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Abstract

We present the largest sample (~13,000 candidates, ~3000 of which are bona fide candidates) of globular cluster
(GCs) candidates reported in the Fornax cluster so far. The survey is centered on the NGC 1399 galaxy, extending
out to 5 virial radii (Ry;,) of the cluster. We carried out a photometric study using images observed in the 12-band
system of the Southern Photometric Local Universe Survey (S-PLUS), corresponding to 106 pointings, covering a
sky area of ~208 square degrees. Studying the properties of spectroscopically confirmed GCs, we have designed a
method to select GC candidates using structural and photometric parameters. We found evidence of color
bimodality in two broadband colors, namely (g — i)o and (g — z)o, while, in the narrow bands, we did not find
strong statistical evidence to confirm bimodality in any color. We analyzed the GCs luminosity functions (GCLF)
in the 12 bands of S-PLUS, and we can highlight two points: (a) due to the relatively shallow depth of S-PLUS, it
is only possible to observe the bright end of the GCLF and, (b) at that level, in all of the bands, it can be considered
to be the log-normal distribution typical for GC systems. With the spatial coverage reached in this study, we are
able, for the first time, to explore the large-scale distribution of GCs within and around a galaxy cluster. In
particular, we noted that the GCs might be clustered along substructures, which trace the current cluster buildup.

Unified Astronomy Thesaurus concepts: Globular star clusters (656); Galaxy clusters (584); Surveys (1671);
Galaxy formation (595); Galaxy evolution (594)
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1. Introduction (K. M. Ashman & S. E. Zepf 1998; J. P. Brodie & J. Strader
2006; D. A. Forbes et al. 2018a). Their relatively high
luminosities (My = —5 to —10 mag) and compact sizes (half-
light radius of a few parsecs) allow them to be readily
detectable in nearby galaxies (W. E. Harris 1996). It has been
shown that GC systems of massive galaxies, especially of the
metal-rich variety, form through in situ processes and continue

Globular clusters (GCs) are among the oldest objects in the
Universe, which makes them a key component for under-
standing the formation and assembly history of galaxies

Original content from this work may be used under the terms bli duri £ . .

BY of the Creative Commons Attribution 4.0 licence. Any further assemboling u.r.mg processes o mergl.ng or accretion
distribution of this work must maintain attribution to the author(s) and the title (J. M. D. Kruijssen et al. 2019; M. Reina-Campos et al.
of the work, journal citation and DOIL. 2022). In dense environments such as galaxy clusters, GCs can
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be associated with individual cluster galaxies or with the
intracluster light (J. A. Dawe & R. J. Dickens 1976;
D. A. Hanes & W. E. Harris 1986; W. E. Harris 1987;
R. E. I. White 1987; M. J. West et al. 1995; L. P. Bassino et al.
2003; B. F. Williams et al. 2007; Y. Schuberth et al. 2008;
K. A. Alamo-Martinez & J. P. Blakeslee 2017; M. G. Lee et al.
2022; W. E. Harris & M. Reina-Campos 2024), and can be
used to estimate the dark matter content of the galaxy cluster
(J. M. Diego et al. 2023; M. Reina-Campos et al. 2023). A
variety of GC system properties that are potentially relevant to
cosmological theories of galaxy formation have been identified.
These include color distribution (S. S. Larsen et al. 2001;
M. J. West et al. 2004), luminosity function (L. G. Reed et al.
1994; B. C. Whitmore et al. 1995), radial density distribution
(L. P. Bassino et al. 2006; S. S. Kartha et al. 2014), specific
frequency as a function of galaxy type (W. E. Harris & S. van
den Bergh 1981; E. W. Peng et al. 2008; 1. Y. Georgiev et al.
2010), and the nature of their size distribution (A. Kundu &
B. C. Whitmore 1998; S. S. Larsen et al. 2001; J. J. Webb et al.
2012). Additionally, over the past two decades, different
scaling relations have been found between the GC systems and
their host galaxies (e.g., J. P. Caso et al. 2024). These relations
associate for instance the total number of GCs (NZOT) with the
masses of supermassive central black holes of their host
galaxies (e.g., A. Burkert & S. Tremaine 2010; G. L. H. Harris
& W. E. Harris 2011; W. E. Harris et al. 2014; R. A. Gonzale-
z-Lépezlira et al. 2017, 2022) and their host galaxy’s halo virial
mass (e.g., L. R. Spitler & D. A. Forbes 2009; M. J. Hudson
et al. 2014; D. A. Forbes et al. 2018b; A. Burkert &
D. A. Forbes 2020), offering evidence of a host galaxy—GC-
halo connection. The majority of these properties have been
exhaustively reviewed in J. P. Brodie & J. Strader (2006),
D. A. Forbes et al. (2018a), and M. A. Beasley (2020).

Being the second-nearest rich galaxy cluster, Fornax
(m—M=31.51, ~19 Mpc; J. P. Blakeslee et al. 2009)
represents a remarkable environment where the processes
involved in the formation and evolution of galaxies can be
analyzed in detail. In the literature, there are a variety of studies
focused on the Fornax cluster, which tackle different aspects of
the cluster: the central galaxy NGC 1399 (e.g., E. Iodice et al.
2016), X-ray emission (e.g., C. Jones et al. 1997), dwarf galaxy
population (e.g., R. P. Muiioz et al. 2015; Y. Ordenes-Bricefio
et al. 2018; A. Venhola et al. 2019), ultra-diffuse galaxies
(UDGs; e.g., D. Zaritsky et al. 2023), and atomic neutral
hydrogen gas (e.g., P. Serra et al. 2023). In particular, the GC
system of Fornax has been studied in the past by different
authors using both photometric (e.g., M. Kissler-Patig et al.
1997; P. G. Ostrov et al. 1998; L. P. Bassino et al. 2006;
J. P. Blakeslee et al. 2012; A. Jordan et al. 2015) and
spectroscopic data (e.g., G. Bergond et al. 2007; Y. Schuberth
et al. 2010; K. Fahrion et al. 2020; A. Chaturvedi et al. 2022).
With photometric GC studies, it is possible to analyze a large
number of GC candidates, which enables performing statistical
analysis. Yet, in such studies, there is a nonnegligible fraction
of contaminants (such as foreground stars and background
galaxies). On the other hand, spectroscopic GC studies are
much more precise, but they are expensive in terms of
telescope observing time, and the total number of recovered
GCs is small compared to photometric studies.

Different works were dedicated to the analysis of the GC
photometric data from the Fornax Deep Survey (FDS) taken
with the Very Large Telescope (VLT) Survey Telescope. For
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example, E. Iodice et al. (2016) found that the core of the
Fornax cluster is characterized by a very extended and diffuse
envelope surrounding the Iuminous galaxy NGG 1399.
R. D’Abrusco et al. (2016) reported a density structure in the
spatial distribution of GC candidates in a region ~0.5 deg”
within the core of Fornax. M. Cantiello et al. (2018) obtained
surface density maps, color distributions, and radial density
profiles of GC candidates around NGC 1399. All of these
works studied the GCs around NGC 1399 over a projected area
of ~10 deg® (e.g., E. Todice et al. 2016; M. Cantiello et al.
2018). In a recent work, T. Saifollahi et al. (2024), using Euclid
(Euclid Collaboration et al. 2022) observations of a 0.5 deg”
field in the central region of Fornax, identified more than 5000
new GC candidates down to Iz =25.0 mag, about 1.5 mag
fainter than the typical turnover magnitude (—7.4 mag in the V
band, W. E. Harris 1996; A. Jordan et al. 2007b; D. Villegas
et al. 2010) of the GC luminosity function, and investigated
their spatial distribution within the intracluster field.

In addition, there are other photometric surveys focused on the
Fornax cluster with different objectives such as the Advanced
Camera for Surveys Fornax Cluster Survey (ACSFCS; A. Jordan
et al. 2007a), the Next Generation Fornax Survey (NGFS;
R. P. Muiioz et al. 2015), and the Dark Energy Spectroscopic
Instrument (DESI; DESI Collaboration et al. 2024). In particular,
the ACSFCS has targeted galaxies with the Hubble Space
Telescope (HST) and identified the GCs (e.g., A. Jordan et al.
2015) around them. The NGFS is a deep multiwavelength
survey that covers Fornax out to its virial radius (0.7 Mpc;
M. J. Drinkwater et al. 2001) and looks at the dwarf galaxies in
the central region of the cluster (e.g., P. Eigenthaler et al. 2018;
Y. Ordenes-Bricefio et al. 2018; E. J. Johnston et al. 2020).

The GCs in Fornax have been objects of different spectroscopic
studies, which have focused on confirming them as members of
the cluster by estimating their radial velocities (e.g., D. Minniti
et al. 1998; Y. Schuberth et al. 2010; A. Chaturvedi et al. 2022),
on the determination of ages and metallicities (e.g., M. Kissler-
-Patig et al. 1998; K. Fahrion et al. 2020), and on the identification
of GCs belonging to the intracluster medium (e.g., G. Bergond
et al. 2007; Y. Schuberth et al. 2008). In particular, A. Chaturvedi
et al. (2022) used spectroscopic data from the Visible Multi
Object Spectrograph at the VLT (VLT/VIMOS), covering one
square degree around the central massive galaxy NGC 1399, to
confirm a total of 777 GCs. Combined with previous literature
radial velocity measurements of GCs in Fornax, they compiled the
most extensive spectroscopic GC sample of 2341 objects in this
environment. They found that red GCs are mostly concentrated
around major galaxies, while blue GCs are kinematically irregular
and are widely spread throughout the cluster.

Despite the extensive exploration of the GC system in the
Fornax cluster using photometric data, all studies have focused
on the central regions near NGC 1399 and have been performed
in three or four photometric broad bands. In contrast, the Fornax
images obtained by the Southern Photometric Local Universe
Survey (S-PLUS; C. Mendes de Oliveira et al. 2019), analyzed
in the context of the S-PLUS Fornax Project (S+FP;
A. V. Smith Castelli et al. 2024), provide coverage of approxi-
mately 208 square degrees. This allows for the largest study of
GCs in a galaxy cluster to date, extending the study of GCs up to
5 virial radii (R,;,) along the east—west direction. In a pilot study,
M. L. Buzzo et al. (2022) assessed the effectiveness of
identifying GCs in the Fornax cluster using S-PLUS images.
From the obtained photometry, they applied template fitting
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techniques to a sample of 115 GCs around NGC 1399 to recover
photometric redshifts, as well as ages and metallicities for the
GCs. However, it should be stressed that the S-PLUS images are
not deep enough (»r ~ 21.30 mag) to reach the faint end of the
GC luminosity function (GCLF).

Apart from Fornax, the GC systems in the Virgo galaxy
cluster have also been widely studied (e.g., D. A. Hanes 1977;
J. G. Cohen 1988; W. E. Harris 1991). The ACS Virgo Cluster
Survey (ACSVCS; P. Cb6t€ et al. 2004) is an HST-ACS imaging
program of 100 early-type galaxies in the Virgo Cluster. With
this data, it was found that the galaxies of the Virgo cluster on
average appear to have bimodal or asymmetric GCs color
distributions (E. W. Peng et al. 2006); the GCLF turnover is
roughly constant in bright galaxies, but it decreases slightly in
dwarf galaxies (A. Jordan et al. 2007b). The Next Generation
Virgo Survey (NGVS/NGVS-IR; L. Ferrarese et al. 2012;
R. P. Muiioz et al. 2014) covers 104 deg2 in six bands (u«*grizKy)
and extra deep observations in the g band, g =25.90 mag. These
data allowed the study of the GC system until the virial radius of
the Virgo cluster. In particular, in the spatial distribution of GCs
in 100 degz, a difference in concentration was found between red
(more concentrated) and blue (more extended) GCs over the full
extent of the cluster (P. R. Durrell et al. 2014); the possible
existence of substructures in the GC population around the Virgo
cD galaxy M87 was also found (M. Powalka et al. 2018).

This project aims at studying the Fornax cluster, using the
whole S+FP homogeneous data taken through the 12 optical
S-PLUS bands. As in A. V. Smith Castelli et al. (2024, hereafter,
PaperI) and R. F. Haack et al. (2024, hereafter, PaperII), we
consider, for Fornax, a redshift of z = 0.0048, taking into
account that the systemic velocity of NGC 1399 is v, = 1442 km
s~ ! (N. Maddox et al. 2019). In addition, we assume a distance
modulus of (m — M)=31.51 mag for Fornax (J. P. Blakeslee
et al. 2009) and, at the corresponding distance, 1” subtends
~0.1 kpc. The mean half mass-radius, r,, of GCs is ~4 pc
(S. van den Bergh et al. 1991; A. Jordén et al. 2005; J. J. Webb
et al. 2012); therefore, at the Fornax distance, GCs are
unresolved sources. With the distance modulus used here, the
peak (turnover) of the GCLF in the V band is ~24 mag (e.g.,
M. Kissler-Patig et al. 1997). We use a cosmology with
Hy=70.5, €©¢=0.30 and ;=0.70 throughout. In this first
paper, we focus on extracting the GC catalog, verifying its
effectiveness, and presenting global results. In a following work,
we will focus on the detailed study of the GC stellar population
properties and their relation with the cluster environment.

The paper is organized as follows. In Section 2 we describe
the S-PLUS data used in this study. In Section 3, we present the
source detection and photometry. In Section 4, we present the
selection method. Results of the completeness tests are also
presented. The analysis and discussion of the properties of the
GC system are given in Section 5. In Section 6 we give our
concluding remarks.

2. S-PLUS Data

The S-PLUS? survey will cover ~9300 square degrees of
the sky. It uses a robotic ~0.8 m telescope that is located at the
Cerro Tololo Inter-American Observatory (CTIO) in Chile
(C. Mendes de Oliveira et al. 2019). S-PLUS has a pixel scale
of 055 pixel_1 and a camera field of view (FOV) of ~1.5
square degrees. It uses the Javalambre 12-filter photometric
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Table 1
S-PLUS Filter System
Filter /\wgm] FWOHM Ay/Ay Comments
(A) (A)
1 () (3) ) )
u 3577 325 1.584 Javalambre u
J0378 3771 151 1.528 [O1]
J0395 3941 103 1.483 Ca H+K
J0410 4094 200 1.434 Hé
J0430 4292 200 1.364 G-band
g 4774 1505 1.197 SDSS-like g
JO515 5133 207 1.085 Mgb Triplet
r 6275 1437 0.866 SDSS-like r
JO660 6614 147 0.810 Ha
i 7702 1507 0.646 SDSS-like i
J0861 8611 410 0.518 Ca Triplet
z 8882 1270 0.484 SDSS-like z

Note. (1) Filter name. (2) Filter reference wavelength (A). (3) Filter bandwidth
(A). (4) Milky Way extinction from J. A. Cardelli et al. (1989) (5) Comparison
with other filter systems.

system designed for the Javalambre-Photometric Local Uni-
verse Survey (A. J. Cenarro et al. 2019). The filter system is
composed of the following seven narrowband filters: JO378,
J0395, J0410, J0430, J0515, J0660, and JO861. These map the
[O1], Ca H+K, Hé, G-band, Mgb triplet, and Ha and Ca
triplet lines, respectively. The system also includes the u, g, r, i,
and z broadband filters (similar to SDSS). In Table 1, we list
the S-PLUS filter system.

The S-PLUS Fornax cluster data are part of the Main Survey
(MS) of S-PLUS and cover an FOV of ~20 x 12 square
degrees in 106 pointings with the 12 bands. In Figure 1 we
show the spatial distribution of all of the sources detected (see
Section 3.1) as a cloud of black dots in the 106 pointings
delimited by the black squares (~1.4 x 1.4 square degrees). In
the center of each FOV, the key name of the S-PLUS pointing
is shown, and the red cross represents the coordinates
(a=54.620941, 6= —35.450657, J2000 coordinates) of
NGC 1399 (E0) galaxy, the most-massive galaxy (10'° M.;
Y. Schuberth et al. 2010) in Fornax defined as the cluster
center. In Appendix A, some important features for the
detection of the sources as well as key values of the header
for each FOV in the i band are listed. In the 106 pointings, it
was possible to detect ~3 million sources. In the next section,
we describe the method for the detection and photometry.

The S-PLUS Fornax Project (S+FP) is a collaboration focused
on exploiting the 12 bands of S-PLUS covering the Fornax
cluster. Two papers have already been published within this
framework, A. V. Smith Castelli et al. (2024) and R. F. Haack
et al. (2024), and several studies are currently being carried out.

3. Source Detection and Photometry

M. L. Buzzo et al. (2022) studied NGC 1399, the Fornax
cluster central galaxy, and assessed the effectiveness of
identifying GCs using the first S-PLUS images available. They
performed aperture photometry in an area of ~14’ x 14’ and
used four GCs selection criteria (magnitude, concentration
index, Gaia proper motion, and template fitting) to select GC
candidates. In this work, we increase considerably the area for
GC detection in Fornax using 106 FOVs of S-PLUS data,
covering an area of ~208 square degrees. Moreover, in this
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Figure 1. Data coverage of the 106 S-PLUS pointings in Fornax. Cloud of black dots: all detections in each FOV. A total of 3,085,787 sources was detected. A darker
color implies a greater number of detected sources. Black solid lines: limits of each pointing. Blue legends: in the center of each pointing, we show their key names
from S-PLUS. Red symbols: indicate the central coordinates of some of the brightest galaxies in Fornax. Magenta and cyan squares: represent the FOVs of FDS
(E. Iodice et al. 2016) and EUCLID (T. Saifollahi et al. 2024) studies. The image is aligned such that north is up and east is to the left.
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Figure 2. Example of the subtraction of the light profile of the galaxies. Left panel: S-PLUS g-band image of NGC 1399. Center panel: galaxy model. Right panel:
residual image. All images are aligned such that north is up and east is to the left.

work, we perform point-spread function (PSF) photometry, runs on test images. These test images were processed to
specially designed for the detection and measurement of point remove the light distribution of the galaxies following different
sources with the characteristics of GCs in Fornax. We also methods. The final detection was performed on images from
improve the detection and measurement of point sources from which their median-filtered version was subtracted, as faint
the method of Paper II, which is focused on recovering sources are detected more easily in a median-subtracted image
extended sources, like galaxies. In this section, we describe the (R. A. Gonzélez-Lépezlira et al. 2017) rather than in the
detection and photometry. original ones. We perform different tests in the median-filtered
images changing the size of the filter (e.g., 3 x 3, 11 x 11,

3.1. Source Detection etc.). The best results for recovering sources were obtained

using a filter of 41 x 41 pix” (Figure 2).

To avoid contamination in the photometric measurements
due to the light of the galaxies within the cluster, it is necessary
to subtract the light profiles of the galaxies. We performed a
series of proofs for obtaining the best modeled background-sky
image (Figure 2) using SExtractor, which has the ability of
creating SEGMENTATION and BACKGROUND images, among
others. Exploiting this capability, we created the background-
sky image using different parameters (e.g., BACK_SIZE,
%7 https:/ /www.astromatic.net/software /sextractor BACK_FILTER, BACK_FILTERTHRESH, etc.). We performed
28 https:/ /www.astromatic.net/software /psfex various runs of SExtractor testing different parameters (e.g.,

For source detection and posterior photometric measure-
ments, we used a combination of SExtractor’’ (E. Bertin &
S. Amouts 1996) and PSFEx*® (E. Bertin 2011). With the
objective of recovering the largest amount of GCs that have been
confirmed spectroscopically in the literature (A. Chaturvedi et al.
2022), most of which reside within 0.5 R,;, we performed a
series of tests with different SExtractor parameters in different



https://www.astromatic.net/software/sextractor
https://www.astromatic.net/software/psfex
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Figure 3. First panel to the left: i-band magnitude distribution of the GC spectroscopic sample from the literature (blue histogram) and GCs recovered with S-PLUS
(black histogram). From left to right, we show Fornax GCs PSF magnitude comparison in the g band (second panel), r band (third panel), and i band (fourth panel). In
the last three panels, we show the S-PLUS GC magnitudes vs. the spectroscopic GC magnitudes (A. Chaturvedi et al. 2022). The black solid line in the top panels is
the identity line, while the black dashed lines in the bottom panels mark where the differences between magnitudes (Amag = SPLUS — Ch22) are equal to zero.

DETECT_MINAREA=3, 5, 8, DETECT_THRESH=1.5, 2.0, 2.5,
BACK_SIZE=16, 32, 64, BACK_FILTER=1, 3, 5 etc.). Finally,
we selected the SExtractor parameters (DETECT_MINAREA=3,
DETECT_THRESH=1.5, BACK_SIZE=16, BACK_FILTER=3)
with which we obtained the best recovery of spectroscopically
confirmed GCs and with the lowest scatter in magnitudes
compared to the literature (Figure 3).

Compared with the FDS survey data (E. Iodice et al. 2016,
0’21 pixel'; and M. Cantiello et al. 2018, 0'26 pixel '), the
S-PLUS observations have lower-sampling (0.55 pixel ') and
are shallower (r ~ 21.3 mag for S-PLUS M. L. Buzzo et al.
2022; Paper II; and r ~ 24.3 mag for FDS R. D’ Abrusco et al.
2016). However, the spatial coverage of the FDS survey is
smaller than S-PLUS since it only covers the central FOVs (5
pointings) of S-PLUS in Fornax. For testing the detections in
this work, we compare the recovered sample with the
spectroscopic GC (spec-GC) catalog of A. Chaturvedi et al.
(2022). We recovered ~1000 out of the total of 2341. In the
first panel of Figure 3, we plot the spectroscopic (blue
histogram) and S-PLUS recovered samples (black histogram).
It is clear that we miss the faint part (i 2 22.0 mag) of the
GCLF from the sample of A. Chaturvedi et al. (2022).

3.2. PSF Photometry

PSF photometry is a method to obtain photometry for
unresolved or marginally resolved star clusters (e.g., S. C. Gal-
lagher et al. 2010; K. Fedotov et al. 2011; R. A. Gonzélez-L6-
pezlira et al. 2017). At Fornax distance (19 Mpc) and
considering the S-PLUS pixel scale (0755), GCs (~50 pc
pixel ') are unresolved sources, given the mean half mass—
radius, r,, of a GCs is ~4 pc (S. van den Bergh et al. 1991;
A. Jordan et al. 2005; P. Barmby et al. 2006; J. J. Webb et al.
2012). Hence, we perform PSF photometry given the
characteristics of the GC candidate selection.

The PSF photometry was obtained using a combination of
SExtractor and PSFEX, in a similar manner to R. A. Gonzélez-
-Lopezlira et al. (2017), L. Lomeli-Nuiiez et al. (2022), and
R. A. Gonzélez-Lépezlira et al. (2022). A brief description of
the procedure is given below:

(a) We performed a first run of SExtractor for detection and
selection of point sources based on their brightness versus
compactness, as measured by SExtractor parameters
MAG_AUTO (a Kron-like elliptical aperture magnitude;
R. G. Kron 1980), FLUX_RADIUS (similar to the effective
radius), and CLASS_STAR (discriminator between point
sources and extended sources). For the PSF creation, in

the 106 fields, we selected a similar range in the space
MAG_AUTO versus FLUX_RADIUS:
(i) 12 < MAG_AUTO < 21.5 mag;
(ii)) 1 < FLUX_RADIUS. < 2.3 pixel
(iii) CLASS_STAR 2 0.7
In this range, it was possible to select ~1000 point sources for
the PSF creation in each FOV.

(b) The PSF creation was preformed with PSFEx using the
point sources selected in the last step. The spatial
variations of the PSF were modeled with polynomials
of a degree of 3. To create the PSF, the flux of each star
was measured in an aperture of 9 pixel of radius in all
bands (equivalent to 4795 x 4795); such an aperture,
determined through the curve of growth method for each
passband, is large enough to measure the total flux of the
stars, but small enough to reduce the likelihood of
contamination by external sources.

(c) We performed a second run of SExtractor using the PSF
created in the previous step, for measuring the PSF
magnitude (MAG_PSF) and the point and extended
sources discriminator, SPREAD_MODEL.

To verify the plausibility of the PSF photometry, we
compared the magnitudes measurements with those reported
in M. Cantiello et al. (2018) and confirmed spectroscopically
by A. Chaturvedi et al. (2022). In the last three panels of
Figure 3, we compared the magnitude measurements in three
bands: g, r, and i. It was possible to compare 523 (g band), 579
(r band), and 572 (i band) GCs, which have magnitude
estimations in both catalogs. In the bottom panels of the last
three panels of Figure 3, we show the difference between this
work and literature magnitudes, Amag. The mean and sigma-
dispersion for this differences are: Amag = —0.24, 0 = 0.45 in
g Amag = —0.014, ¢ = 027 in r, and Amag = 0.03,
o = 0.24 in the i band. Despite being different measurement
methods, the estimates are within 1o of the error, so we can
confirm that our PSF photometry is in agreement with the
photometry reported in the literature. The higher dispersion
values observed in the second panel of Figure 3, i.e., in the g
band, are caused by the lower signal-to-noise ratio (SNR) of
GCs, intrinsically red objects, in bluer bands, which generates an
increase in the uncertainties especially for the faintest objects.

4. Globular Clusters Selection: The Sample of Globular
Clusters Candidates

Extracting a catalog of GCs is a challenging task due to the
existence of various contaminants, such as foreground stars and
background galaxies. For the selection of new GC candidates in



THE ASTRONOMICAL JOURNAL, 169:263 (26pp), 2025 May

the 106 Fornax pointings of S-PLUS, we used SExtractor-
derived structural and classifier parameters, FWHM, CLASS_-
STAR, FLUX_RADIUS, and SPREAD_MODEL, to define an initial
cluster sample. This sample has been refined using color—
magnitude and color—color diagrams that allowed us to separate
foreground stars, background galaxies, and young stellar
clusters (YSCs; e.g., B. C. Whitmore et al. 1999,
S. S. Larsen 2002, B. C. Whitmore et al. 2023) from old
GCs. In addition, we make use of GAIA® DATA RELEASE 3
(GDR3) using the tabulated proper-motion coordinates to reject
Galactic objects, and finally we estimated the redshift (z) of the
remaining objects applying spectral energy distribution (SED)
fitting techniques in order to reject background sources.

4.1. Structural Parameters Selection

In the literature, there are a variety of methods for GC
candidates selection (e.g., Y. D. Mayya et al. 2008; K. Fedotov
et al. 2011; R. P. Mufoz et al. 2014; B. C. Whitmore et al.
2014; R. A. Gonzédlez-Lopezlira et al. 2017; L. Lomeli-Nufez
et al. 2022). We used the structural and classifier parameters
defined by the spec-GC (A. Chaturvedi et al. 2022) to delimit
the selection criteria. The parameters used for the selection are:
FWHM, as a discriminator between compact and marginally
resolved sources; CLASS_STAR, as a stellarity classifier
(compact sources are near 1); SPREAD_MODEL, as another
stellarity classifier (compact sources are near 0); and FLUX_-
RADIUS, as a proxy of the half-light radius (estimation of the
size of objects in pixels). Since GCs are bright and well
characterized in the i band (see L. Lomeli-Nufiez et al. 2022),
we set this band to perform the selection. In addition, we
imposed that all of the selected sources have an SExtractor
FLAG, pang = 0° and MAGERR_PSF < 0.2 mag in the broad
bands (g, r, i, and 7).

In Figure 4, we show the parameters FWHM, CLASS_STAR,
SPREAD_MODEL, and FLUX_RADIUS versus the i-band magni-
tude for all of the detected sources (small black points) and the
recovered spec-GC sample (yellow circles; A. Chaturvedi et al.
2022). By comparing the parameters of the spectroscopic GCs
with those of the detections in the 106 S-PLUS Fornax fields, it
is possible to obtain a refined sample of GC candidates. Below
we describe the selection criteria:

1. FWHM (top-left panel in Figure 4): we considered all
objects with 2.8 pixel < FWHM < 9.0 pixel as GC
candidates. At the distance of Fornax (19 Mpc,
m— M =31.51; J. P. Blakeslee et al. 2009), the pixel
scale is 50.6 pc pixel .

2. CLASS_STAR (top-right panel in Figure 4): this is a
discriminator between point sources (CLASS_STAR ~ 1)
and extended sources (CLASS_STAR ~ 0). We chose
objects with 0.2 < class < 0.90, where the bulk of the
spectroscopic GCs are located.

3. SPREAD_MODEL (bottom-left panel in Figure 4): this is
the discriminator between marginally resolved point
sources and extended sources provided by the combina-
tion of SExtractor with PSFex. From Figure 4, we select
the objects displaying SPREAD_MODEL < 0.015 (see, for

2 https: / /www.cosmos.esa.int/web /gaia/dr3

The FLAGS are warnings about the source extraction process. Different
values of the FLAG parameter indicate various problems with the photometry
(see the SExtractor manual for further explanation; E. Bertin &
S. Arnouts 1996).
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Figure 4. Structural parameters used for the selection vs. i-band magnitude. All
detected sources are shown as small black dots, and spec-GC are depicted in
yellow. In all panels, the horizontal magenta dashed lines define the selection
region of GC candidates.

example, R. A. Gonzilez-Lépezlira et al. 2017,
2019, 2022).

4. FLUX_RADIUS®' (bottom-right panel in Figure 4): this is a
proxy of the half-light radius (r,) estimated by SEx-
tractor. From the comparison between spec-GC sample
and all detections in Figure 4, we chose as GC candidates
the sources with 1 pixel < FLUX RADIUS < 4 pixel.

In this work, we used a combination of CLASS_STAR and
SPREAD_MODEL, which is not commonly used in the literature
because both parameters are discriminators between point and
resolved sources. CLASS_STAR is easier to obtain than
SPREAD_MODEL, but the latter is more powerful while
requiring a higher computational investment. We selected this
method because, by using the combination of both parameters,
the number of contaminating sources decreases (see
Section 4.7). Finally, after applying the above criteria, we
obtained a catalog of 597,634 sources.

4.2. Magnitude Selection

All of the data have been corrected for Galactic extinction
(Ay=0.039 mag, E(B — V)=0.013 mag, in direction to
NGC 1399) using the values from E. F. Schlafly & D. P. Fink-
beiner (2011) provided by the NASA Extragalactic Database.*>
The values are published in the S-PLUS Data Release 4 (DR4;
F. R. Herpich et al. 2024).

To avoid the contamination of bright point sources (e.g.,
galactic stars, ultra-compact dwarf), we select objects display-
ing i >19.04 mag (My ~ —11.50 mag; see transformation
equation in Appendix C). The magnitude limit is ~1 mag
brighter than that of Omega Cen (My = ~—10.30 mag),
however, which is in agreement with the spectroscopic sample
in which there are GCs with i< 19.04 mag. Considering a

31 This is the radius of the circle centered on the light barycenter that encloses
half of the total flux.

32 The NASA/IPA Extragalactic Database (NED) is operated by the Jet
Propulsion Laboratory, California Institute of Technology, under contract with
the National Aeronautics and Space Administration.
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Figure 5. Left panel: example of one completeness curve in the i band for the s27s34 field. The horizontal blue dashed line represents the completeness at the 50% and
90% levels. Center panel: distribution of iyn,g,, magnitudes recovered for all of the Fornax pointings. The vertical black dashed line represents the mean value of the

distribution. Right panel: completeness tests for mock sources with different Gaussian profile sizes: 0755 (black curve), 1765 (red curve), 2”75 (green), and 5”5

(yellow curve).

distance modulus of (m —M)=31.51 mag, this magnitude
selection corresponds to the 3¢ limit of the GC luminosity
function assuming o = 1.40 4 0.06 for massive galaxies (e.g.,
B. C. Whitmore et al. 1995) and galaxy clusters (e.g.,
K. A. Alamo-Martinez et al. 2013). For comparison, the
dispersion values found for the GCLF of NGC 1399 and the
Milky Way (MW) are o0 = 1.23 4+ 0.03 (D. Villegas et al. 2010)
and o = 1.15 £ 0.10 (e.g., W. E. Harris 1996; A. Jordan et al.
2007b), respectively.

On the other hand, bias detection exists in all of the
astronomical observations toward the faint magnitudes. To
ensure the verisimilitude of the observations in the faint part of
the GCLF, it is therefore necessary to estimate the complete-
ness magnitude limit. To find out at which magnitude the
sample of GC candidates is complete at a 50% level, ms,, we
carry out completeness tests. In this study, we follow the
completeness recipes presented in the works of R. A. Gonzile-
z-Loépezlira et al. (2017), L. Lomeli-Niiiez et al. (2022), and
R. A. Gonzélez-Lépezlira et al. (2022). In the next subsections,
we present a brief description of the followed procedure.

4.3. Monte Carlo Cluster Simulations

We generated mock GCs using the IRAF/DAOPHOT tasks
ADDSTARS and MKOBJETCS. A GC is defined by an intensity
profile that follows the PSF obtained in this work and
magnitudes in the range 18-23 i-mag considering intervals of
0.5 mag. Around 1300 clusters were generated for each FOV,
100 for each simulated magnitude. The coordinates of these
sources were randomly generated and inserted onto an
observed S-PLUS image. The same object detection criteria
used for real objects were applied on the mock-object added
frames.

In the left panel of Figure 5, we show an example of one
completeness curve in the i band for one of the central fields,
$27s34. In order to quantitatively obtain the magnitude at
which the sample is 50% complete, we fitted the points with the
Pritchet function (e.g., D. E. McLaughlin et al. 1994;
K. A. Alamo-Martinez et al. 2013; R. A. Gonzélez-Lépezlira
et al. 2017, 2022; L. Lomeli-Ndifiez et al. 2022) given by:

a(m — msp)

Fom = =1

- (1)
2 \/1 + o%(m — msp)?

where « is a fitting constant that determines the curve slope.
The function fit values for the $27s34 field are
mso=21.58 + 0.01 and oo =3.50 + 0.22. We repeat the same
process for the 106 pointings in the i band. In the center panel
of Figure 5, we show the magnitude at which the sample is
50% complete in the i band, imag,,, and the distribution of imag,
for all of the FOVs. We observe that the range of recovered
magnitudes spans ~1 mag around the mean of the distribution,
Hipgso = 21.4440.21. The range of magnitudes between
~20.90 and 21.80 that is recovered in the 106 fields is the
range of magnitudes in which the sample is 50% complete. The
fact that there is a variation of im,g,, among different tiles may
be attributable to different observational conditions such as air
masses, exposure times, and number of stacked images (see
Appendix A).

Even if GCs at Fornax distance using the S-PLUS data are
unresolved objects, we can see in Figure 4 that they can present
an FWHM higher than that of the PSF, ~3” (2 < FWHM < 8),
since we are extracting objects at the S-PLUS detection limit
(F. R. Herpich et al. 2024). In order to understand the
completeness of sources that do not follow the PSF profile, i.e.,
marginally resolved objects, we performed simulations, where
a cluster is defined by an intensity profile that follows a
Gaussian function of a given FWHM and a total magnitude
(equal to the PSF simulations), with FWHM taking values of
0755 (black curve), 1765 (red curve), and 2”75 (green), see
Figure 5. In the right panel of Figure 5, we observe that
the number of sources detected decreases as we increase
the FWHM size, obtaining brighter msy values (e.g., for
FWHM = 1765 and 2”75, imag,, =21.16 £ 0.01, and 20.37 +
0.01, respectively).

4.4. Color Selection

In the bottom panel of Figure 6, we show the Mi, versus
(g — i) color-magnitude diagram (CMD), corrected for
Galactic extinction, for the sample of GC candidates selected
with the structural parameters plus magnitude criteria
(black solid points). The evolutionary loci of the single
stellar population (SSP) models from G. Bruzual & S. Charlot
(2003) at typical metallicities of YSCs (Z = 0.008~1/3 solar)
and GCs (Z = 0.001) are shown. These models correspond
to synthetic clusters of mass 1 —5 x 10° M, obeying a
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Figure 6. Top panel: color histogram of cluster candidates. The black line
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circles), bluer objects are foreground stars, background galaxies, and young
cluster candidates (black points), and all of the detections are represented by a
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models from G. Bruzual & S. Charlot (2003) for a single metallicity Z = 0.001,
two values of masses of 1 x 10° M, (blue solid line) and 5 x 10® M, (black
solid line), and a Kroupa initial mass function (IMF), are shown. Locations
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triangles in each SSP. The chosen color cut separates clusters older than 3 Gyr
from the younger ones for unreddened SSPs. The reddening vector with Ay = 1

mag is represented by the black arrow.
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Kroupa initial mass function (IMF) between masses 0.1 and
100 M. In the top panel of Figure 6, we show the (g — i)
color histogram of all cluster candidates (black histogram) and
that of the clusters brighter than M;, < —11.5 mag (green
histogram). For the bright cluster sample, there seems to be a
second distribution that peaks at (g — i)y ~ 0.5 mag. The color
that separates the two distributions corresponds to the
(g — )p=0.65 mag bin. The blue and red distributions
correspond to the unresolved foreground, background con-
taminants or YSCs in star-forming galaxies, and GCs,
respectively. Based on the SSP models and the color
distribution, we use (g — i)o=0.65 mag to separate GCs
from other objects (e.g., N. Hwang & M. G. Lee 2008;
L. A. Simanton et al. 2015; L. Lomeli-Nufiez et al. 2022;
B. C. Whitmore et al. 2023). Different photometric studies
used a selection cut in color (g — i) ~ 0.4-0.5 mag (e.g.,
V. Pota et al. 2013; M. Cantiello et al. 2018). However,
when compared with the SSP models used here (Z = 0.001),
such a color is equivalent to 1 Gyr, a very young age to
be consistent with old classic GCs. On the other hand, in
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both panels of Figure 7, we plot the spectroscopically
confirmed GCs (yellow circles) by A. Chaturvedi et al.
(2022). The total number of GCs in this catalog is 2341. It
was only possible to plot 1807 GCs with good photometric
estimations, and only approximately 2% have a color
(g — i) <0.65 mag. Taking into account the colors of the
spec-GCs, (g — i)o, it is possible to infer that the bulk of the
GCs displays (g — i)o > 0.65 mag (both panels of Figure 7).
Therefore, we consider that a color cut (g — i)g < 0.65 mag is
not suitable for the selection of classic old GCs, since the
number of contaminant sources can increase considerably,
and the loss of GC candidates is low. On the other hand, in the
right panel of Figure 7, we show a color—color diagram,
(r — i) versus (g — i)y, used for the selection of GC
candidates (e.g., V. Pota et al. 2013; S. S. Kartha et al. 2014;
V. Pota et al. 2015). The red dots are the GC candidates that
meet the criteria described above and display (r — i)g = 0.19
mag =+ lo (~3 Gyr, Z=0.001). However, in these kinds
of color—color diagrams, there is a large number of objects
that can contaminate the GC candidates sample. As shown
by the SSP (solid lines in colors), in these diagrams, it is
difficult to break the age—metallicity degeneracy without
using the u band. In Section 4.6, we explain the GC candidate
selection using a color—color diagram employing the S-PLUS
u band.

Although using the structural parameters we have been able to
reject most of the contaminating objects in our sample as
Galactic stars or background galaxies, there is a possibility that
the GC candidates sample still contains a number of
contaminants. In the next subsections, we describe the processes
used to obtain a sample much reduced in contaminants.

4.5. Refining the GC Selection through Comparison with DESI
and GAIA and the Application of SED Fitting

We cross-matched the GC candidate sample with DESI
Legacy Imaging Surveys>® (hereafter, DESI; DESI Collabora-
tion et al. 2024), which has covered the Fornax cluster, with a
pixel scale sampling of 0.20 pix arcsec™ ' (twice of the S-PLUS
resolution) and a photometric depth of 23.4 mag in the r band.
With the cross-match, we recovered ~99% of GC candidates,
of which we used the DESI object classification (“type”),
which includes point sources (“PSF”), round exponential
galaxies with a variable radius (“REX”), deVaucouleurs
(“DEV™) profiles (elliptical galaxies), exponential (“EXP”)
profiles (spiral galaxies), and Sérsic (“SER”) profiles. Ulti-
mately, we retain only the objects classified as “PSF” and
“REX” (~60%). In fact, cross-matching the A. Chaturvedi
et al. (2022) spectroscopic catalog with the light profile
classification provided by DESI, we found that the GCs were
primarily classified as “PSF” (~68%), then as “SER” (15%),
“DEV” (7%), and finally “EXP” (2%). Therefore, considering
only objects classified as “PSF” might exclude real GC
candidates. At the same time, from a visual inspection and
profile examination (using IRAF/IMEXAM), we concluded that
the “REX” objects on average had a similar profile to “PSF”
objects, while the “SER” objects presented extended profiles.

33 The DESI Legacy Surveys team is producing an inference model of the
extragalactic sky in the optical and infrared. The original Legacy Surveys
(MzLS, DECaLS, and BASS) conducted dedicated observations of ~14,000
square degrees of extragalactic sky visible from the northern hemisphere in
three optical bands (g,r,z), which was augmented with four infrared bands from
NEOWISE.
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Figure 7. Left panel: color—color diagram (r — i) vs. (g — i)y of all cluster candidates (SCs, black dots). Sources having (g — i)y > 0.65 mag and —0.10
mag < (r — i)p < 0.70 mag are considered GC candidates (GCC, red dots). The chosen color cut separates clusters older than 3 Gyr from the younger ones for
unreddened SSPs. Right panel: color—color diagram (u — i)y vs. (g — i)o showing the u-selected cluster candidates (SCs). Objects displaying (g — i)o > 0.65 mag are
GC candidates (BF-GCC, red dots), and bluer objects are possible young star cluster candidates (rYSC, black dots). The bluest color that a classical GC can have
(corresponding to Z = 0.0004 and to an age of 12 Gyr) is marked by a rose solid triangle ((g — i)g ~ 0.6 and (u — i)y ~ 1.9). The reddened young star clusters that
displays colors typical of GCs are contaminants and are identified by open cyan circles. In both panels: the reddening vector with Ay = 1 mag is represented by the
black arrow. The evolutionary loci of SSPs from G. Bruzual & S. Charlot (2003) for different metallicities using a Kroupa IMF are shown by solid curves of different
colors, following the color notation shown in each panel. The spectral GCs (spec-GC) are depicted by yellow circles.

We also used the GAIA** catalog (Gaia Collaboration et al.
2016) to reject local contaminant sources. In order to separate
Galactic stars from other objects, we used the proper motions
from the catalog provided by Gaia Data Release 3 (Gaia DR3;
Gaia Collaboration et al. 2021) centered in NGC 1399 with
coverage of all of the Fornax field of S-PLUS. The number of
sources of the Gaia catalog in the Fornax area is 1,129,284. We
use the SNR of the proper motion (SNR,; K. T. Voggel et al.
2020, M. L. Buzzo et al. 2022),

SNRM = \//U’ZRA + M(ziecl./\/o—ﬂfl.A + O—M(ziecl.’ (2)

to select stars. Here, p is the proper motion, and op is the
dispersion in each coordinate. In fact, nonstellar objects are
expected to have proper motions that are consistent with O at
the 30 confidence level, while genuine stars are expected to
have SNR,, > 3. We performed a cross-match between Gaia
proper motions and our catalog, with which it was possible to
reject ~50% of GC candidates. The error for the cross-match
was the mean of the (RA,DEC) coordinate errors from the Gaia
catalog (~0"7).

We used LEPHARE®® (S. Arnouts et al. 2002), to reject
extragalactic contaminant sources. LEPHARE is a software of
template fitting (TF) based on a x* minimization, to fit data
with both galactic and stellar templates. The templates used for
this analysis are a set of galactic SEDs derived by the
COSMOS survey collaboration (N. Scoville et al. 2007), and
the Pickles stellar spectra library (A. J. Pickles 1998). We used
physically motivated priors to perform the LEPHARE fitting:
(g — ©) color, absolute magnitude in the i band (M;), extinction,
and redshift z = 0.4, considering that the photometric redshift

3 hutps: //gea.esac.esa.int/archive/
» http: / /www.cfht.hawaii.edu/~arnouts/lephare.html

distribution of S-PLUS sources with r < 22 mag peaks at
z=0.2 (C. R. Bom et al. 2024). In Figure 8, we show the
redshift results from the SEDs fitting for the sample before
GAIA rejections (black solid line), after GAIA rejections (blue
solid line), and the sample of bona fide GC candidates (BF-
GCC,; see Section 4.6, red solid line). We show the velocity of
NGC 1399, v, = 142491 + 3.90, z,, = 0.00475 £ 0.00001
(black dashed line; A. W. Graham et al. 1998), and the range
for the z estimations, z — o (blue dashed line) and z 4+ o (red
dashed line), where o is the mean error. We observed that
~99% of the distributions fall within the estimated range. The
final catalog of GC candidates consists of 12,999 objects. In
Table 2 we list all of the selection criteria.

4.6. Contamination of the GC Sample from Reddened Young
Star Clusters, Stars, and Galaxies

GCs’ color is the most useful discriminator between young
and old GC populations. For example, metal-poor SSPs
(Z<0.001) predict (g — i) > 0.65 mag for populations older
than ~3 Gyr (G. Bruzual & S. Charlot 2003). The use of
color—color diagrams involving ultraviolet and optical filters is
known to break the age—metallicity degeneracy (e.g.,
I. Y. Georgiev et al. 2006; N. Bastian et al. 2011; K. Fedotov
et al. 2011; L. Lomeli-Nufez et al. 2022, B. C. Whitmore et al.
2023). The evolutionary loci of clusters in such a color—color
diagram for theoretical SSPs from G. Bruzual & S. Charlot
(2003) of different metallicities, have been shown in Figure 7.
There, we plot all of the sources selected with the structural
parameters and magnitude cuts (see Sections4.1 and 4.2) as
black dots, while sources that also meet with the distance
selection criteria (GAIA-LEPHARE selection) and DESI
classification (see Section 4.5) are shown as red and cyan
open circles.


https://gea.esac.esa.int/archive/
http://www.cfht.hawaii.edu/%E2%88%BCarnouts/%20lephare.html
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Table 2

GC Candidates Selection Resume
Parameter Value Ngcc
(eY] () (3)
All ~3 million
FWHM 2.8 < FWHM < 9.0 [pixel]
CLASS_STAR 0.2 < CLASS_STAR < 0.9
SPREAD_MODEL SPREAD_MODEL < 0.15
FLUX_RADIUS 1 < FLUX_RADIUS < 4 [pixel] ~500,000
MAG_PSF 19.5—-1.00 < i < magso [mag]
MAGERR_PSF g,1i,z-bands < 0.2 [mag]
(g — o (g — Do = 0.65 + 1.00 [mag]
(r— i) (r — i)p 2 0.19 + 1.00 [mag]
(u— g (u — g)o = 1.05 £ 1.00 [mag] ~50,000
Gaia pm SNR,,<3
TF i Xfc (galactic)< Xfc 4(stellar) ~25,000
DESI “type” classification 12,999
BE-GCC 2643

Note. (1) Selection parameter. (2) Selection cut. (3) Number of objects selected
for cut. Note that not all rows have a number specified, as certain cuts are made
simultaneously.

The (u — i) colors of reddened young (<10 Myr) clusters are
distinctly different from that of clusters older than ~3 Gyr,
which allows us to break the age-reddening degeneracy. Thus,
possible background galaxies and reddened YSCs (contami-
nants) would lie below the SSP locus for age >3 Gyr having a
bluer (# — i) color for a given (g — i). In other words, for a
redder, (g — i) > 0.65 mag, cluster to be considered as a
genuine GC, its (u — i) color, after taking into account
photometric errors, should correspond to a location above the
SSP locus in Figure 7. As illustrated in Figure 6 of L. Lomel-
i-Nufiez et al. (2022), the real errors in photometry are larger
than the formal error bars, which limits the use of the colors for
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a precise determination of age. Nevertheless, the photometric
quality is good enough to separate background galaxies and
reddened YSCs from GCs. Finally, from Figure 7, we can
select the sample of bona fide GC candidates (BF-GCC) as all
sources (red empty circles) that meet all of the selection criteria,
and it is also possible to obtain a sample of possible reddened
YSCs (cyan open circles).

We obtain a mean estimation of stars and background
galaxies contaminants in the final sample. The size of the
region that we are analyzing is large, so we randomly selected
12 regions from the center to the outermost zones, in which
there is a high, medium, and low density of detected sources.
We used the Besangon model of the Galaxy (A. C. Robin et al.
2003) to estimate which fraction of sources corresponds to
foreground stars in the Milky Way. In the panels of Figure 9,
we show the iy versus (g — i)o CMD in three selected fields,
which have high (left), medium (center), and low (right)
crowding, where the clouds of black dots are all of the
detections in each pointing. The blue circles are the observed
stars, green circles are the expected stars from Besangon
models, and red circles are the BF-GCC. The observed stars
were selected using a typical value of CLASS_STAR > 0.90 and
SNR,,, and for contamination estimation, we used the stars that
meet the selection criteria (colors and magnitudes) for GC
candidates. The modeled stars are restricted to the selection
parameter space, which is the reason they are overlapping with
the observed stars. We estimate the percentage of contaminat-
ing objects as the difference between the recovered stellar
objects and the objects predicted by the Besancon model
divided by the number corrected for incompleteness of
candidate GCs. We obtained a mean value of point-source
contaminants of ~29%. We repeat the same procedure in the
(u — i)g versus (g — i)y color—color diagram, where the mean
value of contaminants is ~20%.

4.7. Second Contaminants Estimation Test

As a final test, in order to estimate the number of
contaminants (foreground stars and background galaxies) in
our sample, we used a control field (CF) from the S-PLUS data
at high Galactic latitudes, to reduce the contribution from
Milky Way sources, avoiding lines of sight with known nearby
galaxies. The CF is SPLUS-s46s27 with central coordinates
R.A.j5000 = 68.32, decl.jrp00 = —59.53. The Galactic extinction
value in that direction is Ay = 0.033 (E. F. Schlafly &
D. P. Finkbeiner 2011).

In Figure 10 we show the comparison between three
structural parameters in the (g — i)y versus (# — i)y color—
color diagram for one Fornax field (FF, left panels) and the CF
(right panels). In all of the panels, the sources depicted by black
open circles are the objects that meet the GC candidates
selection criteria in the parameters SPREAD_MODEL CLASS_-
STAR and FWHM. In this example, the number of GC
candidates in the CF is considerably smaller than in the Fornax
field for each of those structural parameters. The objects that
meet the selection criteria in the CF are considered possible
contaminants (column (3) in Table 3). The percentage of
contaminants in each structural parameter will be the ratio of
the number of objects in the CF divided by the number of
objects in the FF (column (4) in Table 3). Thus, the percentages
of possible contaminants per structural parameter are 15%
(SPREAD_MODEL), 19% (CLASS_STAR), and 21% (FWHM). We
emphasize that in the selection of GCs, we are using the
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Figure 9. Contaminants estimation in the ij vs. (g — #)o CMD in three selected fields, which have high (left), medium (center), and low (right) crowding. The cloud of
black small dots is all of the detections in each pointing. Blue circles are the observed stars (sources with CLASS_STAR > 0.90), green circles are the expected stars
from Besancon models (A. C. Robin et al. 2003), and red circles are the BF-GCC. Red dashed line represents the bright selection limit in magnitude, which is

estimated using the turnover of the GCLF (see Section 4.2).

combination of structural parameters, so when using the
combination of these parameters, the percentage of contami-
nants in this field is reduced by up to 11% (11/103). We follow
the same procedure in 12 randomly selected fields, finding the
mean values of contaminants per structural parameter of 27%
(SPREAD_MODEL), 27% (CLASS_STAR), and 30% (FWHM),
while the mean value of contaminants using the combination of
all of the structural parameters was 18%. In Table 3, we show
the numbers (columns (2) and (3)) and percents (column (4)) in
all of the FOVs where we estimated the contamination.

To ensure the genuineness of our BF-GCC sample, we
performed two additional tests: a comparison of our sample
with galaxy catalogs from the literature, and a visual
inspection. In order to discard contamination for galaxies, we
compared our BF-GCC sample with a compilation of 1005
Fornax galaxies reported in the literature (see Paper I). When
performing a coordinate cross-match with an error of up to 10”,
we obtained seven matches with our catalog. We also
compared the BF-GCC sample with the compilation of UDGs
from D. Zaritsky et al. (2023), obtaining four matches, three of
which are among the seven matches with the Fornax galaxies
compilation. Finally, we compared the BF-GCC sample with
the catalog of 61 nucleated dwarf galaxies from Y. Ordenes-
-Bricefio et al. (2018), with a similar coordinate error, resulting
in no match in this case. As a next step, we performed a visual
inspection of each one of the objects. With this last inspection,
we rejected ~50 objects that had a large extended emission
and objects contaminated by other sources. The total number of
objects in the BF-GCC sample is 2643. After the entire
selection process, we have created a BF-GCC sample with a
low number of contaminants (~20%), in which we perform
further analysis in the following sections.

In summary, we used SExtractor for detecting ~3 million
sources, and we used structural and classifier parameters
(FWHM, CLASS_STAR, etc.) as a first discriminating step,
obtaining a sample of  ~500,000 sources. The next
discriminator was the i-band magnitude and colors (g — i)y and
(r — i)g, from which we obtained a subsample of ~50,000
sources. Then we used DESI classification, GAIA and
LEPHARE, to reject Galactic and extragalactic contaminants
from which we obtained a subsample of ~13,000 sources
(flag=00 in Table 4). Finally, using the (¥ — i)y color, we
separated the young reddened stellar clusters (flag=01 in
Table 4) and selected the BF-GCC sample (flag=02 in
Table 4), resulting in 2643 sources. In Table 4 we list the 10
brightest BF-GCCs, presenting their names (column (1)),
coordinates (columns (2)—(3)), i-magnitudes (column (4))
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broadband colors (columns (5)—(8)), structural parameters
(columns (9)—(12)), absolute i-magnitude (column (13)), and
flag classification (column (14)), as an example of the fully
published table. In the next section, we present the results of
the analysis of the properties for the BF-GCC sample.

5. Properties of the Globular Cluster System: Results and
Discussion

We emphasize that one of the great strengths of S-PLUS is
the large spatial coverage combined with its 12-band filter
system, which allows us to perform statistical estimations over
large sky areas. Having obtained a sample of BF-GCs in the
106 Fornax pointings, the next natural step is analyzing their
photometric properties. In the following sections, we present
the analysis of their color distributions, the GCLFs, and the
spatial distribution, respectively. All magnitudes and colors
have been corrected for the foreground Galactic extinction
using the Ay values given in Table 1, and the J. A. Cardelli
et al. (1989) reddening curve.

5.1. Color Distributions

Previous studies (e.g., L. P. Bassino et al. 2006, H.-S. Kim
et al. 2013, M. Cantiello et al. 2018) have shown that the color
distribution of the GC system in Fornax is bimodal. However,
they have been focused on the central region of the Fornax
cluster, where NGC 1399 is located, and they cover, at most,
one virial radius; they are also much deeper, sampling GCs of
typical GC masses, i.e., 10° M,,. Here we show that the color
bimodality of the GC system is evident up to, at least, 3 Ry
(see Section 5.3.2). A common result found in early-type
galaxies is a bimodal distribution of GCs colors (S. E. Zepf &
K. M. Ashman 1993, K. Gebhardt & M. Kissler-Patig 1999,
S. S. Larsen et al. 2001). A correlation between color and
metallicity was also observed in different galaxies (e.g.,
E. W. Peng et al. 2006; A. Alves-Brito et al. 2011). Given
this correlation, the bimodal color distribution has been
attributed to a bimodality in the abundance of metals (see,
J. P. Brodie & J. Strader 2006). The bimodality would indicate
the presence of two different populations of GCs: the metal-
poor (commonly referred to as blue) and the metal-rich (usually
designated as red). The two kinds of GCs also seem to be
spatially segregated, with the distribution of metal-poor GCs
having a larger scale length as compared to the metal-rich GCs
(e.g., S. S. Larsen & J. P. Brodie 2003; Y. Schuberth et al.
2010; J. J. Webb et al. 2012; S. S. Kartha et al. 2014).
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Figure 10. Contaminants estimation in the (u — i)y vs. (g — i) color—color diagram. Comparison of structural parameters in the S-PLUS-s26s39 Fornax field (left
panels) and in the S-PLUS-s46s27 control field (right panels). From top to bottom, we show SPREAD_MODEL x 100, CLASS_STAR, and FWHM. Nt are all of the
objects present in each FOV (small colored dots), and Nggp ot are the objects that meet with the selection criteria (small colored dots into black open circles),
respectively. The magenta and red lines sketch the loci of SSPs models with Z = 0.0004 and Z = 0.03, respectively. The cyan and yellow lines sketch the loci of zero-

age main sequence (ZAMS) stars with Z = 0.0001 and Z = 0.04, respectively.

In Figure 11 we show the (g — i)o color distributions for the
BF-GCC sample where the subindex 0 stands for Galactic
reddening-corrected colors, using the Ay values in Table 1. In
total, we analyzed 10 colors with the broad bands: (u — g)o,
(l/l - l")o, (l/t - i)O’ (M - Z)Os (g - r)O’ (g - i)Os (g - Z)09 (r - i)07
(r — 2)0, and (i — 7)9 and 15 colors with the narrow bands:
(JO378 — J0410)9, (JO378 — J0430)y, (JO378 — JO515),,
J0378 — J0660),, (JO378 — J0O861),, (JO410 — J0430),
JO410 — J0515)y, (JO410 — J0660),, (JO410 — JO861),,
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(JO430 — JO515)9, (JO430 — J0660),, (JO430 — JO861),
(JO515 — J0660)0, (JO515 — J0861),, and (JO660 — JO861),. In
Section 5.3, we analyzed the (g — i)y and (g — 7)o color
distributions at differents R,;. from the center of Fornax.

To confirm the presence of bimodality in the color
distributions, we used the Gaussian mixture modeling
(GMM) code (A. L. Muratov & O. Y. Gnedin 2010), which
carries out a robust statistical test for evaluating bimodality,
and uses a likelihood ratio to compare the goodness of fit for
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Table 3
Number of Contaminants per Structural Parameter
Parameter FF CF CF/FF
@ (@) 3 (C))
SPREAD_MODEL 5667 1400 24%
CLASS_STAR 2445 572 23%
FWHM 17036 4664 27%
All 18%

Note. (1) Parameter of selection. (2) FF, Fornax field. (3) CF, control field. (4)
Ratio between CF and FF. “All” denotes the percent of contaminants using all
of the selection criteria in all of the fields.

double-Gaussian versus a single Gaussian. This method is
independent of the binning of the sample. The results from the
GMM test in the color distributions are shown in Table 6 of
Appendix B. For a distribution to be considered bimodal, the
Kurtosis must be negative, the distance between the peaks of
the distributions (D) must be D > 2, and p-values must be
small (e.g., A. L. Muratov & O. Y. Gnedin 2010). According to
GMM results and visual inspection, we find evidence of color
bimodality in the colors (g — i)y and (g — z)o, While we did not
find strong statistical evidence to confirm bimodality in any of
the narrowband colors. A possible explanation for that might be
linked to the fact that the narrowband filters sample a short
spectral range. In addition, the larger errors in the narrowband
magnitude estimations might extend the color distribution,
fading the bimodality. Moreover, we are looking at only very
bright (massive) GCs. The blue tilt found for bright (massive)
GCs washes out a color bimodality for massive GCs (e.g.,
S. Mieske et al. 2010; J. Fensch et al. 2014).

In Table 5 we present the BF-GCC candidates divided in
blue and red subpopulations using (g — i)o = 0.86 (columns (3)
and (4)) and (g — 2)o = 1.24 (columns (5) and (6)) according to
GMM results, which are in agreement with the values found in
R. D’Abrusco et al. (2022) for NGC 1399. We will use this
classification in order to analyze the projected distribution of
the BF-GCC in the rest of the colors. In Figure 12, we show
one example of these novel color—color diagrams using colors
different to those used for the GC candidates selection (see
Section 4.4). From the SSP metal-poor model shown in
Figure 7, we set the color cut selection of GC candidates with a
minimum age of ~3 Gyr. When compared with Figure 12, it is
observed that the sample of BF-GCC remains older than >1
Gyr (Z=0.001, black star). In the (g — z)g versus (r — 2)o
diagram, ~20% (453 objects) of the blue subsample displays
an age <3 Gyr (Z = 0.001, black square), while ~53% (1086
objects) is older than 12 Gyr (Z = 0.001, black triangle). On the
contrary, 99% of the red subsample seems to be older than
12 Gyr (Z=0.001, black triangle).

There are two possible explanations for this: the projected
color shift in the BF-GCC toward ages younger than 3 Gyr can
be attributed to the fact that in the color selection we accept
objects with 1o photometric errors; or according to this brief
analysis, independently of selection cuts, the blue subsample
appeared to have more than one formation peak, a portion older
than >12 Gyr, formed in a first burst of star formation
(K. M. Ashman & S. E. Zepf 1992), or invoking the mass—
metallicity relationship (P. Co6té et al. 1998; J. Strader et al.
2005; D. A. Forbes & R.-S. Remus 2018), formed in less-
massive satellite galaxies that are subsequently acquired by
giant galaxies during the accretion process. The other portion
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of the GCs was probably formed in a more recent burst
~2-3 Gyr, which would then not be old classical GCs, but
rather intermediate-age clusters (e.g., L. A. Simanton et al.
2015). Meanwhile, without taking into account intrinsic
extinction, the red subsample is entirely older than >12 Gyr.

In Figure 12, we show the contours that represent the
probability (estimated with GMM) for a BF-GCC to be blue
(left color bar) or red (top color bar). The loci of both
populations together with the probability bars reinforce the
hypothesis of the existence of two independent subpopulations.

5.2. GCLFs

Studies have shown that the GCLF for early-type galaxies is
universal (e.g., B. C. Whitmore et al. 1995; J. P. Brodie &
J. Strader 2006; A. Jordan et al. 2007b; L. Lomeli-Nufiez et al.
2022), which implies that the peak of the distribution, or
turnover (TO), is the same in all galaxies. This has led many
authors (e.g., T. Richtler 2003; D. A. Forbes et al. 2018b) to
assume that GC systems are fundamental pieces to understand
the formation and evolution processes of their parent galaxies.
By understanding the formation processes of individual
galaxies, we could understand the formation and evolution
processes of galaxy clusters. However, the universality of the
GCLF for late-type galaxies has not been fully tested.
Examples of studies where universality has been proven are
found in the MW (e.g., W. E. Harris 1996; E. Bica et al. 2003),
M31 (e.g., M. B. Peacock et al. 2010; S. Wang et al. 2019,
suggest a second peak in the GCLF), and a few nearby galaxies
(see L. Lomeli-Nuiiez et al. 2022). Here we show the global
GCLF in all observed fields, which may include GC systems in
all kinds of galaxies (elliptical, spiral, dwarf, etc.). Subsequent
studies will concentrate on the analysis of individual galaxies in
Fornax.

In Figure 13, we show the GCLF (black solid histogram) in
the i band for the BF-GCC sample. For completeness, we show
the 12 bands GCLFs in Figure 18 of Appendix D. We
emphasize that it is only possible to observe the brightest part
of the GCLF because the S-PLUS images are not deep enough
to detect, in a confident manner, objects fainter than i ~ 21.44
mag. Thus, it is not possible to observe the TO generally found
in early-type galaxies (e.g., B. C. Whitmore et al. 1995).
However, it is possible to estimate the expected TO in the i
band according to the SSP models from G. Bruzual & S. Charlot
(2003), for an old stellar population (12 Gyr) with a low-metal
content (Z = 0.0004), for which (g — i), = 0.7307 mag. From
the transformation equation for metal-poor stars by K. Jordi
et al. (2006; see Appendix C), the TO at My = —7.4 £ 0.10
mag (e.g., W. E. Harris 1996; A. Jordan et al. 2007b) translates
into a TO at M; = —8.3 + 0.10 mag. Considering that
(m — M) = 31.51 mag for Fornax, the TO is expected to occur
at i = 23.21 mag. The red dashed line in Figure 13 is the
expected GCLF using a log-normal distribution corrected for
incompleteness in magnitude,

dN /dM = Nye~M—Moy*/20% 3)
where N is a normalization factor, M is the absolute magnitude
of the fitted bin, M, is the absolute magnitude of TO, and o, is
the dispersion. The GCLF is corrected for incompleteness
using the expected TO (described above) and the 3¢ limit of the
GCLF assuming o = 1.40 £ 0.06 (e.g., B. C. Whitmore et al.
1995; K. A. Alamo-Martinez et al. 2013), and for a factor
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Table 4
Broadband Colors and Observational Properties of the 10 Brightest GC Candidates
Name R.A. Decl. i u — i) g —nro (g — o g — 2o FWHM CLASS SPREAD FLUX M; flag
STAR MODEL RADIUS
@ @ 3 “@ () ©) O] (®) ® (10) ) 12) 13) (14)
GC_SPLUS-s30s31_1 51.91487 —39.14339 19.02 £ 0.03 1.46 £ 0.14 0.48 £ 0.06 0.63 £ 0.06 0.60 £ 0.08 4.96 0.89 0.001 2.05 —12.38 02
GC_SPLUS-s26s42_2 66.72938 —34.23268 19.02 + 0.03 1.24 £ 0.17 2.20 £ 0.17 2.54 £ 0.17 4.29 0.60 0.002 1.90 —12.38 00
GC_SPLUS-s31s38_3 64.86757 —39.47520 19.02 £ 0.02 1.20 £ 0.10 1.94 £ 0.09 2.34 £ 0.09 3.14 0.69 0.000 1.77 —12.38 00
GC_SPLUS-s25s38_4 58.42777 —32.43845 19.03 £ 0.02 2.50 £ 0.21 1.35 £ 0.09 2.24 £+ 0.09 2.74 £ 0.09 6.56 0.30 0.004 2.56 —12.37 01
GC_SPLUS-s31s37_5 64.07645 —39.44286 19.03 £ 0.02 3.26 £ 0.40 1.00 £ 0.12 230 £ 0.11 2.85 £ 0.11 7.83 0.72 0.004 3.03 —12.37 01
GC_SPLUS-s27s32_6 50.17298 —35.15112 19.04 + 0.03 1.16 £ 0.18 230 £ 0.17 2.89 £ 0.17 5.99 0.82 0.004 2.73 —12.36 00
GC_SPLUS-s29s40_7 66.96018 —37.06000 19.04 £ 0.03 262 £0.21 0.64 £ 0.05 1.04 £ 0.05 1.10 £ 0.06 3.61 0.82 0.003 1.75 —12.36 02
GC_SPLUS-s31s38_8 65.78262 —40.69203 19.05 £ 0.02 1.23 £ 0.09 2.10 £+ 0.09 2.51 £ 0.09 4.22 0.88 0.009 1.82 —12.35 00
GC_SPLUS-s24s28_9 42.22746 —31.50407 19.05 £ 0.02 1.23 £0.10 2.08 £ 0.10 245 £ 0.10 2.97 0.83 0.001 1.58 —12.35 00
GC_SPLUS-s32s28_10 49.21475 —41.01128 19.05 + 0.03 1.02 £ 0.11 1.79 £ 0.11 2.05 £ 0.11 4.04 0.67 0.001 1.90 —12.35 00

Note. (1) Assigned name, which follows the convention of FGC_field_n, where F is for Fornax and GC for globular cluster, field corresponds to the name of the pointing in which the GC candidate is located, and n is 1
for the brightest object in the i band, and increases sequentially as the magnitude increases. (2), (3) R.A., decl., in J2000. (4) Magnitude of the PSF (MAG_PSF) in the i band and magnitude error from SExtractor. (5), (8)
(u — i)o, (g — Mo, (g — D)o, and (g — 2)o colors; the error is the quadrature sum of the error in each band from SExtractor. (9), (12) The structural parameters for each GC candidate: FWHM, CLASS_STAR, SPREAD_MODEL,
and FLUX_RADIUS. (13) M; magnitude. (14) FLAG classification: 00 clusters without u-band photometry; 01 determined as a reddened young cluster from u-band photometry; 02—determined as BF-GCC from u-band
photometry; and 03—error in (u — i) is likely to be larger than the indicated formal error.

(This table is available in its entirety in machine-readable form in the online article.)
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Figure 11. g — i), color distribution for the BF-GCC sample. The black solid
line is the unimodal fit returned by the GMM analysis and blue and red solid
lines are the bimodal fit returned by the GMM analysis. The green dashed line
is the sum of the red and blue fits.

Table 5
Total Number of GC Candidates at Differents R,;,
Sample Obs Blue,; Red,; Blue,, Red,.
QY 2 (3) “ (5) (6)
0.5Ry;; 99 48 51 76 23
1Ry 315 139 176 233 82
2Ryir 863 432 431 658 205
3Ryir 1597 816 781 1212 385
BEF-GCC 2653 1390 1263 2034 619

Note. (1) Subsamples. (2) Number of BF-GCC in each R,;.. (3), (4) Number of
BF-GCC in each Ry;;, divided by color, (g — i)o. (5), (6) Number of BF-GCC in
each Ry, divided by color, (g — z)o.

correction caused by selection criteria in the colors, e.g.,
(u — i)o. This factor correction was estimated by the number of
nondetections in the u# band (the u band is shallower) with
respect to the detections in i band.

5.3. Spatial Distribution

Taking into advantage the large spatial coverage of S-PLUS,
in this subsection we present the analysis of the projected
spatial distribution of the identified BF-GCC, as well as that of
their colors and of the GCLF at different radius from the center
of Fornax.

5.3.1. GCs Spatial Distribution

In Figure 14, we show the BF-GCC (red dots) spatial
distribution in RA,DEC (J2000) coordinates in the 106 FOVs
(~200 degz) analyzed here. Different multiples (0.5, 1, 2, 3) of
the virial radius, R, (black empty circles), centered on
NGC 1399 (RA =54.620941, DEC = —35.450657) are dis-
played. A compilation of spectroscopically confirmed galaxies
from A. V. Smith Castelli et al. (2024; blue empty circles) and
UDGs (green empty squares) from D. Zaritsky et al. (2023) are
also shown.
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Figure 12. (g — z)o vs. (r — z)o diagram with color bars indicating the GMM
probability distribution to be red (top color bar) and blue (right color bar) GC
candidates. The evolutionary loci of SSPs from G. Bruzual & S. Charlot (2003)
corresponding to a Kroupa IMF with Z = 0.001 (black solid curve) and
Z =0.019 (yellow solid curve) are shown. Locations corresponding to 1, 2, 3,
and 12 Gyr in each locus are indicated with different symbols (see the symbol
code in the plot). The reddening vector with Ay, = 1 mag is represented by the
black arrow.
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Figure 13. i-band GCLF distribution (histogram). The red dashed line is the
expected GCLF using a log-normal distribution corrected for incompleteness in
magnitude. The vertical dashed lines indicate the magnitude at which the
detection is 50% is complete. Poisson error bars (/N) are indicated.

In Figure 14, we noted that the highest concentration of GCs
is toward the center, where NGC 1399 is located. One R.;, is
equivalent to ~2°, which at the Fornax distance is equivalent
to ~720 kpc. The number of BF-GCCs inside 1 R,; centered
on NGC 1399 is 315. We note that, although all of the
spectroscopically confirmed galaxies from the literature are
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Figure 14. Spatial distribution in RA,DEC (J2000) coordinates for the BF-GCC sample (red dots). Galaxies from the literature are indicated with blue circles and green
empty squares. The black empty circles are the multiples (0.5, 1, 2, 3) of the R,;, centered in NGC 1399. The black solid point represents the center of NGC 1399
galaxy. In the bottom panels, we show the GCs distribution smoothed with a Gaussian kernel (blue distribution) of the BF-GCC on the left, and including only objects

identified as “PSF” by DESI on the right; see the text for more details.

shown, there are areas where a concentration of BF-GCC is
displayed, lacking their host galaxies (for example, from 61°to
66° in RA and —41° to —37° in DEC). On the other hand, in the
fields covering from 45°to 49° in RA and —40° to —36° in DEC,
there seems to be a scarcity in the detections of GC candidates.
In addition, we also note that in some FOVs, for example in
s24s41 (62°to 64° and —32° to —30° ), the distribution of GC
candidates is homogeneous throughout the field. The difference
in number of recovered BF-GCCs could be real or the result of
a variation of the observing conditions. In Appendix A, we
provide an analysis of different parameters such as: airmass,
exposure time, and background. We find that, even if a
nonlinear combination of these parameters is affecting our
ability to recover GCs, it is not sufficient to explain the
variation of detections. To further investigate this behavior, we
calculated the reason between the different number of objects
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detected in a tile and the number of BF-GCCs extracted in the
same tile. In fact, the observing conditions would affect in the
same manner both detections. In the last row of Figure 17 in
Appendix A, we show the result of this experiment, which
suggests that, particularly in the southwest, the lower number
of detections is probably related to observational conditions of
each tile. Such a result is consistent with the maps of the sky
rms and median value, which are also lower in the southwest
region, reflecting worse observing conditions.

GCs literature studies in Fornax are mostly focused on the
central part, where the galaxy NGC 1399 is located. For
instance, L. P. Bassino et al. (2006) studied the GCs distribution
in a limited central area up to a radius of 275 kpc. Another
example is the study of R. D’ Abrusco et al. (2016), in which all
GCs are distributed within 210 kpc; whereas in M. Cantiello
et al. (2018), 86% of their sample is concentrated within 0.5 R,
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Figure 15. Sample of galaxies (green ellipses), GC candidates (red circles), and spec-GCs recovered in the S-PLUS i band (yellow circles). All images are snapshots in
the i band from S-PLUS and are aligned such that north is up and east to the left, and the angular size equivalent to 100” (green arrows) is shown.

equivalent to 360 kpc (using our distance convention). Our
sample extends up to 3 R,; with a complete spatial coverage,
although it can reach up to 5 Ry (in the east-west direction)
with an incomplete spatial distribution (in the north—south
direction); see Figure 14. With the spatial coverage reached in
this study, we are able, for the first time, to explore the large-
scale distribution of GCs within a galaxy cluster. As previously
mentioned, GCs could be associated to the BCG (e.g., B. Dirsch
et al. 2003; L. P. Bassino et al. 2006; J. P. Blakeslee et al. 2012),
to other galaxies (e.g., D. Villegas et al. 2010; H.-S. Kim et al.
2013), or to the intracluster light (e.g., Y. Schuberth et al. 2008;
S. Kaviraj et al. 2012; M. Reina-Campos et al. 2022; M. Kluge
et al. 2024; T. Saifollahi et al. 2024). The GCs distribution also
highlights the interactions between galaxies within a cluster
(S. Federle et al. 2024). In the bottom panels of Figure 14, we
show the distribution smoothed with a Gaussian kernel (blue
distribution) of the BF-GCC on the left, and on the right the
same distribution including only objects identified as “PSF”’ by
DESI (see Section 4.5), therefore leaving only objects consistent
with a PSF-like profile to have even a higher purity. The bottom-
left and -right panels of Figure 14 present similar features: with
the clustering of GCs toward northeast and a lower density of
GCs (caused by worse observing conditions; see Figure 17)
toward the southwest. In the northeastern area, the darkest
smoothed areas, which correspond to the highest density of GCs
distribution, share the same spatial distribution as UDGs.
Previous studies in Virgo (e.g., M. Powalka et al. 2018) and
Fornax (e.g., R. D’Abrusco et al. 2022) have observed
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substructures in the GC population around large galaxies. The
substructures are expected in galaxy formation scenarios that
involve accretion or merger events. Here we note that the GCs
might be clustered along substructures, which might trace back
to the cluster build up, in both panels, with the right panel only
presenting a lower number of objects.

As illustrated in Figure 15, we show snapshots of 20 galaxies
with different Hubble morphological types (E, S, SO, and
dwarfs). Each stamp shows the detected GC candidates (red
circles) and spec-GCs recovered in S-PLUS i-band (yellow
circles) close to each galaxy. The green ellipses plotted are the
semiaxes A_IMAGE and B_IMAGE multiplied by the KRON_RA-
DIUS obtained in our photometry analysis. Each image has a
dimension of 390” x 318”. In the literature, there are ~1000
spectroscopically confirmed galaxies belonging to the Fornax,
most of which are also located in the inner parts of the cluster.
A large portion of GC candidates is located in the outer parts of
Fornax, where there are no classified galaxies yet. Thus, with
our GC candidates sample, it is possible to detect galaxies with
an indirect method, increasing the number of galaxies classified
in Fornax and also studying disrupted field GCs that do not
have a host galaxy. In the next subsections, we further discuss
the GC candidates' spatial distribution.

5.3.2. Colors and GCLF at Different R,;,

In various studies, it has been found that the spatial
distribution of GCs is bimodal (e.g., S. E. Zepf &
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Figure 16. Colors and GCLF at different R,;; 0.5, 1, 2, and 3 (from the top to bottom panels). The first and second columns are the (g — i) and (g — 2)o colors; the
color code is the same as in Figure 11. The third column shows the i-GCLF; the color code is the same as in Figure 13.

K. M. Ashman 1993), in which the most metal-poor clusters are
distributed in the outer parts of their parent galaxies, while the
metal-rich ones present a more homogeneous distribution with
a concentration peak toward the inner parts of the host galaxies
(e.g., J. R. Hargis & K. L. Rhode 2014; S. S. Kartha et al.
2014). In this scenario, a color gradient is likely, with the
redder GCs concentrated toward the center, and the bluer GCs
populating the outermost parts of the system (J. R. Hargis &
K. L. Rhode 2014). With S-PLUS data, it is possible to expand
this gradient to a large number of colors at radii of up to 5 Ry;;
in RA.

In the first and second columns of Figure 16, we show the
(g — i) and (g — 7)o color distributions at differents R,;, (0.5, 1,
2, and 3). Near NGC 1399 (i.e., the Fornax center), a possible
trace of bimodality in the color (g — i)y can be seen. As we
move away from the cluster center, this bimodality fades and
becomes a long tail of red clusters. On the contrary, in (g — 2)o
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color, a bimodality distribution is preserved at large distances
from the center, similarly to the observations in the Virgo
cluster (e.g., P. R. Durrell et al. 2014; H.-X. Zhang et al. 2015).
In both colors, it can be observed that the GC candidates with a
bluer color are predominant with respect to the GC candidates
with redder colors. A larger population of blue GC candidates
may be due to the existence of dwarf galaxies (not yet
cataloged), which host bluer GCs populations due to their low
mass (mass—metallicity ratio, P. Coté et al. 1998). According to
the fitting results from GMM (Table 7 in Appendix B) in each
subsample, we concluded that the bimodality in both colors is
preserved as we move away from the center.

In the third column of Figure 16, we show the GCLF
distribution in the i band at different R, (0.5, 1, 2, and 3). We
obtained the peak magnitude from the fit of the GCLF made
with GMM, using a single Gaussian (black solid line). The
GCLF corrected for incompleteness is the red dashed line. It is
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noted that the mean value found with GMM of each
distribution observed increases slightly at differents R.;;
(20.21 £+ 0.05, 20.27 £+ 0.03, 2029 £ 0.02, and
20.31 4+ 0.01), which implies a mass decrease of ~10%
between the central and the outermost peak distribution,
assuming the proportionality between mass to light. The
increase in the peak mass of the GCLF should be related to the
concentration of massive galaxies, toward the center (A. Jordan
et al. 2007b); the mean GCs mass is greater in massive galaxies
compared to less-massive ones (e.g., W. E. Harris et al. 2013;
R. A. Gonzilez-Lépezlira et al. 2022), while the decrease in
mass is related to the concentration of dwarf galaxies toward
the outer parts of the cluster. However, this result must be taken
with care, because we are not looking at individual galaxies,
and the differences in the estimated mass are within the
errors (20).

5.4. Missing Galaxies

The number of galaxies spectroscopically confirmed or
considered likely members on morphological basis in Fornax
is ~1000 (see A. V. Smith Castelli et al. 2024). On the other
hand, reviewing the literature (e.g., A. Jorddn et al. 2007a;
D. Villegas et al. 2010; R. D’ Abrusco et al. 2022; T. Saifollahi
et al. 2024), and rejecting repeated galaxies, there are 75
galaxies in Fornax in which ~10,000 GCs have been
observed. If we assume that the BF-GCC sample extracted in
this work is also associated to galaxies, the total number of GCs
associated to the Fornax cluster is ~13,000. If, in a first-order
approximation, we assume that all galaxies have the same
number of GCs and that the number of GCs in the Fornax
cluster should be similar for the rest of the 925 galaxies,
the total number of GCs would be ~173,000 (N_TOT =
NgavLspec/NcaLoss X Ngcops), of the same order of
magnitude of GCs associated to the Abell 1689 (K. A. Alamo-
-Martinez et al. 2013) cluster. Yet, the number of GCs observed
in a galaxy depends on the galaxy mass and morphology, with
irregular and dwarf galaxies having numbers from zero to tens
(e.g., F. Annibali et al. 2018; D. J. Prole et al. 2019; N. Karim
et al. 2024), while galaxies similar in mass to the MW have
around tens to hundreds (e.g., W. E. Harris 1996, 2010, ~160)
GCs, and for massive early-type galaxies, this is of the order of
hundreds to thousands (e.g., W. E. Harris et al. 2014).
According with D. Villegas et al. (2010), the galaxy
(FCC_335) has the minimum number (14 or 7, taking into
account contaminants) of GCs, and the results obtained from
simulations usually assign a number of ~10 GCs to low- or
intermediate-mass galaxies (e.g., M. Reina-Campos et al.
2022). Considering that the Fornax cluster has a large
population of dwarf galaxies, it is possible to make two
statements for the BF-GCC sample: (a) a large percentage of
GCs are not really bound to galaxies and belong to the
intracluster medium; indeed T. Saifollahi et al. (2024) found
that a percent of the Fornax GCs are associated to the
intracluster medium; and (b) the number of galaxies belonging
to Fornax is greatly underestimated outside 1 R,;; as explained
in Section 5.3.1, the GC distribution can be used to identify the
locations of galaxies belonging to the Fornax cluster and trace
back the process of clustering, where the passages of newly
acquired members within the cluster potential, or galaxy—
galaxy interactions, may leave behind a tale of stripped GCs.
Further work, wusing S-PLUS photometric data (e.g.,
R. F. Haack et al. 2025, in preparation) is currently underway
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with the purpose of identifying new galaxy candidates. In
addition, spectroscopic confirmation using data from the
Gemini South telescope for a sample of GCs and missing
galaxies is currently ongoing (e.g., L. Lomeli-Nufiez et al.
2025, in preparation). Finally, the CHANCES /4MOST survey
(C. Sifén et al. 2024), which will recover the spectroscopic
redshift of galaxies in galaxies clusters out to 5 effective radii
(including the Fornax cluster), will be a breakthrough in our
understanding of cluster formation, and solve the issue of
missing galaxies (m, < 20.5).

6. Conclusions

We studied the GC system in Fornax over ~200 square
degrees, using homogeneous data taken through the 12 optical
bands of S-PLUS. We used SExtractor plus PSFEx to perform
PSF photometry and developed a method of selection of GCs,
using structural, evolutionary, and distance (GAIA and SED
fitting template) parameters. Detection of simulated clusters was
carried out to obtain the incompleteness as a function of
magnitude. We used u-band photometry to evaluate the conta-
mination of our sample of GC candidates by stars, background
galaxies, or YSCs reddened. The contaminating fraction was
found to be ~20%. In a follow-up paper, the GC systems
associated to individual galaxies will be studied; we additionally
are obtaining spectroscopic data for a subsample of objects to
obtain spectroscopic confirmation of their association to the
Fornax cluster.

We used our data set to construct 10 and 15 colors in broad
and narrow bands, respectively. We performed statistical tests
to evaluate the bimodality of colors, finding that globally,
according to GMM results and visual inspection, there is
evidence of color bimodality in two colors, namely, (g — i)
and (g — z)o in the broad bands. On the contrary, in the narrow
bands, we did not find strong statistical evidence to confirm
bimodality in any color. A possible explanation for not finding
bimodality in the narrowband colors may be related to the
nature itself of the narrowband filters, since they only sample a
small spectral range. At the same time, the larger error on the
magnitude estimations in the narrow bands might extend the
color distribution, fading the bimodality. Also, we studied the
(g — ) and (g — 7)o color distributions at differents virial radii
(0.5, 1, 2, and 3). We found that near the Fornax center, there is
a clear trace of bimodality in the color (g — i)o. As we move
away from the center of the cluster, the bimodality fades and
becomes a long tail of red clusters. Dissimilarly, in the (g — z)o
color, a bimodality distribution is preserved at large distances
from the center.

We construct the GCLF in the 12 bands highlighting two
points: (a) in all bands, the log-normal distribution typical for
GC systems can be estimated, and it is found to increase
smoothly up to reaching a peak value, and then again to
decrease smoothly. However, (b) with the S-PLUS i-band 50%
completeness magnitude of 21.44, we are unable to reach the
TO generally observed in early-type galaxies. Thus, we are
only sampling the bright end of the GCLF. Also, we studied the
GCLF at differents virial radii (0.5, 1, 2, and 3), and it is noted
that the peak of each distribution observed increases slightly at
different values of R, which implies a mass increment
assuming the proportionality between mass and light, maybe
resulting from the infall of group and filaments into the cluster.
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Appendix A
Image Features

All astronomical observations are subject to weather. The
conditions imposed by these two major factors directly
influence the image quality and the final detection and
measurements that we can achieve. In Figure 17, we show
four examples of the parameters that predetermine the final
results, named: AIRMASS, SATUR_LEVEL, and the MEDIAN and
RMS of the background. In the left panels of Figure 17, the
parameters are plotted versus the total number (Ntoup) of
sources detected in each FOV. In the right panels of Figure 17,
the parameters are color coded in (RA,DEC) space. In the case
of a higher value of AIRMASS reported, a lower number objects
is recovered, while for SATUR_LEVEL, the trend is inversed: for
a higher value of saturation, a greater number objects is
recovered. In the cases of MEDIAN and RMS, a bimodal
distribution appears, where the trend is not clear. However, in
the bottom panel, it is observed that panels with the lower
values of MEDIAN and RMS are in the southwest region. It is in
these FOVs where our selection of GC candidates is smaller in
proportion to the rest of the pointings. In the saturation color
space, however, it is observed that in the same region
(southwest), the values are highest in comparison with the rest
of the FOVs. After this brief analysis, it is possible to conclude
that the parameters that determine the detection and selection of
GC candidates have a nonlinear relationship between them.
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Figure 17. Observational properties in the 106 FOVs in the i band. In the first row of panels, we show the parameters: AIRMASS, SATUR_LEVEL, MEDIAN, and RMS
vs. the total number of sources detected in each FOV. In the second row of panels, we show all of the FOVs in (RA,DEC) space with a color coded for each parameter:
AIRMASS, SATUR_LEVEL, MEDIAN RMS. The third row of panels shows the FWHM and ratio of the GCC divided by the total sources detected in each field.

Appendix B

Statistical Colors Results of bimodality in the color distributions according to the

analysis presented in Section 5.1. In Tables 6 and 7, we present
We used Gaussian mixture modeling (GMM) code the GMM statistics results for Figure 11 and the left and central
(A. L. Muratov & O. Y. Gnedin 2010) to confirm the presence panels of Figure 16, respectively.
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Table 6

GMM Fitting Values for Colors Distribution
Unimodal Results Bimodal Results
Color Peak o Peak| Peak2 ol a2 NZOT £ D Kurtosis p-values Bi
@ (@) 3 “) ® © ) ®) C)) (10) an 12) 13)
Width Bands
W — 8o 0.74 £+ 0.01 0.30 £ 0.01 0.59 £ 0.03 0.9 £ 0.03 0.2 £ 0.01 0.3 £ 0.01 2582 0.47 1.21 £ 0.08 0.47 0.01 0.6 1.00 N
W —r) 1.32 £ 0.01 0.37 £ 0.01 1.26 £+ 0.02 1.46 £ 0.24 0.32 £+ 0.02 0.43 £+ 0.09 2582 0.31 0.53 £+ 0.82 0.38 0.01 0.81 1.00 N
u — i) 1.60 £+ 0.01 0.38 £+ 0.01 1.47 £ 0.04 1.88 £ 0.14 0.29 £+ 0.02 0.39 £ 0.05 2582 0.32 1.19 £ 0.48 0.30 0.01 0.82 0.99 N
W — 2)o 1.76 £ 0.01 0.41 £ 0.01 1.62 £+ 0.04 2.04 £0.12 0.32 £+ 0.02 0.42 £ 0.03 2582 0.33 1.14 £ 0.35 0.20 0.01 0.24 0.99 N
g — 1o 0.59 + 0.01 0.19 £+ 0.01 0.52 £ 0.24 0.6 £ 0.07 0.09 + 0.06 0.20 + 0.05 2582 0.87 0.48 £+ 1.58 0.29 0.01 0.64 0.99 N
@€ — o 0.87 £ 0.01 0.2 £ 0.01 0.68 £ 0.01 0.95 £+ 0.01 0.05 £ 0.01 0.18 £ 0.01 2582 0.69 2.10 £+ 0.04 -0.31 0.01 0.23 0.01 Y
(& — 2o 1.02 £ 0.01 0.29 £ 0.01 0.92 £+ 0.03 1.35 £ 0.08 0.22 £ 0.01 0.20 £+ 0.03 2582 0.24 2.02 £ 0.28 -0.28 0.01 0.09 0.01 Y
(r — i) 0.28 £+ 0.01 0.15 £+ 0.01 0.27 £ 0.0 0.37 £ 0.1 0.13 £ 0.01 0.24 £ 0.03 2582 0.11 0.51 £ 0.8 1.47 0.01 0.63 1.00 N
(r—2) 0.43 £ 0.01 0.23 £+ 0.01 0.42 £+ 0.01 0.88 = 0.2 0.21 £+ 0.01 0.35 + 0.07 2582 0.02 1.60 + 1.08 1.19 0.01 0.11 1.00 N
@i — 2o 0.15 £ 0.01 0.18 £ 0.01 0.14 £ 0.01 0.17 £+ 0.05 0.15 £+ 0.02 0.23 £ 0.02 2582 0.37 0.17 £ 0.4 0.62 0.01 0.82 1.00 N
Narrow Bands
J0378 — J0410), 0.27 £+ 0.02 0.49 £+ 0.02 0.26 £+ 0.04 0.33 £ 0.13 0.40 £ 0.08 0.82 £ 0.18 772 0.15 0.11 £ 0.16 1.95 0.01 0.93 1.00 N
JO378 — J0430) 0.30 £ 0.02 0.49 £ 0.01 0.29 £ 0.12 2.14 £ 0.74 0.47 £ 0.05 0.12 £ 0.19 565 0.01 5.37 £2.04 0.52 0.01 0.01 1.00 N
J0378 — J0515), 0.69 £ 0.02 0.47 £ 0.01 0.62 £+ 0.34 0.74 + 0.57 0.55 £ 0.12 0.38 £ 0.19 748 0.54 0.25 £ 1.81 0.47 0.15 0.86 1.00 N
JO378 — J0660), 1.11 £+ 0.02 0.49 + 0.01 1.10 £ 0.43 1.19 £ 0.53 0.46 £+ 0.21 0.88 £ 0.29 771 0.05 0.12 £ 1.73 0.72 0.02 0.93 1.00 N
J0378 — J0861), 1.41 £ 0.02 0.54 £+ 0.02 1.41 £ 0.55 1.41 £ 0.50 0.28 £ 0.24 0.58 £+ 0.20 762 0.83 0.01 £ 1.75 0.45 0.23 1.00 0.99 N
(JO410 — J0430) 0.06 £ 0.02 0.46 £+ 0.02 0.07 £ 0.05 0.04 £0.22 0.36 £ 0.09 0.73 £ 0.18 565 0.22 0.05 £ 0.57 1.75 0.01 0.98 1.00 N
J0410 — JO515), 0.41 £+ 0.02 0.48 £+ 0.02 0.27 £0.33 0.45 £+ 0.05 0.70 £ 0.15 0.38 £+ 0.06 748 0.79 0.32 £ 0.92 1.35 0.01 0.83 1.00 N
J0410 — J0660), 0.84 £+ 0.02 0.51 £+ 0.02 0.77 £ 0.27 0.85 £+ 0.03 0.75 £+ 0.20 0.42 £0.13 771 0.79 0.13 £ 0.72 0.99 0.01 0.92 1.00 N
JO410 — J0861), 1.14 £ 0.02 0.56 £ 0.01 0.01 £ 0.51 1.16 £ 0.19 0.22 £ 0.12 0.54 £+ 0.08 762 0.98 276 + 1.24 0.01 0.77 0.17 0.60 N
(JO430 — JO515)0 0.42 £ 0.02 0.46 £+ 0.02 0.23 + 0.71 0.42 £ 0.08 1.07 + 0.39 0.40 £ 0.16 559 0.95 0.25 £ 2.02 4.15 0.01 0.88 1.00 N
J0430 — J0660), 0.84 £+ 0.02 0.48 £+ 0.02 0.84 £ 0.47 0.84 £+ 0.05 0.77 £ 0.37 0.37 £ 0.22 566 0.80 0.01 £+ 1.32 2.85 0.01 1.00 1.00 N
J0430 — J0861), 1.14 £ 0.02 0.55 £+ 0.02 0.91 £+ 1.00 1.14 £ 0.38 1.36 £ 0.49 0.52 £ 0.16 559 0.98 0.22 £ 2.67 1.87 0.01 0.88 1.00 N
JO515 — J0660), 0.43 £+ 0.01 0.28 £ 0.01 0.40 £ 0.02 0.51 £+ 0.07 0.21 £ 0.03 0.40 £ 0.06 749 0.29 0.36 £ 0.25 1.48 0.01 0.82 1.00 N
JO515 — J0861), 0.73 £ 0.01 0.37 £ 0.01 0.67 £ 0.07 1.06 + 0.47 0.33 £ 0.08 0.43 £+ 0.11 740 0.14 1.02 + 1.60 0.46 0.01 0.60 0.99 N
JO660 — J0861) 0.30 £+ 0.01 0.24 + 0.01 0.29 £ 0.13 1.53 +£ 0.53 0.23 + 0.05 0.06 + 0.15 763 0.01 747 + 3.21 1.81 0.01 0.01 1.00 N

Note. (1) Color. (2)—(3) Mean and standard deviation of the first peak in the double-Gaussian model. (4)—(5) Mean and sigma of the second peak in the double-Gaussian model. (6) Total number of GCs. (7) Fraction of
NggT associated with the second peak. (8) Separation of the means relative to their widths. (9) GMM p-values based on the likelihood-ratio test p(x2), peak separation p(DD), and Kurtosis p(kurt) (lower p-values are
more significant). (10) Kurtosis of the colors distribution. (11) Bimodality final evaluation: Y (confirmation), N (discard).
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Table 7

GMM Fitting Values for Color Distributions at Differents Ry;,
Unimodal Results Bimodal Results
Color Peak o Peakl Peak2 ol o2 NEET f D Kurtosis p-values Bi
(1) (2) (3) 4) (5) (6) 0 ®) ) (10) 11 (12) (13)
0.5 Ryir
(g — i) 0.88 + 0.02 0.19 + 0.01 0.67 + 0.06 0.96 + 0.10 0.04 + 0.04 0.17 + 0.03 97 0.71 2.38 + 0.50 —0.60 0.01 0.44 0.11 Y
g — 2o 1.07 £ 0.03 0.28 + 0.02 0.99 + 0.11 142 +£0.19 0.22 + 0.05 0.20 + 0.08 97 0.19 2.07 + 1.08 —0.07 0.71 0.56 0.63 Y
1 Rvir
(g — o 0.89 + 0.01 0.20 + 0.01 0.68 + 0.05 0.98 + 0.09 0.04 + 0.03 0.18 + 0.03 301 0.72 2.26 + 0.37 —0.42 0.01 0.31 0.06 Y
(g — 2o 1.07 +£ 0.02 0.28 + 0.01 0.99 + 0.04 145 + 0.13 0.22 + 0.03 0.18 + 0.05 301 0.17 2.32 + 0.59 —0.21 0.09 0.30 0.27 Y
2 Rvir
(g — i)o 0.87 + 0.01 0.20 + 0.01 0.68 + 0.01 0.96 + 0.01 0.05 + 0.01 0.18 + 0.01 836 0.70 2.13 +0.08 —0.27 0.01 0.20 0.06 Y
g — 2o 1.03 £ 0.01 0.28 £+ 0.01 0.97 + 0.03 144 £+ 0.11 0.24 + 0.02 0.18 + 0.04 836 0.13 2.17 + 0.44 —0.11 0.03 0.17 0.30 Y
3 Rvir
(g — i) 0.87 + 0.01 0.20 + 0.01 0.67 + 0.01 0.95 + 0.01 0.05 + 0.01 0.18 + 0.01 1550 0.70 2.15 +0.05 -0.34 0.01 0.17 0.01 Y
(g — 2o 1.03 + 0.01 0.29 + 0.01 0.89 + 0.05 1.28 £+ 0.10 0.22 + 0.03 0.22 + 0.03 1550 0.36 1.73 £ 0.30 —0.24 0.01 0.21 0.01 Y

Note. Same code as in Table 6.
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Appendix C
Transformation to Johnson—Cousin System

The majority of the photometric data for GCs in the MW and
external galaxies is reported in the standard Johnson—Cousins
UBVRI system (M. S. Bessell 1990). Hence, in order to
compare the results obtained from our study to that obtained in
other galaxies, it is necessary to transform our u, g, r, i, and z
magnitudes and colors into the standard system. The corresp-
onding transformation equations are discussed in detail by
K. Jordi et al. (2006). The transformation between ugriz and
Johnson—Cousins systems is given by the equations:

u — g =(0.750 + 0.050) x (U — B) + (0.770 £ 0.070) x (B — V)
+ (0.720 = 0.040) (Cl)

Lomeli-Nufiez et al.

¢ — V=(0.59 + 0.009) x (B — V) — (0.148 + 0.007)
(2)

g — B =(—0.401 + 0.009) x (B — V) — (0.145 £ 0.006).
(C3)

Appendix D
GCLFs

For completeness, we show the 12-band GCLFs in

Figure 18.
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Figure 18. Same color code as in Figure 13.
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