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Abstract

The goal of this thesis is it to learn something about the kinematics and structure
of the Milky Way. By analysing a sample of young stars in the nearby Galactic disk
we can get to know more about the global large-scale structure of our host Galaxy.
If we see resonance phenomena in a velocity field, then we are able to back-reference
from this effect to a possible asymmetric features in the potential.

The reality of science is of course not as simple as that. There are many assumptions
to make and weighted for being able to work. But step by step information can be
filtered out of the entire ensemble.

In the first part of this work we relate the velocities of a sample of OB stars, to
the average velocity field of the nearby areas of the Galaxy. Our analysed region
covers a £2.2kpc square around the Sun. A star with an orbit passing near the Sun
would spend more than 12% of its time period!, in this analysed field.

Our sample of young OB stars has complete phase space information. For kine-
matic analysis and to investigate the characteristics of this sample, such as its
completeness-, spectral type dependence, and errors- tests are made. The com-
pleteness of our sample is particularly discussed in the view of possible kinematic
biases. Different spectral type limited sub-samples are analysed, and error bars are
estimated with Monte Carlo simulations.

Our aim is to understand the large-scale velocity field, thus we remove runaway
stars and members of prominent OB associations out of the Gould belt, and we
implement a random procedure to construct a spatially nearly homogeneous sample
of OB star tracers for the young star velocity field.

The individual velocity vectors of these stars are randomly distributed with respect
to the mean field in the solar neighbourhood, perhaps due to a variety of dynamical
processes occurring at or after the birth of these stars. Our goal is to recover the
mean velocity field by fitting a smooth velocity field to the in-plane velocities of all
our sample stars. For this task we use the non-parametric smoothing algorithm and
software of Wahba and Wendelberger (1980, hereafter WW-algorithm), originally
developed for analyzing meteorological data. We fit a two-dimensional surface to
the data points for each of the in-plane velocity components, as a function of posi-

IThe average time a star needs to turn around the Galactic Center.



tion relative to the Sun, and thus derive a smoothed velocity field. For testing the
WW-algorithm and adjusting a smoothing parameter, and for understanding the
results of applying the algorithm to the OB star data, we analyse simulated data
sets. The general idea is to draw Monte Carlo realisations from a known velocity
field, so that the resulting artificial data sets closely resemble the OB star samples
under investigation.

We made a number of tests to ensure that our fitted velocity field is independent of
the (sub)sample used in the analysis, of the assumptions made for the Galactic pa-
rameters, and of the technical details of the fitting procedure. In particular we tested
if the fitted velocity field does not depend on: (1) the size of the region around the
Sun used for the fitting, (2) the rotation of the region and of the coordinate system
in which the fit is made, (3) whether we use the nearly complete sample of early-
type OB stars, or the full sample which has the advantage of the best space coverage
but with a bad sample completeness, (4) by changing subsamples through different
modulo functions, (5) by restricting the sample to lower heights (|z| < 100kpc vs.
|z| < 200kpc), (6) by using only the half of the sample with the better distance
estimates, (7) by changing the assumed rotation velocity of the LSR, and (8) by
changing the assumed galactocentric solar radius.

To make these differences between our fitted velocity field and a circular field more
intuitive, we convert the observed velocity field to the Galactic Center reference
frame, by subtracting the solar motion in the LSR and adding the LSR rotation for
an assumed position of the Sun at Ry = 8kpc. We then determine streamlines by
integrating through the converted velocity field.

Deviations of the fitted field to a circular one are clearly visible. They are in the
sense that the streamlines derived from the OB star velocities are more elongated
than those expected from circular orbits, especially for radii R < Rq. These elon-
gated flow-lines reach their minimum galactocentric radii at points that are located
approximately on the line that connects the Sun with the Galactic Center. At
R > R the streamlines seem to be slightly turned forward.

This result is very robust appropriate to all the listed tests. And it inspired us to
think at periodic orbit families near resonances.

Using linear perturbation theory for near-circular orbits, one finds that closed or-
bits in a barred potential are elongated either parallel or perpendicular to the bar.
The orientation changes at each of the fundamental resonances. The situation at
the OLR shows two closed orbits (in a frame of reference co-rotating with the bar)
just inside and outside the Outer Lindblad Resonance (OLR). The innermost is
antialigned and the outermost is aligned with the bar. Because of their ellipticity
they can reach the other side of the OLR. Clearly, if all disk stars moved on closed
orbits, the stellar kinematics would deviate from that of a nonbarred galaxy only



at positions very close to Rorr, where the closed orbits are significantly noncircular.

By using 4 different potentials we simulate the corresponding orbit families in a
rotating frame with the corresponding pattern speed of the implemented bar. The
main differences between the models are the positioning of the OLR and the incor-
poration of an asymmetric potential represented by 4 equal spiral arms. Each model
includes a symmetric potential and an asymmetric bar potential, for two models we
included a halo component. In all the cases we worked with only one pattern speed.

As a first step, using the well established potential from Bissantz et al. (2003),
we found orbits having the characteristic of our non-circular velocity field, but not
at an expected solar region. By shifting the OLR we could provoke an intersection
between the wanted orbit families and the analysed OB star field. The ellipticity
of these orbits is strong, for a better result we have to shift the OLR even further
out, what we plan to do. Our modeling with the arm potential included, showed
that the inclination of the orbit families, as we see it in the observed field, can be
reproduced by these technique.



Chapter 1

General Aspects

1.1 Galaxies

Galaxies appear on the sky as huge clouds of light, thousands of parsecs across.
Each galaxy contains about 10° to 10'? stars. Bounded by gravity stars can not
wander freely through space. Galaxies contain gas and dust as well but almost all
the visible light is emitted by their stars, and stellar births and deaths profoundly
influence the structure of galaxies.

For detailed information about properties of stars see Binney and Merrifield (1998)
(Galactic Astronomy, Chap. 3) and Sparke and Gallagher (2000) (Galaxies in the
Universe, Chap. 1.1)

Hubble (1926) classified galaxies into a sequence of ellipticals, lenticulars and spirals.
There is a fourth class called the irregulars.

The terms “early type” and “late type” are often used to describe the position
of galaxies within the subsequence. The size of a central brightness condensation
(bulge), the smoothness of the visible light and arms- or bar- features are the crite-
ria Hubble used to obtain a classification for a galaxy morphology called the tuning
fork scheme, see Fig. 1.1. The additional category of irrequlars, Fig. 1.2, allows one
to deal with galaxies that do not fit within this simple scheme. In the nearby uni-
verse, the vast majority of bright galaxies can be fairly reliably fit into this system.
Note that this diagram is not meant to indicate an evolutionary sequence and that
the formation and evolution of galaxies is still not fully understood.

Elliptical galaxies appear smooth and structureless. They vary in their shape
from round to fairly highly elongated. A galaxy of this type is designated F,,, where
the number n describes the apparent axial ratio b/a by the formula n = 10[1—(b/a)].
Thus a galaxy which appears round on the sky is designated Ej, and one whose major
axis a is twice as long as its minor axis b is an Ej galaxy.

Elliptical galaxies contain very little dust or gas so new stars are no longer forming
and therefore elliptical galaxies are rather old.

In the middle of Hubble’s tuning-fork diagram, at the junction of the ellipticals
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SBc

Figure 1.1: Classification of galaxies after E.P. Hubble, by using representa-
tive galaxies from the galaxy catalogue of Frei et al. (1996). At the left
side there are the ellipticals which range from FE, to FE;. Lenticular galax-
ies SO are placed before the tines of the fork start, the upper one consists of
the normal spirals (Sa) while in the lower one are the barred (SBa) galaxies.
(www.astro.livjm.ac.uk/.../pic/cosmo/ht f _col.jpg)

Figure 1.2: Starburst Irregular (Irr) Galaxy NGC 1313



1.1. Galaxies

and the spirals, comes a class of galaxies known as the lenticulars.

These galaxies are designated as (S0) or (SB0) according to whether or not they do
have a bar structure in the center. The S0 galaxies are characterized by a smoothed
central brightness condensation (the bulge or spheroidal component) similar to an
elliptical galaxy, surrounded by a large region of less steeply declining brightness.
This latter component, which is generally rather structureless, is believed to be
intrinsically flat. They resemble ellipticals in lacking extensive gas and dust, but
they share with spirals the thin and fast-rotating stellar disk.

In the Hubble sequence the lenticulars are followed by the spiral galaxies. A nor-
mal spiral comprises a central brightness condensation, the bulge, which resembles
an elliptical, located at the center of a thin disk containing more or less conspicu-
ous spirals of enhanced luminosity, the spiral arms. A barred spiral has, together
with the spiral arms, a bar, often containing dark lanes believed to be produced by
absorption of the stellar light by dust. The spiral arms of barred spirals generally
emanate from the ends of the bar. Within each class of spirals, barred or not, a
sequence of subtypes is identified by division according to a combination of 3 criteria:

1. The relative importance of the central luminous bulge and the outlying disk
in producing the overall light distribution of the galaxy.

2. The tightness with which the spiral arms are wound.

3. The degree to which the spiral arms are resolved into stars and individual
emission nebulae (HIl-regions).

Early-type spirals, placed on the left side of the sequence, are those having conspic-
uous bulges and tightly wound, smooth arms. They are designated as Sa or SBa
according to whether they are barred or not. Late-type spirals are on the right side,
having smaller bulges and loosely wound, highly resolved arms. They are called Sc
or SBc galaxies.

The central bulge of a spiral galaxy contains old stars similar to those found in an
elliptical galaxy, but in its arms still a lot of gas and dust can be found and so new
stars are continuously formed. Glowing clouds of ionized hydrogen (HII regions)
and hot young stars make the spiral arms look bright and blue in photographs.
Bulges are comparable with elliptical galaxies in terms of stars moving on randomly
oriented orbits. In the disk, stellar orbits are nearly circular.

Asymmetrical galaxies are assigned as irregulars ( see Fig. 1.2), which split up into
two main groups: (1) Irr [ galaxies; objects that lack symmetry or well defined spiral
arms and display bright knots that contain young and bluish stars of spectral types
O and B (see Sec.1.3.2; Young Stars as tracers). (2) Irr II galaxies; asymmetrical
objects that have rather smooth images. They frequently display dust lanes.
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Galactic halo

Gas and dust " sl
Open cluster

"Emission nebula
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Figure 1.3: Schematic (edge-on) view of the major components of the MW’s overall
structure. (www.cfa.uste.edu.cn/.../IMAGES/AACHDGMO0.JPG)

1.2 Structure of the Milky Way

The velocity field of young stars in the solar neighbourhood is the main topic of my
thesis, so it is important to have a certain knowledge about our host galaxy, the
Milky Way (MW).

The MW’s Hubble-type is SBbc, a large Spiral with a prominent bar (Sparke and
Gallagher (2000); Cole and Weinberg (2002)). By sitting inside, the overall struc-
ture is hidden. Gaining information about it is tedious and difficult and may easily
lead to misinterpretations. Actually MW is the only galaxy which can be studied
in detail in three dimensions.

(Classically, the stellar component of the Galaxy can be divided into four popu-
lations, namely the halo, the bulge, the thick and the thin disk. Additional
structure further diverts this classification. Namely a bar shaped structure within
the bulge and spiral arms within the disk. Finally the concept of a Dark Halo (or
MOND) has to be introduced to explain the observed attributes of the structure.



1.2. Structure of the Milky Way

1.2.1

Stellar Halo

Shape

~Spherical R ~ 100 kpc
somewhat flattened, less than the bulge

Sirko et al. (2004)
Newberg and Yanny (2005)

Content

Total mass ~ 2 x 10 M,

Star Density p(r) o< r=35 for r < 25kpe
Luminosity Ly =4 x 107 L,

only ~ 1% of the luminous mass of the Galaxy
Metal-poor [Fe/H] ~ —1.5dex

and very old stars

little gas and dust

Carney et al. (1990)
Kinman et al. (1994)

Binney and Merrifield (1998)
Christopher et al. (2005)
Ryan and Norris (1991)
Christopher et al. (2005)
Wyse and Gilmore (2005)

Kinematics

High velocity dispersions (wrt LSR)
(o0R,08,0.) = (135,105,90) kms~*
Slow rotation, (if at all) ~ 20kms™!

Binney and Merrifield (1998)

Sirko et al. (2004)

Peculiarities
Tidal stream

Majewski et al. (2005)

The shape of the galactic stellar halo is almost spherical and extends to ~ 100 kpc
(Sirko et al., 2004). Compared to its huge size its mass is rather small, with
~ 2 x 10°Mg (Carney et al., 1990), seen in relation to the total galactic mass
of 1.5 —4.0 x 10" M, (Beers et al., 2004). Kinman et al. (1994) determine the halo
star density up to r < 25kpc to be a p(r) oc 7737 relation.

There are two main building blocks of the halo: the “globular cluster! ”- and the
“field star”-system. The field star halo is nearly 2 orders of magnitude more lumi-
nous then the globular system. Globular clusters, there are just a few hundred of
them in the MW, start to be seldom outside ~ 25kpc but field stars can rise up to
~ 100 kpc (Binney and Merrifield, 1998).

Another important splitting is the distinction between objects close to the disk
and the ones at large height above the plane. Armandroff (1989b),(1989a) anal-
ysed globular clusters, by comparing a “halo” and a “disk” sample. He found
[Clos.hato = 116 £ 11km s™, Vpor hato = 43 £ 29kms™!] and [0y gisk = 59 £ 14 kms™,
Urotdisk = 193 £ 29 km s_l]. This shows, that the “halo” candidates are much more
dominated by a random motion, while the “disk” subsystem rotates rapidly. Sirko
et al. (2004) showed that their halo rotation analysis of v, pare ~ 20kms™ is
marginally consistent with zero at the 1o level.

Armandroff’s metallicity studies reason a wide range in the two components: [Fe/H|pa10
can go down to —2.6 dex and [Fe/H] sk stays around ~ —0.5 dex. The mean metal-

LGlobular clusters can contain up to several thousand of stars bound together by their mutual
gravitational attraction. As an example wCentauri contains about a million stars and its core
radius is only 4 pc. Globular clusters are the oldest objects in the Galaxy.
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licity of the stellar halo is [FFe/H] ~ —1.5dex (Carney et al., 1990), low compared to
that of the solar neighbourhood value [Fe/H| ~ —0.2 dex (Nordstrom et al., 2004).

Substructures and Stellar Streams

The halo stellar density is sufficiently low that its stars must have formed in higher
density systems and have dispersed later. The field stellar halo could rather naturally
be formed from the debris of stellar clusters, with on-going mass-loss (Odenkirchen
et al., 2003, Pal 5). Ibata et al. (1994)’s work, of the Sagittarius dwarf galaxy which
is in the process of being tidally disrupted by the gravitational field of the MW,
assists the idea of hierarchical-clustering theories of structure formation (Silk and
Wyse, 1993). Analysis of merger interactions are done by Majewski et al. (2005),
for a better understanding of halo formation processes in general and the formation
of our Galaxy in particular. Newberg and Yanny (2005) could measure from such
streams a slight flattening of the halo.

Substructure in the disk has also been noted since the early days of galactic structure
research (Eggen, 1998) and has usually been interpreted as signature of the gradual
dissolution of loosely bound star clusters in the clumpy potential of the disk. Extra
galactic origins for subsamples, where ages and chemical composition of stars do
not match with their environment, could be an explanation (Navarro et al., 2004).
The role of tidal forces in the formation of the galactic components is not yet fully

Stream of the
Canis Major Galaxy

Canis Major
Galaxy

Figure 1.4: The tidal forces of the Milky Way slowly pull apart the Canis Major
dwarf galaxy (shown here in red). The stars ripped off in this fashion, surround the
galaxy in a vast ring. Image: (Martin et al., 2004, Observatoire de Strasbourg).

understood, but there is a strong evidence that the Canis Major dwarf galaxy is
one of the building blocks of the Galaxy (Martin et al., 2004, see Fig. 1.4) like other
galactic mergers as well.
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1.2.2 Bulge

Shape

“boxy” Lépez-Corredoira et al. (2005)
axis ratio (1:[0.3-0.6]:[0.22-0.4])

Content

Dominated by old (2 10 Gyr) Wyse and Gilmore (2005)
and metal-rich ([Fe/H] ~ —0.3 dex) stars

Recent star formation Genzel et al. (1994)

in the inner region (R < 500 pc)
indicated by massive stars

Kinematics

Velocity dispersion 0,5 ~ 110 & 10km s~ | Binney and Merrifield (1998)
Significant rotational velocity Minniti et al. (1995)

(< Vs >= 66 £ 5kms™1)

Peculiarities

Star formation in the inner Nucleus Wyse and Gilmore (2005)

The morphology of the MW’s bulge is “boxy” (Lépez-Corredoira et al., 2005).
With near-infrared images Dwek et al. (1995) traced that its bar-shaped structure
points with its near end in the first galactic quadrant. Its photometrically defined
mass is around 1.3x 101 Mg, and the bulge has a luminosity measured in the direction
of Baade’s window? of about 5.3 x 10° L.

The central ~ 150 pc of the galactic bulge is a gas-rich region which is actively
forming stars; it harbors at least 10® My, of molecular gas (Sparke and Gallagher,
2000). At the heart of the Galaxy, a torus of hot dense molecular clouds, about
7 pc in radius, partially surrounds the innermost cluster, which lies almost on top of
the MW ’s central radio source, Sagittarius A* (SgrA*). SgrA* lies within a stellar
nucleus, an extraordinary concentration of stars. In mass and size the nuclear star
cluster is similar to a massive globular cluster, but there is still an ongoing star
formation fed by gas that flows into it. This compact object at the center of the
nucleus is probably a super massive black hole (SM BH), with a mass < 4 x 105 M,
and a Schwarzschild radius of only ~ 1 — 2 AU (Shen et al., 2005).

Stellar population studies of the bulge help to understand its structure and its
formation scenario. Krabbe et al. (1995) and Blum et al. (1996) claim that there
have been multiple epochs of star formation in the central few parsecs of the Galaxy.
The most recent epoch was less than 10 Myr ago and others happened more than
about 400 Myr in the past. van Loon et al. (2003) also detected a young population
in the plane near the galactic center, but this discovery is affected by the fact that
the scale-height of the thin disk is comparable to that of the central bulge, so that

2The distribution of dust is highly non-uniform, in the direction of Baade’s window at (I,b) =
(1,—3.9)° the extinction varies in a range of 1.26 < A, < 2.79 (Stanek, 1996) and so it is possible
to see much further into the Galaxy along this line of sight.
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membership in either component is ambiguous.

Finally we can say, that the outer region of the bulge is dominated by old, metal-rich
stars (Wyse and Gilmore, 2005), while in the inner nucleus there is a still ongoing
star formation at a rate of 2> 10 Mg yr~! (Wyse and Gilmore, 2005).

1.2.3 Disk

The disk is the most prominent feature in the MW. As its name implies, it is flat
and roughly circular, a plane full of stars, gas and dust. It can be divided into
two substructures, a “thin” and a “thick” disk. Both intersect the bulge and as
the names indicate the thin disk lies inside the thick disk. The outer part of the
disk seems to have a warp, it starts somewhere around the solar circle, and the Sun
happens to lie near one of its nodelines (Binney (1992); Smart and Lattanzi (1996)).
Bulge and disk are rotating in the same direction. The stars in the disk orbit the
GC at about ~ 200kms~! on nearly circular paths.

The disk’s stellar mass is around 6 x 10'° M, and its luminosity is between 1.5—2.0 x
10'° L, (Sparke and Gallagher, 2000). But most (95%) of the stars are members of
the thin disk, especially all young massive stars (Sparke and Gallagher, 2000). The
gas and dust, which are needed for new star formations lie in an even thinner layer
than the stars itself. In the solar region this layer’s height is around ~ 4100 pc.
The thickness of the gas layer increases in proportion to the galactocentric radius.
Gas is also found near ongoing star formation sites as well as near the locations of
spiral arms and the bar.

Thin Disk
Shape
Scale height: ~ 300 pc Fuhrmann (2004)
Scale length: ~ 3kpc Fuhrmann (2004)
Content
Mass ~ 5 x 101 Mg, Sparke and Gallagher (2000)
95% of all disk stars Sparke and Gallagher (2000)

All young massive stars
Both young and old stars; gas and dust
— Site of ongoing star formations

Metallicity [Fe/H] ~ —0.2 dex Wyse and Gilmore (2005)
Kinematics
Velocity dispersions Binney and Merrifield (1998)

(or,00,0,) = (34,21,18) kms™!
Gas and stars move on near circular orbits

Peculiarities
Hosts spiral arms and a bar
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Thick Disk

Shape
Scale height: 600 — 1500 pc Fuhrmann (2004)
Scale length: ~ 4kpc Fuhrmann (2004)

Content
Mass ~ 10" Mg, Wyse and Gilmore (2005)
10 — 20% of the thin disk mass
Old stars (~ 10 — 12 Gyr) Nordstrém et al. (2004)
Metallicity [Fe/H] ~ —0.6 dex Wyse and Gilmore (2005)
Poorer in heavy elements than Sparke and Gallagher (2000)
the thin disk stars
Kinematics
Velocity dispersions Binney and Merrifield (1998)
(oRr,08,0.) = (61,58,39) kms~?

Gas and stars move on near circular orbits

Peculiarities
Hosts the thin disk
Warped structure Sparke and Gallagher (2000)

It is not yet clear how the “thin” and the “thick” disks got formed. One picture
predicts a heating-mechanism which blows a thin disk up to a thick disk. But
“normal” disk heating mechanisms like transient gravitational perturbations in the
disk produce vertical velocity dispersion values in the range of oy ~ 20kms™t. But
the kinematics of the thick disk are intermediate between the halo and the thin disk
with a azimuthal streaming velocity v,o; < 170kms™? (Wyse and Gilmore, 2005)
and a fairly high velocity dispersion of oy ~ 40kms™, oo ~ S0kms™! which is
twice the predicted value.

The old age of ~ 10—12 Gyr (Nordstrém et al., 2004) for the thick disk indicates that
star formation has not happened in the recent past. Not so in the thin disk where
star formation is still ongoing. Additionally the pattern of elemental abundances
differs between the thick and thin disks (Fuhrmann, 2004). This implies distinct
star formation and enrichment histories for the thick and thin disk.

Fuhrmann (2004) reasons that the origin of the thick disk cannot be a merger,
because if it is as massive as it comes out from his work then there is nothing “to
merge with” at this look-back time. Merging scenarios (Abadi et al., 2003) can
explain many observations but not the full mechanism. Fuhrmann implies that the
Galaxy formed 13 or 14 Gyr ago with the implementation of a massive, rotationally-
supported population of thick disk stars. The very high star formation rate in that
phase gave rise to a rapid metal enrichment and an expulsion of gas in supernovae-
driven galactic winds, but was followed by a star formation gap for no less than
3 — 5 Gyr at the Sun’s galactocentric distance. In a second phase, then, the thin
disk came on stage.



Chapter 1. General Aspects

1.2.4 Bar

Bars in general are a very common feature, found in over half of all spiral galaxies
(Whyte et al., 2002). Since some years, it has been established that the MW is
barred as well (Gerhard, 2002). Its bar is a triaxial structure, hosted in the middle
of the disk, with a probable age of less than 3 Gyr (Cole and Weinberg, 2002). A
3.4kpc long cigar, inclined wrt the “Sun-GC” line by ~ 20° can be given as a first
guesstimate.

The large non circular motion of HI and C'O observations, NIR light distributions,
source count asymmetries, gas kinematics, and large microlensing optical depth
studies are used for a better understanding of this substructure. Parameters like the
orientation, the shape and the pattern speed define the bar.

A summary of publications, methods, main results, and bar characteristics are com-
posed in Tab. 1.1.

Evidences for an Asymmetric Feature (Bar?)

The best clues to the existence of a bar in an edge-on system come from the kine-
matics of its gaseous components, where the non-axisymmetric bar potential induces
non-circular orbits in the gas.

200 =

0

0o I
Vios |

v/(km s-1)

—-200 —

180 90 b B -90 ~180
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Figure 1.5: Plot showing the distribution of atomic hydrogen in the plane of the
Milky Way as a function of galactic longitude and line-of-sight velocity, as indicated
by its 21 cm emission. The 3 kpc arm is shown by the dashed line, along with
its important measurable parameters; the part of the feature that is too faint to
trace reliably is indicated by question marks. (Adapted from Binney and Merrifield
(1998))

Fig. 1.5, the so called I-v diagram of the MW, shows the line-of-sight velocity
versus galactic longitude in the plane of the Galaxy. It reveals a clear signature
of a non-axisymmetric distribution. There is a significant asymmetry between the
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1.2. Structure of the Milky Way

data ©Obar length Rge axis ratio scale length Rp publication
°© kpc kpc
starcounts 12+6 10:5.4:3.3 3.0 Lépez-Corredoira 2000
20 — 30 Nikolaev 1997
20 — 30 10:4:3 Stanek 1997
2.5 Ortiz 1993
44 £10 4.4; Ro =8.5 Benjamin 2005
integrated light 15— 35
combined 20 — 25 3.1-3.5 10:3—-4:3 2.1 Bissantz 2002
25% error
3.1-3.5 10:6:4 2.5 Binney 1997a
star formation region 3.1-3.5 10:3—-4:3 3.5 Hammersley 2000
microlensing 15 Zhao 1996
good accepted value 20 3.1-3.5 10:4:3
method Rcr Qyp 3kpc arm special
kpc kms~!kpc—?! properties
hydrodynamical 3—4.5 inside Ror Englmaier 1999
simulation 3—45 « Fux 1999
5.0 42 Pbar = 34 deg Weiner 1999
3.4+0.3 60+ 5 Qsp ~ 20 Bissantz 2003
orbital resonances 44404 51+4 quadrupole Dehnen 2000
moment
strong enough?
direct method 59+ 15 OH/IR Debattista 2002
arm-bar ?
good accepted value 44+0.5

Table 1.1: Summary of the main bar and disk parameters represented in a table,
see Gerhard (2002) The Galactic Bar. ), pattern speed (bar); €2, pattern speed
(spiral arms); Rcg corotation radius; Rp disk scale-length; Rge bar length; @pg
angle in the galactic plane between the bar’s major axis at [ > 0 and the Sun-center
line. (Because of space-saving in this Table the publications are exceptionally given

by the first author’s name only and the date of the publication.)
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Chapter 1. General Aspects

gas properties at positive and negative longitudes, which is inconsistent with an
axisymmetric disk. Further evidence for non-circular motions come from the non-
zero line-of-sight velocities of some of the HI gas at zero longitude: if the gas were
following circular orbits, then all of its motion should be transverse to the line of sight
at this point. The strongest feature that illustrates these properties is classically
known as the 3 kpc arm (see Fig.1.8) because of its approximate radial location
in the Galaxy. This feature, highlighted in Fig. 1.5, is asymmetric about the center
of the Galaxy, lying between galactic longitudes of [~ ~ —20° and [t ~ +35°.
Tracing it through the center of the Galaxy reveals that it crosses zero longitude at
a velocity of vj, . = —53kms™'; presumably this loop in the l-v diagram recrosses
[ = 0 at positive velocity, but this part of the feature is too faint to be traced reliably.
It was this observation that led to the idea that the feature might be an expanding
arm of material thrown out from the center of the Galaxy in our direction.

1.2.5 Spiral Arms

Vallée (2005) published his third, updated statistical study about MW spiral arms.
A summarizing Table with the main publications and characteristics out of the anal-
ysed working period (1980 to early 2005) is printed in the Appendix, see Tab. A.1.
Tab. 1.2 lists the trends in MW-modelling and their enhancement in the last few
years analysed by Vallée’s study.

The early pioneer of studies on the formation of the spiral arms was Bertil Lind-

| Publication year \ | 1987 | 1998 | 2002 | 2004 || Trend |

% of publications which used ...
“4 arm” 65 84 83 85 ya
Study
“log arm” 93 81 82 92 88
Study

Mean value used in published papers
“Pitch Angle” -12.7 | -12.0 | -11.0 | -12.6 | -12.1
Study deg
“Inter arm distance” 3.7 | 345 | 3.6 | 2.75 3.4
Perseus and Sagittarius
Study kpc

Table 1.2: Summary analysis of 4 MW trends: Most MW-models include (“4 arms”)
and logarithmic formed spirals (“log arm”). The (“Pitch Angle”) represents the
arm’s winding degree, the distance between arms (“Inter arm distance”) is of main
interest as well.

blad. He realized that the idea of stars arranged permanently in a spiral shape was
untenable due to the winding dilemma. Since the rotation speed of the galactic disk
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Figure 1.6: Observed spiral structure of the MW following Taylor and Cordes (1993).
The arrow points the direction of the solar system’s motion relative to the spiral
arms.

varies with distance from the center of the galaxy, a radial arm (like a spoke) would
quickly become curved as the galaxy rotates. The arm would, after a few galactic
rotations, become increasingly curved and wind around the galaxy ever tighter.
The first acceptable theory was devised by Lin and Shu (1964), the Density Wave
Theory (DWT). They suggested that the spiral arms were manifestations of spi-
ral density waves. A “stellar traffic jam” where stars are packed more densely. The
DWT of spiral structure is based on the premise that mutual gravitational attraction
of stars and gas clouds at different radii can offset the kinematic spiral’s tendency to
wind up, and will cause a pattern to grow which rotates rigidly with a single pattern
speed.

Alternative hypotheses that have been proposed involve waves of star formation
moving about the galaxy; the bright stars produced by the star formation die out
quickly, leaving darker regions behind the waves, and hence making the waves visi-
ble.

Figure 1.6 shows a diagram of the observed MW spiral structure (Taylor and Cordes,
1993). The arm’s names, the position of the Sun and the rotation direction of the
Sun’s orbit are shown. The gray shadow in the plot represents the obscured region,
where observations from our solar position are difficult or even impossible due to its
hidden position behind the dense galactic core.
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Chapter 1. General Aspects

1.2.6 Dark Halo or MOND?

The existence of a dark halo is inferred from its gravitational pull on the visible
matter. Its composition is unknown, since this matter does not consist of luminous
stars.

For almost twenty years models of the Galaxy have included such mass, responsible
for supporting a substantial fraction of the local rotation velocity and a flat rota-
tion curve at large distances. There is a tremendous amount of evidence for such
assumptions, based on the assumption that the Newtonian theory can safely be ex-
trapolated from the solar system (where it is well tested) to the scales of galaxies.
There exists another theory which explains the discrepancy between visible matter,
high velocities and Newtonian theory. In 1983, Milgrom hypothesized a specific
change in the equations governing particle motions at very low accelerations. He
called this the modified Newtonian dynamics, or MOND), therefore e.g.:.

(http : //www.astro.umd.edu/ ssm/mond/astronow.html) MOND reduces to the
usual Newtonian form in the regime of high acceleration, but at accelerations lower
than 1 part in 10'! of what we feel here on earth, things change in a way that might
account for the mass discrepancy. Fits to the observed rotation curves of galaxies
have now been performed for over 100 galaxies, with comparable results. While there
is certainly the occasional puzzle, there are no known cases where MOND clearly
fails. However, in many other systems the picture is less clear. Any modification
of dynamical laws must explain the mass discrepancy everywhere. The model has
to explain not only rotation curves, but also the velocity dispersions of spheroidal
galaxies, the gas temperatures of clusters of galaxies, and the peculiar motions of
galaxies in the large scale structure of the universe.

1.3 Solar Neighbourhood

In the outer part of our Galaxy, where our Sun is located at, most of the visible
stars lie in a flattened, nearly axisymmetric disk.

Stars and gas travel around the galactic center (GC) under the force of gravity.
Stars are much denser than the interstellar gas through which they move. Neither
gas pressure nor the forces from embedded magnetic fields can deflect them from
their paths. If one knows how the mass is distributed, one find the the resulting
gravitational force and the time dependent positions and velocities of stars and
galaxies can be calculated. This can be inverted by taking the stellar motions
to deduce the distribution of mass. Newton’s equation of motion Eq.1.3 and the
Poisson equation Eq. 1.1 describe these correlations.

V20 = 4nGp. (1.1)

In disk galaxies many stars, at a certain distance from the GC, move on nearly
circular orbits. Effects produced by arms and bars strongly depend on their masses
and location wrt the stellar orbit. Axisymmetric approximation is valid only when
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1.3. Solar Neighbourhood

the gravitational strengths of the bar and the spiral arms are weak in comparison
to the influence all other axisymmetric mass distributions. Orbits of stars in the
solar neighbourhood act as good candidates for such an approximation done by the
epicycle theory.

1.3.1 The Classical Approach: Epicycle Theory
Orbits in Axisymmetric Potentials

Stars in a galaxy do not collide like molecules® in a box. If the density of stars is
uniform, then a star will be attracted in all directions by the same gravitational
force, resulting in a vanishing net force. Consequently the force on any star in an
“almost” uniform system will not vary rapidly and each star in the galaxy may be
supposed to accelerate smoothly by the force field that is generated by the galaxy
as a whole. Additionally galaxies typically have ~ 10! stars and are a few hundred
crossing times (typical time for a star to cross the galaxy) old, for such systems stel-
lar encounters are entirely unimportant. So in the case of a galaxy like the MW, the
gravitational dynamics are those of a collisionless system in which the constituent
stars move under the influence of the mean potential generated by all the other
stars within the galaxy. The orbits of stars depend almost entirely on the smooth
part of the gravitational field, averaged over a region containing many stars. Often,
the mean field potential has some symmetries which simplify the orbit calculations.
Here we look at the orbits of stars in an axisymmetric galaxy. Non-axisymmetric
structures like the bar, the spiral arms or local features will be neglected. Still we
are able to investigate the general aspects of an underlying smoothed out velocity
field we are looking for. The orbits in such a model are nearly but not quite circular
and lie in the same plane.

In the galactocentric cylindrical polar coordinates (R, ¢, z) the midplane or the disk
is at 2 = 0 and the center at R = 0. Because of the axisymmetric assumption the
gravitational smoothed potential ®(R, ¢, z) is independent of ¢, thus 0®/d¢p = 0.
The study of orbits in such an axisymmetric galaxy can be reduced to a two-
dimensional problem by exploiting the conservation of angular momentum of any
star

d

—(R*)) = 0. 1.2
= (F) (1.2
The general equation of motion of a star is, in a conservative force field, given by
d*r

were 77 = Rér + ¢é, + z€, represents the position of the object, ¢ the time and
Vo = g%é R+ g—féz the force. ég, €, and é, are the unit vectors, while from now on

3No low pressure gas.
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Chapter 1. General Aspects

the mass M will be set to unity.
The acceleration transformed to cylindrical coordinates looks like

. . oD
— 2 - _

R—Ré o (1.4)
. 0P

These equations describe the coupled oscillations of the star in the R— and z—
directions. The potential can be expressed in terms of an effective potential and
the rotational energy of the system; L. is the angular momentum.

L2
= K 1.
(I)eff @(R,Z) + 2R2 ( 6)
and so the equations (1.4) and (1.5) can be transformed into
.. aq)eff
R = — 1.7
aR Y ( )
y 0Psy
= _Zcff 1.
z o (1.8)

to describe the evolution of R and z.

Thus the three-dimensional motion of a star in an axisymmetric potential ®(R, z)
can be reduced to the motion of the star in a plane. This (non-uniformly) rotating
plane with cylindric coordinates (R, z) is often called the meridional plane.

Stable orbitals arise only when the net force vanishes, hence looking at extrema
of the potential, we find

0D 0D L2

"= R "R ® (19)
_ 0%y
0= —7 (1.10)

If ®.f¢ is symmetric about 2z = 0 then Eq. 1.10 is satisfied anywhere in the equational
plane z = 0, and Eq. 1.9 at a certain radius Ry, where

b [
(@)(Rg,o) R Hy0 (L)

is given. This represents the condition for a circular orbit with angular velocity
Q= ¢.

In the disk, many stars are on nearly circular orbits, so it is useful to derive ap-
proximate solutions to equations which are describing them. z is the stars deviation
from its guiding center R, (see Fig.1.7).

2= (R—R,)én (1.12)
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1.3. Solar Neighbourhood

Thus (z, z) = (0, 0) represents the coordinates of a minimum in the meridional plane
®.rp. At these positions circles with radius R, occur. When we expand ®.;; in a
Taylor series about this point R,, we obtain

1 (82(13eff

1 82(13eff
475 5l

T

OR2 )(Rg,o) 2\ 022 >(Rg,0)
The terms proportional to x, z vanish because ®. s is symmetric about z = 0. Then
the equations of motion (1.7) and (1.8) are reduced to the epicycle approximation.

2* + “higher order terms”. (1.13)

i = —rK’z, (1.14)
= -1z (1.15)
with
020
= (S 1.16
" < OR? ) (Rr,0) (1.16)
02
= () 1.17
v ( 022 /) (Ry0) (1.17)

According to these equations, x and z evolve like the displacements of two harmonic
oscillators with the frequencies x and v. They are called the epicycle and the ver-
tical frequencies, respectively.

The relation between the frequency of the epicycle x and the one of the underlying
circular orbit 2 can be seen from the effective potential as mentioned in Eq. 1.6,
then

9P 3L2
2= (= 2 1.18
" <8R2>(Rg,0) + R (1.18)
R
2 = (=— . 1.19
v <8z2 )(3970) ( )
() can be written as
1 /0P L?
O2(R) = —(—) _ = 1.20
() R\OR/(ro) R* ( )
and so the relation between s and (2 is
Q2
K2 = (RZ—R + 4QQ>R . (1.21)

The Point mass (k = ) and the Solid body (k = 2§2) model are representing the
extrema of possibilities, thus the limiting cases for k-values are given by

Q< k<20 (1.22)

Some special characteristics of models are listed in Tab. 1.3.
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GC

Figure 1.7: Geometry and description of a Monte Carlo (MC) model background
and the definition of the coordinate system. The movement of a star is well approx-
imated by the superposition of a retrograde motion at angular frequency s around
a small ellipse with axis A, and A,, and a prograde motion of the ellipse’s center,
called Guiding Center at angular frequency €2 around a circle with radius R,. Indi-
vidual epicycles are elongated in the azimuthal direction, but the velocity ellipsoid
is elongated in the radial direction.



1.3. Solar Neighbourhood

k= U X }% Qo R? ﬁ—z:% Point mass
Keplerian Potential

k=20 | voxcte. | Qo % ﬁ—z = \/LE Halo-Model

Isothermal

k= 29} v=R Q o const. ﬁ—z =1 Solid body
Harmonic oscillator

Table 1.3: Special cases

General Solutions for the Equations of Motion

The equations of motion (Eq.1.14 and 1.15) lead to two integrals, namely the ener-
gies

ER

1

5(:2;2 + k*z?) (1.23)
1

E, = 5(22 + v?2%) (1.24)

of such a star. While the total energy is
Eiot = Ep 4+ E. + $epp(Ry, 2). (1.25)

General solutions for the equations of motion are given by

z(t) = Agcos(kt+ 1) (1.26)
2(t) = A,cos(vt+5), (1.27)

where A,, A, and 1, ¢ are given by the boundary condition of the specific problem.

Next, since €2, = % is the angular velocity of the circular orbit with conserved
g

angular momentum L., and L, is conserved, we obtain

R a2
~ Qg<1—%). (1.29)

Substituting x from Eq.1.26 and integrating, we obtain

¢ = Qut + ¢ — QQ%AgC sin (kt + ). (1.30)
K

g
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The nature of the motion described by these equations can be clarified by taking
Cartesian coordinates (z,y, z) in a rotating frame with origin at the guiding center
R =Ry, ® = Qut+ ®y. The x and z coordinates have already been defined, and the
y coordinate is perpendicular to both. To a first order it will be

y(t) ~ —2—291435 sin (kt + 1) (1.31)
= —A,sin(kt + 1) (1.32)

Eq.1.26 and Eq. 1.31 are the complete solution for the orbit in the epicycle approx-
imation. The motion in the z-direction is independent of the motion in z and y. In
the (z,y) plane a star moves on an ellipse called the epicycle around the guiding
center. The lengths of the semi-axes of the epicycle are in the ratio

Lo K (1.33)

1.3.2 The Local Disk

Properties and Position of the Sun

On account of its rotation, chemistry, and age (~ 4.5 Gyr) we know that the Sun is
very typical among its G-type neighbours (Fuhrmann, 2004) (see Sec. 1.3.2; Young
Stars as tracers).

Its mass Mg, as determined from the orbit of Earth and other planets, is ~
2 x 103%kg. To set it in a context with other stars: their range covers 0.075 M
to 120 M. The Sun’s luminosity Lg is 3.86 x 102V = 4.83 mag. Stars differ enor-
mously in this value: the brightest are over a million times more luminous than the
Sun, while stars as faint as 10~* L, have been already observed as well. The Sun’s
radius (Rg) is around 6.96 x 10°5km; estimated range of stellar radii varies from
0.1 x Ry to 1000 x Re.

The Sun does not lie exactly in the galactic midplane, but is located 10 — 20 pc
above it, and its path around the galactic center is not precisely circular. The Lo-
cal Standard of Rest (LSR) is defined as the average motion of stars near the
Sun. Relative to this average the Sun is moving with velocities referred as solar pe-
culiar velocities: ug points to the GC, v in the direction of the galactic rotation
and wg up toward the NGP (north galactic pole). (Dehnen, 1998, derived out of
Hipparcos data)

ue = 10.04+0.4 kms™* (1.34)
Vo = 52406 kms* (1.35)
we = 72404 kms™L. (1.36)

Often it is assumed, that the LSR follows a circular orbit around the GC, at a solar
radius Re ~ 8kpc and a velocity of Vo ~ 220kms~!. Thus the Sun takes roughly
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1.3. Solar Neighbourhood

230 Myr to complete one revolution around the GC.

The Sun lies within a giant star-and-gas complex that is known as the Gould’s
Belt (see Sec.1.3.2; Substructures near the Sun) with a radius of ~ 500 pc and a
lifetime 7 ~ 6 x 107 yr (Bobylev, 2004). In turn, the Gould’s Belt is part of an older
(1 ~ 5 x 108yr) and more massive (~ 2 x 107 M) structure about 1000 pc in size
that is known as the Local (Orion) Arm. Fig.1.8 illustrates the embedding of
the local disk into the large-scale spiral structure of the MW. By the star symbol
the position of the Sun between the Perseus and the Sagittarius-Carina arm is
plotted. The Orion spur is sketched by a long dashed line. Russeil’s best 4-arm-

AN ITAZRES

() —

[ . = . —]

¥ C(Kpc)

Figure 1.8: A four-arm model from Russeil (2003), Fig. 5. The symbol size is
proportional to the excitation parameter of the star-forming complexes Russeil used
for her work. The Sun’s position is given by the large star symbol. 1: Sagittarius-
Carina arm, 2: Scutum-Crux arm, 1": Norma-Cygnus arm and 2’: Perseus arm. The
local arm feature is sketched as a long dashed line, the bar orientation and length
(dashed-dot-dot line) is taken from Englmaier and Gerhard (1999), the expected
deviation from a logarithmic spiral arm observed for the Sagittarius-Carina arm
(short dashed line) and finally a feature certainly linked to the 3-kpc arm (solid
line).

3

model fits define a “mean arm-width” of 1.32kpc and a “mean arm-to-arm” distance
of 2.12kpc.
In the solar neighbourhood there is about 1 star in every 10 pc3, and the diameter of
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a Sun-like object is only about ~ 10~" pc, so most of the interstellar space is empty
of stars, but is filled up with gas and dust.

Solar Environment, an Approximation

The Oort’s constants A and B are defined by the relations

R N oom
1/v. duv, 1 _.dQ2
= (F i) e="GRETY), (1.38)

where v.(R) = QR is the circular velocity at radius R in the disk of our Galaxy,
and Ry is the distance between the Sun and the galactic center. A represents the
local shear or deviation from rigid rotation and B the local vorticity of angular
momentum gradient in the disk. (In the case of v, = const, A+ B = —Cfi’g =0 and
A-B=23)

So the circular frequency at Ry can be written as €y = (A — B). With Eq.1.21 and
1.38 the value kg, for the solar neighbourhood is given by

kg = —4B(A — B) = —4BQy. (1.39)

For A = 14.8 + 0.8kms 'kpc™! and B = —12.4 + 0.6kms ' kpc™! (Feast and
Whitelock, 1997); then ko ~ 36 &£ 10km s~ kpc~! and

) —B
— N/ —==13£02 1.4
0 VA—B 3+0 (1.40)

Consequently the Sun makes about 1.3 oscillations in the radial direction in the time
it takes to complete an orbit around the galactic center. Hence the orbit does not
close on itself in an inertial frame, but forms a rosette figure.

In the solar neighbourhood the ratio ﬁ—z (Eq. 1.33) takes a value of ~ 0.7 (Binney
and Tremaine, 1994). A star out of this region travels around the epicycle in a
retrograde direction, with a period of 27 /k (time for one cycle ~ 170 Myr), the
guiding center rotates on a prograde orbit with 27 /.

Consider the motion of a star that moves on an epicycle orbit, as viewed from the
guiding center of its orbit. At different times in the orbit the observer’s proper
motion (see App.D.4 in the Appendix) measurements yield the maximum values
kA, and kA, of the velocities & = 2 (A, cos (kt + 1)) and § = & (—A, sin (kt + ¢)).
Information about the stellar epicycles can be gained by averaging the results from
many stars whose orbits differ only in their epicycle phase .

The Sun’s position on the epicycle can be defined as well when we know its velocity
with respect to that of the LSR. The peculiar velocities (Eq.1.35,1.36,1.36) of
the Sun display that it moves faster than the LS R velocity and this means that it is
located at the inner side of an epicycle. It is on the way to reach its orbit pericenter.
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Young Stars as Tracers

All information we have about stars more distant than the Sun has been deduced
by observing their electro-magnetic radiation, mainly in the ultraviolet, visible, and
infrared parts of the spectrum. The hottest stars are the bluest, and their spectra
show absorption lines of highly ionized atoms; cool stars emit most of their light at
red or infrared wavelengths and have absorption lines of neutral atoms or molecules.
The sequence O B A F' G K M distinguishes between different types of stars. It is
a classification by its temperatures and compositions extracted from spectral lines.
Adding luminosity and radii this sequence can be extended. Within this diagram
most of the stars lie on a “S” shaped band called the Main Sequence (see App. C.2).
It describes somehow the generalised time evolution of a star as starting from hot
big cloud of H and He toward a colder, smaller and less luminous star consisting of
various heavier molecules.

The stellar mass almost entirely determines the stellar structure and ultimate

fate, the chemical composition plays a minor role. Stellar masses cover a huge
range. Values between 0.8 M, and 120 M, are known (Sparke and Gallagher, 2000,
Tablel.1). The time in which such stars have a stable life on the Main Sequence
(MS) (Sparke and Gallagher, 2000, p. 10) ranges from 25 Gyr for the low mass stars
down to 2.6 Myr for the high mass stars.
O and B stars in the solar neighbourhood have been traditionally used as probes
of galactic structure and kinematics. Their intrinsic brightness allows their obser-
vations to great distances from the Sun, and due to their youth (massive stars have
a Tas, ~ 10%yr), their motions can be expected to hold important clues to the
processes that formed them. O and B stars are not randomly distributed on the sky
but instead are concentrated in loose groups, the OB Associations (OBA). Motion
and location are similar for stars belonging to the same association. Their velocity
dispersion is only a few kilometers per second and so O BA membership studies can
be done by velocity analysis. de Zeeuw et al. (1999) present a comprehensive census
of the stellar content of the OB As within 1kpc from the Sun based on Hipparcos
data.

Substructures near the Sun

The local medium, within a few hundred parsecs, is dominated by a substructure
called the Gould’s Belt (GB).

It was Sir John Herschel (1847) to first note that the brightest naked-eye stars were
not regularly distributed on both sides of the MW's great circle, but showed a sec-
ondary concentration towards a major circle tilted about 20° to the MW. Systematic
work on this local feature was carried out by Benjamin Gould (1879), after whom
this feature is named. This local system is traced by young stars and OBAs, HI,
molecular clouds and dust (Poppel, 1997).
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Torra et al. (2000) examined the local velocity field by using a large sample of
nearby O and B stars from the Hipparcos catalogue and found that approximately
60% of the stars younger than 60 Myr belong to the GB. Perrot and Grenier (2003)
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Figure 1.9: 3D view of the Belt rim and its velocity field (wrt the OBAs that are
marked as spheres with a radius equal to their size (de Zeeuw et al., 1999). The

diamond and the star note the Belt’s center and the Sun, respectively. (Perrot and
Grenier, 2003, Fig. 6)

modeled in 3D the dynamical evolution of the GB and compared it to the spatial
and velocity distributions of all HI and H, clouds found within a few hundred par-
secs from the Sun and to the Hipparcos distances of the nearby OBAs.

The best fit to the data yields values for the current Belt’s semi-axes of 373 4+ 5 pc
and 23345 pc, and an inclination of 17.2°40.5°. These characteristics are consistent
with earlier results, but a different orientation of the Belt has been found because
of the presence of new molecular clouds and the revised distance information: the
Belt’s center currently lies 104 4 4 pc away from the Sun, towards the galactic lon-
gitude [ = 180.4° + 2.0° , and the ascending node longitude is Q2 = 296.1° £ 2.0°.
Torra et al. (2000) reasoned in their work, that the GB extends up to 600 pc from
the Sun with an inclination with respect to the galactic plane of ig = 16 — 22° and
the ascending node placed at Qg = 275 — 295°.

Age analysis of the Belt is rather uncertain. The dynamical time scale worked out
by Perrot and Grenier (2003) is 20 to 30 Myr and the stellar age determination done
by Torra et al. (2000) yields 30 to 60 Myrs ; a factor of 2 difference.

The motion of young nearby stars deviates considerably from the general field of
galactic rotation (Torra et al., 2000). Analyses correspond to an overall expansion
of the local system of the earliest stars. Years ago Campbell (1913) recognized this
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1.3. Solar Neighbourhood

as the main kinematic characteristic of the GB. In Fig. 1.9 the velocity field (wrt
LSR) outlines the Belt’s expansion. The simulated GB rim from Perrot and Grenier
coincides with most of the nearby OB As, but the mean velocities of the associations
do not seem to be related to the Belt’s expansion.

Lindblad et al. (1997) mention that the GB moves away from the GC at ~ 5kms™!
and it expands at a rate of about ~ 12kms~'kpc™!. In 2004, Bobylev analysed
the space velocities of nearby, young GB stars by assuming the existence of a single
kinematic center; (lgp = 128°, Rgp = 150 pc). The velocities they found for a sam-
ple with stars younger than 60 Myr was —6kms™! for the rotation (whose direction
coincides with the galactic rotation) and 4kms™! for the expansion.

Torra et al. worked out that stars belonging to Soc — C'en or Ori OB1 complexes,
the two most dominant associations of the GB, are not primarily responsible for
the ring peculiarities. A sample with or without these stars made no significant
difference in their Belt analysis.

Several models have been presented in order to explain the origin of the GB: it
has been interpreted as a local effect of the spiral arm (Lindblad et al., 1997), as
energetic events on the galactic disk (Elmegreen, 1982), as expanding stellar groups
(Blaauw, 1952), as the interpretation of the local gas kinematics in terms of an
expanding ring (Moreno et al., 1999), and also as a supercloud which was initially
moving almost ballistically in the galactic field until an encounter with a major spi-
ral arm started a braking process (Olano, 2001). Another scenario is from Comeron
(1993), the impact of a high velocity cloud on the galactic disk.

Kinematics in the Solar Neighbourhood

Dehnen (1998) worked out the velocity distribution in u and v directions, by in-
tering these components from Hipparcos data for 3527 main-sequence stars with
B—V > 0.6 and 2491 mainly late-type non-main-sequence stars, high-velocity stars
excluded, in the solar neighbourhood.

Fig.1.10 shows the distribution of a bi-modality which has become known as the
u-anomaly (see also Raboud et al., 1998) especially for the late-type stars. (u,v)
denote the stars velocity components with respect to the LSR. The anomaly consists
of an additional peak around (u,v) = (—40,—20)kms™'. The respective stars are
lagging behind the mean rotation and have an outward radial motion with respect
to the LSR.

Recently Alcobé and Cubarsi (2005) published a full space motion analysis of a HIP-
PARCOS catalogue stellar sample. 13/678 stars are included which are maximally
300 pc remote from the Sun. They discriminate differentiated statistical behaviours
that are associated with stellar populations in the solar neighbourhood (see Fig. B.1
in the Appendix).
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Figure 1.10: Distribution in v and v velocity space from HIPPARCOS data. The
circled dot indicates the solar velocity. Samples of early-type stars contribute al-
most exclusively to the low-velocity region (solid ellipse), which contains the most
prominent moving groups. The region of intermediate velocities (dashed ellipse) is
mainly represented by late-type stars, of which ~ 15% fall into this region. Gray
scales are linear in the velocity distribution and the contours contain, from inside
out, 2,6,12,21, 33,50, 68,80,90,95,99, and 99.9% of all stars. The 1o uncertainty
in the contour lines is about 3kms™!. (see Dehnen (2000); Fig.9)
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1.3. Solar Neighbourhood

1.3.3 Orbital Resonance Effects

The solar neighbourhood shows irregularities which can perhaps be explained by
resonant phenomena produced by the main substructures of our Galaxy. Both the
spiral arms and/or the bar could be responsible for such effects.

Lindblad Resonances

Lindblad Resonances® are defined by the intersection of a pattern speed €, and
combinations of the natural frequencies (2 and . Fig.1.11 shows the Resonance
Diagram of a MW model (mod1-BA). The used potential is the same as the Stan-
dard model 20 from Bissantz et al. (2003) but with a halo modification, see Chap. 5.
These kind of models for the orbit analysis are used within this thesis. Red lines rep-

180

100

50

Frequency [km/s/kpc]

ol v L b bl
0 2 4 6 8

r [kpe]

Figure 1.11: Resonance diagram for modi_BA. Angular frequencies are shown in
red. The black line corresponds to the bar’s pattern speed. Intersections define the
Lindblad Resonances as described in the text.

resent the angular frequencies. Q(R)=+ 1k (R) are the higher and lower ones, Q(R) is
plotted in the middle. The pattern speed of the bar is shown by the straight black line
crossing the frequencies. The innermost intersections define the Inner Lindblad
Resonance (ILR) and the outermost the Outer Lindblad Resonance (OLR).
The middle intersection, where Q(R) = , is called the Co-Rotation (CR), here
the underlying stellar velocity field is equal to that of the bar.

4They are called Lindblad resonances, after the swedish astronomer Bertil Lindblad (1895 —
1965).
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The resonance condition is usually written as

0, = QR) — —k(R). (1.41)
m

Since this condition makes reference to circular velocities and epicycle frequencies,
the entire concept is always related to the linear regime, where the epicycle approx-
imation or some analogue is valid. In this sense, every resonance corresponds to a
certain radius where Eq. 1.41 is fulfilled for some (n, m) values.
When viewed in the frame co-rotating the bar (see Chap. 5), the resonance condition
means that the corresponding epicycle orbit is closed. A particle will have completed
m cycles of its radial oscillation while having circled n times around the center.
Since in the outer regions of the Galaxy Q(R) will always be a decreasing function
of R, orbits further out than CR will appear retrograde in the co-rotating frame.
Most resonances come in pairs, with one prograde member inside the CR radius,
and one retrograde outside. These pairs correspond to positive and negative sign of
a certain n. An overview of the most important resonances is shown in Tab. 1.4.

n | m
CR 0 Co-Rotation
OLR -1 | 2 | Outer Lindblad Resonance
ILR +1 | 2 | Inner Lindblad Resonance
(IILR,OILR) depending on (€2, 2, kK, n, m)
more than 1 I L R-intersection can occur

Table 1.4: Special cases

A bar potential has a multipole order of 2 given by its symmetry, and therefore
these resonances are supposedly the most significant.

Bar Effects

There is strong observational evidence and dynamical ground, that bars in galaxies
are confined to regions within the radius Rcgr of the co-rotation resonance. So this
radius can be seen as an upper limit for the bar-length. Nonetheless a bar influences
the outer parts of its host galaxy, most obviously by resonant phenomena.
Using linear perturbation theory for near-circular orbits (Binney and Tremaine,
1994), one finds that closed orbits in a barred potential are elongated either parallel
or perpendicular to the bar. The orientation changes at each of the fundamental
resonances: inside the ILR orbits are anti-aligned (so-called x2 orbits), between the
ILR and the CR they are aligned (x1 orbits), while between the CR and the OLR
the orbits are again anti-aligned (x1(2)), until they align again beyond the OLR
(x1(1)).

The situation at the OLR is sketched in Fig. 1.12, which shows two closed orbits
(solid curves) just inside and outside the OLR as they appear in a frame of reference
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A,

////////////////////////

Figure 1.12: Closed orbits (solid curves) just inside and outside the OLR of a rotating
central bar (hatched ellipse). The dashed circles depict the positions of the ILR,
CR, and OLR for circular orbit’s. Note the change of the orbits orientation at the
OLR, resulting in the crossing of closed orbits at four azimuths. The dot at the
lower left presents a possible position of the Sun. (Dehnen, 2000, Fig.1).

co-rotating with the bar. In this frame, the orbits near the OLR rotate counter-
clockwise for a clockwise-rotating bar, like the situation is in our MW. Thus, at bar
angles ¢ (In Fig. 1.12; ® = ¢.); between 0 — 45°, the closed orbits inside the OLR
move slightly outward, while those outside the OLR move inward. Clearly, if all
disk stars moved on closed orbits, the stellar kinematics would deviate from that of
a nonbarred galaxy only at positions very close to the OLR, where the closed orbits
are significantly non-circular. In particular, at azimuths where the closed orbits
from either side of the OLR cross, one would expect two stellar streams, one moving
inward and the other outward.

Fux (2001) and Dehnen (2000) found that if the Sun is just outside the OLR such
influence could explain the u-anomaly (see Fig. 1.10).

Dehnen showed the evidence that for positions up to 2 kpc outside the OLR radius
and at bar angles of ~ 10 —70°, such features took the form of a bimodality between
the dominant mode of low-velocity stars centered on the LSR and a secondary mode
of stars predominantly moving outward and rotating more slowly than the LSR.
The bimodality present in the locally observed Fig.1.10 is indeed very similar to
those emerging from the simulations presented in Dehnen (2000).

By using direct orbit integrations, Miihlbauer and Dehnen (2003) studied the kine-
matic response of the outer stellar disk to the presence of a central bar, similar to
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Figure 1.13: Geometry of the rotation of the galaxy and definition of coordinate
system. Note that positive values of radial velocity u are taken to point inwards and
that azimuth angle ¢ is measured from the bar major axis in the mathematically
positive sense, opposing to the direction of bar rotation in the MW (modulo 180°).
Also shown is a velocity dispersion ellipsoid with its principal components ¢; and
oy and a (positive) vertex deviation ¢, (Miihlbauer and Dehnen, 2003, Fig.1).

the situation in the MW. They found that the bar’s OLR causes significant pertur-
bations of the velocity moments. With increasing velocity dispersion, the radius of
these perturbations is shifted outwards, beyond the nominal position of the OLR,
but also the disk becomes less responsive. Following Dehnen (2000) in assuming
that the OLR occurs just inside the solar circle and that the Sun lags the bar major
axis by ~ 20° (e.g. Bissantz and Gerhard, 2002), they found

1. no significant radial motion of the LSR,
2. a vertex deviation of ¢, ~ 10° and

3. a lower ratio 02/0? of the principal components of the velocity-dispersion
tensor compared to an unperturbed disk. (For the coordinate system see
Fig. 1.13.)

All of these are consistent with the observations of the solar neighbourhood
kinematics. Thus it seems that at least the lowest-order deviations of the local-
disk kinematics from simple expectations based on axisymmetric equilibrium can be
attributed entirely to the influence of the galactic bar. Generally they found that
these deviations are largest near the OLR, the apparent radius of which, however,
may be shifted outwards by 10 — 20% due to the non-circularity of the orbits in a
warm stellar disk.

Radial motions u of standards of rest can be seen to occur quite frequently (see
Fig.1.14), and can reach magnitudes of the order of about 0.02v,, corresponding
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Figure 1.14: Bar-induced deviations of the mean velocity from the unperturbed
state up to m = 2 for oy = 0.2vy. The bar is aligned with the horizontal axis and is
supposed to rotate clockwise. The solar circle is dashed, dotted circles are CR and
OLR. z and y axis are normalized to R, the solar circle (Mithlbauer and Dehnen,
2003, Fig.8).

to about 5kms~! for the MW. Because of the sin2¢ dependence, these would be
maximal at ¢ = 45°, which is quite near the proposed position of the Sun (o &~ 30°;
see Tab. 1.1). In its radial dependence however, 1 swings through zero shortly outside
of the OLR, and it may well be that the Sun just meets that point. So they cannot
give a definite prediction for the bar-induced radial motion of the Sun’s LSR, not
even for its sign, except that it should be very small (at most a few kms™!). This is
consistent with a measurement® of ii= 1.5 & 2.2kms~! for the mean radial motion
of a sample of halo subdwarfs with respect to the LSR (Gould (2003)& its erratum
2004).

Spiral Arm Effects

Quillen and Minchev (2005) explain the u-anomaly with the effect of spiral arms.
Clumps in the solar neighbourhood’s stellar velocity distribution could be caused
by spiral density waves. In the solar neighbourhood, stellar velocities corresponding
to orbits that are nearly closed in the frame rotating with a spiral pattern represent
likely regions for stellar concentrations. Via particle integration Quillen and Minchev

®Gould (2003)/Gould (2004) calculated the stellar halo parameters out of 4588 subdwarfs. He
claims, that the bulk halo motion relative to the LSR are not far from the movement of the
Sun relative to the LSR. So all his velocity-ellipsoid parameters are within their errors consis-
tent with zero, or more precisely mentioned: V; = 1.5 £ 2.2kms™! and V3 = 0.3 + 2.4kms™;
(radial/outward,vertical /upward)
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showed that orbits can intersect the solar neighbourhood when they are excited by
Lindblad resonances with a spiral pattern. They found that a two-armed spiral
density wave with pattern speed placing the Sun near the 4 : 1 ILR can cause two
families of nearly closed orbits in the solar neighbourhood. One family corresponds
to square-shaped orbits aligned so that their peaks lie on top of, and support, the two
dominant stellar arms. The second family corresponds to orbits 45° out of phase with
the other family. Such a spiral density pattern could account for two major clumps
in the solar neighbourhood’s velocity distribution. The Pleiades/Hyades moving
group corresponds to the first family of orbits, and the Coma Berenices moving
group corresponds to the second family. Quillen and Minchev’s model requires a
spiral pattern speed of approximately 0.66 4+ 0.03 times the angular rotation rate of
the Sun, which is 18.1 0.8 km s~ kpct.
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Chapter 2

The OB Star Sample

The goal of this section is to identify a sample of OB stars with complete phase
space information, for kinematic analysis in later sections, and to investigate the
characteristics of this sample such as completeness, errors, etc.

A detailed description of catalogues and coordinate transformations used is given in
App.D.

2.1 Basic Sample

We begin with the 10’533 O and B stars in the Hipparcos catalogue (Perryman
et al., 1997) which are listed with detailed spectral type (hereafter sample B10).
The spectral classification information given in the Hipparcos catalogue (spectral
type plus luminosity class) is taken from various Hipparcos-external sources (see
Perryman et al., 1997), notably the Michigan Spectral Survey in the southern sky
(Houk and Smith-Moo