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ABSTRACT
In this paper, we describe a new method to select globular cluster (GC) candidates, including galaxy subtraction
with unsharp masking, template fitting techniques and the inclusion of Gaia’s proper motions. We report the use
of the 12-band photometric system of S-PLUS to determine radial velocities and stellar populations of GCs around
nearby galaxies. Specifically, we assess the effectiveness of identifying GCs around nearby and massive galaxies (D
< 20 Mpc and σ > 200 km/s) in a multi-band survey such as S-PLUS by using spectroscopically confirmed GCs and
literature GC candidate lists around the bright central galaxy in the Fornax cluster, NGC 1399 (D = 19 Mpc), and
the isolated lenticular galaxy NGC 3115 (D = 9.4 Mpc). Despite the shallow survey depth, that limits the present
work to r < 21.3 mag, we measure reliable photometry and perform robust SED fitting for a sample of 115 GCs
around NGC 1399 and 42 GCs around NGC 3115, recovering radial velocities, ages, and metallicities for the GC
populations.

Key words: galaxies: star clusters: general – surveys – galaxies: evolution

1 INTRODUCTION

Large-area imaging surveys have become increasingly impor-
tant in the past years to allow simultaneous characterisation
of large samples of objects such as globular cluster (GC) can-
didates, both bound and unbound to galaxies (Lee et al. 2010;
Peng et al. 2011). The advantages are many, e.g., such surveys
deliver homogeneous datasets over large continuous areas of

? E-mail: luisa.buzzo@gmail.com

the sky - they may cover entire nearby clusters of galaxies
(e.g., Fornax Deep Survey, Cantiello et al. 2020) - allowing
the study of the outskirts of the galaxies, not usually possible
in pointed observations. From such data, comprehensive cata-
logues of GC candidates have been extracted around galaxies
inhabiting a wide range of environments, redshifts and masses
(Ko et al. 2019).
GC candidates can usually be separated from other con-

taminant sources, such as stars, compact galaxies and high-
redshift galaxies, using a combination of photometric (e.g.,
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expected magnitudes and colours) and morphometric (e.g.,
concentration index, roundness, elongation) properties. Yet,
spectroscopic follow-up is required to confirm the real na-
ture of GC candidates by measuring their radial velocities
(Brodie & Strader 2006). Alternatively, images taken with
space-based telescopes allow these objects to be spatially re-
solved, to measure their sizes (Larsen et al. 2001) and to
separate them from point-like sources.

Nonetheless, both techniques to confirm the nature of GCs,
i.e., obtaining radial velocities through spectroscopy or mea-
suring sizes through space-based imaging, are limited, given
that they are possible for a relatively small number of tar-
gets and they are restricted to the GCs close to the parent
galaxy. To this is added the typically small fields of view
(FoV) of available instruments or the difficulty in choosing
suitable GC candidates for spectroscopy in the outskirts of
the galaxies, where the ratio of GCs over stars is small. It
is worth mentioning, nonetheless, that future missions such
as Euclid (Bates et al. 2019; Lançon et al. 2021), the Nancy
Grace Roman Space Telescope (Spergel et al. 2015; Troxel
et al. 2020) and the Chinese Space Station Telescope (CSST,
Zhang et al. 2019; Zhou et al. 2021) will provide imaging and
spectroscopy for unprecedented large fields-of-view in differ-
ent wavelength regimes, allowing the study and confirmation
of GC populations out to very large radii.

Ground-based imaging surveys with poor spatial resolu-
tion and shallow depths are not capable of confirming the
nature of GCs. Still, extensive coverage of the sky allows the
identification of GC candidates in different environments and
distances. This renders possible, on the one hand, statistical
estimates of the number and specific frequencies of GC sys-
tems (Prole et al. 2019) and, on the other hand, to provide
reliable lists of candidates for follow-up spectroscopic studies
(Forbes et al. 2017).

In this work, we describe a new method to search, catalogue
and characterise GC candidates using data from the Southern
Photometric Local Universe Survey (S-PLUS, Mendes de
Oliveira et al. 2019) internal Data Release 3 (iDR3). We show
that the spectral energy distributions (SED) of nearby GCs
around bright galaxies can be well determined along with
radial velocities and stellar populations of GCs using the 12-
band optical images from S-PLUS (five in Sloan-like filters
and seven narrow-band filters).

As test cases, we use two early-type galaxies with both
spectroscopically confirmed catalogues of GCs and literature
lists of GC candidates, NGC 1399 (D = 19 Mpc) and NGC
3115 (D = 9.4 Mpc), to evaluate the limitations of the sur-
vey and the feasibility of obtaining GCs stellar population
properties by making use of the unique 12-band filter sys-
tem used in S-PLUS (and its northern counterpart J-PLUS,
Cenarro et al. 2019). In fact, a similar study of GC candi-
dates populations using J-PLUS is pursued by Brito-Silva et
al. submitted, targeting the S0 galaxy NGC 1023.

The paper is structured as follows: in §2, we describe the
data used in this study; in §3, we detail our GC selection
method; in §4, we describe the measured parameters; and in
§5, we apply our method to the two test-galaxies and discuss
our results.

2 DATA

S-PLUS is a 12-filter imaging survey that uses a robotic 0.8-
meter telescope located at the Cerro Tololo Inter-American
Observatory (CTIO) in Chile. Aiming at covering ∼ 9300
square degrees of the Southern sky, S-PLUS has a pixel scale
of 0.55 pixel per arcsec and a FoV of 1.96 deg2. It uses the
Javalambre filter system (Marín-Franch et al. 2012), includ-
ing 5 broad bands (u, g, r, i, z), and 7 narrow bands centred
at important spectral features of astronomical sources (e.g.,
[OII], Ca H+K, D4000, Hδ, Mgb, Hα and CaT). The S-PLUS
survey reaches an average 3σ depth of r ∼ 21.3 mag, and al-
though shallow, its power relies on the inclusion of the seven
narrow-band filters that allow for precise SED fitting results.
In this work, we use data from the S-PLUS internal Data
Release 3 (iDR3), where the data reduction and data cali-
bration follow the pipeline developed for S-PLUS DR2, thor-
oughly described in Almeida-Fernandes et al. (2021) (here-
after AF21).

2.1 Initial photometric measurements

As described in AF21, S-PLUS has an entire pipeline focused
on the detection and creation of photometric catalogues. This
pipeline, nonetheless, was not designed to find faint and com-
pact objects such as extragalactic globular clusters. There-
fore, with very few exceptions, looking for extragalactic GCs
in the S-PLUS catalogues is not the ideal way of finding these
objects within the survey. In this work, we develop a new
pipeline to find and extract the photometry of these sources
in the S-PLUS images using DAOfind and aperture photom-
etry. Below we carefully explain the identification process and
extraction of the photometry of the sources.

2.1.1 Galaxy subtraction

We compare three methods to perform galaxy-light subtrac-
tion, an important step to identify and reliably obtain pho-
tometry of GCs that lie within the central region of galax-
ies. These methods are: 1) galaxy fitting with GALFITM
(Häußler et al. 2013) using one component, 2) galaxy fitting
using the package Isophote from the Photutils (Bradley
et al. 2016) library in Python, and 3) unsharp masking, an
image sharpening technique to smooth the original image,
enhancing the contrast of fine structure (Malin 1979). The
unsharp masks used in this work were created using a 25-
by-25 pixels median box and a circular Gaussian smoothing
with σ = 5 pixels.
Amongst our tests, the unsharp masking method delivered

much cleaner final images. This is because unsharp masking is
an image smoothing technique and is different from methods
of galaxy fitting, such as GALFITM and Isophote. These
galaxy fitting methods are strongly dependent on the num-
ber of components fitted and how well the models describe
the galaxy light profile, making it hard to apply them to
complex systems or to large samples. The comparison of the
three galaxy-subtraction methods is shown in Fig. 1, where
we can clearly see that, while unsharp masking is capable
of fully excluding the main light of the galaxy, the methods
of galaxy fitting, such as GALFITM and Isophote, leave
behind residuals of other unfitted galaxy components. From
a quantitative point-of-view, for our test-case galaxy NGC
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3115 (Pota et al. 2013), unsharp masking increased by 22%
the sample of spectroscopically confirmed GCs identified in
S-PLUS, while GALFITM increased it by 14% and Isophote
by 12% when compared to the sample of GCs found without
applying any method of galaxy subtraction. This indicates
that galaxy subtraction substantially expands the number of
objects found and it is, therefore, the best method for this
task.

2.1.2 DAOfind and aperture photometry

For the source detection, we use DAOfind from the Pho-
tutils library. For this, we defined a threshold of 2σ above
the background to detect sources and a FWHM of ∼ 3 pixels
(∼ 1.6 arcsec). The detections were performed in a detection
image, generated by combining the g, r, i and z images from
S-PLUS.
Once we find the sources that meet these criteria, we run

the aperture_photometry code from Photutils in each
individual image. Since S-PLUS has a pixel size of 0.55 arcsec
and seeing of ∼ 1.5 arcsec, we assume point sources should
have most of their light within ∼ 3 arcsec. Therefore, for the
aperture photometry, we use a slightly smaller aperture of 2
arcsec diameter to avoid the contamination of nearby sources
in the GC candidate photometry, as a compromise to opti-
mize the SNR and get rid of the galaxy background light (see
also AF21 for a further discussion of S-PLUS photometry).
Then we perform local sky subtraction, placing an annulus
of 1-arcsec width around each source, with an inner radius
of 3 arcsec and outer radius of 4 arcsec, followed by a sigma
clipping until convergence to the best background value was
reached.
Later, we add in an aperture correction calculated using

the growth curves of isolated GC candidates. To do that, we
calculate the average magnitude of five GCs located in the
outermost regions of the galaxy, where the diffuse light of the
latter is sufficiently faint so as to not compromise the deter-
mination of the GC candidates’ flux. We use this to create
the growth curves out to an aperture of 30 arcsec, and iden-
tify the radius at which such magnitude reaches a plateau;
this turns out to be approximately 6 arcsecs. Then, we cal-
culate the average difference (∆m) between the magnitude
embedded within a radius of 2 arcsec and the magnitude at
6 arcsec. The aperture correction (∆m) is then added to the
magnitude extracted at 2 arcsec for every GC candidate.
As the last step, we corrected the data for Galactic extinc-

tion using the correction derived by Cardelli et al. (1989).
In this manner, we define all identified point sources as our
parent sample of GC candidates.

3 GLOBULAR CLUSTER SELECTION

In this work, we employ a new method to select GC can-
didates. We use a combination of known selection criteria
(i.e., expected magnitudes and concentration) with newly
proposed selection methods, including template fitting tech-
niques and the inclusion of Gaia’s proper motions, to gen-
erate our GC candidate lists. Starting with all point source
detections (identified following Section 2.1.2) within a FoV
50 times bigger than the effective radius of the studied galax-
ies, we analyze the impact of each of the following cuts on

Table 1. Morphometric and photometric GC selection criteria.

Method Value

Magbright < 3σ depth (21.3 mag)
C −0.2 < C < 0.2

Gaia pm SNRµ < 3

TFcrit χ2
red(galactic) < 1.5χ2

red(stellar)

the total number of detections. Below we describe each of the
selection criteria.

• Magnitude (Magbright): The cuts based on expected
magnitudes follow the calculation of the 3σ depth of the
S-PLUS survey estimated to be on average r ∼ 21.3 mag
(Almeida-Fernandes et al. 2021).

• Concentration index (C, Peng et al. 2011): We use the
magnitude difference at the 3 arcsec aperture and 6 arcsec
aperture to select the point-like sources, since for these ob-
jects, after applying the aperture corrections, C is expected
to be consistent with zero, assuming a scatter of 0.2 mag, to
comply with the errors in the photometry of the sources.

• Gaia proper motion (pm): One further step to exclude
stars in our samples was to use Gaia’s EDR3 (Torra et al.
2021, complete down to g ∼ 20 mag). The principle is to use
the proper motion (µ) of the objects to separate definite stars
from other objects. To do so, we use the signal-to-noise ratio
of the proper motion (SNRµ, Voggel et al. 2020):

SNRµ =
√
µ2
RA + µ2

DEC

/ √
σµ2

RA + σµ2
DEC (1)

In this case, the non-stars are expected to have proper
motions that are consistent with 0 at the 3σ confidence level,
while genuine stars are expected to have SNRµ > 3. This
is an important step using S-PLUS, since due to its small
point spread function, GCs usually get mistaken with stars
rather than extended sources, such as ultra-compact dwarfs.
Therefore, with this cut, we intend to exclude definite stars
that may be contaminating the GC candidate list.

• Template fitting (TFcrit): Extragalactic GCs have statis-
tically higher radial velocities than MW stars (Forbes et al.
2017), which can be exploited to get yet another discrimi-
nation between sources. We use LePhare (Arnouts et al.
2002), a template fitting (TF) routine based on a χ2 mini-
mization, to fit our data with both galactic and stellar tem-
plates. For this analysis, when the data are fitted by galactic
templates, they will necessarily be accompanied by a radial
velocity estimate. In contrast, in the fit with the stellar tem-
plate, no radial velocity (RV) is returned. The primary tem-
plates used for this analysis are a set of galactic SEDs derived
by the COSMOS survey collaboration (Scoville et al. 2007),
and the Pickles stellar spectra library (Pickles 1998). We se-
lect the objects that are better fitted by galactic templates
than by stellar templates, allowing a 50% margin of error
(χ2

red(galactic) < 1.5χ2
red(stellar)). The GC candidates that

meet this criterion can be understood as populating an area
of the parameter space where objects are better fitted when
we allow for a non-null radial velocity estimate rather than
fixing RV to zero.

We note that the combination of all of the methods to

MNRAS 000, 1–11 (2021)
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Figure 1. Comparison of residual images after applying methods of galaxy subtraction in NGC 3115. Left: Unsharp masking using a
25x25 px median box and σ=5 px. Middle: Fitting with GALFITM, using a single component (Single Sérsic model). Right: Fitting with
Isophote code from the photutils library to exclude the galaxy light and provide final images to find the globular cluster candidates.

select GCs, summarised in Table 1, provides the best results
in all of our tests, as shown in Section 5.

4 MEASURED PARAMETERS

4.1 Radial velocities

The template fitting method not only helps to select GC can-
didates around the target galaxies but also allows for esti-
mates of radial velocities (or photometric redshifts). Up until
now, as mentioned in Section 1, estimates of radial velocity
were mainly derived from spectroscopy and are one of the
ways to confirm GC populations. In this work, we recover
radial velocities for all GC candidates that meet the criteria
summarised in Table 1. For the template fitting technique, we
assume a standard ΛCDM model, with H0 = 70.5 km/s/Mpc
(Komatsu et al. 2009).
The RVs are recovered by computing synthetic photometric

magnitudes out of these empirical spectra at various redshifts,
and recording the redshift that best reproduces the observed
photometry. The method to perform the template fitting and
recover radial velocities for the entire S-PLUS iDR3 is de-
scribed in Buzzo et al. in preparation.

4.2 Stellar Populations

For the objects that comply with our 4 combined selection
criteria, we can perform robust SED fitting due to the con-
straints enabled by the extensive S-PLUS filter system, thus
leading to reliable ensemble stellar population properties for
the GCs (San Roman et al. 2019). Typically, all 12 S-PLUS
bands are used to perform the fits. Nonetheless, GCs with up
to 5 missing bands were also fitted since we consider 7 bands
to be still representative of the overall shape of the SED and
provide good-quality fits.
We use the fully Bayesian Monte Carlo Markov Chain

(MCMC)-based code prospector (Leja et al. 2017), cou-
pled with the Flexible Stellar Population Synthesis package

(FSPS; Conroy et al. 2009), which allows fitting several pa-
rameters affecting the SED. For our analysis, we fitted three
free parameters: stellar mass (M?), metallicity ([Fe/H]) and
age since the first onset of star formation (tage). We fix the
e-folding timescale (τ) to 1 Gyr, assuming a star formation
history with an early and single burst for the GCs (Brodie &
Strader 2006).
We placed priors on these three free parameters. The stel-

lar mass could vary with M? = 104−7 M�, as per the typical
masses of GCs (Brodie & Strader 2006), while the metallicity
and age we allow to vary within the entire allowed range in
Prospector, since different GC populations could have differ-
ent ages and metallicities (Usher et al. 2019), i.e., [Fe/H] =
-2.0 to 0.2 dex, and tage = 0.1 − 14 Gyr.
We fit the detected GCs using an exponentially declining

star formation history, a Kroupa initial mass function (IMF,
Kroupa 2001) and a Calzetti (Calzetti et al. 2000) extinction
law. We fix the dust to zero and the redshift of the GCs to the
recovered radial velocity from our template fitting technique.

5 TEST-CASES

To test the method, we use two early-type galaxies with con-
firmed catalogues of GCs, NGC 1399 and NGC 3115. For this
test, we want to assess the success rate of both spectroscop-
ically confirmed GCs and literature GC candidates found in
S-PLUS after applying our selection cuts (Table 1) and how
well we can recover their physical parameters.

5.1 NGC 1399

NGC 1399 is the central elliptical galaxy in the Fornax clus-
ter and has a large GC population (Cantiello et al. 2018).
Thus, it has a GC system extending out to very large radii
and with a very diverse population due to its history of se-
quential mergers and accretions. We assume that NGC 1399
is at a distance of 19 Mpc (Richtler et al. 2004) and has an
effective radius of 49 arcsec (Iodice et al. 2016). To compare
our results, we used the spectroscopic sample of Dirsch et al.

MNRAS 000, 1–11 (2021)
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Figure 2. Main properties of the GC candidates around NGC 1399 compared to Dirsch et al. (2004) and Cantiello et al. (2018). First row,
left: Distribution of all spectroscopically confirmed GCs in purple, of those detected in S-PLUS in pink and of those detected that are below
the magnitude limit of S-PLUS (r < 21.3 mag) in yellow. Right: Same comparison as in the left, but now with the photometric catalog of
GC candidates of Cantiello et al. (2018). Second row, left: S-PLUS image of NGC 1399. Red triangles show all spectroscopically confirmed
GCs, while blue circles show the portion of these confirmed GCs measured with S-PLUS. Right: Photometric comparison between S-PLUS
and literature, points are coloured with their photometric errors in S-PLUS. Third row, left: Distribution of GC population radial velocity
compared to systemic velocity of NGC 1399 (vertical dashed line). Right: Absolute difference between the radial velocities of the confirmed
GCs derived using S-PLUS and using Dirsch et al. (2004). Points are coloured with their radial velocity errors as derived with the template
fitting technique. MNRAS 000, 1–11 (2021)



6 M. L. Buzzo et al.

Table 2. GC candidate selection criteria applied to our two test case galaxies. The criteria are applied to the whole sample of detections
within the FoV of the galaxies and compared with both the entire spectroscopic and photometric literature samples, as well as with these
samples constrained to r < 21.3 mag (in boldface).

NGC 1399 NGC 3115
Total GCs (spec) GC candidates (phot) Total GCs (spec) GC candidates (phot)

Initial sample – 575 1589 – 122 781
Initial sample (r < 21.3 mag) - 135 264 - 43 249

N detections > 3× 105 310 1137 > 1× 105 110 612
Cut in mag 1156 115 228 792 42 236
Cut in C 891 115 228 621 42 236
Cut Gaia 784 115 228 494 42 236
Cut in TF 273 115 228 258 42 236

Final sample (r < 21.3 mag) 273 115 (85%) 228 (86%) 258 42 (98%) 236 (95%)

(2004), which contains 575 confirmed GCs in a composed FoV
of ∼ 14 × 14 arcmin, and the photometric study of Cantiello
et al. (2018), containing 1589 GC candidates, identified using
the VEGAS telescope and Fornax Deep Survey data 1 .
In Table 2, we show the number of confirmed GCs and

GC candidates lost at every step of the analysis with respect
to the spectroscopic reference sample and the photometric
one, respectively. It is clear that the only cut where we lose
GCs (and candidates) is the cut in magnitude. The other cuts
(concentration, Gaia and TF) help creating a final list of GC
candidates by constraining the initial list of possibilities.
Additionally, in the first row of Fig. 2, we show the number

of spectroscopically confirmed GCs and literature GC candi-
dates in purple, compared to those measured in S-PLUS in
pink and those that meet the magnitude limit criteria in yel-
low. As it can be seen, both in Table 2 and on the yellow
histogram of Fig. 2, we can recover more than 85% of the
confirmed GCs and GC candidates down to r < 21.3 mag at
the distance of 19 Mpc, revealing a high completeness down
to the S-PLUS magnitude limit.
When using a new method to detect GC candidates, it

is important though to analyse not only the completeness,
but also the false positive rate. However, it is hard to dis-
cuss false positive rate in a GC candidate list, since without
spectroscopy, we cannot know for sure how many detections
were incorrectly classified as GCs in our sample. It is even
harder to analyse the effect of the newly proposed cuts in the
analysis (Gaia, concentration and TF) since it is not possi-
ble to perform a similar analysis in the reference catalogues.
Nonetheless, in order to have an upper-bound estimate of the
false positive rate, we did an analysis of a blank field, looking
for GC candidates and applying the same selection criteria
summarized in Table 1. This test was applied to an area of
5 arcmin squared, far away from the studied galaxies (or any
known galaxy clusters). After applying each of the criteria, we
end up with 3 GC candidates brighter than r = 21.3 mag in
this field. These candidates are likely to be contaminants, i.e.,
foreground stars or background galaxies. The contaminants
have a surface density of 0.12 per arcmin squared. Extrapo-

1 However, any comparison with photometric GC candidate lists
in literature must be done carefully, as they are comprised of GC
candidates only, and false detections might be included in the ref-
erence sample as well.

lating this to the analysed FoV of NGC 1399 (approximately
8 times bigger), we estimate that among our detections, there
should be around 24 false positives, representing ∼9% of our
total number of GC candidates.
Putting all of this into numbers, as shown in Table 2, when

applying all of the criteria simultaneously, we find 273 GC
candidates around NGC 1399. Of those, 115 are spectroscop-
ically confirmed GCs present in the list of Dirsch et al. (2004),
and 228 out of the 273 are present in the list of GC candidates
compiled from literature in Cantiello et al. (2018) 2.
Finally, we encounter 45 new GC candidates around NGC

1399. Only through follow up spectroscopy is it possible to
confirm these sources as GCs with no doubt, and ultimately
assess fully our false positive rate.
After identifying our final GC candidate list, we focus only

on the spectroscopically confirmed subsample, which is the
sample that we use to measure the radial velocities and stel-
lar populations and that we compare to the literature. In the
second row of Fig. 2, we show the 2D spatial distribution of
the 115 confirmed GCs around NGC 1399 and a comparison
of the photometry obtained with S-PLUS and Dirsch et al.
(2004). Additionally, for these 115 sources, we were able to
recover radial velocities, as shown in the third row of Fig.
2, where we compare the distribution of RVs to the systemic
velocity of NGC 1399 (1425 km/s, Richtler et al. 2004), and
to each individual GC, by measuring the absoulte difference
between the radial velocity recovered by us and by Dirsch
et al. (2004) (∆V ). From Fig. 2, we can see that our results
are consistent with the literature both for the photometry
and systemic velocity of the galaxy. Scatter in the radial ve-
locities at r ∼ 21.3 mag are of the order of ∼ 400 km/s and
magnitude scatter of the order of 0.2 mag at r ∼ 21.3 mag.
To compare our results to those in literature, we consider the
quadratic sum of the errors derived in this work and the ones
tabulated in Dirsch et al. (2004). We find a resulting scatter of
0.5 mag at r ∼ 21.3 mag, indicating that the errors obtained
from aperture photometry alone may be underestimated by
a factor of ∼2. However, this analysis of the quadratic sum
of the errors is only possible for the r band (the only one
in common with Dirsch et al. 2004) and not for the other
bands, especially the narrow ones, since they are unique to

2 all of the 115 spectrocopically confirmed GCs are part of the 228
GC candidates

MNRAS 000, 1–11 (2021)



GCs in S-PLUS 7

the S- PLUS survey. For this reason we use the uncertainty
obtained with aperture photometry to perform the SED fit-
ting, in order to use an homogeneously determined error in
all bands.
We note that we get a difference in radial velocities of 400−

600 km/s with respect to the reference catalogue and an error
on the measured velocities, through SED fitting, of 250−450
km/s, this indicates that using an underestimated error in
the SED fitting may result in underestimated errors of a few
hundred km/s in the radial velocity.
Nevertheless, even if errors in velocity and magnitude

might be high on an object-by-object basis, the great advan-
tage of using S-PLUS data, is the possibility of characterizing
GC populations as a whole out to very large radii and derive
ensemble properties, such as the systemic velocity of galaxies
and GCs sub-populations (e.g., blue/red GCs).

5.2 NGC 3115

NGC 3115 is the closest lenticular galaxy to the Milky Way
(MW) and has a very well studied GC system, with well-
established colour bimodalities (e.g., Brodie et al. 2014). This
galaxy is the only one within the SAGES Legacy Unifying
Globulars and GalaxieS survey (SLUGGS, Brodie et al. 2014)
that was observed with S-PLUS and, thus, a great nearby
test to our method. We adopt the distance of D = 9.4 Mpc
(Brodie et al. 2014) and effective radius of 26 arcsec (Cortesi
et al. 2013). To compare our results, we use the sample of
122 spectroscopically confirmed GCs from Pota et al. (2013)
(P13), as well as the list of 781 GC candidates of Jennings
et al. (2014) (J14) (see footnote 1).
In Table 2, we show the amount of objects that were identi-

fied in the entire FoV of NGC 3115; we compare this with the
number of spectroscopically-confirmed GCs that we lose af-
ter applying each one of the criteria listed in Table 1, as well
as the amount of photometrically-identified GC candidates
found by J14 that we lose with each cut.
As shown in Table 2, when applying all of the criteria si-

multaneously, we find 258 GC candidates around NGC 3115.
Out of those, 42 are spectrocopically confirmed GCs (P13)
and 236 are already proposed as GC candidates by J14, re-
sulting in 22 new GC candidates found in this work. In Fig.
3, we show the distribution of the GC candidates found in
this work around NGC 3115, comparing the fields of view of
our work with that of P13 and J14. In red, we show the GCs
that match the spectroscopic sample of P13, in blue, those
that match the GC candidate list of J14 and in green the 22
new GC candidates found in this work, where we can clearly
see that the new GCs fall outside of the FoV of P13 and
J14. This highlights the great advantage of S-PLUS in pro-
viding coverage out to larger radii. Implementing the same
analysis described in Section 5.1 to estimate the false positive
rate (i.e., extrapolating the rate of false detections on a blank
field to the field of the studied galaxy), we see that around the
FoV of NGC 3115 (approximately 20 arcmin squared), there
are 12 GC candidates that might be false detections, which
would represent 5% of our total number of GC candidates.
We remind the reader that this is an upper bound estimate
of the false positive rate and only through spectroscopy we
can assess the truth rate.
In the first row of Fig. 4, we show the number of spec-

troscopically confirmed GCs and literature GC candidates in

Figure 3. Distribution of GC candidates around NGC 3115. In
red, the GCs found in this work that are present in the list of con-
firmed GCs from P13, and the red rectangle shows the field-of-view
of the study of P13. As blue circles, we show the GC candidates
found in this work and present in the GC candidate list of J14,
while the blue rectangle shows the FoV of the work of J14. The
green squares represent the new 22 GC candidates found in this
work.

purple, compared to those measured in S-PLUS in pink and
those that meet the magnitude limit criteria in yellow. As it
can be seen, both the first row of Fig. 4 and Table 2 show
that we are able to detect more than 95% of the GC candi-
dates from J14 and 98% of the GCs from P13, showing that
the identification and characterisation of GCs with S-PLUS
is near to complete down to r ∼ 21.3 mag at the distance
of 10 Mpc. We lose 13 GC candidates from J14 out of the
249, corresponding to less than 5% of the detections, and 1
confirmed GC from P13 out of the 43, since these GCs are
located in the bright central part of the galaxy, as it can be
seen in Fig. 4.
When compared to NGC 1399, we see that our complete-

ness around NGC 3115 is slightly higher, given that at the
distance of NGC 1399, many objects surpass the limitations
of S-PLUS.
To study the stellar populations and radial velocities, we

now turn ourselves only to the sample of 42 spectroscopi-
cally confirmed GCs around NGC 3115. In the second row of
Fig. 4, we show the 2D spatial distribution of confirmed GCs
around NGC 3115, and compare the photometry obtained
with S-PLUS and with P13. In the third row on the left, we
compare the distribution of radial velocities of the GCs to
the systemic velocity of NGC 3115 (663 km/s, Pota et al.
2013). And in the right, we compare the RVs of each GC with
the ones obtained by P13, by looking at the absolute differ-
ence between the values derived in both works (∆V ). Typical
scatter in the radial velocity estimates at r ∼ 21.3 mag are of
the order of 200 km/s and scatter in the photometric errors
also at r ∼ 21.3 mag are about 0.2 mag.
To analyse our measured stellar population properties,

MNRAS 000, 1–11 (2021)
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Figure 4. Main properties of the GC candidates around NGC 3115 compared to Pota et al. (2013) and Jennings et al. (2014). First row,
left: Distribution of all spectroscopically confirmed GCs in purple, of those detected in S-PLUS in pink and of those detected that are
below the magnitude limit of S-PLUS (r < 21.3 mag) in yellow. Right: Same comparison as in the left, but with the photometric catalog of
GC candidates of J14. Second row, left: S-PLUS image of NGC 3115. Red triangles show all spectroscopically confirmed GCs, while blue
circles show the portion of these confirmed GCs measured with S-PLUS. Right: Photometric comparison between S-PLUS and literature,
points are coloured with their photometric errors in S-PLUS. Third row, left: Distribution of GC population radial velocities compared
to the systemic velocity of NGC 3115 (vertical dashed line). Right: Absolute difference between the radial velocities derived with S-PLUS
and those in P13. Points are coloured with their radial velocity errors as derived with the template fitting technique.
MNRAS 000, 1–11 (2021)
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we use the study of Usher et al. (2019), that recovered
ages and metallicities for 116 GCs around NGC 3115 using
Keck/DEIMOS spectra. In the left panel of Fig. 5 we show an
example of SED fitting for one of the GCs around NGC 3115,
including a summary of the marginalized posteriors of the
stellar mass, metallicity and age. In the right panel, we show
the age (typical scatter of 2 Gyr) and metallicity (typical un-
certainty <0.5 dex) distribution of the entire GC population
around NGC 3115.
The SED fitting results shown in Fig. 5 are consistent with

the ages and metallicities derived by Usher et al. (2019) for
the GC system around NGC 3115, as shown by the arrows
and ellipses in Fig. 5 (see Fig.4 of Usher et al. 2019 for a more
detailed analysis), assuming a scatter of 0.5 dex in metallicity
and 2 Gyr in age. In particular, we see that GCs with higher
metallicities ([Fe/H]> −0.8 dex) compose the older GC pop-
ulations (age = 13 Gyr), while GCs with [Fe/H]< −0.8 dex
have younger mean ages (age = 9 Gyr). When comparing
the distribution of the ages and metallicities, we can see that
our method recovers three peaks in metallicity, similar to
those of Usher et al. (2019). Regarding ages, differently from
Usher et al. (2019), we recover two peaks, instead of three,
although the recovered two in ∼ 9 and ∼ 13 Gyr are also
present in Usher et al. (2019). Although we do not recover
the peak of the younger GCs, as in Usher et al. (2019) (∼ 7
Gyr), we do find three GCs in this range, as it can be seen in
Fig. 5, but these are too few to configure a new peak in the
distribution. It is expected that we would not recover the ex-
act same distribution though, since we are using only the 42
GCs, while Usher et al. (2019) uses a sample of 116 GCs. This
shows, nonetheless, that using only photometric data from S-
PLUS, we are able to recover stellar populations properties
of the GCs similar to those obtained using spectroscopic data
(Usher et al. 2019).
Finally, we note that although errors in the age and

metallicity are large for individual measures; statistically,
the method is very powerful in identifying GC populations
around galaxies and deriving their ensemble properties, even
for sub-populations (e.g., blue/red GCs).

6 CONCLUSIONS

In this work, we probed the ability of the S-PLUS survey
to find and characterize extragalactic GCs. We developed a
new method to carefully select GC candidates among all de-
tections, excluding stars and compact galaxy contaminants.
For this, we use a combination of photometric and concentra-
tion selection criteria, template fitting techniques and Gaia’s
proper motions. After applying our selection cuts, we effec-
tively verify our ability to identify almost the entirety of the
GCs previously confirmed in literature down to r ∼ 21.3 mag,
which corresponds to the SPLUS survey 3σ depth. This cor-
responds to 42 objects, down to MV < -8.8 mag around NGC
3115 and 115 objects, down to MV < -10.1 mag around NGC
1399. With this survey depth, we note that GCs in galaxies in
the local Universe out to 5.7 Mpc (e.g., M81, NGC 253, CenA,
etc.) would be selected down to the turnover magnitude of
the globular cluster luminosity function (GCLF, MV = −7.5
mag).
We show that we can measure physical properties of the

GCs using SED fitting, such as metallicity, mass and age. In

particular, we recover the age and metallicity distributions,
similar to what was previously measured spectroscopically,
in the case of NGC 3115. Although it is not the goal of this
paper, we note that, using this technique, we find a number
of new GC candidates in both systems, with r < 21.3 mag,
whose spectroscopy has not been obtained yet. We plan to
obtain spectroscopy of those to further validate the technique,
specially for GCs in the very outskirts of the galaxy.
We conclude that the filter system used by S-PLUS and

J-PLUS, a combination of narrow and broad band filters,
combined with a focused pipeline to select and characterise
GCs, allows for the recovery of ensemble properties of the
GC populations over a wide FoV, overcoming the current in-
complete area coverage limitation of spectroscopic samples of
GCs. Expanding this study to the entire Southern sky (and
Northern, with J-PLUS), including several thousand galaxies
in different environments and distances, as well as unbound
GCs lying in the intracluster medium, will provide an un-
precedented overview of GC populations down to r∼ 21.3
mag.
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Figure 5. SED fitting results of confirmed GCs around NGC 3115. Left: Orange points show the S-PLUS magnitudes, and black curve
the best-fit SED. Inset box summarises the best-fit parameters (stellar mass, metallicity and age). Right: Distribution of age and [Fe/H]
retrieved with SED fitting for the GC population around NGC 3115. Blue contours show the density of objects and marginal histograms
show the distribution of each parameter. The red arrows indicate the approximate centre of the peaks of the distribution of GCs ages and
metallicities in Usher et al. (2019), whereas the red ellipses show the centre of the contours of the results of Usher et al. (2019), showing
that the derived stellar populations are consistent within errors.
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