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0Abstract
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-field cosmology.
At the core of this work, we present a collection of efforts 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
field 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
fitting 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 𝛼-process elements and metals is higher towards the centre.
Focusing on a sample in the inner MW we confirm the extension of the chemical duality to the

innermost regions of the Galaxy. We find stars with bar shape orbits to show both high- and low-𝛼
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 finds 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-off and sub-giant stars for several public spectroscopic
surveys. We validate our results by investigating linear relations between chemical abundances and
time since the 𝛼 and neutron capture elements are sensitive to age as a reflection of the different
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 𝛼-rich

iii



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 findings on the Milky Way can be linked to the evolution of high redshift
disk galaxies, helping to solve the conundrum of galaxy formation.
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0Zusammenfassung

In den letzten Jahrzehnten hat die Astronomie mit großen galaktischen Durchmusterungen einen
Boom erlebt. Die dadurch gewonnenen detaillierten Informationen über Millionen von Einzelster-
nen in der Milchstraße bringen uns der Beantwortung einer der wichtigsten Fragen der Astrophysik
einen Schritt näher: Wie entstehen und entwickeln sich Galaxien? Die Milchstraße ist die einzige
Galaxie, in der wir viele Sterne in ihre hochdimensionale chemische Zusammensetzung und ihren
vollständigen Phasenraum zerlegen können, was analog zu fossilen Aufzeichnungen die Entste-
hungsgeschichte der Galaxie enthüllen kann. Für kosmologische Modelle ist es von entscheidender
Bedeutung, die Prozesse zu verstehen, die zur Bildung großer Strukturen wie der Milchstraße
führen; wir nennen diese Studienrichtung Galaktische Archäologie oder Nahfeldkosmologie.

ImMittelpunkt dieser Arbeit stehen die Bemühungen, 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 Gaiamöglich, der das Gebiet der galaktischen
Archäologie durch die präzise 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 Milchstraße hindurchzublicken und die chemischen
Fingerabdrücke von Hunderttausenden von Sternen zu bestimmen. Um die Struktur der Milchstraße
genau darzustellen, verwenden und entwickeln wir das Isochrone-fitting-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 für die Berechnung von Entfernungen, bei denen
Gaia-Parallaxen allein keine Bestimmung ermöglichen.

Wir zeigen, dass wir durch die Kombination von Gaia, APOGEE und StarHorse eine chemische
Kartographie derMilchstraßenscheiben von ihrem äußersten bis zum innersten Teil erstellen können.
Eine solche Karte ist in der inneren Galaxis beispiellos und zeigt ein bimodales chemisches Muster,
das auf zwei Populationen mit unterschiedlichen Entstehungsgeschichten hinweist. Darüber hinaus
bestätigen die Daten einen chemischen Gradienten innerhalb der dünnen Scheibe, bei dem der
Gehalt an Elementen und Metallen aus 𝛼-Prozessen zum Zentrum hin zunimmt ist. Eine Überdichte
in der Anzahl der Sterne bestätigt zudem die Signatur eines Balkens in der inneren Galaxie.
Modelle der Galaxienentstehung sagen gewöhnlich deren Beginn im galaktischen Zentrum

voraus. Wir konzentrieren uns auf eine Stichprobe in der inneren Galaxie und erwarten, dass wir
primordiale stellare Populationen finden. Wir bestätigen die chemische Bimodalität der inneren
Galaxie und dass der galaktische Balken sowohl aus Sternen mit hohem als auch mit niedrigem 𝛼

besteht, was darauf hindeutet, dass sich der Balken durch säkulare Evolution gebildet hat, bei der
bereits existierende Sterne eingefangen wurden. Durch die Analyse des chemischen Orbitalraums
der inneren galaktischen Regionen können wir die verschiedenen Populationen, die diese komplexe
Region bewohnen, unterscheiden. Wir zeigen das Vorhandensein einer dünnen Scheibe, einer
dicken Scheibe, eines Balkens und einer gegenläufig rotierenden Population, die dem Ergebnis einer
gestörten proto-galaktischen Scheibe ähnelt. Unsere Studie zeigt auch, dass die innere Galaxie eine
große Menge an supermetallreichen Sternen enthält, die bis zum Dreifachen der solaren Metallizität
reichen. Möglicherweise handelt es sich bei der Gruppe alter supermetallreicher Sterne, die in der
Sonnenumgebung gefunden wurden um Kandidaten für Migranten aus den innersten Regionen.
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Wir befassen uns auch mit der komplizierten Aufgabe der Bestimmung individueller Sternalter.
Mit StarHorse berechnen wir das Alter von Hauptreihenabzweig- und Unterriesensternen für
mehrere öffentliche spektroskopische Durchmusterungen. Wir validieren unsere Ergebnisse, indem
wir lineare Abhängigkeiten zwischen den chemischen Häufigkeiten und der Zeit untersuchen,
da die 𝛼- und Neutroneneinfang-Elemente empfindlich auf das Alter reagieren, was auf die un-
terschiedlichen Zeitskalen der Anreicherung dieser Elemente zurückzuführen ist. Zur weiteren
Untersuchung der Scheiben in der Sonnenumgebung verwenden wir einen nicht überwachten
Algorithmus für maschinelles Lernen, um eine mehrdimensionale Trennung der chrono-chemischen
Sterngruppen vorzunehmen. Dies macht die chemisch dicke Scheibe, die dünne Scheibe und junge 𝛼
Sterne erkennbar. Es zeigt sich, dass die dicke Scheibe eine geringe Altersstreuung aufweist, was auf
ihre schnelle Entstehung hindeutet, während die dünne Scheibe eine große Altersspanne abdeckt.
Mit bahnbrechenden Daten liefert diese Arbeit ein detailliertes chemodynamisches Bild der

Scheibe und des Bulge der Galaxis. Unsere Erkenntnisse über die Milchstraße können mit der
Entwicklung von Scheibengalaxien mit hoher Rotverschiebung in Verbindung gebracht werden
und so zur Lösung des Rätsels der Galaxienbildung beitragen.
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“quando as pessoas atravessam a rua
e percebem no meio do caminho

que o sinal vai abrir e correr vai ser
necessário, acontecem feições que

deveriam se perpetuar mais. quando
estão sozinhas, evitam. mas quando

em dupla ou grupo, todos, todos
correm o pedaço que falta par terra

firme rindo, gargalhando. na urgência
em chegar, uma lombra infantil surge

e ninguém permanece adulto nos
metros que faltam. e eu até me

confundo pensando “olha,
pessoas apaixonadas”,

só porque 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 bloß ein Traum?

Ist was ich sehe und höre und rieche
nicht bloß der Schein einer Welt vor der Welt?

Gibt es tatsächlich das Böse und Leute,
die wirklich die Bösen sind?

Wie kann es sein, daß ich, der ich bin,
bevor ich wurde, nicht war,

und daß einmal ich, der ich bin,
nicht mehr der ich bin, sein werde?”

Peter Handke
(Lied Vom Kindsein)

(Der Himmel über Berlin - Wim Wenders)
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1 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 field 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 classification of several types of
galaxies, including ellipticals, lenticulars, spirals, and irregulars. The traditional Hubble tuning fork
diagram (Figure 1.1) illustrates this classification scheme. Although we cannot observe our Galaxy
from the outside, observations of HII 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 filaments 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 finite speed, observing galaxies at different 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 (z ≈ 11−0) (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 the 𝛬 cold dark matter (𝛬CDM; e.g., White & Frenk 1991; Bullock & Johnston 2005; Springel
et al. 2008), where 𝛬 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



Chapter 1 Introduction

(a) The Hubble sequence is a morphological classification scheme for galaxies created by Edwin
Hubble in 1926, the galaxies exemplified 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 classification
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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The Milky Way structure and the Gaia revolution
Section
1.1

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 first stars. The 𝛬CDM 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 field of astrophysics. We start discussing the main findings that led to the characterization
of the Galaxy structure with photometric surveys and the Gaia 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 of the Gaia (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 first reliable 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 first estimations of the MW dimensions by Harlow Shapley. He observed the
over-density of globular clusters in the Sagittarius constellation and defined 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 effects 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 indices1. Open clusters would appear redder due to

1 To measure the colour index, one observes the magnitude of an object successively through two different filters 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 effect particularly
pronounced along the Galactic plane.2. Interstellar extinction obscures the disks and the GC.
Therefore, the spiral arms and the Galactic bar were first 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 first map clearly
showed signatures of spiral arms, similar to what we see in external Galaxies. The study of the gas
kinematics in the inner Galaxy showed substantial differences 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 different 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 effects 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 efficient 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 magnitude3. The absolute
magnitude is estimated by fitting stellar evolutionary models to CMDs. However, this method is
not without limitations. Significant uncertainties arise from degeneracies at specific stages of a
star’s life.
Using the photometric parallax technique for F and G type stars, Gilmore & Reid (1983); Yoshii

(1982) fitted density profiles in the solar neighbourhood and found for the first time evidence for
two distinct components coexisting in the Galactic disk. This was later confirmed on a much larger
scale by Jurić et al. (2008) using data from the Sloan 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 of ≈ 300 pc and ≈900 pc at the
solar radius. These are the so-called geometrically defined thin and thick disks. The same study
also derived a precise offset of the Sun from the Galactic midplane of 𝑍0=25 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 affected by extinction.

Photometric surveys operating in the near-infrared, especially space missions, were a significant
leap in mapping the stars in the disk of our Galaxy. Since lower frequencies of the electromagnetic
spectrum are less affected by extinction, photometric surveys operating in the near-infrared provided
a significant advancement in mapping the stars in the MW disk. Such examples of surveys are the
Diffuse Infrared Background Experiment instrument (DIRBE) on board the Cosmic Background
Explorer (COBE) satellite (Hauser 1993), the Two Micron All-Sky Survey ((2MASS) Skrutskie et al.
2006), the Wide-field 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 fixed distance of 10 pc
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(a)WISE image for W1 and W2 in Galactic coordinates zoom in the GC. The median of each row of
the image if subtracted to provide a better contrast which reveals the X-shape, the image was taken
from (Ness et al. 2016).

(b) Family of orbits B and C supporting the B/P shape from
the model of Portail et al. (2015). The image was taken from
the review of Bland-Hawthorn & Gerhard (2016) which is a
modified version of the Figures in Portail et al. (2015).

(c) Colour magnitude diagram and luminosity func-
tions of bulge fields at l,b=(0,-6) and l,b=(0,-5) with
2MASS photometry. The image was taken from
McWilliam & Zoccali (2010).

Figure 1.2: View of the inner Galaxy through near-infrared surveys
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Telescope Facility (Spitzer Werner et al. 2004) and the VISTA Variables in the Via Lactea (VVV
Minniti et al. 2010).
The images from DIRBE first revealed the boxy/peanut (B/P, thereafter) nature of the Galactic

bulge (Weiland et al. 1994; Binney et al. 1997). The same was confirmed by 2MASS, WISE, and
Spitzer. Shortly after, the B/P shape was established to represent the inner three-dimensional part of
the Galactic bar (McWilliam & Zoccali 2010; Nataf et al. 2010; Wegg & Gerhard 2013). In Figure 1.2,
we show the clear image of the X-shape in the GC made by the stellar counts of the WISE survey
and a dynamical model by (Portail et al. 2015), which can reproduce orbital characteristics of the
X-shape structure of the Galactic bulge. To characterize the 3D structure of the inner Galaxy, most
authors used the red-clump (RC) stars as tracers. The luminosity of the RC depends very weekly
on its metallicity and age, making it a good indicator for stellar distances. Using this indicator
McWilliam & Zoccali (2010) showed that one side of the bar is closer to the Sun, a characteristic
translated into distances by the double RC in Figure 1.2 and also seen in the X shape images, where
one side of the X seems to form a higher structure. Using the VVV — which exceeds the depth of
the 2MASS survey by four mag — with nearly 8 million red clump giants, (Wegg & Gerhard 2013)
showed that the B/P bulge has an angle of 27◦, with respect to the Sun-GC line.
The same infrared missions also helped to delineate the stellar spiral anatomy of the MW disk.

Benjamin et al. (2005); Drimmel (2000) detected with mid and near-infrared surveys two stellar arms,
the Perseus arm, and the Scutum-Centaurus arm. This disagreed with previous observations of
young OB stars and HII regions, indicating the existence of four spiral arms (Georgelin & Georgelin
1976). The disagreements arose because of the different tracers used to delineate the spiral arms:
some of the arms are older and better traced by the infrared surveys, while surveys with ultraviolet
or blue passbands better trace young stars.

1.1.3 Bayesian isochrone matching distances: StarHorse

As we have shown in the previous sections, there is enormous power in determining distances using
CMD fitting. For example, Gilmore & Reid (1983) and Jurić et al. (2008) used large photometric
surveys to probe extensive structures and a wide range of populations across the Galaxy. Since the
discovery of the CMD, not only distances, but several astrophysical parameters can be extracted by
fitting theoretical isochrones to it. It can also help filter background stars in order to detect clusters
and streams (Balbinot et al. 2011; Luque et al. 2016). Elaborate methods must approach this fitting
procedure with statistics to assign uncertainties to the derived parameters efficiently. Standard
procedures have been applied in the literature when fitting isochrones to CMDs, e.g., minimum
square root (Catelan et al. 1998; Brown et al. 2003) or maximum likelihood (Naylor & Jeffries 2006).
More recently, in the last decade, Bayesian methods became the most sophisticated procedure for
fitting stellar evolutionary models to data (Jørgensen & Lindegren 2005; Burnett & Binney 2010;
Souza et al. 2020). Bayesian methods can minimize uncertainties by considering prior knowledge
about our Galaxy, such as stellar density and chemical distributions. This statistical inference is
based on the Bayes theorem:

𝑃 (𝐴|𝐵) = 𝑃 (𝐵 |𝐴)𝑃 (𝐴)
𝑃 (𝐵) ; 𝑃 (𝑥0 |𝑥, 𝜎𝑥 ) =

𝑃 (𝑥, 𝜎𝑥 |𝑥0)𝑃 (𝑥0)
𝑃 (𝑥, 𝜎𝑥 )

, (1.1)

where P(A|B) is the conditional or posterior probability of A given B, we transform this probability
formalism in a model (𝑥0) to observation (𝑥 , 𝜎𝑥 ) relation in the right side of equation 1.1, where 𝑥
can be any observable that is also a parameter in the stellar evolutionary models (𝑥0 e.g., magnitudes
at different photometric systems, surface temperatures and gravity). The function 𝑃 (𝑥, 𝜎𝑥 |𝑥0), called
likelihood, is where we quantitatively compare models to observation. One of the most standard
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functions to do so is the use of Gaussians, assuming that most uncertainty measurements follow
Gaussian distributions, namely:

𝑃 (𝑥, 𝜎𝑥 |𝑥0) =
∏
𝑖

1√︃
2𝜋𝜎2𝑥𝑖

exp
[
−
(𝑥

𝑖
− 𝑥0𝑖 )2

2𝜎2𝑥𝑖

]
, (1.2)

where 𝑃 (𝑥0) are the priors considered in an application and 𝑃 (𝑥, 𝜎𝑥 ) is the normalization across
observations. We apply this formalism in a code called StarHorse (Santiago et al. 2016; Queiroz
et al. 2018; Anders et al. 2019), which is thoroughly used and developed in the course of this thesis.
The set of observables input is very flexible and can be used for different input datasets and data
quality.

1.1.4 The Gaia Revolution

Since its launch in 2013, the Gaia satellite operated by the European Space Agency (ESA) (Gaia
Collaboration et al. 2016) has made remarkable scientific discoveries. The ESA mission is designed
for astrometry, which is the precise measurement of the positions, parallaxes4, and proper motions5
of celestial objects. Trigonometric parallax provides the most reliable distance determination since it
is a direct measurement and does not depend on a specific tracer. The Hipparcos satellite (Høg et al.
2000) measured astrometry for about 1 million stars, limited to the solar neighbourhood (100 pc),
Gaia then took astrometry to an unprecedented scale measuring nearly 1.46 billion (1.46×109)
sources up to Gaia magnitudes of 𝐺 < 21 mag. The resolution power of Gaia is equivalent to
measuring the width of a human hair from a distance of over 1 000 kilometres. This has undoubtedly
caused a revolution in the field of Galactic astrophysics and also impacted neighbouring disciplines.
Up until the date of this thesis Gaia has made four impacting releases (DR1, DR2, EDR3, DR3; Gaia
Collaboration et al. 2016, 2018b, 2021, 2022) additionally to measuring full astrometric solutions for
1.5 billion stars it also provides the community 1.8 billion magnitudes in𝐺 passband, 8 million radial
velocity6 spectra from the Radial Velocity Spectrometer (RVS Cropper et al. 2018), and 219 million
sources with BP/RP low-resolution spectra (De Angeli et al. 2022). For an informative review of the
impact that Gaia has brought to Galactic astrophysics, we recommend the reader to Brown (2021).
Here we focous on the main advances Gaia has brought to Galactic archaeology.
An impressive result obtained with Gaia is the large range of distances, which allows us to

reconstruct the three-dimensional structure of the Galaxy. In Anders et al. (2019) we used the
Bayesian isochrone-fitting tool StarHorse to derive distances using Gaia parallaxes and large
photometric surveys (2MASS, WISE) as observables. The use of StarHorse significantly improves
the accuracy of the distances, especially when the parallaxes have high uncertainties (Bailer-Jones
2015). The distances derived with StarHorse can be seen in Figure 1.3, superimposed on an
artist’s impression of the top-down view of the Galaxy. It is almost as if we were able to travel to
Andromeda and take a face-on photograph of the MW, and in some way it is much more accurate
than a photograph, as we reconstruct the position of each star. The results from StarHorse clearly
show the overdensity of the bar and, at some lines of sight, the overdensities corresponding to the
spiral arms.

Another significant result for characterising the structure of the MW is the resolution and extent
of the various extinction maps, which have been considerably improved with the advent of Gaia;
the three-dimensional dust maps of Green et al. (2019) are enhanced by a factor of four in the

4 the apparent annual motion of a source on the sky as an observer orbit around the solar system barycentre
5 displacement of a source on the sky due to its motion with respect to the solar system barycentre
6 velocity along the line of sight of the observer
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Figure 1.3: Illustration road map of the Galaxy by NASA/JPL-Caltech/R. Hurt (SSC/Caltech) superimposed
to the reconstructed three-dimensional density map of the MW obtained with StarHorse and Gaia (Anders
et al. 2019). Credit: Arman Khalatyan StarHorse team.

resolution of the extinction density with distance, see also (Capitanio et al. 2017; Lallement et al.
2022). The dust content of Green et al. (2019) outlines the four spiral arms, consistent with the
studies of high-mass star-forming regions in Xu et al. (2016); the Perseus, Sagittarius, Norma and
Scutum arms are shown in the artist’s impression of Figure 1.3.
The ability of the Gaia is not only confined to precise static measurements of distance, but this

mission is a revolution because it also measures the motions of the stars and, for a large fraction (≈
8 million) radial velocities are also available, allowing a complete 6D phase space characterization.
As first demonstrated in Gaia Collaboration et al. (2018c), the Gaia data can unravel the velocity
gradients of the Galaxy characteristic of the non-axisymmetric features of the disk such as the
Galactic bar, spiral arms and warp. These and other kinematical imprints left in the full phase space
data enable the characterization of the Galactic potential and the size and location of the Galactic
bar, spiral arms and warp (Poggio et al. 2018; Khoperskov et al. 2020; Trick et al. 2021; Robin et al.
2022). The mass of the MW has also been measured to a great extent using the phase space from
Gaia (Monari et al. 2018; Cautun et al. 2020; Watkins et al. 2019).

In the 𝛬CDM scenario, accretion events have a crucial role in building up the mass of the Galaxy.
Multiple works using Gaia data have uncovered some of the building blocks of the MW, thanks to
the incredible extension of the measured 6D phase space. One of the most striking examples is the
discovery of the Gaia-Enceladus-Sausage merger event (Helmi et al. 2018; Belokurov et al. 2018;
Haywood et al. 2018b) a massive galaxy (≈ 1010𝑀⊙) that possibly collided with the MW about 10
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Figure 1.4: Artistic impression of the subsequent passages of the Sagittarius dwarf galaxy as it orbits our
galaxy, and its impact on the MW’s star formation activity, as inferred based on data from ESA’s star-mapping
mission, Gaia. Credit: ESA.

million years ago (Gallart et al. 2019). The influence of the Gaia-Enceladus was also detected in the
portrayal of the Galactic halo shown by large-scale analysis of the CMD using Gaia magnitudes and
parallaxes (Gaia Collaboration et al. 2018a). Furthermore, other significant massive mergers have
been detected with Gaia (e.g., Sequoia, Helmi stream, Kraken; Myeong et al. 2019; Massari et al.
2019; Naidu et al. 2020; Helmi 2020; Kruijssen et al. 2019). Additionally, Gaia also plays a crucial
role in the search for stellar stream (Ibata et al. 2021; Balbinot & Helmi 2021), in (Ibata et al. 2021)
the authors find about eight streams entangled in a region close to the inner Galaxy.
The mapping of the stellar velocity space also reveals the perturbations that the in-situ stars

from our Galaxy experience during this merger events. In Antoja et al. (2018) the authors presented
evidence that the MW disk is not in equilibrium and is heavily perturbed by the passages of the
Sagittarius dwarf (Ibata et al. 1994; Majewski et al. 2003). As illustrated in Figure 1.4, in this accretion
process, the downfall of the Sagittarius dwarf into the MW triggered star formation activity around
5.7, 1.9, and 1 Gyr ago (Ruiz-Lara et al. 2020). The Sun itself might have been an outcome due to the
first passage of the Sagittarius dwarf. Many other works have shown the footprints and impact of
the Saggitarius dwarf in our Galaxy using Gaia data (e.g., Laporte et al. 2019; Carrillo et al. 2019).
The ESA Gaia mission has ushered in a new era of Galactic archaeology by providing the most

comprehensive measurement of parallaxes to date. The full phase-space reconstruction offers
insights into the past events that have shaped the stellar populations of the MW. By combining
Gaia data with spectroscopic surveys, which hold unaltered information about the origins of the
stars through their chemistry, we can gain a comprehensive understanding of the formation and
evolution of our Galaxy.

1.2 The Fossil records of the Milky Way

One essential aspect of Galactic archaeology is the use of chemical abundances to trace back the
history of star formation in a galaxy. By analyzing the chemical composition of stars, we can better
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understand the conditions under which they formed, and analyse the evolution of the MW. As
archaeologists study the material remains of past cultures and societies, astronomers inquire the
chemical signature of the stars to understand the past-present evolution of our Galaxy.

1.2.1 Chemical imprints

Except for light elements (e.g., H, D, 3He, 4He, 7Li Schramm & Turner 1998) which were formed
right after the Big Bang, all elements that make up the Earth and humans were once formed in
the interior of stars, where high temperatures and pressures cause atomic nuclei to fuse. There
are different ways a star can create elements; Galactic chemical evolution models can predict their
origin through nucleosynthesis theories. We show in the upper panel of Figure 1.5 the main five
nucleosynthetic sites known today and how much they contribute to the production of elements
according to the models of Kobayashi et al. (2020).
Hydrogen and helium are the most abundant elements in the Universe. They comprise about

99% of all baryonic matter and were the first elements to form. The metallicity7 of the stars
account for everything heavier than helium. Therefore, metallicity is intrinsically related to cosmic
evolution, since elements heavier than helium accumulate within the gas where the stars form
and die. Nonetheless, the relationship between age and metallicity is not straightforward because
different parts of the Galaxy will experience different star formation rates and initial compositions.
Similarly, elements tracking different nucleosynthetic paths will link the time evolution and the
processes that involved star formation in the distinct structures of the MW. For a recent review on
the matter, see Matteucci (2021).

Beatrice Tinsley was one of the pioneers in the study of chemo-dynamical models (Tinsley 1980).
TheWallerstein-Tinsley diagram (Wallerstein 1962) is a helpful tool to analyse the chemical imprints
in galaxies, since it correlates the metallicity against the 𝛼-abundances. The 𝛼-capture elements
(built from 42He nuclei, e.g. 12C, 16O, 20Ne, 24Mg) can be seen in Figure a) 1.5 as the elements
produced in core-collapse supernovae (CCSNe). CCSNe are some of the most energetic events
in the universe. When massive stars8 burn all their fuel, their cores collapse into a tremendous
explosion leaving behind traces of oxygen, silicon, and magnesium (Woosley et al. 2002). These
stars are thought to be more common in the early universe, when the interstellar medium (ISM)
was denser, and the star formation rate was high. Because of the high temperatures and pressures
in a massive star, they live very short lives of only a few million years, quickly burning through
their fuel and being the first to contribute to the chemical enrichment of the ISM (Langer 2012).
Therefore, the high 𝛼 abundances usually track older populations, and the [𝛼/Fe] vs [Fe/H] diagram
has been extensively used as a general classifier of the MW components, starting with Edvardsson
et al. (1993) and Fuhrmann (1998). In the lower panel of Figure 1.5, we show some relations of
nucleosynthetic processes such as 𝛼-abundances with age, where a clear correlation can be observed
for open clusters in our Galaxy.
In Figure 1.6, we see the traditional chemical classification done in (Fuhrmann 1998): metal-

poor stars fall into the halo; intermediate metal-poor and high-𝛼 stars in the thick disk; and high
metallicity stars with low-𝛼 in the Solar neighbourhood, also known as the “thin disk”. However,
the stars defined as chemical “thin” and “thick” disks in this diagram do not match precisely the
geometric thin and thick disks discussed in detail in Kawata & Chiappini (2016). One of the first
attempts to explain the stellar chemical composition in a Galaxy formation model was made by

7 metallicity is often represented by the fraction of iron to hydrogen content relative to the Sun [Fe/H]. Across this
thesis, we use [X/Y] = log10 (𝑁𝑋 /𝑁𝑌 )star − log10 (𝑁𝑋 /𝑁𝑌 )⊙ , where N𝑋 and N𝑌 are the number of atoms from the
respective element X or Y per unit of volume.

8 defined as those with a mass >8M⊙ at solar metallicity (Poelarends et al. 2008)
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(a) The origin of elements in the periodic table according to the models of Kobayashi et al. (2020),
the solar values are represented by the solid lines and the contribution of each element by the five
nucleosynthetic sites is indicated by the colours in the Figure legend. Image was taken from Kobayashi
et al. (2020).

(b) Various abundance ratios that follow a close relation with age for a sample of open clusters in
our Galaxy, elements are colour coded by their main nucleosynthetic process indicated in the bottom
corner. Figure was taken from Casamiquela et al. (2021b)

Figure 1.5: A view of the nucleosynthesis sites and processes that lead to elements in the Universe
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Eggen, Lynden-Bell, and Sandage (ELS) in Eggen et al. (1962). The authors propose the method
of Galaxy formation as a monolithic collapse from a large spherical cloud of gas and dust, based
on the assumption that the metal-deficient stars formed first in this spherical distribution. As the
cloud collapses almost instantaneously, it becomes denser and hotter and begins to spin faster. The
material at the centre of the cloud collapses more quickly than the material at the edges, creating a
dense, rotating disk of gas and dust. The material that does not fall into the disk remains in the
outskirts of the cloud, forming a more diffuse spherical structure known as the halo. The ELS model
remains an essential foundation for modern galaxy formation and evolution theories. However,
the ELS model does not explain well the chemical thick and thin disks as seen in Figure 1.6, nor
the observations of globular clusters and dwarf galaxies with an extensive range of abundances
independent of the direction in the halo (Canterna 1975; Pagel 1997; Matteucci 2001). The formation
of the halo is primarily explained, as we have seen in previous sections, by the accretion of smaller
galaxies. The disk formation and in-situ halo could be part of the scenario first described by ELS.
The two-infall model outlined in (Chiappini et al. 1997) explains well the chemical dichotomy
between the thin and thick disks by proposing two main gas infall episodes, where the thick disk
was formed in a shorter time scale. After a hiatus, a second infall episode begins forming the thin
disk component in a much longer timescale. In Figure 1.6, we show an updated two infall model by
Spitoni et al. (2019) with the ages interval in the [𝛼/Fe] vs [Fe/H] sequence.
Beyond 𝛼 elements and metallicity, many other chemical abundances can be tied to evolution

models to explain the origin of stellar populations. It is helpful to classify the chemical elements
into families that reflect their main production sites and nucleosynthetic channels. In the lower
panel of Figure 1.5, we see four different nucleosynthetic processes (where 𝑠-process is divided into
light and heavy) and their combined correlation with time for open clusters in our Galaxy.
The slow neutron capture elements (𝑠-process) are formed when a seed nucleus9 (e.g., Fe, Ni)

suffers the addition of neutrons to form a new isotope, which is typically unstable and undergoes
𝛽-decay. This changes the atomic number of the isotope and creates a new element. The rate of
neutron capture is slow, which leads to the formation of isotopes with lower numbers of neutrons
than those produced by the 𝑟 -process (rapid neutron capture process) (Sneden et al. 2008; Travaglio
et al. 2004). The 𝑠-process elements, such as Sr, Y, Zr (first peak), Ba, La, Ce, Nd, Sm (second
peak) and Pb (third peak), are produced in the asymptotic giant branch (AGB) stars as indicated
in the upper panel of Figure 1.5, only intermediate- to low-mass stars undergo the AGB phase.
By computing the neutron capture with the 𝛼 abundance fraction of elements in stars, we have a
relation between the composition created by intermediate-mass and high-mass stars with different
timescales of formation. This fraction increases as we approach the present time, since the present
ISM forms intermediate-mass stars more efficiently, allowing us to measure stellar ages by looking
at their chemistry.

Odd-Z elements have an odd number of protons in their atomic nuclei. they are formed together
with 𝛼 elements in massive stars during hydrostatic phases of carbon and neon-burning shells (e.g.,
27Al, 23Na, 63Cu, 31P) (Sukhbold et al. 2016; Heger & Woosley 2002). A fraction of these elements is
also produced and destroyed in the AGB phase during hot-bottom processes, as indicated in Figure
1.5 (Renzini et al. 2015). The odd-Z elements are shown to depend on metallicity, where deficient
metallicity stars have low [Al/Fe], which is a different behaviour than general 𝛼-elements. Although
for most stars, Al behaves similarly to 𝛼 , and [Y/Al] shows a strong correlation with age as well as
[Y/Mg], as shown in Figure 1.5 (Casamiquela et al. 2021b).

Iron-peak elements have an atomic number and local maximum in the vicinity of Fe (e.g, Mn, Cr,
Ni, Ca); they are abundantly formed in sites such as type Ia supernovae (SNe-Ia; Nomoto et al. 1984).

9 isotope that is the starting point of a nuclear chain reaction
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Figure 1.6: The Wallerstein-Tinsley diagram. Left panel: F and G type stars in the solar neighbourhood
classified according to kinematics, age and chemical abundance; Figure was taken from Fuhrmann (1998).
Right panel: Stellar density of stars in the Kepler field of APOGEE superimposed with an updated two infall
model. Image was taken from Spitoni et al. (2019).

When mass accretion or merging happens between binary stars and one of the pairs is a white
dwarf, if the white dwarf exceeds its Chandrasekhar limit (mass>1.4𝑀⊙; Chandrasekhar 1931), the
star will collapse in a SNe-Ia. Iron peak elements can also be formed in CCSNe, so they trace the
life of intermediate-mass and high-mass stars since white dwarfs are the remnant core of the AGB
phase. As seen in Figure 1.5, family abundances of 𝑠-process/iron-peak elements are also sensitive
to age.
For a broad chemical view of the Galaxy, we need large surveys covering different parts of the

electromagnetic spectra to measure many chemical elements and nucleosynthetic paths.

1.2.2 Large spectroscopic surveys

Spectroscopic surveys are crucial for understanding Galactic archaeology. The decomposition of
light shows the patterns created by the absorption and emission of photons by the elements in the
star’s atmosphere. It also reveals the star’s radial velocity through its Doppler effect, atmospheric
temperature, and gravity. Combining radial velocities and chemistry with astrometry from surveys
such as Gaia has the immense scientific capability to disentangle the Galaxy’s star formation history.
In the last years, we experienced the results of many successful large spectroscopic surveys in

different wavelengths, mapping the distinct components of our Galaxy. From low- to medium-
resolution, very good examples that have impacted the Galactic archaeology field are the RAdial
Velocity Experiment (RAVE Steinmetz et al. 2006; Zwitter et al. 2008; Kunder et al. 2017; Steinmetz
et al. 2020a), the Sloan Extension for Galactic Understanding and Exploration (SEGUE Yanny et al.
2009; Alam et al. 2015), the Large sky AreaMulti-Object fiber Spectroscopic Telescope (LAMOST
Cui et al. 2012; Zhao et al. 2012) and quite recently the Gaia-RadialVelocity Spectrometer (Gaia-RVS
Recio-Blanco et al. 2022). Since 2003, RAVE has assembled medium-resolution CaII-triplet spectra
(R ≈ 7500, 𝜆 = 8410 - 8795 Å) for about 500 000 stars with typical distances within 3 kpc from the
Sun. The radial velocities and metallicities from RAVE gave us the first hints that the MW disk was
not in equilibrium (Siebert et al. 2011; Williams et al. 2013) and, by calculating the escape velocity
at several Galactocentric radii, Piffl et al. (2014) determined with reasonable precision, the total
mass of the MW (baryons + dark matter 1.3+0.4−0.3 × 1012𝑀⊙). SEGUE-1 and 2 are part of the SDSS III
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project (Alam et al. 2015); they were designed to observe mostly metal-poor distant stars in the halo,
with a spectrograph of low resolution (R≈2000) in a broad optical range (385 - 920 nm). SEGUE
data made important contributions to the characterization of the halo and thick disk (Carollo et al.
2010; Lee et al. 2011; Bovy & Rix 2013; Bovy et al. 2012b; Minchev et al. 2013). In Carollo et al.
(2010), they show with orbital analysis that the halo has an inner component with slightly higher
metallicities ([Fe/H]<2) and less eccentric orbits. By dissecting mono-age populations across the
disk, Bovy et al. (2012b) show that the older populations of the disk are centrally concentrated,
implying an inside-out formation. In combination with Gaia, SEGUE achieves better distances
and has recently helped characterize stream structures in the Galactic halo (Perottoni et al. 2022;
Limberg et al. 2022b). From the low-resolution surveys, LAMOST and Gaia-RVS have the most
extensive scale so far, observing more than 4 million sources each. LAMOST has great coverage of
the outer disk, which helped constrain the MW rotation curve up to 100 kpc (Huang et al. 2016). In
the Gaia era and with LAMOST data, the authors of Xiang & Rix (2022) produced age metallicity
relations for sub-giant stars, which revealed two distinct phases in the formation of the MW, where
the outcome of the thick disk (high 𝛼 sequence) dates back to only 0.8 Gyr after the Big Bang.
The radial velocities of Gaia-RVS have been available since the first data release of Gaia, but the
chemical composition and atmospherical parameters are only part of the third data release available
since July 2022. Since then, some interesting works have been done to improve the RVS output as
the low metallicity end (Matsuno et al. 2022) and neutron capture elements (Contursi et al. 2022).

High-resolution spectroscopic surveys such as the Apache Point Observatory Galactic Evolution
Experiment (APOGEE; Majewski et al. 2017), the GALactic Archaeology with HERMES (GALAH;
De Silva et al. 2015; Martell et al. 2017) and the Gaia-ESO survey (GES; Gilmore 2012) derived
exquisite chemical abundances and transformed our view of the Galaxy. These surveys were and are
crucial in the chemical, dynamical, and spatial characterization of the MW. The GES survey observes
all the significant components of our Galaxy for a total of 100 000 targets in its latest release, with
two different high-resolution spectrographs in the optical spectral range (GIRAFFE spectrograph
R≈20 000 and UVES spectrograph R≈47 000) and delivers abundances for 24 elements (Smiljanic et al.
2014). GES has extended studies about the bimodality of chemical thin and thick disks in volumes
outside the solar vicinity and has abundances of eight different elements covering nucleosynthetic
paths from 𝛼 to neutron capture processes (Mikolaitis et al. 2014). GES also helped to characterize
of age-metallicity relation and showed evidence that the inner disk is more metal-rich and older
than the outer disk (Bergemann et al. 2014); recent works using machine learning algorithms also
conclude that metal-rich stars from the inner Galaxy have migrated to the solar vicinity (Dantas et al.
2022). GES has also made significant advances in the inner Galaxy, by measuring its multi-peaked
metallicity distribution function (Rojas-Arriagada et al. 2014). GALAH is a survey targeting about
500 000 in the Galactic disk; it operates with a multi-band spectrograph covering spectral ranges in
the blue, red, green and infrared. The high resolution of GALAH (R≈28 000) enables high signal-
to-noise abundances for 30 elemental abundances covering five nucleosynthetic paths. Multiple
works using GALAH, combined with Gaia, analysed the structure of the disks: in Bland-Hawthorn
et al. (2019), they recover the phase-spirals in the solar neighbourhood and further investigate the
passages and mass reconstruction of the Sagittarius dwarf, in Spina et al. (2021) the authors inspect
the distribution of open clusters with multiple abundances to find that the gradients which trace
the clusters chemical distribution do not precisely match the stellar distributions. GALAH has also
been very important in the characterization of accreted dwarfs and chemical tagging in (Buder et al.
2022; Limberg et al. 2022a). The APOGEE survey stands out from the spectroscopic surveys, since it
observes with high resolution (R ≈ 20 000) in the near-infrared. Therefore APOGEE can peer into the
far, dusty regions of the Galaxy. Joining Gaia with APOGEE has resulted in multiple breakthroughs
of Galactic science: the discovery of the Gaia-Enceladus (Haywood et al. 2018b; Helmi et al. 2018)
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and its robust analysis (Mackereth et al. 2019; Di Matteo et al. 2019); the metallicity gradients in
the chemical thin disk (Anders et al. 2014; Hayden et al. 2015); the three-dimensional maps of the
Local spiral arm (Lallement et al. 2018); and the chemo-dynamical view of the inner Galaxy (Bovy
et al. 2019; Rojas-Arriagada et al. 2019; Hasselquist et al. 2020; Horta et al. 2021; Lucey et al. 2022).
Although we also provided results for other surveys, we mainly use APOGEE throughout this thesis.
In subsequent sections, we explain in more detail the use of spectroscopic surveys in defining the
chemo-dynamics of the disks and bulge.

1.2.3 The Chemical thick and thin disks

One of the most striking chemical features of the Galactic disks is the dichotomy between high-𝛼
and low-𝛼 sequences first observed in Fuhrmann (1998) and shown here in Figure 1.6. This is also
known as the chemically defined thin and thick disks. It is expected that most of the old high-𝛼
sequence has hotter kinematics and follows the vertical bimodality distributions detected in Gilmore
& Reid (1983); Jurić et al. (2008), like the geometrically defined thin and thick disks. Because the
phase space of disks significantly overlaps with each other, as shown in Adibekyan et al. (2012);
Bensby et al. (2014), pre-selected thin and thick disk by geometry does not always follows the
[𝛼/Fe]-high ([𝛼/Fe]-low) sequence. Especially in the outer disks, we see that thin disks stars flare
and have larger contributions for higher distances from the plane (Minchev et al. 2019).
The existence of any separation, either chemically or geometrically, was heavily debated after

Bovy et al. (2012a) had shown with G dwarfs from SEGUE that analysing mono-age-abundances and
considering the selection function of the survey would result in a very smooth transition between
thin-thick disks. Nonetheless, the advent of spectroscopic surveys such as APOGEE, LAMOST, and
GALAH has proven incontestably the chemical bi-modality of the thin and thick disks with different
selection functions and extending to large Galactocentric radii (Adibekyan et al. 2012; Bensby et al.
2014; Anders et al. 2014; Hayden et al. 2015). The first year of APOGEE is very well explored in
(Anders et al. 2014), showing the [𝛼/Fe] vs [Fe/H] abundances across a range of Galactocentric
radii and quantifying their differences. In Figure 1.7, we show the Figure produced by Hayden et al.
(2015) using the APOGEE data release 12 (Zasowski et al. 2013), which exemplifies well the extent
of the [𝛼/Fe] vs [Fe/H] through the Galactic disk, similarly to Anders et al. (2014), but also for
different Galactic heights. The authors find that the high-𝛼 sequence has very similar characteristics
throughout different Galactocentric radii. Still, its appearance vanishes for large distances of the
GC and closer to the Galactic plane. They also interpreted that in the inner radii (3 < 𝑅 < 5kpc),
the [𝛼/Fe] vs [Fe/H] converges to one single track. The low 𝛼-sequence seen across the Galaxy
in Figure 1.7 has a considerable change in shape and its mean metallicity shifts from high to low
from the inner to the outer Galaxy, respectively. The negative gradient of the thin chemical disk
has been shown by other works as well, in Mikolaitis et al. (2014) using GES, Cheng et al. (2012)
using SEGUE, in Boeche et al. (2013) with RAVE and again in the first year of APOGEE in Anders
et al. (2014). The radial gradient of the chemically thin disk indicates it is not well mixed as the
high-𝛼-disk, which likely formed in a shorter time scale.
When analysing the metallicity distribution of stars at different Galactic radii, one particular

effect can complicate the comparison with chemical evolution theories and models. That is radial
migration, a dynamic process by which stars change their orbits within a galaxy, moving outward or
inward from their birth radii. This can occur due to various physical processes, such as interactions
with the Galaxy’s spiral arms or with other stars that can change their angular momentum. In
Minchev et al. (2013), the authors compute a high-resolution cosmological simulation with a pure
chemical model of the MW and quantify the effect of radial migration using RAVE. They found that
typically old stars present a stronger fraction of radial migration and that most of the metal-rich
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Figure 1.7: Image taken from Hayden et al. (2015). The Figure shows the distribution of stars in the [𝛼/Fe]
vs [Fe/H] plane for different ranges of Galactrocentric Radii: increasing radii from left to right; and Galactic
Height: increasing from bottom to top.

stars, with [𝐹𝑒/𝐻 ] > 0.15, observed in the solar neighbourhood are migrants from the inner Galaxy.
Some dynamical simulations also argue that radial migration is the main process behind forming
the thick chemical disk (Schönrich & Binney 2009).

Precise ages are needed to fully understand the disk formation scenario, the dichotomy between
high- and low-𝛼 sequence (Miglio et al. 2017) and, on a large scale, to fundamentally constrain the
chemical dynamical models. Studies using asteroseismology can tackle this task by determining
precise ages. Asteroseismology studies stellar oscillations, which can be used to probe their internal
structure and properties. The frequencies of the oscillations are sensitive to the density and sound
speed inside the star, which in turn depends on the star mass. From the mass of a star, one can
determine its age with quite good precision (≈10%) using stellar evolutionary models (Rodrigues
et al. 2014). A recent work using asteroseismology of red giants from the Kepler satellite and
APOGEE Miglio et al. (2021) finds that the chemically defined thick disk is compatible with a
coeval old (≈ 11 Gyr; z ≈ 2) population with an age dispersion of only 1.5 Gyr. The chemical
discontinuity from high-𝛼 to low-𝛼 in the data analysed in Miglio et al. (2021) corresponds to an
abrupt change in velocity dispersion and completely different age distributions, suggesting their
distinct chemo-dynamical histories.

After the discovery of the massive satellite Gaia-Enceladus (𝑀virial > 1010M⊙) accreted by the
MW, multiple works have associated this merger event with the formation of the high-𝛼 sequence
(Belokurov et al. 2018; Helmi et al. 2018; Myeong et al. 2019; Orkney et al. 2022), although using
asteroseismology Montalbán et al. (2021) has demonstrated with exquisite ages and chemical
abundances that a considerable part of the chemical thick disk had already been formed prior to the
Gaia-Enceladus assembly.

The study and analysis of the chemical thin and thick disks is still a hot topic in Galatic archaeology,
and new studies are arising with the powerful information that combining Gaia + spectroscopic
releases enables. New surveys with asteroseismology will also help trace the chemo-dynamical
history of the disks, and machine learning approaches can use the multiple chemistry information,
such as in (Anders et al. 2018).
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1.3 The inner Galaxy decoded into chemo-kinematics

The inner Galaxy, or the Galactic “bulge,” plays a major role in helping us disentangle the evo-
lutionary history and formation of the MW. It contains a significant amount of the baryon mass
(approximately half of the disk mass 1.5-2.4 ×1010M⊙ , Cao et al. 2013; Simion et al. 2017; Portail
et al. 2017; Valenti et al. 2016), and as in the halo and thick disk, the bulge is expected to host the
oldest stars of our Galaxy (Chiappini et al. 2011; Friaça & Barbuy 2017). It is also crucial to compare
the contribution of the disks in the inner Galaxy to unveil their properties and evolution processes
such as dynamical instabilities, hierarchical merging, dissipational collapse, and the quantification
of the radial migration history.

The hurdle of studying the bulge is that it presents several observational obstacles because of the
high extinction and stellar crowding. Since the Sun is in the MW disk, we must look past many stars
and dust until we reach the bulge area (distance Sun-GC = 8.2 kpc GRAVITY Collaboration et al. 2019;
Bland-Hawthorn & Gerhard 2016). This issue has mostly been resolved in the large near-infrared
missions commented on in Sec. 1.1.2, which first revealed the B/P shape of the bulge. Still, it took
longer to have a great completion of spectroscopic surveys in the bulge area. Before APOGEE,
many spectroscopic surveys were limited to pencil beams in the Baade’s window10 or at higher
latitudes. Such spectroscopic surveys that were crucial in the chemo-dynamical characterization
of the bulge are the Bulge RAdial Velocity Assay (BRAVA; Rich et al. 2007), the Abundances and
Radial velocity Galactic Origins Survey (ARGOS; Freeman et al. 2013), and The GIRAFFE Inner
Bulge Survey (GIBS; Zoccali et al. 2014).
The definition of “bulge” in our Galaxy is usually the region enclosing an area of ± 10◦ in both

spherical galactocentric coordinates longitude and latitude (l, b). This definition is a bit confusing,
as it does not define a Galactic component but a place in space; contrasting, a “classical bulge”
observed in external galaxies is defined as the central spherical component of a galaxy with a steep
brightness profile, pressure-supported kinematics, and high-velocity dispersions (Kormendy &
Kennicutt 2004; Athanassoula 2005; Fisher & Drory 2016). A B/P bulge, or pseudo-bulge, is also a
component observed in the centre of external galaxies but is flatter and characterised by rotation
rather than dispersion. Both a classical and a pseudo-bulge can coexist (Erwin et al. 2015). We
know that our Galaxy contains a B/P bulge that reflects the orbits of the bar component, but until
the present day, it is a topic of discussion whether the MW has a classical bulge. In the following
sections, we will summarize the main characteristics of the stellar populations in the inner Galaxy.
For further reviews into this field, we recommend the reviews of Rich (2013), Gonzalez & Gadotti
(2016), Zoccali & Valenti (2016), Barbuy et al. (2018), and Shen et al. (2010).

1.3.1 Dynamical properties

As we saw on Session 1.1.1 large photometric surveys uncovered the X-shape structure of the inner
Galaxy, which a classical bulge formation scenario cannot explain. In dynamical models (Combes &
Sanders 1981; Raha et al. 1991; Athanassoula 2005; Shen et al. 2010), the B/P bulge emerges as a
natural outcome of bar formation. The bar forms through disk density instabilities, then weakens
and thickens due to vertical buckling instabilities that trap stars in orbital resonances. Subsequently,
the bar slowly increases in length and strength through secular evolution (Sellwood 1981; Debattista
et al. 2006; Athanassoula et al. 2013; Cuomo et al. 2019). The B/P shape is formed during the buckling
phase within Galactic disk populations trapped in it.
One of the first works studying the observational kinematics of bulge fields was performed

by Minniti et al. (1992). The authors looked at two regions in 𝑙 , 𝑏 = (8◦,7◦), (12◦, 3◦) in Baade’s

10 area of the sky with relatively low amounts of interstellar dust along the line of sight from Earth.
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window and found an apparent increase of rotational velocity at the higher latitude field and that
the velocity dispersion decreases drastically outward from the plane. Later more complete surveys,
such as BRAVA with about 8 600 giants, demonstrated that stars in the B/P bulge rotate almost with
the same velocity in the plane and at high latitude (Kunder et al. 2016), the so-called cylindrical
rotation (Kormendy & Illingworth 1982). The cylindrical rotation was confirmed with a larger
sample combining APOGEE to ARGOS in Ness et al. (2016), showing the bulge rotates cylindrically
up until latitudes of 10◦. In Ness et al. (2016), they also show that the velocity dispersion increases
towards the centre with the highest values at 2 − 3◦ from the plane 𝜎𝑣 = 130 km/s. Extra-galactic
observations also show cylindrical rotation in edge-on galaxies with a bar (Shaw et al. 1993). The
rigid body rotation is a characteristic of a barred component of the Galaxy.
In Shen et al. (2010), they produce a self-consistent dynamical model of a bar that fits the data

acquired by the BRAVA survey. The dynamical model of Shen et al. (2010) could fit the observations
without any classical bulge component in the simulation. At this point, most of the kinematics
would conclude that the MW has no classical bulge, but the picture still presents questions when
works analyse chemistry with kinematics jointly. The measurement of the pattern speed of the bar
𝛺bar indicates the angular frequency with which the bar rotates around the GC and determines the
orbital structure of the bar (Athanassoula 2003). The determination of the pattern speed helps to
fix the position of the corotation radius which is where the centrifugal and gravitational forces
cancel out in the bar rest frame. Most models indicate a pattern speed of 𝛺bar = 40 km𝑠−1𝑘𝑝𝑐−1 for
the MW (Shen et al. 2010; Portail et al. 2017). Gaia makes available proper motions for millions of
stars in the bulge area, for example Sanders et al. (2019a) use the VVV combined with Gaia DR2 to
measure a 𝛺bar = 41 km𝑠−1𝑘𝑝𝑐−1, which puts the co-rotation radius of the bar at 5.7 kpc. Clarke
et al. (2019) compared the kinematical data to the made-to-measure models of the findings of Portail
et al. (2017) and found𝛺bar = 37 km𝑠−1𝑘𝑝𝑐−1. Recently, measurements of the bar length and pattern
speed directly from orbit integration of Gaia and APOGEE combined gave consistent results only
for a bar length of 3.5 kpc and a 𝛺bar = 39 km𝑠−1𝑘𝑝𝑐−1 (Lucey et al. 2022).

1.3.2 Chemical composition

It is very clear from early estimates that the bulge contains a considerable amount of metal-rich stars
(McWilliam & Rich 1994; Rich 1990). The metallicity distribution function (MDF) of the inner Galaxy
presents multiple peaks, and depending on the survey and tracer it has different characteristics
and numbers of peaks (Bensby et al. 2017; Johnson et al. 2013; Schultheis et al. 2017). In Zoccali
et al. (2008) and Babusiaux et al. (2010) they show that there is a bimodality in the distribution
metallicity of the bulge, where metal-rich stars are more concentrated in the plane and follow
kinematics of a bar supporting the X-shape, while a more metal-poor population extends to higher
distances from the plane and could be compatible with a primordial spheroidal component or a
thick disk. In Zoccali et al. (2017) and Zoccali et al. (2018), they measured the MDF for 26 bulge
fields in the GIBs surveys and weighed the bulge total mass fraction from contributions of the
metal-rich (52%) and metal-poor 48% stars. They also found that the metal-poor stars produce a
spherical distribution across the centre and that metal-rich stars form a square boxy shape. Recent
studies using GES and APOGEE (Rojas-Arriagada et al. 2014, 2019, 2020) show that fitting Gaussians
to the MDF at different latitudes results in two or three components, implying the possibility of
more than two stellar populations. In Rojas-Arriagada et al. (2019) it was also starting to become
clear that there is bimodality and discontinuity in the inner Galaxy between the high-𝛼 and low-𝛼
sequence as seen in the solar neighbourhood, a result not as evident in the analysis within the
inner Galactocentric radii of Hayden et al. (2015). Analysis of 𝛼-process elements in the bulge show
conflicting results, which is expected since treating abundances for different populations is already
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complicated in the solar neighbourhood. The bulge area is not only complex because of the high
extinction and crowding, but also because the superposition of different stellar populations such as
the inner thin disk, inner thick disk, and inner halo stars. In Zoccali et al. (2006); Fulbright et al.
(2007) the authors found bulge [O/Fe] values that are slightly higher than the local chemical thick
disk, although other works have found no differences between oxygen abundances of the bulge and
local thick disk samples (Alves-Brito et al. 2010; Meléndez et al. 2008). Odd-Z elements, such as
sodium, show compelling results in the bulge that differ from the local samples; odd-Z elements
are mainly produced together with 𝑎𝑙𝑝ℎ𝑎 abundances in the last stages of the life of massive stars.
The sodium in the bulge increases at the high metallicity end, and in Johnson et al. (2014) they
showed this for high metallicity stars in the bulge, which differs from disk samples where [Na/Fe]
has a more constant behaviour. For a more detailed chemical analysis of the bulge, see Barbuy et al.
(2018). In summary, the bulge indicates a fast enrichment scenario portrayed by its abundances and
this is the region of the Galaxy where we find the most metal-rich stars. A detailed and consistent
analysis of the chemical abundances in the bulge and the local thin and thick disks is extremely
important to reach a better comprehension of the Galactic disks and bulge formation.

1.3.3 RR lyrae tracers, metal-poor stars and a classical bulge

Although harder to detect, metal-poor stars can also be found in the bulge (Howes et al. 2015).
Chemical simulations suggest that those could be the oldest stars in the Galaxy (Salvadori et al.
2010; El-Badry et al. 2018). The Pristine survey (Starkenburg et al. 2017) is a recent narrow-band
photometric project focused on the metallicity-sensitive Ca H & K lines. The survey also maps the
inner Galaxy, and in the recent works of Arentsen et al. (2020), they used follow-up spectroscopy
to investigate the kinematics of a wide range of metal-poor stars from −3 < [Fe/H] < −0.5. The
authors show that the velocity dispersion is a function of metallicity. Interestingly, some metal-poor
stars show signs of cylindrical rotation, but the rotation dissolves for the most metal-poor (with
metallicities [Fe/H]< −1.5) bins where velocity dispersion is the highest. Some of these stars from
Pristine could belong to the halo; more accurate orbital analysis of metal-poor stars is still needed
to better understand the complex orbital structure of the inner Galaxy. In Lucey et al. (2021), they
calculated orbits for a sample of metal-poor stars from which they concluded only 14% has high
confidence of being confined to the bulge. A large dataset of metal-poor stars was recently evaluated
using the low-resolution spectra of the third data release of Gaia, about 2 million stars in a region
of 30◦ for which ≈ 1.2 million have orbital parameters (Rix et al. 2022). The analysis of this large
sample shows that there is a significant fraction of the metal-poor stars bound to bulge orbits at
an extent of 2.7 kpc, although most of these stars have metallicities similar to the halo from the
distribution of globular clusters (Geisler et al. 2022). RR lyr stars are very old low-mass variables
which are found in a variety of regions of the Galaxy. One can determine very precise distances
with their period-luminosity relation and therefore they are very good tracers of the structure of old
populations in the Galaxy. The studies with RR lyr stars in the bulge also show the manifestation of
two distinct kinematics (Pérez-Villegas et al. 2017a; Kunder et al. 2020; Kunder 2022). In Kunder
et al. (2020) with orbital analysis, the authors cleaned the 25% contamination of halo and find the
RR lyrae follow two distinct kinematics and structure: one group of stars does not present bar
shape orbits and is concentrated to the centre while the other group is kinematically and spatially
consistent with the bar structure.
All these studies show evidence of a non-negligible ancient population that could be tracing

the pressure-supported component of the Galaxy. Although simulations can also explain a more
spherically distributedmetal-poor component without a classical bulge, this concentrated population
is suggested then to be the outcome of the thick disk, which has a different radial distribution
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than the thin disk (Debattista et al. 2017; Fragkoudi et al. 2018). Nonetheless, further analysis of
metal-poor and metal-rich stars in the Galactic bulge/bar is necessary to clarify the existence of a
pressure-supported component.

1.3.4 The bulge age

Primarily, stellar ages for the Galactic bulge were measured using CMD fitting procedures for
high-resolution photometry, and proper motion cleaned. Studies have found the bulk of the bulge
to be old, ≈ 10 Grys (Ortolani et al. 1995; Kuijken & Rich 2002; Clarkson et al. 2011; Valenti et al.
2013). In Bensby et al. (2017), they obtained spectra through micro-lensing events using a selection
of subgiants, for which they found young ages: 35% of their sample have ages younger than 8 Gyrs.
The results of Bensby et al. (2017) have been recently challenged in Joyce et al. (2022) where they
argue that a different set of stellar evolutionary models and a more careful uncertainty analysis
leads to very few stars with ages younger than 7 Gyrs, but a population that peaks at 8-9 Gyr at
higher metallicities is a robust result. Ages of 8 Gyr at high metallicity align with a fast formation
history of the bulge and agree with ages derived through learning machine algorithms and [C/N]
abundances (Hasselquist et al. 2020, 2019). Unfortunately, there are no ages measured through
asteroseismology in the bulge. Ages that are less model dependent and accurate will undoubtedly
have an impact on understanding the stellar populations of the bulge area.

1.4 Open questions in Galactic archaeology

After this short review of the central observational science done across the last century to unravel
the formation history of the Galaxy, we can define some critical open questions that will help us
better understand the evolution of the Galactic disks and bulge. This thesis attempts to resolve
most of these questions by analysing APOGEE and Gaia surveys. We give a brief summary here of
how we intend to treat these questions in the following chapters.

• How do the high and low 𝛼-sequences vary across the Galaxy?
Multiple works using APOGEE DR14 and SEGUE show that the chemically thick disk is
coeval at different Galactic radii. However, until the completion of this thesis, there was still
no good coverage of the inner Galaxy and outer Galaxy. We explore this question using Gaia
and APOGEE DR16 together with the Bayesian code StarHorse.

• What is the chemo-dynamical structure of the Galactic bar and inner Galaxy?
Kinematical data analysis of ARGOS, GIBS, and BRAVA have consistently shown that the
metal-rich stars compose an X-shape and cylindrical velocity component. Still, some works
with RR lyrae and metal-poor stars also show considerable rotation. The new data gave us the
opportunity to investigate the interplay of metal-rich and metal-poor stars as a function of
dynamical orbits in a well-defined (cleaned by foreground stars) sample of the inner Galaxy.

• Does the MW have a classical bulge component?
With a statistically significant sample of the inner Galaxy, we break down the stellar popula-
tions into their chemo-orbital space, tracing the contribution of the internal thin and thick
disks and the bar, and then analyse if there are stars consistent with a classical bulge.

• How to date the stellar populations in our Galaxy using large spectroscopic surveys?
Ages are fundamental for the precise comparison with chemical evolutionary models that
can describe the formation of the disks. We use the code StarHorse to compute reliable
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ages for sub-giant branch stars and main sequence turn-off stars for a large sample of public
spectroscopic surveys. We investigate chemical clock relations with those ages, as shown in
Figure 1.5.

• How to distinguish between chemical populations in our Galaxy?
We scrutinize the multidimensional chemical space available in various spectroscopic surveys,
which derive abundances sampling different nucleosynthetic channels. In a new method, we
use an unsupervised learning machine algorithm and combine chemical information with
the ages of subgiants to cluster distinct chrono-chemical populations effectively.

1.5 Summary and thesis outlook

This thesis is divided into five Chapters, and three of these Chapters consist of publications in
peer-review journals or in-review process. The time of this thesis is marked by the Gaia era, where
parallaxes became available in 2018 for more than one billion stars. And it is also at this time that
the APOGEE survey released observations from the southern hemisphere, reaching an area of the
bulge that was poorly covered before. Although chapters 2, 3 and 4 are independent publications,
they share as a central theme: the chemodynamical characterization of the disks and bulge. As a
goal, we want to understand our Galaxy by breaking down the steps of evolution that formed the
present chemically defined thick and thin disks and the Galactic bar and bulge. Chapter 2 presents a
study using APOGEE and Gaia DR2 to chemically map the MW from its inner to the outer regions
(0-20 kpc), as well as the derivation of distances and extinctions using StarHorse for about five
million sources. These parameters are released to the community as value-added catalogues to
projects such as SDSS. Chapter 3 focuses on a defined sample in the inner Galaxy. With precise
orbital calculations, we explore for the first time the chemical orbital space of the stellar populations
that coexist in this region. In Chapter 4, we derive ages for about four million stars in the solar
neighbourhood, investigate their relations with chemical composition, and show a new method to
delineate chemical age groups. Finally, in Chapter 5.7, we make our concluding remarks, future
perspectives and explain the impact of this thesis discoveries on the field.
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Abstract

We combine high-resolution spectroscopic data from APOGEE-2 survey Data Release 16 (DR16)
with broad-band photometric data from several sources as well as parallaxes from Gaia Data
Release 2 (DR2). Using the Bayesian isochrone-fitting code StarHorse, we derived the distances,
extinctions, and astrophysical parameters for around 388,815 APOGEE stars. We achieve typical
distance uncertainties of ∼ 6% for APOGEE giants, ∼ 2% for APOGEE dwarfs, and extinction
uncertainties of ∼ 0.07 mag, when all photometric information is available, and ∼ 0.17 magif optical
photometry is missing. StarHorse uncertainties vary with the input spectroscopic catalogue,
available photometry, and parallax uncertainties. To illustrate the impact of our results, we show
that thanks to Gaia DR2 and the now larger sky coverage of APOGEE-2 (including APOGEE-South),
we obtain an extended map of the Galactic plane. We thereby provide an unprecedented coverage of
the disk close to the Galactic mid-plane (|𝑍Gal | < 1 kpc) from the Galactic centre out to 𝑅Gal ∼ 20 kpc.
The improvements in statistics as well as distance and extinction uncertainties unveil the presence of
the bar in stellar density and the striking chemical duality in the innermost regions of the disc, which
now clearly extend to the inner bulge. We complement this paper with distances and extinctions for
stars in other public released spectroscopic surveys: 324,999 in GALAH DR2, 4,928,715 in LAMOST
DR5, 408,894 in RAVE DR6, and 6,095 in GES DR3

2.1 Introduction

The second data release (DR2) of the astromet-
ric flagship mission Gaia launched by ESA has
added an invaluable wealth of astrometric and
photometric data for more than a billion stars
(Gaia Collaboration et al. 2018b). While the
DR2 parallax uncertainties are still sufficiently
large to hamper detailed tomographic views of
the Galaxy beyond 2 − 3 kpc around the Sun
from Gaia data alone, the combination of these
data with spectroscopic and photometric mea-
surements from various other surveys opens
up the possibility of extending the 3D map-
ping of Galactic stellar populations as far as

the Galactic centre and out to similar heliocen-
tric distances towards the outer disk or direc-
tions perpendicular to the disk mid-plane. This
enables detailed quantitative comparisons be-
tween observed properties in phase and chem-
ical space to chemo-dynamical model predic-
tions (e.g. Fragkoudi et al. 2018; Frankel et al.
2018). Additionally, for the first time, ages of
large numbers of field stars are being deter-
mined with sufficient precision, at least within
≃ 2 kpc, to impose strong direct constraints on
the Galactic star formation history (Bensby et al.
2017; Ness et al. 2019).
In Queiroz et al. (2018, Q18), we presented

the StarHorse code: a python tool that
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uses Bayesian analysis of spectroscopic, photo-
metric, and astrometric data to infer distances,
extinction, ages, and masses of field stars. In
that paper we illustrated the impact of Gaia
DR1 parallaxes on improving our estimates of
distances and extinctions. We also generated
several value-added catalogues (VACs) for the
spectroscopic datasets Apache Point Observa-
tory Galaxy Evolution Experiment (APOGEE)
DR14 (Abolfathi et al. 2018), Radial Velocity
Experiment (RAVE) DR5 (Kunder et al. 2017),
the Gaia-ESO spectroscopic survey (GES) DR3
(Gilmore et al. 2012), and The GALactic Archae-
ology with HERMES (GALAH) DR1 (Martell
et al. 2017), thus extending the volume for which
precise distances are available.

StarHorse has been applied in numerous
studies concerning different fields of Galactic
astrophysics, such as stellar populations in the
local neighbourhood (e.g. Anders et al. 2018;
Grieves et al. 2018; Minchev et al. 2018), the ori-
gin of the stellar halo (Fernández-Alvar et al.
2017, 2019), the physical carriers of diffuse in-
terstellar bands (Elyajouri & Lallement 2019),
Milky Way stellar population kinematics (e.g.
Palicio et al. 2018; Monari et al. 2018; Car-
rillo et al. 2019; Minchev et al. 2019), or re-
cently the chemo-dynamical study of N-rich
stars (Fernández-Trincado et al. 2019a).
In Anders et al. (2019, A19), we used an up-

dated version of StarHorse, combining Gaia
DR2 parallaxes and optical photometry with
other photometric bands from PanSTARRS-1,
2MASS, and AllWISE, to derive Bayesian dis-
tances and extinctions for around 300 million
stars brighter than 𝐺 = 18. We showed that the
addition of complementary information to the
Gaia parallaxes and photometry could lead to
a breakthrough in which, with the best-quality
data, we might start seeing structures such as
the Galactic bar already in density stellar maps.
However, as explained in that paper, the A19
photo-astrometric results were computed with
a prior upper limit of 4 magin 𝐴𝑉 extinction, re-
sulting in a limited view of stellar populations
towards the innermost regions.
We now have the opportunity to start dis-

secting the Milky Way, including the central

region and the far side of the Galactic disc, by
combining Gaia DR2 with the APOGEE DR16
release. The latter includes around 380 000 stars
with precise radial velocities, stellar parameters,
and chemistry from near-infrared (NIR) high-
resolution spectra taken in both hemispheres
(Ahumada et al. 2020). Compared to the ear-
lier releases, the data now include many more
targets in general, but especially towards the
innermost kiloparsecs of the Galaxy.

In this paper we describe the first VACs gen-
erated from StarHorse using Gaia DR2 data
in conjunction with APOGEE DR16 along with
public releases of other spectroscopic surveys.
We show the first high spatial-resolution chemi-
cal maps of our Galaxy covering the entire disc,
from 0 to beyond 20 kpc in Galactocentric dis-
tance, complementing earlier maps shown in
Anders et al. (2014), Hayden et al. (2015), and
Weinberg et al. (2019), who used APOGEEDR10,
DR12, and DR14, respectively. We presented dis-
tances and extinctions, and their associated un-
certainties, study the robustness of these quanti-
ties to different choices of priors, parameter sets,
and systematic corrections, and also compare
these quantities to data from other sources.
The paper is organised as follows: In Sect.

2.2 we provide a brief description of the
StarHorse code, focussing on the main im-
provements since Q18 and A19. Section 2.3 de-
scribes the input data (photometry, astrometry,
and spectroscopy) used in the computations of
distances and extinctions for APOGEE DR16. In
Sect. 2.4 we describe the output parameters that
resulted from the StarHorse calculation as
well as their uncertainties. As an example of
science application, in Sect. 2.5 we present the
first density and chemical maps obtained over
the entire Galactic plane and discuss the main
science implications derived from these maps.
In Sect. 2.6 we discuss the complementary cat-
alogues GALAH, RAVE, GES, and the Large
Sky Area Multi-Object Fiber Spectroscopic Tele-
scope (LAMOST), and the distribution of the
resulting parameters. The resulting catalogues
are provided inmachine-readable form: the data
model can be found in Appendix 2.A, a set of
validation tests that for our new StarHorse
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APOGEE DR16 results can be found in Ap-
pendix 2.B, and summary plots for each survey
are shown in Appendix 2.C. In Section 2.7 our
main conclusions are summarised.

2.2 StarHorse code

StarHorse (sometimes abbreviated as SH
in the resulting catalogues) is a Bayesian
isochrone-fitting code that derives distances 𝑑 ,
extinctions in the V band (at 𝜆 = 542 nm) 𝐴𝑉 ,
ages 𝜏 , masses𝑚∗, effective temperatures 𝑇eff ,
metallicities [M/H], and surface gravities log𝑔
for field stars. In order to do so, we use as in-
put a set of spectroscopically measured stellar
parameters (typically 𝑇eff , log𝑔, and metallicity
[M/H]), photometric magnitudes𝑚𝜆 , and, when
available, parallax 𝜛, to estimate how close a
stellar evolutionary track is to the observed
data. In this work we adopt the latest version of
the PARSEC stellar evolutionary model tracks
(Bressan et al. 2012; Marigo et al. 2017)11. For
APOGEE DR16 we adopt a fine grid of models
to compute the estimated parameters with steps
of 0.01 dex in log𝜏 and 0.02 dex in metallicity
[M/H], covering the ranges 7.5 < log𝜏 < 10.13
, −2.2 < [M/H] < 0.6.
To compute the posterior probability distri-

bution function (PDF) for the model parame-
ters given the observed data, we include priors
about the geometry, metallicity, and age charac-
teristics of the main Galactic components, fol-
lowing previous Bayesian methods to derive dis-
tances (e.g. Burnett & Binney 2010; Burnett et al.
2011; Binney et al. 2014). The priors adopted
are the same as in Q18 and A19, namely: an ini-
tial mass function from Chabrier (2003) for all
Galactic components; exponential spatial den-
sity profiles for thin and thick discs (see Section
5 for a discussion on the differences between
the geometric and chemical definitions of the
thick disc); a spherical halo and a triaxial (el-

lipsoid+spherical) bulge/bar component, and
broad Gaussians for the age and MDF priors.
The normalisation of each Galactic component,
as well as the solar position, were taken from
Bland-Hawthorn & Gerhard (2016).

The code was first described in Santiago et al.
2016, and later modified to use Gaia parallaxes
and derive astrophysical stellar parameters in
Queiroz et al. 2018. The latter paper also in-
cluded extensive validation comparisons with
simulations and independent high-quality dis-
tance determinations from asteroseismology,
eclipsing binaries, and open clusters. Those
samples showed precision of ≃ 10% for dis-
tances, ages accurate to ≃ 30%, and 𝐴𝑉 errors
of ≃ 0.1 magfor stars out to ≃ 1kpc, with a
continuous worsening of accuracy and preci-
sion towards larger distances. Most recently, in
A19, we used StarHorse to determine photo-
astrometric (i.e. not using spectroscopy at all)
distances, extinctions, and stellar parameters
for Gaia DR2 stars down to magnitude𝐺 = 18.

More details about the method, priors, stellar
evolutionary models, code validation, and pre-
vious released catalogues are provided in Q18.
We have since updated the code in some impor-
tant aspects briefly summarised in this work (for
more details see A19). Namely, we improved
the extinction treatment, which now considers
the dependence of the extinction coefficient,𝐴𝜆 ,
on effective temperature and extinction itself,
as explained in Holtzman et al. (1995), and Gi-
rardi et al. (2008), for instance; and the latest
version has migrated to python 3.6, which
made the code faster and compatible with re-
cent libraries. These and other small computa-
tional improvements are described in detail in
A19, Sect. 3.2. In this paper, we use the high-
quality spectroscopically determined stellar pa-
rameters from APOGEE spectra, in conjunction
with Gaia DR2 parallaxes and broad-band pho-
tometric measurements.

11 Downloaded from http://stev.oapd.inaf.it/cgi-bin/cmd
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Figure 2.1: Overview of the coverage of the APOGEE DR16 StarHorse VAC. Top panel: Median
StarHorse distance per HealPix cell as a function of Galactic coordinates. Bottom panel: Same as in
previous panel, but now showing the median 𝐴𝑉 as a function of direction in the sky, and zooming in on the
innermost 40 x 20 degrees of the Galactic plane (the line spacing in the bottom panel is 10 degrees).

2.3 Input data

We followed a similar configuration to previous
StarHorse runs (Queiroz et al. 2018; Anders
et al. 2019) to complement the APOGEE DR16
StarHorse catalogue with parameters such as
extinction and distances. We gathered paral-
laxes from Gaia DR2 (Gaia Collaboration et al.
2018b) and photometry from 2MASS (Cutri et al.
2003), WISE (Cutri et al. 2013), and PanSTARRS-
1 (Chambers et al. 2016) and gathered this in-
formation with spectra from APOGEE DR16
(Ahumada et al. 2020). We introduced the in-
put catalogues, the necessary adjustments in
these data, and the StarHorse configuration
to produce the final parameters.

2.3.1 APOGEE DR16

The spectroscopic survey APOGEE (Majewski
et al. 2017) started in the third phase of the Sloan
Digital Sky Survey (SDSS-III; Eisenstein et al.
2011). The APOGEE survey continues as part
of SDSS-IV (Blanton et al. 2017). It is a spectro-
scopic survey conducted in the NIR, at high res-
olution (𝑅 ∼ 22, 500), and high signal-to-noise
(𝑆/𝑁 > 100) (Wilson et al. 2019). The data re-
duction pipeline is described in Nidever et al.
(2015). As a NIR survey, APOGEE is capable to
peer into the dusty areas of our Galaxy, such
as the Galactic bulge and the central Galactic
plane.
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Figure 2.2: Kiel diagram colour coded by median StarHorse distance as a function of position on the
input (left) and output (middle) effective temperatures and surface gravities. The right-most panel shows the
colour magnitude diagram coloured by median StarHorse extinction; the colour is already corrected by
StarHorse extinction.

The APOGEE survey has been collecting data
in the northern hemisphere since 2011. Since
2015, APOGEE-2 data have also been collected
in the southern hemisphere. Observations from
both hemispheres use the twin NIR spectro-
graphs (Wilson et al. 2019) on the SDSS 2.5 m
telescope at APO (Gunn et al. 2006) and the 2.5
m du Pont telescope at Las Campanas Obser-
vatory (LCO; Bowen & Vaughan 1973), respec-
tively. The DR16 is the first SDSS-IV data re-
lease that includes data from APOGEE-2 South:
it contains a total of 473,307 sources with de-
rived atmospheric parameters and abundances.
The pre-processing of the APOGEE DR16 data
in preparation for the StarHorse run pre-
sented in this work was very similar to the pre-
processing of APOGEE DR14 described in Q18.
The APOGEE Stellar Parameter and Chemi-

cal Abundance Pipeline (ASPCAP; García Pérez
et al. 2016) was optimised for red giant stars,
since this is the main population targeted
by the survey. However, we also computed
StarHorse results for stars in APOGEE DR16
catalogue that fall outside the recommended
calibration ranges of ASPCAP. For those stars
we used inflated uncertainties of 𝜎log𝑔 = 0.3
dex, 𝜎𝑇 eff = 200 K, 𝜎[ Fe/H] = 0.15 dex, and
𝜎[𝛼/ Fe] = 0.1 dex.

As in Q18 (and differently from A19 where
no extinction prior was used), we used the
APOGEE targeting extinction estimate 𝐴 Targ

𝐾𝑠

as a broad prior for the total line-of-sight ex-
tinction: 𝐴𝑉 prior = 0.11 · 𝐴 Targ

𝐾𝑠
. StarHorse

treats this extinction using Schlafly et al. (2016)
extinction curve.

Finally, because we used PARSEC stellar mod-
els, which at present do not include non-solar
[𝛼/𝐹𝑒] ratio models, we corrected for this ef-
fect in the input data. For that we used the
Salaris et al. (1993) formula, which accounts
for 𝛼-enhancement by a slight shift of the total
metallicity [M/H] as follows:

[M/H] = [Fe/H] + log [𝐶 · 10[𝛼/ Fe] + (1 −𝐶)]
(2.1)

𝜎[ M/H] ≃
√︃
𝜎2[Fe/H] + 𝜎

2
[𝛼/ Fe] . (2.2)

We chose𝐶 = 0.66101, in agreement with the
scaled solar composition 𝑌 = 0.2485 + 1.78 · 𝑍
used in the PARSEC 1.2S models12.

2.3.2 Gaia Data Release 2

The Gaia astrometric mission was launched in
December 2013 and placed close to the L2 La-
grangian point, about 1.5 million km from the
Earth, in July 2014. It is measuring positions,
parallaxes, proper motions, and photometry for
well over 109 sources down to 𝐺 ≃ 20.7, and
obtaining physical parameters and radial veloc-
ities for millions of brighter stars (Gaia Collab-
oration et al. 2016). Its recent Data Release 2 (

12 http://stev.oapd.inaf.it/cgi-bin/cmd_3.1
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Gaia DR2; Gaia Collaboration et al. 2018b) cov-
ers the initial 22 months of data taking (from
a predicted total of > 5 years) and has posi-
tions and photometry for 1.7 · 109 sources, full
astrometric solutions for 1.3 · 109 (Lindegren
et al. 2018), 𝑇eff , extinction, stellar radii and lu-
minosities for 8 · 107 stars (Andrae et al. 2018),
and radial velocities for 7 · 106 of the sources
(Katz et al. 2019). Particularly important for our
purposes are the DR2 parallaxes, since they al-
low us to better disentangle dwarfs from giants
for stars with more uncertain surface gravity
measurements.

The Gaia DR2 parallax precision varies from
< 0.03 mas for 𝐺 ≤ 13 to ≃ 0.7 mas for 𝐺 = 20,
and the parallax zero-point (accuracy) has been
shown to be of similar order, and probably
dependent on a combination of sky position,
magnitude, and colour (e.g. Arenou et al. 2018;
Stassun & Torres 2018; Zinn et al. 2019; Khan
et al. 2019).

In this work, we adopted the mean zero-point
correction of 52.8 𝜇as to the Gaia DR2 paral-
laxes determined by Zinn et al. 2019 using red
giants co-observed by APOGEE and the Kepler
mission. This is somewhat midway between the
quasar-derived correction advertised by Linde-
gren et al. (2018) and the zero-point shift esti-
mated by Stassun & Torres 2018, which is 82 𝜇𝑎𝑠 .
In fact, Stassun & Torres 2018 find that their esti-
mate of the offset may be 61 𝜇𝑎𝑠 , which is much
closer to that of Zinn et al. 2019, if they allow
for a possible scale error in the parallaxes. They
also note that the larger offset of 82 𝜇𝑎𝑠 would
be most applicable to the brightest stars, with
𝐺 ≲ 11, however only ∼10% of the APOGEE
sample is so bright. On the other hand, Khan
et al. (2019) find that the parallax zero-point
shift could be smaller: for two 𝐾2 fields anal-
ysed in their paper they find smaller discrep-
ancies between asteroseismic and astrometric
parallaxes than in the Kepler field.
Independent distances measurements using

cepheids and quasars (Riess et al. 2018; Lin-
degren et al. 2018) also show that the Gaia
DR2 parallax uncertainties are slightly under-

estimated, and can suffer from systematics as
well as the parallax itself. To account for these
effects we applied the suggested inflation of par-
allax uncertanties described in Lindegren et al.
(2018). The inflated error can be written as

𝜎ext =
√︃
𝑘𝜎2in + 𝜎2𝑠 , (2.3)

where 𝜎ext is the inflated uncertainty, 𝜎in the
uncertainty from Gaia catalogue, 𝑘 = 1.08 is a
constant parameter, and 𝜎𝑠 is slightly different
for different magnitude ranges. For the bright
regime (𝐺 < 13.0 mag) we used 𝜎𝑠 = 0.021 and
for the faint (𝐺 > 15.0 mag) we used 𝜎𝑠 = 0.043.
In between these two regimes we interpolated
linearly using 𝜎𝑠 = 0.030.

The Gaia DR2 catalogue also includes broad-
band photometry for about 109 sources, al-
though in the case of APOGEE we decided not
to include this photometry in the calculations.
The reason for this choice is simply because
most of APOGEE DR16 is targeting the Galactic
plane, and in this region Gaia DR2 photometry
partly suffers from crowding issues. In addition,
it should be acknowledged that the Gaia DR2
photometry for the 𝐺𝐵𝑃 and 𝐺𝑅𝑃 bands is es-
sentially aperture photometry, which has been
shown to be problematic in regions of high stel-
lar density and/or nebulous emission (e.g. Evans
et al. 2018; Arenou et al. 2018). We therefore
followed a conservative approach and did not
use this photometry for the APOGEE sample.

2.3.3 Photometric catalogues

In all produced catalogues we use infrared pho-
tometry from 2MASS (Cutri et al. 2003) and
WISE (Cutri et al. 2013). Both are all-sky pho-
tometric surveys, and 2MASS photometry has
almost 100% coverage of the APOGEE catalogue.
For that reason we used it as primary photom-
etry when running StarHorse (see Q18 de-
tails). For both input catalogues, we applied a
minimum photometric uncertainty of 0.03 mag.
Finally, we assumed the uncertainty of the stars
in 2MASS and WISE, which have no measured
uncertainty to be 0.4 mag.
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Figure 2.3:Kernel-density estimates of the
uncertainty distributions for the distances
(left panel) and𝐴𝑉 extinctions (right panel)
in the APOGEE DR16 StarHorse VAC.
The different curves show the distributions
of distances and extinctions uncertainties
for subsets of different data input quality.
In the left panel, we highlight the higher
distance precision achieved for a) stars with
GaiaDR2 parallaxes more precise than 20%,
b) dwarf stars (log𝑔 < 4), and c) red-clump
stars (2.3 < log𝑔 < 2.5). In the right panel,
we show how the (un-)availability of op-
tical photometry drastically improves or
worsens the precision of our 𝐴𝑉 estimates.

For the optical regime we used PanSTARRS-1
photometry (𝜆 ∼ 3943 − 10838 Å) (Scolnic et al.
2015) with corrected zero points according to
Scolnic et al. (2015) and minimum photometric
uncertainties of 0.04 mag. Furthermore, we only
used measurements with reported individual er-
rors for stars fainter than𝐺 = 14.5. In constrast
to Q18, we decided only to use PanSTARRS-1
photometry rather than APASS (Henden & Mu-
nari 2014) photometry. The motivation for this
choice comes from reports that APASS photom-
etry has a high percentage of sources (30 %)
with a positional mismatch, especially in the
faint regime (𝑔𝑠𝑙𝑜𝑎𝑛 > 16) (Marrese et al. 2019).

2.4 APOGEE DR16 StarHorse
catalogue

TheAPOGEEDR16 StarHorse catalogue pre-
sented in this work was generated from the
processed APOGEE DR16 data, explained in
Sect. 2.3.1, cross-matched with Gaia DR2
(98%), PanSTARRS-1 (37%), 2MASS (100%), and
AllWISE (95%). The final produced catalogue
contains 388,815 unique stars with derived
StarHorse parameters, along with their un-
certainties. From the 473,307 APOGEE sources
StarHorse has converged for 418,715, and af-
ter this we selected unique stars by the highest
signal to noise.
Our catalogue will appear as a VAC of the

SDSS DR16 (Ahumada et al. 2020). The cat-
alogue can also be downloaded from Leibniz
Institute for Astrophysics (AIP) webpage13, sim-
ilar to what was done in Q18. The description
and format of the provided StarHorse prod-
ucts are listed in Table 2.B.1, while the descrip-
tion of the adopted input and output quality
flags can be found in Table 2.B.2.

The StarHorse output provides the poste-
rior distribution functions of masses, effective
temperatures, surface gravity, metallicities, dis-
tances, and extinctions (see Table 2.B.1). The
median value 50th percentile should be taken as
the best estimate for that given quantity and the
uncertainty can be determined using the 84th
and 16th percentiles. The full distribution of
the StarHorse median output parameters is
shown in the left panel of Fig. 2.4.
In addition to the percentile values of the

estimated parameters, all released VACs have
columns that describe the StarHorse input
data, SH_INPUTFLAGS, and the StarHorse
output data, SH_OUTPUTFLAGS as specified
in Table 2.B.1. The input flags describe which
parameters were used in the likelihood calcu-
lation for each star. These flags also indicate if
we used an 𝐴𝑉 prior as the AVprior flag or if
the 𝐴𝑉 was determined using the parallax True
option (See Q18). The meaning of each string
in SH_INPUTFLAGS can be seen in Table 2.B.2.
The output flags inform the number of models
which have converged in the likelihood

13 https://data.aip.de/aqueiroz2020
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calculation and also indicate the occurrence
of problems in the estimated extinction (see also
Table2.B.2).

In what follows we present some of the basic
properties of the APOGEE-DR16 StarHorse
catalogue (maps involving chemical abundances
are discussed in the next section). In the fol-
lowing figures we applied a few quality cuts as
follows: stars with signal-to-noise ratio greater
than 50 ( SNREV > 50), thosewith non-negative
posterior extinction (𝐴𝑉84 > 0), and those with a
good ASPCAP fit ( ASPCAP_CHI2 < 25). This
corresponds to ≃ 95% of the converged stars.

Figure 2.1 shows Galactic maps colour coded
by the median of the resulting APOGEE DR16
StarHorse distances (top panel) and extinc-
tions (middle panel). By design, most of the
APOGEE pointings are concentrated towards
low Galactic latitudes (Zasowski et al. 2013,
2017), offering a much greater coverage of the
thin disk than other surveys. The north-south
equatorial asymmetry is also visible, since most
of the data so far come from the northern spec-
trograph at Apache Point Observatory. Yet, the
Magellanic Clouds are clearly visible on the dis-
tance map as the distant clumps of sampled
stars. Because the density of stars increases
towards the Galactic centre, there is also a clear
trend of larger median distances in this direc-
tion. The𝐴𝑉 map in the bottom panel of Fig. 2.1
zooms into the central degrees of the Galactic
plane, where the average extinction is higher,
and patchy (also visible in this map).

Figure 2.2 shows the mean distance per pixel
in the spectroscopic Kiel diagram, using the
input parameters from APOGEE (ASPCAP; left
panel) and using the StarHorse output spec-
troscopic parameters (middle panel). As ex-
pected, stars belonging to the giant branch (com-
prising most of the APOGEE sample) are found
at larger distances than dwarfs since they have
brighter absolute magnitude and are therefore
detectable in a larger distance range. In the gi-
ants regime StarHorse seems to be detecting
asymptotic giant branch stars (AGBs) at very
large distances (at 𝑇 eff ∼ 4500𝐾 and log𝑔 < 1.0
), as expected since those are very bright stars.
However, those stars should be analysed with

care since the ASPCAP pipeline does not per-
form well in this range (García Pérez et al. 2016).
The third panel of Figure 2.2 also shows higher
extinction for intrinsic brighter and therefore
distant stars. The output spectroscopic parame-
ters from StarHorse seem to be, as expected,
very much in accordance with the input ASP-
CAP parameters. For the dwarfs stars, which
are not ASPCAP calibrated stars and therefore
have larger uncertainties, StarHorse seems
to improve the results finding a smoother solu-
tion, as expected because of the use of stellar
evolutionary models.
The distribution of distance and extinc-

tion uncertainties for the APOGEE DR16
StarHorse catalogue are shown in Fig. 2.3.
Thanks to the availability of Gaia DR2 paral-
laxes, the distance uncertainties (left panel of
Fig.2.3) are usually smaller than 10%. The three
peaks at ≃ 2%, 4%, and ≃ 10% correspond to
nearby dwarf stars within the Gaia DR2 paral-
lax sphere, red-clump stars, and more distant
giant stars, respectively. These distance uncer-
tainties are slightly improved with respect to
those from the DR14 APOGEE and Tycho-Gaia
astrometric solution (TGAS) sample discussed
in Q18, but now are available for a much larger
number of stars, covering much larger volumes.
Even for distant upper red-giant branch stars
with more uncertain parallaxes (e.g. APOGEE
targets near the Galactic centre), the achieved
distance precision is typically within 10%.

The extinction uncertainty distribution (right
panel of Fig. 2.3) is clearly double-peaked, at
𝐴𝑉 ≃ 0.07 and 𝐴𝑉 ≃ 0.17, as previously ob-
served by Q18 for APOGEE DR14 combined
with TGAS. As shown by the two subsets in the
figure, the two peaks correspond to stars with
and without available optical magnitudes, re-
spectively. A more detailed discussion of the ac-
curacy of the obtained parameters can be found
in Appendix 2.B.
In Figure 2.4 we show the correlations be-

tween the output parameters and the correla-
tions between the output uncertainties. We
see the expected correlations between stellar
parameters inherited from the isochrones (e.g.
the log𝑔 versus 𝑇 eff diagram), as well as stel-
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Figure 2.4:One-dimensional distributions and correlations between StarHorse output parameters (bottom
left corner plot) and their corresponding uncertainties (top right corner plot) for the APOGEE DR16 sample.
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lar population effects, such as the decrease of
log𝑔with increasing distance or a greater metal-
licity range for greater distances. Extinction
is correlated with increasing mass, metallicity,
and distance. The doubled-peaked uncertainty
distribution in extinction is not explained by
any other output parameter uncertainty apart
from the completeness of the photometric set as
seen in fig. 2.3. The uncertainties in the other
parameters show approximately linear correla-
tions between log𝑔 andmass, log𝑔 and distance,
as well as mass and distance. The distribution
of each parameter and its uncertainty can also
be seen in the diagonal row of that plot, along
with the uncertainty statistics for each of the
StarHorse output parameters.

2.5 Extended chemical maps in
the Galactic plane up to the
bulge

In this section, we demonstrate the value of
the APOGEE DR16 StarHorse results by pre-
senting themost extensive and precise chemical-
abundancemap of theMilkyWay disk and bulge
to date. The unprecedented coverage of the
APOGEE DR16 data can be appreciated in Fig.
2.5, in which we show the density distribution
of all DR16 stars with StarHorse results in galac-
tocentric coordinates. In this figure the colour
represents the 3D local stellar density estimated
via the smoothed-particle technique (Monaghan
1992) with Nngb = 35 neighbours; the maximum
intensity projection rendering method imple-
mented in pmviewer14 is used.
Figure 2.5 shows very clearly that the

APOGEE DR16 sample covers a large portion of
the Galaxy with statistically significant samples;
these now include the innermost regions with
many more stars close to the Galactic mid-plane
(𝑍 Gal <0.5 kpc) thanks to the southern obser-
vations taken at Las Campanas. This is an im-
portant improvement in the number of targets
and in the quality of distances and extinction
estimates with respect to previous releases.
To be more quantitative, the stellar den-

sity of the APOGEE DR16 sample amounts to
over a thousand stars per kpc2 in the complete
𝑅 Gal − 𝑍 Gal plane for 0 < 𝑅 Gal < 15 kpc and
−1 kpc < 𝑍 Gal < 1 kpc (see Fig. 2.5), allowing
for an unprecedented chemo-kinematic map-
ping of the inner and outer stellar disc. The top
panel of Fig. 2.5 displays a top-down view of the
Galactic disc, again demonstrating the exquisite
spatial coverage of the APOGEE DR16 sample.
The figure also shows a slight but distinct den-
sity enhancement in the region of the stellar
bar, as observed for the full Gaia DR2 dataset
in Anders et al. (2019), but with the canonical
inclination angle of ∼ 25 degrees (e.g. Bland-
Hawthorn & Gerhard 2016).

Since APOGEE traces around 20 chemical el-
ements at high spectral resolution and provides
radial velocities precise to ∼ 300 m/s (Majew-
ski et al. 2017), this dataset will be a legacy for
detailed chemo-dynamical studies of the Milky
Way at least for several years.

To illustrate the impact of the APOGEE data
released with the 16th SDSS Data Release in
the field of Galactic archaeology, we focus on
just a few examples of abundance-ratio maps
in bins of galactocentric cylindrical coordinates
(𝑅 Gal, 𝑍 Gal), in a similar manner as the maps
presented by Hayden et al. (2015) using DR12
data: first, the standard relative-to-iron abun-
dance diagrams (Figs. 2.7 and 2.8 for [𝛼/Fe]
versus [Fe/H] and Fig. 2.6 for [Al/Fe] versus
[Fe/H]); and second, two examples of an abun-
dance ratio as a function of an alpha-element
([Mg/O] versus [Mg/H] and [Al/Mg] versus
[Mg/H], shown in Fig. 2.9). These figures show,
for different bins of 𝑅𝐺𝑎𝑙 and 𝑍𝐺𝑎𝑙 , diagrams of
abundances colour coded by density estimation
using a Gaussian kernel. The bandwidths of the
kernel density estimates obey Scott’s rule (Scott
1992). Figs. 2.7 and 2.8 also show, in the top
plots, the uncertainty distributions in distance
and extinction for each 𝑅 Gal bin.
Owing to the pencil-beam nature of the

APOGEE survey, and the fact that metal-poor
stars are brighter, the relative weight of the sub-
populations in each plot may still be slightly
affected by the selection function. Therefore,

14 http://pmviewer.sourceforge.net
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a quantitative interpretation of these spatial
chemical maps needs to take into account such
biases and will be the subject of future work.
The so-called 𝛼 elements are produced by core-
collapse supernovae and hence more directly
connected with the star formation rate. Re-
cently, Weinberg et al. (2019) discussed such
abundance maps, but based on a much smaller
sample of ∼ 20, 000 stars from APOGEE DR14,
and not including data in the innermost radial
bin (0-2kpc), which is now possible.

2.5.1 Map of [𝜶 /Fe] versus [Fe/H]

The [𝛼/Fe] versus [Fe/H] diagram has long
served as a tracer of the chemical enrichment
timescales of the Milky Way (Matteucci 2012),
which are a consequence of the star formation
history. A pioneer work to demonstrate the
direct connection of the high-[𝛼/Fe] ‘plateau’
with old stars was realised by Fuhrmann (1998),
and Fuhrmann (2011), who computed ages for
a volume-complete sample of Hipparcos stars
within 25 pc of the Sun. His work clearly
showed the stars on the high-[𝛼/Fe] plateau to
be older than 10 Gyr, whereas stars along the
chemical thin-disk sequence were found to be
younger. The observed chemical discontinuity
in the [𝛼/Fe] versus [Fe/H] diagrams in the solar
neighbourhood has important consequences on
interpretations related to the assembly history
of the Milky Way and similar galaxies (see e.g.
Chiappini et al. 1997; Minchev et al. 2013; Mack-
ereth et al. 2018; Buck 2020; Nuza et al. 2019;
Spitoni et al. 2019 for discussions).

Themapping of theMilkyWay in terms of the
[𝛼/Fe] vs. [Fe/H] diagram has quickly evolved
since then. The first high-resolution spectro-
scopic samples outside the solar vicinity were
small and without age information (e.g. Bensby
et al. 2010, 2011; Alves-Brito et al. 2010 - see Fig-
ure 14 of Anders et al. 2014), but were already
able to show the complexity and impact of such
maps. For instance, the disappearance of high-
[𝛼/Fe] stars towards the outer disk could be

interpreted as an indication that the (chemical)
thick disk had a shorter scale length than the
thin disk (Bensby et al. 2011; Cheng et al. 2012),
contrary to what had been seen for the (geomet-
rically defined) thick discs in other galaxies.

Extended maps, with a much better coverage
along the Galactic mid-plane (|𝑍 Gal | < 0.5 kpc)
only appeared with APOGEE (Allende Prieto
et al. 2008; Majewski et al. 2017), which in
its first year of data (with around only 20,000
stars of sufficient quality) was already able to
demonstrate that the chemical discontinuity ob-
served by Fuhrmann was also present far out-
side the solar neighbourhood (Anders et al. 2014;
Nidever et al. 2014), also confirming the short
scale length of the chemical thick disc. These
APOGEE results were complemented by other
surveys at larger distances from the Galactic
mid-plane (e.g. Bovy & Rix 2013; Mikolaitis et al.
2014, and references therein), but without such
a good coverage of the inner Galaxy.

Shortly afterwards, Hayden et al. (2015) used
a sample of around 70,000 red giants from
APOGEE DR12 (Alam et al. 2015) to increase
the sampled volume with respect to the 2014
maps, covering a Galactocentric distance range
between 3 kpc and 15 kpc within 2 kpc of the
Galactic plane. By that time it became clear that
towards the outer parts of the disk we would
see a flaring, in which the low-[𝛼/Fe] would
dominate even at large heights above the Galac-
tic mid-plane (see Minchev et al. 2015, 2019 for
discussions), implying that the term ‘thick disc’
should be used more carefully. The chemically
defined thick disk (by separating populations
in the [𝛼/Fe versus [Fe/H] diagram) is indeed
confined to the inner regions, whereas the geo-
metrically defined thick disk (by a cut in𝑍 Gal) is
a mixture of flaring mono-age populations, and
therefore would show an age gradient (see Mar-
tig et al. 2016a; Mackereth et al. 2017; Minchev
et al. 2018).

The Hayden et al. (2015) chemical-abundance
maps were limited by the still poor coverage of
the innermost parts of the Milky Way.
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Figure 2.5: Top panel: Galactocentric Cartesian𝑋𝑌 map of the APOGEE DR16 sample. Bottom panel: Density
distribution in Galactocentric cylindrical 𝑅𝑍 coordinates. Some distinct features of APOGEE targeting can be
easily discerned: the high target density in the Kepler field, enhanced density distributions around open
clusters. These are sometimes elongated when the distance precision is low, e.g. (𝑑 ∼ 5.2 kpc); 𝜔 Cen appear
around 𝑅 ≃ 6.5 kpc, 𝑍 ≃ 1 kpc.
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Figure 2.6: APOGEE DR16 [Al/Fe] vs. [Fe/H] diagrams in bins of galactocentric cylindrical coordinates out
to 𝑅 Gal = 10 kpc, similar to Fig. 2.7.

That paper, along with following APOGEE
publications (e.g. Zasowski et al. 2019 based
on DR14) tentatively reported that stars with
𝑅 Gal < 5kpc seem to lie on a single track,
whereas at larger radii two distinct sequences
were observed (an observation later interpreted
as the fundamental dichotomy between the in-
ner and outer discs by Haywood et al. 2016,
2018a). Recio-Blanco et al. (2017), using a sam-
ple of GES spectra, report the existence of
low-[𝛼/Fe] in the bulge area. With the larger
APOGEE sample available from SDSS DR14
(Abolfathi et al. 2018), Rojas-Arriagada et al.
(2019) selected stars within 3.5 kpc from the
Galactic centre and report the detection of a bi-
modal sequence in [Mg/Fe] versus [Fe/H], con-
firming the GES results. The authors also sug-
gest the two sequences to merge above [Fe/H]∼
0.15 dex into a single sequence (see Barbuy,
Chiappini, & Gerhard (2018) for a review of
other chemical-abundance studies of the Galac-
tic bulge previous to APOGEE DR14 and Gaia
DR2).

Figures 2.7 and 2.8 present our updated [𝛼/Fe]
versus [Fe/H] diagrams in 2 kpc bins in width in
𝑅 Gal and three narrow bins in |𝑍 Gal |, obtained
from APOGEE DR16 in combination with Gaia
DR2 and our StarHorse distances. These
abundance-ratio maps now extend from 𝑅 Gal =
0 out to 20 kpc, with excellent statistics (more
than 150 stars per bin) out to 𝑅 Gal = 18 kpc,
where the target density drops dramatically. To
avoid figures that are too crowded, we divided

the chemical-abundance maps into two plots:
Fig. 2.7 shows the [𝛼/Fe] versus [Fe/H] dia-
grams for the inner-disk bins, while Fig. 2.8
shows the outer-disk bins. The distance and ex-
tinction uncertainties in each of the radial bins
are shown in the top row of the two figures.
These show that even in the innermost 2 kpc,
StarHorse achieves precision of around 10%
in distance and better than 0.1 magin A𝑉 for
most of the targets; the, unfortunately, less pre-
cise extinction estimates in regions closer to the
solar position is due to our imposed bright limit
for the Pan-STARRS1 photometry.

While the DR16 [𝛼/Fe] versus [Fe/H] dia-
grams shown in Figs. 2.7 and 2.8 confirm most
of the previous analyses, they also show some
clear and important differences. Figure 2.7
now shows a much more complete view of the
chemical-abundance distribution in the inner
disc. Each of the innermost bins (𝑅 Gal < 4 kpc)
contains more than 1000 stars now, and espe-
cially very close to the Galactic mid-plane these
numbers amount to > 5000 (see the two left-
most bottom panels), potentially also allowing
for analyses of azimuthal abundance variations.

The bimodality reported by Rojas-Arriagada
et al. (2019) is clearly confirmed in this im-
proved map: we observe this bimodality in all
[𝛼/Fe]-[Fe/H] diagrams in the innermost re-
gions (𝑅 Gal < 4 kpc), but especially for stars
closest to the Galactic plane (|𝑍 Gal | < 0.5 kpc).
The single sequence reported in Hayden et al.
(2015) and Zasowski et al. (2019) for the inner-
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Figure 2.7: APOGEE DR16 [𝛼/Fe] vs. [Fe/H] diagrams in bins of galactocentric cylindrical coordinates,
similar to the chemical maps presented in Hayden et al. (2015), but extending further into the inner Galaxy.
The top panels show kernel-density estimates of the uncertainties distributions in StarHorse extinctions
and distances, for each galactocentric distance bin (including all 𝑍 Gal bins).
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Figure 2.8: Same as previous figure, but now extending to the outer disc.
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most regions is not confirmed now, as the bins
at lower |𝑍 Gal | contain more data.
In contrast to Rojas-Arriagada et al. (2019),

however, the two blobs completely define the de-
tached sequences without merging, thus show-
ing a true chemical discontinuity. The new
maps show that the chemical discontinuity seen
in the solar neighbourhood bin (mostly studied
by other surveys; middle row, fourth column)
extends towards the bulge and become com-
pletely separated; this is very similar to what
was found by Fuhrmann (1998), and Fuhrmann
(2011) within 25 pc but now extended to larger
metallicities, as expected given the observed
abundance gradients in the Galactic disc. The
more detailed implications of these maps for
chemo-dynamical models or the Milky Way
will be discussed in future papers. We also cau-
tion that this chemical discontinuity is not seen
in smaller samples of bulge stars (e.g. da Sil-
veira et al. 2018). Biases in small samples, as
well as large distance uncertainties, may con-
tribute to the appearance/disappearance of the
chemical discontinuity in the bulge. It is diffi-
cult, however, to invoke a bias in the APOGEE
inner-Galaxy sample (comprised of many thou-
sands of stars) that would artificially increase
the chemical discontinuity.
Figure 2.8 shows the [𝛼/Fe] versus [Fe/H]

plane for the outermost bins in 𝑅 Gal (the bin
10-12 kpc is repeated from previous figure be-
cause the colour scale is slightly different from
Fig. 2.7. Again we observe that for the more
distant stars, the addition of the PanSTARRS-1
photometry improves the extinction estimates
(compare uncertainty distributions in the top
row of the figure). The diagram also clearly
confirms the almost total disappearance of the
high-[𝛼/Fe] sequence around ∼ 14 kpc. Because
the number of stars is small in the very outer
disc, the noise in those plots increases, giving
more visual weight to outliers.
Finally, we note two other important char-

acteristics of the new maps presented both in
Fig. 2.7 and Fig. 2.8, when focusing on
stars near to the Galactic mid-plane (|𝑍 Gal | <
0.5 kpc). Firstly, the [𝛼/Fe] centroid of the low-
[𝛼/Fe] distribution gradually shifts to larger

values with increasing galactocentric distance
(especially visible in Fig. 2.8), corresponding
to a positive radial [𝛼/Fe] gradient, continu-
ing the trend observed at larger galactocen-
tric distances (Anders et al. 2014; Hayden et al.
2014). Secondly, in the innermost bin (𝑅 Gal <
2 kpc, and |𝑍 Gal | < 0.5 kpc) the [𝛼/Fe] trend
for the more metal-rich, low-[𝛼/Fe] population
(∼ −0.2 < [Fe/H] < 0.5) is linearly decreasing,
without any flattening at larger metallicities.
This is in agreement with optical studies of the
bulge (Friaça & Barbuy 2017; da Silveira et al.
2018 – see also Barbuy, Chiappini, & Gerhard
(2018)), but remains in stark contrast to what
is observed at larger galactocentric distances
(see radial bins from 6 < 𝑅 Gal < 12 kpc, in
the same row – |𝑍 Gal | < 0.5 kpc), where the
cloud of data bends, thereby showing a flatten-
ing of the abundance-ratio trend beyond solar
metallicities. The reason for this bending is the
migration of old metal-rich stars from the inner-
most bins towards the outer regions, populating
mostly the 8 − 12 kpc bins.
Indeed, the high-metallicity thin disk stars

in the outer regions are known to be migrated
stars from the inner disk (e.g. Grenon 1989;
Casagrande et al. 2011; Anders et al. 2017b).
For example, according to the chemo-dynamical
model of Minchev et al. (2013) andMinchev et al.
(2014), the mixture of migrating stars from other
galactocentric distances changes when moving
from the inner to the outer disc, and even in
the 8 − 12 kpc range there is are large number
of migrators from the innermost disk regions.
A large number of old inner disk stars can be
found around the solar vicinity, according to
the predictions of Minchev et al. (2014). This
can also be clearly seen in Anders et al. (2017a,
their Figure 1).
The larger statistics of the current maps, es-

pecially near the Galactic mid-plane, do not sup-
port the dichotomy between the inner and outer
discs advertised by Haywood et al. (2019). This
suggests instead an inside-out formation of the
thin disc, a continuous variation in the chemical
properties from the innermost regions towards
the outer parts, and significant radial migration
(e.g. Frankel et al. 2018).
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At larger |𝑍 Gal | bins and in the outer disc,
the combined effects of radial migration and
disk flaring make interpretations more complex,
and the multif-element abundance maps avail-
able from APOGEE offer a unique opportunity
to finally quantify all these processes (see e.g.
Frankel et al. 2018, 2020 for first attempts on
constraining radial migration efficiency using
APOGEE red-clump giants with statistical age
estimates). In the innermost bins, going from
low to large |𝑍 Gal |, we also sees a smooth tran-
sition from a thin disc-like component to an
old (i.e. [𝛼/Fe]-enhanced) thick disc-like (or
spheroidal) component.

Detailed future investigations should use for-
ward simulations to properly take into account
selection effects (see e.g. Miranda et al. 2014; An-
ders et al. 2016; Nandakumar et al. 2017; Fragk-
oudi et al. 2018; Frankel et al. 2019, for discus-
sions). Moreover, the addition of age and kine-
matical information is also necessary to be able
to disentangle the factors playing a role in these
maps, namely, radial migration, population mix-
ture, flaring, and details of the nucleosynthetic
yields. An illustrative example is provided by
the birth-radius estimation technique proposed
by Minchev et al. (2018).

2.5.2 [Al/Fe] versus [Fe/H] diagram

Figure 2.6 shows the same type of plot as Fig. 2.7,
but in this case for the [Al/Fe] abundance ratio
instead of [𝛼/Fe]. As an additional constraint,
we only include stars with well-determined AS-
PCAP Al abundances ( AL_FE_FLAG=0) in this
plot. The maps are similar to those in Fig. 2.7,
indicating that overall, Al (being an odd-Z el-
ement) behaves like an 𝛼 element at disc-like
metallicities; this was also previously shown
to be the case in the bulge (for instance, see
discussion in McWilliam 2016). The important
difference of Fig. 2.6 with respect to the cor-
responding Fig. 2.7 is the almost complete ab-
sence of the bimodality in the abundance plane
for galactocentric distances 𝑅 Gal > 2 kpc.
However, the [𝛼/Fe] versus [Fe/H] disconti-

nuity seen in the very inner regions discussed
above is also seen in the [Al/Fe] versus [Fe/H]

diagram: in the 𝑅 Gal < 2 kpc bin close to the
Galactic plane we see essentially two detached
[Al/Fe] sequences. This fact provides further
evidence for the reality of the chemical discon-
tinuity seen in the heart of the Galactic bulge.
The difference between [𝛼/Fe] and [Al/Fe]

for the most metal-poor stars is that, whereas
the [𝛼/Fe] seems to continue raising towards
lower metallicities, the [Al/Fe] starts to bend
down. This is a consequence of the metallicity-
dependent Al yields in massive stars.

2.5.3 [Al/Mg] versus [Mg/H] and
[Mg/O] versus [Mg/H] diagrams

As an example illustrating the wealth of new
chemical-abundance information contained in
DR16, we now discuss the behaviour of the ra-
tios between two 𝛼-like elements that use mag-
nesium rather than iron as a reference element.
Because Mg is mainly a product of core col-
lapse supernovae, its increase with time follows
the star formation rate more closely than iron,
which can keep increasing even if the star forma-
tion stops as a result of the contribution of type
Ia supernovae released on longer timescales.
From the observational side, magnesium is also
a convenient element because the calibrated
ASPCAP [Mg/H] abundances show small dis-
persions, very small trends with effective tem-
perature, and they follow the expected trends
in the abundance diagrams.
Fig. 2.9 shows both an [Al/Mg] versus

[Mg/H] and an [O/Mg] versus [Mg/H] map of
the Galaxy, focussing on the inner disk and
bulge region (𝑅 Gal < 8 kpc). In both plots, we
again only plot stars with high-quality DR16 AS-
PCAP abundances, by requiring the correspond-
ing abundance flag entries ( MG_FE_FLAG and,
respectively, AL_FE_FLAG and O_FE_FLAG)
to equal zero.
The main point of Fig. 2.9 is to showcase

the vast amount of new high-quality APOGEE
data, especially for the inner disc. To appre-
ciate the increase of the sample with respect
to DR14, Fig. 2.9 should be compared to Figs.
4 and 5 of Weinberg et al. (2019), which was
based on a small sample of 20,000 stars with
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Figure 2.9: Top panel: APOGEE DR16 [Al/Mg] vs. [Mg/H] diagrams in bins of Galactocentric cylindrical
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only slightly stricter quality requirements (3700
K < 𝑇 eff < 4600 K, SNREV > 80, no “ASP-
CAP bad” flags, EXTRATARG=0). The new data
clearly allow us to study the very heart of our
Galaxy in much more detail, even when the
same quality cuts are applied.

The main isotopes of both O and Mg are pro-
duced during the hydrostatic phases of high-
mass stars. This ratio is then mostly sensitive
to details of related to the stellar yields, such as
mass loss and rotation in the case of oxygen and
convection treatment in the case of Mg, but is
expected to remain close to solar (Woosley et al.
2002; Sukhbold et al. 2016; Groh et al. 2019).

The following two things can be noted in the
[O/Mg] versus [Mg/H] diagrams in the inner
Galaxy (Fig. 2.9): a systematic slight increase of
the [O/Mg] median value from the innermost re-
gions towards the solar neighbourhood for stars
in the top row (1 kpc < |𝑍 Gal | < 2 kpc) and a
less pronounced presence of the low-[Mg/H]
low-[O/Mg] population towards the mid-plane
that remains visible only in the innermost bin.
In order to understand if this is due to O

or Mg, we next checked the [Al/Mg] diagrams
(bottom panel of Fig.2.9). Similarly, the median
[Al/Mg] ratio in the top row (1 kpc < |𝑍 Gal | <
2 kpc) increases with galactocentric distance,
reaching the solar value at the solar ring. More-
over, [Al/Mg] also increases with metallicity in
the smallest galactocentric distance bins.
Taking both results at face value, without

considering further biases that could be affect-
ing proportions of stars in the different loci of
these diagrams, the results suggest that there is
an increase of Mg towards larger metallicities
or a relative decrease of both O and Al (e.g.
Groh et al. 2019).

2.6 StarHorse results for
other publicly released
spectroscopic surveys

In this paper we also provide distances and ex-
tinctions for different spectroscopic surveys,
namely for GALAH DR2 (Buder et al. 2018),

LAMOST DR5 (Xiang et al. 2019), RAVE DR6
(Steinmetz et al. 2020a), and GES DR3 (Gilmore
2012). We again used Gaia DR2 parallaxes
(Gaia Collaboration et al. 2018b). Moreover, we
also included photometry from APASS (Henden
& Munari 2014) that was not included in the
APOGEE run. Also, since none of these surveys
extend to the very extincted regions, we used
Gaia DR2 photometry in this case. Gaia con-
tains three passbands 𝐺 , 𝐺𝐵𝑃 , and 𝐺𝑅𝑃 in the
respective wavelengths 320-1050 nm, 320-680
nm, and 610-1070 nm (Gaia Collaboration et al.
2016; Weiler 2018). Even though this photom-
etry is very precise, there are some discrepan-
cies between observations and the sensitivity
curves published. To correct for this effect, we
followed the recommendations of Maíz Apel-
lániz & Weiler (2018); these are the same correc-
tions as applied in Anders et al. (2019, see their
Table 1).

We computed distances and extinctions in
the same way as for APOGEE DR16, for which
we present catalogues in the same format as be-
fore (Table 2.B.1). Fig. 2.10 shows the resulting
spatial coverage of the surveys analysed in this
work, and Fig. 2.11 shows the corresponding dis-
tance and distance uncertainty distributions. In
addition, in Appendix 2.C we provide summary
plots similar to Figs. 2.1, 2.2, and 2.4, demon-
strating the sky coverage and the quality of the
results for each of the surveys. In the following
subsections we describe the assumptions made
in each of these catalogues.

2.6.1 GALAH DR2

The spectroscopic surveyGALAH (De Silva et al.
2015; Martell et al. 2017) aims to identify stellar
groups that were born together, by searching
for similarity on the chemical patterns of the
stars. Therefore GALAH spectra were obtained
with the high-resolution and multi-band spec-
trograph HERMES (Barden et al. 2010), which is
capable to deliver abundances for up to 23 chem-
ical elements. Its latest data release, GALAH
DR2 release in April 2018, contains radial veloc-
ities, atmospheric parameters, and abundances
for a total of 342,682 unique stars (Buder et al.
2018).
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Figure 2.10: Survey coverage of the catalogues presented in this paper in galactocentric coordinates. In
both panels, the colours indicate the different surveys (grey: LAMOST DR5; magenta: APOGEE DR16; red:
RAVE DR6; blue: GALAH DR2; and green: GES DR3) and the relative density of observed stars (bins with
less than five stars are left blank). To guide the eye, grey circles are placed in multiples of 5 kpc around the
Galactic centre, the expected location of the Galactic bar (e.g. Bland-Hawthorn & Gerhard 2016) is indicated
by the black ellipse, and a heliocentric Galactic longitude frame is over-plotted. Left panel: Cartesian 𝑋𝑌
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Figure 2.11: Distribution of
posterior distances (left) and
their corresponding relative
uncertainties (right) for the
catalogues presented in this
paper. In both panels, the axes
are logarithmic and the colours
are the same as in Fig. 2.10
(grey: LAMOST DR5, magenta:
APOGEE DR16, red: RAVE DR6,
blue: GALAH DR2, and green:
GES DR3).

The GALAH survey maps all stellar popula-
tions between magnitudes (12 < 𝑉 < 14) and
avoids the Galactic plane |𝑏 | > 10. In Q18 we
computed distances and extinctions using the
GALAH DR1 parameters combined with Gaia
DR1. Now we have available much more data
both in GALAH DR2 and Gaia DR2. We fol-
lowed the same procedure in this work as in Q18
to run this latest public GALAH data. The atmo-
spheric parameters were treated as they come
in the catalogue. We again used the (Salaris
et al. 1993) correction for stars that have [𝛼/Fe]
(see Section 2.3.1). For those without a reported
[𝛼/Fe] ratio, we assumed [M/H]=[Fe/H].

We chose to run GALAH with APASS pho-

tometry since its faint limits are still too bright
to be able to use PanSTARRS-1 (due to satura-
tion). We also ran StarHorse with parallax True
mode (see Q18 section 3.2.1) since more than
90% of the catalogue contains parallaxes uncer-
tainties better then 20%. From the input cata-
logue a total of 324,999 stars converged (94%)
with solutions of distances, extinctions, and as-
trophysical parameters that can be downloaded
via the CDS.

2.6.2 LAMOST DR5 DD-Payne VAC

The survey LAMOST (Cui et al. 2012; Zhao et al.
2012) is one of the largest scale spectroscopic
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surveys and the first large astronomical device
in China. This instrument has been collecting
data since 2012, and now after about eight years
the survey has released nine million spectra
in the wavelength range of 3690-9100 Å and
spectral resolution of 𝑅 ∼ 1800. These nine mil-
lion spectra contain stars, galaxies, quasars, and
non-classified sources.

We adopted the recently published DR5 DD-
Payne VAC15 (Xiang et al. 2019) catalogue. This
catalague contains stellar parameters and in-
dividual elemental abundances for six million
LAMOSTDR5 stars, obtainedwith a data-driven
approach incorporating constraints from theo-
retical spectra and trained on GALAH DR2 and
APOGEE DR14 results.

From this catalogue we only selected stars
with stellar parameters with uncertainties in
gravity, surface temperature, metallicity, and
[𝛼/Fe] ratios smaller than 𝜎log𝑔 < 1 dex, 𝜎𝑇 eff <

800 K, 𝜎[ Fe/H] < 1.0 dex, and 𝜎[𝛼/ Fe] < 1.0, re-
spectively. The goal was to avoid stars with too
large uncertainties and save computing time.
For LAMOST DR5 we combined the spec-

tra again with Gaia parallaxes and photome-
try. We complemented the input data with pho-
tometry from PanSTARRS1, 2MASS, and WISE.
We also ran LAMOST with parallax true mode
since most parallaxes in LAMOST also have
uncertainties better then 20%. From 5,651,710
sources with available parallaxes StarHorse
converged for 4,928,715 stars (87%). One of the
reasons for a smaller convergence in the case
of LAMOST is the fact that we used a thicker
spaced PARSEC model grid (0.05 Gyr in age and
0.05 dex in [M/H]). The solutions of distances,
extinctions, and astrophysical parameters can
be downloaded via the CDS.

2.6.3 RAVE DR6

We obtained the RAVE spectra with the multi-
object spectrograph deployed on 1.2𝑚 UK
Schmidt Telescope of the Australian Astronom-
ical Observatory (AAO). The spectra have a
medium resolution of (𝑅 ∼ 7.500) and cover the
CaII-triplet region (8410-8795Å). We used the

final RAVE data release, DR6 (Steinmetz et al.
2020a), and in particular, the purely spectro-
scopically derived stellar atmospheric parame-
ters subscripted cal_madera (Steinmetz et al.
2020b). The uncertainties that we use are, in
general, the maximum between the calibrated
and not calibrated parameters given in the cat-
alogue or a fiducial maximum. These correc-
tions are very similar to those applied to run
RAVE DR5 combined with Gaia DR1 in Q18.
We then combined RAVE DR6 with Gaia DR2
parallaxes and the photometric data used in this
case is the same as for LAMOST. We configured
StarHorse to use the parallax=true op-
tion and the same coarser isochrone grid we
used for LAMOST, since the uncertainties of
these surveys are larger. From the input cata-
logue of DR6 (488,233 unique objects), 408,894
stars converged, and we make their derived as-
trophysical stellar parameters available in this
work. Because of the significantly smaller for-
mal uncertainties of the DR6 MADERA stel-
lar parameters compared to DR5, the number
of stars for which StarHorse converged is
slightly smaller than for DR5.

2.6.4 GES survey DR3

The large public spectroscopic survey GES
(Gilmore 2012) has a high resolution that cov-
ers all Milky Way components and open star
clusters of all ages and masses. The final GES
release is expected to include about 105 stars.
We downloaded the GES Data Release 3 (DR3)
from the ESO catalogue facility. This catalogue
contains a total of 25533 stars, including the
Milky Way field, open clusters, and calibration
stars. We selected only the stars in the Milky
Way field to produce our StarHorse, which
is about 7870 stars. In this case we also made
a quality criteria cut, that is, 𝜎log𝑔 < 0.4 dex,
𝜎𝑇 eff/𝑇 eff < 0.05 K, 𝜎[ Fe/H] < 0.2 dex. The
final catalogue used as StarHorse input con-
tains then 6316 stars, The complementary pho-
tometric data used in this case is the same as for
LAMOST. We then ran the code again with par-
allax True mode, and StarHorse converged

15 http://dr5.lamost.org/doc/vac
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for 6,095 stars. The StarHorse astrophysical
parameters for the GES DR3 stars are also at the
CDS.

2.7 Conclusions

With this paper we present a set of VACs derived
from the stellar spectroscopic surveys APOGEE,
GALAH, LAMOST, RAVE, and GES. In particu-
lar our APOGEE DR16 VAC, released as part of
SDSSDR16 (Ahumada et al. 2020), was produced
by running the StarHorse code, which is de-
scribed in detail by Q18, in the DR16 ASPCAP
catalogue matched to Gaia DR2 with the addi-
tion of photometry from PanSTARRS-1, 2MASS,
and AllWISE. This VAC contains distance and
extinction estimates for 388,815 unique stars out
of a total of 437,485 unique objects contained in
the DR16 catalogue. Our code was validated ex-
tensively in Santiago et al. (2016), and Queiroz
et al. (2018), and Anders et al. (2019). In Ap-
pendix 2.B we provide some additional tests
showing that the newly derived parameters for
APOGEE DR16 generally compare well to re-
sults obtained from asteroseismology, open clus-
ters, and other spectroscopic surveys. There is
evidence for slightly overestimated extinctions
for our APOGEE DR16 VAC, which we attribute
in part to the missing reliable optical photome-
try for most of this sample, and in part to an off-
set in the ASPCAP temperature scale, especially
outside the recommended calibration regime.
In Appendix 2.B we also show that our dis-

tances are less biased towards the inner Galactic
disk than the neural-network based distances of
Leung & Bovy (2019) (see Fig. 2.B.6). The typical
uncertainties for the APOGEE DR16 sample are
of the order of ≃ 10% in distance and of 0.16 ma-
gin 𝐴𝑉 . A clearly bimodal distribution of ex-
tinction uncertainties is observed with the peak
at 𝜎𝐴𝑉

≃ 0.06 found for stars with available
optical magnitudes from PanSTARRS-1, while
the peak at larger 𝜎𝐴𝑉

is made by stars with no
such measurements. The typical distance un-
certainties are also different for dwarfs (≃ 2%)
and giants (≃ 5%). The scientifc results from
the first analysis of the StarHorse APOGEE
DR16 catalogue can be summarised as

• Using the StarHorse VAC we demon-
strate that the APOGEE DR16 sample rep-
resents a major leap in terms of coverage
of the Galactic disk with high-resolution
spectra. The density of APOGEE targets
exceeds a dozen stars per kiloparsec2 ev-
erywhere in the 𝑅 Gal−𝑍 Gal plane for 0 <

𝑅 Gal < 18 kpc and−3kpc < 𝑍 Gal < 3 kpc,
allowing for an unprecedented chemo-
kinematic mapping of the inner and outer
stellar discs with significant azimuthal
coverage.

• From the improved APOGEE coverage
and StarHorse distances we can see
a bar signature in the density maps pro-
jected in XY Galactocentric coordinates;
this is also found in A19. However the bar
signature found in this work has a smaller
angle with respect to the Galactic plane,
which is more consistent with previous
studies about the Galactic bar structure
(Bland-Hawthorn & Gerhard 2016).

• The extended chemical-abundance maps
in Fig. 2.7 confirms, for the first time
with good statistics of thousands of stars,
a chemical bimodality in the very inner
Galaxy 0 < 𝑅 Gal < 2 kpc and 0 <

|𝑍 Gal | < 1 kpc. This is different from
previous analyses that reported a single
sequence (Hayden et al. 2015; Zasowski
et al. 2019), but with much less populated
samples.

• The two groups visible in the [𝛼/Fe]-
[Fe/H] plane in the innermost bin com-
pletely define the detached sequences, im-
plying a true chemical discontinuity. The
larger statistics of the current maps, es-
pecially near the Galactic mid-plane, do
not support the dichotomy between the
inner and outer discs. On the other hand,
it suggests the chemical discontinuity to
be a clear property of the global chemical-
enrichment history of the Milky Way.

• The chemical maps of [𝛼/Fe]-[Fe/H] ex-
tend to the very outer disc, 𝑅 Gal > 20 kpc,
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and also show the complete disappear-
ance of a high-alpha population further
than 𝑅 Gal > 14 kpc. This confirms the
shorter scale length of the Galactic thick
disk concerning the Galactic thin disc,
following previous studies (Cheng et al.
2012; Anders et al. 2014).

• There is an indication for a positive ra-
dial [𝛼/𝐹𝑒] gradient, observed from the
fact that the [𝛼/𝐹𝑒] centroid of the 𝛼-
poor sequence in the inner Galaxy gradu-
ally shifts to larger values with increasing
Galactocentric radius observed in Figures
2.7 and 2.8 continuing the trend reported
by Anders et al. (2014), and Hayden et al.
(2014).

• The maps of [𝛼/𝐹𝑒] show some evidence
for radial migration of old metal-rich
stars from the inner Galaxy to the outer
Galaxy; this is shown by the flattening
of the abundance-ratio trend beyond the
solar metallicities.

• The chemical duality in the inner bins is
also confirmed in maps using aluminium
and iron, [𝐴𝑙/𝐹𝑒] − [𝐹𝑒/𝐻 ]. This is not
seen for larger Galactocentric distances,
where the disk chemical bimodality dis-
appears in this abundance regime. This
indicates a strong chemical duality in the
inner Galaxy. Those diagrams also show
metallicity-dependent Al yields in mas-
sive stars, with [𝐴𝑙/𝐹𝑒] starting to bend
down towards lower metallicities.

• The resulting maps using 𝛼-elements and
magnesium as a reference instead of iron,
show an increase of Mg with respect to
Galactocentric distance. SinceMg follows
the star formation more closely than iron,
this suggests an inside-out formation.

The data produced in this work and made pub-
licly available allow for much more sophisti-
cated chemical-abundance studies over much
larger disk volumes than previous data releases.

New studies also gathering kinematic informa-
tion will enable unprecedented constraints for
chemo-dynamical models of the Milky Way,
espetially in the inner-most and outer-most
Galaxy.

All the newly produced StarHorse cata-
logues are available for download from https:
//data.aip.de/aqueiroz2020 please use the DOI
to quote the data: 𝑑𝑜𝑖 : 10.17876/𝑑𝑎𝑡𝑎/2020_2.
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2Appendix
2.A StarHorse data model

The tables in this appendix describe our data
model for the APOGEE DR16 StarHorse
VAC (Table 2.B.1) and the meaning of the
human-readable flags SH_INPUTFLAGS and
SH_OUTPUTFLAGS (Table 2.B.2).

2.B Validation

At the level of spectroscopic stellar surveys, it
is difficult to perform truly independent bench-

mark tests for the resulting distance, extinction,
and stellar parameter scales (Jofré et al. 2019).
Most comparison samples are themselves af-
fected by significant systematic uncertainties.
Especially for the APOGEE survey, meaningful
comparisons with fundamental physical param-
eters such as interferometric temperatures or
masses of detached eclipsing binaries are un-
available. In Santiago et al. (2016) and Q18 we
performed fundamental accuracy and precision
tests using simulated stars, nearby eclipsing bi-
naries, astrometric distances, among others. In
this section we therefore limit our

Table 2.B.1: Data model for the StarHorse catalogues described in this paper
.

Column Description Unit
ID Unique object identifier string
glon Galactic longitude deg
glat Galactic latitude deg

mass16 16th percentile of StarHorse stellar mass PDF 𝑀⊙
mass50 50th percentile of StarHorse stellar mass PDF 𝑀⊙
mass84 84th percentile of StarHorse stellar mass PDF 𝑀⊙
teff16 16th percentile of StarHorse effective temperature PDF K
teff50 50th percentile of StarHorse effective temperature PDF K
teff84 84th percentile of StarHorse effective temperature PDF K
logg16 16th percentile of StarHorse surface gravity PDF dex
logg50 50th percentile of StarHorse surface gravity PDF dex
logg84 84th percentile of StarHorse surface gravity PDF dex
met16 16th percentile of StarHorse metallicity PDF dex
met50 50th percentile of StarHorse metallicity PDF dex
met84 84th percentile of StarHorse metallicity PDF dex
dist16 16th percentile of StarHorse distance PDF kpc
dist50 50th percentile of StarHorse distance PDF kpc
dist84 84th percentile of StarHorse distance PDF kpc
AV16 16th percentile of StarHorse extinction in the V band PDF mag
AV50 50th percentile of StarHorse extinction in the V band PDF mag
AV84 84th percentile of StarHorse extinction in the V band PDF mag

SH_INPUTFLAGS StarHorse flags specifying catalogue input completeness and quality string
SH_OUTPUTFLAGS StarHorse flags specifying output quality string
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Table 2.B.2: Description of the contents of the StarHorse flags.

SH_INPUTFLAGS Description
"TEFF.." calibrated spectroscopic parameters (e.g. TEFF) were used

"uncalTEFF.." uncalibrated spectroscopic parameters (e.g. TEFF) + inflated uncertainties were used
"PARALLAX" Gaia DR2 parallaxes + recalibrated zeropoint and uncertainties were used

"JHKs" 2MASS photometry was used
"W1W2" WISE photometry was used
"BVgri" APASS photometry was used

"gps1_rps1.." PanSTARRS-1 photometry was used
"AV_prior" extinction prior (e.g. from APOGEE targeting) was used

SH_OUTPUTFLAGS
"NEGATIVE_EXTINCTION" bad extinction estimates
"NUMMODELS_HIGH" high number of stellar models compatible with observations within 3𝜎
"NUMMODELS_LOW" low number of stellar models compatible with observations within 3𝜎

validation to new, but slightly less fundamen-
tal tests: consistency with input parallaxes, as-
teroseismology (using the CoRoT-APOGEE sam-
ple), open clusters (using Gaia DR2 results),
an inter-survey comparison, and a comparison
with results obtained by Leung & Bovy (2019).

2.B.1 Comparison to input parallaxes

As a first simple consistency check, we show in
Fig. 2.B.1 a comparison between our spectro-
photo-astrometric distances with the recali-
brated Gaia DR2 input parallaxes. We canoni-
cally allow StarHorse to converge to a solu-
tion that deviates from the input measurements
by maximum 4𝜎 , using trimmed Gaussians in
the likelihood computation. We therefore ex-
pect an almost perfect agreement with the input
parallaxes within the corresponding uncertain-
ties. Fig. 2.B.1 shows that this expectation is ful-
filled. The top panel compares our posterior esti-
mates with the naive 1/𝜛 distances (which is bi-
ased estimator of the true distance; see Luri et al.
2018), while the bottom panel demonstrates that
there are minimal residuals between the input
and the posterior parallaxes within the Gaia
DR2 parallax sphere (the region where parallax
uncertainties are within 10 − 15%;𝑑 ≲ 2.5 kpc).
We only see slight systematic trends appearing
for distances 𝑑 ≳ 10 kpc. In the regime in be-
tween, the parallax information is successfully
complemented by APOGEE, delivering less bi-
ased and more precise StarHorse distances.

Figure 2.B.1: Comparison of StarHorse DR16
distances to naive distances obtained by inverting
the recalibrated Gaia DR2 parallaxes. Top panel:
One-to-one comparison of posterior with naive 1/𝜛
distances. Bottom panel: Residuals between pure
astrometric and spectro-photo-astrometric (1/𝑑50)
parallaxes. The red line shows the smoothed run-
ning median, while the shaded region shows the
corresponding 1𝜎 variations.

2.B.2 Asteroseismology: The
CoRoT-APOGEE sample
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Figure 2.B.2: Comparison between distances and extinctions obtained in this work and those obtained from
asteroseismology for CoRoT stars with APOGEE spectra (CoRoGEE sample) using an updated version of the
PARAM code (Rodrigues et al. 2017). Blue filled dots are all stars with PARAM tension flags equal zero, for
which the PDF of the estimated quantities does not contain multiple peaks. The cyan line indicates the locally
linear adjust of the blue filled dots. In the case of extinction, right top panel, the blue dots represents the
subset of PARAM tension flags equal zero and stars for which all photometric filters were available. Green
open symbols indicate all stars that do not satisfy the conditions of the blue dots.

In Fig. 2.B.2 we show a direct compari-
son of the distances, 𝐴𝑉 , and surface gravity
for stars in common between the APOGEE
DR16 StarHorse results and the CoRoGEE
sample (Anders et al. 2017a), which contains
stars observed by both APOGEE and the CoRoT
space mission (Baglin et al. 2006). The CoRoT
data allow us to determine stellar masses and
radii from asteroseismology, thus also provid-
ing more precise distances outside the Gaia
parallax sphere.

A similar comparison was shown in Sect. 5.2
of Q18, but the present comparison is signifi-
cantly different in two ways: First, the CoRo-
GEE distances were obtained with an updated

version of the PARAM code (Rodrigues et al.
2017), which has a configuration in which the
input parameters were the two seismic parame-
ters (𝛥𝜈 and 𝜈 max) and the APOGEE DR16 tem-
peratures, metallicities, and [𝛼/Fe] values. No
Gaia parallaxes were used. Second, in contrast
to the StarHorse run shown in Fig. 9 of Q18
(which used the PARAM distances as an input),
we now compare to the StarHorse results
obtained without any input from neither as-
teroseismology nor PARAM. In summary, we
compare the result of two independent distance
codes, one of which uses spectroscopy and as-
teroseismology (PARAM), and the other uses
spectroscopy and astrometry ( StarHorse).
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Figure 2.B.3: Comparison between temperatures from APOGEE DR16, the output PARAM code, and output
StarHorse. Blue filled dots indicate all stars with PARAM tension flags equal zero, for which the PDF of the
estimated quantities does not contain multiple peaks. The cyan line represents the locally linear adjust of the
blue filled dots. Green open symbols indicate all stars that do not satisfy the conditions of the blue dots.

In Figure 2.B.3 we show the comparisons be-
tween the input temperatures from APOGEE
DR16 and the output temperatures from
PARAM and StarHorse codes. We see a sys-
tematic shift between PARAM and APOGEE
DR16 temperatures even for PARAM tension
flags equal zero. In contrast to PARAM,
StarHorse output temperatures are very simi-
lar from the APOGEE input, since the spectro-
scopic errors are small and StarHorse does not
rely on the seismic information. The systematic
difference in temperatures between PARAMand
APOGEE maybe due to the different calibration
scales and model choices, which in the case of
PARAM is MESA (Paxton et al. 2011).
Considering this systematic shift between

PARAM output temperatures and APOGEE
DR16, and looking at simulation tests with
StarHorse (See Fig. 6 of Q18, bottom left panel),
we expect a shift in the extinction itself, which
is seen in the left top panel of Fig. 2.B.2. The
magnitude of this shift in the extinction scale,
however, exceeds our expectation: for a sys-
tematic +50 K shift in 𝑇 eff we would expect not
more than 0.1 magdifference in extinction. We
therefore tentatively attribute this difference to
the missing reliable optical photometry for the
APOGEE DR16 sample. Distances and superfi-
cial gravity are in very good agreement with
those derived by PARAM using asteroseismic
measurements.
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Figure 2.B.4: Comparison between distances and extinctions obtained in this paper with those obtained
by Bossini et al. (2019), but in this case for the same input photometry as StarHorse and with PARSEC
models, for open clusters. Each panel corresponds to an open cluster with more than ten member candidates
observed by APOGEE. The median StarHorse results for individual stars in each cluster are shown as red
crosses (dwarfs) and blue open circles (giants). The horizontal and vertical lines correspond to the median
values and 1𝜎 limits inferred by Bossini et al. (2019) through isochrone fitting.

2.B.3 Open clusters

In A19, we present a detailed comparison
of StarHorse results (without using spectro-
scopic data) with open-cluster parameters de-
rived from Gaia DR2 data (specifically, Cantat-
Gaudin et al. 2018 and Bossini et al. 2019).
Cantat-Gaudin et al. (2018) determine member-
ship probabilities for 1229 Galactic open clus-
ters, while Bossini et al. (2019) publish revised
Bayesian cluster parameters for 269 of those
clusters, based on the same membership list. In
this work we again compare with the results ob-
tained by Bossini et al. (2019), keeping in mind
now that the APOGEE DR16 StarHorse re-
sults were obtained from higher-quality data.
In Fig. 2.B.4, we compare the APOGEE

StarHorse results obtained for the most cer-
tain cluster members of Cantat-Gaudin et al.
(2018) to the distances and extinctions deter-
mined similar to Bossini et al. (2019) with same
input photometry as we use in StarHorse
and using PARSEC models in the PARAM code.

The figure shows a cluster-by-cluster compari-
son for the 12 most populated clusters observed
by APOGEE, ordered by distance. In general,
and in accordance with A19, we observe good
agreement of the distance scales (within 20%).
Some discrepancies are noticeable both in ex-
tinction and distance, which could be related to
differential reddening, impure membership, and
bad photometry, although this is mostly within
the accuracy limits of the open cluster distance
scale of Bossini et al. (2019). For the closest
clusters, we see a very strong systematic differ-
ence in extinction estimates (up to > 1 mag). Its
origin, however, is different from the shift seen
in the comparison with the CoRoGEE sample:
the ASPCAP 𝑇 eff scale of the M dwarf stars
is offset from the PARSEC scale by over 200
K, thus forcing StarHorse to converge to a
solution with higher extinction (see Q18, Fig. 6).
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Figure 2.B.5: Inter-survey comparison of the derived StarHorse results using stars co-observed by
APOGEE and LAMOST (left column), GALAH (second column), RAVE (third column), and GES (fourth
column). Each panel shows a generalised histogram of differences of the posterior parameters obtained
by StarHorse indicated in the y-axis of each row. For each survey, the number of stars in common with
APOGEE DR16 is given in the top panel.
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Figure 2.B.6: Comparison with astroNN distances presented by Leung & Bovy (2019). Top panel 1-to-1
comparison (left: density distribution; right: colour-coded by median uncalibrated surface gravity determined
by ASPCAP, showing that astroNN is overstimating distances to dwarf stars). Bottom panels: Relative
distance differences as a function of sky position (left: whole sky, right: zoom into the inner Galaxy).

53



Chapter
2

From the bulge to the outer disk: StarHorse stellar parameters, distances, and extinctions for stars in
APOGEE DR16 and other spectroscopic surveys

2.B.4 Inter-survey comparison

Some of the stars observed by APOGEE have
also been observed by other spectroscopic sur-
veys, be it as a part of a dedicated cross-
calibration effort or by chance. These stars
are also useful to test the consistency of the
StarHorse results. Therefore, in Fig. 2.B.5
we show the distribution of differences in
StarHorse output parameters for stars co-
observed by APOGEE DR16 and LAMOST DR5,
GALAH DR2, RAVE DR6, and GES DR3, respec-
tively (using simple cross-matches based on the
Gaia DR2 source_id), colour-coded in the
same way as Figs. 2.11 and 2.10. The distances
obtained from the different input spectroscopic
parameters show very satisfactory consistency
(first row of Fig. 2.B.5), with systematics at the
1-2%-level, and standard deviations typically be-
low the quoted uncertainties.
In accordance with the previous tests above,

the extinction comparison for the survey over-
lap stars (second row of Fig. 2.B.5) shows that
the APOGEE DR16 extinctions are on a slightly
offset scale with respect to those obtained from
LAMOST DR5, GALAH DR2, and RAVE DR6.
As explained above, we suggest this to be due
to a combination of a slight systematic offset
of the ASPCAP 𝑇 eff scale with respect to that
of the PARSEC models, and the missing reli-
able optical photometry for most of the DR16
sample.
The comparison of the other StarHorse

output parameters (𝑇 eff, log𝑔, [M/H], and mass)
is shown in the bottom rows of fig. 2.B.5, show-
ing a very satisfactory agreement in the param-
eter scales of the different surveys.

2.B.5 astroNN distances

Finally, in Fig. 2.B.6 we compare our APOGEE
DR16 distances with those obtained with
the neural-network spectral analysis code
astroNN (Leung & Bovy 2019). These authors
claimed that "there is no doubt that our dis-
tances have higher precision and accuracy than
those determined using stellar models and den-
sity priors, such as the BPG distances", based

on a comparison with the pre- Gaia distances
published in Santiago et al. (2016) prior to Gaia.
In this appendix we repeat their comparison
with our new results, now including Gaia DR2,
revealing a more complex picture.
The top left panel of Fig. 2.B.6 shows that

there is a generally very good agreement be-
tween the distances derived by the two codes for
the bulk of the sample up to ∼ 10 kpc (density
colour coding in this plot is logarithmic). There
are, however, groups of stars which deviate con-
siderably from the one-to-one relation: First,
dwarf stars located mostly at high latitudes
(see log𝑔-coloured plot in the top right panel
and sky distribution of distance residuals in the
bottom left panel) for which astroNN deter-
mines too high distances (compare to Fig. 2.B.1),
and second, giant stars in the inner Galaxy, for
which systematic differences of the order of
10− 20% are visible (in the sense that the Leung
& Bovy 2019 distances are significantly smaller;
see bottom right panel).
The first group of stars can be explained by

the limited training set used by Leung & Bovy
(2019), which were comprised almost exclu-
sively of red-giant stars. The second effect was
indeed also noticed by Bovy et al. (2019) who
corrected the systematic offset of the astroNN
distances heuristically (see their Fig. 1).

2.C Summary plots for GALAH,
RAVE, GES, and LAMOST

In this section, we show some summary figures
illustrating the quality of our new StarHorse
results for the surveys considered in this paper
in addition to the APOGEE DR16 results. In
particular, in Figs. 2.C.1 through 2.C.4 we pro-
vide sky plots and Kiel diagrams and CMDs for
LAMOST DR5, GALAH DR2, RAVE DR6, and
GES DR3, similar to Figs. 2.1 and 2.2. Figures
2.C.5 through 2.C.8 display summary corner
plots of the StarHorse output parameters for
each survey, as shown for APOGEE DR16 in Fig.
2.4. The colour in each of those plots coincides
with the colours used in Figs. 2.10 and 2.11.
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Figure 2.C.1: Similar to Figs. 2.1 and 2.2, but now for GALAH DR2.
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LAMOST DR5
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Figure 2.C.2: Similar to Figs. 2.1 and 2.2, but for LAMOST data. The CMD shown in the right panel does not
include sources fainter than 𝐾𝑠 = 14.5

.
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Figure 2.C.3: Similar to Figs. 2.1 and 2.2, but for RAVE DR6 data.
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GES DR3
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Figure 2.C.4: Similar to Figs. 2.1 and 2.2, but for GES DR3 data.
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Figure 2.C.5: 1D distributions and correlations between StarHorse output parameters (bottom left corner
plot) and their corresponding uncertainties (top right corner plot) for the LAMOST DR5 VAC sample.
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Figure 2.C.6: 1D distributions and correlations between StarHorse output parameters (bottom left corner
plot) and their corresponding uncertainties (top right corner plot) for the GALAH DR2 sample.
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Figure 2.C.7: 1D distributions and correlations between StarHorse output parameters (bottom left corner
plot) and their corresponding uncertainties (top right corner plot) for the RAVE DR6 sample.
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Figure 2.C.8: 1D distributions and correlations between StarHorse output parameters (bottom left corner
plot) and their corresponding uncertainties (top right corner plot) for the GES DR3 sample.
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Abstract

We investigate the inner regions of the Milky Way using data from APOGEE and Gaia EDR3.
Our inner Galactic sample has more than 26 500 stars within |𝑋 Gal | < 5 kpc, |𝑌 Gal | < 3.5 kpc,
|𝑍 Gal | < 1 kpc, and we also carry out the analysis for a foreground-cleaned subsample of 8 000 stars
that is more representative of the bulge–bar populations. These samples allow us to build chemo-
dynamical maps of the stellar populations with vastly improved detail. The inner Galaxy shows
an apparent chemical bimodality in key abundance ratios [𝛼/Fe], [C/N], and [Mn/O], which probe
different enrichment timescales, suggesting a star formation gap (quenching) between the high-
and low-𝛼 populations. Using a joint analysis of the distributions of kinematics, metallicities, mean
orbital radius, and chemical abundances, we can characterize the different populations coexisting
in the innermost regions of the Galaxy for the first time. The chemo-kinematic data dissected on an
eccentricity–|𝑍 |max plane reveal the chemical and kinematic signatures of the bar, the thin inner disc,
and an inner thick disc, and a broad metallicity population with large velocity dispersion indicative
of a pressure-supported component. The interplay between these different populations is mapped
onto the different metallicity distributions seen in the eccentricity–|𝑍 |max diagram consistently with
the mean orbital radius and 𝑉𝜙 distributions. A clear metallicity gradient as a function of |𝑍 |max is
also found, which is consistent with the spatial overlapping of different populations. Additionally,
we find and chemically and kinematically characterize a group of counter-rotating stars that could
be the result of a gas-rich merger event or just the result of clumpy star formation during the
earliest phases of the early disk that migrated into the bulge. Finally, based on 6D information, we
assign stars a probability value of being on a bar orbit and find that most of the stars with large
bar orbit probabilities come from the innermost 3 kpc, with a broad dispersion of metallicity. Even
stars with a high probability of belonging to the bar show chemical bimodality in the [𝛼/Fe] versus
[Fe/H] diagram. This suggests bar trapping to be an efficient mechanism, explaining why stars on
bar orbits do not show a significant, distinct chemical abundance ratio signature.

3.1 Introduction

The Milky Way bulge region, originally identi-
fied as a distinct Galactic component by Baade
(1946) and Stebbins & Whitford (1947), has tra-
ditionally been very challenging to observe, be-
cause it is a crowded and extincted region (see
Madore 2016 for a review). Photometric stud-

ies of the Galactic bulge towards low extinction
windows suggest that the region is old in gen-
eral (e.g., Zoccali et al. 2003; Renzini et al. 2018;
Surot et al. 2019; Bernard et al. 2018). A spec-
troscopic sample of lensed dwarfs in the bulge
was found to contain a significant population
younger than 5 Gyr (Bensby et al. 2017). Op-
tical spectroscopic surveys of the Milky Way
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traditionally avoid low Galactic latitudes (|b| ≤
5-10) because of the high levels of extinction,
especially towards the inner regions. Gonzalez
et al. (2013) used the VISTA Variables in the Via
Lactea survey (VVV Minniti et al. 2010) to map
the mean metallicity throughout the bulge us-
ing near-infrared (NIR) photometry, suggesting
the existence of a gradient, with the most metal-
rich populations concentrated to the innermost
regions (Minniti et al. 1995).

Defining a complete sample of the stellar pop-
ulations in the inner Galaxy has been a chal-
lenge. Available spectroscopic samples are tradi-
tionally very patchy and fragmented, especially
toward the Galactic bulge where heavy extinc-
tion and crowding make this area hard to ob-
serve. Therefore, most of the spectroscopic data
of the Milky Way bulge and bar were limited
to a few low-extinction windows (e.g., Baade’s
Window), or slightly larger latitudes.

Since the pioneer works of Rich (1988) and
Minniti et al. (1992), the bulge region has been
explored by several spectroscopic surveys, such
as BRAVA (Rich et al. 2007; Kunder et al. 2012),
ARGOS (Ness 2012), GIBS (Zoccali et al. 2014),
and GES (e.g., Rojas-Arriagada et al. 2014, 2017),
as well as other smaller samples towards lower
extinction windows (see Barbuy et al. 2018, for
a review that summarises our knowledge on
the Galactic bulge up to 2018). The bulge region
was confirmed to be dominated by 𝛼-enhanced
stars (McWilliam & Rich 1994; Cunha & Smith
2006; Fulbright et al. 2007; Friaça & Barbuy
2017), to have a broad metallicity distribution
function (MDF; Rich 1988; Gonzalez et al. 2015;
Ness & Freeman 2016), to show cylindrical ro-
tation, which is especially contributed by the
more metal-rich stars, and to have an X-shape
structure which is the result of a buckling bar
(e.g., Nataf et al. 2010; McWilliam & Zoccali
2010; Saito et al. 2012; Li & Shen 2012; Wegg
et al. 2017). It has also been shown that the
oldest bulge populations traced by RR Lyrae or
very metal-poor stars do not follow the cylin-
drical rotation (Dékány et al. 2013; Gran et al.
2015; Kunder et al. 2016, 2020; Arentsen et al.
2020). A mix of stellar populations is detected in
the Galactic bulge, inferred by the multi-peaked

MDF (Zoccali et al. 2008; Johnson et al. 2013;
Ness et al. 2013b), usually associated with differ-
ent kinematics (Hill et al. 2011; Babusiaux et al.
2010, 2014); for a review see Babusiaux (2016);
Barbuy et al. (2018). It has been suggested that
the Galactic bulge harbours a more spheroidal,
but still barred, metal-poor (with [Fe/H]∼ −0.5)
component formed by alpha-enhanced stars,
and a more metal-rich ([Fe/H]∼ 0.3) component
that forms a boxy bar (Rojas-Arriagada et al.
2014; Zoccali et al. 2017), which can split into
more components closer to the midplane (see
Table 2 of Barbuy et al. 2018, for a summary).

The field of Galactic archaeology has been
transformed in the last two years, firstly by the
advent of the second and third early data re-
lease of Gaia (DR2, EDR3 Gaia Collaboration
et al. 2018b, 2021), and secondly by the NIR sur-
vey (𝐻 -band) Apache Point Observatory Galac-
tic Evolution Experiment (APOGEE-2 Majewski
et al. 2017; Abolfathi et al. 2018) which is cur-
rently being extended to the Southern Hemi-
sphere (Ahumada et al. 2020). In 2019, it fi-
nally became possible to probe the innermost
regions of the Galaxy, much closer to the Galac-
tic plane, with expanded samples of stars with
full 6D phase-space information and detailed
chemistry. This has opened the possibility for
much more detailed studies of the innermost
Galactic regions, extending the mapping of the
mix of stellar populations to orbital–chemical
space (i.e. García Pérez et al. 2018; Zasowski
et al. 2019; Fernández-Trincado et al. 2019b;
Rojas-Arriagada et al. 2019; Sanders et al. 2019a;
Queiroz et al. 2020).
The latest Gaia dataset enables the Galac-

tic community to tackle several outstanding
questions, regarding for example the shape and
kinematics of the Galactic halo (e.g., Helmi
et al. 2018; Iorio & Belokurov 2019; Myeong
et al. 2019), structures in the outer disk (Laporte
et al. 2020), the Galactic warp (e.g., Romero-
Gómez et al. 2019; Poggio et al. 2020; Cheng in
prep.), the disk spiral structure (Poggio et al.
2021), and also the effect of bar resonances
(Kawata et al. 2020). In Anders et al. (2019), we
used the Bayesian StarHorse code (Queiroz
et al. 2018; Santiago et al. 2016) to derive
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photo-astrometric distances and extinctions for
around 265 million Gaia DR2 stars down to
magnitude 𝐺 < 18. Our calculations allowed
the direct detection of the Galactic bar from
Gaia data and stellar density maps for the first
time. Figure 3.1.1 shows a zoomed-in version of
the the red clump (RC) density map presented
by Anders et al. (see 2019, their Fig. 8). The
breathtaking amount of data (almost 30 million
stars with accurate distances and extinctions)
shows the clear shape of an elongated struc-
ture around the Galactic centre (GC), associated
with the Galactic bar. The map of Figure 3.1.1
shows the stellar density contours and an el-
lipse tilted by 45 deg with respect to the Sun–
Galactocentric line (Sun–GC), adjusted by eye.
This bar orientation is considerably greater than
the ∼ 30 degrees inferred by most other works
(e.g. Wegg & Gerhard 2013; Cao et al. 2013; Rat-
tenbury et al. 2007; Minchev et al. 2007; Sanders
et al. 2019b), but is in the range of predictions
from modelling of the velocity field of the solar
neighbourhood (e.g. Dehnen 2000; Minchev &
Famaey 2010). The higher density towards posi-
tive 𝑌 values is an effect of the lower extinction
in that area.

Figure 3.1.1: Magnified view of the Gaia DR2-
derived map of the Galactic bar (Anders et al. 2019).
The contours represent the four highest density
levels. To guide the eye, an ellipse inclined by
45 deg is drawn in blue. Only RC stars with
good StarHorse flags close to the Galactic plane
(|𝑍 Gal | < 3 kpc) are shown. The figure contains
approximately 30 million stars.

Although a very clear image of the bar can be
seen, the StarHorse catalogue of Anders et al.
(2019) contains certain caveats that render pro-
found exploration and characterisation of the

bulge–bar population difficult. Firstly, the map
was derived from parallaxes and photometry
only, both of which have elevated uncertainties
for the Galactic central region. Secondly, for
this sample, StarHorse was run with a fixed
range of possible extinction values (𝐴𝑉 < 4
mag), which is not a problem for most regions
of the Galaxy, but in the central Galactic plane
the extinction can be much higher than 4 mag
(e.g. Gonzalez et al. 2012; Queiroz et al. 2020).
To further characterise the bulge–bar popula-
tions, we need large samples of stars observed
with IR spectroscopy, which is now becoming
possible with APOGEE DR16.
In the present work, we use data from

APOGEE which provides spectra for thousands
of stars, including those at low latitudes where
most of the Milky Way stellar mass is concen-
trated. The main challenge has been to deter-
mine precise distances in order to better define
bulge samples with which to constrain, in turn,
chemodynamical models. Thanks to the avail-
ability and improvements of Gaia EDR3 paral-
laxes in the APOGEE footprint, we derived pre-
cise distances and extinctions for the APOGEE
stars using the StarHorse code (Queiroz et al.
2020), achieving individual distance uncertain-
ties of typically 10% toward the centre of the
Galaxy (see also Schultheis et al. 2019). This
makes it finally possible to attempt to disentan-
gle the complex mixture of stellar populations
coexisting in the inner Galaxy, which is the goal
of the present work.
Although the analysis presented in this pa-

per is based on two much smaller samples
than the one shown in Figure 3.1.1, the rich
information provided by combining Gaia EDR3
and APOGEE allows an unprecedented view
of the innermost regions of the Milky Way
and the first complete analysis of the sam-
ple in orbital space. We are now in a posi-
tion to offer much tighter observational con-
straints in chemodynamical simulations of the
bulge–bar, contributing to clarifying the cur-
rent debate over whether the Galactic bulge has
a dispersion-dominated component resulting
from mergers and/or dissipative collapse of gas
(Minniti et al. 1992; Zoccali et al. 2008), or if
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its properties can be completely accounted for
by secular dynamical processes forming a buck-
ling bar from pure disk evolution (Debattista
et al. 2017; Buck 2020; Fragkoudi et al. 2020). So
far, the broad range of available observational
signatures seem to suggest a hybrid scenario
in which the metal-poor and the metal-rich
populations present in the bulge region would
accommodate both the dispersion-dominated
and secular-dominated scenarios, respectively
(see also discussion in Section 4 of Barbuy et al.
2018). Recent results and discussions based on
different kinematical populations of RR Lyrae
(Kunder et al. 2020) also found evidence for bi-
modal distributions, as well as a small fraction
of metal-poor stars and bulge globular clusters;
see Fernández-Trincado et al. 2020c.

The paper is organised as follows. In Section
3.2 we describe the spectroscopic data. Section
3.3 describes the computation of velocities and
orbital parameters. In Section 3.4 we describe
our sample selection which consists of an inner-
region sample (of around 26 500 stars) and a
cleaned sample that avoids the foreground disk
(with around 8 000 stars). The chemical and
dynamical properties of both samples are de-
scribed in Sections 3.5 (with particular focus on
the observed chemical bimodality) and 3.6. In
Section 3.7 we dissect the sample into families
in the eccentricity–|𝑍 |max plane. The results
and their implications are summarised and dis-
cussed in Section 3.8.

3.2 Data

The APOGEE survey is building a detailed
chemo-dynamical map extending over all com-
ponents of the Milky Way. Being the first large
spectroscopic survey to explicitly target the cen-
tral Galactic plane (Zasowski et al. 2013, 2017)
thanks to its NIR spectral range (1.5 - 1.7𝜇𝑚; 𝐻 -
band), APOGEE allows us to determine precise
line-of-sight velocities, atmospheric parameters,
and chemical abundances, even in highly ex-
tincted areas.
APOGEE started as one of the Sloan Digital

Sky Survey III (Eisenstein et al. 2011, SDSS-III)
programs and is continuing as part of SDSS-IV

(Blanton et al. 2017). The observations started
in 2011 at the SDSS telescope (Gunn et al. 2006)
with the northern high-resolution, high signal-
to-noise (𝑅 ∼ 22 500, 𝑆/𝑁 > 100) APOGEE spec-
trograph (Wilson et al. 2010). Since 2017, south-
ern observations have been conducted with a
twin spectrograph mounted at the du Pont tele-
scope at Las Campanas Observatory (Wilson
et al. 2019).
The latest release of APOGEE data, SDSS

DR16 (Ahumada et al. 2020), includes observa-
tions from the Southern Hemisphere and con-
tains spectral observation for about 450 000
sources. Given the DR16 sky coverage and high-
quality observations in the Galactic plane, we
can study the Galactic bulge and bar both in the
chemical and dynamical space with unprece-
dented completeness. Besides the data from
APOGEE DR16, we also use the incremental
DR16 internal data release which has about
150 000 additional stars observed in March 2020.

Spectral information is obtained through
the APOGEE Stellar Parameters and Chemical
Abundances Pipeline (ASPCAP García Pérez
et al. 2016; Jönsson et al. 2020). This pipeline
compares the observations with a large library
of synthetic spectra, determining a best chi-
squared fit. The first step in the process is
to derive stellar atmospheric parameters and
overall abundances of C and N alpha-elements.
Then, the second step is to derive abundances
from fits to windows tuned for each atomic el-
ement. Throughout this paper we use [M/H]
(obtained in the first step in ASPCAP) as our
metallicity. The studied elements in this paper
are: [𝛼/Fe], [Fe/H], [O/Fe], [Mg/Fe], [Mn/O],
[Mn/Fe], [C/N], and, [Al/Fe]. The APOGEE in-
ternal data release has a slightly updated data
reduction version (r13). From the APOGEE
catalogue, we select only stars with high S/N,
SNREV > 50, and a good spectral fit from the
ASPCAP pipeline, ASPCAP_CHI2 < 25.

Besides the APOGEE data, to define a bulge–
bar sample we need precise distance measure-
ments. To this end, we use StarHorse (Santi-
ago et al. 2016; Queiroz et al. 2018) - a Bayesian
tool capable of deriving distances, extinctions,
and other astrophysical parameters based on
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spectroscopic, astrometric, and photometric in-
formation. In Queiroz et al. (2020), we combined
APOGEE DR16 spectroscopy with Gaia DR2
parallaxes corrected for a systematic −0.05 mas
shift (Gaia Collaboration et al. 2018b; Arenou
et al. 2018; Zinn et al. 2019) and photometry
from 2MASS (Cutri et al. 2003), PanSTARRS-1
(Chambers et al. 2016), and AllWISE (Cutri et al.
2013) to produce spectro-photometric distances,
extinctions, effective temperatures, masses, and
surface gravities for around 388 000 stars. In
Queiroz et al. (2020), we also make the same
calculation for other major spectroscopic sur-
veys, summing a total of 6 million stars with
resulting StarHorse parameters.

For the data used throughout this paper, we
follow the same procedure as in Queiroz et al.
(2020) and run StarHorse for the APOGEE DR16
internal release + Gaia EDR3 parallaxes and
the same set of photometry. Corrections were
applied to parallaxes as recommended by Lin-
degren et al. (2021a). With Gaia EDR3, the
resulting distance errors are greatly improved.
The samples used along this work have distance
uncertainties of around 7%, while previous com-
putations using GaiaDR2 allowed us uncertain-
ties of around 10%. However, the main differ-
ence is the improvement on proper motions, as
we discuss in the following section.

3.3 Velocities and orbits

The combined catalogue APOGEE DR16 inter-
nal release + Gaia EDR3 + StarHorse gives
us access to the 6D phase space of the stars
with unprecedented precision. We use the
Gaia EDR3 proper motions, the line-of-sight ve-
locities (Vlos) measured by APOGEE, and the
StarHorse distances to calculate the space
velocities in Galactocentric cylindrical coordi-
nates. The cylindrical velocity transformations
were performed using Astropy library coordi-
nates (Price-Whelan et al. 2018), where we use
a local standard of rest (LSR) of 𝑣 LSR = 241
km/s (Reid et al. 2014), the distance of the Sun

to the GC of 𝑅⊙ = 8.2 kpc, and height of the
Sun from the Galactic plane of 𝑍⊙ = 0.0208 kpc
(Bennett & Bovy 2019). We also note that in
all of our diagrams we use the Sun position at
𝑋Gal = −8.2 kpc.

We assume the peculiar motion of the Sun
with respect to the LSR to be: (𝑈 ,𝑉 ,𝑊 )⊙= (11.1,
12.24, 7.25) km/s (Schönrich et al. 2010). The
resulting components of the velocity we use
throughout this paper are the azimuthal veloc-
ity, 𝑉𝜙 , the radial velocity 𝑉𝑅 , and the vertical
velocity 𝑉𝑍 . All these components are with re-
spect to the GC. We also note that 𝑉𝑅 ≠ 𝑉los.
As all bodies in the Milky Way move under

the Galactic potential, many stars that we find
nowadayswith a present position at the GCmay
actually be in a disk or halo orbits. To identify if
the stars are from disc, halo, or from bulge–bar
components we proceed with the calculation of
the orbital parameters. Our Galactic potential
includes an exponential disk generated by the
superposition of three Miyamoto-Nagai discs
(Miyamoto & Nagai 1975; Smith et al. 2015), a
dark matter halo modelled with an NFW density
profile (Navarro et al. 1997), and a triaxial Fer-
rers bar (Ferrers 1877; Pfenniger 1984). The total
bar mass is 1.2 · 1010 M⊙ , the angle between the
bar’s major axis and the Sun–GC line is 25 deg,
its pattern speed is 40 km s−1 kpc −1 (Portail et al.
2017; Pérez-Villegas et al. 2017b; Sanders et al.
2019a), and its half-length is 3.5 kpc. To con-
sider the effect of the uncertainties associated
with the observational data, we used a Monte
Carlo method to generate 50 initial conditions
for each star, taking into account the errors on
distances, heliocentric line-of-sight velocities,
and the absolute proper motion in both compo-
nents. We integrate those initial conditions for-
ward for 3 Gyr with the NIGO tool (Rossi 2015).
From the Monte Carlo experiment, we calcu-
lated the median of the orbital parameters for
each star: perigalactic distance 𝑅 peri, apogalac-
tic distance 𝑅 apo, the maximum vertical excur-
sion from the Galactic plane |𝑍 |max, the eccen-
tricity 𝑒 = (𝑅 apo −𝑅 peri)/(𝑅 apo +𝑅 peri) and the
mean orbital radius, 𝑅mean = (𝑅 apo + 𝑅 peri)/2.
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Figure 3.3.1: Standard error of the cylindrical velocities and orbital parameters. The blue line and shaded
areas show the median and standard deviation of 1𝜎 and 2𝜎 for the distribution.
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In the following sections, we use those or-
bital parameters when analysing the chemical
patterns found in the innermost regions of the
Galaxy. We show the uncertainties in the or-
bital parameters and cylindrical velocities in Fig-
ure 3.3.1. These distributions increase with in-
creasing distance, which is expected because for
larger distances we have larger StarHorse
distance uncertainties. The uncertainties on ve-
locity are larger for retrograde stars (negative
v𝜙 ) but are still usually around 5 km/s. The other
components of the velocity show higher uncer-
tainties for faster stars. One caveat in these cal-
culations is that orbital parameters depend on
the model employed. We integrated the orbits
in a steady-state gravitational potential. In our
model, we do not take into account dynamical
friction and the secular evolution of the Galaxy
(Hilmi et al. 2020). Also, we do not consider
the dynamical effects due to the spiral arms. In
Figure 3.B.2 of the Appendix, we show a compar-
ison of the orbital parameters computed using
different bar pattern speeds. The comparison
gives relative differences of less than 20% for
most of the stars.

3.4 Sample selection

In this paper we focus our analysis on the inner
region of the MilkyWay. In particular, we study
a window that is symmetric about the GC in all
three dimensions in Galactocentric Cartesian
coordinates; see Figure 3.4.2 (|𝑋 Gal | < 5 kpc,
|𝑌 Gal | < 3.5 kpc, and |𝑍 Gal | < 1.0 kpc).
Throughout the paper, we use two samples: (1)
the full bulge-bar sample with the geometric
cuts (detailed in Sect. 3.4.1), and (2) a cleaned
subsample (see Sect. 3.4.2).

The uncertainties on distance and extinction
are shown in Figure 3.4.1 for the two samples
discussed in the following section, the bulge-bar
sample and the reduced proper motion sample
(RPM). Our stars can be seen to have uncertain-
ties on distance of less than 15% which would
translate to around 1.5 kpc for the stars with the
largest errors. The distribution of distance un-

certainties shows no big differences with quality
cuts such as parallax relative errors > 20% or us-
ing only calibrated ASPCAP inputs. The extinc-
tion uncertainties from StarHorse has three
main peaks at A𝑉 ∼ 0.05 mag, A𝑉 ∼ 0.2 mag, and
A𝑉 ∼ 0.3 which are caused by the availability or
not of one or more passbands from the full pho-
tometric set: {2MASS, AllWISE, PanSTARRS-1}.
For a further discussion about the uncertain-
ties on these parameters and their correlations
please see Queiroz et al. (2018) and Queiroz et al.
(2020).

Figure 3.4.1: Upper panel: Distance uncertainty
distributions for the bulge–bar (orange) and RPM
(cyan) samples defined in Sections 3.4.1 and 3.4.2,
respectively. Also shown are stars with parallax
uncertainties smaller than 20% (magenta) and stars
with calibrated ASPCAP parameters (green). Lower
panel: Extinction uncertainty distribution for the
bulge–bar (orange) and RPM (cyan) samples. Also
shown are stars for which all photometric bands
are available (magenta). This illustrates that the
secondary and tertiary peaks at larger extinction
uncertainties seen in our samples are due to stars
for which the optical band is not available (see dis-
cussion in Queiroz et al. 2020).
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Figure 3.4.2: Cartesian (left panels) and cylindrical (right panels) projections of the GC using the APOGEE
survey and StarHorse distances. Upper panels show the map colour-coded by the logarithmic number of
stars and lower panels colour-coded by StarHorse extinction. Contours are shown for the densest regions as
indicated by the colour bar. An ellipse is drawn in the first panel to indicate the approximate location of the
Galactic bar.
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Figure 3.4.3: Kiel diagrams for the complete bulge–bar sample (left) and the RPM-selected sample (right).
This figure illustrates that the innermost regions of the Galaxy are sampled by the more luminous stars.
Because more luminous stars tend to be more metal poor, this bias needs to be considered during the analysis.

Figure 3.4.4: Illustration of our RPM selection. Left panel: RPM diagram. Contours show the most dense
areas, highlighting two main density groups. Middle panel: Same as left panel, but for the central region
(|𝑙 |, |𝑏 | < 10 deg). In both panels, the red dashed box indicates the boundaries of our RPM selection. Right
panel: Cartesian density map of stars satisfying the RPM cut.

3.4.1 Bulge–bar sample

The full bulge–bar sample has a total of 26 518
stars, with typical distance uncertainties of
around 7% (see below). This APOGEE DR16
inner Galactic sample has unprecedented cov-
erage of thousands of stars that reach Galactic
latitudes below |𝑏 | < 5. This low latitude range
was not covered in previous dedicated surveys
such as BRAVA and ARGOS, which were funda-
mental in revealing the peanut bar shape and in
showing the rotation of the stars in the GC (Kun-
der et al. 2012; Ness et al. 2013b). The density
and extinction distributions for the bulge–bar
sample can be seen in Figure 3.4.2; the distribu-

tion is far less complete in terms of density than
Figure 3.1.1, but the dense areas in the figure
do seem to follow a bar-shaped pattern with
higher density around the GC. If we again trace
an ellipse by eye around the density contours,
we obtain a much smaller inclination angle with
respect to the Sun–GC line, of namely around
20 deg, which is much closer to the canonical
value of ∼ 27 deg (Bland-Hawthorn & Gerhard
2016). The angle from the ellipse fitted by eye
is certainly not precise, but we see that the bar-
shaped structure is less inclined than in Anders
et al. (2019).

This seems to confirm the suspicion that the
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photo-astrometric distances for the bar struc-
ture seen in Figure 3.1.1 are slightly overesti-
mated because the extinction values get sat-
urated at around A𝑉 = 4. Figure 3.4.2 also
shows that we still lack data very close to the
Galactic plane, |𝑍 Gal | <0.2 kpc, as this area re-
mains hidden by very high extinction (e.g. for
|𝑍 Gal | <0.1 kpc we often observe large-scale ex-
tinction 𝐴𝑉 > 10; Minniti et al. 2014). The Kiel
diagram for this sample is shown in the first
panel of Figure 3.4.3, showing that the popula-
tion in this sample is mainly composed of red
giant branch stars and RC stars.

3.4.2 Reduced-proper-motion diagram
selection

There are different ways to select a cleaner and
more homogeneous bulge–bar sample, avoiding
foreground disk stars. Usually, studies of bulge
stars select fields in the direction of Baade’s win-
dow (Babusiaux et al. 2010; Hill et al. 2011) or
fields in the direction of the GC (Zoccali et al.
2008; Kunder et al. 2012; Rich et al. 2012). We
have a massive amount of information about
the stars, and in addition to simply selecting
the bulge-bar sample we can constrain an even
‘cleaner’ sample. One way to do this is to draw
isocontours around the XY density maps. An-
other way is to look for similarities in the stel-
lar composition. However, we could still be left
with disk or halo stars and/or potentially impor-
tant systematic abundance differences resulting
from the fact that stars at different distances will
have systematically different luminosities and
stellar parameters. An additional abundance
pre-selection would bias the study towards the
chemical distribution of the bar–bulge compo-
nents. For our definition of a clean bulge–bar
sample, we therefore opt for a selection in the
RPM diagram. Our goal with this selection is
to clean the most apparent disk contamination
without an abrupt cut in distances.

The RPM (Faherty et al. 2009; Gontcharov
2009; Smith et al. 2009) is a common tool used
to distinguish between distinct kinematical pop-
ulations. In the RPM diagram, 𝑀𝐻 ′ is defined
analogously to the absolute magnitude, because

the propermotions are also a proxy for the star’s
distance:

𝑀𝐻 ′ = 𝐻2𝑚𝑎𝑠𝑠 + 5.0 + log10(
√︃
𝜇2RA + 𝜇2DEC).

(3.1)
In Figure 3.4.4 we show the RPM diagram,

(𝐽 − 𝐾𝑠)0 versus𝑀𝐻 ′ , for the bulge–bar sample
defined above. The RPM diagram shows two
agglomerations highlighted by the density con-
tour levels, indicating distinct populations (e.g.
Holtzman et al. 2018). A cut in |𝑙 |, |𝑏 | < 10 (mid-
dle panel of Figure 3.4.4) is analogous to a cut
selecting the rightmost agglomeration, which is
roughly indicated by the red rectangle, showing
this cut represents the innermost population.
The left-most agglomeration extends in colour,
connecting with the rightmost stellar overden-
sity. In our selection, the tail of this population
remains because we want to preserve complete-
ness and a more symmetrical colour cut around
the rightmost overdensity. The selection of stars
inside the red rectangle also results in the ex-
clusion of most of RC stars, as one can see in
Figure 3.4.3. Our goal with this simple selection
is to filter disk stars from our sample with the
fewer biases possible to study chemistry and
kinematics. We also highlight the fact that the
cut in kinematics is minimal; we mostly cut the
tails of the proper motion distribution, which
have lower density bins. Therefore, the RPM
cut is more consistent with a colour cut than a
kinematic cut.
With this selection we maintain a relatively

homogeneous coverage of the entire inner
Galaxy, while removing background and fore-
ground over-densities of disk RC stars. The
RPM diagram selection shown in Fig. 3.4.4 re-
sults in a more smoothly distributed population
around the GC and slightly distorts the density
contours found for the purely geometric bulge–
bar sample. The squared selection was chosen
for simplicity, because the main purpose of this
stricter sample is to distinguish whether the re-
sults found with the full sample are robust or
if they may be significantly biased by the com-
plex mix of stellar populations, the selection
function of APOGEE, or systematic errors on
abundance.
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Figure 3.4.5: Cartesian (left panels) and cylindrical (right panels) Galactocentric projections of the bulge–bar
sample with an extra cut of |𝑍 | < 0.5 kpc. Bins are colour-coded according to their mean [Fe/H] (upper panels)
and [𝛼/Fe] (lower panels) content. A red contour is drawn around the metal poor area in the innermost
regions of the Milky Way.

3.5 Chemical composition

3.5.1 The 𝜶 -elements and metallicity

As mentioned in Section 3.1, the chemical com-
position of the bulge–bar region is fairly com-
plex; for example its metallicity distribution has
multiple peaks (e.g., Ness et al. 2013b; Rojas-
Arriagada et al. 2014, 2017; Schultheis et al. 2017;
García Pérez et al. 2018; Rojas-Arriagada et al.
2020), and the innermost regions of the Milky
Way show not only the signature of a bar and a
spheroid but also that of the stars from the halo
and the thin and thick discs (Minniti 1996). In
particular, it is still debatedwhether the thin and
thick discs might have different chemical signa-
tures in their inner regions from those of their
local counterparts; see discussion in (Barbuy
et al. 2018; Lian et al. 2020). This is especially the

case for the thin disc, as shown by the metallic-
ity gradients with Galactic radius (e.g. Hayden
et al. 2014; Anders et al. 2014, 2017a). More-
over, debris from accreted globular clusters and
dwarf galaxies is also expected to populate the
central regions of the Milky Way (see Das et al.
2020; Horta et al. 2021; Fernández-Trincado et al.
2019a, 2020b, 2021).

In this section, we first focus on the main
chemical characteristics of our inner Galactic
samples as defined in the previous sections. It
is important to keep in mind that we have used
the ASPCAP [M/H] value as representative of
metallicity, as explained in Section 3.2. No fun-
damental difference in results is seen when us-
ing [Fe/H] or [M/H] as the proxy for metallicity,
but we retain a larger number ofmetal-rich stars
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Figure 3.4.6: As in Fig. 3.4.5, but for the RPM sample, with around 3 800 stars. We note the lack of stars
very close to the midplane, resulting from the fact we do not have Gaia proper motions for a considerable
fraction of these stars.

74



Chemical composition
Section
3.5

of [M/H]>0.2 dex if [M/H] is used (see Section
3.7.2).

In the present work we have chosen to focus
only on the following four abundance ratios: (a)
the classical [𝛼/Fe] ratio (as well as [O/Fe] and
[Mg/Fe] for consistency checks, although for
fewer stars), which is available for the whole
sample and is a good tracer of the chemical en-
richment timescales (e.g., Matteucci 1991; Hay-
wood 2012; Miglio et al. 2021); (b) [C/N], which
is used in the solar vicinity as a cosmic clock
(Masseron & Gilmore 2015; Martig et al. 2016a;
Hasselquist et al. 2019); and (c) the [Mn/O] and
[O/H] ratios which also separate thick and thin
disk stars (e.g. McWilliam et al. 2013; Barbuy
et al. 2013, 2018).

Figure 3.5.1: [𝛼/Fe] vs. [Fe/H] distributions for the
bar-bulge region (∼ 26 500 stars) and RPM sample
(∼ 3 800 stars with |𝑍Gal | < 0.5 kpc), colour-coded
according to probability density function.

Figure 3.4.5 shows the spatial chemical abun-
dance maps in Cartesian (XY) and cylindri-
cal (RZ) coordinates colour-coded according to
[Fe/H] and [𝛼/Fe] abundances for the bulge–
bar sample with an extra cut in Galactic height
|𝑍 | <0.5 kpc; this sample contains∼ 14 500 stars.

The map shows an interesting spatial depen-
dency of the metallicity, with a metal-poor (𝛼-
rich) component that seems to dominate the
more central region, a feature that we can now
see for the first time in the XY plane. We note
that selection effects alone cannot explain this
latter structure, because such effects are related
to distance, and we can clearly see that the con-
tribution from low-metallicity stars increases
towards the GC, 𝑋Gal ∼0 kpc, heliocentric dis-
tance d∼ 8 kpc, and that at greater distances the
metallicity starts do increase again (although
more data are needed to confirm this point, es-
pecially in the Galactic southern hemisphere).
In photometric samples of the bulge area as a
whole, the metal-rich population seems to dom-
inate, as photometric maps report an increase
in the metallicity towards the innermost Galac-
tic regions Gonzalez et al. (2013). The more
detailed data discussed here enable us to see
the spatial variations of the mean metallicity
for stars closer to the Galactic midplane (0.2 <
|𝑍Gal| < 0.5), showing a clear inversion of the ra-
dial metallicity gradient in the innermost 1 kpc.
In the GC, the metallicity seems to be high again
as shown by Schultheis et al. (2019).

Figure 3.5.2: MDF for the bulge–bar field, RPM
sample, and metal-poor region highlighted in Fig.
3.4.5. The prominent peaks of the distributions are
indicated by the vertical dashed lines.

The RZ projection also shows large metal-
licity values (and lower [Mg/Fe]) closer to the
Galactic midplane, becoming much less promi-
nent at higher latitudes, a result already known
from previous studies of the bulge MDF (e.g.,
Zoccali et al. 2008) inferred in the latitude,
longitude space. The projection also shows
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that the central metal-poor population extends
to high 𝑍Gal. In the very low Galactic plane,
𝑍Gal <0.2 kpc, there is a lack of data due to high
extinction (e.g. Minniti et al. 2014; Queiroz et al.
2020), and therefore with the current sample
we are not able to determine whether the inner-
most population is dominated by metal-rich or
metal-poor stars.

It is beyond the scope of this paper to correct
for selection effects, which we plan to do in a fu-
ture work dedicated to the detailed comparison
of our data with chemo-dynamical models. In
the case of APOGEE, the lines of sight and mag-
nitude determine the selection function, which
can limit the populations in age or chemistry.
In an upcoming paper (Queiroz et al. 2021) we
will use mock simulations to study how these
selection effects change our sample. However,
the selection function seems to have a minor
impact, as illustrated in recent work by Rojas-
Arriagada et al. (2020) using APOGEE DR16,
and also in work using DR14 (Nandakumar et al.
2017). There appears to be bias towards prefer-
entially observing metal-poor (brighter) objects
in the most reddened regions. Here we try to
gauge this effect by investigating the RPM sam-
ple, which is shown in Figure 3.4.6. This figure
shows a considerable lack of data in the most
central regions of the Galaxy at 𝑍Gal < 0.2 kpc
compared to the bulge–bar sample. The absence
of data in the lowGalactic plane in the RPM sam-
ple results from the unavailability of Gaia EDR3
data for the high extinction and crowded areas
such as the inner Galaxy. From the bulge–bar
sample, around 3 000 stars have no Gaia EDR3
proper motions. These are almost all located at
low Galactic heights. Given this fact, there is
no apparent shift to more metal-poor stars in
the central regions sampled by the RPM selec-
tion than is seen when analysing the bulge–bar
sample. We note that in the inner 200 pc re-
gions, and in particular close to SgrA within the
nuclear star cluster, we find a very metal-rich
dominant population (Schultheis et al. 2019). In
any case, these caveats should be kept in mind
when discussing the results that relate chem-
istry with kinematics and orbital parameters in

Sections 3.6 and 3.7, especially in the lower 𝑍Gal
regions, and when extracting conclusions from
2D chemical abundance diagrams.

The [𝛼/Fe] versus [Fe/H] plane is now shown
for our two samples in Figure 3.5.1. In the fig-
ure we use a kernel density estimation from
scipy (Virtanen et al. 2019) to estimate the prob-
ability density function. In both cases, the se-
quences show a bimodal distribution with an
𝛼-rich and 𝛼-poor populations, with the two
subcomponents becoming better defined when
we apply the proper motion selection to remove
foreground stars, and confine the sample to near
the Galactic midplane. This bimodality was also
reported by Rojas-Arriagada et al. (2019) based
on APOGEE DR14 data, though in the paper by
Queiroz et al. (2020) and here the depression
between the two peaks is significantly clearer,
with the two sequences markedly separated.

The metallicity distribution of our two sam-
ples is shown in Figure 3.5.2. The Galactic
bulge has long been reported to have multiple
peak locations in the metallicity distribution
(McWilliam 1997), but the peak metallicity val-
ues vary considerably according to the sample
and technique used (see Table 2 of Barbuy et al.
2018). From Figure 3.4.5, we select all the stars
that fall within the highlighted red-dashed con-
tour line in the upper left panel, and we plot
the resulting metallicity distribution in Figure
3.5.2. This region of stars has at least two peaks
in the metallicity distribution: the most dom-
inant peak at [Fe/H]= 0.30 and an intermedi-
ate peak at [Fe/H]=−0.68. This is in agreement
with the peaks found by Rojas-Arriagada et al.
(2020) −0.66, −0.17 and +0.32 dex, respectively.
The multi-peaked metallicity distribution seen
here can also be associated with different stellar
populations in the Galactic bulge, as in Ness
et al. (2013a). However, there is no require-
ment for a physically motivated population to
have a Gaussian or narrow chemical composi-
tion. For a detailed study of the APOGEE DR16
MDF as a function of (𝑙, 𝑏) we refer to Rojas-
Arriagada et al. (2020). The MDF of our samples
is discussed in Section 3.7 in the context of the
chemo-orbital analysis.
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Figure 3.5.3: Same as Fig. 3.4.5 but now bins are colour-coded according to their mean [O/Fe] (upper panels)
and [Mg/Fe] (lower panels). These maps are fully consistent with what was seen before when using the
ASPCAP 𝛼 instead of the individual alpha elements given by the pipeline.

Finally, we also looked at two individual 𝛼-
elements, O and Mg, to ensure we obtain results
that are consistent with what is found using the
𝛼 values obtained from the ASPCAP pipeline.
Figure 3.5.3 shows the [O/Fe] (with 13 421 stars)
and [Mg/Fe] (with 13 473 stars) maps for the
bulge–bar field sample. The results are consis-
tent with the maps shown in Figure 3.4.5. In
Figure 3.5.5, which is similar to Figure 3.5.1 but
made using [O/Fe] and [Mg/Fe] and only for
the RPM sample, the bimodality is still visible,
though with a different morphology when Mg
is used. The different morphologies are most
probably partly a consequence of the details of
the stellar pipelines. The APOGEE/ASPCAP dis-
persion in uncertainties for [Mg/Fe] is higher
for colder, low- to intermediate-metallicity stars
(Jönsson et al. 2020).

3.5.2 Checking for consistency with
two other chemical clocks: [C/N]
and [Mn/O]

Other important chemical clocks are the [C/N]
and [Mn/O] abundance ratios. The [C/N] is
broadly dependent on stellar mass, because the
first and third dredge-up converts part of their C
into N and thus decreasing the [C/N] ratio (see
e.g. Masseron &Gilmore 2015). The dependency
of the [C/N] ratio at the solar vicinity has been
shown to indicate a correlation with stellar ages
coming from APOKASC (Martig et al. 2016a) for
stars in the 7 < R (kpc) < 9 Galactocentric range.
The usage of this ratio and its link to stellar age
has been extrapolated to larger disk regions by
Ness et al. (2016) and more recently by Has-
selquist et al. (2019, 2020), although the depen-
dency of the [C/N] ratio on metallicity in giants
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Figure 3.5.4: Same as Figure 3.4.5, now colour-coded by [Mn/O] (upper panels) and [C/N] (lower panels).
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(both through hot bottom burning and stellar
yields of C andN), and therefore on the chemical
evolution of the Galaxy, makes these extrapola-
tions very uncertain (see Lagarde et al. 2019, for
a discussion). Despite these caveats, the [C/N]
map in Figure 3.5.4 shows an encouraging agree-
ment with previous maps based on the alpha
elements, in the sense that larger [C/N] ratios
correspond to high [𝛼/Fe] ratios, as expected.

The [Mn/O] ratio is also a very promising
population tracer (see Barbuy et al. 2018 for a
discussion). This ratio should be low at ear-
lier stages of chemical enrichment, when only
core-collapse supernovae had time to pollute
the ISM, increasing at later times due to the pol-
lution by SNIa. However, its more complex nu-
cleosynthesis (Chiappini et al. 2003; Barbuy et al.
2013) makes this elemental ratio behave differ-
ently from other iron-peak ratios (especially,
and most importantly, at low metallicities), a
fact that enhances differences between separate
populations. An example is illustrated in Fig-
ure 3.5.4, where a nice correspondence between
a low [Mn/O] ratio and the high [C/N] can
again be observed. Nevertheless, our [Mn/Fe]
distribution is biased against very cool stars,
because the ASPCAP pipeline cannot properly
measure Mn lines for stars with effective tem-
peratures below 4000 K. This phenomenon is
even more pronounced in the case of the RPM
sample. Errors due to the assumption of local
thermodynamic equilibrium (LTE) significantly
affect data for Mn. Battistini & Bensby (2015)
showed that Mn trends can change drastically
if non-LTE corrections are taken into account
(see also Schultheis et al. 2017).

The [Mn/O] and [C/N] ratios are projected
in 2D diagrams in the panels of Figure 3.5.6.
These panels still show hints of the bimodality
observed in the 𝛼-elements, despite their more
complex nucleosynthesis, the lower statistical
significance of these plots, and the larger un-
certainties on the measurements of these abun-
dance ratios from APOGEE spectra.

Figure 3.5.5: [O/Fe] vs. [Fe/H], and [Mg/Fe] vs.
[Fe/H] for the RPM sample with an extra cut in
|𝑍Gal|<0.5 kpc, respectively. Here too, the figures
are colour-coded according to probability density
function.

To summarise, in this section we confirm that
the chemical bimodality previously observed in
the alpha elements, is also present in the C/N
and Mn/O ratios. From the standpoint of bulge-
formation chemodynamical models, the impli-
cations differ if one considers that the bimodal-
ity is formed by a continuous or two distinct
star formation paths. The results presented here
suggest a bimodality with a well-defined depres-
sion between the two peaks which is more in
agreement with a discontinuous star formation
path.
Different approaches, from pure chemical

evolution to chemodynamical models (either
isolated or in the cosmological scenario), have
been explored to understand the observed chem-
ical bimodality first seen around the solar vicin-
ity, and more recently shown to extended to-
wards the whole inner disk (Queiroz et al. 2020)
and bulge. These approaches are discussed in
Section 3.8.
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Finally, the chemical maps presented in this
section show a consistent picture between the
different tracers, and indicate the predominance
of a moderately metal-poor (Barbuy et al. 2018;
Savino et al. 2020) population in the innermost
Galactocentric regions, which extends to larger
𝑍Gal. This population could be an extension of
the bulge RR Lyrae population —discussed in
the recent literature (Kunder et al. 2020; Du et al.
2020)— to more intermediate metallicities. We
return to this discussion in Sect.

Figure 3.5.6: Two other chemical clocks projected
into 2D diagrams for the RPM sample at 𝑍Gal >
0.5 kpc. Upper panel: [Mn/O] vs. [O/H]. Lower
panel: [C/N] vs. [Fe/H]. Here too, the figures are
colour-coded according to probability density func-
tion.
3.8. Closer to the Galactic plane, 𝑍Gal <300

pc, the metal-poor population is mixed with a
much more metal-rich (and alpha-poor) pop-
ulation, which is very probably related to the
rearrangement of disk stars forming a buckling
bar. We now proceed to the analysis of the kine-
matical properties in this region.

3.6 Kinematics

In Sect. 3.5 we present the chemical-abundance
distributions of our bulge–bar samples. The
clear dichotomy between [𝛼/Fe]-rich/metal-
poor and [𝛼/Fe]-poor/metal-rich stars suggests
that the GC region is inhabited by (at least)
two very distinct populations. In this section,
we analyse the 3D velocity space to establish
whether the two distinct chemical populations
also present different kinematical properties.

By combining Gaia EDR3 and APOGEE data,
it has become possible to produce precise 3D
kinematic maps that reach even the innermost
parts of our Galaxy. Bovy et al. (2019) pre-
sented the first Cartesian maps of V𝜙 and 𝑉𝑅
using data from APOGEE DR16 coupled with
distances obtained using the neural-network al-
gorithm by Leung & Bovy (2019). Figure 3.6.1
shows 𝑋Gal versus 𝑌Gal maps colour coded ac-
cording to the three velocity components in the
Galactocentric cylindrical frame. The maps in
Figure 3.6.1 cover the bulge–bar sample with
a cut in 𝑍Gal < 0.5kpc (lower panels) and an
extended region surrounding the Galactic disk
(upper panels).

The signature of bar rotation is noticeable in
Figure 3.6.1. The first panel shows the Carte-
sian𝑋 −𝑌 map colour-coded according to𝑉𝑅 . A
barred structure is expected to be characterised
by a distribution of𝑉𝑅 that extends both inward
and outward along the bar. This is seen in simu-
lations of barred galaxies, as discussed by Bovy
et al. (2019) and Fragkoudi et al. (2020). This
effect is recognised in Figure 3.6.1 (first column,
lower panel), where the resulting butterfly pat-
tern of the 𝑉𝑅 field is clearly observed. A sec-
ond and more extended quadrupole is seen in
the upper panel of Figure 3.6.1, indicating the
presence of the spiral arms. By comparing the
recent maps with simulations, it is possible to
characterise the extent of the bar along both
the major and minor axes, as well as its angle
with Sun–GC line. A quantitative comparison
with models is necessary to fully characterise
the Galactic bar.
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Figure 3.6.1: Cartesian projection of the Galactic disk using StarHorse distances. From left to right the
maps are colour coded according to 𝑉𝑅 (first panel), 𝑉𝜙 (second panel), and 𝑉𝑍 (last panel). Upper panels
show the same region studied in Bovy et al. (2019), while the lower panels show a zoom into the innermost
5 kpc of the Galaxy (the grey circles illustrate the Galactocentric distances of 5, 10, and 15 kpc. To guide the
eye, in the figures we draw an ellipse with an inclination of 20 degrees in relation to the Sun–GC line, 4 kpc
semi-major axis length, and 1 kpc semi-minor axis length.
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Figure 3.6.2: 𝑉𝜙 vs. Galactocentric radius for the inner Galaxy, the entire bulge–bar sample (left panel),
and the RPM with an additional cut in Galactocentric height (right panel). The left panel shows contours of
density indicated by the colour bar, highlighting the kinematical populations present in the sample.

The second panel of Figure 3.6.1, colour-
coded according to 𝑉𝜙 , shows a more subtle
elliptical shape extending in the 𝑋Gal axis by ∼
2 kpc and in the𝑌Gal axis by ∼ 1 kpc, with the𝑉𝜙
growing linearly from 0 to 150 km/s, which is a
signature of the rigid body rotation of a barred
structure. The elliptical structure in𝑉𝜙 is not as
extended and is also more spherical compared
to Bovy et al. (2019).
Finally, in the third panel of Figure 3.6.1, we

show 𝑉𝑍 . High positive 𝑉𝑍 characterises the re-
gion situated on the right side of the ellipse. In
contrast, an area with negative 𝑉𝑍 is found at
one end of the bar. In the extended velocity map
(third column, upper panel) of Fig. 3.6.1 positive
𝑉𝑍 is seen in the outer disc, ∼ 10−12 kpc, which
was also reported by Carrillo et al. (2019) based
on Gaia DR2 and StarHorse data. The maps
shown here show the wave structure in the disk
much more clearly, extending the Carrillo et al.
(2019) maps to a larger Galactocentric range.

In Figure 3.6.2, we plot the𝑉𝜙 against Galacto-
centric radius for the bulge-bar sample and for
the RPM selection with an extra cut in Galac-
tic height (|𝑍Gal | < 0.5 kpc). These diagrams
show the clear signature in the distinct stellar
populations of a pressure-supported spheroid,
a bar, and the Galactic discs. The first panel of
Figure 3.6.2 shows a population that has a high

dispersion in𝑉𝜙 within 𝑅Gal < 1 kpc and then a
structure in which𝑉𝜙 increases linearly with ra-
dius, and a third structurewith𝑉𝜙 of the order of
that of the thin disk population, i.e. ∼ 200 km/s.
When we apply the RPM cut (second panel of
Figure 3.6.2), stars with similar Galactic disk 𝑉𝜙
decrease significantly, indicating that our selec-
tion is indeed culling disk stars and leaving a
purer bulge–bar sample. Biases must always be
considered when analysing kinematics with a
preceding selection in kinematics, but we would
like to remind the reader that the cut in proper
motions is subtle, and the velocity distributions
of both samples do not change drastically apart
from the clear decrease in stars at 200 km/s in
< 𝑉𝜙 >. The linear growth of < 𝑉𝜙 > with 𝑅Gal
extends up to ∼ 4 kpc where there is a conglom-
eration of stars that could belong to either the
thick or the thin disc.
In order to confirm whether or not the kine-

matical structures seen in Figure 3.6.2 belong to
different chemical populations, in Figure 3.6.3
we reproduce the same plot but colour-coded ac-
cording to [Fe/H] and [𝛼/Fe]. High-metallicity,
low-𝛼 stars are mostly concentrated around
V𝜙 ∼ 200 km/s, which is again very consistent
with what is expected for thin-disk stars. Metal-
poor, [𝛼/Fe]-rich stars seem to be present in
larger fractions inside 𝑅 Gal < 1 kpc and to have
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Figure 3.6.3: Same as Figure 3.6.2, but now with the panels colour-coded according to iron content (upper
panels) and 𝛼-elements (lower panels).

a high 𝑉𝜙 dispersion, consistent with expecta-
tions for a pressure-supported spheroid. One
may wonder from the figure what the two main
concentrations of metal-poor stars are, one at
negative 𝑉𝜙 and one around 𝑉𝜙 ∼ 100 km/s.
This metal-poor 𝑉𝜙 bimodality in Figure 3.6.3
is mainly caused by the large contribution of
stars at 𝑉𝜙 ∼ 0, (see Figure 3.6.2). At 𝑉𝜙 , 𝑅Gal ∼
0, a more metal-rich and higher density com-
ponent dominates, causing the bimodal metal-
poor distribution. A bar population signature,
where the 𝑉𝜙 grows linearly with radius, seems
to be complex and characterised by a mixture
of both metal-rich and metal-poor populations.
However, it has a more considerable contribu-
tion from metal-rich stars, in agreement with
the findings of Wegg et al. (2019), but in con-
trast to those of Bovy et al. (2019) (see further
discussion in Section 3.7.2). A lump (blob) of
high-metallicity stars is observed in the right
panels of Figure 3.6.3, between 10< V𝜙 <200
km/s and 𝑅 Gal ∼3.5 kpc, which possibly rep-
resents the contribution of thin and thick disk

stars in this region. The maps in this section
show the present position of the stars, which
means that stars in halo or disk orbits could well
be passing close to the GC and be confused with
the inner stellar populations. With this in mind,
we proceed to the orbital analysis of the RPM
sample and its relation to chemical composition.

3.7 Dissecting the mixed bulge
populations in
chemo-orbital parameters

To further disentangle the mixed bulge pop-
ulations that became evident during both the
chemical (see Section 3.5) and kinematic analy-
ses (see Section 3.6), we turn to an analysis of
the 6D phase space distribution (for a descrip-
tion of the orbital parameters, see Section 3.3)
and its relation to stellar chemistry.

3.7.1 Counter-rotating stars
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Figure 3.7.1: Distribution of all stars with V𝜙 <-50 km/s in the RPM sample shown in red as a function of
many parameters, and compared to the same distribution for all stars in the RPM sample shown in dark blue,
and all stars in the bulge–bar sample indicated by the violet lines.

In Figure 3.6.3, we notice a non-negligible
contribution from stars with negative 𝑉𝜙 that
are mostly metal poor. We selected stars with
V𝜙 < −50 from the RPM sample, representing
about 600 stars. In Appendix 3.A, we use Monte
Carlo realisations to show that simple errors
could not reproduce this tail of counter-rotating
stars. In Figure 3.7.1, we analyse the properties
of these stars.
Figure 3.7.1 shows the distribution of pa-

rameters for stars in our RPM sample with
V𝜙 < −50 km/s in comparison with the full
RPM and bulge–bar samples (limited always to
𝑍 < 0.5kpc). The main properties of this retro-
grade population are as follows.

• Stars with V𝜙 < −50 km/s are predom-
inantly metal-poor, but show a broad
metallicity distribution. The distribution
has its highest peak at around [Fe/H]
∼ −0.7, compatible with the metal-poor
peak we see in Figure 3.5.2 at the inner
GC.

• The mean orbital radius distribution of
the V𝜙 < −50 km/s sample is confined to
the innermost 1 kpc Galactocentric range,
and the distribution has large eccentrici-
ties.

• Consistent with the fact that it is predom-
inantly metal-poor, the retrograde popu-
lation is [𝛼/Fe]-rich and [C/O]-poor (i.e.
typical of gas mostly polluted by core-
collapse supernovae).

• The retrograde stars show larger [C/N]
ratios, indicative of an older population
(made of low-mass stars in which hot
bottom burning does not take place, and
therefore where C did not turn into N in
these giants).

• Finally, we show an [Al/Fe] versus
[Mg/Mn] diagram in Figure 3.7.2. Our
RPM sample automatically excludes most
of the more obviously accreted popula-
tion (in contrast to the sample selection
of Horta et al. 2021). According to this
criterion, the accreted stars are 500 out
of 26 500 stars in the bulge–bar sample,
and only 80 out of 8 000 stars in the
RPM sample). The blue dots in the right
panel of Figure 3.7.2 show the locus in
the [Mg/Mn], [𝛼/Fe] plane of the counter-
rotating stars. These blue dots are dis-
persed around the whole diagram and are
not confined to the accreted location sug-
gested by Hawkins et al. (2015). As seen
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Figure 3.7.2: [Mg/Mn] vs. [Al/Fe] diagram for the bulge–bar sample and the RPM sample. The red line
indicates the locus of the accreted stars as defined by Hawkins et al. (2015) (see also Das et al. 2020), and
the stars that fall in this locus are indicated by the red squares. The blue dots represent the selection of
counter-rotating stars, 𝑉𝜙 < −50.

in the figure, we checked that the distribu-
tion of [Mg/Mn] for the retrograde com-
ponent is shifted to larger values (∼0.4),
whereas a broader range in the values of
[Al/Fe] is observed than that found for
the accreted location defined by Hawkins
et al. (2015).

The origin of this highly eccentric and
counter-rotating population confined to the in-
nermost kpc of the Galaxy is unclear. One pos-
sibility is that this is an accreted metal-poor
population originated during a gas-rich accre-
tion phase in the early formation of the bulge.
The metallicity distribution of the retrograde
stars includes a metal-rich hump, but this could
be explained by some contamination by metal-
rich stars. Another interesting possibility is
that we are seeing the inner Galaxy counterpart
of the Splash population identified in the solar
vicinity by Belokurov et al. (2020). Splash stars
have little to no angular momentum and many
are on retrograde orbits and are slightly metal-
poor, but can have a broad metallicity range.
As explained by these latter authors, there are
different theories for the origin of these stars,
although the name Splash comes mainly from
the idea that these are old stars that belonged
to the proto-Galactic disk that were dispersed

during the accretion event that created the Gaia
Sausage. However, alternative explanations are
also possible. Among them are two very inter-
esting notions that are more directly associated
with bulge: (a) these stars were formed within
gaseous outflows resulting from a burst in star
formation or AGN activity (Maiolino et al. 2017;
Gallagher et al. 2019), or (b) such retrograde
stars in the bulge could be the result of clumps
of star formation that took place at early times
in the early disk (high redshift) and migrated
into the bulge, with some stars being driven
to retrograde orbits by the bar (Amarante et al.
2020; Fiteni et al. 2021). In both cases, it is ex-
pected that a broad velocity dispersion is cre-
ated, with some stars being on counter-rotating
orbits. A recent study analysing the kinemat-
ics of metal-poor stars in the inner Galaxy also
found an extended tail of counter-rotating stars
that does not match their simulations (Lucey
et al. 2021).
Figures 16-19 illustrate the complexity of

the Galactic bulge region. In addition to this
counter-rotating hot component and/or tail, we
see the contributions of other populations, with
properties suggestive of a bar, an inner thin disc,
a thick disc, and what seems to be a pressure-
supported component that cannot be attributed
to the halo or thick disc.
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Figure 3.7.3: |𝑍 |max vs. eccentricity (𝑒) diagram for the RPM sample. In the left panel, the colour shows the
count of stars per bin and in the right panel the colour shows the mean [Fe/H] content per bin. We define
nine windows in this diagram indicated by the letters (A) to (I).

As all these components overlap in the same
region and parameter space, neither pure chemi-
cal nor kinematical criteria can be used to isolate
these different populations. Therefore, we turn
to a more detailed orbital–chemical analysis.
Without pre-selections based on the classical
definition of the local Galactic components, we
can investigate the dominance of the different
components around different parameter ranges.

3.7.2 The |𝒁 |max–eccentricity plane

We now turn to the analyses of our RPM sam-
ple in the |𝑍 |max–eccentricity plane, similarly to
that found in Boeche et al. (2013) and Steinmetz
et al. (2020a). These latter studies showed that
this parameter space offers a powerful way to
disentangle the coexisting populations in the
region (avoiding the use of pre-define Galactic
populations based on properties of the more
local samples).
Figure 3.7.3 shows the distribution of stars

in this plane colour-coded according to num-
ber density (left panel) and metallicity (right
panel). We divide the |𝑍 |max–eccentricity plane
into nine cells (labelled alphabetically in the
figure). From these diagrams we notice that
most stars from our RPM sample have high ec-
centricity and low |𝑍 |max. A second prominent
population is concentrated at very low eccen-
tricities and low |𝑍 |max, being mostly composed

of high-metallicity stars, which is consistent
with classical disk populations. The right panel
of Figure 3.7.3 is dominated by a metallicity gra-
dient away from the midplane. On top of this,
there is a population of less metal-rich stars on
highly eccentric orbits that reaches ∼ 1 kpc in
|𝑍 |max. A deficit of stars is also noticeable at
intermediate eccentricities of ∼ 0.48. Next, we
analyse the composition distribution and orbital
parameters for each cell.

Figure 3.7.4 shows [𝛼/Fe] versus [Fe/H] for
each cell defined in Fig. 3.7.3. We note that this
is different from the usual diagram seen in bins
of R, Z (e.g. Hayden et al. 2015; Queiroz et al.
2020). Here instead we are focusing on a very
inner sample, and mapping the chemistry of
stars sampling different orbital parameter space
in that inner region. This approach shows that
low-[𝛼/Fe] stars are on low-inclination orbits,
while high-alpha stars are on orbits of all types.
Both populations are spread over orbits of every
eccentricity.

Cell (I) shows a hot population (eccentricities
> 0.7) that is thin-disc-like and low-[𝛼/Fe] on
top of a more metal-poor, high-alpha popula-
tion. As we describe below, the stars in this cell
are mostly stars on bar-shaped orbits. As we go
to higher |𝑍 |max we lose most of the low-[𝛼/Fe]
stars, which results in the metallicity gradient
seen in the right panels of Figure 3.7.3. The

86



Dissecting the mixed bulge populations in chemo-orbital parameters
Section
3.7

separation between high-[𝛼/Fe] and low-[𝛼/Fe]
is also clear in cell (I), whereas the bimodality
becomes less clear for lower eccentricities and
higher |𝑍 |max.
The high-[𝛼/Fe] population shows a broad

range of metallicities for the cells at high ec-
centricity (especially at low |𝑍 |max) that grad-
ually becomes narrower towards low eccen-
tricities. The cells (G) and (D) are consistent
with predominantly thin and chemical-thick
disk populations, respectively, with their dis-
tributions of [𝛼/𝐹𝑒] versus [Fe/H] appearing
to be similar to those in Nidever et al. (2014);
Hayden et al. (2015); Queiroz et al. (2020) for
intermediate Galactocentric radii of 4 < 𝑅𝑔𝑎𝑙 <
10 kpc. Note that when we refer to chemical-
thick disc, we mean the definition of a thick
disk by its high [𝛼/Fe] content. However, for
stars on more eccentric orbits (cells C, F, and I),
the high-[𝛼/Fe] populations become more ex-
tended in metallicity. One way of interpreting
this is that the so-called knee moves to larger
values for these stars. This is, for instance, the
behaviour predicted for a spheroidal bulge (e.g.
Matteucci et al. 2020). Moreover, these cells
show slightly larger [𝛼/Fe] than those from the
chemically defined thick disk in the solar neigh-
bourhood. We note that this is not in contra-
diction with earlier APOGEE results showing
that the high-[𝛼/Fe] chemical-thick-disk com-
ponent has the same shape in different 𝑅𝑔𝑎𝑙 -𝑍𝑔𝑎𝑙
bins; it is simply that now we are able to see a
spheroidal population confined to the smallest
𝑅mean that stands out among the more eccen-
tric stars. This suggests that the chemical-thick
disk and spheroidal bulge have slightly different
[𝛼/Fe]-enhancements (see Barbuy et al. 2018, for
a discussion). We also should keep in mind that
cells (G), (H), and (I) may be incomplete, because
of the selection outside the heavily reddened
regions as seen in Sect. 3.2.
To understand where bar-like orbits would

fall in these diagrams, we made Figure 3.7.5
which shows the [𝛼/Fe] versus [Fe/H] similarly
to Figure 3.7.4, but now colour-coded according
to the probability of the star moving on a bar-
shaped orbit. To estimate this probability, we
used the Monte Carlo sample of each star (50

orbits, see Sect. 3.3) and calculated the fraction
of orbits classified as bar-shaped. To classify
each orbit, we follow the definition from Portail
et al. (2015) which uses frequency analysis. We
compute the main frequencies of each orbit in
the Cartesian coordinate x and the cylindrical
radius R in the bar frame. The orbits for which
the frequency ratio fR/fx = 2 +/- 0.1 are in a bar-
shaped orbit. The orbits that are not bar-shaped
have a frequency ratio fR/fx ≠ 2 +/- 0.1.
Figure 3.7.5 shows that the stars most likely

to be on bar-shaped orbits are in cell (I), with
an important contribution also found in cell (H).
As expected, the stars on the bar show eccen-
tric and low-|𝑍 |max orbits. One very important
finding is that the stars following bar-shaped
orbits in cells (I) and (H) are seen in both low-
and high-𝛼 populations. This suggests that stel-
lar trapping has been an efficient mechanism
throughout the lifetime of the bar, bringing stars
to the bar that had previously belonged to Galac-
tic components formed even before the bar was
formed. There is a clear dearth of stars on bar-
shaped orbits at high |𝑍 |max and with low ec-
centricity.
Figures 3.7.6 and 3.7.7 show the distribu-

tions of metallicity and 𝑅mean for each |𝑍 |max–
eccentricity cell. These figures show very in-
teresting features that are related to what we
see in the [𝛼/Fe]–[Fe/H] relationship discussed
above.

In Fig. 3.7.6 we see two populations, one with
a narrow [Fe/H] centred on ≈ 0.2 and another,
broader distribution centred on ≈ -0.7. Compar-
ison of Figures 3.7.4 and 3.7.6 tell us that the for-
mer is the low-alpha population and the latter
the high-alpha population. The high [𝛼/Fe] cells
(I), (F), and (C) span the widest range of metallic-
ities, but a narrower range in 𝑅mean, with most
stars showing𝑅mean < 3 kpc. The sampled𝑅mean
go from 𝑅mean < 2 kpc (I) to 1 < 𝑅mean < 3 kpc,
as we go up in |𝑍 |max. This is expected, but
what is interesting is that this is accompanied
by a low-metallicity component that starts to be-
come more prominent (going from cells I to C).
As we show below, these high-eccentricity stars
are composed of a mix of bar and spheroid pop-
ulations, giving the impression of a metallicity
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gradient with |𝑍 |max. The peak in the metallic-
ity of cell (C) is consistent with the metal-poor
peak seen in Figure 3.5.2. The metallicity distri-
bution clearly becomes narrower towards lower
eccentricities, while the distribution in 𝑅mean
is now broader, and with fewer stars coming
from the innermost kiloparsecs. In the bottom
row (|𝑍 |max < 1), the prominent high-metallicity
peak goes from [Fe/H] ∼ 0.25 in cell (I) to 0.2 in
cells (G) and (H). Progressively, going from (I) to
(G), the metal-poor population around −0.7 dex
appears to get weaker (with fewer and fewer
stars from the pressure-supported component,
which is mostly composed of stars with 𝑅mean <

3 kpc). This is the population that is very domi-
nant in cells (I), (F), and (C) as discussed before.
Still in the bottom row, going from (I) to (G),
a peak at [Fe/H] ∼ −0.3 gets more prominent.
This peak will increase for intermediate eccen-
tricities as |𝑍 |max < 1 increases. As seen here,
this corresponds mostly to stars with 2 kpc <
𝑅mean < 3 kpc.

For low-eccentricity stars (left columns in Fig-
ures 3.7.6 and 3.7.7), the mean orbital radius dis-
tributions get broader, with 𝑅mean > 2 kpc. This
suggests that the inner disk stars were not born
in the innermost 2 kpc of the Galaxy, a result
reminiscent of that of Matsunaga et al. (2016)
based on classical Cepheids (see discussion in
Section 7). The metallicity distribution is now
dominated by stars in the 3 kpc < 𝑅mean < 4 kpc
mean orbital radius range, and a peak around
−0.27 dex starts to appear. In cell (G), the con-
tribution of three peaks is visible at [Fe/H] ∼
0.2,−0.27, and −0.33 dex. Toward larger |𝑍 |max
values, the metal-rich peak at ∼ 0.2 disappears,
and the other two peaks begin to dominate, con-
sistent with a transition from a thin-disc-like
population to a thick disk population.

By analysing Figures 3.7.6 and 3.7.7 together
with the V𝜙 distributions (Figure 3.7.8), we can
more quantitatively relate the populations dis-

cussed previously. It is possible to see the con-
tributions from the inner thin and thick discs
in Figures 3.7.7 and 3.7.8 in cells (G),(D), and
(A) (left column of the |𝑍 |max–eccentricity dia-
gram). The first column of the diagram is mostly
dominated by inner thin-disk stars (stars with
a 𝑉𝜙 peak at around 200 km/s and a low 𝑉𝜙
dispersion). The second column of the |𝑍 |max–
eccentricity diagram (intermediate eccentrici-
ties) contains mostly thick disc-like stars, which
become more dominant towards larger |𝑍 |max
values (also confirmed by the metallicity distri-
bution in Figure 3.7.6). The last column of the
|𝑍 |max–eccentricity diagram (highly eccentric
orbits) selects a pressure-supported component
with lower rotation and larger 𝑉𝜙 dispersion
(with small angular momentum and therefore
small 𝑅𝑔 range), which we saw in Fig. 3.7.4 to
be a metal-poor, high-[𝛼/Fe] population.
At low |𝑍 |max and high eccentricity (cell I),

the bar population begins to dominate over
the spheroid (pressure-supported population de-
scribed in the previous paragraph), increasing
the metallicity (as we also see in the bar prob-
ability figure). The last column of Fig. 3.7.8
also reveals, superposed on the spheroid and
bar populations (both having large eccentrici-
ties), the counter-rotating, metal-poor popula-
tion discussed in Section 7.1. Here, it is more
prominent at the highest |𝑍 |max cell, probably
because at lower |𝑍 |max it gets buried in the
much more dominant metal-rich population of
the bar. The counter-rotating population could
also just be an extended tail of the spheroid.
In Appendix 3.A, we show that the errors are
not likely to form an asymmetric structure in
𝑉𝜙 ; significantly, that structure would extend to
high negative rates such as -50 km/s. We also
notice positive tails in the three central panels
of Figure 3.7.8. The canonical V𝜙 distribution of
an exponential disk has a sharp cutoff at high
V𝜙 , suggesting a slow outward decline in 𝜎𝑅 .
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Figure 3.7.4: [𝛼/Fe] vs. [Fe/H] for each cell defined in Fig. 3.7.3. The number of stars for each cell is indicated
next to the panel labels. The rightmost columns, dominated by large eccentricity stars (pressure-supported
component), show larger alpha-enhancement ([𝛼/Fe] ∼ 0.25) than what is seen among the low-eccentricity
stars. The (inner) thin-disk contribution is seen mostly in the lower row, with a low, near-solar [𝛼/Fe] ratio,
which peaks at [Fe/H] = 0.2 in cells (G) and (H), and at 0.25 in cell (I).
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Figure 3.7.5: [𝛼/Fe] vs. [Fe/H] for each cell defined in Figure 3.7.3 now colour-coded according to the
probability that a star follows a bar-shaped orbit (see text). Stars with the largest bar-shaped orbit probabilities
populate cells (H) and (I), and are found both among high- and low-[𝛼/Fe] populations.
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Figure 3.7.6: MDF for each cell defined in Fig. 3.7.3. We show the distributions of [Fe/H] (orange line) and
[M/H] (green line) coming from ASPCAP.

In summary, the analysis performed in this
section shows, for the first time, a detailed dis-
section of the innermost parts of the Milky Way.
We show that the several peaks in the metal-
licity distribution correspond to populations of
different eccentricities and |𝑍 |max distributions.
The metal-rich population (with a peak at 0.2
dex) is made of inner thin disk stars, mostly
formed outside the innermost 1-2 kpc. Some of
the metal-rich stars are from the bar, which is
populated by stars with𝑅mean within the 0-3 kpc
range. These populations sit on top of a broader
metallicity component extending from around
−0.8 to above solar, which resembles a classical
bulge (Cescutti et al. 2018; Matteucci et al. 2019)
made of mostly high-[𝛼/Fe] stars (most proba-
bly old; see Miglio et al. 2021). Meanwhile, with
increasing |𝑍 |max we start to probe even more

of the inner thick disc, and the metallicity distri-
bution is increasingly dominated by stars with
metallicities around −0.5 dex, which is similar
to the peak of the local thick disk metallicity
distribution (emerging in cell (B)).

3.8 Summary and implications

In this paper, we analyse the inner regions of
our Galaxy using APOGEE post-DR16 internal
release data combined with Gaia EDR3 and the
StarHorse distances and extinctions. This lat-
ter addition provides us with an unprecedented
catalogue of the Galactic innermost regions,
with thousands of stars with distance uncer-
tainties of less than 1 kpc.

We analyse two distinct samples: (a) one sam-
ple ofmore than 26 500 stars spatially selected in
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Figure 3.7.7: Mean orbital radius distribution for each cell defined in Figure 3.7.3. The more eccentric
population has 𝑅mean confined to the innermost (1-3 kpc) regions of the Galaxy, whereas the thin-disk stars
have 𝑅mean larger than 2-2.5 kpc.
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Figure 3.7.8: V𝜙 distribution for each cell defined in Figure 3.7.3. The value of the dispersion in V𝜙 is also
shown for each cell. Thick disk stars with V𝜙 ∼ 140 km/s are seen in panels H and E where there is less
contamination by thin disk stars (with V𝜙 around 200 k/ms - cells G and D) and the spheroidal component
(with V𝜙 around 80 km/s cells I, F, and C). A counter-rotating tail is noticeable in cell C.
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Cartesian coordinates𝑋 and𝑌 , and (b) a sample
of around 8 000 stars that are more confined to
the inner Galaxy and cleaned from foreground
stars using the RPM method, which becomes
possible thanks to the very precise proper mo-
tions of Gaia EDR3. Most of this sample is
outside the locus for accreted stars defined by
Hawkins et al. (2015); Das et al. (2020) on the
[Mg/Mn]–[Al/Fe] plane (but see discussion in
Horta et al. 2021). Despite this, we see a counter-
rotating population the origin of which requires
further investigated (see discussion in Section
7.1).

With our larger sample, we were able to build
exquisite chemical and kinematical maps of the
innermost regions of the Galaxy. Furthermore,
our analysis of the chemical data reveals a clear
chemical bimodality in the [𝛼/Fe] versus [Fe/H]
diagram for the full sample of 26 500 stars. The
separation becomes more evident when we ap-
ply a proper-motion cut to clean the sample for
foreground disk stars. Although the bimodal-
ity has also been detected in previous works
(Rojas-Arriagada et al. 2019; Queiroz et al. 2020)
it is much more clearly seen here. We also con-
firm that similar results are obtained when we
adopt [Mg/Fe] or [O/Fe]. This shows the level
of precision and consistency obtained by the
APOGEE ASPCAP pipeline (García Pérez et al.
2016; Jönsson et al. 2020).
In chemical evolution, it is expected that a

bimodality seen in [𝛼/Fe] versus [Fe/H] is also
seen in other chemical abundance ratios that
trace similar enrichment timescales. Here we il-
lustrate this using the [C/N] and [Mn/O] ratios.
Indeed, double densities are also seenwhen they
are plotted as a function of metallicity. For the
C/N ratio, the interpretation is complex as both
elements can be modified during the evolution
of the star on the giant branch. For [Mn/O],
difficulties arise in the abundance measures be-
cause the pipeline processing does not estimate
Mn for stars cooler than 4000 K. Broadly the
results remain consistent with the bimodality
seen in alpha-elements.
The chemical maps show a spatial depen-

dency on themetallicity, with the predominance
of a metal-poor (𝛼-rich) component that is lo-

cated in the central region. This feature can now
be seen in the XY plane. This component is also
seen on the [C/N] and [Mn/O] maps, again in
agreement with nucleosynthetic sites of pro-
duction of these different elements, and their
release timescales to the interstellar medium.

The XY spatial maps of cylindrical velocities
exhibit an elliptical but almost circular form in
𝑉𝜙 and a butterfly pattern in V𝑅 , indicating the
rotation of a barred structure, which is the kine-
matical signature of a bar. This is similar to
what has been seen by Bovy et al. (2019), also
using DR16 data but with fewer stars and a com-
pletely different way of estimating distances.
The velocity maps are in agreement with the
expectation from simulations of barred galax-
ies, for example as discussed by several authors
(Debattista et al. 2017; Bovy et al. 2019; Carrillo
et al. 2019; Fragkoudi et al. 2020), where the but-
terfly pattern of the 𝑉𝑅 field is one example of
the expected features. These maps suggest an
inclination of the bar with respect to the Sun–
GC line of 20 degrees, and a spatial extent of
around 4 kpc in the semi-major axis and 1 kpc
in the semi-minor axis. A more detailed compar-
ison with models is required to provide a more
quantitative characterisation of the properties
of the Milky Way bar.

The𝑉𝜙 versus Galactocentric radius (mapped
both in [𝛼/Fe] and [Fe/H]) for the two samples
studied here shows the signature of the distinct
stellar populations coexisting in these samples,
suggesting the presence of a pressure-supported
spheroid, a bar, and the Galactic discs. These
diagrams also show a counter-rotating popu-
lation of metal-poor stars or an extended tail
of negative V𝜙 , which we then characterise in
detail. In particular, the dispersion in 𝑉𝜙 of the
innermost metal-poor component is too large
to be attributed to thick-disk stars (around 120
km/s), strongly suggesting the presence of an
underlying spheroid, as predicted by Minniti
(1996).

After the chemical and the velocity analysis
we further dissect the innermost regions thanks
to a sample of approximately 8 000 stars for
which we computed stellar orbits. The pop-
ulations are then characterised on a |𝑍 |max–
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eccentricity plane (and in this way we avoid
any pre-selection based on chemistry or kine-
matics). We pursue a joint analysis of the dis-
tributions of metallicity, [𝛼/Fe] abundance ra-
tios, mean orbital radii (𝑅mean)17, and the V𝜙
and its dispersion. This comprehensive analysis
is needed in order to map the parameter space
where each of the different populations domi-
nates, thus avoiding the use of artificial sharp
boundary definitions. In this way, we identify
and better characterise the chemical properties
of the following populations inhabiting the in-
nermost parts of the Milky Way close to the
Galactic midplane:

• Inner thin-disk and the bar:

Most of the low-eccentricity, high-𝑉𝜙
stars show low [𝛼/Fe]. This inner thin-
disk population has a metallicity peak
at [Fe/H] = +0.2. This metallicity shifts
to larger values for more eccentric stars,
still close to the Galactic midplane, reach-
ing a peak of [Fe/H] = +0.25. However,
these metallicities are seen only in the (1-
2) kpc mean orbital radius range, suggest-
ing that the most metal-rich stars are part
of the bar component (in agreement with
Wegg et al. (2019)). This suggests that the
bar is slightly more enriched than the in-
ner thin disk stars, most probably due to
residual star formation in the innermost
2 kpc that form stars that enter bar or-
bits. Bars at high redshift could induce
bursts of star formation due to gas trap-
ping and gas funneling, especially toward
the centre. The inner thin-disk stars in
our sample have 𝑅mean larger than 3 kpc,
consistent with the fact that the thin disk
does not extend all the way to the GC (al-
though this conclusion could be affected
by the non-optimal coverage of the inner-
most regions). This is in agreement with
a similar suggestion made by Matsunaga
et al. (2016) who reported that no Cepheid

was found in the innermost 2.5 kpc of the
Milky Way.

• Pressure-supported component and the
bar: Underneath the bar population
mostly found at large eccentricities and
low heights from the plane (confirmed
by the large fraction of stars with bar-
shaped orbits in this part of the param-
eter space; see Figure 3.7.5), there is an-
other component that is much broader
in metallicity and that becomes more ap-
parent towards larger distances from the
Galactic midplane (where the bar com-
ponent fades in). This large velocity dis-
persion component has a non-negligible
contribution of metal-poor stars, which
makes the metallicity distribution broad.
This pressure-supported spheroid shows
high-[𝛼/Fe] ratios. Part of these spheroid
stars that have orbits that are more con-
fined to lower heights from the Galactic
midplane also get trapped by the bar. In-
deed, as shown in Figure 3.7.5, we find
stars with a high probability of being in
bar-shaped orbits among the high-[𝛼/Fe]
stars. This figure suggests that bar stars
have eccentricities in the 0.5-0.8 range
and metallicities above solar (explaining
the shift to larger metallicities in cell (I)
of Figure 3.7.6). Therefore, we find the
bar to be composed mostly of metal-rich
stars, with some additional contribution
of stars with a similar chemical pattern to
those in the spheroidal component. The
latter were most probably trapped into
the bar potential. It seems that the bar
traps the more metal-rich component of
the spheroid, while the more metal-poor
component is able to escape the bar. The
mechanisms that explain how this hap-
pens need to be investigated using proper
dynamical models. This also explains the
details of the shape of the [𝛼/Fe] versus
[Fe/H] distribution closer to the Galac-

17 𝑅mean represents the mean Galactocentric distance a star has in its orbit, that is, the mean between its apocentric and
pericentric distances. This is taken here as being close to the birthplace of the stars, except for effects due to radial
migration.
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tic midplane, which becomes more metal
rich both in high and low-alpha popula-
tions.

• Inner chemical-thick disc: Stars of inter-
mediate eccentricities with V𝜙 compati-
ble with the local thick disk population
dominate cell (E) (Fig. 3.7.6 and Fig. 3.7.8).
These stars show typical local thick disk
metallicity distribution (Fig. 3.7.6) and
[𝛼/Fe] enhancement. The majority of
these stars are not on bar-shaped or-
bits. Local thick discs stars were recently
shown to be a very old and coeval popula-
tion (thanks to the very precise ages from
asteroseismology (see Miglio et al. 2021;
Montalbán et al. 2021)). Therefore, the
same is expected to be true for the inner-
thick disk population discussed here. If
that is the case, it would suggest this com-
ponent to have formed before the bar.

• Counter-rotating stars or the tail of
the pressure-supported (spheroid) com-
ponent: We find, superposed on the
two components populating the high-
eccentricity orbits (the bar and the
pressure-supported spheroid), a popula-
tion with negative V𝜙 in highly eccentric
orbits, confined to the innermost kilopar-
sec of the Galaxy. This population is seen
as a tail in the 𝑉𝜙 distribution shown in
cell C of Figure 3.7.8, and its properties
are shown in Figure 3.7.1. Given the low
statistics of stars in cell C, a more robust
characterisation of this population is de-
ferred to future work when larger sam-
ples will be available.

• The spheroid and the thick disc: The con-
clusion that we have a non-negligible
contribution from a spheroid (on top of
the thick-disc-like component)is strength-
ened by the shape of the high-alpha pop-
ulations in Figure 3.7.4. The high-[𝛼/Fe]
population can be seen to be shifted to
slightly larger values of [𝛼/Fe] in the last
column of Fig. 21 (spheroid-dominated)
compared to the two other columns (more

thick-disk dominated). The extent of
the high-alpha population is also differ-
ent, going to larger metallicities for the
spheroid-dominated population, suggest-
ing a higher star formation rate (and ef-
ficiency) in the spheroidal bulge than in
the thick disc. The caveat here is that this
could also be the result of low statistics
in the thick-disc-dominated cells. A more
detailed comparison between these two
populations, with more data, will be the
topic of a forthcoming paper.

The existence of a spheroidal bulge in which
star formation has been vigorous would be in
agreement with what is expected from chemical
evolution models (see a discussion in Section
4 of Barbuy et al. (2018), and Matteucci et al.
(2019)). In a scenario of fast enrichment, very
old stars can be found already at metallicities
[Fe/H] ∼ −1 (see Chiappini et al. (2011); Wise
et al. (2012); Cescutti et al. (2018) and Section
3.2.4 of Barbuy et al. (2018) for a discussion).
Indeed, some of the oldest objects known in our
Galaxy are located in the bulge and have metal-
licities around one-tenth of solar. For instance,
the Galactic bulge has a system of globular clus-
ters (Minniti 1995) that are now known to be
among the oldest in our Galaxy (Barbuy et al.
2009; Chiappini et al. 2011; Barbuy et al. 2014;
Kerber et al. 2018, 2019; Ortolani et al. 2019);
these can be as old as the RR Lyrae. These stars
were born around 400 000 years after the big
bang, and are thus relics of the earliest chemical
enrichment of the Universe.
The properties of the pressure-supported

metal-poor, 𝛼-enhanced stars we find in the
bulge are consistent with the RR Lyrae stars
in the same region. A debate over the origin of
the RR Lyrae population in the bulge is ongoing,
and the conclusions are very dependent on the
samples analysed and models employed. Some
of the suggestions in the literature are that these
RR Lyrae could be the extension of the stellar
halo in the inner Galaxy (Minniti 1996; Pérez-
Villegas et al. 2017a), have a bar distribution
(Pietrukowicz et al. 2015), or show evidence of
being amore spheroidal, concentrated, pressure-
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supported structure (Dékány et al. 2013; Kun-
der et al. 2016; Contreras Ramos et al. 2018). To
break this dichotomy, Kunder et al. (2020) re-
cently suggest the existence of two components
of RR Lyrae in the inner Galaxy. One RR Lyrae
component is spatially and kinematically consis-
tent with the bar, and the second component is
more centrally concentrated and does not trace
the bar structure. This agrees with the results
shown here, where we see that the bar seems
to trap mostly thin-disk stars, but also the more
metal-rich part of the 𝛼-enhanced spheroidal
component.

The pressure-supported component could be
the result of an accreted event or strong gas
flows at the early stage of the formation of the
Galaxy, and this is consistent with an age for
the RR Lyrae stars in the bulge of 13.41 ± 0.54
Gyr (Savino et al. 2020). Du et al. (2020) use
OGLE IV photometry and Gaia DR2 proper mo-
tions to analyse metal-poor ([Fe/H]< −1) and
metal-rich ([Fe/H]> −1) RR Lyrae stars in the
bulge. These authors concluded that the angular
velocities and spatial distribution are different
for metal-rich and metal-poor RR Lyrae stars.
These results are in agreement with the findings
of Wegg et al. (2019) and Kunder et al. (2020).
The results presented here also offer some

insight into the conundrum of the age of the
bulge, namely: the old ages from colour magni-
tude diagrams proper-motion-cleaned towards
low extinction bulge windows versus the non-
negligible contribution of stars younger than
5 Gyr suggested by the microlensed dwarfs
(Bensby et al. 2017). After the analysis shown
here, it is clear that each of the techniques leads
to a different mixture of stars, with Baade’s win-
dow CMD probing more of the spheroidal com-
ponent mostly occurring in the inner 2-3 kpc
of the Galaxy, whereas in the other case the
stars are sampling a mix of spheroid and in-
ner thin-disk stars, as confirmed by their multi-
peak metallicity distribution (see also Rojas-
Arriagada et al. 2020).

The clear bimodality in the chemical dia-
grams for stars closer to the Galactic midplane
and the existence of a dearth of stars in between
the two overdensities (Fig. 3.5.5) offer an im-

portant new observational constraint to chemo-
dynamic models of the Galaxy. There has been
considerable debate over the origin of this bi-
modality based on data for stars closer to the
solar vicinity, and since the proposition made
more than 20 years ago by Chiappini et al. (1997)
that this would reflect two main star formation
paths, with a quenching of the star formation
in between. More recently, this scenario has
been revived both by chemical evolution mod-
els and numerical simulations (e.g. Anders et al.
2017a, 2018; Weinberg et al. 2019; Spitoni et al.
2021; Grand et al. 2020) as well as by the indi-
cation of an age dichotomy between the high-
and low-𝛼 populations (Miglio et al. 2021; Ren-
dle et al. 2019; Lian et al. 2020; Das et al. 2020).
Cosmological simulations are particularly im-
portant to identify the reasons for this quench-
ing, which can be manyfold, as discussed in the
literature (e.g. Weinberg et al. 2019; Grand et al.
2020; Agertz et al. 2020; Ciuca & Hernández
2020; Buck 2020; Vincenzo & Kobayashi 2020).
Alternative views, explaining the observed di-
chotomy as being the result of internal pro-
cesses such as radial migration were also put
forward (Schönrich & Binney 2009; Sharma et al.
2020), but difficulties in forming a hot thick-
disc-like component by radial migration alone
have been pointed out (see Minchev et al. 2013;
Martig et al. 2016b; Aumer et al. 2016, for a
discussion). The data presented here for the in-
nermost regions now show the dichotomy to
also be present in the innermost regions. The
properties of the different populations show
the dichotomy to be mainly a result of the mix
of different populations. The upper [𝛼/Fe] se-
quence is dominated by a spheroidal, pressure-
supported component (the bulge) in the inner-
most 2-3 kpc, whereas it is dominated by thick
disk stars beyond that distance. The lower se-
quence is formed by the bar in the innermost
2-3 kpc, and then by thin-disk stars not in the
bar. Further out, the lower alpha-sequence is
then the result of the thin disk mixture caused
by radial migration from stars born at differ-
ent Galactocentric distances (Friedli et al. 1994;
Minchev et al. 2013, 2014). Stars born at differ-
ent distances have different chemistry due to the
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inside-out formation of the disc. We note how-
ever that the chemical bimodality is less clear in
the high-resolution data towards Baade’s win-
dow (as can be seen in Barbuy et al. (2018)).
However, in a recent study by Thorsbro et al.
(2020) a chemical bimodality was also detected.
Accurate distances are necessary to put these
findings into a more robust context. One caveat
we still have to consider is that even though
StarHorse provides a large improvement in
distance and extinction estimates, it still does
not take into account variations in the extinc-
tion law, which are potentially important in the
bulge region. Improvements in this direction
are also part of our future plans.
Finally, we also see a population of counter-

rotating stars, which needs to be further investi-
gated and confirmed. This population could be
the remnant of an early accretion event, or the
coalescence into the forming bulge of a clump
of star formation formed by disk instabilities
(Elmegreen et al. 2008; Huertas-Company et al.
2020) like those commonly observed in the discs
of star-forming galaxies at redshift z ∼ 2-3. Oth-
erwise it could simply be the tail of the large
dispersion spheroid.

APOGEE plus Gaia have been transformative
in our understanding of the innermost parts
of the Milky Way. The picture emerging from
our results is in much better agreement with
high-redshift observations, which show early
spheroids being formed due to massive amounts
of highly dissipative gas accretion and mergers
as suggested by simulations (e.g. Tacchella et al.
2015; Bournaud 2016; Renzini et al. 2018).
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3Appendix
3.A Probabilities of flipping the

velocity

Here we decipher whether or not the errors in
velocity would produce inconsistent results in
our analysis, especially the case where errors
can cause the measured parameter to flip its
original sign. This situation could fabricate the
counter-rotating bump we observe in Section
3.7.1.
To prove this is not the case in our data, we

performed 1000 Monte Carlo realisations, con-
sidering the errors in the distance, the line-of-
sight velocity, and the proper motions to calcu-
late the probability of the star flipping its ve-
locity. The parameter that most influences the
error in velocities is the distance. Figure 3.B.1
shows the median velocity component against
Galactocentric distance colour coded according
to the probability of flipping the sign. As can
be seen in the figure, this probability is higher
for small velocities, in the case of𝑉𝜙 < -50 km/s.
For𝑉𝜙 we have that 61% of the stars in the RPM
sample will never change sign; from the ∼ 8 000
stars, ∼ 1 000 have more than 50% probability of

changing direction. If we split the stars with >

50% of changing sign in positive and negative,
we have 559 (∼ 7%) that go from positive to
negative and 458(∼ 6%) that go from positive
to negative. This shows that the errors in 𝑉𝜙
are symmetric and would not likely produce the
extended tail in velocities < −50𝑘𝑚/𝑠 we see
in Section 3.7.1. The flipping probabilities are
also symmetric in the other components of the
velocity, as one can see from Figure 3.B.1.

3.B Orbits comparison

Here we show the differences in the orbital pa-
rameters if they were calculated with different
pattern speeds for the bar potential. We veri-
fied that using a different pattern speed does
not lead to any inconsistency in the presented
results; Figure 3.B.2 shows the relative errors be-
tween eccentricity, |𝑍 |max, pericentre, and apoc-
entre for two different pattern speeds of 35 and
50. The relative errors are generally not higher
than 25%. Errors are more significant for low-
eccentricity stars and pericenter determination.

Figure 3.B.1: From left to right: Radial, azimuthal, and vertical velocities against Galactocentric radius. The
diagrams are colour coded according to the probability that velocity will flip sign.
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Figure 3.B.2: Comparison between orbits with the same bar potential but with varying pattern speeds. From
left to right relative errors for eccentricity, 𝑍max, pericentre, apocentre. The upper panels compare pattern
speeds of 40 and 35; lower panels pattern speeds 40 and 50.
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Abstract

The Gaia mission provided an invaluable wealth of astrometric data for more than a billion stars in
our Galaxy. The synergy between Gaia astrometry, photometry, and spectroscopic surveys give
us comprehensive information about the Milky Way. Using the Bayesian isochrone-fitting code
StarHorse, we derive distances and extinctions for more than 10 million unique stars observed
by both Gaia Data Release 3 as well as public spectroscopic surveys: 557 559 in GALAH+ DR3,
4 531 028 in LAMOST DR7 LRS, 347 535 in LAMOST DR7 MRS, 562 424 in APOGEE DR17, 471 490 in
RAVE DR6, 249 991 in SDSS DR12 (optical spectra from BOSS and SEGUE), 67 562 in the Gaia-ESO
DR3 survey, and 4 211 087 in the Gaia RVS part of Gaia DR3 release. StarHorse can extend
the precision of distances and extinctions measurements where Gaia parallaxes alone would be
uncertain. We use StarHorse for the first time to derive stellar age for main-sequence turnoff and
subgiant branch stars (MSTO-SGB), around 4 million stars with age uncertainties typically around
30%, 15% for only SGB stars, depending on the resolution of the survey. With the derived ages in
hand, we investigate the chemical-age relations. In particular, the 𝛼 and neutron-capture element
ratios versus age in the solar neighbourhood show trends similar to previous works, validating our
ages. We use the chemical abundances from local subgiant samples of GALAH DR3, APOGEE DR17
and LAMOST MRS DR7 to map groups with similar chemical compositions and StarHorse ages
with the dimensionality reduction technique t-SNE and the clustering algorithm HDBSCAN. We
identify three distinct groups in all three samples. Their kinematic properties confirm them to be
the genuine chemical thick disk, the thin disk and a considerable amount of young alpha-rich stars
(427), which are also a part of the delivered catalogues. We confirm that the genuine thick disk’s
kinematics and age properties are radically different from those of the thin disk and compatible
with high-redshift (z≈2) star-forming disks with high dispersion velocities. We also find a few extra
substructures in the GALAH DR3, thanks to the availability of neutron-capture elements.

4.1 Introduction

The European Space Agency satellite Gaia mis-
sion (Gaia Collaboration et al. 2016) is continu-
ing to revolutionize and transform Galactic as-
trophysics in many areas (Brown 2021). The lat-
est release from the Gaia-mission, ( Gaia DR3;
Gaia Collaboration et al. 2022) is built upon the
Early Data Release 3 (EDR3 Gaia Collaboration
et al. 2021) which includes 36months of observa-

tions, with positions and photometry for 1.7·109
sources, and full astrometric solutions, (Linde-
gren et al. 2021b), for 1.3 ·109 objects. Gaia DR3
extends EDR3 by delivering multiple data prod-
ucts, for example, low-resolution BP/RP spectra
and astrophysical parameters for about 400 mil-
lion sources (Andrae et al. 2022) and about 5
million sources with medium resolution spectra
observed with the Radial Velocity Spectrome-
ter (RVS) instrument (Recio-Blanco et al. 2022).
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Combining astrometric solutions from Gaia
with large-scale spectroscopic surveys is fun-
damental for Galactic archaeology because it
enables us to access the full phase space and the
chemical composition of millions of stars. Such
rich information gives us essential clues to the
formation and evolution history of the Milky
Way (Freeman & Bland-Hawthorn 2002; Mat-
teucci 2001, 2021; Pagel 2009), disentangling the
multiple overlapping processes that once took
place in our Galaxy, such as mergers, secular
evolution and gas accretion flows.
The synergy between astrometry and spec-

troscopy resulted in many important discover-
ies in the different components of our Galaxy.
As proof of that, we have the characterization
of the halo and the discovery of several ac-
creted dwarf galaxies (e.g. Koppelman et al.
2018; Mackereth et al. 2019; Myeong et al. 2019;
Limberg et al. 2021; Fernández-Trincado et al.
2020b,a, 2022; Horta et al. 2021; Ruiz-Lara et al.
2022) and the massive Gaia-Enceladus merger
event (Haywood et al. 2018b; Helmi et al. 2018;
Belokurov et al. 2018). These structures substan-
tially influence the formation of the thick disk
and halo (for a review, see Belokurov et al. 2018;
Di Matteo et al. 2019; Helmi 2020). The chemi-
cal duality of the Galactic disk, which was pri-
marily evident in [𝛼/Fe] vs. [Fe/H] in the solar
neighbourhood, was shown by several authors
to designate the thin and thick disks (Adibekyan
et al. 2011; Bensby et al. 2014; Anders et al. 2014;
Hayden et al. 2015). Further, Rojas-Arriagada
et al. (2019); Queiroz et al. (2020) show that
the same chemical bimodality extends to the
inner Galaxy, indicating populations with dif-
ferent formation paths. Finally, the characteri-
zation of the Galactic bulge and bar (Lian et al.
2020; Rojas-Arriagada et al. 2020; Queiroz et al.
2021) into its chemo-orbital space reveals a di-
versity of populations coexisting in the inner
Galaxy. Recently works that studied the inner
Galaxy’s metal-poor counterpart show evidence
of a pressure-supported component which fol-
lows a more spherical distribution than the disk
and little to no rotation (Kunder et al. 2020;
Queiroz et al. 2021; Arentsen et al. 2020; Lucey
et al. 2021; Rix et al. 2022).

To achieve all the aforementioned scientific
results is essential to calculate precise distances
from the astrometric solutions provided by
Gaia. As shown by Bailer-Jones (2015) it is a
limited and dangerous approach to determine
distances by inverting the parallax, especially
for high astrometric uncertainties and large vol-
umes of the Galaxy. In Queiroz et al. (2018, here-
after Q18), we first presented the StarHorse
code: a Bayesian isochrone fitting tool that
makes versatile use of spectroscopic, photomet-
ric, and astrometric data to determine distances,
extinctions, and stellar parameters of field stars.
The method was then extensively validated us-
ing simulations and external catalogues of aster-
oseismology, open clusters and binaries. There-
fore, in Queiroz et al. (2020, hereafter Q20) many
efforts were put together to provide catalogues
generated from StarHorse using Gaia DR2
data with APOGEE DR16 and other spectro-
scopic surveys, resulting in an important leap
in stellar parameter precision.
In this paper, we provide updated

StarHorse stellar parameters, distances, and
extinctions for major spectroscopic surveys (see
Table 4.2.1) combined with the Gaia DR3 data.
The StarHorse results for APOGEE DR17
(Abdurro’uf et al. 2022) are already published in
the form of a value-added catalogue jointly with
SDSS DR17, except for the ages, which are pub-
lished here for the first time. The paper focuses
on science enabled by sub-samples for which
StarHorse delivers reasonable age estimates
thanks to the exquisite quality of the Gaia
parallaxes. However, the results are limited to
a local volume bubble of d< 2kpc since ages
derived by isochronal matching can only be
reliable for the main sequence turn-off (MSTO),
and subgiant branch (SGB) regimes, the degen-
eracies between neighbouring isochrones in the
Hertzsprung-Rusell diagram are much smaller
for these cases.
In this work we take advantage of the rich

chemical information delivered by spectro-
scopic surveys combined with StarHorse
ages to explore the detection of (known and
new) chrono-chemical sub groups more in the
line of classical "chemical tagging"; see, e.g.
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Table 4.2.1: Summary of the datasets for which we deliver StarHorse parameters in this work. Upper
rows show the main numbers of input catalog sources, those that survived the quality cuts, those for which
the code converged to a solution, and the number of MSTO and subgiants selected on the output. The lower
rows show the model configuration and parallax coverage for the final input catalogues.

Survey 𝑁 cat
objects 𝑁

Quality cuts
objects 𝑁

Converged
stars 𝑁𝑀𝑆𝑇𝑂

stars 𝑁
subgiants
stars

LAMOST DR7 LRS 6 179 327 4 803 496 4 531 028 2 278 480 241 319
LAMOST DR7 MRS 738 025 457 359 425 281 224 876 29 215
SDSS DR12 (optical) 503 967 258 194 249 991 96 615 13 584
GALAH+ DR3 588 571 581 149 557 559 290 475 47 594
RAVE DR6 517 095 515 800 471 490 157 251 30 220
APOGEE DR17 733 901 720 970 562 424 100 956 18 966
GES DR5 114 324 75 008 67 562 24 620 4 539
Gaia DR3 RVS 5 594 205 4 833 548 4 211 087 1 405 199 258 131
Survey Model Resolution bestfilter parallaxes
LAMOST DR7 LRS age𝑠𝑡𝑒𝑝 = 0.1 ; met𝑠𝑡𝑒𝑝 = 0.05 𝐾𝑠2𝑀𝐴𝑆𝑆 99%
LAMOST DR7 MRS age𝑠𝑡𝑒𝑝 = 0.05 ; met𝑠𝑡𝑒𝑝 = 0.02 𝐾𝑠2𝑀𝐴𝑆𝑆 77%
SDSS DR12 (optical) age𝑠𝑡𝑒𝑝 = 0.1 ; met𝑠𝑡𝑒𝑝 = 0.05 parallax 100%
GALAH+DR3 age𝑠𝑡𝑒𝑝 = 0.05 ; met𝑠𝑡𝑒𝑝 = 0.02 𝐾𝑠2𝑀𝐴𝑆𝑆 98%
RAVE DR6 age𝑠𝑡𝑒𝑝 = 0.1 ; met𝑠𝑡𝑒𝑝 = 0.05 𝐾𝑠2𝑀𝐴𝑆𝑆 86%
APOGEE DR17 age𝑠𝑡𝑒𝑝 = 0.05 ; met𝑠𝑡𝑒𝑝 = 0.02 𝐻2𝑀𝐴𝑆𝑆 75%
GES DR5 age𝑠𝑡𝑒𝑝 = 0.05 ; met𝑠𝑡𝑒𝑝 = 0.02 𝐻2𝑀𝐴𝑆𝑆 97%
Gaia DR3 RVS age𝑠𝑡𝑒𝑝 = 0.1 ; met𝑠𝑡𝑒𝑝 = 0.05 𝐺𝐺𝑎𝑖𝑎 100%

Freeman & Bland-Hawthorn 2002; Anders et al.
2018; Buder et al. 2022. To this aim, we use
three different survey samples to map groups
with similar chemical compositions.

This paper is outlined as follows. In sec-
tion 4.2, we summarize the Bayesian technique
StarHorse, the references for its newest imple-
mentations and main configuration. In section
4.3, we describe all datasets we used as input
to the StarHorse code, astrometric, photo-
metric and spectroscopic data. In section 4.4,
we discuss the main parameters derived with
our method, the new released StarHorse cat-
alogues, which contain more than 10 million
stars and 4 million nearby stars with ages, and
a few validations of the parameters. In section
4.5, we show relations between the derived ages
and some chemical relations. In section 4.6, we
show our results using the chemo-age multi-
dimension in the t-sne and HDBSCAN tech-
nique. Finally in section 4.7, we present our

new conclusions and summarize our main re-
sults. All the catalogues used in this work are
made public in the Leibniz Instititute für Astro-
physik (AIP) database18.

4.2 Method

Figure 4.2.1: Sky distribution of all public spectro-
scopic surveys for which we derive StarHorse
parameters

18 data.aip.de
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Isochrone fitting has been extensively used in
astronomy to indirectly derive unknown stellar
parameters by using known measured stellar
properties (e.g. Pont & Eyer 2004; Jørgensen &
Lindegren 2005; da Silva et al. 2006; Naylor &
Jeffries 2006). A diversity of methods can be
applied to the fitting procedure, (e.g. Burnett &
Binney 2010; Rodrigues et al. 2014; Santiago et al.
2016; Mints & Hekker 2018; Das & Sanders 2019;
Lebreton & Reese 2020; Souza et al. 2020). Here
we use StarHorse (S16; Q18; Q20, Anders
et al. 2019, 2022), a Bayesian isochrone-fitting
code that has been optimised for heterogeneous
input data (including spectroscopy, photome-
try, and astrometry). Its results are limited only
by observational errors and the accuracy of the
adopted stellar evolution models.

StarHorse is able to derive distances 𝑑 , ex-
tinctions 𝐴𝑉 (at 𝜆 = 542 nm), ages 𝜏 , masses𝑚∗,
effective temperatures 𝑇 eff, metallicities [M/H],
and surface gravities log𝑔. The resulting pa-
rameter’s uncertainties are directly linked with
the set of observables used as input. A com-
plete set of observables comprises multi-band
photometry (from blue to mid-infrared wave-
lengths), parallax, log𝑔, T eff, [𝑀/𝐻 ], and an
extinction prior A𝑣. In this work we use all
this information by combining data from pub-
lic spectroscopic surveys with photometric sur-
veys and Gaia parallaxes. We then execute the
Bayesian technique to quantitatively match the
observable set with stellar evolutionary mod-
els from the PAdova and TRiestre Stellar Evolu-
tion Code (PARSEC Bressan et al. 2012), ranging
from 0.025 to 13.73 Gyr in age and −2.2 to +0.6
in metallicity.

Since Q20, StarHorse has seen several up-
grades that are explained in Section 3 of An-
ders et al. (2022). These upgrades include the
implementation of extragalactic and globular
cluster priors, a change in the bar-angle prior
(to the canonical value of 27 degrees; e.g. Bland-
Hawthorn&Gerhard 2016), a new 3D extinction
prior, and updated evolutionary models that in-
clude difusion (especially important during the
evolutionary phases close to the MSTO). Finally,
the new catalogues presented here also take ad-

vantage of the more precise and additional data
products of Gaia DR3.

4.3 Input data

The large set of available spectroscopic sur-
veys gives us detailed information about indi-
vidual stars, such as chemical abundances, at-
mospheric parameters and radial velocities. By
combining this information with photometry
and astrometry, we can constrain models by a
small range of limits and effectively derive the
best fitting StarHorse parameters with low
uncertainties.

We follow a very similar approach to previous
StarHorse papers (Q18; Q20). In Table 4.2.1,
we summarize the input numbers of stars for
each spectroscopic survey, the stars remaining
after applying a few quality cuts, the resulting
number of converged stars, and the following
amount of MSTO and SBG stars with available
StarHorse ages. The quality cuts applied be-
fore executing StarHorse vary from survey
to survey, and a more detailed explanation is
given in the following sub-sections. As regard
to model grid resolution and the photometric
passband that we used as the "master filter" are
also described in the lower rows of Table 4.2.1.
The age𝑠𝑡𝑒𝑝 and met𝑠𝑡𝑒𝑝 represent the spacing
between age and metallicity in the models we
use in the StarHoremethod; for higher resolu-
tion surveys, we use a thinner model grid. The
"master filter" is the primary choice from which
we draw the possible distance values. For more
information, see section 3.2.1 of Q18.

In Figure 4.2.1 we show the sky distribution
for all public spectroscopic surveys for which
derive StarHorse parameters, the area cov-
erage of the surveys is very complementary
and focous on the different components of our
Galaxy. Below, we summarize the configura-
tions and calibrations done to all input data, the
spectroscopic surveys and the photometric and
astrometric catalogues used in this work.
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4.3.1 Astrometric and photometric
input

Gaia is an astrometric and photometric space
mission from ESA launched in 2013 and which
since then has delivered parallaxes and proper
motions for more than 1 billion sources. Its
early third release EDR3 (Gaia Collaboration
et al. 2021) has astrometric solutions with un-
certainties twice as better than its previous DR2
release. All resulting catalogues given in this
paper were produced by combining the spectro-
scopic surveys with parallaxes from Gaia EDR3,
which is an important new ingredient for the
resulting StarHorse distances. We use the
parallax corrections advertised by Lindegren
et al. (2021b), and the most conservative paral-
lax uncertainty inflation factor derived in the
analysis of Fabricius et al. (2021), see their from
Figure 19. Besides these corrections, we cross-
matched our catalogues with the fidelity_v1 col-
umn from Rybizki et al. (2022), which provides
a scalar indicator for astrometric quality. For
fidelities < 0.5, we do not use any parallax in-
formation. In the last column of the lower rows
of Table 4.2.1 we show the coverage percentage
of available parallaxes for the input catalogues
that pass this condition.
As photometric input we use infra-red pho-

tometry from 2MASS 𝐽𝐻𝐾𝑠 (Cutri et al. 2003)
and unWISE𝑊 1𝑊 2 (Schlafly et al. 2019), opti-
cal data from PanSTARRS-1 𝑔𝑟𝑖𝑧𝑦 (Scolnic et al.
2015), and SkyMapper DR2 𝑔𝑟𝑖𝑧 (Onken et al.
2019), adopting generous minimum photomet-
ric uncertainties (between 0.03 and 0.08 mag).
Magnitude shifts were applied to PanSTARRS-1
as in Q20 using the values from (Scolnic et al.
2015) and shift corrections were also applied to
SkyMapper passbands according to Huang et al.
(2021).

4.3.2 Spectroscopic catalogues

We compute posterior ages, masses, tempera-
tures, surface gravities, distances, and extinc-
tions for eight spectroscopic stellar surveys.
All datasets were preprocessed to check for
missing values or inconsistencies in the spec-
troscopic catalogues, crossmatched with Gaia

EDR3 (epoch J2000.0, search radius 1.5 arcsec),
with the photometric surveys described in the
previous section, as well as with the Gaia
EDR3 fidelity_v1 column from Rybizki et al.
(2022). For all catalogues we use the Salaris
et al. (1993) transformation between [Fe/H] and
[M/H] for stars with valid [𝛼/Fe] values. For
those without a reported [𝛼/Fe] ratio, we as-
sumed [M/H]≃[Fe/H]. The data curation ap-
plied for each survey is explained in the follow-
ing subsections and the resulting numbers of
stars are given in Table 4.2.1. We want to clarify
that from each survey’s uncertainty distribu-
tion, we usually remove a small fraction with
substantial input observable uncertainties com-
pared to the full distribution. We do so because
it is computationally very costly to calculate the
likelihood for many models inside an extensive
uncertainty range. The threshold of acceptable
uncertainties to StarHorse changes with the
choice of the model grid - high-resolution sur-
veys typically have minor uncertainties, requir-
ing a denser model grid.

APOGEE DR17

DR17 Abdurro’uf et al. (2022) is the final data
release of the fourth phase of the Sloan Digital
Sky Survey (SDSS IV Blanton et al. 2017). It
contains the complete catalogue of the Apache
Point Observatory Galactic Evolution Experi-
ment (APOGEE; Majewski et al. 2017) survey,
which in December 2021 publicly released near
infra-red spectra of over 650,000 stars. The
APOGEE survey has been collecting data in
the northern hemisphere since 2011 and south
hemisphere since 2015. Both hemispheres ob-
servations use the twin NIR spectrographs with
high resolution (R≈22 500) (Wilson et al. 2019)
on the SDSS 2.5-m telescope at Apache Point
Observatory (Gunn et al. 2006) and the 2.5-m du
Pont telescope at Las Campanas Observatory
(LCO Bowen & Vaughan 1973). The data reduc-
tion pipeline is described in (Nidever et al. 2015).
The processed products of APOGEE DR17 are
similar to the previous releases (Abolfathi et al.
2018; Holtzman et al. 2018; Jönsson et al. 2020).
We use the temperature, surface gravity and
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metallicity results from the ASPCAP pipeline
(García Pérez et al. 2016; Jönsson et al. 2020)
to produce a new StarHorse catalogue as in
Q20. We use primarly the calibrated parameters
indicated in the pipeline, when those are not
available we use spectroscopic parameters. For
DR17 new synthetic spectral grids were added
in ASPCAP, which also account for non-local
thermodynamic equilibrium in some elements.
This led to the adoption of a different spectral
synthesis code Synspec (Hubeny & Lanz 2017).
Parameters reduction is also available with the
previous spectral systhesis code TurboSpec (Al-
varez & Plez 1998) but in StarHorse we only
used the given parameters from Synspec. In
the appendix 4.B we show some differences be-
tween the derived abundances in Synspec and
Turbospec, which are discussed later in the anal-
ysis.

As an input to StarHorse, we selected only
stars with available H2𝑀𝐴𝑆𝑆 passband and spec-
tral parameters (FPARAM[0,1,3])19, which re-
duces the total number of objects in the initial
catalogue from 733 901 to 720 970. We then run
StarHorse with a spacely fine model grid (see
lower rows of Table 4.2.1). 22% of the input
did not converge to a solution, meaning that
these stars were not compatible with any stellar
evolutionary model in our grid. The results for
StarHorse using the data from APOGEE DR17
are also published in form of a value-added cat-
alogue (VAC) in Abdurro’uf et al. (2022).

GALAH DR3

The Galactic Archaeologywith HERMES survey
(GALAH, De Silva et al. 2015; Martell et al. 2017)
is a high resolution spectroscopic survey that
covers mostly a local volume, 𝑑 <≈ 2𝑘𝑝𝑐 . Their
latest data release, GALAH DR3, was published
in November 2020. GALAH data are acquired
with the High Efficiency and Resolution Multi-
Element Spectrograph (HERMES), where the
light is dispersed at 𝑅 ≈ 28 000, coupled to the
3.9-metre Anglo-Australian Telescope (AAT).
HERMES observes in four different wavelengths

simultaneously: Blue: 471.5 - 490.0 nm; Green:
564.9 - 587.3 nm; Red: 647.8 - 673.7 nm; IR:
758.5 - 788.7 nm. We use the recommended cat-
alogue, which contains radial velocities, atmo-
spheric parameters and abundances for a total of
588,571 stars (Buder et al. 2021). The stellar pa-
rameters are derived using the spectrum synthe-
sis code Spectroscopy Made Easy (SME) and 1D
marcs model atmospheres (Piskunov & Valenti
2017). GALAH makes available abundances for
around 30 different elements, which cover five
different nucleosynthetic pathways (𝛼-process
elements mostly formed by core-collapse super-
novae, iron-peak elements formed mainly in
type-Ia supernovae, s-process elements formed
in the late life stage of low mass stars, r-process
elements formed by the merging of neutron
stars, as well as lithium (created by the Big
Bang and both created and destroyed in stars;
Kobayashi et al. 2020). To derive StarHorse
parameters, we selected only stars with mutu-
ally available 𝑇 eff, log𝑔 and K2𝑚𝑎𝑠𝑠 passband as
input. The coverage of high quality Gaia par-
allaxes for this sample is very high since most
stars are nearby. Therefore, the resulting dis-
tances have very low uncertainties, as seen in
Figure 4.3.1. For GALAH, we run StarHorse
with a fine model grid, given the high resolution
of the survey, and only 5% of the input catalogue
did not converge.

LAMOST DR7

The Large Sky Area Multi-Object Fiber Spec-
troscopic Telescope (LAMOST, Cui et al. 2012;
Zhao et al. 2012) is a spectroscopic survey cover-
ing a large area of the northern hemisphere, in-
cluding stars and galaxies. LAMOST stellar pa-
rameter catalogues can be divided into LAMOST
low-resolution (LRS) and medium-resolution
(MRS). LAMOST, DR7, has been publicly avail-
able since March 2020 and includes the spec-
tra obtained from the pilot survey through the
seventh-year regular survey. We downloaded
the stellar parameter catalogues both for LRS
(6 179 327) and MRS (738 025)20. A new LAM-

19 Output parameter array from ASPCAP stellar parameters fit, where 0, 1, 3 correspond to T eff, logg and [M/H]
20 http://dr7.lamost.org/catalogue
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OST data release, DR8, is available since Septem-
ber 2022 and contains circa 500 thousand new
observations in LRS and more 500 thousand in
MRS. We will also make StarHorse parame-
ters publicly available for this data release in
the near future, but LAMOST DR8 is not part
of the analysis in this paper.
Both MRS and LRS stellar parameter cata-

logues provide atmospheric parameters, metal-
licity, and projected rotation velocity estimated
by the LAMOST Stellar Parameter pipeline
(LASP Wu et al. 2014), as well as an estimate of
alpha abundances by the method of template
matching based on the MARCS synthetic spec-
tra (Decin et al. 2004). For LAMOSTMRS, coadd
and single exposure spectra have a resolution
of 𝑅 ≈ 7 500. The label-transfer method gives
twelve individual element abundances based
on a convolutional neural network (CNN). For
MRS stellar parameter catalogue we selected
all-stars with mutually available log𝑔, 𝑇 eff, and
2MASS 𝐾𝑠 photometry, and made the following
cuts in uncertainty: 𝜎𝑇 eff < 300𝐾 ; 𝜎log𝑔 < 0.5𝐾 ;
𝜎[𝐹𝑒/𝐻 ] < 0.3𝐾 . This leaves us with 457 359
stars as StarHorse input. As we did for the
high-resolution surveys, we ran LAMOST MRS
with the fine model grid, which leads to a con-
vergence rate of 93%. The LAMOST LRS pa-
rameter catalogue, the largest dataset in this
work, consists of A, F, G and K type stars.
We selected stars with available log𝑔, 𝑇𝑒 𝑓 𝑓 ,
2MASS Ks passband and made the following
cuts in uncertainty: 𝜎𝑇 eff < 500𝐾 ; 𝜎log𝑔 < 0.8𝐾 ;
𝜎[𝐹𝑒/𝐻 ] < 0.5𝐾 , resulting in 4 803 496 stars as in-
put. Using a coarsely spaced grid of models for
LAMOST LRS, StarHorsewas able to deliver
results for 80% of this input catalogue.

SDSS DR12/SEGUE

The Sloan Extension for Galactic Understanding
and Exploration (SEGUE Yanny et al. 2009) is a
spectroscopic survey that was conducted with
the Sloan Foundation 2.5m Telescope (Gunn
et al. 2006) using the two original low-resolution
SDSS fiber spectrographs (𝑅 ≈ 2 000, Smee
et al. 2013). The surveys targeted mostly

metal-poor halo and disk stars. The stellar pa-
rameters from optical stellar spectra collected
with SDSS/SEGUE were processed through the
SEGUE Stellar Parameter Pipeline (SSPP), which
reports three primary stellar parameters, 𝑇 eff,
log𝑔, and metallicity. Most stars have𝑇 eff in the
range between 4 000 and 10 000 K and spectral
signal-to-noise ratios greater than 10 (Lee et al.
2008; Allende-Prieto et al. 2008). In the final
data release (SDSS DR12; Alam et al. 2015), the
pipeline also provided [𝛼/Fe] abundance ratios
(Lee et al. 2011). From this catalogue we use the
recommended adopted values for𝑇 eff, log𝑔 and
[Fe/H], selecting only stars with signal-to-noise
ratios greater than 20 and that have all of these
parameters available.

GES DR5

The Gaia-ESO survey (Gilmore 2012) targets >
105 stars in all major components of the Milky
Way and open clusters of all ages and masses.
The survey conducted its observations with the
Fibre Large Array Multi Element Spectrograph
(FLAMES; Pasquini et al. 2002), which feeds two
different instruments covering the whole visual
spectral range. The fifth and final data release of
GESwasmade public inMay 2022 (Randich et al.
2022). It has significantly increased the number
of observed stars, 114 324, about four times the
size of the previous public release, and it also
increased the number of derived abundances
and cluster parameters. Several working groups
focussing on different types of stars and evolu-
tionary stages analysed the GES spectra (Heiter
et al. 2021). We downloaded the full catalogue21,
and used the recommended homogenised at-
mospheric parameters as StarHorse input.
We only use entries with errors smaller than
300 K in temperature, 0.5 dex in surface gravity,
and 0.6 dex in iron abundance. To correct the
metallicities for the solar scale using the Salaris
et al. (1993) formula, we have calculated a global
[𝛼/Fe] estimate based on the abundances of Si,
Ca, and Mg, available for about 58% of the stars
in the catalogue.

21 https://www.gaia-eso.eu/data-products/public-data-releases/gaia-eso-data-release-dr50
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Compared to the previous StarHorse run
on GES data, this is an important update be-
cause there are many more stars, and we do not
exclude the open clusters from our analysis any
longer.

RAVE DR6

The final data release of the RAdial Velocity
Experiment (RAVE; Steinmetz et al. 2006) sur-
vey, DR6 (Steinmetz et al. 2020a) became public
in 2020. The spectra from RAVE is acquired
with the multi-object spectrograph deployed on
1.2-m UK Schmidt Telescope of the Australian
Astronomical Observatory (AAO). The spectra
have a medium resolution of R ≈ 7500 and
cover the CaII-triplet region (8410-8795). We
use the final RAVE data release and in particular,
the purely spectroscopically derived stellar at-
mospheric parameters subscripted cal_madera.
In Q20 we explain the processing of this final
RAVE data release in detail and we follow the
same procedure for pre-processing this cata-
logue. The only difference is that this catalogue
is now cross-matched with Gaia EDR3 instead
of DR2.

Gaia DR3 RVS

Besides its photometric and astrometric instru-
ments, Gaia also features a spectroscopic facil-
ity, the Radial Velocity Spectrometer (RVS). The
instrument observes in the near-infrared (845-
872 nm) and has a resolution of 𝜆/𝛥𝜆 ≈11 500
(Cropper et al. 2018). The third data release
of Gaia contains data of the first 36 months
of RVS observations, obtained with the Gen-
eral Stellar Parametriser from the Spectroscopy
(GSP-Spec; Recio-Blanco et al. 2022) module of
the Astrophysical parameters inference system
(Apsis; Creevey et al. 2022). There are two anal-
ysis workflows to process these data: the Ma-
tisseGauguin pipeline, and an artificial neural
network (Recio-Blanco et al. 2016). We work
here only with the data analysed byMatisseGau-
guin, which provides the stellar atmospheric pa-
rameters and individual chemical abundances
of N, Mg, Si, S, Ca, Ti, Cr, Fe I, Fe II, Ni, Zr, Ce,
and Nd for about 5.6 million stars (Recio-Blanco

et al. 2022). We downloaded the data from the
Gaia archive’s DR3 table of astrophysical pa-
rameters. Following a similar procedure to the
other spectroscopic surveys, we combine the
data with zeropoint-corrected parallaxes from
Gaia EDR3, and with broad-band photometric
data. We do not apply any quality flag cuts
when running StarHorse, but we only select
stars with acceptably small nominal uncertain-
ties (𝜎𝑇 eff < 700 K, 𝜎log𝑔 < 1.0 dex, 𝜎 [Fe_H] < 0.6
dex). We also removed stars with [Fe_H]<-3,
since those fall outside themetallicity range cov-
ered by the PARSEC stellar model grid used. Re-
garding parameter calibrations, we applied the
suggestions for the calibration of log𝑔, [M/H]
and [𝛼/Fe] detailed in Recio-Blanco et al. (2022).

4.4 New StarHorse catalogues

We present a new catalogue set derived from the
stellar spectroscopic surveys described in Sec-
tion 4.3.2 combined with photometry and Gaia
EDR3 parallaxes (Section 4.3.1). We provide per-
centiles of the posterior distribution functions
of masses, effective temperatures, surface grav-
ities, metallicities, distances, and extinctions
for each successful converged source accord-
ing to Table 4.2.1. We deliver the final data in
the same format as in Q20 Table A.1 for each
spectroscopic survey used as input. The median
value, 50th percentile, should be taken as the
best estimate for that given quantity, and the un-
certainty can be determined using the 84th and
16th percentiles. In this release, we also make
for the first time age determinations for a selec-
tion of main-sequence turn-off and sub-giant
branch (MSTO+SGB) stars. The given ages fol-
low the same format as the other StarHorse
parameters, but we flag everything outside our
MSTO+SGB selection as -999. All the newly pro-
duced StarHorse catalogues are available for
download from data.aip.de and through VizieR.
Some of the results of StarHorse for APOGEE,
GALAH and SDSS12 have already been anal-
ysed by recent publications on the study of halo
debris (Limberg et al. 2021; Perottoni et al. 2022;
Limberg et al. 2022a).
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Figure 4.3.1: Left and middle panels: probability density functions of StarHorse output parameters and
their respective uncertainties. The distributions are shown for each spectroscopic survey separately, as
indicated in the legend. The upper panels for distance and extinction have their y-axis in logarithm scale to
show the extent to larger values. Right panels show the median trend of the dependence of each parameter
with it’s associated uncertainty.
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Figure 4.4.1: Galactic distribution of all spectroscopic surveys for which we present StarHorse results in
this paper. The gray background density shows the star counts for all surveys combined, while the coloured
bands trace the region between iso-contours of 25 000 and 15 000 stars per pixel for each survey. To guide the
eye, gray circles are placed in multiples of 5 kpc around the Galactic centre in the left panel. The approximate
location and extent of the Galactic bar is indicated by the black ellipse (minor axis = 2kpc; major axis = 8kpc,
inclination = 25◦), and the solar position is marked by the dashed lines. Left panel: Cartesian 𝑋𝑌 projection.
Right panel: Cylindrical 𝑅𝑍 projection.

Table 4.4.1: Mean relative error or uncertainty per StarHorse output parameter per spectroscopic survey

Survey 𝜎𝑑/𝑑 𝜎𝐴𝑉
𝜎𝑇 eff/𝑇 eff 𝜎 [M/H] 𝜎log𝑔 𝜎𝑚∗/𝑚∗ 𝜎𝑎𝑔𝑒/𝑎𝑔𝑒𝑀𝑆𝑇𝑂+𝑆𝐺𝐵 𝜎𝑎𝑔𝑒/𝑎𝑔𝑒𝑆𝐺𝐵

(%) (mag) (%) (dex) (dex) (%) (%) (%)
LAMOST DR7 LRS 7.5 0.082 0.8 0.067 0.053 9.6 19.9 16.3
LAMOST DR7 MRS 4.9 0.129 0.9 0.072 0.042 11.2 18.3 9.4
SDSS DR12 optical 10 0.075 1.6 0.093 0.080 8.0 21.8 12.0
GALAH+ DR3 3.6 0.092 1.3 0.092 0.041 12.1 28.2 12.8
RAVE DR6 5.1 0.099 1.6 0.099 0.058 8.0 34.8 18.5
APOGEE DR17 4.3 0.178 0.4 0.029 0.021 12.6 28.9 8.3
GES DR5 5.8 0.099 1.2 0.076 0.053 11.2 25.7 13.5
Gaia DR3 RVS 3.1 0.069 1.3 0.172 0.044 17.3 51.4 21.7

4.4.1 StarHorse distances and
extinctions

Precise distances and extinctions are funda-
mental for Galactic archaeology (Helmi 2020).
By combining spectroscopic and Gaia data,
StarHorse achieves precise distances from the
inner to the outer Galaxy. As seen in the left
panels of Figure 4.3.1 we get relative errors in
the distance of only 15% for distances as far as 20
kpc, and a mean extinction uncertainty of about
0.2 (mag). Distances and extinctions have also
been extensively validated with simulations and
external methods in Q18 and Q20, showing in-
ternal precision in the distance and extinctions

of about 8% and 0.04 mag, respectively. In Fig-
ure 4.4.1 we show the distribution of stars for
all surveys for which we compute distances in
Galactocentric Cartesian coordinates. This map
expresses the extent and capability of the re-
sulting data, which samples very well the solar
vicinity, reaches the inner parts of the Galaxy,
covers the outer disk beyond 𝑅 Gal = 20 kpc
and extends to |𝑍 Gal | > 10 kpc. We display
the distribution of parameters and their uncer-
tainties in Figure 4.3.1, and we show the mean
uncertainty in each parameter for each survey
in Table 4.4.1. The mean relative distance un-
certainty for all surveys lies below 10%, while
for GALAH, APOGEE, LAMOST MRS and Gaia
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Figure 4.4.2: Consistency of StarHorse input and output parameters. Top panels: Median of the relative
discrepancy between input parameters and StarHorse output parameters for each survey. Bottom panels:
Median of the dependency between input uncertainties versus input parameters.

DR3 RVS, it is below 5%. It is noticeable from
Figure 4.3.1 that with the new prior implementa-
tion (Anders et al. 2022), some survey distances
extend to other galaxies, e.g. APOGEE reaches
the Magellanic Clouds, the Sagittarius dwarf
galaxy, and some globular clusters. 𝐴𝑉 varies
primarily according to each survey’s selection
function, and its uncertainty is strongly corre-
lated with photometry, but on average below 0.2
mag. For the most precise determinations of𝐴𝑉 ,
one can select the stars with the complete pho-
tometry input set (detailed in the StarHorse
input flags).

4.4.2 StarHorse 𝑻 eff, log𝒈 and
metallicity

Surface temperatures and gravities are also
present in the output from the StarHorse
catalogues. The code uses these parameters as
input from the spectroscopic surveys. Therefore
these are just slight improvements to the mea-
surements, but this is especially useful for the
atmospherical parameters that were not initially
calibrated by surveys or have significant uncer-
tainties and caveats. In Figure 4.4.2 we show

a comparison between the atmospheric input
parameters and the output StarHorse param-
eters for each spectroscopic survey, as well as
their input uncertainties. The differences be-
tween the high-resolution surveys are minor
since their uncertainties are well constrained.
Most surveys show differences in effective tem-
perature between cold stars and hot stars, re-
spectively with 𝑇 eff < 4000 K and 𝑇 eff > 7000
K. SDSS DR12 and RAVE show the most sig-
nificant deviation in input temperature for hot
stars, which are usually overestimated with re-
spect to the models by 5%. The surface gravity
is the most deviating parameter. There are con-
siderable differences between input and output
for the whole log𝑔 range; LAMOST MRS has
0.5 dex overestimation against StarHorse
output for giant stars, while SDSS shows the
same amplitude but underestimation of logg for
dwarf stars. The metallicities have excellent
agreement with input differing only by 0.1 dex
for most surveys except for RAVE DR6 which
shows a difference up to 0.3 dex compared with
StarHorse metallicities, but they also present
one of the largest uncertainties in metallicities.
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Figure 4.4.3: StarHorse Kiel diagram for the samples studied in this work. The grey dots in the background
of each panel show all the stars in the respective survey, while the colour coded histograms highlight the
MSTO+SGB regime for which we deliver StarHorse ages. The dashed lines limit the SGB, for which the
computed ages are most precise. PARSEC isochrones are overplotted in red for three different metallicities,
as indicated in the lower right corner of the Figure. For each metallicity four different ages are shown for 1,
4, 7 and 10 Gyr.
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Figure 4.4.4: Distributions of ages, masses, distances and their uncertainties for the MSTO+SGB samples.
The y-axis shows the probability density. All histograms are normalised so that the area under the histogram
integrates to 1. The right panels show the mean age uncertainty per bin of age, mass and distance for each
survey.
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Figure 4.4.5: Galactocentric X and Z projection of MSTO+SGB samples colour coded by StarHorse ages,
the colourbar is in power law scale with 𝛾=0.7.
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Figure 4.4.6: Comparison of our MSTO+SGB age estimates with open cluster ages from Cantat-Gaudin et al.
(2020). In each panel, grey dots are individual OC member MSTO stars (membership probability > 95%),
colour-coded by their posterior age uncertainty. For OCs that contain more than 3 MSTO cluster members,
the uniform coloured points and errorbars indicate the median age and the 1𝜎 quantiles. We indicate as a
star symbol only the SGB sample which has smaller StarHorse uncertainties. The horizontal errorbars
reflect the 0.2 dex uncertainties quoted by Cantat-Gaudin et al. (2020). The only OC that was observed by all
surveys is M67 (NGC 2682).

4.4.3 StarHorse MSTO-SGB ages
and masses

For the first time, we publish ages derived with
StarHorse. Ages (and also masses) for indi-
vidual stars are challenging to derive through
isochrone fitting when only spectroscopic, as-
trometric, and photometric data are available
(e.g. Joyce et al. 2022). In the absence of spectro-
scopic data, meaningful age estimates are even
more complicated (Howes et al. 2019). More
sophisticated methods such as asteroseismol-
ogy or eclipsing binaries (where an additional
constraint on the stellar mass becomes avail-
able) are much more reliable for deriving ages,
and these methods can achieve uncertainties
below 10% (Valle et al. 2015; Silva Aguirre et al.
2018; Anders et al. 2017b; Valentini et al. 2019;
Miglio et al. 2021). The downside is that the sam-
ples with asteroseismic and eclipsing binaries
are still limited in size and pencil beams com-
pared to spectroscopic surveys. We can achieve
a more considerable statistical significance by
measuring less precise ages but for larger sets.

Here we do so, but we restrain ourselves to
the MSTO-SGB. In these evolutionary stages,
isochrone fitting methods can be much more
reliable since the shape and duration of this
stage varies strongly with the stellar mass and,
therefore, the age. For SGB stars, the luminos-
ity correlates directly with age, which makes
this stage specially suitable for isochrone-based
age determinations (e.g. Xiang & Rix 2022). In
Q18, e.g. Figure 4 we have also shown with
simulations that StarHorse ages can achieve
relative statistical uncertainties of 20% for SGB
stars.

We display our MSTO-SGB selection in Fig-
ure 4.4.3. We opt to use the output StarHorse
𝑇 eff and log𝑔, since we saw in the previous Sec-
tion 4.4.2 that for some surveys there are sys-
tematic differences between input and output
parameters (especially in 𝑇 eff and log𝑔). There-
fore a selection using the StarHorse param-
eters is more homogeneous and, to some ex-
tent, helps eliminate systematics between the
different spectroscopic surveys. StarHorse
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Figure 4.4.7: Comparison of our MSTO+SGB age estimates with values from the recent literature. Top row:
comparison to the LAMOST DR7 ages of Xiang & Rix (2022), the GALAH DR3 ages of Buder et al. (2021), and
the APOGEE-astroNN DR17 catalogue (Leung & Bovy 2019). Middle row: comparison to the LAMOST, RAVE,
and APOGEE age estimates of Mints (2020). Bottom row: comparison to the ages calculated by Kordopatis
et al. (2022) for Gaia RVS sample. In each panel, the small blue dots are individual stars, the magenta points
indicate the median trends. The global spread for each comparison is shown as the mean absolute deviation,
mad, and the global shift as mean deviation, md.

116



New StarHorse catalogues
Section
4.4

1.5 1.0 0.5 0.0 0.5
[Fe/H]

0.2

0.0

0.2

0.4

LAMOST LRS DR7
1.5 1.0 0.5 0.0 0.5

[Fe/H]
0.2

0.0

0.2

0.4

LAMOST MRS DR7

1.5 1.0 0.5 0.0 0.5
[Fe/H]

0.2

0.0

0.2

0.4

APOGEE DR17
1.5 1.0 0.5 0.0 0.5

[Fe/H]
0.2

0.0

0.2

0.4

GALAH DR3

1.5 1.0 0.5 0.0 0.5
[Fe/H]

0.2

0.0

0.2

0.4

GES DR5
1.5 1.0 0.5 0.0 0.5

[Fe/H]
0.2

0.0

0.2

0.4

RAVE DR6

1.5 1.0 0.5 0.0 0.5
[Fe/H]

0.2

0.0

0.2

0.4

SDSS DR12
1.5 1.0 0.5 0.0 0.5

[Fe/H]
0.2

0.0

0.2

0.4

Gaia RVS

0.0 0.2 0.4 0.6 0.8 1.0
Relative stellar density

[
/F

e]

1.5 1.0 0.5 0.0 0.5
[Fe/H]

0.2

0.0

0.2

0.4

LAMOST LRS DR7
1.5 1.0 0.5 0.0 0.5

[Fe/H]
0.2

0.0

0.2

0.4

LAMOST MRS DR7

1.5 1.0 0.5 0.0 0.5
[Fe/H]

0.2

0.0

0.2

0.4

APOGEE DR17
1.5 1.0 0.5 0.0 0.5

[Fe/H]
0.2

0.0

0.2

0.4

GALAH DR3

1.5 1.0 0.5 0.0 0.5
[Fe/H]

0.2

0.0

0.2

0.4

GES DR5
1.5 1.0 0.5 0.0 0.5

[Fe/H]
0.2

0.0

0.2

0.4

RAVE DR6

1.5 1.0 0.5 0.0 0.5
[Fe/H]

0.2

0.0

0.2

0.4

SDSS DR12
1.5 1.0 0.5 0.0 0.5

[Fe/H]
0.2

0.0

0.2

0.4

Gaia RVS

0 2 4 6 8 10 12
Mean ageSH per pixel (Gyr)

[
/F

e]

Figure 4.4.8: [𝛼/Fe] vs. [Fe/H] distributions for the MSTO+SGB samples of the analysed surveys. Left:
Density distributions (relative to the maximum count in each survey). Right: The same, but coloured by the
mean age per pixel.

can break degeneracies by accessing the extra
information from photometry and astrometry.
The selections are perfomed using the follow-
ing equations adjusted by eye to comprise the
MSTO and SGB regime:

log𝑔𝑆𝐻 < −0.000008𝑇𝑒 𝑓 𝑓𝑆𝐻 + 5.8
log𝑔𝑆𝐻 > −0.00039𝑇𝑒 𝑓 𝑓𝑆𝐻 + 4.9

𝑇𝑒 𝑓 𝑓𝑆𝐻 > 500 log𝑔𝑆𝐻 + 3000;𝑇𝑒 𝑓 𝑓𝑆𝐻 < 8000
(4.1)

And only for the SGB selection:

log𝑔𝑆𝐻 < −0.00013𝑇𝑒 𝑓 𝑓𝑆𝐻 + 4.7
log𝑔𝑆𝐻 > −0.00039𝑇𝑒 𝑓 𝑓𝑆𝐻 + 4.9

𝑇𝑒 𝑓 𝑓𝑆𝐻 > 500 log𝑔𝑆𝐻 + 3000;𝑇𝑒 𝑓 𝑓𝑆𝐻 < 8000
(4.2)

In Figure 4.4.4 we show the distributions and
uncertainties in ages and masses for the se-
lected MSTO-SGB stars. Most age distributions

display two peaks: one at intermediate ages
(≈ 3 Gyr) and one containing an older genera-
tion (≈ 9-11 Gyr). There is a noticeable depres-
sion at 10 Gyr for the higher-resolution surveys
APOGEE, LAMOST MRS, and GALAH. Since
the SDSS/SEGUE survey preferentially targeted
the Galactic halo, the age distribution for this
survey is highly skewed towards old ages, and
presents a double peak at 11 and 12 Gyr. GES
and LAMOST LRS only show a rise at 11 Gyr.
90% of the MSTO stars have relative age un-
certainties smaller than 50%, and their average
is below 34% (see Table 4.4.1). For SGB stars,
this average decreases below 20%. From all the
spectroscopic releases, APOGEE and LAMOST
MRS have the smallest nominal uncertainties
in age (below 10%), although this is strongly
driven by the input parameter uncertainties of
the surveys.
Apart from ages, we also deliver mass es-

timates for the complete catalogues, not only
the MSTO-SGB, but we remind the user to be
cautious when using these values, since both

117



Chapter 4
StarHorse results for spectroscopic surveys + Gaia DR3: Chrono-chemical structures in the solar vicinity,
the genuine thick disk, and young-alpha rich stars

Figure 4.4.9: [𝛼/Fe] vs age distribution for the MSTO+SGB samples of each survey. A cleaning per signal to
noise and suggested flags was performed. The purple squares show the median trend per bin in [𝛼/Fe] while
the error bars show its one 𝜎 deviation. We only display the surveys that have mean statistical uncertainty
in age < 30% according to Table 4.4.1

Figure 4.4.10: [s/𝛼] abundance ratios vs. age for GALAH. The purple line shows the median abundance per
age bin and the error bar represents one sigma deviation from the median.
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Figure 4.4.11: [s/𝛼] abundance ratios vs. age for APOGEE. The purple line shows the median abundance per
age bin and the error bar represents one sigma deviation from the median.

statistical and systematic uncertainties can be
very high (depending on the class of stars). The
posterior mass distributions do not show con-
siderable differences between surveys, besides
the higher content of low mass stars in SDSS
and GES. Our mass estimates have been previ-
ously validated in earlier StarHorse versions,
Q18, against asteroseismic and binaries samples,
which yielded relative deviations of ≈ 12% and
25%.
In Figure 4.4.4, we also show the extent of

heliocentric distances for the MSTO-SGB sam-
ples, which is mainly confined to an extended
solar neighbourhood (0.1-3 kpc), surveys target-
ting the halo as GES and SDSS do reach farther
distances even inside the MSTO-SGB selection.
In the right panels of Figure 4.4.4 we see the
dependence of the relative age uncertainty with
age, mass and distance. StarHorse ages are
more uncertain for younger, intermediate-mass
stars. There is also a trend of decreasing age
uncertainty with distance, which is related to
older stars being found far from the disk. This
effect is evident in Figure 4.4.5. For all surveys,
we see dependence of age and Galactic height
(Z𝑔𝑎𝑙 ) more explicitly in LAMOST LRS, which
has the most significant number of stars. The
increasing age with Z𝑔𝑎𝑙 shows the consequence
of transiting between the young, thin disk (con-
fined to the Galactic plane) to the older thick
disk and halo components.

Validation of age estimates

Since age estimates for field stars are highly
dependent on stellar evolutionary models, it is

important to identify (and, when possible, quan-
tify) systematic biases. Although also notmodel-
independent, asteroseismic and open cluster
ages (OCs) are still our best anchor for val-
idating field-star age estimates. Since solar-
like oscillations in MSTO-SGB stars are much
weaker than for the red-giant branch, large
samples of MSTO-SGB benchmark ages from
asteroseismology are still missing. In Figure
4.4.6 we therefore compare our age estimates
to the OC ages derived by Cantat-Gaudin et al.
(2020). Thankfully, all considered spectroscopic
surveys have observed at least some OCs with
MSTO-SGB members. The results of the test
shown in Figure 4.4.6 can only be described
as humbling. While the results are on aver-
age in good agreement for older OCs (𝑎𝑔𝑒 ≳ 2
Gyr), and for the SGB sample only, the ages of
younger OC MSTO-SGB members are systemat-
ically overestimated, often by a factor of several
billions of years. We suggest that the reason for
this is the dominance of the initial-mass func-
tion prior, which for massive stars will result in
the preference of lower-mass (and consequently,
older-age) posterior solutions. We insist, how-
ever, that this is not a genuine problem of the
StarHorse code, but a generic problem of one-
fits-all isochrone-fitting codes.

A proof of this statement (and also a sec-
ondary sanity check) is delivered in Figure 4.4.7,
which compares our age estimates to field-star
ages in the recent literature (Xiang & Rix 2022;
Buder et al. 2021; Leung & Bovy 2019; Mints
2020). The figure demonstrates that our age esti-
mates compare well with other recent attempts
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to derive isochrone ages, especially with the
ages derived by Buder et al. (2021) for GALAH
DR3 and, to a slightly lesser degree, with the
results obtained by Xiang & Rix (2022) for LAM-
OST and Mints (2020) for APOGEE, RAVE, and
LAMOST. The horizontal streaks in the compari-
son figures for the latter reference (lower panels
of Figure 4.4.7) stem from the fact that Mints
(2020) used a PARSEC grid with equal spacing
in log age rather than linear age (as done in
this StarHorse run). The significant scatter
seen in each of the panels of Figure 4.4.7 demon-
strates that, even when similar techniques and
the same input data are used, results vary sys-
tematically. To give an extreme example, some
of the GALAH DR3 stars that StarHorse in-
dicates to be young (< 500 Myr) are found to be
old by Buder et al. (2021), which is very likely
to be a combination of a grid-edge effect and
poor stochastic sampling of the posterior.
The only method that delivers significantly

systematically different results from ours is the
astroNN APOGEE DR17 catalogue (based on a
convolutional neural network trained directly
on APOGEE spectra; Leung & Bovy 2019). This
is likely a consequence of the training set used
by those authors: their method focuses primar-
ily on red-giant stars and thus is likely to pro-
duce biased results for MSTO-SGBs.

4.5 Age-abundance relations

The advantages of combining Gaia with spec-
troscopic data are not limited to more precise
distances and stellar parameters, but also opens
the possibility to study detailed chemical abun-
dances as a function of these parameters. Cer-
tain abundance ratios are strongly correlated
with age in our Galaxy and can indicate the
formation of different populations (Chiappini
et al. 1997; Tucci Maia et al. 2016; Miglio et al.
2021; Morel et al. 2021). These relations be-
tween age and chemistry are potentially of
great value for understanding and constrain-
ing Galaxy evolutionary models (Chiappini et al.
2014; Nissen 2015; Miglio et al. 2017). In this sec-
tion, we investigate if we can recover some of
the known age-chemical correlations between

the StarHorse ages, metallicity, 𝛼-process
and as s-process elements. This exercise also
serves as an additional validation for the new
StarHorseMSTO-SGB ages.

4.5.1 𝜶 abundances and metallicities

Since 𝛼 elements are known to be produced
mainly by dying massive stars, in type-II super-
novae (SNe), those elements had a larger rela-
tive contribution to the chemical evolution of
the Milky Way in the past. On the other hand,
the content of elements produced by type-Ia
SNe increases slowly with the enrichment of
the interstellar medium. Therefore ratio of 𝛼-
capture content with iron can be broadly as-
sociated with the temporal evolution of stellar
populations (Tinsley 1980; Matteucci & Fran-
cois 1989; Chiappini et al. 1997; Woosley et al.
2002).

Diagrams of [𝛼/Fe] vs. [Fe/H] have also been
generally used as a classification of the stellar
components of our Galaxy: the chemical thick
disk is designated as the high-[𝛼/Fe] sequence,
while the thin disk can be chemically selected
as the low-[𝛼/Fe] sequence (Edvardsson et al.
1993; Fuhrmann 1998; Adibekyan et al. 2012).
Although geometrically the thin and thick disks
do not exactly match the chemical definitions
(Minchev et al. 2015). The high-[𝛼/Fe] sequence
is mostly assumed to be old, while the low-
[𝛼/Fe] sequence is younger, but the position
and shape of these sequences is know to vary
across the Galaxy (Bensby et al. 2011; Anders
et al. 2014). The inner disc, for example, shows a
more prominent bimodality indicating different
star formation paths and evolution across the
Galaxy (Q20). The picture also gets more com-
plex with the detection of young-𝛼-rich stars
(Chiappini et al. 2015). Therefore we expect a
clear correlation between [𝛼/Fe] and age but
also a large spread due to the mixing of popu-
lations (Anders et al. 2017b, 2018; Miglio et al.
2021). In Figs. 4.4.8 and 4.4.9 we show that
most of the old stars populate the high-[𝛼/Fe]
sequence, and we confirm a relation of increas-
ing [𝛼/Fe] for increasing StarHorse age for
most spectroscopic surveys, but also a signifi-
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cant scatter (as expected). Older ages are also
visible in Figure 4.4.8, especially on APOGEE
and the LAMOST survey, at high metallicities
and low-𝛼 linking the formation of the chemi-
cal thick disk and the inner thin disk in a knee
where the [𝛼/Fe] ratio decreases at a constant
rate as a function of [Fe/H] when SNIa contri-
bution becomes important. Another set of old
stars is seen in almost all surveys at low metal-
licity and low [𝛼/Fe], which is compatible with
the chemical characteristics of dwarf Galaxies
and the most outer parts of the Galactic thin
disk. Although the age and 𝛼 scatter is high in
Figure 4.4.9 for most surveys, one can notice
that spread in age is considerably smaller for
high-𝛼 populations, suggesting that the old high
𝛼 sequence was formed in shorter time scale.
This result is also seen by Miglio et al. (2021),
using precise asteroseismology from red giant
stars with Kepler and APOGEE spectra, which
showed that the old thick disk has a spread
smaller than 1.2 Gyr.

4.5.2 s-process abundances

The slow neutron-capture process ( s-process)
elements are produced in the asymptotic giant-
branch (AGB) phase of low- and intermediate-
mass stars, hence their contribution to the in-
terstellar medium increases steadily with time
(Busso et al. 1999; Sneden et al. 2008; Kobayashi
et al. 2020). Studies of low-metallicity AGBs
also show a strong component of s-process ele-
ments in the Galactic halo (Sneden et al. 2008;
Bisterzo et al. 2014). Among the spectroscopic
surveys considered in this work, APOGEE and
GALAH have measured precise high-resolution
abundances for a few neutron-capture elements
for a significant number of stars in the MSTO-
SGB regime. We choose these two surveys to
explore the ratio between s-process (ytrium,
barium and cerium) and 𝛼-elements with age.

In Figure 4.4.10 the ratios between [Ba/𝛼] and
[Y/𝛼] show a linear dependence with age. The
data points in Figure 4.4.10 are fitted with a
non-linear least mean square method, and its
uncertainty is taken as a square root from the co-
variance matrix. It is worth mentioning that the

uncertainty associated to the fits done here are
probably understimated due to the large data
sets and the noise it contains, which are not
variables in the fitting procedure (Hogg & Villar
2021), but doing a full Bayesian fit is out of the
scope of the paper. In the GALAH data, both
[Ba/𝛼] and [Y/𝛼] show strong relations with age.
The [Y/Mg] chemical clock has been extensively
studied in other works, from solar twins to clus-
ters (Spina et al. 2018; Maia et al. 2019; Nissen
et al. 2020; Casamiquela et al. 2021b). This rela-
tion has no apparent variation with metallicity
(Nissen et al. 2020). In Table 4.5.1, we compare
our resulting relations for different chemical
clocks with previous works. For [Y/Mg], the lin-
ear trend with age agrees very much well with
Casamiquela et al. (2021b), which is a higher
value compared to the other works but still close
to the values found by Spina et al. (2018); Jofré
et al. (2020). For [Ba/Si] and [Ba/Mg], our results
lay in between the different relations found in
the literature, overall more in agreement with
Jofré et al. (2020). This shows that StarHorse
ages are, at least, meaningful in population stud-
ies and do reproduce expected chemical-clock
relations. The differences between slopes found
in the literature can be attributed to the different
ranges in metallicity (Horta et al. 2022; Viscasil-
las Vazquez et al. 2022), the overabundance in
neutron capture elements in open clusters com-
pared to dwarf field stars (Sales-Silva et al. 2022)
or still the different spectroscopic pipelines. In
section 4.A we show the same Figures 4.4.10 and
4.4.11 colour-coded by temperature and metal-
licity. In Figure 4.4.11 we show yet another
s-process element, Cerium, derived by the ASP-
CAP synspec pipeline (Jönsson et al. 2020). The
precision for Cerium in APOGEE is much lower
than the previously discussed s-process abun-
dances in GALAH. It is noticeable from the fig-
ure that there is a high spread in [𝐶𝑒/𝛼] vs age
and that most of the cerium abundances are
below the solar value. In fact, a considerable
shift between the Cerium derived by APOGEE
and other surveys has been reported for giant
stars in the Galactic bulge (Razera et al. 2022)
and when compared to Gaia DR3 RVS spectra
(Contursi et al. 2022).
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Table 4.5.1: Chemical clock slopes,𝑚 age, for several abundance ratios in this study (using GALAH DR3 data;
see Figure 4.4.10) and the literature.

Publication [Y/Mg] [Ba/Si] [Ba/Mg] [Ce/Mg]
This work -0.055±0.004 -0.050±0.004 -0.0582±0.004 -0.017±0.005
Spina et al. (2018) -0.045±0.002 - - -
Nissen et al. (2020) -0.038±0.001 - - -
Jofré et al. (2020) -0.042±0.002 -0.040±0.002 -0.047±0.002 -0.037±0.002
Casamiquela et al. (2021b) -0.055±0.007 - -0.098±0.003 -
Viscasillas Vazquez et al. (2022) -0.036±0.011 -0.061±0.009 -0.103±0.006 -

In a recent work, Sales-Silva et al. (2022)
shows, also using APOGEE, that [Ce/𝛼] has a
strong dependence in metallicity and does not
work as a universal chemical-clock. In light
of these complexities, the relations between
[Ce/𝛼] abundances and age derived in this work
are almost flat and have lower values than other
studies in the literature (Jofré et al. 2020).

4.6 Analysing chemo-age
groups of local SGB samples

As an example science case for our new cata-
logues, we choose three spectroscopic surveys
(GALAH DR3, APOGEE DR17, and LAMOST
MRS DR7) to map different populations with
high-/medium-resolution spectroscopic abun-
dances in the local sample of SGB stars. We
choose only to use the SGB since this is a
fast evolutionary stage where ages have an ex-
plicit dependence on its luminosity resulting in
smaller StarHorse uncertainties, see Table
4.4.1. We see in section 4.4.3 that there is a better
agreement for OCs in the case of SGB. In sec-
tion 4.5, there is a clear relation between [Ba/𝛼],
[Y/𝛼] and age for these stars, which all substanti-
ate the robustness of the StarHorse derived
ages for the SGB regime. The three surveys
were chosen due to their higher-quality abun-
dances and completeness. In this section we
use the dimensionality reduction visualization
technique t-distributed Stochastic Neighbor Em-
bedding (t-SNE; Hinton & Roweis 2003; van der
Maaten & Hinton 2008), in synergy with the Hi-
erarchical Density-Based Spatial Clustering of
Applications with Noise (HDBSCAN; Campello

et al. 2013; McInnes et al. 2017). In the following
subsections we describe t-SNE and HDBSCAN
as well as their application to the SGB samples.

4.6.1 Methodology: t-SNE and
HDBSCAN

Finding groups of chemically similar stars aids
our understanding of the formation and evo-
lution of the Milky Way (Freeman & Bland-
Hawthorn 2002). Stellar chemical abundances
of most elements remain constant during most
of stellar evolution, while a star’s orbit can
be changed radically depending on the grav-
itational perturbation it suffers. The composi-
tion of a star’s birth cloud dictates its chemi-
cal composition, making it possible to identify
stars born in similar conditions through weak
chemical tagging (e.g. Hogg et al. 2016). How-
ever, differences in chemical abundances can be
very subtle and become masked by their obser-
vational uncertainties making strong chemical
tagging or finding co-natal stars very difficult
(Casamiquela et al. 2021a). It is also impotant
to take into account the radial migration due
to the dynamical effects produce by the non-
axisymmetric structures (bar and spiral amrs).
One way to explore this problem is by visu-

alizing the entire complex multi-dimensional
chemical abundance and age space at once to
find patterns in an easier manner. t-SNE is a sta-
tistical method for visualizing high-dimensional
data by giving each datapoint a location in a
two or three-dimensional map (van der Maaten
& Hinton 2008). These maps are iteratively
created by minimizing the Kullback–Leibler di-
vergence between the similarity distributions
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of the data in the original space and the low-
dimensional map, and thus preserve the prox-
imity between similar data points. For a slightly
deeper introduction focussed on a similar sci-
ence case, we refer to Section 2 in Anders et al.
(2018). As in that paper, we use the python im-
plementation of t-SNE included in scikit-learn
(Pedregosa et al. 2012).

t-SNE has demonstrated to be an effective
tool to help identify peculiar groups in different
parameter spaces, and has wide applications in
astronomy; e.g., stellar spectral classification
(Matijevič et al. 2017; Traven et al. 2017; Valen-
tini et al. 2017; Verma et al. 2021; Hughes et al.
2022), similarities between planetary systems
(Alibert 2019), galaxies classification (Zhang
et al. 2020; Rim et al. 2022). Finally, Anders et al.
(2018); Kos et al. (2018), and et al. (in prep.) show
that applying t-SNE to the abundance space
to perform chemical tagging confirms cluster,
stream membership and different stellar popu-
lations that compose the Galactic disk. Inspired
by those works, we follow a similar approach
but with a few differences; we apply t-SNE to
a set of chemical abundances combined with
the age information of APOGEE, GALAH, and
LAMOST MRS and then, instead of looking for
separations in the t-SNE by eye, we apply a clus-
tering method to identify different chemical-age
groups.

Clustering algorithms have been extensively
used in astronomy to find stellar groups in the
kinematical or chemodynamical space (Koppel-
man et al. 2019; Limberg et al. 2021; Gudin et al.
2021; Hunt & Reffert 2021; Shank et al. 2022).
For example, HDBSCAN is an extension of the
DBSCAN (Ester et al. 1996) clusteringmethod. It
converts DBSCAN into an Hierarchical method
by extracting flat clustering based on the stabil-
ity of the clusters, which leads to the detection
of high-density clusters, and it is, therefore, less
prone to noise clustering than DBSCAN.
The configuration of t-SNE+ HDBSCAN for

each of the samples we discuss in the follow-
ing sections is displayed in Table 4.6.1.The main

hyperparameter of t-SNE is called perplexity
and controls the number of nearest neighbours.
We made several tests with different values for
the perplexity parameter and the random state,
which can influence the local minima of the cost
function (Wattenberg et al. 2016). These tests
are summarized in the appendix 4.C. We always
choose the t-SNE configuration that visually
splits the groups more clearly.
We then apply HDBSCAN to the t-SNE pro-

jections. The three relevant hyparameters de-
scribed in table 4.6.1 were optimized to obtain
the "best" clustering in the sense of weak chem-
ical tagging i.e. a configuration that does not
split the data into too many small groups. Since
we are searching for a more global picture of the
chemistry and age distribution of stellar popu-
lations, we know that a large group should be
found by the method as the "thin disk" since
it should dominates our samples. The HDB-
SCAN hyperparameter "min_cluster_size" con-
trols the minimum number of stars allowed
to be considered a cluster; this parameter de-
pends on the sample size (see e.g. McInnes et al.
2017, and Appendix 4.C). The hyperparame-
ter "min_samples" defines how conservatively
the method treats noisy data. Finally, the hy-
perparameter "cluster_selection_epsilon" con-
trols the distance between the clusters, which
can change with the t-SNE projection. We
also always set HDBSCAN to "eom" as clus-
ter_selection_method which is optimized for
larger groupings.

4.6.2 SGB samples

In this subsection we detail the exact selection
of the elemental abundances and ages used for
the following t-SNE and HDBSCAN analysis,
separately for the APOGEE, GALAH, and LAM-
OST MRS samples. While this is important to
understand the differences in the results for the
three surveys, readers mainly interested in the
overall results may consider to move on straight
to Section 4.6.3 in which we discuss the chrono-
chemical groups found in our analysis.
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Figure 4.6.1: Upper left panel: t-SNE projection for SGB stars in APOGEE DR17. Colours correspond to
different groups found by t-SNE+HDBSCAN on the data. Lower-left and middle panels: abundance ratios of
𝛼 elements to those of iron group plotted against metallicity using the same colours for each identified group.
Right panels from top to bottom: i) upper panel: cummulative ages distribution for each group; ii) upper
middle panel: for each group we show mean azimuthal velocity (left y-axis and square symbol) and the mean
dispersion in azimuthal velocity (right y-axis and star symbol) as a function of age. iii) lower middle panel:
for each group we show mean vertical velocity (left y-axis and square symbol) and the mean dispersion in
vertical velocity (right y-axis and star symbol) as a function of age. iv) bottom panel: for each group we show
the mean metallicity (left y-axis and square symbol) and the mean dispersion in metallicity (right y-axis and
star symbol) as a function of age. The error bars in the right panels represent the 95% confidence interval of
a bootstrap resampling.
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Table 4.6.1: Configuration and input parameters of t-SNE+HDBSCAN

t-SNE configuration

Survey input perplexity random state
APOGEE DR17 [(Mg, Mn, Al, Si)/Fe] + Age𝑆𝐻 80 50
GALAH DR3 [(Mg, Al, Si, Ni, Zn, Y, Ba)/Fe] +Age𝑆𝐻 100 30
LAMOST DR7 [(C, Mg, Si)/Fe]+ Age𝑆𝐻 50 80

HDBSCAN configuration

Survey min_cluster_size min_samples cluster_selection_epsilon
APOGEE DR17 38 1 0.6
GALAH DR3 45 15 1.7
LAMOST DR7 207 8 1.95

APOGEE DR17

We use APOGEE DR17 abundances from the
SGB sample to find groups in the t-SNE pro-
jection with HDBSCAN. We apply the follow-
ing quality cuts before executing t-SNE: SNREV
> 70, ASPCAP_CHI2 < 25, VSCATTER<1,
ASPCAPFLAG=0, STARFLAG=0, "NEGATIVE"
not in StarHorse_OUTPUTFLAGS, and "CLUS-
TER", "SERENDIPITOUS", "TELLURIC" not in
TARGFLAGS. And finally, we also make a strict
cut in temperature 5500 K < 𝑇 eff < 6000 K.
In Table 4.6.1, we list the abundance ratios

chosen as input for the t-SNE method, we only
select elements with relatively small uncer-
tainty, as seen in Figure 4.B.3. In the abundance
group, we have iron-peak, odd-Z, and 𝛼 ele-
ments. The s-process element cerium is not
included because of the large uncertainties and
poor statistics for the SGB sample. We need to
be cautious when using APOGEE abundances
since its pipeline is optimized for giants (Jöns-
son et al. 2020). In the case of subgiants, there
might still be many artifacts (e.g. Souto et al.
2021, 2022; Sales-Silva et al. 2022) that could
possibly lead t-SNE and HDBSCAN to find an
unphysical clustering in the chemo-age space.
In Figure 4.B.3, we see some drastic differences
when one uses different spectral analysis codes
in the APOGEE pipeline. Even for abundances

with minimal errors like [Al/Fe] and [Si/Fe],
there is a significant difference at temperatures
below𝑇 eff <5500 K, thus our strict temperature
cut. After a further cleaning per each abun-
dance flag, elem_flag=0, we are left with 4 638
stars to which we apply t-SNE and HDBSCAN.
In the case of APOGEE the method finds at

least three different groups (see Fig. 4.6.1 and
tests with t-SNE parameters in Figure 4.C.3). To
check if there is any dependence of the t-SNE
clustering with the abundance pipeline, we also
show in the appendix Figure 4.C.4, which dis-
plays the final t-SNE projections colour-coded
by 𝑇 eff, log𝑔, [Fe/H] and signal-to-noise ra-
tio. Some areas of the resulting projections are
predominantly found at a metallicity and 𝑇 eff
range. This indicates that the clustered groups
have a certain dependence on those parameters.
The groups differ in [𝛼/Fe] content, metallic-
ity, and also in their age distribution. While
most of the stars belong to a (chemically de-
fined) "thin-disk" component ≈ with high dis-
persion in metallicity and age, two other groups
are found with chemical characteristics of "thick
disk" and "transition"/"high-𝛼 metal-rich" stars
(Fuhrmann 2008; Adibekyan et al. 2011; Anders
et al. 2018; Ciucă et al. 2021). We discuss these
groups in more detail together with the ones
found in GALAH and LAMOST in Sect. 4.6.3
and in Appendix 4.C.
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Figure 4.6.2: t-SNE projection for SGB stars in GALAH DR3, colours show the groups that the HDBSCAN
method identified. Abundance ratios are also show coloured by the same groups.Colours correspond to each
group found by t-SNE+HDBSCAN on GALAH data. Upper pannel: Cummulative ages distibuion for each
group; middle panel left axis squares: mean azimuthal velocity for each group; middle panel right axis stars:
mean dispersion in azimuthal velocity for each group; lower panel left axis squares: mean vertical velocity
for each group; lower panel right axis stars: mean dispersion in vertical velocity for each group. The error
bars in the right panels represent the 95% confidence interval of a bootstrap resampling.

GALAH DR3

Similarly to APOGEE, we use GALAH DR3
abundances for the SGB sample to find groups
in the t-SNE projection with HDBSCAN. Be-
fore performing the analysis we made the
quality cuts suggested by Buder et al. (2021):
snr_c3_iraf<30, flag_sp=0, flag_fe_h=0 and
’other’ not in survey_name, as well as any-
thingwith negative extinctions in StarHorse.
The chemical abundances that we choose for
the analysis are described in Table 4.6.1. The
set contains iron peak elements as well as 𝛼
and neutron capture elements, covering differ-
ent nucleosynthetic paths. From this group of
abundances we select only stars for which the
flag_elem = 0. The GALAH DR3 SGB sample
that satisfy all the mentioned flag conditions

is reduced from 47 524 to 9 420 stars. We did
not choose all abundances available in GALAH
since this reduces the sample size even more
drastically. We then combine the chosen abun-
dance ratios from Table 4.6.1 together with the
ages from StarHorse as t-SNE input. Here
we also experiment with the different test pa-
rameters on t-SNE seen on Figure 4.C.1. For
the GALAH sample we select the case for per-
plexity = 100 and random state=30. To check if
there is any dependence of the t-SNE cluster-
ing with the abundance pipeline we also show
in the appendix Figure 4.C.2 the final projec-
tions colour-coded by 𝑇 eff, log𝑔, [𝐹𝑒/𝐻 ] and
Signal to noise, again here as expected there are
some dependencies in temperature and there-
fore metallicity.
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Figure 4.6.3: t-SNE projection for SGB stars in LAMOST MRS. Same as Figure 4.6.1 for LAMOST MRS data.

We then apply HDBSCAN to the t-SNE pro-
jection, with the parameters described in table
4.6.1. The results from the t-SNE projection and
HBDSCAN clustering groups are shown in Fig-
ure 4.6.2 alongwith various abundance relations
for the different coloured groups. We discuss a
possible interpretation for each of the groups
in 4.6.3, with a particular focus on the chemical
thick disc.

LAMOST MRS

As a final exploration of the t-SNE+HDBSCAN
method, we choose the medium resolution sur-
vey from LAMOST. It is essential to keep in
mind that this has a lower resolution than
the previously discussed surveys APOGEE and
GALAH. LAMOST MRS has 12 individual el-
ement abundances, derived through a label-
transfer method based on convolutional neural
network (CNN) using as training set APOGEE
spectra (Xiang et al. 2019). There are many
caveats in such methodologies, e.g. incomplete-
ness and noise in the training data and unavail-
ability of uncertainties. Therefore, we must
be aware of these problems when analysing

the results. To proceed with the method, we
made the following quality cuts to LAMOST
MRS SGB sample: S/N > 30, fibermask=0 and
3500< 𝑇 eff <6500. We decide on the chemi-
cal abundances from LAMOST shown in table
4.6.1. The choice is mostly based on the mutual
availability of the abundances since we do not
have uncertainties or flags to control in this sam-
ple. With these choices we are left with 12 834
stars in LAMOST DR7 SGB sample. Combining
the set of abundances with ages into the multi-
dimensional space t-SNE+HDBSCAN can find
three different groups as seen in Figure 4.6.3
together with some abundance ratios, age and
kinematical properties. We discuss a possible
interpretation in the next subsections.

4.6.3 Chrono-chemical groups

Thin disk stars (dark yellow)

Traditionally the disk in the Milky Way and in
external galaxies (Dalcanton & Bernstein 2002)
can be divided into geometric thin and thick
disks. The thin disk dominates in density in
the solar neighbourhood since its geometrical
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component is denser and mostly confined to the
Galactic plane. In contrast, the thick disk has a
more extensive scale height (Jurić et al. 2008).
Since our selection of SGB stars is limited to
the solar neighbourhood, we expect that our
samples have a strong dominance of thin-disk-
like stellar populations. However, the disks de-
fined chemically and geometrically are not iden-
tical (Kawata & Chiappini See 2016; Minchev
et al. See 2015; Anders et al. See 2018 for a dis-
cussion). Our method for recovering chrono-
chemical groups finds mostly stars similar to
a chemical thin-disk highlighted with the dark
yellow colour on Figures 4.6.1, 4.6.2 and 4.6.3.
Chemically, the thin disk is much more complex
and less well mixed than the chemically defined
thick disk. A metallicity gradient with radius
has been long reported as a characteristic of
the thin-disk (Anders et al. 2014; Hayden et al.
2015) and radial migration is efficient in circular
orbits, which can bring stars born in a certain in-
ner radius to the solar neighbourhood (Minchev
et al. 2011, 2013). With all these complexities,
we expect that a technique to search chrono-
chemical groups could find multiple systems in
the thin disk. Our results show that the thin-
disk population has a broad age and metallicity
distribution, and multiple systems are found in
the GALAH DR3 sample. The chemical com-
position of the thin disk does not extend much
beyond 0.1 dex in 𝛼-abundances, and their en-
richment in s-process elements is higher than
the detected thick disk (green dots), but there
is also considerable overlap. The thin disk has
orderly rotation, with smaller velocity disper-
sion and high rotational velocities, as seen in
the right panels of Figures 4.6.1, 4.6.2 and 4.6.3.
All those characteristics are consistent with the
chemical and kinematical "thin disk" popula-
tions defined in multiple works in the literature
(e.g. Adibekyan et al. 2013; Anders et al. 2018).
The mean age of the thin disk detected in this
work lies between 5 to 6 Gyr, depending on the
survey. We notice from Figure 4.6.4 that the
thin disk age distributions have slight differ-
ences from survey to survey; all surveys show
a prominent peak at about 3 Gyr, with GALAH
having a higher proportion of those young stars.

While in GALAH, the thin disk stars steadily de-
crease in proportion with age, APOGEE shows
a secondary peak at 6 Gyr, and LAMOSTmainly
presents a flat distribution from four to eight
Gyr. Curiously on APOGEE and LAMOST, the
thin-disk extends to ages larger than ten Gyr;
these stars are older than one would expect for
standard thin-disk formation scenarios, even
though recently Prudil et al. (2020) also found
evidence for a population of RR Lyrae stars older
than 10 Gyr with chemo-kinematical thin disk
characteristics. We can attribute the cause of
the differences in the thin disk’s age distribution
between surveys due to their different selection
functions or the breakage into subpopulations,
another issue is the case for the different solar
scales utilized through the suveys which can
led to differences in the chemical distributions.
Furthermore, the consistent result of a broad
age distribution throughout the surveys is in
line with a slow and inside out formation of
the chemical thin-disk component (e.g. Chiap-
pini et al. 1997, 2001; Minchev et al. 2013, 2014).
In Figure 4.6.5, we show the thin disk’s age vs.
metallicity in the three surveys. We see that
for the thin disk populations, there is a clear
relation of increasing ages to decreasing metal-
licities until about 3 Gyr, which corresponds to
the prominent young peak seen in the age distri-
butions of Figure 4.6.4. After 3 Gyr, the relation
between age andmetallicity becomes more com-
plex. Still, there is an apparent change in the
relation, suggesting an overall flat relation in
age with metallicity but with high dispersion.
As other works have shown it is complicated to
reach strong conclusions from currently avail-
able age-metallicity relations, still affected by
substantial age errors and important and diffi-
cult to corrrect selection effects. (Feltzing et al.
2001; Casagrande et al. 2011; Bergemann et al.
2014). Even though we can separate the thin
disk via the chrono-age groups, we need to cor-
rect for selection effects, which is out of the
scope of this paper. We refer to future works for
a proper analysis of the age metallicity relation
of these samples.
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Genuine thick disk stars (green)

We find stars compatible with the abundance
pattern of chemically defined thick disk stars
(Reddy et al. 2006; Adibekyan et al. 2011; Bensby
et al. 2014; Anders et al. 2014; Nidever et al.
2014; Mikolaitis et al. 2014; Hayden et al. 2015),
which present high alpha abundances in the
three different SGB samples for which we run t-
SNE+HDBSCAN. Here we will refer to this pop-
ulation as the "genuine thick disc". These stars
clearly occupy the high-[Mg/Fe] sequence in the
classical Tinsley-Wallerstein diagram (Waller-
stein 1962) (lower left panel of Figures 4.6.1 ;
4.6.3 and central panel of Figure 4.6.2) and show
elevated [Mg/Mn] and [Al/Fe] abundances (Das
et al. 2020). In the GALAH sample, where
we have the s-process abundance ratios like
[Ba/Fe], shows a slightly lower location than
the bulk of the populations. At the same time,
[Zn/Fe] is mildly enhanced compared to the thin
disk at the same metallicity in agreement with
previous measurements (Delgado Mena et al.
2017; Friaça & Barbuy 2017). In the right panels
of Figs. 4.6.2,4.6.1 and 4.6.3 we show the cu-
mulative age distribution as well as the age-𝑉𝛷 ,
age-𝜎𝑉𝛷 , age-𝑉𝑍 age-𝜎𝑉𝑍 relations, binned by
HDBSCAN population. These plots show that
the genuine thick disk is relatively old (≳ 10.9
Gyr), has lower rotation and is kinematically
hotter than the thin disk populations, in line
with the recent analysis of Rendle et al. (2019);
Miglio et al. (2021). This result also agrees with
observations of disk galaxies at redshifts ≈ 2,
Übler et al. (2019) measured velocity dispersions
of about 45 km/s for thick disks observed at that
look-back time. Is also very clear that the gen-
uine thick disk found by t-SNE+HDBSCAN has
a contrasting mean age difference and a notice-
ble jump in velocity dispersion compared with
all the other populations in the SGB samples,
suggesting that it has indeed a very different
formation path in agreement with Chiappini
et al. 1997, 2001; Reddy et al. 2006; Miglio et al.
2021. Recent self consistent dynamical models
of the Milky Way, also show distinctive char-
acteristics in the kinematics and composition
of the thin and thick disks (Robin et al. 2022).

The age distribution of genuine thick disk stars
in Figure 4.6.4 shows a double peak. The sec-
ond prominent peak at ages between 9-10 Gyr
(very clear in the GALAH sample) is possibly the
contribution of transition or bridge stars, pre-
viously detected by other works (Anders et al.
2018; Ciucă et al. 2021). The transition stars
were probably formed in the inner Galaxy and
extend from the high 𝛼 abundances to low 𝛼

and high metallicities, filling the gap between
the thin and thick disks [𝛼/Fe] diagram. Further
analysis of bridge stars with t-SNE+HDBSCAN
is a matter for a forthcoming paper (et al. in
prep.). The metallicity distribution shown in the
left panels of Figure 4.6.4 is reasonably similar
for the three samples of SGB stars, ranging from
-1.5 to 0.0 and with a clear peak at around -0.5
dex. For APOGEE and LAMOST the metallicity
distribution shows a second prominent peak at
-0.8 dex. The [Mg/Fe] distribution is also analo-
gous throughout the different surveys showing
a smooth distribution from 0.1 to 0.4 dex. In Ta-
ble 4.6.2 we compare the mean age, azimuthal
velocity and their dispersion values. We see
that the age values agree very well between the
surveys, varying from 10.4-10.9 Gyr, and the
highest age dispersion being that of LAMOST
DR7, of 1.35 Gyr. The age and age dispersion
might be higher for LAMOST and APOGEE due
to minor debris contamination as we see some
stars in the green group to extend to the very
metal-poor side.

Young 𝜶 -rich (magenta)

Although young 𝛼-enhanced stars cannot be ex-
plained by standard chemical evolution models,
a significant number of them have been previ-
ously detected by diverse works in the literature
(Chiappini et al. 2015; Martig et al. 2015; Jofré
et al. 2016; Silva Aguirre et al. 2018; Ciucă et al.
2021; Miglio et al. 2021). Our method also recov-
ers stars with such characteristics in the SGB
samples of GALAH, APOGEE and LAMOST,
which we indicate by the magenta colour in Fig-
ures 4.6.1, 4.6.2, 4.6.3, and 4.6.4. In Figure 4.6.6,
we show that most of the stars detected as the
magenta group fall in the area delimited by the
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Figure 4.6.4: Probability density function of metallicity, age and [Mg/Fe] for the main populations founded
in APOGEE, GALAH and LAMOST with t-SNE HDBSCAN.

black curves. It is hard to explain with chemo-
evolutionary models of the Milky Way stars
that fall in this area (Chiappini et al. 2015). The
young 𝛼-rich populations detected here show a
mean age of about 5 Gyr for the three different
surveys. The cumulative age distributions have
truncation at about 7 Gyr, but we see an ex-
tension to older ages in GALAH and LAMOST.
Those older stars could perhaps again be part of
the transition or bridge stars which have inter-
mediate chemical characteristics between thin
and thick disks (Anders et al. 2018). The range of
abundances of the young-𝛼-rich stars is similar
to the genuine-thick-disk (green-dots), except
that their metallicity and [𝛼/Fe] distribution is
more concentrated at intermediate values be-
tween thin-disk (dark yellow) and genuine-thick
disk stars, see Figure 4.6.4. For LAMOST the
metallicity distribution of the magenta stars is
overall poorer than in APOGEE and GALAH al-
though their [Mg/Fe] is lower which could clas-
sify some of those stars as debris (Hasselquist
et al. 2021; Limberg et al. 2022b), outer disk or

a pipeline problem. Is worth mentioning that
the [Mg/Fe] measure through CNN algorithm
in LAMOST DR7 MRS is not always consistent
with the [𝛼/Fe] measured from LASP pipeline
(Wu et al. 2014). We also notice differences
between the green and magenta stars in the
[Mg/Mn] vs [Al/Fe] diagram: contradictorily
in APOGEE these stars are richer in [Al/Fe],
ranging from 0.2 to 0.5 dex, while in GALAH
they range in [Al/Fe] from 0 to 0.2 dex. The
kinematics of the young-𝛼-rich stars is mostly
hot from the right panels of Figures 4.6.1; 4.6.2;
4.6.3 the magenta groups show velocities disper-
sion both vertically and azimuthally of about 35
km/s. Although their mean V𝜙 is similar to the
one of the thin disk, the hot kinematics agrees
with previous works (Silva Aguirre et al. 2018;
Miglio et al. 2021; Ciucă et al. 2021) suggesting
that these stars formed from the same gas as
the genuine-thick disk but they appear young
because they are probably mergers from binary
stars (Jofré et al. 2016).
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Figure 4.6.5: Upper panels: metallicity vs age for the detected thin-disk component in three surveys. The
map shows the mean density per pixel where we have also applied gaussian smoothing. The red dotted
line represents the median metallicity for the given age. The lower panels show the heliocentric distance
coverage for each sample.

Other populations found in Galah DR3

Enriched s-process stars (red):
For the GALAH SGB sample, we can iden-

tify enhanced s-process stars since [Ba/Fe]
is available and input to t-SNE. This chrono-
chemical group shares very similar properties
to the thin disk, showing low-𝛼 enhancement
and a large dispersion in age and iron-peak
elements, but a significant difference in barium
enhancement , [Ba/Fe]> 0.5. The right panels
of Figure 4.6.2 show that these stars are slightly
younger than the thin disk group, with a mean
age of about 4.5 Gyr. Their rotation is similar
to the thin disk, showing high azimuthal ve-
locities and low-velocity dispersion. Despite
broad distribution in [Fe/H], these stars almost
do not present any higher metallicities than
Solar, and the most barium enhanced stars are
on the metal-poor side. One can also notice a
considerable fall of [Ba/Fe] for metal-rich in
the thin-disk (Israelian et al. 2014; Bensby et al.
2014). However, it could be challenging to mea-
sure barium at higher metallicities as mentioned
before in Delgado Mena et al. (2017); Buder et al.
(2019). We also checked that the high [Ba/Fe]
stars are also enriched in [Y/Fe] and [Zr/Fe].
The stars detected here do not belong to the
enhanced barium stars seen as Am/Fm stars
(Fossati et al. 2007; Xiang et al. 2020; Buder
et al. 2021), since those are much younger, with

high temperatures, 𝑇 eff > 6500 K and extremely
low 𝛼 abundances. These enriched s-process
stars could be the outcome of binary stars sys-
tems that have accreted mass from a dim white
dwarf companion enriching them with heavy
elements (McClure 1983). Two of the 103 stars
detected here are also in the binary catalogue
from Traven et al. (2020). Another possibility is
that these stars come from an accretted dwarf
galaxy, since in those systems stars can present
a different chemical evolution than in the Milky
Way.

Outer thin disk (Cyan):
The stars marked as cyan are mainly con-

centrated at the metal-poor end of the chemical
thin disk, occupying the locus of outer disk stars
in an [alpha/Fe] and [Fe/H] plot (Hayden et al.
2015; Queiroz et al. 2020). The different pop-
ulations overlap in [Zn/Fe] and [Ni/Fe]. The
cyan points show systematically larger [Ba/Fe]
ratios than the thick disk stars (green), but also
lower than the rest of thin disk stars. This is
into slight contradiction with the inside out pic-
ture formation (Chiappini et al. 2001) in which
the outer disk star formation history proceeds
on longer timescales than the in the inner parts
of the Galaxy leading to a larger Ba enrichment
by low and intermediate mass stars. Perhaps
this population is related to recent works find-
ing metal-poor stars with thin disk rotation
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Fernández-Alvar et al. (2021). We see from the
right panels of Figure 4.6.2, that the cyan popu-
lation presents a steep age distribution at about
6.0 Gyr and has an older mean age than the thin
disk. The [Mg/Mn] vs. [Al/Fe] diagram, upper
panel second column of Figure 4.6.2, shows that
the cyan population is at low [Al/Fe] and inter-
mediate [Mg/Mn] borderline to the region occu-
pied by dwarf galaxies (e.g. Limberg et al. 2022b;
Hawkins et al. 2015; Das et al. 2020). The chem-
ical characteristics and the older age attributed
to this group could also indicate that these stars
have been formed by gas polluted by the accre-
tion of a dwarf Galaxy, e.g. Gaia-Enceladus
dwarf, similar to what Myeong et al. (2022) re-
cently suggests as EoS system which would
chemically evolve to resemble the outer thin
disk. Another possible interpretation for the
characteristics of the cyan group is that they are
the outcome of the perturbation caused by one
of the passages of the Sagittarius Dwarf. In the
star formation history reconstructed by Ruiz-
Lara et al. (2020) there is a clear peak at about
5.7 Gyr which coincides with the mean age of
the cyan group found by the t-SNE+HDBSCAN
method. As Ruiz-Lara et al. (2020) suggests,
these stars were possibly formed by a pericenter
passage of the Sagittarius dwarf about 6.0 Gyr
ago. The robustesness of this group is not very
strong when we introduce noise to the t-SNE
method as seen in appendix 4.C, which means
this populations has a weak signal in the data
and needs further investigation.

Young chemically peculiar stars (Navy blue,
purple):
These two groups of stars are amongst the

youngest stars detected by our method. They
present high rotational velocities and very low
dispersion indicating these stars were probably
formed within the thin disk. The navy-coloured
stars show high [Ni/Fe] and low [Zn/Fe] content
and are also at hotter temperatures, T eff>6100K
see Figure 4.C.2. The metallicity of the navy
stars is concentrated in the metal-poor end of
the thin disk, not extending further than Solar
metallicities, similar to the previously discussed
outer disk but significantly younger. The contri-
bution of nickel is higher than iron in supernova

(SNe) type Ia (Tsujimoto et al. 1995; Sneden et al.
1991). As we see in the left lower panel of Fig-
ure 4.6.2 thin disk stars gradually become more
[Ni/Fe] enriched for higher metallicities where
SNe type Ia contribution dominates the inter-
stellar medium. Therefore is puzzling that the
stars rich in [Ni/Fe] have metallicities lower
than solar. Since these stars are at a similar tem-
perature range, it could also indicate a problem
in the pipeline. In contrast, the purple stars
cover almost the whole range of metallicities
as the thin disk, but they present low [Ba/Fe],
similar to thick disk stars and very low [Zn/Fe].
Trends of low [Zn/Fe] for higher metallicities
are seen in the direction of the Galactic bulge
(Barbuy et al. 2015; Duffau et al. 2017), although
the stars that we discuss here appear too young
to have migrated from the Galactic centre. It is
also true that for this populations the robustes-
ness of the groups is heavily perturbed whenwe
introduce noise to the t-SNE as seen in appendix
4.C.

Table 4.6.2:Mean parameters of the genuine thick
disk found in the different surveys

Survey 𝑎𝑔𝑒 𝜎𝑎𝑔𝑒 𝑉𝜙 𝜎𝑉𝜙
(Gyr) (Gyr) (km/s) (km/s)

LAMOST DR7 MRS 11.12 1.35 192.66 52.50
GALAH DR3 10.38 1.03 191.78 40.98
APOGEE DR17 10.77 1.33 181.31 42.37
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Figure 4.6.6: Age vs. [Mg/Fe] for the young 𝛼-rich
groups found in APOGEE, GALAH and LAMOST.
The black delineation shows the region where chem-
ical evolutionary models cannot explain, as in Chi-
appini et al. (2014).
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4.7 Conclusions

We present new StarHorse catalogues for
eight (past and ongoing) spectroscopic surveys,
coupled with Gaia DR3 and multi-wavelength
photometry. We deliver a total of 10 998 676 dis-
tances, extinctions, masses, temperatures, sur-
face gravity, metallicities, as well as ≈ 4 mil-
lion age estimates for MSTO+SGB stars. For
APOGEE DR17 results are also available, except
for the ages, as a value added catalogue of the
survey (Abdurro’uf et al. 2022).
Compared to the Q20- StarHorse release,

we have included new results for more than 4
million stars from Gaia RVS spectra and addi-
tional data from LAMOST, GALAH, APOGEE
and GES. For RAVE DR6 and SDSS/SEGUE
we have updated our results to include Gaia
DR3 parallaxes. We also make available
StarHorse ages for the first time by selecting
stars in the MSTO+SGB evolutionary stages,
since the age determination by isochrone fitting
methods is not reliable outside of this regime.

A validation against other methods (Xiang &
Rix 2022; Buder et al. 2022; Mints 2020) and OCs
(Cantat-Gaudin et al. 2020) have shown that our
ages are trustworthy for stars older than 2 Gyr.
StarHorse parameters have also been exten-
sively validated in S16; Q18; Q20.
We deliver typical distance uncertainties of

about 4-10% and SGB age uncertainties of about
8-20%, depending on the survey’s spectroscopic
resolution. For distances our results are about 5
to 10% better than when spectroscopic informa-
tion is not used (Anders et al. 2022; Bailer-Jones
et al. 2021). The inclusion of Gaia DR3 astrom-
etry, along with improvements in the spectro-
scopic pipelines of GALAH, APOGEE, LAMOST
and GES, allowed us to determine more pre-
cise parameters than in our earlier papers (Q18;
Q20).
By combining the chemical abundances and

radial velocities from the spectroscopic releases
with the final StarHorse data products we
were able to make the following findings:

• We have shown classical diagrams of
[𝛼/Fe] vs [Fe/H] colour-coded by age for

each of the eight spectroscopic surveys.
The results manifest the old thick disk
population at high [𝛼/Fe], the old acreted
metal-poor stars with low 𝛼 abundances,
and a transition population extending
from the thick disk to the high metallicity
inner thin disk stars with intermediate
ages (Anders et al. 2018; Ciucă et al. 2021;
et al. in prep.). We see a non-linear rela-
tion between 𝛼 abundances and age for
surveys with typical uncertainties below
30%. We also notice in Figure 4.4.9 that
the age dispersion decreases with increas-
ing [𝛼/Fe], in LAMOST LRS, the age dis-
persion is of about 3 Gyr for an [𝛼/𝐹𝑒] =
-0.1 and of only 1.4 Gyr for an [𝛼/Fe]∼ 0.3.
The statistics are similar for the other
surveys, indicating that old stars (mostly
thick disk high-𝛼) had a fast formation
history (Miglio et al. 2021).;

• The dependence of s-process/𝛼-process
abundances ratios against age (chemical-
clocks) for the local sample of SGB
stars reveals a linear correlation in most
cases. The correspondence is strong
for several abundance ratios, especially
for [Ba/𝛼]. A comparison with litera-
ture results of Spina et al. (2018); Jofré
et al. (2020); Casamiquela et al. (2021b)
for the same chemical clocks shows a
similar effect, demonstrating that the
StarHorse ages are sensitive enough to
the abundance variations. The chemical
clock’s determination also covers a large
number of stars in the local volume of
GALAH DR3 (≈ 18 000 stars).

• Using an unsupervised machine learn-
ing approach coupled with a clustering
algorithm, we can map different popu-
lations into their unique chemical age
properties. For this exercise, we have col-
lected a set of abundances spanning dis-
tinct nucleosynthetic paths and the SGB
ages for three different surveys APOGEE
DR17, GALAH DR3 and LAMOST MRS.
In all samples, we recovered the same
three populations: chemical thin disk,
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genuine thick disk and young-𝛼-rich stars
corroborating the method’s robustness.
We stress that our method avoids pre-
assumptions on the chemistry or kinemat-
ics of the thick and thin disk components
of the Milky Way.

• Our results show that the stars we ob-
tained from t-SNE+HDBSCAN cluster
method and that follow the chemical pat-
tern of thin disk have low 𝛼 abundances,
span a broad distribution in metallicity,
have a mean age of about 5.0 Gyr, promi-
nent peaks at 3 Gyr and a flattened distri-
bution from 4 to 9 Gyr. These chemical
characteristics and the flattened distribu-
tion of ages are in line with the slow and
inside-out formation of the thin disk (Chi-
appini et al. 1997; Minchev et al. 2013).
At the same time, the younger counter-
part shows the influence of mergers in
the star formation history of the thin disk
(Ruiz-Lara et al. 2020). In APOGEE and
LAMOST, a small portion of stars also
extends to ages larger than 10 Gyr, indi-
cating clumpy star formation scenarios in
the early disk (Beraldo e Silva et al. 2021).;

• Stars marked as green in Figures 4.6.1,
4.6.2, and 4.6.3 represent genuine thick
disk stars. They have high [𝛼/Fe] and
lower metallicity, as seen by many works
in the literature (Adibekyan et al. 2011;
Bensby et al. 2014; Anders et al. 2014). We
find mean age values in this group rang-
ing from 10.38-11.77 Gyr depending on
the survey, although all age distributions
exhibit a double peak at ≈ 11.5 Gyr and ≈
9.5 Gyr. The younger counterpart of the
genuine thick disk is probably a contri-
bution of another population described
in the literature as transition or bridge
stars (Anders et al. 2014; Ciucă et al. 2021),
further analysis of transition stars with
high-resolution samples is part of a forth-
coming paper (et al. in prep.). These re-
sults corroborate a formation scenario for
the thick disk that happened at lookback
times of z ≈ 2 (lookback time of 10-12

Gyr), and according to it, the small age
dispersion of 1.05-1.35 Gyr indicates that
the thick disk was fully formed before the
interaction with Gaia Enceladus (Miglio
et al. 2021; Montalbán et al. 2021).;

• The genuine thick disk dispersion in ve-
locity is strikingly different from the
thin disk, with values of standard de-
viation in vertical and azimuthal veloc-
ity of about 50 km/s which is in agree-
ment with recent self consistent dynami-
cal models of the Milky Way (Robin et al.
2022). This result also agrees with the
kinematics of extragalactic thick disks
at redshift ≈ 2. Based on KMOST inte-
gral field spectroscopy Übler et al. (2019);
Förster Schreiber & Wuyts (2020) sug-
gest that gravitational instabilities power
the large velocity dispersions observed in
thick disks. This suggests the chemical bi-
modality (Queiroz et al. 2020) to be linked
to a kinematical bimodality (Miglio et al.
2021), a clear signature of stellar popula-
tions formed during different star forma-
tion regimes.

• We find a significant number of young
𝛼-rich stars in all surveys studied with
t-SNE and HDBSCAN (427 stars). These
stars have chemical enrichment and kine-
matics very similar to the genuine thick
disk but a contrasting younger age that
cannot be explained by any Milky way
evolutionary models (Chiappini et al.
2015; Martig et al. 2015). The fact that
these stars present large velocity disper-
sions suggests that they were formed in
the same gas as the genuine-thick disk
(Silva Aguirre et al. 2018; Miglio et al.
2021; Lagarde et al. 2021). They appear
to be younger because they potentially
are the outcome of binary stars mergers
(Jofré et al. 2016).

• Besides the chemical thin disk, thick disk
and young 𝛼-rich stars, we find in the
GALAH DR3 SGB sample another four
groups within the low-𝛼 regime. Some
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of these stars show high s-process en-
richment (red), some show characteris-
tics similar to outer disk stars (cyan), and
some are young and show peculiar enrich-
ments in iron-peak elements (purple and
navy blue). These population singulari-
ties can be caused by mass accretion in
binary interactions and consequent pas-
sage and perturbation from dwarf galax-
ies. The stars marked as the outer disk
(cyan) have a steep age very similar to
one of the peaks in the Milky Way star
formation history associated with the pas-
sage of the Sagittarius dwarf about 6.5
Gyr ago (Ruiz-Lara et al. 2020). Although
the signal of this populations in the t-SNE
method is weaker and can be easily per-
turbed by noisy data, a detailed study of
these populations is still needed.

In summary, we deliver catalogues with pre-
cise astrophysical parameters for public spec-
troscopic surveys and for the first time, we
provide age estimates on a large scale. These
catalogues are fundamental for Galactic archae-
ology and work as optimal training sets for
machine learning algorithms that extend these
results to larger samples. The new approach we
presented here by joining t-SNE+HDBSCAN to
detect different chrono-chemical populations in
the solar neighbourhood has shown to be robust
across surveys of various pipelines and reso-
lution quality, sampling a variety of chemical
elements. Themethod is ideal to disentangle the
overlapping properties of stellar populations in
our Galaxy. We also make available a catalogue
with the IDs of all the groups we found. In two
accompanying papers, we use this technique,
applied to high-resolution samples, to study
the age and chemical structure of the local disk
(revealing clearly distinct thin disc, thick disc,
and high-alpha metal-rich components; et al. in
prep., and the Galactic bulge population also
in comparison to local samples, but without
age information; Queiroz et al. submitted). Two
recent publications make use of our datasets
to succesfully investigate and characterize halo

substructures (Perottoni et al. 2022; Limberg
et al. 2022a). All the samples published here in
conjunction with the first release of ages will
play a vital role in the future. With 4MOST (de
Jong et al. 2019), we can extend the volume for
which this will be possible.
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4Appendix
4.A Chemical clocks

dependency

In Section 4.5 we discussed the trends between
ages and different abundances, and we derived
chemical-clock relations based on a linear fit
to GALAH and APOGEE [s-process/𝛼-process]
abundance ratios. Temperature and metallicity
can also influence the spectroscopic pipeline
and therefore will have a impact in the uncer-
tainty and precision of the derived age. We
can expect that the dispersion around the trend
we detected in Figures 4.4.10 and 4.4.11 would
be an increasing function as temperature in-
creases and metallicity decreases, since those
stars have lines harder to detect. We show in
Figures 4.B.1 and 4.B.2 that indeed the more
metal-poor stars have a larger spread around
the mean trend while this effect is not as clear in
Temperature since this parameter has a stronger
dependence with age. We refer the reader to
other chemical-clock analysis where metallicity
is also considered in the fitting procedure or
only a certain range of metallicity is taking into
account (e.g. Casamiquela et al. 2021b; Viscasil-
las Vazquez et al. 2022). One can also notice that
the metallicity dependence is way less strong
for the [Y/Mg], which was already noticed by
Nissen et al. (2020).

4.B APOGEE DR17 abundances

In this section, we investigate the abundance
uncertainties and the different stellar synthe-
sis approaches used by the ASPCAP APOGEE
DR17 pipeline (García Pérez et al. 2016; Jöns-
son et al. 2020). Since the ASPCAP pipeline
is primarily focused on and optimized for gi-

ant stars, we want to investigate how reliable
the abundances used in this work are for the
MSTO-SGB stars. We only show figures for
the MSTO-SBG regime between temperatures
of 5000K-6000K and cleaned by: SNREV >

70, ASPCAP_CHI2 < 25, ASPCAPFLAG=0,
STARFLAG=0, ELEM_FE_FLAG=0. We
see that the uncertainties show in Fig-
ure 4.B.3 are mostly bellow 0.3 dex for
[Mg/Fe],[Si/Fe],[Al/Fe], [Ca/Fe], [Mn/Fe] and
[Ni/Fe], statistics is very low for [Co/Fe] and
[Ce/Fe], < 3 000. The signal-to-noise, SNREV,
is higher for smaller uncertainties, as expected.
Still, the quality of the match with synthetic
spectral models, ASPCAP_CHI2, is worse for
stars with low uncertainty, which might be an
effect caused by the temperature range of these
stars. Figure 4.B.3 compare the results from
two different spectral synthesis codes avail-
able on the APOGEE DR17 release. The official
release from APOGEE uses a new spectral syn-
thesis code, Sysnpec (Hubeny & Lanz 2017),
that can accommodate the effects of non-local
thermodynamical equilibrium (non-LTE) for Na,
Mg, K, and Ca (Osorio et al. 2020). Although
Synspec allows for non-LTE calculations, it
uses the assumption of plane parallel geome-
try which is not entirely valid for large giant
stars. While the previous synthesis code used in
the APOGEE pipelines, Turbospec (Alvarez &
Plez 1998), can use spherical geometry but can-
not consider non-LTE effects. The figure 4.B.4
shows non-negligible differences for several ele-
ments. We see high spreads for [Na/Fe], [Ti/Fe]
and [Cr/Fe], but since those have significant
uncertainties, we did not include them in the
scientific analysis of this manuscript. Non-LTE
effects might be able to explain the differences
between the codes, especially for [Na/Fe].
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Figure 4.B.1: [s/𝛼] abundance ratios vs. age for GALAH. The purple line shows the median abundance per
age bin and the error bar represents one sigma deviation from the median as in Figure 4.4.10 but now colour
coded by temperature upper panels and metallicity lower panels.
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Figure 4.B.2: [s/𝛼] abundance ratios vs. age for APOGEE. The purple line shows the median abundance per
age bin and the error bar represents one sigma deviation from the median as in Figure 4.4.11 but now colour
coded by temperature upper panels and metallicity lower panels.

Still, a clear shift is seen for abundances such
as [Si/Fe] and [Al/Fe] for temperatures colder
than 5500 K, which could be an artefact in the
derivation of the abundances. We, therefore,
abstain from using [Si/Fe] and [Al/Fe] for tem-
peratures cooler than 5500. [Ce/Fe] shows no
concerning differences between the two spec-
tral synthesis codes.

4.C Additional t-SNE and
HDBSCAN analysis

In this appendix, we add some additional il-
lustrative plots to the combined t-SNE + HDB-
SCAN analysis performed in Sect. 4.6 for each
of the three SGB samples (GALAH, APOGEE,
LAMOST).
In principle, there are a number of hyperpa-

rameters both in t-SNE and in the HDBSCAN
methods that need to be chosen wisely. Apart
from those, the main important choice for our
work is the set of input parameters and the se-

lection cuts. We optimised the number of input
chemical abundances so that as many chemical
elements as possible are used without signif-
icantly diminishing the total number of stars
with useful abundances. Since t-SNE cannot
treat missing data, all chosen chemical abun-
dances have to be mutually available for each
star in the final dataset.

Secondly, we needed to choose a sensible con-
figuration of hyperparameters both for t-SNE
and HDBSCAN for each survey. In Figs. 4.C.1
through 4.C.6 we show a few plots to explain the
choices when using the unsupervised machine
learning technique, t-SNE (Hinton & Roweis
2003; van der Maaten & Hinton 2008), in section
4.6 and letting a fixed setting for HDBSCAN.We
have experience with the perplexity and the ran-
dom state parameter to find the optimal t-SNE
projection. The perplexity controls the number
of nearest neighbours while the random state
only influences the local minima of the cost
functions, therefore, having a minor impact on
the final projection.
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Figure 4.B.3: Abundance uncertainty vs. signal-to-noise ratio (SNREV) for each chemical species published
in APOGEE DR17.
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Figure 4.B.4: Comparison between turbospec and synspec APOGEE DR17
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Figure 4.C.1: The t-SNE projection for the GALAH DR3 SGB sample for different perplexity and random
state values. We use the HDBSCAN method for each panel on top of the t-SNE projection. The colours
represent different overdensities detected by the algorithm.
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Figure 4.C.2: t-SNE projection for GALAH DR3 SGB data colour coded by 𝑇 eff,log𝑔, metallicity and signal
to noise.

Our goal with the method is to find a configu-
ration to detect at least the two main structures
of the disk (thick and thin). In Figures 4.C.1,
4.C.3, 4.C.5, we show different choices of t-SNE
(perplexity and random_state) for a fixed HDB-
SCAN choice specified in Table 4.6.1 per survey.
Depending on the t-SNE projection, HDBSCAN
finds many small clusters. This is not desirable
for our study, and we favoured the t-SNE pa-
rameters that preserve the global structures in
the data.
In the case of GALAH 4.C.1, almost all per-

plexity values can only recover one large group
and two small overdensities. Still, another sub-
stantial group can be found at large perplexi-
ties (perplexity=100) and random state values
(random_state=100 or 30). For APOGEE 4.C.3,
almost all solutions can find two or three main
clouds. Although, in some cases of perplexity,
the thin disk (the most significant cloud in all
projections) breaks into many subgroups. Sim-
ilarly, for LAMOST 4.C.5, only the values of
perplexity=15 and 25 find twomain global struc-
tures.

In summary, the perplexity and random_state

are essential values, and need to be explored
(Wattenberg et al. 2016), especially when we
first apply t-SNE and HDBSCAN on top of it,
some choices of perplexities can create patterns
and lead the HDBSCAN algorithm to detect
false clustering. In the t-SNE analysis of Anders
et al. (2018), they also perform a Monte-Carlo
experiment to account for the robustness of the
grouping, we abstain from making such a test
in this paper, but the robustness of the results of
t-SNE+HDBSCAN configuration is supported
by the fact that we repetitively find the same
stellar populations (thin-disk; thick disk; young
𝛼-rich) in three completely different data sets.

We similarly chose the final HDBSCAN
hyperparameters, first fixing a t-SNE con-
figuration that visually shows two or more
overdensities and then we experienced with
different values for min_cluster_size, which
controls the minimum size of the group-
ings, the min_samples, which controls how
conservative the clustering is and the clus-
ter_selection_epsilon, which controls the sep-
aration distance between the groups, for more
information on the HDBSCAN parameters we

23 https://hdbscan.readthedocs.io/en/latest/parameter_selection.html
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Figure 4.C.3: t-SNE projection for the APOGEE DR17 SGB sample using different values of perplexity and
random state. We use the HDBSCAN method for each panel on top of the t-SNE projection. The colours
represent different overdensities detected by the algorithm.
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recommend the reader to the following page23.
By testing HDBSCAN hyperparameters with a
fixed t-SNE configuration and vice-versa, we
have settled for the values described in Table
4.6.1, which optimally separates the chemical
thin and thick disks and also find other struc-
tures. The chrono-chemical groups found are
also reproducible for many other hyperparam-
eter combinations, which supports the group-
ings’ robustness.
In Figures 4.C.2, 4.C.4, 4.C.6 we show the t-

SNE projections colour-coded by different pa-
rameters. Since this method could project false
groups due to artefacts in the chemical abun-
dances derivation. In all cases, the projected
t-SNE has no clear dependency on signal-to-
noise, which controls the quality of the spectra.
For LAMOST and GALAH there is also no clear
connection between the projected density and
the surface gravity, while for APOGEE Figure
4.C.4 shows that low log𝑔 is preferentially at
the bottom left of the map. The temperature
and metallicity seem to influence the projec-
tions for all surveys. The metallicity is informa-
tion given to the t-SNE method in the form of
abundance ratios; therefore, we expect to find
different clumps of metallicity across the new
t-SNE dimension. This might also influence the
temperature distribution since stars with a cer-
tain metallicity are easier to detect at certain
temperatures.

4.C.1 t-SNE robustness

Manifold learning algorithms cannot treat ob-
servational uncertainties and also do not pro-
vide uncertainties associated to the produced
mapping. They merely provide a projection
of a high-dimensional dataset into a lower-
dimensional space. We reinforce that the pri-
mary method behind our analysis is the dimen-
sionality reduction technique, collapsing the
multiple chemical-age spaces into a 2D visual-
ization. We then use HDBSCAN to avoid de-

lineating the overdensities by eye. Through-
out the analysis, we have already had a critical
validation of the method: We recover the thin
disk, thick disk and young-𝛼-rich in three com-
pletely different surveys. Limberg et al. (2021);
Ou et al. (2022) have used HDBSCAN alone to
find groupings in kinematics space - and Monte-
Carlo experiments were able to assign a certain
probability of pertinence to the clusters. In our
case, this is much more difficult since each ran-
dom re-sampling of our data will result in a new
projection space for t-SNE.

Here we do a small exercise to test the robust-
ness of the groups found by t-SNE+HDBSCAN.
As in Anders et al. (2018), see their Figure 5, we
introduce noise to the data in a Monte-Carlo
experiment test. We have sampled 20 random
abundances and ages for each star using a Gaus-
sian distribution centred in the abundance and
age using its uncertainties as standard devia-
tion. We have then run t-SNE on this increased
random sample. In Figure 4.C.7, we show the re-
sult of the new t-SNE projection in this "noisy"
data as grey points and with the original tagged
groups in their respective colours (See Figures
4.6.3, 4.6.1 and 4.6.2) versus the original t-SNE
map. For the thick, thin disk and young 𝛼-rich
groups, the overdensities are preserved even
with the introduced noise in all three surveys.
For GALAH, some populations get dispersed by
the experiment, especially the young peculiar
"navy-blue" group, while the outer disk "cyan"
is in the middle of the thin disk group. The high
barium stars are an overdensity that remains vis-
ibly separable from the thin diskmain cloud. We
want to stress also that adding noise to the data
may artificially blur real signals. Despite the
significance of the "Cyan", "Purple" and "Navy
blue" groups being less robust, these findings
are still an essential first step to the investiga-
tion of these populations in theMilkyWay since
they present some interesting features as the
peaked age of the "Cyan" group.
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Figure 4.C.4: Same as Figure 4.C.2 but for APOGEE DR17 SGB sample
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Figure 4.C.5: t-SNE projection for the LAMOST DR7 SGB sample using different values of perplexity and
random state. We use the HDBSCAN method for each panel on top of the t-SNE projection. The colours
represent different overdensities detected by the algorithm.
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Figure 4.C.6: Same as Figure 4.C.2 but for LAMOST DR7 SGB sample
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Figure 4.C.7: t-SNE projections of noised data (produced by randomly adding Gaussian uncertainties to the
abundances and ages of each star) vs. original data. Top row: APOGEE. middle row: LAMOST. botton row:
GALAH
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5 Conclusions & Outlook

This thesis has focused on studying the disk and bulge chemo-dynamical properties and searching
for the answers to the questions we have raised in the introduction, which are imperative to
our understanding of the MW evolution and formation. The work we have presented here is
a consequence of the colossal set of information available in the present day by spectroscopic,
photometric, and astrometric surveys, which allows a detailed analysis of individual abundances
and dynamical phase space for millions of stars in our Galaxy.
The insurgence of the Gaia ESA mission astrometry has provided a detailed tomography of

the solar vicinity. With StarHorse, we can considerably extend the range of precise distances
from the inner-most (RGal<2 kpc) to outermost (RGal<20 kpc) regions of the Galactic plane. The
resulting parameters24 of StarHorse discussed in Chapter 2 are crucial for scientific analyses of
the Galaxy by various authors helping to characterize the merger assembly of the Galaxy (Hayes
et al. 2020; Fernández-Trincado et al. 2020c,b; Limberg et al. 2021; Perottoni et al. 2022), serving as
a training set for machine learning algorithms (Guiglion et al. 2020), as a comprehension of the
physical carriers of diffuse stellar bands (Zhao et al. 2023), studies of the bulge samples (Razera et al.
2022; Souza et al. 2023; Schultheis et al. 2020), and as benchmark comparison with many methods
(Rojas-Arriagada et al. 2020; Gudin et al. 2021; Plotnikova et al. 2022), especially as a validation of the
geometric Bayesian distances from Gaia EDR3 (Bailer-Jones et al. 2021). Combining spectroscopy
with photometry and astrometry results in significantly smaller distance uncertainties, with a
mean of 5% (see Chapter 4) in relative errors compared to 15% when only using photometry and
Gaia (Anders et al. 2022; Bailer-Jones et al. 2021). Therefore the parameters we made available are
references to many methods.

Integrating data from the Gaia and APOGEE surveys have yielded promising results in advancing
our understanding of the chemo-dynamical properties of the disk and bulge of the Galaxy. The
high-resolution spectra from APOGEE allow us to gain new insights into previously obscured
regions of the Galactic plane due to high levels of extinction, but with the infrared spectral range of
APOGEE, we could obtain chemical abundance data in these areas for the first time. Our study has
generated various maps and correlations across the disk that are crucial for quantitative comparison
with chemical evolutionary stellar models as in Spitoni et al. (2021) and Matteucci (2021).

Here we provide a comprehensive examination of the questions raised in Chapter 3.1, highlighting
the key findings of our study. We also detail how our work has contributed to the resolution of
these questions and identify areas where further research is needed to augment our understanding
of the MW.

5.1 How do the high- and low-𝜶 -sequences vary across the Galaxy?

Our study, detailed in Chapter 2, can sample thousands of stars across a wide range of Galactocentric
radii using APOGEE DR16 and Gaia DR2 surveys. We build on the work of Anders et al. (2014);
Hayden et al. (2015) to investigate the distribution of 𝛼-abundance ratios and metallicities across the
Galaxy. Our results confirm previous findings, suggesting that the high-𝛼 sequence is chemically
homogeneous across the Galaxy and lacks a chemical radial gradient, as reported in (Yan et al. 2019;

24 available in (https://data.aip.de/aqueiroz2020)
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Bensby et al. 2011; Boeche et al. 2013). According to previous studies (Cheng et al. 2012; Anders
et al. 2014), we also confirm that the chemical thick disk vanishes at 𝑅Gal >14 kpc. This suggests
the shorter scale length of the high-𝛼 sequence, whereas the low-𝛼 disk extends to 20 kpc from the
MW centre. The chemical characteristics of the outer disks primarily differ from their geometric
counterparts. We see that at larger radii, the thin disk starts to flare and has a larger contribution
for higher 𝑍Gal (Minchev et al. 2019).

These characteristics align with the scenario where the thick disk formed relatively rapidly and
homogeneously. The ages of Chapter 4 corroborate that the thick disk is coeval and homogeneous,
as in (Miglio et al. 2021). The formation of the thick disk can be explained by an intense period of
gas-rich hierarchical clustering events (Brook et al. 2004; Robin et al. 2014), and recent works are
testing the contribution of the Gaia-Enceladus merger as a catalyst for the thick disk formation
(Montalbán et al. 2021; Ciucă et al. 2022). The inner bins of the Galaxy show an extent of metal-poor
stars in the high-𝛼 sequence, but further investigation is needed to understand if this extended
metal-poor population is part of the enrichment of thick disk in the inner Galaxy or an independent
population (Di Matteo et al. 2019).

On the other hand, the chemically thin disk presents a substantial variation across different radii.
Our data suggests a positive radial [𝛼/Fe] gradient, where the metal-rich 𝛼-poor disk becomes
gradually 𝛼-enhanced in the inner bins. This trend has also been observed in previous works
with APOGEE (Anders et al. 2014; Hayden et al. 2015). Low 𝛼-sequence super metal-rich stars
[Fe/H] > 0.45 are typically located in the inner Galaxy. As one walks to further radii, more metal-
poor stars dominate the low-𝛼 regime. This is consistent with an inside-out slow formation of the
thin disk and with theories suggesting that high metallicity stars found in the solar neighbourhood
are the outcome of radial migration from the inner Galaxy. The enrichment in [Mg/Fe] of the
inner Galaxy also supports this scenario, as Mg has a tighter relation with star formation since this
element is solely produced in core-collapse supernovae

For the first time, and different than what was suggested in previous works (Hayden et al. 2015;
Zasowski et al. 2019), we can show with a significant number of stars (𝑅Gal<2 kpc, |𝑍Gal|<1 kpc,
N>5 000) that a chemical bimodality between high- and low-𝛼 sequence is present in the most inner
bins of the Galaxy. This indicates that the chemical discontinuity is a general characteristic of the
chemical enrichment of the Galaxy. Our findings suggest that the Galaxy has experienced two
different episodes of star formation, separated by a hiatus as described in the models of (Chiappini
et al. 1997), which involves the accretion of gas-rich mergers or primordial gas from the Universe
at high redshift. A duality of chemical abundances has also been observed in external Galaxies
(Scott et al. 2021; Pinna et al. 2019b,a), indicating it is not a unique trait of the Milky Way, but still
inconclusive if that is a standard or rare feature of galaxies in the Universe. The frequency of the
chemical duality in cosmological simulations is also not entirely clear. In Buck (2020), they found
the chemical dichotomy to be a recurrent feature of the simulated galaxies, while Mackereth et al.
(2018) finds that as a rare scenario.

Our maps of [Al/Fe] across the Galactic plane also show a chemical bimodality unique to the
inner Galaxy. This strongly indicates a different enrichment path, and [Al/Fe] may be more sensitive
to this effect since it has metallicity-dependent yields.

Further research of the inner Galaxy with better coverage of chemical abundances of different
nucleosynthesis origins, such as neutron-capture elements, can enlighten our comprehension of
the duality in the inner Galaxy and track the different timescales of star formation. High-resolution
cosmological simulations, including chemical evolutionary models, are also fundamental for further
understanding the high- and low-𝛼 dichotomy in different formation scenarios.
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5.2 What is the chemo-dynamical structure of the Galactic bar and
inner Galaxy?

WithGaia, APOGEE, and StarHorse, we have finally started to overcome the challenges of defining
a complete and accurate selection of stars in the bulge. During the course of this Ph.D, the first
observations of APOGEE south were released, adding considerable coverage of the inner Galaxy
and a detailed picture of the chemo-dynamical structure of the bar.
In Chapter 3, we analyze a sample of stars in the bulge region by defining a square area in

Galactocentric distances, which includes approximately 25 000 stars. Our results are similar to those
found by Zoccali et al. (2017), as we observe a clear distinction in the distributions of metal-rich and
metal-poor stars. Themetal-poor stars appear to form a spherical concentration, while themetal-rich
stars are confined to low Galactic heights, with |𝑍Gal|<200 pc. The overall metallicity distribution of
the sample shows a broad distribution with a prominent peak at high metallicities. Upon selecting
a spherical region in X𝐺𝑎𝑙 and Y𝐺𝑎𝑙 , the distribution becomes flat from −0.7 < [𝐹𝑒/𝐻 ] < 0.4
suggesting this is the region with the most contribution of metal-poor stars. This finding was
recently corroborated by Rix et al. (2022), they show that metal-poor stars selected from Gaia XP
spectra form a spherical concentrated region around the Galactic center.
We have calculated Galactocentric cylindrical velocities using the Gaia proper motions and

APOGEE DR16 radial velocities. We detected a clear signature of bar rotation as a quadrupole
pattern in azimuthal velocity (V𝜙 ) when mapped into Galactocentric coordinates X𝐺𝑎𝑙 , Y𝐺𝑎𝑙 . This
result, previously shown in Bovy et al. (2019), was even more evident in the inner 5 kpc of the
Galaxy, showing a rough estimate of the size of the bar (∼ 4 kpc) and angle with the Sun-GC line
( ∼ 20◦). The high-resolution butterfly pattern shown in azimuthal velocities demonstrates that
the StarHorse distances are accurate enough to reproduce the kinematic signatures of barred
potentials. The data can be closely compared to dynamical models that discuss this effect (Debattista
et al. 2017; Fragkoudi et al. 2020).
Furthermore, to ensure a high level of accuracy and minimize contamination from foreground

stars, we have employed the reduced-proper motion technique (RPM Faherty et al. 2009; Gontcharov
2009) to filter the stars based on their colour and proper motions as measured by the Gaia mission.
With this sub-sample of clean stars (approximately 8,000), we use the bulge potential of Portail et al.
(2017) to calculate the orbits of the stars. Taking advantage of this rich data, we analyze the inner
Galaxy in a different manner from previous works by studying the chemo-orbital structure jointly
rather than defining samples with cuts in chemistry or kinematics, which can lead to a biases.

By constructing an orbital space defined by the maximum excursion from the plane (|𝑍 |max) and
eccentricity (Boeche et al. 2013; Steinmetz et al. 2020a), we distinguish the multiple populations that
inhabit the inner Galaxy, which manifests themselves in the multi-peaked metallicity distribution
(Rojas-Arriagada et al. 2020), and bimodality of [𝛼/Fe] abundance ratio (Queiroz et al. 2020). We have
classified the stars as belonging to the Galactic bar using their orbital frequencies in a probabilistic
approach, utilizing several Monte Carlo realizations. The results revealed that stars with more than
80% probability of belonging to the bar are part of the 𝛼-rich and 𝛼-poor sequences, contradicting
the classical picture that suggested the bar is composed only of low-𝛼 metal-rich stars (Hill et al.
2011; Babusiaux et al. 2010). Our findings reinforce that the bar is formed through secular evolution,
which can trap stars from the low- and high-𝛼 regime. The fraction of metal-rich stars found in bar
orbits is more prominent, indicating that the dynamics of the thin disk play a crucial role in forming
the Galactic bar, but the thick disk is also not marginal in the bar formation. Our results agree with
studies of metal-poor stars and RR Lyrae, which show that some of these ancient metal-poor stars
significantly contribute to bar rotation as stated in Kunder et al. (2020) and Arentsen et al. (2020).
When decomposing the inner Galaxy into different cells of |𝑍 |max–eccentricity plane, we find
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that the metallicity of the stars close to the mid-plane shows a positive gradient with eccentricity,
from less eccentric bins at mean [Fe/H] = 0.2 to most eccentric at [Fe/H] = 0.25. This suggests
that during the secular process of the bar development, bursts in star formation can be induced
thanks to gas trapping and funnelling toward the centre. The observation that the bar contains
super metal-rich stars was also confirmed in the works of (Wegg et al. 2019; Lian et al. 2020) and in
the lack of Cepheid observations in the innermost region of the Galaxy (Matsunaga et al. 2016).
The broad range of chemical signatures in the inner Galaxy suggests a hybrid scenario with

contributions from at least two distinct stellar populations. This is clearly evident in the bimodality
in [𝛼/Fe], as well as in [Mg/Fe] and [O/Fe]. The consistency between the 𝛼 abundances demonstrates
the quality of the APOGEE chemical pipeline in the bulge (Jönsson et al. 2020). Enrichments that
trace different timescales, such as [C/N] and [Mn/O], also support the presence of a duality, further
reinforcing that populations with different star formation histories characterize the inner Galaxy.

All these findings are pivotal for the chemo-dynamical characterization of the Galactic bar. The
data produced in the work of Chapter 3 will carry a legacy for many years since it is the first time
we have a good sample of thousands of stars with abundances and orbits in the inner Galaxy.

5.3 Does the Milky Way have classical bulge component?

The analysis in Chapter 3 suggests the potential presence of a classical bulge in the MW, however,
further evidence is needed to confirm this. Our study revealed that many metal-poor stars do not
conform to the expected orbits of a bar structure and have metallicities that are lower than those
of thick disk stars but not as low as those of the inner halo (−0.7 <[Fe/H]> −1.3). Additionally,
many of these non-rotating metal-poor stars are located within a mean orbital radius of 3 kpc,
providing evidence for the presence of a pressure-supported component. This is supported by
various studies that examine the distribution and dynamics of metal-poor stars in the MW (Zoccali
& Valenti 2016; Kunder et al. 2020; Arentsen et al. 2020; Rix et al. 2022). There are several possible
formation scenarios for a classical bulge in the Milky Way, such as through dissipational collapse at
the same time as the formation of the thick disk, hierarchical clumping before the formation of the
disk, or the accretion of dwarf galaxies. For a detailed discussion of these formation scenarios, refer
to session 4 of Barbuy et al. (2018). The current data and models are not sufficient to confirm the
existence of a classical bulge in the Milky Way, but chemical evolutionary models require at least
two populations of metal-poor and metal-rich stars to fit the observed MDFs (Bekki & Tsujimoto
2011; Grieco et al. 2012; Tsujimoto & Bekki 2012). Some models also consider an intrinsic chemical
gradient of the oldest stars (Pipino et al. 2010) which could have been generated by dissipative
collapse. In some models, the gradients can be explained by the contribution of the metal-poor
thick disk and the metal-rich inner thin disk (Di Matteo 2016; Debattista et al. 2017; Fragkoudi et al.
2018).

Our data has further highlighted the complexity and diversity of abundance patterns in the inner
region of the Milky Way galaxy. By jointly analyzing the chemical and orbital properties of stars,
we found evidence for more populations than the thin and thick disks alone can account for. In
order to fully understand the different populations in the inner Galaxy, it is essential to quantify
the contribution of stars that belong to the disks or inner halo. Some studies propose the existence
of a metal-poor extension of the thick disk, known as the "metal-weak" thick disk (Hawkins et al.
2015; Hayes et al. 2018; Di Matteo et al. 2019), which shares similar kinematic characteristics with
the thick disk but extends to lower metallicities. However, identifying a population solely based on
kinematics can be problematic as dynamical features can change over time, particularly in regions
with strong gravitational potential and stellar interactions such as the Galactic bar. Our study, along
with many others, has shown that a chemical thick disk is coeval and homogeneous throughout the
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disk (Anders et al. 2014; Hayden et al. 2015; Miglio et al. 2021). Therefore, in the inner Galaxy, we
might be seeing a superposition of a high-𝛼 old metal-poor population. In the different cells of the
diagrams in |𝑍 |max–eccentricity, we observe a clear contribution of the thick disk at intermediate
values of |𝑍 |max and eccentricity, with typical local thick disk values of azimuthal velocity, further
suggesting the homogeneity of the chemical thick disk.

The distributions of azimuthal velocity (V𝜙 ) in the orbital space of |𝑍 |max–eccentricity find amidst
the metal-poor stars an extended tail of counter-rotating velocities at 3 𝑘𝑝𝑐 < |𝑍 |max > 2 kpc. A
similar feature was observed in the study of Lucey et al. (2021); after the comparison with models,
they found a significant excess of counter-rotating stars. Further explanations for the presence of
the metal-poor counter-rotating population include the possibility that they are associated with
a proto-galactic disk that was heated by a merger event — known as the “Splash” (Belokurov
et al. 2020) — or that they are the result of clumpy star formation (Amarante et al. 2020; Beraldo
e Silva et al. 2021). Additionally, these stars could be the outcome of accretion from an external
galaxy. However, their chemical composition does not match Gaia-Enceladus or that of “Heracles”
debris detected in Horta et al. (2021). An accreted event or strong gas flows at the early stage of
Galaxy formation could have played a major role in the establishment of a classical bulge which
is in agreement with the old age of RR Lyrae stars (13.41 ± 0.54 Gyr) (Savino et al. 2020) and the
observation of high redshift galaxies which show the formation of classical bulges being formed by
the high amounts of dissipative gas accretion mergers (Tacchella et al. 2015; Renzini et al. 2018)
In conclusion, our study has provided further evidence for the complexity and diversity of the

inner region of the Milky Way galaxy, known as the bulge. Our analysis of the stellar chemical
and orbital properties has revealed the presence of multiple populations beyond the thin and thick
disks. It is clear that the bulge is a complex region that has been shaped by the contribution and
initial formation of all the major components of our Galaxy. Understanding and disentangling its
chemodynamical history is crucial for deciphering the primordial steps of Galaxy formation and the
interplay between the stellar populations. This includes the quenching in star formation manifested
by the clear bimodality, the interactions between stars and dynamical instabilities that form the bar,
and the disparate chemical and dynamical characteristics that some populations present, indicating
accretion events.

5.4 How to date the stellar populations in our Galaxy using large
spectroscopic surveys?

Determining the ages of individual stars is a difficult task. Techniques such as gyrochronology,
asteroseismology, and eclipsing binaries can provide estimates with precisions down to 10%, as they
rely on additional constraints such as stellar mass. However, these precise techniques are limited
in their applicability due to the required long and repetitive observation time and high-resolution
instruments such as Kepler (Caldwell et al. 2010). As a result, the sample size of stars that can be
studied using these methods is limited (Barnes 2007; Valle et al. 2015; Anders et al. 2017b; Valentini
et al. 2019).

Methods such as isochrone fitting, like StarHorse, can be efficient tools for deriving ages for a
large sample of individual stars. However, they are heavily dependent on the underlying models.
There are many degeneracies for certain evolutionary stages where multiple isochrones overlap at
a wide range of metallicities and temperatures, mainly at the main sequence and red giant branch
(Soderblom 2010). In Chapter 4, we present ages for a large dataset of stars in our Galaxy using
StarHorse (Queiroz et al. submitted). However, due to the limitations of isochrone fitting, we only
provide ages for the subgiant-branch (SGB) and the main sequence turn-off (MSTO), which have
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been shown better precision when tested against simulations Queiroz et al. (2018). The ages for SGB
are more reliable than the MSTO, as the relationship between luminosity and ages is straightforward
during this stage, where stars evolve rapidly. We validate our method against similar Bayesian
approaches (Xiang & Rix 2022; Mints 2020; Kordopatis et al. 2022) and benchmarks such as open
clusters (Cantat-Gaudin et al. 2020). Our sample includes over four million stars with ages in the
solar neighbourhood for eight different spectroscopic surveys. The resulting age samples are crucial
for dating the chemical thin and thick disks. The availability of ages for such a large dataset allows
us to understand the chemical-age structure of the solar vicinity with statistical significance.

We have presented in Chapter 4 the correlation between the StarHorse ages and the chemical
abundances of stars as determined by various spectroscopic surveys. When we colour code the
[𝛼/Fe] diagram by the ages of each individual star, we confirm the long-establish result that the
high-𝛼 sequence is mostly old as in Matteucci & Francois (1989); Woosley et al. (2002) and that the
low-𝛼 sequence is primarily young, but at low metallicities the low-𝛼 stars are characterized by old
accreted populations (Mackereth et al. 2019). Additionally, find stars between the low- and high- 𝛼
populations with intermediate ages, which has been designated in the literature as a transition or
bridge population and has been suggested to have a distinct origin from the chemical thick disk
(Anders et al. 2018; Ciucă et al. 2021). The diagram of [𝛼/Fe] vs age shown in Chapter 4 shows a
decreasing age dispersion for the higher [𝛼/Fe], suggesting the high-𝛼 sequence had a fast formation
and is mostly coeval a result supported by precise asteroseismology measurements was (Miglio
et al. 2021) which further validates our isochrone fitting age derivation.
Finally, as an ultimate validation of our ages, we found that the SGB StarHorse ages and the

precise chemical abundances from the GALAH and APOGEE surveys reproduce known “chemical
clocks” such as the correlation between age and abundances of neutron-capture elements and 𝛼
elements. Our reported slopes for various abundance ratios, such as [Ba/Mg], [Y/Ca], and [Ba/Si],
with age are consistent with previous studies in the literature (Nissen et al. 2020; Casamiquela et al.
2021b; Jofré et al. 2020). The study of chemical clocks is critical for understanding the different
enrichment time scales that produced these elements. The correlations can also be used to date other
stars in the Galaxy for which isochrone fitting is not possible, although it is necessary to consider
the variation in the chemical space caused by Galactic dynamics out of the solar neighbourhood.

5.5 How to distinguish between chemical populations?

The availability of many chemical abundance measurements is crucial for understanding the
chemical evolution of the Galaxy. It allows us to constrain the ISM enrichment from which stars
were formed. The data from large-scale spectroscopic surveys, such as GALAH, APOGEE and
LAMOST, provide access to over 20 abundances for hundreds of thousands of stars, enabling us to
use weak chemical tagging to identify the common origin of major stellar populations (Hogg et al.
2016; Freeman & Bland-Hawthorn 2002). As shown in Anders et al. (2018) it is possible to identify
different chemical populations using a dimensionality reduction algorithm.

In chapter 4, we utilize amanifold algorithm called t-SNE to effectively transform the n-dimensional
chemical and age space into two dimensions, preserving the similarity between points. Unlike
in Anders et al. (2018), we utilize a clustering algorithm on top of t-SNE to effectively track the
populations. The addition of ages to the high-dimensional space interpreted by t-SNE is helpful,
especially when the chemical abundances have large uncertainties. We have applied this method
and searched for chrono-chemical groups in three different surveys: APOGEE, LAMOST medium
resolution survey and GALAH. The surveys have very different chemical pipelines and resolutions;
nonetheless, the method can find three chrono-chemical groups with similar chemical patterns and
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ages in each of the three surveys: a genuine thick disk, young 𝛼-rich stars and the chemical thin
disk.

The genuine thick disk is marked by the chemical characteristics of high [𝛼/Fe], low metallicities,
low [Ba/Fe] and high [Mg/Mn] similarly to works who investigates multiple chemical characteristics
of thick disk stars (Adibekyan et al. 2012; Anders et al. 2014; Bensby et al. 2014; Delgado Mena et al.
2017). Our analysis shows that the mean age of the genuine thick disk is around 11 Gyr with a small
age dispersion of 1.3 Gyr, further supporting the idea of a short formation period and that the thick
disk was likely fully formed before the interaction of Gaia-Enceladus with our Galaxy (Miglio et al.
2021; Montalbán et al. 2021). The velocity dispersion of the genuine thick disk also shows an abrupt
change compared to other groups found in our t-SNE+HDBSCAN method, indicating a distinct
formation scenario for this population. The velocity dispersion of 50 km/s is in agreement with
recent self-consistent dynamical models (Robin et al. 2022) and observations of thick disk formation
in redshift galaxies (z∼2) (Übler et al. 2019).
Our method also finds a group of young 𝛼-rich stars. They present the chemical pattern of a

genuine thick disk but at significantly younger ages. Such characteristics have been detected before
in Chiappini et al. (2015), where the authors argue that the current chemical evolutionary models
of the MW cannot explain these atypical stars. Further observations of young-𝛼 rich stars have
suggested it to be an outcome of binary interaction, where mass transfer makes these stars appear
considerably younger (Jofré et al. 2016; Silva Aguirre et al. 2018; Lagarde et al. 2021). The large
number of ∼ 400 newly discovered young 𝛼-rich stars is an excellent sample to constrain chemical
evolutionary models and further study binary interactions.

The stars found by t-SNE+HDBSCAN methods that follow a chemical pattern of thin disk stars
show a large dispersion in metallicity and ages and have a mean age of 5 Gyr. It is clear that the thin
disk had a slow formation ranging in ages from 9 to 2 Gyr, which is consistent with the formation
scenarios proposed in Chiappini et al. (1997); Minchev et al. (2013) where a second episode of gas
infall form the thin disk in an inside out fashion with a slow timescale. The thin disk age distribution
peaks also coincide with the influence of the Sagittarius stream as in the star formation history
reconstructed by Ruiz-Lara et al. (2020).

Using data from several chemical abundances and ages in the manifold method and a clustering
algorithm enabled us to classify the populations in the solar neighbourhood into a thin disk, genuine
thick disk and young 𝛼-rich. The procedure is robust across spectroscopic surveys of different
resolutions and chemical pipelines. The same method can be used on a larger scale and in different
regions of the MW to quantify the contribution of the chrono-chemical populations across the
Galaxy and will be important by the time model spectroscopic surveys asWHT Enhanced Area
Velocity Explorer (WEAVE Dalton et al. 2012) and 4-metre Multi-Object Spectroscopic Telescope
(4MOST de Jong et al. 2019) deliver their data.

5.6 Quantifying the contribution of the local thin/thick disks to the
inner Galaxy

As a future work building on the research presented in this thesis, we aim to further quantify
the contribution of the thin and thick disks in the inner region of the Galaxy. By utilizing the
t-SNE technique in conjunction with the HDBSCAN clustering algorithm, which were presented in
Chapter 4. As we suggested in this conclusion and in Chapter 3, the inner Galaxy shows signs of a
superposition of multiple populations as accreted debris (Horta et al. 2021), an excess of counter-
rotating stars (Queiroz et al. 2021; Lucey et al. 2021) and a high number of metal-poor stars that
do not follow bar orbits (Arentsen et al. 2020; Kunder et al. 2020). On top of those stars, there is

157



Chapter
5 Conclusions & Outlook

Figure 5.5.1: Upper panel: t-SNE + HDBSCAN applied to an inner Galaxy sample selected from
Gaia+APOGEE DR17. The groups can be identified as the ones with chemical patterns of the thick disk in
green, the thin disk in dark yellow, transition stars in pink and a previously unidentified group in purple.
Bottom panel: histogram of the groups found by the t-SNE as the chemical thick disk locally and in the bulge.
From Queiroz et al. (in prep.)
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Figure 5.7.1: Galactocentic coordinates 𝑍Gal and 𝑋Gal of an extended view of the Galactic halo and zoom
given the Galactic disk. Data is constructed using the StarHorse for Gaia EDR3 and photometric surveys
for 300 million stars up to Gaia-magnitude (G)<18.5. Image was taken from Anders et al. (2022)

also the contribution of the chemical thin and thick disks. As previously demonstrated, the high-𝛼
sequence is homogeneous across different Galactic radii (Anders et al. 2014; Hayden et al. 2015;
Miglio et al. 2021). Therefore, we expect the inner Galaxy to exhibit similar characteristics. We use
the t-SNE+HDBSCAN both in the inner Galaxy and in a local sample to compare the differences
between populations in those distinct regions of the Galaxy.

In Figure 5.5.1, we demonstrate this approach using APOGEE DR17 (Abdurro’uf et al. 2022) data
for a local sample (𝑑 <1 kpc; N ∼ 10 000) and in the bulge (6 < 𝑑 <10 kpc, N∼ 15 000). We only use
red giants in both samples with log𝑔 <3.0 dex. Therefore we dont have age information, but the
abundances of APOGEE are very well calibrated for giants making its uncertainties smaller and more
precise (Jönsson et al. 2020). The upper panel of Figure 5.5.1 shows the groups found for the inner
Galaxy, where the method identifies a substantial contribution of the high-𝛼 sequence — the green
group — and separates into a distinct group — the purple group — representing the more metal-poor
stars. Our next step is to investigate whether this “purple” group could be a sign of the classical
bulge or if it has an accreted origin as suggested by Horta et al. (2021). The multidimensional
analysis of chemistry using t-SNE indicates that this “purple” population is chemically distinct from
the thick disk, suggesting a different origin. The lower panels of Figure 5.5.1 also indicate that the
distribution of abundances from a thick disk defined via tSNE+HDBSCAN in the local vicinity is
very comparable to the thick disk in the inner Galaxy, which further supports our findings for a
homogeneous thick disk. This research can better define the gradients of high- and low-𝛼 sequences,
efficiently disentangling multiple populations in the inner Galaxy.

5.7 Summary and future perspectives

This thesis was assembled during a unique epoch for Galactic archaeology. The releases of Gaia
DR2 and DR3 have had an impressive impact on our understanding of the Galaxy and made a
fundamental match to spectroscopic surveys. The results of each published and submitted paper
provide new and critical observational constraints to models of the formation and evolution of the
MW and other galaxies. The years of this Ph.D. have also been marked by the work to process the
colossal Gaia data with spectroscopy to deliver StarHorse data to the community in the form of
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value-added catalogues inside the SDSS APOGEE surveys and part of astronomical databases25.
Multiple works done in collaboration during the years of this Ph.D. have also helped shape our
understanding of the structure and chemodynamical properties of our Galaxy. Most notably, the
papers of Anders et al. (2019, 2022) connect the research presented in this thesis with the releases of
StarHorse data using photometry and Gaia for more than 300 million stars. As we saw in Chapter
1.5, the data from (Anders et al. 2019) was paramount for a general view of the bared structure
from our Galaxy. In Figure 5.7.1 we show the extent of StarHorse photometry across distances of
50 kpc from the Galactic plane, showing the impressive extent of the stellar halo density and the
major dwarf galaxies satellites of the Milky Way. Such an extensive dataset will undoubtedly play
an essential role in new science and aid in building target catalogues selection targets for recent
surveys, as it has already been doing for the upcoming high-resolution survey 4MOST. Further
collaborative works have led to the discovery of new members of the Sagittarius dwarf stream
(Limberg et al. 2022a), including very metal-poor stars. The authors found critical chemo-kinematic
differences between the stream populations, suggesting that a kinematic hot, less concentrated
and metal-poor population was disrupted first from the Sagittarius dwarf. Additionally, works
such as Perottoni et al. (2022); Fernández-Trincado et al. (2019b), with whom we also collaborate,
have helped characterise various Galactic halo and bulge debris structures. In the bulge area, our
definitions of the RPM sample in Chapter 3 have been used by further works to study globular
clusters in the bulge (Souza et al. 2023) and to improve chemical abundances of APOGEE stars in
the inner Galaxy (Razera et al. 2022). Future spectroscopic surveys such as 4MOST and WEAVE
are promising for new and complementary works in the bulge and disks. As part of the experience
gathered in this Ph.D., the author also contributes as leader of a bulge sub-survey inside 4MOST,
outlining a carefully selected inner Galaxy sample to complement the data of APOGEE in the
southern hemisphere (Chiappini et al. 2019).

25 https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/638/A76
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