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Abstract

We studied the dynamical evolution of the central parsec of the Milky Way, where stars have
a specific structure orbiting the Central Massive Black Hole. We consider that the the central
parsec consist of a very dense central cluster within the inner most Arcsec, which is referred
as the S-cluster, and two outer orbiting disks. By presenting a series of N-body simulations
the evolution of the this active central region is compared to the observational data. The
simulations were deployed on different software, such as NBODY4 and SyMBA, trying to
reach the most accurate result. With the use of this Newtonian N-body simulation we study
the evolution of the orbital eccentricity and inclination of the stars inside the central parsec
of the Massive Black Hole(MBH), beginning from Boily’s initial conditions to making our
own initial conditions and comparing them with each other and with the observed data. In
the final simulation we find out that the smaller mass stars get more excited, whereas the
massive stars have more balanced orbits which could lead to the conclusion that the initial
mass function for the disk may be higher than what we expected it to be.
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1. Introduction

The Super massive Black Hole (MBH) in the center of our own galaxy, the Milky Way,
is the best example of the phenomenon of central galactic MBH. This phenomenon was
first found from the observation of an unusual non-thermal radio source, the Sagittarius A*
[2]. This makes it a unique place for studying the properties of the galactic nuclei. At a
radius of 8 kpc we can study at resolutions and details that are not available in other big
galactic nuclei. The galactic center (GC) contains the densest star cluster of our galaxy. The
indication of short period orbiting stars at the central parsec show that the MBH mass is
(3− 4)× 106M⊙. The CG region within 1pc of the MBH contains a huge proportion of
young, high mass stars and clusters.

The central parsec is affected by the gravitational influence of the MBH. Strong gravity
and tidal forces act on all matter in the central region, making it a region actively dense. The
stellar population is decreasing with the distance from the center as n ∝ r−2, although that is
not the case everywhere, since some regions are more flattened out than others. Surprisingly,
this region is populated by a mixed distribution of both young and old stars. As it can be
expected, the young stars are actively changing, whereas the old stars are more relaxed
and have an orbital stability. Inside the central 0.4 pc the stellar distribution becomes more
stable, where young stars are more dominant than older stars. Most of these young stars are
massive, with some of them exceeding the size of > 20M⊙ and ever reach 100M⊙ at times.

The central parsec region is predictied to be populated by more than 100 massive young
stars which around 90 of them have already been determined. The majority of them are
O-type super giants and Wolf-Rayet (W-R) stars, likely formed 4−7Myrs ago[17]. These
massive stars have a life span of just a few million years[12]. In the most inner arcsec
(1Arcsec ≈ 0.04pc at the distance of the Galactic Center) the stars consist of late O and B
stars rather than the more massive stars residing in the outer region. In the inner 0.04pc (a
few light days) of the MBH, which is referred to as the S-cluster region or S-stars, where
apparently the stars are distributed in an isotropic way with relatively high eccentricities
(0.3 > e > 0.95), even reaching 0.99 for some stars [11]. The young stars outside the S-
cluster form two disks (rings), one of those, the inner disk, is well defined and has clockwise
rotation, whereas the less defined outer disk is rotating counter-clockwise. Around 20% of
the stars in the central parsec orbit in a disk like structures[6].

Since regular star formation near the MBH is almost impossible due to extreme tidal
forces, many suggestions have been proposed for the origin of those stars and especially the
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closest to the MBH, the S-cluster. All main explanations for the creation or transportation
from outer region of those young massive stars in the inner parsec face major obstacles and
are not clear candidates. In situ star formation through gravitational fragmentation of gas
due to the in-falling molecular cloud, transportation from far away by an in-falling stellar
cluster, scattering of stars by high elliptical orbits by Intermediate Black Holes (IBH), and
rejuvenation of old stars due to stellar collision and tidal striping have all been proposed [2].
However, there is no obvious explanation for the creation of those stars. Due to the fact that
the stars are distributed in three areas, the disks and the S-cluster, their origin may come
from different sources.

The various possible explanations for the origin could be constrained by observation,
but it has been uncertain how the relaxation process could lead to the orbital properties they
possess currently. In this thesis we consider the dynamical evolution of the stars, disks or
S-cluster, such as those being observed inside the central parsec. In the following models
we are going to consider a variety of stellar mass populations which will tend to reality. By
using an analytic approach and by calibrating the initial conditions with the use of N-body
simulation, we will try to explore the evolution of the disks in the GC. We estimate our
own initial conditions and test the evolution of the disks around the MBH, the influence of
the S-cluster and among each other, by bringing together stellar masses, positions, orbital
directions, velocities and accelerations. It has to be mentioned that General Relativity (GR)
effects are not taken into account in the work.

The starting point of this thesis was the study of the initial work by C.M.Boily regarding
the Galactic Center. Then by combining data from previous papers we explore the evolution
of the Galactic Center [2][6][18].

We begin by describing the observed data up to today, which include realistic values
of the objects and the way they were determined, we describe each region of the central
parsec including also the origin of those massive stars at surprisingly small distances from
the MBH where tidal forces are extremely strong. We discuss the issues and the difficulty
of explaining the origin of those stars near the center (section 2). Once the observed data is
understood, we briefly review the different numerical methods used in our simulation. By
using various models and by considering various initial conditions, we try to come as close
as possible to the observed structure of the GC. Also in section 3 we describe the role of the
GRAPE-6 computer which is our main tool for all the simulations. In section 4 we present
the different models we are going to use in our simulations. Starting from Boily’s initial
conditions we calibrate them to the updated values, we finally we make own parameters
associated with the latest observed data. Then we describe the results by illustrating the
resulted orbits. The results are presented and tested in a short and long term evolution of the
Galactic Center. At last in section 5 we discuss the results and the limitations in our work.



2. Theory and Data

The simulations were performed for several sets of initial conditions, all of which include
either one or both, the S-cluster and the two disks rotating around the MBH. The number of
objects for every simulation was not identical, as there is not an exact number of stars yet
observed. For each simulation the parameters can be found in §4, where different tables are
made with the initial conditions and orbital elements.

In the following section, we are going to describe the data used for our analysis and the
observational data taken to complete this research. Almost all the data have been published
in the past and is referenced of the end.

2.1 Data from Observations

Observations indicate that in the center of the Milky Way and probably in most if not all
galaxies, is contained a massive object which is referred to as a Massive Black Hole (MBH).
Our own MBH, the Sagittarius A* (Sgr A*), has a mass around 3−4×106M⊙. For ease
of our calculations and simulation we are going to take the the mass of the MBH to be
4×106M⊙ [12]. From previous data the central parsec is populated with young stars, most
of which are massive. As mentioned above, the 0.05pc contains young stars of late O and B
spectral type stars with masses 3−15M⊙ with apparently isotropic distribution and high
eccentricity (0.3 > e > 0.95). The mass density inside the 0.01pc is found to be dominated
by Stellar Black Holes (SBH) with 5−15M⊙ [11]. This region is referred to as the S-cluster.
The outer part of the S-cluster have a rotational speed similar with the solar speed around
the GC which is around 200km/s. From astronomical observations [10][8][7] indicates that
with the help of emissions lines the orbits of those stars appear to be random, creating a
sphere around the MBH. The conditions are extremely unique in the central 0.1pc of the
Galaxy, as the strong tidal forces, high velocities and high stellar density makes it a stellar
collider. The rate of collisions between stars in the center are of (10−5yr−1 [2]. The stars
that are extremely close to the MBH attend velocities up to 0.2c at their perigee. Under
such extreme conditions the internal structure of the star may change.

Up to today, within the central parsec, around 100 stars have been detected and classified
as OB main-sequence stars, more luminous giants and super-giants, and post-main-sequence
W-R stars. [17]. These stars are found between 0.04−0.5pc, 20% of these stars reside in two
observable disks, which with the help of high resolution infrared imaging and spectroscopy
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it has been shown that the young massive stars between 0.02− 0.6pc display coherent
rotation [9]. A analysis and statistical properties of the velocity vectors suggest that those
stars reside in the counter rotating disks. The first disk has a clockwise rotation, arranged
onto the plane of the sky, whereas, the second disk, which is also further away from the
MBH and is referred to the outer disk, has a counter-clockwise rotation and is oriented to be
just above 90◦ inclined to the first disk. The inner disk (clockwise) extends from 0.04pc to
0.4pc, in comparison to the outer disk resides between 0.04pc to 0.5pc. Stars in both disks
are inferred to have a mean eccentricity of 0.3 > e > 0.5 and are oriented with an inclination
to the ascending node with a believed finite angular thickness of 14◦−19◦[15][12]. From
the 90 known W-R and O stars orbiting in that region, around 50 are candidate members
of the clockwise disk and 18 of the counter clockwise disk. Figure 2.1 illustrates better
how the structure of the disks is. However, the stars in both disks are widely distributed
with respect to the distance from the MBH, which brings some uncertainties regarding the
thickness, especially the outer one. Although there have been numerous attempts trying
to explain the origin of the stars in the inner most parsec, there are no indications of any
relationship between the massive stars of the disk in the rings and the S-cluster stars[12].

Fig. 2.1 The two disks rotating around the MBH

The massive stars have a life span in the main-sequence of just a few million years and
it has bean observed that the massive stars in the central parsec have an estimated age of
6×106 years [17], which makes us wonder where they came from. It has to be mentioned
that a huge population of young massive stars have also been observed in other galactic
nuclei, such as, in Andromeda M31 [4], which suggest that this phenomena may be common
in galaxies evolution.

2.1.1 The S-cluster

The S-stars are located in the innermost arc second orbiting around the MBH with high
velocities, high eccentricities and inclinations. Today, just around 20 stars have been
determined precisely[19]. The star with the shortest observed period is the S0-102, with
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Fig. 2.2 Map of the 51 stars determined from NS10. The color of the each star indicated the
Magnitude of the star, also the size of the point star is the brightness. The cross in the center
indicates the MBH Sgr A*

a period of just 11.5yrs. This star attends velocities up to 10× 106m/s[14]. The second
closest star orbiting around the Massive Black Hole is the S2 or S0-2, with an orbital period
of just 15.9yrs [20]. Those two stars were the best estimators to calculate the dark mass
which they are orbiting around. Figure2.2 maps 51 stars of the S-cluster adopted from the
NS10, which is the data obtained by the VLT.

With the help of adaptive optics from ESO, we have some good images of the S-Stars
in the central arcsec, Figure 2.3. Figure 2.4 shows the orbit trajectories from 26 stars
with all their properties which will also be used in the following sections to compare out
simulation with the data [19]. The trajectories were obtained through the calculation of the
six dimensional parameters, velocity vector and position at a given time. However, due to
the fact that the radial position is not measurable for any of the S-stars, dynamical quantities
were use to get through.

2.1.2 Origin of the stars near the MBH

Observations and simulations show that massive star formation has occurred close to the
central parsec in the past million years. However, there has not been any sure explanation
about the origin of these stars, although there have been a few scenarios suggesting their
origin. In situ star formation, scattering of stars with high elliptical orbits, transportation of
stars from the outer regions, and rejuvenation of old stars due to collisions and tidal striping
are all suggestions proposed for the origin of the stars in the central parsec [2]. From those
four proposed scenarios, the most likely are described in the following:
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Fig. 2.3 Observed Charts of the S-Cluster. This figure is based on the natural guide adaptive optics
by using NACO at UT4 of the VLT in July 2007. The stars in red are late-type stars and the stars
in blue are early-type stars, whereas the stars in black are still of unknown type. The MBH Sgr A*
can be identified on the figure[19]. The figure shows only the stars within the 1.5”arcsec, which
corresponds to 0.05pc.

Fig. 2.4 Orbits of the S-stars in the central arcsec, which were determined by [19]. The orbits are in
the 0.5”, which corresponds to 0.018pc
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1. In situ formation. This proposes that the stars are formed near to where they are
now, which is very close to the MBH. The tidal forces near the MBH Sgr A∗ are too
strong for a formation cloud to be gravitationally bound unless its density exceeds
≃ 1012R−3

1” cm−3 which is much denser to what is currently observed[17]. The tidal
shear is too strong to let any star formation happen recently, due to the MBH and the
surrounding clusters. However, the tidal sheer can be overcome if the mass accretion
was large enough at some point in the past resulting in a gravitationally unstable
massive disk of cloud to form where the stars where formed. The observation indicate
that the star formation occurred around 6Myrs ago, not later, not earlier.

2. The infalling cluster scenario. This idea proposes that the stars of the central parsec
were originally formed outside, at larger distances outside the central parsec. The
stars later were transported in the central parsec. Usually, for an infalling cluster, the
stars remain close to the in-spiral plane and form a flat star distribution. However, this
is not the case in the central parsec which indicates that there should be a Intermediate
Black Hole (IBH) orbiting the MBH. The IBH has to be remarkably massive for this
to happen, not to mention that there is no evidence of the existence of any IBH near
the GC. As a result the two counter rotating disks would require two infalling cluster
events for them to form. All in all this scenario is not likely to have happened[3].

There are important differences between the S-cluster and the disk stars. The S-cluster
stars have random orbital orientations with high eccentricities, whereas the disk stars have a
co-rotating orbit with small eccentricities. It is also surprising that the S-stars are less bright
and less massive than the disk stars. All the above properties do not show clearly whether
the two populations of stars have the same origin or not [3].



3. Simulation Methods

We try to understand the observations, through a Newtonian N-body simulation of the inner
Milky way parsecs, using data containing realistic masses, number of star, eccentricity, and
velocity dispersion. All simulations were carried out on a GRAPE-6 computer. All our
simulations do not take into account any General Relativity effects, which understandably
the exist.

N-body simulations are widely used in the subject of planetary and galactic physics.
The are mainly used to simulate the dynamical evolution of systems. These systems could
be planetary systems, the solar system, part of a galaxy or even a cluster of galaxies. By
investigating the observations and comparing them with the simulation, results in a huge
part of our understanding of their evolution. These simulations give us a good picture about
the structural evolution of a system. However, the quality of the simulation to replicate the
observations is an art that is very hard to master.

For the present study we use two types of N-body simulations, one of the latest versions
of Aarseth’s N-body codes, the Nbody4, and the SyMBA N-body code. By using both of
those two codes we can compare them with the observational data assembled.

3.1 Nbody4 Code

It is essential to be able to find a good approximated trajectory when dealing with N-body
problems. The Nbody4 uses the Hermite integration method. The Hermite integration which
takes its name from Hermite interpolation polynomial, it is a very simplified, accurate, and
high performance code. This code was originally developed to work on HARP computers,
special purpose computers. The basic idea behind this code is very simple for both the force
and its derivatives and it relies on the employment of a Taylor series. Below we show the
Taylor series method as we write an expansion up to the third order for the force [1].

F = F0 +F(1)
0 t +

1
2

F(2)
0 t2 +

1
6

F(3)
0 t3 (3.1)

F(1) = F(1)
0 −F(2)

0 t +
1
2

F(3)
0 t2 (3.2)
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where F represents the force and t is the time interval. F(1) is the explicit term. By having
F and F(1) at the beginning and end time step, the solution for its higher derivatives are:

F(2)
0 =

[
−3(F0 −F)− (2F(1)

0 +F(1))t
] 2

t2 (3.3)

F(3)
0 =

[
2(F0 −F)− (F(1)

0 +F(1))t
] 6

t3 (3.4)

From the above expressions we can calculate the coordinate and the velocity correction
for the particle i

∆ri =
1

24
F(2)

0 ∆t4 +
1

120
F(3)

0 ∆t5 (3.5)

∆υi =
1
6

F(2)
0 ∆t3 +

1
24

F(3)
0 ∆t4 (3.6)

The time step is calculated by the relation bellow

∆tn = ∆t1

(
1
2

)n−1

(3.7)

where ∆t1 is the scaling factor. In result the time step ∆t is truncated to the nearest
quantized value after, employing an expression of the following equation 3.7.

∆ti =
(

η |F |
|F(2)|

) 1
2

(3.8)

This will ease the prediction of coordinates and velocities and can now be made for all
the particles at once.

3.2 SyMBA Code

SyMBA (Symplectic Massive Body Algorithm) is known as a symplectic algorithm, which
has the advantage of the sophisticated but highly efficient numerical algorithm known as
Mixed Variable Symplectic (MSV)method. It has the ability of handling close encounters
between, particles by employing a multiple time step technique. When the two encounter
come close to each other the time step is divided to whatever the level is required. This
algorithm is widely used for planetesimal dynamics and planetary evolution, in our case we
are going to try to adapt it for the inner galactic part which as expected is relatively similar
to planetesimal dynamics.

Symplectic integrators have huge advantages over the other N-body integrators, they do
not perform long term build up of energy error, and they are considerably faster for problems
with a central single high mass body. The desirable energy conservation advantage is derived
from the fact that a symplectic exactly solves the equation of motion for a problem, with no
error. The high efficiency derives from the fact that the dominant force of each object can be
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’build in’, leaving only the smallest perturbation to constrain the size of the time step. The
SyMBA algorithm has the speed of a MSV method when there are no close encounters, but
when a neighboring particle comes close enough to be an encounter, the time step decreases
depending on the distance during their encounter [16]. Symplectic integrators have been
used more and more the recent years due to the fact that the Newtonian gravitational N-body
problem is a Hamiltonian problem and these integrators preserve certain properties that are
intrinsic to Hamiltonian systems.

SyMBA has three properties that are suitable for Hamiltonian systems:

• As it is obvious from the name the SyMBA, the integrator is symplectic, which by
its process preserves its symplectic structure d p∧dq, where q, p are the phase-space
coordinates known from Hamiltonian dynamics.

• Symplectic integrators use the H̃ = H +Herr decomposition to solve exactly the
equations of motion.

• Also to add that the SyMBA is time reversible.

The numerical method of the SyMBA symplectic integrator will be briefly explained in the
following. The Hamiltonian H can be divided in many parts, such that every single Hi is
integrable.

H =
N

∑
i=0

Hi (3.9)

The general solution for the Hamiltonian equations of motions in phase-space for a time
τ is

w(τ) = eτ{,H}w(0) = eτ{,H0+H1}w(0) (3.10)

Where w(0) is the value of w at its earlier epoch and it should be reminded that the
brackets are know as the Poisson Brackets. So far all we have done is rewrite the equation
of motion, and this remains unsolvable analytically, expect in special cases. The solution to
this as it can be seen above, is to split the H in pieces, where each of them can be solved
alone. By changing the above equation to second order we are able to solve exactly the
equation of motion.

eτ{,H0+H1} = e(
τ

2 ){,H0}eτ{H1}e(
τ

2 ){,H0} (3.11)

With the equation 3.11 the H̃ = H +Herr can be fully expressed by it. The expression
Herr is a formal series in the time step τ and does not converge in general. However, for
very small τ the errors of the integrator are represented by the relation.

Herr =
τ2

12

{
{H0,H1},H1 +

1
2

H0

}
+O

(
τ

4) (3.12)
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For the solar system and other systems with a massive central body (the Sun or the
MBH) the H can be written as

H = Hkep +Hinteg (3.13)

Where the Hkep is the part of the Hamiltonian that describes the Keplerian motion of the
body around the Massive body and Hinteg is the part that describes the perturbation of the
small bodies to one another.

Hkep =
n

∑
i=1

(
|p′i|2

2m′
i
− Gmim⊙

r′i

)
(3.14)

and

Hinteg =
n

∑
i=1

(
Gmim⊙

r′i
− Gmim⊙

ri⊙

)
−

n−1

∑
i=1

n

∑
j=i+1

Gmim j

ri j
(3.15)

Where ri⊙ is the distance between the body i and the central body which in our case is
the MBH, mi and m⊙ are the mass of the ith object orbiting the central mass and the massive
central mass respectively, ri j is the distance between object i and j, and the r′i is referred to
the Jacobi coordinates. The Jacobi coordinates are systems where everything is measured
from the center of mass of all the bodies.

Conventional integrators often reduce the time step during a close encounter in order
to preserve the same level of accuracy. But as the time step is decreased the symplectic
integrator changes as does the Hamiltonian integration. This will accumulate the energy
error and will result in the destruction of the symplectic property of the integrator. This
problem can be restored if Hkep (Interaction between the two orbiting objects) can be made
small compare to Hinteg (Interaction between the orbiting and massive object). A solution to
this is to simply calculate the new position and momentum Qi and Pi from the old ones qi

and pi. After having calculated the new Qi and Pi we relocate the Hamiltonian.

Hkep =
n

∑
i=1

(
|p′i|2

2m′
i
− Gmim⊙

|Qi|

)
(3.16)

and

Hinteg =−
n−1

∑
i=1

n

∑
j=i+1

Gmim j

|Qi −Q j|
(3.17)

Hkep is no longer integrable analytically, due to the fact that it contain a 3 body problem.
However, the terms can be integrated numerically at good precision, using a conventional
N-body integrator. Jacobi coordinates are not preferred when there are close encounters. A
better interpretation for the above problem is

H(Qi,Pi) = Hkep +Hinteg +HMO (3.18)
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HMO =
1

2m⊙

∣∣∣∣∣ n

∑
i=1

Pi

∣∣∣∣∣
2

(3.19)

Where HMO is the Hamiltonian of the massive object and m⊙ is the mass of the massive
object [16].

In comparison with a standard MVS method, this method has no energy error, which is
very important in a long term simulation. The energy error is bounded.

The SyMBA code runs by reading the orbital elements, also the SyMBA code is not
adequate for the GRAPE-6 computer, so some minor changes have been made to the SyMBA
software so it could be adopted by GRAPE-6.

3.3 GRAPE-6

GRAPE-6 is a massive parallel special purpose computer for Planetary and Galactic sim-
ulations. The initial objective of the GRAPE is the calculations of the forces between a
particular object and all the objects around it. The GRAPE-6 uses a floating point arith-
metic for the accurate calculation of the forces. The GRAPE-6 chip integrates 6 pipelines
operating at 90MHZ, delivering a speed of 30,8G f lop, in total the entire GRAPE-6 has
2048 chips offering a speed of 63.04T f lop [13].



4. Simulations

Initially, after direct contact with Boily, we received his initial conditions for the Central
Galactic simulation. These initial conditions where tested by using the NBody4 code
and SyMBA on the GRAPE-6 computer, and then compared with the observational data.
However, after continuous testing with them, it was proved that those initial conditions were
out of date, although the scaling and structural position of the cluster were accurate. First
attempt, was to create new initial conditions by modifying Boily’s initial conditions with the
current observational values. A later attempt was to create our own new initial conditions
with the help of previous data and compare them with the observational data [5].

In the following section we are going to discuss the changes we made on these initial
condition and how we ended up with our end product, which was also used in the SyMBA
simulation. We also discuss the changes of the code and the decisions we made about the
rating of each simulation together with its softening parameter.

4.1 Boily Initial condition

In this section we will use parameter values given by Boily. After analyzing carefully the
data assembled, we compared the orbital parameter and masses to the realistic values from
observations. It was realized that the initial conditions were expired, although the overall
structure of the galactic center followed a correct pattern.

Table 4.1 Parameters used by Boily

Objects Number of
Objects

M of
each(M⊙)

α e i

MMBH 1 3×104 0 0 0
S-Cluster 100 22 0.08−4.5 0.3−1.2 0−360o

Disks 197 3−30 R1 = 0.5− 2
R2 = 0.5−3

0.1 - 1 i1 = 110o

i2 = 20o

Outer
Cluster

270275 0.6 0.001 - 100 0 - 1.1 0 - 360o

By following the parameter in table 4.1 it is obvious that the masses are falsely scaled.
For example, the mass of the MBH was only 3×104M⊙, whereas from observations it is
≈ 4×106M⊙ which is a difference by a factor of 200. Also the initial velocities vectors and
position were nowhere near to the recent observed data.
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The tests where realized on a GRAPE-6 computer by using the NBODY4 code, which
was created by Aarseth[1]. Since we consider that all the stars orbit around the MBH, except
some exception due to close encounter, the MBH is taken as the origin of the coordinate
system. The trajectories are integrated by using Hermite integration method of fourth order
as mentioned in §3.1.

Figure 4.1 shows the initial position and the trajectories of the stars around the MBH.
A number of 100 stars, where each has a mass of 22M⊙, are used for the S-cluster which
is isotropically distributed around the central mass with random initial velocities. The
two disks on the other hand have a defined inclination and ascending node regarding the
disk, where the stars follow a specific trajectory. The masses taken for the disk stars varies
between 3−30M⊙.

Due to the fact that this model follows collisions, 20% of all the 297 stars escapes the
central parsec. As expected most of the stars escaping are from the S-cluster due to high
collision rate close to the MBH. These numbers are based on a simulation of 1000 time
units, which is equivalent ≈ 1.8×105yrs. This escape rate in not seen in the central galaxy
observations for the main reason that the MBH has a mass of 200 times more than used in
this simulation.

Fig. 4.1 Projection of Boyli’s model. The left top figure is a projection of the S-cluster around the
MBH which is denoted in red. The top and lower right figure are the same projection of the two disks
but with a different angle view. The lower left figure is a projection of the stellar orbit of the two
disks and the S-cluster
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4.2 Modified Boily initial condition

The first attempt to create correct initial conditions was to modify all the masses given
in §4.1 as given in Table 4.2. We created our own code and we calculated all the orbital
elements for each star from the initial conditions. After, by keeping the orbital elements
unchanged and by modifying the masses of the stars and MBH we re-calculate the modified
initial conditions. This process was done with a code given by Pr. Tsiganis written in
FORTRAN.

Table 4.2 Modified Masses

Objects Number of Objects M of each(M⊙)
MBH 1 4×106

S-cluster 100 10
Disks 197 30

By increasing the central massive body’s mass and by keeping the position vectors
unchanged, the velocity vectors had to change. The semi-major axis and the eccentricity are
calculated from the following equations:

υ⃗ =

√√√√µ

(
2⃗
r
− 1

α

)
⇔ α =

µ⃗r
2µ − υ⃗2r

(4.1)

and

e =

√
1+

h2

µα
(4.2)

Where µ = (M +m)G, where respectively M and m are the masses of the central
body and orbiting body and G the gravitational constant, and also h = a⃗∧ ˙⃗a is the angular
momentum of the orbiting object per unit mass.

The orbital elements were calculated by transforming the position vector x̂, ŷ, ẑ to the
Euler angles Ω, i,ω .

Fig. 4.2 Projection of the orbits of stars of both the S-cluster and the two disks. This projections is
based on updated parameters.
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Once the orbital elements were known, a FORTRAN code was used to calculate the
modified initial conditions. By inserting the corrected masses for each object, we obtained
the modified initial conditions, which consisted of the position vector and the velocity vector
for each object.

Once again we used the N-body stellar dynamics code NBODY4 developed by Aarseth,
where all objects where treated as point masses. The results of this model is shown in Figure
4.2. The simulation was run for only 100 time units which is equivalent to ≈ 1.8×104yrs.
As expected, the period became much shorter for every individual star, due to the increase
of the central massive object. It is obvious that this model does not suffer from escaping
stars due to the high tidal forces created from the MBH. However, due to the fact that the
period of the orbiting stars was shortened significantly, the time units where not appropriate
for the most inner rotating stars which suffered of poor orbiting projection, as the time step
unit was comparable to the orbital period.

4.3 Our initial conditions

The previous simulations where performed with Boily’s orbital elements. As mentioned
before, due to the evolving observational data it is more appropriate to create our own initial
conditions, which will follow the latest observational data. In the following we present a
simulation of a more realistic case which includes the region of stars with a range of masses
depending on the observed data.

We define as the coordinate origin the position of the MBH where the x,y plane is the the
galactic plane. The mass of the MBH was taken to be equal to be 4×106. In our simulation
all the orbital parameters and masses for each star where taken from a random algorithm,
which calculated random number between the limits given. In other word the minimum and
maximum value was given to the algorithm and it provided us with a random number in
between. The semi-major axis for the S-cluster was calculated from the nearest star to the
maximum radius of the S-cluster. The star with the shortest period, with a period of 11.5yrs,
has a semi-major axis of 0.004pc, which is equivalent to 815AU [14]. As for the maximum
semi-major axis, as we don’t want it to exceed the maximum radius of 0.04pc, by taking
into account the eccentricity we took aout = 0.02pc. The eccentricity for the S-cluster was
taken to be between 0.3 . e . 0.95 [11]. As for the remaining orbital elements, they were
chosen randomly as the S-cluster has random inclination and direction.

The central parsec is known to be a very dense region, where collisions are frequent.
However, stellar disks are know to exist around the MBH, as mentioned in §2.1. Both disks
are known to exist and were successively confirmed, as 51 clockwise rotating stars and 29
counter clockwise rotating stars were confirmed [12]. In our simulations we considered
100 stars for each disk. Both disks have the same eccentricities between 0.3−0.4 , as for
their masses, they ware randomly taken between 15−60M⊙[6]. The two proposed disks are
defined to be oriented with an inclination to the ascending node of [iCW = 127o and ΩCW =
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99o] for the clockwise disk and [icCW = 24o and ΩcCW = 167o] for the counter clockwise
disk [15]. The thickness of the clockwise disk is 14o, whereas the thickness of the counter-
clockwise is 19o. Taking into account the eccentricity and the maximum and minimum
radius, the semi-major axis was calculated and is shown in Table 4.3.

Table 4.3 Initial condition

Objects Number
of Ob-
jects

M of
each(M⊙)

α e i Ω

MBH 1 4×106 0 0 0 0
S-cluster 100 3−20 0.004−0.02 0.3−0.95 0−360o 0−360o

Inner Disk 100 15−60 0.066−0.25 0.3−0.4 127o 99o

Outer
Disk

100 15−60 0.066−0.3 0.3−0.4 24o 167o

Figure 4.3 shows the projection of the initial conditions on to the initial orbital plane at
the beginning of time. In this projection the two inner and outer disks are denoted in green
and purple respectively, the S-cluster stars are the blue spots and the Central MBH is the
red spot at the origin. The distances from the origin are in Astronomical Units (AU), due to
the fact that the FORTRAN code used AU for developing the initial conditions.

Fig. 4.3 Projection of the orbits of stars of both the S-cluster and the two disks. This projections is
based on updated parameters.

Our first simulation with our own initial conditions was done with 10000 time units
which are equivalent to ≈ 1570yrs, which as expected was enough for the S-cluster but
far from enough for the disks. Figure 4.4 shows the projection of the S-cluster around the
MBH. There are no escaping stars, although close to the center the rate of close encounters
is higher and some stars come very close to the MBH, which under the laws of GR there
would have been sucked by the MBH. As mentioned in §2.1 the density follows the rule of
ρ = 1

r2 which can also be seen in figure 4.4.
In order to run and plot the full length of the evolution for the two disks, a scaling process

of the initial conditions was applied. The scaling was applied by different methods with a
series of numerical tests, by using codes such as STARLAB, NBODY4 and our own code.
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Fig. 4.4 Projection of the S-stars orbiting around the MBH which is the red point. On the left the
orbits are projected on the x,y plane whereas on the right the projection in on the y,z plane. This
simulation is done for 10000, time units, which is equivalent to ≈ 1570yrs.

STARLAB scaling system consisted of scaling all the parameters to an overall summation of
unity, in other words the total mass of the system was equal to 1. However, after deploying
numerous methods with no success, scaling was done with our own FORTRAN, code which
followed the simple equations of dynamics and mechanics mentioned bellow.

Fig. 4.5 Projection of the S-cluster in purple, the MBH in red, the Inner disk in green, and the Outer
disk in Blue. This Projection is done on the y,z plane. This simulation is done with scaled parameters
for 1000 time units equivalent to ≈ 1500years.

Figure 4.5 presents the stellar orbits with our initial conditions, the orbital elements of
which were taken from observational data. It gives a well defined overview of the structure
of the central 0.5pc by contrasting the regions in different colors. The purple inner cluster
is know as the S-cluster, whereas the green and blue disks are the inner and outer disk
respectively. This simulation was run with scaled parameter for 1000 time units which is
equivalent ≈ 1500yrs. The orbits of the star are summarized in Table 4.3.
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For a better view on the inner most stars of the S-cluster we display five specific known
stars of the S-cluster. By taking into account the known parameters for each of these stars
insert them in our initial conditions. Figure 4.6 illustrates the orbits of those stars. The
inner most orbit (blue) is the S0-102 which is the closest know star to the MBH[14]. This
simulation can be compared to the observed data from figure 2.4. The parameters of S0-102
are not yet known, but the parameters os the S-19 and S-2 are better known and are closely
matched with the observed data.

Fig. 4.6 The stellar orbit of the central 0.04pc for which we were able to gather the orbital parameters
and projected them into the initial conditions. In this illustration the MBH (Sgr A*) is set to be at
rest. We simulated in blue the inner most know star with a period of just 11.5 yrs which is the S0-102.
The scaling on this figure is AU.

The most important purpose of this research was to follow the evolution of the stars. It
has to be noted that this is the evolution from now on and not an early evolution, in which
the velocity dispersion would rise quickly. As it is believed today, the stellar disk around
the MBH has an estimated age of 5−7Myrs[6]. Compared to the previous models §4.4 and
§4.2, lighter stars are being more excited than the heavy stars and change their eccentricity
and inclination faster. In the disks which consist of much larger stars, this leads to faster
excitement of the small stars in it. Figure 4.7 shows the case where a light mass star is
excited and increases its eccentricity as time passes. This simulation was done for a time of
1.5×105yrs, which is just a fraction of the current estimated life of the stars in the central
parsec. The realistic orbits are slightly less changed than what is shown which is caused by
the numerical error in the calculations. However, it can be expected that the inclination will
increase significantly for the light stars, whereas the heavier stars will keep a more circular
orbit. Figure 4.8 shows the curve showing how the heavier stars is more stable whereas the
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lighter star is excited quickly. Although, it can’t be seen in figure 4.8 but the heavier stars
also deviate but significantly slower than the small mass stars.

Fig. 4.7 Illustration of the small change in an S-star orbit with time. This simulation is done with
10000 time units which is equivalent to 1.5×105yrs/.
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Fig. 4.8 Evolution of two stars from the inner Stellar disk. The red line depicts a star of 18M⊙ and
the green line depicts a massive star of 57M⊙. The lighter star changes eccentricity faster whereas
the heavy star suffer noticeably less damping.



5. Conclusions

In this thesis we present several simulations of the central parsec aimed to analyze the
evolution of the stellar disks around the Massive Black Hole and how the different regions
in the central arcsecs are effected. The dynamical evolution of the galactic center was done
by using Aarseth’s Nbody4 and SyMBA codes. Starting from Boily’s initial conditions and
by doing numerous tests on it, we ended up by creating our own initial condition,s which
follow a realistic mass function which in its turn follow, the observable data.

Due to the fact that we were not able to follow the long term dynamical evolution, we
could not enter deep into comparing the observed data with the realistic model we used here.
However, considering the fact that the inner region is unstable and is young, we were able
to compare our simulations with the observed data. Although the simulation didn’t produce
any escaping nor any infalling stars, the eccentricities and inclinations were being deformed
and especially for the smaller mass stars.

All together, the simulations have an important role for the GC system. We showed,
as it was expected, that the smaller mass stars are vulnerable and are excited easily by
the heavy stars. Although this interpretation faces many obstacles, this could explain the
reason of high density of lower mass stars in the inner most arcsec with high eccentricities,
whereas the outer part is populated by massive stars with lower eccentricities. As it was not
mentioned previously, it is known that the outer disk has larger eccentricities compare to
the inner disk which would explain that, in order for these stars to reach a more balanced
eccentricities, there must be a significant number of massive stars and also a large number
of really small star. This could suggest that the two disks have a different Initial Mass
Function, which could originate from different sources. Furthermore, the origin of the small
mass stars in the disk could also be different, compared to the more massive stars. The
responsible mechanism for the formation of the counter clockwise disk, if different from
the Clockwise disk, is yet to be studied although lately there has been some interest on this
question.

There are few obvious limitations to our analysis. Although we used multiple masses in
our models, this is not strictly valid as the density is inversely proportional to the distance
from the MBH. However, due to the lack of time to produce such a code, we did not
complete that task. Although we were able to complete simulations of the evolution of
the GC from the present on, we wanted to complete a simulation which would start in the
past and end up in the present time. Our model neglects other dynamical effects such GR
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influence close to the MBH, tidal effects and the resonant effects which is realistically not
negligible due to the fact that the GC is sufficiently young. However, the simulation and the
observed data seam to find a good agreement.
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