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REsuME

Comprendre la formation et I’évolution des galaxies, et en particulier de leurs centres
galactiques, est 1'une des questions les plus intrigantes de 1’astrophysique moderne. De
nombreuses galaxies spirales comme la Voie lactée présentent en leur centre un disque
nucléaire (NSD). Celui de la Voie lactée est, avec I’amas central et le trou noir super massif
central, 'une des principales composantes internes et 1'un des meilleurs laboratoires
locaux disponibles pour étudier I’évolution des galaxies. En raison de la forte extinction,
de I'importante densité d’étoiles et de la superposition de multiples structures le long
de la ligne de visée, les études des régions internes de la Voie Lactée sont cependant
tres difficiles et trés peu ont été réalisées jusqu’a présent. Grace a des données récentes,
cette these vise a dévoiler les processus physiques qui ont conduit a la formation du
NSD et ses liens avec les autres composantes de la Voie Lactée. Ce manuscrit est divisé
en trois parties correspondant aux différentes méthodologies utilisées.

Pour la premiére partie, grace a la spectroscopie en proche infrarouge a haute résolu-
tion, j'ai effectué une analyse chimique d’étoiles géantes froides situées dans le bulbe
Galactique interne. J’ai mesuré les abondances détaillées des éléments alpha : silicium,
magnésium et calcium, en utilisant des données théoriques récentes et précises telles
qu’une liste de raies mise a jour, des parameétres d’élargissement et les corrections de
I"équilibre thermodynamique non local. Sur la base des abondances dérivées, un modele
d’évolution chimique adapté au bulbe Galactique interne a été construit. ]'ai également
utilisé I’analyse spectrale pour mesurer automatiquement le rapport isotopique du
carbone dans les étoiles géantes du voisinage solaire afin d’établir une relation avec la
masse stellaire astérosismique. Cela permettrait d’estimer les ages stellaires dans des
régions éloignées telles que le NSD.

Dans la deuxieme partie de cette these, j’ai étudié la dynamique des étoiles observées
dans le NSD de la Voie Lactée en faisant une analyse orbitale. J'ai calculé les orbites
dans un potentiel gravitationnel non-axisymétrique tenant compte des effets de la barre
Galactique et j'ai dérivé leurs fréquences fondamentales. Cela m’a permis d’identifier
les résonances orbitales et les différentes familles d’orbites qui peuvent étre présentes
dans le NSD.

En plus des observations, les simulations sont d’un grand intérét pour comprendre
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les processus physiques qui ont formé les régions internes de la Galaxie. Dans cette
derniére partie, j’ai utilisé une simulation hydrodynamique a N-corps d"une galaxie
isolée semblable a la Voie Lactée afin d’étudier la formation de son NSD. Cette simulation
a permis de faire une premiere comparaison entre les observations et les simulations en
termes de chimie et de dynamique.

Mots clés: Etoiles: abondances, phases évoluées - Galaxie: dynamique, bulbe, centre,

structure.



ABSTRACT

Understanding the formation and evolution of galaxies and in particular their galactic
centres is one of the most intriguing questions in modern astrophysics. Many spiral
galaxies like the Milky Way feature a nuclear stellar disc (NSD) in their centre. The
Milky Way’s NSD is, together with the nuclear star cluster and the central super massive
black hole, one of the main inner components and best local laboratories available for
studying galaxy evolution. Because of high extinction, crowding, and the superposi-
tion of multiple structures along the line of sight, studies of the inner regions of the
Milky Way are however very challenging and very little has been done so far. Thanks
to recent data, this thesis aims at unveiling the physical processes which led to the
formation of the NSD and its links with the other components of the Milky Way. This
manuscript is divided into three parts corresponding to the different methodologies used.

For the first part, thanks to high-resolution near-infrared spectroscopy, I carried out a
chemical analysis of cool giant stars located in the inner Galactic bulge. I measured de-
tailed abundances of the alpha-elements: silicon, magnesium and calcium, using recent
and precise theoretical data such as an updated line list, broadening parameters and
non-local thermodynamic equilibrium corrections. Based on the derived abundances,
a tailored chemical evolution model for the inner Galactic bulge was constructed. I
also used spectral analysis to measure the carbon isotopic ratio automatically in solar
neighbourhood giant stars in order to establish a relation with asteroseismic stellar mass.
This would allow to estimate stellar ages in distant regions such as the NSD.

In the second part of this thesis, I studied the dynamics of stars observed in the Milky
Way’s NSD by doing an orbital analysis. I computed orbits in a non-axisymmetric
gravitational potential accounting for the effects of the Galactic bar and derived their
fundamental frequencies. This allowed me to identify the orbital resonances and then
the different orbit families that may be present in the NSD.

In addition to observations, simulations are of great interest to fully understand the
physical processes that formed the inner regions of the Galaxy. In this final part, [used a
N-body hydrodynamic simulation of an isolated Milky Way like galaxy in order to study
the formation of its NSD. This simulation allowed to do a first comparison between

observations and simulations in terms of chemistry and dynamics.

1ii
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Keywords: Stars: abundances, late-type - Galaxy: dynamics, bulge, centre, structure.
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1

OVERVIEW

"The world is, of course, nothing but our
conception of it.”
Anton Chekhov

This chapter is the main introduction of the thesis and aims to provide the context for
the subsequent chapters. I present the field of galactic archaeology and give a detailed
overview about the inner structures of the Milky Way. The different methodologies
employed throughout this thesis are presented in individual chapters.

1.1 The Milky Way

1.1.1 Context

Our home galaxy, the Milky Way, is just one galaxy among millions of billions in the
observable Universe. However, well before our awareness of its existence and our
humbling place in this vast cosmic panorama, various civilisations bestowed upon it
diverse names and mythologies throughout time. The predominantly adopted term,
"Milky Way", is a legacy of the Greeks and refers to the spilled milk of the goddess Hera.

Ethymology: the term "Milky Way" originates from the Latin "via lactea", and its roots
can be traced further back to the Greek "yahagioac x0xhoc" (galaxias kyklos), which
translates to "milky circle".

Undoubtedly, mankind has consistently shown a profound fascination with the celestial
sphere. Stars served diverse purposes, from guiding orientation and navigation to
marking seasons, establishing calendars, and even playing a role in religious practices.
In essence, these celestial bodies were our sole guides shaping our understanding of
space and time and aiding us in seeking meaning in our existence. Throughout the ages,
advancements in science and technology have allowed us to expand our understanding
of the sky, enabling increasingly precise studies of our universe. Renowned figures like
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Galileo Galilei, Johannes Kepler, Isaac Newton, Margaret Burbidge, Albert Einstein, and Edwin
Hubble to name but a few, have played instrumental roles in laying the foundation for
modern astrophysics. Their contributions, spanning from challenging geocentrism to
elucidating the expanding universe, have reshaped our understanding of the cosmos.
In recent decades, a novel field of astrophysics has emerged, commonly referred to
as galactic archaeology. Its main purpose is to unravel the evolutionary history of
galaxies, starting by our own. Just as palaeontologists or archaeologists who study
traces of past life through fossils or excavated remnants, galactic archaeologists use
stars, gas and other observable structures as fossils. Various observational techniques
like photometry, spectroscopy, and astrometry are used to analyse the properties of
stars. By meticulously examining chemical compositions, ages, spatial distributions and
kinematics of stellar populations, galactic archaeology provides valuable insights into
the mechanisms underlying galaxy formation, the construction of galactic structures, and
the interactions among galaxies across cosmic epochs. Given our technical capabilities,
the Milky Way is the only galaxy for which it is presently possible to measure very
detailed chemical abundances and resolve stars even in its centre. Its scales are truly
staggering, it spans a distance of about 100 000 light-years (~ 3 billion billion kilometres
or 30 kiloparsecs) and hosts at least 100 billion stars.

1.1.2 Structure and evolution

One of the greatest outstanding questions in modern astrophysics is how galaxies form
and evolve across the Universe. The current cosmological framework, known as the A
cold dark matter (CDM) paradigm, provides a broad understanding of the evolution
of structures in the Universe (Springel et al., 2006). According to this model, galaxies
form through the hierarchical merging of smaller proto-systems. While this theory has
seen considerable success, particularly on large scales, the detailed process of galaxy
formation remains incompletely understood. Discrepancies between the predictions
of the model and observations, such as the "missing satellites" problem !, highlight its
limitations, particularly when applied to our Galaxy and its closest neighbours (Klypin
et al., 1999; Nierenberg et al., 2016). Consequently, investigating the properties of the
Milky Way and its components becomes essential for advancing our understanding of
galaxy formation.

Types of galaxies

Numerous galaxy clusters populate the Universe, each hosting a wide variety of galaxies.
Already in the 1920s, the astronomer Edwin Hubble developed a morphological
classification of galaxies known as the Hubble tuning fork diagram (or Hubble sequence, see
Figure 1.1). Nowadays, galaxies can be classified into four main categories: elliptical,

1 The "missing satellites” problem refers to the disparity between the number of satellite galaxies predicted
by simulations of Milky Way-type galaxies and the observed number of dwarf galaxies around our own
Milky Way: we do not observe enough satellites.
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spiral, lenticular, and irregular/peculiar. The belief that he mistakenly considered
elliptical galaxies as evolutionary precursors to spiral and irregular galaxies, leading
to the classification of ellipticals as “early-type” and spirals/irregulars as “late-type”,
remains widespread. However, this classification system is now understood to be
primarily based on morphological differences rather than evolutionary sequences (see

Figure 1.2).
(NORMAL SPIRALS)
. &
(ELLIPTICALS) Sa Sb S
O e -
EO E3 E6 SO

@ &) (9)

SBa SBb  SBc’ IBm

(BARRED SPIRALS)

Figure 1.1: Hubble sequence from Hubble, 1926. Elliptical galaxies range from nearly spherical (EO) to
highly elongated (E7). Spiral galaxies are divided in barred and unbarred spirals and are subdivided based
on the tightness of their spiral arms and the prominence of their central bulge.

> Elliptical galaxies

Elliptical galaxies (E type in the Hubble sequence) exhibit a range of shapes, varying
from nearly spherical to elongated ovals, which is why they are called "elliptical".
They have bright nuclei and faint outer envelopes, with surface brightness decreas-
ing strongly with distance from the centre. They are among the most massive
and luminous known stellar systems, show very little organisation or features
and contain no stellar disc and almost no cold gas or dust. They generally have
red colours because their stars are mostly old, indeed cold gas is necessary to
form new stars (Conselice, 2006). The majority of elliptical galaxies are believed to
form either through the mergers of smaller galaxies (J. E. Barnes and Hernquist,
1992) or from the rapid collapse of non-rotating gas (van Albada et al., 1982). This
explains why they are often found close to the centre of galaxy clusters.

» Spiral galaxies
Spiral galaxies stand in contrast to elliptical galaxies with their distinctive features.
They contain a flattened, rotating disc component and are defined by prominent
spiral arms extending outward from the galactic centre. Spiral galaxies are cate-
gorised into two primary types: normal spirals (S type) and barred spirals (SB
type), distinguished by the presence of a central bar structure in the latter. Both
types contain a central bulge and all these components are encompassed within a
more diffuse region: a halo. The morphologies of these galaxies can vary widely,
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with some exhibiting tightly wound, symmetric arms and others displaying more
open and asymmetric structures. The stellar populations within spiral galaxies
can have a wide range of ages but tend to be younger on average compared to
those found in elliptical galaxies (Trager et al., 2000). Spiral galaxies harbour
significant amounts of dust and gas, facilitating intense star formation primarily
within the spiral arms. Until now, the origins of the different spiral patterns remain
elusive, with no definitive explanation for how and when they form. Nonetheless,

numerical simulations propose that minor mergers might play a role in shaping
spiral patterns (Bottema, 2003; Dobbs et al., 2010; Cimatti et al., 2020).

Figure 1.2: Upper left panel: elliptical galaxy (M87). Upper middle panel: lenticular galaxy (NGC3489).
Upper right panel: spiral galaxy (NGC3147). Lower left panel: irreqular galaxy (NGC1427A). Lower
right panel: peculiar galaxy (Antennae galaxies). Images from the Hubble Space Telescope.

» Lenticular galaxies
Lenticular galaxies (S0 type) can be viewed as intermediate between elliptical and
spiral galaxies, exhibiting certain properties of both types. More precisely, they
contain a bulge, a rotationally supported disc and some have a bar. However,
they do not have spiral arms, have almost no cold gas and therefore their colours,
gas content and star formation properties are more similar to elliptical galaxies
(Caldwell et al., 1993). It is suggested that they could originate from spiral galaxies
due to environmental effects (e.g. spirals highly depleted in gas Haynes et al., 1986).

» Irregular and peculiar galaxies

Galaxies that do not fit to any of the previous classes are called “irreqular”
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or "peculiar”. Dwarf galaxies with substantial amounts of gas and active star
formation typically exhibit irregular structures, earning them the classification
of "irregular” galaxies (e.g. the Large and Small Magellanic Clouds). In contrast,
gas-deficient systems lacking young stars are categorised as dwarf ellipticals
(dE) and dwarf spheroidals (dSph). Therefore, the irregular galaxies are usually
smaller and less massive than commonly studied elliptical, spiral and lenticular
galaxies. They lack any obvious symmetry and do not contain any nuclear bulge
or disc components. On the other hand, peculiar galaxies can exhibit large sizes
and are characterised by unusual features, including distorted shapes, abnormal
amounts of gas and dust, or other atypical characteristics. They appear to have
experienced strong perturbations in the recent past and are currently far from
being in dynamical equilibrium (Mo et al., 2010). This suggests that they are
undergoing a transformation process and are, therefore, usually associated with

recent mergers or tidal interactions.

A closer look on the Milky Way

The galaxy group including the Milky Way, known as the Local Group, consists primarily
of two main collections: our Galaxy and Andromeda moving toward another, along
with their respective satellites. While at least 80 members are identified, the majority
are dwarf galaxies. This group is a component of a more extensive structure known as
the Virgo Supercluster. The Milky Way has been shown to have accreted several dwarf
galaxies over time. Evidence of ongoing accretion is observed through the presence of
stellar streams originating from the Sagittarius dwarf galaxy (e.g. Malhan et al. 2018;
Ramos et al. 2020; Antoja et al. 2020)

The Milky Way is a barred spiral galaxy and its corresponding class on the Hubble tuning
fork diagram is SBbc and it is supposed that it was previously a SBb. Its structure is
often divided into three major components: the halo, the disc and the bar / bulge as
shown in Figure 1.3 (a more detailed illustration of the Milky Way is shown in Figure
1.4). However, there exist embedded within the latter component a hidden structure,

called "nuclear bulge”, and is just as important to mention.

+ Halo
The Galactic halo is the roughly spherical region surrounding the Milky Way,
that extends beyond the main disc. It is primarily composed of very old stars and
globular clusters, as well as dark matter. A notable portion of the stellar halo is
believed to have formed through a hierarchical process involving the disruption
and subsequent mixing of dwarf galaxies (Searle et al., 1978; Bullock et al., 2005;
Bell et al., 2008; Helmi, 2008). Although it is relatively smooth, the debris from
accretions in the last few gigayears can remain in relatively distinct structures. We
can cite the three major tidal tails resulting from the disruption of the Sagittarius
dwarf galaxy, the low-latitude stream, and the Virgo overdensity. The stellar halo
is supported against gravity mainly by its velocity dispersion. Its stars are found to
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BULGE/BAR

THIN DISC
THICK DISC

Figure 1.3: Very schematic edge-on view of the Milky Way. Only the main components of the Galaxy are
shown: the halo, thin and thick discs, and bulge/bar.

be metal-poor (i.e. [Fe/H] < —1.5), a-enhanced and have a mean rotation velocity
almost null. Considering these properties, the Galactic halo is expected to hold
some of the best preserved fossils of the formation history of our Galaxy. The dark
matter halo is much more extended than the stellar halo and dominates the mass
of the Galaxy at these large scales (van der Marel et al., 2012).

+ Disc
With a mass about 6 x 1019 Mg, the Galactic disc represents 75% of the total
mass of the Galaxy and is therefore the most massive stellar component of the
Galaxy (Sofue et al., 2009; Bland-Hawthorn et al., 2016). It can be divided into
two different structures: the thin and thick discs (Gilmore et al., 1983). Their
corresponding stellar populations have been distinguished by ages, chemical
abundances, and kinematics and show that the thin component is younger than
the thick one. Since the sun is located in the disc, this structure, and especially
the solar neighbourhood, has already been well studied. The thick disc has a
scale height of ~ 1 kpc and contains most of the gas, its stars are more metal-rich
than those of the halo (—1.5 < [Fe/H] < —1.0), are a-enhanced and have rotation
velocities about 150 km s} (Belokurov et al., 2022; Conroy et al., 2022). The thin
disc is ~ 300 pc thick, has ongoing star formation and its stars ([Fe/H] > —1.0)
have rotational velocities about 220 km s~! which is higher than in the thick disc.
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Recent galactic surveys focusing on the chemistry and kinematics of nearby stars
suggest that the formation of the disc, and in particular that of the thick disc,
occurred relatively early, within the first 1 — 2 Gyr (Belokurov et al., 2022; Conroy
et al.,, 2022; Rix et al., 2022; Xiang et al., 2022). The thin disc is supposed to
have formed during the settling down of the disc that corresponds to when the
galaxy achieves a constant star formation rate and an equilibrium rotating disc.
To account for the distinct chemical compositions of thin and thick disc stars,
two main mechanisms are proposed: intense star formation episodes triggered
by the infall of pristine gas from the accretion of smaller satellite galaxies, or as
a consequence of a merger event between the Milky Way and a massive dwarf
galaxy (Helmi et al., 2018).

4 Bar/bulge
The Galactic bar / bulge refers to the central kiloparsec scale and vertically ex-
tended over-density of the Galaxy. Its nature has long been unclear but thanks
to the technological advancements that appears during these last decades, this
structure is more and more understood. It is further detailed in Section 1.1.3.

4+ Nuclear bulge
The nuclear bulge is embedded in the Galactic bulge and is therefore the most
challenging structure of the Galaxy to observe. That is why it remains presently
poorly studied. It encompasses a variety of substructures that surrounds the
supermassive black hole located at the centre of the Galaxy. The latter are further
discussed in Section 1.1.4.

Main surveys of particular interest for this thesis

Galactic surveys:

e VVV (Vista Variables in the Via Lactea, Minniti et al., 2010; Saito et al., 2012) is
an infrared variability survey focused on observing the Milky Way bulge and a
portion of the disc. It is conducted using the 4.1-meter VISTA, is equipped with
a near-IR camera containing 67 million pixels of mean size 0".34 and operates in
five passbands: Z, Y, ], H, and KS. Morever, the VVVX (Vista Variables in the Via
Lactea eXtended, Saito et al. 2024) has expanded both the temporal as well as spatial
coverage of the original VVV survey.

* GES (Guaia-ESO Survey, Gilmore et al., 2012) targeted approximately 10° stars
across the major components of the Milky Way. Observations were conducted
using the VLT-FLAMES fibre that provided a field of view with a diameter of
25 arcminutes for two different spectrographs: GIRAFFE and UVES. The main
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Figure 1.4: Artistic face-on view of the Milky Way galaxy. Constellations and the known most prominent
components are annotated. Credit: NASA/JPL-Caltech/ESO/R. Hurt and Pablo Carlos Budassi.

purpose was to better understand the Galactic and stellar evolution by quantifying
the kinematic and multi-element chemical abundance distribution functions across
various components of the Milky Way.

* APOGEE (Apache Point Observatory Galactic Evolution Experiment, S. R. Majewski
et al., 2016) observes in the near-infrared H-band (1.5um — 1.7um) at high spectral
resolution (R = 22500) and high signal-to-noise ratios (S/N > 100). The primary
goal is to obtain precise and accurate radial velocities and chemical abundances for
approximately 10° red giant branch stars, red clump stars, and asymptotic giant
branch stars. It focuses on regions of the dust-enshrouded Galactic mid-plane and
inner Galaxy, which are typically overlooked by optical surveys.
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¢ Gaia (Gaia Collaboration et al., 2016a) survey aims to determine precisely the
positions, distances, movements, and changes in brightness for a billion of stars
in the Milky Way and in neighbouring galactic regions. Additionally, its radial
velocity spectrometer (RVS) covers the wavelength range 846 — 870 nm with a
medium resolving power about R =~ 11500. This allows the determination of stellar

parameters and the measurement of chemical abundances for millions of stars.

* MOONS (Multi-Object Optical and Near-Infrared Spectrograph, Cirasuolo et al.,
2014) survey conducted on the 8.2m VLT has medium to high resolution set
ups (R = 9000 in the optical and R =~ 20000 in the infrared) covering the near-IR
wavelength range. The main objective is to probe the Galactic bulge by determining
precise radial velocities, metallicities, and chemical abundances for bulge stars in
heavily obscured regions.

Extragalactic surveys:

* TIMER (Time Inference with MUSE in Extragalactic Rings, Gadotti et al., 2019a)
survey uses the VLT-MUSE integral-field spectrograph and aims to establish the
epoch in cosmic history when galactic discs transitioned into dynamically mature

states (processes like disc settling, bar formation and gas accretion in discs are
studied).

* PHANGS (Physics at High Angular resolution in Nearby GalaxieS, www . phangs . org)
survey uses various telescopes, including ALMA, Hubble, JWST, and the VLT,
to conduct high-resolution observations of nearby galaxies. The objective is to
investigate the intricate interactions between small-scale phenomena such as gas
dynamics and star formation with broader galactic structures and the evolutionary
processes of galaxies.

1.1.3 The Galactic bulge and bar

Galactic bars

Many disc galaxies (i.e. spiral and lenticular galaxies presented in Section 1.1.2) feature
a central elongated structure known as a bar. The Milky Way, as two thirds of external
spiral galaxies, is barred (Sellwood et al., 1993) and this was only confirmed in the 1990s
via the arrival of near-infrared photometry (Blitz et al., 1991; Weiland et al., 1994; Dwek
etal., 1995;].]. Binney et al., 1997) and dynamical models (Jenkins et al., 1994; Englmaier
et al., 1999, among others). Bars can form naturally at the centre of stellar discs that are
massive enough and dynamically cold to become gravitationally unstable (A. Toomre,
1964). According to cosmological zoom-in simulations, bar formation coincides with
the settling of the disc, particularly when the thin disc emerges (Kraljic et al., 2012). This
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timing aligns with observations of the Milky Way: its thin disc is estimated to have
formed approximately 8 Gyr ago (Misha Haywood et al., 2013; Conroy et al., 2022), which
corresponds to the proposed time of the formation of its bar (Wylie et al., 2022; Sanders
et al., 2022b). Also, interactions between galaxies, whether through tidal interactions or
mergers, have been demonstrated to significantly impact their morphology and play
a role in the formation of bars (Alar Toomre et al., 1972; Athanassoula et al., 1999;
J. E. Barnes et al., 1992; Kraljic et al., 2012).

Following their formation, bars evolve as they exchange angular momentum? with the
dark matter halos (Weinberg, 1985; Debattista et al., 2000), and with the stellar and
gaseous disks (Friedli et al., 1993; Bournaud et al., 2002). This process can strengthen
bars when they lose angular momentum, but it can also weaken and ultimately destroy
them in the other case (Bournaud et al., 2005). For instance, a bar can lose angular
momentum by capturing disc stars from quasi-circular orbits outside the bar and moving
them into elongated orbits in its outer part. In this way, the bar will become longer and
thus stronger (Athanassoula, 2003). In the other hand, stars located outside the bar will
be pushed into larger circular orbits. Considering this, bars redistribute stars within the
galactic disc through radial migration processes, consequently altering the metallicity
gradients in discs (Sellwood et al., 2002; Roskar et al., 2008; Minchev et al., 2010; Kubryk
et al., 2013; Kubryk et al., 2015a; Kubryk et al., 2015b).

The growth of central mass concentrations can also weaken or destroy bars (Hasan
et al., 1990; Pfenniger et al., 1991; Hasan et al., 1993; Juntai Shen et al., 2004) but has
little impact if these central concentrations have sufficiently low mass or low mass
growth (Athanassoula, 2005a). Additionally, comparisons between barred and unbarred
galaxies indicate that the inner regions of barred galaxies consistently exhibit higher
metallicities and star formation rates (Ellison et al., 2011). Furthermore, these regions
tend to show increased nuclear activity and accretion onto central black holes (Alonso
etal., 2018). As a result, bars are believed to play a key role in driving the secular phase
of galaxy evolution.

Bars can vary in size depending on the galaxy host however in early-type galaxies there
is a general tendency for them to be larger relative to the size of the disc (B. G. Elmegreen
et al., 1985). They are believed to rotate with a well-defined pattern speed and are often
classified into two categories: fast-rotating bars and slow-rotating bars (Debattista et al.,
2000). The pattern speed of the Milky Way bar is about 39.0 + 3.5kms'kpc~! according
to Portail et al., 2017a and the bar angle between the bar major axis and the Sun-Galactic
centre line is around 25 — 30° (Christopher Wegg et al., 2013).

More details about orbital resonances within bar potentials are presented in Part II.

2 In an isolated galaxy, the total angular momentum must be conserved. Therefore, different structures of
the galaxy will either absorb or emit angular momentum, in equilibrium.
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The concept of "bulge”

Nowadays, every astrophysicist with an interest in galaxies is familiar with the concept
of “bulge”. However, it is noteworthy that this term has a more recent origin than one
might assume. As explained by Madore (2016), there was no widely adopted term to
describe the bulge of the Milky Way and those of other galaxies. “Central condensation”,
"lens-like feature”, "amorphous feature”, "bulge-like”, various descriptions and terms were
used before converging to the common name “bulge”. Indeed, it was only in the vicinity
of the 1950s that the latter emerged, coinciding with the initial identification of the
Galactic bulge as a distinct component of the Milky Way by Baade (1946) and Stebbins
and Whitford (1947). It was not until mid 1970s that “bulge” and “disc” became the
commonly used terms to describe the outer and inner features of disc galaxies. The
growth in galaxy studies and the arrival of digital detectors (i.e. CCDs) in the 1980s
resulted in the shift from visual descriptions to quantitative measurements, particularly
with the use of the "bulge-to-disc" ratio. It allowed to identify more rigorously bulges in
other galaxies with various morphology. Fisher and Drory (2011) showed that bulges
are very common: they are found in upwards of 80% of bright galaxies (> 10°M,).

Historical fact: The bulge of M31 (or Andromeda galaxy) is the first extragalactic object
observed in the northern hemisphere, thanks to its visibility to the naked eye.

Accordingly, we can now ask what does the term "bulge" truly mean ? Moreover, does
it align with a singular, unequivocal definition ? In its simplest terms, one might
depict a bulge as a central mass concentration. Alternatively, it can be defined more
quantitatively, when examining the radial photometric profile of disc galaxies, as an
extra light in the central part of the disc. Nevertheless, these definitions remain overly
broad, categorising many objects as bulges. Indeed, they were found in elliptical galaxies
but also in lenticular and spiral galaxies. Those with blue, young stellar populations
have been shown to harbour very different bulges than those observed in red, old
galaxies (Drory and Fisher, 2007). Some bulges share similarities with ellipticals, while
others lean towards a more disc-like structure, and even others have peanuts or boxed
shapes (John Kormendy and Kennicutt, 2004a; Athanassoula, 2005b). Only recently, a
significantly growing number of studies have reported on a bimodal nature of bulges.
The two categories that are commonly used to describe bulges, thanks to morphology,
photometry and kinematics studies, are:

4+ Classical bulges
The term "classical” pertains to the prevalent notion about bulges for a considerable
part of the twentieth century. They are found in nearly half of early-type spirals
and are absent in Sc and later-type systems. These bulges, that exhibit properties
resembling elliptical galaxies, are supposed to form early, during the hierarchical
formation of the galaxy, through violent processes (i.e. mergers Aguerri et al. 2001;
Hammer et al. 2005) followed by strong relaxation. Other formation scenarios
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are also discussed like the coalescence of massive gas clumps (Noguchi, 1999)
or the rapid collapse of baryons in dark matter halo. Classical bulges contain
stars that are smoothly distributed, old and dominated by random motions (i.e.
kinematically hot) that allow these structures to be dynamically supported.

4 Pseudo-bulges®

Contrary to classical bulges, pseudo-bulges (see review by John Kormendy and
Kennicutt 2004a, Athanassoula 2008) are supposedly formed slowly via secular
evolution processes. They are spread over all types of spiral galaxies, and their
scale lengths are related to the disc scale length. Their structure is also very
different and they present very distinct properties like active star formation,
rotation kinematics and the presence of young stars. The term “pseudo-" became
commonly used to distinguish these structures from classical bulges. For all these
reasons, there is a growing debate about the potential abandonment of the term
"bulge" for this category. They are divided into two types:

- Boxy/peanut bulges

The concept of boxy bulges can be traced back to as early as 1959, when
Burbidge and Burbidge (1959) found such a structure in NGC 128. Then
later, thanks to other extragalactic observations (de Souza and Dos Anjos
1987, Liitticke et al. 2000) and N-body simulations (Athanassoula et al., 2002),
the existence of boxy/peanut bulges was confirmed. This type of bulge is
formed via the natural evolution of barred galaxies through slow secular
evolution processes (John Kormendy and Kennicutt, 2004a; Athanassoula,
2005b). After their formation, stronger bars can undergo several episodes
of buckling instability. This process entails distortions of the bar out of the
equatorial plane of the disc, leading to the weakening and thickening of
the bar (Athanassoula (2016)). When observed edge-on, this thickened bar
adopts the characteristic boxy/peanut shape. Therefore, these bulges appears
after the bar formation and represent its vertically extended inner part.

- Former "discy bulges"
The discovery of flat central structures in other galaxies led to the conclusion
that certain (pseudo-)bulges may exhibit a "disc-like" shape (J. Kormendy,
1993). Subsequently, to avoid potential confusion, Athanassoula (2005b)
referred to them as "disc-like" bulges. These "discy bulges" are supposed to
form through the inward flow of gas material towards the galactic centre,
leading to subsequent star formation. These last couple decades, knowing
that they correspond to small central discs in the plane of the galactic disc, the
concept of "discy-bulge" has been abandoned in favour of the "nuclear disc"

3 The term "pseudo-bulge” is not universally applied in the same manner. A part of the astronomy community
restricts its usage to discy-bulges, categorising boxy/peanut bulges separately.
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definition, more in alignment with their inherent characteristics (Gadotti
et al., 2019a). Nuclear discs are further discussed Section 1.1.4.

Therefore, being able to determine the type of bulge within a galaxy is essential to
understand both the specific properties of the host galaxy and the overall processes
driving galaxy evolution. While this differentiation is crucial for a more comprehensive
understanding of galaxy structures, it is essential to emphasise that pseudo-bulges do
not always serve as the counterpart to classical bulges. Numerous studies demonstrate
that bulges of varying types often coexist within the same galaxy (see Athanassoula
2005b; Athanassoula 2008; Nowak et al. 2010; Méndez-Abreu et al. 2014; Erwin et al.

2015). This reinforces, again, the necessity to revise the bulge definition.

Figure 1.5: Artist’s impression of the bulge of the Milky Way. Credit: ESO/NASA/JPL-Caltech/M.
Kornmesser/R. Hurt.

The Milky Way bulge

The existence of a bar-like structure in the inner regions of the Galaxy was firstly sug-
gested by de Vaucouleurs et al. (1964) and then predicted thanks to infrared observations
by Blitz et al., 1991. Soon after, the COBE data (B. J. Smith et al., 2004) confirmed the
presence of a bar (Weiland et al., 1994; ]. ]. Binney et al., 1997). Additionally, a structurally
distinct triaxial bulge separate from the main bar has been identified (Dwek et al., 1995,
among others) and corresponds to the so called Galactic bulge. The old age of the bulk
of stars (older than 5 — 8 Gyr as suggested by Ortolani et al., 1995 and later refined to
approximately 10 Gyr, as shown in Zoccali et al. 2003; Clarkson et al. 2008; Renzini et al.
2018) located in this structure has long been a convincing argument to categorising it
as a classical bulge. Also, the combination of the first chemical evolution models and
the observation of high-a abundances* led to the hypothesis that the bulge was formed
early and rapidly (Francesca Matteucci et al., 1990; Molla et al., 1995; Ferreras et al., 2003;
McWilliam et al., 1994) as inspired by dissipative collapse models (Richard B. Larson,

4 See Chapter 3 for detailed review on chemical elements
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1974). In the last two decades, our understanding of the nature of the Galactic bulge
has undergone significant transformation. Star counts of red clump giants revealed an
X-shape component in the bulge (McWilliam and Zoccali 2010; Nataf et al. 2010). It was
later explained via the reconstruction of the 3D density of the bulge by C. Wegg and
Gerhard (2013) which demonstrated the belonging of a large part to the boxy/peanut
bulge category (see Figure 1.6). As explained previously, B/P bulges are the product of
buckling instabilities that occur throughout the lifetime of stellar bars. According to
simulations, this thickening predominantly occurs in the inner part of the bars. This is
observable in our Galaxy, as Hammersley et al., 1994 documented the outer part of the
Galactic bar, often referred to as the “flat bar” or “long bar”. The concept of a double bar
system has been debated due to the perceived misalignment between the bulge and the
long bar (Martinez-Valpuesta et al., 2011, among others). However, recent findings by
Christopher Wegg et al., 2015 have shown them to have a consistent angle in addition
to a smooth transition between them. Similarly to other barred galaxies (Kuijken et al.,
1995; Bureau et al., 1999; Erwin et al., 2013), the B/P bulge transits at 2-3 kpc along the
long axis into a planar long bar. Therefore, both components are thought to constitute a
unified bar structure.

Being inside the Milky Way provides a significant advantage: the ability to resolve and
observe individual stars. Nevertheless, when looking towards the Galactic centre, our
view is limited to pencil beam areas around it because of high extinction, crowding,
and the superposition of multiple structures along the line of sight. Making studies
of the inner Galactic regions can thus become very challenging. The Galactic bulge is
commonly defined as the inner 10 degrees of the Milky Way in Galactic coordinates
(ie. (I,b) < (£10°,£10°), Barbuy et al. 2018a). Given the technical challenges expressed
before, a problem that stems directly from this definition is the necessity to cover
homogeneously about 400 sq. deg. of sky and to separate bulge stars from foreground
and background disc stars. Various photometric and spectroscopic surveys, such as
VVV, Gaia-ESO, APOGEE, and Gaia, have been established to address this challenge,
while others like MOONS are currently in development (see Barbuy et al., 2018a, for
a comprehensive review of bulge surveys). These initiatives enable or will enable a
more detailed exploration of the bulge, facilitating the discrimination between different
stellar populations through precise measurements of kinematics, photometry, and stellar
spectra.

Today, one can state that several stellar populations are part of the Galactic bulge and
show evidence for a multiple component scenario, with different morphological and
dynamical characteristics. The metallicity distribution function in the bulge region
spans a wide range of metallicities (3.0 < [Fe/H] < +1.0 according to Ness et al., 2016,
with the bulk of the stars found within —1.5 < [Fe/H] < +0.5) and presents several
peaks corresponding to different populations. However, the bulge can be divided
into two main populations, a metal-rich one ([Fe/H] > —1) and another metal-poor
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Figure 1.6: Figure from C. Wegq and Gerhard (2013) showing the Galactic bulge seen from different
directions. In the centre an image of the 3D iso-density contours of the measured Bulge density is shown.
Three projections are shown as surrounding plots: from above (i.e., from the north Galactic Pole), from the
side (i.e. along the intermediate axis of the bar) and the re-projected surface density from the Sun. The
three projections show the surface density of Bulge red clump stars with isophotes spaced by 0.5 mag.

([Fe/H] < —1). Vertical metallicity gradients were observed multiple times and show
that the metal-rich population is concentrated to low latitudes (Ness et al., 2013a; A.
Rojas-Arriagada et al., 2014; A. Rojas-Arriagada et al., 2017a; Johnson et al., 2020; Johnson
et al., 2022). Most of the bulge stars exhibit a cylindrical rotation but differ in their
vertical velocity dispersion profiles: it decreases steeply with latitude for metal-rich stars
while it is approximately constant for the metal-poor ones. Also, only the metal-rich
stars have a kinematic vertex deviation®(Zhao et al., 1994; Soto et al., 2007; Babusiaux
etal., 2010; Hill et al., 2011). Even if about 90% of the stars, with various metallicities, are
barred, only the metal-rich ones constitute the B/P component (Ness et al., 2012; Dékany
et al., 2013; Pietrukowicz et al., 2015; Gran et al., 2016). As said previously, studies of the

5 The vertex deviation measures the covariance between radial and tangential motions (from the Sun’s point
of view). While a stationary, axisymmetric disc exhibits no vertex deviation, a triaxial bar inevitably
introduces a vertex deviation.
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age distribution of stars in the bulge have generally found old stars (> 10 Gyr) leading
to the hypothesis of a uniform old bulge. However, young (< 5 Gyr) and intermediate
age stars (> 5 Gyr and < 8 Gyr) were also observed in other studies (Bensby et al.,
2011; Bensby et al., 2013; Bensby et al., 2017) indicating a wider spread (M. Haywood
et al., 2016). The age of the bulge remains a subject of debate, but consensus suggests
that young stars are primarily or exclusively found at high metallicities, and thus not
expected to be prevalent at high Galactic latitudes, where metal-poor stars dominate
(Zoccali et al., 2017).

These results could explain the presence of a compound bulge in the Milky Way contain-
ing both a B/P bulge formed from secular evolution and classical bulge originated from
accretion events (Athanassoula, 2005a; Debattista et al., 2005; Babusiaux et al., 2010; Hill
etal., 2011; Zoccali et al., 2014). According to Grieco et al., 2012, such a compound bulge
can easily produce the vertical metallicity gradient observed via the variation of the
relative importance of two components.

Expanding the coverage of bulge stars and standardising the metallicity measurements
across various surveys are crucial steps toward gaining a more comprehensive under-

standing of this structure.

1.1.4 The nuclear bulge

As presented in Section 1.1.3, the bulge component of galaxies has been the main subject
of study until recently. With significant progress made in understanding this structure,
attention has now turned towards exploring the intricate features of the inner regions,
referred to as the nuclear bulge. Let’s delve deeper into the heart of our Galaxy, all the
way to its centre.

The Galactic centre

The old paradigm of putting humanity at a special place in the Universe has persisted
throughout the ages. Even at the beginning of the twentieth century, the prevailing
consensus among astronomers was that the Sun resided near, albeit not precisely at,
the centre of the Milky Way, and that the Milky Way encompassed the entirety of the
universe (Berendzen, 1975). However, in the 1910s, astronomer Harlow Shapley analysed
the distribution of globular clusters in space and found its centre to be located within the
Sagittarius constellation at a distance around 13 kpc from Earth. This discovery marked
the first time that the Galactic centre was found to be much farther away than previously
thought (Shapley, 1918). In 1927, Jan Oort made a significant observation regarding the
rotation of stars within the Galaxy. He noticed that stars closer to the centre of the Galaxy
exhibited higher rotational velocities compared to those located at greater distances
from the Galactic centre. Numerous studies aimed to precisely determine this distance,
employing various methodologies. Seventy-five years later, by the end of the twen-
tieth century, most of these studies converged to a value between 7 and 9 kpc (Reid, 1993).
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Figure 1.7: Overview of the Galactic centre of the Milky Way. Galactic north is up and east to the left.
Credit: NASA/|PL-Caltech/S. Stolovy (Spitzer Science Center/Caltech).

The enormous quantities of gas and dust present along the line of sight towards the
Galactic centre prevent the visible light to travel to us. It was not until the advent of
radio astronomy by Karl Jansky in the 1930s that direct observations of the central
region became possible. The origin of Sgr A%, a radio source observed in the Sagittarius
constellation, was not known for quite some time. As telescopes advanced in power and
capability, infrared imaging and spectroscopy emerged as valuable tools for tracking
the orbits of individual stars at the Galactic centre. Lynden-Bell and Rees suggested in
1971 that the Milky Way might host a supermassive black hole (Lynden-Bell et al., 1971).
However, it took nearly four decades to provide compelling evidence to support this
hypothesis. Indeed, in 2009, after 16 years of extensive observations on stellar orbits
around Sgr A*, Gillessen et al., 2009 demonstrated conclusively that the central mass
concentration, surpassing 4 X 10°M,, must be a black hole. It is now assumed that
almost every galaxy contains a central super-massive black hole. The radio source Sgr
A* is thought to emanate from near the black hole, possibly originating either inside
an accretion disc around the black hole or from a jet. Thanks to recent studies using
highly precise measurements of the orbit of the closest star to Sgr A*, named S2, to
determine the distance to the supermassive black hole with unprecedented accuracy,
the latter is estimated to be 8248.6 + 8.8 pc (GRAVITY Collaboration et al., 2020). Also,
thanks to observations made by the Hubble Space Telescope, we know that many
low to intermediate mass galaxies contain exceptionally dense stellar systems at their
centre, ranking among the densest known stellar structures in the Universe. Moreover,
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photometric and kinematic studies of the GC have unveiled a variety of structures
surrounding Sgr A*.

The nuclear star cluster

Originally identified by Becklin et al., 1968, a nuclear star cluster (MWNSC) resides at
the heart of our Galaxy, encircling its supermassive black hole. More than three decades
later, it has been described by Launhardt et al., 2002a as a spherically symmetric structure
embedded within a larger disc-like one that will be presented further in this section.
Today, the MWNSC is considered as an elliptical structure flattened along the Galactic
plane (Schodel et al., 2014a; Chatzopoulos et al., 2015a). According to several recent
studies, its effective radius (i.e. where half of the cluster light is contained) is estimated
to range between 4.2 + 0.4 pc and 7.2 + 2.0 pc (Schodel et al., 2014a; Fritz et al., 2016).
Additionally, its mass has been determined to be approximately 2.1 + 0.7 X 10’ M, to
4.2 +1.1 x 10’ Mg (Schodel et al., 2014a; Feldmeier et al., 2014; Chatzopoulos et al., 2015a;
Fritz et al., 2016; Feldmeier-Krause et al., 2017b). Also, it was shown that it is rotating in
the same direction as the Galactic disc (McGinn et al., 1989; Lindqvist et al., 1992a; R.
Genzel et al., 1996; Feldmeier et al., 2014). Infrared spectroscopy unveils that many of the
observed bright stars in the MWNSC are old and evolved, such as late-type red giants,
supergiants, and asymptotic giant branch stars. These findings align with the typical
composition anticipated in an aged nuclear star cluster (Blum et al., 2003; Reinhard
Genzel et al., 2010; Feldmeier-Krause et al., 2017a). In addition to this old population,
several B-stars have been discovered as close as ~ 0.04 pc from Sgr A*. These young
stars, with an age of around 10 — 102 Myr, are part of a young star cluster that extends
up to several parsecs, with the closest ones forming the inner part often referred to as the
"S-cluster" (or S-star cluster). The MWNSC contains therefore both an old and a young
stellar populations providing valuable insights into its origins. Additionally, the mean
metallicity of the MWNSC appears to be solar to supersolar, which suggests a relatively
high metallicity of the MWNSC (Feldmeier-Krause et al., 2017a; Feldmeier-Krause, 2022).

Among the variety of external galaxies, nuclear star clusters (NSCs) are found in most
of spirals (Boker et al., 2002), are absent in giant ellipticals and their existence is still
not clear in very low mass galaxies Neumayer et al., 2012; Neumayer et al., 2020. By
definition, NSCs are located at the dynamical centre of their host galaxies and are
described as very dense, massive and bright compact stellar systems exceeding the
luminosity of any other stellar clusters. Several NSCs are found to to be flattened as
shown by Seth et al., 2006. The typical effective radius of a NSC, independently of the
galaxy type, is about 2 -5 pc but extreme values can reach 40 pc. In terms of stellar mass,
NSCs are much more massive than globular clusters on average, ranging from 10° Mo,
to 10 M. For massive galaxies (i.e. > 10° My), the metallicities of NSCs are always
higher than those of their hosts. However, in less massive galaxies, they are found
to vary widely and are often lower (Koleva et al., 2009; Paudel et al., 2011; Kacharov
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et al., 2018). Empirical relationships have been observed between NSCs and their host
galaxies, hinting at a potential co-evolutionary process. Their study could thus provide
significant understanding of galaxy evolution. The measurements of observed NSCs
found in external galaxies confirm that the MWNSC has very typical properties. The
advantage of the MWNSC is its proximity, indeed, it is the only NSC sulfficiently close to
us to resolve its stars. It offers a unique opportunity to study the extreme conditions
and environment effects that characterised galactic centres (e.g. extreme stellar density,
extreme tidal shear, strong magnetic fields).

Today, the two main formation scenarios proposed to explain the origin of a NSC are:

1. In situ formation through the infall of gas and subsequent star formation near
the galactic centre (Shlosman et al., 1990), dissipative nucleation (Kenji Bekki
et al., 2006; K. Bekki, 2007), tidal compression (Emsellem et al., 2008) or magneto-
rotational instability (Milosavljevi¢, 2004).

2. Inspiral of (globular) clusters due to dynamical friction and their subsequent
merger (Tremaine et al., 1975; Capuzzo-Dolcetta, 1993; Antonini, 2013; Antonini,
2014; Arca-Sedda et al., 2014).

The dominant formation scenario for NSCs in massive galaxies is believed to be in situ
formation, while in low-mass galaxies, the dominant mechanism is thought to be globu-
lar cluster accretion according to Neumayer et al., 2020. The dominance is proposed to
switch between both processes at galaxy masses of around ~ 10°M, (Ordenes-Bricefio
et al., 2018; Sanchez-Janssen et al., 2019).

As previously said, the MWNSC contains a young stellar population dominant below
Rgce < 0.5 pc (Buchholz et al., 2009) and an older one above this value. Additionally;,
there is also evidence for intermediate age stars (Blum et al., 2003; Pfuhl et al., 2011).
Although the presence of young stars is a clear evidence for very recent star formation
(i.e. in situ formation), the discovery of a recently identified population of metal-poor
stars could potentially be attributed to an infalling globular cluster (Feldmeier-Krause
etal., 2020; Arca Sedda et al., 2020a). Therefore, both scenarios could have contributed
to the formation of the MWNSC. Due to the extreme conditions near the SMBH, the star
formation in its vicinity is highly unlikely. As a result, the origin of the S-stars remains a
mystery.

The most probable scenario for the formation and evolution of the MWNSC is described
as follow. The bulk of the stars (80% of the MWNSC stellar mass) was formed during
a starburst that started 10 Gyr ago and dropped to a minimum about 1 — 2 Gyr ago.
Then, an increase of star formation happened over the past few hundreds of millions
years (Blum et al., 2003; Pfuhl et al., 2011; F. Nogueras-Lara et al., 2019b).
Unfortunately, comprehensive chemical abundance studies in the MWNSC are still
lacking. Initial research by Thorsbro et al., 2020 indicates an enhancement in [Si/Fe] at
super-solar metallicities which may suggest a past starburst event but it still needs to be

confirmed.
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So far, only small portions of the Galactic centre, comprising approximately 1% of the
projected area, have been thoroughly explored. For further details about NSCs, see the
reviews by Reinhard Genzel et al., 2010, Schodel et al., 2014c, Neumayer et al., 2020 and
Schodel et al., 2020a.

The nuclear stellar disc

The existence of a remarkably dense molecular cloud complex with a ring-like shape
in the central few hundred parsecs of our Galaxy, commonly known as the “central
molecular zone” (CMZ), has been firmly established since the early 1970s (R. Genzel
etal., 1987; Mezger et al., 1996; Henshaw et al., 2023). Its observed mean gas densities
are much higher than those observed in the Galactic disc but the observed star formation
rate (SFR) is not (=~ 0.1 Mg yr~!, A. T. Barnes et al., 2017). However, stars are believed to
originate from the dense regions, known as "clumps", within giant molecular clouds
that fragment further into gravitationally bound "cores" which will form individual
stellar systems (Bergin et al., 2007; Robert C. Kennicutt et al., 2012). Therefore, a
higher SFR would be expected but is not. To explain this deficiency of star formation,
environmental causes are proposed but still in debate. For instance, variations in the SFR
could stem from fluctuations in the total gas mass of the CMZ, potentially influenced by
irregular accretion driven by the Galactic bar (Sormani et al., 2018b; Sormani et al., 2020;
Tress et al., 2020). As explained in Section 1.1.3, the Galactic bar redistributes angular
momentum within the Galaxy which leads to an inflow of gas towards the centre. The
current measured bar-driven mass inflow rate onto the CMZ is M = 0.8 + 0.6 Mg, yr~!
(Sormani et al., 2019; Hatchfield et al., 2021). This phenomenon can lead to the formation

of inner structures.

Hidden within this vast gaseous nuclear ring lies a stellar structure that was, until very
recently, largely unknown. After early indications found in studies such as Catchpole
etal., 1990 and Lindqvist et al., 1992a, the first detailed depiction of the nuclear stellar
disc (MWNSD) can be traced back to Launhardt et al., 2002a that used COBE infrared
photometry to derive the large-scale distribution of stars and interstellar matter in the
nuclear bulge. Both structures, the MWNSD and the CMZ, overlap in radius and have
comparable scale-heights (Molinari et al., 2011; Henshaw et al., 2016; Longmore et al.,
2017). The initial estimations from Launhardt et al., 2002a of the mass, radius and
height of the MWNSD are Mywnsp = 1.4 +0.6 X 10° Mo, Rywnsp = 230 + 20 pc and
ZMwWNsD = 45 £ 5 pc respectively. More recent studies, however, suggest a slightly lower
radius, around Rywnsp = 100 — 200 pc (Shogo Nishiyama et al., 2013; Gallego-Cano
et al., 2020a; Sormani et al., 2022). Schonrich et al., 2015a utilised infrared spectroscopy
from APOGEE data to measure the radial velocity of stars in the MWNSD, revealing a
rotation velocity of approximately V =~ 120km s~!, comparable to the gas in the CMZ.
Schultheis et al., 2021, via the KMOS survey (Fritz et al., 2021), showed that the MWNSD
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is kinematically cold compared to the kinematically hot Galactic bulge. They observed
a decrease in velocity dispersion with increasing metallicity and found the MWNSD
to be more metal-rich than the bulge yet less so than the MWNSC, with the metal-rich
population exhibiting faster rotation than the metal-poor component. The correspon-
dence between the rotation velocities of the gas of the CMZ and the observed metal-rich
stars of the MWNSD provides compelling evidence that the latter likely originated in
the CMZ. All these findings reinforce the presence of a rotating nuclear disc, distinct
from both the MWNSC and the Galactic bulge, within the inner regions of the Milky Way.

Nuclear stellar discs (NSDs) are also detected in extragalactic systems. Indeed, as ex-
plained in Section 1.1.3, the structures observed at the centre of certain galaxies formerly
called "discy bulges" are NSDs like the MWNSD?®. Pizzella et al., 2002 were among the
first to detect such structures in spiral galaxies. NSDs are, however, observed across a
wide range of galaxy types, including both late-type (Zasov et al., 1999; Pizzella et al.,
2002; Dumas et al., 2007) and early-type galaxies (Scorza et al., 1998; John Kormendy
et al., 2001; de Zeeuw et al., 2002; Emsellem et al., 2004; Trujillo et al., 2004; Krajnovi¢
et al., 2008; Ledo et al., 2010). In very recent years, advancements in observational
techniques, particularly through projects like MUSE-TIMER (Gadotti et al., 2019a), have
revealed that NSDs are very common in spiral barred galaxies. These studies have
provided a more precise characterisation of NSDs properties, leading to improved
insights into their formation and evolution. NSDs span a range of sizes from a few
parsecs to around a kiloparsec in radius. A correlation between bar lengths and NSDs
sizes is observed (Gadotti et al., 2020) and smaller NSDs are found to be associated with
younger bars (de Sa-Freitas et al., 2023c). NSDs are clearly distinguishable from the
other galaxy components: they appear younger, more metal-rich, and less a-enhanced
compared to their immediate surroundings. They are rapidly rotating and have low
velocity dispersion (Gadotti et al., 2020). They exhibit a large range of ages with a
tendency for young stars to be present and there are evidence of age gradients (i.e.
stellar ages decrease with increasing radius, Bittner et al., 2020). All these results are
consistent with a bar-driven secular evolution in the case of barred galaxies. According
to this process, because of their non-axisymmetric potential, bars exert tangential forces
on the gas of the main disc that makes it shocks and loses angular momentum. This
results in a gas inflow towards the inner regions of the galaxy along features known
as the bar "dust-lanes" (Bruce G. Elmegreen et al., 2009; Shimizu et al., 2019; Sormani
et al.,, 2019)). Then, the gas accumulates with high rotational velocities in the central
region and forms gaseous rings where active star formation occurs. The nuclear disc
forms through an accumulation of nuclear stellar rings that were formed at larger
radius successively (see Chapter 6 for more details about this process). For this reason,
this formation scenario is commonly called "inside-out formation". However, since
NSDs are also found in bar-less galaxies, it suggests that other formation mechanisms

¢ Both terms, “discy bulge” and "nuclear disc”, were used but referred in fact to the same type of structure.
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would be possible. Proposed processes include gas inflows triggered by spiral arms
and tidal interactions (Cameron et al., 2010). Additionally, bars could have formed
these NSDs before being destroyed (see Section 1.1.3 for further details). Nevertheless,
many studies show the long lived properties of bars in the absence of major mergers
(Kraljic et al., 2012; Cavanagh et al., 2020, among others). Therefore, the most proba-
ble formation scenario involves a non-axisymmetric potential, particularly that of the bar.

The insights gained from extragalactic observations, simulations, and theories, combined
with the measured properties of the MWNSD, have significantly enhanced our under-
standing of this structure. Moreover, several studies were carried out to derive the SFH of
the MWNSD. While it was initially thought that the MWNSD had a quasi-constant SFR
during the last 10 Gyr (Figer et al., 2004), more recently using the GALACTICNUCLEUS
data (F. Nogueras-Lara et al., 2018a), Francisco Nogueras-Lara et al., 2020a argued that
80% of the stars were formed more than 8 Gyr ago, followed by a quenching phase and
by a recent increase in star formation during this last Gyr, in which about 5% of the
MWNSD mass was formed. In addition, F. Nogueras-Lara et al., 2023a observed an age
gradient as detected in extragalatic NSDs. Now, most of studies agree that the MWNSD
has a relatively early formation time and that the inside-out formation is the most
probable, however the detailed SFH is still under discussion (see e.g. F. Nogueras-Lara
et al. 2023a; Sanders et al. 2024).

While the MWNSD was uncovered only two decades ago’, our comprehension of it has
significantly advanced. However, it continues to be underexplored primarily due to the
observational hurdles it still presents.

1.2 Motivation and goals of the thesis

In the previous sections, I discussed the complex structure of the Milky Way and showed
that the inner regions are still poorly studied. This thesis aims at understanding the
formation processes of these inner structures and in particular those of the MWNSD.
The manuscript is divided into three parts corresponding to the different methodologies
used.

4 In Part I, I introduce stellar evolution and spectroscopy (Chapter 2) and present
two projects: a chemical analysis of inner bulge M-giants (Chapters 3) and a study
of the relation between the isotopic carbon ratio 12C/!3C and asteroseismic mass
of K-giants. (Chapter 4).

4 InPartII, I introduce stellar dynamics (Chapter 5) and present an orbital analysis of
MWNSD stars (Chapter 6). Additionally, a co-author paper on the relation between
metallicity and orbits of these stars, which has been submitted for publication, is

7 I'will be 26 years old by the end of my thesis, which further highlights how recent this discovery is.
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included in Chapter 7.

4 In Part III, I present the study of the inner structures of an isolated barred disc
galaxy constructed with a N-body hydrodynamic simulation. The formation
processes of these structures are analysed in Chapter 8, followed by an orbital
analysis (similar to Chapter 6) of their stars in appendices of Chapter 8.

Finally, in Chapter 9, I summarise the different projects presented in this thesis high-
lighting the main findings and perspectives.

1.3 List of publications

1.3.1 First author publications

4 Detailed o abundance trends in the inner Galactic bulge
N. NieuwMUNSTER, G. NaNDAKUMAR, E. Seitont, N. Rype, M. ScaurtHEss, R. M.
RicH, P. S. BArRkLEM, O. AGertz, F. RENAUD, AND F. MatTEUCCT (2023) A&A 671, A94
Project presented in Chapter 3.

4 Orbital analysis of stars in the nuclear stellar disc of the Milky Way
N. NIEUWMUNSTER, M. ScHULTHEIS, M. SOrRMANI, F. FrRagkouD], F. NOGUERAS-LARA,
R. ScuopEL, P. McMiLLaN, L. C. SmitH, AND J. L. SaNDERs (2024) A&A 685, A93
Project presented in Chapter 6.

4+ A common in-situ formation pathway for nuclear discs and nuclear star clusters: Clues
from a hydrodynamic N-body simulation
N. NIEUWMUNSTER, F. FRAGKkoUDI, M. SCHULTHEIS, in prep.

Project presented in Chapter 8.

1.3.2 Co-author publications

4 First r-process enhanced star confirmed as a member of the Galactic bulge
R. ForsBerg, R. M. RicH, N. NIEUWMUNSTER, H. JonssoN, M. ScraurrHers, N. Rypg,
AND B. THORsBRO (2023) A&A 669, A17
Not discussed in this thesis.

4 Smooth kinematic and metallicity gradients reveal that the Milky Way'’s nuclear star
cluster and disc might be part of the same structure
F. NoGueras-LArA, A. FELDMEIER-KRAUSE, R. ScHODEL, M. C. SormaNI, A. DE LORENZO-
CAceres, A. MastroBuoNO-BatTisTI, M. ScHurtHEIS, N. NEUMAYER, R. M. RicH, AND
N. NieuwMuUNsTER (2023) A&A 680, A75



1.3. List of publications 25

Not discussed in this thesis.

+ Composition of Giants 1° North of the Galactic Center: Detailed Abundance Trends for 21
Elements Observed with IGRINS
G. NanpakuMAR, N. Rypg, G. Macg, K. F. KarLan , N. NIEUWMUNSTER, D. Jarrg, R.
M. RicH, M. Scuurrhers, O. AGertz, E. ANDERSSON, C. SNEDEN, E. STRICKLAND, AND
B. THORrsBRO (2024) The Astrophysical Journal, 964:96 (14pp)
Not discussed in this thesis.

4 Metallicity-dependent kinematics and orbits in the Milky Way’s nuclear stellar disc
F. NoGcueras-Lara, N. NIEUWMUNSTER, M. Scaurtaers, M. C. Sormani, F. FrackouDi,
B. THoRrsBRrO, R. M. RicH, N. RYDE, J. L. SANDERs, L. C. SMmitH (submitted)
Included in Chapter 7.
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INTRODUCTION

"Not just beautiful, though - the stars are
like the trees in the forest, alive and
breathing.”

Haruki Murakami

Soon after the Big Bang, the Universe was primarily composed, in terms of baryonic
matter, of hydrogen and helium, with trace amounts of lithium and beryllium. The stars
belonging to the first generation known as Population III formed from this pristine gas
and synthesised many heavier elements during their lifetimes. As these stars released
these new elements into the interstellar medium, subsequent generations of stars further
enriched the Universe’s chemical composition, a process that continues to this day with
Population I stars. As a result, the chemical composition of stars can be seen as their
DNA since it carries the information of their origins and the environment from which
they formed. I will give in this chapter a short introduction about stellar evolution,
nucleosynthesis, stellar spectroscopy and chemical evolution models.

2.1 Stellar evolution

Stars are formed through the gravitational collapse of molecular gas clouds. These
clouds are maintained against this collapse by their thermal pressure, however when
their mass exceeds a certain threshold, the Jeans mass, gravitational forces become domi-
nant, causing the clouds to begin collapsing. This process continues until individual gas
clumps in the cloud become dense enough to ignite nuclear fusion. The latter produces
a stronger pressure gradient which stops the collapse. A star is born.

Depending on their initial mass, stars will have different evolutionary paths, lifetimes
and ultimate fates. However, stellar evolution can be summarised into several phases
that almost all stars live. As long as stars have hydrogen to burn, they remain on the
main sequence. This is the longest phase in the life of a star but its duration will vary
strongly depending on the initial stellar mass: the supply of hydrogen will exhaust

28
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quicker the more massive the star is'. After this exhaustion in the core, stars begin to
fuse hydrogen in a shell outside the core that causes the stars to expand, turning them
first into subgiants and then, becoming brighter but colder, turning them into red giants
branch stars. When the necessary temperatures for central helium ignition are reached,
the core of helium formed through the fusion of hydrogen will start burning. This is
the horizontal branch. Stars light enough for the core to be degenerated will experience
a helium core-flash which corresponds to the ignition of the helium core practically all
at once. More massive stars will start the helium fusion more gradually. Once the
helium supply is exhausted in the core and the stars are not massive enough to fuse
carbon, hydrogen and helium burning continues in outer shells while stars enter the
asymptotic giant branch (AGB). During this variable phase, intense stellar winds will expel
a significant portion of the stars material. Eventually, the outer layers will expand and
create a planetary nebula, while the leftover core transitions into a white dwarf (mainly
composed of carbon and oxygen). More massive intermediate mass stars will partially
ignite carbon fusion in their core but will not be able to burn more elements. They will
follow a similar scenario as the less massive stars but as super-AGB instead of AGB and
will end their lives as white dwarfs (mainly composed of oxygen and neon). Massive
stars (> 10M) will burn successively carbon, neon, oxygen and silicon before reaching
an iron core that cannot produce energy through fusion. This incapacity to continue
to produce energy in appreciable amounts will lead these stars to being torn apart in
core-collapse supernovae. Depending on the mass of the star, the remnant will be a neutron
star or a black hole.

Along all these evolutionary paths, stars increase and decrease in luminosity and
temperature and their current phase can be identified through the Hertzsprung-Russell
diagram (HR) which shows the relation between the luminosity of a star and its surface
temperature (see Fig.2.1).

The purpose of this section was not to detail every evolutionary paths that exist but to
provide a big picture of stellar evolution. For more details about the different phases
of a star depending on the initial mass, see the schematic view Fig.2.2 from the review
Karakas et al., 2014.

11 Mg stars spend about 10 Gyr on the main sequence while 10 Mg stars spend only ~ 20 Myr
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2.2 Chemical elements

As discussed in Section 2.1, many chemical elements are produced through nuclear
fusion in stars. However, other physical processes occur throughout the lifetimes of
stars, resulting in the formation of specific elements. Figure 2.4 shows the periodic table
of elements with their corresponding cosmic origin(s). In the following of this section, I
present the main types of chemical elements in the context of stellar nucleosynthesis.

2.2.1 «a and iron-peak elements

The a-elements are predominantly formed through fusion with a helium nucleus
“He (also called a particle), resulting in their most abundant isotopes having nucleon
numbers that are multiples of 4 (e.g. O, Ne, Mg, Si, S, Ar, Ca, Ti). They are mainly
formed in core-collapse supernovae (CCSNe or Type II SNe) which correspond to the death
of massive and therefore stars with relatively short lifetime. These elements are thus
enriched in the interstellar medium (ISM) on a short timescale.

Iron-peak elements correspond to elements with atomic numbers close to iron (e.g. V,
Cr, Mn, Co, Ni, Cu, Zn). In contrary to a-elements, they are produced in Type Ia (or
thermonuclear) supernovae (Type la SNe) due to the explosive oxygen and silicon fusion.
This type of SNe is believed to occur either through the merger of two white dwarfs
or via the explosion of a white dwarf that has accumulated mass from a companion
star, surpassing the Chandrasekhar mass limit. Only low and intermediate-mass stars
become white dwarfs and since they have long lifetimes (see Section 2.1), Type In SNe
appear only at large timescales in comparison to Type II SNe. These elements are thus
enriched in the ISM on a longer timescale. Thanks to chemical evolution models that
are detailed in Section 3.4.3, it is possible to understand chemical element abundance
trends. In the case of a-abundances, the different timescale between these two kinds of
SNe gives a typical trend, shown Fig.2.3, composed of a plateau at low metallicity (i.e.
[Fe/H] see Section 2.4 for more details) and a decrease at higher metallicity values. The
first part of the trend is due to the early enrichment of a-elements produced by Type II
SNe and the second part corresponds to the enrichment in iron-peak elements via Type
Ia SNe. This suggests that [a/Fe] abundance can be seen as a "galactic clock" indicating
the duration of star formation, in the absence of other influencing factors.

A detailed study of a-elements in the inner Galactic bulge is presented in Chapter 3.

2.2.2 Neutron capture elements

In Section 2.1, the main stellar evolution scenarios were presented along with an ex-
planation of how nuclear fusion produces elements up to iron. In the contrary, those
heavier than iron cannot be produced through these processes but are instead produced
by neutron-capture processes in different phases of stellar evolution. Depending on the
strength of the neutron flux and the ability of unstable nuclei to decay between neutron
captures, two distinct neutron-capture processes emerge: the rapid neutron-capture
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Figure 2.3: Typical [a/Fe] vs. [Fe/H] trend (McWilliam, 1997)

process (r-process) and the slow neutron-capture process (s-process). The former takes
place in CCSNe and in mergers of neutron stars while the latter occurs in the interior
of AGB stars. Nevertheless, the cosmic origin of these processes are still not entirely
understood. Neutron-capture elements are therefore very different from the already
well studied a and iron-peak elements and could help to better understand the Galactic
evolution. These elements were recently measured in the Galactic disc with the Gaia
survey (Contursi et al. 2023, Contursi et al. 2024) and with high-resolution spectrographs
in both the disc and bulge (Forsberg et al. 2019, Forsberg et al. 2023).
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Figure 2.4: Periodic table with indications of the cosmic origin(s) for each chemical element. Credit:
NASA/CXC/K. Divona; SDSS blog, ]. Johnson
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2.3 Chemical evolution models

Galactic chemical evolution seeks to elucidate the origins of chemical elements, how
their abundances have evolved over time and their distribution throughout space. While
the main nucleosynthesis processes were presented in Sections 2.1 and 2.2, this section
shifts focus to chemical evolution models (CEM). Their objective is to track the temporal
and spatial evolution of chemical element abundances within the interstellar medium
(ISM). Such an evolution depends on various parameters that are used by CEM to
simulate the galactic chemical enrichment:

4+ Initial conditions involve determining whether to adopt an open or closed model.
In addition, the initial gas in which stars form can be primordial or enriched.

4 The star formation rate (SFR), which corresponds to the masses that become stars
per unit of time, and the initial mass function (IMF), which is the distribution
of stars at birth as a function of mass, are used to determine the star formation
history (SFH).

4+ Stellar yields quantify the amount of chemical elements produced by stars of
different masses (i.e. released into the ISM upon the death of a star or stellar
remnant). These yields are determined through comprehensive nucleosynthesis
calculations that incorporate all the main nuclear reactions occurring within stars.

4 Gas flows like infalls, outflows and radial flows, have to be taken into account in
order to understand their effects on galactic chemical enrichment. For instance,
abundance trends may reflect accretion events, and thus, their signatures can be
discerned through observations.

For a more detailed description, see the review by Francesca Matteucci, 2021.

2.4 Stellar spectroscopy

24.1 Star light

As mentioned in the introduction of this chapter, the chemical composition of a star
reflects the makeup of the gas from which it formed, making these "chemical fingerprints"
a valuable record of its history and the conditions of its origin. To measure it, we analyse
the light of the stars and more precisely their spectra which are a measurement of
the intensity of the light as a function of the wavelength. The energy flux emitted in
the burning core of stars is transported through the exterior via radiative diffusion,
heat conduction and convection. Given the high opacity of stellar matter, photons
have a very short mean free path and can take up to millions of years to travel to the
photosphere. In the deeper regions of the star, the material is dense enough to emit
light following a black body spectrum: a spectrum with a very specific shape which is
determined by the temperature of the material. The latter is reshaped by both line and
continuous absorption coming from atoms, ions and molecules as it passes through the
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less dense outer layers of the stellar atmosphere. Observed stellar spectra thus provide
rich information about the chemical composition of the star. By examining the position
and shape of spectral lines, it is possible to identify the elements present in the star and
measure their abundances.

In principle, the stellar spectrum reflects everything occurring in the outer layers of the
star. However, it can be reproduced with radiative transfer codes and models of stellar
atmosphere that only require elemental abundances and several key stellar parameters,
provided that some assumptions are made. Indeed, the photosphere is often modelled
only in the radial direction using one-dimensional (1D) models: the atmosphere is only
assumed to change with depth. Three-dimensional (3D) stellar atmosphere models exist
and are sometimes more precise, but are computationally very heavy. In the following, I
will talk only of the stellar spectroscopy using 1D models.

2.4.2 Stellar parameters
The stellar parameters needed to model a stellar atmosphere are the following;:

4 The effective temperature, T, is the temperature of an ideal black body that emits
the same power per unit area as the star, L = 47'(R20Te4ff. Although stars are not
perfect black bodies due to their varying emissivity across different wavelengths,
the effective temperature is usually a good estimate of the temperature of the
stellar photosphere.

4 The surface gravity corresponds to g = G_]z\/l where M is the stellar mass, R
the radius and G is the Newton’s constant of gravity. Its 10-logarithmic form
log(g) is commonly used. Since the hydrostatic equilibrium is assumed when
computing chemical abundances, the surface gravity is strongly linked to the (gas

and electron) pressure.

4 The metallicity refers to the iron abundance given by:

N e N e
[Fe/H] = log (N_;) —log (N_;)
o

It is the logarithm of the number density of iron atoms compared to hydrogen and
scaled to the solar values. However, it can also be considered as a measure of the
fraction of the star made up of elements other than hydrogen and helium. In this
case it will be given by:
N N
[M/H] = log;,, (N_M) - log,, (N_M) with Njs the number density of metals.
H H

©
Metallicity is linked to the opacity of the atmosphere through the extra absorption

contribution from additional metallic elements.

Because the turbulent motions in the stellar atmosphere cannot be described correctly
in only 1D, two fudge parameters are necessary to take these motions into account:

4 The microturbulence, &icro, accounts for the small scale non-thermal motions.
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More precisely it describes the gas cell movements in the stellar atmosphere that
occur on a scale comparable to the mean free path of photons. These motions
cause velocity shifts that are similar to those produced by thermal broadening
(that is presented in Section 2.4.3) and are thus indistinguishable, and affects the
line formation process.

4+ In the same way, the macroturbulence, &mnacro, is used to describe the large scale
motions of gas cells in the stellar atmosphere but this parameter only broadens
the lines without affecting the line formation process.

2.4.3 Spectral line profile

It is worth noting that a line absorption is not evaluated independently, it is measured
based on the difference between the line absorption and continuous absorption. The
continuum arises from transitions such as bound-free, free-bound, and free-free pro-
cesses. Hydrogen, which is abundant in stellar atmospheres, is the main contributor to
continuous absorption: as neutral hydrogen in hot stars and as the ion H™ in cooler stars
such as red giants. In the latter case, the extra electron required to form H™ originates
from ionised metals?, so the amount of continuous absorption is influenced by both
the degree of ionisation and the chemical composition of the photosphere. For even
cooler stars, molecules, and particularly the ionised state of H, and TiO, are also major
contributors to continuous absorption.

The depth and width of spectral lines reflect the temperature, density, and other prop-
erties of the gas. As the concentration of an absorber increases, a spectral line goes
through three main regimes: weak lines, saturated lines and strong lines. A weak line is
initially narrow and mainly deepens as the abundance increases. The line will become
stronger and deepen with the increasing amount of the absorbing species, until the
core becomes saturated. At this stage, it no longer changes linearly with increasing
absorption and the saturation grows asymptotically towards a constant value. In the
final stage, the strength of the line increases approximately with the square root of the
abundance, with most of the enhancement occurring in the wings of the line.

Line broadening

Although atomic line transitions are defined by a single wavelength value, the absorption
lines observed in spectra display shapes that deviate significantly from a single Dirac
delta function. In reality, these transitions can manifest various shapes depending
on the conditions of the radiation medium and the characteristics of the absorbing
atoms. Several broadening mechanisms can influence stellar spectral lines, often acting
simultaneously.

4 The natural broadening stems from the fact that the energy levels in an atom

2 Magnesium is the most important electron donor in the atmosphere of cool giants.
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cannot be perfectly precise due to Heisenberg’s uncertainty principle. It gives
the line profile a Lorentzian shape but is very small and does not affect stellar line
broadening.

4 The thermal broadening arises from Doppler shifts caused by the microscopic
thermal movements of the absorbing atoms. These thermal motions adhere to
the Maxwell-Boltzmann temperature distribution, resulting in a line profile that
resembles a Gaussian shape. The addition of the microturbulence enters as an
extra term in the thermal broadening.

4 The pressure broadening is due to the perturbation of the transition energy
levels made by the collisional interactions between the absorbing atoms and other
particles in the atmosphere. This gives the line profile a Lorentzian shape and only
affects the wings of strong lines.

4 The spectrograph used to capture the spectrum introduces instrumental broaden-
ing. This is often assumed to create a Gaussian broadening, but in some cases, the
instrumental profile may have a more complex shape. A higher spectral resolution
leads to a smaller instrumental broadening. Instrumental properties are discussed
in Section 2.4.4.

Other broadening processes can be considered as the line splitting due to hyperfine
structure, isotopic structure, and Stark and Zeeman effects.

Local thermodynamic equilibrium and limitations

In thermodynamic equilibrium, energy exchanges within a system are balanced, but this
concept fails to capture the behaviour of stars, which radiate massive amounts of energy.
On the other hand, local thermodynamic equilibrium (LTE) describes a system in which,
despite a potential net energy disparity, the rate of change is gradual enough that the
temperature of a particle remains determined by collisions with its nearby environment.
In other words, LTE assumes that the temperature does not vary significantly compared
to the mean free path of photons. As a result, collisional excitation and de-excitation are
the prevailing mechanisms that keep the populations of the energy levels at balance.
When solving the radiative transfer equation, it means that absorption and emission at
each location within the atmosphere conform to a black body spectrum corresponding
to the temperature at that specific depth. In reality, the population of energy levels also
relies on radiative mechanisms and consequently, the statistical equilibrium becomes
linked with the radiation field.

Since stellar atmospheres become less dense as the depth decreases, the LTE approxi-
mation may become less valid in the outer layers and does not account for important
radiative effects (in a NLTE analysis, one is not restricted to an LTE case). The latter are
therefore especially important in giant stars. Typically, LTE predicts the cores of strong
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lines to be shallower, as they primarily form further out in the atmosphere and are thus
more susceptible to NLTE effects.

2.4.4 Instrumentation

Galactic archaeology critically depends on the extraction of stellar properties, their
atmospheric parameters, and their chemical composition. As mentioned earlier, various
physical processes contribute to and influence the formation of spectral lines and,
consequently, the stellar spectra. In addition, the characteristics of the spectrograph
used to collect starlight also affect the observed spectra.

4 The spectral resolution, R = i (where AA is the smallest difference in wave-
lengths at a given wavelength 1), is an essential parameter to take into account in
stellar spectroscopy. Depending on the observed type of star and the quantity to
measure (e.g. stellar parameters, chemical abundances), the choice of resolution
significantly impacts the precision of the measurement. A lower resolution tends
to smear out weak lines, lines blend into each other and the surrounding contin-
uum. Therefore, chemical abundances determination requires a sufficiently high
resolution in order to derive precise values while stellar parameters can still be
determined with low resolution stellar spectra. A visual comparison of different
spectral resolutions corresponding to current or future spectrographs is shown
in Figure 2.5. In the context of this thesis, high-resolution spectra were used to
derive abundances (see the corresponding projects in Chapters 3 and 4).
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Figure 2.5: Example of the effect of spectral resolution in the case of a K-giant (T.ry = 4738 K,
log(g) = 2.39, [Fe/H] = —0.81)

4 The signal-to-noise ratio (SNR) that comes from the discrete quantity of photons
received by the spectrograph, the internal noise of the latter, and the sky noise to
name but a few, measures how well the stellar spectrum is recovered. A higher
SNR leads to more precise measurements.

Other parameters like the wavelength coverage, limiting brightness and number of
stars observed have to be considered in order to get rigorous results and depend on the
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purpose of the study:.

2.4.5 Methods to analyse spectra

The determination of atmospheric parameters and abundances from stellar spectra can
generally be achieved via two main methods: the measurement of the equivalent width
and the spectral synthesis.

4 The equivalent width (EW) is the width of a box from zero to the continuum
with the same area as the absorption line. The EW is measured by fitting a
Gaussian profile to the spectral line or by direct integration. A radiative transfer
code is needed to derive the line abundance based on a specified set of initial
atmospheric parameters. This method is really successful for weak isolated lines
observed at high spectral resolution and high signal-to-noise ratio. However, if
lines are blended, the derived abundance will be overestimated and that is why
crowded spectral regions have to be discarded when using this method. Also, the
determination of the continuum is essential to have a precise measurement of the

abundance.

4 The spectral synthesis technique consists in comparing the observed spectrum
with synthetic spectra that are generated using a radiative transfer code and
model atmospheres grids. A minimisation algorithm allows to find the best fit.
If most of the spectral lines within the examined region are identified, blending
is not an issue in the abundance measurement. However, as for the equivalent
width method, the determination of the continuum is essential to derive precise
abundances. Moreover, the latter depend also on the assumptions used (e.g. 1D
or 3D model atmosphere, LTE or NLTE) and the precision of the parameters
(e.g. stellar parameters, atomic data). Several tools exist for this task, but I used
Spectroscopy Made Easy (SME) for the purposes of this thesis (see its detailed
description in the following).

For more details, see the reviews from Nissen and Gustafsson (2018) and Blanco-
Cuaresma (2019).
Spectroscopy Made Easy

Spectroscopy Made Easy (SME) is a code that allows to model stellar spectra and fit them
to observed spectra (J. A. Valenti and Piskunov 1996a, Piskunov and Valenti 2017a). As
a spectral synthesis software, SME operates by modelling the photosphere of a star and
simulating the passage of light through it. To do so, it requires several inputs:

4+ Stellar parameters® (presented Section 2.4.3) and also chemical abundances*. The

3 In SME, the macroturbulence parameter accounts for the stellar macroturbulence defined in Section 2.4.3,

the stellar rotation and the instrumental profile.
¢ The reference solar abundances used in this thesis are from Grevesse et al., 2007a
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quantities to be determined are set to "free" parameters.

4 SME needs that the user specifies several masks: line masks to identify which
spectral features to fit and continuum masks to do the continuum normalisation.

4+ To model the atmosphere of the studied star, SME generates an interpolated model
based on a MARCS2014° model grid (Gustafsson et al., 2008b) and the input stellar
parameters. In this thesis, I used 1D spherical symmetric models, particularly
suited for giant stars®.

4+ SME assumes that radiation transport in the stellar atmosphere occurs in LTE
(see Section 2.4.3) but NLTE departure coefficients can be used to account for
deviations from the LTE approximation. The latter are given to SME as grids.

4 A line list that contains all the atomic/molecular data to describe the lines of
the studied spectral region (e.g. central wavelengths, ionisation stage, oscillator
strengths, upper and lower excitation energies of transition levels, line-broadening
parameters).

When fitting synthetic spectra to observed spectra, SME minimises a goodness-of-fit
metric )(é mE to derive chemical abundances or stellar parameters.

5 Model Atmospheres with a Radiative and Convective Scheme (MARCS) is a code that models stellar atmospheres.
It assumes a 1D atmosphere in hydrostatic equilibrium, utilising either a plane-parallel or a spherical

geometry.
¢ Due to the large scale heights and extensions of the atmosphere of giant stars, spherical symmetry is

required. In the contrary, plan-parallel symmetry works well for dwarfs.
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Additional comments on stellar spectroscopy in the context of this thesis

Observing in near-infrared (NIR) is necessary to avoid as much as possible the heavy
extinction in the central regions of the Galaxy. In addition, red giants are of particular
interest since their high luminosity allows to get spectra with higher SNR at larger
distances. However, they present several disadvantages that we have to deal with:

o Their low effective temperature, ranging from 3000K to 5000K, leads to spectra
containing many molecular lines more complicated to analyse because of
blending and a less well defined continuum.

e Their low surface gravity (log(g) < 3.5) and then lower electron pressure induce
a lower continuum opacity. Lines are therefore more often saturated and less
sensitive to the corresponding abundances. Line selection is even more important.

In order to measure detailed stellar metallicities and abundances for such cool stars,
high-resolution spectroscopy is essential. That is why I used in this thesis data from
CRIRES and IGRINS which have a spectral resolution about R ~ 50000. Moreover,
accurate atomic and molecular data are very important to synthesise realistic spectra
with SME. Giving the small number of stars observed in the central regions and
the complexity of their spectra, each best fit between synthetic and observed spectra
was visually checked. This time consuming work is necessary to get very precise

measurements.
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In order to understand the formation and evolution of galaxies, we must begin by
studying our own. To this purpose, the kinematics, dynamics, and chemical composition
of stars are analysed mainly using orbit simulations and spectroscopy in order to set con-
straints on their formation processes. The different chemical elements observed in stellar
spectra are created and distributed into the Galaxy by a large variety of astronomical
processes, from nucleosynthesis in stars to that in supernovae. Among these elements,
the a-elements are the most commonly used for probing the stellar populations in
the Galaxy. They are spread into the interstellar medium by means of core-collapse
supernovae, which are violent events due to the death of the short-living massive stars.
On the contrary, iron is mainly disseminated via thermonuclear supernovae, which
happen on a longer timescale. This longer timescale means that the enrichment of
the interstellar gas varies with time and thus the a-abundances found in stars depend
on the time of their birth. a-elements are therefore useful for determining the spatial
(e.g. in situ or accreted) and temporal origins of stars; see for example Agertz et al.,
2021,Renaud et al., 2021b and Renaud et al., 2021a.

In addition to the already well analysed Galactic discs, the inner regions of the Milky
Way, —the bulge, the nuclear stellar disc, and the nuclear star cluster— are of specific
interest in the quest to attain a complete picture of Galactic history. However, dust
extinction towards the inner regions has prevented studies of these regions. More studies
are therefore needed to unveil the details of the various stellar populations occupying
these structures. In the study of the Galactic bulge!, industrial spectroscopy in both the
optical and IR has become commonplace during the last decade, with surveys such as

! Here defined purely geometrically as the inner 10 degrees of the Milky Way (Barbuy et al., 2018b).

42
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Gaia-ESO (Randich et al., 2022), APOGEE (Abdurro’uf et al., 2022a), and GALAH (Buder
et al., 2021). These investigations have been powerful, especially in producing large
numbers of abundance and composition measurements. However, nearly all industrial
spectroscopy projects forego abundance analysis and spectrum synthesis for individual
stars, instead developing a range of tools from label matching to machine learning,
which exploit high-resolution spectra and speed up their analysis via an automated
pipeline. Interestingly, some of the abundance trends and major conclusions, while
showing the overall declining trend of [a/Fe] versus [Fe/H], also reveal significant
differences in shape; for example, Queiroz et al., 2020 show two dominant trends: an
alpha-enhanced thick disc trend, and a low alpha population that predominates in the
central kiloparsec.

The original hypothesis that the bulge is alpha-enhanced relative to the thin and thick
disc (McWilliam et al., 1994; Lecureur et al., 2007; Zoccali et al., 2008; Fulbright et al., 2007;
Johnson et al., 2014) has begun to yield to abundance trends that appear increasingly
similar to a thick disc that extends to higher metallicity, ~ +0.5 dex (Meléndez et al.,
2008; N. Ryde et al., 2010; A. Rojas-Arriagada et al., 2017b; Zasowski et al., 2019). A
general picture has emerged according to which the dynamical bar becomes dominant
at [Fe/H]> —0.5 dex (Soto et al., 2007; Ness et al., 2013b) and the metal-rich population
is concentrated in the plane (Ness et al., 2013b; Johnson et al., 2020; Johnson et al., 2022).
New data have therefore challenged the early paradigm that the bulge formed early,
rapidly, and with high [a/Fe] set by Francesca Matteucci et al., 1990 and McWilliam
et al., 1994. If the bulge/bar abundance trends are understood as resembling those of
the thick disc but extended to +0.5 dex, this is an important paradigm shift that has
implications for how we consider the formation history of the bar and its relationship to
the disc.

There is accumulating evidence in support of the view that the bulge contains at least
two different structures or populations: (i) a metal-rich population that is most likely
associated with the bar and therefore with a secular formation origin from the early
disc (see e.g. Ness et al. 2012, A. Rojas-Arriagada et al. 2017b; Alvaro Rojas-Arriagada
et al. 2020a, Zoccali et al. 2017) and (ii) a metal-poor population that dominates away
from the plane (Johnson et al., 2020; Johnson et al., 2022) and whose formation scenario
is less clear; suggestions include association with an early merger event, metal-enriched
outflows, or secular evolution of the thick disc.

These paradigm shifts regarding the bulge challenge us not only to increase the sample
size of abundance measurements, but also to reconsider making the most careful possible
abundance determinations on smaller samples, particularly in the IR, where the most
immediate advances in high-resolution spectroscopy are anticipated.

High-resolution, detailed abundance measurements near the plane and Galactic centre
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remain relatively sparse because of very high extinction. So far, the great majority of
observations have been made in regions of relatively low extinction; for example, Baade’s
window, where many optical and IR studies exist. APOGEE used this window to obtain
a high-quality set of chemical abundances (Schultheis et al., 2017). This is important if
one wants to compare chemical abundances obtained by different instrument setups
(e.g. wavelength range, spectra resolution, S/N, etc.) as each of those can introduce
significant bias. However, a similar work but closer to the Galactic plane is missing.
Nandakumar et al., 2018 provide the largest sample of stars with high-resolution spec-
troscopic measurements near the plane, with their work finding no asymmetry between
the northern and southern bulge, and confirming the presence of a metal-poor peak
near -0.5 dex.

Even in the era of industrial-scale spectroscopy, the development of small, high-quality
samples analysed with different approaches has value, and especially in regions of high
extinction and crowding near the plane. In this work, I therefore make use of the data
sets provided by N. Ryde et al., 2015, N. Ryde et al., 2016a and Nandakumar et al.,
2018 and reanalyse them consistently with updated methods. I apply new distance
determinations and models of orbits, and use NLTE spectrum synthesis to give the
best possible modern composition measurements of this sample. I additionally take
advantage of new high-resolution, high-S/N IGRINS spectra of thin and thick disc stars
in the solar neighbourhood. I report new trends in Si, Mg, and Ca in the inner galaxy;,
and fit the [Fe/H] distribution with chemical-evolution models.

3.1 Observations

I analysed high-resolution, near-IR spectra of stars in both the inner Galactic bulge
and a local comparison sample. Observations were performed with the CRIRES and
ISAAC spectrographs on the Very Large Telescope (VLT), the SOFI spectrographs on the
New Technology Telescope (NTT), and the IGRINS spectrograph on the 4.3 m Lowell
Discovery Telescope and the 2.7m McDonald telescope.

3.1.1 Inner bulge sample

The high-resolution, near-IR spectra of the 72 inner bulge giants analysed here for
stellar abundances were observed in 2012-2013 with CRIRES (Kaeufl et al., 2004; Alan
Moorwood, 2005; K&ufl et al., 2006) mounted on the VLT, and are described in detail in
Nandakumar et al. (2018) (Paper I). A relatively short wavelength coverage was observed
in the K band, namely 20 818 — 21444 A, but at a spectral resolving power of R ~ 50 000.

The effective temperatures of the stars needed for the analysis were determined in Paper
I from low-resolution, K-band spectra (R ~ 1000 — 2000). These spectra were observed
with the ISAAC (A. Moorwood et al., 1998b) on the VLT and the SOFI spectrographs
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(A. Moorwood et al., 1998a) on ESO’s NTT telescope on La Silla.

Stars in six fields along the minor axis, both south and north of the Galactic centre, were
observed at both high and low spectral resolution; see Table 3.1 and 3.2. Among the
72 M giants, 44 belong to northern fields, 19 to southern fields, and 9 to a centre field.
The stars in the latter field lie 2.5 — 5.5 arcmin north of the very centre of the Milky Way
—which corresponds to a projected galactocentric distance of 5 — 10 pc— and probably
belong to the nuclear disc and not the nuclear star cluster (cf. N. Ryde et al., 2016b;
R. M. Rich et al., 2017).

2.00

L75

o - 1.50

@

©

[

o - 1.25

[

°

2 - 1.00
= A
- K
ot

= - 0.75

ot

=

8 0.50

0.25

0.00

-4 -2 0 2 4
Galactic longitude / [deg]

Figure 3.1: Location of the inner Galactic bulge fields studied in this work and those from Zasowski et al.,
2019 (only those visible in this frame) in Galactic coordinates superimposed on the interstellar extinction

map of Gonzalez et al., 2012.

3.1.2 Solar neighbourhood sample

In order to minimise possible systematic uncertainties in the analysis of the abundance
trends for the inner Galactic bulge, I observed similar types of stars in the Galactic
discs as locally as possible. With determined abundance trends from these stars,
I can search and study possible differences in a differential way. This comparison
sample of 37 solar neighbourhood K giants was observed with the Immersion GRating
INfrared Spectrograph (IGRINS; Yuk et al., 2010; Wang et al., 2010; Gully-Santiago
et al., 2012a; Moon et al., 2012; Park et al., 2014; Jeong et al., 2014) in 2016 on the 4.3
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m Discovery Channel Telescope (DCT; now called the Lowell Discovery Telescope) at
Lowell Observatory (Mace et al., 2018), and on the 2.7 m Harlan J. Smith Telescope at
McDonald Observatory (Mace et al., 2016). The near-IR spectra provided by the IGRINS
span the full H and K bands (1.45 - 2.5 um) with a spectral resolving power of R ~ 45000.
Details of observations and data reduction are explained in detail in Nils Ryde et al.,
2020, Montelius et al., 2022 and Nandakumar et al., 2022.

3.2 Analysis

In this study, I determined the abundance trends versus metallicity of the a-elements
Mg, Si, and Ca for the inner bulge sample, as well as the local comparison sample with
the same method. I made an effort to clarify the membership of the stars in my inner
bulge sample by determining accurate distances and performing a dynamic analysis of
the stars. In this way, I was able to disregard any star in the sample that is obviously not
a bulge member. Furthermore, I adopted an updated K-band line list with determined
astrophysical line strengths and improved van der Waals as well as Stark broadening
parameters. I also applied and discuss non-LTE corrections for all spectral lines.

3.2.1 Spectroscopic analysis
Stellar parameters

Proper determination of the stellar parameters (i.e. Tegr, log(g) , [Fe/H], and Emicro) of the
stars is fundamental for an accurate and precise abundance determination. The effective
temperatures used in this paper were determined in Paper I based on the relation
between the effective temperature and the 12CO-band-head strength in low-resolution
spectra at 2.3 um. The method is described in Schultheis et al. (2016) and results in
typical uncertainties of +150K. Furthermore, first estimations of the metallicities are
determined using log(g) and Emicro from Paper 1. Given these metallicities, new surface
gravities and microturbulences were then determined with the iterative method from
R. M. Rich et al. (2017) and the empirical relation between microturbulence and surface
gravity from V. V. Smith et al. (2013a), respectively. Typical uncertainties in surface
gravity are of +0.3 dex after a few iterations.

The line shapes and widths are important in my analysis because I compare synthe-
sised lines with observed ones. Therefore, I carefully analyse the widths of the lines
and estimate a general macroturbulence, Emacro, for each star using manually selected
Gaussian-shaped spectral lines from Mg, Al, and Si. The updated broadening parame-
ters for these lines will be important for the stronger lines.

The new stellar parameters are given in Tables 3.1 and 3.2. For my star sample, Tof is in
the range 3400 - 4400 K and log(g) is within 0.4 - 2.0 dex. Uncertainties in the derived
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abundances? are due to the fitting procedure and to the uncertainties on the stellar
parameters (as shown in R. M. Rich et al., 2017; N. Ryde et al., 2016a) and are already
well discussed in Section 3.4 of Paper I. It has been shown that the fitting procedure is
the main contributor to the abundance error. Therefore, as in Paper I, I adopt a main
abundance uncertainty of +0.15dex.

Line list

In order to determine reliable abundances for different elements from stellar spectra,
information about the atomic physics data for the spectral lines corresponding to each
element are needed: the central wavelength of the line, upper and lower excitation
energies of transition levels, line strengths (logg f), broadening parameters, and so
on. The line list has all this information, which is necessary in order to synthesise
spectral lines. VALD (Ryabchikova et al., 2015) assimilates this information from a large
collection of sources, which I use as my base line list in this work.

However, the line list was primarily updated with logg f values for my lines of interest
(without reliable experimental logg f values), which were determined astrophysically
using the high-resolution IR solar flux spectrum of Wallace et al., 2003. This is done by
finding the value of logg f for which the respective line in the solar-flux spectrum is
best fitted by the synthetic spectrum.

The collisional broadening due to neutral hydrogen, and in some cases charged particles,
is important for strong lines with damping wings. For collisional broadening due to
hydrogen, where possible, I have used parameters from the ABO theory (Anstee et al.,
1991; Anstee et al., 1995; P S Barklem et al., 1997; P S Barklem et al., 1998) taken from
the spectral synthesis code BSYN based on routines from MARCS (Gustafsson et al.,
2008a). For the Mg I lines at 21059.75 A and the multiplet at 21060.71 - 21061.095
A, the parameters used in Paper I for collisional broadening due to hydrogen were
o(v = 10*m/s) = 2927 a(z), with velocity parameter @« = 1.313%. These values were
calculated using the impulse approximation (Kaulakys, 1985; Kaulakys, 1991; Hoang
Binh et al., 1995; Osorio et al., 2015) based on Coulomb wave functions in momentum
space (Hoang Binh et al., 1997; P. S. Barklem, 2015), but neglecting elastic contributions
because of the problem of estimating the interference between the lower and upper
level contributions. In this work, rather than neglecting the elastic contribution, the
maximum and minimum possible contributions, that is respectively, the completely
constructive and destructive interference cases, were estimated. The mean of these
two extreme elastic contributions was then added to the inelastic contribution, and it

2 The solar value used in this study is from Grevesse et al., 2007b

3 Here o is the broadening cross section and a describes the velocity dependence assuming a power law

oocv.



48 3. Detailed a abundance trends in the inner Galactic bulge

Table 3.1: Stellar parameters of the observed stars in the northern fields of the inner Galactic bulge. The
names of stars belonging to my Golden Sample (see Section 3.3.4) are marked in bold face.

Star Test | log(g) | [Fe/H] | émacro | Emicro
[K] | (cgs) [kms™1] | [kms™!]

Northern field at (I, b) = (0°, +3°)

bp3-01 | 3780 0.75 -0.67 49 2.2
bp3-02 | 4111 1.83 0.08 4.2 1.8
bp3-04 | 3623 0.67 -0.34 6.0 2.3
bp3-05 | 3879 1.67 0.50 5.9 1.8
bp3-06 | 3755 | 0.63 -0.78 3.7 2.3
bp3-07 | 3962 1.77 0.40 5.5 1.8
bp3-08 | 3637 1.04 0.20 6.0 2.1
bp3-10 | 4052 1.74 0.12 4.4 1.8
bp3-11 | 3542 0.69 -0.06 6.4 2.3
bp3-12 | 3966 1.36 -0.21 6.4 19
bp3-13 | 3625 0.84 -0.05 7.2 2.2
bp3-14 | 3569 | 0.63 -0.26 6.4 2.3
bp3-15 | 3610 0.53 -0.55 59 2.4
bp3-16 | 3654 0.84 -0.13 7.0 2.2
bp3-17 | 3946 1.35 -0.16 5.3 19
Northern field at (I, b) = (0°,+2°)

bp2-01 | 4054 | 1.93 0.38 5.6 1.8
bp2-02 | 3838 | 1.31 0.08 5.6 1.9
bp2-03 | 3889 1.45 0.14 6.6 19
bp2-04 | 4134 1.60 -0.32 49 19
bp2-05 | 4079 1.36 -0.55 5.0 19
bp2-06 | 3962 0.47 -1.80 5.6 2.4
bp2-07 | 4320 1.77 -0.59 4.0 1.8
bp2-08 | 3808 | 1.29 0.13 6.0 2.0
bp2-09 | 3813 0.79 -0.69 4.0 2.2
bp2-10 | 3774 1.29 0.20 5.2 2.0
bp2-11 | 3645 1.10 0.26 6.3 2.0
bp2-12 | 4032 1.17 -0.71 7.6 2.0
bp2-13 | 3899 1.10 -0.45 4.2 2.0
bp2-14 | 3559 0.85 0.11 5.5 2.2
bp2-15 | 4237 1.51 -0.74 5.7 19
Northern field at (I, b) = (0°,+1°)

bp1-01 | 3918 1.69 0.40 5.6 1.8
bp1-02 | 4311 1.47 -0.99 5.0 1.9
bp1-03 | 3948 1.79 0.49 75 1.8
bp1-04 | 4060 1.67 -0.01 5.9 1.8
bp1-05 | 3731 1.34 0.37 5.2 19
bp1-06 | 3863 1.18 -0.18 6.3 2.0
bp1-07 | 4209 1.47 -0.73 3.9 19
bp1-08 | 4242 | 1.65 -0.56 5.3 1.9
bp1-09 | 3494 1.00 0.49 49 2.1
bp1-10 | 3879 1.40 0.10 5.6 19
bp1-11 | 4352 1.94 -0.42 5.4 1.8
bp1-12 | 4175 1.91 0.01 5.2 1.8
bp1-13 | 4151 1.45 -0.60 5.3 1.9
bp1-14 | 4070 1.63 -0.10 4.2 19
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Table 3.2: Stellar parameters of the observed stars in the southern fields of the inner Galactic bulge. The
names of stars belonging to my Golden Sample (see Section 3.3.4) are marked in bold face.

Star Tegr | log(g) | [Fe/H] | &Emacro Emicro
K] (cgs) [kms™] | [kms™]
Galactic Centre field at (I, b) = (0°,0°)
GC1 3668 1.12 0.23 5.6 2.0
GC20 3683 1.25 0.36 8.3 2.0
GC22 3618 | 1.13 0.36 49 2.0
GC25 3340 | 0.67 0.37 6.6 2.3
GC27 3404 0.68 0.26 5.5 2.3
GC28 3773 1.34 0.28 6.1 1.9
GC29 3420 | 0.86 0.46 6.4 2.2
GC37 3754 1.42 0.44 7.0 1.9
GC44 3465 0.96 0.49 4.9 2.1
Southern field at (I, b) = (0°, -1°)
bm1-06 | 3814 1.54 0.46 6.1 1.9
bm1-07 | 3873 1.44 0.17 51 1.9
bm1-08 | 3650 | 1.21 0.39 6.0 2.0
bm1-10 | 3787 1.10 -0.09 4.9 2.0
bm1-11 | 3812 1.48 0.38 6.8 1.9
bm1-13 | 3721 0.44 -0.93 49 2.4
bm1-17 | 3775 0.56 -0.91 5.6 24
bm1-18 | 3780 1.48 0.46 5.6 1.9
bm1-19 | 3958 1.76 0.40 5.3 1.8
Southern field at (I, b) = (0°, -2°)
bm2-01 | 3946 151 0.08 3.5 1.9
bm2-02 | 4013 1.44 -0.22 6.7 1.9
bm2-03 | 3668 | 1.24 0.39 6.0 2.0
bm2-05 | 3450 0.86 0.39 6.1 2.2
bm2-06 | 4208 1.29 -0.97 5.1 2.0
bm2-11 | 4005 1.16 -0.65 6.0 2.0
bm2-12 | 4003 1.73 0.23 6.5 1.8
bm2-13 | 3727 1.05 0.00 5.0 2.1
bm2-15 | 3665 1.31 0.52 6.3 1.9
bm2-16 | 3886 1.58 0.32 4.7 1.9
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led to o(v = 10*m/s) ~ 4440 aé and a = 1.10. The error in the cross section due to the
uncertainty in the elastic contribution is roughly 15%, with the overall uncertainty from
this method probably being at least of order 30%.

Further, for the 21059 A line, data for Stark broadening were extracted from the
Stark-B database (Sahal-Bréchot et al., 2015), the data originating from Dimitrijevic
et al., 1996. Combining the data for broadening due to electrons (e¢) and protons (p)
with the assumption N, = N,, and converting to the format conventionally used in
many spectrum-synthesis codes for quadratic Stark broadening, logI'/N, = —2.56 at
T = 10000 K was found, where I is the full-width at half maximum in rad/s and N, is in
cm~3. No data was found for the 21060.71 - 21061.095 A multiplet. As this multiplet is
analogous to the 21059 A transition but in the triplet term system, the Stark broadening
for this multiplet is assumed to be the same as the line in the singlet system. The com-
bination of the increased collisional broadening due to hydrogen and the strong Stark
broadening significantly improved the agreement with the observed spectrum in the Sun.

In addition to the Sun spectrum, the high-resolution (R ~ 100000) IR spectrum of the
well-studied Arcturus from the Arcturus atlas (Hinkle et al., 1995) was used to validate
the updated line strengths of Fe, Mg, Si, and Ca lines. Arcturus is a well-studied
reference star with reliable stellar parameters determined using various methods and is
a cool giant similar to the stars investigated in this work. Mean values of -0.5, 0.22, 0.27,
and 0.29 dex were determined for [Fe/H] (excluding four Fe lines that were noisy or
telluric affected in the Arcturus spectrum), [Mg/Fe], [Si/Fe], and [Ca/Fe], respectively,
with less than 0.05 dex line-by-line dispersion for each element assuming the stellar
parameters from Ramirez et al., 2011. In addition, the same line list was used to
determine the elemental abundances of the 37 solar neighbourhood giants using the
same set of lines (see Section 3.2.1 and upper panels of Figure 3.7).

The central wavelengths, updated logg f values, and broadening parameters for the
spectral lines used in this work are listed in Table 3.3. For the molecular lines, the line
data from G. Li et al. (2015), Sneden et al. (2014), and Brooke et al. (2016) were used for
CO, CN and OH respectively.

Spectral synthesis

I used Spectroscopy Made Easy (SME version 583, ]. A. Valenti et al. (1996b) and Piskunov
et al. (2017b)) for the spectral analysis. For a given set of stellar parameters, in order

4 a: Collisional broadening by neutral hydrogen gives either the broadening cross section o(v = 10*m/s)
in atomic units (ag), with velocity parameter a (see text for more details), or if the value is negative and
no a given, then the line width is given in the standard form logI'/Ng at T = 10000 K, where I' is the
full-width at half maximum in rad/s and Ng is in cm™3. 1: Kurucz, 2007, 2: BSYN based on routines
from MARCS code Gustafsson et al., 2008a, 3: see text, 4: Brault et al., 1983, 5: Civi$ et al., 2013, 6: Kurucz,
2014, 7: manual entry by NIST lookup, *: astrophysical estimate
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Table 3.3: Spectral line data for the lines used in the present study.

Element | Wavelength | log (gf) | Broadening a
0 by H®

20804.225 * | -1.026 861 2 0.292
20890.415 * | -1.613 * 859 2 0.292
20908.625 1 | -1.453 1* -6.990 1
20917.1511 | 0.288 1* 1485 2 0.324

Si 20926.149 1 | -1.076 * 14842 0.324
21056.379 * | -0.505 * | -7.032*
21139.759 1 | -0.501 * -6.880 1
21143.260 * | -0.619 * -6.880 1
21204.492 * | -0.388 1* -6.880 1

Mg 21059.757 4 | -0.384 > 44403 1.10
21060.710 * | -0.530° 44403 1.10
21060.896 +* | -1.587°> 44403 1.10
21060.896 * | -0.407° 4440 3 1.10
21061.095 % | -3.383° 44403 1.10
21061.095 % | -1.583° 44403 1.10
21061.095 % | -0.298° 44403 1.10
20962.570 * | -0.784 1* -7.2301

Ca 20972.529 1 | -1.002 * 72301
20973.378 1 | -1.436 * 72301
20798.893° | -3.525° -7.280°
20799.685° | -0.613¢ | -7.021¢
20805.1137* | -0.0657* | -7.0767*
20840.835°* | 0.104 ¢ -7.134 6
20882.233° | -0.935 ¢ -7.330 6

Fe 20948.086 ¢ | -0.796 ® | -6.861 °*
20991.083 ®* | -3.058 ©* -7.730°
21036.355° | -0.817 ¢ 2656 2 0.330
21095.401° | -0.658 ¢* | -7.000 ¢
21105.217 ¢ | -0.749 ©* -7.320°
21124.505 % | -1.647 & 975 2 0.302
21162.095 %* | -0.605 ** 1364 2 0.328
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Figure 3.2: Typical spectral fits for Si (the nine upper plots), Mg (lower left), and Ca lines (lower middle
and right) used in the analysis. The stellar name is given in the upper left corner of every subplot. The
black observed data are fitted with the blue synthetic spectrum. The lines of interest are marked with the
blue line masks. The yellow masks show the regions in the spectrum that are used to normalise the local
continuum around the lines. In some of the plots, these continuum regions are outside of the figure. The
linear local continuum is always fitted with at least three continuum windows in every segment close to
the line of interest.

to generate synthetic spectra, SME interpolates a model atmosphere from a grid of
spherically symmetric MARCS models computed using LTE. To account for non-LTE
effects, SME applies departure coefficients by interpolating in grids. In this study, I used
this type of non-LTE grid for which the departure coefficients were computed using
the MPI-parallelised non-LTE radiative transfer code Balder. This code is based on the
code Multi3D (Leenaarts et al., 2009), which calculates the level populations for model
atoms based on model atmospheres, forcing a statistical equilibrium for all levels in
the ambient radiation field. For a further description of the general approach to the
calculations, see Amarsi et al., 2020. Specifically, in this analysis I used the grids for Si,
Mg, and Ca from Amarsi et al., 2020 and for Fe from Lind et al., 2017 and Amarsi et al.,
2016 (with subsequent updates Amarsi priv. comm.).

Moreover, SME needs the user to select spectral intervals within which the studied
spectral lines lie and a line list containing the atomic and molecular data for these
segments (see more about my line list in Section 3.2.1). Regions free from spectral lines
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Figure 3.3: Typical spectral fits for Si, Mg, and Ca lines with a variation band of +0.15 dex in abundance.
The upper panel shows fitted lines for stars with a good S/N whereas the lower panel shows those for stars
with a poor S/N.

and other features are marked manually as continuum masks allowing a local linear
continuum normalisation within the interval. In the same way, the line of interest
has to be marked with a line mask. Therefore, for measuring the abundance or other
parameters, SME generates synthetic spectra and compares them with the observed
spectrum using a y?-minimisation in the region within the line masks.

As explained in Section 3.2.1, for the abundance analysis, firstly I determined the
metallicity [Fe/H] using the iterative method from R. M. Rich et al. (2017). For each
chemical element studied, namely iron, silicon, magnesium, and calcium, I chose a set
of good-quality spectral lines (the ones used in my study are shown in Figure 3.2 and
listed in Table 3.3). Among these, I meticulously selected the best available lines for
each star. To this end, each line and spectral interval were examined by eye so as to
evaluate S/N and to detect disturbing artefacts or cosmic hits. In addition, line blending
and fitting quality were appraised. In order to determine the final abundance value,
the mean of the abundances derived from the selected lines is computed. This process
permits me to obtain a precise estimate of the chemical abundances of my stars.

Given that metallicity is essential in the determination of stellar models and then in
the estimation of the chemical fingerprints of stars, the iron abundances were directly
determined with non-LTE corrections, contrary to the three other chemical elements for
which LTE and non-LTE cases were explored and compared.

In the case of magnesium, I used the line at 21059.757 and the multiplet lines at
21060.710 — 21060.896 . As shown in Fig. 3.2, these lines are wide and very well defined
and are therefore good candidates for the abundance determination as I have precise
broadening values. Moreover, due to the proximity of these spectral features, I fitted all
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these lines simultaneously using one line mask.

Compared to the other elements of this study, there are only a few Ca lines available and
these all lie on the edge of one of the detector chips. I was therefore only able to obtain
Ca abundance estimates for 42 stars of the sample. Because of their proximity to CN
lines, and in order to fit the selected Ca lines correctly, I fitted the nitrogen abundance via
these molecular lines. The aim is not to have an accurate estimation of nitrogen (which
is a difficult chemical element to study because of its complicated molecular equilibrium
with carbon and oxygen) but only to correctly fit the CN lines. Two additional Ca lines,
located at 20956.394 and 20962.570, are heavily blended with CN lines, and are there-
fore insensitive to the Ca abundance. As a consequence, I discarded them from the study.

I ensured that all the spectral lines used were not blended with any other line of my line
list. Even if no suspicious line has been retained, it should be noted that there is always
a risk that unknown blends or lines with unknown line strengths are not accounted for,
especially for metal-rich and cool stars.

I chose a final sample, which I refer to as the Golden Sample (see Section 3.3.4), based
on a sufficiently high S/N (> 40) and low line-by-line discrepancy (jines < 0.3 dex).

Solar neighbourhood

The 37 solar neighbourhood stars used for comparison in this work are a subset of the
Giants In the Local Disk (GILD) stellar catalogue (Jonsson et al. in prep.; which builds
upon and improves the analysis described in H. Jonsson et al. 2017a). The fundamental
stellar parameters, effective temperature (To), surface gravity (log(g) ), metallicity
([Fe/H]), and microturbulence (Emicro) Were estimated from carefully analysed optical
spectra. These parameters were benchmarked against independently determined ef-
fective temperatures, To¢, from angular diameter measurements and surface gravities,
log(g) , from asteroseismological measurements (see H. Jonsson et al., 2017a, for more
details) with uncertainties of +50K for Tug, +0.15 dex for log(g) , +£0.05 dex for [Fe/H],
and +0.1 km/s for Emicro. Stellar parameters of these 37 stars are in the range of 4000 -
5100 Kin Te, 1 - 3.5 dex in log(g) and -1 - 0.3 dex in [Fe/H]. Therefore, even though
there is an overlap in Teg, the solar neighbourhood sample is strictly above 4000 K. There
may therefore exist unknown systematic uncertainties in Tegr which should be kept in
mind while comparing the two samples. This is an improvement that could be made in
the future when such observations exist.

With accurate stellar parameters known, a detailed analysis of the same set of Si, Mg, and
Ca lines used for the bulge stars was carried out in order to determine their respective
abundances. In addition, the same set of stellar atmosphere grids, the same version of
the SME, the same non-LTE corrections, and the same line list as I used for the bulge
stars were used. Therefore, a consistent spectroscopic analysis of the bulge and solar
neighbourhood giant stars was carried out to determine their elemental abundances.
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Needless to say, one obvious difference between the IGRINS spectra of the bright nearby
solar neighbourhood stars and the CRIRES spectra of the faint and distant bulge stars is
the better S/N, which naturally affects the precision of the abundance estimates.

3.2.2 Dynamical analysis

While my sample size is relatively modest, I undertook a basic dynamical analysis
in order to ensure membership of the inner Galactic bulge. Therefore, astrometric
parameters are necessary as initial conditions to study dynamics. Among the 72 stars, 63
were cross-matched with Gaia EDR3 (Gaia Collaboration et al., 2016b; Gaia Collaboration
et al., 2021) in order to obtain their proper motions. To ensure reliable values, a proper
motion error limit is set at 0.3 mas yr‘l. In addition, updated distances were determined

(see Section 3.3.2) and radial velocities were measured using the strong and clear Mg lines.

I used the software package AGAMA (Vasiliev, 2019) to compute the orbits of my
stars up to 10 Gyr. As I am studying inner bulge stars, I used a combination of three
gravitational potentials: a disc, a halo, and a bulge/bar. More precisely, I used the disc
and halo components of the MWPotential2014 (Bovy, 2015) and the bar potential from
Launhardt et al., 2002b. A typical (clock-wise) rotation pattern speed about (), = 40 km
s 1<pc‘1 was taken into account for the bar (Portail et al., 2017a) which is at an angle of
a = 25° from the line of sight towards the Galactic centre. I use these orbital parameters
to assign the bulge membership in addition to the calculated distances (see Sect. 3.3.3).

For more details about stellar dynamics, see Part II.

3.3 Results

In this section, I discuss the new abundance measurements of a elements for giants in
the inner Galactic bulge. Moreover, I discuss the re-determined distances of the stars
and therefore their bulge-membership.

3.3.1 Abundances

Figure 3.3 shows typical fits of a Si line, Ca line, and the Mg lines. The sensitivity of
the abundance determination is shown by varying the abundance by +0.15 dex (the
choice of this uncertainty value is explained Section 3.2.1) plotted as a band around the
observed spectrum.

LTE and non-LTE comparison

In order to investigate the effects of non-LTE corrections and to be able to compare my
results with those from Paper I, in which only the LTE case was explored, I determined
Si, Mg, and Ca abundances calculated both with LTE and non-LTE level populations,
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affecting both the source function and the line opacity. Therefore, LTE and non-LTE
abundance trends for [Si/Fe], [Mg/Fe], and [Ca/Fe] are shown Figure 3.4 with the LTE
results from Paper I superimposed (except for Ca which was not measured in Paper
I). In addition, the running mean of each trend was computed and is plotted in Figure 3.4.

A few differences between LTE and non-LTE can be seen. For [Si/Fe], the non-LTE
trend is indeed slightly stronger and by looking at its running mean, we see that this
trend is only slightly lower than the LTE one. For [Mg/Fe], the difference is clearly
noticeable; the non-LTE trend is much stronger, showing less scatter, especially for
higher metallicities. Moreover, there is a significant offset of ~0.1-0.15 dex between the
two trends. Finally, for [Ca/Fe] there is almost no difference between the two cases, and
only a very slight offset is visible. This latter fact is further discussed in Section 3.4.2.
By comparing the line-by-line discrepancy values for LTE and non-LTE cases, we see that
they are lower in the latter case, which justifies my choice to take into account non-LTE
effects, as this appears to improve the accuracy of my spectral analysis. Moreover, we
note that using non-LTE decreases the scatter in the [« /Fe] versus [Fe/H] trends. From
now on, I therefore focus on the non-LTE abundances.

Silicon and magnesium

In Fig.3.4 I show my new [Si/Fe] and [Mg/Fe] trends as function of metallicity compared
to the ones derived in Paper I. The uncertainties are the same for the old and the new
abundances: 0.15 dex. Besides the fact that my [Si/Fe] and [Mg/Fe] trends follow a
typical a-element trend, we observe that there is no plateau at supersolar metallicities
for either silicon or magnesium; my trends keep going down. Also, my Si abundances
are slightly higher (+0.14 dex in average) and my Mg abundances slightly lower (-0.14
dex in average) than the results from Paper I. Compared to the latter, where [Si/Fe]
results were showing a lower dispersion than [Mg/Fe], I get the opposite in my study.
This is explained by the fact that the Mg lines used are more sensitive to non-LTE effects
than the Si lines (see Figure 3.4).

Calcium

The determination of calcium abundances for my inner bulge stars is new compared to
Paper I and is therefore one of the major novelties of this study. As mentioned in Section
3.2.1, only the few stars with satisfactory Ca lines have a calcium abundance estimation
(see final values in Table 3.2). We can see that my Ca trend is more dispersed (which
could be simply due to the lack of stars) and higher values are seen for metal-rich stars,
which is different from my Si and Mg trends.
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Table 3.4: Si abundances of the observed stars in the northern fields. The names of stars belonging to my
Golden Sample (see Section 3.3.4) are marked in bold face.

Star [Si/Fel Gtines | [S1/Felmean
20890.37 | 20908.62 | 20917.11 | 20926.14 | 2105637 | 21139.76 | 2114326 | 21204.42
Northern field at (I, b) = (0°, +3°)
bp3-01 | 027 - 0.34 0.24 0.44 - 0.21 - 0.08 0.30
bp3-02 | -0.00 - 0.03 -0.06 0.14 - - - 0.07 0.03
bp3-04 | 038 - - 0.58 - - - - 0.10 0.24
bp3-05 | -021 - -0.42 -0.28 0.21 - - - 0.09 0.22
bp3-06 | 041 - 0.59 - - - - - 0.09 0.50
bp3-07 - -0.10 -0.15 -0.24 -0.05 - 0.25 030 | 0.09 -0.18
bp3-08 - 0.35 0.09 - 0.09 - - - 0.12 0.11
bp3-10 |  0.03 - -0.06 -0.11 0.07 - - 014 | 0.08 -0.04
bp3-11 |  0.07 - 0.43 0.28 - - - - 0.15 0.20
bp3-12 | 020 - 0.23 0.22 0.20 - - - 0.01 0.14
bp3-13 |  0.01 - - - -0.03 - - - 0.02 -0.01
bp3-14 | 0.03 - - - -0.03 - - - 0.03 0.00
bp3-15 | 033 - 0.13 - - - 021 - 0.08 0.22
bp3-16 |  0.09 - 0.47 - 0.08 0.16 - - 0.16 0.20
bp3-17 - - 0.07 - 0.02 - - - 0.02 0.03
Northern field at (I, b) = (0°, +2°)
bp2-01 | -0.10 - -0.21 0.07 0.06 - - - 0.10 -0.08
bp2-02 | 023 0.76 - 0.57 0.88 - - - 0.25 0.61
bp2-03 | 0.01 - 0.46 0.05 0.06 - - - 0.18 0.14
bp2-04 | 028 - 0.29 0.25 0.37 - - - 0.04 0.30
bp2-05 | 030 - 0.44 0.39 0.40 - - - 0.05 0.26
bp2-06 - - - - - - - - - -
bp2-07 | 0.05 - 0.24 0.02 0.26 0.12 - - 0.10 0.14
bp2-08 | 0.10 0.99 0.62 -0.03 0.27 - - - 0.37 0.39
bp2-09 | 017 - 0.45 0.09 0.35 - - - 0.14 0.21
bp2-10 | 031 - 0.24 -0.02 - - - 002 | 0.14 0.14
bp2-11 | 0.10 - 0.39 0.08 -0.09 - - - 0.17 0.12
bp2-12 | 041 0.46 0.50 0.48 0.49 0.26 053 018 | 0.12 041
bp2-13 | 0.11 - 0.33 0.43 0.50 0.16 0.21 - 0.14 0.29
bp2-14 | 0.05 0.52 0.40 0.15 0.16 - - - 0.18 0.26
bp2-15 | 037 - 0.32 - 0.51 0.35 0.31 - 0.07 0.37
Northern field at (I, b) = (0°, +1°)
bpl-01 | -0.15 0.58 0.32 - 0.17 - - - 0.32 0.14
bp1-02 |  0.60 - 0.52 0.32 0.52 0.61 0.49 - 0.10 0.51
bp1-03 - - 0.14 -0.06 0.12 - -0.08 - 0.10 -0.03
bpl-04 | -0.04 0.02 0.10 - 0.02 -0.04 0.03 - 0.05 0.02
bp1-05 | -0.16 0.12 0.04 0.27 -0.14 - 0.10 - 0.14 -0.05
bp1-06 | 0.17 - 0.20 0.65 0.29 - - - 0.19 0.33
bp1-07 | 031 - 0.43 0.40 051 0.39 - 041 0.06 0.41
bp1-08 | 0.20 - 0.20 0.15 0.33 - - - 0.06 0.15
bp1-09 | -0.13 - -0.10 - 0.43 - - - 0.15 0.22
bpl-10 | 0.03 - 0.22 0.04 0.41 - - - 0.16 0.12
bpl-11 | 029 - 0.20 - 0.34 - 0.10 - 0.09 0.23
bpl-12 |  0.02 0.07 - 0.08 0.10 - - - 0.03 0.07
bpl-13 |  0.06 - 0.24 - 0.02 - 0.07 0.08 | 0.11 0.06
bp1-14 - - 0.07 0.06 0.32 - - - 0.12 0.07




58

3. Detailed a abundance trends in the inner Galactic bulge

Table 3.5: Si abundances of the observed stars in the southern fields. The names of stars belonging to my

Golden Sample (see Section 3.3.4) are marked in bold face.

[Si/Fe]

Star Olines | [Si/Felmean
20801.41 | 2080420 | 20890.37 | 20908.62 | 20917.11 | 20926.14 | 21056.37
Galactic Centre field at (I, b) = (0°,0°)
GC1 - - - - 0.17 - 059 | 021 0.38
GC20 - - 0.50 - 0.16 - 026 | 031 0.14
GC22 0.01 - -0.04 - 0.07 - - 0.05 0.02
GC25 - - -0.29 - -0.34 0.37 022 | 0.06 -0.31
GC27 0.27 -0.04 -0.24 - 0.71 -0.26 027 | 036 0.03
GC28 - 0.32 -0.23 - -0.53 -0.36 0.08 | 0.15 0.3
GC29 - - - - -0.51 - 0.18 | 0.34 -0.16
GC37 - 0.52 -0.14 - 0.04 - 009 | 0.24 -0.13
GC44 - -0.39 0.12 - -0.46 -0.33 043 | 0.12 -0.35
Southern field at (I, b) = (0°, —1°)
bm1-06 - - - - -0.01 -0.18 0.02 | 0.08 -0.07
bm1-07 - - 0.11 - 0.14 - 0.04 | 0.08 0.07
bm1-08 - 0.26 -0.14 - -0.23 - 013 | 0.06 -0.19
bm1-10 - -0.03 0.10 - 0.09 - 0.06 | 005 0.05
bm1-11 - - - - 0.16 -0.19 005 | 0.14 0.01
bm1-13 - 0.20 0.27 - 0.32 - 052 | 012 0.32
bm1-17 - 0.45 0.23 - - - - 0.11 0.34
bm1-18 - - -0.29 - 0.00 -0.11 008 | 0.14 -0.08
bm1-19 - -0.05 - 0.26 -0.09 -0.01 047 | 021 0.12
Southern field at (I, b) = (0°, -2°)
bm2-01 - -0.09 0.16 - 0.13 0.03 - 0.1 0.06
bm2-02 - 0.07 0.18 - 0.21 0.20 0.37 0.1 0.21
bm2-03 - 0.03 0.05 - 0.11 - 020 | 0.07 0.1
bm2-05 - - -0.18 - 0.40 - 004 | 025 0.06
bm2-06 - 0.19 0.39 - 0.18 0.31 028 | 0.08 0.27
bm2-11 - 0.33 0.20 - 0.33 0.35 054 | 011 0.35
bm2-12 - - -0.06 - -0.04 -0.21 - 0.08 0.1
bm2-13 - 0.04 - - 0.41 - 020 | 015 0.22
bm2-15 - - - - -0.05 - 016 | 0.06 0.1
bm2-16 - 0.13 - - 0.22 - 027 | 018 0.12




3.3. Results

59

Table 3.6: Mg and Ca abundances of the observed stars in the northern fields. The names of stars

belonging to my Golden Sample (see Section 3.3.4) are marked in bold face.

[Mg/Felmean [Ca/Fe]

Star . Otines | [Ca/Felmean

21059.76 + triplet || 20937.90 | 20956.39 | 2096257 | 2097253 | 2097338
Northern field at (I, b) = (0°, +3°)
bp3-01 0.19 0.38 0.36 0.30 - - 0.02 0.35
bp3-02 -0.19 0.30 - 0.36 - - 0.03 0.33
bp3-04 0.18 - - - - - - -
bp3-05 -0.38 0.09 0.39 0.25 - - 0.09 0.24
bp3-06 027 0.51 - 0.23 - - 0.14 0.37
bp3-07 -0.29 0.40 0.10 - 0.14 - 0.09 0.22
bp3-08 -0.21 - - - - - - -
bp3-10 -0.03 - 0.34 0.26 - 018 | 0.04 0.26
bp3-11 -0.14 0.4 0.16 0.23 - - 0.09 0.28
bp3-12 -0.10 0.38 - 0.37 - - 0.01 0.37
bp3-13 -0.15 0.55 0.07 - - - 0.24 031
bp3-14 -0.10 0.36 0.09 - - - 0.13 0.22
bp3-15 0.16 0.23 - - - - - 0.23
bp3-16 0.08 0.54 - - - - - 0.54
bp3-17 -0.09 0.30 0.33 - - - 0.02 0.32
Northern field at (I, b) = (0°, +2°)
bp2-01 -0.32 - - - - - - -
bp2-02 -0.09 0.11 - 0.18 - - 0.03 0.15
bp2-03 -0.22 0.17 - - - - - 0.17
bp2-04 0.05 0.55 0.52 0.50 - - 0.01 0.52
bp2-05 0.18 0.03 - - 0.16 - 0.07 0.10
bp2-06 - - - - - - - -
bp2-07 0.09 - - - - - - -
bp2-08 -0.12 0.56 0.65 0.46 - - 0.05 0.55
bp2-09 0.11 - - 0.29 - - - 0.29
bp2-10 -0.28 0.23 - 0.06 - - 0.09 0.15
bp2-11 -0.17 0.38 0.15 0.05 - - 0.10 0.19
bp2-12 0.25 0.57 - - - - - 0.57
bp2-13 0.15 - - - - - - -
bp2-14 -0.00 - - - - - - -
bp2-15 0.34 0.22 - - - - - 0.22
Northern field at (I, b) = (0°, +1°)
bp1-01 -0.32 0.30 0.58 0.31 - - 0.09 0.40
bp1-02 0.46 0.64 - 0.77 - - 0.07 0.70
bp1-03 -0.41 - 0.38 0.19 0.32 - 0.06 0.30
bp1-04 -0.15 0.20 0.16 0.17 - - 0.01 0.18
bp1-05 -0.25 0.09 027 0.22 - - 0.05 0.19
bp1-06 -0.09 0.50 0.38 - - - 0.06 0.44
bp1-07 0.32 0.03 - 0.55 - - 0.26 0.29
bp1-08 0.12 - - 0.04 0.13 - 0.04 0.09
bp1-09 -0.42 -0.25 0.01 -0.19 -0.18 011 | 0.04 -0.15
bp1-10 -0.15 0.20 - - - - - 0.20
bp1-11 0.01 - - - - - - -
bp1-12 -0.09 0.29 0.29 0.20 - - 0.03 0.26
bp1-13 0.01 - - - - - - -
bpl-14 -0.02 -0.28 - 0.17 - - 0.22 -0.06
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Table 3.7: Mg and Ca abundances of the observed stars in the southern fields. The names of stars

belonging to my Golden Sample (see Section 3.3.4) are marked in bold face.

[Mg/Felnean [Ca/Fe]

Star - lines | [Ca/Felmean

21059.76 + triplet || 20937.90 | 20956.39 | 20962.57 | 2097253 | 20973.38
Galactic Centre field at (I, b) = (0°,0°)
GC1 0.1 0.20 0.26 - - - 0.03 0.23
GC20 0.25 0.74 0.46 0.40 0.28 022 | 0.09 0.42
GC22 -0.28 0.40 037 0.20 - - 0.06 0.32
GC25 -0.36 - 0.57 0.38 - - 0.10 0.48
GC27 -0.21 0.13 - 0.27 - - 0.07 0.20
GC28 0.25 0.36 037 0.19 0.13 023 | 005 0.26
GC29 -0.16 - - - - - - -
GC37 -0.45 -0.19 0.08 - - - 0.14 -0.06
GC44 -0.36 - - - - - - -
Southern field at (I, b) = (0°, —1°)
bm1-06 0.12 0.68 0.32 0.31 - - 0.12 0.43
bm1-07 011 0.19 0.17 - - - 0.01 0.18
bm1-08 0.25 - 0.34 0.29 0.12 0.01 0.11 0.13
bm1-10 0.02 - - - - - - -
bm1-11 0.27 0.24 0.58 - - 024 | 011 0.35
bm1-13 04 - - - - - - -
bm1-17 0.54 - - - - - - -
bm1-18 0.14 -0.61 - - 0.10 - 0.35 -0.26
bm1-19 -0.14 -0.64 0.32 - - 025 | 031 -0.02
Southern field at (I, b) = (0°, -2°)
bm2-01 0.04 -0.20 0.17 - - - 0.19 -0.01
bm2-02 0.13 0.36 0.26 0.28 0.21 019 | 0.03 0.26
bm2-03 -0.04 0.19 - 0.18 -0.03 010 | 0.05 0.11
bm2-05 -0.08 0.31 0.36 - - - 0.03 0.33
bm2-06 0.29 - - 0.43 - - - 0.43
bm2-11 0.2 0.21 - 0.19 - - 0.01 0.20
bm2-12 -0.31 -0.05 0.31 0.24 0.15 - 0.08 0.16
bm2-13 0.11 0.16 -0.16 - - - 0.16 0.00
bm2-15 027 0.16 0.18 0.12 - 007 | 0.02 0.13
bm2-16 -0.01 0.14 - 0.14 0.09 022 | 003 0.15
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Figure 3.4: Comparison of my [Si/Fe], [Mg/Fe], and [Ca/Fe] versus [Fe/H] trends in LTE and non-LTE.
The comparison sample for Si and Mg is from Nandakumar et al. (2018) and is shown in grey. The upper
row shows my trends in red while assuming LTE in the line formation. The middle row shows my trends
in blue when assuming non-LTE instead. The lower row shows the running mean of my trends with and
without LTE in order to demonstrate the differences more clearly.

3.3.2 Distances

I determined the spectro-photometric distances using the stellar parameters T, log(g) ,
and [Fe/H] (Rojas-Arriagada, A. et al., 2014; Schultheis et al., 2017) together with
the near-IR photometry J, H, and K and associated errors, in order to simultaneously
compute the most likely line-of-sight distance and reddening by isochrone fitting using
PARSEC isochrones. Here I use the same method as that described in A. Rojas-Arriagada
et al. (2017b), where I consider a set of isochrones spanning ages from 1 to 13 Gyr
in steps of 1 Gyr and metallicities from -2.2 to +0.5dex in steps of 0.1 dex. As in A.
Rojas-Arriagada et al. (2017b), besides computing the distance from the observed stars
to the whole set of model stars, I calculate weights for each star, which depend on: the
evolutionary speed of the model stars; the fact that the number of stars per mass is not
uniform, which is given by the IMF; and an exponential weight associated with the
distance of the observed stars with respect to the model. The typical uncertainties are
on the order of 20%-40% but I find no systematic differences in comparison to distances
obtained by a Bayesian approach for example (e.g. Santiago et al. 2016). The obtained
distances permit us to analyse the bulge membership of my sample; see Section 3.3.3. 1
note that I do not calculate the distances of the Galactic centre field because I lack the
J magnitudes. From the heliocentric distances, I computed the Galactocentric radial

distance Rgc = 4 /(chC + Yéc) where Xgc and Ygc are the cartesian coordinates.
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Table 3.8: Distances of the observed stars in the northern fields. The names of stars belonging to my
Golden Sample (see Section 3.3.4) are marked in bold face.

Star Rgc | Distance error | Population
[kpe] [kpe]
Northern field at (I, b) = (0°, +3°)
bp3-01 | 0.3 0.7 bulge
bp3-02 | 04 1.0 bulge
bp3-04 | 1.7 1.1 bulge
bp3-05 | 2.2 0.8 bulge
bp3-06 | 11.9 0.9 No bulge
bp3-07 | 1.9 0.9 bulge
bp3-08 | 1.3 0.8 bulge
bp3-10 | 1.1 1.0 bulge
bp3-11 | 09 0.6 bulge
bp3-12 | 1.6 1.1 bulge
bp3-13 | 0.4 0.9 bulge
bp3-14 | 1.6 0.6 bulge
bp3-15 | 1.8 0.6 bulge
bp3-16 | 0.2 0.9 bulge
bp3-17 | 19 0.7 bulge
Northern field at (I, b) = (0°, +2°)
bp2-01 | 1.8 0.9 bulge
bp2-02 | 0.6 0.8 bulge
bp2-03 | 2.0 0.7 bulge
bp2-04 | 22 0.6 bulge
bp2-05 | 09 0.9 bulge
bp2-06 | 87 2.1 No bulge
bp2-07 | 1.8 0.8 bulge
bp2-08 | 1.4 0.7 bulge
bp2-09 | 1.9 1.1 bulge
bp2-10 | 1.8 0.7 bulge
bp2-11 | 1.1 0.7 bulge
bp2-12 | 0.2 1.1 bulge
bp2-13 | 1.5 1.1 bulge
bp2-14 | 1.6 1.3 bulge
bp2-15 | 1.4 0.7 bulge
Northern field at (I, b) = (0°, +1°)
bp1-01 1.7 0.9 bulge
bp1-02 | 0.6 0.8 bulge
bp1-03 | 2.1 0.9 bulge
bp1-04 | 21 0.8 bulge
bp1-05 | 0.3 1.0 bulge
bp1-06 | 1.0 1.0 bulge
bp1-07 | 0.1 0.8 bulge
bp1-08 | 1.1 0.7 bulge
bp1-09 | 0.1 0.9 bulge
bp1-10 | 1.1 0.7 bulge
bpl-11 | 1.5 0.9 bulge
bp1l-12 | 1.8 0.9 bulge
bp1-13 | 1.3 0.6 bulge
bp1-14 | 0.5 0.7 bulge
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Table 3.9: Distances of the observed stars in the southern fields. The names of stars belonging to my

Golden Sample (see Section 3.3.4) are marked in bold face.

Star Rgc | Distance error | Population
[kpc] [kpc]
Galactic Centre field at (I, b) = (0°,0°)
GC1 - - -
GC20 - - -
GC22 - - -
GC25 - - -
GC27 - - -
GC28 - - -
GC29 - - -
GC37 - - -
GC44 - - -
Southern field at (I, b) = (0°,-1°)
bm1-06 | 1.5 0.9 bulge
bm1-07 | 0.2 1.1 bulge
bm1-08 | 14 0.9 bulge
bm1-10 | 1.1 1.1 bulge
bm1-11 | 1.8 0.8 bulge
bm1-13 | 3.9 0.4 No bulge
bm1-17 | 6.6 0.6 No bulge
bm1-18 | 0.6 1.1 bulge
bm1-19 | 1.6 1.0 bulge
Southern field at (I, b) = (0°, -2°)
bm2-01 | 14 1.1 bulge
bm2-02 | 1.0 0.8 bulge
bm2-03 | 14 1.1 bulge
bm2-05 | 0.2 0.8 bulge
bm2-06 | 1.8 0.8 bulge
bm2-11 | 0.2 1.0 bulge
bm2-12 | 1.8 0.9 bulge
bm2-13 | 1.1 1.0 bulge
bm2-15 | 1.8 0.8 bulge
bm2-16 | 1.1 0.9 bulge
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3.3.3 Bulge membership
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Figure 3.5: Histogram of the Galactocentric radial distances (computed in Section 3.3.2) of the stars in
my sample for which values are available. The typical intrinsic depth of the bulge is indicated by the red
dashed line.

Figure 3.5 displays the distribution of the Galactocentric distances (Rgc) where we
see a peak in the distribution at Rgc ~ 1.5kpc. I also indicate the typical intrinsic
depth of the bulge with Rgc < 3.5kpc (see e.g. A. Rojas-Arriagada et al. 2017b, Alvaro
Rojas-Arriagada et al. 2020a, Zasowski et al. 2019). Four stars (bp3-06, bp2-06, bm1-13,
bm1-17) show larger distances going up to Rgc ~ 12.0kpc, indicating that those do
not belong to the inner bulge. They all have low metallicities ([Fe/H] ~ —1.0) and are
enhanced in the a—elements and could therefore belong either to the thick disc or to the
halo population. Thus, compared to Paper I where no star was found outside of the
bulge, in this study I exclude those four stars from further analysis, resulting in a total

sample of 59 stars with determined distances.

All the stars of my sample were spectrally analysed using the method explained in
Section 3.2.1, except the star bp2-06. Indeed, due to the very low metallicity of this latter
object (the estimation for bp2-06 from Paper I gives —1.8 dex), none of my Fe lines are
usable for determining it directly. However, thanks to my dynamical analysis introduced
in Section 3.2.2 and to my broad Mg lines, I can estimate its metallicity. As explained
in Section 3.3.2 and shown in Table 3.8, the Galactocentric radial distance of bp2-06 is
about 8.7 kpc (using its metallicity estimation from Paper I), which demonstrates that it
does not belong to the inner bulge. In addition, its simulated orbit shown in Figure 3.6
supports the latter finding and provides further information about its movements in the
Galaxy.

These results lead us to conclude that bp2-06 may be a halo star and therefore it ought
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to have a typical Mg abundance for a halo star of about ~ 0.4 dex (see e.g. Edvardsson
etal., 1993). A magnesium-based metallicity can therefore be estimated by selecting a
range of iron abundances [Fe/H] and corresponding log(g) and &micro and by fitting
my Mg spectral feature for each of these sets of values. I finally obtain a metallicity of
about —2.03 dex, which allows me to obtain a Mg abundance of about 0.4 dex for this
star. Such a low metallicity, together with its orbits, leads me to reject the notion that
this star is in the inner bulge. It is therefore excluded from my inner bulge sample.

I also checked the derived orbital parameters for my bulge stars sample, such as
apocentric radius (Rapo) and maximum vertical height (zmax). Except for the four stars
with larger distances mentioned above (bp3-06, bp2-06, bm1-13, bm1-17), my sample
shows typical orbital parameters for the bulge, with the majority of stars lying within
Rapo < 3kpc and zmax < 1.5kpc and with high eccentricities. I do not find any trends
in the orbital parameters with metallicity and/or abundances, but a larger sample is
clearly needed in order to obtain statistically significant results.

15
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y [kpc]
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Figure 3.6: Comparison of the orbits in the Cartesian Galactocentric (x,y) plane of bp3-01 found in the
bulge and bp2-06 found outside of the bulge. The black contours show the surface density of the stellar
component of my combination of gravitational potentials.

3.3.4 The Golden Sample

The objective of this work is to derive the most precise abundance trends as possible
for the inner Galactic bulge. In this context, I construct a clean sample, referred to as
the Golden Sample, which contains stars belonging to the inner bulge as determined in
Section 3.3.2 and that have sufficiently high-quality spectra. To select these stars (i) I
require a minimum S/N of 40 (see Section 3.2.1) and (ii) as explained in Section 3.3.3, I
exclude stars with Rgc > 3.5 kpc.
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Therefore, because of an insufficient S/N, I discarded the stars bp2-02, bp1-01, GC1,
GC20, GC25, GC27, GC28, GC37, bm1-06, bm1-18, and bm1-19 from the abundance
analysis. It should be noted that the latter are mainly from the Galactic centre field,
which is expected as it corresponds to the innermost region studied here. Similarly,
the stars bp3-06, bp2-06, bm1-13, and bm1-17 are excluded because of their excessive
distances. From the original sample of 72 stars, my Golden Sample is therefore reduced
to 57 stars. The latter are highlighted in bold face in Tables 3.1, 3.2, 3.4, 3.5, 3.6, 3.7, 3.8,
and 3.9.

Moreover, I computed the line-by-line discrepancy, ojines (given in Table.3.4,3.5,3.6
and 3.7), for every star abundance, which is the standard deviation of the used line
abundance values. Therefore, in addition to the selection made for the construction of
my Golden Sample, I require 07,5 < 0.3 for each chemical element. As explained in
Section 3.2.1, due to the fact that I used only one spectral feature for magnesium, the
line-by-line discrepancy is zero for this element. This selection criterion is therefore
useful to my analysis, but as its value strongly depends on the number of used lines,
caution must be taken when using it; for example, abundances determined with only
one line cannot be evaluated by this criterion.

3.4 Discussion

Here, I discuss my results presented in Section 8.2 and compare them to a local sample
of solar neighbourhood stars, for which I used the same lines and spectral analysis
method (I refer the reader to Section 3.1.2 and 3.2.1 for more details). Moreover, my
abundance trends are also compared to the APOGEE inner bulge sample from Zasowski
et al. (2019) (hereafter referred to as the APOGEE sample). The APOGEE sample has
been updated with the latest APOGEE DR17 release (Abdurro’uf et al. 2022a) covering
about 4000 stars with Rgc < 4kpc. Finally, I discuss my abundances in context of a
tailored chemical-evolution model for the inner bulge.

3.4.1 Silicon and magnesium

The NLTE Si and Mg abundance trends for my Golden Sample of the inner bulge are
shown in Figure 3.7. These are compared to my local star sample in the upper panel
of the figure. This comparison provides a more direct test to look for differences or
similarities between the populations, as the analyses of the stars are designed to be as
similar as possible, thereby minimising any systematic uncertainties. As indicated in
Section 3.2.1, even if the local sample has been selected in the most reasonable way
possible, the potential existence of unknown systematic uncertainties in Tog should be
kept in mind while comparing the two samples. However, a larger scatter is expected for
the inner bulge sample, due to the most obvious and only significant difference between
the analyses, which is the S/Ns. In general, we see that the Si and Mg trends for the
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inner bulge and local thin and thick discs are in very good agreement.

However, my inner bulge stars extend to higher metallicities. Furthermore, although
based on few stars, the local sample shows a tendency to ‘flatten off” at [Fe/H]> 0.25 dex.
The inner bulge sample, on the other hand, clearly shows a continuous downward trend
with increasing metallicity (Johnson et al., 2013 report a similar result for several «
elements in outer bulge fields; moreover, chemical-evolution models suggest this is
indeed to be expected; see Sect. 3.4.3.), albeit with a significant scatter in the abundance
ratios. This is true for both the [Si/Fe] and [Mg/Fe] trends. My derived Mg abundances
show the steepest slope of decreasing Mg with increasing [Fe/H] with a mean disper-
sion of 0.10 dex (see Fig. 3.4). More stars and further investigations into the cause of
the increased scatter at supersolar metallicities for the inner bulge stars are needed in
order to be able to claim any difference in the slopes of the trends for the two populations.

In the lower panel of Fig. 3.7, the Si and Mg trends for my inner bulge stars are compared
to those of the inner bulge APOGEE sample from Zasowski et al. (2019). These data
result from different analysis methods and a systematic shift might therefore be expected.
Silicon is the a-element with the lowest dispersion in APOGEE, which is also seen in
other IR studies (R. Michael Rich et al. 2005, Schultheis et al. 2017, N. Ryde et al. 2010). We
see good agreement overall, within the uncertainties, except for the highest metallicities.
There is, on the other hand, a significant and systematic offset between the data sets for
the [Mg/Fe] trends, with the metal-rich regime showing the largest differences, namely
of up to 0.4 dex. We note that Mg and Si are hailed to be the a-elements measured with
the greatest precision by APOGEE (see e.g. Henrik Jonsson et al. 2018, Schultheis et al.
2017) and Mg does not show signs of any temperature dependency. As this offset is also
the case for my local disc sample, and the APOGEE [Mg/Fe] trend corresponds to what
is expected for a bulge/thick disc trend (see e.g. Bensby et al., 2014), I believe that my
[Mg/Fe] trend is systematically too low by a few times 0.1 dex. As noted above, such a
shift might be expected in light of the differences in the analysis methods, such as the
choice of lines used, whether or not NLTE effects are used, and whether or not those
effects are correct in magnitude. Therefore, a differential comparison of the local and
the inner bulge stars is very important.

We also note that a flattening in [Si/Fe] and [Mg/Fe] trends is seen for the APOGEE
sample for metal-rich stars, that is, [Fe/H] > 0.0. Santos-Peral et al. (2020) demonstrated
that the normalisation procedure has an important impact on the derived abundances
and that narrow normalisation windows around the studied lines improves the precision
and leads to a decreasing trend in the abundance even at supersolar metallicities. This
might be an explanation for the differences. However, we note that this explanation
would not explain this levelling-off tendency for my local sample.

The APOGEE sample suffers from some slight temperature dependencies of Siabundance,
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which is not the case for my Golden Sample, as shown in Figure 3.8 (only an expected
trend is visible: the warmer stars are more metal poor). This might affect the more
metal-rich APOGEE stars, as these tend to be cooler. However, the [Si/Fe] difference
in the slope at supersolar metallicities is less obvious when comparing with my inner
bulge sample, up to [Fe/H]~ 0.3. As shown in Fig. 3.4, NLTE corrections for Si are also
very small, and so this should not cause any differences.

3.4.2 Calcium

The Ca abundances determined for the local solar neighbourhood sample show only
slightly larger scatter compared to the local [Si/Fe] and the [Mg/Fe] trends. However,
the [Ca/Fe] trend for my golden sample of the inner bulge shows the largest intrinsic
dispersion compared to Mg and Si. This is in part due to problems with the Ca lines,
such as the fact that they are situated close to the edge of the detector in the CRIRES
setup. This is not the case for the solar neighbourhood sample, which is observed with
the IGRINS spectrometer, covering the full K band with no gaps. Nevertheless, we see
a general agreement in [Ca/Fe] between the solar neighbourhood and the Golden Sample.

A clear offset compared with the APOGEE sample can be seen. Schultheis et al. (2017)
noted that, for Baade’s window, the Ca abundances of APOGEE are systematically
~ 0.15dex lower than those reported by R. Michael Rich et al., 2005,Fulbright et al.,
2007, and Gonzalez et al., 2011. The APOGEE trend is also lower compared to what is
expected for the bulge/thick disc trend see e.g. Bensby et al., 2014. This shift would
put my local sample and APOGEE'’s trend in closer agreement. The NLTE corrections
for Ca could also be underestimated for the K band lines, leading to overly high Ca
abundances with respect to APOGEE. However, the Ca NLTE corrections (Amarsi et al.,
2020) for the H band are small and the solar disc trends with these NLTE corrections
show good agreement with the [Ca/Fe] trends for the disc determined from optical
lines (Montelius et al., 2022). There is therefore no direct reason to believe that these
corrections should be underestimated. As for the other a-elements, here we again see
the flattening in APOGEE for the high-metallicity stars.

3.4.3 A new chemical-evolution model of the inner Galactic bulge

In this section, I present a new chemical-evolution model designed to reproduce the
NLTE abundance ratios and metallicity distribution function (MDF) of the inner bulge
stars. First, in Section 3.4.3, I compare the new NLTE data for the inner bulge with the
chemical-evolution model of F. Matteucci et al. (2019) based on the one-infall scenario
designed for the Galactic bulge. Subsequently, in Section 3.4.3, I compare the data to a
two-infall model. While such simple approaches to galaxy evolution cannot account for
the full complexity of galaxy formation, they have served as useful reference models
in the literature for studying the impact of single or multiple episodes of galactic star
formation on the chemical signatures in stellar populations.
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Figure 3.7: NLTE [Si/Fe], [Mg/Fe], and [Ca/Fe] vs. [Fe/H] trends of my Golden Sample of the inner
bulge shown in light blue and compared to solar neighbourhood stars in purple (thin disc), green (thick
disc), and dark blue (halo) in the upper panel and compared to the running mean of the updated APOGEE
DR17 sample from Zasowski et al., 2019 plotted in red in the lower panel.
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Figure 3.8: NLTE [Si/Fe], [Mg/Fel, and [Ca/Fe] vs. [Fe/H] trends of my Golden Sample of the inner
bulge colour coded with Tegs showing no bias with temperature.

Testing the one-infall chemical-evolution model

In the left panel of Fig. 3.9, I compare the NLTE [Mg/Fe] versus [Fe/H] data presented
in Section 3.3.1 with the one-infall chemical-evolution model for the Galactic bulge of
F. Matteucci et al. (2019). In this model, the bulge follows a fast gravitational collapse
scenario (R. B. Larson, 1976) and is supposed to form by accretion of a single fast
gas-infall event on a timescale of T = 0.1 Gyr. The proposed model was capable of
reproducing Gaia-ESO bulge stars of A. Rojas-Arriagada et al. (2017b) adopting the
Salpeter (1955) IMF. However, we note from Fig. 3.9 that the NLTE data presented in this
study are not reproduced by the model. A better agreement is obtained with the Kroupa
et al. (1993) IMF. As highlighted in the VINTERGATAN simulation (Agertz et al., 2021),
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Figure 3.9: One-infall chemical-evolution model predictions for the Galactic bulge. Left panel: Effects of
different IMF on the one-infall chemical-evolution model. With the green line, I show the model presented
in F. Matteucci et al. (2019) assuming the Salpeter (1955) IMF, whereas with the black line I show the
same model but with the Kroupa et al. (1993) IMF. Blue dots are the [Mg/Fe] abundances for my Golden
Sample. Middle panel: [Mg/Fe] vs. [Fe/H] for the one-infall model with the Kroupa et al. (1993) IMF,
where a 250 Myr pause in star formation has been applied. Right panel: Kernel density estimation of the
MDF of the same model as in the middle panel (black line) compared with the histogram and KDE of the
NLTE stars distribution (blue histogram and line).
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Figure 3.10: LTE (upper panel) and NLTE (lower panel) [Si/Fe], [Mg/Fe], and [Ca/Fe] vs. [Fe/H] trends
of my Golden Sample compared with the two-infall bulge chemical model constructed Section 3.4.3.

the scatter in the data with high-[a/Fe] abundance ratio values across the entire galaxy
is largely set by the gas -consumption timescales in star forming clouds (see Figure 9
in Renaud et al. 2021a). Gas with short depletion times shows the highest values of
[a/Fe] at fixed [Fe/H] values. This is due to supernova-enriched gas being trapped
more easily in dense clouds where the depletion time is short. It is worth noticing that
in the VINTERGATAN simulation, the scatter in the high-alpha sequence is present
in both the in situ formed stars and the accreted stars (see Figure 8 in Renaud et al. 2021a).

In the middle panel, following F. Matteucci et al. (2019), in order to reproduce the
bimodality in both in the [Mg/Fe] versus [Fe/H] space and in the MDF, I try a 250
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Myr pause in star formation. The chemical-evolution model characterised by a unique
gas-accretion event coupled with a pause in star formation is able to predict the gap in the
[X/Fe] versus [Fe/H] observed in APOGEE bulge data (middle panel), but completely
fails to properly reproduce the two stellar populations in the MDF (see right panel).

Inner-bulge stellar populations with the two-infall model

In the previous section, I show that the classical one-infall chemical-evolution model
does not seem to be the correct scenario to properly reproduce the chemical properties
of the inner bulge.

Here, I consider the possibility that two gas-accretion events are responsible for the
chemical signatures impressed in the NLTE abundance ratios. The presence of two
distinct sequences in the chemical abundances in the Galactic bulge was pointed out by
F. Matteucci et al. (2019) and Queiroz et al. (2020) based on analyses of APOGEE stars.
In particular, in Queiroz et al. (2020), the Galactic disc dichotomy in the abundance
ratios [a/Fe] versus [Fe/H] seemed to extend up to the innermost regions of the disc
up to the bulge. The complex nature of the Galactic bulge structures has already
been addressed by theoretical models with the introduction of two different stellar
populations. Samland et al. (2003), by means of a dynamical model, predicted the
existence of two bulge populations: one originating from an early collapse and the other
formed late in the bar through secular evolution (e.g. Combes et al., 1990; Norman et al.,
1996; John Kormendy et al., 2004b; Athanassoula, 2005a). These results suggest the
two-infall chemical-evolution model may represent the scenario capable of reproducing
the chemical evolution that I find in the Golden Sample.

In the context of the two-infall model, the adopted analytical expression for the gas
infall rate is:

1st infall 2nd infall

L) = XpiAe ™40t — tmay) Xo; B e ttmad/2, (3.1)

where 71 = 0.4 Gyr and 7, = 2 Gyr are the timescales of the two distinct gas-infall
episodes. The Heaviside step function is represented by 6. Xj; and X, are the
abundance by mass unit of the element i in the infalling gas for the first and second
gas infall, respectively. The quantity ¢y is the time of the maximum infall rate on
the second accretion episode; that is, it indicates the delay between the two peaks of
infall rates. In this model, gas outflow occurs during the first infall phase —in which
the accretion of gas happens on a short timescale, and is therefore faster— with a rate
proportional to the SFR through a free parameter. The outflow rate is defined as

w=10 ift<t
G = —w - P(t) _ e (3.2)
w=0 ift > tyuy,
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where w is the mass loading of the wind. Values of 10 or even greater for this latter
parameter are expected in galaxies with stellar masses < 10” Mg, (e.g. Chisholm et al.
2017). Hence, the large mass-loading factors experienced by the inner bulge in a scenario
of an early, fast collapse (first gas infall episode) can impose important constraints on
the host environment of the stars residing in the bulge (or possibly even the mass of the
MW bulge when these stars formed; see analysis for MW-mass systems by van Dokkum
et al. 2013).

The star formation rate (SFR) is expressed as the R. C. Kennicutt Jr. (1998) law,

P(t) v - ag(t), (3.3)

where o, is the gas surface density and k = 1.5 is the exponent. The quantity v is the
star formation efficiency (SFE) and this has been set to the value of 10 Gyr~!, a value
compatible with previous chemical-evolution models for the Galactic bulge (F. Matteucci
et al., 2019). Following Grieco et al. (2012), I impose that for the second gas infall, a
chemical enrichment must be obtained from the model of the early collapse phase,
corresponding to [Fe/H]=-1 dex.

From Fig. 3.10, we note that my model predictions accurately reproduce the Golden
Sample data (NLTE) both in the [Mg/Fe] versus [Fe/H] and [Si/Fe] versus [Fe/H]
relations. It is worth mentioning that, for Mg, the agreement between data and the
model substantially improves if I consider NLTE stars. Nevertheless, the proposed
two-infall model underestimates the data in the [Ca/Fe] versus [Fe/H] space. This
is due to the adopted nucleosynthesis prescriptions. In fact, I make use of the ones
suggested by Romano et al. (2010, in their model 15) and I refer the reader to this article
for details. I stress here that in Fig. 22 of this latter paper, model predictions for the Ca
in the solar neighbourhood also substantially underestimate that data sample in the
[Ca/Fe] versus [Fe/H] space (see also the discussion in Spitoni et al. 2022).

The histogram and kernel density estimate (KDE) of the MDF of my Golden Sample
(see Section 3.3.4 for more details about the star selection) is shown Fig. 3.11. In this
figure, we can also appreciate that the two-infall model for the inner bulge accurately
reproduces the MDF of the Golden Sample. It is important to underline that the purpose
of this study is not to analyse the MDF in the inner Galactic bulge in detail, since the
targeted stars have not been specifically selected using an unbiased method concerning
this parameter. The stars were selected in such a way that they are sufficiently bright
and therefore do not suffer from excessive interstellar reddening but cover a wide range
in the colour and therefore effective temperature. Because of my limited sample size,
I do not address any corrections concerning the selection function. However, MDF
studies so far (see e.g. Alvaro Rojas-Arriagada et al. 2020a, Nandakumar et al. 2017) do
not reveal strong selection effects on the shape of the MDF. Compared to Paper I, no
particular offset is observed with my new metallicity values.
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Figure 3.11: Histogram and kernel density estimation of the metallicity distribution function of my
Golden Sample stars (blue histogram and blue line) compared to those predicted by my chemical-evolution
model (pink line) presented Section 3.4.3.

3.5 Conclusions

I analysed the a-element composition of 72 M giants in the inner Galactic bulge from
Nandakumar et al., 2018 using high-resolution CRIRES spectra. To this end, I determined
precise silicon, magnesium, and calcium abundances using a meticulous star-by-star
analysis. In addition, thanks to a recently updated K-band line list, improved broadening
parameters, a more precise macro-turbulence estimation, and NLTE corrections, this
paper provides one of the most detailed studies of a-abundance trends in the inner
bulge carried out so far. This study can be used as a kind of benchmark for future
spectroscopic surveys such as the upcoming MOONS galactic survey (Gonzalez et al.
2020).

Thanks to a membership study using distance estimations and simulated orbits, I find
that four stars of my sample are not bulge members. With additional selections based
on S/N and line-by-line discrepancy, I constructed a clean sample of my inner bulge stars.

I compare my a-abundance trends in LTE and NLTE cases and find the NLTE corrections
reduce scatter overall, with Mg having the most reduction. However, the NLTE analysis
results in ~ 0.1 dex lower [Mg/Fe]; applying NLTE corrections gives a noticeably lower
trend in [Mg/Fe] versus [Fe/H]. Calcium owes its higher dispersion to the lower quality
of the Ca lines used.

NLTE [a/Fe] versus [Fe/H] trends of my inner bulge stars and those for thin/thick
discs of my solar neighbourhood sample obtained using the same lines and spectral
analysis show similar behaviour, with the bulge sample extending to +0.5 dex in [Fe/H],
+0.3 dex beyond the solar neighborhood sample. For both Si and Mg, the bulge trend at
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suprasolar metallicity is lower than the solar vicinity, especially for Mg. This is striking
and is contradictory to the canonical alpha enhancement expected for bulge giants; this

trend requires confirmation.

However, for metal-rich stars with [Fe/H]>0.3, we observe a flattening in the [Si/Fe]
and [Mg/Fe] thin-disc trends, which I do not find in my inner bulge trends nor in my
chemical-evolution model trends. Additional solar neighbourhood stars for these values
of metallicity would be needed to validate this difference.

Based on my derived MDF and a-abundance trends, I constructed a tailored chemical-
evolution model for the inner Galactic bulge. This latter is highly consistent with silicon
and magnesium abundances. In the case of calcium, my model underestimates the
abundance values because of the nucleosynthesis prescriptions selected in this work.
According to this model, two gas-accretion events with timescales of 0.4 Gyr and 2
Gyr would explain the chemical fingerprints in the a-elements of these inner-bulge
stars. However, a larger sample of high-quality abundances in the inner bulge is clearly
needed in order to confront them with galactic chemical-evolution models.
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Chemical abundances are, as shown in Chapter 3, very good assets to study the
Galactic history. However, a precise estimate of stellar ages would be a crucial clue
to complement this kind of studies. This is one of the hardest stellar parameters to
determine. Indeed, the age of an individual star cannot be precisely measured, only
estimates can be done. Moreover, no single method is effective for estimating the ages of
a wide variety of stellar types or across the entire range of stellar ages. Various methods
have been developed and are discussed in Soderblom, 2010. Their current accuracy is
not satisfactory except for the asteroseismology technique that is, to this day, the most
precise but also limited one. This method uses the analysis of the oscillating frequencies
of stars combined with stellar models to derive their mass, radius, evolutionary state,
and age. These last two decades, several surveys such as CoRoI (Baglin, 2003), Kepler
(Borucki et al., 2010), K2 (Howell et al., 2014), TESS (Ricker et al., 2015) and PLATO
(Rauer et al., 2014) have been developed. Unfortunately, almost only relatively bright
and neighbouring stars are observed with this method and no mass measurements are
available for more distant stars as it would be useful for the purpose of this thesis. When
there is no asteroseismic data, less precise ages can be estimated by fitting models from
a set of theoretical isochrones with accurate stellar parameters, colours and magnitudes.
However, isochrone dating is meaningful only for stars in the turnoff and subgiant phase,
where stars of different ages are clearly separated in the HR diagram (Casagrande et al.,
2011; Kordopatis et al., 2023).

As exposed in previous chapters, more evolved stars like RGB are of specific interest to
study the different structures of the Galaxy as they are more luminous and prevalent
across most ages and metallicities. Since their luminosities and colours show relatively
little variation with age, isochrones of different ages nearly overlap, making it impos-
sible to obtain precise ages from stellar parameters regardless of the accuracy of their

75



76 4. Stellar ages through '2C /13C measurements

measurements. Nevertheless, the mass of these evolved stars could serve as a strong

constraint on determining their age.

The surface carbon isotopic ratio of main-sequence stars reflects the composition of the
interstellar cloud from which the star formed. At the beginning of the ascent of the
RGB, low and intermediate mass stars experience the first dredge-up (FDU) (Iben, 1965).
During this phase, the star undergoes expansion and its outer convective envelope
reaches its maximum mass extent and thus penetrates layers where the chemical com-
position has been partially modified by hydrogen burning via the CN cycle. Through
convection, this newly formed material is transported to the stellar surface and modify
the observed chemical composition of the star. Therefore, the measured abundances
of the CNO group are affected by the FDU and this can be observed, for instance, in a
decreased ratio of [C/N], as well as a notably reduced ratio of 12C /13C. Standard stellar
evolution models for stars similar in mass to the Sun predict a reduction in the 12C/13C
ratio to around ~ 30 from its initial value of ~ 90 (Asplund et al. 2009; Charbonnel
1994). According to these models, no changes in carbon and nitrogen abundances
are expected after the FDU. However, observations reveal decreases in carbon and
increases in nitrogen as the star ascends the RGB (Mikolaitis et al. 2012, TautvaiSienée
et al. 2016 among others). Standard stellar models assume convection is the only mixing
mechanism present but extra mixing processes are found to occur on the upper part of
the RGB (and also later through the AGB). The thermohaline mixing has become, these
last years, a prominent theory that can explain many observations (Charbonnel and
Lagarde, 2010). Thermohaline-induced mixing models that are stellar models that
account for this process are more than necessary. Therefore, the abundances and ratios
of certain atomic species, such as [C/N] or 2C/!3C, carry important information about
stellar nucleosynthesis and mixing processes along the RGB and AGB. By combining
measurements of the latter with thermohaline-induced mixing models, it is possible to
get more precise estimates of the current evolutionary stage of the observed stars.

The main purpose of this project is to establish a relation between stellar mass and the
12C /13C ratio for RGB stars to be able to estimate stellar ages without the need of mass
measurement. It would then be possible to get an age estimation for very distant RGB
stars located for instance in the inner bulge, NSD or even NSC.

The steps for this project were initially the following;:

1. Establishing a stellar mass - 2C/!3C relation from analysis of solar neighbourhood
stars with available asteroseismic masses.

2. Using this relation to estimate masses for cooler solar neighbourhood stars without
asteroseismic masses but with the same range of temperature as the observed
inner bulge stars for which I later want to measure the ages.

3. Estimate masses for the observed inner bulge stars.

In the next sections, only the first step of the project is described.
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4.1 Observations

For this work, I used 17 giant stars observed in near-infrared with IGRINS (Yuk et al.
2010; Wang et al. 2010; Gully-Santiago et al. 2012b; Moon et al. 2012; Park et al. 2014;
Jeong et al. 2014) that provides spectra spanning the full H and K bands (1.45 — 2.5 um)
with a spectral resolving power of R =~ 45 000. These stars are part of the Giants
in the Local Disk (GILD) survey (H. Jonsson et al. 2017b, in prep) and their stellar
parameters were determined by using optical spectra obtained with FIES (Telting et al.,
2014). They were also observed with Kepler (Borucki et al., 2010) and are thus part
of the Kepler Input Catalog (KIC) with measured asteroseismic masses (Pinsonneault
et al., 2014). Their effective temperature, surface gravity, metallicity and mass values
are given Table. 4.1. The spectra are corrected for telluric lines. In the following
sections, the displayed telluric spectra will be used solely to point out the presence of
any potential residuals. For further details about these stars, see Nandakumar et al., 2022.

Star Ters log(g) [Fe/H] | Mass
K | log(ems™) | dex Mo

KIC3936921 | 4488 2.19 0.01 1.029
KIC3955590 | 4411 221 0.03 1.046
KIC4177025 | 4309 1.65 -0.37 | 0.802
KIC4659706 | 4428 2.52 0.24 1.811
KIC5113061 | 4100 1.65 -0.09 | 1.292
KIC5113910 | 4338 1.72 -048 | 0.983
KIC5709564 | 4687 2.15 -0.35 | 0.895
KIC5779724 | 4303 1.63 -0.45 | 0.864
KIC5859492 | 4511 2.38 0.09 1.324
KIC6547007 | 4738 2.39 -0.81 | 0.899
KIC6696436 | 4520 2.19 -0.40 | 1.090
KIC6837256 | 4731 2.33 -0.73 | 1.340
KIC7006979 | 4869 2.58 -0.34 | 1.287
KIC10186608 | 4676 2.50 -0.12 | 1.112
KIC11342694 | 4509 2.82 0.14 1.169
KIC11444313 | 4630 2.33 -0.18 1.319
KIC11569659 | 4838 242 -043 | 1.030

Table 4.1: Stellar parameters and mass of the solar neighbourhood stars

4.2 Method

In this section, I present the method developed to measure automatically the 12C/3C
ratio of the observed stars.
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The near-infrared spectra of cool stars contain many molecular lines, especially OH and
CO. High-resolution spectroscopy is therefore necessary to be able to avoid blends and
resolve as much as possible individual molecular lines. CO lines are of specific interest
since the >CO lines are clearly distinct from the 1*CO lines and individual >CO and
13CO can be analysed. This is often not the case for isotopic atomic lines. The isotopic
shift for atoms is small but large for molecules. Additionally, the CO lines profiles are
sensitive to the variation of 12C/13C and these lines are well represented and display a
range of line strengths in high-resolution H and K bands.

As in Chapter 3, I used SME to analyse the observed spectra (1D spherical symmetric
MARCS2014 models and NLTE grids for the available elements). However, since SME
cannot measure 2C/12C directly, I developed an iterative method to estimate this ratio.
SME was only used to fit the radial velocity (v,,4) and to generate synthetic spectra
without any other free parameter. I used stellar parameters determined in Nandakumar
et al., 2022 and CNO abundances values that have already been measured via OH, CN
and CO lines in the H band with the same spectra. In order to generate synthetic spectra
for different carbon ratio values, I calibrated the molecular linelists for carbon ratios
ranging from 4 to 90 in steps of one. To do that, I used the relations Eq. 4.1 and 4.2
to simulate via the log(g f) value the change in carbon ratio for lines with 2C and 13C
respectively. For high 12C/13C, molecular lines with '2C are stronger (larger log(gf))
and those with 13C are weaker (lower log(gf)) than for lower 12c/13¢C,

12C
12~ /13 o B~
log(gf)c * = log(g/isg " +log | — (4.1)
BC
12 /13 o 1
log(gf)ne! © = log(gf)N% +log e (4.2)
iETol

12 /13 . 12 /13 o
where log(gf)ug/ < log(gf)}zog ", log(gf)wg/ and log(gf)}fg * are the log(g f) corre-

sponding to 12C lines with a specific 1>C/!3C and 100% of '2C, and !3C lines with a
specific 12C/13C and 100% of '3C respectively.

The method has been developed only for the K band for the moment, but could be
expanded to the H band too. Thus, I selected several spectral regions in K band where
CO lines and band heads are located. The method that I describe below is used to
automatically select the interesting CO lines for each star and measure their carbon ratio.

The method is iterative (see Fig. 4.1) and therefore follows several steps:

1. Initially the spectra are prepared to have wavelengths in the laboratory frame by
fitting the radial velocity shift. This step is simply to improve the quality of the
spectra for later fitting. Thus, I use SME to fit the observed spectrum with only
Uya4 as a free parameter. This relieve the need to consider radial velocity shifts in
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Figure 4.1: Diagram of the method used to measure the carbon ratio. SME is used in the orange boxes
and python scripts are used in the blue boxes.

the next steps.

2. SME generates two synthetic spectra for carbon ratios of 5 and 90 for all segments
with no free parameters (v,,4 is measured at the previous step, stellar parameters
and abundances are already determined).

3. A python script selects only CO lines sufficiently sensitive to 12C/!*C by comparing
the difference in intensity between the two generated synthetic spectra. It keeps
only lines for which the difference is sufficiently high and without bad tellurics.
The script needs two threshold parameters: one for the difference between both
synthetic spectra and another for the difference between the telluric and observed
spectra. Then, it defines automatically line masks and smaller segments in order
to use SME for only these selected lines in the next steps.

4. SME generates synthetic spectra for carbon ratios of 4, 10, 25, 50 and 95 for the
new spectral segments made in the previous step.

5. A python script computes the x? between the observed spectrum and the different
synthetic spectra in order to identify the closer minimum and maximum carbon

ratio values (1"a’cioﬁﬂf1 and ratiol"® ) for each line.

6. SME generates synthetic spectra for a wide range of ratios, with a step of 1, between
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line 5 nd ratioli™® for each selected line.

ratio ;- max

7. Asin step 5, a python script computes the x? between the observed spectrum and
the different synthetic spectra in order to determined the best carbon ratio for each
line. The final >C/13C of the star is the mean of the carbon ratios of the lines.

Until now, this method has been used only for *CO lines analysis but 2CO lines could
be studied too. Among 94 identified 1>CO lines, 50 were used in total and the method
led to a selection of 5 to 10 best quality lines for each star. I show Fig. 4.2, an example of
several spectral lines for the star KIC5859492 in the final steps 6 and 7. We can clearly
see that the selected lines are really sensitive to the carbon ratio: they are stronger as it
decreases.

4.3 First results

In this section, I present the first results obtained after analysing the 17 solar neighbour-
hood giant stars with available asteroseismic masses.

The measured carbon ratio (listed in Table 4.2) as a function of stellar mass is shown Fig.
4.3. Since this work is not finished, uncertainties have not been computed yet. Among
the different ratio values, four stars seem to have unexpected higher ratios. After visually
checking the corresponding spectra, the stars KIC4659706, KIC6696436, KIC6837256,
and KIC11342694 have poor quality data because of their very low metallicity and /or
their very low SNR and therefore have very few available CO lines. They were discarded
for the rest of the analysis.

The Kiel diagram of the stars superimposed with thermohaline-induced mixing models
from Lagarde et al., 2012 for different stellar masses at solar metallicity is shown Fig. 4.4.
We can see that the stars are in the helium-burning phase and more precisely located at
the red clump or in the horizontal branch (see Fig. 4.5 for detailed indications of the
evolutionary stages). The effects of the FDU but also of the thermohaline mixing can
clearly be observed via the measured carbon ratios: less evolved stars seem to have a
higher carbon ratio (close to 18) than the more evolved ones (close to 10).

In Figure 4.6, I compare the carbon ratios obtained in this work with the ones from V. V.
Smith et al., 2013b and Gilroy, 1989. V. V. Smith et al., 2013b measured in high-resolution
H band, the carbon ratio of four solar neighbourhood red giants. Gilroy, 1989 measured
the mean carbon ratio of the red giants belonging to open clusters. The author estimated
the stellar ages and masses by fitting theoretical isochrones to the colour-magnitude
diagram of the clusters. As in both literature studies, we observe with these first results
an increase for this range of mass (< 2 Mg). Thermohaline-induced mixing models
from Lagarde et al., 2012 predict also this increase at low stellar masses. This is due to
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Star 12c/13¢
KIC3936921 18.6
KIC3955590 17.4
KIC4177025 59
KIC4659706 26.3
KIC5113061 17.7
KIC5113910 9.1
KIC5709564 12.3
KIC5779724 8.6
KIC5859492 20.0
KIC6547007 18.0
KIC6696436 25.8
KIC6837256 41.7
KIC7006979 12.8

KIC10186608 17.0
KIC11342694 37.1
KIC11444313 14.0
KIC11569659 13.0

Table 4.2: Measured carbon ratios of the solar neighbourhood stars

the fact that the duration of all the evolutionary phases decreases when the initial stellar
mass increases (Charbonnel, 1994). Low mass stars are therefore exposed for longer to
mixing processes, i.e. more '3C is transported to their stellar surface. Stellar models for
lower masses (< 1 M) would be needed to better compare the results.

4.4 Early conclusion

The first results of this project show that the method is promising and could allow me
to estimate the ages of very distant giant stars provided that they are not too metal-poor
and that I have high-resolution near-infrared spectra with a sufficiently high SNR. Even
if the method works well with most of the stars studied in this work, it could still be
improved. A better computation of the final carbon ratio of the stars could be done with,
for instance, a weighted mean accounting for the quality of the selected lines. Also, the
method still has to be extended to the H band (this work used only the K band).
Moreover, the method developed for 2C/13C can be used with any isotopic ratio.
Additional parameters could be measured as C/N and other isotopic ratios like 1O /7O
and °0/180 that have been found to be dependant of stellar mass as explained in
Lebzelter et al., 2015.
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Figure 4.2: Example of several lines used in the final steps for the star KIC5859492. For each line, the
right panel corresponds to step 6 where synthetic spectra of different carbon ratio values are generated
while the left panel shows the best fitting obtained in step 7. The black curve is the observed spectrum, the
green curve is the telluric spectrum, and the coloured curves correspond to synthetic spectra for different
carbon ratio values. The automatically defined line masks at step 3 correspond to the grey region.
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Figure 4.3: Carbon ratio vs. stellar mass for the solar neighbourhood stars with available asteroseismic
masses. Purple markers correspond to stars with qualitative enough spectra while grey points refer to stars
with bad quality spectra.
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Figure 4.4: Kiel diagram of the solar neighbourhood stars colour coded with their carbon ratio. Black
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et al., 2012 for solar metallicity (Z = 0.014) and stellar mass of 1.0, 1.25, 1.5 and 2.0 Mg, are the blue,
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diagram of the standard 4.0 M model at solar metallicity. Each phase is indicated by a different colour:
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Figure 4.6: Carbon ratio vs. stellar mass for the solar neighbourhood stars with available asteroseismic
masses. Purple markers correspond to stars with qualitative enough spectra. Coloured lines correspond
to the carbon ratios from the thermohaline-induced mixing models from Lagarde et al., 2012 for solar
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K are shown (see Fig. 4.5).
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5

INTRODUCTION

"Every star has its own orbit [...]"

George Bernard Shaw

Chemical analysis of stars is highly valuable for understanding Galactic history
as presented in Part I, but it is also crucial to study the motions of stars (kinematics
and dynamics) to gain a complete picture. Combining both approaches provides a
comprehensive insight into the structure and evolution of the Galaxy. In this chapter, I
delve into stellar dynamics and the approaches used to study orbits.

5.1 Stellar orbits

Until now, the Milky Way is the only galaxy where individual stars can be resolved in the
inner regions, allowing for high-accuracy measurements of their positions and motions
in three dimensions. While the motions of one- or two-body systems are relatively
simple, it is widely known that systems with three or more bodies become complex and
some are fundamentally unpredictable (Poincaré, 1892). Galaxies, containing numerous
interacting stars, gas, and dark matter, can exhibit very complex dynamics and chaotic
behaviours (Poincaré, 2017). The Milky Way consists of multiple components that evolve
and interact with each other, while also being influenced by external perturbations
from satellites like Sagittarius and the Large Magellanic Cloud. Stellar orbits are
usually computed using numerical integration algorithms and using simplified, smooth,
symmetric and static descriptions of galactic gravitational potentials. Since the timescale
for galactic changes far exceeds the typical orbital timescale and because encounters
between individual stars are rare, the latter approximations work well. However, in
certain cases, accounting for more complex structures like galactic bars, spiral arms or
rotation effects is necessary to calculate realistic orbits (this will be more discussed in
Section 5.1.2).
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5.1.1 Orbit definition

The trajectories that stars trace within the Galaxy are called orbits. They are initially set
by the motions within the gas from which the stars formed, along with the influence
of the gravitational potential. Over time, the movements of stars can be influenced
by various processes such as radial migration (Sellwood et al., 2002), gravitational
torques (Block et al., 2002), heating mechanisms (J. Binney et al., 1988), and resonances
(Athanassoula, 1992a) among others.

Hamiltonian mechanics

The motion of a particle (a star in the case of this thesis) can be described by the
Hamiltonian function H which is a function of coordinates x and velocities v and is
equal to:

H(x,v) = K(v) + V(x) (5.1)

with the kinetic energy K and potential energy V.

The Hamilton equations are:
IH IH
X = —, V=—-—— 2
v Y ax (5:2)
A very useful set of variables to describe a stellar system are the action-angle denoted
by (0,]). Actions are adiabatical invariants which means they are conserved under slow
changes in the potential. For instance, this simplifies the treatment of multicomponent
systems (e.g. when combining disc and halo potentials, Vasiliev 2019). This set of
variables satisfies, in the case of an Hamiltonian only dependant of the actions H = H(J):
N Val . IH
6-:—:0' y )i = 0= =
=5 =00, Ji=—55

where Q;(J) is a constant and represents a frequency.

0 (5.3)

The actions are constant functions of time (when the stellar system is not perturbed)
and the angles are therefore linear functions of time: 0; = Q;(t — t;o) (i.e. they increase
linearly with time).

In the case of a star on a regular orbit, the entire 6D phase space is foliated into
non-intersecting 3D orbital torus (or three-torus). The latter would allow three closed
independent curves y; corresponding to the different (0;, J;) pairs. An illustration of a
2D orbital torus is shown in Figure 5.1. As it moves along its orbit, a star spirals on the
surface around the torus. Its motion can therefore be decomposed into three decoupled
linear motions in 61, 6> and 03. The actions describe the extent of oscillations in each
dimension (i.e. size of the torus) while the angles describe the motion. In other words,
actions tell which orbit the star is on and angles where it is located on the orbit. Thanks
to transformations (0, J) — (x, v), it is possible to find the position and velocity at any
time (McMillan and Binney (2008)).
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Figure 5.1: Upper left panel: Two closed independent curves on the surface of a 2D-torus (]. Binney and
Tremaine 2008). Upper right panel: The actions ]; represent the size of the torus (Merritt, 1999). Lower
panel: A star orbiting periodically on the torus surface (Brink et al., 2015).

An orbit can be characterised according to several definitions:

4 A periodic or closed orbit is an orbit which closes up upon itself periodically after a
given amount of time.

4 A quasi-periodic orbit does not close up upon itself but resides on an invariant torus
about the corresponding periodic orbit in phase space.

4+ A stable orbit is an orbit that, if its initial conditions are slightly modified, will
remain (for infinite time) close to the original orbit rather than diverging away
from it (if it diverges exponentially, it would be a chaotic orbit, Lyapunov 1992).

In an ideally unperturbed system, only a few families of periodic orbits exist. However,
as a perturbation increases, new orbits are produced by bifurcations from the orbits of
the unperturbed system and are called regular orbits. Stable periodic orbits trap nearby
regular non-closed orbits, meaning that an orbit sufficiently close to a stable periodic
orbit in phase space (i.e. in position and velocity) will tend to stay near it indefinitely.
Consequently, stable periodic orbits can be seen as the fundamental building blocks
of galaxies. They capture stars and gas in stable, non-closed orbits, contributing to the
formation of various galactic structures.

In Cartesian coordinates, the position x; does not increase limitless as the angle 0; does.
However, we can infer that the position is a periodic function of the angle. We can scale
0; so that x; returns to its original value after 0; has increased by 27t. The positions can
therefore be expanded in a Fourier series:
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x(0,]) = ) Xu()e™? (5.4)

with n: a vector of three non-zero integers.

As shown in Equation 5.3, the angles increase linearly with time with rates set by three
constant fundamental frequencies Q = (€4,€);,()3), i.e. a star oscillates at a certain
frequency Q; in each dimension. We can then replace 0 in Eq. 5.4 using Eq. 5.3.

The fundamental frequencies of a generic orbit are incommensurable, i.e. n - Q # 0.
However, if they are commensurable (n - Q = 0), the orbit is considered resonant. The
latter is then confined to a surface with dimensionality depending on the number of
resonance and which is lower than that of the orbital torus.

For a more detailed review, see J. Binney and Tremaine (2008).

Orbital parameters

Orbits can be characterised by several orbital parameters, which are essential for
quantifying the spatial extent of the trajectory of a star in the Galaxy:

4+ The pericentric Ryyin or Rperi and apocentric radius Ryax or Rgp, determine the
minimum and maximum distances from the Galactic centre that a star can reach

according to its orbit.

4 The maximal height z,,,x corresponds to the maximal vertical extent from the
Galactic plane that the star can reach.

4 The orbital eccentricity e is a convenient measure for quantifying the circularity
of an orbit. For a circular orbit, ¢ = 0 while for very elliptical orbits close to be
unbound e — 1. Based on a generalisation of the Keplerian case, the formula of
the eccentricity can be approximated to a function of the pericentric and apocentric

apo — RNperi

radius: ¢ = ————
Rapo + Rperi

In the case of regular (non-closed) orbits, these parameters can only be estimated.

5.1.2 Gravitational potentials

The motions of stars are governed by the distribution of mass of the galaxy. Given the
current phase-space position of a star, we can determine its orbit if the mass density is
known. Therefore, the mass profile of the Milky Way is essential to be able to study the
dynamics in our Galaxy. However, it is very challenging to measure it and we need to
resort to luminous dynamical tracers (bright stars, satellite galaxies, globular clusters,
maser sources, HI gas clouds and tidal streams) to infer its properties. Extensive efforts
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have been made to constrain the mass of the Galaxy as accurately as possible using a
variety of methods. For an extensive review, see Jeff Shen et al., 2022.

The Poisson equation links the gravitational potential @(x) to the density p(x):
V2d(x) = 47 G p(x) (5.5)

with G the gravitational constant.

Gravitational potential models are only estimates of the highly complex current Galactic
potential, employing specific functional forms characterised by a particular set of pa-
rameters. To condense the description of the Galactic potential to just a few parameters,
assumptions and simplifications are obviously necessary. These models are generally
made up of several components to describe the distinct structures in the Milky Way, such
as the disc, the dark matter halo and the bulge. Axisymmetric descriptions are often
used to model the potential of the Milky Way and can be a good first approximation,
notably for the Galactic disc and the dark matter halo. However, most disc galaxies also
exhibit non-axisymmetric structures, such as giant molecular clouds, spiral arms and
galactic bars, which interact with the material in the disc. These interactions distort
orbits and often lead to resonances due to the coupling between the motion of stellar
material and the non-axisymmetric structures. They play a crucial role in redistributing
angular momentum and material within the galaxy, moving gas and stars either toward
the galactic centre or to the outer regions (for more details, see the review Sellwood,
2014).

As I study stars located in the inner regions of the Galaxy, non-axisymmetric or triaxial
potentials that account for the Galactic bar are necessary. This is why I will now focus
on barred potentials.

For a star orbiting in a disc, the radial Or and azimuthal 6, orbital angles (see Section
5.1.1) are linear function of time with a frequency x and Q respectively. The former
describes the radial oscillations! and the latter the rotation. Resonance occurs when
the orbital period of a star matches a multiple of the period of another perturbing
gravitational influence. In the case of a potential that rotates with a pattern speed €y,
the main resonances are:

4+ Corotation resonance (CR): Q = ().

4 Lindblad resonances: m(€Q — () = +k where +«x corresponds to the inner Lindblad
resonance (ILR): the star overtakes the potential and —« to the contrary with the
outer Lindblad resonance (OLR). In the case of a bar, the potential is bisymmetric
and thus the integer m? is 2. Depending on the shape of the rotation curve (i.e.

! Small radial deviations from the circular motion of the stars are called epicycles.
2 Galaxies may have multiple Lindblad resonances, corresponding to different values of m.
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as a function of galactocentric radius), a galaxy may have zero, one, or two ILRs
(see Fig. 5.2).
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Figure 5.2: Rotation curve of (a) a galaxy with a single ILR and (b) a galaxy with two ILR. (Carroll and
Ostlie 2017)

Triaxial potentials typically contain two primary types of orbits: tube orbits and box
orbits. They also support various higher-order resonant orbits and chaotic orbits. Stars
in tube orbits rotate around the galaxy while oscillating in both the radial and vertical
directions and are confined within these two dimensions. They are divided into two
categories: short-axis tubes and long-axis tubes depending on their symmetry axis. On
the contrary, stars in box orbits undergo a reversal in their direction and never rotate
completely around the galaxy. They are confined in azimuthal, radial and vertical
directions. The type of an orbit can be determined by looking at the three components of
the angular momentum along the orbit. If all components change sign, the orbit has not
a sense of circulation and is classified as a box orbit. Conversely, if a component of the
angular momentum keeps the same sign, the orbit is a tube around the corresponding
axis (Carpintero and Aguilar 1998).

Stable periodic orbits are associated with groups of regular non-closed orbits that are
called orbital families. Orbits within the same family exhibit qualitative similarities
and share many fundamental characteristics. Each orbit family is typically said to be
parented by one specific stable periodic orbit. A star on a non-closed orbit may undergo
stable oscillations around one of the fundamental closed orbits. The amplitude of these
oscillations depends on the initial conditions of the orbit and their proximity in phase
space to the parent orbit.

As the shape of a galaxy is partly constrained by the available orbital families, their study
is of great interest to identify the stellar populations present in the different structures
of the galaxy. A particularly effective method of visualising the various orbit families in
a potential involves the use of frequency maps. In Chapter 6, I will present a detailed
frequency analysis.
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Figure 5.3: Examples of x1 (horizontal solid lines) and x; (vertical solid lines) orbits in the (x,y) plane of
a rotating barred potential. The bar major axis is horizontal. The dotted lines show three 4:1 resonant
orbits (which close after four radial oscillations for every turn about the centre).(Sellwood, 2014)

Periodic orbits are numerous but the most important ones in barred potentials are:

4 The x; family is the main supporting orbital family of the bar. These orbits are
elongated along the bar (i.e. parallel to the bar major axis, see Fig. 5.3), look like
ellipses and can feature loops at each both ends. They do not extend beyond the
corotation resonance (Contopoulos, 1980).

4 The x; (stable) and x3 (unstable) families, in contrast to x; family, have rounder
orbits perpendicular to the bar (see Fig. 5.3). The presence of x; orbits signals the
existence of an ILR in the galaxy (Athanassoula, 1992a). They tend to weaken the
bar and could even destroy it for small €.

4 The x4 family has circular retrograde orbits (i.e. they do not rotate in the same
direction as the bar) that extend from the central regions to the outer parts of
galaxies.

Using firstly 2D potentials, bars were found to be largely made out of regular orbit
families trapped around stable periodic orbits (Contopoulos and Grosbol 1989). It was
shown later in 3D barred potentials, that the third dimension introduces dynamical
instabilities forcing the stable planar periodic orbits to bifurcate. For instance, the x;
orbits can become vertically unstable in certain regions and bifurcate into various regular
orbit families belonging to the so called x1-tree (Skokos et al. 2002, Athanassoula 2005a).
In the same way, the x, family parent a large variety of orbits that I will talk about in
Chapter 6.
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ORBITAL ANALYSIS OF STARS IN THE NUCLEAR

STELLAR DISC OF THE MiLky WAy

Published in Astronomy & Astrophysics | A&A 685, A93 (2024)
Authors: N. NIEUWMUNSTER, M. ScHuLTHEIS, M. SormANI, F. FrRackoupi, F. NOGUERAS-

Lara, R. ScHODEL, P. McMiILLaN, L. C. SmitH, J. L. SANDERS

As presented in Chapter 1, the nuclear stellar disc (NSD) is a dense stellar structure in
the centre of the Milky Way and surrounds the massive nuclear star cluster (NSC) with
its central massive black hole (Launhardt et al. 2002a). The NSD is a flattened disc with a
radius of ~ 200 pc and a scale height of ~ 50 pc (Launhardt et al. 2002a; Shogo Nishiyama
et al. 2013, Gallego-Cano et al. 2020b). Increasing evidence is reported that the NSD
is a distinct structure from the NSC and the nuclear bulge: Francisco Nogueras-Lara
et al. (2020b) determined the SFH in the NSD using the GALACTICNUCLEUS data
(F. Nogueras-Lara et al. 2018b) and analysing the luminosity function together with
stellar evolutionary models. They found that ~ 80% of the stars formed more than 8 Gyr
ago, followed by a quenching phase and then by a recent star formation activity, about
1Gyr ago, in which about 5% of the NSD mass was formed. While most of studies
agree that the NSD has a relatively early formation time, the detailed SFH is still under
discussion (see e.g. F. Nogueras-Lara et al. 2023b, Sanders et al. 2024), and much more
work is clearly needed.

By using a large sample of KMOS observations in the NSD (Fritz et al. 2021), Schultheis
et al. (2021) found a difference in the chemistry, that is, in the metallicity distribution
function, between the NSC, NSD, and the nuclear bulge that reinforces a different
formation scenario of the NSD. Furthermore, they found some evidence that metal-rich
stars may have formed in the central molecular zone, while metal-poor stars show more
similarities to the surrounding Galactic bulge.

Kinematic studies relying on radial velocity measurements or proper motion studies

show evidence that the NSD is rotating (see e.g. Lindqvist et al. 1992a, Schonrich et al.
2015a, Fritz et al. 2021, Shahzamanian et al. 2022). Linking the rotation to the chemistry,
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Schultheis et al. (2021) found that metal-rich stars rotate faster than metal-poor stars,
with some hints of counter-rotation for the most metal-poor stars.

Extragalactic studies showed that many barred galaxies host nuclear discs or rings
(Gadotti et al., 2019b; Gadotti et al., 2020). So far, the most likely formation scenario of
a nuclear disc, called inside-out formation, is linked to the galactic bar (Bittner et al.,
2020). According to this scenario, a nuclear disc is a built up from a series of gaseous
rings (i.e. nuclear rings) that grow in radius over time. The growth is caused by the gas
that is moved towards the galactic centre by the bar.

Based on the 3D velocities, Sormani et al. (2022) constructed axisymmetric self-consistent
equilibrium dynamical models of the NSD providing the full 6D distribution function
(position and velocity) of the NSD. These models provide the best description of the
rotation curve in the innermost few hundred parsecs of the Milky Way, and they are
implemented in the AGAMA (Vasiliev 2019) software package.

A powerful method for obtaining a complete picture of the properties of the individual
orbits is the so-called frequency analysis (Laskar 1993, Valluri et al. 1998, Vasiliev
2013) where the three fundamental frequencies of the orbit oscillation can be extracted
accurately. This frequency analysis can be used to distinguish between regular and
chaotic orbits and to classify the main orbital families. So far, this technique has
mainly been used for studies in the Galactic halo and disc. Amarante et al. (2020) used
frequency maps to show that the proposed wedges in the Rapo — Zmax plane, shown
Fig. 6.1, identified by M. Haywood et al. (2018) as possible signs of accretion can be
explained by the existence of different orbital families. Koppelman et al. (2021) revealed
the prominent presence of resonances (see Fig. 6.1). According to this, ~ 30% of the

halo stars are associated with resonant families.

In this chapter, I calculate the orbital parameters of a representative sample of stars
belonging to the NSD and I use frequency analysis to classify the different types of
orbits present in the NSD.

6.1 Observations

6.1.1 Data sample

I used the NSD data obtained with the KMOS (Sharples et al., 2013) spectrometer at the
ESO VLT. The detailed survey strategy and data reduction procedures are described by
Fritz et al. (2021). As well as their radial velocities, I used the proper motions derived
from the preliminary VIRAC2 (L. C. Smith et al., 2018) photometric and astrometric
reduction of the VVV data (Minniti et al. 2010). I refer to Sormani et al. (2022) for a
more thorough description of the data. The sample includes only stars that are primary
sources of the survey leaving us a total of 2501 stars. It is shown in Fig. 6.2.
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Figure 6.1: Ry US. Zyax diagrams from literature showing wedges. Upper panel: Figure 5 from
M. Haywood et al., 2018. Lower panel: Figure 10 from Koppelman et al., 2021 where each colour
corresponds to an identified orbital resonance.

6.1.2 Catalogue selection

Sormani et al. (2022) pointed out that stars belonging to the Galactic bar contribute
significantly in the outermost fields of the NSD sample of Fritz et al. (2021). In their
Tab. 10, they quantified the contamination of the bar: It ranges from 20-30% in the
inner fields to up to 75% in the outermost fields. For this reason, I decided to use only
the innermost fields, that is, [1| < 1.5° and |b| < 0.3°, where the probability of NSD
membership is higher than 70% (see Tab. 2 of Sormani et al. 2022). In addition, I used
the same colour cut (H — Ks) > max(1.3,—0.0233 K + 1.63) as in Schultheis et al. (2021)
to remove foreground stars.

In order to obtain highly reliable orbital parameters, I constructed a golden sample
and chose to keep stars with small proper motion uncertainties: i err < 0.6 masyr™?
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Figure 6.2: Fiqure 1 from Schultheis et al., 2021 showing the location of the different KMOS fields of the
sample (filled circles) superimposed on the extinction map of Gonzalez et al., 2012. The filled squares
indicate the APOGEE DR16 comparison sample. The colour scale represents the number of objects, while
the grey scale the AKs value of the extinction map. The black contours show the surface brightness map of
the best-fit model of the nuclear bulge component by Launhardt et al., 2002a.
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Figure 6.3: Upper panel: Histograms of the radial velocities and proper motions in iy and iy, respectively.
Lower panel: Same, but for the uncertainties. The grey sample is the full sample, and our final sample,
used for the analysis, is shown in magenta.

and pp err < 0.6mas yr~! (corresponding to the 98!" percentile; see the vertical dashed
line in Fig. 6.3), leading to a total sample of 1130 stars. As pointed out by Sormani
et al. (2022), this proper motion cut also removes very bright stars (K < 10), for which
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the proper motion errors become large due to saturation effects. Figure 6.4 shows the
corresponding HK colour-magnitude diagram after removing the bright stars. The final
sample contains stars in the interval 6.6575 < K - 1.37 (H — K) < 9.1575, corresponding
to a dereddened magnitude of 7.0 < Ko < 9.5. The main purpose of this selection
criteria was to obtain an unbiased sample in the metallicity distribution as discussed in
Schultheis et al. (2021). I caution that the sample is far from complete, which affects
the fraction of the different orbital families (see Section 8.3). To overcome this, I carried
out in Appendices of Chapter 8 the same analysis using an hydrodynamic N-body
simulation of an isolated Milky-Way like disc galaxy that contains a nuclear disc.

« All sample
Selected stars

14

15 =

05 10 15 20 25 30 35 40 45
H-K
Figure 6.4: K vs. H-K colour magnitude diagram of the total Fritz et al. (2021) sample in grey. My
sample after application of the proper motion cuts is shown in magenta. Colour cut 1: (H — K) >
max (1.3, -0.0233K + 1.63). Colour cuts 2 and 3: 6.6575 < K — 1.37(H — K) < 9.1575. The typical
error for each axis is indicated in the lower left corner of the figure.

6.2 Analysis

6.2.1 Orbit integration

I used the software package AGAMA (Vasiliev, 2019) to determine the orbital parameters.
It is both fast in terms of computation time and provides methods for the easy handling
of the computation of different potentials. This gives me the flexibility to test different
potentials (e.g. axisymmetric, non-axisymmetric, or different bar pattern speeds).

One main source of uncertainties when calculating the orbital parameters is the distance
uncertainty. While previous studies of the GC used a constant distance (e.g. 8.25kpc
GRAVITY Collaboration et al. 2020), I implemented a distance distribution in my anal-
ysis. As the NSD is an extended stellar feature with a scale length of ~ 100 pc (e.g.
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Gallego-Cano et al. 2020b, Sormani et al. 2022, F. Nogueras-Lara 2022a), I assumed this
typical scale length and integrated the orbits 100 times by using different distances
chosen from a Gaussian distribution (u = 8.2 kpc, 0 = 50 pc) between 8.1 kpc and 8.3
kpc (Launhardt et al. 2002a, F. Nogueras-Lara 2022a).

In addition, I carried out two other tests in which I assigned the distances of the stars in
two different ways: (i) I used the colour cuts made by F. Nogueras-Lara et al., 2023b to
identify, the stars in the sample that belong to the close edge (i.e. bluer in H-K) and
those that belong to the inner region of the NSD (i.e. redder in H-K). Typical distances
of 8.05 kpc and 8.2 kpc with a standard deviation of 50 pc were used for the closest edge
and the inner population, respectively. (ii) I computed the most likely distances for each
star, by using their probability to belonging to the NSD. The probabilities were derived
from the distribution function provided by the self-consistent model from Sormani et al.,
2022. The results obtained with these different distance values are discussed in Sections
8.2 and 8.3.

For the purpose of this paper, I constructed a non-axisymmetric potential by combining
the potentials that correspond to the main components of the Galaxy that affect the
dynamics of stars in the NSD: the inner bulge/bar, NSD, and NSC. The total density is
Ptot = Pbar + PNsD + pnsc Where (i) the bar /bulge density is taken from Launhardt et al.,
2002a; (ii) I adopted the NSD density from Sormani et al., 2020 (see their Equation 27);
(iii) I used the NSC density from Chatzopoulos et al., 2015a (see their Equation 17). I
show a comparison with other potentials in Appendix 6.B. I took into account a typical
(clock-wise) rotation pattern speed of (3, = 40 km s~! kpc™! (Portail et al., 2017a) for the
bar component of the potential which is at an angle of & = 25° from the line of sight
towards the Galactic centre (GC).

For the purpose of this study, it is not necessary to set a long integration time because
stars located near the GC rotate quickly around it. As explained in Valluri et al., 2016,
an accurate determination of the fundamental orbital frequencies requires that orbits
are integrated for at least 20 orbital periods. During 500 Myr, most of the stars of the
sample have therefore made hundreds to thousands of periods, which is enough to
estimate orbital frequencies (see Section 6.2.2). I chose a short timestep of 4000 yr for a
good sampling of the orbits.

6.2.2 Orbital frequency determination

Bounded regular orbits in a triaxial potential have three fundamental frequencies, (),
that determine the periodic behaviour of motion (J. Binney et al. 2008). This motion can
be decomposed as a Fourier sum, where the Fourier frequencies are linear combinations
of the fundamental frequencies. These fundamental frequencies can be recovered, as
shown by Laskar, 1993, using the so-called numerical approximation of fundamental
frequencies (NAFF), which has been applied in planetary dynamics. Price-Whelan (2015)
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developed an open-source code called SuperFreq, which is a Python implementation
similar to the NAFF code. This code finds the fundamental frequencies (starting with
the highest amplitude) by computing the Fourier spectra for the phase-space coordinates
used to describe the orbit. A plot of these fundamental frequencies of a set of orbits
gives then a frequency map that allows identifying resonances. As explained in Chapter
5, resonant orbits are those for which the fundamental frequencies () = O, )y, (),
(or Qg, Qo, O, depending on the selected coordinate system) can be measured and
where n - () = 0 for n = (ny, ny, n;), where the vector n only contains integer numbers
and at most one zero (Koppelman et al. 2021). For example, in Cartesian coordinates,
n )y +nyQy +1,Q), = 0, and the resonance is then called 1, : 1, : n,. Moreover, boxlets
are special cases of resonant orbits in which one of the integers n,, n,, 1 is zero.
Frequency maps are a powerful tool for obtaining an automatic classification of the
different orbital families with a much clearer separation when plotting the fundamental
frequencies in Cartesian coordinates (Valluri et al. 2016).

We can classify orbits into two main categories: tubes (short-axis or long-axis)!, and
box orbits (chaotic orbits correspond to orbits that cannot be identified with one of
these categories, see Section 6.2.3). Based on the frequencies in Cartesian coordinates
(Qy,Qy, Q;), we can identify most of the orbital families corresponding to the different
resonances. However, since the chosen coordinate system only allows us to trace
symmetries within the system, short-axis and long-axis tube orbits in the Cartesian case
are clustered to a trivial resonance (e.g. 1:-1:0 resonance for short-axis tube orbits). It
is then more effective to study orbital frequencies in several coordinate systems even
though the Cartesian frequencies give us a general picture of the orbital families. To
study tube orbits more precisely and identify their true resonances, it can be better
to examine the frequencies in cylindrical coordinates (Qr, Qo, Q2,). However, Valluri
et al., 2016 showed that Cartesian orbital frequencies are more reliable for bar orbit
classification.

6.2.3 Chaoticity

To study chaoticity and particularly identify chaotic orbits, I used two different methods
that I introduce in this section.

Lyapunov exponent

The Lyapunov exponent (Lyapunov, 1992) is a fundamental concept in the field of
non-linear dynamics and chaos theory. It quantifies the sensitivity of a dynamical
system to initial conditions. In a global context, the Lyapunov exponent characterizes
how the trajectories in a system diverge or converge as time progresses, providing
insights into the long-term behaviour of complex systems.

! Tube orbits circulate around a certain axis: z for short-axis tubes and x for long-axis tubes.
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which all orbits are classified as chaotic orbits.

1.6

1.4

Highest Lyapunov exponent

0.0

1.2

1.0

0.8

0.61

0.4

0.2

o  All with lyap>0 o e
° )
e Chaotic with lyap>0 ° °
O oo
o & M
Oo.o o ° (,0
°%e
o ® 0"5"30:‘
o e

0 o 0o

'l

-3 -2
Frequency drift log(Af)

o 7

Figure 6.6: Comparison between highest Lyapunov exponent and frequency drift. The red points show the
chaotic orbits identified with the visual classification (see Sect. 6.3.2) while the red shaded area indicates

the zone containing only chaotic orbits according to the frequency drift method (see Sect. 6.2.3). Only

orbits with a highest Lyapunov exponent greater than 0 are shown in this diagram.

When considering a dynamical system, even tiny differences in initial conditions can

lead to drastically different trajectories over time. The Lyapunov exponent captures

this phenomenon by measuring the rate of exponential separation between initially

close trajectories. A high Lyapunov exponent indicates chaotic behaviour, where

trajectories diverge exponentially over time, making long-term predictions inherently

uncertain. Conversely, a low Lyapunov exponent indicates convergence towards a stable

equilibrium or periodic behaviour.
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I used the highest Lyapunov exponent estimation method provided by AGAMA (Vasiliev,

2019). For more details about the method, see Section 4.3 of Vasiliev, 2013.

300 — 1.0
Integration time: 0.5 Gyr
250 Time step: 0.004 Myr o« e
> -+ " [fos
e S -.. r0.6
. PRI 0.4
SO A5
AR
i 0.2
',
t'. L[] I 0 O
200 300 400 500
Rmax [pc]

Figure 6.7: Ry,4x US. Ziax diagram colour-coded with eccentricity. The typical error on both parameters
arising from the propagation of the observational uncertainties and the distance uncertainty is indicated
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Frequency drift

Another way to study chaoticity is to directly use the orbital frequencies. Valluri et al.,
2010 (see their Section 3.1) showed that it is possible to measure the stochasticity of
an orbit based on the change in the fundamental frequencies over two consecutive



6.2. Analysis 105

300 Integration time: 0.5 Gyr l200
Time step: 0.004 Myr .
250 - >0
3 . '100
— 200+ .
S . . r50
o -
N 150 ' - o >
l\tlE 100 DS =7
AT XA AR
KA LS . -100
501 ORI | Lt '
g "( .; .‘ % : Je .o p . %o . _150
o] AR ‘ i ~200
0 100 200 300 400 500
Rmax [pc]

Figure 6.9: Ry US. Zmax diagram colour-coded with the rotational velocity. Vi, > 0 means clockwise
(i.e. the same direction as the bar). The typical error on both parameters arising from the propagation of
the observational uncertainties and the distance uncertainty is indicated in the lower right corner.

time intervals. For each frequency component f;, they computed what they called the
frequency drift:

Qi(t) — Qi(t2)

log(Af;) =log o)

6.1)

where i defines the frequency component in Cartesian coordinates (i.e. log(Afy), log(Afy)
and log(Af;)). The highest value of the three frequency drift parameters log(Af;) is
then associated with the frequency drift parameter log(Af). The higher the value of
log(Af), the more chaotic the orbit. However, as shown by Valluri et al. (2010), the
accuracy of the frequency analysis requires at least 20 oscillation periods in order to
avoid a misclassification of the orbits as chaotic. Figure 6.5 shows the distribution of
the frequency drift parameter log(Af). In order to define a threshold value of log(Af) at
which orbits are classified as chaotic, I followed a similar approach as in Valluri et al.
(2010). 1.5 % of the orbits have log(Af) > —0.2 which I consider as the threshold of being
chaotic orbits. In total, I obtained 18 chaotic orbits in the sample. Figure 6.6 shows the
comparison between the frequency drift parameter and the highest Lyapunov exponent.
These two measurements of the chaoticity are generally correlated but the dispersion
is high. The visual classification of chaotic orbits (see Sect. 6.3.2, red points in Fig. 6.6)
nicely shows that chaotic orbits can indeed be identified based on their large Lyapunov
exponent and high frequency drift parameter.
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Figure 6.10: Frequency map in Cartesian coordinates vs. highest Lyapunov exponent. For reasons of
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6.3 Results

6.3.1 Ryax VS. Zygx diagram

Figure 6.7 shows the apocentric radius (Rmax) versus the maximum height (zmax) of our
NSD sample colour-coded by the eccentricity. This diagram shows several features: (i)
One striking feature is that the stars are not homogeneously distributed, but congregate
in distinct diagonal wedges in which z.x increases with Rpyax. (ii) Highly eccentric
orbits are confined to one wedge. (iii) Some of these highly eccentric orbits extend

Highest Lyapunov exponent

beyond the typical radius of the NSD and are likely stars related to the Galactic bar.

Figure 6.8 shows the impact for a relaxed assumption of a constant distance and when
the distances of the stars are instead allowed to vary within a spread of 100 pc for
the NSD, using MCMC simulations (as detailed in Section 3). The key characteristics
mentioned earlier clearly persist. This indicates that the uncertainty in the distances of

NSD stars can safely be disregarded.
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Figure 6.11: Frequency map in cylindrical coordinates for z-tubes alone (orbits for which a circulation
around the z-axis has been detected), i.e. orbits from the resonance (1:-1:0) in Cartesian coordinates (see
Fig.6.10). The horizontal and vertical lines correspond to resonances between Q, and Qg and between

Qg and Qg respectively. The typical error on both frequency ratios arising from the propagation of the

observational uncertainties and the distance uncertainty is indicated in the lower right corner.

Figure 6.9 shows the same feature, but as a function of rotational velocity V. The

NSD clearly rotates with typical velocities of 80 km/s, which agrees with the works of
Lindqvist et al. (1992a), Schonrich et al. (2015a), Schultheis et al. (2021), Shahzamanian
et al. (2022), and Sormani et al. (2022). The figure also shows stars with slower rotation

and even counter-rotating stars, which have been identified previously by Schultheis
etal. (2021).

6.3.2 Orbit classification

I discuss and compare the two methods I used to classify orbits in various orbital

families.

Highest Lyapunov exponent
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Automatic method

I call this method "automatic" because no visual inspection of the orbits is used to
classify them (compared to the other classification method presented in Section 6.3.2).
Firstly, to differentiate tube orbits from chaotic/box orbits, I determined whether the
orbit circulates around a specific axis (e.g. a circulation around the x-axis results in
an x-tube) or not (box orbit or chaotic orbit). To do this, I verified whether there was
a change in the sign of the angular momentum about an axis. I find 34% box orbits
and 66% tube orbits among the 1130 stars. Secondly, to identify the different orbital
families, I studied the resonances on the frequency map as explained in Section 6.2.2.
In the Cartesian version of the frequency map, Fig.6.10, I observe two main structures:
(i) a diagonal line called the 1:-1:0 resonance, where short-axis tubes (called here after
"z-tubes") lie, and (ii) a cloud located above the latter resonance and below the 0:1:-1
resonance that is thought to contain mainly box and chaotic orbits. In addition to these
two large structures that clearly dominate the frequency map, a few orbits lie close to
the 0:1:-1 resonance where long-axis tubes, called here after x-tubes, are located. An
example of the morphology of an x-tube is given in Fig.6.A.2.

Based on the three main types of orbits (box/chaotic, z-tube, x-tube), I proceeded with
the classification in order to distinguish the resonant orbits that populate the two large
structures of the map.

Classical tube orbits are simply orbits with a resonance 1:1 between two of the three
frequency ratios. In the same way, I obtained banana orbits with a 2:1 resonance (see
Fig.6.A.3), fish orbits with 3:2 (see Fig.6.A.4), pretzel orbits with 4:3 (see Fig.6.A.6),
and so on. By plotting lines that correspond to resonances on the frequency map, we
gained a first idea of the orbital families that populate the sample. For the same global
resonance, for instance, 4:3, this kind of orbit can be observed in different planes (x,y),
(x,2), or (y,z), that match the resonances 4:-3:0, 4:0:-3, and 0:4:-3, respectively. In addition
to the previously introduced families, I also searched for other pretzel varieties: 5:4
orbits (see Fig.6.A.7) and 5:6 orbits (see Fig.6.A.8).

As explained Section 6.2.2, I also considered the frequencies in cylindrical coordinates
(see Fig.6.11), which were only computed for z-tubes (because our sample contains
very few x-tubes, I did not consider it necessary to study the frequency map in their
corresponding cylindrical coordinates). There is no bisymmetry around Qg /Qg = 0,
which is another way of detecting the rotation of the NSD. More stars orbit in the
positive than in the negative sense. The resonances also appear as straight lines here
(horizontal lines for a resonance between the vertical oscillation frequency €2, and the
radial oscillation frequency Qg and vertical lines between the azimuthal oscillation
frequency (), and the radial oscillation frequency Qg). I discern then some reso-
nances, Q; : Qr =1:1,3:4, 1:2,and Q4 : Qr =1 : 2. Saucer orbits (Sambhus
et al. 2000;Vasiliev 2014) (see an example Fig.6.A.5) were found via the resonance
Q, : Qr =1:1 (Yavetz et al., 2023), and I therefore have an estimate of their number.
We call a chaotic orbit a weakly chaotic or sticky orbit when it lies near a resonance
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Table 6.1: Family membership results for the automatic and visual methods. NB: The "z-tube” family
contains all orbits with a circulation around the z-axis and includes therefore fish, saucer, pretzel, 5 : 4,
5 : 6 orbits.

Chaotic/Box | x-tube | z-tube | Banana | Fish | Saucer | Pretzel | 5:4 | 5:6
. Total 34.0% 1.1% 64.9% 4.7% 9.0% 13.6% 3.5% 1.5% | 1.6%
Automatic
With identified chaotics - 2.1% - - 11.2% - 5.0% | 1.9% | 1.8%
Total 24.7% 1.5% 68.2% 5.7% 11.2% 8.7% 4.5% 0.6% | 1.1%
Visual Centrophobic - - - 4.0% 9.6% - 1.8% - -
Centrophilic - - - 1.7% 1.6% - 2.6% - -

(Valluri et al., 2016). It might appear regular for some time, but will finally exhibit
chaotic behaviour. With this method, I selected (see Fig. 6.10 and 6.11) all orbits close
enough to the resonances in the frequency maps. More precisely, I made the selection at
+0.01 (in frequency ratio), which is enough for contamination by sticky chaotic orbits.
However, I limited this contamination by removing orbits from the selection of tubes,
that were identified as box/chaotic orbits (without any circulation around an axis). I
list in Table.6.1 the percentage for each family with and without these latter contaminants.

Visual method

To evaluate the validity of the automatic orbit classification, I carried out a visual
classification by studying each of our 1130 orbits. I was able to identify orbits belonging
to the families presented in Section 6.3.2 that are chaotic, x-tube, z-tube, saucer, banana,
fish, pretzel, 5 : 4 and 5 : 6 orbits. In addition to this, unlike the automatic method, the
visual identification allowed me to differentiate centrophobic and centrophilic orbits of
the same family (i.e. of the same resonance). Therefore, I have an estimate of the quantity
of anti-banana,-fish, and -pretzel orbits. It is also possible to identify precisely orbits
whose own well-known resonance is lacking in the Cartesian/cylindrical frequency
maps as for example saucer orbits. Because it was too difficult to visually identify box
from chaotic orbits, I decided to class them in the same category for the rest of the orbital
analysis as in Section.6.3.2.

As explained in Section 6.3.2, resonant orbits have specific ratios of frequencies that
correspond to their resonance. This information is clearly visible in the orbital shape.
Therefore, we can visually determine the resonance of an orbit by counting how many
times the orbit crossed each of the axes and obtain ratio from this. I identified the
different orbital families by using this method.

The results of this classification show in the frequency maps of the figures 6.A.1 to 6.A.8
that the stars belonging to the identified orbital families lie near the corresponding
resonances with a larger scattering than the maximum distance from the resonance I
took for the automatic method in Section 6.3.2. However, most of the stars for each
family are still located very close to the resonance. The identified chaotic/box orbits
populate the frequency map in a less regular manner, as expected.

The location of the stars belonging to the identified orbital families in the R4y VS. Zmax
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diagram shows that they are arranged in preferential zones:

(i) Chaotic orbits that are scattered all over the frequency map, are only located along
the observed filament in the Rax VS. Zjuy diagram (see Fig.6.A.1).

(ii) x-tubes only populate the uppermost part of the R,4x VS. Zyax diagram, that is, they
have the highest z,,,, values for a wide range of R,y (see Fig.6.A.2).

(iif) Banana (and anti-banana) orbits are found to occupy a few wedges, but seem to be
mainly present in the upper part of the Ry;4x VS. zyax diagram (see Fig.6.A.3).

(iv) Fish (and anti-fish) orbits are scattered and lack a strong tendency for any wedge
(see Fig.6.A.4).

(v) Saucer orbits populate the middle part of the diagram and only appear to correspond
to these Ryax, Zmax values (see Fig.6.A.5).

(vi) Pretzel (and anti-pretzel) orbits and their derivatives (5:4 and 5:6 orbits) are mainly
located in the upper wedges (see Fig.6.A.6,6.A.7,6.A.8 respectively).
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Figure 6.12: Upper panel: Ryax US. Zmax Us. Lyapunov. Lower panel: Ryqx US. Zyax Us. frequency
drift. Red indicates the most chaotic orbits in both methods. The typical error on both parameters arising
from the propagation of the observational uncertainties and the distance uncertainty is indicated in the
lower right corner of each plot.
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6.4 Discussion

This project is the first orbital analysis of stars located in the NSD and also using a
non-axisymmetric potential. The purpose of this study therefore is to obtain a general
picture of the dynamical signatures in the NSD by studying the orbital resonances.
Wedges in the Ry Vs. zpax diagram have been detected in the Galactic halo by M.
Haywood et al. (2018), who attributed these substructures to some heating process
related to the early phase of the Galactic disc. Koppelman et al. (2021) investigated these
features in the halo in detail using orbital frequencies and axisymmetric potentials. They
demonstrated that these structures are due to resonant families and that the depletion
around these resonances is related to non-integrable potentials with some indication of
chaotic orbits (Price-Whelan et al. 2016).

As explained Section 7.6, I integrated orbits using four different distance estimations: a
case with a fixed distance value, another case with distances chosen from a Gaussian
distribution, one case with two different distances depending on the estimated position
of stars along the line of sight, that is, in front or behind, and a final case where the
distance of each star was derived from its position probability along the line of sight. For
all the cases, I found the similar R4y VS. Zy4yx diagrams and frequency maps, showing
a very similar orbit distribution. These wedges therefore do not depend on the assumed
distance inputs. This confirms that the observed substructures are indeed real and that
our frequency maps are reliable. Therefore, I clearly detect wedges in the NSD, as shown
in Fig.6.7, where the resonances are visible as thin straight lines. In addition, I conducted
many tests with different Galactic potentials, for instance, assuming a classical Milky
Way potential with and without a rotating bar (non-axisymmetric and axisymmetric;
see Fig. 6.B.1) with which the resonances still occur. This confirms that the conclusions
of Koppelman et al. (2021) are relevant in this case as well.

The Ryax VS. Zmax diagrams Fig.6.12 and Fig.6.A.1 show a "filament" at high z,,,, that
dives into the structure at low R,4y. It is mainly composed of chaotic orbits, regardless
of the method used to identify them (highest Lyapunov exponent Sect.6.2.3, frequency
drift Sect.6.2.3 and visual classification Sect.6.3.2). Because this structure is only visible
when the bar potential is used in the combination of potentials and because it becomes
denser with increasing integration time, I can conclude that the bar disturbs orbits to
the point of making them chaotic. With an axisymmetric potential (i.e. without a bar),
this filament disappears. This supports the argument of a clear bar signature of this
filament. In addition, a projection of these stars in the (1,b) plane shows that these stars
are mostly located in the outer parts of the NSD (|1| > 1.0°), where the contamination
of the bulge/bar stars in the NSD increases significantly (see Fig. 10 of Sormani et al.
2022). The observed filament consists of ~ 20% stars of the sample, which agrees with
the predicted contamination rate from the NSD models of ~ 25% (Sormani et al. 2022).

The distribution of orbits in the Cartesian frequency map Fig.6.10, shows a large majority
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of z-tubes that is expected for stars forming a disc structure such as the NSD and a
minority of x-tubes. In addition, I was able to identify a variety of families that mostly
belong to z-tubes. I introduced in Sect.8.2 two orbital classification methods used in
this study: an automatic (see Sect.6.3.2) and visual method (see Sect.6.3.2). Based on
previous works about orbit classification (Valluri et al. 2010; Valluri et al. 2012; Valluri
et al. 2016), I was able to search several orbital families. Therefore, the automatic and
visual classifications contain the same families and I compare their number in Table.6.1.
The results of the two methods agree very well for the different identified families.
However, the automatic way seems to slightly overestimate chaotic, saucer, 5 : 4,and 5 : 6
orbits and underestimate z-tube, x-tube, banana, fish and pretzel orbits. Even though
the visual method can lead to false positives, it still remains better than the automatic one
because of the visual check that allowed me to identify every orbital family without any
dependence on resonance knowledge. In the era of machine learning (ML) techniques,
the visual classification might in future be performed using different algorithms. de
los Rios et al. (2021) tested different ML techniques such as a random forest technique,
which is a supervised decision tree algorithm, a support vector machine, or K-nearest
neighbours to classify galaxies in, and around clusters according to their projected
phase-space position. In order to obtain a precise classification, a large training set is
necessary on which N-body simulations can be used.

Figure 6.13 shows that fish and saucer orbits dominate the middle and low part of the
Rinax V8. Zmax diagram, unlike banana and pretzel (and 5:4, 5:6) orbits, which cover the
high part. In addition, the few x-tubes are located at the highest z;,,,. Therefore, the
results given by the visual classification confirm the link between the observed wedges
in the Ryax VS. Zpay diagram and orbital resonances, and more precisely, orbital families.

One direct application of the orbital parameter is the determination of the radial and
vertical extent of the NSD. Figure 6.14 shows the median apocentric radius R,qx (left
panel) and z,,,x for stars with a different minimum eccentricity threshold (eccyin). For
ecCmin < 0.25, the truncation radius of the NSD (indicated by the grey area) is 138 + 5 pc
and the vertical extent is 53 + 1 pc. Schonrich et al. (2015a) constructed a toy model based
on APOGEE kinematic data assuming a disk in which the best fit suggest a truncation
radius of 150 pc (see their Tab. 1). This is very consistent with the values found in this
work but smaller than the radial scale of ~ 230 pc found by Launhardt et al. (2002a).
This could be due to the heavy differential reddening as they used photometric data.
The vertical extent is about 50 pc in Schonrich et al. (2015a), but they did not confine this
parameter from their toy model.

I stress that my sample size is limited due to my selection cuts (see Section 6.1.2),
leading to statistically small sample sizes for each derived family of orbits. A first
rough estimate of the completeness of the sample by using luminosity functions (see
e.g. F. Nogueras-Lara et al. 2023b) shows that my working sample is indeed highly
incomplete (~ 15% completeness at Ks ~ 11.5mag).
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Figure 6.13: Ry 4y US. Zyay diagram with the different identified orbital families. Separate diagrams for
each family are given in Appendix 6.A. The typical error on both parameters arising from the propagation

of the observational uncertainties and the distance uncertainty is indicated in the lower right corner.
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minimum eccentricity threshold. For instance, the median R,y for a minimum eccentricity of 0.5 means

that we only computed the median of the R, values of stars with an eccentricity above 0.5.

Complementary high-resolution N-body simulations of the NSD are necessary to (i)

extend my study to a much larger sample, (ii) compare simulations and the observed

data set in detail, and (iii) study the effect of different Galactic potentials on the derived

orbital families.

As explained in Chapter 5, in the vicinity of the Galactic bar, orbits perpendicular

to the bar are called x,-type, and orbits parallel to the bar are called xi-type orbits.

xo-type orbits are parents of the z-tube family, occupying the 1:-1:0 main resonance line

in the frequency map (see Fig. 6.10), where about two-thirds of our sample lies. The



114 6. Orbital analysis of stars in the nuclear stellar disc of the Milky Way

formation of nuclear stellar discs is strongly connected to the properties of the galactic
bar. Hydrodynamical simulations suggest that nuclear stellar discs form close to the
inner Lindblad resonance of the main bar, where the x,-type orbital family dominates
(Athanassoula 1992a; Athanassoula 1992b, Z. Li et al. 2015, Sormani et al. 2018b, Sormani
et al. 2023). After the Galactic bar was formed, gas was funnelled along the bar towards
the GC, where it settled down to form a nuclear disc. The gas then formed stars, which
keep their resulting x, orbits, and the resulting stellar population resembles a disc.
Additional evidence comes from the spatial and kinematical overlap between the central
molecular zone and the NSD (Schonrich et al. 2015a, Schultheis et al. 2021) in the Milky
Way, which supports this scenario that the stars in the NSD should be more metal-rich
and dynamically cooler than the surrounded bar/bulge populations. This feature can
also be seen in external galaxies with NSDs (Bittner et al. 2020, Gadotti et al. 2019b).

Planar periodic orbits x1, x2, and x4 share the 1 : 2 resonance between the tangential
oscillation frequency (€,) and the radial frequency (Qr). Unfortunately, they are not
anticipated to be abundant in N-body simulations (Valluri et al., 2016) and it is a delicate
task to identify these orbits visually. This prevented us from distinguishing them
properly. However, I was able to detect bifurcations from the x;-tree (Athanassoula,
2005a) with banana orbits that were called "x1v1" by Skokos et al., 2002. The presence of
the latter would suggest the existence of an inner bar embedded in the NSD, as observed
in others galaxies (Méndez-Abreu et al., 2019), but a more in-depth study is needed.

6.5 Conclusions

I presented a detailed orbital analysis of stars in the NSD by using orbital frequencies and
a visual classification of the orbits obtained from the orbital integration. A comparison
between these two methods shows very similar results in the classification of the different
orbital families, such as chaotic/box, z-tube, x-tube, banana, fish, saucer, pretzel, 5:4,
and 5:6 resonances. The large majority of sources are z-tubes, which is expected for
stars located in an NSD. I used two different methods: the Lyapunov exponent, and
the frequency drift. I estimated the chaoticity of the orbits with these methods and
showed by using in addition a visual classification that chaotic orbits can be identified by
their high Lyapunov exponent as well as by their high frequency drift parameter. They
occupy in the Ryuax VS. Zyay the filament at high z,,, where the bar most likely causes
the highly chaotic orbits. About 20% of our stars are contaminated by the bar/bulge
population which is very close to the predicted 25% contamination from the most recent
NSD models of Sormani et al. (2022). I emphasise that I performed here a statistical
approach and that the orbits of the individual stars can be affected by the presence
of molecular clouds as well as by the disruption of their trajectory by tidal forces (e.g
Portegies Zwart et al. 2002, Kruijssen et al. 2014).

I detected clear substructures in the Rysx VS. Zyuy diagram in the NSD that were
identified as wedges that are related to different resonances and therefore different
orbital families. 68.2% of our sample show z-tube orbits that are parented by the x;-type
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orbits. This is indeed expected if the formation of the NSD is coupled with the formation
of the Galactic bar where x,-type orbits are the dominant population. As a follow-up
work, a comparison with self-consistent models of the NSD (e.g. Sormani et al. 2022)
is necessary for a detailed comparison between the observations and the predictions
from the models (e.g. fraction of different orbital families) and to improve our orbital
classification.

I used the Ryax VS. Zmax diagram to constrain the radial and vertical extent of the NSD
with 138 + 5 pc and 53 + 1 pc, respectively, which is consistent with the values found
in Schonrich et al. (2015a). A first study of the chemistry of the stars presented here is
shown in Chapter 7 and shows possible trends between the identified orbital families
and metallicity. Future large surveys of the NSD, such as the upcoming MOONS survey
(Gonzalez et al. 2020) will clearly benefit from the large number of stars to establish the
strong connection between dynamics and chemistry.



APPENDICES

6.A Orbital families

I present here typical examples of orbits in the x, y, z plane as well as the location in the
Rinax VS. Zmax diagram and in the frequency map in Cartesian coordinates. I also show
in Fig.6.A.9 the location of certain families in the cylindrical frequency map.
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Figure 6.A.1: Example of a chaotic orbit. Upper panel: Orbit plotted in the (x,y), (x,z) and (y, z)
planes. Lower panel: Ryax US. Zyay diagram (left) and Cartesian frequency map (right). The coloured
markers correspond to the chaotic orbits identified with the visual method (see 6.3.2).

6.B Comparison of potentials

To assess the sensitivity of the study outcomes to the selection of the mean potential, I
integrated the orbits using an axisymmetric potential or slightly varied combinations
of (non-axisymmetric) potentials. As detailed in section 7.6, my approach involves
considering three components: the bulge/bar, the NSD, and the NSC. In the following
tigures (Fig. 6.B.1, Fig. 6.B.2, 6.B.3 and 6.B.4), I compare the R;;sx VS. zZpayx diagram
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Figure 6.A.3: Example of a banana orbit (here, a (x, z) banana), i.e. 2 : 1 resonance between two orbital
frequencies (here, QO and Qy, also called (2 : 0 : —1)). Upper panel: Orbit plotted in the (x,y), (x,z),
and (y, z) planes. Lower panel: Ryax US. Zyax diagram (left) and Cartesian frequency map (right). The
coloured markers correspond to the banana and anti-banana orbits identified with the visual method (see

6.3.2).

presented in this paper (Fig. 6.7) with those obtained with an axisymmetric potential
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Figure 6.A.4: Example of a fish orbit (here, a (y,z) fish), i.e. 3 : 2 resonance between two orbital
frequencies (here, Q, and Q,, also called (0 : 3 : =2)). Upper panel: Orbit plotted in the (x,y), (x, z)
and (y, z) planes. Lower panel: Ryax US. Zymax diagram (left) and Cartesian frequency map (right). The
coloured markers correspond to the fish and anti-fish orbits identified with the visual method (see 6.3.2).
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Figure 6.A.5: Example of a saucer orbit, i.e. 1 : 1 resonance between (3, and Qg. Upper panel: Orbit
plotted in the (x,y), (x, z), and (y, z) planes. Lower panel: Ryax US. Zyax diagram (left) and Cartesian
frequency map (right). The coloured markers correspond to the saucer orbits identified with the visual
method (see 6.3.2).

(MWPotential1l4 from Bovy 2015) or by changing the NSD potential (Sormani et al. 2022
and Launhardt et al. 2002a), the bar potential (Portail et al. 2017a), or the bar angle.
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Figure 6.A.6: Example of a pretzel orbit, i.e. 4 : 3 resonance between two orbital frequencies (here,
Q, and Qy, also called (0 : 4 : =3)). Upper panel: Orbit plotted in the (x,y), (x,z) and (y, z) planes.
Lower panel: Ryax US. Zmax diagram (left) and Cartesian frequency map (right). The coloured markers
correspond to the pretzel and anti-pretzel orbits identified with the visual method (see 6.3.2).
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Figure 6.A.7: Example of a 5:4 orbit, i.e. 5 : 4 resonance between two orbital frequencies (here (2,
and Q,,, also called (0 : 5 : —4)). Upper panel: Orbit plotted in the (x,y), (x,z), and (y, z) planes.
Lower panel: Ryax US. Zmayx diagram (left) and Cartesian frequency map (right). The coloured markers
correspond to the 5:4 orbits identified with the visual method (see 6.3.2).
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correspond to the 5:6 orbits identified with the visual method (see 6.3.2).

1.3 [}
Other z-tubes o Fish o Pretzel o 5:6
o Chaotic e Saucer o 5:4
1.21 0
(=}
S
1.11 S >
e o
° 1:1
1.01 ouReQD o © °
OO‘
ket
o, o
0.9 ° o —
g o 38
\N o O M
é i §
0.8 ° . $ 3
o
oS 3:4 5 g
0.7 O og s
(=]
o
0.6 1
1:2
0.5 -0 © @ e
0.4 T T T T T T T
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
Qy/Qr

Figure 6.A.9: Frequency map in cylindrical coordinates for different families (identified with the visual
method; see Section.6.3.2) with computable cylindrical frequencies.



6.B. Comparison of potentials 121

300 = - = 1.0
Non-axisymmetric .+ e | Axisymmetric ..
250 - - e . . .
X ‘: we "% - 0.8
— 200 Lo e oo 2
o1 T . ’ B
Fl e - pe |
T %, 0.4
NE 100 % e ee e S
R T o i
50| ol ;e 0.2
Pt USRS AN
) - 0.0
0 100 200 300 400

Rmax [pcl]

Figure 6.B.1: Ryax US. Zmax diagram comparison for the axisymmetric and non-axisymmetric cases.
Left: Reference diagram, with the non-axisymmetric combination of potentials presented in Section 7.6.
Right: Using the axisymmetric potential MW~Potential14 from Bovy, 2015.
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Launhardt et al., 2002a. In the three cases, the bar and the NSC potentials are not changed.
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Figure 6.B.3: Rax US. Zmax diagram comparison with different bar potentials. Left: Reference diagram,
with the bar potential from Launhardt et al., 2002a. Right: Using the bar potential from Portail et al.,
2017a. In both cases, the NSD and NSC potentials are not changed.
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of sight towards the GC. Left: Reference diagram as presented in Section 7.6. Right: Case with a 10%
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This chapter contains the copied version of the forthcoming paper from Nogueras-Lara
et al. It is a direct follow-up to the previous paper presented in Chapter 6 and discusses
the metallicity of the different orbital families that I identified in the NSD of the Milky
Way.

7.1 Introduction

The heart of the Milky Way stands out as our closest galaxy centre and the only one where
we can study stars down to milli-parsec scales (e.g. Dong et al., 2011; F. Nogueras-Lara
et al., 2019a; GRAVITY Collaboration et al., 2020). Therefore, it constitutes a unique
template for analysing the stellar population of a galaxy nucleus, providing a better
understanding of galactic nuclei and their role in galaxy formation and evolution.
Nevertheless, the high extinction and extreme source crowding hamper the analysis of
the Galactic centre stellar population and primarily limit it to the near infrared regime
(e.g. Shogo Nishiyama et al., 2006; Shogo Nishiyama et al., 2008; Schultheis et al., 2009;
Alonso-Garcia et al., 2017; Thorsbro et al., 2020; F. Nogueras-Lara et al., 2021b; Sanders
etal., 2022b).

The Galactic centre is roughly outlined by the nuclear stellar disc (NSD), a flat, likely
axisymmetric, stellar structure with a scale length of ~ 100 pc and a scale height of
~ 40 pc (e.g. Gallego-Cano et al., 2020a; F. Nogueras-Lara, 2022c; Sormani et al., 2022).
It contains a total stellar mass of ~ 10° My (Launhardt et al., 2002a; Sormani et al.,
2022) and is characterised by a predominantly old stellar population and a bursty star
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Figure 7.1: Scheme of the observed region over plotted on an Spitzer/IRAC image at 8 um. (Stolovy et al.,
2006). Coloured circles correspond to the KMOS fields in which the colour scale indicates the number
of stars. The dotted contours show the 25 %, 50 %, and 75 % levels of the NSD self-consistent model
obtained by Sormani et al. (2022).

formation history (e.g. Francisco Nogueras-Lara et al., 2020c; Sanders et al., 2022a;
Schodel et al., 2023), which makes it different from the surrounding and much larger
Galactic bar /bulge (e.g. Zoccali et al., 2003; E. Valenti et al., 2013; Christopher Wegg et al.,
2013; Christopher Wegg et al., 2015; Portail et al., 2017b; Surot et al., 2019). Additionally,
the NSD contains ~ 10° Mg, of young stars that formed in-situ in the last 30 Myr (e.g.
Matsunaga et al., 2013; Francisco Nogueras-Lara et al., 2020c; Francisco Nogueras-Lara
et al., 2022; F. Nogueras-Lara, 2024), and has contributed to up to 10 % of the star
forming activity observed throughout the entire Milky Way over the past ~ 100 Myr
(e.g. Mezger et al., 1996; Mauerhan et al., 2010; Matsunaga et al., 2011; Crocker et al.,
2011; Francisco Nogueras-Lara et al., 2020c).

The NSD is a rotating structure (Lindqvist et al., 1992a; Schonrich et al., 2015a; Fritz
et al., 2021; Shahzamanian et al., 2022) that appears to be kinematically distinct from the
Galactic bar/bulge (Schonrich et al., 2015a; Schultheis et al., 2021). However, Zoccali
et al. (2024) recently reported that they were unable to definitively identify the NSD
as a distinct kinematic feature when compared to nearby control fields in the Galactic
bar/bulge, contradicting precious work. This analysis used proper motions derived
from the VISTA Variables in the Via Lactea survey (Minniti et al., 2010) and APOGEE
DR17 data (Steven R. Majewski et al., 2017; Abdurro’uf et al., 2022b).

The NSD stellar population exhibits a broad metallicity distribution that has been previ-
ously fitted using two Gaussian models accounting for the metal-rich and metal-poor
stars, respectively (Schultheis et al., 2021; F. Nogueras-Lara, 2022b; F. Nogueras-Lara
et al., 2023a). The metal-rich component (mean metallicity [M/H] = 0.12, Schultheis
et al. 2021) constitutes approximately 70-80 % of its stars and shows a lower line-of-
sight velocity dispersion in comparison with the metal-poor one (mean metallicity
[M/H] = —0.22, Schultheis et al. 2021). This suggests that metal-rich stars have a
different origin and probably formed in situ (Schultheis et al., 2021) from the dense
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accumulation of gas and dust that comprises the central molecular zone (CMZ, e.g.
Henshaw et al., 2023). This is further supported by indications that stars in the NSD and
the gas in the CMZ appear to be corotating (Schonrich et al., 2015a; Schultheis et al., 2021).

In this paper, we aim to study the proper motion distribution of NSD stars with
different metallicities to assess previous analysis using line-of-sight velocities and
confirm whether they have different kinematics and origin. Additionally, we utilise the
recent orbital analysis of NSD stars by Nieuwmunster et al. (2024) (see Chapter 6) to
determine whether stars with different metallicities have different orbits. Analysing
stars with different kinematics and orbits also helps us shed light on the potential
kinematic difference between the NSD and the Galactic bar/bulge, and is crucial to
understand their relation and the NSD formation mechanism.

7.2 Data

7.2.1 Metallicity and proper motions

We used the spectroscopic survey of the NSD (Fritz et al., 2021) obtained with the
KMOS instrument at the VLT (Sharples et al., 2013). The chosen sample includes the
primary targets of the survey contained within the self-consistent model of the NSD by
Sormani et al. (2022), 2303 stars, whose metallicity was derived with a mean uncertainty
of ~ 0.1dex. Figure 7.1 shows the target fields.

For the kinematical analysis, we used proper motions from a preliminary version of
the second version of VIRAC (VIRAC2, Smith et al. in prep). This dataset is the same
as was used previously by Sormani et al. (2022) and Nieuwmunster et al. (2024). It
contains absolute proper motions of stars in the spectroscopic survey, using Gaia as an
astrometric reference. Sormani et al. (2022) describes the data set in more detail.

We reduced the contamination from foreground stars (mainly from the spiral arms along
the line-of-sight towards the Galactic centre and, up to certain extend, to the Galactic
bar/bulge), by using their significantly different extinction (e.g. F. Nogueras-Lara et al.,
2021a). We removed them by applying a colour cut (H — K;) > max(1.3, -0.0233 Ks+1.63)
as done in Schultheis et al., 2021, and ended up with a total of 2152 stars for the
subsequent analysis.

7.2.2 Orbits catalogue

We utilised the orbital catalogue obtained by Nieuwmunster et al. (2024) (see Chapter
6), which was derived from the previously described KMOS spectroscopic survey of
the NSD (Fritz et al., 2021), and the preliminary proper motions from VIRAC2 (Smith
et al., in prep.). The orbits catalogue also implemented the previously mentioned
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colour cut to mitigate potential contamination from foreground sources, and applied a
strict proper motion uncertainty cut, du; , < 0.6 mas/yr, resulting in a sample of 1130
stars (for further details, see Nieuwmunster et al., 2024). The orbits of the stars were
integrated in a non-axisymmetric potential combining the potentials corresponding to
the Galactic bulge/bar density (Launhardt et al., 2002a), the NSD (Sormani et al., 2022),
and the nuclear star cluster (Chatzopoulos et al., 2015a). They also assumed a distance
distribution considering a mean Galactic centre distance of 8.2 kpc and a NSD scale
length of ~ 100 pc (e.g. Gallego-Cano et al., 2020a; Sormani et al., 2022; F. Nogueras-Lara,
2022c). The final catalogue comprises several orbital families (i.e. chaotic, z-tube, x-tube,
banana, fish, saucer, pretzel, 5:4, and 5:6 orbits), which are present in the NSD region.

7.3 Metallicity distribution and proper motions

To investigate the proper motion distribution of stars with different metallicities, we
first analysed the metallicity distribution of the target stars by repeating the analysis
in Schultheis et al. (2021). Namely, we applied a Gaussian mixture model (GMM,
Pedregosa et al., 2011) to obtain the number of Gaussians that best reproduce the
metallicity distribution. We distinguished between a single-Gaussian and a two-
Gaussian models by applying the Bayesian information criterion (Schwarz, 1978) and the
Akaike information criterion (Akaike, 1974). We found that the data is best represented
by a two-Gaussian model. Figure?7.2 shows the obtained results. To estimate the
mean metallicity and the associated uncertainty for each component, we resorted to
MonteCarlo (MC) simulations and generated 1000 MC samples by randomly varying
the metallicity of each star assuming Gaussian uncertainties. We performed the GMM
analysis on each of the 1000 samples, assuming a two-Gaussian distribution, and
computed the final values along with their associated uncertainties as the mean and
standard deviation. The results, shown in Table 7.1, are in perfect agreement with those
reported by Schultheis et al. (2021).

Table 7.1: Characterisation of the two-Gaussian decomposition of NSD metallicity distribution.

w [M/H] O[M/H] t oy i Opy H-K;

Metal rich  0.79 +£0.02 0.11+0.01 026+0.01 | -1.12+0.08 2.70+0.05 0.17+0.05 1.89+0.05 | 2.24 +0.02
Metal poor 0.21+0.02 -020+0.04 0.71+0.04 | -1.34+0.29 3.07+021 0.02+032 3.33+026 |221+0.05

Notes. W, [M/H], and o[pp] correspond to the results from the GMM analysis of the two-Gaussian
distribution, where W indicates the relative weight of each of the Gaussian components. y;, o, up, and
Oy, are in mas /yr. H— Ks are in Vega magnitudes.

We also employed the GMM approach to calculate the likelihood of each star being
associated with each of the Gaussian distributions. To analyse the proper motion
distribution of stars belonging to each metallicity component, we assumed that a star
belongs to either the metal-rich or the metal-poor one if its likelihood of being associated
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Figure 7.2: Two-Gaussian decomposition of the NSD metallicity distribution. The orange line shows the
result of the GMM analysis, whereas the blue dashed lines depict each of the Gaussian components. Red
and blue bars correspond to stars with more than 70 % probability of belonging to each of the components.

to that component is larger than 70 %. Given that the stellar metallicity of the KMOS
catalogue was calibrated using empirical spectra with [M/H] < 0.6 dex, we excluded
stars with higher metallicities from the subsequent analysis. Additionally, for the proper
motion analysis, we removed stars with high proper motion uncertainties (> 1 mas/yr).
Figure 7.2 shows the final selection of stars. We ended up with 1263 metal-rich and 111

metal-poor stars.

We built histograms for the proper motion component parallel (1;) and perpendicular
(up) to the Galactic plane. To estimate the mean and the standard deviation of each
distribution and their corresponding uncertainties, we applied a 3¢ clipping algorithm to
remove potential outliers, and used a bootstrap resampling method with 5000 iterations.
Table 7.1 and Fig. 7.3 show the obtained results. To assess potential sources of systematic
uncertainties, we repeated the calculation considering stars with uncertainties below
1.2mas/yr and 0.8 mas/yr, and also changing the cut to remove the foreground pop-
ulation (i.e. H — K; ~ 1.1 mag). We did not find any significant variation within the

obtained uncertainties.
We concluded that although the mean proper motions are similar for both stellar

populations, there is a significant difference in the velocity dispersion of the yj com-

ponent. Namely, the metal-poor component exhibits a p; standard deviation that is
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approximately a factor 2 larger than that of the metal-rich group. Regarding the u;
component, we found that the velocity dispersion is slightly larger for the metal-poor
stellar population, although there is not a clear significant difference. This is not
surprising because the proper motion component parallel to the Galactic plane is much
more affected by the extinction along the line of sight and the fact that the NSD is a
rotating structure. Therefore, the presence of stars moving eastwards and westwards
will depend on the completeness of the data and will be different for the different regions
analysed (e.g. Schonrich et al. 2015a; Martinez-Arranz et al. 2022; F. Nogueras-Lara
2022¢, and Figs. A1-A4 in Sormani et al. 2022, which show the y; and u, decomposition
between Bar and NSD).
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Figure 7.3: Proper motion distribution of metal-rich and metal-poor stars in the NSD following the
GMM analysis (see Sect. 7.3).

We also explored the proper motion orientation, a = atan(uy/u;), of metal-rich
and metal-poor stars. We subtracted the proper motion velocity of SgrA* (u; =
—6.396 £0.071 mas/yr and up = —0.239 £0.045mas/yr, see Gordon et al., 2023) to obtain
Galactic proper motions relative to the Galactic centre. To ensure @ € [-180, 180] degrees,
we adjusted the output based on the orientation of the proper motions and adopted
the origin pointing East. Figure7.4 shows the obtained results. We computed the
mean orientation values, their standard deviations, and the associated uncertainties by
applying a bootstrap resampling method with 5000 iterations. We obtained a,;.;, = 5+1°,
Oa,;, = 30£1°, and apoor = 4£4°, Oty = 45£5°, for the metal-rich and the metal-poor
component, respectively. Although the orientation values for both populations are
compatible, the metal-poor stellar population shows a significantly larger standard

deviation.
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Figure 7.4: Proper motion orientation of metal-rich and metal-poor stars. The uncertainties correspond
to Poisson errors (i.e. V#stars/bin) scaled to the normalised number of stars in each bin.

7.4 Maetallicity distribution and orbits

7.4.1 Orbits for each metallicity group

We used the orbital catalogue obtained by Nieuwmunster et al. (2024) (see Chapter 6)
to explore whether stars with different metallicities and kinematics undergo different
orbits. Nieuwmunster et al. (2024) found that z-tube orbits (including all orbital families
with a circulation around the z-axis —i.e. z-tube, fish, saucer, pretzel, 5:4, and 5:6
orbits) dominate the orbital families, comprising approximately 70 % of the stars in the
catalogue, and are directly associated with the NSD. Conversely, chaotic/box orbits
constitute about 25 % of the sample and are likely related to Galactic bar orbits. We
analysed the fraction of stars with these orbits belonging to the previously defined
metal-rich and metal-poor stellar populations. We obtained that the orbits are different
for the different metallicity components, as shown in Fig.7.5. We concluded that z-tube
orbits dominate the metal-rich component (~ 70 % of the metal-rich stars belong to this
orbital family) and are less frequent in the metal-poor stellar population, in which the
chaotic/box orbits dominate and correspond to > 50 % of the stars with defined orbits

in the metal-poor component.

7.4.2 Metallicity for z-tube and chaotic/box orbits

We also explored the metallicity distribution of all the stars in the orbits catalogue
with z-tube and chaotic/box orbits. First of all, we analysed the spatial distribution of
z-tube and chaotic/box orbits. Figure 7.6 shows the obtained results. We found that
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Figure 7.5: Relative fraction of stars with z-tube and chaotic/box orbits for the metal-rich and metal-poor
stellar populations defined in Sect. 7.3. The label "other” corresponds to stars following banana and x-tube
orbits (see Nieuwmunster et al. (2024) for further details).

the relative fraction of stars undergoing chaotic orbits are more common towards the
edge of the NSD, as was also discussed by Nieuwmunster et al. (2024) (see Chapter 6),
supporting their relation with potential contaminants from the bar. On the contrary,
stars with z-tube orbits and, in general, stars without chaotic orbits, are more centrally
concentrated and seem to better trace the NSD.
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Figure 7.6: Relative fraction of stars with z-tube and chaotic. The contours show the 50 % and 75 %
levels of the NSD self-consistent model obtained by Sormani et al. (2022).
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We computed the metallicity distribution for stars with z-tube and chaotic/box orbits
and observed that they are different, being z-tube stars more metal-rich on average
(Fig.7.7). We also applied the previously described GMM approach (see Sect.7.3)
to compare a single- and a two-Gaussian model. In all the cases, we found that a
two-Gaussian model is preferred. Figure 7.7 shows the results for each of the orbital
families. We also computed the parameters associated to the metal-rich and metal-poor
stellar populations by resorting to MC simulations with 1000 iterations, as explained in
Sect.7.3. The results are presented in Table 7.2.
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Figure 7.7: Metallicity distribution of all stars in the orbits catalogue (Nieuwmunster et al., 2024)
following z-tube orbits (including all orbital families with a circulation around the z-axis), and chaotic/box
orbits. The solid lines show the result of the GMM analysis, whereas the dashed lines correspond to each
Gaussian model.

We observed that stars exhibiting chaotic/box orbits, regardless of their metallicity, are
generally more metal-poor compared to those following z-tube orbits (Fig.7.7). The
mean metallicity values obtained for both metallicity components with chaotic/box
orbits align well with the results from Schultheis et al. (2021) for the inner regions of the
Galactic bulge/bar by analysing APOGEE data (Ahumada et al., 2020; Alvaro Rojas-
Arriagada et al., 2020b). Similarly, the metallicity values obtained for stars undergoing
z-tube orbits closely match our results for the NSD (see Table 7.1).

Given the statistical approach used to obtain the orbits in Nieuwmunster et al. (2024)
(see Chapter 6), our results should be interpreted statistically and may not be valid on
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Table 7.2: Characterisation of the two-Gaussian metallicity decomposition of stars with different orbits.

Orbit Metallicity 2% [M/H] O[M/H]
z-tube Rich 0.79 £ 0.05 0.19 £ 0.01 0.26 £ 0.01
Poor 0.21 £ 0.05 -0.15 £ 0.17 0.67 £ 0.09
Chaotic  Rich  0.78 £ 0.07 0.05 = 0.02 0.30 + 0.03
Poor 0.22 £ 0.07 -047 £0.41 0.73 £ 0.11

Notes. W, [M/H], and o[/ correspond to the results from the GMM analysis of the two-Gaussian
distribution, where W indicates the relative weight of each of the Gaussian components.

an individual star basis. However, this does not pose any problem because our objective
is to understand the mean behavior of stars with different metallicities.

7.5 Extinction of stars with different metallicities

The NSD formed > 8 Gyr ago and appears to be dominated by an old stellar population
(> 80 % of the stellar mass is older than > 7 Gyr, e.g. Francisco Nogueras-Lara et al.,
2020c; Francisco Nogueras-Lara et al., 2022; Sanders et al., 2022a; Schodel et al., 2023).
Assuming that metal-rich and metal-poor stars have a similar age, allows us to use the
H - K; colour as a proxy for the extinction towards these stars (e.g. F. Nogueras-Lara
et al., 2018a; F. Nogueras-Lara et al., 2021b). Moreover, there is a statistical correlation
between distance along the line of sight and extinction in the NSD (e.g. F. Nogueras-Lara,
2022¢; F. Nogueras-Lara et al., 2023c), which makes it possible to estimate whether
the spatial distribution is similar for both stellar populations by analysing their extinction.

We built a colour-magnitude diagram K vs. H — K; to analyse the colour distribution
(Fig.7.8) of the stars belonging to each stellar population whose proper motions were
previously analysed. We computed the mean colour and its associated uncertainty for
the metal-rich and the metal-poor stars by applying a bootstrap resampling method
with 5000 iterations. Table 7.1 shows the obtained results. We found that the metal-poor
stars show a somewhat smaller H — K colour, which might indicate that they are more
abundant close to the NSD edge. Nevertheless, the colours for both stellar populations
are similar within the uncertainties, so there is not a clear difference in the spatial
distribution along the line of sight. In any case, we detect metal poor and metal rich
stars with both, large and small extinction indicating that they are present all over the
NSD.
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Figure 7.8: Colour-magnitude diagram of the metal-rich and metal-poor stars used in Sect.7.3. The black
arrow shows the direction of the reddening vector.

7.6 Spatial analysis of stars with different metallicities

We studied the metallicity distribution of KMOS stars at different longitudes from the
Galactic centre. In this way, we investigated whether the two-Gaussian metallicity
distribution is homogeneously distributed across the field or whether metal-rich and

metal-poor stars have different spatial distributions.

To avoid mixing stellar populations at significantly different latitudes, whose metallicity
might also vary vertically, we restricted our analysis to stars within |b| < 20 pc. For our
analysis, we defined five regions with different longitudes, as colour-coded in the upper
panel of Fig.7.9

We applied the GMM approach described in Sect. 7.3 to check whether the metallicity
distribution of each of the defined regions is best represented by one or two Gaussian
models. We found that a two-Gaussian distribution is preferred for all the cases. To
estimate the mean metallicity and the associated uncertainty for each component and
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Figure 7.9: Line of sight analysis of the NSD metallicity and kinematics. Top panel: target KMOS stars
divided into five colour-coded regions at different longitudes. Middle panels: mean metallicity obtained
for the metal-rich (top) and the metal-poor (bottom) components of the two-Gaussian distribution. We plot
metal-rich and metal-poor stars separately to highlight the detected gradients more effectively. Bottom
panel: uy, velocity dispersion for the metal-rich and metal-poor components.

region, we followed the previously described method and employed MC simulations
building 1000 samples randomly varying the metallicity of each star assuming Gaussian
uncertainties. Figure7.A.1 and Table 7.A.1 in the appendix show the obtained results.
We measured a metallicity gradient with increasing metallicities towards the centre
of the NSD that is present in both, the metal-rich and the metal-poor components.
Figure 7.9 shows the detected gradient. This result aligns with previous work finding a
global metallicity gradient (without distinguishing between metal-rich and metal poor
stars) towards the innermost regions of the NSD (Feldmeier-Krause, 2022).

We also found that the relative weight of the components does not change spatially
within the uncertainties. The relative weight of the metal-rich component is slightly
larger than the one obtained when combining all the stars without defining different
regions at different latitudes. This is probably due to the metallicity gradient that shifted
the mean metallicity of the metal-rich component towards lower metallicities when
combining all the stars. Therefore, the metal-rich component encompasses more stars
and its relative weight is somewhat higher.

We also repeated the previous analysis on proper motions and H — K colour for the
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metal-rich and metal-poor stellar populations in each region. We kept stars whose
likelihood to belong to either of the groups is larger than 70 %, restricted the sample to
targets whose proper motion uncertainty is below 1 mas/yr, and restricted the selection
to stars with [M/H] < 0.6 dex, as previously explained. Figure7.A.2 and Table7.A.1
in the appendix show the results. In spite of the relatively low number of stars for
the metal-poor population (~ 15 — 25 stars for each spatial group), we found a good
agreement with the results obtained when analysing all the stars in Sect.7.3. Although
there is not a significant difference between the mean proper motions for each stellar
population (only in some cases we found a difference of > 1sigma), we detected that
the velocity dispersion of the p; component of the metal-poor stellar population is
2 2 sigma larger than that of the metal-rich stellar population in all cases, except at
I = 0°,in which it is ~ 1 sigma larger. This supports that the metal-poor component is
kinematically hotter than the metal-rich one regardless of the spatial distribution. The
bottom panel of Fig.7.9 shows the obtained results.

Finally, the colour analysis is also consistent with the previous results (Sect.7.5) and
shows no significant difference between the metal-rich and the metal-poor stellar
populations with longitude. The only exception is the central-most field for which the
metal-rich population exhibits a somewhat larger H — K, value, which is associated to a
larger extinction for this region. This is not strange given some potential contamination
from the nuclear star cluster (e.g. Launhardt et al., 2002a; Schodel et al., 2014a; Feldmeier
et al., 2014), whose extinction is higher and which is arguably the most metal-rich region
of the Galaxy (e.g. Schodel et al., 2010; Feldmeier-Krause et al., 2017a; Schultheis et al.,
2021; Francisco Nogueras-Lara et al., 2021a; F. Nogueras-Lara, 2022b).

7.7 Discussion

7.7.1 Correlation between metallicity, velocity dispersion, and orbits

We distinguished between metal-rich and metal-poor stars by applying a GMM approach
and obtained that a two-Gaussian model best reproduces the data, as found in previous
work (e.g. Schultheis et al., 2021; F. Nogueras-Lara, 2022b; F. Nogueras-Lara et al., 2023a).
In principle, the presence of these two Gaussian components is just a mathematical
description of the underlying metallicity distribution and is not necessarily related
with the origin of metal-poor and metal-rich stars in the NSD. Actually, the metallicity
distribution might be also explained by chemical evolution models (e.g. Grieco et al.,
2015; Friske et al., 2023), and thus the presence of metal-rich and metal-poor stars would
be a consequence of the natural star formation process in the NSD. However, the obtained
correlation between metal-poor stars, high velocity dispersion, and chaotic/box orbits
indicates a different origin for a significant fraction of metal-poor stars in comparison
to the metal-rich ones. Our results suggest that the metal-poor stars are related to the
innermost regions of the Galactic bulge/bar, which overlaps with the NSD. In this way,
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these stars are probably interlopers from the Galactic bulge/bar, which is in agreement
with the Galactic bar/bulge contamination estimated in Sormani et al. (2022). Moreover,
the metallicity distribution obtained for stars following chaotic orbits (likely associated
to the Galactic bar/bulge) matches previous results for the innermost regions of the
Galactic bulge/bar (e.g. Schultheis et al., 2021).

Another possibility is that a fraction of the metal-poor stars might correspond to dis-
persed clusters that were accreted by the NSD (e.g. van Donkelaar et al., 2024). The
accretion of stellar clusters, combined with in-situ star formation, has been proposed as
one of the formation channels of the nuclear star cluster at the centre of the Galaxy (e.g.
Tremaine et al., 1975; Capuzzo-Dolcetta, 1993; Antonini et al., 2012; Antonini, 2013; Perets
et al., 2014; Gnedin et al., 2014; Arca-Sedda et al., 2015; Tsatsi et al., 2017a; Arca Sedda et
al., 2020b). In this way, van Donkelaar et al. (2024) used hydro-dynamical simulations to
show that the infalling clusters can be also accreted by the NSD contributing to its growth.

Additionally, we found that the proper motion orientation of both metallicity compo-
nents show a different standard deviation, being the distribution of metal-poor stars
more scattered in comparison to the metal rich component. This is compatible with a
more chaotic motion that is expected under the influence of the Galactic bulge/bar. On
the contrary, metal-rich stars are kinematically cooler and show orbits tracing the NSD
(e.g. Schultheis et al., 2021; Nieuwmunster et al., 2024).

The similar extinction observed for both the metal-poor and metal-rich components
suggests a widespread distribution of both types of stars across the region. Hence, there
is not a specific region in which either metal-rich or metal-poor stars are concentrated.
This observation is also supported by the spatial analysis in Sect.7.5, given that we
found metal-rich and metal-poor stars distributed all over the field and with similar
relative weights within the uncertainties.

7.7.2 The NSD as a distinct kinematic structure

Recently, Zoccali et al. (2024) analysed the proper motion distribution of the NSD
compared to control fields in the innermost region of the Galactic bulge/bar. Their
findings did not reveal any clear distinct kinematical signature of the NSD. This result
challenges previous studies that identified the NSD as kinematically different from
its surroundings based on line-of-sight velocities (Schonrich et al., 2015a) and velocity
dispersions (Schultheis et al., 2021).

In this paper we limited our analysis to the NSD without any comparison with the
surrounding region. Nevertheless, we found the presence of two kinematically distinct
components with different metallicities and orbits. We detected that the metal-poor
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component is dominated by chaotic/box orbits that are likely associated to the Galactic
bar and has a metallicity distribution also in agreement with previous work on the inner
bulge/bar (carried out in fields without contamination from the NSD, e.g. Schultheis
et al., 2021). On the other hand, the dominant metal-rich component is kinematically
cooler, given its lower velocity dispersion, and undergo z-tube orbits, better tracing the
NSD (e.g. Nieuwmunster et al., 2024, see Chapter 6). The fact that we observe these
two different stellar populations with different orbits and kinematics, being one of them
more related to the Galactic bulge/bar, suggests that the NSD is a different kinematic
structure, and agrees with previous work (Schonrich et al., 2015a; Schultheis et al.,
2021), showing that it is possible to kinematically distinguish the NSD. Additionally,
having a metal-rich, and kinematically cool NSD different from the surrounding Galactic
bulge/bar, also agrees with previous results on external Milky Way-like galaxies, in
which these structures have been identified via their different kinematics and metallicity
(e.g. Gadotti et al., 2019a; Bittner et al., 2020; Gadotti et al., 2020).

7.7.3 The metallicity gradient and the NSD formation

Stellar population analyses along and across the line of sight towards the NSD have
suggested the presence of radial age and metallicity gradients towards the centre of
the NSD (e.g. Francisco Nogueras-Lara et al., 2020c; Francisco Nogueras-Lara et al.,
2022; Feldmeier-Krause, 2022; F. Nogueras-Lara et al., 2023c; F. Nogueras-Lara et al.,
2023a; F. Nogueras-Lara, 2024). In this way, the innermost regions of the NSD contain
a predominantly old (X 7 Gyr) and metal-rich stellar population, while a significant
intermediate-age stellar population (~40 % of the stellar mass with ages between 2-7 Gyr)
is found towards the outer edge of the NSD, where the metallicity is lower. Conversely,
Sanders et al. (2024) analysed the period-age relation of Mira variables in the NSD and
found only a weak indication of inside-out formation. They attributed this to potential
dynamical mixing and/or the smoothing effect of their spline model, which might
hide a significant population of Mira variables with ages around 5 — 6 Gyr (periods
~ 400,days). In this way, these variables could potentially trace the gradient but have

large uncertainties.

We observed that the metal-rich and metal-poor components of the NSD are uni-
formly distributed across the field, both exhibiting a metallicity gradient with a higher
metallicity towards the center of the NSD. These metallicity gradients correspond to
an increase of approximately 3 x 10~ dex/pc and 1 x 1073 dex/pc for the metal-rich
and metal-poor stellar populations, respectively, assuming a Galactic center distance
of 8.25kpc (GRAVITY Collaboration et al., 2020). To compare our results with the
metallicity gradient obtained by Feldmeier-Krause (2022), which does not distinguish
between metal-rich and metal-poor stars, we estimated the metallicity increase per
parsec using the metallicity values at the edge and center for a region with a Galactic
latitude b < 19°, as specified in their Fig.11. We obtained a metallicity gradient of



7.8. Conclusion 139

approximately 5 x 107 dex/pc, which roughly corresponds to the mean of the gradients
we found for the metal-rich and metal-poor stars.

The detected gradients align with the currently accepted inside-out formation scenario
of the NSD through bar-driven mechanisms (e.g. Bittner et al., 2020; F. Nogueras-Lara
et al., 2023c). Similar gradients have been found in Milky Way-like galaxies analysed in
the TIMER survey (e.g. Gadotti et al., 2019a; Bittner et al., 2020), and can be attributed to
the growth of the galaxy bar that funnels gas from different galactic radii towards the
center as it evolves (the more internal, the more metal-rich). Furthermore, in evolved
systems, it is anticipated that metallicity will rise towards the center due to the enhanced
difficulty of stellar feedback processes in expelling gas as it becomes more tightly bound
within the galaxy’s potential well. This is compounded by the potential rapid increase
in metallicity in star-forming systems.

Additionally, the metal-rich stellar population follows a rotation pattern similar to
that of the gas in the central molecular zone (Schultheis et al., 2021). Thus, it is likely
that the metal-rich stars formed in-situ from gas funneled toward the Galactic center
via bar-driven processes, contributing to the inside-out growth of the NSD. This also
justifies why these stars undergo z-tube orbits and have a lower velocity dispersion in
comparison to the metal-poor component. Conversely, the metallicity gradient observed
for metal-poor stars, which are kinematically hotter and follow Galactic bar-related
orbits, may be caused by the combination of Galactic bar interlopers and/or stars
accreted from clusters within a radius of 1.5 kpc at z > 4 (van Donkelaar et al., 2024).

7.8 Conclusion

In this paper, we investigated the proper motion and orbits distribution of stars with
different metallicities in the NSD. We obtained that metal-rich stars show a lower velocity
dispersion in comparison with metal-poor ones, and are dominated by stars following
z-tube orbits that are representative of the NSD (Nieuwmunster et al., 2024, see Chapter
6). Conversely, metal-poor stars are kinematically hotter and a significant fraction of
them undergo chaotic/bar orbits that are likely related to the Galactic bar. We also
found that the proper motion orientation of metal-rich stars shows a sharper profile
parallel to the Galactic plane in comparison with the metal-poor ones.

We used the statistical correlation between distance and extinction in the NSD (F.
Nogueras-Lara, 2022¢) to explore whether stars with different metallicities show a
special location along the line of sight. We concluded that the average near infrared
colour of both stellar population is similar within the uncertainties and there is not any
significant difference in extinction. Therefore, we did not detect any preferred location
for stars with different metallicities, and they seem to be present all over the observed

regions.
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Finally, we analysed the metallicity distribution of stars at different longitudes and
found that metal rich and metal-poor stars are present throughout the NSD. We also
detected the presence of metallicity gradients for both stellar populations with increasing
metallicities towards the central regions of the NSD. Our results support an inside-out
formation of the nuclear stellar disc, as inferred from studies of external Milky Way-like
galaxies (e.g. Gadotti et al., 2019a; Bittner et al., 2020). We interpret the gradient in the
metal rich population as a consequence of in-situ formation from gas funneled towards
the Galactic centre through bar-driven mechanisms (e.g. Sormani et al., 2019). This
justifies the dominant z-tube orbits and the lower velocity dispersion and kinematics
that align with the rotation velocity of gas from the central molecular zone (Schultheis
etal., 2021).



APPENDICES

7.A Parameters of the spatial analysis of the two-Gaussian

metallicity distribution
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Figure 7.A.1: Two-Gaussian decomposition of the NSD metallicity distribution for different longitudes.
The orange line shows the result of the GMM analysis, whereas the blue dashed lines depict each of the

Gaussian components.
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Figure 7.A.2: Proper motion distribution of metal-rich and metal-poor stars in the NSD for different
longitudes following the GMM analysis in Sect. 7.6.
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Table 7.A.1: Characterisation of the two-Gaussian decomposition of the NSD metallicity distribution at
different longitudes.

I w [M/H] O[M/H] 0 oy Up Oy H - K
1.1 | 0.72+0.05 0.15+0.02 025+0.01 | -1.67 +£0.17 249+0.12 0.22+0.14 2.03+0.13 | 2.53 +0.04
028 £0.05 -0.17+0.07 052+0.05 | -254+0.83 334+052 -033+0.74 290+0.61 | 2.31+0.18
04 | 064+0.06 018+0.03 025+0.01|-1.67+019 264+0.12 031+010 145+0.09 | 243 +0.04
0.36 £0.06 -0.04+0.05 0.44+0.06 | -3.06 £0.69 3.18+0.35 1.35+0.697 3.06+0.53 | 2.56+0.12
00 | 065+0.07 021+004 026+0.02|-0.83+£025 259+0.14 0.05+0.16 1.69+0.13 | 2.38 +0.04
0.35+0.07 0.02+0.07 050+0.09 | -028+0.70 252+0.33 -0.67+0.60 210+0.44 | 2.14+0.11
-0.51069+005 016+003 025+0.02|-2.07+024 274+0.15 023+0.13 150+0.12 | 2.55+0.05
0.31+0.05 -0.16+0.09 049=+0.07 | -1.74+048 232+046 -051+0.53 255+044 | 2.47+0.08
-1.2 | 0.75+0.06 0.14+0.02 025+0.01 | -041+022 265+0.15 0.05+0.13 1.64+0.12 | 1.96+0.04
0.25+0.06 -0.21+0.11 055+0.06 | -0.74+045 199+0.33 -031+049 215+0.23 | 213+0.12

Notes. W, [M/H], and o[/ correspond to the results from the GMM analysis of the two-Gaussian
distribution, where W indicates the relative weight of each of the Gaussian components. pj, Ouyr Lo, and
Oy, are in mas /yr. H — K are in Vega magnitudes.
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A COMMON IN SITU FORMATION PATHWAY FOR

NUCLEAR DISCS AND NUCLEAR STAR CLUSTERS

Authors/contributors: N. NIEUwWMUNSTER, F. FRackoupi, M. SCHULTHEIS

In this chapter, I present the analysis of the inner regions of a barred disc galaxy in a
hydrodynamical simulation. This project is in preparation for submission. In addition,
in appendices at the end of the chapter, I carried out the same orbital analysis as in
Chapter 6 using the data from this simulation.

Nuclear stellar discs (NSDs) are dense flattened rotating stellar systems found in
the central hundred parsecs in many galaxies. They are kinematically cold stellar
structures and show a wide range in sizes from 100 pc to about 1 kpc (Gadotti et al. 2020,
de Sa-Freitas et al. 2023a). They are supposed to be formed from gas that is brought
to the centre and which forms stars, thus building an in-situ NSD. The formation of
NSDs is therefore strongly connected to the formation of the bar for barred galaxies.
However, NSDs are also seen in elliptical galaxies where other mechanisms have been
proposed such as the transport of gas to the centre via minor mergers and stellar mass loss.

Nuclear star clusters (NSCs) are compact and massive clusters located at the dynamical
centres of their many host galaxies. Their effective radii, within which half of the
cluster light is contained, are found to span a wide range from 0.4 to 44 pc (Neumayer
et al.,, 2020). While the two proposed formation mechanisms are the inspiral and
mergers of massive star clusters, and in situ formation, both scenarios could possibly
contribute to the growth of NSCs (Boker, 2010). Moreover, the in situ formation can
be caused by several secular mechanisms such as bar-driven gas infall (Shlosman et al.,
1990), dissipative nucleation (Kenji Bekki et al., 2006; K. Bekki, 2007), tidal compression
(Emsellem et al., 2008) or magneto-rotational instability (Milosavljevi¢, 2004).

The Milky Way shows a clear structure of the NSD with a radius of ~ 120 pc and a

scale height of ~ 50 pc (Launhardt et al. 2002a, S. Nishiyama et al. 2013). Kinematic
studies revealed that the Milky Way NSD (MWNSD) is rotating (e.g. Lindqvist et al.
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1992b, Schonrich et al. 2015b,Shahzamanian et al. 2022). Combining the chemistry with
the kinematics, Schultheis et al. (2021) found a metal-rich, dynamical cool population
which might have formed in-situ from the overlapping central molecular zone, and a

metal-poorer population with similar kinematics as the Galactic bulge.

The Milky Way also features a NSC (hereafter called MWNSC) in its centre with an
effective radius between 4.2 + 0.4 pc and 7.2 + 2.0 pc (Schodel et al. 2014b, Fritz et al.
2016) and a mass between 2.1 + 0.7 x 107 and 4.2 + 1.1 X 107 Mg, (Schodel et al. 2014b;
Schodel et al. 2020b, Chatzopoulos et al. 2015b, Feldmeier et al. 2014,Feldmeier-Krause
et al. 2017¢).

While several photometric studies suggest that the MWNSD and MWNSC may have
undergone distinct formation histories (Francisco Nogueras-Lara et al., 2020a; Francisco
Nogueras-Lara et al., 2021b), F. Nogueras-Lara et al., 2023c found kinematic and metal-
licity gradients that would suggest a smooth transition between both components. They
propose that the MWNSD and MWNSC might be part of the same structure. Also, Seth
et al., 2006 found discs or rings superimposed onto the observed NSCs in the nuclear
regions of 14 nearby galaxies. They suggest that their observations strongly support an
in situ formation where NSCs are formed from stars losing angular momentum from the
NSDs in which NSCs are embedded. The links between NSDs and NSCs are however
still under discussion and much more work is needed.

Due to their non-axisymmetric potential, galactic bars are responsible for redistributing
angular momentum, gas and stars into their host galaxies. They exert gravitational
torques and force the gas to shock and funnel towards the galactic centres. Higher
metallicities and star formation rates are observed in the inner regions of barred galaxies
(Ellison et al., 2011). Gaseous nuclear rings and NSDs are expected to form inside-out
from the gas infall and thus to be directly linked to the evolution of galactic bars. Their
formation processes have been extensively examined in the literature using analytical
calculations and numerical techniques such as hydrodynamic simulations (Athanas-
soula, 1992¢; Kim et al., 2012; Fragkoudi et al., 2016; Fragkoudi et al., 2017; Seo et al.,
2019; Sormani et al., 2018a; Sormani et al., 2024). The resonant theory (Buta et al,,
1996) that states that nuclear rings form from the accumulation of gas at the inner
Lindblad resonance (ILR) is challenged by a new theory proposed by Sormani et al.,
2024 according to which the gas accumulates at the inner edge of an extensive gap that
forms around the ILR (and see also Athanassoula 1992c¢). This would explain why the
nuclear rings and NSDs are found inside the ILR in simulations and in observations as
with the MWNSD. Moreover, in simulations, the residual angular momentum of the
infalling gas, the resolution, the gas viscosity and gas sound speed play important roles
in the formation of nuclear rings and their sizes (Fragkoudi et al., 2017; Sormani et al.,
2018a; Kim et al., 2012; Seo et al., 2019)
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In the case of NSCs, most simulations studying their formation processes focused on
testing the infall and merger of globular clusters scenario (Antonini et al., 2012; Tsatsi
etal., 2017b). Given the demanding resolution requirements, numerically simulating
the NSCs in situ formation is challenging, with few studies having been carried out so
far (see for example Brown et al. 2018).

In this project, I use a hydrodynamic simulation to characterise the inner structures of
an isolated barred disc galaxy and to understand their formation processes.

8.1 Simulation

In this study I use an N-body hydrodynamic simulation of an isolated Milky Way-like
disc galaxy which evolves self-consistently to form a bar, a nuclear stellar disc, and a
structure akin to a nuclear star cluster. The model is part of a suite of hydrodynamic
N-body simulations first presented in de Sa-Freitas et al., 2023b, and which will be
described in detail in Fragkoudi et al. (in prep.). Here I provide some basic infor-
mation about the model and refer the reader to de Sa-Freitas et al., 2023b for more details.

The initial conditions of the simulation contain a stellar disc, a dark matter halo as
well as a gaseous disc, and are setup using the code DICE (see V. Perret et al. 2014;
Valentin Perret 2016). The simulation uses the adaptive mesh refinement code RAMSES
(Teyssier 2002) and has a resolution of 10 pc and is evolved for 3.33 Gyr. The total mass of
the simulated galaxy is M = 2 X 10'2M;, with a dark matter halo Mpy = 1.97 X 1012M,
a stellar component M, = 2.85 X 10'°M;, and a gaseous component M, = 1.5 x 10°Mo.
The masses of the stellar and dark matter particles are 3.7 X 10*My, and 4.3 x 10°M,
respectively. The stellar and gaseous content initially follow a simple exponential disc
with a scale-length of 3 kpc and 4 kpc and a scale-height of 150 pc and 50 pc, respectively.
The dark matter halo follows the typical Navarro-Frenk-White profile (Navarro et al.
1997) with a scale-length of 3 kpc.

Star formation in the simulation follows the Kennicutt-Schmidt law assuming a star
forming efficiency of 1%. Star formation occurs when the gas density is larger than
1cm™ and the temperature is below 100 K. It is assumed that 20% of the population will
explode as a core-collapse supernova, and redistributes metals into the surrounding ISM,
thus enriching it and increasing its metallicity. The stellar and gaseous components of
the simulation are initialised with metallicity Z;, = 0.02 which is close to solar metallicity,
~ Zo. As the metallicity starting point in the simulation is somewhat arbitrary, I rescaled
the metallicity to match that of the inner regions of the Milky Way. The conversion from
absolute to relative metallicity is given by,

[M/H] = log,,(Z) —log,,(Zo), (8.1)

where Zy = 0.02.
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At the beginning of the simulation the stellar disc is already in place and becomes
unstable to the formation of a bar, which begins to form after ~ 0.3 Gyr. During the
formation of the bar, gas is funnelled to the centre where it forms a rotating NSD and a
more concentrated central structure — see Fig 8.1.
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L 108

L 107
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Figure 8.1: (x,y) plane showing the gas density (upper panels) and gas metallicity (lower panels) in the
whole simulated galaxy (left panels) and in the inner regions (right panels). The black dashed and dotted
circles indicate the region with a radius below 1 kpc and 100 pc respectively.

8.2 Results

To visualise the enrichment history of the inner regions of our simulated galaxy, I show
in Fig. 8.2 the stellar metallicity [M/H] as a function of time and age for all stars formed
from gas during the simulation (hereafter referred to as "all young stars"). In the upper

1010
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panel, the plot is colour coded with the galactocentric radius using a colour bar scaled for
R <1 kpc in order to focus our study on the inner regions. The main disc stars, i.e. for
R >> 1 kpc, are shown in brown and correspond to the metal poorest young population
(IM/H]< 0.15 dex) of the galaxy. From 0.3 Gyr after the start of the simulation to
0.8 Gyr, gas is very turbulent, the main disc rapidly forms the bar and we see that a
large number of stars is formed with intermediate and high metallicities in the central
regions of the galaxy. From 0.8 Gyr to 1.0 Gyr we still observe newly formed stars at
high metallicities close to the centre. However, after 1.0 Gyr, this distribution of stars
initially whole is divided through time into two distinct sequences: (i) one composed of
very metal rich stars located at the very centre and (ii) another one containing less metal
rich stars located at larger radii until 1 kpc. I made three selections in the lower panel of
Fig. 8.2 colour coded in green for the old structure and red and blue for both newly
formed structures, to study these different structures more below.

In the upper left panel of Fig. 8.3, I show the 2D density plot of stellar age as a function
of galactocentric radius for all young stars. We observe two successive star formation
bursts for 2.1 < age < 3.0 Gyr followed by a more quiescent phase until the end of the
simulation where stars keep forming at a lower rate. This last phase shows two different
distributions: a vertical one in the galactic centre and a diagonal one at larger radii. In
the upper right panel of Fig. 8.3, I show the same plot with the colour code introduced
previously. While the red selection is restricted to the very central region, we observe
that the blue selection expands from the centre to larger radii until R ~ 1 kpc. From now
on, I will refer to the red and blue structures as the NSC and NSD of the galaxy while
the green structure will be considered as the progenitor of both latter components.

In the same way, we can look at the 2D density plot of stellar metallicity as a function of
galactocentric radius for all young stars shown in the lower left panel of Fig. 8.3. We
observe that stars with low and intermediate metallicities ((M/H]< 0.2) are located
at various radii while the very metal rich stars ([M/H]> 0.3) are only located at low
radii and in a large number. We can also distinguish an horizontal overdensity for
0.25 < Rgc < 1.0 kpc and 0.27 < [M/H] < 0.32. When plotting only stars with an age
below 2.53 Gyr (see lower middle panel of Fig. 8.3), only the overdensity at very high
metallicities and the horizontal one remain. Finally, by using the colour code, in the lower
left panel of Fig. 8.3, we observe that the very high metallicity distribution corresponds
to both the progenitor and NSC while the horizontal overdensity corresponds to the
NSD. It is worth noting that the latter has an almost uniform metallicity distribution
0.27 < [M/H] < 0.32.

As the spatial resolution of the simulation is 10 pc, I have to ensure that we resolve
the three observed inner components and most importantly the smallest one: the NSC.
To do so, I determined their effective radius by fitting a Sérsic profile to their stellar
surface density. I used the equation 1 from Graham, 2001 and performed bootstrapping
to account for the uncertainties in stellar density in the fitting procedure. The fitted
stellar surface densities for each structure or combination of structures are plotted as a
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Figure 8.2: Upper panel: metallicity vs. time (and age) colour coded by radius for all stars formed during
the simulation. Lower panel: metallicity vs. time (and age) with the three selections corresponding to the

progenitor (green), NSC (red) and NSD (blue).

function of radius with a 25 pc step slightly higher than our spatial resolution (see Fig.

8.4). The estimated effective radii can be found in Table 8.1. Since the effective radius of

the NSC is estimated to be 61 pc, it is above our resolution limit and therefore I can say

that this component is resolved. The progenitor component (R.s = 145 pc) extends

at larger radii as observed visually in the previous Figures 8.2, 8.3. By combining the

stellar surface density of the progenitor and the NSD, I get the larger effective radius of

all the selections R,y = 201 pc, which is expected since the NSD extends to larger radii

as shown previously.

I can also estimate the dimensions of the three identified inner components of the galaxy

by plotting the 2D stellar density face-on (x,y plane) and edge-one (x,z plane) as shown
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Figure 8.3: Upper left and right panels: 2D density plot and scatter plot of stellar age vs. galactocentric
radius respectively. Lower left and middle panels: 2D density plots of stellar metallicity vs. galactocentric
radius for all young stars and stars with age below 2.53 Gyr. Lower right panel: scatter plot of stellar
metallicity vs. galactocentric radius for all young stars. Green, red and blue markers correspond to the
progenitor, NSC and NSD respectively.

in Fig. 8.5. We clearly see the spherical shapes of the progenitor and the NSC, and the
discy/ring shape of the NSD.

We can also look for the presence of any age or metallicity gradient in the identified
components. In Fig. 8.6 and 8.7, I show the 2D histograms weighted by stellar age and
metallicity in the (x,y) plane for different selections. We see that neither the progenitor
nor the NSC show a specific age gradient and none of the three structures show a
metallicity gradient. However, in the case of the NSD, we distinguish easily a positive
age gradient: stars are younger as radius increases.

Effective radius [pc]

Stellar mass [M]

Progenitor 145 1.1 x 108

NSC 61 1.2 x 107

NSD 201 4.6 x 107
MWNSC 42t07.2 (a) 2.1 x107 to 4.2 x 107 (a)
MWNSD 74 (b) 10.5 x 108 (b)

Table 8.1: Comparison between the simulation and observations in the Milky Way. (a): Neumayer et al.,

2020, (b): Sormani et al., 2022.

1.25
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with a Sérsic profile.
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Figure 8.6: 2D histograms weighted by stellar age in the (x,y) plane of all young stars (upper left panel),
stars with age < 2.53 Gyr (upper right panel), progenitor (lower left panel), NSC (middle lower panel)
and NSD (lower right panel).

Finally, I show in Fig. 8.8 the histogram of the rotation velocity for each structures.
The NSD shows a very clear rotation with all its stars at positive velocities distributed
around 150 km s~ with small scatter. The stars of the progenitor structure have a wider
range of rotation velocities and the majority rotates at a lower speed. In the case of the

NSC, we almost see no rotation signature.

To summarise this section, by analysing the galactocentric radius, age, metallicity of
stars, and the stellar surface density, I have been able to identify three distinct structures
in the inner regions of the galaxy. The NSD and the NSC are formed from the same
older progenitor structure through different formation processes that I will discuss in
the next section.

8.3 Discussion and early conclusions

NSDs are believed to be formed when the galactic bar brings gas to the centre of
the galaxy and where the resulting gas disc form new stars building up an in-situ
nuclear stellar disc. The gas inflow rates generate disc or ring like structures, such as
the central molecular zone in the Milky Way (Morris et al. 1996). The current idea is
that star formation occurs in these gaseous rings which build up nuclear stellar discs
over time. Some evidence for this scenario comes from the fact that the rotational

velocities of the gas and stars are similar (see e.g. Bittner et al. 2020, Gadotti et al. 2020
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Figure 8.7: 2D histograms weighted by stellar metallicity in the (x,y) plane of all young stars (upper left
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in extragalactic systems or Schonrich et al. 2015b, Schultheis et al. 2021 in the Milky
Way). If NSDs indeed form from bar-driven gas inflows, one would expect that NSDs
are typically younger and more metal-rich than their surroundings. Concerning NSCs,
several possible formation scenarios for in-situ formation have been proposed such as
bar-driven gas infall, dissipative nucleation, tidal compression or magneto-rotational
instability (see Neumayer et al. 2020 for more details). The presence of a young stellar
population concentrated at small radii (e.g < 0.5 pc in the Milky Way, Feldmeier-Krause
et al. 2015) favours the scenario of an in-situ formation of the NSC which has been also
detected in other NSCs such as M31 (Carson et al. 2015).

The hydrodynamic simulation employed in this paper is a self-consistent simulation
of a barred disc galaxy in which a bar forms and affects the gas flows in the galaxy. In
this model, I distinguished three distinct structures in the inner regions of the galaxy by
looking exclusively to the stars formed from the gas (see Section 8.2). I identified a group
of very metal rich stars ((M/H]mean = 0.42 dex) distributed spherically in the very central
regions (Rgc < 250 pc). In addition, I measured an effective radius about R, ¢ =~ 61 pc
which is compatible with measurements of NSCs from the literature (e.g. Neumayer
et al., 2020 for extragalactic NSCs and Schodel et al., 2014b for the MWNSC). Thus, this
structure can be thought of as being analogous to a NSC. It shows a continuous star
formation close to the centre and as the galaxy is isolated, this NSC cannot have formed
through the inspiral and merger of star clusters (Boker, 2010) and therefore only the
in-situ scenario can occur in our simulation.

I also found a more extended and flattened distribution of stars from Rgc =~ 250 pc to
Rgc = 1kpc that features a disc or ring shape and which shows a significant rotation (see
Fig. 8.8). Thanks to all these characteristics, we see that this structure corresponds to the
description of a NSD. Moreover, its stars are metal richer from the outer surroundings
(i.e. stars from the main disc and bar) ([M/H]mean = 0.29 dex) and are metal poorer than
those of the NSC. No metallicity gradient is however observed in the NSD (see Fig. 8.7).
Also, I found an age gradient showing that the inner part of the NSD is composed of
older stars (see Fig. 8.6). These results are consistent with observations in extragalactic
systems and in the Milky Way. The MWNSC is measured to be metal richer than the
MWNSD (Schultheis et al. 2021) and age gradients (and also metallicity gradients) have
been measured in the MWNSD (F. Nogueras-Lara et al., 2023a) and in extragalactic
NSDs (Bittner et al., 2020). My results are therefore a clear evidence that the NSD of
the simulation formed from inside out. This process - the inside out formation - has
already been well studied in hydrodynamic simulations (Athanassoula 1992¢c, Fragkoudi
et al. 2016, Kim et al., 2012, Seo et al., 2019 among others) and observed in extragalactic
systems (Bittner et al. 2020).

Both these structures are built by gas inflow due to the bar and have a common progeni-
tor, which is also a spheroidal-like component in the central region (for Rgc < 500 pc,
see green selection in Fig. 8.2) and composed of very metal rich stars ([M/H]mean = 0.40
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dex) like the NSC. Both these structures (NSD and NSC) "emerge" from the initial
gas inflow via the bar into two separate sequences in the metallicity versus age plot
shown in Fig. 8.2. They form at the same time (=~ 2.1 Gyr), but have different chemical
evolutionary tracks, likely due to the different gas surface densities. Therefore, this
model offers a formation scenario for the NSC which is concurrent with the NSD, and
which emerges from the same progenitor, and effectively due to the gas inflow via the
bar.

I emphasise that this does not imply the MWNSC formed through the same process but
rather illustrates how a NSC could form in situ. Additionally, it is possible that a NSC
could have already been in place before the bar-induced gas inflow. However, the bar
can still contribute to the accumulation of gas in the central regions through gas inflow

and resonances.

The objective of this paper is not to make a strict comparison with the Milky Way,
as the galaxy in the simulation is not analogous to it. However, for reference, the
mass and effective radius ratios between the NSD and the NSC in our simulation
are Mnsp/Mnsc =~ 3.8 and Rysp/Rnsc = 3.3 while the one of the Milky Way are
Mywnsp/Muywnsc = 42 and Rywnsp/Rmwnsc = 13.5. The respective masses and
effective radii can be found in Table 8.1.



APPENDICES

In Chapter 6, I presented an orbital analysis of stars observed in the Milky Way’s NSD
(MWNSD) and I identified several orbital families. In this current chapter, as I used a
hydrodynamic N-body simulation of a barred disc galaxy containing a nuclear disc, I
took this opportunity to carry out the same analysis with stars from the inner regions of
this simulated galaxy. The purpose is to make a first comparison between observations
and simulation of the orbital families located in a NSD.

8.A Orbit integration

The simulation previously presented in Section 8.1 is composed of 438 snapshots and is
evolved for 3.33 Gyr. Unfortunately, as the frequency analysis needs a short time step to
have a good sampling of the orbits, there are too few snapshots to provide a sufficiently
short time step in order to determine accurate orbital frequencies for the majority of the
orbits. For this reason, this additional project is incomplete and increasing the number
of snapshots is necessary to study the orbits provided by the simulation.

A way to get an estimation of the orbits of the stars in the simulation is to compute
the orbits with AGAMA (Vasiliev, 2019) as in Chapter 6. To do so, I extracted the
gravitational potential (stars, gas and dark matter) from the last snapshot using routines
provided by AGAMA. In order to study only the orbits of stars located in the inner
regions of the galaxy, I selected stars with a galactocentric radius below 1 kpc and
younger than 2.53 Gyr (see Fig. 8.3). In the same way as in Chapter 6, I computed
the orbits of these stars using their phase space coordinates in the last snapshot as
initial conditions and by using the extracted potential of the snapshot and accounting
for the rotation of the bar (measured to be ~ 40 km s~' kpc™' at this snapshot and
anticlockwise). I also computed the highest Lyapunov exponent as in Chapter 6 to
measure the chaoticity of orbits.

8.B First results

In this section, I present the first results obtained for the orbits (computed with AGAMA)
of the stars located in the inner regions of the simulated galaxy.
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Firstly, I show in Figure 8.B.1 the Ry;sx VS Zqy diagram of the orbits as a function
of eccentricity, metallicity and age. An interesting observation is that there are no
discernible structures analogous to the "wedges" discussed in Chapter 6. We can however

observe a filament structure as in Chapter 6 which corresponds to bar contaminants.

Additionally, as seen previously in this chapter, we observe high metallicities close
to the centre and we distinguish the young stars from the NSD. The selection used
here contains the three identified structures: the progenitor, NSC and NSD. Since
these parameters (age and metallicity) have already been well discussed before these
appendices, I will not comment more these plots.

05
1.51
0.4 1
1.0 oo . 0.3
. * .
A W ’ 0.2
0.5 .'-l.‘:..'
'&f 2. 0.14
a,sx v t 4
00| RS 0.0 140
00 05 10 15 20 25 30 35 40 o
05
1.51 .
N 0.4
. e
g 104 cel e, 0.3
= . .
g PSRN ' 0.2
N 0.5 O .
., .
P .. LI . 0.11
&y
0.04 &-E\. - 0.0 1
00 05 10 15 20 25 30 35 40 O
05
1.51
0.4 1
1.0 0.31
0.2 1
0.5+
2o 0.14
0.0{ £ ‘:;w‘ 0.0 &
00 05 10 15 20 25 30 35 40 00

Rmax [kpc]

Figure 8.B.1: Ryax S Zmax diagram of the orbits of inner regions stars. Right panels are zoomed-in
versions of left panels. The plot is colour coded with eccentricity (upper panels), metallicity (middle
panels) and age (lower panels).

In Figure 8.B.2, I show the Cartesian frequency map colour coded with the highest
Lyapunov exponent. We observe similar distributions of stars as for the MWNSD (see
Figure 6.10): a large concentration stars on the z-tube resonance (i.e. 1:-1:0 resonance)
and a cloud located above the latter resonance and below the 0:1:-1 resonance containing
mainly box and chaotic orbits. We also observe a few x-tubes located at the 0:1:-1
resonance. Regarding the highest Lyapunov exponent, as initial conditions are known
exactly from the simulation, these coefficients are much smaller for the majority of the
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orbits than for those computed for the MWNSD.
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Figure 8.B.2: Frequency map in Cartesian coordinates vs. highest Lyapunov exponent.

To identify the different orbital families, I only used the automatic method presented in
Chapter 6 and therefore I have not been able to estimate the number of saucer orbits.
The comparison of the percentages for each family found in the MWNSD and in the
inner regions of the simulation is shown in Table 8.B.1. I found almost the same amount
of chaotic/box and x- and z-tube orbits. However, I have almost detected no banana and
fish orbits. In the contrary, I found more pretzel, 5:4 and 5:6 orbits than in the MWNSD.
As no inner bar has been detected in the simulation and almost no contaminants of the
bar are present, the lack of banana orbits is expected. A more in-depth study would be
however needed to understand the various amounts of fish, pretzel, 5:4 and 5:6 orbits.

Table 8.B.1: Comparison of the family membership results obtained with the automatic method for orbits
of the MWNSD from Chapter 6 and orbits from the inner regions of the simulation.

Chaotic/Box | x-tube | z-tube | Banana | Fish | Saucer | Pretzel | 5:4 | 5:6
Observations 34.0% 1.1% 64.9% 4.7% 9.0% | 13.6% 3.5% 1.5% | 1.6%
Simulation 32.0% 1.5% 66.5% 0.1% 0.9% | None 9.7% 7.5% | 3.8%

Finally, I show in Figure 8.B.3, the R;;4x VS Zax diagram with the different identified
orbital families superimposed. We distinguish very clearly the different families. They



160 8. A common in situ formation pathway for nuclear discs and nuclear star clusters

are clustered in separated regions of the diagram and almost never overlap. Even if we
do not find wedges visually on the classical Ryqx VS Ziax diagram Fig. 8.B.1, we observe
that when plotting the orbital resonances (i.e. families), they construct very distinct
"wedges"-like structures.
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Figure 8.B.3: Ruax US. Zmax diagram with the different identified orbital families.

8.C Early conclusions

This first orbital analysis of stars from a hydrodynamic simulation confirms even more
the benefits of this method for our understanding of stellar populations and galactic
structures. Also, it shows again that wedges which can be observed in the R,y vs.
Zmax diagram are related to the orbital resonances. The reason why these wedges are
not always observed visually in the classical Rax VS. Zmay diagram still has to be
determined.

This early study can however be improved using a simulation with a sufficient number
of snapshots allowing to get the orbits directly from the simulation and by studying
each inner structure separately. The automatic method to identify orbital families can
also be improved as discussed in Chapter 6.
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CONCLUSIONS AND OUTLOOK

The most incomprehensible fact about the
Universe is that it is comprehensible.

Albert Einstein (rephrased quote)

During this thesis, I aimed at unveiling the physical processes which led to the
formation of the NSD and its links with the other components of the Milky Way. I had
the chance to employ a great variety of methodologies and techniques in order to study
directly or indirectly the evolution of the inner regions of galaxies.

9.1 Summary

In Part I, I took advantage of high resolution near infrared spectroscopy to carry out
two distinct projects. In Chapter 3, I performed a detailed chemical analysis of M-giant
stars located in the inner Galactic bulge. I used CRIRES spectra combined with an
updated line list, precise broadening parameters and accounting for NLTE corrections
in order to derive the most precise a-abundances as possible in this region. I found
that the a-abundance trends have a typical thick disc a-element behaviour. Moreover,
these abundances were modelled by a chemical evolution model with two distinct
gas-infall episodes. In Chapter 4, I used IGRINS spectra of K-giants located in the
solar neighbourhood to measure their isotopic carbon ratio '2C/!3C. Thanks to these
measurements, I aimed to establish a relation between the carbon ratio and asteroseismic

stellar mass.

In Part II, I studied the dynamics of stars located in the NSD. In Chapter 6, I computed
their orbits using a non-axisymmetric potential accounting for the rotating potential of
the Galactic bar and I derived their respective orbital frequencies. This allowed me to
identify a variety of orbit families present in the NSD. I found out that most of these
families are z-tubes and therefore are parented by x; orbits which are dominant in the
inner part of the bar. These results support the contribution of the bar in the formation
of the NSD. In Chapter 7, I presented a co-author paper that can be considered as a
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follow-up to the previous chapter. This study explored the metallicity of the different
orbital families identified previously and found that z-tube orbits are predominant
among metal-rich stars while chaotic/box orbits are more common among metal-poor
ones. This would suggest that metal-rich stars trace the NSD and metal-poor stars are
related to the Galactic bar and probably constitute Galactic bar interlopers or originated

from accreted clusters.

Finally in Part III and Chapter 8, I used a N-body hydrodynamic simulation of a barred
disc galaxy to study the formation processes of its inner components. I identified three
structures: a nuclear disc and a nuclear cluster that are built by gas inflow due to the
bar and have a common progenitor which is a central spheroidal-like component in the
central region. The model offers an in situ formation scenario for the nuclear cluster
which is concurrent with the nuclear disc. Moreover, I carried out the same orbital
analysis as in Chapter 6 for the nuclear disc and inner stars of the simulated galaxy in

order to compare with the results from observations.

9.2 Perspectives

The existence of the NSD has only been known for a very short time and remains
underexplored due to the significant observational challenges. However, in this thesis, I
showed that our comprehension of this structure has significantly advanced these last

years.

The a-abundance analysis carried out in Chapter 3 for inner bulge stars can be used as a
benchmark study for the future spectroscopic surveys. For instance, it could serve for
the MOONS survey (Cirasuolo et al., 2014) that will soon cover the inner regions of the
Milky Way in the near infrared wavelength range. The latter will allow us to measure
the metallicity and chemical abundances of inner bulge and NSD stars thanks to high
resolution H-band spectra (R =~ 20000).

The isotopic carbon ratio 12C/!3C can be easily measured with high resolution near
infrared spectroscopy for K-giants as shown in Chapter 4. Although I established an
early relation between this ratio and asteroseismic mass, more work is necessary to
validate and apply it to inner regions stars. This relation combined with spectra from
the coming spectroscopic surveys will be useful for estimating stellar ages in the nuclear
bulge of the Milky Way and in particular in the NSD. Such precise age measurements
would allow us to better understand the history of this structure.

The frequency analysis presented in Chapter 6 has been until now very poorly employed
in Galactic archaeology. However, the findings for NSD stars show that it can provide
valuable insights into the formation scenario of a structure. Therefore, applying this
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method combined with chemical studies for the various components of the Milky Way
would be of great interest. Moreover, the automatic classification of orbital families has
significant potential for improvement, for example, through the application of machine
learning techniques.

Chapter 8 demonstrates that observations alone are insufficient for understanding the
evolution of galaxies. Simulations are also essential for comparing results and decipher
the physical processes that lead to the diverse morphologies and structures within a
galaxy. In my case, increasing the number of snapshots in the simulation would allow
to better sample the orbits and thus be able to compute more precise frequencies. More-
over, it would be very interesting to explore the impact of the input parameters of the
simulation - such as the spatial resolution, the viscosity, the gravitational barred poten-
tial - on the formation processes and characteristics of the nuclear disc and nuclear cluster.

The most obscured regions of the Milky Way are on the verge of being revealed thanks
to upcoming observational surveys. Additionally, ongoing projects like TIMER (Gadotti
et al., 2019a) and PHANGS (www . phangs.org) are focusing on extra galactic systems
with the same interest in unravelling the evolution of galaxies. With all these recent
technological advancements, we have reached a pivotal moment where it is crucial to
integrate findings from various fields to achieve a comprehensive understanding of
galaxy formation and evolution. This aligns with the consistent use of definitions, as
discussed in Chapter 1 for instance regarding pseudo-bulges and nuclear discs.


www.phangs.org
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