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Zusammenfassung

Galaxientstehung ist einer der derzeit aktivsten Forschungsbereiche der Astronomie. In
der Milchstrafle, unserer Galaxis, lassen sich im Gegensatz zu externen Galaxien die Sterne
einzeln beobachten, und sie ist daher ein natiirlicher Testfall fiir moderne Galaxienentwick-
lungstheorien. Daher werden zur Zeit umfangreiche Beobachtungskampagnen durchgefiihrt,
die uns bisher ungekannte Mengen von Daten zur Analyse verfiighar machen. Jedoch ist
es von der Position der Sonne in der Milchstrasse aus eine schwierige Herausforderung,
die grosskalige Struktur der Galaxis abzuleiten. Die in dieser Arbeit beschriebenen dy-
namischen Gleichgewichtsmodelle der Galaxis sind ein grundlegender Beitrag dazu und
ein wesentliches Element fiir die Erklarung der Entwicklungsgeschichte der Milchstrafle.
Hier werden mittels der flexiblen Made-to-Measure Methode selbstkonsistente Modelle fiir
die Dynamik der Sterne und der Dunklen Materie erzeugt, die eine Vielzahl der aktuellen
Datensatze erklaren. Dabei wird zunachst der galaktische Bulge nachgebildet, um danach
auf groferen Skalen den galaktischen Balken und die innere Scheibe zu modellieren.

Im ersten Schritt (Kapitel 2) wird eine Reihe von dynamischen Modellen des galak-
tischen Bulges mit verschiedenen Anteilen Dunkler Materie beschrieben. Diese Modelle
werden an die dreidimensionale Sterndichte im Bulge mit ihrer Box/Peanut Gestalt, als
auch an die Sternkinematik im Bereich des Bulges angepasst. Dadurch ergibt sich die bisher
genaueste Bestimmung der dynamischen Masse des Bulges, zu (1.84 4+ 0.07) x 10'° M, in
einem Volumen von (£2.2x£1.4x+£1.2) kpc entlang der Hauptachse des Bulges. Die Bahn-
struktur der Box/Peanut Gestalt wurde mittels dieser Modelle analysiert (Kapitel 3), wobei
eine neue Brezel-anhliche Bahnfamilie entdeckt wurde, die die Dynamik der Box/Peanut
Gestalt des Bulges aufrechterhilt. Infolgedessen miissen Box/Peanut Bulges nicht zwin-
gend aus sogenannten Bananen-Bahnen aufgebaut sein, wie es vorher in der Literatur
beschrieben wurde.

Auflerhalb der inneren 2kpc geht der galaktische Bulge kontinuierlich in den galaktis-
chen Balken tiber. Mittels zusatzlicher Daten war es moglich, die vorherigen Bulge Modelle
auf den gesamten Balkenbereich zu erweitern (Kapitel 4). Hierzu wurden hauptsichlich die
Red Clump Giant Verteilung aus einer Kombination der VVV, UKIDSS und 2MASS Daten,
sowie die Sternkinematik in Abhangigkeit von der Entfernung aus der ARGOS Vermessung
beriicksichtigt. Aus der Modellierung dieser Daten im Balkenbereich liess sich eine Rota-
tionsfrequenz des Balkens von (39.0 4 3.5) kms~! kpc™! ableiten. Infolgedessen wurde der
Korotationsradius des Balkens zu (6.1 & 0.5) kpc ermittelt, sodass der galaktische Balken
als typischer schnellrotierender Balken einzustufen ist. Fiir die Gesamtzahl der Sterne in
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der Bulge- und Balken-Struktur wird eine Masse von Mipa,buge = 1.88 £ 0.12 x 10" M,
errechnet, deutlich mehr als die Masse der Sterne in der inneren Scheibe, Miiner disk =
1.29 4 0.12 x 101" M. Durch die ausgedehnteren Daten sowie durch neue Messungen der
IMF im Bulge war es moglich, den Anteil der Dunklen Materie im Bulge zu 17%42% zu bes-
timmen, sowie ein Dichteprofil fiir die Dunkle Materie abzuleiten, das im Bereich der Son-
nenbahn steil ansteigt, aber dann im Bulge in einen flacheren Anstieg tibergeht. Schliesslich
gelang der dynamische Nachweis einer zusitzlichen zentralen Masse von ~ 2 x 10° M, die
wahrscheinlich zu einer nuklearen Scheibe oder einem scheibenartigen Pseudobulge gehort.

Mit diesem dynamischen Modell stehen sowohl das Gravitationspotential wie auch die
Verteilung der Teilchenbahnen zur Verfiigung, die als Grundlage fiir weitergehende Mod-
elle der Galaxis benutzt werden konnen. Spektroskopische Messungen wie mit APOGEE
oder GALAH werden in naher Zukunft Haufigkeiten chemischer Elemente von > 10° Ster-
nen liefern, mit denen die Entstehungsgeschichte der Galaxis besser verstanden werden
kann. Chemodynamische Modelle, d.h. mit chemischen Parametern erweiterte dynamis-
che Modelle, sind entscheidend fiir die Analyse solcher Daten. Hierzu wurde die Made-to-
Measure Methode erweitert, und die ersten Made-to-Measure chemodynamichen Modelle
der inneren Galaxis entwickelt (Kapitel 5). Die neue Methode wurde auf der Basis des
dynamischen Modells aus Kapitel 4 angewendet, um die raumlichen und kinematischen
Variationen der Metallizitdt der ARGOS und APOGEE Sterne erfolgreich nachzubilden.
Die resultierende Phasenraum-Verteilung verschiedener Metallizitats-Komponenten in der
inneren Galaxis wurden analysiert, und deren Variationen durch ihre Bahnstrukturen
erklart. Dadurch wurde gezeigt, dass chemodynamische Modelle der balkenférmigen in-
neren Galaxis mittels der Made-to-Measure Methode erstellt werden konnen. Diese Modelle
beschreiben den aktuellen Stand der Galaxis und stellen eine wertvolle Ressource dar, um
Galaxienbildungssimulationen zu bewerten.



Abstract

Understanding galaxy evolution is one of the most active research fields in astronomy today.
The Milky Way, our home galaxy can be observed on a star-by-star basis, something
impossible in other galaxies and is therefore a natural benchmark for testing in detail
galaxy formation theories. Therefore, many recent and ongoing large scale surveys have
been carried out, providing an unprecedented collection of data to analyze. It is however
challenging from the Sun’s perspective to infer the current state of the Galaxy. In the
work presented here dynamical equilibrium models of the Galaxy in its current state are
built, a key element for later inferring its formation history. The dynamics of stars and
dark matter are modeled in a self-consistent way, reproducing as many datasets as possible
using the flexible Made-to-Measure method. An inside-out approach is adopted, starting
by focusing on the galactic bulge before moving out to the larger scales, the galactic bar
and the nearby disk.

First a set of dynamical models of the galactic bulge with different dark matter frac-
tions is made (Chapter 2). Those models are fitted to reproduce both the 3D density of
bulge stars, with their boxy/peanut shape, and the radial stellar kinematics in bulge fields
measured by the BRAVA spectroscopic survey. Results from the modelling of different
stellar and dark matter masses in the bulge lead to the most accurate measurement of the
total dynamical mass of the galactic bulge up to date, of (1.84 4 0.07) x 10'° Mg, in a
volume of (£2.2 x +1.4 x +1.2) kpc oriented along the bulge’s principal axis. The orbital
structure of the boxy/peanut shape in these dynamical models is then analyzed (Chap-
ter 3). The boxy/peanut shape is found to be supported by novel brezel-like orbits, from
which a strong peanut shape with a relatively short extension can be built, thus showing
that boxy/peanut bulges are not necessarily supported by the so-called banana orbits as
had been previously claimed in the literature.

Outside the central 2kpc, the galactic bulge smoothly segues into the long bar. Taking
advantage of recent new data, the modelling was extended to the entire long bar region
(Chapter 4). Additional data were added to the previous bulge models, mainly the distribu-
tion of Red Clump Giants in the bar region from a combination of the VVV, UKIDSS and
2MASS photometric surveys together with stellar kinematics as a function of distance along
the line of sight from the ARGOS survey. By modelling the dynamics of the bar region,
the pattern speed of the galactic bulge and bar is found to be (39.0 & 3.5) kms~! kpc™!.
This places the bar corotation radius at (6.1 £ 0.5) kpc, making the Milky Way bar a
typical fast rotator. The stellar mass of the long bar and bulge structure is evaluated
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t0 Mpar/buige = 1.88 £ 0.12 x 10" M, larger than the mass of disk in the bar region,
Minner dgisk = 1.29 &£ 0.12 x 10 Mg. Thanks to more extended kinematic datasets and
recent measurement of the bulge IMF, the dark matter is found to account for 17% 4 2%
of the mass in the bulge, with a density profile that flattens from the solar neighborhood
to a shallow cusp or core in the bulge region. Finally, dynamical evidence for an extra
central mass of ~ 2 x 10° M, is found, probably in a nuclear disk or disky pseudobulge.

This dynamical model of the bar region provides both the gravitational potential and a
consistent library of N-body orbits that can be used as a basis for more advanced modelling
of the Galaxy. Recent and future spectroscopic surveys such as APOGEE or GALAH will
provide hundreds of thousands of stellar abundances of elements that can allow tracing
back the formation history of the Galaxy. Chemodynamical models, a natural extension
of the dynamical models to also include chemical information, will be vital to understand
these new data. To this end, the Made-to-Measure method was extended to include the
metallicity distribution of stars, hence constructing the first Made-to-Measure chemody-
namical model (Chapter 5). This method was applied to the ARGOS and APOGEE data
to successfully fit with the dynamical model of the galactic bar the spatial and kinematic
variations of the metallicity in the inner Galaxy. The resulting phase-space distribution of
the different metallicity components in the inner Galaxy is then analyzed. The variations as
a function of metallicity observed in the data are described and explained in term of differ-
ences in spatial, kinematic and orbital structure. This demonstrates that chemodynamical
models of the barred inner Milky Way can be constructed using the Made-to-Measure
method. Such models describe the present chemodynamical state of the Galaxy and will
in the future be a valuable resource in confronting galactic evolution simulations.



Chapter 1

Introduction

In this introduction I first describe the Milky Way from its appearance to the naked eye on
the sky to the nature of its different substructures: the Galactic Centre, bulge, bar, disk(s)
and halos. I then discuss why understanding the structure and formation history of the
Galaxy is a very active scientific field at the moment. I describe the challenges to overcome
and the data available to push forward our knowledge of the Milky Way. Next I describe
the different techniques used for modelling Galaxies and particularly the Made-to-Measure
method, extensively used in this work. I finally describe the outline of this manuscript and
state the main results presented in the following chapters.

1.1 The Milky Way Galaxy

1.1.1 A little bit of history

Named by the Romans from its appearance as a glowing band on the sky, the Milky Way
has been the subject of wonder throughout history. Already back in the fifth century BC,
ancient Greek philosophers such as Anaxagoras or Democritus suggested that the Milky
Way could be composed of a multitude of distant stars, unresolved by the naked eye. Since
the telescope technology was not available at that time this idea remains unproved for more
that two millennia. The technical breakthrough in glass manufacturing in the 13th century
and the widespread use of glass lenses for spectacles in Europe lead to the creation of new
optical designs, including the first optical hand-held telescope device, credited to Hans
Lipperhey and Jacob Metius. It is finally in the 17th century after further refinement of its
telescope that Galileo Galilei obtained the first clear proof that the Milky Way Galaxy is
“nothing else but a mass of innumerable stars planted together in clusters” (Galilei 1610).

Thanks to modern technology, we now have many high resolution images of the Milky
Way. Pehraps one of the most beautiful images of our home Galaxy is the composite
optical image shown in Figure 1.1 [Credit: ESO/S. Brunier|. It shows the galactic disk
as a glowing horizontal band, the galactic bulge as the central prominent feature and the
Small and Large Magellanic Clouds, irregular dwarfs galaxies orbiting the Milky Way. Dark
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Figure 1.1: The Milky Way as seen in the visible wavelength range. This image is a
composition of 1200 photographs taken by a regular commercial camera from the Atacama
desert in Chile for the southern part and the Canary Island for the northern part. The
north galactic pole and galactic east are respectively oriented up and left. Credit: ESO/S.
Brunier
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Figure 1.2: Cross-section of the Milky Way as determined by the “star-gages” method of
Herschel (1785). The Sun is found to be located close to the center, as indicated by the
larger star symbol there.

patches are produced by extinction of the optical light due to the presence of interstellar
dust along the line of sight. Since the Sun is located inside it, the Milky Way is the largest
object on the sky and is therefore never fully visible from any location on Earth.

The first attempt to map the Milky Way is attributed to William Herschel and his
“star-gages” method (Herschel 1785). Even if the resulting map turned out to be wrong,
the method is in itself very interesting. Herschel used his 20-feet telescope and counted
stars in about seven hundred sky patches around a great circle of the celestial sphere.
Assuming that (i) all stars are distributed uniformly within the Milky Way, (ii) no star
is found beyond the boundaries of the Milky Way and (iii) all stars can be resolved by
his telescope, the number of stars in a patch of the sky is related to the distance to the
boundary of the Milky Way along the corresponding line of sight. The map of the cross-
section of the Milky Way as traced by Herschel is reproduced in Figure 1.2 where the Sun
is found close to the center. We know now that Herschel’s map is incorrect, due to the
violation of the three underlying assumptions. Stars are not uniformly distributed in the
Galaxy and can have a very broad distribution of intrinsic luminosities. The interstellar
dust greatly extincts the light in the visible optical range and hides most of the stars
located in the plane. All these factors combined make the conversion of the number count
of stars in some field to the stellar density a difficult exercise that is still challenging today.

Interestingly, until the early 1920s it was still not clear whether or not the Milky Way
constituted the entire universe. The controversy culminated with the “Great Debate” be-
tween Harlow Shapley, defender of the idea that the Milky Way encompasses the entire
Universe and Heber Curtis who instead believed that “nebulas” were nothing else as sepa-
rate “Island Universes” (Shapley & Curtis 1921), equivalent of what we now call galaxies.
The question was finally settled when Edwin Hubble showed that the Andromeda nebula
was too distant to belong to the Milky Way (Hubble 1929).

In the last hundred years, since that time, our knowledge of our home galaxy and its
environment has drastically increased and the place of Mankind in the Universe dramati-
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cally decreased. The Milky Way is now known to be a fairly regular barred spiral galaxy
with loosly wound spiral arms and a central bulge, entering the type SBb-SBc in the Hub-
ble classification. The Sun is one of the hundred billion stars of the Milky Way, itself one
of the estimated 170 billion galaxies populating the observable Universe (Gott III et al.
2005). A more recent artist’s impression of the Galaxy as seen from the north galactic pole
is reproduced in Figure 1.3. This image is based on data from the GLIMPSE survey but
does not perfectly represent the state of our knowledge about the Galaxy. For example, the
presence of two distinct bars structure, as depicted in the figure under the denomination
of galactic bar and long bar, has been recently disproved (Wegg, Gerhard & Portail 2015).
Starting from the very center, let us take an inside-out journey through the Milky Way.

1.1.2 The central Milky Way

Locating the center of the Galaxy is made difficult by the large extinction in the galactic
plane. Oort & Rougoor (1960) found by combining large scale optical data and radio
observations that the radio source SgrA was a good candidate for being the center of the
Galaxy. This lead the International Astronomical Union to locate the origin of the galactic
coordinate system on SgrA. It was shown only later than SgrA is in fact a composite radio
source, whose main emission comes from the compact source SgrA*, slightly offset form
the adopted Galactic Centre. SgrA* is now believed to be associated to a central Super
Massive Black Hole (SMBH). Convincing evidence that the Galactic Centre hosts a central
SMBH has been obtained by following the motions of stars towards the center over a long
time. Monitoring 28 stars located in the innermost arcsecond (called S-stars) with precise
astrometry during 16 years, Gillessen et al. (2009) found that their orbits was consistent
with the presence of a single point-mass gravitational potential, corresponding to a central
object with a mass of M, = 4.31 £ 0.065/4:0.36|ro X 105 Mg, too dense to allow any other
astronomical object than a SMBH. The presence of SMBHs in the center of galaxies is not
unusual. Gebhardt et al. (2003) made orbit superposition models for 12 galaxies and found
in every case the presence of a SMBH of mass between 10 M and a few 10° M.

The galactic SMBH is embedded in a more extended near-infrared source called the
Nuclear Star Cluster (NSC, Becklin & Neugebauer 1968). Nuclear star clusters are central
clusters of stars, bigger than globular clusters with about 106 — 107 stars and effective radii
of only about 5pc (Walcher et al. 2005). They are common in external disk galaxies
(Carollo et al. 1997) and are found to obey scaling relations with the mass of the host
galaxy and central SMBH. In the Milky Way, the NSC is mostly made of old giant stars
forming a flattened axisymetric structure around SgrA* that can be observed on a star-
by-star basis thanks to its relatively close distance. Fritz et al. (2016) measured proper
motions of 10000 stars in the NSC that were used as input data for dynamical modelling
of the NSC by Chatzopoulos et al. (2015). When combined with the orbits of S-stars,
the dynamical modelling of the NSC provides a very precise determination of the mass of
the central SMBH M, = 4.23 4= 0.14 x 10° M, and the distance to the Galactic Centre
Ry =8.33 £0.11 kpc.

Infrared data from the Infrared Astronomical Satellite (IRAS) and the Cosmic Back-
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Figure 1.3: Artist’s impression of the Galaxy based on data from the GLIMPSE survey.
Although well spread this image contains features that are not clearly established, like the
central double bar system. Credit: Spitzer Science Center/R. Hurt
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ground Explorer (COBE) revealed that the NSC itself is embedded in a larger structure
called the Nuclear Stellar Disk (NSD) (Launhardt, Zylka & Mezger 2002). The NSD ex-
tends to about 230 pc from the center and is very thin with a vertical exponential scale
height of only 45 pc (Nishiyama et al. 2013). SMBH, NSC and NSD form altogether the
central component of the Galaxy called the Nuclear Bulge (NB). There is however no
consensus yet about the exact mass and shape of the NB. Converting light into mass,
Launhardt, Zylka & Mezger (2002) attribute a total stellar mass of 1.4 + 0.6 x 109 Mg,
to the NB. Independently, Schonrich, Aumer & Sale (2015) found in the APOGEE data
(Allende Prieto et al. 2008) the kinematic evidence of a central nuclear disk structure ex-
tending to ~ 150 pc with a vertical scale height of 50 pc. They measure a rotation velocity
of 120kms~! at 150 pc, in possible tension with the mass of the nuclear bulge from Laun-
hardt, Zylka & Mezger (2002). In addition, Debattista et al. (2015) postulated the presence
of a kilo-parsec-scale nuclear central disk in order to explain the high velocity peaks in the
line of sight velocity distributions of the APOGEE commissioning data (Nidever et al.
2012). The structure of the central Milky Way is discussed further in Chapter 4 where we
find dynamical evidence for a central over-density probably associated to the NB.

1.1.3 The galactic bulge and bar

The bulge refers to the central kilo-parsec-scale and vertically extended over-density of
the Galaxy. It is very clear to the naked eye from the southern hemisphere even though
it is mostly covered by large dust clouds. Central bulges are very common in external
galaxies and exist in two flavors: (i) the classical bulges, remnants from mergers during
the hierarchical formation of the galaxy, and (ii) the pseudo-bulges, resulting from secular
evolution of disk stars (Kormendy & Kennicutt 2004). The galactic bulge has long been
thought of as a classical bulge, as supported by its old age (Ortolani et al. 1995) and the
presence of a vertical metallicity gradient that was thought at the time to rule out other
formation scenarios (Friedli, Benz & Kennicutt 1994).

However, in the last two decades it became clear that a large part of the galactic bulge
is in fact a pseudo-bulge that originated from the disk through secular evolution processes.
Evidences arose from the detection of non-axisymmetries, found consistently in the Hr and
CO gas flow (Peters, 111 1975; Binney et al. 1991; Englmaier & Gerhard 1999; Fux 1999),
in the NIR light distribution (Blitz & Spergel 1991; Weiland et al. 1994; Binney, Gerhard
& Spergel 1997) and star counts (Nakada et al. 1991; Stanek et al. 1997; Lépez-Corredoira,
Cabrera-Lavers & Gerhard 2005). The bulge was then interpreted as a triaxial and rather
short boxy bar structure (Binney et al. 1991; Dwek et al. 1995) extending to 2 — 3kpc
from the center. It is only recently that the picture of the galactic bulge changed with
the discovery of the so-called split red clump, independently by Nataf et al. (2010) and
McWilliam & Zoccali (2010). By analyzing the density distribution of stars close to the
minor axis of the bulge and at latitude around —5° they found that the density distribution
in the bulge had a clear double bump feature, with two over densities located in front
and behind the Galactic Centre. Such double bump features in the density were already
predicted by N-body simulations of cold stellar disks embedded in live dark matter halos
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(Combes & Sanders 1981; Raha et al. 1991; Debattista & Sellwood 2000; Athanassoula
2003; Martinez-Valpuesta & Shlosman 2004). In these simulations, the stellar disk that is
initially unstable to the disk instability first form a flat rotating bar structure, which then
evolves by transferring angular momentum to the dark matter halo. During this evolution
the bar grows in length and slows down while remaining vertically thin. The bar can
then become vertically unstable and go through the buckling instability, where it extends
vertically and form a boxy/peanut (B/P) structure in its inner part, as illustrated in detail
in Figure 1.4. B/P bulges are common in external galaxies, as shown by Liitticke, Dettmar
& Pohlen (2000) who find that they represent 45% of all bulges in disk galaxies. This high
fraction of B/P bulges is not dissimilar to the fraction of bars in disk galaxies, providing
an additional piece of evidence that B/P bulges can be explained by a formation scenario
based on bars.

Although a B/P bulge was a natural explication for the split red clump in the Galaxy,
it was not clear whether or not the N-body simulations provided the complete picture.
Simulations predict that the buckling instability thickens only the inner part of the bar,
meaning that the outer part of the bar, called flat bar or long bar should also be observed
outside the bulge. A long bar component had indeed been observed in the Milky Way by
Hammersley et al. (1994) but first studies had found a misalignment between the bulge and
the long bar, leading to the hypothesis of a double bar system in the inner Galaxy, shown
in the artist’s impression of Figure 1.3 (Hammersley et al. 1994; Benjamin et al. 2005;
Lépez-Corredoira, Cabrera-Lavers & Gerhard 2005; Cabrera-Lavers et al. 2007; Cabrera-
Lavers et al. 2008; but see also Martinez-Valpuesta & Gerhard 2011). It is only last year
that Wegg, Gerhard & Portail (2015) showed by combining the VVV, UKIDSS, GLIMPSE
and 2MASS catalogs that the galactic bulge smoothly transitions into the long bar, both
appearing at a consistent angle. The galactic bulge and the long bar are now believed to
form a single bar structure that became vertically thick in its inner part, similarly to the
buckled bars of N-body models. Wegg, Gerhard & Portail (2015) found in addition an
extra super-thin bar component, confined in the plane with an exponential scale height of
only 45 pc.

Figure 1.5 gives an overview of the current picture of the galactic bulge and bar struc-
ture. The non-axisymmetry seen in the galactic coordinate projection (top left) originates
from the projection on the sky of the bar structure oriented at an angle a = 28 — 33° with
the line of sight towards the Galactic Centre (Wegg, Gerhard & Portail 2015). Seen from
the side (bottom left), the inner part of the bar is vertically extended and forms the B/P
bulge. Vertical cuts through the galactic projection show a steep increase of the number
of stars towards the plane for longitudes between 15° and 30°, indicating the presence of
an extra super-thin bar component. The bar is found to extend to 5 4+ 0.2kpc from the
Galactic Centre, about a factor of two longer than believed 20 years ago.

1.1.4 The galactic disk(s)

Outside the central 5kpc bar region, the main galactic component is the galactic disk.
By deriving photometric parallaxes of about 12500 stars towards the north galactic pole
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Figure 1.4: Formation of a boxy/peanut bulge in N-body simulation from vertical buckling
of a stellar bar. From left to right, an initial axisymetric stellar disk (¢ = 0) rapidly forms
a flat stellar bar (¢ = 200) that undergoes the buckling instability at ¢t = 400, creating first
a vertical asymmetry as shown in the side-on view. At the end of the buckling phase the
bar is fully grown and hosts a central boxy/peanut bulge (¢ = 800). Units in this figure
are internal model units (iu).
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Figure 1.5: Model of the galactic bulge and bar structure as traced by Red Clump Giants,
taken from Bland-Hawthorn & Gerhard (2016) as an adaptation of the original work from
Wegg, Gerhard & Portail (2015). The left column shows from top to bottom the projection
of the model in galactic coordinates (longitude [ and latitude b coordinates, centered on
the line of sight towards the Galactic Centre), followed by the face-on and side-on projec-
tions. The right column shows vertical cuts through the projection in galactic coordinates,
indicating clearly the super-thin bar component inside one degree from the plane.
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Gilmore & Reid (1983) found that the vertical structure of the disk follows a double
exponential profile, with a main exponential thin component of scale height ~ 300 pc and
an second exponential thicker component of scale height ~ 1450 pc. These two components
are now widely accepted as being two separate disks, called the thin and thick disks, as
indicated by their distinct chemistry (Bensby 2014) and radial structure (Juri¢ et al. 2008).

A lot of progress has been made in the last 15 years thanks to large wide-field multiband
photometric surveys like the 2MASS (Two Micron All Sky Survey, Majewski et al. 2003)
or SDSS (Sloan Digital Sky Survey, York et al. 2000) projects. Jurié¢ et al. (2008) used
the multi-band photometry from the SDSS catalogue to compute photometric distances of
about 48 million stars located in a cone oriented orthogonally to the galactic plane. They
found that the data in the solar neighborhood is well fit by two exponential disks, with a
thin disk scale height and scale length of respectively 300 pc and 2.6 kpc, and a thick disk
scale height and scale length of respectively 900 pc and 3.6 kpc. At the Sun’s location, they
also found that the thick disk surface density accounts for 12% of the thin disk surface
density, a fraction that decreases inwards due to the larger thick disk scale length.

However, the large variety of tracer populations that can be analyzed leads to a wide
range of disk parameters. Bland-Hawthorn & Gerhard (2016) analyzed 130 refereed papers
on disk parameters and conclude that the thin disk scale length and scale height are
respectively 2.6 + 0.5kpc and 300 £ 50 pc. Note that the uncertainty of 0.5kpc on the
thin disk scale length results in a factor of about 2 uncertainty in central surface density
when extrapolating the disk inwards to the Galactic Centre. Short disk scale lengths are
supported by stellar dynamics (Bovy & Rix 2013) and microlensing data (Wegg, Gerhard &
Portail 2016). The structure of the thick disk is even more uncertain. From their literature
analysis Bland-Hawthorn & Gerhard (2016) concluded for the thick disk a scale height of
900 + 180 pc, a local surface density fraction of 15% + 6% and a scale length ranging from
1.8 to 4.9 kpc.

The scatter of the disk parameters in the literature can be explained in different ways
including the presence of substructures (Juri¢ et al. 2008) or the complex chemistry of the
disk. Bovy et al. (2016b) analyzed the structure of Red Clump stars from the APOGEE
survey as a function of their a-enhancement and metallicity. For a-enhanced stars, they
find that their spatial distribution is well reproduced by a single exponential disk with a
single scale length of 2.2 + 0.2kpc, and so for all metallicities. However low a-enhanced
stars are found to have a more complex structure, where the surface density as a function
of radius does not decrease exponentially from the Galactic Centre but instead peaks at
some radius depending on the metallicity. This is illustrated in Figure 1.6 by a figure
taken from Bovy et al. (2016b). The galactic disk is seen in this work as the sum of torus
densities whose radii depend on the stellar population.

Our knowledge of the galactic disks is likely to be greatly improved by upcoming surveys
and particularly with the first data release of the Gaia mission that will provide accurate
distances and photometry for hundreds of millions of stars (see Section 1.2.3).
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Figure 1.6: The complex structure of the galactic disk, taken from Bovy et al. (2016b)
with permission. Although high [«/Fe| populations have a consistent exponential surface
density profile for different metallicities (upper panel), the low [a/Fe] shows a more complex
structure (lower panel) depending on metallicity. The galactic disk is then seen as the sum
of donut-like densities depending on the traced stellar population.
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1.1.5 The galactic stellar and dark matter halos

Beyond the galactic disks extend the galactic stellar halo. Stars in the halo are very distinct
from stars in the disk: they are more metal-poor, have large random motions, hardly any
rotation and are spheroidally distributed. Early work by Eggen, Lynden-Bell & Sandage
(1962) proposed that first stars in the halo formed from infalling gas of at the time when
the galaxy first collapsed. This view was challenged later by Searle & Zinn (1978) who
proposed instead that the halo formed by the infall of independent small fragments, thus
explaining the wide range of metal abundances observed at all radii. The discovery of
unrelaxed substructures in the halo indicated a subsequent hierarchical formation where
the halo grows by accretion of stars tidally disrupted from infalling dwarf galaxies (Ibata
et al. 1997; Schlaufman et al. 2009). This is consistent with cosmological simulations that
predict an accretion of about 100 small galaxies for the build-up of the halo (Bullock &
Johnston 2004). Some of those accreted dwarf galaxies are still observable today because
of the long relaxation timescale of the order of a Gyr as discussed in the next section.

The stellar halo hosts numerous substructures, consequence of its accretion history,
but it is not clear yet how important those substructures are. Using near-main sequence
turnoff stars from SDSS data, Bell et al. (2008) find that about 40% of the stellar halo
mass is located in substructures while Deason, Belokurov & Evans (2011) find by analyzing
horizontal branch stars also from SDSS data that only 5% to 20% of the halo mass is in
substructures. Averaging over large scales, Deason, Belokurov & Evans (2011) define the
smooth halo whose density profile is well described by a double power law or alternatively
an Einasto density profile. The break in the halo happens at 25 4+ 10 kpc from the center,
with an inner and outer slope of —2.540.3 and —4.34+0.6 kpc (Bland-Hawthorn & Gerhard
2016). The stellar halo is believed to contain about 1% of the stellar mass in the Galaxy
and has therefore a negligible effect on the galactic potential. However since its inner
density profile is very steep, it could account for a significant fraction of the metal-poor
stars in the bulge (Pérez-Villegas, Portail & Gerhard 2016).

All the galactic components described previously are by far not sufficient to explain
the stellar and gas kinematics in the Galaxy. Hence under Newtonian gravity the Galaxy
must be surrounded by a massive dark matter halo, not-directly observed. Locally, the
dark matter density can be computed from a measurement of the total surface mass den-
sity as provided by dynamical modelling of the vertical kinematics of stars in the solar
neighborhood. Alternatively, on larger scales the dark matter distribution can be derived
from measurements of the rotation curve of the Milky Way. In both cases the dark matter
density is obtained by removing a baryonic component from a dynamical mass measure-
ment, and therefore relies on our knowledge of the distribution of baryons in the Galaxy. A
compilation of recent results on the local dark matter density is available in Read (2014).
The dark matter contribution to the galactic gravitational potential increases outwards and
provides about half the radial acceleration at the Solar radius (see Chapter 4). Hence the
dark matter is sub-dominant in the inner part of the Galaxy. In Chapter 2 and Chapter 4
of this thesis we study in detail the bulge and bar region of the Milky Way and aim at
recovering the dark matter mass enclosed in the inner part of the Galaxy.
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1.1.6 The environment of the Milky Way

The Milky Way is not isolated but instead is surrounded by about 50 satellite dwarf galaxies
orbiting in the halo. The two main satellites of the Galaxy are the Small and Large
Magellanic Clouds, visible to the naked eye from the southern hemisphere and shown in
Figure 1.1 south-west from the bulge. Worth noting is also the Sagittarius dwarf elliptical
galaxy, which orbits the Milky Way on a polar orbit. During repeated passages in the
deep galactic potential, stars have been tidally stripped from the Sagittarius dwarf galaxy
and now form the Sagittarius stream which wraps around the Galaxy (Lynden-Bell &
Lynden-Bell 1995; Newberg et al. 2002; Majewski et al. 2003).

Further away resides the Andromeda system, consisting of many dwarfs galaxies or-
biting the closest large external galaxy: the Andromeda Galaxy (M31). Andromeda is
located at about 780 kpc away from the Sun and form with the Milky Way a double galaxy
system. It is is blueshifted so has a significant velocity component towards the Milky Way.
Its proper motion has also been measured from HST photometry by Sohn, Anderson &
van der Marel (2012) over a baseline of ~ 7 years. van der Marel et al. (2012b) found
that all data are consistent with a future head-on collision between the Milky Way and
Andromeda, ultimately leading to the merging of the two galaxies in about 5.773% Gyr
from now (van der Marel et al. 2012a). The Milky Way and Andromeda are the two major
galaxies of the so-called Local Group, containing all objects within about 1 Mpc.

The Local Group is itself a member of the next large structure called the Virgo Su-
percluster, which also hosts others groups and clusters of galaxies like the Virgo Cluster.
Using data from the Cosmicflows-2 spectroscopic survey and after removing the Hubble
flow, Tully et al. (2014) obtained distances and peculiar velocities of more than 8000 ob-
jects extending on larger scales than the Virgo Supercluster. They find in their data the
locations of points where the peculiar velocity field of galaxies diverges. The three dimen-
sional surface tracing these divergence points indicates the boundary of a volume inside
which galaxies are attracted towards a common basin. This volume shown in Figure 1.7 is
called the Laniakea Supercluster (“immeasurable heaven” in Hawaiian language), with a
diameter of about 160 Mpc. Notable additional members of the Laniakea Supercluster are
the Hydra cluster, the Norma clusters and the Great Attractor, gravitational focal point
within the Laniakea Supercluster.
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Figure 1.7: A slice through the Laniakea Supercluster in super-galactic coordinates, where
the Galaxy is located at the origin. Individual galaxies are shown with white dots and
the white lines indicates stream lines of the peculiar velocity field of galaxies. The orange
contour shows the boundary of the Laniakea Supercluster, where the peculiar velocity field
diverges. This figure is taken from Tully et al. (2014).
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1.2 Galactic archeology: motivation and challenge

1.2.1 Formation of the Galaxy

A currently very active field in astronomy is galactic archeology, focusing on understand-
ing the formation history of the Milky Way from the present distribution of stars. In the
A—Cold Dark Matter (ACDM) context the Galaxy’s formation started with the gravita-
tional collapse of dark matter from small overdensities in the early Universe. In ACDM
simulations such as the Aquarius simulation (Navarro et al. 2010), dark halos form from
hierarchical assembly, where small halos merge and build larger ones.

In the gravitational potential of the early dark halo, the current theory for the formation
of the Milky Way states that the stellar halo and possibly a classical bulge formed first,
from either direct collapse of cold gas (Eggen, Lynden-Bell & Sandage 1962) or infall of
small fragments (Searle & Zinn 1978). The first stars are however believed to represent
only a small fraction of the Galaxy today. Then began a slow accretion process where gas
was accreted from the environment across the large scale dark matter filaments. Due to
conservation of angular momentum the gas concentrated in a disk and formed new stars
that slowly built up the galactic disk. At the same time the Galaxy underwent minor
mergers with orbiting dwarf Galaxies, like the merger with the Sagittarius dwarf galaxy
that is happening now.

Since the Milky Way is the only disk galaxy that can be observed in great detail and
on a star-by-star basis, the idea behind galactic archeology is to use the Milky Way as
a benchmark for testing the theory of the formation of disk galaxies in general. Can
we explain the present state of the Milky Way within the current theory of hierarchical
structure formation in the Universe? How similar is the Milky Way to other barred disk
galaxies? How is the dark matter distributed in the Galaxy and how is it affected by
evolution of the Galaxy? Answering these questions is now possible thanks to the large
amount of data already available but is nevertheless very challenging. Before addressing
the question of how the Galaxy formed, it is necessary to build a consensus on the present
configuration of the Galaxy.

1.2.2 The challenge of geometry

Understanding the present state of the Galaxy is a very challenging task that remains
incomplete. From the Sun’s perspective, the entire Galaxy is projected as a thin band on
the sky, thus making difficult the extraction of structures distributed along the line of sight
from observable data. The recovery of the 3D distribution of stars in the Galaxy often
requires the measurement of stellar distances, which although a very difficult task can be
achieved in two different main ways: the parallax distances and the photometric distances.

Parallax distances rely on the different perspectives from which the observer observes
a star as the Earth rotates around the Sun. The change in position on the sky along a
year is inversely proportional to the distance to the star. Is it however tiny even for the
closest star Proxima Centauri, of the order of one arscecond only. The first large catalogue
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of parallax distances was obtained from the Hipparcos satellite launched in 1989 (ESA
1997). Hipparcos had a median precision in parallax of about 1mas, which limits the
effective volume of the survey to about 1kpc from the Sun. Hipparcos will be superseded
by the Gaia satellite whose first data release is planned for 2016. Gaia will measure precise
astrometry and parallax distances to more than a billion objects, with accuracy greatly
improved over Hipparcos, reaching about 10u as for bright stars with V' < 12. However
since it operate in the visible wavelength range, Gaia is not able to pierce through the
massive extinction in the galactic plane.

Photometric distances can be obtained by transforming a measurement of the apparent
brightness of a star m into distance modulus p as given by

p=m-—M-—A (1.1)

where M is the intrinsic magnitude of the star and A the extinction between the star and
the observer. The difficulty resides in measuring M and A. Stars can have a wide variety
of absolute magnitudes so that the prior knowledge on M is usually poor. For example
in the visible wavelength band, main sequence stars have absolute magnitudes spanning a
range of more than 18 mag. There are however situations in which M can be measured
or statistically constrained. From a measurement of a star’s spectrum one can constrain
its surface gravity and effective temperature. The comparison with theoretical models of
stellar atmospheres allow to infer M and thus obtain what is often called a spectroscopic
distance. Observing a spectrum is an expensive process and unfortunately does not provide
particularly accurate distances. In the ARGOS and APOGEE spectroscopic surveys for
example, M can be determined with a typical accuracy of 0.7 mag, corresponding to an
error in the inferred distance of about 30%. Another possibility to constrain M is to use
standard candles as target stars. RRLyrae stars for example are variable stars for which
the pulsation period is related to the intrinsic magnitude (Catelan, Pritzl & Smith 2004).
Since pulsation periods are relatively easy to measure, RRLyrae are good targets to obtain
stellar distances at relatively low cost. They however sample the metal-poor population
only (see Dékéany et al. 2013 and Pietrukowicz et al. 2015 for RRLyrae in the galactic
bulge), which in the Milky Way does not trace the bulk of the stellar mass.

In this thesis we will mostly focus on another type of approximate standard candles
called the Red Clump Giants (RCGs). RCGs are core Helium burning stars that have
a narrow absolute luminosity function. The dispersion of the RCGs’ luminosity function
is about 0.2mag (Alves 2000; Bressan et al. 2012) in the K band and therefore allows
estimation of photometric distances that are about 10% accurate. Such a standard candle
is accurate enough to resolve the variation of the density in the galactic bulge (e.g. Wegg &
Gerhard 2013). In addition, theoretical models by Salaris & Girardi (2002) show that RCGs
are good tracers of the stellar mass for an old population over a wide range of metallicities
(i.e. abundance of elements other that Hydrogen and Helium in the solar atmosphere).
Therefore RCGs are a very good target population for studying the structure of the inner
Milky Way.

The second ingredient required to estimate distances is the extinction A. Extinction
is caused by absorption and scattering of the light by the interstellar medium distributed
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along the line of sight. Extinction in the Galaxy is mostly located in the galactic plane
and can reach up to Ay = 40mag towards the Galactic Centre (Nishiyama et al. 2008).
It varies with wavelength and can be lowered by observing in the near infrared. In the
K, band (~ 2.15 um) for example the extinction towards the Galactic Centre drops to
Ak, ~ 2.6mag (Fritz et al. 2011). One way to measure extinction is to first measure
the reddening of a star (differential extinction between two bands) and then convert this
reddening into a single band extinction with an extinction law. Since RCGs also have a
narrow distribution of intrinsic colors (standard deviation of about 0.05 mag of the J — K
color in Baade’s window, from Wegg & Gerhard 2013) their observed color is a direct
measure of the reddening. Gonzalez et al. (2012) and Wegg & Gerhard (2013) used this
method to build a foreground extinction map of the galactic bulge using RCGs from the
VVV survey, with a typical accuracy of 0.03 mag in the K band.

1.2.3 The age of surveys

Getting over the challenge of the geometry described above requires accurate data on large
scales since the Galaxy covers the entire sky. Fortunately in the past two decades many
photometric surveys have been carried out, providing large catalogs of optical and near
infrared magnitudes and colors containing billions of stars. A very significant step forward
was achieved by the 2MASS which provides accurate photometry in the near-infrared
bands J, H and K for more than half a billion stars and galaxies. Since it operates in
the near-infrared 2MASS can reach stars located in the bulge and beyond and has been
used as input catalogue for many spectroscopic surveys. However the 2MASS catalogue
is increasingly incomplete in the galactic plane and towards the Galactic Centre because
of extinction and crowding. Other surveys specially designed to penetrate crowded and
extincted regions filled the gap, such as the recent VVV survey (Vista Variables in the
Via Lactea, Minniti et al. 2010) in the bulge and the galactic plane at negative longitude,
or the UKIDSS survey (United Kingdom Infrared Deep Sky Survey, Lucas et al. 2008)
in the galactic plane at positive longitude. In addition the GLIMPSE survey (Galactic
Legacy Mid-Plane Survey Extraordinaire, Churchwell et al. 2009; Benjamin et al. 2005)
observed the galactic plane from the Spitzer Space Telescope in four different bands in the
mid-infrared. Number counts of RCGs in the GLIMPSE data show the long bar structure,
the tangent point to the Scutum-Centaurus spiral arm, the radial scale length of the disk
and the nuclear bulge. Knowledge gained from the GLIMPSE survey is at the origin of
the artist’s impression of the Galaxy shown in Figure 1.3

In the past decade a significant effort has been made to measure stellar kinematics and
chemical compositions in different parts of the Milky Way. By connecting photometry and
kinematics through dynamical modelling one can recover keys parameters of the Galaxy:.
For example, using data from the GCS survey (Geneva-Copenhaguen Survey, Nordstrom
et al. 2004) in the solar neighboorhood and the RAVE survey (RAdial Velocity Experiment,
Steinmetz et al. 2006) further away in the nearby disk, Sharma et al. (2014) were able to
construct a kinematic model of the Galaxy and recover from it the circular velocity of
the Local Standard at Rest (LSR) and the peculiar motion of the Sun in the LSR with
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a statistical error of less than 2kms~!. Note however that the measure of the circular

velocity of the LSR is affected by systematic uncertainties that are of the order of about
15kms™! (Bland-Hawthorn & Gerhard 2016). With data from the SEGUE survey (Sloan
Extension for Galactic Understanding and Exploration, Yanny et al. 2009), Bovy & Rix
(2013) were able to put constraints on the structure of the galactic disk and dark matter
halo between 4kpc and 9kpce from the Galactic Centre. Piffl et al. (2014) modeled the
vertical structure of the gravitational potential in the solar neighborhood and by matching
the model to RAVE data obtained constraints on the local dark matter density and dark
halo shape. RAVE was also used by Antoja et al. (2014) to predict the pattern speed of the
galactic bar, interpreting the Hercules stream as a feature caused by the outer Lindblad
resonance of the bar.

In the bulge and bar on which this thesis is focused, the three main spectroscopic
surveys carried out so far are the BRAVA (Bulge RAdial Velocity Assay, Rich et al.
2007), ARGOS (Abundances and Radial velocity Galactic Origins Survey Freeman et al.
2013) and GIBS surveys (Giraffe Inner Bulge Survey, Zoccali et al. 2014). BRAVA and
ARGOS are extensively used in this thesis and are described in more detail in Chapter 2 and
Chapter 4. The GIBS survey targets RCGs in the bulge identified from the VVV catalogue
and provides radial velocities and metallicities for about 5000 stars. GIBS covers fields at
galactic latitude b = —2° and could therefore be used in the future to better constrain
the in-plane bulge. Two other large-scale spectroscopic surveys are currently running: the
APOGEE survey (Apache Point Observatory Galactic Evolution Experiment, Allende
Prieto et al. 2008) and the GES survey (Gaia-ESO, Gilmore et al. 2012). The first phase
of the APOGEE survey, observed from the north hemisphere is now complete and observed
over 10° red giant stars across the Galaxy, including the bulge, bar, disk and halo. For each
star APOGEE provides radial velocity, stellar parameters and chemical abundances of more
than 20 elements. A second phase observed from the south hemisphere is currently running
and will target by 2020 about 3 x 10° stars. APOGEE is however limited in the bulge
and bar by extinction and crowding since its stars are selected from the 2MASS catalogue.
GES is a spectroscopic follow-up of the Gaia mission that will add radial velocities and
stellar parameters to some of the 10° precise positions and parallax distances measured by
Gaia. GES will target more than 10° stars in the Galaxy and will provide a significant
insight in the chemistry of the galactic disk. Worth noting is also the OGLE (Optical
Gravitational Lensing Experiment, Udalski et al. 1992). OGLE is a photometric survey
in the I and V bands, but can still reach bulge stars in low extinction regions. Using the
variation of the positions of stars in the sky across the 4 year baseline between 1996 and
2000, Sumi et al. (2004) computed relative proper motions of hundred of millions of stars,
hence constraining the stellar kinematics on the plane of the sky.

Although all the datasets presented above have already been individually analyzed, a
synthesis effort has to be made to combine these different datasets in a single coherent
dynamical model of the Galaxy. The goal of this thesis is to provide part of this synthesis
effort, focusing mostly on the galactic bulge, bar and inner disk. To do so we construct
dynamical models that are constrained by real data, as described in the next section.
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1.3 Dynamical modelling of galaxies

1.3.1 Collisionless stellar dynamics

Galaxies are mostly empty stellar systems. A typical disk galaxy contains of the order
of N = 10 stars within a radius of 10kpc, resulting in an average number density of
stars of only n = 1pc™3. A consequence of this fact is that stellar dynamics in galaxies
can be considered as collisionless, i.e. two-bodies interactions are rare and insignificant
enough that stars can be considered to travel through a smooth background gravitational
potential. A star traveling at velocity v relatively to a neighboring star at closest distance
b will experience a typical change in velocity from the two-body interaction of the order of
ov given by

GM 2b 2GM

X — ~
b? v bu

where M is the mass of the neighbor star. Strong encounters that lead to a deflection of
ov ~ v are extremely rare in disk galaxies, since they require the traveling star to approach
its neighbor at a distance of the order of b ~ few 107% pc, less than one astronomical unit.
Instead, by traveling through the galaxy the star will experience many small deflections dv
that statistically cumulate over time and significantly change the orbit of the star. This
relaxation process is however very inefficient in galaxies, because its timescale is several
orders of magnitude larger than the age of the Universe. This can be shown by integrating
all small changes dv experienced by a star traveling through the galaxy (Chandrasekhar
1960). The relaxation time Tyep.y is related to the crossing time Ti.ss as given by Binney
& Tremaine (2008) by

0v ~ (1.2)
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For typical disk galaxies with N = 10*! stars and a crossing time of the order of 100 Myt, the
relaxation time T}epy is more than 10° longer than the age of the Universe. Hence galaxies
are ruled by collisionless dynamics. This is not necessarily the case in all stellar systems.
Globular clusters for example have a typical crossing time of 1 Myr for about N = 10°
stars, meaning that their relaxation timescale is of the order of one Gyr only, usually
smaller than their age. As a consequence, globular clusters can show some interesting
features of collisional dynamics such as mass segregation. Successive encounters of stars
with different masses tend to an equipartition of the kinetic energy between the stars, thus
reducing the velocity of high mass stars that end up preferentially closer to the center of
the cluster than lower mass stars.

The collisionless property is of first importance for modelling galaxies. The relaxation
timescale being very long means that stars we observed today have not lost the memory
of their initial conditions due to collisional processes. Hence, by measuring the current
phase-space density of a Galaxy we can hope to trace back its formation history. In the
Milky Way, the Gaia mission will provide 6D phase space information of many stars that
could allow tracing back the formation history of the galactic stellar halo for example. Note
however that the memory of the initial conditions can still be somewhat erased by other

Trelax ~ ( 1 3)
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processes than the collisional relaxation, such as variations in the gravitational potential,
radial migration or disk instabilities.

A collisionless stellar system can be modeled by a fluid in phase-space whose motion
is governed by its smooth gravitational potential. Such a system can then be represented
by its phase-space density f, also called its distribution function (DF). Classically, f is
a function of the time t and the three dimensional spatial position x and velocity v.
Depending on how it is defined f can represent the stellar mass density in phase-space or
the probability to find a star in a small volume dx3 dv?® around the phase space position
x,v at time t. An observable O on the model can then be obtained by integrating the
distribution function over some kernel Ky as

O:/x/v/tKo(x,v,t)xf(x,v,t)dv3. (1.4)

For example the 3D stellar mass density at any time ¢ is simply given by

pt) = [ flxv.t) i (1.5)
which through the Poisson equation
V20, = 4nGp, (1.6)

gives the stellar contribution to the gravitational potential ®,. Dark matter can then be
added into to model by specifying its distribution function in the same way as the stars.
The dynamics of the galaxy is then governed by the total gravitational potential, sum of
the stellar and dark matter potentials.

Galaxies evolve in time, by accretion, stellar evolution and secular processes. These
processes can however have longer timescale than the dynamical (or crossing) timescale of
its stars. Hence, for a galaxy in dynamical equilibrium, i.e. that does not evolve signifi-
cantly over a dynamical timescale, the mass flow in phase-space must obey the continuity
equation, so that an increase in density somewhere must be linked to a mass flow towards
the considered point. Putting together the conservation of mass of the fluid flow in phase
space with the equations of motion in the total gravitational potential ®, f can be shown
to obey the Collisionless Boltzmann Equation (hereafter CBE), given by

a _ of of
o TV TV =

Note that the CBE is valid only for collisionless dynamics of a conserved flow in phase
space. In real galaxies, finite lifetime of stars, collisional processes or resonances can also
contribute to a non-zero right-hand side term of the CBE, thus breaking the conservation
of the phase-space flow.

The construction of dynamical equilibrium models of galaxies consist of finding equi-
librium solutions or approximate solutions to the CBE that also reproduce a given set of
observable data. Finding a solution to the CBE is usually hard since it involves 7 vari-
ables in a second order differential equation and can only be done in limited and simplified
cases. We describe in the next subsections the different methods that can be used to model
galaxies, from more theoretical to more experimental.

0 (1.7)
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1.3.2 (Semi-) Analytical methods
DF-based modelling

The DF-based modelling aims at finding a distribution function, often assuming a para-
metric form for it, that solves the CBE while reproducing real data. The idea behind
DF-based modelling is to think in term of integrals of motion rather than in term of the
phase-space coordinates. An integral of motion [ is a quantity that depends on phase-space
coordinates only (no explicit time dependency) and that is conserved along any orbit. Thus
the Lagrangian derivative of I vanishes and I obeys to

dl ol

— [x(t t))=v-VI-Vo. — =0. 1.8

(), v(0)] = v o (1)

Hence, for a potential with n integrals of motion, any function f(I;(x,v),..., ,(x,V))

of the integrals of motion I,, verify

ﬁ:ig%zo (1.9)

and is thus a solution of the CBE. Inversely, by definition a steady-state solution of the CBE
is also an integral of motion. This is called the Jeans theorem that states that in a given
potential, any steady-state solution of the CBE depend on the phase-space coordinates
only through the integrals of motion, and reciprocally (Binney & Tremaine 2008).

The DF-based dynamical modelling of galaxies requires finding as many integrals of
motion as possible given the symmetries and possible assumptions about the considered
system. Then assuming some parametric form of the distribution function in term of the
considered integrals of motion and assuming that it does not depend on any other pa-
rameters, one can recover the best-fit parameters of the DF by comparing to real data.
The problem often resides in finding those integrals of motion. In three dimensional inte-
grable potentials, degenerate cases taken aside, there are only three independent integrals
of motion. In an axisymetric integrable potential, two of the three integrals are the total
energy and the component of the angular momentum along the revolution axis, but the
third integral is in general unknown. Integrable potential are rare, even mathematically
speaking, and so real galaxies are likely to have a non-integrable potential. However in
many cases, realistic potentials are near-integrable and near-integrals of motion can be
found (see Gerhard 1994 for an extensive discussion in the context of elliptical galaxies).

Although integrals of motion are very hard to find in practice, there is in theory an
infinite choice of integrals of motion since Equation 1.9 shows that any function of the
integrals of motion only is itself an integral of motion. In integrable potentials, a convenient
choice for the integral of motions used as arguments of the DF are the so called actions.
The actions are the momenta of a set of canonical coordinates of the phase-space called
action-angle coordinates and noted (.J;, @i)(lgigg) in which the J; are integrals of motion.
By definition the J; are integrals of motion, so they stay constant along an orbit, allowing to
label an orbit by just the three numbers corresponding to the value of the three actions. It
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can be shown using Hamilton’s formalism (Binney & Tremaine 2008) that the ©;, associated
variables of the actions are linear functions of the time (modulo 27). The ©; represent the
phase of a star along its orbit, oscillating periodically. Hence in action-angle modelling an
orbit is represented by three constant actions and three angles varying linearly in time,
rather than by six complex functions of the time corresponding to the three classical
positions and velocities.

DF-based modelling has been applied to spherical or oblate systems (e.g. Dejonghe
1984; Dehnen & Gerhard 1993) but also more recently in the Milky Way for modelling
the dynamics of the solar neighborhood (Binney 2010; Piffl et al. 2014) or the nuclear star
cluster (Chatzopoulos et al. 2015).

Jeans equations

Macroscopic properties of stellar systems can sometime be recovered without the need
to first obtain the full description of the galaxy by solving the CBE. Jeans modelling is
obtained by taking the velocity moments of the CBE and solving for them instead of solving
for the full DF. From the zeroth moment of Equation 1.7 we obtain the first Jeans equation
given by

Ip« | O(psTi) _
R el (1.10)

where .
T=— [ vdv, (1.11)
P

for any v;, Cartesian component ¢ of the velocity.
The first velocity moment of Equation 1.7 yields three others Jeans equations for a
second index j given by

A(p.77) ov; 00 O(p.o})
EANRP A = —n, — 1.12
where the velocity dispersion tensor o;; is given by
afj = U;U; — U; U;. (1.13)

Assuming we know the density p, and the gravitational potential ®, the 4 Jeans equa-
tions stated above are not enough to fully constrain the 9 unknowns variables, i.e. the 3
components of the velocity field and 6 independent components of the dispersion tensor.
Some of these quantities can however be directly measured. By integral field spectroscopy
we can measure the mean line of sight velocity field and velocity dispersion fields which can
be used to directly constrain the models (Emsellem et al. 2004; Cappellari 2008). Provided
some additional assumptions on the symmetry of the system and on the dispersion tensor
one can close the system of equations and find a solution. In the simple case of a spherical
steady-state galaxy for example, the Jeans equations simplify to

d(p?) B —  d®

2= 02 = p,— 1.14
dr + rpvr pdr ( )
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where [ is the radial anisotropy parameter. Hence if we know the density and potential, we
can relate a measurement of the velocity field to the anisotropy. Inversely an assumption
on the anisotropy can be converted into a constraint on the total potential and /or the dark
matter distribution.

Jeans modelling has been mostly used to model early-type ellipticals, for spherical
galaxies (Binney & Mamon 1982; Mamon et al. 2006) or axisymetric systems with two-
integrals Jeans models (Binney, Davies & Illingworth 1990). Cappellari (2008) proposed
the Jeans Anisotropic Modelling (JAM), generalization of the two-integral models for an
anisotropic velocity ellipsoid. The JAM method has been applied to the 260 galaxies
observed by the ATLAS3P survey (Cappellari et al. 2013) but it is no clear yet how physical
those models are (Soldner-Rembold et al.,in preparation). In the Milky Way, the Jeans
equations can be used to understand the axisymetric drift (Binney & Tremaine 2008) or
constrain the vertical structure of the potential in the solar neighborhood (Kuijken &
Gilmore 1989; Bovy & Tremaine 2012; Moni Bidin et al. 2014).

1.3.3 Particle/Orbit based methods

In a given potential, any linear combination of solutions of the CBE is also a solution
of the CBE. Hence an alternative approach to the analytical method described above is
to consider many elementary distribution functions f; as a basis for approximating f.
Considering a large number of elements N > 1, f is approximated as

N
FeS i, (1.15)

i=1

where the w; are the weights of the different f;.

Schwarzschild modelling

The Schwarzschild modelling introduced by Schwarzschild (1979) is an orbit-based method
where the galaxy is represented as a sum of many orbits. Assuming a total gravitational
potential, the first step of the method consist of constructing an orbit library that sample all
possible orbits in phase-space. In a integrable potential, any orbit can be fully represented
by its integrals of motion Iy 4, ..., I, ; and thus the Schwarzschild modelling technique writes
the elementary f; as a discrete sampling of the integral of motion space, as given by

fi([h ceey In) = 5([1 — [Li) X ... X 5<[n — ITL,’L) (116)

In non-integrable potentials, or when the integrals of motion have no known analytical
expressions, a sampling recipe is required. This is the case in the axisymetric case where
only two of the integrals of motion are known and can be directly sampled: the total energy
E and the angular momentum along the axis of symmetry L,. The third integral of motion
is then only approximately sampled by integrating test particles in the potential from a
fixed value of E and L,. In a second step, the single-orbit DFs f; are integrated to predict
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model observables that are linearly combined. An optimization process is then charged to
find a combination of weights w; that maximize some profit function, usually minimizing
the x? between modeled observables and data. Schwarschild modelling is expensive in
memory since it requires the storage of the contribution of all orbits to all observables.
This limits in practice the size of the orbits library to the range 10* - 10° orbits.

The problem of orbit sampling mostly restricts the Schwarzschild modelling to axisy-
metric (Thomas et al. 2009) and triaxial systems (van den Bosch et al. 2008; Vasiliev 2013;
Finozzi et al., in preparation). It has been applied on large elliptical galaxies under the
assumption of spherical symmetry or axisymmetry (Richstone 1980; Richstone & Tremaine
1984; Rix et al. 1997; Thomas et al. 2005). The few applications in the Milky Way have
been mostly focused on the galactic bar, based on an analytical density model (Zhao 1996;
Haefner et al. 2000) or a N-body potential (Wang et al. 2012, 2013).

N-body modelling

The N-body approach is more straightforward and represents the galaxy as a large set of
particles sampling the phase-space. Formally, the f; are given by

filx,v,t) =0(x —x;(t)) x (v — v;(t)) (1.17)

where x;(t) and v;(t) are the position and velocity of particle i at time ¢ and the weights
w; of Equation 1.15 are the physical masses of the particles. A potential solver is first
required to compute the gravitational field produced by the spatial mass distribution of
the full set of particles at their current position. The entire model is then propagated for a
small time increment 0t integrating Newton’s second law of motion, individually for each
particle. Repeating this process for many 4t allow to study the evolution of the model in
time. Note that N-body models only provide approximate solutions of the CBE. Since all
the positions of all the particles change between two iterations, so does the gravitational
potential, even for a N-body sampling of a steady-state system. As a consequence, particles
do not exactly follow orbits. However, the possibility of slow changes in the potential and
resonances allow the development of secular evolution processes, such as the formation of
B/P bulges already mentioned in Section 1.1.3.

On the bright side, N-body models are fairly simple, widespread and very general.
Complicated systems like the Andromeda galaxy with a disk, a classical bulge, a B/P bulge
and a dark matter halo can be accurately modeled using pure N-body models (Blana Diaz
et al., in preparation) and several N-body integrators and potential solvers are available
e.g in the NEMO stellar dynamics toolbox from Teuben (1995). N-body models are also
a unique tool to understand how structures form due to various instabilities that are too
complicated to be treated analytically.

On the dark side, it has to be noted first that N-body modelling is not a stand-alone
modelling technique, since a N-body run requires an initial N-body model to evolve from.
The construction of the N-body initial conditions is usually done by randomly sampling
some user-defined mass model and specifying initial velocities to every particle in order to
ensure an approximate equilibrium state of the model. This can be done by either sampling
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a distribution function (Debattista & Sellwood 1998), solving the Jeans equations (Hern-
quist 1993) or by trial/error numerical experiments (Rodionov, Athanassoula & Sotnikova
2009; Yurin & Springel 2014). In addition, the user of a N-body models has only a limited
amount of control on the end product of a N-body run. Although the integration process
is fully deterministic, the model evolution is non-linear. The outcome of two N-body runs
starting from initial conditions that have the same macroscopic properties but different
microscopic states can lead to evolved models that are macroscopically very different. For
example Sellwood & Debattista (2009) showed that the strength of the stellar bar of an
evolved N-body model can depend on the seed of the random number generator used to
sample the initial conditions. As a consequence, when trying to produce a model that
matches some data, the N-body modelling of a galaxy often requires running many models
with different initial parameters and then searching inside this large model library which
model compares best to the data. Note in addition that a N-body model of a galaxy at a
time ¢ is determined by 6 x N numbers. At a later time ¢ + At all particles have moved
and the galaxy is represented by 6 x N different numbers, even though the galaxy remains
unchanged in a steady state case.

Made-to-Measure N-body modelling

In this thesis we use the Made-to-Measure method (M2M) to construct dynamical models
of the Galaxy. The M2M method introduced by Syer & Tremaine (1996) is a modelling
technique that combines the flexibility of N-body modelling with the orbit superposition
of the Schwarschild method in order to reproduce a given set of data. It relies on an initial
self-gravitating N-body model. The particles masses, rigorously representing mass elements
located at some point of a time-dependent phase-space, are identified to the weights of the
time-averaged orbits that the particles approximately follow when evolving in their own
potential. The M2M method consists of slowly adjusting the weights w; while integrating
the N-body model in order to obtain a self-consistent dynamical model that also reproduces
the data. Starting from the initial N-body model, the different model observables are first
computed and then compared to the real data. The comparison is quantified by a profit
function, usually the opposite of a x? between model observables and real data. The profit
function is maximized by a simple gradient ascent algorithm operating on the particle
weights. This gradient ascent on the weights and the propagation of the N-body particles
forward in time are performed at the same time, both in small steps. This makes the
method is very efficient in memory since it only requires the knowledge of the contribution
of all particle to all observables at one time only rather than the knowledge of the time-
averaged contributions of all orbits, as in the Schwarzschild modelling. Syer & Tremaine
(1996) and De Lorenzi et al. (2007) showed that the method converges to the solution,
provided the initial N-body model used as the initial discrete sample of the DF is close
enough to the solution. Note that the M2M method acts only on the physical masses of the
particles, not directly on their positions or velocities. For variant methods acting on the
velocities see Rodionov, Athanassoula & Sotnikova (2009) and Yurin & Springel (2014).
The initial thought behind the M2M method by Syer & Tremaine (1996) was to set up
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initial conditions for N-body models. De Lorenzi et al. (2007) adapted the method to match
real data by introducing a x? into the profit function. Several refinements and variations of
the method have been studied by Dehnen (2000a), Morganti & Gerhard (2012) and Hunt,
Kawata & Martel (2013). Applications prior to this thesis have been carried out in the
context of external galaxies (e.g. De Lorenzi et al. 2007, 2009; Das et al. 2011; Morganti
et al. 2013) but also in the Milky Way (e.g. Bissantz, Debattista & Gerhard 2004; Long
et al. 2013; Hunt & Kawata 2014).

Details about the M2M method are given in Chapter 2 for modelling the galactic
bulge, in Chapter 4 for modelling the entire bar region and in Chapter 5 for an extension
of the method used to make a chemodynamical model of the bar region. I used the N-
particle Made-to-measure AlGorithm mInimizing Chi squared (NMAGIC) implementation,
originally written by De Lorenzi et al. (2007) and entirely restructured for the purpose of
the thesis.

1.4 Goal and outline of the thesis

In this thesis dynamical equilibrium models the inner Milky Way are built that simul-
taneously reproduce recent photometric and kinematic data. It focuses on constraining
the present day state of the Milky Way, a necessary first step towards understanding its
formation history.

Chapter 2 describes the construction of a set of N-body models of barred stellar disks
in different dark matter halos used as initial conditions for constructing M2M models of
the galactic bulge. These five N-body models are then fitted simultaneously to the recent
3D density map of RCGs in the galactic bulge from Wegg & Gerhard (2013) and to the
bulge stellar kinematics from the BRAVA survey. I investigate under which conditions the
two datasets can be simultaneously reproduced and find a very strong constraint on the
total dynamical mass of the bulge (i.e stellar + dark matter), and discuss its consequence
on the dark matter fraction in the bulge.

Chapter 3 describes a spin-off project based on the dynamical models of the bulge from
Chapter 2. The orbital structure of the bulge models is analyzed, before and after fitting
to Milky Way data. In all these models the peanut shape of the bulge is shown to be
the superposition of several peanut shapes, all embedded into another and supported by
different orbit families. Most of the mass in the peanut shape of these models is supported
by a new orbit family called brezel orbits. Only a small fraction of the mass populates the
famous banana orbits, thought before to be the backbone of B/P bulges.

Chapter 4 describes the main effort of this thesis, where the dynamical modelling is
extended outside the bulge, to include the long bar and the galactic disk out to 10kpc.
Additional recent datasets are used to constrain the models, including the magnitude dis-
tributions of RCGs in bar region from Wegg, Gerhard & Portail (2015) using a combination
of the VVV, UKIDSS and 2MASS infrared surveys, together with the stellar kinematics
of RCGs as a function of line of sight distance from the ARGOS survey. From this mod-
elling the pattern speed of galactic bulge and bar structure is recovered as well as the
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distribution of stellar and dark matter mass in the inner Galaxy. The model thus provides
the full effective gravitational potential inside the solar radius, a fundamental element
for understanding the orbits of Milky Way stars. Interestingly, matching simultaneously
the dynamical mass in the bulge and the rotation curve in the Solar vicinity requires the
presence of a central dark matter core for an Einasto density profile.

Chapter 5 extends the dynamical modelling described in Chapter 4. First an extension
of the Made-to-Measure method is described that has been designed to incorporate the
metallicity of stars into the modelling. A metallicity distribution function is attached to
every particle that are altogether fitted in order to reproduce the spatial and kinematic
variations of metallicity seen in the ARGOS and APOGEE data. Applying the method to
the dynamical model of the bar region results in the first self-consistent and fitted chemody-
namical model of the inner Galaxy. The variations as a function of metallicity observed in
the ARGOS and APOGEE surveys are then described and explained in term of differences
in spatial, kinematic and orbital structure of the different metallicity components.

Chapter 6 concludes the thesis by placing the work described above in a larger context
while describing related projects and applications of the dynamical models. Finally, future
perspectives are discussed, not only for improving the dynamical models but also for un-
derstanding the new data coming in the next decade, that will finally reveal the formation
history of our home galaxy.
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Chapter 2

Made-to-Measure Models of the
Galactic Boxy/Peanut Bulge:
stellar and total mass in the bulge
region

Original publication: Matthieu Portail, Christopher Wegg, Ortwin Gerhard and Inma
Martinez-Valpuesta, 2015, MNRAS, 448, 713 &

Abstract

We construct dynamical models of the Milky Way’s boxy/peanut (B/P) bulge, using the
recently measured 3D density of Red Clump Giants (RCGs) as well as kinematic data from
the BRAVA survey. We match these data using the NMAGIC Made-to-Measure method,
starting with N-body models for barred discs in different dark matter haloes. We determine
the total mass in the bulge volume of the RCGs measurement (+2.2 x +£1.4 x £1.2kpc)
with unprecedented accuracy and robustness to be 1.84 4-0.07 x 101°M,. The stellar mass
in this volume varies between 1.25 — 1.6 x 10'°M, depending on the amount of dark
matter in the bulge. We evaluate the mass-to-light and mass-to-clump ratios in the bulge
and compare them to theoretical predictions from population synthesis models. We find a
mass-to-light ratio in the K-band in the range 0.8 — 1.1. The models are consistent with
a Kroupa or Chabrier IMF, but a Salpeter IMF is ruled out for stellar ages of 10 Gyr. To
match predictions from the Zoccali IMF derived from the bulge stellar luminosity function
requires ~ 40% or ~ 0.7 x 10'*°M,, dark matter in the bulge region. The BRAVA data
together with the RCGs 3D density imply a low pattern speed for the galactic B/P bulge of
Q, = 25—30km s~ kpc™!. This would place the Galaxy among the slow rotators (R > 1.5).
Finally, we show that the Milky Way’s B/P bulge has an off-centred X structure, and that
the stellar mass involved in the peanut shape accounts for at least 20% of the stellar mass
of the bulge, significantly larger than previously thought.


http://adsabs.harvard.edu/abs/2015MNRAS.448..713P
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2.1 Introduction

Observations of external disc galaxies have shown that about half of all disc galaxies have
strong bars (Eskridge et al. 2000). The Milky Way Galaxy (MW) has been considered
for many years as one of them. The galactic bar/bulge causes the non-circular motions
in the gas flow seen in Hi and CO (Peters, III 1975; Binney et al. 1991; Englmaier &
Gerhard 1999; Fux 1999) and is the origin of the asymmetries seen in the near-infrared
light distribution (Blitz & Spergel 1991; Weiland et al. 1994; Binney, Gerhard & Spergel
1997) and star counts (Nakada et al. 1991; Stanek et al. 1997; Lépez-Corredoira, Cabrera-
Lavers & Gerhard 2005). The galactic bulge (GB) is regarded as the three-dimensional
part of the bar seen nearly end-on (Shen et al. 2010; Martinez-Valpuesta & Gerhard 2011)
with a semi-major axis of about 2kpc (Gerhard 2002; Wegg & Gerhard 2013), as is also
indicated by the near-cylindrical rotation of the bulge stars (Beaulieu et al. 2000; Kunder
et al. 2012; Ness et al. 2013a).

In the last decade, stellar surveys of the GB such as 2MASS (Skrutskie et al. 2006),
VVV (Saito et al. 2012), OGLE (Sumi et al. 2004), BRAVA (Rich et al. 2007) and ARGOS
(Freeman et al. 2013) have released unprecedented data sets which allow us to study the GB
star-by-star. The triaxial bulge of the MW is now believed to be a so called boxy/peanut
bulge (B/P bulge) or X-shaped bulge as indicated by its bimodal distribution of Red
Clump Giants (RCGs). This was first reported from the 2MASS catalogue by McWilliam
& Zoccali (2010) and from the OGLE-11I survey by Nataf et al. (2010). Ness et al. (2012)
showed that this split red clump is seen for stars with metallicity [Fe/H] > —0.5. The
peanut shape was mapped last year in three dimensions by Wegg & Gerhard (2013) using
public data from the VVV survey.

Star counts and infrared observations have revealed a long and flat bar component,
located mostly in the galactic plane and extending up to [ ~ 27° (Hammersley et al.
2000; Benjamin et al. 2005; Cabrera-Lavers et al. 2007). Curiously, the angle of the bar
relative to the line-of-sight to the Galactic Centre (GC) was inferred to be ¢ = 45° in
these studies, while the angle of the barred B/P bulge is accurately measured from the
RCGs as ¢ = 27° £+ 2° (Wegg & Gerhard 2013). Study of N-body models suggested that
the long bar and the B/P bulge data could be explained by a unique B/P bulge and bar
structure formed by the buckling instability, if its two-dimensional outer bar component
has developed leading ends through interaction with adjacent spiral arm heads (Martinez-
Valpuesta & Gerhard 2011).

The buckling instability is a well studied process in N-body simulations (Combes &
Sanders 1981; Raha et al. 1991; Martinez-Valpuesta & Shlosman 2004). Cold stellar discs
embedded in live dark haloes naturally tend to form a bar which experiences long term
secular evolution because of angular momentum transfer from the disc to the halo (Debat-
tista & Sellwood 2000; Athanassoula 2003). During this secular evolution the bar can go
through one or more buckling events (Raha et al. 1991; Martinez-Valpuesta, Shlosman &
Heller 2006), making it vertically thick and creating the so called boxy/peanut shape, or
X-shape in unsharp-masked images.

In this context, the goal of this paper is to combine N-body simulations of evolved
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stellar discs with recent MW data to create dynamical models of the galactic bulge and
study its total mass, mass-to-light ratio, stellar mass and X-shape structure. To do so we
use the 3D density of RCGs from Wegg & Gerhard (2013, hereafter also WG13) as well
as kinematic data from the BRAVA survey (Howard et al. 2008; Kunder et al. 2012) to
create particle models using the Made-to-Measure method (M2M). In M2M modelling, the
weights of the particles in an N-body system are continuously updated until the observables
from the model match a set of target data constraints. The M2M method was introduced
by Syer & Tremaine (1996) and recast by De Lorenzi et al. (2007) such that observational
errors can be taken into account. We use the NMAGIC code of De Lorenzi et al. (2007)
adapted to the Milky Way problem by Martinez-Valpuesta (2012). NMAGIC has been
used mostly in extragalactic studies (De Lorenzi et al. 2009; Das et al. 2011; Morganti
et al. 2013). M2M methods were previously used in the Milky Way context by Bissantz,
Debattista & Gerhard (2004), Long et al. (2013), also using BRAVA data, and Hunt &
Kawata (2014).

This paper is organized as follows. In Section 2.2, we present the set of N-body simula-
tions of barred discs that we use as starting point for our M2M modelling. In Section 2.3,
we recount the M2M method and the data sets we use to model the GB. The modelling is
detailed in Section 2.4 where we present our best dynamical models and discuss the issue of
the pattern speed of the bar. In Section 2.5, we show that we can recover the total mass in
the bulge region with great accuracy, thereby relating the stellar mass to the dark matter
mass in the bulge. In Section 2.6, we compute the stellar mass-to-light and mass-to-clump
ratios of our models and compare them to theoretical predictions from population synthesis
models. Section 2.7 quantifies the importance of the X-shape structure in the bulge which
accounts for more than 20% of the stellar mass of the bulge. Finally, we discuss our results
in Section 2.8 and summarize in Section 2.9.

2.2 Particle models of barred discs

2.2.1 N-body models in different dark matter haloes

Our M2M modelling of the GB relies on reasonable initial particle models of barred discs.
These initial models were created by evolving near-equilibrium stellar discs embedded in
live dark matter haloes. Near-equilibrium models are constructed using the program MAG-
ALIE (Boily, Kroupa & Penarrubia-Garrido 2001) and evolved with the tree-code GYRFAL-
CON (Dehnen 2000a), all distributed with the publicly available NEMO toolbox (Teuben
1995). During the evolution, the disc naturally forms a bar which rapidly buckles out of
the galactic plane and creates a B/P bulge (Combes & Sanders 1981; Raha et al. 1991).
As we want to address the question of the total mass of the GB including the amount
of dark matter in the bulge, we generated a set of five disc+halo N-body models using
the same disc component and varying the halo properties. The disc is exponential with
scale length of 1 internal units (iu), scale height of 0.14iu, unit total disc mass, and @
parameters of 1.4 at R = 3.07iu. Halos have a Hernquist density profile with flattening of
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0.8 and a sharp cutoff at 20iu. All models contain two million particles, one million each
for disc and halo. With these settings fixed only two free parameters remain: the halo mass
inside the cutoff, M}, and the halo break radius of the Hernquist profile, a,. They were
fixed considering the total rotation curve of a model. Following the language of Sackett
(1997), we call the degree of mazimality of a disc the proportion of the disc contribution to
the total velocity curve, at the radius where the disc velocity curve is maximal. Assuming
a flat rotation curve at large radii, we build a one parameter family of models parametrized
by the degree of maximality of the disc. We make five models of this family, called MS8O0,
M82.5, M85, M87.5 and M90 which have different degree of maximality ranging from 80%
to 90%. As we show later this allows us to build models of barred galaxy which span all
kind of rotators, from slow to fast. The halo parameters used to construct these models
are summarized in Table 2.1.

For each model, we select a snapshot of a late evolutionary stage, where the bar is
fully grown. The circular velocity curves obtained from the azimuthally averaged potential
of this set of models are plotted in Figure 2.1, before any evolution (top) and, for the
selected snapshot after bar and B/P bulge formation (bottom). The different colours refer
to different models as stated in the legend. In the upper plot, the solid black line is
the circular velocity curve of the initial disc component (common for all models) and the
vertical dashed line indicates the radius at which the degree of maximality is determined.
As expected the bar formation moves material inward which increases the circular velocity
in the inner region of the disc.

2.2.2 Geometry and scaling

According to the latest studies (Chatzopoulos et al. 2015; Reid et al. 2014), we assume a
distance to the Galactic Centre (GC) of Ry = 8.3kpc. The bar is placed at an angle of
a = 27° from the Sun-GC line (WG13). All our models are scaled independently based
on the length of their long bar. Several studies based on different data sets indicate that
the long bar of the MW ends at about [ = 27°. Hammersley et al. (2000) studied star
counts of K giants in several in-plane fields and places the end of the long bar at [ ~ 27°
while Cabrera-Lavers et al. (2007, 2008) found respectively values of 27° and 28°, based
on RCGs counts from the 2MASS catalogue and from UKIDSS data. Benjamin et al.
(2005) also found indication of a long bar for [ < 30° using star counts from the GLIMPSE
catalogue. All these different estimates agree well with each other and give therefore a
consistent length scale. With Ry = 8.3kpc, a bar angle of 27° and the end of the bar at
[ = 27°, the half length of the bar is Ry, = 4.66 kpc. The different parameters quoted
above constitute our fiducial set of parameters. We checked that our main results are
not significantly affected by assuming a bar angle of 32° instead of 27° or a shorter bar
half-length of Ry, = 3.8kpc (see Section 2.5.2), or by using Ry = 8 kpc instead of 8.3 kpc.

We used ellipse fitting of the face-on projection of our models to compute their bar
lengths, and scaled them to 4.66 kpc. The velocity scaling is kept free and will be de-
termined dynamically from the data during the modelling process, as explained in Sec-
tion 2.3.4.
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Figure 2.1: Top : Circular velocity curves of our five disc-halo models before evolution,
in model units. The black line shows the circular velocity curve of the disc only, kept the
same for all models. The dashed vertical line indicates the radius where the maximality
of the disc is computed. Bottom : Azimuthally averaged circular velocity curves after the
bar and B/P bulge formation, also in model units.
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Table 2.1: Main parameters of our five disc-bar-halo models. The two first rows show the
initial halo parameters: the halo mass inside cutoff M), in units of the disc mass My and the
Hernquist break radius a,. The next rows give parameters after bar and bulge formation
and scaling to physical units (see Section 2.2.2): the corotation radius R, of the bar, the
ratio of the corotation radius over bar half-length R and the dark matter fraction in the
bulge Mpni/Miot.-

M80 M8&25 M85 M87.5 M90

M, /M, 942 851 768 694  6.27
an|iu] 17.62 1944 2205 26.16 33.68
Re: [kpc] 8.4 7.6 6.7 5.6 5.0

R =Ry/Rpa | 1.80 164 144 121  1.08
Mpn /Mo 44.2% 40.8% 34.5% 28.6% 25.2%

In order to avoid referring to scale dependent quantities we will refer to the rotational
velocity of the bar using the dimensionless number R = R/ Rpar, the ratio between the
corotation radius and the half-length of the bar. Bars with R > 1.4 are called slow rotators,
while those with R < 1.4 are fast rotators (Debattista & Sellwood 2000). Because the bar
cannot extend beyond corotation (Contopoulos 1980), R has to be larger than one. Our
models span R values quite uniformly from 1.8 to nearly 1.1, which corresponds to the
full range of reasonable values for barred galaxies (Elmegreen 1996). Statistics for external
galaxies from Rautiainen, Salo & Laurikainen (2008) show that nearly all galaxies of Hubble
types SO, SBa or SBb are consistent with being fast rotators while for SBc galaxies (like
the MW), bars can be either fast or slow. The sampling of R values we obtain is a
consequence of the different haloes we used. The halo absorbs angular momentum during
the bar formation and therefore the more maximal the initial disc, the less halo material
there is to absorb angular momentum and so the faster the bar. One should keep in mind
that for our set of models, the halo mass in the inner parts and the R value are not
independent parameters. The different model and bar parameters are given in Table 2.1.

Throughout this paper the (x,y, z) frame refers to the Galactocentric inertial frame
where z is the vertical axis pointing to the Galactic North and y the Sun-GC axis. The bar
rotates at pattern speed (2, in this inertial frame and we shall refer to the rotating frame
of the bar as (', ¢/, '), with 2/, ¢’ and 2’ respectively the major, intermediate and vertical
axis of the bar. Figure 2.2 shows the face-on and side-on projections of our models with
these geometry and scaling.
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Figure 2.2: Face-on and side-on views of our five initial models of barred discs with B/P
bulges. The Sun is located 8.3kpc from the Galactic Centre and the bar is at an angle
of 27° from the Sun-GC line. The dotted lines on the face-on view indicate sight lines
spaced every 10° in galactic longitude. The bold rectangle indicates the boundary of the
box where the density is given by Wegg & Gerhard (2013), see Section 2.3.2.
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2.3 Made-to-measure with MW observables

As an alternative to distribution function-based methods (Dejonghe 1984; Binney 2010),
moment-based methods (Binney, Davies & Illingworth 1990; Cappellari et al. 2009) or
orbit-based methods (Schwarzschild 1979; Thomas et al. 2009), Syer & Tremaine (1996)
proposed a particle-based algorithm to study stellar dynamical equilibria, known as the
Made-to-Measure (M2M) method. This algorithm consists of adapting the particles weights
of an initial particle model of the system of interest such as to reproduce a given set of
observables. De Lorenzi et al. (2007, hereafter DL0O7) improved the original method by
Syer & Tremaine (1996) to take into account observational errors, and implemented it as
the NMAGIC code. NMAGIC has been used in numerous studies, mostly in the context
of elliptical galaxies (e.g. De Lorenzi et al. 2009; Das et al. 2011; Morganti et al. 2013) and
has been adapted to barred galaxies by Martinez-Valpuesta (2012). In the context of the
Milky Way, the M2M method has previously been used by Bissantz, Debattista & Gerhard
(2004), Long et al. (2013) and Hunt & Kawata (2014).

2.3.1 Theory of the M2M method

Let us consider a system characterized by its DF f(z) defined on the phase space of the
system. Any observable y; of this system will be written as

v = [ K@) (2.1)

where K is the kernel of the observable and z the phase space vector. If we represent the
system by a set of N particles, with particle weights w;(t), the observable will be written

as
N

yi(t) = Y Kj(zi(t)wi(t), (2.2)

=1

where z;(t) is the phase-space coordinate of particle 7 at time ¢. The w; are proportional
to the physical weights of the particles but one can also see them as density-elements of
the phase-space.

Let us now consider different data sets, indexed by the subscript k, that one wants to

fit. The difference between the model and the observational target is quantified using the
residuals A%(t) defined as

yh(t) — Y}

Ak (1) = Z, (2.3)

where Y denotes an observable of data set k, o(Y}) its associated error, and y¥(t) the
corresponding model observable.
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The M2M method will adapt the weights of the particles in order to maximize the profit
function F' defined by

1

F = p8 = 5 Xior (2.4)
where
w;
— .1 — 2.5
;w * (wz> (25)
and
Xiow = ZAk (Ak)? (2.6)

S corresponds to an entropy term used to regularlze the particle weights in order to ensure
that they do not deviate too much from a set of predefined priors w;. The \; are numerical
weights of the different data sets, as formally introduced by Long & Mao (2010). The
determination of these factors is discussed in Section 2.3.6.
The heart of the M2M method is the following weight evolution equation:
F

= cw;(t

(2.7)

Z Ak Z ()))Ak( ) (2.8)

where the bracket term is the so-called force-of-change. Note that the passage from Equa-
tion 2.7 to Equation 2.8 is made under the assumption that the kernels K ]k do not depend
on the weights of the particles. We will make this assumption as it allowed Syer & Tremaine
(1996) and DLO7 to prove the convergence of the particle weights for small linear devia-
tions from the solution. No additional term is used in Equation 2.8, in particular we do not
re-normalize the weights of the particles. This is done on purpose to allow fitting different
masses of the bulge as shown in Section 2.4.

In order to reduce the shot noise of the particle model we follow Syer & Tremaine
(1996) and DLO7 and artificially increase the effective number of particles using temporal
smoothing, replacing y;(¢) in Equation 2.3 by

Gi(t) = / yi(t = 7)e o dr | (2.9)

2.3.2 Density observables
3D density of Red Clump Giants

Using the Red Clump Giants (RCGs) from the VVV survey, WG13 measured the three-
dimensional density distribution of the inner part of the galactic bar/bulge. They evaluate
line-of-sight density distributions of the RCGs by deconvolution of extinction and com-
pleteness corrected K, band magnitude distributions for different VVV fields. To do so,
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they fit a background to each K, band magnitude distribution and identify the RCGs as
the excess over this background. Assuming an 8-fold mirror symmetry, they constructed
a 3D density map of the RCGs in the inner +2.2 x £1.4 x £1.2kpc along the (z/, v/, 2’)
axes of the galactic bar/bulge, and checked that the data show only small deviations from
8-fold symmetry (their 15). Their work relies on several assumptions that they carefully
investigated for systematic variations of their fiducial parameters. They finally provide us
with one fiducial and five variant density maps of RCGs in the bulge. We use the range
of these variant maps as a systematic error on the density measurements. The typical
magnitude of these errors is about 10%.

We assume here that RCGs are good tracers of the stellar mass in the bulge, i.e. that
the ratio of number of RCGs per unit of stellar mass stays constant in the bulge. This
assumption is supported by the theoretical work of Salaris & Girardi (2002) where they
showed that for an old star population of about 10 Gyr one would expect the number of
RCGs to vary by less that 10% for metallicity in the range —1.5 < [M/H| < 0.2. As the
bulge appears uniformly old with no significant metallicity component extending beyond
the range —1.5 < [M/H] < 0.2 (Zoccali et al. 2003), we can consider RCGs as good tracers
of the stellar mass and therefore use the map of WG13 as a constraint on the shape of the
stellar mass density in our models. Note that the map gives only the shape of the density
and not its absolute value because the number of RCGs per unit of stellar mass is a priori
unknown.

Unfortunately high extinction and crowding prevented WG13 to reliably measure the
RCGs density within 150 pc of the galactic plane, and also cause some uncertainty immedi-
ately above this 150 pc strip. Using directly the original map with this missing strip would
be inappropriate since we want to model different bulge masses by changing the scaling of
the density constraint. An incomplete map would let the midplane free and lead to un-
realistic models, with for example a light in-plane component and a massive out-of-plane
component. Hence we model the density in the missing +150 pc strip by extrapolation of
each vertical density profile of the original 3D map.

We found that the vertical density profiles in both the data of WG13 and the initial
particle models are well represented by a sech? function. Our fiducial extrapolation is thus
based on the best sech? fit of each vertical profile. We account for the uncertainty due to
the choice of the extrapolation law by considering a different one in Section 2.5.2; showing
that the total bulge mass is insensitive to this choice.

The fiducial extrapolated density map of RCGs in the £2.2 x +1.4 x +1.2kpc box is
plotted in projection in Figure 2.3. The side-on view shows a very strong peanut-shape.

Implementation in NMAGIC

The 3D density map was evaluated on a regular Cartesian grid of (30,28, 32) cells along
the (2/,y/, 7') axis, covering a box of the inner +2.2 x £1.4 x +£1.2kpc, as in WG13. We
will refer to this region as the “bulge-in-box” or the abbreviation b-b. From WG13 we
know the total number of RCGs in the b-b, but the corresponding stellar mass must still
be determined from dynamical modelling. We parametrize the total stellar mass of the b-b
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using a dimensionless factor, F, defined as the ratio of the target stellar mass of the b-b
divided by its value in the initial model. The target density observables de, corresponding
to the target stellar mass in cells j, in internal units, are then given by

Yi=F (Z wi(t = 0)> nnocs(J) A (2.10)

3
i€b-b Jo rCGs &2

where the sum is over all initial particle weights in the b-b, nrcgs in the number density of
RCGs, and A%z the volume of the cells. For a given scaling from model internal units to
physical units, a change in the value of F is equivalent to a change in the target stellar mass
of the b-b. For a given F, NMAGIC takes care of increasing or decreasing the weights of
the particles to reach the target observables de, thereby modelling different-mass bulges.

The model density observables in the cells of the b-b are then computed from Equa-
tion 2.2 using the following kernel

1 ifiecelly
K(z;) = ’ 2.11
i (2) {O otherwise. (2.11)

2.3.3 Kinematic observables
BRAVA data

We kinematically constrain our models using data from the Bulge RAdial Velocity Assay
(BRAVA) (Rich et al. 2007; Howard et al. 2008; Kunder et al. 2012). The BRAVA survey is
a large spectroscopic survey of M giant stars selected from the 2MASS catalogue. According
to Howard et al. (2008), the light of these M giants traces the 2 um light of the GB
and therefore M giants are a good proxy to study the overall kinematics of the GB. The
BRAVA survey provides us with galactocentric rest-frame mean radial velocity and velocity
dispersion in more than 80 fields through the bulge, mostly between [ = —10° to [ = 10°.
On starting this project the ARGOS data (Ness et al. 2013a) were not yet available so
we restricted ourselves to the BRAVA data. The ARGOS data have a more complicated
selection function and will be included in a later paper.

Before constraining a model it is important to study in detail how the BRAVA stars
were selected in order to reproduce any selection bias. The BRAVA stars were selected from
their location on a K versus J — K colour-magnitude diagram aiming to select only bulge
members with no metallicity bias. Howard et al. (2008) deployed a lot of effort to ensure
no metallicity bias but the bulge membership criteria based on magnitude cuts adjusted by
eye are more questionable. We used the GALAXIA model (Sharma et al. 2011) to evaluate
the possible foreground contamination using the same selection criteria. We found that
contamination was negligible toward the centre but appears to rise with increasing galactic
longitude, reaching 20% of the sample at [ ~ 15°. We found no significant variation
with latitude in the latitude range of the BRAVA fields. We decided not to simulate this
contamination, given the fact that the foreground discs in our models are not made to
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Figure 2.3: End-on (top left), face-on (top right) and side-on (bottom right) projection
of the extrapolated 3D RCGs density map originally from Wegg & Gerhard (2013). The
dashed lines in the end-on and side-on view show the +150 pc region where the density
map was extrapolated.
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match the disc of the Milky Way. Instead, we simply exclude from our analysis all the
fields outside the inner +10° in longitude, where contamination is probably significant.
The magnitude cuts also introduce a slight bias towards the near side of the bulge. Faint
M giants are more numerous than bright ones so have a larger probability to be part of
the sample on the near side than on the far side of the GB. We model this effect below.

Implementation on NMAGIC

As stated in Section 2.3.1, the linear convergence of the M2M method is assured if our
observables are of the form given by Equation 2.2, where the kernels do not depend on the
weights of the particles. Therefore as our observables, instead of using the mean radial
velocity and velocity dispersion we use the first and second mass weighted radial velocity
moments, indexed as v,; and v,». The observables are then of the form of Equation 2.2
with the following kernels:

K (z;) = 677 (24)v] (2.12)

K} (zi) = 077 (2:)(vi)? (2.13)
where v} is the radial velocity of the particle ¢ and 5;”’“"2 are the field selection functions. In
order to remove foreground contamination we consider only particles whose y coordinate
(along the GC-Sun axis) is in absolute value lower than 3.5 kpc. This corresponds to
the selection criterion used in the ARGOS survey (Ness et al. 2013a) and its use here is
supported by the fact that ARGOS data and BRAVA data agree with each other. We
checked that the exact form of this selection function does not change significantly the
kinematic observables in the inner 10°.

In order to map the bias toward the near side we use the approximate luminosity func-
tion of giant stars in the bulge ®(My) o< 10°2Mx from WG13 where My is the absolute
magnitude in the K band. In each field, stars of the BRAVA sample are uniformly selected
between two magnitude cuts from their apparent magnitude myg = My +5log(r/10 pc)+ Ak
where 7 is the distance to the Sun and Ag is the extinction. If we consider the extinction as
a foreground extinction, this uniform selection in mg is equivalent to a non-uniform selec-
tion in r along the line of sight with weighting 1070-28x21og(t) — =14 Thijs =14 weighting
lowers the natural 72 weighting due to the cone opening of the line-of-sight. We therefore
adopt the following selection function:

6V'r1,2 (Z
. i) =

J

14 if g e field § ; bk
)_{rl if ¢ € field 7 and |y;| < 3.5kpe, (2.14)

0 otherwise.

In order to compare the model observables to the target data, we have to weigh the
target data by the expected mass in each field. As the stellar mass in each field is un-
known, we use the model mass, and update this weighting several times during the fit (see
Section 2.3.6).



42 2. Made-to-Measure Models of the Galactic Boxy/Peanut Bulge

Proper motions

In addition to the BRAVA data, we use proper motion data from Rattenbury et al. (2007a).
These authors computed proper motion dispersions, 0y, in the [ and b directions for a large
number of bulge RCGs in 45 bulge fields from proper motion measurements for stars in the
OGLE-II survey. We use these proper motions as a check of our modelling, comparing the
data to our model predictions, without fitting them. Rattenbury et al. (2007a) selected
bulge RCGs from their colours and magnitudes, and excluded all stars with total proper
motion larger than 10masyr—!. The bulge membership of model particles is evaluated
using the same criterion as for the BRAVA observables, i.e. |y| < 3.5kpc. Similarly to
the BRAVA observables, our proper motion observables are the first and second velocity
moments in the [ and b direction, indexed by v;; 2 and vy 2. The kernels of the first and
second velocity moments in the [ and b directions are similar to those of s Equation 2.12 and
Equation 2.13, replacing v] by the velocity of particle ¢ in the [ and b direction, expressed
in masyr—!.

Our selection function when evaluating the model proper motion observables is then
given by:

1 if i e field j, |y;| < 3.5kpc
G, (z;) = and \/v? +vZ < 10masyr~* (2.15)

0 otherwise

2.3.4 Dynamical velocity scaling

Our models are evolved in a system of internal units where the length unit, velocity unit and
gravitational constant are set to unity. When comparing model to data we scale the models
to physical units using the length of the bar (see Section 2.2.2), the gravitational constant
and a velocity scaling. This velocity scaling is first fixed to some reference value using the
circular velocity at the radius of the Sun from Bovy et al. (2012) (218 kms™!). Keeping
the velocity scaling fixed to this value would be inappropriate, however: our models are
constrained in the inner part by the BRAVA data and the 3D density but no effort has
been made to make the model rotation curves match the MW rotation curve at larger radii.
Therefore the velocity scaling given by the circular velocity at the radius of the Sun is not
relevant in the bulge. Hence we determine the velocity scaling directly from the BRAVA
data using a variant of the method presented by De Lorenzi et al. (2008). In s Equation 2.12
and Equation 2.13 we replace the radial velocity of a particle v] by v v}, where v} is now the
radial velocity of particle ¢ expressed in physical units using the reference velocity scaling,
and v is a numerical factor initially set to one. Through Equation 2.2 and Equation 2.3
the total x* (Equation 2.6) and the profit function F' (Equation 2.4) now depend on 7. To
find the maximum of F' with respect to v, we use the following evolution equation for =,
similar to the force-of-change equation:

b O

ar —7778—7 (2-16)
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where 7 sets the magnitude of the force-of-change applying on . The velocity scaling plays
a role for the kinematic observables only, so the derivative of x? is given by

aXQ N aAYT‘I N YT‘Q
oy =2 D A, AT o AR (2.17)

Vr1,2

where the derivatives of the A;"" are given by the following equations:

08" _ yfmv (2.18)
Oy oY)

aA;{rz B 2 V2

= 2.19
o 7o) 219

The value of n should be large enough to ensure the convergence of v during the fit, but
the time-scale for its evolution must be longer than the temporal smoothing time-scale.
We fixed n to 0.4 from estimating the magnitude of the right hand side of Equation 2.16.
In all our fits, v converges to some final value which we use to convert internal units to
physical units. All velocities and proper motions are scaled by v with respect to their value
with the reference scaling and all masses are scaled by ~2.

2.3.5 Potential and model integration

Stellar and dark matter particles are all integrated in their combined potential that comes
initially from our models of barred discs evolved in dark matter haloes (see Section 2.2).
Only stellar particles are used as M2M particles, whose masses are both used as gravita-
tional masses and as M2M weights. During the NMAGIC fits, the gravitational potential
changes as the particle weights in the bulge adapt to match the target density (including
the F factor) and the kinematic constraints. To take this into account, the potential of
the stellar and halo particles is recomputed from time to time during the fit. This ensures
that the new weights of the disc particles can influence the kinematics of the model and
that the final converged model evolves in its own gravity. In between potential updates,
the particles are integrated in a frozen rotating potential. The potential always rotates at
the constant pattern speed €2, of the initial model, in internal units, and the centre of mass
as well as the rotation axis of the potential are kept fixed during the complete NMAGIC
fit. Each potential update corresponds to an update of the orbit library.

In all our fits the potential is recomputed 10 times during the weight evolution, which
we found is sufficient to ensure the self-gravity of the converged model as well as smooth
updates of the orbit library. The potential is computed using the 3D polar grid code from
Sellwood & Valluri (1997). The particles are integrated with a drift-kick-drift adaptive
leap-frog algorithm. The integration scheme is such that over a typical fit integration time
in a fixed potential, the Jacobi energy is conserved to a level of 1073 or better.



44 2. Made-to-Measure Models of the Galactic Boxy/Peanut Bulge

2.3.6 NMAGIC parametrization
Fitting procedure

A typical NMAGIC fit consists of the three following phases. First we evolve the particles
Tsmootn iterations during which we compute the model observables in order to initialize
the temporally smoothed observables. Then we integrate the model for Ty iterations,
changing the weights of the particles according to Equation 2.8 while updating the potential
regularly. All observables are matched to the data at the same time. After a last potential
update we finally relax the model for T\, iterations without changing the particle weights.
This last phase is important to avoid over-fitting the data and obtain realistic models. The
usually slight x? increase during this relaxation reveals how much the model was forced
to fit the data by Equation 2.8. At the end of the run, we also checked the convergence
of the particle weights, using the convergence criterion detailed in Long & Mao (2010). A
particle weight is considered to have converged if its maximum relative deviation from its
mean value over some period of time is smaller than some threshold. Assuming a period
of time corresponding to four circular orbits at 2kpc and a threshold of 10%, about 97%
of the particles weights converge in a typical NMAGIC fit.

Parameter values and time-scales

The parameter values we use are shown in Table 2.2. The iteration step of the M2M
procedure dt is fixed to one thousandth of the time needed to complete a circular orbit of
radius 2kpc. All models are integrated for a constant number of dt so the number of bar
rotations during the weight adaptation phase varies from model to model, ranging between
25 for model M80 and 35 for model M90. This corresponds to a physical integration time
between 6 and 7 Gyr, once scaled to physical units using the velocity scaling determined
dynamically by NMAGIC. 1/(a*dt) is the time-scale of the temporal smoothing expressed
in terms of number of M2M iterations, and /wy is the magnitude of the force-of-change
in Equation 2.8, where wy is the initial weight of a stellar particle.

Ar parameters and regularization

The different set of observables, here RCGs 3D density and BRAVA data are weighted by
the A\x parameters in the profit function. The force-of-change ( Equation 2.8) already takes
into account observational errors so in theory these A\, should all be set to 1, in order to
really minimize the total y2. In practice, experiments showed that with all A\, = 1 the
model ignores completely the kinematic constraints. This is mostly caused by the very
large number of density constraints (26880) with respect to kinematic constraints (164).
As we do want to fit the BRAVA data, we increase the weighting of BRAVA constraints
with respect to the RCGs density using Ay, /A\a = Ay,,/Aa = 25, even if then we no longer
strictly minimize the total x?. These A\, were determined using the distribution of the
force-of-change contribution of each set of observables, such that the mean force-of-change
due to the density observables should be equal to the mean force-of-change due to the
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Table 2.2: Typical set of NMAGIC parameters. Tgnooth, Tmom and Treax are the number
of iterations for the 3 phases of a NMAGIC fit. Ty and T\, are the number of iterations
between two potential updates and updates of the mass weighting for the kinematic ob-
servables. 1/(a * dt) is the time-scale of the temporal smoothing in number of iterations.
e/wp is the magnitude of the force of change and wy is the initial weight of the stellar
particles. The X parameters are described in Section 2.3.6.

Tsmooth [lt] TM2M [lt] Trelax [1t] T<I> [lt] Tmass [lt]

10* 10° 2 x 10* 10* 10*
1/(a*dt)[it] &/wo[iu™] Ad Avp1,vr2
2.5 x 103 0.04 1 25

BRAVA observables. This causes the BRAVA data to be reasonably fitted without being
over-fitted. A strong over-fitting would lead to a significant increase of x? during the
relaxation step at the end of the fit.

We found that our models were smooth enough without using any entropy smoothing.
This is a consequence of the very dense constraint from the 3D density data. Hence we
chose to set © = 0 in Equation 2.8 for all our models.

2.4 Dynamical models of the MW

In this section we fit our initial models to the BRAVA data and the 3D RCGs density
using NMAGIC. The models differ by their dark matter fraction in the inner part and by
their dimensionless corotation radius R (see Section 2.2.2). In Section 2.4.1, we determine
the best bulge stellar mass F for each model, using the full NMAGIC modelling procedure
described above, and in Section 2.4.2, we compare all models with their respective best F.
In Section 2.4.3, we constrain the pattern speed of the MW bar from this modelling, and
in Section 2.4.4 we compare the models with available proper motion data.

2.4.1 Determination of the stellar mass in the bulge

In Section 2.3.2 we parametrized the target density observables using a free numerical
factor F. The value of F directly sets the stellar mass of the bulge in internal units for
each model. We find that F has a strong influence on the velocity dispersions but only a
very slight influence on the mean velocities. Empirically, the shape of the mean velocity
profile in our models is fixed by the density distribution. The velocity amplitude in internal
units is then fixed by the pattern speed ( 8 of Debattista, Gerhard & Sevenster 2002). The
larger kinetic energy in models with larger bulge mass F can therefore only be put into the
velocity dispersion. This is shown in Figure 2.4 where the kinematic observables of model
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M85 are plotted along with the BRAVA data. In this figure the different coloured lines
show the kinematic profiles obtained after fit of the density normalized with different values
of F. The upper (lower) plots show mean radial velocity (velocity dispersion) profiles for
three different latitudes as well as along the minor axis. For the comparison, the model
observables in Figure 2.4 have all been plotted for the same scaling constant so as to
match only the mean velocity data. As F has nearly no influence on the velocity, this
better highlights the effect of F on the dispersion.

Figure 2.4 illustrates how more massive bulges lead to higher radial velocity dispersions.
By finding the value of F which gives the best agreement with the data, we can recover
the stellar mass of the b-b for each model. Figure 2.5 shows the y? per data point of the
velocity and velocity dispersion for all models plotted in Figure 2.4, versus F. As expected,
a clear minimum is present in the dispersion plot and provides us with a best value of F
for each model. Best values of F are given for all models in the first column of Table 2.3.
With the optimal velocity scaling determined in these NMAGIC fits, these F values can be
converted into physical values of stellar mass in the b-b. We find values of 1.25 x 10'°M,
for model M80 to 1.6 x 10*®M, for model M90; see also Section 2.5.

F was sampled on a regular grid with spacing 0.1 and is therefore determined with an
accuracy of 0.05. Due to the rescaling during the NMAGIC fits, an uncertainty of 0.05 in
F typically corresponds to a change of less than 0.025 x 10°M, in the final stellar mass
and less than 0.01 x 10'M, in total mass (stellar and dark matter in the b-b).

2.4.2 Best dynamical models of the Milky Way bulge

Now we compare our five best dynamical models M80-M90 with different dark matter
haloes, obtained after NMAGIC fit to the data for their respective best value of F. For
all models the density and its peanut shape is well fitted as shown in Figure 2.6. This
figure compares the contours of the three principle axis projections of the density in the
bulge after fitting with the target RCGs density. Each colour line represents one of our
best mass models and the black line is the projection of the target density.

The radial velocity and dispersion profiles of the same best F models are plotted in
Figure 2.7. Except for small differences in the shapes of the dispersion curves, they all
look very similar and provide a good fit to the data. This similarity is explained by the
fact that the shape of the velocity profile is mostly fixed by the shape of the density and
its magnitude is adapted to the data by the floating velocity scaling. The magnitude of
the velocity dispersion profiles can then be adapted independently by the F parameter.

More quantitatively, the y? per data point is shown in Table 2.3 separately for the
density, the total kinematics, the velocity only and the velocity dispersion only. Values in
this table are not weighted by the corresponding A\, parameters. The total A\x-weighted chi
square X2, /Mot = Y AeX3/ Y. Aeny actually minimized by NMAGIC is given in the last
column of Table 2.3.

All our models provide good fits of the RCGs density with a final x%/nq from 0.23
to 0.42. As the errors in the density are systematic, one should not over-interpret these
x? values. The kinematics are also well fitted for all models with the model dispersions
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Figure 2.4: Comparison of the BRAVA data to the fitted model M85, for different values
of the stellar mass parameter F. The upper (lower) plots show the BRAVA mean radial
velocity (velocity dispersion) profiles for b = —4°, b = —6°, b = —8° and along the minor
axis [ = 0°. The different colours indicate different values of F as stated in the legend.
The influence of F on the kinematics is clearly visible in the dispersion plots. The small
inserts on the top right of each plot show the BRAVA fields in galactic coordinates and
highlight the fields shown in the corresponding plot.
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Figure 2.5: x? per data point of the velocity observables (upper plot) and velocity dispersion
observables (lower plot) as a function of the bulge mass factor F. Each colour represents
a different initial model from Section 2.2 as shown in the legend. In all cases, a best value
of F is clearly visible from the velocity dispersion y?-curves.
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Figure 2.6: Contour plot of the projected 3D density in the bulge of our best dynamical
mass models compared to the measured RCGs density from Wegg & Gerhard (2013). The
projections are the same as in Figure 2.3 and the contours are spaced by a third of a
magnitude. In all cases the density is well fitted.
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Figure 2.7: Velocity and velocity dispersion profiles for our five best dynamical models of

the Milky Way with different dark matter haloes. The plotting conventions are the same as
in Figure 2.4 except that here the colours indicate different models as stated in the legend.
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Table 2.3: Best values of F and x? per data point of the density observables (x3/n4),
total kinematic observables (x2Z/ny), velocity only (x2/n,) and dispersion only (x2/n,) for
our five best dynamical mass models. The last column shows the reduced \; weighted x?
actually minimized by NMAGIC.

Model | F' Xx4/na Xi/mx Xi/ Xo/No  Xiop/Tot
MS0 1.0 042 1.45 1.67 1.24 0.56
M82.5 | 1.1 0.32 1.46 1.68 1.24 0.47
M85 1.1 0.24 1.46 1.65 1.27 0.40
M875 | 1.3 0.23 1.52 1.73 1.31 0.40
M90 1.5 0.30 1.52 1.75 1.29 0.46

marginally steeper than the data for large |I| and |b], and xZ/ny ranging from 1.45 for model
MS80 to 1.52 for model M90. This kinematic x? is significantly better than that obtained
by Long et al. (2013). Given the scatter visible in the kinematic data, these models are
good candidates to represent the MW bulge even if the kinematic x? is about 1.5.

Because the different models all give a reasonable fit, we do not rule out some of
them based on simple x? considerations. One has to be careful when drawing conclusions
comparing x? values on typical M2M problems. Indeed, as shown by Morganti et al. (2013)
the common practice to use Ax? = x?—x2. and x? statistics to evaluate confidence levels
on x2. is not appropriate for their M2M results. The Ax? analysis requires a positive
number of degrees of freedom, while it is usually negative in M2M problems because the
particles are vastly more numerous than the data constraints. Hence, the x?/n given in
Table 2.3 are only an indication of the distance between model and data. These values are
also strongly influenced by a few data points which appear to be possible outliers. This is
the case for example in the fields at ([,0) = (—=7°, —6°); (—5°, —4°); (—4°, —8°). Removing
these possible outliers reduces the absolute value of the kinematic x2/n; by about 0.2. It
does not however change our best value of F.

The face-on and side-on projections of our final best mass models are plotted Figure 2.8.
Even though not enforced by NMAGIC, the long bar component is still there in the fitted
models. Its presence indicates that the gravitational potential updates performed during
the fit were smooth enough to keep long bar particles on bar orbits.

2.4.3 The pattern speed

The pattern speeds of our models are converted to physical units using the velocity scal-
ing determined by NMAGIC in order to fit the BRAVA data. For models M80, M82.5,
M85, M87.5 and M90 we get the values Q,[kms~'kpc™!] = 24.7, 25.7, 27.7, 29.0, 28.8.
This shows that the pattern speed of the MW bar and bulge in absolute units, as de-
termined by the combination of the RCGs density and the BRAVA data, is between 25
and 30kms™'kpc™!. This is slightly lower than the value of Q, ~ 30 — 40kms~!kpc™*



52 2. Made-to-Measure Models of the Galactic Boxy/Peanut Bulge

y [kpc]

z [kpc]

y [kpc]

z [kpc]

x [kpc]

Figure 2.8: Face-on and side-on views of our best dynamical mass models after NMAGIC
fit. Plotting conventions are the same as in Figure 2.2.
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Figure 2.9: Circular velocity curves obtained from the azimuthally averaged potential of our
best dynamical mass models after NMAGIC fit. The solid lines display the total rotation
curves while dashed and dotted lines display the halo and disc contributions, respectively.

determined by Long et al. (2013), also from the BRAVA data. The comparison with other
determinations in the literature is discussed in Section 2.8.3.

Our initial models were constructed with different dark matter haloes, and the bars
formed in these models had different corotation radii and R values R = 1.1 — 1.8 based
on their individual rotation curves ( Figure 2.1). After the rescaling during the NMAGIC
fit, the rotation curves of all models are essentially identical in the inner 3 kpc, such that
these models all provide equally good fits to the RCGs density and BRAVA data. This is
displayed in Figure 2.9 which shows the azimuthally averaged rotation curves of our best
mass models, together with their disc and halo contributions. The models’ scaled outer
rotation curves are different, however, consistent with the different R values. This is not
expected to influence the bulge dynamics, because very few stars from 4 kpc and beyond

will reach the BRAVA bulge fields along their orbits.

Because no effort has been made to match the rotation curve of the MW at large radii,
the models” R ratio does not correspond to that of the MW. There are several ways in
which the outer rotation curve of the MW could have changed after the bar and bulge
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formed, e.g., by later growth of the disc. Therefore, in order to estimate the corotation
radius and R of the Galaxy corresponding to Q, ~ 25 — 30kms™'kpc™! we need to use
additional data. Assuming the composite rotation curve of Sofue, Honma & Omodaka
(2009) rescaled to (Rg, Vo) = (8.3kpc, 218 km s™1), this range of pattern speed would result
in a corotation radius between 7.2 and 8.4 kpc, which implies R between 1.5 and 1.8. The
MW would then belong to the so-called slow rotators. This result is discussed in more
detail in Section 2.8.3.

2.4.4 Proper motions

As an independent check we predict proper motion dispersions o0 in the [ and b direction
for our best dynamical models as explained in Section 2.3.3, and compare them to the
data from Rattenbury et al. (2007a). A comparison model/data is shown in Figure 2.10
for o, (left-hand plot) and o}, (right-hand plot). The different colours refer to the five
best dynamical models, and the shaded regions display different levels of relative error
of the model with respect to the data. Data error bars are not plotted: errors given by
Rattenbury et al. (2007a) are only statistical errors at the level of 1% or better. However,
reproducing their derivation of 07 from the original motions of individual stars in a couple
of fields, it seems to us that systematic errors dominate. These systematic effects are due
to the selection thresholds and have a typical magnitude of 10%, which is indicated in
Figure 2.10 by the white band.

Our models provide good proper motion predictions in the [ direction, being mostly
inside the 10% limit. Proper motions in the b direction are slightly worse, with model
values mostly 10% to 20% lower than the data. This hints at additional systematic errors,
either in the models or in the data. o, is directly related to the vertical derivative of the
potential and therefore to the mass concentration toward the midplane. This is apparent
in Figure 2.10 where models with a more massive stellar bulge component have larger
0p. There is only limited scope for increasing o, in the models as will be discussed in
Section 2.8.2. Rattenbury et al. (2007a) noted that deviations of proper motion dispersions
between adjacent fields could be as high as 0.2masyr~—! and concluded that some small
systematic effect could indeed be present in the data. All together our models predict
reasonable proper motion dispersions, indicating that the dynamics of the GB is quite
constrained by the combination of the BRAVA data and the RCGs density.
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Figure 2.10: Comparison between model and data for proper motion dispersions in the [
direction (left-hand plot) and in the b direction (right-hand plot) for all bulge fields from
Rattenbury et al. (2007a). The different colours refer to the models as stated in the legend.
The shaded regions indicate the relative error of model predictions with respect to the data,
from < 10% in white to < 20%, < 30% and > 30% in dark grey.
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2.5 Mass of the galactic bulge

2.5.1 Evaluation of the total mass

The stellar mass in the bulge-in-box (b-b, the inner +£2.2 x £1.4 x £1.2kpc of the GB)
is determined by the value of F derived in the previous section together with the velocity
scaling found by NMAGIC during the fit. The stellar mass recovered this way differs from
model to model, ranging from about 1.25 x 10°M, for model MS80 to 1.6 x 101°M for
model M90. This is expected given the fact that our models have different dark matter
masses. More massive haloes (like M80) can build the BRAVA dispersion with relatively
low stellar mass while low mass haloes need more stellar mass. All our models are good
fits to the data, so purely from the BRAVA data we cannot infer the stellar mass of the
bulge accurately. However, our modelling gives us a very good estimate of the total mass
of the bulge-in-box. Figure 2.11 shows the stellar mass (blue points) and total mass (red
points) of the b-b for all models. We can see that our estimates of the total mass are quite
constant along our range of model haloes. Altogether we evaluate the total mass of the b-b
to be 1.8440.07 x 101°M. The errors quoted here are combined statistical and systematic
whose determination is discussed below.

To estimate statistical errors, we use a Ax? analysis, based on two approaches. First,
we regard the velocity dispersion profiles for a given model with different F parameters
as a one-parameter family of curves matched to the 82 BRAVA velocity dispersions, in
which case the appropriate Ax? = 1. This leads to an average uncertainty for the models
of AF = 0.04, AM; = 0.025 x 101°My, AM,, = 0.028 x 10'*°Mg. Secondly, we consider
the kinematic x3/ni-values of the best-fitting models from Table 2.3 for the different
dark matter haloes as the combination of a systematic variation modelled as linear, plus
a fluctuating component which has a root mean square of rms(y3) = 0.0119 x 164 = 1.95.
We take this as an approximation of the scatter in x% at minimum, which according
to the simulations of Morganti et al. (2013) can be taken as a proxy for the Ax? to
be used for estimating the accuracy with which the mass can be determined from the
data using NMAGIC modelling. Applying this to the combined x7 curve derived from
Figure 2.5 results in estimated uncertainties of AF = 0.05, AM, = 0.033 x 10°M,,
AM;y: = 0.036 x 10'°M. Based on both methods, we estimate the statistical uncertainty
in the stellar and total mass measurement for the b-b as AM; = 0.03 x 10*°My, AM,; =
0.03 x 101°M,,.

2.5.2 Evaluation of systematics

Our modelling relies on some assumptions whose influence on the derived bulge mass we
now investigate. Here we describe variations of our four main assumptions: the midplane
extrapolation, the length scaling, the snapshot selection and the bar angle. We show that
the effect of these assumptions on the estimate of the mass of the bulge is small. These
test variations are then used to set the error on the mass measurement previously quoted.
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Figure 2.11: Mass of the bulge-in-box for our five best mass models in different dark matter
haloes. The blue curve refers to the stellar mass while the red curve refers to the total
mass.

Midplane extrapolation

In order to quantify the uncertainty introduced by the assumed shape of the extrapolation
in the midplane (see Section 2.3.2), we do the same study as detailed in Section 2.4 with
a variant extrapolation, more concentrated in the midplane.

In the fiducial case, we use the best sech? fit to fill in the midplane. For our variant, we
perform an exponential extrapolation down to the midplane, with scale height A varying as
a function of the in plane coordinates (', y') (see Section 2.2.2). We assume that h(z',y’) is
proportional to the scale height of the best sech? fit at large z, normalized with numerical
value fixed such that h(0,0) is equal to 1° ~ 140pc. The implied additional RCGs in
the midplane strip increase the total number of RCGs in the b-b by 10% with respect
to our fiducial extrapolation. We consider this extrapolation as giving extreme but still
reasonable stellar concentration towards the midplane.

The vertical density profiles along the major axis of this variant extrapolation are
plotted along with our fiducial ones in Figure 2.12. In this figure, the different colours
indicate the absolute value of the position along the 2’ axis, from red at the centre to blue
at the edges of the 3D map.

Length scaling

In the fiducial case we scale our model using the length of the long bar, assuming that this
long bar ends at [ = 27°. Even though this assumption seems well founded, such a long
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Figure 2.12: Vertical density profiles along the major axis of the bar for the fiducial extrap-
olation of the density to the midplane (left plot) and the variant extrapolation (right plot).
The different colours indicate the coordinate along the major axis, from red in the centre
to blue at the edge of the map at 2.2kpc. The colour shaded region depicts the errors in
the density from Wegg & Gerhard (2013) and the dashed lines show the £150 pc region
where the original density map from Wegg & Gerhard (2013) has been extrapolated.
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bar is in clear tension with previous claims that the pattern speed of the Milky Way bar
could be as high as 60km s~ kpc™! (see Section 2.8.3). Ongoing work by Wegg et al. (in
preparation) shows that the long bar can be reliably traced up to at least [ = 20°. Hence
we repeat our experiments by scaling our models on a long bar which would end at [ = 20°
instead of 27°. With the assumed bar angle and distance to the GC the semi-major axis
of such a bar would be 3.8 kpc long.

Snapshot selection

Our fiducial study is based on initial models which are late evolutionary snapshots of pure
disc+halo simulations. Throughout its evolution the bar gives away angular momentum,
slows down and builds a strong B/P bulge. As our target density has a very strong peanut
shape, late evolutionary stages are a priori more suitable starting points for our modelling.
However, when looking at the ratio of the size of the peanut shape to the length of the bar,
we found that early evolutionary snapshots better match our target ratio. Consequently
we repeat the same modelling analysis using earlier snapshots, taken just after the buckling
is complete.

Bar angle

The angle between the major axis of the barred bulge and the Sun-GC line has in the past
generally been found in the range 20 — 30° (Stanek et al. 1997; Bissantz & Gerhard 2002;
Rattenbury et al. 2007b; Nataf et al. 2013). In this study we assumed an angle of 27°
which is what WG13 measured with an accuracy of £2° when making their 3D density
map of RCGs in the bulge. Even though this result seems robust we quantify the effect of
a different bar angle by experimenting with a bar angle of 32° (2.50).

A very robust estimate of the total mass

Figure 2.13 shows the total mass M. as a function of the model for our fiducial case as
well as for each variant detailed above. The average total mass in the fiducial case gives
an estimate of the total mass of the bulge of 1.84 x 10!°M,, shown by the dashed line in
Figure 2.11. Systematic variations of our four main assumptions have only small effects on
the derived value of the total mass as shown in Figure 2.13. As stated in Section 2.4.1 the
uncertainty of the total mass determination due to the discrete sampling of F is less than
0.01 x 10'°M,,. The estimated statistical error is Agas Mior = £0.03 x 10'°M,. Systematics
dominate and are evaluated by simply taking the range of all mass measurements, as
showed by the grey band in Figure 2.11, corresponding to AgsMios =005 x101°Mg =~
+0.06 x 10°M,. Adding the statistical and systematic error in quadrature, we conclude
that the total mass of the bulge-in-box is 1.8440.07 x 10'°M. Numerical values of stellar,
dark matter and total mass in the b-b for the different models are given in Table 2.4.
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Figure 2.13: Total mass (stellar + dark matter) of the bulge-in-box for the five models.
The black points show our fiducial results already plotted in Figure 2.11. The coloured
dots show masses obtained when varying some of the model assumptions as stated in the
legend. Only small deviations from our fiducial case are found. The dashed line displays
the mean value obtained in the fiducial case while the grey band span the range of all

results.

Table 2.4: Stellar mass M, dark matter mass Mpy and total mass M, for all models
in the bulge-in-box, in units of 101°Mg. The first row refers to our fiducial models while
the lower four rows refer to the different systematic variations of the model assumptions

detailed in Section 2.5.2.

MS80 MS&2.5 M85 MS87.5 M90
Ms  Mpym Mgy | My Mpy  Mioy | My Mpy Mioy | My Mpy Mior | My Mpuy | Mo
Fiducial 1.27 053 1.80 | 1.37 045 1.82 |147 038 185 159 029 188 |1.63 0.23 1.85
Extrapolation 1.29 054 183 |1.36 047 183|149 0.37 1.86 | 1.58 029 1.87 | 1.63 0.23 1.86
Bar length 1.32 055 1.87 | 141 0.50 191 | 1.50 0.38 1.88 | 1.57 0.30 1.87 | 1.60 0.24 1.84
Bar angle 1.30 055 ' 1.85 | 138 048 186|150 038 188 |1.60 0.29 1.89 |1.64 0.23 1.87
Snapshots selection | 1.41 0.42 1.83 | 1.48 0.37 1.86 | 1.56 0.30 1.86 | 1.69 0.22 191 | 1.70 0.17 = 1.88
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2.6 Mass-to-light and mass-to-clump ratios

A good estimate of the total mass together with a constraint on the stellar mass would
give useful insight into the dark matter mass in the bulge. In this section we constrain
the stellar mass in the b-b through the stellar mass-to-light ratio Tx and what we call
the stellar “mass-to-clump” ratio, i.e. the amount of stellar mass per number of Red
Clump and Red Giant Branch Bump stars. We first construct predictions from population
synthesis models and compare our best mass dynamical models to these predictions. In
this way we can relate the stellar Initial Mass Function (IMF) to the dark matter mass of
the GB.

2.6.1 Population synthesis models

We predict the stellar mass-to-light and mass-to-clump ratios from modelling the evolution
of the bulge stellar population. This modelling relies on the three different ingredients.

1. An Initial Mass Function (IMF):

We use four IMFs which span the range of reasonable IMFs for the galactic bulge.
Our two extremes are the bottom-heavy Salpeter IMF (Salpeter 1955) for masses
between 107! Mg, and 10% Mg, and the Zoccali IMF (Zoccali et al. 2000, third entry
of their table 3), the latter being derived specifically from measurements towards the
galactic bulge. In between we use the Kroupa (Kroupa 2001) and the Chabrier IMF
(Chabrier 2003), which are quite similar. These four IMFs normalized to 1 M, are
displayed in Figure 2.14. Following Kroupa (2001) we plotted the logarithmic form
of the IMF & (log;y(M)) = MIn(10) 4, where &;,(log;o(M)) dlogio(M) corresponds
to the fraction of stars with mass between log;o(M) and logio(M) + dlogio(M) and
M is expressed in M.

2. A set of isochrones:

We choose the solar metallicity and a-enhanced BASTT isochrones (Pietrinferni et al.
2004) and assume a single age population of 10 Gyr. As shown later the choice of the
age has a small effect and is therefore not critical.

3. A way to treat stellar remnants:

Stars that evolve beyond their isochrones have to be turned properly into white
dwarfs, neutron stars or black holes. We use the choices described in Maraston
(1998).

Using these three ingredients, we first construct a luminosity function ®(Mkg) in units
of mag™! Mgl by evolving 1 M, through the set of isochrones for a given age, according to
the considered IMF mass distribution. After renormalization of the luminosity function to
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Figure 2.14: Plot of the logarithmic form of the different IMF used in this study (Salpeter
1955; Zoccali et al. 2000; Kroupa 2001; Chabrier 2003).
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a remaining mass of 1 Mg (evolved stellar population + stellar remnants), the synthesized
stellar mass-to-light ratio in the K-band T is given by

-1
Tk = < / <I>(MK)10°'4(MKMK®)dMK) . (2.20)

We checked our mass-to-light ratio predictions by reproducing the work of Maraston (1998)
and Percival et al. (2009) and found a very good agreement with both of them for the old
population considered here.

In order to compute the stellar mass-to-clump ratio we use the same technique as in
WG13. We fit an exponential background plus two Gaussians to the previously derived
luminosity function. The two Gaussians represent the RCGs and the Red Giant Branch
Bump (RGBB), as in WG13. This mass-to-clump ratio includes RGBB stars as well for two
reasons. First because for some ages, the RCGs and RGBB have the same luminosity and
are therefore indistinguishable. Secondly because WG13 made their map by fitting these
two Gaussians under the assumption that the RGBB represents 20% of the Red Clump.
Hence the total number of RCGs and RGBB stars is a priori better constrained than the
number of RCGs only. As the luminosity function was renormalized to a remaining mass
of 1 Mg, the number of stars contained in the two fitted Gaussians directly leads to the
mass-to-clump ratio, denoted as M /nrciRrGBB-

2.6.2 Mass-to-light ratio

The COBE/DIRBE instrument provides us with K-band measurements in many bulges
fields. Here we use the data from Drimmel & Spergel (2001) who removed point sources by
applying a median filter to the original “Zodi-Subtracted Mission Average” map (Kelsall
et al. 1998). In order to correct for galactic extinction, we use the extinction map presented
in WG13, also derived from K-band data. This map covers the inner [ € [-10°,5°],b €
[—10°,10°] of the bulge and has a resolution of 1’ which is much finer than the 42" x 42’
COBE/DIRBE field size. We correct the COBE/DIRBE data by using the mean extinction
on each COBE/DIRBE pointing. We ignore the fields in the inner |b] < 2° because
the extinction is too high to make a reliable correction. We apply a disc contamination
correction to the remaining data points as follows. The average disc contamination as
a function of latitude is evaluated using the surface brightness profile in two 0.5° wide
strips along the b direction, located at | = £15°. At these large longitudes the galactic
bulge is no longer important and the flat long bar does not contribute significantly to the
surface brightness for |b| > 2°. Hence the average surface brightness profile of the strips is
mostly due to the disc component. By assuming that this disc vertical surface brightness
profile stays constant at all longitudes inside || < 15° we can estimate and then remove
the disc contamination from the COBE data. Finally this provides us with about 2800
extinction and foreground corrected surface brightness measurements towards the galactic
bulge which can be compared to our models.

To compute the surface brightness of our particle models we convert scaled stellar
particle weights w; into K-band luminosity L; = w;Y%', assuming a constant but still
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unknown stellar mass to-light ratio Tk in the bulge. T will be determined by matching
our model surface brightness to the COBE/DIRBE K-band data. The extinction-free
model surface brightness in some field 3;(/,b) as one would see from the Sun’s location is

given by
-1

5(L) = 3 > =i (2.21)

where A€); is the solid angle of the considered field, r; is the distance of the particle ¢
from the Sun in kpc, and 6;(r;) is a suitable selection function that we describe below
in Equation 2.22. Our models have been matched to the MW inside the b-b but no
attempts have been made to match the model discs to the MW disc. In order to reduce
the uncertainty due to the disc contribution we evaluate for each COBE field the fraction
of model light which comes from particles located in the b-b. We remove from the analysis
all fields where this fraction is lower than 90%, i.e. all fields where not directly constrained
particles contribute more than 10% of the model surface brightness. Given that a single
particle can theoretically dominate the surface brightness by being arbitrarily close to the
Sun’s location, we also remove nearby disc particles from the analysis in the remaining
fields by taking the following selection function:

1 if ¢ € field j and 7, > 3k
5j(7”i)={ it ¢ € field j and ; > 3kpc (2.22)

0 otherwise

We then apply the same foreground contamination correction to the model surface bright-
ness as for the data, using the two strips at [ = +15°. We checked that our results do
not depend on the exact form of the selection function, indicating that the foreground
contamination has been properly removed.

Finally, we compute the mass-to-light ratio as stated in Equation 2.21 independently
for all remaining COBE fields and average the results. The statistical error in the mean
mass-to-light ratio is very low due to the large number of COBE fields so that systematics
dominate. We evaluate systematic effects by repeating this analysis for the four variants
described in Section 2.5.2 of the considered model. The full range of values is then taken
as the systematic error.

Figure 2.15 shows the mean value of T and its associated systematic error for the five
best dynamical models with different dark matter haloes. These mass-to-light ratios are
compared to the predictions from different IMFs shown as the coloured lines, for a single
10 Gyr age population. The coloured strips span the range of values for ages between 9
and 11 Gyr. With the total mass and integrated light fixed, the models with low dark
matter mass (M90 for example) have higher stellar mass-to-light ratios. We see that most
of our models are in agreement with predictions from a Kroupa or Chabrier IMF which are
somewhat similar, the Kroupa IMF predicting slightly higher mass-to-light ratios than the
Chabrier IMF. Only the most dark matter dominated model M80 approximately matches
the predictions from the Zoccali IMF, which is a priori the best candidate IMF because it
was measured directly from the stellar luminosity function of the bulge. In order to agree
with the Zoccali IMF about 40% dark matter mass is required in the b-b.
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Figure 2.15: Stellar mass-to-light ratio in the K band for our five best dynamical models
of the bulge in different dark matter haloes. The model errors shown are dominated by
systematic effects. The different coloured lines indicate predictions from different IMF's as
stated in the legend. The black dashed line is an estimate of the highest allowed mass-
to-light ratio obtained by turning all dark matter of the b-b into luminous matter. This
allows us to rule out the Salpeter IMF for the galactic bulge with age 10 Gyr.

In addition, the dynamical models rule out a Salpeter IMF for a bulge population with
age 10 Gyr. The dashed line in Figure 2.15 represent the highest possible stellar mass-to-
light ratio which would be obtained if all the dark matter in the bulge was turned into stars
with the same density distribution as the stellar component of the bulge in our fiducial
models. For all our models, the mass-to-light predictions for a Salpeter IMF for a 10 Gyr
galactic bulge are higher than this extreme mass-to-light ratio by at least three times the
model error, showing that it is too bottom-heavy.

2.6.3 Mass-to-clump ratio

The mass-to-clump ratio is also a useful quantity to relate stellar mass and stellar popu-
lation. With RCGs being approximate standard candles with standard colours, issues like
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foreground contamination and dust extinction are easier to solve when computing a mass-
to-clump ratio than a mass-to-light ratio. The number of RCGs in the b-b was computed
directly from our fiducial extrapolation of the density map of WG13. Using the variant
extrapolation presented in Section 2.5.2 would increase this number by only 10%. In order
to include the RGBB in this calculation, we add the 20% fraction assumed in the derivation
of the 3D map by WG13. The computation of M /ngrcirgss is then straightforward from
the stellar mass determination of Section 2.5.1. Results are shown in Figure 2.16 for all
dark matter models. The errors plotted in Figure 2.16 are systematic, determined from
the four variant assumptions described in Section 2.5.2. Again the different colour strips
indicate predictions of different IMFs for ages between 9 and 11 Gyr.

Qualitatively we reach from the mass-to-clump ratio similar conclusion as from the
mass-to-light ratio, indicating the need of a large dark matter fraction in the bulge in
order to match the prediction from the Zoccali IMF. However quantitatively we have some
tension between mass-to-light and mass-to-clump ratios, where for a given IMF the mass-
to-clump ratio seems to be about 20% too large with respect to the predicted value from
the theoretical models. The two views can be reconciled if some physical process prevents
about 20% of the Giants to ignite their Helium core and become RCG. We speculate that
such a process could be the stripping of the star envelope resulting from the interaction
with a companion star in a binary system and leading to the formation of a low mass white
dwarf as suggested by Marsh (1995). The issue of the mass-to-clump ratio in the bulge is
discussed further in Chapter 4.
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Figure 2.16: Mass-to-clump ratio, M /nrcirgpp for our five best dynamical models of the
bulge in different dark matter haloes. The coloured lines indicate predictions from different
IMFs as stated in the legend. The black dashed line is an estimate of the highest allowed
mass-to-clump ratio obtained by turning all dark matter of the b-b into luminous matter.
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2.7 Peanut and X-shape structures of the galactic bulge

In this section we study the structural properties of the GB further, based on the 3D
density map of RCGs from WG13. We first illustrate and discuss its X-shape in a similar
way as usually done for external galaxies. We then use a 3D photometric diagnostic to
quantify the fraction of stellar mass involved in the peanut shape of the GB.

2.7.1 The photometric X-shape

Observations of external galaxies have revealed that boxy/peanut bulges exist with a vari-
ety of shapes. In order to highlight the internal structure of external edge-on B/P bulges,
a common practice is to use unsharp masking techniques as described by Bureau et al.
(2006). They applied a median filter to images of 30 edge-on spirals and removed the
smoothed images from the original ones. This reveals what is called the X-shape. Bureau
et al. (2006) proposed a classification of external B/P bulges based on the properties of
this X-shape. Where would the galactic bulge appear in such a classification? To answer
this question, we apply a median filter with kernel size 500 pc to the side-on projection
of the 3D density of RCGs from WG13 and remove it from the original projection. The
positive residuals revealing the X-shape of the GB are shown in Figure 2.17 with contours
spaced by a third of a magnitude.

Figure 2.17 shows that the galactic bulge has an off-centred X-shape structure, its two
arms crossing the major axis about 500 pc away from the centre. This feature is identified
in 50% of external edge-on B/P bulges (Bureau et al. 2006).

2.7.2 The mass of the peanut shape

Consistent with the strong X-shape, the Milky Way bulge in the side-on map from WG13
shows a very prominent peanut shape. An interesting issue is the amount of stellar mass
involved in this feature. This was already addressed by Li & Shen (2012) who applied a
technique somewhat similar to unsharp masking to the side-on projection of the model of
Shen et al. (2010). They fitted ellipses to the isophotes of the side-on projection, mod-
elled the light projected by these elliptical isophotes and removed the modelled light from
the original image. Doing so revealed a centred X-structure in the model accounting for
about 7% of the bulge stellar mass. Because their model had been shown to give a good
representation of the BRAVA kinematic data, they then concluded that the stellar mass
involved in the peanut shape of the GB was similarly about 7%.

Since we now have a direct measurement of the 3D density of RCGs in the bulge, we
can perform a similar photometric analysis directly on the 3D density map. Consider the
density profile p(0,0, z) along the minor axis of the bar. For each particular value of z,
we evaluate the 3D isodensity surface with density p(0,0, z). Then we look for the most
voluminous ellipsoid we can find which fits inside this particular 3D isodensity surface.
This search is done under the constraint that the ellipsoid is centred on the centre of the
bulge, the principal axes are aligned with the principal axes of the bulge, the semi-principal
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Figure 2.17: X-shape structure of the galactic bulge obtained by unsharp masking as
described in Bureau et al. (2006). The galactic bulge has a so-called off-centred X-shape.
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length along the vertical axis is fixed to |z|, and the ellipsoid stays inside the isodensity
surface considered. By doing so for all z we construct a family of ellipsoidal isodensity
surfaces. We compute the 3D density arising from this ellipsoidal isodensity family and
remove it from the original 3D map. The residuals correspond to the “non-ellipsoidal” part
of the bulge density. As all our ellipsoids are truly inside their corresponding isodensity
surfaces of the original map, we are assured that the residual map is positive at all points.

To reduce the effect of measurement errors in the original map of WG13, we actually
do this analysis using model M80, which through NMAGIC fitting of the density gives a
smoother density map which is everywhere within the errors of the original map. We note
that the results do not depend on which initial model is used for the density fit.

The residual map is plotted in projection in Figure 2.18. The four lobes responsible
for the peanut shape of the bulge are clearly visible in the side-on view for |z| > 300 pc.
For |z| < 300 pc the peanut is not prominent enough with respect to its surroundings to
make the density shape deviate from ellipsoidal shape. The stellar mass involved in this
residual peanut shape is about 24% of the total stellar mass of the bulge. This figure
probably underestimates the real amount of mass involved in the peanut structure as one
expects the orbits responsible for this structure to also visit the strip inside |z|] < 300 pc
and therefore to contribute to the ellipsoidal density that was removed here.

We can estimate an error on the 24% by applying the same procedure to each of the
modelled five variant maps of WG13. We find that the non-ellipsoidal residuals account for
2412% of the stellar mass of the bulge. By applying our diagnostic in a two dimensional
version to the side-on projection of the density, we find that the 2D residuals sum to
only 1171% of the stellar mass of the bulge, showing that 2D determinations tend to
underestimate the mass in the peanut structure.

Our peanut mass fraction of 2475% results from an observational definition of the
peanut shape: a deviation from ellipsoidal density shape. A more physical definition of
the peanut structure would be to identify the different orbits responsible for its shape in
side-on projection. We are currently working on such an orbit-based characterization of
the peanut shape which will be presented in a companion paper.
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Figure 2.18: “Non-ellipsoidal” residual density of RCGs in the density map of Wegg &
Gerhard (2013). The residual density accounts for 24% of the RCGs in the bulge. Plotting
conventions are the same as in Figure 2.3.
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2.8 Discussion

2.8.1 Dynamical mass of the bulge

The galactic B/P bulge transits into a longer two-dimensional bar; therefore in this paper
we use a simple definition for determining the dynamical mass of the bulge. We use the
three-dimensional box +2.2 x +1.4 x +1.2kpc as our bulge volume in which the RCGs
density was determined by Wegg & Gerhard (2013) and which contains most of the three-
dimensional bulge part of the bar. The total mass of this bulge-in-box (b-b) is accurately
determined by the dynamical models, M, = 1.8440.07 x 10'°M,. This value is essentially
independent of the dark matter mass fraction in the bulge throughout our models, and the
estimated error includes both statistical and systematic uncertainties ; the systematic part
is determined from varying the modelling assumptions around our fiducial model.

Dynamical models have previously been used to estimate the mass of the bulge. Using
the Schwarzschild method, Zhao (1994) built a self-consistent model of the bar/bulge and
found a total bulge mass of 2 x 101°Mg, while Kent (1992) found a mass of 1.8 x 10'°M,
by modelling an oblate isotropic rotator with a constant mass-to-light ratio. By studying
gas dynamics in the potential of the model from Bissantz & Gerhard (2002) obtained by
deprojecting the COBE luminosity distribution, Bissantz, Englmaier & Gerhard (2003)
determined the circular velocity at 2.2kpc to be 190kms~—!. Once converted to mass
under the assumption of spherical symmetry, this leads to a total bulge mass of about
1.85 x 10°M,. All these results compare well with our estimate of the mass of 1.84 &
0.07 x 10°M,, especially when considering the difficulty of a precise definition of the
bulge.

An independent way to obtain a dynamical mass is from the virial theorem. Such studies
lead to quite different values depending on the assumed pattern speed and bar angle, from
1.6 x 10"M, (Han & Gould 1995), up to 2.8 x 10*°Mg, (Blum 1995) obtained for a high
pattern speed (81 kms™'kpc™t). The use of the virial theorem has two weaknesses. First,
it relies on an estimation of the total kinetic energy, which cannot be measured accurately
from line-of-sight data only. Secondly, it assumes that the bulge on its own is a system in
equilibrium, whereas it is in fact part of a bar embedded in a disc.

Traditionally, the contribution of dark matter to the mass in the bulge region has been
considered unimportant. In this case, a bulge mass can be estimated simply from the stars.
For example, Dwek et al. (1995) estimated the stellar mass of the bulge at 1.3 x 101°M,
from the COBE luminosity and a Salpeter IMF. However, neglecting dark matter in the
bulge is not a good approximation as we have seen in Section 2.5.

2.8.2 Stellar and dark matter mass in the bulge

Because the total mass of the bulge-in-box (b-b) is well determined, knowing the stellar
mass independently would give insight into the amount of dark matter in the central
part of the Galaxy. As shown in Section 2.6, the stellar mass can be constrained by
comparing mass-to-light and mass-to-clump ratio measurements with stellar population
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synthesis predictions. However, for this the choice of the IMF is crucial: candidate IMF's
disagree within a factor of two in their prediction of the stellar mass-to-light ratio, so
a reliable measurement of the IMF in the GB is needed. Currently, the Zoccali IMF
(Zoccali et al. 2000) measured from the bulge star luminosity function in a field located
near ([, b) = (0°,—6°) is the favoured IMF for the GB. For this case, the predicted mass-to-
light ratio from isochrones ( Section 2.6.1) gives a stellar mass for the b-b of 1.12 x 101°M,.
From our modelling, both the mass-to-light and the mass-to-clump ratio independently
agree that models with fairly high dark matter mass fraction are required to provide the
remaining part of the dynamical mass in the b-b. These models predict a dark matter
mass in the b-b of Mpy ~ 0.7 x 101°M,, accounting for about 40% of the total mass of
the b-b.

Further insight on the dark matter part of the b-b mass can be obtained from proper
motions. In particular, the proper motion dispersions in the b direction directly constrain
the derivative of the potential along the vertical direction, and therefore the total mass
concentration towards the plane. We showed in Section 2.4.4 that our proper motion pre-
dictions oy, are 10% to 20% lower than the data. Increasing the stellar mass concentration
towards the plane as in Section 2.5.2 can indeed increase o, but only at percent level
which is not significant enough. It is also possible that a systematic effect is present in
the data, e.g., due to extinction or incompleteness of the sample. Before we can use the
proper motion data to measure the mass concentration and dark matter content of the
GB, these possible systematic effects in the data need to be better understood. A more
detailed study of the proper motion constraints is part of our ongoing work to make a more
complete model of the galactic bulge and long bar.

2.8.3 Pattern speed of the MW bar/bulge

Our dynamical models, based on the RCGs density from Wegg & Gerhard (2013) together
with the BRAVA kinematic data for the bulge stars, imply a pattern speed of the MW
bar-bulge of 25 — 30 km s kpc™! (see Section 2.4.3). This result remains unchanged when
varying the modelling assumptions, for example when we consider a shorter bar, as detailed
in Section 2.5.2. Comparing with the composite rotation curve from Sofue, Honma &
Omodaka (2009), this would place the corotation value of the bar just inside the solar
circle, and give a ratio of corotation over bar half length between 1.5 and 1.8. The MW
would then belong to the so-called slow rotators. Slow rotators are quite rare for external
galaxies in general (Aguerri, Beckman & Prieto 1998), but fairly common among SBc
galaxies (Rautiainen, Salo & Laurikainen 2008).

There have been a quite a number of pattern speed measurements in the MW by other
techniques. The bulk of the measurements indicate a fast bar, but some studies suggest a
lower pattern speed (see Gerhard (2011) for a review). Direct measurement by Debattista,
Gerhard & Sevenster (2002) using a variant of the Tremaine & Weinberg method (Tremaine
& Weinberg 1984) leads to the high value of Q, = 59+5km s~ kpc~! but depends strongly
on the radial velocity of the local standard of rest towards the GC.

Numerous indirect measurements of the bar pattern speed have been obtained by
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matching some of the observed features in the position-velocity diagrams for Hr and CO to
gas-dynamical model predictions. Most of these studies argue for a high pattern speed, such
as Englmaier & Gerhard (1999) who found ~ 60kms~!kpc™!, Fux (1999) who obtained
~ 50kms~tkpc™!, and Bissantz, Englmaier & Gerhard (2003) with 55 — 65km s~ kpc™.
However, Weiner & Sellwood (1999) and Rodriguez-Fernandez & Combes (2008) obtained
lower values of respectively 42kms~'kpc=! and 30 — 40 kms~kpc~!.

High pattern speeds were also obtained by explaining the stellar kinematics of nearby
disc stars with the dynamical effects of the Outer Lindblad Resonance (OLR) of the bar.
By interpreting the bimodality of the velocity distribution in the solar neighbourhood in
this way, Dehnen (2000a) found €, = 53 £ 3kms ™' kpc™!. Antoja et al. (2014) presented
an analytical model of the effect of the OLR in the velocity distributions of stars at different
radii and showed that they could reproduce measurements of the Hercules stream for a bar
pattern speed of Q, =54 + 0.5kms~ ' kpc*.

The low pattern speed value found from the RCGs and BRAVA data is consistent
with Rodriguez-Fernandez & Combes (2008) and Long et al. (2013) but not with the
majority of these measurements. We note that models based on variants of the RCGs
density map as well as models constrained by a model B/P bulge density independent of
the RCGs measurement (Martinez-Valpuesta 2012) give similarly low values. The BRAVA
kinematics are in agreement with the ARGOS kinematics (Ness et al. 2013a) despite the
quite different selection functions of both surveys. In our modelling, the details of the
selection function assumed for the BRAVA data were not important. Therefore our value
measured from modelling the bulge kinematics appears robust.

The highest pattern speeds reported in the literature are also in conflict with other data.
Using the composite rotation curve from Sofue, Honma & Omodaka (2009), a pattern speed
of Q, = 55km s~ kpce™ would place corotation at 3.7kpc. Because the long bar cannot
extend beyond corotation (Contopoulos 1980), this is incompatible with the apparent end
of the long bar at | = 27° (Hammersley et al. 2000; Cabrera-Lavers et al. 2008). Even
if we relax the hypothesis that the long bar ends at | = 27°, recent star counts from the
UKIDSS survey (Wegg et al. in preparation) show that it can be reliably traceable at least
out to I = 20°. This gives a lower bound of the half-length of the bar of 3.8 kpc, still in
tension with a pattern speed of 55kms~! kpc~!.

We conclude that despite of the many effort made by different groups, the question of
the pattern speed of the galactic bar remains an unsolved issue. One way to settle this
question by dynamical modelling would be to include data that more accurately constrain
the long bar component, which is one of our future goals.

2.9 Conclusion

In this work we have presented a set of self-consistent dynamical models of the galactic
bulge with different dark matter haloes, which match recent data on the spatial distribution
and kinematics of bulge stars. We started with a family of N-body models of barred discs
with B/P bulges, evolved from near-equilibrium stellar discs embedded in live dark matter



2.9 Conclusion 75

haloes. We then fitted these models to the recent 3D density measurements of Red Clump
Giants in the bulge from Wegg & Gerhard (2013), as well as to the BRAVA kinematic
data of Kunder et al. (2012) in multiple bulge fields, using the NMAGIC Made-to-Measure
method.

From this modelling, we obtain an accurate and robust estimate of the total mass
(stellar and dark matter) of the bulge in the RCGs box, of M, = 1.84 & 0.07 x 10*°M,,.
We also find a low pattern speed of about 25 — 30 km s~ kpc™!, which with the measured
rotation curve places the Milky Way among the slow rotators (R > 1.5). We compute
the mass-to-light and mass-to clump ratios and compare them with theoretical predictions
from population synthesis models using different IMFs. We show that the Salpeter IMF
(Salpeter 1955) is ruled out for a 10 Gyr old bulge population. We find that a relatively high
dark matter mass fraction in the bulge is needed in order to match predictions from the
IMF inferred from the stellar luminosity function in the upper bulge (Zoccali et al. 2000),
~ 40% or Mpy ~ 0.7 x 101%M,,. In addition we study the X-shape of the galactic bulge
and find an off-centred X-shape, common in external B/P bulges (Bureau et al. 2006). By
a three-dimensional analysis of the isodensity surfaces of the RCGs density we find that
the peanut-shaped deviations from ellipsoidal shape account for 2475% of the bulge stellar
mass, significantly larger than the previous estimate of 7% of Li & Shen (2012).
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Chapter 3

Peanuts, Brezels and Bananas:
food for thought on the orbital
structure of the galactic bulge
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Abstract

Recent observations have discovered the presence of a boxy/peanut or X-shape structure in
the galactic bulge. Such boxy/peanut structures are common in external disc galaxies, and
are well-known in N-body simulations where they form following the buckling instability
of a bar. From studies of analytical potentials and N-body models it has been claimed in
the past that boxy/peanut bulges are supported by “bananas”, or x;vy orbits. We present
here a set of N-body models where instead the peanut bulge is mainly supported by brezel-
like orbits, allowing strong peanuts to form with short extent relative to the bar length.
This shows that stars in the X-shape do not necessarily stream along banana orbits which
follow the arms of the X-shape. The brezel orbits are also found to be the main orbital
component supporting the peanut shape in our recent Made-to-Measure dynamical models
of the galactic bulge. We also show that in these models the fraction of stellar orbits that
contribute to the X-structure account for 40 — 45% of the stellar mass.

3.1 Introduction

There has been much recent interest in the dynamical structure of the galactic bulge,
following the discovery of the bimodal distribution of red clump giants (RCGs) magnitudes
in upper bulge fields (the split red clump; McWilliam & Zoccali 2010; Nataf et al. 2010;
Ness et al. 2012). Analyzing 50 million RCGs from the VVV survey, Wegg & Gerhard
(2013) were able to measure directly the 3D density distribution of the dominant bulge
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stellar population, finding a very pronounced boxy /peanut (B/P) bulge structure extending
about 2 kpc along its major axis. B/P bulges are found in about half of the external edge-on
disc galaxies (Liitticke, Dettmar & Pohlen 2000) and are the focus of several recent and on-
going studies (Williams et al. 2011; Fabricius et al. 2012; Walcher et al. 2014; Seidel et al.
2015). B/P bulges are common in N-body simulations of barred discs where instability
of the bar leads to one or more buckling events, creating a prominent peanut shape in
the inner part of the bar (Combes & Sanders 1981; Raha et al. 1991; Martinez-Valpuesta,
Shlosman & Heller 2006).

The orbital structure of bars was first studied in two dimensions (for a review see
Contopoulos & Grosbel 1989), showing that bars are largely made out of regular orbit
families trapped around stable periodic orbits. Later, studies of the 3D orbital structure
were carried out, focusing mostly on the stable periodic orbit families. The third dimension
introduces instability in the dynamics and leads to bifurcations of stable periodic planar
orbits. Pioneering work by Pfenniger & Friedli (1991) found that the main orbit family
of planar bars (the x; orbits) becomes vertically unstable in certain regions and bifurcates
to several 3D orbital families including the xyv; family. x;v; orbits are also called banana
orbits because of their banana shape when seen side-on. These banana orbits have since
been considered as the backbone of B/P bulges (eg. Pfenniger & Friedli 1991; Martinez-
Valpuesta, Shlosman & Heller 2006), even though other higher order resonant orbit families
could also build a peanut shape bulge (Patsis et al. 2002).

In this letter we show that the banana orbits are not necessarily the main building block
of B/P bulges, challenging the picture of stars streaming along the arms of the X-shape. We
describe a new family of brezel-like orbits with which a peanut bulge can form at smaller
radii relative to the bar than is possible with banana orbits. We find that this orbit family
dominates the peanut shape of the galactic bulge in both our N-body models ( Section 3.2)
and our Made-to-Measure models ( Section 3.3) for the galactic bulge from Portail et al.
(2015). We also present an orbit-based characterization of the X-shape structure of the
galactic bulge and show that in our models, the galactic X-shape structure accounts for
40 — 45% of the stellar mass of the bulge.

3.2 The orbital structure of B/P bulges in N-body
models

3.2.1 N-body models of B/P bulges

We analyze N-body models of barred discs evolved from a near equilibrium stellar disc
embedded in different live dark matter halos. During this evolution the disc naturally
forms a bar which rapidly buckles out of the galactic plane and creates a B/P bulge
(Combes & Sanders 1981; Raha et al. 1991). In this work we use the initial N-body models
M80, M85 and M90 already presented in Portail et al. (2015). These three models differ by
their dark matter fraction in the bulge, ranging from 30% for model M80 to 12% for model
M90. Using the definition of Debattista & Sellwood (2000) where R is the ratio between
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corotation radius and half-length of the bar, they span the complete range of reasonable
values for the R parameter (Elmegreen 1996), from a slow bar for M80 (R = 1.8) to a fast
bar for M90 (R = 1.08).

We assume a distance to the Galactic Centre of Ry = 8.3kpc (Reid et al. 2014; Chat-
zopoulos et al. 2015) and place the bar at an angle of 27° with respect to the line-of-sight
towards the Galactic Centre (Wegg & Gerhard 2013). We scale the models to the Milky
Way by placing the end of their long bar component at [ = 27° as seen from the Sun’s
location (Hammersley et al. 2000; Cabrera-Lavers et al. 2007), resulting in a bar half length
of 4.6kpc. In the following we use the (z,vy,2) coordinates in the rotating frame of the
bar where z is along the major axis of the bar and z is the axis orthogonal to the galactic
plane.

3.2.2 Orbit classification

Most studies of the orbital structure of B/P bulges focus on studying families of periodic
orbits in rotating potentials, either analytical (e.g. Skokos, Patsis & Athanassoula 2002)
or N-body (Pfenniger & Friedli 1991, but see also Harsoula & Kalapotharakos (2009)). In
this paper, we study the orbits of the particles in the N-body potential frozen well after the
formation and buckling of the bar, which is then assumed to rotate at a constant pattern
speed. We integrate the orbits using a drift-kick-drift adaptive leap-frog algorithm and
use frequency analysis to classify those that build the B/P bulge. We consider all stellar
particles in a box of +4kpc x £1.5kpc x +1.5kpc in the bar frame (~ 7 x 10° particles)
and integrate the orbits for 50 dynamical times, where the dynamical time is defined as
the time necessary to complete a circular orbit at 2kpc. We record 100 positions of the
selected particles per dynamical time and construct this way a time series for the particle
coordinates. For each particle we compute the Fast Fourier Transform of its coordinate time
series and identify the main frequency of each coordinate as the frequency corresponding
to the highest spectral peak. We do this for the Cartesian coordinates x and z in the bar
frame as well as the cylindrical radius r and consider the ratios of the main frequencies
fo/ fo and ./ f..

In our models we find two main groups of particles: bar particles and disc particles. Bar
particles are identified by their frequency ratio f,./f, € 2+ 0.1. They have an elongated
shape along the bar major or intermediate axis. Disc particles are defined through f,/f, &
2+ 0.1. They do not support the bar shape and do not show any prominent peanut shape.
As we focus on the peanut shape of the bar, we exclude the disc particles from further
analysis.

In order to identify the orbital components of the peanut structure we focus on the
frequency ratio of the side-on coordinates, f,/f,. The top plot of Figure 3.1 shows the
distributions of the frequency ratio f,/f, for our three N-body models. As f,/f, is almost
entirely contained between 1.5 and 2.0, we make a low resolution orbit classification by
splitting the particles into 6 classes A to F, corresponding to equally spaced bins in f./f,
centreed on 1.5, 1.6, 1.7, 1.8, 1.9 and 2.0. The colored dots in Figure 3.1 indicate the
fraction of stellar mass belonging to each orbital class in the three models.
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Figure 3.1: Fraction of the selected stellar particles belonging to orbital classes A-F defined
through their frequency ratio f,/f, as shown in the figure. Top: for the three N-body
models (see Section 3.2) ; bottom: for the models fitted to the Milky Way bulge (see
Section 3.3). The colored dots indicate the fraction of mass in the orbital classes while
the solid lines show the continuous distribution of the frequency ratio f,/f,. The banana

orbits are located in the peak at f./f, = 2.
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Figure 3.2: Side-on projections of the six orbital classes identified by frequency analysis
of model M&85. The white curves show the side-on trajectories of typical sample orbits
belonging to each class. The banana orbits identified by Pfenniger & Friedli (1991) are in
class F.
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Figure 3.2 shows the side-on projections of these 6 orbital classes identified in model
MS&5. All these classes display a strong peanut shape on the side-on projection. We find
that orbits with larger frequency ratio f,/f, have larger radial extent. The total B/P
structure of the model is then the sum of all these embedded peanut shapes. All orbits in
any one class are very similar to each other and the white curves in Figure 3.2 show the
side-on trajectory of a typical sample orbit of each class.

3.2.3 Which orbit classes dominate the X-shape?

The orbital structure of 3D bars has been studied both in analytical potentials by Con-
topoulos & Barbanis (1994) and Skokos, Patsis & Athanassoula (2002), and in self grav-
itating N-body models by Combes et al. (1990) and Pfenniger & Friedli (1991). These
authors found that the dominant z; orbit family of 2D bars may become vertically un-
stable when introducing the third dimension. Instability of planar x; orbits results in the
birth of many different 3D periodic orbits families, called the z; tree. The simplest member
of the z; tree is the xjv; family, also called “banana” orbits by Pfenniger & Friedli (1991)
because of the shape of their side-on trajectories. Banana orbits have been found in many
N-body or analytical models and have since been considered as the main building block of
B/P bulge (Combes et al. 1990; Pfenniger & Friedli 1991; Patsis, Skokos & Athanassoula
2002; Martinez-Valpuesta, Shlosman & Heller 2006; Quillen et al. 2013). They appear at
the vertical 2 : 1 resonance (i.e. 2 vertical oscillations per revolution), causing the peak
at f./f: = 2 in Figure 3.1, and are therefore the main contribution to our orbital class
F. Higher order members of the x; tree can also play a role in 3D bars and eventually
contribute to the peanut shape, as noted by Skokos, Patsis & Athanassoula (2002) and
Patsis, Skokos & Athanassoula (2002). However these orbits arise at larger energies, which
means even larger radial extent.

Identifying the building blocks of the B/P feature from our N-body models is not a
trivial task. B/P bulges are composite structures where different orbits existing at different
energies and radii overlap and all together create the B/P feature. In our models, all orbital
classes shown in Figure 3.2 are at some radius the main component of the 3D part of the
bar. In order to clarify this, we make the distinction between B/P shape and X-shape. B/P
shape refers to the shape of the isophotes in the side-on projection, while X-shape refers
to the typical X-feature that is revealed when applying unsharp-masking techniques to the
side-on projection of the B/P feature. Determining the X-shape is a common practice to
study external galaxies and can be performed in several ways, using a median filter as in
Bureau et al. (2006) or removing a fit of the image, as in Li & Shen (2012).

Figure 3.3 shows in black contours the B/P shape of the N-body model M85 and its X-
shape obtained after removing the median filtered image. In this figure, the colors indicate
which orbital class contributes the highest surface density at each point of the side-on view
of the bar. The B/P feature, which is the sum of the different orbital classes shown in
Figure 3.2, appears mostly boxy with no well defined length. On the contrary the X-shape
is clear and contained inside 2kpc. Only classes A, B, C and D contribute significantly to
the X-shape in this model. The banana orbits, the lowest energy member of the z; tree,



3.2 The orbital structure of B/P bulges in N-body models 83

i\
(NSl

> W Q J o™

x [kpc]

Figure 3.3: Peanut shape (top) and X-shape produced by unsharp-masking (bottom), for
model M85. The colors indicate the orbital class which contribute the highest surface
density at each point of the side-on view.
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dominate the light only at radii larger than 2.5kpc and contain only a small fraction of
the stellar mass in the bulge as shown in Figure 3.1. Therefore, in this N-body model,
the picture that the X-shape is the result of stars trapped around banana orbits streaming
along the arms of an X is incorrect. The X-shape in this model consist mostly of similar
non resonant orbits whose parent orbits we call brezel orbits, which build an X-shape at
shorter radii. Brezel orbits are described in Section 3.3.2 in the context of the galactic
bulge.

3.3 The orbital structure of the galactic B/P bulge

3.3.1 Made-to-Measure models of the galactic bulge

In Portail et al. (2015) we constructed a set of dynamical models of the galactic bulge,
with different dark matter halos. We used the Made-to-Measure method (Syer & Tremaine
1996; De Lorenzi et al. 2007) to adapt the particle weights of the N-body models M80,
M85 and M90 just described, to force them to reproduce the stellar density and kinematic
measurements of the galactic bulge. We constrained the stellar density using the 3D density
map of RCGs in the bulge from Wegg & Gerhard (2013), which trace the dominant fraction
of the stellar mass. This map was derived by deconvolution of extinction and completeness
corrected line-of-sight magnitude distributions from the VVV survey (Saito et al. 2012)
and covers a box of £2.2kpc x £1.4kpe x £1.2kpe. As kinematic constraints we used
the radial velocity and dispersion measurements from the BRAVA survey (Kunder et al.
2012). After the Made-to-Measure fit, the resulting three models match the data very well
and are equally good candidates to represent the dynamics of the galactic bulge, differing
from each other by their dark matter fraction in the bulge.

The top plot of Figure 3.4 shows the side-on projection of the RCGs density map of
Wegg & Gerhard (2013) extrapolated in the midplane by Portail et al. (2015). The peanut
shape is strong and mostly contained inside 1.5 kpc from the centre along the major axis
of the bar. It can be highlighted in a more physical way than usually done with unsharp
masking. For this we follow Portail et al. (2015) and compute the elliptical component
Y. of the side-on projection of the map X, by fitting a family of ellipses to ¥ with the
constraint that the residuals > — 3. are everywhere positive. The non-elliptical residual
fraction (¥ —X.)/3 is plotted on the bottom panel of Figure 3.4. It shows a large deviation
from elliptical shape at radii as short as 1.5 kpc, about one third of the bar length. In these
models, the banana orbits do not achieve significant height at radii around one third of
the bar length. The lower plot of Figure 3.1 shows the orbital compositions of our three
models after fitting to the Milky Way data. The comparison with the upper plot shows
that the Made-to-Measure procedure (i.e. the data) moved most of the mass to the orbital
classes B and especially C. These classes display a strong peanut at radii around a third
of the bar length, as shown in Figure 3.2.

Thus, the relation between the X-shape and the orbital structure is not straightforward.
X-shapes in external galaxies are often off-centered, with the two arms of the X not crossing
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Figure 3.4: Top: Side-on projection of the extrapolated 3D red clump giants number
density map originally from Wegg & Gerhard (2013). Bottom: Non-elliptical residual
fraction of the side-on projection.
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Figure 3.5: Brezel orbit viewed face-on (top) and side-on (bottom).

at the center as shown by Bureau et al. (2006). These authors suggested that off-centered
X-shapes could be associated with banana orbits given their morphological similarity. The
X-shapes of our Made-to-Measure models of the MW bulge are also off-centered (as shown
in Fig. 17 of Portail et al. 2015), even though the banana orbits represent only a small
fraction of the orbital structure in these models.

3.3.2 The brezel orbit

After fitting of the BRAVA data and RCGs density, most of the stellar mass of bar particles
are on orbits of class C. These orbits were already present in the initial models but in lower
proportion. This class is mostly made of non-resonant orbits which show morphological
similarities with one particular orbit family. Figure 3.5 shows the face-on (top) and side-on
(bottom) view of such an orbit that we call brezel orbit." This orbit has a mirror-symmetric
counterpart with respect to the y = 0 plane. It has f,/f, ~ 5/3 but needs 10 oscillations
in z and 6 oscillations in x in order to close. A possible origin for the brezel orbit would be
the 5 : 3 vertical resonance of the so called xymuly planar orbit, in the notation of Skokos,

!'Note that our brezel orbit is topologically different from the “prezel boxlet” orbit, found at the 4:3
resonance in triaxial non-rotating potentials (Miralda-Escude & Schwarzschild 1989; Merritt & Fridman
1996).
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Patsis & Athanassoula (2002) (i.e. the usual 2D z; orbit but considered to close after
two rotations instead of one). Their face-on shapes are also similar to the rm21 and rm22
identified by Patsis & Katsanikas (2014) (see their Fig. 2), arising from a radial bifurcation
of the xymul,. A detailed study of the x1mul, tree is needed to study this further.

3.3.3 The galactic X-structure

What is the stellar mass fraction associated with the X-shape in the galactic bulge? In
models where there is no correspondence between the X-shape and a particular orbit family,
this question cannot be answered easily. In these models, the X-shape only reveals the
excess of light over some smooth background in the side-on projection, but is no longer
directly related to any physical substructure of the bulge. Therefore, using our orbit
classification, we define the X-structure as the physical stellar component which is built by
all bar orbits (f./f. € 2 £ 0.1) that contribute significantly to the non-elliptical fraction
identified in Figure 3.4; specifically, by all bar orbits that visit regions of the side-on view
where the non-elliptical fraction is larger than 10%. With this definition, the peanut shape
of Figure 3.4 can be seen as the sum of three components: the surrounding disc, made of
orbits that do not follow the bar; the main bar, made of orbits that follow the bar but do
not contribute significantly to ¥ — X.; and the X-structure, contributing to most of the
deviation of ¥ from elliptical density.

With this definition, the fraction of the stellar mass in the X-structure contained in
a box of +4kpc x +1.5kpe x +1.5kpc, is 44%, 43% and 42%, respectively, for the fit-
ted models M80, M85 and M90. Restricting this computation to the box of £2.2kpc x
+1.4kpe x £1.2kpe where Wegg & Gerhard (2013) measured the RCGs density, gives very
similar numbers, 45%, 44% and 43%, respectively. This large fraction is in agreement with
the lower bound estimated in Portail et al. (2015). It is mostly due to the morphology of
class B and C orbits, which provide the peanut shape as well as a significant part of the
in-plane density.

3.4 Conclusion

We have analyzed the orbits of three B/P bulges in N-body models of bars evolved in
different dark matter halos. We find that the B/P bulges of these models are complex
structures made of the superposition of several peanut shapes produced by different orbits,
that are embedded at different radii. Contrary to what is usually stated in the literature,
these B/P bulges are not mainly made out of “banana” or x;v; orbits and their X-shape is
not the result of stars streaming along these orbits as they follow the arms of the X-shape.
Instead, in these models a strong peanut shape bulge is built from a family of brezel-like
orbits, with a typical extent of about one third of the bar length.

In our Made-to-Measure models fitted to Milky Way observables, i.e., to the red clump
giants 3D density map from Wegg & Gerhard (2013) and the BRAVA kinematics data
(Kunder et al. 2012), we find that the brezel orbit family is the backbone of the orbits
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populating the galactic boxy/peanut feature. Using our orbital classification we propose a
definition of the physical structure associated with the galactic X-shape and we estimate
that the fraction of stellar orbits that contribute to it account for 40 — 45% of the stellar
mass of the bulge.
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Dynamical Modelling of the Galactic
Bulge and Bar:

pattern speed, stellar, and dark
matter mass distributions
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Abstract

We construct a large set of dynamical models of the galactic bulge, bar and inner disk using
the Made-to-Measure method. Our models are constrained to match the red clump giant
density from a combination of the VVV, UKIDSS and 2MASS infrared surveys together
with stellar kinematics in the bulge from the BRAVA and OGLE surveys, and in the entire
bar region from the ARGOS survey. We are able to recover the bar pattern speed and
the stellar and dark matter mass distributions in the bar region, thus recovering the entire
galactic effective potential. We find a bar pattern speed of 39.0 £3.5kms~! kpc™!, placing
the bar corotation radius at 6.1 4+ 0.5kpc and making the Milky Way bar a typical fast
rotator. We evaluate the stellar mass of the long bar and bulge structure to be My, /buige =
1.88 £ 0.12 x 109 M, larger than the mass of disk in the bar region, Mimner qisk = 1.29 &
0.12 x 101°M. The total dynamical mass in the bulge volume is 1.85 % 0.05 x 1019 M,
Thanks to more extended kinematic datasets and recent measurement of the bulge IMF
we obtain a low dark matter fraction in the bulge of 17% £ 2%. We find a dark matter
density profile which flattens to a shallow cusp or core in the bulge region. Finally, we find
dynamical evidence for an extra central mass of ~ 2 x 10 M, probably in a nuclear disk
or disky pseudobulge.
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4.1 Introduction

Although it is well established that the Milky Way hosts a central barred bulge which causes
non-axisymmetric gas flow (Peters, 111 1975; Binney et al. 1991) and asymmetries in the
near infrared light (Blitz & Spergel 1991; Weiland et al. 1994) and star counts (Nakada et al.
1991; Stanek et al. 1997); our understanding of this structure has dramatically improved in
the last decade. The discovery of the so-called split red clump in the galactic bulge (Nataf
et al. 2010; McWilliam & Zoccali 2010) and the later 3D mapping of the bulge density
by Wegg & Gerhard (2013) showed the galactic bulge has a boxy/peanut (B/P) shape,
similarly to bulges formed in N-body models by buckling of a vertically unstable stellar
bar (Combes et al. 1990; Martinez-Valpuesta, Shlosman & Heller 2006).

The existence of the bar outside of the bulge initially revealed by Hammersley et al.
(1994) has been subject to controversy as to whether it is a separate structure from the
bulge. First studies indicated a misalignment between the bulge and the bar, leading to
the hypothesis of a double bar system in the inner Milky Way (Benjamin et al. (2005);
Lépez-Corredoira, Cabrera-Lavers & Gerhard (2005); Cabrera-Lavers et al. (2008); but see
also Martinez-Valpuesta & Gerhard (2011)). Recently Wegg, Gerhard & Portail (2015,
hereafter W15) demonstrated by combining the VVV, UKIDSS, GLIMPSE and 2MASS
catalogs that the galactic bulge smoothly segues into the long bar. Both components
appear at a similar angle, showing that the galactic bulge and the long bar in the Milky
Way are consistent with being a single structure that became vertically thick in its inner
part, similarly to the buckled bars of N-body models.

In Portail et al. (2015, hereafter P15) we constructed dynamical models of the galactic
bulge by combining the 3D density of Red Clump Giants (RCGs) in the bulge from Wegg
& Gerhard (2013) with bulge kinematics from the BRAVA survey (Rich et al. 2007; Kunder
et al. 2012) using the Made-to-Measure method. In this paper we extend the Made-to-
Measure modelling to the entire bar region by taking advantage of the recent measurement
of W15 on the bar outside the bulge together with stellar kinematics in the bar region from
the ARGOS survey (Freeman et al. 2013; Ness et al. 2013a). The goal is to combine stellar
density and kinematics under the constraint of dynamical equilibrium in order to recover
the effective potential in the bar region, i.e. the stellar and dark matter mass distribution
together with the bar pattern speed.

Extending the modelling from the bulge to the entire bar region is not a straightforward
task. The galactic long bar extends about 5 kpc from the Galactic Centre as shown by W15
and thus reaches radii where the outer disk contribution to the potential is important.
Hence modelling the bar region also requires modelling the disk potential into which the
bar is embedded. In addition, the dark matter contribution to the radial force increases
with galactocentric radius reaching about 50% at the solar radius (Read 2014). As a
consequence the global mass distribution of Galaxy has to be taken into account in order
to produce a good model of the galactic bar region. The building of good initial conditions
for the Made-to-Measure modelling is particularly challenging.

The paper is organized as follows. In Section 4.2 we briefly describe the Made-to-
Measure method and the problem posed by the initial conditions. In Section 4.3 we con-
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struct a static density model of the inner 10kpc for the Galaxy by combining the current
knowledge of the bulge, bar, disk and dark matter density. This density model is used in
Section 4.4 to tailor a set of N-body models with different bar pattern speeds that already
broadly match the Milky-Way mass distribution. In Section 4.5 we discuss the different
datasets used in this study to constrain the models and summarize the modelling proce-
dure in Section 4.6. In Section 4.7 we show the effect of the main modelling parameters on
the bulge dynamics, and in Section 4.8 we analyze a large number of models, recover the
bar pattern speed of the Milky Way and identify our best model. In Section 4.9 we sum-
marize our constraints on the stellar and dark matter mass distribution that arises from
our models, and discuss our results in the light of other works in Section 4.10. We finally
conclude in Section 4.11. The impatient reader can read first Sections 4.8 and 4.9 where
we use our modelling to recover the effective potential in the Galaxy. Our best model is
the first non-parametric model of the entire bar region and we plan to make it available
upon request once the paper is accepted.

4.2 Made-to-Measure modelling of the Galaxy

4.2.1 M2M modelling

Stellar dynamical equilibria for galaxies can be studied with moment-based methods (Bin-
ney, Davies & Illingworth 1990; Cappellari et al. 2009), classical distribution function-based
methods (Dejonghe 1984; Qian et al. 1995), actions-based methods (Binney 2010; Sanders
& Binney 2013), orbit-based methods (Schwarzschild 1979; Thomas et al. 2009) or with the
Made-to-Measure method (Syer & Tremaine 1996; De Lorenzi et al. 2007). In these Made-
to-Measure models (M2M) an initial self-gravitating N-body model is used to provide a
discrete sample of a distribution function reasonably close to the system of interest. This
N-body model is then slowly adapted by modifying the weights of the N-body particles
such as to make the model reproduce a given set of constraints. The N-body weights can
hence be seen simultaneously as mass elements (N-body point of view), or as weights for
the orbits traced by the particles (Schwarzschild’s method point of view). The method
was extended to allow the fitting of observational data and implemented as the NMAGIC
code by De Lorenzi et al. (2007). The M2M method has been used in both extragalactic
(e.g. De Lorenzi et al. 2008, 2009; Das et al. 2011; Morganti et al. 2013; Zhu et al. 2014)
and Galactic context (e.g. Bissantz, Debattista & Gerhard 2004; Long et al. 2013; Hunt &
Kawata 2014; P15). We heavily modified the NMAGIC code for the purpose of modelling
barred disk galaxies.

Formally, the M2M method works as follow. Any observable y of a system can be
written in term of the distribution function f(z) of the system by

y= / K(2)f(z) d°z (4.1)

where K is the kernel corresponding to the observable and z the phase space vector. In
the M2M method f(z) is discretely sampled via a set of N particles with particle weights
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w;(t). Equation 4.1 is then evaluated by

N

y(t) =Y K(zi()wi(t) (4.2)

=1

where z;(t) is the phase-space coordinate of particle ¢ at time ¢.

The M2M method consists of adjusting the particle weights w; in order to maximize a
given profit function F'. This is achieved by a simple gradient descent in which the particle
weights are evolved with time according to

dt N ! (9101

and ¢ is a numerical factor that sets the typical timescale of the weight evolution. The profit
function F' usually consist of a chi-square term, that drives the model towards the data,
and an entropy term to regularize the particle model. We describe the M2M formalism in
more detail in Section 4.6.1.

Note that the M2M method only weights particles and does not have the ability to create
new N-body orbits. It is thus a very efficient modelling technique provided all the N-body
orbits required to fit the data are already present in the initial model. Building good initial
conditions, including its dark matter component, is a major issue when modelling the inner
10 kpc of the Milky Way.

(4.3)

4.2.2 The problem of the initial conditions

To model the galactic bar we need an initial N-body model of a barred stellar disk that
provides a first-guess discrete sampling of the final model. The classical way to build such
initial conditions is to evolve a near-equilibrium N-body stellar disk in a live dark matter
halo. During the evolution the disk becomes unstable and forms a bar, that later forms
a B/P bulge thought the buckling instability mechanism (Combes et al. 1990; Martinez-
Valpuesta, Shlosman & Heller 2006). This process has been used widely in order to build
models that can then be compared to data (Martinez-Valpuesta, Shlosman & Heller 2006;
Athanassoula 2007; Shen et al. 2010) but suffers from three major limitations:

(i) The evolution process is non-linear and very sensitive to initial conditions. As noted
by (Sellwood & Debattista 2009) large changes in the evolved bar model can result
from simply changing the seed of the random number generator used in building the
initial conditions.

(ii) The bar properties such as pattern speed, bar length and bar strength cannot be
easily controlled a priori.

(iii) The bar tend to be 3-5 disk scale lengths long as already noted by Debattista &
Sellwood (2000) and Athanassoula (2002). This is much larger than what would be
required to model the Milky Way where this ratio lies is within 1.9 £+ 0.4 (Bland-
Hawthorn & Gerhard 2016).
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Figure 4.1: Face-on (upper) and side-on (lower) projections of the initial model M85 from
Portail et al. (2015). The bar is 5kpc long and at an angle of & = 28° from the Sun-GC
line of sight. The dotted lines originating from the Sun (dot symbol) indicates sight lines
with galactic longitudes [ = —30°, —15°,0°,+15°, and +30°.
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An example of such a buckled bar N-body model is the model M85 of P15 shown in
Figure 4.1. When scaled to a bar half-length of 5kpc, M85 has a very short disk scale
length of only ~ 1.2kpc, resulting in a very low contribution of the outer disk to the
potential at the end of the bar region together with a lack of mass on long bar orbits. M85
was good enough to model only the bulge in P15 but does not suit our purpose here to
model the inner 10 kpc of the Galaxy. To get around the three limitations of pure N-body
evolution shown above we use a variant the M2M method to tailor initial conditions in a
two step process: In Section 4.3 we first create a mass density model of the Milky Way
by adding together our best-guess densities for the bulge, bar, disk and dark halo. This
density is then imprinted on M85 using a variant of the M2M method in Section 4.4, for
different bar pattern speeds. At the end of this process we obtain a family of N-body
models with different bar pattern speeds that have broadly the right mass distribution and
provide suitable initial conditions for modeling the inner 10 kpc of the Milky Way by fitting
real data.

4.3 Density model of the Galaxy for tailoring initial
conditions

In this section we construct a mass density model of the inner 10kpc of the Galaxy by
combining the 3D densities of the B/P bulge, bar, outer disk and dark matter halo. This
density model is only used to tailor our initial conditions for the actual M2M modelling
which is performed in Section 4.6. Throughout the paper we place the Sun in the galactic
plane at a distance Ry = 8.2kpc (Bland-Hawthorn & Gerhard 2016) from the Galactic
Centre. The bar is oriented at an angle of a = 28° with the Sun-GC line of sight, consistent
with the measurement of 27° 4+ 2° from the bulge RCGs (Wegg & Gerhard 2013) and the
range 28° — 33° measured by W15 from the long bar RCGs. Following Bland-Hawthorn &
Gerhard (2016) we assume that the Local Standard at Rest (LSR) is on a circular orbit
at V(Ry) = 238kms™!, and a peculiar motion of the Sun in the LSR of (U,V,W) =
(11.1,12.24,7.25) kms™! (Schonrich, Binney & Dehnen 2010). This set of assumption
predicts a solar tangential velocity of 250kms™!, in good agreement with several recent
measurements of 248 +£6kms~! (Schénrich 2012, from SEGUE data), 24272 kms™ (Bovy
et al. 2012, from APOGEE data), 244 + 5kms™! (Sharma et al. 2014, from RAVE data)
and 251 +5kms™! (Reid et al. 2014, from maser velocities). All parameters of the density
model are summarized in Table 4.1.

4.3.1 Unified bulge and bar structure as traced by RCGs

Recently, Wegg & Gerhard (2013) constructed the first non-parametric measurement of the
3D density of RCGs in the bulge. They took advantage of the narrow luminosity function
of RCGs to directly deconvolve the extinction and completeness corrected magnitude dis-
tributions of bulge stars from the VVV survey and obtain line of sight densities of RCGs.
Combining the different lines of sight and assuming 8-fold symmetry they produced a 3D
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density map of RCGs in a box of (£2.2 x 1.4 x £1.2) kpc around the principal axes of the
bulge. This map together with the BRAVA kinematics was later used in P15 to construct
a family of dynamical models of the galactic bulge. As bulge component we adopt here
the 3D density of the fitted model M85 of P15 that reproduces the original RCG density
very well, with the advantage of being smooth and complete in the plane where the direct
measurement of the density was not possible because of extinction and crowding.

Outside the bulge W15 combined the VVV, UKIDSS and 2MASS surveys and showed
that the bulge smoothly segues from its vertically extended B/P shape to the flat long
bar. The bulge and long bar are shown in this later work to be consistent with forming a
single structure, oriented at a = 28° from the Sun-GC line of sight. They estimated the
long bar half-length to be 5 kpc and found evidence for an extra super-thin bar component
existing predominantly near the bar end. They finally fit a parametric model of the long
bar density that once added to the fitted bulge model M85 of P15 and convolved with
the bulge luminosity function fits well the magnitude distribution of stars across the entire
bulge and bar region. Consequently we complement the bulge model described above using
their best fit parametric densities of the thin long bar and super-thin components. Note
that due to their analysis method, the long bar density of W15 does not include the inner
disk, smooth background of stars filling the bar region. We add the inner disk density in
Section 4.3.3.

Both the bulge and long bar density were measured using RCGs as tracers. Theoretical
models by Salaris & Girardi (2002) show that for a 10 Gyr old stellar population, RCGs
trace the stellar mass within 10% for metallicities in the range —1.5 < [Fe/H] < 0.2. In
the particular case of the galactic bulge and bar, Ness et al. (2013a) find from the ARGOS
sample that 95% of the stars enter this metallicity range. The age of the bulge is still under
debate with contradictory evidences: photometric studies of the color-magnitude diagram
(Zoccali et al. 2003; Clarkson et al. 2008; Calamida et al. 2015) find that the bulge is older
than 10 Gyr while spectroscopic age measurements of microlensed dwarfs find evidence for
4 — 5 Gyr old population among stars with [Fe/H] > —0.1 (Bensby et al. 2011, 2013). We
assume here that the bulge and bar are 10 Gyr old, implying that the RCGs density of the
bulge and long bar considered above are proportional to the stellar density with expected
variations of less than 10%. We call the proportionality factor between stellar mass density
and RCG density mass-to-clump ratio ', denoted M /nrcg by analogy to the mass to-light-
ratio. We make the fiducial assumption that the bulge and the thin long bar have the same
mass-to-clump ratio, as expected if they both formed at the same time. The origin of the
super-thin bar is still unclear as stated by W15 but its stellar population is expected to be
younger given its extremely short scale height (45 pc), and therefore it is likely to have a
lower mass-to-clump ratio than the bulge. Assuming a constant star formation rate and a
Kroupa IMF as in W15, the mass-to-clump ratio of the superthin bar is a factor 1.6 times
smaller than that of a 10 Gyr old bulge.

!Note that, as in P15 our definition of the mass-to-clump also includes the red giant branch bump stars,
as the number of RCGs + red giant branch bump stars is better defined than the number of RCGs only
(see Wegg & Gerhard 2013).
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4.3.2 Empirical determination of the mass-to-clump ratio in the
bulge

The mass-to-clump ratio can be predicted by stellar population synthesis models using
an Initial Mass Functions (IMFs), a stellar age distribution and a metallicity distribution
as in P15. The most recent measurement of the galactic bulge IMF is from Calamida
et al. (2015) who used ultra-deep HST photometry to recover the IMF in the mass range
0.15 < M /Mg < 1. They find an IMF in good agreement with the Kroupa IMF (Kroupa
2001), for which we computed in P15 a mass-to-clump ratio of M/ngce = 984 for a 10 Gyr
old population.

An alternative and more direct approach is to combine stellar mass measurements
in some bulge field with the observed number of RCGs in that field, in analogy to the
method of Valenti et al. (2015). This approach is advantageous since it does not rely
on stellar populations models or parametrization of the IMF. Zoccali et al. (2000) used
HST photometry in the NICMOS field and after cleaning for disk contamination they
find a stellar mass in that field of Myicmos = 570 Mg (see the revision of the mass in
the NICMOS field in Valenti et al. 2015). The NICMOS field has an area of only 408
square arcseconds and does not contains many giant stars. To improve the statistics on
the number of RCGs we follow Valenti et al. (2015) and consider a larger 15’ beam centered
on the NICMOS field and rescale the mass and number of RCGs by the ratio of the area
of the two fields. We use the completeness and extinction corrected VVV catalogue of
Wegg & Gerhard (2013) and identify RCGs statistically as the excess above the smooth
background of stars in the extinction corrected magnitude distribution. Figure 4.2 show
the magnitude distributions of VVV stars in our larger field centered on the positions of
the NICMOS fields with the identified RCGs above the background of stars.

With this approach we find a mass-to-clump ratio of M/ngrcq = 1015. We estimate the
error on this figure of about 10%, mostly due to systematic effect arising in defining the
smooth background of stars onto which the RCGs sits (see Wegg & Gerhard 2013). This
direct measurement is in good agreement with the predicted value of 984 for a Kroupa or
Calamida IMF. In all the following we adopt the fiducial value of M/ngcg = 1000 for the
main stellar population in the bulge and bar together with a lower value of M /ngcg = 600
for the superthin bar component. We show in Section 4.8 the effect of a 10% smaller or
larger mass-to-clump ratio.

4.3.3 Stellar disk

Our prime interest in modelling the disk is to obtain a reasonable disk contribution to the
potential in the bar region and disk foreground contamination when observing the bulge
and bar. Outside the bar region (R > 5.5kpc) we adopt an axisymmetric stellar disk
structure with scale length hpr . and exponential scale height hz,. From papers based on
infrared data Bland-Hawthorn & Gerhard (2016) concluded that hp . = 2.6 £ 0.5 kpc with
the shorter disk scale lengths in the range 2.1—2.6 kpc usually favored by dynamical studies
of stellar kinematics or microlensing optical depth towards the bulge (Wegg, Gerhard &
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Figure 4.2: K -band extinction and completeness corrected magnitude distribution from
the VVV catalogue of Wegg, Gerhard & Portail (2015) in a beam centered on the NICMOS
field of radius 15. RCGs are identified as the excess above the background of stars.
The dotted line indicate the completeness of the original VVV catalogue as a function of

magnitude.
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Figure 4.3: From top to bottom, surface density of the bulge and bar component, additional
disk and total density model. Left column: surface density profiles along the bar major
axis (red) and the bar intermediate axis (blue). The dashed region shows the convex hull of
the Bézier curve controls points used for the interpolation of the intermediate axis surface
density profile between 5.5kpc and 1.4 kpc. Right column: Face-on surface density of the
model components.
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Portail 2016). We adopt here a fiducial scale length of hgp . = 2.4kpc and scale height of
hz. = 300pc (Juri¢ et al. 2008) and test in Section 4.9 the effect of a shorter scale length
of 2.15kpc (Bovy & Rix 2013) and 2.6 kpe (Juri¢ et al. 2008).

Following Bovy & Rix (2013) we add the interstellar medium contribution to the poten-
tial by modelling it as an additional thin disk with scale length hpjsm = 2 X hp, and scale
height Ap;sm = 130 pc. The disks are normalized to a baryonic local surface density inside
1.1 kpc above and below the plane of ;1 (Ry) = 51 My .pc~? among which 38 My,.pc™?2 are
stars and 13 Mg.pc™? are interstellar medium (Bovy & Rix 2013).

Inside the bar region, very little is known about the structure of the disk component that
surrounds the bar and bulge. We can fortunately constrain this inner disk by combining
our knowledge of the bulge and of the disk at the boundary of the bar region (i.e. 5.5kpc).
In the bulge region, approximated as the interior of an ellipse reaching 2.2 kpc along the bar
major axis and 1.4 kpc along the intermediate axis, the ”bulge” model already represents
the entire stellar density. Hence the total surface density along the intermediate axis has to
smoothly transition between its value at 5.5 kpc to the bulge value at 1.4 kpc. We construct
the inner disk in the bar region by first interpolating the total surface density along the
intermediate axis between 5.5kpc and 1.4kpc using the logarithm of a quadratic Bézier
curve interpolation, whose control points are defined to ensure continuity of the derivative.
The disk surface density is then constructed assuming a linear decrease of the ellipticity
of the disk isocontours between the bulge and the boundary of the bar region. This
procedure is shown in Figure 4.3 where the bar and bulge model (top) and its additional
disk component (center) sum up to a total density that smoothly joins the bulge to the
disk at the end of the bar region (bottom). Although several assumptions enter in joining
the bulge, bar and disk as described above it results in a reasonable global density model
for the Milky Way that suits well our purpose of tailoring the initial conditions for the
M2M modelling as already stated at the beginning of this section.

4.3.4 Dark matter halo

By adding up the bulge, bar and disk as described above we obtain a 3D density model of
the baryonic mass in the Milky Way. Figure 4.4 shows the rotation curve V.(r) of these
baryonic mass models together with the composite rotation curve from Sofue, Honma &
Omodaka (2009) rescaled to a distance to the GC and a local circular velocity of (Ry, Vo) =
(8.2kpc, 238 kms™ 1) as described in Section 4.2.2. This baryonic model is insufficient to
match the rotation curve of the Milky Way and we therefore require dark matter within
the framework of Newtonian dynamics. Recent studies of dark matter simulations such
as Navarro et al. (2010) showed that the innermost regions of dark matter halos were
better represented by the Einasto density profile (Einasto 1965) than by the NFW profile.
Inspired by this, we adopt the three parameter Einasto density profile given by

e N 1L | S
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Figure 4.4: Rotation curve of the initial density model of the Galaxy compared to the
composite rotation curve of Sofue, Honma & Omodaka (2009). Solid, dotted and dashed
lines show respectively the total, baryonic and dark matter rotation curves of our model.
Data points used for fitting the dark matter halo as described in the text are shown in
black.
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where m = /224 y2 + (2/q)? is the elliptical radius for an assumed vertical flattening
of ¢ = 0.8 (Piffl et al. 2014). We can constrain the halo parameters using the rotation
curve but caution has to be taken inside the bar region. The data from Sofue, Honma
& Omodaka (2009) shown in Figure 4.4 is a combination of different datasets and rely
mostly on the tangent-point method from terminal velocity measurement of CO and Hj
gas inside the solar circle. Because of the influence of the bar on the gas flows, the tangent
point method is likely to be flawed inside the bar region (Englmaier & Gerhard 1999;
Chemin, Renaud & Soubiran 2015) so we exclude datapoints inside 6 kpc from the GC.
We also exclude all datapoints outside the solar circle, as the rescaling to our assumptions
for (Ry, Vh) would require to take into account the nature of the different datasets entering
the work of Sofue, Honma & Omodaka (2009). The rotation curve between 6kpc and
Ry provide a good constraint on the average value and slope of the dark matter circular
velocity at the solar position, but is not sufficient to constrain the dark matter in the inner
region. The determination of the dark matter contribution in the inner Galaxy requires
proper dynamical modelling and is addressed in detail in Section 4.7.1. At this stage we
assume a dark matter mass inside 2kpc of 5 x 10 Mg, resulting in the rotation curve
shown in Figure 4.4, consistent with our bulge models in P15. In Section 4.7.2 we relax the
constraint on the dark matter mass inside 2 kpc during the modelling process and adapt it
directly to match the bulge kinematics.

A summary of the diverse parameters of our fiducial model for tailoring the initial
conditions is given in Table 4.1.



Table 4.1: Parameters of the Galaxy used to tailor initial conditions.

Parameter Fiducial value Reference Section
Geometry Distance to GC Ry 8.2kpc Bland-Hawthorn & Gerhard (2016) Section 4.3
Bar angle 28° average between Wegg & Gerhard (2013) and W15 Section 4.3
Bulge 3D density Fitted M85 P15 Section 4.3.1
Mass-to-clump ratio M/ngca 1000 direct measurement, Kroupa + Calamida IMF Section 4.3.2
Bar Thin component Analytical density W15 Section 4.3.1
Superthin component Analytical density W15 Section 4.3.1

M/ngeg of thin bar

M /ngee of superthin bar

same as bulge

600

stellar populations models

Section 4.3.1
Section 4.3.1

Stellar disk

scale length hp .

scale height hy

local surface density Xy.1.(Ry)

2.4kpc, middle of range 2.15 — 2.6 kpc
300 pc
38 My, pc2

Bland-Hawthorn & Gerhard (2016)

Juri¢ et al. (2008)
Bovy & Rix (2013

Section 4.3.3
Section 4.3.3
Section 4.3.3

ISM disk

scale length hg jsm

scale height hziom

local surface density ;.1 jem(Ro)

2 x hR*
130 pc
13 Mg. pc?

Bovy & Rix (2013
Bovy & Rix (2013
Bovy & Rix (2013

NN NN Nl

Section 4.3.3
Section 4.3.3
Section 4.3.3

cot1

Dark matter halo profile best fitting Einasto Section 4.3.4
flattening 0.8 Piffl et al. (2014) Section 4.3.4
outer constraints V.(6kpe <1 < Rpkpe) Sofue, Honma & Omodaka (2009) Section 4.3.4
inner constraint M (< 2kpe) = 0.5 x 101 Mg P15 Section 4.3.4

Dynamical parameters LSR circular velocity Vj 238kms™! Schonrich (2012), Reid et al. (2014) Section 4.3.4
Solar motion in the LSR (U, V,W) (11.1,12.24,7.25) kms™" Schonrich, Binney & Dehnen (2010) Section 4.3
Bar pattern speed Systematic search in the range 25 — 50 kms~! kpc™! Section 4.3
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4.4 Tailoring initial models for modelling the Milky
Way

In this section we use a variant of the M2M method to create a family of Milky Way models
with a specified mass distribution and different bar pattern speeds. We adiabatically adapt
M85 to the density model of the Galaxy described above and change slowly the bar pattern
speed, hence gaining full control on the effective potential of the model.

4.4.1 Adiabatic adaptation of the initial conditions

We first evaluate the initial stellar and dark matter mass distribution of M85 on respectively
a Cartesian grid of £12kpc x +12kpe x £2kpce and a radial grid extending to 40 kpc with
flattening ¢ = 0.8. We then integrate our fiducial stellar and dark matter density target
from Section 4.3 in the grid cells and define 25 intermediate targets, log-spaced between the
initial model and the target mass distribution. We modify the bar pattern speed by defining
25 intermediate corotation radii, linearly spaced between the initial model corotation and
the target corotation.

The adiabatic adaptation of M85 to the target model then consist of 25 iterations of
the following procedure:

(i) Perform a M2M fit of the stellar and dark matter mass distributions to the current
target mass distribution while evolving the model in the current rotating potential
at constant pattern speed. We run this M2M fit for one time unit, corresponding to
the period of one circular orbit at 4 kpc.

(ii) Update the potential to the new particles masses and adapt the pattern speed at
which the potential rotates to place the corotation at the next intermediate target
value.

(iii) Multiply all particle velocities by a factor y/r - V®,e. /T - V®Poq where r is the
particle position and ®,4 and P,., are the potential respectively before and after
the potential update. This step is necessary as the circular velocity in the new
potential is different from that of the original model.

Each M2M fit to an intermediate target mass distribution is performed using Equa-
tion 4.3 with the following profit function

F=—1357 (4.5)

k7j

where A; is the difference between the model mass and the target mass in cell j. Since
model observables can be noisy in regions of space where the particle density is low, we
use temporal smoothing by replacing the instantaneous model observable y(t) at time ¢ by
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its temporally smoothed value g(t) defined as

y(t) = /y(t —T)e “Tdr . (4.6)

where 1/ is the temporal smoothing timescale.

We then continue the M2M fit to the final target mass distribution and corotation
radius for another 25 time units. The M2M fit can lead to a broad distribution of weights
that has the undesired effect of lowering the model resolution and potentially introducing
clumps in the potential due to very massive particles. We added to NMAGIC the particle
resampling algorithm described in Dehnen (2009). This algorithm consist of creating a new
particle model with equal weights particles by resampling the original set of particles with
a probability proportional to their weights. When multiple selection of a given particle

occurs, we evolve the parent particle for one orbital time (estimated as T' ~ 27, / fL where

r and f, are the radius and radial acceleration of the particle) and select multiple particles
along the trajectory in phase-space sampled by the parent particle.

Following this procedure we create a set of N-body models that broadly matches the
static density model of Section 4.3 with bar pattern speeds in the range 25—50 km s~ kpc™1.
Figure 4.5 shows the surface densities of three N-body models with pattern speeds of 25,
35 and 45 kms~'kpc~!. As expected, different pattern speeds lead to slightly different bar
shapes but the global mass distribution of the target density is anyway well reproduced in
these adiabatically adapted N-body models.

4.4.2 Integration and potential solver

The particle model is integrated using a drift-kick-drift adaptive leap-frog algorithm in the
full gravitational potential rotating at a constant patten speed. The gravitational potential
is computed directly from the particle mass distributions using the hybrid grids method
described in appendix of Sellwood (2003). This hybrid method combines a grid based
potential solver on a flat cylindrical grid to evaluate the disk potential with a spherical
harmonics potential solver on a spherical grid to evaluate the potential of the dark matter
halo. For the cylindrical potential solver we use the 3D polar grid code from Sellwood &
Valluri (1997), in a cylindrical grid extending to 12 kpc in radius and +2 kpc in the vertical
direction. As a spherical solver we use the spherical harmonics solver of De Lorenzi et al.
(2007) up to order 8 on a spherical grid extending to 40 kpc.

In addition to the hybrid grid method, we modified the 3D polar Grid Code in order
to allow the resolution of strong vertical gradients. In the original code from Sellwood
& Valluri (1997), the particle mass distribution is softened using a spherical cubic spline
density kernel where the softening scale should not be smaller that the planar scale of the
grid cells in order to give accurate results. To keep the number of planar cells under control
and still resolve strong vertical gradient we replace the spherical softening by an oblate
softening with vertical axis ratios of 0.2. In the end we define the grid parameters in order
to obtain a planar resolution of 100 pc and a vertical resolution of ~ 20 pc.
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speed of 25, 35 and 45km s,
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4.5 NMAGIC data constraints for the galactic bulge,
bar and disk

In the previous section we built a set of initial N-body models with different pattern speeds
that already broadly matches the Milky-Way bulge, bar, and disk density. In this section
we describe the different data sets to which we fit our N-body models in Section 4.6.
For each dataset k and observable j we describe the NMAGIC kernels K jk to be used in
Equation 4.2 for applying observational selection bias to the particles when observing the
N-body models. An overview of the spatial coverage of the different datasets described in
this section is plotted on Figure 4.6.

4.5.1 Density and kinematics of the inner Galaxy from the AR-
GOS survey

The Abundance and Radial velocity Galactic Origin Survey (ARGOS) is a large spectro-
scopic survey of about 28000 stars of the galactic bulge and inner disc. It was designed to
sample RCGs all the way from the near disk (~ 4.5kpc from the Sun) to the far side of the
Galactic Centre (~ 13kpc from the Sun). From the medium resolution spectra Ness et al.
(2013a) estimated various stellar parameters including radial velocity, stellar temperature
and surface gravity. These parameters together with the intrinsically narrow luminosity
function of RCGs allow the determination of relatively accurate distances. Hence, the
ARGOS survey provides structural information about the inner disk, bulge and bar to-
gether with the radial velocity field in a wide spatial range extending up to [I| = 20°. In
Section 4.5.1 we briefly review the selection strategy of the ARGOS survey and compute
its selection function. In Section 4.5.1 we determine distances for all ARGOS stars and
compute the mean velocity and velocity dispersion in several distance modulus bins in each
field. Finally in Section 4.5.1 we describe the NMAGIC observable kernels that map the
survey selection strategy.

The ARGOS selection function

The ARGOS stars were selected from the 2MASS point source catalogue (Skrutskie et al.
2006), according to a selection procedure fully described in Freeman et al. (2013). When
computing the ARGOS selection function the three following points need to be considered.

1. About 1000 stars are selected for each field. The sampling of a large distance range
from ~ 4.5kpc to ~ 13kpc is achieved by selecting randomly ~ 330 stars in three
magnitude bins defined in the I-band (I ~ 13 — 14, 14 — 15 and 15 — 16).

2. The 2MASS stars from which the ARGOS stars are selected in (i) do not correspond
to the full point-source 2MASS catalogue but only to a high-quality subsample of it.
This subsample is defined by a blue color cut (J — K)o > 0.38 to remove foreground
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disk contamination, two magnitude cuts 11.5 < K, < 14, and additional criteria
to exclude stars with large photometric errors, contamination, blends and low pho-
tometric quality. The subsample is biased towards the bright stars for which high
quality imaging is easier to achieve.

3. The 2MASS catalogue is rapidly incomplete in crowded fields. This affects mostly
the three fields at (I,b) = (0°,—5°) and (£5°, —5°) where 2MASS is only ~ 45%
complete at K ~ 14.

We evaluate the incompleteness of the 2MASS survey by comparing with the deeper
VVV survey where available (Saito et al. 2012), completeness corrected by Wegg & Gerhard
(2013). In all the ARGOS fields at the edges of the VVV coverage, 2MASS and VVV do
not deviate significantly from each other over the magnitude range 11.5 < K, < 14. Given
that the effect of crowding decreases with increasing |l| and |b|, we consider that 2MASS
is complete in all the ARGOS fields out of the VVV coverage area.

Extinction is evaluated on a star-by-star basis using the Rayleigh-Jeans Color Excess
method (Majewski, Zasowski & Nidever 2011; W15) given by:

AKS
Ak, = m[u — K;) = (J = Ky)rea) (4.7)

where (J — K)rcg is the colors of RCGs and ﬁ is a constant that depends on the
extinction law. For consistency with Wegg & Gerhard (2013) we adopt (J— K )rcg = 0.674
(Gonzalez et al. 2011b) and E(TK;{Q) = 0.528 (Nishiyama et al. 2006).

To take points (ii) and (iii) into account we construct the selection function C'(Kyg)
that gives the probability for a star of extinction corrected magnitude K, to belong to the
high-quality photometric 2MASS subsample from which the ARGOS stars were selected.
This is evaluated empirically as shown in Figure 4.7. We finally define C'(Kj,) as the
fraction of stars with magnitude K, from the completeness corrected 2MASS catalogue
that are also in the high-quality 2MASS subsample.

To correct for the selection bias (i) we assign a weight wy to each of the ARGOS stars,
corresponding to the fraction of selected stars with the number of stars present in the
considered I-band bin from the 2MASS subsample of good photometric quality.

Figure 4.7 illustrates this selection procedure for the field at (I,b) = (0°, —5°), the field
most affected by selection effects.

Density and kinematics as a function of distance

Assuming that all ARGOS stars are RCGs and using the star-by-star extinction of Equa-
tion 4.7 we estimate the distance moduli px, of all ARGOS stars as

pr, = Ky — Ag, — Mk, rca (4.8)
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Figure 4.7: Tlustration of the ARGOS selection procedure for the most problematic field
at (I,b) = (0°,—5°). The top panel shows the I-band magnitude distribution for the
ARGOS stars (black) and the 2MASS data subsample of good photometric quality (blue),
in good agreement with the weighted ARGOS stars (purple). The middle panel shows
the extinction corrected magnitude distributions of the 2MASS catalogue (yellow), the
completeness corrected VVV data (red) and the 2MASS subsample of good photometric
quality considered by the ARGOS team (blue). The bottom panel shows the final selection
function C'(Ky) for this field.
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where we adopt an absolute magnitude of RCGs of Mg, req = —1.72 for consistency with
Wegg & Gerhard (2013).

Stars in the ARGOS sample are either real RCGs, for which distances are accurately
determined by Equation 4.8, or red giants that happen to be at the right distance to appear
with similar color and magnitude as the real RCGs. For these giants the distance estimate
given by Equation 4.8 can be wrong by several magnitudes. To minimize their effect we
follow Ness et al. (2013a) and evaluate the absolute magnitude My of every star using
the surface gravity log ¢ measurement obtained from fitting the spectra together with the
PARSEC isochrones (Bressan et al. 2012; Chen et al. 2014; Tang et al. 2014) and assuming
a 10 Gyr old population, a Kroupa IMF and the overall metallicity distribution of all the
ARGOS stars. We then statistically remove non-RCG stars by replacing the weights wy,
of all ARGOS stars with wy x w(Mp,) where w is a weighting function depending on the
inferred absolute magnitude. The uncertainty in logg is ~ 0.3 mag, which is equivalent
to an uncertainty in My, of 0.7mag. Original work from the ARGOS team chose for w
a top-hat function around Mgk, rcg, identifying in this way what they call the "probable
RCGs”. In order to take advantage of the full sample of stars we adopt instead the
weighting w(Mkg,) = Gy, roe.0.7(Mk,) where G, is the Gaussian function of mean p
and standard deviation o.

Finally we bin the distance modulus space in bins of 0.25 mag and compute for each
field the number of stars n;,,, the mean radial velocity v, ,, and radial velocity dispersion
0j.m of the stars in field j and distance modulus bin m, taking into account each star weight
wg. Errors in those quantities are computed by 1000 bootstrap resamplings.

NMAGIC observable for the ARGOS data

In order to map the observational criteria to observing an N-body model we first need
to study the stellar population that falls into the ARGOS sample in more detail. Using
the PARSEC isochrones for a 10 Gyr old population with a Kroupa IMF and the overall
metallicity distribution of all the ARGOS stars we predict the luminosity function ® of
the stars that matches the ARGOS color and magnitude cuts. The RCGs then appear as
a sharp peak over a large background of red giants, located at Mg, rce = —1.47, slightly
fainter than the assumed value of Mgk, rece = —1.72 used by Wegg & Gerhard (2013)
for measuring the 3D density of the galactic bulge. For internal consistency between our
datasets we shift the isochrone luminosity function to agree with the maximum of the RCG
peak at Mg, recg = —1.72.

Let us now observe an N-body model by effectively turning the particles into stars and
applying the selection procedure of the ARGOS survey. We consider a particle at distance
modulus y; and note f;(ug,) the distribution of observed distances of mock stars drawn
from ®(K,) at the position of the considered particle when assuming that they are all
RCGs. A mock star with an absolute magnitude My, will be inferred to lie at a distance
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Figure 4.8: Distribution of observed distances f;(ux,) of mock stars drawn from a particle
at distance modulus p; = 13.5 (blue), p; = 14.5 (yellow) and p; = 15.5 (red), in the
field at [,b = 10°, —5°. The background of Giants present in the luminosity function is
attenuated here by the weighting W(ux, — ;i + Mk, rcc) together with the incompleteness
of the 2MASS subsample for faint magnitudes.

MK, = MKS + pp — MKS,RCG- fi(,uKs) can be written as

filnr,) =P(px, — pi + Mk, roc) X W(pr, — i + Mk, rec)

4.9
x C(pr, + Mk, rea) (4.9)

where C'(Ky) is the selection function computed in Section 4.5.1. The mean weight
w(Mp,), average of the weights obtained after statistical removal of non-RCGs from a
mock measurement of My ) with accuracy 0.7 mag is given by

D( M) = / W(M) X Gty om(M) dM. (4.10)

The distribution of distances f;(ux,) resulting of Equation 4.9 is shown in Figure 4.8
for three particles at at pu; = 13.5, u; = 14.5 and p; = 15.5. The distribution is narrow in
all cases, showing that the ARGOS survey provide accurate distances. The spreading in
distances due to the background of Giants is minimized thanks to the selection bias toward
nearby stars and also the extra information provided by the measurement of log g.

As NMAGIC observables we adopt the number count and first and second mass weighted
velocity moments. The corresponding kernels for a field j and distance modulus m to be
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used in Equation 4.2 are given by

ARGOS,0 _ ¢ARGOS
Kj’m = 5j7m (z) (4.11)
ARGOS,1 _ ARGOS Vi
and )
ARGOS,2 _ cARGOS Vi

where v; is the radial velocity of particle 1, WARGOS is given by

Wﬁgc;os Z wi 5ARGOS z:) (4.14)
and 52,%«)8 by
(m+1 P .
5ARGOS(Z) f” d,u 1fz€ ﬁeld 75 (415)
bm ‘ otherwise

with p(m) and p(m + 1) the boundaries of the distance modulus bin m.

4.5.2 Magnitude distribution of the bulge and bar

In the region delimited by |I| < 40° and |[b] < 9° we use the combined catalogue of the
VVV, UKIDSS and 2MASS surveys from W15. For each line of-sight this catalogue consist
of histograms of distance moduli of stars ug, defined as in Equation 4.8. Each of these
histograms show an exponential background distribution of stars plus an overdensity of
stars due to the RCGs located in the bulge or bar, as shown in Figure 4.2 for one bulge
field. Information on the density is very hard to extract from the exponential background
distribution of stars as it arises from the convolution of the line of sight density with
the luminosity function of giant and dwarf stars that is very broad, poorly known and
likely to vary from field to field and along the line-of-sight. Hence we restrict our use of
the histograms to the fields that show a significant excess of stars above the exponential
background. To do so we follow W15 and first fit a Gaussian plus an exponential to
the distribution of distance moduli, separately in each fields. We remove from further
considerations all lines of sight where either the RCGs bump is not detected to at least
three sigma or the exponential background slope is too small, indicating incompleteness
(see W15). The spatial coverage of the remaining fields is plotted in Figure 4.6.

The kernels of our model observables in a field j and distance modulus bin m bounded
by wu(m) and p(m + 1) are given by
fu(mﬂ

O(pu— pi)dp if i € field 7,

K;q,;it(zl) — {M/HRCG (416)

0 otherwise
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where M /ngrcq is the mass-to-clump ratio described in Section 4.3.2 and ® the luminosity
function for RCGs only, expressed in distance modulus (see equation 17 in W15). The
exponential background of stars, absent from the model observables need to be introduced
before comparing model to data. To do so we follow Wegg, Gerhard & Portail (2015) and
first fit an exponential distribution y5 to the difference between the model observable y;-ﬂSt
and full data histogram Y;-hiSt. This exponential background of stars is then included in the
data-model comparison by replacing y*** to y*** + y¢ in Equation 4.24.

For all fields with |b] > 1.35° we assume a 10 Gyr old stellar population with a Kroupa
IMF and the metallicity distribution of Zoccali et al. (2000) in Baade’s window and compute
® from the PARSEC isochrones. After removing the exponential background we scale ®
to our fiducial mass-to-clump ratio of 1000 (see Section 4.3.2).

For |b] < 1.35° as already discussed in Section 4.3.1, W15 found evidence for a super-
thin bar component, present mostly near the bar end. This super thin bar is likely to
be formed by younger stars as indicated by its extremely small scale height of only 45 pc.
Detailed modelling of the superthin component is beyond the scope of this paper, but
as our goal is to constrain the gravitational potential, its mass has to be included in the
modelling. We follow W15 and assume a constant star formation rate for the superthin
component to compute its luminosity function. The superthin bar population has a mass-
to-clump ratio of 600, lower than the old bar population. For fields with [b] < 1.35° we
use a superposition of the thin bar and superthin bar populations, using the ratio of the
densities given by the parametric models of W15.

For efficiency we combine the original data of W15 in cells of 2° x 1.2° in galactic
coordinates for |b| > 1.35° and cells of 2° x 0.6° for |b] < 1.35° and symmetrize with
respect to the b = 0°.

4.5.3 3D density of the bulge and outer disk

In the bulge we constrain the stellar density using the 3D density of RCGs measured by
Wegg & Gerhard (2013), scaled to stellar mass density using our fiducial mass-to-clump
ratio. The map covers a box of (£2.2 x £1.4 x £1.2) kpc along the bulge principal axes
but is incomplete within +150pc above and below the galactic plane because of large
extinction and crowding. To fill in this gap we use our fiducial extrapolation of the density
from P15, obtained by fitting a sech? profile to each vertical slice through the bulge. This
extrapolation provides us with the full 3D density of what we call the smooth bulge. In
Section 4.7.3 we consider an extra in-plane disk component and show that indeed an in-
plane over density is required to match our bulge kinematic data. We finally integrate the
RCGs map on a grid of (30 x 28 x 32) cells and the corresponding observable kernels KJRCG
are given by

M b ificcell §
K6 () = § M/imee i€ el (4.17)
0 otherwise.

Outside the bar region, for cylindrical radius larger that 5kpc, we use the 3D density
of the disk of Section 4.3.3 evaluated on a large 3D density grid using a mass-in-cell kernel
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similarly to Equation 4.17.

4.5.4 Bulge kinematics from the BRAVA survey

The BRAVA survey is a large spectroscopic survey of about 10000 M giants stars, mostly
toward the bulge (Rich et al. 2007; Howard et al. 2008; Kunder et al. 2012). We use only
the fields with [I|] < 10° as we found in P15 that the disk contamination could become
significant outside the bulge. The selected BRAVA fields provide 82 measurements of the
mean radial velocity and velocity dispersion through the bulge.

As NMAGIC observables we use here the first and second weighted velocity moments
whose kernels are given by:

BRAVA, Vi
K! V. 1(Zi) - 5}3RAVA(ZZ-) X TBRAVA (4.18)
J
and )
BRAVA, Vi
K; “(2:) = 5;'3RAVA(Z1') X J/BRAVA (4.19)
J

where v; is the radial velocity of particle i and 67%AVA is the selection function of the
BRAVA survey and VVJBRAVA is given by

JBRAVA _ Z wdBRAVA (7). (4.20)

As shown in P15 the BRAVA survey is biased toward nearby stars and the selection function
is given by:

)

5;3RAVA ( ;

- {Tf1‘4 if i € field j with |y;] < 3.5 kpe, (4.21)

0 otherwise.

4.5.5 Bulge proper motions from the OGLE-II survey

As additional bulge kinematics we use the proper motion dispersions of RCG in the bulge
from the OGLE-IT survey as computed by Rattenbury et al. (2007a) from the proper
motion catalogue of Sumi et al. (2004). RCGs are selected in an ellipse of the dereddened
Iy vs (V — I)g color magnitude diagram centered on the expected locus of the red clump
at Iy = 14.6 and (V — I)y = 1.0. Stars with proper motion error larger than 1 masyr~!
in either the [ or the b direction were excluded from the sample, as well as stars with
total proper motion larger than 10 masyr~! which are likely to belong to the foreground
disk. We compute the selection function by using again the PARSEC isochrones for a
10 Gyr population, a Kroupa IMF and the metallicity distribution of ARGOS stars in the
bulge. The cut in proper motion error introduces a bias toward nearby stars as the error
is more likely to be large for faint stars. To model this effect we first compute in each field
j the fraction of stars that pass the error cut threshold as a function of their extinction
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Figure 4.9: Selection function of the OGLE survey as a function of distance modulus for
the field at (I,b) = (1.0°, —3.7°). The solid line indicates the selection function in the range
of distances considered in this work. The large contribution of nearby stars indicated by
the dashed line is ignored.

corrected Iy magnitude, denoted by C,, j(Iy). Then from the isochrones we compute for
each distance p the distribution of Iy magnitudes C;(u, Ip) of stars that end up inside the
ellipse selection region of the Iy vs. (V —1I), diagram. The final selection function fOSLE(y)
is then given by

FOSE() — / Oy To) % Cop (o) Iy (4.22)

and is shown in Figure 4.9 for the field at (I,0) = (1.0°,—3.7°). The large theoretical
contribution of low distance modulus is due to faint main sequences stars in the disk that
are close enough to fall into the ellipse selection of the CMD. As the stellar population
of the nearby disk is very different from the old bulge population, the selection function
should not be trusted at small distances. We adopt a simple distance cut and discard
contribution from any particle at distances less than 5kpc. Disk contamination is also
likely to be removed in the data thanks to the cut in total proper motion.

Observables kernels are defined similarly to Equations 4.18 and Equations 4.19 by
replacing the radial velocity by the proper motion in the heliocentric frame, with the
selection function 09" given by:

fOSLE(L)) if i € field j with r; > 5kpe

(5;)GLE(Zi) = and /@7 + p;? < 10 masyr—?, (4.23)

0 otherwise.
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The errors in proper motion dispersion quoted by Rattenbury et al. (2007a) are sta-
tistical errors, very small due to the large number of observed stars. However Rattenbury
et al. (2007a) noted that adjacent fields could show variations in proper motion dispersion
of up to 0.2masyr—!. To take those systematics into account we replace the error bars by
adding in quadrature to statistical error a systematic error of 0.1 masyr—'. In this paper
we use the OGLE proper motion only to compare with model predictions but we do not
fit them.

4.6 Dynamical modelling of the bar region

In this section we use the M2M method to fit the N-body models constructed in Section 4.4
to the data described in Section 4.5.

4.6.1 M2M formalism

Indexing again an observable by 7 and a dataset by k, the difference between the model
observable y%(t) and the real data Y}" is evaluated through the residual A¥(t) defined as

y ) - (4.24)

k —
Aj(t) =

where o (Y}) is the error on Y (t).
Following De Lorenzi et al. (2007) we match our data adopting the profit function

1
F=—2 > (A + pS. (4.25)

k,j

The first term in Equation 4.25 is a weighted chi-square term where the )\, are numerical
weights for the different datasets (see Long & Mao 2010). The second term is an entropy
term, forcing the particle weight distribution to remain narrow around some pre-determined
prior values, improving hence the convergence of the individual particle weights. We use
the pseudo-entropy S of Morganti & Gerhard (2012) given by

S = —ﬁ;wi {log (%) - 1] (4.26)

where w; are prior weights, chosen to be the mean stellar weight and mean dark matter
weight for respectively the stellar and dark matter particles.
Using the observable kernels K jk described in Section 4.5, Equation 4.3 becomes

d;/;z' — —cw; {ulog (%) + ;Ak > (Kj(zi) " wial;iiizz‘)> f(fy(]?)} (1.27)

J
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When the observable kernels do not depend on the weights, Syer & Tremaine (1996) and
De Lorenzi et al. (2007) showed that the observables converge exponentially on a timescale
O(e™!) provided the initial model is sufficiently close to the solution. We find in prac-
tice that weight dependent kernels, as chosen for the ARGOS and BRAVA surveys can
be introduced without affecting the convergence provided (i) the derivative of the kernel
with respect to the weight is taken into account in Equation 4.27 (ii) some other observ-
ables constrain the absolute value of the weights on the spatial domain where the weight
dependent kernel is non-null. We numerically evaluate the convergence of the weights by
following the method of Long & Mao (2010) considering that a given particle weight has
converged if its maximum relative deviation from its mean value on the previous orbit is
smaller than 10%.

4.6.2 Fitting procedure and parametrization

After the adiabatic evolution of the initial model a typical NMAGIC fit consist of three
phases:

1. Temporal smoothing: evolve and observe the model for a time Tgyootn to initialize
the observables.

2. M2M fit: evolve the model and modify the particle weights according to Equation 4.27
for a time Thyonm.

3. Relaxation: evolve and observe the model for a time T, .y to test the stability of the
fit.

We use 4, 40 and 16 internal time units for respectively Tqmooth, Tavom and Threpax, with
one internal unit of time corresponding to the period of one circular orbit at 4kpc (i.e.
about 125 Myr). We adopt a smoothing timescale of 1/o = 1 model time units.

For the force-of-change parameter € we adopt a value of ¢ = 107! x wy where wy is the
mean particle mass. We adopt Agensity = 1 for all density observables and Axinematics = 10
for all kinematic observables, giving each dataset in Equation 4.25 a similar contribution
to the bracket term of Equation 4.27. The priors of the entropy term of Equation 4.26 are
fixed to the mean particle weight and the magnitude of the entropy is fixed to u = 10%.
This value allows more than 97% of the particle to converge while resulting in a weight
distribution that extends only to +1dex from the priors.

4.7 Understanding the bulge dynamics

In this section we show how the bar pattern speed, dark matter density and in-plane
stellar bulge density influence the bulge kinematics and how we can recover and constrain
the effective potential by fitting our models to the data described in Section 4.5.
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three models plotted here are for pattern speeds of 25 kms~kpc™! (blue), 35kms~ ' kpc™t (yellow) and 45 km s~ kpc™?
(red) for a constant bulge dark matter mass of Mpy (< 2kpc) =5 x 10° M. The pattern speed has a strong influence
on both the mean velocity and the velocity dispersion in the bulge. The second column shows the influence of the dark
matter mass in the bulge for 4 x 10° M, (blue), 5 x 10° M, (yellow) and 6 x 10° M, (red) and a constant pattern speed
of 40kms~!kpc~!. The dark matter in the bulge has a negligible influence of the mean BRAVA velocity and can thus be

recovered from the velocity dispersion once the pattern speed is fixed.
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4.7.1 Signature of the pattern speed and inner dark matter halo
in the bulge kinematics

The first column of Figure 4.10 show the BRAVA kinematics for three models with different
pattern speed between 25 and 45kms~!kpc~!, fitted to our bulge and long bar data in
the same dark matter halo. The effect of the bar pattern speed is clearly visible both in
the mean velocity and velocity dispersion. Increasing pattern speed leads to an increase
in mean velocity but a decrease in the velocity dispersion. The virial theorem provides
intuitive explanation of this: for a given mass distribution and hence a given potential
energy, a larger pattern speed places more kinetic energy in pattern rotation, leaving less
energy available to build up random motions. The second panel of Figure 4.10 shows the
BRAVA kinematics for three models with the same pattern speed and stellar mass density
but different dark matter masses in the bulge. As already found in P15 large masses
increase the dispersion but leave the mean velocity essentially unchanged. Hence for a
given pattern speed and stellar density model we can recover the dark matter mass in the
bulge from the BRAVA velocity dispersions.

4.7.2 Recovering the best dark matter halo

In Section 4.3.4 we constructed a first-guess dark matter density in the Galaxy by fitting
an Einasto profile to the rotation curve between 6 kpc and Ry under the constraint of
an assumed dark matter mass inside 2kpc, Mpy(< 2kpc). Now from our dynamical
modelling we can adapt the value of Mpy(< 2kpc) to what would be required in order to
best match the BRAVA velocity dispersions. This is done iteratively during the NMAGIC
fit: every eight time units we evaluate the value of a factor denoted F to be applied on
the model velocity dispersions in the BRAVA fields in order to best fit the data. We then
increase M (< 2kpc) by 1.0 x 10'° My x (F? — 1) and redefine the dark matter density
in the entire galaxy by fitting again the Einasto density to the rotation curve data and
the new value for Mpy(< 2kpe). At the end of the fit, we check that M (< 2kpc) has
converged to the best agreement possible with the BRAVA dispersion for the considered
pattern speed and stellar mass distribution. We assume that the halo is an oblate spheroid
with a vertical flattening of 0.8 throughout the Galaxy. There is not enough power in our
data to see a significant effect of the dark matter shape that is not degenerate with the
dark matter profile and therefore more complicated 3D shapes of the dark matter density
are not justified. In practice we expand the target halo density in spherical harmonics up
to order eight and fit the dark matter particles to the expansion with the M2M method
using the spherical harmonics kernels extensively described in previous uses of NMAGIC
(see De Lorenzi et al. 2007 and subsequent work for more detail).

4.7.3 The missing central mass

Using the modelling procedure defined above and the best dark matter halo that matches
the overall BRAVA dispersion, we find evidence for a lack of central mass concentration in
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Figure 4.11: Ilustration of the effect of the extra central mass on the BRAVA dispersions
along the minor axis (upper left) and on the proper motion dispersion in the b direction
(upper right) for four models with no extra central mass (purple) or an extra central bar
mass of 1 x 10° Mg, (blue), 2 x 10° My, (yellow) and 3 x 10° Mg, (red). The lower plot show
the side on projection of the peanut shape assuming that the extra mass is stellar. Most
of the extra mass is located in the missing £150 pc strip and therefore does not violate the
measurement of the peanut shape from RCGs.
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the models. In Figure 4.11 the purple line and points show the model predictions of the
BRAVA dispersions along the minor axis and the OGLE proper motion dispersions along
the b direction for our fiducial bulge density and a pattern speed of 40kms~!kpc™t. The
underestimation of the central dispersion is very clear and very little freedom is available
either in the mass-to-clump ratio or in the pattern speed to correct for this. As NMAGIC
adjusts the orbital structure in order to best match the kinematics, the only way remaining
to increase the central dispersion is to deepen the gravitational potential by adding an extra
central mass component. Motivated by the massive nuclear disk found by Launhardt,
Zylka & Mezger (2002) and considering the fact that the vertical structure of the bulge
density could be steeper than our fiducial sech® extrapolation we model the missing mass
by assuming that it is distributed as an elongated exponential disk following the bar, whose

density is given by
2 0.5)2
Pe X €Xp (— ‘ +h<y/ ) ) X exp (_’hﬂ) (4.28)

V4

where x, y, and z are coordinates along the principal axes of the bar in kpc. When h, and
h, are too small, the large central concentration leads to the death of the peanut shape
as already noted by Athanassoula, Lambert & Dehnen (2005). When h, and h, are too
large the central concentration is not sufficient to provide the central potential we need to
match our kinematic data. After experimenting with several combinations of h, and h, we
adopt the values of 250 pc and 50 pc respectively.

The other three lines in Figure 4.11 show the predictions of models containing an extra
bar-like component with the density of Equation 4.28 normalized to masses of M, =1, 2
and 3 x 10° M. We see that we need an additional mass of about 2 x 10° M, in order
to reproduce both the BRAVA minor axis dispersions and the OGLE proper motions. In
the lower plot of Figure 4.11 we show the side-on projection of the RCG density in the
bulge assuming that this extra mass is stellar and traced by red clump stars. With our
parametrization most of the extra central component is located in the inner midplane
+150 pc strip where the RCG density has not been directly measured. The interpretation
of this extra mass is discussed in more detail in Section 4.10.2.

4.8 Key parameters of the Milky Way’s effective po-
tential

In this section we explore systematically the key parameters of the Milky Way’s effective
potential. We focus on the three parameters that have the largest impact on our datasets:
(i) the bar pattern speed , (ii) the mass-to-clump ratio M /ngrcg and (iii) the extra central
mass noted M,. We explore 9 values of €, between 25kms~!kpc™t and 50 kms=! kpc™!
in steps of 2.5kms~'kpc™!, 3 values for M/ngcq, 1000 (our fiducial) and 900 and 1100
corresponding to the range of values consistent with the bulge stellar population (see
Section 4.3.2), and 5 values for M, between 1 x 10° Mg and 3 x 10° M, in steps of 0.5 x
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10° My. This results in a 3D grid of 135 NMAGIC runs for which we will evaluate how
well they reproduce each individual dataset.

In Figure 4.12 we give an overview of our 135 simulations. In this figure the area of the
different wedges for each model show how well that simulation performs in reproducing
the various dataset, larger area meaning better agreement. The area of each wedge is
proportional to 1 — 2 where ¥? is the y? rescaled so that the best simulation has ¥? of 0
and the median simulation has 2 of 1, separately for each observable. Some interesting
features are directly visible in Figure 4.12. From the ARGOS and BRAVA kinematics we
see that the mass-to-clump ratio has some degeneracy with both the pattern speed and the
central mass: low mass-to-clump ratio tend to prefer lower pattern speed and higher central
mass. The model at (M/ngrca, Me, ) = (1000, 2 x 10° My, 40 km s~ kpc™!) as indicated
by the black square in Figure 4.12 is able to reproduce well all datasets simultaneously and
therefore constitutes our best model.

In order to recover the range of M/ngrca, M. and €2, around the best model that is
allowed by the data we would ideally construct a global likelihood for all our datasets
together and search for the 3D region of the grid that contains the 68% most likely models.
However, this approach is not applicable here for two reasons:

1. Comparing different datasets in a purely statistical way is dubious when datasets
with different systematics are involved. We are more interested in reproducing all
datasets fairly well at once than in maximizing the formal total likelihood, which
may be dominated by one particular aspect or by systematics.

2. The evaluation of the range of models consistent with some data within some confi-
dence limit is not a straightforward task in M2M modelling. Morganti et al. (2013)
showed that the magnitude of the Ax? that allows a fair estimation of the range of
models that is compatible with the data can be much larger than that expected, due
to modelling noise.

Instead we adopt a more phenomenological approach where we use our knowledge of the
bar dynamics gained from the experiments of Section 4.7 to explore the 3D grid of models
in more detail. In Section 4.8.1 we study the mass-to-clump/pattern speed degeneracy and
quantify the uncertainty in the recovered bar pattern speed. In Section 4.8.2 we study the
mass-to-clump/central mass degeneracy and identify two boundary models at each end of
the three dimensional degeneracy valley between mass-to-clump, central mass and pattern
speed. Those two boundary models are used later in Section 4.9 to quantify uncertainties
in the recovery of the stellar and dark matter distributions. We finally show how our best
model compares to the different datasets in Section 4.8.3.

4.8.1 Bar pattern speed and corotation

We showed in Section 4.7.1 that the pattern speed had a clear signature in the mean radial
velocity observables. Hence we focus on the mean velocity of both the BRAVA and ARGOS
surveys and show in Figure 4.13 the x? per datapoint as a function of the pattern speed
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Figure 4.12: The Cheese Plot: Overview of the systematic search of the 3D parameter
space (M/ngrca, M, 2,). Each panel shows a slice in the 3D parameter space for a mass-to
clump ratio of 900 (top), 1000 (middle) and 1100 (bottom). Each black dot correspond
to one simulation and the area of each color wedges is a measure of how well a simulation
reproduces the different datasets. We identify our best model at (M/nrcg, Me, Q) =
(1000, 2 x 10° My, 40kms~' kpc™') as shown by the solid black square. The two models
in grey squares are our two boundary models identified in Section 4.8.2.
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Figure 4.13: x? per datapoint as a function of the pattern speed €, for the BRAVA (top)
and ARGOS (bottom) mean velocities, for three slices through our cube of simulations
with M/ngce = 900 (blue), 1000 (yellow) and 1100 (red), all with M. = 2 x 10° M.
The grey area spans the one sigma error range of our pattern speed estimation of 39 +
3.5kms !t kpel.
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O, from a slice through our cube of simulations at M, = 2 x 10° My. The pattern speed
that agrees best with the data is found in the range 35 — 42.5kms~! kpc™! depending on
the mass-to-clump ratio. An increase in mass-to-clump ratio of 10% requires an increase
in €, of 2.5kms ' kpc~t. We also notice that the ARGOS dataset systematically prefers
pattern speeds 2.5kms~'kpc~! larger than the BRAVA dataset. Assuming flat priors on
the mass-to-clump ratio in the range 900 — 1100, the mean of the best pattern speeds from
BRAVA and ARGOS is €, = 39kms 'kpc~!. As already discussed, the evaluation of
statistical errors on measurements and parameters from M2M modelling is usually prob-
lematic since the classical Ax? = 1 method tends to underestimate the real error. Morganti
et al. (2013) developed a method to better estimate the statistical error using a value of
Ax? corresponding to the scatter of the x? surface from the models around the minimum.
Using this method we find statistical errors lower than 1kms~!kpc™!, smaller than the
systematics arising from both the degeneracy with the mass-to-clump ratio or the system-
atic offset between the ARGOS and BRAVA datasets. Adding in quadrature an error of
2.5km s~ ! kpc~! from both these sources of systematics, we conclude that the pattern speed
of the Milky Way bar is Q, = 39 & 3.5kms ! kpc~!. Using the composite rotation curve
of Sofue, Honma & Omodaka (2009) rescaled to rescaled (Rg, V) = (8.2kpc, 238 kms™1),
this place corotation at R.. = 6.1 £+ 0.5 kpc.

4.8.2 Central mass distribution

We showed in Section 4.7.3 the necessity of an additional central mass component M,
for matching the inner BRAVA dispersions and OGLE proper motions in the b direction.
In Figure 4.14 we show the y? per datapoint as a function of M, for all BRAVA and
OGLE fields within 5° from the center. We see that the BRAVA radial velocity prefers
an additional mass of 2 x 10° M, with a slight degeneracy with the mass-to-clump ratio
where a 10% increase in M/nrcq leads to a decrease of M, of about 0.5 x 10° M. The
o, proper motions appear to have some tension with the BRAVA dispersion, having a best
value of M, systematically higher by 0.5 x 10° M,. We note however by looking at the
x? of the RCG density as shown in the bottom plot of Figure 4.14 that large values of M,
go against the peanut shape of the bulge. This is a known effect that the peanut shape is
destroyed by large central mass concentrations (Hasan & Norman 1990; Shen & Sellwood
2004; Athanassoula, Lambert & Dehnen 2005). Since no value of M, simultaneously gives a
good fit to the OGLE o3, and the RCG density, there must systematic effects in at least one
of those datasets or in our parametrization. We show in Figure 4.16 that for a central mass
of 2 x 10° M, our best model systematically underestimates the proper motion dispersions
in both directions but stays on average withing 5% of the data, thus providing already a
very good fit to the data. Hence we estimate M, based on the BRAVA central dispersions
to be M, = 2.0+0.5 x (M/nrcg — 1000)/100 x 10° M, and recognize the presence of some
tension with both the RCG density and the OGLE proper motions.

Since a 10% increase in mass-to-clump ratio requires a 2.5km s~ kpc™! increase in pat-
tern speed and a 0.5 x 10° M, decrease in central mass we define two boundary models
around our best model at each end of this three dimensional degeneracy, (M/ngrcg, M, ) =

1
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Figure 4.14: x? per datapoint as a function of the additional central mass M, from the
central BRAVA dispersions (top) and the OGLE proper motions in the b direction (middle)
and the RCG density (bottom) for three mass-to-clump ratios (900 in blue, 1000 in yellow
and 1100 in red) all for £, = 40km s~ kpc™'. Proper motion and RCG density are slightly
inconsistent as proper motions prefer large central masses that tend to destroy the peanut

shape.
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(900,2.5%10° M, 37.5kms ' kpc™!) and (M/ngrcg, Me, Q) = (1100, 1.5x10° My, 42.5kms~ ' kpe™1).
Those two models are indicated by the grey squares in Figure 4.12 and are used in Sec-

tion 4.9 to quantify uncertainties in measuring the stellar and dark matter mass distribu-

tions.

4.8.3 Best fitting dynamical model of the Galaxy

Starting with the bulge kinematics, Figure 4.15 shows how our best model compares to the
BRAVA mean velocities and velocity dispersions. The agreement is overall very good and
is an improvement over P15 where the dispersions at —6° were always underestimated.
The largest improvement over P15 is seen in the proper motion dispersions in the [
and b directions shown in Figure 4.16. In nearly all fields the model is within 10% of the
OGLE proper motions even though the proper motion data were not included in the fitting
procedure. We notice however that the model tends to systematically underestimate the
data by about 5%. An increase in o, can be obtained by increasing the central mass but
at the cost of losing the peanut shape; or by lowering the pattern speed at the cost of a
worse agreement with the mean radial velocity. In the [ direction an increase in o; can be
obtained by increasing the bar angle, at the cost of a worse fit to the RCGs histograms in
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Figure 4.16: Comparison model/data of the OGLE proper motion dispersion in the [ (blue)
and b (red) directions. Shaded areas indicate fractional differences between 10 and 20%,
and between 20 and 30%. Nearly all our best model proper motions are within 10% of the
data.
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the bar. Since 10% is about the size of the systematic errors in the OGLE proper motion
we consider our model as already consistent with the data.

Extending to the bar region, Figure 4.17 shows the ARGOS mean velocity as a function
of distance. The streaming motion along the bar is very visible at latitude b = —5° from
the twist in the mean velocity as a function of distance. Here again the model performs
very well in reproducing the data. The transition between the bulge and the bar, together
with the in-plane structure of the bar, is shown in Figure 4.19. The model does a very
good job at reproducing the RCG distribution for |b| > 2°. In the plane, and mostly in the
region 12 < [ < 22°, the model cannot find a good fit to the very narrow distribution of
RCGs along the line of sight. This is probably due to the superthin bar component found
by W15. The investigation of the detailed structure of the superthin bar is beyond the
scope of this paper but could be addressed in the future using the APOGEE data. The
APOGEE survey, as an infrared spectroscopic survey, can penetrate the high extinction in
the plane and provides stellar kinematics and chemical abundances in the superthin bar
region. By looking at clumps in chemical space Hogg et al. (2016) already found evidence
for a very young stellar component that may correspond to the superthin bar of W15.
Anticipating the future use of APOGEE to constrain the dynamical models further we show
in Figure 4.18 a comparison between our best model and the latest APOGEE kinematics
from Ness et al. (2016). Our model is already in very good qualitative agreement with
APOGEE even though a more quantitative comparison would require the modelling of the
APOGEE selection function which is not included here.
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Figure 4.17: ARGOS mean radial velocities as a function of distance modulus compared
with our best model, at b = —5° (upper panel) and b = —10° (lower panel). Different
colors show different longitudes spaced every 10° from —20° (purple) to +20° (red). The
curvature along the minor axis field (green) is a clear signature of the streaming motions
in the bar.
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Figure 4.18: Comparison of the mean velocity (top) and velocity dispersion (bottom)
between the latest APOGEE kinematics from Ness et al. (2016) (left) and our best model
(right). Velocities are expressed in the galactic inertial frame and only stars between 4 kpc
and 12kpc along the line of sight are taken into account. Even though not fitted outside
the bar region the model is already in good agreement with the APOGEE kinematics.
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4.9 Stellar and dark matter mass distribution in the
Milky Way

In this section we study the stellar and dark matter mass distribution of our best model
and evaluate the effect of variations in the different modelling assumptions. As a range of
reasonable variations around our best model we will consider:

e The two boundary models of Section 4.8 found at each end of the three dimensional
degeneracy valley between mass-to-clump ratio, bar pattern speed and additional
central mass;

e Varying the bar angle from our fiducial 28° to either 23° or 33°;
e Varying the dark matter flattening from our fiducial 0.8 to either 0.6 or 0.4;

e Varying the outer disk scale length from our fiducial 2.4 kpc to either 2.15kpc Bovy
& Rix (2013) or 2.6kpe (Juric¢ et al. 2008);

These variations will be used to evaluate (systematic) errors on the mass parameters found
from our best model.

4.9.1 Bulge, bar, inner and outer disk

In Figure 4.20 and Figure 4.21 we show the surface density map and profiles of our best
model with the range of the model variations, assuming that the additional mass com-
ponent is stellar as discussed in Section 4.10.2. The entire Galaxy is to some level non-
axisymmetric. This is very clear at the edge of the bulge where the surface density along
the minor axis at 2kpc is a factor of about 4 smaller than along the major axis. Both
profiles cross at 6.3 kpc from the center, close to the corotation radius. Beyond corotation
the surface density becomes larger along the minor axis than along the major axis, as one
would expect based on the linear perturbation of near circular orbit (Binney & Tremaine
2008; Dehnen 2000b). Along the major axis the density of the bar is close to exponen-
tial. This is a characteristic of late-type barred galaxies as revealed by the S*G survey
(Elmegreen et al. 2011). Traditionally the complex structure of the stellar density of the
Galaxy has been divided into a small number of discrete components, mainly bulge, bar
and disk for which we would wish to measure mass and shape. We will focus here on three
definitions:

1. Bar, bulge and disk structure from stellar mass “photometric” profiles: From the
major and minor axis profiles in Figure 4.21 we see clearly three regimes: (a) the
outer disk, nearly axisymmetric and exponential outside ~ 5.3 kpc (b) the inner disk,
axisymmetric with a nearly constant surface density inside 5.3 kpc (c) the bar/bulge,
i.e. the bar which formed a bulge in its inner part. This photometric definition of the
bar and inner disk components has the advantage to be easily applicable to external
galaxies. By integrating the surface density associated with the “photometric” bulge
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Figure 4.20: Surface density map of our best model. The bar extends to 5.3 kpc from the
center and rotates at {0 = 40 kms~kpc~!.
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Figure 4.21: Stellar surface density profiles along the bar major axis (red) and bar in-plane
minor axis (blue) for our best model (solid line) and the variation models (color span).
The hatched region indicates the bar+bulge component (circle) the inner disk (/) and the
outer disk (\) according to our photometric definition of the components.
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and bar we find a “photometric” bar/bulge stellar mass of Mpay /buige = 1.88 4 0.12 X
10'° My, among which 1.34 £0.04 x 101 M, is located in the bulge and 5.4 4+ 0.4 x
10° M, in the long bar. The “photometric” stellar mass associated to the inner disk
within the bar region is found to be Miyner gisk = 1.29 £ 0.12 x 10*° M, lower than
the mass of the bar/bulge structure. The errors in these quantities are systematics
derived from the variation models presented previously.

Non-axisymmetric long bar from 2D-“photometry”: An alternative way to define
the bar component is to search for non axisymmetries in the face-on surface density.
We first define a maximum axisymmetric model using the minor axis profile and
remove this maximum axisymmetric model from the original surface density map.
By integrating the residuals for radii inside 5.3 kpc and outside the bulge we find a
non-axisymmetric long bar mass of Mon_ax = 4.6 = 0.3 x 10° M. This measure
is similar but slightly lower than the previous “photometric” long bar mass since
the inner disk has a similar but slightly lower surface density that our maximum
axisymmetric model. From both estimates combined, the bar outside the bulge has
slightly less than half the mass of the disk in the same radial range.

Bar-following orbits: Unlike some spiral structures, the bar is not a density wave:
stars that form the bar stay in the bar and orbit mostly along elongated orbits of
the x; family and its descendants (Contopoulos & Grosbel 1989). Since we have
access to individual orbits in our dynamical model we can directly identify orbits
that compose the bar using the method of Portail, Wegg & Gerhard (2015). We
integrate all particles and compute the dominant frequencies of the time variation
of the cylindrical radius f, and bar major axis position f,. Bar-supporting orbits
are found in the vicinity of f,./f, = 2, i.e have two radial oscillations for one period
along the bar. In the bar region, particles that do not follow the bar have rosetta-
like orbits in the bar frame for which f,./f, # 2; they build the inner disk. This
orbit-based definition of the bar is more elegant than the “photometric” definition
and is also closer to what makes the bar a separate component but is in general not
observable in external galaxies for which individual orbits are usually unknown. We
find a stellar mass on bar-supporting orbit of 10.4 £ 0.6 x 10° M. This estimate
misses the non-bar following orbits in the bulge.

W15 determined from a combination of VVV, UKIDSS and 2MASS data the length
of the bar and found a half-length of 5.0 & 0.2kpc. Since our model is the first non-
parametric fit of the galactic bulge and bar it is important to see how it compares to direct
determination from the data. We follow W15 and focus on the following three methods to
measure the bar half-length:

® Lgwop: Tadius at which the ellipticity of the bar drop the fastest

o Lo radius at which the major and minor axis agrees within 30%

e L. radius at which the relative m=2 component of the Fourier decomposition of

the surface density drops to 20% of its maximum value
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We measure Lgyop = 5.77kpe, Lpos = 5.12kpe and Ly,—2 = 5.02kpc. By taking the mean
of those three measurements and the standard deviation of the three measurements applied
on all our variation models we find a bar half-length of the galactic bar of 5.30 + 0.36 kpc,
in good agreement with the measurement of 5.0 £ 0.2kpc found by W15 from the their
component fit of the RCG magnitude distributions.

4.9.2 The dark matter mass distribution in the Milky Way

In Section 4.7.2 we showed how we recognize and evaluate the need of dark matter in the
bulge from the BRAVA kinematics once the stellar density and bar pattern speed are fixed.
Since we have a ~ 10% accurate measurement of the mass-to-clump ratio in the bulge we
have access to the dark matter mass distribution in the bulge. In the volume of the box in
which the RCG density was measured, i.e. a box of (£2.2 x +1.4 x £1.2) kpc along the bar
principal axes, the mass budget of the bulge is found to be as follows: stars as traced by
RCGs account for 1.3240.08 x 10'° M, dark matter accounts for 3.2 4£0.5 x 10 Mg, and
2% 10° M, of additional mass are required in the center, probably stars in the nuclear disk
(see Section 4.10.2). The resulting total dynamical bulge mass is 1.85 + 0.05 x 10'° M,
in excellent agreement with our estimation of 1.84 4+ 0.07 x 10'° M, found in P15 from
modelling the bulge only. Altogether we find a low dark matter fraction in the bulge of
only 17% + 2%. The small error arises because variations in the total mass, stellar mass
and central mass of the bulge in our models approximately compensate.

Going away from the bulge, the dark matter halo profile of our best model is shown in
Figure 4.22 together with the range of profiles from the variation models. We find a local
dark matter density of ppy(Rp) = 0.01324-0.0014 My,. pc3, in very good agreement with
the recent measurement of ppy(Ry) = 0.0154 £ 0.0023 M. pc™ from Piffl et al. (2014)
for a halo flattening of 0.8 (see Read (2014) for a review). Interestingly our dark matter
profile is cored. For the fitted Einasto density profiles, the presence of a core is consequence
of accounting simultaneously for a low dark matter mass in the bulge, a significant dark
matter mass enclosed within the solar radius, and a gently rising halo rotation curve.

Would an NFW halo profile be allowed by our data? In the Milky Way, an NFW
halo density would be expected to have a scale radius of 20 — 40 kpc (Bland-Hawthorn
& Gerhard 2016). Thus in the bar region the density would be well approximated by a
simple power-law ppy(7) oc 771, Given the baryonic mass distribution of our best model
and scaling ppy on the total circular velocity at the solar radius, we find a dark matter
mass in the bulge that coincidentally is in very good agreement with our best model value.
However, such a NFW halo fails to reproduce the nearly flat total rotation curve observed
between 6 and 8 kpc, with a halo circular velocity that is about 17 kms~! lower than the
data at 6 kpc shown in Figure 4.23. The presence of a core in our best model halo density
thus appears as a consequence of the constraint on the flat shape of the total circular
velocity in the 6 — 8 kpc range, which for our baryonic mass distribution requires the dark
matter density to fall-off more steeply than ppyi(r) oc 1. In order to then not overpredict
the dark matter mass in the bulge, the dark halo density is forced to become shallower
further in.
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Figure 4.22: Dark matter density profile of our best model (black line), range of profiles
from variation models (light grey span) and range of possible inner power-law density
variations that would keep constant the dark matter mass enclosed in the bulge (dark
grey span). Under the assumption of an Einasto halo, all models require a central core to
account simultaneously for a low dark matter fraction in the bulge and the rotation curve
at the solar radius. The datapoint at 8.2 kpc is the local measurement of the dark matter
density from the analysis of RAVE stars from Piffl et al. (2014), in good agreement with
our best model.
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Figure 4.23: Rotation curve of our best model and range of model variations for evaluation
of systematics on top of the composite rotation curve measurements from Sofue, Honma
& Omodaka (2009). Blue, yellow and red curves represent respectively the baryonic, dark
matter and total rotation curve, assuming that the totality of the additional central mass
is baryonic

For an Einsato profile this results in a central core. However, we note that our constraint
on the dark matter density in the bulge arises from a constraint on the dynamical mass
of the bulge. Thus we would also expect good agreement with the data for a steeper halo
density profile in the bulge, provided it has the same dark matter mass in the bulge. In
order to evaluate the possibility of a steeper density in the inner halo we perform the
following experiment. Assuming for the dark matter inside 2kpc a power-law density
p o r~% we determine for each model the power-law index « that would keep constant the
dark matter mass enclosed within 2kpc, while ensuring continuity of the density profile
at 2kpc. Doing so we find from our models power law slopes of ~ —0.6, whose range is
shown as the dark grey span in Figure 4.22. We thus conclude that a central power-law
cusp shallower than —a ~ —0.6 would also provide a good fit to the data.

A different view at the dark matter contribution to the gravitational potential can be
seen in Figure 4.23 where we plot the resulting rotation curve of our best model and the
range of rotation curves provided by the model variations, again considering the additional
central mass as entirely baryonic. The dark matter support to the rotation is often ex-
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pressed as the degree of maximality the disk (Sackett 1997), representing the ratio of the
stellar rotation velocity to the total rotation velocity at some particular radius. In case of
an axisymmetric disk galaxy this radius is traditionally chosen to be 2.2 disk scale length,
corresponding to the position of the peak of the disk rotation curve. Since the Milky Way
is not axisymmetric and hosts a central bulge, the stellar rotation curve does not peak
at 2.2 outer disk scale lengths but instead at only about 1kpc where a stellar rotation of
185km s~! provides 94% of the rotational support. At 2.2 outer disk scale lengths, the stel-
lar contribution to the rotation curve drops to 75% still within the range of what would be
called a maximum disk (Sackett 1997). This result is in agreement with the microlensing
analysis of Wegg, Gerhard & Portail (2016).

4.10 Discussion

4.10.1 An intermediate bar pattern speed

The bar pattern speed is a fundamental quantity that sets the position of resonances
in the Milky Way. It has been the focus of many studies in the last two decades but
the scatter between different determination methods remains surprisingly large. The new
value determined in this paper from the dynamics of the bulge and long bar is 39 4+
3.5kms ' kpc~!, based on several large photometric and kinematic survey data sets.

A number of previous determinations concluded on rather large pattern speeds in the
range of 50 — 65 km s~ kpc™! from gas dynamics (Englmaier & Gerhard 1999; Fux 1999;
Bissantz, Englmaier & Gerhard 2003), continuity of a tracer stellar population (Debattista,
Gerhard & Sevenster 2002) or interpretation of stellar stream in the solar neighborhood as
a resonance effect (Dehnen 2000b; Antoja et al. 2014). Other studies found lower values in
the range 25 — 40kms~!kpc™! from gas dynamics (Weiner & Sellwood 1999; Rodriguez-
Fernandez & Combes 2008; Sormani, Binney & Magorrian 2015; Li et al. 2016) or stellar
dynamics (Long et al. 2013; P15).

Our new value for the bar pattern speed agrees very well with the extensive recent
analysis of gas-dynamical models by Sormani, Binney & Magorrian (2015), but it is not
consistent with the most precise determination so far based on recent analysis of the Her-
cules stream; this gives 53 4+ 0.5kms™! when rescaled to (Ry, V) = (8.2pc,238kms™)
(Antoja et al. 2014). However, this measurement is model dependent, assuming that the
Hercules stream originates from the bar’s outer Lindblad resonance. Future work must
show whether an alternative interpretation of the Hercules stream can be found.

Lower or intermediate pattern speeds are supported by the recent measurement of the
long bar half-length of 5.04£0.2 kpc by W15. Since the bar cannot extend beyond corotation
(Contopoulos 1980), the corotation radius has to be greater than ~ 5kpe, putting an
upper limit on the pattern speed of about ~ 48 kms~! kpc~!. Bar pattern speeds are often
expressed in term of the dimensionless ratio R between the corotation radius R., and the
bar half-length Ry,,,. Typical values for external disk galaxies are R = 1.240.2 (Elmegreen
et al. 1996) with an indication of a correlation with bar strength (Aguerri, Beckman &
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Prieto 1998) and morphological type (Rautiainen, Salo & Laurikainen 2008). Using the
measured Ry, = 5.0+ 0.2kpc from W15 and our determination of R., = 6.1 + 0.5 kpc, we
find for the Milky Way a ratio of R = 1.22 + 0.11. This places the Milky Way together
with the bulk of external barred spiral galaxies, with a bar that can be classified as a fast
rotator (R < 1.4, Debattista & Sellwood (2000)).

4.10.2 The extra central mass

We found in Section 4.7.3 kinematic evidence for an additional central concentration of
mass that was not included in our fiducial RCG bulge model. We can find good agreement
with the kinematics by including an additional central mass component, mostly located
in the plane where the RCG density has not been directly measured. Therefore assuming
that the required mass is stellar mass does not violate the 3D density measured from
RCGs. In fact there are several evidences for a stellar over-density in the plane and
near the Galactic Centre but no consensus yet on the precise shape and mass of such
over-density. Launhardt, Zylka & Mezger (2002) found a very concentrated nuclear bulge
component in the central 220 pc from decomposition of the IRAS and COBE DIRBE data
and estimate its mass to 1.4 x 10 M,. From star counts, this component has a near-
exponential vertical profile with scale height 45 pc corresponding to a nuclear stellar disk
with axis ratio ~ 3 —5 : 1 (Nishiyama et al. 2013). Schonrich, Aumer & Sale (2015)
found in the APOGEE data kinematic evidence of a nuclear disk extending to ~ 150 pc
with a vertical height of 50 pc. They measure a rotation velocity of 120kms™! at 150 pc
which, assuming an exponential density profile, leads to a nuclear bulge mass in reasonable
agreement with the mass estimate from Launhardt, Zylka & Mezger (2002). In addition
Debattista et al. (2015) postulated the presence of a kpc scale nuclear disk to explain the
high velocity peaks in the line of sight velocity distributions of the APOGEE commissioning
data (Nidever et al. 2012). Such a large scale disk would not be concentrated enough to
sufficiently increase the central velocity dispersion required by the modelling, but could
account for part of the mass in the galactic plane in the bulge region.

Hence the most likely interpretation for our extra central mass component is simply a
stellar over density near the center, not included in the large-scale RCG bulge. This could
well be a similar component as in the SBb galaxy NGC 4565 where HST and Spitzer pho-
tometry revealed an additional disky pseudobulge hidden inside the B/P bulge (Kormendy
& Barentine 2010). More data closer to the center and extending into the plane such as
APOGEE (Majewski 2012) or GIBS (Zoccali et al. 2014) would be required to investigate
the structure of this extra mass further.

Some contribution to the required central mass could also come from metal poor stars
not traced by RCGs such as old RR Lyrae stars (Dékany et al. 2013; Pietrukowicz et al.
2015). In the ARGOS fields metal poor stars with [Fe/H] < —0.9 are only 7% of the total
sample but since they are more concentrated than the RCG bulge stars they could still
play a role in the center. However there is still no clear picture about what component
these stars belong to and what mass is associated to it. Favorite hypotheses are either an
old thick disk (Di Matteo et al. 2015), a small classical bulge (Kunder et al. 2016) or the
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inner part of the stellar halo (Pérez-Villegas, Portail & Gerhard 2016).

4.10.3 Comparison with the bulge models of P15

In Portail et al. (2015, P15) we made a series of five dynamical models of the galactic
bulge with different dark matter fractions called M80 to M90 by combining the 3D density
of RCGs in the bulge from Wegg & Gerhard (2013) and the BRAVA kinematics. Our
main findings from these models were a measurement of the bulge total mass (stellar +
dark matter) of 1.84 4 0.07 x 10'® My, and a rather low bulge pattern speed in the range
25 —30kms~!kpc~!. In comparison, our new best model presented here has a total bulge
mass of 1.85 x 10'° M, in very good agreement with our previous determination. However,
from our more advanced modelling we find a higher pattern speed of 40 kms~' kpc=t. We
attribute the difference to the lack of mass surrounding the bulge in the models of P15.
As already stated in Section 4.2.2 bars formed in N-body models are generally several
disk scale lengths long, which consequently underestimate the impact of inner disk and
long bar orbits on the bulge dynamics. Hence, caution must be taken when interpreting
the dynamics of N-body B/P bulges, unless the bulge, bar and disk scale lengths are all
consistent with each other.

The present best model has a smooth bulge stellar mass of 1.32x 10*° M, an additional
central mass of 2 x 10° My, and a dark matter mass in the bulge of 3.2 x 10° M, summing
up to the 1.85 x 10! M, stated above. Its closest equivalent in the P15 series of models is
the fitted model M82.5 which has a mass-to-clump ratio of 1014, close to the value of 1000
we measured directly?. The main differences are the larger bar pattern speed in the new
model and the fact that the new model has 2 x 10° M, less dark matter in the bulge but
instead a similar additional mass close to the center, as required by the central velocity
dispersion for a larger pattern speed.

4.10.4 Dark matter in the Galaxy

Early N-body dark matter simulations predicted a universal cuspy dark matter density
profile (Navarro, Frenk & White 1997). This was later confirmed by new simulations
with higher resolution able to resolve halo densities on scales smaller than a percent of
ro00 (Navarro et al. 2010), i.e about 2kpc for the Milky Way halo (Bland-Hawthorn &
Gerhard 2016). In addition, since the inner part of dark matter halos is actually populated
by baryons that collapse through dissipative processes, dark halos should contract, thus
exacerbating any pre-existing cusp (Blumenthal et al. 1986; Gnedin et al. 2004; Abadi et al.
2010). However, the degree of contraction of the halo varies greatly between authors (see
Wegg, Gerhard & Portail 2016 for a recent comparison).

In disk galaxies, processes related to the dominant role of baryons in the central parts
have been found to be able to transform a primordial cusp into a core. Such processes

2This corrects Fig. 16 of P15 where all model values of the mass-to-clump ratios are underestimated
by ~ 20% due to an overestimate of the RGBB fraction.
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are the resonance effects of a large primordial stellar bar (Weinberg & Katz 2002; but see
Dubinski, Berentzen & Shlosman 2009), supernova feedback (Pontzen & Governato 2012)
and stellar feedback (Schaller et al. 2015; Chan et al. 2015; but see Marinacci, Pakmor
& Springel 2014). How important those processes are is not yet settled, resulting in a
cusp/core controversy similar to that in dwarf galaxies (Moore 1994; Burkert 1995; De
Blok 2010).

From our modelling we find a low dark matter fraction in the galactic bulge of 17 £ 2%.
In order to match simultaneously a low dark matter fraction in the bulge with the flat
rotation curve close to the solar radius Ry, the dark matter density of our model has a
power law slope that is steeper than oc r~! immediately inside R, and then flattens to
a shallow cusp or a core in the bulge region. This result is consistent with the recent
work of Wegg, Gerhard & Portail (2016) who find a high baryonic fraction is required to
account for the high optical depths towards the bulge measured in the EROS-II and MOA-
IT microlensing data. Given the similarity between the best model here and the fiducial
model of Wegg, Gerhard & Portail (2016) we expect our best model to be also consistent
with microlensing constraints towards the bulge; this will be discussed in a later paper.

4.11 Conclusion

We build a large number of dynamical models of the bar region in the Milky Way using
the Made-to-Measure method. We first create a set of N-body models of barred disks that
broadly matches the bulge, bar and outer disk density by adiabatic adaptation of a initial
N-body model. This adiabatic procedure allows us to adapt the dark matter distribution
to the rotation curve of the Galaxy inside 10 kpc and also to modify the pattern speed of
the galactic bar. We then constrain those models with the stellar density of the bulge and
bar as traced by red clump giants from a combination of the VVV, UKIDSS and 2MASS
surveys, together with stellar kinematics from the BRAVA, OGLE and ARGOS surveys.
We explore a three dimensional parameter space given by the stellar mass fraction in the
bulge, the bulge and bar pattern speed and the nuclear disk mass, and provide constraints
on the galactic effective potential. Our main conclusions are the following:

1. Modelling the stellar dynamics in the bar region requires a bar pattern speed of
Q, = 39 & 3.5kms tkpc!, placing corotation at 6.1 & 0.5kpc from the Galactic
Centre. The ratio of corotation radius to bar half-length (Rp. = 5.0 £ 0.2 kpc from
Wegg, Gerhard & Portail 2015) of the Galaxy is found to be R = 1.22 4+ 0.11, in
good agreement with what is seen in external disk galaxies.

2. We find a total dynamical mass of the bulge of 1.85 £ 0.05 x 10! M, in excellent
agreement with the value found in Portail et al. (2015) from modelling the bulge
only.

3. We find dynamical evidence for an extra central mass component, not included in
our previous bulge models, of about 2 x 10° Mg, and probably related to a nuclear
disk or disky pseudo-bulge.
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4. We evaluate from our model the mass of the long bar and bulge structure and find
Myarjpuige = 1.88 £ 0.12 % 10*® M), larger than the mass of disk in the bar region,
Mipner gisk = 1.29 42 0.12 x 109 M. The mass of the long bar is slightly less than
half the disk mass in the same radial range. Our models predict a non-exponential
surface density for the disk in the bar region and illustrate the transition between
the bar region and the outer disk.

5. We also evaluate the need of dark matter in the inner Milky Way. Using recent
measurements of the bulge IMF and more extended data we now better constrain
the stellar to dark matter fraction in the bulge and find a preference for a mass-
to-clump ratio of 1000 and a low dark matter fraction of 17 + 2% in the bulge. In
order to match simultaneously a low dark matter fraction in the bulge with the flat
rotation curve close to the Solar radius Ry, the dark matter density of our model has
a power law slope that is steeper than oc 7~ immediately inside Ry and then flattens
to a shallow cusp or a core in the bulge region.

Our best fitting model is the first non-parametric model of the entire bar region of the
Milky Way and can be of significant use for several on-going and future Milky Way stud-
ies including gas dynamics in realistic galactic bar potentials and chemodynamics of the
different stellar populations. We plan to make the model available upon request once the
paper is accepted.
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Inner Galaxy
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Abstract

We present the first self-consistent chemodynamical model fitted to reproduce real data
for the galactic bar. We present an extension of the Made-to-Measure method to an
augmented phase-space including the metallicity of stars, and show its first application
on the bar region of the Milky Way. Our model is based on the recent dynamical model
of the bulge, bar and inner disk from Portail et al. (2016), that fits the distribution of
red clump giants in the bar region from a combination of the VVV, UKIDSS and 2MASS
surveys together with stellar kinematics from the BRAVA, OGLE and ARGOS surveys.
The metallicity of stars is modeled and adapted to reproduce the fractional density and
stellar kinematics of the different metallicity components observed in the ARGOS and
APOGEE surveys. Our model reproduces the spatial and kinematic variations of the
different metallicity components seen in the data. It thus allows the study of the different
metallicity components in great detail, from their 3D density distributions to different
features in their kinematics and orbital structures. Our model show that metal-rich stars
with [Fe/H] > —0.5 are strongly barred and have dynamical properties that are consistent
with a common disk origin. Metal-poor stars with [Fe/H] < —0.5 show an evolving trend
with metallicity, indicating different contributions from different underlying metal-poor
stellar populations. Enlightened by our model, the presence of an old classical spheroid
that would represent a significant fraction of bulge stars in Baade’s window, as claimed
by Babusiaux et al. (2010), appears as extremely unlikely. This paper demonstrates the
power of Made-to-Measure chemodynamical models, that once extended to other chemical
dimensions, will be very powerful tools to maximize the information obtained from on-
going and future spectroscopic surveys in the Galaxy, such as APOGEE, GALAH and
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MOONS.

5.1 Introduction

In the last two decades, our understanding of the inner Galaxy and in particular its central
bulge has dramatically changed, driven by the growing interest of the community and the
availability of large scale surveys. The galactic bulge was initially though to be a classical
bulge, a spheroidal remnant of mergers that happened during the hierarchical assembly of
the Galaxy. This was supported by its old age (Ortolani et al. 1995) and the presence of
a vertical metallicity gradient, which was thought at the time to rule out other formation
scenarios (Friedli, Benz & Kennicutt 1994). The picture changed when non-axisymmetries,
found consistently in the Hi and CO gas flow (Binney et al. 1991; Englmaier & Gerhard
1999; Fux 1999), in the near infrared light distribution (Blitz & Spergel 1991; Weiland et al.
1994; Bissantz & Gerhard 2002) and star counts (Nakada et al. 1991; Stanek et al. 1997,
Lépez-Corredoira, Cabrera-Lavers & Gerhard 2005) revealed the presence of a triaxial and
rather short boxy bar structure in the bulge (Dwek et al. 1995; Binney, Gerhard & Spergel
1997), extending to 2 — 3 kpc from the center.

Very recently, Nataf et al. (2010) and McWilliam & Zoccali (2010) independently dis-
covered the so-called split red clump, resulting from a double bump in the density dis-
tribution of red clump giants (RCGs) in the bulge. Such a double bump feature, similar
to the one seen in N-body simulations of boxy/peanut (B/P) bulge, indicated a different
formation scenario for the galactic bulge. Indeed, N-body simulations showed that B/P
bulges could form from disk stars through the vertical instability of a stellar bar (Combes &
Sanders 1981; Raha et al. 1991; Debattista & Sellwood 2000; Athanassoula 2005; Martinez-
Valpuesta, Shlosman & Heller 2006). Such a formation scenario for the galactic bulge is
now supported by many recent analyses. Using 8 million RCGs stars identified in the VVV
catalogue, Wegg & Gerhard (2013) were able to directly reconstruct the 3D density of stars
in the galactic bulge by deconvolution the magnitude distribution of RCGs in many fields
though the bulge. In addition, several spectroscopic surveys such as the BRAVA survey
(Kunder et al. 2012) and the ARGOS survey (Freeman et al. 2013) were carried out in
the bulge and revealed its cylindrical rotation, characteristic of a disky origin. The bulge
is now believed to be the vertically extended part of a buckled long bar component, qual-
itatively similar to the bar produced in N-body simulations. Last year, Wegg, Gerhard
& Portail (2015) showed by combining the VVV, UKIDSS and 2MASS catalogs that the
galactic bulge smoothly segues into the flat long bar, that extends to about 5kpc from
the Galactic Centre. They find that both the bulge and the long bar appear at a con-
sistent angle with respect to the line-of-sight towards the Galactic Centre, resolving the
controversy about the possible presence of a double bar system in the Galaxy (Benjamin
et al. 2005; Lépez-Corredoira, Cabrera-Lavers & Gerhard 2005; Cabrera-Lavers et al. 2008;
Martinez-Valpuesta & Gerhard 2011). The bar region, including the B/p bulge, long bar
component and inner disk has been recently modeled by Portail et al. (2016, hereafter P16)
in a self-consistent way. Using the Made-to-measure method (M2M), P16 were able to to
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find a dynamical equilibrium model that reproduces simultaneously the RCGs density in
the bulge and bar region from a combination of the the VVV, UKIDSS and 2MASS surveys
together with stellar kinematics from the BRAVA, OGLE and ARGOS surveys.

Based on our new knowledge of the current dynamical state of the inner Milky Way the
next stage is to try to understand its formation history. Although individual orbits of stars
are scrambled during the bar formation and subsequent buckling instability, Martinez-
Valpuesta & Gerhard (2013) showed that Jacobi energy of stars is largely conserved during
the process. Thus, by advanced modelling of the current state of the Galaxy we can hope
to trace back earlier stages (Di Matteo et al. 2014). However this is challenging, it requires
as much data as possible, including chemical information on stars. Several studies have
tried to infer a formation scenario for the bulge based on measurements of the stellar
metallicity and its gradient along the bulge minor axis. However, Martinez-Valpuesta &
Gerhard (2013) showed that the presence of a vertical metallicity gradient in the bulge was
in itself not a strong argument for the presence of a classical bulge component as previously
thought. They showed that an initial radial gradient in a disk can, after bar formation and
buckling, result in a vertical metallicity gradient similar to that observed in the galactic
bulge (Minniti et al. 1995; Zoccali et al. 2008; Gonzalez et al. 2011b), thus suggesting that
the galactic bulge could have a pure disk origin. However, other studies (e.g. Babusiaux
et al. 2010; Hill et al. 2011; Gonzalez et al. 2011a; Uttenthaler et al. 2012) have found
evidence for two different stellar populations in the bulge with different kinematics: a
metal-rich population centered on [Fe/H| ~ 0.25, rapidly rotating and dynamically cold
and a metal-poor population centered on [Fe/H] ~ —0.3, dynamically hotter and more
slowly rotating. These authors associated the metal-rich component to a B/P bulge with
disk origin and suggested that the metal-poor component is an old classical spheroid, which
in Baade’s window would account for about half of the stars in the bulge.

This view of a very prominent classical bulge in the Galaxy has been also challenged by
the ARGOS survey and its associated series of papers. Using the full ARGOS sample, Ness
et al. (2013a) showed that the metallicity distributions of stars in different fields though
the inner Galaxy were well represented by five different components whose relative fraction
change from field to field, thus explaining the vertical metallicity gradient of the bulge as a
change in the relative fractions of the components. For each of these components, labeled
from A to E in the order of decreasing metallicity they speculate a different origin as
summarized below:

o A ([Fe/H] ~ 0.1): Metal-rich cold component of the B/P bulge. A is concentrated
to the plane and associated to a more recent star formation episode than B.

e B ([Fe/H] ~ —0.3): Main component of the B/P bulge originating from the thin disk
after the bar formation and secular evolution.

e C ([Fe/H] ~ —0.7): More metal-poor disky population that does not significantly
support the B/P shape of the bulge. C is associated to the hot and less dynamically
responsive inner thick disk at the time where the bar formed.
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e D ([Fe/H] ~ —1.2): Metal weak thick disk, similar to the thick disk seen in the solar
neighborhood.

e E ([Fe/H] ~ —1.7): Very metal-poor stars, associated to either a small classical bulge
component or the inner part of the stellar halo.

The interpretation of the ARGOS components and their kinematics has been discussed
by Di Matteo et al. (2014) and Di Matteo et al. (2015) who conclude that:

e A&B have both a disk origin, with B formed on average at larger radii than A. Since
the bar formation keeps record of the birth origin, an initial metallicity gradient in
the disk creates a correlation between birth radius and metallicity. A is associated
to the inner thin disk and B to the more extended parts of the thin disk (Di Matteo
et al. 2015), or to the young thick disk (< 8 Gyr, Haywood et al. 2013).

e C cannot be formed from thin disk stars. In a scenario where the bulge originates
from a pure thin disk with an initial metallicity gradient, Di Matteo et al. (2014)
show that the metal-poor stars would be dynamically hotter and would rotate faster
than the more metal-rich stars after bar formation. In the ARGOS data, C is found
to be rotating more slowly than B and thus cannot originate from the thin disk. The
fact that C does not show the split red clump is another piece of evidence that it
does not originate from the thin disk.

e C can hardly be associated to a classical bulge component and is therefore likely to
have a disk origin as well, probably the old thick disk (8 — 10 Gyr, Haywood et al.
2013).

Stars with [Fe/H] < —1, such as stars traced by the RRLyrae stars in the bulge, have
also a controversial origin. RRLyrae in the bulge have been found by Pietrukowicz et al.
(2015) to be bar-shaped and centrally concentrated. From spectroscopic measurements,
Kunder et al. (2016) found that they formed a hot population, with a velocity dispersion
of ~ 130kms~! and were only slowly rotating or not rotating at all. They conclude that
bulge RRLyrae stars are consistent with forming a small classical bulge component. Instead
Pérez-Villegas, Portail & Gerhard (2016) showed that both their density and kinematics
are consistent with what is expected from the inner part of the stellar halo that co-evolved
with the galactic bar.

In this context of controversies, the goal of this paper is two-fold. First, we aim at
presenting an extension of the M2M method for constructing chemodynamical models
fitted to galaxies by attaching chemical quantities to N-body orbits in a self-consistent
dynamical model. Such M2M chemodynamical models have the power to extract maximum
information from the data and could be a valuable tool in the near future for modelling
the data provided by the currently running and future large spectroscopic surveys in the
Galaxy. We focus here on the metallicity distribution but future applications extend the
modelling to other chemical quantities, such as [a/Fe] for example. This is described
in Section 5.2. Second, we aim at clarifying what available data can tell us about the
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present state of the inner Galaxy in the 7-dimensional extended phase-space of position,
velocity and metallicity by applying our chemodynamical M2M method in the galactic
bar region. We base the underlying dynamical model on P16. This model is a very
good representation of the inner Galaxy and provides us with a library of N-body orbits
which we use to fit the spatial and kinematic variations of the metallicity of stars as seen
in the ARGOS and APOGEE data. We describe this fitting procedure in Section 5.3
and show in Section 5.4 and Section 5.5 the spatial distribution and kinematics of the
different metallicity components in the inner Galaxy. We finally discuss possible formation
scenarios for the different metallicity components in the light of other works and conclude
in Section 5.6.

5.2 Made-to-measure chemodynamical modelling

5.2.1 The Made-to-Measure method

The Made-to-Measure method (M2M) is a particle-based modelling technique that allows
the creation of constrained equilibrium models (Syer & Tremaine 1996). Initially developed
to tailor N-body initial conditions (Syer & Tremaine 1996; Dehnen 2009), the M2M method
was adapted by De Lorenzi et al. (2007) to create dynamical models of real galaxies by
fitting observational data. The idea behind the M2M method is to slowly adapt the
particle weights of a N-body model in order to reproduce a given set of data. The N-
body weights, representing mass elements in phase-space in the classical N-body approach
are simultaneously seen as weighting factors of the N-body orbits on which the particles
are. The M2M method has the advantage to be applicable in complex systems like barred
galaxies where other modelling techniques such as moment-based methods (Binney, Davies
& Tllingworth 1990; Cappellari et al. 2009), classical distribution function-based methods
(Dejonghe 1984; Qian et al. 1995), actions-based methods (Binney 2010; Sanders & Binney
2013) or orbit-based methods (Schwarzschild 1979; Thomas et al. 2009) would be either
not applicable or very expensive.

Formally, we represent the equilibrium state of the Galaxy by its distribution function
f(x,v) and write any observable y as

y = /K(X, v)f(x,v) d*x d*v (5.1)
where x, v is the phase space vector and K is called the kernel of the observable. In the

M2M method, f(x,v) is approximated by a discrete sample of N particles with particle
weights w;(t). Equation 5.1 is then evaluated by

y(t) = Zwi(t) x K(xi(t), vi(t)) (5.2)

where (x;(t), v;(t)) is the phase-space coordinates of particle i at time ¢. In practice y(t)
is often noisy due to the limited number of particles in the model. A convenient way to
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significantly reduce the particle noise is to replace the observable y(t) by the temporally
smoothed observable g(t), defined as

g(t) = /y(t —7)x e “Tdr (5.3)

T

where « sets the temporal smoothing timescale.

The M2M method consist of adjusting the particle weights w; in order to maximize a
given profit function F. This is done through a simple gradient descent method where the
particle weights evolve with time according to

dt N ‘ 8w1

(5.4)

with € a numerical factor that sets the typical timescale of the weight evolution. The profit
function F' usually consists of a y? term that drives the model towards some data plus
possibly a regularization term for minimizing the broadening of the weight distribution.
After one decades of refinement this modelling technique is now mature and has been used
in both extragalactic (e.g. De Lorenzi et al. 2008, 2009; Das et al. 2011; Morganti et al.
2013; Zhu et al. 2014) and Galactic context (e.g. Bissantz, Debattista & Gerhard 2004;
Long et al. 2013; Hunt & Kawata 2014; Portail et al. 2015; P16).

5.2.2 Modelling the metallicity of stars

In regular M2M modelling f is simply a function of phase-space. The method can be
extended to chemodynamical models by introducing the metallicity dimension [Fe/H] into
the phase-space, changing Equation 5.2 into

y= /[FQ/H} /X’v K(x,v, [Fe/H)) f(x,v, [Fe/H]) d*x d*v d[Fe/H]. (5.5)

Several choices can be made in constructing a particle-based representation of f(x, v, [Fe/H]).
One possibility is to affect a single metallicity value [Fe/H], for each particle, and approxi-
mate f as the sum of delta functions f(x,v, [Fe/H]) = >, w; x§(x—x;) 6(v—v;) §([Fe/H] -
[Fe/H],). It is however not straightforward to derive a method for adjusting the single
metallicity value of each particle in order to drive the model towards the data. Instead we
adopt for each particle a Metallicity Distribution Function (MDF), denoted fipe/m,;, and
write the distribution function as

f(x,v,[Fe/H]) = Z w; X 6(x —%;) 0(v — ;) fimeyu)i([Fe/H]). (5.6)

We then model fipe/uj;([Fe/H]) as an expansion on some mathematical set of elementary
MDFs, common for all particles and thus represent fipe/uj:([Fe/H]) by a discrete set of
numbers. The choice of the number and form of the elementary MDFs is limited by both
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Table 5.1: Parameters of the four components of the particles MDF used to introduce the
metallicity in the M2M modelling, computed from Table 3 of Ness et al. (2013a).

a I5; v )
0

[Fe/H]% | 0.11 -0.28 -0.69 -1.18

Ox 0.12 0.13 0.15 0.14

physical and technical constraints. First, as discussed later in Section 5.3.2, stars with
different metallicities have different luminosity functions and thus usually have a different
probability to be detected by a given survey depending on its selection criteria. The set
of elementary MDF's should allow a faithful representation of the full MDF of stars in the
Galaxy, and not for example only in a limited metallicity range. Second, the number of
parameters used to represent the particles MDFs should be large enough to capture all
relevant variations as a function of metallicity shown by the fitted data, but also be as
small as possible to avoid degeneracies and computational overhead.

From the ARGOS data, Ness et al. (2013a) showed that the metallicity distribution
and its field-to-field variations across the bar region could be well represented by only
5 numbers, representing the varying amplitude of 5 Gaussians with approximately fixed
means and dispersions. Hence those Gaussians, denoted «, (3, v, d and € in the order of
decreasing metallicity form a suitable set of elementary MDF's for modelling the metallicity
distribution of any particle. For efficiency we neglect the Gaussian € since it represents only
about half a percent of all stars in the ARGOS survey and is thus very poorly constrained
by the data. Note that Gaussian components a-d were originally named components A-
D in Ness et al. (2013a). We chose here a different naming convention to highlight the
difference between the Gaussian components a-d, and the metallicity bins A-D introduced
by Ness et al. (2013b) and used later in Section 5.3.

The MDF of each particle is then modeled as

f[Fe/H],z‘ = Z wi,cg[[Fe/H]S,ac] (5.7)
cEa—0

where w . is the weights of the Gaussian component ¢ in the MDF of particle i, [Fe/H]"
and o, are the mean and standard deviation of the components and G, , is the Gaussian
distribution of mean p and standard deviation o. Adopted values for [Fe/H]? and o,
are quoted in Table 5.1 and correspond to the mean of the values determined by Ness
et al. (2013a) (see their Table 3). Note that we do not need to assume that the Gaussian
components a — ¢ are actual physical components of the Galaxy with different origin and
history. Their use is purely restricted to a mathematical set of elementary MDF's that

allow modelling reasonable particle MDF's with only four numbers per particle.
From the MDF of every particle we can evaluate any metallicity dependent observable

y on the model by
Yy = sz X Z Ki,cwi,c (58)

ceEa—0
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where

K. = o K (xi,vi, [Fe/H]) X Gpopmp o, ([Fe/H]) d[Fe/H]. (5.9)
The purpose of the kernel function K (x;,v;, [Fe/H]) is to limit the observable to a given
volume in phase-space and apply on the model any observational bias that can exist on the
real data the model is compared to. We describe in detail how we model these observational

bias for the ARGOS and APOGEE surveys in Section 5.3.

5.2.3 M2M fit of the MDF

The M2M adaptation of the particle MDF weights w; . is done in a similar fashion as the
M2M evolution of the physical weights of the particles. The components weights w; . are
evolved in the direction of the gradient of the profit function F' according to

dwi,c oF
= E:C _—
dt a’w@c

(5.10)

where €, set the strength of the MDF fitting.
As a profit function we adopt a simple chi-square given by

=2 (%) o

J

where the y;, Y; and o(Y]) are respectively the model observables, the data and its asso-
ciated errors. The w; . are additionally constrained to ) w;. = 1 for each particle. Note
that the weight adaptation described in Equation 5.10 requires some initial values for the
particle weights w; . to start with, as discussed in more detail in Section 5.3.1. For simplic-
ity, we keep the particle masses w; constant throughout the M2M fit and only adapt the
particle weights w; .. This is justified since our initial model is already a good dynamical
model of the entire galactic bar region, as described in the next section.

The M2M fit is performed in three successive phases. First the model observable are
initialized by evolving the N-body model for a time Tgpo0tn and computing the temporally
smoothed model observables. Then the model is evolved while adapting the weights w; .
for a time Typy. Finally the model is relaxed for a time T,q.y, to test the stability of
the M2M fit. By using an internal time unit (iu) in which a circular orbit at 4kpc has an
orbital period of unity, we adopt for Tgyooth, Tvom and Theax the respective values of 4, 40
and 16 iu. The temporal smoothing timescale is set to a = 1iu~! and the strength of the
MDF fitting to e, = 10iu*.

The weight evolution described by Equation 5.10 is performed iteratively by a first-
order integration with small time step 6t = 1072 iu. Between two iterations of the weight
adaptation procedure, the N-body model is integrated forward using an adaptive drift-
kick-drift leap-frog algorithm. The gravitational potential is computed directly from the
particle distribution (stellar and dark matter particles) using the hybrid grid method of
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Sellwood & Valluri (1997), modified in P16 for allowing better vertical resolution in the
bar region. We assume that the gravitational potential rotates at a constant pattern speed

of 40km s~ ! kpc™! corresponding to the pattern speed of the bar in the model of P16 that
matches both the BRAVA data in the bulge and the ARGOS data in the bar region.

5.3 Dynamical model and data constraints on the MDF

In this section we describe in detail the initial dynamical model used to provide the N-
body orbits onto which we fit the particle MDF's in Section 5.3.1 together with the two
spectroscopic datasets, the ARGOS survey in Section 5.3.2 and APOGEE surveys in Sec-
tion 5.3.3. We then describe and compare our fiducial model to the data, and present
variational models used to quantify systematic uncertainties.

5.3.1 Dynamical model of the galactic bar region

In P16 we presented the first non-parametric dynamical model of the entire bar region.
This model reproduces the 3D density of RCGs in the bulge from Wegg & Gerhard (2013),
the magnitude distributions of RCGs across the bar region from combination of the VVV,
UKIDSS and 2MASS surveys (Wegg, Gerhard & Portail 2015), together with stellar kine-
matics from the BRAVA, OGLE and ARGOS surveys. Including the kinematics as a
function of distance from the ARGOS survey we were able to recover the bar pattern
speed and the mass distribution of both stars and dark matter in the inner 5kpc of the
Galaxy, hence constraining the full effective potential in the galactic bar region. We base
our work on this model that provides a gravitational potential and a self-consistent library
of N-body orbits. note that throughout the chemodynamical M2M fit the particles masses
and the gravitational potential in the bar frame are both kept fixed. Figure 4.20 shows the
face-on surface density of this model. The bar rotates at = 40kms~! kpc™!, as required
to fit both the BRAVA kinematics in the bulge and the ARGOS radial velocity field in
the bar region, and has in the model a half-length of 5.30 & 0.36 kpc, in good agreement
with the determination of bar the half-length in the Milky Way of 5.0 4+ 0.2kpc by Wegg,
Gerhard & Portail (2015).

We introduce the metallicity of stars in the dynamical model by specifying for each
particle an initial value for the four weights w; .. We call these initial weights the “prior”
MDF although they do not correspond to a formal Bayesian prior. It is a priori unclear
how much the final result of a chemodynamical M2M fitting depends on the assumed prior
MDF, as the weights w; . are only allowed to change when traveling through a portion of
space constrained by the data. Since we focus on the bar region that is well covered by the
ARGOS survey, our fiducial choice for the prior MDF is w; o = 0.23, w; 3 = 0.43, w; , = 0.29
and w; s = 0.05, fractions that correspond to overall MDF of all the ARGOS stars. We
consider alternative priors and quantify their effects on the final results in Section 5.3.4.

The bar is oriented at an angle of 28° to the line of sight towards the Galactic Centre
(Wegg, Gerhard & Portail 2015). Following the recommendations of Bland-Hawthorn &
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Gerhard (2016) we place the Sun at Ry = 8.2kpc and assume that the Local Standard at
Rest (LSR) is on a circular orbit at V(Ry) = 238 kms~'. We adopt for the peculiar motion
of the Sun in the LSR the values of (U, V,W) = (11.1,12.24,7.25) kms~! as measured by
Schénrich, Binney & Dehnen (2010). Altogether these assumptions lead to a proper motion
of the Galactic Centre of 30.5kms~kpc~! consistent with the proper motion of SgrA* of
30.57 & 0.43km s~ kpc™! measured by Reid et al. (2014). All radial velocities quoted in
this work are expressed in the Galactocentric inertial frame. We re-transformed the radial
velocity measurements of the ARGOS and APOGEE surveys using our set of assumptions
since it differ from the traditional transformation used by many spectroscopic surveys. In
order to predict the selection function of the surveys and apply them when observing the
model we use the PARSEC isochrones (Bressan et al. 2012; Chen et al. 2014; Tang et al.
2014) and assume a 10 Gyr old population for a Kroupa IMF.

5.3.2 ARGOS as a function of distance and metallicity

The Abundance and Radial velocity Galactic Origin Survey (ARGOS) is a large spectro-
scopic survey of about 28000 stars of the galactic bulge and inner disk, designed to sample
RCGs all the way from the nearby disk (~ 4.5kpc from the Sun) to the far side of the
Galactic Centre (~ 13kpc form the Sun). The surveys covers lines of sight at longitudes
between [ = —20° and [ = 20° and latitudes between b = —5° and —10°, as shown in Fig-
ure 5.2. The ARGOS stars are selected from the 2MASS catalog according to a procedure
fully described in Freeman et al. (2013) for which we modeled the selection function in
P16. In brief, the ARGOS selection function consist of (i) a weight for each star and (ii)
a function of the extinction corrected magnitude C(Ky) for each field. The set of weights
comes from the fact that for each field an equal number of stars were selected in three
magnitude bins in order to sample the full range of distance from the nearby disk to the
far side of the bulge. The selection function as a function of magnitude represents the
probability for a star to pass the various selection criteria of the survey, thus taking into
account the magnitudes and color cuts, high-quality imaging criteria and incompleteness
of the input catalog that altogether bias the survey towards nearby stars. Details about
the modelling of the ARGOS selection function can be found in P16.

From the medium resolution spectra of the ARGOS stars, Ness et al. (2013a) estimated
various stellar parameters including the radial velocity and the metallicity with a typical
error of 1kms™! and 0.1 dex respectively. Since the ARGOS stars are primarily RCGs
which are approximate standard candles, we can infer accurate stellar distances from their
photometry. We adopt an absolute magnitude of Mg, rcq = —1.72 as found by Wegg &
Gerhard (2013) in the bulge, and bin stars as a function of distance. In P16 we constructed
the ARGOS radial velocity field by computing for each survey field the mean velocity and
velocity dispersion of the stars in several distance modulus bins of 0.25 mag along the line
of sight. We adopt here the same distance bins as P16 and since the number of stars per
distance bin is typically ~ 80 — 100 in each field, we can bin further in the metallicity
space.

Following Ness et al. (2013b) we define four metallicity bins of A[Fe/H] = 0.5 dex called
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Figure 5.1: Gaussian components o — 0 vs metallicity bins A-D. The observed example
MDF (histogram) is binned in four bins A-D shown by the color bands. From the number
count in each band we can compute the four components weights w, of the Gaussians o — 9
(see Table 5.1) that gives the same counts in the same bands (colored solid lines). The
resulting MDF (black line) is a very good representation of the underlying histograms and
justify our use of the Gaussians as a set of elementary MDFs to model the particle MDFs.



[ ARGOS 1 APOGEE -~ RCG density VVV+UKIDSS+2MASS

15

10

............

S OO g mPooog O
D D D ........ | D, D
-0 o o :

_15 1 1 1 1 1 1 1
30 20 10 0 —10 —20 —30

! [deg]

—10

Figure 5.2: Spatial coverage in galactic coordinates of the datasets used to constrain the MDF in the model. Red squares
show the ARGOS fields, constraining the three-dimensional spatial and kinematic variations of metallicity (i.e. on the sky
and also as a function of line of sight distance, see Section 5.3.2). Blue circles show the APOGEE fields, constraining the
spatial and kinematic variations of metallicity integrated along the line of sight (Section 5.3.3). The dashed box and grey
regions show the coverage of the 3D density of RCGs in the bulge and the magnitude distributions of RCGs from VVV
+ UKIDSS + 2MASS used in P16 to constrain the dynamical model.
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A-D ranging from 0.5 > [Fe/H] > 0 (A), 0 > [Fe/H] > —0.5 (B), —0.5 > [Fe/H] > —1 (C)
and —1 > [Fe/H|] > —1.5 (D). Binning the stars has the advantage of avoiding correlations
between data points and is therefore better suited to the x? minimization of the M2M
method. Figure 5.1 highlights the difference between the metallicity components o — 9
introduced in Section 5.2.2 and the metallicity bins introduced here. The histogram shows
a typical MDF observed in a field towards the bulge. By binning the stars in the four
bins A-D we obtain a low resolution version of the MDF. However, this low resolution
MDF is not a faithful representation of the real underlying MDF, which for example has
many more stars close to the lower end of the bin than close to the higher end in bin A.
A more faithful representation of the MDF is obtained using the set of elementary MDF's
a — 0. From the counts in the four bins A-D we search for the four weights w. of the
Gaussian components a-d that have the same counts in the same bins. Summing up the
Gaussian components we obtain a MDF, constructed from 4 numbers only, that is a very
good representation of the underlying histogram. The relation between the count in bins
A-D and the components weights is given by a 4 x 4 matrix that is mostly diagonal.

For a field indexed by 7, distance bin indexed by d and metallicity bin m we compute
the following three quantities

1. The fraction f; 4, of the observed stars in distance bin d of field j that have metal-
licities within bin m

2. Mean velocity v; 4, of the stars considered above
3. Velocity dispersion o 4,, of the stars considered above

Errors of fjam, Vjam and 0jq., are computed from 1000 bootstrap resampling, and bins
with less than 10 stars are excluded from further consideration, to avoid underestimate of
the dispersion potentially arising from low number statistics. In some fields and metallicity
bins there are not enough stars in the ARGOS sample to also bin in distance. Hence for
each field j and metallicity bin m we also compute the three similar quantities noted
fims Vjm and o, corresponding to the fraction, mean velocity and velocity dispersion
of stars integrated along the line of sight. f;4m, Vjam and o4, are shown respectively
in Figures 5.4, 5.5 and 5.6 together with our fiducial chemodynamical model described in
Section 5.3.4.

In order to compare the model to the data we need to form model observables that
are the model equivalent quantities of f;4m, Vjam and 0j4,. We do so we first turn
the model particles into mock stars, then apply the ARGOS selection function and finally
reproduce the procedure of estimating the distance of an observed star assuming it is a
RCG. This procedure is described in detail in P16 and will only be outlined here. For a
given particle, we simulate a mock stellar population and use the isochrones in combination
with the selection function to predict the magnitude distribution of ARGOS mock stars,
i.e. RCGs on top of a background of giant stars. We then apply the distance estimation
based on the RCG magnitude as we do for the ARGOS stars and simulate an inferred
distribution of distance of the particle. This distribution called f;(1) in P16 encloses
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Figure 5.3: Distribution of observed distances for mocks stars drawn a particle at distance
modulus g = 14.0 for the metallicity distributions of the Gaussian components a — 9.
Metal-rich RCGs are typically brighter than more metal-poor stars RCGs and appear
therefore closer.

all selection and stellar population effects but do not depend on metallicity. Here we
extend f;(u) to fi(u, [Fe/H]) taking into account the fact that the luminosity function of
different metallicities is slightly different: more metal-rich RCGs are brighter than more
metal-poor RCGs. The effect of metallicity is illustrated in Figure 5.3 where we show the
inferred distance distributions of a particle at 4 = 14.0 for different metallicity distributions
corresponding to the four elementary MDF components a—4§. More metal-rich stars appear
at closer distances than more metal-poor stars.

We finally define our NMAGIC kernel observables to be used in Equation 5.9 as the
number count and first and second mass weighted velocity moments given by the following
equations for a field 7, a distance bin d and a metallicity bin m.

K ™0 (z:) = 600505 (=) (5.12)
FARCOS ()
ARGOS,1 dm (Z
Kj,d,m (Zi): jI/V,ARGOS X V; (513)

J,d;m
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and FARGOS )
ARGOS, dm  \Zi
Kjgm " (2) = jVVARGOS X Vi (5.14)
where z; is the extended phase-space vector of particle ¢ and v; its radial velocity. W]Aan%OS
is given by
WARGOS = széﬁ,ios 2 (5.15)
and 071095 (z,) by
JE Y Fip, [Fe/H]) dpif i € field j
g = and [Fe/H] in bin m, (5.16)

0 otherwise

with u(d) and u(d + 1) the boundaries of the distance modulus bin d. NMAGIC kernels
for data integrated along the line of sight are defined in a similar way.

5.3.3 APOGEE as a function of metallicity

The Apache Point Observatory Galactic Evolution Experiment (APOGEE) is a high reso-
lution spectroscopic survey designed to sample a large number of stars (~ 1.5 x 10°) in all
possible galactic environments, from the stellar halo to the disk and the bulge (Eisenstein
et al. 2011; Majewski 2012). APOGEE operates in the near-infrared and is therefore able
to pierce through highly dust obscured regions. Among the ~ 1.5 x 10° stars about 10* are
located in fields towards the bulge and long bar, some of which are directly in the galactic
plane. We thus use APOGEE to complement ARGOS in the galactic plane, in the fields
shown in Figure 5.2. We use the stellar parameters and spectroscopic distances of stars
in the APOGEE bulge and bar fields determined by Ness et al. (2016) from the publicly
available spectra of DR12 using the machine learning method The Cannon (Ness et al.
2015). The APOGEE bar and bulge fields do not contain enough stars for binning both in
distance and metallicity. We thus consider for each field only a single distance bin ranging
from 4kpc to 12kpc from the Sun and bin the stars in the four metallicity bins A-D. As
in Section 5.3.2 we construct for each APOGEE field the quantities fj,,, v, and oj,
corresponding to the fraction, mean velocity and dispersion of the observed stars of field j
that have metallicities within bin m.

The APOGEE survey is targeted at bright red giants selected from the 2MASS cata-
logue according to a complex procedure fully described in Zasowski et al. (2013). To fairly
compare the model to the APOGEE data we need to model the distance and metallicity
biases introduced by the APOGEE selection criteria. Luckily Bovy (2016) and Bovy et al.
(2016a) computed and made available the APOGEE selection function for any kind of
tracer stellar population. Assuming a 10 Gyr old population and a Kroupa IMF we com-
pute for each field the fraction of stars selected in the APOGEE survey as a function of
distance and metallicity. This provides us directly with the function f;(u, [Fe/H]) already
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used to define the ARGOS kernels in Equation 5.16. Hence our APOGEE kernels are
basically the same as Equation 5.16 with the exception that we have only one large bin in
distance covering all the way from 4kpc to 12kpc along the line of sight. f;,,, v;,, and
0jm are shown respectively in Figures 5.7, 5.8 and 5.9 together with our fiducial M2M
chemodynamical model described in the next subsection.

5.3.4 Fiducial and variation models

Our fiducial model is obtained by fitting the best fitting dynamical model of P16 to the
ARGOS and APOGEE data using the M2M chemodynamical method described in Sec-
tion 5.2.

Figures 5.4, 5.5 and 5.6 show respectively the comparison between our fiducial model
and the ARGOS data for the fraction of stars in each metallicity and distance bin f; 4.,
their mean radial velocity v, 4, and radial velocity dispersion o, 4,,. The distance dis-
tribution of the metallicity bins B and C are remarkably well fitted. Our model slightly
overpredicts A in the central field along the minor axis at b = —5°, which is also the field
most affected by selection effects. The kinematics is also well fitted and reproduces the
main trends as a function of metallicity already described by Ness et al. (2013b): B is a
hotter and slightly faster replica of A while C and D are hotter and slower than both B and
A at |b| = 5°. We note however that the model systematically overpredicts the dispersion
of the very cold metallicity bin A by about 10 kms™!.

Similarly, Figures 5.7, 5.8 and 5.9 show respectively the comparison of our model with
the fraction f;,,, mean radial velocity v;,, and radial velocity dispersion ¢} ,, as computed
from the APOGEE data. In all metallicity bins the model performs reasonably well at
reproducing the data. We note however in metallicity bin A that the model tends to
systematically underpredict the fraction of stars, opposite trend to the one found in the
ARGOS data. This disagreement here is probably due to a slight inconsistency between
the two datasets, possibly originating from systematic effects in the selection function or
from a difference in the upper end of the metallicity scales in ARGOS and APOGEE.

Our fiducial model is based on modelling assumptions whose effects need to be quan-
tified before analyzing the spatial and kinematic distribution of the different metallicity
components in the inner Galaxy. To this end we repeated the modelling for five alternative
models with different assumptions as described below:

(i) and (ii) As already mentioned in Section 5.3.1, part of the Galaxy is not constrained
by our datasets and therefore the model partly depends on the prior MDF distri-
bution assumed. We thus consider two variations of the prior distribution, the first
corresponding to “flat-priors” where we initialize all w; . to 0.25 and a second more
complex corresponding for each particle to the values determined from the MDF at
the position of the particle in the Besangon Galaxy Model (Robin et al. 2003).

(iii) The APOGEE sample is subject to a severe metallicity bias in the inner Galaxy, as
discussed in the appendix of Hayden et al. (2015) and shown very clearly in Fig.
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2 of Ness et al. (2016). Only few stars in the APOGEE fields towards the bulge
are actually in the bulge, and those are preferentially metal-poor stars. This bias
against metal-rich stars is already modeled by the APOGEE selection function but is
also somewhat uncertain since it relies on stellar population models and assumptions
about the IMF and age of the stellar population in the inner part of the Galaxy.
Hayden et al. (2015) showed that this bias could be reduced by removing from the
sample all stars with logg < 1dex. We thus repeat the fitting using this cut in
surface gravity and modify the selection function accordingly.

(iv) and (v) When using APOGEE in combination with ARGOS we might expect a
systematic difference in the metallicity scales of the two surveys. Such differences in
scale are always present between different spectroscopic surveys and Smiljanic et al.
(2014) showed that even when analyzing the exact same spectra, different working
groups would measure [Fe/H] with systematic variations of ~ 0.1dex. There are
not enough stars in common between ARGOS and APOGEE to empirically derive a
relation between the two metallicity scales. Thus we limit ourself to the first order
and consider two alternative APOGEE datasets where values for [Fe/H] are offsets
by £0.1 dex.

In all the following we will use the standard deviation of the results provided by the
fiducial model plus its five variations as a measure of the systematic uncertainty affecting
our results.



15.5

15.0

14.5

3

14.0 |

135

13.0

15.5

15.0

14.5
3

14.0

135

13.0

0.

f

f
B A

1B

S

B C

f

B D

S

l = 100 — _100 — _200
0 03 06 0.9 0 03 06 0.9 0 O 3 0.6 0 9 .0 0.3 0.6 0.9
00 03 06 09 00 03 06 09 00 03 06 09 00 03 06 09 00 03 06 0.9

b= —5°

b= —10°

Figure 5.4: Fraction of each metallicity bin as a function of distance modulus for our fiducial model, compared to the
ARGOS data. The first (second) row shows fields at b = —5° (b = —10°) for [ between 20° and —20°, thus covering the
bar region. The shaded area indicates the boundary of the volume within 2.5kpc from the Galactic Centre.

c91

Axeren) Jouuy 9y} Jo SUI[[OPOJA [BdIWRUAPOWSY)) G



15.5

[ =20°

N

b= —5°

——

1
-
15.0 | 1 F \ 4k
— e 1 h}-.-r‘_._q —_— ——
14.5 1 F L I” 1 F 1 r_ 1l .
14.0 | . -_*n/ 1 1 F .
13.5} , *q 1 b . ?_""be_ﬂ 1 F h_:"' .
1 N '-_J'_' - " !

]_30 1 1 1 1 1 1 1 1 1 1 1
90 120 150 18030 60 90

15.5 . . T

b= —10°

15.0

145k '
3

140

135

130 ] 1 1 1 ] 1 1 ] 1 1 1 1 1 1 ]
90 120 150 30 60 90 120 -30 O 30 —120-90 —60 —30 —150—120 —90
v [km.s™!] v [km.s™!] v [km.s™!] v [km.s™!] v [km.s™!]
N A 1B Bl C B D

Figure 5.5: Mean radial velocity as a function of distance modulus for the four metallicity bins, compared to the ARGOS
data. The first (second) row shows fields at b = —5° (b = —10°) for [ between 20° and —20°, thus covering the bar region.
The shaded area indicates the boundary of the volume within 2.5 kpc from the Galactic Centre.

AN @Y? UO SHUIeI)suod ejep pue [OpouUl [EIIWRUA(] €°C

€91



15.5

15.0

14.5

14.0

13.5

13.0

15.5

15.0

14.5

14.0

13.5

13.0

.

[=0°
| 1 1 1 1 1 1 1 1 I’_._il‘—.I | | 1 i | 1 1 1 1 1
30 60 90 12 30 60 90 120 30 60 90 120 30 60 90 120

30 60 90 12 30 60 90 120 30 60 90 120 30 60 90 120 30 60 90 120
o [km.s™!] o [km.s™!] o [km.s™!] o [km.s™!] o [km.s™!]
B A [ B B C B D

b= —5°

b= —10°

Figure 5.6: Radial velocity dispersion as a function of distance modulus for the four metallicity bins, compared to the
ARGOS data. The first (second) row shows fields at b = —5° (b = —10°) for [ between 20° and —20°, thus covering the
bar region. The shaded area indicates the boundary of the volume within 2.5kpc from the Galactic Centre.

V91

Axe[er) Jouuj oY} JOo SUI[[OPOJA [eIWRUApOWRY) G



5.3 Dynamical model and data constraints on the MDF 165

/
0.00 0.15 0.30 0.45 0.60
T 20 : T
D Model
15 T T T la‘tlal T T T T T T |()d‘|e T T T
o} @ e | O o |
o ° ® °
5t coe 1t .
< 0 0@ sse _° 1| o® $3ees ]
oo 90
51 0@ 1t i
“w0f @ 119 ]
o o0 o o0
_15 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
15 6 T T T T T T T T T T T T T T T
10 11 ]
®
5L 4L 4
o of o 1t i
—5t {1t -
“w0} @ 1L @ ]
—15 (IR TR SN SN T N N (AR TR SN SR M M N
15 T T T T T T ‘ T T T T T T T ‘ T
10} 1t ]
I 00 o 11 e® I
o o e® o8 o22f 1+ ee g 33 :
;| o® || o® |
—10k 1L 4
—-15 1 I I I 1 e I I I I I 1L®a 1
15 T T T T T T T T T T T T T T
ol @ s ]| e s ]
o % o [ ) o o
i “Q.? 1T “Q.? ]
o ol ¢ 11 ¢ |
sl ‘e || ‘e’ |
_10} @ 1L @ ]
_ [ R R |'.| L1 [ R R |'.| L1
30 25201510 5 0 -5 30 2520 1510 5 0 -5

L] L[]
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5.4 Spatial distribution of the metallicity in the inner
Galaxy

In this section we show how stars in the four ARGOS metallicity bins are spatially dis-
tributed in the Galaxy. To recall, the metallicity bins A, B, C and D correspond respec-
tively to 0.5 > [Fe/H] > 0 (A), 0 > [Fe/H] > —0.5 (B), —0.5 > [Fe/H] > —1 (C) and
—1> [Fe/H] > —1.5 (D).

5.4.1 The 3D distribution of metallicity

The surface density in face-on and side-on projections of our fiducial model in the four
metallicity bins A-D are shown in Figure 5.10. White regions indicates parts of the Galaxy
where the systematic uncertainties are larger than 10%. The component A appears to be
concentrated to the plane and is strongly bar shaped. The hammer-like shape of the bar
ends is similar to the shape of the superthin bar component, discovered in the VVV +
UKIDSS +2MASS data by Wegg, Gerhard & Portail (2015). This hammer-shape shape
is confined to the plane and although being very clear in the midplane density, it is usu-
ally absent in the total surface density because of the mass distribution above and below
the plane (see Figure 4.20 for example). We thus speculate that the superthin compo-
nent is significantly metal-rich. The component B is also strongly bar shaped but is less
concentrated to the plane and does not contain a significant fraction of the superthin bar
component. In addition, A and B both have a B/P shape in the bulge, as already claimed
by Ness et al. (2012).

C and D are much more extended vertically, are both slightly bar shaped, but do not
show any significant B/P shape in the bulge. They represent only a small fraction of
stars in the plane and are therefore more uncertain there. From its side-on projection
in Figure 5.10, C is found to have a vertical flattening of ~ 0.3, making it more likely
to be associated to a thick disk rather than an old classical spheroid. D is quite poorly
constrained by our data (~ 5% of the ARGOS stars) and appears only at heights > 1kpc.

Another perspective at the spatial distribution of the different metallicities in the
Galaxy is given in the galactic coordinates projections of Figure 5.11. C and D have
only slightly asymmetric projections in galactic coordinates, indicating that they do not
significantly support the B/P shape. B is found to be very similar to a thicker replica
of A. Finally, we provide in Figure 5.12 an axisymetric average of the 3D density of each
component, shown in the meridional plane. This figure better highlights the internal verti-
cal structure and clearly shows the gradual thickening of the components with decreasing
metallicities. Note that is this figure, the peanut-like contours seen in components C
and D are not associated with the peanut shape of the bulge but instead arise from the
axisymmetric average of slightly barred densities.
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Figure 5.10: Face-on and side-on surface densities of the fiducial model in the four metallic-
ity bins obtained after fitting the ARGOS and APOGEE metallicity data. Regions where
systematic uncertainties are larger than 10% are masked.
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5.4.2 Metallicity gradients in the bar region

The presence of a vertical metallicity gradient along the minor axis of the galactic bulge
was first reported by Minniti et al. (1995). They derived the metallicity of many K gi-
ants at 1.5 — 1.7kpc from the galactic plane and, by comparing to previous metallicity
measurements in Baade’s window, concluded the presence of a vertical gradient estimated
to —0.35dex. kpc™!. Later studies confirmed the presence of a gradient although its mag-
nitude has a large scatter in the literature. Zoccali et al. (2008) observed a gradient of
—0.6dex.kpc™! from bulge K giants between b = —4° and b = —6°, while Ness et al.
(2013a) finds a gradient of —0.45 dex. kpc ™' from 2000 ARGOS stars between b = —5° and
b = —10°. In addition Rich et al. (2007) found evidence for a flattening of the metallicity
gradient between b = —1° and b = —4°. This flattening is also well recovered by the first
continuous metallicity maps of the bulge by Gonzalez et al. (2011b) and Gonzalez et al.
(2013) who derived photometric metallicities of red giants across the entire bulge from
2MASS and VVV, finding an overall gradient of —0.28 dex.kpc™! for latitudes between
b= —2°and b= —10°.

In Figure 5.13 we show maps the mean metallicity and metallicity dispersion of our
fiducial model in both galactic projection and azimuthal averaged on the meridional plane.
In the plane for |b| < 5°, the mean metallicity of the model is quite uncertain since in
addition of having a broad MDF with a dispersion of ~ 0.35 dex, it is only constrained by
the APOGEE data which struggles to reach the bulge. Above or below 5° the presence
of a vertical gradient in the central region is very clear. Along the minor axis of the
bulge, including only stars between 6kpc and 10kpc along the line of sight, we find a
vertical gradient of the mean metallicity in the bulge between |[b| = 5° and |[b] = 10° of
—0.42 4+ 0.03dex. kpc™!, in good agreement with values from Ness et al. (2013a). This
gradient is however slightly larger than the photometric gradient measured by Gonzalez
et al. (2013) although the latitude range in the latter study includes part of the strip at |b| <
4° where the metallicity gradient flattens. Note that the gradient of the median metallicity
differs from that of the mean, being for our fiducial model only —0.30 £ 0.02 dex. kpc™ in
the bulge.

The shape of the B/P bulge is also visible at all heights in Figure 5.13, supporting the
idea that the vertical metallicity gradient in the bulge is actually produced by a change in
the relative amplitude between the two main metal-rich components A and B forming the
B/P bulge, rather than a gradual change in the relative amplitude of a unique metal-rich
bulge (A & B together) to a more metal-poor surrounding (C & D together). Outside
the bulge, the mean metallicity only slowly changes with radius, with slight signs of flar-
ing for galactocentric distances larger than 3 — 4kpc, as also found by Bovy (2016) who
showed from APOGEE RCGs that the scale height of more metal-poor stars increases with
increasing radius.
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Figure 5.13: Mean metallicity (top) and its standard deviation (bottom) in galactic pro-

jection (left) and azimuthal average (right).
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5.5 Kinematic distribution of the metallicity in the
Galaxy

In this section we show how stars in the different metallicity bins differ by their kinematics
and orbital properties. As already pointed by Babusiaux et al. (2010) and Ness et al.
(2013b), metal-rich stars with [Fe/H] > —0.5 (i.e A and B) have very different kinematics
than more metal-poor stars with [Fe/H] < —0.5 (i.e C and D). We now analyze in detail
these two main groups separately using our fiducial chemodynamical model of Section 5.3.4.

5.5.1 Bar-like kinematics of metal-rich stars

A and B are found in the ARGOS data to be similar to each other, as shown by Ness et al.
(2013b). They are both rapidly and cylindrically rotating, i.e with only weak variations as
a function of latitude. They have similar dispersion profiles, both steeply rising towards
the center. B is found in the ARGOS data to rotate slightly faster than A, with a central
dispersion about 20 kms™! higher at the center. Their kinematic similarities have been
interpreted as an indication of a common thin disk origin. The simulations of Di Matteo
et al. (2014) showed that starting from an initial disk with a radial metallicity gradient,
stars that formed on average at larger radii would be mapped after bar formation and
buckling into a more metal-poor stellar population that would exhibit faster rotation and
higher dispersion. Thus B and A are believed to originate from the same disk, with B
composed of stars that formed on average at larger radii than the stars that compose A.

This simple picture however does not entirely capture the trend we see in our fiducial
chemodynamical model. We show in Figure 5.14 maps in galactic coordinates of the mean
radial velocity and velocity dispersion of components A and B, integrating along the line of
sight between 3 and 12 kpc from the Sun. We see that B is indeed faster than A for b > 5°
where the ARGOS fields are located, but not in the plane for b < 5° where we find the
inverse trend, with A being about 10 kms™! faster than B at [ = 20°. This result is likely
to be originating from the complex orbital structure of the in-plane bar, mostly populated
by component A. Although the study of the orbital structure of the bulge and bar in the
dynamical model of P16 is beyond the scope of this paper, we can investigate the origin
of this separate relative behavior of A and B in the plane by experimenting with various
cuts in the model. Doing so we find that the particles that are responsible for A being
faster than B in the plane are located less than 2kpc away from the bar major axis, and
predominantly along the rear-side of the bar. These particles produce a high-velocity tail
in the line of sight distributions, thus shifting the mean velocity of component A to higher
values. We thus speculate that the faster rotation of A in the plane is likely to be caused
by the complex orbital structure of the bar, in possible relation with the orbits found by
Aumer & Schonrich (2015) to be at the origin of the high velocity peak observed in the
APOGEE data for [ = 4° — 14° and |b| < 2°. Note however that the model only shows a
high velocity tail, with no sign for a separate high-velocity peak. A detailed orbit analysis
would be required to investigate the cause of the fast rotation of A further.
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Figure 5.14: Upper four panels: Maps of the mean radial velocity (left) and velocity
dispersion (right) for component A (top) and B (bottom). Since and A and B are have
similar kinematics, we show in the bottom two panels the difference maps between B and
A. B is hotter and rotates faster than A for |b] > 5°, as reported in Ness et al. (2013b). We

find however that B appears to rotate slower than A for |b| < 5°. Regions where systematic
uncertainties are larger than 2kms~—! are masked.
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Figure 5.15: Fraction of the surface density of components A (top) and B (bottom) in
galactic coordinates that originates from bar-supporting orbits. The support of component
A to the B/P shape of the bulge is beautifully striking.

In the face-on views of Figure 5.10 it is clear that neither A nor B form the bar by
itself. Instead both metallicity components have a fraction of stars that follow the bar and
a fraction of stars that do not, instead forming the inner disk in the bar region. To isolate
the bar from the inner disk we first classify the N-body orbits of the model of P16 into
two classes, the bar-supporting orbits and the not bar-supporting orbits. Following the
method of Portail, Wegg & Gerhard (2015), we identify the bar-supporting orbits as the
orbits for which f,./f, =2+0.1, where f, and f, are respectively the dominant frequency
of the oscillations of the cylindrical radius and bar major axis coordinate along the orbits.
In Figure 5.15 we show for components A and B the fraction of the surface density in
galactic coordinates that originates from bar supporting orbits. Both components exhibit
an increase of bar supporting orbits towards the corners of the bulge, as expected from
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Figure 5.16: Mean radial velocity (left) and velocity dispersion (right) of metallicity bins

C (top) and D (bottom). Regions where systematic uncertainties are larger than 3kms™!
are masked.

orbits supporting the B/P shape of the bulge. Note that for component A about half the
stars in this “orbital X-shape” are supporting the bar.

How are the bar and inner disk orbits populated by the different metallicity bins? Using
our orbit classification we find that the galactic bar is composed at 50% = 5% of stars with
metallicities within bin A, 33% 4 3% of stars with metallicities within bin B, and only
14% £ 2% and 3% 4 1% of stars with metallicities within bin C and D respectively. For the
inner disk, the fractions of stars in A, B C and D are respectively 40% =+ 3%, 44% =4 2%,
14%4+1% and 2%=+1%. Note that although B is found in Ness et al. (2013b) to be the main
component of the MDF in ARGOS survey, A is found to be the main mass component of
the bar and has a similar role as B in building the inner disk.

5.5.2 Kinematics of the metal-poor stars

The metal-poor stars, often defined by [Fe/H| < —0.5, have been shown to be kinematically
distinct from their metal-rich counterpart. They are generally rotating more slowly and
have a higher dispersion. This kinematic separation between metal-rich and metal-poor
stars indicates the presence of at least two separate populations in the inner Galaxy, where
metal-poor stars cannot be seen as just the metal-poor tail of a single population with
a broad MDF. This is illustrated in more detail in Figure 5.16 where we show maps of
the mean radial velocity and velocity dispersion of components C and D from our fiducial
model. By comparing with Figure 5.14, both C and D appear to have a higher dispersion
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than their surrounding, except in the central few degrees where the metal-rich components
have larger dispersions, caused by their bar supporting orbits. Because of their hot kine-
matics, C and D are less responsive to the barred potential than A and B and thus do no
significantly support the bar. We note however that metal-poor stars with [Fe/H] < —0.5
do not share a unique kinematic behavior but rather show smoothly evolving trends with
metallicity. In the ARGOS data, component C at b = —5° reaches a mean velocity of
~ 120kms~! at [ = 20° while component D reaches only ~ 70 kms™!.

Smooth kinematic transitions are expected since the underlying physical components
present in the inner Galaxy are likely to overlap in metallicity space. Several of such metal-
poor components are expected or suspected to be present in the inner Galaxy. The thick
disk is found to be metal-poor in the solar neighborhood with [Fe/H] ~ —0.7 (Bensby et al.
2007) and since Cheng et al. (2012) observed from SEGUE stars that the radial metallicity
gradient in the disk flattens above 1 kpc from the plane, the thick disk is likely to compose a
fraction of the metal-poor stars in the inner Galaxy. The stellar halo is also a candidate for a
metal-poor stellar population in the inner Galaxy. Between 7 and 25 kpc from the Galactic
Centre the stellar halo is found to have a mean metallicity of [Fe/H] ~ —1.4 (Torrealba
et al. 2014) and a steep radial profile p(r) oc r—3(Wetterer & McGraw 1996; Juri¢ et al.
2008). The inner stellar halo would therefore also be part of the components C and D.
Finally, we might also expect the presence of a classical bulge component, remaining of early
mergers which would also be metal-poor. The RRLyrae stars in the bulge, observed by
Pietrukowicz et al. (2015), and claimed from their kinematics to be candidate for classical
bulge stars by Kunder et al. (2016), have a narrow MDF centered on [Fe/H] = —1 and
would thus also contribute to both C and D. Note however that Pérez-Villegas, Portail
& Gerhard (2016) showed that both the density and kinematics of RRLyrae stars in the
bulge are also consistent with what would be expected for the inner part of the stellar halo.

This smooth evolution of kinematics as a function of metallicity is illustrated in Fig-
ure 5.17 where we show the vertex deviation in Baade’s window 6,.; of our model compared
to the data from Soto, Rich & Kuijken (2007) and Babusiaux et al. (2010). The vertex
deviation 6, is defined by

202,
tan (207,70 = m (517)
T l

where 02,, 02 and o} are respectively the covariances of the radial velocity and proper

motion dispersion in the longitudinal direction, with their two associated variances. The
vertex deviation represents the angle of the principal axis of the velocity ellipsoid in non-
isotropic cases. It is clear in Figure 5.17 that 0, is significantly non-zero for stars with
[Fe/H] > —0.5 while gradually transition to zero for more metal-poor stars. Our fiducial
model reproduces the observed evolution of 6,; with metallicity well, providing a good fit
to the data although not directly fitted to it.

The absence of a significant vertex deviation for —1 < [Fe/H] < —0.5 (C) has been
interpreted by Soto, Rich & Kuijken (2007) and Babusiaux et al. (2010) as a signature
of the presence of an old metal-poor spheroid. This interpretation can be questioned by
our model for which component C is found to have no significant vertex deviation 6,; but
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Figure 5.17: Vertex deviation ¢;, in Baade’s window as a function of metallicity for our
fiducial model compared to the data of Babusiaux et al. (2010) and Soto, Rich & Kuijken
(2007). In computing the model predictions we include only stellar particles between
6 kpc and 10kpc away along the line of sight. The shaded area indicates the one sigma
statistical error on the model vertex deviation. The large errors in the model predictions
at low metallicity arise from the fact that o and o7 are increasingly closer to each other
with decreasing [Fe/H].



180 5. Chemodynamical Modelling of the Inner Galaxy

has a spatial distribution and kinematics similar to that of a disk rather than that of a
spheroid. Indeed, C was found in Section 5.4.1 to have a vertical flattening of ~ 0.3, quite
extreme for a classical bulge according to external galaxies (Kormendy & Kennicutt 2004)
or simulations (Saha, Martinez-Valpuesta & Gerhard 2012). In addition, C is shown in
Figure 5.16 to be cylindrically rotating, with a rotation only slightly slower than that of the
metal-rich components. Nevertheless, the contribution of a classical bulge to component
C cannot be completely ruled out. N-body simulations by Saha, Martinez-Valpuesta &
Gerhard (2012) showed that an initially non-rotating classical bulge could gain a significant
amount of angular momentum transfer through resonances with the bar and thus develop
fast and cylindrical rotation. Predictions for the signature of a classical bulge in the inner
Galaxy will be shown in a later paper (Wegg et al. 2016, in preparation). We conclude
from our model that C is likely to host the contribution of several metal-poor components
overlapping: a thick disk, the inner part of the stellar halo and a possible contribution
from a classical bulge. Its disk-like spatial distribution and kinematics however suggests
that it is highly dominated by thick disk stars.

Little can be reliably said from our model about component D since it is only poorly
constrained by the data. D is found in the model to be cylindrically rotating, but at a
slower rate than C and has a dispersion that varies only slightly in the inner 10° of the
Galaxy. Differences between C and D are likely to highlight different contributions of the
underlying metal-poor stellar population described above. More data would be required
to investigate the metal-poor stars further.

5.6 Discussion and conclusion

We presented an extension of the Made-to-Measure (M2M) method for modelling self-
consistent equilibrium chemodynamical models of galaxies. Its application in the inner
Milky Way results in the first chemodynamical particle model fitted to chemo-kinematic
data in the bulge and bar. Such chemodynamical models will be invaluable in the near-
future for interpreting chemical abundances and stellar parameters provided by the many
on-going and future large-scale spectroscopic surveys of the Galaxy. Indeed, M2M chemo-
dynamical models allow to maximize the information extracted from spectroscopic data by
containing at once the spatial distribution and kinematics of stars with the orbital distribu-
tion of a self-consistent dynamical model. Since it is built upon the standard M2M method,
it is flexible enough to be applicable to complex systems such as the inner barred galactic
disk, where other modelling technique would be either not applicable or too complex.

We applied the method based on the dynamical model of the bar region recently made
by Portail et al. (2016), and successfully reproduced the spatial and kinematic variations of
the metallicities of stars seen in the ARGOS and APOGEE surveys. Our chemodynamical
model allows us to the study of the different metallicity components in great detail, from
the 3D density distributions of the components to distinct features in their kinematics and
to their origins in term of orbital structure. Summarizing the properties of the different
metallicity components in the inner 5kpc of the Galaxy, as found in our model, but also
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in the light of the work of Ness et al. (2013a,b) and Di Matteo et al. (2014, 2015), we
conclude the following:

A (0.5 > [Fe/H] > 0): We find that A is the main metallicity component of the galactic
bar and bulge structure in its current state. A is strongly barred and hosts 50% £ 5%
of the bar supporting orbits. It is generally thin, dominates the other components
in the plane and provides a very strong support to the B/P shape in the bulge. Its
hammer-like shape at the outer part of the bar indicates that component A probably
contains a significant fraction of the superthin bar. A has a very low dispersion of
only about o ~ 60 — 80km s~! that steeply rises in the central 5°, caused by the bar
supporting orbits. A is found to be more quickly rotating than other components for
longitudes between 10 and 30° at |b| < 5° and shows a high velocity tail in the line
of sight velocity distribution there. We speculate that this tail, shifting the mean
velocity to a higher value, is caused by the complex orbital structure of the bar in the
plane. A also contributes in our model 40%=3% of the inner disk. In good agreement
with Ness et al. (2013b) and Di Matteo et al. (2015), A is thus mostly consistent with
an early thin disk origin. However, since the superthin bar is probably associated to
a more recent star formation episode (Wegg, Gerhard & Portail 2015), A is probably
a composite population, hosting old but metal-rich stars formed in the early disk and
later mapped into the bar, together with stars formed more recently in the superthin
bar or trapped by the bar.

B (0 > [Fe/H] > —0.5): We find that B is the second main component of the galactic
bulge and bar structure, but dominates A at |b| > 5°. B is also strongly barred, with
33% % 3% of the bar supporting orbits and also contributes to the B/P shape in the
bulge. B is found to be more extended vertically than A, in good agreement with
Ness et al. (2013a). It is generally hotter than A and also shows a steep rise in the
dispersion towards the centre, a signature of its barred nature. B rotates generally
faster than A at |[b] > 5°, except in the plane where it does not share the complex
orbital structure of A. It accounts for 44% +2% of the inner disk, a similar share than
that of component A. B thus appears to be also consistent with a disk origin, being
formed from stars initially located at larger radii than stars forming A, as found by
Di Matteo et al. (2014) to explain the faster rotation and larger dispersion.

C (0.5 > [Fe/H] > —1): C shows significant differences from A and B. It is thicker,
rotates more slowly and has a larger velocity dispersion than the more meal-rich
stars. Being dynamically less responsive to the influence of the bar, C is found to
offer only a weak support to the bar, hosting 14% + 2% of the bar supporting orbits
and a similar fraction of the inner disk. From our models, we find that C is strongly
vertically flattened (~ 0.3), in addition to its fast and cylindrical rotation. It thus
appears to have both the spatial distribution and kinematics of a disk rather than
that of an old classical spheroid. Several metal-poor components are expected to be
present in the inner Galaxy, thick disk, stellar halo and possibly a classical bulge,
which would all be expected to contribute to component C at some level. However its
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disk-like behavior indicates that it is dominated by thick disk stars, as suggested by
Di Matteo et al. (2015). The contribution of a large classical bulge component that
would have been significantly flattened and spun-up by the bar cannot be directly
ruled out but seems very unlikely; from both the mass-metallicity relation of bulges
in external galaxies (as discussed in Di Matteo et al. 2014) and also the strong
flattening of component C, stronger than expected even from low mass and very
responsive classical bulge (flattening ~ 0.5, see Saha, Martinez-Valpuesta & Gerhard
2012). As a consequence, the thick disk appears as the favorite candidate for the
origin of the dominant population of component C, as proposed by Di Matteo et al.
(2015).

D (-1 > [Fe/H] > —1.5): D is only weakly constrained by the ARGOS data and even
less by the APOGEE data since the fraction of metal-poor stars increases with height
above the plane. In our models, D is found to be a very thick, high dispersion and
slowly rotating stellar population. It is however different from a metal-poor tail of C
and this supports the idea that at the metal-poor end of the metallicity distribution,
several components are present and overlap significantly in metallicity.

To conclude, most of the metal-rich stars (B & most of A) appear to have a common and
relatively simple origin, the early thin disk, which after bar formation and buckling became
mapped into different spatial distributions and a rather complex orbital structure. Part
of A could also be associated to a more recent star formation episode, as indicated by the
similarities between the superthin bar and the shape of the bar end in component A. On the
contrary, metal-poor stars (C & D) appear to presently have a relatively simple structure,
only weakly bar-following but they are probably composed of a complex superposition of
components: thick disk, inner halo and possible classical bulge, for which very little is
known.

Our M2M chemodynamical model of the bar region, although the first of its kind,
represents a first step towards more complete models, that by including additional chemical
dimensions will be able to better constrain the formation history of the Galaxy. On-going
and future spectroscopic surveys such as APOGEE, GAIA-ESO, GALAH and MOONS
will provide stellar abundances of 10-20 elements for more than 10° stars each. This
profusion of data allows extending the dimensionality of the chemical phase-space in M2M
chemodynamical models to other elements that better constrain the origin of stars. The
abundance in a-elements is of primary importance, since it is a natural chemical “clock”
giving the timescale of stars formation of a given stellar population. We plan in the near
future to first extend the modelling of the bar region to a two dimensional chemical space,
including [Fe/H] and [a/Fe], and later to other elements.
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Chapter 6
Outlook & Further Work

6.1 Outlook

The study of the formation history of our home Galaxy, is currently a very active field in
astronomy. Although the Milky Way is a single Galaxy, it can be used as a benchmark to
test our theories of how disk galaxies form in a cosmological context. Since the Milky Way
can be observed on a star-by-star basis we can hope to reconstruct its formation history
in much greater detail than any other external galaxy. However, a necessary first step
before understanding how the Galaxy formed is to understand how the Galaxy actually
is. The many photometric and spectroscopic surveys of the Galaxy performed over the
last two decades, as described in detail in Section 1.2.3, provide a large collection of data
to analyze and understand. This motivated the present work in which a self-gravitating
dynamical model of our home Galaxy that reproduces as many datasets as possible was
constructed. Modelling the dynamics is a key element of this work as it relates the density
of stars and dark matter to the stellar kinematics. Since the mass distribution in the inner
part of the Galaxy exercises its gravitational force everywhere outwards, we adopted an
inside-out approach starting from the galactic bulge, moving out to the bar region and up
to the Solar circle.

6.1.1 The galactic bulge

We started by focusing on the galactic bulge, taking advantage of the new direct measure-
ment of the 3D density of the bulge as traced by RCGs from Wegg & Gerhard (2013). Early
studies of the bulge were limited to parametric fits of either the integrated light (e.g. Dwek
et al. 1995 from the COBE/DIRBE light) or star counts (e.g Rattenbury et al. 2007a from
OGLE-II data). With the arrival of more accurate data McWilliam & Zoccali (2010) and
Nataf et al. (2010) independently discovered the presence of dip in the magnitude distribu-
tion of RCGs towards the bulge minor axis from respectively 2MASS and OGLE-III data.
It was quickly realized that such a dip could be reproduced by a boxy/peanut shape in the
bulge density. Such a boxy/peanut shape was not reproduced by the assumed parametric
forms of previous bulge models. Using data from the deeper VVV survey, Wegg & Gerhard
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(2013) made a major step forward, producing the first non-parametric 3D density model of
the bulge, shown in projection in Figure 2.3. It was then natural to try understanding the
dynamical properties of such a strong peanut bulge and this motivated the construction of
the dynamical models of the galactic bulge presented in Chapter 2.

By combining the bulge density as traced by RCGs together with stellar radial kinemat-
ics from the BRAVA survey, we built a family of five Made-to-Measure models of the bulge
with different dark matter fractions called M80, M82.5, M85, M87.5 and M90. Our main
finding is the most accurate measurement of the dynamical mass of the bulge up to date of
1.8440.07 x 10'° M,,. In addition to being very precise, our dynamical mass measurement
refers to the total mass inside a well define volume, a box of £2.2 x £1.4 x +1.2kpc along
the bar axis. Measuring the bulge mass in term of the mass enclosed in a given volume
is a significant improvement over other bulge masses found in the literature, which all
use different definitions of the bulge, usually based on their measurement methods. For
instance, a recent mass measurement of the bulge by Valenti et al. (2015) uses giants and
RCGs stars identified in the VVV bulge fields and convert the total count within some
magnitude range into stellar mass, using as standard the mass in the NICMOS field from
Zoccali et al. (2000). They find a bulge stellar mass of 2.0 4= 0.3 x 10'% M, apparently
inconsistent with our dynamical mass determination. However, their definition of “bulge”
corresponds to the mass in a non-trivial volume, not provided by the authors but likely to
be larger than the volume of our RCG box. Our dynamical models of the bulge have been
used up to now in four different studies.

The first application was the study of the orbital structure of the peanut shape, de-
scribed in detail in Chapter 3. We find that boxy /peanut bulges in general are not necessar-
ily made of vertically resonant banana orbits, contrary to the classical picture well-spread
in the literature. We find instead in our models that the peanut shape can be seen as the
superposition of several peanut shapes, all embedded into another and made by different
orbital families as shown in Figure 3.2. The main orbital family in our dynamical models
of the bulge only is supported by a novel orbit we called brezel orbits, probably associated
with a vertical bifurcation of the xymuly family. Since then, the brezel orbit has been seen
in other simulations including the controlled N-body-+smoothed particle hydrodynamics
simulation of a growing disk galaxy by Aumer & Schonrich (2015). In this work the authors
show that complex orbits, including brezel-like orbits contribute to a significant fraction
of the high velocity peak stars found in the commissioning APOGEE data (Nidever et al.
2012).

Our second application of our dynamical models of the bulge is the study by Li et al.
(2016) of the gas flow in a low bar pattern speed model. As shown in Section 2.4.3
our dynamical models of the bulge only require a rather low bar pattern speed of 25 —
30kms~'kpc! in order to match the stellar kinematics from the BRAVA survey. This
result is in apparent contradiction with the larger values of 50 — 65km s~ kpc™! obtained
from earlier gas dynamics studies, trying to reproduce the observed position-velocity di-
agram of Hy and CO gas (Englmaier & Gerhard 1999; Fux 1999; Bissantz, Englmaier &
Gerhard 2003). However, none of the previous gas models were able to reproduce all the
features of the position-velocity diagram at once, leaving the possibility for a low bar pat-
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Figure 6.1: The gas flow in a low bar pattern speed model, taken from Li et al. (2016),
with permission. Left: Gas surface density of the best fitting model in a potential based on
the bulge model of Chapter 2, rotating at a low pattern speed of 33kms~!kpc~!. Right:
corresponding longitude-velocity diagram of the model, compared to H; and CO terminal
velocity data (black symbols). The dotted lines illustrate various features identified in the
observed data by Rodriguez-Fernandez & Combes (2008) and are generally well reproduced
by the model.

tern speed model to also produce a reasonable agreement with the observation. Li et al.
(2016) computed the gas-flow in a gravitational potential based on the fitted bulge model
MS80 and were able to reproduce the nuclear ring, Banias Clump 2, the connecting arm, the
near and far 3-kpc arms, the Molecular Ring, and the spiral arm tangent points. Having
a fit of similar quality than earlier studies but with a lower bar pattern speed, Li et al.
(2016) conclude that a low bar pattern speed in the Milky Way is not ruled out by gas
dynamics. The best fitting model of Li et al. (2016) is illustrated and compared to the
data in Figure 6.1.

The third application aimed at breaking the degeneracy between stellar and dark matter
mass using microlensing data. As described in detail in Section 2.5.1 our five models M80-
M90 with different dark matter fractions all provided similar fits to the data, leading to
a very accurate measurement of the total mass but a degeneracy between the stellar and
dark matter components. Only stellar mass objects are able to microlense. Wyrzykowski
et al. (2011) showed, by measuring the microlensing optical depth towards the towards
the Large Magellanic Cloud, that it was too small to allow more than a small fraction of
the galactic dark halo to be formed from the so-called MACHOs (Massive Astrophysical
Compact Halo Objects). Hence the microlensing optical depth is a unique way to measure
directly the mass distributed into compact objects, i.e mostly stars, and thus break the
degeneracy between stellar and dark matter mass in our bulge models. This motivated the
work of Wegg, Gerhard & Portail (2016) who compared predictions of optical depth and
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Figure 6.2: Maps of microlensing properties towards the bulge, taken from Wegg, Gerhard
& Portail (2016) with permission. From left to right, the optical depth, the event rate
per star, and mean microlensing timescale are shown for the MOA-II revised data from
Sumi & Penny (2016) (top) and the fiducial model of Wegg, Gerhard & Portail (2016)
(bottom). The optical depth and event rate maps show good qualitative agreement, while
the mean timescale map has large observational error due to the large statistical variance
of timescale caused by the rare very long timescale events.

microlensing event rate for models with different dark matter fractions and outer stellar
disks to the revised MOA-II (Sumi & Penny 2016) and EROS-II (Hamadache et al. 2006)
microlensing data. In this work, we find that in order to match the data a low dark matter
fraction is required in the bulge. Additional constraints on the rotation curve also require
a near maximum stellar disk, providing at one sigma 88% 4 7% of the stellar rotation curve
at the position of its peak. A comparison between the fiducial model of Wegg, Gerhard &
Portail (2016) and the revised MOA-II data is shown in Figure 6.2.

Finally the last application of our bulge models is the study of the inner galactic stellar
halo by Pérez-Villegas, Portail & Gerhard (2016). There has been much recent interest in
the scientific community about the metal-poor RRLyrae stars in the bulge. RRLyrae stars
are variable stars, for which the pulsation period is related to their intrinsic brightness,
hence allowing accurate distance estimates. In the bulge, RRLyrae have been shown to
form a triaxial structure with steeply decreasing density profile, deceasing proportionally
to the inverse third power of the major axis distance (Pietrukowicz et al. 2015). Pérez-
Villegas, Portail & Gerhard (2016) find that the stellar density profile of the RRLyrae
in the bulge naturally agrees with the inward extrapolation of the density profile of the
stellar halo observed at larger radius, as shown in Figure 6.3. This coincidence motivated
the study of the evolution of the inner part of a stellar halo when co-evolving with a bar
forming disk. Using the N-body model M85, Pérez-Villegas, Portail & Gerhard (2016)
show that an initially oblate stellar halo would become slightly triaxial in its central part,
in good qualitative agreement with the shape of RRLyrae in the bulge determined by
Pietrukowicz et al. (2015). In addition, the kinematic properties of such an evolved stellar
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Figure 6.3: Spatial density profiles of RRLyrae as a function of spherical radius, for stars
in the bulge as measured by Pietrukowicz et al. (2015) in red, compared to stars in the
halo further out as measured from various studies indicated in the legend. The density
of bulge RRLyrae naturally lines up with the outer halo, motivating the idea that bulge
RRLyrae stars could just be the inner part of the stellar halo. Taken from Pérez-Villegas,
Portail & Gerhard (2016), with permission.

halo in the bulge region are shown to be very similar to the recent kinematic measurements
of RRLyrae stars in the bulge from Kunder et al. (2016), who find a very slow rotation
and a large velocity dispersion. Pérez-Villegas, Portail & Gerhard (2016) conclude that
the metal poor stars in the bulge are consistent with being simply the inward extension of
the stellar halo, with no need for an extra classical bulge component as first suggested by
Kunder et al. (2016).

6.1.2 The galactic bar

Moving out of the bulge, the next challenge was the twenty year long controversy about
the nature of the long bar, flat extension of the bar outside the bulge. Initially discovered
in 1994 from NIR star counts by Hammersley et al. (1994) the long bar was suggested
to be oriented at an angle of about 45° from the line of sight to the Galactic Centre,
i.e about 15° — 20° leading the bulge. This misalignment has also been found by later
studies focusing on the position of the red clump peak in magnitude distributions from
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2MASS (Cabrera-Lavers et al. 2007) and UKIDSS data (Cabrera-Lavers et al. 2008), and
also from star counts from the GLIMPSE survey (Benjamin et al. 2005). However, a
misalignment between the bulge and the long bar would be dynamically surprising since
the mutual torque should be strong. Wegg, Gerhard & Portail (2015) combined the VVV,
UKIDSS, 2MASS and GLIMPSE data to analyze the structure of the bar in the galactic
plane and found that the long bar lies at an angle in the range 28° — 33°, consistent with
the bulge orientation. In addition, the bulge is seen to smoothly transition into the long
bar. As a consequence the bulge and long bar are now considered to be two facets of
a single bar structure, similar to those formed in N-body models where a long flat bar
formed in the stellar disk vertically buckles in its inner part and produces a boxy/peanut
bulge. A remarkable conclusion of this later work is that long bar is found to extend to
5.0+0.2kpc from the Galactic Centre. How does a long bar, only ~ 4.5 kpc away from the
Sun, influence the galactic disk? How do the bulge and long bar relate dynamically? How
massive is the long bar? All these questions motivated the dynamical modelling effort of
the entire bar region, described in Chapter 4.

We learned a lot about the Milky Way in modelling the entire bar region. The first result
is that the surrounds of the bulge matters dynamically. The absence of a significant long
bar and inner disk component in our models of the bulge biased the bulge dynamics towards
a lower bar pattern speed of only 25 —30kms~! kpc~! instead of the 40 kms~! kpc~! found
in the more complete models of the entire bar structure. We find also for the bulge and bar
a stellar mass of My, puge = 1.884+0.12 % 10'° M, larger than the mass of the underlying
inner disk in the bar region of only Miyer qisk = 1.29 £ 0.12 x 10'® M. The long bar is
found to account for slightly less than half the disk mass in the same radial range and is
hence expected to have a significant influence on its surrounding. More detailed studies of
the influence of the bar are now possible in our new galactic potential, which is accurate
inside corotation.

6.1.3 The dark matter halo

If it is clear that dark matter is required in general to explain the flattening of the 21cm-
rotation curves of external disk galaxies, this is however at large radii and little is known
about the dark matter density in the inner part of disk galaxies. Indeed, the decomposition
of observed rotation curve into stellar and dark matter components is subject to a large
degeneracy, where comparable fits to the data can be obtained for different mass-to-light
ratio varying up to a factor of 20 (e.g van Albada et al. 1985). Hence the precise determi-
nation of the stellar mass-to-light ratio becomes a crucial element in the determination of
the dark matter density. The mass-to-light ratio and its potential spatial variations can be
in theory determined by comparing the observed color of a galaxy with predictions from
stellar population models. However, advanced models by Portinari, Sommer-Larsen & Tan-
talo (2004) show that the end result is affected by many unknown or poorly constrained
parameters, such as the star formation and chemical enrichment history, the IMF or the
life-time of the TP-AGB stars. An alternative is to use dynamics. Bershady et al. (2010)
undertook the Disk Mass Survey, an integral field spectroscopic survey of nearly face-on
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disk galaxies. By measuring the vertical velocity dispersion in the disk and assuming a
vertical scale height from a statistical scale height/scale length relation, they can measure
the dynamical disk surface density and use this measurement as an additional constraint
on the rotation curve fitting. Their conclusion is that external disk galaxies are submax-
imal, with the disk component contributing to only 15% — 30% of the dynamical mass
within 2.2 disk scale lengths (Bershady et al. 2011). This result for external disk galaxies
is in tension with our findings in the Milky Way. Indeed, using constraints on the IMF
from recent HST measurements we find in the Galaxy a low central dark matter fraction
and a nearly maximum disk, consistently from both dynamical modelling of the entire bar
region (see Figure 4.23) and microlensing towards the bulge (Wegg, Gerhard & Portail
2016). However, Aniyan et al. (2015) show that the method of the Disk Mass Survey is
likely to be biased because the two key elements, vertical velocity dispersion of the disk
and vertical disk scale length are measured from different tracer populations. The disk
scale height is determined from near-IR photometry, dominated by old giants stars, while
the vertical velocity dispersion is determined from absorption lines close to the V-band,
including contribution from giants of all ages. Estimating the importance of this bias from
data in the solar vicinity, Aniyan et al. (2015) find that the disk surface densities in the
Disk Mass Survey is likely to be underestimated by a factor of ~ 2, making disks appear
submaximal. Future work is thus required to attest how our results on the Milky Way’s
dark halo fit in the context of external disk Galaxies.

6.2 Further work

6.2.1 Spin-off projects on the new galactic potential

Our best dynamical model of the bar region presented in Chapter 4 can be used for several
future projects in the same way as our bulge models of Chapter 2. The first spin-off
project is the extension of the M2M modelling to chemodynamical modelling, described
in Chapter 5. A metallicity distribution function was added to each particle and fitted
to reproduce the variations of the fractional density and stellar kinematics of different
metallicity components seen in the ARGOS and APOGEE data. The resulting model, the
first M2M chemodynamical model, allows the study of the different metallicity components
in great detail, from their 3D structures to their orbital compositions. The model supports
the idea that metal-rich stars with [Fe/H] > —0.5 have a common disk origin, although a
fraction of the stars with [Fe/H] > 0 is found to form the superthin bar and thus probably
corresponds to a more recent star formation episode. Metal-poor stars with [Fe/H] < —0.5
show an evolving trend with metallicity, indicating different contributions from different
underlying metal-poor stellar populations, but it is likely to be dominated by thick disk
stars rather than forming an old classical spheroid.

A second spin-off project is make the dynamical model publicly available in the Galaxia
code (Sharma et al. 2011) and will be part of a future publication (Wegg et al., in prepara-
tion). Galaxia is a code for generating synthetic survey data by turning an N-body model
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or a static mass distribution into stars using stellar population models. The ability to
easily generate mock data from a model has been shown to be very useful for the scientific
community in planning new surveys, evaluating selection biases and making predictions
that can be confronted to observations. In particular, the dynamical self-consistency of
our model would be a significant improvement over the present day state-of-the-art and
widely used Besangon model (Robin et al. 2003).

A third project is the study of the dynamical influence of the bar on the stellar disk and
the Solar neighborhood kinematics. The first data release of the Gaia mission, planned for
mid-September 2016 will provide accurate distances and proper motions of many disk stars
whose motion is likely to be affected by the presence of the galactic bar. Our model could
thus be a key tool for understanding the effect of the bar on the disk. A second and related
point is the dynamics of moving groups in the Solar neighborhood. As already discussed
in Section 4.10.1, our finding of a bar pattern speed of ~ 40kms~kpc™! from bar stellar
kinematics is inconsistent with the interpretation of the Hercules stream as a stream of stars
scattered by the Outer Lindblad resonance of the bar. Is there an alternative explanation
for the Hercules stream? This will be the focus of a future publication by Pérez-Villegas
et al., in preparation.

A fourth future project would be the study of the gas dynamics in our new bar model.
Li et al. (2016) already studied the gas dynamics of one of our bulge models of Chapter 2
but since only the bulge was fitted to data, we had to complement the potential with an
additional nuclear bulge and a long bar. Our new model has already those two components
included, fitted to real data and is therefore much more realistic. How does the gas flow in
our new potential look like, and can it reproduce all the features of the observed position-
velocity diagram at once? In addition, being very concentrated in the plane, the gas could
be a good tracer for studying the influence of the superthin bar component.

Finally, a fifth spin-off project would be to use the microlensing event rate data to
constrain the IMF in the inner Galaxy. The microlensing event rate is a quantity that
depends not only on the density distribution along the line of sight but also on the IMF
and the stellar kinematics of both sources and lenses. Hence, using the mass distribution
and kinematics of our best model we can directly constrain the IMF by matching the
observed microlensing event rates. This was not possible in the work of Wegg, Gerhard &
Portail (2016) because it was based on a model from Chapter 2 where the mass distribution
outside the bulge was not constrained by data.

6.2.2 Towards a more complete model

Our galactic model could be improved by including more data from the many recent,
currently running and future surveys. In the bulge, data from the GIBS survey (Zoccali
et al. 2014) could be used to better constrain the shape and mass of the nuclear bulge.
GIBS is a spectroscopic survey of RCGs identified from VVV and approaching close to the
plane at b = —2°. The data shows a peak in velocity dispersion along the minor axis for
|b| < 2°, indicating a high density in the central 250 pc that corresponds to the expected
signature of the nuclear bulge.
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The modelling of the bulge could also be improved by the upcoming proper motions
from the VVV and VVV-X surveys. These two surveys combined are expected to provide
absolute proper motions for about 200 million objects, reaching an accuracy of Ay =
200 pas.yr—!, corresponding to a tangential velocity of ~ 10kms™' at 12kpc. Absolute
proper motions would constrain strongly the bulge dynamics since from the Sun perspective
most of the streaming velocity in the bulge is along the [ direction.

In the outer disk and the solar neighborhood we could in the near future introduce data
from the Gaia survey. Gaia will revolutionize our understanding of the local disk, streams
and spiral arms structure by providing accurate parallax distances and proper motions for
more than a billion objects, allowing a direct deprojection of the outer parts of the Galaxy.
However Gaia is not expected to perform very well towards the Galactic Centre and in the
galactic plane because of the large extinction in the visual wavelength range.

Finally, to better constrain from present data the formation history of our Galaxy, an
important task would be to extend the chemodynamical modelling to higher dimensions.
We carried out a first step towards this goal in Chapter 5 by extending the M2M modelling
to metallicity space. More information can be obtained by modelling stellar abundances
of other elements that constrain better the formation history. This is for example the
case of the a-elements that are predominantly formed by Typell supernovas over a shorter
timescale compared to iron. Thus the abundance ratio [« /Fe] is known as a chemical clock
that sets the star formation timescale. We now have the chance to live in an era of large
spectroscopic surveys when ongoing and future surveys such as GALAH, APOGEE and
GES will provide stellar parameters and abundances for several hundreds of thousands
of stars, thus making possible chemodynamical modelling in extended phase-space with
several chemical dimensions.

To conclude, the research field of galactic archeology, which aims at understanding
the formation history of our Galaxy,promises a very bright future thanks to the many
high quality surveys covering the entire Galaxy. Modelling this huge amount of data will
be particularly challenging but is expected to provide a clear picture of how the Galaxy
formed. To this end, a necessary first step is to build a consensus on how the Galaxy
currently is. The work presented in this thesis is the result of an effort of synthesis for
establishing a clear picture of the present dynamical state of the Galaxy, focusing on the
bar region where 70% of the stars are located. The main result is the construction of the
dynamical model of the galactic bar region, that can be iteratively refined and extended
in the future to either further spatial extent or higher chemical dimensions.
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