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Abstract

This thesis contains dynamical analysis on four different scales: the Solar
system, the Sun itself, the Solar neighbourhood, and the central region
of the Milky Way galaxy. All of these topics have been handled through
methods of potential theory and statistics. The central topic of the thesis
is the orbits of stars in the Milky Way. An introduction into the general
structure of the Milky Way is presented, with an emphasis on the evolution
of the observed value for the scale-length of the Milky Way disc and the
observations of two separate bars in the Milky Way. The basics of potential
theory are also presented, as well as a developed potential model for the
Milky Way. An implementation of the backwards restricted integration
method is shown, rounding off the basic principles used in the dynamical
studies of this thesis.

The thesis looks at the orbit of the Sun, and its impact on the Oort
cloud comets (Paper IV), showing that there is a clear link between these
two dynamical systems. The statistical atypicalness of the orbit of the Sun
is questioned (Paper I), concluding that there is some statistical typicalness
to the orbit of the Sun, although it is not very significant. This does depend
slightly on whether one includes a bar, or not, as a bar has a clear effect on
the dynamical features seen in the Solar neighbourhood (Paper III). This
method can be used to find the possible properties of a bar. Finally, we
look at the effect of a bar on a statistical system in the Milky Way, seeing
that there are not only interesting effects depending on the mass and size
of the bar, but also how bars can capture disc stars (Paper II).
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Chapter 1

Introduction

Motion is an interesting subject: from early on in the physical development
of human beings they have the need to move. In physics we call the study
of movement ‘dynamics’. Since mankind realised that the phases of the
Moon must be related to the movement of the Moon around the Earth, we
have sought to quantify, identify, and learn what causes different kinds of
motion. In astronomy, especially, we study gravitational motion.

The study of dynamics can be of something that is very small, like the
orbit of a Bohr model electron around the proton. Or something very large,
with galaxies moving around each other in a cosmic dance. The dynamics
featured here are more close to home, in our own Galaxy, known as the
Milky Way (from Latin: wia lactea). Staring at the sky, we can identify
many different celestial bodies, from our own Sun, the other planets in the
Solar System, comets and meteors. We can start to use telescopes and
scientific analysis to find even larger systems, streams of stars moving as
one, globular clusters, open clusters being born in large nebulese, and giant
molecular clouds. Finally, we can group whole systems of stars and gas
together to form structure, such as discs, bars, bulges, spiral arms and
halos.

First, the basic methods of the research are approached: the Milky Way
itself, the techniques, such as potential theory and numerical computation;
as well as a model for the Galactic potential, and a statistical method to
analyse the simulated motion of stars, known as the backwards restricted
integration method. After the basics I will concentrate on the four different
types of dynamics this thesis contains. From the smallest scale to the
largest: Oort cloud comets, the Sun, the Solar vicinity, and lastly the
Galactic disc. Each of these dynamical systems has been analysed under
a different context. The first is studied via the influx of comets into the

11



12 Introduction

Solar System, as generated by the movement of the Solar System around
the Galaxy. The second is the motion of the Sun in comparison to other
stars around us, studying statistically what our own movement is like in
comparison to our nearby companions. The third is analysing how the
bar can create dynamically associated streams in the stars of our local
neighbourhood, as well as a study of the two different observed bars in the
Milky Way. The fourth concentrates on the effect a bar would have on the
Galactic disc, looking at how a distribution of stars would be changed by
this effect. Lastly, a summary of the research as a whole will be presented
with a discussion of the matter studied in this thesis, encompassing the
whole range of dynamics and techniques studied here, as well as some future
considerations.



Chapter 2

Methods

2.1 The Milky Way

The Milky Way is what we call our own home Galaxy, and it has been the
subject of study in astronomy ever since the human race gazed at the night
sky and began to wonder. During what we call the modern era, we have
tried to study our own Galaxy in order to try to find what it looks like, just
as we aim our telescopes at other ‘island universes’ in order to see what
they look like.

The general consensus of the structure of our Galaxy includes a disc, a
bulge, a stellar halo, a dark matter halo, a bar, and spiral arms. There is a
clear problem with trying to look at the structure of our own Galaxy. We
cannot view our Galaxy from ‘outside’; so we cannot directly see the light
and gas distribution for the whole Galaxy at once. Being quite close to the
mid-plane of the Galactic disc also affects our ability to get a reliable image
of large-scale structure.

Work from the COBE/Diffuse Infrared Background Experiment (DIRBE)
identified that our Galaxy has a bar in it (Binnev et al., [1997; Bissantz &
Gerhard, 2002), this feature was dubbed the ‘Galactic bar’. Later work by
Benjamin et all (2005) and Lépez-Corredoira et al. (2007) found yet an-
other bar in the middle of our Galaxy. It did not match the morphology of
the Galactic bar, and it was named the ‘long bar’, as it was calculated to be
longer than the Galactic bar. It is difficult to say what exactly is going on
in the centre, since, again, we cannot view the Milky Way from any other
vantage point and because distance uncertainties and extinction make it
difficult to construct an accurate map. The disambiguation is handled,
although very lightly, in Paper III.

13



14 Methods

2.2 Basics of potentials

The basic equations used in potential theory (see e.g. Binney & Tremaine
2008 for a wealth of information on the topic) are:

F=-Vo (2.1)

V20 = 4nGp (2.2)

where F is force, @ is the potential, R is the radius (e.g. distance from the
Galactic centre), G is the gravitational constant and p is density. As one
can understand from the equations, the potential represents some density
distribution, that will generate, in our case, a gravitational force. Equation
is better known as Poisson’s equation.

The circular velocity of the system, V. is the rotational velocity a ‘tracer’
must have in order to maintain a circular orbit:

V2 =R|VY| . (2.3)

This equation is only approximate, as it is only valid for axisymmetric
systems, problems arise from considering non-axisymmetric systems. Since
equation [2.3] fails to accurately represent circular velocity, since there is
no constant force at a certain radius (R). This requires more thought on
what kind of orbit is circular, as true circular orbits do not really exist in a
system where the density distribution is not symmetric. This was handled
in Paper III.

2.3 A Milky Way potential

The full equations of the axisymmetric potential are:

P =0y + Do+ Pp + Ppyr (2.4)

1
Oy = §V,31n(r2 + 1), (2.5)
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M, M,
oo = Mo GMe, g (2.6)
rZ 4+ 7%1 rZ 4+ 7%,2
3
—GM,.
dp = GMa, (2.7)

; VB + (o, + V)R

where r = 22 + y? + 22, and R = 22 + 2. @, ¢, ®p, and Py, are the
respective potentials of the dark halo, the bulge, the disc, and the bar. The
parameters for this system are in Table 2.1l The negative mass disk (®p,)
is required to constrain the scale-length to lower values.

Table 2.1: Parameters of the axisymmetric model.

Parameter  Value Unit
Vi 220 kms!
rQ 8.5 kpc
Me, 3 10° Mg
rcy 2.7 kpc
Me, 16 10° Mg
TCy 0.42 kpc
My, 77.04  10° Mg
ad, 5.81 kpc
My, —68.48 10° Mg
ad, 17.43 kpc
My, 26.75  10° Mg
Qs 34.86 kpc
b 0.3 kpc

The first stage of this work was to study the new information we have
on the generalised structure of the Galactic disc. It was quickly noticed
that times have changed, and that what is called the scale-length (hg), i.e.
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the trend in the surface density (3,) of the Galactic disc, has dramatically
reduced from some initial works. For example, van der Kruit (1986) and
Lewis & Freeman (1989) quote respective values of hp = 5.5 and 4.4 kilo-
parsecs (one kiloparsec being about 3216 light years, or 3.1 x 10'® km).
Most recently, the value of hr has settled around 3.3 kiloparsecs (kpc) from
Lépez-Corredoira et al) (2002); [Ruphy et al) (1996); |(Ojha (2001). But the
Sloan Digital Sky Survey (SDSS) found an even shorter scale-length of 2.6
kpc (Jurié et all, [2008). A more complete review of this information was
gathered and presented in Paper II.

A few assumptions had to be made in order to match the model to
observations. This is because the model of the Milky Way disc should
represent the actual Milky Way disc. The first one was the fixing of the
solar position at (Rp,zp) = (8,0) kpc, which is not consistent with the
current estimates from e.g. |Juri¢ et all (2008), although the values of
Ry tend to vary greatly, with estimates ranging from 7 to 9 kpc (see e.g.
Bica et _all 2006; (Groenewegen & Blommaert 2005). The second was the
fixing of goal values for local density (pg), and surface density (X4). These
were taken from [Holmberg & Flynn (2000), where they state values of
po = 0.102 & 0.010 My /pc® and ¥; = 48 Mg /pc?.  As the method of
modifying the disc was mostly trial-and-error, I managed to achieve these
values within a few per cent. Overall disc mass was the third assumption,
where the current estimated value is around 4 +1x 10° Mg, (Flynn et all,
2006).

This new information sparked modifications to the potential of the
Milky Way in [Flynn et al. (1996). Due to this being the starting point
of this work, I attempted to reduce the disc scale-length from the original
4.4 kpc to something more in-line with modern estimates from e.g. Jurié¢
et al. (2008); |Gould et al. (1997). The Miyamoto-Nagai potentials, which
represent the disc (see Binney & Tremaine 2008 and equation [2.7]), were
modified in order to achieve this goal. The new model for the Galatic disc
has a scale-length of around 3 kpc, as seen in Fig. 21l The rotation curve
of the system is shown in Fig.

Some additional modifications to the potential were made for the work
in Paper IV. This was because the vertical mass-profile of the potential
did not match the observed vertical mass-profile from [Holmberg & Flynn
(2004) with sufficient accuracy for the particular problem adressed in Paper
IV. This was achieved by adding an additional, thinner, disc-component to
the potential. This represents the gas-layer in the disc of the Milky Way.



Methods 17

The original potential was sufficiently accurate for the work in the other
papers.

102 ;

100 ;

Surface density (Mg /pc?)

104 ;

0 5000 10000 15000 20000 25000
R (pc)

Figure 2.1: The surface density of the disc component as a function of
Galactocentric radius. The dashed line corresponds to an exponential den-
sity falloff of 3 kpc, which is a good fit to the model over a wide range of
radii. 3 kpc is also a fairly good representation of our current knowledge of
the Galactic disc’s scale-length. Note that the density ends abruptly at 18
kpc.

The case of the bar was more complex, but the work of [(Chandrasekhax
(1969) describes the use of triaxial ellipsoid as useful representation for
bars. The groundwork for an ellipsoidal potential was laid out by [Ferrers
(1877) and Dyson (1891) over 100 years ago. What is now known as a
Ferrers’ potential is an ellipsoid with the following density law:

p=po(l—m?)" m <1,
=0 m>1, (2.8)
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Figure 2.2: Circular velocities for the model, and the different contributions
of the model components.

2 .2 2
2:%4_&-1-2—2 a>b>c>0, (2.9)
a c

where a, b, and ¢ are the semi-major axes of the ellipsoid. To get from
this density based form to the force it generates, or from equation to
equation 211 is straightforward, but tedious. Analysis can be made very
simple using constant density ellipses (n = 0), the potential equations for
these can be found in both |Chandrasekhar (1969) and Binney & Tremaine
(2008). A constant density ellipse was used to emulate a bar in Paper II.
It was later deemed that the more complex system presented in [Pfenniger
(1984), which is an n = 2 Ferrers’ potential, would more accurately repre-
sent the bar. The main issue is that a constant density Ferrers’ potential
has, at its edges, a rigid cutoff in density, which might create artifacts in the
stellar motions. There were a few issues with the equations in the appendix
of [IPfenniger (1984), including a few typographical errors. Verification for
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the corrections, as well as answers to some other questions were obtained
from Pfenniger (private communication). The equations of the potential
are lengthy, and are given in [Pfenniger (1984). The adopted parameters
for the bars are presented later, in Table

2.4 Backwards restricted integration method

The backwards restricted integration method is the one used by [Dehnen
(2000) to investigate the local effects of the Galactic bar. The work by
Dehnenl (2000) is a major contributor to the inspiration for the work in
Paper III.

The basic idea of the method is to create an orbit library, using a wide
range of initial conditions, and to apply a certain weight to each item
in the library, calculating a total weight for each orbit. The combined
orbits, weighted, lead to the density distribution and velocity distribution
at various places in the Galaxy. An orbital library can be generated by
integrating an orbit in a potential, recording the position and velocity of
what is called a ‘tracer’. The tracer is a substitute for a star in the real
Galactic potential. For each recorded point in position-velocity-space you
may assign a weight: the product of the weights for the individual position-
velocity-pairs, for example, is the weight of the orbit.

Mathematically the backwards restricted integration method can be
expressed as the following equation:

N

Q= wlwi,v), (2.10)
i=1

where w is the weight at a certain point along the orbit, €2 is the total
weight of the orbit in the library, N is the amount of individual points in
that orbit, and z; and v; are the respective position and velocity of the
point.

In Paper III T simulated ‘local velocity space’ (see Fig. [G.1] for the
observed local velocity space). I used the potential described in the previous
section to create an orbital library. I sampled the position and velocity of
each orbit passing through ‘local velocity space’ for a billion years and chose
weighting functions based on observed position and velocity distributions,
i.e. on the distribution of the stars in phase space from observations of
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the Milky Way. This is done so that one can reconstruct the distribution
of stars in velocity space at a certain point (the Solar neighbourhood), by
essentially asking how many stars from different parts of the Galaxy have
the right velocities to reach the solar neighbourhood.

2.5 Computational methods

For the computation of the ellipsoid potential representing the bar I had
to use a third-degree equation solver, which proved to be quite complex.
The algorithm was translated from the Gnu Scientific Library (GSL) (Mark
Galassi et al.,2006). The bar also requires the calculation of elliptical inte-
grals. The technique by|Carlson (1994) provides an accuracy of 10~%, which
was deemed accurate enough for our calculations. Upon further analysis
I found that the GSL uses the exact same numerical method as described
by (Carlson (1994) in its own algorithms. The orbital integration was per-
formed using a fourth order Runge-Kutta algorithm. All of the simulation
and statistical analysis software was written by the author in FORTRAN
90/95. Additional statistical analysis was performed in GNUMERIC.



Chapter 3

Motion of the Sun

The motion of the Sun around our own Galaxy has been an ongoing rid-
dle. It was assumed that our Sun could be on a circular or near-circular
orbit, e.g. Mayor (1974) measures a velocity (U, V,W) for the Sun of
(10.3,6.3,5.9) + (1, 0.9, 0.4) km s~!, where U is the velocity towards
the Galactic centre, V' is the velocity along rotational direction, and W is
the velocity perpendicular to the Galactic plane. The data obtained from
the Hipparcos satellite (Dehnen & Binney, 11998), confirmed this assump-
tion, measuring a velocity for the Sun of (10.00,5.23,7.17) £+ (0.36, 0.62,
0.38) km s~! . The motion described in Mavor (1974) and Dehnen & Bin-
ney (1998) would put the Sun on a near-circular orbit. The later work of
Hogg et all (2005), working from the same Hipparcos data, confirmed this,
measuring a velocity of the Sun of (10.1,4.0,6.7) £ (0.5, 0.8, 0.2) km s~ 1.
Lately, though, it seems as the analysis method used in Dehnen & Bin-
ney (1998) and [Hogg et al! (2005), might be flawed. The work of Schénrich
et al. (2010) clearly states that the original work, and method, in Dehnen &
Binney (1998) should be revised. This is due to the assumption in Dehnen
& Binney (1998) that the Galactic potential is axisymmetric, which, in
practice, it is not (McMillan & Binney, 2010). Note that the authors of
Schonrich et all (2010) include the authors of [Dehnen & Binney (1998).
So why would this matter, what difference does it make whether the Sun
is moving on a circular orbit (eccentricity (e) ~ 0), or an eccentric orbit
(e.g. € > 0.1)7 The interest comes not from a purely astronomical state,
but rather a more recent emerging field called astrobiology. We recognise
that our own existence, and life on earth itself is in some ways special.
From the dynamical point of view, then, one could argue that the orbit of
our Sun, for at least the past few hundred million years, must have kept us
out of the more inhospitable regions of our Galaxy. The general statistical

21



22 Motion of the Sun

study of our Sun as a host to a planet with life, was studied in Paper I. I
was responsible for the dynamical calculations in Paper I. Paper I states
that almost all (93 + 1%) of the nearby stars have an eccentricity higher
than the Sun’s, although the work in Paper I does not include the more
recent information about the velocity of the Sun in the Galaxy (from e.g.
Schonrich et al) [2010; [Binney 2010). The revised velocity had not been
published yet. The statistics of orbits and the impact of the change in the
Solar motion will be returned to in Chapter [l

3.1 The Solar motion

Before we move on to the effects of the Solar motion, we should look at
the Solar motion itself. Figure Bl shows the orbit of the Sun in the purely
axisymmetric (no bar included) potential of the Galaxy described in Section
2.3l The simulation ran for one billion years.

The velocity used here, from [Schonrich et all (2010), is (U, V, W)=(11.1,
12.24, 7.25) km s~!. The V-velocity is relative to what is called the Local
Standard of Rest (LSR). This is the velocity that a star, at the radius from
the Galactic centre, would require in order to stay on a circular orbit.

The significant change with respect to Dehnen & Binney (1998); Hogg
et al. (2005) is an increase in the Solar V-velocity of approximately 7 km
s~!. This implies that the Sun is on a slightly more eccentric orbit, with
simulations giving e = 0.0594 0.003 , compared to e = 0.036 + 0.003 by us-
ing the velocity from [Dehnen & Binney (1998), and as used in Paper 1. The
new maximum and minimum Galactocentric radius are 8.9 +0.5 and 7.9
+0.5 kpc, respectively, compared to 8.4 +0.2 and 7.9 +0.2 kpc. The max-
imum distance from the mid-plane is 0.101 4+0.04 kpc, compared to 0.103
+0.03 kpc. One rotation period, around the Galaxy, is 223 million years,
the radial and vertical periods are 153 and 94 million years, respectively.

3.2 The effect of the Solar motion on the outer
Solar System

What would happen if we were passing through more inhospitable regions
of the Galaxy? What makes them inhospitable? How are we able to know
that they could be detrimental to life itself on this planet?



Motion of the Sun 23

0.15 T T T T T

01F

0.05

z (kpc)
o

-0.05 |

01 F

-0.15 1 1 1 1 1
7.8 8 8.2 8.4 8.6 8.8 9

R (kpc)

Figure 3.1: Motion of the Sun in the axisymmetric model potential, in
Galactocentric radius (R) and vertical height (Z). The initial velocity is
from |Schonrich et al) (2010). The initial position of the Sun is (R, Z)o =
(8,0) kpec.

One of the more spectacular reoccurring events in the Solar System
is comets. The Oort cloud, the parent population of long period comets,
was proposed by [Oort (1950). Work has been constantly made, e.g. by
Fouchard et al. (2006); Rickman et al. (2008) to explain how exactly do the
comets in the Oort cloud, which are orbiting at very large distances, evolve
dynamically, through perturbations, into comets that we can observe in the
Solar System.

In Paper IV we looked at how the Solar orbit affects the evolution of long
period Oort cloud comets. ‘Long period’ refers to comets that have large
semi-major axes (a), of the order of tens of thousands of Astronomical Units
(AU), one AU being the distance from the Earth to the Sun. The reason to
study these comets is that the Galactic tide, the force of the surrounding
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Galaxy on the volume around of the Sun (including the Oort cloud), is
thought to be the one of the main factors for the dynamical evolution of
these bodies. The force acting upon the comets is (from Heisler & Tremaine
1986):

F= —Gi\g@r — Gz — Goyy — G322 (3.1)
G1=—(A—-B)(3A+ B) (3.2)

Gy = (A — B)? (3.3)

Gs = 4nGpy — 2(B% — A?), (3.4)

where A and B are the Oort constants that depend on the underlying
rotation curve of the Galaxy (see Binney & Tremaine 2008 for more details)
and pg is the local matter density. G is the gravitational constant.

In the work presented in Paper IV, I used the improved Milky Way
model and the knowledge of the Sun’s orbit and proceeded to see what
the effect of the varying Galactic tide would have on the Oort cloud. The
work requires a few assumptions, the first one is a potential model of the
Milky Way, the second is the velocity of the Sun around the Galaxy. The
first was presented in Section 2.3l The velocity I have taken from Schénrich
et al. (2010), as this seems to best reflect the current knowledge of the Solar
motion. The model does not produce an identically flat rotation curve, as
shown in Fig. This is customary to adopt, so that G; = G2 = 0. The
Oort constants, A and B, will also vary over time due to the nature of the
model’s rotation curve. As stated by [Fouchard et al! (2006), the py term,
and thus the G5 term will dominate the tidal force, as it is around ten times
larger than the G and G2 parameters. Figure shows the variation of
the G-parameters over the calculated Solar orbit.

The velocity used here, from [Schonrich et all (2010), is (U, V, W)=(11.1,
12.24, 7.25) km s~!. The largest variation of the G3-parameter is caused by
the radial motion, R (in a cylindrical (R, 0, Z)-system), where the minor
variations are due to the vertical, Z, motion. Since the model in Paper IV
does not include the bar, it is completely axisymmetric, and as such there
is no dependence on azimuthal angle.



Motion of the Sun 25

6.4x101°

-6.6x101¢

-6.8x101¢

7.0x 10

Gy (Uy?)

7.2x10¢

7.4x101°

7.6x10¢

7.8x10%° L L L L
0 200 400 600 800 1000

Time (Myr)

8.2x10716 T T T T

8.0x 1076

7.8x 100

7.6x 1016

7.4x1076

G, (Uy?)

7.2x10™°

7.0x 1016

6.8x 1076

6.6x 100

6.4x 10718 1 1 1 1
0

Time (Myr)

6.5x107° T T T T

6.0x107° | g

55x107° g

50x107° g

Gy (Wyr)

45x10%° H

40x10%° |

35x10%° | g

3.0x107%° y L
0 20 40 60 80 100

Time (Myr)

Figure 3.2: Variation of the G-parameters along the Solar orbit, using the
Solar motion determined by [Schoénrich et all (2010).
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3.3 The Galactic tide’s effect on comets

Once I determined how the Galactic tide changes over time, or just by
choosing some constant value for the Galactic tide, I could input this force
into a model of how the comets’ orbits evolve over a period of time. In
Paper IV, the method described by Mikkola & Nurmi (2006) was used to
integrate the motion of the comets. This method prefers to directly modify
the orbital parameters of the comet, such as inclination and eccentricity,
instead of classically integrating the orbit in position and velocity. The
reasoning for this is simple. To gather the orbital parameters from position
and velocity (or wice versa) one must solve Kepler’s equation, which re-
quires one to iterate numerically. Although it is not a very time-consuming
process to solve once, in simulations like this with 10% comets, with one
simulation point per 10° years, it still equates to solving Kepler’s equa-
tion 10? times. Thus, not solving Kepler’s equation, for every point in the
simulation, makes the simulations run quicker.

The study takes comets with certain semi-major axes (a), with the rest
of the orbital parameters, such as inclination (7), longitude of the ascending
node (Q2), argument of the periapsis (w), and true anomaly (v) are com-
pletely randomly distributed. The values for a were chosen to represent the
approximate location of the Oort cloud, 10000, 20000, 30000, 40000, 50000,
and 60000 AU, corresponding to a maximum distance of 120000 AU, when
e~ 1.

At this point, it would be good to notice that whenever one talks about a
‘comet’ or a ‘star’ in the context of a simulation, it means that it is a certain
point in position-velocity space that is affected by our simulation system,
such as the potential, or, in this case, the force of the Galactic tide. The
integration of each orbit was performed for a billion years, tracing the orbit
of both the Sun and the comets over this time period. In another case, the
effect of the Solar motion was ignored (i.e. the Sun was on a pure circular
orbit, without vertical motion), and a mean value of the G-parameters was
chosen to represent the Galactic tide.

The rate of comets in the inner Solar System can be predicted by inte-
grating the orbits of the long period comet population. The orbits of these
comets can evolve so that they come close enough so that the planets start
to affect the orbits of the comets. At this point the semi-major axis of
the comet’s orbit might change so that it may be captured and become a
‘short-period’ comet, like Haley’s comet, or it might be transferred into a
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hyperbolic orbit, never to be seen again. Our chosen limits were the per-
ihelion distance (q), less than 30 AU (just inside Neptune’s orbit), and a
distance from the Sun to be less than 1000 AU. Additionally, the Galactic
tide is negligible inside 1000 AU, so the orbit does not evolve due to the
tide, while the comet is within 1000 AU of the Sun. At a distance of 30
AU, the effect of the planets in the Solar System becomes non-negligible
(Heisler & Tremaine, [1986; Fouchard et all, 2006). The last choice is so
that ¢ does not evolve to 30 AU, or less, and then evolves to a value that
is higher than 30 AU, without ever coming near to the Sun. The latter
limit is high due to the size of the integration steps, as following an exact
motion, in time-scales of months, in simulations that try to handle millions
of years is not feasible. The inner Solar System, including planets, is not
included in the model, this is another reason why the ¢ limit is set to 30
AU.

3.3.1 Cometary influx into the Solar system

What can be first seen from the simulations, shown in Fig. B3] is that the
comets take a while, approximately 200 million years, to achieve a state
where they are more susceptible to drop into the inner Solar System. This
is what can be described as a relaxation time. After the relaxation time it
is possible to see the effects from the Galactic tide.

As expected, when one keeps the values for the G-parameters constant,
as seen in the bottom panel of Fig. B3] the in-fall of comets is regular,
and does not have large-scale variations. The dynamic case, where the
G-parameters vary with the motion of the Sun, on the other hand, follows
fairly well the variation in G3. What this tells us is that the influx of comets,
as a steady state event, does depend closely on the position of the Sun in the
Galaxy. Other events, such as passing through high density regions, such
as giant molecular clouds (Wickramasinghe & Napier, 2008) or spiral arms
(Gies & Helsel, 2005) affect the influx as well, but they were not possible
to test here, as our model does not explicitly include them. Other events
include the close passage of another star, as described in [Rickman et al.
(2008). The only difference between the two simulation cases happens in
the time-domain, showing that the basic case is valid. More comparisons
between the two cases are shown in Paper IV.
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Figure 3.3: The time evolution of the cometary flux into the inner So-
lar System, the dynamic case (top panel), and the constant case (bottom
panel). The solid line represents the flux of comets in 1 million year bins,
the white line a 10 million year moving average. The dashed line repre-
sents the evolution of the GG3-parameter, one can see how the flux evolution
corresponds to the evolution in Gs.
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3.3.2 Observing the cometary influx

What is the general purpose of studying the cometary flux? And what
does this information tell us now? To address the last point first, we can
see two distinct periods in the cometary influx, one having a larger effect
than the other. The radial period, of 149 4+ 1 million years is the primary
driver for long-term large-scale change in the basic influx-signal, while it is
modulated by the shorter-term small changes from the 85 + 4 million year
vertical period. Since the disc is symmetric, it means that the actual signal
is half of this period, i.e. 43 £ 2 million years.

Now, could such a modulated signal in the cometary flux be found on
Earth? For this we could take the cratering of the Earth or the fossil record
Chang & Moon (2005); Napier (2006). The main problem with cratering is
the low number statistics. |Chang & Moonl (2005) found a ~26 million year
period with 90 craters, while Napier (2006) found either a ~24, ~35, or ~42
million year period with 40 craters. Trying to find such a good periodic
record is not easy, if at all possible. Fossil records would be an indicator of
mass-extinction, where a cometary impact, or similar high-energy event has
destroyed large number of living species (Napier, [2006). Since the period of
mass-extinctions, 30 + 1 million years, approximately corresponding to the
period in the cratering records, 33 & 3 million years (Rampino & Stothers,
1984).

As became apparent from Paper 1V, it is possible to drive a long-term,
orbital signal into the cometary flux. Therefore, if one wanted to arbitrarily
choose a circular orbit, with only vertical movement, the signal will purely
reflect that motion. The main issue seems to be that the proxy chosen to
represent the change in the Galactic tide does not match the simulated Solar
period. There must be some other process in question, ones that are not
included in the model, such as passage through spiral arms, which might
generate a suitable signal for the aforementioned cratering studies. Bailer-
Jones (2009), though, in a recent review of this whole topic concludes that
there is little evidence for any intrinsic periodicity in biodiversity, impact
cratering, or climate on timescales of tens to hundreds of millions of years.
I find that the Solar motion gives vertical periods in the range of 81—89
million years; the motion results in quasi-periodicity. Detecting such a
periodicity in, e.g. the cratering record, would be difficult, and we agree
with [Bailer-Jones (2009) that the evidence of the vertical motion of the Sun
in the cratering record is weak.
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Chapter 4

Motion of the Sun in
comparison to other nearby
stars

Paper I contains an analysis on how typical the Sun is. The tested char-
acteristics included the mass, age, metallicity, two elemental abundance
ratios, the rotational velocity, Galactocentric radius, eccentricity, and max-
imum height above the Galactic plane of the Sun, as well as the mass of
the host galaxy and the host galaxy group. All of these are compared to
several thousand nearby stars. The overall conclusion is that the Sun is
not particularly special, and that none of the tested characteristics is nec-
essary for a star to host a planet with life. For the work in Paper I, I was
responsible for the determination of the eccentricity (e) and the maximum
height above the Galactic plane (Zpax) for the Sun and other stars in the
Solar vicinity.

There are a few improvements that can be made to the dynamical anal-
ysis in Paper I. Work on the potential mentioned in section had not
been completed, or published, at the time when Paper I was being written.
The ‘original’ potential from [Flynn et all (1996) was used then. Addition-
ally, there was no bar in the model, relying on a pure axisymmetric system.
The Solar velocity in Paper I was from [Dehnen & Binney (1998), as well
as from [Hoge et _al. (2005). Both of the velocities mentioned (Dehnen &
Binney, 1998; [Hogg et al., 2005), are not that different from each other,
especially compared to [Schénrich et al) (2010).

The statistics of the orbit of the Sun, and other stars, were reanalysed
with the new potential for the disc. Furthermore, the simulation was run
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with and without the bar, where the bar case utilises the long bar, and not
the Galactic bar. Additionally, the velocities, distances, and positions were
used from the revised catalogue of [Holmberg et al. (2009). The selection
criteria are that a star is within 40 parsecs and it has a U, V, and W
-velocity, this amounts to 1924 stars. The simulation was run for 2 billion
years, sampling the position of the star every 10000 years. Eccentricity (e)
is defined as (Rmax — Rmin)/(Rmax + Rmin), Where Ryax is the maximum
Galactocentric radius and Ry, is the minimum Galactocentric radius.

Table 4.1: Statistical analysis of the Solar orbit in comparison to other
nearby stars using both the original model from [Flynn et al. (1996) and
the new model mentioned in 23l Two different solar velocities, Dehnen
& Binney (1998) and ISchonrich et al! (2010) were used. The percentile
represents the amount of stars which have a higher value than the Solar

value.
Parameter  Solar value Sample range  Percentile Note
e 0.061 +0.003 0.0008 —0.971 729+2% a.c,d
e 0.058 +£0.003 0.0021 —0.978 785+2%  ad
e 0.036 +0.003 0.0014 —0.996 925+1%  b,e
e 0.058 +0.003 0.0020 —0.988 785+2%  b,d
o 1111788 pc 3.7 12778 pc 58.0+2 % a,c,d
Znax 110.7783 pc  3.7—-10431pc 581+2%  ad
Zmax 103.8%239 pc  2.5—-11285pc 58.7+3 %  be
Zmax 1078780 pe 3.6 - 10292 pc 58.0+£2%  bd

a. Axisymmetric potential from section

b. Axisymmetric potential from Flynn et al. (1996)
c. Barred potential added

d. Solar velocity from Schonrich et al. (2010)

e. Solar velocity from Dehnen & Binney (1998)

Looking at Table 1l it can noticed that there is only a slight difference
between the barred and un-barred case. The conclusions of Paper I are
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unchanged whether or not one includes a bar in the Galaxy. These differ-
ences are due to the perturbing effect of the bar. This effect will be fully
covered in the following two Chapters. It is also interesting to note that
the bar causes one of the stars to adopt an extremely circular orbit, with
an eccentricity of only 0.0008.

The greatest difference, despite the effect of the bar, in comparison to
Paper I, is in the percentage of stars with e and Z,ax higher than the Sun.
The relative amount of stars on more eccentric orbits than the Sun has
been reduced to 78.5 + 2 %, where it was previously 92.5 £ 1% (first and
second row, Table[d.Il Furthermore, the relative amount of stars on higher-
reaching orbits than the Sun has decreased from 58.7 + 3 % to 58.1 + 2
% (fifth and sixth row, Table [AT]), this change is completely insignificant
in comparison to the change in eccentricity. There are a few reasons for
these changes. The main key is in the improvements made to the Geneva-
Copenhagen survey from the first version (Nordstrom et all, 2004), to the
second version (Holmberg et al), [2007), and finally to the third version used
here (Holmberg et all, [2009). At the time of writing Paper I, only the first
version was available. [Holmberg et al! (2007) states that the velocities have
been revised based on the recalibration of the metallicities and tempera-
tures. [Holmberg et all (2009) additionally states that the velocities have
been yet again re-calibrated to reflect the improved distance measurements.
This also accounts for the difference in the number of simulated stars, from
1987 in Paper I to 1924 here.

For these reasons, a reanalysis of the original simulations from Paper I
is important. We do this by using the same initial conditions as mentioned
above, but using the velocities from both [Dehnen & Binney (1998) and
Schonrich et all (2010) in the original disc model from [Flynn et all (1996).
The simulations were reanalysed, with errors, in an unbarred case, and are
also presented in Table 1] (the third, fourth, seventh, and eighth rows).
Running a case where all initial Z-positions were offset by 20 pc had no
effect on the statistical analysis. This tested what effect the adoption of a
20 pc Solar height has on the statistical outcome.

There are minor differences between the statistics derived from the
adopted models and Solar velocity. Changing the scale length of the disc
has a very small effect on the solar value of Z,,,x, although the percentile
stays within the same range. The greatest change comes from the differ-
ence in the adopted Solar velocity. Eccentricity increases by over 60% (the
first and second rows of Table [4]), although it is still on a fairly circular
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orbit. The statistical change in eccentricity, from adopting a different So-
lar velocity, is fairly significant, with the percentile value decreasing by 14
%. Overall, the effect of using the Solar motion determined by Schonrich
et al. (IZM) makes the Sun more typical, as the eccentricity of the Solar
orbit becomes less unusual than if one used the Solar motion determined

by Dehnen & Binney (199]).




Chapter 5

The effect of a bar on the
central region of the (Galaxy

Benjamin et al. (2005) and [Lépez-Corredoira et all (2007) recently proposed
that there is a second, ‘long bar’ in the Galactic centre. Benjamin et al.
(2005) discovered the long bar in the Galactic Legacy Mid-Plane Survey
Extraordinaire (GLIMPSE) survey, while [Lépez-Corredoira et all (2007)
used observations from the Two Micron All Sky Survey (2MASS) to find
the long bar. The long bar is longer, flatter, and much more dense than the
traditional Galactic bar. The long bar lies at a different position angle, but
weighs about the same as the Galactic bar. Because the long bar has only
been recently detected, its dynamical effect on the disc of the Galaxy has
not yet been studied. Here I discuss the effect of the long bar on disc stars
passing through it. This also allowed me to develop a program for treating
a rotating bar and stellar orbits near and far away from the bar.

There is a small undocumented feature pertaining to bar models. [Dehnen
(2000); Minchev et all (2007) both use a ‘quadrupole’ to approximate the
bar. This is fine, as long as the stars do not get too close to the bar. When
analysing both a quadrupole and a Ferrers’ potential, one can notice that
the rotating Ferrers’ potential acts closely the same as the quadrupole, at
large (R > 5 kpc) distances. Inside the bar, and closer in towards the tip
of the bar, the effects change. Even a constant density Ferrers’ potential,
used here, is a more accurate description of a bar-like density distribution
than a quadrupole.

Using the constant density (n = 0) Ferrers’ potential to emulate the bar,
I simulated its impact on a distribution of stars. Each star was integrated
for two billion years. Two cases were tested, one is a ‘thin’ case, equal
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to the long bar, with axis sizes of (3.9:0.6:0.1) kpc. The other has been
made ‘thicker’, with axis sizes of (3.9:2:1) kpc. Due to a constant density
in the model, we know that the respective densities in the two cases are 6
Mg /pe® and 0.2 Mg /pc®. The initial velocities represent a kinematically
cold system, where the U, V', and W-velocities were selected from a normal
distribution with a standard deviation of 10 km s~!. An 3 kpc exponential
distribution in R represents the initial Galactic disc. A total of 10000 stars
were simulated.

Fig. 5.1 shows how the distributions of the radius (R) and the height
(Z) evolve under the effect of a bar. The initial distribution stays almost
the same in the model without a bar, with only a slight shift inward in Z.
The radial profiles show more evolution. The thin case exhibits a clear shift
inwards in the distribution from log R = 3.0 — 3.6. The thick case has a
smaller shift at log R = 3.0. These correspond to radii of 1 kpc to 4 kpc.
What this means is that the bars are capturing disc stars.

A mere 10000 stars will not tell how they organise themselves in respect
to the bar, but what this does tell us is that the general distributions depend
on the morphology of a bar. A thinner bar will move stars inwards and
upwards, while a thicker bar will only have a slight inward change and a
systematic movement upwards in comparison to the case without a bar.
In this case, there is far less evolution in the Z and R distributions, from
their initial configuration. Still, the dynamical effects for the ‘thin’ long
bar-emulating case are quite interesting, as the morphology of the inner
disc could be changed by the long bar and that the long bar can affect
stars very close to the Solar circle. Additionally, a bar with a density of 6
Mg, /pe? is not so dense or so extreme, that it would have drastic effects on
the centre of the Galaxy.
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Figure 5.1: Initial and final distributions of radius (top panel) and height

(bottom panel). The solid line represents the initial distribution, the dot-

ted line represents the distribution without a bar, the dashed-dotted line

represents the distribution with long bar dimensions, and the dashed line

represents a thicker bar. The vertical line in the upper panel marks the
position of the Sun.
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Chapter 6

Bar-induced local effects

Using my analytical model, I now explore the local effects of bar structure
on the Galaxy. The statistical evidence in Chapter [ shows that there is not
much impact on the eccentricity or maximum height on 1924 stars within
40 pc of the Sun. However, such a small sample does not tell the full story
on how stars are moving near the Sun. If I take a much larger sample,
all the stars, with measured velocities, from the Geneva-Copenhagen sur-
vey (Holmberg et al), 2009) and supplement that set with the stars from
Schuster et al! (2006), one obtains a total of 14474 stars. Fig. shows
the resulting distribution of those stars if one arranges them in a two di-
mensional grid, with a U range from —100 to 100 km s~! and a V range
from —150 to 50 km s~! in bins of 2 km s~!. Note that this range only
includes 13579 stars, as there are stars with very high velocities which do
not fit into the figure. The contours represent percentages of the bin with
the most stars in it, in steps of 5%.

Fig. shows over-densities at (—35,—5), (0,—10), (20,20) km s~ 1,
and something extending out from the main area of contours centred at
(—25,-30) km s~!. These are identified as the Hyades (Eggen, [1958),
Pleiades (Eggen, [1972), Sirius (Eggen, [1958), and Hercules (Eggen, [1971h)
streams. The Sun is marked in Fig. as a white star. A good question
to ask is where the streams come from, what causes them, and why? Paper
III concentrates on the Hercules stream, a stream that has been suggested
to be caused by a bar (Dehnen, 2000; Fux, 2001). If the connection to the
bar is correct, one could use it to measure the mass, rotational velocity,
and angle of the bar in the Milky Way. This would especially constrain the
dynamical properties of such a bar, in particular the pattern speed and the
bar’s rotational period compared to the Sun’s orbital period, as shown in
Paper III.
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Figure 6.1: Local velocity space, from the Geneva-Copenhagen survey

Holmberg et al! (2009) and [Schuster et all (2006). The Hercules stream

is the prominent feature area around (—25,—30) km s~!. The velocities
have been calculated using the Solar velocity from [Schonrich et all (2010).

The Sun is marked with a white star.

6.1 The bars

There is a clear problem with identifying the Hercules stream as being
caused by the bar. As touched upon earlier, there are now thought to be
two observed bars, the Galactic bar (Bissantz & Gerhard, 12002) and the
long bar (Benjamin et al J um Lépez-Corredoira et al J um The long
bar differs from the Galactic bar by being longer, highly flattened, and
more dense. How two such massive bars could function dynamically, in the
central region of the Galaxy, is uncertain. But first, we should consider
looking at how the bars have been constrained observationally.

Compiled in Table are the observational constraints of the bars,
the angle, dimensions, and mass, along with some of the other simulation
parameters, which will be explained later. The dimensions of the Galactic
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bar are from [Bissantz & Gerhard (2002), the angle is derived from [Dehnen
(2000), and the mass we adopt for the Galactic bar is constistent with
Zhao (1996); Weiner & Sellwood (1999). The observational constraints of
the long bar are exclusively from [Lépez-Corredoira. et _al. (2007). There
is a review on the topic of bar parameters in [Vanhollebeke et al. (2009),
especially table 1 in [Vanhollebeke et al. (2009) provides various measured
parameters for a bar at the Galactic centre.

Table 6.1: Default simulation parameters for the bar models.

Parameter Value Unit

Galactic bar

Position angle 25 °
Dimensions 3.5:1.4:1.0 kpc
Mass 10 109 Mg
Pattern speed 55.9 km s~! kpe™!
Local circular velocity (V.) 239 km s1
OLR! 1.87

Long bar

Position angle 43 °
Dimensions 3.9:0.6:0.1 kpc
Mass 6 109 Mg,
Pattern speed 54.9 km s~! kpe™?
Local circular velocity (V.) 235 km s
OLR! 1.87

L Quter Lindblad Resonance

The aim here is to see if a Galactic bar, a long bar, or both bars can
generate a Hercules feature. The use of a Ferrers’ potential as a bar was
outlined in the previous Chapter and Paper II, here we modify the bar
potential and adopt a more realistic (n = 2) model.
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Placing a Ferrers’ potential into the axisymmetric system is easy, but
calculating the impact of it is not. The first change is the circular velocity:
equation states that the force will determine the circular velocity of
the system. This circular velocity, in our part of the Galaxy, is called the
Local Standard of Rest (LSR). If one puts a rotating non-axisymmetric
component in a potential, then the force, at a certain radius, does not stay
constant over time, and circular orbits do not exist. To deal with this, the
local cirular velocity is defined by the V-velocity that produces the least
eccentric orbit at a given radius. The local circular velocity (V) shown in
Table[6.1lis exactly this, the velocity required to be on a near-circular orbit.

The next parameter, the Outer Lindblad Radius (OLR), represents the
interpretation of the rotation of a bar. The OLR itself is the ratio of the
local rotational frequency to the rotational frequency of the bar. At an
OLR value, for the bar, of 2, the star rotates around the Galaxy once,
while the bar rotates twice around its axis in the plane of the Galaxy. The
Hercules stream has been used before to measure the OLR of the Galactic
bar, with [Dehnen (2000) deriving a value of 1.85 + 0.15. Minchev et al.
(2007) used an independent method, the Oort C-constant, to derive a value
of 1.87 £ 0.04. The pattern speed of the bar is the angular velocity of the
bar. It can be easily calculated by using the position of the Sun, the LSR,
the OLR, and the length of longest axis of the bar.

6.2 The Hercules stream as a proxy for bar pa-
rameters

Here we vary the parameters of the bar to see if we can model the features of
the velocity distribution in the Solar neighbourhood. Using the backwards
restricted method as described in Section 24 a similar image to Fig.
is generated. To create a model velocity distribution we must specify a
weighting function, i.e. w.

The functions for w are chosen based on the phase space density of stars
in the Galaxy at any given position, R. The phase space density (w) is the
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radial probability distribution of stars:

—(R—Rg)

W = WRWyWYyWR — € hRr ) (61)
,UQI’%

wy =e*U (6.2)
—(VR—V(R)ass)%

wy =e 207 , (6.3)

where Ry = 8 kpc, hg = 3 kpc, Ug is the local U velocity, oy = 105 ewgﬁ
km s~!, Vg is the local V velocity, oy = 74 eﬁlf;{m km s7! and V(R)gss
is the assymetric drift at a given radius. The distributions are defined by
gaussian fits to observed velocity dispersions and the asymmetric drift made
by ILewis & Freeman (1989) over a wide range of radii. The simulations are
in 2D, so Z is not taken into account. The asymmetric drift measured by
Lewis & Freeman (1989) is a function of Galactic radius, and accounts for
the fact that stars, on average, are moving slower than the circular velocity
at that radius.

A 2D velocity grid, with no vertical motion, with the same boundaries
and bins as in Fig. [6.1] was chosen as the initial velocity condition for the
simulations. All stars start at an initial Galactocentric radius of 8 kpc.
There are no other assumptions made in initial position and velocity, as all
of the assumptions are in the dynamical model, and the weights to interpret
the orbits. It was assumed that the bar in the Galaxy has been stable for
a billion years, and chose to study the orbits over the same billion year
timescale. It is interesting to note, that the effect of the bar, over 500
million years, is much less pronounced (see e.g. [Fux 2001). Increasing
the timescale to two billion years makes the effects, as expected, more
pronounced. These two cases can be seen in Paper III.

6.2.1 The Galactic bar

The Galactic bar is more massive than the long bar as well as being more
voluminous. The other difference is the initial angle. Paper III tries to fully
see what the effects are, in all the simulated scenarios, so only a few basic
cases are shown here. We first check our simulations by reproducing the
the work of Dehnen (2000).

Using the basic parameters for the Galactic bar from Table [6.1 we can
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Figure 6.2: The simulated distribution of local velocity space using the
basic Galactic bar parameters from Table A similar feature to the
Hercules stream is seen to arise in local velocity space, this is due to the
resonance with the bar.

see two features, something one can call a ‘main’ feature, at around (U,V)
= (0,0) km s7!, and a ‘secondary’, Hercules-resembling, feature at (U,V)
= (—15,—35) km s~!. The first reaction is that the centre of the secondary
feature is offset, in comparison to the observed feature in Fig. Increase
in mass is reflected in a shift of the secondary to more negative V-velocities
and an increase of the value of the OLR reflects on the secondary in a
similar way. An increase in angle moves the secondary to more negative
values in U, and to more positive values of V. The effects are reversed when
reducing the mass, OLR, or angle. What this means is that it would require
an increase in the angle of the Galactic bar in order to move the secondary
to its observed position in velocity space. The change in parameters is the
same, independent of which bar one chooses to model. Paper III, again,
reflects a more complete analysis of the topic. The overall picture seems to
be in agreement with the findings of (M), as we can reproduce
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the Hercules feature and measure a similar OLR for the bar.

6.2.2 The long bar

The characteristics of the long bar, in comparison to the classical Galactic
bar are its longer, but more narrow, shape, slightly lower mass, and that
its present position angle is not 25°, but 43°. The other main difference is
that it_is, observationally speaking, new, as first discovered by Benjamin

et al. (2005).
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Figure 6.3: The simulated distribution of local velocity space using the
basic long bar parameters from Table The long bar can produce a
Hercules stream-like feature, just as the Galactic bar can.

The basic long bar case, in Fig. [6.3] produces a primary, and a secondary
feature. This time, the centre of the feature is approximately at (U,V) =
(—25,—30) km s~! showing an approximate agreement with the observed
position of the Hercules stream. There is also another feature, albeit a
very weak one. This tertiary feature, at V ~ —90 km s~! turns out to
be caused by a bar at a high position angle. The only stream remotely in
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that area is the Arcturus stream (Eggen, 1971a). Williams et al. (2009)
state that the Arcturus stream is at V ~ —100 km s—!, with a wide range
of U-velocities. |Arifyanto & Fuchs (2006) and Helmi et all (2006) found
independently another stream, resembling the Arcturus stream, this stream
is also located at ¥V ~ —100 km s~!'. These streams could be associated
with the long bar.

6.2.3 Both bars

Simulating two bars at once is simple, although observationally speaking
fairly odd. Cases where a galaxy has two co-existent, large scale bars
seem to be non-existant. The rarity is based on searches through article
databases, such as arXiv and ADS, as well as discussions with researchers
in the field (Salo & Rautiainen, Private communication). At a more basic
assumption, one would take the observed properties of both bars to be ac-
curate. Using this approach, by adding both bars together, results in too
much of an effect on local stars.

Fig. [6.4] shows that there is a definite effect from using both bars,
showing a large over-density at positive values of U. In this case, the bars
rotate at the same frequency, or are ‘phase locked’. Paper III handles some
unlocked cases, when there are two different rotation rates for the bars.
In this case, additional structure is seen in the model velocity distribution
that is not een in the real one.

A suitable remedy would be to halve the masses of the bars. Fig.
shows that, in that specific case, velocity space starts to to look more
realistic. It still has some minor problems, the Hercules feature is at slightly
high V-velocities, but this can be remedied by increasing the OLR, as it
moves the feature out, without adding mass. The tertiary feature becomes
more weak. Since the long bar mass has been halved, its effects become
less pronounced.

6.3 The Hercules stream as derived from simula-
tions

The cause of the generation of the Hercules feature, in both cases, is a
resonance with the bar. The resonance is actually the lack of stars in a
certain area, seen in the simulations as a void between the primary and
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Figure 6.4: The simulated distribution using both bar parameters from
Table Together, both bars produces extremely strong structures in
the Solar neighbourhood velocity distribution. This is inconsistent with
observations, and rules out a case where both bars are at least 1 billion
years old.

the secondary. The resonance means that there is a regular ‘kick’ caused
by the bar that will move the stars to different orbits. They do not have
a low enough V-velocity to go in and interact directly with the bar. The
tertiary feature, as it turned out in further analysis, is caused by a direct
interaction with the long bar (or the Galactic bar, if you shift its angle
to match that of the long bar). These are stars in the simulation that
reach to Galactic radii that are less than the length of the long bar, causing
direct interactions. M) used a quadrupole to model the bar,
this is a poor approximation at small radii, and so while appropriate for
modelling nearly circular orbits, highly eccentric orbits may not have been
well integrated in his bar potential. For example, the Arcturus stream

i , |20D_€j) stars have an eccentricity of ~0.5 and pass near to
the bar. A more accurate bar model, such as considered here, is required
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Figure 6.5: The simulated distribution using both bar parameters from
Table [6.1], with the mass of both bars halved. This simulation is in much
better agreement with observations of local stars.

to accurately study the dynamics of higher eccentricity stars.

Overall, the long bar is able to reproduce the Hercules feature as a
secondary component, and also seems to add an explanation for a stream at
V ~ 100 km s~!. The Galactic bar seems to not quite accurately represent
the Hercules stream. The basic Galactic bar case, exhibits a too high U-
velocity for the Hercules feature. Increasing the position angle would shift
the feature towards the observed location of the Hercules stream. The
battle of the bars is even more open if you accept that both could co-exist.



Chapter 7

Discussion and future work

This thesis has aimed to sample some of the small and large scale dynamics
happening in the Milky Way. Different dynamical systems are presented,
unified by both their relation to each other, and through the basic technique
of test particle integration. Large and small scale dynamics are equally
represented: the impact of one dynamical motion on another, the impact
of structure on various dynamical areas, and the statistical analysis of orbits
of stars.

The statistical analysis of the Sun in comparison to other nearby stars
shows that the Solar orbit is a little unusual, but not significantly so. The
data from Paper I, and from Section [4], show that although there might be
some argument towards the typicalness, or otherwise, of the Solar orbit,
there are still issues to be dealt with. The change in disc scale-length has
little to no impact, but the change in the Solar motion, and the inclusion
of the bar slightly changes the Solar orbit.

The impact of the Solar motion on the Solar System has a strong effect
on the influx of comets into the inner Solar System. In Paper IV we found
that the influx of new comets due to the Galactic tide is dependent on both
the radial and the vertical Solar motion. It is clear that both are important.
Rickman et al. (2008) argue that perturbations by passing stars should be
a more primary engine for the influx of comets into the inner Solar System.
So is it even possible to see the past motion of the Sun through the Galaxy
via a suitable proxy? Additionally, what role would a passage through a
spiral arm, or a giant molecular cloud have? These are questions for the
future.

The bar in our Galaxy has a clear effect on the structure of the Galactic
disc and it would be interesting to observe this. What kind of structure
should we be able to see, elsewhere in the disc, due to the dense long bar?

49
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There is a clear effect based on bar geometry and bar density. It thus might
be possible to constrain the mass of the bar using future surveys, such as
Gaia, The Herschel Multi-tiered Extragalactic Survey (HerMES), and Large
Synoptic Survey Telescope (LSST). There are computational problems to
address in this type of simulations, as Paper II included only 10000 stars, a
larger statistical sample would give a more complete picture on the effects
the long bar has on the disc, as well as how the inner region evolves due to
the bar.

The effect of the bar on the Solar neighbourhood is observed via the
study of dynamical streams. Paper III simulates the effects of the Galactic
and long bar, separately and together, on local velocity space. As the
observed Hercules Stream is a dynamical feature in local velocity space.
The variation in mass, angle, and rotation rate of the bar have an impact of
the simulated Hercules Feature. The simulations were performed in-plane,
although the framework is set up for more complete 3D-simulations. Again,
it would be computationally more expensive to perform more complete 3D-
simulations, but that would require us to know better the velocities of stars
at different heights and locations in our Galaxy. There are also interesting
implications towards low V-velocity streams, as these can get close enough
to the bar to interact directly, such streams could be the ones observed to
be at V ~ —100 km s~! by [Eggen (1971a) or |Arifyanto & Fuchs (2006);
Helmi et al! (2006). Large upcoming star surveys, such as Gaia and LSST
could bring more light to these dynamical streams.

There is still more work to be carried out to complete the model of
the Milky Way. The primary missing features are spiral arms. The issues
related to this are twofold. The primary is a technical challenge, to figure
out what represents spiral arms accurately enough to use in modelling.
The second one is observational, there seem to be a considerable diversity
of opinions even on the amount of arms in our galaxy, how they move
around the Galaxy, how dense the separate arms are, where the arms are,
especially concerning the ones on the other side of the Galaxy.

There can also be discussions on how to relate to N-body simulations.
N-body offers a more realistic picture, by trying to emulate each star. The
handling of the respective positions, velocities, and forces of 10!, or more,
objects should be soon a reality. Computational power has increased, but
even simple large-scale-universe calculations tend to take forever. Modern
General Purpose Graphics Processing Units (GP-GPUs) are approaching an
interesting limit, and harnessing them for calculations, for potential theory,



Discussion and future work 51

or otherwise, is a completely new area of computational astrophysics. A
back-of-the-envelope calculation shows that one could run ~ 10% orbits in
the barred potential, within a day, by using one GP-GPU. This would
provide easy access to large number statistics, for such applications as used
in Paper II. GP-GPUs could even be harnessed to simulate large catalogues
at once.

With advances in both observational and computational methods, there
is clearly much more work to be done refining our knowledge in the structure
and dynamics of the Milky Way.
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A comprehensive comparison of the Sun to other stars: searching
for self-selection effects
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ABSTRACT

If the origin of life and the evolution of observers on a planet is favoured by atypical
properties of a planet’s host star, we would expect our Sun to be atypical with respect
to such properties. The Sun has been described by previous studies as both typical and
atypical. In an effort to reduce this ambiguity and quantify how typical the Sun is, we
identify eleven maximally-independent properties that have plausible correlations with
habitability, and that have been observed by, or can be derived from, sufficiently large,
currently available and representative stellar surveys. By comparing solar values for the
eleven properties, to the resultant stellar distributions, we make the most comprehensive
comparison of the Sun to other stars. The two most atypical properties of the Sun are
its mass and orbit. The Sun is more massive than 95 £ 2% of nearby stars and its
orbit around the Galaxy is less eccentric than 93 + 1% of FGK stars within 40 parsecs.
Despite these apparently atypical properties, a y?-analysis of the Sun’s values for eleven
properties, taken together, yields a solar X2@ =8.39+0.96. If a star is chosen at random,
the probability that it will have a lower value (~ be more typical) than the Sun, with
respect to the eleven properties analysed here, is only 29 +11%. These values quantify,
and are consistent with, the idea that the Sun is a typical star. If we have sampled all
reasonable properties associated with habitability, our result suggests that there are no
special requirements for a star to host a planet with life.

Subject headings: Sun: fundamental parameters — Sun: general — stars: fundamental param-
eters — stars: statistics

1. INTRODUCTION
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lected from all stars, this would indicate that
life needs nothing special from its host star
and would support the idea that life may be
common in the universe. More particularly,
if there is nothing special about the Sun, we
have little reason to limit our life-hunting ef-
forts to planets orbiting Sun-like stars. As



an example of the type of anthropic reason-
ing we are using, consider the following sit-
uation. Suppose uranium (a low abundance
element in the Solar System and in the uni-
verse) was central to the biochemistry of life
on Earth. Further, suppose that a compar-
ison of our Sun to other stars showed that
the Sun had more uranium than any other
star. How should we interpret this fact? The
most reasonable way to proceed would be to
try to evaluate the probability that such a co-
incidence happened by chance and to deter-
mine whether we are justified in reading some
importance into it. Although a correlation
does not necessarily imply cause, we think
that a correlation between the Sun’s anoma-
lous feature and life’s fundamental chemistry
would be giving us important clues about the
conditions necessary for life. Specifically, the
search for life around other stars as envisioned
by the NASA’s Terrestrial Planet Finder or
ESA’s Darwin Project and as currently un-
derway with SETI, would change strategy to
focus on the most uranium-rich stars. An-
other example: suppose the Sun had the high-
est [Fe/H] of all the stars that had ever been
observed. Then high [Fe/H] would be strongly
implicated as a precondition for our existence,
possibly by playing a crucial role in terrestrial
planet formation. These are exaggerated ex-
amples of the more subtle correlations that a
detailed and comprehensive comparison of the
Sun with other stars could reveal.

Whether the Sun is a typical or atypi-
cal star with respect to one or a few prop-
erties has been addressed in previous stud-
ies. Using an approach similar to ours (com-
paring solar to stellar properties from partic-
ular samples), some studies have suggested
that the Sun is a typical star (Gustafsson
1998; Allende Prieto 2006), while other stud-
ies have suggested that the Sun is an atypical
star (Gonzalez 1999a,b; Gonzalez et al. 2001).
This apparent disagreement arises from three
problems:

i) the language used to describe whether the
Sun is, or is not typical, is often con-
fusingly qualitative. For example, re-
porting the Sun as “metal-rich”, can
mean that the Sun is significantly more
metal-rich than other stars (e.g. more
metal-rich than 80% of other stars) or
it can mean that the Sun is insignifi-
cantly metal-rich (e.g. more metal-rich
than 51% of other stars).

i1) selection effects: the stellar samples cho-
sen for the comparison can be biased
with respect to the property of interest.

iii) the inclusion (or exclusion) of stellar
properties for which it is suspected or
known that the Sun is atypical, will
make the Sun appear more atypical (or

typical).

In this paper we address problem i by us-
ing only quantitative measures when compar-
ing the Sun’s properties to other stars. Our
main interest is to move beyond the qualita-
tive assessment of the Sun as either typical or
atypical, and obtain a more precise quantifi-
cation of the degree of the Sun’s (a)typicality.
In other words, we want to answer the ques-
tion ‘How typical is the Sun?’ rather than ‘Is
the Sun typical or not?” There are at least
two ways to quantify how typical the Sun is.
This can be done for individual parameters by
determining how many stars have values be-
low or above the solar value (Table 3). This
can also be done by a joint analysis of multi-
ple parameters (Table 2). If there are several
subtle factors that have some influence over
habitability, a quantitative joint analysis of
the Sun’s properties may allow us to identify
these factors without invoking largely specu-
lative arguments linking specific properties to
habitability.

With respect to problem i, most previous
analyses have compared the Sun to subsets
of Sun-like stars selected to be Sun-like with



respect to one or more parameters. In such
analyses, the Sun will appear typical with
respect to any parameter(s) correlated with
one of the pre-selected Sun-like parameters.
For example, elemental abundances [X/H] are
correlated with metallicity' [Fe/H]. The sam-
ple of Edvardsson et al. (1993a) was selected
to have a wide range of [Fe/H]. This pro-
duced a metallicity distribution unrepresen-
tative of stars in general. Recognizing this,
Edvardsson et al. (1993a) conditioned on so-
lar metallicity, [Fe/H] ~ 0 and then compared
solar abundances for 12 elements to the abun-
dances in a group of nearby stars with solar
iron abundance, solar age and solar galacto-
centric radius. They found the Sun to be “a
quite typical star for its metallicity, age and
galactic orbit”. Similarly, Gustafsson (1998),
after comparing various properties of the Sun
to solar-type stars (stars of similar mass and
age), concluded that the Sun seems very nor-
mal for its mass and age; “The Sun, to a re-
markable degree, is solar type”. The stellar
samples we use for comparison with the Sun
are, in our judgement, the least-biased sam-
ples currently available for such a comparison.

To address problem 7ii, in Section 2 we
compare the Sun to other stars using a large
number (eleven) of maximally-independent
properties with plausible correlations with
habitability. These properties can be observed
or derived for a sufficiently large, representa-
tive stellar sample (Table 1). Any property
of the Sun or its environment which must
be special to allow habitability would show
up in our analysis. However, in contrast to
previous analyses which have looked for solar
anomalies with respect to individual proper-
ties, we perform a joint analysis that enables
us to quantify how typical the solar values
are, taken as a group. In Section 3, the differ-

"Metallicity: [Fe/H] is the fractional abundance of Fe
relative to hydrogen, compared to the same ratio in
the Sun: [Fe/H] = log(Fe/H). — log(Fe/H)o

ences between the solar values and the stellar
samples’ medians are used to perform first a
simple and then an improved version of a x*-
analysis to estimate whether the solar values
are characteristic of a star selected at ran-
dom from the stellar samples. The results of
our joint analysis are presented in Figure 13 of
Section 4. We find that the solar values, taken
as a group, are consistent with the Sun being
a random star. However, there are important
caveats to this interpretation associated with
the compromise between the number of prop-
erties analyzed, and their plausibility of being
correlated with habitability. In Sections 5 and
6 we discuss these caveats and summarize. We
discuss the levels of correlation between our
eleven properties in Appendix A.

2. Stellar Samples and Solar Values

We are looking for a signal associated with
a prerequisite for, or a property that favors,
the origin and evolution of life (see Gustafsson
1998 for a brief discussion of this idea). If we
indiscriminately include many properties with
little or no plausible correlation with habit-
ability, we run the risk of diluting any poten-
tial signal. If we choose only a few properties
based on previous knowledge that the Sun is
anomalous with respect to those properties,
we are making a useful quantification but we
are unable to address problem . We choose
a middle ground and try to identify as many
properties as we can that have some plausible
association with habitability. This strategy is
most sensitive if a few unknown stellar proper-
ties (among the ones being tested) contribute
to the habitability of a terrestrial planet in
orbit around a star.

An optimal quantitative comparison of the
Sun to other stars would require an unbiased,
large representative stellar sample from which
independent distributions, for as many prop-
erties as desired, could be compared. Such
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a distribution for each property of interest
would allow a straightforward analysis and
outcome: the Sun is within the n% of stars
around the centroid of the N-dimensional dis-
tribution. However, observational and sample
selection effects prevent the assembly of such
an ideal stellar sample.

In this study, we compare the Sun to other
stars with respect to the following eleven ba-
sic physical properties: (1) mass, (2) age,
(3) metallicity [Fe/H], (4) carbon-to-oxygen
ratio [C/0], (5) magnesium-to-silicon ratio
[Mg/Si], (6) rotational velocity vsini, (7) ec-
centricity of the star’s galactic orbit e, (8)
maximum height to which the star rises above
the galactic plane Zp,y, (9) mean galacto-
centric radius Rgay, (10) the mass of the
star’s host galaxy Mg, (11) the mass of the
star’s host group of galaxies Mgoyp. These
eleven properties span a wide range of stel-
lar and galactic factors that may be associ-
ated with habitability. We briefly discuss how
each parameter might have a plausible cor-
relation with habitability. For each property
we have tried to assemble a large, represen-
tative sample of stars whose selection crite-
ria is minimally biased with respect to that
property. For each property the percentage
of stars with values lower and higher than
the solar value are computed. For proper-
ties (9), (10) and (11), the uncertainties in
the percentages are determined from the un-
certainties of the distributions. For the rest
of the properties, nominal uncertainties A,
on the percentages were calculated assum-
ing a binomial distribution (e.g. Meyer 1975):
A = (1w X igh/Niog)/? where nyg, (yigh)
is the fraction of stars with a lower (higher)
value than the Sun and Ny is the total num-
ber of stars in the sample. The solar value is
indicated with the symbol “©” in all figures.

We compare the Sun and its environment
to other stars and their environments. The
analysis of these larger environmental con-

texts provides information about properties
that otherwise could not be directly measured.
For example, suppose the metallicity of the
Sun were normal with respect to stars in the
solar neighborhood but that these stars as a
group, had an anomalously high metallicity
with respect to the average metallicity of stars
in the Universe. This fact would strongly sug-
gest that habitability is associated with high
metallicity, but our comparison with only lo-
cal stars would not pick this up. In the ab-
sence of an [Fe/H] distribution for all stars in
the Universe, we use galactic mass as a con-
venient proxy for any such property that cor-
relates with galaxy mass.

2.1. Mass

Mass is probably the single most impor-
tant characteristic of a star. For a main se-
quence star, mass determines luminosity, ef-
fective temperature, main sequence life-time
and the dimensions, UV insolation and tem-
poral stability of the circumstellar habitable
zone (Kasting et al. 1993).

Low mass stars are intrinsically dim. Thus
a complete sample of stars can only be ob-
tained out to a distance of ~ 7 parsecs (= 23
lightyears). Figure 1 compares the mass of the
Sun to the stellar mass distribution of the 125
nearest main sequence stars within 7.1 pc, as
compiled by the RECONS consortium (Henry
2006).

Over-plotted is the stellar Initial Mass
Function (IMF) (Kroupa 2002, Egs. 4 & 5,
Table 1) normalised to 125 stars more mas-
sive than the brown dwarf limit of 0.08 M.
Since the IMF appears to be fairly univer-
sal (Kroupa & Weidner 2005), these nearby
comparison stars are representative of a much
larger sample of stars. There is good agree-
ment between the histogram and the IMF
— the Sun is more massive than 95 + 2%
of the nearest stars, and more massive than
9442% of the stars in the Kroupa (2002) IMF.
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Fig. 1.— Mass histogram of the 125 near-
est stars (Henry 2006, RECONS). The me-
dian (py; = 0.33 Mg) of the distribution is
indicated by the vertical grey line. The 68%
and 95% bands around the median are indi-
cated respectively by the vertical dark grey
and light grey bands. We also use these con-
ventions in Figs. 2-11. The solid curve and
hashed area around it represents the Initial
Mass Function (IMF) and its associated un-
certainty (Kroupa 2002). The Sun, indicated
by “®”, is more massive than 95+2% of these
stars.

Fourteen brown dwarfs and nine white dwarfs
within 7.1 pc were not included in this sample.
Including them yields 94% — the same result
obtained from the IMF. Our 95% 4 2% result
should be compared with the 91% reported by
Gonzalez (1999b). The Sun’s mass is the most
anomalous of the properties studied here.

2.2. Age

If the evolution of observers like ourselves
takes on average many billions of years, we
might expect the Sun to be anomalously old

(Carter 1983). Accurate estimation of stel-
lar ages is difficult. For large stellar surveys
(> a few hundred stars), the most commonly
used age indicators are based on isochrone fit-
ting and/or chromospheric activity (Ryy in-
dex). Rocha-Pinto et al. (2000b) have esti-
mated a Star Formation Rate (SFR), or equiv-
alently, an age distribution for the local Galac-
tic disk from chromospheric ages of 552 late-
type (F&-K2) dwarf stars in the mass range
0.8 Mg < M <14 M at distances d < 200
pc (Rocha-Pinto et al. 2000a). They applied
scale-height corrections, stellar evolution cor-
rections and volume incompleteness correc-
tions that converted the observed age distri-
bution into the total number of stars born
at any given time. Hernandez et al. (2000)
and Bertelli & Nasi (2001) have made esti-
mates of the star formation rate in the solar
neighborhood and favour a smoother distri-
bution (fewer bursts) than Rocha-Pinto et al.
(2000Db).

In Figure 2 we compare the chromo-
spheric age of the Sun (1o = 4.9 £ 3.0
Gyr, Wright et al. 2004) 2 to the stellar age
distribution representing the Galactic SFR
(Rocha-Pinto et al. 2000b). The median of
this distribution is 54 Gyr. The Sun is
younger than 53 + 2% of the stars in the
thin disk of our Galaxy. Over-plotted is the
cosmic SFR derived by Hopkins & Beacom
(2006). According to this distribution with a
median j1; 5 = 9.15 Gyrs, the Sun was born
after 86 £ 5% of the stars that have ever been
born.

The Galactic and cosmic SFRs are differ-
ent because the cosmic SFR was dominated
by bulges and elliptical galaxies in which the
largest fraction of stellar mass in the Universe
resides. Bulges and elliptical galaxies (early-

2To ensure that the Sun’s age is determined in the same
way as the stellar ages to which it is being compared,
we adopt the chromospheric solar age 7o = 4.9+ 3.0
Gyr over the more accurate meteoritic age 7o, = 4.57+
0.002 Gyr (Allegre et al. 1995).



type galaxies) formed their stars early and
quickly and then ran out of gas. The disks
of spiral galaxies, like our Milky Way, seem
to have undergone irregular bursts of star for-
mation over a longer period of time as they
interacted with their satellite galaxies.

The volume limited (dyax = 40 pc) sub-
set from Nordstrém et al. (2004) contains
isochrone ages for 1126 A5-K2 stars. The
median of this sub-set is 5.9 Gyr and the Sun
is younger than 55 £ 2% of the stars. The
similarity of this isochrone age result to the
chromospheric age result is not obvious since
the agreement between these two age tech-
niques is rather poor. This mismatch can be
seen in Fig. 15D, Reid et al. (2007), and in
Fig. 8 of Feltzing et al. (2001).
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Fig. 2— The Galactic stellar age dis-
tribution (median j1y, = 54 Gyr) from
Rocha-Pinto et al. (2000b).  The Sun is
younger than 53 £ 2% of the stars in the disk
of our Galaxy. The grey curve is the cosmic
Star Formation Rate (SFR) with its associ-
ated uncertainty (Hopkins & Beacom 2006),
according to which the Sun is younger than
86 4 5% of the stars in the Universe.

2.3. Metallicity

Iron is the most frequently measured el-
ement in nearby stars. Metallicity [Fe/H],
is known to be a proxy for the fraction of
a star’s mass that is not hydrogen or he-
lium. In the Sun and possibly in the Uni-
verse, the dominant contributors to this
mass fraction in order of abundance are:
0(44%), C(18%), Fe(10%), Ne(8%), Si(6%),
Mg(5%), N(5%), S(3%) (Asplund et al. 2005;
Truran & Heger 2005). The corresponding
abundances by number are: 0(48%), C(26%),
Ne(7%), N(6%), Mg (4%), Si(4%), Fe(3%),
S(2%). Importantly for this analysis, this
short list contains the dominant elements in
the composition of terrestrial planets (O, Fe,
Si and Mg) and life (C, O, N and S).

Over the last few decades, much effort has
gone into determining abundances in nearby
stars for a wide range of elements. Stellar ele-
mental abundances for element X are usually
normalised to the solar abundance of the same
element using a logarithmic abundance scale:
(X/H], = log(X/H), —log(X/H)e. Hence all
solar elemental abundances [X/H]g, are de-
fined as zero. Spectroscopic abundance anal-
yses are usually made differential relative to
the Sun by analysing the solar spectrum (re-
flected by the Moon, asteroids or the telescope
dome) in the same way as the spectrum of
other stars. In this approach, biases intro-
duced by the assumption of local thermody-
namic equilibrium (LTE), largely cancel out
for Sun-like stars (Edvardsson et al. 1993b).

A comparison between solar and stellar
iron abundances is a common feature of
most abundance surveys and most have con-
cluded that the Sun is metal-rich compared
to other stars (Gustafsson 1998; Gonzalez
1999a,b). However, for our purposes, the
appropriateness of these comparisons de-
pends on the selection criteria of the stel-
lar sample to which the Sun has been com-
pared.  Stellar metallicity analyses such



as Edvardsson et al. (1993a); Reddy et al.

(2003); Nordstrom et al. (2004); Valenti & Fischer

(2005) have stellar samples selected with dif-
ferent purposes in mind, e.g., Edvardsson et al.
(1993a) aimed to constrain the chemical evo-
lution of the Galaxy and their sample is bi-
ased towards low metallicity (average [Fe/H]=
—0.25). The sample of Valenti & Fischer 2005
(average [Fe/H]= —0.01), was selected as a
planet candidate list and contains some bias

towards high metallicity (see Grether & Lineweaver

2007). To assess how typical the Sun is,
Gustafsson (1998) limited the sample of
Edvardsson et al. (1993a) to stars with galac-
tocentric radii within 0.5 kpc of the solar
galactocentric radius, and to ages between
4 and 6 Gyrs. The distribution of stars given
by this criteria has an average [Fe/H]= —0.09.

Grether & Lineweaver (2006, 2007) com-
piled a sample of 453 Sun-like stars within 25
pe. These stars were selected from the Hip-
parcos catalogue, which is essentially com-
plete to 25 pc for stars within the spec-
tral type range F7-K3 and absolute mag-
nitude of My = 8.5 (Reid 2002). Metallic-
ities for this sample were assembled from a
wide range of spectroscopic and photometric
surveys. In Figure 3, we compare the Sun
to the Grether & Lineweaver (2007) sample,
which has a median [Fe/H]= —0.08. To our
knowledge this is the most complete and least-
biased stellar spectroscopic metallicity dis-
tribution. The Sun is more metal-rich than
65 + 2% of these stars.

This result should be compared with
Favata et al. (1997) who constructed a volume-
limited (dmax = 25 pc) sample of 91 G and K
dwarfs ranging in color index (B—V') between
0.5— 0.8 (Favata et al. 1996). Their distribu-
tion has a median [Fe/H]= —0.05 and com-
pared to this sample, the Sun is more metal
rich than 56 + 5% of the stars. Fuhrmann
(2008) compared the Sun to a volume com-
plete (dmax = 25 pc) sample of about 185
thin-disk mid-F-type to early K-type stars

down to My = 6.0. He finds a mean [Fe/H] =
—0.02£0.18. This mean [Fe/H] is lowered by
0.01 dex if the 43 double-lined spectroscopic
binaries in his sample are included. His re-
sults are consistent with ours.
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Fig. 3.— Stellar metallicity histogram of
the 453 FGK Hipparcos stars within 25 pc
(Grether & Lineweaver 2007). The median
fry2 = —0.08. The Sun is more metal-rich
than 65 + 2% of the stars.

2.4. Elemental ratios [C/0O] and [Mg/Si]

The elemental abundance ratios of a host
star have a major impact on its proto-
planetary disk chemistry and the chemical
compositions of its planets. Oxygen and
carbon make up ~ 62% of the Solar Sys-
tem’s non-hydrogen-non-helium mass content
(Z = 0.0122, Asplund et al. 2005). Car-
bon and oxygen abundances are among the
hardest to determine. This is due to high
temperature sensitivity and non-LTE effects
in their permitted lines (e.g. C 1 6588,
O I A7773), and to the presence of blends
in the forbidden lines ([C 1] A8727, [O ]|



A6300). See Allende Prieto et al. (2001) and
Bensby & Feltzing (2006) for details on C and
O abundance derivations.

Carbon pairs up with oxygen to form car-
bon monoxide. In stars with a C/O ratio
larger than one, most of the oxygen con-
denses into CO which is largely driven out
of the incipient circumstellar habitable zone
by the stellar wind. In this oxygen-depleted
scenario, planets formed within the snow-
line are formed in reducing environments and
are mostly composed of carbon compounds,
e.g. silicon carbide (Kuchner & Seager 2005).
Thus, the C/O ratio could be strongly associ-
ated with habitability.

As most heavy element abundances rela-
tive to hydrogen (e.g. [O/H], [C/H], [N/H])
are correlated with [Fe/H], they were not in-
cluded in our analysis. After the overall level
of metallicity (represented by [Fe/H]), and af-
ter the ratio of the two most abundant metals,
[C/0], the magnesium to silicon ratio [Mg/Si]
is the most important ratio of the next most
abundant elements (excluding the noble gas
Ne). For example [Mg/Si] sets the ratio of
olivine to pyroxene which determines the abil-
ity of a silicate mantle to retain water (Hugh
O’Neill, private communication).

Stellar elemental abundance ratios are
defined as [X;/Xo], = [Xi/H]s — [Xo/H],.
Hence, systematic errors associated with the
determination of absolute solar abundances
cancel for abundances relative-to-solar. We
compile [C/O] and [Mg/Si] ratios from sam-
ples with the largest number of stars and high-
est signal-to-noise stellar spectra:

[C/0]: 256 stars from Gustafsson et al. 1999;
Reddy et al. 2003; Bensby & Feltzing
2006

[Mg/Si]: 231 stars from Reddy et al. 2003;
Bensby et al. 2005

Due to their selection criteria, these sam-
ples are biased towards low metallicity and

therefore cannot be used to create a represen-
tative [Fe/H] distribution. Because a correla-
tion exists between the [C/O] and [Mg/Si] ra-
tios and [Fe/H] (e.g. Gustafsson et al. 1999),
the samples we use have a relatively nar-
row range of [Fe/H] to reduce the influence
of the correlation. Therefore, these small
correlations can be neglected in this study
— see the bottom panels of Fig. 4 where
[Fe/H] versus [C/O] as well as [Fe/H] ver-
sus [Mg/Si] are plotted. The top panels
show the corresponding stellar distribution
histograms. The Sun’s [C/O] ratio is lower
than 81 £ 3% of the stars. This is consis-
tent with Gonzalez (1999b) who suggested
based on data from Edvardsson et al. (1993a)
and Gustafsson et al. (1999) — that the Sun
has a low [C/O] ratio relative to Sun-like stars
at similar galactocentric radii. See however,
Ramirez et al. (2007) who find that the Sun
is oxygen poor compared to solar metallicity
stars.

The Sun’s [Mg/Si] ratio is lower than 66 =
3% of the stars. The [C/O] and [Mg/Si] ratios
are also largely independent of each other (see
Fig. 14 in Appendix A).

2.5. Rotational velocity

Stellar rotational velocities are related to
the specific angular momentum of a proto-
planetary disk and possibly to the magnetic
field strength of the star during planet forma-
tion, and to protoplanetary disk turbulence
and mixing. An unusually low stellar rota-
tional velocity may be associated with the
presence of planets (Soderblom 1983). One
or several of these factors could be related to
habitability.

There is a known correlation between mass
and vsini at higher stellar masses (e.g. see
Fig. 18.21 of Gray 2005, p. 485). In order
to minimise the effect of this correlation (and
maximize independence between parameters),
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Fig. 4— A: Comparison of the Sun’s carbon-to-oxygen ratio ([C/O]g = 0) to the [C/O] ratios
of 256 stars compiled from Gustafsson et al. (1999); Reddy et al. (2003) and Bensby & Feltzing
(2006). The Sun’s [C/O] ratio is lower than 81+ 3% of the stars in this sample which has a median
f1/2 = 0.07. B: Comparison of the Sun’s magnesium-to-silicon ratio ([Mg/Silo = 0), to [Mg/Si]
values from 231 stars from Reddy et al. (2003) and Bensby et al. (2005). The Sun’s [Mg/Si] ratio
is lower than 66 & 3% of the stars in this sample with median 1 /2 = 0.01. The bottom panels C
& D show the small correlations of these distributions with [Fe/H]. These small correlations can
be neglected for this study.
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we assembled a sample containing 276 stars
within the mass range 0.9-1.1 My (F8-K2)
from Valenti & Fischer (2005). The selec-
tion criteria of the Valenti & Fischer (2005)
stars introduces some bias against more ac-
tive stars. We compared the high vsini
tail of our Valenti & Fischer (2005) sample
with the high vsini tail of a sub-sample
from Nordstrom et al. (2004). We estimate
that for our Valenti & Fischer (2005) sample,
the bias introduced by the selection criteria
is lower than ~ 5%. The vsini values in
Valenti & Fischer (2005) are obtained by fix-
ing the macroturbulence for the stars of a
given color, without modeling the stars indi-
vidually. If the macroturbulence value was
underestimated for T > 5800 K, the result-
ing vsini values (especially when vsini is
near zero) would be overestimated (Sec. 4 of
Valenti & Fischer 2005).

The inclination of the stellar rotational
axis to the line of sight is usually unknown
so the observable is vsini. Using the so-
lar spectrum reflected by the asteroid Vesta,
Valenti & Fischer (2005) derived a solar vsini
1.63 km ™1, For the purposes of this analysis
we use the mean value that would be derived
for the Sun, when viewed from a random in-
clination: vsinig = 1.63(r/4) km s™! ~ 1.28
kms~L.

The Sun rotates more slowly than 83 + 7%
of the stars in our Valenti & Fischer (2005)
sample (Fig. 5). This is in agreement with
Soderblom (1983, 1985) who reported that the
Sun is within one standard deviation of stars
of its mass and age.

2.6. Galactic orbital parameters

The Galactic velocity components of a star
(U,V, W) with respect to the local standard of
rest (LSR) may be used to compute a star’s
orbit in the Galaxy. How typical or atypical is
the solar orbit compared to the orbits of other
nearby stars in the Galaxy? The orbit may be
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Fig. 5.— Rotational velocity histogram for
276 F&-K2 (0.9 < M < 1.1 Mg) stars
(Valenti & Fischer 2005). The Sun (vsinig =
1.28 km s71) rotates more slowly than 83+7%
of the stars. There is one star to the right of
the plot with vsini = 36 km s

related to habitability because more eccentric
orbits bring a star closer to the Galactic cen-
ter where there is a larger danger to life from
supernovae explosions, cosmic gamma and X-
ray radiation and any factors associated with
higher stellar densities (Gonzalez et al. 2001;
Lineweaver et al. 2004).

For a standard model of the Galactic po-
tential, Nordstrom et al. (2004) computed or-
bital paramters for the Sun, and for a large
sample (~ 16700) of A5-K2 stars. Their
adopted components of the solar velocity
relative to the local standard of rest were
(U,V,W) = (10.0+0.4,5.25+0.62, 7.17£0.38)
km s™! (Dehnen & Binney 1998).

For each of the 1,987 stars within 40 pc
in the Nordstrom et al. (2004) catalog, an in-
ner and outer radii Ry, and Rp.y were com-
puted. This yielded the orbital eccentricity
€ = (Rmax — Ruin)/(Rmin + Rmax). The solar



eccentricity was computed using the compo-
nents of the solar motion (Dehnen & Binney
1998) relative to the local standard of rest in
the Galactic potential of Flynn et al. (1996).
The bottom panel of Figure 6 shows the cor-
relation between Galactic orbital eccentricity
e and the magnitude of the galactic orbital ve-
locities with respect to the local standard of
rest: vpsg = (U24V24+W2)12, Eccentricity e
and vrgg are strongly correlated. We include
e, not vgR, in the analysis since e is less cor-
related with the maximum height above the
Galactic plane Zyy, than is vrgg. This is
shown in Fig. 16 in Appendix A.

The Sun’s eccentricity was determined with
the same relation as the stellar eccentrici-
ties. The uncertainty in our estimate of solar
eccentricity came from propagating the un-
certainty in the adopted solar motion. We
find e = 0.036 £ 0.002 (consistent with the
e = 0.043 £ 0.016 found by Metzger et al.
1998). The Sun has a more circular orbit
than 93+1% of the A5-K2 stars within 40 pc
(with median eccentricity y;/ = 0.1). This is
the second most anomalous of the eleven solar
properties we consider here.

The frequency of the passage of a star
through the thin disk could be associated with
Galactic gravitational tidal perturbations of
Qort cloud objects that might increase the
impact rate on potentially habitable planets.
This is correlated with the maximum height,
Zmax, to which the stars rise above the Galac-
tic plane. Figure 7 shows the stellar distri-
bution of Zy.x for the stars shown in Fig-
ure 6. We find that 59 £ 3% of the A5-K2
stars within 40 pc of the Sun reach higher
above the Galactic plane than the Sun does
(Zmaxo = 0.104 £ 0.006 kpc). The solar
Zmax,» was derived by integrating the solar or-
bit in the Galactic potential. The uncertainty
on W, produces the uncertainty on Zpay e
and hence the £3% uncertainty on 59%. Our
results for eccentricity and Zp,,x are consistent

12

Number of Stars

250 1

200 . 1

visr [km s7']

Fig. 6.— Top panel: eccentricity distribu-
tion for the 1,987 stars at d < 40 pc from
Nordstrom et al. (2004). The Sun has a more
circular orbit than 93+1% of the A5-K2 stars
within 40 pc. After mass, eccentricity is the
second most anomalous parameter. Bottom
panel: Correlation between vrgg and eccen-
tricity for the same stars presented in the top
panel. Since these properties are highly corre-
lated we select only one for the analysis. The
large grey point with error bars represents the
median and the 68% widths of the two one-
dimensional distributions. As in Fig. 4 the
contours correspond to 38%, 68%, 82% and
95%.
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heights above the Galactic plane for the
Nordstrom et al. (2004) sample. 59 + 3%
of nearby A5-K2 stars (dmay =40 pc) reach
higher above the Galactic plane than the Sun
reaches. There are 22 stars evenly distributed
over Zmay between 1.5 and 9.6 kpc. Their ex-
clusion from the comparison reduces the 59%
result by less than 1%.

with those obtained using Hogg et al. (2005)
LSR values: (U,V,W) = (10.1 £0.5,4.0 +
0.8,6.7 + 0.2). Using the Hogg et al. LSR
values, 92 + 1% of A5-K2 stars within 40 pc
have higher eccentricities than the Sun and
62 £ 4% of A5-K2 stars within 40 pc have
larger Zpax values.

How does the Sun’s distance from the cen-
ter of the Milky Way compare to the distances
of other stars from the center of the Milky
Way? In Fig. 8 we show the distribution of the
mean radial distances of stars from the Galac-
tic center, based on the star count model of
Bahcall & Soneira (1980). To represent the
entire Galactic stellar population we include
the disk (thin + thick) and spheroidal (bulge
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+ halo) components. Using the current Solar
distance from the center (Ry = 7.62 £ 0.32
kpe, Eisenhauer et al. 2005) and a disk scale
length h = 3.0 £ 0.4 kpc (Gould et al. 1996),
we estimate that the Sun lies farther from the
Galactic center than 72f§% of the stars in the
Galaxy. The uncertainty on the result comes
from the 68% bounds of the total distribution,
which come from the scale length uncertainty
(£0.4 kpc).

-«- Spheroid

dN, /dRgq [10° stars/kpc]

Fig. 8— Mean stellar galactocentric radius
distribution dN, /dR¢,;. The solid curve rep-
resents the sum of the disk (dashed line) and
spheroidal (dotted line) stellar components.
The 68% uncertainty of the total distribution
is shown by the cross-hatched area. The Sun
is farther from the Galactic center than 72f§%
of the stars in the Galaxy.

2.7. Host galaxy mass

The mass of a star’s host galaxy may be
correlated with parameters that have an in-
fluence on habitability. For example, galaxy
mass affects the overall metallicity distribu-
tion that a star would find around itself — an



effect that would not show up in Fig. 3, which
only shows the local metallicity distribution.

The Milky Way is more massive than ~
99% of all galaxies — the precise fraction
depends on the lower mass-limit chosen for
an object to be classified as a galaxy, and
the behaviour of the low-mass end of the
galaxy mass function (Silk 2007). We are re-
ferring here to the stellar mass, not the to-
tal baryonic mass or the total mass. De-
spite the Milky Way’s large mass compared
to other galaxies, if most stars in the Uni-
verse resided in even more massive galaxies,
the Milky Way would be a rather low mass
galaxy for a star to belong to. To estimate
the fraction of all stars in galaxies of a given
mass, we first estimate the distribution of
galaxy masses by taking the K-band luminos-
ity function of Loveday (2000) (K-band most
closely reflects stellar mass since it is less sen-
sitive than other bands to differences in stel-
lar populations) and weighting it by luminos-
ity. We convert this to stellar mass assum-
ing a constant stellar-mass-to-light ratio of 0.5
(Bell & de Jong 2001). This function, plotted
in Fig. 9, shows the amount of stellar mass
contributed by galaxies of a given mass — or
assuming identical stellar populations — the
fraction of stars residing in galaxies of a given
stellar mass.

We estimate the K-band luminosity of the
Milky Way by converting the published V-
band magnitude of Courteau & van den Bergh
(1999) to the K-band assuming the mean color
of an She spiral galaxy from the 2 MASS Large
Galaxy Atlas (Jarrett et al. 2003) and apply-
ing the color conversion from (Driver et al.
1994). We then convert this to stellar mass
using the same stellar-mass-to-light ratio used
above, ie., 0.5. In this way we estimate
the stellar-mass content of the Milky Way
to be 101095016 = 36715 5 101007, (see
also Flynn et al. 2006). Comparing this to
the stellar masses of other galaxies (Fig. 9),

14

T
E Stars

- = Galaxies
7
\
< 08f \\ 1
3 \
AN \
3 \
S A
0.6 \ 1
° \ \\
el S \ \\
c N
o [ \\ \ ]
y 04 N
3 A
X
z >
°

o
N
T

0.0

T ; T
7 8 9 10 " 12
log,, Host Galaxy Stellar Mass [M]

Fig. 9.— Fraction of all stars that live
in galaxies of a given mass, dN,/dM (solid
curve). The mass of the Sun’s galaxy is in-
dicated by the “©”. This distribution repre-
sents the amount of stellar mass contributed
by galaxies of a given mass. Approximately
771'&% of stars live in galaxies less massive
than ours. The cross-hatched band shows
the 1o uncertainty associated with the un-
certainty in the two Schechter function pa-
rameters, a and L* (Loveday 2000; Schechter
1976). The dashed line shows the unweighted
luminosity function (the number of galaxies
per luminosity interval dNgq;,/dM) according
to which the Milky Way is more massive than
~ 99% of galaxies.

we find that 77fﬁ% of stars reside in galaxies
less massive than the Milky Way.

2.8. Host group mass

The mass of a star’s host galactic group
or galactic cluster may be correlated with
parameters that have an influence on hab-
itability. For example, group mass is cor-
related with the density of the galactic en-



vironment (number of galaxies/Mpc?®) which
could, like galactocentric radius, be associ-
ated with the dangers of high stellar densi-
ties: “The presence of a giant elliptical at
a distance of 50 kpc would have disrupted
the Milky Way Galaxy, so that human beings
(and hence astronomers) probably would not
have come into existence.” (van den Bergh
2000). Our Local Group of galaxies seems
rather typical (van den Bergh 2000) but we
would like to quantify this. Proceeding simi-
larly to our analysis of galaxy mass in Sect.
2.7, we ask: What fraction of stars live in
galactic groups less massive than our Local
Group?  Figure 10 shows the luminosity-
weighted (~ stellar-mass-weighted) number
density of galactic groups. The number dis-
tribution and luminosity distribution of galac-
tic groups is taken from the Two-degree Field
Galaxy Redshift Survey Percolation-Inferred
Galaxy Group (2PIGG) catalogue (Eke et al.
2004). It spans the range from weak groups
to rich galaxy clusters.

We estimated the stellar masses of the
2PIGG groups and Local Group galaxies
(Courteau & van den Bergh 1999) by con-
verting from the B-band assuming a constant
stellar-mass-to-light ratio of 1.5 (Bell & de Jong
2001). This gives an estimated stellar mass
of the local group of 101091007 — 8.1f}é X
10°M. Figure 10 indicates that our Local
Group is a typical galactic grouping for a star
to be part of. Approximately 58 +5% of stars
live in galactic groups more massive than our
Local Group. With respect to the mass of its
galaxy and the mass of its galactic group, the
Sun is a fairly typical star in the Universe.

3. Joint Analysis of 11 Solar Proper-
ties
3.1. Solar y’-analysis

We would like to know if the solar prop-
erties, taken as a group, are consistent with
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Fig. 10. The dashed histogram shows
the luminosity function of galactic groups
(number of groups per interval of B-band lu-
minosity). The solid histogram shows the
luminosity-weighted group luminosity func-
tion (approximately the fraction of stars
which inhabit a group of given stellar mass).
The horizontal axis has been converted to stel-
lar mass assuming a constant B-band stellar-
mass-to-light ratio of 1.5 (Bell & de Jong
2001). The “©” shows the estimated mass of
the Local Group (Courteau & van den Bergh
1999) and lies just below the median (vertical
grey line).

noise, i.e., are they consistent with the values
of a star selected at random from our stel-
lar distributions. We take a y> approach to
answering this question. First we estimate
the solar X%, by adding in quadrature, for all
eleven properties, the differences between the
solar values and the median stellar values. We
find:

(0 — Ml/z,i)2
2

ST ()
O68,i



where i is the property index, N = 11 is the
number of properties we are considering, 1 /2,
is the median of the i stellar distribution
and g ; is the difference between the median
and the upper or lower 68% zone, depending
on whether the solar value zq; is above or
below the median. The uncertainty on X% is
obtained using the uncertainties of z ;.

Equation (1) can be improved upon by tak-
ing into account: i) the non-Gaussian shapes
of the stellar distributions and i) the larger
uncertainties of the medians of smaller sam-
ples (our smallest sample is ~ 100 stars).

We employ a bootstrap analysis (Efron
1979) to randomly resample data (with re-
placement) and derive a more accurate esti-
mate of y3. Because the bootstrap is a non-
parametric method, the distributions need not
be Gaussian.

We obtain y2 = 8.39 £ 0.96. Figure 11
shows the resulting solar chi-squared distri-
bution. The median of this distribution is our
adopted solar chi-squared value. Dividing our
adopted solar chi-squared by the number of
degrees of freedom gives our adopted reduced
solar chi-squared value:

X5/11=0.76 £ 0.09 2)

The standard conversion of this into a
probability of finding a lower chi-squared
value (assuming normally distributed inde-
pendent variables) yields:

P(< x5 =839|N =11) = 0.32 £ 0.09. (3)

3.2. Estimate of P(< y2)

To quantify how typical the Sun is with re-
spect to our 11 properties, we compare the so-
lar x4 (= 8.39) to the distribution of x* values
obtained from the other stars in the samples.

We perform a Monte Carlo simulation
(Metropolis & Ulam 1949) to calculate an es-
timate of each star’s chi-squared value (y2).

16

0.30

0.25F 1

0.20F 1

Fraction of Iterations
o
«
T
L

0.10 1
0.05f 1
0.00 T T T T T T
6 10 12 14 16 18 20
Solar ¥’
Fig. 11.— Bootstrapped solar chi-squared

distribution. The median of the distribution
(white “@”) is x2 = 8.39 £0.96. This should
be compared to the solar XQQ value from Eq.
L: 7‘88f8:gg which is over-plotted (grey “©”
on dotted line).

The histogram shown in Figure 12 is the
resulting Monte Carlo stellar x? distribu-
Three standard chi-squared distribu-
tions have been over-plotted for comparison
(N =10,11,12). The probability of finding a
star with chi-squared lower than or equal to
solar is:

tion.

Pye(< X% = 839N = 11) = 0.29£0.11 (4)

The Monte Carloed ¥ distribution has a simi-
lar shape to the standard chi-squared distribu-
tion function for N = 11, and thus both yield
similar probabilities: Pyc(< x?) = 0.29 ~
P(< x%) = 032 (Eqs. 3 and 4). The more
appropriate Monte Carlo distribution has a
longer tail, produced by the longer super-
Gaussian tails of the stellar distributions.
Table 2 summarizes our analysis for the So-
lar X% values and the probabilities P(< X%)



Our simple X% = 7.88 estimate increased
to 8.39 and the uncertainty increased by a
factor of ~ 3 after non-Gaussian and sam-
ple size effects were included as additional
sources of uncertainty. Our improved anal-
ysis yields Pyo(< XQQ)«, with a longer tail and
brings the probability down from 0.32 £ 0.09
to 0.29 £ 0.11. If this value were close to 1,
almost all other stars would have lower chi-
squared values and we would have good reason
to suspect that the Sun is not a typical star.
However, this preliminary low value of 0.29
indicates that if a star is chosen at random,
the probability that it will be more typical (~
have a lower y? value) than the Sun (with re-
spect to the eleven properties analysed here),
is only 294 11%. The details of our improved
estimates of x4 and P(< x2) can be found in
the Appendix B.

4. Results

Figure 13 shows four different representa-
tions of our results. Panel (A) compares the
solar values to each stellar distribution’s me-
dian and 68% and 95% zones. The Sun lies be-
yond the 68% zone for three properties: mass
(95%), eccentricity (93%) and rotational ve-
locity (88%). No solar property lies beyond
the 95% zone. The histogram in panel (B)
is the distribution of solar values in units of
standard deviations:

Zoi — H1/2,i
068,

2= (5)
For each stellar property i, the Sun has a
larger value than n;% of the stars. If the
Sun were a randomly selected star, we would
expect the percentages n;% to be scattered
roughly evenly between 0% and 100%. When
the n;% values are lined up in decreasing or-
der (panel C), we expect them to be near the
line given by:

ni,cxpcctcd% = (1 - %) x 100% (6)
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Fig. 12— Stellar chi-squared distribution

from our Monte Carlo simulation. Pyc(<
X5 = 8.39) = 0.20 £ 0.11 (represented by
the grey shade) is calculated integrating from
Y =0tox’= X2@‘ For comparison, three y?
distribution-curves are over-plotted with 10,
11, and 12 degrees of freedom. The standard
probability from the N = 11 curve yields:
P(< x% = 839N = 11) = 0.32 £ 0.09.

and plotted in Panel C. Any anomalies would
show up as points ‘© significantly distant
from the line.

Panel (D) compares the percentages n;% of
stars having sub-solar values (shown in Panel
C) with the solar values expressed in units of
standard deviations from each distribution’s
median (shown in Panel B). If the stellar dis-
tributions were perfect Gaussians, the trans-
lation from z; to n; would be given by the
cumulative Gaussian distribution (black line
in Panel D). That the points lie along this
line demonstrates that the approximation of
our distributions as Gaussians is reasonable.

Table 3 lists percentages n;% of stars for
each property (as shown in Fig. 13). In the



TABLE 2
SUMMARY OF x* AND P(< x2) RESULTS.

Analysis e XA /11 P(<3IN=11) Pyo(<x3IN=11)
simple  7.8870%% (Eq. 1) 0.72700% 028700} (Eq. B1) —
improved  83940.96  0.76+0.09 (Bq. 2) 0.32+0.09 (Eq. 3) 0.29+0.11 (Eq. 4)

lower half of the table we list properties not
included in this analysis because of correla-
tions with properties that are included.

Individual stellar uncertainties make the
observed characteristic widths (ogg, column
5 of Table 1) larger than the widths of the
intrinsic distributions. This broadening effect
makes the Sun appear more typical than it re-
ally is when ogg and the individual stellar un-
certainties (o) are of similar size and the in-
dividual stellar uncertainties are much larger
than the solar uncertainty (og). We estimate
that our results are not significantly affected
by this broadening effect.

Our resulting probability of finding a star
with a x? lower or equal to the solar value of
29+ 11% (Eq. 4), is consistent with the prob-
ability we would obtain if stellar multiplicity
were included in our study. Using the vol-
ume limited sample used for stellar mass in
Section 2.1 (125 A1-MT stars within 7.1 pc)
the probability that a randomly selected star
will be single is 52.8+4.5%, which means that
~ half of stars are single while the other half
have one or more companions. Including this
in our bootstrap analysis and Monte Carlo
simulations (see Appendix B.1) marginally in-
creases the probability in Eq. 4 to 33 +11%.
If the multiplicity data for 246 G dwarfs from
Duquennoy & Mayor (1991) is used instead
— the probability that a randomly selected
G dwarf will be single is 37.8 + 2.9% — then
the probability in Eq. 4 would increase to
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34411%. The inclusion of stellar multiplicity
marginally increases our reported probability.
In Figures 6 and 7 of Radick et al. (1998),
the Sun’s short-term variability as a function
of average chromospheric activity, appears
~ 1o low, compared to a distribution of 35
F3-K7 Sun-like stars (Lockwood et al. 1997).
Lockwood et al. (2007) suggest that the Sun’s
small total irradiance variation compared to
stars with similar mean chromospheric activ-
ity, may be due to their limited sample and
the lack of solar observations out of the Sun’s
equatorial plane. We do not include short or
long term variability (chromospheric or pho-
tometric) in Table 3 because of the small size
of the Lockwood et al. (2007) sample. We also
do not include the chromospheric index Rjy
(see Table 3, bottom panel) as one of our 11
properties because of its correlation with the
chromospheric ages of our sample.
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Fig. 13.— Various representations of our main results. A: Solar values of eleven properties com-
pared to the distribution for each property Each distribution’s median value is indicated by a small
filled circle. The dark and light grey shades represent the 68% and 95% zones respectively. B:
Histogram of the number of properties as a function of the number of standard deviations the solar
value is from the median of that property. The grey curve is a Gaussian probability distribution
normalised to 11 parameters. C: Percentage n;% of stars with sub-solar values as a function of
property. The average signal expected from a random star is shown by the solid line (see Sec. 4).
D: Percentage n;% of stars with sub-solar values as a function of the number of standard devia-
tions the solar value is from the median of that property. The solid curve is a cumulative Gaussian
distribution — if every sample were a Gaussian distribution, every solar dot would sit exactly on
the line. Just as in (C), the dashed lines encompass the 68% and 95% zones. Similar to the results
from Figure 12, these four panels indicate that the Sun is a typical star.
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TABLE 3

SUMMARY OF How THE SUN COMPARES TO OTHER STARS (SEE FIG. 13)

Parameter Fig. n:% Level of Anomaly
Mass 1 95+ 2%  of nearby stars are less massive than the Sun.
Age 2 53+2%  of stars in the thin disk of the Galaxy are older than the Sun.
[Fe/H] 3 65£2% of nearby stars are more iron-poor than the Sun.
[C/0] 4A 81+3% of nearby stars have a higher C/O ratio than the Sun.
[Mg//si] 4B 66+3% of nearby stars have a higher Mg/Si ratio than the Sun.
vsini 5  83+7% of nearby Sun-like-mass stars rotate faster than the Sun.
e 6 93+1% of nearby stars have larger galactic orbital eccentricities than the Sun.
Zmax 7 59+ 3%  of nearby stars reach farther from the Galactic plane than the Sun.
Raal 8 72f§% of stars in the Galaxy are closer to the galactic center than the Sun.
Mgal 9 T7T%  of stars in the Universe are in galaxies less massive than the Milky Way.
Mgroup 10 58+5% of stars in the Universe are in groups more massive than the local group.

Properties not included in the analysis because they are correlated with the selected 11 parameters

Mass: IMFstellar 1
Age: SFRCosmic 2
Age® —
[Fe/HP

vsing® —
log RiIKd -
(O/Fe] -
Ruin -
VLSR -
U] -
V] -
(W] -

94£2%
86 + 5%
55+ 2%
56 £ 5%
92 5%
51+2%
75+3%
91+1%
93+1%
5+1%
82+1%
58+1%

of nearby stars are less massive than the Sun.

of stars in the Universe are older than the Sun.

of nearby Sun-like-mass stars are older than the Sun.

of nearby stars are more iron-poor than the Sun.

of nearby Sun-like-mass stars rotate faster than the Sun.
of nearby FGKM stars are more chromospherically active.
of nearby stars have a lower O/Fe ratio than the Sun.

of nearby stars get closer to the Galactic center.

of nearby stars have smaller velocity with respect to the LSR.
of nearby stars have larger absolute radial velocity.

of nearby stars have larger absolute tangential velocity.

of nearby stars have larger absolute vertical velocity.

1126 stars (A5-K2) from Nordstrom et al. (2004).
291 stars (GK) from Favata et al. (1997).

590 stars (F8-K2) from Nordstrom et al. (2004).
4866 stars (FGKM) from Wright et al. (2004).
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5. Discussion and Interpretation

The probability Pyrc(< x3) = 0.29 £0.11
classifies the Sun as a typical star. How ro-
bust is this result? The probability of finding
a star with a chi-squared lower than or equal
to X?@: depends on the properties selected for
the analysis (see problem i of Section I).
For example, if we had chosen to consider
only mass and eccentricity data, this analy-
sis would yield Pyc(x? < x3) = 0.94 £ 0.4,
Le., the Sun would appear mildly (~ 20)
anomalous. If on the other hand, we had cho-
sen to remove mass and eccentricity from the
analysis, we would obtain Puc(x? < x3) =
0.07 £ 0.04, which is anomalously low. The
most common cause of such a result is the
over-estimation of error bars. The next most
common cause is the preselection of properties
known to have n;% ~ 50%.

Gustafsson (1998) discussed the atypically
large solar mass, and proposed an anthropic
explanation — the Sun’s high mass is prob-
ably related to our own existence. He sug-
gested that the solar mass could hardly have
been greater than ~ 1.3 Mg since the main se-
quence lifetime of a 1.3 Mg, star is ~ 5 billion
years (Clayton 1983). He also discussed how
the dependence of the width of the circum-
stellar habitable zone on the host star’s mass
probably favours host stars within the mass
range 0.8-1.3 Mg.

Our property selection criteria is to have
the largest number of maximally independent
properties that have a plausible correlation
with habitability and, ones for which a rep-
resentative stellar sample could be assembled.
Our joint analysis does not weight any pa-
rameter more heavily than any other. If the
only properties associated with habitability
are mass and eccentricity then we have diluted
a ~ 20 signal that would be consistent with
Gustafsson’s proposed anthropic explanation.

Our analysis points in another direction. If
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mass and eccentricity were the only properties
associated with habitability, then the solar
values for the remaining 9 properties would be
consistent with noise. However, a joint analy-
sis of just the remaining 9 properties produces
a X%).g = 3.6 £0.4 and the anomalously low
probability: P(< y24) = 0.07 £ 0.04, which
suggests that the 9 pyropcrties are unlikely to
be the properties of a star selected at random
with respect to these properties.

The y? fit of the 11 points in Panel C of
Fig. 13 to the diagonal line yields a fit that
is substantially better then the fit of the re-
maining 9 properties to Eq. 7 with N = 9.
In other words, the joint analyis suggests that
although mass and eccentricity are the most
anomalous solar properties, it is unlikely that
they are associated with habitability, because
without them, it is unlikely that the remaining
solar properties are just noise. Thus, the Sun,
despite its mildly (~ 20) anomalous mass and
eccentricity, can be considered a typical, ran-
domly selected star.

There may be stellar properties crucial for
life that were not tested here. If we have left
out the most important properties, with re-
spect to which the Sun is atypical, then our
Sun-is-typical conclusion will not be valid.
If we have sampled all properties associated
with habitability, our Sun-is-typical result
suggests that there are no special require-
ments on a star for it to be able to host a
planet with life.

6. Conclusions

We have compared the Sun to representa-
tive stellar samples for eleven properties. Our
main results are:

o Stellar mass and Galactic orbital eccen-
tricity are the most anomalous proper-
ties. The Sun is more massive than 95+
2% of nearby stars and has a Galactic
orbital eccentricity lower than 93 4 1%



FGK stars within 40 pc.

o Our joint bootstrap analysis yields a so-
lar chi-squared x% = 8.39 £ 0.96 and
a solar reduced chi-squared X%/ 11 =
0.76 £ 0.09. The probability of find-
ing a star with a chi-squared lower than
or equal to solar Pyc(< X% =839+
0.96) = 0.29 £0.11.

To our knowledge, this is the most compre-
hensive and quantitative comparison of the
Sun with other stars. We find that taking all
eleven properties together, the Sun is a typi-
cal star. This finding is largely in agreement
with Gustafsson (1998), however our results
undermine the proposition that an anthropic
explanation is needed for the comparatively
large mass of the Sun.

Further work could encompass the inclu-
sion of other properties potentially associ-
ated with habitability. Another improvement
would come when larger stellar samples be-
come available for which all properties could
be derived, instead of using different samples
for different properties as was done here. In
addition, research in the molecular evolution
that led to the origin of life may, in the future,
be able to provide more clues as to which stel-
lar properties might be associated with our
existence on Earth, orbiting the Sun.
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A. Property-correlations

The x* formalism and the use of the y>-distribution to obtain P(< x%|N), — improved using
Monte-Carlo simulations in Section 3.2 to obtain Pyc(< x%) — assumes that each parameter is
independent of the others. In selecting our 11 properties we have selected properties which are
maximally independent based on plotting property 1 vs property 2 for the same stars. We show
seven such plots in this Appendix.

If there are correlations between the analysed properties, then the number of degrees of freedom
N could drop from 11 to ~ 10.5 (see Fig. 12). Some properties have been excluded from the analysis
due to a correlation with another property in the analysis.

A.1. Elemental ratios
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Fig. 14.— Carbon to oxygen ratio [C/O] versus magnesium to silicon ratio [Mg/Si] of 176 FG stars
with abundances for these elements (Reddy et al. 2003). In Figure 4 (bottom panels) we showed
that the [C/O] and [Mg/Si] distributions are largely independent of [Fe/H]. Here we show that
these distributions are also largely independent of each other. Note that in this comparison we
only use the data from Reddy et al. (2003), since it is the largest available sample with C, O, Mg
and Si abundances.

A.2. Mass, age and rotational velocity

In Figure 15 we show four correlation plots for mass, chromospheric age, rotational velocity and
vsini. We use the stars common to both Wright et al. (2004) and Valenti & Fischer (2005) for
which these observables are available.
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Fig. 15.— Correlation plots between various properties. For all four panels we use the stars common
to both Wright et al. (2004) and Valenti & Fischer (2005). Panel (A): mass vs rotational velocity
vsini for 713 FGK stars. This panel shows the degree of correlation between mass and vsini. See
Gray (2005) for a stronger correlation between these two variables when a larger mass range and
more active stars are kept in the sample. To minimize the effect of this correlation on our analysis,
we restrict the range of mass in Fig. 5 to 0.9 to 1.1Mg. Panel (B): chromospheric age versus vsini
for 641 FGK stars. The lack of correlation between chromospheric determined ages and rotational
velocities is shown. Panel (C): no strong correlation between mass and chromospheric age for 639
FGK stars. Panel (D): the ages of 637 stars determined by the chromospheric method versus their
ages from the isochrone method.
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A.3. Galactic orbital parameters

The Galactic orbital eccentricity (e) and the magnitude of the galactic orbital velocities with
respect to the local standard of rest (vrsg) are strongly correlated (see Fig. 6 in Sec. 2.6). We
selected e instead of vrgg because of its near independence of the maximum height above the
galactic plane (Zpay)-

2.0 T T T T 2.0 T
1.5F 1 157 . 1
!
i . o
b £
N N

200

Fig. 16.— Left panel: Galactic orbital eccentricity e versus Zpay for 1987 FGK stars within 40
pe (Nordstrom et al. 2004). The orbital eccentricity is not correlated with Zp.,. Right panel:
ULSR Versus Zpax for the same stars. Because vpgg is more strongly correlated with Zy, than
eccentricity, eccentricity has been selected for the joint analysis instead of vigp. As in Fig. 4, the
contours correspond to 38%, 68%, 82% and 95%.

B. Improved Estimates of y} and P(< y2)

In Section 3.2, with 11 degrees of freedom, the reduced chi-squared from Equation 4 is X2@ /11=
0.72f8:8§. Since X% / 11 < 1, the Sun’s properties are consistent with the Sun being a randomly
selected star.

To improve on this preliminary analysis (but with a similar conclusion), as mentioned in Section
3.2, we employ a bootstrap analysis (Efron 1979) to randomly resample data (with replacement)
and derive a more accurate estimate of X% Because the bootstrap is a non-parametric method,
the distributions need not be Gaussian.

For every iteration, each parameter’s stellar distribution is randomly resampled and a x% value
is calculated using Eq. (1). The uncertainties o ; of the solar values ¢ ; are also included in the
bootstrap method: for every iteration, the Solar value for each parameter is replaced in Eq. (1)
by a randomly selected value from a normal distribution with median p11/5; = 7¢; and standard
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deviation 0 ;. The process was iterated 100,000 times, although the resulting distribution varies
very little once the number of iterations reaches ~ 10, 000.

The median of this distribution and the error on the median yields our improved value for the
reduced X% (Fig. 11). The uncertainty of the median of each re-sampled distribution varies inversely
proportionally to the square root of the number of stars in the distribution, Apyja; o 1 /y/Nyi- In
other words, median values are less certain for smaller samples and this uncertainty is included in
our improved estimate of X%, and its uncertainty.

We find the probability of finding a star with a 2 value lower than the solar XQ@ for N =11
degrees of freedom in the standard way (Press et al. 1992) and obtain:

Pl< & = T8I 025700 @)

To improve our estimate of the probability of finding a star with lower chi-squared value than the
Sun, we perform a Monte Carlo simulation (Metropolis & Ulam 1949) to calculate an estimate
of each star’s chi-squared value (y2). For every iteration, we randomly select a star from each
stellar distribution. We then calculate its x2 value by replacing the solar value T,; With that star’s
value z, ; in Eq. (1). This process was repeated 100,000 times to create our Monte Carloed stellar
chi-squared distribution. Stars were randomly selected with replacement, thus the simulated x?
distribution accounts for small number statistics and non-Gaussian distributions. The probability
of finding a star with chi-squared lower than or equal to solar is Pyic = 0.29 £ 0.11.

The results of our analysis for the Solar Xé values and the probabilities P(< X%) are summarized
in Table 2

B.1. Addition of a discrete parameter

In Section 4 we discuss the addition of stellar multiplicity to our analysis. Since stellar multiplic-
ity cannot easily be approximated by a one-sided Gaussian (particularly because the Sun is on the
edge of the distribution, i.e., it is of multiplicity one), we modified our Monte Carlo procedure to
include this discrete parameter. The likelihood of observing a particular y? for the 11 parameters

is
L&
2
exp <_§ E;Xz) : (B2)
i=

We take the probability p(1) of a star being a single star, to be 53.8 £ 4.5%, obtained from our
sample of nearby stars (Sec. 2.1). The likelihood L of observing a particular x? and p(1) is the
product

1 11
L=p(1)exp <2fo)- (B3)
i=1

Taking logarithms we can then compute the distribution of the statistic S, where

11
1
§=lnp(l)- 5 x} (B4)
=1

The distribution of S allows us to obtain the results for multiplicity reported at the end of Section 4.
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Abstract.

We examine the dynamical effects on disk stars of a “long bar” in the Milky Way by inserting
a triaxial rotating bar into an axisymmetric disk+bulge+dark halo potential and integrating
3-D orbits of 10* tracer stars over a period of 2 Gyr. The long bar has been detected via “clump
giants” in the IR by Lépez-Corredoira et al. (2007), and is estimated to have semi-major axes
of (3.9 x 0.6 x 0.1) kpc and a mass of 6 X 10° M. We find such a structure has a slight impact
on the inner disk-system, moving tracers near to the bar into the bar-region, as well as into the
bulge. These effects are under continuing study.

Keywords. Galaxy: kinematics and dynamics, Galaxy: center, Galaxy: disk

1. Introduction

Our initial interest was to study a barred galaxy potential, and especially the resonance
effects which might lead to vertical ejection into the halo of globular clusters formed in
the disk as suggested by Innanen (2007). We took a triaxial ellipsoid, a Ferrers’ potential,
to model the bar (see Pfenniger (1984) for a similar application of the potential as a bar).
We decided to look at the effects of the “long bar” described by Lépez-Corredoira et al.
(2007), taking their parameters directly, and applying it to our system. The dynamical
effects of the bar are quite interesting, and it should be possible to constrain the bar
parameters with analysis of these effects.

We also present a brief discussion on the scale-length of the Galactic disk, and a revised
version of the Flynn et al. (1996) Galactic disk model with a shorter scale-length of 3
kpc rather than 4.4 kpc, to be more consistent with recent observations.

2. Scale-length of the Milky Way disk

Our motivation in constructing a disk model with a revised disc scale-length stems
from recent infrared observations, which show a considerably shorter scale-length for the
Galactic disk than optical observations. The disk scale-length (hg) adopted in Flynn et
al. (1996) was 4.4 kpc, based on the kinematic determination (using velocity dispersions
of old disk red giants) by Lewis & Freeman (1989), who obtained a scale-length of hp =
4.4 + 0.3 kpc. It has been long known that the scale-length measured in the infrared
is considerably shorter than in the optical, Pioneer 10 data giving hg = 5.5 £ 1.0 kpc
already in the 1980s (van der Kruit (1986)). More recently near-IR data in J and K with
DENIS give hp = 2.34+0.1 kpc and 2MASS of K giants gives hg = 3.3440.1 kpc (Lépez-
Corredoira et al. (2002), Ruphy et al. (1996), Ojha (2001)). These latter surveys probe
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the scale-length of emitted light, mainly by giant stars, rather than probing directly the
scale-length of the mass, which is what we are actually interested for modeling the disk’s
potential. M dwarfs do trace the mass directly: star-counts with HST in the 1990s of
disk M dwarfs indicate a disk scale-length of 3.0 £ 0.4 kpc (Gould et al. (1997)). On the
other hand, local kinematics of disk stars, which should also be mostly sensitive to the
mass rather than the light distribution, give a range of possible scale-lengths 1.7—2.9 kpc
(Bienayme & Sechaud (1997)). Very recently, F to K type dwarfs, for which distances
and metallicities have been determined in the huge numbers in 6500 square degrees of
sky and probing to distances of up to 20 kpc above and below the disk near the Sun
using SDSS data, give a scale-length of 2.6 £+ 0.5 kpc (Jurié et al. (2008)).

3. The disk model

The Flynn et al. (1996) model of the Galactic disk has a hr = 4.4 kpc, and is built from
three superimposed Miyamoto-Nagai potentials (with different linear scales) to obtain
the exponentially falling density profile. In light of recent observations, we would like
a shorter disk scale-length, and modified the Flynn et al. (1996) model to a disk with
hr = 3.0 kpc. The local volume density local surface density of the disk are as in the
1996 model (i.e. pg &~ 0.1My /pc® and X ~ 50Mg/pc?), and are consistent with local
measurements (Holmberg & Flynn (2000)). We adopt a solar Galactocentric distance
of Rg = 8 kpc. Figure 1 shows the surface density profile of the disk model, with the
dashed line indicating a scale-length of 3 kpc. This is a good fit over a wide range of
Galactocentric radii (2 to 15 kpc). Note that the disk truncates strongly at approximately
18 kpc.
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Figure 1. The surface density of the disk component as a function of Galactocentric radius.
The dashed line corresponds to an exponential density falloff, 3 kpc, which is a good fit to the
model over a wide range of radii. Note that the density truncates strongly at 18 kpc.

4. Inserting the long bar

We insert a triaxial bar potential into the central regions of the model. We chose a
uniform density Ferrers’ potential (see eg. Chandrasekhar (1969), or Binney & Termaine).
The linear semi-major axes (3.9:0.6:0.1 kpc), and mass (6 x 10°Mg) were chosen from



Dynamical effects of the long bar in the Milky Way 3

Lépez-Corredoira et al. (2007), who used “red clump” stars detected in a 10 degree wide
region observed in the near IR along the Galactic plane. Note that the long bar is very
thin vertically, a property which leads to some interesting effects on orbits of disk stars
which come near it. The bar is set to rotate around the z-axis with with a pattern speed
of 50 km/s/kpc, giving it a speed of 200 km/s at its tip. This is the speed suggested
by OLR (Dehnen (2000)), although we have tried a range of pattern speeds from 0 to
75 km/s/kpc, without substantially altering the conclusions of the paper. The initial
phase angle of the bar is as observed by Lépez-Corredoira et al. (2007), i.e. 43 degrees.
An important point to note is that we aim to investigate the effects of the “long bar”,
rather than the smaller “COBE bar” (Bissantz & Gerhard (2002)), which has dimensions
(3.5:1.4:1) kpc, and a position angle of 22 degrees is rather dissimilar to the long bar.

5. Disk simulation

We set up an exponential distribution of tracer stars with the same scale-length as
the disk. We chose U,V , and W velocities from a normal distribution with a standard
deviation of 10 km/s around the local standard of rest (i.e. the circular velocity) in the
total potential, so that the stars are very nearly on exact circular orbits. Thus the disk is
initially inherently cold, and aids in following the secular development of the long bar’s
kinematic effects. We integrated the orbits of 10* objects in steps of 10 years, with a
total time of 2 Gyr, in both the barred and unbarred systems, using the long bar with the
parameters advocated by Lépez-Corredoira et al. (2007). We also examined the effects
of a thicker, less dense long bar, with an axial ratio of (3.9:2:1) kpc.

6. Results and discussion

We present here a preliminary look at the results. In Figures 2, and 3, we show the
final distribution of the objects, after 2 Gyr of orbital integrations, for the cases of “no
bar”, a long bar of high density (6 My /pc?) and a long bar with a much lower density
(0.2 Mg /pc®). The initial (orange), and final radial distributions of the objects are shown
in Figure 2. The vertical distribution is shown in Figure 3. In both, the “no bar” case
(cyan), shows little secular evolution, indicating that the disk has been set up in an sta-
ble manner. In the denser long bar (magenta), the bar is injecting the inner regions with
disk stars from approximately 1 kpc beyond the tip of the bar. Within the bar region,
significant modification of the distribution profile takes place, as one would expect. This
is seen as a knee in the distribution profile at log R = 3.0 — 3.6. The less dense, thick bar
(blue), has much smaller effects, with a small knee forming around 1 kpc, which coincides
with the spherical area inside the bar.

The bars have almost no effect on the z-distribution of the disk, there is a slight shift
towards higher values in the thin case (magenta), these are mostly tracers that orbitally
evolve towards the center of the system, ie. into the bulge. There is no significant ejection
to large heights above the disk.

Acknowledgements: We thank Martin Lépez-Corredoira for his useful comments on the
manuscript. EG acknowledges the financial support of the Finnish Cultural Foundation,
and the Finnish Graduate School in Astronomy and Space Physics. CF and KI are very
grateful to the Academy of Finland for financial support.
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Figure 2. Histograms of Galactocentric radii of the tracer stars, for the initial distribution
(orange), and after all three simulations have run (2 Gyr). The vertical line marks the position
of the Sun at 8 kpc from the Galactic center. The “no bar” case (cyan) shows no secular
evolution, indicating the initial setup in the disk is stable. Cases with the bar turned on show
some secular evolution. Analysis shows that the long thin bar (magenta) has slight dynamical
effects on disk stars which pass near it, injecting the inner disk, and bulge, with stars that have
orbits near the tip of the bar. The thicker bar exibhits a feature around 1 kpc.
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Figure 3. Histograms of the vertical height of the tracer stars, initially, and at the end of 2 Gyrs
integration, for the “no bar” case (cyan), the long bar and the thicker long bar cases (magenta,
blue). No secular evolution is seen in the distributions with the bar, although there is a slight
trend to higher z-values in the thin bar case.
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ABSTRACT

It has been suggested that a resonance between a rotating bar and stars in the
solar neighbourhood can produce the so called ‘Hercules stream’. Recently, a second
bar may have been identified in the Galactic centre, the so called ‘long bar’, which
is longer and much flatter than the traditional Galactic bar, and has a similar mass.
We looked at the dynamical effects of both bars, separately and together, on orbits
of stars integrated backwards from local position and velocities, and a model of the
Galactic potential which includes the bars directly. Both bars can produce Hercules
like features, and allow us to measure the rotation rate of the bar(s). We measure a
pattern speed, for both bars, of 1.87 & 0.02 times the local circular frequency. This
is on par with previous measurements for the Galactic bar, although we do adopt a
slightly different Solar motion. Finally, we identify a new kinematic feature in local
velocity space, caused by the long bar, which is tempting to identify with the high
velocity ‘Arcturus’ stream.

Key words: Galaxy: centre — Galaxy: kinematics and dynamics — solar neighbour-
hood — Galaxy: structure.

1 INTRODUCTION

The inner regions of the Milky Way contain a non-
axisymmetric structure sometimes referred to as the triax-
ial (or boxy) bulge and/or the Galactic bar. Primary ev-
idence for this structure are the COBE/Diffuse Infrared
Background Experiment (DIRBE) near infrared (NIR) lu-
minosity maps of the inner Galaxy (Binney et al. 1997;
Bissantz & Gerhard 2002), but it has also been mapped
via star counts using Two Micron All Sky Survey (2MASS)
(Lépez-Corredoira et al. 2005), 2MASS and Optical Grav-
itational Lensing Experiment IT (OGLE-II) (Vanhollebeke
et al. 2009). Typical parameters for the triaxial bulge/bar
are axis ratios of 1.0:0.4:0.3, that it lies at an angle of be-
tween 10° and 40° to the line of sight to the Galactic centre
(see e.g. table 1 of Vanhollebeke et al. 2009) and that its
mass is of order 1 x 10 Mg, (Zhao 1996; Weiner & Sell-
wood 1999).

It has recently been proposed (Benjamin et al. 2005)
that the inner Galaxy also contains a ‘long bar’, discovered
as an over-density in star count data at 4.5 pm taken in
the Galactic Legacy Infrared Mid-Plane Survey Extraordi-
naire (GLIMPSE) survey of the Galactic centre made with
Spitzer. Benjamin et al. (2005) measure the half-length of
this bar as 4.4 £ 0.5 kpc, and lying at a position angle of
44 +10° to the line of sight to the Galactic centre. Only the

* E-mail:esgard@utu.fi

© 2010 RAS

closer end of the bar was detected, as the far end would lie
at apparent magnitudes fainter than the completeness limit
of the survey. The long bar has been confirmed by Lépez-
Corredoira et al. (2007), who detect it via red clump stars
identified from the 2MASS survey. They find a half-length
of 3.9 kpc and a position angle of 43 £ 7°, very similar to
Benjamin et al. (2005). The long bar is much longer than
any previously proposed bar/bulge in the Galactic centre,
for which the long axis is thought to lie in the range 2.4
(e.g. Dwek et al. 1995) to 3.5 kpc (e.g. Bissantz & Gerhard
2002). Most interestingly, the long bar seems to lie at a dif-
ferent angle to the traditional bar/bulge (hereafter ‘Galactic
bar’), for which estimates typically lie in the range 25 + 10
degrees (Vanhollebeke et al. 2009).

Most recently, Cabrera-Lavers et al. (2007) have used
wider field 2MASS data to isolate red clump stars over a
wide range of Galactic longitude, showing that the long bar,
the triaxial bulge and the disc can all be seen as separate
structures (at least on our side of the Galaxy) with the im-
portant result that the long bar is much flatter than the
bulge. The long bar is found to have a vertical scale-height
of around 100 pc whereas the bulge has a vertical scale-
height of 500 pc. Furthermore, the red clump stars used to
trace the long bar can be used to estimate its total mass
(assuming that the mass to light ratio of red clump stars is
the same in the long bar as it is in the bulge) as 6 x 10°
Mo, of the same order of the mass of the Galactic bar 1 X
10" Mg, (Zhao 1996; Weiner & Sellwood 1999).
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Figure 1. Local velocity space, data includes all the stars with U
and V velocities from the Geneva-Copenhagen survey (Holmberg
et al. 2007) and Schuster et al. (2006). The Hercules stream is the
prominent feature area around (—25,—30) km s~1. The velocities
have been corrected to the solar velocity from Schonrich et al.
(2010)

Dehnen (2000) has shown that a bar in the inner galaxy
has interesting dynamical consequences for the orbits of
stars even in the solar neighbourhood, 8 kpc from the centre,
due to a resonance of stellar orbits with the Outer Lindblad
Resonance (OLR) of the bar. The manifestation of this res-
onance in our local space is the ¢ Herculis stream (Eggen
1971b), or the ‘Hercules stream’ as it is usually called.

In this paper, we use a similar method to Dehnen
(2000), to reexamine the dynamical effects on local disc stars
of these non-axisymmetric features in the Galactic centre.
We have examined both the long bar (see Lopez-Corredoira
et al. 2007) and the Galactic bar (see Bissantz & Ger-
hard 2002), separately, and as a dual-bar system. We adopt
Re = 8 kpc throughout the paper. This facilitates compar-
ison with Dehnen (2000), who adopted the same value.

We have made a dynamical study of the effects of the
bar(s) on local velocity space, by the means of potential
theory. We will present the statistical evidence produced by
various variations of the long bar-system, and the Galactic
bar-system, as well as, some interesting combined models.

2 THE HERCULES STREAM

In Fig. 1 we show local velocity space in (U, V), where U
is the velocity towards the Galactic centre and V' is the ve-
locity in the direction of Galactic rotation. The figure has
been prepared using 12939 stars from the Geneva Copen-
hagen Survey (Holmberg et al. 2007) of abundances, ages
and kinematics of nearby stars, and has been supplemented
by 1535 stars from the the high velocity catalogue of Schus-
ter et al. (2006). The bin size is 2 km s~", and the contours
are in 5 percent steps relative to the maximum density. The
velocities have been corrected for the solar motion taken

from Schonrich et al. (2010) of (Up, Vp) = (11.1,12.2) km
s~!. The Hercules stream is the feature at approximately
(U,V) = (~25,-30) km s~'. This is the feature which
Dehnen (2000) identifies as having a dynamical origin as
a resonance with the bar. Our simulations in this paper of a
Galactic bar, long bar (and both) are primarily constrained
by this feature.

The bulk of the stars in Fig. 1 belong to the compli-
cated feature above the Hercules stream. The classically
identified features in this region are the Pleiades, Sirius and
Hyades streams, which occur at around (0,—10), (20,20),
and (—25,—5) km s~' respectively. Further streams than
those mentioned have been identified by a number of groups,
but these mainly concern higher velocity stars and cannot
be pointed to easily in Fig 1. One of the very interesting fea-
tures at higher velocities is the Arcturus stream at V' ~ 100
km s~ (for a wide range of U velocities) identified by Eggen
(1971a) and discussed recently by Williams et al. (2009),
who have identified it in the RAdial Velocity Experiment
(RAVE) survey. The Arcturus stream may have a dynami-
cal origin, as we show using the simulations in this paper.

3 MODELLING THE DISC AND BAR

We model the effects of a bar on local disc stars by setting
up a potential describing the disc, bulge, dark halo and bar,
and integrating a library of orbits passing through the Solar
neighbourhood, similarly to Dehnen (2000).

We begin with the axisymmetric Galactic potential of
Flynn et al. (1996). This model contains a disc, bulge and
dark halo. The scale-length of disc matter (hg) in the model
is 4.4 kpc, which these days appears rather long, as recent
studies of the disc scale-length give results closer to 3 kpc.
Analysis of NIR data in J and K with DEep Near Infrared
Survey of the Southern Sky (DENIS) give hgp = 2.3 £0.1
kpc (Ruphy et al. 1996), while K giants seen in 2MASS give
hr = 3.3+ 0.1 kpc (Lépez-Corredoira et al. 2002). These
surveys tend to probe the scale-length of luminosity in the
disc, rather than the mass, which is traced rather better via
main sequence dwarfs. Hubble Space Telescope (HST) star
counts of M dwarfs yield a disc scale-length of hg = 3.0+£0.4
(Gould et al. 1997). F and K dwarfs, traced in huge num-
bers in the 6500 deg? SDSS survey, yield a disc scale-length
of hg = 2.6 £ 0.5 (Juri¢ et al. 2008). For a more complete
review of the disc scale-length, see Gardner et al. (2009).
We chose a disc scale-length of 3 kpc to reflect the com-
bined observational constraints. This was straightforward
and only involved modifying the Miyamoto discs from which
the exponential-like disc is built up.

The surface density (X) of the new disc at the Sun’s
position is 50 Mg pe~2 and the local density pe is 0.10 Mg
pe™3, consistent with observational constraints (Holmberg
& Flynn 2000). The surface density of the disc as a function
of Galactocentric radius is shown in Fig. 2. The new disc
model has a 3 kpc scale-length, with a truncation at about
18 kpc.

The full parameters of the new disc model are shown
in Table 1, along with the other parameters of the model
(which are unchanged but are reproduced for clarity).

The equations for the axisymmetric potential are:

© 2010 RAS, MNRAS 000, 1-9
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Figure 2. The surface density of the disc component (solid line)
as a function of Galactocentric radius. The dashed line corre-
sponds to an exponential density falloff, 3 kpc, which is a good
fit to the model over a wide range of radii. Note that the density
truncates strongly at 18 kpc.

Table 1. Parameters of the model.

Parameter  Value Unit
Vi 220 km s~!
T 8.5 kpc
Me, 3 10° Mg
TCy 2.7 kpc
Mg, 16 10° Mg
TCy 0.42 kpc
Mg, 77.04 109 Mg
ag, 5.81 kpc
Mg, —68.48 109 Mg
ag, 17.43 kpc
Mg, 26.75 109 Mg
ag, 34.84 kpc
b 0.3 kpc
O =0y + 0+ Pp + Ppar 1
1 .
oy = §thln(7"2 + r[z,) (2)
GMc GMe,
Co=-—= = 2 = (3)
VAR eh T tTe,
—GMp,

®p, =

: 4)

VB + (g, R

where ®p = Ei:ﬂ)l}", r=a? +y2 + zz, and R= 2%+ yz.

We have used a different method to modelling the bar
as was adopted in Dehnen (2000) and Minchev et al. (2007).
Instead of modelling the bar as a local quadrupole perturba-
tion to the potential, we model the bar directly in the inner
galaxy. This means that orbits of stars entering into the in-
ner disc regions and even passing through the bar are much
more accurately modelled, even if it is computationally far
more expensive.

© 2010 RAS, MNRAS 000, 1-9

Table 2. Default simulation parameters.

Parameter Value Unit

Galactic Bar

Angle 25 °
Dimensions 3.5:1.4:1.0 kpc
Mass 10 109 Mg
Pattern Speed 55.9 km s~ kpct
Local standard of rest 239 km s~!
OLR 1.87

Long Bar

Angle 43 °
Dimensions 3.9:0.6:0.1 kpc
Mass 6 109 Mg
Pattern Speed 54.9 km s~! kpe~!
Local standard of rest 235 km s~!
OLR 1.87

The bar is modelled as a Ferrers n = 2 potential, as laid
out by Pfenniger (1984), and as such, is a triaxial ellipsoid.
The equations for the bar are too complex to present here
(for full details see Pfenniger 1984). The bar rotates as a
rigid body.

A bar is specified by its three axis lengths, its mass, its
angular (or pattern) speed and its angle to the line connect-
ing the Galactic centre and the Sun.

‘We have two standard bars, with parameters taken from
Lépez-Corredoira et al. (2007) and from Bissantz & Gerhard
(2002). The dimensions of the ‘long bar’ are (3.9:0.6:0.1) kpc,
with a mass of 6 10° M, and an angle of 43°. The ‘Galactic
bar’ has dimensions of (3.5:1.4:1.0) kpc, a mass of 10*° Mg
and an angle of 25°. These masses correspond to a Dehnen
(2000) a value of 0.0037, for the long bar case, and 0.0040,
for the Galactic bar case. Note that in the simulations we
do not vary the dimensions of the respective bars, only the
mass and position angle.

An important parameter is the pattern speed of the
bar. Following Dehnen (2000) and Minchev et al. (2007),
we parametrise the bar’s pattern speed by the OLR, i.e. by
the ratio of the period of a star with velocity of the local
standard of rest (LSR) in a given Galactic model to the
period of rotation of the bar.

The definition of the LSR is straightforward in axisym-
metric models of the Galaxy, but needs to be redefined
slightly once we have added a bar to the model. In the pres-
ence of a bar, a star can no longer follow a circular orbit at
the solar radius, but rather oscillates around a mean radius.
For typical bar parameters, the oscillation is up to 10 km
57!, compared to a mean velocity of 220 km s~ in typical
models. For each model run in our simulations, we deter-
mine, experimentally, at what velocity a star, which starts
at the Solar position, would have a mean orbital radius of 8
kpc. Integration is carried out for 10 Gyr, so that the effect
of the angle of the bar is averaged out. This is defined as the
LSR for that model.

4 SIMULATIONS AND METHODS

The basic simulation approach is to model the appearance of
local velocity space using the method described by Dehnen
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(2000), a ‘backward restricted N-body method’. The idea is
to trace a library of orbits starting from the solar neighbour-
hood backwards over some fixed time (typically 1 Gyr), and
use the known density distribution and velocity distribution
of the disc to reconstruct the velocity distribution of stars
in the solar neighbourhood.

We introduce two refinements, firstly, a more realistic
representation of the bar potential and secondly, we use ob-
servational constraints on the velocity dispersion and asym-
metric drift of stars in the Galactic disc over a wide range of
Galactocentric radius obtained by Lewis & Freeman (1989).
In practise, this latter refinement is not very different from
the approach adopted by Dehnen (2000), (simple exponen-
tial functions of stellar density and radial velocity dispersion
for the old stellar disc) and indeed we find that we repro-
duce his results quite well when we adopt a bar similar to his.
Our simulations are in two dimensions (2D), as in Dehnen
(2000).

The initial conditions are set by a velocity-grid, of 100
by 100 elements in the UV-velocity plane, covering U =
—100 to 100 km s* | and V= —150 km s™") to V = 50 km
s71), in steps of 2 km s™%. A tracer with the UV-velocity
selected from the grid is then set into motion, following the
tracer backwards in time over a period of 1 Gyr, tracking
its position every 1 Myr. The initial position is selected as
the solar position (8 kpc), and both the z-coordinate and
the W-velocity are set to zero. The initial velocity in the
rotational direction V' is, of course, relative to the LSR for
particular model being tested.

Statistically, we use a density and velocity-based
system, where a weight value corresponds to a 8 kpc-
centric exponential distribution, and a Gaussian velocity-
distribution, with standard deviations as described in Lewis
& Freeman (1989). The V-velocity is corrected back to a
‘true’ V-velocity using the LSR of the position and the
asymmetric drift (Lewis & Freeman 1989).

5 RESULTS

We examine in this section the effects of both the ‘Galactic
bar’ and the ‘long bar’ on local velocity space. We vary the
bar mass, value of the OLR (i.e. the pattern speed of the
bar), and the angle of the bar. Finally, we look at the effects
of including both bars at the same time.

5.1 Effect of the mass of the Galactic bar

We begin by running the standard model of the ‘Galactic
bar’ but varying its mass over a range of 1 to 10 x 10°
Mg, showing the results in Fig. 3. The OLR for this case is
1.87. The variations of mass within one order of magnitude
have prominent effects. As found by Dehnen (2000) we find
that a Hercules-like feature arises in local velocity space in
the presence of a bar. We will henceforth refer to this as a
secondary feature in velocity space, with the primary fea-
ture (above it) containing most of the stars. The effect of
increasing the mass of the bar is similar to that found by
Dehnen (2000), with the strength of the secondary feature
increasing (and the depth of the resonance gap between the
secondary feature and primary feature also growing). The

secondary component becomes more ellipsoidal, as mass is
increased, and, as expected, becomes more prominent. Also,
the position of the secondary feature moves to more negative
V velocities as the mass is increased. While it is clear that
something like the Hercules feature can be generated by this
bar, the detailed match is not yet perfect. In Fig. 1, the Her-
cules feature is found at (U, V) = (=25, —30) km s ™. In the
simulations, the generated feature approaches this location
for the higher mass models, but at the expense of generating
a sharp ‘tail’ of stars at positive U values spreading outward
from the primary feature. This tail of stars is also seen in
the Dehnen (2000) and Minchev et al. (2007) simulations,
and increases with the mass of the adopted bar. Such a tail,
if present at all in the observational data (Fig. 1) is quite
weak. Apart from this tail, the generated feature is fairly
consistent with various estimates of bar mass where they
are consistently around and over 10" Mg (see e.g. Zhao
1996; Weiner & Sellwood 1999).

5.2 Long bar

We next look at the ‘long bar’ case. We adopt the standard
model for its dimensions and initial position angle and vary
only the mass. These models all give a Hercules-like sec-
ondary feature, similar to the Galactic bar case. The effect
of varying its mass on local velocity space is shown in Fig. 4.
One can see that mass takes a significant role in the division
of the primary and secondary feature, where the secondary
is stronger with increasing mass. Again, these plots superfi-
cially resemble the real local velocity space (Fig. 1) but not
in detail. The position of the secondary feature tends to be
at too high V velocities and the tail of stars at high U values
also appears for the higher mass models.

One very interesting ‘tertiary’ feature appears with the
long bar, located at V = —80 to —100 km s *. The tertiary
feature becomes more prominent as mass increases. This fea-
ture is not seen in the Galactic bar simulations (Fig. 3). We
will return to this feature in section 5.4.

5.3 Pattern speed of the bar

As shown by Dehnen (2000) and Minchev et al. (2007), the
position of the Hercules feature is quite dependent on the
adopted pattern speed of the bar, parametrised by the OLR.
The feature can therefore be used to measure the pattern
speed of the bar. Dehnen (2000) finds that the feature can
be fit by an OLR of 1.85 4 0.15, using similar simulations to
ours. Minchev et al. (2007) find a similar and more tightly
constrained value of the OLR of 1.87 + 0.04, using similar
simulations as here but also from constraints implied by the
locally measured Oort constant C'.

Our standard model for both the Galactic and long bars
assumes an OLR of 1.87. For the Galactic bar case, the effect
of shifting from an OLR value of 1.87 to 1.90 is shown in Fig
5. The secondary feature shifts by about 5 km s=* to more
negative V' velocities. A more detailed view of this is shown
for the long bar case in Fig. 6, where we have varied the
value of the OLR ranging from 1.83 to 1.95. The secondary
feature shifts quite markedly away from the primary feature
over this range of assumed OLR values. We derive a best
fitting OLR of 1.87+0.02, assuming that the position of the

secondary feature is at V = —30 + 5 km s *.

© 2010 RAS, MNRAS 000, 1-9
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Figure 3. Effect on local velocity space of varying the mass of
the Galactic bar, from 10° to 10'° Mg in increments of 10° M.
For other simulation parameters see Table 2.

Our determination of the OLR value for the bar is in
agreement with Dehnen (2000) and Minchev et al. (2007)
within the error bars. We note that our value is about the
same as theirs, even though we adopt the solar motion of
Schonrich et al. (2010), which shifts this feature by 7 km s ™"
to more positive V velocities in the observational plane (the
Hercules feature is centred on about V = —35 km s ~! with
the solar motion adopted by Dehnen (2000), rather than at

© 2010 RAS, MNRAS 000, 1-9

Figure 4. Variations of velocity space with different values of for
long bar mass. Masses are 4, 5, 6 (middle), 7, and 8 10°Mg. For
other simulation parameters see Table 2.
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Figure 5. Variation of velocity space with a Galactic bar model,
OLR values of 1.87 and 1.90.

V =—30kms ~! as in our Fig. 1. Had we adopted the older
solar motion, we would obtain an OLR of 1.90 + 0.03.

5.4 Bar angle

Dehnen (2000) used the Hercules stream to probe the angle
of the bar, deriving an angle of 25°. This is to be compared
to the observational evidence for the (Galactic bar) angle,
which lies in the range 20° to 40°. We probe the effect of bar
angle as well, for both the Galactic bar and long bar cases.
As found by Dehnen (2000), the effect is to change of the
position of the secondary feature to towards more negative
values of U and more positive values of V' with increasing
bar angle, and also to change the strength of the feature, as
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Figure 6. Effect on local velocity space with different values of
for the OLR for the long bar case. Values are 1.83, 1.85, 1.87, 1.90,
1.93, and 1.95, from left to right, top to bottom. There is a clear
shift in the position of the secondary feature to lower V' velocity
as the OLR increases, allowing a determination to be made of the
pattern speed of the bar.

seen in Fig. 7 and Fig. 8. However, these changes are rather
subtle and we consider them too weak to constrain the bar
angle.

The tertiary feature is clearly dependent on bar angle,
both for the long bar case and the Galactic bar case. The
feature appears in both cases when the initial bar angle is
greater than 40°. The orbits of stars in this feature are highly
eccentric and take them to within 2 kpc of the Galactic cen-
tre, ideal for direct interaction with a bar. This accounts for
why bar angle is important to the generation of the tertiary
feature.

There is a stream in the Solar neighbourhood at about
this velocity, V ~ —100 km s~*, the Arcturus stream (Eggen
1971a). The stream has recently been recovered in the RAVE
survey by Williams et al. (2009). Williams et al. (2009) ar-
gue against an accretion origin for this stream, because its
stars have a wide range of metallicity, so that the accreted
system would have to have an unreasonably high mass, per-
haps as large as the Large Magellanic Cloud (LMC). It is
interesting that our simulations show that a dynamical ori-
gin for the stream is plausible. Streams with a dynamical
origin are expected to have a wide range of metallicity, as
wide as the stars of its parent population. If so, the more
plausible bar for originating this stream is the long bar, be-
cause its measured bar angle is 43°. The Galactic bar could

B
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Figure 7. Variation of Galactic bar angle, 15°, 25°, 35°, and 45°

.
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Figure 8. Variation of long bar angle, 23°, 33°, 43°, and 53°.

also produce this stream, but it would have to also be at
an angle of about 45°, whereas most studies find that it lies
much closer to the line of sight to the Galactic centre, at
about 20° (Vanhollebeke et al. 2009).

5.5 Integration time

We have chosen an integration time of 1 Gyr, but this choice
is somewhat arbitrary. Fig. 9 shows the effects of adopting
shorter and longer integration times of 500 Myr and 2 Gyr
for the long bar.

After 500 Myr, the secondary feature has started form-
ing but is not yet prominent. This represents about 4 bar
rotations, and it is not surprising that it takes some time
for the resonance with the bar to develop the trough be-
tween the primary and secondary features. After 2 Gyr we

© 2010 RAS, MNRAS 000, 1-9
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Figure 9. Variation in integration time, 500 Myr, and 2 Gyr,
using the long bar.

can see the stronger splitting of the primary and secondary
feature, with the resonance-area clearing, as well as the pri-
mary feature tailing out to more positive U. Simulations as
long as this assume of course that the bar has existed for 2
Gyr with the same parameters, in particular that the rota-
tion rate and mass have not changed during this time. Our
choice of 1 Gyr is meant to allow structure enough time to
develop, while not taxing the credibility of bar properties
being very long lived in galaxies like the Milky Way. Fux
(2001) has pointed out a potential difficulty with the back-
wards integration technique used here. He finds that as one
integrates further backwards in time, increasingly spurious
structures develop in the UV-plane. We find no such be-
haviour over approximately 16 periods of the bar (Fig. 9).
We are confident in our 1 Gyr timescale, for interpreting the
simulations.

5.6 Dual bar models

Our simulations have shown that both the Galactic bar, and
the newly discovered ‘long bar’ can generate features in ve-
locity space which are superficially similar to those seen in
the Solar neighbourhood, in particular the Hercules stream.
We now investigate the effect of including both bars.

We show a selection of dual bar models in Fig. 10. We
begin with both bars having the same OLR - i.e. the two bars
have the same pattern speed and rotate together. The up-
per panels of Fig. 10 show the local effect on phase space for
OLR values of 1.87 and 1.90. The overwhelming impression
here is that the main feature in phase space is driven to large
values of U, inconsistent with observations. The main cause
for this is simply the large amount of mass which now resides
in the Galactic centre, in these cases 1.6 10'* M. Similar
behaviour is seen even for cases with a single bar, when the
mass of the bar exceeds about 10'® Mg. More than this
much mass and the bar(s) starts to generate an unaccept-
able amount of activity on the Solar neighbourhood (U, V')
distribution, typically pushing stars to too large values of U.

Two decoupled scenarios were tested, with one of the
bars at an OLR of 1.50 and the other at 1.87. These are
shown in the middle panels of Fig. 10. On the right, the
Galactic bar has an OLR of 1.50, while the long bar has
an OLR of 1.50 on the left. Again, the total mass in the
two bars is generating significant structure in local veloc-
ity space, with the same problem of too many stars being
shifted into a tail of high U velocities. In addition, the ter-
tiary feature at V ~ —80 becomes very prominent, as the
chances of an interaction with either bar is now higher. We

© 2010 RAS, MNRAS 000, 1-9
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Figure 10. Dual bar models, phase-locked 1.87 and 1.90 (top),
unlocked, long at 1.87, galactic at 1.5 (middle left), long at 1.5
galactic at 1.87 (middle right), half-mass locked at 1.87 (bottom
left), half-mass unlocked long at 1.87, galactic at 1.5 (bottom
right).

tested this by running single-bar models with an OLR of
1.5, which results in no secondary or tertiary feature for
the Galactic bar case, and in the long bar case it causes no
secondary and a very weak tertiary, such as seen in other
single-bar simulations of the long bar. Both the upper and
middle panels show more structure than really exists in the
Solar neighbourhood, primarily because too much mass is
assigned to the bar structures in the inner Galaxy. To alle-
viate this problem, we tested a scenario where the masses
of both bars are simply halved. This is shown in the lower
panels of Fig. 10. On the left, the bars both have an OLR
of 1.87, while on the right, the bars are unlocked, with the
Galactic bar at an OLR of 1.5 and the long bar with an
OLR of 1.87. Reducing the mass brings the simulations into
much better agreement with the observations, although the
secondary feature is at a too high V' velocity. This can be
remedied by shifting to a higher value of 1.90 for the OLR.

6 DISCUSSION & CONCLUSIONS

We have performed simulations of the effects of bars in the
inner Galaxy on the distribution of stars in velocity space
near the Sun. Our simulations are similar to those of Dehnen
(2000) and Minchev et al. (2007), in which a large library of
orbits of stars passing through the Solar neighbourhood are
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performed in a model of the Galactic potential including a
bar. These earlier studies showed that the Hercules stellar
stream in the solar neighbourhood could be the result of a
resonance of stellar orbits with a fast moving bar (i.e. with a
co-rotation with the Galactic disc not much beyond the end
of the bar). Both Dehnen (2000) and Minchev et al. (2007)
find that the Hercules stream can be used to constrain the
rotation rate and angle of the bar.

Our motivation to reexamine this is the recent discovery
that the Galaxy may contain a second bar, in addition to
the traditional Galactic bar, by Benjamin et al. (2005) and
Lépez-Corredoira et al. (2007). These authors have found a
‘long bar’ in the Galactic centre. It is quite different than
the Galactic bar, being highly flattened (semi-major axes of
3.9, 0.6 and 0.1 kpc as compared to 3.5, 1.4 and 1.0 kpc).
Furthermore, it is aligned at an angle of about 43 degrees
to the line of sight to the Galactic centre, as opposed to
about 20 degrees for the Galactic bar. For the Galactic bar
we adopt a mass of 10'° M, (Zhao 1996; Weiner & Sellwood
1999) and for the long bar 6 x 10° Mg (Lopez-Corredoira
et al. 2007). The long bar has a mass quite comparable to
the traditional bar.

We have simulated the effects of the long bar, as well
as the Galactic bar, and both bars, on the velocities of stars
in the Solar neighbourhood. Rather than simulating bars as
a quadrupole perturbation in the local Galactic potential,
we simulate the bars with a Ferrers-potential (which gener-
ates a triaxial ellipsoidal density distribution). This is com-
putationally more expensive, but allows for more accurate
modelling of a bar as a whole, especially for stars passing
through, or trapped in, a bar. The simulations are performed
in 2-D, although the model itself allows 3-D simulations.

We confirm the basic picture that the Hercules stream
can be generated by a resonance between local stars and
the bar. Both the long bar and the Galactic bar produce
Hercules-like features in the Solar neighbourhood. The po-
sition of the Hercules stream in the simulations is found to
depend on the mass of the bar, the rotation rate of the bar,
and rather weakly, on the angle of the bar. The geometry
of the bars is not very important either, since both bars
generate Hercules-like streams.

We measure the rotation rate of the bars from the posi-
tion of the Hercules stream, finding that both bars can pro-
duce acceptable fits to the (U, V') velocities of nearby stars.
We measure the rotation rate of both bars via the Outer
Lindblad Resonance value they produce (i.e. by the ratio of
the period of a star with velocity of the Local Standard of
Rest in a given Galactic model to the period of rotation of
the bar). We measure values of 1.87 £ 0.02 for the OLR of
both the Galactic bar and the long bar. This value gives a
pattern speed of 55.9 and 54.9 km s~* kpc™, respectively,
for the Galactic bar and long bar. This puts the correspond-
ing co-rotation, for the long bar, as defined by its potential
model, at the approximate tip of the bar, 3.9 kpc. For the
Galactic bar, our model produces no co-rotation radius. It
should be noted however that this value is sensitive to the
assumed Solar motion. We assume the Solar motion recently
derived by Schonrich et al. (2010). Had we adopted the So-
lar motion used by Dehnen (2000), we would have derived
a value of 1.90 & 0.03. Both of these derived values are in
reasonable agreement with Dehnen (2000)’s determination

of 1.85 £ 0.15 and Minchev et al. (2007)’s determination of
1.87 £ 0.04.

After looking at the effects of each bar alone, we tried
putting both bars into the modelling. The effects on local
velocity space are quite dramatic, as we have now added
quite a lot of mass in an non-axisymmetric component to
the Galactic centre. In particular, these simulations produce
a striking tail of stars in the Solar neighbourhood at high
U velocities, inconsistent with observations. The simple ex-
pedient of halving the mass of both bars produces much
better fits to the data. On the basis of these experiments
then, if there are two bars in the Galactic centre, we won-
der whether the mass estimates of each bar include material
from the other bar, and are perhaps overestimates. This of-
fers a challenge to observational studies of the bar masses.

Finally, we have found that an additional feature in lo-
cal velocity space can arise under some conditions, especially
for the long bar case. A weak stream of stars can form at
about V ~ —100 and U < 0 km s~'. We believe this is
due to a direct interaction of such stars with the bar, rather
than a resonance with the bar. It is tempting to associate
this feature with the known Arcturus stream at V~ —100
km s™! (Williams et al. 2009) in the Solar neighbourhood.
Thus, a dynamical origin for the stream is possible, whereas
people have mainly discussed accretion origins (of a satellite
galaxy) to date.

We point out that our method has shortcomings.
Firstly, the simulations are in 2-D, and while this is almost
certainly acceptable for typical disc stars with near circular
orbits, full 3-D simulations may be needed for features like
that which we associate with the Arcturus stream. In ad-
dition, there are no spiral arms or other non-axisymmetric
components, besides the bars, in the modelling, and these
may be responsible for additional complexity in local veloc-
ity space which we cannot model. We are not affected by the
problems of long-term backwards integration as mentioned
in Fux (2001). Compared to earlier studies, we try to more
accurately represent the Galaxy’s observed properties, such
as local densities and bar geometry. The model also lets us
look at direct interaction, as well as resonances, this is es-
pecially important for high velocity stars (e.g. those in the
Arcturus stream), where they have high enough eccentrici-
ties to enter the inner parts of the Galaxy. The model also
makes it possible, in the future, to fully study the 3D impact
of the bar(s).
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ABSTRACT

The long-term dynamics of Oort cloud comets are studied under the influence of both
the radial and the vertical components of the Galactic tidal field. Sporadic dynamical
perturbation processes are ignored, such as passing stars, since we aim to study the
influence of just the axisymmetric Galactic tidal field on the cometary motion and
how it changes in time. We use a model of the Galaxy with a disc, bulge and dark
halo, and a local disc density, and disc scale length constrained to fit the best available
observational constraints. By integrating a few million of cometary orbits over 1 Gyr
we calculate the time variable flux of Oort cloud comets that enter the inner Solar
System, for the cases of a constant Galactic tidal field, and a realistically varying
tidal field which is a function of the Sun’s orbit. We find that the periodicity in the
cometary flux is complicated and quasi-periodic. The amplitude of the variations in
the flux are of order 30 %. The radial motion of the Sun is the chief cause of this
behaviour, and should be taken into account when the Galactic influence on the Oort

cloud comets is studied.

Key words: methods: numerical — celestial mechanics — comets: general — Solar

system : general

1 INTRODUCTION

Strong observational evidence supports the idea that the in-
ner Solar system is subject to a steady flux of ‘new’ comets
which originate from the ‘Oort cloud’ (Oort 1950). The semi-
major axes of these comets are thought to evolve under
the influence of external forces such as the Galactic tidal
field and passing stars. The comets evolve from a typical
Qorig ~ 3 X 10* AU to either hyperbolic orbits or to larger
binding energies, depending on the orbital evolution dur-
ing the cometary encounters with the Solar System planets.
During one orbital evolution, comets typically experience
perturbations that change the comet’s orbit into a short-
period or hyperbolic orbit, which leads to a subsequent ejec-
tion into interstellar space (Nurmi 2001).

The Galactic potential exerts a force on Oort cloud
comets, and is important for the steady state flux of comets
with a > 20000 AU, e.g. Byl (1983); Heisler & Tremaine
(1986); Matese & Whitman (1989). The Galactic tidal force
has a dominant component that is perpendicular to the
Galactic plane; the radial component is 10 times weaker than
the perpendicular component Heisler & Tremaine (1936).
For this reason, many studies (e.g. Matese et al. 1995; Wick-

* E-mail: esgard@utu.fi
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ramasinghe & Napier 2008) have assumed that the radial
Galactic tidal field component is negligible. Other studies
have included the radial component, for more accurate mod-
elling of cometary motion, such as in Matese & Whitmire
(1996); Brasser (2001). The radial component of the tide has
been found to have an effect on the long-term evolution of
the comets’ perihelia, on the distribution of the longitudes of
the perihelion (Matese & Whitmire 1996), and the origin of
chaos in the cometary motion (Breiter et al. 2008). In recent
large scale simulations, Rickman et al. (2008) found that a
fundamental role is played by perturbations due to pass-
ing stars on comets, contrary to the investigations during
the previous two decades, starting with Heisler & Tremaine
(1986). The stellar perturbations, do of course act together
with the Galactic tide.

The topic of this paper is the effect on comets due to
the Galactic tide alone. We use a realistic model of the lo-
cal Galaxy, which is well constrained by observations, which
contains a disc, bulge and halo. We follow the orbit of the
Sun in this model using recent constraints on the Solar mo-
tion. This motion allows us to compute the change in the ver-
tical and radial components of the Galactic tide with time,
and the change in the tidal force due to the radial motion
of the Sun is fully accounted for.

Qualitatively, the tidal effect on the cometary orbits can
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be evaluated by studying the change in angular momentum
averaged over one orbit. The Galactic tidal force periodically
changes the angular momentum (J = \/GMgya(l — €?)) of
the Oort cloud comets (Ferndndez & Ip 1991). The angular
momentum of the comets changes as (Heisler & Tremaine
1986):

dJ _ 5mGpo

= =_ EX(E* -
dt — G*M2

T = (J2/7%)] sin 2w . 1

Here, wy is the Galactic argument of perihelion, J, is
the z-component of angular momentum, and is perpendic-
ular to the Galactic plane, E is the total energy, po is the
local mass density, and G is the gravitational constant. The
periodically changing angular momentum causes variations
mainly in perihelion distance g, for comets in near-parabolic
orbits, since ¢ ~ J*/(2GMg). The typical assumptions in
the cometary flux calculations due to the Galactic tidal force
suppose that the local tidal field is axisymmetric, perpendic-
ular to the mid-plane, and adiabatically changing (Matese
& Whitman 1992).

The aim of many of these studies is to correlate the mo-
tion of the Sun in the Galaxy with phenomena on the Earth,
such as mass extinctions of species, the cratering record and
climate change. An extensive review of this topic has been
made recently by Bailer-Jones (2009).

For example, early studies have shown that the ages
of well dated impact craters on Earth are not distributed
randomly, but that there is a possible 28 Myr (Alvarez &
Muller 1984) or 30 + 1 Myr periodicity in crater ages over
the past 250 Myr (Rampino & Stothers 1984). Since then,
several authors have claimed that there is a significant pe-
riodic signal present, but the periods differ quite a lot from
study to study. The signal is the most prominent for 40
large, well-dated craters that are up to 250 Myr old (Napier
2006), but the period is difficult to measure, with estimates
of between 24-26 Myr (Napier 2006), 30 Myr (Napier 2006;
Stothers 2006), 36 Myr (Napier 2006; Stothers 2006), 38
Myr (Yabushita 2004; Wickramasinghe & Napier 2008) and
42 Myr (Napier 2006).

In some studies, the reliability of the signal is questioned
altogether, based on the inaccuracy of the age estimates of
the impact craters, possible biases caused by rounding the
ages of craters, and the small number of craters (Grieve &
Pesonen 1996; Jetsu & Pelt 2000).

By critically reviewing many studies that have tried to
connect the Solar motion and periodicity in terrestrial phe-
nomena such as biodiversity, impact cratering and climate
change, Bailer-Jones (2009) has concluded that there is little
evidence to support these connections. By studying the arti-
ficial cratering data Lyytinen et al. (2009) came to the same
conclusion, that the reliable detection of any periodicity is
currently impossible with the existing cratering data.

In this study, we statistically analyse how the Galactic
tidal force changes cometary orbits over 1 Gyr, using nu-
merical simulations. The 1 Gyr time-scale is long enough
to observe changes in the Galactic tide due to both the ra-
dial and vertical motion of the Sun. A simple axisymmetric
Galactic potential is adopted. To our knowledge, there has
been no study to date, in which the effect of both radial
and vertical components, in a time varying Galactic poten-
tial (via the variation in mass density p), has been analysed
in detail. Our purpose is to study the statistical effects of

Table 1. Modified and additional potential parameters. The pa-
rameters not mentioned here stay the same as in Gardner & Flynn
(2010).

Property value Unit
T0 10 kpc
b 0.45 kpc
Mp, 66.06x10° Mg
Mp, -59.05 x10° Mg
Mp, 22.97x10° Mg
by 0.12 kpc
My, 18.63x10° Mg
Mg, -16.66x10° Mg
My, 6.48x10° Mo

the complete Galactic potential to the Oort cloud comets
in detail, especially concentrating on the comets that enter
the Solar System (q < 30 AU). In particular, we analyse the
differences in cometary motion for when the tidal field is
constant, and when it varies as the Sun moves in a realistic
orbit in a fairly realistic Galactic potential. We find that it
is important to include the radial motion of the Sun in the
calculations, since the local density varies significantly as
the Sun moves towards and away from the Galactic centre.

2 METHODS

The method of simulation requires two, traditionally sepa-
rate, components. The first is to simulate the motion of the
Sun around the Galaxy. The second involves the evolution of
the orbits of comets in the Oort cloud. We integrate the mo-
tion of the Sun in an axisymmetric Galactic potential. The
method of integration of the comets is described in Mikkola
& Nurmi (2006). We do not include the random perturba-
tions caused by the planets, since the aim is to identify the
tidal effects of the Galactic potential on the flux of comets
reaching the inner Solar System.

2.1 The Galactic potential

The Galactic potential consists of a disc, bulge, and dark
halo, and is described in Gardner & Flynn (2010). With
a notable exception in the disc-model, as well as a slight
modification of the dark halo. We noticed that the vertical
density profile of the disc, from Gardner & Flynn (2010),
does not accurately reproduce the observational profile from
Holmberg & Flynn (2004). We proceeded to modify our disc-
model by changing a few of the model’s parameters, and
adding three more Miyamoto-Nagai potentials to the model,
to emulate a very thin layer of gas in the disc. The equation
for the new disc component is:

2 —GM,,

o, =
pot \/R2+[ad"+ 1R

; 2

where G is the gravitational constant, R is the Galacto-
centric radius, and z is the height. The modified parameters
are in Table 1. The vertical density profile of the model can
be seen in Fig. 2.

© 2010 RAS, MNRAS 000, 1-8
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Figure 1. The surface density of the disc component as a func-
tion of Galactocentric radius. The dashed line corresponds to an
exponential density falloff of 3 kpc, which is a good fit to the
model over a wide range of radii. Note that the density truncates
strongly at 18 kpc.

The mass density at the Sun is 0.11 Mg /pc®, consistent
with observational constraints (0.10 + 0.01 M /pc® Holm-
berg & Flynn (2000) and 0.105 + 0.005 Mg /pc’® Korchagin
et al. (2003)). This corresponds to a nominal T,=83 x 10°
year period for small amplitude simple harmonic motion
in the vertical direction. The surface density of disc mat-
ter in the model is 54.9 M@/pcz7 compared with a mea-
sured disc surface density of 56 + 6Mg/pc® Holmberg &
Flynn (2004). The adopted current position of the Sun in
the model, (R, 2)o), is (8,0) kpc. The local circular velocity
of the model is 221 km s~

2.1.1 Density and rotation curve

Fig. 1 shows the surface density of the disc with radius (R),
the change in density with height (z) at the Sun (R = 8kpc)
(Fig. 2), and the rotation curve (Fig. 3), as these are the
two factors that have the most impact on the orbits of the
comets. The disc has a scale-length of 3 kpc, and a local
scale-height of 0.24 kpc, consistent with recent measure-
ments by Juri¢ et al. (2008) using the Sloan Digital Sky
Survey (SDSS).

The potential is axisymmetric, so we do not model ef-
fects such as molecular clouds, spiral arms, and bubbles in
the interstellar matter and passing stars. Our interest here
is on the global Galactic effects of the Solar motion on the
comets.

2.1.2  Motion of the Sun

The orbit of the Sun, using the Solar motion measured by
Schénrich et al. (2010), where (U, V, W)=(11.1, 12.24, 7.25)

(© 2010 RAS, MNRAS 000, 1-8
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Figure 2. Vertical density of the model, at the Sun (R = 8 kpc).
The dotted line represents the baryonic contribution in the model,
the dashed line the dark matter contribution, and the dashed-
dotted line the total density of the model at a certain height (z).
The solid line corresponds to an exponential fit to the baryonic
component of the model of 0.25 kpc.
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Figure 3. Rotation curve for the model Milky Way (dotted),

and the different contributions of the disc (dashed), bulge (long
dashed), and dark halo (solid).

km 57!, and assuming (R, 2)e to be (8,0) kpc, is shown
in the (R, z)-plane in Fig. 4. Properties of this orbit, such
as eccentricity, radial and vertical period and maximum z
height, are shown in Table 2. The eccentricity of the Solar
orbit (e) is defined as: (Rmax — Rmin)/(Rmax + Rmin)-

Table 2. Eccentricity, e, maximum vertical height, zmax, radial
oscillation period, T, and vertical oscillation period, T, of the
Sun in the adopted potential. The adopted solar motion is that
of Schénrich et al. (2010).

Property value Unit
e 0.059 + 0.003

Zmax 0.102 £ 0.006  kpc
Tr 149 £1 Myr
T, 85+ 4 Myr
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2z (kpo)

Figure 4. Motion of the Sun in the model potential for 1 Gyr,
in radial R and vertical z components. The initial position of the
Sun is (R, z)o = (8,0) kpc.

2.2 Variation of the tidal parameters caused by
the motion of the Sun

Our integration method for cometary motion is based on
the computation of secular motion of the comet in quadratic
perturbation by the Galactic potential. The method used is
presented in Mikkola & Nurmi (2006). As the comet orbits
the Sun under the Galactic potential it experiences a force
F per unit mass:
F= —Gi[@r—Glzw—Gzyy—ngz, (3)
where G1 = —(A — B)(34 + B), G2 = (A - B)?, and
G = 41Gp(R, z) —2(B*— A%). Here r is the Sun-Comet dis-
tance, p(R, z) is the local mass density, and G is the gravita-
tional constant (Heisler & Tremaine 1986). A and B are the
Oort constants, and are obtained from the Galactic model.
Usually the radial components (z,y) are neglected, so that
Gl = G2 =0.

We will examine the effect on comets in two particular
cases. Firstly we study what we call the ’dynamic’ case, in
which the Galactic tide changes realistically along the Solar
orbit, for the case that the Sun oscillates both vertically and
radially in the potential. Secondly, we assume that there is
a 'constant’ tidal field with time (i.e. the tidal field does
not change as the Sun moves around the Galaxy). In the
constant case the Sun moves on a flat, circular orbit.

We integrate the Solar orbit in the ’dynamic’ case for 1
Gyr, sampling the values of the G-parameters every 100 kyr:
these are shown in Fig. 5. The changes in G'3 are dominated
by the changes in local density during the orbit, since the
changes in A and B over the orbit are not very large. Fig. 5
(top and centre panel) shows how the changing values of the
Oort constants, A and B, affect the values of G1 and Ga.

Fig. 6 shows the combined effects of the radial (R) and
vertical motion (2) of the orbit, on Gs. It is clear that Gs
increases in two situations: when the radial position is the
closest to the Galactic centre, and when the vertical motion
crosses the mid-plane. Due to the slightly eccentric motion
of the orbit, it is the radial component of the motion which
dominates the changes in local density (p(R, z)), rather than
the vertical motion. This is partly because we adopt the
Solar motions of Schonrich et al. (2010), which produces a
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Figure 5. Variation of the parameters G1 (top panel), G (centre
panel), and G3 (bottom panel) along the Solar orbit in the 'dy-
namic’ case (i.e. including full vertical and radial motions) over 1

Gyr.

mildly eccentric orbit for the Sun (e = 0.059 + 0.003): it
oscillates between Galactocentric radii of 7.9 and 8.9 kpc.
As such, the evolution of G3 depends on the radial motion
and the vertical motion, both being of equal magnitude (Fig.
6).

In the second case studied, the Sun is set on a perfectly
circular and flat orbit, so that the local mass density does
not change with time. For the ’constant’ case, the values of
G; are the mean values from the 'dynamical’ case, and have

© 2010 RAS, MNRAS 000, 1-8
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Figure 6. Galactocentric radius R, vertical height z and G3 for
the "dynamic’ case of the Solar motion over 1 Gyr in the Galactic
adopted model. Upper panel: the radial motion. Middle panel:
vertical motion. Lower panel: G3.

the values G1 = —7.00897 x 1071%, Gy = 7.27613 x 1071,
and G3 = 4.55749 x 10~ Pyr=2.

3 SIMULATIONS OF THE COMETS

Observations support the idea that the in situ flux of new
comets is roughly linear with respect to heliocentric dis-
tance, up to the distance of Jupiter (Hughes 2001). Comets
with highly eccentric orbits with randomised directions of
motion have a g-distribution that is flat (Opik 1966). If
a long period comet has a perihelion distance between ~
10—15 AU, it is quickly ejected to interstellar space or per-
turbed so that it becomes a short-period comet (Wiegert &
Tremaine 1999). From the perspective of the Oort cloud, the
comets are removed from the Oort cloud and from the loss
cone to the orbital parameter distribution (Fernandez 1981).
The loss cone (lc) is the population of comets that have
orbits that will allow them to penetrate the planetary sys-
tem, making it possible to observe them (Hills 1981). Plan-
etary perturbations move comets efficiently from ¢ values
less than g ~ 15 AU into either hyperbolic orbits or into
orbits that are more tightly bound to the solar system (Hills
1981). In the steady state situation, the new comets are dis-
tributed uniformly to the perihelion distances of ¢ < g, for
a > 30000 AU, while ¢ > gic comets come also from the in-
ner region. For this reason, in all of our simulations we have
assumed that initial perihelion distances are distributed uni-
formly outside the loss cone. The inclination distribution of
the outer Oort cloud of comets is isotropic (uniform in cos ).
All the other angular elements are uniformly distributed be-
tween [0 — 27].

3.1 Structure of the Oort cloud

An important issue in studying the structure of the Oort
cloud, is what energy distribution to adopt for the comets.
We assume that the density of comets between 3000 AU and
50000 AU in the Oort cloud is proportional to 1/r3'5i0'5,
so that the number of comets N is dN o 1/r%dr, where
a=15+0.5 (Duncan et al. 1987). The conclusions of this

© 2010 RAS, MNRAS 000, 1-8
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paper are not particularly sensitive to the adopted value of
o The existence of an inner Oort cloud has been speculated
upon in many studies although there is no direct evidence for
it (Hills 1981). An inner Oort cloud is the extension of the
Kuiper belt, filling the gap between the Kuiper belt and the
outer Oort cloud. Semi-major axes in the inner Oort cloud
are typically between 50—15000 AU (Leto et al. 2008). The
steady state flux from the inner Oort cloud cannot be uni-
formly distributed in perihelion distance, since the planetary
perturbations move comets efficiently from ¢ values less than
qie ~ 15 AU to either hyperbolic orbits or into orbits that
are more tightly bound to the solar system (Hills 1981). In
the steady state situation, the new comets come uniformly
to perihelion distances ¢ < g when a > 30000 AU, while
the ¢ > qic comets also come from the inner region.

3.2 Simulation parameters of the comets

Due to this complicated picture, we study different semi-
major axes in separate simulations, and evaluate the effi-
ciency of tidal injection in each simulation. We chose initial
sample conditions for the Oort cloud comets, setting the
semi-major axis to be 10000, 20000, 30000, 40000, 50000,
and 60000 AU. We choose the comet’s eccentricity (e) ran-
domly, so that the resulting values of ¢ would be uniformly
distributed from 35 to the value of the semi-major axis (a).
All the other parameters, cos(i), 2, w, and the initial ec-
centric anomaly were all chosen randomly in appropriate
intervals. The number of comets in each simulation is 10® at
each of the sampled semi-major axes. For the computation
of the numbers of comets reaching the inner Solar System,
the results from each semi-major axis are normalised to the
adopted number density law.

3.3 Simulations of the Galactic tide

To study the effect of the Galactic potential on cometary
motion, we chose two hypothetical solar systems: a ‘con-
stant’ background density, where the Sun would be on a
pure circular orbit with no vertical motion, and a realistic
"dynamic’ Solar orbit. In all systems, we analyse the flux of
Oort cloud comets into the Solar System. This means that
we consider a comet to have been detected in the inner Solar
System when its ¢ is within 30 AU, and it has a heliocentric
radius of less than 1000 AU. The last criterion is important,
as the osculating elements of comets can evolve to have ¢ <
30 AU, far away from the Sun, and evolve to more than 30
AU, without ever entering the inner Solar System. Comets
which have been detected are removed from the simulation.
We do not replace them with new comets.

4 RESULTS

Our aim is to determine the effect of the Galactic tide on
Oort cloud comets by separately adopting a constant local
density and a varying local density. Examining the flux of
comets into the inner Solar System (Table 3), we find that
there is no significant difference between the two models.
Most of the detected comets come from the middle (30—40
kAU) range of semi-major axes. Likewise, the resulting dis-
tribution of orbital elements, for comets coming into the
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Table 3. Relative fraction of comets entering the inner Solar
System, from each of the simulated semi-major axis values, for
the ’constant’ and 'dynamic’ cases.

Semi-major axis (AU)  constant  dynamic
10000 0.0729 0.0732
20000 0.1803 0.1804
30000 0.2405 0.2405
40000 0.2381 0.2369
50000 0.1504 0.1507
60000 0.1179 0.1184

Solar System, is the same in both the constant and dynamic
cases. Fig. 7 shows example distributions for the simulation
cases where the semi-major axis is 30000 AU. Similarly, the
g-distribution of incoming comets shows no significant dif-
ference between the two cases, as seen in Fig. 8. Finally,
the total flux of comets entering the inner-Solar system is
not significantly different between the two cases. For the
"constant’ case, from a source pool of 1.8 million comets in
the simulated Oort cloud, we find that approximately 120
comets per Myr reach the inner Solar System (which here
means comets with ¢ < 30 AU). Assuming that there are
about 10" comets in the Oort cloud (Wiegert & Tremaine
1999), this corresponds to about 70 comets per year with
g < 30 AU. This is a bit higher than the observed num-
ber of new comets with ¢ < 30 AU, which is about 20 per
year, assuming a cometary flux of 0.65 + 0.18 yr~* AU™?
(Fernéndez 2010).

4.1 Time evolution of the cometary flux

There is a clear difference between the two models when we
look at the temporal evolution of the cometary flux. The
top panel of Fig. 9 shows, for the ’dynamic’ case (and after
a relaxation time of about 100 Myr) that the mean cometary
flux (shown as a 10 Myr moving average) is well correlated
with the changes in G3 (dashed line). The resulting fluxes
from the simulation have been weighted according to their
relative number-density (a~*®), the resulting total amount
of comets in the simulation, by using this weighting system
is 1.8 x10°. From Section 2.2, there are two main causes for
the evolution of the flux, the major being the radial motion,
the minor being the vertical motion. The top panel of Fig 9
shows the major trend clearly following the radial motion.
The vertical motion is also followed, as is clear in the 10
Myr moving average (which smooths out some of the Pois-
son noise in the individual 1 Myr samples). We also ran a
separate simulation with a circular orbit, and with the verti-
cal component intact, the resulting fluxes followed perfectly
the vertical motion, as was expected due to the changes in
G being solely contributed by the vertical component. In
the case where the values for G; have been kept constant
(i.e. corresponding to a completely circular orbit with no
vertical motion), there is no evidence of any evolution, as
seen in the bottom panel of Fig. 9.

Simple Fourier-analysis of the dynamic flux (in the
top panel of Fig. 9) finds two distinct periods in the
cometary flux. The strongest signal is produced by a pe-
riod of 143—167 Myr, and an equal signal from a period of
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Figure 7. Distribution of the orbital elements i, 2, and w for
a = 30000. The solid column represents constant case, and the
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Figure 9. The time evolution of the relative flux of comets in the
dynamic case (top panel), and the constant case (bottom panel).
The solid line represents the relative flux of comets in 1 Myr bins,
the white line a 10 Myr moving average. The dashed line in the
top panel represents the evolution of the G3-parameter.

41-45 Myr. The former corresponds to the radial period
(152 Myr) and the latter to the half-period of the vertical
period (43 Myr). The vertical signal is found to lie in the
range 41—45 Myr, and is quasi-periodic, as has been seen
earlier by Matese et al. (2001).

4.2 Comparison with earlier results

Matese et al. (1995) derived various periods for the verti-
cal Solar oscillation, depending on the adopted model of
the disc. For example, their ‘No-Dark-Disk Model’ has a
crossing-period very close to ours (43 Myr), while their
‘Best-fit Model’ produces a much lower period of 33 Myr.
They assumed a W-velocity of 7.5 km s~*, compared to
ours of 7.25 km s™!, and does not cause much qualitative
difference in the vertical period of the orbit of the Sun. The
lower period comes from assuming a considerably higher
mid-plane density (p ~ 0.13 Mg /pc®) than ours.

Matese et al. (2001) found that the radial period of Solar
motion modulates the vertical period. However, they used
very high local densities of matter in the disc, so that the
vertical oscillations dominated the radial oscillations. This
meant that the flux of comets into the inner Solar System
with each passage through the disc was greatly amplified
compared to our simulations. We find that the cometary
flux varies with an amplitude of about 20%, whereas Matese
et al. (2001) find flux variations of about a factor of two. The
much smaller amplitude in the signal which we advocate,
even taking into account the radial oscillations, would make
finding a period in the scant cratering record very difficult.

Fouchard et al. (2006) calculated that a local mass den-
sity of p = 0.1 Mg /pc® corresponds to a cometary flux of
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around 10* for their first 500 Myr interval for a source pop-
ulation of 10° comets, where observed comets have qg< 15
AU. Assuming that there are 10'? comets in the Oort cloud.
This produces a flux of ~20 comets/yr, which is a factor of
two less than our estimate.

The Galactic tide case in Rickman et al. (2008) gives
a flux of 100 comets per 50 Myr, from a source popula-
tion of 10° comets, where observed comets have evolved
from ¢ > 15AU to ¢ < 5 AU. This corresponds to a flux
of 2 comets/yr, again assuming an Oort cloud with 102
comets. Using similar analysis we find that we get a flux of
290 comets per 50 Myr, corresponding to a factor of three
larger than Rickman et al. (2008).

A review by Bailer-Jones (2009) correlates terrestrial
events with cometary signals. One of the more interesting
ones in the review is the 140 £ 15 Myr period found by Ro-
hde & Muller (2005) in the number of known marine animal
genera as a function of time. While this could correspond to
the Sun’s radial period, Bailer-Jones (2009) considers that it
has not been significantly detected, the main problem being
that the entire time-span of the data covers no more than
three oscillations. Many other periods, proxies, and studies
are mentioned in Bailer-Jones (2009), although the conclu-
sion is that there is no proven impact on biodiversity as a
result of the orbital motion of the Sun.

5 DISCUSSION AND CONCLUSIONS

We have studied the long-term dynamics of Oort cloud
comets under the influence of both the radial and the ver-
tical components of the Galactic tidal field. Other perturb-
ing forces on the comets, such as passing stars or passage
through spiral arms are ignored, since we aim to study the
influence of just the axisymmetric Galactic tidal field on the
cometary motion.

We use an axisymmetric model of the Galaxy, and a re-
cently revised value for the Solar motion by Schénrich et al.
(2010). This leads to vertical oscillations of the Sun with
an amplitude of about 100 pc, and radial oscillations over
about 1 kpc. The changing tidal forces on the Oort cloud
are computed as the Sun orbits for 1 Gyr in this potential,
and the flux of comets entering the inner Solar System is
computed in simulations.

As expected, the cometary flux is strongly coupled to
the G3-parameter in the tidal forces, which is dominated by
the local mass density seen along the Solar orbit. Both the
radial and vertical motions of the Sun can be seen in the
cometary flux, although the amplitude of the variations is
small, implying that detecting such a signal from the small
number of age-dated craters would be very difficult. This
agrees with the recent review of the detectability of the Solar
motion in terrestrial proxies (Bailer-Jones 2009).

As Gj is directly coupled to local density, it is easily af-
fected by the non-axisymmetric components in the motion
of the Sun in the Galaxy. This implies that spiral arms, a
Galactic bar, giant molecular clouds, or any other intermit-
tently encountered structure should have an effect on the
flux.
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