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Resumen

Presentamos las primeras abundancias elementales detalladas de las

estrellas del cúmulo globular pobre en metales NGC 2298. Basados en
espectros de alta resolución en el infrarrojo cercano (R ∼ 22,500) de 12 miembros
obtenidos durante la segunda fase del Apache Point Observatory Galactic

Evolution Experiment (APOGEE) en el Observatorio Las Campanas como
parte de la decimoséptima publicación de datos (DR 17) del Sloan Digital
Sky Survey IV. Empleamos el Código Automático de Bruselas para la

Caracterización de Espectros de Alta Precisión (BACCHUS).

Encontramos una metalicidad media y mediana [Fe/H]= -1,76 y -1,75,
respectivamente, con una dispersión de estrella a estrella de 0,14 dex, que es
compatible con los errores internos de medición. no encontramos ninguna evidencia
de una dispersión intrínseca de la abundancia [Fe/H]. El enriquecimiento típico
de elementos α en NGC 2298 es sobreabundante en relación con el Sol, y sigue
la tendencia de otros CGs pobres en metales. Confirmamos la existencia de una
población enriquecida en Al en este cúmulo, que está claramente anticorrelacionada
con el Mg, indicando la prevalencia del fenómeno de población múltiple

en NGC 2298.

Keywords – NGC 2298, Cúmulo Globular, Poblaciones Estelares Multiples, Tesis
de Magíster
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Abstract

We present the first detailed elemental abundances of stars in the metal-

poor globular cluster NGC 2298. Based on near-infrared high-resolution (R
∼ 22,500) spectra of 12 members obtained during the second phase of the Apache

Point Observatory Galactic Evolution Experiment (APOGEE) at Las
Campanas Observatory as part of the seventeenth Data Release (DR 17) of the
Sloan Digital Sky Survey IV. We employed the Brussels Automatic Code for

Characterizing High accuracy Spectra (BACCHUS).

We find a mean and median metallicity [Fe/H]= -1.76 and -1.75,
respectively, with a star-to-star spread of 0.14 dex, which is compatible with
the internal measurement errors. we don’t find any evidence for an intrinsic
[Fe/H] abundance spread. The typical α-element enrichment in NGC 2298 is
overabundant relative to the Sun, and it follows the trend of other metal-poor
GCs. We confirm the existence of an Al-enhanced population in this cluster,
which is clearly anti-correlated with Mg, indicating the prevalence of the

multiple-population phenomenon in NGC 2298.

Keywords – NGC 2298, Globular Cluster, Multiple Stellar Population, Master
Thesis
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Chapter 1

Introduction

1.1 Basic Definitions

The basic notions an definitions to start talking about our main topic are listed

• star(s): are the fixed luminous point in the night sky which is a large,
remote incandescent body like the sun, from the study of this object through
their light, we know that the atmospheres of the vast majority of all stars
are composed primarily of hydrogen, usually about 70-75%, Helium 24-27%
and just < 3% for other elements (Basic notions of astrophysics are adressed
in Carroll and Ostlie, 2006)

• Star Clusters: when we talk about these objects we refer to groups of
stars gravitationally bound. (for more generalized info see Krumholz et al.,
2019)

• (Giant) Molecular Clouds: Large structures composed principally of
molecular hydrogen (H2) where the stars and star clusters are born. (for
further info see Heyer and Dame, 2015)

• Photometry is the act of measuring the flux within a limited wavelength
range that we receive from celestial objects. The wavelength sensitive within
the range it’s characterized by a curve of Transmittance. The flux of a star
is the sum of the star’s contribution over all pixels illuminated by it. (for
further details see Walker (2019), as e.g of this technique Strömgren (1966))
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• Spectroscopy: This is a technique that consist in passing light through a
slit and/or a prism to see its spectrum (light separate by wavelength). Exists
three types of emission that can be measured, the continuous, absorption
and emission. (this is addressed in section 2.2)

A continuous spectrum is simply the light in all wavelengths, like a rainbow,
having no visibly peaks or gaps on the wavelength range measured, (thermal
emission).

An emission spectrum are bright lines (emission lines) seen while atoms
emits energy in their specific levels allowed or molecules in their specific
range (seen while the atoms or molecules are exited, e.g. can be measured
while are heated and passed through a spectrograph).

An absorption spectrum is the opposite to the emission line, are dark gaps
in the continuum (absorption lines) produced by the resonance of photons
with the specific levels of energy of atoms an molecules (seen while passing
continuous radiation through a cold gas (atoms and/or molecules) relative
to the continuum emission and then measured by the spectrograph.

The emission and absorption lines are unique for each element/molecule
and their shape and intensity depends to different physical conditions
(temperature, surface gravity, turbulence of the medium that produce them,
etc.) (e.g. of this technique in infrared Merrill and Ridgway, 1979), (the
past two item was inspired from Frelijj Rubilar, 2017).

1.2 Globular Cluster

Globular clusters (GCs) are larges groups of old stars with a very compact
distribution reaching millions of stars contained within a few parsec cubic, they are
important long-lived time capsules that provide information about the primordial
evolutionary stages of their host galaxies. For several decades, GC stars have been
known to exhibit star-to-star variations in specific elements (e.g., He, C, N, O, Na,
Al), (such as lightelement (Carretta et al., 2009b; Schiavon et al., 2017; Masseron
et al., 2019; Mészáros et al., 2020, 2021; Geisler et al., 2021b), and heavy-element
(Carretta and Bragaglia, 2021; Fernández-Trincado et al., 2020c; Marino et al.,
2021)) this abundance spread is present over a wide range of metallicities, which
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Figure 1.2.1: Hubble composite image of globular cluster NGC 2298

have been attributed to the Multiple stellar Populations (MPs) phenomenon (This
phenomenon is observed in nearly all of the ancient GCs, for a thorough review,
see (Bastian and Lardo, 2018)), these variations can be evidenced spectroscopically
and also photometrically.

1.2.1 Globular Cluster in Milky Way

The ESA Gaia mission (Gaia Collaboration et al., 2016, 2018, 2021) has provided
compelling evidence that the Milky Way (MW) was a cannibal Galaxy in its
earlier years, some 8 to 10 Gyrs ago (see e.g., Kruijssen et al., 2020), and GCs have
been formed when the Galaxy experienced a phase of rapid assembly (Kruijssen
et al., 2019, 2020).

The building blocks of these early epochs have became part of the stellar
populations of the MW (e.g. see the review of Sandage (1986)), and have been
identified by numerous studies (see e.g., Kraft, 1979). Due the nature of GCs we
could use them to trace how our galaxy had been evolved. Some of these events we
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can found the debris of what were once believed to be massive (≳ 108 M⊙) dwarf
galaxies such as the Gaia-Enceladus-Sausage (Belokurov et al., 2018; Myeong
et al., 2018; Helmi et al., 2018), Sequoia (Myeong et al., 2019), Helmi streams
(Helmi et al., 1999), Kraken (Kruijssen et al., 2020), the disrupting Sagittarius
dwarf galaxy (Ibata et al., 1994; Hasselquist et al., 2017, 2019; Antoja et al.,
2020), and other minor sub-structures (Koppelman et al., 2019) some of which
are likely associated either fully or partially dissolved or dissolving GCs (see
e.g., Lind et al., 2015; Fernández-Trincado et al., 2016, 2017; Recio-Blanco et al.,
2017; Fernández-Trincado et al., 2019a,b; Koch et al., 2019; Hanke et al., 2020;
Fernández-Trincado et al., 2020a,b,d,e; Kundu et al., 2019a,b; Fernández-Trincado
et al., 2021a,b; Koch-Hansen et al., 2021; Kundu et al., 2021, for instance).

1.3 Motivation

The southern cluster NGC 2298 (the object of this study), located in the
constellation Puppis, has long been recognized to be among the most metal-
poor GCs in the Milky Way (MW) ((McWilliam et al., 1992; Zhang et al., 2012;
Dalessandro et al., 2012)). However, the metallicity estimates reported for this
object have covered a range from [Fe/H]= -1.96 to -1.71 ((Frogel et al., 1983;
McWilliam et al., 1992; Zinn and West, 1984; Geisler et al., 1995; Carretta and
Gratton, 1997; Kraft and Ivans, 2003; Pritzl et al., 2005; Carretta et al., 2009b;
Roediger et al., 2014)), creating some uncertainty regarding its status as one of
the most metal-poor systems.

This cluster is also well known for its lack of a clear indication of MPs along
the main sequence (MS) ((Piotto et al., 2015)), in contrast of what could be
seen along the horizontal branch (HB) population ((Rani et al., 2021)), in near-
UV/optical color-magnitude diagrams (CMDs). More significantly, its red-Giant
branch (RGB) displays clear evidence for both first and second generation stars
(e.g., (Milone et al., 2017)).

NGC 2298 is a particularly interesting GC, as its origin and nature still remains
controversial. For instance, some studies have proposed that it is likely associated
with the Monoceros progenitor galaxy ((Crane et al., 2003; Martin et al., 2004;
Forbes and Bridges, 2010)) however, more recent studies conducted by (Massari
et al., 2019) and (Malhan et al., 2022) have linked this GC to the Gaia-
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Sausage/Enceladus merger ((Belokurov et al., 2018; Helmi et al., 2018). A few
previous and more recent studies have also suggested the presence of extra-tidal
features around NGC 2298 ((Leon et al., 2000; Balbinot et al., 2011; Carballo-Bello
et al., 2018; Sollima, 2020; Ibata et al., 2021) however, their existence has been
questioned based on more recent investigations of deep imaging from the Dark
Energy Camera ((Zhang et al., 2022)).

While NGC 2298 has been widely studied photometrically (in the optical and UV),
detailed spectroscopic information about it remains sparse (some spectroscopic
studies have been performed, e.g., McWilliam et al. (1992); Geisler et al. (1995),
but with short samples of stars or without a large variety of elements and without
a resolution comparable to nowadays). Furthermore, high resolution spectroscopic
evidence for the existence of multiple stellar populations in this GC has not been
reported in the literature yet (evidenced as are showed in section 2.2).

Due this it became imperative look for their chemical abundance, because using
this as a signature and a window of the evolutionary path that the GC follow
since was formed to nowadays, owing to unraveled nature yet of spread of this
patterns in their chemistry (e.g. Bastian and Lardo (2018); Renzini et al. (2015)),
we push forward the analysis of chemical spectra through the Apache Point
Observatory Galactic Evolution Experiment (APOGEE,Majewski et al. (2017)) of
the Sloan Digital Sky Survey-IV (Blanton et al. (2017)), which was provide large
amount of information (due the nature of near infrared spectra which allow us
to study previously inaccessible info in heavy obscured areas as Bulge of MW)
recently analysed by group CAPOS (e.g. Geisler (2018); Geisler et al. (2021a);
Romero-Colmenares et al. (2021)).

NGC 2298 is located at 15.1 kpc ((Baumgardt and Vasiliev, 2021)) from the
Galactic center, it is an old ( 13.15 Gyr; (Monty et al., 2018)) GC that lies in a
region of relatively low foreground interstellar reddening, with E(B-V) ∼ 0.14−0.16

(Kraft and Ivans (2003); Piotto et al. (2015); Monty et al. (2018)), making it an
excellent candidate for the study of MPs in GCs at a low Galactic latitude (b
∼ −16◦).

Therefore our aim is to study this GC to confirm the hypothesis that the phenomena
of MPs is present in this cluster through high-resolution spectroscopy and confirm
if this behaviour follow the trend of other GC in the same range of metallicity.
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Chapter 2

Theoretical Framework

2.1 Stars and Single Stellar Population

To understand reality we always have to start from idealized and simple models,
so in order to understand the history of what we know and what we expect at
the beginning from GC we first have to define a Single stellar population (SSP),
this refers in simple terms a group of stars that born together (same age) whit
the same initial condition (such metallicity and location/environment) which only
leaves as a difference between star and star the initial mass that was accreted
for the formation of the star (Bruzual A., 2010), this characteristic will follow a
specific distribution known as Initial Mass Function (IMF) this function primarily
is dominated by probability (referring that it’s less likely to have much mass in a
single star) in second order response to the environment, the composition of the
nebula, etc. (for further details in this topic we encourage to see Bastian et al.
(2010)).

If we narrow down this idea of SSP to the GC we could imagine the physical
phenomena which generate these objects, the idea consist in that a group of stars
born from the same nebula (was assumed that due the time of collapse of nebula is
very short in relative to the life of low mass star (as was aiming to study old stars)
we can assume that the differential fragmentation of the nebula would not be a
significant parameter in the final evolution, in futures sections we will see some
models that withing this time ranges significantly events could happen), then
stars evolves at different timescales due the different initial mass. This was the
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primordial idea behind GC (Milone and Marino, 2022; Bastian and Lardo, 2018),
this due the characteristic pattern that we can distinguish in the HR-diagram
which could directly be related with the evolution track theorized (see fig 2.1.1).

Figure 2.1.1: Hertzsprung–Russell typical shape of Globular Cluster & Example
of evolution track of a single star

(a) Example of a real HR diagram of GC
(Nemiroff and Jerry, 2001) (b) Representative HR diagram of GC. (Britannica, 2014)

(c) Graphic scheme of evolution of inner layers of
a star at different stages (Rosolowsky, 2015)

(d) Evolution Track of a single star.
(Carroll and Ostlie, 2006)

The evolution track of a single star it is pretty well understood through our
understanding of physics (such as nuclear, thermodynamics, mechanic statistics,
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etc. Maercker, 2009; Bressan et al., 2012; Boeltzig et al., 2016; Gratton et al.,
2019) (exists as an exception to this affirmation at the final stages when massive
stars dies (> 10⊙), it is not always clearly which path the star will follow or which
are the most significant parameters (apart from the mass of course) that will
indicate how the star will die, e.g. see Pejcha (2020)), we know and expect specific
behaviors in specific condition that are reached at the different evolutionary stages
of a star as can be look in detail in fig 2.1.1d.

2.1.1 Stellar stages

The main stages/phases of the stars (to the purpose of this thesis we just address
Post-Zero-Age-Main-Sequence Stellar Evolution until late type of Asymptotic
Giant Branch, for further info about this stages or the ones not addressed here
see e.g. Bruzual A. (2010); Carroll and Ostlie (2006); Eldridge (2008); Pejcha
(2020); Krumholz et al. (2019); Maercker (2009); Rosolowsky (2015); Nomoto et al.
(2013); Pagel (2009)) are defined through our current knowledge of physics, in
simple terms,

(contrast the following information with the figures 2.1.1 and 2.1.1c)

• Zero-Age Main Sequence (ZAMS): is a diagonal line in the HR-diagram
where stars depending of their initial masses first reach the main sequence
and begin equilibrium hydrogen burning

• Main Sequence (MS): refers to a star while is burning Hydrogen in their
core in Hydro-Thermal equilibrium

• Turn Off: this term is used to refers at the phase in the HR diagram were
the stars have exhausted the hydrogen in their cores

• Sub Giant Branch1 (SGB): is the phase that occurs after the Turn-Off
point, due the sudden decrease of energy the core contracts rapidly causing
that the envelope of the star starts to expand and make the temperature
cools, resulting in redward movement on the HR-diagram.

• Red Giant Branch1 (RGB): this stage happens after the SGB, it starts
when the temperature of the star become stable again, this phase generate

1We use the term ”Branch" due usually we look at these as a group in the HR-diagram and
could be understood as a ramification
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strong convection between layers (this mixture of elements it is called first
dredge-up) and becomes more efficiently with the time which it’s reflected
in the HR-diagram moving above (becoming more bright).

• Helium Core Flash: This phase (also known as Helium Flash) is a violent
process and mark the end of the RGB stage, as the name indicates it is
when the star starts to burn Helium in the core, this generate dramatically
the temperature of the star which in the HR-diagram could be appreciate
as a abrupt jump to left (the bluer/hotter)

• Horizontal Branch1 (HB): This stage refers when the star is fusing
Helium in their core, usually this stage is divided in three parts the blueward
portion (B-HB, which is an analogous to the MS) an intermediate area
of instability in the envelopes (RR Lyrae Gap) and the redward portion
(R-HB) , the main difference between the R-HB and the B-HB is if the core
of the star is still fusing Helium (because this stage is a much shorter to
the previous stages). Moreover in the HR-diagram the look as a horizontal
trend evolving from the B-HB to the R-HB.

• Early Asymptotic Giant Branch12 (E-AGB): Named like this because
the characteristic behaviour is approaching to the RGB asymptotically
(becomes brighter and cooler), also is it’s very analogous process to the
RGB phase, happens after the HB and starts when the Hydrogen layer that
was fusing becomes almost inactive. In this stage the stars shows strong
convection between layers again (named as Second dredge-up)

• Thermal Pulsing Asymptotic Giant Branch12 (TP-AGB): on certain
point the Hydrogen layer reignites and becomes the main source of energy,
during this process the Helium shell begins to turn off and turn on in a
quasi-periodic pattern (this due the Hydrogen generates Helium, the Helium
is being accumulated and at certain point ignites and fuse quickly until
diminishes the quantity enough to turn off, and this repetitively), this
periodicity is a function of the mass of the star , also again due the fusion in
shell outside the core the star experiments again strong convection between
layers (which is known as the third dredge-up)

2This phases are known for a mass lost (the outer layer when the shell of H or He ignites are
not in thermal-Hydrostatic equilibrium hence part of these are expelled)
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• Post-AGB, White Dwarf, Supernova: Here depending of the mass of
the star will evolve differently, if is a relative low mass star most of the
outer layers are being expelled and the star likely will become a white dwarf,
instead if is a more massive star at certain point some of the pulsations of
the star will be aggressive enough to make the star collapse here a Supernova
event could occur or a direct collapse in certain cases the remnant of the
star on these cases are neutron stars or black holes

• Blue Stragglers (BS): they are blue stars that locate above the turn-off
point and are brighter and bluer, our understanding of these objects it’s
note clear (are not directly related with a normal stellar evolution) the most
likely scenarios appear to be mass exchange with a binary star companion,
or collisions between two stars, extending the star’s main-sequence lifetime

2.1.2 Nucleosynthesis

Bypassing the last stages (previous to the end of the life of stars) and the BS, we
know what occurs inside a star (in statistical and nucleosynthesis terms Nomoto
et al. (2013); Pagel (2009)), exists different ways to fuse material depending the
stage and the mass (which implies a limit temperature that can be reached in
the core or the layers), in fig (2.1.2) we show the main chains that fuse Hydrogen
and Helium moreover on which range relative to the other cycles this are effective
(dominant, see fig 2.1.2a). For low mass stars the pp-chain (fig 2.1.2c) (and their
variations) it’s the main source of energy, and at the stages it’s present along all the
life of the star, for more massive stars CNO cycle and their extension to the NeNa
or even the MgAl chains (fig 2.1.2e) become the dominant source of energy (look at
the different temperatures needed to reach different cycles, also the specific panel
(2.1.2b) indicates at which temperatures become relevant the initial combustion
for the MgAl chain), the at later stages the combustion of Helium is carried out
by the Triple Alpha process (fig 2.1.2d) (Also the ”Alpha process"/”Alpha Ladder"
which fuse Helium cores with other elements and produce the heavy elements),
for even more massive stars another combustion become relevant (e.g. Carbon
Burning could occur but I don’t address this on this thesis due the most important
chains for old stars are already mentioned).
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Figure 2.1.2: Nucleosynthesis Chains

(a) Efficiency of chains as function of temperature
(RJHall, 2008)

(b) Ratio of resulting reaction of 23Na+ p,
allowing access to the MgAl chain or not

(Rowland et al., 2004)

(c) pp-chain (Doctor C, 2016) (d) Triple Alpha Process (Borb, 2006)

(e) CNO-chain extended to the NeNa and MgAl chains
(Adapted figure Gratton et al., 2019; Boeltzig et al., 2016)
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Figure 2.1.3: S-process , R-process and Binding Energy

(a) Neutron capture paths in the N, Z plane (Pagel, 2009) (b) Binding Energy (Fastfission, 2022)

On the other hand, we also had the s-process and the r-process which generates
heavier elements (see fig 2.1.3), due the lack of charge of the neutron they could
interact with the nuclei freely just requires a probabilistic event of collide with
them , the differences between r and s process it’s just the density of the neutron
(increasing the probability of collide), r-process occur in violent events (e.g. Super
Novas) and the s-process occurs along the lifetime of the star (it is believed to be
most relevant in AGB) , these process are ubiquitous for all the elements (which
means the only factors that have to consider is the cross section of the nuclei
and neutrons and the density of them in the environment), and the production of
heavier elements it’s ruled by the valley of stability (see 2.1.3a) which is the range
where atoms become (relative) stable and elements far from this quickly decays
to this area, and the binding Energy (see 2.1.3b) which gradually (far elements
with more protons will decay quickly) will make the heavier than Iron elements
decay down until become Iron.(Pagel, 2009; Schatz, 2004; Nomoto et al., 2013)
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2.1.3 Isochrones

Figure 2.1.4: Theoretical Isochrones PARSEC (Bressan et al., 2012)

As long as we know how the star evolves and which process occurs inside them we
are able to model how it’s expected that a SSP (a group of stars within a range of
masses with an specific initial composition and given a certain time of evolution)
it’s expected to behave, this kind of model are called Isochrones (see fig 2.1.4),
through these kind of model we could retrieve most of the info of a star as the
initial mass, lost mass, evolutionary stage, current chemical composition (within
the same SSP considering the variations in stages due normal nucleosynthesis
it’s not expected to have spread over 0.2 dex, Marigo et al. (2017)), with these
parameters also we could retrieve their synthetic spectra and analyse how they
should be look through specific filters using the specific passband of the filter and
a standardized distance.(Bressan et al., 2012; Marigo et al., 2017; Nguyen et al.,
2022)

Photometrycally (when we look at the HR-diagram) exists two section with a
very useful sensitivity, the Turn-Off point which is very sensitive to the age of the
sample (in a same sample of mass distribution the stars will start to run out of
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Hydrogen at very specific time from the start of the combustion), and the RGB
and AGB stars which are very sensitive to the metallicity (due during these stages
have strong convection between layers, dredge-up’s, the absorption that causes the
elements become more significantly at this stages, which means more metallicity
implies a redder stages).

2.2 Spectroscopy: Characterizing spectral lines

Due this technique is the cornerstone of our study we will dedicate this section to
know how the lines are characterized.

Spectroscopy is defined as the set of methods used to study the spectrum of an
object, as was mentioned in the Introduction there are two types of line spectra,
emission and absorption, these are produced due to the quantum nature of the
atoms and the interference of the medium with respect to the light source as
shown in the fig (2.2.1)

Figure 2.2.1: Types of spectra (Smith, 2007)

Line shapes observed in spectroscopy are measurements corresponding to the
absorption or emission corresponding to an energy change in an atom, molecule



2.2. Spectroscopy: Characterizing spectral lines 15

or ion, these characteristic shapes are also known as spectral line profiles.

2.2.1 Profiles

Ideal line shapes are used to represent this phenomena the typical shapes include
Gaussian (the classic normal distribution, usually used to describes a randomness),

G(x, µ, σ) :=
1

σ
√
2π

· e −
1

2

(x − µ

σ

)2

(2.2.1)

Lorentzian function (also known as Cauchy-Lorentz distribution), is more
accentuated in the center and has long "wings" compared to the normal
distribution.

L(x, µ, γ) :=
γ

π
(
(x− µ)2 + γ2

) (2.2.2)

and more generally Voigth functions (which is a convolution between the past two
shapes),

V (x, µ, σ, γ) ≡
∫ +∞

−∞
G(x′, µ, σ) · L(x′ − x, µ, γ)dx′ (2.2.3)
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Figure 2.2.2: Example of Voigth functions (Ji, 2017)

where evidently the limiting cases are given when σ → 0 or γ → 0 become a
Lorentzian and a Gaussian respectively, this can be seen in fig (2.2.2).

2.2.2 Intrinsic effects and from the medium

However, the real shapes of the lines are determined by several parameters,
primarily understanding that the process of line formation is described through
the quantization of the energy transitions of an atom or molecule, we know that
this would imply a delta function at a certain wavelength, an event that we know
is not the case, due to several phenomena that in the first instance widen the line
such as

2.2.2.1 Natural Broadening

This broadening is a direct consequence of the quantum nature of this phenomenon,
since the lines themselves cannot be infinitely thin as a consequence of the
Heinsenberg uncertainty principle.

When the electron (ē) occupies a state, it remains in it a ∆t and depending on the



2.2. Spectroscopy: Characterizing spectral lines 17

energy of this state this cannot be exact, from the same principle we can extract
that the widening that the line will have will be given by

∆λ ≈ λ2

2πc

( 1

∆ti
− 1

∆tf

)
(2.2.4)

where λ is the central value of the line, ∆ti is the lifetime in the initial state and
∆tf is the lifetime in the final state. This widening implies a literal width in the
range where the profile occurs.(Hummer and Rybicki, 1971)

2.2.2.2 Doppler Broadening

This broadening occurs by the nature of the material that composes, that is to
say, this happen by effect of the velocities of the atoms that can compose a gas (in
a gas in equilibrium for example the distribution of these velocities is given by the
statistical physics according to the distribution of Maxwell’s velocities). Atoms
having velocities when absorbing or emitting will generate a contribution shifted
from the expected center of emission by redshift or blueshift (see fig (2.2.3)), this
will be reflected in emissions at longer wavelengths and shorter wavelengths than
the emission value.

The expected broadening is associated with the most probable velocity of the gas
and can be described by

∆λ ≈ 2λ

c

√
2kBT

m
(2.2.5)

with the term under the root the most probable velocity of a gas at equilibrium
at a given temperature. This broadening can be profiled by fitting a Gaussian
curve.(van Regemorter, 1965; Hummer and Rybicki, 1971)



18 2.2. Spectroscopy: Characterizing spectral lines

Figure 2.2.3: Thermal Broadening scheme (COSMOS, 2022)

2.2.2.3 Pressure Broadening

This broadening occurs because the states of atoms and ions can be perturbed
by collisions and perturbations in their electric field, this ends up shortening the
∆t of the electronic transitions and therefore affects the natural broadening, this
broadening can be described by

∆λ =
λ2

c

ρσ

π

√
2kBT

m
(2.2.6)

where ρ is the density of the atoms of the element under consideration (for a
specific line one has to consider the amount of atoms in the ionization state
required to form that line (Saha equation)), and σ is the ”collision cross section”
value that imposes a limit for an interaction to occur between atoms or molecules
(collision or interference through the electric field) and in a simple way of see
measures the probability of interactions. Also this broadening can be profiled
through a Lorentzian curve.(van Regemorter, 1965; Hummer and Rybicki, 1971)

2.2.2.4 Granulation and Micro Turbulence

The surfaces of stars are not flat and static, for example, the photosphere of the
Sun is not smooth, instead shows a structure in the form of ”grains of rice” (see
fig 2.2.4), usually called granulation, which is expected to be normal in any star
(more present and significant in some than others).

It is an effect caused by columns of gases rising from the lower, hotter layers of
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Figure 2.2.4: Snapshot of granulation simulation (González Manrique et al.,
2020)
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the star into the upper atmosphere, due to convective movements of the gas that
composes it. Each granule has individual dimensions and consists of a structure
in constant motion and, therefore, ephemeral.

These granules will affect the observed spectrum due to a Doppler effect, where
the converging areas of the granules will generate a contribution to one side of the
spectrum, while the diverging areas of the gas create the main contribution (see
fig (2.2.5)). Taking the fig (2.2.4) as a reference, we can understand that the blue
parts of the lower panel, i.e. the granules will form the blueshifted contribution
due to the fact that with respect to our line of sight the material is coming out of
the interior with a velocity towards us, while the red areas of the same lower panel
are the ”Cool-Lane” mentioned in fig (2.2.5) whose contribution is in the red wing
of the profile due to the opposite situation, the material is moving towards the
interior of the star and with respect to our line of sight it is moving away from us.

These phenomena can be bounded and/or standardized on the basis of important
parameters of the star such as surface gravity (log (G)) and effective temperature
(Teff ) of the star, thus treating these deviations as a generalized problem of the
star and by encompassing everything it is appropriated as a characteristic of the
star studied which is called micro-turbulence, some studies have characterized for
certain types of stars the value of micro-turbulence which is used in the analysis
of spectra giving a degree of deviation expected in the lines. (see e.g. for FGK
stars Mott et al., 2020)

2.2.3 Characterization of Lines

The asymmetries in the lines in their last level of characterization are described
and interpreted through an element called Bisector (this can be seen in the figure
2.2.5), this can only be measured when we have a high resolution and is based in
simple terms on calculating the midpoint between the blue wing and the red wing
according to the given definition that goes back to Gray (1988)

Because different parts of each line are formed at different depths, we can estimate
how these velocity fields vary with depth (see Fig 2.2.6). Bisector measurements
can be performed to estimate temporal patterns Polster et al. (2018); Baldry
et al. (1999), in general some of these have also been standardized according to
the spectral type of the stars discriminating particularities of the star system
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Figure 2.2.5: Example of how granulation bend the spectral lines (Gray, 2005)
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Figure 2.2.6: Reference image of the optical depth to be considered of a Bisector
(González Manrique et al., 2020)

Dall et al. (2006); Mott et al. (2020), and recent studies have shown that such
approximations can be further decomposed to understand in detail what influences
the discrepancies Gray (2010).

In more detailed but highly limited studies the Bisector can be used to measure
and estimate the Granulation itself, as shown in González Manrique et al. (2020),
where they obtain a good estimate of this with simulations.

2.3 Multiple Stellar Population

As we mentioned in the previous sections due the compactness of GCs was believed
that they born from the same nebula and was expected that they should have
the same initial conditions (as Age and Chemical composition), instead when we
reach the enough resolution in our spectrographs We found that this is far from
reality and even nowadays the opposite phenomena (show a MPs) it’s considered
the way to define what it is a GC.(Carretta et al., 2010)

In specific MPs phenomena refers to have more that one population of stars inside
of the GC. This phenomena is usually associated and understood through the idea
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of a first generation of stars that ”pollutes" the environment where the second
generation of stars are being formed, however this remains unclear and object of
study in the current Astronomy.(Milone and Marino, 2022; Bastian and Lardo,
2018)

Moreover the 2nd generation inside of GC are an specific kind of stars that we
can not found outside them, their chemistry it’s only founded within this objects
hence it’s expected to be born inside of them (and currently even if we found
them outside we associated to be born inside of them and explained as runaways
,Bastian and Lardo (2018)).

The most generalized characteristic with the MPs are the correlation (increases
together) and anti-correlation (while one increase the amount the other decreases)
between elements (this should be take carefully due this patterns had a great
variability cluster to cluster and their individual chemistry becomes almost a
distinguishable signature of them), the most important features that have from
empirical evidence are

• Fe/H remains constant star to star within the GC

• C+N+O remains constant star to star within the cluster

• N and C are anticorrelated

• Na and O are anticorrelated

• Mg and Al are anticorrelated (it’s more common in more massive and
metal poor GC)

• Li abundance there are stars that doesn’t show Na Li anticorrelation
(which is not expected to happend naturally)

• Na,N and He are correlated (in some level of enhancement of the He, this
variation had a significant impact in the HB morphology)

• Fraction of enriched stars and mass of the GC are correlated (this
was been recently questioned in Dondoglio et al. (2022))

• Extension of the spread in N, Na, O and He are correlated

• MPs have not been found in massive clusters with ages less than

2 Gyr



24 2.3. Multiple Stellar Population

• MPs are found in the full range of GC metallicities

• He enriched stars tends to be in towards the center of the GC

(To see some studies where this afirmations have been evidenced you can take a
look to Geisler et al., 2021b; Baeza et al., 2022; Fernández-Trincado et al., 2020c;
Bastian and Lardo, 2018; Milone and Marino, 2022; Zhang et al., 2012; Mészáros
et al., 2020, 2021; Masseron et al., 2016, 2019)

2.3.1 Evidence of the Phenomena

As astronomers we make use of the light to study the universe, for these objects
there’s not the exception and a multi-wavelength and multi-technique approach
are commonly used to study them. Recently measures in the infrared had allow
us to study the previous inaccessible Bulge information and the Gaia mission has
provided the astrometry needed to independently of the chemistry determine the
members of GC. (Majewski et al., 2017; Blanton et al., 2017; Ahumada et al.,
2020; Gaia Collaboration et al., 2022, 2021, 2018, 2016; Bastian and Lardo, 2018)

2.3.1.1 Photometry of MPs

Evidence for this MP in GC can be found in the HR diagram as was mentioned
before, if stars have different compositions different stellar tracks should be
generated, and in the area of RGB and AGB will have a stronger impact due the
dredge-up’s on these stages. (Carroll and Ostlie, 2006; Bastian and Lardo, 2018)

Figure 2.3.1: Chromosome map and CMDs of NGC 2808 Latour et al. (2019)



2.3. Multiple Stellar Population 25

The best photometric evidence it’s retrieved thanks to the Hubble Space Telescope
(HST, see for a more detailed view Oesch et al., 2018) which have filters with
bands that are centered in absorption, emission and continuum separately (those
filters were made on purpose at molecular bands that are affected by the MPs
phenomena1) due this the characteristics in the HR-diagram will be accentuated
(due the different stellar tracks will have different emissions/absorption, etc.), also
a specific color-color diagram is commonly used with these filters which allow
to directly separate the different populations of stars, this map is usually called
Chromosome map (see fig 2.3.1) (named in this way due the precision of this
technique that it’s like read the DNA of the Globular Cluster).

2.3.1.2 Spectroscopy of MPs

The main and strong evidence of MPs it’s the direct measure of them by the
difference in their chemistry and evidence the common patterns before mentioned
(and also look for new ones), this is done through spectroscopy at different
wavelength, some examples could be seen in the Fig 2.3.2 which are separate in
two groups the High and Low metallicity range. Geisler et al. (2021b); Masseron
et al. (2016, 2019); Baeza et al. (2022)

1passbands could be seen in their webpage https://hst-docs.stsci.edu/wfc3ihb/
chapter-6-uvis-imaging-with-wfc3/6-5-uvis-spectral-elements

https://hst-docs.stsci.edu/wfc3ihb/chapter-6-uvis-imaging-with-wfc3/6-5-uvis-spectral-elements
https://hst-docs.stsci.edu/wfc3ihb/chapter-6-uvis-imaging-with-wfc3/6-5-uvis-spectral-elements
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Figure 2.3.2: Spectroscopic measures of abundances by the group CAPOS (Geisler et al., 2021b)

(a) Light-element (anti)correlations for high metallicity
clusters: Terzan 2 (red circles), Djorg 2 (magenta), HP1

(cyan), NGC 6540 (yellow), and NGC 6642 (green)

(b) Light-element (anti)correlations for low metallicity clusters:
Terzan 9 (blue circles) and Terzan 4 (orange circles).

Comparison objects (empty circles) from Masseron et al. (2019) and Mészáros et al. (2020)
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2.3.2 Models

Most of the explanations as was mentioned before are associated with the idea
of two populations where the first one contaminate the second one, however
another ideas have arisen since no one of the models are even near to explain
the phenomena (mainly due the wide variations in the behaviour cluster-cluster),
in this section my aim is to give a notion of which models have been created
to explain MPs and therefore how we look at the origin of this phenomena, we
are not going to address this deeply, hence for a fully coverage of this topic we
encourage to see the review of Bastian and Lardo (2018) (article which was our
guidance to write this section) where this topic is addressed properly ans also we
recommend to take a look the original papers of the models (D’Ercole et al., 2008;
Ventura and D’Antona, 2009; D’Ercole et al., 2016; Bekki et al., 2017; Decressin
et al., 2007b,a; Krause et al., 2013; Chantereau et al., 2016; de Mink et al., 2009;
Jiang et al., 2017; Bastian et al., 2013; Cassisi and Salaris, 2014; Wijnen et al.,
2016; Hopkins, 2014; Marcolini et al., 2009; Sánchez-Blázquez et al., 2012).

Some of the typical problems that surges when we try to figured out how MP was
formed are

• Dilution: the current measures show some inconsistencies between expected
abundances (e.g. Li should be depleted in the presence of Na, but this it’s
not always the case), therefore most of the models have been established
the primordial material as the chemistry of the first generation stars then
for the second generation this material is mixed with the material produced
by first generation.

• Discrete and Continuous spread: this means that the models must have
the ability of create smooth spread or clustered by generations spreads.

• Mass Budget this refers to the problem that surges when we try to explain
this phenomena as multi-epoch of star formation, that even if all the mass
produced of the proposed polluters were accreted can not explain the amount
of stars of ”second generation"

• Young Massive Clusters (YMC) constrain: within the accessible
universe we had the lucky of being able of resolve some YMC, hence we
could at least constraining some of the characteristics on early epochs. (e.g.
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the measures suggest that spread of the age it’ expected to be less than
∼ 20Myr, the gas is efficiently removed at any stage)

2.3.2.1 Multiple epoch of star formation

The most common model are the ones which consider two (or more) generation
of stars, the most studied candidate as a polluter are the AGB stars polluters
(D’Ercole et al., 2008; Ventura and D’Antona, 2009; D’Ercole et al., 2016; Bekki
et al., 2017), another similar model consider Fast Rotating Massive Stars (FRMS)
can expel material and then being acreted by the next generation (Decressin et al.,
2007b,a; Krause et al., 2013; Chantereau et al., 2016) and also was proposed to
explain in this way that the stars due the crowd could present in a very common
way Interacting Binaries (IBs) , which includes mass transfer and colision between
them to explain the M<P phenomena (de Mink et al., 2009; Jiang et al., 2017),
an schematic representation of these models can be found in the fig (2.3.3)

Figure 2.3.3: Schemes of models to explain the MP’s phenomena with multiple
epoch of star formation

(a) AGB Model Bekki (2017a)

(b) IBs Model Jiang et al. (2017) (c) FRMS Model Krause et al. (2013)



2.3. Multiple Stellar Population 29

2.3.2.1.1 Reverse Order Model is also a multi epoch star formation model
but with the peculiarity of consider as the commonly associated second generation
as the first one, consist in have an already polluted environment which then is
enriched by a Super Nova type Ia , after the cooling of the gas/dust at the center
of the cluster begins the formation of the initial population, then when the firsts
Supernova type II happen they mix the material remaining the Fe and the C+N+O
constant. IN the fig (2.3.4) this model is represented in their initial condition and
subsequent evolution, the first generation in this cluster is generated just in the
center (dark blue are) and the second after the firsts Supernova type II exploded
and mixes the inner and outer material.(Marcolini et al., 2009; Sánchez-Blázquez
et al., 2012)

Figure 2.3.4: Reverse Order Model, (modified image from Marcolini et al., 2009)

2.3.2.1.2 Early Star Formation Period (eSFP) is a model which also
contemplates multiple times the star formation but the difference consist in
assuming extreme conditions for the Giant Molecular Cloud (these environments
could be evidenced in other galaxies at high redshift) where the stars were formed,
the idea is that due the high density the cloud will generate giant stars that
within a very few Myr will strip off they outer layers polluting the environment
, a simulation of the first Myr of this model could be seen in fig (2.3.5) in this
figure could be appreciates how in very few time, giant stars have been surges in
the center of the cloud.
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Figure 2.3.5: Simulation of eSFP model Wünsch et al. (2017)

2.3.2.2 Single epoch of star formation

On the other hand are proposed models where the formation of MPs happen during
ongoing stars formation as the Early Disc Acretion (EDA) scenario where the
stars combine properties of the model of IBs and FRMS an during the accretion
of material these stars pollutes the environment Bastian et al. (2013); Cassisi and
Salaris (2014); Wijnen et al. (2016) an schematic representation of this model
is shown in fig (2.3.6a) where we can see that due the likeliness of interaction
this process would be carried in the center of the GC, also we have the Turbulent
Separation of Elements During GC Formation (TSEDF) which consist in a natural
separation of the gas and the large dust grains (which will generate different
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chemistry depending of the position of the star) due strong turbulence they could
move separately Hopkins (2014), a simulation of how this model should work
can be found in the fig (2.3.6b) where can be appreciated how heavy grains are
expected to be displaced from the areas of initial turbulence.

Figure 2.3.6: Schemes of models to explain the MP’s phenomena with a single
epoch of star formation

(a) EDA Model Thomas Wijnen1 (2022) (b) TSEDF Model Hopkins (2014)

2.3.2.2.1 Very Massive Stars (VMS) (also called Supermassive Star (SMS)
is a model which consists in the collision of stars to form a Very Massive Star at
early stages of the collapse of the Giant Molecular Cloud, the cold, pristine gas
accumulates in the center, causing the cluster to contract. The increased stellar
density causes stellar collisions, forming an VMS/SMS at the center of the cluster.
The VMS/SMS blows a wind enriched in hot hydrogen products that interacts
and mixes with the incoming gas. The mixed material subsequently accumulates
in the stars, enriching them with polluted material explaining in this way the MP
phenomena, a schematic vie of this model could be seen in the fig (2.3.7).(Gieles
et al., 2018)
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Figure 2.3.7: Scheme of VMS model Gieles et al. (2018)

2.3.3 Predictions vs Reality of MPs

After go through a variety of models we should take a look and contrast how much
likely these are, if they represent what our measures could tell us.

In fig (2.3.8a) it’s showed a table taken from Bastian and Lardo (2018) where is
displayed at what point the model could explain our measures and relations (the
represent that can be the opposite under different or extreme conditions), from a
quick look we can say that our understanding of the formation of MPs phenomena
is still far to be good, this is a current problem in the modern astrophysics and
we should push forward different way to explain this phenomena.

What we really know is the empirical evidence and trustful information is indeed
the best way to asset this problem, in the fig (2.3.8b) we could get a summary
of what we know about these GC as systems and in the fig (2.3.2) we could see
some examples of the behaviour intrinsic to these objects,through this figures we
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could find most of the initial characteristic that were mentioned at the beginning
of this section, from this section we conclude that further studies would be need
to explain this phenomena.

Figure 2.3.8: Summary of Models & Current estimation for most of GC in Milky
Way (images from Bastian and Lardo (2018))

(a) Models accuracy considering different parameters (modified image)

(b) Summarise knowledge of GC as systems
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2.4 Data Information

2.4.1 Gaia Data Release 3

Gaia is a space mission that provides astrometry, photometry, and spectroscopy of
billion stars in the Milky Way (MW). Gaia Data Release 3 (Gaia DR3) has been
released on 13 June 2022, hence is the most recent release. Gaia DR3 combines the
already published Gaia EDR3 data products with new data products for the same
set of observations and time. The Gaia DR3 represents a significant advance over
Gaia Data Release 2 with parallax and proper motions precisions increased (by
30%& by factor of 2 respectively). The DR3 photometry also features increased
precision, but above all much better homogeneity across colour, magnitude, and
celestial position. Gaia DR3 in comparison with Gaia EDR3 provides more set
of data such as: sources with mean GRV S-band magnitudes; sources with radial
velocity; mean RVS spectra; sources with chemical abundances from RVS spectra;
among others, that will allow us to compare for example our metallicities results
and membership probability with the radial velocity data.(Gaia Collaboration
et al., 2022, 2021, 2018, 2016)

2.4.2 APOGEE-2:The Apache Point Observatory Galactic

Evolution Experiment II

The APOGEE-2 survey (Majewski et al., 2017) is one of the internal programs
of the Sloan Digital Sky Survey-IV (Blanton et al., 2017; Ahumada et al., 2020)
developed to provide precise radial velocities (RV <1 km s−1) and detailed chemical
abundances for an unprecedented large sample of giant stars, aiming to unveil the
dynamical structure and chemical history of the entire MW galaxy.

The APOGEE-2 instruments (capable of observing up to 300 objects
simultaneously) are high-resolution (R ∼ 22, 500), near-infrared (NIR)
spectrographs (Wilson et al., 2019) observing all the components of the MW
(halo, disc, and bulge) from the Northern Hemisphere on the 2.5m telescope at
Apache Point Observatory (Gunn et al., 2006, APO, APOGEE-2N;) and the
Southern Hemisphere on the Irénée du Pont 2.5m telescope (Bowen and Vaughan,
1973) at Las Campanas Observatory (LCO, APOGEE-2S). Each instrument
records most of the H-band (1.51µm – 1.69µm) on three detectors, with coverage
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gaps between ∼1.58–1.59µm and ∼1.64–1.65µm, and with each fiber subtending
a ∼2” diameter on-sky field of view in the northern instrument and 1.3” in the
southern.

DR 17 is the final release of APOGEE-2 data from SDSS-III/SDSS-IV. We
used our access to the internal version of DR 17. It includes all APOGEE data,
including data taken at APO through November 2020 and at LCO through January
2021. The dual APOGEE-2 instruments have observed more than 650, 000 stars
throughout the MW, targeting these objects with selections detailed in Zasowski
et al. (2017), Santana et al. (2021) and Beaton et al. (2021) (For our target we had
365 stars in the field of view dedicated to study NGC 2298). These papers also give
a detailed overview of the targeting strategy of the APOGEE-2 survey. Spectra
are reduced as described in Nidever et al. (2015), and analyzed using the APOGEE
Stellar Parameters and Chemical Abundance Pipeline (ASPCAP; García Pérez
et al., 2016), and the libraries of synthetic spectra described in Zamora et al.
(2015). The accuracy and precision of the atmospheric parameters and chemical
abundances are extensively analyzed in Holtzman et al. (2018), Jönsson et al.
(2018), and Jönsson et al. (2020), while details regarding the customised H -band
line list are fully described in Shetrone et al. (2015), Hasselquist et al. (2016),
Cunha et al. (2017), and Smith et al. (2021).

2.4.3 BACCHUS: Brussels Automatic Code for

Characterizing High accuracy Spectra

This is the software used to perform the analysis of high resolution spectra
developed by Masseron et al. (2016), this software use the models of MARCS
(is the acronym for Model Atmospheres in a Radiative and Convective Scheme
Gustafsson et al., 2008) is composite by a grid of one-dimensional, hydrostatic,
plane-parallel and spherical LTE model atmospheres and based in the previous
software Turbospectrum (Plez, 2012) which is a 1D LTE spectrum synthesis code
and covers 600 molecules, is fast with many lines, and uses the treatment of line
broadening.
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Chapter 3

Methodology

3.1 Determination of likely Members

To determine the membership probability we used the Gaia data, we decide to use
astrometric parameters such as the proper motion and the sky position to infer
the most likely members, we use the general approach of 2D-Gaussian mixture
model (GMM), this model considers that the distribution of proper motions of the
stars in a cluster’s region can be represented by two elliptical bi-variate Gaussians,
meanwhile for the spatial distribution we can use a flat distribution for the field
stars and one elliptical bi-variate Gaussian. This is a very common approach to
determine likely members (Tian et al. (1998); Griggio and Bedin (2022); Xiang
et al. (2021); Çakmak and Karataş (2022))

3.1.1 Vector Point Diagram and Position in the sky

We define the probability of membership as

ProbC(i) =
ΦC(i)

Φ(i)
,with Φ = ΦC + ΦF (3.1.1)

, this means that we always be considering two distribution to describe the
complete sample, one for the field and another component for our GC.

Due in both of our criteria used 2D-Gaussian result useful define it as follows,
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N (X⃗|µ⃗,Σ) = 1

(2π)1/2
1

|Σ|1/2
exp{−1

2
(X⃗ − µ⃗)TΣ−1(X⃗ − µ⃗)} (3.1.2)

where the variables X⃗ are the values of each source, µ⃗ refers to the center of
the Gaussian and Σ to the covariance matrix (Σ−1 is known as the "precision”
or "concentration” matrix and gives us information about the dispersion of our
variables and the correlation between them).

For the spatial distribution we define the distribution of field as Φr
F = 1

πr2max

(rmax in this case corresponds to 40 arc-min which is the total area that we
downloaded surrounding the GC from the Gaia archive) and a 2D-Gaussian
(NC

Spatial). Meanwhile for the Vector Point Diagram (VPD) we use two 2D-
Gaussian one for the field (N F

V PD) an another for the Cluster (NC
V PD).

Figure 3.1.1: Individual probability of membership by Position in the Sky and
Proper Motion respectively

On the Left panel: we cans see the log likelihood levels and the probability
computed for our proposed model of the projection in the sky. (x-axis and y-axis
are the right ascension and declination respectively) On the Right panel: we
can see also the likelihood contour levels and the probability for our proposed model

to the vector point diagram (the x-axis and yaxis are the pmra & pmdec from
Gaia respectively) .(this computations were made with Pedregosa et al. (2011))

In the fig (3.1.1) we show our results of this GMM approach to determine likely
members the centers vectors and the covariance matrix’s were obtained through
machine learning, with the easy and accessible python package Scikit-Learn



38 3.1. Determination of likely Members

(Pedregosa et al. (2011)), which have already trained networks to perform the
clustering analysis and in specific for GMM1. Using this tool we determine that
for the field (take in account that the variables are the Right Ascension (RA) and
Declination (Dec) and both of them are in degrees units)

µ⃗C

Spatial =

(
102.24503905

−36.0071558811

)
, ΣC

Spatial =

[
5.438e−3 5.725e−5

5.725e−5 2.648e−3

]
(3.1.3)

on the other hand for the VPD we got (consider that the variables are the
proper motions given by Gaia, that means PMRA = α cos (δ) [mas · yr−1] and
PMDec = δ [mas · yr−1])

µ⃗C

V PD =

(
3.33257

−2.20978

)
ΣC

V PD =

[
0.34166 +0.02554

+0.02554 0.32945

]
(3.1.4)

µ⃗F

V PD =

(
−0.26936

2.58955

)
ΣF

V PD =

[
3.52199 −1.02109

−1.02109 5.72170

]
(3.1.5)

these values are in good agreement with the literature (e.g Goldsbury et al. (2010);
Baumgardt and Vasiliev (2021)). Then considering that the spatial distribution
and the movement of the stars are independent each other our total probability is
Prob(xi) =

∏
j P (xi)j

3.1.1.1 Cross-match and Contrast with preliminary values of ASCAP

Once we obtain our values of probability for each source we cross-matched our
samples, after doing this we notice that in the APOGEE data twelve stars had a
probability over 0.95.

1for further information you can see the webpage of the package link to Scikit-Learn GMM

https://scikit-learn.org/stable/modules/mixture.html
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Figure 3.1.2: Values of ASCAP contrasted with our criteria of selection of
Members

With our candidates ready we decide to contrast with the values of ASCAP, as
can be seen in the fig (3.1.2) our guesses are in good agreement whit those values
of the pipeline due we can evidence a clear clustering in the radial velocities of our
candidates and also are well separated in the preliminary values of Iron content.
Therefore, with this information we can confidently work with these twelve stars
as members of CG NGC 2298, the basic information of our twelve members is
showed in the table 3.1.1.
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Table 3.1.1: Photometric, kinematic, and astrometric properties of twelve likely members of NGC 2298.

APOGEE ID α δ J H Ks G (GBP -GRP ) RV µα cos (δ) µδ SNR∗

hh:mm:ss dd:mm:ss [mag] [mag] [mag] [mag] [mag] km · s−1 mas · yr−1 mas · yr−1 pixel−1

2M06485459-3559151 6:48:54.5923 -35:59:15.1764 11.927 11.296 11.133 13.896 1.551 147.35 3.184 −2.211 156

2M06485872-3600006 6:48:58.7201 -36:00:00.6876 11.805 11.184 10.989 13.755 1.509 147.611 3.282 −2.184 174

2M06485886-3558262 6:48:58.8672 -35:58:26.2056 11.933 11.304 11.171 13.88 1.512 146.718 3.357 −2.148 166

2M06485916-3600503 6:48:59.1636 -36:00:50.346 11.854 11.257 11.074 13.802 1.521 142.108 3.339 −2.25 169

2M06490301-3559100 6:49:03.0122 -35:59:10.0248 11.862 11.209 11.061 13.809 1.518 145.759 3.347 −2.138 157

2M06490382-3600299 6:49:03.8208 -36:00:29.9376 13.173 12.591 12.494 14.972 1.365 152.961 3.405 −2.238 109

2M06490734-3558013 6:49:07.3498 -35:58:01.308 11.658 11.008 10.858 13.64 1.546 144.482 3.305 −2.139 190

2M06491677-3557505 6:49:16.7743 -35:57:50.58 12.227 11.602 11.454 14.074 1.442 148.226 3.314 −2.204 139

2M06485140-3600380 6:48:51.4013 -36:00:38.0124 12.197 11.602 11.459 13.938 1.381 147.958 3.27 −2.066 138

2M06485619-3602261 6:48:56.1934 -36:02:26.1996 13.105 12.593 12.46 14.781 1.266 150.24 3.378 −2.191 112

2M06485888-3601165 6:48:58.8886 -36:01:16.5072 11.072 10.392 10.215 13.09 1.629 144.044 3.383 −2.189 254

2M06485948-3559426 6:48:59.4816 -35:59:42.6264 12.555 12.018 11.862 14.4 1.352 141.928 3.432 −2.244 116

* this parameter is the signal to noise ratio of the star given by APOGEE, all our sample is over 100 which implies very reliable measures
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3.2 Inference of Atmospheric parameters

The next task to perform is get reliable Atmospheric parameters (which are need
as initial guesses to model the atmospheres with BACCHUS, see section 2.4.3),
we decide to do this through the fit of the Isochrone (see section 2.1.3) to the
Gaia photometry (since already we have associated likely members to perform a
fit), and then an interpolation ot get the parameters that we needed (Teff and
log (G)).

To perform the fit of the isochrone we first have to know the best parameters
to generate this one, due the large uncertainties in the previous studies of the
metallicity of this GC we decided to perform a χ2 test to determine the best
metallicity that fits our data and also to get the reddening and distance modulus,
to achieve this we developed a software that try a different isochrones in a range of
different position and return the best position through a χ2 test, for our purpose
we define the value the value of the test as

χ2 =
1

N − 3

(∑
i

(
Ci − Icolori

σcolor
i

)2

+
∑
i

(
Mi − IMag

i

σmag
i

)2
)

(3.2.1)

where N is the number of sources that effectively are being fitted (the −3 value it’s
due we are fitting 3 variables), Ci is the color of each source, Mi is the magnitude
of each source, σcolor

i and σmag
i are the associated dispersion of each source in

their color and in their magnitude and Icolori and IMag
i are the values of color and

magnitude of the isochrone which are the nearest to each source (square distance),
for our purpose we took a sample of 400 isochrones of Marigo et al. (2017) varying
values of MH between -2 to -1.6 with step of 0.01 dex and we fix an Age of 13.15
Gyr (Monty et al., 2018).

The way that this software works consist in two runs, first we move the extremes
isochrones (values of MH=-2 dex and -1.6 dex) an look the best fit simultaneously
to pre-assign a stellar stage (in this first iteration all the stars have a common
sigma for color an another for the magnitude, and are the intrinsic dispersion of
the sample), once the initial stellar stage is assigned we trim the data twice, first
we look in a color-color diagram and look for a consistency in the color trend if
the sources are farther than 0.25 mag (square distance) the stars are discarded
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(most of this spread it’s explained due that Gaia measures perform a pseudo-color
correction for faint or not well resolved source through astrometry2), then the
next trim that we perform is to the HB stars which are not well fitted though SSP
model as the isochrones that we are using, so in order to have comparable data we
keep all the HB that are inside of the range of all the HB stars in the isochrones
that we gonna test (assuming the initial values of reddening and distance modulus,
an also letting stars within a range of 0.1 mag in color and 0.3 mag in magnitude),
these steps could be seen in the fig (3.2.1).

Figure 3.2.1: Initial assignment of stellar stage & Color Consistency (most
reliable measures)
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(b) initial stellar stage 3

After the sample of stars is cut out letting us a comparable set, the stars are
grouped by stellar stage and in this way per stage is assigned a value for the
deviation associated with each source (except for the HB stars where the value in
color is used the median value of other stars in the same range of magnitude), the
value is computed per stage as the standard deviation of distance between the
value and the nearest point of the isochrone, this means

σStellar−Stage =

√∑stage
i (Xstage

i − µstage)2

nstage
(3.2.2)

where nstage is the number of the sources associated with the stage, Xstage
i =

Ci − IColor
i , µstage =

∑
i X

stage
i /nstage, this value is multiplied by a factor which is

defined as function of magnitudes of the sub-sample (stellar stage) as this means

2for further details see link to pseudo-color info Gaia webpage
3the numbers which indicates the stage associated with each source are the identifiers that are used
in isochrones of Marigo et al. (2017) can be seen in http://stev.oapd.inaf.it/cmd_3.4/faq.html

https://gea.esac.esa.int/archive/documentation/GDR3/Data_processing/chap_cu3ast/sec_cu3ast_cali/ssec_cu3ast_cali_source_pseudocol.html
http://stev.oapd.inaf.it/cmd_3.4/faq.html
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that for each source the color deviation is

σcolor
i = σStellar−Stage

i ×
(
0.5 +

Mi

MMax−Stage
i

)
(3.2.3)

with MMax−Stage the maximum value of magnitude in the stage and the other
values on the equation as was defined before (this in simple terms make that the
brighter source of the stage had around 0.5 times the standard deviation of the
associated stage and this factor increases smoothly to the fainter sources which
will have around 1.5 standard deviation of the associated stage), for the magnitude
we use a the same technique as the factor for the color but globally, so for each
source we have that the mag deviation is

σMag
i = σMag

Sample ×
(
0.5 +

Mi

MMax−Sample

)
(3.2.4)

with MMax−Sample the highest value of magnitude in the sample that effectively
we are fitting, and where

σMag
Sample =

√∑Sample
i (Y Sample

i − µSample)2

nSample
(3.2.5)

where nSample is the number of the sources in the whole sample, Y Sample
i =

Mi− IMag
i , µSample =

∑
i Y

Sample
i /nSample , our results of the sigma estimation are

showed in the fig (3.2.2).

After getting the comparable sample and the assignation of values the second
iteration start looking for the best fit, we interpolate each stellar stage in the
isochrone and generate more point in each one in pro of getting best matches for
each source, also for each Isochrone we tested the same range of reddening and
distance modulus, the reddening is tested assigning a value of visual absorption
and using the conversion between wavelength suggested in the webpage of the
Isochrones 4, for the last release of Gaia these values are

AG

AV
= 0.83627,

AGBP

AV
= 1.08337,

AGRP

AV
= 0.63439 (3.2.6)

4Isochrone webpage http://stev.oapd.inaf.it/cgi-bin/cmd_3.7

http://stev.oapd.inaf.it/cgi-bin/cmd_3.7
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Figure 3.2.2: Sigma associated with each source
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Our best fit of Isochrone is showed in the fig (3.2.3), our twelve members are
highlighted (edge of blue diamonds), the beside panels show the 3 free parameter
χ2 test (for each of the red point which are the isochrones (x-axis MH) we have a
plane as is showed below), top panel the values obtained of best fit in each MH,
below the map of reddening and distance modulus the white cross indicate where
is the best value.

With this fit we could assign ideal values to our twelve members, these values
are summarized in the table 3.2.1, where we show the de-reddened values of
magnitude and color, also report the differential reddening and distance inferred.
Also with these values we are able to get the atmospheric parameter through the
interpolation of the Isochrone since these theoretical model have values expected
for the specific magnitudes and color given an Age a metallicity and a stellar
stage.
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Figure 3.2.3: Best Isochrone Fit, 3 Free parameters chi2 test
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Table 3.2.1: Photometric Correction, inferred values of reddening and distance

APOGEE ID G0 (GBP −GRP )0 AV Distance [pc]

2M06485459-3559151 13.299 1.231 0.714 10283.335
2M06485872-3600006 13.226 1.241 0.597 10282.694
2M06485886-3558262 13.339 1.222 0.647 10283.818
2M06485916-3600503 13.273 1.237 0.633 10283.882
2M06490301-3559100 13.281 1.235 0.632 10283.220
2M06490382-3600299 14.408 1.062 0.674 10283.900
2M06490734-3558013 13.129 1.272 0.611 10283.071
2M06491677-3557505 13.574 1.174 0.598 10282.580
2M06485140-3600380 13.468 1.129 0.561 10282.709
2M06485619-3602261 14.289 1.001 0.588 10282.704
2M06485888-3601165 12.617 1.375 0.566 10282.692
2M06485948-3559426 13.865 1.064 0.640 10283.902
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3.2.1 Micro Turbulence ξmicro

There’s a parameter that the isochrones models that we use doesn’t have integrated
yet , this is the micro-turbulence this parameter is associated (as the names
indicates) with the atmospheric turbulence in the surface of the star, as we see
in section 2.2.2.4 this parameter must be considered to characterize the spectral
profile, we perform the estimation of this parameter through the equation

ξmicro = 0.998+3.16×10−4 ·X−0.253 ·Y −2.86×10−4 ·X ·Y +0.165 ·Y 2 (3.2.7)

where X = Teff − 5500 [K] and Y = log(g)− 4.0, this equation was taken from
(Mott et al., 2020), and it’s useful for FGK stars.

3.3 Conversion Vacuum to Air Wavelength from

APOGEE spectra

The wavelength calibration of the APOGEE data is done using vacuum
wavelengths. However, the wavelengths of atomic transitions are usually quoted
at standard temperature and pressure (Air), to convert to the Air wavelength we
use the expression an values showed in Edlen (1953)5

3.4 Running BACCHUS

Once our spectra are ready for our twelve reliable cluster members and our initial
guesses of Teff , log (G) and ξmicro are established, we are able to start compute
the abundances of each source, BACCHUS works with different steps first we
have to load the stellar parameters to create the atmospheric model, then we use
a element from which we have multiple lines to get a value of equivalent width
(eqw, this is the width of a projected rectangle with a height equal to the relative
continuum (1) that create the same area that the one enclosed by the absorption
line, this is done automatically by the software), value which will be assumed

5APOGEE works with other values nevertheless variation between them at this wavelength are
negligible. https://www.sdss.org/dr12/irspec/spectra/#vacuum

https://www.sdss.org/dr12/irspec/spectra/#vacuum
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Figure 3.4.1: Self consistency as described by Smith et al. (2013)

equal for all the elements at the time of compute the abundance, then we can
start the abundance computation.

The way we proceed was, first loading the parameters for the star then we use
the Silicon (Si) to obtain the eqw (usually Iron is used for this purpose but due
our cluster is very metal poor the lines weren’t strong enough to make a reliable
estimation of this parameter).

3.4.1 Self Consistency of C-N-O

Then we have to consider the CNO analysis apart, since in the range that we are
working the estimation of these elements came from molecules that are related
between them because are made from the same atoms (this means use CO to
set the carbon abundance, OH provides an O abundance, and CN provide N
abundance), hence using a reliable measure (e.g. the element that we use to
determine the eqw) we determine values for O and we fix this value then we
determine C and fixed this value and then N and also is fixed, after this we
reanalyse our reliable measure if it is different from the initial value we re-analyze
the CNO lines in the same way. This process is repeated until the C, O and N
abundances yield consistent abundances (which means reach a similar value to the
initial guess of our reliable measure, see fig 3.4.1 for a schematic representation of
this process called self-consistency, this procedure was explained in Smith et al.
(2013)). After this we can compute the abundance for a variety of elements, these
steps are made for each star.
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BACCHUS computes abundances for each line therefore we have to check out
which of the lines are reliable (it mean that have a expected Voight profile for
most of the elements, the exception are those who are measure through molecules
as CNO) and if the convolution converge, this is done bye eye, the software creates
pdf files with the measures and the models also show info about the convergence
of the convolution of the models in fig 3.4.2 you can see a typical output and a
very good line of Mg where all the methods converges.

3.4.2 Central Values

In order to retrieve the final values due until now we compute abundances
deferentially for each line we use the mean value along the measures of all lines
for each element and we check if this value fits the data properly (we have to
generate apart a model in BACCHUS indicating the value that we estimated).

Figure 3.4.2: Typical output of BACCHUS

Finally we do this for all the lines of each element we just have to contrast the
values with the solar values (to make it comparable), we use the values of Asplund
et al. (2021).
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Chapter 4

Analysis

4.1 Inputted Parameters on BACCHUS

Figure 4.1.1: Kiel diagram (showing our inferred parameters)
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With the described procedure in the section 3.2 we obtain the atmospheric values
showed in the Kiel diagram (see 4.1.1) and which values are summarized (plus
the micro-turbulence ξmicro) in the table 4.1.1,
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Table 4.1.1: Atmospheric Parameters and classification of the targets.
(Summarized values of Fig (4.1.1))

APOGEE ID Teff log (g) ξmicro class
2M06485459-3559151 4685 1.343 1.958 RGB
2M06485872-3600006 4652 1.276 1.984 RGB
2M06485886-3558262 4683 1.339 1.96 RGB
2M06485916-3600503 4663 1.298 1.975 RGB
2M06490301-3559100 4665 1.302 1.974 RGB
2M06490382-3600299 4943 1.895 1.75 RGB
2M06490734-3558013 4620 1.211 2.007 RGB
2M06491677-3557505 4733 1.443 1.92 RGB
2M06485140-3600380 4795 1.394 2.03 AGB
2M06485619-3602261 5059 1.842 1.901 AGB
2M06485888-3601165 4517 0.9164 2.17 AGB
2M06485948-3559426 4935 1.636 1.957 AGB

4.2 Looking at the Central Values

With the atmospheric values we are able to compute the abundances using
BACCHUS as is described in the section 3.4.
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Figure 4.2.1: Example of the final fit of synthetic spectra to the real measures

On
blue the final synthetic spectra, the red crosses are the measurements, sorted by

star by columns and by element in rows

As was mentioned in 3.4.2, in the fig (4.2.1) we show two examples of final fit
comparing the synthetic spectra with the measures.

4.3 Error Estimation

Once we determine the central values of each element (our best fit with just our
best lines), we have to estimate the uncertainty for each element, these ones was
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calculated as the root squared sum of the individual uncertainties due to the
errors in each atmospheric parameter under the assumption that these individual
uncertainties are independent. The reported uncertainty for each chemical species
is

σ2 = σ2
mean + σ2

[X/H],ϵi
+ σ2

[X/H],Logg + σ2
[X/H],Teff

(4.3.1)

as is described in (Fernández-Trincado et al., 2019c), we variate the values of our
initial guesses as Teff ± 100 [K] , log (G)± 0.3 (the ξmicro is varied according the
values of Teff and log (G) for these changes using the same equation (3.2.7)) and
finally ξmicro ± 0.05. For each of these changes (6 in total) we have to do the same
procedure indicated in section 3.4, re-estimate values and get the concatenate
dispersion (the central values and the specific variation), this is done globally as
GC value (this means doing separately by variation as is show in the equation
4.3.1) and then by star considering all the variations of parameters to get the
spread of each abundance (this means considering all the values that we got
for each star along all the variation of parameters and simply get the standard
deviation of the values).
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Chapter 5

Results

5.1 Abunndances

In the following section we show our results and estimations fro the GC NGC
2298 as a system and individually for each of the twelve members that we used to
perform the analysis.

5.1.1 CNO

We remark that no conclusive answers can be drawn for C, N, and O from 12C14N ,
16OH, and 12C16O, as these lines become too weak to be detected or accurately
measured at the metallicity and temperature range of our NGC 2298 stars. For
this reason, we choose not to speculate on the interpretation of C, N, and O
abundances for the present sample.
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Figure 5.1.1: Summarized in this plot our findings and the final values report
(Globally and deferentially respectively) Baeza et al. (2022)

The filled star symbols correspond to AGB stars the empty stars corresponds to RGB star, the values from the

other clusters were taken from Mészáros et al. (2020)
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5.1.2 Independence of Parameters

In the fig (5.1.2) We demonstrates a lack of abundance dependence on the effective
temperature or surface gravity, as well as on the evolutionary status (RGB or
AGB) for Mg, Al, Si, Ca, Fe, or Ni at the metallicity of NGC 2298.

Figure 5.1.2: Linear Regression between stellar parameters and abundance
estimation (Baeza et al. (2022))

The filled star symbols correspond to AGB stars the empty stars corresponds to RGB star, The dashed lines and

inset notation represent the linear regression of the data

We also find that the RGB and AGB stars do not group separately in any of the
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abundance-abundance planes presented in Fig (5.1.1). Therefore, the observed
correlations anti-correlations in NGC 2298 does not depend on the evolutionary
status of a star.

5.1.3 Multiple Stellar Population on NGC 2298

In the Fig (5.1.1) we show our final estimation globally and deferentially
respectively , the values from other GC in the same range of metallicity were
taken from Mészáros et al. (2020), the values present in this figure are shown in
the table 5.1.1, we can see through values that this GC present a clear MP.

Table 5.1.1: Estimated abundances for the selected sources, also are shown the
results from ASCAP

Source ID [Fe/H] [Mg/Fe] [Al/Fe] [Si/Fe] [Ca/Fe] [Ni/Fe]

2M06485459-3559151 -1.74±0.11 +0.09± 0.09 +0.65± 0.07 +0.32± 0.07 . . . +0.03± 0.09

2M06485872-3600006 -1.74±0.12 +0.16± 0.08 −0.27± 0.07 +0.26± 0.15 . . . +0.05± 0.10

2M06485886-3558262 -1.71±0.11 +0.15± 0.15 −0.19± 0.11 +0.29± 0.11 +0.32± 0.09 +0.06± 0.09

2M06485916-3600503 -1.72±0.10 +0.18± 0.12 −0.20± 0.15 +0.25± 0.07 +0.46± 0.07 +0.25± 0.10

2M06490301-3559100 -1.71±0.09 +0.11± 0.12 +0.06± 0.11 +0.24± 0.07 +0.32± 0.06 . . .

2M06490382-3600299 -1.75±0.16 +0.24± 0.05 −0.42± 0.03 +0.25± 0.11 . . . . . .

2M06490734-3558013 -1.72±0.09 +0.22± 0.11 −0.23± 0.14 +0.27± 0.12 +0.33± 0.08 +0.07± 0.08

2M06491677-3557505 -1.75±0.11 +0.01± 0.12 +0.87± 0.09 +0.25± 0.15 +0.37± 0.05 +0.07± 0.08

2M06485140-3600380 -1.87±0.17 −0.07± 0.08 +0.87± 0.09 +0.42± 0.12 +0.45± 0.05 +0.36± 0.03

2M06485619-3602261 -1.83±0.18 +0.18± 0.05 −0.40± 0.06 +0.21± 0.13 . . . . . .

2M06485888-3601165 -1.78±0.10 +0.19± 0.11 −0.18± 0.13 +0.28± 0.07 +0.39± 0.05 +0.08± 0.09

2M06485948-3559426 -1.80±0.16 −0.06± 0.03 +0.86± 0.07 +0.35± 0.18 . . . +0.09± 0.11

Statistics

median -1.75 +0.16 −0.19 +0.27 +0.37 +0.07

mean -1.76 +0.12 +0.12 +0.29 +0.38 +0.12

1σ 0.05 0.10 0.51 0.05 0.05 0.10

Spread† 0.14 0.30 1.29 0.15 0.13 0.27

ASPCAP DR17

median -1.82 +0.20 −0.28 +0.25 +0.23 −0.04

mean -1.83 +0.16 +0.05 +0.26 +0.20 −0.06

1σ 0.08 0.14 0.55 0.04 0.14 0.05

the errors were estimated as is indicated in the section 4.3
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5.1.3.1 The α elements Mg, Si, Ca

The α element in NGC 2298 are overabundant (> +0.12) compared to the Sun,
supporting the idea that the main contributors to the chemistry of this cluster
have likely been stars which go through the Alpha and Triple Alpha process
and then pollutes the stars that we are studying, which it means SN progenitors
(Tsujimoto and Bekki, 2012; Bekki et al., 2017; Bekki, 2017b,a; Jiang et al., 2017;
Krause et al., 2013).

Our NGC 2298 sample has a star-to-star show a spread in [Si/Fe] and [Ca/Fe],
which is slightly larger than the measurement uncertainties for each species,
with the exception of [Mg/Fe]. There is a significant [Mg/Fe] spread of 0.3 dex,
exceeding the observational uncertainties, which is anti-correlated with [Al/Fe]
(see fig (5.1.1)). However, the [Mg/Fe] abundance ratio by itself exhibits a median
value that is systematically offset by roughly 0.2 dex lower than M 53, M 55, and
NGC 6397 stars from Mészáros et al. (2020).

The measures also reveals an apparent Mg-Si anti-correlation (not strong enough
to asseverate but it could be interesting to look for further measures since the
evidence for this Mg-Si anti-correlation does not exist for the other GCs at a
similar metallicity as that of NGC 2298). The presence of a Mg-Si anti-correlation
in NGC 2298 implies a leakage from the MgAl chain into Si production through
the 26Al(p, γ) →27 Si(e−, ν) →28 Al(p, γ) →28 Si (see the last part of fig (2.1.2e))
reactions at a high temperature. In the absence of this leakage, we would expect
a simple correlation between Mg and Si since they are both α elements (see e.g.
Yong et al., 2005; Carretta et al., 2009b; Mészáros et al., 2020). We find that
some of the stars in NGC 2298 exhibit a higher Si abundance than their Mg-rich
counterparts, confirming the likely occurrence of hot proton burning in the early
populations of NGC 2298.

An Al-Si correlation is also observed in NGC 2298, as can be appreciated in
Fig (5.1.1). Yong et al. (2005); Carretta et al. (2009b); Mészáros et al. (2015,
2020); Masseron et al. (2019) interpreted the Al-Si correlation as a signature
of 28Si leakage from the Mg-Al chain (see fig (2.1.2e)). Interestingly, most of
the Si-enriched stars in NGC 2298 also seem to correspond to the Mg-depleted
and Al-enhanced cluster population, which are likely the result of Ne-Na and
Mg-Al cycles occurring in the H-burning shell of a first-generation stars whose
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nucleosynthetic products were later distributed through the cluster. We stress
that, regarding any possible analysis bias, since we have not been able to find any
dependence of the abundances with the evolutionary status (see fig (5.1.1,5.1.2)).

5.1.3.2 The odd-z element Al

Similar to the result reported 30 years ago by McWilliam et al. (1992), we
confirm that this cluster also hosts a clear population of Al-enhanced stars with
[Al/Fe] ≳ +0.5, which is significantly higher than typical Galactic abundances (
[Al/Fe] < +0.5 for the typical first-generation stars).

Fig (5.1.1) also clearly reveals two distinct groups in the Mg-Al plane, one of
them lies in the region dominated by the lowest [Al/Fe] abundances with slightly
super-Solar [Mg/Fe] abundance ratios rather than sub-Solar ones (often called
first-generation stars or un-enriched stars), while the second group is governed
by higher [Al/Fe] abundances with the lowest [Mg/Fe] abundances, containing a
fraction of stars well below [Mg/Fe] ≈ 0 (called second-generation or enriched
stars).

5.1.3.3 Iron peak elements Fe and Ni

We find a mean metallicity [Fe/H] = −1.76± 0.01 with a dispersion of σ[Fe/H] =

0.048± 0.009 dex. Reported errors are errors on the mean. We also find an iron
star-to-star spread of 0.14 dex, compatible with the measurement errors, so we
have no evidence for an intrinsic Fe abundance spread in NGC 2298.

Our measured mean metallicity for this GC exhibits a deviation greater than
the uncertainties in comparison to some previous works that employ a variety
of methods reporting a wide range (∼ 0.25dex) of metallicity from [Fe/H]=-1.96
to -1.71, but it is in reasonable agreement with a few of them. For instance,
Frogel et al. (1983) transformed optical and NIR colors to Cohen’s metallicity
scale (Cohen, 1983), and they estimated a mean value of [Fe/H]=-1.76, which
has been listed as [Fe/H]IR in Table 5 of Zinn and West (1984), they found a
mean metallicity of [Fe/H]=-1.85, in Zinn (1985) was found a [Fe/H]=-1.81 on his
metallicity scale, later McWilliam et al. (1992) found a metallicity of [Fe/H]=-1.89,
then Geisler et al. (1995) estimated a metallicity of [Fe/H]=-1.82, the next year
Salaris and Cassisi (1996) reported a metallicity of [Fe/H]=-1.91 after Carretta
and Gratton (1997) reported a metallicity of [Fe/H]=-1.71 while Kraft and Ivans
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(2003) listed a range of metallicity [Fe/H] between -1.93 to -1.83 also Pritzl et al.
(2005) reported a metallicity of [Fe/H]=-1.90, the re-estimation carried out by
Carretta et al. (2009a) provided a metallicity of [Fe/H]=-1.96, more recently
Carrera et al. (2013) listed a [Fe/H]=-1.74, while Roediger et al. (2014) and
Yong et al. (2014) have provided a metallicity estimation of [Fe/H]=-1.95 and
[Fe/H]=-1.96, respectively.

As far as other iron-peak elements are concerned, Ni is slightly overabundant
relative to Solar (+0.12), with a star-to-star spread of 0.27 dex that is higher than
the measurement uncertainties of [Ni/Fe] abundance ratios in NGC 2298, which
strikingly appear to be weakly correlated with [Ca/Fe], as can be appreciated in
Fig (5.1.1). However, the observed star-to-star spread in the [Ca/Fe] abundance
ratios is not statistically significant according to our error analysis, as has been
observed in other GCs (Carretta and Bragaglia, 2021).

Our sample is tightly concentrated around the mean [Ca/Fe] of NGC 2298.
Therefore, with the determinations of [Ni/Fe] and [Ca/Fe] for a limited sample of
six cluster stars, we cannot draw firm conclusions about the apparent correlation
between these two species. This possibility will have to be considered using larger
samples in the future.

5.1.4 Contrast whit the Pipeline of APOGEE

Finally we compare our measurements of [Fe/H] with the values of the pipeline
ASCAP, in the fig (5.1.3) we overplot the different values that we estimate to the
ASCAP results also we show the difference between the mean value for the cluster
considering our estimation and the values of ASCAP, This figure reveals that
BACCHUS-[Fe/H] is systematically offset by roughly 0.1 dex to higher metallicity
compared to the ASPCAP-[Fe/H] abundance ratio, which is most likely due to
systematics between BACCHUS and ASPCAP, similar to other studies of the
APOGEE-2 spectra (see, e.g.,Masseron et al. (2019); Fernández-Trincado et al.
(2020c); Mészáros et al. (2020)).
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Figure 5.1.3: Final values of [Fe/H] contrasted with the preliminary data of
ASCAP

The gray dotted and navy blue dash-dotted lines mark the average [Fe/H] of the
12 NGC 2298 stars analyzed in this work , in gray the values of ASCAP and in

navy our results (Baeza et al. (2022))
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Chapter 6

Conclusion

During this Thesis we addressed the MP phenomena, review the past idea of GC
and contrasted with the current state of the art, we start with a hypothesis which
have been proven along this study, therefore our results indicates the prevalence
of the MPs phenomenon at the low metallicity GC NGC 2298. It is important
to note that RGB and AGB stars present in NGC 2298 do not appear to follow
different paths or group separately in any of the abundance planes examined in
this work, therefore, we conclude that the observed correlations anti-correlations
does not depend on the evolutionary status of a star in NGC 2298.

In specific we have performed a high-resolution spectral analysis for 12 stars in the
old GC NGC 2298. This cluster is located in a region of low interstellar reddening,
and it has a halo orbit that crosses the Bulge, with an apocentric distance of
∼ 16.44 kpc (Massari et al., 2019). We found a mean and median metallicity
of [Fe/H] = -1.76 and -1.75, respectively, with a star-to-star spread of 0.14 dex
that is compatible with the measurement errors, so we find no evidence for an
intrinsic Fe abundance spread in NGC 2298. Our reported metallicity is ∼ 0.2

dex more metal-rich than previously thought, but it is in reasonable agreement
with estimations provided by Kraft and Ivans (2003) and Carrera et al. (2013).

We confirm the existence of an Al-enriched population in NGC 2298, as was
claimed three decades ago (McWilliam et al., 1992). We provide, for the first time,
evidence for the standard anti-correlation between Mg and Al in our data.

We also detect an apparent Mg-Si anti-correlation (further studies will be needed)
and an Al-Si correlation, which are likely signatures of 28Si leakage from the MgAl
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chain (see fig (2.1.2e)), which is a feature common to other GCs (Masseron et al.,
2019; Mészáros et al., 2020) at a similar metallicity range of NGC 2298.

Finally we report values of distance, reddening, metallicity and contrast with
literature, these values can be found in the table 6.0.1

Table 6.0.1: Our findings Vs Literature Values

Inferred in this work Literature Reference of literature

Distance
[kpc] 10.28± 0.05

10.86 Frogel et al. (1983)

12.41 Zinn (1985)

10.81 Kraft and Ivans (2003)

12.82 Carrera et al. (2013)

9.83± 0.17 Baumgardt et al. (2019)

Reddening
[E(B-V)*] 0.182± 0.057

0.13 Frogel et al. (1983)

0.08 Zinn (1985)

0.16 Kraft and Ivans (2003)

0.13 Carrera et al. (2013)

0.14 Roediger et al. (2014)

0.14 Baumgardt et al. (2019)

Radial Velocity
[km · s−1] 146± 5

165 Zinn (1985)

150 Geisler et al. (1995)

147 Baumgardt et al. (2019)

[Fe/H]
[dex]

1.76± 0.14

-1.76 Frogel et al. (1983)

-1.85 Zinn and West (1984)

-1.81 Zinn (1985)

-1.89 McWilliam et al. (1992)

-1.82 Geisler et al. (1995)

-1.91 Salaris and Cassisi (1996)

-1.71 Carretta and Gratton (1997)

-1.93 to -1.83 Kraft and Ivans (2003)

-1.90 Pritzl et al. (2005)

-1.96 Carretta et al. (2009a)

-1.74 Carrera et al. (2013)

-1.95 Roediger et al. (2014)

* this value was computed with the values of AB
AV

= 1.32616 and Av
AV

= 1.00096, with a final value of

Av = 0.56± 0.176 which was obtained as the mean of the differential reddening in our best fit
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