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Abstract

Galactic archaeology is the study of the history of galaxies, where stars act as the fossil
record. By investigating and characterizing the properties of stellar populations, galactic
archaeologists seek to reconstruct a picture of the formation of galaxies and their subsequent
evolution. These studies rely on two critical assumptions: first, that the atmosphere of a star is
representative of the environment where it formed, and secondly, that stars born in the disc do
not venture far from their birthplace. However, evidence has been found to suggest that stars
can migrate radially due to interactions with the bar and spiral arms, which complicates the
situation considerably.

Within the Milky Way, large-scale stellar spectroscopic surveys are a crucial tool to dis-
entangle this complex picture. Spectra hold information about the chemical composition of
stars, and in particular, the abundance ofÆ-elements (such as oxygen, magnesium, and silicon)
can also act as a proxy for age. In addition, the radial velocity of stars can be determined
from their spectra. Together with data from astrometric and photometric surveys, large-scale
spectroscopic surveys can determine multidimensional chemodynamical properties for large
samples of disc stars.

In this work, I use samples of extended solar neighbourhood stars from the RAdial Velocity
Experiment (RAVE) survey to investigate the chemodynamical history of the Milky Way disc.
In paper I, “Chemical separation of disc components using RAVE”, for the first time with RAVE
data, disc components (the thin, orÆ-low disc, and the thick, orÆ-high disc), were identified in
chemical space using a probabilistic approach. Unlike high-resolution studies, it is not possible
to separate the disc components a priori with RAVE, as the uncertainties on the Æ-abundance
measurements are larger than what is needed to recover the gap between the Æ-low and -high
sequences. We find that our chemically separated components are distinct in their kinematics,
in agreement with results from high-resolution studies. We conclude that our study supports
the scenario that a gap in the star formation history of the disc produced the two sequences
we see. In addition, we find evidence that super metal-rich stars from the inner Galaxy migrate
outward, although some may just be visiting the solar neighbourhood.

In paper II, “The selection function of the RAVE survey”, I led the effort to characterize the
selection function of RAVE, knowledge of which is necessary to understand the relationship
between the observed and underlying stellar populations, as well as identify potential biases
which may affect the interpretation of RAVE for chemodynamical studies of the Milky Way.
With the selection function in hand, it was possible to generate a mock-RAVE catalogue by
applying the selection function to a model of the Galaxy. This mock catalog was then compared
to the parent sample to identify biases resulting from the selection function of RAVE. We
found no significant biases induced by the selection function of RAVE in either the velocity
or metallicity distributions, verifying the robustness of RAVE for chemodynamical studies in
the solar neighbourhood.

Finally, in paper III, “Correlations between age, kinematics, and chemistry as seen by the
RAVE survey”, a high-quality sample of stars with chemistry and radial velocities from RAVE,
proper motions from UCAC5, and parallaxes from TGAS was used to explore the local velocity
space as a function of metallicity and age. The sample was separated into two broad age
groups: young (typically associated with the thin, Æ-low disc), and old (typically associated
with the thick, Æ-high disc). Then, kinematics trends as a function of both Galactocentric
radius and metallicity were investigated. Both young and old samples show signatures of a
negative gradient in mean radial velocity as a function of Galactocentric radius, and show for
the first time that young, metal-rich stars have the steepest negative gradient. We conclude,
in agreement with previous theoretical studies, that the behavior of these trends reflects the
presence of non-axisymmetries in the disc (such as the bar and the spiral arms), and are directly
related to the efficiency of radial migration of stars in the disc.
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Zusammenfassung

Das noch junge Feld der Galaktischen Archäologie befasst sich mit der Entstehung und
Entwicklung von Galaxien. Sterne dienen ihr als Fossilien, in denen Teile der chemischen
und dynamischen Geschichte einer Galaxie kodiert sind. Durch genaue Beobachtungen von
stellaren Populationen erhalten galaktische Archäologen Aufschluss über die Evolution der
jeweiligen Heimatgalaxie. Studien dieser Art beruhen auf zwei wichtigen Grundannahmen:
erstens, dass die Atmosphäre eines Sterns die chemische Zusammensetzung seiner Entste-
hungsregion widerspiegelt, und zweitens, dass Sterne ihre Bewegung nach ihrer Geburt nicht
drastisch ändern. In den letzten Jahren haben Beobachtungen und theoretische Arbeiten
gezeigt, dass die zweite Annahme nicht streng erfüllt ist: Sterne in Galaxienscheiben können
durch Interaktionen mit Spiralarmen und dem galaktischen Balken radial migrieren.

Für die Milchstraße sind insbesondere groß angelegte spektroskopische Himmelsdurch-
musterungen ein probates Mittel, um das komplexe Problem der chemodynamischen Geschichte
zu lösen. Ein Sternspektrum enthält reiche Informationen über die radiale Geschwindigkeit
und die chemische Zusammensetzung eines Sterns, insbesondere über den relativen Gehalt an
sogenanntenÆ- Elementen (wie etwa Sauerstoff, Magnesium oder Silizium), welche zusätzlich
Aufschluss über das Alter der Sterne geben können. Durch Kombination mit astrometrischen
und photometrischen Durchmusterungen lassen sich multidimensionale chemodynamische
Eigenschaften für große Stichproben von Sternen in der Milchstraße bestimmen.

In dieser kumulativen Arbeit untersuche ich eine Stichprobe von Sternen der erweiterten
Sonnenumgebung, die mit dem RAdial Velocity Experiment (RAVE) beobachtet wurden, um
die chemodynamische Geschichte der Milchstraße zu studieren. In Paper I benutze ich einen
probabilistischen Ansatz, umÆ-arme und -reiche Sterne zu definieren und deren kinematische
Eigenschaften zu studieren. Diese Studie zeigt, dass eine Lücke in der Sternentstehungs-
geschichte der Milchstraße die beiden Scheibenpopulationen produziert hat. Außerdem
weisen die Daten darauf hin, dass Sterne mit supersolarer Metallhäufigkeit radial in die
Sonnenumgebung migriert sind.

Paper II beschäftigt sich mit der Charakterisierung der Selektionsfunktion der RAVE-
Durchmusterung, die bis dahin eine essentielle Unbekannte in Vergleichen zwischen RAVE-
Beobachtungen und Milchstraßenmodellen war. Durch die Anwendung der Selektionsfunk-
tion auf ein Modell für der Milchstraßenscheibe wurde es möglich, einen Mock-RAVE-Katalog
zu erstellen. Es wurden keine signifikanten systematischen Verzerrungen der Geschwindigkeits-
und Metallizitätsverteilungen durch die Selektionsfunktion festgestellt, was den Wert von RAVE
für chemodynamische Studien unterstreicht.

Schließlich wurde in Paper III eine hochqualitative Auswahl von Sternen mit chemis-
chen Häufigkeiten und Radialgeschwindigkeiten von RAVE, Eigenbewegungen von UCAC5
sowie Parallaxen aus dem ersten Datenveröffentlichung von Gaia genutzt, um den lokalen
Geschwindigkeitsraum als Funktion von Metallizität und Sternalter zu studieren. Dazu wurde
die Stichprobe in eine junge und eine alte Population geteilt, die in etwa der klassischen
dünnen, Æ-armen bzw. dicken Æ-reichen Scheibenpopulation entsprechen.

Beide Gruppen haben einen negativen Geschwindigkeitsgradienten mit wachsendem
galaktozentrischem Abstand, und es konnte zum ersten Mal gezeigt werden, dass junge,
metallreiche Sterne den steilsten negativen Geschwindigkeitsgradienten aufweisen. The-
oretische Studien lassen den Schluss zu, dass dieses Verhalten durch den Einfluss nicht-
axisymmetrischer Strukturen in der Sternenscheibe (wie etwa den galaktischen Balken und
die Spiralarme) erklärt werden kann und damit eine Messung der radialen Migrationseffizienz
ermöglicht.
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1 Introduction

1.1 Why study disc galaxies?

Picture a galaxy in your mind. It was probably a disc galaxy1, with a bright
white-yellow central region, swirling spiral arms speckled with blue star forming
regions, and thin, dark lanes of dust– an island of light in stark contrast to the dark
void surrounding it. Such images of massive spiral galaxies, with their intricate
complexity and beauty, are ubiquitous in modern astrophysics, and understanding
their formation and evolution has persisted as a fundamental theme of the field for
over a century.

Within the framework of the most widely-accepted cosmological model, dark
energy (§) with cold dark matter (CDM), spiral galaxies like the Milky Way form
hierarchically through mergers, with gravity acting as the dominant force to bring
them together (for recent reviews see Springel et al. 2006; Frenk & White 2012;
Peebles 2012). While this model is incredibly successful at describing the large scale
structure of the Universe and the distribution of galaxies within it, predictions made
from cosmological simulations in§CDM begin to break down at the scale of galaxies
and dwarf galaxies (e.g. Bullock & Boylan-Kolchin 2017). In particular, the following
discrepancies directly influence our understanding of the formation and evolution
of disc galaxies:

Á The missing satellite problem – Cosmological simulations predict two orders
of magnitude more dwarf galaxies than what we observe (Kauffmann et al.
1993; Klypin et al. 1999). Around the Milky Way, thousands of dark matter
subhalos are expected to exist, yet we’ve identified only ª 50 or so dwarf
galaxies to date (e.g. Koposov et al. 2015; Drlica-Wagner et al. 2015).

Á Size and shape of galactic bulges – In §CDM simulations, hierarchical clus-
tering tends to generate disc galaxies with massive, spheroidal (classical)
bulges (e.g. Abadi et al. 2003; Scannapieco et al. 2012). However, many disc

1If it was an elliptical or irregular galaxy, just bear with me here.
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galaxies in the local Universe either lack a central spheroidal component, or
their bulge is not as dense as those predicted by models (Shen et al. 2010;
Kormendy et al. 2010).

Á Persistence of galactic discs – Hierarchical structure formation relies on
frequent mergers to build up galaxies from smaller components, however,
simulations have shown that mergers often thicken or destroy thin, disc-like
structures (e.g. Barnes 1992; Walker et al. 1996; Scannapieco et al. 2009). The
majority of disc galaxies have thin structures containing old stars, indicating
either that they have somehow managed to survive major mergers, or they’ve
had a quiescent recent merger history. Both scenarios seem to be in con-
tention with the merger approach of the§CDM framework.

To address these issues, and in particular the fragility of galactic discs, we have
to consider two possibilities: either §CDM is incomplete, or our description of
the other ingredient of cosmological simulations, baryonic physics, is inadequate.
§CDM succeeds because it is the simplest, most effective theory to accurately
reproduce observed large scale structure and primordial elemental abundances
(Planck Collaboration et al. 2016), and so there is significant doubt that it would be
fundamentally wrong (Binney 2004). However, growth via accretion and mergers is
not the only model of Galaxy evolution. Eggen et al. (1962) proposed a model where
galaxies form through the monolithic collapse of a large, protogalactic gas cloud.
While this scenario has fallen out of favor with the rise of §CDM, it can still be used
to explain the properties of some galactic components (e.g. the halo, Section 1.2.1.)

As a result, we turn to studies of the baryonic component of galaxies. There
is significant evidence in the literature that the key to reconciling discrepancies
between theory and observation lies in properly addressing both external and
internal mechanisms affecting galactic evolution. Externally, such mechanisms
involve ongoing and past accretion through mergers, while internal mechanisms
include star formation, enrichment of the interstellar medium (ISM), supernovae
feedback, stellar winds, and radial migration, to name a few (e.g., Nath & Silk 2009;
Scannapieco et al. 2009; Hopkins et al. 2012; Brook et al. 2012).

There are two distinct approaches to better understanding these evolutionary
processes. The first approach is to study galaxies external to our own. With
this strategy, it is possible to survey and characterize the wide range of galaxy
morphologies, both in the local Universe (z ª 0) as well as at high redshift, especially
at the peak of star formation density (z ª 2, e.g. Madau & Dickinson 2014). By
comparing the morphology and composition of field galaxies at different points in
time, we can construct a comprehensive picture of galaxy evolution from an external
perspective. In addition to these broad population studies, external galaxies offer
the opportunity to study different galactic components to a greater extent (e.g., the
diffuse stellar halo and the entire galactic disc), and from different perspectives
(i.e., edge-on vs. face-on). However, despite these advantages, it is not possible to
conduct detailed investigations of their internal evolution.

The other approach is to study the evolution and history of the Milky Way
(Figure 1.1), where we can study its constituents and internal evolution in much
greater detail. In particular, stellar surveys of our Galaxy are particularly valuable,



1.2: The Milky Way 3

Figure 1.1 — Artist’s impression of the Milky Way, a barred spiral galaxy, shown face-on (left),
and edge-on (right). The face-on view shows the central bar and spiral structure of the disc
and the approximate position of the Sun, about halfway between the centre and the edge of
the disc. The edge-on view highlights the three main components of the Milky Way: the stellar
halo, which contains globular clusters; the bar/bulge; and the disc. Credit: NASA/JPL-Caltech
(left); ESA (right); ESA/ATG medialab (layout).

as stars act as an ideal means for disentangling its evolutionary history. Access
to the kinematics, chemistry, and age of individual stars in the Milky Way allows
for a distinct advantage over observing external systems: we can identify coeval
populations, and therefore quantify the relative proportion of stars born in situ from
gas present in the early Milky Way versus infalling gas from mergers, or born in dwarf
galaxies which have since been accreted.

1.2 The Milky Way

The Milky Way is a barred spiral galaxy (Hubble type Sbc, e.g. Gerhard 2002), and
is the second largest spiral galaxy in the local group after Andromeda (M31), with
a stellar mass of ª 6± 1£ 1010MØ (e.g. McMillan 2011; Bovy & Rix 2013; Piffl et al.
2014; Binney & Piffl 2015). Both the Milky Way and M31 have satellite galaxies
gravitationally bound to them. The number of satellite galaxies associated with the
Milky Way remains an open investigation, with new discoveries being made even
within the past few years from deep, large-scale photometric surveys (e.g. Koposov
et al. 2015; Homma et al. 2016). Some of these satellites are actively interacting
with the Milky Way disc (e.g. Belokurov et al. 2006), showing that our Galaxy is still
undergoing significant accretion and dynamical evolution.

In this section, we present an overview of the constituent components of the
Milky Way, from the perspective of stars and the environments in which they form.
From least massive to most massive in terms of baryonic content, these consist of
the halo, the bulge, and the stellar disc (itself composed of a thin and thick disc).
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1.2.1 The halo

The halo is the largest component of the Galaxy in terms of radial extent, although
it hosts only ª 1% of the total stellar mass of the Galaxy (ª 4° 7£ 108MØ, Helmi
2008; Bell et al. 2008). It is roughly spheroidal (Jurić et al. 2008) with no net rotation
(Ivezić et al. 2008), and no ongoing star formation. However, it is rich in substructure
in the form of merger debris such as stellar streams, remnants of accretion events
and interactions with dwarf galaxies (e.g. Helmi & White 1999; Belokurov et al. 2006;
Helmi 2008; Helmi et al. 2017). Stars found in the halo are typically old (& 12 Gyr,
Reid 2005; Kalirai 2012; Kilic et al. 2017), kinematically hot, metal-poor, having
a metallicity distribution that peaks around ª °1.6 in [Fe/H]2(e.g. Ryan & Norris
1991; Carney et al. 1996; Schörck et al. 2009; Allende Prieto et al. 2014) with an
extended metal-poor tail (down to [Fe/H] .°7, Keller et al. 2014; Bessell et al. 2015;
Nordlander et al. 2017) and are typically enhanced in their Æ-element abundances
(e.g. Wheeler et al. 1989; Nissen et al. 1994; Carretta et al. 2000).

There are two predominant scenarios that attempt to identify the mechanisms
responsible for the formation of the halo. The first, presented in Eggen et al. (1962),
describes the stellar halo of the Milky Way forming from the rapid, monolithic
collapse of gas onto the Galactic plane. The second, by Searle & Zinn (1978),
proposes that the halo was built up from numerous mergers and accretion events.
This model agrees with predictions from§CDM, where the halo was formed hierar-
chically (Bullock & Johnston 2005). One of the most compelling pieces of evidence
supporting this scenario came from the discovery of the Sagittarius dwarf spheroidal
galaxy (Ibata et al. 1994), which is still merging with the Milky Way, wrapping around
the Galaxy more than once (Chou et al. 2007). The current paradigm holds that
both scenarios can be invoked to reproduce the observed properties of the stellar
halo, with two overlapping components: an inner- and outer-halo (Carollo et al.
2007). The more metal-rich inner halo, which dominates at Galactocentric distances
10 < r < 15 kpc, likely formed through dissipative processes, while the outer halo,
at r & 15 kpc, was built up from mergers with smaller subsystems, such as dwarf
spheroidal galaxies (e.g. Carollo et al. 2007, 2010; Beers et al. 2012; Helmi et al. 2017;
however, cf. Schönrich et al. 2011).

1.2.2 The bar/bulge

Central bars or bulges are a nearly ubiquitous feature of massive (> 109 MØ) galaxies
in the local group (Fisher & Drory 2011). In the Milky Way, the bar/bulge is heavily
obscured by dust from our perspective in the disc. While a few small low-extinction
‘windows’, such as Baade’s Window, provide a relatively clear view for detailed
studies of the bulge (Dutra et al. 2002), they are not suited for characterizing bulge
demographics as a whole. As a result, much of what we know about the Milky Way
bulge comes from observations of red clump giant stars (e.g. Stanek et al. 1994, 1997;
Rattenbury et al. 2007; Wegg et al. 2015), which can be seen at large distances and

2Defined in the usual way, [Fe/H] = log10

≥
NFe
NH

¥

§
° log10

≥
NFe
NH

¥

Ø
, where NFe and NH are the number of

iron and hydrogen atoms, respectively, § indicates abundances relative to a given star, and Ø indicates
relative to the Sun.



1.2: The Milky Way 5

through significant extinction. However, studies utilizing micro-lensing events to
observe dwarfs and subgiants in the bulge are now offering supplemental evidence
for the formation history and evolution of the central region of the Galaxy (e.g.
Bensby et al. 2017).

Currently, there are three dominant scenarios to explain the presence of a central
bar/bulge region: dissipative collapse and hierarchical clustering (Athanassoula
2005), clumpy star-forming regions in the disc migrating inward due to dynamical
friction (Noguchi 1998), or disc buckling (e.g. Patsis et al. 2003). The first two
scenarios produce a ‘classical’ or spheroidal bulge, while disc buckling produces a
bar, also referred to as a ‘pseudo-bulge’. Morphologically, the bulge of the Milky Way
is ‘boxy’ or ‘peanut-shaped’ (e.g. Weiland et al. 1994; Dwek et al. 1995)– a natural
consequence of viewing a bar edge-on (e.g. Athanassoula 2008). This bar structure
rotates cylindrically as a solid body (Zhao 1996; Beaulieu et al. 2000; Kunder et al.
2012; Ness et al. 2013; Zoccali et al. 2014), with a pattern speed of ª 40°50 kms°1,
placing its corotation radius inside the Solar Circle (e.g. Minchev & Quillen 2007;
Antoja et al. 2014; Sormani et al. 2015). In addition to this rotating bar, it has been
suggested that a fraction of bulge stars (. 25%) belong to a classical, non-rotating
spheroidal component (Shen et al. 2010; Ness et al. 2013; Kunder et al. 2016). The
differences between these components, and the fact that they’re both present in
the bulge, indicates some combination of the formation scenarios listed above,
consistent with results from cosmological simulations (Obreja et al. 2013).

Together, these two bulge components comprise ª 25% of the baryonic mass
budget of the Milky Way (ª 2£1010 MØ, Zhao et al. 1994; Dwek et al. 1995; Bissantz
et al. 2003; Portail et al. 2015; Valenti et al. 2016). Stars in this region are typically
old (& 10 Gyr, Ortolani et al. 1995; Zoccali et al. 2003), and may even be the most
ancient in the Galaxy (Howes et al. 2015). They have a broad metallicity distribution
(°1. [Fe/H]. 1, e.g. Rich 1988; Zoccali et al. 2008; Bensby et al. 2017) that varies as
a function of height above the plane (e.g. Zoccali et al. 2008; Gonzalez et al. 2013).

1.2.3 The stellar disc

The disc of the Milky Way is the largest component in terms of stellar mass
(ª 5 £ 1010 MØ, e.g. Flynn et al. 2006; McMillan 2011, 2017). The disc itself is
comprised of two components: a thin disc and a thick disc (Gilmore & Reid 1983).
Estimates of the relative mass of the thick disc to the thin disc range from ª 20°50%,
depending on the tracers and definition of the two disc components (e.g. Snaith
et al. 2015; Bland-Hawthorn & Gerhard 2016). The thin disc is comprised of relatively
young, kinematically cold stars with a metallicity distribution (°0.7 < [Fe/H] < 0.4,
e.g. Navarro et al. 2011; Haywood et al. 2013) peaking around solar, and [Æ/Fe] . 0.2
(e.g. Bensby et al. 2005; Navarro et al. 2011; Lee et al. 2011). However, this metallicity
distribution is not homogenous over the entire disc– it varies both as a function
of radius (@[Fe/H]/@R ª °0.06 dex kpc°1, e.g. Gazzano et al. 2013; Boeche et al.
2013; Recio-Blanco et al. 2014; Bergemann et al. 2014; Anders et al. 2014; Genovali
et al. 2014), and vertical height above the plane (@[Fe/H]/@Z ª °0.1 dex kpc°1, e.g.
Schlesinger et al. 2014). As its name suggests, it is structurally thin, with a scale
height of ª 300 pc (e.g. Kent et al. 1991; Chen et al. 2001; Jurić et al. 2008), and a scale



6 Chapter 1: Introduction

length of 2.6±0.5 kpc (e.g. Jurić et al. 2008; McMillan 2011). Most of the mass of the
MW disc is contained within the thin disc, with a total stellar mass of 3.5±1£1010MØ
(Bland-Hawthorn & Gerhard 2016, and references therein).

The thick disc was first detected in vertical star counts, where two exponential
disc components, in addition to the halo, were needed to fit observations (Gilmore
& Reid 1983). Using SDSS, Jurić et al. (2008) verified the presence of the thick disc
in terms of stellar density. In contrast to the thin disc, the thick disc consists of old
(& 10 Gyr, e.g. Quillen & Garnett 2001; Fuhrmann 2008) stars with larger velocity
dispersions and orbital eccentricities, lagging the LSR by ª 50 kms°1(e.g. Ojha et al.
1996; Chiba & Beers 2000; Soubiran et al. 2003; Lee et al. 2011) due to asymmetric
drift. As a result, the thick disc vertically thicker (scale height ª 900 pc, e.g. Chen
et al. 2001; Reylé & Robin 2001; Jurić et al. 2008; McMillan 2011). It is also less
massive than the thin disc3 with a stellar mass of (ª 6 ± 3 £ 109MØ, e.g. Bland-
Hawthorn & Gerhard 2016). The thick disc is more metal-poor than the thin disc,
with a metallicity distribution covering a range of °2. [Fe/H] . 0.4 dex (e.g. Bensby
et al. 2007; Kordopatis et al. 2011, 2013b) that peaks around °0.7 dex in [Fe/H] (e.g.
Gilmore et al. 1995; Allende Prieto et al. 2006).

Although the two disc components overlap spatially and kinematically, they
can be clearly distinguished in the [Fe/H]-[Æ/Fe] plane (e.g. Bensby et al. 2005;
Fuhrmann 2008; Lee et al. 2011, see Section 1.3.1). The thick disc is typically
associated with a metal-poor, Æ-enriched ([Æ/Fe] & 0.2) sequence of stars, while the
thin disc stars typically have [Æ/Fe] . 0.2. When defined using chemical criteria
(metal-poor, alpha-rich), the thick disc is more centrally concentrated than the thin
disc, with a scale length of ª 2.0 kpc (e.g. Reylé & Robin 2001; Jurić et al. 2008;
Bensby et al. 2011; Bovy et al. 2015). With detailed chemical abundance information
available via large-scale spectroscopic surveys, there has been a significant push to
disentangle the assembly and star formation histories of each disc component and
the relationship and interplay between them. In particular, our understanding of
the the origin of the disc is still affected by significant uncertainties.

The presence of radial and vertical metallicity gradients point to a scenario
where the disc formed inside out, with the inner regions forming first (e.g. Matteucci
& Francois 1989; Bird et al. 2013; Gibson et al. 2013; Minchev et al. 2014a; Miranda
et al. 2015; Schönrich & McMillan 2017), and upside down, as the oldest stars are
found in the kinematically heated component (e.g. Bird et al. 2013; Schönrich &
McMillan 2017). Regarding the origin of this old, thick disc component, formation
scenarios generally fit into two broad categories: external, violent events or internal,
secular mechanisms (see Ivezić et al. 2012; Feltzing & Chiba 2013, and references
therein). External events include formation through monolithic collapse in a similar
fashion as the halo (e.g. Eggen et al. 1962; Larson 1974), mergers and accretion
of gas clouds (e.g. Brook et al. 2004, 2005) or stars (e.g. Gilmore et al. 2002; Abadi
et al. 2003; Navarro et al. 2004; Meza et al. 2005) originating from satellites of the
Milky Way, and dynamical heating induced by a minor merger with the early thin
disc (e.g. Carney et al. 1989; Quinn et al. 1993; Brook et al. 2007; Villalobos & Helmi
2008; Di Matteo et al. 2011). Proposed internal mechanisms include disc heating via

3However, it has also been suggested that the thick disc is as massive as the thin disc (see e.g. Snaith et al.
2014, 2015; Pouliasis et al. 2017).
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radial migration (e.g. Roškar et al. 2008; Schönrich & Binney 2009a,b; Loebman et al.
2011)4, where stellar orbits are affected by disc asymmetries (e.g. the bar and spiral
arms), or interactions with giant molecular clouds (Sellwood & Binney 2002); or via
turbulent gas clumps in the early disc (Elmegreen & Elmegreen 2006; Bournaud et al.
2007, 2009; Forbes et al. 2012). It is likely that some combination of these scenarios
produced the thick disc of our Galaxy, however, it is still unclear what the dominant
mechanism is. To explore this open question and others, we turn to studies of trends
in the kinematics, chemistry, and age of the most long-lived stars in the Galaxy– a
broad field known as Galactic archaeology.

1.3 Galactic archaeology

Galactic archaeology refers to the study of the assembly history of the Milky Way,
where long-lived objects (e.g. low-mass stars) act as ‘fossils’, or tracers, of its chemo-
dynamical history. As collisionless systems, stellar streams can help reconstruct the
merger history of the Milky Way (e.g. Lynden-Bell & Lynden-Bell 1995; Freeman &
Bland-Hawthorn 2002; Abadi et al. 2003; Helmi 2008), and the effect of tidal forces
from interactions with dwarf galaxies. Internally, characterizing the kinematics of
disc stars allows for a better understanding of large scale perturbations in the disc
(caused by the bar and/or spiral arms), as well as radial and vertical flows. While
it is possible to identify kinematic structures in action-angle space long after they
have been phase-mixed in coordinate space (e.g. McMillan & Binney 2008; Helmi
et al. 2017), information can be lost due to kinematic heating processes. In addition,
internal dynamical mechanisms such as radial migration (Sellwood & Binney 2002)
can move stars from one circular orbit to another due to interactions with transient
spiral arms, further complicating the picture.

We then consider the chemical composition of stars, which is typically a more
telling indicator of their origin. As the atmospheres of low and intermediate-
mass stars (M . 1MØ) remain relatively stable throughout their lifetime, they are
representative of the environment in which they were born (Freeman & Bland-
Hawthorn 2002). In particular, the seminal work by Edvardsson et al. (1993) and
many later studies (e.g. Reddy et al. 2003; Tolstoy et al. 2009; Haywood et al. 2013;
Bensby et al. 2014) have demonstrated the potential of using the relative abundance
of alpha elements (Section 1.3.1) to iron to differentiate stars born in regions with
different star formation histories, or those originating in dwarf galaxies with those
born in the Milky Way. Finally, with stellar age estimates, it is possible to follow
the temporal evolution of these internal mechanisms, and trace the history of star
formation in different regions of the Galaxy.

1.3.1 Tools of Galactic archaeology

In Figure 1.2, we outline the essential tools for Galactic archaeology. These tools
build on each other, and include positions, distance, 3D space velocities, chemical
abundance patterns, and additional astrophysical parameters (such as age), for

4However, cf Minchev et al. (2012, 2013).
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Figure 1.2 — Diagram of the tools of Galactic archaeology, and how they build on each other
to provide the multi-dimensional information needed to reconstruct the formation history of
the Galaxy. Adapted from Figure 2 of Gilmore et al. (2012).

large samples of stars. In the following sections, we describe what each of these
tools can tell us about the history of the Milky Way, and how such data are acquired.

Position and kinematics

One of the most fundamental ways of investigating properties of the Milky Way
is to count stars, and measure their relative motions on the sky. Astronomers
recognized that the Milky Way contains structures typical of external spiral galaxies
by quantifying the relative density of stars as a function of their position, with the
main constituents being a stellar disc, comprised itself of a thin and thick disc, a
central bulge, and a diffuse halo. To reconstruct the formation history of the Milky
Way, it is necessary to identify ancient stars in each Galactic component, and a first
approach is to do this by their position and kinematics.

Astrometric catalogues provide position, two-dimensional velocity information
(proper motion, or a stars relative transverse motion on the sky), and parallax
(distance) measurements. To obtain a stars 3D velocity through space, radial
velocity measurements are needed in addition to proper motion and parallax. Stellar
radial velocities are obtained by comparing the position of the absorption lines
in a stellar spectrum to those measured on Earth, with a shift towards the red or
blue indicating, respectively, that the star is moving away or towards us, with the
magnitude of this velocity depending on the amount of shift. Obtaining radial
velocities was the primary goal of the RAdial Velocity Experiment (RAVE, Steinmetz
et al. 2006, see Section 1.3.2), which gathered spectra of approximately half a million
extended solar neighbourhood stars. The second data release of Gaia, planned for
April 2018, will provide radial velocities for a few million stars down to G ª 12.

Full 6D (position and distance plus 3D space velocity) information for large sam-
ples of Milky Way stars allows for the characterization of a number of parameters
crucial to accurately modeling the Milky Way, from the solar neighbourhood to the
Galaxy as a whole. One such fundamental parameter is the position of the Sun in
the plane of the Galaxy (R0, z0), and its orbit around the Galactic centre. Recent
measurements of these values put the Sun at ª8.3 kpc from the Galactic centre (e.g.



1.3: Galactic archaeology 9

McMillan 2011; Schönrich 2012; Reid et al. 2014), slightly above the plane of the
disc (z0 ª 25 pc, Jurić et al. 2008), with a Galactocentric azimuthal velocity of ª 240
kms°1 (McMillan 2011; Schönrich 2012; Reid et al. 2014), and a solar peculiar motion
with respect to the local standard of rest (LSR) of (U ,V ,W )Ø = (11.10,12.24,7.25)
kms°1 (Schönrich et al. 2010; Bovy et al. 2012a). Other important constraints to
Galactic models directly related to stellar kinematics are the scale length and height
of the disc, and the ratio between the thin and thick components (see Section 1.2.3).
Finally, the motions of stars can be used to characterize the Milky Way’s gravitational
potential (e.g. Binney & Tremaine 2008; Binney 2011; Rix & Bovy 2013) and the
distribution function of stellar orbits (e.g. Trick et al. 2016), which are crucial for
understanding its formation history (e.g. Binney 2013; Sanders & Binney 2015).

Chemistry

To disentangle the assembly history of the Milky Way, in addition to the kinematics
of stars, we need an accurate description of how the chemical composition of
star-forming gas clouds changed as a function of time. A critical assumption of
Galactic archaeology is that the history of star formation and infall events is encoded
in the metallicity distributions of stellar populations, since different supernovae
mechanisms produce different elemental abundance ratios, and the atmospheres
of low-mass stars remain relatively unchanged throughout their lifetime (Freeman
& Bland-Hawthorn 2002). Models of the chemical evolution of the Milky Way (e.g.
Chiosi 1980; Chiappini et al. 1997; Minchev et al. 2013; Snaith et al. 2015) attempt to
reproduce observations by assuming a scenario for how gas falls into the galaxy as
a function of time, is transformed into stars (Kennicutt 1998), and is subsequently
released back into the ISM. By studying the differences in the chemistry between
stellar populations and comparing them to predictions from models, we aim to
identify which scenarios are consistent with observed abundance distributions, and
quantify the relative importance of external and internal evolutionary processes.

Measurements of the abundance of Æ-elements (Ne, Mg, Si, S, Ar, Ca, Ti) in
stellar populations are fundamental to Galactic archaeology, as they originate from
primarily one source with a well-modeled lifetime, and therefore directly correlate
to the history of star formation for a given population. Æ-elements are produced
in Type II, or core-collapse, supernovae by massive stars (M > 8MØ) with short
lifespans (ª 106 years, e.g. Arnett 1996). The abundance of Æ-elements in a star is
typically compared to its iron abundance, as iron is produced predominately in Type
Ia supernovae on much longer timescales (ª 109 years, e.g. Smecker-Hane & Wyse
1992; Nomoto et al. 1997). Type Ia supernovae occur when a white dwarf in a binary
system accretes enough material from its companion to have a mass greater than
the Chandrasekhar mass (1.44MØ, e.g. Nomoto et al. 2013, and references therein).
Stars with a high ratio ofÆ-elements to iron indicate they were formed from gas that
was enriched primarily by Type II supernovae, while stars with a low [Æ/Fe] ratio
formed from gas with a much higher iron content, after Type Ia supernovae released
their yields back into the ISM. Therefore, the relative abundance of Æ-elements to
iron indicates the proportion of Type II to Type Ia supernovae progenitors present
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Figure 1.3 — Simplified diagram illustrating how theoretical trends in [Æ/Fe]-[Fe/H] space
change with different star formation histories. Adapted from Figure 2 of Wyse (2016).

in the environment in which a given stellar population formed, and serves as a proxy
for the age of a population.

As [Æ/Fe] can be considered a proxy for age, it can be used to identify different
enrichment histories (and therefore star formation histories) in different stellar
populations. Figure 1.3 presents an illustration of how [Æ/Fe] varies as a function of
[Fe/H] for populations with different star formation histories. The plateau5 in [Æ/Fe]
as a function of [Fe/H] is a natural consequence of Type II supernovae dominating
the enrichment history of the early Galaxy, and as Type Ia supernovae begin to
explode, this ratio gradually decreases. The position of the ‘knee’, which indicates
the onset of Type Ia supernovae, varies as a function of the star formation history of
a stellar population, such that a population with a slow enrichment will have a knee
at lower values of [Fe/H] compared to a population with a faster enrichment history,
which will have a knee at a higher value of [Fe/H]. Figure 1.4 demonstrates this using
observational data, showing the difference in trends in this chemical space between
dwarf galaxies of the Milky Way (coloured points), and the Milky Way itself (black
points). In this way,Æ-elements can be used as an indicator of accreted populations,
as they will show significantly different chemical abundance patterns from stars
born in situ.

As a result, many recent studies of the evolutionary history of the disc in the solar
neighbourhood focus on the distribution of stars in the [Æ/Fe]-[Fe/H] plane (e.g.
Fuhrmann 2008; Bensby et al. 2014; Haywood et al. 2013; Hayden et al. 2015; Recio-
Blanco et al. 2014; Kordopatis et al. 2015b). An example of the distribution of nearby
(d . 25 pc) solar neighbourhood stars in this chemical space is given in Figure 1.5.
The prominence of studies of this chemical space arose from the discovery of two

5The value of this plateau varies with the initial mass function and supernovae yields of a given
population (e.g. Matteucci 2001; Helmi 2008; Wyse 2016).
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Figure 1.4 — Magnesium (Mg) versus iron (Fe) in four nearby dwarf spheroidal galaxies:
Sagittarius (red: Sbordone et al. 2007; Monaco et al. 2005; McWilliam & Smecker-Hane 2005),
Fornax (blue: Letarte 2007; Shetrone et al. 2003), Sculptor (green: Shetrone et al. 2003; Geisler
et al. 2005; Tolstoy et al. 2009) and Carina (magenta: Koch et al. 2008; Shetrone et al. 2003).
Open symbols refer to single-slit spectroscopy measurements, while filled circles refer to
multi-object spectroscopy. The small black symbols are a compilation of the MW disk and
halo star abundances, from Venn et al. (2004). Adapted from Figure 11 of Tolstoy et al. (2009).

Figure 1.5 — [Mg/Fe]-[Fe/H] plane for a sample of nearby solar neighbourhood stars,
showing distinct trends between the Æ-high sequence (typically associated with the thick
disc, dark blue), and the Æ-low sequence (typically associated with the thin disc, light blue).
Transition objects are indicated with asterisks. The diameter of a point is proportional to its
age estimate. Adapted from Figure 5 of Fuhrmann et al. (2017).
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distinct sequences in [Æ/Fe]-[Fe/H], indicating significant differences in the star
formation and enrichment history of each of these components.

Age

While large-scale surveys continue to expand our knowledge of the kinematics and
chemistry of stellar populations, one crucial aspect has proved elusive: individual
stellar ages. Currently, the Sun is the only star for which we have an accurate
age estimate. We can study firsthand the composition of the material from which
the Sun and the solar system were formed (e.g., radioactive dating of meteorites,
Bahcall et al. 1995), as well as measure precisely the seismic activity of the Sun
(helioseismology, Bonanno et al. 2002), where both methods give a consistent value,
4.57 Gyr. However, for stars other than our Sun, determining ages is much more
difficult. While it is possible to obtain some information about the composition
of a star via spectroscopy, we cannot directly measure the half-life of long-lived
isotopes present in the material from which they formed. And while techniques
for measuring the seismic activity in stars (asteroseismology, e.g. Chaplin & Miglio
2013; Davies & Miglio 2016) have vastly improved in the past decade, they are only
viable for certain subsets of stars for which these oscillations are measurable (e.g.,
red giant and variable stars).

To determine ages of stars, and in particular low-mass stars because they have
lifespans of the order of the age of the Galaxy, we must rely on models of stellar
evolution. The most widely used method6 to determine ages of stars is to fit a
theoretical isochrone to their position in a Hertzsprung-Russell (HR) diagram (e.g.
Edvardsson et al. 1993; Chen et al. 2000; Reddy et al. 2003; Pont & Eyer 2004). This
method is relatively successful for mono-age populations such as open clusters,
as it is possible to identify and statistically fit certain features of the HR diagram
(e.g. the turnoff region) of such objects. However, for individual stars, degeneracies
due to multiple isochrones fitting a single point increases uncertainties in their age
estimate. With the increasing availability of large samples of stars with spectroscop-
ically derived parameters, significant efforts have been made to improve isochrone
fitting techniques to utilize all available information via Bayesian methods (e.g. Pont
& Eyer 2004; Jørgensen & Lindegren 2005; Burnett & Binney 2010; McMillan et al.
2017). While additional constraints, such as distance and metallicity, can be used
to improve Bayesian age estimates, uncertainties are at best of the order of 20%
(typically 50-100%). However, significant work has been done with small, local
samples, where distances, and therefore ages, of field stars can be determined to
a reasonable precision (e.g. Fuhrmann 2008; Haywood et al. 2013; Bensby et al.
2014; Fuhrmann et al. 2017). Below, we highlight some of the most crucial findings
utilizing stellar ages, and their implications for Galactic archaeology.

Age and chemistry. Of the relations between stellar properties, one of the most
important for understanding the evolution of the Galaxy is the correlation between
age and metallicity (age-metallicity relation, AMR). While it is expected that stars
at a given Galactic radius generally become more metal-rich as the ISM becomes
more enriched with yields from supernovae (Section 1.3.1), this relation can become

6For a thorough review of age determination methods, see Soderblom (2010).
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blurred as stars can migrate from their birthplace (Sellwood & Binney 2002). One
of the first studies to characterize this relation was conducted by Edvardsson et al.
(1993), where they derived individual abundances for a sample of 189 nearby stars,
and found a large range of metallicities at a given age, indicating at best a weak
correlation between age and metallicity. More recently, Bensby et al. (2014) used
a sample of 714 FGK stars to explore the relationship between age, metallicity, and
kinematics in the solar neighbourhood, and for their kinematically-selected thick
disc and young (ø < 8 Gyr) stars in their kinematic thin disc, they find a correlation
between age and metallicity.

Age and kinematics. In addition to the age-metallicity relation, acquiring the
ages for field stars in the solar neighbourhood also allows us to explore another
critical relation in understanding the formation history of the Galactic disc: the rela-
tionship between age and velocity dispersion (the age-velocity dispersion relation,
AVR). Wielen (1977) measured the space velocities and ages for a small sample of
nearby stars, and found that the velocity dispersion increases as a function of age
for all velocity components. Holmberg et al. (2007) and Casagrande et al. (2011)
used the Geneva-Copenhagen survey (GCS) to investigate heating mechanisms in
the disc. Casagrande et al. (2011) found increasing velocity dispersion with age,
with æU < æV < æW < ætot. The presence of an AVR in the disc has been attributed
to evolutionary processes, e.g. a minor merger responsible for the formation of the
thick disc (Quillen & Garnett 2001), and remains a crucial comparison for Galactic
models.

1.3.2 Facilities: Large-scale surveys of the Milky Way

Astrometry. Catalogues of the positions of stars can be be traced to antiquity
(Hipparchus, 190 BC), and remains an active area of modern astrophysics. The Hip-
parcos mission ushered in a new era of astrometric catalogues, providing positions,
parallaxes, and proper motions for over 100 000 nearby (d . 200 pc) stars (Perryman
et al. 1997). A few years later, Tycho-2 (Høg et al. 2000) provided a larger catalogue
of the brightest 2.5 million stars.

More recently, on 14 September 2016 the first data release of Gaia was made
publicly available, providing the positions and G-band magnitudes for over a billion
stars brighter than G > 21 (Gaia Collaboration et al. 2016; Lindegren et al. 2016). In
addition to Gaia DR1, the Tycho-Gaia astrometric solution (TGAS, Michalik et al.
2015) provided parallaxes and proper motions for over 2 million stars contained in
the Tycho-2 catalog. At the moment, this catalog provides the greatest number of
accurate distance and proper motion measurements for stars out to ª 2 kpc.

Photometry. While the importance of large-scale astrometric surveys cannot
be overstated, they present significant technical challenges which have not been
resolvable until relatively recently. Prior to Gaia, photometric (imaging) surveys
offered the largest data sets for conducting studies of MW stellar populations. With
larger telescopes and coordinated, international efforts, the past two decades saw
the rise in large-scale photometric surveys, aiming for deep, full sky coverage. Of
these, perhaps the most widely known and used are the Tycho-2 catalogue, which
contains two-colour photometric information in addition to astrometric data, the
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Sloan Digital Sky Survey (SDSS, Blanton et al. 2017), and the Two Micron All
Sky Survey (2MASS, Skrutskie et al. 2006). The SDSS obtained deep photometric
imaging across five optical photometric bands for over one third of the sky, with
the latest data release containing photometry for over 260 million stars (Blanton
et al. 2017). The 2MASS catalogue, released in 2003, provided infrared photometry
for ª 300 million stars, covering over 99% of the sky. With accurate multi-band
photometric measurements of stars, it is possible to obtain estimates of individual
stellar distances and metallicities, and as a result these surveys often paved the way
for higher-resolution, follow-up spectroscopic surveys.

Spectroscopy. Finally, the past decade has seen enormous advances in the
number and depth of large-scale spectroscopic surveys. With the advent of multi-
object spectrographs obtaining spectra for multiple stars simultaneously, large-
scale surveys can obtain homogeneous coverage of large areas of the sky in a
systematic and time effective way. From a stars spectrum, it is possible to determine
its chemical composition, as well as other fundamental physical characteristics,
such as temperature and surface gravity. In addition, spectra can also provide
measurements of a stars radial velocity via the Doppler effect. When combined
with astrometric measurements (proper motion and parallax), it is then possible
to characterize the three dimensional motion of a star through space. There are
a number of completed, ongoing and upcoming large-scale spectroscopic surveys
(Table 1.1), such as the RAdial Velocity Experiment (RAVE, Steinmetz et al. 2006)
survey, the APO Galactic Evolution Experiment (APOGEE, Majewski et al. 2015),
the Large Sky Area Multi-Object Fibre Spectroscopic Telescope (LAMOST, Zhao
et al. 2012) survey, the Sloan Extension for Galactic Understanding and Exploration
(SEGUE, Yanny et al. 2009), the GALactic Archaeology with HERMES (GALAH, De
Silva et al. 2015) survey, and the Gaia-ESO (Gilmore et al. 2012) survey. Planned
surveys include those part of the 4-metre Multi-Object Spectroscopic Telescope
(4MOST, de Jong 2011) and WEAVE (Dalton et al. 2012) spectroscopic facilities
(for more details, see Section 5.2). In a sense, these surveys are complementary,
exploiting different wavelength ranges or sky coverage to address similar science
questions. As all of the work presented within this thesis relies on data available via
the RAVE survey, it is described in detail below.

RAVE

The RAVE survey, which ran from 2003-2013, obtained spectra for approximately
half a million Southern hemisphere stars (Figure 1.6). A full description of the
project and subsequent data products can be found in the data release papers: DR1
(Steinmetz et al. 2006); DR2 (Zwitter et al. 2008); DR3 (Siebert et al. 2011b); DR4
(Kordopatis et al. 2013a), and DR5 (Kunder et al. 2017). The medium-resolution
(R ª 7500) spectra, centred on the Ca II-triplet region (8410-8795Å), were observed
using the 6dF multi-object spectrograph on the 1.2m UK Schmidt telescope located
at the Siding Spring Observatory in Coonabarabran, NSW, Australia. The primary
focus of RAVE was to obtain radial velocity measurements for stars in the magnitude
range 9 < I < 12. By measuring the Doppler shift of the strong calcium absorption
lines, this was possible for even low signal-to-noise spectra (SNR . 10 per pixel). As
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Survey Spectral range Resolution Magnitude limit No. stars
Å R = ∏/¢∏

RAVE 8410-8795 7500 9 < I < 12 ª 5£105

LAMOST 3700-9000 1800 r < 17.8 ª 5.7£106

SEGUE 3900-9000 1800 14 < g < 20.3 ª 2.4£105

APOGEE 15100-17000 22500 8 < H < 13.8 ª 1.5£105

GALAH 4713-7887(1) 28000/42000(2) V < 14 ª 106

Gaia-ESO – 18000/47000(2) 12.5 < J < 17.5(1) ª 105

Gaia 8450-8720 11200 G < 16 ª 150£106

4MOST 3700-9500(1) 5000/20000(2) r < 19 ª 20£106

WEAVE 4000-9500 5000/20000(2) V > 15.5 & 106

Table 1.1 — Finished, ongoing, and planned large-scale spectroscopic surveys. (1): Coverage
is not continuous in this range. (2): Values indicate low/high-resolution modes, respectively.

Figure 1.6 — Sky coverage of the RAVE survey in Galactic coordinates. Points are colour-
coded by their average heliocentric radial velocity, with red indicating positive values and blue
indicating negative values. Overplotted arrows show proper motion values from the TGAS
catalogue. Credit: Maarten Breddels (stellar density and proper motions), Kristin Riebe (RAVE
stars); the RAVE collaboration.
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part of the work done for this thesis, the selection function of the RAVE survey is
presented in Chapter 3.

In addition to radial velocities, the latest data release (DR5, Kunder et al. 2017)
contains additional stellar parameters derived from the spectra, obtained using
the pipeline described in Kordopatis et al. (2013a): effective temperature, surface
gravity, and metallicity ([M/H]). In addition, many stars have individual chemical
abundances (Mg, Al, Si, Ca, Ti, Fe, and Ni) available, derived using the chemical
abundance pipeline presented in Boeche et al. (2011). At the time of writing, out of
all of the large-scale spectroscopic surveys, RAVE has the largest overlap with TGAS,
with ª 215000 stars in common. With radial velocities and stellar parameters from
RAVE, and parallax measurements from TGAS, the combined RAVE-TGAS catalogue
offers a statistically significant sample of solar neighbourhood stars (d. 1 kpc),
suitable for exploring open questions in Galactic archaeology.

1.4 Thesis summary

1.4.1 Open questions

In this work, we address a number of open questions relating to the chemodynami-
cal history of the local stellar disc, using samples of solar neighbourhood stars from
the RAVE survey.

How did the thick disc form, and what is its relation to the thin disc?

Formation scenarios of the thick disc are numerous (Section 1.2.3), each with their
own successes and flaws. A goal of Galactic archaeology is to determine which
effects dominate, and explore the relationship between the formation of the thin and
thick discs. These components can be identified as separate sequences in chemical
space (Section 1.3.1), indicating distinct star formation histories (e.g. Lee et al. 2011;
Adibekyan et al. 2013; Hayden et al. 2015). In Chapter 2, we use a sample of RAVE
stars to identify chemically distinct disc components to explore and address these
questions.

What is the efficiency of radial migration?

Radial migration is well accepted as a dynamical mechanism affecting disc stars
(Sellwood & Binney 2002), however, the strength and efficiency of this process
is not well constrained. Radial migration directly influences the observed stellar
population at any given radius and therefore possibly radial gradients in kinematics
(e.g. Siebert et al. 2011a, 2012; Williams et al. 2013), or chemistry (e.g. Boeche
et al. 2013; Gazzano et al. 2013; Genovali et al. 2014; Kordopatis et al. 2015b). In
Chapters 2 and 4, we identify observational signatures of radial migration in the
solar neighbourhood.
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How do non-axisymmetries in the disc affect the local velocity field?

The local velocity field is full of substructure, with the Sirius, Pleiades, Hyades
(Eggen 1958; Boss 1908; Zuckerman et al. 2004; Famaey et al. 2007) and Hercules
(Famaey et al. 2008) moving groups identified in the solar neighbourhood. From
models of the Milky Way disc, these moving groups are ascribed to stars which
have orbits trapped by a resonance due to some non-axisymmetric perturbation
in the disc (e.g. Kalnajs 1991; Monari et al. 2014), such as spiral arms, or the bar
(e.g. Hercules, Dehnen 2000; Famaey et al. 2008). In Chapter 4, we investigate the
chemodynamical structure of these populations, to place further constraints on the
source of such perturbations, and construct a more complete picture of the Galactic
bar and disc.

1.4.2 Paper I: Chemical separation of disc components using RAVE

In Chapter 2, we present a study of the kinematics of chemically separated Milky
Way disc components, using a sample of ª 20000 solar neighbourhood (d . 1 kpc)
stars in RAVE. As the gap in chemical space ([Mg/Fe]-[Fe/H]) is not clearly visible
in RAVE, we construct a simple two dimensional probability density function (pdf)
based on high-resolution studies (Kordopatis et al. 2015b) in order to identify stars
belonging to either the Æ-high (‘thick’ disc) or Æ-low (‘thin’ disc) in a probabilistic
way. After assigning stars as belonging to a given disc component, we investigate
kinematic trends as a function of metallicity for each component.

We find distinct differences in the kinematics between ourÆ-low andÆ-high disc
components, most noticeably in the azimuthal velocity component. In particular,
measure a negative gradient in @V¡/@[Fe/H] for our Æ-low stars, and a positive
gradient for the Æ-high component. For our Æ-low stars, as the rotational velocity
decreases as metallicity increases, the most metal-rich Æ-low stars lag the LSR by ª
10 kms°1, and we measure a gradient of @V¡/@[Fe/H] = °11±1 kms°1dex°1. In con-
trast, the Æ-high stars all lag the LSR. For this component, as metallicity increases,
the rotational velocity increases, giving a positive gradient of @V¡/@[Fe/H] = 51±10
kms°1dex°1. While we do expect some contamination of incorrectly assigned stars
in both of our disc components, the values that we measure for these gradients are
roughly consistent with literature values from both low- and high-resolution studies
(e.g. Lee et al. 2011; Kordopatis et al. 2011; Adibekyan et al. 2013; Recio-Blanco et al.
2014).

When we consider the velocity dispersion as a function of [Fe/H] for each
component, we also find differing trends. Our Æ-high sequence shows significantly
higher velocity dispersions in each component of velocity, as expected for a ‘thick’
disc. The Æ-low stars represent a kinematically cooler population, with velocity
dispersions on average ª 16 kms°1 lower than the Æ-high stars. As a function of
metallicity, we find that the dispersion decreases with increasing metallicity for all
components. Finally, with measurements of both the mean rotational velocity and
the velocity dispersion, we estimate the scalelength of each disc component, finding
theÆ-high component (chemical thick disc) to be more centrally concentrated than
the Æ-low component.
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From these findings, we draw the following conclusions. With RAVE, we are able
to find evidence, consistent with results from high-resolution studies, of chemically
separated, kinematically distinct disc components in the solar neighbourhood. The
positive gradient that we measure for the Æ-high component can be explained by
asymmetric drift: as the rotational velocity increases as a function of metallicity, the
velocity dispersion correspondingly decreases, consistent with results from previous
studies. For the Æ-low component, we consider the presence of metal-rich stars
lagging the LSR to indicate that some process has brought them from the inner
Galaxy from the solar neighbourhood. We consider both the effects of blurring and
churning, and conclude the effect we see is likely due to some combination of these
processes.

1.4.3 Paper II: The selection function of the RAVE survey

Chapter 3 presents, in detail, the selection function of the RAVE survey. Un-
derstanding and characterizing the selection function of spectroscopic surveys is
necessary in order to draw robust, unbiased conclusions from their data products.
We determine the completeness fraction of RAVE as a function of position on
the sky, magnitude, and colour, using 2MASS as a parent sample (i.e., 2MASS
contains all stars which could have been observed in RAVE). In order to take into
account temporal changes (night-to-night, field-to-field variations), we calculate
the completeness of RAVE in two ways: on a field-by-field basis, and on a pixel-by-
pixel basis (using HEALPIX (Górski et al. 2005) pixels).

With the selection function in hand, we then use the stellar population synthesis
code GALAXIA (Sharma et al. 2011) to construct a mock-RAVE catalogue by applying
the selection function to a parent GALAXIA sample. To test whether the selection
function of RAVE imposes biases in the kinematic or chemical distributions of the
observed stars, we compare our mock-RAVE catalogue to the parent GALAXIA sam-
ple. For stars brighter than I=12, we find no significant kinematic or chemical biases
with respect to GALAXIA in RAVE stars due to the selection function, indicating that
overall, RAVE offers a representative sample of stars to investigate chemodynamical
trends in the solar neighbourhood. We note that this result is valid only for the
parameter space where the RAVE stellar parameter pipeline produces reasonable
results: 4000K < Teff < 8000K and 0.5 < log g < 0.5. Both versions of the RAVE
selection function have been made available on the RAVE website.

1.4.4 Paper III: Correlations between age, chemistry, and kinemat-
ics as seen by RAVE

In Chapter 4, we use the updated distance and age estimates presented in McMillan
et al. (2017) to fold age information into our chemodynamical studies of the
extended solar neighbourhood with RAVE. We first conduct an extensive validation
of the age estimates using a RAVE-like sample of stars generated with GALAXIA,
and find turnoff stars provide the most reliable age estimates, as the isochrones in
this region are relatively well separated. However, we find a significant systematic
offset for intermediate age turnoff stars, and therefore consider only two age groups:
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young (0 < ø < 3 Gyr) and old (10 < ø < 13 Gyr). We apply this turnoff selection to
our RAVE stars, along with additional quality criteria to ensure a robust, high-quality
sample of stars with reasonable age estimates. For each age group, we also consider
four bins in metallicity, in order to investigate the star formation history of the disc
at different epochs.

We then explore kinematic trends as a function of Galactocentric radius (R). We
find that our young stars exhibit a significant negative gradient in radial velocity as
a function of R, in agreement with previous studies (Siebert et al. 2011a; Williams
et al. 2013). However, the gradient that we measure is much steeper than previously
found, and varies as a function of metallicity. While old stars also indicate the
presence of a radial velocity gradient, the signature is much weaker, and does
not seem to depend as strongly on metallicity. To understand why this gradient
is stronger in young stars, we consider the source of this effect. Siebert et al.
(2011a) conclude that the observed gradient is a result of a non-axisymmetry in
the Galactic potential, due to either the bar, spiral arms, the warp of the disc, a
triaxial dark matter halo, or some combination of these components. As we find
a stronger gradient in young stars, which are typically kinematically colder, we limit
our discussion to dominant features of the stellar disc: the bar and spiral arms.
When we explore the kinematics of our age groups in the VR °V¡ plane, we find
contributions from the Hercules moving group (associated with the bar) for both
old and young populations, while the Hyades moving group (associated with the
spiral arms) affects primarily young stars.

This result is also reflected in the flattening of the radial velocity gradient for
our young stars as a function of [Fe/H]. The most metal-rich stars, coming from the
inner Galaxy, are sensitive to perturbations from both the bar and spiral arms. As
we move to successively metal- poor samples, we find less of a contribution from
the Hercules stream in the VR °V¡ plane, corresponding to the fact that on average,
metal-poor stars having guiding radii at greater distances from the Galactic centre
compared to metal-rich stars.

Finally, we also find differences between our young and old samples in the mean
azimuthal velocity as a function of Galactocentric radius. For our young sample,
we find a slight positive gradient for our metal-rich stars, which flattens and inverts
for metal-poor stars. Inward of the solar neighbourhood (R < 8.0 kpc), metal-rich
stars lag the LSR more than at larger Galactocentric radii. For our young metal-
poor stars, we find that inward of the solar neighbourhood, they have rotational
velocities greater than the LSR. This finding correlates with the scenario that the
young metal-rich stars originate from the inner Galaxy, while young metal-poor
stars are more likely to be born in the outer Galaxy. Their presence in the solar
neighbourhood indicates that their orbits have been affected by some dynamical
processes (e.g. blurring or churning) to bring them to the local vicinity. When we
consider the eccentricity distributions of these stars, we find that while some young
stars have eccentric orbits, the majority have orbits which are relatively circular. In
addition, the trends we find are not as strong as what we would expect from blurring
alone, and therefore we conclude that some of these stars must have been affected
by churning, in agreement with previous studies (e.g. Kordopatis et al. 2015a).
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ABSTRACT

We present evidence from the RAdial Velocity Experiment
(RAVE) survey of chemically separated, kinematically distinct
disc components in the solar neighbourhood. We apply

probabilistic chemical selection criteria to separate our sample into Æ-
low (‘thin disc’) and Æ-high (‘thick disc’) sequences. Using newly derived
distances, which will be utilized in the upcoming RAVE DR5, we explore the
kinematic trends as a function of metallicity for each of the disc components.
For our Æ-low disc, we find a negative trend in the mean rotational velocity
(V¡) as a function of iron abundance ([Fe/H]). We measure a positive gradient
@V¡/@[Fe/H] for the Æ-high disc, consistent with results from high-resolution
surveys. We also find differences between the Æ-low and Æ-high discs in
all three components of velocity dispersion. We discuss the implications of
an Æ-low, metal-rich population originating from the inner Galaxy, where
the orbits of these stars have been significantly altered by radial mixing
mechanisms in order to bring them into the solar neighbourhood. The
probabilistic separation we propose can be extended to other data sets for
which the accuracy in [Æ/Fe] is not sufficient to disentangle the chemical
disc components a priori. For such datasets which will also have significant
overlap with Gaia DR1, we can therefore make full use of the improved
parallax and proper motion data as it becomes available to investigate
kinematic trends in these chemical disc components.
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2.1 Introduction

In recent years the study of the history of our Galaxy through detailed observations
of stellar populations has developed into the field known as Galactic archaeology.
From our position within the Milky Way, we have the unique opportunity to study
stellar dynamics and chemistry in great detail. Large-scale spectroscopic surveys
such as RAVE (Steinmetz et al. 2006), SEGUE (Yanny et al. 2009), APOGEE (Majewski
et al. 2015), Gaia-ESO (Gilmore et al. 2012), LAMOST (Zhao et al. 2012), and GALAH
(De Silva et al. 2015) now make it possible to disentangle the history of star formation
and chemical enrichment, and thus to reconstruct the development of the Galaxy as
a whole.

Stars hold chemical information about their birth environment in the com-
position of their atmospheres, which remain relatively constant over their main-
sequence lifetime (Freeman & Bland-Hawthorn 2002). If stars remained at their
birth radii throughout their entire lives, and the metallicity of the ISM increased
monotonically, we would expect to observe a tight correlation between stellar
metallicity and age; however, in the solar neighbourhood, a range of metallicities has
been observed at a given age (e.g. Edvardsson et al. 1993; Haywood 2008; Bergemann
et al. 2014). For the oldest stars (ø> 8Gyr) a correlation between age and metallicity
is observed (Haywood et al. 2013), and a variety of mechanisms have been proposed
to reconcile the lack of correlation for stars younger than 8Gyr. The mechanisms
include a non-monotonic increase in metallicity (e.g. inhomogeneities in the early
turbulent interstellar medium (ISM) Haywood et al. 2013; Bournaud et al. 2009;
Brook et al. 2004), and dynamics of stars such that they are sometimes observed
far from their birth radii.

Sellwood & Binney (2002) discussed the impact of orbital dynamics on age-
metallicity relations in terms of two processes. As a star ages, the eccentricity of its
orbit increases, widening the radial band within which the star may be observed.
This process they called “blurring”. Sellwood & Binney (2002) showed that from
time to time a star’s guiding centre can shift fairly abruptly to a smaller or larger
radius following an interaction with a transient non-axisymmetric perturbation of
the disc. They dubbed this process “churning”. Whereas blurring on its own is
not powerful enough to account for the wide range of metallicities present near the
Sun at a given age, Schönrich & Binney (2009b) argued that churning and blurring
working together account rather nicely for the data from the Geneva-Copenhagen
Survey (Nordström et al. 2004; Holmberg et al. 2007).

Of particular interest in the context of radial mixing are stars with super-solar
metallicity, or super metal-rich (SMR)1 stars (Kordopatis et al. 2015a). The presence
of these metal-rich stars in the solar neighbourhood has long been problematic
for the theory of Galactic chemodynamics (e.g. Grenon 1972; Israelian & Meynet
2008). The ISM in the solar neighbourhood is expected now to be as metal-rich as
it has ever been, and is now around solar metallicity and relatively homogeneous
(Cartledge et al. 2006). If we assume a monotonic metallicity gradient in the disc, for
SMR stars we infer birth radii R . 3kpc (Kordopatis et al. 2015a).

1For our sample, we define SMR stars as those with [Fe/H] & 0.15.
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For lower metallicities, we consider the chemodynamical history of the thick
disc. While the mechanisms by which the thick disc formed are hotly debated, the
thick disc consists mostly of old, metal-poor (ª °1.5 < [Fe/H] < 0.1), Æ-enhanced
stars on kinematically hotter orbits than thin-disc stars (Chiba & Beers 2000; Bensby
et al. 2003). Although Bovy et al. (2012b), using low-resolution spectra, argued that
the thin and the thick discs blend continuously into one another, a trough in the
density of stars in the space of Æ-abundance versus metallicity leads the majority
of authors to suppose that the thin and thick discs have experienced different
evolutionary histories (e.g. Lee et al. 2011; Fuhrmann 2011; Adibekyan et al. 2013;
Haywood et al. 2013; Bensby et al. 2014; Recio-Blanco et al. 2014; Guiglion et al.
2015; Hayden et al. 2015; Kordopatis et al. 2015b). Indeed, Aumer et al. (2016)
show that in N-body models scattering of stars by the inevitable non-axisymmetric
features in a disc generates structures remarkably like the thin disc, but do not
generate significant thick discs (see also Minchev et al. 2012, but also Schönrich
& Binney 2009a,b; Loebman et al. 2011 for how thick discs may be formed due to
radial migration). They conclude that the thick disc was present before the thin
disc started to form. By assigning stars as belonging to either the thin or thick disc
according to their chemical properties, we can explore the possible differences in
the chemodynamical properties of these populations.

In this paper, we aim to identify chemically distinct thin and thick disc compo-
nents using the medium resolution (R ª 7500) RAdial Velocity Experiment (RAVE)
survey (Steinmetz et al. 2006). The magnitude-limited (9 < I < 12) RAVE survey
offers a kinematically unbiased sample of stars, ideal for investigating stellar dy-
namics. The fourth data release (DR4), presented in Kordopatis et al. (2013a, here-
after K13), provides radial velocities, stellar parameters, abundance measurements
(Boeche et al. 2011), and distance estimates (Binney et al. 2014a) for 425 561 stars,
making it one of the largest spectroscopic surveys with unique statistical strengths.
Combining these radial velocity data and distance estimates with proper motions,
full 6D (position and velocity) information is available for the majority of stars.

The paper is organized as follows: Section 2.2 briefly describes the quality
criteria and parameter cuts applied to obtain the final working sample, improve-
ments on the data set, and methods to derive stellar kinematic properties used in
the analysis. Section 2.3 describes the method used to disentangle the chemical
disc components. Section 2.4 presents the kinematic trends for each component.
We characterize the trends in mean V¡ velocity for both the Æ-low and Æ-high
populations, and discuss trends observed in the dispersions of all three velocity
components. We also estimate the scale lengths of our chemically selected discs.
In Section 2.5 we discuss implications for these findings, and in particular discuss
possible origins of our metal-rich, Æ-low stars. Finally, Section 2.6 summarises our
results.

2.2 RAVE data sample and kinematics

To ensure a high quality sample of stars in the extended solar neighbourhood, we
use a subsample of RAVE DR4 that meets a number of quality criteria. First, we



2.3: Chemical separation of the disc 25

select stars with signal-to-noise (SNR) per pixel > 80. We remove stars that emerge
from the chemical abundance pipeline (Boeche et al. 2011) with CHISQ_c > 2000,
so retaining only stars with a good fit between template and observed spectra. In
addition, we require the quality flag on the convergence of the DR4 pipeline to
be Algo_Conv_K , 1.2 Finally, we utilize stellar classification flags described in
Matijevič et al. (2012) to exclude a small fraction of stars with spectra for which the
learning grid contains no template – e.g. stars with chromospheric emission (Žerjal
et al. 2013), spectra with wavelength calibration problems, carbon stars, and binary
stars.

After these quality cuts have been applied, we remove all stars with line-of-
sight distances greater than 1kpc. We focus our investigation on the kinematics
of stars in the extended solar neighbourhood because the global properties in this
domain have been extensively studied, and the metallicity gradient @[M/H]/@R ª
°0.06kms°1kpc°1, (e.g. Genovali et al. 2014; Boeche et al. 2013), and velocity
gradient @VR,¡,Z /@R ª ±3kms°1kpc°1, (e.g. Siebert et al. 2011a; Monari et al. 2014)
are such that changes in mean velocity and metallicity across this volume are small.
In addition, we require that the total space velocity, Vtot, is less than the Galactic
escape speed, Vesc, where we adopt the lower limit Vesc ∏ 492kms°1determined by
Piffl et al. (2014). Our sample is further reduced because not all RAVE stars have
abundance measurements in DR4. After these cuts, we are left with a sample of
20 751 stars, which is evenly split between 10 384 dwarfs and 10 367 giants.

Galactocentric space velocities in a right-handed cylindrical coordinate system
were determined using the equations summarised in Appendix A of Williams et al.
(2013). First, to transform the observed velocities into a Galactocentric coordinate
system, we adopt values for the solar peculiar motion with respect to the Local
Standard of Rest (LSR) of (U ,V ,W )Ø = (11.10, 12.24, 7.25) km s°1 from Schönrich
et al. (2010). In addition, we take the location of the Sun to be (R0, z0) = (8.3,0)kpc
and the LSR speed to be VLSR ª 240 km s°1 (Schönrich 2012). When calculating
the Galactocentric space velocities, we use radial velocity measurements from
DR4, Galactic coordinates (`,b) from 2MASS (Cutri et al. 2003) and proper motion
measurements from UCAC4 (Zacharias et al. 2013)3. Distances have been provided
using a version of the RAVE distance pipeline (Binney et al. 2014a) that has been
updated to include an extended range of Padova isochrones (Bertelli et al. 2008)
down to [Fe/H] =°2.2, while it was previously limited to °0.9dex. These improved
distances only systematically affect the results for the most metal-poor stars.

2.3 Chemical separation of the disc

We separate our sample into two populations using a chemical criterion: the
star’s position in plane spanned by Æ-abundance ([Mg/Fe]) versus iron abundance
([Fe/H]). While the thin (D) and thick disc (TD) overlap spatially and kinematically,

2A flag of 1 indicates that the pipeline failed to converge (for more details see K13).
3While DR4 also provides a number of sources for proper motion measurements, we find no substantial

difference in our results between two of the most recent catalogues (UCAC4 and PPMXL (Roeser
et al. 2010)). We chose to use UCAC4 values, as this catalog is less affected by potential systematic
uncertainties (Vickers et al. 2016).
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several studies have shown that it is possible to disentangle the two components in
the [Æ/Fe]-[Fe/H] plane. These studies include surveys of nearby stars (Fuhrmann
1998, 2004, 2008, 2011), a low-resolution study of extended solar neighbourhood G-
dwarfs (Lee et al. 2011), and a number of recent high-resolution studies (Reddy et al.
2006; Adibekyan et al. 2013; Haywood et al. 2013; Bensby et al. 2014; Recio-Blanco
et al. 2014; Guiglion et al. 2015; Hayden et al. 2015; Kordopatis et al. 2015b). RAVE
DR4 provides abundance measurements for six elements derived from the RAVE
chemical pipeline, which includes the Æ elements Mg, Si, and Ti. K13 suggested
that Ti is not reliably measured for dwarfs, and dwarfs make up half our sample, so
we use the Mg abundance measurement only.

The precision of [Mg/Fe] abundances determined with RAVE (ª 0.2dex) is lower
than that required to recover the gap between the two populations in the [Æ/Fe]-
[Fe/H] plane: using Eq. 3 of Lindegren & Feltzing (2013), which describes the
minimum separation at which two populations can be distinguished in a given
sample size, we find that with our sample of 20 751 stars we could distinguish
populations separated by 1.5 times the standard error in [Mg/Fe]. Hence given our
error of ª 0.2dex in [Mg/Fe], the separation between populations needs to be at
least 0.3dex, whereas high-resolution data indicate that the separation is . 0.2dex
(Recio-Blanco et al. 2014; Haywood et al. 2013; Bensby et al. 2014; Kordopatis et al.
2015b). Therefore, we turn to a probabilistic approach to the separation of theÆ-low
and Æ-high stars.

We write the 2D probability density function (pdf) of stars in the Æ-low or the
Æ-high component as

f ([Fe/H], [Æ/Fe]) = f[Mg/Fe] £ f[Fe/H]. (2.1)

We will refer to f[Mg/Fe] as the Æ distribution function, and f[Fe/H] as the metallicity
distribution function (MDF) for a given component. The Æ distribution is taken to
be a Gaussian with a mean and dispersion that depends on [Fe/H]:

f[Mg/Fe] =
1

æMg
p

2º
exp

√

°
([Mg/Fe]°µMg)2

2æMg
2

!

. (2.2)

For the thin disc, µMg and æMg are given by Kordopatis et al. (2015b):

µMg,D = °0.2£ [Fe/H] (2.3)

æMg,D = °0.031£ [Fe/H]+0.07. (2.4)

For the thick disc, µMg and æMg are given by:

µMg,TD =
(

0.4 for [Fe/H] <°1.0

°0.25£ [Fe/H]+0.15 otherwise
(2.5)

æMg,TD = 0.075. (2.6)

In the lower panel of Fig. 2.1 the linear dependences of µMg on [Fe/H] are shown by
the dashed lines (blue for the Æ-low and red for the Æ-high component), while the
widths of the blue and red shaded regions around these lines indicate the values of
æMg for both the Æ-low and -high components.
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Table 2.1 — Parameters for Eq. 2.7 for both thin (D) and thick (TD) disc components.

D TD
a1 0.8 0.9
µFe,1 -0.2 -0.5
æFe,1 0.18 0.2
a2 0.15 0.08
µFe,2 -0.4 -0.8
æFe,2 0.2 0.4
a3 0.05 –
µFe,3 0.2 –
æFe,3 0.5 –
X 0.85 0.14

The MDFs are too skew to be satisfactorily represented by a single Gaussian, so
we represent them as weighted sums of multiple Gaussians,

f[Fe/H] =
nX

i=1

ai

æFe,i
p

2º
exp

µ
°

([Fe/H]°µFe,i )2

2æFe,i
2

∂
, (2.7)

where n = 3 for the thin disc and n = 2 for the thick disc. The means, dispersions,
and weights ai of these Gaussians for both the thin and thick disc can be found
in Table 2.1. These values were extracted using the high-resolution measurements
of Kordopatis et al. (2015b) as a starting point, but the shapes of the distribution
were slightly modified because the shape of the MDF in any survey is affected by
the survey’s selection function. The top panel of Fig. 2.1 shows the adopted model
MDF, using the values from Table 2.1. We do not consider a metal-rich tail for the
thick disc due to ambiguity regarding the mixture of populations in the Æ-high,
metal-rich region of the [Æ/Fe] ° [Fe/H] plane (more details regarding potential
complications due to Æ-high, metal-rich stars can be found later in this section as
well as in Sec. 2.6).

The pdfs given by Eq. (2.1) are normalised to unity. Since there are believed to
be more stars in the thin disc than the thick disc (Bland-Hawthorn & Gerhard 2016),
we multiply these normalised pdfs by factors XTD and XD equal to the probabilities
that a randomly chosen star in the sample belongs to the thick or thin disc. The
values of XTD and XD are not accurately known. RAVE is kinematically unbiased,
and as a magnitude-limited survey that extends much further than one thin-disc
scale height, we expect thin and thick disc stars to enter the survey roughly in
proportion to the local surface densities of the two discs. Our adopted values are
based on the results of Soubiran et al. (2003), who separated the thin and thick disc
populations in velocity-metallicity space. They give an estimate of 15± 7% for the
local normalization of the thick disc and 85±7% for the thin disc, where the median
distance of their sample is 400 pc from the Galactic plane. The median distance
of our sample is similar, so we find it appropriate to adopt these values, modifying
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Figure 2.1 — Top panel: adopted metallicity distribution function (MDF). The grey-shaded
histogram represents the MDF of our final sample. The thin and thick disc MDFs are shown
in blue and red, respectively, and the thick black line is the sum of both disc components.
Bottom panel: 2D histogram of our sample in [Mg/Fe]-[Fe/H] space. Contours show 33, 67,
90, and 99% of thin disc (blue) and thick disc (pink) 2D pdfs. The over-plotted dashed blue
line shows the assumed mean (µMg) variation as a function of [Fe/H], where the filled area
represents the assumed variation in the æMg as a function of [Fe/H], for the thin disc (Eqs.
2.3 and 2.4). Similarly, the over-plotted dashed red line shows the adopted thick disc relations
(Eqs. 2.5 and 2.6).

them slightly. We use XTD = 0.14 and XD = 0.85 (see Table 2.1)4. Thus we assume that
ª 1% of the stars in the extended solar neighbourhood belong to the halo. We do not
explicitly calculate the probability of a star belonging to the halo, however. Chen
et al. (2001) note the degeneracy between local normalization and surface density
ratio due to the uncertain nature of the scale heights of the discs. However, our
chosen value is also a conservative estimate when considering the overall relative
thin/thick disc surface density ratio (see Bland-Hawthorn & Gerhard 2016).

In order to include realistic errors for our [Fe/H] and [Mg/Fe] measurements (of
the order of 0.17 dex and 0.2 dex, respectively), we generate 500 realizations of each

4As these values are widely disputed, we explore the effects of removing the XTD and XD factors from our
probability computations (i.e., giving both disc components equal weight). The corresponding results
can be found in Sections 2.4.1 and 2.4.2.
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Figure 2.2 — [Mg/Fe] v. [Fe/H], where the colour of the bins represent the logarithm
log10( fTD/ fD) of the average relative probability of stars in that bin belonging to either the
thick or the thin disc. Stars with a relative probability between 0.1 and 10 are not subsequently
used but are included here to demonstrate the gradient in probability. The contours show 33,
67, 90, and 99% of the selected thin disc (blue) and thick disc (pink) distributions, to illustrate
the gap between the two components.

star assuming a Gaussian error distribution for both measurements. The ratio of
the thick disc probability to the thin disc probability ( fTD/ fD) is calculated for each
realization, and the median is taken as the final fTD/ fD value. We assign a star as
belonging to the thin disc when fTD/ fD < 0.1. Similarly, we assign a star as belonging
to the thick disc when fTD/ fD > 10. We note that we still expect some overall
contamination of incorrectly assigned stars in both disc components, of the order
of 10%, due to our selection criterion ( fTD/ fD), and this contamination increases
towards both ends of our metallicity distribution. This contamination may have a
number of sources. Stars may be incorrectly assigned to the thick disc due to the
substantial overlap in the MDF of the thin and thick disc at the metal-rich end. In
addition, the precision of our abundance measurements may affect the assignment
accuracy at both tails of the distribution.

Despite this contamination, we consider that theÆ-low component corresponds
to what would typically be described as the ‘thin disc’, and the Æ-high similarly
corresponds to the ‘thick disc’. In the remainder, we refer to the ‘thin disc’ as
the Æ-low component and the ‘thick disc’ as the Æ-high component. We adopt
this definition due to certain limitations when considering the tails of [Fe/H]
distribution for both the ‘thin’ and ’thick’ disc components, where more complex
population mixtures may exist (Nissen & Schuster 2010; Masseron & Gilmore 2015;
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Figure 2.3 — [Mg/Fe] vs. [Fe/H], where the colour of the bins represent the average velocity
of the stars in that bin, for each of the three velocity components. Here, we show only the
selected stars, i.e., all stars with 0.1 < ( fTD/ fD) < 10 have been removed.

Chiappini et al. 2015; Martig et al. 2015). Specifically, for the metal-rich tail of the Æ-
high component, it is unclear if the distribution flattens (e.g. Bensby et al. 2014),
or continues with a linear trend similar to our adopted distribution, eventually
joining the Æ-low sequence. In either case, disentangling these complex population
mixtures in the metal-rich tail is not possible when considering the precision of our
Æ-abundance measurements, and therefore we consider only a conservative range
of metallicities where a two-component model is viable.

Our final sample consists of 11 440 stars assigned to the Æ-low component and
2 251 stars assigned to the Æ-high component. In Fig. 2.2, we show [Mg/Fe] versus
[Fe/H], with bins colour-coded according to the average probability of stars in that
bin to belong to either component. The contours enclose 33, 67, 90, and 99% of the
selected Æ-low (blue) and Æ-high (pink) components, to illustrate the gap between
the two components.

2.4 Results

Each pixel of the [Fe/H]° [Mg/Fe] planes of Fig. 2.3 is coloured to encode the mean
value of VR , V¡ or VZ for the stars in our selection that are assigned to that pixel. A
clear distinction is evident between the kinematics of our selectedÆ-low andÆ-high
components, especially in V¡.

To explore further the different kinematic trends in our chemical components,
in Fig. 2.4 we show for each component the averages of VR , V¡ and Vz as a function
of metallicity. In the case of V¡ we have fitted by least-squares lines to the data
points, excluding bins with less than ten objects to avoid drawing conclusions from
low-number statistics. For the Æ-low sequence, the most metal-poor bins are also
excluded as there we expect some contamination from the Æ-high component (see
Sec. 2.3). For the Æ-high disc (bottom row of Fig. 2.4), we exclude the two most
metal-rich bins, due to contamination from Æ-low stars. Bins excluded from the
linear fits are plotted as open circles.
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Figure 2.4 — Mean velocity as a function of [Fe/H] for the Æ-low component (top row), and
the Æ-high component (bottom row). See Section 2.3 for a detailed description on how these
populations are selected. Trend lines are computed by binning the data into ª0.2 dex wide
[Fe/H] bins. The shaded regions correspond to the average errors for a given metallicity bin.
Bins with less than 10 stars are not shown, and are not used to calculate the linear fit. Open
circles denote bins which are not used in determining the linear fit in panels c and d. The red
lines in panels c and d show the linear fits for the Æ-low and -high sequences, respectively,
with the shaded red region corresponding to the error on the fit.

2.4.1 Mean rotational velocity trends for the thin and thick disc
components

We find @V¡/@[Fe/H] < 0 for the Æ-low component but @V¡/@[Fe/H] > 0 for the Æ-
high component. Quantitatively, for Æ-low stars, we find

@V¡
@[Fe/H]

= (°11±1) kms°1dex°1. (2.8)

This slope is significantly shallower than those of Lee et al. (2011) and Adibekyan
et al. (2013), but using high-resolution data from Gaia-ESO Recio-Blanco et al.
(2014) find, @V¡/@[M/H] = (°17±6) kms°1dex°1, which lies within 1æ of our value.

For the Æ-high population, we measure

@V¡
@[Fe/H]

= (51±10) kms°1dex°1. (2.9)

This slope is in agreement with recent literature values. Lee et al. (2011) report a
tight correlation with slope (43.4±1.8) kms°1 dex°1 in their subsample of thick-disc
G-dwarfs, while Kordopatis et al. (2011) find @V¡/@[M/H] = (43± 11) kms°1 dex°1.
Similarly, Adibekyan et al. (2013) find @V¡/@[M/H] ª 42 kms°1 dex°1 for thick disc
stars in a sample of FGK solar neighbourhood dwarfs. Our value also agrees with the
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Figure 2.5 — Same as panels c and d of Fig. 2.4, but with no prior factors used in the
determination of the probabilities (i.e., equal weight given to both disc components, cf. to
the XTD and XD factors given in Table 2.1).

findings of Recio-Blanco et al. (2014), @V¡/@[M/H] = (43±13) kms°1 dex°1, from a
high-resolution sample of FGK stars from the Gaia-ESO survey.

Fig. 2.5 shows the average V¡ velocity as a function of [Fe/H] for the case where
both discs are given equal weight (compare with panels c and d of Fig. 2.4). We
measure similar trends in @V¡/@[Fe/H] as when the XTD/XD prior is included, for
both disc components. This further strengthens our result that we successfully
determine distinct kinematics for each disc component.

2.4.2 Velocity dispersion trends

Fig. 2.6 shows for the Æ-low and Æ-high components the variation with [Fe/H] of
the dispersions of VR , V¡ and Vz corrected for observational uncertainties in the
standard way:

æR,¡,Z =
q
æ§2

R,¡,Z °heVR,¡,Zi2 (2.10)

where æR,¡,Z is our corrected velocity dispersion, æ§
R,¡,Z is the measured velocity

dispersion, and eVR,¡,Z is the error on the velocity component. In both chemical
subgroups velocity dispersion tends to decrease with increasing [Fe/H], so the most
metal-poor stars have the highest dispersions and SMR stars have low dispersions.
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Figure 2.6 — Velocity dispersion as a function of metallicity for the Æ-low component (blue
circles), and the Æ-high component (red triangles). See Section 2.3 for a detailed description
on how these populations are selected. Trend lines are computed by binning the data into
ª0.2 dex width bins. The shaded regions correspond to average errors for a given metallicity
bin. Bins with less than 10 stars are not shown. The average æR,¡,Z values are given in the top
right corner, for both disc components. These averages are determined using only bins with
filled symbols.
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Figure 2.7 — Same as Fig. 2.6, but with no prior factors used in the determination of the
probabilities (i.e., equal weight given to both disc components).

In the region °0.2 < [Fe/H] < 0.0 the trends for the Æ-low and Æ-high components
overlap substantially: their dispersions differ little in the two overlapping bins
where both theÆ-low andÆ-high components are free of significant contamination.
However, at [Fe/H] < °0.2 the values for each chemical subgroup are clearly
separated. While we assume some contamination of the Æ-low sample in the most
metal-poor bins, these bins follow approximately the same linear relation as the
more metal-rich bins. We find the ratio of æR /æ¡ to be relatively constant (ª 1.6
for both components), independent of metallicity.

At the top right of each panel in Fig. 2.6 we give the mean velocity dispersion
for each chemical component, calculated using only the bins that we consider free
of significant contamination (i.e., avoiding the two most metal-poor bins for the Æ-
low component, and the two most metal-rich bins for the Æ-high component). This
gives an effective range of °0.27 < [Fe/H] < 0.38 for the Æ-low component, and an
effective range of °1.15 < [Fe/H] <°0.05 for the Æ-high component.



34 Chapter 2: Chemical separation of disc components

For both components, our mean velocity dispersions conform to the familiar re-
lationsæR >æ¡ >æZ andæZ ' 0.5æR (Quillen & Garnett 2001; Holmberg et al. 2007).
In addition, we find a constant offset ª 16 kms°1between the average dispersions of
the Æ-low and Æ-high sequences. This offset is consistent with the observed values
of Bensby et al. (2005), which were determined using a kinematically-selected high-
resolution sample of FGK dwarfs in the solar neighbourhood. As in Section 2.4.1,
we consider the velocity dispersion as a function of [Fe/H] for the case where we
remove the XTD/XD prior from the probability calculation. The results are shown
in Fig. 2.7. While the outcome is similar, we do note that the thick disc has a
consistently lower mean velocity dispersion compared to the case where we include
the prior. In addition, the separation between the two chemical disc components
is also consistently less (ª 13 kms°1compared to when the prior is included ª 16
kms°1, cf. Figs. 2.6 and 2.7).

While the removal of the XTD/XD factor does not significantly alter our results,
the ratio of stars assigned to the Æ-high and -low components is affected adversely.
The ratio of Æ-high to Æ-low stars for our final selected sample is 2251/11440 ª 0.20,
which is within the range of conservative estimates of the thick disc fraction. In
contrast, if we remove the prior, we find a ratio of 4436/7785 ª 0.60, which is above
the high end of the range of estimates. In order to better represent physical reality
as it is currently understood, we find the application of this prior desirable.

Combining the mean and dispersion of each of velocity component with the
Jeans equation, we can estimate the radial scale lengths (hR ) of our chemical disc
components. If we assume that the Galactic potential is dominated by a centrally
concentrated mass distribution (Gilmore et al. 1989), and that the velocity ellipsoid
always points toward the Galactic centre (Siebert et al. 2008; Pasetto et al. 2012;
Binney et al. 2014b), we have:

hR =
2Ræ2

R

V 2
c °hV¡i2 +2æ2

R °æ2
¡°æ

2
Z

. (2.11)

By this reckoning our Æ-low component has scale length hRD = 4.8± 0.2kpc, and
our Æ-high component has hRTD = 3.4± 0.1kpc. Our estimates are consistent with
the finding of Bovy et al. (2012c) from a sample of local dwarfs from SEGUE, that
the scale length of the thin disc is more extended than that of the thick disc. When
we consider the scale lengths of the discs as functions of metallicity, for the Æ-low
component @hR /@[Fe/H] < 0 (i.e., the most metal-poor bins have the longest scale
lengths). The scale length of the Æ-high component proves relatively constant, with
only a slight negative trend, with increasing metallicity.

While the scale length of ourÆ-low component is longer than that determined by
Robin et al. (2003) and Jurić et al. (2008) from star counts, it lies within 2æ of high-
end estimates, such as that, hR = (4.3± 0.2)kpc, of Bovy et al. (2012c), who used a
sample of dwarfs with [Fe/H] ª 0. Our value of hR for the Æ-high component is also
larger than literature values. Using a handful of red giant stars Bensby et al. (2011)
obtain hR ª 2kpc for the thick disc, and Bovy et al. (2015) find hR = (2.2±0.2)kpc for
anÆ-high population. However, we note that the values of our scale lengths depend
sensitively on the adopted value for the peculiar motion of the Sun (VØ). A smaller
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VØ (e.g., the classical value of 5.25 kms°1(Aumer & Binney 2009)) would result in
much smaller scale lengths for both discs. For a detailed discussion see Golubov
et al. (2013).

Many of the previous studies cited use either dwarfs or giants for their samples,
with a tendency to select only dwarfs for chemodynamical studies, as their atmo-
spheres stay relatively constant until they leave the main sequence. Giants, on the
other hand, can experience a significant amount of mixing in their atmospheres,
which makes them less desirable for studies involving long dynamical timescales.
As we have an equal number of dwarfs and giants in our original sample before the
chemical disc selection, we investigated if these observed trends are affected when
considering only dwarfs, or only giants. For both the mean velocity and velocity
dispersion trends, we find no significant differences in our conclusions.

2.5 Discussion

The primary difference in the kinematics of our Æ-low and Æ-high components are
the trends in mean rotational velocity as a function of [Fe/H]. We find opposite
signs for @V¡/@[Fe/H] for our two chemical disc components: positive for theÆ-high
component, and negative for the Æ-low component (see panels c and d of Fig. 2.4).

TheÆ-high component exhibits the expected characteristics of asymmetric drift:
as [Fe/H] and rotational velocity increase, the velocity dispersion decreases. On
account of asymmetric drift, the ‘thick’ disc lags the LSR significantly – Bensby et al.
(2005) find a lag of 46 km s°1 for the kinematically selected thick disc. While the
value of the thick disc’s lag is uncertain (cf. Chiba & Beers 2000; Fuhrmann 2004; Lee
et al. 2011), positive values for @V¡/@[Fe/H] have also been observed in a number of
previous studies (Lee et al. 2011; Kordopatis et al. 2011; Adibekyan et al. 2013; Recio-
Blanco et al. 2014). Recio-Blanco et al. (2014) suggest that this positive trend is in
agreement with the scenario described in Haywood et al. (2013) and Haywood et al.
(2016): each subsequent stellar generation in the thick disc is kinematically cooler
than the previous one, such that the dispersion (and therefore lag behind the LSR)
decreases with increasing [Fe/H].

Haywood et al. (2013) then propose that the inner disc is formed with the
properties of the most metal-rich thick disc ‘layer’, with quenching of star formation
causing the corresponding gap found in the [Æ/Fe]-[Fe/H] plane. What could have
caused star formation to pause at the end of the formation of the thick disc is still
debated, although a few scenarios have been proposed (e.g., the formation of the
bar (Haywood et al. 2016) and depletion of gas in the disc (Chiappini et al. 1997)).
Star formation is then assumed to resume, albeit at a lower rate, in the thin disc (Just
& Jahreiß 2010).

Our Æ-low component also lags the LSR, but with @V¡/@[Fe/H] negative. We
propose that the SMR stars ([Fe/H]& 0.15) in ourÆ-low component have undergone
significant changes in their orbital kinematics. The origin of these metal-rich
stars is not immediately obvious, but it is likely that they did not form locally. In
order to explain the presence of such stars, we consider various Galactic evolution
mechanisms.
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It has been suggested by Haywood et al. (2013) that a turbulent ISM (Brook et al.
2004; Bournaud et al. 2009) in the inner Galaxy could allow gas enrichment to reach
solar metallicity within a few Gyr. SMR stars born in the inner Galaxy would then
experience interactions with inhomogeneities in the primitive disc to bring them to
the solar neighbourhood. However, Kordopatis et al. (2015a) note that stars formed
in the early turbulent ISM would now be on highly eccentric orbits, which is not the
case for most SMR stars in RAVE (see their Figs. 9 and 10). It is also possible that
these stars were formed in gas clouds on non-circular orbits (e.g., from gas being
accreted from outside the disc), and therefore the stars would, from birth, be on
kinematically hotter orbits themselves. However, such gas is typically of sub-solar
metallicity (Wakker 2001; Richter et al. 2001; Richter 2006) and therefore would most
likely not give rise to the metal-rich population that we see.

Now consider the possibility that the SMR stars were born kinematically cold. If
these stars were scattered onto more eccentric/inclined orbits by either the Lindblad
resonances of the spiral arms or by giant molecular clouds (‘blurring’), then these
SMR stars in the Æ-low component would be visitors from the inner galaxy at the
apocentres of their orbits. On this account they would lag the LSR as we observe.
We find that our most metal-rich stars ([Fe/H] & 0.3) lag the LSR by ª 10 kms°1.
Golubov et al. (2013) argue that this asymmetric drift should also be reflected in
increasing radial velocity dispersion, i.e., increasing æR with decreasing hV¡i. For
our Æ-low component, we find the trends of æR,¡,Z with [Fe/H] to be flat – Fig. 2.6
shows just a hint of increasing æR and æ¡.

Although blurring may influence the relationship between chemistry, kinemat-
ics and position that we find, we still need to explain the finding of Kordopatis et al.
(2015a) that SMR stars in RAVE (defined as [Fe/H] > 0.1) follow roughly circular
orbits, with approximately half of these metal-rich stars having eccentricities below
e ª 0.15. On the other hand, churning involves an increase in angular momentum
and thus guiding radius without any increase in eccentricity. As a large fraction of
these SMR stars have circular orbits, we consider it likely that these stars have been
brought to the solar neighbourhood largely by churning.

A number of high-resolution studies find the SMR stars in the Æ-low component
have a relatively small spread in [Mg/Fe] (Recio-Blanco et al. 2014; Bensby et al.
2014; Kordopatis et al. 2015b; Haywood et al. 2013) and we find a slight indication
of this at the SMR tail of our Æ-low component. This scenario is consistent with the
model presented in Nidever et al. (2014), according to which the Æ-low component
arises by superposition of populations with differing star formation histories. This
manifests as a relatively narrow sequence of Æ-low stars over a large [Fe/H] range.
Nidever et al. (2014) note that a possible origin of this effect is described in Schönrich
& Binney (2009a), where the superposition of populations is caused by radial
migration of stars from the inner Galaxy with different birth radii and enrichment
histories. While they find that stars may experience both blurring and churning,
the effect of churning is stronger in the inner regions of the galaxy, where SMR stars
were most likely born. Therefore, we also consider that both mechanisms may be at
work. If a star is first blurred such that it is at larger Galactic radii, it is possible that it
may then experience a change in guiding radius due to an interaction with a varying
non-axisymmetric potential at corotation, such as transient spiral arms (Sellwood
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& Binney 2002), or transient overdensities at the bar-spiral interface (Minchev et al.
2013). While it is possible for both mechanisms to alter the kinematics of a given star,
Minchev et al. (2013) note that stars on circular orbits are more likely to be affected
by churning.

2.6 Summary and conclusions

We have explored the relationship between kinematics and elemental abundances
for a sample of extended solar neighbourhood stars obtained by RAVE. Since high-
resolution studies (e.g. Recio-Blanco et al. 2014; Haywood et al. 2013; Bensby et al.
2014; Kordopatis et al. 2015b) have shown that the trough in the [Fe/H]°[Æ/Fe] plane
between the Æ-low and Æ-high components of the Galactic disc is narrower than
the uncertainties in [Æ/Fe] in the RAVE survey, we have identified the RAVE stars
that are most and least likely to be members of the Æ-low component. Specifically,
a star enters our Æ-low sample if its location in the [Fe/H]° [Æ/Fe] plane is made
ten times more probable by the hypothesis that it belongs to the Æ-low component
than the hypothesis that it belongs to the Æ-high component. Conversely, the
locations of our Æ-high stars are ten times more probable under the hypothesis
that they belong to the Æ-high component than under the hypothesis that they
belong to the Æ-low component. With this probabilistic separation criterion, we
successfully determine separate kinematics for the Æ-low and -high populations,
for a conservative metallicity range where a two-component model is plausible.
In addition, we find cool, thin-disc-like kinematics for the majority of our sample
above solar metallicity.

For the Æ-low sequence, we find a negative trend in the mean rotational velocity
as a function of metallicity: @V¡/@[Fe/H] = (°11 ± 1) kms°1 dex°1, which is a
shallower gradient than those measured by high-resolution studies of the solar
neighbourhood. For the Æ-high component, we find a positive correlation of mean
rotational velocity with metallicity: @V¡/@[Fe/H] = (51 ± 10) kms°1 dex°1, which
agrees with results from both low- and high-resolution surveys.

Although a faint signature of this trend can be seen in the metal-rich bins of
Æ-high sequence (open symbols in panel d of Fig. 2.4), we note that this may be
due to contamination by Æ-low stars arising from the large errors in [Fe/H]. Also at
the high-[Fe/H] end we notice a relative overabundance of Æ-high stars. A similar
population of Æ-high, metal-rich stars was detected by Gazzano et al. (2013), who
concluded that these objects probably belong to the thin disc. By contrast, Masseron
& Gilmore (2015) consider it uncertain whether these stars should be assigned to
the thin or thick disc on the grounds that these stars may have a variety of origins.
Furthermore, it is possible that some of theseÆ-high stars are young (Chiappini et al.
2015; Martig et al. 2015), which suggests that they are part of the thin disc (however,
see Jofré et al. 2014 for a discussion on the existence of this population). For these
reasons, we do not consider the kinematics of the SMR ([Fe/H] & 0.15) stars in the
Æ-high component.

The Æ-low and Æ-high components follow different trends for all three compo-
nents of the velocity dispersion. While the velocity dispersions of the chemical disc
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components are similar in the metallicity regime °0.2 < [Fe/H] < 0.0, there are sig-
nificant differences at the metal-poor end. The mean dispersion of a given velocity
component is ª 16kms°1less for Æ-low stars than Æ-high stars. Notwithstanding
some contamination of one component by the other, our chemically separated
components exhibit markedly different kinematics, which are consistent with the
trends found using higher resolution data.

RAVE offers a unique statistical opportunities to constrain theories of Galaxy
evolution. While high-resolution surveys will have a very small overlap with Gaia
DR1, ª 3 £ 105 RAVE stars are expected to be in Gaia DR1. Hence RAVE data
combined with more accurate parallaxes and proper motions from Gaia DR1 should
significantly sharpen, and hopefully confirm, the chemodynamical trends reported
here and enable us to track more securely the extent and effect of radial migration
in the Galactic discs.
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ABSTRACT

We characterize the selection function of RAVE using 2MASS
as our underlying population, which we assume represents
all stars which could have potentially been observed. We

evaluate the completeness fraction as a function of position, magnitude,
and colour in two ways: first, on a field- by-field basis, and second, in
equal-size areas on the sky. Then, we consider the effect of the RAVE
stellar parameter pipeline on the final resulting catalogue, which in principle
limits the parameter space over which our selection function is valid. Our
final selection function is the product of the completeness fraction and the
selection function of the pipeline. We then test if the application of the
selection function introduces biases in the derived parameters. To do this,
we compare a parent mock catalogue generated using GALAXIA with a mock-
RAVE catalogue where the selection function of RAVE has been applied. We
conclude that for stars brighter than I = 12, between 4000K < Teff < 8000K and
0.5 < log g < 5.0, RAVE is kinematically and chemically unbiased with respect
to expectations from GALAXIA.
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3.1 Introduction

In any statistical analysis it is fundamental to understand the relation between the
objects for which data were obtained, and the underlying population from which
the sample was drawn. This relation is called the selection function of the sample.
Without this knowledge, it is difficult to accurately infer the general properties of a
population.

Many large-scale astronomical surveys of Milky Way stars with data releases
currently or soon available make some effort to characterize their selection function.
The explicit quantification of the selection function of a stellar survey has been
demonstrated by Schönrich & Binney (2009b) for the Geneva-Copenhagen survey
(GCS; Nordström et al. 2004), Bovy et al. (2012c) for a sub-sample of the Sloan
Extension for Galactic Understanding and Exploration survey (SEGUE; Yanny et al.
2009), Nidever et al. (2014) for the APO Galactic Evolution Experiment (APOGEE;
Majewski et al. 2015), and Stonkutė et al. (2016) for the Gaia-ESO survey (Gilmore
et al. 2012). A number of factors such as changes to the observing strategy,
limitations due to instrumentation, or including different input catalogues can all
affect the final resulting catalogue, so it is crucial to consider each of these aspects
when characterising the selection function.

In this article we present a study of the selection function of the RAdial Velocity
Experiment (RAVE) survey based on its most recent data release (DR5; Kunder
et al. 2017), to facilitate the wider and more robust use of this publicly-available
catalogue. This survey was among the first surveys in Galactic astronomy with
the explicit purpose of producing a homogeneous and well-defined data set. To
achieve this goal, the initial target selection was based purely on the apparent I -
band magnitudes of the stars.

Based on the simplicity of the selection function a number of recent studies
using RAVE data, reviewed in Kordopatis (2015), assumed the RAVE survey to be
a kinematically unbiased sample to investigate models of our Galaxy. In particular,
Sharma et al. (2014) briefly addressed the selection function with respect to ensuring
their subsample was unbiased, by mimicking the target selection of RAVE directly
using Monte Carlo realisations of their Galaxy models. However, here we aim to
characterize the selection function of all stars available in DR5.

We present a short overview on the RAVE survey in Section 3.2, summarising the
history of the survey with respect to the target selection and observing strategy. Our
reduced sample for evaluating the selection function is described in Section 3.3. In
Section 3.4 we present our results for two different ways of evaluating the selection
function: field-by-field and by HEALPIX pixel. Then in Section 3.4.3 we incorporate
the effects of the spectral analysis pipeline on the final catalogue. In Section 3.5,
we present the method for generating our mock-RAVE catalogue, and compare
it to a sample of RAVE DR5 stars. We then test for biases due to the selection
function of RAVE, by comparing our mock-RAVE catalogue with a parent GALAXIA

sample. Finally, we discuss the implications of these findings and our conclusions
in Section 3.6.
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Figure 3.1 — All RAVE DR5 targets in Galactic coordinates, colour-coded by number of stars in
a given HEALPIX pixel (NSIDE = 32, area ' 3.31deg2, see also Sec. 3.4.2). The adopted footprint
(described in Sec. 3.2.3) is shown in green. In this study we only consider stars within the
footprint.

3.2 The RAVE survey

RAVE is a large-scale spectroscopic stellar survey of the Southern hemisphere
conducted using the 6dF multi-object spectrograph on the 1.2-m UK Schmidt
Telescope at the Siding Spring Observatory in Australia, and completed in 2013.
A general description of the project can be found in the data release papers (DR1;
Steinmetz et al. 2006; DR2; Zwitter et al. 2008; DR3; Siebert et al. 2011b; DR4;
Kordopatis et al. 2013a) as well as in the most recent data release paper (DR5; Kunder
et al. 2017). We show the distribution of targets available in RAVE DR5 in Figure 3.1.

The spectra were taken in the Ca II-triplet region (8410 – 8795 Å) with an effective
spectral resolution of R º 7500. The strong calcium absorption lines allow a robust
determination of the line-of- sight velocities via the Doppler effect even with low
signal-to-noise ratio (SNR) (. 10 per pixel). This region was explicitly chosen to
coincide with the spectral range of Gaia’s Radial Velocity Spectrometer (RVS) (Prusti
2012; Bailer-Jones et al. 2013; Recio-Blanco et al. 2016). While Gaia will release radial
velocity and stellar parameters in forthcoming data releases, at present Gaia offers
only position and magnitude information for approximately a billion stars (Gaia
Collaboration et al. 2016). The Tycho-Gaia astrometric solution (TGAS; Michalik
et al. 2015) provides parallax and proper motion data forª 2 million stars which were
observed by Tycho-2 (Høg et al. 2000). As RAVE contains 215 590 unique TGAS stars,



3.2: The RAVE survey 43

0 20 40 60 80 100 120 140
Number of fibres

0

50

100

150

200

250

300

350

N
um

be
r
o
f
fi
el
ds

Figure 3.2 — Histogram of the number of fibres placed for each pointing (bin width = 2), for
the entire duration of the RAVE survey (2003-2013). For each pointing, at least one fibre was
placed.

it offers a unique advantage of providing stellar parameters for stars with improved
parallax and proper motion data from TGAS.

3.2.1 Input catalogue

When observations for the RAVE survey started in 2003 there was no comprehensive
photometric infrared survey available to serve as an input catalogue. Instead,
approximate I -band magnitudes were calculated from the Tycho-2 catalogue and
the SuperCOSMOS Sky Survey (SSS; Hambly et al. 2001), and used to construct
an initial input catalogue of ª300 000 stars. In May 2005, the DENIS catalogue
(Epchtein et al. 1999) became available which provided Gunn I -band photometry,
however, it did not provide sufficient sky coverage to serve as the sole basis for the
input catalogue. RAVE DR1, DR2, and DR3 were sourced from the original input
catalogue (Kordopatis et al. 2013a).

The fourth data release, DR4 (Kordopatis et al. 2013a), incorporated observa-
tions drawn from a new input catalogue, using DENIS DR3 (DENIS Consortium
2005) as the basis, which had been cross-matched with the 2MASS point source
catalogue (Skrutskie et al. 2006). The new input catalogue also extended the RAVE
footprint to include lower Galactic latitudes (5± < |b| < 25±), where a colour cut
using 2MASS photometry (J°K > 0.5 mag) was applied to preferentially select giants
(Kordopatis et al. 2013a). This input catalogue is also used for the most recent data
release (DR5; Kunder et al. 2017).
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3.2.2 Target selection and observing strategy

Here we summarise the target selection and observing strategy described in the
first data release (DR1, Steinmetz et al. 2006), as the selection function of a survey
depends explicitly on how the observations are conducted.

From the input catalogue described in the previous section, 400 targets were
selected for a given field of view. This selection was then split into two field files
consisting of 200 stars each, to allow for two separate pointings. The 6dF instrument,
used to conduct RAVE observations, consists of three fibre plates with 150 fibres
each. These fibres were assigned to science targets according to a field configuration
algorithm developed for the 2dF spectrograph (Lewis et al. 2002). However, for
various reasons such as inaccessible areas on the fibre plate and fibre breakage,
on average approximately 90 science fibres were allocated per pointing. Each
observation consisted of a minimum of 3 (average 5) exposures, which were then
stacked to improve the SNR per pointing. Figure 3.2 shows the distribution of fibres
placed on science targets present in DR5 for all fields in the master list of RAVE field
centres (see Sec. 3.4.1).

During the first year and a half of observations, no blocking filter was used on the
spectrograph, so spectra were contaminated with second order diffraction (i.e., flux
from the ª 4200°4400Å wavelength range entered the primary wavelength range).
Therefore, in DR5 the automated stellar parameter pipeline does not give stellar
parameters for observations made before 6 April 2004.

A problem with fibre cross-talk due to bright (I ª 9) stars adjacent to fainter stars
was also identified in the period before DR1, and corrected for in the first iteration
of the data reduction pipeline (Steinmetz et al. 2006). Therefore, in March 2006,
the observing strategy was modified to observe stars only in a given magnitude bin
for each pointing. These magnitude bins are illustrated in Figure 3.3 as vertical
dashed lines. In addition to reduced fibre cross-talk, this change in the observing
strategy had the added benefit of optimizing exposure times (e.g. bright fields could
be observed in nominal conditions, while faint fields were preferentially observed
when conditions were excellent), increasing the SNR per spectrum, and therefore
resulting in more accurate stellar parameters. For fields in which interlopers or
stars with variable brightness affected the fibres despite the magnitude selection,
assessment and data reduction was conducted on a case-by-case basis to minimise
the probability that problematic stars would enter the final catalogue.

3.2.3 Survey footprint

A simple footprint was imposed for observations: pointings were restricted to the
Southern hemisphere and |b| > 25±. RAVE generally avoided regions on the sky with
large extinction, i.e., close to the Galactic disc and towards the bulge. The primary
reason for avoiding low Galactic latitudes was to prevent multiple stars entering a
fibre, which had a spatial extent of 700 on the sky. Exceptions were a number of
calibration fields around |b| = 0± and several targeted observations of open clusters
in the Galactic plane. In addition, there are a few fields in regions at the northern
side of the bulge that originate from an interim input catalogue. We exclude these
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Figure 3.3 — Distribution of I -magnitudes in the full RAVE DR5 catalogue. Dotted lines mark
the border of the magnitude bins used for observing runs after March 2006. The histogram
shows I2MASS magnitudes which are computed from the 2MASS J and Ks magnitudes, but
present a homogeneous database.

fields when evaluating the completeness of RAVE, as the target selection in these
fields differed from the general selection procedure.

In addition, we note the impact of utilizing DENIS DR3 as an input catalogue.
The DENIS survey was observed in strips of 30± in declination and 12 arcmin in
right ascension, with an overlap of 2 arcmin between consecutive strips. This
observing pattern is embedded in the formulation of the selection function as a
function of position (Eq. 3.1), and therefore is considered when evaluating both the
completeness and selection function.

Figure 3.1 shows the adopted survey footprint for this study, which differs from
the original footprint used for observations, as well as the distribution of individual
stars in DR5.

3.2.4 RAVE Data Release 5

The latest public data release, DR5, contains information from 520 781 measure-
ments of 457 588 individual stars. The distribution on the sky of these stars can
be found in Figure 3.1. In addition to obtaining precise line-of-sight velocities
Vlos (typical uncertainties ª 2 kms°1), RAVE DR5 provides several other stellar
parameters derived from the spectra: effective temperature (Teff), surface gravity
(log g ), an overall metallicity ([M/H]), and individual abundances for six elements:
magnesium, aluminium, silicon, titanium, iron, and nickel.

Line-of-sight distances for RAVE stars have been estimated using a number
of methods, including red-clump giants (e.g. Siebert et al. 2008; Veltz et al. 2008;
Williams et al. 2013), isochrone fitting (e.g. Zwitter et al. 2010; Breddels et al. 2010),
and a robust Bayesian analysis method described in Burnett & Binney (2010).
RAVE DR5 provides distances derived using the method described in Binney et al.
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(2014a), where stellar parameters, along with known positions, are used to derive
spectrophotometric distance estimates for a large fraction of the stars in the survey.

In addition, Matijevič et al. (2012) performed a morphological classification
of the spectra to allow for the identification of spectroscopic binaries and other
peculiar stars in the catalogue. All targets in DR5 were also cross-matched with a
number of other data sets: Tycho-2 (Høg et al. 2000), UCAC4 (Zacharias et al. 2013),
PPMXL (Roeser et al. 2010), 2MASS (Cutri et al. 2003), WISE (Wright et al. 2010),
APASS (Munari et al. 2014), and Gaia DR1 (Gaia Collaboration et al. 2016) to provide
additional information such as proper motions, as well as apparent magnitudes in
other filter passbands.

3.3 Catalogue description and quality flags

The RAVE survey was designed to have as simple a selection function as possible,
to ensure that any biases could be accurately quantified. The initial target selection
was based only on the apparent I -band magnitude (9 . I . 12) and sky position.
An I -band selection was chosen as the most appropriate for efficient use of the
spectral range of the 6dF instrument. In Figure 3.3 we show the distribution of I -
band magnitudes in RAVE DR5. This distribution extends past the initial apparent
magnitude limits due to uncertainties in the SSS photometry used for the first input
catalogue (see Figure 4 of Steinmetz et al. 2006). During 2006, the angular footprint
was expanded to include regions close to the Galactic disc and bulge (Galactic
latitude 5± < |b| < 25±) as a result of the new input catalogue (see Section 3.2.1),
and in these new regions a colour criterion (J °Ks ∏ 0.5) was imposed to select for
cool giant stars over more prevalent dwarfs (Kordopatis et al. 2013a). We can thus
assume that the probability, S, of a star being observed by the RAVE survey is

S / Sselect(Æ,±, I , J °Ks ), (3.1)

with Æ and ± denoting the equatorial coordinates of stars in a given region on the
sky, within the defined footprint (see Figure 3.1).

Due to its complex history, and owing to observational constraints and actual
atmospheric conditions on the respective day, the input catalogue for RAVE carries
some inhomogeneity, and it is therefore not straightforward to construct a valid
parent sample from this variety of data sets. However, one data set in particular,
2MASS, offers complete coverage of both the survey area and the magnitude range
of RAVE. Therefore, we adopt the 2MASS photometry in order to compare our RAVE
targets with as homogenous a sample as possible.

2MASS provides accurate J , H and Ks photometry for nearly all RAVE targets
and, equally important, also for all other stars which could have potentially entered
the input catalogue. Unfortunately, 2MASS does not provide I -band photometry,
which is needed to construct our selection function (Eq. 3.1)1, but we can compute

1Recently, data from the APASS survey (Munari et al. 2014) became available which provides SDSS i
magnitudes, but this survey also suffers some saturation problems for bright stars. Currently, APASS
is being extended to brighter magnitudes, so in the future this could be a valuable alternative to 2MASS.
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Table 3.1 — Quality criteria for the 2MASS parent sample.

Criterion Requirement Description

ph_flagJ A,B,C or D good J-photometry
ph_flagKs A,B,C or D good Ks -photometry
cc_flagJ 0 no artifact/confusion
cc_flagKs 0 no artifact/confusion
gal_contam 0 not contaminated by

extended source
pm_flag 0 not associated with

asteroid/comet

an approximate I2MASS magnitude via the following formula:

I2MASS ° J = (J °Ks )+0.2exp
(J °Ks )°1.2

0.2
+0.12 (3.2)

Eq. 3.2 is derived by a direct comparison of 2MASS J and Ks magnitudes with DENIS
I magnitudes. This transformation is determined by a polynomial fit in I ° J versus
J °Ks , and is an evolution of Eq. 24 in Zwitter et al. (2008), with an improved fit
for very cool stars. The distribution of I2MASS magnitudes for RAVE DR5 is shown in
Figure 3.3. Here, we find a significant number of RAVE stars which have I2MASS < 9.
We note that this is due to the fact that both DENIS and SuperCOSMOS saturate
around IDENIS ª 9, and the conversion of their cross-matched 2MASS magnitudes
gives magnitudes brighter than I2MASS ª 9.

In addition, there are a number of other factors which also have an influence on
the final selection function, which we will describe in the following sections.

3.3.1 Sample selection

RAVE quality criteria

To asses the completeness Sselect (Eq. 4.1), we remove fields which were reprocessed
during the course of data reduction (indicated in DR5 with either ‘a’,‘b’, or ‘c’
appended to the RAVE_OBS_ID). After removing these stars, we are left with a sample
of 518 079 entries in DR5, corresponding to 455 626 individual spectra.

2MASS quality criteria

We compute an I2MASS value (Eq. 3.2) for each 2MASS star and clean the data from
spurious measurements. Our requirements for a ‘valid’ measurement are given in
Table 3.1.
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Table 3.3 — Completeness fraction of RAVE on a pixel-by-pixel basis, for 0.1 mag width bins.
Here, the nested scheme is used to determine a given pixel ID.

Completeness Fraction (I2MASS)
HEALPIX Pixel ID 0.0 ... 9.9 10.0 10.1 ... 14.0
Index (Nested)

0 - 0.200 0.667 0.600 0.0
...
10000 - 0.250 0.462 0.500 0.0
10001 - 0.571 0.500 0.250 0.0
...
12287 - 0.333 0.333 0.600 0.0

3.4 The selection function

3.4.1 Field-by-field

We first consider the selection function of RAVE on a field-by-field basis, in order to
account for changes in the observing strategy as a function of time.

First, the observation date and position for each individual pointing is identified
from a master list of RAVE field centres and their corresponding given RAVE_OBS_ID.
In order to make the most accurate comparison between RAVE and our parent
2MASS sample, we must utilize accurate field centre positions. We identify 6593
individual pointings from this master list, corresponding to 1598 unique field
centres. Next, we compare this list with a table containing information about the
placement of fibres for each pointing. For each pointing, we count the number of
fibres placed on science targets, as well as how many fibres were assigned to the
sky, or simply not used. As shown in Figure 3.2, out of the 150 available fibres on
6dF, at maximum approximately 130 fibres were placed per field pointing, with an
average of approximately 90 fibres per RAVE pointing. From the fibres placed on
science targets, we then consider how many of these observations obtained spectra
for which stellar parameters are published in DR5, and characterize the I2MASS
distribution by counting the number of stars per 0.1 dex magnitude bin. Then, for
each RAVE pointing we determine the number of 2MASS stars available in each
magnitude bin, with the quality criteria described in Sec. 3.3.1 applied. For the final
table (Table 3.2), we include only those fields which have stars parametrized and
published in DR5.

An excerpt of the resulting completeness fraction on a field-by-field basis can be
found in Table 3.2. The completeness fraction for a field centred on (Æ,±) is given by

Sselect(fieldÆ,±) =
PP

NRAVE(fieldÆ,±, I, J°Ks)
PP

N2MASS(fieldÆ,±, I, J°Ks)
, (3.3)

where the double sum is over a given I2MASS range and the total J °Ks range in that
field.
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Figure 3.4 — Completeness of RAVE DR5 in Galactic coordinates as a function of observed
magnitude bins (compare with similar plot for completeness fraction of DR4, Figure 3 of
Kordopatis et al. 2013a). The HEALPIX pixels are colour-coded by the fractional completeness,
(NRAVE/N2MASS).
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Figure 3.5 — Left: Histogram of stellar parameters, chemical abundances, and distance
measurements in RAVE DR5 which satisfy the quality criteria and parameter limits given in
Section 3.4.3, as a function of magnitude (Spipeline, Eq. 3.6). Stars with stellar parameters
are indicated in orange, distances in red, and chemical abundances in green. Observed
magnitude bins are indicated with dashed lines. Middle: relative fraction of stars with derived
parameters as a function of magnitude. We use radial velocity as a baseline for comparison,
as all stars satisfying the criteria given in Section 3.4.3 have radial velocity measurements. As
all stars with radial velocities in this sample also have stellar parameters, the completeness
of stellar parameters is 100 per cent. Right: completeness fraction of derived parameters,
relative to the number of 2MASS stars, as a function of magnitude. This represents the
complete selection function with respect to 2MASS (see Eq. 3.7).
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Figure 3.6 — Distribution of RAVE stars (open circles) and 2MASS (grey) stars on the sky, for
a given RAVE pointing. Orange indicates that a given RAVE star has spectral parameters from
the spectral parameter pipeline (Teff, logg , [M/H]), red squares indicate stars which have
distance estimates from the distance pipeline, and green squares indicate stars which have
all abundance measurements from the chemical abundance pipeline.

It is important to note that there exists substantial overlap between RAVE
pointings, and therefore it is not appropriate to combine the data given in Table 3.2
to construct a selection function for the entire RAVE survey. In order to facilitate this,
we must consider the completeness of RAVE for equal, discrete areas on the sky. We
do note however, that on scales below the size of the field plate (' 28.3deg2), we
expect inhomogeneities due to certain technical constraints with fibre positioning
on the field plates used for RAVE observations (see Figure 3 of Steinmetz et al. 2006).

3.4.2 Equal area on the sky (HEALPIX)

To construct our parent RAVE sample for considering equal areas on the sky, we
first remove all repeat observations and keep for each star only the observation
with the highest SNR. This is in contrast to Section 3.4.1, where we do not remove
duplicates. Here, the goal is not to conserve the temporal information, but to
accurately reconstruct the sky coverage and completeness of RAVE, so any given star
is counted only once, even if it was observed multiple times. In addition, for the rest
of the study we will only consider stars within the adopted footprint (Fig. 3.1). This
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excludes ª 7000 stars available in RAVE DR5. These specific stars are documented
in the RAVE DR5 catalogue with FootPrint_Flag.

We then divide the sky into equal area pixels using the HEALPIX algorithm (Górski
et al. 2005). As described in the previous section, using the RAVE fields directly
would cause additional complications for certain applications because some fields
are overlapping. We use 12 288 pixels for the whole sky (NSIDE = 32) which results in
a pixel area of ' 3.36deg2, much smaller than the size of a RAVE field (' 28.3deg2).
We note that we use the ‘nested’2 scheme and equatorial coordinates (Æ,±) to
determine the corresponding pixel ID for any given star. We count the number of
RAVE stars, NRAVE, in each pixel (centred on Æ and ±) as a function of I2MASS in
0.1 dex magnitude bins. To estimate the completeness we follow the same procedure
for all stars in our 2MASS sample to obtain N2MASS and then compute

Sselect(pixelÆ,±) =
PP

NRAVE(pixelÆ,±, I, J°Ks)
PP

N2MASS(pixelÆ,±, I, J°Ks)
, (3.4)

where the double sum is over a given I2MASS range and the total J °Ks range in that
pixel. Table 3.3 gives an excerpt of the completeness fraction for HEALPIX pixels, in
0.1 magnitude width bins. Full versions of Tables 3.2 and 3.3 are available as part of
the online-only materials, and also via the RAVE website.

The resulting completeness as a function of magnitude and sky position has
already been shown in the fourth RAVE data release paper (Figure 3 of Kordopatis
et al. 2013a), and we replicate it here for DR5 in Figure 3.43. Overall, as in DR4, we
find the completeness is highly anisotropic on the sky for any given magnitude bin,
and drops off significantly for fainter magnitudes.

3.4.3 Impact of the analysis pipeline

Until now we have only investigated effects that originate from the RAVE target se-
lection. However, when considering certain applications, there is another important
issue: namely, the effects of the automated pipelines. RAVE DR5 contains output
from a number of pipelines which provide additional information for observed stars.
As described in Sec. 3.2, in addition to line-of-sight velocities, RAVE provides esti-
mates of stellar parameters such as effective temperature, surface gravity, elemental
abundances, as well as distance and age estimates.

Here we consider the completeness fraction of stars with assigned stellar param-
eters from the stellar parameter pipeline, following the recommendations given by
Kordopatis et al. (2013a), selecting all stars that have

Á SNR ∏ 20,

Á |correctionRV| < 10 kms°1,

2The nested, or tree structure, scheme refers to the way that HEALPIX pixels are numbered (see Figure 4 of
Górski et al. 2005). The hierarchical structure of the nested scheme allows for degrading the resolution
of a HEALPIX map from the base resolution, and is the same scheme used for Gaia DR1.

3We note that the completeness fraction can, in some very rare cases, be null or greater than one. This
is due to the fact that we remove stars from our parent 2MASS sample that do not meet the specified
quality criteria.
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Á æ(Vlos) < 8 kms°1,

Á correlationCoeff > 10 (Tonry & Davis (1979) correlation coefficient).

In addition, this pipeline yields reliable results only in a restricted region in
stellar parameter space (Kordopatis et al. 2013a). We explicitly implement this by
using only stars with

4000K < Teff < 8000K,
0.5 < log g < 5.

(3.5)

These limits are based on the range of parameters for the spectra used for the
learning grid of the analysis pipeline (Kordopatis et al. 2011, 2013a), as well as
unphysical or highly unlikely combinations of derived parameters.

These restrictions have to be taken into account when comparing observed data
with specific Galaxy models. They can be expressed as an additional selection
function

Spipeline = Spipeline(Teff, log g , [Fe/H]) (3.6)

and hence the complete selection function S is

S = Spipeline £Sselect. (3.7)

We give examples of this effect in Figures 3.5 and 3.6, for the selection function
evaluated with HEALPIX pixels, and field-by-field, respectively. Figure 3.5 shows
the distribution of the number of stars satisfying these criteria that have derived
parameters (stellar parameters, distance, and chemical abundances) available in
RAVE DR5 as a function of I2MASS magnitude (left and middle panels represent
Spipeline, see Eq. 3.6), as well as the completeness fraction of these parameters in
RAVE with respect to 2MASS (right panel represents the complete selection function,
see Eq. 3.7). We find that the number of stars having a given parameter in DR5
varies as a function of magnitude, with the brightest magnitude bin (9 < I2MASS < 10)
having the highest number of stars with stellar parameters, distances, and chemical
abundances. When we consider the relative fraction of stars with a given parameter
(using radial velocity as a baseline, as all stars satisfying the quality criteria have
radial velocity measurements), we find stellar parameters are derived for all stars
with radial velocities, while distances are derived for ª 80 per cent of these stars.
The relative fraction of stars with chemical abundance estimates is calculated for
stars which have all six element abundances derived from the chemical abundance
pipeline (Boeche et al. 2011). We find that ª 40°60 per cent of stars brighter than
10th magnitude have chemical abundance information available in DR5. Finally,
when we consider the completeness of a given derived parameter in RAVE with
respect to 2MASS, we find that stars in the brightest magnitude bin (9 < I2MASS < 10)
have the highest completeness. This panel represents the complete selection
function (see Eq. 3.7).

In Figure 3.6, we characterize the completeness fraction of derived parameters
for a typical RAVE pointing. RAVE stars are shown in black, purple, and orange, with
the underlying 2MASS parent sample shown in grey. For this particular pointing, we
find all stars have estimated stellar parameters, ª 90 per cent have distances, and
ª 10 per cent have chemical abundance estimates.
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Figure 3.7 — Mean uncertainties as a function of stellar parameters available in RAVE DR5.
The left column shows the distribution of uncertainties in Teff- logg space, and the right
column shows the same but in [M/H]-logg space. Each row shows the distribution of the
uncertainties of a different parameter as indicated by the colour bars on the far right. The
contours indicate 33, 67, 90, and 99 per cent of all RAVE DR5 stars.

3.5 Comparison with a Galactic model

We now explore the potential influence of the selection function with respect
to inducing biases in the stellar parameter distributions of our RAVE DR5 stars
compared with what we expect from models of the Galaxy. For this comparison,
we utilize the stellar population synthesis code GALAXIA4 (Sharma et al. 2011).

GALAXIA is a tool which uses a given Galactic model to conduct synthetic
observations, generating a catalogue which imitates any given survey of the Milky
Way. Here, we use the default provided in GALAXIA, a modified version of the

4http://galaxia.sourceforge.net/
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Besançon model (Robin et al. 2003). Details on the extent of these modifications
can be found in Sharma et al. (2011). The Besançon model within the GALAXIA

framework has been found to agree quite well with Besançon star counts (Sharma
et al. 2011). The input parameters for GALAXIA are very simple, and correspond well
to our adopted form of RAVE’s selection function (Eq. 3.1).

The catalogue may be generated for a given circular area on the sky, as well as for
the whole sky. In order to compare these mock observations with our two methods
of characterising the selection function of RAVE, we generate two catalogues: one on
a field-by-field basis, and one full-sky, which is then divided into HEALPIX pixels. For
each of these catalogues, we allow GALAXIA to generate stars with apparent I -band
magnitude 0 < I < 13, and no colour restriction. We then perturb the output from
GALAXIA with a simple noise model to imitate observational uncertainties present in
RAVE, and apply the RAVE selection function. We refer to this modified catalogue as
our ‘mock-RAVE’ catalogue. The mock-RAVE catalogue can then be compared to our
parent GALAXIA sample (where the RAVE selection function has not been applied),
to evaluate the effect that the selection function has on fundamental distributions
such as kinematics and chemistry.

3.5.1 Applying uncertainties to generate a mock-RAVE catalogue

GALAXIA provides stellar parameters and magnitudes with infinite precision and
accuracy. This does not reflect our observational data, where each of the derived
parameters has intrinsic uncertainties associated with its measurements. In order to
facilitate an accurate comparison between the mock catalogue and real RAVE data,
we perturb J , Ks , Teff, log g , and [Fe/H] available in our GALAXIA catalogue based
on the uncertainty distributions of 2MASS magnitudes and RAVE stellar parameters
before applying the selection function of RAVE. We then apply the selection function
of RAVE using both methods described in Sec. 3.4: field-by-field and HEALPIX pixels.
In addition to scattering the GALAXIA distributions with our simple noise model,
we slightly modify the metallicity distribution of the thick disc and the halo of our
GALAXIA output, for better agreement with observations.

2MASS apparent magnitude uncertainties

First, we modify the output GALAXIA 2MASS J and Ks magnitudes by a simple
noise model, derived from the observational uncertainties in 2MASS. To do this,
we characterize the observational uncertainty for a given 0.1 magnitude bin as a
function of magnitude. We model the distribution of uncertainties in each bin as a
Gaussian, and draw from this Gaussian to obtain an ‘observational uncertainty’ on
our GALAXIA output. Typical 2MASS J magnitude uncertainties are of the order of
0.025 dex. From the modified J and Ks values, we obtain an I2MASS for each GALAXIA

star using Eq. 3.2.

Applying RAVE-like uncertainties to stellar parameters

In order to compare the stellar parameters available in this mock catalogue with
those derived from the RAVE DR5 stellar parameter pipeline, we must first modify
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Figure 3.8 — 2D histograms of three stellar parameter spaces: log g -Teff (left), logg -
abundance ([Fe/H] for GALAXIA, [M/H] for RAVE) (middle), and abundance-Teff(right). The
top row shows these 2D histograms for our GALAXIA sample with the RAVE selection function
applied. In the middle row we show our GALAXIA sample which has had both the RAVE
selection function and RAVE-like uncertainties applied. The bottom row shows our RAVE
DR5 sample. The colour scale is log normalized.

the output from GALAXIA with the uncertainty distributions of RAVE stellar param-
eters. The RAVE DR5 stellar parameter pipeline provides individual uncertainties
for each star, and we can use the distribution of these uncertainties to modify our
initial GALAXIA catalogue by RAVE-like uncertainties, similar to the process used in
the previous section, but in a higher-dimensional space due to correlations between
the uncertainties.

In Figure 3.7, we show the correlation of uncertainties as a function of position in
different planes of stellar parameters. Here, we colour-code the mean uncertainty as
a function of the stellar parameters in Teff- logg and Teff-[M/H] space. The highest
uncertainties are found primarily in hot, giant stars in the Teff- log g plane, and
metal-poor stars in the [M/H]-logg plane (see also Table 4, Kunder et al. 2017).
However, comparing these regions to the density contours, we find that these
regions are sparsely populated, and therefore should not significantly affect the
mean uncertainty. The abrupt jumps, visible at e.g. Teff ª 5000K and [M/H] ª°0.7,
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result from discrete coverage of the stellar parameter space by model atmospheres
that are compared to the observed spectra by the pipeline. We find that the majority
of RAVE stars have similar uncertainties in spectral parameters, with hæ(Teff)i ª
50°75K, hæ(logg )i ª 0.1°0.2 dex, and hæ([M/H])i ª 0.1 dex.

In addition to an anisotropic distribution of uncertainties in in Teff- logg and
Teff-[M/H] space, it has been well documented that these uncertainties in the
derived atmospheric parameters are also correlated (see Figure 6 of Kordopatis
et al. (2011) and Figure 23 of Kordopatis et al. 2013a). Due to these correlations,
it is not sufficient to simply model the uncertainties as individual Gaussians and
draw from them. Instead, we consider the distribution of uncertainties to have the
form of a multivariate Gaussian, and estimate the covariance between uncertainties
in Teff, logg , and [M/H]. We then draw from this multivariate Gaussian to obtain
simultaneously uncertainties for these three respective parameters. Note that in this
way we can introduce only the internal uncertainties of the analysis pipeline, but not
systematic shifts coming from inaccuracies of the stellar atmosphere models.

Finally, we apply Spipeline by setting weights to zero for all stars that do not fulfill
the criteria given in Eq. 3.5. We refer to the result as the mock-RAVE catalogue.
The effect of this step is model dependent as, for example, the number of super-
solar metallicity stars varies between different Galaxy models. Using the version of
the Besançon model in GALAXIA, we find that approximately 9 per cent of stars fall
outside of our Teff and logg limits.

The effect of applying these observational uncertainties as well as Spipeline is
shown in Figure 3.8. The top row shows 2D histograms of stellar parameters for
our GALAXIA sample (without the application of Spipeline). RAVE-like uncertainties
and the selection function are applied to obtain the panels in the middle row. Our
RAVE sample is shown on the bottom row. Overall, we find good agreement in the
distribution of these stellar parameters between the observations and the mock-
RAVE catalogue.

3.5.2 Impact of the selection function

We now turn to the implications of the observed stellar populations due to the
selection function of RAVE. While RAVE targets within the footprint were selected
on purely photometric grounds, it remains to be seen if changes to the observing
strategy as well as the applied colour cut at low latitudes have induced biases in the
observed characteristics of the sample. In order to test if RAVE is a kinematically
unbiased survey, we compare the Galactocentric cylindrical velocity distributions
of the parent GALAXIA sample with those of the mock-RAVE catalogue. We also
examine potential biases in the metallicity distribution of the sample, as abundance
measurements are highly correlated with other derived values, such as effective tem-
perature and surface gravity, as well as external characteristics such as kinematics.
Hence, biases in either velocity or metallicity are potentially harmful if undetected,
for both chemical evolution and dynamical modeling.

We take a uniformly selected subsample of our full GALAXIA catalogue in the
footprint of RAVE as our expected ‘parent’ sample (i.e., what we consider to be
the ‘truth’ for the purpose of this exercise), and compare it to our mock-RAVE
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catalogue. Any considerable deviations between the two distributions may indicate
a bias in RAVE due to the selection function. We note that for this exercise, we
do not apply RAVE-like uncertainties to the velocities or metallicities in our mock-
RAVE catalogue (i.e., here we use the true GALAXIA output). In addition to a
GALAXIA subsample limited to I < 13, we also investigate the effects of limiting our
GALAXIA subsample to I < 12, as it has been shown in Figure 3.3 that RAVE is not
complete at I2MASS = 13. Quantitatively, in order to characterize the skewness of
each distribution we compute quartile values (Q1,Q2,Q3), which represent the 25th,
50th, and 75th percentiles, respectively.

We investigate these potential biases in three subsamples: giants (logg < 3.5),
the main sequence region (logg > 4.0,Teff < 5500K), and the turnoff region (logg >
3.5,5500K < Teff < 7000K). The boundaries of these subsamples have been deter-
mined from the Teff°logg plane of our parent GALAXIA sample (see top row of
Figure 3.8). For these comparisons we also consider the distance |z| from the
Galactic plane by dividing our subsamples into 3 bins of height above the plane.
The size of these bins varies between our subsamples, as these populations probe
different distance distributions.

Velocity distribution comparison

We first examine the effect of our selection function on distributions of the cylin-
drical Galactocentric velocity components in our mock-RAVE catalogue. Our results
are shown in Figures 3.9, 3.10, and 3.11, with the GALAXIA distribution shown as
dashed black curves, and the mock-RAVE catalogue shown in green. A GALAXIA

distribution limited to I < 12 is shown as solid black curves. Quartile values are
given in each panel.

For our giant and main sequence region samples (Figures 3.9 and 3.10), we
find nearly identical distributions for all distance bins when comparing our mock-
RAVE catalogue with the respective parent GALAXIA distributions. We consider the
distributions to agree if we find all three quartiles to agree within 5 kms°1. Using this
criterion, we confirm that the selection function does not impose kinematic biases
for these populations as a whole. We note that when we consider only low-latitude
fields (5± < |b| < 25±), the colour criterion that was imposed to select preferentially
for giants (see Section 3.3.1) reflects to a small bias in age. Further comparisons with
the model have shown that this age bias does not introduce a significant kinematic
bias, however, we urge some caution when considering the velocity distributions for
these low-latitude fields.

We also find good agreement in most height bins for each velocity component
of our turnoff region sample (Figure 3.11). However, for the most distant bin
(0.30 < |z| < 0.60 kpc), there is a slight difference between the distributions in
the low-V¡ tail. Specifically, the application of the selection function leads to an
underrepresentation of stars with V¡ . 150 kms°1in our mock-RAVE catalogue. Bias
is present in all components of the velocity, but we find it most clearly in V¡, as the
velocity distribution functions for the thin disc, thick disc, and halo do not have the
same mean for this component.
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Figure 3.9 — Distributions of Galactocentric cylindrical velocity components for samples
of giant stars (logg < 3.5) at different distances from the Galactic plane as indicated in the
panels. The green histograms show the velocity distributions in the mock-RAVE catalogue,
while the black-dashed curves show the distributions for our parent GALAXIA subsample of
giants. Solid black curves show the distribution for a parent GALAXIA sample limited to I < 12.
Quantile values (Q1,Q2,Q3) for both distributions are given in each panel, which represent
the 25th, 50th, and 75th percentiles, respectively. The sample size (N) for the distributions
are shown in green and black, representing the mock-RAVE sample and the parent GALAXIA

sample limited to I < 12, respectively. The y-axis is plotted on a logarithmic scale.
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Figure 3.10 — Same as Figure 3.9 but for the main sequence region (logg > 4.0,Teff < 5500K)
sample.

The difference that we find can be explained by the difference in magnitude
distributions between our two samples: our parent GALAXIA sample extends to
I2MASS ª 13 (see Section 3.5), whereas our mock-RAVE sample follows the I -
magnitude distribution of RAVE (see Figure 3.3), by the definition of the selection
function. As a consequence, there are relatively few stars observed in RAVE with
12 < I < 13 compared to those present in our parent GALAXIA sample. By having
a larger fraction of stars at fainter magnitudes, the parent GALAXIA sample probes
more of the thick disc and halo compared to our mock-RAVE sample. This effect
also is reflected in differences that we see between the metallicity distributions (see
Section 3.5.2 and Figure 3.12). This discrepancy is small (and indeed disappears if we
limit our parent GALAXIA sample to I2MASS < 12), and overall the distributions meet
our criterion (all three quartiles agree within 5 kms°1), so we consider the turnoff
region stars to also be kinematically unbiased.
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Figure 3.11 — Same as Figure 3.9 but for the turnoff region (logg > 3.5,5500 K< Teff < 7000 K)
sample.

Similar tests were done for a sample of hot dwarf stars (logg > 3.5,Teff > 7000K),
but are not shown here. As with the our turnoff region sample, we find our sample
of hot dwarfs to also be unbiased for I < 12.

Metallicity distribution comparison

Next, we examine the metallicity distributions of the GALAXIA samples and our
mock-RAVE catalogue. The metallicity distributions for each subsample in different
slices in distance |z| from the Galactic plane are shown in Figure 3.12. Here, we
consider the distributions to agree if all three quartiles agree within 0.1 dex.

For giants (left column of Figure 3.12) and stars in the main sequence region
(middle column of Figure 3.12), we find very good agreement between the GALAXIA

and mock-RAVE metallicity distributions for all distance bins. For stars in the main
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Figure 3.12 — Metallicity distributions for each sample in different distances from the
Galactic plane as indicated in the panels. The left column shows the distributions for giants,
the middle shows main sequence region stars, and the right shows turnoff region stars. The
black-dashed curves indicate the underlying distributions for our GALAXIA parent sample,
while the green histograms show the metallicity distributions in the mock-RAVE catalogue.
Solid black curves show the distribution for a parent GALAXIA sample limited to I < 12.
Quartile values (Q1,Q2,Q3) for both distributions are given in each panel. The y-axis is plotted
on a logarithmic scale.
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sequence region and the most distant bin (0.20 < |z| < 0.30 kpc), we find that in
our mock-RAVE sample the metal-poor tail of the metallicity distribution is slightly
underrepresented, compared to the GALAXIA sample. However, this difference can
be explained by small number statistics, as our mock-RAVE sample would need
only one star below [M/H] ª °0.6 to reconcile the difference between the two
distributions. Again, despite this small discrepancy, the quartile values satisfy
our criterion, and therefore we consider our main sequence region sample to be
chemically unbiased. We conclude that for giants and stars in the main sequence
region, our metallicity distribution is minimally affected by our selection function.

Similarly, for the turnoff region sample (right column of Figure 3.12), we find
good agreement for the two closest distance bins, with differences between the
two distributions found only in the furthest distance bin (0.30 < |z| < 0.60 kpc).
For this bin, we find that our criterion is barely met, with Q1 differing by ª 0.1
dex. This discrepancy between the two distributions is explained by the difference
in magnitude limits as described in Section 3.5.2. That is, as our parent GALAXIA

sample includes a larger fraction of faint (12 < I < 13) stars compared to our mock-
RAVE sample, it probes a larger volume, and therefore more of the thick disc and
halo. This effect is less prominent for our giant sample, as the relative fractional
increase of thick disc and halo stars is much less for giants, compared to our dwarf
sample. We conclude that our turnoff region sample is unbiased for I2MASS < 12.
As with the velocity comparisons, we also test the [M/H] distributions for a sample
of hot dwarf stars (log g > 3.5,Teff > 7000K), and find them to also be chemically
unbiased.

3.6 Discussion and conclusions

We have described, in detail, how to evaluate the selection function S of the RAVE
survey in two different ways: field-by-field, and HEALPIX pixels. In addition, we
discussed the uncertainty distributions of RAVE DR5 and illustrated that these
uncertainties depend heavily on the position in stellar parameter space. We then
generated a mock-RAVE catalogue by applying the detailed selection function to the
model output, and modified the raw GALAXIA output by RAVE-like uncertainties.

To investigate that RAVE is a kinematically and chemically unbiased survey, we
tested the impact of S on the resulting velocity and metallicity distributions using a
modified version of the Besançon model available in the GALAXIA framework. The
velocity and metallicity distributions of our mock-RAVE catalogue were compared
with the distributions of the underlying GALAXIA populations. We find that, for I <
12, our selection function does not intrinsically induce biases in the kinematics or
chemistry of stars within the stellar parameter space covered in RAVE (4000K < Teff <
8000K and 0.5 < log g < 5.0), with respect to expectations from the Besançon model
available in GALAXIA. We do find some small biases when we consider a parent
sample extending to I = 13, however, it has been shown that the completeness of
RAVE falls off for fainter magnitudes (due to the magnitude limit imposed from
the input catalogues), and therefore our conclusion stands for the magnitude range
where we consider RAVE to provide a representative sample of stars (9 < I < 12).
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Under these criteria, and within this parameter space, RAVE stars provide unbiased
samples in terms of kinematics and metallicities that are well suited for kinematic
modeling without taking into account the detailed selection function via volume
corrections.

For our giant and main sequence region samples, we find good agreement
between the parent GALAXIA sample and our mock-RAVE catalogue. We find
similar trends for our sample of turnoff region stars, with small differences in
the velocity distributions for the most distant stars, and the metal-poor tail of
the [M/H] distribution. However, we explain this bias due to the fact that our
GALAXIA sample includes a larger number of stars at fainter magnitudes compared
to our mock-RAVE catalogue. The parent GALAXIA sample therefore probes a larger
volume than our mock-RAVE catalogue, and consequently more of the thick disc
and halo populations. As we are able to account for the source of these differences,
we consider our turnoff region sample to also be kinematically and chemically
unbiased for I2MASS < 12.

Recently, a number of studies used RAVE data, and in particular subsamples of
giant stars, for kinematic modeling (e.g. Binney et al. 2014a; Piffl et al. 2014; Minchev
et al. 2014b; Williams et al. 2013; Kordopatis et al. 2013b; Bienaymé et al. 2014). Here
we confirm that the giant stars in RAVE can indeed be used as an unbiased sample.
Piffl et al. (2014) fitted a full dynamical model of the Milky Way to the kinematics
of the RAVE giants. They then tested if the resulting model would also correctly
predict the kinematics of a sample of hot dwarf stars from RAVE and found a number
of discrepancies. Their conclusion was that the thick disc distribution function in
their model was too simplistic. However, Binney et al. (2014a) also found that a
similar dynamical model fitted to data from the GCS (Nordström et al. 2004) could
reproduce the RAVE hot dwarf kinematics, but did not fit the RAVE giants. Since
the GCS has a selection function that is different from that of the RAVE dwarfs, this
implies that taking into account a more complicated volume correction for the hot
dwarfs will not be enough to completely reconcile them with the model of Piffl et al.
(2014). Hence a more complex distribution function for the thick disc, as argued for
by the authors, seems still necessary.

We also illustrate that the quantified RAVE selection function can be used to
generate mock-RAVE surveys from stellar population synthesis models, and in
combination with code frameworks like GALAXIA, it can serve as a powerful tool to
test Galaxy models against the RAVE data. The two versions of the RAVE selection
function produced by this study (field-by-field and by HEALPIX pixel) will be made
publicly available on the RAVE web site (https://www.rave-survey.org).
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ABSTRACT

In this paper, we explore the connections between age, chemistry, and
kinematics from 7.5 < R < 9.0, using a sample ofª 10000 intermediate-
mass (FGK) stars observed with the RAVE survey. Kinematics of

this sample are determined using radial velocity measurements from RAVE,
proper motions from UCAC5, and parallax measurements from TGAS. In
addition, ages for RAVE stars are determined using a Bayesian method,
taking TGAS parallaxes as a prior to better constrain estimates. For a
robust analysis, we divide our sample into young (0 < ø < 3 Gyr) and old
(10 < ø < 13 Gyr) populations, and then consider different metallicity bins
for each of these age groups. We find gradients in mean radial velocity as
a function of Galactocentric radius (@hVRi/@R) for both young and old stars,
but this gradient is noticeably steeper for our young stars. In addition, we
find that for young stars, this gradient flattens as a function of decreasing
metallicity, from °22.8±0.3 km s°1 kpc°1 for our young, metal-rich stars to
°10.1±0.2 km s°1 kpc°1 for metal-poor stars. This gradient is indicative of
non-axisymmetries in the Galactic gravitational potential: the presence of
spiral arms and the bar. We also find an offset in V¡ between young and
old, metal-rich and metal-poor stars, which indicates a dynamical scenario
consistent with previous findings. As we find significant differences in the
kinematics of young and old populations in the solar neighbourhood, we
attempt to reconcile them with known features of the local velocity field, and
consider the effects of each of these features (i.e., the contribution of either
the bar or spiral arms) on the trends we measure.
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4.1 Introduction

With ongoing and upcoming large-scale spectroscopic surveys, the field of Galactic
archeology stands poised to reveal the formation history of our own Galaxy from
the perspective of individual stars. As low- and intermediate-mass stars are long-
lived, they can act as time capsules, allowing us a window to the environment
in which they were born (Freeman & Bland-Hawthorn 2002). A number of these
surveys, such as RAVE (Steinmetz et al. 2006), SEGUE (Yanny et al. 2009), APOGEE
(Majewski et al. 2015), Gaia-ESO (Gilmore et al. 2012), LAMOST (Zhao et al. 2012),
and GALAH (De Silva et al. 2015), already provide a number of crucial parameters
necessary for disentangling the formation history of the Galactic disc, such as stellar
radial velocities, effective temperatures, surface gravities, and individual chemical
abundances.

In order to better understand the source of the dynamic processes that shape the
kinematic trends we see in stellar populations today, we turn to measurements of the
local velocity field. It has been known for more than a century that the local velocity
field is not uniform and contains a number of moving groups: predominantly
the Hyades, Pleiades, and Hercules, although with more detailed measurements
of stellar velocities, studies are finding ever finer structure in velocity space (e.g.,
Dehnen 2000; Famaey et al. 2008; Antoja et al. 2015, 2017; Kushniruk et al. 2017).
These structures indicate deviations of the MW disc from an idealized axisymmetric
model: the presence of the Galactic bar and spiral arms. The source and variation of
these features as a function of Galactocentric radius has been explored in a number
of simulations (e.g., Quillen et al. 2011; Antoja et al. 2011; McMillan 2013; Monari
et al. 2014, 2017a).

In Siebert et al. (2011a), a shallow gradient in @hVRi/ @R of °3 km s°1 kpc°1 was
found using RAVE stars, and was fit to a model in Siebert et al. (2012), assuming
that the effect was solely due to long-lived spiral arms. They found that they were
able to reproduce the observational results with a two-armed model in the solar
neighbourhood (d < 1 kpc), although they suggest that the bar may also affect
these trends. Monari et al. (2014) also developed a model to characterize the
contribution of the bar to these asymmetric trends in the velocity field of the solar
neighbourhood. They show that if the Sun is close to the OLR, it is possible to
reproduce the result of Williams et al. (2013), where they measure a slightly steeper
value for @VR / @R, °8 km s°1 kpc°1. In addition, Faure et al. (2014) developed a
model that included both a bar and spiral arms, and conclude that both components
are likely to play a role in producing the observed gradients. Monari et al. (2016) also
characterized the effect of the spiral arms on local velocity gradients, showing that
stars on the spiral arms move inward toward the centre of the Galaxy while stars in
the interarm regions move towards the outer disc, and find a gradient of the order of
°8 km s°1 kpc°1.

Soon after the radial velocity gradient was found in RAVE stars, Widrow et al.
(2012) discovered significant deviations in the vertical velocity component of stars
as a function of height above the plane using SDSS. In Williams et al. (2013), they
also investigate the 3D structure of the vertical velocities, and conclude these wave-
like motions in the plane of the disc are a result of the motions of spiral arms in the
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local vicinity. Carlin et al. (2013) also find this signature for a larger volume using
LAMOST stars, and propose it is a result of some external perturbation of the disc,
such as interactions with a nearby dwarf galaxy such as Sagittarius (Widrow et al.
2012; Purcell et al. 2011; Gómez et al. 2013). An updated version of this study, using a
sample of RAVE-TGAS stars with improved distance estimates, is described in Carillo
et al. (2017, in prep.).

Recently, Antoja et al. (2017) have explored this space using observational data
from RAVE and GCS (Holmberg et al. 2007), with the added advantage of having
stellar metallicities to investigate the metallicity dependence of these overdensities.
Using a novel approach where they compare the metallicity of regions in velocity
space with their symmetric counterparts, they find significant asymmetries in the
local velocity field as a function of metallicity. Their findings agree with previous
studies (e.g., Famaey et al. 2007), where it has been shown that moving groups in
the solar neighbourhood have chemistry differing from the local ISM, but with a
significant spread (i.e., they are unlikely to be dissolved open clusters).

Despite these discoveries, there still remains a significant barrier to uncovering
the chemodynamical history of the solar neighbourhood: ages of field stars are noto-
riously difficult to determine. While it is possible to obtain precise age estimates for
some specific classes of stars (Soderblom 2010), a “one-size-fits-all" methodology
viable with current instruments remains elusive. As a result, while much progress
has been made in the past decade with respect to uncovering asymmetries in the
local velocity field, both as a function of Galactocentric radius (R) and height above
the plane (Z ), the relationship between these kinematic trends and the ages (and
metallicities) of the constituent populations has not yet been fully explored. With
the availability of accurate parallaxes via Gaia-TGAS (Gaia Collaboration et al. 2016;
Lindegren et al. 2016) for a large volume of stars, it is now becoming possible to
better constrain age estimates for large samples that have well-measured surface
gravity, temperature, and metallicity estimates.

Using Gaia-TGAS to obtain accurate 6D phase space information, we can at-
tempt to include age information in our understanding of the chemodynamical
history of the Galactic disc. Gaia DR2 will provide an even more valuable resource
to explore the kinematics of the solar neighbourhood, with 6D phase space infor-
mation available for millions of stars to probe even finer substructure in the local
velocity field. In addition, all RAVE stars will also be in Gaia DR2, and so detailed
kinematics, chemistry, and age information will be available for more than twice the
sample we consider for this study.

In this paper, we aim to explore local kinematic trends for different age and
metallicity subsamples, in order to uncover possible correlations between these
parameters. In Section 4.2 we present a short overview on the RAVE survey and
describe the steps taken to select our sample, including a brief overview of the
updated distance pipeline used to derive stellar distances (Section 4.2.2), and the
process used to validate the age estimates which result as a by-product of the
distance pipeline (Section 4.2.3). With our sample of stars in hand, we then explore
kinematic trends, in particular @hVRi/@R for two selected age groups (young and old)
in Section 4.3, as a function of Galactocentric radius (R). In Section 4.4 we present
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a discussion and interpretation of our results, and draw our conclusions from this
analysis in Section 4.5.

4.2 Sample selection

4.2.1 The RAVE survey

The RAVE survey collected over half a million medium-resolution (R º 7500) spectra
of stars in the Southern hemisphere from 2003 until 2013, using the 6dF multi-object
spectrograph on the 1.2-m UK Schmidt Telescope at the Siding Spring Observatory
in Australia. Throughout the course of the survey, parameters derived from the
spectra were made publicly available via a number of data releases, with DR5 as
the latest data release (Kunder et al. 2017), providing 520 781 measurements for
457 588 individual stars. Centred on the Ca II-triplet region (8410 – 8795 Å) region,
this spectral range was chosen specifically to coincide with the spectral range of
Gaia’s Radial Velocity Spectrometer (RVS) (Prusti 2012; Bailer-Jones et al. 2013;
Recio-Blanco et al. 2016). Currently, Gaia DR1 (Gaia Collaboration et al. 2016)
provides positions and magnitudes for over a billion stars, and DR2 (April 2018) will
provide parallaxes, radial velocities and stellar parameter estimates derived from
photometry. However, until spectrophotometric stellar parameters are available
from Gaia, the RAVE survey offers one of the largest sample of stars with accurate
6D phase-space information in addition to stellar parameters derived from spectra.

In addition to radial velocities (typical uncertainties ª 2 kms°1), RAVE DR5
contains a number of other stellar parameters derived from spectra including
effective temperature, surface gravity, metallicity ([M/H]), as well as individual
abundances for six elements (Mg, Al, Si, Ti, Fe, Ni) (Boeche et al. 2011). To provide
additional parameters such as apparent magnitudes and proper motions, RAVE DR5
was cross-matched with a number of other astrometric and photometric catalogues.
In particular, RAVE has a significant overlap with stars available in the Tycho-
Gaia astrometric solution (TGAS; Lindegren et al. 2016), with RAVE DR5 containing
215 590 unique TGAS stars.

4.2.2 Distance determinations

For this study, we use distances determined using an updated version of the pipeline
described in Binney et al. (2014a), the full details of which are outlined in McMillan
et al. (2017). The updated distance pipeline allows for TGAS parallaxes to be
included as an input prior, in addition to stellar parameters such as temperature,
surface gravity, and metallicity from RAVE, 2MASS and All-WISE photometry, and
an underlying Galactic model. The default Galactic model (prior) used is the same
as that used for the distance determinations available in DR4 and DR5 and includes
some prior on stellar ages for a given disc component (see Eqs. 13-15 in McMillan
et al. 2017). Full details of the available priors can be found in Section 6 of McMillan
et al. (2017). From both internal tests and comparisons with external catalogues,
McMillan et al. (2017) reports that the combined spectrophotometric distance
estimates perform better than purely spectroscopic or astrometric estimates alone.
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Figure 4.1 — Input age vs. output age, with bins coloured by fractional age uncertainty in
the left column, and by absolute age uncertainty in the right column. Giants, main sequence
stars, and turn off stars are shown as the top, middle, and bottom rows, respectively. Contours
indicate 33, 67, 90, and 99 per cent of the sample.

In addition to distance estimates, the updated pipeline also produces estimates
of stellar mass, metallicity, line of sight extinction, and age as byproducts. For this
work we utilize a model where distances and ages have been derived using a flat
prior on age, to avoid drawing biased conclusions on account of the model.

4.2.3 Age validation

To validate the age estimates coming from the pipeline described in McMillan et al.
(2017), we generate a mock catalog of RAVE-like stars using the population synthesis
code GALAXIA (Sharma et al. 2011). As GALAXIA produces stars with perfectly-known
ages in addition to atmospheric parameters (Teff, log g , [M/H]), 2MASS photometry,
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and distances, generated based on PARSEC (Bressan et al. 2012) isochrones, it offers
a suitable test sample for assessing internal uncertainties on the output of the
distance pipeline.

Mock catalogue generation

We generate a RAVE-like survey of Southern hemisphere stars with I-magnitude
range 7 < IDENIS < 13, to cover the whole magnitude range of RAVE, and remove
all stars with Galactic latitudes |b| < 5±. We then resample the age distribution of our
mock catalogue (primarily by reducing the number of young stars) to ensure we have
enough stars for robust statistics across the entire range of stellar ages, and as a side-
effect, roughly reproduce the age distribution of the extended solar neighbourhood.

Applying uncertainties to our mock catalogue

We then apply RAVE-like uncertainties to the output GALAXIA Teff, log g , and [M/H].
We first modify the output by drawing a value from a Gaussian centred at the true
value, with a standard deviation generated by combining in quadrature the internal
and external RAVE-like uncertainties for a given parameter. Both the internal and
external uncertainties are determined as a function of the given parameter (for more
details see Figure 5 of Wojno et al. 2017). Finally, we assign RAVE-like internal
uncertainties to these modified values.

In addition to assigning the stellar parameters RAVE-like uncertainties, we also
assign 2MASS-like uncertainties to the output apparent magnitudes (2MASS J , H ,
Ks ), where the typical uncertainty is ª 0.025 dex. Finally, we assign TGAS-like
parallax uncertainties to the output parallaxes (0.3 mas, Gaia Collaboration et al.
2016; Lindegren et al. 2016).

Input versus output age comparison

After running our mock catalogue through the isochrone projection pipeline, we can
compare the input (true) and output parameters. First, we check the input against
output for stellar parameters (Teff, log g , [M/H]) and distances, and find they agree
within the uncertainties given by the pipeline. Next, we consider the input and
output age distributions. In Figure 4.1 we show comparisons between input and
output ages, for different regions of the spectroscopic Teff°log g diagram. The top
row shows the comparison for giant stars (Teff < 5500 K, log g < 3.5), the middle row
shows the same for main sequence stars (log g > 4.25), and the bottom row shows
turnoff stars ( Teff > 5500 K, 3.5 < log g < 4.25. Panels in the left column are colour-
coded by fractional age uncertainty, while panels on the right are colour-coded by
absolute age uncertainty. The over plotted contours show the density distributions
for 33, 67, 90, and 99 per cent of the sample.

From this comparison, we find that the giant and main sequence samples have
much higher uncertainties overall compared to the turnoff sample, and are usually
assigned intermediate ages, for any given input age. We find that for giant stars,
their ages are extremely uncertain, in part due to large parallax uncertainties. While
the main sequence sample performs slightly better, the effect is still too large to
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Figure 4.2 — Distribution of input ages for the stars with output ages given by the range
indicated in the plot. The left panel shows the distribution for our ‘young’ sample, while the
right panel shows the distribution for our ‘old’ sample. The darker shaded regions indicate
stars with input ages that fall within the given bin, while the lighter shaded regions indicate
stars with input ages that fall slightly outside of the given bin. A lack of shading indicates stars
which are considered contaminants of that bin.

consider this sample for further analysis. These systematic trends in both the giant
and main sequence samples also arise from the fact that the isochrones tend to be
very close to each other in these regions, and with RAVE-like uncertainties, this leads
to indeterminate age estimates. For turnoff stars, the isochrones are well separated
(compared to the main-sequence and giant regions), and therefore stars in this
region generally have smaller age uncertainties (see Figure 4.3).

In order to obtain a balanced sample with precise age estimates, for the analysis
using the ages of RAVE stars we consider only two age bins: young (0 < ø < 3 Gyr)
and old (10 < ø < 13 Gyr). We do not use intermediate age (4 < ø < 9 Gyr) turnoff
stars because we find a significant systematic offset for this age group. While this
offset disappears if we only consider stars with output age uncertainties less than
20%, we find that this prunes the sample in a biased way. Intermediate age stars are
more likely to have larger age uncertainties, simply due to the fact that their errors
can span a much larger range, as stars on the edges of the isochrone grid (i.e., young
or old stars) cannot have ages younger than ø= 0 or older than ø= 13.8.

Estimating contamination

Finally, although most stars in our young and old samples have fractional age
uncertainties of ª 40 per cent or less, it is necessary to also estimate the amount of
contamination in these age bins. In Figure 4.2, we show the input age distributions
for stars with output ages within either the young (0 < ø< 3 Gyr) or old (10 < ø< 13
Gyr) age bins. The dark shaded areas indicate where the input ages fall inside of
the bin, and the lighter shaded regions indicate where the input ages fall outside of
the bin, but could generally be considered ‘young’, or ‘old’ (ø∑ 4 Gyr, and ø∏ 8 Gyr,
respectively). From this comparison, we estimate that our ‘young’ sample should
have less than ª 2 per cent contamination by stars older than 4 Gyr, and our ‘old’
sample should have less than ª 20 per cent contamination by stars younger than 8
Gyr.
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Figure 4.3 — Spectroscopic Teff°log g diagram of RAVE DR5 stars which satisfy the quality
criteria listed in Sec. 4.2.5. The dashed red lines indicate the cuts made in the parameter space
to select for only turnoff stars. The bins are colour-coded by the fractional age uncertainty.

4.2.4 Selection of our RAVE-TGAS sample

As a result of the comparison done with the mock sample (Figure 4.1), for the rest
of our study we select only RAVE stars in the same turnoff region (Teff < 5500, 3.5 <
log g < 4.25). This selection in Teff°log g space is shown in Figure 4.3 by the dashed
red lines. Bins in Figure 4.3 are colour-coded by fractional age uncertainty, with
solar-metallicity isochrones over plotted in black.

A histogram of the age uncertainties for this sample is shown in Figure 4.4. The
majority of our sample (ª 60 per cent) has age uncertainties less than 2 Gyr, with
a sizable fraction (ª 25 per cent) have age uncertainties less than 1 Gyr. This is an
improvement over the whole RAVE-TGAS sample (dashed line in Figure 4.4), where
half of the stars have age uncertainties greater than 3 Gyr. These large uncertainties
are primarily due to two effects: (1) outside of the turnoff region, isochrones are
stacked very closely together and therefore stars with RAVE-like uncertainties will
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Figure 4.4 — Cumulative histogram of the fractional (left) and absolute (right) age
uncertainties of our final selected sample of turnoff stars (solid line), and for the whole RAVE-
TGAS sample (dashed line). The white plus indicates the position of the Sun.

therefore cross several isochrones, and (2) an increase in the parallax uncertainties,
in particular for giant stars.

After making this selection in parameter space, our sample consists of 37 765
stars. The spatial distribution of our selected young and old populations is shown in
Figure 4.5, with blue and red contours, respectively.

4.2.5 RAVE quality criteria

For this study, we apply the following quality criteria:

Á SNR_K > 40

Á Algo_Conv_K , 1

Á CHISQ_c < 2000

Á c1 = d, g, h, n, or o

Á c2 = d, g, h, n, o, or e

Á c3 = d, g, h, n, o, or e

These cuts ensure our stars in our sample have a high signal-to-noise ratio (SNR_K),
their stellar parameters from the stellar parameter pipeline either converged, or
oscillated between two values (Algo_Conv_K, Kordopatis et al. 2013a), and the fit
from the chemical pipeline (Boeche et al. 2011) was reasonable. In addition, we
remove peculiar stars flagged by the classification pipeline as having problems with
their spectra (Matijevič et al. 2012).

After applying the quality criteria and dividing our RAVE sample into age bins,
we are left with 31 976 stars, comprised of 6630 ‘young’ stars, 1192 ‘old’ stars, and
24 154 intermediate age stars, which we do not consider for any further analysis.
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Figure 4.5 — Spatial extent of the selected young (blue contours) and old (red contours)
turnoff stars. Contours indicate 33, 67, 90, and 99 per cent of each sample. The spatial extent
and density of the entire sample is shown by the 2D histogram beneath.

Figure 4.6 — Age v. [Fe/H] 2D histogram for our sample of turn off stars. We consider four
metallicity bins for each age group, described in Section 4.3.
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4.3 Kinematic trends as a function of age

To conduct our analysis, we divide each age group into four metallicity bins to
explore differences between stellar populations arising from various epochs of the
star formation history of the Galaxy, illustrated in Figure 4.6. Darker colours indicate
more metal-rich bins, while lighter colours indicate more metal-poor bins. The bins
are defined as follows:

Á Bins 1 and 5: 0.15 ∑ [Fe/H] < 0.45

Á Bins 2 and 6:°0.15 ∑ [Fe/H] < 0.15

Á Bins 3 and 7:°0.45 ∑ [Fe/H] <°0.15

Á Bins 4 and 8:°0.75 ∑ [Fe/H] <°0.45

Throughout the rest of the text, we will refer to these bins by their number as shown
in Figure 4.6.

4.3.1 Correcting by the selection function of RAVE

As RAVE is not a volume-complete survey, before we consider kinematic trends, we
need to correct our sample by the selection function. The selection function of
RAVE is summarized in Wojno et al. (2017) and references therein. However, our
sample consists of only stars contained in both RAVE and TGAS, which had vastly
different observing strategies and sky completeness, and therefore we reevaluate the
selection function to take into account the overlap between RAVE and TGAS. To do
this, we consider the selection function (Sselect) as a function of position on the sky
in HEALPIX (Górski et al. 2005) pixels, I2MASS magnitude, and (J °Ks ) colour:

Sselect(pixelÆ,±) =
PP

NRAVE(pixelÆ,±, I, J°Ks)
PP

N2MASS(pixelÆ,±, I, J°Ks)
, (4.1)

to obtain a completeness fraction for a given star in the combined RAVE-TGAS
catalogue. This completeness fraction is then inverted to given a correction factor,
which we apply when calculating velocity distributions and trends.

4.3.2 Velocity distributions

After dividing our sample according to the metallicity bins described in the previous
section, we first look at the cylindrical velocity distributions in the solar neigh-
bourhood (Figure 4.7). We determine Galactocentric space velocities in cylindrical
coordinates following Appendix A of Williams et al. (2013), and note that we assume
the position of the Sun to be (R0, Z0) = (8.3,0) kpc, and a local standard of rest (LSR)
of VLSR = 240 km s°1, following Schönrich (2012), with the solar peculiar velocity
with respect to the LSR adopted from Schönrich et al. (2010), (U, V, W)Ø = (11.10,
12.24, 7.25) km s°1. For our analysis, we define our reference frame to have positive
VR away from the Galactic centre, positive V¡ is in the direction of Galactic rotation,
and positive VZ towards the north Galactic pole.
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Figure 4.7 — Cylindrical velocity distributions (left to right: VR,V¡,VZ) for our two age bins.
Young stars are plotted in blue, old stars are plotted in red. More metal-rich bins are plotted
with darker colours, with more metal-poor bins in lighter colours (metallicity bins 1, 2, 3, and
4 for young stars, and bins 5, 6, 7, and 8 for old stars).

Radial velocities are provided by RAVE DR5 (Kunder et al. 2017), and proper
motions are taken from the UCAC5 catalogue (Zacharias et al. 2017), which offers
considerable improvements over UCAC4 (Zacharias et al. 2013) and TGAS (Linde-
gren et al. 2016) proper motions by utilizing position data available from Gaia DR1
(Gaia Collaboration et al. 2016) for over 107 million stars.

In Figure 4.7, we show the distributions for both the young (blue, top row), and
old (red, bottom row) stars, for each of the metallicity bins shown in Figure 4.6,
for each component of the Galactocentric space velocity in cylindrical coordinates
(VR,V¡,VZ shown in the left, middle, and right columns, respectively). The pa-
rameters for each of these histograms are given in Table 4.1. Means and velocity
dispersions are calculated as the weighted mean:

x§ =

nP
i=1

(xi £wi )

nP
i=1

wi

, (4.2)

and the weighted dispersion, where the unbiased, weighted variance is:



80 Chapter 4: Kinematic trends in young and old stars

Ta
bl

e
4.

1
—

M
ea

n
an

d
di

sp
er

si
on

fo
r

ea
ch

co
m

p
on

en
t

of
th

e
G

al
ac

to
ce

n
tr

ic
cy

lin
dr

ic
al

ve
lo

ci
ty

,f
or

bo
th

ag
e

gr
ou

p
s

an
d

ea
ch

m
et

al
lic

it
y

bi
n

w
it

h
in

th
e

ag
e

gr
ou

p.

B
in

n
u

m
be

r
M

et
al

lic
it

y
ra

n
ge

N
hV

R
i

æ
R

hV
¡
i

æ
¡

hV
Z
i

æ
Z

Yo
u

n
g

1
0.

15
∑

[F
e/

H
]<

0.
45

38
6

0.
5
±

1.
3

30
.3
±

1.
1

22
9.

3
±

1.
0

23
.6
±

0.
8

°2
.4
±

0.
5

12
.8
±

0.
5

2
°0

.1
5
∑

[F
e/

H
]<

0.
15

25
34

2.
1
±

0.
4

27
.2
±

0.
4

23
4.

0
±

0.
3

18
.4
±

0.
3

°0
.2
±

0.
2

12
.9
±

0.
2

3
°0

.4
5
∑

[F
e/

H
]<

°0
.1

5
31

41
°1

.8
±

0.
4

30
.1
±

0.
4

23
7.

7
±

0.
3

18
.6
±

0.
2

°0
.3
±

0.
2

13
.2
±

0.
2

4
°0

.7
5
∑

[F
e/

H
]<

°0
.4

5
54

2
°5

.6
±

1.
0

29
.2
±

0.
9

24
3.

2
±

0.
6

18
.0
±

0.
5

0.
1
±

0.
5

12
.6
±

0.
4

O
ld

5
0.

15
∑

[F
e/

H
]<

0.
45

71
3.

6
±

5.
0

46
.6
±

3.
9

21
9.

2
±

3.
0

27
.6
±

2.
3

1.
8
±

2.
0

18
.5
±

1.
5

6
°0

.1
5
∑

[F
e/

H
]<

0.
15

33
9

0.
9
±

2.
0

43
.2
±

1.
7

22
0.

8
±

1.
3

27
.4
±

1.
0

0.
9
±

1.
1

24
.8
±

1.
0

7
°0

.4
5
∑

[F
e/

H
]<

°0
.1

5
43

9
°1

.4
±

1.
9

46
.7
±

1.
6

21
9.

6
±

1.
3

32
.7
±

1.
1

°2
.3
±

1.
0

25
.6
±

0.
8

8
°0

.7
5
∑

[F
e/

H
]<

°0
.4

5
26

0
°5

.3
±

2.
6

50
.9
±

2.
2

21
5.

8
±

1.
9

38
.1
±

1.
7

2.
6
±

1.
6

31
.7
±

1.
4



4.3: Kinematic trends as a function of age 81

æ§2
x =

nP
i=1

wi (xi °x§)2

k
nP

i=1
wi

, (4.3)

where k = (N 0 °1)/N 0, and N 0 is the number of non-zero weights.
We note thatæ represents the velocity dispersion corrected for the observational

uncertainties:
æR,¡,Z =

q
æ§2

R,¡,Z °heVR,¡,Z i2. (4.4)

We find significant differences between our young and old populations, and
between the different metallicity bins within each age group. In our sample of young
stars, we see no significant differences for the mean radial (VR) and vertical (VZ)
velocity distributions for different metallicity bins. However, we do find a shift in
the mean azimuthal velocity (V¡) distributions as a function of metallicity. We find
that as metallicity increases, the average V¡ decreases, such that our young, metal-
rich stars (bin 1) lag the LSR (hV¡i = 229.3±1.0 kms°1) more than the stars in any
other metallicity bin. A negative correlation between metallicity and V¡ for thin
disc (young) stars has been found in a number of studies probing different volumes
in the solar vicinity (e.g. Lee et al. 2011; Adibekyan et al. 2013; Recio-Blanco et al.
2014; Wojno et al. 2016; Kordopatis et al. 2017), with measurements ranging from
@V¡/@[M/H] =°23 kms°1dex°1 to °11 kms°1dex°1.

For our sample, we measure @V¡/@[M/H] º °7 kms°1dex°1, shallower than
measurements from the literature, however, we note that we do not explicitly
separate our sample into thin and thick disc stars, so some contamination is
possible. We also find that the dispersion of the azimuthal velocity distribution
decreases as metallicity decreases, with bin 1 having a dispersion æ¡ = 23.6± 0.8
kms°1and bin 4 having æ¡ = 18.0±0.5 kms°1.

For old stars, we find much broader distributions compared to our young
stars, which indicates that the older populations of stars in our sample are more
kinematically hot, as expected (e.g., Nordström et al. 2004). When we consider the
different metallicity bins, we find that for all velocity components, the dispersion
of a distribution increases with decreasing metallicity. This difference in the
dispersions agrees globally with e.g. Guiglion et al. (2015) (and in particular for the
difference in dispersions between young and old populations), but with a slightly
different scale. In addition, we find a correlation between metallicity and mean
V¡, such that the more metal-poor a sample is, the more it lags behind the LSR,
in agreement with previous studies (e.g. Kordopatis et al. 2011; Adibekyan et al.
2013; Kordopatis et al. 2013b; Wojno et al. 2016; Kordopatis et al. 2017). However,
we measure a relatively shallow gradient, @V¡/@[M/H] º 5 kms°1dex°1, while
measurements from the literature range from 42 kms°1dex°1 to 51 kms°1dex°1. We
interpret this disparity as a result of contamination of old thin disc stars, as we do
not explicitly separate our sample according to their likelihood of belonging to either
the thin or thick disc.

To investigate the kinematics of our two age groups further, we now consider
velocity trends as a function of Galactocentric radius (R).
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Figure 4.8 — Velocity trends as a function of Galactocentric radius (left to right: VR,V¡,VZ)
for our young stars. The most metal-rich bin is plotted in dark blue, and the most metal-poor
bin light blue, as defined in Section 4.3.

Figure 4.9 — Velocity trends as a function of Galactocentric radius (left to right: VR,V¡,VZ)
for our old stars. The most metal-rich bin is indicated with dark red, and more metal-poor
bins with pink and light pink, respectively.

4.3.3 Velocity trends as a function of Galactocentric radius

In Figures 4.8 and 4.9, we show trends in VR,V¡,VZ as a function of Galactocentric
radius R. Trends are calculated as the rolling weighted mean, where the size of the
rolling windows are determined as a function of number of stars in a given bin. More
metal-rich bins are shown in darker blue, with metallicity decreasing in successively
lighter blue.

Young stars

For our metal-rich young stars (bin 1), we find a significant negative gradient in hVRi
as a function of R, which we measure as °22.8±0.3 km s°1 kpc°1. Qualitatively, this
trend shows stars in the inner Galaxy moving outwards towards the solar neighbour-
hood, and stars in the outer Galaxy moving inward. This trend smoothly flattens for
successively more metal-poor bins, with the most metal-poor bin showing the least
dependence as a function of R. For bins 1,2, and 3, the trends we find are steeper
than those found in the literature (°3 km s°1 kpc°1 from Siebert et al. (2011a);
°8 km s°1 kpc°1 from Williams et al. (2013); and °6.6±0.7 km s°1 kpc°1 from Bovy
(2017)), and we discuss the possible reasons for this difference in Section 4.5.

In the azimuthal velocity component (V¡), the offset shown in Figure 4.7 is
clearly represented here, with an offset between each metallicity bin at nearly all
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Table 4.2 — Measured radial velocity gradients for each age group and metallicity bin.

Bin Number @hVRi/@R
km s°1 kpc°1

Young
1 °22.8±0.3
2 °16.9±0.2
3 °12.0±0.2
4 °10.1±0.2

Old
5 °14.0±1.0
6 °1.7±0.6
7 °0.6±0.4
8 1.4±0.7

Galactocentric radii. For bin 1, the most metal-rich bin, we find a slight increase in
mean azimuthal velocity as a function of R, a trend which gradually reverses, such
that the most metal-poor bin shows a slight negative trend in mean velocity as a
function of R. These results are roughly consistent with those presented in Rojas-
Arriagada et al. (2016, their Figure 8), where our young stars correspond to their thin
disc, and old stars correspond to their thick disc.

Finally, for the vertical velocity component VZ, we measure flat trends consistent
with 0 km s°1.

Old stars

Figure 4.9 shows the same as Figure 4.8, but now for our sample of old stars. We find
that for @hVRi/@R, we find similar trends as in the young stars, such that the most
metal-rich bin has a steeper gradient (bin 5, @hVRi/@R = °14.0± 1.0 km s°1 kpc°1,
than the most metal-poor bin (bin 8, 1.4±0.7 km s°1 kpc°1). However, for our old
stars, none of the metallicity bins have a gradient as steep as that found for young,
metal-rich (bin 1) stars. When we consider the azimuthal velocity component
of our old stars, we find that they all lag the LSR by ª 20 km s°1. As with the
young populations, we find generally flat trends for the vertical velocity component,
consistent with 0 km s°1 within the error bars.

4.3.4 Orbital parameters

Orbits for our sample of stars are calculated using the GALPY (Bovy 2015) python
package, and we choose the MWPotential2014 as our Galactic potential for orbital
integration. As a result, we obtain estimates for the orbital eccentricity (e), guiding
radii (RG ), and the maximum height above the plane (Zmax) for each star. In
Figure 4.10, we show the eccentricity distributions for our young (left panel) and
old stars (right panel), divided into bins of metallicity.
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Eccentricities

We find that the eccentricity distribution of our young stars peaks at e = 0.12 if
we take the average of all metallicity bins, but we note that the mean does shift to
smaller values with decreasing metallicity (e = 0.14 for Bin 1, compared to e = 0.11
for Bin 4). We also find that the dispersion of each distribution decreases slightly
with decreasing metallicity.

For our old population, we find larger mean eccentricities compared to the
young population for all metallicity bins, peaking at e = 0.20 if we take an average
of all metallicity bins. In contrast to the young population, we find the mean
eccentricity increases with decreasing metallicity, from e = 0.19 for bin 5 to e = 0.23
for bin 8. The eccentricity distributions for our old stars are also much broader
than those of the young stars, with an average dispersion æe = 0.11 (typical of the
thick disc, see Kordopatis et al. 2011) compared to æe = 0.07 (typical of the thin
disc) for the young stars. In addition, we find that the dispersion of the eccentricity
distribution increases with decreasing metallicity, in contrast to what we find for
young stars, and in line with the kinematic trends found in the previous section.

Guiding radii

The distributions of guiding radii for our young and old samples, are shown in
Figure 4.11. Young stars have mean guiding radii further closer to the solar neigh-
bourhood compared to old stars, which have guiding radii towards the inner disc.
The dispersion in radii is also larger for old stars. In addition, for young stars, we find
an increase in guiding radii as a function of decreasing metallicity, corresponding
to the results shown for V¡ in Figure 4.10. Combined with the velocity trends and
eccentricities, we find that overall young stars have cooler kinematics, with the most
metal-rich young stars originating from the inner disc on slightly more eccentric
orbits. Young, metal- poor stars arrive to the solar neighbourhood primarily from
the outer disc on more circular orbits. Old stars are more kinematically hot, with
larger dispersions in all components of their velocities, more eccentric orbits, and
come from a more centrally-concentrated region of the disc.

Maximum height above the plane

In Figure 4.12, we show the distributions of Zmax for our young and old stars. We
find that our young stars are more confined to the plane, with all metallicity bins
having similar means (Z max = 0.31° 0.33 kpc). In contrast, we find that the orbits
of old stars extend to larger heights above the plane, with a signficant difference
between the most metal-rich (bin 5, Z max = 0.3 kpc), and the most metal-poor bin
(Z max = 0.52 kpc). In addition, the distributions are much more skewed with longer
tails, having larger æZmax compared to young stars.
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Figure 4.10 — Orbital eccentricities for our sample of young (left) and old (right) stars. Bins
in metallicity are defined in Section 4.3.

Figure 4.11 — Distributions of guiding radii for our sample of young (left) and old (right) stars.
Bins in metallicity are defined in Section 4.3.

Figure 4.12 — Maximum height above the plane (Zmax) for our sample of young (left) and old
(right) stars. Bins in metallicity are defined in Section 4.3.
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4.4 Discussion

4.4.1 Radial velocity gradient for young stars vs. old stars

We find significant differences in the kinematics of our young and old samples in
our selection of RAVE-TGAS turnoff stars. When we consider the mean kinematics
of these samples, in all components of the Galactocentric cylindrical velocity, we
find that our younger sample is kinematically cooler than our old sample, and we
find steeper velocity gradients in young stars compared to old stars. For both old
and young stars, we find trends in radial velocity as a function of Galactocentric
radius, @hVRi/@R. Within each age group, we find that the most metal-rich stars have
steeper gradients than more metal-poor stars, with smooth transitions between the
bins. The gradient that we measure for the most metal-rich bins (0.15 ∑ [Fe/H] <
0.45, °22.8± 0.3 km s°1 kpc°1 for the young stars and °14.0± 1.0 km s°1 kpc°1 for
the old stars, respectively) is significantly steeper than previous measurements in
the literature.

A radial velocity gradient as a function of R was first discovered in Siebert
et al. (2011a), where they measured a value of ª °3 km s°1 kpc°1 for a sample
of RAVE stars. Siebert et al. (2011a) conclude that this effect is a signature of
non-axisymmetric components of the Galactic potential including the bar, spiral
arms, warp of the disc, a triaxial dark matter halo, or some combination of these
components. In Siebert et al. (2012), they explore the contribution of solely spiral
arms, and find that the observed trends could be fit with a model with a pattern of
two spiral arms.

This finding was verified by Williams et al. (2013), where they investigated
asymmetries in the kinematics of the local disc using a sample of RAVE red clump
stars. They find a gradient consistent with previous results, and measure a slightly
steeper value for a subsample of stars below the plane (°1 < Z < °0.5 kpc):
@hVRi/@R =°8 km s°1 kpc°1, with a very shallow or non-existent gradient above the
plane. Carillo et al. (in prep.) conducted an updated version of this analysis using
improved distance estimates, and measure a radial velocity gradient consistent with
Williams et al. (2013), with a steeper gradient in the Northern hemisphere compared
to the Southern hemisphere, but note that the value depends on proper motion
catalogue used. They conclude that the radial gradient they find is a signature of
the presence of spiral structure in the disc (e.g. Faure et al. 2014).

Bovy (2017), using distance and proper motion data from nearby (within ª 230
pc) Gaia-TGAS main sequence stars, measured @VR / @R = °6.6±0.7 km s°1 kpc°1,
consistent with results from Williams et al. (2013), but note the fact that their
gradient measurement eliminates models with a triaxial bulge or halo having closed,
elliptical orbits. Specifically, @VR / @R = K +C , where K and C are Oort constants
related to the shape of the Galactic potential (Oort 1927b,a). The value of K is related
to the local divergence of the velocity field, and C represents the radial shear (Olling
& Dehnen 2003). With @VR / @R = °6.6 ± 0.7, K and C are both negative (Bovy
2017), which is inconsistent with certain triaxial bulge and halo models (Kuijken
& Tremaine 1994; Bovy 2015). In addition, they find that kinematically colder
populations are more affected by disc asymmetries.
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Monari et al. (2014) compared observational results to a model, with the aim of
characterizing the contribution of the bar on the local velocity field. They find that
if the Sun is located near the outer Lindblad resonance (OLR, Dehnen 1998; Antoja
et al. 2014; Monari et al. 2017b), stars with guiding radii (RG ) close to ROLR have their
orbits stretched, with the strength of the effect growing as a function of proximity to
ROLR. They show that due to our position in the disc (R0 > ROLR, ¡< 0), we measure
a negative gradient in VR. They reproduce the result found by Williams et al. (2013),
and measure a steeper gradient than those produced by the models. Faure et al.
(2014) also attempt to explain the observed gradient with a focus on determining if
the spiral arms greatly affect the local velocity field, by using a model that includes
contributions from both the bar and spiral arms. They find non-zero mean radial
velocities, indicating net velocity flows due to the presence of the spiral arms. In
particular, within corotation, they find stars within the arms move radially towards
the Galactic Centre, and between the arms, stars move towards the anticentre. This
trend is reversed outside of corotation. These trends are consistent with the model
presented in Monari et al. (2016), where they show that a spiral potential produces
variations in radial velocity of the order of the radial velocity gradient observed in
the solar neighbourhood.

While our results for the most metal-rich samples in our selection of turnoff
stars are in contention with the results from the literature (°3 km s°1 kpc°1 from
Siebert et al. (2011a), °8 km s°1 kpc°1 from Williams et al. (2013), and °6.6 ±
0.7 km s°1 kpc°1 from Bovy (2017)), we do reproduce similar results if we perform
our analysis on red clump or main sequence stars only. This raises the question:
why should the kinematics of local turnoff stars differ from main sequence or giant
stars?

One possible reason may be due to our age selection. On the main sequence
and in the giant branch, it is difficult to determine accurate ages from isochrone
fitting. Therefore, for the previous results in the literature, we would consider their
samples to have stars with ages spanning a large range. Indeed, red clump stars
are known to span a large range of intermediate (ª 2° 9 Gyr) ages, although they
are more biased towards young ages (Girardi 2016). Therefore, we suggest that
considering the age of a sample is crucial when attempting to investigate kinematic
trends in the solar neighbourhood. By selecting samples of strictly young (typically
kinematically cold) or old (kinematically hot) stars, we probe the strength of the
effect of asymmetric disc components on populations that are the result of different
star formation histories at different epochs, as they are linked through the age-
velocity dispersion relation (Wielen 1977; Holmberg et al. 2007; Casagrande et al.
2011, e.g.). Indeed, we find signatures of the Hercules stream (associated with the
bar) in both the young and old stars, but the Hyades (associated with the spiral arms)
affects only young stars (see Section 4.4.2 and Figure 4.13).

4.4.2 Radial velocity gradient as a function of metallicity

In addition to confirming the presence of this radial velocity gradient, we find
a significant difference in the @hVRi/@R gradient between our most metal-rich
(bin1, 0.15 ∑ [Fe/H] < 0.45, @hVRi / @R = °22.8±0.3 km s°1 kpc°1), and most metal-



88 Chapter 4: Kinematic trends in young and old stars

Figure 4.13 — VR ° V¡ space for our sample of young (blue, solid) stars and old (red,
dashed), split into the four metallicity bins shown in Figure 4.6. Contours show the density
distributions for 33, 67, 90, and 99 per cent of the sample for each bin.

poor bin (bin 4, °0.75 ∑ [Fe/H] < °0.45, @hVRi/@R = °10.1± 0.2 km s°1 kpc°1), for
both young and old stars. To explore the source of this difference, we examine
overdensities in VR ° V¡ space, shown in Figure 4.13. Contours are shown for
both young (blue, solid) and old (red, dashed) age groups, with the most metal-
rich bin shown on the left, and the most metal-poor bin on the right. Literature
values for the Hercules (cyan cross), Hyades (magenta square), and Pleiades (green
triangle) moving groups are overplotted (Dehnen 2000; Binney & Tremaine 2008).
We find that stars in our most metal-rich bin have a greater contribution from stars
potentially associated with a low velocity mode (Hercules stream), which is typically
explained as a signature of a bar that affects the orbits of stars near the OLR (Dehnen
2000; Fux 2001), and is dominated by metal-rich thin disc stars (Ramya et al. 2016;
Antoja et al. 2017), due to the metallicity gradient in the disc.

In addition to the contribution from the Hercules moving group, which is found
in all metallicity bins, we find that our metal-rich bins have a peak in VR °V¡ space
near the position of the Hyades moving group. The Hyades are metal-rich, and are
typically associated with spiral structure (Quillen & Minchev 2005; Famaey et al.
2008; Antoja et al. 2017). We note that for our young stars, as we move to more
metal-poor subsamples, the position of the peak in VR °V¡ space moves farther
away from Hercules, indicating less of a contribution from this moving group. As
the Hercules and Hyades streams have been found to be metal-rich (e.g. Famaey
et al. 2008; Ramya et al. 2016), we expect to see them most prominently in the
metal-rich bins of our sample, and the flattening of the radial velocity gradient as
a function of decreasing metallicity is due to the decreasing contribution from the
Hercules stream. Furthermore, with the observed radial metallicity gradient in the
disc (@[Fe/H]/@Rª °0.06 dex kpc°1, e.g. Genovali et al. 2014; Anders et al. 2017),
we can roughly correlate metallicity with guiding radius (Antoja et al. 2017). Our
findings are then roughly consistent with the model of Monari et al. (2017a), which
reproduces features of the local velocity field using a model of the Galactic potential
with a fast bar, and shows that the location of these features shifts as a function of
Galactocentric radius (see their Figure 4). Moving further from the OLR decreases
the contribution of the Hercules stream, similar to what we find for our more metal-
poor stars.

To further explore this hypothesis, in Figure 4.14 we show the V¡ distributions of
both young and old samples in our four metallicity bins, at different Galactocentric
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Figure 4.14 — V¡ distributions for our sample of young (blue) and old (red) stars, split into
the four metallicity bins shown in Figure 4.6. The most metal-rich bin is shown on the top
row, and the most metal-poor bin on the bottom row. Each column represents a different bin
in Galactocentric radius. The positions of the three moving groups we consider are shown as
filled triangles (cyan, green, and magenta for Hercules, Pleiades, and Hyades, respectively.)
The unfilled triangles indicate the approximate position of the gap in velocity space due to
the Hercules stream, from Antoja et al. (2014).
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Figure 4.15 — VR distributions for our sample of young (blue) and old (red) stars that we
associate with the Hercules stream for a given Galactocentric radius (see Figure 4.14), split
into the four metallicity bins shown in Figure 4.6. The most metal-rich bin is shown on the
top row, and the most metal-poor bin on the bottom row. Shaded cyan regions indicate where
we would expect the most contribution from Hercules stream stars.

radii. Young stars are plotted in blue, old stars in red, with the leftmost column
showing stars inward of the solar neighbourhood (7.5 < R < 8.0), the middle column
centred on the solar neighbourhood (8.0 < R < 8.5), and the rightmost column
showing stars towards the outer disc (8.5 < R < 9.0). We recall that the older stars
span a smaller volume than young stars, due to the fact that older stars are always
less luminous than young stars for a given temperature in the turnoff region, and
therefore cannot be seen to the same distances as bright, young stars. We also mark
the mean V¡ positions of the Hercules, Pleiades, and Hyades moving groups (cyan,
green, and magenta filled triangles, respectively). The unfilled triangle represents
the approximate position of the gap in velocity space due to the Hercules moving
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group from Antoja et al. (2014, see their Figure 5), which varies as a function of
Galactocentric radius.

In Figure 4.15 we plot the VR distributions for only stars associated with the
Hercules stream (V¡ less than that of the gap due to the Hercules steam for a given
Galactocentric radii). The cyan shaded regions indicate where we would assume
the greatest contributions from the Hercules stream. Indeed, we find that for our
most metal-rich bins, the majority of the stars we would associate with Hercules
from their V¡ velocities also have VR velocities consistent with the Hercules moving
group. This contribution decreases as the metallicity decreases, but some indication
of Hercules stream stars is found for all metallicity bins. When we consider different
bins in Galactocentric radii, we notice that the effect is weaker for the middle and
right columns, although we avoid drawing strong conclusions from this finding due
to small number statistics for stars outside of the solar neighbourhood.

4.4.3 V¡ vs. R trends

In addition to the impact of the bar and spiral on the velocity trends we find,
we recall that when we consider the mean azimuthal velocity as a function of
Galactocentric radius (@hV¡i/@R), we find that for our young sample, metal-rich
stars (bin 1) lag the LSR more than metal-poor stars. This trend is usually attributed
to the presence of stars born in the inner Galaxy visiting the solar neighbourhood
(e.g. Lee et al. 2011; Adibekyan et al. 2013; Recio-Blanco et al. 2014; Allende Prieto
et al. 2016; Wojno et al. 2016). If the radial metallicity gradient of the disc is steep
(e.g. Haywood et al. 2013; Halle et al. 2015), this trend may be explained simply as
the effect of blurring– stars reaching the solar neighbourhood are more likely to be
close to the apocentre of the epicyclic orbits, and therefore have slower azimuthal
velocities compared to the LSR.

However, this trend is not as strong as what we would expect from blurring
alone– some stars present in the solar neighbourhood have had their orbits altered
by churning, which increases their guiding radii with no change in angular momen-
tum (Sellwood & Binney 2002; Kordopatis et al. 2015a). Indeed, when we consider
their eccentricities and guiding radii, we find they have slightly more eccentric orbits
than more metal- poor stars, with guiding radii inward of the solar radius. This
provides an indication that some of these stars have experienced blurring, but a
large fraction have orbits that are still circular, and therefore must have been affected
by churning to bring them to the solar neighbourhood. This picture is consistent
with that presented in Antoja et al. (2017), where they find a positive gradient in V¡
as a function of metallicity, for stars moving both towards and away from the solar
neighbourhood. They propose that these stars are migrators from the inner disc
with circular velocities close to the LSR.

4.5 Conclusions

From our study of the kinematics of distinct age groups in the solar neighbourhood
as a function of metallicity and Galactocentric radius R, we reach the following
conclusions:
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Á Overall, we find negative radial velocity gradients as a function of Galactocen-
tric radii, and measure steeper gradients than those found before for RAVE
red clump stars (Siebert et al. 2011a; Williams et al. 2013). The source of the
negative gradient in @hVRi/@R is typically attributed to non-axisymmetries in
the disc (i.e., the bar and/or spiral arms, Siebert et al. 2011a, 2012).

Á If we split each age group into bins of metallicity, we show, for the first time,
the dependence of this gradient as a function of metallicity. We find that
@hVRi/@R is the most negative for metal-rich bins, gradually and flattens with
decreasing metallicity. While a signature of this trend is found in both the
young and old stars, it is much more pronounced for young stars.

Á We interpret this behavior in the local velocity field as the result of contribu-
tions from both the Hercules and Hyades moving groups, associated with the
bar and spiral arms, respectively. These streams have both been found to be
metal-rich (Famaey et al. 2008; Ramya et al. 2016), and so as we move to more
metal-poor bins, their contribution decreases (especially for the Hercules
stream), leading to the decrease in the gradient that we find.

Á We also find, in agreement with previous studies, that old (‘thick disc’) stars are
kinematically hotter than young (‘thin disc’) stars. As expected, our old stars
lag the LSR significantly due to asymmetric drift. However, we also find our
most metal-rich stars also lag the LSR. When we explore the orbital parameters
of these stars, we find that while some have eccentric orbits, the majority have
circular orbits. The presence of these stars in the solar neighbourhood, along
with their orbital dynamics, points to a scenario where both blurring (epicyclic
motions) and radial migration (churning) mechanisms play a role in bringing
them to the solar neighbourhood.
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5 Conclusions & Outlook

This thesis has presented a number of studies utilizing primarily RAVE data to inves-
tigate the interplay between kinematics, chemistry, and age for stellar populations
found in the solar neighbourhood (distance . 1 kpc). These correlations provide
insight into many unresolved questions regarding the secular evolution of the Milky
Way disc, including the formation of the thick disc, the effect of internal dynamical
mechanisms such as radial migration, and the impact of asymmetric perturbations
in the disc (such as the bar and spiral arms).

5.1 Conclusions

In paper I, we identified the two distinct chemical disc components (Æ-low and Æ-
high) using a probabilistic approach, the first study of its kind using RAVE data.
We propose that, in future studies, this method can be applied to other data sets
where the Æ-low and -high sequences cannot be clearly distinguished a priori.
When exploring kinematic trends in each chemical disc component, we found
clear differences between the Æ-low and -high populations. In particular, trends
in mean azimuthal velocity as a function of metallicity exhibit markedly distinct
behaviors, with stars belonging to the Æ-low stars having a negative gradient and
Æ-high sequence having a positive gradient. We also consider trends in the mean
velocity dispersion as a function of metallicity, and find that Æ-low stars exhibit
cooler kinematics than the Æ-high sequence. For the Æ-high component, these
trends are consistent with asymmetric drift. This result supports a disc formation
scenario where the thick disc gradually became kinematically cooler, with a break in
star formation before resuming in the thin disc (e.g. Haywood et al. 2013, 2016). In
the Æ-low component, we find that our most metal-rich stars lag the LSR, and from
their metallicities, it is likely they were not born locally. For a metallicity gradient
in the disc of °0.06 dex kpc°1, this corresponds to a birth radius for these super
metal-rich stars of ª 3 kpc (Kordopatis et al. 2015a). In this sense, their presence
provides constraints on the efficiency of mechanisms to bring them to the solar
neighbourhood, namely through epicyclic excursions or through radial migration.
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We conclude that it is likely that a combination of both mechanisms is responsible
for bringing these stars from the inner Galaxy, although it is difficult to determine
which effect dominates.

To ensure that conclusions derived from RAVE data are robust, in paper II we
described in detail the selection function of the RAVE survey, and tested the effect
of the RAVE selection function on the kinematic and chemical distributions for
different stellar populations. Within the relevant stellar parameter space covered by
RAVE, we find that RAVE is kinematically and chemically unbiased. The complete-
ness fraction was evaluated as a function of position, magnitude, and colour, and is
now available via the RAVE website. The aim of this work was to help facilitate broad
applications of RAVE, as well as allow for the possibility to accurately supplement
RAVE data products with those from other large-scale spectroscopic surveys.

Turning back to science questions, in paper III we explored the local velocity field
with a sample of RAVE-TGAS stars, as a function of both metallicity and age. While
the presence of a radial velocity gradient as a function of Galactocentric radius had
been previously identified in the solar neighbourhood using RAVE data (Siebert et al.
2011a; Williams et al. 2013), in this work we show for the first time the dependence
of this gradient as a function of metallicity and age. We find that young, metal-
rich stars have the steepest gradient, which becomes more shallow for successively
metal-poor populations. This gradient has been established as an indicator of non-
axisymmetries in the disc: the bar and spiral arms. Coming from the inner Galaxy,
our young, metal-rich population is more affected by contributions from both the
bar and spiral arms, while more metal-poor populations see less of a contribution
from the bar. Understanding these features of the local velocity field is conducive to
better constraining Galactic models, and in particular parameters relating to the bar
and spiral arms.

5.2 Outlook and perspectives

Gaia has already undoubtedly brought about a new era to the field of Galactic
archaeology, and will continue to do so through its final data release, projected for
2022. The next data release of Gaia, DR2, will be available in April 2018, and will
provide astrometry and photometry for approximately 1.1 billion stars down to G ª
20.7, and radial velocity measurements for a few million stars brighter than G ª 12.
These astrometric measurements will have systematic uncertainties less than 0.1
mas, with typical parallax precision of 0.03 mas for bright (G . 15) stars. While this
data will sharpen our view of dynamical structures in the solar neighbourhood and
beyond with incredible precision (transverse velocity uncertainties of the order of
ª 100 m s°1 for nearby, bright stars), high-resolution follow-up will be necessary to
obtain full stellar parameters and detailed abundance patterns.

There are a number of completed or ongoing surveys that overlap with Gaia,
such as RAVE (Steinmetz et al. 2006), APOGEE (Majewski et al. 2015), GALAH
(De Silva et al. 2015), Gaia-ESO (Gilmore et al. 2012), and LAMOST (Zhao et al.
2012). Of these, RAVE DR5 (Kunder et al. 2017) currently has the largest overlap
of stars in Gaia-TGAS, providing radial velocities, stellar parameters, and chemical
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abundances from medium-resolution spectra for a sample of ª 215000 stars with
exquisite parallaxes and proper motions from Gaia-TGAS. Soon after the second
Gaia data release, the final data release of RAVE (DR6) will be made available,
with improved pipelines providing updated chemistry and kinematics. Moving
to ongoing surveys, LAMOST has obtained low-resolution (R ª 2000) for nearly 4
million stars, with over 1 million of those having spectra with SNR & 100. These
stars probe primarily the outer disc and halo, and aim to provide mean [Æ/Fe]
measurements with uncertainties of the order of ª 0.08 dex.

While low-resolution surveys currently dominate in terms of sheer numbers,
high-resolution surveys offer the advantage of mapping out the chemistry of the
solar neighbourhood with finer detail. Using the intermediate- and high-resolution
(R ª 20000° 47000) FLAMES (GIRAFFE + UVES) spectrographs on the Very Large
Telescope (VLT), the Gaia-ESO survey explores the full chemodynamical phase
space of ª 100000 stars across the Milky Way disc, bulge, and halo, with a focus
on star forming regions (Gilmore et al. 2012). Gaia-ESO is able to provide individual
abundances for up to 12 elements, down to V ª 15 and radial velocities with uncer-
tainties of 0.1°5 kms°1, and has already contributed to a number of illuminating
studies of trends in chemical space in the solar neighbourhood (e.g. Recio-Blanco
et al. 2014; Kordopatis et al. 2015b). APOGEE, operating as part of SDSS, provides
high-resolution (R ª 22500) infrared spectra for primarily red giants in the disc,
delivering precise radial velocities with uncertainties of ª 100 m s°1 (Nidever et al.
2015), detailed stellar parameters, and individual abundances (uncertainties ª 0.1
dex) for up to 15 elements. With a sample size now of ª 150000 stars, studies
utilizing APOGEE data have demonstrated its power to probe chemodynamical
structures to large distances in the Galactic disc, bulge, and halo (e.g. Anders et al.
2014; Hayden et al. 2014; Nidever et al. 2014; Martell et al. 2016). Finally, with a
goal of observing ª 1 million bright disc stars to (V < 14), GALAH aims to obtain
high-resolution (R ª 28000) spectra using the HERMES spectrograph on the Anglo-
Australian Telescope (AAT). Deriving stellar parameters, individual abundances
for up to ª 30 elements with ª 0.04 dex uncertainties and radial velocities with
uncertainties of ª 100 m s°1, GALAH offers an ideal sample of stars for chemical
tagging (Freeman & Bland-Hawthorn 2002) studies, where stars which formed in
similar environments at the same epoch can be identified by their similar patterns in
multidimensional chemical abundance space(e.g. De Silva et al. 2015; Martell et al.
2017).

Two ground-based large-scale spectroscopic facilities, WEAVE (Dalton et al.
2012) and 4MOST (de Jong 2011), are currently planned, and are projected to
begin operations within the 5 years. WEAVE’s Galactic Archaeology survey aims to
provide radial velocities and elemental abundances for stars too faint for accurate
measurements with Gaia spectra, V & 15.5 and V & 12, respectively. Located in
the Northern hemisphere, WEAVE will survey the Galactic anticentre, targeting the
outer disc and halo. The low-resolution mode has two general science goals: to
constrain fundamental parameters of the disc and its non-axisymmetries, and to
map out substructure in the outer disc and halo, with giants out to ª 100 kpc and
main sequence stars to ª 30 kpc from the Galactic centre. The high-resolution mode
of WEAVE will provide detailed chemical abundances for over a million stars in the
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volume where distances and ages from Gaia will be the most accurate, down to V ª
16 (line-of-sight distances to ª 2 kpc), with a primary science goal of disentangling
the assembly history of the Milky Way disc and halo. WEAVE is projected to begin
operations on the William Herschel Telescope in 2018, although it will be some time
before this data is made publicly available.

In the Southern hemisphere, 4MOST will provide a complementary view of
the Galaxy, using the VISTA telescope to observe in the direction of the Galactic
centre. With a similar spectral resolution and science goals as WEAVE, 4MOST
will obtain ª 20 million low-resolution and ª 4 million high-resolution spectra in
the disc, bulge, and halo. The low-resolution survey, with a broad focus on the
formation and history of chemodynamical substructures in the disc and bulge, will
provide radial velocities with typical uncertainties of ª 2 kms°1 and abundance
uncertainties of ª 0.2 dex. The high-resolution survey will aim to deliver individual
abundances for ª 15 elements with uncertainties of ª 0.03 dex. Currently, 4MOST
is scheduled to begin operations in 2022. Both 4MOST and WEAVE coverage will
augment and expand on the volume probed by Gaia, providing full 6D kinematics
and detailed chemical abundance patterns for stellar populations beyond the solar
neighbourhood. The synergy between Gaia, WEAVE, and 4MOST will produce
robust data sets capable of addressing a number of critical science questions in
Galactic archaeology for the Milky Way disc and beyond– including the nature of
the interface between the disc and bulge, the formation of the thick disc and its
connection to the thin disc, and the merger history of the Milky Way.

With both ongoing and planned large-scale spectroscopic surveys, the Milky
Way offers the unique opportunity for detailed studies of its assembly history, to
a degree which is currently not possible for any other galaxy. However, the Milky
Way is only one galaxy among trillions (e.g. Conselice et al. 2016). To what extent is
our understanding of the history of the Milky Way comparable to that of external
galaxies? Are models of the formation and evolution of the Milky Way generally
applicable to other galaxies? To help address these questions, significant efforts are
currently being made to expand the field of galactic archaeology to other nearby
spiral galaxies, and in particular our nearest neighbor, M31. Photometric and
spectroscopic surveys such as PAndAS (McConnachie et al. 2009), PHAT (Dalcanton
et al. 2012), and SPLASH (Gilbert et al. 2006) offer external, but complementary,
perspectives on galaxy formation and evolution. Such studies of M31 allow for a
more comprehensive view of the galaxy as a whole, including the entire disc and
halo structure. Although this external perspective is accompanied by the drawback
of lower resolution spectra and less detailed kinematic information, recent studies
(e.g. Vargas et al. 2014) have shown it is possible to derive individual abundances for
the brightest stars in the halo of M31. My future work will focus on expanding these
samples in an effort to identify Æ-low and -high sequences in both the halo and the
disc of M31, which can then be compared to the chemical abundance patterns in the
Milky Way and its satellites, bridging the gap between these two distinct approaches
to reconstructing the assembly history of massive, late-type galaxies.

While many crucial questions regarding the formation and evolution of galaxies
remain far from solved, the rate of growth of Galactic archaeology within the
past decade is incredibly encouraging for future prospects. Advances are being
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made in almost every conceivable aspect of the field, from instrumentation to
target selection, data analysis techniques, and comparisons with cosmological
simulations. With these improvements to not just the quantity, but also quality of
available multidimensional data, the field of Galactic archaeology is set to continue
to revolutionize our understanding of the history of our Galaxy and its place in the
universe as a whole.
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Ivezić, Ž., Sesar, B., Jurić, M., et al. 2008, ApJ, 684, 287
Jofré, P., Heiter, U., Soubiran, C., et al. 2014, A&A, 564, A133
Jørgensen, B. R. & Lindegren, L. 2005, A&A, 436, 127
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We have calcium in our bones,

iron in our veins,

carbon in our souls,

and nitrogen in our brains.

93 percent stardust,

with souls made of flames,

we are all just stars

that have people names.

Nikita Gill, “93 Percent Stardust”


