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Abstract

In the past decades, major observational breakthroughs have revealed that
Globular Clusters (GC) in the Milky Way host distinct stellar populations.
Classically representing the best examples in nature of Simple Stellar Popula-
tions, these new findings have put GCs in the limelight. In particular, unveiling
the origin of the so-called Multiple Stellar Population (MP) phenomenon, is
nowadays an active field of investigation in Astrophysics.

GCs, in fact, play a key role in the study of the onset of the star formation
in the Universe and the early evolution of stellar systems being fundamental
to trace ages and chemical composition in the galaxies they belong to. This is
especially true for the Milky Way: Galactic GCs are the oldest objects for which
accurate and precise absolute ages can be determined; also, detailed chemical
composition allows to infer the properties of the environment at the formation
epoch.

Large observational programmes are being carried on with the aim to bet-
ter characterize the MP phenomenon and to provide constraints for theoretical
models. In this context, the present investigation made use of the data collected
within the Hubble Space Telescope UV Legacy Survey of Galactic Globular
Clusters. This exquisite data-set, along with the adoption of state-of-the-art
data reduction and analysis techniques allowed an accurate study of the MP
phenomenon. In summary, the present investigation has contributed to the
characterization of this extremely interesting phenomenon through the detec-
tion of radial gradients among the number of stars belonging to different stellar
populations in the Galactic GC NGC 2808 (Simioni et al. 2016). Moreover, the
reduction of the entire sample of parallel Advanced Camera for Surveys obser-
vations has been carried out: the resulting catalogues are meant to be used as
a reference for many future studies of different nature (Simioni et al. 2018).

The results coming from other ongoing researches are also presented. Specif-
ically, the advent of the so-called chromosome maps has led to the classification

iii
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of Galactic GCs into type I and type II. The relations between this new classifi-
cation and various properties of these systems have been investigated by means
of a principal component analysis finding interesting aspects that merit further
studies. Finally, the MP in the metal-poor, old Galactic GC NGC 6341 have
been characterized. This cluster results to be compatible with being a type
I one and the presence of a radial gradient in the distribution of the stellar
populations has been investigated.
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Resumen

A lo largo de las ltimas decadas, importantes evidencias observacionales han
revelado que los Cimulos Globulares (CG) en la Via Lactea albergan distintas
poblaciones estelares. Representando clasicamente los mejores ejemplos en la
naturaleza de Poblaciones Estelares Simples, estos nuevos hallazgos han puesto
alos CG en el centro de atencién. En particular, desvelar el origen del fenémeno
llamado de las Poblaciénes Estelares Multiples (PEM), es hoy en dia un campo
de investigacién en Astrofisica muy activo.

De hecho, los CG desempenan un papel clave en el estudio del comienzo de
la formacién estelar en el Universo y la evolucién temprana de los sistemas este-
lares ya que son fundamentales para rastrear edades y la composicién quimica
en las galaxias a las que pertenecen. Esto es especialmente cierto para la
Via Lactea: los CG Galacticos son los objetos mds antiguos para los cuales
se pueden determinar edades absolutas con precisién; ademas, conocer la com-
posicién quimica detallada permite deducir las propiedades del medio ambiente
en la época de formacién.

Se estdn llevando a cabo grandes programas de observacion con el objetivo
de caracterizar mejor el fenémeno de las PEM y proporcionar restricciones para
los modelos tedricos. En este contexto, la presente investigacion hizo uso de los
datos recopilados dentro del programa Hubble Space Telescope UV Legacy Sur-
vey of Galactic Globular Clusters. Estos datos exquisitos, junto con la adopcién
de técnicas de andlisis y reduccién de datos de vanguardia, permitieron un es-
tudio preciso del fenémeno de las PEM. En resumen, la presente investigacién
ha contribuido a la caracterizacién de este fenémeno extremadamente intere-
sante a través de la deteccién de gradientes radiales entre el nimero de estrellas
que pertenecen a diferentes poblaciones estelares en el CG Galdctico NGC 2808
(Simioni et al. 2016). Ademds, se ha llevado a cabo la reduccién de toda la
muestra de observaciones en parallel mode de la Advanced Camera for Surveys:
los catédlogos resultantes estan destinados a ser utilizados como referencia para
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vi

muchos estudios en varios ambitos (Simioni et al. 2018).

También se presentan los resultados de otras investigaciones en curso. Es-
pecificamente, el advenimiento de los diagramas llamados chromosome maps ha
llevado a la clasificacién de los CG Galécticos en tipo I y tipo II. Las relaciones
entre esta nueva clasificacién y las diversas propiedades de estos sistemas han
sido investigadas por medio de un analisis de componentes principales y se en-
contraron aspectos interesantes que merecen estudios adicionales. Por ltimo,
se han caracterizado las PEM en NGC 6341, un CG Galactico viejo y pobre
en metal. Este cimulo resulta compatible con ser de tipo I y se ha investigado
la presencia de un gradiente radial en la distribucién espacial de las poblaciones
estelares.
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Sommeario

Nelle ultime decadi, importanti evidenze osservative hanno rivelato che gli Am-
massi Globulari (AG) nella Via Lattea ospitano popolazioni stellari distinte.
Queste nuove scoperte hanno concentrato I’attenzione su questi sistemi perche
classicamente considerati il miglior esempio in natura di Popolazioni Stellari
Semplici. In particolare, svelare 'origine delle cosiddette Popolazioni Stellari
Multiple (PSM) & tutt’oggi un campo di investigazione astrofisica molto attivo.

Gli AG, infatti, giocano un ruolo chiave nello studio dell’inizio della for-
mazione stellare nell’Universo e dei primi stadi dell’evoluzione dei sistemi stel-
lari in quanto permettono di tracciare eta e composizione chimica nelle galassie
che li ospitano.

Questo e particolarmente vero per la Via Lattea: gli AG Galattici sono gli
oggetti astronomici piu vecchi per i quali puo essere determinata con precisione
ed accuratezza l'eta assoluta; inoltre, conoscendo dettagliatamente la compo-
sizione chimica, ¢ possibile dedurre le proprieta dell’intorno al momento della
loro formazione.

Tutt’ora, importanti programmi osservativi sono attivi con lo scopo di carat-
terizzare il fenomeno delle PSM e produrre vincoli per i modelli teorici di for-
mazione degli AG. In questo contesto, la presente investigazione fa uso dei dati
raccolti nel programma Hubble Space Telescope UV Legacy Survey of Galactic
Globular Clusters.

L’eccellente qualita delle osservazioni combinata a tecniche di riduzione ed
analisi all’avanguardia, permette uno studio accurato del fenomeno delle PMS.
Riassumendo, la presente investigazione ha contribuito alla caratterizzazione di
questo fenomeno estremamente interessante attraverso il rilevamento di gradi-
enti radiali del numero di stelle associate a popolazioni stellari distinte nell’AG
Galattico NGC 2808 (Simioni et al. 2016). Inoltre ¢ stata portata a termine la
riduzione dell’intero set di osservazioni in parallel mode della Advanced Camera
for Surveys: i cataloghi risultanti sono stati resi pubblici per essere utilizzati

vii
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viii

come riferimento per altri studi, anche di natura differente (Simioni et al. 2018).

Sono anche presentati i risultati derivanti da ricerche attualemnte in corso.
Specificamente, 'avvento delle cosiddette chromosome maps ha portato a clas-
sificare gli AG in tipo I e tipo II. Le relazioni tra questa nuova classificazione
e varie proprieta di questi sistemi sono state investigate attraverso un’analisi
di componenti principali trovando interessanti aspetti che meritano uno studio
piu dettagliato.

Infine, si sono caratterizzate le PSM nell’ammasso Galattico NGC 6341, un
AG vecchio e poco metallico. Questo ammasso ¢ risultato essere di tipo I ed ¢
stato studiata la presenza di gradienti radiali nella distribuzione spaziale delle
popolazioni strellari che ospita.
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Introduction

Globular Clusters (GCs) are common constituents of galaxies and can be de-
fined as dense aggregates of stars with a rough spherical symmetry (see for
example the discussion in Meylan & Heggie 1997, Sec. 2). Our Galaxy, the
Milky Way (MW), is not an exception and it hosts about 150 known GCs
(Harris 1996, 2010 edition). While it is believed that most of MW GCs have
been already discovered (Harris 2001), efforts are being devoted to study the
specific frequency of them in other galaxies (e.g. Harris et al. 2017 and ref-
erences therein). These systems, in fact, have typical masses of the order of
10% — 10° Mg, and half-light radii of the order of 1 — 10 parsecs. Consequently,
GCs have relatively small dimensions compared to the distance they have from
the Sun! and thus their members can be safely considered to be all at the
same distance. Their typical stellar density makes them also easily detectable.
Even when there is no possibility to resolve the observed galaxy into single
stars, its GC system can be studied as these stellar agglomerations results in
bright ’stellar’ objects in contrast to the diffuse light of the hosting galaxy.
Before GCs could be observed in other galaxies, Shapley (1918) observed that
in our Galaxy these objects define an extended system, centrally concentrated
which trace the structure of the MW. More importantly, it was also observed
that the Sun is not at the center of this system and, therefore, of our Galaxy.
GCs have been ever since regarded as invaluable tools in order to characterize
the structure of the MW (Zinn 1988 and reference therein) and in general of
their hosting galaxies. Their importance is also due to the fact that they are
known to be very old: with ages of the order of 13 Gyr, MW GCs are the
oldest objects for which precise and accurate absolute ages can be determined

!The nearest is NGC 6121 (M 4) which is about 2 kpc away from the Sun.
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2 Chapter 1. Introduction

(see e.g. Marin-Franch et al. 2009; Charbonnel 2016 and references therein).
Moreover, GCs displays a broad range of metallicities with, in many cases,
evidences of a bimodal distribution (Harris 2001 and reference therein). Even
more interesting is that it indeed exists a metallicity gradient among MW GCs,
with more metallic ones populating the most central regions of the Galaxy and
metal poor objects populating the outer regions. In particular, Zinn (1985)
demonstrated the existence of two distinct components among MW GCs, with
different metallicities, spatial distributions and kinematics. The presence of at
least two distinct groups of GCs, with a noticeable discontinuity in their spa-
tial distribution, implies that each group could have different origin. And it is
extremely fascinating that in general, albeit with some differences, bimodality
seems to characterize the metallicity distribution function of GCs in galaxies
(Harris et al. 2017).

1.1 Stellar population of GCs

In order to continue this introduction, and ultimately to properly contextualize
the present work, it is mandatory to clarify what we refer to as stellar popula-
tion. This concept is indeed the key to understand why GCs can really be con-
sidered a sort of laboratory (Renzini 1987; Renzini & Fusi Pecci 1988; Moehler
2001; Gratton et al. 2004; Gratton et al. 2012; Bono 2010). Since the first
Hertzsprung-Russell (H-R) diagrams have been obtained, it has been observed
that stars in the solar neighborhood occupy different loci with respect to those
of GCs (see e.g. the discussion in Baade 1944). These findings supported the
discovery of the coexistence in the MW of two populations of stars (Oort 1926).
In particular, it was observed that the brightest part of the color-magnitude
diagram (CMD) of MW GCs was composed only of red giant branch (RGB)
stars and lack main sequence (MS) stars as opposed to solar neighborhood,
where the MS is populated up to the brightest magnitudes. Another feature
which at the time was found only in the CMD of GCs was the presence of the
horizontal branch (HB) which occupy a region between the MS and the RGB.
With the advancements in the field of stellar evolution it has became possible
to interpret the observed H-R diagrams (and their observational counterparts,
the CMDs) with theoretical models. It was soon realized that GC stars are
old (Kraft 1979) and populate a very broad range of stellar evolution stages
from main sequence (MS), to the red giant branch (RGB) passing through the
turn-off (TO) and the sub-giant branch (SGB); up to the horizontal branch
(HB) and the asimptotic giant branch too (AGB) (e.g. Arp et al. 1952; Oke &
Schwarzschild 1952; Sandage & Schwarzschild 1952; Sandage 1953; Iben 1967).
Given also the compact nature of GCs, and the observational evidence of the
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1.2 Properties of the MP phenomenon 3

virtual absence of dust inside these objects, it was commonly assumed that all
the stars in a GC have the same age, the same (at least initial) chemical compo-
sition, and with stellar masses distributed according to an initial mass function
(Kraft 1979, Smith 1987). These conditions, make GCs the best examples in
nature of what is called a Simple Stellar Population (SSP) (Renzini 1981; also
the number of binaries is generally lower than what is observed in the field
Milone et al. 2012c). This has motivated extenisve and detailed investigations
in the last half of the past century.

Early spectroscopic surveys of bright stars in Galactic GCs in the 70s have
revealed that the inhomogeneities in metallicity among them have to be exten-
dended to other chemical elements (Kraft 1979). Even more unexpected, was
the presence of chemical inhomogeneities among stars in the same evolutionary
phase of the same GC (Kraft 1979; Kraft 1994). In particular CN, CH and
NH band strenght differences in stars of the same GC were among the first
to be discovered (Smith 1987 and references therein). Further studies aimed
at finding the origin of these inhomogeneities ultimately resulted in the dis-
covery of anti-correlations between star-to-star light elemnt abundances (Kraft
1994; Gratton et al. 2004; Gratton et al. 2012). These anti-correlations are
highly GC-specific and they are not observed, for example, among halo field
stars; moreover, their presence has been detected, with different amplitude
of the phenomenon, in various Galactic GCs (Carretta et al. 2010b). More re-
cently, photometric evidences of the presence of complex stellar population have
started to add up to the growing sample of spectroscopical observations (see for
example Piotto 2009 for a review on early works). It is worth mentioning that,
while spectroscopy is relatively limited in the number of stars that could be
sampled both because of the need to observe bright stars and to the difficulties
related to stellar crowding (which is a normal condition to face in studying
the central region of Galactic GCs), photometry provides a good alternative
to overcome these limitations. It is therefore easy to understand that, given
the high number of stars involved in photometric studies of GCs (and thus the
high statistical significance related to this), the observation of multiple main
sequences (MSs) in the CMD of NGC 5139 wCen (Bedin et al. 2004) or in the
more classical GC NGC 2808 (Piotto et al. 2007), or even the splitting of the
SGB in other Galactic GCs (Piotto et al. 2012) provided the final evidence to
abandon the classical view of GCs hosting simple stellar populations.

1.2 Properties of the Multiple Stellar Populations phenomenon

As mentioned in the previous section, the growing sample of observational evi-
dence (both from spectroscopical and photometrical) motivated the launching
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4 Chapter 1. Introduction

of different projects aimed to survey the multiple stellar population (MP) phe-
nomenon in Galactic GCs and to ultimately characterize its properties. At the
current status of the investigation, the phenomenon is observed to have the
following characteristics (Piotto et al. 2015; Renzini et al. 2015):

1. Ubiquity. In almost all the GCs studied so far it has been revealed
the presence of multiple distinct stellar populations (Milone et al. 2017)
and/or that of the Na-O anti-correlation (Carretta et al. 2009a). It thus
appears that the occurrence of multiple stellar populations in GCs is an
intrinsic property of the particular star formation processes in GCs;

2. Enrichment. In GCs, we observe a stellar population with chemical com-
position consistent with the proto-galactic composition (i.e. typical of the
interstellar matter at the time it formed). In contrast, the other stellar
populations present in the same cluster, are observed to have chemi-
cal composition with different amount of contamination due to hydrogen
burning via the CNO-cycle and proton-capture processes at high temper-
atures. It follows that relatively massive stars of a first-generation (1G)
contributed to accumulate the material out of which second-generations
(2G) formed. Thus, a self-enrichment scenario is usually preferred (but
see also Bekki et al. 2007).

3. Variety. The MP is occurring in GCs in many different modes and am-
plitudes. Milone et al. (2017) made a tentative subdivision among the
general appearance that multiple stellar populations are observed to have
in each GC, identifying two types of clusters. A similar effort, but taking
into account different observables, has been reported in Smith (1987).

4. Discreteness. The current evidences indicate that MPs are observed to
form distinct sequences or groups in CMDs and two-colour plots and are
not consistent with continuous spreads or blends. This is less obvious
from spectroscopic measurements (for example from observed Na-O anti-
correlations) but there are some evidences that discreteness is present
even in these measurements if sufficiently accurate and with a sufficient
number of stars(Marino et al. 2008; Carretta 2014).

These observed properties are especially important when a model of GC
formation is proposed. We recall here that, despite it is quite common among
Galactic GCs, the chemical abundance pattern of 2G stars are scarcely found
among Milky Way halo field stars (Martell & Grebel 2010; Carretta et al.
2010b). This suggest that these kind of stars are specific to GCs and can
be generated only in this environment. Only later they started to populate
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1.3 Proposed models of formation of MP in GCs 5

the Galactic halo as a consequence of tidal stripping from the cluster itself
(Vesperini et al. 2010). It is important also to note that in many GCs, the
fraction of 2G stars is comparable or even higher than that of 1G stars (Milone
et al. 2017). These two conditions combined impose a strong constraint on the
amount of processed gas needed to form the 2G. In all present self-enrichment
scenarios, only a fraction of the total mass of the 1G can be produced to pollute
the gas reservoir for 2G. This implies that the original mass of the cluster could
have been larger than what is presently observed. Renzini et al. (2015) estimate
that up to 80 —90% of the initial mass of the 1G should be removed to reconcile
with what is presently observed. Finally, another piece of information comes
from the fact that, even if the mean [Fe/H] varies from GC to GC, stars of
the same cluster generally display high levels of homogeneity in metallicity. In
fact it has been measured that, in many cases, the difference in iron abundance
among stars of the same cluster is lower than 0.1 dex (Carretta et al. 2009c).
Albeit there are some exceptions (see e.g. Piotto et al. 2015), this indicates
that in general, supernova explosions do not contribute to the contamination
of the material of 2G. On the contrary, it is more likely that these events play
a role in halting the star formation in GCs (D’Ercole et al. 2008).

1.3 Proposed models of formation of MP in GCs

At the light of the above mentioned observed properties of the MP phenomenon,
a number of theoretical scenarios for the formation of distinct stellar popula-
tions in GCs has been proposed. Since the early discovery of chemical non-
homogeneities among GC stars, many hypothesis have been inferred (see for
example Smith 1987). But, given the peculiar abundance pattern observed for
GC stars, the nowadays preferred scenario is the one of a group of stars of a first
(primordial) generation that acts as polluter for the material that subsequently
forms 2G stars (Renzini 2013; Bastian et al. 2015; Renzini et al. 2015). In this
respect four kinds of polluters are at the base of the most known proposed
formation scenario of GC formation and in the following we provide a brief
description of them. We remand to Bastian et al. (2015) and Renzini et al.
(2015) for recent discussions about their viability. Interestingly enough, at the
current state of investigations, none of the proposed models of GC formation
seem to successfully reproduce the whole set of observational constraints.

A largely investigated class of polluters are AGB stars and, in particular,
those where the hot-bottom burning (HBB) process is active (e.g. D’Ercole
et al. 2008 and reference therein). HBB AGB stars have been shown, in finely
tuned models, to be capable of ejecting processed material at relatively low
velocity (~ 10 km/s) that can in principle be retained by the gravitational
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6 Chapter 1. Introduction

potential of a typical GC. As anticipated, the abundance pattern of the HBB
AGB yield is highly model dependent (D’Ercole et al. 2010), but in general it is
not trivial to match the widely observed Na-O anti-correlation with this kind of
polluters. Nonetheless, HBB AGBs are suitable candidates for the explanation
of the helium enrichment of 2G stars (Slemer et al. 2017; but see Bastian et al.
2015 and the discussions in Renzini et al. 2015) and their winds could contribute
to the formation of a cooling-flow in the relatively short interval of time between
the end of 1G supernovae type II explosions and the appearence of the first 1G
supernovae type Ia (D’Ercole et al. 2008, D’Ercole et al. 2010, Renzini et al.
2015, Bekki et al. 2017). One of the fundamental limitations that these kind
of pulleters seem to have is that the total yield coming from AGB HBB stars
must be only a fraction of the original total mass of 1G. As discussed in the
precedent section, 1G stars, have a chemical pattern which is fairly common in
the MW halo and, possibly, it is not difficult to imagine that in origin GCs were
more massive than what we observe today. But losing 1G stars alone cannot
entirely solve the problem. In order to match the observed anticorrelation, some
dilution with pristine, unprocessed, gas seems to be mandatory (D’Antona et al.
2016). A possible way to mitigate this effect was explored in D’Ercole et al.
(2010), where the authors assign a non-canonical IMF to 2G stars, preventing
the formation of massive stars. Renzini (2013), instead, suggested an improved
star formation efficiency as a possible way out. Another solution, comes from
the assumption that GC formed at high redshifts in systems analog to the
nowadays dwarf galaxies which subsequently merge with the MW (for recent
simulations see for example Bekki et al. 2017). In summary, at the current
status of investigations, the scenarios involving AGB stars as polluters, and in
particular those experiencing HBB, appear to be worth deeper investigations.
Nonetheless, at the current state of knowledge and due to the present-day
difficulties in reproducing the observational data, it cannot be stated that they
should be regarded at as the only possible scenario. To conclude, an important
consequence of this scenario that is relevant to emphasize, is that, 2G stars
are expected to form in the central part of the cluster (D’Ercole et al. 2008).
Strong constraints for this scenario are thus expected to come from the study
of radial gradients of stellar populations in GCs. In particular, 2G stars are
expected to be more centrally concentrated than 1G stars. However, one in
search of such signature must face the fact that GCs are very old, of the order
of 13 Gyr-old thus there is plenty of time for dynamical effects to mix stellar
populations together. Vesperini et al. (2013) investigated in detail this aspect
and demonstrated that, an initially more concentrated 2G, in the presence of
1G stars, progressively diffuse till complete mixing is reached. The velocity in
doing so is regulated by the structural parameters of the cluster, such as mass
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1.3 Proposed models of formation of MP in GCs 7

and concentration (which regulate the relaxation time of a GC). This study
also demonstrated that mixing occurs first in the central region, while stellar
population gradients could be in principle detected for longer periods including
measures referred to the outskirts of GCs.

For the sake of completeness Figure 1.1 reproduces Figure 7 of Vesperini
et al. (2013) where it is possible to see the evolution of the radial gradient
of the ratios between local number of 1G and 2G stars (population ratio). In
particular, it is possible to note that, close to the GC center the steepness of the
gradient rapidly decrease with time, with respect to what happens in the outer
regions. What results is that in the central regions the gradient flattens with
time and the local population ratio progressively match the values found in
the outskirts of the GC. On the other hand, the gradient in the outer regions
is relatively flat since the beginning with only a shift of the local value of
population ratio to higher values, but with a different speed with respect to
what happens in the central regions. It follows that, even if the gradient of the
population ratio becomes relatively flat in the inner cluster regions, including
the outskirts of the GC in the sample allows the detection of gradients even in
dynamically old clusters.

Massive interacting binary systems have also been regarded as viable al-
ternative polluters for the intracluster medium (e.g. de Mink et al. 2009). In
these systems, the material processed by hydrogen burning is transferred be-
tween the two companions and a fraction of it forms a circumbinary disk. This
gas reservoir is then progressively expelled via low velocity winds, a condition
wich is mandatory for the processed material to be retained by the gravitational
potential of the cluster. Even in this case, to quantitatively match the observed
abundance pattern a small degree of mixing with primordial gas seems to be
needed. Nonetheless, in the de Mink et al. (2009) formulation, the total mass
ejected from these systems appears to be higher than in the HBB AGB case
and lessen the problem of generating such high number of second generation
stars (see Figure 1.2).

This apparent advantage has been questioned with the simple argument
that a relevant fraction of the ejected mass, comes from stars of more that
10Mg. It follows that these stars are likely to produce their ejecta at the same
time Supernovae Type II explosions are occurring in the cluster, preventing the
formation of the cooling flow (Renzini et al. 2015). A variant of this scenario
has been presented in Bastian et al. (2013) where it is proposed that the ejecta
of massive interacting binary stars may be accreted directly by fully-convective
lower-mass stars still in the Hayashi line. In this scenario, the internal dynamics
of the GC plays a crucial role, since stars that passes through the cluster center
are likely to accrete more processed material than stars that spend more time
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Figure 1.1: Reproduction of Figure 7 of Vesperini et al. (2013). Time evolution of the local
values of the ratio between the nuber of 1G and 2G stars (population ratio) normalized to
the global value of the same quantity, as a function of radial distance from cluster center (in
units of the half-mass radius Ry). In the upper panel, the adoption of log-log scale allow to
inspect in more detail the behaviour of the local population ratio at small radial distances.
Lines of different colours refer to different ages of the system in units of the initial half-mass
relaxation time (¢,4(0)); black line refers to 0.2¢/t.,(0), the blue one to 1¢/t.,(0), the red one
to 5t/ty4(0), the green one to 15¢/t,,(0) and finally the magenta line refers to 45¢/t.1(0).
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Figure 1.2: Reproduction of Figure 2 of de Mink et al. (2009). Adopting a Kroupa (2001) IMF,
the authors have calculated for distinct polluters the fraction of GC total mass associated to
them. It can be seen that, of the total initial mass of the GC, ~ 9% results to be associated
to AGB stars, while massive stars represent ~ 13%. The authors also estimated that fast
rotating massive stars constitute ~ 3.4% of the total initial mass function.
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10 Chapter 1. Introduction

in the outer regions, where density is lower. Therefore, in this way, a collapsing
cloud to form 2G stars is not needed and, also, the problem of the fraction of
2G with respect to 1G stars is further mitigated. Nonetheless, this scenario is
subject to the same limitations of the one by de Mink et al. (2009). In fact, 2G
stars are observed to be virtually not contaminated by Supernovae products.
In addition, given that in the scenario by Bastian et al. (2013) the accretion
mechanism works differently for each single star depending on many factors,
it becomes more difficult to justify the presence of discrete sequences in the
observed CMD. An intrinsic broadening of the sequences is more likely.

Another class of polluters, are fast rotating massive stars (Krause et al.
2013). In this scenario, massive stars (40 to 120 Mg) are subject to rotation
that fosters the ejection of material processed by hydrogen-burning at high
temperatures and generates what is called a decretion disk. It is proposed that
2G stars are generated in this dense local environment. A schematic view of
the proposed model is reported in Figure 1.3 (from Krause et al. 2013).

Also for this case Renzini et al. (2015) reported some criticism. In particu-
lar, as for the Bastian et al. (2013) model, since 2G stars formation is assumed
to be active in the same epoch of Supernovae Type II explosions, it is unlikely
that any contamination from the product of the explosion could be avoided.
And this is in contrast with what is observed. Another similitude with the pre-
vious case, and again a crucial point, is that the proposed method of generation
of 2G stars implies a continuous distribution of values of chemical abundances.
This would produce intrinsically broad sequences in the CMDs as opposed to
the discrete, narrow sequences that are observed. Another interesting aspect
that (Renzini et al. 2015) pointed out is that the proposed method of 2G stars
generation is not GC specific and that does not fit with the observed small
fraction of 2G stars observed in the halo of the Milky Way.

Finally, in recent years, it has been also suggested that supermassive stars
(of the order of 10* M) may have formed in the central region of young GCs
and the nuclear reactions that took place in their interiors could have produced
the right chemical abundance pattern for 2G stars (Denissenkov & Hartwick
2014, Denissenkov et al. 2015). These kind of stars have not been observed
in nature so far, but the authors suggest that the detection of intermediate-
mass black holes in GCs should provide strong indication of their presence
in the past. Apart from the problem of the existence of these objects, the
model suffers from similar limitations as the precedent. In particular, given
the high mass, the evolution of these massive stars must be very rapid and the
gas accumulation phase results to be contemporary to the Supernovae Type II
explosions. Moreover, a relatively limited mass range is required in order to
reproduce the correct chemical abundance pattern of 2G stars. Thus, only a
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Figure 1.3: Reproduction of Figure 1 of Krause et al. (2013). A proposed schematic model
for massive rotating stars as polluters. Massive rotating stars, segregated in the center of
the cluster, generate an ejection of proccessed material that forms what is called a decretion
disk. 2G stars are thus expected to be born in this dense local environment within ~ 10 Myrs
after 1G stars have formed. This episode of star formation is subsequently interrupted when
1G massive stars begins to enter the supernova phase and the decretion disk is blown away
from the cluster by the strong stellar winds. In this phase, it is also expected the loss of a
significant fraction of low-mass 1G stars that populates the outer regions of the primordial
cluster.
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12 Chapter 1. Introduction

small fraction of processed material could be produced, too low to match the
observed number of 2G stars in present day GCs.
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Thesis Work

The dicovery of the MP phenomenon led to a rethinking not only on how GCs
forms but also on their role in the formation of their hosting galaxies. For this
reason, a multitude of studies has been carried out in the last decade focusing
on both the characterization of the phenomenon and the interpretation of the
observational results. It is therefore mandatory to further contextualize the
thesis work before summarizing the specific objectives.

2.1 The HST UV Legacy Survey of Galactic GCs

As reported in the previous chapter, photometric detection of multiple distinct
sequences in the CMD of Galactic GCs plays a key role in highlighting the in-
adequacy of the classical view to represent observations and to shed new light
on the chemical abundance differences detected by spectroscopic studies. One
of the main reason is that photometry allows to sample large numbers of stars
in an homogeneous manner and to study them consistently thus increasing
the statistical relevance of the chemical abundance differences among groups of
stars. Another aspect that needs to be underlined, is that photometry, intended
as a sort of very low resolution spectroscopy, allows also to reach fainter mag-
nitudes, thus enabling the study of low mass stars in the MS phase. The early
detection of multiple MSs in the CMD of Galactic GCs led to the establishment
that mixing in the stellar interiors, due to stellar evolution (i.e. transition from
MS phase to RGB one) cannot be the only mechanism involved in creating the
observed chemical patterns. More likely, the chemical differences observed are
intrinsic of the gas out of which the stars are formed (see for example Bedin
et al. 2004 and Piotto et al. 2007 for early detection of multiple MS). But as

13
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14 Chapter 2. Thesis Work

highlighted in detailed spectroscopic studies, chemical differences among GC
stars involve specific elements and for this reason not all filter combinations are
equally valid in order to highlight them photometrically. In particular, it has
been demonstrated in various studies that the observed chemical differences
manifest themselves more in the UV part of the electromagnetic spectrum (e.g.
Bellini et al. 2010; Milone et al. 2010; Sbordone et al. 2011; Milone et al. 2012b;
Piotto et al. 2013). Unfortunately, until few years ago, there were no large, ho-
mogeneous photometric surveys of GCs that sampled that wavelenght interval.
To fill this gap is one of the main goal of the Hubble Space Telecope (HST)
UV Legacy Survey of Galactic GCs: Shedding Light on Their Populations and
Formation (GO13297, PI: Piotto; Piotto et al. 2015). The present thesis work
makes extensive use of the data collected in this photometric survey and this
section is dedicated to describe it in more detail.

As the name of the survey suggests, data have been obtained with the in-
struments onboard HST. Many photometric studies have proven the advantage
of space-based photometric observation, and the exquisite spatial resolution
combined with the stability of the point spread function (PSF) are mandatory
for the survey. Moreover, the wavelenght interval that needs to be sampled is
not accesible to ground-based telescopes. Different HST instruments have been
used in precedent large photometric surveys (e.g. Piotto et al. 2002; Sarajedini
et al. 2007) and in the case of GO13297, the Wide Field Camera 3 (WFC3) has
been chosen to observe the central part of 57 GCs. These clusters represent a
subsample of 56 out of the total 67 nearby Galactic GCs that were observed with
the Advanced Camera for Surveys (ACS) in the older ACS Survey of Galactic
GCs (Sarajedini et al. 2007), for wich F606W and F814W observations were
collected. In addition to these, observations of the open cluster NGC 6791 have
been collected. Taking advantage of the Parallel Observation mode, ACS ex-
posures have also been obtained for the outer regions of the majority of the
observed GCs, to enhance the spatial mapping. For these exposures, the filters
F475W and F814W of the Wide Field Channel (WFC) of the camera have been
used because no bluer filters than F435W are available. It is interesting to note
here that this filter combination provide a relatively large color-baseline and
for this reason it is particularly indicated to detect differences in temperature
among stars which, at a given magnitude, could be produced by differences in
helium abundances (see for example the case of the triple MS of NGC 2808 by
Piotto et al. 2007). Another important aspect is that the CMDs obtained in
the visible/NIR part of the spectrum are deeper than those obtained with UV
filters (the lower stellar density in the outer regions also plays an important
role) and this implies that the ACS parallel observation are more suitable to
study the low-mass MS stars. In summary, the HST UV Legacy Survey of
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2.1 The HST UV Legacy Survey of Galactic GCs 15

Galactic GCs not only complements previous HST photometric surveys with
a combination of UV filters suitable to characterize the MP phenomenon in
a homogeneous and consistent way, but also extends their spatial sampling
providing high precision astrometric and photometric catalogues also for the
outskirts of the majority of them.

Few words more on the particular filter choice adopted to image the central
regions of the GCs will be spent in the following. It is important to underline
that most of the stars lie in the cluster centers and, if crowding is properly
taken into account, it becomes possible to identify even very tiny features in
the CMD. As anticipated, since the early spectroscopic studies of the "70s it is
known that the chemical abundance differences among GC stars are mainly due
to nitrogen, oxygen and carbon variations, the elements involved in the CNO-
cycle. Recent photometric studies have also demonstrated that combinations
of WFC3 F275W, F336W and F438W filters are very efficient in separating the
sequences of stars with different C, N , O abundances in all the CMD regions.
The reason is that specific spectral lines fall in the passband of each of these
filters (e.g. Milone et al. 2012b; Milone et al. 2018).

Figure 2.1 clearly shows that each filter adopted in the UV Legacy Survey
covers spectral lines created by specific chemical elements. In particular, the
F275W passband contains the absorption lines of OH molecule, F336W pass-
band is dominated by the absorption lines of NH molecules, while absorption
lines of CN and CH molecules are present in the passband of the F438W fil-
ter. Figure 2.1 also shows how the typical chemical patterns of FG stars (in
red) and SG stars (in blue) shape the spectra in such a way that the differ-
ence in their chemical abundances are evident in the wavelength range cov-
ered by the selected filter. In this respect, it is interesting to note that the
index CF275W,F336W,F438W — (F275W - F336W) - (F336W - F438W) defined
in Milone et al. (2013) has been found to be particularly useful in enhanc-
ing the separation in colour among distinct stellar populations in the CMD of
GCs. This pseudo-colour, along with the F275W — F814W colour has been
recently used by Milone et al. (2017) to construct the two-pseudo-colour dia-
grams named chromosome maps which allow not only the characterization of
the multiple stellar populations in the target GCs, but also a new classification
of them into two categories: Type I GCs and Type II ones. Further details on
this topic will be given in the following chapters.

For the sake of completeness, we corroborate Figure 2.1 with a reproduc-
tion of Figure 11 of Milone et al. (2015b). In Figure 2.2 it is possible to see
how abundance differences of specific elements affect the spectra of a star (left
panels) and how this translates into colour differences relative to various com-
binations of HST filters (right panels). In the first lines, the effect of C, N
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Figure 2.1: Reproduction of Figure 1 of Piotto et al. (2015). The synthetic spectrum of a
FG star (in red) is compared with one of a typical FG star wich result to be Oxigen- and
carbon-depleted while enhanced in nitrogen. In the lower panel the filter transmissivities
are shown for the filters used in the UV Legacy Survey. It can be noted that F275W filter
bandpass include the OH line while the F438W filter bandpass include the band of CN and
of CH. The SG star in this case appear brighter than the FG star. On the contrary, the FG
star appears brighter than the SG one in the F336W filter, where the NH band falls in the
relative bandpass.
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2.1 The HST UV Legacy Survey of Galactic GCs 17

Figure 2.2: Reproduction of Figure 11 of Milone et al. (2015b). Effect of different chemical
abundances with different HST filter combination. Left panels, ratio between the synthetic
spectra of a reference star and those with different chemical abundances as specified in the
legend of each panel. Right panels, expected colour separation between the sequences of the
different stellar population with different filter combination. The first rows refers to changes
in the carbon abundance only (panel a), nitrogen only (panel b), oxygen only (panel ¢) and
C,N and O combined (panel d). The expected effect of different helium contents is reported
in panel f while panel f refers to different iron abundances.
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