus no longer appear point-like to ISHAPE. The mag-
nitude cuts take into account that the known GCs are all fainter
than /; =17, as can be seen in Fig. 20, and that the ratio of con-
taminants to GC candidates becomes unmanageable at I; > 21.5.
The color cut includes all of the known GCs in NGC 2403, but
excludes many background sources with redder colors. The I
magnitude interval of 17 < I, < 21.5 corresponds to abso-
lute magnitudes M, in the range of —10.6 and 6.1, spanning the
peak of of the Globular Cluster Luminosity Function (GCLF) at
M;, = —8.0 (see below).

The preselection described above left 1227 objects to be vi-
sually inspected. The inspection was done on the Euclid VIS im-
age using the SAOImage DS9 tool with the preselected sources
marked. In this paper we restrict the discussion to candidates
located more than 7' from the center (taken from NED) of
NGC 2403 (about 6.5kpc in projection), since the higher pro-
portion of younger objects and increased crowding in the inner
regions of the galaxy require a more comprehensive analysis that
is deferred to a follow-up paper. Outside the 7’ radius a total of
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Fig. 20. Color-magnitude diagram for known young and old clusters in
NGC 2403 and our newly identified cluster candidates.

866 objects fulfill the selection criteria outlined above. Based on
visual inspection, most of these (781) were found to be back-
ground galaxies, while a smaller number of objects were Hu
regions, individual stars or young clusters in crowded regions of
the NGC 2403 outer disk. Nine objects were identified as proba-
ble star-cluster candidates based on their morphological appear-
ance and are labeled here as ESCCn (Euclid Star Cluster Can-
didate n). One of these (ESCCY) is fainter than the I; = 21.5
magnitude cut, but was noticed during the inspection of the im-
ages and added back to the list manually. It is quite possible that
other candidates fainter than /; = 21.5 are present in the image,
but have been missed.

Cut-outs of the nine new cluster candidates are shown in
Fig. 19, and Table 2 lists the coordinates and photometry for
all of the sources discussed in this paper. For I; we give both the
AUTO magnitudes and the magnitudes within an r = 1" cir-
cular aperture, while only the » = 1” magnitudes are given for
the NISP bands. In most cases, the AUTO magnitudes capture a
larger fraction of the total light, while we use the fixed-aperture
measurements to define colors.

A CMD of the previously known and new cluster candidates
is shown in Fig. 20. For reference we also include the litera-
ture candidates identified as non-clusters. In this figure, we have
corrected the I, — H;; colors by 0.06 to account for the aperture
corrections from 1” to infinity, as described above. We first note
that most of the new cluster candidates have colors similar to
the already known GCs, spanning the range 0 < I; — H; < 0.9,
and we tentatively identify them as GC candidates. The younger
clusters (C1, C3, and C5) are generally bluer than the old GCs
(C2 was not detected by SourceExtractor in the NISP im-
ages), while the background galaxies tend to be redder although
there is some overlap in color with the GCs. One of our new can-
didates, ESCC4, has blue colors similar to those of the known
young clusters, suggesting that this cluster too may be relatively
young.

Article number, page 21 of 37



A&A proofs: manuscript no. showcase_ RESUBMITTED_all_cleanbis

G

“ : ESCCL
» |:] -
a
“ >
’ be
v‘ ; O "
> | ESCCFE g
: i — e
: e F46 T e
» 2o SN "
i o O _ & rscct »
] N P
o L MK e /I o\ =] \ :
P / o ESCC2”.
{ A [l
\“ : e
a ]l i 5 ':. i ey ha
: D1 c4 ,'" e
ol F16 @ -/ i N
v ‘ : \\\‘_ B % °.I,I
' " C8.ESCCH - * i “
: cc8. 6, .o " =m 9
EscEPCEHEERECS . ™ i
D Dt \\ - ',r/,
el T e .
[y g
. .
* > '“.
o G
ESCC5 .
| e
N
\o 4 b -
y Bl

Fig. 21. Euclid VIS image of NGC 2403 with previously known GCs (magenta, see also Fig. 18), new GC candidates (red), and the new young
cluster candidate ESCC4 (blue) marked. The dashed circle indicates the inner 7’ limit of our search, beyond which we focus our discussion in this

paper. North is up, and east to the left.

The turn-over of the GCLF is expected at My ~ —7.5 (Re-
jkuba 2012). From simple stellar population models based on
PARSEC isochrones (Marigo et al. 2017), the V — I color of
an old, moderately metal-poor ([Fe/H] ~ —1.5) GC is about
V —1I; = 0.5; hence we expect the GCLF turn-over at M;, ~ —8.0
or I ~ 19.6 for the distance and Ay value of NGC 2403. It is evi-
dent, then, that the confirmed GC sample from the literature only
probes the brighter part of the GCLF, to about 1 mag brighter
than the GCLF turn-over, and we should expect a number of
fainter GCs to be present in NGC 2403. Our new candidates are
all fainter than those in the existing list, so that it may be as-
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sumed that the census of GCs in NGC 2403 was already fairly
complete down to the I; ~ 18.5 limit of the previous studies, at
least for galactocentric radii > 7’. With Euclid we can now probe
GCs that are significantly fainter than the GCLF turn-over. A de-
tailed discussion of the NGC 2403 GCLF is complicated by dif-
ferences in the spatial distributions of the samples from the liter-
ature compared with our new candidates, with four of the known
GCs (C4, F46,JD1, JC15) lying within the 7’ limit imposed here.
Nevertheless, defining a combined sample of confirmed GCs lo-
cated outside 7’ (D6, F1, F16) and our new candidates (exclud-
ing ESCC4), the mean apparent magnitude is I, = 19.7 £ 0.3
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with a dispersion o, = 1.06 = 0.17, which is very close to the
expected GCLF turn-over magnitude and dispersion.

The positions of the known and new GC candidates are in-
dicated on the VIS image of NGC2403 in Fig. 21. The two
outermost new candidates, ESCC1 and ESCCS5, are located at
projected galactocentric distances of rgec = 1576 (14.5kpc) and
rgc = 197 (18.3kpc), respectively, beyond the most distant
cluster previously known (D6 at rgc = 14/3). This illustrates the
power of the combination of a wide field and excellent image
quality provided by Euclid.

8. Summary and conclusions

We have presented the first-look analysis of Euclid Early Re-
lease Observations with VIS and NISP imaging of the Nearby
Galaxy Showcase. Galaxies in the Showcase range in distance
from 0.5 Mpc (NGC 6822) to 8.8 Mpc (NGC 6744), and include
three dwarf galaxies (HolmbergII, IC 10, and NGC 6822), and
three spirals (IC 342, NGC 2403, and NGC 6744). The galaxies
were selected to be among the apparently largest galaxies on the
sky, in order to guarantee their photogenic nature, but also to en-
able an in-depth scientific analysis. The sample is described in
Sect. 2.

The surface brightness limits of the VIS and NISP stacked
images are calculated in Appendix A, with a summary given in
Sect. 3.1. Confirming previous estimates based on simulations
for VIS, and exceeding previous expectations for NISP, we find
that in 1 ROS, Euclid can probe 1o surface brightness depths in
100 arcsec? regions of 30.5 AB magarcsec™2 in VIS, and 29.2—
29.4 AB mag arcsec2 in NISP.

In Sect. 4, we assessed the properties of the integrated light
in the Showcase galaxies, and presented RGB images in Figs.
1, 3 in the main text, and Figs. B.1, 2, B.2, and B.3 in Appendix
B. These composite images illustrate Euclid’s unique capacity to
probe a large FoV, but also to provide exquisite detail on parsec
scales in nearby galaxies.

Sections 4.2 and 4.3 compared high-contrast Euclid I; im-
ages with representative galaxies having Hr1 and FIR data.
The characteristic blue colors of diffuse cirrus emission com-
bined with multiwavelength FIR data can disentangle foreground
cirrus emission originating in the MW from potential stellar
streams. This will be important not only for the studies of nearby
galaxies, but also for probing the ISM of the Galaxy. Radial sur-
face brightness and color profiles were discussed in Sects. 4.4
and 4.5, where we also compared the observed Euclid colors
I; — H;, with stellar population synthesis models as seen in Fig. 7.
This comparison is a validation of measurements and models and
shows that Euclid colors provide a powerful diagnostic of the age
and metallicity of galaxies in the local Universe. Moreover, Eu-
clid colors have identified the previously known extremely blue
young nuclear star clusters in IC 342 and IC 10.

Section 5 gave a detailed analysis of resolved stellar photom-
etry, finding altogether 1.3 x 10° stars in the Showcase galaxy
images. After carefully removing as well as possible foreground
stars and background compact galaxies (see Figs. 9, 10), CMDs
for NGC 6822 demonstrate the resulting well-sampled stellar
statistics provided by a single Euclid ROS. By selecting young
stars, AGBs, and RGBs from regions defined within the CMDs
as in Fig. 11, we were able to construct star-count maps that
probe the spiral structure, and the age differentiation across
dwarf galaxies. In particular, Fig. 12 demonstrates that young
stars clearly trace spiral structure in IC 342, and Fig. 13 shows
that in NGC 6822 the distribution of young stars is perfectly
matched by the morphology of the H1 emission.

Ensembles of dwarf galaxy satellites around a parent galaxy
are common, and we have investigated the dwarf galaxy system
of NGC 6744 in Sect. 6. Although the satellites of NGC 6744
have been previously studied, not only do we recover the four
confirmed dwarf satellites within the Euclid FoV, we also pro-
vide a new confirmation of the satellite nature of dw1909m6341.
This result sets the stage for the vast dwarf satellite demograph-
ics that can be obtained with Euclid.

In Sect. 7, our analysis of the Euclid imaging of NGC 2403
revealed nine new star cluster candidates as shown in Fig.
19, eight of them almost certainly evolved clusters, thus true
GCs. This new census more than doubles the number of known
GCs around NGC 2403, and extends the galactocentric radius
at which they have been found out to 18.3kpc, 40% further
away than previously identified. Euclid is poised to transform
the study of extragalactic GCs in nearby galaxies.

In conclusion, the ERO Nearby Galaxy Showcase demon-
strates the power of Euclid to probe large areas of sky, but at
the same time, with exquisite spatial scales and sensitivity. This
unique combination will revolutionize studies of: resolved stellar
populations and star-formation histories; the extent and origin of
galaxy disks, together with their spiral structure; the demograph-
ics of dwarf satellites; star clusters within and around galaxies;
and the measurement of the ISM via dust extinction and cirrus
emission on scales of a few parsecs. Using data from the EWS
and EDS, it will be possible to pursue not only the core cosmo-
logical science that was the main aim of the mission, but also
to examine galaxy populations in the nearby Universe with un-
precedented detail.
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Table 2. Star cluster candidates in NGC 2403

ID Note RA Dec I.(AUTO) [L(r=1") Y(r=1") J(r=1") H(r=1")
C4=D5 Known GC 7h36Mm 4543 65°337 59776 17.53 17.66 17.28 17.30 17.34
D6 Known GC 7h35M 5577 65°45 27722 18.56 18.67 18.24 18.23 18.26
Fl Known GC 7h35M 12846 65° 431555 18.42 18.63 18.29 18.30 18.36
F16 Known GC 7P 38™ 1555  65°330726 18.61 18.70 18.25 18.22 18.21
F46 Known GC 7M36M 29517  65° 40’ 33747 17.56 17.68 17.34 17.39 17.46
ID1 Known GC 7h37M 52592 65°34° 7729 18.36 18.43 18.11 18.14 18.21
JC15 Known GC 7P 36™ 18556  65°38 32798 18.63 18.71 18.14 18.09 18.11
Cl Young 7M36M 10340  65° 39’ 34’758 18.67 18.93 18.82 18.94 19.05
C2 Young 7h37M 3518 65°36’ 44793 18.12 18.36 . .. ...
C3 Young 7h35M 42594 65°35' 3191 18.73 19.09 19.12 19.32 19.52
C5 Young 7" 36M 19580  65°37° 9732 16.84 17.14 17.31 17.76 18.13
D1 Star 7P 38M 16583  65°42 41728 21.06 20.97 19.68 19.58 19.55
D2 Two stars 7h37M 27501  65° 28’ 207787 18.34 18.32 17.33 17.42 17.61
D3 Two stars 7h37M 21533 65°28' 16719 19.63 19.57 17.74 17.66 17.68
D4 Galaxy 7h36Mm 1725  65°29' 07759 19.34 19.87 19.49 19.49 19.41
F2 Galaxy 7h35M 42521  65° 51’4554 17.66 18.65 17.79 17.59 17.38
F6 Galaxy 7h36™ 11534 65° 197427725 17.29 18.17 17.42 17.24 17.02
F19 Galaxy 7h38M 12817  65°41’ 850 19.23 19.63 19.30 19.31 19.22
F20 Galaxy 7h38Mm 20837  65° 14’ 24786 17.85 18.62 17.93 17.76 17.58
F24 Galaxy 7P 39™ 14586  65°33’ 51770 18.50 18.94 18.17 18.02 17.84
F28 Galaxy 7M39M 20586  65° 2355738 17.20 18.00 17.24 17.10 16.92
F31 Galaxy 7h40m 23593 65°507 0719 17.94 18.64 18.10 17.97 17.80
F47 Star 7h36™M 4047  65° 40’ 35”11 18.13 18.10 17.47 17.36 17.28
ESCCI1 New GC cand. 7h34m 30584 65° 50’ 26"32 21.06 21.33 20.83 20.83 20.86
ESCC2 New GC cand. 7P 34m 46517  65°37 33729 19.21 19.39 19.02 19.02 19.06
ESCC3 New GC cand. 7h35Mm 2546  65°43' 7753 20.57 20.76 20.40 20.43 20.52
ESCC4 Young cluster cand.  7"35™29%34  65°39’ 14791 21.19 21.18 21.19 21.43 21.62
ESCC5 New GC cand. 7P36m 9564 65°219795 19.70 19.83 19.57 19.65 19.74
ESCC6 New GC cand. 7h37M 39577 65° 30’ 56792 19.93 19.93 19.53 19.50 19.48
ESCC7 New GC cand. 7h38Mm2551  65°28 15752 19.99 20.29 19.97 20.00 20.08
ESCC8 New GC cand. 7h38Mm 3568 65°30’ 55743 18.93 19.38 19.07 19.09 19.16
ESCC9 New GC cand. 7h38Mm 17586  65° 30" 35”765 21.56 21.83 21.05 20.99 21.01

Notes. The photometry here has not been corrected for Galactic foreground extinction. The formal photometric errors are all < 0.01 mag, but do
not include the uncertainties due to background subtraction, choice of aperture, and other factors that affect the true uncertainties in the quantities
listed. We estimate total photometric errors of 0.2—0.3 mag once these unknown contributions to the uncertainties are taken into account.

tariat for Education, Research, and Innovation (SERI) at the Swiss Space Office
(SSO), and the United Kingdom Space Agency. A complete and detailed list is
available on the Euclid web site (http://www.euclid-ec.org).
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Appendix A: Details on sky level and estimates of
limiting surface brightness

We estimate the limiting surface brightness iy, in an equiv-
alent 100 arcsec? region as a function of the signal standard de-
viation o using three different approaches.

(1) gnuastro/noisechisel (Akhlaghi & Ichikawa 2015;
Akhlaghi 2019a,b) was run on each of the images, with a
tile size corresponding to 100 arcsec’. noisechisel em-
ploys a noise-based approach to detect highly extended
and diffuse objects that are deeply embedded within a sig-
nificant background of noise. It determines the median o
over tiles where there are no detections, rather only empty
sky background. We experimented with various options for
noisechisel and found that, although there was some vari-
ation (+ 0.1 mag), on the whole, results were stable. The me-
dian o from gnuastro/mkcatalog was converted to i,
(AB mag arcsec™2, Eq. 1), and reported as ‘(1)’ in Table A.1.
Following Roman et al. (2020), we fit a Gaussian to the dis-
tribution of the masked signal with sky background only;
the images were masked with the noisechisel detection
masks computed as above [approach (1)]. The best-fit Gaus-
sian o for all galaxies are given in Table A.1 as ‘(2)’, con-
verted to limiting AB magnitudes as above. Thse fits them-
selves are shown in Fig. A.1. The sky levels py, in Table A.1
are calculated from the best-fit central values from the Gaus-
sian fits for each band.

AutoProf (Stone et al. 2021) was run on each of the images
using S0 clipping to better mask bright sources. In addi-
tion to the surface brightness profiles described in Sect. 4.4,
AutoProf of necessity measures the background signal and
its uncertainty o. These values are reported in Table A.1 as
‘(3)’, and converted to iy in a 100 arcsec? region as in Eq.

(1.

We measure counts C per pixel in images, with intrinsic un-
certainty o per pixel, and want to determine the uncertainty of
surface brightness iy, in units of mag arcsec™2 over some spa-
tial scale, b*. The scaling reported in Eq. (1) can be explained as
follows, considering a signal-to-noise of #, a linear pixel size p

(arcsec pixel™!) and a region of area b” arcsec?.

@

~

€]

~

(1) Assuming that the noise o inherent in C is uncorrelated
from pixel to pixel, the noise o, that is obtained in a re-
gion of area b? arcsec® adds in quadrature, resulting in o, =
o \/b?/p* = o b/p, since b*/p? is the number of pixels in
the region. We then would need to divide by 5 to convert
this value into mag arcsec™2, so that

Him = p(op) = ZP —2.5log o(nob/p) + 2.5 log;o(b*)

mag arcsec™? , (A1)
equivalent to the formulation in Eq.(l1). This is
also the reasoning followed in https://www.gnu.

org/software/gnuastro/manual /html_node/
Surface-brightness-limit-of-image.html.
Alternatively, we can first convert the intrinsic per-pixel un-
certainty o to units of magarcsec™> considering only the
conversion of pixel size to arcsec’:

2

mag arcsec™ .

(A.2)

w(o) = ZP—2.5 log,(n o) +2.5 log,,(p?)

However, we seek o7, the noise that is obtained in a region
of area b? arcsec?, so consider that o, 1s the error of the mean

o within the region of size »>. Thus dividing by the square
root of the number of pixels (b?/p?) within the region gives

mag arcsec™> ,
(A.3)

Mim = p(0p) = (o) + 2.5 logy(b/p)

again equivalent to the formulation in Eq. (1).

Results are compared graphically in Fig. A.2 where the SB
limits py, obtained with different methods are plotted against
sky surface brightness. The lack of deviation of the sky value
for the individual galaxies, namely the small horizontal scatter,
implies that the overall sky brightness can be determined quite
robustly.

Table A.1 and Fig. A.2 show that from galaxy to galaxy, there
can be up to 0.5 mag of difference in the derived SB limits, with
an excursion that suggests that the fainter SB limits are associ-
ated with fainter sky brightness. A large portion of the variation
in the measured sky brightness is almost certainly due to the in-
fluence of zodiacal light (see e.g., Cuillandre et al. 2024), since
there is no trend with foreground extinction (not shown). For
each Euclid band, we have fit the data in Fig. A.2 using a robust-
linear method (the python package statsmodels), shown as a
dashed line in each of the panels. Judging from the fits, over
roughly 1 magarcsec™? variation in sky surface brightness, the
noise levels can vary up to 0.5 mag arcsec2.

Approach (1) calculates the standard deviation o of the sky
within 100 arcsec? tiles, while in approaches (2) and (3), o
is computed across the entire masked (non-detected) image of
the galaxy. Specifically, approach (3) analyzes the distribution
of pixel values in the outer part of the image surrounding the
galaxy. This implies that the first method could measure small-
scale variation, while the last two could essentially capture large-
scale variations across the images. However, this is not com-
pletely borne out by the results in Fig. A.2, although in the NISP
bands, there is a tendency for the latter two methods to give
brighter limits.

Here and in Sect. 3 we assess the noise level in the stacked
data products used in our analysis, assuming that the pixels are
intrinsically uncorrelated [see Eqs. (1) and (A.3)]. However, the
process of stacking images inherently creates covariances be-
tween pixels; individual pixels in the original frames are spread
out over multiple pixels in the final stacked image. In the sim-
plest bilinear stacking procedures, each pixel is divided into four
pixels in the final image, although with the more sophisticated
stacking in the I; data reduction, a Lanczos kernel is used which
spreads the pixel over a 7x7 kernel in the final pixel stack. We
can empirically determine the average noise in pixels by taking
the standard deviation in dark parts of the image; then, we can
extract the covariance between pixels using dark patches of the
frame. We find that a typical pixel in the /; band has a 10-15%
correlation with its immediate neighboring pixels, and < 5%
correlation with pixels two steps away. For NISP bands (Y3, J,
and H;), combined with a bi-linear method, the correlation is
slightly stronger at 20-30% for immediate neighbors, and 3—-8%
correlation for second neighbors. These correlations are typical
of stacked images and simply allow us to better understand the
depth achieved with Euclid. Further description of the covari-
ance properties in the stacked images can be found in Cuillandre
et al. (2024), which describes the process in more detail.

Appendix B: Euclid imaging capabilities

The continuation of Figs. 1 and 3 (Sect. 4) is shown here for
IC 10, IC 342, NGC 2403, and NGC 6822.
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Table A.1. Sky levels and SB limiting magnitudes p;,, within 100 arcsec” areas in empty sky regions

Property HolmbergIl IC10 IC342 NGC2403 NGC6744 NGC6822
M sky 22.62 2229 2242 22.66 22.36 21.74
(1) pg, 1o SB limit 30.56 30.40 30.41 30.62 30.41 30.09
(2) pg, 1o SB limit 30.67 30.69  30.59 30.76 30.57 30.19
(3) g, 1o SB limit 30.61 30.63  30.52 30.63 30.47 30.04
30.49 + 0.20°
(mag arcsec™?) 30.3¢
Uy, sky 22.64 2228 2240 22.52 22.22 21.60
(1) py, 1o SB limit 29.51 29.50 29.39 29.47 29.35 28.77
(2) pty, 1o SB limit 29.37 2021 29.22 29.35 29.25 28.77
(3) py, 1o SB limit 29.16 29.06  29.09 29.17 29.05 28.53
29.18 + 0.26°
(mag arcsec™?) 28.7¢
1y, sky 22.68 2239 2250 22.56 22.26 21.67
(1) py, 1o SB limit 29.71 29.32  29.59 29.66 29.51 28.97
(2) py; 1o SB limit 29.54 29.52  29.48 29.56 29.45 29.00
(3) y, 1o SB limit 29.32 29.21 29.28 29.36 29.25 28.77
29.36 + 0.24°
(mag arcsec™?) 28.9¢
U SKy 22.80 22.53 22.66 22.68 22.39 21.83
(1) up, 1o SB limit 29.72 29.30 29.42 29.68 29.57 29.02
(2) up, 1o SB limit 29.57 29.19 29.51 29.60 29.48 29.08
(3) pp, 1o SB limit 29.38 2029 2934 29.40 29.27 28.91
29.37 +0.22°
(mag arcsec™?) 28.9¢

? In this and subsequent rows, the numbers in parentheses correspond to the different approaches: (1) the standard deviation among
100 arcsec? tiles following gnuastro/noisechisel; (2) Gaussian fits of the masked sky regions following Roman et al. (2020);
and (3) noise in the radial brightness profiles from AutoProf following Stone et al. (2021).

® Mean and standard deviation of 1o- AB magnitude limits averaged over all galaxies and methods.

¢ 1o AB magnitude limits taken from Euclid Collaboration: Scaramella et al. (2022), after having removed the asinh offset.

Appendix C: Surface brightness profiles of four
Showcase galaxies

Here we show surface-brightness profiles of the remaining four
galaxies that are not given in the main text (Sect. 4.4).

Appendix D: Star-count maps of four Showcase
galaxies

Here we present the maps of the star counts of the remaining two
galaxies that are not shown in the main text (Sect. 5).

Article number, page 30 of 37



L. K. Hunt et al.: Euclid: ERO — Deep anatomy of nearby galaxies

409 o e fitx 9
5| = Yefit
o Jg fit
:30- ———- Hg fit —
o i o
= *| Holmbergll d
E 20 A E
o) o)
§ 15 - g
= =
10
5-
0
50 60 70 8 90 100 110 120 60 80 100 120 140 160
Counts [ADU] Counts [ADU]
e e fitx 9 357 === [efitx9
17.5 A ) ---- Y fit
——- Y fit 20 Ef
15.09 ---- Je fit ---- Jg fit
— ---- He fit 254 ~==- Hefit
0 1251 S
2 |1C342 2 ,,/ NGC2403
— 10.0 5
(0]
Re) Qo ]
£ 7.5 g 15
> >
=
50 10
2.5 57
0.0 0
60 80 100 120 140 50 60 70 80 90 100 110 120
Counts [ADU] Counts [ADU]
16 )
---- Jgfitx 9 ---- [ fitx 9
254 e YE fit 144 ===- YE fit
—m- Jefit 1 T Jefit
— 204 ---- H fit — ---- He fit
‘S o 10
o NGC6744 d NGC6822
= 15 1
— — 8_
bt bt
£ £ |
S 10 S
= =
4-
5-
2-
0 0
8'0 160 150 11'10 1(")0 léO 14'10 lf'iO léO 2(')0 ZéO 24'10 ZéO
Counts [ADU] Counts [ADU]

Fig. A.1. Distributions of counts (ADU pixel™!) over the entire masked region of empty sky for NGC 2403 and and NGC 6822 (top panels);
Holmberg II, IC 10 (middle); and IC 342, NGC 6744 (bottom). The data are shown as solid lines, and the Gaussian best fits as dashed ones. The
four bands are given by purple, blue, green, and red for Ig, Yg, Jg, and Hg, respectively. The Iz VIS band counts have been multiplied by the ratio
of the pixel area (x9) to be shown together with the NIR bands. In most cases, the data (traced by a solid curve) are so close to a Gaussian as to be
indistinguishable from the best fit (shown by a dashed curve).
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Fig. A.2. SB limits obtained with the various methodologies plotted against sky brightness for the four Euclid bands. For the method that does

not directly give sky brightness [Approach (1)], we used the mean of the sky values from Approaches (2) and (3). There is a correlation of the SB
limits with sky brightness, with brighter sky having brighter limits, and a variation with methodology, up to 0.3-0.4 mag arcsec .
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59°40'

oh23m 22m 9™ im

Fig. B.1. Same as for Fig. 1, but for IC 10, and, as before, with Hg green, Yg red, and I blue. Extinction has been corrected and sky subtracted as
described in the text (Sects. 3.1 and 4.1). In the top left panel, the full FoV of 027 x 027 is shown, while in the lower one the inner 6’ X 6’ region
is displayed corresponding to the white box in the upper left panel. The top right panel shows the zoomed-in 30” x 30” RGB image of the blue
nucleus also seen in the radial color profiles (Sect. 4.4, App. C, and Fig. C.1); the white box in the lower panel corresponds to the zoom-in cut-out
shown in the upper right. The dark boxes in IC 10 result from an incorrect orientation of the instruments relative to the roll angle of the satellite

during observation (this was the first galaxy observed within the ERO Showcase). Article number, page 33 of 37
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Fig. B.2. Same as for Fig. 1, but for NGC 2403.
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Fig. B.3. Same as for Fig. 1, but for NGC 6822.
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Fig. C.1. Surface brightness profiles extracted by AutoProf, as described in the text: Holmberg II and IC 10 in the top row; and NGC 2403 and
NGC 6744 in the bottom. The four bands are given by purple, blue, green, and red for Iz, Yg, Ji, and Hg, respectively. The 1o~ SB limits from

AutoProf in units of mag arcsec™

2 are shown as dashed horizontal lines, with colors corresponding to the Euclid bands. The fluxes have been

corrected for foreground extinction (Sect. 4.1) in order to be consistent with the Iz —Hy radial color gradient shown in the middle panel, and Yz
—Hg shown at the bottom. The uncorrected Iy profile is shown as a dotted (purple) curve in the top panel. The mean Iz —Hg color over typically a
factor of 100 in radius in the inner galaxy is shown as a horizontal dashed line in the middle panel.
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Fig. D.1. Star-count maps obtained as described in Sect. 5, but for NGC 2403 (left panel), and the most distant Showcase galaxy, NGC 6744 (right).
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