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ABSTRACT

Context. As some of the oldest stellar systems in the Universe, globular clusters (GCs) are key fossil tracers of galaxy formation and
interaction histories. This paper is part of the LEWIS project, which provides the first homogeneous MUSE integral-field spectro-
scopic survey of a complete sample of ultra-diffuse galaxies (UDGs) in the Hydra I cluster.

Aims. We use MUSE spectroscopy and new VIRCAM H-band imaging data to study the GC populations and dark matter content in
four dwarf galaxies from the LEWIS sample, which were found to host several GC candidates based on previous photometric studies.
Methods. We retrieved line-of-sight velocities (LOSVs) for all the sources in the observed MUSE fields and classified them
based on their spectral features and LOSVs. Because the spectroscopic measurements are limited to relatively bright sources
(my < 23.5 ABmag), we developed a multi-band photometric procedure to identify additional GC candidates that are too faint
for spectroscopic confirmation. GC candidates were selected based on a combination of photometric properties (colors, magnitudes)
and morphometric criteria (shape and size). The same selection criteria were applied to empty fields to estimate a statistical back-
ground correction for the number of identified GC candidates. Additionally, H-band observations were used to constrain the stellar
masses of the studied galaxies.

Results. Based on the spectroscopic classification, we confirm one GC in UDG 3, two in UDG 7, and four in UDG 11, while UDG 9
has no spectroscopically confirmed bright GCs. We identify four intracluster GCs in the vicinity of UDG 3 and UDG 11, and one
ultra-compact dwarf (UCD) with a radial velocity only —85 + 10 km/s different from that of UDG 7 and thus possibly bound to it.
Considering the completeness correction and accounting for possible contamination by unresolved background galaxies, from the
photometry we estimate that the number of GCs ranges between 0 and ~40 for the investigated UDGs. Their specific frequencies
suggest that three out of four UDGs are either GC rich, similar to those in the Coma cluster, or belong to an intermediate population,
as seen in the Perseus cluster. Dark matter content estimates, inferred from GC counts and stellar mass, indicate that these galaxies
are dark matter dominated, with dynamical-to-stellar mass ratios ranging from ~10-1000.

Key words. galaxies: clusters: general — galaxies: dwarf — galaxies: clusters: individual: Hydra I — galaxies: star clusters: general

1. Introduction kinds of environments (Binggeli et al. 1990; Rekola et al. 2005;

. . Kimet al. 2014; La Marca et al. 2022a). Although low sur-
Dwarf galaxies are by fz}r thel.mlo st ;umeroush galax1.es n thﬁ face brightness (LSB) and extended galaxies have been known
Universe (Ferguson & Binggeli 1994), and they exist in a since the 1980s (Sandage & Binggeli 1984), van Dokkum et al.

(2015) introduced a new subsample of so-called ultra-diffuse
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galaxies (UDGs), defined as galaxies with a central surface
brightness ug,o 2 24.0 mag/arcsec’ and effective radii R, =
1.5kpc. Since then, a large number of UDGs has been iden-
tified in a wide range of environments (Kodaetal. 2015;
Martinez-Delgado et al. 2016; Venhola et al. 2017; Habas et al.
2020; Miiller et al. 2021).

The origin of UDGs remains a topic of active investigation,
with several formation scenarios proposed. These include inter-
nal processes such as strong stellar feedback (Di Cintio et al.
2017) and high-spin dark matter halos fostering extended star
formation (Amorisco & Loeb 2016). Environmental interactions
also play a role, as early mergers may disrupt galaxies into dif-
fuse structures (Wright et al. 2021), while tidal forces in clus-
ters or groups can transform gas-rich dwarfs into “puffed-up”
UDGs through processes such as ram pressure and tidal strip-
ping (Carleton et al. 2019; Tremmel et al. 2020). Furthermore,
UDGs may form from collisional debris in gas-rich interactions
(Romdn et al. 2021). Alternatively, some UDGs may originate
as failed galaxies — systems inhabiting unexpectedly massive
dark matter halos that quenched prematurely (van Dokkum et al.
2016). Each scenario implies a different dark matter content
as well as different field and star-cluster stellar population
properties.

Most globular clusters (GCs) are ancient (¢ > 8 Gyr), com-
pact (half-light radius r, ~ 2.5 pc) stellar systems that formed
during the early stages of galaxy assembly, when conditions
favored intense bursts of star formation capable of producing
massive star clusters (Larsen & Richtler 2000; Brodie & Strader
2006; Forbes et al. 2018). As relics of this epoch, old GCs serve
as fossil tracers of the host galaxy’s evolutionary history. Their
high luminosity also makes them detectable at cosmological dis-
tances (Harris & Reina-Campos 2024).

The number of GCs serves as a diagnostic tool to inves-
tigate the different nature of the UDGs. Indeed, some UDGs
host unexpectedly rich GC systems relative to their stellar mass,
implying the presence of massive dark matter halos, while oth-
ers exhibit GC populations consistent with typical dwarf galaxy
halos (Beasley & Trujillo 2016; Amorisco et al. 2018; Lim et al.
2020; Saifollahi et al. 2021). The total number of GCs in a
galaxy scales approximately linearly with its total halo mass
(Blakeslee et al. 1997; Spitler & Forbes 2009; Harris et al. 2017,
Burkert & Forbes 2020), providing an indirect method to esti-
mate dark matter content. Deep imaging campaigns target-
ing UDGs in the Coma and Fornax clusters (Prole et al. 2019;
Lim et al. 2018) as well as in isolated environments (Jones et al.
2023) have quantified their GC populations, revealing signifi-
cant scatter in specific frequencies (S y). This scatter may indi-
cate diverse formation pathways, although it is important to note
that at low GC numbers, the process of GC formation naturally
becomes stochastic (Georgiev et al. 2010; Harris et al. 2013).
Spectroscopic studies of GCs provide additional constraints on
UDG evolution by revealing kinematic signatures indicative of
tidal interactions (Toloba et al. 2018). They can constrain the
velocity dispersion of the GC system, which is then linked to
the dark matter content (Buzzo et al. 2025; Haacke et al. 2025).
To date, there are very few UDGs for which spectroscopic data
are available (see Gannon et al. 2024 for an overview).

Here, we present the spectroscopic and photometric anal-
ysis of the GC systems in four UDGs observed as part of
the Looking into the faintEst WIth MUSE (LEWIS) project
(Todice et al. 2023; Buttitta et al. 2025; Hartke et al. 2025). The
LEWIS project assembled the first homogeneous integral-field
spectroscopic survey of 30 extreme LSB galaxies targeting the
Hydra I galaxy cluster (Iodice et al. 2023). An overview of the
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central area of Hydra I, along with the locations and zoomed-
in images of the four analyzed UDGs, is shown in Fig. 1. We
selected for this study UDG 3, UDG7, UDGY, and UDG 11
because they were found to be among the UDGs with the highest
number of GC candidates initially detected in the VST imaging
of the Hydra I cluster (Iodice et al. 2020).

We complement the MUSE spectroscopic dataset used in
this study with new deep VIRCAM H—-band observations of the
Hydra I cluster. The focus of the paper is on the study of the GC
population hosted by these galaxies and their dark matter con-
tent.

The paper is organized as follows. In Sect. 2 we present our
datasets. In Section 3 we describe the procedure used to extract
and fit spectra of point sources in MUSE data cubes with the
aim of identifying GCs hosted by UDGs. Section 4 focuses on
the selection criteria for GC candidates based on their photo-
metric properties. In Sect. 5, we present the analysis of the GC
candidates in the four galaxies. Our conclusions are presented in
Sect. 6.

2. Dataset

The main spectroscopic dataset consists of the LEWIS sample
observed with MUSE@ VLT (Iodice et al. 2023), combined with
ancillary MUSE observations of NGC 3311 from Barbosa et al.
(2018). The imaging dataset is made of wide-field optical to
near-infrared (IR) observations of the Hydra I cluster obtained
with the VST and VISTA telescopes. Figure 2 presents obser-
vations of the four UDGs analyzed in this work across different
passbands. From left to right, each panel shows the white-light
image extracted from the MUSE data cube, the g- and r-band
images obtained from VST observations, and the H-band image
acquired with VISTA.

2.1. MUSE@VLT observations

The observations of the galaxies from the LEWIS programme
(ESO Prog. ID. 108.222P, P.I. E. Iodice) were carried out with
the ESO integral-field spectrograph Multi Unit Spectroscopic
Explorer (MUSE, Bacon et al. 2010) mounted on UT4 of the
ESO Very Large Telescope (VLT). MUSE was configured with
the Wide Field Mode providing a field-of-view (FOV) of 1 X
1 arcmin? and a spatial resolution of 0.2 arcsec/pixel. The nom-
inal wavelength range of MUSE is 4800-9300 A with a spec-
tral sampling of 1.25 A/pixel (~50 km s™!/pixel) and an average
nominal spectral resolution of FWHM = 2.51 A (Bacon et al.
2017). A detailed description of the LEWIS project, galaxy sam-
ple, observing strategy and data reduction procedures were pre-
sented in Iodice et al. (2023) and Buttitta et al. (2025).

We used reduced data cubes from Iodice et al. (2023) and
Buttitta et al. (2025), which include dedicated sky subtraction
techniques required for analyzing extreme LSB galaxies. These
data cubes include all LEWIS observations collected between
2021-2024, when the program reached ~92% completion!. The
exposure times are 3.0 hours, 4.2 hours, 3.6 hours, and 6.1 hours
for UDG 3, UDG 7, UDG 9, and UDG 11, respectively. The aver-
age image quality® (IQ) of the four data cubes is 0.75+0.1 arcsec.

! Our Large Programme was recently completed, and we plan to use
the newly reduced and slightly deeper data cubes in a future study of
GC systems of all LEWIS galaxies.

2 Image quality (IQ) is computed as the median FWHM of bright and
compact sources.
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Fig. 1. Zoom-in of a 34 x 40 arcmin® color composite OmegaCAM @V ST image of the Hydra I cluster (credit: ESO/ Spavone et al. 2024). White
boxes mark the locations of UDGs studied in this work. For each UDG, a color composite image of 1 x 1 arcmin® combining the g*- and r-band
MUSE data is shown. The cluster galaxies discussed in this work are labeled.

Table 1 summarizes the properties of the four galaxies in the (2020) and La Marca et al. (2022b) using g— and r—band pho-
LEWIS sample analyzed here. Additionally, we report the total tometry.

number of GCs (Ng¢?) for each galaxy estimated in Iodice et al. In addition to the LEWIS observations, we also analyze

MUSE observations of four fields around NGC3311. The

3 The Ngc estimated in Iodice etal. (2020) and LaMarcaetal. sources in these fields are used to build a master catalog that

(2022b) is obtained accounting for the entire luminosity function. constrains our criteria for the selection of GC candidates (see
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Table 1. Properties of the LEWIS sample galaxies.

Galaxies RA [J2000]  Dec [J2000] M, [mag] u, [mag arcsec 2] Mo [mag arcsec 2] R, [kpc] Ngc
(L 2 (3) 4) (5) (6) ) ®
UDG 3 10:36:58.63 —27:08:10.21 -14.70 26.1 £0.2 252+0.2 1.88+0.12 15+6
UDG 7 10:36:37.16  —27:22:54.93 -13.72 269+04 244+04 1.66 £0.12 3=+1
UDG 9 10:37:22.85 —-27:36:02.80 —15.16 26.8 +0.2 242 +0.2 346 +0.12 7=+1
UDG 11  10:34:59.55 -27:25:37.95 —14.75 25.7+0.1 244 +0.1 1.66 +0.12 7+3

Notes. Col. (1): the target name in the LEWIS sample. Col. (2-3): the right ascension and declination of the galaxies. Col. (4-7): the absolute
magnitude at the distance of the Hydra I Cluster in the r—band, the effective and central surface brightness, and the effective radius, in the g—band
from lodice et al. (2020); La Marca et al. (2022b), respectively. Col. (8): total number of GCs candidates hosted by the galaxies estimated in

VEGAS imaging data Iodice et al. (2020); La Marca et al. (2022b).

Sect. 4.1.2). The MUSE observations of the four fields around
NGC 3311 were obtained from the ESO archive (ESO program
094.B-0711A, PI: M. Arnaboldi). Three fields were positioned
along the major axis of the galaxy at increasing galactocentric
distance, and the fourth was located over the extended diffuse
tail of the lenticular galaxy HCC 007 (see Fig. A.1). The obser-
vations of the four fields were carried out under varying seeing
conditions, with average seeing values of 0792, 174, 1”73, and
1”8 for fields A, B, C, and D, respectively. For the purposes of
this work, we decided to use only fields A, B, and C and exclude
field D due to its poorer seeing conditions (see Sect. 4.1.2). For
more details about the dataset and the data reduction procedures
see Barbosa et al. (2018) and Grasser et al. (2024).

We exploited the wide wavelength coverage of MUSE, span-
ning from optical (~4800 A) to near-IR (~9300 A), to extract
three passbands from the data cube. This step was essential to
fully exploit the MUSE sample, including the faintest objects
detected within the 1sq.arcminute field surrounding the four
UDGs (see Sect. 4). The FWHM of the point sources was
more compact in the MUSE@VLT cubes than in the Omega-
CAM@VST images, allowing for a more reliable cleaning of
the sample from interlopers (see Sect. 2.2.1). Using the MPDAF
Python package (Piqueras et al. 2017), we derived images equiv-
alent to the SDSS ¢, r, and i filter passbands, along with inte-
grated error images for each filter. While the MUSE cube fully
covers the r- and i-bands, it captures only ~51% of the g-band.
Consequently, we refer to the g filter as a pseudo-band, denoted
as g* hereafter. Although MUSE cubes also cover part of the
SDSS z filter range, we opted not to use this passband due to the
increased noise from the sky subtraction residuals in that spectral
region.

2.2. Imaging dataset: VST and VISTA observations

Here, we introduce the two imaging datasets: the optical and
near-IR observations. Throughout this work, we adopt the AB
magnitude system for all the photometric measurements.

2.2.1. OmegaCAM@VST optical imaging

The g— and r—band observations of the Hydra I Cluster used in
this work are part of the VST Elliptical GAlaxy Survey (VEGAS,
PI. E.Iodice; Capaccioli et al. 2015; Iodice et al. 2021a). The
survey was performed with the 2.6 m INAF VLT Survey Tele-
scope (VST) at Cerro Paranal, Chile (Schipani et al. 2010) using
OmegaCAM wide field imager that provides a 1sq.deg FOV
with a pixel scale of 0”21. A detailed description of the sur-
vey and procedures adopted for data acquisition and reduction
can be found in Grado et al. (2012), Capaccioli et al. (2015), and
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Todice et al. (2016). Details of the Hydra I cluster dataset have
been described in Iodice et al. (2020, 2021b), La Marca et al.
(2022a,b), Spavone et al. (2024). The average IQ is 0.84 +
0.03 arcsec for the g-band and 0.79 + 0.02 arcsec for the r-band.

2.2.2. VIRCAM®@VISTA near-IR imaging

The identification of GCs based on optical g and r images
suffers from large contamination from foreground stars and
background galaxies (see La Marca et al. 2022b). We there-
fore obtained near-IR images to reduce the effect of possible
interlopers (Daddi et al. 2004; Bielby et al. 2012; Merson et al.
2013; Muioz et al. 2014). Deep H—-band observations (ESO
Prog. ID. 109.231E.00, PI. M. Cantiello) of the Hydra I galaxy
cluster have been taken using the ESO Paranal 4 m-VISTA
(Visible and Infrared Survey Telescope for Astronomy) tele-
scope (Dalton et al. 2006; Emerson et al. 2006; Sutherland et al.
2015). The telescope was equipped with the VIRCAM detector
(VISTA InfraRed Camera), offering a FOV of 1.65 sq. degrees
with a pixel scale of 0.34 arcsec/pixel. A minimum of six expo-
sures, known as pawprints, are required to survey a contiguous
area of 1.65 sq. degrees, called a tile*.

The observations were reduced by the Cambridge Astron-
omy Survey Unit (CASU), which takes care of the pre-reduction,
calibration, sky subtraction, and stacking of the observation,
on a pawprints base (Irwin & Lewis 2001). The final products
retrieved from CASU are the 6 reduced and calibrated paw-
prints, as well as their combination into a tile based on each
~1 h-long Observation Block (OB). ESO observers classified
each OB according to the fulfillment of the requested observing
conditions (seeing, sky transparency, airmass, etc.)’. The exe-
cuted OBs of our observing program consist of 44 tiles graded
A, fulfilling all requested constraints, 16 B-graded tiles taken
mostly within constraints and a parameter varying up to 10% of
the requested value, and 13 C-graded observations, during which
some conditions were violated by more than 10%.

In this work, we used pawprints from the A-graded OBs. We
identified the pawprints containing the UDGs and extracted a
1 x 1arcmin® cutout around them, matching the MUSE FOV.
The cutouts were then stacked using SWarp (Bertin 2010) to get
a deep H—band image for each UDG. We also combined all the
grade A pawprints to have a preliminary wide-field image of
the Hydra I cluster with an average 1Q of 0.90 + 0.03 arcsec.
The resulting deep tile served to verify our photometry (see
Sect. 4.1), and to build the GCs master catalog (see Sect. 4.1.2).

* See VIRCAM/VISTA User Manual.
5> The observation requirements were as follows: image quality <1”,
sky transparency clear (i.e., <10% cloud coverage), airmass < 1.4.


https://www.eso.org/sci/facilities/paranal/decommissioned/vircam/doc/VIRCAM_VISTA_User_Manual_20100701.pdf
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VST g — band

UDG3

UDG11

VST r—band

Fig. 2. Observations of the four UDGs. From left to right, white image obtained from the MUSE cube, g— and r—band from VST data, and H—band
from VISTA. The size of the cutouts is 1 x 1 arcmin® (~15 x 15 kpc?). North is up, east is to the left.

More details about these observations and the data reduction
strategies will be presented in an upcoming paper (Mirabile et al.
in prep.).

3. Selection of GCs using MUSE spectroscopy

Here, we describe the routine and methods used to extract and
analyze spectra from the LEWIS MUSE cube, to identify and
characterize the GC populations in the four UDGs. We examine
the radial velocities and assess the membership of GC candidates

identified in Iodice et al. (2020) and La Marca et al. (2022b).
Furthermore, we search for other sources that could be classi-
fied as GCs based on their radial velocities and spectra.

3.1. Source detection across the MUSE cube

We first ran SExtractor (Bertin & Arnouts 1996) on the MUSE
white image (i.e., the mean collapsed cube across the wave-
length axis) to detect sources for which spectra can be extracted.
We also model and subtract the galaxy light profile using the
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Fig. 3. Signal-to-noise ratio estimates as a function of aperture radius
for a compact source of my ~ 20mag. The red dashed line indicates
the adopted aperture radius and the point where the S/N profile peaks
before decreasing due to the inclusion of additional background noise.
The pixel scale is 072/pixel.

Elliptical Isophote Analysis package® to improve the analysis of
central sources. A detailed description of the model generation
process can be found in Hazra et al. (2022); here, we provide
a brief summary. Initially, we create a preliminary model that
helps us better constrain the ellipticity and position angle and to
mask all bright sources that could interfere with the modeling
of the light profile. Subsequently, we perform the final elliptical
isophote fit on the masked image, generating a refined galaxy
profile model that is subtracted from the original image.

Subsequently, we exclude all detected sources at the edges of
the cubes, as these are mostly false positives due to image arte-
facts, or, if real, have low signal-to-noise ratio (S/N), unusable
for further inspection.

3.1.1. Spectrum extraction

At the adopted distance of ~50Mpc for the Hydra I cluster
(Christlein & Zabludoft 2003), GCs are not spatially resolved
at the IQ of our entire dataset. For reference, the median
effective radius of GCs in the Milky Way (MW) is ~2.5pc
(Brodie & Strader 2006). At the adopted distance, the MUSE
spatial resolution of 0”/2 per spectral pixel (spaxel) corresponds
to ~50 pc. Therefore, even under the optimal image quality con-
ditions in our data, GCs are point-like sources.

We used the PYMUSE package (Pessa et al. 2018) to extract
the spectra from the sources within a circular aperture. The spec-
tral S/N was determined in a continuum region around 6500 A
using the estimateS NR function of PyAstronomy (Czesla et al.
2019).

We tested in PyMUSE all the available methods for extract-
ing spectra while varying the radius of the apertures and com-
pared the S/N as a function of these different extraction methods
and aperture radii. Our analysis identified that the optimal aper-
ture radius is 4 pixels (0”/8), and the most effective method for
combining the spectra involves weighting the flux using both the

% https://photutils.readthedocs.io/en/stable/api/
photutils.isophote.Isophote.html
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information from the white image and the variance map’. This
aperture is applied to all sources, regardless of their magnitude.
We confirmed that, across a wide magnitude range, the optimal
aperture radius remains basically unchanged. Figure 3 illustrates
the behavior of the S/N as a function of the aperture radii for the
selected extraction method for one source in the field of UDG 11.
The S/N reaches a peak, followed by a decline at larger radii, pri-
marily due to adding background noise to the spectra.

The local background for each source was derived from an
annular aperture with an inner radius of 8 pixels and an outer
radius of 11 pixels, centered on the source. To prevent contam-
ination from neighboring sources during the background spec-
trum extraction, we masked the positions of all surrounding
sources. For sources located at small galactocentric distances,
extracting the background spectrum can be particularly challeng-
ing due to the varying surface brightness profile of the galaxy.
Consequently, for sources between 370 and 10”/0 from the UDG
photocenter, we adopted a smaller annular aperture with inner
and outer radii of 6 and 9 pixels, respectively. In the case of
compact and bright sources close to the galaxy core (<370),
we chose not to subtract the local background. This decision
is based on the observation that nuclear sources in UDGs and
dwarf-like galaxies typically stand out significantly against the
galaxy light profile (see Appendix C and Fahrion et al. 2020,
2025). To justify this choice, we examined the spectra before and
after background subtraction. The latter revealed insufficient S/N

7 The adopted extraction method is ‘wwm_ivar’. Check the
PyMUSE webpage https://pymuse.readthedocs.io/en/
latest/tutorial.html for more details.
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to estimate the radial velocity. For these sources, we extracted
spectra within a circular aperture of 4 pixels instead of 8. Addi-
tional details regarding the sources for which this approach was
applied, along with the tests conducted to verify the reliability of
the radial velocity estimates, are provided in Appendix C.

3.1.2. Spectrum fitting

We fit the source spectra using the penalized Pixel-fitting code
(pPXF, Cappellari & Emsellem 2004; Cappellari 2017), which
applies full spectral fitting via penalized maximum likelihood,
combining input template spectra to analyze stellar systems.
We adopted the single stellar population (SSP) model spectra
from the Extended Medium resolution INT Library of Empirical
Spectra® (E-MILES, Vazdekis et al. 2010, 2016). These models
provide extensive wavelength coverage from 1680 to 50 000 A
and include BaSTI isochrones (Pietrinferni et al. 2004, 2006),
offering a grid of ages ranging from 30 Myr to 14 Gyr, and total
metallicities [M/H] values between —2.27 dex and +0.04 dex.
The E-MILES library includes only the so-called baseFe mod-
els, which are based on empirical spectra and thus reflect the
abundance patterns of the stars in the library. These models
maintain [Fe/H] = [M/H] at higher metallicities but incorpo-
rate a-enhanced spectra at lower metallicities. We adopted a
MWe-like double power-law initial mass function (IMF) with
a high-mass slope of 1.30 (Vazdekis et al. 1996). The model
spectra have a spectral resolution of 2.51 A in the wavelength
range covered by MUSE (Falcon-Barroso et al. 2011), which is
nearly the same as the mean instrumental resolution (~2.5 A,
Bacon et al. 2017). We used only the spectral templates with age
t > 8 Gyr, which is typical for GCs in the nearby Universe (e.g.,
Brodie & Strader 2006; Fahrion et al. 2020).

We fit the spectra of the sources with S/N > 2.5 Al to
estimate the line of sight velocity (LOSV) assuming an addi-
tive polynomial of degree 12 and no multiplicative polynomial
(Fahrion et al. 2020; Iodice et al. 2023). For each fit, the veloc-
ity dispersion was set at 10kms~!. At the spectral resolution of
MUSE, the internal dispersions of our GCs cannot be resolved.
To evaluate the impact of this assumption, we re-analysed the
spectra with different initial dispersion values ranging from 1
to 30kms~' (Beasley et al. 2024). The resulting radial veloci-
ties have a standard deviation of 0.1 kms~!, demonstrating that
our results are insensitive to the choice of initial dispersion. We
limited the fitting to 4 < 7000 A to avoid contamination from
residual skylines at redder wavelengths and masked background
subtraction residuals during the fitting procedure.

To obtain an initial guess of the LOSYV, we provided pPXF
with a series of input redshift ranging from z = 0 to z = 0.02
(~6000kms~!, larger than Viyydra + 30’Hydra9). We then analyzed
the relationship between zjppu and zg.

Figure 4 shows the adopted procedure highlighting relation-
ship between zg; (Azg) and zippy; for a source with S/N =7 Al
When the zjupu produces no useful solution, the fit output LOSV
aligns along the zg; = Zinpue line (green dashed line in Fig. 4).
Conversely, as we approach the correct solution (gray shaded
region), we observe a flattening of the zg-Zinpu Telation. In cases
where more than one broad flattening is observed, we use the
uncertainties of the zs, parameter, which correlate with the good-
ness of fit (Cappellari 2017), selecting solutions with the small-

8 http://miles.iac.es/
® The systemic velocity and velocity dispersion of the cluster are
3683kms™' and ~700kms~!, respectively (Christlein & Zabludoff
2003; Lima-Dias et al. 2021).
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Fig. 5. Spectrum of a GC (black line) with S/N of 7 A along with the
pPXF best-fit model (red solid line). Regions with strong sky residual
lines are masked from the fit (gray shaded areas). Purple points show
the residual spectrum (observed-model).
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Fig. 6. Distribution of radial velocity values derived from the MC sim-
ulations, shown as a blue histogram. The dark orange dashed curve
represents a Gaussian fit to the distribution. The mean and one stan-
dard deviation around the mean are shown as an orange vertical line
and shaded region, respectively. These values correspond to the adopted
radial velocity and its uncertainty.

est uncertainties. This approach serves as the main criterion
for selecting the appropriate flattening region. Additionally, we
visually inspect the fit spectra to evaluate the possible solutions.
In the case of sources with S/N < 2.5 A‘l, regardless of the
input value provided to pPXF, the output remains the same as
the input. Hence, we cannot derive velocities for spectra below
such S/N. Figure 5 shows the spectrum of a GC and the corre-
sponding pPXF fit as an example.

We adopted a Monte Carlo (MC) approach to obtain
a realistic estimate of the LOSV and its uncertainty
(Cappellari & Emsellem 2004; Fahrion et al. 2020, 2022). Once
the redshift is identified, we generated 200 realizations that pre-
served the same S/N as the original spectra. By perturbing the
noise-free best-fit spectrum (red line in Fig. 5) using random
draws from the residuals (the difference between the original
spectrum and the best fit, magenta dots in Fig. 5) in each wave-
length bin. We then repeated the fitting process using the redshift
identified with the above procedure as input. The mean LOSV
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Table 2. Properties of spectroscopically identified GCs associated with UDG3, UDG7, and UDG11. Columns list: (1) host galaxy; (2) and (3)
celestial coordinates (RA, Dec); (4) line-of-sight velocity (v_os); (5) velocity offset with respect to the systemic galaxy velocity (Av); (6) S/N;
(7) total H-band magnitude; and (8) classification as GC, intracluster GC (ICGC), or ultra-compact dwarf (UCD). Asterisks next to S/N values
indicate the sources for which the local background was not subtracted. Squares next to the classification of the sources indicate whether the

sources were selected as GC candidates in Iodice et al. (2020) and La Marca et al. (2022b), based on optical g and r photometry.

Galaxy RA [J2000] Dec [J2000] ULOS Av S/N my Classification
(deg) (deg) (km/s) (km/s) (A™H (mag)
159.244433  -27.1359946 3581 =19 -30+20 4.3 22.600 = 0.10 GC"H
UDG3 159.243494 —27.637910 5065 +29 —-1454+30 3.2 23.14 +0.20 ICGC"
159.2440753 —27.1358455 2706 +24  +905 + 25 290 2346+0.17 ICGC"
159.1548137 -27.3819035 4137 +24 —-11+24 6.3* 22.58 +0.10 GC
UDG7 159.1562253 —-27.3813961 4100 + 25 +26 + 25 2.8 23.23 +0.17 GCH
159.1611879 —27.3874636 4211 +9 -85+ 10 20.0 2136 +0.07 UCD
158.7486937 —27.4272033 3470 + 30 +37 £ 30 6.14* 2296 +£0.16 GC
158.7483019 —27.4269613 3537 + 14 -30=x15 7.04* 2247 +0.10 GC
UDG11 158.748077  —27.4269608 3519 + 16 —-12+17 6.50*  22.54+0.10 GC
158.7478277 —-27.4292176 3443 +41 +64 £ 41 5.00 2321 +0.5 GC
158.7522136  —27.4338378 3624 +22 —114+23 33 23.31+0.13 ICGC
158.7475517 —-27.4279218 3927 +87 —414+87 4.20 22.8+0.3 ICGC

and its random uncertainty are obtained by fitting a Gaussian to
the resulting distribution (Figure 6).

Several studies of UDGs use the criterion |[Av = Ugglaxy —
Usourcel < 200kms™! to identify sources as being bound to
their host galaxies (e.g., Toloba et al. 2018; Doppel et al. 2023;
Gannon et al. 2024), while other have a more conservative
threshold of 100 km s~! (Miiller et al. 2020; Haacke et al. 2025).
We adopt the conservative criterion |Av| < 100 km s! to decide
whether a source is gravitationally bound to a galaxy. Compact
sources with velocities within the range Viyydra + 30Hydra and
|Av| > 100kms~! are classified as intracluster GCs (ICGCs).
Sources with a |Av| consistent with 100 km/s within the error bars
were classified as either GCs or ICGCs based on their distance
from the galaxy. Specifically, sources located within 1.5R, of
the galaxy were considered GCs, while those beyond this radius
were classified as ICGCs. All those sources that showed con-
vergence around zero are classified as stars, while those that did
not converge within the inspected intervals are considered to be
background galaxies.

3.2. Spectroscopic sample of GCs

Table 2 presents the properties of spectroscopically confirmed
GCs and ICGCs identified in the MUSE data cubes of the four
UDGs. Sources marked with a square in the “classification” col-
umn are those selected as GC candidates in Iodice et al. (2020)
and La Marca et al. (2022b). About ~36% of spectroscopically
confirmed GCs were previously tagged as GC candidates. In
some cases, the sources selected by Iodice et al. (2020) and
La Marca et al. (2022b) are too faint to be spectroscopically ana-
lyzed. With our procedure, we cannot measure radial velocities
for sources fainter than my =~ 23.5 mag. For three of the four
studied galaxies we confirm the presence of bound GCs. UDG 9
is the only galaxy in our sample for which we did not detect
any GCs or ICGCs brighter than my ~ 23.5mag in the field
(see also Sect. 5.1). This galaxy resides in a dynamically active
region of the cluster, at a projected distance of approximately
35 kpc from both NGC 3313 and ESO 510-49, aligned along its
major axis. NGC3313 also exhibits evidence of past interac-
tion(s) such as stellar streams (Spavone et al. 2024). Both neigh-
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boring galaxies are members of the cluster and have a velocity
difference of AV ~ 300kms~! relative to UDG9 (Smith et al.
2004). Past interactions in this environment may have stripped
away the GC population from UDG 9. Additionally, in the field
of the UDG 7 we identified an ultra-compact dwarf (UCD) with
a velocity consistent to be gravitationally bound to the UDG.
The UCD differs from GCs in its intrinsically brighter magni-
tude (My =~ —12 mag, see Sect. 4.2.3 and Table 2) and its higher
S/N of 20 A~! (see Table 2).

4. Selection of GC candidates from multi-band
photometry

We favor the spectroscopic data for the identification of GCs can-
didates. However, reliable LOSV measurements require S/N >
2.5 A~! (Fahrion et al. 2020) which limits this method to the rel-
atively bright sources (my < 23.5mag), while MUSE images
provide good photometry for significantly fainter sources (see
Fig. 2). We introduce a procedure that integrates the wide wave-
length coverage of the MUSE observations and combines it with
H-band data to identify a sample of GC candidates too faint for
spectroscopic confirmation.

4.1. Photometric analysis

We outline the photometric procedure implemented to obtain
the properties of the sources in the g*-, r-, i- and white (W)
images from the MUSE cube, along with the H-band dataset.
The MUSE spectroscopy is used to further clean the sample even
if low S/N prevents reliable LOVS measurements and member-
ship confirmation. Our objective is to use near-IR and MUSE-
based optical photometry to create a catalog of faint GC can-
didates. The g and r observations from the VEGAS survey are
used to check if the photometry from the MUSE data cubes is
consistent and stable from one observation to another.

4.1.1. Photometry and photometric calibration

We used SExtractor in dual-image mode for photometry. In
this mode, photometric measurements are performed for all the
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Fig. 7. Selection of sources for construct-
) ing the master catalog of GCs. Left panel:

°® FWHMy, versus mag,, for all sources in the

P three ancillary MUSE fields, weighted by their

° I CSy values. Spectroscopically confirmed GCs

‘. from Grasser et al. (2024) are shown as red

S o9° dots. Right panel: Source selection process.
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sources detected on a reference image. Our reference image is
the white-band image, the deepest and sharpest one in our dataset
(see Fig. 2). We refined the detection parameters for this refer-
ence image and then measured the g*-, r-, and i-band properties
of all the sources detected in the white image. We also used as
the weight image for the detections and photometric measure-
ments the integrated error images extracted along with the g*-
, -, and i-bands. As a reference, we adopted the magnitudes
obtained within an aperture of 8 pixels (1”76 at the MUSE pixel
scale) to measure the colors of the sources. We did not use the
automatic magnitudes computed by SExtractor to avoid biasing
the flux measurement, especially for faint sources. The magni-
tudes derived from MUSE images lack photometric calibration.
We applied an arbitrary ZP of 30 to the instrumental magnitudes.
The g*riW matched catalog is then used to select the GC candi-
dates (see Sect. 4).

Due to the different pixel scale between MUSE and VIR-
CAM, it is not possible to run SExtractor in dual-image mode
across the two dataset. We aligned the MUSE images with
the H-band image and then used the Photutils package to
build a routine that performs aperture photometry on VIR-
CAM images at the same location of the sources in the MUSE
images. First, we generated a 2D background map using the
Background?2D class with a mesh size of 32 x 32 pixels, apply-
ing a median-sigma-clipping to estimate and subtract the back-
ground. We subtracted the local background around each source
estimated within an annulus before calculating the final flux.
This step ensures that small-scale variations in the background
are accounted for. The aperture photometry was performed using
the aperture_photometry function of Photutils, which inte-
grates the flux within each aperture while dividing pixel contri-
butions proportionally for those lying on the aperture boundary.
The magnitude of all sources in each aperture was computed as

my =-25- 10g1()(Faperture) + ZP + ABfacior (1)
where the photometric ZP is 26.13 mag. The term ABictor =
1.384 was used to convert from the Vega magnitude system to the
AB magnitude system in the H-band (Gonzdlez-Fernandez et al.
2018), while Faperure (in counts) represents the background-
subtracted flux measured within the specified aperture. As our
reference magnitude, we adopted the one estimated within an
aperture of 1”76, ensuring that colors of sources are computed
from fluxes derived from within the same physical area for all
bands'?.

10 The image quality of our datasets are comparable within the errors
(see Sects. 2.1 and 2.2).

magauto,w (mag)

cuts (orange squares), and the spectroscopi-
cally confirmed GCs (red dots).

To account for flux outside this aperture, we applied a curve
of growth approach and determined the aperture correction nec-
essary to obtain the total magnitude of each source. Given the
small FOV around the UDGs, the aperture correction was esti-
mated for a sample of bright, compact, and isolated sources from
the full tile of the Hydra-I cluster (see Sect. 2.2).

By comparing the magnitude within the reference aperture
to those at larger radii (Amag = m;»s — m;, where i represents
larger apertures), we obtained the asymptotic aperture correc-
tion value of 0.49 + 0.02 mag. This correction was then applied
to derive the total apparent magnitude for each source. For the
foreground extinction correction, we obtained the mean extinc-
tion value across 2 sq. degrees around NGC 3311 from the IRSA
(NASA/IPAC Infra-Red Science Archive) archive, which pro-
vides Ep_y = 0.0684 + 0.0007 mag. We derived the H-band
extinction as Ay = 0.449 - E_y) adopting UKIRT H-band
reddening value from Table 6 in Schlafly & Finkbeiner (2011)
assuming a Ry = 3.1. The complete g*riWH matched catalog
for each galaxy is available on CDS, containing a total of 288,
357, 321, and 435 detected sources for UDG 3, UDG 7, UDG9,
and UDG 11, respectively.

As a sanity check, we compared our H-band photometry
with the 2MASS one (Skrutskie et al. 2006). After matching
our catalog with 2MASS and selecting compact bright sources,
we converted the 2MASS H magnitude into the VISTA system
using Eq. (8) in Gonzdlez-Fernandez et al. (2018):

HV = H2M + (0015 + 0005) . (J — KS)ZM? (2)
where H,y and Hy are the 2MASS and VISTA magnitude,
respectively, and (J — K)2), is the 2MASS color. Table 3 reports
the median magnitude offset of the matched sources together
with the rms median absolute deviation (MAD) of the magni-
tude offset (rmsyap =~ 1.48 - MAD). Our data are in excellent
agreement with 2MASS.

The OmegaCAM@VST observations were used to ver-
ify whether the MUSE photometry was consistent across
the dataset. We first checked the photometric calibration of
the OmegaCAM data by comparing our measurements with
the photometry of bright and isolated stars in PanSTARRS
(Chambers et al. 2016). We compared the aperture corrected
magnitudes'' from our dataset with the Pan-STARRS catalog.
For the g-band, sources were also selected based on color due to

' We estimated the aperture correction as the difference between the
magnitude measured within a 176 aperture and that measured within a
4’70 aperture (i.e., the pipeline calibration diameter). The resulting aper-
ture corrections are 0.37 + 0.01 mag and 0.33 + 0.01 mag for the g- and
r-bands, respectively.
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Table 3. Photometry quality check.

Amag Offset
VISTA-2MASS 0.0 £ 0.08
(VST — PanSTARRS),  0.01 +0.01
(VST — PanSTARRS), —0.03 £0.02

differences between the two photometric systems (Tonry et al.
2012). The adopted color interval used to compare the two
photometric systems for the g—band was |g — r| < 0.5mag
(Tonry et al. 2012). The results of this comparison are shown in
Table 3. We corrected our VST r-band measurements by apply-
ing the offset relative to the PanSTARRS photometry reported
in Table 3. The small discrepancy between the two photomet-
ric systems will be further investigated in an upcoming paper
(Mirabile et al. in prep.).

Finally, we compared the photometry from the g*- and 7-
bands of the LEWIS MUSE observations with the g- and r-band
measurements from the VST. We thus estimated the median dif-
ference in magnitude (Amag = myst — myusg) and the rmsyap
for the four fields. A consistent offset was observed among
the fields, with a small scatter (rmsyap = 0.1 mag), indicating
appropriate photometric quality of the dataset.

We also attempted to verify if the same offset and varia-
tion were observed in the three MUSE fields (A-C, see Sect. 2)
around NGC 3311. However, this analysis did not produce useful
results, possibly because of the high galaxy background in the A-
C fields. Nonetheless, the photometry derived from the ancillary
MUSE dataset remains comparable to that from the four LEWIS
fields inspected here, as demonstrated when using source col-
ors instead of individual magnitude values (see Sect. 4.1.2 and
Sect. 4.2).

4.1.2. GC master catalog

To improve the selection of the GC candidates, we constructed
a master catalog by exploiting the properties of spectroscopi-
cally confirmed GCs identified by Grasser et al. (2024). We col-
lapsed the MUSE observations taken on NGC 3311 (fields A, B
and C) into three passbands (g*—, r— and i—band), modeled and
subtracted the galaxy light profile in all the filters, and applied
the same photometric procedure described in Sect. 4.1.1. For
all the MUSE-based photometry, we did not apply any fore-
ground extinction correction, as the negligible spatial variabil-
ity of the extinction across the field (see Sect. 4.1.1) implies
that such a correction would be uniform and would therefore not
affect or improve the relative approach we adopted in Sect. 4.
We derived the morphometric (i.e., shape) and photometric (i.e.,
magnitude) properties of spectroscopically confirmed GCs iden-
tified in Grasser et al. (2024). Specifically, we selected sources
based on the CLASS_STAR!? (CS) and FWHM parameters
measured by SExtractor in the white image. We applied broad
cuts, considering all the sources with CSy, > 0.5, combined with
0.39 < FWHMy < 3.35 and 22.88 < magy, < 26.78 mag. The
latter intervals were defined using the median +2 (3)rmsyap of
the FWHMy, (magy,) of spectroscopically confirmed GCs. We
also applied broad color cuts |g* —i| < 5 and |[r —i| < 5 to fur-
ther clean the catalogs from spurious detections. The left panel

12 CLASS_STAR is SExtractor output parameter that provides a stellar-
ity index for classifying astronomical objects. It ranges from 0 (likely
extended object) to 1 (compact).
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Fig. 8. Optical (g* —i) versus (r—i) color-color diagram. The 20% (outer)
and 5% (inner) isodensity contours from the master catalog are shown
separately for each of the three ancillary fields. Individual sources are
plotted in light blue, light green, and light magenta for fields A, B,
and C, respectively. Spectroscopically confirmed GCs from this work
are marked as green diamonds. Spectroscopically confirmed GCs from
Grasser et al. (2024) are shown as red dots.
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in Fig. 7 displays the FWHMy, versus magy, for all sources in
the three fields on NGC 3311, color coded based on their CSy
values, along with the spectroscopically confirmed GCs (red
dots) by Grasser et al. (2024). The right panel in the same figure
illustrates the source selection process. It shows the sources ini-
tially selected based on the CSy parameter (light blue dots), the
final sample of selected sources after applying cuts in FWHMy,
and magnitude (orange squares), and the spectroscopically con-
firmed GCs (red dots). It is interesting to note that the spec-
troscopically confirmed GCs from Grasser et al. (2024) show a
wide range of measured FWHMy. In particular, some sources
are measured to be very extended (i.e., FWHMyw > 3.5 arcsec).
These sources are either located close to the core of the galaxy,
near the edges of the images, or are very faint objects affected by
image artifacts in the MUSE data. The observed wide range fur-
ther supports our choice to adopt conservative selection criteria.

Figure 8 shows the isodensity contours'® of the sources
selected in the three NGC 3311 fields in the color-color plane,
along with projected histograms along each axis. Red dots are
the spectroscopically confirmed GCs from Grasser et al. (2024).
The contour levels represent the region containing 20% (outer)
and 5% (inner) of the selected sources in each field. The density
peaks in these regions align with the locations of spectroscopi-
cally confirmed GCs and ICGCs identified around UDGs in this
work (green diamonds). All but one of these sources are located
around the peaks of the distribution. The single exception still

13 The isodensity levels of the master catalog are obtained using
a kernel density estimator (https://docs.scipy.org/doc/
scipy/reference/generated/scipy.stats.gaussian_kde.
html) (KDE). The adopted parameters were: bw_method="‘scott’ and
bw_adjust=1.
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Fig. 9. FWHMy, and CSy versus magnitude
for all sources in the four analyzed UDG fields.
Spectroscopically confirmed GCs are marked
with green diamonds. The adopted selection
cuts are indicated by the dashed black lines and
the gray shaded region.
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falls within the 68% density contour used to select sources (see
Sect. 4). This demonstrates that the sources in the master catalog
can be used to identify broad regions for selecting GC candi-
dates based on their color information (see also Sect. 4.2 and
Fig. 10). Finally, we matched this catalog with the H-band cata-
log, thus defining a master catalog containing also the near-IR
information. We further refined the catalog removing sources
with poor S/N having my > 26 mag. It contains 32/49 con-
firmed spectroscopic'* GCs from Grasser et al. (2024). Consid-
ering that the observations were taken on NGC 3311, which has
a very rich estimated GC population of ~16.000 (Wehner et al.
2008, see also Sect. 5.1), and assuming a uniform distribution of
contaminants'® in the observed area, we can safely assume that
the fraction of interlopers (unresolved background galaxies and
faint MW stars) among the GC population is negligible.

The position and properties of these sources are given in
Table B.1. The complete catalog is available on CDS. The final
g*riW H master catalog contains 426 GCs around NGC 3311.

!4 The master catalog contains only 32 out of 49 spectroscopically con-
firmed GCs from Grasser et al. (2024) as a consequence of the detection
and selection procedure. We miss 3 sources because they are close to the
edge of the images, and 14 are discarded mainly during the morpholog-
ical cleaning process of the catalog.

15 Assuming the average contamination density estimated in Sect. 5.1
over the area covered by the three MUSE pointings, we expect a con-
taminant population of ~100 sources. In comparison, integrating the
radial profile of GC candidates studied by Wehner et al. (2008) for
NGC 3311 out to 3 arcmin yields an expected population of ~2600 GC
candidates, which overwhelmingly dominates the contaminant popula-
tion.

from the master catalog. The blue contour
encloses 68% of the master catalog sources.

4.2. Photometric selection of GC candidates

Here, we present the procedure adopted to select GC candidates
based on a combination of photometric tracers. The approach
adopted to identify these compact stellar systems relies on a
procedure similar to our previous works (Cantiello et al. 2015,
2018a; Mirabile et al. 2024; Lonare et al. 2025; Saifollahi et al.
2025).

4.2.1. Morphometric selection

As already noted, GCs at the distance of the Hydra I cluster
are basically point-like sources. We relied on two compactness
indicators derived from the MUSE white-image, because it pro-
vides the deepest and best image quality observations (see Fig. 2
and Sect. 2). We combined morphometric selection based on
the measured CSyy and FWHMy,. In all the observed fields, we
decided to adopt conservatively wide selection ranges for GC
candidates: CSy > 0.5 and 0.5 < FWHMy < 3arcsec. These
limits were chosen to account for artifacts in the MUSE images
that may affect the morphometric properties of the sources (see
Sect. 4.1.2). Figure 9 shows the CSy and FWHMy, versus mag-
nitude plot for all the sources in the four analyzed UDG fields,
along with the spectroscopically confirmed (IC)GCs (green dia-
monds) and the adopted selection cuts (dashed black line and
gray shaded region). One of the spectroscopically confirmed
GCs was excluded by the CSy selection criterion. This source,
located in UDG 3, lies very close to the core of the galaxy and
to a bright star, which may have affected its CSy, measurement
(see Fig. 11).
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Table 4. Photometric and morphometric parameter limits adopted for
the GC selections.

Parameter min max
mpy (mag) 200 ..
CSw 0.5 1.0
FWHMy, (arcsec) 0.5 3

4.2.2. Color selection

The selection of GC candidates can be improved by adding near-
IR to optical data. The near-IR (NIR) information is essential to
further clean the catalog from MW stars and background galax-
ies (Cantiello et al. 2018a; Saifollahi et al. 2021). Indeed, the
wider the wavelength coverage is, the better we can distinguish
between different populations (e.g., stars, galaxies, GCs, etc.) in
a color-color plane (Muiioz et al. 2014).

Following the approach from Cantiello et al. (2020) and rely-
ing on our master catalog (see Sect. 4.1.2), we used a color-color
plot to refine the selection of GC candidates. First, we selected
sources using the optical (r — i) versus (g* — i) and then further
cleaned the sample inspecting sources in the (r—H) versus (g* —i)
color-color plane.

Figure 10 illustrates the optical color-color plane (left panel)
and the optical-NIR plane (right panel) for UDG 11. In the left
panel, open circles represent all cataloged sources (see Sect. 4.1),
while violet dots highlight those passing the morphometric cri-
teria. The right panel shows, as red dots, the sources selected
by morphometric criteria and by optical-color criteria. Spectro-
scopically confirmed (IC)GCs identified in this study are marked
with green diamonds. In both panels, the colored regions show
the isodensity contours of the catalog. The blue line represents
the contour level that contains 68% of the sources in the mas-
ter catalog (see Sect. 4.1.2). All sources within this blue con-
tour were selected for further analysis. The consistency between
our field and the master catalog in source colors validates our
selection method and supports the reliability of color-based GC
identification.

4.2.3. Magnitude selection

After the selection of sources based on their morphometric and
color properties, we can further clean the sample based on
the magnitudes. GCs in bright galaxies usually show a univer-
sal luminosity function (GCLF, Villegas et al. 2010; Rejkuba
2012), which can be used to select GC candidates based
on their magnitudes. For UDGs, there is still no consensus
if the GCLF is the same as for bright galaxies (Shen et al.
2021; Janssens et al. 2022; Romanowsky et al. 2024; Tang et al.
2025; Saifollahi et al. 2025). Nevertheless, to identify a mag-
nitude range, we adopted a Gaussian luminosity function for
these galaxies. Adopting as the turn-over magnitude (TOM,
peak of the distribution) a value of Hyoyy = —8.3 ABmag
(Nantais et al. 2006) and a distance modulus of m — M =
33.5mag (Christlein & Zabludoff 2003), the expected GCLF
peak would be m;>M ~ 25.2mag. For the width of the GCLF
(oGeLr), we adopted a value of ogeLrp = 1mag. Although
oger = 0.8 or smaller is more in line with expectations
for UDGs/dwarf galaxies (Villegas et al. 2010; La Marca et al.
2022b; Marleau et al. 2025), we opted for a larger value due
to the depth of the cluster (Marleau et al. 2025). We selected

all sources within +30gerr around m}°M, namely 222 <
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my < 28.2mag as GC candidates. The faint magnitude limit
is beyond the depth/completeness of our dataset (see Sect. 5.1
and Appendix F), and hence we only applied a bright limit. As
reported in Table 4, we used a more generous lower limit (my >
20 mag) to include potential ultra-compact dwarfs (UCDs) and
nuclear star clusters. Based on the literature, we adopted an
absolute magnitude threshold in the g-band of M, = —10.5 mag
(Mieske et al. 2004; Hilker et al. 2007; Cantiello et al. 2020) as
separation criteria between GCs and UCDs. Assuming a color of
g—H ~ 1 AB mag, the separation criteria correspond to an appar-
ent magnitude of my ~ 22 mag. Therefore, we selected sources
with my > 20 mag to ensure the inclusion of possible UCDs'.

4.3. Spectro-photometric final cleaning

After identifying a preliminary list of GC candidates using the
methods described above, we cross-matched this catalog with
our spectroscopic dataset. This step enabled additional refine-
ment of the catalog by removing foreground stars and back-
ground galaxy sources meeting the criteria of S/N > 2.5 A
and my < 23.5 mag (see Sect. 3.2). Emission-line sources were
removed even if they had lower S/N and fainter magnitudes. At
this stage, we also removed the residual fake detections due to
image artifacts.

Figure 11 illustrates the comprehensive selection process
for GC candidates for the four galaxies. The figure is divided
into four columns, each representing a stage in the refinement
of our catalog. The leftmost panel displays all sources ini-
tially detected. Moving to the right, the second panel shows the
sources selected based on morphometric and photometric prop-
erties derived from the optical/ MUSE images. The third panel
presents the further refined selection after incorporating H-band
photometry. Finally, the rightmost panel exhibits the final catalog
of sources after cross-matching and cleaning with spectroscopic
data. In this last panel, red-filled dots denote spectroscopically
confirmed GCs. The average rejection rate of sources across the
four galaxy fields, when cleaning using spectroscopic informa-
tion, is ~50%. In other words, roughly half of the sources ini-
tially selected through our photometric and morphometric pro-
cedures were rejected once spectroscopic data were included.

The large overlap (92%'7) between photometrically selected
candidates and spectroscopically confirmed GCs further vali-
dates the precision of our selection criteria. We also note that for
UDG 11, the distribution of the final GC candidates appears to be
spatially aligned along the direction of ESO 501-26, an edge-on
disk galaxy, apparently morphologically disturbed at projected
distance of ~95kpc from UDG 11, with a velocity difference
of Av ~ 500km/s relative UDG 11 (Smith et al. 2004). Fur-
ther analysis of such a possible substructure will be presented
in Mirabile et al. (in prep.).

5. GC population: Sample analysis

In the following, we discuss the properties of the GC sys-
tems in our target galaxies. Prior to this, we applied complete-
ness corrections and statistical background decontamination (see
Cantiello et al. 2015; D’ Abrusco et al. 2016) to the final list of
GC candidates.

16 We adopted a two-magnitude range for UCD selection following
Mieske et al. (2012).

17 This percentage indicates the fraction of spectroscopically confirmed
GCs that were successfully retrieved through the photometric selection
procedure.
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Full detection Optical Selection — Near-IR Selection

— Spectroscopic Selection
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UDG11

Fig. 11. Step-by-step selection process for GC candidates. Left to right, (1) MUSE white image with all sources detected (light blue circle),
(2) sources filtered based on morphometric and photometric properties from optical/ MUSE data (violet), (3) further selection incorporating near-
IR data (orange), (4) final catalog of GC candidates (yellow). Red filled circles in the last panels indicate spectroscopically confirmed GCs.
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5.1. Total number of GCs

Estimating the total population of GCs (Ngc) in any galaxy
requires correcting for incompleteness and accounting for con-
taminants, including foreground stars and background galaxies.
For galaxies in groups or clusters, one must also consider the
population of ICGCs. The first step requires detailed knowledge
of the GCLF, including its shape, peak, and width. The second
step entails characterizing the contaminant population.

We begin by counting GC candidates within a specified
radius from each galaxy. Following Marleau et al. (2025), we
adopted an outermost radius of 1.5R,, where R, is the effec-
tive radius of the galaxy (see Table 1). Any GC identified as a
spectroscopic ICGC within the specified radius (see lodice et al.
2020) was excluded from the count.

To estimate background contamination, we combined all
sources from the four observed fields that lie at distances
between 15”70 and 30”0 from the galaxies, well beyond the 1.5R,
limit for all the UDGs (see Fig. D.1). This approach allowed us
to better constrain the contaminant population by increasing our
statistical sample.

The number of GCs for each galaxy was calculated as
NG = Agal - (Pgal — Poackground)- Here, pga is the density of
GC candidates on-galaxy, and Ppackeround 18 the background den-
sity, both expressed in number of sources per square arcsec and
Agg = - (1.5R,)?. The error associated with each value was
determined by considering Poisson errors in both the on- and
off-galaxy counts. Sources identified spectroscopically as GCs
were excluded from the error propagation. Table 6 reports the
estimate of NG for each galaxy.

The estimated NGY must be corrected for the complete-
ness fraction (Ngc = NG& * (1/ fcompleteness))- The most com-
mon approach to account for completeness involves obtaining a
magnitude-dependent completeness function and using it to cor-
rect the GCLF.

However, determining the overall completeness of our GC
candidate catalog is not straightforward due to the combination
of magnitude-dependent detection completeness, the use of dif-
ferent bands and instruments, and our adopted selection criteria.
The detection completeness is mainly dominated by the H—band
observations, which have the brightest limiting magnitude (See
Appendix F).

Combining GCLFs from multiple UDGs, which are sparsely
populated, could improve the statistical significance of the sam-
ple and therefore allow us to determine the combined limit-
ing magnitude. The left panel in Fig. 12 displays the luminos-
ity function (LF) of GC candidates around all UDGs in this
study (violet histogram), along with the background distribu-
tion (hatched orange histogram) and the background-subtracted
LF (teal histogram). Poissonian uncertainties are reported for
the background-subtracted distribution. The background distri-
bution is not populated at my < 23.5mag, showing that our
spectroscopic cleaning procedure of the GC candidate catalogs is
efficient up to my ~ 23.5 mag. The right panel shows the corre-
sponding distributions for the GCs master catalog, which refers
to a total area of 9 arcmin’ at a median galactocentric distance
of 0.6 arcmin from NGC 3311. Although the master catalog was
not constructed using the same spectroscopic cleaning procedure
for bright sources as the source catalogs around the UDGs, we
chose to subtract the same background distribution as adopted
for the UDGs. This decision is motivated by the fact that the two
dominant limiting factors are the H-band VIRCAM data and the
spectroscopy from MUSE, with the former being identical for
the UDGs and the master catalog, and the latter negligible for
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the master catalog. Indeed, the master catalog is based on point-
ings close to NGC 3311, a galaxy known to host a very rich GC
system (Wehner et al. 2008). For this reason, we expect the mas-
ter catalog to be dominated by GCs associated with NGC 3311,
rather than by MW stars or background galaxies.

In each panel of Fig. 12, the total number of sources after
background subtraction is reported along with the uncertainty.
The sample derived from the master catalog is clearly richer and
less contaminated due to its location relative to NGC 3311, thus
providing robust statistics for constraining our detection limit. In
contrast, the UDG GC candidates sample is dominated by low-
count uncertainties (30% of the measure). The analysis of the
two distributions in Fig. 12 can be used to obtain the detection
level factor which we define as the ratio of observed to expected
GC numbers (Ngc,obs/NGC,exp)-

The background-decontaminated luminosity function from
the master catalog (right panel in Fig. 12) is the convolution of
the intrinsic GCLF of NGC 3311 and a completeness function
that arises from a convolution of the observational properties of
our datasets and the several selection stages adopted. The dom-
inant effect stems from the most incomplete dataset, namely the
H-band data (see Appendix F). To identify both the intrinsic
GCLF and completeness function, we implemented a MC simu-
lation designed to reproduce the observed distribution.

We adopted a Pritchet function (McLaughlin et al. 1994) to
describe the completeness of our dataset:

a- (m - mlim)

V1 + a2 (m— myp)? '
where myi, is the magnitude at which the completeness is 50%
and « determines the steepness of the cut. The intrinsic GCLF
was assumed to be well represented by a Gaussian function with
three parameters: the expected turnover magnitude (™M), dis-
persion (ogeLr), and the GCLF amplitude. In our MC simula-
tions, we allowed the five parameters to vary (@, iy, u oM,
occLrs Nge), but, when possible, we adopted scientifically moti-
vated priors. For instance, u™M and ogcp were allowed to
vary around estimates defined by the well-established galaxy
distance-luminosity relations (Villegas et al. 2010). We simu-
lated 30 000 realizations by sampling parameters within the fol-
lowing ranges: the turnover magnitude ™M was varied by
0.2 mag around the expected peak value, my = 25.2mag (see
Sect. 4), the range for ogcLr Was set between 1.2 and 1.6 mag
typical for GC systems in bright galaxies'®, Ngc was allowed
to range from 300 to 2000'°, and completeness parameters @ €
[0.1:1.5] and my;y, € [23:24.2]%°.

During each realization of the MC simulation, we obtained
a simulated luminosity to be compared with the observed one.
The resulting simulated luminosity function was then compared
with the observed one. The goodness of fit was evaluated using

1
fm) =511 3

8 We estimated the ogcr for NGC3311 using Eq. (5) from
Villegas et al. (2010), adopting a z-band magnitude m, = 8.6 mag,
obtained by converting the total magnitude in the H-band from
Jarrett et al. (2003) and assuming a color term z — H ~ 0.2 (see
Hazra et al. 2022). Finally, we obtained ogcLr ~ 1.4 mag.

1 We adopted as a lower limit approximately the size of the master
catalog after background subtraction (see Fig. 12), while the upper limit
was determined through several runs of the Monte Carlo simulation,
during which we observed that the Ngc parameter began to converge at
values around a few thousand objects.

20 The range for my,, was defined based on the observational require-
ments of the H-band dataset, with the upper limit set to one magnitude
brighter than the magnitude corresponding to a point-like source with a
S/N ~ 5.
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Table 5. Adopted intervals for the MC simulations and the best-fit val-
ues for each parameter.

Parameter MC interval Best fit
uoM (mag) [25.0,25.4] 25.1 £0.1
O GCLF (mag) [10,16] 1.4 +£0.1
Ngc [500,2000] 1656 =267
a [0.1,1.5] 1.3+£0.2
My, (Mag) [23.0,24.2] 233 +£0.2
NGC,obs/NGC,exp (%) 19+3

the R? statistic?!, which quantifies how well a model reproduces
the observed distribution. The closer this metric is to 1, the better
the model explains the dataset; the closer to zero, the poorer the
fitting. During each realization, we also obtained an estimate of
the average detection level factor.

After running all the realizations, we determined the best-fit
parameters by calculating the median and rmsyap values across
all simulations with R? within +1o of the maximum R? (i.e.,
0.97). Here, o is the standard deviation of the R? distribution,
obtained from the rms of the R? scores across all simulations.
The best-fit values obtained are presented in Table 5. The result-
ing ™M and ogcrp of the GCLF are consistent within the error
with the expected values for a galaxy at the distance and mass of
NGC3311%.

We estimated that the population required to match
the observed GCLF of the master catalog contains ~1650
sources within the three fields (i.e., ~3 X 3arcmin?).
We derived the expected total number of GCs over the
larger spatial extent of NGC3311 (Wehneretal. 2008;
Spavone et al. 2024) by integrating a flat GC density radial
profile until ~9 kpc (Capuzzo-Dolcetta & Mastrobuono-Battisti
2009) and then a r'* de Vaucouleurs profile beyond that
(Faifer et al. 2011; Cantiello et al. 2018b) out to a radius of 5R,
(Alamo-Martinez et al. 2013). We adopted the effective radius
for NGC3311 R, = 99 arcsec from Spavone et al. (2024). This
yielded a total expected population of 12 700 + 1800 GCs, which
is consistent within 1.5 sigma with Wehner et al. (2008), who
reported Ngc = 16500 + 2000. Given the difference in the
approaches used to derive the total GC number, this can be con-
sidered a satisfactory agreement. Our result is also in agreement
with the estimated total population of GCs around NGC 3311
obtained using FORS data (Lohmann et al., in prep.). They found
an estimated population of ~12000 by integrating the density
profile presented in Spavone et al. (2024).

Figure 13 shows the results of the procedure described
above. The blue solid line is the best-fit expected GCLF,
the completeness function is shown as a pink solid line,
the background-corrected observed distribution is represented
by yellow histogram, and the best-fit model reproducing the
observed data is shown by the orange dashed line. The green-
shaded area shows the 1o uncertainty range, calculated as the
mean plus or minus the rms of all acceptable curves based on
the best-fit parameters and their +10 errors.

These simulations show that the sample of GC candidates is
complete at the 19% level, meaning that, given our dataset and
selection procedure, we recover only 19% of the expected total

2! Implemented using the R? scikit-learn package: scikit-learn.org.

22 We also repeated the MC simulation using a wider range for the
adopted values of u™M and ogcrr, and observed no difference in the
resulting values; they remain consistent with the expected ones.

2507

21 22 23 24 25 26 27 28 29
my (mag)

Fig. 13. Results of the modeling MC-based procedure. The blue solid
line represents the best-fit GCLF, while the pink solid line shows the
fit to the completeness function. The yellow histogram indicates the
background-corrected observed GC distribution, and the orange dashed
line corresponds to the best-fit model. The green-shaded region denotes
the 1o uncertainty envelope.

GC population. Under the assumption that such a completeness
factor derived for the master catalog is roughly consistent with
the same for the UDGs, we can now estimate the Ng¢c for our
four targets. Table 6 reports the Ngc for each galaxy. UDGO is
the only galaxy of the sample with GC counts statistically con-
sistent with zero and it is also the only galaxy with no spectro-
scopically identified GCs (see Fig. 11 and Tables 2, 6).

5.2. Specific frequency

The specific frequency (S y) is the total number of GCs normal-
ized to the galaxy luminosity (Harris & van den Bergh 1981). It
is calculated as

Sn = Ngc - 1004Mv+15), )

We estimated the V-band (My) absolute magnitude of the
UDGs using the relation by Kostov & Bonev (2018): My, =
M, — 0.017 + 0.492 - (g — r). The absolute magnitude in the
r—band (M,) is taken from Iodice et al. (2020) (see also Table 1).
Table 6 reports the estimated Sy for each galaxy. Figure 14
shows our values compared to other measurements from the lit-
erature (Miller & Lotz 2007; Georgiev et al. 2010; Harris et al.
2013; Lim et al. 2018; Marleau et al. 2025; Janssens et al. 2024).

Multiple studies of dwarf galaxies and UDGs (Lim et al.
2018; Prole et al. 2019) have revealed significant scatter in the
S at the faint end of the luminosity distribution. This scat-
ter reflects both sample size effects due to the small number
of GCs and the diverse evolutionary pathways of these systems.
Lim et al. (2018) and Forbes et al. (2020) noted that Coma clus-
ter UDGs of comparable luminosity exhibit lower surface bright-
ness and higher specific frequencies than typical dwarf galaxies.
Lim et al. (2018) also observed that galaxies with an effective
surface brightness of y, ~ 25 mag arcsec™> tend to have system-
atically higher S y values than those with brighter surface bright-
nesses. However, this trend is accompanied by substantial scat-
ter: reported Sy values range from zero to hundreds, with error
bars comparable to the values themselves.

The sample of galaxies analyzed in this work reflects these
broad trends. All galaxies in our sample have effective surface
brightness fainter than 25 magarcsec™?, and we observe both
GC-poor systems (one galaxy has no detected GCs) and GC-rich
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Fig. 14. Specific frequency versus magnitude plot comparing Hydra I
UDGs S with literature values of dwarfs and UDGs from different
environments Miller & Lotz (2007), Georgiev et al. (2009), Harris et al.
(2013), Lim et al. (2024), Marleau et al. (2025), Janssens et al. (2024).
All literature measurements are shown as colored dots, except for the
Miller & Lotz (2007) data, which is displayed as a running mean (solid
blue line).

systems. This difference highlights the challenge of quantifying
S n in UDGs. Furthermore, uncertainties in GC counts — driven
by methodological differences in selection criteria, background
subtraction techniques, and observational limitations — compli-
cate direct comparisons across studies.

The uncertainties associated with S y measurements are sub-
stantial. For UDGs with S > 30 studied in Lim et al. (2018),
the average uncertainty is ~35%. In our sample, uncertainties
average ~50%, primarily driven by our low completeness for the
GC candidates sample. Based on our analysis three out of four
Hydra I UDGs are consistent with a rich GC population (as seen
in Coma), or an intermediate population as in the Perseus cluster
(see Fig. 14). This observation aligns with the established trend
that low-mass galaxies in denser environments tend to exhibit
high S » values (Peng et al. 2008; Lim et al. 2018).

5.3. Dark matter content

The number of GCs is a good indirect tracer of the total
mass (M},) of galaxies (Blakeslee et al. 1997; Beasley & Trujillo
2016; Harris et al. 2017). The total mass scales with Ngc over
six orders of magnitude with a large scatter at low masses
(Harris et al. 2013; Burkert & Forbes 2020) and flattens out for
galaxies with M), < 10'° M. Following Harris et al. (2017), the
total mass of the galaxies is connected to the mass of the host GC
system through the relation: Mgc/M), ~ 2.9 X 107>, Assuming a
mean GC mass of ~10° M, (Harris et al. 2017), we obtained the
total mass of the GC system by multiplying the mean GC mass
with the Ngc, and then derived the virial mass of the UDGs in
our sample. Table 6 reports this estimate for the four UDGs.

We obtained an independent estimate of the total mass of the
galaxies using their total stellar mass (M, ) based on the H—band
observations. The H—band light is primarily emitted by old (# >
5 Gyr), low-mass stars, which dominate the total stellar mass of
galaxies (Dib 2022), providing a more robust estimate of the over-
all stellar mass compared to the optical bands. Using the (g — r)

A117, page 16 of 24

color for UDGs from Iodice et al. (2020) and the H-band M/L rela-
tion log(M/L)y = 1.06 X (g — r) — 0.884 (Into & Portinari 2013)
we retrieved the stellar mass of the galaxies. In Appendix G we
provide more details about the procedure adopted to estimate the
total H-band magnitude for each galaxy.

The order of magnitude of the stellar masses we obtained
is consistent with the estimates reported in Iodice et al. (2020)
for all the galaxies, apart from the UDG 9 for which we find a
significantly lower M,. Given the stellar masses, we estimated
the total mass of the galaxies using two complementary meth-
ods. First, we applied Eq. (2) from Moster et al. (2013), which
provides a stellar mass—halo mass relation derived from a multi-
epoch abundance matching model. Second, we used the empiri-
cal relation from Zaritsky & Behroozi (2023):

M.

108 M, )

0.63+0.02
Mh — 1010.35+0402( )

This power-law relation was obtained by fitting a heteroge-
neous dataset of measured stellar and dark matter masses, and
is valid for galaxies with M, < 10° My and M), < 10'> M. All
the galaxies in our sample fall within this range. The halo mass
estimates derived from Eq. (5) are consistent, within the uncer-
tainties, with those obtained using the relation from Moster et al.
(2013). Table 6 lists the derived total masses, H-band photome-
try, and mass-to-light ratios for each galaxy.

In Table 6, we also report the V — H colors®®. As a sanity
check of our H-band magnitudes, these colors were compared
to predictions from the Yonsei Evolutionary Population Synthe-
sis (YEPS) model (Chung et al. 2013), selecting stellar popu-
lations with ages >5 Gyr and metallicities —2 < [Fe/H] < 0
(Pandya et al. 2018). Three galaxies exhibit V — H values con-
sistent within the error with the median and rmsyap of the mod-
els (V- H = 22 + 0.3mag). UDGO9 is a notable exception:
its V — H color is ~1 mag bluer than the model predictions. We
checked with the stellar population model adopted if the pres-
ence of a young population could explain the blue color, and
we found out that a young (<5 Gyr) population can have color
V — H ~ 1.2 mag, consistent within the error with the observed
one. The color offset for this galaxy might alternatively arise
from its location in a region of the Hydra I cluster where contam-
ination from bright stars and nearby galaxies (see Sect. 3.2) com-
plicates background subtraction in the stacked H-band observa-
tions. The g — r color values of the four UDGs are on the other
hand consistent within the uncertainties.

To verify whether this difference impacts the results pre-
sented in this work, we derived an alternative stellar mass esti-
mate for this galaxy. Specifically, we adopted the average V — H
color predicted by models for galaxies with the same g — r
color as UDGY, and then derived the corresponding H-band
magnitude. This approach yielded my = 17.8 + 0.3 mag and
V —H = 2.1 = 0.4, which implies M, ~ 8 X 107 M and
M, = 2.6+ 1.1x10'9 M. The resulting stellar/halo mass is con-
sistent, within the uncertainties, with the value estimated using
the H-band magnitude measurement (see Table 6).

We observed an agreement between virial mass estimates
derived from the Ngc and those based on stellar mass with two
exceptions: UDG 9 and UDG 11. For UDG 9, no virial mass esti-
mate was possible due to the lack of detected GC candidates,
while the discrepancy for UDG 11 may stem from the large scat-

2 The V magnitude was derived from the g magnitude estimate in
Iodice et al. (2020), assuming a color term of g — V ~ 0.4 mag
(Cantiello et al. 2020).
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ter at low GC counts in the adopted relation (Harris et al. 2017,
Burkert & Forbes 2020).

For UDG 11, for which four GCs were spectroscopically
confirmed, we also obtain an estimate of the dark matter con-
tent using the velocity dispersion of the spectroscopically con-
firmed GCs, following the approach described in Buzzo et al.
(2025). We adopted an MCMC method (Foreman-Mackey et al.
2013) to estimate the velocity dispersion (ogc) of the system
assuming a uniform prior, and obtained a ogc = 27f}2' kms™!
(Fig. 15). The velocity dispersion of the galaxy obtained through
the GCs and the velocity dispersion obtained from the stel-
lar kinematics (g = 20 + 8kms™', see Buttitta et al. 2025)
agree within the errors. The dark matter mass was then esti-
mated using Eq. (2) from Wolf et al. (2010): Mgy, = 4R,.0*/G,
where R,. = R.+/q is the circularized half-light radius cal-
culated through the galaxy axial ratio q, and G is the gravi-
tational constant. Thus, we obtained a dynamical mass within
half light radius of Mgy, = 6.2f§:‘1‘ x 108 M. This value agrees
within uncertainties with estimate from stellar kinematics in
Buttitta et al. (2025), Mgy, = 5.9 £4.8 X 108 M. To test for sys-
tematics, we repeated the procedure by iteratively removing one
GC candidate at a time (i.e., recalculating og¢ using the remain-
ing three sources per iteration). The resulting dynamical masses
has a weighted mean of 8.5 + 3 X 108 M. Even in this case, the
estimates remain consistent with those derived from stellar kine-
matics. This further strengthens our conclusion that the four GCs
belong to the galaxy.

From Buttitta et al. (2025), other estimates of the dynam-
ical masses are available using the stellar kinematics for the
other galaxies. Such estimates were obtained using Eq. (2) in
Wolf et al. (2010), Mayn = 1.04 £ 0.70 X 10° Mo, and Mgy, =
4.91 + 1.51 x 10° Mg, for UDG 9 and UDG 7, respectively. Such
values do not directly compare with the total masses estimated
through the Ngc and M, because they are based on different
assumptions. Indeed, the total mass inferred from Ngc and the
stellar mass both trace the total mass (baryon+dark matter) con-
tent of the galaxy. The dynamical mass derived from stellar kine-
matics (e.g., Buttitta et al. 2025) probes the mass within 1R,. To
make a fair comparison, we computed the total magnitude within
the circularized half-light radius, and obtained an estimate of M.
We found agreement between the two independent total mass
quantities. The values obtained here, despite being derived under
different assumptions, independently indicate that these galaxies
are dark matter dominated, with M, /M, ~ 10—1000 similar to
typical dwarfs of the same magnitude (Battaglia & Nipoti 2022;
Buzzo et al. 2025).

6. Conclusions

In this work, we have analyzed the GC population hosted by
four UDGs observed within the LEWIS program. The method-
ology adopted combines integral-field spectroscopy from MUSE
with deep optical-to-NIR imaging, to refine the GC selection.
Our analysis focuses on a preliminary sample of four out of the
25 UDGs in the LEWIS sample, selected from among the UDGs
with the largest number of GC candidates from optical photom-
etry alone (Iodice et al. 2020). The analysis of the remaining tar-
gets will be presented in a forthcoming paper.

We first identified GC candidates through spectroscopy. We
identified and found 2, 3, 0, and 4 GCs for UDG 3/UDG 7/UDG 9
and UDG 11, respectively. We also identified a total of three
ICGCs and one UCD. To extend the analysis to fainter GC candi-
dates, we constructed a photometric catalog using optical (g*riW)
and near-IR (H-band) imaging. Contaminants — including fore-
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Fig. 15. Inference of the systemic velocity and velocity dispersion of
UDG 11 using its four GCs as dynamical tracers. The corner plot presents
the results of an MCMC fit to the GC velocities, assuming uniform priors
on both systemic velocity and velocity dispersion (ogc). The top panel
shows the posterior distribution of the systemic velocity, the bottom-
right panel shows the velocity dispersion distribution, and the bottom-left
panel displays the correlation between the two parameters.

ground stars, background galaxies, and emission-line sources —
were removed using spectroscopic priors and color, magnitude,
and shape cuts. The final catalog of GCs around each UDG con-
tains residual contamination from faint MW stars and unresolved
background galaxies. We mitigated this by applying a statistical
background correction when deriving GC system properties (e.g.,
GC counts, specific frequencies).

The only galaxy in the sample that shows no GC candidate
from spectroscopy or photometry is UDG 9. This UDG resides
in a dense environment surrounded by bright galaxies such as
NGC3316 and ESO 501-49. The latter lies at a projected dis-
tance of ~35kpc along the major optical axis of the galaxies
and exhibits an LOSV difference of ~300km/s. The former
presents stellar streams and exhibits the same LOSV difference.
UDGV is the only galaxy in the sample exhibiting elongation,
whereas the remaining galaxies display predominantly round
morphologies. These factors suggest that UDG 9 may have lost
its GC population through tidal interactions (Jones et al. 2021;
Marleau et al. 2024). In the LEWIS sample, UDG 32 is a galaxy
previously studied spectroscopically that does not exhibit any
GCs (see Hartke et al. 2025). The authors speculate that the
absence of GCs may be related to the galaxy having formed from
stripped material, possibly originating from interactions within
the Hydra I cluster environment.

For the remaining three UDGs in the sample, the GC popu-
lation is estimated to number between ~10 and ~40 GCs, with a
relative uncertainty of ~50%. The total number of GC candidates
in this work is not directly comparable to that obtained using only
the g- and r-band imaging from VST (Iodice et al. 2020). This
is because although the wide-field imager enables a more accu-
rate background characterization, by using only two optical pass-
bands — especially ones close in wavelength — does not allow for
effective removal of interlopers. While our dataset covers a small
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Table 6. Ultra-diffuse galaxy parameters.

Galaxy my g-—r V-H (M./L)y M, NGE Noc SN My, M, M,
(ABmag) (ABmag) (Vegamag) (107 My) (10" My) (10'°My) (10" M)
@)) 2 3) ) S (6) (@) ()] 9 (10) (11 (12)
UDG3 17.96+0.04 0.75+0.3 2.61+039 0.81+059 11+80 3+2 15+9 27+18 5.1+33 297+147 236+ 1.10
UDG7 19.26+0.03 0.6+03 214+035 056+041 228+1.67 2+1 11+6 46+25 38+19 142+08 0.88+0.41
UDGY9 19.01 £0.08 0.6+02 0.97+027 056+0.28 2.87+142 0+2 0x11 0=x12 1.58 +0.77 1.02+0.32
UDGI1 18.19+0.03 0.43+0.11 2.00+0.18 037+0.1 4.03+1.09 7+2 37+11 56+19 12.8+4.1 1.86+0.80 1.26+0.22

Notes. Col. 1 galaxy ID; Col. 2 total H-band magnitude; Col. 3 (g — r) color from lodice et al. (2020); Col. 4 derived (V — H) color used to
validate our photometry (see Sect. 5.3); Col. 5 M../L ratio derived from Into & Portinari (2013); Col. 6 stellar mass derived assuming the absolute

aw

solar magnitude My from Into & Portinari (2013); Cols. 7-9 reports the raw number of GC (N{), the corrected for completeness number of
GCs (Ngc) and the specific frequency (S y); Cols 10-12 reports the dark halo mass estimated using Harris et al. (2017), Moster et al. (2013),

Zaritsky & Behroozi (2023) relations, respectively.

area of the sky, the combination of a broad wavelength coverage
(optical to NIR) and spectroscopic information allows us to reli-
ably constrain the GC population associated with these galaxies.

The specific frequency of our sample shows a significant
scatter, with the GC-poor UDG9 and the other three galax-
ies comparable to the GC-rich UDGs located in clusters such
as Coma or having an intermediate population, as in Perseus.
UDG 11 shows a distribution of GC candidates aligned along
the line connecting it with the ESO 501-26 galaxy, which lies
at a projected distance of ~95 + kpc, hinting at a possible past
interaction between the two galaxies.

By using the H-band magnitude of the UDG and the total
number of GCs, we obtained three independent estimates of
the dark matter halo mass for these galaxies. These estimates
agree with each other within the error bars for two out of three
galaxies. We note that the discrepancy in mass estimates for
UDG 11 is likely caused by the large scatter at low GC counts
of the adopted relation. All the galaxies in this work are consis-
tent with being dark matter dominated, with dynamical-to-stellar
mass ratios (Mgyn/M.) in the range of ~10-1000.

In a future work, we will use the procedure presented here
to analyze the GC systems for the full LEWIS sample, link-
ing the properties of GCs in UDGs to their stellar kinematics
(Buttitta et al. 2025) and stellar populations (Doll et al., in prep.).

Data availability

Table B.1 and the matched g*riWH catalog for each galaxy are
available at the CDS via https://cdsarc.cds.unistra. fr/
viz-bin/cat/J/A+A/705/A117
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Fig. A.l. Spatial coverage of the MUSE observations of NGC3311.
North is up, east is left.

Appendix A: MUSE field over NGC3311

Here, we report the location of the MUSE pointing on
NGC3311, as described in Barbosa et al. (2018). Figure A.1
shows the VST g-band image with the observed MUSE point-
ing indicated by red boxes.

Appendix B: Master catalog table

Here, we report an extract of the GC candidates master catalog
(see Tab. B.1) used to select GC candidates based on their optical
and near-IR colors.

Appendix C: Redshift estimates for central sources

To estimate the redshift of sources near the galaxy core, we
extracted the spectra within a 4-pixel aperture instead of 8 pixels
and omitted local background subtraction. Sources for which the
radial velocity was estimated using this procedure are marked
with an asterisk in Tab. 2. We applied this procedure to four
sources: three in the UDG 11 field and one in the UDG 7 field.
We intend to apply this procedure in future papers as well. We
performed several tests to ensure that the extracted spectra are
not dominated by galaxy light. As a case study, we present here
results for three sources located in the core of UDG 11.

We verified that the extracted spectra exhibited a velocity
shift relative to the galaxy spectrum?*. This was done using
the cross-correlation method (Tonry & Davis 1979) as imple-
mented in the PyAstronomy package. Figure C.1 presents the
results of this procedure for one of the sources. The estimated
lrmsyap noise (gray region) is significantly lower (< 307 ys)
than the peak height, leading us to conclude that the observed
shift is real and not an artifact of galaxy light extraction (see
Arnaboldi et al. 2012). To further assess the robustness of our
redshift measurements, we carried out two more experiments.

24 The galaxy spectrum was extracted by masking all sources within
1R, from the galaxy core, as this aperture maximizes the S/N (see
Buttitta et al. 2025).
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First, we compared the H,, lines of the galaxy with those of the
sources (see Fig. C.2). This comparison revealed differences in
the shape, width, and position of the H, lines. Although some
sources may be contaminated by galaxy light, the observed spec-
tral differences suggest that these spectra have distinct character-
istics, indicating they are not solely dominated by galaxy emis-
sion. Second, we quantified the fraction of flux contributed by
the galaxy in the extracted source spectra. We constructed flux
profiles along the slit for the sources (red dashed rectangle in
Fig. C.3) and in three adjacent slits around the galaxy center.
The middle panel of Fig. C.3 displays the profile of the slit on
the sources (red curve) and the median galaxy flux profile (blue
curve), along with uncertainties (gray shaded region). The right
panel shows the fraction of galaxy light for the three sources.
The faintest source (left panel in Fig. C.2), which is the one most
dominated by the galaxy light, still exhibits an H, line distinct
from the galaxy. For the other sources, where the galaxy con-
tribution is less than 50%, the H, line is less broadened. Taken
together, these results confirm that the three objects are physi-
cally associated with the galaxy (see Tab. 1).

Cross-correlation estimate

-1000 =750 -500 —250 0 250 500 750 1000

Input Radial Velocity [km/s]

Fig. C.1. Cross-correlation results. The red dashed line marks the max-
imum of the correlation, indicating the relative shift between the galaxy
spectrum and the source spectrum. The green dashed line represents
the median of the cross-correlation estimates. The gray shaded region
denotes the +1rmsy4p around the median. In the upper left corner, an
80x80 pixels zoom-in of the white-light image of the central region of
UDG 11 is shown, with a red circle marking the specific source that is
analyzed.

Appendix D: Background sources

As discussed in Sect. 5, to estimate the total number of GCs
for each galaxy, we first identify a sample of sources used to
characterize the residual contamination from foreground stars
and background galaxies. In Sect. 5.1, we estimated this back-
ground contamination by combining all sources located between
1570 and 30”70 from each galaxy center. Figure D.1 shows the
final sample of GC candidates (yellow circles), the spectroscopic
ones (red dots), and the overplotted adopted background selec-
tion annulus for each galaxy (cyan annulus).



Table B.1. Master catalog of source properties.

Mirabile, M., et al.: A&A, 705, A117 (2026)

RA DEC my FWHMy CSy  Note
(deg) (deg) (mag) (arcsec)

(1) 2 3) “) &) (6)
159.1944107 -27.5036652 21.8247 0.870 0.982 0
159.1818764 -27.5229102 25.1065 1.508 0.641 1
159.1935036 -27.4950128 23.8158 1.718 0.808 0
159.1921676  -27.5053451 23.7597 1.892 0.685 0
159.1953659 -27.5032052 24.7400 2.478 0.703 0
159.1732144  -27.5231591 21.5933 0.852 0.980 1
159.1952968 -27.5040165 24.8653 2.552 0.751 0
159.1926967 -27.5090813 24.6071 1.014 0.834 0
159.1796688  -27.5246777 24.3485 1.140 0.946 1
159.1971671 -27.5104511 23.9491 2.506 0.870 0
159.1758011 -27.5229259 23.8625 1.926 0.928 1
159.1743646  -27.5234490 23.5881 2.134 0.923 1
159.1783292 -27.5241470 21.9223 2.388 0.957 1
159.1848142 -27.5255859 22.8897 1.514 0.941 1

Notes. The columns list the following information: (1) Right Ascension; (2) Declination; (3) H-band magnitude; (4) additional photometric
properties retrieved with SExtractor, such as aperture photometry and Kron radius; and (5-6) morphological properties derived from SExtractor
applied to the MUSE white-light image. Notes: 0 for photometric GC candidates and 1 for spectroscopically confirmed GCs from Grasser et al.

(2024).
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Fig. C.2. Comparison between the H, line of UDG 11 and the three GCs in the central region (see Fig. C.3). The black solid line represents the
UDG spectrum extracted within 1R,, masking all the compact and extended sources present in the aperture. The red solid line shows the spectra

of the sources, extracted using a 2-pixel aperture radius.

Appendix E: GC velocity dispersion

Here, we report the results of the adopted MCMC approach for
four different estimates of the GC velocity dispersion and sys-
temic velocity. We obtained four separate estimates using only
three GCs of UDG 11 each time, to verify possible systematic
effects due to the misclassification of one of the sources. Figure
E.1 shows four corner plots, each generated by removing a differ-
ent single GC from the sample to estimate ogc. The upper left
panel corresponds to the distribution obtained when removing
the first GC listed in Table 2, the upper right panel corresponds to
removing the second, the lower left panel to removing the third,
and the lower right panel to removing the fourth. Each cornerplot
displays the posterior distributions: the top panel shows the prob-
ability distribution of the systemic velocity across the allowed
prior range, the bottom right panel shows the distribution of the
velocity dispersion, and the bottom left panel illustrates the cor-
relation between the two parameters.

Appendix F: Sample completeness

As discussed in Sect. 5.1, we derived the completeness correc-
tion using the H-band observations. This choice is motivated by
the fact that the H-band data are shallower than the g- and r-band
data from VST, as well as the MUSE observations. As shown in
Fig. 2, the MUSE data are the deepest and sharpest among the
available datasets (see also Sect. 2). Here, we demonstrate that
the H-band observations are the shallowest, meaning they cover
only a small fraction of the GCLF. The completeness function
for the coadded H-band observations was obtained following
the procedure described in Mirabile et al. (2024). For the g- and
r-band VST observations, we adopted the completeness func-
tion estimated from a different field, specifically the NGC 3640
field (for more details see Mirabile et al. 2024). This choice
is justified because the g- and r-band data for this field were
acquired under conditions similar to those of the Hydra I cluster
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Fig. C.3. Left panel: Red dashed rectangle indicates the slit used to extract the flux profile of the sources. Additional slits were placed around the
galaxy center to estimate the galaxy light contribution. Middle panel: Flux profile along the slit containing the sources (red curve) compared to the
median galaxy flux profile (blue curve). The gray shaded region represents the associated uncertainties. Right panel: Estimated fraction of galaxy

light for each of the three sources.

UDG3

UDG9

Fig. D.1. Final sample of GC candidates (yellow circles) and spectroscopically confirmed GCs (red dots) overplotted on the four target galaxies.
The cyan annulus marks the background region used for contamination estimates, defined between 15”70 and 30”70 from each galaxy center.

observations (same instrument, exposure time of ~2 h, and com-
parable image quality). Figure F.1 illustrates the completeness
functions: in each image, the GCLF is shown as a solid black
line; the left panel corresponds to the g-band VST completeness,
the middle panel to the r-band, and the right panel to the H-band.
Since the H-band observations are the shallowest and cover the
smallest portion of the GCLF compared to the other passbands,
this supports our assumption and shows that the H-band drives
the overall completeness of our dataset.

Appendix G: H-band total magnitude

We developed a procedure to estimate the total H-band magni-
tude using the curve of growth derived from an azimuthally aver-
aged surface brightness profile. First, the background level for
each UDG is estimated as the mode of pixel values. We extracted
the pixel distribution from the unmasked pixels beyond a square
region of 100 x 100 pixels centered on the galaxy. The first two
panels of Fig. G.1 show such a procedure for the UDG 11. The
left panel shows all the masked pixels (darker colors) and the
excluded central region (red dashed box). The uncertainty on
the background is derived through bootstrap resampling. The
azimuthally averaged surface brightness profile is determined by
measuring the median flux within concentric annuli centered on
the object. Error propagation accounts for both pixel intensity
variations within each annulus and uncertainties introduced by
background estimation. To construct the curve of growth (right
panel in Fig. G.1), cumulative flux values are calculated by sum-
ming flux measurements across radial bins. Uncertainty in cumu-
lative flux is propagated by considering individual errors from
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each bin and combining them to estimate total uncertainty at
each radius. A weighted average of the asymptotic values in the
growth curve is used to obtain a robust estimate of total magni-
tude. Figure G.2 shows the curve of growth for UDG 3, UDG 7
and UDG9, respectively. Finally, we inspected the effect intro-
duced by assuming a certain binning of the pixel distribution,
by repeating the procedure changing the number of bins and
re-estimating background level and asymptotic magnitude from
each iteration. The final adopted total magnitudes reported in
Tab. 6 are obtained as median and rmsy4p of all the iterations.
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Fig. E.1. Corner plots showing the results of the MCMC analysis for UDG 11 GC system with one GC excluded in each panel. The upper left,
upper right, lower left, and lower right panels correspond to the exclusion of the first, second, third, and fourth GC from Tab. 2, respectively. Each
plot displays the posterior probability distributions of the systemic velocity (top), velocity dispersion (bottom right), and their correlation (bottom

left).
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Fig. F.1. Completeness functions for the g (left panel) and » (middle panel) VST passbands observations of NGC 3640 (Mirabile et al. 2024), and
the H-band (right panel) observations. The black line shows the expected GCLF.
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Fig. G.1. Estimate of the total H-band magnitude for UDG 11. Left panel: Darker pixels indicate masked regions. All remaining pixels were used
to determine the background level. Central panel: Distribution of the pixels used to estimate the background level. The blue solid line indicates
the mode of the distribution, while the red dashed lines show the +10 range around the mode. Right panel: Curve of growth obtained from the
azimuthally averaged surface brightness profile. The horizontal red dotted line marks the asymptotic value.
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Fig. G.2. From left to right, curve of growth for UDG 3, UDG 7, and UDG 9, respectively.
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