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Abstract

In recent decades, astronomy has seen a boom in large-scale stellar surveys of the Galaxy. The
detailed information obtained about millions of individual stars in the Milky Way is bringing us a
step closer to answering one of the most outstanding questions in astrophysics: how do galaxies
form and evolve? The Milky Way is the only galaxy where we can dissect many stars into their
high-dimensional chemical composition and complete phase space, which analogously as fossil
records can unveil the past history of the genesis of the Galaxy. The processes that lead to large
structure formation, such as the Milky Way, are critical for constraining cosmological models; we
call this line of study Galactic archaeology or near- [eltl cosmology.

At the core of this work, we present a collection of e [arts to chemically and dynamically
characterise the disks and bulge of our Galaxy. The results we present in this thesis have only
been possible thanks to the advent of the Gaia astrometric satellite, which has revolutionised the
[eltl of Galactic archaeology by precisely measuring the positions, parallax distances and motions
of more than a billion stars. Another, though not less important, breakthrough is the APOGEE
survey, which has observed spectra in the near-infrared peering into the dusty regions of the
Galaxy, allowing us to determine detailed chemical abundance patterns in hundreds of thousands
of stars. To accurately depict the Milky Way structure, we use and develop the Bayesian isochrone
[fing tool/code called StarHorse; this software can predict stellar distances, extinctions and

ages by combining astrometry, photometry and spectroscopy based on stellar evolutionary models.

The StarHorse code is pivotal to calculating distances where Gaia parallaxes alone cannot allow
accurate estimates.

We show that by combining Gaia, APOGEE, photometric surveys and using StarHorse, we can

produce a chemical cartography of the Milky way disks from their outermost to innermost parts.

Such a map is unprecedented in the inner Galaxy. It reveals a continuity of the bimodal chemical
pattern previously detected in the solar neighbourhood, indicating two populations with distinct
formation histories. Furthermore, the data reveals a chemical gradient within the thin disk where
the content of U-process elements and metals is higher towards the centre.

Focusing on a sample in the inner MW we con [rnh the extension of the chemical duality to the
innermost regions of the Galaxy. We [nd stars with bar shape orbits to show both high- and low-U

abundances, suggesting the bar formed by secular evolution trapping stars that already existed.

By analysing the chemical orbital space of the inner Galactic regions, we disentangle the multiple
populations that inhabit this complex region. We reveal the presence of the thin disk, thick disk,
bar, and a counter-rotating population, which resembles the outcome of a perturbed proto-Galactic
disk. Our study also [nds that the inner Galaxy holds a high quantity of super metal-rich stars up
to three times solar suggesting it is a possible repository of old super-metal-rich stars found in the
solar neighbourhood.

We also enter into the complicated task of deriving individual stellar ages. With StarHorse, we
calculate the ages of main-sequence turn-o [Cahd sub-giant stars for several public spectroscopic
surveys. We validate our results by investigating linear relations between chemical abundances and
time since the U and neutron capture elements are sensitive to age as a re [edtion of the di Lerknt
enrichment timescales of these elements. For further study of the disks in the solar neighbourhood,
we use an unsupervised machine learning algorithm to delineate a multidimensional separation of
chrono-chemical stellar groups revealing the chemical thick disk, the thin disk, and young U-rich



stars. The thick disk is shown to have a small age dispersion indicating its fast formation contrary
to the thin disk that spans a wide range of ages.

With groundbreaking data, this thesis encloses a detailed chemo-dynamical view of the disk and
bulge of our Galaxy. Our [ndings on the Milky Way can be linked to the evolution of high redshift
disk galaxies, helping to solve the conundrum of galaxy formation.



Zusammenfassung

In den letzten Jahrzehnten hat die Astronomie mit grof3en galaktischen Durchmusterungen einen
Boom erlebt. Die dadurch gewonnenen detaillierten Informationen tber Millionen von Einzelster-
nen in der Milchstraf3e bringen uns der Beantwortung einer der wichtigsten Fragen der Astrophysik
einen Schritt néher: Wie entstehen und entwickeln sich Galaxien? Die Milchstral3e ist die einzige
Galaxie, in der wir viele Sterne in ihre hochdimensionale chemische Zusammensetzung und ihren
vollstdndigen Phasenraum zerlegen kdnnen, was analog zu fossilen Aufzeichnungen die Entste-
hungsgeschichte der Galaxie enthillen kann. Fiir kosmologische Modelle ist es von entscheidender
Bedeutung, die Prozesse zu verstehen, die zur Bildung groRer Strukturen wie der Milchstrafle
fihren; wir nennen diese Studienrichtung Galaktische Archéologie oder Nahfeldkosmologie.

Im Mittelpunkt dieser Arbeit stehen die Bemiihungen, die Scheiben und den Bulge unserer Galaxie
chemisch und dynamisch zu charakterisieren. Die Ergebnisse, die wir in dieser Arbeit vorstellen, wa-
ren nur dank des starts des astrometrischen Satelliten Gaia mdglich, der das Gebiet der galaktischen
Archdologie durch die prazise Messung der Positionen, Parallaxenwinkel und Eigenbewegungen
von mehr als einer Milliarde Sterne revolutioniert hat. Ein weiterer, aber nicht minder wichtiger
Durchbruch ist die APOGEE-Durchmusterung, die Spektren im nahen Infrarot beobachtet hat, was
es uns erlaubt, durch die staubigen Regionen der Milchstral3e hindurchzublicken und die chemischen
Fingerabdriicke von Hunderttausenden von Sternen zu bestimmen. Um die Struktur der Milchstral3e
genau darzustellen, verwenden und entwickeln wir das Isochrone- [ffing-Tool StarHorse; diese
Software kann Sternentfernungen, Aussterbezeiten und Alter vorhersagen, indem sie Astrometrie,
Photometrie und Spektroskopie auf der Grundlage von Modellen der Sternentwicklung kombiniert.
Der Code StarHorse ist von zentraler Bedeutung fiir die Berechnung von Entfernungen, bei denen
Gaia-Parallaxen allein keine Bestimmung ermdglichen.

Wir zeigen, dass wir durch die Kombination von Gaia, APOGEE und StarHorse eine chemische
Kartographie der MilchstraRenscheiben von ihrem &uRersten bis zum innersten Teil erstellen kénnen.
Eine solche Karte ist in der inneren Galaxis beispiellos und zeigt ein bimodales chemisches Muster,
das auf zwei Populationen mit unterschiedlichen Entstehungsgeschichten hinweist. Dartiber hinaus
bestatigen die Daten einen chemischen Gradienten innerhalb der diinnen Scheibe, bei dem der
Gehalt an Elementen und Metallen aus U-Prozessen zum Zentrum hin zunimmt ist. Eine Uberdichte
in der Anzahl der Sterne bestétigt zudem die Signatur eines Balkens in der inneren Galaxie.

Modelle der Galaxienentstehung sagen gewdhnlich deren Beginn im galaktischen Zentrum
voraus. Wir konzentrieren uns auf eine Stichprobe in der inneren Galaxie und erwarten, dass wir
primordiale stellare Populationen [nden. Wir bestétigen die chemische Bimodalitét der inneren
Galaxie und dass der galaktische Balken sowohl aus Sternen mit hohem als auch mit niedrigem U
besteht, was darauf hindeutet, dass sich der Balken durch sékulare Evolution gebildet hat, bei der
bereits existierende Sterne eingefangen wurden. Durch die Analyse des chemischen Orbitalraums
der inneren galaktischen Regionen kdénnen wir die verschiedenen Populationen, die diese komplexe
Region bewohnen, unterscheiden. Wir zeigen das Vorhandensein einer diinnen Scheibe, einer
dicken Scheibe, eines Balkens und einer gegenléu [gtotierenden Population, die dem Ergebnis einer
gestdrten proto-galaktischen Scheibe &hnelt. Unsere Studie zeigt auch, dass die innere Galaxie eine
grofRe Menge an supermetallreichen Sternen enthalt, die bis zum Dreifachen der solaren Metallizitét
reichen. Mdglicherweise handelt es sich bei der Gruppe alter supermetallreicher Sterne, die in der
Sonnenumgebung gefunden wurden um Kandidaten fir Migranten aus den innersten Regionen.



Vi

Wir befassen uns auch mit der komplizierten Aufgabe der Bestimmung individueller Sternalter.
Mit StarHorse berechnen wir das Alter von Hauptreihenabzweig- und Unterriesensternen fur
mehrere § [edtliche spektroskopische Durchmusterungen. Wir validieren unsere Ergebnisse, indem
wir lineare Abhéngigkeiten zwischen den chemischen H&u [gKReiten und der Zeit untersuchen,
da die U- und Neutroneneinfang-Elemente emp [ndlich auf das Alter reagieren, was auf die un-
terschiedlichen Zeitskalen der Anreicherung dieser Elemente zuriickzuflihren ist. Zur weiteren
Untersuchung der Scheiben in der Sonnenumgebung verwenden wir einen nicht Uberwachten
Algorithmus fiir maschinelles Lernen, um eine mehrdimensionale Trennung der chrono-chemischen
Sterngruppen vorzunehmen. Dies macht die chemisch dicke Scheibe, die diinne Scheibe und junge U
Sterne erkennbar. Es zeigt sich, dass die dicke Scheibe eine geringe Altersstreuung aufweist, was auf
ihre schnelle Entstehung hindeutet, wahrend die diinne Scheibe eine grof3e Altersspanne abdeckt.

Mit bahnbrechenden Daten liefert diese Arbeit ein detailliertes chemodynamisches Bild der
Scheibe und des Bulge der Galaxis. Unsere Erkenntnisse Uber die Milchstral3e kdnnen mit der
Entwicklung von Scheibengalaxien mit hoher Rotverschiebung in Verbindung gebracht werden
und so zur Losung des Ratsels der Galaxienbildung beitragen.



“guando as pessoas atravessam a rua
e percebem no meio do caminho

que o sinal vai abrir e correr vai ser
necessario, acontecem fei¢des que
deveriam se perpetuar mais. quando
estdo sozinhas, evitam. mas quando
em dupla ou grupo, todos, todos
correm o pedaco que falta par terra
[rohe rindo, gargalhando. na urgéncia
em chegar, uma lombra infantil surge
e ninguém permanece adulto nos
metros que faltam. e eu até me
confundo pensando “olha,

pessoas apaixonadas”,

SO porgue correm sorrindo.”

Leticia Novaes
(hahahaha, Zaralha.)

“Als das Kind Kind war,

war es die Zeit der folgenden Fragen:

Warum bin ich ich und warum nicht du?
Warum bin ich hier und warum nicht dort?
Wann begann die Zeit und wo endet der Raum?
Ist das Leben unter der Sonne nicht bloR ein Traum?
Ist was ich sehe und hére und rieche

nicht blofl? der Schein einer Welt vor der Welt?
Gibt es tatsachlich das Bése und Leute,

die wirklich die Bdsen sind?

Wie kann es sein, daf ich, der ich bin,

bevor ich wurde, nicht war,

und daR einmal ich, der ich bin,

nicht mehr der ich bin, sein werde?”

Peter Handke
(Lied Vom Kindsein)
(Der Himmel Gber Berlin - Wim Wenders)
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Introduction

The Milky Way, our cosmic home, can be observed as the silvery band that stretches across the
night sky. Also Known as the "Silver River" in China, the "Backbone of Night" in Southern Africa,
and the "Path of the Tapir" by indigenous tribes in Brazil, this celestial phenomenon has puzzled
humans for millennia. The Milky Way (MW, thereafter) holds valuable and essential insights into
the evolution and formation of the universe.

Despite predictions from scientists and philosophers that the MW is composed of countless
stars, empirical evidence did not become available until the telescope was invented in the 17th
century. However, it wasn't until the 20th century that scientists fully understood the vastness
of the universe, with the discovery that the MW is just one of countless galaxies. In 1926, Edwin
Hubble's observations of the Andromeda nebula proved that it was a separate galaxy (Hubble 1926),
far beyond the outskirts of the MW, resolving the great debate that had begun in the 1920s (Shapley
& Curtis 1921). Since then, advancements in technology have revolutionized the eld of astronomy,
leading to the construction of powerful telescopes, spectrographs, and space missions that continue
to expand our understanding of the universe and the MW.

The early observations of Edwin Hubble led to the discovery and classi cation of several types of
galaxies, including ellipticals, lenticulars, spirals, and irregulars. The traditional Hubble tuning fork
diagram (Figure 1.1) illustrates this classi cation scheme. Although we cannot observe our Galaxy
from the outside, observations of HIl gas regions, stellar counts, and comparisons with other spiral
galaxies suggest that the MW is likely a spiral barred galaxy (SB-SBc type) as seen in (Gerhard 2002;
Bland-Hawthorn & Gerhard 2016). A selection of MW analogues is illustrated in Figure 1.1, based
on work by Efremov (2011). Disk galaxies like the MW are typical among luminous galaxies, as
reported in (Mo et al. 2010; van Dokkum et al. 2013)

On a larger scale, the Earth and the MW are located within the Local Group (LG), which also
includes the Andromeda nebulae (a large spiral galaxy) and numerous dwarf galaxies spanning a
diameter of approximately three megaparsecs. (McConnachie 2012). The LG and other groups of
galaxies aggregate into laments forming large structures such as super-clusters. The Laniakea
supercluster, which is home to the Local Group and hundreds of thousands of galaxies, spans
distances of up to 160 megaparsecs (Tully et al. 2014).

Since light travels at a nite speed, observing galaxies at di erent distances allows us to witness
various stages of galaxy evolution. With the power of space missions such as Hubble, we have been
able to contemplate the Universe from cosmic dawn to present (2L 0) (Madau et al. 1996; Oesch
et al. 2016). Recently, the advent of the James Webb Space Telescope (Gardner et al. 2006) is pushing
these limits further, identifying new candidates for the most distant galaxies ever observed, with
redshifts of z 13, dating back only to 320 million years after the big bang (Donnan et al. 2023;
Robertson et al. 2022).

Still, even after observing thousands of galaxies, there are many open questions about galaxy
formation and evolution. The baryon dissipation processes are key to understanding how the
Universe evolved after the start of the re-ionization phase. The most acceptable cosmological model
today, is thel cold dark matter LCDM; e.g., White & Frenk 1991; Bullock & Johnston 2005; Springel
et al. 2008), wherk is the cosmological constant associated with the energy that accelerates the
Universe's expansion. This model, which explains many of the observable features of the Universe
(e.g., cosmic microwave background (CMB), large-scale structures, the abundances of He, H, and
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(a) The Hubble sequence is a morphological classi cation scheme for galaxies created by Edwin
Hubble in 1926, the galaxies exempli ed in the diagram are taken from the SDSS survey in griz
colour, credit: Karen Masters; Galaxy Zoo.

(b) Selection of Milky Way analogues, image was taken from Efremov (2011). The classi cation
is within the Hubble-Vaucouleurs morphological scheme, an extended version of the Hubble
tuning fork.

Figure 1.1: galaxy morphology and MW analogues
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Li), proposes that around 200 million years after the Big Bang, H and He atomic clouds started
to cool down enough to allow molecular hydrogen to form and collapse under gravity, leading
to the birth of the rst stars. TheLCDM paradigm further proposes that baryonic matter forms
gas and stars within dark matter bubbles or haloes. These dark matter haloes do not interact with
light or electromagnetic forces but only through the force of gravity. Gravity then attracts other
dark matter haloes with stars, forming larger structures, such as the MW, the LG, and the Laniakea
super-cluster.

The MW provides a unique view of galaxy evolution, and can assist in the development of
more complete cosmological models and theories. There is no other galaxy we can study in such
intricate detail by examining its individual stars. Nowadays, we can observe millions of stars in our
Galaxy and precisely derive their atmospherical parameters, chemical composition, kinematics, and
sometimes even their age. Such a level of instruction is still unimaginable for extragalactic sources.
The chemical compositions of Galactic stars hold vital fossil information that remains unaltered
throughout the lifetime of each star. By connecting this information with kinematics and ages, we
can trace the assembly of the Galaxy and unveil its evolution, rewinding the clock of the cosmos.
Therefore, our Galaxy is the ultimate piece to solve the distant Universe evolution puzzle (Freeman
& Bland-Hawthorn 2002).

In the following sections, we review the main research topics in Galactic Archaeology, a rapidly
growing eld of astrophysics. We start discussing the main ndings that led to the characterization
of the Galaxy structure with photometric surveys and th&aia revolution. Subsequently, we
explore the impact and history of using stellar chemical abundances and kinematics to predict MW
formation scenarios. Finally, we focus on the recent advances ofdh@&(Brown 2021) era and
spectroscopic surveys for the chemo-dynamical view of the MW components in the inner Galaxy.

1.1 The Milky Way structure and the Gaia revolution

Given that we are situated within the enormous structure of the MW, how do we determine its
shape and structure? While we have the advantage of observing individual stars in our Galaxy, this
comes at the cost of not having a comprehensive view of the MW as a whole. The solution to this
problem lies in the precise measurements of stellar distances; this is a fundamental parameter we
can use to reconstruct the MW three-dimensional morphology. Yet, measuring precise distances for
a large number of stars is a challenging task.

1.1.1 The first steps towards mapping the MW

Our understanding of the shape and structure of the MW as a galaxy has evolved over time, with
new discoveries and advancements in technology allowing for more precise measurements. One of
the rstreliable methods to measure stellar distances was created in the early 1900s when Henrietta
Leavitt discovered the period-luminosity relation of Cepheid variables (Leavitt & Pickering 1912),
allowing one of the rst estimations of the MW dimensions by Harlow Shapley. He observed the
over-density of globular clusters in the Sagittarius constellation and de ned it as the Galactic Center
(Thereafter GC), and suggested their spherical distribution inferred the presence of a stellar halo.
However, these initial estimates had much room for improvement, as the e ects of interstellar
extinction were not yet well understood.

As more data and techniques became available, the study of open clusters by Trumpler (1930)
revealed inconsistencies with their colour indicesOpen clusters would appear redder due to

1 To measure the colour index, one observes the magnitude of an object successively through two di erent Iters or
pass bands. According to Wien's law, the colour is also directly related to the temperature.
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the absorption and scattering of electromagnetic radiation caused by dust, an e ect particularly
pronounced along the Galactic plare.Interstellar extinction obscures the disks and the GC.
Therefore, the spiral arms and the Galactic bar were rst detected by the motion of hydrogen gas,
(Oort et al. 1958; Rougoor & Oort 1960; de Vaucouleurs & Pence 1978; Binney et al. 1991). (Oort et al.
1958) determined kinematic distances by analyzing the Doppler shift of 21-cm neutral hydrogen
under the assumption that this gas was in a circular motion around the GC. This rst map clearly
showed signhatures of spiral arms, similar to what we see in external Galaxies. The study of the gas
kinematics in the inner Galaxy showed substantial di erences from the circular motion in the disk,
suggesting the existence of a Galactic bar. Binney et al. (1991) demonstrated that the orbital families
of a barred galaxy could well explain the non-circular movement of the gas in the GC.

Still, it was necessary to prove and further understand if the stars would follow the same structure
as the hydrogen clouds in the spiral and barred components.

1.1.2 Large photometric surveys

The use of extensive photometric surveys has dramatically advanced our understanding of the
shape and structure of the MW. These surveys measure the apparent brightness of objects in the
sky in many passbands, which allows scientists to trace di erent types of stars and regions. The
observations at various ranges in the electromagnetic spectra and areas of the sky also helped us
overcome the challenging e ects of stellar extinction, which had previously obscured our view of
the Galaxy's structure.

The use of the colour-magnitude diagram (CMD), or Hertzsprung Russell diagram (HRD) (De-
vorkin 1977), in photometric surveys has been an e cient method for calculating distances for many
stars. The photometric distance or photometric parallax is a common technique to indirectly
estimate distances using the relation between apparent and absolute maghitilitie absolute
magnitude is estimated by tting stellar evolutionary models to CMDs. However, this method is
not without limitations. Signi cant uncertainties arise from degeneracies at speci c stages of a
star's life.

Using the photometric parallax technique for F and G type stars, Gilmore & Reid (1983); Yoshii
(1982) tted density pro les in the solar neighbourhood and found for the rst time evidence for
two distinct components coexisting in the Galactic disk. This was later con rmed on a much larger
scale by Juri¢ et al. (2008) using data from $ean Digital Sky Survey (SDSS York et al. 2000). They
analyzed a stellar number density map of the MW disk and found that two exponential functions
well represented the observed vertical density, with scale heights 800 pc and 900 pc at the
solar radius. These are the so-called geometrically de ned thin and thick disks. The same study
also derived a precise o set of the Sun from the Galactic midplangé gf25 kpc. The technique of
photometric parallax works well with SDSS data since most of the stars are faint and are likely to
sit in the main sequence. The vertical distribution is also less a ected by extinction.

Photometric surveys operating in the near-infrared, especially space missions, were a signi cant
leap in mapping the stars in the disk of our Galaxy. Since lower frequencies of the electromagnetic
spectrum are less a ected by extinction, photometric surveys operating in the near-infrared provided
a signi cant advancement in mapping the stars in the MW disk. Such examples of surveys are the
Di use Infrared Backgroundexperiment instrument (DIRBE) on board tigosmicBackground
Explorer (COBE) satellite (Hauser 1993), the TMaron All-Sky Survey ((2MASS) Skrutskie et al.
2006), thewidefield Infrared Survey Explorer (WISE Wright et al. 2010), the Space Infrared

2 plane on which the majority of a disk-shaped Galaxy mass lies
3 intrinsic brightness that a star would have if at a xed distance of 10 pc
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