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Abstract

This PhD Thesis was aimed at obtaining a chemical characterization of the stellar populations

of three peculiar stellar systems, namely w Centauri, Liller 1, and M 54. Historically these

systems were classified as globular clusters due to their morphology, but nowadays it is widely

recognized that they are actually more complex systems than previously believed.

® w Centauri is the most massive system among the globular clusters, but with a wide
metallicity spread that is not usually observed in genuine globulars. Moreover, w Cen-
tauri displays the typical features of globular clusters, i.e. the anticorrelations among
light-elements. In this Thesis I investigated the role of the complete MgAl burning
chain in shaping the stellar populations of w Centauri. From this work I found that
w Centauri displays a very extended Mg-K anticorrelation, suggesting a prominent role
of the asymprotic giant branch stars at the origin of the observed chemical anomalies,
at least in those systems very massive and/or metal-poor.

I also detected extended Mg-Al and Mg-Si anticorrelations, which show different shapes
and extensions as a function of the metallicity. This result demonstrates the different
efficiency of the MgAl burning chain as function of the metallicity, with the burning

chain being less and less efficient at [Fe/H] > —1.3 dex.

Liller 1 is a massive and metal-rich stellar system located in the Bulge of the Milky
Way. Very recently it was found to host two different populations of stars: an old and
metal-poor subpopulation (13 Gyr and [Fe/H|= —0.3 dex) and a young and metal-
rich one (~ 2 Gyr and [Fe/H] = +0.3 dex). Thanks to its peculiar properties Liller 1
was suggested to be a remnant of the early epoch of Bulge formation. In this Thesis I
presented a complete chemical characterization of the Liller 1 populations, finding that
its stars follow the same chemical pattern of the Bulge field, with the metal-poor stars
being enhanced in [o/Fe] and the metal-rich stars having solar scaled [/Fe]. Moreover,
no evidence of the typical Na-O anticorrelation is present in Liller 1. These findings
strongly suggest that Liller 1 formed and evolved within the Bulge and probably is a

fossil fragment of the Bulge formation.



viii

® M 54 is a massive globular cluster located at the center of the remnant of the Sagit-
tarius dwarf galaxy, that akin to w Centauri displays a wide metallicity spread. It is
considered to be part of the nuclear star cluster of the Sagittarius galaxy. In this Thesis
[ analyzed the largest high-resolution spectroscopic dataset obtained so far of M 54
members, finding evidence that the complete MgAl burning chain was active in this
cluster. Indeed, M 54 presents all the Mg-Al, Mg-Si, and Mg-K anticorrelations. More-
over, I presented the first distributions of Ba and La for M 54, finding no evidence of
significant increase of Ba and La abundances as a function of the metallicity. How-
ever, the stars at [Fe/H] > —1.5 dex display an increase in the scatter of both Ba and
La abundances. This suggests that the contribution from low-mass asymptotic giant

branch stars to the chemical enrichment in this system was poorly efficient.
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CHAPTER 1

THE STELLAR POPULATIONS OF THE GLOBULAR

CLUSTERS

Globular clusters (GCs; Herschel, 1789) are among the first structures in the Universe that
were discovered and studied. The German amateur astronomer Johann Abraham Ihle is cred-
ited with the discovery of the first known globular cluster, M 22, which he found in 1665
when observing Saturn in Sagittarius (Lynn, 1886). In 1764 Charles Messier was the first as-
tronomer able to resolve individual stars in the GC M 4'. In 1771 Charles Messier published
the first version of his famous catalog in which were contained numerous GCs, while the
final version of the catalog was published in 1781 (Messier, 1781). Another collection of these
systems was carried out by Herschel (1789), who coined the term "globular cluster”.

Later, several ascronomers studied and examined in detail these systems to unveil their na-
ture, and the catalog of GCs was continuously updated with both Galactic and extraga] actic
GCs. Nowadays we can count on catalogs that contain more than 150 GCs belonging to our
Galaxy (Harris, 2010; Baumgarde & Hilker, 2018).

Historically, GCs were considered to be the nearest example to the concept of Simple Stellar
Population (SSP), i.e. stellar systems formed by stars with the same age and chemical com-
position (Renzini & Buzzoni, 1986). Among the GCs under analysis, for a long period of
time only w Centauri was considered as a noticeable exception due to the fact that its stars
displayed a large spread in metallicity and other chemical elements (Cannon & Stobie, 1973;
Freeman & Rodgers, 1975; Dickens & Bell, 1976; Butler et al., 1978; Norris, 1980; Persson
et al., 1980).

Nevertheless, in the last three decades the situation has drastically changed thanks to the
advent of increasingly high-resolution photometric and multi-object spectroscopic analysis.

Indeed, even though GCs are still considered the best approximation of SSP, last decades of

'Numerous GCs today are known by both their names NGC or M that stands for "Messier".
) Y



analysis revealed the presence of multiple populations (MPs) of stars chemically distinct from
cach other within the same GC. Today, it is widely recognized that the majority, if not all,
GCs have experienced multiple episodes of star formation, leading to a distinctive pattern
of self-enrichment in terms of chemical composition. From a chemical point of view, GCs
exhibit significant variations in the abundances of light elements such as He, Li, C, N, O,
F, Na, Mg, Al, Si, and K (Kraft, 1994; Gratton et al., 2004; Martell & Smith, 2009; Carretta
et al., 2009a,b; Pancino et al., 2010; Gratton et al., 2012; Mucciarelli et al., 2012; Mészaros
et al., 2015; Pancino et al., 2017; Mészaros et al., 2020).

Previously, the observed large intrinsic spreads in light elements were mainly thought to be
associated with significant variations in iron abundance only in a small subset of the entire
GC population (e.g., w Centauri, M 54, Terzan 5, and Liller 1; Norris & Da Costa, 1995b;
Sarajedini & Layden, 1995; Ferraro et al,, 2009; Crociati et al,, 2023). However, recent pho-
tometric and spectroscopic studies have found evidence suggesting that small-to-moderate
iron spreads (from less than 0.05 upto 0.3 dex) may be re]atively common in massive clusters
(Legnardi et al., 2022; Lardo et al., 2022, 2023; Lee, 2022, 2023).

Furthermore, these kind of inhomogeneities in the chemical abundances are observed not
only in the Galactic GCs, but also in extragalactic clusters such as the GCs present in M 31
(Andromeda galaxy; Colucci et al,, 2009), Large Magellanic Cloud (Johnson et al., 2006; Muc-
ciarelli et al., 2009), and Fornax (Letarte et al., 2006).

Therefore, the presence of chemical anomalies within the stars of a given GC (Galactic or
extragalactic) is not anymore a pure quirk of some clusters, but it is an intrinsic feature that
emerges from the analysis of these systems.

Nowadays, the understanding of the formation and evolution of MPs and, more broadly, of
GCs, is one of the most intriguing topics of astronomy. Many studies, both from the theoret-
ical and observational points of view, are aimed at explaining the still elusive phenomenon of
GCs formation, which is of great importance for many astrophysical issues. Its understand-
ing would allow to put constraints on stellar evolution and nucleosynthesis, to probe star
formation in the early Universe, unveil the role of stellar dynamics in dense environments,

and understand the connections between these systems and their parent galaxies.
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16. Of Globular Cluster of Stars

The objects of this collection are of a sufficient brightness to be seen with any good common telescope,
in which they appear like telescopic comets, or bright nebulae, and under this disguise, we owe their
discovery to many eminent astronomers; but in order to ascertain their most beautiful and artificial
construction, the application of high powers, not only of penetrating into space but also of magnifying
are absolutely necessary; and as they are generally but little known and are undoubredly the most

interesting objects in the heavens..."

Herschel, W. 1814, Philosophical Transactions, 104, 248

1.1 General properties

It was demonstrated that the majority of stars in the Universe form in star clusters, where
stars are bound together by gravity (Lada & Lada, 2003). Historically, these star clusters are
divided into open clusters (OCs) and GCs. The latter systems, GCs, are much more dense
than OCs and can contain up to millions of stars.

In this Section I will describe the major features of the systems we call GCs, which make
these structures among the most fascinating astrophysical Objects.

GCs are usually considered as an homogeneous class of objects; however, they can display
different morphologies as shown from Fig. 1.1.

Within the Milky Way, GCs are considered to be among the oldest objects with ages between
~ 10 and 13 Gyr“) (Marin-Franch et al., 2009) and Turn Off masses of ~ 0.8 M. GCs are
used to study the infancy of our Universe because they possess stellar fossils that are used
to uncover the history of primordial Universe through observations of the Local Universe
(Frebel & Norris, 2015). Moreover, the study of the properties of stars inside GCs allows to
accurately determine many of the fundamental parameters of these systems like distances,
ages, metallicities, sizes and masses.

GCs are very compact and dense systems, with half-light radius (r}, ;) up to a few tens of pc
with more typical values of ~ 3 to 5 pc and densities in their central regions up to 10° stars
pe? (Baumgarde & Hilker, 2018). Moreover, these systems are very bright, with mean abso-
lute magnitudes in the visible domain My ~ —7 (Harris, 2010).

GCs have present-day masses in the range ~ 104 up to ~ 105 Mg, (Baumgardt & Hilker,
2018), with an average mass for a GC of ~ 2 x 10° M. However, these masses may be largely

different from the original mass of GCs, because the clusters have a substantial dynamical

leis noteworthy that younger GCs are found in Magellanic clouds (Gatto ct al., 2020) and in the Andromeda
galaxy (Wang ct al., 2021).



FIGURE 1.1: Example of some Galactic GCs. From left to right and top to bottom: M 4, w Centauri,
M 80, M 53, NGC 6752, M 13, M 4, NGC 288, 47 Tucanae. Credits: ESO.
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evolution, and several attempts were performed in the past to better estimate original masses.
Very recently, Baumgardt et al. (2019) published new estimates for the present-day and ini-
tial mass of Galactic GCs based on extensive comparisons between observational data for the
surface luminosity and internal velocity distribution and N-body computations. This is the
first actempt to account how the dynamical evolution of the last Gyr affected the mass loss
process occurring in GCs.

As highly compact objects, GCs are challenging to observe at large distances. Indeed, beyond
the Milky Way, there is evidence of GCs existing within the Local Group up to a maximum
distance of 800 kpc in the galaxy M 31.

Within our Galaxy, there are more than 150 GCs, located in the regions of the Galactic Bulge,
Halo, and thick disk (Harris, 2010; Baumgarde & Hilker, 2018). The clusters in our Galaxy are
systems characterized by low metallicity, with iron abundances [Fe/H]’ ranging from ~ —2.5
up to ~ 0.0 dex and a typical value centered at [Fe/H| ~ —1.5 dex (see Fig. 1.2), even though
some Bulge GCs are slightly more metal-rich (e.g., Ferraro et al,, 2009, 2021).

Nevertheless, the traditional definition of GCs appears somewhat ambiguous, with numerous
objects being classified as GCs based on only a subset of these criteria (being old, compact,
bright, metal-poor, etc.). In recent times, Carrecta et al. (2010a) introduced a novel definition
of GCs, focusing on the chemical inhomogeneities that distinguish these systems from the
less massive systems such OCs. In this new definition, a GC is a stellar system characterized
by the presence of anticorrelations among light elements in its stars, with the Na-O anti-
correlation that represents the prominent and prevalent manifestation of this features. The
presence of anticorrelations in GCs are widely recognized as the result of a self-enrichment
process happened within the GCs during their early evolution, where different episodes of
star formation happened. This scenario has lead to the notion that GCs are constituted by
MPs, one with field-like composition and a second with anomalous chemistry unique to GCs.
In the following of this Thesis, I will refer to the stars having field-like abundances as primor-
dial or first generation (FG) and the stars with peculiar chemical composition as enriched or
second generation (SG). It is important to note that in many GCs the MPs are constituted by
more than two populations (e.g., Milone et al., 2015b; Bellini et al,, 2017b). In those GCs, the
stars with field-like chemical composition are the FG stars, while all the other populations
(the enriched ones) are the SG stars, divided according to the degree of chemical variations.

Many different scenarios were proposed in the last decades, all aiming to explain the origin

3I\/Ieta”icity is defined as follows:

Fe Fe
[Fe/H] = log <H>* — log (H)®

The iron abundance is usually used as indicator of the stellar meta]]icity.



of MPs in GCs. In Sect. 1.4 I will go in detail through the different proposed models.
Although the classification of GCs based on this criterion remains imperfect, it offers us the
advantage to put the attention on critical aspects of these systems such as their intricate for-
mation and evolution processes. Indeed, while the mechanisms governing the formation of
GCs and their initial phases remain subjects of intense debate, theoretically exists the possi-
bility to separate chemically, and occasionally dynamically, rather pure populations (FG and
SG) within GCs. These populations share remarkably similar chemical characteristics that
reflects effects of a single nucleosynthesis process. Therefore, in GCs different populations
of stars form with different chemical composition, that are not observed in the main popu-
lation of‘galaxies, where a blend of diverse nuclcosynthesis processes typically prcvails.

The detection and the study of single populations inside GCs are based on both photometric
and spectroscopic analysis. In particular, the first hints of the presence of distinct populations
in GCs came out from intermediate band photometry and low-resolution spectroscopy in the
carly 1970s (see Kraft, 1979 for a review of the very early results). Nowadays, thanks to the
use of of high-quality spectroscopic data for large samples of stars within numerous individ-
ual GCs, facilitated by multi-fiber high-resolution spectrographs on 8-meter class telescopes,
along with the exceptional photometric capabilities of the Hubble Space Telescope (HST)
and James Webb Space Telescope (JWST), a significant advancement in the comprehension
of GCs was obtained. This progress shed light on the recognition that the observed chemi-
cal inhomogeneities GCs are attributable to a different chemical evolution occurring within

these systems, which appear to be distinguished by the presence of MPs of stars.

12|

-24 -20 -16 -12 -0.8 -04 0.0
[Fe/H]

FIGURE 1.2: Metallicity discribution for the GCs belonging to the Milky Way. Data from Harris (2010).
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1.2 Multiple populations from a photometric point of view

The first detection of some quirks in GCs is reported by Lindblad (1922), when they reported
giant stars of NGC 6205 (M 13) with anomalously weak CN bands. Since then, observations
searching for abundance variations in GCs were conducted using either spectroscopic or pho—
tometric methods. Spectroscopy is the privileged approach, given that the nature of MPs lies
on the abundance differences. However, photometry across various wavelength bands can
be considered akin to low-resolution spectroscopy, offering the advantages of accessing large
samples in short observing time and facilitating improved management of densely populated
regions near the cluster’s center.

The photometric methodology involves tracking abundance variations by observing their
effects (flux variations) in specific bandpasses that enclose molecular features of CNO. In
this context, wide-field photometry can be considered as spectroscopy at an extremely low-
resolution. The exploration of MPs can be achieved using various photometric systems with
filters positioned in the UV/blue spectral regions, covering relevant molecular bands such as
CN, NH, OH, and CH.

Also He abundances and variations are mainly detected by using the photometric approach.
Indeed, a direct determination of He abundances through spectroscopy is limited by the lack
of photospheric He lines in cool stars. Only a small number of giant stars have He abundances
determined from the near-IR line at 10830 A. Moreover, this line originates in the upper
chromosphere under Non-Local Thermal Equilibrium (NLTE) conditions, necessitating for
the use of Chromospheric models. The analysis also requires consideration of the spherical
geometry of the atmosphere (Pasquini et al,, 2011; Dupree & Avrect, 2013). The only other
direct determinations of He come from the faint He I triplet at 5875.6 A, first identified in
the spectra of late-type stars by Wilson & Aly (1956). This line disappears in stars cooler
than ~8000 K and cannot be reliably used above 11500 K. As a consequence, He is directly
measured solely in Horizontal Branch (HB) stars within this limited range of temperature
(e.g., Villanova et al,, 2009; Gracron et al., 2014), while its abundance and variation in GCs
is predominantly inferred through indirect estimations based on photometry.

A range of photometric systems including broad-band filters (e.g., Yong ct al., 2008; Lardo
et al,, 2011; Monelli et al,, 2013; Piotto et al,, 2015) were employed to identify variations in
the abundances of light element in GCs, distinguish between different populations on color-
magnitude diagrams (CMDs), and map their radial discribution with the benefit of large
statistical samples enabled by photometry.

Distinction between low and high resolution also applies to photometric observations, as for

example the dense GC cores can only be resolved using space-based photometry techniques.



The recent advancements in astronomical observations, facilitated by the remarkable capa-
bilities of the HST, JWST, the deployment of 8 meter class telescopes, and the widespread
use of U-band filter observations, enabled very precise photometric analyses. These investi-
gations unveiled surprisingly complex CMDs in numerous GCs. Indeed, variations from star
to star in light- and a-element abundances, along with differences in age and metallicity, can
lead to the emergence of multimodal or broad sequences within the CMDs of Galactic and
extragalactic GCs (e.g., Milone et al., 2012, 2018, 2023; Larsen et al., 2014; Dalessandro et al.,
2016; Dondoglio et al,, 2022; Cadelano et al., 2024).

In this context, w Centauri (NGC 5139) represents the most famous GC with photometric
evidence of MPs. Indeed, in its CMD can be observed multiple sequences along different
evolutionary stages (see Figs. 1.3 and 1.4). Are present multiple Main Sequences (MSs, Be-
din et al., 2004; Bellini et al., 2017b; Latour et al., 2021), Sub-Giant Branches (SGBs, Pancino
et al., 2000; Bellini et al., 2010), and Red Giant Branches (RGBs, Pancino et al., 2000; Nitschai
ct al,, 2024). Moreover, w Centauri is characterized by the presence of a very extended HB

(Villanova et al., 2007; Bellini et al., 2010).
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FIGURE 1.3: CMD of w Centauri based on different combination of HST filters and centered around
the MS and SGB. From the MS are recognized a total of 15 subpopulations in w Centauri. Figure from
Bellini et al. 2017b).
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FIGURE 1.4: CMD of w Centauri. On the left is displayed the full CMD, while in the right a zoom-in
on the RGB. The stars are color-coded according to their metallicity [M/H]. Figure from Nitschai et al.
(2024).

The observed complexity in the CMD of w Centauri is due not only to the presence of MPs
with different content in light elements. Indeed, w Centauri covers a large metallicity range,
—2.2 <[Fe/H]S —0.5 dex (e.g., Norris & Da Costa, 1995b; Johnson & Pilachowski, 2010;
Alvarez Garay et al., 2024). This multi-modal iron distribution lead to the conclusion that w
Centauri underwent multiple episodes of star formation (e.g., Romano et al., 2010; Villanova
et al,, 2014). The most common interpretation is that w Centauri is not a genuine GC, but
the remnant of disrupted dwarf galaxy (Bekki & Freeman, 2003; Bekki & Tsujimoro, 2019). 1
will discuss in detail the complex system w Centauri in Sect. 2.1.

Therefore, the multiple sequences observed in w Centauri along the different evolutionary
stages are due to a combination of different chemical composition in terms on light elements,
different metallicity and possibly different ages.

Nevertheless, in the following I will show that the presence of MPs arise naturally in all
GCs, in all different evolutionary stages if the correct combination of photometric filters are

employed.

1.2.1 Main Sequence

The detection of multiple sequences along the MS of GCs is possible thanks to the advent
of very deep CMDs obtained with HST and JWST photometry. This feature seems to be
something common among GCs. Multimodal MSs are observed in a plethora of Galactic
and extragalactic GCs, including NGC 2808, NGC 6341, NGC 104, NGC 6440, NGC 6752,
NGC 2210 (Piotto et al., 2007; Ziliotto et al., 2023; Milone et al., 2023; Cadelano et al., 2024;
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Milone et al., 2019; Li et al,, 2023). This is just a small subset of GCs in which this phe-
nomenon was observed. In Fig. 1.5 can be clearly observed the presence of two different
MSs in the Bulge GC NGC 6440. This cluster is known to have no intrinsic metallicity
spread (Munioz et al,, 2017), therefore the most plausible interpretation is that the observed
split in the MS between magnitude 19 and 22 is caused by a significant difference in the
He mass fraction (Y) between the two subpopulations. At magnitudes fainter than 22 (i.e.
mpiisw > 22) there is another bimodal pattern, that in this case is probably due to vari-
ations in the abundance of O on the surfaces of the stars. Indeed, the JWST F200W filcer
is particularly sensitive to O abundance variations since it covers a wavelength range where
molecular absorptions due to the water molecule reside (Salaris et al.; 2019).

Thus, the presence of multiple MSs in GCs is interpreted as the result of the presence of MPs

with different content in terms of He and light elements.

—— FP: Y=0.257, [O/Fe]=+0.4
= SP: Y=0.300, [O/Fe]=+0.0

191

20

1.1 1.2 1.3 1.4 1.5
MFr115w — MF200w

FIGURE 1.5: JWST CMD of the Bulgc GC 6440. The red curve represents a 13 Gyr BaSTI isochrone
reproducing a [o/Fe] = 40.4 stellar population with a metallicity [Fe/H] = —0.6 dex and a He fraction
Y = 0.257. The blue curve represents an isochrone computed at the same age and mctallicity as the
red one, but with a He fraction Y = 0.3 and a solar-scaled chemical mixture ([o/Fe] = 0.0 dex). Figure
from Cadelano et al. (2024).
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1.2.2  Sub Giant Branch

Multimodal sequences are observed also along the SGB stage of numerous GCs, thanks to the
analysis coming from very precise photometry. The most famous cases of GCs with multiple
SGBs are NGC 1851 (Milone et al., 2008; Zoccali et al., 2009; Han et al., 2009; Lardo et al.,
2012; Piotto et al.,, 2012a; Dondoglio et al,, 2023), NGC 6388 (Moretti et al.,, 2009; Piotto
et al., 2012a; Bellini et al., 2013), NGC 6656 (Piotto, 2009; Marino et al., 2012a; Piotto et al.,
2012a), NGC 6715 (Piotto, 2009), NGC 362, NGC 5286, and NGC 7089 (Piotro et al., 2012a).
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FIGURE 1.6: HST CMD of NGC 1851 obtained from ACS/WFC/F814W and WFC3/UVIS/F275W
photometry. The inset on the bottom-right side displays the SGB double sequence of NGC 1851.
Figure from Piotto et al. (2012h).

Among them, one of the best studied systems is NGC 1851. In Fig. 1.6 can be observed the
presence of a double SGB. These two sequences of SGB, the fainter and brighter ones, are
photometrically connected with the RGB sequence. Indeed, Han et al. (2009) and Lardo
ct al. (2012) found that the fainter SGB is connected with the red RGB population, while the
brighter SGB is linked to the blue RGB population. The studies conducted by these authors
demonstrated that the double SGB can be explained by two populations of stars with either
an age difference of ~ 1 Gyr or with distinct overall abundances of C, N, and O. In particular,
according to Lardo et al. (2012) appears that on average the brighter SGB stars are more N-

poor than then fainter SGB stars. Assuming that in NGC 1851 is present the classical N-O
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anticorrelation, the stars located along the brighter SGB should also be O-rich, while the
stars along the fainter SGB should be O-poor.
To conclude, the presence of multiple sequences of stars along the SGB in GCs are really good

indicators of chemical differences in light elements.

1.2.3 Red Giant Branch

The presence of multiple sequences of stars along the RGB is an evidence observed in almost
all GCs where photometric observation with a good signal-to-noise were performed (e.g.,
Grundahl et al,,; 2000; Yong et al., 2008). The detection of multiple RGBs in GCs is made
casier by the fact the RGB are the brightest stars present in a GCs and therefore not so deep

photometric observations are required to sample with high accuracy this evo]utionary stage.
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FIGURE 1.7: HST CMD of NGC 2808. Can be seen the multiple RGB sequences in the central figure,
while the insets show the same sequences in the MS, SGB and RGB. Figure from Milone et al. (2015b).

As a pure examples, in Figs. 1.7 and 1.8 are reported the HST CMDs of two clusters, namely
NGC 2808 and NGC 5286, where multiples RGBs are clearly visible (Milone et al,, 2015b,
2017a). This kind of separation is present in a different set of photometric bands. For ex-
ample, in the work by (Yong ct al,, 2008) they used the Stromgren photometry to reveal
the presence of noticeable spreads along the RGBs of numerous GCs (NGC 288, NGC 362,
NGC 5904, NGC 5272, NGC 6205, NGC 6341, NGC 6397, NGC 6752, and NGC 7078).
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FIGURE 1.8: HST CMD of NGC 5286. It can be clearly recognized the presence of two different RGBs,
photomctrica]ly connected with the SGB. Figure from Milone et al. (2017a).

Also in this case, the presence of different sequences of stars along the RGBs of GCs is re-
lated to variations in the abundances of light elements. However, not only variations in light
clements are responsible for the split along the RGB, but also variations in heavier elements.
Indeed, the red RGB is usually associated with an enhancement in s-process elements such as
Ba and La, while the blue RGB is associated with a depletion in these elements (e.g., Lardo
et al,, 2012; Marino et al,; 2015). These differences in the content of s-process elements are
coupled with differences in the overall content of the C, N, O abundances between the red
and the blue, with the red RGB enriched in the overall CNO abundance (C+N+0O) with
respect to the blue RGB (Cassisi et al., 2008; Milone et al,, 2017a). Finally, the split along the
RGB is influenced also by variations in the abundances of other elements such as Ca, Si, and
Ti (e.g., Han et al,; 2009). This is particularly evident in NGC 1851, where Han et al. (2009)
demonstrated that the red RGB is enhanced in Ca by ~ 0.15 dex with respect to the blue
RGB.
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1.2.4 Horizontal Branch

At odds to the other evolutionary stages, the HB is rarely used to derive accurate determi-
nations of the stars belonging to different populations with different chemical composition,
but it is very useful to obtain information on the MPs present in GCs.

It is widely accepted that the HB morphology in GCs is mainly determined by the metallic-
ity, with the metal-rich GCs stars that preferentially populate the red side of the RR-Lyrae
instability strip (the red HB) while metal-poor GC stars tend to stay on the blue HB (Arp
ctal, 1952). As an example of the different morphology of the HB, in Fig. 1.9 are reported the
CMDs of NGC 6637 and NGC 6388 from the work by Dondoglio et al. (2021). NGC 6637 is
characterized only by a red HB, while NGC 6388 has an extended HB with a blue tail.
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FIGURE 1.9: HST CMD of NGC 5637 (left panel) and NGC 6388 (right panel). The HB of the two
clusters is highlighted. Figure from Dondoglio et al. (2021).

In GCs where only the red HB is present, can be found different populations with differ-
ent abundances in light elements. Indeed, Norris & Freeman (1982) measured the strengths
of CN and CH bands in the spectra of 14 HB stars belonging to NGC 104 and found a di-
chotomy for the analyzed stars. In particular they found that the CN-weak stars (tracer of
the N abundance) are on average ~ 0.04 mag brighter in V magnitude than CN-strong stars.
Similar results were found also for NGC 6838 by Smith & Penny (1989). Both these clusters
are classified as metal-rich GCs (Harris, 2010).

For GCs where also a blue HB is present, also differences in the abundances of light elements
are detected between the blue and red HB. Indeed, in GCs such as NGC 6121 and NGC 2808
the HB stars display different content in Na depending on their position in the CMD, with
blue HB stars having higher Na than red HB stars (Marino et al,, 2011b, 2014).
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Moreover, the presence of a blue HB is usually associated with an enhancement in the He
abundance with respect to the red HB. Indeed, the main effect of increased He is to increase
the temperatures, making all colors bluer. This is suggested by stellar evolutionary models
that indicate that bluer sequences have higher He content than redder ones (e.g., D’Antona
et al., 2005; Piotto et al., 2007; D’Antona et al., 2022; Li et al., 2023; Cadelano et al., 2023).

1.2.5 Asymptotic Giant Branch

The presence of MPs with different chemical abundances a]ong the asymptotic giant branch
(AGB) was detected photometrically in several GCs (Monelli et al., 2013; Nardiello et al,,
2015; Milone et al., 2015a,b), by using a combination of (U — B) and (B — I) colors. Indeed,
the combination Cypr = (U—B)—(B—1I) is very effective to separate different populations
of stars in the V' — Cyp; diagram in both RGB and AGB stages, producing multimodal or
broad sequences (Milone et al., 2013; Monelli et al., 2013).

In a recent work by Lardo et al. (2017), they found that the AGB stars of NGC 6121 exhibit
a broad distribution across a wide range of Cypr values. This pattern closely mirrors the
observations for the RGB stars, for which MPs where confirmed both photometrically and
spectroscopically (Marino et al., 2008). Therefore, this result indicates that MPs are present
within the AGB of NGC 6121 as well.

Same results about the MPs along AGB sequence were presented for a total of 58 Galactic

GCs in a very recent work by Lagioia ct al. (2021).

1.2.6  The role of Chromosome Maps

In the last decade a new kind of photometric diagrams were introduced to study and dis-
entangle MPs with different chemical abundances in much more detail. They are known as
Chromosome Maps (ChMs) and were firstly used by Milone et al. (2015b) to study the MPs of
NGC 2808 along the MS and RGB. However, for this new diagram the name Chromosome Map
was firstly used by Renzini et al. (2015). ChMs are a pseudo-two-color diagrams built to scudy
separately the diverse evolutionary stages (MS, RGB, AGB, etc.) and are constructed using
colors that are particularly responsive to specific compositions of stars within GCs, with the
objective of enhancing the separation among the different populations present. The most
used filters are the HST F275W, F336W, F438W, and F814W. In particular, ChMs are built
by combining the color (mporsw — Mps1aw ), which predominantly reflects He variations,

with the pseudo-color Crazsw, rasew, razsw ' primarily indicative of N abundance variations.

4The pseudo-color C is defined as follows:

Crarsw,F3sew,Fassw = (Mparsw — Mpssew ) — (MEssew — Mpassw)
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[t is worth noting that Milone et al. (2013) introduced for the first time the pseudo-color C,
with the filter F410W instead of F438W, to study MPs in NGC 6752.

Obviously, other ChMs are built from the combination of optical (mpgosr — M psi1aw) and
near-infrared (NIR, mp110w — mpigow) HST photometry to distinguish populations with
different O content (Milone ct al,, 2017b). Recently also ChMs including the filcer F280W
were introduced to study MPs as this filter is sensitive to Mg variations (Milone et al., 2020).
Also ground-based photometry in U, B, and I bands is used to build ChMs.

In ChMs, FG of stars are identified as those ones at nearly constant A¢ porsw, p3sew, passw
departing from the origin of the reference frame, that is sicuated at A¢ porsw pasew, Fassw =
Aporsw rsiaw = 0. Therefore, SG stars are those ones located in the steep branch of the
diagram, at high values of A porsw r3sew,pazsw. As an example of the usefulness of the
ChMs to distinguish MPs; in Fig. 1.10 is reported the ChM of NGC 104 for the MS, RGB,
and AGB sequences (Milone & Marino, 2022). Can be clearly noted the presence of different

populations of stars in the three sequences.
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FIGURE 1.10: ChM of NGC 104 for different evolutionary stages. Figure from Milone & Marino (2022).

Milone et al. (2017a) analyzed a total of 57 GCs through the ChMs and found that in the
majority of GCs is possible to identify easily the MPs. These clusters were classified as type
clusters. They are characterized by having similar meta]]icity, but different content in terms
of light elements, that are the responsible for the MPs in the ChMs. However, in some of

them the separation between FG and SG is quite ambiguous or in some cases not possible at
all such as in the cases of NGC 5927, NGC 6304, and NGC 6441.
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Among the analyzed GCs exist some that exhibit very complex ChMs, with additional SG
(NGC 1851) or split in both the FG and SG sequences (NGC 6934). These GCs were classified
as type II clusters. In Fig. 1.11 can be observed the ChMs of two cluster classified as type |
(NGC 6723) and type 1T (NGC 1851), respectively.
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FIGURE 1.11: ChMs for the type I GC NGC 6723 (lcft—pancl) and for che type II GC NGC 1851 (right
panel). Figure from Milone & Marino (2022).

According to Milone & Marino (2022), the type II account for ~ 15 — 20% of the entire
Milky Way population of GCs studied through the ChMs, and are characterized by at least

one of the following properties:

1. The presence of two or more sequences in the ChM, with the existence of at least and

additional sequence on the red part of the ChM.

2. UV and optical CMDs characterized by split or broad SGBs, with the faint SGB that
evolves in a redder RGB sequence with respect to the bright SGB.

3. The presence of significant variations in terms of metallicity, or in the overall C+N+O
content, or in the content of s-elements (such as Ba and La), or a combination of these

efFects.

These characteristics of type I GCs could be connected each other and could be key features

in the comprehension of formation and evolution of these kind of systems.
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1.3 Multiple Populations from a spectroscopic point of view

The first spectroscopic evidence of chemical inhomogeneity among the stars in GCs came
out more than fifty years ago (Osborn, 1971) from the study of CN spectral features in RGB
stars. Since then an incredible number of’ spectroscopic evidence of chemical differences in
the stars of all GCs were collected. These chemical differences involve the majority of light
elements (He, Li, C, N, O, Na, Mg, Al, Si, and K) and are structured as correlations and anti-
correlations among these elements. The presence of these patterns in GCs are so important
that their presence is one of the l<ey features that define whether a stellar system is classified
as GC or not (Carretta et al., 2009a). The authors concluded about the Na-O anticorrelation
that "is present in all clusters studied to date, so it must be fundamentally related to the mechanisms
of formation and early evolution of GCs".

The most common idea is that within a GC exist at least two different populations of stars
with different chemical composition. The FG is characterized by field-like chemical compo-
sition, while the SG is enhanced in some light elements such as N, Na, and Al and depleted in
others such as C, O, and Mg. The presence of SG stars is generally explained by the existence
of some massive stars of the FG (called polluters) that process the material in their interiors
through the hot H burning and then eject this material into the intracluster medium. From
this processed gas new generations of stars form, with the signatures of the hot H burning. I
will discuss in detail the different candidate polluters in Sect. 1.4.

In the following I will present in detail the main spectroscopic evidence of MPs present in
GCs. In particular, [ will focus on the main anticorrelations observed, including the historical

C-N, and I will discuss their possible origin in terms of nuclear reactions.

1.3.1 Helium abundances

The difficulties in the direct He measurements from spectroscopy were already explained in
Sect. 1.2. He enhancement among GC stars can be inferred from (1) direct measurements of
He abundance, (2) splits or spreads of the MS in optical CMDs, and (3) the HB morphology in
the CMD of the clusters. In the following of this Thesis I will refer to He in terms of its mass
fraction Y and indicate the He variations among different populations as AY =Y — Y,
where Y), represents the initial He mass fraction Y, = 0.244 (Cassisi et al., 2003).

Direct measurements of He can be obtained only along the HB of stars in the temperature
range 8000 < T < 11500 K. Marino et al. (2014) determined the He content in SG stars
of NGC 2808 from the analysis of the He triplet at 5875.6 A, finding a mean enhancement

AY ~ 0.09. However, for these stars the strong effects of atomic diffusion can affect the
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final values (Behr, 2003), even though variations are clearly present.

Mucciarelli et al. (2014) measured the content of He along the HB of two metal-poor GCs,
namely NGC 7099 and NGC 6397, from the He I line present at 4771 A. They found small
spread of the Y distributions fully compatible with the values expected from the observed
MS splitting,

High He enhancements were found also in massive systems such as w Centauri (AY > 0.14,
Norris, 2004; Piotto et al., 2005; Mochler et al., 2007; Dupree & Avrett, 2013; Bellini et al.,
2017b), NGC 6641 (AY ~ 0.15, Caloi & D’Antona, 2007), and NGC 2419 (AY ~ 0.11 —
0.18, di Criscienzo et al,, 2011). In all cases such high He enhancements are necessary to
explain the blue MS or the blue HB.
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FIGURE 1.12: Histogram distribution of the derived values for the He differences between SG and FG
stars for 57 GCs. Figure from Milone et al. (2018).

In the majority of other GCs, the He differences between FG and SG stars were determined
through the comparison of multiwavelength HST photometry with synthetic spectra with
different chemical composition (e.g., Milone et al,, 2018). From the analysis of 57 galactic
GCs Milone et al. (2018) found that SG stars are typically more He-rich than FG stars. The
median He enhancement for the SG stars is AY = 0.01 (see Fig. 1.12). Noticeably, the two
main populations of many GCs are consistent, within the measurement errors, with constant
He content but in none of the analyzed systems the FG is more He-rich than the SG. The
average He enhancement of SG stars never exceeds 0.05.

He could have enhancements up to at maximum AY ~ 0.20, in some of the most massive
GCs, while in other systems the enhancement is usually much lower. Therefore, this quantity
serves to put an important constraint on the models for the formation of MPs. Indeed, the
He in SG stars usually never exceeds Y ~ 0.40 and the yields of the models have to take into

account this limit value (see Sect. 1.4).
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1.3.2 Lithium abundances

Li represents a fundamental element while searching for the possible polluters responsible
for the formation of MPs in GCs. Indeed, Li is rapidly destroyed in proton capture reactions
at temperatures exceeding ~ 2.5 x 10% K. Such temperature is much lower than the one
required to activate the hot H burning (NeNa and MgAl chains, see Sects. 1.3.4 and 1.3.5)

at the origin of the light elements anticorrelations. Thus, if SG stars with high values of N,

Na, and Al are present within a GC they should be depleted in Li.
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FIGURE 1.13: Left pancl: Na-Li anticorrelation for w Centauri RGB stars (Mucciarelli et al., 2018a).
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Right panel: Li-O correlation for NGC 6752 (Shen et al,, 2010).

Different studies, based on high—resolution SpeCtroscopy, found anticorrelation between Li
and Na and Al (and correlation with O), as expected (see Fig. 1.13; Pasquini et al., 2005; Lind
et al., 2009; Shen et al., 2010; Monaco et al., 2012; D’Orazi et al., 2015; Mucciarelli et al., 2018a;

[D’Antona et al., 2019). On the other hand, other studies found no Li variations between FG

and SG stars (Mucciarelli et al., 2011; D’Orazi et al., 2010, 2014, 2015).

The presence of Li in SG stars, at the same levels of FG, can be explained in two ways:

® The ejecta of the FG stars (which are Li-free) mix with unprocessed material (which is

Li-rich) and from this mixed gas SG stars are formed.

® Liis produced within AGB stars through the Cameron-Fowler mechanism (Cameron

& Fowler, 1971) and is ejected into the intracluster medium where SG stars can form

with high content of Li.

The case of the dilution model with pristine gas presents some difficulties, as outlined by
Salaris & Cassisi (2014). Due to the fact that the processed material should be Li-free and
depleted on O, the spread in Li should always be larger than the spread in O. However, for
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example in the case of NGC 6752 the spread in Li is smaller than the spread in O. The second

hypothesis put strong constraints on the models responsible for the origin of MPs.

1.3.3 C-N anticorrelation

The first hint of the presence of MPs within a given GC came from the analysis of the CN
(tracer of N abundance) in the RGB stars of two GCs, namely NGC 5904 and NGC 6254
(Osborn, 1971). They found two stars, one in NGC 5904 and one in NGC 6254, with the CN
band strengths anomalously strong with respect to other cluster stars in the same evolution-

ary stage (see Fig. 1.14).
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FIGURE 1.14: C(41-42) as a function of C(45-48) for the stars in NGC 5904 (triangles), NGC 6254
(crosses), and other GC stars (circles). The C(41-42) color index is an indicator of the strength of
the CN band. The two stars of NGC 5904 (1V-59) and NGC 6254 (1018) display anomalously strong
C(41-42) compared with the other stars. Figure from (Osborn, 1971).

Later on Bell & Dickens (1980) and Norris et al. (1981) discovered that the CN bands were
anticorrelated with the CH bands (tracer of the C abundance) in RGB stars of the GCs
NGC 5272, NGC 6205, and NGC 6752. These clusters present a bimodal distribution of the
CN strength (see Fig. 1.15) with the stars divided in CN strong and CN weak. This feature
was swiftly identified as a defining characteristic of stars within GCs. Indeed, field and OC
stars display weak CN and strong CH bands (Smith & Norris, 1984; Gratton et al., 2004;
Martell & Smith, 2009; Carrera & Martinez-Vazquez, 2013).

In normal conditions of equilibrium, the CNO cycle favors the conversion of both C and O
into N (see Fig. 1.16). In these conditions, the observed CN strong RGB were interpreted

as stars with the presence of CNO processed material in their atmospheres. Indeed, when a
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FIGURE 1.15: Distribution of the CN for 49 RGB stars in NGC 6752. Can be noted the bimodality of
the distribution. The index $(3839) is an indicator of the CN band. Figure from Norris et al. (1981).

star evolves from MS to ascend along the RGB, as the envelope expands outward, convection
delves into regions that previously underwent partial CN processing, where abundances of
light elements were altered by proton-capture reactions. As convection penetrates these re-
gions, it dredges up material towards the stellar surface, with the final result of the presence
in the atmosphere of the features of the H burning. In particular, the *C/*C and C/N ra-
tios are lowered (Langer, 1985; Charbonnel, 1994; Gratcon et al., 2000). This phenomenon
is known as first dredge-up (FDU, Iben, 1964). As a consequence, the CNO cycle and the
mixing mechanisms responsible for transporting processed material to the surface of the star
during the RGB were promptly put forward as a plausible explanation for the observed C-N
anticorrelation. Nevertheless, this mixing hypothesis faced challenges due to the advent of
new observational evidence. Specifically, the FDU cannot account for the presence of C-N
anticorrelation (1) in low metallicity stars, in which the convective envelopes will never pen-
etrate deep enough to touch the H burning shell and therefore bring processed material to
the surface during the entire RGB evolution of these stars (Gracron et al., 2004), and (2) in
other evolutionary stages such as the MS (Suntzeff & Smich, 1991; Cannon et al,,; 1998; Cohen
et al., 2002; Grundahl et al., 2002; Ramirez & Cohen, 2002).

The general consensus during this first period of "chemical anomalies” observations was that
the mixing process occurring during the RGB should take a role, but that mixing alone was
not the final answer. Indeed, alongside to the C-N anticorrelation other chemical anomalies
started to emerge from the spectroscopic ana]ysis. In particu]ar, Corttrell & Da Costa (1981)
observed that the CN strong stars in NGC 6752 were enhanced in both Na and Al with re-

spect to the CN weak stars. These authors proposed that since Na and Al are not produced
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FIGURE 1.16: CNO cycle nuclear reactions. This cycle use the C, N, and O as catalysts to convert
'H into *He. Figure from the website https://cococubed.com/code_pages/burn_hydrogen.
shtml by Professor Francis Timmes.

during the evolution of low-mass stars, the observed enhancements in these elements in the
CN strong stars cannot be due to the mixing process. Cottrell & Da Costa (1981) concluded
that "massive stars that form in the protocluster gas evolve rapidly and enrich the remaining gas with
the products of supernova explosions. Subsequcnt star formarion then yields the CN-strong population
of each cluster”. Even though the proposed responsible for the observed anomalies were mas-
sive stars, this is the first time in which MPs are suggested to exist within GCs.

In the subsequent decades, thanks to the advent of higher resolution spectra and deeper ob-

servations, many other anticorrelations in all the evo]utionary stages were found in GCs.

1.3.4 Na-O anticorrelation

The Na-O anticorrelation is probably the most known chemical anomaly present in a GC.
This anticorrelation is widely observed in almost all GCs and is considered as the key feature
to define a stellar system as a GC (Carretta et al., 2009a).

The first evidence of the presence of variations in the abundances of O and Na was found
by Cohen (1978) from the analysis of red giants in M 3 and M 13 (see Fig. 1.17). The authors
concluded that is not possible to explain the measured scatters in O and Na abundances by
convective mixing and that the most likely explanation is that the primordial gas from which

the stars of these two clusters formed was not chemically homogeneous.
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FIGURE 1.17: Na-O anticorrelation for the GCs M 3 and M 13. Figure adapted from Cohen (1978).

This anticorrelation was then observed in an increasing number of GCs and stars (see Fig.
1.18) from the analysis of higher resolution spectra (see Kraft, 1994; Gracton et al., 2004, 2012;
Carretta et al, 2009a,b; Bragaglia et al,; 2017, for a complete summary of all the observed
Na-O anticorrelations in GCs.). Moreover, the Na-O anticorrelation was detected also in
other evolutionary phases than RGB such as MS, HB or AGB (D’'Orazi ct al,, 2010; Marino
et al,, 2011b; Lapenna et al,, 2016). These findings lead to the conclusion that the observed
anticorrelations among GC stars are the effects of a primordial phenomenon and not due to
mixing mechanisms during the RGB phase. Indeed, low mass MS stars are not hot enough for
the required set of nuclear reactions that are able to produce the observed chemical variations.
In addition, stellar models do not predict any physical mechanism able to transfer processed
material from the core of these stars to the surface.

The secondary NeNa chain of the hot CNO cycle (see left part of Fig. 1.19) is considered
the responsible for the observed Na-O anticorrelation among the GC stars (Denisenkov &
Denisenkova, 1989; Langer et al., 1993; Arnould et al., 1999; Prantzos et al., 2007). This nu-
clear reaction takes place at temperatures higher than the CNO cycle that cannot be reached
during the MS or RGB phase of low-mass stars. During this nuclear reaction, at temperatures
T > 4 x 107 K 23Na can be produced at expense of 22Ne through the reaction 22Ne(p,f}/)%Na
in the same regions where O is depleted by the ON branch of the CNO cycle.
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FIGURE 1.18: Na-O anticorrelation for the 19 GCs. A total of 1958 stars are represented. Figure from
Carretta et al. (2009a).
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one. Figure from the website https://cococubed.com/code_pages/burn_hydrogen.shtml
by Professor Francis Timmes.
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The presence of the Na-O anticorrelation is related also to the C-N anticorrelation. Indeed,
Na is correlated with N, while O is anticorrelated with N abundances (e.g., Cottrell & Da
Costa, 1981; Sneden et al., 1992; Marino et al., 2012b).

1.3.5 Mg-Al anticorrelation and beyond

Mg-Al anticorrelation originates from the MgAl chain of the CNO cycle at very high tem-
peratures (T> 6 X 107 K, see e.g., Langer et al,, 1993; Arnould et al., 1999; Denissenkov &
Tout, 2000; Prantzos et al., 2007). In this nuclear reaction the 2"Al is produced by proton
captures on the nuclei of the different isotopes of Mg (**Mg, Mg, and ?®Mg, see right part
of Fig, 1.19).

A part from the first evidence of an enhancement of Al in the CN strong stars in NGC 6752
reported by Cottrell & Da Costa (1981), the other evidence coming from this burning chain
reported the existence of very large Al variations that were correlated with the Na and anti-
correlated with O abundances (Drake et al., 1992; Shetrone, 1994; Norris & Da Costa, 1995b).
However, the first evidence of a clear Mg-Al anticorrelation among GC stars is reported by
Shetrone (1996) that studied the clusters NGC 5904, NGC 6205, NGC 6341, and NGC 6838.
Subsequent studies showed that Mg-Al anticorrelation is present not in all GCs, at odds with
the Na-O one, but only the most massive and metal-poor ones (Gratton et al., 2001; Mészaros
et al., 2015, 2020; Pancino et al., 2017; Masseron et al., 2019). In particu]ar, Mg depletion and
consequent Mg-Al anticorrelation is observed in only ~ 40% of Galactic GCs and is more
extended in most massive and metal-poor ones. In Fig. 1.20 is displayed the Mg-Al anticorre-
lation for a set of GCs studied by Masseron et al. (2019). The majority of GCs are character-
ized by the presence of a Mg-Al anticorrelation or by a large Al abundance variations, while
in some GC (M 107 and M 71) none of these two features are present. These two GCs are
the most metal-rich existing in the sample analyzed by these authors. The presence of Mg-Al
and Na-Al (anti)correlations in some GCs is the manifestation of the two CNO secondary
chains NeNa and MgAl that are operating in a very large range of temperatures.

Among the GCs in which is present the Mg-Al anticorrelation exists a small subsample in
which also a Mg-Si anticorrelation is observed (Masseron et al,, 2019; Mészaros et al.; 2020;
Bacza et al, 2022). At temperatures higher than 8 X 107 K the previously produced 2 Al is
efficiently transformed into 2*Si by the nuclear reaction 27 Al(p,7)?8Si (Arnould et al., 1999;
Prantzos et al., 2007), thus originating the Mg-Si anticorrelation. Indeed, in the absence
of this nuclear reaction a correlation between Mg and Si should be present since both are
a—clements (see Fig. 1.21). This is clear in the analysis by Mészaros et al. (2020) of the Mg-Si

anticorrelation in GCs at different metallicities.
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FIGURE 1.20: Mg—Al anticorrelation for 10 GCs. The cluster are sorted by increasing metal]icity from
left to right and from top to bottom. Figure from Masseron et al. (2019).

More recently another chemical anomaly involving Mg was found among GCs, that is the Mg-
K anticorrelation (Mucciarelli et al., 2012, 2015; Cohen & Kirby, 2012; Carretta, 2021, 2022).
Such anticorrelation is observed only in an handful of GCs, that are NGC 2419, NGC 2808,
NGC 4833, and NGC 6715. However, the presence of an extended Mg-K anticorrelation,
associated with large depletion of Mg, is observed only in NGC 2419, NGC 2808 that are
among the most massive and/or metal-poor GCs known.

K is produced in a very high temperature regime (T > 1.5 X 108 K) through the reaction
chain 36Ar(p,’y)37K(ﬁ+)37Ar(p,”y)38K(ﬁ+)38Ar(p,’y)39K (see Ventura et al., 2012; Prantzos
et al., 2017).

The presence of all these chemical anticorrelations (C-N, Na-O, Mg-Al/Si/K) shows not only
the effects of the complete CNO burning cycle, but also that all the secondary chains of
proton capture reactions NeNa and MgAl were active at least in the most massive and/or
metal-poor GCs. Moreover, these anticorrelations are observed also in unevolved phases of
GC stars. All these evidence exclude the mixing mechanisms as the responsible for the ob-
served chemical differences and point forward to a primordial origin as firstly proposed by

Cottrell & Da Costa (1981). Indeed, the presence of anticorrelations linked to the NeNa and
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14. Polluter stars 29

MgAl chains exclude the fact that these anomalies could have originated inside the current]y
living stars due to the fact that they have low masses and their temperatures are too low to
activate the proton capture reactions through the NeNa and MgAl chains (Prantzos et al,
2007, 2017). Additionally, the detection of anticorrelations with similar extensions in both
dwarf and giant stars rules out any possibly mixing mechanism at the origin of the observed
differences because in MS stars the convection is negligib]e and thus not able to bring mate-
rial to the surface of the star. Moreover, in MS the H burning mode is dominated by the p-p
reactions and not by the CNO cycle (see Gratron et al,, 2019).

Therefore, the most likely explanation for the observed chemical anticorrelations is that
within GCs exist mu]tip]e stellar populations, with the presence of at least two different pop-
ulations. The first population (or generation) of stars is characterized by the same chemical
composition of population II field stars at similar metallicity, while the second population
(or generation) of stars is usually enhanced in terms of He, N, Na and in some cases also in Al
Si, and K, while they are depleted in C, O, Ne, and Mg. This second generation of stars thus
arises from the ashes of nuclear reactions that happen in some stars of the first generation,
called also polluter stars, that eject the processed material through the complete CNO cycle
into the intracluster medium allowing then new episodes of star formation.

In the next section I will explore in detail the most likely candidates to be the polluter stars

and which are the pros and cons of each of them.

1.4 Polluter stars

In this section [ will discuss about the different candidate polluter stars responsible for the
formation of MPs in GCs, because the most likely explanation is that MPs are the result of a
self-enrichment process within the clusters where material processed through the hot CNO
cycle and its secondary NeNa and MgAl chains (e.g., Langer et al.,; 1993; Arnould et al., 1999;
Prantzos et al,, 2007) is incorporated in a subsequent generation of stars. Indeed, the ma-
jority of theoretical models for the formation of MPs involve the occurrence of two or more
episodes (in some clusters only two main populations are detected) of star formation where
CNO-enriched stars (SG) were formed out of matter polluted by massive stars with field-like
composition (FG) within the first 100-200 Myr of the cluster life.

With this scenario in mind, I would like also to remind that the material that gave rise to
the FG of stars was not pristine but was previously enriched by the remnants of several
supernovae, predominantly Supernovae (SNe) Type 11, as no known GC has a metallicity
[Fe/H] < —2.5 dex (see Fig. 1.2) and most of them is defined as a-enhanced ([a/Fe|> +0.2
dex).
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During the decades many candidate polluters were proposed to explain the MPs phenomenon
in GCs. Given the physical properties of GCs and the observational constraints coming from
the chemical anticorrelations, whatever the polluter stars is, it must have the following prop-

erties:

® Be able to produce significant variations only in the light elements without produc-
ing major variations in heavy elements such as Fe. Indeed, recently it was found that
small-to-moderate variations in Fe (from 0.05 up to 0.3 dex) could be quite common
in massive GCs (Legnardi et al., 2022; Lardo et al., 2022, 2023; Lee, 2022, 2023; Monty
ct al, 2023). However, these Fe variations are smaller than those in light elements.
In some among the most massive GCs large Fe spreads were found: w Centauri (Pan-
cino et al., 2000; Johnson & Pilachowski, 2010; Mészaros et al., 2021), M 54 (Bellazzini
et al., 2008; Carretta et al., 2010b), M 22 (Marino et al.,, 2009, 2011a), NGC 1851 (Yong
& Grundahl, 2008; Tautvaisien¢ et al., 2022), M 2 (Lardo et al., 2013; Yong et al., 2014),
NGC 5286 (Marino et al., 2015), NGC 6273 (‘]ohnson et al.,, 2015), Terzan 5 (Ferraro
et al,, 2009; Origlia et al., 2011; Massari et al,, 2014), and Liller 1 (Ferraro et al., 2021;
Crociati et al,,; 2023). These systems probably experienced more complex histories of

formation and evolution than the so called genuine GCs.

B Be able to activate the complete CNO cycle, including the NeNa and MgAl chains at

least on those GCs where the entire set of anticorrelations are observed.

® Be able to eject the processed material into the intracluster medium at low velocity

(~ 10 km s™1) in order to avoid this material to escape from the cluster potential well.

With these ingredients in mind, here are the candidate polluters proposed during the years

to explain MPs in GCs.

141 Asymptotic Giant Branch stars

AGB stars were among the candidates proposed to explain the chemical anomalies observed
carly in the eighties (Dantona et al., 1983; Renzini, 1983; Iben & Renzini, 1984) and then as
the polluters of the FG responsible for the observed patterns of anticorrelation in GCs (Ven-
tura ct al., 2001, 2012, 2013; D’Ercole et al,,; 2008, 2010). The AGB stars in the range of masses
between ~ 3Mg and ~ 8Mg experience a burning phase called hot bottom burning (HBB)
in which they can reach very high temperatures (T> 108 K) at the base of the convective
envelope (see Ventura et al,, 2022, and references therein). This mass range can be extend up
to ~ 10Mg to include the so-called super-AGB (SAGB) stars. In this regime of temperature

the proton capture reactions can happen very efﬁciently through the CNO cycle and NeNa
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and MgAl chains.

[t is worthy to mention that the maximum temperature that can be reached at the base of
the convective envelope is a function of the AGB star mass: in a 3 Mg the temperature at the
base of the envelope is ~ 8 x 107 K, while in a 7.5 Mg is ~ 1.4 x 108 K (Ventura et al., 2013).
In this scenario, a GC experience a major episode of star formation that leads to the forma-
tion of FG stars. In the first Myr the feedback from high-mass stars and the associated SNe
clean the intracluster medium from the enriched material. This effect is required to avoid
large Fe spreads. Then, after ~ 30 Myr the stars of the FG start to evolve through the AGB
phase, and their winds due to their low velocity (~ 10 — 30 km s™*; Loup et al, 1993), are
not able to escape from the cluster. Thus a reservoir of processed material begins to form
into the intracluster medium. This material cools and sinks toward the cluster center, and
once a critical density is reached, a SG of stars begins to form out of this material (D'Ercole
ctal,, 2008; Bekki, 2017). However, in order to reproduce the observed Na-O anticorrelation
the ejecta of the AGB stars should mix together with pristine material left by the FG star
formation before forming the SG.

The dilution of the processed material with gas sharing the same chemical composition of
the FG stars is a crucial point of the AGB scenario. Indeed, the yields of all the AGB mod-
els produce a Na-O correlation instead of the observed anticorrelation. In Fig. 1.22 can be
seen the yields of the AGB stars of different metallicities and masses (see the caption for de-
tails). All the models predict a Na-O correlation, with larger correlation at lower metallicity.
Thus, in order to obtain a Na-O anticorrelation from the yields of the AGB stars Ventura &
D’Antona (2009) proposed a dilution of the ejected material with pristine matter at the level
of ~ 50%. However, the amount of dilution between processed material (AGB yields) and
diluting material (FG gas composition) varies from star to star depending on its position on
the anticorrelation plane.

On the other hand, when Mg and Al (and in some cases also Si) abundances are considered
the yields of AGB stars naturally predict depletion of Mg and enhancement of Al/Si (see
Fig. 1.23), thus originating a Mg-Al/Si anticorrelation. In particular, the extension of the
anticorrelation is metallicity dependent, with larger extensions in a lower metallicity regime
that is perfectly in agreement with the currently observations in GCs.

AGB yields are also able to explain, at least qualitatively, the presence of the last outcome
of the MgAl chain, that is the Mg-K anticorrelation observed in some GCs. Indeed, when
Mucciarelli et al. (2012) and Cohen & Kirby (2012) found the presence of a Mg-K anticor-
relation among the stars of NGC 2419 with [K/Fe| enhanced up to ~ 2 dex and [Mg/Fe]
dep]eted down to ~ —1 dex, AGB and specia”y SAGB stars were proposed as valuable pol—

luters responsible for the formation of SG stars with the observed K and Mg abundances
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FIGURE 1.22: Yields of AGB of different metallicities in the O-Na plane. Green points: Z = 3 X 10_4;
blue squares: Z = 1073 models by Ventura & D’Antona (2009, 2011); red triangles: Z = 8 x 1073,
Numbers close to the points indicate the values of the initial mass. Figure from Ventura et al. (2013).

(Ventura et al., 2012). Ventura et al. (2012) proposed that the AGB and SAGB stars in the
low metallicity regime of NGC 2419 experienced a very scrong HBB phase, especially around
~ 6Mg, allowing for strong depletion in Mg. The production of K at the observed levels
in these stars can happen by proton capture on Ar nuclei, but only if the reaction cross sec-
tion 38Ar(p,’y)39K is increased by a factor of 100 with respect to the standard rate or if the
temperatures at the base of the convective envelope exceed ~ 1.5 X 108 K. The SG of stars
then formed directly from the ejecta of AGB and SAGB with little or even no dilution with
pristine material present in the cluster (di Criscienzo et al., 2011; Di Criscienzo et al., 2015).
In those clusters where Mg-K anticorrelation is observed, at the temperatures needed to pro-
duce K (T > 1.5 x 10® K) the light elements participating the NeNa and MgAl chains
disappear because at so high temperatures elements such as Na and Al are destroyed more
ethiciently than they are produced (see Prantzos et al., 2017 for a detailed discussion). Thus,
no Na-O or Mg-Al anticorrelations should be present, which is at odds with the observations.
Therefore, the contribution of the yields of AGB stars at different masses as well different
degrees of dilution are required to account for the observational evidence.

A major problem affecting the AGB models is the necessity for a dilution to explain the an-

ticorrelations. Indeed, is not clear where gas with FG chemical composition is stored in the
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FIGURE 1.23: Yields of AGB of different metallicities in the Mg-Al plane. Green points: Z = 3 x 10_4;
blue squares: Z = 1073 models by Ventura & D'’Antona (2009, 2011); red triangles: Z = 8 x 1073,
Numbers close to the points indicate the values of the initial mass. The two arrows indicate the resules
from Z = 3 x 10™* models of initial mass 6 and 7 Mg calculated with a smaller rate of mass loss.
Figure from Ventura et al. (2013).

meantime of the AGB evolution, and how this gas is not contaminated by the ejecta of FG
SNe. In the model proposed by D’Ercole et al. (2008) the AGB ejecta is able to cool very
rapidly, likely mix with pristine material, fall at the center of the cluster, and form a SG of
stars. However, if there is the presence of heating of a population of X-ray binaries the gas
is not able to cool down, but is swept out from the cluster (see Bastian & Lardo, 2018 for a
discussion). Another problem comes out from the fact that in the AGB model by Doherty
et al. (2014) the sum C+N+O does not remain constant for any AGB polluter star, which is
in contrast to the observations for the majority of GCs where the abundances of C, N, and
O are available’. In the models by Ventura & D’Antona (2009, 2011); Ventura et al. (2013)
this effect is mitigated by the fact that in massive AGB progenitors the nuclear reactions
are not notably affected by the third dredge-up, which is responsible for the increasing sum
C+N+O0 in the model by Doherty et al. (2014).

>Only some GCs such as NGC 1851, M 22, and w Centauri display increasing sum of C+N+0O (Yong et al,,
2009; Marino et al., 2011a, 2012b). Again, these clusters are among those suspected to have experienced complex
histories of formation and evolution.
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1.4.2  Fast Rotating Massive Stars

Fast Rotating Massive Stars (FRMSs) during their MS phase were proposed as candidate pol-
luters for the formation of the SG stars in GCs. Indeed, these kind of stars undergo the H
burning in their cores during the MS phase and therefore are, in principle, able to provide
the enriched material for the formation of SG stars. Firstly, Wallerscein et al. (1987) proposed
that the fast winds coming from the Wolf-Rayet stars could be part of the solution for the
observed chemical anomalies in GCs. Later on, Prantzos & Charbonnel (2006) proposed a
qualitatively model in which the winds of massive stars (in the mass range 10 — 100 M)
can provide the enriched material necessary for the formation of SG stars. The stellar winds,
enriched with products of H burning, particularly if the stars are rotating, gradually disperse
into the surrounding interstellar medium, exerting pressure that creates circumstellar cavi-
ties. These winds eventually mix with untouched pristine gas remaining in the system after
the formation of FG stars. When this mixed gas encounter the boundaries of these cavities,
the shock waves from subsequent SN explosions trigger the formation of new stars. The high-
temperature ejecta from SNe within these shock waves primarily expand along the previously

carved cavities by the winds of massive stars, ultimately escaping the cluster entirely.

This scenario is similar to the AGB one, because the enriched material produced by FG stars is
used to form SG, but this phenomenon happens when the cluster is very young (just ~ 10—20
Myr after the FG formation). Also in this case some degree of dilution of the ¢jected material
with pristine gas is needed in order to match the observed patterns of anticorrelations. At
odds with the AGB scenario, the FRMSs ejecta naturally originate a Na-O anticorrelation.
Also large amounts of He are produced in these stars, thus easily explaining the large spreads
of He observed in clusters such as NGC 2808. Nevertheless, the high He yields could be a
challenge for those GCs that exhibit small He variations (Chantereau et al,, 2016). However,
the temperatures necessary for the activation of the MgAl chain in FRMSs can be achieved
only at the end of the MS phase, in an environment that have produced large amounts of
He, much larger than the inferred values in GCs. Similar results are relative to the Si pro-
duction. The only way to match the observed MgAl anticorrelation in GCs is to increase the
2"Mg(p, ) reaction rate by a factor up to ~ 1000 at ~ 5 x 107 K with respect to the nominal
rate reported in literature (Iliadis et al., 2001). Finally, no K can be produced in these stars,
since they are not able to reach the temperatures needed to burn Ar. Thus, FRMSs models are
challenging for those GCs where clear Mg-K anticorrelations are observed. This first model
based on FRMSs was further refined in Decressin et al. (2010).

Based on the ideas proposed in Decressin et al. (2007b, 2010), the FRMSs model was further



14. Polluter stars 35
Farmation of hot bubble around . .
Mass segregated cluster mastive $1ars by radiative vands Funt generacen Time Star death for
war fernutien 0 rﬂy,
008 pc
- -
[ ] 0.7 Myr
(8 3"
o Masive star (1G) ==
+ Low-mais star (1G) 3.5 Myr 120 M.
Spangy-structure for 1S Formation of 2G stars in disc
Slvm equitcrial muuh
and aconton
Second peneratinn
@ farmatan
8.8 Myr 25 M5,
() Hot bubkble
Turbulent structure for ISM
35 Myr 9 M-,
« Black hol= 1 pc
« Low-mats stars (2G) ==
* Supernovae
Rapid gas expuhiion Black hole activation
2
0_‘0_ pe .
® ° -
L]
L ] . &
7 40 Nyr
e L | ¢
{ L
® ) [ Lo

1 pc
-

FIGURE 1.24: Sketch of the FRMSs model for the first 40 Myr of evolution of a two population GC
together with the global timeline (from top to bottom) and the associated time when the stellar life

ends for selected stars on the right. The complete description of the model is in the text. Figure from

Krause et al. (2013).



36

developed by Krause et al. (2013) by Considering the case in which the former GC is able to
retain the remaining gas from the formation of FG stars, also in the presence of SNe. The
model follows the GC evolution over a period of ~ 40 Myr in which the different popula-
tions within the cluster form (see Fig. 1.24). In the first column from the left can be seen
the entire GC, while the second column shows a zoom-in on a FRMS. The rows (from top
to bottom) show four important steps of these model. First row: first, a mass-segregated
proto-cluster is formed with all FRMS inside the half-mass radius (dashed line) and with the
pristine gas (light pistachio-green shade) remaining after the first episode of star formation.
Each massive star (the blue interior signifies the convective hydrogen burning core, the bright
green enve]ope depicts the convective enve]ope, which still has the pristine composition at
this stage) creates a hot bubble around it. The corresponding wind shell is represented in a
darker shade of green than the uncompressed gas. Second row: all hot bubbles connect and
create a spongy structure in the center of the cluster. At the same time, slow mechanical
winds around the FRMSs create a disk around them. The outer envelope of the FRMS is now
blue to denote that it was contaminated by hydrogen-burning products. In the interaction
between the ejected disc (blue) and the accreting pristine gas (green), a second generation of
chemically different stars is born (blue filled circles). Third row: SNe (red stars with straight
lines) fail to eject the gas but create a highly turbulent convection zone. Additional accretion
onto the remaining FRMSs discs is inhibited. The equatorial ejections also end around this
time and the formation of the SG stars is completed by about 10 Myr on the global time axis.
Fourth row: subsequently, high-velocity gas expulsion takes place and removes the remaining
gas together with the majority of the less tightly bound FG stars out of the cluster potential
well. Such a rapid gas expulsion is likely to be caused by the activation of black holes by
accretion of matter.

Finally, Charbonnel et al. (2014) proposed a variation of the FRMSs model.

A potential problem affecting this scenario is that after ~ 3 — 8 Myr core collapse SNe start
to explode and the retention of just a small amount of their material would result in large Fe

spreads that are not usually observed in GCs (see e.g., Renzini, 2008; Renzini et al., 2015).

1.4.3 Massive interacting binaries

Massive interacting binaries were proposed as valuable polluters able to release enriched ma-
terial into the intracluster medium of GCs (de Mink et al., 2009). The authors modeled the
binary interaction between a 15 and 20 M, and studied the yields of the ejected material. In
the interaction they considered the effects of non conservative mass and angular momentum

transfer and of rotation and tidal interaction. From the evolution of the model emerges that
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the system eject ~ 10 Mg, that is nearly the entire envelope of the primary star. The ejecta
are enriched in He, N, Na, and Al and depleted in C and O, similar to the abundance pacterns
observed in GC stars. However, Mg is not significantly depleted in the ejecta of this model
(see Fig. 1.25) because the temperatures reached are high enough to activate proton caprure
onto Mg and Mg, but not onto the most abundant isotope ?*Mg. This has an effect on
the Al abundances that are enhanced just by a factor of two. In this model the sum C+N+O
is expected to be constant, according to the observations in most GCs. The ejected material
of these stars has low velocity and thus it remains inside the potential well of the GC and
becomes available for the formation of the SG stars. This model works well within the as-
sumption that the majority of massive stars in the proto—c]uster are members ofinteraeting
binary systems.

In this model the precise yields are contingent on many factors such as the time of interac-
tion, the total stellar mass, and the mass ratio. As a result, massive interacting binaries offer

a potential explanation for the different amounts of abundance variations from cluster to

cluster.
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FIGURE 1.25: Composition of the low-velocity ejecta of the considered binary system as a function
of the ejected amount of mass. The mass fraction X of the main stable isotope of each element is
given relative to the initial mass fraction X;, except for Mg where all its isotopes were added together.
The average Xg, and the most extreme mass fraction Xz are expressed on a logarithmic scale: [X]
= log;o(X/X;). For He is shown the absolute mass fraction Y. Mass ejected during the different mass
transfer phases is separated by a thin vertical line. Figure from de Mink ct al. (2009).

144 Cool Supergiants

Another type of proposed polluters within GCs are the cool red supergiants in the range mass
~ 150 — 600 Mg, (Szécsi et al,, 2018). In this model, star-forming shells around cool super-

giants could form the SG low-mass stars in Galactic GCs. The cool supergiants in general
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have a convective envelopes because of their low surface temperatures (T< 10* K). Thus,
envelope convection mixes nuclear products from the burning regions of the core or shell to
the surface. Hence, the wind of the cool SG stars contains the products of nuclear burning
that is happening in the deeper regions of these stars. In particular, in case of H burning
in the core of these supergiants, the nuclear products of the winds are hot H burning prod-
ucts. Indeed, due to the high core temperatures of these stars, they are able to activate also
the MgAl chain very efficiently, without increasing artificially the reaction rate of the MgAl
chain as required for FRMS and interacting binaries (see Decressin et al., 2007b; de Mink
ctal, 2009). The ejecta are naturally enriched in Na and Al and depleted in O and Mg, with
the caveat that in order to explain extreme depletion/enhancement of Mg/Al deeper layers
of the supergiants should be lost.

The material processed by the cool supergiants is ejected via strong but slow winds into the
intracluster medium and could eventually mix with pristine gas and form the SG stars in
shells around the supergiants. However, as for the other models based on massive stars, the
model based on cool supergiants can only explain the Na-O and Mg-Al anticorrelations to-
gether with high He abundances, much higher than the observed values. This issue is generic
to all models, as both the NeNa and the MgAl chains are side reactions of hot H burning and
H burns into He.

Finally, an issue of this model is that is expected to operate at low metallicity. Indeed, in
the metal-rich regime the very massive stars (M > 150 M) do not become cool supergiants
because their mass-loss is very high and so they become hot Wolf—Rayet stars instead. No
shells are expected to form around these hot stars. Thus, if cool supergiants were effective

polluters for the SG stars in GCs, they were active in the subsample of low-metallicity GCs.

1.4.5 Supermassive Stars

Supermassive Stars (SMSs) represent another type of proposed polluters within GCs that
could be responsible for the formation of SG stars with abundance variations compared with
FG stars. Denissenkov & Hartwick (2014); Denissenkov et al. (2015) proposed a model where
within a proto-cluster the most massive stars sink to the center by dynamical friction and
coalesce together, forming SMSs of ~ 10* Mg,. The model was refined by Gicles et al. (2018)
who proposed the concurrent formation of GC and SMSs (M2 103Mg) to address the origin
of the observed chemical patterns in GCs. In this scenario GCs form in converging gas flows
and accumulate low-angular momentum gas, which accretes onto protostars. This leads to

an adiabatic contraction of the cluster and an increase of the stellar collision rate, which
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can produce a SMS through runaway collisions if the cluster reaches sufficiently high den-
sity before two-body relaxation halts the contraction. An object of this kind would be fully
convective, with a luminosity close to or exceeding the Eddington luminosity, hence would
lose mass at high rate. Since full convection makes the SMS chemically homogeneous, as it
evolves its winds would be progressively enriched in He, in the products of CNO cycle and
proton capture reactions. This is exactly the gas chemical COmposition necessary to form SG
stars.

Gieles et al. (2018) showed that a minimum SMS mass of ~ 5 x 103Mg, is required to reach
the Mg-burning temperatures (= 7.5 X 107 K). Finally, SMSs do not reach the temperatures
needed to produce K (Pranczos et al.,, 2017). As for other proposed model, also in this case
the processed material could mix with pristine gas present in the proto-cluster.

The process of gas ejection from SMSs goes on until they burn out or potentially explode ow-
ing to instabilities within the stars. Moreover, due to the fact the SMSs can be rejuvenated
many times through stellar collisions, the amount ofprocessed material ejected by these stars
could be an order of magnitude higher than the maximum mass of the stars.

One important point of this model is linked to the fact that the central temperature strongly
increases at the end of the MS (where He mass fraction Y = 0.8), up to values where Na and
Al are efﬁciently destroyed through proton capture. Therefore, if SMSs played a role in the
GC pollution, they must have ejected processed material at the beginning of the MS, before
starting to destroy the previously produced Na and Al Albeit this process leads to MPs of
stars within the cluster, the expected age spread between different populations would be less
than ~ 3 Myr, in order to avoid the Fe contamination coming from the explosion of first
core collapse SNe (sce e.g., Renzini, 2008; Renzini et al., 2015).

In Fig. 1.26 is depicted the general interaction between a SMS and the proto-cluster.
According to this model at lower [Fe/H] the SMSs are hotter, which predicts that the ex-
tension of the Mg-Al anticorrelation is larger at lower metallicity. Also a strong correlation
between the mass of the SMSs and GC mass comes from the model, which naturally trans-
late into the fact that preferentially massive and metal-poor GCs contain more pronounced
Mg-Al anticorrelations. This is in agreement with the current observations (Mészaros et al,
2015; Pancino et al., 2017).

However, one of the major flaws of the model is that SMSs are still only theoretical, although
Gieles et al. (2018) perform numerical simulations showing that under specific conditions
runaway collisions are likely to take place, even when considering two-body relaxation and

the strong stellar mass loss of these stars due to their winds.
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pristine gas
accretion

FIGURE 1.26: Picture of the enrichment scenario due to a SMS. Cold, pristine gas accretes onto the
cluster, causing the cluster to contract. The higher stellar density results in stellar collisions, generat-
ing a SMS in the cluster center. The SMS eject winds enriched in hot H products, which interacts and
mixes with the accreting gas. This material serves as a reservoir of gas for the formation of SG stars.
Figure from Gicles et al. (2018).

1.4.6 Novae

Maccarone & Zurek (2012) studied the possible contribution of classical and recurrent novae
from isolated white dwarfs accreting from the intracluster medium to the abundances of SG
stars present in GCs. In this model, the authors find that ~ 8% of the initial mass of the FG
stars ends up as white dwarfs. Maccarone & Zurek (2012) evaluated the amount of material
that a white dwarf can process before the formation of SG stars and found that an average
white dwarf is able to process about its own mass. This material, enriched in He and some
light elements, is then lost through the nova shell and injected into the intracluster medium
and becomes available to form SG stars. The model assumes that a large amount of gas is still
available in the cluster after the white dwarfs start to form.

The yields of He and metals and the ejected masses seem to depend only weakly on the com-
position of the white dwarf, while the specific composition of the metals in the ejecta can
depend strongly on whether the white dwarf is a CO white dwarf or a NeOMg white dwarf
(see Yaron et al, 2005). The set of parameter values for which nova yields were calculated

was steadily expanding over the last decades, but is still not detailed enough to account for
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a precise amount of metals produced by novae. Therefore, the nova model can satisfactorily
explain only the observed He abundances in GCs.

Theoretical investigations showed that the nova outburst is a multi-parameter phenomenon,
depending on the mass, temperature and composition of white dwarfs (Jos¢, 2017), therefore
is not straightforward to perform simulations of the nova nucleosynthesis. However, simu-
lations suggest that peak temperatures up to 4.5 x 10® K can be reached during the nova
outburst (Yaron et al,,; 2005; Denissenkov et al., 2014), allowing production of elements up to
K. The problem with the yields is that in all cases elements lighter than K such as Na, Al Si

are overproduced with respect to the observed patterns.

1.5 Constraints on the formation scenarios

All the aforementioned scenarios apart from be able to explain the chemical anticorrelations
have also to reproduce a large number of observational constraints coming from both the old
Galactic GCs, but also from younger GCs present in the Magellanic Clouds. In this Section, [
will list the main observational constraints that all the described scenarios have to reproduce

in order to be considered as feasible models.

1.5.1 Mass-budget problem

It is well known that within GCs the fraction of enriched stars, i.e. the SG stars are equal or
even larger than the primordial population FG (e.g., Renzini et al,, 2015; Bastian & Lardo,
2018). In particular, in the central regions of GCs SG stars can constitute up to ~ 70% of
total stars, as the case of NGC 2808 (Milone et al., 2015b). In the case in which a standard
initial mass function (IMF) is adopted for both the FG and SG stars, the quantity of processed
material by FG stars and from which SG formed would not be enough. This phenomenon is
known as the mass-budget problem®. The mass-budget problem in its simplest form is the
following: the SG that is born in the cluster should contain as much (50:50) mass as the FG.
For example, in the case in which the AGB are the polluter stars and adopting a standard IMF
(e.g., Prantzos & Charbonnel, 2006), only ~ 7% of the total FG mass is in the AGB stars.
Assuming that 100% of the mass of every AGB star is used to form SG stars (which is not
reliable) and that also the SG has a standard IMF, AGB stars can only account for ~ 4 — 5%
of the population of SG stars. Also in the case in which is assumed that, on average, 50% of

the mass of cach SG star is given by pristine gas diluted with ejecta, AGB stars can account

(’According to Prantzos & Charbonnel (2006) stars are formed in the range 0.1 — 100 M. However, also
adopting the IMF by Kroupa (2001) which is in the range 0.1 — 120 Mg the mass-budget problem persists.
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for ~ 8 — 10% of the total SG stars.

The mass-budget problem is faced also by massive polluters such as FRMS, massive interact-
ing binaries, and cool supergiants.

Different solutions were proposed to solve or alleviate the mass-budget problem. In particu-

lar:

B D'Ercole et al. (2010) proposed a truncated IMF for the SG stars. In particular they

proposed that all the SG stars are less massive than ~ 8 Mg,

® The number of FG stars was much larger when the cluster formed, and that ~ 90%
of them were lost during the evolution of the cluster. These lost stars would then
populate the field of the host galaxy. Therefore, at the epoch of formation GCs were
substantially more massive than their present-day GC progeny, with a strict lower limit

of a factor of ~ 5.

® The cjecta of the polluters mix with large amounts of pristine gas left in the cluster after
the FG star formation or that is accreted by the interstellar medium (e.g., Conroy &
Spergel, 2011). This provides a natural explanation for the approximately equal number
of first- and second—generation stars in GCs, but at the cost ofhaving fewer Chemica]]y

peculiar SG stars than are observed.

All the proposed solutions suffer for different problems. For example, for the AGB sce-
nario D’Ercole et al. (2008) and Conroy (2012) estimated that GCs were at least 10 — 20
times more massive than today. In the FRMS scenario, GCs were expected to be 8 — 25 more
massive than today. In a recent study, Cabrera-Ziri et al. (2015) discussed the mass-budget
problem in detail finding that under more realistic assumptions this problem could be 2 — 3
times worse, implying that GCs at their birth were up to 60 times more massive than today.
Therefore, the standard solution proposed to overcome this problem is the assumption that
GCs were 10 — 100 times more massive at birch than they are currently, and that, because
the SG stars are thought to be born more centrally concentrated, a large fraction of the FG
stars were lost during their evolution.

Kruijssen (2015) estimated the total amount of mass lost from GCs forming and evolving in
a cosmological context and found that massive GCs (initial mass > 5 x 10° M) are only
expected to lose a relatively small fraction of their initial masses, thus being at their birth
just a factor 2 — 4 more massive than today. Therefore, no final solution for the mass-budget

problem exists, independently for the adopted model.
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152 Specificity

The existence of SG stars within GCs that are characterized by their pecu]iar chemical com-
position made of (anti)correlations is common in almost all these systems, but not in other
environments such as the Milky way field or OCs. Still, in the field of Milky Way exist stars
with the chemistry of GC SG stars, but they are few and thought to be lost by the clus-
ters through tidal interaction with the Galaxy (Vesperini et al.,, 2010; Martell et al., 2011).
Therefore, the environment conditions of the proto-clusters were very specific, allowing to
form stars (SG) with peculiar chemical compositions that are not observed in stars present
in other environments.

Young massive clusters, with masses up to ~ 10% Mg, are occasionally forming in the local
Universe, but do not appear to be forming stars with the chemistry typical of SG (Bastian
ct al, 2013). This seems to be an hint of the special conditions present in the early Universe

at the epoch of GCs formation.

1.5.3  Ubiquity and variety

The presence of MPs is an evidence that was found in (almost) all GCs and their existence
is demonstrated both from a photometric and spectroscopic point of view. This suggests
that the production of MPs is an inevitable outcome of the early formation process of GCs.
Indeed, MPs are nearly ubiquitous in old massive GCs, independent of their formation envi-
ronment (formed within the Galaxy or elsewhere) or metallicity. Thus, any GC formation
scenario have to account for the formation of MPs.

There is evidence that each GC studied has its own specific pattern of MPs. In some cases
just two different populations are present among a GC, while in other many different pop-
ulations coexist within a GC such as in NGC 2808 where seven different populations where
recognized (Milone ct al., 2015b). Moreover, cach GC with MPs shows a different degree of
depletion/enhancement among its stars according to different parameters such as the clus-
ter mass or metallicity. All these evidence call for a high degree of variery among the MPs
of GCs. It can therefore be inferred that there will be considerable differences between the
manner in which material from the FG stars are incorporated into SG stars and the chemical

composition of these material.

1.5.4 Discreteness

A significant atcribute of MPs is that within each GC, they can be well separated into discrete

sequences in both CMDs and ChMs (see Fig. 1.27), as opposed to a continuous distribution.
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The utility this property offers in differentiating between different scenarios is considerable,
particularly given the chal]enges encountered in reproducing discrete populations by some of’
them. The issue mainly concerns scenarios invoking a single star formation episode, where
the FG stars are accreting material with a peculiar chemical composition, thereby becom-
ing SG stars. In order to account for the observed discreteness, the most likely explanation
is that GCs experienced several star formation episodes that created different populations.
Indeed, individual bursts of star formation had a finite duration, hence stars formed at differ-
ent phases of the burst were made of material with slightly different composition, as indeed
the composition of the intracluster medium was continuously changing, being the medium
continuously fed by the polluter stars of the FG. This is a feasible assumption in the AGB sce-
nario, but it is more complicated to apply to scenarios involving disks around massive stars,
such as the FRMSs and the massive interacting binaries. For these latter scenarios there is
still the possibility to produce discrete populations under the assumption that massive star
feedback leads to multiple episodes of star formation.

The presence of discrete MPs in GCs is casily detectable through different photometric dia-
grams (CMD and ChMs), while in many cases it appears that from a spectroscopic point of
view (in the abundance planes of anticorrelations) the MPs have a continuous distribution.
This continuous distribution in the anticorrelation planes is mimed by abundance measure-
ment errors, which blur the underlying discreteness. Indeed, from a spectroscopic analysis in
NGC 2808, Carretta (2015) were able to find five distinct populations in the Mg-Na plane.
NGC 2808 is not the only case in this sense.

1.5.5 Supernova avoidance

In the majority of GCs the MPs display significant variations in their light elements with
extended (anti)correlations, while their content of Fe is almost the same with small to mod-
erate variations (at maximum 0.3 dex, see Legnardi et al., 2022; Lardo et al,, 2022, 2023; Lee,
2022, 2023; Monty et al., 2023). These kind of GCs are known as type I GCs according to
their ChMs (Renzini et al,, 2015; Milone et al., 2017a). This evidence has a strong implication
for the early evolution of these systems. Indeed, core collapse SNe belonging to both first-
and second-generation stars, whose ejecta are enriched in Fe, should give little or no contri-
bution at all to the formation of the SG. This problem is known as supernova avoidance. All
the proposed models for the formation of MPs should somehow take into account the fact
that the majority of the gas coming from the core collapse SNe is sweep out, allowing the
cluster to retain only the gas processed through hot H burning. The situation is even more

complicated when the dilution with pristine gas is considered. Indeed, is not clear how the
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FIGURE 1.27: The ChM of NGC 2808. Stars in the groups A, B, C, D, and E are colored in green, orange,
yellow, cyan, and blue, respectively (lower-left panel). The corresponding Hess diagram is plotted
in the upper-right panel. The histograms of the normalized Aparsw, pgiaw and Apssew, pazsw
distributions for all the stars are plotted in black in the upper—left and lower—right panels, respectively.
The shaded colored histograms show the distributions for each of the five populations defined in the
lower-left panel. Figure from Milone et al. (2015b).
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unprocessed material is able to remain into the intracluster medium and is not swept out by
the SNe explosions. The proposed solutions to avoid the recycling of the SNe ¢jecta into the

intracluster medium are the following;

B SG stars must be formed in a very short amount of time (Wirch et al., 2021). In the
majority of cases the authors found that the star formation ends after ~ 6 Myr. This
scenario disfavors models of polluters that require longer times to evolve, such as the
AGB model.

B Stars more massive than 8 Mg do not form and thus no core collapse SNe are present
within the cluster. In the model by D’Ercole et al. (2010) this problem is alleviated,
since the IMF of the SG is truncated at 8 Mg, therefore no core collapse SNe of SG

exist in their model.

® The cjecta of core collapse SNe are fully released in the medium surrounding the cluster
(Tenorio-Tagle et al,, 2015, 2016). Such events lead then to no contamination of the

gas left over from the formation of a FG stars.

B Massive stars collapse directly into a black hole without exploding as core collapse SNe.
This was postulated by Krause et al. (2013) to ensure the supernova avoidance for the
FRMSs. The authors proposed that stars more massive than ~ 25 Mg would collapse
to a black hole without noteworthy energy and material release into the intracluster
medium. This hypothesis is supported by independent arguments (Sukhbold et al,
2016; Adams et al,, 2017; Eldridge & Stanway, 2022). However, all the stars in the
range 8 — 25 Mg, still have the possibility to explode as core collapse SNe. Thus, the

problem persists.

The exception to the supernova avoidance seem to be represented by the GCs that exhibit large
Fe spreads, with w Centauri being the most emblematic case. These systems are the so-called
type 11 GCs. Nonetheless, also in the case of w Centauri to enrich SG stars to their observed
Fe content it is sufficient that only ~ 2% of the Fe ejecta of the core collapse SNe from
the FG were retained and incorporated into SG stars, while 98% of such ejecta were lost by
the system (Renzini, 2013). Indeed, the main SG component of this system contains only
~ 25 Mg more Fe than the FG component (Renzini, 2008). The core collapse SNe from the
FG of ~ 2 x 10°Mj, at origin have instead produced ~ 10® Mg, of Fe, with most that was
ejected. As quoted by Renzini (2008) this estimate is just an upper limit and thus smaller
fractions than 2% would be sufficient to enrich the SG. Therefore, in all GCs both type I
and I1, SG stars have experienced very little contamination by SNe explosions, or none at all,

with only a very small fraction of such products integrated into SG stars. Every scenario for
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the formation of GCs has to take into account the supernova avoidance.

Since a single model fails in reproducing all the observed chemical patterns and all the re-
quired constraints here described it was proposed that mixed contributions from different
polluters can represent a valuable explanation for MPs (e.g., Sills & Glebbeclk, 2010). While
one particular class of polluters can be the dominant source for the processed material, it is
very probable that several mechanisms are active at the same time during the early evolu-
tion of the GCs (Valcarce & Catelan, 2011). Indeed, if the protocluster at its birth formed
stars with a standard IMF (e.g., Kroupa, 2001), different type of candidate polluters were
present (i.e. AGB, FRMS, interacting massive binaries, etc.), with one class being probably

the dominant source of enriched marterial.
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rueten 2
CHAPTER

AMONG US: STELLAR SYSTEMS DISGUISED AS GCS

It is widely recognized that (almost) all the Galactic GCs are characterized by the presence of
MPs with different chemical composition. In particular, the FG is characterized by stars with
primordial or field-like chemical composition, while the SG hosts stars with the chemical
signatures of the material processed in the interiors of FG polluters. On the other hand, the
majority of GCs are characterized by small or moderate Fe variations. In particular, Legnardi
et al. (2022) measured the Fe spread among FG stars in 55 Galactic GCs finding that the
metallicity spread ranges from less than [Fe/H| ~ 0.05 dex up to 0.30 dex, with an average
value of ~ 0.1 dex. This spread is mildly correlated with the GC mass, implying that more

massive cluster have larger Fe variacions (see Fig. 2.1).
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FIGURE 2.1: Histogram distribution of A[Fe/H] of the FG for 55 Galactic GCs (left). The relations
between A[Fe/H] of the FG stars and cluster mass, FG mass, and [Fe/H] are plotted in the other three
panels. Figure from Legnardi et al. (2022).

All the GCs with these characteristics, i.e. MPs with chemical variations and small-to-moderate
Fe variations, can be classified as type I GCs according to their ChMs (see e.g., Renzini et al,
2015; Milone et al,; 2017a). These systems are also known as genuine GCs.

On the other hand, exist a subset of GCs with the presence of MPs and with well recognized
large and intrinsic Fe spreads. In the ChMs they are classified as type II GCs and apart from

the Fe variations, spectroscopicaﬂy are characterized by variations in the overall C+N+O
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content, or by variations in the elements produced via slow neutron caprure reactions (s-
clements) such as Ba and La (e.g., Milone & Marino, 2022). However, not all the GCs with
the described properties were studied through ChMs. In particular, for those systems located
in the Bulge such as Terzan 5 and Liller 1 no ChMs exist due to the difficulties in UV/blue
observations of regions with very high extinction.

Among the GCs with large Fe spreads, the most famous are NGC 1851 (Yong & Grundahl,
2008; Tautvaisiené et al., 2022), M 22 (Marino et al., 2009, 2011a), M 2 (Lardo et al., 2013;
Yong et al., 2014), w Centauri (Pancino et al,, 2000; Johnson & Pilachowski, 2010; Mészaros
etal., 2021), M 54 (Bellazzini et al., 2008; Carretta et al., 2010b), Terzan 5 (Ferraro et al., 2009;
Origlia et al., 2011; Massari et al., 2014), and Liller 1 (Ferraro et al., 2021; Crociati et al., 2023).
All these complex systems are stellar systems disguised as GCs and from a chemical perspec-
tive, they are situated in the middle between genuine GCs, the typical Type I GCs, and more
massive systems such as dwarf galaxies with which they share the enrichment in metallicity.
Historicaﬂy these systems were classified as GCs due to the fact that they are (like genuine
GCs) old, bright, compact and in the range of masses of GCs. However, during the decades
high-resolution photometric and spectroscopic analysis revealed that these systems probably
had different histories of formation compared with genuine GCs.

Nowadays is generally accepted that these complex GCs do not constitute an homogeneous
class of objects, but rather each of them experienced its own complex history of formation
and evolution. Today they are observed as GCs with chemical differences in light and heavy
clements, signatures of their particular history.

In the following I will discuss in detail some of these complex GCs, that are the systems [
characterized during my PhD work. I will describe each of them separately, according to the

most common accepted scenario for their formation and evolution history.

2.1 w Centauri: remnant of a disrupted galaxy

w Centauri, also known as NGC 5139, is the most studied and at the same time the most
complex stellar system among the Galactic GCs.

Historically, w Centauri was classified as a GC due to its morphology (see Fig. 2.2). Dunlop
(1828) described w Centauri as a "beautiful large bright round nebula, about 10’ or 12’ diameter,
easily resolvable to the very centre; it is a beautiful globe of stars very gradually and moderately com-
pressed to the centre; the stars are rather scattered preceding and following, and the greatest condensa-
tion is rather north of the centre; the stars are of slightly mixed magnitudes, of a white colour. This is
the largest bright nebula in the southern hemisphere”. From this note can be observed that w Cen-

tauri was distinguished as a GC since its first observations due to its nature of bright and
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compact object. Studies perfbrmed during the last 50 years demonstrated that w Centauri
behaves like a GC, with the presence of MPs with different chemical composition. However,
the most astonishing characteristic of this system is its metallicity distribution that spans
almost 2 dex, with the presence of different peaks of metallicity. From this point of view,
w Centauri could be considered a bridge between the genuine GCs, which display large varia-
tions in light elements and small variations in heavy elements, and the dwarf galaxies, which
are the least massive self-enriching systems containing complex stellar populations with large
Fe spreads (see Fig. 2.3; Tolstoy et al., 2009; Willman & Scrader, 2012). It is interesting to
observe that w Centauri has a spread in Fe comparable to that of dwarf galaxies at similar

absolute magnitude, reinforcing its possibly conjunction between GCs and dwarf galaxies.

FIGURE 2.2: w Centauri image acquired with the VST OmegaCAM. Credits: ESO/INAF-
VST/OmegaCAM.

In the following Sections of this Thesis I will try to briefly review and summarize the vast
literature of observational evidence, both photometric and spectroscopic, collected about
w Centauri. I will outline the different results and shortly mention the possible explanations.
Also, I will try to explain why this system still deserves to be studied in detail through high-

resolution data.
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FIGURE 2.3: Dispersion in [Fe/H] measured for Milky Way dwarf‘galaxies (black filled) and GCs (red

open) as a function of the absolute magnitude7 calculated assuming an underlying Gaussian distribu-
tion. Figure from Willman & Strader (2012).

2.1.1 Structural properties

In this Section I will briefly review all the general properties concerning w Centauri.

w Centauri is the brightest system among GCs, with an absolute magnitude in the V-band
My = —10.17 (Baumgarde et al,, 2020). Shapley & Sawyer (1927) made a visual estimate
of 3 for the integrated photographic magnitude of w Centauri, finding that this cluster was
the brightest among those they analyzed. Moreover, w Centauri is the most massive Galactic
GC with a mass M = (3.94 £ 0.02) x 105 Mg, (Baumgardt & Hilker, 2018). Poveda &
Allen (1975) first estimated that w Centauri should be more massive than 3.3 x 10° Mg,
resulting in a mass-to-light ratio M/Ly > 3.0. Such value of mass, agrees very well with the
current value of mass for w Centauri, while the present value of mass-to-light ratio is quite
smaller, being M/Ly = 2.80 £ 0.10 (Baumgarde et al,, 2020). In Fig. 2.4 are represented
the absolute magnitude and mass distributions for the Galactic GCs. From these data, the
average values for the absolute magnitude and masses for GCs are My ~ —7 and M~ 2 X
10° Mg, respectively. In this sense, w Centauri is the GC with utmost properties.

w Centauri is clearly visible in the southern sky with the naked eye, due to its equatorial
coordinates (RA ]J2000 = 201769699 ; Dec J2000 = —47°47947, Goldsbury et al., 2010).
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FIGURE 2.4: Histograms of absolute magnitudes, My (top panel), and masses, log(M/M)) (bottom
panel) for all the Galactic GCs. The position of w Centauri, at the extreme of the distributions, is
marked by an arrow and a red bin. Data from Baumgarde & Hilker (2018); Baumgardt et al. (2020);
Baumgardt & Vasiliev (2021).

w Centauri is located in the Halo of the Milky Way, at 5.43 £ 0.05 kpc from the Sun and at
6.50 = 0.01 kpc from the Galactic center (Baumgarde & Vasiliev, 2021). Table 2.1 reports the
main information about position, proper motions, and distances for w Centauri.

Several studies showed that w Centauri moves on a strong retrograde orbit (e.g., Dinescu
ct al, 1999; Majewski et al,, 2000), but essentially confined within the Galactic plane with a
Zmaz = 1.40 kpc and an apocentric radius of 6.95 &£ 0.03 kpc (Baumgarde & Hilker, 2018).

Therefore, given its proximity to the Galactic plane during the orbit, w Centauri is subject
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Table 2.1. Main properties of w Centauri.

RA J2000 201°69699 Goldsbury et al. (2010)
Dec J2000 —47°47947 Goldsbury et al. (2010)
[l COS O -3.2510 mas yrfl Hiberle et al. (2024)
Lo -6.7398 mas yr—! Hiberle et al. (2024)
Galacric latitude 309°1020 Goldsbury et al. (2010)
Galactic longitude 14°9683 Goldsbury et al. (2010)
Distance from Sun 5.432£0.05 kpc Baumgardt & Vasiliev (2021)

Distance from Galactic center 6.502£0.01 kpe Baumgarde & Vasiliev (2021)

to a strong dynamical interaction with the Ga]axy. In particular, disk shocks and tidal in-
teraction can produce loss of the most external stars of w Centauri, forming the so-called
tidal tails. These stars cannot be considered bound to the system anymore, since they are lo-
cated much more outside the tidal radius, but they are relatively close to the cluster and share
some characteristics with cluster member stars such as Velocity and meta]]icity. Mey];m et al.
(2000) and Leon et al. (2000) for the first time suggested the presence of tidal tails around
w Centauri, with an extension to ~ 5 tidal radii. These authors estimated also that during
the last disk shocking w Centauri lost about 0.6 to 1% of its mass. More recently Ibata et al.
(20192), used N-body simulations to show that the Fimbulthul structure (Ibata et al., 2019Db) is
the long hunted tidal stream of w Centauri, extending up to 28° from the cluster. The pres-
ence of such tidal tails was confirmed also by a more recent work by Youakim et al. (2023).
w Centauri has a core radius r. = 4.30 pc, a projected half-light radius 75,; = 7.56 pc, an
half-mass radius 74, = 10.42 pc, and a tidal radius r, = 208.60 pc (Baumgardr & Hilker,
2018). The resulting concentration index ¢ = log(r/7.) = 1.69 implies that w Centauri is
relatively loosely bound. This relatively low value, combined with its small distance from us
allows to observe individual stars over almost the entire extent of the cluster, including the
central parts. All these information are summarized in Table 2.2.

I want to highlight the fact that all the reported information about the general properties
of w Centauri such as mass, kinemartics, shape, structure, etc. are referred mainly to the
most updated results. However, it is important to remember that systematic studies about
this stellar system started early in the sixties (for some properties also before) and are still

ongoing, resulting in hundreds and hundreds of publications that are impossible to cite.
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Table 2.2.  Structural values of w Centauri.

Core radius 7, 430 pc Baumga ardt & Hilker (2018)
Half-light radius 7y, 7.56 pc Baumgarde & Hilker (2018)
Half>mass radius 7, 10.42 pc Baumgarde & Hilker (2018)
Tidal radius r; 208.60 pc Baumgarde & Hilker (2018)
Concentration ¢ 1.69 Baumga ardt & Hilker (2018)

2.1.2 Photometry of w Centauri

The first pioneering photometric study of w Centauri was performed by Belserene (1959),
who found that the RGB stars along the (B — V'),V CMD "scatter widely instead of defining
what might properly be called a branch". Later on, Woolley (1966) produced more than ~ 6500
magnitudes and ~ 4500 proper motions in the B and V bands for bright stars in w Centauri
in a distance from 3’ to 22’ from the cluster center. This study was followed by other studies
by Dickens & Woolley (1967) and Dickens & Carey (1967) who found the same result of a
large spread of the RGB stars along the CMD. However, in all these cases the associated un-
certainties to the magnitudes were large (larger than 0.1 mag and for the fainter stars larger
than 0.3 mag). Cannon & Stobie (1973) analyzed the UBV data for a total of 126 bright stars
of w Centauri (V< 16.5), finding a large spread along the RGB stars. They concluded that
the exceptionally large scatter observed can be only in part attributed to photometric errors,
presence of field stars, and differential reddening. The authors concluded suggesting to per-
form several observational programmes, in order to confirm if the RGB scatter was intrinsic.
As suggested by Cannon & Stobie (1973), in the following years a series of studies of w Cen-
tauri were carried on by different authors. In particular, Freeman & Rodgers (1975) first
suggested that the observed spread could be due to variations in the chemical abundances
among the w Centauri giant stars. This finding was demonstrated by later studies both spec-
troscopic and photometric that reached magnitudes fainter than the MS Turn-Off (TO) and
mapped the whole extension of the system (e.g., Alcaino & Liller, 1987; Noble et al.; 1991).
Alcaino & Liller (1987) found a V magnitude at the MS TO V= 18.3 = 0.15 and also large
scatter among the MS stars.

ce et al. (1999) and Pancino et al. (2000) through a wide-field photometry discovered the
presence of a new anomalous branch along the RGB, which appears to be well separated from
the bulk of the RGB stars and characterized by redder color. Sollima et al. (20052) from a

high-resolution photometric analysis in the BVI filters confirmed the existence of multiple
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branches along the RGB. Moreover, thanks to the high precision of the dataset, the authors
were able to conclude that the RGB does not present a smooth and continuous distribution,

but shows a discrete structure (see Fig. 2.5).

FIGURE 2.5: CMD of the RGB stars in w Centauri. The stars are coded with different symbols accord-
ing to their group. Figure from Sollima et al. (2005a).

In parallel to the wide-field photometry, the advent of the HST revolutionized the photo-
metric studies for all the stellar systems. First studies with HST data in the V and [ bands for
w Centauri were carried on by Elson et al. (1995) and Anderson (1997). These new studies
were able to reach magnitudes as faint as I~ 26 allowing to obtain very precise luminosity
functions, and mass functions down to M ~ 0.2 Mg, Very recently, thanks to the HST cat-
alog of the w Centauri core Bellini et al. (2017b) presented a study to detail the MS into its
different populations. To this purpose, the authors used the filters F275W, F336W, F438W,
F606W, and F814W and developed a strategy to identify color systems where different pop-
ulations stand out most distinctly. In this way, they were able to identify 15 different popu-
lations along the MS (see Fig. 2.6). These findings show that the stellar populations and star

formation history of w Centauri are even more complex than inferred previously.
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FIGURE 2.6: CMD of the MS stars in w Centauri from different combination of HST colors and
magnitudes. Fiducial lines for each of the 15 subpopulations are color-coded accordingly to the each
subpopulation. Figure from Bellini et al. (2017h).

213 Metallicity and age distribution of w Centauri

The most outstanding feature of w Centauri is its wide metallicity spread, when compared
to the other systems classified as GCs. Indeed, with some particular exceptions already dis-
cussed in previous Chapter, typical GCs have small or null Fe spreads. w Centauri instead
has a spread in Fe of almost 2 dex, a value comparable to that of dwarf galaxies (Willman &
Strader, 2012).

The first spectroscopic study where a chemical inhomogeneity was found performed by Free-
man & Rodgers (1975). From the analysis of the Ca II K line in 25 RR Lyrae stars these
authors found values of [Ca/H] ranging from —1.6 up to —0.4 dex, with errors associated
with the measurements of the order of 0.2 dex. Thus, such large spread could not be due to
the measurement errors. Moreover, this spread cannot be associated to a strong differential

reddening in w Centauri. Newell et al. (1969) found that a maximum of 0.03 of differential
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reddening in E(B — V)" is present in w Centauri.

The first spectroscopic study where [Fe/H] was determined in w Centauri stars was per-
formed by Butler et al. (1978), who analyzed a large number of RR Lyrae stars, finding that
[Fe/H] ranges from ~ —2.2 up to ~ —0.6 dex. The authors concluded that the observed
spread is real and is very close to the range spread requested to explain the widch of the RGB
found by authors such as Cannon & Stobie (1973).

Since then, several different spectroscopic studies were performed in w Centauri. Among
them, here I cite Cohen (1981); Gratron (1982); Norris & Da Costa (1995a,b); Suntzeft & Kraft
(1996); Smith et al. (2000); Pancino et al. (2002); Johnson & Pilachowski (2010); Marino et al.
(2011c); Meszaros et al. (2021). All these studies point out to a mean metallicity of w Centauri
of ~ —1.5 dex, when the entire metallicity distribution is considered. However, when the
entire distribution is analyzed in detail, at least four different groups emerge. In particular,

according to the results by Johnson & Pilachowski (2010):

® There is a metal-poor subpopulation, with a peak at [Fe/H] ~ —1.75 dex, that consti-

tutes the majority of the entire population.

® There is a first metal-intermediate subpopulation, with a peak at [Fe/H]~ —1.5 dex,

that makes roughly 25% of the entire population.

® There is a second metal-intermediate subpopulation at higher metallicity, with a peak
at [Fe/H]~ —1.1 dex, which makes the 10% of the population.

® Finally, there is a extended metal-rich tail that comprises only the 2% of the entire

population and has a peak at [Fe/H|~ —0.75 dex.

These results are all summarized in Fig. 2.7, where the metallicity distribution of w Centauri
is displayed. The general results about the presence of at least four different subpopulations,
a wide spread in metallicity covering almost 2 dex from ~ —2.2 up to ~ —0.5 emerge from
all the spectroscopic studies performed in w Centauri.

The presence of such wide metallicity range in the w Centauri stars demands that in the past
it was more massive than today, in order to retain SNe ejecta at very high velocity, allowing
for multiple bursts of star formation, with each generation becoming progressively enriched
in Fe (e.g., Lee et al,, 1999).

Due to the wide spread in metallicities, which indicates a complex assembly history for

w Centauri numerous efforts were carried on to measure stellar ages and determine its star

"Nowadays is known that in the core of w Centauri a maximum of ~ 0.01 of differential reddening in

E(B-V)is present (Bellini ec al., 2017a).
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FIGURE 2.7: Top panel: metallicity distribution of the w Centauri giant stars studied by Johnson &
Pilachowski (2010). The dashed blue lines represent the Gaussian fits for the different subpopulations
of w Centauri, while the red line is the fit of the entire distribution.

Bottom panel: meta]licity distributions by \]ohnson & Pilachowski (2010, solid black line), Norris
et al. (1996, dotted red line), and Suntzeff & Kraft (1996, dashed blue line). Figure from Johnson &
Pilachowski (2010).

formation history. For example, Lee et al. (1999) estimated that the most metal-rich pop-
ulation in w Centauri is some 2 Gyr younger than its most metal-poor population. Similar
results were found also by Villanova et al. (2014), who studied the SGB in w Centauri. Taking
advantage of the age sensitivity of the SGB, the authors found that exists an age spread of at
least 2 Gyr between the most metal-rich and most metal-poor subpopulations.

On the other hand, different studies found a smaller age spread for the formation of the en-
tire population of w Centauri. Sollima et al. (2005b) from the analysis of SGB stars found a
total age spread of ~ 0.5 Gyr between the most metal-rich and the most metal-poor subpop-
ulations. These results impose severe constraints on the timescale of the enrichment process
of w Centauri, excluding the possibility of an extended star formation period. Same results
were obtained by Tailo et al. (2016), who found a spread of 0.5 Gyr among the different pop-
ulations in w Centauri, assuming that the most metal-rich subpopulation is enhanced in He
at the level of ~ 0.37 and is enhanced also in the C+N+O content with respect to the most
metal-poor one. Lee et al. (2005) based on similar considerations on the He content of the

different populations obtained an age spread of ~ 1.5 Gyr.
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[t is not a surprise that the literature provides disparate results on the intrinsic age spread.
Indeed, populations in w Centauri are uniquely complex, and large chemical variations are
observed not just over metallicity but also in the other elements of stars at a given metallicity.
All the peculiar physical properties possessed by w Centauri, such as a very flattened shape
for a GC, the multimodal metallicity distribution, stellar populations with different spa-
tial distributions (Ferraro et al,,; 2002), a possibly age spread among different populations
(see discussion above), and a retrograde orbit with respect to the Galactic rotation (Dinescu
ct al,, 1999) suggest that there are remarkable differences in star formation histories, chem-
ical enrichment processes and structure formation between w Centauri and other Galactic
GCs. The most common interpretation is that w Centauri is the remnant of an old nucle-
ated dwarf galaxy that the Milky Way accreted in the past (Bekki & Freeman, 2003; Bekki
& Tsujimoto, 2019). In their model Bekki & Freeman (2003) demonstrated that the stellar
envelope of the nucleated dwarf can be nearly completely stripped by the strong tidal field of
the first generation of the Galactic thin disc, whereas the central nucleus can remain intact
owing to its compactness. In this scenario, a large amount of metal-rich gas can be deposited
into the nucleus of a gas-rich nucleated dwarf and within the nucleus can therefore occur
multiple episodes of star formation with increasing metallicity. Moreover, the recent discov-
ery of a stellar scream kinematically associated with w Centauri (Ibata et al,; 2019b), favors
this proposed scenario. In the model proposed by Bekki & Tsujimoto (2019), w Centauri
forms within ~ 300 Myr, a timescale that is much shorter than the age spread found by some
authors such as Lee et al. (1999) or Villanova et al. (2014).

2.14 Muldiple populations in w Centauri

Although the observational scenario appears far more complex than for genuine GCs, w Cen-
tauri also displays the key chemical signatures of (anti)correlations typical of presence of MPs.
These chemical variations were detected among all the evolutionary phases of w Centauri,
from the MS up to the AGB phase. Moreover, once that the entire population is divided into
different subpopulations according to their metallicity emerges that each subpopulation dis-
plays its own patterns of anticorrelations (e.g., Marino et al., 2011¢; Mészaros et al., 2021).

w Centauri displays a clear Li-Na and Li-Al anticorrelations (see Fig. 2.8), as found by Muc-
ciarelli et al. (2018a). The A(Li) distribution in w Centauri is more complex than what is
observed in other GCs, reflecting the peculiar chemical evolution of this system. Genuine
GCs are dominated by FG and SG Li-normal stars, with the presence of a minor component

of stars enriched in Na and depleted in Li. In the case of w Centauri the fraction of SG stars
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depleted in Li is ~ 30%, that is unusually high with respect to the other GCs, where this

fraction is less than ~ 5%.
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FIGURE 2.8: Left panel: Li-Na anticorrelation in w Centauri. The red arrows represent upper limits
for the abundances A(Li).

Right panel: Li-Al anticorrelation in w Centauri The red arrows represent upper limits for the abun-
dances A(Li), while blue upper limits for [Al/Fe]. Figure from Mucciarelli et al. (2018a).

w Centauri displays also the most classical Na-O anticorrelation. The first clear detection
of this chemical feature was obtained by Norris & Da Costa (1995a) from the analysis of
high-resolution spectra for a total of 40 RGB stars. Same results were obtained also by Smith
ctal. (2000) from a smaller sample, but again located along the RGB. More recently, the high-
resolution spectral analysis of a sample of 855 giants by Johnson & Pilachowski (2010) and 300
giants by Marino et al. (2011¢) revealed with more clarity a very interesting peculiarity about
the Na-O anticorrelation in w Centauri. indeed, the Na-O anticorrelation exhibits variations
in shape and extension as a function of metallicity. In particular, the Na-O anticorrelation
becomes more extended as the metallicity increases, and disappears for the most metal-rich
subpopulation ([Fe/H] 2 —1.3 dex). In Fig. 2.9 is summarized the behavior of the Na-O
anticorrelation over the entire metallicity range of w Centauri as found by Marino et al.
(2011c). The presence of such peculiar Na-O anticorrelation is relevant for an understanding
of the formation of the different stellar populations in w Centauri. In light of this chemical
pattern, D’Antona et al. (2011) discussed the formation of MPs in w Centauri using the AGB
stars as a reference model.

w Centauri displays also the anticorrelations related to the MgAl burning chain. Indeed,
presence of enhancement in Al in w Centauri was firstly reported by Cohen (1981). Later on,

Norris & Da Costa (1995b) found a clear enhancement in Al, that was correlated with the
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FIGURE 2.9: Na-O anticorrelation in w Centauri for each metallicity group identified by Marino et al.
(2011c). Figure from Marino et al. (2011¢).

abundances of O and Na. Indeed, they found evident Na-Al correlation and O-Al anticor-
relation. The first Mg-Al anticorrelation in w Centauri was reported by Smith et al. (2000)
from the analysis of 10 RGB stars. Within the survey of the southern GCs, Mészaros ct al.
(2020) presented the ]argest study to the date on the abundances of the elemencts linked to the
MgAl chain. The authors analyzed a sample of ~ 900 stars in w Centauri and found clear ev-
idence of Mg-Al anticorrelation. Following these results, Mészaros et al. (2021) performed a
dedicated analysis of w Centauri based on ~ 1000 high—resolution high signal-to-noise spec-
tra collected within the APOGEE survey (Majewski et al,, 2017), finding all the (anticorrela-
tions) linked to the MgAl chain (see Fig. 2.10). The authors found that w Centauri exhibits
the most complex Mg-Al anticorrelation among all the GCs, with the shape and extension of
the anticorrelation that varies with the metallicity. Moreover, it was found that the stars with
the lowest content of Mg in w Centauri have lower Al content than what is expected from
the traditional shape of the Mg-Al anticorrelation, while they are also the most enriched in
Si within the cluster. Therefore, a turnover in the Mg-Al plane is present and a Mg-Si an-
ticorrelation naturally arises in w Centauri. Masseron et al. (2019) explained the shape of
Mg-Al anticorrelation by suggesting that Al was partially depleted in the polluter stars by
very hot proton capture reactions occurring at temperatures higher than 8 x 107 K. In this
regime part of the synthesized Al goes into Si through the 26A1(p,’7)278i(€7,V)27A1(p,’}/)288i.
Without this leakage, a simple correlation between Mg and Si should be present since they
are both a-elements. Also a Al-Si correlation is evident among the w Centauri stars.

The presence of correlations arising from the MgA] chain in w Centauri, from a theoretical
point of view for MPs favors the models able to activate this chain such as the AGB and
SAGB scenario. Obviously, due to the peculiar nature of w Centauri, multiple mechanisms
could be responsible for the MPs in this system.

Meszaros et al. (2020, 2021) claimed also for a hint of Mg-K anticorrelation in w Centauri,
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FIGURE 2.10: Mg-Al (left panel), Si-Al (central panel), and Mg-Si (right panel) (anti)correlations from
the APOGEE survey for w Centauri. Figure from Mészaros et al. (2021).

even though the stars with measured abundances are few and the K lines in the IR band used
by these authors are weak and blended with other lines. Considering these issues, the conclu-
sion was that the discovery of a K enhancement of the Mg-poor stars in w Centauri cannot
be convincingly claimed from the analysis by Mészaros et al. (2020, 2021).

Therefore, further studies are needed in order to confirm the presence of chemical anomalies
involving also the K in w Centauri. Indeed, the presence of a Mg-K anticorrelation is inter-
preted as the result of the extreme H burning through the MgAl chain (Ventura et al,; 2012).
For this reason, an accurate determination of K abundances and a confirmation of its link
with the other light elements in terms of chemical correlations would support the notion of
an extreme self-enrichment process in w Centauri, where all the CNO secondary chains were
very efficient. This finding would shed light on the nature of polluter stars responsible for
the formation of MPs in this very intricate stellar system, where several mechanisms were

active simultaneously during its early evolution.
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2.2 Liller 1: fragment of the Bulge formation?

221 A new class of stellar systems

Most of the stellar mass in the Universe is contained within spheroids (Fukugita et al., 1998).
Among these structures, the Galactic Bulge, the central region of the Milky Way, is the only
spheroid where individual stars can be resolved and extensively studied. Understanding the
origin and evolution of this stellar structure is a key point for modern astrophysics.

The Bulge constitutes ~ 20% of the total mass of the Galaxy (Zoccali & Valenti, 2016), but
due to the large and spatially variable extinction obscuring this region (Gonzalez et al., 2012)
its study resulted to be very cha]lenging, specially in the optical band. However, thanks to
the recent introduction of NIR facilities, the exploration of the Bulge was facilitated, and
now the advent of large spectroscopic and photometric studies are providing a comprehen-
sive view of the stellar populations constituting the Bulge with exceptional precision. These
results, enabled the investigation of the link among the stellar properties such as chemistry,
kinematics, spatial distribution, etc., in order to refine (and exclude) models related to the
Bulge formation. This would help, in a more general context, to understand the formation
of galaxies in the Universe.

The general picture of bulges formation in galaxies is still highly debated in the literature.
Among all the proposed models, three main scenarios emerge: (1) dissipative collapse (Ballero
ct al, 2007; McWilliam et al., 2008), with possibly an additional component formed with a
time delay of a few Gyr (Grieco et al,, 2012; Tsujimoto & Bekki, 2012), (2) dynamical secular
evolution of massive and unstable disks (Combes & Sanders, 1981; Raha et al,, 1991; Saha &
Gerhard, 2013), (3) and merging of substructures either of primordial galaxies embedded in
a dark matter halo (Scannapicco & Tissera, 2003; Hopkins et al,, 2010), or massive clumps
generated by early disk fragmentation (Immeli et al,, 2004; Carollo et al,,; 2007; Elmegreen
et al., 2008).

In this context, the detection of the so-called “clumpy or chain galaxies” (see Fig. 2.11) observed
at high-redshift (Carollo et al., 2007; Elmegreen et al,, 2009; Guo et al., 2015; Shibuya et al,,
2016) suggests that the coalescence of primordial substructures is a promising channel that
could have played a relevant role in the assembly process of galactic bulges. Indeed, numerical
simulations (e.g., Immeli et al., 2004; Elmegreen et al., 2008; Bournaud & Elmegreen, 2009;
Bournaud, 2016) demonstrated that primordial massive clumps with masses of 1089 Mg can
form from violent disk instabilities and eventually migrate to the center and dissipatively co-
alesce generating the bulge, within a ~ 1 Gyr for a Milky Way-like galaxy. Simulations also

predict not only that the massive clumps are able to migrate to the center, but that some
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of them are also able to survive the tortal disruption and generate stellar clusters (Bournaud,
2016; Dekel et al., 2023), that are the fossil fragments of the Bulge formation. These relics
should be located within the Bulge with the actual appearance of massive GCs. However,

due to their peculiar origin they should manifest well-defined features:

B At odds with genuine GCs, these systems were able to retain the iron-enriched ejecta of
the SNe explosions, and they likely experienced more than one burst of star formation.

Therefore, these peculiar GCs should host multi-iron and multi-age subpopulations.

® Considering that these giant clumps would have formed stars rapidly and with very
high star formation rate (similarly to the Bulge), a fraction of the stellar population of
the fossil fragments should be composed of old stars characterized by the same chem-

istry (in terms of both a-elements and iron) as that observed in the Galactic Bulge.

FIGURE 2.11: Example of clumpy galaxies as identified by Guo et al. (2015) in the redshift range 0.5 <
z < 3 from the HST survey CANDELS/GOODS. Figure from Guo ct al. (2015).

Therefore, finding stellar systems with these specific properties would provide a strong ob-
servational support to the merging scenario for Bulge formation. Until few years ago, no
evidence of the presence of such kind of systems was available. However, everything changed
when Ferraro et al. (2009) found that Terzan 5, a stellar systems classified as GC, has ex-
actly the described characteristics of the fossil fragments. Terzan 5 is a massive stellar system
(M= 2 x 10° Mg, , Lanzoni et al,, 2010), dynamically classified as an in-situ system belong-

gham et al,; 2022). Tt is

ing to the Bulge (Massari ct al,, 2019; Baumgardt et al., 2019; Callin
located in the inner region of the Bulge at distance of 6.62 %= 0.15 kpc from the Sun and at
1.65 £ 0.13 kpc from the Galactic center (Baumgarde & Vasiliev, 2021). The high extinction
in its direction, E(B — V') = 2.38 (Valenti et al.,, 2007), hampered for a long time the proper

study of its stellar content. However, Ferraro et al. (2009) performed the first high-resolution
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and NIR photometric observations of Terzan 5, coupled with high-resolution optical images
acquired with HST. This allowed to discovery multi-age and multi-iron stellar populations
coexisting within this stellar system. The authors detected two well-defined red HB clumps
along the CMD of Terzan 5: a bright HB (BHB) and a faint HB (FHB). Moreover, they an-
alyzed three stars in each clump finding a difference in the Fe content of ~ 0.5 dex, with
the FHB having [Fe/H] = —0.20 dex, and the BHB stars having [Fe/H] = +0.30 dex. In
the CMD the observed clumps can be reproduced by two populations characterized by the
observed metallicities and two different ages: t = 12 Gyr for the FHB and a significantly
younger age of t ~ 5 Gyr for the BHB. The same separation is present also in the MS-TO as
found by Ferraro et al. (2016). This latcer study allowed to refine the ages of the two popula-
tions: 1241 Gyr for the old and metal-poor one, 4.5 £0.5 Gyr for the young and metal-rich
one. Moreover, the authors found that the metal-rich subpopulation of Terzan 5 is more ra-
dially concentrated compared to the metal-poor ones.

Later spectroscopic studies of stars selected along the different red C]umps and based on high—
resolution spectra confirmed the presence of multi-iron populations in Terzan 5 (Origlia
et al,, 2011, 2013, 2019; Massari et al,, 2014). In particular, Origlia et al. (2013) detected the
presence of a third component, characterized by [Fe/H] ~ —0.8 dex, and a-enhanced. The
result was confirmed by Massari et al. (2014), based on a larger spectroscopic dataset. These
findings are summarized in Fig. 2.12. According to Ferraro et al. (2016), the emerging scenario

is the following;

® There is a dominant old population (¢ = 12 Gyr) formed on a short timescale, from gas
rapidly enriched by core collapse SNe with subsolar metallicity ([Fe/H] = —0.3 dex)

and enhanced [«v/Fe] abundance ratio.

® There is a younger population (¢ = 4.5 Gyr) formed from gas characterized by super-

solar metallicity ([Fe/H]= +0.3 dex) and solar-scaled [a/Fe] abundance ratio.

® There is a smaller and much more metal-poor component, with [Fe/H] ~ —0.8 dex

and enhanced in [a/Fe] at the same level of the dominant population.

The [cv/Fe] vs [Fe/H] pattern of Terzan 5 is surprisingly akin to that of Bulge stars and totally
incompatible with what is observed in the Milky Way outer disk and halo or in local dwarf
galaxies. Indeed, the observed specific chemical pattern is distinctive of massive and dense
environments that experienced star formation at very high rates, like the Galactic Bulge.

Recently, Romano et al. (2023) in their model for the chemical enrichment of Terzan 5 showed
that is possible to reproduce the mass, metallicity distribution function, and chemical abun-

dance patterns measured by assuming a chemical evolution model driven by self-enrichment.
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FIGURE 2.12: Top pancl: Fe distribution of the three subpopulations of Terzan 5 (gray filled histogram
and colored black, blue, and red lines, Massari ct al., 2014) compared to that of the Galactic Bulge
field stars from the literature (gray empey histogram, Ness ct al., 2013, Johnson et al,, 2014).

Bottom panel: [a/Fe] vs [Fe/H] distribution of the three subpopulations of Terzan 5 (extreme metal-
poor: black circle; subsolar: blue triangle; supersolar: red square) compared to that of the Bulge field
stars from the literature (gray dots). The formation epoch of the two major Terzan 5 subpopulations
is also high]ighted. Figure from Ferraro et al. (2016).

In order to reproduce the observed properties, the progenitor gas clump should have been
more massive than the present-day Terzan 5, with a mass of ~ 10" M. The idea is that
Terzan 5 is the relic of a gaseous clump that originated from the fragmentation of an early
disk.

All the characteristics of Terzan 5 point out to the conclusion that this systems is the sur-
viving fragment of the early formation of the Bulge. These fragments are called Bulge Fossil

Fragments (BFF).

2.2.2 Liller 1: a new candidate

A paramount condition to prove the validity of the BFF scenario, suggested by the peculiar
properties observed in Terzan 5, is the detection other similar complex stellar systems hidden

in the Galactic Bulge with the appearance of massive GCs. This seems to be the case for
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Liller 1, another Bulge stellar system (Callingham et al,, 2022), apparently a GC, but that is

largely unexplored.

FIGURE 2.13: False-color image of Liller 1 obtained by combining GEMINI observations in the NIR

bands. Figure from Saracino et al. (2015).

Liller 1 (see Fig. 2.13)

discovered quite recently (Liller, 1977). This system is located at a distance of 8.06 £ 0.34

, a stellar system located in the inner region of the Milky Way was
kpe from the Sun (Baumgarde & Hilker, 2018). This value agrees very well with the previous
value reported by other authors that placed Liller 1 at a distance between 7.9 and 8.1 kpe
from the Sun (Harris, 1996; Ortolani et al., 2007; Valenti et al., 2010; Saracino et al., 2015).
Liller 1 is located at 0.74 £ 0.07 from the Galactic center (Baumgarde & Vasiliev, 2021),
in a region strongly affected by foreground extinction. Indeed, this system has a very large
color excess, E(B — V) larger than 3, that produces an extinction of ~ 10 magnitudes in
the optical band toward the cluster. Thus, for a long time the observations of Liller 1 were
hampered, specially in the optical bands. Before proceeding further, I want to spend some
words about the correct value for E(B — V). The correct determination of this value is very
important in order to obtain a precise CMD where the existence of different populations can
be recognized. The early studies performed by different authors estimated a value E(B —
V') in the range from about 3.00 to 3.13 (Frogel et al,, 1995; Ortolani et al,, 1996; Barbuy
et al., 1998; Ortolani et al., 2001; Valenti et al., 2010). Moreover, Ortolani et al. (2001) found
evidence of significant differential reddening. More recently, Saracino et al. (2015) from the

analysis of high-resolution IR images derived a value of E(B — V') = 3.30+£0.20. However,
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Table 2.3. Main properties of Liller 1.

RA J2000 263°35233 Saracino et al. (2015)
Dec J2000 —33°3R8956 Saracino et al. (2015)
[l COS O -5.403 mas yrfl Vasiliev & Baumgardt (2021)
(s -7431 mas yr_l Vasiliev & Baumgarde (2021)
Galacric latitude 354°840 Harris (1996)
Galactic longitude —0°161 Harris (1996)
Distance from Sun 8.0640.34 kpc Baumgardt & Vasiliev (2021)
Distance from Galactic center 0.7440.16 kpc Baumgardt & Vasiliev (2021)
Mass M ~1—2x106 Mg Saracino et al. (2015)
Core radius 7, 0.21 pe Saracino et al. (2015)
Half-mass radius 4, 1.20 pe Saracino et al. (2015)
Tidal radius 74 11.74 pc Saracino et al. (2015)
Concentration ¢ 1.74 Saracino et al. (2015)

this value turned out to be still incorrect. The most updated value of E(B — V') to now
was obtained by Pallanca et al. (2021) that by using optical and IR images obtained with
HST and GEMINI South Telescope were able to build a high-resolution extinction map in
the direction of Liller 1. The authors found a mean value E(B — V) = 4.52 £ 0.10 and a
differential reddening 0 E(B — V') covering ~ 0.9 mag.

Liller 1 is a very massive system, with a total mass M = 2.3 x 10% M, estimated by Saracino
ct al. (2015) by using a Salpeter IMF, while by using a Kroupa IMF the mass turn to be of
1.5 x 10% Mg. These values are good in agreement with the mass found by Baumgarde &
Hilker (2018), who estimated a mass of (1.01 £0.16) x 106 Mg for Liller 1. This value places
Liller 1 among most massive GCs in the Galaxy, together with systems such as w Centauri
and Terzan 5.

Liller 1is a quite compact system, witha 7, = 0.21 pc,arp, = 1.20 pc,and ar, = 11.74 pc
(Saracino ct al,, 2015). The resulting concentration is ¢ = 1.74. All these values are different
from the previous values reported in literature (Harris, 1996), resulting in the fact that Liller 1
is less concentrated and extended than previously thought, and with a larger core radius. All

the describe properties of Liller 1 are reported in Table 2.3,
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2.2.3 Photometry of Liller 1

The first photometric studies on the population of Liller 1 were carried out by Frogel et al.
(1995) and Ortolani et al. (1996), who produced the first CMDs in the IR and optical bands
by using images obtained at the duPont telescope and the ESO New Technology Telescope
(ESO-NTT), respectively. However, due to the high extinction of this system, they were able
to sample only the brightest part of the RGB. Deeper studies were performed by Davidge
(2000) and Ortolani et al. (2001) by using the Canadian-France-Hawaii Telescope and HST,
respectively. In particular, Davidge (2000) were able to reach K ~ 18. However, these stud-
ies were not deep enough to characterize the MS-TO of Liller 1. A more recent photometric
study was performed by Valenti et al. (2010), who studied the brightest part of the RGB reach-
ing the red clump of Liller 1 (Kg ~ 14), by using NIR SOFI imager mounted at the ESO
New Technology Telescope. The first study of the Liller 1 population down to the MS-TO
was obtained very recently by Saracino et al. (2015), based on NIR GEMINI observations.
The dataset was used to determine the physical properties described above. However, the
data did not allow to determine the age of the system, or to detect the presence of different
populations.

The very first deep observations of Liller 1 were carried out by Ferraro et al. (2021), who
combined observations in the V and I band made with HST, with NIR images in the | and
K bands obtained with GEMINI. These data allowed to study in detail the populations of
Liller 1. The (I — K'), I CMD, showed in Fig. 2.14 and properly corrected for the differen-
tial reddening by using the extinction map obtained by Pallanca et al. (2021), revealed the

presence of some intriguing features:

® There is a dominant population typical of an old stellar system, consisting of cool and
bright stars in the red part of the CMD, at (I — K') ~ 6.5, connecting to a populous
MS extending to I ~ 26.

® There is a bluer component, denoted as Blue Plume (BP), located at (I — K) ~ 5.8,

appearing as an extension of the old MS.

While the dominant component shows the properties typical of and old and metal-rich pop-
ulation (called Old Population, OP), with a well populated RGB extending for more than 6
magnitudes and a well-defined red clump, the surprising result is the presence of a populous
BP, extending over a range of ~ 4 magnitudes. Such BP is not expected to be present in an
old GC. Ferraro et al. (2021) performed different test to assess if this population belong to
Liller 1. They determined the density profiles and performed a proper motion analysis of

the Liller 1 stars finding that the BP persists indicating that this population really belongs to
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Liller 1. Moreover, the BP is more radially concentrated with respect to the OP. The authors
considered also the possibility that the BP could be composed by Blue Straggler Stars (BSSs),
because the BP lies on the CMD region usually occupied by BSSs. However, this possibility
was excluded by the fact that the BSSs is a sparse and small population, while the BP is as
numerous as the OP in the same magnitude range. Ferraro et al. (2021) therefore, concluded
that the morphology of the BP is more suggestive of a coherent and recent episode of star

formation. From the isochrone fitting of the two populations it was derived that:

® The MS-TO and SGB of the OP are well fitted by an isochrone of t = 12.0 &= 1.5 Gyr
and a global metallicity [M/H] = —0.3 dex, thus confirming the presence of a very old

stellar population in Liller 1.

® The BP is better reproduced by younger and metal-rich isochrones from 1 to 3 Gyr
and [M/H] = +0.3 dex (right panel of Fig. 2.14) with respect to a younger but metal-
poor (at the level of the OP) isochrones (left panel of Fig. 2.14), even though a proper

determination of the meta]]icity of the stars in the BP is missing.

The conclusion claimed by Ferraro et al. (2021) is that Liller 1 is a complex stellar system
hosting multi—age (and possibly multi-iron) subpopu]ations. This result collocates Liller 1 in
the group of the non-genuine GCs, as happened for Terzan 5. The similar age and metallicity
of the old populations of Terzan 5 and Liller 1 strongly suggests that formed in the early
epoch of Galaxy formation from gas cloud with very similar chemistry. The high metallicicy
of the old populations suggests that Terzan 5 and Liller 1 formed from metal-rich gas, a
characteristic expected in in the environment where the proto-bulge formed. On the other
hand, the properties of the younger populations, which appear to be likely more metal-rich
and centrally concentrated than the old populations, point out to the idea that these systems
were massive enough in the past to retain the SNe ejecta and experienced new bursts of star
formation in later epochs. These massive primordial systems could have contributed to form
the Bulge ~ 12 Gyr ago and survived disguised as GCs until now. Thus, Liller 1 seems to be
the second BFF found after Terzan 5.

Moreover, the high-quality CMD obtained by Ferraro et al. (2021) was also used as reference
to model the Liller 1 star formation history (SFH; Dalessandro et al,, 2022). The best-fit
solution reveals that star formation was active in Liller 1 for nearly its entire existence, with
three distinct episodes. The main episode started approximately 12-13 Gyr ago, with a tail
extending for about 3 Gyr, and it created ~ 70% of the current total mass of the system.
The second episode occurred between 6 and 9 Gyr ago, contributing an additional ~ 15% of

the system mass. The most recent star formation event started around 3 Gyr ago and ceased
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FIGURE 2.14: (I — K'),I CMD of Liller 1. Left panel: three isochrones of 1, 2, and 3 Gyr and with
[M/H] = —0.3 dex are over-plotted to the young population (the blue lines), together with the best
fit of the old population with an age of 12 Gyr and [M/H] = —0.3 dex (the red line).

Right panel three isochrones of 1, 2, and 3 Gyr but with [M/H| = +0.3 dex are over-plotted to the
young population (the blue lincs), togcthcr with the best fit of the old population (the red line). Figurc
from Ferraro et al. (2021).

roughly 1 Gyr ago, when a quiescent phase began. This young subpopulation constitutes

~ 10% at least of the total mass of Liller 1.

2.2.4 Spectroscopy of Liller 1

To the date, a complete chemical characterization of Liller 1 is missing. This would definitely
confirm the BFF nature of Liller 1.

The chemical composition of Liller 1 is poorly known and based in a handful of stars. The
first estimation of the metallicity of Liller 1 was made by Armandroff & Zinn (1988) based on
the integrated-light spectroscopy at the Ca II infrared triplet. They found a corresponding
[Fe/H] = +0.20 & 0.30 dex. Later on, Frogel et al. (1995) based on the slope of the RGB
stars along the NIR CMD found a photometric estimation [Fe/H| = 40.25 = 0.30 dex.
Origlia et al. (2002), from the analysis of high-resolution NIR spectra for two giant stars
found [Fe/H] = —0.30 £ 0.20 dex and [a/Fe] = 40.30 £ 0.20 dex. Such values are fully
compatible with the composition of the Bulge field stars and with the OP found by Ferraro
ct al. (2021). Stephens & Frogel (2004), from the analysis of features such Ca triplet, Na
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doublet, and CO band-head in eight stars estimated an iron abundance for Liller 1 [Fe/H]
= —0.36 dex. Recently, Horta et al. (2020) from the analysis of four likely member stars in
the APOGEE catalog estimated a [Fe/H] = —0.03 dex and [a/Fe] = +0.01 dex.

1.2 F Liller 1
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FIGURE 2.15: Mctaﬂicity distribution of Liller 1 1ikcly members (gray histogram). The solid black
line shows the best fit of the observed distribution, which is a combination of two Gaussian kernels
(red and blue lines) centered at different values of [Fe/H]. The mean [Fe/H] values and the standard
deviations of the two individual Gaussian components are also labeled in the panel. Figure from
Crociati et al. (2023).

From all these results is clear that Liller 1 is a metal-rich stellar system. However, the spec-
troscopic analysis of this system is based on less than 20 stars and no systematic analysis on
the two components are available. Very recently Crociati et al. (2023) analyzed the MUSE
low-resolution spectra (with a resolution R ~ 4000) of 64 Liller 1 member stars. This rep-
resents the largest dataset to the date for which spectroscopic analysis were performed. The
authors found a multimodal Fe distribution, with the presence of two peaks of metallicity
at [Fe/H] = —0.48 + 0.22 dex and [Fe/H] = +0.26 & 0.17 dex. The overall distribution
can be observed in Fig. 2.15. Moreover, the metal-rich subpopulation appears to be more
radially concentrated than the metal-poor one. This finding is in perfect agreement with
that suggested by the photometric analysis presented in Ferraro et al. (2021) and Dalessandro
ct al. (2022), and is strikingly similar to that found in another Bulge stellar system, Terzan 5
(Ferraro et al., 2009).
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The resules by Crociati et al. (2023) provided the first spectroscopic evidence of the presence
of a metal-rich component in Liller 1, adding further support to the idea that this system is
the surviving relic of a massive primordial structure, a BFF as suggested also for Terzan 5, that
contributed to the formation of the Galactic Bulge in early epochs and was able to survive the
destruction, retain the SNe ejecta, and activate a new burst of star formation more recently.
Nevertheless, currently there are no measurements available for other elements. Hence, a
spectroscopic analysis of key chemical elements such iron peak, a-elements, etc., is paramount

to fully reconstruct the enrichment history of Liller 1.

2.3 M 54: the Nuclear Star Cluster of Sagittarius galaxy

231 The Sagittarius dwarf galaxy

The Sagittarius dwarf spheroidal galaxy (Sgr dSph, L ~ 2 —5 x 107 Lo, Ibata et al., 1997) is
a perfect example of a Galactic satellite that is currently undergoing disruption by the tidal
field of the Milky Way (Ibata et al., 1994; Bellazzini et al., 2008). This galaxy is located behind
the Galactic Bulge ~ 6.5 kpc below the Galactic plane, at a distance D = 26.3 £ 1.8 kpc
from the Sun and at ~ 18.7 kpc from the Galactic center (Monaco et al., 2004). The central
component of the system is a significant elongated spheroid with low surface brightness and
devoid of gas, characterized by a half-light radius (r) of 2.6 kpe (Burton & Lockman, 1999;
Majewski et al., 2003). Moreover, the two arms of its tidal stream extend across the entire sky,
reaching distances of approximately 100 kpc (e.g., Belokurov et al,, 2014; Law & Majewski,
20165 Ibata et al, 2020). The main body of this system is characterized by a present-day
stellar and dynamical mass, within 7, of M, ~ 2 x 107 Mg, (Ibata et al,, 2004) and Mg ~
2 X 103My, (Greevich & Purman, 2009), but it is widely accepted that the progenitor was
significantly more massive, in the range of 10'% — 10" Mg, (Niederste-Osthole et al,, 2012;
de Boer et al., 2014; Gibbons et al., 2017; Vasiliev et al., 2021).

The stellar component of the main body is dominated by an intermediate-age (2 5 Gyr)
and relatively metal-rich (mean [Fe/H|~ —0.5 dex) population (Bellazzini et al., 20006; Siegel
ctal, 2007), with a tail of old and metal-poor population that arrives down to [Fe/H] < —2.0
dex. The metallicity distribution, as found by Minelli et al. (2023), for the main body of Sgr
can be seen in Fig. 2.16. Similar Fe distributions are present also in the analysis by (Hayes
ct al., 2020; Hasselquist et al., 2021).

Finally, there are four GCs, namely Arp 2, Terzan 7, Terzan 8, and M 54, associated with the
main body of the Sgr dSph (Da Costa & Armandroff, 1995; Montegriffo et al,, 1998). Probably

there are also many other GCs that where stripped from the main body of the galaxy and are



2.3. M 54: the Nuclear Star Cluster of Sagittarius galaxy 75

100
80
60

2z
40

20

0

100

50

-2 -1 0
[Fe/H]
FIGURE 2.16: Top panel: Metallicity distribution for the Sgr stars.
Bottom panc]: Same mctallicity distribution rcprcscntcd with points and the associated error bars.
The dotted gray curve is the best fit of the two Gaussian models with the estimated intrinsic o values,

while the continuous blue curve is the same model convolved with the mean uncertainty of individual
[Fe/H] measurements. Figure from Minelli et al. (2023).

now associated with the Sgr stream (Bellazzini et al,, 2003a,b; Carraro et al,, 2007).

Despite its extension across several kpe, this spheroidal contains an over-density of stars on
the < 100 pc scale situated directly at its nucleus. The massive and metal-poor ([Fe/H] =
—1.56 dex, Carretrta et al,, 2010b) GC M 54 coincides with this nuclear region both in terms
of position and radial velocity (RV). For this reason, immediately after the discovery of the
Sgr dSph galaxy, it was suggested that M 54 could be the actual nucleus of the galaxy (Bassino
& Muzzio, 1995; Sarajedini & Layden, 1995).

Since the mean metallicity of M 54 and of the population dominating the Sgr galaxy differ
by ~ 1 dex, their RGB stars can be easily distinguished from each other in a CMD. Indeed, at
the same magnitude the RGB of Sgr is much redder than that of M 54. Selecting genuine Sgr
stars in this way, Lzlydcn & S;u‘:l]cdini (2000) and Mnjcwski et al. (2003) found an overdensity
of Sgr stars that appear concentric with M 54 and with a similar spatial scale. Using the same
technique and a very large optical photometry database, Monaco et al. (2005) demonstrated
that Sgr actually has a nucleus of metal-rich stars, that is independent from the GC M 54,

and is usually known as SgrN.
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Nowadays, it is widely recognized that Sgr dSph is a nucleated galaxy, with the presence at its
center of a structure called Nuclear Star Cluster (Alfaro-Cuello et al., 2019; Neumayer et al,

2020).

2.3.2  Nuclear Star Clusters

According to Neumayer et al. (2020) "Nuclear star clusters (NSCs) are extremely dense and massive
star clusters occupying the innermost region or ‘nucleus’ of most galaxies. Observationally, NSCs are
identified as luminous and compact sources that clearly ‘stand out” above their surroundings”. A very
broad definition conveys that a NSC is a stellar excess of light above the inward extrapolation
of the host galaxy’s surface brightness profile on scales of < 50 pc. An example of NSCs can
be observed in Fig. 2.17.

Radius [pc] - Radius [pc]

FIGURE 2.17: The NSCs in the late-type spiral NGC 300 (left) and early-type galaxy NGC 205 (M 110,
right). The panc]s show galaxy—widc images with zoom-ins into the cencral regions of each galaxy.
Figure from Neumayer et al. (2020).

NSCs have masses from 10° to 10® M, and they are on average more massive than GCs, spe-
cially in host galaxies with masses above 10? M. However, there is an overlap in terms of
mass between some of the most massive GC and some of the least massive NSCs (Neumayer
ctal, 2020). The rp,; of NSCs is in the range from 1 to 40 pc, with the majority of them hav-
ing rp; < 10 pc and a mean value of ~ 3.3 pc (Georgiev & Boker, 2014; Georgiev et al., 2016;
Neumayer et al,, 2020). Moreover, these systems are not spherical with value of ellipticity €
up to 0.6.

The analysis of high-resolution HST images of nearby galaxies revealed that NSCs are found
in > 70% of galaxies across the Hubble sequence (Phillips et al., 1996; Carollo et al.,, 1998;
Boker et al,, 2004; Turner et al,, 2012; Georgiev & Boker, 2014), covering a wide range of
galaxy stellar masses with an occupation fraction peaking at galaxy masses in the range of
108 — 10 Mg (Ordenes-Briceno et al., 2018; Sanchez-Janssen et al., 2019).

NSCs are known to have extended star formation histories (Walcher et al., 2005; Kacharov

ctal, 2018), with the presence of stars with different ages and metallicities. Thus, the finding
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of stellar systems with metallicity spreads coupled with age spreads are likely an indicator of
a stripped NSC. Pfeffer et al. (2014) predict, via cosmological simulations of our Galaxy, that
between one and three GCs with masses higher than 10° M, are tidally striped nuclei, with
a high likelihood of remnants above 10° M.

An important question about these systems is how they form. The first formation scenario
for NSCs was offered by Tremaine et al. (1975), who suggested that the compact nuclear scruc-
tures are formed when globular clusters are dragged’ into the nucleus by dynamical friction
created as they orbit through the stellar body of their host galaxy. The strength of this dy-
namical friction depends linearly on the mass of the GC, and thus the most massive clusters
are the most likely to inspiral into and form the NSC. Therefore, NSCs more metal-poor than
their surrounding hosts are likely an expectation of dynamical friction-driven infall models.
However, the cluster infall scenario alone cannot readily explain the presence of young stars
in many NSCs, which is why additional mechanisms are needed to fully describe NSC evo-
lution. Usua”y the presence Of‘young stars, is explained by invoking in situ star formation.
This scenario is well supported by a series of both observational and theoretical works. Thus,
the evidence suggest that NSCs grow through both globular cluster inspiral and in situ for-
mation. For a complete review on the different mechanisms of growing I refer to Neumayer
et al. (2020) and all the references therein.

In the case of Sgr dSph, its NSC is composed of at least two distinct populations, a metal-
poor one and a metal-rich one, with the metal-rich population having stars as young as ~ 2
Gyr, while the metal-poor population is consistent with an age of ~ 13 Gyr (Monaco ct al,
2005; Siegel et al., 2007; Bellazzini et al., 2008; Mucciarelli et al., 2017; Alfaro-Cuello et al.,
2019). Some authors have referred to these two components as separate objects, a massive
metal-poor GC (M 54) and a metal-rich component associated with the galaxy (SgrN). Bel-
lazzini et al. (2008) showed that the two systems have different surface density profiles and,
specially, very different velocity dispersion profiles, supporting the idea that M 54 formed in-
dependently from the metal-rich nuclear component and was brought to its current position
by dynamical friction. The feasibility of this scenario was demonstrated both analytically
(Monaco et al,, 2005) and with N-body simulations (Bellazzini et al., 2008), and it found in-
dependent support from a chemical point of view (Carretta et al,, 2010b). Thus, M 54 is a very
interesting object because is the only NSC for which can be obtained optical spectroscopy of
individual member stars. This makes it a key object for the understanding of NSCs, specially

for low-mass early-type galaxies (M, ~ 3 x 10® Mg, Neumayer et al., 2020).
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233  Structural properties of M 54

M 54 (see Fig. 2.18; Messier, 1781), also known as NGC 6715, is the second brightest and
massive system among GCs after w Centauri, with an absolute magnitude in the V-band
My = —9.53 (Baumgarde et al., 2020) and a mass M = (1.594+0.03) x 105 Mg, (Baumgardt
& Hilker, 2018). In Fig. 2.19 is shown the position of M 54 in the distribution of absolute

magnitudes and masses, demonstrating that this system has extreme properties as w Centauri.

FIGURE 2.18: M 54 image acquired with HST. Credits: ESA/Hubble & NASA.

M 54 is immersed in the nucleus of the Sgr dSph, located at a distance of 26.28 £ 0.33
kpc from the Sun and at 18.51 4+ 0.31 kpc from the Galactic center (Buumgurdt & Vasiliev,
2021). M54 hasar, = 0.55 pc, arp; = 3.58 pe, a 1 = 5.78 pe, and a ry = 279.15
pe (Baumgarde & Hilker, 2018). The resulting concentration is ¢ = 2.71. All the described
properties of M 54 are reported in Table 2.4.

Morecover, M 54 is considering a non-rotating stellar system, with a rotation velocity reported
by Sollima et al. (20052) 0of 0.57 £1.11 km s~ landa probability of rotation of 18.5%. This
translate in an € value of 0.06 (Harris, 2010). Finally, the central velocity dispersion is equal
to17.2 km s~} (Bnumgnrdt et al., 2019).

M 54 is considered to be part of the NSC of the Sgr dSph galaxy, being the old and metal-

poor component of the NSC. M 54 displays a wide metallicity range, spanning almost 1 dex in
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FIGURE 2.19: Histograms of absolute magnitudes, My (top panel), and masses, log(M/M)) (bottom
panel) for all the Galactic GCs. The position of M 54, at the extreme of the distributions, is marked
]:)y an arrow and a red bin. Data from Bnumgnrdt & Hilker (2018); Bnumgnrdt et al. (2020); Buumgnrdt
& Vasiliev (2021).

[Fe/H] from ~ —2.0 dex up to —1.0 dex. The mean value of metallicity reported by Carretea
et al. (2010b) is [Fe/H] = —1.56 dex with an intrinsic spread o = 0.19 dex, making M 54
the GC-like system with the second highest spread after w Centauri.

However, despite all its astonishing properties such as the extreme properties in terms of
mass, the wide metallicity range, its proposed nature of NSC, etc., M 54 remains a poorly

studied system.
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Table 2.4.  Main properties of M 54.

RA J2000 283°76385 Goldsbury et al. (2010)
Dec J2000 —30°47986 Goldsbury et al. (2010)
fbo COS O -2.682 mas yrfl Vasiliev & Baumgardt (2021)
s -1.374 mas yr_1 Vasiliev & BJungrdL (2021)
Galactic latitude 5°607 Harris (1996)
Galactic longitude —14°087 Harris (1996)
Distance from Sun 26.2840.33 kpc Baumgardt & Vasiliev (2021)
Distance from Galactic center 18.5140.31 kpe Baumgardt & Vasiliev (2021)
Mass M 1.59 x 106 Mg Baumgar dt & Hilker (2018)
Core radius 7., 0.55 pc Baumgardt & Hilker (2018)
Half-light radius 3.58 pc Baumgardt & Hilker (2018)
Half-mass radius 74, , 5.78 pc Baumgarde & Hilker (2018)
Tidal radius 7, 279.15 pe Baumgarde & Hilker (2018)
Concentration ¢ 2.71 Baumgardt & Hilker (2018)

234 Photometry and metallicity of M 54

The first photometric study of M 54 was performed by Harris (1975), who constructed a
CMD based on photographic plates. The CMD reached the cluster HB at V' ~ 17.7, and in-
dicated a foreground reddening of (B — V') = 0.17. However, from this analysis, no other
relevant information were obtained, due to the difficult going at magnitudes fainter than the
level of the HB. Zinn (1980) from photoelectric photometry of the integrated light of M 54
derived a E(B — V) = 0.15 £ 0.03 and a metallicity [Fe/H] = —1.41 £ 0.06 dex. Then,
for long time M 54 remained unexplored, until the discovery of the Sgr dSph galaxy by [bata
ctal. (1994). After that date, systematic studies on M 54 started. Sarajedini & Layden (1995)
performed a photometric study of this cluster presenting a (V' — I'), I CMD and obtaining
a F(B—V)=0.13+£0.02 and a value [Fe/H] = —1.79 £ 0.08 dex. The authors found a
well-populated, quite steep RGB with Vj;, ~ 15.2, along with a well-defined blue HB, and
ared HB at V' ~ 18.3. From the intrinsic spread in the CMD; the authors concluded that a
metallicity dispersion of 0.16 dex is present among the stars of M 54. Along with the presence
of M 54 stars, Sarajedini & Layden (1995) found also the presence of the SgrN stars, for which
they derived a [Fe/H] = —0.52 4 0.09 dex.
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Layden & Sarajedini (1997) from a deep photometric analysis going below the MS-TO, esti-
mated the age of M 54, finding that this system is very old with an age of ~ 14 Gyr that is
compatible with the ages of Galactic halo GCs. Moreover, they estimated that the SgrN is at
least 3 Gyr younger than M 54.

Later on, Siegel et al. (2007) from very deep (F606W ~ 26.5), high-precision HST photom-
ctry showed an unprecedentedly detailed CMD with extended blue HB and multiple MSs of
the M 54 + Sgr system. The authors found that the entire system is dominated by the old
(~ 13 Gyr) and metal-poor population of the GC M 54, but at the same time the multiple
TO indicate the presence of at least two star formation episodes at 4 and 6 Gyr and [Fe/H]
in the range —0.6 to —0.4 dex. They also showed, for the first time, a prominent, ~ 2.3 Gyr
old Sgr population of near-solar abundance. A trace population of even younger (~ 0.1 —0.8

Gyr old), more metal-rich ([Fe/H] ~ 4-0.6 dex) stars is also indicated.
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FIGURE 2.20: (V' — I),I CMD of the NSC of Sgr dSph. The red points represent the young and
metal-rich subpopulation (2.2 Gyr, [Fe/H] = —0.04 dex), orange points are for the intermediate age
metal-rich (4.3 Gyr, [Fe/H] = —0.29 dex) and blue points are for the old metal-poor (12.2 Gyr, [Fe/H]
= —1.41 dex). Gray points show the stars with age relative error greater than 40% or for which age
was not estimated. Figure from Alfaro-Cuello et al. (2019).

More recently, a combined spectroscopic and photometric analysis by Alfaro-Cuello et al.
(2019) confirmed the results by Siegel et al. (2007). In particular, Alfaro-Cuello et al. (2019)

found three subpopulations divided as follows: (1) a young metal-rich, with an age of ~ 2.2
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Gyr and average metallicity [Fe/H] = —0.04 dex; (2) an intermediate age metal-rich, with
an age of ~ 4.3 Gyr and metallicity [Fe/H| = —0.29 dex; and (3) an old metal-poor, with an
age of ~ 12.2 Gyr and metallicity [Fe/H]= —1.41 dex. These three subpopulations can be
seen in Fig. 2.20.

The old metal-poor subpopulation constitutes M 54 and has a metallicity spread of 0.24 dex.
Such spread is larger than the one reported by the high—reso]ution spectroscopic analysis by
Carretta et al. (2010b), which corresponds to 0.19 dex. However, both agree with the fact
that M 54 has a large and intrinsic spread in metallicity, which is the second largest after the
one in w Centauri.

These studies show that is not possible to ignore the SgrN when analyzing the GC M 54,
even though is possible to study each component separately due to their differences in age
and metallicity. These two structures constitute the NSC of the Sgr dSph, which is located
at the center of the galaxy.

According to Alfaro-Cuello et al. (2019) the metal-poor component of the NSC, namely M 54,
could have formed from the infall of two or more genuine GCs, which merged to create a single

high-mass cluster with a large metallicity spread as is observed in M 54.

2.3.5 Spectroscopy of M 54

The wide Fe distribution in M 54 is well recognized also from a spectroscopic point of view.
The first spectroscopic study where Fe variations were detected was made by Da Costa &
Armandroff (1995), who using spectroscopic metallicities obtained with the Ca triplet tech-
nique for five M 54 members found a mean [Fe/H] = —1.55 dex. However, from the analysis,
they found two discrepant stars with +0.18 and —0.13 dex with respect to the mean. The
authors suggested the possibility of an intrinsic metallicity spread in M 54.

Brown et al. (1999) analyzed a sample of five M 54 member stars using high-resolution spectra,
finding a mean value [Fe/H] = —1.55 dex but without any spread in the derived metallicity.
Later studies, based on samples dedicated only to M 54 or where M 54 is well separated from
SgrN and with high number of member stars demonstrated that this system has a wide Fe
distribution with an intrinsic spread. Among these studies the most famous are the ones
performed by Bellazzini et al. (2008); Carretta et al. (2010b); Mucciarelli et al. (2017); Alfaro-
Cuello et al. (2019). Despite small differences in the derived values, all these studies are
consistent with the fact that M 54 has a peak of‘meta]]icity at [Fe/H| ~ —1.50 dex and a 10ng
tail extending to higher metallicities, with a spread opey) > 0.15 dex.

Although the observational scenario clearly shows that is a complex stellar system, far from

genuine GCs, M 54 displays the typical chemical signatures of (anti)correlations indicating
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the presence of MPs.

The first hint of chemical variations among the light clements was suggested by Brown et al.
(1999), who from the analysis of five stars in M 54 through high-resolution spectra found that
one star was characterized by low O and high Na and Al. A second star shows a lesser degree
of O depletion unaccompanied by Na and Al excesses. However, the sample was to small to
conclude firmly on the existence of MPs in this cluster. The first analysis of the elements in-
volved in the phenomenon of MPs based on large number of M 54 member stars and analyzed
by using high-resolution spectra was performed by Carrecra et al. (2010b). The authors ana-
lyzed a sample of 76 RGB stars belonging to M 54, together with 27 stars belonging to SgrN.
It was found that M 54 disp]ays a clear Na-O anticorrelation (see Fig. 2.21). When the stars
are divided into two groups, being one more metal-poor than the mean [Fe/H]| value and the
other more metal-rich, an interesting feature emerges: the two groups display different ex-
tension of the Na-O anticorrelation, with the metal-rich component reaching higher degrees
ofprocessing by proton capture reaction in H buming at high temperature. The same feature
was observed also in the Na-O anticorrelation of w Centauri (Johnson & Pilachowski, 2010;
Marino et al,, 2011¢). On the other hand, no evidence of anticorrelation is present among the
stars belonging to the SgrN. Thus, a well developed, very extended Na-O anticorrelation is
present only among the M 54 stars, while it is completely absent in the surrounding nucleus
of the Sgr dSph galaxy.

M 54 shows also hints of the presence of chemical variations due to the activation of the ex-
treme MgAl chain. Indeed, Carretta et al. (2010b) found a moderate Mg-Al anticorrelation,
with mild Mg depletion” associated with large enhancements in Al abundances. This behav-
ior is evidently not present in the SgrN stars, where, in contrast, Mg and Al abundances are
possibly positively correlated with each other. Also a small Al-Si correlation is present in
M 54. However, no clear evidence of a Mg-Si anticorrelation is present among the analyzed
stars, signature that the temperatures reached during the H burning inside the polluter stars
were not sufficiently high to efficiently produce Si. Finally, as a consequence of the activation
of both the NeNa and MgAl chains, among the M 54 stars is present Na-Al correlation.
Very recently, Fernandez-Trincado et al. (2021) presented the results of the analysis of 22 M 54
member RGB stars from the APOGEE survey. They derived the N abundances, finding the
existence of a population N-, Al-rich coupled with moderate depletion of Mg. This confirms
that M 54, share the light elements anomalies typical of the presence of SG stars in GCs,
confirming the findings on the Na-O anticorrelation by Carretea et al. (2010D).

Carretta (2022) found evidence of a statistically marginal Mg-K anticorrelation in M 54, due

*T recall that in any case, no stars with [Mg/Fe]< 0.0 dex are present in the Mg-Al anticorrelation, at odds
with what is observed in w Centauri.
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FIGURE 2.21: Na-O anticorrelation in M 54 from UVES and GIRAFFE spectra. Blue and red circles
indicate stars that are respectively more metal-poor and more metal-rich than the cluster average
[Fe/H] = —1.56. Upper limits to [O/Fe] are indicated by arrows. The typical star-to-star error bars
are shown in the upper—right part. Figure from Carretra et al. (2010b).

to the lack of very Mg-poor stars’. On the other hand, they found evidence of a clear K-O
anticorrelation.

To conclude, even though the presence of MPs in M 54 is evident, only a handful of spec-
troscopic studies based on large (N> 20) number of stars were performed among the M 54
stars. Therefore, further studies based on larger spectroscopic datasets are required, in order
to shed light into the phenomenon of MPs in this peculiar system, as well to constrain its
history of formation and evolution and the way in which this system is linked to the SgrN to
form the NSC of the Sgr dSph galaxy. Indeed, it is well recognized that M 54 and SgrN show

different patterns regarding the light elements.

3In the context of MPs, stars are considered Mg-poor when they have [Mg/Fe] < 0.0 dex.
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2.4 Thesis layout

This Thesis is structured in the following way:

B [n Chapter 3, I will present the resules on the phenomenon of anticorrelations linked
to the MgAl chain in w Centauri, from optical high-resolution spectra obtained with
ESO@VLT FLAMES@GIRAFFE spectrograph. The presence of MPs with variations
in the elements involved in the MgAl chain (Mg, Al, Si, and K) are very useful to put
further constraints on the nature of polluters responsible for the formation of the SG

stars.

® [n Chapter 4, [ will present the results about the complete chemical characterization of
Liller 1 in terms of Fe, light, o, and Fe-peak elements based on medium NIR resolution
spectra obtained with the ESO@VLT X-shooter spectrograph. These results, together
with the previous resules by Ferraro et al. (2021), Dalessandro et al. (2022), and Crociati

ct al. (2023) will shed light on the true nature of the bizarre stellar system Liller 1.

® [n Chapter 5, [ will present the resules from the analysis of a large spectroscopic dataset
for M 54 member stars, observed with the ESO@VLT FLAMES spectrograph. These
results combined with the findings by our group on the Sgr stars will help to under-

stand the phenomenon of formation of MPs in M 54, as well its nature of NSC.

® Finally, in Chapter 6 I will present a summary of my findings, I will discuss the impact
they had on the open issues related to these peculiar systems, and I will present a list

of future steps that are the outcome of this Thesis work.
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M-,
CHAPTER

THE COMPLETE MGAL BURNING CHAIN IN

w CENTAURI

Based on the results published in:
B Alvarez Garay, D. A., Mucciarelli, A., Lardo, C., Bellazzini, M., & Merle, T., 2022 Ap]L, 928, L11
B Alvarez Garay, D. A., Mucciarelli, A., Bellazzini, M., Lardo, C., & Ventura, P., 2024 A&A, 681, A54

B Alvarez Garay, D. A, Bonifacio, P., Mucciarelli, A., in preparation

3.1 Introduction

The detection within GCs of MPs that display chemical variations in the light elements in-
volved in the MgAl burning chain is extremely important, because these evidence can help us
to put strong constraints on the nature of the polluter stars responsible for the enrichment
of the intracluster medium from which SG stars arose. Indeed, the temperatures needed for
the activation of the MgAl chain are very high and are reachable only in a small subset among
the proposed polluters in literature (see Sect. 1.4). Evidence of anticorrelations arising from
the MgAl chain were found among the most massive and/or metal-poor stellar systems.

In this context, w Centauri represents an ideal candidate to study the anticorrelations linked
to the MgAl burning chain. Indeed, this system is the most massive among Galactic GCs and
displays all the anticorrelations usually observed in GCs, including also the barely visible
such the Na-Li one. Moreover, w Centauri among its populations spanning a wide range of
metallicities, hosts a dominant component of metal-poor stars.

In the following Sections I will present the results obtained by studying the complete MgAl
burning chain, through the analysis of a large sample of w Centauri member stars in order
to put further constraints on the nature of polluters at the origin of the SG stars in this very

intricace stellar system.
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3.2 The Mg-K anticorrelation in w Centauri

3.2.1 Observations

Observations were performed with the multi-object spectrograph FLAMES (Pasquini et al.,
2002), within the ESO programme 095.D-0539 (P.I. Mucciarelli). I used FLAMES in the GI-
RAFFE mode that allows us to allocate simultaneously up to 132 fibers. All the targets were
observed with both high-resolution (HR) HR11 and HR18 setups, covering the wavelength
range from 5597 to 5840 A and from 7648 to 7889 A, and with a spectral resolution of 29500
and 20150, respectively. The first setup allows to measure the Mg line at 5711 A and the Na
doublet at 5682 and 5688 A, the second the K I resonance line at 7699 A. I checked for
cach target that K line was not contaminated by telluric lines. This is due to the high radial
velocity of w Centauri (232.7 £ 0.2, 0 = 17.6 km s™!; Baumgarde & Hilker, 2018). Also,
several Fe lines are included in the considered wavelength range.

I selected targets among the member stars of w Centauri already analyzed in previous works
(Norris & Da Costa, 1995b; Johnson & Pilachowski, 2010; Marino et al., 2011¢). Also I con-
sidered only stars that result to be not contaminated by neighbor stars within the size of the
GIRAFFE fibers. I observed a total of 450 stars: 350 are in common with Johnson & Pila-
chowski (2010), 85 with Marino et al. (2011¢) and 15 with Norris & Da Costa (1995b).

Four configurations of targets were defined and each of them was observed with both HR11
and HR18 setups. Due to the brightness of the targets (10.7 < G < 14.5), for each configu-
ration two exposures of 1300 s and two of 300 s each were sufficient to reach a signal-to-noise
ratio (SNR) ~ 70 and SNR ~ 100 for HR11 and HR18, respectively. The observation of each
Conf‘lguration was split in two exposures in order to get rid of the effects of cosmic rays and
other transient effects. Finally, during each exposure about 15 fibers were dedicated to ob-
serve empty sky regions in order to sample the sky background.

Spectra were reduced with the GIRAFFE ESO pipeline', that includes bias subtraction, flac
field correction, Wavelength calibration and spectral extraction. For each exposure, the in-
dividual sky spectra were median-combined together and the resulting spectrum was sub-
tracted from each stellar spectrum.

From visual inspection, I decided to exclude from the subsequent chemical analysis: four stars
(179_NDC, 201_NDC, 37024_]10 and 48099_]10) with Tz < 3900 K because their spectra
were contaminated by the TiO molecular bands, and one star (371_NDC) with a very low

SNR with respect to other stars with similar magnitude.

"https://www.eso.org/sci/software/pipelines/giraffe/giraffe-pipe-recipes.html
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3.2.2  Chemical analysis

3.2.21 Atmospheric parameters

[ derived the stellar parameters from Gaia early Data Release 3 (eDR3) photometry (Gaia
Collaboration et al,, 2016, 2021). Figure 3.1 shows the CMD of w Centauri where the position
of the spectroscopic targets is marked, while Fig. 3.2 illustrates the spatial distribution of the

sample relative to the cluster center.
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FIGURE 3.1: Color—magnitude diagram of w Centauri. Black points represent all che rargets of w Cen-
tauri observed with Gaia, while the targets selected for this work are colored according with their
metallicity. The color scale is shown on the right side.

Effective temperatures (Tog) were computed using the empirical (BP — RP)y — Tug rela-
tion by Mucciarelli et al. (2021), based on the InfraRed Flux Method. The dereddened color
(BP — RP)( was obtained by assuming a color excess of E(B — V') = 0.1240.02 (I arris,
2010) and adopting an iterative procedure following the scheme proposed by Gaia Collab-
oration et al. (2018). Internal errors in Teg due to the uncertainties in photometric data,
reddening and (BP — RP)o — Teg relation are of the order of 85-115 K.

Surface gravities (log g) were obtained from the Stefan-Boltzmann relation using the photo-
metric Teg and assuming a typical mass of 0.80 M. Luminosities were computed using the
dereddened G-band magnitude with the bolometric corrections from Andrac et al. (2018)
and a true distance modulus DMy = 13.70 £ 0.06 (Del Principe et al., 2006). T computed
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core radius.

the uncertainties in gravities by propagating the uncertainties in Teg, distance modulus and
photometry. These uncertainties are of the order of 0.1 dex. I would like to point out that an
incorrect attribution of the targets to an evolutionary stage (AGB stars attributed to RGB
sequence) has a negligible impact on the derived abundances: indeed a difference of 0.2 Mg,
in the attribution mass leads to a modification in log g of ~ 0.1, corresponding to a varia-
tion in the measured Mg, Al| Si, and Fe abundances of about 0.005 dex or less. To assess the
impact of 0.1 dex change in log g on elemental abundances, I performed calculations while
keeping the other atmospheric parameters fixed to their best values and only varying log ¢
by the specified value. The results indicate that such a difference leads to an extremely small
change in the measured abundance ratios, amounting to less than 0.005 dex. This negligible
variation arises from the fact that all the measured elements (Fe, Mg, Al, and Si) are in their
neutral stage, rendering them almost insensitive to variations in log g.

Microturbolent velocities (v;) were obtained adopting the relation between v; and log ¢ by
Kirby et al. (2009). This relation provides values of v; of about 1.6-2.0 km st To compute

the uncertainties in vy I assumed a conservative error of 0.2 km s™1.
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The derived atmospheric parameters for all the analyzed rargets are listed in Table 3.1, to-

gether with some additional information.

3.2.2.2 Line lists and tools

The chemical analysis was performed using one-dimensional, Local Thermodynamic Equi-
librium (LTE), plane-parallel geometry model atcmospheres computed with the code ATLAS9
(Castelli & Kurucz, 2003) that treats the line opacity through the opacity distribution func-
tions (ODF) method. All the models are calculated using the ODFs computed by Castelli
& Kurucez (2003) with a-enhanced chemical composition and without the inclusion of the
approximate overshooting in the calculation of the convective flux.

A line list of relatively strong and unblended spectral features at the resolution of my GI-
RAFFE observations was selected from the Kurucz/Castelli line lists” by comparing observed
spectra with synthetic ones having appropriate metallicity and Teg. Model spectra were cal-
culated with the SYNTHE code in its Linux version (Sbordone et al., 2004; Kurucz, 2005).

[ derived the chemical abundances of Fe, Na, Mg and K from the comparison between mea-
sured and theoretical Equivalent Widths (EWs) with the package GALA (Mucciarelli et al,
2013). EWs were measured with the code DAOSPEC (Stetson & Pancino, 2008), through the
wrapper 4DA0 (Mucciarelli, 2013).

Non-LTE (NLTE) corrections for Na (at 5682 and 5688 A) and K (at 7699 A) were calculated
by interpolating into the grids of Lind et al. (2011) and Reggiani et al. (2019), respectively.

Finally, solar abundances are from Grevesse & Sauval (1998).

3.2.2.3 Error estimates

Uncertainties associated with the chemical abundances were calculated as the sum in quadra-
ture of the error related to measurement process and the errors associated to the atmospheric
parameters’.

Error related to the measurement was calculated as the line-to-line scatter divided by the
square root of the number of used lines. When only one line was present the error was calcu-
lated by varying the EW of 1o gy (i.c. the EW error provided by DAOSPEC).

Errors re]ated to the adopted atmospheric parameters were ca]cu]ated by Varying Oﬂly one

parameter at time, keeping the others fixed to their best value, and recalculating each time

https://wwwuser.oats.inaf.it/castelli/linelists.html

*If I add in quadrature all the possible sources of errors the uncertainties would increase from a minimum
of 0.02 for Na to a maximum of 0.06 dex for K, which is the most problematic element to measure. However,
the results of this work are the same even if T adopt this extremely conservative approach to estimate errors.


https://wwwuser.oats.inaf.it/castelli/linelists.html

92

the chemical abundances. At the end all the error sources are added in quadrature. This ap-
proach is the most conservative in the calculation of uncertainties because it does not take
into account the correlation terms between parameters. So, it should be regarded as an upper
limit to the real error associated to the measurements.

Since the abundances are expressed as abundance ratios, the total uncertainties in [Fe/H] and

[X/Fe] are calculated as follows:

2
g o v
O(Fe/H) = \/ NP; + (O5)2 + (T529)2 + (07,)? 3.1
2 2
obrr =\ e T T ORT = O + (O SRR (Y —0R)E G2)
X Fe

where 0x pe is the line-to-line scatter, Nx pe the number of lines used to compute the abun-
dance and 0% j, are the abundance variations obtained after variation of the atmospheric

parameter <.

3.23 Results

3.23.1 Mg-K anticorrelation

Potassium elemental abundances were derived for a total of 440 stars. Moreover, I obtained
Fe, Na and Mg abundances for 440, 359 and 357 stars, respectively (Table 3.1).

The mean value of the [K/Fe] distribution is 4-0.31 dex (o = 0.19 dex), with values ranging
from —0.20 dex up to +0.94 dex. In this calculation I excluded one star showing a significant
higher [K/Fe] and that I will discuss in Sect. 3.2.3.2.

The main result of my work is the presence of a clear anti-correlation between [Mg/Fel
and [K/Fe] shown in the left-hand panel of Fig. 3.3. I identified a sample of stars with
[Mg/Fe]< 0.0 dex that are systematically enriched in [K/Fe|. This kind of stars are rarely
observed in GCs.

Also K correlates with Na (see the right-hand panel of Fig. 3.3). To quantitatively assess
these results, [ computed for the couples [K/Fe|-[X/Fe] (with X = Na and Mg) the Spearman’s
correlation coefficient (Cg) and the corresponding two-tailed probability that an absolute
value Cg larger than the observed one can derive from non-correlated random variables. 1
found C's = +0.41 and —0.52 for [K/Fe]-[X/Fe] (with X = Na and Mg) respectively, leading

to null probability that the observed correlations arose by chance from uncorrelated variables.
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FIGURE 3.3: Top panel: behavior of [K/Fe] as a function of [Mg/Fe|. Each star is color coded according
to its value of [Fe/H] and the color scale is shown on the right side. The error bar represents the
typical error associated to the abundance ratios. The distribution of [K/Fe] and [Mg/Fe] are shown as
marginalizcd histograms.

Bottom panel: the same as the left panel, but for [K/Fe| and [Na/Fe| abundance ratios.

A hint of the presence of a Mg-K anticorrelation in w Centauri was firstly detected by
Mészaros et al. (2020). They found seven stars with [Mg/Fe|< 0.0 dex (out of a total sample
of 898 stars) in which [K/Fe] seems to be enhanced with respect to stars with [Mg/Fe]> 0.0
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dex (see their Fig. 10). Unfortunately, the K lines in H band measured by Mészaros et al.
(2020) are weak and blended with other lines. Therefore, the authors concluded that it is
not possible to claim convincingly the presence of a K enhancement in the Mg-poor stars of
w Centauri. Hence, this is the first time that the presence of a scrong Mg-K anti-correlation

is undoubtedly established in w Centauri.

3232 A super K-rich star

In the analyzed sample I identified a peculiar star, named 43241_]10, that clearly stands out
from the mean locus of other w Centauri members in the [Mg/Fe| vs [K/Fe] distribution, as
can be seen in the left-hand panel of Fig. 3.4. Indeed, this star has [K/Fe]= +1.60 dex.

[ compared its spectrum with that one of a reference star (41375_J10), with similar acmo-
spheric parameters and [Fe/H] and [Mg/Fe| abundance ratios. In the right-hand panel of
Fig. 3.4 the observed K lines of the two stars are directly compared, showing the obvious

difference in line depth, implying intrinsic difference in the [K/Fe] abundance.
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FIGURE 3.4: Left panel: behavior of [K/Fe] as a function of [Mg/Fe] with the inclusion of the K-rich
star 43241_J10 (red triangle). The black square represents the reference star 41375_J10 with similar
atmospheric parameters as the K-rich star.

Right panel: comparison between the GIRAFFE spectra of the two stars around the strong K line at
7699 A. The large K enhancement of 43241_]10 is clearly visible from this comparison.

This star was also included in the sample studied by Johnson & Pilachowski (2010). For
the stars in common between the two studies I found that my temperatures are on aver-
age (140 + 94 K) higl’ler than those computed by Johnson & Pilachowski (2010). Thus, the
difference of 4185 K computed for 43241_J10 in this work with respect to Johnson & Pila-
chowski (2010) is well within the mean difference between the two temperature scales. Even
if I adopt the temperatures by Johnson & Pilachowski (2010), the difference in K abundance
of 43241_]10 with respect to the other stars remains. Therefore, I can conclude that the high

[K/Fe| abundance of this star is real and not an artifact of the analysis.
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3.2.4 Discussion

The analysis of a large sample of 450 giants in w Centauri has revealed the presence of (1)
a large intrinsic spread in the [K/Fel; (2) a correlation between the K abundances and other
light elements (i.e. Na and Mg) which are observed to vary in GCs showing MPs. In particular,
I detected the presence of a prominent Mg-K anticorrelacion. This finding makes w Centauri
the third stellar system after NGC 2419 (Mucciarelli et al.,; 2012; Cohen & Kirby, 2012) and
NGC 2808 (Mucciarelli et al., 2015) in which a subpopulation of stars with [Mg/Fe|< 0.0
dex and enriched in K is present (Fig. 3.5).
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FIGURE 3.5: Run of the [K/Fe] abundance against [Mg/Fe] for stars in GCs. w Centauri stars are shown
as red circles. Stars in NGC 2808 are plottcd as green circles (Mucciarelli et al., 2015), whereas stars
in NGC 2419 are in blue (data from Mucciarelli et al. (2012) and Cohen & Kirby (2012) are shown as
circles and squares rcspcctivcly). The dashed line splits the Mg-poor from the Mg—rich stars.

The amplitude of the [K/Fe] spread in w Centauri is intermediate between those of NGC
2419 and NGC 2808. Carretra (2021) suggested the presence of a weak (but statistically sig-
nificant) Mg-K anticorrelation in NGC 4833. In this cluster the stars showing the highest Mg
depletion exhibit a typical overabundance in K of 0.1 dex with respect to the most Mg-rich
stars. However, this cluster does not harbor stars with [Mg/Fe|< 0.0 dex at variance to NGC
2419, NGC 2808 and w Centauri.

The chemical complexity of the stellar populations of w Centauri deserves further discussion
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of the measured [K/Fe| abundance ratios and their correlations with other light elements
for the different groups of stars with distinct metallicities. The extent of the Mg-K anti-
correlation is mainly driven by the metal-poor ([Fe/H]< —1.70 dex) component which ex-
hibits a bimodal distribution both in [K/Fe| and in [Mg/Fe]. In particular, the group of metal-
poor stars with [Mg/Fe|< 0.0 dex has a mean value of [K/Fe| ~ 0.4 dex higher than that of the
Mg-rich, metal-poor stars. On the other hand, an evident but less extended Mg-K anticorre-
lation is detected also among the stars with intermediate [Fe/H] (=1.70 <[Fe/H]< —1.30
dex). Finally, for the most metal-rich population ([Fe/H]> —1.30 dex) I cannot conclude
for the presence of a Mg-K anti-correlation. For this group of stars I do not have objects
with [Mg/Fe|< 0.0 dex and the spread in [K/Fe] is less extended than that of the other sub-
populations.

The evidence of a correlation between K and the other light elements involved in MPs phe-
nomenon supports the idea that the spread in [K/Fe] can be ascribed to the self-enrichment
process typical of GCs.

The detection of an intrinsic variation in K abundances in the most massive clusters rep-
resents a serious challenge for theoretical models for the MPs. In the model proposed by
Ventura et al. (2012) to explain the Mg-K anticorrelation in NGC 2419 and based on AGB
and SAGB stars, the production of K occurs during the HBB phase, by proton capture reac-
tion on Argon nuclei at temperatures 7' ~ 10% K. Even if AGB yields discussed by Ventura
ct al. (2012) are qualitatively able to explain a Mg-K anticorrelation, the observed [K/Fe]
abundance ratios in the extreme case of NGC 2419 can be reproduced only with an increase
(1) in the cross section of the reaction *¥Ar(p, v)3°K by a factor 100 with respect to literature
or (2) in the temperature at the base of envelope up to 1.5 - 108 K during the HBB. Morcover,
Ventura et al. (2012) also predicted that Mg-poor stars would show normal Na abundances, if
the Mg-K anticorrelation was indeed produced by AGB and SAGB stars. This is not observed
in w Centauri, where the Mg-poor stars are also enhanced in Na.

On the other hand, Prantzos et al. (2017) discuss the possible production of K from FRMS
and supermassive stars, ruling out both the classes of polluters because not able to reach the
temperature of K-burning. Therefore, the existence of MPs in GCs remains largely unex-
plained.

Another interesting result that I found is the presence of a peculiar star with a [K/Fe]~ 1 dex
higher than the abundances of Mg-poor, metal-poor stars. Even if the origin of this extraor-
dinary overabundance of [K/Fe] is unclear, it is worth noting that the Mg and K abundances
of this star are very similar to those of NGC 2419 (see Fig. 3.5) for which Ventura et al. (2012)
proposed that the K enhanced subpopulation was born from the AGB and SAGB ejecta with-

out dilution process.
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The metal-poor population of w Centauri exhibits the usual light element anticorrelations
typical of GCs with MPs. Assuming a scenario where the K enhancement in Mg-poor stars is
due to pollution by the first generation of AGB and SAGB stars, the ejected gas undergoes a
dilution process with the pristine GC gas before forming new generations of stars (D’Ercole
ct al, 2008, 2010). In this scenario is possible that a small fraction of stars will form directly
from the ejecta of polluters without dilution with pristine material. In this framework, I can
suppose that the super K-rich star I discovered formed directly from the pure ejecta of AGB
stars before dilution, while the other Mg-poor stars show a lower [K/Fe| due to a level of di-
lution with pristine material. Further inspections of this star are necessary to understand its
origin. In particu]ar, it would be useful to study other 1ight elements involved in the proton-
capture reactions (C, N, O, etc.).

In conclusion, with the present analysis I support the idea that the observed spread in [K/Fe]
in w Centauri stars is associated to a self-enrichment process typical of GCs. So far a clear
Mg-K anticorrelation was found only in three GCs, namely w Centauri, NGC 2808 and NGC
2419. Those clusters are among the most massive stellar systems of the Milky Way, so I sug-
gest that this anomaly is a manifestation of an extreme self-enrichment process that occurs

only in the most massive and/or metal-poor clusters.
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33 MgAl burning chain in w Centauri

3.3.1 Observations

In this work I present the chemical abundances of those elements (Mg, Al, and Si) partic-
ipating in the MgAl cycle, in order to study the role of this extreme burning cycle in the
formation of MPs among the different subpopulation of w Centauri.

This work is a continuation of the work published in Alvarez Garay et al. (2022) (see Sect.
3.2), in which I analyzed the extension of the Mg-K anticorrelation among the RGB stars of
w Centauri (see Fig. 3.1). The data-set is the same described in Sect. 3.2.1, and consists of
high-resolution spectra collected with the multiobject spectrograph FLAMES (Pasquini et al,
2002), mounted on UT2 (Kueyen) at the ESO-VLT Observatory in Cerro Paranal, within the
ESO program 095.D-0539 (P.I. Mucciarelli). The adopted setups HR11 and HR18 allowed to
measure up to five lines of Si, while the second Al doublet at 7835 and 7836 A.

33.2  Abundance analysis

In this work [ adopted Fe and Mg abundances from Alvarez Garay et al. (2022), while I derived
abundances for Al and Si. In Table 3.2 all the obtained elemental abundances are reported,
including the Fe and Mg abundances derived in Alvarez Garay et al. (2022).

Siabundances were derived through the comparison between measured and theoretical equiv-
alent widchs (EWs) using the code GALA (Mucciarelli et al,, 2013). T measured the EWs of
selected lines with the code DAOSPEC (Stetson & Pancino, 2008) through the wrapper 4DA0
(Mucciarelli, 2013). The lines were selected in order to be unblended and not saturated at
the resolution of the GIRAFFE setups. The atomic data for the transitions are from the
Kurucz-Castelli linelist *.

Al abundances were derived using the proprietary code SALVADOR, which performs a x?
minimization between the observed line and a grid of suitable synthetic spectra calculated
on the fly using the code SYNTHE (Sbordone et al., 2004; Kurucz, 2005) in which only the
Al abundance is varying,. Al abundances were derived through spectral synthesis and not via
an EW, as I did for Si, because the Al doublet at 7835-7836 A is contaminated by CN lines.
At low metallicities, the impact of CN contamination is negligible; however, as metallicity
increases, its impact becomes more pronounced’. Since most of the stars in my sample do
not have published C and N abundances, I fixed [N/Fe] = +1.5 dex as a reasonable N value

(according to Marino ct al., 2012b) and treated C as a free parameter to fit the CN affecting

*https://wwwuser.oats.inaf.it/castelli/linelists.html
°T would like to remark chat the CN contamination does not affect the Fe, Mg, or Si at any meta]licity.


https://wwwuser.oats.inaf.it/castelli/linelists.html
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Table 3.2.

Abundance ratios for the GIRAFFE targets of w Centauri. The adopted solar

abundances for the measured chemical elements are from Grevesse & Sauval (1998) and

they are reported in the header of each element abundance column.

1D [Fe/H] [Mg/Fel [Al/Fe] [Si/Fe]
Sun 7.50 758 6.47 7.55

48_NDC —-1.924+£0.07 042=£0.04 0.51+£0.05 0.29+£0.10
74_NDC —-193+0.10 044+£0.03 0.57£0.06 0.41=£0.10
84_NDC  —1.57 +£0.07 0.29£0.07 0.48=£0.10
161_.NDC —-1.74£+0.10 0.424+0.02 0.05+£0.07 0.26 £0.09
182_NDC —-1.53£0.07 0.51+£0.05 0.414+0.04 0.34+0.08
357_.NDC  —0.97 £ 0.06 1.21+£0.06 0.41 +£0.12
480_NDC —1.02£0.11 1.46 £0.06 0.44+0.14
27048_J10  —1.59+0.10 —0.07£0.056 1.35£0.05 0.57=+0.09
27094_J10 —-1.83+0.11 044+£0.06 0.43£0.08 0.50=£0.10
29085_J10  —1.75£0.10 —-0.37£0.07 1.164+0.06 0.55+0.10
31041_J10  —=1.85+0.10 —-0.10£0.05 1.14£0.06 0.61=£0.08
31095_J10  —1.75£0.10 —-0.27+£0.08 1.224+0.06 0.57+0.07
31141_J10  —1.75+£0.11 —-0.14+0.05 1.10+£0.06 0.51 +=0.08
31152_J10  —=1.91£0.11 031 +£0.06 0.67+£0.08 0.62=+£0.08
32169_J10 —1.01 £0.10 1.14+£0.04 0.46 £0.12
32171_J10  —1.64£0.09 —-0.12+£0.05 1.39+£0.04 0.62+£0.10
33099_J10  —1.31£0.09 0.24+£0.05 1.70+0.04 0.49+0.14
33115_J10  —1.44£0.11  0.27+£0.07 1.39+£0.06 0.64 £ 0.08
34075_J10  —=1.650£0.08 0.024+£0.04 1.33+£0.03 0.49+£0.08
34143_J10 —-1.19+0.10 040+£0.06 1.39£0.05 0.51£0.11

Note. — This is a portion of the entire table. This table is available in its

entirety in machine-readable form at:
https://vizier.cds.unistra.fr/viz-bin/VizieR?-source=J/A+

A/681/A54


https://vizier.cds.unistra.fr/viz-bin/VizieR?-source=J/A+A/681/A54
https://vizier.cds.unistra.fr/viz-bin/VizieR?-source=J/A+A/681/A54

3.3. MgAl burning chain in w Centauri 101

the Al doublet. Taking these assumptions into account, [C/Fe] abundance ratios between
—0.5 and 4-0.3 dex provide the best fits to the CN lines. Finally, all of the derived abundance
ratios were referred to the solar abundances of Grevesse & Sauval (1998).

[ followed the same approach described in Sect. 3.2.2.3 to estimate star-to-star uncertainties
associated with the chemical abundances. Internal errors, associated with the measurement
process, were estimated as the line-to-line scatter divided by the root mean square of the
number of lines. For Si, when only one line was available, I calculated the internal error by
varying the EW of the lines of logw (i.c., the EW error provided by DAOSPEC). For Al, I
adopted /+/2 for all of the stars in which I used both lines, while for the stars in which
on]y one line was available, T estimated the internal error by resorting to a Monte Carlo
simulation.

Errors associated with the adopted atmospheric parameters were computed by recalculating
chemical abundances, varying only one parameter at a time by its uncertainty and keeping
the other parameters fixed to their best value. The uncertainties of the abundance ratios

[Al/Fe] and [Si/Fe] were obtained following Equation 3.2.

3.3.3 Results

Depending on the metallicity range, w Centauri exhibits (anti)correlations with different
amp]itudes. Given the wide range of merallicities present in the system, it is crucial to analyze
the chemical anomalies not only as a whole, but also in distinct metallicity regimes. This
approach provides a more comprehensive understanding of the mechanisms underlying the

complex chemical patterns observed in w Centauri.

33.3.1 Fe, Mg, Al, and Si abundances

According to the literature, w Centauri hosts stars covering a broad range of metallici-
ties. The metallicity distribution function (MDF hereafter) that I found in this investiga-
tion is shown in Fig. 3.6. In particular, to identify distinct populations in the data, I em-
ployed the scikit-learn” implementation of Gaussian mixture models (GMMs), which
allowed me to identify four distinct groups corresponding to the following peaks in [Fe/H]:
—1.85,—1.55, —1.15, and —0.80 dex. For comparison, I considered the analyses performed
by Johnson & Pilachowski (2010) and Meszaros et al. (2021) in which they studied a total sam-
ple of 855 and 1141 stars, respectively, covering the cluster’s entire metallicity range. In partic-
ular, Johnson & Pilachowski (2010) found the presence of five distinct metallicity peaks that
are located at [Fe/H| = —1.75, —1.50, —1.15, —1.05, and —0.75 dex (in their distribution

®https://scikit-learn.org/stable/modules/mixture.html


https://scikit-learn.org/stable/modules/mixture.html
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FIGURE 3.6: Histogram displaying the MDF of w Centauri. Also shown as a dashed black line is the
Gaussian kernel fit of the distribution. Four Gaussian components can be identified. They represent
the MP, M-intl, M-int2, and MR subpopulations, and are plotted in the Figure as dotted, dashed,
solid, and dash-dotted lines, respectively.

the peaks at —1.15 and —1.05 dex were combined due to the difficulty in separating the two
populations), while Mészaros et al. (2021) found four peaks ac [Fe/H] = —1.65, —1.35, —1.05,
and —0.7 dex. The three MDFs exhibit a good agreement with each other, in terms of [Fe/H]
extension and the relative position and intensity of the peaks.

With the exception of the peak at —1.15 dex, my measurements of the metallicity peaks are
slightly lower (by about 0.05-0.1 dex) compared to those reported by Johnson & Pilachowski
(2010). On the other hand, the metallicity peaks in this work are systematically lower by
about 0.1-0.2 dex than the ones from Mészaros et al. (2021). These discrepancies are likely to
be attributed to the very different mecthod and set of lines used to calculate the metallicities
from the H band (M¢szaros et al., 2021) and optical spectra.

Finally, following the results obtained from my distribution and a nomenclature similar to
the one adopted by Sollima ct al. (20052), I divided the population into the following four
subpopulations: metal-poor (MP, [Fe/H]< —1.69 dex), metal-intl (M-intl, —1.68 < [Fe/H]

< —1.34 dex), metal-int2 (M-int2, —1.33 < [Fe/H] < —0.94 dex), and metal-rich (MR,
[Fe/H]> —0.93 dex). The main information for the four subpopulations is reported in Table
3.3.
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Table 3.3.  Mean metallicity ([Fe/H]), its associated dispersion (o), the sample size (N),
and number fraction of the four metallicity subpopulations identified in w Centauri (see
text for details).

Group ([Fe/H]) o N fraction
(dex) (dex) number

Metal-poor (MP) -1.85 0.08 193 0.44
Metal-int1 (M-int1) -1.55 0.10 153 0.35
Metal-int2 (M-int2) -1.15 0.13 63 0.14

Metal-rich (MR) -0.80 0.11 30 0.07

In Fig. 3.7 can be observed the behavior of [Mg/Fel, [Al/Fel, and [Si/Fe] as a function of
[Fe/H] for the stars that I analyzed in this work. In the left panel, can be seen that the
[Mg/Fe| distribution is split into two different branches, with the upper branch that covers
a [Fe/H| range from ~ —2.1 dex up to ~ —1.3 dex and is characterized by enriched values
of [Mg/Fe]. On the other hand, the lower branch covers a range of [Fe/H] from ~ —1.9
dex up to ~ —0.5 dex, with Mg abundances ranging from subsolar values up to the highest
values [Mg/Fe|] ~ +0.6 dex at the highest metallicities. For the [Al/Fe| distribution, the
behavior is completely different. In the MP subpopulation, there is indeed a large spread in
[Al/Fe] with abundances from [Al/Fe] ~ —0.15 dex up to [Al/Fe] ~ +1.3 dex. At higher
metallicities ([Fe/H] > —1.7 dex), there is the presence of a branch that reaches its maximum
extension in the Al abundance at [Fe/H] ~ —1.3 dex and then there is a clear decrease in the
Al abundances down to [Al/Fe] ~ 4-0.6 in the MR subpopulation. Finally, a minor group of
stars with [Al/Fe] < 0.9 dex is in the M-int1, M-int2, and MR subpopulations. The number
of stars in this latter group significantly diminishes at the highest metallicities, with only
three stars present in the MR subpopulation. Finally, the behavior of [Si/Fe] as a function
of [Fe/H] is bimodal at [Fe/H|]< —1.3 dex, even though the separation between the two
branches is not so evident (they are separated by ~ 0.2 dex). At higher metallicities, all of
the stars are characterized by enhanced [Si/Fe| with a spread fully compatible with the typical

uncertainties.
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FIGURE 3.7: Distribution of [Mg/Fe] (left panel), [Al/Fe] (middle panel), and [Si/Fe] (right pane]) as
a function of [Fe/H] for the stars belonging to my sample. The error bar in the top-right corner

represents the typical error associated with the measurements.

3332 Mg-Al anticorrelation

Alarge spread is observed in both [Mg/Fe] and [Al/Fe] abundances ratios, with [Mg/Fe| rang-
ing from 0.70 dex down to subsolar values (the minimum abundance value is —0.44 dex) with
a mean value [Mg/Fe|] = +0.26 dex (0 = 0.23 dex), while [Al/Fe] ranges from +1.70 dex
down to —0.15 dex with a mean value [Al/Fe] = +0.93 dex (o = 0.44 dex). For the 323 stars
for which both Mg and Al abundances are available, a discrete Mg-Al anticorrelation can be
detected, as can be seen in Fig. 3.8. In particular, groups of stars with a different metallicity
exhibit different Mg-Al distributions. Especially, the MP and M-intl subpopulations show a
clear Mg-Al anticorrelation (see top panels of Fig. 3.8), whereas the other two subpopulations
show a chemical anomaly that is either less clear or not present at all (see bottom panels of
Fig. 3.8).
In the 144 stars that make up the MP subpopulation, I recognize the presence of a distinct
Mg-Al anticorrelation, with all of the Mg-poor ([Mg/Fe] < 0.0 dex) stars having [Al/Fe]
~ 41.15 dex. On the other hand, the Mg-rich stars ((Mg/Fe]> 0.0 dex) are distributed from
[Mg/Fe] ~ 0.15 up to [Mg/Fe] ~ 40.5 dex and they cover a wide range of [Al/Fe| (from
~ —0.15 up to ~ +1 dex). Finally, I observe that the two groups of stars are clearly sepa-
rated by a sort of gap in [Mg/Fe| between —0.1 and 4-0.1 dex. For the Mg-rich group (112 out
of 144 stars), I ran a Spearman correlation test and calculated the correlation coefhicient (Cy)
and the corresponding two-tailed probability that an absolute value Cj larger than the ob-
served one can be obtained starting from uncorrelated variables, in order to better quantify
the amplitude of this anticorrelation. In this instance, I found Cy = —0.70, which resulted
in zero chance that the observed anticorrelation could have come from uncorrelated data.
A clear Mg-Al anticorrelation is present also in the M-intl subpopulation (135 stars). Two
principal groups of stars can easily be distinguished in this metallicity class, which have sim-

ilarities with the previous group. The first subgroup has high [Mg/Fe| values (ranging from
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FIGURE 3.8; Trend of‘[Mg/Fe] as a function of [Al/Fe] for the MP, M-intl, M-int2, and MR subpopula—
tions (from top to bottom, left to right). The size of each point indicates its probability of belonging to
that particular metallicity subpopulation — the 1arger the symbol, the higher the probability — while
gray dots represent the entire sample. The error bar in the top-right corner represents the typical
measurement error associated with the data.

~ +0.4 to ~ 40.6 dex) and a wide range of [Al/Fe] values (from ~ +0.3 to ~ +1.0 dex).
The second group, however, has a smaller range of [Al/Fe] (from ~ +1.3 up to ~ +1.7 dex)
but a wider range of [Mg/Fe| (from ~ +0.35 down to ~ —0.2 dex). There are a consider-
able number of Mg-poor stars in this latter group. The Spearman test was also run in this
instance, and the results show that Cy = —0.60 and a p value that is consistent with zero.

From the top panels of Fig. 3.8, it is clear that all the stars in the Mg-poor group of the MP

subpopulation have lower Al abundances ([Al/Fe] ~ 0.2 dex lower) than the stars in the same
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FIGURE 3.9: Spectral region around the Al doublet at 7835-7836 A for sample stars with similar at-
mospheric parameters. The solid blue lines denote stars belonging to the Mg-poor group in the MP
s.ubpopulation7 whereas the dashed green lines represent again Mg-poor stars but in the M-intl sub-
population. A clear difference in the strength of the Al lines can be appreciated between the two
metallicity subgroups.

Mg-poor group belonging to the M-intl subpopulation. I investigated whether this effect is
artificial or not, but neither the stellar parameters nor the evolutionary state were found to
be related. Additionally, the spectra of some stars from the MP and M-intl subpopulations
can be seen in Fig. 3.9 around the Al doublet. Even though they are members of different
subpopulations, all stars share similar atmospheric parameters and metallicity. In particular,
stars were selected to have metallicities between —1.78 < [Fe/H] < —1.69 dex and —1.68 <
[Fe/H] < —1.63 dex for the MP and the M-intl1 subpopulations, respectively. The Figure un-
doubtedly demonstrates that Al lines are weaker in the Mg-poor stars corresponding to the
MP subpopulation.

The existence of the Mg-Al anticorrelation in the 26 stars that make up the M-int2 subpop-
ulation is less certain. The abundances of the stars range from ~ +0.1 to ~ 40.6 dex for
[Mg/Fe| and from ~ +1 to ~ +1.7 dex for [Al/Fe], with Mg abundances that are between
those of the Mg-rich stars in the previous two subpopulations. Only one star stands out
among these values, having much lower Al and greater Mg abundances than the other stars

in the same group. I cannot determine if there are discrete star groups in this subpopulation.
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Finally, for the MR subpopulation (18 stars), there is no evidence of an anticorrelation, with
the stars that have [Mg/Fe| >~ 40.35 dex and [Al/Fe] <~ +1.1 dex. This result is not sur-
prising since the presence of the Mg-Al anticorrelation is detected in almost all GCs more
metal poor than [Fe/H] < —1 (Shetrone, 1996; Mészaros et al.; 2015; Pancino et al., 2017).
In summary, an anticorrelation between the abundance of Mg and Al has been observed in
w Centauri, with the strength of the correlation being dependent on the metallicity of the
individual stars being considered. A clear anticorrelation can be detected, in particular, for
all stars with [Fe/H| < —1.3 dex. However, for stars in the range between —1.3 < [Fe/H]
< —0.9 dex, the anticorrelation is less obvious and, ultimately, for stars more metal-rich
than [Fe/H] 2 —0.9 dex, there is no sign of the Mg-Al anticorrelation.

Different studies carried out by Norris & Da Costa (1995b), Smith et al. (2000), and Mészaros
ct al. (2021) found evidence of a significant spread in the Mg and Al abundances in w Cen-
tauri. In particular, Mészaros et al. (2021) found evidence of an extended Mg-Al anticorrela-
tion among the stars with [Fe/H| < —1.2 dex. However, this work represents the first clear
detection of a discrete Mg-Al anticorrelation, specifically within the MP and M-int1 subpop-
ulations, with different Mg and Al distributions at different metallicities. Furthermore, 73 %
of my stars have [Al/Fe] > 0.5 dex. The existence of a such fraction of stars with high values
of Al indicates that the majority of stars in my sample belong to the so-called SG, which was
born from material processed in the polluter stars by the MgAl chain at high temperatures
(Ventura et al.,, 2016; Dell’Agli et al., 2018).

3333 Mg-Si anticorrelation and Al-Si correlation

For a total of 370 stars, the abundances of Mg and Si were simultancously measured. With
a mean value of +0.45 dex (6 = 0.10 dex), [Si/Fe] varies from +0.68 dex down to +0.08
dex. A Mg-Si anticorrelation is present in this sample, which is mostly contributed by the
population’s MP subgroup (see Fig. 3.10). In fact, the Mg-poor and the Mg-rich stars may
be clearly distinguished from one another in this subpopulation. The first group is distin-
guished by a mean value of [Si/Fe] = 4+0.55 dex, whereas the second group has 2 mean value
of [Si/Fe] 40.35 dex, even if there are certain stars (the minority) with [Si/Fe|] > 40.5 dex.
In comparison to the Mg-rich group, the Mg-poor group is therefore increased by roughly
+0.2 dex, which is significantly larger than the typical error associated with the [Si/Fe] mea-
surements (0.1 dex). It is worth noting that the Si enhancement (Al depletion) in w Centauri
is primarily observed in stars with low Mg abundances, particularly in the most metal-poor
population.

[ used the Spearman correlation test to examine the Mg-Si anticorrelation in the MP subpop-

ulation, much like I did for the Mg-Al anticorrelation. The results show that Cs = 0.45 and
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FIGURE 3.10: As for Fig. 3.8, but for [Mg/Fe] and [Si/Fe].

the p value is consistent with zero. This suggests that the presence of a Mg-Si anticorrelation
in the MP subpopulation of w Centauri is real. Besides the MP subpopulation, only the M-
intl subpopulation displays a clear anticorrelation between Mg and Si abundances, despite
the challenge of distinguishing between the various subgroups within this population.

An Al-Si correlation is present in w Centauri, as can be appreciated in Fig. 3.11. In this case,
Si and Al are available at the same time for a total of 381 stars. Numerous previous studies
have theorized that the Al-Si correlation in GCs is the result of a leakage from the MgAl
chain into 28Si via proton capture reaction at extremely high temperatures (e.g., Yong et al,,
2005; Mészaros et al., 2015; Masseron et al., 2019).

All of the (anti)correlations associated with the MgAl chain are seen in the MP and M-intl
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FIGURE 3.11: As for Fig. 3.8, but for [Si/Fe] and [Al/Fe].

subpopulations of w Centauri when Mg, Al, and Si are analyzed together while taking the
various metallicity groups into account. In particular, the Mg-depleted and Al (mildly) en-
hanced stars, which are assumed to be the product of the extreme MgAl processing in the
polluter stars, correspond to the majority of Si-enhanced stars. The proton capture processes
in these stars took place at temperatures greater than 108 K. Contrarily, only a (weak) Mg-Al
anticorrelation is found in the M-int2 subpopulation, whereas the other two anticorrelations
are either nonexistent or just weakly confirmed. Finally, there is no indication of any chem-
ical anomaly linked to the MgAl chain in the MR subpopulation. This result is expected
given that the polluter stars are unable to attain the temperatures required to begin the Mg

destruction through proton capture at those metallicities ([Fe/H] 2 —0.9 dex).
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33.4 Comparison with Mészaros et al. (2021)

A large spectroscopic analysis measuring Mg, Al, and Si abundance variations in w Centauri
was performed by Mészaros et al. (2021). In particular, they studied a total sample of 982 stars
with a high SNR (SNR > 70), observed by the SDSS-IV/APOGEE-2 survey (Majewski et al,,
2017). Mészaros et al. (2021) found behaviors of the three abundance ratios qualitatively sim-
ilar to mine. They found a Mg-Al anticorrelation, the shape of which clearly depends on the
metal]icity of the considered stars (sce their Fig. 4). In particu]ar, at high metallicities ([Fe/H]
> —1.2 dex), the presence of a Mg-Al anticorrelation is less evident, but with a bimodal dis-
tribution in the Al abundances; on the other hand, at the highest values of [Fe/H], the Mg-Al
anticorrelation disappears and the Al abundances are nearly constant. These findings are
well in agreement with my results and indicate a Weakening of the Mg—A] anticorrelation
extension toward higher metallicities. Despite the similarities in the morphology, some rel-
evant differences between my results and those by Meszaros et al. (2021) are present (see top
panel of Fig. 3.12).

® Differences in the Mg-Al anticorrelation in the MP subpopulation: if T consider the MP sub-
population in both samples ” (see bottom panel of Fig. 3.12), I can observe some inter-
esting differences. In both samples I can detect a clear gap between the Mg-poor and
Mg-rich stars. However, at variance with me, in the subgroup of stars with [Mg/Fe]
> 0.0 dex, Mészaros et al. (2021) did not detect a clear Mg-Al anticorrelation. They
did indeed observe almost a constant [Mg/Fe|, with a large spread in [Al/Fe| (from
[Al/Fe]~ —0.25 dex up to [Al/Fe] ~ +1.25 dex).

® Discreteness of the Al-rich group: if T consider the MP and M-intl subpopulations, I can
observe that Al-rich stars are well separated by a gap. To test whether this observed
discreteness is real or not, in my sample I considered the most Al-rich stars ([Al/Fe] >
+1. dex) in both MP and M-int1 subpopulations, and I measured if they are compatible
in having the same Al I found a mean value [Al/Fe] = +1.16 = 0.01 dex (0 = 0.08
dex) for the MP subsample, and [Al/Fe] = +1.33 £ 0.01 dex (0 = 0.11 dex) for the
M-intl subsample (see Fig. 3.13). These values indicate that these two subsamples are
compatible at a level of 8.54 o, thus strongly suggesting that they do not display the
same Al abundances. On the other hand, this discreteness is not observed in the dataset
of Mészaros et al. (2021). This difference could be due to my higher precision in the

abundance measure thac allowed to distinguish different abundance substructures.

I note that Mészaros et al. (2021) define their MP subpopu]ation at [Fe/H] < —1.5 dex.
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FIGURE 3.12: Trend of [Mg/Fe] as a function of [Al/Fe] for the stars analyzed in this work (cop-left
panel), and for the stars analyzed by Mecszaros et al. (2021) (top-right panel). In the bottom panels, I
display only the stars belonging to the MP subpopulation for each sample, respectively.

® Differences in the SG/FG ratio: the most striking difference is in the fraction of SG stars
sampled by the two studies, with my work having two-thirds of stars belonging to
SG, while Mészaros et al. (2021) have only half. T obtained these fractions of SG by
performing a population analysis, on both Mg-Al anticorrelations, using the GMM
algorithm. T considered the overall distributions on the Mg-Al plane for both anti-
correlations, without making any division among the metallicity subpopulations. The
aim of this type of analysis was not to uncover the presence of distinct subpopulations
within the two distributions, but rather to separate the populations between so-called

enriched (with high Al abundances) and primordial (with low Al abundances) stars. In
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measurement error associated with the data. The dashed line indicates the value [Al/Fe] = 1 dex. The
distributions of the two subsamp]es are shown in the right pane] with the Corrcsponding colors.

the case of my Mg-Al anticorrelation, the GMM algorithm revealed that the enriched
stars constitute 73% (o0 = 6%) of the entire population, while for the Mészaros et al.
(2021) Mg-Al anticorrelation, the enriched population forms 52% (o = 3%) of the
total sample. To further investigate this result, I repeated the GMM analysis at various
distances from the cluster center, taking into account the fact that my sample is more
radially concentrated relative to the stars analyzed in Meszaros et al. (2021). Specifi-
cally, my targets are located at a distance of about 15 core radii, while the stars studied
in Meszaros et al. (2021) extend up to 30 core radii (as shown in the right panel of Fig.
3.14).

To investigate the radial distribution of the percentage of enriched stars, I divided my
sample into three radial annuli: stars located within 3 core radii (105 stars), stars be-
tween 3 and 5 core radii (110 stars), and stars beyond 5 core radii (108 stars). In the

case of Mészaros et al. (2021), T examined stars located within 5 core radii (80 stars),
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FIGURE 3.14: Left panel: Fraction of the enriched stars as a function of the distance from the cluster
center, as defined by van Lecuwen et al. (2000). The blue circles represent the stars analyzed in this
work, whereas the orange squares display the stars studied by Mészaros et al. (2021). In the Y axis,
the error bars represent the error associated with the fraction of enriched stars, while in the X axis,
they represent the extension of the stars contained in each radial ring. The dashed gray line and the
gray arca show the mean and the standard deviation for the genuine GCs observed so far, respectively
(Bastian & Lardo, 2015).

Right panel: Coordinate positions of stars analyzed by Mészaros et al. (2021). The black cross rep-
resents the same cluster center used in Fig. 3.2. The dashed black circles show 5, 20, and 30 times
the core radius (r, = 1.40; Harris, 1996). The green circle represents 10 times the core radius and it
encloses 554 out of 982 stars.

between 5 and 7.3 core radii (169 stars), between 7.3 and 9.6 core radii (171 stars), be-
tween 9.6 and 13.0 core radii (174 stars), and beyond 13.0 core radii (169 stars). In the
left panel of Fig. 3.14, can be observed the fraction of enriched stars in both samples.
In particular, in the innermost region my value is slightly higher (but within the er-
rors) compared to the mean value observed in other GCs (see Bastian & Lardo, 2015
for a detailed discussion). On the other hand, except for the value within 5 core radii,
the fraction of enriched stars found by Mészaros et al. (2021) is constantly below the
mean value observed in other GCs, even though in the overlapping regions the two
distributions are consistent within the uncertainties. This may be due to the different
radial distribution of the two samples, as it is well known that SG stars are more cen-
trally concentrated than FG stars in w Centauri (as well as in many other clusters; e.g.,
Bellini et al., 2009; Bastian & Lardo, 2015).

I speculate that the difference in the fraction of enriched stars between Mészaros et al.
(2021) and my work may partially exp]ain Why the Mg—A] anticorrelation exhibits dis-
tinct shapes. Mészaros et al. (2021) did indeed analyze more external regions of w Cen-
tauri, and the higher fraction of FG stars in their sample could potentially contribute

to explain the observed differences in the Mg-Al anticorrelation shape.
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FIGURE 3.15: Distribution of [Mg/FC] (left pancl), [Al/Fe] (middle pancl), and [Si/Fe] (right pancl) as
a function of [Fe/H]. In the top are displayed the stars here analyzed (blue dots), while in the bottom
the stars analyzed by Mészaros et al. (2021) (orange dots). The error bar in the top—right corner in the
top Figures represents the typical error associated with the measurements.

® Differences in the behavior with [Fe/H]: in Fig. 3.15 can be seen a comparison between
the stars analyzed here and the ones studied by Mészaros et al. (2021) for the distribu-
tions of [Mg/Fel, [Al/Fel, and [Si/Fe| as a function of [Fe/H]. If, on the one hand, there
are similar behaviors in all three elements, there are also some interesting differences.
In the [Mg/Fe] versus [Fe/H] plane, the presence of the two branches in my sample is
clear, while in the case of Mcszaros et al. (2021), their presence is barely visible. This
effect may be ateributed to the predominance of Mg-rich stars in their sample, as well
as potential limitations in the measurement accuracy that could prevent a clear sepa-
ration of the two branches in their analysis. Regarding [Al/Fe], my distribution and
the one found by Meszaros et al. (2021) cover a similar range of abundances. However,
in the case of Mészaros et al. (2021), the absence of Al-rich stars at [Fe/H] > —1 dex
did not allow them to observe if either is present or not a trend in the [Al/Fe| dis-
tribution against the metallicity. Moreover, their sample presents a population with
[Al/Fe] <~ 40.5 dex that constitutes half of the entire sample (these stars represent
the FG stars) and it is distributed at almost every meta]licity, with a decrease toward
the highest metallicities. Finally, the [Si/Fe] distribution in the case of Mészaros et al.
(2021) is characterized by a constant and enhanced [Si/Fe] abundance ratio over the
entire range in metallicity, at variance with the bimodality I observe in my sample at
[Fe/H] < —1.3 dex. I would like to note that for the stars analyzed by Mészaros et al.
(2021), I applied their criteria, limiting the selection only to stars with SNR > 70,
Tesr < 5500 K, and with errors in the single abundances < 0.2 dex. Furthermore, it
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is worth mentioning that few stars were observed with [Fe/H| > —1 dex in the [X/Fe]

(where X represents Mg, Al, and Si) versus [Fe/H]| diagrams.

3.3.5 Discussion and conclusions

In this work, I have investigated the multiple populations of w Centauri by evaluating the
effects of the MgAl cycle in the stars of this system. I derived the Al and Si abundances
from the analysis of high-resolution spectra obtained with the multi-object spectrograph
VLT/FLAMES, and combined them with the Fe and Mg abundances derived in my previ-
ous work (see Sect. 3.2) obtaining a total sample of 439 stars with reliable abundances. Here

[ summarize the most important ﬁndings of the current work:

1. I'found a multimodal MDF that is nicely reproduced by the combination of four Gaus-
sian distributions, in good agreement with Johnson & Pilachowski (2010). My sample is
dominated by a MP subpopulation that contributes 44% to the total population. The

secondary peaks at higher metallicities contribute 35%, 14%, and 7%, respectively.

2. Based on the metallicity distribution, I divided the entire sample into four subpopu-
lations (MP, M-intl, M-int2, and MR), which I used to investigate the strength of the
(anti)correlations associated with the MgAl chain. My analysis revealed a clear Mg-Al
anticorrelation, with the shape and extension of the correlation varying significantly
with the metallicity of the stars being considered. A clear-cut and discrete Mg-Al an-
ticorrelation is present in all stars with a metallicity lower than ~ —1.3 dex, while for

higher values of [Fe/H], the anticorrelation is less evident or possibly not present at all.

3. Talso detected Mg-Si and Al-Si (anti)correlations, whose extensions vary as a function
of the metal]icity, and as for the Mg—A] anticorrelation, their presence is evident for
the stars with [Fe/H] < —1.3 dex. All of the observed (anti)correlations found here
confirm the results found in previous works by Norris & Da Costa (1995b), Smith et al.
(2000), and Mészaros et al. (2021). These results constitute a fingerprint of Mg burning
at very high temperatures (2 108 K) through the MgAl chain, at least in the MP and
M-int1 subpopulations (Ventura et al., 2016).

4. The Mg-Al anticorrelation presents a discrete shape in the MP and M-intl subpopula-
tions. In particular, in the MP subpopulation, can be noted (1) a Mg-Al anticorrelation
analogous to the one observed in genuine single-metallicity GCs (Meszaros et al., 2015;
Pancino et al,, 2017), with small variations in Mg abundances (~ 0.3 dex), and almost
1 dex of variation in the Al abundances; (2) a distinct component of Mg-poor stars that
are all enriched in Al at [Al/Fe] ~ +1.15 dex. This kind of subpopulation has been
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observed only among the most metal-poor GCs such as M 15, M 92, and NGC 5824
(Masseron et al., 2019; Mucciarelli et al., 2018b), or massive GCs such as NGC 2808
(e.g., Carretta et al,; 2018). The Mg-Al anticorrelation in the M-intl subpopulation is
dominated by the most Al-rich stars, with a second group of stars at lower Al values
and enhanced in Mg. The Al-rich stars in MP and M-int1 subpopulations are clearly
separated by ~ 0.2 dex, with a gap not detected by Meszaros et al. (2021).

5. In the [Al/Fe| versus [Fe/H] plane, can be clearly recognized a trend as a function of
the metaﬂicity for the stars with [Al/Fe] >~ +40.5 dex. Is observed that the [Al/Fe]
distribution reaches its maximum at [Fe/H] ~ —1.3 dex and then there is a decrease

in the Al abundances toward the highest metallicities.

6. By comparing my results with those of Mészaros et al. (2021), can be seen that the
fraction of SG stars decreases from the cluster center toward the outer regions. This
finding confirms that the formation of SG stars is more prevalent in the central regions
of the cluster (see Marino et al,, 2012b and references therein). The prevalence of SG
stars in my sample can be the key factor at the origin of all the observed differences

between my sample and that of Mészaros et al. (2021).

3.3.5.1 w Centauri as a GC

w Centauri exhibits the most extensive chemical anomalies associated with the MgAl chain,
making it a unique opportunity to impose additional constraints on the potential nature of
the polluters responsible for the MPs. The MgAl chain is indeed far more sensitive to tem-
perature than the CNO and NeNa cycles (Ventura et al, 2016). Additionally, the presence
of stars enhanced in Al (and Si) and depleted in Mg in the MP and M-intl components of
w Centauri necessitates the occurrence of proton capture processes at temperatures that can-
not be reached in all the polluter stars suggested in the literature.

If the polluters responsible for the observed anticorrelations are AGB and SAGB stars, then
the chemical anomalies observed here and the trend of Al abundances with respect to metal-
licity for stars with [Al/Fe] > +0.5 dex can be readily explained. In the metal-poor do-
main, represented by the MP and M-intl populations here, the clear Mg-Al trend is due to
the strong HBB experienced by low-mass, massive AGB stars, where the ignition of proton-
capture nucleosynthesis at temperatures above 10® K favors the depletion of the overall Mg in
favor of Al (Ventura et al,, 2016). In this context, the lower peak value of Al exhibited by MP
stars with respect to the M-intl counterparts is due to the activation of the full MgAlSi nu-
cleosynthesis in the most metal-poor AGBs, with the efficient activation of the 27 Al proton

capture reaction, which destroys part of the Al synthesized by Mg burning (Dell’Agli et al,|
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2018). This understanding is confirmed by the Mg-Si and Al-Si trends detected in MP stars.
In the M-int2 subpopulation, the Mg spread is shorter than in the MP and M-intl subpopula-
tions, since the HBB temperatures experienced by AGB stars of metallicity [Fe/H] ~ —1 are
not sufficiently hot to favor an extended destruction of the Mg. The lack of a Mg-Si anticor-
relation in this subpopulation is a signature of the inefficiency of the advanced MgAl chain
reaction 26Al(p, v)?"Si(e™, v)* Al(p, v)?®Si at high metallicities. High metallicities do in-
deed prohibit an efficient Si production. Finally, the short extension of the Mg-Al trend
shown by the most metal-rich stars witnesses the action of proton-capture reactions by the
two least abundant Mg and Mg isotopes, whereas the HBB temperatures at these metal-
licities are not sufﬁciently hot to activate the proton capture process efﬁcient]y by the most
abundant **Mg isotope: the overall Mg spread is narrow in this case. Therefore, my work
shows for the first time the presence in w Centauri of the two channels of Al production and
destruction (Ventura et al,, 2013; Dell’Agli ec al,, 2018). In conclusion, at [Fe/H]S —1.3 dex,
the Al production channel is a]ways activated, with the destruction channel that becomes
significant at the lowest metallicities. On the other hand, at [Fe/H] 2 —1.3 dex, the Al pro-
duction channel weakens as the metallicity increases, while the destruction channel is not
present at all since there is no Si production through Al burning,

While the AGB model appears to qualitatively account for observed chemical anomalies, it
is important to note that different levels of dilution of the AGB ejecta with pristine gas are
required to reproduce the observed (anti)correlations (Dell’Agli et al., 2018). Based on their
Mg and Al abundance values, SG stars with less extreme compositions may have formed from
AGB ejecta mixed with up to 70% pristine gas, whereas the most extreme populations (char-
acterized by heavy Mg depletion and Al enhancement) may have formed from AGB gas with
cither very limited or no dilution with pristine material. However, the precise physics and
timing of the dilution process during the early evolution of the cluster remain unknown and
can possibly require some degree of fine tuning.

FRMS (Krause et al., 2013) or interacting binaries (de Mink et al., 2009) are among the pol-
luter candidates since they are able to activate the CNO cycle and the secondary chains, but
they require very high masses (of the order of ~ 100 Mg, or above) and some adjustment of
the reaction rates in order to reproduce the observed Mg-Al anticorrelations in GCs (Prant-
20s et al,, 2017). Supermassive stars (> 10% Mg; Denissenkov & Hartwick, 2014) have central
temperatures high enough at the beginning of the main sequence to allow the simultancous
burning of He, Na, and Mg. Moreover, the models show that in these stars Si can be produced,
but at temperatures where Mg is heavily destroyed. This is in contrast with what I find in
w Centauri. Also novae were suggested as po]luters (Maccarone & Zurek, 2012; Denissenkov

ct al, 2014). The fundamental issue with stars of this type is that all the light elements that
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are enhanced in SG stars (Na, Al, and Si) are regu]arly overproduced in quantities that are
significantly greater than the reported levels. However, as nova outbursts are multiparame-
ter phenomena, more research on the parameter space is required to determine the precise
amount of light elements ejected by these stars into the intracluster medium.

Even though many different scenarios have been proposed up to this point, none of them are
fully free from serious flaws (e.g., Renzini et al,, 2015; Renzini et al,, 2022; Bastian & Lardo,
2018, Milone & Marino, 2022). In particular, all of the self-enrichment models cannot ex-
plain that SG stars generally outnumber their FG counterparts (see Sect. 1.5 for a detailed
discussion).

The available chemical evidence suggests that the w Cenrtauri chemical enrichment history
was very complex and influenced by a simultancous contribution of core-collapse SNe, as
demonstrated by the observed spread in Fe, enhanced [a/Fe] ratios, and high [Na/Fe] and
[Al/Fe] abundances (see Johnson & Pilachowski, 2010 and references therein), and likely AGB
stars, which are responsible for the observed ]ight—e]ement variations. In contrast to regular
(non nucleated) galaxies or genuine GCs, the w Centauri chemical history has been controlled

by its ability to retain both high- and low-velocity ejecta.

3.3.5.2 w Centauri as a nuclear remnant

In the above discussion, I have considered my results in the perspective of the origin of the
MPs in GCs (Gratton et al., 2012; Bastian & Lardo, 2018; Gracton et al,, 2019), exploiting
the constraints provided by the extreme chemical manifestations of this syndrome that are
observed to occur in w Centauri. I have also made some attempt to interpret general trends
within the entire sample assuming that they are produced by a single chemical evolution path,
driven by self-enrichment. However, the latter is just a hypothesis, since, depending on the
actual nature of the system, other kinds of processes may have been involved in the origin of
the present-day status of w Centauri. In this section, I want to reconsider the observational
scenario from a different perspective.

The idea that w Centauri can be the nuclear remnant of a dwarfgalaxy whose main body was
completely disrupted by the interaction with the Milky Way dates back decades and was the
subject of extensive literature (see, e.g., Gnedin et al,, 2002; Bekki & Freeman, 2003; Bekki
& Tsujimoto, 2019, and references therein). The strict analogy with the stellar nucleus of
the currently disrupting Sgr dSph galaxy was firstly noted and discussed by Bellazzini et al.
(2008) and Carretta et al. (2010c¢). In recent times the possible association of w Centauri with
a specific dwarf accretion event, Gaia-Sausage-Enceladus (GSE Helmi et al,, 2018; Belokurov
ct al,, 2014), lent further support to this hypothesis (Mycong et al., 2018; Massari et al., 2019;
Limbcrg et al., 2022).
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There is general consensus that the (widely diffused, see, e.g., Boker et al.,; 2004) stellar nuclei
are formed by the spiral-in to the center of the host galaxy of massive star clusters, by dynam-
ical friction, and/or by central in situ star formation, with the first channel possibly being the
preferred one in M 10 Mg, galaxies (Neumayer et al,, 2020, and references therein). Such
a multiple-channel formation path can greatly help in accounting for the extremely complex
abundance patterns observed in w Centauri.

In this context, I want to highlight two facts that emerge particularly clearly from my analysis
and that suggest that the system may indeed be a nuclear remnant that was built up by the
merging of GCs plus in situ star formation at the center of the (now disrupted) progenitor

dwarf galaxy (see also [bata et al.,; 20192, 2021):

® The MDF is clearly multimodal, with the strongest peak being the most MP one. This is
at odds with what is observed in local dwarfs (Kirby et al., 2011; Hasselquist et al.; 2021).
In these sites, where the buildup of the MDF should be dominated by the chemical
evolution of a self-enriching stellar system embedded in a dark macter halo, MDFs
typica]]y have a very clean sing]e mode toward the metal-rich side of the distribution
plus an extended metal-poor tail. It is interesting to note that this is also true for
the Sgr dSph when the MDF is sampled outside the nucleus (Mucciarelli et al,, 2017;
Minelli et al,, 2021), while strong bi-modality emerges in the nuclear region (Bellazzini
et al., 2008; Mucciarelli et al., 2017; Alfaro-Cuello et al., 2019, 2020).

® [T consider the different subgroups as classified by the GMM described in Sect. 3.3.3.1,
[ can infer the intrinsic meta”icity dispersion with the maximum likelihood analysis
described in Mucciarelli et al. (2012), following Pryor & Meylan (1993) and Walker et al.
(2006). Doing this, I obtain mean metallicities of the various components in excellent
agreement with the results of the GMM, and the intrinsic metallicity dispersions (07;,,)
and the associated uncertainties reported in Table 3.4. It is very interesting to note that
both the MP and the M-intl components are fully consistent with null dispersion,
that is, the most likely outcome of the analysis, with tiny uncertainty. Null or very
small metallicity dispersion is a defining characteristic of GCs (Willman & Strader,
2012; Gratron et al., 2019). On the other hand, the M-int2 metallicity distribution is
strongly incompatible with zero dispersion and nothing relevant can be said on the

MR population as the uncertainty on 0, is huge.

Taken at face value, these results suggest that w Centauri may indeed be the nuclear remnant
of a dwarf galaxy that was originally built up by the merging of two massive metal-poor GCs
(both more massive than 10° M, according to Table 3.3 and the total mass by Baumgardt
& Hilker, 2018, M = (3.94 £ 0.02) x 10° Mg), with each one displaying its own extended
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Table 3.4.  Intrinsic metallicity dispersion of the four subpopulations.

Group Oint
[dex]
MP 0.00 £ 0.01

M-intl 0.00 £ 0.02
M-int2  0.08 = 0.01
MR 0.00 £0.17

light elements’ anticorrelations typical of GCs in this mass regime, plus some more metal-
rich components, with significant metallicity dispersion, possibly formed in situ, similar to
the case of the nucleus of Sgr dSph (Carretra et al., 2010b,¢; Alfaro-Cuello et al.; 2019, 2020).
[t is important to keep in mind that the reliability of the results reported in Table 3.4 depends
on the accuracy of the errors on the individual [Fe/H] estimates, which is notoriously diffi-
cult to assess properly. However, there is little doubt that the intrinsic metallicity dispersion
observed in my MP and M-intl samples, if not null, is very small and compatible with that
observed in other massive GCs (Carretta et al., 2010¢,d; Lardo et al., 2023), and hence the
hypothesis that they trace the population of ancient GCs that merged at the center of the
progenitor dwarf galaxy to build the backbone of its stellar nucleus appears sustainable in
any case.

It may be legitimate to ask oneself the reason why the possibility that the M-int1 and, in par-
ticular, the MP components can be single-metallicity populations has not emerged so clearly
in previous studies. The comparisons between the distribution in various chemical planes
suggest that my set of measures has a higher precision than comparable samples by other
authors, allowing us to gain deeper insight into the trends and distributions in these planes
(see, e.g., Fig. 3.15). As a quantitative test in this sense, I considered the subsamples of MP
stars in common with ‘]ohnson & Pilachowski (2010, 170 stars) and with Mészaros et al. (2021,
70 stars). Since [ was dealing with exactly the same set of stars, the intrinsic metallicity dis-

persion 0, was fixed. I can compute the observed metallicity dispersion 04, in the very

2

_ 2 2 :
o5 = 0o+ 02, where 0., is the con-

reasonable hypothesis of Gaussian distribution, as o
tribution of the measuring error that is different from the set of measures (mine) to set of

measures (Johnson & Pilachowski, 2010 and Mészaros et al,, 2021). The one having the largest
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0pss necessarily also has the largest 0¢;,, and hence lower precision. For the MP stars in com-
mon with Johnson & Pilachowski (2010), I obtained 0,5, = 0.077 dex from my measures
and 0,ss = 0.137 dex from their measures. For the MP stars in common with M¢észaros et al.
(2021), I obtained 0,55 = 0.085 dex from my measures and 0455 = 0.103 dex from their
measures. Therefore, at least for the considered samples, in both cases my [Fe/H] measures
are signiﬁcantly more precise than theirs. This is cleariy a factor enhancing the capability
to disentangle the various components of the overall MDF and to properly estimate their
metallicity dispersion. The differences in the spatial distribution of the various samples may
also play a role since the different components may have different radial discributions (Bellini
ct al,, 2009; Johnson & Pilachowski, 2010) and as my sample is more centrally concentraced
than those by Johnson & Pilachowski (2010) and, especially, by Mcszaros et al. (2021).

In summary, the scenario outlined above seems to deserve a more thorough and deeper dedi-
cated analysis, taking into account also different aspects of the problem not considered here,
such as the age distribution and the kinematics of the various components. This is clearly

beyond the scope of the present work and I postpone it to a future contribution.
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34 The peculiar case of a K-rich star in w Centauri

In Sect. 3.2.3.2 I described the peculiar star 43241_J10, which from the analysis of its GI-
RAFFE spectrum was found to have [K/Fe|] = +1.60 dex, that is ~ 1 dex higher than the
abundances of the other stars of w Centauri with similar parameters and abundances. Such
high [K/Fe] is found only among the stars of NGC 2419, the GC with the most extended
Mg-K anticorrelation.

Within the scenario where the K over-abundance is produced by AGB stars, as the result of
the extreme burning of the MgAl chain, I can envisage two possible explanations: (1) this
star formed directly from the pure ejecta of AGB and SAGB stars before that the dilution
process with pristine gas occurs. This scheme was proposed by Ventura et al. (2012) to ex-
plain the huge [K/Fe] enhancement observed in the Mg-poor stars of NGC 2419. I discussed
this possibility in Sect. 3.2.4. (2) this star was a member of a binary system together with a
massive star and accreted K-rich material from the companion when the lacter reached the
AGB phase. In this case, the abundance that I measured is not its original one but reflects
the chemical composition of the interior of the companion. To test the proposed scenarios
[ obtained new spectra at the VLT/ESO, which will allow to measure elements involved in
the proton-capture reactions (i.e. C, N, O, Na, etc.), and to obtain a new epoch RV to es-
tablish whether the star is member of a binary system or not. Unfortunately, the spectra of
this star available in the ESO archive allow us to measure only a limited number of elements
(Fe, Na, Mg, Al, Si, and K) and one epoch RV preventing to establish its possible binary na-
ture. If this star formed from the pure ejecta of a AGB star [ should expect to measure also
anomalous abundances of C, N and O, compared to other metal-poor "normal” w Centauri
stars. The same should happen if this stars formed from a mass transfer process from an AGB

companion.

3.4.1 Observations

43241_]10 was observed with the high resolution UVES spectrograph (Delker et al,; 2000).
The star was observed under the ESO program 109.23C2 (P.I. Mucciarelli) during the night
2022 April 06. In order to provide a complete screening over the entire optical range for
the target star, | used the UVES spectrograph in the dichroic mode with different setup
combinations: one exposure of 1800 s with dichroic 1 Blue Arm 346 CD#1 + Red Arm 564
CD#3, one exposure of 1800 s with dichroic 2 Blue Arm 346 CD#1 + Red Arm 760 CD#4,
and one exposure of 600 s with dichroic 2 Blue Arm 390 CD#2 + Red Arm 860 CD#4. All

observations were made with the 1-arcsec slit which provides a resolving power of ~ 40000.
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The full wavelength coverage is ~ 3200 — 10500 A. However, I used the spectra in the range
of ~ 3800 —9000 A because in the bluest part of the spectra the SNR is too low, while in the
reddest part the spectra are heavily contaminated by telluric absorptions. The UVES spectra
were reduced using the dedicated UVES ESO pipeline®, which includes bias subtraction, flat

field correction, wavelength calibration and spectral extraction.

3.4.2 Radial Velocity measurements

The RV for each spectrum was determined through the standard method of cross-correlation,
as implemented in the Python module PyAstronomy. In order to measure RV I cross-
correlated each UVES spectrum with an appropriate synthetic template spectrum calculated
with the SYNTHE code (Sbordone et al,, 2004; Kurucz, 2005), adopting the stellar parameters
derived in Sect. 3.2.2.1 and convoluted with a Gaussian profile to reproduce the observed
line broadening. The final RV was calculated as the mean of the individual RV values, and
the uncertainty as the dispersion of the mean RV normalized to the root mean square of the
number of exposures used.

As asanity check, I checked the accuracy of the wavelength scale for all the spectra by measur-
ing the position of some sky emission lines or by cross-correlating some absorption telluric
lines against a synthetic spectrum of the Earth atmosphere calculated with TAPAS (Bertaux
ct al,, 2014). All these velocities shifts are compatible with zero within the uncertainties.
The target star 43241_]10 shows a RV difference of ~ 7 km s™! between the GIRAFFE and
UVES. Indeed, from the GIRAFFE spectra I obtained RV 220.26 £ 0.18 km s, while from
the UVES spectra RV = 227.12 4 0.07 km s~*. This difference is much higher than che

uncertainties associated with the RV measurements, indicating a real RV variation of this

star.
Gaia DR3 (Gaia Collaboration et al., 2016, 2023) provides a RV value of 223.83 £ 2.37 km
s™1. This value is compatible within ~1.5¢ with my measures. Finally, from the SDSS-

IV/APOGEE-2 survey (Majewski et al., 2017), for 43241_]10 is reported a RV value equal
t0 222.55 4+ 0.06 km s~ 1.
The RUWE value provided by Gaia DR3 is 1.15, indicating a well-behaved single star astro-

metric solution (but not excluding the case of a wide binary).

Shttps://www.eso.org/sci/software/pipelines/uves/
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3.4.3 Photometric variability of 43241_J10

Lebzelter & Wood (2016) classified 43241_J10 as a Long Period Variable (LPV), with a vari-
ability period of 71 days. In particular, Lebzelter & Wood (2016) used the V band to study
the light curve of 43241_]10 and derived its period. This value is perfectly in agreement with
the variability period of 69.8 days given by the Gaia DR3 data.

Since [ used the photometric information coming from Gaia ¢DR3 to derive the atmospheric
parameters, | investigated the impact of the magnitude variations in the determination of
the color (BP — RP). In Fig. 3.16 can be observed the Gaia light curves for the target.
From the light curves of BP and RP bands I determined the (BP — RP) color at different
epochs and calculated the variation in color with respect to the color I used to determine
the temperature for 43241_]10. These color variations affect temperature determination at
level lower than ~ £50 K. Such kind of temperature variations have an overall impact on the
abundance determination of about 0.05 dex or less. Moreover, since the light curves of the
BP and RP bands have the same behavior, with the maxima and minima located at the same
epochs, the errors in the abundance determinations generated by the temperature variations

can be considered as a systematic errors and not as internal.
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FIGURE 3.16: G, BP, and RP light curves of 43241_J10. It can be noted that the light curves have the
same behavior for the three magnitudes.
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Table 3.5.  Chemical abundances of 43241_]10 from the UVES spectra.

Ton Abundance

[dex]
[Fe/H] —1.82 +0.08
[C/Fe] —0.93 £0.10
[N/Fe] 0.99 +£0.10
[O/Fe] —0.39£0.10
[Na/Fe] 0.29 +£0.04
[Mg/Fel —0.30 £0.04
[Al/Fe] 1.20 +0.05
[Si/Fe] 0.50 & 0.09
[K/Fe] 0.62 +0.10
[Ca/Fe] 0.57 £0.04
[Sc I1/Fe] 0.26 +£0.12
[Ti/Fe] 0.56 = 0.10
[V/Fe] 0.38 £0.11
[Cr/Fe] 0.17 +£0.07
[Mn/Fe] —0.20 & 0.06
[Co/Fe] 0.19+0.05
[Ni/Fe] —0.17£0.04
[Cu/Fe] —0.35£0.05
[Zn/Fe] —-0.15+0.15
[Y I1/Fe] —0.06 £0.11
(Zr/Fe] 0.65+£0.14
[Ba I1/Fe] 0.24 £0.13
[La I1/Fe] 0.12+£0.10
[Ce 11/Fe] 0.11 +0.10
[Pr I1/Fe] —0.20£0.11
[Nd II/Fe] 0.19 +£0.09
[Eu I1/Fe] 0.234+0.12

3.44 Chemical analysis

In this study [ measured abundances in 43241_J10 for a total of 27 elements, including Fe, C,
N, O, a- (Mg, Si, Ca, Ti), light- (Na, Al, K), iron-peak (S¢, V, Cr, Mn, Co, Ni, Cu, Zn), and

neutron-capture (Y, Zr, Ba, La, Ce, Pr, Nd, Eu) elements. The derived abundances together

with the associated errors are reported in Table 3.5.

To derive the abundances I performed a linelist selection over the entire optica] range, by

selecting lines that were unblended, not saturated, and not contaminated by telluric lines at

the resolution of UVES. The atomic data for the selected lines come from the Kurucz-Castelli
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linelist database”.
[ derived the abundances by using the proprietary code SALVADOR, as already described in
Sect. 3.3.2. For all the abundances T adopted the solar reference from Grevesse & Sauval

(1998), except for the O, where I used the solar reference from Caffau et al. (2011).

3.45 Results

3.4.51 Chromospheric diagnostics

[ checked for evidence of chromospheric activity in 43241_]10, considering the classical spec-
tral chromospheric diagnostics, i.e. Hy, H and K Ca II, Na I D lines, Ca II triplet lines (see
e.g., Linsky, 2017; Carlsson et al., 2019; Hall, 2008).

In the spectra of 43241_J10 I detected emissions in the core of H and K Ca II lines at 3968.17
A and 3933.66 A, as can be seen in Fig. 3.17. The presence of such emission peaks in the core
of Ca II lines are a good diagnostic of active chromospheres in these stars, because H and K
are lines collisionally excited by electrons from the ground state (see, for example, Linsky,
2017; Carlsson et al., 2019).

The H,, Balmer line 0f 43241_]J10 exhibits strong emissions in the wings, while the core of the
line does not show signature of emission, as can be seen in fig. 3.17. This line profile is usually
interpreted as the result of a optically thick chromosphere (no core emission) but with the
escape of photons shifted in wavelength by anelastic diffusion processes (Dupree et al., 1984;
Cacciari et al,, 2004). Similar H,, line profiles are usually observed among the brightest giant
stars in GCs (Cacciari et al,, 2004; Meszaros et al., 2008; Mészaros et al., 2009) indicating the
presence of inflow/outflow of chromospheric material.

Coreshifts and asymmetries in the chromospheric line profiles indicate outflows and inflows
of material in the chromosphere. I detected in the UVES spectra of 43241_J10 coreshifts of
—8.6, —5.0 and —6 km s™! for Na D, H,, and Ca II triplet, respectively, indicating a slow
outward motion. These coreshifts are much smaller than the escape velocity from the stellar
surface (~50-60 km s71), and fully compatible with those measured in metal-poor giants
stars of similar luminosities (Smith & Dupree, 1988; Bates et al,, 1990, 1993; Dupree et al,
1994; Cacciari et al., 2004).

The presence of chromospheric activity in the target star 43241_J10 is not unexpected, be-
cause the majority of the stars brighter than log(L/Lg) = 2.7 show the presence of active
chromospheres (Mallia & Pagel, 1981; Cacciari & Freeman, 1983; Gratton et al., 1984; Cacciari
et al., 2004; Meszaros et al., 2008) and this giant star in w Centauri has log(L/Lg) = 3.22.

dhttps://wwwuser.oats.inaf.it/castelli/linelists.html
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FIGURE 3.17: Portions of the UVES spectra for 43241_]10 around the H and K Ca II lines, and Hev line.
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3.4.5.2 Abundance ratios

From the analysis of the new set of high resolution spectra I derived [Fe/H] = —1.82 £ 0.08
for 43241_J10 from the UVES spectra. This value of [Fe/H] is in excellent agreement with the
metallicity derived from the GIRAFFE spectra ([Fe/H] = —1.86 £ 0.08 dex. The differences
in [Fe/H] between GIRAFFE and UVES spectra can be seen in Fig. 3.18.

Regarding all the other elements, with the exception K that I will discuss in Sect. 3.4.53,
43241_]10 does not show any "anomalous” abundance ratio. Indeed, all the derived abundances
are compatible with the abundances of w Centauri at similar metallicity and with similar

parameters (Johnson & Pilachowski, 2010; D’Orazi et al,, 2011; Marino et al., 2011c, 2012b).
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FIGURE 3.18: Differences of the abundances between GIRAFFE and UVES spectra are rcprcscntcd as

red crosses.

3.4.5.3 Potassium

I derived K in the UVES spectra from the same K I resonance line located at 7699 A as al-
ready done for the GIRAFFE spectra. [ applied the same NLTE corrections from the grid by
Reggiani et al. (2019).

The K abundance derived from GIRAFFE and UVES spectra differs significantly (see Fig.
3.18). Indeed, the GIRAFFE spectrum provides [K/Fe] = 4+1.60 £ 0.12 dex, while the UVES
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spectrum provides [K/Fe] = 40.62 = 0.10 dex. The derived difference in [K/Fe] is signifi-
cantly much higher than the typical error associated with the measures. Moreover, I checked
that the K line was not contaminated by telluric lines in any of the analyzed spectra. There-
fore, I can conclude that the different K abundances derived in the GIRAFFE and UVES

spectra are rea].

3.4.6 Discussion

The multi-epoch study of the K-rich star 43241_]J10 reveals some peculiar characteristics of

this star:

B 43241_]J10 is a LPV, with a variability period of ~ 70 days. In the G magnitude the

peak to peak variations are of the order of ~ 0.35 mag.
B 43241_]10 shows a RV variability suggesting that it could be member of a binary system.

B 43241_]10 exhibits clear signatures of a stellar chromosphere, i.c. emission peaks in
the H and K Ca II lines and in the wings of H,, line. Also, the presence of coreshifts
in several features forming in outermost stellar atmosphere (ie., Hy, Na I D, Ca Il
triplet) and asymmetric profiles in Na I D lines indicate slow outflows and inflows in
the chromosphere. The chromosphere of 43241_]J10 seems to be variable as indicated
by the strong change of the Na I D line profiles

® The line strength of the K resonance line at 7699 A (and therefore the K abundance)
significantly changes in GIRAFFE and UVES spectra. The derived [K/Fe] abundance
ratios for 43241_J10 vary over 1 dex and these changes cannot be explained in light of
the uncertainties. In contrast, all the other measured elemental abundances do not
show any spread and their abundances are compatible with the abundances of stars

with similar metallicities and parameters.

The strength variation of K is certainly the most intriguing feature of 43241_J10 and unex-
pected in normal, single stars. This evidence challenges the previous explanation proposed
in Sect. 3.2.4, where the high K abundance of this star was suggested to be intrinsic and ex-
plainable within the complex chemical enrichment history of w Centauri. Indeed, I found
that 43241_]10 was enhanced by ~ 1 dex with respect to the other w Centauri stars at similar
metallicity and Mg abundance. In the framework in which the Mg-K anticorrelation is ex-
plained by the extreme MgAl burning chain that occurs in AGB and SAGB stars, a possible
explanation was that 43241_]J10 could have formed from material ejected by the FG of AGB

and SAGB stars without dilution with pristine material.
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The new evidence collected in this study indicates that the high K abundance previous]y mea-
sured for this star is a transient phenomenon whose origin must be sought in the structure
of the star, likely in its variable chromosphere. Indeed, the K I line at 7699 A is a resonance
line that forms around 500-600 km above the stellar surface (see e.g., Bruls et al,; 1992; Bruls
& Rutten, 1992; Uitenbroek & Bruls, 1992; Quintero Noda et al,, 2017) in atmospheric layers
between the upper photosphere and the lower chromosphere, where the temperacure mini-
mum is found. A possible explanation is that the abundance variations reflect the variability
of the stellar chromosphere of this star.

In principle, a realistic calculation of line profiles for transitions that are, at least partially,
formed in the chromosphere such as K, requires the inclusion of the chromosphere in the
adopted model atmosphere. Standard model atcmospheres (i.e. PHOENIX, MARCS, ATLAS)
include only the photosphere because of the complexity to properly model the chromosphere
(no radiative, hydrostatic and local thermodynamical equilibrium) and the physical processes
associated to it (i.e. mass loss, stellar winds). Therefore, chemical abundances derived for
these chromospheric lines could be uncorrected. An offset in the abundances of these lines
when an appropriate chromosphere is included in the model atmosphere should be present.
The case of 43241_J10 is more complex because of its variable chromosphere. With the ac-
tual data, I cannot establish whether a link exist between the Chromospheric Variability and
the photometric variability or the binary nature of the star. For this reason I will perform a
time series analysis for this peculiar object, thanks a 20 observations of one hour each over
a period of three months (P.I. Alvarez Garay), that will be carried out with the spectrograph
VLT/ESPRESSO (Pepe et al., 2021). With this project I aim to explore the spectral variabilicy
of 43241_J10, both due to its binary nature and/or to its activity.

In conclusion, 43241_]J10 represents a puzzling object that could help us to better understand
the still poorly known stellar chromospheres and evaluate their impact on the line strength

of some transitions partially formed in those enigmatic stellar regions.
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—4
CHAPTER

X-SHOOTER SPECTROSCOPY OF LILLER 1 GIANT

STARS

Based on the results published in:

B Alvarez Garay, D. A., Fanelli, C., Origlia, L., Pallanca, C., Mucciarelli, A., et al., 2024 A&A, 686,
Al198

41 Introduction

Thanks to high-quality, deep CMD from a combination of I- and K-band images acquired
with HST and the Gemini South Adaptive Optics Imager (GSAOI) camera Ferraro et al.
(2021) revealed the co-existence of a 12 Gyr old and likely subsolar subpopulation, and a
younger (only 1-3 Gyr old) and likely supersolar population within the stellar system Liller 1.
This finding was confirmed also by the reconstructed SFH by Dalessandro et al. (2022) and
by the first metallicity distribution obtained with the low-resolution MUSE spectrograph by
Crociati et al. (2023), which showed that Liller 1 hosts a dominant metal-poor component at
[Fe/H] ~ —0.50 dex and a metal-rich component with a peak at [Fe/H] ~ 4-0.30 dex.

These findings indicate that Liller 1 is another complex stellar system of the Bulge, hosting
multi-age and multi-iron stellar subpopulations similarly to Terzan 5 (see Ferraro et al.,; 2009,
2016), adding further support to the idea that this system is the surviving fossil fragment
of the epoch of Galactic Bulge formation. Hence, a proper spectroscopic screening of its
clemental abundances is urgent in order to properly characterize its chemistry and place
its subpopulations in a comprehensive evolutionary scheme, as was previously done with
Terzan 5 (Origlia et al., 2011, 2013, 2019; Massari ct al,, 2014). In this Chapter I present
a chemical analysis based on NIR X-shooter spectra of 27 stars that are likely members of
Liller 1, aiming at characterize the chemical composition of this system in terms of iron,

light, a-, and iron—peak elements.
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4.2 Observations

[ observed 34 bright giant stars in Liller 1 with the X-shooter spectrograph at the VLT under
program 089.D-0306 (PI: E.R. Ferraro).

Because of the huge reddening cowards Liller 1, only the spectra acquired with the NIR arm
of X-shooter and the 0.6 arcsec slit (providing a resolution of RA8,000) in the 1.15-2.37 pm
range have a sufficiently high SNR to be effectively used for a chemical analysis. The X-
shooter spectra were acquired by nodding on slit, with a typical throw of a few arcseconds
for an optimal subtraction of the background. In particular, one AB nodding cycle was se-
lected for a total on-source integration time ranging from 4 to 14 min, depending on the
stellar brightness.

The spectra were reduced with the ESO X-shooter pipeline version 3.1.0 to obtain 2D rec-
tified and wavelength-calibrated spectra. The 1D spectrum was extracted manually in order
to optimize the location and extension on the detector of the pair of spectra corresponding
to the A and B positions along the slit. An overall SNR of 30-50 per resolution element
on the final spectra was measured. As an example, Fig. 4.1 shows the X-shooter spectrum in
selected orders of one observed giant star. Some lines of interest for the abundance analysis
are marked.

Table 4.1 lists the observed target stars, their coordinates, photometric properties, and dis-
tances from the center of Liller 1. The | and K magnitudes are taken from the compilation of
NIR photometry (Valenti et al,, 2010; Ferraro et al,, 2021) and from the VISTA Variables in
the Via Lactea (VVV, Minniti et al., 2010).

4.3  Stellar membership from proper motions

The stellar system Liller 1 is located close to the Galactic plane, and field contamination
is an issue. However, the proper motion distributions plotted in Figs. 2 of Ferraro et al.
(2021) and Dalessandro et al. (2022) show that the Galactic field is clearly distinguishable
from the Liller 1 population, which allows a membership selection based on proper motions.
The spectroscopic targets are so bright that they are saturated in the HST images that were
used in these papers. Hence, I used Gaia DR3 proper motions (Gaia Collaboration et al,
2016, 2023) in the direction of Liller 1 in order to distinguish member stars from Galactic
field interlopers. I found that the proper motion distribution of the likely member stars in
the vector point diagram, centered on the absolute values of the system (p14c0s6 = —5.403,
s = —7.431 mas yr—!; Vasiliev & Baumgardt, 2021), has a dispersion opy & 0.5 mas yr—!

in both the @ and § components. I therefore assumed that all the observed stars with proper
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FIGURE 4.1: Portions of the X-shooter spectrum for a giant star with a temperature of 3400 K across
the J, H, and K bands (featuring X-shooter orders 22, 21, 20, 17, 16, and 12 from top to bottom). Some
lines of interest for the chemical analysis are also marked. In each pancl, the upper spectrum in black
is the stellar normalized spectrum corrected for radial velocity, and the lower gray spectrum shows
the telluric absorption
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TABLE 4.1: Observed stars in Liller 1.

D RA Dec ] K distance
[Deg] [Deg] [mag] [mag] [arcsec]
20 263.3413160 -33.3917580 12.27 9.15 34.3
24 263.3580030 -33.3844380 12.03 9.26 25.0
27 263.3463770 -33.3867450 11.97 9.22 20.6
31 263.3386050 -33.3953320 12.10 9.29 46.4
34 263.3370940 -33.3755720 12.07 9.30 68.0
35 263.3561440 -33.3858760 12.12 9.28 17.6
37 263.3408550 -33.3894200 12.21 9.36 34.6
39 263.3619960 -33.3893320 12.20 9.26 289
45 263.3540437 -33.3894655 12.02 9.48 5.3
48 263.3509838 -33.3909300 12.41 8.98 6.6
62 263.3659950 -33.4061700 12.50 9.75 72.6
66 263.3614350 -33.4098700 12.50 9.78 783
68 263.3392510 -33.4054300 12.46 9.78 69.5
71 263.3535490 -33.3906021 1243 9.87 5.2
74 263.3490706 -33.3910950 12.80 10.01 114
79 263.3491370 -33.3856470 12.65 10.02 174
85 263.3551136 -33.3912034 12.84 9.95 10.3
88 263.3537148 -33.3957827 12.80 10.01 229
98 263.3560121 -33.3878820 12.98 10.41 12.6
100 263.3440470 -33.3914300 13.00 10.38 26.2
103 263.3554470 -33.3868030 13.07 10.33 134
104 263.3478150 -33.3866650 13.13 10.49 17.3
108 263.3515430 -33.4021070 13.06 10.31 45.5
109 263.3548662 -33.3878013 13.08 10.60 9.8
115 263.3599230 -33.3909680 13.14 10.36 229
120 263.3599690 -33.3839110 13.16 10.44 30.2
121 263.3404830 -33.3814510 13.09 10.47 46.1
124 263.3421180 -33.4040030 13.11 10.49 60.6
126 263.3496644 -33.3857118 13.32 10.71 16.0
132 263.3630190 -33.4004900 13.25 10.65 50.8
136 263.3545365 -33.3861169 13.46 10.78 13.8
145 263.3499870 -33.3816380 13.45 10.83 293
148 263.3529737 -33.3828074 13.48 11.15 241
149 263.3629250 -33.4037590 13.50 10.85 60.5
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motions within 3 X opyp from the absolute systemic values are bonafide members. Figure 4.2
shows the Gaia measurements for the stars with G<19 located within 80" from the center
of Liller 1(small gray circles). The 34 spectroscopic targets are superposed as large symbols.
While the majority (27) of the targets satisfy the adopted membership criterion, being located
within 3 X opy in the vector point diagram, 7 stars fall beyond this limit, indicating that
they are likely field interlopers. These objects were therefore excluded from the chemical
analysis presented in this work. Figure 4.3 shows the location of the 27 target members in the
(J — K), K CMD (left panel) and on the plane of the sky (right panel) within the central

80" (radius) from the Liller 1 center.
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FIGURE 4.2: Vector point diagram of the stars with G< 19 in the direction of Liller 1 (small gray cir-
cles), showing the RA and Dec components of the Gaia DR3 proper motions referred to the systemic
values quoted by Vasiliev & Baumgurdt (2021). The large dashed circle is centered on (0,0) and has a
radius equal to 3 X opy, with opy = 0.5 mas yrfl being the proper motion dispersion of Liller 1
member stars. The spectroscopic targets are plotted with large symbols: Large black dots show those
classified as Galactic field interlopers due to their discordant proper motions, and large red dots and
blue squares show the likely metal-poor and metal-rich members, respectively. The typical error bar
is reported in the bottom right corner.
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FIGURE 4.3: Left panel: (J — K),K CMD of Liller 1 (gray dots). The 1ikely metal-poor (filled
red circles) and metal-rich (filled blue squares) member stars for which I measured abundances (see
Sect. 4.5.2) are indicated.

Right panel: Distribution of these stars (same symbols) on the plane of the sky with respect to the
cluster center, marked with the black cross and located at RA=263°35233, Dec=—33°38956. The
radii of the dashed black circles are equal to 5, 10, and 15 times the core radius 7, = 5. 39 (Saracino
et al., 2015).

4.4 Spectral analysis

The X-shooter NIR spectra of the 27 member stars were used to determine RVs via cross-
correlation techniques. The chemical abundances were determined via spectral synthesis.
For this purpose, I used the radiative transfer code TURBOSPECTRUM (Alvarez & Plez, 1998;
Plez, 2012), along with MARCS models atmospheres (Gustafsson et al.,; 2008), to create grids
of synthetic spectra with effective temperatures from 3200 K to 3900 K, log g = 0.5 dex,
£ =20kms! ina range of metallicities from [Fe/H] = —1.0 dex to [Fe/H] = 40.5

with a step of 0.1 dex, with two different [a/Fe] values, solar scaled ([a/Fe] = 0.0 dex) and o

I

enhanced ([a/Fe] = 40.4 dex). The selected parameters are consistent with those of observed
cool giants. The atomic data were sourced from the VALD3 compilation (Ryabchikova &
Palkkhomov, 2015), while the most recent molecular data were taken from the website of B.
Plez'. In order to match the observed line profile broadening, the synthetic spectra were
convolved with a Gaussian function at the R~8,000 X-shooter resolution. This instrumental
broadening dominates any other intrinsic broadening, such as macroturbulence and rotation.
For an optimum pixel-to-pixel comparison between the observed and the synthetic spectra,

the latter were also resampled to match the pixel size (0.6 A) of the observed spectra.

1https ://www.lupm.in2p3.fr/users/plez/


https://www.lupm.in2p3.fr/users/plez/
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441 Stellar parameters

A photometric estimate of the stellar temperature and gravity was derived from suitable
isochrones by Bressan et al. (2012) by matching the old (12 Gyr) and young (1,2,3 Gyr) com-
ponents of Liller 1 at [Fe/H]~ —0.3 and [Fe/H]~ +0.3, respectively, in the observed CMD of
(Ferraro et al,, 2021) corrected for differential reddening and assuming their distance mod-
ulus (m-M)y=14.65 and average E(B — V') = 4.52 as reference. Low temperatures in the
3400-3800 K range and gravities in the 0.2-0.8 dex range were obtained. These photometric
estimates of the stellar parameters were then cross-checked against the observed OH and CO
molecular lines and bandheads in order to simultancously best fit all of them. For the mea-
sured member stars, the final adopted temperatures with an uncertainty of 100 K are listed
in Table 4.2, while log g=0.5+0.3 dex and a microturbulence value of 240.2 km s~ typical
of luminous bulge giant stars with similar metallicities, were assumed for all of them. At the
low temperatures and gravities of the analyzed stars, the quoted uncertainties for the adopted
stellar parameters have an overall impact on the derived abundances of approximately 0.10-
0.15 dex. However, it is worth mentioning that this global uncertainty can be regarded as
mostly systematic, and it therefore almost canceled out when I computed abundance ratios
and when I considered the abundance differences among the Liller 1 stars. For each star in
the sample, I thus generated multiple grids of synthetic spectra with fixed stellar parameters
(appropriate to each star) and a varying metallicity from —1.0 dex to +0.5 dex, in steps of 0.1
dex, with both solar-scaled and some enhancement of [a/Fe] and [N/Fe| and corresponding
depletion of [C/Fe] for a proper computation of the molecular equilibria, and solar-scaled

[X/Fe] values for the other elements.

44.2 Continuum normalization

An optimum continuum normalization of the observed spectra is crucial for determining
reliable chemical abundances. Throughout the whole grid of synthetic spectra, I therefore
considered a local reference continuum by selecting a few wavelength points on the left and
right sides of each absorption line of interest that exhibited negligible variation with metal-
licity. The same wavelength points were selected on the observed spectra. I then computed
the average "left" and "right" wavelengths and fluxes in the synthetic and observed spectra
and performed a linear fit to these "master” points, thus obtaining the best-guess synthetic

and observed local continuum.
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The observed spectra were then normalized locally through the following formula:

synthetic continuum fit

Fobs _ Fobs %

norm

(4.1)

observed continuum fit’

where F°% and F°% are the observed fluxes before and after the normalization, respectively.
The typical uncertainty in the continuum normalization around each line of interest is ~2%,
and it mostly arises from the photon noise of the few resolution elements that were used to

locate it around each line and from the uncertainty in the adopted temperature.

443 Chemical analysis

For the chemical analysis, I compiled a list of suitable atomic lines over the entire |, H, K
spectral range covered by the X-shooter spectra. This list included lines of Na I, Mg I, Al 1, Si
ILKI,Cal, Til, VI, and Fe I. I was also able to use OH molecular lines and CO bandheads
in order to derive O and C abundances, respectively. Each line was also scrutinized visually
in order to minimize any greater risk of a potential blend with nearby stellar or telluric lines.
I employed a varying number of lines, depending on the chemical element, the SNR of the
spectrum, and possible telluric contamination. For Fe, between 4 to 9 lines were analyzed,
while for Na, Al Si, Ca, Ti, and V, between 1 and 5 lines were used. A few OH molecular
lines and 2-4 bandheads of CO for the determination of the oxygen and carbon abundance,
respectively, were used.

I derived chemical abundances by comparing the synthetic and observed spectra, the latter
being optimally normalized around each line of interest, as discussed in Sect. 4.4.2. The abun-
dance [X/H] of a given element from each line of interest was determined as the abundance of
the synthetic spectrum that minimizes the difference with the observed spectrum. As figure
of merit, I used the flux of the deepest pixel of each line of interest. However, I also explored
solutions that used the sum of the fluxes of the three deepest pixels of each line of interest
as a figure of merit, finding abundances that were fully consistent with those obtained using
the central pixel alone. Hence, I ultimately decided to rely on the deepest pixel alone to min-
imize possible residual contamination. Random errors in the inferred chemical abundances
from cach line of interest in the X-shooter spectra are mostly due to the uncertainties in the
placement of the continuum (2%; see Sect. 4.4.2) and to the photon noise (2-3%, according to
the measured SNR of 30-50; see Sect. 4.2). The overall impact of a random error like this on
the derived abundance from each line typically is 0.1-0.2 dex, and this is comparable with the
typical 1o scatter in the derived abundances from different lines. The final errors in the de-
rived abundances, as quoted in Table 4.2, were estimated as the dispersion around the mean

abundance value divided by the squared root of the number of lines used to measure each
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chemical element. When only one line was available, I assumed an error of 0.1 dex, which is

the typical line-to-line abundance variation.

4.5 Results

The analysis of the X-shooter spectra has provided RVs with an uncertainty of <1 km s™*,
chemical abundances [X/H] for eleven elements (Fe, C, O, Na, Mg, Al, Si, K, Ca, Ti, and V)
with typical errors of <0.1 dex, and the *C/*C isotopic ratios that are listed in Table 4.2.

Solar reference abundances are taken from Magg et al. (2022).

4.5.1 Radial velocities

The inferred heliocentric RVs range between 40 and 100 km s™!, with an average value of
65.4£2.5 km s~ and a dispersion of 13.2+1.8 km s™!. These values are fully consistent with
the systemic velocity of 67.9£0.8 km g1 quoted by Crociati et al. (2023) and within 2.5 times
the velocity dispersion of ~13 km s™! at about 100" from the center’.

[ therefore conclude that all the 27 proper-motion-selected stars listed in Table 4.2 are likely

members of Liller 1 according to their 3D kinematics.

4.5.2 Abundances and abundance ratios

The distribution of the inferred [Fe/H] values for 27 stars, likely members of Liller 1, is re-
ported in Fig. 4.4 (left panel). The distribution is clearly bimodal, with a main relatively
metal-poor component at an average [Fe/H| = —0.3120.02 and 1o dispersion of 0.0840.01,
including 22 stars, and a metal-rich component at an average [Fe/H| = +0.22 £ 0.03 and
lo dispersion of 0.06 £ 0.02, comprising 5 stars. Interestingly, this measured bimodal dis-
tribution agrees with the prediction of Dalessandro et al. (2022). The stars belonging to the
two components are highlighted with different colors in Fig. 4.3. Figure 4.4 (right panel)
shows the X-shooter spectra around two iron lines in the ] and K bands of a metal-poor
and a metal-rich star with similar stellar parameters as an example. The metal-poor star ex-
hibits noticeably shallower features than the metal-rich star, as expected. The inferred iron
abundance dispersion of each subpopulation is consistent with the measurement errors (see
Table 4.2).

The [X/Fe] abundance ratios as a function of [Fe/H] of the other chemical elements measured

in the X-shooter spectra are shown in Fig. 4.5. The metal-poor subpopulation shows some

*Fundamental  parameters of Galactic globular clusters, https://people.smp.uq.edu.au/
HolgerBaumgardt/globular/
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FIGURE 4.4: Histograms of the metallicity distribution of Liller 1 (left panel) for the 27 stars observed
with X-shooter (top) and for the cumulative sample (from this work and the one by Crociati et al.,
2023, bottom). For the sake of illustration, two Gaussian functions rcproducing the subsolar and
supersolar components are shown as red and blue curves, respectively. For sake of illustration, X-
shooter spectra around two iron lines in the ] and K bands for a metal-poor (number 39, red line) and
a metal-rich (number 35, blue line) star of Liller 1, with similar stellar parameters, are also plotted

(right panel).

enhanced (by a factor of 2-3 on average) [a/Fel, [Al/Fe], and [K/Fe] with respect to the solar
values, while the metal-rich subpopulation shows roughly solar-scaled ratios. The dispersions
in these [X/Fe] abundance ratios are consistent with the measurement errors. The [V/Fe]
abundance ratio is about solar at all metallicities, with an average value of 0.012£0.01 dex
and a dispersion of 0.114:0.01 dex, which is consistent with the measurement errors. [Na/Fe]
is enhanced in both the metal-poor and metal-rich subpopulations, with average values of
0.4240.04 dex and of 0.60£0.02 dex, respectively, which is consistent with measurements
and model predictions for the bulge (see e.g., Johnson et al,, 2014; Kobayashi et al., 2006,
2011) of some increase in the Na production at high metallicity. The metal-poor subpopula-
tion shows a dispersion in [Na/Fe| of 0.1620.02 dex that only marginally (by ~10%) exceeds
the measurement errors (<0.12 dex), while the metal-rich subpopulation has a small disper-
sion of 0.05£0.01 dex.

[C/H] abundances and 12C/*3C isotopic ratios for all the observed stars (see Table 4.2) were
determined by using the unsaturated *CO and '*CO molecular bandheads in the H band.
These bandheads are as effective as the individual lines from single roto-vibrational transi-
tions (the latter being only barely if at all distinguishable at the X-shooter resolution) for
measuring carbon abundances (see e.g., Fanelli et al,, 2021). Figure 4.6 (left panels) shows
the behavior of the [C/Fe] and C/'3C ratios as a function of [Fe/H]. The metal-poor (red
points) and metal-rich (blue points) components of Liller 1 are both significantly depleted in

[C/Fe] and in the 2C/*3C isotopic ratio (with values in the range of 5-13) with respect to the
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FIGURE 4.5: Behavior of [Al/Fel, [Na/Fel, [O/Fe], [Ca/Fel, [Si/Fel, [Mg/Fel, [K/Fel, [Ti/Fe], and [V/Fe]
as a function of [Fe/H] for the metal-poor (filled red circles) and metal-rich (filled blue squares) sub-
components | analyzed. The typical error bars of the measurements are reported in the right corner
of each panel. The dashed vertical and horizontal lines denote the corresponding zero values.

solar values, as expected because of the mixing and extra-mixing processes in the stellar inte-
riors during the evolution along the RGB. The majority of the measured stars in Liller 1 show
[C/Fe] depletion well within a factor of four and fully consistent with the values measured in
other luminous giants of the Bulge and Terzan 5 (see e.g., Origlia et al., 2011; Rich et al,, 2012,
and references therein). Notably, however, five stars belonging to the metal-poor subpopu-
lations of Liller 1 show an even higher [C/Fe| depletion, up to a factor of seven, while their
2c/13¢ isotopic ratios (between 8 and 10) are well within the range of values measured in
the other Liller 1 giant stars. As an example and for the sake of clarity, Fig. 4.6 (right panels)
shows two 2CO and two *CO molecular bandheads that were used for measuring carbon
abundances in three metal-poor stars with similar stellar parameters, iron abundances, and
2C/13C. The 2CO and the ¥*CO bandheads clearly show different depths, according to the

different carbon abundances of the three stars.
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FIGURE 4.6: Carbon measurements for the observed stars. Left pancl: Behavior of [C/Fe] (top) and
12C/l?’C ratio (bottom) as a function of [Fe/H] for the metal-poor (filled red circles) and metal-rich
(filled blue squares) components of Liller 1. The error bars in the bottom right corners represent
the typical error associated with the measurements. Right panel: 2CO 3-0 and 6-3 (top) and 13CO
4-1 and 6-3 (bottom) roto-vibration molecular bandheads in the H band, as observed in three metal-
poor stars with similar scellar parameters, iron abundances, and 12C/13C isotopic ratios, but different

carbon abundances.

Figure 4.7 shows the behavior of [Al/Fe| (bottom panel) and [Na/Fe| (middle panel) as a func-
tion of [O/Fe| and of [Na/Fe] as a function of [C/Fe] (top panel) for the two subpopulations
of Liller 1. No specific trend (e.g., an anticorrelation) is evident in the distributions of these
abundance ratios within each subpopulation. The lack of trends within the old subpopulation
of Liller 1 in particular is consistent with what is measured in the Bulge field and in Terzan 5
(Origlia et al, 2011), and it is at variance with what is typically measured in other old stellar
systems, such as genuine GCs (e.g., Carretta et al., 2009a), or in accreted stellar systems such
as w Centauri (Johnson & Pilachowski, 2010; Marino et al,, 2012b), where significant spreads
and some anticorrelations among light elements have been found. This evidence therefore

has crucial implications for the formation scenario of Liller 1.

4.6 Discussion and conclusions

This work of Liller 1 provides the first comprehensive chemical characterization of its two
distinct subpopu]ations: the meta]—poor component with subsolar metal]icity and enhanced
[av/Fel, [K/Fel, and [Al/Fe] with respect to solar ratios, and the metal-rich component with
supersolar metallicity and about solar scaled ratios for the same light elements. These chem-

ical properties are consistent with an old age for the metal-poor subpopulation, which likely
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formed early and quickly from gas enriched by type II SNe, and a younger age for the metal-
rich subpopulation, which formed from gas that was also enriched by the ejecta of type Ia
SNe on longer timescales. Interestingly, according to Fig. 4.3, (see also Dalessandro et al,,
2022), the metal-rich subpopulation is also more centrally concentrated.

Liller 1 is the second complex stellar system in the bulge that, similarly to Terzan 5 (see
Ferraro et al., 2009, 2016; Origlia et al., 2011, 2013, 2019; Massari et al., 2014), hosts subpop-
ulations with different ages and metallicities, as well as different [a/Fe] abundance ratios.
Both subpopulations have solar-scaled [V/Fel, thus probing the different metallicities with
an additional iron-peak element, and a significantly depleted [C/Fe] and 2C/*C isotopic
ratio with respect to the solar values, consistent with mixing and extra-mixing processes dur-
ing the RGB evolution. They also show enhanced [Na/Fel, which is consistent with a likely
formation and evolution within the Bulge. Intriguingly, no evidence of the Na-O anticorre-
lation that is typically observed in GCs (see, e.g., Carretea et al., 2009a) has been found. This
is particu]ar relevant for the subsolar component (shown with red circles in Fig. 4.7) since it
can constrain the formation scenarios of Liller 1. This chemical fingerprint has been claimed
to be so specific to GCs that it has been proposed as the benchmark to classify a stellar system
as a GC (Carretta et al., 2010a).

Recently, the accretion of a giant molecular cloud by a genuine GC (McKenzie & Bekki, 2018;
Bastian & Pfeffer, 2022) or the merger of two GCs (Khoperskov et al.,, 2018; Mastrobuono-
Bactisti et al,, 2019; Pfeffer et al., 2021) have been proposed as possible scenarios to explain
the origin of complex stellar systems such as Terzan 5 and Liller 1. However, in both these
scenarios, the subsolar dominant component (tracing the accretor GC) should show the typ-
ical GC anticorrelations, which is not the case for Liller 1 (see Fig. 4.7) nor for Terzan 5 (sce
Fig. 3 in Origlia et al,; 2011). This evidence severely challenges the scenarios that invoke an
accretor GC to explain the origin of these systems. Moreover, events like this are normally
very rare, and it is unlikely that they could have occurred multiple times at very specific ages
and metallicities, which would be required in order to explain Liller 1 and Terzan 5 multi-
iron distributions with at least three main peaks. Even if this were the case, it cannot explain
the underlying continuous star formation over almost the entire lifetime of Liller 1.

The suggestion that Terzan 5 and Liller 1 could have an extragalactic origin, that is, that they
are the former nuclear star cluster of an accreted dwarf galaxy (see e.g., Brown ct al.; 2018;
Alfaro-Cuello et al, 2019; Taylor et al, 2022), has been almost discarded (see e.g., Pfeffer
ct al,, 2021, and references therein) based on kinematic and age-metallicity considerations.
Metallicity also makes it very unlikely that Liller 1 and Terzan 5 could have formed in a sig-
nificantly more metal-poor Galactic environment such as the halo (Moreno et al,, 2022).

All these facts thus suggest that Liller 1 and Terzan 5 are likely complex stellar systems that
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have formed and evolved within the Bulge. They are both very massive, with a present-day
mass exceeding 10® Mg, (Lanzoni et al,, 2010; Ferraro et al, 2021), but they probably were
more massive in the past and were thus able to retain the SN ejecta and possibly to self-enrich,
as shown by the recent chemical evolution modeling of Terzan 5 presented in Romano et al.
(2023). Hence, they could be fossil fragments of the pristine clumps of stars and gas that may
have contributed to forming the early Bulge (e.g., Immeli et al., 2004; Elmegreen et al., 2008,
and references therein). These fragments could have survived complete disruption and could
have evolved and self-enriched as independent systems within the bulge. They might also
have been able to experience some new events of star formation at later epochs, as probed
by their younger and more metal-rich subpopulations, and consistent with the reconstructed
SFH of Liller 1 (Dalessandro et al., 2022).

Given the importance of this complex but intriguing stellar systems in shedding light on the
bulge formation and evolution, detailed chemical studies of Terzan 5 and Liller 1 at higher

spectral resolution are ongoing,. The results will be presented n fbrthcoming works.
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—
CHAPTER

HIGH-RESOLUTION CHEMICAL CHARACTERIZATION

OF M 54 GIANT STARS

Based on:

B Alvarez Garay, D. A., Mucciarelli, A., et al., in preparation

5.1 Introduction

At the center of Sgr dSph there is an over-density of stars, classified as its NSC, which con-
sists of two different groups: (1) a young (~ 2 Gyr) and metal-rich component ([Fe/H| up to
~ —0.5 dex), and (2) an old (~ 13 Gyr) and metal-poor component (([Fe/H]) = —1.5 dex).
Different studies classified these two groups as distinct objects, a massive and metal-poor GC
called M 54 and a metal-rich component directly linked to the nucleus of the galaxy (SgrN).
M 54 is an old and metal-poor GC (Layden & Sarajedini, 1997; Bellazzini et al., 2008; Carretta
et al,, 2010b), with a wide metallicity spread. Moreover, it displays a clear Na-O anticorre-
lation (Carrecta et al,, 2010b), together with Mg-Al and Mg-K anticorrelations (Fernandez-
Trincado et al.,, 2021; Carretea, 2022). Such anticorrelations are not detected among the stars
associated with SgrN (Carretea et al., 2010b).

Due to its properties, M 54 represents an ideal target to study the connection between the
most massive GCs and the NSCs of dwarf galaxies. Indeed, The presence of a large metallicity
spread in M 54 could be an indicator of its capability to retain the ejecta of core collapse SNe,
but at the same time M 54 presents the typical features of GCs such as the anticorrelations
among light elements. Therefore, the study of systems such as M 54 can help to understand
if the most massive GCs can be former nuclei of dwarf galaxies and if they differ in some
properties (morphology, stellar ages, chemical composition, etc.) from less massive GCs.

In the following Sections I will present the results of the chemical characterization of M 54

likely members, based on the largest high-resolution spectroscopic dataset available so far.
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5.2 Observations and target selection

This work is based on a dataset of proprictary and archival data of 243 stars likely members
of M 54. In particular, the employed spectra were acquired at the Very Large Telescope UT2
(Kueyen) with the optical multi-object spectrograph FLAMES (Pasquini et al., 2000) in the
GIRAFFE+UVES combined mode under the programmes 075.D-0075 (P.I. Mackey, from
July to August 2005), 081.D-0286 (P.I. Carretta, from June to September 2009), and 095.D-
0539 (P.I. Mucciarelli, from ]uly to August 2015). FLAMES/GIRAFFE (lesquini et al., 2002)
was employed in the HR mode that allows to allocate up to 132 fibers simultaneously, while
FLAMES/UVES (Dekker et al., 2000) allows to allocate eight high resolution fibers.

Within the programme 075.D-0075 was adopted the GIRAFFE HR21 setup (R=18000 and a
wavelength coverage ~ 8484 — 9000A). Under the programme 081.D-0286 were employed
two GIRAFFE setups: the HR11 (R=29500 and a Wavelength coverage ~ 5597-5840 A) and
the HR13 (R=26400 and a wavelength coverage ~ 6120-6405 A). Finally, within the pro-
gramme 095.D-0539 was used the GIRAFFE+UVES combined mode. The adopted setups
are the HR18 (R=20150 and a wavelength coverage ~ 7468-7889 A), and the UVES Red Arm
580 (R=45000 and wave]ength coverage ~ 4800-6800 A).

Within the observed spectral range I was able to measure Fe, Mg, Al, Si, K, Ba, and La abun-
dances.

All the spectra were reduced using the dedicated GIRAFFE and UVES ESO pipelines', which
include the bias subtraction, flat field correction, spectral extraction, wavelength calibration
and order merging.

In order to obtain the final dataset with all the targets likely belonging to M 54, T decided
to exclude some stars from the three observing programmes. In particular, to derive reliable
abundances [ discarded all the stars with SNR < 20. The majority of the stars excluded are
those ones with a magnitude Gaia G > 17. I discarded also all the stars out of the main
sequence along the RGB associated to M 54. In this case I excluded some stars from the ob-
serving programme 095.D-0539, selected from the catalog presented in Monaco et al. (2004)
but for which no spectroscopic information were available. I selected the stars also according
to their RVs. I considered ]ike]y M 54 members all the stars having 100 km s™! < RV < 180
km s~ 1, following Ibata et al. (1997) and Bellazzini et al. (2008). For the remaining stars in
the final sample, I inspected also the RUWE parameter given by the Gaia catalog. According
to the Gaia documentation the RUWE is expected to be around 1.0 for sources where the

single-star model provides a good fit to the astrometric observations. The threshold value

lhttps://www.eso.org/sci/software/pipelines/giraffe/giraffe-pipe-recipes.html
https://www.eso.org/sci/software/pipelines/uves/
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that could indicate that the source is non-single or otherwise problematic for the astromet-
ric solution is 1.4. In my sample, there are a total of 25 stars with RUWE > 1.4 and among
them there are nine stars with 2.0 < RUWE < 4.0 . However, I decided to maintain these
stars in the dataset and I will discuss them in Sect. 5.3.2 and 5.5.1.

In Table 5.1 are reported the total number of stars analyzed for the different combination of
setups. A total sample of 243 stars were analyzed in this study. In particular, I analyzed a total
of 207 stars from the programme 075.D-0075, 42 stars from the programme 081.D-0286, and
94 stars from the programme 095.D-0539. As can be seen from Table 5.1 many stars are in
common among the three programmes.

All the stars observed within the programmes 081.D-0286 and 095.D-0539 are classified as
likely M 54 members (Carrecta et al,, 2010b; Carrerta, 2022) thanks to their RVs and metal-
licities ([Fe/H] < —1.0 dex). On the other hand, no information are available for the stars

observed only with the HR21 setup within the programme 075.D-0075.

TABLE 5.1: Stars observed for different combination of setups.

Setups N

HRI11, HR13, HR18, HR21 21

HR11, HR13, HR18 1

HR13, HR18, HR21 7

HR13, HR18 3
HR18, HR21 32
HR18 15

U580, HR21 5
HR21 149
TOTAL 243

The stars observed with the setups HR11 and HR13 were already analyzed by Carretta et al.
(2010b), while the stars observed with the setcup HR18 and in common with Carretea et al.
(2010b) were analyzed by Carretra (2022). Also, a total of 83 stars in my dataset are present
among the stars analyzed by Bellazzini et al. (2008) with the multi-object spectrographs
DEIMOS on the Keck 2 telescope and with the HR21 setup, and among them 37 stars are
in common also with the dataset analyzed by Carretta et al. (2010b). All the other stars
present in my sample were never analyzed before making this one the largest database of
chemical abundances of M 54 stars based on high-resolution spectra. The entire dataset was

analyzed using a homogeneous set of atmospheric parameters.
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5.3 Atmospheric parameters and radial velocities

5.3.1 Atmospheric parameters

In this work I determined the atmospheric parameters by using the photometric information
coming from the Gaia DR3 (Gaia Collaboration et al,, 2016, 2023). In Fig. 5.1 is illustrated
the spatial distribution of the total sample, with respect to the cluster center. I would like to
note that all the selected targets are enclosed within ~ 10" from the cluster center, being the
tidal radius r, = 9868 (Harris, 2010). The position of the spectroscopic targets analyzed in
this work are shown in the CMD in Fig. 5.2.
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FIGURE 5.1: Coordinate positions of the observed targets are displayed by the purple circles. The black
cross denotes the cluster center (283°76385, —30°47986) according to Baumgzn‘dt & Hilker (2018).
The dashed black circle displays the tidal radius (r; = 9'868; Harris, 2010).

I derived the effective temperatures (Tog) for the stars in the sample from the empirical
(BP — RP)o—T.g relation by Mucciarelli et al. (2021), based on the infrared flux method.
While deriving the (BP — RP)g color I applied the quality metric introduced by Evans et al.
(2018) to determine whether the derived Gaia color is reliable or not. The metric is called
excess factor and is defined as the ratio between the total flux in BP and RP, and the G-band
flux: C' = (Ipp — Irp)/Ic. The C value should be slightly larger than one, therefore values
much larger than one are probably caused by problems in the BP or RP photometry. In Ricllo
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FIGURE 5.2: CMD of M 54. Black points represent all the targets of M 54 observed with Gaia (Gaia
Collaboration et al,, 2016, 2023), while the purple circles represent the target stars.

et al. (2021) is described in detail the entire procedure I used. Here I just want to highlight
the fact that for all the stars for which I did not use the Gaia photometry, I employed the
photometric catalog by Monaco et al. (2002). T used the transformations present in the Gaia
documentation” to transform the (V' — I) in (BP — RP) color. I obtained the dereddened
color (BP — RP) color by assuming a color excess factor E(B—V') = 0.15£0.03 (Harris,
2010) and adopting the iterative recipe proposed by Gaia Collaboration et al. (2018). I caleu-
lated the internal errors in T as the sum in quadrature of the errors due to the uncertainties
in photometric data, reddening, and (BP — RP)o—T.g relation. The errors are of the order
of ~ 90 — 130 K.

Regarding the surface gravities (log ¢) I adopted the Stefan-Boltzmann relation, using the

photometric temperature described above and assuming a typical mass for the giants of

’https://gea.esac.esa.int/archive/documentation/GDR3/Data_processing/chap_
cubpho/cubpho_sec_photSystem/cubpho_ssec_photRelations.html
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0.80 Mg. I computed the luminosities by using the dereddened G-band magnitude with
the bolometric corrections by Andrac et al. (2018) and assuming a true distance modulus
(m — M)y = 17.10 £ 0.15 mag (Monaco et al,; 2004). By propagating the uncertainties
in T, distance modulus, and photometry I obtained uncertainties in log g of the order of
~ 0.1 dex.

[ derived the microturbolent velocities (v¢) from the log g — v relation provided by Kirby
et al. (2009). In this relation, the formal error in v; due to the uncertainties in log g is ~ 0.02
km s™!, but I assumed a conservative error of 0.2 km s,

The derived atmospheric parameters, together with additional information are reported in
Table 5.2

5.3.2 Radial velocities

I determined RVs by using the standard cross-correlation technique implemented in the IRAF
task FXCOR. A synthetic spectrum generated with the SYNTHE code (Sbordone et al., 2004;
Kurucz, 2005) was employed as the template spectrum, convolved with a Gaussian profile to
replicate the instrumental profile of the GIRAFFE and UVES spectrographs, accurately.
When more than one spectrum for star was available, the final heliocentric RV was calculated
as the mean of the individual RV values. Table 5.2 presents the final heliocentric RVs for all
targets. The uncertainties reported are calculated as the dispersion of the mean RV normal-
ized to the root mean square of the number of exposures utilized; when only one spectrum
per star was present, I used the error provided by FXCOR.

As a sanity check, for all the stars with RUWE > 1.4 I checked for any possible RV variation
among different spectra and I found that only one star, namely #3801447, shows signs of RV
variations higher than 2 km s™ and a RUWE = 3.73. For all the other stars no signs of RV
variations were found.

From the analysis of 243 stars [ derived a final RV mean value of 142.440.5 (0 = 8.4) km s L
This value is perfectly in agreement with the mean values reported by Carrecta et al. (2010b)
of 1437 (0 = 8.3) km s~ ! for a sample of 76 stars, and with the value quoted by Bellazzini
et al. 2008) of 140.9404 (0 = 9.3) km s~ ! for a sample of 425 stars.

Figure 5.3 illustrates the heliocentric RV distribution of the stars in the dataset.

54 Abundance analysis

In this work I measured chemical abundances by using the proprietary code SALVADOR, which

performs a x? minimization between the line under analysis and a grid of synthetic spectra
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FIGURE 5.3: Histogram of the RVs for the observed targets of this work.

calculated with the appropriate atmospheric parameters and varying only the abundance of
the considered element. I calculated the grids of synthetic spectra by using the SYNTHE code
(Sbordone et al., 2004; Kurucz, 2005), and by computing one-dimensional, plane-parallel,
local thermodynamic equilibrium (LTE) model atmospheres employing the ATLAS9 code
(Sbordone et al., 2004; Kurucz, 2005).

For abundance determination, I performed a thorough linelist selection across the spectral
range covered by the used setups, selecting lines that are unblended, unsaturated, and not
contaminated by telluric features at the resolution of selected setups, respectively. The atomic
information for these chosen lines was sourced from the Kurucz-Castelli linelist database’.
For the determination of the abundance ratios I adopted the solar reference from Grevesse
& Sauval (1998).

To determine star-to-star uncertainties associated with the chemical abundances I used the
same approach described in Sect. 3.2.2.3. The errors associated with the adopted atmospheric
parameters were computed by recalculating chemical abundances, varying only one parame-
ter at a time (T, log g or v;) by its uncertainty and keeping the other parameters fixed to
their best value. Internal errors, associated with the measurement process, were estimated as

the line-to-line scatter divided by the root mean square of the number of lines. When only

Shttps://wwwuser.oats.inaf.it/castelli/linelists.html
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one line was available, such in the case of K, the uncertainties were estimated by resorting to
a Monte Carlo simulation. I created synthetic spectra with representative values for the at-
mospheric parameters of the analyzed stars, and I injected Poissonian noise, according to the
SNR of the observed spectra. For each line, I created a total of 200 noisy spectra and derived
the abundance with the same procedure used for observed spectra. Finally, I calculated the

internal error as the standard deviation of the abundances derived from the 200 simulations.

5.5 Results

In the following subsections, I will present in detail the results of the chemical analysis [
performed within this study. The derived chemical abundances are reported in Table 5.2,
together with their measurement uncertainties. Neutral element abundances are mostly af-
fected by the uncertainty in the T, while Ba and La mainly affected the uncertainty in the

log g, being in the ionized state.

5.5.1 Iron distribution

In Fig. 5.4 can be seen the MDF for the analyzed sample of likely members of M 54. From
Fig. 5.4 can be noted that there is a small fraction of stars (6) with [Fe/H] > —1.0 dex. These
metal-rich stars are not present in the samples analyzed by Bellazzini et al. (2008) or by
Carretta et al. (2010b). This subsample of stars is located along the RGB usually ateributed
to M 54, as can be seen in Fig. 5.5. For this subsample of metal-rich stars, I have only the
spectra collected with the HR21 setup, from which I derived an average metallicity [Fe/H]
= —0.79 £ 0.06 (0 = 0.15) dex. By using a BaSTT isochrone (Hidalgo et al., 2018) T found
that this subsample of stars could be actually a very young population. Indeed, they are
well reproduced by an isochrone of 2 Gyr, [Fe/H| = —0.8 dex, and [a/Fe] = 0.0 dex. It
is noteworthy that the SgrN stars that populate the red part of the RGB are compatible
with this metallicity value, but are much older (~ 8 Gyr; Bellazzini et al., 2006). Another
interesting possibility is that they are evolved BSSs, that appear rejuvenated. Indeed, BSSs
are thought to form in twin systems where two stars form a tight binary. In such binary, the
stars can experience a head-on collision (Leonard, 1989), combining their fuel and mass and
to form a single hot more massive star or the star with lower mass can drain its larger mass

companion of fresh hydrogen increasing its own mass (Collier & Jenkins, 1984).
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FIGURE 5.4: The histogram displays the MDF of M 54. The six stars excluded from the initial sample
are shown as gray bins. The empty histogram shows the remaining 237 stars. In this sample two
Gaussian components can be identified and they represent the MP (blue dashed line) and the MR
(red solid line) components, respectively. Is also shown as a dotted black line the Gaussian kernel fic
of the overall distribution.

The final result is a star that appears to be in a early phase of its evolution and thus seems
to be younger than actually is. With the actual data I cannot state which one of the two de-
scribed possibilities is the real case for these very metal-rich stars. I decided to exclude these
six stars from the following analysis on the MDF.

From the remaining 237 stars | obtain an average metallicity [Fe/H| = —1.41 £ 0.01 (0 =
0.19) dex. This value is in good agreement with Bellazzini et al. (2008) (([Fe/H]) = —1.45
dex), while is ~ 0.15 and ~ 0.10 dex higher than the values found by Carretta et al. (2010b)
and Mucciarelli et al. (2017), respectively. The presence of any possible shift in the zero point
of the MDF does not affect the results presented here.

Since the MDF here presented comes from different datasets obtained at different epochs
and under different programmes, in which different set of lines and spectra are used is useful
to check if there are differences in the [Fe/H] obtained from the different spectra. In order to
check this, I considered the 21 stars for which I have spectra collected within the three observ-

ing programmes and for each star [ calculated the [Fe/H] independently from the spectra of



5.5. Results 157

each programme’. Only for two stars the difference in [Fe/H] is at level of ~ 0.1 dex among
the different programmes, while for the remaining ones this difference is less than 0.05 dex
indicating that the dataset is homogeneous in terms of derived metallicity. I performed the
same calculation for the five stars observed with both the HR21 and UVES CD580 setups,

obtaining similar results.

Age =2 Gyr -- [Fe/H] =

~0.80 — [a/Fe] = 0.0 ]

14r Ly Con i ]
15
O 16}
171

18- <

00 05 1.0 15 20
(BP-RP)

FIGURE 5.5: Same as Fig. 5.2, but with marked as orange crosses the stars with [Fe/H] > —1.0 dex.
The solid orange line represents a BaSTI isochrone with an age of 2 Gyr, [Fe/H] = —0.8 dex, and
[a/Fe] = 0.0 dex.

I also considered separately the [Fe/H] distribution for the stars with RUWE Gaia parameter
> 1.4 and I found that they are distributed in the same way as the stars with RUWE < 1.4

4For the programme 081.D-0286 I calculated [Fe/H] from all the lines coming from HR11 and HR13 spectra
since they were collected at the same epoch.
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with a mean metallicity slightly lower. Indeed, if I divide the sample based on the RUWE
value and at [Fe/H] < —1.0 dex, I obtain that the stars with RUWE > 1.4 have a mean
[Fe/H] = —1.4940.03 dex (o = 0.17 dex, 24 stars), while the stars with RUWE < 1.4 have
amean [Fe/H|] = —1.40 £ 0.01 dex (o = 0.19 dex, 213 stars).

Since M 54 displays a wide MDF, I employed the scikit-learn’ implementation of GMM
to study the presence of distinct populations in the distribution of stars wich [Fe/H] < —=1.0
dex. The GMM classification allowed to identify two different groups, corresponding to the
following peaks of metallicity: [Fe/H] = —1.53 dex (0 = 0.13 dex) and [Fe/H] = —1.22 dex
(0 = 0.12 dex). The first group consists of 148 stars (61%) and was defined as the metal-poor
(MP) component of M 54, while the second group consists of 89 stars (39%) and was classified
as the metal-rich (MR) component of M 54. The MDF together with the Gaussian kernels

resulting from this investigation is visible in Fig. 5.4.

5.5.2 Mg, Al, Si, and K distributions

In this work I derived the abundances of those elements involved in the complete MgAl
burning chain. In particular I derived Mg, Al, Si, and K abundances for a total of 155, 51, 45,
and 78 stars, respectively. This is the largest dataset of M 54 member stars for which Mg, Al,
Si, and K abundances are derived from high-resolution spectra. To derive the Mg elemental
abundances, T used the Mg line at 5711 A, the Mg triplet at 6318-6319 A, and the line at 8806
A, included in the HR11, HR13, HR21, and UVES CD580 setups, respectively. To derive Al
abundances I used the doublets at 6696-6698 A and at 7835-7836 A included in the UVES
CD580 and HR18 setups, respectively. To derive Si abundances I used some lines (less than
10) included in the HR11, HR13 and UVES CD580 setups. Finally, the K abundances were
derived from the second K T resonance line at 7699 A° present in the HR18 setup. In this
work I corrected K abundances for the Non-LTE effects by interpolating into the grids of
Takeda et al. (2002).

In Fig. 5.6 can be observed the distribution of [Mg/Fel, [Al/Fe], [Si/Fe], and [K/Fe] abundance
ratios as a function of metallicity. I divided the dataset into the two MP and MR components,

respectively.

1. In the case of [Mg/Fe] distribution, the MP component consists of 110 stars and is
characterized by a high level of Mg, typical of the Galactic halo metal-poor GCs. In
particular, [Mg/Fe] ranges from 0.08 to 0.80 dex with an average [Mg/Fe] = 40.41

dex (0 = 0.14 dex). The MR component consists of 45 stars and is characterized by

Shttps://scikit-learn.org/stable/modules/mixture.html
®The first K I resonance line at 7664 A is heavily contaminated by telluric lines, and therefore is not possible
to use this line to derive K abundances.
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a decline in the Mg abundances compared to the MP component. Indeed, the [Mg/Fe]
ranges from —0.11 dex up to 0.65 dex with an average [Mg/Fe] = +0.28 dex (o = 0.17
dex).

2. For the [Al/Fe] distribution, the behavior is the opposite with respect to the [Mg/Fe|
distribution, with the MR component having higher values of [Al/Fe] compared to the
MP one. Indeed, the MP component, made by 34 stars spans a wide range of [Al/Fe],
with values ranging from [Al/Fe] = 1.38 dex down to —0.16 dex and an average [Al/Fe|
= 0.51 dex (0 = 0.40 dex). On the other hand, the MR component consists of 17 stars
ranging from [Al/Fe] = 1.46 dex down to 0.12 dex and an average [Al/Fe] = 0.91 dex
(0 = 0.40 dex).

3. The [Si/Fe] distribution is quite similar to the [Al/Fe] one. In this case, the MP com-
ponent is composed by 35 stars, covering the range between [Si/Fe] = 0.38 dex and
[Si/Fe] = 0.09 dex, with an average [Si/Fe] = 0.25 dex (0 = 0.07 dex). The MR
component consists of just 10 stars, distributed from 0.43 down to 0.21 dex, with an
average [Si/Fe] = 0.30 dex (o = 0.08 dex). In this distribution the observed spread is
smaller than the typical uncertainty in the abundance determination (o) = 0.13

dex).

4. The [K/Fe] distribution in the MP component consists of 52 stars. With the exception
of one K-poor star that I will discuss in Sect. 5.5.5, the stars in this subsample are
distributed from [K/Fe] = 0.72 dex down to [K/Fe] = 0.01 dex, with an average [K/Fe]
= 0.27 dex (0 = 0.15 dex). The MR component is composed by 26 stars ranging from
[K/Fe] = 0.62 dex down to [K/Fe] = 0.05 dex, with an average [K/Fe] = 0.37 dex
(0 = 0.14 dex). In both the metallicity components the observed spread is slightly

larger than the typical uncertainty in the abundance determination (o = 0.13

dex).

The run of the [Mg/Fel, [Al/Fel, [Si/Fel, and [K/Fe] as a function of metallicity here presented
reflects the behavior of both [O/Fe| and [Na/Fe| as a function of [Fe/H] presented by Carretta
et al. (2010b) (see their Fig. 15) for the M 54 stars. Indeed, the most metal-poor stars in
Carretta et al. (2010b) sample have both low and high content of [O/Fe] and [Na/Fe], while
the most metal-rich stars are characterized mainly by a high content of [Na/Fe| and low
content of [O/Fel. If I divide their sample of M 54 at [Fe/H| = —1.56 dex (this is the mean
value found by Carretta et al,, 2010b) I find that the stars more metal-poor than this value
have a mean [O/Fe] = 0.20 dex and [Na/Fe] = 0.36 dex, while the stars more metal-rich
than [Fe/H] = —1.56 dex have a mean [O/Fe] = 0.02 dex and [Na/Fe] = 0.49 dex. In
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FIGURE 5.6: The four panels depict the distribution of [Mg/Fe| (top-left), [Al/Fe] (cop-right), [Si/Fe]
(bottom-left), and [K/Fe] (bottom—right) as function of [Fe/H] for the M 54 stars. The MP stars are
shown as blue circles, while the MR stars are represented with red squares. The size of each point
indicates its probability of belonging to the MP or MR subpopulation, the larger the symbol, the
higher the probability. The error bar in the corner of each panel represents the typical error associated
with the measurements.

the context of MPs, the metal-poor stars in Carretca et al. (2010b) are characterized by the
presence of both FG and SG, respectively, while the metal-rich stars seem to be dominated
by the presence of SG with high content of Na and low content of O. This seems to be the
case also for the [Mg/Fel, [Al/Fe], [Si/Fe], and [K/Fe] distributions in my sample, where the
MR component seems to be dominated by the presence of stars with lower (higher) content

of Mg (Al, Si, and K) with respect to the MP component.

5.5.3 Mg—A] anticorrelation

From this analysis I derived Mg and Al abundances simultaneously for a total of 45 stars.
These stars show a spread in both Mg and Al abundances and display a clear Mg-Al anti-
correlation, as can be seen in Fig. 5.7. This is largest dataset to the date in which a Mg-Al
anticorrelation is observed in M 54. Indeed, Carrerta et al. (2010b) found hint of Mg-Al
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FIGURE 5.7: Mg-Al anticorrelation for the stars of M 54. The blue circles represent the MP stars of
M 54, while the red squares the MR stars. The size of each point indicates its probability of belonging
to the MP or MR subpopulation, the 1arger the symbol7 the higher the probability. The error bar in
the bottom-left corner represents the typical measurement error associated with the data.

anticorrelation from the ana]ysis of six stars, while more recent]y Fernandez-Trincado et al.
(2021) detected this anticorrelation in a sample of 19 stars observed within the APOGEE
survey (Majewski et al,, 2017).

In the Mg-Al anticorrelation here found, 33 stars belong to the MP component. The majority
of these stars are distributed in a small range of Mg abundances, between ~ 0.2 and ~ 0.45
dex in [Mg/Fe], while they cover a wide range of [Al/Fe| from ~ —0.2 up o~ 0.9 dex. Only
three stars stand out of this locus, having [Mg/Fe|] < 0.25 dex and [Al/Fe] ~ 1.2/1.3 dex. It
is important to note that none of the observed stars have [Mg/Fe| < 0.0 dex.

The MR stars composing the Mg-Al anticorrelation are 12. They are distributed from [Mg/Fe]
~ 0.0 dex up to ~ 0.4 dex, while with the exception of three stars they have a high content
of Al, being all with [Al/Fe] > 1.0 dex. Of the three stars with lower Al abundance, one has
[Al/Fe] ~ 0.1 dex, while the other two have [Al/Fe] ~ 0.7 dex. Also in this subsample none
of the stars has [Mg/Fe] < 0.0 dex.

The existence of a clear Mg-Al anticorrelation in M 54, with stars displaying large variations
in the Al abundances, is the signature of Al production through the MgAl chain at very high

temperatures (Ventura et al,, 2016; Dell’Agli et al,, 2018). The Al variations observed cover
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~ 1.5 dex, which is quite large. However, such value is not surprising, since large variations in
the Al abundances are usually found in those GCs very massive and/or metal-poor (Shetrone,
1996; Mészaros et al., 2015; Pancino et al., 2017). I recall that M 54 is the second most massive

GC of the Milky Way.

5.5.4 Mg-Si anticorrelation

In this work I measured Mg and Si abundances simultaneously for a total of 45 stars. All the
stars cover the same range of [Mg/Fe] and [Si/Fe], ranging from ~ 0.05 dex to ~ 0.45 dex.
In Fig. 5.8 can be seen the overall Mg-Si anticorrelation among the stars of M 54. From a
run of Spearman correlation test I obtained a probability that the two abundances are non-

correlated of p = 0.049 and a correlation coefficient Cy = —0.29.
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FIGURE 5.8: Same as Fig. 5.7, but for the Mg-Si anticorrelation.

If T consider the two different groups of metallicity separately, I have that the MP component
consists of 35 stars, distributed in ~ 0.2 dex in [Mg/Fe| from ~ 0.25 dex to ~ 0.45 dex, with
the exception of one star that has [Mg/Fe] = 0.08 dex. [Si/Fe] is distributed from ~ 0.1
dex to ~ 0.4 dex. In this subsample, no anticorrelation is present. Indeed, the Spearman
correlation test gives a probability that the two abundances are non-correlated of p = 0.81
and a correlation coefficient Cs = 0.04. The MR component is made by 10 stars. Six stars

have a high content of Si, with [Si/Fe] 2 0.3 dex, while the remaining four have a lower
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content of Si, with [Si/Fe] ~ 0.22 dex. For the MR component the Spearman correlation
test gives a probability that the two abundances are non-correlated of p = 8.5 x 107 and a
correlation coefficient Cy = —0.77. However, I would like to note that the four stars with
lower Si content have a lower probability to belong to the MR component compared to the
other six stars, due to their metallicity. Indeed, they have [Fe/H] in the range between —1.33
and —1.29 dex, which is very close to the split value given by the GMM. Finally, the errors
associated with the Si measurement process are quite large, and this prevent to clearly assess
on the presence of a Mg-Si anticorrelation even though the actual resules are suggesting its
presence.

From Fig. 5.7 and Fig. 5.8 can be observed that the stars with the higher content of Al are
the same with the higher content of Si, and vice versa. The presence of such Al-Si correlation
is the result of a leakage from the MgAl chain into ?*Si through proton capture reaction at

very high temperatures (Yong et al., 2005; Meszaros et al., 2015; Masseron et al., 2019).

5.5.5 Mg-K anticorrelation

Within the analyzed dataset I was able to measure Mg and K abundances simultaneously for
a total of 55 stars. In Fig. 5.9 can be observed the distribution of [K/Fe] as a function of
[Mg/Fel.
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FIGURE 5.9: Same as Fig. 5.7, but for the Mg-K anticorrelation.
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A Mg-K anticorrelation is present among the 55 stars of M 54, given principally by the stars
belonging to the MP component (stars with [Fe/H] < —1.34 dex). The stars in the Mg-K
anticorrelation belonging to the MP component are 43 and the majority are distributed from
~ 0.0 dex up to ~ 0.5 dex in both [Mg/Fe] and [K/Fe]. For this group the anticorrelation is
statistically significant. Indeed, the Spearman correlation test gives a probability that the two
abundances are non-correlated of p = 3.2 x 1073 and a correlation coefficient Cy = —0.44.
On the other hand, no anticorrelation is present among the 12 stars comprising the MR
component. For this group the p-value is p = 0.60.

Among the MP component I found one star, named #3800225, having [K/Fe] = —0.50 dex, a
value that is much lower than all the other stars making the MP component. I tested whether
the derived abundance for this star is real or affected by some artifact introduced during the
analysis, but I was not able to find any correlation with the adopted stellar parameters. In
Fig. 5.10 can be seen the K line for the K-poor star compared with a reference star, named
#2421126, having similar parameters (T, log g, v, and [Fe/H]) but with [K/Fe] = 0.13 dex,
which is compatible with the abundances of the bulk of the MP component. An obvious
difference in the line depths is present, that implies a real difference in the derived K abun-
dances. Therefore, I conclude that the derived [K/Fe] for #3800225 is real and not an artifact

of the analysis.
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FIGURE 5.10: Comparison between the HR18 GIRAFFE spectra of #3800225 (solid orange line) and
#2421126 (dashed blue line) stars around the K line at 7699 A. The depletion of K of #3800225
compared to #2421126 is clearly visible from the comparison.
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The presence of a Mg-K anticorrelation in M 54 is not surprising, since the same result was
claimed by Carrerta (2022). I would like to note that the entire sample of 42 stars analyzed

by Carretta (2022) is included in this dataset.
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FIGURE 5.11; Difference in my [K/Fe] comparcd to those by Carrecta (2022) as a function of the dif-
ferences of my v compared to those by Carrerta (2022). Larger differences in v correspond to larger
differences in [K/Fe].

Nonetheless, if the Mg-K anticorrelation of this work is compared with the one by Carretta
(2022) (their Fig. 4) some differences can be observed, especially regarding [K/Fe] distribu-
tion. Indeed, their [K/Fe] distribution spans a large range from ~ 0.5 dex down to ~ —0.4
dex, with a mean value [K/Fe] = 0.02 dex (¢ = 0.20 dex). On the other hand, if T exclude the
K-poor star present in my sample, I have that the [K/Fe| distribution extents in a narrower
range from 0.54 dex down to 0.06 dex with a mean [K/Fe] = 0.26 dex (0 = 0.13 dex). For
[Mg/Fe] both the samples have similar extension and values. It is interesting to note that
in my sample except for #3800225 there are no stars with [K/Fe] < 0.0 dex, at odds with
the result by Carrecta (2022) where about half of the sample has [K/Fe] < 0.0 dex. Since
the sample analyzed by Carrerea (2022) is contained in my sample, I investigated the possibly
origin of the observed difference in the [K/Fe] distribution and I concluded that the observed
difference is mainly atcributable to the different set of parameters used in the two analysis.
In particular, the dominant factor seems to be the vy, because the K line is strong enough

to be very sensitive to small variations in vs. 1 derived the v; from the relation by Kirby
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ct al. (2009), while the v; present in Carretea (2022) are obtained by eliminating trends in
the relation between abundances from Fe neutral lines and expected line strength. The de-
termination of v in the relation by Kirby et al. (2009) depends only by the log g of the stars.
The v; 1 obtained are distributed in the range becween 1.50 and 2.04 km s™*, while the v; by
Carretta (2022) are distributed in a wider range, between 1.22 and 2.95 km s7! In Fig. 5.11
can be seen the A[K/Fe| as a function of Av;. Absolute larger differences in v; correspond to
absolute larger differences in the derived K abundances. The stars with the highest values of
v; in Carrecca (2022) are those ones with the lowest [K/Fe| abundance ratios and vice versa.
Obviously, also the other stellar parameters and the different metallicity scales have impact

on the different measured [K/Fe|, but I found that the prevailing factor is v,

5.5.6 Neutron capture elements

Based on the photometric data collected through the HST for the Milky Way GCs, Milone
ctal. (20152, 2017a) settled a new powerful photometric diagram to investigate stellar popu-
lations in GCs, based on the combination of different HST bands (F275W, F336W, F438W,
and F814W). These kind of diagrams are called ChMs and allowed to discover that GCs can
be classified into two different groups: type I and type I GCs. In particular, the type II GCs
represent ~ 15% of the total population of GCs (Milone & Marino, 2022) and are charac-
terized by the presence of multiple sequences in their ChMs, at odds with the type I GCs.
From a spectroscopic point of view, type II GCs are characterized by (1) significant variations
in metallicity, due to Fe variation, (2) overall C+N+O variations, and (3) variations in the
abundance of slow neutron capture elements (s-elements; see Milone & Marino, 2022 and
references therein). In particular, the overall C+N+O content and the s-elements display an
increase with the metallicity.

M 54 is classified as type I GC, according to its ChM. Moreover, it displays a wide metallicity
range. However, despite being a widely studied system in the literature, very little is known
about its C+N=+O and s-elements (such Ba and La) abundances.

Recently, Marino et al. (2021) presented the results on the analysis of the La abundances for
a total of 26 stars of M 54. The analyzed stars were selected among the stars already studied
by Carretta et al. (2010b). They found that the [Fe/H] ranges from —1.9 dex up to —1.2 dex,
while [La/Fe] ranges from 0.0 dex up to 0.7 dex. Marino et al. (2021) divided their dataset in
two subsamples: (1) a metal-poor one composed by 12 stars, with a peak of [Fe/H| = —1.70
dex and a mean [La/Fe] = 0.27£0.04 dex (0 = 0.15 dex), and (2) a metal-rich one composed
by 14 stars, with a peak of [Fe/H| = —1.42 dex and an average [La/Fe] = 0.37 £ 0.04 dex
(0 = 0.15 dex).
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In this work I measured Ba and La abundances for a total of 48 stars. All the lines used
to measure the abundances are present in the HR11 and HR13 setups. In Fig. 5.12 can be

observed the distributions of [Ba/Fe| and [La/Fe] as a function of the metallicity.
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FIGURE 5.12: Same as Fig. 5.6, but for Ba (left panel) and La (right panel) abundance distributions.

For Ba, this is the first time in which its distribution in M 54 is presented. From left panel
of Fig. 5.12 can be seen that, considering the overall distribution, the [Ba/Fe] is constant at
~ 0.1 dexuntil [Fe/H] = —1.5 dex with a small scatter, than from [Fe/H] = —1.5 up to —1.2
dex the scatter in [Ba/Fe| presents an huge increase with [Ba/Fe] reaching very high values up
t0 0.99 dex, and finally at [Fe/H] > —1.2 dex seems that the scatter decreases even though
in this metallicity regime there are only three stars. If I consider separately the MP and MR
subsample, I observe that in the MP component (37 stars out of 48) the [Ba/Fe] ranges from
—0.11 dex up to 0.99 dex, with an average [Ba/Fe] = 0.15 dex (o = 0.25 dex). On the other
hand, in the MR component the [Ba/Fe] (11 stars out of 48) ranges from —0.05 dex up to 0.65
dex, with an average [Ba/Fe| = 0.18 dex (0 = 0.19 dex).

For [La/Fe] abundance ratios in the right panel of Fig. 5.12, the behavior is qualitatively the
same as for [Ba/Fe|. Indeed, until [Fe/H] = —1.5 dex the mean value of [La/Fe| is ~ 0.25 dex
with a small scatter, than at higher metallicities the scatter increases, and ﬁna”y at [Fe/H]
> —1.2 dex seems to decrease even though there are only three stars. Again, considering
separately the MP and MR subsamples, in the MP (37 stars out of 48) the [La/Fe] ranges
from 0.1 dex up to 0.85, with a mean [La/Fe] = 0.32 dex (0 = 0.17 dex), while in the MR
component the [La/Fe] ranges from 0.03 dex up to 0.81 dex, with a mean [La/Fe] = 0.36 dex
(o = 0.20 dex).

In conclusion, from this analysis there is no increase in the s-element abundances going from
low to high metallicities among the M 54 stars. The most interesting result is the scriking
scatter in both the [Ba/Fe] and [La/Fe| observed between [Fe/H] = —1.5 dex and —1.2 dex.
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5.6 Discussion and conclusion

In this work I presented the analysis of high-resolution spectra, collected with the multiob-
ject spectrograph FLAMES/VLT, for a total of 243 stars selected along the blue RGB usually
associated to the GC M 54. In this work I derived the abundances for Fe, Mg, Al, Si, K| Ba,

and La. In the following I summarize the most important findings from the analysis.

® [ obtained Fe abundances for the total sample of 243 stars. This represents the largest
dataset for M 54 stars obtained from high-resolution spectra. In this sample I found six
stars with [Fe/H] > —1.0 dex, which can be either very young stars (~ 2 Gyr) present
along the RGB of M 54 or evolved BSS that appear rejuvenated by their amount of
newly fresh H. For the remaining 237 stars [ found a wide metallicity discribution,
ranging from [Fe/H] ~ —2.0 dex to ~ —1.0 dex and with the same spread already
confirmed in other spectroscopic studies (o0 = 0.19 dex, Carretta et al., 2010b).
For the first time I found that the metallicity distribution is not symmetric. Indeed,
from a GMM I found that in M 54 are present different groups of metallicity, nicely
reproduced by a combination of two Gaussian distributions: a dominant MP compo-
nent that contributes 61% of the total sample, with a peak at [Fe/H] = —1.53 dex
(0 = 0.13), and a MR component that contributes 39% of the sample, with a peak at
[Fe/H] = —1.22 dex (0 = 0.12). All the previous studies, based on both high- and
low-resolution spectroscopic datasets (Bellazzini et al., 2008; Carrecta et al,, 2010b;
Mucciarelli et al,; 2017; Alfaro-Cuello et al., 2019) found that the metallicity distribu-

tion of M 54 is not mono-modal and well reproducible with one Gaussian distribution.

® [ analyzed all the elements involved in the complete MgAl burning chain, namely Mg,
Al Si, and K. From the distributions of these elements as a function of the metallicity
[ found that along the MP subpopulation the stars are characterized by both low and
high abundances, indicating that in the MP component are present both FG and SG
stars. On the other hand, in the MR subpopulation seems that the dominant compo-

nent are the SG stars, with low content of Mg and high content of Al, Si, and K.

® [detected a clear Mg-Al anticorrelation for a total of 45 stars. This is the largest sample
for which this anticorrelation is presented in M 54. Indeed, previous studies found the
presence of the Mg-Al anticorrelation from the analysis of 6 and 19 stars, respectively
(Carretta et al,, 2010b; Fernandez-Trincado et al., 2021). The MP component is char-
acterized by a small variation in [Mg/Fe| (~ 0.2 dex) associated with a large variation

in [Al/Fe] (~ 1 dex). On the other hand, the MR component shows a larger [Mg/Fe]
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variation associated with a smaller [Al/Fe] spread. In particu]ar, the majority of the

stars in this group have the highest content of Al, being at [Al/Fe] ~ 1.3 dex.

® Considering the overall population of M 54 I found a hint of a Mg-Si anticorrelation,
even though the quite large errors in the Si abundance determination prevent to clearly

claim this finding,

B [ found a Mg-K anticorrelation, given mainly by the stars making the MP compo-
nent. Among the 55 stars making the anticorrelation, I found one K-poor star, namely
#3800225. This stars has a [K/Fe] = —0.50 dex, a value that is much lower than the
bulk of the [K/Fe] distribution. I checked whether this value could be affected by some
bias introduced during the analysis, conduding that its low K abundance is real. Un-
fortunately this star is not present among the stars analyzed by Carrecta (2022). The
presence of Mg-K anticorrelation among the M 54 stars was already claimed by Car-
retta (2022). However, the main difference between the two analyses is the [K/Fe]
range. In their case, the [K/Fe] covers ~ 0.9 dex, while in my case ~ 0.6 dex. After
a careful inspection I found that this difference is mainly actributable to the different
set of atmospheric parameters, and in particular to the different v; employed.

The presence of the Mg-K anticorrelation, coupled with the Mg-Al and Mg-Si ones
is the fingerprint of Mg burning at very high temperatures (T > 108 K) through the
MgAl chain (Ventura et al,, 2016; DellAgli et al., 2018).

B [ presented for the first time the distributions for both the s-clements Ba and La. In
particular, I measured their abundances for a total of 48 stars. Indeed, even if M 54 is
classified as type I GC, very little is known about its distribution of s-elements. The
only analysis to the date was presented by Marino et al. (2021), who measured the La
abundances for a total of 26 stars, finding that the stars in their metal-poor component
have a [La/Fe] 0.1 dex lower than the stars in their metal-rich component. From this
dataset I observed a striking increase the scatter of both [Ba/Fe] and [La/Fe] abundance

ratios in the metallicity range between [Fe/H| = —1.5 dex and [Fe/H] = —1.2 dex.

The wide metallicity spread present in M 54 is factual. Indeed, previous spectroscopic anal-
ysis of this system found the same result that I presented here. This is a clear indication
that M 54 is a more complex systems than genuine GCs. M 54 is the second most massive
GC and the system with the second highest metallicity spread, being w Centauri the first
both in terms of mass and Fe spread. It is located at the center of the Sgr dSph galaxy and
it is considered to be part of the NSC of this galaxy. Therefore, M 54 represents a bridge

between genuine GCs, which show the typical anticorrelations involving light elements, and
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more Complex systems such dwarf‘galaxies, which were able to retain the fast ejecta from core
collapse SNe. The observed metallicity spread in M 54 confirms this idea.

I observed the presence of all the anticorrelation arising from the MgAl chain at very high
temperatures. These findings reinforce the idea that the polluter stars responsible for the
formation of MPs in GCs are the AGB stars (e.g., D’Ercole et al., 20105 Ventura et al., 2013,
2016), at least in those systems where clear anticorrelations coming from the MgAl chain
are present. Indeed, all the other polluters proposed in the literature are not able to activate
efhiciently the MgAl chain in their interiors (see e.g., Renzini et al., 2015; Bastian & Lardo,
2018, for a detailed discussion).

In M 54 there is no significant fraction of Mg-poor stars ([Mg/Fe| < 0.0 dex), at odds with
other systems such as NGC 2419, NGC 2808, NGC 5824 or w Centauri (Mucciarelli et al,
2012, 2015, 2018a; Meszaros et al,, 2021). A part from w Centauri, M 54 is more massive than
the other GCs. This is an indication that even though M 54 was able to activate the complete
MgAl burning chain in its polluter stars, these were not able to destroy Mg efficiently as done
in other GCs where the [Mg/Fe| reaches values well below 0.0 dex.

The s-elements production is well established to occur in low to intermediate-mass thermally
pulsating AGB stars (1 to 4 Mg, see Travaglio et al., 2004 and references therein). Therefore,
the s-process provides a contribution to the chemical enrichment of the intracluster medium
that is delayed by ~ 100 to 300 Myr from the time in which these AGB stars formed. From
this analysis I found that the s-elements Ba and La do not show any significant increase as
a function of the metallicity. On the other hand, Marino et al. (2021) found just a small
variation of [La/Fe] as a function of metallicity. These findings suggest that the chemical en-
richment driven by low-mass AGB stars seems to be poorly efficient despite the significant
[Fe/H] spread driven by core collapse SNe.

In conclusion, M 54 emerges to be a very complex system, where different mechanisms con-
tributed to its chemical enrichment history. (1) this system was massive enough to be able to
retain the high-velocity ejecta coming from core collapse SNe, responsible for the observed
metallicity spread; (2) the observed anticorrelations point out to the massive AGB to be the
responsible for the phenomenon of MPs (e.g., Ventura et al,, 2013, 2016); (3) the observed
lack of significant variations in the s-elements abundances as a function of the metallicity

indicates that the contribution from the low-mass AGB was poor]y efficient in M 54.
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useren O
CHAPTER

CONCLUSIONS AND FUTURE PERSPECTIVES

In this PhD Thesis I chemically characterized three stellar systems traditionally classified as

GCs, namely w Centauri, Liller 1, and M 54. However, these systems are known to have

experienced more complex histories of formation and evolution compared to genuine GCs.

The analysis here performed allowed to derive some important conclusions on these systems:

® From the analysis of a large high-resolution spectroscopic dataset (440 stars observed
with the VLT/FLAMES spectrograph in the GIRAFFE mode) of w Centauri stars |
found for the first time a clear and extended Mg-K anticorrelation in this system, given
mainly by the most metal-poor subpopulation of w Centauri. Moreover, I found ev-
idence of clear Mg-Al and Mg-Si anticorrelations, with their shapes and extensions
varying as a function of the metallicity. In particular, at [Fe/H] > —1.3 no evidence
of anticorrelation is present. These findings strongly suggest a predominant role of
the AGB stars in the formation of MPs in w Centauri. Indeed, these stars are able to
explain the presence of the complete MgAl burning chain in the metal-poor regime,
as well the lack of anticorrelations related to the chain in the metal-rich regime.

From this analysis I also found a K-rich star in w Centauri. This giant was found to
have a [K/Fe] = +1.6 dex, ~ 1 dex higher than other stars with similar metallicity
and parameters. [ firstly proposed that it could have formed directly from the ejecta
of AGB and super-AGB stars without dilution with pristine material. However, a sub-
sequent analysis based on higher resolution spectra revealed a more intricate scenario.
Indeed, I found that chis star is a LPV, presents clear RV variations, has an active chro-
mosphere, and has a newly derived [K/Fe] = +0.6 dex. I concluded that the high K
abundance previously measured for this star is a transient phenomenon whose origin

could be related to the structure of the star, likely its variable chromosphere.

From the analysis of medium-resolution IR spectra (27 stars observed with the VLT/X-

shooter spectrograph) of Liller 1 I performed a first complete chemical characterizacion
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of this system. I confirmed the presence of two distinct subpopulations in Liller 1, one
classified as metal-poor ([Fe/H| = —0.3 dex) and another as metal-rich ([Fe/H] = 4-0.2
dex). I found that the metal-poor subpopulation has a high content of a-elements, with
[ae/Fe] ~ +0.4 dex, while the metal-rich has a solar content of a-elements, with [a/Fe]
= 0.0 dex. The behavior of these two subpopulation resembles that of the Bulge field
stars, suggesting that Liller 1 formed and evolved within the Bulge. Moreover, in Liller 1
no evidence of the classical Na-O anticorrelation is present. All these chemical finger-
prints, coupled with previous results based on the photometric age determination of
the two subpopulations and on the SFH of this system strongly point out on the same
direction: Liller 11is a fossil fragment of the epoch of the Bulge formation that survived

until now with the apparent aspect of a GC.

® [ presented the analysis of the largest high-resolution spectroscopic dataset (243 stars
observed with the VLT/FLAMES spectrograph in the GIRAFFE4+UVES mode) ob-
tained so far for M 54 member stars. I confirmed the presence of a wide metallicity
spread among its stars, as already found in other studies. In particular, compared to
the previous MDF for M 54, here I found a multimodal MDF reproducible with two
Gaussian distributions separated by ~ 0.3 dex in [Fe/H]. I found evidence that the
complete MgAl burning chain was active in M 54. Indeed, M 54 displays Mg-Al, Mg-
Si, and Mg-K anticorrelations. However, the lack of Mg-poor ([Mg/Fe]< 0.0 dex) stars
in M 54 indicates that the MgAl chain was not efficient enough to allow a wide Mg
destruction, at odds with other massive GCs such as NGC 2419 or w Centauri where
a significant fraction of Mg-poor stars is present.
I presented also the first distributions Ba and La abundances for M 54. From their
distributions I did not found any significant increase as a function of the metallicity.
All these findings suggest that in M 54 the contribution from intermediate-mass AGB
stars (responsible for the light-elements anticorrelations) was efficient, while the con-
tribution from low-mass AGB stars (responsible for the s-element enrichment) was

poorly efficient.

These results demonstrate that much still needs to be done in the characterization of peculiar
systems that historically are classified as GCs, due to their morphology. Indeed, despite their
apparent aspect of GCs, there is growing number of systems that actually appear to be more
complex than previously thought. Each one of them experienced its own history of formation

and evolution, and dedicated studies are needed to characterize them.
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Here I summarize the future steps arising from this PhD work:

B [nw Centauri [ will explore the impact of the chromosphere in the K abundance deter-
mination, due to the extreme importance of this element in the phenomenon of MPs.
To achieve this goal I secured a total of 20 hours of observation at the VLT with the
ESPRESSO spectrograph (P.I. Alvarez Garay).

® In Liller 1 our group is performing studies based on high-resolution (R ~ 50000) spec-
tra collected with the VLT/CRIRES spectrograph (P.L F. R. Ferraro) to fully describe
the chemistry of this system. As a first step we already published a work based on
high-resolution (R ~ 25000) spectra collected with the Keck-II/NIRSPEC spectro-
graph (Fanelli et al,, 2024).

B [n M 54 | secured a total of 9 hours of observations at the VLT with the FLAMES
spectrograph in the GIRAFFE mode (P.1. Alvarez Garay), which will allow to measure

the C+N+O content, in order to put further constraints on the evolutionary history

of M 54.
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