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Abstract
The phenomenon of Multiple Stellar Populations (MSPs) is present in all well studied
massive Globular Clusters (GCs) of the Milky Way Galaxy. Both spectroscopic and
photometric studies have established that these objects had a more complex formation
history than previously thought. Measurements of the abundance of light elements (e.g.
Na, O, C, N) show a star-to-star variation. This presents itself in colour magnitude
diagrams as splits primarily in the Red Giant Branch (RGB) of clusters when appropriate
filters are used. In this work we have used the multi-band survey Southern Photometric
Local Universe Survey (S-PLUS) to study MSPs in four GCs, namely NGC 104, NGC 288,
NGC 3201 and NGC 7089. S-PLUS consists of 12 filters spanning a range from 3485 Å(u)
to 9114 Å(z), with seven narrow bands and five broad bands. We have performed PSF
photometry in the images gathered by the survey and selected likely cluster members
using proper motion information from the Gaia survey. We calibrated the data using a
comparative method taking advantage of the presence of a GC in the field and corrected
NGC 3201, a cluster displaying large extinction, by differential reddening. We identified
the presence of MSPs in the rectified RGB, constructed six colour combinations and used
the K-means algorithm to separate the populations. We characterised the populations
as Na-rich and Na-poor using abundance data from the literature. We have also traced
the radial profiles of the MSPs. In NGC 288 and NGC 7089 the second population is
more centrally concentrated while for NGC 3201 the opposite trend is true. Current MSPs
formation theories suggest a higher concentration of the second population. NGC 104 does
not show a significant difference in the populations. Furthermore, we have analysed the
proper motion of the populations in the four studied clusters. By separating the movement
of the stars within the cluster in their radial and tangential components and using a
Heteroscedastic Gaussian Regression to trace the velocity dispersion profiles along the
radial direction. Significant differences are found in three of the clusters, namely NGC 104,
NGC 288 and NGC 7089, while NGC 3201 has very similar profiles between populations.

Key words: Surveys — globular clusters: individual: (NGC 104) (NGC 288) (NGC 3201)
(NGC 7089)





Resumo
O fenômeno de Múltiplas Populações Estelares (MPEs) está presente em todos os Aglo-
merados Globulares (AGs) massivos bem estudados da Via Láctea. Tanto estudos espec-
troscópicos quanto fotométricos já estabeleceram que estes objetos possuem um histórico
de formação mais complexo do que se imaginava. Medições da abundância de elementos
leves (como por exemplo Na, C, O, N) mostram uma variação de estrela para estrela.
Isto se reflete em sequências distintas principalmente no Ramo das Gigantes Vermelhas
(RGV) quando filtros apropriados são utilizados para construir diagramas cor-magnitude.
Neste trabalho utilizamos o levantamento de dados de multi-banda Southern Photometric
Local Universe Survey (S-PLUS) para estudar as MPEs em quatro aglomerados: NGC 104,
NGC 288, NGC 3201 e NGC 7089. O S-PLUS consiste de 12 filtros que alcançam de
3485 Å(u) até 9114 Å(z), com sete bandas estreitas e cinco largas. Fotometria por PSF foi
feita nas imagens coletadas pelo S-PLUS e os prováveis membros dos aglomerados foram
selecionados utilizando informações de movimento próprio do levantamento de dados Gaia.
Os dados foram calibrados através de um método comparativo se aproveitando do fato
de um aglomerado globular estar no campo observado e NGC 3201, um aglomerado com
avermelhamento diferencial significativo, foi corrigido por avermelhamento diferencial. A
presença de MPEs foi identificada no RGV retificado, seis combinações de cores foram
construídas e o algoritmo K-means foi utilizado para separar as populações. Essas foram
caracterizadas como Na-ricas e Na-pobres usando dados de abundância da literatura. Os
perfis radiais das EMPs foram traçados. Em NGC 288 e NGC 7089 a segunda população
está mais concentrada enquanto que em NGC 3201 o contrário é verdadeiro. As atuais
teorias de formação de MPEs sugerem uma concentração maior da segunda população. O
aglomerado NGC 104 não mostra uma diferença significativa entre as populações. Além
disso, analisamos o movimento próprio das populações nos quatro aglomerados. Separando
o movimento das estrelas no aglomerado nas suas componentes radial e tangencial e
usando uma Regressão Gaussiana Heteroscedástica para traçar os perfis de dispersão de
velocidade ao longo da direção radial. Diferenças significativas foram encontradas em três
dos aglomerados: NGC 104, NGC 288 e NGC 7089, enquanto que NGC 3201 possui perfis
similares entre as duas populações.

Palavras-chave: levantamentos de dados — aglomerados globulares: individual: (NGC 104)
(NGC 288) (NGC 3201) (NGC 7089)





Comunicado de Imprensa

Aglomerados Globulares são objetos compostos de centenas a milhares de estrelas que
orbitam nossa Galáxia, a Via Láctea. Na nossa Galáxia conhecemos em torno de 150 deles,
outras galáxias maiores podem possuir milhares destes objetos. A maioria dos aglomerados
globulares é muito velho, tendo se formado junto ou logo após a formação da Galáxia,
quase 12 bilhões de anos atrás. Até a década de 80 a ideia corrente era de que a formação
dos aglomerados ocorria a partir do colapso de uma grande nuvem de gás e poeira. A
nuvem era perturbada e caia sobre si mesma, fragmentando-se em nuvens menores que se
contraiam formando estrelas em seus interiores. Esse conjunto de estrelas é o que formaria
um aglomerado globular, com todas elas possuindo características similares, como por
exemplo a quantidade de metais leves.

Porém, estudos recentes e mais precisos dessas características levantaram dúvidas sobre
a veracidade dessa teoria de formação. Foram encontradas variações significativas na
quantidade de alguns metais leves em estrelas de um mesmo aglomerado. Com o passar
dos anos, e principalmente após os anos 2000, essas anomalias foram encontradas em quase
todos os aglomerados estudados. Um conjunto de estrelas com características similares é
chamado de população estelar, então o fenômeno em que diferentes conjuntos de estrelas do
mesmo aglomerado possuiam características distintas ficou conhecido Múltiplas Populações
Estelares em Aglomerados Globulares. Ainda não se sabe como foi que estas populações
se formaram no início da vida dos aglomerados e várias teorias já foram propostas, porém
nenhuma foi capaz de explicar todas as características observadas nestes objetos.

É na busca de respostas para esse questionamentos que continuamos a estudar as múltiplas
populações utilizando observações feitas pelo levantamento de dados S-PLUS (Southern
Photometric Local Universe Survey — Levantamento de Dados Fotométrico do Universo
Local Sul, em tradução livre). Este é um projeto liderado por pesquisadores brasileiros, e
que conta com colaboradores do mundo todo, que está observando quase um quarto do
céu noturno em doze bandas (faixas específicas do espectro eletromagnético). A Figura 1
mostra um mapa do céu onde as regiões que estão sendo observadas pelo S-PLUS estão
em azul e todos os aglomerados conhecidos da Via Láctea estão identificados por estrelas
roxas. Os aglomerados observados neste trabalho estão em destaque.

Para nossos propósitos utilizamos combinações destas bandas para separar as populações
presentes em quatro aglomerados (NGC 104, NGC 288, NGC 3201 e NGC 7089). Utilizamos
dados da literatura da quantidade de sódio em algumas estrelas de três dos aglomerados



para corroborar nossa separação e traçamos o perfil radial cumulativo de cada uma delas.
A Figura 2 mostra estes perfis, onde em azul é a primeira população (mais pobre em
metais leves) e em vermelho a segunda população (com quantidades anômalas de metais).
A ideia por trás de fazer este perfil é que, dependendo do local de formação da segunda
população dentro do aglomerado, ela pode apresentar um perfil diferente da primeira.
Assim, podemos apontar para um cenário de formação destas múltiplas populações mais
provável, dentro dos já propostos. A segunda população aparece mais concentrada nas
regiões internas nos aglomerados NGC 288 e NGC 7089, ao contrário do que ocorre em
NGC 3201. Também utilizamos informações sobre o movimento das estrelas dentro do
aglomerado, feitas pelo levantamento Gaia, para estudar a dispersão de velocidades das
populações.

Ainda há muito o que ser descoberto sobre esses objetos e é fundamental para a astronomia
entender todos os processos que ocorrem durante a formação das estrelas em aglomerados.
Afinal, são elas que produzem a maior parte da luz que vemos no céu a noite e compreender
o seu processo de formação nos levará a conhecer muito mais sobre todos os fenômenos
físicos que acontecem no Universo.

Palavras-chave: levantamentos de dados — aglomerados globulares: individual: (NGC 104)
(NGC 288) (NGC 3201) (NGC 7089)
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1 Introduction

1.1 The life of a star as seen in a Colour Magnitude Diagram1

Stars can be considered the primary building blocks in Astronomy in general and
galaxies in particular. They are the main source of the light we observe in the Universe today,
at least in the visible, near-infrared and ultraviolet parts of the spectrum. Understanding
their birth and evolution is of paramount importance to Astronomy, especially to any study
involving galaxies and its components, such as Globular Clusters. One of the tools used to
investigate stellar evolution is the Colour Magnitude Diagram (CMD), the observational
counterpart of the Hertzprung-Russel diagram (Hertzsprung, 1911; Russell, 1914), where
luminosity and surface temperature (or colour) are compared. In the CMD at least two
magnitudes are used to construct a colour that is plotted against a magnitude. Thus in
the y-axis we can see the brightness and in the x-axis we have a proxy for the temperature
of the star. Figure 1 is a schematic view of a CMD of NGC 7089 showing the main stages
of the life cycle of a number of stars. It was constructed using publicly available data from
the Hubble Space Telescope (HST) UV Globular Cluster Survey (HUGS) (Piotto et al.,
2015) and colour coded according to the major phases of stellar evolution.

A star is a rough spheroidal gas structure that is in a constant battle between the
gravitational force, due to the star’s mass, and the mechanical and radiation pressures
coming from the nuclear reactions in its interior. Its formation, the collapse and coalescence
of the molecular cloud that gives origin to a star is a complex process and some of it will
be explored in section 1.3. For now, we begin the analyses of the evolution of a star once
it has enough pressure and temperature (a few million degrees) for sustainable nuclear
reactions to occur in its central parts2. This is when it enters the Main Sequence (MS),
shown in green in Fig. 1. An important parameter, arguably the most important when
it comes to stellar evolution, is the mass of the star: stars form with masses between
∼0.08 M⊙

3 and a few hundred solar masses. Objects with masses lower than ∼0.08 M⊙ do
not have enough internal pressure to achieve fusion in their cores and are called brown
dwarfs; on the other end, there are two limits for how massive a star can be: the accretion
limit and the Eddington limit. During the accretion process it is expected that when
reaching masses of 120-150 M⊙ the temperature of the star is high enough to drive away
any orbiting material, thus the name accretion limit. Although more massive stars have

1This section was based on the following books: “Stellar Evolution and Nucleosynthesis”, Ryan e
Norton (2010) and “Stellar Structure and Evolution”, Kippenhahn, Weigert e Weiss (2013)

2The presence of an interacting companion can drastically change the evolution of a star. Here we
detail the simpler case of an isolated evolution.

3the mass of the Sun is used as the standard unit and is equivalent to 1.99 × 1030 kg
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been found they are expected to be the results of mergers of close binary systems and
to be very unstable, having a life time of only a few million years. The Eddington limit
arises due to the fact that as the mass of the star increases, i.e. its gravitational potential,
the fusion reaction rate in the core also increases but not in the same proportion. At a
certain point the radiation pressure is higher than the gravitational one destabilising the
star. This results in an upper limit that is dependent on other factors such as the metal
contents of the star.

The metallicity of an object is defined as the proportion of materials composed of
elements other than Hydrogen and Helium. Although a formal calculation should involve
every element, it is hardly practical. Thus a proxy is used, usually Iron. The metallicity of
the star is an important factor in its evolution, having a significant effect in the energy
transfer inside the star. Now, the life of the star in the MS is relatively calm, it will
transform Hydrogen into Helium via two main processes: the proton-proton chain and the
carbon-nitrogen-oxygen (CNO) cycle. The process that dominates the generation of energy
will depend, again, on the mass of the object. For M⋆ ≲ 1.5 M⊙ the proton-proton is the
dominant process and this region is called the Lower Main Sequence. For M⋆ ≳ 1.5 M⊙

the CNO cycle takes over in the Upper Main Sequence. The time that a star remains in
the MS is dependent on how fast it burns the H present in its core. For low mass objects
this could be hundreds of billions of years, while super massive objects last only for a
few million years. During this time the position of the star in the CMD will not change
significantly, that is until it runs out of fuel and passes to the next stages of evolution.

Stars with masses close to 0.6 M⊙ are not capable of burning Helium once the
Hydrogen is depleted in the core, thus they will go through a phase of H shell burning
where energy is generated via Hydrogen fusion in a shell around the core, causing the star
to expand into a red giant and occupying a place in the Red Giant Branch (RGB, shown
in red in Fig. 1) but never reaching the tip of the Asymptotic Giant Branch (AGB, shown
in orange in Fig. 1). Eventually they shed their outer layers and end their lives as Helium
white dwarfs.

For stars with masses similar to the Sun the process is more interesting. Once
the Hydrogen is exhausted in the nucleus they will pass through two stages: one where
the core is inert and H is burned in a shell around it and a period where He and H are
burned in shells inside one another around a inert core of carbon. In this two phases the
star inhabits, respectively, the RGB and the AGB and between them it burns Helium in
its core while in the Horizontal Branch (shown in blue in Fig. 1). First, as soon as H is
exhausted in the core the star leaves the MS in a point called the Main Sequence Turn Off
(MSTO) and begins burning Hydrogen in a shell around the core. This deposits more He
in the core increasing its mass in a process that can take from a few million years to a
couple billion. Here the star is in the Sub Giant Branch (sGB, shown in orange in Fig. 1)
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Figure 1 – A colour magnitude diagram of NGC 7089 constructed using HST magnitudes.
The main features are colour coded in the following manner: Main Sequence
— green, Sub Giant Branch — orange, Red Giant Branch — red, Horizontal
Branch — blue, Asymptotic Giant Branch — yellow.

phase, with time either the core will become degenerate (for star with similar mass to the
Sun) or the outer layers will cool becoming more opaque (in more massive stars). Both
cases lead to an increase in the temperature of the H burning shell and an expansion of
the star, leading it into the RGB. During the RGB (shown in red in Fig. 1) this process
is exacerbated with the increase of the core mass and eventually it ignites the Helium
burning in the core, moving the star to the HB. In stars with masses between 0.6-2 M⊙

it occurs the Helium flash at the start of core He burning, where an enormous quantity
of energy is generated in a very short time. However, the energy is used to expand the
initially degenerate core, not having a visible effect on the outside of the star. As the core
expands the outer H burning shells loose energy causing the star to shrink and increase
the surface temperature. Higher mass stars can move along the HB to hotter temperatures
becoming unstable with pulses, the so called RR Lyrae variables, while others can get even
hotter forming a tail in the HB. This causes the HB to have very different morphologies in
different clusters depending on metallicity, age and helium content. He burning generates
Carbon and Oxygen in the central region. Once a core of carbon/oxygen is formed the
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star continues to burn both H and He in shells around it and moves into the AGB phase
(shown in yellow in Fig. 1), the He formed in this process can fall into the nucleus and
cause instabilities. They are called thermal pulses and appear at the end of the AGB.
Ultimately, this process ceases and the star sheds its outer layers forming a planetary
nebula with a White Dwarf (WD) in its centre. The WD is nothing more than the cooling
core composed of carbon/oxygen of the original star, sometimes with a thin atmosphere.

Stars with masses above ∼8 M⊙ have a different evolution than low and intermediate
mass stars. When H is depleted in the core it already has enough temperature to start
the He fusion via the alpha process generating carbon and oxygen. These objects have
enough mass that the fusion processes in the nucleus will only stop once the star produces
Fe. The reason for this is that all previous elements produce a surplus of energy when
formed. However to make iron the star has to spend more energy than it generates to
counter balance gravity. This will lead to its final destruction in a violent event called a
supernovae. But before that the star will develop a onion-like structure with shells burning
higher atomic number elements from the outside in. Hydrogen burning surrounding He
burning, that in turn surrounds a C burning shell and so on. Neon is followed by oxygen,
silicon and a final core of iron. The silicon fusion in the core is an incredibly fast process,
lasting approximately a day and dooming the star. After the supernovae event what is left
is either a neutron star or a black hole, depending on the initial mass. It is during this
process that elements heavier than iron are produced (although some heavier than iron
elements can also be produced in lower mass red giants) via the capture of neutrons and
are subsequently expelled into the inter-stellar medium. What is left can be a neutron
star, where during the collapse the electrons are captured by the nuclear protons and,
without the repellent force of the electron cloud, form a very compact ball that resists
further collapse via the Pauli exclusion principle. If the stellar mass left at the end of its
life is big enough (around ∼3 M⊙), given that the star looses some mass in various points
of its evolution, the neutron degeneracy pressure is not enough to sustain the remaining
core causing it to collapse into a black hole.

This is a general overview of the evolution of a star seen in a colour magnitude
diagram, a standard tool in the field of globular clusters. In the following sections we will
explore what are star clusters, how they form and the challenge that is understanding how
multiple populations are present in these objects.

1.2 Star Clusters

Typically, we consider that our Galaxy is made of three constituents: the stars,
the interstellar medium (composed of atomic and molecular gas together with dust) and
dark matter. Considering that the Milky Way is a spiral galaxy we can separate its stars
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into three grand structures: the disk, which can be further split into the thin and thick
disks; the bulge, a compact structure in the centre of the Galaxy; and the halo, a low
density region that surrounds the disk and bulge. However, when looking at the stars we
see that they are organised in smaller structures: the star clusters. They can be divided
into two categories: Globular Clusters (GCs) and Open Clusters (OCs). Broadly speaking,
in the Milky Way OCs tend to be young (≲ 6 Gyr), loosely bound collections of stars with
masses ≲ 5, 000 M⊙, while GCs are older (>6 Gyr), more massive (≳ 104 M⊙, Kharchenko
et al. (2013)) and present a spheroidal distribution of its members. The boundary between
OCs and GCs is not very precise, and becomes even fuzzier when one includes Young
Massive Clusters (YMCs), faint fuzzies (see e.g. Chies-Santos et al. (2013)) and diffuse
stellar clusters (Peng et al., 2006) from other galaxies.

We will explore in more detail the current theories of star formation, their triumphs
and short comings in section 1.3, but a brief summary is as follows: Giant Molecular
Clouds (GMCs) with hundreds of thousands of solar masses of gas composed primarily
by Hydrogen and Helium, with trace amounts of heavier elements, are mainly governed
by their own gravitation and internal pressure remaining in equilibrium for long periods
of time. However, clouds that are in unstable equilibrium may collapse upon themselves
when affected by some mechanical perturbation, primarily by external forces such as the
explosion of a relatively nearby supernova or tidal interactions with other GMCs or other
galactic substructures. During the collapse, the cloud fragments into smaller pieces in a
hierarchical process forming smaller clumps of a few solar masses. These clumps then
collapse even further forming stars. Although all the details of this process — basically
known as the Jeans instability theory — are not yet fully understood, one thing is clear:
stars do not form alone.

At first glance a star cluster seems very straightforward to define —a collection
of stars gravitationally bound (Portegies Zwart; McMillan; Gieles, 2010)— it is in the
edge cases that one finds difficulties and a need for a more precise definition. Lada e Lada
(2003) defined a cluster as a collection of bound stars with a high enough density (≳ 1 M⊙

pc−3) as to be stable against tidal disruption and avoid N-body evaporation for at least
100 Myr. Another way is to look at them as overdensities of stars when compared to the
local neighbourhood (Krumholz; McKee; Bland-Hawthorn, 2019). These definitions are
more significant when dealing with open clusters, where the number of objects is small and
they often have substructures. When studying globular clusters, these definitions hardly
disagree given that such objects are very dense and old.

The study of star clusters allows us to probe a variety of processes that are of
paramount importance to all areas of Astrophysics. From the complex processes involved
in the formation of the stars such as the role of turbulence, gravitation and magnetic
fields to the formation of clumps and the Initial Mass Function can be understood by
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studying such objects and their progenitor clouds (McKee; Ostriker, 2007). Stellar winds,
supernovae and stellar evolution can also be studied in these objects, as they provide a
large number of stars and a wide range of important parameters such as mass, age and
metallicity. The dynamical and kinematic evolution of these objects is also of particular
interest for astronomers, as it pertains to the long term evolution of galaxies. Given the
large number of stars and their close proximity in GCs, a number of dynamical phenomenon
are present in these objects. Two body relaxation, mass segregation, the collapse of the
core, evaporation and tidal disruption are examples of this (Vesperini, 2010).

Globular Clusters were the prime example of a Simple Stellar Population, thought
to form from the collapse of a GMC, all of the stars would be expected to share the same
chemical composition, only varying in their initial mass. Nonetheless, in the early 70’s
the first cracks in this idea began to show. Spectroscopic studies found some variation in
light elements between stars in the same cluster. Further studies expanded this (see Smith
(1987) and Gratton, Sneden e Carretta (2004) for earlier reviews on the topic), and today
it is accepted that all old and massive Globular clusters have at least two distinct stellar
populations. This is the main focus of this work. However, before we expand on this, a
brief explanation of the formation of star clusters is given in the next section.

1.3 Star Cluster Formation4

Stars and, consequently, clusters of stars are formed inside of Giant Molecular
Clouds, which are composed primarily of molecular Hydrogen. The exact process by which
these GMCs contract, fragment and form stars is very complex and it is still not fully
understood. One of the most developed scenarios, and the one described here, is the Global
Hierarchical Collapse (Vázquez-Semadeni et al., 2019). Since clouds exhibit hierarchical
structures with denser regions of clumps and filaments formed by cold molecular gas,
they achieve the Jeans mass necessary for collapse rather easily. The Jeans mass (MJ)
is the critical mass above which the internal gas pressure cannot maintain the cloud in
hydrostatic equilibrium (Jeans unstable) and it collapses under its own gravity. Simulations
show that the cloud accretes gas from the surrounding medium and that this process
generates supersonic turbulence and instability causing a global gravitational contraction.

Given that the turbulence causes density fluctuations with nonlinear amplitudes
and the amorphous and filamentary shape of the cloud, the collapse is far from presenting
a uniform spherical profile. In a turbulent system, the density fluctuations have a smaller
free-fall time compared to the cloud, thus sub-regions collapse faster than the cloud,
fragmenting the entire structure in a series of collapses within collapses. The formation of

4This section was based on the following book and reviews: “Star Clusters”, Archinal e Hynes (2003);
“Star Clusters Across Cosmic Time”, Krumholz, McKee e Bland-Hawthorn (2019); “The Physics of Star
Cluster Formation and Evolution”, Krause et al. (2020).
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filaments in GMCs can be attributed to the fact that in a pressureless collapse anisotropic
structures tend to contract along their shortest dimension, forming sheets and subsequent
filaments that act as ‘matter rivers’, dragging material from large scales to smaller ones.
The points where filaments meet are expected to be the preferential location for star
formation and indeed this is supported by observations and self-consistent simulations
(Lada; Alves; Lada, 1999; McKee; Ostriker, 2007).

The fragmentation and collapse of the sub-regions in a cloud have to stop when
clumps have stellar masses. This happens because during the nearly isothermal phase they
release their gravitational potential energy as radiation. However, with the increase in
density the opacity also rises until the energy transfer becomes inefficient. The result is
that the process becomes adiabatic and, consequently, the fragments begin to heat and
increase the internal pressure. At this point further fragmentation stops and the clumps
coalesce into rotating spheres of gas that undergo Hydrogen fusion in their nucleus that
we call stars. During these phase and up to the initial life of the star it can accrete matter
from the surrounding environment (this is a major component in some scenarios of multiple
stellar populations formation). The exact models for how such a process occurs are still a
source of debate. At this point it is expected that the gas that hasn’t been consumed by
the stars in their formation is expelled from the cluster by stellar feedback.

From this point on, the cluster evolves mainly dynamically. During the initial
∼ 1 Gyr the main mechanism of cluster dissolution are tidal ‘shocks’ due to galactic
substructures. Some simulations show that in environments similar to the early Galaxy
assembly, i.e. gas-rich, the initial GC population of the Milky Way could be decimated,
with only a reduced number surviving till the current epoch (Elmegreen; Hunter, 2010;
Kruijssen; Dale; Longmore, 2015). In the long term two-body relaxation becomes a major
factor in the dynamical evolution of GCs and has been shown to eventually dissolve all
clusters independent of a Galactic tidal field.

Two-body relaxation is the process by which two stars suffer a close encounter and
exchange energy. In GCs this will tend to disperse the kinetic energy equally among the
stars. One of the main consequences of this is that higher mass objects will have smaller
velocities and sink into the cluster potential while lower mass stars will move to larger
orbits, eventually escaping the cluster entirely. This also leads to what is refereed as core
collapse. This happens when the density in the cluster centre is so high that the surface
brightness in the region forms a power law cusp. Now, due to the high density in the
collapsed core, tight binary systems are likely to form which when interacting with other
stars inject energy into the system leading to a re-expansion of the cluster. The average
time for the core collapsing process in MW GCs is of the order of 108 yr, much smaller
than their lifetimes, thus it is expected that some clusters have already experienced this
at least once.
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This presents a general picture of how star clusters form, however many aspects
are yet to be fully understood. The levels of turbulence observed in GMCs, the role of
magnetic fields in clouds and how they are dispersed in the star formation process, the
role protostellar feedback plays in disrupting the formation of more massive stars, among
other problems (see McKee e Ostriker (2007) for a review). Besides these, the presence of
Multiple Stellar Populations (MSPs) in Galactic globular clusters is also a challenge to our
understanding of star formation. The observational evidences for MSPs will be explored in
section 1.4 and the proposed scenarios for their formation is expanded in section 1.5.

1.4 Observational Evidences of Multiple Stellar Populations
Multiple Stellar Populations are defined as star-to-star chemical abundance vari-

ations which do not arise from the normal process of stellar evolution. In Galactic GCs
these variations are usually limited to light elements such as He, C, N, O, Na and Al (some
anomalous GCs also present spreads in Fe, e.g. Ω Cen (Johnson; Pilachowski, 2010)). In
the literature, stars with enhanced He, Na and N and depleted in O and C are usually
called ‘second generation’ or ‘second population’, while the ones with a similar composition
to field stars (at the same metallicity) are dubbed ‘first generation’ or ‘first population’.
For this work we use the terms first and second populations (or the shorter 1P and 2P),
because the term ‘generation’ implies a stricter connection and ‘parentage’ between them.
While this is present in some formation scenarios, it has not been firmly established yet
in the literature. Such variations in light element abundances produce complex CMDs,
particularly as multiple stellar sequences from the MS to the tip of the RGB. This means
that it is possible to study this phenomenon using both of the major tools in Astronomy:
spectroscopy and photometry. In the next sections the evidences for the presence of multiple
populations will be explored, first in the realm of abundance measurements and second in
photometric studies.

1.4.1 Light Element Abundance Variations

Evidence for anomalies in the abundance of light elements were first discovered
in the early 70s by Osborn (1971), where RGB stars with the same magnitude showed
varying strengths in the CH, CN and NH molecular bands. An important finding from
this study was that the CN and CH are found to have a negative correlation, thus as stars
increase their Nitrogen content they are depleted in Carbon. This was confirmed by later
investigations and the C-N correlation was found in almost all well studied GCs (Sneden et
al., 1992; Carretta et al., 2009). Further studies have shown that other light elements also
present anomalous behaviours, in particular Na, O, Mg and Al. Evolutionary mixing due
to the CNO-cycle was raised as a possible explanation of the origin of MSPs (Denisenkov;
Denisenkova, 1990), though the presence of anomalies in MS and MSTO stars as well
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as the variations in heavier elements has discarded this possibility (Cannon et al., 1998;
Gratton; Sneden; Carretta, 2004).

While these correlations are present in virtually all old and massive GCs, the exact
shape of the correlation varies greatly between the clusters. In clusters, such as NGC 6397,
a rather narrow distribution in the Na-O correlation is apparent, while others present a
broader arrangement (see Fig. 8 of Carretta et al. (2009)). Another important feature
in the correlations is that some clusters present a more clumpy distribution while others
appear smoother. This may be due to intrinsic properties of the origins of these anomalies.
However, studies with smaller uncertainties are needed to substantiate these differences.

Another important element to consider is Helium (it’s mass fraction is denoted
by Y). While direct observations of the lines produces by He are challenging (requiring
stars with surface temperatures between ∼8,500 K and ∼11,500 K) some measurements
have been made in HB stars and show a typical spread of ∆Y = 0.02 − 0.050 (Mucciarelli
et al., 2014). The abundance of He can be inferred by assuming (based on simulations)
that the photometric spread in specific colours is due mainly to He. By comparing stellar
evolutionary tracks with different He content it is possible to constraint the variations in
abundance between the populations. This has been done to a number of GCs (Lagioia et
al., 2018; Marino et al., 2019) and the maximum internal ∆Y found ranges from ∼0.01 to
0.18. Another important finding is that Helium correlates with the cluster mass, which
can be a constraint on formation scenarios (Milone et al., 2015a).

Lithium is a rather fragile element, it can be easily destroyed during the p-capture
process in temperatures above ∼2,500 K. It has been found to vary between the populations
and presents a negative correlation with Na (Pasquini et al., 2005; D’Orazi et al., 2015).
On the other hand, some studies have found no significant variation in the abundance of
this element (Mucciarelli et al., 2011).

1.4.2 The Use of Colours in MSPs Studies

While spectroscopic studies can give us a lot of insight into the chemical properties
of cluster stars they are limited to a small number of objects (usually less than 200 stars
per cluster). In this aspect, photometric studies provide a clear advantage: they are capable
of observing thousands of stars simultaneously from the crowded cluster interior to the
sparse outskirts. Using photometry we can also better estimate the ratio of first to second
population in clusters as well as their radial distributions. When constructing CMDs
with specific filter combinations splits can be seen from the MS all the way to the tip
of the RGB. This is due to the aforementioned fact that the populations have different
chemical compositions. Filters focusing in regions where relevant molecular features are
more prevalent can detect magnitude variations. Figure 2 is a reproduction of Fig. 1 from
Milone et al. (2015b) showing a CMD of NGC 2808 made using HST filters where multiple
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Figure 2 – Reproduction of Fig. 1 from Milone et al. (2015b). A CMD constructed using
HST colours of NGC 2808.

sequences are clear in the RGB. The insets focusing in the MS, SGB and RGB and using
different colour combinations highlight the clear splits attributed to MSPs.

The HST UV Legacy Survey of Galactic Globular Clusters (Piotto et al. (2015)
and following papers) coordinated by G. Piotto has been a major tool in understanding
the phenomenon of MSPs. Fifty six GCs have been observed in five HST filters allowing
a homogeneous study of these clusters. In Milone et al. (2015a) they introduced the
chromosome map (ChM) which has been paramount in the study of MSPs. The ChM is
obtained by plotting ∆N

F 275W,F 336W,F 438W vs ∆N
F 275W,F 814W . These are two colour differentials

constructed in the following manner: two fiducial lines (blue and red) are defined along the
RGB by determining the 5% and 95% percentile of stars per magnitude bin in the F814W
vs (F275W - F336W) - (F336W - F438W) and F814W vs (F275W - F814W) CMDs, then
each star’s ∆ is calculated according to the formula:

∆N
X = X − Xbluefiducial

Xredfiducial − Xbluefiducial

− 1. (1.1)

Here, X, Xbluefiducial and Xredfiducial refers to the colour value of the star, the blue



1.4. Observational Evidences of Multiple Stellar Populations 33

Figure 3 – Ratio between the spectra of first generation and second generation stars,
overplotted are the S-PLUS filters.

and red fiducial lines, respectively. Essentially this verticalizes the RGB. By plotting one ∆
against another the ChM is created. Using this technique Milone et al. (2015a) found three
main stellar populations in NGC 7089, which are corroborated by spectroscopy, and further
separated into seven components. One important aspect of looking at the clusters through
the ChM is that some show a simple and clear separation between the populations while
others display a complex ChM with additional structures. This has lead to the creation
of two categories: Type I (simpler) and Type II (complex) clusters (Milone et al., 2017).
Some trends have been found in type II clusters, e.g. younger clusters tend to be more
metal-rich and further away from the Galactic centre, they also tend to be, on average,
more massive and have a more eccentric orbit in comparison to Type I clusters (Simioni;
Aparicio; Piotto, 2020).

The filter combinations that provide the best separations between populations, i.e.
that show spreads in CMDs, usually combine filters with wavelengths between 2500⩽ λ ⩽

4500 Å. This is due to the fact that important absorption features of the molecules NH and
CN are located in this region. Vinicius Branco (private communications) used synthetic
models to generate two populations of stars with different chemical characteristics, one
simulating the primordial composition of the first population of NGC 104 and another
with enhanced Na and a decrease in O and C, the second population. In Fig. 3 we show
the ratio between both spectra (after being convolved with a Gaussian filter) together
with S-PLUS filters. It is clear the importance of the blue part of the spectrum, while the
redder section shows little to no difference.

1.4.3 MSPs in Extragalactic GCs

Multiple stellar populations are not a Milky Way exclusive phenomenon, abundance
variations have been found in clusters belonging to the Magellanic Clouds and the Fornax
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dwarf spheroidal (Larsen et al., 2014) and hints of MSPs due to extended horizontal
branches in M87, M31 and M81 (Sohn et al., 2006; Mayya et al., 2013; Peacock et al.,
2017). Mucciarelli et al. (2009) found abundance variations of N, Mg, Na and Al in
three GCs belonging to the Large Magellanic Cloud (LMC). Lindsay 1, in the Small
Magellanic Cloud (SMC), also presents star-to-star chemical inhomogeneity associated
with MSPs (Hollyhead et al., 2017). All of this seems to indicate that MSPs are a ubiquitous
phenomenon of all old and massive GCs, thus being a fundamental aspect of their formation
process.

1.4.4 Global Properties and Known Correlations

Although the exact characteristics of MSPs vary a lot by cluster some general trends
are present. One of the main characteristics that arise from the most popular formation
scenarios is that 2P stars form in the more central regions of the cluster and thus should be
more prevalent there, at least for some time. To asses this in current GCs we can construct
radial distributions. In general, the 2P is found to be more centrally concentrated, especially
in the inner most region of GCs (Lardo et al., 2011; Simioni et al., 2016). However, there
seems to be some exceptions to this, where 1P is more concentrated (e.g. in M 15, Larsen
et al. (2015)) and where there is no difference between them (Dalessandro et al., 2014).
The ratios of 1P/2P are also an important factor. In general the 2P seems to make up the
majority of objects in clusters. However this characteristic appears to be tied to cluster
mass, with more massive clusters having a higher fraction of 2P (Milone et al., 2017).
Another factor seems to be age, where nearly all clusters older than ∼2 Gyr present MSPs,
where the youngest cluster showing multiple populations is NGC 1978, at the 2 Gyr mark
(Martocchia et al., 2018).

1.5 MSPs formation Scenarios

Initially, the Evolutionary Hypothesis was suggested as an explanation of the
anomalous abundance patterns. It consists in the idea that the light-element variations
are the result of mixing processes happening in RGB stars. In this scenario convection
events would drag processed material from the interior, polluting the atmosphere of the
star and leading to anomalous abundance patterns. However, this can be ruled out for a
number of reasons, mainly because abundance variations have been found in non-evolved
MS stars (Hesser, 1978; Cannon et al., 1998). Another point is the presence of abundance
patterns in elements such as Na, Al and Mg, which are not capable of being produced
by the small mass stars in present day RGBs (Prantzos; Charbonnel; Iliadis, 2007). This
points to an outside source of processed material. For this some possible polluters have
been proposed and we analyse their merits and short comings in the following sections.
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The proposed formation scenarios can be broadly divided into two categories with
the main one being called the Multi-Generations, which proposes that star formation
occurred in more than one episode in relatively quick succession5. Between each formation
episode the intra cluster medium would be polluted by the more massive stars of the
previous generation. Possible sources for the polluting material are Asymptotic Giant
Branch stars, Interacting Binaries or Super Massive stars. The second type of formation
scenario is called Coeval, in which both populations are formed at the same time and the
anomalous populations are formed due to abnormalities in the accretion process.

1.5.1 The AGB scenario

Perhaps the most popular scenario was proposed in Cottrell e Da Costa (1981). The
initial idea states that a massive molecular cloud collapses and forms the first generation
of stars with a single age and abundance pattern. Enough time passes so that feedback
of massive stars and supernovae clear away the remaining gas. This prevents Fe spreads
that aren’t observed in GCs (although some clusters have them, e.g. ω Cen). When stars
from the FG pass through the AGB phase, processed material from the core that has
been dragged to the surface by convection is expelled into the intra cluster medium (ICM)
by low velocity winds. This material is diluted with inflowing pristine gas and falls to
the cluster centre. Once the density is high enough a new star formation episode occurs
forming the second generation (SG).

The inflow of gas with a chemical composition similar to the FG is important to
tackle the problem of the Na-O inverse correlation. AGB yield models are not capable of
reproducing the Na-enrichment and O-depletion observed in most clusters (although there
is still some debate about this, e.g. Doherty et al. (2014)), thus requiring the dilution of
the material with pristine gas. One issue with this model, and many others, is the Mass
Budget problem: considering the Initial Mass Function (IMF)6 of the FG, only a small
fraction will be in the mass range of stars that can produce the polluting material. This
suggests that the SG would represent only a small percentage of cluster members, in direct
contradiction with observed data where the fraction of SG stars fSG is in the range of
0.4 − 0.8. One possible solution for this is that clusters have lost a large fraction of FG to
the field, up to 95% in some cases, and retain most of SG stars.

1.5.2 Fast Rotating Massive Stars

Another possible source for processed material are Massive Stars. In their cores
they undergo hot hydrogen burning, forming the necessary materials for enrichment. Since

5In this section we will use the terms first and second generations (FG and SG, respectively) when
talking about the Multi-Generations scenarios for obvious reasons.

6The IMF describes the relative number of stars as a function of their initial mass that form in a
single formation episode
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the material is produced in the centre of the star and normally they are not entirely
convective, another mechanism needs to bring this material to the surface so it can be
expelled by winds. If the star is rotating very fast this induces internal mixing which
can cause the star to be almost fully mixed. This scenario, developed by Decressin et
al. (2007) and Decressin, Charbonnel e Meynet (2007), is very similar to the AGB one,
but happens in a much faster time scale (typically of 10 − 20 Myr) and suffers from the
same dilution and mass budget problems. However, since the cluster has not had time
to expel the leftover gas from the formation of the FG. The dilution can occur without
the need for gas accretion into the cluster. Another challenge to this scenario is that Fast
Rotating Massive Stars (FRMS) do not reach temperatures high enough to activate the
Al-Mg chain, thus they do not reproduce the Mg spreads present in some clusters.

1.5.3 Super-Massive Stars

First proposed by Denissenkov e Hartwick (2014), this scenario envisions the
pollution of the gas that would form the SG to come from Super-Massive Stars (SMS,
> 103 M⊙). The SMS could form by the merger of massive stars which sink into cluster
centre due to dynamical friction. Such objects would be convective and could achieve
temperatures high enough to produce the abundance patterns of SG stars. Since their
luminosity could exceed the Eddington limit, a large amount of material would be expelled
trough radiation driven winds and, mixing with pristine material, form the SG.

Gieles et al. (2018) also envisioned the pollution of the ICM by the product of
mergers, however they proposed the formation of a single Very Massive Star (VMS) in
the cluster centre. The gas accretion in the early stages of GC formation would cause an
adiabatic contraction and increase the number of collisions in the core, forming the VMS.
The VMS would periodically expel enriched material due to instabilities, but could be
rejuvenated by further accretion events guaranteeing a sufficient output to form the SG.

1.5.4 Interacting Binaries and Stellar Mergers

de Mink et al. (2009) proposed that massive binary stars close enough to have a
significant interaction can shed most of their envelope to the intra cluster medium. This
material would have the necessary abundance pattern and low enough velocity that it can
remain in the GC gravitational potential well to form the SG. Since the exact yields of this
scenario depends on various parameters such as the interaction time, the total mass and
mass ratio of the stars, this allows for the large variation observed from cluster to cluster.

Given that early GCs were binary rich environments, Wang et al. (2020) showed
trough N-body modelling that a large percentage of massive stars (> 30M⊙) can merge in
the initial 5 Myr of the cluster life. This mergers are the source of FRMS and SMS. Thus
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in this scenario material ejected during the merger process is mixed with ejecta from the
merger products to form the SG. This aims to combine more than one source of polluting
material which can introduce into the model an important observational feature of MSPs:
the variety and uniqueness of each GC.

1.5.5 Early Disk Accretion

All the models analysed here so far invoked multiple episodes of star formation.
The scenario envisioned by Bastian et al. (2013) is the first where this is not required.
The authors suggest that processed material (be it by SMS, FRMS or interacting binaries)
concentrated in the more central regions of the cluster is swept into protoplanetary disks
surrounding low-mass stars, eventually being accreted by the star. This scenario was
motivated by observations of YMCs, and while it is consistent with observations of such
objects it has many problems when considering Galactic GCs. One such problem is that
while the disk can accrete material from the ICM it has very low angular momentum,
which causes the disk to fall into the star and disappear, resulting in very small abundance
spreads.

1.5.6 Extended cluster formation

One aspect to consider is the environment in the early epochs of the Universe,
namely high density, turbulence and pressure. First proposed by Prantzos e Charbonnel
(2006) and further expanded by Elmegreen (2017) this scenario envisions the formation of
a FG in the dense central regions of a GMC. The more massive stars have their envelopes
stripped by interactions in the high stellar environment. This material is mixed with
pristine gas forming the SG. Here it is expected that a significant fraction of FG is lost to
the field, while the SG numbers remain relatively intact. One problem with this model is
that since the SG start formation very early on, the FG massive stars did not have enough
time to produce large quantities of He, which would make it very difficult to produce the
He spreads seen in some clusters.

1.5.7 Failed Clumps Model

Parmentier e Pasquali (2022) investigated the importance of failed cores in the
formation of stellar clusters and proposed a model for the formation of MSPs. Failed cores
are denser regions inside the molecular cloud that despite having enough mass where
their own gravity becomes more relevant than the surrounding medium do not collapse
to form a star. After a brief period the core re-expands and disperses the material into
the intra-cluster cloud, refuelling the gas reservoir and, once enough cores fail, reigniting
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star formation. This would lead to multiple generations of stars7 depending on parameters
such as the core formation efficiency per free-fall time (ϵff,co), the fraction of the mass
in cores that returns to the clump gas (freturn) and associated time-span. For MSPs to
appear in this model a source of polluting material needs to be present. The authors
propose that in clusters with high enough mass the SMS scenario can be triggered. One of
the major advantages is that the formation of multiple generations and populations are
decoupled, which can —at least qualitatively— explain the variety of MSPs we observe.
Further development of this scenario is still needed.

1.6 Studying Multiple Populations with the Multi-band Survey S-
PLUS and Gaia

It is in this context that four Galactic globular clusters were chosen to be the
object of a multi-band photometric study. To do this we used the observations made by
the T80-South telescope, part of the Southern Photometric Local Universe Survey, of
clusters NGC 104, NGC 288, NGC 3201 and NGC 7089 in 12 bands. Our intention was to
verify the power of the S-PLUS filter system in separating the MSPs in these clusters.
We also intended to use the wide Field-of-View of S-PLUS (that could encompass the
entire cluster in a single pointing) to study how the MSPs vary as we move out of the
cluster. To do this, we first applied PSF photometry in these images and derived the
zero points using a differential method. We also used proper motion data from the Gaia
survey in order to establish a clean sample of cluster stars, eliminating the majority of
contaminants. With this we selected six filter combinations and used the same method for
∆ construction applied in the making of the Chromosome map to create a six dimensional
space where a K-means algorithm was used to separate the populations in each GC. We
used Na abundance data from the literature, available for stars of three of our observed
clusters, to corroborate our separation and traced the radial profiles of both populations in
each cluster. Chapter 2 details the data reduction, photometry, calibration, correction by
differential reddening in NGC 3201, the selection using Gaia and the K-means algorithm.
An analyses of the recent relevant literature about each cluster is also present in Chapter
2. Chapter 3 contains the article that was published in the Monthly Notices of the Royal
Astronomical Society in 2022 as a result of this work, in it is the analyses of the data as
well as the conclusions.

7Here a generation of stars refers to the objects formed in an episode of star formation, independent
of their chemical composition, while the term population is used to refer to stars with similar chemical
composition.
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1.7 Gaia proper motions
A natural line of inquiry following the work on MSPs photometrically and con-

sidering the availability of Gaia proper motion information (and their limited use in the
previous work) is to study the kinematics of the populations. As stated before, different
formation scenarios present varying birthplaces inside of the cluster. For example, in the
most common scenario where a 2P is formed in the denser regions of the cluster centre, it
tends to migrate outwards and disperse into the 1G via two-body relaxation (Tiongco;
Vesperini; Varri, 2019). What is important to note here is that the current kinematics of
the populations can provide hints to the initial state of the system, i.e. the exact processes
involved in the formation of these stars influence how they behave in the cluster even
billions of years later, as shown by multiple N-body simulations (Dalessandro et al., 2019;
Tiongco; Vesperini; Varri, 2019; Richer et al., 2013; Hénault-Brunet et al., 2015). Naturally,
any current simulation is incapable of describing a specific GC system in its entirety.
However, they can be used to draw general trends and, by comparing simulations with
the current state of GCs, some idea of their initial configuration can be gleaned. This is a
rather daunting task, but increment progress is still progress.

In view of this, we took advantage of the availability of proper motion data from
the Gaia survey and the separation done in the previous paper to study the kinematics of
MSPs in the four selected GCs. Chapter 4 contains a review of the relevant literature, a
delineation of the methods used and, since this is still a work in progress, observations on
the current results and comparisons to the relevant literature.
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2 Data and Methods

2.1 The S-PLUS

Beginning in the early 2000s Astronomy saw a large shift in its observational
strategies. Before, individual observations of one or a hand full of objects was the norm in
almost any field, however the turn of the millennium brought a new era in Astronomy:
the large surveys. The Sloan Digital Sky Survey (Abazajian; Adelman-McCarthy; Agüeros,
2003) is one such program that observed a large portion of the northern hemisphere’s
sky in five broad bands and includes comprehensive spectroscopical observations of stars,
galaxies and quasars. More recently, the Gaia mission (Gaia Collaboration et al., 2016)
used a space telescope to measure the precise position of billions of objects in all the sky.
With repeated observations the Gaia collaboration has been able to obtain very accurate
information of the proper motions of millions of Galactic stars (Gaia Collaboration et al.,
2021). Such large scale projects are leading into what has been dubbed the big data era of
Astronomy, where statistical methods are paramount to select and understand these large
data sets.

The Southern Photometric Local Universe Survey (S-PLUS, Mendes de Oliveira et
al. (2019)) is a Brazilian lead photometric survey that is observing over 9000 deg2 of the
southern sky in 12 filters. A 0.8 m aperture robotic telescope named T80s and located in
the Cerro Tololo Interamerican Observatory (CTIO), Chile, is being used for this task.
The telescope is armed with four broad (g, r, i and z), two intermediate (u and J0861)
and six narrow-band (J0378, J0395, J0410, J0430, J0515 and J0660 ) filters. Table 1 shows

Figure 4 – Filter curves of the S-PLUS bands, courtesy of William Schoenell.
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the general characteristics of the filters and their transmission curves are shown in Figure
4. The S-PLUS bands are a subset of the Javalambre filter system and have been chosen
because they are focused on important galactic and stellar features. This allows for good
stellar classification, especially for metal poor stars, and redshift estimation of nearby
galaxies.

Table 1 – Information on the S-PLUS filter system. Filter name, the central wavelength,
the FWHM of the transmission curve depicted in figure 4, key spectral feature.

Filter
name

λeff

(nm)
∆λ
(nm) comment

u 357.4 33.0 Jalambre u
F0378 377.1 15.1 [OII]
F0395 394.1 10.3 Ca H+K
F0410 409.4 20.1 Hdelta
F0430 429.2 20.0 G-band
g 475.6 153.6 SDSS-like g
F0515 513.3 20.7 Mgb triplet
r 626.0 146.2 SDSS-like r
F0660 661.4 14.7 H alpha
i 769.2 150.4 SDSS-like i
F0861 861.1 40.8 Ca triplet
z 878.3 107.2 SDSS-like z

The S-PLUS is a great tool for the purposes of studying MSPs. The spectral
differences between populations in a GC are mainly relevant in the bluer end of the
spectrum, which is captured by filters such as u, J0378 and J0395. In combination with the
redder filters, they provide a reliable way to separate these populations. Another important
characteristic of S-PLUS that is of great importance in this study is its large Field-of-View
(FoV), with a CCD comprised of 9232 × 9216 pixels and a FoV of 1.4 × 1.4 deg2, resulting
in a plate scale of 0.55 arcsec pixel−1. This allows us to observe even close by GCs up to
many times their half-light radius (rh) with a single pointing. This is important when we
consider some proposed formation scenarios in which the second population is formed in
the cluster centre and migrates outward. Dynamical studies have shown that, if this is
the case, radial differences can still be found in some clusters depending on many factors.
In particular, cluster mass and ratio of 1P to 2P. Studies of MSPs that encompass the
outskirts of GCs are rare in the literature, with the majority of them focusing in the inner
regions of these objects.

The S-PLUS is a twin system of the Javalambre Photometric Local Universe Survey
(J-PLUS, Cenarro, Moles e Cristóbal-Hornillos (2019)) using an identical telescope, camera
and filter system. In the science verification phase of the project Drs. Ana Chies-Santos
and Charles Bonatto obtained photometric images of M15 in all 12 bands. In the article
Bonatto et al. (2019) they explored the capacities of the J-PLUS/S-PLUS colours in
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Table 2 – 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)
NGC 104 (47 Tuc) 4.5 -0.72 0.04 3.17 42.86
NGC 288 8.9 -1.32 0.03 2.23 12.94
NGC 3201 4.9 -1.59 0.24 3.1 28.45
NGC 7089 (M 2) 11.5 -1.65 0.06 1.06 21.45

separating MPs present in the metal-poor ([Fe/H] ≈ −2.3) cluster M15. They found that
CMDs constructed using a combination of red and blue filters, e.g. (u - z) and (J0378 -
J0861), showed a split attributed to MSPs in the upper RGB and AGB sequences.

2.2 The Targets
To select the targets for this study first we started with the entire sample of 56

Galactic Globular Clusters that were within the S-PLUS footprint, with many of them
being from the Galactic bulge. The first, and most obvious criteria, was that the clusters
had to have already been observed and the images reduced by the S-PLUS pipeline.
Because of the size of the telescope we had to limit our study to more massive and close
by clusters. For this we considered objects that were closer than 12 kpc from the Sun,
a total of 36 GCs. Another important criteria is the interstellar extinction. Also called
reddening, extinction is the process by which the light emitted by an astronomical source
is scattered, absorbed and re-emitted in a different wavelength by intervening gas and dust.
This process preferentially absorbs light from the bluer end of the spectrum and re-emits
as infrared radiation, causing the objects to appear redder than in reality. Combining the
fact that emissions of old stars are weaker in the blue and that the blue filters have a lower
throughput, if a cluster has a high reddening the number of observable stars becomes too
small for a statistically significant study. Thus we limited our sample to 12 objects with a
low extinction (E(B-V) < 0.25). We also aimed to choose clusters that spanned a wide
range in metalicity in order to study the effects of this in separating the populations and
on the phenomenon of MSPs as a hole.

Finally, we performed a visual inspection of the images of remaining candidates to
discard any possible problems (e.g. a bad filter image, flat or bias problems) and to make
sure that they had a sufficient number of stars for a robust statistical assessment. Four
clusters passed our selection criteria and the visual quality checks. They are NGC 104 (also
known as 47 Tuc), NGC 288, NGC 3201 and NGC 7089 (M2). Table 2 contains general
information about each cluster and their individual characteristics are explored in depth
in the next sections.
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2.2.1 NGC 104

47 Tuc is one of the largest clusters to orbit our Galaxy, both in terms of mass and
size. Having a dynamical mass of 7.79 ± 0.05 × 105 M⊙ (Baumgardt; Hilker, 2018) and a
half-light radius of 3.17 arcmin it is a prime target to study multiple populations, specially
given its metallicity ([Fe/H] = −0.72). Abundance anomalies in NGC 104 were found as
early as 1982. Norris e Freeman (1982) reported a negative correlation between C and
N when studying 14 horizontal branch stars. More recently, Milone et al. (2012) did a
photometric study of this cluster using HST and ground-based observations. They found
splits throughout the MS, subgiant and red giant phases, and using synthetic atmospheric
models determined that it can be reproduced by two populations where one is enhanced
in N and depleted in CO with a small variation in He. They also found that the second
population comprises ∼ 70% of the cluster and is more centrally concentrated than the
first one inside 4 half-light radius.

Carretta et al. (2009) analysed the composition of Na and O in 15 GCs and the
relationship between these elements. 47 Tuc shows a clear correlation between them and a
double peaked distribution of [Na/Fe]. Nataf et al. (2019) analysed literature and APOGEE
data on the abundance of N, Na and Al on 42 GCs, including 47 Tuc. They found that stars
with normal [N, Na/Fe], i.e. first population stars, show no variation in the abundance
of Al, while stars with enhanced [N, Na/Fe], second population, show a variable [Al/Fe].
This is consistent with other studies, such as di Criscienzo et al. (2010), that suggest a
second population composed of two sub-populations in NGC 104.

NGC 104 is also a dynamically interesting cluster as it shows a significant rotation
on the tangential component in the plane of the sky and a high V/σ, meaning that rotation
is still an important parameter shaping this cluster (Bianchini et al., 2018). Richer et
al. (2013) used multi-epoch HST observations to derive the stellar proper motions and
photometry to divide the cluster into four populations (from reddest to bluest in the CMD).
They report that the bluest population (second population) presents a high anisotropy
while the reddest ones have no measurable anisotropy. Another important find is that the
2P is more centrally concentrated than the 1P and it has a larger radial velocity dispersion,
hence it is expanding outward via two-body relaxation. Milone et al. (2018) also studied
the kinematics of MSPs in NGC 104 using Gaia (for the proper motions) and multi-band
ground observations. They concur with the results of Richer et al. (2013) that the second
population have a high anisotropy. They also show that the 2P has a lower tangential
velocity dispersion between ∼2.5 - 3.8 half-light radius when compared to the 1P.

2.2.2 NGC 288

The presence of multiple populations in NGC 288 has been well established by
multiple studies. Kayser et al. (2008) used medium-resolution spectra of upper MS, SGB
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and RGB stars in 8 GCs to study the CN and CH line indexes. In NGC 288 they found a
bimodal distribution in the CN measurements and a negative correlation with the CH.
Considering that NGC 288 and NGC 362 form a second-parameter pair (they have very
similar overall characteristics, but a very different HB morphology in CMDs) and both
present a bimodal CN distribution it is reasonable to eliminate it as the source of the
second parameter problem. Piotto et al. (2013) used HST observations to disentangle the
populations in this cluster also from the MS, SGB and along the RGB. They estimate
that the 1P has 55 ± 3% of the cluster stars and 2P 45 ± 3%. They also estimate the
Helium content of the populations following Milone et al. (2013) and find a difference of
∆Y = 0.013 ± 0.001. This small helium variation can explain why, as opposite to M 3 and
NGC 2808 that have a similar [Fe/H] to NGC 288, this cluster does not have an extended
P1 (Lardo et al., 2018).

2.2.3 NGC 3201

NGC 3201 is a cluster with an unusually high orbital velocity of nearly 500 km s−1

(Gaia Collaboration et al., 2018a). It also belongs to a small number of MW GCs that
have star-to-star Fe abundance variations (Simmerer et al., 2013), which exacerbates the
difficulty of modelling its MSPs. One important photometric factor of this cluster is the
presence of significant dust clouds in our line-of-sight, resulting in differential reddening
that has to be corrected in order to properly study this GC (von Braun; Mateo, 2001). In
regards to MSPs, NGC 3201 is part of the sample analysed by Carretta et al. (2009). In
the [Na/Fe] vs [O/Fe] plane two populations can be clearly divided into a first population
with a primordial composition and a second population with depleted O and enhanced Na.
In a further research note they analysed the radial distributions of these populations after
separating the 2P into an intermediate and extreme populations (Carretta et al., 2010).
They showed that Na-poor stars occupy more the outskirts of the cluster. However, their
sample is rather small. Kravtsov et al. (2010) used UBVI to separate the populations in
NGC 3201 and found that the 2P is more centrally concentrated.

2.2.4 NGC 7089

With a metallicity of [Fe/H]=-1.65, NGC 7089 (also known as M 2) is the most
metal poor cluster in our sample. Milone et al. (2015a) did an extensive study of the MSPs
of this cluster and found three distinct populations in NGC 7089 (named A, B and C),
which they further divided into seven sub-populations. They used HST and the powerful
Chromosome map combined with abundance data from Yong et al. (2014) to characterise
the populations. They divided population A, which comprises 96% of the cluster stars, into
four sub-populations. It’s helium abundance spans a wide range (from Y=0.25 to Y=0.31)
and light elements present a variation which is similar to the patterns observed in the
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regular MSPs of other clusters. Population B making up ∼3% of the GC stars has a more
intermediate metallicity and presents enhanced neutron-capture elements. It is further
divided into two components that have light element abundance differences. Population C
is ∼1% of the cluster and is highly enhanced in Fe and lower [α, Al/Fe] when compared
to populations A and B. This suggests that this population had a very different formation
history than the rest of the cluster.

Vanderbeke et al. (2015) studied the HB of this cluster, dividing them into two
populations and analysing their radial profiles. They found that no difference is apparent.
Lardo et al. (2011) used SDSS photometry to separate the populations in NGC 7089, they
reported a large radial variation between them. More specifically, the UV-red (second
population) appears more centrally concentrated when compared to the UV-blue. However,
Hoogendam e Smolinski (2021) re-analysed the data used in Lardo et al. (2011) and added
ground based photometry by Stetson et al. (2019) finding no conclusive evidence of a
centrally concentrated population.

2.3 Photometry

The S-PLUS is an automated survey. The observations, the reduction and combining
of images, the photometry and the zero point determination are done with minimal human
oversight. In the photometry step the normal S-PLUS pipeline uses the SExtractor software
which is a great tool for the study of galaxies and sparse fields. It can also be used in
moderately crowded fields with enough care. However, a globular cluster is a very crowded
environment with stars overlapping each other, especially in the inner regions. Because
of this we did not use the standard S-PLUS photometry. Instead we used the package
DAOPHOT present in the Image Reduction and Analyses Facility (IRAF) software.

DAOPHOT was developed by Stetson (1987) to perform Point Spread Function
(PSF) photometry. The basic assumption of this method is that the light source can be
thought of as a point and that through its interaction with the various optical elements
(that include the atmosphere, telescope mirrors, filters, the collecting CCD, etc.) it is
distorted once it is observed. The interaction with these objects and the distortions caused
by them can be summed up into a single function aptly called the Point Spread Function.
By integrating the PSF one can know the brightness of the source object. Since the PSF is
different for each image taken, it has to be determined by sampling a number of isolated
objects in each observation. One major advantage of this method is that it is capable of
estimating the brightness of objects that are so close to each other as to appear blended.
Of course there is a limit to the proximity of two objects where it is possible to distinguish
them. In our case, the most important thing this limits is how far into the cluster centre
DAOPHOT is capable of identifying individual stars.
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Table 3 – Number of objects in each step of the selection process. The second column
(Gaia) is the initial number of Gaia sources that fit our selection criteria. The
third column (S-PLUS) are the objects with magnitudes in the 12 filters. The
fourth column (Gaia GC) are the objects classified as GC stars according to our
Gaia selection. The fifth column (Gaia GC-RGB) are the objects inside the red
polygon. Finally, the two last columns (Gaia—S-PLUS GC and Gaia—S-PLUS
RGB) are the matched Gaia and S-PLUS catalogues including only GC stars
and the RGB selected stars matched with S-PLUS, respectively.

Name Gaia S-PLUS Gaia Gaia Gaia—S-PLUS Gaia—SPLUS
GC GC-RGB GC RGB

NGC 104 1.001.954 11.561 71.569 2.415 6.451 1.865
NGC 288 51.210 2.923 6.466 371 1.268 332
NGC 3201 866.690 27.405 16.733 561 4.589 487
NGC 7089 148.685 9.290 5.608 821 2.210 711

In order to do the photometry in the twelve filters for all clusters in our sample a
code was written in python using the PyRAF package. Briefly, first the probable location
of stars in the image are located and aperture photometry is performed. A subset of objects
is examined and selected by eye in order to determine the PSF for the image. With this,
photometry is done on the image and magnitudes, uncertainties and other factors are
obtained.

For this study the excellence of the photometry is very important. Consequently,
we performed test and quality cuts to obtain the best possible data. Visual inspection were
performed by using the SAOImageDS9 software. We plotted on top of the raw image the
positions of all objects with measured magnitudes. This is done to evaluate if DAOPHOT
is capturing an adequate number of objects, i.e., all bright and visible objects but not
the image noise. DAOPHOT also provides other parameters such as Sharpness (SHARP)
and Roundness (ROUND) that were used to eliminate unsuitable objects. These measure,
respectively, how well the object’s profile can be represented by a delta function and if
the object is elongated in a particular direction. As a last step we matched the catalogues
of all filters for each cluster, thus obtaining a master catalogue containing the positions
of all objects, their magnitudes and errors. The full tables are available as extra online
materials in the paper. The column titled S-PLUS in Table 3 shows the number of objects
with all 12 magnitudes in each cluster field.

2.4 Gaia Selection
When using photometry to study a star cluster a number of contaminants are

present in the observed field, i.e., foreground and background stars, galaxies and quasars.
It is important to eliminate as many contaminants as possible in order to have a clean
sample of stars that truly belong to the cluster. There are a myriad number of ways of
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doing this, as was demonstrated in Bonatto et al. (2019). Some colour combinations of
S-PLUS/J-PLUS can be used for this purpose with some success. Another approach is to
use the stars proper motions. This uses the fact that the stars belonging to a GC will all
have a very similar motion in the plane of the sky. Thus determining the cluster’s locus in
proper motion space can separate GC members from contaminants with a high degree of
accuracy.

The method used here is based on proper motion data from the Gaia Survey (Gaia
Collaboration et al., 2018). First we downloaded the available data —position (RA,dec),
proper motions, stellar parallax and magnitudes in the three Gaia bands as well as their
associated errors— for all the objects within the tidal radius of each cluster. We eliminated
all objects with at least one unmeasured quantity and with proper motion errors bigger
than 1.5 m.a.s yr−1. With this we selected a ring around the centre of the cluster that
contained a representative sample of cluster members, this avoids the crowded core region
and the outskirts dominated by field objects. With this sample we fitted a 2D Gaussian
profile to the proper motion space. This determined the average motion of the cluster.
We then classified as cluster members all objects that were within 5 standard deviations
from the central peak of the distribution. This process is illustrated in the left and centre
panels of Fig. 5.

Furthermore, we created CMDs using the Gaia filters and visually defined a polygon
around the RGB of each cluster, shown in red in the right most panels of Fig. 5. The
purpose is two fold: it is very unlikely that contaminant objects have the same proper
motion and similar magnitudes in the three bands as cluster stars. Thus, we obtain a
much cleaner sample by selecting only the objects within the red polygon. Second, since
we will only examine the phenomenon of MSPs in the RGB of the clusters we use this
polygon to determine these objects.

2.5 Differential Calibration

The photometry performed in the S-PLUS yields instrumental magnitudes, therefore
a calibration is necessary. To do this we have used a differential calibration process. It is
based on the fact that the globular cluster present in the field can be well fitted by an
isochrone. First we download archival data from the Hubble Space Telescope for each of
the four clusters and use the code fitCMD developed by Bonatto et al. (2019). It uses an
Initial Mass Function (IMF) to simulate a population of stars and searches for the best
set of parameters to represent the observed CMD using PARSEC isochrones (Bressan et
al., 2012). With this, it provides important parameters such as age, metallicity, distance
modulus and overall reddening as well as other information not relevant to our case.

The next step is to use an isochrone with the structural parameters determined
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by the software and corrected by the observational quantities, i.e., distance modulus and
reddening. We assumed that this isochrone presents the correct magnitudes for the S-PLUS
filters and use a code, named findZP to ‘fit’ the instrumental magnitudes to the isochrone.
What this code aims to do is minimise the fitness function, defined as the sum of the
distance from each point to the isochrone in a given CMD plane, by guessing zero point
values for multiple filters simultaneously. A simple parameters space search is rather slow
owing to the fact that thousands of distance calculations have to be performed at each try,
to mitigate this we employed the simulated annealing method. The algorithm starts with
a given solution (provided by visual inspection) and will search the parameter space for a
local optimal (in this case a minimum of the fitness function) with a decreasing chance to
accept a worst solution based on the current ‘temperature’ (the temperature is a linear
decreasing function).

It is important to note that the FoV of HST is small compared to the size of
the cluster. This implies that a insignificant number of contaminants are present in the
catalogue used to derive the basic parameters. However, for the following steps we need to
use the clean samples obtained from the Gaia proper motions and matched with S-PLUS
photometry in order to obtain good zero point estimations. Another point to consider
is the Horizontal Branch. This section of the evolutionary track is still a challenge for
simulations to properly reproduce. Because of this we have eliminated it from the zero
point estimation method. The process is done in steps, the zero points for g, r and i are
found first, then u and z followed by the narrow bands. In this sense the code minimises
the fitness function in all the possible CMDs that can be constructed with the colours in
that step, e.g., for g, r, i we have the colours (g - r), (g - i) and (r - i) forming 9 total
CMDs. A flow chart of the procedure can be seen in Figure 6, one caveat is that sometimes
the best fit zero points in most CMDs produced a slight deviation in one colour, to fix
this a small colour correction was applied.

After obtaining all the zero points, they were applied to all the cluster stars and a
final corrected catalogue was produced. Figure 7 shows three CMDs for each cluster, in
grey are all the objects with measured magnitudes in all 12 bands of S-PLUS. In black are
the GC members according to our Gaia selection. Table 3 shows the number of objects in
each step of the process, from the initial Gaia and S-PLUS samples to the final number of
RGB stars in each cluster.

2.6 Correction for Differential Reddening

As stated in section 2.2 three of our targets have a relatively low reddening, with
NGC 3201 being an outlier with E(B - V)= 0.24. More important for our study, however,
is the problem of differential reddening. This arises because clouds of gas and dust are
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not distributed homogeneously in the field causing certain regions to be more affected by
reddening than others. This can lead to a broadening of the RGB, which is the basis by
which we identify MSPs. Thus we need to eliminate differential reddening. Given the large
FoV of S-PLUS this problem can be exacerbated and needs to be addressed. To correct for
this we used the code described in Bonatto e Chies-Santos (2020) which divides the cluster
into cells containing at least 50 stars and constructs the CMDs for each one. The bluest
CMD is found and taken as reference and all others are shifted to match, thus obtaining
the reddening of each region. For this process to be effective two things have to be taken
into account when choosing the appropriate filters: a wide wavelength is covered as to
be affected by reddening and that this combination does not show signs of MSPs (as the
broadening of the RGB may be attributed to them).

From the literature we know that NGC 104 is not significantly affected by differential
reddening and it has the largest number of stars in our sample, thus we have chosen this
GC and checked some possible CMDs. We found that colours such as (g - r) and (g - i)
served this purpose well and were, consequently, chosen as the basis for correcting the
differential reddening. The code was applied to NGC 3201 using the (g - r) colour, we also
ran the code using (g - i) and compared the results finding them agreeable. We have also
compared the results with literature maps such as the one by von Braun e Mateo (2001)
and found them to agree both in shape and values. With the colour excess map shown
in Figure 8 we applied the necessary corrections. The top panels of Fig. 8 present the
uncorrected (left) and the corrected (right) CMD, we can see a much more defined TO
and a tighter RGB sequence after the correction. We have also applied the same code to
the other clusters in order to test if our assumption that they are not significantly affected
by differential reddening holds true. The generated maps are shown in Fig. 9, they do
not exceed ∆E (B - V)≈ 0.06, which is small enough and can be attributed to the spread
caused by photometric errors.

2.7 The K-means algorithm
In machine learning the K-means clustering algorithm is a simple unsupervised

method of separating the available data into classes (MACQUEEN et al., 1967). Given a
number k of centroids the algorithm will attempt o minimise the intra-clusters distance
partitioning the data in such a way that each observation belongs to the nearest centroid. In
this work this clustering method was used to separate the cluster stars into two populations
in each cluster in the six-dimensional space formed by the ∆colours. To utilise this method
two assumptions have to be made: that two populations are present in each GC and that
the populations have a comparable number of objects. The first assumption is supported
by the literature in the sense that all the studied clusters have MSPs. However, here we
assumed that only two were present. In view of the fact that the T-80s is an 80cm ground
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telescope, we are not capable of detecting the more nuanced differences in the populations,
a visual inspection of the CMDs produced also does not show clearly more than two
populations in each cluster. Thus we have considered only two centroids (populations) in
the K-means analyses. The second assumption is also consistent with the literature in the
field, where it is well known that the fraction of FG stars varies between ∼ 0.4 and 0.8.
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Figure 5 – Cluster members selection using Gaia. The left panel is the distribution of
Gaia sources on the sky,in green are the ring selected objects and in black are
the one classified as GC members. The middle panel shows the proper motion
plane. Right panel is a CMD constructed using Gaia colours, the red polygon
was hand-made to select the RGB.
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Figure 6 – Flowchart depicting the major steps in obtaining the zero points.
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Figure 7 – Three CMDs for each clusters constructed using S-PLUS magnitudes. In grey
are all the objects with all 12 magnitudes measured with DAOPHOT. In black
are the cluster members selected using Gaia proper motions.
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Figure 8 – The top panels show two CMDs of NGC 3201, Hess style. The left one the
uncorrected version and the right one after the differential reddening correction.
The bottom panel shows a map of the colour excess.
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Figure 9 – Colour excess map for the other three GCs, from left to right: NGC 104,
NGC 288 and NGC 7089. The black dot marks the centre of each cluster on the
field.
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3 S-PLUS: exploring wide field properties of
multiple populations in galactic globular
clusters at different metallicities

Here we present, in its entirety, the published article that contains the analyses of
four GCs using S-PLUS and Gaia data.
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A B S T R A C T 

Multiple stellar populations (MSPs) are a ubiquitous phenomenon in Galactic globular clusters (GCs). By probing different 
spectral ranges affected by different absorption lines using the multiband photometric surv e y S-PLUS, we study four GCs –
NGC 104, NGC 288, NGC 3201, and NGC 7089 – 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 and separated 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 characterized 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. Ho we ver, in the case of NGC 3201, the trend is reversed. The 1P is more centrally concentrated, 
in direct contradiction 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: surv e ys – globular clusters: individual: (NGC 104) (NGC 288) (NGC 3201) (NGC 7089). 

1  I N T RO D U C T I O N  

The phenomenon of multiple stellar populations (MSPs) in Galactic 
globular clusters (GCs) has been well observed in almost all GCs 
older than 2 Gyr, both spectroscopically and photometrically (Piotto 
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 

� E-mail: eduardo.hartmann@ufrgs.br (EAH); charles@if.ufrgs.br (CJB); 
ana.chies@ufrgs.br (ALCS) 

stars in a cluster. Stars without these characteristics are considered 
the First Population (1P). 

To explain such abundance variations, some formation scenarios 
propose that the first population of stars enriches the intra-cluster 
medium forming a second population (or more, e.g. NGC 7089 with 
seven populations). This scenarios differ primarily on what pollutes 
the next generation, be that asymptotic giant branch (AGB) stars 
(D’Ercole, D’Antona & Vesperini 2016 ), fast-rotating massive stars 
(FRMS; Decressin 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 

© 2022 The Author(s) 
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Figure 1. All sky view of the S-PLUS surv e y 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. 

solutions for this include the assumption that clusters were 30–
60 times more massive than at present-day and that 90–95 per cent 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 forming MSPs, 
a v oiding 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 distributions 
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. Nevertheless, 
Hoogendam & Smolinski ( 2021 ) reanalysed the data and found that 
the populations are not as se gre gated as was thought, recommending 
caution when doing such studies. Dalessandro et al. ( 2019 ) studied 20 
GCs of various dynamical ages using the parameter 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 multiband photometric studies have been able to 
identify and characterize 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 Le gac y Surv e y 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. 2015 ) 

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. 
( 2019 ) have studied the Cluster M 15 using observations from the 
Javalambre Photometric Local Univ erse Surv e y (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, 
Perci v al & Salaris ( 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 NGC 104, NGC 288, 
NGC 3201, and NGC 7089 and encompass one dex in metallicity, 
from NGC 7089 with [Fe/H] = −1 . 65 to NGC 104 with [Fe/H] = 

−0 . 72. Moreo v er, the y are relativ ely close by (see Table 1 ), which 
makes them ideal candidates to explore the phenomenon of MSPs in 
different environments and varied intrinsic properties. 

This paper is organized as follows: in Section 2 we detail the 
extraction and calibration of the S-PLUS photometry in the cluster 

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

Name Distance [Fe/H] E ( B − V ) r h r t 
(kpc) (mag) (arcmin) (arcmin) 

NGC 104 4.5 −0.72 0.04 3 .17 42.86 
NGC 288 8.9 −1.32 0.03 2 .23 12.94 
NGC 3201 4.9 −1.59 0.24 3 .1 28.45 
NGC 7089 11.5 −1.65 0.06 1 .06 21.45 
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Figure 2. Example of GAIA selection of cluster members for NGC 104. 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. 

fields and the identification of sources as cluster members. 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  M E T H O D O L O G Y  

S-PLUS (Mendes de Oliveira et al. 2019 ) is a photometric surv e y 
that is observing ∼9300 deg 2 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 0.8-m 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 arcsec per pixel and a field of view (FoV) of 1.4 × 1.4 deg 2 . 
Data release two (DR2; Almeida-Fernandes et al. 2021 ) of S-PLUS 

co v ers 950 de g 2 with an updated calibration as well as value- 
added catalogues containing photometric redshift and star-galaxy 
classification. Since the surv e y co v ers the southern part of the sky 
where the majority of Galactic GCs are, many have been or will 
be observed by S-PLUS. Ho we ver, 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 photometry using the 
GAIAD AOPHO T (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 deg 2 ) 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 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 a v oid any crowding is- 
sues 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 5 σ around the centre of the proper motion distribu- 
tion. This process is illustrated for NGC 104 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-hand 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 archi v al 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 and 
searches for the best parameters to represent the real population 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 magnitudes 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 minimizes a fitness 
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, Gelatt & Vecchi 1983 ). This process 
is performed simultaneously in many CMD planes with different 
colour combinations [e.g. for filters g, r, and i, the combinations are 
(g–r), (g–i), and (r–i), resulting in nine CMDs]. We note that first, 
we attempted to obtain the ZPs by only applying a correction to 
the magnitude; ho we ver, 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 
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Figure 3. Illustration of differential reddening correction for NGC 3201. 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. 

and can be represented by the isochrone. For this, we utilize the 
sample selected through GAIA as described in the previous section. 

2.3 Differ ential r eddening in NGC 3201 

An additional problem in the analysis of NGC 3201 is the presence 
of significant differential reddening. While this can be safely ignored 
in the other clusters of our sample given their low reddening 
(see Table 1 ) and distance from the Galactic plane, the effects in 
NGC 3201 are more significant (see left-hand 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). Fig. 3 shows two CMDs of NGC 3201, 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 

Figure 4. Illustration of the process of making � F 378, F 395 for NGC 104. 
The left-hand panel is a CMD showing only the limited RGB. The red and 
blue dots show the 10 per cent and 90 per cent percentiles of each horizontal 
strip. On the right are the straightened lines and the calculated � , 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. 

test our assumption that the other three GCs do not have significant 
differential reddening we have applied the same code and found that 
the maximum � E (B − V) does not exceed 0.06. 

3  T H E  SUB-POPULATI ONS  O F  STARS  

In order to study the multiple 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 � colours in the same manner as Milone 
et al. (). To summarize the process illustrated in Fig. 4 : the RGB 

is divided in v ertical se gments containing a minimum of 50 stars, in 
each segment the 10 per cent and 90 per cent percentiles horizontally 
are determined and are used to create two fiducial lines, the red 
and blue lines shown in the left-hand panel of Fig. 4 . Such lines 
are then used to straighten the RGB and create the � ’s using the 
same expression from Milone et al. (, section 4) as seen in the right- 
hand 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 
populations 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 � combinations for three 
GCs are shown in Fig. 5 . NGC 7089 is a particular case; Milone et al. 
( 2015 ) identified in this cluster seven distinct populations. In their 
analyses using HST images they identified three main groups (A, B, 
and C) with very distinct abundance patterns. Ho we ver, gi ven the 
low number of objects in population C we do not account for it in our 
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Figure 5. Two � 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 NGC 104 and NGC 288, we can see the se gre gation of Na-poor 
(orange circles) and Na-rich (black squares) follows our separation. For NGC 3201, the picture is less clear, and the Na-rich stars match very well with the blue 
population; ho we ver, the Na-rich do not occupy a clear locus. 

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 NGC 7089 is not clear in either 
the � colours planes and the CMD shown in Fig. 7 . 

4  A NALYSIS  A N D  D I S C U SSI O N  

4.1 Classifying the populations 

The usual understanding of the formation of MSPs states that a 
primordial population enriches – by different methods depending on 
the model – the intra-cluster medium forming a secondary population 
(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 populations 
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 NGC 104, NGC 288, and NGC 3201. 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 a v oiding an 
ambiguous 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 e v aluate our separation 
and to classify the populations. Fig. 5 shows two � combinations 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 connected 
with the Na enhanced stars. We consider this the second population 
(2P). The objects with a primordial composition (Na-poor) are 
connected with the objects in red, forming the first population (1P). 
For NGC 104, this separation is very clear when looking at the top 

Figure 6. Sodium abundance histograms from Carretta 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. 
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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 NGC 3201, 
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. 

panel of Fig. 5 . NGC 288 also presents a good separation in both 
� spaces. Ho we ver, for NGC 3201 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 o v er the 
entire distribution. Fig. 7 shows one CMD for each cluster focused 
in the RGB with the populations separated as described and the 
Na-poor/rich stars. 

The population ratios are shown in Table 2 , NGC 104 and NGC 288 
have an equal (47 per cent and 51 per cent of 1P, respectively) split 
between first and second population stars. For NGC 3201, the second 
population dominates with 63 per cent of the cluster in a number of 
RGB stars. NGC 7089 stands out as 73 per cent of its stars are in the 
first population. 

4.2 Radial profiles 

The present-day distribution of the populations in a GC is a complex 
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-se gre gation, binaries, core- 
collapse, etc.; Vesperini et al. 2013 , 2021 ; Calura et al. 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 e v aluating such formation scenarios; ho we ver, 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 Kolmogoro v–Smirno v test (KS test) 
that e v aluates whether two distributions differ significantly. However, 

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 ). Fig. 8 presents the radial 
profiles for the four clusters in our sample, and the radial distance 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. 

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, NGC 104 is 
an interesting subject for our study. Norris & Freeman ( 1979 ) 
measured the CN abundance in 142 RGB stars and found that the 
richer population 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 NGC 104. They found 
that the second population comprises ∼70 per cent 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 Horizontal Branch 
(HB) and found that the He-enhanced population is more centrally 
concentrated; ho we ver, this is a much more tenuous result. Looking 
at our results for NGC 104, we can see that it is in agreement with the 
literature up to ∼3 half-light radii (9 arcmin). None the less, 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 NGC 288, NGC 362, and NGC 6218 the second 
population (He-rich) appears less centrally concentrated. Ho we ver, 
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 per cent of the cluster 
stars. Our results show that the second population (Na-rich) is more 
centrally concentrated, supported by the KS and AD tests which 
show that the two distributions are different with a high confidence 
level, agreeing with Piotto et al. 

4.2.3 NGC 3201 

NGC 3201 has been e xtensiv ely studied by Kravtsov et al. ( 2010 ), 
Kravtsov ( 2017 ), and Kravtsov & Calder ́on ( 2021 ). Ov erall the y 
found with a high degree of confidence that the second population is 
more 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 
� colours does not provide a consistent separation between 1P (Na- 
poor) and 2P (Na-rich) as shown in Fig. 5 . 
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Table 2. Population sizes and statistics. 

KS AD 

ID N blue N red f 1 D P A A cr 

NGC 104 1327 1211 0.47 0.08 0 .038 per cent 4 .57 0 .5 per cent 
NGC 288 209 221 0.51 0.21 0 .026 per cent 9 .09 < 0 .1 per cent 
NGC 3201 494 300 0.37 0.16 0 .007 per cent 14 .53 < 0 .1 per cent 
NGC 7089 199 542 0.73 0.22 0 .00019 per cent 16 .68 < 0 .1 per cent 

D and P: KS statistic and probability of the two distributions being drawn from the same parent population, A and A cr : AD statistic 
and critical value. 

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. 

4.2.4 NGC 7089 

Vanderbeke et al. ( 2015 ) in the same study of HB stars mentioned 
earlier found no radial difference when analysing NGC 7089 with 
a KS probability of 72 per cent. Ho we ver, Lardo et al. ( 2011 ) used 
SDSS photometry and showed a large radial variation between both 
populations, 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 
et al. ( 2019 ) and found no conclusi ve e vidence. The SDSS data 
set suggests 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, ho we v er, is still preserv ed for a longer period in 
the outer regions of the GCs. To test this and highlight the importance 
of wide-field studies of MSPs, we have taken HST archi v al data 

from the HUGS project (Piotto et al. 2015 ; Nardiello et al. 2018 ), 
reproduced the chromosome maps as described in Milone et al. 
( 2012 ), and separated the populations according to Milone 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 – NGC 104, NGC 288, 
and NGC 3201 – we see that the populations are already mixed, 
showing no major differences. The exception is NGC 7089, 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 NGC 7089, 
some se gre gation can still be present inside 2 r h . 

5  SUMMARY  A N D  C O N C L U D I N G  R E M A R K S  

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 
the most significant differences between the populations and provide 
the best data set to inform possible formation models. Ho we ver, 
it is an e xpensiv e 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 
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information on thousands of objects at once. If we are capable of 
characterizing 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 spectral 
re gion that pro vides 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 NGC 104 and NGC 288. Ho we ver, when considering 
NGC 3201, the separation does not seem to correspond to a difference 
in the Na abundance of the cluster stars. One thing to be noted here is 
that the more metal-rich GCs (NGC 104 − [Fe/H] = −0.72, NGC 288 
− [Fe/H] = −1.32) in our sample have a more clear separation in the 
� space. This trend is in agreement with synthetic spectra computed 
to simulate MSPs (Branco et al., in preparation). 

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 NGC 104, the populations appear 
well mixed, which, given the age of this GC, could indicate that 
the populations had enough time to mix. For both NGC 288 and 
NGC 7089, we can see a clear concentration of 2P population 
toward 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 ). Ho we ver, in the case of NGC 3201, 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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APPENDI X  A :  FIELD-CLUSTER  STAR  

SEPA RATI ON  F O R  T H E  OT H ER  CLUSTERS  

In Figs A1 , A2 , and A3 we show the process of cluster member 
selection using GAIA proper motions, as outlined in Section 2.1 , for 
clusters NGC 288, NGC 3201, and NGC 7089, respectively. 

Figure A1. Same as Fig. 2 for NGC 288. 

Figure A2. Same as Fig. 2 for NGC 3201. 
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Figure A3. Same as Fig. 2 for NGC 7089. 

APPEN D IX  B:  INCOM PLE T E N E S S  IN  T H E  

G A I A  SAMPLE  

To analyse the completeness of the GAIA sample we constructed 
histograms of the number of objects as a function of the M G 

magnitude shown in Fig. B1 . We also marked the approximate 
position of the turn-off for each cluster. It is evident that the 
completeness is essentially unaffected abo v e the TO. 

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 GAIA magnitudes measured and proper motion errors smaller than 1.5 mas yr −1 . The dotted line is the approximate 
position of the turn-off. 
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X file prepared by the author. 
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4 The kinematics of multiple stellar popula-
tions

The study of the distribution of first and second generation stars in GCs is a topic
fairly new in the context of MSPs. One early work by Decressin, Baumgardt e Kroupa
(2008) explored the Mass Budget problem via N-body simulations showing that two-body
relaxation cannot account for the preferential loss of ∼90% of 1P stars. Vesperini et
al. (2013) modelled clusters with a 2P initially more centrally concentrated and found
that spatial mixing of the populations is only achieved in very evolved clusters. By this
point the GCs should have lost the majority (60 — 70%) of their mass due to two-body
relaxation, irrespective of the initial concentration of the second generation. A study by
Mastrobuono-Battisti e Perets (2013) explored structures within GCs and showed some
interesting results. In their simulation a cold disk structure was embedded in a massive
GC (2.5 × 106 M⊙), hints of this initial structure were still present in the simulation even
after 12Gyrs, e.g. a small flattening of the cluster due to angular momentum exchanges.
More relevant, the disc stars do not reach a completely spherical isotropic distribution.
This is relevant in view of Bekki (2010) and Bekki (2011), where they considered the AGB
scenario and showed that even a small net angular momentum in the 1P could result in
significant initial rotation of the 2P and even a disk-like structure.

Hénault-Brunet et al. (2015) designed a set of simulations to investigate the long
term kinematic effects of two MSP scenarios: multiple generations and the accretion. An
important factor is that these scenarios imply different initial conditions. The accretion
scenarios favour stars that are in radial orbits with low rotation amplitudes. However,
the multiple generations scenario implies a larger rotational amplitude of the 2P due to
dissipative processes that drove the polluting material to the centre. These differences can
survive for long periods of time (importantly, for more than a Hubble time), especially in
the outer regions of the cluster. In a recent paper by Tiongco, Vesperini e Varri (2019)
they evaluated the time evolution of rotations curves of MSPs considering a more centrally
concentrated 2P and with a faster rotational profile. They corroborate the results of
previous works in that the redistribution of energy and loss of angular momentum leads
to both populations sharing the same rotational curve. This occurred fairly quickly in
the dense central regions however, the outer regions are much slower to reach a state of
isotropy, as expected (less density means a smaller chance for the encounters that lead to
the exchange of angular momentum).

Observational works have also been carried out with the intention of finding (or not)
kinematic differences between the populations. Richer et al. (2013) used multi-epoch HST
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observations of NGC 104 to derive proper motions and divided the Main Sequence into four
populations. They found that the bluest sequence had a large anisotropy (with a larger
radial dispersion), while the reddest one presented a negligible one. This, connected with
the fact that the bluest population appears more centrally concentrated, could indicate
that the blue population is still in the process of moving outwards via two-body relaxation.
A more recent look at NGC 104 by Milone et al. (2018) showed similar findings even when
considering a larger area of the cluster.

Bianchini et al. (2018) analysed stars within 3 half-light radius (Rh), this is the
typical region where the rotation signal is expected to be significant (see Bianchini et al.
(2013)), in 51 GCs using Gaia DR2 data. They detected significant rotational signal in 11
clusters, including NGC 104 and NGC 7089. They measured V/σ to assess the importance
of internal rotation and correlated it with metallicity, relaxation time and the total mass
using a Spearman rank test. The correlation between higher metallicity and V/σ could be
an indicative of the early stages of GC formation, implying a higher efficiency of energy
dissipation in GCs with high [Fe/H]. However, other studies have not been able to confirm
this result (Kimmig et al., 2015; Kamann et al., 2018).

Cordero et al. (2017) used spectra gathered by the WIYN-Hydra spectrograph (6050-
6350 Å wavelength coverage) on M13 and existing measurements of Na and O abundance to
study the radial velocities of the populations. They found that the O-depleted population
rotates faster around the cluster centre than the intermediate population, arguing that
this dynamical signature is a remnant of the formation history of the GC. A combination
of MUSE spectroscopy (to derive radial velocities) and HST photometry (to separate and
characterise the populations) was used by Kamann et al. (2020) to study M80. Using
axisymmetric Jeans models and both parametric and non-parametric radial profiles they
showed that all three populations have rotational signals, and that the N-rich population
has a higher projected rotation velocity in comparison. This is a rather complicated result
to explain in view of the fact that M80 seems to be quite dynamically advanced and it
has been suggested that the central concentration of the populations has flipped due to
mass segregation (Dalessandro et al., 2018). Further N-body simulations are necessary to
investigate this.

More recently, Martens et al. (2023) used line-of-sight velocities derived using
MUSE spectra to analyse the rotation and dispersion profiles of MSPs in 25 GCs. They
separated the populations using the HST photometric observations and the chromosome
map. Importantly they found that for NGC 6093 and NGC 7078 the second population
rotates faster than the first while NGC2808 presents the opposite result. For 10 other
clusters in their sample they found a rotation signal in at least one population (including
NGC 104 and NGC 7089), however these results are bellow a 2σ confidence level making
affirmations about which formation scenario, single- or multi-epoch, is more likely hard
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to make. Libralato et al. (2023) has also analysed the proper motion of MSPs in 56 GCs
using multi-epoch observations from HST. They decided to study only bright stars from
the RGB, which leads to a smaller sample of objects per population. To mitigate this
they combined the stars from all clusters into a single sample, analysing the general
velocity dispersion in the populations. One important distinction is that by using HST
data the MSPs can be divided into type-I and type-II (see 1.4.2 for the differences between
both types), thus type-I GCs were separated into 1G and 2G, while type-II had their
red-RGB further separated into 1Gr and 2Gr. They found that 1G stars are kinematically
isotropic independent of radius, while the 2G tend to be more anisotropic at the outer
regions. This is due to the fact that 2G tend to have a lower tangential velocity dispersion.
This is expected in models where the 2G formed more centrally concentrated. They also
found a possible link between the perigalactic distance (Rperi) of each cluster and the
anisotropy of both populations, with system with large Rperi preserving a larger radial
velocity dispersion.

With all of this in mind we aimed to use proper motion information from the Gaia
survey to study the kinematics of the populations separated according to Hartmann et al.
(2022).

4.1 Changing the reference frame
A star can have its movement in a cluster separated into two components: one is

the systematic movement around the Galaxy that the GC follows as a whole. This can
be considered the velocity vector of the centre of gravity of the cluster. And the second
is the star’s movement around that centre of gravity, i.e. its orbit inside the cluster. Our
interest is in how the stars move in relation to the cluster centre. Therefore we need to
eliminate the movement related to the GC orbit in the Galaxy. To achieve this first we
transform the stellar positions from (RA, Dec) into Cartesian coordinates. This is done
by projecting the positions onto the plane of the sky along the line-of-sight vector that
passes through the cluster centre ( (α0, δ0) taken from the Harris (1996), 2010 version).
A simple transformation (x = −∆αcosδ and y = ∆δ) is not suitable for our case as it
causes distortions due to projections effects in objects with large apparent size and far
away from the equatorial plane. Thus we used the equations derived by van de Ven et al.
(2006):

x = −r0 cos δ sin ∆α

y = r0 (sin δ cos δ0 − cos δ sin δ0 cos ∆α),
(4.1)

where ∆α ≡ α − α0, ∆δ ≡ δ − δ0. This gives us coordinates where positive x and
positive y values lie West and North, respectively (r0 ≡ 10800/π is a scaling factor putting
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(x, y) in units of arcmin). The next step is to transform the proper motions into the same
reference frame. To accomplish this we use the expressions

µx = µαcos ∆α − µδsin δ sin ∆α

µy = µαsin δ0 sin ∆α + µδ (cos δ cos δ0 + sin δ sinδ0 cos ∆α),
(4.2)

from Gaia Collaboration et al. (2018b). Considering that a GC is a spheroidal
structure it is natural to study it in spherical coordinates. In our case, we have projected
the cluster in 2D and will use a polar coordinate system. However, before we transform
the positions and velocities we have to discount the overall movement of the cluster. For
this we employ a method described in Bianchini et al. (2018). In summary, we assume
that the probability of finding a given star with velocity vi and uncertainty ϵi if the cluster
has a mean velocity v and velocity dispersion σv is

p(vi, ϵi) = 1
2π

√
σ2

v + ϵ2
i

exp − (vi − v)2

2(σ2
v + ϵ2

i )
. (4.3)

We obtain the v and σv and estimate the respective 1σ error by sampling the
log-likelihood function:

−log λ = −log
N∏

i=1
p(vi, ϵi) = −

N∑
i=1

log p(vi, ϵi), (4.4)

using the Markov Chain Monte Carlo algorithm from Foreman-Mackey et al. (2013)
called EMCEE. The values found are presented in Table 4. They were subtracted from the
individual stellar proper motions. Fig. 10 is an illustration of the process using NGC 104
as an example. The top panel shows the initial velocity vectors in the plane of the sky
of each star in the cluster in grey as well as the estimated systemic velocity of the GC
in black. It is clear that this velocity dominates when compared to any movement that
the stars have in relation to the cluster centre. The bottom panel shows the same vectors
after the subtraction of the GC velocity. In both panels the vectors have been multiplied
by the same scale factor for better visualisation. In other words, the direction and relative
magnitudes are preserved, but the absolute magnitudes have been increased.

To transform these values into radial and tangential components we use the standard
expressions:

µr = x µx + y µy√
x2 + y2 and µt = x µy − y µx

x2 + y2 , (4.5)

where positive values of µr are moving away from the cluster centre and positive
µt are rotating anti-clockwise. Its important to note that in this context radial does not



4.2. Modelling radial and tangential velocity dispersion and isotropy 73

Table 4 – Systematic proper motion of the clusters in the x and y directions and associated
1σ confidence intervals.

Cluster µx µy

NGC 104 (47 Tuc) 5.261 ± 0.008 -2.548 ± 0.008
NGC 288 4.155 ± 0.005 -5.693 ± 0.007
NGC 3201 8.347 ± 0.007 -1.980 ± 0.006
NGC 7089 (M 2) 3.46 ± 0.01 -2.174 ± 0.007

refer to the line-of-sight velocity as it is commonly used, but to movement to and from
the cluster centre in the projected plane of the sky. Although line-of-sight velocities from
Gaia DR3 are available for some of the stars in our sample, we do not use this information,
as the small number of objects (NGC 104 has the largest number of stars with measured
line-of-sight velocity, 415; NGC 288 has 13; NGC 3201 has 91 and NGC 7089 has 28) and
large uncertainties does not provide a statistically significant sample for our study.

4.2 Modelling radial and tangential velocity dispersion and isotropy
The next step was to trace the velocity dispersion radial profiles of both populations

in the radial and tangential directions. The velocity dispersion (σ) of a group of objects is
the standard deviation from the mean group velocity. A simple approach to calculate this
would be to radially bin the data and calculate the average and 1σ deviation. However,
methods such as this can be very dependent on the choice of bin size. To mitigate this we
modelled the velocity dispersion using a Heteroscedastic Gaussian Process Regression. A
Gaussian Process (GP) is a probability distribution in the function space that fit a set
of observations. The Heteroscedasticity comes into play because each data point has a
different variance, i.e. errors in the proper motions vary significantly. In our case we use a
second order polynomial to model the velocity dispersion as a function of radial distance
(r):

vr = Normal(µ, σ2
vr),

σvr = γ0 + γ1r + γ2r
2,

µ = β0 + β1r + β2r
2.

(4.6)

We applied this method using the JAGS (Plummer, 2012) package for R1. The
results are shown in Figure 11, on the left panels are the radial velocity dispersion for each
cluster, while on the right are the tangential ones. The red and blue ribbons represent
the primordial and enriched populations, following the separation done in Hartmann et

1This method was suggested by our collaborator Rafael da Silva de Souza, with the main code written
by him and modified for our case by me.
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al. (2022). The stronger and lighter shades of colour refer to the credible intervals for the
radial distributions of velocity dispersion, respectively the 50% and 95% intervals.

The tangential velocity dispersion of the second population (in red) in NGC 104 is
larger from 1 half-light radius outwards, indicating that this population is more dynamically
heated than the first population outside of the central regions of the cluster. The same is
true of σVT in NGC 288, although the differences in this cluster are smaller. In this cluster,
we can see a flattening of the velocity dispersion outside of 1 half-light radius for both
populations and in both directions. For NGC 7089, the 1P has a smaller σVT between 1
and 5 half-light radius, while in NGC3201, the profiles of both populations are the same.
They diverge in the outermost region however, this may be due to the low number of
objects.

When considering the radial velocity dispersion shown in the left panels of Figure
11 the populations in each cluster present a more uniform behaviour. In NGC 104 and
NGC 3201, the profiles of the first and second populations are very similar, with only a
minor deviation in the central region of NGC 104. NGC 7089 presents a flatter profile in
the 1P and a steeper one for 2P. In this case, NGC 288 stands out, as it shows an identical
profile of both populations in the outer regions, but in the inner half-light radius, the 2P
has a much larger value.

Comparing the preliminary results shown here with the ones available in the
literature, in the case of NGC 104 we see a disagreement in both the tangential and radial
velocity dispersion profiles in relation to Milone et al. (2018), Figure 4. Focusing in the
inner 5 rh (∼16 arcmin, approximately how far from the cluster centre Milone et al. (2018)
observations reach), Milone et al. (2018) found that the populations present no difference
in the σVR and the 2P has a slightly lower σVT between 2 and 3 rh. However, Fig. 11 shows
a difference in the σVR between the populations (and a flip ∼1.5 rh) as well as the opposite
behaviour in σVT , i.e. the two populations have very similar values near the centre and
the 2P has a larger value as we move outwards.

As stated before, Libralato et al. (2023) combined the data from 56 GCs to produce
the velocity dispersion profiles. They find that 1G and 2G2 have very similar profiles when
looking at σVR . In the outer regions, our results seem to agree with this however, in the
inner parts we find that the populations present significant differences, with the 2G in
NGC 288 and NGC 7089 having higher values, and the opposite for NGC 104. NGC 3201
is the exception in this case, showing a very similar profile all the cluster. Concerning
the 2G, Libralato et al. (2023) shows a tendency of the 2G to have smaller σVT in the
outer regions of the cluster. Our results appear to show the opposite, when differences are

2Here the terms 1P/2P and 1G/2G are used interchangeably, because Libralato et al. (2023) uses
the 1G/2G nomenclature. However, this is not our preferred way as it gives the impression that one
population came after the other, and this is not established yet in the literature.
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present the 1G has smaller σVT values.
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Figure 10 – The process of eliminating the systematic velocity of the cluster on the sky
using NGC 104 as an example. In the top panel the grey arrows are the velocity
vectors of each star and the black arrow is the systematic velocity of the cluster
on the plane of the sky. On the bottom panel this velocity has been subtracted
from all stars. The magnitudes of the vectors have been increased by a scale
factor for better visualisation. It’s very obvious that the cluster movement
as a whole dominates in the top panel, while the bottom one we can see the
more random motion of the stars in relation to the cluster centre.
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Figure 11 – Radial profiles of the velocity dispersion in the radial and tangential directions
for the four clusters in the sample. Red and blue colours refer to the primordial
and enriched populations, while the stronger and lighter shades are the credible
intervals of 50% and 95%, respectively.
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5 Results and Conclusions

In this work we take advantage of the filter system of S-PLUS to study the
phenomenon of multiple populations in four Galactic globular clusters. We separated the
populations using six filter combinations and the K-means algorithm. Using this separation
we traced the cumulative radial distributions of the populations in order to investigate
possible differences and infer clues as to their formation. Here we summarise the key points
in this process:

• We performed PSF photometry using DAOPHOT, separated the likely cluster
members using Gaia proper motions, calibrated the photometry using a differential
method and corrected NGC 3201 for differential reddening;

• We visually inspected possible filter combinations and found six colours that provided
an indication of the presence of MSPs, namely (u - F0378), (u - F0395), (F0378 -
F0395), (F0378 - F0430), (F0378 - F0515) and (F0410 - F0430);

• With these colours we created ∆s for each of them, essentially a process of rectifying
the RGB, and used the K-means clustering algorithm to separate the populations in
the six-dimensional space;

• We used literature data from Carretta et al. (2009) on sodium abundance for stars
in three of the clusters to corroborate our separation and classify the populations
into Na-rich and Na-poor;

• We traced the Cumulative Radial Distribution (CRDs) of each population from ∼0.5
up to 15 half-light radius;

Here we discuss the important results and our conclusions:

• The set of filters that presented the best separation of the MSPs are biased towards
the bluer part of the spectrum, this is expected as the elements that have different
abundances in each population present themselves strongly in the region;

• The sodium abundance data corroborates very well with our photometric separation
in the cases of NGC 104 and NGC 288. This is very clear in Figures 5 and 7 of the
article where we can see the locus of Na-rich and Na-poor stars correspond very well
with the blue and red populations, respectively;

• In the case of NGC 3201 it is more complicated, the Na-rich (black squares in Fig.
5 of the article) seem to correspond to the blue populations, however the Na-poor
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(orange circles) are spread out and do not appear to correlate with the red population.
It becomes more clear looking at Fig. 7 of the article, we see that the separation is
in agreement in the upper section of the RGB and becomes fuzzier as we go down;

• In order to check to probability that the CRDs of the populations in each cluster are
different we used two tests: the KS and AD, essentially they indicate the likelihood
that both distributions were drawn from a common distribution. Table 2 of the
article presents the results of each test, we can see that all of them can be considered
different distributions with a high confidence level;

• NGC 288 and NGC 7089 present distributions that would be expected if the second
population formed in the central regions of the cluster (see Fig. 8), i.e. the 2P is
more centrally concentrated. Literature results are conflicted in both these clusters;

• This is flipped in the case of NGC 3201, where the 1P seems more centrally concen-
trated. This is in direct contradiction with literature results, this may be due to an
inconsistent photometric separation as pointed indicated by the abundance data;

• NGC 104 presents a complex picture, in the inner 3 half-light radius the 2P seems
more prevalent, in agreement with the literature. However, outside of this both
populations are present in equal numbers. This is unexpected if we consider the
scenarios where the 2P formed in the centre, however many aspects of cluster
evolution can affect the current distribution of the populations (Dalessandro et al.,
2014);

• Dynamical simulations have shown that differences between the distributions of the
populations are quickly erased in the inner regions of the cluster, nonetheless they
can be preserved for much longer in the sparse region of the outskirts. To highlight
the importance of looking at this region we have plotted the CRDs of the populations
separated according to (Milone et al., 2012; Milone et al., 2017) using HST data in
the insets of Fig. 8. We can see that the only cluster that has a apparent difference
in NGC 7089, where the inner region follows the trend observed in the outer parts.

In the second part, we have taken the proper motion data from the Gaia survey to
analyse if there were kinematic differences between the populations. Using a Heteroscedastic
Gaussian Regression we traced the radial profiles of the velocity dispersion for both
populations in the radial and tangential directions. Here is a summary of the steps followed
and some key preliminary results:

• First we changed the reference frame to the cluster centre using the formulas by van
de Ven et al. (2006) and Gaia Collaboration et al. (2018b);
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• We obtain the systematic velocity of the cluster using a method described by
Bianchini et al. (2018) and subtract the values from each star;

• We transform the velocities into their radial and tangential components on the plane
of the sky;

• To avoid the need for binning the data, we used a Heteroscedastic Gaussian Process
Regression to construct the radial profiles of the velocity dispersion in each direction;

• In all four clusters both populations show a similar profile in σVR outside of the
central region, with slight deviations in the cases of NGC 104 and NGC 7089. When
looking at the centre, both NGC 288 and NGC 7089 show a smaller value of σVR for
the 1P, while NGC 104 presents the opposite behaviour;

• When considering the σVT , in all clusters except NGC 3201 the 2P show a larger
velocity dispersion outside of the central region, where all clusters have a very similar
value between the populations;

All of this results put together with the literature on the subject paint a complex
picture of Globular Clusters. What were once considered simple objects, surviving remnants
of the process of star formation in the early Universe, prove to be a much harder challenge.
To explain their formation and evolution large and systematic observational studies
are necessary in order to understand all the details of how clusters look today. This is
paramount to inform the theoretical and numerical approaches that aim to explain the
history of Galactic GCs.
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