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Abstract

During the years after its launch in late 2013, the Gaia satellite will create a 6-dimensional

phase space map of stars throughout our Galaxy, providing the observational test bench to

theoretical predictions on the origin, structure and evolutionary history of our Galax. In the

meantime, crucial information, both on stellar kinematics and chemical abundances, will come

from several ongoing and planned spectroscopic surveys. On the theoretical side large e�orts

are spent on building chemo-dynamical models with the main goal of reconstructing the for-

mation history of our Galaxy. This thesis aims at �nding new observational constraints to test

chemodynamical Galaxy models, based mostly on recent data from the SDSS-III/APOGEE

survey, but also the RAVE spectroscopic dataset and asteroseismic data from the Kepler and

CoRoT missions. We compare our �ndings with previous high-resolution studies as well as

the star count model TRILEGAL and the semi-cosmological simulation recently presented by

Minchev, Chiappini & Martig (2013).

Zusammenfassung

Galaxien gehören zu den komplexesten Systemen, die derzeit physikalisch modelliert wer-

den. Eine realistische Simulation muss Prozesse aus Kosmologie, Astro-, Plasma-, Kern-

und Teilchenphysik berücksichtigen, die auf sehr unterschiedlichen Zeit- und Energieskalen

ablaufen. Die Milchstraÿe ist ein Präzedenzfall für die Überprüfung solcher Modelle, da hier

Millionen von Sternen einzeln au�ösbar sind, deren Kinematik und chemische Zusammenset-

zung Aufschluss über die Entstehung unserer Galaxie gibt. Die 2013 startende ESA-Mission

Gaia wird eine genaue Vermessung der Sternorte und Raumgeschwindigkeiten von mehr als

einer Million Sternen vornehmen. Komplementär dazu misst eine Phalanx groÿ angelegter

spektroskopischer Himmelsdurchmusterungen die Verteilung chemischer Elementhäu�gkeiten

und deren Korrelation mit dynamischen Parametern in Sternpopulationen. Das Ziel dieser

Arbeit ist die weitere Eingrenzung des Parameterraums chemodynamischer Simulationen an

Hand jüngst verö�entlichter Daten des SDSS-III/APOGEE�Experiments (Ahn et al. 2013).

Wir vergleichen unsere Ergebnisse mit der spektroskopischen Survey RAVE, dem Population-

ssynthesemodell TRILEGAL sowie der kürzlich verö�entlichten semikosmologischen Simula-

tion von Minchev, Chiappini & Martig (2013).
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Preface

For centuries and millenia, humanity has been striving for a comprehensive picture of the

origin of that strange milky band dividing our night sky. Numerous mythological explanations

exist from cultures all around the globe, trivial ones as well as epic fantasies. Among the most

famous is the Greek story of young Hercules who, in order to gain immortality, had to drink

from a goddess's milk. With the help of Hermes, he stole some from Zeus's sleeping wife Hera,

but as she woke up, in rage, she sprayed the milk all over the sky... and the name 𝛾𝛼𝜆𝛼𝜉�́�𝛼𝜍

- Milky Way - was born (cf. �g. 0.1).

Figure 0.1: Peter Paul Rubens’ The Birth of the Milky Way, ca. 1637, Oil on Canvas, 181
x 244 cm, Muséo del Prado, Madrid

Now, more than 2000 years later, the human society seems to be holding the key to under-

standing the origins of its host galaxy, and in fact, the observable universe, in its hands. With

the advent of modern physics, astronomy has experienced a new and unprecedented blossom.

In alliance with the new branches of cosmology, nuclear and particle physics as well as ever

more powerful computers and engineering, theories on the formation of our Milky Way become

more and more realistic, converging and comprehensive. This work is an attempt to deliver

another grain to this great sandcastle called Theory of Galaxy Formation.



ii Contents

�Und er sprach mir von dem Riesenschauplatz dieses Festes, dem Weltall, diesem

sterblichen Kinde des ewigen Nichts, angefüllt mit materiellen Körpern ohne Zahl,

Meteoren, Monden, Kometen, Nebeln, Abermillionen von Sternen, die aufeinander

bezogen, zueinander geordnet waren durch die Wirksamkeit ihrer Gravitationsfel-

der zu Haufen, Wolken, Milchstraÿen und Übersystemen von Milchstraÿen, deren

jede aus Unmengen �ammender Sonnen, drehend umlaufender Planeten, Massen

verdünnten Gases und kalten Trümmerfeldern von Eisen, Stein und kosmischem

Staube bestehe [. . . ]

�Unsere Milchstraÿe�, vernahm ich, �eine unter Billionen, schliesst beinahe an ih-

rem Rande, beinahe als Mauerblümchen, dreissigtausend Jahreslichtläufe von ihrer

Mitte entfernt, unser lokales Sonnensystem ein, mit seinem riesigen, vergleichsweise

aber keineswegs bedeutenden Glutball, genannt die' Sonne, obwohl sie nur den un-

bestimmten Artikel verdient, und den ihrem Anziehungsfeld huldigenden Planeten,

darunter die Erde, deren Lust und Last es ist, sich mit der Geschwindigkeit von

tausend Meilen die Stunde um ihre Achse zu wälzen und, in der Sekunde zwanzig

Meilen zurücklegend, die Sonne zu umkreisen, wodurch sie ihre Tage und Jahre

bildet [. . . ]� �

Thomas Mann, Die Bekenntnisse des Hochstaplers Felix Krull, 3. Buch, 5. Kapitel

�The story goes that Galileo was in the cathedral of Pisa during a religious func-

tion, watching a big chandelier oscillating. Using his own pulse as a clock, Galileo

discovered that there was the same number of pulses within each oscillation of

the chandelier. Sometime later, pendulum clocks became widespread, and doctors

started using them to check the pulse of the ill. What is going on here? The os-

cillations of a pendulum are measured against pulse, and pulse is measured again

the pendulum! How do we know that a clock measures time, if we can only check

it against another clock?�

Carlo Rovelli, �Forget time�, 2008



1 Introduction - Galactic Archaeology

Our Galaxy is one of billions of giant gravitationally bound nuclear reactors dispersed in the

Universe's expanding emptiness, turning gas into stars, producing most of the chemical ele-

ments necessary to build � us. Finding ourselves in the middle of that giant cosmic experiment,

striving for an understanding, the only way to arrive at physical explanations is through the

analysis of the light of stars, gas and galaxies we see today, decoding their motions, chemical

composition and ages.

The �eld of Galaxy Astrophysics has been evolving rapidly since the last century, and today

it appears more clear than ever that the questions linked to the formation and history of

our Milky Way are entwined with problems of nuclear and particle physics, and especially

Cosmology.

The principles of chemical evolution of stellar populations and galaxies as well as the �eld

of stellar and galactic dynamics have been developing for more than 40 years now and have

produced physical explanations for many phenomena. But within the framework of modern

cosmology and with the advent of the Cosmological Constant and Cold Dark Matter, galaxy

formation theory has been facing new problems. How does the physics of the very early

universe connect with galaxy counts at intermediate and low redshift or the properties of local

dwarf galaxies (such as their chemistry and rotation pro�les)? Do intermediate-mass black

holes exist - and where? What processes power active galactic nuclei? Which processes are

dominating galaxy evolution � and on which timescales? What is the star formation history

of our Galaxy? What is the metallicity distribution function in the Solar neighbourhood (and

beyond)?

Questions like these have stimulated the development of the new �elds �Galactic Archae-

ology� and �Near-�eld Cosmology�. Enormous e�orts in observation and theory, leading to

the design of new wide-�eld photometric and spectroscopic surveys, as well as N-body and

hydrodynamic computer simulations of galaxy formation, aim to shed light on these problems.

1.1 Galaxy evolution in a ΛCDM universe

The current paradigms of the formation of cosmic structure are described by the Lambda

Cold Dark Matter Theory (ΛCDM). It postulates that the Universe was created in a Big

Bang, expanded and cooled down and formed islands of baryons inside of Dark Matter (DM)



2 1.1 Galaxy evolution in a ΛCDM universe

haloes which decoupled from the Universe's expansion due to the gravitational pull of very

small spatial inhomogeneities in the primordial matter distribution. The main parameters

of ΛCDM can be determined very accurately via the angular power spectrum of the Cosmic

Microwave Background radiation (CMB), but also through Galaxy distribution and clustering

census, because in ΛCDM, Cold Dark Matter (CDM) haloes are the sites where galaxies form

(see �gure 1.1).

Figure 1.1: Baryon acoustic oscillations, the signature of small primordial spatial density
fluctuations, can be seen in the angular power spectrum of the CMB, 380.000 years after the
Big Bang (left panel, from WMAP data, Kogut et al. (2007)) as well as in the distribution
function of galaxies at low redshift (right panel, from SDSS data, Percival et al. (2007)).
Figure from Eisenstein (2008).

However, these two observational approaches (CMB analysis and galaxy census) in some

cases yield very di�erent results, indicating that smaller-scale baryonic processes at lower red-

shift may smear or destroy the initial distribution of baryonic matter. Among these processes

are satellite accretion and galaxy mergers, tidal disruption of stellar systems and secular pro-

cesses in spiral galaxies (e.g., gas �ows, radial mixing, disc heating etc., see section 1.2 for

details).

Disentangling the physical processes at play during the formation of the Universe leads

through the combination of observations at all possible redshifts, and optimizing models of

cosmic evolution accordingly. The �eld of galaxy formation and evolution is therefore split into

many sub-branches focussing on di�erent observables, from the 2-point correlation function

of luminous red galaxies and the sub-halo mass function to the luminosity function of dwarf

spheroidal galaxies (dSphs) in the Milky Way halo and � the chemodynamical properties of

the Milky Way itself. Our Galaxy and its companions are the only systems where thousands of

individual stars carrying their chemical evolution record in their atmospheres can be resolved
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and analysed spectroscopically. It is therefore predestined to be explored in the context of

galaxy formation theory (�Galactic Archaeology�).

1.2 The current picture of our Milky Way

An external observer of the Milky Way (MW) would probably classify it as a spiral galaxy

of Hubble type SBbc (Hubble 1936), and in an edge-on view it would be looking similar to

the picture shown in �gure 1.2. The Sun lies about 8 kpc1 from the center, in the rotating

Stellar Disc which hosts the majority of the MW's stars, gas and dust, and de�nes the Galactic

coordinate systems sketched in �gure 1.3. The Galaxy's other major components are the Bulge,

Bar and the (Inner and Outer) Halo. We shall discuss them brie�y in this section, but the

particular focus of the present work will lie on the Stellar Disc.2

Figure 1.2: A schematic sketch of the Milky Way as it would be seen by an edge-on external
observer. Figure from Sparke and Gallagher (2007).

1.2.1 The Bulge & the Bar

The Galaxy's bright central regions are seen in the Southern night sky as an elliptical �Bulge� which

extends well beyond the disc's thickness (about 3 kpc in radius, cf. �gure 1.4). Whereas the

motions of stars in the disc are dominated by rotation, the Bulge is dominated by random mo-

tion. It is di�cult to access this inner part of the Galaxy due to heavy interstellar extinction

11 kpc = 3.26 lyr = 3.09 · 1013 km
2For an introduction to galaxy astrophysics, see e.g. Sparke and Gallagher (2007), for a detailed overview
of the field of Galactic Astronomy, we refer to, e.g., the books of Scheffler and Elsässer (1982), Binney and
Merrifield (1998) or Binney and Tremaine (2008). For a review from a Galactic stellar population’s point
of view, see Freeman and Bland-Hawthorn (2002), Turon et al. (2008) or the recent work of Rix and Bovy
(2013). For a monography on chemical evolution theory, see Pagel (2009).
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Figure 1.3: The most important coordinate systems used in this work are the Galactic He-
liocentric system (left) and the Galactrocentric cylindrical frame (right). The Solar position
is indicated by the ⊙ symbol, the Sun’s distance to the Galactic Center (GC) is 𝑅0. Figures
from Sparke and Gallagher (2007).

by the dust in the Galactic Midplane, but infrared and radio observations have established

that the center of the Bulge harbours a black hole of mass 𝑀BH ≈ 4 · 106𝑀⊙. The total

luminosity of the Bulge amounts to ∼ 1 · 1010𝐿⊙, its stellar mass to ∼ 2 · 1010𝑀⊙ (Minniti and

Zoccali 2008). One important dynamical feature in the Bulge region is the Galactic Bar whose

Figure 1.4: An all-sky view of the Milky Way (Mellinger 2009) in Aitoff-projected Galactic
Heliocentric coordinates (cf. figure 1.3) overlaid with the positions of the stars in the RAVE
spectroscopic survey (Steinmetz et al. 2006), colour-coded by their heliocentric velocities.
Figure from Steinmetz (2012).

presence has been established by both IR photometry and radio observations of gas kinematics

(e.g., Blitz and Spergel 1991, Binney et al. 1991). Its gravitational in�uence creates several

orbital resonances in the Disc, even in the Solar Neighbourhood where several so-called �mov-

ing groups� can be explained by Galactic Bar resonances (Martinet 1984, Dehnen 2000, Bovy

2010, Minchev et al. 2010) or combined resonances of the Galactic bar and the spiral arms

(Antoja et al. 2009).
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1.2.2 The Halo

Figure 1.5: The outer haloes of MW-like galaxies are expected to consist of stellar tidal
debris from accreted satellites forming streams that can be traced in real or in velocity space
for some time. After a few orbital timescales, however, the only way to distinguish between
different stellar infall is through the chemical fingerprint in its atmospheres which preserves
the star formation history of their shredded host galaxy. This figure shows a halo simulation
by Bullock and Johnston (2005).

Recent spectroscopic and photometric surveys suggest that the MW halo comprises a slightly

oblate inner spheroid containing an old population of �eld stars and globular clusters that can

be almost as old as the Galaxy itself (Carollo et al. 2007, Juri¢ et al. 2008), and an outer halo

consisting of accreted material from disrupted satellites (see �gure 1.5). The net rotation of

the inner halo is consistent with zero, while the outer parts seem to be even counterrotating

with respect to the Disc (Ivezi¢ et al. 2008).

The stellar halo consists of very metal-poor3 stars, reaching down to 1/10,000 of the Solar

Iron content (Frebel et al. 2005, 2008). The metallicity distribution of halo stars is broad and

there seems to exist a gradient with Galactocentric distance (Carollo et al. 2007).

The baryonic halo components form only a tiny fraction of the Galaxy's mass, no more than

about 109𝑀⊙, compared to the total mass inferred from measurements of the orbital velocities

of gas and stars in the outer Galaxy (𝑀MW ∼ 1012𝑀⊙; e.g., Reid et al. 2009, Gnedin et al.

2010), providing strong evidence for the existence of a non-baryonic dark matter halo.

3Throughout this work, »metals« denote all elements heavier than helium



6 1.2 The current picture of our Milky Way

1.2.3 The Disc

The MW Disc is very thin and almost circular; when we look at the sky on a dark night, the

Disc stars appear as a narrow luminous band stretching across the heavens (cf. �gure 1.4).

From its changing surface brightness with longitude (or right ascension) we know that the

Sun's location lies at a signi�cant distance from the center of the Galaxy.

The Milky Way, as most spiral galaxies, has a �at rotation pro�le: Disc stars move around

the Galactic center in nearly circular orbits at about 200 km/s, so that the Sun takes roughly

250 Myr to complete its orbit. The total luminosity of the disc is estimated to be about

2 · 1010𝐿⊙, its stellar mass amounts to around 5 · 1010𝑀⊙, the local density of starlike disc

objects is 𝜌⊙ ≃ 0.05𝑀⊙/pc3 (Chabrier 2002).

The stellar disc stretches out to at least 15 kpc, probably further. It is often decomposed into

two or more subpopulations, the most popular division dating back to Gilmore and Reid (1983)

(but the idea is as old as the pioneering works of Oort 1926 and Baade 1944) who postulate the

existence of an older metal-poor and kinematically warm Thick Disc and a younger Thin Disc,

a stellar population which is richer in metals and more con�ned to the Galactic Plane. The

Figure 1.6: The apparent bimodality of the stellar Disc shows up in kinematics and chem-
istry. Left panel: The decay of the late-type star density with height above the Galactic
Plane can be fitted with a sum of two exponentials with scale heights 300 pc and 900...1300
pc (the exact value depending on the stellar type), respectively, justifying the decomposi-
tion into a kinematical Thin and Thick Disc. Figure from Gilmore and Reid (1983). Upper
right panel: The [Mg/Fe] vs. [Fe/H] chemical abundance plane (Fuhrmann 1998) for a lo-
cal volume-complete sample of Disc stars. The apparent gap of stars at [Mg/Fe] ∼ 0.3 is
thought to be corresponding to a gap in the star formation history, giving rise to a clear
chemical separation of old Thick Disc and younger Thin Disc stars. Lower right panel: An-
other parametrization of the chemical abundace plane: the [Fe/Mg] vs. [Mg/H] diagram for
the same sample. Figure from Fuhrmann (2011).

density of stars in the stellar Disc drops exponentially in both vertical and radial directions

(cf. �gure 1.6). Locally, the thin disc is estimated to account for 80-98% (Robin et al. 2007,
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Bernkopf et al. 2001) of the Disc's stars4, and certainly all of the young massive stars. Like the

thin disc stars, most of the Galaxy's gas and dust are con�ned to a very thin layer of about

100 pc from the midplane at the Solar radius; this value increases with Galactocentric radius

(Dickey and Lockman 1990).

From the point of view of chemical evolution theory5, high-resolution spectroscopic surveys

of Solar neighbourhood stars often show two distinct populations in the [𝛼/Fe] vs. [Fe/H]

diagram6 that are correlated with the kinematical Thin and Thick Disc, respectively (�rst

discovered by Gratton et al. 1996, 2000 and Fuhrmann 1998, see right panel of �gure 1.6).

One possible explanation for the chemical part of this result is a double-peak in the Galactic

star-formation rate, corresponding to an early star formation burst forming the halo as well

as part of the bulge and disc, a subsequent quiet period as the initial gas is consumed, and a

second phase of star formation triggered by newly infalling gas which results in the formation

of the Thin Disc. This scenario is known as the two-infall model (Chiappini et al. 1997, cf.

�gure 1.7).

The origin of the Thick Disc - combining chemistry & dynamics

While pure chemical evolution models like the two-infall model may be too simplistic a descrip-

tion for the evolution of the MW disc(s), they still are useful in many situations, as they usually

require much less computing time than sophisticated N-body simulations and can describe av-

erage properties of galaxies quite successfully. But within the last �fteen years the discussion

about the origin of the Thick Disc has turned more and more into a chemo-dynamical one,

driven by the new cosmological paradigms of ΛCDM. To make things even more complicated,

from an observational view the question whether the separation between Thin and Thick Disc

is even real and signi�cant is still not answered in a satisfactory manner. Lately, even the

possibility of the thin-thick disc dichotomy being arti�cially introduced by common selection

biases has been raised (see the review by Rix and Bovy 2013 and references therein).

Possible thick disc formation scenarios include:

∙ dynamical heating of an already present thin disc through a minor merger (Quinn et al.

1993, Villalobos and Helmi 2008)

4A quantity that is not as easy to evaluate as it seems because the local stellar population is still growing
through discoveries of old nearby white and red dwarfs; see Bernkopf et al. (2001) and Fuhrmann et al.
(2012).

5see Matteucci 2012 for an introduction to this topic
6Here, and throughout this text, the abundance of a chemical element X heavier than helium is defined as
[X/H] = log10(𝑛X/𝑛H) − log10(𝑛X/𝑛H)⊙, where 𝑛X and 𝑛H are the numbers of nuclei of element X and
hydrogen per unit volume in the stellar photosphere, and the ⊙ subscript denotes the corresponding Solar
values. 𝛼 denotes the elements (or rather: isotopes) which can be »built« from 4

2He nuclei, e.g. 12C,
16O, 20Ne, 24Mg etc. Because the 𝛼-elements O and Mg are mostly produced by massive short-lived stars
exploding in type II supernovae (SNe), whereas type Ia SNe produce mostly Fe and only start to explode
after ∼ 1 Gyr, the features of the [𝛼/Fe] vs. [Fe/H] diagram serve as a kind of chemical clock which is often
used as a replacement for a real age measure.
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Figure 1.7: A schematic sketch of the two-infall model proposed by Chiappini et al. (1997);
see short explanation in the text. The different timescales of type Ia and type II SN, along
with a two-fold star formation history, can explain the 2 chemically distinct populations in
the [Mg/Fe] vs. [Fe/H] diagram (cf. figure 1.6). Figure from Chiappini (2004).

∙ accretion from disrupted satellites (Abadi et al. 2003)

∙ radial migration (Ro²kar et al. 2008, Schönrich and Binney 2009; but see Minchev et al.

2012 for a counter-argument)

∙ in-situ star formation triggered by a gas-rich merger (Brook et al. 2004, 2005)

and various combinations of these (e.g., Minchev et al. 2013). It has been shown that each

of these formation scenarios results in a di�erent kinematical parameter distribution for the

Disc stars (Sales et al. 2009). Especially interesting are the orbital eccentricity distribution

(Dierickx et al. 2010, Ruchti et al. 2011) as well as chemo-kinematical correlations such as

the velocity-metallicity relation (Gratton et al. 1996, Boeche et al. 2013a), the metallicity

distribution function for di�erent orbital families (Boeche et al. 2013a) etc.

Tracing dynamical substructures

Galactic discs are highly complex physical structures; and non-axisymmetric components,

such as spirals (cf. �gure 1.8) and central bars, play a major role in shaping them. As

demonstrated by the discovery of a number of tidal streams in velocity and chemical abundance

space (e.g., the Aquarius stream, Williams et al. 2011 and Wylie-de Boer et al. 2012), stellar

debris from recent minor accretion events can be traced in various ways. In principle, it

should also be possible to �nd and identify disrupted dwarf galaxies or debris from evaporated
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globular clusters which are now incorporated by the Galactic Disc via �chemical tagging�7, thus

reconstructing the hierarchical assembly history of the Milky Way. This is one of the main

science goals for current and future high-resolution spectroscopic surveys such as GALAH

(Zucker et al. 2012), Gaia-ESO (Gilmore et al. 2012), APOGEE (Allende Prieto et al. 2008),

and 4MOST (in high-resolution mode, de Jong 2011).

Figure 1.8: The MW’s spiral arm structure as traced by by OB star associations, along
with a four-arm spiral model in Galactocentric Cartesian coordinates. The Solar position is
indicated by the asterisk at (0, 8.5), the position of the Galactic Bar is given by the dash
dot dot line in the center, several minor features are also indicated. Figure from Russeil
(2003).

1.3 Milky Way simulations

With the coming-of-age of modern computing, numerical simulations of astrophysical problems

have served as a replacement for the tunable laboratory astronomers were lacking. Classical

astrophysical situations such as stellar atmospheres, stellar structure and evolution, gravita-

tional N-body problems or galaxy dynamics have become understandable only through detailed

computer calculations and simulations, as they cannot be tested in earthbound laboratories

due to the vastly di�erent energy and/or timescales.

The only way to understand the high-dimensional problem of the formation and evolution

7This term, coined by Bland-Hawthorn and Freeman (2004), alludes to the fact that stars born in the same
environment share the same initial abundances for most of the chemical elements. In extreme cases, one
peculiar supernova contributing to the chemical enrichment of a proto-cluster cloud may make its newly
forming stars distinguishable from all others (Freeman and Bland-Hawthorn 2002)
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of a late-type barred spiral galaxy like the MW in a cosmological context is through ever

more sophisticated simulations. Constraining these models has become a primary task of

astrophysics, and physics in general.

During the past 50 years, a variety of mathematical models for various physical aspects of

galaxies have been implemented. Among the earliest were purely kinematical models aiming

at constraining the matter distribution of the Galaxy and explaining the �at rotation curve

pro�les or the velocity distribution of stars in the Solar vicinity. Later on, also dynamical

N-body simulations became feasible.

Another important astrophysical problem of the last century was the explanation of the

stellar luminosity distribution function. It resulted in the computation of nowadays very

sophisticated star count and stellar population synthesis simulations which are able to simulate

accurate colour-magnitude diagrams for arbitrary sightlines and can also be used to design

photometric and spectroscopic surveys. In turn, these modern stellar population sythesis

models make use of results from chemical evolution codes and dynamical models in order to

produce realistic mock data. There is, however, one important caveat of this approach - it

is not self-consistent, in the sense that several parameters are tuned by hand which is not

necessarily a good description for the underlying physics.

1.3.1 Fully self-consistent Galaxy models

The trend in galactic modelling is therefore to implement self-gravitating N-body simulations

of galaxies in realistic ΛCDM dark-matter haloes, including stars, gas and dust, supernova

feedback etc., and to simulate the evolution of this object from very high redshift down to

redshift zero. Various attempts have been made to create a realistic galaxy resembling our own

with such a simulation, but only very recently, fully self-consistent simulations have reached

the point where they are competitive with the simpler star count models and observations

(e.g., Stinson et al. 2010, Guedes et al. 2011, Martig et al. 2012, cf. �gures 1.9 and 1.10).

However, this chapter is still far from being closed � a lot of known as well as hidden problems

have begun to be explored (see Scannapieco 2013 for a review).

Because of the need to cover huge dynamical ranges and timescales, some smaller-scale

processes such as clustered star formation and SN feedback have to be added as so-called

�subgrid physics�, meaning that the spatial resolution of the simulation is not su�cient to

describe, e.g., the collapse of a molecular cloud. For example, exploding SNe can blow gas

out of the galaxy's high-density regions which would otherwise accumulate and form a larger

central bulge, thus producing contradictory results to what is seen in our Galaxy.
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Figure 1.9: The N-body Milky Way simulation Eris (Guedes et al. 2011) in visible light
(left panel) and gas density (right). Figure from Oakes (2011). A short movie showing the
assembly of the simulated galaxy from the recombination era to the present day is available
at http://www.youtube.com/watch?v=VQBzdcFkB7w.

1.3.2 A new approach

Recently, Minchev et al. (2013) have presented a new �surrogate� chemodynamical model com-

bining a cosmological SPH8 simulation (Martig et al. 2012) which su�ers from some unphysical

sub-grid e�ects, but results in a MW-type galaxy with the right proportions (a sizeable bar,

a small bulge, MW disc morphology), with a chemical evolution model for the Galactic Thin

Disc (Chiappini 2009) which serves as an a-posteriori input for the star formation history of

the simulation. E�ectively, the dynamics remains self-consistent (cf. �gure 1.10), but the star

formation history is obtained by resampling the particles to match the one of the superim-

posed chemical evolution model. This way the authors can then quantify the e�ects of radial

migration, mergers and the Bar for the speci�c case of the Milky Way.

The main goal of the work started with this thesis is to provide new and tighter observational

constraints on chemodynamical models tailored to the Milky Way and test their predictions

with recent or upcoming observations from stellar surveys like RAVE (Steinmetz et al. 2006),

APOGEE, Gaia-ESO and in the future, 4MOST.

8Smoothed Particle Hydrodynamics

http://www.youtube.com/watch?v=VQBzdcFkB7w
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Figure 1.10: A MW simulation in the cosmological context. This tree-SPH N-body simu-
lation of a barred spiral galaxy by Martig et al. (2012) has an early merger event at ∼ 2 Gyr
and accretes some smaller satellites afterwards. Minchev et al. (2013) have used this sim-
ulation for their semi-cosmological chemodynamical model. In chapter 5, we will compare
some of the predictions from this model with the data from this work. Figure from Minchev
et al. (2013).

1.4 Current observational efforts

A detailed observational analysis of the Milky Way will help to answer questions of very

di�erent types, from stellar evolution physics to cosmology. From the Galactic Archaeology

viewpoint, one of the most important issues is the determination and relative quanti�cation

of processes shaping the galaxy disc structure. Apart from the theoretical questions related to

the origin of the Thick Disc discussed above, this translates into the following observational

problems:

∙ Can large unbiased spectroscopic stellar samples shed light on disc formation, and espe-

cially on the Thin-Thick Disc dichotomy?

∙ Can we determine unbiased orbital eccentricity distributions for a wider range of Galac-

tocentric radii?

∙ Can we determine stellar ages to a su�cient degree of precision to use stellar atmospheres

as time-capsules?

∙ How much stellar debris did minor mergers deposit in the Milky Way? Is it discernible

in the present-day stellar Disc?

∙ Are there discernible chemodynamical signatures of the stellar energy feedback to the

interstellar medium?

A suite of vast stellar astrometric, photometric and spectroscopic surveys has been designed

to map the Milky Way and answer these and other questions in the near future (cf. table 1.1).

Most importantly, the Gaia satellite (Perryman et al. 2001, http://www.rssd.esa.int/Gaia)

and its spectroscopic follow-up missions will revolutionize not only our understanding of the

http://www.rssd.esa.int/Gaia


13

Milky Way (see �gure 1.11), but the whole �eld of Near-�eld cosmology9. However, it will

be crucial to combine this dataset with spectroscopic follow-up missions and complementary

radio and sub-mm observations as well as asteroseismology data.

Survey Period Sky Area # of Spectra app. mags 𝜎(𝑣los) 𝜎([Fe/H]) char. dist.

GCS 1981-2000 South 16,000 𝑉 ∼ 10 0.5 km/s indiv. 0.003 kpc
RAVE 2003-2013 South 570,000 𝐼 = 9− 12 3 km/s 0.2 dex 0.5 kpc
SEGUE 2004-2009 North 360,000 𝑔 = 15− 20 8 km/s 0.2 dex 2 kpc
APOGEE 2011-2014 North 100,000 𝐻 < 13.8 0.5 km/s indiv. 10 kpc
Gaia-ESO 2012-2015 South 150,000 𝑉 < 18 0.5 km/s indiv. 4 kpc
LAMOST 2012-2018 North 3,000,000 𝑉 < 18 10 km/s 0.2 dex 4 kpc
Gaia 2013-2018 all sky 50,000,000 𝑉 < 17 10 km/s 0.25 dex 4 kpc

Table 1.1: Summary table of current large-scale spectroscopic surveys. After Rix and Bovy
(2013).

This work is mainly focussing on science using data from the SDSS-III/APOGEE survey

(described in chapter 2) which was particularly designed to scan the dust-embedded regions

of the Thin Disc. We also make use of other experiments for comparison, calibration and

complementation purposes � this is described in chapter 3, along with a selection of various

APOGEE subsamples used for di�erent chemical or chemodynamical analyses. In chapter

4, we explain how this dataset was complemented with information on stellar distances and

proper motions, and how orbital parameters were calculated. Some chemodynamical results

from our ongoing work, obtained using the combined datasets, are presented and discussed in

chapter 5. Chapter 6 summarizes our work and puts it in a general context, concluding with

a tentative outlook on future work and projects.

9Primary task of ESA’s astrometric mission Gaia is to measure the parallaxes and proper motions of up to
one billion mostly disc stars with unprecedented accuracy (𝜎(𝜋) ∼ 20𝜇as and 𝜎(𝜇) ∼ 20𝜇as at magnitude
𝐺 ∼ 15 – providing a distance accuracy of 1–2% at 1 kpc; see Turon et al. 2005), but it also provides
medium-resolution spectra in the CaII triplet region (the 848 . . . 874 nm wavelength range) for stars brighter
than 17th magnitude, obtaining high precision radial velocities (𝜎(𝑣los) ∼ 10 km/s; (Katz et al. 2004)), in
addition to low-resolution optical spectra providing well-determined stellar parameters. Thus, Gaia will be
able to probe the kinematics of the disk out to several kpc in all directions (Bailer-Jones 2009).
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Figure 1.11: The Galactic volume that will be probed by the Gaia astrometric mission
(launch scheduled for late 2013) in conjunction with ground-based spectroscopic follow-up
will extend to Disc regions of all Galactocentric radii, lifting Galactic stellar population
science to a new level of precision. Figure courtesy of A. Robin & X. Luri, based on
simulations published in Robin et al. (2012).



2 The SDSS-III/APOGEE survey

2.1 Project overview

The Apache Point Observatory Galactic Evolution Experiment (APOGEE, Allende Prieto

et al. 2008) is a three-year spectroscopic survey and part of the third phase of the Sloan

Digital Sky Survey (SDSS-III, Eisenstein et al. 2011), sharing the wide-�eld 2.5m telescope

at Apache Point Observatory in Sunspot, New Mexico (Gunn et al. 2006), with three other

experiments: the exoplanet survey MARVELS (Ge et al. 2008), the Galactic structure experi-

ment SEGUE (Yanny et al. 2009, Rockosi et al. 2009), and the cosmic structure survey BOSS

(Schlegel et al. 2007, Dawson et al. 2013). It features the �rst multi-object �ber spectrograph

in the Near-infrared (NIR) region of the electromagnetic spectrum ever built, thus making the

survey unique in its capabilities: APOGEE is able to see a long way through the dust that

obscures stars in the Galactic disc and bulge in the optical wavelength range. Observations

are taken during bright time from mid 2011 to mid 2014 (during the �rst months partly in

co-observing mode with the MARVELS survey).

APOGEE delivers high-resolution (𝑅 ∼ 22.500) high signal-to-noise (𝑆/𝑁 ∼ 100 pixel−1)

spectra of (primarily) red giant stars in the H band (𝜆 = 1.5...1.7𝜇m), making it possible

to determine precise (∼ 100 m/s) radial velocities as well as stellar parameters and chemical

abundances of up to 15 elements (0.1 dex precision planned for Fe, C, N, O, Ca, Na, Al, Ti,

S, Mg, Si, V, Mn, Ni). By 2014, APOGEE and the Gaia-ESO survey (Gilmore et al. 2012)

will have increased the number of stars observed at high spectroscopic resolution and high

signal-to-noise ratio by more than a factor of 100 (Eisenstein et al. 2011). Together with low-

and medium-resolution surveys such as RAVE (Steinmetz 2003, Steinmetz et al. 2006), LAM-

OST/LEGUE (Zhao et al. 2006, Newberg et al. 2012), and SEGUE-2 (Yanny et al. 2009),

APOGEE will draw a new detailed picture of our Galaxy, providing tests for galaxy forma-

tion physics and stellar evolution theory as well as the small scale distribution of dark matter1.

Among the primary science goals are the following:

∙ constraining chemical and chemodynamical models of the Milky Way by obtaining a

statistically signi�cant stellar sample, allowing for disentangling stellar populations at

1by probing the dynamics of star cluster and the Sgr dSph galaxy, determining their radial mass profiles
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all Galactocentric radii

∙ discrimination of kinematical substructures in the Inner Galaxy, the Bulge, the Bar etc.

& characterisation of their chemistry

∙ combination of high-resolution spectroscopy with asteroseismology data, possibly allow-

ing for accurate stellar age determinations

∙ observing metal-poor stars with su�cient precision to be able to infer properties of the

�rst Galactic stars and their stellar evolution

∙ identi�cation of interesting objects or groups of objects for systematic follow-up obser-

vations

Apart from these, APOGEE has already proven to be of use in various other �elds as well, such

as (sub-)stellar companions (Nidever et al., in prep.), spectral variability (Chojnowski et al.

2013, in prep.), dark matter distribution in the Sgr dSph galaxy (Majewski et al., 2013, subm.

to ApJL), characterisation of di�use interstellar absorption bands (Zasowski et al. 2013, in

prep.) or star clusters (Frinchaboy et al. 2013, Covey et al. 2013, in prep.).

In the following, the survey and its data acquisition will be described in more detail based

on the relevant technical publications as well as online documentation (see, e.g., https:

//sdss3.org/dr10/irspec/), the SDSS-III internal wiki pages (https://trac.sdss3.org/

wiki/APOGEE), mailing lists (https://trac.sdss3.org/tracmailman) and private communi-

cations. Understanding APOGEE was an integral part of the present work; the rapid devel-

opment of the experiment, especially its stellar parameter and abundance estimation tools,

went parallel to this thesis. This fact, in conjunction with the very recent submission of the

SDSS-III Data Release 10 (DR10) paper (Ahn et al. 2013), may excuse some overlap in con-

tent with the latter work.2 In one respect (parameter calibration and sample selection), this

work di�ers slightly from the current recommendations by the APOGEE core team (as given

in Mészáros et al. 2013, in press). We therefore dedicate chapter 3 to a detailed discussion

of our selected APOGEE sample (which was, due to the active development of the reduction

�pipelines�3, also subject to various changes with time).

2.2 Instrument

The APOGEE spectrograph is a �ber-fed, high-resolution, NIR multi-object spectrograph

which can in some respects be seen as an evolutionary extension of successful optical pre-

2DR10 is the first SDSS data release containing APOGEE data.
3An astronomical data reduction pipeline is a set of complex algorithms combining various stages of process-
ing to »reduce« raw data to subsequent data products, such as calibrated 1D spectra, calibrated images,
photometric source catalogues etc.

https://sdss3.org/dr10/irspec/
https://sdss3.org/dr10/irspec/
https://trac.sdss3.org/wiki/APOGEE
https://trac.sdss3.org/wiki/APOGEE
https://trac.sdss3.org/tracmailman
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decessors such as Hectochelle (Szentgyorgyi et al. 2011), the Michigan/MIKE Fiber System

(Walker et al. 2007) or VLT/FLAMES (Pasquini et al. 2002). It employs new technologies in-

cluding precision multi-�ber connectors enabling rapid �ber connections of 300 40m long �bers

simultaneously, mosaic volume phase holographic gratings (Arns et al. 2010) and a very large

(∼ 400 mm diameter lenses) refractive camera including mono-crystalline silicon elements.

The CCD is composed of three HgCdTe Hawaii 2RG infrared detectors (Rieke 2007), covering

the spectral range from 1.51 to 1.69𝜇m with 18𝜇m pixels.

The APOGEE spectrograph is a cryogenically-cooled instrument housed in a separate build-

ing adjacent to the 2.5-m Sloan Telescope.The 300 2 arcsec �bers enter the instrument through

hermetic feed-throughs at the cryostat wall and terminate at a curved pseudo-longslit. Mul-

tiple pre-plugged cartridges, each containing pre-drilled and plugged plates corresponding to

di�erent �elds on the sky (usually a circular 7 deg2 �eld of view), can be observed and ex-

changed throughout the night because the gang-connector can easily be unplugged from one

cartridge and plugged into the next. The total H-band photon throughput of the instrument

is about 15% (including atmospheric absorption).

Detailed information on the APOGEE spectrograph system is available in Wilson et al.

(2010) and Wilson et al. (2012).

2.3 Target selection & survey strategy

The APOGEE survey was designed to for the �rst time take thousands of spectra of stars

hidden behind the dust disc of the Galaxy, including the parts of the Bulge and Inner disc

which can be observed from New Mexico in winter. The target and �eld selection therefore

primarily focusses on ensuring a systematic scan of all Galactic populations and environments,

with a particular focus on low Galactic latitude regions. A map of the main survey �eld plan

is depicted in �gure 2.1, a summary table is given in table 2.1.

APOGEE's main observational task is to measure high quality radial velocities, stellar pa-

rameters and chemical abundances for ∼ 100.000 red giant stars. These have the advantage

of being very luminous and at the same time representative of underlying stellar populations

with little age and metallicity biases, thus making them a primary target to scan larger-scale

Galactic structures. The target selection process is a central part of the survey, because it has

to be assured that the sample is minimally biased and homogeneous in order to draw robust

conclusions about the underlying stellar populations. In this section, the target selection pro-

cedures are only brie�y sketched; for details, the reader is referred to the monolithic work of

Zasowski et al. (2013).
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Figure 2.1: The footprint of the APOGEE survey in Galactic coordinates as of data release
10. The background image represents the 2MASS sky. Figure from Ahn et al. (in prep.).

The targets for the APOGEE survey are selected from the 2MASS Point Source Catalogue

Type De�nition Approx. Target Fraction

Disc 24∘ ≤ 𝑙 ≤ 240∘, |𝑏| ≤ 16∘ 50%
Bulge 357∘ ≤ 𝑙 ≤ 22∘, |𝑏| ≤ 8∘ 10%
Halo |𝑏| > 16∘ 25%
Special Placed on calibration/ancillary sources 15%

Table 2.1: 3-year APOGEE field plan summary

(Cutri et al. 2003) applying certain quality criteria, reddening corrections, colour and magni-

tude cuts and a sampling algorithm that ensures a random selection. Mid-IR data from the

Spitzer-IRAC GLIMPSE (Benjamin et al. 2005) and WISE (Wright et al. 2010) surveys are

used to estimate interstellar reddening via the Rayleigh-Jeans Colour Excess method (Majew-

ski et al. 2011). Speci�cally, the extinction in the 𝐾𝑠 band is calculated with the formula:

𝐴(𝐾𝑠) = 0.918 · (𝐻 − [4.5𝜇m] − 0.08

0.05
)

{︃
[4.5𝜇m] mag from IRAC

[4.5𝜇m] mag from WISE
(2.1)

which is then used to calculate the reddening 𝐸(𝐽−𝐾𝑠) and the dereddened colour (𝐽−𝐾𝑠)0.

For the survey targeting, a dereddened colour criterion of (𝐽 −𝐾𝑠)0 ≥ 0.5 is applied in order

to minimize the contamination of the sample by �eld dwarf stars. A bright magnitude limit

of 𝐻 ≥ 7.0 is enforced due to saturation of the detectors and superpersistence issues in two of

the detector chips.

At the faint end, the situation is a bit more complex: As the determination of chemical
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abundances requires a 𝑆/𝑁 & 100/pixel and fainter targets need more observing time to

achieve this limit, APOGEE targets are assigned a magnitude range called �cohort�, and

then observed accordingly based on the �ber assignment scheme explained in �gure 2.2. The

𝑆/𝑁 limit for bright targets (𝐻 ≤ 11.0, �short cohort�) is achieved within 1 hour, for the

�intermediate cohort� (11.0 < 𝐻 ≤ 12.2) within 3h, and for the �long cohort� (12.2 <

𝐻 ≤ 13.8) up to 24h are reserved in some �elds. The total observing time of an APOGEE

�eld is split into several 1h �visits� (the number depends on the �eld), which along with the

exchange of �ber assignments and longer observations of faint targets allows the identi�cation

of a signi�cant fraction of spectroscopic binaries by radial velocity measurements at multiple

epochs (see section 3.4.3 for a discussion). In practice, this targeting scheme results in a bias

of the sample towards brighter targets (cf. �gure 2.3) that has to be accounted for when

comparing the data to star count Milky Way models such as TRILEGAL (Girardi et al. 2005,

2012), Besançon (Robin et al. 2003) or Galaxia (Sharma et al. 2011).

Figure 2.2: The principles of APOGEE’s target selection mechanism using the example
of a 12h Outer disc field. From the dereddened 2MASS colour-magnitude diagram, stars
are randomly selected from the 3 magnitude cohorts. In this field, bright targets (»short
cohort«) are observed 3 hours, »intermediate« targets are observed 6h, and »long« targets
12h. To make use of all the fibers at every visit, a field has various »designs«, meaning that
the short cohort fibers will be assigned to other stars in the next observations when the
required 𝑆/𝑁 has been reached. Figure from Zasowski et al. (2013)

APOGEE also observes various clusters for calibration as well as a number of �ancil-

lary� plates which are not part of the main survey and have been targeted in a di�erent

manner. To ensure that APOGEE maintains a homogeneous, reliable and easily reproduce-

able selection function4, two 32-bit integer �ags track the various factors considered by the

targeting scheme. For details, we again refer to Zasowski et al. (2013).

4see sections 3.6 and 4.1.2 for details
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Figure 2.3: The 𝐻 magnitude distribution of the whole APOGEE data release 10 (DR10)
sample (green histograms). Several features of the APOGEE target selection are visible: its
random character ensures that 𝑁 ∝ 𝐻2, at least for bright targets (𝐻 < 11). The sharp drop
of the target number at 𝐻 = 11 and also at 𝐻 = 12.2 is due to the adopted »cohort« scheme
ensuring that the desired 𝑆/𝑁 of 100 is reached (cf. figure 2.2). For comparison, we also
plot in red and blue the magnitude distributions of our 2 main subsamples (see chapter 3
for details), the High Quality Giant Sample for which very good atmospheric parameters
have been determined by ASPCAP, and our so-called »Gold Sample« which additionally
has well-determined kinematic parameters (as described in chapter 4).

2.4 Spectra reduction

2.4.1 Method & Data products

The spectra reduction of APOGEE data is realized by a complex software system that performs

several challenging tasks in a short amount of time, as described in Ahn et al. (2013) and

Nidever et al. (2013, in prep.). Its key features are the implementation of automated sky

subtraction and telluric correction over the 3∘ �eld of view and the combination of spectrally

dithered spectra.

The most signi�cant challenges which have to be resolved, if science is to be drawn from

NIR spectra, are:

∙ a wide range of the observed spectrum is a�ected by spatially and temporally variable

absorption of the Earth's atmosphere (telluric absorption),

∙ similarly, also the sky emission lines are temporally and spatially variable, and

∙ the detectors are usually very sensitive and not easy to calibrate.

To correct for the �rst two e�ects, 35 of the 300 APOGEE �bers are placed on hot and bright

telluric calibrator stars and on empty sky regions, respectively. The APOGEE instrument

has the additional design problem that the spectra are slightly undersampled5 towards short

5Technically, undersampling means that the sampling parameter 𝑟 = FWHM
𝑝 . 1.5, where FWHM is the
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wavelengths. This is resolved by taking so-called 'dithered' spectra, meaning (roughly) that

after half of the exposure time, the detectors are shifted by 0.5 pixel to avoid undersampled

spectra.

The APOGEE pipeline reduces the data in the following way:

1. Bundling and compression of the raw data

2. Reduction of the data cubes to 2D images and application of �rst corrections (reference

pixel correction, bad pixel masking, dark current correction, cosmic ray and saturation

rejection, �at �elding etc.)

3. Extraction of the 300 1D spectra from the 2D image, applying throughput corrections,

�ux and wavelength calibration (using a ThArNe and a UrNe lamp)

4. Sky and telluric corrections, dither combination and absolute �ux calibration

5. Radial velocity (RV) determination by measuring the Doppler shift with respect to a

best-�t template spectrum

6. Combination of several �visit� spectra of the same target to an �object spectrum� in

order to maximize the total 𝑆/𝑁 : visit-combined spectra are RV-corrected and resampled

onto a common wavelength grid

The �nal data products are normalized object spectra, �ux-calibrated visit spectra together

with error arrays and pixel bitmasks, as well as summary tables containing radial velocity and

spectra quality information. For a detailed description, the reader is referred to the works of

Ahn et al. (2013) and Nidever et al. (2013, in prep.).

2.4.2 Data quality & caveats

At the general user level, information about the data quality of APOGEE spectra is encoded

in several di�erent pixel �bitmasks� that are included with the spectra. Useful �ags in the

higher-level abundance catalogue (see section 2.5) are also set accordingly.

As sketched above, there are a number of e�ects at the 1D spectrum level which can neg-

atively in�uence the determination of chemical abundances. However, these e�ects are well-

documented and taken into account by the APOGEE Stellar Parameters and Chemical Abun-

dances Pipeline (ASPCAP, cf. sect. 2.5). For instance, unreliable pixels in a �visit� spectrum

will be �agged as �bad� or �warning�, and this information is kept when multiple visits are

full-width half-maximum value of the source point spread function (PSF), and 𝑝 is the pixel size. This rule
of thumb is a straight consequence of the Nyquist-Shannon sampling theorem (Nyquist 1928, Shannon and
Weaver 1949). For an introduction too CCD astronomy, see Howell (2006).
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combined to an �object� spectrum. If a bad pixel is expected to have a signi�cant contribu-

tion to any pixel in the �nal spectrum, then that �nal pixel will be �agged and not be used in

further analyses.

In the following, a few of the known problems and their in�uence on stellar parameter and

chemical abundance analysis are discussed. For more details, we refer to the DR10 documen-

tation paper (Ahn et al. 2013)6.

Imperfect sky subtraction

𝐻-band night sky emission lines are mostly produced by OH, H2O and CH4 molecules in the

earth's atmosphere can be very bright (especially at high airmasses). In the current version

of the APOGEE pipeline, the emission from nearby sky �bers is subtracted from the targets'

spectra. But because the lines are so bright, the sky subtraction is very likely to be imperfect:

indeed, most sky lines are either under- or oversubtracted. Additional work on this issue is

scheduled for future data releases.

APOGEE data products have a record of the sky spectrum that was subtracted, and it is

possible to use this as a guide to recognizing pixels that are likely to be a�ected by imperfect

sky subtraction. For subsequent analyses, the a�ected regions of the spectrum are usually

masked out.

Error arrays, bad pixels, missing regions and »ghosts«

Raw pixel uncertainties are calculated based on the gain and readout noise7 properties of the

detectors and are propagated into subsequent data products. In subsequent spectral products,

uncertainties in a given pixel are derived from a combination of raw data pixels.

As the observation-to-observation scatter is comparable to the estimated uncertainty in one

observation, it is likely that the calculated uncertainties are reasonable. However, it seems that

there is a minimum pixel �ux uncertainty of about 0.5%, i.e. a maximum 𝑆/𝑁 of ∼200/pixel.
Because the IR detectors are not cosmetically perfect, a considerable number of bad pixels

is �agged during the data processing, and can lead to missing regions in a visit spectrum. Also

the combined spectra may have missing regions or regions with an elevated noise level due to

propagated bad chip regions from some of the visits.

Due to the use of the VPH grating, there are some so-called �ghosts� (re�ected light from

the detector surface which is re-re�ected by the grating and reimaged onto the detector) on the

images. In the APOGEE spectra, the most prominent of these is the �Littrow ghost� (Burgh

et al. 2007) located in the wavelength region of ∼ 1.625 𝜇m. A�ected pixels are masked out.

6Online documentation is available at https://sdss3.org/dr10/irspec/spectra.php
7The output voltage of an imaging sensor (IR array or CCD) pixel is converted into a digital integer (an
analog-to digital unit, ADU). The gain is the voltage needed to produce 1 ADU. Thus, discrimination
between different digital pixel values are limited by the gain. Readout noise is another additive uncertainty
in the final pixel value introduced by the output electronics (see, e.g., Howell 2006).

https://sdss3.org/dr10/irspec/spectra.php
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Fiber cross talk

If in the 2D spectrum a faint (or sky) object is located next to a much brighter object, there is

the possibility of overlapping spectra. This issue is taken care of by placing the targets on the

�bers according to their �magnitude cohort� (bright, medium or faint) along the pseudo-slit

in such a way that a bright object never lies adjacent to a faint one. Still, these magnitude

ranges are usually broad, so it is sometimes unavoidable that objects of signi�cantly di�erent

brightness lie next to each other, thus enhancing the probability that inaccuracies in the point

spread function (PSF) model lead to errors in the extracted spectra.

This e�ect is documented in the APOGEE_STARFLAG bitmask: visit spectra are not to

be used in the rare case that an adjacent object is more than 100 times brighter than the star.

If a neighbouring star is more than 10 times brighter, a warning bit is set.

Figure 2.4: A reduced, flux-calibrated typical high-𝑆/𝑁 APOGEE spectrum of the short
cohort (𝐻 = 11.23) star 2M01562053+490347 (black solid line, wavelengths in 𝜇𝑚). The
subtracted sky lines are shown as the light green spikes in the lower part of the plot, corrected
telluric absorption features are also shown (shifted above the continuum, in light green). The
coloured regions at 𝑦 = 0 mark parts of the spectrum that are affected by certain physical
effects discussed in this section (e.g., superpersistence in the »red« chip, position of the
Littrow ghost, etc.).

Superpersistence

It is known that IR detectors may su�er from so-called superpersistence: the fact that previous

light exposures cause a longer-lasting glow of signi�cant brightness in subsequent images. In

the APOGEE detectors, the problem is most severe for about 1/3 of the �bers that land

on the �blue� chip, but also regions in the �green� chip are a�ected by a lower level of

superpersistence.

The e�ect of superpersistence depends on the detector's exposure history, and is of course

more prominent when faint targets follow bright ones. This e�ect is partly mitigated by sorting

the �bers according to the above mentioned �magnitude cohorts� as well as calibration �at

�eld exposures taken between every plate observation to map the distribution of light between

�bers and to measure the �ber-to-�ber throughput variations. However, up to now no e�ort

has been made to actively correct for superpersistence.
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The e�ect's magnitude can easily be quanti�ed by the continuum �ux levels of the a�ected

spectral region, as these can be enhanced by tens of percent with respect to the una�ected

regions. But perhaps the most problematic aspect of superpersistence is that any wavelength

dependence of the e�ect will result in a distortion of spectral features. A�ected wavelength

regions should thus be treated with caution.

A warning bit in the �APOGEE_STARFLAG� of an APOGEE visit spectrum is set when

more than 20% of the spectrum is a�ected, split into categories of low, medium and high

superpersistence. Also, �ux level discontinuities between the �green� and the �blue� chips

are recognized by the pipeline and a corresponding �ag is set accordingly. However, at this

stage of the experiment, no solid tests of the in�uence of superpersistence on the work of the

subsequent pipelines have been carried out.

2.5 The APOGEE Stellar Parameters and Chemical

Abundances Pipeline (ASPCAP)

As APOGEE's main objective is to obtain precise and accurate elemental abundances for

thousands of stars spanning a wide stellar parameter range using the same method, the de-

veloped APOGEE abundance pipeline (ASPCAP) works in two steps: First, the main stellar

parameters are estimated from a model �t to the entire APOGEE spectrum provided by the

APOGEE reduction pipeline (cf. section 2.4), and in the second step these are used to �t

various small spectral windows containing line features from individual elements to derive

abundances of each element.

Up to now, pipeline development has been focussed on the �rst part, and in DR10, only the

overall stellar parameters derived in this �rst step are reported. But because molecular features

(CN, CO, and OH) can be very prominent in cool stellar atmospheres, a global �t needs to allow

for variations in at least seven parameters: e�ective temperature 𝑇eff , surface gravity log 𝑔,

microturbulence 𝜉𝑡, overall metal abundance [M/H], and relative 𝛼-element (including Oxygen)

[𝛼/M], carbon [C/M], and nitrogen [N/M] abundances8. As the microturbulence is currently

approximated as a �xed function of log 𝑔 to save computing time, six independent parameters

are released from the DR10 ASPCAP run. A representative example of an ASPCAP spectral

�t is depicted in �gure 2.5.

8The solar abundance values are adopted from Asplund et al. (2005). [M/H] is defined as an overall scaling
of metal abundances with a solar abundance ratio pattern, and [X/M] as the deviation of the element X
from the solar abundance pattern: [X/M] = [X/H]− [M/H]. The considered 𝛼 elements are O, Ne, Mg, Si,
S, Ca, and Ti.
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2.5.1 How it works

In this section, the basic operational framework of ASPCAP is brie�y described. A detailed

description of the code is given in García Pérez et al. (2013), a short discussion of the accuracy

and precision of its results will be provided in the next section. For a dedicated discussion, the

reader is referred to the works of Mészáros et al. (2013), García Pérez et al. (2013, in prep.),

or the DR10 paper of Ahn et al. (2013)9.

In principle, ASPCAP is based on 3 main working components: a large grid of synthetic

stellar spectra, the FORTRAN code FERRE which �nds the best �t of the observed spectrum

to a model spectrum from that grid, and a pre- and post-processing routine which prepares

the reduced spectra for use with FERRE and customizes the output. We will describe these

components shortly here.

Stellar spectral libraries

An extensive grid of synthetic spectra covering the full expected range of the ASPCAP �t

parameters was precomputed for the APOGEE wavelength region (Mészáros et al. 2012),

using a new 𝐻-band linelist tuned to match the spectra of the Sun and Arcturus (Shetrone

et al. 2013) and the spectral synthesis code ASSET (Koesterke 2009) together with ATLAS9

model atmospheres (Mészáros et al. 2012). The model atmospheres are calculated with scaled-

solar abundances from Asplund et al. (2005), thus making the synthetic spectra not fully

self-consistent, as they are calculated allowing for variations in [𝛼/M], [C/M], and [N/M].

The spectra are then smoothed to APOGEE's nominal spectral resolution of 𝑅 = 22.500,

sampled on a logarithmic wavelength scale matching the sampling of the visit-combined APOGEE

spectra, and pseudo-continuum normalized.10

As the libraries are considerably large, the full parameter space is split into several di�erent

grids that cover di�erent temperature regimes or, equivalently, (approximate) spectral classes:

A, F, G, and K.

As mentioned above, seven parameters were originally considered to describe the spectra:

e�ective temperature, surface gravity, microturbulence, metal abundance (all elements heavier

than He), and (relative) 𝛼 element, carbon and nitrogen abundances. It has been found that

�xing the microturbulence to 𝜉𝑡 = 0.672 · log 𝑔 has a negligible e�ect on the other derived

parameters, and signi�cantly reduces FERRE's computing time. For hotter stars, the grids

9For online documentation, see also https://sdss3.org/dr10/irspec/aspcap.php; the ASPCAP man-
ual can be found at https://trac.sdss3.org/raw-attachment/wiki/APOGEE/ASPCAP/Documentation/

apscap_manual.pdf
10Since there are many spectral features in the NIR, it is likely that especially for high-metallicity stars, the
highest flux points still do not represent the true continuum – which is why APOGEE calls its continuum
normalization process »pseudo«. This means in particular that simple equivalent width methods cannot be
used to determine chemical abundances. An identical normalization is applied for observed and synthetic
spectra.

https://sdss3.org/dr10/irspec/aspcap.php
https://trac.sdss3.org/raw-attachment/wiki/APOGEE/ASPCAP/Documentation/apscap_manual.pdf
https://trac.sdss3.org/raw-attachment/wiki/APOGEE/ASPCAP/Documentation/apscap_manual.pdf
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are reduced by 3 more dimensions, only covering ranges in 𝑇eff , log 𝑔 and [M/H], because there

are far fewer spectral lines to be �t.

The following table summarizes the synthetic grids:

Library Dimensions 𝑇eff [K] log 𝑔 [Fe/H] [C/Fe] [N/Fe] [𝛼/Fe]

K 6 3500...5000 0...5 -2.5...0.5 -1...1 -1...1 -1...1

G 6 4750...6000 0...5 -2.5...0.5 -1...1 -1...1 -1...1

F 3 6000...10000 2...5 -2.5...0.5

A 3 8000...15000 3...5 -2.0...0.0

Pre-processing

The comparison of the observations with the library requires the pre-processing of the combined

APOGEE spectra which is carried out by a code written in IDL11 and consists of masking

out bad pixels and pseudo-continuum normalization of the spectra (for each detector chip

individually, to avoid errors in relative �uxing).

Determination of stellar parameters

Stellar parameters and the relative abundances of C, N and 𝛼-elements are determined by

ASPCAP's core routine, the FORTRAN (f90) code FERRE (Allende Prieto et al. 2006)12,

which compares the observations with the grid of pre-computed synthetic spectra by using

a 𝜒2 criterion as a merit function, and searches for the best matching synthetic spectrum

employing a Nelder-Mead algorithm. 12 searches starting from di�erent grid points are carried

out, and the interpolation within the grid of synthetic spectra is accomplished by Bezier cubic

interpolation. For each of the libraries, the code returns the best matching spectrum, the

parameters associated with that spectrum (stellar parameters and [C/M], [N/M] and [𝛼/M]

abundance ratios), the covariance matrix of these parameters, and the 𝜒2 value for the best-

matching spectrum.

Post-processing

From the 4 di�erent synthetic grids, the IDL post-processing script chooses the result that

produces the lowest 𝜒2. These results (pseudo-continuum, normalized observed spectra, �ux

errors, best �t parameters, covariance matrix, 𝜒2 values) along with other relevant information

(e.g. photometry, reddening, radial velocities etc.) are then stored in binary FITS13 �les con-

taining three separate tables: the �rst contains the information about the star and the derived

stellar parameters, the second contains the observed and best-matching synthetic spectra (cf.

11http://www.exelisvis.com/ProductsServices/IDL.aspx
12The code, along with other APOGEE software, will be available for download at https://sdss3.org/dr10/
software/products.php

13Flexible Image Transport System (Hanisch et al. 2001)

https://sdss3.org/dr10/software/products.php
https://sdss3.org/dr10/software/products.php
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�gure 2.5), and the third contains library and wavelength information.

In the �nal step, calibration relations and quality �ags are added to the derived parameters.

Calibrations for the raw FERRE results were derived from an analysis of APOGEE spectra

from stars in stellar clusters spanning a wide range of stellar parameters with literature data

(Mészáros et al. 2013), resulting in (generally small) systematic corrections of FERRE's derived

parameters. These systematic deviations may have various reasons: inaccaccuracies in the

atomic and molecular line data, inconsistencies/inadequacies of the stellar models and stellar

sythesis code, etc.

As the calibrations applied in this work di�er slightly from the ones advertised in Mészáros

et al. (2013), the calibration relations applied for our sample along with error estimates for

spectroscopic parameters are described separately in section 3.2.3.

Figure 2.5: ASPCAP fit of the combined-visit spectrum of a typical red giant star
(2M01562053+490347, cf. figure 2.4). The three panels correspond to the »red«,
»green« and »blue« chip, from top to bottom. The observed pseudo-continuum nor-
malized spectrum is shown in black, the best-fit ASPCAP spectrum in red. Rel-
ative residuals are indicated in green. The determined best-fit stellar parameters
{𝑇eff , log 𝑔, [M/H], [C/M], [N/M], [𝛼/M]} are shown in the lower panel. An enlarged version
can be found in appendix A.

2.5.2 ASPCAP data in DR10

The SDSS DR10 contains ASPCAP results for more than 57.000 stars observed by APOGEE

before July 2012, making APOGEE the largest catalogue of high-resolution IR spectra ever

obtained. However, this sample must be cleaned from spurious and unphysical results that are

caused by various reasons corresponding to di�erent stages in the data reduction processs.

The great success of the Sloan surveys is partly based on the care that is put into data

handling and documentation. In DR10, APOGEE provides the user with several raw data

products as well as higher-level parameters, calibrations and quality �ags. However, as the

APOGEE pipelines changed several times during the last months, the data were checked
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separately and in some cases, additional and/or independent quality criteria were established.

The sample selection is described in detail in chapter 3.

2.5.3 Caveats and drawbacks

At this point, the reader should be reminded that already the implemented �rst step of the

ASPCAP pipeline, the automated determination of stellar parameters for more than 50.000

stars from IR spectra, is an unprecedented and challenging task, and necessarily one that

cannot be fully accomplished within 5 years. There are a number of uncertainties and potential

issues in the current stellar parameters, as documented in the DR10 paper and on the SDSS-III

webpages (https://sdss3.org/dr10/irspec/parameters.php)

It is likely that ASPCAP currently produces useful results for 𝑇eff , log g, and [M/H] for

giant stars. Moreover, [𝛼/M] seems to be reliable for 𝑇eff & 4200 K. The results for carbon and

nitrogen are considerably less reliable and subject to unidenti�ed systematic uncertainties, and,

because their abundance strongly a�ects the spectra of cool stars, also all other parameters

for 𝑇 . 4200 K should be treated with caution. At higher temperatures (𝑇eff & 5500 K) and

gravities (log 𝑔 > 3.8), parameters are well enough determined to identify these as warm stars

and dwarfs, but not to be used for scienti�c purposes.

A detailed discussion of ASPCAP's data quality and the calibrations used in this work is

presented in chapter 3.

2.6 Data handling

SDSS-III maintains a common infrastructure for all projects and participating institutions

consisting of several data servers, wiki and documentation pages, mailing lists, weekly tele-

phone conferences etc. The most important storage facilities are the science archive server

(SAS) which stores binary images and/or raw data, the APOGEE local reduction server at

the University of Virginia and the catalogue archive server (CAS) which handles catalogue

queries. An overview of the SDSS data structure for DR10 is given at www.sdss3.org/dr10.

As APOGEE data have not been public until July 2013, mostly data from the internal

APOGEE servers which have been made available to the collaboration by the APOGEE team

were used for this work. In particular, the ASPCAP reduction versions v301 and v302 pro-

vided by Jon Holtzman (NMSU) are used in the �nal analysis.

This work is part of the SDSS-III project 263 (�Chemodynamical constraints at low Galactic

latitude�).

https://sdss3.org/dr10/irspec/parameters.php
www.sdss3.org/dr10
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As explained in chapter 1.4, the idea of the current and near-term spectroscopic surveys is

to provide samples which are able to scan a larger volume of the Milky Way than just the

immediate Solar Neighbourhood. Existing high-resolution studies are either very local (usually

selected from the Hipparcos catalogue and extending out to ∼ 100 pc from the Sun; Fuhrmann

1998, 2011, Nordström et al. 2004) or con�ned to a small region on the sky (�pencil beam�,

e.g. Kordopatis et al. 2011b). Larger areas are covered by the low-resolution surveys SEGUE

(1 & 2) and the medium-resolution survey RAVE, with typical distances of < 3 kpc from us,

and avoiding low Galactic latitudes. APOGEE and the Gaia-ESO surey (GES) are the �rst

multi-object high-resolution surveys to cover a signi�cant fraction of the sky. It is therefore

timely to select samples from their �rst data to be used for scienti�c analyses.

In particular, we aim to de�ne at least three high-quality (sub)samples with di�erent char-

acteristics:

∙ a good solar vicinity sample at low Galactic latitudes (|𝑏| . 20∘) with as much chemical

and kinematical information as possible � not as local as existing high-resolution samples

in the literature, but extending to 1�2 kpc in distance. We will later de�ne an APOGEE

�Gold Sample� which meets these criteria.

∙ we also aim to for the �rst time de�ne a high-quality chemical sample extending well

beyond the solar circle, covering at least 4 to 6 kpcs from us. This is very important for

constraining chemodynamical models outside the solar region, something urgently needed

in the �eld and so far only done with SEGUE & RAVE � low- and medium resolution

samples heavily biased to high |𝑏|. We will use a chemical high-quality (�HQ�) sample

to study inner and outer parts of the disc.

∙ a sample with well-determined carbon, nitrogen and oxygen abundances would also be

desirable, as these elements are important tracers of chemical (and stellar) evolution,

and are very di�cult to measure in the optical wavelength bands. However, at this

stage (DR10) the ASPCAP data quality for these parameters is not su�cient to permit

a thorough study using C and N (see chapter 6).

In this chapter, we present the �nal stellar samples and their set of spectroscopic and photo-

metric parameters used for our analysis. Apart from APOGEE data, asteroseismic data from
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the CoRoT and Kepler space missions, IR photometry from the IRAC, WISE and 2MASS sur-

veys, as well as medium-resolution spectroscopy from the RAVE survey will play a key role in

calibration and quality assessment purposes, providing the reasons for our sample selection and

the parameter calibrations applied � which di�er in some details from the recommendations

given in Ahn et al. (2013) and (Mészáros et al. 2013).

3.1 Data assembly

As APOGEE's chemical abundance analysis was optimized for giant stars, the general idea

is to select these and ensure that only high quality data are being used. In section 3.2, we

describe this process in detail, as well as several subsamples of our parent dataset (from here

called �HQ sample�). For the analysis of APOGEE data during the course of the work, we

generally used the latest results from the APOGEE Stellar Parameter and Chemical Abun-

dance Pipeline (ASPCAP, cf. section 2.5), as distributed by Jon Holtzman (NMSU) and the

ASPCAP team, in total about 5 or 6 di�erent parameter sets. For the work presented in this

thesis, ASPCAP data published in SDSS DR10 (originating from the ASPCAP runs v301 and

v302) are being used. In particular, we use the spectroscopic radial velocities as determined

by version 3 of the APOGEE reduction pipeline (cf. section 2.4), in conjunction with stellar

parameters determined by ASPCAP. Kepler and CoRoT data served for calibration of the

surface gravity parameter. Interstellar extinction is determined, as described in section 2.3, by

combining mid-IR IRAC or WISE photometry with 2MASS NIR data. 2MASS is also impor-

tant when calculating the selection function (see section 3.6). In the calibration of metallicity,

we follow the relation derived from a comparison with globular and open clusters presented in

(Mészáros et al. 2013). Figure 3.1 summarizes the �data �ow� of this work.

For a thorough chemo-dynamical analysis taking into account the orbital properties of stellar

motions in their host potential, it is necessary to complement these data with information on

distances, proper motions and hence, orbital parameters. As this is one of the major e�orts of

this work, we dedicate chapter 4 to a detailed description of how these kinematical data were

obtained. Most importantly, we use the kinematical data for a de�nition of a subsample of the

APOGEE HQ sample later called the �gold sample� (see section 3.5) for which high quality

kinematical parameters are available.
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Figure 3.1: Schematic chart describing the data flow of this work, from the APOGEE
targeting input catalogue to the HQ sample with additional kinematic information. Blue
boxes correspond to observational data of various sources, orange (red) colours correspond
to codes and data that have been assembled (exclusively) during the course of this work.

3.2 The APOGEE High-Quality Giant Sample

In this section, we carefully explain the selection criteria applied to the DR10 catalogue which

�nally lead to our �HQ Sample�. A detailed overview of the applied cuts is given in table 3.1.
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3.2.1 Photometry

2MASS: Although the APOGEE targeting strategy for the main survey was chosen to ensure

high quality data, consistency in the input catalogue and a straightforward selection function,

this is not always true for the ancillary targets, among them giant stars in the Kepler and

CoRoT �elds. Hence, the NIR magnitudes and errors for the �nal sample were taken directly

from the 2MASS Point Source Catalogue (Cutri et al. 2003), requiring the original quality

criteria for the main survey described in Zasowski et al. (2013 , see their Table 3 for details),

and, as some of the ancillary targets were not strictly selected on the basis of the 2MASS

catalogue, also requiring positional consistency. Indeed, not all of the (ancillary) targets

were selected using the strict procedures designed for the main survey, and for some targets

photometric information was missing.

WISE/IRAC: The mid-IR data used for the estimation of interstellar extinction was adopted

from the WISE and Spitzer-IRAC photometry contained in the APOGEE targeting (requiring

only that the uncertainties of the corresponding [4.5𝜇] magnitude be ≤ 0.1 mag), as well as

the actual extinction values 𝐴(𝐾𝑠) calculated with the RJCE method, as described in section

2.3. Also here, some minor cleaning in the catalogue was necessary.

Parameter Requirement Notes
2MASS Photometric criteria / Consistency with main survey targeting

total photometric uncertainty for 𝐽,𝐻, and 𝐾𝑠 ≤ 0.1 mag
2MASS quality �ag for 𝐽,𝐻, and 𝐾𝑠 =�A� or �B�
Distance to nearest 2MASS source ≥ 6 arcsec
2MASS confusion �ag for 𝐽,𝐻, and 𝐾𝑠 = �0�
2MASS galaxy contamination �ag = �0�
2MASS read �ag = �1� or �2�
2MASS extkey ID = �0�

Spectroscopic quality criteria
SNR > 70/pixel
𝜎(𝑣los) ≤ 1 km/s no RV-identi�ed binaries
APOGEE_STARFLAG bits /∈ {0, 1, 3} no commissioning data or

obviously bad spectra
ASPCAP 𝜒2 < 25
𝑇eff ∈ {3800, 5200K} avoid too low temperatures
log 𝑔 ∈ {0.05, 3.8dex} select red giant stars
[M/H] ∈ {−1.0, 0.45dex} avoid low metallicities

Table 3.1: Summary table for the selection of the APOGEE HQ Giant Sample
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3.2.2 Spectra quality, signal-to-noise ratio and radial velocities

As described in section 2.4, the APOGEE reduction pipeline delivers several spectral products,

along with very precise and accurate heliocentric velocities and data quality �ags which are

included also in higher level catalogues. In particular, we are interested in some of the data

quality �ags, the signal-to-noise ratio (SNR), the visit-combined line-of-sight velocities 𝑣los and

the visit-to-visit scatter in this parameter 𝜎(𝑣los), as it gives a hint at the stellar multiplicity

of the observed target1.

The most important cut that has to be made in order to make sure that reliable stellar

parameters are determined is a cut in SNR. Various tests have shown that ASPCAP needs at

least a SNR of 50/pixel, but optimally 100, to deliver robust chemical abundances (Allende

Prieto et al. 2006, Eisenstein et al. 2011, Ahn et al. 2013). In this work, we adopt a signal-

to-noise cut of 70. Regarding this parameter as well as the spectrum reduction (but also

the subsequent ASPCAP) �ags, we currently do not have a large enough sample to be too

restrictive � otherwise a large percentage of the data would be lost, and less conclusions could

be drawn from a sample su�ering from low number statistics. The sample selection is thus

necessarily a tradeo� between cleanliness and statistical worries.

The radial velocities are taken from the ASPCAP �les, and their uncertainties calculated as

the quadratic sum of the visit-to-visit scatter and the median visit error in 𝑣los where usually

the observational scatter is the dominating part. To sort out probable binaries, it is required

that 𝜎(𝑣los) < 1km/s.

3.2.3 Atmospheric parameters and abundances

Over the past year and in the course of the ASPCAP pipeline development, there has been a

long discussion within the APOGEE collaboration about which parameters are to be trusted

already, and if so, in which temperature and gravity regimes, how their uncertainties should

be calculated etc. A lot of these discussions e�ectively resulted in new pipeline implementa-

tions, and recently in the DR10 pipeline run (ASPCAPv302). In almost every new version

of the pipeline, some considerable changes took place that also required rethinking our sam-

ple selection. For the current version, the main decisions regarding the derived atmospheric

parameters, their uncertainties and calibration relations will be discussed in this section.

ASPCAP convergence

As explained in section 2.5, ASPCAP �nds the best-�t stellar model atmosphere based on a

𝜒2 minimization of the cross-correlation between the observed spectrum and the grid of model

spectra. However, for a number of stars the algorithm does not �nd a satisfactory match in

the set of synthetic spectra, due to a variety of reasons. The most common case is that a

1This problem is discussed in some more detail in section 3.4.3
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star has a much cooler atmosphere than even the coolest model spectra; this is the case for

the extremely luminous M supergiants � but in some cases the ASPCAP algorithms also fail

to �nd the absolute minimum in the so-called �𝜒2 landscape� of the model grids, and thus

the best-�tting synthetic atmosphere. Any of these cases have to be avoided; it is therefore

necessary to

∙ eliminate stars whose ASPCAP parameters lie too near the edges of the grids of synthetic

spectra

∙ set an upper limit on the (reduced) 𝜒2 of the ASPCAP �t to avoid poorly converged

results

Both these considerations have entered into our sample selection; in this work we especially

require 𝜒2 < 25.
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Figure 3.2: Two 2D slices through the 6-dimensional hypercube of ASPCAP parameter
space, colour-coded by 𝜒2. Left panel: [𝛼/M] vs. [M/H], the so-called »chemical plane«.
Most of the well-fit stars seem to populate 2 distinct »clouds« at [𝛼/M]∼ 0.0 and 0.2, re-
spectively. Some artificial features introduced by ASPCAP are also visible (the region of
unphysical, badly converged best-fit models appearing in red; the line at [𝛼/M]= 0.0 corre-
sponding to the A and F dwarfs forced to solar 𝛼 abundances; see section 2.5.1 for details).
Right panel: The ASPCAP Kiel diagram (𝑇eff vs. log 𝑔), the spectroscopic version of the
Hertzsprung-Russell diagram. Main sequence stars (dwarfs) are aligned in the horizontal
sequence in the lower part of the diagram, giant stars lie on the diagonal branch. Our HQ
sample giant stars are selected based on this diagram.

While there is a clear trend of the ASPCAP �t 𝜒2 with temperature, this fact alone does

not mean that cooler stars have worse parameters: in fact, this trend is expected because the

spectra of cool stars look considerably �crowded� due to the numerous molecular features and

are harder to �t by an automated software. But loosening the overall 𝜒2 criterion for cool

stars by requiring, e.g., 𝜒2 < 40 for 𝑇eff < 4200 K shows that high 𝜒2 is indeed correlated with

issues in the [C/M] and [𝛼/M] parameters in the cool regime (cf. left panel of �gure 3.2). We

have thus maintained the same 𝜒2 limit for all temperatures.
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ASPCAP parameters

Most importantly, the giant stars for the HQ sample are selected from the ASPCAP Kiel

diagram (𝑇eff vs. log 𝑔, right panel of �gure 3.2) based on a generous cut of the giant branch,

resulting in a 𝑇eff upper limit of 5200 K and an (uncalibrated) log 𝑔 upper limit of 3.8 dex (see

below).

ASPCAP metallicities are generally well-behaved and trustworthy in the metallicity regime

of the Galactic disc (−1.5 < [M/H] < 0.5 dex, Mészáros et al. 2013) with small systematic

shifts at the metal-rich end as well as larger shifts in the very low metallicity regime. In this

study we applied a more conservative cut at [M/H]= −1.0 which was based on tests with

previous ASPCAP versions. In future studies, we suggest to also use more metal-poor stars.

As has also been shown by Mészáros et al. (2013), 𝛼 abundances derived by ASPCAP

match the results from cluster literature fairly well for −0.5 < [M/H] < 0.1 dex; outside this

metallicity range some systematic dependencies on the other �t parameters are seen.

The applied calibrations and adopted uncertainties for these parameters are discussed in the

next sections.

3.3 Calibrations

Effective temperature

E�ective temperatures derived by ASPCAP are fairly reliable over a wide parameter range,

showing a good agreement with temperatures derived from high-resolution spectroscopy (devi-

ating on average by 8±161 K) and a good agreement with e�ective temperatures derived with

the IR �ux method using the relations of González Hernández and Bonifacio (2009), modulo

a zero-point shift of 113 K (see Mészáros et al. 2013 for details).

Whereas Mészáros et al. (2013) decided to correct for this shift, we currently use the un-

corrected ASPCAP temperatures because of the good agreement with high-resolution spec-

troscopy. It has been known for long that systematic di�erences between the photometric and

spectroscopic temperature scales exist: spectroscopic �excitation temperatures� often yield

lower values than colour�temperature calibrations by a few hundred degrees (e.g., Johnson

2002).

Surface gravity

Whereas ASPCAP e�ective temperatures are currently considered to be remarkably accurate

when compared to surveys of similar size, the pipeline still has considerable problems to provide

reliable estimates for surface gravities; log 𝑔 o�sets of order 0.3 − 0.5 dex are documented

(Mészáros et al. 2013, see also �gure 3.3). In this work, we correct for these systematics by
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Figure 3.3: The Kiel diagram for a number of stars observed by both Kepler and APOGEE.
Kepler data is represented by green stars, APOGEE data by open red symbols. The blue
stars show the same stars with Kepler log 𝑔 and APOGEE 𝑇eff . Overlaid are two Padova
isochrones for solar metallicity and ages of 1 resp. 10 Gyr. This figure illustrates nicely why
ASPCAP gravity corrections are necessary and asteroseismology alone is not sufficient to
determine both log 𝑔 and 𝑇eff sufficiently well. Figure courtesy of L. Girardi.

calibrating log 𝑔 using asteroseismic data from 279 Kepler stars contained in version 5.1 of the

APOKASC catalogue (Epstein and the APOGEE�Kepler Asteroseismic Science Consortium

working group 2013, in prep.) as well as 115 stars observed by the CoRoT satellite which have

been followed up by APOGEE (CoRoT �eld LRa01, data published in Miglio et al. 2013a). As

shown in �gure C.6, the following linear correction as a function of temperature was applied2:

log 𝑔calib = log 𝑔ASPCAP − (𝑎 + 𝑏 · 𝑇eff), for 𝑇eff > 4000 K.

Metallicity

For our analysis, we use the calibration described in Mészáros et al. (2013), derived using

a sample of well-studied open and globular clusters covering a wide range of metallicities

([Fe/H] ∈ {−2.35,+0.47} dex).

2no systematic trends with metallicity were found
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Figure 3.4: Illustration of the applied log 𝑔 calibration using asteroseismology data. AS-
PCAP log 𝑔 is higher with respect to the seismic values by on average ∼ 0.25 dex, with
the discrepancy increasing with surface temperature. A linear fit using only CoRoT data
(115 stars, open circles) is given by the orange line, a fit using only Kepler data (279 stars,
black circles) is indicated by the blue line. In this work, we have combined the 2 datasets,
resulting in an intermediate slope, as shown by the red line. The lower panel shows the
residuals, revealing some remaining possible systematics.

𝛼 abundance

The recommendation of DR10 is that 𝛼 abundances are still to be treated with caution, but

can in principle be used in scienti�c analyses (Ahn et al. 2013). Here, the reader shall be

reminded that while �𝛼� in principle tracks elemental abundances of O, Ne, Mg, Si, S, Ca

and Ti, the spectral features corresponding to these elements are very sensitive to changes in

the surface temperature (at cool temperature, it mainly tracks oxygen and titanium whereas

in warmer atmospheres Ca, Mg and Si features are more important), so that any trends seen

with alpha abundance should be checked in narrower temperature bins.

In cooler metal-poor stars, the lack of Fe lines is the source of ambiguity of overall metal

and oxygen abundance, whereas the sytematic trends seen at the metal-rich end still remain

poorly understood.
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3.4 Uncertainties

3.4.1 Adopted errors

The initial ASPCAP parameter error estimates are based on the the random contributions to

the error bars as derived by inverting the FERRE 𝜒2 curvature matrix, following the favoured

prescription of Press et al. (1992). However, these values are too small to represent reliable

random uncertainties by roughly a factor 15 when compared to the scatter observed in the

calibration clusters (García Pérez et al., in prep.). For DR10, it has therefore been decided to

follow the conservative (though somewhat arti�cial) uncertainty treatment of Allende Prieto

et al. (2006): The �nal error on each parameter is calculated as the larger of a) the individual

FERRE errors times 15, and b) the general scatter of the clusters as given by Mészáros et al.

(2013):

∆𝑇eff = 83.8 − 39.8 · [M/H]

∆ log 𝑔 = 0.2 dex

∆[M/H] = 0.055 − 0.036 · [M/H]

∆[𝛼/M] = 0.08 dex

(3.1)

For this work, we adopt this prescription, if not marked otherwise.

3.4.2 Carbon and nitrogen

The cluster comparisons of Mészáros et al. (2013) show that nitrogen abundances are currently

systematically underestimated, whereas carbon is usually overestimated. Because the [N/M]

parameter is derived only from CN molecular features, and [C/M] is in turn determined from

the CO lines, it is fair to assume that the problem leading to these mismatches has to do with

the general method of not treating oxygen as an own parameter but �xing it to the mean

of the other 𝛼 elements. This procedure will most probably be changed in future pipeline

developments.

3.4.3 Stellar multiplicity, NLTE and 3D effects

Although modern spectroscopy is now mature, there are some structural uncertainties in cur-

rent high-resolution spectral analysis which can only partly be taken into account yet. Some

e�ects can reach a magnitude su�cient to spoil scienti�c conclusions drawn from abundances or

distances derived from canonical 1D LTE spectroscopic analyses (Ruchti et al. 2013, Serenelli

et al. 2013, Bergemann et al. 2013, cf. �gure 3.5).

Among these e�ects are uncertainties in the modelling of stellar atmospheres (and interiors),

most importantly deviations from the assumption of local thermal equilibrium (LTE radiative
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Figure 3.5: The form of spectroscopically derived metallicity (left) and distance distribu-
tions (right) of metal-poor stars changes considerably when taking NLTE effects into ac-
count. The impact of non-LTE corrections is most prominent in the low-metallicity regime
which we by definition avoid in our sample, but small undetected systematics might re-
main, as APOGEE abundances are currently only calibrated using 1D-LTE results from the
literature. Figure from Bergemann et al. (2013).

transfer) and 3D e�ects on the stellar surface such as granulation. As described in section

2.5, ASPCAP relies on a grid of 1D-LTE model atmospheres, which is the only feasible way

to deal with large datasets to date. In the mid-term future, however, improved atmospheric

models including (at least averaged) 3D and NLTE e�ects will become available (e.g., Ludwig

and Ste�en 2012, Ku£inskas et al. 2013, Tremblay et al. 2013, Trampedach et al. 2013, Magic

et al. 2013).

Another obvious shortcoming of our current analysis is a missing statistical analysis of

the in�uence of the light from unresolved stellar and substellar companions on a considerable

fraction of our sample's spectra. There are e�orts within the SDSS-III collaboration to explore

the in�uence of stellar multiplicity on APOGEE chemical abundances, but currently, we can

only rely on literature studies investigating the e�ects of binarity for optical surveys of dwarf

and subgiant stars, such as Schlesinger et al. (2010), Fuhrmann (2011).

It has long been established that a high percentage of the local F and G dwarf population

lives in multiple stellar systems (e.g., Duquennoy and Mayor 1991, Duquennoy et al. 1991

estimate a multiplicity fraction of 65 %; see right panel of �gure 3.6 for a recent update) �

which underlines the importance of understanding how unresolved companions a�ect stellar

parameter estimates. Schlesinger et al. (2010) used the SEGUE Stellar Parameter Pipeline to

estimate the e�ects of potential contamination by binary light on their high signal-to noise

sample of ∼ 20, 000 G-K dwarf stars observed by SEGUE, and �nd that 11±2% of the latter

is expected to be signi�cantly a�ected in its temperature or metallicity determination by an

undetected companion, resulting most of all in a systematic shift to cooler temperatures (see
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Figure 3.6: Left: Unresolved stellar companions are detectable through high-resolution
spectroscopy and detailed analysis of line profiles. Modelling of the Fe I line of the solar
twin HD 24409 A reveals a 3.5 mag fainter companion, redshifted by +11 km/s. If one would
not know about HD 24409 Ab, the inferred Iron abundance of the system would be higher
by +0.06 dex. Right: Multiplicity fractions of the volume-complete solar neighbourhood
sample of Fuhrmann (2011). For solar-type stars, the fraction of single stars is only about
50%. For higher mass stars, we expect even more multiple systems. Figures from Fuhrmann
(2011).

also left panel of �gure 3.6).

Although we cannot give quantitative estimates of binarity e�ects on ASPCAP's stellar pa-

rameter estimates yet, the a�ected sample percentage should be even smaller than in SEGUE,

due to two reasons. First, giant stars are very luminous, so that they are likely to dominate

the spectrum by far. And second, APOGEE's split multi-epoch observations allow to detect

temporal radial velocity variations very accurately, so that by requiring the radial velocity

scatter 𝜎(𝑣los) to be small we already sort out a signi�cant fraction of the multiple systems

(which on the other hand means introducing another bias to our sample).

3.5 The »Gold Sample«

After having introduced the APOGEE HQ giant sample which, as will be shown in chapter

4, covers an unprecedentedly large radial range of the Galactic stellar disc, we also de�ne a

HQ subsample with good stellar and kinematical parameters, to be used in chapter 5 to look

for new chemodynamical constraints on Milky Way models, by applying additional cuts on

distance and proper motion error, which makes sure that for this subsample we can determine

well-de�ned stellar orbits (cf. table 3.1). The main characteristics of this unique sample will

be described and used extensively in the next chapters.
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3.6 Taking care of the Selection Function

When selecting data non-randomly from a parent distribution, there is always the possibility

to introduce selection biases in such a way that certain characteristics of the subsample are

not entirely representative of its parent population. However, in astronomy it is sometimes

di�cult to mitigate these biases, so that the only way to infer the parent distribution of an

observable is to in some way account for the introduced bias mathematically, e.g. by assigning

a �weight� to each of the subsample members according to its representativeness of the parent

sample. But even for the simple case of the so-called Malmquist bias (Malmquist 1936) which

a�icts magnitude-limited stellar samples3, the corresponding statistical excercise proves not

at all trivial (see Binney and Merri�eld 1998, pp. 111-115 for a discussion). The importance of

selection e�ects in stellar survey science can probably not be over-emphasized (cf. the recent

review by Rix and Bovy 2013). Especially histograms showing biased samples can be quite

misleading.

Within this work, we have not yet tried to properly account for the selection biases intro-

duced by our sampling. This will be the next important step to be taken. However, we may

get an idea of the present biases by modeling the same selection on a mock sample using the

stellar population synthesis model TRILEGAL. This will be explained in section 5.5. Ideally,

one would like to compare also full chemodynamical models directly with observations in this

manner (modelling the selection in the simulation). Attempts to do this are currently being

developed and tested at AIP (Pi� et al. 2013, in prep.), and will in the mid-term future be

available for use with our APOGEE samples.

3In magnitude-limited samples, luminous objects are systematically over-represented, because the volume in
which we can see them is larger than the volume probed by the fainter objects.





4 Kinematics

In order to perform a thorough chemodynamical analysis of a stellar survey, it is necessary to

measure and interpret the motion of the stars inside the Galaxy and to calculate their orbital

parameters.1 Here, we particularly aim at �nding correlations between chemical abundance

patterns and orbital properties. In order to get the full 6-dimensional phase space coordinates

of the stars in the HQ sample, the 2MASS astrometry and APOGEE line-of-sight velocities

had to be complemented by information on stellar distances and proper motions.

In this chapter, we describe how the kinematical and orbital parameters for our sample have

been obtained. The adopted method to calculate distances for red giant stars is reviewed in

section 4.1, the catalogue cleaning and crossmatching which was necessary to get reliable proper

motion data is decribed in section 4.2. Finally, the computation of the orbital parameters is

documented in section 4.3.

This chapter corresponds to a considerable fraction of the total working hours spent on this

thesis, and contains our main contributions to the APOGEE collaboration. In collaboration

with the SDSS-III Brazilian Participation Group, we have developed and veri�ed a method

to spectrophotometric distance determination. We also compiled a value-added APOGEE

proper motion catalogue which has been made available to the SDSS-III collaboration and

will be published in APOGEE's next data release, and we have developed a Python wrapper

for an existing orbit integration module which delivers Monte-Carlo error estimates for stellar

orbital parameters. Together, these building-blocks provide us with a dataset covering an

unprecedentedly large volume of the Galactic disc which we will use to further con�ne the

parameter space of chemodynamical models.

4.1 Distances

4.1.1 Introduction

The determination of distances to stars has always been a bottleneck in the precision achieved

in astronomical analyses. For very nearby stars (𝑑 . 100 pc) the Hipparcos satellite has ob-

1In turn, stellar motions and their statistics can in principle also be used to determine the form of the
Milky Way potential (Scheffler and Elsässer 1982). The usefulness of APOGEE in this context was recently
demonstrated by Bovy et al. (2012c)
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tained accurate astrometric parallaxes (Perryman et al. 1997, van Leeuwen 2007), but further

away, reliable distances can only be obtained for certain subclasses of stars called �standard

candles� whose luminosities are a well-determined function of certain easy-to-observe quan-

tities such as magnitudes, colours or period (Cepheids, RR Lyrae, and recently red clump

stars: Girardi and Salaris 2001, Groenewegen 2008, Bilir et al. 2013). These stars can be used

to measure certain overall properties of the Galaxy, such as chemical gradients, but to date,

the statistical signi�cance of these samples is generally too low to trace out di�erent stellar

populations2 and paint a detailed picture of Galactic chemodynamical evolution.

With the advent of large stellar surveys, other methods have been developed to a certain

degree of precision that allows at least relative distance comparisons. For the Sloan Digital

Sky Survey, Juri¢ et al. (2008) calculated photometric metallicities and parallaxes for more

than 2 million (mostly dwarf) stars. Since the release of the Geneva-Copenhagen survey of the

Solar neighbourhood (Nordström et al. 2004), spectroscopic surveys such as RAVE, SEGUE,

Gaia-ESO and APOGEE have collected hundreds of thousands of spectra allowing for ever

more precise determination of stellar parameters, thus making the case for a re�nement of the

photometric method to include spectroscopically derived stellar parameters (𝑇eff , log 𝑔, [Fe/H],

[𝛼/Fe]).

In the simplest approach, spectrophotometric parallaxes are determined by comparing the

locus of a star in a Hertzsprung-Russell diagram with theoretically computed stellar evolution-

ary models (tracks or isochrones). The absolute magnitude of the best-�tting model is used

to determine an estimate for the distance modulus and the distance of the star, according to:

𝑑 [pc] = 10
𝑚−𝑀

5
+1, (4.1)

where 𝑚 −𝑀 is the distance modulus in mag. Of course, in order to get a reliable distance

estimate with this simple method, the measured spectroscopic parameters have to be very

accurate and precise, which is certainly not the case for most of the survey data.3

2Most of the chemical tracers are also heavily biased towards small ages (see section 5.2).
3In principle, this method can also be used to determine the age of stars, but this requires even more accurate
measurements of the spectroscopic parameters, as certain parts of the HR diagram (especially the Hydrogen
main sequence) are very densely populated by isochrones, leading to very large uncertainties in the age
determination. Currently, reliable age estimates derived with this simple method exist only for very local
subgiant stars with Hipparcos parallaxes (see, e.g., Bernkopf 2002). In the very near future, asteroseismology
in combination with spectroscopy will make age determinations of red giant stars possible (Miglio et al.
2013a).
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4.1.2 The method

The development of more sophisticated spectrophotometric parallax methods has been sped

up by many di�erent groups in the last couple of years (e.g., Allende Prieto et al. 2006, Bred-

dels et al. 2010, Zwitter et al. 2010, Burnett and Binney 2010, Burnett et al. 2011). For

APOGEE, preliminary distance estimates from various groups exist (Hayden et al. 2013, in

prep.; Santiago et al. 2013, in prep.; Schultheis et al., in prep.). The distances to the stars in

our HQ sample have been computed by Basílio Santiago (Universidade do Rio Grande do Sul,

Porto Alegre), in collaboration with other members of the SDSS-III Brazilian Participation

Group (L. Girardi, H. Rocha-Pinto) as well as our group at AIP (F. Anders, D. Brauer, C.

Chiappini). Our adopted method is based on the Bayesian approach of Allende Prieto et al.

(2006), was then developed further to be used for SEGUE dwarf stars (Brauer et al. 2013, in

prep.) and later re�ned to work for our APOGEE giant sample. In this section, the general

features of the method are brie�y described; for a detailed description, the reader is referred

to Santiago, Brauer, Anders et al. (2013, in prep.).

As mentioned above, the goal of any isochrone-based distance code is to �nd the �best-

matching� or �most likely� stellar model - i.e. one that �ts as many spectrophotometric

observables as possible (magnitudes, colours, stellar parameters, abundances) and is at the

same time likely to be the �true� one. In the Bayesian approach adopted in Santiago et al.

(2013), an e�cient use is being made of all the available uncertainties and a couple of simple

priors (stellar density distribution, initial mass function, uniform star formation history with

di�erent cut-o�s for the di�erent stellar components, metallicity distributions). A general

framework for spectrophotometric distances using Bayesian methods is laid out in, e.g., Bur-

nett and Binney (2010).4

Following the notation of the latter authors, one can write the probability of �nding the

�true� parameter set for a star x = (𝑙, 𝑏, 𝑠,𝑀, 𝜏, [𝑀/𝐻]) when observing the quantities y =

(𝑇eff , log 𝑔, [M/H]obs, magnitudes, colours, 𝑙obs, 𝑏obs, . . . ) via Bayes' theorem as

𝑝(x|y,𝜎y, 𝑆) ∝ 𝑃 (𝑆|y,x,𝜎y) · 𝑝(y|x,𝜎y) · 𝑝(𝜎y|x) · 𝑝(x) (4.2)

Here, (𝑙, 𝑏) are the position angles in the Heliocentric Galactic coordinate frame, 𝑠 the distance

from the Sun, 𝑀 the initial stellar mass, 𝜏 its age and [M/H] the overall metallicity. Quantities

with subscript 'obs' stand for the corresponding observed values.

The actual measured values of the observed parameters y and their uncertainties are denoted

as y and 𝜎y, respectively, whereas the property 𝑆 stands for the fact that the star belongs to

4The first attempts to implement a Bayesian approach for fitting spectroscopic data to a grid of stellar models
were made by Pont and Eyer (2004) and Jørgensen and Lindegren (2005) in the context of determining ages
for subgiant stars in Geneva-Copenhagen survey.
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our sample. The four factors in eq. 4.2 are

1. the selection function (SF) of the sample, 𝑃 (𝑆|y,x,𝜎y)

2. the likelihood 𝑝(y|x,𝜎y) that, given the true values x and the measurement uncertainties

𝜎y, the set y is measured

3. the probability 𝑝(𝜎y|x) to observe the quoted errors given the variable set x

4. a number of multiplicative priors subsumed under the expression 𝑝(x)

Each of these terms has to be modelled separately, which in the case of large stellar surveys

usually proves tricky. However, some of the (sub-)terms will peak more sharply than others,

thus dominating the full probabilty distribution function (pdf) in eq. 4.2. The most likely set

of 'true' parameters x and its uncertainty can then be calculated by computing the moments

of this probabilty distribution function. In particular, the most likely distance 𝑠* is computed

by marginalizing the pdf over the other parameters and then computing the mean or median of

the one-dimensional probability distribution. For our APOGEE sample, we made the following

assumptions for the four terms in eq. 4.2:

1. For the moment, the dependency of the pdf on the selection function is not treated with

explicit caution and assumed to be slowly-varying, which may be the main caveat of our

current method. But the sharp magnitude and colour limits in the selection function

are already being accounted for by the likelihood term, and we include a term to deal

with the so-called Malmquist bias in the priors (see below). In the future, the full

selection function or at least a �eld dependent magnitude distribution will be included

in this term: 𝑃 (𝑆|y,x,𝜎y) ∝ 𝑝(𝑙, 𝑏,𝐻), representing the distortion of the underlying

distribution introduced by APOGEE's targeting scheme (see sect. 2.3).

2. the likelihood 𝑝(y|x,𝜎y) is modelled by a multivariate Gaussian, meaning that all pa-

rameters are assumed to have independent Gaussian errors. We use the photometric

uncertainties from 2MASS and the spectroscopic uncertainties as quoted in chapter 3.

3. the term 𝑝(𝜎y|x) is set to unity for simplicity, as the dependence of the full pdf on

variations of 𝜎y with x will be su�ciently weak.

4. as priors on x we assume a Chabrier-type initial mass function 𝑝(𝑀) (Chabrier 2001) and

assume di�erent density and metallicity distributions as well as star formation histories

(SFH) for the Galactic components Bulge, Thin Disc, Thick Disc and Halo, following

Burnett et al. (2011). Also, we correct for the Malmquist selection bias resulting from the

fact that more luminous stars are preferentially detected by magnitude-limited surveys

(Malmquist 1936). We account for this by including a term 𝑝(𝑀abs) ∝ 100.6𝑀abs .
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Whereas the �rst 3 assumptions are fairly straightforward and well-accepted, the discussion of

how restrictive the priors of the underlying x distribution should be, is still ongoing. Burnett

and Binney (2010) argue that the approach to start from simple uniform priors in order to

not overload the modeling with prejudices is di�cult to defend because the justi�cation to

prefer, e.g., a uniform age distribution over a uniform distribution in log age is not clear. A

rigorous calibration of these priors using a combination of asteroseismology and high-resolution

spectroscopy is something urgently needed in the �eld and an ongoing project of the Brazilian

Participation Group (Rodrigues et al., in prep.).

4.1.3 Differences to other approaches, encountered difficulties and

recent upgrades

Despite the fact that our method is similar to many other approaches used in the �eld, some

re�nements have to be stressed:

In principle, a couple of measures (e.g., the mean, the median and the mode) could be used

for �nding the �best� distance to a star from the full probability distribution (eq. 4.2). As

the mode is an unstable quantity when the pdf is rather �at or multi-peaked, and the median

is sometimes di�cult to compute, we here use the mean, and the second moments of the pdf

to get an estimate of the uncertainties. Alternatively, we de�ne a di�erent and more extensive

prescription for the uncertainties which is a major advantage of our code, and described in

section 4.1.4.

The main di�culties in estimating distances for our dataset are the heavy interstellar ex-

tinction in the Galactic plane and the not fully understood systematic uncertainties in the

log 𝑔 parameter which directly in�uence any spectrophotometric distance estimate5. Unlike

for most of the stars in GCS, RAVE and SEGUE, interstellar reddening is a dominant factor

for our APOGEE sample, in�uencing mostly the NIR photometry. We accounted for this by

using RJCE-dereddened magnitudes and colours, see section 3.2.1 for details. Di�erent from

other groups, the surface gravity parameter was calibrated using only asteroseismology data,

as described in section 3.2.3.

A couple of other problems were encountered on the way: in the beginning, only a sparse

grid of theoretical isochrones for the 2MASS 𝐽𝐻𝐾𝑠 photometric system was available, forc-

ing us to treat metallicity di�erently from the other parameters: for a given metallicity, only

the two bracketing isochrones were taken into account. Also, high-metallicity models ([Fe/H]

> 0.3) were missing, making a complete chemodynamical analysis for the sample impossible.

Newly computed PARSEC isochrones (Bressan et al. 2012) �xing these problems were made

available by L. Girardi (INAF-Padova) in early June 2013, improving our results.

5in fact, the latter is true for every currently operating spectroscopic survey.
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Another di�culty which has to be considered is the absence of a dense grid of reliable stellar

models for 𝛼-enhanced stars.6 We therefore ventured to take an ad-hoc approach to include

the 𝛼 abundance in the overall metallicity 𝑍 of the scaled-solar Padova models using the

approximation7 [Z/H] ≈ [Fe/H] + [𝛼/Fe]. Ideally, one would want to use self-consistent stellar

models with variable 𝛼-element content, thus adding an [𝛼/Fe] dimension to the isochrone set.

New BaSTI (Cassisi et al. 2006) as well as PARSEC models are now being computed with

consistent alpha-enhanced compositions, solving this problem in the near-term future, but the

available sets are too limited and heterogeneous to be used for producing isochrones in a wide

range of ages and metallicities (L. Girardi, priv. comm.).

4.1.4 Uncertainties

Reliable estimates for the uncertainties of the computed distances are unfortunately not as

easy to calculate as intuition suggests. Changing a model prior, changing a term in the

selection function, or dropping one of the observed parameters can in some cases change

the weighted mean absolute magnitude and thus the distance by a signi�cant amount. In

Santiago et al. (2013), we estimate uncertainties in two di�erent ways: First, we calculate an

�internal� uncertainty by taking the second moment of the pdf in equation 4.2. In order

to assess how sensitive the derived distances are to changes in the choice of the matching

parameters, we also de�ne an alternative �external� uncertainty based on distance estimates

from 6 di�erent datasets of observables y:

(a) the full information: log 𝑔, 𝑇eff , [Z/H], 𝐽 −𝐻,𝐻 −𝐾𝑠

(b) log 𝑔, 𝑇eff , [Z/H]

(c) log 𝑔, [Z/H], 𝐽 −𝐻,𝐻 −𝐾𝑠

(d) [Z/H], 𝐽 −𝐻,𝐻 −𝐾𝑠 + a simple cut in log 𝑔: |(log 𝑔)obs − (log 𝑔)model| < 0.5 dex

(e) 𝑇eff , [Z/H], 𝐽 −𝐻,𝐻 −𝐾𝑠

(f) 𝐽 −𝐻,𝐻 −𝐾𝑠

The information content of these parameters for determining distances is decreasing from (a)

to (f); the last two datasets lack any information on surface gravity, thus leading to very

uncertain distances (see �g. 4.3 for an example).

6𝛼 elements are the main electron donours in stellar atmospheres. Their abundance can considerably modify
the observed fluxes and the equation of state.

7For our APOGEE sample, the relation translates to [Z/H] ≈ [M/H]calib + [𝛼/M]. This approximation is still
justified because ASPCAP’s [M/H] which – uncalibrated – tracks the overall metal abundance (as explained
in section 2.5), was calibrated on literature Iron values so that we can use [M/H]calib as a proxy for [Fe/H].
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Various tests have been carried out by B. Santiago on possible measures of distance uncer-

tainty. An internal measure of the variation of the pdf 4.2 could be its con�dence intervals,

standard deviation or the di�erence between the mode and the mean of the pdf. It has been

shown that both the maximum di�erence of the distances using the datasets (a) through (d)

and the pdf's standard deviation give similar and robust error estimates (Santiago et al. 2013).

In the following, we will generally use the �internal� distance uncertainties. The distance

uncertainty distribution for the APOGEE HQ sample is shown in the right panel of �g. 4.1.

4.1.5 Resulting distances

We have computed distances for ∼ 23.000 stars in the HQ sample. In the left panel of �g.

4.1, we show the distance distribution for the APOGEE HQ sample, and the Gold sample

de�ned in chapter 3. The gold sample, as indicated in the right panel of �g. 4.1, su�ces

𝜎(𝑑)/𝑑 < 0.2, along with a criterium on proper motion error (see section 4.2). It consequently

samples a smaller volume of the Galaxy, and the selection function for this subsample is

not straightforward to calculate. Figure 4.2 shows how our stars distribute in the Galactic

heliocentric reference frame, also indicating the locus of the RAVE chemodynamical sample

of Boeche et al. (2013a) and the CoRoT LRa01 stars followed up by APOGEE, both of which

will become important in the next chapter.
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Figure 4.1: Histogram of the distribution of spectrophotometric distances and their errors
for the HQ (blue) and the gold sample. Note that in addition to the cut in relative distance
error, indicated by the red line in the right panel, the gold sample also suffices a quality
criterium for proper motions (see section 4.2).

4.1.6 Distance validation

In order to validate and test our code, we have compared our results from with a number of

completely independent distance measurements from determined via asteroseismology, astro-
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Figure 4.2: Distribution of stars from the HQ (blue) and the gold sample in Galactic
heliocentric coordinates. The Galactic center is assumed to be at a distance of 8.0 kpc; its
position is also indicated in the plot. For comparison, the RAVE chemodynamical sample
of Boeche et al. (2013a) (green) and the CoRoT LRa01 stars (red) are also shown.

metric parallaxes and cluster isochrones. Here, we shortly present three examples. A more

detailed and quantitative comparison will be presented in Santiago et al. (2013).

A) Comparison with the Hipparcos scale - The HARPS FGK sample

To tie our distance scale to the Hipparcos heliocentric parallaxes, we performed a test on

582 stars from the HARPS FGK dwarf sample published in Sousa et al. (2011) which were

selected from the Hipparcos catalogue (see �g. 4.3). The I-band absolute magnitude 𝑀𝐼 for

the HARPS sample is estimated as the mean of the pdf 4.2, where we marginalize over all

other parameters of x, and the distances are then calculated using the formula 4.1.

For this dataset, no [𝛼/Fe] corrections were applied, since the parameter was not measured

by Sousa et al. (2011). The Padova grid used is a coarse one in [Fe/H] since at that point, the

new PARSEC isochrones were not available yet. Therefore, the former method of using [Fe/H]

to �nd models that bracket the observed value, rather than assuming a Gaussian likelihood

and cutting at 3𝜎, was employed. Also, no extinction correction was applied, as the sample is

very local (𝑑Hipparcos < 60 pc).
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Figure 4.3: Illustration of our distance method for the HARPS FGK dwarf sample of Sousa
et al. (2011). The distances computed by the 6 different methods employed are compared
to the distances based on Hipparcos astrometric parallaxes. The panels show the distance
estimates in the order described in section 4.1.4. From top left to bottom right, the parameter
set used in model vs. data matching is reduced and the reliability of the derived distances
decreases (see section 4.1.4 for details). The panels (e) and (f) do not include any log g
constraint. Figure courtesy of B. Santiago.

The comparison shows that the method works reasonably well, also in an absolute sense.

There is a clear 1-to-1 correlation with parallax distances, but also a signi�cant scatter. The

rms di�erence is. 20%, as also expected from our error estimates. It also becomes obvious that

the parameter sets (a) and (b) give the best distance estimates, whereas when no information

on log 𝑔 is provided (panels (e) and (f)), the distances become more seriously biased, leading to

overestimates due to subgiant and giant star models in�uencing the probability distribution.

B) APOGEE - Cluster comparison

In �gure 4.4, we compare our spectrophotometric distances with the distances obtained from

star cluster isochrones for a subsample of the ∼ 500 open and globular stars that were used for
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calibration of ASPCAP as described in Mészáros et al. (2013). Most of the 104 stars su�cing

the HQ criteria of chapter 3 belong to the open clusters M 67, NGC 6791 and NGC 6819, but

there are also some members of the open clusters NGC 188, NGC 7789, NGC 2420, NGC 2158

and the old globular cluster M 71.
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Cluster 𝑚−𝑀 log(𝜏) [Fe/H]
M67 9.79 9.41 0.00
M71 13.01 10.00 -0.78
NGC188 11.55 9.63 -0.02
NGC2158 13.52 9.02 -0.23
NGC2420 12.45 9.05 -0.26
NGC6791 13.06 9.64 +0.15
NGC6819 11.86 9.17 0.07
NGC7789 11.84 9.23 -0.08

Figure 4.4: Comparison of our spectrophotometric distances with the distances obtained
from globular cluster isochrones, colour coded by cluster age. Instead of the Galactic com-
ponent priors used for the APOGEE HQ field stars, we have imposed a Gaussian prior for
the cluster age taken from the WEBDA cluster database (Paunzen 2008; see table). Al-
though we note a considerable dispersion and possible systematic deviations towards larger
distances, the data scatter roughly around a one-to-one correlation between the two scales.
While this plot certainly looks unsatisfactory at first sight, we note that in lower-resolution
surveys (RAVE, SEGUE), the disagreement between the two distance scales is much larger.

From the comparison, it becomes clear that our spectrophotometric method, although far

from yielding a tight 1-to-1 correlation with the cluster scale, works reasonably well at least

in a statistical sense. Cluster comparisons of this form with low and medium resolution

survey data usually show a much larger scatter (as will be shown in Santiago et al. 2013) and

systematics with age, metallicity or extinction. Although we have used cluster age priors for

this comparison (see caption), systematic e�ects clearly seem to in�uence our results as well,

especially at greater distances and for very old (M 71) and very young stars (NGC 2420, NGC

2158).

Regarding the uncertainty of the cluster distances, it has been shown by Pinsonneault et al.

(2000) that open cluster distances (which are usually determined via measuring the main

sequence shift relative to the Hyades cluster) may be subject to zero-point shifts based on

changes in the adopted distance to the Hyades and interstellar reddening as well as to the

metal and helium abundance of the Hyades. However, assuming a conservative error of 0.1

mag for the cluster distance moduli, the uncertainties in the spectroscopic distances are still

by far more important.
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C) APOGEE - comparison with asteroseismology - the CoRoT LRa01 field

Probably the most important test for our distance method is the comparison with asteroseis-

mically derived distances. It has been shown by recent studies (cf. Miglio 2012, Silva Aguirre

et al. 2012, 2013) that stellar distances (or equivalently, radii) determined from CoRoT and

Kepler lightcurves via asteroseismic scaling relations or grid-based modelling agree within a

few percent with Hipparcos parallaxes and eclipsing binary data. We therefore compared our

spectrophotometric distances with the distances obtained from CoRoT data for 120 stars in the

anticenter �eld �LRa01� which have been observed by both instruments. A. Miglio (Birm-

ingham) kindly provided us with the surface gravities and distance estimates derived from

CoRoT lightcurves and published in Miglio et al. (2013b). For this comparison, we use the

surface gravities and reddening values from CoRoT together with APOGEE stellar parameters

in order to minimize systematic uncertainties which do not stem from the method itself.
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Figure 4.5: Comparison of our spectrophotometric distances (using CoRoT log 𝑔 and
APOGEE 𝑇eff , [M/H] & [𝛼/M]) with the distances derived from asteroseismic grid-based
modelling for 120 stars in the CoRoT LRa01 field. Note that the stars span a distance range
from 1 to ∼ 6 kpc.

The comparison is shown in �gure 4.5. The general picture is very reassuring: despite the

low number statisitics, the substantial scatter for stars with distances > 3 kpc and a small

(∼ 15%) systematic shift in the absolute scale, the concordance of both methods is remarkable.

At the moment, we tend to attribute most of the systematics to our method, but we cannot

completely exclude that CoRoT distances are subject to small systematics (e.g., in the e�ective

temperature scale) as well. We conclude that our method works very well in a relative sense
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and that only small systematic shifts in the scale are visible at least out to distances of ∼ 5

kpc.

4.2 Proper Motions

4.2.1 Choice of the catalogue

Proper motions had to be added to the data from an existing astrometric catalogue via cross-

matching. We achieved this for the APOGEE stars based on several initial quality tests

(cluster proper motions, inter-catalogue comparisons, inspection of imaging data) as well as

discussions with R.-D. Scholz (AIP). With the UKIDSS-GPS (Lucas et al. 2008) proper mo-

tions still unreleased, the only two recent catalogues with su�cient sky coverage are PPMXL

(Roeser et al. 2010) and UCAC-4 (Zacharias et al. 2012, 2013). The PPMXL catalogue, how-

ever, is partly based on images obtained with Schmidt photographic plates, and thus su�ers

from zonal distortions, streaks � systematic errors which are di�cult to correct for (e.g., Roeser

et al. 2010). As the UCAC-4 catalogue (based only on imaging with CCD cameras) supersedes

PPMXL also in the achieved precision and the number of stars in common with APOGEE for

both catalogues is roughly the same (around 80%), it is the preferred proper motion source,

although the PPMXL can sometimes be useful for sanity checks and to increase the sample

coverage, especially for the faint sources. The possibility of merging the catalogues in order

to achieve more observations and a longer time baseline was considered, but it was found to

be di�cult, because both catalogues rely partly on the same imaging data. Also for the sake

of homogeneity, it was then decided only to report UCAC-4 proper motions and use them for

further analyses. These data were made available to the collaboration in July 2013 and will

be part of the next SDSS-III/APOGEE data release (DR11, January 2014).

4.2.2 Crossmatch recipe

After inspection of the whole UCAC-4 catalogue by Ralf-Dieter Scholz and various cross-

check tests, a recipe to get reliable proper motions from that catalogue was created. For the

APOGEE stars, the following steps were taken:

1. do a multicone crossmatch with a �xed radius 𝑟 = 5′′ of the apStar302 survey data

targeting �le (47.622 stars) with the UCAC-4 catalogue using the VizieR crossmatch

service (Ochsenbein 1998, Landais and Ochsenbein 2012) and TOPCAT8, and get the

nearest object. This should be su�cient for our purposes, as APOGEE targets are

required to have distances to their nearest 2MASS neighbours < 6′′. A match was found

for 42.514 objects (89%).

8the Tool for OPerating Catalogues And Tables (Taylor 2005)
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2. use 2MASS 𝐽,𝐻,𝐾𝑠 magnitudes to cross-check identity: ∆(𝐽),∆(𝐻) or ∆(𝐾𝑠) > 0.01

mag could mean confusion with a nearby 2MASS object, or careless targeting. 170 such

targets were found in the catalogue, and sorted out.

3. check the coordinate separations between the 2 catalogues: stars with separations 𝑑 > 2′′

are suspicious of having problematic proper motions and have to be inspected visually

using the original images. No such stars were found, however.

4. check the UCAC-4 �ags:

∙ double star �ag: 𝑑𝑏 = 0 (40.640 objects)

∙ object classi�cation �ag: 𝑜𝑓 < 5 (41.116 objects)

0 = good, clean star, no known problem

1 = near overexposed star

2 = possible streak object

3 = high proper motion (HPM) star

4 = actually use external HPM data instead of UCAC4 observed data (accu-

racy of positions varies between catalogs)

5 = poor proper motion solution, report only CCD epoch position

6 = substitute poor astrometric results by FK6/Hip/Tycho-2 data

7 = added supplement star (no CCD data) from FK6/Hip/Tycho-2 data, and

2 stars added from high proper motion surveys

8 = high proper motion solution in UCAC4, star not matched with PPMXL

9 = high proper motion solution in UCAC4, discrepant motion to PPMXL

∙ input catalogue �ags in UCAC-4 (AC2000, AGK2 Bonn, AGK2 Hamburg, Zone

astrographic, Black Birch, Lick Astrographic, NPM Lick, SPM Lick):

𝐴, 𝑏, ℎ, 𝑍,𝐵, 𝐿,𝑁, 𝑆 �ags < 2 (37.004 objects)

0 = star not matched with this catalog

1 = unique-unique match, not involving a double star

2 = unique-unique match, but involving a �agged double star

3 = multiple match but unique in high con�dence level group, no double

4 = as 3, but involving a �agged double star

5 = closest match, not involving a double, likely o.k.

6 = closest match, but involving a �agged double star

7 = maybe o.k. smallest separation match in both directions, no double

8 = as 7, but involving a �agged double star

∙ Hipparcos �ag 𝐻 ̸= 2, 4, 5 � sorting out known double stars from the Hipparcos

(Perryman et al. 1997, van Leeuwen 2007) and Tycho-2 (Høg et al. 2000) catalogues

(42.362 objects)
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0 = not a Hipparcos or Tycho star

1 = Hipparcos 1997 version main catalog

2 = Hipparcos double star annex

3 = Tycho-2

4 = Tycho annex 1

5 = Tycho annex 2

6 = FK6 position and proper motion (instead of Hipparcos data)

7 = Hippparcos 2007 solution position and proper motion

8 = FK6, only PM substitution (not in UCAC4 data)

9 = Hipparcos 2007, only proper motion substituted

Based on these criteria, a combined �UCAC-4 reliability �ag� was assigned (PM�ag = 1, if

the star su�ces all the criteria, PM�ag = 0, if not). This �ag determines 6.913 of the 42.514

matched objects to be problematic - meaning that for 75 % of the survey data we have reliable

proper motions. The percentage for the HQ sample is even higher (79%), because the applied

S/N cut e�ectively removes fainter targets. Of course, these criteria are not a complete guar-

antee for high quality proper motions for every single object, but they assure that we do not

encounter major problems and spurious data.

Figure 4.6 gives an overview of the data range and the typical uncertainties of UCAC-4 data

for our samples.
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Figure 4.6: UCAC-4 proper motions for HQ sample. Left: Scatter plot showing the 2D
distribution of proper motions for the fraction of the HQ sample which suffices the conditions
described in section 4.2.2 (faint blue dots) and the Gold sample (faint golden dots), in
magenta stars in one particular field (’NGC2420’) are plotted, and in black stars belonging
to the open cluster NGC 2420 are plotted, along with individual (and typical) error bars,
demonstrating that proper motions are usually not enough to identify cluster members.
Right: Histogram of uncertainties in absolute proper motion error for the HQ sample. The
quality cut for the gold sample is also indicated.
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4.3 Orbit integration

4.3.1 Method

It has been known for long (e.g., Sche�er and Elsässer 1982) that di�erent stellar populations

may be characterized by their orbital properties. From the full phase space information

(RA, DE, 𝑑, 𝜇RA, 𝜇DE, 𝑣los), the stellar orbits were calculated using the Python module galpy9,

developed and maintained by Jo Bovy (IAS Princeton, SDSS-III member).

We assume a standard Milky Way type potential, consisting of an NFW-type dark matter

halo (Navarro et al. 1997), a Miyamoto-Nagai disc (Miyamoto and Nagai 1975) and a Hernquist

stellar bulge (Hernquist 1990) in such a way that a �at rotation curve is recovered for the model

Galaxy (see �g. 4.7) and that the correct value for the circular velocity at the solar position is

recovered (𝑣⊙circ = 220 km/s, see e.g. Bovy et al. 2012a). The stellar motions are integrated with

the scipy10 routine odeint over at least 2.5 Gyr and 6 radial turns �around the Galaxy� (see

�gure 4.8 for an example).

Figure 4.7: Left: Form of the assumed axisymmetric Milky Way model potential in cylin-
drical coordinates, scaled to Solar units. Right: The rotation curves for the bulge (red), the
disc (green) and the DM halo component (cyan) and the resulting Galactic rotation curve
for the composite potential, in Solar units.

Various tests have shown that the small deviations in the form of the potential do not lead

to signi�cant changes in the properties of the computed orbits, and the time step size for the

integration has been chosen small enough that stable and smooth orbits are recovered, but not

too small to pose an issue for the computing time.

From the integrated Galactic orbits, characterizing quantities such as orbital eccentricity 𝑒,

median and mean Galactocentric radii 𝑅med, 𝑅mean, apo- and pericenter 𝑅apo, 𝑅peri, maximum

9www.github.com/galpy
10http://www.scipy.org/
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vertical amplitude 𝑧max, rotational velocity 𝑣𝜑 as well as the energy 𝐸, angular momentum

𝐿𝑧 and actions. While we currently limit our analysis to the widely used parameter set

(𝑒, 𝑅med, 𝑧max), we will in the future preferentially use action-angle variables (cf. chapter 6).
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Figure 4.8: Two examples of stellar orbits integrated in a MW potential, in Cartesian
Galactocentric coordinates scaled to Solar units. Top: A typical outer disc orbit (𝑅𝑚𝑒𝑑 ≈
1.5𝑅⊙, 𝑒 ≈ 0.15, 𝑧𝑚𝑎𝑥 ≈ 0.4𝑅⊙) in the 𝑥−𝑦 plane (left) and in the 𝑥−𝑧 plane. Note that the
y-axis scales are different in both scales. Bottom: Example of an outer halo »plunging« orbit
(𝑅𝑚𝑒𝑑 ≈ 5𝑅⊙, 𝑒 ≈ 0.95, 𝑧𝑚𝑎𝑥 ≈ 15𝑅⊙). Here, the y-axis scales are very similar, because the
DM halo potential which dominates the motion of this star is spherically symmetric.

4.3.2 Uncertainties

The most likely orbital parameters and their uncertainties are estimated using a simple Monte

Carlo procedure (similar to, e.g., Gratton et al. 2003, Boeche et al. 2013a) in the following

way: For each star, 100 orbits are computed under variation of the initial conditions (distance

modulus, proper motions and radial velocity) according to their estimated errors, where the

errors were assumed to follow a Gaussian distribution11. From the 100 realizations, the median

11The error distribution for distance (in contrast to the distance modulus) is not Gaussian!
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Figure 4.9: Left column: Calculated Monte Carlo uncertainties for the three commonly
used orbital parameters median Galactocentric radius 𝑅med, eccentricity 𝑒 and maximum
height above the plane 𝑧max (from top to bottom, for both the HQ and the Gold sample), as a
function of the corresponding median value. Right column: Histograms of the corresponding
median orbital parameters, showing the estimated dynamical properties of our samples.

value of each orbital parameter and its 1𝜎 quantiles are used to estimate the most likely value

and its uncertainties.

The calculations were run in parallel on the 128-core calliope cluster at AIP. A complete run

for the HQ sample takes about 4 days.

The left column of �gure 4.9 shows the calculated uncertainties for the main parameters

Galactocentric radius 𝑅med, eccentricity 𝑒 and maximum height above the plane 𝑧max. These

plots provide the justi�cation for the introduction of the �gold sample� earlier on: whereas
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the error distributions for the whole HQ sample are unsatisfactory (often the orbital parameter

uncertainties are far too large to allow for any meaningful interpretation, even in a statistical

sense), the additional distance and proper motion quality cuts applied for the gold sample result

in considerably more reliable orbital data for this subset. Figure 4.10 illustrates how proper

motion and distance errors directly in�uence the precision of the derived orbital parameters.
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Figure 4.10: Uncertainties in proper motion and distance propagate into the derived orbital
parameter uncertainties. Left: ecentricity uncertainty as a function of proper motion error,
colour coded by distance uncertainty. Right: The corresponding plot for the uncertainty in
the mean angular speed.

Based on tests like these, the �nal decisions on the de�nition of the Gold sample were made

� as a trade-o� between sample size and high precision parameters. The decision to cut in

the observational parameters 𝜎(𝜇) and 𝜎(𝑑) rather than the actual orbital parameter errors is

motivated by the idea to keep the selection function as simple as possible. In the near-term

future, we are planning to simulate the selection of this sample which also requires a careful

modelling of these observational uncertainties.



5 Results and discussion

After assembling the needed information for our analysis in the previous chapters, we will now

use the APOGEE HQ sample to re-examine our knowledge about chemical and dynamical

properties of the Galactic disc. For the �rst time, a large number of red giant stars is used to

probe the stellar disc far beyond the Solar neighbourhood at low Galactic latitudes. We will

proceed as follows: In section 5.1, we focus on the [𝛼/Fe] vs. [Fe/H] �chemical plane� and

chemo-kinematical correlations in the extended Solar vicinity, comparing our results with pre-

vious high-resolution studies. Section 5.2 extends the discussion to the inner and outer Galactic

disc, where APOGEE is expected to uncover unknown terrain, relating our �ndings to pre-

dictions from the recent chemodynamical model by Minchev et al. (2013). In the following

section 5.3, we compare APOGEE with the medium-resolution survey RAVE (Steinmetz et al.

2006), both in terms of stellar parameters and abundances and chemodynamical correlations.

Some �rst results from the newly established CoRoT-APOGEE collaboration (CoRoGEE) are

presented in section 5.4. A preliminary comparison with predictions from the stellar popula-

tion synthesis model TRILEGAL (Girardi et al. 2005, 2012) is presented in section 5.5.

Some of the results presented in this chapter will soon be presented in the �rst of a series

of papers using this sample (Anders et al. 2013, in prep.). A report on the comparison of

APOGEE and RAVE stellar parameters for a small sample of stars in common is about to be

distributed within both collaborations (see appendix C).

5.1 »Local« APOGEE constraints on chemodynamical

models

Before APOGEE, high-resolution spectroscopic surveys have been limited to very small Galac-

tic volumes � 25 pc in the case of Fuhrmann's Solar neighbourhood survey (Fuhrmann 1998,

2002, 2004, 2008, 2011), ∼ 100 pc in the case of Bensby et al. (2003) and Adibekyan et al.

(2011), a small number of pencil beams in the case of Kordopatis et al. (2011a) and Bensby

et al. (2011). Although low- and medium-resolution data from SEGUE, RAVE and ARGOS

(Ness et al. 2012) have signi�cantly extended the volume covered by spectroscopic stellar sur-

veys, key observables of chemical evolution such as radial metallicity gradients in the disc are
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still con�ned to regions ∼ 2−3 kpc around us1, and often a�ected by non-trivial selection

biases (cf. �gure 5.3, Bovy et al. 2012b).

Therefore, we focus in this section on comparing �local� APOGEE observables to previous

studies before cautiously using our sample to probe the more distant parts of the Galaxy.

5.1.1 Dynamical mixing effects

One of the main current challenges in Galactic Archaeology is the quanti�cation of the e�ect

of radial stellar migration and its causes with time. It has been known for long that pure

chemical evolution models fail to explain the existence of local �super-metal-rich stars�2 (see,

e.g., Chiappini 2009 and references therein), and that dynamical mixing mechanisms may

a�ect stellar orbits by heating and/or radial migration3. Whereas (radial) heating mainly

changes the eccentricity of a star and does not signi�cantly alter its guiding radius, radial

migration shifts the angular momentum and thus the guiding radius of a stellar orbit, while

it may remain on a circular orbit. In fact, radial migration has been shown to preferentially

a�ect stars on kinematically cool orbits (Minchev et al. 2012). Heating can be caused by

scattering at spiral density waves or giant molecular clouds, by interaction with the bar or

merging satellites. Several scenarios have been proposed to trigger radial migration, although

their relative importance is still under discussion:

∙ transient spiral structures (Sellwood and Binney 2002, Ro²kar et al. 2008)

∙ non-linear spiral � spiral interactions (Minchev and Quillen 2006)

∙ minor mergers (Quillen et al. 2009, Villalobos and Helmi 2008)

∙ non-linear bar � spiral arm couplings (Minchev and Famaey 2010)

∙ short-lived density peaks due to interference of longer-lived spiral patterns (Comparetta

and Quillen 2012)

In order to observationally separate the e�ects of heating and radial migration, we have com-

puted the orbits for our sample in chapter 4. Figure 5.1 shows a histogram of the median

Galactocentric radii of APOGEE HQ giants with distances < 1 kpc, i.e. with current Galac-

tocentric distances between 7 and 9 kpc. It illustrates that both stars with guiding radii in the

inner as well as the outer disc contribute to the �local� �eld population as they are passing by

on eccentric orbits. Radial migration is radically di�erent from this e�ect, because it cannot
1HII regions, open clusters, cepheids and young stellar objects still cover a larger volume (e.g., Cescutti
et al. 2007), but in contrast to red giants and long-lived dwarfs, these tracers do not cover the Galaxy
uniformly in age. Another possibility is to use planetary nebulae as tracers of chemical evolution (Maciel
and Köppen 1994, Maciel and Chiappini 1994), although their ages and even their abundances are still
subject to considerable uncertainties (Stasińska 2010).

2stars whose atmospheric metal abundance is higher than the local interstellar medium, first found by Grenon
(1972)

3or, in the terminology of Schönrich and Binney (2009): »blurring« and »churning«
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Figure 5.1: Illustration of the »blurring«effect: A sizeable number of stars observed to be
located 1 kpc from the Sun’s current position (i.e. 7 < 𝑅𝑔𝑎𝑙 < 9 kpc; blue-shaded region)
move on eccentric outer or inner disc orbits and are only passing the Solar neighbourhood.

be recognized from the kinematics of a star if it has migrated from its birthplace. A migrated

star on a cool disc orbit can only be distinguished from a locally born star by using chemistry,

and only if the chemical imprints of their birth places di�er by measurable amounts (which

are expected to be small). Especially extreme migrators will then show up in the wings of

the �cleaned local� metallicity distribution, meaning that we only consider stars with median

orbital radii 𝑅med (or similarly, angular momenta) close to the Solar value. We will therefore

often use 𝑅med instead of the current Galactocentric radius 𝑅gal.

5.1.2 Local chemistry

Comparison with high-resolution data

Chemical abundance ratio diagrams of stars can be very rich in information about the chemical

evolution of a galaxy, as they encode the star formation and chemical enrichment history of the

interstellar medium (ISM) at the time of a star's birth. Particularly widely used is the [𝛼/Fe]

vs. [Fe/H] diagram, because iron and the 𝛼-elements are produced and returned to the ISM

on di�erent timescales4. Comparing these two abundance ratios for a statistically signi�cant

sample constrains the formation history of di�erent Galactic components, the shape of the IMF,

stellar yields, the e�ciency of dynamical mixing and other parameters (see, e.g., Matteucci

2012).

As discussed in chapter 1, local high-resolution studies have found a signi�cant gap in

the [𝛼/Fe] vs. [Fe/H] chemical abundance plane whose origin is still under discussion. The

high-resolution volume-complete sample of Fuhrmann (e.g. Fuhrmann 2011) seems to imply

that this gap corresponds to a star formation hiatus as predicted by the Two-Infall model

4For example, the 𝛼-element oxygen is mainly produced by type II SNe, i.e. in short-lived massive stars,
whereas type Ia SNe produce mostly iron.
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(Chiappini et al. 1997). A similar analysis carried out recently by Haywood et al. (2013) using

the HARPS sample of Adibekyan et al. (2011) leads to the same conclusion, identifying the

two regimes in [𝛼/Fe] as chemical signatures of the di�erent formation epochs of thin and thick

disc. APOGEE seems to con�rm the reality of this feature, displaying a similar gap in the

[𝛼/M] vs. [M/H] diagram (cf. �gure 5.2).
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Figure 5.2: The chemical plane using »local« APOGEE HQ stars (𝑑 < 1 kpc, left) com-
pared to thevery local high-resolution HARPS FGK dwarf sample of Adibekyan et al.
(2011). Although the sampled volumes are quite defferent in size, the general resemblance
of both plots is reassuring. Both plots exhibit the intriguing »gap« between high- and low-𝛼
population, and in both samples it is not straightfroward to explain by selection effects.

In �gure 5.2, we show the APOGEE chemical abundance plane [𝛼/M] vs. [M/H] for stars

with 𝑑 < 1 kpc, and compare this picture with the high-resolution (𝑅 ∼ 40, 000) high-𝑆/𝑁

HARPS sample of Adibekyan et al. (2011), using their individual abundances for Mg, Si and

Fe5. First of all, we note that the similarity of the plots may serve as a �rst validation of the

ASPCAP pipeline for [M/H] and [𝛼/M]. Second, both in APOGEE and the HARPS sample

there is no a priori reason to expect the observed gap to be caused by selection biases, because

unlike in SEGUE, RAVE or the high-resolution studies of Bensby et al. (2003) and Ramírez

et al. (2013), the thick disc was not targeted preferentially by these surveys (cf. �gure 5.3).

However, we cannot ultimately con�rm nor dismiss this statement until the selection function

for APOGEE is computed.

An APOGEE view on the Thin-Thick Disc controversy

It is tempting to see the two distinct �clouds� as two genuine stellar populations (i.e. chemical

thin and thick discs6). In this section, we will shortly explore this approach and divide the

5Although APOGEE in principle tracks all 𝛼-elements, it is expected to be most sensitive to atomic lines
like MgI and SiI in the temperature regime corresponding to the lower giant branch, and thus to smaller
distances.

6Another possibility is to separate populations on the basis of kinematics (e.g., Bensby et al. 2003)
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Figure 5.3: As recently demonstrated by J. Bovy and collaborators using SDSS-III/SEGUE
data (see Rix and Bovy 2013 and references therein), selection effects may dominate observ-
ables such as the local metallicity distribution. When accounting for these biases by as-
signing weights to their sample, the apparent bimodality in the chemical plane disappears,
challenging the reality of the gap between thin and thick disc. However, APOGEE and local
high-resolution data paint a different picture, because they do not preferentially select thick
disc targets. Figure from Bovy et al. (2012b).

chemical plane in a similar way as Lee et al. (2011) and Adibekyan et al. (2011), as illustrated

in �gure 5.4. For the moment, we focus only on stars whose median Galactocentric radius (as

determined by the orbit integration routine) is near the �Solar circle� (7 < 𝑅med < 9 kpc).

For comparison, we also show where purely kinematically selected7 bulge star candidates fall

in this diagram. A few things can be noticed already:

∙ the local sample spans a wide range in metallicities, from below −1 to above 0.3 dex8.

∙ in concordance with the Geneva-Copenhagen survey and high-resolution literature, the

peak of the metallicity distribution of the chemical �thin disc�is at [M/H]∼ −0.1, that

of the thick disc at [M/H]∼ −0.5 dex (e.g., Nordström et al. 2004, Holmberg et al. 2007,

Rocha-Pinto and Maciel 1996, Kotoneva et al. 2002).

∙ the thin disc's spread in [𝛼/M] for a given metallicity is comparable to the quoted

observational scatter (∼ 0.08 dex). Which implies that, provided the gap is �real�,

random uncertainties can in principle account for the [𝛼/M] scatter in the thin disc.

While this result at �rst sight leaves little room for radial migration, Minchev et al.

(2013) have shown that the presence of strong radial migration does not necessarily

imply a large scatter in the abundance ratios

∙ the [𝛼/M] ratio in the thick disc increases as the metallicity decreases, reaching a plateau

of [𝛼/M]∼ 0.2 at [M/H]∼ −0.6 dex. Also the scatter in [𝛼/M] increases with decreasing

[M/H].

7by requiring 𝑅med < 4 kpc, 𝑧max < 3 kpc
8although we have cut at [M/H]= −1 dex
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Figure 5.4: The APOGEE chemical plane at the »Solar circle« (7 < 𝑅med < 9 kpc) for
the Gold sample (filled symbols) and the remaining HQ sample (open symbols). To avoid
spurious [𝛼/M] data, we only show stars satisfying 𝜒2 < 10 and 4000 < 𝑇eff < 5000 K. A
possible (purely chemical) definition of thin and thick disc consistent with, e.g., Lee et al.
(2011) is indicated by the division in red and blue points. For comparison, we also plot
kinematically selected candidate bulge stars (black hexagons).

∙ the bulge star candidates (which could also be members of the inner disc) seem to display

yet a di�erent chemical abundance pattern: from our small sample we tentatively suggest

that they are generally more 𝛼-enhanced than the local thick disc, and that the so-called

�knee� in the chemical abundance plane, corresponding to the metallicity value of the

ISM at the time of the onset of SNe type Ia, is located at a higher metallicity. These

observations would imply either a) a di�erent IMF for the bulge and the thick disc (e.g.,

Chiappini et al. 2000, Ballero et al. 2007), or b) a di�erent origin for the bulge and the

local thick disc, where the bulge formed in a burst-like event, whereas the thick disc

evolved somewhat more slowly.

It is now also interesting to see where the two populations de�ned above locate in orbital

parameter space: In �gure 5.5, we show how our chemically divided local sample distribute

kinematically. In particular, we will later study the �orbital families� (right panel of �gure 5.5)

advertised by Boeche et al. (2013a) to compare with their RAVE red giant sample (see section

5.3). Similar to Boeche et al. (2013a), we �nd the orbital parameter distributions of chemical

thin and thick disc to change considerably under slight variations of the cut in the [𝛼/M] vs.

[M/H] plane. We therefore plan to also study �mono-abundance populations� (Bovy et al.
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Figure 5.5: Kinematical properties of the local chemically defined »thick« and »thin« discs
(cf. figure 5.4). Left: The Toomre diagram (

√
𝑈2 +𝑊 2 vs. 𝑉 , cf. Feltzing et al. 2003)

of Galactocentric velocities (with respect to the local standard of rest). The dashed curves
indicate constant space motion. We can confirm the rotational lag of the thick disc found
by numerous other studies, but find the value of this lag to be very much dependent on
the exact separation between thick and thin disc in the chemical plane (Δ𝑉 ≈ 20 − 70
km/s), making the case for a more detailed mono-abundance population analysis. Right:
The 𝑒− 𝑧max plane used by Boeche et al. (2013a) to separate stellar populations into orbital
families, indicated by the dashed lines (cf. section 5.3). We will use this kinematical division
in section 5.3 to compare with their findings.

2012b) in the near future, to investigate if instead of a rigid dichotomy in the kinematics we

�nd a smooth transition from thick to thin disc.

The local metallicity distribution

The metallicity distribution function (MDF) of the extended solar neighbourhood is another

important observable widely used in the �eld to challenge and constrain chemical evolution

models9.

In �gure 5.6, we compare the local MDF predicted by the semi-cosmosmological chemody-

namical simulation of Minchev et al. (2013) with the high signal-to-noise red giant sample

of Boeche et al. (2013a) and the APOGEE HQ and Gold samples. We note that while the

metallicity scales of RAVE and APOGEE agree very well for high S/N observations (see ap-

pendix C), the metallicity distributions look very distinct. The reason is the di�erent selection

fuction: RAVE avoids highly extincted regions close to the Galactic plane (|𝑏| < 20∘), whereas

APOGEE targets these regions explicitly. Consequently, we expect the RAVE sample to be

slightly biased towards the thick disc, and APOGEE towards the thin disc. But even within

9The most famous example being the G dwarf metallicity distribution in the solar neighbourhood (e.g., Pagel
and Patchett 1975, Rocha-Pinto and Maciel 1996) which showed that the solar neighbourhood cannot be
modelled as a closed box and that infall of primordial gas has to be taken into account (Chiappini et al.
1997).
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Figure 5.6: Left: The metallicity distribution of red giants in the »solar ring«, but excluding
the very thin disc (𝑧max < 0.5 kpc) as seen by RAVE (dashed histogram, Boeche et al.
2013a) and APOGEE (blue and gold histograms). The red dotted vertical lines indicate the
metallicity limits of the HQ and the RAVE giant sample, respectively. Right: The metallicity
distribution for stars with 7 < 𝑅gal < 9 kpc, 0.5 < 𝑧 < 3 kpc in the semi-cosmosmological
chemodynamical simulation of Minchev et al. (2013), indicating also the relative metallicity
distributions for stars of different birth radii 𝑟0. The high-metallicity tail of the MDF can
be explained by stars which have migrated from the inner disc (3 < 𝑟0 < 5 kpc).

APOGEE, the MDF for the Gold and the HQ sample di�er signi�cantly, owing to the fact that

the selection criteria for the Gold sample also weight the sample towards higher latitudes, i.e.

the thick disc (re�ecting again the in�uence of extinction on the �Gold� criteria). A careful

modelling of the selection criteria is expected to resolve these discrepancies (see chapter 6).

Once corrected for selection e�ects, the APOGEE metallicity distribution will be a powerful

tool to constrain chemodynamical models, e.g. by setting limits on the relative number of

extreme radial migrators in the solar neighbourhood (see caption of �gure 5.6).

5.2 Bins in Galactocentric radius

It was �rst shown by high-resolution observations of Edvardsson et al. (1993) that disc stars at

di�erent Galactocentric guiding radii di�er also in their chemical abundance patterns. With

APOGEE, we are now able to systematically scan the Galaxy to large distances, eventually

creating a chemodynamical map. In this section, we exemplarily present a few useful examples.

Figures 5.7 and 5.8 show the situation of our samples in orbital parameter space (𝑒, 𝑅med, 𝑧max).
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Figure 5.7: The situation of the Gold sample in orbital parameter space (𝑒,𝑅med, 𝑧max),
colour-coded by 𝛼 abundance. As expected, we tend to find 𝛼-enhanced stars on vertically
hotter and more eccentric orbits. Also, as previously suggested by Bensby et al. (2011),
the density of 𝛼-enhanced stars (the »chemical thick disc«) decreases very fast with Galac-
tocentric orbital radius. This latter result does not seem to depend critically on selection
biases.

Especially �gure 5.7 nicely displays how stellar kinematics correlate with chemical properties.

On the following pages, we will use projections of this cube to extract and highlight some of

these, focussing mainly on the 𝑅med−𝑧max and the 𝑒−𝑧max planes. One major drawback of the
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Figure 5.8: Density distribution of the HQ (left) and the Gold sample (right) in the 𝑅med−
𝑧max plane. Note the deficiency of Gold stars with Inner Galaxy kinematics (𝑅med < 6 kpc).
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current Gold sample constructed from Year-1 APOGEE data is its lack of stars in the inner

parts of the Galaxy (cf. �gure 5.8).10 We will therefore often use HQ sample to accomplish

a statistically robust sample, separating stars at least into wide 𝑅med bins. At this point, the

reader shall be reminded that the uncertainties in the orbital parameters can be quite sizeable

(cf. �gure 4.9), and that orbital parameters of the HQ sample should generally be used in

wide bins for statistical purposes.

5.2.1 The [𝛼/Fe] vs. [Fe/H] diagram

In order to highlight APOGEE's potential in chemical mapping, we compare the APOGEE

[𝛼/Fe] vs. [Fe/H] abundance plane in di�erent bins of 𝑅med with the recent high-resolution

study of disc �eld red giants by Bensby et al. (2011) in �gure 5.9. Several things can be noted

immediately:

∙ as discussed previously, the local thin disc extends from quite low (∼ −0.7 dex) to super-

solar metallicities (∼ 0.4 dex) which can currently only be explained by radial migration.

Also in the outer disc, we �nd a sizeable number of super-metal-rich stars which probably

originate from an inner Galactic region.

∙ the proportion of thin to thick disc increases with Galactocentric orbital radius. In the

left panel, the large fraction of high-𝛼 stars may in part be explained by a selection

bias (cf. �gure 5.3), as we preferentially detect stars passing the solar neighbourhood on

eccentric orbits � and these tend to be older, 𝛼-enriched stars. But this bias should be

negligible in the other two panels, suggesting that the scale length of the thick disc is

smaller than that of the thin disc (Bensby et al. 2011).

∙ as predicted by chemical evolution models for the thin disc (e.g., Chiappini et al. 2001),

the bulk of the metallicity distribution shifts from super-solar to sub-solar values as we

move towards the outer disc, because the star formation evolved more slowly in the

outskirts of the Galaxy.

5.2.2 Chemical gradients

Chemical gradients are main observables constraining chemical evolution models, determining

the relative enrichment history of di�erent Galactocentric annuli, the amount of radial mixing,

gas infall, etc. (Chiappini et al. 2001). To date, however, the main tracers used to determine

the chemical gradients of the Galaxy are young objects and often su�er from low number

statistics (see, e.g., Stasi«ska et al. 2012). Red giant stars span a wide range of ages and are

10This is expected to improve slightly when Year 2 data are added, and especially with the additional dark-
time observations in spring 2014 APOGEE has been granted recently by SDSS-III. Some results from the
present work were used for the science justification of this proposal (PI: S. R. Majewski).
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Figure 5.9: Top panels: The [𝛼/Fe] vs. [Fe/H] diagram for different 𝛼 elements (Mg,
Si, Ti) in three bins of Galactocentric radius (Bensby et al. 2011). The authors collected
high-resolution spectra and performed a manual spectroscopic analysis for their sample.
Lower panels: Density plot of the chemical abundance plane in the same radial bins for the
APOGEE HQ sample. We can confirm the result of (Bensby et al. 2011) that the radial scale
length of the thick disc is much shorter than that of the thin disc: In the 11 < 𝑅med < 13
kpc bin, almost no stars with thick disc abundance pattern are present.

therefore a better tool to reconstruct star formation histories (Miglio et al. 2013b). In �gure

5.10, we show some preliminary results for the radial metallicity and [𝛼/M] gradient as a

function of maximum height above the plane. More results for the [M/H] and [𝛼/M] gradients

in the HQ and the Gold sample can be found in appendix B.

For comparison, �gure 5.11 shows the corresponding [M/H] gradient plots for the Geneva-

Copenhagen survey reanalysis and the RAVE dwarf sample of (Boeche et al. 2013b) � also

with respect to the orbital parameter space (𝑅g, 𝑧max)11, but only for three bins of 𝑧max.

The agreement of the 3 surveys is remarkable: although APOGEE uses a di�erent tracer

population, di�erent surveys with vastly di�erent selections, di�erent distance estimates and

a di�erent orbit integration codes assuming di�erent MW potentials, the tendencies for the

gradients found for dwarfs and giants agree: the coolest stellar population (𝑧max < 0.4 kpc)

exhibits the steepest (negative) radial gradient, and as we move to higher 𝑧max, the gradient

11𝑅g ≈ 𝑅med is the orbital »guiding radius«, a quantity directly related to the angular momentum of a star
(cf. Boeche et al. 2013a)
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�attens and changes its sign.
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Figure 5.10: Top: Radial [M/H] gradients and MDFs for the Gold sample in different bins
of 𝑧max for the Gold sample. The gradients were computed using a simple least-squares
optimisation, errors were estimated via bootstrapping. In the near future, we will use a
more elaborate fitting routine (maximum likelihood allowing for intrinsic scatter). However,
the fact that we get the same gradients for the Gold and the HQ sample suggests that our
estimates are robust (see appendix B). Note that we still do not account for any selection
biases. Bottom: The same for [𝛼/M].
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Figure 5.11: Radial [Fe/H] gradients and MDFs for the Geneva-Copenhagen survey (GCS)
and RAVE dwarf stars, in the same 𝑧max bins as in figure 5.10, missing only the high 𝑧max

panel. Figure from (Boeche et al. 2013b).

The observed �attening of the gradient with height above the plane is also not depending

on the choice of 𝑧max instead of the stars' �current� height 𝑧 above the Galactic plane, as

�gure 5.12 shows. Here, we compare the [M/H] gradients in �real space� (𝑅, 𝑧) with the

chemodynamical model of Minchev et al. (2013). The trend also shows in their simulation,

though slightly weakened. We suggest this trend to be of a dynamical origin (cf. section 5.3.2).
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Figure 5.12: Left: Radial [M/H] gradients as a function of 𝑧 for the Gold sample (bins
as in figure 5.10). Right: Corresponding [Fe/H] gradients in the chemodynamical model
of Minchev et al. (2013). Only stars in a 35∘ disc slice lagging the bar by the observed
Heliocentric angle (20 − 30∘ e.g., Cao et al. 2013) are plotted. The trend of the gradient
with 𝑧 is well reproduced by the simulation. Figure courtesy of I. Minchev.
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5.3 Comparison with RAVE

5.3.1 RAVE as an anchor for APOGEE,

APOGEE as an anchor for RAVE

Another important part of the present work has been to understand spectroscopic surveys

di�erent from APOGEE, especially the medium-resolution survey RAVE (Steinmetz et al.

2006) which we used to validate the results of the APOGEE pipelines, as roughly 500 stars

have been observed by both surveys. A report by Anders, Steinmetz, Boeche et al. on this

comparison, providing also a test for the RAVE chemical abundance pipeline (Boeche et al.

2011, Kordopatis et al. 2013, subm.), can be found in appendix C.

In addition, C. Boeche & C. Chiappini kindly provided us with their RAVE high-S/N giant

sample, published in Boeche et al. (2013a), which we will now use to compare with their results.

This will be extended in a future paper. The main focus of this work is on the question: What

can we see with the APOGEE HQ sample that is not revealed by other large samples that

avoid the Galactic plane (RAVE and SEGUE)?

5.3.2 RAVE & APOGEE chemical gradients

As noted previously (cf. �gure 5.6), before obtaining the selection functions for both surveys,

the RAVE giant sample and the APOGEE HQ sample are barely comparable in terms of, e.g.,

the metallicity distribution function. However, we have shown in section 5.2.2 that another

chemodynamical constraint seems to be less a�ected by selection e�ects: the trend of the radial

metallicity gradient with 𝑧max is the same for the HQ sample and RAVE dwarfs as well as in

the FGK dwarf sample of the GCS. Boeche et al. (2013b) show that this is indeed a tight

constraint which is not reproduced by a mock sample drawn from a typical stellar population

synthesis model (in this case the Galaxia code; Sharma et al. 2011).

Additionally, the fact that the chemodynamical simulation of Minchev et al. (2013) is able to

match this trend, allows us to suggest a dynamical origin for this e�ect. A possible explanation

is that the positive gradient at higher 𝑧 is related to the disc �aring of younger populations

due to the conservation of vertical action of extreme outward migrators (Minchev et al. 2012).

5.3.3 RAVE vs. APOGEE in the 𝑒− 𝑧max plane

Instead of dividing stellar populations by means of chemistry (as was done in section 5.1),

one can also classify stars according to their kinematics. Boeche et al. (2013a) have recently

introduced a new way to disentangle di�erent �orbital families� by binning the 𝑒− 𝑧𝑚𝑎𝑥 plane

introduced in �gure 5.5 and investigating the di�erences in chemistry in the di�erent orbital

bins.
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Because we dispose of a larger local sample than these authors, at least in terms of HQ

stars, we can go a step further and additionally isolate stars that su�ce 7 < 𝑅med < 9 kpc,

still keeping a statistically signi�cant sample. In this way, we can separate di�erent local orbit

families in a statistical fashion and compare with the �ndings of Boeche et al. (2013a). First

results are shown in �gure 5.13, where we plot the MDFs and [𝛼/M] distributions for the local

RAVE giants, the HQ and the Gold sample (scaled to the number of HQ stars in each panel).

We note:

∙ as we have seen previously in �gure 5.5, the low eccentricity, low 𝑧max bin is dominated

by the (very) thin disk population (i.e. low [𝛼/M], MDF peak around solar [M/H], cool

orbits), although members of the �chemical thin disc� component can be found in all

parts of the 𝑒− 𝑧max diagram.

∙ when con�ning the 𝑒 − 𝑧max plane to the solar annulus (7 < 𝑅𝑚𝑒𝑑 < 9), there are very

few stars in the 𝑒 > 0.4 and the 𝑧max > 2 kpc bins, rendering a robust statistics in these

bins di�cult. Especially for the RAVE giants, the number of stars is very low.

∙ only in the low 𝑒, low 𝑧max panel, the Gold and the HQ sample seem to sample the

same stellar populations (in terms of chemistry) � partly due to errors in the orbital

parameters (especially 𝑧max) of the HQ sample which tend to shift stars from lower

panels to the upper ones, but also owing to the additional bias of the Gold sample.

This is illustrated by the fact that in all other panels the Gold sample contains a higher

fraction of high-[𝛼/M] stars than the HQ sample.

∙ whereas the [𝛼/M] distributions are clearly bimodal in APOGEE, re�ecting the exis-

tence of the [𝛼/Fe] �gap� mentioned before, the lower resolution of RAVE renders the

precise determination of 𝛼 abundances di�cult � the RAVE [𝛼/Fe] distribution is thus

dominated by observational scatter (see appendix C). It does seem to follow the same

overall trends, however.

Again, it has to be recalled that these plots are still uncorrected for any selection e�ects (which

are the main reason why the distributions look so di�erent for APOGEE and RAVE), and

currently we don't plot APOGEE stars with [M/H]< −1 and RAVE stars with [Fe/H]> +0.3

(as indicated by the red vertical lines in �gure 5.13).

A main aspect of future work is to investigate how the di�erent selection a�ects some of the

results that we judge being almost independent of it (cf. section 5.2.2) and some results such

as �g 5.13 where selection does seemt to be critical. By understanding the involved biases we

hope to �nd common ground for both surveys.
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Figure 5.13: Chemical abundance distributions for the different orbital families, as defined
by Boeche et al. (2013a) – cf. right panel of figure 5.5. The rows in each plot correspond to
different bins in 𝑧max (from bottom to top: 0–1, 1–2, 2–3 kpc), the columns correspond to
different eccentricity bins (from left to right: 0–0.2, 0.2–0.4, 0.4–0.6). Top: The local MDF
split up into orbital families. As indicated by the red dotted lines, a comparative analysis is
currently limited to −1 <[Fe/H]< +0.3. Bottom: The same plot for the [𝛼/Fe] distribution.
Histograms of the Gold (yellow) and the RAVE giant sample (dashed) are scaled to the HQ
sample (blue). Note the small number of stars in the high 𝑒 and high 𝑧max panels.
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5.4 First results from CoRoGEE

In order to trace back the enrichment history of the Galaxy in an absolute manner, one would

ideally like to use absolute ages for stars instead of the relative chemical clocks like [𝛼/Fe].

However, age determination for stars still depends very much on spectroscopic uncertainties

as well as theoretical uncertainties in stellar evolution modelling. In a near future, the synergy

of asteroseismology and high-resolution spectroscopy will eventually enable us to determine

accurate and precise ages, at least for red giant stars (Miglio 2012).

Asteroseismic missions such as CoRoT and Kepler measure tiny periodic brightness �uc-

tuations of stars and relates them to physical properties of the stellar interior. Red giants

are particularly well-suited for asteroseismology, as their extended convective envelopes excite

pulsational modes, like in the Sun. From the Fourier spectrum of their lightcurves, one can ac-

curately determine basic properties of the star, e.g. the mean density, radius, surface gravity or

mass. In conjunction with high-resolution spectroscopic data such as 𝑇eff and [Fe/H], the un-

certainties in masses and radii (and consequently, distances and ages) can be further decreased.

Here, we present some �rst results from the recently established synergy of APOGEE with

the CoRoT mission (CoRoGEE). A. Miglio (Birmingham) kindly provided us with stellar ages

computed for 120 stars in the CoRoT �eld LRa01 (in the direction of the Galactic anticenter,

cf. Miglio et al. 2013a), computed via grid-based modelling code using the Bayesian parame-

ter estimation code PARAM12, CoRoT seismic parameters and APOGEE 𝑇eff and [M/H]. It

has been shown by the Kepler and CoRoT collaborations within the past years that stellar

age determinations for red giant stars depend very much on the input stellar structure and

evolution models as well as on the particular method used to infer ages from the pulsation

frequencies (Chaplin and Miglio 2013, and references therein). Nevertheless, we are con�dent

that the ages determined using this combined dataset are at least good enough to separate

our small sample into three approximate age groups (young, intermediate, old). Conservative

age uncertainties have also been estimated (see �gure 5.14). This excercise may serve as an

example of the usefulness of the combined dataset.

Table 5.1 summarizes the sample's basic properties regarding ages and kinematics. Figure

5.15 shows where the sample is located in chemodynamical space.

We note:

∙ as expected from a TRILEGAL simulation of this sightline (Miglio et al. 2013a), the

LRa01 sample comprises mostly thin disc stars and only a few percent (chemical) thick

disc members.

∙ although orbital parameters are available for more than 80% of the sample, only 36 stars

su�ce the �Gold� criteria of chapter 4. Figure 5.15 illustrates again that the orbital

12http://stev.oapd.inaf.it/cgi-bin/param
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Subsample criteria # of stars
all CoRoT-APOGEE LRa01 120
Stars with PARAM ages 119

young 𝜏 < 4 Gyr 80
intermediate 4 < 𝜏 < 8.5 Gyr 27
old 𝜏 > 8.5 Gyr 12

Stars with distances 119
& orbital parameters UCAC-4 PM exists, orbit integration converged 106
Gold sample stars 𝜎(𝑑)<0.2 & 𝜎(PM) < 4 mas/yr 36

Table 5.1: Properties of the current CoRoGEE HQ sample.

parameters of the HQ sample are only useful in a statistical sense, as the individual

orbital parameter errors for this sample preclude a quantitative interpretation.

∙ similarly, the current quality of ASPCAP chemistry limits our analysis � we are still far

from �chemical tagging�

∙ i.e., APOGEE needs to follow-up more CoRoT targets spectroscopically to be useful

for a population study −→∼ 300 stars in the CoRoT LRc01 �eld have recently been

observed by APOGEE; reduction is in progress.
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Figure 5.14: Relative age uncertainties of the CoRoGEE LRa01 giant sample.

However, by looking at �gures 5.15 and 5.16, some trends with age can already be expressed

with the necessary caution:

∙ of the 4 𝛼-enhanced stars in LRa01, 3 are determined to be older than 8.5 Gyr and none

is younger than 4 Gyr, as predicted by chemical evolution models like the Two-Infall

model (Chiappini et al. 1997) and suggested by previous local high-resolution studies

Fuhrmann (2011), Haywood et al. (2013)

∙ but if the one remaining 𝛼-enhanced star indeed proves to be 𝛼-enhanced and younger

than 8.5 Gyr (its estimated PARAM age is 𝜏 ≈ 5 Gyr!), then it would be di�cult to

explain the existence of this star from a pure chemical evolution point of view
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Figure 5.15: Location of the CoRoGEE LRa01 stars in chemical abundance space (left
panel) and orbital parameter space (right panel), coloured by age.

∙ this particular star happens to be on a well-determined orbit (cf. �gure 5.16: it moves

on an almost planar, but very eccentric (𝑒 = 0.6 ± 0.1) orbit with close to solar 𝑅med �

which is a hint of a di�erent origin for this star. Has it migrated there from the Inner

Galaxy?

∙ we con�rm that the thin disc has a large spread in age and metallicity, and the full

metallicity range is covered by all of our three age groups

∙ we con�rm that there is a slight hint of a correlation between 𝛼-enhancement and 𝑧max

(Bensby and Feltzing 2010)

∙ even in this small sample, we might have identi�ed a �rst good candidate for radial

migration
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Figure 5.16: Correlations of [𝛼/M] with the orbital parameters 𝑅med (left) and 𝑧max (right)
for the three age bins. Here, we omit the error bars in [𝛼/M] for visibility.

Extending these results within the CoRoGEE collaboration will certainly be one of the main

foci of our future work.
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5.5 Disentangling stellar populations using TRILEGAL

TRILEGAL (Girardi et al. 2005, 2012) is a stellar population synthesis code widely used in

Galactic astronomy to predict star counts, and to compare observed data with the distribution

models serving as an input to TRILEGAL. It can be used to compare both photometric

and spectroscopic datasets to expectations from a simple geometric model on top of which

a �canonical� chemical evolution model whose parameters are tuned to match observational

constraints such as the local metallicity distribution function or the 2MASS and Hipparcos

colour-magnitude diagrams (CMDs). TRILEGAL has also been used in the targeting process

of APOGEE to create a mock survey (see �gure 5.20).

In this section, we brie�y display preliminary results obtained with a TRILEGAL simulation

of a large fraction of APOGEE plates which was made available to the SDSS-III collaboration

by L. Girardi.

5.5.1 CMDs and extinction

In the targeting phase of APOGEE, TRILEGAL was used extensively to simulate mock

APOGEE �eld CMDs and to estimate the dwarf-giant fraction for a particular line of sight,

given the magnitude and colour limits of APOGEE. We here make use of an extension of this

simulation which for the �rst time included the recently published Galactic Plane extiction

map from ESO's VVV survey (Gonzalez et al. 2012). Since a detailed modelling of the sample

selection was beyond the scope of this thesis, we reenacted the selection procedure for our

sample with the simulated 2MASS plates in a very coarse way by randomly sampling stars

from wide bins in the CMD (cf. �gure 5.17).

Figure 5.17: Colour-magnitude diagrams (CMDs) for the mid-plane field centered at (𝑙 =
90∘, 𝑏 = 0∘) using »old« (WISE, left) and »new« (VVV) reddening maps (right). Blue dots
denote APOGEE observations, the background distribution is the TRILEGAL-simulated
2MASS CMD.
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Additionally, we simulated the cuts in the spectroscopic parameter space in a similar man-

ner13. Of course, these spectroscopic cuts again distort the observed magnitude and colour

distributions (cf. �gure 2.3). In �gure 5.18, we compare simulated and observed magnitude

and colour distributions for one �eld in the mid-plane and for the whole HQ sample. It is clear

that the mock selection from the simulated 2MASS CMD can be further optimized.

Figure 5.18: Top: Comparison of observed and simulated 2MASS𝐻 magnitude distribution
for the bulge field 002+04 (left) and for the whole APOGEE sample (right). Bottom: The
corresponding plots for the dereddened (𝐽 −𝐾𝑠)0 colour distribution.

5.5.2 Spectroscopic parameters & distances

Using this simple selection procedure and noticing its shortcomings, we can also circumspectly

compare the HQ sample with the TRILEGAL simulation in terms of atmospheric parameters.

One example is shown is �gure 5.19: the simulated �perfect�Kiel diagram and the same for

the HQ sample. While the di�erent densities on the upper and lower giant branch show that

we will have to invest more time and care in the mock selection as well as in the calibration of

the log 𝑔 parameter, the general agreement of the picture (spread, temperature & metallicity

scale) is reassuring.

Finally, in �gure 5.20 we compare the volume covered by our Year-1 HQ sample (using

our spectrophotometric distances) with the expectations for the 3-year survey data: Through

13TRILEGAL does not only deliver mock-observed magnitudes and colours, it simulates a whole stellar pop-
ulation in a given field of view, providing information on, e.g., atmospheric parameters, mass, age and
evolutionary stage for every simulated object in this field. However, TRILEGAL does not include a realistic
kinematical Galaxy model nor information on 𝛼 abundance yet (see chapter 6).
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Figure 5.19: Comparison of observed and simulated spectroscopic Hertzsprung-Russell
diagrams, colour-coded by metallicity.

multiple observations in many lines of sight, APOGEE will eventually cover an even larger

part of the Galaxy than presented in this work.
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Figure 5.20: Left: »Strawman« simulation of the APOGEE 3-year survey sample in Galac-
tocentric coordinates. Different colours correspond to different Galactic populations: blue–
bulge, green–halo, black–thin disc, red–thick disc. Figure courtesy of H. Rocha-Pinto. Right:
Situation of the Year-1 APOGEE HQ sample in the same coordinates.





6 Summary and future work

Within this thesis, we have performed a chemodynamical analysis using data from the �rst

year of observations of the SDSS-III/APOGEE survey. Other photometric, astrometric, as-

teroseismic and spectroscopic datasets have been assembled for comparison, calibration and

complementation purposes. We have aimed at �nding new constraints for state-of-the-art

chemodynamical simulations of Galaxy formation and evolution, and at relating our �nd-

ings to previous work, especially by comparing with data from the medium-resolution survey

RAVE. First results from these e�orts are presented here and will be shortly summarized in

this chapter, along with an outlook on near-term future work and prospects.

This thesis is part of a larger project within the SDSS-III collaboration, and has been devel-

oping parallel to the maturation of the APOGEE experiment, which has proven boon and bane

at the same time: obviously, working on this unprecedented dataset has been a guarantee for

the novelty of our �ndings; on the other hand, the potential of spurious results resulting from

e.g., blemished data reductions requires more careful quality checks and cross-calibrations.

This has also been a major part of this work, which will be useful to the APOGEE collabora-

tion.

The key ingredients to our analysis were:

1. the APOGEE Stellar Parameters and Chemical Abundances Pipeline (ASPCAP)

2. CoRoT & APOKASC data to calibrate log g

3. a Bayesian spectrophotometric parallax code to estimate stellar distances

4. proper motions from the recently released UCAC-4 astrometric catalogue

5. the orbit integration package galpy.

6. the population synthesis model TRILEGAL

7. a new chemodynamical model for the Milky Way (Minchev, Chiappini & Martig 2013).

The main results of our work have been presented in chapter 5; we shall summarize some of

them here:
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∙ by comparison with high-resolution data and the medium-resolution RAVE survey, we

conclude that APOGEE seems to deliver reliable chemical abundances for [M/H] and

[𝛼/M].

∙ APOGEE can already con�rm many results previously obtained with smaller high-

resolution spectroscopic samples, and together with Gaia-ESO survey, it extends the

Galactic volume covered by high-resolution spectroscopy from the inner disc and bulge

to the outskirts of the disc.

∙ we can con�rm the �gap� in the [𝛼/Fe] vs. [Fe/H] diagram seen by previous works and

argue that, similar to the volume-complete sample of Fuhrmann (2011), it is unlikely to

be caused by a selection e�ect.

∙ using our large sample of red giants stars, we corroborate the results of Bensby et al.

(2011) who found evidence for a shorter scale-length of the thick disc.

∙ although we dispose only of a small number of bulge star candidates in our sample,

APOGEE data seem to indicate di�erent chemical signatures for the bulge and the thick

disc, suggesting a di�erent star formation history and/or initial mass function for these

Galactic components.

∙ in this work, we have started a comparison of our sample with the chemodynamical

simulation of Minchev et al. (2013) and found qualitative agreement in most observables.

∙ in particular, motivated by similar results of Boeche et al. (2013b) using dwarf stars

from RAVE and the Geneva-Copenhagen survey, we measure an inversion of the radial

[M/H] gradient for stars at greater Galactic heights (𝑧 ≈ 1 kpc) which is also found

in the simulation of Minchev et al. (2013). We tend to interpret this as a signature of

��aring� of younger star populations in the outer parts of the Galactic disc (Minchev

et al. 2012).

∙ however, an overall quantitative agreement with results from RAVE is still hampered by

the radically di�erent selection functions for RAVE and APOGEE.

∙ we illustrate the usefulness of the recently established synergy of APOGEE with astero-

seismology data from CoRoT (CoRoGEE), underlining the need for a larger sample and

identifying a �rst radial migration candidate.

∙ performing initial tests with the population synthesis code TRILEGAL, we con�rm the

need for a careful modelling of the survey selection function for future analyses.

In the course of this project, we have been involved in the publication of the SDSS DR10

paper (Ahn et al. 2013), several other papers related to our project are in preparation (Anders
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et al. 2013, Santiago et al. 2013, Miglio et al. 2014). We have recently been a Co-I on

a successful proposal to observe more APOGEE plates in the Inner Galaxy. Three talks

presenting this work on scienti�c meetings were given (F. Anders: APOGEE Team Meeting,

January 2013, Pasadena, USA; C. Chiappini: SDSS-III Collaboration Meeting, June 2013,

Baltimore, USA & Workshop �Asteroseismology of Stellar Populations�, July 2013, Sesto,

Italy).

Some near-term future projects in which our group at AIP is involved shall be brie�y sketched

here:

∙ a more detailed comparison with the chemodynamical Galaxy simulation of Minchev

et al. (2013).

∙ carefully simulating the APOGEE HQ and Gold samples with TRILEGAL.

∙ using a newly developed selection interface (Pi� et al. 2013, in prep.) to create mock

surveys using a full chemodynamical model.

∙ extend our analysis to individual chemical elements such as C, N, Si, Ti, Mg, O which

will become available in the second phase of the ASPCAP pipeline development.

∙ extending the synergies of asteroseismology and high-resolution spectroscopy (CoRo-

GEE, CoRoT- GES, APOKASC collaborations).

∙ use more physical & stable orbital parameters for the chemodynamics analysis: action-

angle variables.

∙ APOGEE-2 planning.





A ASPCAP fit spectra

Figure A.1: Left: Enlargement of figure 2.5 (page 27) showing an ASPCAP fit of the
combined-visit APOGEE spectrum of the K4 giant 2M01562053+490347 (cf. section 2.5).
The wealth of metal lines significantly complicates automated spectral fitting of cool stars
in the IR wavelength region. Right: For comparison, we plot the line-poor spectrum of a
hot telluric calibrator star. APOGEE spectra can be downloaded from the SDSS Science
Archive Server (SAS) at http://data.sdss3.org/.

http://data.sdss3.org/




B Chemical gradients from the Gold &

HQ samples
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Figure B.1: Top: Radial metallicity gradients (using the median orbital radii 𝑅med) and
metallicity distribution functions as a function of 𝑧max for the HQ sample. The gradients were
computed using a simple least-squares optimisation, errors were estimated via bootstrapping.
Note that we still do not account for any selection biases. Bottom: The same for the Gold
sample.
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Figure B.2: Top: Radial metallicity gradients (using now the current Galactocentric dis-
tance 𝑅gal) and metallicity distribution functions as a function of current Galactic height 𝑧
for the Gold sample. Bottom: The same for the Gold sample.
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Figure B.3: Same as figure B.1, but for [𝛼/M].
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Figure B.4: Same as figure B.2, but for [𝛼/M].





C Stellar parameters of RAVE and

APOGEE for a sample of stars in

common

A preliminary Comparison of
APOGEE with RAVE
Stellar parameters and chemical abundances

F. Anders, M. Steinmetz, C. Boeche, C. Chiappini, G. Kordopatis

August 28, 2013

C.1 The RAVE-APOGEE overlap sample

As of SDSS's data release (DR) 10 (July 2013, cf. Ahn et al. 2013), there is a ∼450 stars
overlap of the APOGEE stellar parameter and chemical abundance catalogue (containing
APOGEE observations before July 2012) with the latest catalogue of the RAdial Velocity
Experiment (RAVE DR 4, Kordopatis and the RAVE collaboration 2013, subm. [K13]). On
the following pages, we show a short comparison of the radial velocities and atmospheric
parameters (e�ective temperature, surface gravity, metallicity, alpha abundance) as derived
by the 2 surveys. We compare two very di�erent experiments, operating in di�erent spectral
bands with di�erent instruments resulting in di�erent resolution, focussing on di�erent stellar
populations, using di�erent pipelines based on di�erent model atmospheres, linelists, libraries
etc. Considering this, the results are showing a remarkable convergence for radial velocities,
e�ective temperatures and metallicities.
On the other hand, several remaining problems also become manifest. We discuss the

disagreements regarding surface gravity and 𝛼 abundance determination and perform a test
of the robustness of chemical abundances using the RAVE chemical pipeline together with
APOGEE stellar parameters. We think that both APOGEE and RAVE pro�t from this com-
parison, maybe it could even stimulate a more extensive cross-calibration.

The location of the sample on the sky is depicted in �gure C.1. Figure C.2 shows the
spectroscopic Hertzsprung-Russell diagram (𝑇eff vs. log 𝑔) for the sample, as seen by the
APOGEE Stellar Parameters and Chemical Abundances Pipeline (ASPCAP, version 301). In
this and the following plots, we use a couple of useful subsamples: Blue dots stand for stars that
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Figure C.2: Hertzsprung-Russell diagram for the sample. The golden dots represent
stars that satisfy the quality criteria for both RAVE and APOGEE data, blue dots are
the remaining stars determined to be giants by ASPCAP (version 301). Red dots are the
remaining dwarf stars known to be not well-fit by ASPCAP at the moment. Representative
error ellipses are drawn in order to create a fake density plot (we do not take correlated
errors into account).

fall on the giant branch in the 𝑇eff � log 𝑔 diagram. The "high quality" sample (yellow dots)
in addition to that also su�ces certain Signal-to-Noise and 𝜒2-�t criteria in both surveys, and
exclude data from the APOGEE commissioning phase. Red dots are the remaining (dwarf)
stars.
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Sample Selection criteria # of stars
red all RAVE-APOGEE overlap 441
blue ASPCAP giants: 𝑇eff < 5200 K, log 𝑔calib < 3.2 dex 247
yellow SNRAPOGEE > 70, 𝜒2

ASPCAP < 20, STNRAVE > 40, ASPCAP giants 119

C.2 Comparison of radial velocities, atmospheric

parameters and abundances

In this section, RAVE and APOGEE results will be compared in a global manner. RAVE
radial velocities and stellar parameters (𝑇eff , log 𝑔) are from RAVE's DR 4 catalogue, and were
determined according to the method described in Kordopatis et al. (2011, 2013). Chemical
abundances ([Fe/H], [𝛼/Fe]) were computed using the RAVE chemical pipeline (Boeche et al.
2011, with updates as described in K13).
Already in this preliminary comparison, we will show that there is a good agreement between

the results of the 2 surveys not only regarding the radial velocities, but also in the derived
spectroscopic temperatures (modulo small sytematic o�sets), and (though to a smaller degree)
in the metallicities, keeping in mind that the pipelines work in a very di�erent manner.
Our comparison of the derived surface gravities and 𝛼 abundances (section C.2.4) shows

that these require some more work and careful calibration.

C.2.1 Radial velocities

From the radial velocity comparison shown in �g. C.3, one can con�rm that for the vast
majority of the sample the heliocentric velocities (RVs) agree well within uncertainties. Most
of the outliers can be explained by low Signal-to-Noise spectra and/or bad RV combination
of spectra coming from di�erent observations. Zooming in shows that there is indeed a nice
concordance without systematic o�sets and exhibiting little rms scatter (. 5 km/s) which
is not exclusively due to measurement uncertainties1, but in many cases caused by true RV
variabilty of the sources (mostly binaries).

C.2.2 Effective temperatures

In �gure C.4, the surface temperatures derived by the latest 2 versions of ASPCAP are com-
pared with the results from the RAVE stellar parameter pipeline. While there are obvious
changes in the magnitude of ASPCAP errors between the 2 versions, the best-�t temperatures
generally do not vary by much. Especially for the "high quality sample" de�ned in section 1,
the agreement between RAVE and ASPCAP is quite satisfactory. This subsample exhibits a
relatively tight correlation with little scatter and a general shift of the temperature scale of
−100..150 K with respect to RAVE, at least up to 𝑇eff ≈ 4800 K. This shift has also been
observed and well-documented in recent comparisons with other optical spectroscopic studies
as well as comparisons with colour temperatures (e.g., the 𝐽 − 𝐾𝑠 � temperature relation
from González Hernández & Bonifacio 2009). These results are summarized in Mészaros et al.
(2013, subm. to ApJ) and Ahn et al. (2013).

1APOGEE RVs are known to be precise to the order of several 100 m/s with very good zero-point accuracy
(Ahn et al. 2013, Nidever et al. 2013), RAVE statistical uncertainties are . 2 km/s (K13)
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Figure C.3: Comparison of RAVE and APOGEE radial velocities. Generally there is a
good agreement between the two experiments. Outliers are mainly due to low S/N spectra
(see the faint error ellipses).

A similar o�set with respect to the photometric temperatures derived by Casagrande et al.
(2011) for the Geneva-Copenhagen survey are documented for RAVE (Kordopatis et al. 2013).
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Figure C.4: Top: Comparison of the surface temperatures 𝑇eff as derived by ASPCAPv202
and the RAVE DR4 stellar parameter pipeline. Bottom: The corresponding plot for ASP-
CAPv301.
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Figure C.5: Top: Comparison of log 𝑔 as derived by ASPCAPv202 and the RAVE DR4
stellar parameter pipeline. For APOGEE, we assume a log 𝑔 error of 0.15 dex. Bottom: The
corresponding plot for ASPCAPv301 where an empirical calibration for log 𝑔 using CoRoT
data was applied.



C.2.3 Surface gravities 103

C.2.3 Surface gravities

Figure C.5 shows the corresponding plot for the surface gravities. In the top panel, we compare
RAVE with ASPCAPv202 log 𝑔 values. A few things can be noticed immediately:

∙ the dwarf - giant separation for both surveys seems to be agreeing well: ASPCAP dwarfs
(red dots) are generally found to have high log 𝑔 also in RAVE

∙ instead of a clear 1-to-1 relation, we �nd a step-like pattern in the diagram. Gravities
may be agreeing well on average, but individual gravities typically di�er by ∼ 0.5 dex.
Comparing with high-resolution spectroscopy, K13 �nd a similar behaviour in the low
gravity regime for RAVE, which may be attributed to NLTE e�ects in the CaII triplet
spectral region

∙ low S/N RAVE dwarf stars tend to prefer multiples of 0.5 dex in log 𝑔, at least down to
3.5 dex; this e�ect disappears when discarding low S/N data. Apart from that, dwarfs'
gravities seem to be unbiased (cf. K13)

∙ the red clump in ASPCAPv202 gathers around log 𝑔 ≈ 2.7 dex, whereas in RAVE it is
seen at log 𝑔 ≈ 2.2 dex
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Figure C.6: Motivation of the applied log 𝑔 calibration using asteroseismology data. AS-
PCAP log 𝑔 is higher with respect to the seismic values by on average ∼ 0.25 dex, with
the discrepancy increasing with surface temperature. While in this work we calibrate log 𝑔
by using only CoRoT data (115 stars, open circles, best fit indicated by the orange line),
thus adopting the most "extreme" calibration, it is shown that using Kepler data would
significantly change the picture. Fig. C.5 suggests that the combined fit may possibly be a
better choice for future work. Residuals are shown for the combined fit only.

Whereas ASPCAP surface temperatures are currently considered to be remarkably accurate
when compared to surveys of similar size, the pipeline still has considerable problems to provide
reliable estimates for surface gravities; log 𝑔 o�sets of order 0.3...0.5 dex are documented
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(and calibration is provided by Mészaros et al. 2013). In this work, we corrected for this by
calibrating log 𝑔 using asteroseismic data from 115 stars observed by the CoRoT satellite which
have been followed up by APOGEE. As shown in �gure C.6 (see caption for an explanation),
a linear correction as a function of temperature was applied2:

log 𝑔calib = log 𝑔ASPCAP − (𝑎 + 𝑏 · 𝑇eff), for 𝑇eff > 4000 K.

In the lower panel of �gure C.5, we show the comparison of RAVE gravities with the latest
ASPCAP results where log 𝑔 was calibrated according to the above formula and a global error
for ASPCAP log 𝑔 of 0.15 dex was assumed. As one can see in the �gure, this correction
should only be used for giant stars; it certainly improves the agreement with RAVE for the
RC stars, but the discrepancy for stars with log 𝑔 > 2.8 dex becomes larger, and for the dwarf
stars the calibration is clearly wrong, and should not be used. In the low gravity regime (which
translates to low temperatures on the RGB), no correction was applied. For comparison, we
also show the gravity calibration one obtains when making use of the (currently) 279 Kepler
stars contained in the APOKASC "gold" sample3 or a combination of Kepler and CoRoT
data. Although there seem to be small systematic shifts in the log 𝑔 scales, we suggest that
combining the two datasets might improve the calibration.
We believe that in the near future, the interplay of CoRoT and APOGEE data could prove

extremely important especially for the ASPCAP log 𝑔 determinations, as CoRoT is in some
sense complementary to the Kepler mission. The calibration we used here is still coarse in the
sense that it relies on only 115 stars, and so far no iterative procedure to determine stellar
parameters has been set up (although a collaboration similar to the APOKASC collaboration
is now being planned). At the moment, we are more inclined to trust the gravities derived
from asteroseismology than the ones obtained by �tting to cluster isochrones, and as APOGEE
will observe more CoRoT & Kepler stars, this calibration will become more solid in the near
future.

C.2.4 Chemistry - Testing the RAVE chemical pipeline

One way to determine how much the di�erent methods of automatized chemical abundance
estimation vary is to feed one of them with the stellar parameters output by the other, and
then study the e�ect this has on the derived abundances. As a �rst test of the robustness of
the RAVE pipeline and in order to visualize the e�ects of shifts in the stellar parameters on
the RAVE abundances, we used ASPCAP stellar parameters (𝑇eff & log 𝑔) as a �xed input for
the RAVE chemical abundance pipeline and recomputed [Fe/H] and [𝛼/Fe]. In the following
plots, we do not show individual error ellipses, as the quanti�cation of uncertainties of chemical
abundances is still under discussion in both RAVE and APOGEE.

Metallicities

The comparison of the metallicities is shown in �gures C.7 (for ASPCAPv202) and C.8 (for
ASPCAPv301). In ASPCAP, [M/H] subsumes all elements except for C, N and the 𝛼 elements.
However, at high metallicities and intermediate temperatures (4000 K< 𝑇eff < 5000 K, where
most of the "high quality" sample is located), Fe I lines are dominating - which is why we

2no systematic trends with metallicity were found
3APOKASC catalogue, version 5.1, provided by the APOGEE–Kepler Asteroseismic Science Consortium
working group
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choose to compare ASPCAP [M/H] with the Iron abundance derived by the RAVE chemical
pipeline, and not with the overall metallicity, as the latter also contains 𝛼 elements in RAVE.
In the top panels, the "raw" RAVE abundances are plotted against the ASPCAP results. In
the bottom panels, we show the recomputed RAVE abundances vs. ASPCAP.

When comparing APOGEE and RAVE metallicities (upper panels in �gs. C.7 and C.8), we
notice:

∙ the metallicities follow more or less a 1-to-1 relation, with an rms scatter of ∼ 0.2 dex and
a systematic metallicity-dependent shift that can be explained by the di�erent de�nition
of "metallicity"

∙ the scatter also seems to be improving slightly towards higher metallicities

∙ dwarfs' metallicities seem to have been �tted much better by the previous ASPCAP
version (which is also expected as many of them have been forced to �t solar abundance
ratios in v301 - see �gure C.10)

Now, comparing the lower panels of these two �gures with the corresponding upper panels,
one would expect the former to exhibit a more pronounced correlation, as the two datasets
have now been forced to adjust the �t to the same stellar parameters. We observe that

∙ when using ASPCAPv202 stellar parameters, the correlation between [Fe/H]RAVE and
[M/H]ASPCAP becomes signi�cantly tighter, and the systematic shifts disappear almost
completely. For the HQ sample (yellow dots), the rms scatter shrinks to around 0.1 dex.

∙ when using ASPCAP version 301 + the CoRoT calibration for log 𝑔, the agreement is
also getting better with respect to the original RAVE results, but is not comparable
to the concordance achieved when using the "old" ASPCAP stellar parameters. We
still see a tight relation for the HQ sample, but now accompanied by a metallicity-
dependent systematic o�set which initial tests have shown to be mainly produced by our
log 𝑔 calibration and some small shift of the e�ective temperatures in the new ASPCAP
version. Further investigations are necessary to quantify these e�ects better.
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Figure C.7: Top: Comparison of the ASPCAPv202 metallicities [M/H] with [Fe/H] de-
rived by the RAVE chemical pipeline. Bottom: The corresponding plot for the case when
APOGEE stellar parameters are used as a fixed input for the RAVE pipeline.
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Figure C.8: Top: Comparison of the metallicities derived by ASPCAPv301 and the RAVE
chemical pipeline. Bottom: The corresponding plot for the case when (calibrated) APOGEE
stellar parameters are used as a fixed input for the RAVE pipeline.
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𝛼 abundances

In �gures C.9 and C.10, we show the 𝛼 element abundances derived by one pipeline vs. the
other, in the same manner as in �gures C.7 and C.8 for the metallicities. The plots comparing
the "raw" 𝛼 abundances (upper panels) are dominated by scatter which makes it di�cult to see
any correlation. This does not come as a complete surprise, as RAVE is a medium-resolution
(𝑅 ≈ 7000) survey in a narrow spectral band focussed primarily on obtaining precise radial
velocities - whereas APOGEE was built to deliver precise elemental abundances (< 0.1 dex
level); furthermore, di�erences in the stellar parameters 𝑇eff and log 𝑔 propagate into the
determination of abundances (as suggested by �g. 7 & 8). Last not least, �alpha� is de�ned
di�erently in APOGEE and RAVE.4

Comparing at the lower panels of �gures C.9 and C.10 with their upper counterparts, one
can see at �rst sight that changes are not really of considerable order. But, in fact, the results
do get better: in the alpha abundance plot, there now appears to exist a weak linear correlation
(although it is far from 1-to-1, and o�set by +0.15 dex). The origin of the dominance of the
scatter is more likely to be found in the RAVE abundances, as we will see in the next section.
The precision of RAVE abundances is found to improve with higher S/N5.

C.2.5 Calibration effects on the chemical plane ([𝛼/Fe] vs. [Fe/H])

In �gure C.11, we document the change of the [𝛼/Fe] vs. [Fe/H] diagram6 for the RAVE
chemical pipeline data when stellar parameters are �xed to the calibrated ASPCAPv301 values.
In the upper panel, black dots are "good" (see above) ASPCAP chemistry, open (�lled) green
diamonds are RAVE data with STN> 40 (STN> 60). In ASPCAP we can see a clear signature
of (thin and thick) disk chemical evolution, and are even to recognise the famous controversial
"gap" between thin and thick disk found in high-resolution data (e.g., Gratton 1996, Fuhrmann
1998, 2011, Adibekyan et al. 2012 etc., while the reality of this gap is still under discussion).
On the other hand, the RAVE [𝛼/Fe] values seem to be dominated by observational scatter.

In the lower panel, where we again reran the RAVE pipeline with ASPCAP stellar param-
eters, the high STN RAVE giants (green diamonds) are generally shifted upwards by ∼ 0.15
dex in [𝛼/Fe] (as we already saw in the previous section), but neither the slope nor the scatter
of the [𝛼/Fe]�[Fe/H] relation change signi�cantly. One may be tempted to see a little improve-
ment of the general picture when only considering the STN> 60 sample and ignoring the 𝛼
o�set. This is still hard to quantify, however, due to the small sample size.

4In RAVE, [𝛼/Fe]= [Mg/Fe]+[Si/Fe]
2 . In ASPCAP, the elements O, Ne, Mg, Si, S, Ca and Ti are fitted

simultaneously, and [𝛼/M] denotes the deviation of their overall abundance from the scaled-solar abundance
pattern of Asplund et al. (2005).

5For chemistry studies, Boeche et al. (2013) recommend to use a sample with STNRAVE > 60
6here, as in the previous subsection, we take [M/H]ASPCAP as a proxy for [Fe/H], and [𝛼/M]ASPCAP as a prox
for [𝛼/Fe].
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Figure C.9: Top: Comparison of the 𝛼 element abundances derived by ASPCAPv202 and
the RAVE chemical pipeline. Bottom: The corresponding plot for the case when APOGEE
stellar parameters are used as a fixed input for the RAVE pipeline.
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Figure C.10: Top: Comparison of the 𝛼 element abundances derived by ASPCAPv202 and
the RAVE chemical pipeline. Bottom: The corresponding plot for the case when APOGEE
stellar parameters are used as a fixed input for the RAVE pipeline.
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Figure C.11: How the appearance of the RAVE chemical plane changes when ASPCAP
stellar parameters are used as a fixed input. Top: [𝛼/Fe] vs. [Fe/H] as seen by ASPCAP
and the RAVE chemical pipeline. Bottom: The corresponding plot for the case when 𝑇eff &
log 𝑔 are fixed to the (calibrated) ASPCAPv301 values.
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C.3 Summary and conclusions

We present a qualitative comparison of the RAVE and APOGEE stellar parameter and abun-
dances pipelines, by means of the RAVE-APOGEE overlap sample. The main results are
that

1. both surveys agree well not only on radial velocities, but also on spectroscopic surface
temperatures and metallicities derived by the pipelines, with these latter parameters
showing only small systematic trends and some (probably Signal-to-Noise driven) scatter,
respectively.

2. surface gravities are currently subject to larger systematic uncertainties in both surveys;
their comparison reveals some curious systematic o�sets which that require further in-
vestigation. As K13 �nd similar results in their comparison with the literature, and we
can tie the ASPCAP log 𝑔 scale to asteroseismology, we are inclined to attribute part of
the systematics to the RAVE calibrations.

This �nding is very much in accordance with a recent comparative study by Lebzelter et
al. (2012) who compared pipeline results from di�erent groups for the same spectra. The
authors �nd that �several valid approaches to analyze a given spectrum of a star result
in quite a wide range of solutions. The main causes for the di�erences in parameters
derived by di�erent groups seem to lie in the physical input data and in the details of
the analysis method.�

3. as is expected for a low-to-medium resolution survey, the RAVE 𝛼 abundances are dom-
inated by a large observational scatter that make a systematic comparison di�cult, even
for the high S/N sample. Also, RAVE [𝛼/Fe] is systematically higher than in APOGEE,
even when ASPCAP stellar parameters are used, which is likely due to the di�erent
de�nitions of "𝛼".

4. while there are systematic shifts in the temperature and surface gravities between RAVE
and APOGEE, "correcting" for these by using ASPCAP 𝑇eff & log 𝑔 as a �xed input
for the RAVE chemical pipeline has been shown to considerably improve the agreement
of the derived metallicities. However, we cannot generalize this �nding to all chemical
abundances, as the improvement for the derived 𝛼 abundances is overpowered by obser-
vational scatter. This naturally stresses the importance of accurate stellar parameters for
the development of the second step of ASPCAP: the derivation of individual elemental
abundances.

From a RAVE perspective, it has to be added that the experiment and its data pipelines have
undergone a huge development over the last few years. While the external errors in RAVE's
DR 2 were still huge (∆𝑇 ∼ 400 K, ∆ log 𝑔 ∼ 0.5, ∆ [M/H] ∼ 0.2, Zwitter et al. 2008),
the situation has become considerably better: as we have seen, RAVE data quality is now, at
least for the radial velocities and spectroscopic temperatures, comparable to medium-to-high-
resolution surveys like ARGOS (Ness et al. 2012) or APOGEE, and the chemical abundance
pipeline is found to be in remarkable agreement with ASPCAP for [Fe/H] when assuming the
same stellar parameters.
From the APOGEE/ASPCAP point of view, we can draw the conclusion that the survey,

despite the youth of the experiment and known caveats, already produces satisfying results.
APOGEE supersedes the planned precision in the radial velocities (Nidever et al. 2012), and
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ASPCAP also seems to be relatively mature in determining stellar parameters and metallici-
ties, as other studies comparing with high-resolution data (Mészaros et al. 2013, García Pérez
et al. 2013, in prep.), along with this study, suggest. Nevertheless, calibration is a pending
issue for DR 10, and the impact of inaccurate estimation of stellar parameters on the derived
elemental abundances should not be underestimated. We have shown how changes in the stel-
lar parameters propagate into the abundances for the RAVE chemical pipeline, but the same
holds for ASPCAP, of course.

Open questions to be addressed in future studies include:

∙ To what extent do chemical abundance uncertainties depend on the accuracy of the
stellar parameters? In how far are RAVE and APOGEE di�erent in this respect?

∙ In which parameter regime and which NIR spectral region do NLTE e�ects play a major
role? In which not?

∙ In how far are systematic di�erences of the temperature scale due to the di�erent spectral
windows used?

∙ Are APOGEE/ASPCAP data already good enough to calibrate lower resolution surveys?
In how far does the comparison with APOGEE agree with other comparative studies?

∙ Does interstellar extinction in�uence the pipelines in a di�erent way?

∙ What chemical treasures are still lurking in the large RAVE spectroscopic dataset and
what is the best way to �nd and use them?
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