
UNIVERSIDAD DE CONCEPCIÓN
FACULTAD DE CIENCIAS FÍSICAS Y MATEMÁTICAS

ELEMENTAL ABUNDANCES OF

THE GLOBULAR CLUSTER DJORG 2

Unvealing multiple population features based on light and heavy elements as

part of the bulge Cluster APOgee Survey(CAPOS)

Por: Thaiz Francisca Pino Zúñiga

Tesis presentada a la Facultad de Ciencias Físicas y Matemáticas de la

Universidad de Concepción para optar al grado académico de Magíster en

Astronomía

Mayo 2025

Concepción, Chile

Profesor Guía: Ronald Mennickent

Co-Guía: Sandro Villanova



© 2025, Thaiz Francisca Pino Zúñiga
Se autoriza la reproducción total o parcial, con fines académicos, por cualquier
medio o procedimiento, incluyendo la cita bibliográfica del documento



A Simba, cuya silenciosa compañía iluminó mis días.



i

AGRADECIMIENTOS

Deseo expresar mi más sincero agradecimiento a todas las personas que, de una
u otra forma, hicieron posible la realización de esta tesis y acompañaron mi
formación académica y personal a lo largo de este proceso.

En primer lugar, agradezco profundamente a mi familia, especialmente a mis
padres y hermanas, por su constante apoyo, comprensión y aliento en cada etapa
de mi vida. Su cariño incondicional y confianza han sido fundamentales para
alcanzar este objetivo y todos aquellos que me he propuesto. Sé que se sienten
orgullosos de mí y confían plenamente en mis decisiones; agradezco su eterno voto
de confianza y espero estar siempre a la altura de sus expectativas.

Extiendo mi agradecimiento a mis profesores y profesoras, quienes con dedicación,
generosidad y compromiso me guiaron durante mi formación de pregrado y
magíster. En particular, agradezco al profesor Sandro Villanova, por su dirección
en esta tesis; al profesor Douglas Geisler, por su apoyo en el desarrollo de
este proyecto; y al profesor Rodrigo Herrera-Camus, cuyo consejo y disposición
resultaron decisivos en el período previo a ingresar al programa de magíster.
Asimismo, agradezco a los funcionarios del Departamento de Astronomía de la
Universidad de Concepción, en especial a Marcela, por su calidez, disposición y
apoyo durante mi paso por el departamento. De manera especial, expreso mi
gratitud a Nicolás Barrera Díaz, quien fue un pilar fundamental en la ejecución
de este trabajo, brindándome orientación, paciencia y una invaluable disposición
para resolver mis dudas.

A Daniel, por su amor incondicional, paciencia y apoyo constante a lo largo
de este desafiante proceso. Gracias por estar presente en cada momento, por
animarme cuando las fuerzas flaqueaban y celebrar conmigo cada pequeño logro.
Tu confianza en mis capacidades, tus palabras de aliento y tu compañía han sido
fundamentales para alcanzar esta meta. Este trabajo también es tuyo, porque sin
tu presencia y cariño el camino habría sido mucho más difícil.

A mi querido gato Simba, cuya silenciosa compañía y afecto cotidiano me brindaron
consuelo y tranquilidad en las extensas jornadas de estudio y escritura. Aunque



ii

ya no estés presente para compartir este momento, sé que, donde te encuentres,
estarás aliviado de que este proceso por fin haya concluido.

Quiero expresar mi más profundo agradecimiento a Dios por su guía constante,
por brindarme fortaleza y sabiduría en cada paso de este camino. Su presencia ha
sido una fuente inagotable de inspiración y confianza, ayudándome a superar los
momentos difíciles y a mantener la perseverancia para alcanzar mis metas. Sin Su
apoyo, este logro no habría sido posible.

Quiero expresar mi más sincero agradecimiento a One Direction, y especialmente
a Louis Tomlinson, por su música, por su autenticidad y por ser una fuente
constante de inspiración a lo largo de los años. La dedicación y pasión con la
que han compartido su arte han sido una motivación constante en mi vida. La
música de One Direction ha sido un refugio y un impulso para seguir adelante
en los momentos de dificultad, y las enseñanzas de Louis sobre la perseverancia,
la humildad y la importancia de mantenerse fiel a uno mismo han dejado una
huella profunda en mí. Gracias por su influencia y por demostrar que, a través
del trabajo duro y la pasión, se puede lograr todo lo que uno se propone.

Finalmente, a mis amigas y amigos, por su apoyo constante, por las conversaciones
oportunas y por estar presentes en los momentos decisivos. A Ivana, Jim, Javi,
Caro, Antonieta, Natalia y a muchos más, gracias por confiar siempre en mí, por
brindarme palabras de aliento cuando sentía que las fuerzas me abandonaban y
por ayudarme a creer en mis capacidades.

A todas y todos, mi más sincero agradecimiento.



iii

Resumen

Este estudio presenta determinaciones detalladas de abundancias elementales en el
cúmulo globular de bulbo de metalicidad intermedia Djorg 2, a partir de espectros
en el infrarrojo cercano de alta resolución (R � 22 500) de seis miembros obtenidos
mediante CAPOS: el bulge Cluster APOgee Survey. CAPOS está enfocado en
el estudio de cúmulos ubicados en el bulbo galáctico, utilizando el instrumento
APOGEE-2S como parte del Sloan Digital Sky Survey IV (SDSS-IV).

Este trabajo se llevó a cabo con el objetivo de explorar químicamente este cúmulo,
que ha sido escasamente estudiado, y de analizarlo por primera vez utilizando
el código BACCHUS, con el objetivo principal de derivar abundancias químicas
promedio para distintas especies e investigar la presencia de poblaciones estelares
múltiples.

Se empleó el código BACCHUS (Brussels Automatic Code for Characterizing
High accUracy Spectra) para obtener abundancias línea a línea de una variedad de
especies químicas, incluyendo elementos � (O, Mg, Si, Ca y Ni), elementos livianos
(C, N), el elemento impar-Al (Al), un elemento del proceso-s (Ce) y elementos
del pico del hierro (Fe, Ti). Se determinó una metalicidad promedio de [Fe/H] =
–1.04 � 0.06, sin indicios de dispersión intrínseca. Los valores promedio obtenidos
para los otros elementos, junto con sus desviaciones estándar, son: [C / Fe] =
-0.35 � 0.18, [N / Fe] = 0.38 � 0.40, [O / Fe] = 0.22 � 0.18, [Mg / Fe] = 0.38 �
0.05, [Al / Fe] = 0.32 �0.15, [Ca / Fe] = 0.21 � 0.10, [Si / Fe] = 0.53 � 0.07,
[Ce/Fe] = +0.00 � 0.06, [Ti/Fe] = +0.12 � 0.08 and [Ni/Fe] = +0.09 � 0.06 ..

El enriquecimiento característico en elementos � de Djorg 2 sigue la tendencia
observada en otros cúmulos globulares ricos en metales. Se identificó evidencia de
dispersión intrínseca en C, N y O, las cuales además presentan las anticorrelaciones
C:N y N:O típicas de los cúmulos globulares. No se encontró variación intrínseca
en Ce, y en particular, no se observó correlación entre este elemento y N o Al.
Encontramos que Djorg 2 se mueve en una órbita muy elongada y achatada,
permaneciendo siempre dentro del bulbo y sin alejarse en altitud por encima
del plano galáctico. Además, se desplaza en dirección retrógrada (opuesta a la
rotación de la galaxia) y no se encuentra atrapado por la barra galáctica.

Keywords – Cúmulos globulares – Poblaciones múltiples – Bulbo
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Abstract

This study presents detailed elemental abundances in the intermediate metallicity
bulge globular cluster Djorg 2, based on high-resolution near-infrared spectra of
6 (R � 22 500) members obtained through CAPOS: the bulge Cluster APOgee
Survey. CAPOS focuses CAPOS is focuses on the study of clusters within the
Galactic Bulge, using the APOGEE-2S as part of the Sloan Digital Sky Survey
IV (SDSS-IV).This study is undertaken to explore chemically this poorly studied
cluster and to analyse it for the first time using BACCHUS, with the main objective
of deriving mean chemical abundances for a number of species and investigating
the occurrence of multiple populations. We employed the BACCHUS (Brussels
Automatic Code for Characterizing High accUracy Spectra) code to provide line-
by-line elemental abundances of a variety of species, including �-elements ( O,
Mg, Si, Ca and Ti), light-elements (C, N) the odd-Z element Al, s-process element
(Ce) and iron-peak elements (Fe, Ni).We found an average metallicity of [Fe/H]
= -1.04. � 0.06, with no indication of an intrinsic spread. The mean values for
the other elements and their standard deviations are: [C / Fe] = -0.35 � 0.18,
[N / Fe] = 0.38 � 0.40, [O / Fe] = 0.22 � 0.18, [Mg / Fe] = 0.38 � 0.05, [Al /
Fe] = 0.32 �0.15, [Ca / Fe] = 0.21 � 0.10, [Si / Fe] = 0.53 � 0.07, [Ce/Fe] =
+0.00 � 0.06, [Ti/Fe] = +0.12 � 0.08 and [Ni/Fe] = +0.09 � 0.06 .The typical
�-element enrichment in Djorg2 follows the trend of other metal-rich GCs. We
find evidence for intrinsic spreads in C, N and O, which furthermore show the C:N
and N:O anticorrelations which are the typical. Ce shows no intrinsic variation;
in particular no correlation with N or Al. We find that Djorg 2 moves in a very
elongated and flat orbit, always staying inside the bulge and not moving far away
in altitude above the galactic plane. Moreover, it moves in a retrograde direction
(backwards to the rotation of the galaxy) and is not trapped by the galactic bar.

Keywords – globular clusters – multiple population – bulge
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Chapter 1. Introduction 1

Chapter 1

Introduction

1.1 Globular Clusters in the Milky Way

Globular clusters (GCs) are dense, gravitationally bound systems composed of

large populations of old stars, typically containing up to hundred thousand or

even millions of members within just a few cubic parsecs. These stellar systems

act as long-lived, cosmic relics that preserve essential information about the early

evolutionary phases of their host galaxies.

In addition to their role as fossil records of galactic formation, GCs serve as valuable

astrophysical laboratories for investigating stellar formation and evolutionary

processes within the Milky Way. As some of the oldest known structures in the

Galaxy, their study provides critical constraints on the timescales and physical

conditions under which the Milky Way was assembled (VandenBerg et al., 2013;

Massari et al., 2019).

Recent evidence highlighting the chemical diversity and structural complexity

within GCs has positioned the study of multiple stellar populations (MPs)

as a central topic for understanding their formation and evolutionary history.

Furthermore, models of Milky Way formation and the analysis of its GC system

are intrinsically linked, as the properties of these clusters and their constituent stars

impose direct constraints on the mechanisms of galactic assembly and evolution

(Muratov and Gnedin, 2010; Renaud et al., 2017).
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1.1.1 Bulge Globular Clusters

Investigating globular clusters located in the inner regions of the Milky Way

presents signi�cant observational challenges due to severe interstellar extinction

and contamination from foreground and background �eld stars in the Galactic disk

along the line of sight (Koch et al., 2017). Consequently, the population of globular

clusters within the Galactic bulge remains both incompletely characterized and

comparatively understudied (e.g., Bica et al., 2019). Notable e�orts have been

made to obtain deep and homogeneous color-magnitude diagrams (CMDs) for bulge

GCs (Minniti et al., 2017; Kerber et al., 2019; Saracino et al., 2019), while recent

spectroscopic surveys have yielded valuable data on the chemical composition and

kinematics of bulge globular cluster (BGC) stars (Usher et al., 2017; Vásquez

et al., 2018). These studies have substantially re�ned our understanding of the

distances, chemical abundances, and dynamical properties of these clusters.

The globular cluster population in the Galactic bulge displays considerable

diversity, including some of the most metal-rich clusters in the Milky Way. A

signi�cant number of these clusters exhibit metallicities around [Fe/H]� � 1:0 dex

(Pérez-Villegas et al., 2019), with the majority presenting a blue horizontal branch

morphology (Bica et al., 2016; Cohen et al., 2018). Both these clusters and their

counterpart �eld stars in the bulge (Savino et al., 2020) are considered among

the oldest stellar systems in the Galaxy (Barbuy et al., 2014, 2016; Barbuy et al.,

2018). This is consistent with the well-established relationship whereby older

and/or more metal-poor clusters preferentially host bluer horizontal branches

(see Fig. 11 in Dias et al., 2016). The occurrence of relativity metal-rich clusters

displaying a blue horizontal branch morphology is, therefore, interpreted as a

signature of an ancient formation epoch.

As noted by Minniti (1995), the globular cluster system of the Galactic bulge forms

a distinct structural component, separate from that of the Galactic halo. These

systems act as fossil relics of the early Milky Way and provide crucial constraints

on its formation and early evolutionary processes. The bulge represents the

primordial core of the Galaxy; however, its study has long been hindered by high

extinction and severe stellar crowding, which signi�cantly limits the feasibility

of optical observations. The advent of near-infrared surveys such as the VISTA

Variables in the Via Lactea (VVV) Survey has enabled the discovery of several
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new clusters in the bulge region, as reported by Bica et al. (2016). Some of these

objects remained undetected or poorly characterized until recently due to the

limitations imposed by dust obscuration.

While the formation mechanisms and properties of halo GCs have been extensively

investigated, our understanding of bulge globular clusters has historically remained

limited. To address this, a dedicated Chilean-led initiative�the bulge Cluster

APOgee Survey (CAPOS), led by PI Doug Geisler was established to obtain

high-resolution near-infrared spectra for a representative sample of bulge GCs.

This survey has enabled the determination of detailed chemical abundances and

kinematic properties for these clusters, with initial results presented in Geisler et al.

(2021). Several clusters were subsequently examined in greater detail, including

FSR� 1758(Romero-Colmenares et al., 2021a), for which a revised dynamical

origin was proposed, identifying it as a member of the Gaia-Enceladus-Sausage

structure rather than the Sequoia event. Similarly, Tonantzintla-2 was shown

to be a probable progenitor of nitrogen-enriched �eld stars in the bulge region

(Fernández-Trincado et al., 2022b), and NGC 6558 was subjected to the �rst high-

resolution chemical abundance analysis based on CAPOS data (González-Díaz

et al., 2023a).

Recent spectroscopic studies, particularly those conducted by CAPOS, have

markedly advanced our knowledge of bulge GCs. These observations have provided

clear evidence for the presence of multiple stellar populations, characterized by

abundance variations in light elements such as C, N, O, Na, Mg, and Al. The

detection of classic C�N and Na�O anticorrelations in clusters like NGC� 6558

and NGC� 6316 underscores the pervasive nature of multiple populations in these

systems and highlights the complexity of their formation histories (González-Díaz

et al., 2023a; Frelijj et al., 2025). Additionally, CAPOS results indicate that bulge

clusters formed in situ exhibit distinct chemical signatures compared to their halo

counterparts, particularly in their � -element abundances (Fernández-Trincado

et al., 2022a). These �ndings provide valuable constraints on models of Galactic

bulge formation and reinforce the importance of globular clusters as tracers of the

Milky Way's early assembly history.
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Chapter 2

Stellar Populations

2.1 Globular Clusters as a Simple Stellar

Population

For several decades, it has been well established that stars within GCs display

star-to-star abundance variations in certain elements, including both light elements

(e.g., He, C, N, O, Na, Al; Carretta et al. (2009a); Schiavon et al. (2017); Geisler

et al. (2021); Masseron et al. (2020); Mészáros et al. (2019); Szigeti et al. (2021)

and, in some cases, heavy elements (Carretta and Bragaglia, 2021; Fernández-

Trincado et al., 2020a; Marino et al., 2021). These chemical abundance variations

occur over a broad metallicity range and have been attributed to the phenomenon

of Multiple Stellar Populations (MPs), which is now recognized as a ubiquitous

characteristic of nearly all ancient GCs (for a comprehensive review, see Bastian

and Lardo (2018a)). These abundance anomalies can be detected through both

spectroscopic and photometric observations.

To comprehensively understand the complexity of stellar populations in GCs, it is

essential to review how our interpretation of their nature has evolved over time.

This historical perspective is crucial for contextualizing the current paradigm shift

regarding stellar populations in GCs, while also acknowledging that the classical

framework has provided the foundation for stellar evolution theory for many

decades. This conceptual change concerns the transition from the traditional view

of GCs as single stellar populations (SSPs) to MPs.
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Figure 2.1.1: Example of a real HR diagram of GC (Nemiro� and Jerry, 2001)

An SSP is typically de�ned as a collection of coeval stars - formed in a single burst

of star formation - that share the same age and initial chemical composition, both

in terms of helium and metal abundances, with their masses distributed according

to an initial mass function (IMF) (Gratton et al., 2012). Although Galactic

GCs exhibit a broad range of [Fe/H] values, extending from approximately

-2.3 to solar abundances (Harris, 2010), they have long been considered

chemically homogeneous in heavy elements (i.e., Fe-peak, neutron-capture, and

alpha-elements; see Carretta et al. (2009a), with exceptions observed only in

the most massive clusters, such as! Centauri (Villanova et al., 2015), M22,

and M54 (Da Costa et al., 2016; Carretta et al., 2010). Within this classical

framework, it was assumed that GCs did not undergo any internal chemical

evolution, but rather inherited their chemical composition from the progressively

enriched interstellar medium of the Galactic halo (James et al., 2004), and that

no signi�cant dynamical events had altered their total mass during their lifetimes.

Accordingly, this de�nition implied that SSPs would be represented by a single
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isochrone in the color-magnitude diagram (CMD) 2.1.1 . With hundreds of

thousands to millions of stars sharing the same age and chemical composition,

GCs have long been regarded as ideal astrophysical laboratories for investigating

the physics of low-mass stars and testing stellar evolution theory. The comparison

between observed stellar positions in cluster CMDs and theoretical evolutionary

tracks in the Hertzsprung-Russell diagram (isochrones) has enabled signi�cant

progress in the understanding and modeling of processes such as convection,

atomic di�usion, rotation-induced mixing, hydrodynamical instabilities, equations

of state, opacities, mass loss, stellar atmospheres (Lebreton et al., 2014; Heasley

and Mengel, 1972), and nuclear reactions within stellar interiors. In this context,

the adoption of the SSP paradigm played a fundamental role in establishing the

basic principles of stellar astrophysics.

2.2 Multiple populations

The reconstruction of the Milky Way's formation history remains a central objective

in contemporary astrophysics. GCs, among the oldest stellar systems in the Galaxy,

serve as critical probes for investigating the early conditions of the Milky Way's

assembly. Traditionally perceived as simple stellar populations�comprising stars

of uniform age and chemical composition�this view has been fundamentally

revised. Accumulating evidence reveals that virtually all GCs host multiple stellar

populations (MPs), characterized by signi�cant star-to-star variations in light-

element abundances, particularly in elements such as He, C, N, O, Na, Mg, and

Al (Gratton et al., 2004; Bastian and Lardo, 2018a).

High-precision photometric studies, notably those utilizing theHubble Space

Telescope (HST), have unveiled complex color-magnitude diagrams (CMDs)

indicative of these MPs. The development of �chromosome maps� (ChMs) has

further enhanced our ability to distinguish between �rst-generation (1P) and

second-generation (2P) stars within GCs, based on their photometric and chemical

properties (Milone et al., 2017; Marino et al., 2019). Spectroscopic surveys have

corroborated these �ndings, demonstrating that 2P stars exhibit enhancements

in elements like N, Na and Al, and depletions in O and Mg, relative to their 1P

counterparts (Carretta et al., 2009b; Piatti, 2020).

The origin of MPs remains a subject of active research. Proposed scenarios include
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self-enrichment processes involving asymptotic giant branch (AGB) stars, fast-

rotating massive stars, and interacting binary systems, among others. Each model

attempts to account for the observed abundance patterns and the mass budget

required to form subsequent stellar generations within GCs (Bastian and Lardo,

2018a; Wang et al., 2020). Notably, the extent of Na enhancement among 2P stars

appears to correlate with the initial mass of the cluster, suggesting that more

massive GCs are more capable of retaining enriched material for the formation of

new stellar populations (Leitinger et al., 2023).

Furthermore, the spatial distribution of MPs within GCs provides insights into

their dynamical evolution. Studies indicate that in dynamically young clusters,

enriched populations may be more centrally concentrated, whereas in older clusters,

the populations are more homogeneously mixed (Leitinger et al., 2023). This

spatial information, combined with chemical tagging, o�ers a comprehensive view

of the formation and evolutionary pathways of GCs.

2.2.1 Multiple Populations in Bulge Globular Clusters

Within the framework of the Galactic bulge, GCs are essential probes for

reconstructing the chemical and dynamical history of this central, oldest component

of the Milky Way. Observational studies have demonstrated that bulge GCs share

global properties remarkably similar to those of bulge �eld stars, implying a

common formation origin for both components (Bica et al., 2006; Minniti, 2007).

Accordingly, the study of MPs in bulge GCs is crucial not only for understanding

the internal formation and evolutionary mechanisms of these systems but also for

providing constraints on the early assembly and chemical enrichment history of

the Milky Way.

Notably, the chemical anomalies observed in SG stars within GCs are rarely

detected among �eld stars. When such abundance patterns are identi�ed in the

Galactic halo or bulge, these chemically peculiar stars are typically interpreted

as former GC members that were dynamically ejected from their host clusters

(Bastian and Lardo, 2018b).

Empirical evidence of MPs primarily relies on detecting distinctive abundance

correlations and anti-correlations among light elements, whose speci�c patterns

vary from cluster to cluster, thereby providing unique chemical �ngerprints for
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individual GCs. The most signi�cant features characterizing MPs include:

ˆ A well-established anti-correlation between sodium (Na) and oxygen (O).

ˆ A Mg�Al anti-correlation, predominantly found in massive and metal-poor

clusters.

ˆ An anti-correlation between nitrogen (N) and carbon (C).

ˆ Positive correlations between Na, N, and helium (He), with He abundance

strongly a�ecting horizontal branch (HB) morphology.

ˆ The existence of lithium-rich stars, which do not conform to the expected

Na�Li anti-correlation predicted by standard stellar evolution models.

ˆ A correlation between the fraction of enriched stars and the total mass of the

cluster, though this relationship has been recently challenged by D'ondoglio

et al. (2022).

ˆ Correlations between the abundance spreads of N, Na, O, and He.

ˆ The absence of MPs in massive clusters younger than 2 Gyr.

ˆ The presence of MPs across the full metallicity range spanned by Galactic

GCs.

ˆ A central concentration tendency of He-enriched stars within their host

clusters.

These chemical signatures � produced primarily through proton-capture reactions

in stellar interiors � remain the most reliable tracers for identifying and

characterizing MPs in GCs. They are essential for constraining the formation

scenarios of these systems and for understanding the early chemical enrichment

processes of the Milky Way. Comprehensive studies addressing these empirical

trends include those by Geisler et al. (2021), Baeza et al. (2022), Fernández-

Trincado et al. (2020b), Bastian and Lardo (2018b), Milone and Marino (2022),

Zhang et al. (2012) and Masseron et al. (2020).
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Figure 2.2.1: Piotto 2015

2.2.2 Photometry and Spectroscopy of Multiple

Populations

A multi-wavelength approach, including infrared observations, has provided

valuable insights into previously inaccessible information about the Galactic

bulge. Furthermore, the Gaia mission has delivered precise astrometric data,

allowing for the identi�cation of GC members independent of their chemical

compositions (Blanton et al., 2017; Ahumada et al., 2020; Gaia Collaboration

et al., 2016).

Evidence for the existence of MPs within GCs is clearly seen in the Hertzsprung-

Russell (HR) diagram. Stars with di�erent chemical compositions follow distinct

evolutionary tracks 2.2.1, especially evident in the Red Giant Branch (RGB) and

Asymptotic Giant Branch (AGB), where the impact of dredge-up processes is

most prominent (Carroll and Ostlie, 2006; Bastian and Lardo, 2018b).

The strongest photometric evidence comes from high-resolution observations made

with the HST, which uses �lters that target speci�c absorption features, emission,

and continuum features. These �lters, designed to focus on molecular bands

a�ected by the MPs phenomenon, enhance the features in the HR diagram,

allowing us to distinguish stars with varying chemical compositions. The resulting

color-color diagrams, often referred to as Chromosome Maps, provide a powerful

tool to separate di�erent stellar populations within GCs, essentially "reading the

DNA" of the cluster.

Spectroscopic observations also provide strong evidence of MPs through direct
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measurement of chemical di�erences between stellar populations. These studies

allow for the identi�cation of common patterns of chemical enrichment, particularly

through variations in light-element abundances such as Na, O, Mg, Al, and others.

This data is gathered across di�erent metallicity ranges, o�ering further insight

into the chemical composition of GCs (Geisler et al., 2021; Masseron et al., 2020;

Baeza et al., 2022).

2.2.3 Models for the Origin of Multiple Populations

MPs in globular clusters have traditionally been interpreted through models

involving successive generations of star formation, wherein material processed by

earlier stellar populations contributes to the chemical enrichment of later ones.

Despite the prevalence of this framework, existing models have consistently failed

to reproduce the full range of observed chemical patterns and cluster-to-cluster

variations. Consequently, various alternative theoretical scenarios have emerged in

recent years, each attempting to address these discrepancies from di�erent physical

perspectives. This section o�ers a concise overview of the principal hypotheses

proposed to explain the formation of MPs and outlines the conceptual basis upon

which they are constructed. For a comprehensive and critical examination of

this subject, the reader is referred to the extensive review by Bastian and Lardo

(2018a), which constitutes the foundation for this discussion. Additionally, it is

recommended to consult the original works detailing each model for a thorough

understanding of their speci�c assumptions and implications (D'Ercole et al., 2008;

Ventura and D'Antona, 2009; Decressin et al., 2007c,a; Bekki, 2017; Krause et al.,

2013; Chantereau et al., 2016; de Mink et al., 2009b; Hopkins, 2014; Marcolini

et al., 2009;?). The main challenges faced by these models include:

ˆ Dilution problem: Observational discrepancies, such as the presence of Li

where it should be depleted in Na-rich stars, require models to incorporate

mixing between pristine gas and ejecta from �rst-population polluters.

ˆ Discrete vs. continuous abundance spreads: Models must reproduce

either smooth chemical spreads or distinct sub-populations.

ˆ Mass budget problem: Even under optimistic assumptions, the total

mass ejected by candidate polluters is insu�cient to account for the number

of enriched second-population stars observed.
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ˆ Young Massive Cluster (YMC) constraints: Resolved observations of

YMCs in nearby galaxies set limitations on possible star formation histories,

indicating short formation timescales (. 20 Myr) and e�cient gas expulsion.

2.2.3.1 Multiple Epoch Star Formation Models

The most widely explored models involve multiple star formation events within

the cluster. Among these:

ˆ AGB star polluters: In this framework, asymptotic giant branch (AGB)

stars with initial masses between� 5 and 10M � are proposed as the

primary sources of chemically processed material for the formation of second

population (2P) stars. Speci�cally, enhancements in sodium (Na) and

aluminum (Al), correlated with elevated nitrogen (N) abundances, are

produced through neutron-capture reactions during thermal pulses (Cottrell

and Costa, 1981), which subsequently enrich the stellar envelopes with

hydrogen-burning products from the CNO, NeNa, and MgAl cycles. AGB

stars lose mass through slow stellar winds that could potentially be retained

within the gravitational potential of the cluster. Additionally, helium (He)

enrichment is expected to occur prior to the AGB phase via the second

dredge-up.

However, this scenario faces signi�cant limitations in reproducing the

detailed abundance patterns observed in globular clusters. Notably, it

fails to simultaneously account for oxygen (O) depletion and sodium

enrichment without causing an overall increase in the total C+N+O content

(Slemer et al., 2017). Furthermore, achieving low oxygen abundances

would inevitably require correspondingly low sodium yields at the very

high temperatures involved in this process (Denissenkov and Herwig, 2003).

In its simplest form, this scenario envisions the formation of a �rst generation

of stars as a single stellar population (SSP). The high-mass stars of this

generation, together with their supernovae, expel the remaining gas and

chemically enriched feedback from the cluster, thereby preventing any

signi�cant iron-peak element dispersion. Subsequently, �rst population

(1P) stars evolve through the AGB phase, polluting the intracluster medium

with processed material. This material accumulates towards the cluster
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center as it cools, and once a critical density threshold is reached, a second

generation of stars (2P) forms from this enriched gas . (D'Ercole et al., 2008;

Ventura and D'Antona, 2009; Bekki, 2017).

ˆ Fast Rotating Massive Stars (FRMS): Massive stars with initial masses

greater than 15� 25M � have been proposed as possible sources responsible

for the observed CNONaAl abundance variations in globular clusters, as

they achieve the high core temperatures necessary for these nucleosynthetic

processes early during their main sequence evolution (Maeder and Meynet,

2006). A particularly advanced version of this scenario involves fast rotation,

which facilitates the transport of multiple population (MP) elements from

the convective core to the radiative envelope while the star simultaneously

undergoes mass loss. This model, known as the Fast Rotating Massive Stars

(FRMS) scenario (Decressin et al., 2007b), naturally generates the observed

O-Na and C-N anti-correlations as a result of the equilibrium established

within the CNO cycle and the early activation of the NeNa cycle.

In this framework, second population (2P) stars are proposed to form within

equatorial out�owing discs composed of the processed material ejected by

FRMS stars. While this scenario successfully produces the necessary MP

abundance patterns, including enhancements in Al, it encounters a critical

di�culty in reproducing the observed Mg depletions. Speci�cally, achieving

the requisite depletion through the 24Mg(p; 
 ) reaction would demand

increasing its reaction rate by approximately three orders of magnitude

relative to standard nuclear reaction rate estimates (Iliadis et al., 2001).

Using the nominal rates, FRMS models reproduce a Mg-Al correlation rather

than the observed Mg-Al anti-correlation, and they fail to produce signi�cant

silicon (Si) enhancements, as the temperatures necessary for Si synthesis are

not attained.

Regarding helium enrichment, the FRMS scenario does predict He-

rich second populations; however, the predicted He mass fractions are

systematically higher than those derived from observations of multiple

populations in globular clusters (Chantereau et al., 2016), posing an

additional challenge for this model. (Decressin et al., 2007c,a; Krause

et al., 2013).
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ˆ Interacting Binaries (IBs): Another proposed mechanism for releasing

chemically enriched material from the cores of massive stars involves binary

star interactions, as suggested by de Mink et al. (2009a). In this scenario,

an interaction between a20M � and a 15M � star can result in the ejection

of processed material from a� 10M � remnant, capable of reproducing

the nitrogen-enhanced and oxygen-depleted abundances observed in second

population (2P) stars, alongside other multiple population (MP) chemical

signatures.

However, the total yields produced through this mechanism are expected to

depend sensitively on several factors, including the evolutionary stages of

the interacting stars, their individual masses, and their mass ratios (Bastian

and Lardo, 2018a). Consequently, while this model can explain speci�c

abundance patterns under particular conditions, it lacks the universality

required to reproduce the full diversity of chemical anomalies observed across

the entire globular cluster system. As such, it does not currently provide

a comprehensive explanation for the multiple population phenomenon in

globular clusters. (de Mink et al., 2009b).

Alternative frameworks include:

ˆ Reverse Order Model: A scenario where what is typically considered the

second generation forms �rst, followed by enrichment from SNe Ia and the

formation of additional stars (Marcolini et al., 2009).

ˆ Early Star Formation Period (eSFP): Under extreme high-redshift

conditions, rapid formation of massive stars leads to early enrichment before

gas expulsion.

2.2.3.2 Single Epoch Star Formation Models

In contrast, other models propose that MPs form within a single star formation

episode:

ˆ Early Disc Accretion (EDA): Combines FRMS and IB scenarios where

young stars accrete enriched material in a dense environment (Bastian et al.,

2013).

ˆ Turbulent Separation of Elements During GC Formation (TSEDF):
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Suggests that di�erential motion of gas and dust grains under strong

turbulence produces abundance variations (Hopkins, 2014).

ˆ Very Massive Stars (VMS): Formed via stellar collisions in dense cores,

these stars eject enriched material via winds, which mixes with the remaining

gas and pollutes nearby forming stars .
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Chapter 3

CAPOS: The bulge Cluster APOgee

Survey.

3.1 Observation and Data

In order to investigate the chemical origin and evolutionary history of the Galactic

bulge, a fully Chilean-led project was proposed by PI Doug Geisler (CN 2019B-31)

called CAPOS Survey(the bulge Cluster APOgee Survey). This program enabled

the observation of a sample of bulge globular clusters (BGCs), providing detailed

chemical and kinematic information. The �rst results were published by Geisler

et al. (2021). Subsequent studies focused on individual clusters, such as FSR1758

(Romero-Colmenares et al., 2021b), where a new scenario was proposed, identifying

this system as part of theGaia-Enceladus-Sausagemerger event rather than the

Sequoiastructure. Similarly, the Tonantzintla-2 globular cluster was analyzed

(Fernández-Trincado et al., 2022b), revealing evidence that this cluster could be

the progenitor of nitrogen-enriched �eld stars in the bulge region. In addition, a

detailed chemical abundance analysis of NGC 6558 was presented for the �rst time

using high-resolution spectra obtained from the CAPOS survey (González-Díaz

et al., 2023a).

This study makes use of data obtained through theApache Point Observatory

Galactic Evolution Experiment (APOGEE-2) (Majewski et al., 2017), a high-

resolution spectrograph that has observed 657,135 stars as part of theSDSS-IV

survey (Blanton et al., 2017). APOGEE operates in the near-infrared (NIR) with
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a spectral resolution ofR � 22; 500, utilizing the 2.5 m Sloan Digital Sky Survey

(SDSS) telescope(Gunn et al., 2006) and the 2.5 m DuPont telescope located at

Las Campanas Observatory, Chile.

APOGEE-2S has proven to be a crucial instrument for acquiring high-resolution

spectra, particularly suitable for precise chemical abundance determinations in

giant stars, which are typical tracers in globular clusters. The data analyzed in this

study are part of theAPOGEE-2S and CAPOS observational programs, dedicated

to the study of BGCs across di�erent regions of the Milky Way (Fernández-

Trincado et al., 2022a; Geisler et al., 2021).

The observations of globular cluster stars were conducted over several observing

campaigns, selecting red giant branch stars as primary targets for high-resolution

spectroscopic analysis. The targets were identi�ed and selected based on available

photometric data and precise positional information within the clusters (Geisler

et al., 2021). These observations yielded spectra with high signal-to-noise ratios

(S/N > 1000), adequate for detailed chemical abundance determinations.

Data reduction was carried out using the standardAPOGEE pipeline , which

performs initial reduction, atmospheric corrections, and spectral calibration.

Chemical abundances were derived using theAPOGee Stellar Parameter and

Chemical Abundances Pipeline (ASPCAP), which performs detailed spectral �tting

to extract stellar parameters and elemental abundances. This method ensures

consistency across di�erent clusters and allows for reliable comparative analyses

of various stellar populations.ASPCAP derives stellar atmospheric parameters,

radial velocities, and up to 20 individual elemental abundances for each APOGEE-

2 spectrum by comparing them to a multidimensional grid of theoreticalMARCS

model atmospheres, employing a � 2 minimization routine implemented in the

FERRE code (Prieto and Team, 2015) to determine the best-�t parameters for

each spectrum.

3.2 Djorg 2

Djorg 2 is a globular cluster located towards the Galactic bulge at(l; b) =

(+2 :77o; � 2:50o). Harris (2010) lists its metallicity as -0.65 and reddening as 0.94.

The cluster is located at a heliocentric distance of8:75� 0:12 kpc, as derived by

Ortolani et al. (2019).
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Figure 3.2.1: Djorg 2. PanSTARRS DR1, PS1 Science Consortium
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Using enhanced imaging techniques avaible at the time, Djorgovski (1987) identi�ed

ESO 456-SC38 as a heavily obscured globular cluster, which is also known as

Djorgovski 2 (or Djorg 2). The �rst color-magnitude diagram (CMD) of the cluster

in optical bands was provided by Ortolani et al. (1997), who determined that the

cluster is located on the near side of the Galaxy. Furthermore, its red giant branch

suggested a metal-rich nature with [Fe/H]� � 0:5. Subsequent infrared photometry

by Valenti et al. (2010) yielded comparable results, estimating a metallicity of

[Fe/H] =-0.65 dex and a distance modulus of(m � M )0 = 14:23 mag. The most

detailed CMD available, based on Hubble Space Telescope (HST) photometry

(Ortolani et al., 2019) and Very Large Telescopio (VLT), re�ned these estimates,

�nding [Fe/H] = -1.11 dex, a distance modulus of(m � M )0 = 14:71� 0:03 mag,

and an age of 12.7� 0.7 Gyr, with a blue horizontal branch.

Spectroscopic data for this cluster have only recently been acquired, and previous

analyses have been based on a limited number of con�rmed cluster members Dias

et al. (2016), using four member stars, reported a radial velocity of� 150� 28kms� 1,

a metallicity of [Fe/H] = � 0:79 � 0:09 dex, and [Mg/Fe] = 0:28 � 0:10 dex.

Vásquez et al. (2018), analyzing three member stars, determined a radial velocity

of � 159:9 � 0:5kms� 1 and a metallicity ranging from [Fe/H] � � 0:97 to � 1:09

dex, depending on the adopted Calcium Triplet calibration (CaT). González-Díaz

et al. (2023b), also using CaT spectra of 2 members, derived a metallicity of -0.67

� 0.10.

This cluster was observed as part of CAPOS, speci�cally designed to study

the chemical history of clusters in the Galactic bulge (Geisler et al., 2021).

Observations focused on red giant stars, obtaining high-resolution spectra with a

S/N ratio suitable for the detailed analysis of Fe,� -element and proton-capture

element abundances, such as Mg, Si and Al. APOGEE data on this cluster were

obtained as part of the CAPOS project (Geisler et al., 2021). They observed

7 members and derived a mean metallicity of 1.07� 0.09 from the ASPCAP

APOGEE pipeline and DR16 release, correcting the ASPCAP values of stars with

large N abundances for a small metallicity o�set. Kunder and Butler (2020) used

the same data but without the correction to derive a very similar mean. Most

recently, Geisler et al, (2025) used ASPCAP and DR17 for 6 members and found

-1.14� 0.04, using a similar metallicity correction. They also found the average

[Si/Fe] abundance is +0.24� 0.03, and a mean radial velocity of -151.9� 1.2
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km/s.

3.3 OBSERVATIONS

This study uses data obtained through the Apache Point Observatory Galactic

Evolution Experiment (APOGEE-2; Majewski et al. (2017)) spectrograph, which

observes� 657135stars as part of the SDSS-IV survey Blanton et al. (2017). They

operate in the near-infrared (NIR) with a H-band spectral resolution of R� 22,500

carried out using the2:5m Sloan Digital Sky Survey (SDSS) telescope (Gunn et al.,

2006), located at the Las Campanas Observatory, Chile. APOGEE-2S has proven

to be a key instrument for obtaining high-resolution spectra, particularly useful

for precise chemical abundance determinations in giant stars typical of globular

clusters. The data processed in this study are part of the CAPOS program, aimed

at studying globular clusters in the bulge Geisler et al. (2021). The observations

of the globular clusters were carried out during several observational campaigns,

selecting red giant stars as the primary candidates for detailed spectroscopic

analysis. The stars were identi�ed and selected based on available photometry

and precise positional data within the clusters, see Geisler et al. (2021) for

details. These observations enabled the acquisition of spectra with a high signal-

to-noise ratio (S/N > 100), adequate for precise chemical analysis and precise

determinations of elemental abundance. Data processing was performed using

the standard APOGEE pipeline, which includes initial reduction, atmospheric

corrections, and spectral calibration. ASPCAP also derives radial velocities with

a internal precision of 0.1 km s� 1. We used the �nal version of the APOGEE-2

catalog published in December 2021 as part of the Data Release 17 of the Sloan

Digital Sky Survey (SDSS), which is available in the SDSS IV Science Archive

Server.

Table 3.3.1 provides the APOGEE-2 designations, celestial coordinates,

atmospheric parameters (see next section), radial velocity, signal-to-noise (S/N)

ratio, Gaia DR3 and 2MASS magnitudes, and Gaia DR3 proper motions of the

analyzed stars. These selections led to the previously mentioned total of 6 targets,

observed as part of the CAPOS survey (Geisler et al., 2021).

Fig. 3.3.1 shows the spatial distribution of the APOGEE DR17 stars toward the

Djorg 2 �eld. Member stars were �rst selected to lie within the tidal radius (shown).
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Table 3.3.1: Main physical parameters of Djorg 2.

APOGEE ID � � T ef f log g � t RV S/N G BP RP J H K � � cos(� ) � �

(� ) ( � ) (K) (c.g.s) (km s� 1) (masyr� 1) (masyr� 1)
2M180145572750220 270.43991 -27.83946 3968 0.66 1.73 -153.0 193 14.63 15.87 14.05 11.34 10.4 10.07 0.828 -3.055
2M180146562751239 270.44403 -27.85665 4383 1.40 1.58 -138.9 102 15.74 17.04 14.61 12.88 11.96 11.72 0.901 -3.452
2M180147732749465 270.44891 -27.82959 4083 0.87 1.68 -153.3 130 14.65 15.92 13.52 11.77 10.80 10.54 0.619 -2.978
2M180147862749080 270.44947 -27.8189 4126 0.95 1.67 -149.7 188 15.11 16.54 13.94 12.01 11.06 10.77 0.684 -3.015
2M180151302748086 270.4637 -27.8024 3892 0.52 1.78 -152.4 170 14.61 16.19 13.38 11.19 10.21 9.80 0.717 -2.826
2M180155922749451 270.48301 -27.82922 4003 0.72 1.71 -151.2 247 14.66 16.01 13.50 11.56 10.57 10.26 0.666 -3.058

Next, members were limited to stars with Gaia DR3 PMs within 0.5mas/yr of

the cluster center as determined by Vasiliev and Baumgardt (2021). Next, we

selected stars within 2 standard deviations of the mean cluster RV derived by

Vasiliev and Baumgardt, and stars within 3 sigma of their mean cluster metallicity.

Finally, we veri�ed that our �nal members all lie along the main RGB of the

cluster. Proper motions (PMs);� � cos(� ) = 0 :54 and � � = � 3:04 (Geisler et al.

2021). The left-bottom panel in Fig. 3.3.3 presents the updated version of the

PMs using Gaia DR3, while the right-top panel presents DR17 iron content vs.

radial velocities. We �nd a mean radial velocity of RV=-149.8 km/s. Finally,

right-botton panel reports the CMD of the �eld, with PM based cluster members

indicated as yellow circles. In all the panels, our targets are represented using a

star-symbol.

The targets are located within the tidal radius of the cluster and also exhibit

similar PMs, align with the same evolutionary sequence in the optical and NIR

CMDs, and share comparable RV and metallicities. These factors indicate that

the six CAPOS stars are highly probable cluster members.

3.4 ATMOSPHERIC PARAMETERS

The CMD presented in the �gure 3.3.4 was di�erential reddening corrected using

the same methodology as employed in Romero-Colmenares et al. (2021) and

Fernández-Trincado et al. (2022). For this purpose, we selected all RGB stars

within a radius of 5 arcmin from the cluster center and that have proper motions

compatible with the mean value of the cluster. First, we draw a ridge line along

the RGB, and for each of the selected RGB stars we calculated its distance from

this line along the reddening vector. The vertical projection of this distance

gives the di�erential interstellar absorption AK at the position of the star while

the horizontal position gives the di�erential Optical+NIR reddening E(BP -K)

at the position of the star. After this �rst step, for each star of the �eld we
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Figure 3.3.1: Spatial position. Colour-coded symbols represent the signal-
to-noise ratio (SNR) of the stars (as indicated in the bottom-left panel) with
APOGEE spectra, where the symbol sizes are proportional to theirK s magnitudes.
Field stars are shown as grey dots. A circle indicating the tidal radius from Harris
(2010) is overplotted.
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Figure 3.3.2: Radial velocity versus metallicity of our candidate members
compared to �eld stars. The black box encloses the cluster members within
0.4 dex in [Fe/H] and 30 km s� 1 in radial velocity from the nominal mean values
of [Fe/H] = � 1:04 dex and RV = � 149:8 km s� 1, as determined in this work.
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Figure 3.3.3: Proper motion density distribution of stars located within the tidal
radius from the cluster center. The inner plot in the top-right corner presents
a zoom-in of the cluster region within0:7 � 0:7 mas yr� 1, enclosed by a proper
motion radius of 0.5 mas yr� 1 shown as a grey circle. Blue dashed lines are
centered on the nominal proper motion values.
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Figure 3.3.4: Colour-magnitude diagram corrected for di�erential reddening, in
the Gaia GBP and 2MASSK bands, within a radius of 5 arcmin. Our targets are
distributed along the red giant branch. The best-�tting isochrone is represented
by green circles. Field stars are displayed as grey dots.
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selected the three nearest RGB stars, calculated the mean di�erential interstellar

absorption AK and the mean di�erential Optical+NIR reddening E(BP -K), and

�nally subtracted these mean values from its BP -K Optical+NIR colours and K

mangnitudes. We underline the fact thar the number of reference stars used for

the reddening correction is a compromise between having a correction a�ected as

little as possible by photometric random error and the highest possible spatial

resolution.

In order to estimate the parameters of the cluster we performed isochrone �tting of

the RGB using the PARSEC database (Bressan et al., 2012). The extinction law

of Cardelli et al. (1989) and O'Donnell (1994) was used. The free parametters for

this �tting are the true distance modulus, (m-M)0 (or the equivalent distace in pc),

the interstellar absorption in the V band, AV , and the reddening-law coe�cient,

RV . These three parameters were estimated simultaneously using the BP -K vs.

K, BP -RP vs. G and J-K vs. K CMDs, assuming an age of 12 Gyrs and a global

metallicity [M/H] that considers the � -enhancement of the cluster according to

the relation by Salaris et al. (1993). [Fe/H] was obtained from Harris (2010) and

[� /Fe] assumed to be +0.4. [M/H] was then adjusted during the �tting procedure

in order to match the shape of the upper RGB.

The coe�cient of the extinction law R V is usually assumed to be 3.1 but can vary

signi�cantly from the canonical value, especially in the direction of the Galactic

Bulge (Nataf et al., 2016) , where it can easily take lower values. In fact, we �nd

an extinction law coe�cient R V = 2.30 � 0.1. Moreover, we achieve a �t for the

distance d� = 11300 kpc, i.e. (m-M)0=15.27 � 0.05, and an interstellar absorption

AV = 2.36 � 0.05. Finally, the interstellar absorption and the extinction-law

coe�cient we found can be translated to E(B-V)= 1.03, somewhat higher than

the foreground interstellar reddening given by Harris (2010), i.e. E(B-V)=0.94.

This discrepancy is very likely due to the higher RV used in previous studies.

The method applied to obtain Tef f and logg from photometry was the same

described in Fernández-Trincado et al. (2022). We used the di�erentially corrected

BP -K vs. K CMD of �gure 6.0.1 and projected horizontally the position of each

target until it intersected the RGB of the best �tting isochrone. We then assumed

the Tef f and logg of each target to be the temperature and gravity of the point

of the isochrone that have the same Ks magnitude as the star, interpolating if

necessary. We underline the fact that, for highly reddened objects like Djorg
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2, the absorption correction to be applied to each point of the isochrone during

the �tting process depends on its temperature. We took this e�ect into account

calculating, for each point of the isochrone and each photometric �lter (G, BP ,

RP , J, H ,K), the e�ective wavelength to be input in the Cardelli et al. (1989) and

O'Donnell (1994) extinction law. Without this procedure, it is not possible to

obtain a proper �t of the RGB, especially of the upper and cooler part. Finally,

with T ef f and logg �xed, we employed the relation from Mott et al. (2020) for

FGK stars to determine the microturbulence parameter� t . The stellar parameters

are listed in table 3.3.1.
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Chapter 4

Abundance determination

4.1 Elemental Abundances

The method of deriving stellar abundances is the same as that described in

Fernández-Trincado et al. (2022). For this purpose we made use of the Brussels

Automatic Code for Characterizing Accuracy (BACCHUS) code Masseron et al.

(2016) to derive chemical abundances for the entire sample, making a careful line

selection as well as providing abundances based on a simple line-by-line approach.

The BACCHUS module consists of a shell script that computes on the �y synthetic

spectra for a range of abundances and compares these spectra to the observational

data. For the synthetic spectra BACCHUS relies on the radiative transfer code

Turbospectrum (Alvarez and Plez (1998);Plez (2012)) and theMARCSmodel

atmosphere grid (Gustafsson et al., 2008). The normalization is performed by

selecting continuum regions in the synthetic spectra within 30 around the line of

interest, and �tting a linear relation to these regions in the observed spectrum.

Then the observed spectrum is divided by this �t.

The APOGEE-2 spectra provide access to 26 chemical species, of we which were

able to provide reliable abundance determinations for 11 selected chemical species,

belonging to the iron-pek (Fe, Ni), odd-Z (Al), light (C,N), � -(O, Mg, Si, Ca and

Ti), and s-process (Ce) elements. This is due to the fact that most of the atomic

and molecular lines are very weak and heavily blended, in some cases too much to

produce reliable abundances in cool relatively metal-rich Bulge GC stars.

As described in Fernández-Trincado et al. (2022) we did not include sodium in
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our analysis, a typical specie to separate GC populations as it relies on two

atomic lines (Na I: 1.6373� m and 1.6388� m) in the H band of the APOGEE-2

spectra that are generally very weak and heavily blended by telluric features

and therefore cannot produce reliable [Na/Fe] abundance determinations in GC

with the T ef f and metallicities typical of Djorg 2. This is why we focus on the

elemental abundances of Al, Mg, C, N and O, which are the chemical signatures

that should allow us to distinguish two main groups of stars with di�erent chemical

compositions and therefore trace the multiple population phenomenon.

12C, 14N and 16O elemental abundances are derived through a combination of

vibration-rotation lines of 12C16O and 16OH, along with electronic transitions of
12C14N. The procedure for CNO analysis begins by setting the C abundance using
12C16O lines. With this carbon abundance, the O abundance is determined using
16OH lines. If this O abundance di�ers from the initial value, which is scaled from

the solar value by the stellar [Fe/H] ratio, the12C16O lines are re-analyzed with

the updated O abundance, until consistent C and O abundances are obtained

from both 12C16O and 16OH. When consistency values for C and O are obtained,

the 12C14N lines are used to derive the N abundance, which has little to no e�ect

on the 12C16O and 16OH lines, but the �nal abundances of C, N and O provide

self-consistent results from12C16O, 16OH, 12C14N Smith and Lambert (2013). The

molecular dependencies of CNO are extracted from this process.

The �nal values of each elemental abundance are summarized in table 4.1.1, where

we compare them with the mean values estimated by ASCAP. We also compared

our results with the literature.

To determine and weight the errors, we determined the abundances for each star

again, varying only one of the parametersTe� , logg and vt by � 100 K, � 0:3

and � 0:05km� 1, respectively, for a total of six di�erent abundances for each

element. These values were chosen as they represent the typical uncertainty in the

atmospheric parameters for our sample (González-Díaz et al., 2023b) and Geisler

et. al. in prep.

A standard deviation was calculated for each parameter separately (� Te� , � log g,

� vt , and � [Fe=H] ), including the real abundance for each element together with the

two resulting abundances from the varied parameter, in the following form:
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� Te� = � ([Fe=H]; [Fe=H]Te� +100 ; [Fe=H]Te� � 100)

� log g = � ([Fe=H]; [Fe=H]log g+0 :3; [Fe=H]log g� 0:3)

� vt = � ([Fe=H]; [Fe=H]vt +0 :05; [Fe=H]vt � 0:05)

The �nal error was determined by taking the square root of the quadratic sum of

these four di�erent errors:

� 2
T ot = � 2

Te�
+ � 2

log g + � 2
vt

Finally, we took the errors from all the elements of all the stars and associated

them with the corresponding abundances. Our error estimates for a selected

typical star are given in Table 4.1.2.

Table 4.1.1: Elemental abundances of Djorg 2 CAPOS stars.

STARS [C/Fe] [N/Fe] [O/Fe] [Mg/Fe] [Al/Fe] [Si/Fe] [Ca/Fe] [Fe/H] [Ce/Fe] [Ti/Fe] [Ni/Fe]
2M18014557-2750220 -0.21 +0.28 +0.23 +0.47 +0.24 +0.35 +0.28 -1.06 -0.03 +0.06 +0.03
2M18014656-2751239 � � +0.46 +0.33 +0.30 +0.45 � -0.91 � � +0.19
2M18014773-2749465 -0.19 +0.16 +0.41 +0.43 +0.21 +0.43 +0.15 -1.10 +0.04 +0.10 +0.10
2M18014786-2749080 -0.54 +1.06 +0.02 +0.36 +0.44 +0.31 +0.34 -1.06 +0.08 � +0.06
2M18015130-2748086 -0.27 +0.34 +0.18 +0.32 +0.17 +0.40 +0.07 -1.03 -0.08 +0.24 +0.06
2M18015592-2749451 -0.55 +0.87 +0.04 +0.39 +0.57 +0.36 +0.21 -1.07 +0.01 +0.07 +0.05
Mean (CAPOS) -0.35 +0.50 +0.22 +0.38 +0.32 +0.38 +0.21 -1.04 +0.00 +0.12 +0.09
Std Dev (CAPOS) 0.18 0.40 0.18 0.05 0.15 0.05 0.10 0.06 0.06 0.08 0.06
Mean (ASPCAP DR17) -0.29 +0.63 +0.32 +0.32 +0.24 +0.21 +0.26 -1.08 -0.05 +0.08 +0.01
Std Dev (ASPCAP DR17) 0.23 0.43 0.04 0.04 0.20 0.04 0.06 0.06 0.17 0.16 0.01
Valenti et al. (2010) � � � � � � � -0.65 � � �
Dias et al. (2016) � � � +0.27 � � � -0.79 � � �
Vásquez et al. (2018) � � � � � � � -1.09 � � �
Ortolani et al. (2019) � � � � � � � -1.11 � � �
Kunder and Butler (2020) -0.17 +0.55 � +0.31 +0.15 +0.25 � -1.05 � � �
Geisler et al. (2021) -0.11 +0.20 +0.30 +0.34 +0.02 +0.29 +0.19 -1.07 � +0.00 �
Geisler et al. (2023) � � � � � � � -1.14 � � �
González-Díaz et al. (2023b) -0.27 +0.94 +0.43 +0.27 +0.17 +0.26 +0.26 -1.13 +0.13 � �
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Figure 4.1.1: Violin Plot

Table 4.1.2: Typical abundance uncertainties determined for 2M18014786-
2749080.

Abundance 4 Tef f 4 logg 4 � t S/N � T ot

(K) (dex) km s � 1 (dex) (dex)
[C/Fe] 0.00 0.08 0.00 0.07 0.11
[N/Fe] 0.06 0.03 0.01 0.05 0.08
[O/Fe] 0.09 0.01 0.00 0.04 0.10
[Mg/Fe] 0.04 0.05 0.03 0.07 0.10
[Al/Fe] 0.06 0.05 0.05 0.09 0.13
[Si/Fe] 0.02 0.01 0.03 0.09 0.10
[Ca/Fe] 0.03 0.01 0.02 0.07 0.08
[Fe/H] 0.04 0.02 0.01 0.04 0.06
[Ce/Fe] 0.03 0.09 0.02 0.02 0.10
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Chapter 5

Discussion

5.1 Mean abundances

Our analysis yields a mean metallicity of [Fe/H]=-1.04� 0.06, which is in very good

agreement withASCAP DR17, with Ortolani et al. (2019), Vásquez et al. (2018)

and Kunder and Butler (2020) as shown in table 4.1.1. On the other hand Valenti

et al. (2010) and Dias et al. (2016) give a much higher value value, [Fe/H]=-0.65

and -0.79 respectively. Valenti et al. (2010) based its results on the slope of the

RGB, while Dias et al. (2016) based its results on low-resolution FORS spectra.

In both case the di�erence could be due to the very di�erent technique they use.

We �nd a dispersion for [Fe/H] of � =0.06 dex. The total [Fe/H] range we �nd

is 0.16 dex, which is mainly produced by the high metallicity (-0.91) of the star

2M18014656-2751239. However, comparing the observed dispersion with the total

error on iron from table 4.1.2 (0.06 dex), we �nd that there is no signi�cant

intrinsic iron spread, which makes Djorg 2 consistent with other GCs at similar

metallicity, as seen in �gure 4.1.1. Also Ca has an observed spread of 0.10 dex (see

table 4.1.1), which matches the typical uncertainty (0.08), indicating no intrinsic

spread.

If we consider Mg, Si, Ca and Ni as the best� elements, Djorg 2 turns out to

have mean� enhancement of:

[�=Fe ] = +0 :27� 0:14 (5.1.1)
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Our mean [Mg/Fe] is in relatively good agreement withASCAP DR17, Dias et al.

(2016) and Kunder and Butler (2020), as well as our mean [Ca/Fe] agrees with

ASCAP DR17.

In Fig. 4.1.1 we compare our chemical abundances obtained for Djorg 2 with M12,

NGC1851 and NGC2808 taken from Mészáros et al. (2019), that have similar

metallicity to our cluster. As we can see Djorg 2 compares well with the other

clusters as far as Mg and Ca are concerned.

If we move to the lightest elements, our mean [C/Fe] and [O/Fe] are in relatively

good agreement withASCAP DR17, while Kunder and Butler (2020) give a mean

carbon content signi�cantly higher. As far as [N/Fe] is concerned, we �nd a mean

value signi�cantly lower than both ASCAP DR17and Kunder and Butler (2020).

Compared with M12, NGC1851 and NGC2808, our clusters shows a similar C

and O content, while its N abundance is lower on average.

Finally, our [Al/Fe] is in agreement with ASCAP DR17but higher then Kunder and

Butler (2020), and it matches the range de�ned by M12, NGC1851 and NGC2808.

About [Ce/Fe], in González-Díaz et al. (2023b) they found a abundance lower

than ours, but our cerium content is lower than the three comparison clusters (see

�gure 4.1.1)

5.1.1 Anticorrelations of light and s elements and intrinsic

spread

For the other elements a�ected by MPs, we have to consider also their possible

(anti)correlations. For this purpose we plot relations between C,N,O,Mg,Al,Si,

and Ce in �gure 5.1.1. N and C present the typical anticorrelation found in other

clusters and O correlates nicely with C and anticorrelates with N, but in the

last case (O vs. N) the errors prevent us from seeing a more clear trend. The

observed spread is 0.18 dex for C, 0.40 for N and 0.18 for O, well above the typical

uncertainties of table 4.1.2. We can conclude that C,N and O present a real

abundance variation and that their behavior is consistent with that expected from

MPs.

Mg appears to have no real spread (con�rmed by the typical uncertainty of

table 4.1.2), while Al shows an abundance that varies from [Al/Fe]=+0.17 to

[Al/Fe]=+0.57, larger than expected from the errors (0.13 dex, see table 4.1.2).
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Figure 5.1.1: [N/Fe] vs [C/Fe], [C/Fe] vs [O/Fe], [N/Fe] vs [O/Fe], [Al/Fe] vs
[Mg/Fe], [Al/Fe] vs [Si/Fe], [N/Fe] vs [Al/Fe], [Mg/Fe] vs [Si/Fe], and [Ce/Fe] vs
[N/Fe], [Ce/Fe] vs [Al/Fe] diagrams for Djorg 2 stars (blue star symbols). Blue,
violet and red circles are star from other clusters with similar metallicitites to
compare our results. Filled symbols represent the star in common with our study.
The �gure also show the error bar in each star.
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Figure 5.1.2: Violin Plot

Also, Al shows a correlation with N. Si and Mg do not correlate with Al or with

each other. About Ce, we don not see the Ce:N or Ce:Al correlations seen in

Fernández-Trincado et al. (2022b).
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Chapter 6

Orbit

We made use of the state-of-art Milky Way modelGravPot161 to predict the

orbital path of the globular cluster Djorg 2 in a steady-state gravitational Galactic

model that includes a �boxy/peanut" bar structure (Fernández-Trincado et al.,

2019). Orbits have been integrated with theGravPot16, which includes the

perturbations due to a realistic (as far as possible) rotating �boxy/peanut" bar,

which �ts the structural and dynamical parameters of the Galaxy to the best we

currently know.

For the orbit computations, we adopt the same model con�guration, solar position

and velocity vector as described in Fernández-Trincado et al. (2019), except for

the angular velocity of the bar (
 bar ), for which we employed the recommended

value of 41 km s� 1 kpc� 1 (Sanders et al., 2019), and by assuming variations of

� 10 km s� 1 kpc� 1. The considered structural parameters of our bar model (e.g.,

mass and orientation) are within observational estimations that lie in the range of

1.1� 1010 M � and present-day orientation of 20� (value adopted from dynamical

constraints, as highlighted in �g. 12 of Tang et al., 2018) in the non-inertial frame

(where the bar is at rest). The bar scale lengths arex0 = 1.46 kpc,y0 = 0.49 kpc,

and z0 = 0.39 kpc, and the middle region ends at the e�ective semi-major axis of

the bar Rc = 3:28 kpc (Robin et al., 2012).

For guidance, the Galactic convention adopted by this work is:X � axis is oriented

toward l = 0� and b = 0� , Y � axis is oriented towardl = 90� and b = 0� , and

the disc rotates towardl = 90� ; the velocity is also oriented in these directions.

1https://gravpot.utinam.cnrs.fr
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Following this convention, the Sun's orbital velocity vectors are [U� , V � , W � ] =

[11:1, 12:24, 7.25] km s� 1 (Schönrich et al., 2010). The model has been rescaled

to the Sun's Galactocentric distance, 8.27 kpc (GRAVITY Collaboration et al.,

2021), and a circular velocity at the solar position to be� 229 km s� 1 (Eilers

et al., 2019).

The most likely orbital parameters and their uncertainties are estimated using

a simple Monte Carlo scheme. An ensemble of one million orbits was computed

backward in time for 2 Gyr, under variations of the observational parameters

assuming a normal distribution for the uncertainties of the input parameters (e.g.,

positions, heliocentric distances, radial velocities, and proper motions), which were

propagated as 1� variations in a Gaussian Monte Carlo resampling. To compute

the orbits, we adopt a mean radial velocity (RV) of� 149:75� 1:1kms� 1. The

absolute proper motions< � � > and < � � > were taken from 0.72 and -3.003,

with an assumed uncertainty of 0.5 mas yr� 1 for the orbit computations. The

heliocentric distance (d� ) was adopted as11:3 kpc. The results for the main

orbital elements are listed in the inset of Figure 6.0.1.

Figure 6.0.1 shows the simulated orbital path of Djorg 2 by adopting a simple Monte

Carlo approach. The probability densities of the resulting orbits are projected on

the equatorial and meridional galactic planes, in the noninertial reference frame

where the bar is at rest. The black line in the �gure shows the orbital path

(adopting observables without uncertainties). The yellow color corresponds to

the most probable regions of the space, which are crossed more frequently by the

simulated orbits. Djorg 2 is clearly con�ned in a bulge-like orbit, which lies in

an in-plane orbit with high eccentricity > 0.75 and low vertical (Zmax < 1.6 kpc)

excursions from the Galactic plane, and apogalactocentric distances below 1.8 kpc.

This cluster is going inside and outside of the bar in the Galactic plane, but not

with a bar-shaped orbit, which means that this cluster is not trapped by the bar,

and is con�ned to a retrograde orbit. The bulge nature of the orbit of Djorg 2

con�rms its classi�cation as a bulge GC by Geisler et. al. in prep, based on both

dynamical and chemical constraints.

From the average orbital parameters listed in Figure 6.0.1, we can see that

the Galactic bar induces the cluster to have smaller average (peri-/apo-

)galactic distances, lower vertical excursions from the Galactic plane, and higher

eccentricities, even for any of the bar pattern speed values, suggesting that the




	AGRADECIMIENTOS
	Resumen
	Abstract
	Introduction
	Globular Clusters in the Milky Way
	Bulge Globular Clusters


	Stellar Populations
	Globular Clusters as a Simple Stellar Population
	Multiple populations
	Multiple Populations in Bulge Globular Clusters
	 Photometry and Spectroscopy of Multiple Populations
	Models for the Origin of Multiple Populations
	Multiple Epoch Star Formation Models
	Single Epoch Star Formation Models



	CAPOS: The bulge Cluster APOgee Survey.
	Observation and Data
	Djorg 2
	OBSERVATIONS
	ATMOSPHERIC PARAMETERS

	Abundance determination
	Elemental Abundances

	Discussion
	Mean abundances
	Anticorrelations of light and s elements and intrinsic spread


	Orbit
	Conclusion
	Referencias

