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ABSTRACT
Multiple Stellar Populations (MSPs) are a ubiquitous phenomenon in Galactic Globular Clus-
ters (GCs). By probing different spectral ranges affected by different absorption lines using the
multi-band photometric survey S-PLUS, we study four GCs —NGC104, NGC288, NGC3201
and NGC7089— that span a wide range of metallicities. With the combination of broad and
narrow-band photometry in 12 different filters from 3485A (u) to 9114A (z), we identified
MSPs along the rectified red-giant branch in colour-magnitude diagrams (CMDs) and sepa-
rated them using a K-means clustering algorithm. Additionally, we take advantage of the large
Field of View of the S-PLUS detector to investigate radial trends in our sample. We report on
six colour combinations that can be used to successfully identify two stellar populations in
all studied clusters and show that they can be characterised as Na-rich and Na-poor. For both
NGC 288 and NGC 7089, their radial profiles show a clear concentration of 2P population.
This directly supports the formation theories that propose an enrichment of the intra-cluster
medium and subsequent star formation in the more dense central regions. However, in the case
of NGC 3201, the trend is reversed. The 1P is more centrally concentrated, in direct contra-
diction with previous literature studies. NGC 104 shows a well-mixed population. We also
constructed radial profiles up to 1 half-light radius of the clusters with HST data to highlight
that radial differences are lost in the inner regions of the GCs and that wide-field studies are
essential when studying this.

Key words: (Galaxy:) globular clusters: individual: (NGC104) (NGC288) (NGC3201)
(NGC7089); Multiple Populations; surveys

1 INTRODUCTION

The phenomenon of multiple stellar populations (MSPs) in Galactic
globular clusters (GCs) has been well observed in almost all GCs
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2 E. A. Hartmann et al.

Figure 1. All sky view of the S-PLUS survey footprint in blue. The purple stars are the GCs of our Galaxy from Harris (1996), 2010 version. The insets show
the S-PLUS FoV of the four clusters in our sample, as well as their metalicities and heliocentric distances. In these insets, we have highlighted by green circles
the core radius and in yellow the tidal radius.

older than 2 Gyr, both spectroscopically and photometrically (Pi-
otto et al. 2015). Detailed spectroscopical studies of stars in GCs
have shown that there are significant abundance variations in light
elements not compatible with a single stellar population (Carretta
et al. 2009). Increased abundances of He, N and Na with a decrease
in C and O are the telltale sign of the Second Population (2P) of
stars in a cluster. Stars without these characteristics are considered
the First Population (1P).

To explain such abundance variations, some formation scenar-
ios propose that the first population of stars enriches the intra-cluster
medium forming a second population (or more, e.g. NGC 7089
with 7 populations). This scenarios differ primarily on what pol-
lutes the next generation, be that Asymptotic Giant Branch (AGB)
stars (D’Ercole et al. 2016), fast-rotatingmassive stars (FRMS) (De-
cressin et al. 2007; Charbonnel et al. 2014), interacting binary (De
Mink et al. 2009) or a supermassive star (Gieles et al. 2018) (SMS).
One of the big challenges is the mass-budget problem; in short, the
observed 2P in clusters is larger (or at least equal to) in number
than the 1P. In the popular enrichment scenarios, there would not be
enough processed material by the first population for the formation
of the second (Prantzos & Charbonnel 2006). Possible solutions for
this include the assumption that clusters were 30 – 60 times more
massive than at present-day and that 90 – 95% of 1P stars were lost
during the evolution of these objects. Wang et al. (2020) developed
a scenario based on stellar mergers of binaries when the cluster is
very young. This has the advantage of combining previous scenarios
such as the FRMS and SMS with merging binaries and introduces
the necessary stochasticity observed in GCs. Their results suggest
that this may play an important role in formingMSPs, avoiding such
pitfalls as the mass-budget problem.

In the most common proposed explanations for MSPs, the 2P
is formed in the more dense central region of the cluster. One of

the ways to test this is by constructing cumulative radial distribu-
tions of both populations. Lardo et al. (2011) looked at the radial
profile of nine GCs and concluded that the enriched population is
more centrally concentrated in the majority of the clusters. Never-
theless, Hoogendam & Smolinski (2021) reanalysed the data and
found that the populations are not as segregated as was thought,
recommending caution when doing such studies. Dalessandro et al.
(2019) studied 20 GCs of various dynamical ages using the param-
eter A+ to quantify the difference between both populations. They
showed that the second population is more centrally concentrated in
dynamically younger clusters, while no significant difference exists
in older GCs. This directly supports the idea that the 2P was formed
more centrally concentrated in the cluster.

While spectroscopic studies are limited to small samples of
very bright stars in clusters that may contain up to millions of them,
high precision multi-band photometric studies have been able to
identify and characterise the different populations found in GCs
with the advantage that they are able to analyse thousands of stars
simultaneously (e.g., Lardo et al. 2011; Soto et al. 2017; Larsen
et al. 2019). The spread in metallicity manifests itself in colour-
magnitude diagrams (CMD) as different evolutionary sequences of
stars when appropriate filters are used, especially those that capture
conspicuous metallic features. The Hubble UV Legacy Survey has
been incredibly successful in using the filters of the Hubble Space
Telescope (HST) to separate populations (Piotto et al. 2015). In
addition, pseudo-colours (the difference between two colours) has
been a great tool to separate the populations better (Milone et al.
2015a).

The Southern Photometric Local Universe Survey (S-PLUS;
Mendes de Oliveira et al. 2019) is observing a considerable area
of the southern sky in 12 optical filters, including a fraction of the
Milky Way GC system, as can be seen in Fig. 1. Bonatto et al.
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S-PLUS: MSPs in GCs 3

Table 1. Characteristics of the studied GCs, heliocentric distance, metallicity, interstellar reddening, half-mass radius and tidal radius. All information from
Harris (1996), 2010 version.

Name Distance [Fe/H] E(B-V) rℎ r𝑡
(kpc) (mag) (arcmin) (arcmin)

NGC104 4.5 -0.72 0.04 3.17 42.86
NGC288 8.9 -1.32 0.03 2.23 12.94
NGC3201 4.9 -1.59 0.24 3.1 28.45
NGC7089 11.5 -1.65 0.06 1.06 21.45

(2019) have studied the Cluster M15 using observations from the
Javalambre Photometric Local Universe Survey (J-PLUS; Cenarro
et al. 2019), which uses the same filter system and instrument as
S-PLUS. They have shown that the combination of blue and red
filters can separate the two sequences of stars in the top of the Red
Giant Branch (RGB). It is important to note that this cluster is very
metal-poor ([Fe/H] ∼ −2.3) and is located at 10.4 kpc from the
Sun. In the aforementioned paper, they show two synthetic spectra
from Coelho et al. (2011) and Coelho (2014), one with a primordial
composition and another with an enhanced metallicity. Although
only qualitatively, this helps elucidate the origin of the splits seen in
the CMDs. These results are promising, and they suggest studying
more metal-rich clusters through the filters of J-PLUS/S-PLUS.

Following this analysis, we have chosen four Galactic GCs in
the S-PLUS footprint for this study. They are NGC104, NGC288,
NGC3201 and NGC7089 and encompass one dex in metallicity,
from NGC7089 with [Fe/H]= −1.65 to NGC104 with [Fe/H]=
−0.72. Moreover, they are relatively close by (see Tab. 1), which
makes them ideal candidates to explore the phenomenon of MSPs
in different environments and varied intrinsic properties.

This paper is organised as follows: in section 2 we detail the
extraction and calibration of the S-PLUS photometry in the cluster
fields and the identification of sources as clustermembers. In section
3 we explore the separation of the populations, and in section 4 we
present the analysis of the clusters and their populations. Finally, in
section 5, we present our conclusions.

2 METHODOLOGY

S-PLUS (Mendes de Oliveira et al. 2019) is a photometric survey
that is observing ∼9300 deg2 of the southern sky in twelve filters:
five broad bands (u, g, r, i, z) and seven narrow-bands (F0378, F0395,
F0410, F0430, F0515, F0660, F0861). These bands are a subset of
the Javalambre filter system and have been chosen for their success
in identifying key spectral features in galaxies and stars. It uses
the T80-South, an 0.8m telescope in a German equatorial mount
located at Cerro Tololo Inter-American Observatory. The detector
has a size of 9232 × 9216 pixels with a plate scale of 0.55′′ pixel−1
and a Field of View (FoV) of 1.4×1.4 deg2. Data release two (DR2)
(Almeida-Fernandes et al. 2021) of S-PLUS covers 950 deg2 with
an updated calibration as well as value-added catalogues containing
photometric redshift and star-galaxy classification. Since the survey
covers the southern part of the sky where the majority of Galactic
GCs are, many have been or will be observed by S-PLUS. However,
the data reduction pipeline uses SExtractor, which is not ideal for
identifying sources in crowded fields, such as the central regions
of GCs. Thus, to study these objects, we performed Point Spread
Function (PSF) photometry using the DAOPHOT (Stetson 1987)
package in the Image Reduction and Analysis Facility (IRAF; Tody
1993) in all 12 filters for the four GCs in our sample. Fig. 1 shows the
area of the sky being observed by S-PLUS and the Milky Way GCs

from Harris (1996, 2010 version). In the insets, we highlight the
four GCs studied in this work with their colour images constructed
using the Trilogy code (Coe et al. 2012).

2.1 Field-Cluster Star Separation

Given the large FoV (∼2 deg2) of S-PLUS and our intention of
studying the clusters up to their tidal radii, a robust selection process
has to be implemented in order to eliminate the maximum number
of contaminant objects. For this, the early Data Release 3 of GAIA
(Gaia Collaboration et al. 2021) provides us with high precision
proper motion information on millions of stars, and we can use
them to separate cluster members with a high confidence level. To
this end, we first select all objects within the tidal radius (taken
from Harris 1996, 2010 version) of each cluster and eliminate the
ones with one or more unavailable magnitudes and with proper
motion errors larger than 1.5 mas yr−1. We selected a ring around
the centre of the cluster to contain a representative population of
the cluster. This way, the GC proper motion locus can be easily
identified, and we avoid any crowding issues in the cluster centre.
We proceed by fitting a 2D Gaussian profile proper motion space to
find the average proper motion of the cluster stars within the ring.
We define as cluster members all objects that are inside an ellipse of
5𝜎 around the centre of the proper motion distribution. This process
is illustrated for NGC104 in Fig. 2, where we also show a GAIA
CMD. In our subsequent analysis, we will concentrate only on the
RGB stars. We identify stars in this CMD region through a visually
defined polygon, as shown in the right panel in Fig. 2. In Appendix
A we show the same figure for the other three GCs.

2.2 Differential Calibration

Zero points (ZPs) for our GC fields were not available at the start
of this work. Therefore, we employ the following methodology to
calibrate our photometry. We use the fact that in the studied regions,
there is a GC that can be well represented by an isochrone and use
the code fitCMD (Bonatto 2019) with HST archival data (Piotto
et al. 2015) in order to obtain the best parameters of each cluster,
such as age, metallicity, distance modulus and reddening. The code
simulates a population of stars using an initial mass function (IMF)
and searches for the best parameters to represent the real popula-
tion in the CMD. With this information, we obtain the PARSEC
isochrones (Bressan et al. 2012) with S-PLUS magnitudes for each
cluster. The next step consists of ’fitting’ the instrumental magni-
tudes to the corrected isochrone. This is done by first guessing by
eye the values for the ZPs, then using a python code that explores
the parameter space around the initial guess. It minimises a fit-
ness function that is defined as the sum of the distance from each
point to the isochrone in the CMD plane. This is achieved using the
simulated annealing method (Kirkpatrick et al. 1983). This process
is performed simultaneously in many CMD planes with different
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colour combinations (e.g. for filters g, r and i, the combinations are
(g - r), (g - i) and (r - i), resulting in 9 CMDs). We note that first,
we attempted to obtain the ZPs by only applying a correction to
the magnitude; however, sometimes this is not enough, and a minor
correction must be applied to the colours. This process can only
yield good results if the stars used are highly likely members of the
cluster and can be represented by the isochrone. For this, we utilise
the sample selected through GAIA as described in the previous
section.

2.3 Differential reddening in NGC3201

An additional problem in the analysis of NGC3201 is the pres-
ence of significant differential reddening. While this can be safely
ignored in the other clusters of our sample given their low redden-
ing (see Tab. 1) and distance from the galactic plane, the effects in
NGC3201 are more significant (see left panel of Fig. 3). To correct
for this effect, we have used the code described in Bonatto & Chies-
Santos (2020). Briefly, the cluster is divided into cells of at least
50 objects, the CMDs for each cell is constructed, and the bluest
one is taken as reference. All others are then shifted to match the
reference one, and a reddening value for each sub-region is found.
It is important for this analysis that the filter combination used is
not affected by the presence of MSPs. For this, we have selected (g
- r). Figure 3 shows two CMDs of NGC3201, before and after the
correction and the differential reddening map on the bottom panel.
We have also compared the reddening map we obtained with the
ones available in the literature, such as Von Braun & Mateo (2001)
and found them to be in agreement both in general shape and values.
To test our assumption that the other 3 GCs do not have significant
differential reddening we have applied the same code and found that
the maximum ΔE (B - V) does not exceed 0.06.

3 THE SUB-POPULATIONS OF STARS

In order to study themultiple populations, we need to separate them.
First, we conduct a visual inspection of all colour combinations in
search of a broadening of the RGB, an indication of the presence
of MSPs. Six colour combinations are selected, namely: u - F378,
u - F395, F378 - F395, F378 - F430, F378 - F515 and F410 - F430.
With this, we then constructed the Δ𝑐𝑜𝑙𝑜𝑢𝑟𝑠 in the same manner as
Milone et al. (2015a). To summarise the process illustrated in Fig. 4:
the RGB is divided in vertical segments containing a minimum of
50 stars, in each segment the 10% and 90% percentiles horizontally
are determined and are used to create two fiducial lines, the red
and blue lines shown in the left panel of Fig. 4. Such lines are
then used to straighten the RGB and create the Δ’s using the same
expression from Milone et al. (2015a, section 4) as seen in the
right panel of Fig. 4. This process allows the straightening of the
RGB and provides a clearer separation of the two populations. This
process is repeated for all six colours in all clusters of our sample.
One important caveat is that the top of the RGB is ignored in this
process because it has a low number of stars, making the process
not statistically significant.

To make full use of the six colour combinations selected, we
used the K-means clustering algorithm (MacQueen et al. 1967) with
two classes to separate the populations present in the clusters. This
method requires two main assumptions: first, that two distinct pop-
ulations are present, as expected for the clusters in our sample, and
second that the number of objects is comparable in both populations,
as also supported by the literature. The separation was performed in

all four clusters, and some Δ combinations for three GCs are shown
in Fig. 5. NGC7089 is a particular case, Milone et al. (2015b) iden-
tified in this cluster 7 distinct populations. In their analyses using
HST images they identified three main groups (A, B and C) with
very distinct abundance patterns. However, given the low number of
objects in population C we do not account for it in our method and
do no find it in a visual inspection of the CMDs. Also, we are not
capable of separating the more nuanced subpopulations of groups
A and B given their relative similarity. This might be one of the
reasons why the separation for NGC7089 is not clear in either the
Δ𝑐𝑜𝑙𝑜𝑢𝑟𝑠 planes and the CMD shown in Fig. 7.

4 ANALYSIS AND DISCUSSION

4.1 Classifying the populations

The usual understanding of the formation of MSPs states that a pri-
mordial population enriches —by different methods depending on
the model— the intra-cluster medium forming a secondary popula-
tion (Decressin et al. 2007; D’Ercole et al. 2008; Charbonnel et al.
2014). One of the elements that can be used to trace the two pop-
ulations is Na, for which we have abundance measurements from
Carretta et al. (2009) for individual stars in three of the GCs in our
sample, namely NGC104, NGC288 and NGC3201. We separated
the stars in Na-rich and Na-poor by first constructing the histogram
of Na abundance is shown in Fig. 6 and determining the central dip
in the number of objects (dashed line in Fig. 6). We drew two more
lines (orange and black) around this division taking into account the
average uncertainty in [Na/Fe] with the intention of avoiding an am-
biguous classification. Na-poor stars as those left of the orange line
and Na-rich as those right of the black one. Last we matched with
our S-PLUS photometry sample in order to evaluate our separation
and to classify the populations. Figure 5 shows two Δ combina-
tions for each cluster with our separation as well as the Na-rich and
Na-poor stars.

In general, we see that the objects with blue markers are con-
nected with the Na enhanced stars. We consider this the second pop-
ulation (2P). The objects with a primordial composition (Na-poor)
are connected with the objects in red, forming the first population
(1P). For NGC104, this separation is very clear when looking at
the top panel of Fig. 5. NGC288 also presents a good separation
in both Δ spaces. However, for NGC3201 the separation is fuzzy,
with the Na-rich stars occupying a clearer locus matching with the
blue population. Meanwhile, the Na-poor are more spread out over
the entire distribution. Figure 7 shows one CMD for each cluster
focused in the RGBwith the populations separated as described and
the Na-poor/rich stars.

The population ratios are shown in Tab. 2, NGC104 and
NGC288 have an equal (47% and 51% of 1P, respectively) split
between first and second population stars. For NGC3201, the sec-
ond population dominates with 63% of the cluster in a number of
RGB stars. NGC7089 stands out as 73% of its stars are in the first
population.

4.2 Radial Profiles

The present-day distribution of the populations in a GC is a com-
plex interplay between many factors such as the initial conditions
(which are strongly dependent on the formation scenario) and the
internal dynamical evolution of the cluster (mass-segregation, bina-
ries, core-collapse, etc.) (Vesperini et al. 2013, 2021; Calura et al.
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Figure 2. Example of GAIA selection of cluster members for NGC104. The three panels share the same colour scheme: in grey are all the objects in the field,
in green are the selected representative cluster stars, and in black are the GC members. The first panel shows their spatial distribution in right ascension and
declination. The second panel is the proper motion space where the cluster locus is very apparent, and the third panel is the CMD using GAIA colours as well
as the RGB polygon. This process is applied to all GCs in the sample.

Figure 3. Illustration of differential reddening correction for NGC3201. On
the left are the original values for the cluster members, and on the right,
the CMD is corrected by differential reddening following Bonatto & Chies-
Santos (2020). We can see a much more defined turn-off point as well as a
narrower RGB. The bottom panel shows the differential reddening map.

Figure 4. Illustration of the process of making Δ𝐹378,𝐹395 for NGC104.
The left panel is a CMD showing only the limited RGB. The red and blue
dots show the 10% and 90% percentiles of each horizontal strip. On the right
are the straightened lines and the calculated Δ, as well as a histogram of the
horizontal axis showing the double-peaked distribution. The same process
is done for all other colours in the clusters in the sample.

2019; Sollima 2021). Looking at the cumulative distribution of the
different populations as a function of their distance to the cluster
centre is important when evaluating such formation scenarios; how-
ever, this must be done with some care. To check the significance of
the radial difference between the distributions of the different stellar
populations, we submit our radial profiles to a set of statistical tests.
The most common one is the Kolmogorov-Smirnov test (KS-test)
that evaluates whether two distributions differ significantly. How-
ever, the KS-test has some limitations, and it is less sensitive when
the distributions differ in the beginning and end (Feigelson & Babu
2012). Thus the Anderson-Darling test (AD-test) was designed to
mitigate this (Anderson & Darling 1952). Figure 8 presents the
radial profiles for the four clusters in our sample, and the radial dis-
tance is shown in terms of the half-light radius (Harris 1996, 2010
version). Table 2 shows the results for both tests as well as their
critical values.

MNRAS 000, 1–10 (2022)



6 E. A. Hartmann et al.

Figure 5. Two Δ combinations for three of the cluster in our sample. The blue and red points are the separation made using the clustering method. The black
and orange points are stars with measured Na abundance from Carretta et al. (2009). For NGC104 and NGC288, we can see the segregation of Na-poor
(orange circles) and Na-rich (black squares) follows our separation. For NGC3201, the picture is less clear, and the Na-rich stars match very well with the blue
population; however, the Na-rich do not occupy a clear locus.

Figure 6. Sodium abundance histograms fromCarretta et al. (2009) for three
of the clusters. The Na-poor objects are left of the orange line, while the
Na-rich is to the right of the black line.

In the following subsections, we discuss the radial distributions
of the MSPs of our sampled GCs in light of past literature studies.

4.2.1 NGC 104

One of the most massive clusters in our galaxy, NGC104 is an inter-
esting subject for our study. Norris & Freeman (1979) measured the
CN abundance in 142 RGB stars and found that the richer popula-
tion is more centrally concentrated. This result was corroborated by
Briley (1997) who studied 300 RGB stars and found that outside of
13 arcmins from the cluster centre, CN-weak stars dominate, while
inside, no difference is apparent. Milone et al. (2012) used ground-
based and HST photometry to study the presence of MSPs along
the entire stellar sequence of NGC104. They found that the second
population comprises ∼70% of the cluster and is more centrally
concentrated than the first up to 3-4 half-light radius. This result is
in agreement with the work of Nataf et al. (2011) that studied the
stars in the RGB bump and HB and found that the He-enhanced
population is more centrally concentrated, however, this is a much
more tenuous result. Looking at our results for NGC104, we can
see that it is in agreement with the literature up to ∼3 half-light
radii (9 arcmin). Nonetheless, beyond this, no significant difference
between the populations is apparent.

4.2.2 NGC 288

Vanderbeke et al. (2015) studied the HB of 48 GCs and found that
in the case of NGC288, NGC362 and NGC6218 the second pop-
ulation (He-rich) appears less centrally concentrated. However, this
is in contradiction with what was found by Piotto et al. (2013). They
used HST imaging to show that inside the FoV of WFC3/UVIS, the
first population makes up more than 50% of the cluster stars. Our
results show that the second population (Na-rich) is more centrally

MNRAS 000, 1–10 (2022)



S-PLUS: MSPs in GCs 7

Figure 7. CMDs of only the RGB for the GCs in our sample. In blue and
red are the populations separated using the K-means algorithm. The black
squares and orange points are the same as in Fig. 5. In the case of NGC3201,
the separation between Na-rich/poor is evident for stars brighter than 15.5
on the g band below this Na-poor stars seem not to follow the red population.

concentrated, supported by the KS andAD tests which show that the
two distributions are different with a high confidence level, agreeing
with Piotto et al.

4.2.3 NGC 3201

NGC3201 has been extensively studied by Kravtsov et al. (2010),
Kravtsov (2017) and Kravtsov & Calderón (2021). Overall they
found with a high degree of confidence that the second population
ismore centrally concentrated. This result was consistent in the SGB
and RGB and across different data sets. Carretta et al. (2010) also
studied this cluster and corroborated these results, finding that Na-
poor RGB stars occupy more the outskirts of the cluster, although
their sample size was relatively small. The radial profile shown in
Fig. 8 seems to contradict these results, showing a larger fraction of
1P stars towards the centre of the GC. This discrepancy may be due
to the fact that the photometric separation provided by our calculated
Δ𝑐𝑜𝑙𝑜𝑢𝑟𝑠 does not provide a consistent separation between 1P (Na-
poor) and 2P (Na-rich) as shown in Fig. 5.

4.2.4 NGC 7089

Vanderbeke et al. (2015) in the same study of HB stars mentioned
earlier found no radial difference when analysing NGC7089 with
a KS probability of 72%. However, Lardo et al. (2011) used SDSS
photometry and showed a large radial variation between both pop-
ulations, finding that the UV-red (2P) population is more centrally

concentrated. Hoogendam& Smolinski (2021) have re-analysed the
SDSS data and incorporated ground-based photometry by Stetson
(2019) and found no conclusive evidence. The SDSS data set sug-
gests a red-concentrated population, while Stetson’s data shows the
opposite, both to a high significance level in the KS test. According
to the KS and AD tests, we find that the 2P of stars is more centrally
concentrated with a high probability.

4.3 The importance of looking at the outskirts

Dynamical simulations of MSPs have shown that mixing occurs in
a shorter time scale in the inner parts of the cluster due to two-body
relaxation being more efficient in denser environments (Vesperini
et al. 2013). Some information regarding the concentration of the
second population, however, is still preserved for a longer period in
the outer regions of the GCs. To test this and highlight the impor-
tance of wide-field studies of MSPs, we have taken HST archival
data from the HUGS project (Nardiello et al. 2018; Piotto et al.
2015), reproduced the chromosome maps as described in Milone
et al. (2012) and separated the populations according toMilone et al.
(2017). Given the smaller FoV of HST, the resulting radial profiles
of all clusters extend at most to the half-light radius; they are in
the insets in Fig. 8. In three of the clusters —NGC104, NGC288
and NGC3201— we see that the populations are already mixed,
showing no major differences. The exception is NGC7089, where
the populations show no sign of mixing with the second population
appearing more centrally concentrated. This follows the trend found
in the outer region of the cluster, and simulations by Dalessandro
et al. (2019) suggest that in clusters with the dynamical age of
NGC7089, some segregation can still be present inside 2 rℎ .

5 SUMMARY AND CONCLUDING REMARKS

When analysing the phenomenon of multiple populations, it is clear
that the best tool is spectroscopy. It allows us to get a clear picture of
themost significant differences between the populations and provide
the best data set to inform possible formation models. However, it
is an expensive tool that translates into studies with a relatively
small sample size and limited to the outer regions of clusters. This
is why photometric studies are so important, capable of providing
information on thousands of objects at once. If we are capable of
characterising the populations, it can provide us with a good picture
of what is happening in the GCs. As we have shown here, S-PLUS
is a great tool for this purpose. With its wide FoV, it is capable of
studying the entirety of the cluster, and its set of 12 filters provides
us with a large toolbox to analyse and separate the populations.

In the present study we have used six colour combinations (u
- F378, u - F395, F378 - F395, F378 - F430, F378 - F515 and F410
- F430) and the K-means algorithm to separate the MSPs present
in four GCs. We can see based on the selected filters that the spec-
tral region that provides the best separation tends toward the blue,
which is expected as it is in this region where the majority of MSP
features appear. When combined with spectroscopic abundances of
individual stars from the literature, our photometric separation is
well supported in the cases of NGC104 and NGC288. However,
when considering NGC3201, the separation does not seem to cor-
respond to a difference in the Na abundance of the cluster stars. One
thing to be noted here is that the more metal-rich GCs (NGC104
— [Fe/H] = -0.72, NGC288 — [Fe/H] = -1.32) in our sample have
a more clear separation in the Δ space. This trend is in agreement
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Figure 8. Cumulative radial distributions of the four clusters in our sample. The red and blue lines represent the primordial and enriched populations,
respectively. The insets show the radial profiles for the inner region of the clusters constructed with HST photometry, highlighting the importance of studying
the outer regions.

KS AD
ID N𝑏𝑙𝑢𝑒 N𝑟𝑒𝑑 𝑓1 D P A A𝑐𝑟

NGC 104 1327 1211 0.47 0.08 0.038% 4.57 0.5%
NGC 288 209 221 0.51 0.21 0.026% 9.09 <0.1%
NGC 3201 494 300 0.37 0.16 0.007% 14.53 <0.1%
NGC 7089 199 542 0.73 0.22 0.00019% 16.68 <0.1%

Table 2. Population sizes and Statistics. D and P: KS statistic and probability of the two distributions being drawn from the same parent population, A and
A𝑐𝑟 : AD statistic and critical value.

with synthetic spectra computed to simulate MSPs (Branco et al.,
in prep).

Using the large FoV of S-PLUS, we analysed the cumulative
radial distribution (CRDs) of the populations. Using both the KS-
test and the AD-test, we conclude that CRDs of the four clusters
differ significantly. In the case of NGC104, the populations appear
well mixed, which, given the age of this GC, could indicate that
the populations had enough time to mix. For both NGC288 and
NGC7089, we can see a clear concentration of 2P population to-
ward the centre of the cluster. This directly supports the formation
theories that propose an enrichment of the intra-cluster medium and
subsequent star formation in the more dense central regions (see e.
g. D’Ercole et al. 2008). However, in the case of NGC3201, the
trend is reversed. The 1P is more centrally concentrated, in direct
contradiction with previous literature studies. It is clear that further
studies have to be performed in a systematic way to shed light on
this subject. Another critical issue is that in order to explain the
differences in the clusters, formation scenarios have to be stochastic
enough to account for the distinct histories of each GC.
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APPENDIX A: FIELD-CLUSTER STAR SEPARATION
FOR THE OTHER CLUSTERS

In Fig. A1, A2 and A3 we show the process of cluster member
selection using GAIA proper motions, as outlined in section 2.1, for
clusters NGC288, NGC3201 and NGC7089 respectively.

APPENDIX B: INCOMPLETENESS IN THE GAIA
SAMPLE

To analyse the completeness of the GAIA sample we constructed
histograms of the number of objects as a function of the M𝐺 mag-
nitude. We also marked the approximate position of the turn-off
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Figure A1. Same as Fig. 2 for NGC288.

Figure A2. Same as Fig. 2 for NGC3201.

Figure A3. Same as Fig. 2 for NGC7089.

for each cluster. It is evident that the completeness is essentially
unaffected above the TO.
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Figure B1. Histograms of the number of objects per magnitude bin. The solid line represent all the objects present within the tidal radius of each cluster, the
dashed one are only those that have all three GAIAmagnitudes measured and proper motion errors smaller than 1.5 mas yr−1. The dotted line is the approximate
position of the turn-off.

MNRAS 000, 1–10 (2022)


	1 Introduction
	2 Methodology
	2.1 Field-Cluster Star Separation
	2.2 Differential Calibration
	2.3 Differential reddening in NGC3201

	3 The Sub-Populations of Stars
	4 Analysis and discussion
	4.1 Classifying the populations
	4.2 Radial Profiles
	4.3 The importance of looking at the outskirts

	5 Summary and Concluding Remarks
	A Field-Cluster Star Separation for the Other Clusters
	B Incompleteness in the GAIA sample

