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Chapter

Introduction

Est via sublimis, caelo manifesta sereno:
lactea nomen habet, candore notabilis ipso.
Hac iter est superis ad magni tecta Tonantis
regalemque domum.

Ovidius

1.1 Historical notes on the Milky Way

The Sun and the Earth are part of the “Milky Way”, our Galaxy. From Earth the
Milky Way appears at night as a band of feeble light, delineating close to a great circle
on the sky on which the stars and the planets that the human eye can distinguish are
superimposed (Fig. 1.1).

The name “Milky Way” comes from the Western classical world, that used to associate
constellations and asterisms to episodes of the Olympian mythology. According to the
Latin author Hyginus (De Astronomia, Book 2), Greeks and Romans believed that the
Milky Way was milk lavished from the breasts of the goddesses Hera/Juno or Rhea/Ops,
shining between the stars. Hence, the Greek name yodaZioc (pr. galazias, “milky one”)
and the Latin name Via Lactea (“milky way”).

From the Greek world came also, for the first time, the idea that the Milky Way
could be composed by distant and faint stars that the human eye cannot distinguish
individually. In his treaty Meteorologia, Aristotle reports that this was indeed the idea
of the philosophers Anaxagoras and Democritus. Aristotle instead associated the Milky
Way to

... the ignition of the fiery exhalation of some stars which were large, numer-
ous and close together ... [T]he ignition takes place in the upper part of the
atmosphere, in the region of the world which is continuous with the heavenly
motions (Aristotle, Meteorologia, 346b 11-12).

The Milky Way is also described as the road to Mount Olympus, as in the opening quote of this
Chapter.
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Figure 1.1: Milky Way on July 13, 2013 from Jadwin, Missouri. Credit: Victor Rogus.
Courtesy: Victor Rogus.
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Only much later, in the early Middle Ages, the hypothesis that the Milky Way could
be composed by stars was reconsidered by analysts of Aristotle’s work, in the Byzantine
(e.g. Olympiodorus the Younger) and Islamic world (e.g. al-Biruni and Avempace, see
Montada 2012). In 1610 Galileo Galilei pointed his telescope to the Milky Way, and
finally demonstrated that

... the galaxy is nothing else than a congeries of innumerable stars (Galilei,
Sidereus Nuncius).

The astronomical use of the telescope, first introduced by Galileo, disclosed a Universe
full of variety and unknowns. In the 17th, 18th and 19th century the construction of more
powerful telescopes led astronomers (e.g., Charles Messier, William Herschel and Lord
Rosse) to the discovery of new and mysterious objects in the sky: open and globular
clusters, diffuse nebulae, elliptical and spiral “nebulae” (the latter distinction did not
apply until 1845, when Lord Rosse discovered spiral structures in M51).

From the 17th century date also the first measurements of the photometric distances
of stars?, by astronomers such as Huygens and Newton (McCormmach 2012), which soon
revealed the incredible vastness of the heavens (e.g., Newton estimated that the brightest
stars are about 1 million times more distant from Earth than the Sun). To help with the
interpretation of these discoveries came Isaac Newton’s laws of mechanics and gravity
(Newton 1687), already successful in describing the motion of the planets in the Solar
System. These laws were believed to apply everywhere in the Universe. Newton himself
believed that the stars were static, placed by God at immense distances or in such a way
to balance exactly their gravitational attraction,

... lest the systems of the fixed stars should, by their gravity, fall on each
other mutually (Newton 1687, Naturalis Philosophiae Principia Mathemat-
ica).

However his friend and colleague Edmund Halley discovered in 1718 a significant angular
difference (“proper motion”) between the position on the sky of the stars Sirius, Arcturus
and Aldebaran and those recorded by the ancient Greek astronomer Hypparcus (Aitken
1942). The discovery of proper motions showed that the stars are not “fixed” on the sky,
as it was previously believed, but they rather move relatively to each other.

The German philosopher Immanuel Kant was aware of these discoveries when in 1755
he wrote his treaty Allgemeine Naturgeschichte und Theorie des Himmels® (Universal
Natural History and Theory of Heaven, inspired by Thomas Wright’s earlier work). In
this work Kant came to the impressive conclusion that

[tJhe shape of the heaven of fixed stars thus has no cause other than
the same systematic arrangement on a grand scale as the cosmic structure
of the planetary system on a small scale, since all the suns make up one
system, whose common interconnecting plane is the Milky Way. Those which
are the least related to this plane will be seen to the side; for that very
reason, however, they are less dense, more widely scattered, and less frequent.

The first measure of a star’s distance using parallaxes was performed by Bessel (1838).

3 Subtitle: Versuch von der Verfassung und dem mechanischen Ursprunge des ganzen Weltgebaudes,
nach Newtonischen Grundsatzen abgehandelt (An Essay on the Constitution and the Mechanical
Origin of the Entire Structure of the Universe Based on Newtonian Principles).
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Figure 1.2: Map of the Milky Way derived by Herschel (1785).

They are, so to speak, comets among the suns. (Kant 1755, Allgemeine
Naturgeschichte und Theorie des Himmels).

In his view, this huge stellar system was kept together by gravitational forces and the
stars were provided a net rotational motion, undetectable from Earth (because of the
large distances and the time scales). Interestingly, in his hypothesis on the formation of
the Solar System and the Milky Way, he imagined that both could have formed from a
nebula flattened by its rotation and fragmented by gravity into single stars and planets.
Finally, Kant noticed that a disk-like star structure, seen on the sky from great distance

. will appear in a small angle as a tiny and weakly lit area, with a circular
shape if its plane is oriented directly in the line of sight and elliptical if it
is viewed from the side (Kant 1755, Allgemeine Naturgeschichte und Theorie
des Himmels).

Kant identified such structures with the nebular objects with elliptical shapes that were
first discovered in the sky in those years. He proposed that they

. should be taken as [...] world systems and, so to speak, as Milky Ways
(Kant 1755, Allgemeine Naturgeschichte und Theorie des Himmels),

i.e., he speculated that these were galaxies themselves, with similar structure and origin
than the Milky Way (the “island universes” hypothesis). Evidence for the island universes
hypothesis came first when astronomers were able to resolve single stars in the observed
nebulae (observations of Lord Rosse, in the middle of 19th century) and then estimated
for the first time their distances (Hubble 1925).

Herschel (1785) obtained the first determination of the Milky Way’s structure. His
method, dubbed “star gauging”, consisted in the diligent counting of the number of stars
in bins of apparent magnitude and in different directions on the sky. He then derived the
star’s distances assuming that all have the same absolute magnitude. This information
was enough to obtain the Galaxy’s 3D distribution and to draw the first Galactic map
(Fig. 1.2). In Herschel’s map the distribution of stars is indeed flattened (the ratio
between the horizontal and vertical size is approximately 5 : 1) but the Sun is in the
center, which, as we know now, is not correct.

An updated version of Herschel’s map came at the beginning of the 20th century, with
the work of Jacobus Kapteyn and collaborators (Kapteyn & van Rhijn 1920; Kapteyn
1922; see also van der Kruit & van Berkel 2001). Like Herschel, Kapteyn faced the
“Sidereal Problem” (the determination of the distribution of stars in the Universe) by
counting the number of stars of different brightness, this time on both the Northern
and Southern hemispheres. He did this using the great technological advance of the
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epoch, namely the astronomical use of photography. Photography and spectroscopy (the
latter discovered by Father A. Secchi in the 1860s) allowed Kapteyn to complement
his information with kinematic data, namely the proper motions and the line-of-sight
velocities of the stars. In his derivation of the photometric distances of the stars he used
a formula that accounted both for the magnitude and the proper motions of the stars.
The premise of this formula is that, statistically speaking, stars following approximately
a random velocity distribution have smaller proper motions if they are located farther
away®. In the spatial and kinematical model resulting from Kapteyn’s work (“Kapteyn’s
Universe”), the Milky Way looks like an oblate spheroid 100 times more dense in the
center than at a distance 8B kpc on the Galactic plane. As in Herschel’s work, the
Sun was located near to the center of the Galaxy and the axis ratio of the spheroid was
approximately 5 : 1. The main problem with Kapteyn’s (and Herschel’s) Universe was
the unknown effect of light absorption due to the Milky Way’s interstellar dust®, so that
the distance of obscured stars was overestimated and the Sun appeared to lie near the
center of the Galaxy.

While studying the kinematics of stars in the Milky Way, Kapteyn (1905) found that
the proper motion of the stars he observed were not completely random, but rather in two
preferential directions. The behavior found by Kapteyn (and already noticed in smaller
stellar samples before by Proctor, Kovalsky, Monck and Kobold; see van der Kruit & van
Berkel 2001) was the discovery of Galactic rotation for stars the Solar Neighborhood, that
was later formalized by Lindblad and Oort (see below). In the same years Schwarzschild
(1907) suggested that the random velocities of the stars near the Sun were well described
by a triaxial Gaussian®.

At the end of the First World War, Harlow Shapley presented a completely different
view of the Milky Way (Shapley 1917 and following papers), after detailed studies of
the globular clusters carried out at Mount Wilson observatory. Shapley estimated the
distance to several of the known globular clusters” and found these to concentrate at
[TF kpc, in the direction of the constellation of Sagittarius. Since he believed the
globular clusters to be spherically distributed in the Milky Way (as they are not confined
on the Galactic plane), he deduced that the concentration indicated the center of the
Milky Way and that the Sun was located in the outskirts of the Galaxy (Binney &
Merrifield 1998). Shapley’s conclusions extended also to the interpretation of spiral
nebulae. In his view, spiral nebulae had to be Galactic objects and not island universes
for a number of reasons (Shapley & Shapley 1919), but mainly because their angular
sizes implied an immense distance, if they were as large as he estimated the Milky Way
to be. Instead the supporters of Kapteyn’s Universe were generally accepting that spiral
nebulae were extra-Galactic. This disagreement eventually led to the so-called “Great
Debate” (Shapley & Curtis 1921).

During the 1920s, Bertil Lindblad and Jan Oort (Lindblad 1927; Oort 1927, 1928)

Kapteyn previously also discovered a correlation between proper motions and spectral types of stars
(Kapteyn 1892).

Kapteyn actually knew obscuration e [edts, but only due to reddening (Binney & Merrifield 1998),
which he estimated to be very modest in his observations (Kapteyn 1909).

Still nowadays, Schwarzschild’s distribution is used as the simplest approximation to describe the
gross properties of the kinematics of disk stars, that are complicated in detail by the presence of
stellar streams (Section 1.5.3).

Shapley used the period-luminosity relation of RR Lyrae and W Virginis variable stars as a distance
estimator. However he mistook the former class of stars in globular clusters with Classical Cepheids
(Fernie 1969).

S
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Figure 1.3: Distribution of HI in the Milky Way disk, inferred by Oort et al. (1958).

developed a complete theoretical model of the phase-space distribution of stars in the
Milky Way, that accounted for the almost circular motion of the disk stars around the
Galactic center. The observed kinematics of stars would be interpreted as a differential
rotation around a center that was approximately corresponding, on the sky, with the
center of the globular clusters found by Shapley. In particular, the expected velocity
distribution of stars calculated relatively to the circular speed in a point of the Galaxy,
was similar to a Schwarzschild’s ellipsoid. However, the circular speed outer in the Galaxy
is slower than inner: for this reason, an observer near the Sun measures two opposite
streaming motions (Kapteyn’s two “streams”), corresponding to stars moving inside or
outside the position of the Sun in the Milky Way. Lindblad and Oort’s estimate of the
distance to the Galactic center was smaller than Shapley’s ( C6kpc), with an enclosed
mass of at least 8 % 101°M —{jn order to support a circular velocity between 200 and
300 km s71).

However the interstellar absorption (discovered by Trumpler 1930) was still preventing
a clear understanding of the large scale structure of the Milky Way. The situation
improved after the discovery that the Milky Way radiates radio waves (Jansky 1933).
In particular it was found that HI hydrogen emits in the 21 cm spectral line (van de
Hulst 1945; Ewen & Purcell 1951), which is almost unaffected by absorption (Binney &
Merrifield 1998). Thanks to this discovery, astronomers (Oort et al. 1958) produced the
first map of the distribution of HI in the Milky Way, where it was possible to recognize
the same spiral features observed in external nebulae (Fig. 1.3). The 21 cm line allowed
also the first direct measurements of the circular speed V.. of the Milky Way (Kwee et al.
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1954), that appeared to be constant with R across the Galaxy. These measurements,
together with the discovery that the stars with the lowest metal abundances have more
eccentric orbits (Sandage & Eggen 1959), influenced the first modern theories of Galactic
formation (Eggen et al. 1962; Mestel 1963), as both v, and the kinematics of metal poor
stars had to be predicted by the gravitational collapse models.

The increasing quality and resolution power of radio detectors (mostly due the de-
velopment of interferometry) permitted the study of HI in external disk galaxies and
their outskirts. The notorious result (Bosma 1978) was that the circular speed of HI
did not decrease at large distances from the centers of the galaxies, as expected from
the distribution of luminous matter, but rather it stayed constant. The rest of the mass
necessary to produce such rotation was attributed to an unknown form of “dark matter”
that interacts through gravitational forces but whose electromagnetic emission is unde-
tectable®. This matter is expected to contribute to most of the mass of galaxies (and
of course, also in the case of the Milky Way, see Section 1.2.3). What constitutes dark
matter is still one of the greatest enigmas of Astronomy and Physics.

We come finally to the modern times and surveys. The technological advances, that
allow nowadays to make use of e.g. infrared telescopes or high precision astrometry from
space, are mostly responsible of our modern understanding of the Milky Way’s structure.
A special part of this Introduction (Section 1.4) is dedicated to the description of the
modern surveys, which have led to a much more complete view of the Milky Way, and
have revealed its great complexity. At the same time, the great discoveries in the field
of Cosmology, require the models of formation and evolution of galaxies like the Milky
Way to be inserted in a more general context (see Section 1.3).

1.2 The Structure of the Milky Way

1.2.1 The Galactic disks

The “Galactic disk” is the main stellar component of the Milky Way and it is roughly
axisymmetric and extremely flattened on its midplane, the “Galactic plane”. We can
establish a cylindrical coordinate system (R, @,z), with origin in the center of the Milky
Way and z perpendicular to the Galactic plane.

Assuming that the density of stars in the Milky Way is similar to that of external
disk galaxies (Freeman 1970; van der Kruit & Searle 1981), we can describe the volume
density of the Galactic disk p(R, z) as a double exponential function of R and z:

p(R,z) = p(0,0)e”R/Rag=Izl/za, (1.1)

In external galaxies the vertical scale length z4 is almost constant over a large range of
R (van der Kruit & Searle 1981).

For stars younger than [41Gyr (Freeman 1991; Aumer & Binney 2009), each age
population (i.e., the stars in age bins of [COJl Gyr, Quillen & Garnett 2000) can be
best represented by Eq. (1.1) assuming a different zq and Ry for each population. In
particular, the older the stars the larger zq (Binney & Tremaine 2008; for Ry the trend
is more controversial). Some theoretical models (e.g., Saha et al. 2010) in part account

8 This idea was already introduced by Zwicky (1937), while applying the virial theorem on the Coma

cluster of galaxies.
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Figure 1.4: Density distribution for stars with 4 < My < 5 as a function of distance
from the Galactic plane. The solid line correspond to the thin disk fit and the dashed
line to the thick disk. After Gilmore & Reid (1983). Courtesy: Gerry Gilmore.

for this phenomenon, as due to spiral arms and molecular clouds that gradually increase
the vertical random velocities of disk stars. However very good fits can be obtained
assuming that the whole disk density is the sum of only two components of the kind
given by Eq. (1.1). These two components, called “thin disk” and “thick disk”, have
zq 3300 pc and zq [Tkpce respectively (Gilmore & Reid 1983; see Fig. 1.4). The
density of the thick disk is about 10% of that of the thin disk on the Galactic plane
(Jurié¢ et al. 2008). The value of Ry for both disks is poorly constrained, with values
ranging from 2 to 4 kpc (e.g., Juri¢ et al. 2008; de Jong et al. 2010; Bovy et al. 2012d).

The thin and the thick disks also differ in their kinematics. The stars of the thin disk
move on nearly circular orbits around the Galactic center. For example, near the Sun,
the radial velocity dispersion of the oldest (i.e., hottest) thin disk stars is [50 km s™!
(Holmberg et al. 2007), only [20% of the circular speed at the Sun (see Section 1.2.1.1).
Although being still a system dominated by its rotation, the thick disk’s kinematics have
much larger random motions. For example Ojha et al. (1999) report 67 4 km s~! for
the thick disk radial velocity dispersions in the Solar Neighborhood, with a mean vy of
167 10 km s~

Finally, thin disk and thick disk stars also differ in their chemical composition and age.
Thick disk stars have lower metallicities and higher abundances of  nuclides, a proxy for
age (e.g., Fuhrmann 2011; see Fig. 1.5). Bensby et al. (2014) estimate that 70% of thin
disk stars are younger than [Z1Gyr, while 70% of the thick disk stars are younger than
13 Gyr. Whether the two disks are really physically distinct or not is still a matter
of active research and debate. The separated chemical sequences seen in Fig. 1.5 would
seem to support this view, however this idea was questioned by some groups (Schoénrich
& Binney 2009; Bovy et al. 2012b) that favor instead a more continuous sequence of
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Figure 1.5: Abundance distribution of the thin and thick disks. After Fuhrmann (2011).
Courtesy: Klaus Fuhrmann.

monoabundance subpopulations with increasing scale height when decreasing [Fe/H] and
increasing [0/H]. Very recent results (Recio-Blanco et al. 2014) seem to favor a clear
separation in abundance space between thin and thick disk (as seen in Fig. 1.5).

1.2.1.1 The Sun’s position and velocity

The Sun’s Galactocentric distance on the plane is Ry. The circular velocity of a star at
radius R in the Galactic plane is V.(R). The Local Standard of Rest (LSR) is an inertial
reference frame centered on the Sun and traveling at speed vo = V.(Rp) in the direction
of Galactic rotation (Binney & Tremaine 2008). Constraints on the Sun’s angular speed
around the Galactic center are quite robust. They can be obtained directly, measuring the
angular motion on the sky of the radio source Sgr A* (which is assumed to correspond
to a black hole at rest in the center of the Milky Way; Reid & Brunthaler 2004), or
indirectly, e.g. fitting models for the Galactic rotation to parallaxes and proper motions
of water masers, whose orbits are estimated to be very circular (Reid et al. 2014). The
angular speed of the Sun derived with these methods is (Vo +V 0)ARo km s~! kpe ™!,
with errors smaller than 0.5 km s~ kpc™! (V i the tangential component of the Sun’s
peculiar velocity with respect of the LSR). However, V IRy and, in consequence Vg are
known with much less precision. Constraints on these parameters come from a variety
of methods. The most recent determinations (e.g., Bovy et al. 2012a; Reid et al. 2014)
place the Sun® at 8 kpc R} [COkpc and 210 km s~! [ 230 km s~!. Estimates
of the Sun’s peculiar motion V —range from 3 km s™! (Golubov et al. 2013, lower than
the classical value of 5 km s~! derived by Dehnen & Binney 1998b from Hipparcos), to
12 km s™! (Schénrich et al. 2010), up to 24 km s~* (Bovy et al. 2012c).

9 The distance of the Sun from the Galactic plane z( is somewhere between 5 and 30 pc (e.g., Majaess
et al. 2009).
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Figure 1.6: Two dimensional map of the Milky Way spiral arms, according to the mean
cartographic model by Vallée (2014), summarizing observations of gas, dust and stars.
The dashed lines show the arms tangents. “Zona Galactica Incognita” represents the
part of the Galaxy that is not revealed by observations, because it lies beyond the bulge.
Courtesy: Jacques Vallée.

1.2.1.2 The spiral arms

As we mentioned above, the Galactic disk is only roughly axisymmetric. In reality, the
disk contains spiral arms which are non-axisymmetric overdensities of gas and young
stars with a filamentary appearance. Some of the spiral arms are also seen in the dis-
tribution of old stars (Drimmel & Spergel 2001; Churchwell et al. 2009). In fact, the
spiral arms of the Milky Way have been observed in the radio 21 c¢m line of HI, giant
HII regions, CO emission, infrared observations, optical data of young stars in clusters,
water masers, etc. (for an exhaustive summary see Vallée 2008). For example, Cepheids,
open clusters younger than 30 Myr and HII regions tend to be distributed along the so-
called Sagittarius-Carina arm, the Orion-Cygnus arm and the Perseus arm (Lyngd 1987;
Binney & Merrifield 1998). A schematic view of our current knowledge of the Milky Way
spiral arms is depicted in Fig. 1.6.

Despite the efforts, the spiral arm properties, such as pattern speed, strength, orien-
tation and even the number of arms or their stellar or gaseous structure, are not well
known. Furthermore, the nature of the spiral arms themselves, i.e. their origin or their
lifetime, are nowadays a matter of debate (Efremov 2011).
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Figure 1.7: L-band COBE data corrected from absorption using the stellar luminosity
models of Spergel et al. (1996). After Binney et al. 1997. Courtesy: James Binney.

1.2.2 The bulge/bar

The inner part of the Milky Way is occupied by a small (scale length [Tlkpc, Dehnen
& Binney 1998a) and bulb-shaped stellar structure called “bulge”. The bulge is thicker
than the disk, and its kinematics are much hotter (velocity dispersion between 65 and
100 km s~ according to Ness et al. 2013). The bulge stars are also peculiar as they are a-
enhanced but relatively metal-rich. Bulge stars metallicities peak at about [M/H] [=D.1,
with a sharp cutoff just above solar metallicity and a tail towards lower metallicity that
does not appreciably extend below [M/H] [C=1.5 (Zoccali et al. 2003).

Our knowledge of the bulge remains, to date, quite limited, as it is strongly obscured
by the interstellar dust, except for few transparent “holes” (e.g., the notorious Baade’s
Window). Because of this, it is not clear whether the Galaxy has a significant “classical”
bulge (resembling an elliptical galaxy; Renzini 1999). What seems clear is that the Galaxy
has a “pseudobulge” (Kormendy & Kennicutt 2004), because it appears to be triaxial.
Direct evidence of this comes from the study of the infrared sky in the direction of the
Galactic center (Binney et al. 1997), microlensing (Zhao et al. 1996) and distribution
of Red Clump stars (Stanek et al. 1994). For example, infrared data from the COBE
satellite (Fig. 1.7) shows a clear asymmetry of the isophotes between | < 0 and | > 0, for
[I] <20° (the “Galactic longitude” | is equal to 0 at the Galactic center). This implies
that much (if not all) of the bulge is a “bar”, which is brighter and thicker at positive |
because that side is closer to the Sun (Binney & Tremaine 2008). The angle of the bar
is still poorly constrained. Current determinations range between 15° and 45° from the
line between the Galactic center and the Sun.

Models based on COBE data usually present the bar as a short triaxial system with
principal axes of the bar approximately in the ratio 3 : 1:1 (Stanek et al. 1994; Stanek
1995; Stanek et al. 1997; Bissantz & Gerhard 2002; Lépez-Corredoira et al. 2005), ex-
tending to about 3.5 kpc from the center. However, in the last decade, star counts from
new infrared data (2MASS, Skrutskie et al. 2006) suggest the existence of a second and
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longer bar component, at higher longitudes (I [28°; Hammersley et al. 2000; Benjamin
et al. 2005; Lépez-Corredoira et al. 2007; Cabrera-Lavers et al. 2007, 2008), with axes
ratios about 4 : 0.5 : 0.1. Therefore, it is still not clear if there is one dominant bar com-
ponent, or if the Milky Way rather contains two bars. Martinez-Valpuesta & Gerhard
(2011) attempted to unify the long and short bars with a dynamical N-body model,
explaining that they are a single structure that is the result of secular evolution and
buckling instability, and whose properties are consistent with observations.

1.2.3 The stellar halo and the dark matter halo

The Galactic disks are surrounded by a very extended (at least 50 kpc) cloud of stars
and globular clusters forming the so-called “stellar halo”. The stellar halo appears to
be spheroidal, with the density usually described as decreasing with radius following
a power-law (Morrison 1993) and contributing to only [1¥% of the Milky Way total
mass (Bell et al. 2008). The net rotation of halo stars, if any, is very slow (Fermani
& Schonrich 2013). Moreover, the stars of the stellar halo are very old (Helmi 2008).
Current cosmological models propose that the halo is formed by the debris of disrupted
stellar systems (globular clusters and satellite galaxies) and there is increasing evidence
that this may well be the case (e.g., Belokurov et al. 2006).

The existence of a dark matter component contributing to most of the mass of the
Milky Way comes from the measurements e.g., of the total gravitational pull that satellite
galaxies must experience to be bound to the Milky Way, or from the rotation curve of
the Galaxy (e.g., Sofue 2012), which cannot be accounted for by the stellar mass present
in the Milky Way. It is likely that dark matter is composed by elementary particles
(Krauss 2011). Another possibility however is that Newton’s law of gravity needs to be
modified to account for the additional acceleration that stars and satellites experience as
they orbit around the Milky Way (Famaey & McGaugh 2012).

1.3 The formation of the Milky Way disks

A reasonable modern description for the formation of galactic disks was put forward by
Mo et al. (1998) (see also Fall & Efstathiou 1980). These authors considered the collapse
of a spherical gas cloud embedded in a dark matter halo. Since the halo has some angular
momentum, and if the gas conserves its angular momentum as it collapses, it spins up,
leading to the formation of a gaseous cold disk in which star formation can proceed.
This simple idea works relatively well in describing the properties of disk galaxies in a
hierarchical Universe and is at the basis of most semi-analytic models of galaxy formation
(Baugh 2006).

Nowadays computational power allows to actually simulate the formation of disk
galaxies from first principles, where the aim is to reproduce the evolution of their stellar,
gaseous and dark components at the same time. These simulations are useful both to
test models and assumptions and to formulate predictions. Despite the progress since the
first simulations (e.g., Katz & Gunn 1991), the problems are still many, as the challenge
is to model simultaneously processes on the scales of 100 kpc to 10 Mpc (the growth
of dark matter halos) down to the scales of star formation (< 1 pc, Mayer et al. 2008).
Particularly delicate is the interplay between the stellar and gaseous components (and
in particular the role of “feedback”), that has still to be solved with somewhat ad hoc
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techniques (Scannapieco et al. 2012). Some authors (e.g., Agertz et al. 2011; Guedes
et al. 2011; Martig et al. 2012; Stinson et al. 2013), with clever recipes for multiscale
physics feedback processes, recently simulated galaxies similar to the Milky Way in some
properties like the ratio between bulge and disk mass or scaling relations between mass
and luminosity.

Some important and yet unanswered questions about the Milky Way formation are
related to its chemical evolution e.g., why we observe radial and vertical abundance
gradients in the Milky Way (Hayden et al. 2014)7 Simulations of the chemical evolution
of the Milky Way were performed by numerous authors, matching some of the observed
properties (e.g., Kobayashi et al. 2007 reproduced the mass-metallicity relation, Tissera
et al. 2012 the trends in abundances for the different components of the Milky Way and
Minchev et al. 2013a the chemo-dynamical properties of the Solar Neighborhood). A
related problem is how the star formation rate of the Milky Way evolved and can be
mantained, given the current amount of gas. Current explanations involve cosmological
gas accretion (Fraternali & Binney 2008) and “galactic fountains” (enriched hot gas
expelled from the Galactic disk through supernovae explosions that cools down and falls
back on the disk in the form of clouds, Marinacci et al. 2011; Marasco et al. 2012).

The main models for the formation of the thick disk can roughly be grouped in two
categories:

* those where the thick disk is formed via an external agent and as a consequence of
the cosmological formation of the Milky Way e.g., the disruption of accreted galaxies
on co-planar orbits (Abadi et al. 2003), the vertical heating of a pre-existing disk
through a minor merger, (Quinn et al. 1993; Kazantzidis et al. 2008; Villalobos &
Helmi 2008) or as a consequence of a burst of star formation triggered during a
merger (Brook et al. 2004);

* mechanisms that involve internal processes in the Milky Way, such as that the disk
was born with larger velocity dispersions than what it has now (Bournaud et al.
2009) or the radial migration of stars through interactions with the spiral arms and
bar, which preferentially moves outwards stars coming from the inner part of the
Galaxy, with an intrinsically hotter vertical kinematics that is conserved during the
migration (Schonrich & Binney 2009; Loebman et al. 2011; Minchev et al. 2013b).

The debate as to which one of these processes was more influential in the formation of
the thick disk is still open. There are however recent constraints that disfavor some
hypotheses e.g., the eccentricity distributions of orbits of stars in the thick disk is not
compatible with it being fully accreted (Wilson et al. 2011); or the presence of distinct
and well-separated chemical abundances sequences, as observed for the thin and thick
disks, is not compatible with a process such as radial migration, which continuously acts
to redistribute stars in the disk.

1.3.1 The formation of bar and spiral arms

Since Lindblad’s work of the late 1920s, the main principle of the modern understanding
of spiral arms and bars is that these features arise because of the gravitational forces and
the particular displacement of orbits in the galactic disks (Binney & Tremaine 2008).
In particular, to date the consensus is that spiral arms are waves of star and gas
density propagating in a differentially rotating disk (Lin & Shu 1964, 1966). They cannot
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simply be an accumulation of material that moves on almost circular orbits (“material
arms”), because otherwise, for v.(R) [cdnst, they would wind up too fast if compared
with the galactic timescales.

Lin and Shu’s original idea was that the density waves forming spiral arms were
stationary i.e., keeping the same characteristics, like amplitude and pattern speed, over
very long times. However, it was shown (Toomre 1964; Goldreich & Lynden-Bell 1965)
that disks can be very responsive to small disturbances and that spiral arms, even weak
and loosely wound, can increase their amplitude dramatically, together with their trailing
or leading appearance, in a self-induction process called “swing amplification”, where the
amplified arms are the trailing arms (that are therefore predicted to be more evident than
leading arms in observations).

The longstanding debate about the nature of the spiral arms (also for the Milky
Way) is still open. These could be long lived features with a defined pattern speed, as
in the Lin and Shu theory (Bertin & Lin 1996), like some observations suggest (e.g.,
Feng et al. 2014). Or instead they could be transient, growing by swing amplification
and then dissolving (thus requiring a continuous source of perturbation to keep existing
in galaxies, e.g. the effect of tidal interactions or giant molecular clouds). All spiral
structures formed in N-body simulations with cold and differentially rotating disks have
been, so far, transient. Some of the most recent simulations show how the longevity of
the transient spiral arms depends on the disk characteristics (D’Onghia et al. 2013) and
how spiral arms can result from the superposition of few transient modes (Sellwood &
Carlberg 2014). New theories on the spiral arm formation relate it also to the orbital
structure induced by the bar (“invariant manifolds”, Romero-Gémez et al. 2007). Finally
recent simulations show how some transient spirals rotate at the same speed compared
to the stellar disk (they are in practice material arms) and how stars migrate along these
arms (Grand et al. 2014); the formation of such corotating spiral arms is influenced by
the presence of a bar (Roca-Fabrega et al. 2013).

The instability of disks to the formation of bars naturally arises in the framework of
the swing amplification theory. Here bars can be considered as long lived modes, made
by the superposition of leading and trailing waves (co-existing during the amplification
process), forming a growing standing wave (Toomre 1981; Binney & Tremaine 2008;
Sellwood 2014). A stronger interference to form the standing wave occurs when the
amplitude of leading and trailing waves is similar. This mechanism and the ways to
stabilize/inhibit the bar proposed by Toomre (1981) have been confirmed by several
numerical works (e.g., Sellwood 1985; Sellwood & Moore 1999; Sellwood & Evans 2001).
The formation of a bar-like non-axisymmetric mode induces orbits inside the corotation
(the radius where the circular frequency of the Galaxy is equal to the pattern speed of
the bar) that can be seen as the “skeleton” of the bar structure, as they are stretched in
the direction of the long axis of the bar. Outside the corotation these orbits do not exist,
and therefore the bar extends only inside corotation (Contopoulos & Papayannopoulos
1980).

The question that several modern studies try to answer is what can trigger processes
like the bar instability in galaxies. For example, several studies of tidal interactions of
satellite galaxies with disks have shown that often bar instability can be started by such
encounters (e.g., Byrd et al. 1986; Noguchi 1987; Gerin et al. 1990; Salo 1991; Weinberg
1996; Mayer & Wadsley 2004; Romano-Diaz et al. 2008). Skibba et al. (2012) confirm
that in the observations there seem to be an excess of bars to galaxies with a companion.
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Another unanswered question concerns the evolution of the bar after its formation. As
for the spiral arms, the longevity of the bar is also unknown and it could even be a
recurrent phenomenon. For example, according to Bournaud et al. (2005) and Combes
(2008), even though the formation and dissolution of a bar leaves a kinematically hot
disk, therefore less responsive to perturbations, a new cold and responsive disk can be
created if fresh gas is accreted and settles on circular orbits from which new stars can
form. Particularly interesting are the mechanisms of evolution of the bar connected with
the buckling instability (forming a peanut-shaped bulge; Athanassoula 2005; Martinez-
Valpuesta & Gerhard 2011; Di Matteo et al. 2014), as they can explain more than one
observed property of the Milky Way bar at the same time, such as the boxy shape and
the second bar.

1.4 Recent surveys

We present below a short summary of some the most influential recent surveys of the
stellar content of the Galactic disk over the past two decades. Because of the large
number of surveys, we focus on those that we believe to be most relevant for the topics
treated in this Thesis. Some of these surveys are not collecting data anymore, some
others are not yet in activity but expected to influence strongly our understanding of the
Milky Way. We choose to divide the surveys in three broad classes: astrometric satellites,
imaging surveys and spectroscopic surveys.

1.4.1 Astrometric satellites

Astrometric surveys are dedicated to the precise measurement of the positions, paral-
laxes and proper motions of a large number of stars. Because of the precision that such
measurements require, blurring of images due to the atmospheric turbulence can have an
important effect and the use of satellites is preferred. Since the strength of these satellite
missions is to measure the distances and transversal velocities of the stars, typically the
measurements of the line-of-sight velocities have received a lower priority (and sometimes
have been completely absent) but these are needed to complete the phase-space informa-
tion. Therefore, spectroscopic follow-up surveys are often a necessary complement.

Hipparcos was a satellite launched in 1989, the first built explicitly for astrometric
measurements. It operated for 3 years, collecting astrometry for 118,200 stars with
V < 13 and [Tnas precision. The results of the Hipparcos mission were published in the
Hipparcos Catalogue of parallaxes and proper motions (Perryman & ESA 1997), together
with the less precise ( — 30 mas) but larger Tycho-1 and Tycho-2 Catalogues. One
of Hipparcos remarkable findings in the context of this Thesis is the first highly detailed
map of the kinematics of the stars in the Solar Neighborhood (Fig. 1.8).

Gaia is a cornerstone astrometric space mission of ESA that was launched on 19 De-
cember 2013 and that is starting its 5 years operations while this Thesis is being written.
Gaia’s data comprises all-sky absolute astrometry, broad-band G( () photometry and
low-resolution spectro-photometry. Parallaxes will be measured with a standard error
< 10 pas for stars brighter than G < 12, < 25 pas for G < 15 and 300 pas for G = 20 (de
Bruijne 2012). For stars with G < 17 Gaia will also provide radial velocities with errors
in the range 1 —15 km s~! and [M/H] with errors in the range 0.1 — 0.2 dex. These stars
will be approximately 400 million (Robin et al. 2012). The highly precise astrometry
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Figure 1.8: Velocity distribution of stars in the Solar Neighborhood from Hipparcos, in
the U vs. V velocity plane (left) and in the U vs. W plane (right). After Dehnen (1998).
Courtesy: Walter Dehnen.

from Gaia for a significant fraction of the Galaxy will provide an enormous improvement
over the current data, and hence Gaia is expected to revolutionize our understanding of
the Milky Way.

1.4.2 Imaging surveys

Imaging (ground based) surveys return the photometry and the distribution of stars on
the sky (and, for multi-epoch surveys, their proper motions). From them we can derive
photometric distances and sometimes abundance estimates. Therefore, the main aim of
these surveys is to map the spatial distribution of stars in the Milky Way.

Amongst the imaging surveys and in the context of this Thesis it is worth mentioning
2MASS (Skrutskie et al. 2006), the only near-infrared survey that has mapped the whole
sky (500 million stars). The near-infrared is almost free from interstellar absorption
effects and 2MASS was capable to unveil the distribution of luminous matter even on
the Galactic plane, up to [I0 kpc in distance from the Sun.

To some degree complementary to 2MASS is the Sloan Digital Sky Survey (SDSS,
York et al. 2000). This optical survey’s main goal was the study of the extragalactic
universe'® and, in order to avoid the Galactic plane its footprint was restricted to Galactic
latitudes |b| > 30°. Because of this, SDSS has had its greatest impact on our view of
the Milky Way’s “high latitude” components. For example, SDSS greatly improved our
understanding the structure of the thick disk (Juri¢ et al. 2008) and offered the clearest
picture of stellar streams in the Milky Way halo (thanks to the panoramic stellar maps,
Belokurov et al. 2006).

Finally we mention here SkyMapper (Keller et al. 2007) that will provide Southern
sky coverage in the optical down to magnitudes g < 21, and derive also metallicities
and surface gravities (thanks to filters like the Strémgren system-like u and the narrow
v at 4000 A) This survey will be similar to SDSS with several improvements, including
temporal coverage, more precise measurements of stellar properties because of the careful
selection of photometric filters and coverage of large parts of the plane of the Galaxy.

10 For example, SDSS produced a detailed map of the large scale structure up to redshift z [OF.
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1.4.3 Spectroscopic surveys

The analysis of spectra of stars provides line-of-sight velocities, photospheric parameters
and abundance determinations. Unfortunately, spectroscopy is a laborious and time-
consuming enterprise. Moreover, multi-object spectroscopy with fibers requires these to
be pointed. Therefore spectroscopic surveys can only target subsamples of the astromet-
ric or and photometric surveys, completing their information in “follow-up” mode.

The Geneva-Copenhagen Survey (GCS, Nordstrom et al. 2004) collected for the first
time an homogeneous sample of spectra in the Solar Neighborhood (inside [200 pc
from the Sun). GCS included Stromgren photometry, line-of-sight velocities and [Fe/H]
estimates for [14, 000 stars with Hipparcos astrometry. Together with Hipparcos, it has
shaped much of our modern understanding of the kinematics of the Solar Neighborhood
and moving groups (see Section 1.5.3).

The RAVE survey (Steinmetz et al. 2006) extended the spectroscopic studies beyond
the Solar Neighborhood: it collected spectra in the Call-triplet region for nearly 500, 000
(bright) stars in the Southern hemisphere, and has allowed the mapping of kinematics
and elemental abundances for stars up to [2kpc from the Sun.

SDSS had also its spectroscopic follow-up: SEGUE (Yanny et al. 2009). With [
350, 000 spectra SEGUE collected the largest sample of kinematic and abundance data
for fainter stars in the high-latitude sky, with distance uncertainties on the single stars
typically [C10% (Bovy et al. 2012¢). It was used recently to model the thin and thick
disks’ scale heights and lengths (e.g., Bovy et al. 2012c; Bovy & Rix 2013).

The ARGOS survey (Freeman et al. 2013) has also become very influential in recent
times for studies of the bulge/bar. In particular, one of its science cases is to understand
the nature of the boxy shape of the Galactic bulge.

The HERMES-GALAH survey (Freeman 2012) is an Australian spectroscopic survey
that has the ambition to measure the abundances of 30 elements for about a million of
stars in the Galactic disk, down to V [14.

A number of spectroscopic follow-up surveys are planned to be complementary to
Gaia. In this context it is worth mentioning the Gaia-ESO survey (Gilmore et al. 2012)
that is currently ongoing and its focus is on stellar evolution, clusters and formation
of the Milky Way components, 4MOST (de Jong 2011) that will study the inner part
of the Galaxy, the halo and a fair fraction of the disk from the Southern hemisphere
and WEAVE (Dalton et al. 2012) that will focus on the outer disk and halo from the
Northern hemisphere.

1.5 Notions of Milky Way disk kinematics and dy-
namics

As mentioned earlier, disk stars follow nearly circular orbits but they also experience
deviations driven by the spiral arms and bar. We will discuss separately how the motion
in an axisymmetric flat system like the disk can be described, and then focus on what
happens when the symmetry is broken and what are its imprints on the kinematics of
disk stars.
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1.5.1 Motions in an axisymmetric disk

Most of the stars in the Galactic disk rotate near its midplane on almost circular or-
bits. In the first instance, we can describe the Milky Way potential ®(R,z) as roughly
axisymmetric'!. The equations of motion in such a potential read

_aq>elil s I—Z 7_aq>elil

R="r "R T T

(1.2)
where ®,{R,z) = ®(R,z) + L2/(2R?) and L, = R2@ is the angular momentum on the
z axis (a conserved quantity in this potential).

Unfortunately Eq. (1.2) does not have an analytic solution, except for a few simple
potentials. However, when we describe the motion of stars near the Galactic plane
and for orbits with low eccentricity, we can simplify the problem, following Lindblad’s
version of the epicyclic theory. In this case ®,—¢an be conveniently expanded around

(R,z) = (Rg, 0) as
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where RgVo(Rg) = L, (Rg is the “guiding center radius”) and the cross terms are null
because the potential is assumed to be symmetric about z = 0. If we keep only the
first two terms of Eq. (1.3), Eq. (1.2) become the equations of motion of two decoupled
harmonic oscillators in R and z:

R =—K}(R—Ry), 7Z=-vz, (1.4)
where | - 1 1
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1
QR) = [02(R,0)/0R|/R is the frequency of the circular orbit at R. Therefore, in
this approximation the orbit consists of the superposition of the two decoupled harmonic
motions at frequencies K(Rg) and V(Rg), on a circular orbit with frequency Q(Rg).

1.5.2 Resonances and non-axisymmetries

Non-axisymmetric perturbations representing the Galactic bar or spiral arms may be
described by a potential (R, @,z) = U(R,z)cos[m@ — Qut] (where m is a positive
integer and ), is the pattern speed of the perturbation) and affect especially certain
locations in the Galaxy. These are the corotation radius Rcr, where

Q(Rcr) = O, (1.6)
and the Lindblad Resonances radii, Ror,r and Ry r, where

m [Q(RILR) - Qb] = K(RILR)a m [Q(ROLR) - Qb] = _K(ROLR)- (17)

1 We describe in detail what happens when the bar is added in Chapter 3, but note that for the Milky
Way, this may simply be considered a small perturbation.
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Figure 1.9: Moving groups in the U vs. V velocity plane of the Solar Neighborhood,
resulting from a compilation of kinematic data for [24000 stars, mainly from Hippar-
cos, and the spectroscopic Geneva-Copenhagen and CORAVEL (Fehrenbach et al. 1987)
surveys. After Antoja et al. (2008). Courtesy: Teresa Antoja.

In general, every time we have a resonance IrQr +lg [Qp — Q] +1:Q; = 0 (where Qg, Q¢
and €2, are the radial, azimuthal and vertical frequencies in the axisymmetric background
potential) the perturbation is more influential.

It is possible to show (Chapter 3 of this Thesis; Binney & Tremaine 2008, Sec-
tion 3.3.3) that in the vicinity of the Lindblad Resonances of a bar, the effect of the
perturbation is to stretch orbits, even of low eccentricity, in the direction parallel or per-
pendicular to the bar’s long axis. Moreover, a significant number of orbits are trapped
to the resonances and chaotic motions may also be present.

1.5.3 Moving groups

The velocity distribution of stars in the Solar Neighborhood is far from being smooth,
but rather full of clumps and substructures, as can be seen from Fig. 1.9. The “moving
groups” are groups of stars in the Milky Way that share similar kinematics and therefore
appear clumped in velocity space. After the pioneering work of Olin Eggen (1960s -
1990s), Hipparcos gave the first clear picture of the moving groups present in the Solar
Neighborhood (Dehnen 1998).

The classical hypothesis on the formation of moving groups is that they stem from
the disruption of clusters by the Galactic differential rotation that, neglecting the clus-
ter’s self-gravity, spreads the stars in space but not in velocity'? may well be the case for

12 This is a consequence of the conservation of the density of stars along the trajectories in phase-space,
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some stellar streams, or some parts of them. For example, part of Pleiades and Hyades
moving groups are notorious open clusters, coherent in spacial distribution, kinematics,
abundances and even easily recognizable on the sky. However, especially after spectro-
scopic follow-ups of Hipparcos, it was possible to recognize (Famaey et al. 2005; Bensby
et al. 2007; Pompéia et al. 2011) that several moving groups were formed by stars with
a large spread of ages and abundances, therefore making it unlikely that they could be
disrupted open clusters. The hypothesis that some moving groups could have a purely
dynamical origin has therefore to be taken in consideration.

Kalnajs (1991) proposed for the first time a dynamical model where the moving groups
were formed by resonant effects of the non-axisymmetric components of the Milky Way.
In particular he explained the formation of the Hyades and Sirius groups as a consequence
of the Sun being near the Outer Lindblad Resonance of the Galactic bar, where the orbits
are stretched in different directions from the bar gravitational forces (Chapter 3). Later
Weinberg (1994), using analytic methods, showed that the bar can cause a clear signature
on the Milky Way kinematics (average, dispersion), without focusing on the formation
of moving groups. However, the result that triggered most significantly the interest of
authors for the search of dynamical models that explained the moving groups in the
Solar Neighborhood, was the success in explaining the Hercules moving group. The
Hercules moving group is a group of stars that move outwards in the Galaxy and that
had been already identified by Eggen (1958) and Blaauw (1970). Dehnen (2000) and
Fux (2001), by means of simple simulations of the Milky Way disk, demonstrated that,
assuming reasonable parameters for the Galactic bar, this can account for the formation
of Hercules. Following this work other authors have attempted to describe also the other
moving groups with the resonant effects of the bar, of the spiral arms, or both (De Simone
et al. 2004; Quillen & Minchev 2005; Antoja et al. 2009, 2011), with alternate success.

Together with internal mechanisms, like resonant interactions and disruption of open
clusters, there are other hypothesis for the formation of moving groups, especially in
the thick disk. In fact, the origin of some moving groups could be external. Helmi
& White (1999) have shown how disrupted satellites in the Milky Way potential and
their tidal streams (Majewski 2002) are expected to leave imprints in the kinematics of
stars in the Galaxy, especially in the halo, detectable also in the Solar Neighborhood.
These imprints look similar to the classical moving groups, even if they usually have
large velocities relative to the LSR and hence they are unlikely to be confused with the
cold thin disk moving groups. The Arcturus group (a group that would generally be
associated to the thick disk because of its kinematics and chemistry) lags considerably
the LSR velocity and was interpreted as the remnant of an accretion event (Navarro et al.
2004), and other streams were identified in the existing catalogs (Newberg et al. 2002;
Dinescu 2002; Helmi et al. 2006).

Finally, a new explanation for some of the moving groups has been presented recently.
They could be kinematic manifestations of a phase-space distribution of stars unrelaxed
in the Milky Way potential. Minchev et al. (2009) have shown that the evolution of
such unrelaxed distribution (caused for example by an external perturbation) can create
arc-shaped kinematic overdensities lagging the Sun’s rotation and that could explain the
Arcturus moving group. Quillen et al. (2009) have shown that also the perturbation by

described by Boltzmann’s equation (Binney & Tremaine 2008). Since the Galactic gravitational tidal
field leads to the cluster stars to spread out in space these will clump more and more in velocity
space.
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a satellite in an eccentric orbit can induce stellar streams on the disk.

1.6 This Thesis

In this Thesis we study the effects of the Galactic bar on the kinematics and orbital
structure of the thin and thick disks of the Milky Way. The goal of this research is to
establish if moving groups in the hotter and thicker disk components of the Milky Way
can arise from internal mechanisms. In particular we wish to characterize the amount
of resonant trapping and relation to kinematic substructures induced by the Galactic
bar. This characterization is motivated by our desire to disentangle such substructures
from those arising from accretion events. The largest difference with respect to previous
works is a full 3D treatment of the problem, with numerical models that include also a
representation of the Milky Way thick disk.

In Chapter 2 we perform test particle numerical simulations of the thin and thick
disks in a 3D Galactic potential including a dark halo, a bulge, thin and thick disks,
and a Ferrers bar. The resulting velocity distributions of populations corresponding to
both disks are analyzed for different positions in the Galaxy and for different structural
parameters of the bar. We find that the velocity distributions of both thin and thick
disk are significantly affected by the bar and that it is possible to trace the imprints of
the bar also vertically and at least up to z [Tkpc for the thin disk and z [2Jkpc for
the thick disk, for stars in the (extended) Solar Neighborhood.

As briefly discussed earlier in this Introduction, the non-axisymmetric components
of the Milky Way, like the bar and the spiral arms, perturb the Galactic potential and
induce trapping near the resonances. In the immediate neighborhood of resonances one
often finds chaotic orbits. In Chapter 3 we analyze the amount of resonant trapping and
chaotic motion induced by the bar onto the Galactic disks. We first approach the problem
analytically and use simple 2D models with a flat circular velocity curve and a quadrupole
bar. This allows us to perform a first order perturbation analysis and to study the regions
of the velocity space where resonant trapping may be expected and to get insight into
the dynamics of the problem. We then analyze the 3D simulations presented in Chapter
2, which allows us to study what happens to both thin and thick disks in a more complex
gravitational potential. In this case we quantify the amount of resonant trapping through
a Fourier analysis of the orbits of the particles in the simulations, that is by determining
the basic frequencies. We study the amount of trapping per orbital family, as a function
of R, @ and z, and how the trapped orbits are associated to groups and features in the
particles’ velocity distributions. For our default bar model, we find that roughly 16%
of orbits are trapped to resonances in our simulations and that they create features in
velocity space. The fraction of orbits trapped to horizontal (Qr : Q¢ = N : M) resonances
and their characteristics do not depend on height above the Galactic plane but rather
on the angle from the bar and distance from the Galactic center. The fraction of orbits
trapped to the vertical resonances (Qr : 2, =n:m, Qp : Q, = n™: mY instead grows
as the height above the Galactic plane increases. We explore two additional bar models
and find that the main difference resides in the number of trapped and irregular orbits,
and this is directly related to the strength of the perturbation.
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If we compare our findings in 3D with the predictions of the 2D model on the Galactic
plane, we find qualitatively similar results for the position of the trapped orbits on the
velocity plane as a function of the angle from the Galactic bar and distance from the
Galactic center.

In Chapter 4 we propose a new explanation for the recent discovery (Siebert et al.
2011a; Williams et al. 2013) of a negative R gradient of the (galactocentric) radial velocity
VR of the stars of the Milky Way in the neighborhood of the Sun. We compare the results
of test particle simulations of the Milky Way presented in Chapter 2 with observations
from the RAVE survey. To this end we apply the RAVE selection function to the
simulations, and convolve these with the characteristic RAVE errors. We explore different
positions relative to the bar in the simulations as well as different bar models.

We find that the bar induces a negative radial velocity gradient even high from the
Galactic plane, outside the Outer Lindblad Resonance, and for angles from the long
axis of the bar compatible with the current estimates. The RAVE selection function
and typical errors do not wash away the gradient, but often make it steeper, especially
near the Galactic plane. The value for the vg gradient that we find for our default bar
model varies from —4 km s™ kpc ™! to —1.5 km s™! kpc ™! depending on height from the
Galactic plane. These values are similar to the average value found in RAVE, but they
are too shallow if we consider only stars at certain heights. No gradient in the vertical
velocity is present in our simulations, from which we may conclude that the observed
gradient is unlikely to have been induced by the bar.

1.7 Conclusions and future work

The most important result of this Thesis work is that the Galactic bar is expected
to have a significant impact on the kinematics of both thin and thick disks, even far
away from the Galactic midplane. Our analysis shows that the bar affects the velocity
distribution of stars in the radial and azimuthal directions, while it leaves no signature
on the distribution of vertical velocities in our models.

For stars near the Sun, the strongest manifestation of the bar is due to the Outer
Lindblad Resonance. This resonance splits the velocity distribution in two main modes
(OLR and LSR Mode), and traps, in the models that we explored, [14% of the orbits.
A large fraction of these orbits define an easily recognizable horn-like feature in the LSR
Mode which is associated to the Qg : 2y = 2 : 1 resonance. The average velocity of the
orbits that form the OLR Mode and Horn may point inwards or outwards in the Galaxy
depending on the angle from the bar. Their net rotational velocity depends instead on
the distance from the center of the Galaxy and on the height from the Galactic plane.

Our work implies that these features should be recognizable also in the thick disk.
Indeed, if we analyze the velocity distribution of stars in the Milky Way thick disk (e.g.,
using the RAVE survey data, Fig. 1.10), these features are apparent, where the OLR
Mode is coincident with the Hercules moving group ((Vr,Ve) [(F25,230) km s™! in
Fig. 1.10) and the Horn is visible at (Vr,Vy) (7, 230) km s~*.

In the future it could be possible to use both the Hercules moving group and the
Horn-like distortion to obtain a stronger constraint on the properties of the bar, possibly
more sensitive than the measurements obtained to date using only Hercules (e.g., Antoja
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Figure 1.10: vgr vs. Vg, distribution of disk stars from the RAVE survey (DR4) inside
cylindrical volumes of radius 300 pc and height 600 pc, centered at X = 0, Y = 0 and
|Z] = 0,0.5 kpe. Top row: stars with [M/H] > —0.45. Center row: stars with [M/H] <
—0.45. Bottom row: stars with [M/H] < —0.7. Right panels: density distribution
obtained from the same kernel estimator used in Chapter 2. The selection of stars with
[M/H] < —0.45 and especially [M/H] < —0.7 tries to maximize proportion of thick disk
stars, while [M/H] > —0.45 likely is more representative of the thin disk population.
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et al. 2014). Assuming that with better data quality it would be easier to tag the stars
belonging to Hercules/OLR Mode and to the Horn-like distortion, one could compute
the frequencies and the guiding center radii R, for stars in different small volumes of the
Galaxy for a variety of potentials including a bar component. In the best fit model the
Hercules/OLR Mode would be formed only by stars with R, < Ropr, and the Horn-like
feature only by stars trapped to the Outer Lindblad Resonance (see Chapter 3). The
more volumes where we can trace the features, the better the constraint. Moreover, it
could be possible to relate the rotational velocity of these features with the height of
the stars above the Galactic plane, obtaining therefore also a constraint on the vertical
variation of the Milky Way potential.

The method just outlined would require the identification of features induced by the
bar in the velocity distribution of stars in the Milky Way disks, and to tag the associated
stars. However, this identification might be difficult for low quality data. In that case it
could be easier to obtain a constraint using the moments of the velocity distribution of
stars inside small volumes in the Galaxy. It is possible to write down analytic expressions
for the average velocity (and higher moments) stars at different positions in the Galaxy,
depending on the bar potential characteristic parameters (Kuijken & Tremaine 1991). In
this case, the best fit model would match the average velocity of stars at different positions
in the Galaxy. For example, the best fit model would have to match the negative gradient
of average radial velocity measured by the RAVE survey and discussed in Chapter 4, and
the oscillations with angle that we discuss in Chapters 2 and 3. The recent finding by
Faure et al. (2014) that the effects induced by spiral arms are quantitatively consistent
with the observed velocity gradients in the Solar Neighborhood should also be taken into
account. In fact, a proper model for the velocity moments at different locations of the
Milky Way disks should consider both bar and spiral arms. Naturally, the increase in
free parameters in the models has to go together with an improvement in the quality of
the data, to break the degeneracies. In this sense, the Gaia mission constitutes the great
hope of the Milky Way modelers, because of the extent and quality of the data, together
with the full phase-space information that will be available for many stars.

Another important point is that the effects induced by the bar can create biases in the
estimates of the fundamental Galactic parameters, like the LSR velocity and the peculiar
motion of the Sun. In fact, most of the measurements of these parameters have been
done so far by fitting axisymmetric models to the data and assuming that the residuals
are due to the non axisymmetric features (Bovy et al. 2012a). However, the risk with
this procedure is to include non-axisymmetric features (e.g., the Hyades and Hercules
moving groups) in a fit with the axisymmetric model. We believe, therefore, that good
measurements of such fundamental parameters have to be done taking in account the
non-axisymmetric features in the models, for example by extending the asymmetric drift
relation to include higher order terms (e.g., Kuijken & Tremaine 1991).

Finally, kinematic substructures in the thick disk have been in most cases associated
with external causes, like accretion events. Instead, we show in this Thesis that internal
mechanisms (like the effect of the non-axisymmetric components) as a cause of kinematic
substructure in the thick disk cannot be ruled out. However, the effects of the bar that
we find in our study consist more in distortions of the velocity distribution than in
well separated overdensities. Furthermore, most of these features are asymmetric in Vg
because of the location of the Solar Neighborhood with respect to the bar. This is not
usually the case for accreted streams, that tend to have a symmetric appearance in Vg
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(especially if well mixed) and become visible as overdensities in regions of the velocity
space that are typically less populated by disk stars. In conclusion this work hints at a
way to disentangle the Galactic or extra-Galactic origin of kinematic substructure in the
thick disk. Such a task is of crucial importance, since the census of accretion events in
the Milky Way has important implications for our understanding of the formation of the
Galaxy in a cosmological context.
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