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Abstract

This paper argues,that using arecert estimated transversevelocity componernt of Andromeda
of Vyans = 42 km/s, it will in uence the time of merger betweenthe to systemsconsiderably
We preser seeral models of the Local Group, using modelswhich are derived from distribu-
tion functions of actual galaxiesand evaluate them using N-body simulations. We preformed
our simulations using Graphic ProcessingCards. We nd that the two galaxiesare not likely
to collide in at least 9 Gyr and will not form the elliptical galaxy Milk omeda. We presert
evidencethat this time of merger could be much longer then 9 Gyr, Most likely in the order
of two Hubble times. We also preformed a parameter study, varying Vv yans , the total massand
the extent of Andromeda's halo, which resulted in constructing a parameter spacewe can use
to test modelswith dierent total masses.

Subject heading: dark matter - galaxies: individual (M31) Galaxy: general - Local Group
- methods: N-body simulations
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CHAPTER 1

Intro duction

Always majestic, usually spectacularly beautiful, galaxiesare the fundamental
building blocks of the Universe. The inquiring mind cannot help asking how they
formed, how they function and what will become of them.

JamesBinney, 1987

1.1 Galaxies

Across the night sky is a band of light visible which we call the Galaxy or the Milky Way.
The Greek name for the Milky way is derived from the word for milk, gala. In 1794 Charles
Messier, published a catalog of 103 Nebulae. Object 31 in this catalogeris the Andromeda
Galaxy. That is why this system is frequertly named M31. [Curtis| (1917 detected in the
\Great Andromeda Nebula" a few novae, which were much fainter comparedto their coun-
terparts in the Milky Way. This wasthe rst clue that theseobsened spiral nebulae,like the
Andromeda nebula, were perhaps extragalactic. In the debate that followed, [Hubble (1929
shaved that these nebulae were in fact extragalactic objects, consisting of stars, dust and
gas, using Cepheidvariablesto calculate the distance. When [Zwickyl (1933 and|Smith (1936
discoveredthe evidenceof dark matter it cameclearthat galaxiesalsohave a huge componert
of dark matter.

Today the Hubble Ultra Deep Field shows us hundreds of galaxies are visible on a small
part of the sky. This meansthat besidesthe Galaxy and Andromeda, there are literally hun-
dreds of billions of other galaxiesin the visible universeup to z 6 (Bedkwith et al., [2006).
The Local Group is our local system of galaxiesin the Galactic Neighborhood. It consists
of 46 objects. Of the Local Group member galaxies,the Milky Way and Andromeda galaxy
are by far the most massiwe, and therefore the dominant members. Andromeda, see gure
[T is also known as Messier31 (M31). Eadh of thesetwo giant galaxies, has accunulated a
system of satellite galaxies, which make up the other 44 menbers of the Local Group. The
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Figure 1.1: This image shows the Andromeda galaxy. It is one of few distant objects which can
be seenwith the unaided eye. Also, two of its companion dwarf elliptical galaxies,M32 and
M110 are visible in this picture. The galaxy above Andromeda is M32 and below Andromeda
is M110. Photo Credits: Tony Hallas

most known satellites of the Milky Way are the Large and Small Magellanic Clouds. Both
M31 asthe Milky Way are spiral galaxies(m, Iﬁb

We can generally subdivide disk galaxiesin a few parts:

Stellar disk .The disk is the at part of a galaxy. It is the most distinctiv e part of a
galaxy, becauseof the spiral arms. The sun is situated in the disk, in one of the Milky
Ways spiral arms. The star componert of the galactic disk is called the stellar disk. The
disk cortains the most young stars in the galaxy.

Gaseous disk The gasand dust componerts of the galactic disk are called the gaseous
disk. It mostly consistof neutral hydrogenMLo_n.g_eLa.L] (|20_Q§b

Bulge . The bulge is the spheroidalareawherethe certral coreof the galaxy is situated.
In elliptical and spiral galaxiesthe nucleuscorrespondswith the areawhere the optical
brightnessreathesa maximum. In generalbulgesin the Local Group and its neighbors
are reasonably old, with near-Solar mean abundance and can be seenas the more

dissipated descendais of their halos (I!AL)LS.(—L&LB.[], |19.9_'b

Stellar halo. This sphericalregionis lled with afew stars and globular clusters, which
are densecollections of stars of typically onemillion stars.

Dark matter halo The halo is the most massiwe part of a galaxy. It contains dark
matter. The radius of this halo stretches much further then the radius of the disk. In
somemodelsthese halo radii even overlap ead other. The density structure, massand
sizeof the halo are still debatedin the literature. Assumedis that the density decrease
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accordingto the NFW prole (Navarro et all, 1996). Although a consensuss not yet
found.

Central black hole. In the certer of a galaxy is a super massiw black hole situated,
with massin the order of 10° between 10''M . The massthe black hole in the certer
of the Milky Way, Sgr A*, is estimated to be 3:28 0:13 10°M (Ascherbadl, 200%.

All these parts are schematically represenied in gure L2

Morphology of the Milky Way

It was not until the mid-1950sthat astronomersjudged there was conclusive evidenceof the
Milky Way's spiral structure with its corein the direction of Sagittarius. |[Easton (1913 rst

sough photographic evidencethat the Milky Way had in fact a spiral structure. This became
more plausible when Hubble (19293 found out that the spiral nebulae were extragalactic.
Qort (194:D|3_-L| suggestedthat hydrogen in interstellar spacemight emit an obsenable radio
line. Reber (1944 plotted static radio noisein the sky not long after that. Sewen yearslater
the, now famous, 21 cm line was obsened by |[Ewen and Purcell (1951 and Muller_and Oort
(1951)) and they usedit to unravel the Galaxies ne structure for the rst time (Qortl, 11953.
This was possible becauseradio frequenciesare almost una ected by obscuring dust in the
disk. A recert mapping of the Milky Way by ILevine et al! (2006, see gure [[3, shavs a spiral
structure. Figure [L4 shows a artistic impressionof the disk of our Galaxy and location of the
sun.

Rotational Curve

All galaxiesinteract gravitationally with ead other and rotate. The sun has an orbital pe-
riod of 220 million years (Kerr_and Lynden-Bell, 1986). The period of objects in a galaxy
dependson the Radius from its certer. A typical rotation curveis plotted in gure [LH These
famous curvesare direct evidencefor the existenceof dark matter in the Universe.The gure

shows the rotation curve induced by the gravity potential of the disk. The obsenations shaw
that, the disk alone cannot support the rotational velocities. They are higher and have a at

pro le. Also plotted in this gure are the rotational velocities induced by the gravity poten-
tial of the dark matter halo. When you combine both potentials plot the induced rotational

velocities it ts the obsenations. This is direct evidencefor the existenceof the dark matter

halo and therefore evidencefor the existenceof dark matter in general.

1.2 Galactic classi cation and evolution

The galaxieswe obsene in the Universeat the presert showv aremarkable variety of properties.
They vary in mass, size, morphology, color, luminosity and dynamics. Some galaxies are

10ort did this during the Nazi German occupation, while he wasdirector of the Leiden Observatory. Despite
the war, copiesof the Astrophysical Journal still reached the Observatory in Leiden.
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Figure 1.2: Thesearetwo artistic impressionsof our Galaxy. The inner part is called the bulge.
This bulge is located in the certer. Our sun is located in the disk. The disk is surrounded
by the most massiwe part of a galaxy, called the halo, which is lled with dark matter and
globular clusters. Theseglobular clustersare groupsof old highly concerrated groupsof stars
in orbit of the galaxy. (Photo credit: Adison Wesla, PearsonEducation, 2004)
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Figure 1.3: A detailed map of the surfacedensity of neutral hydrogenin the Milky Way disk,
demonstrating that the Galaxy is a non-axisymmetric multi-armed spiral galaxy. The colors
corespndent with the detection of neutral hydrogen.(Photo credit: Levine et all (IZ).O.@)

hundreds of times brighter than our own Galaxy, while others can have one thousandth its
luminosity. During the rst half of the 20" certury m m made a classi cation
of galaxies basedon their morphologies. Figure [L8 shaws the visualization of this Hubble
classi cation stheme. He divided the galaxiesin to four distinctiv e groups:

Ellipticals
Lenticulars
Spirals

Irregulars

Ellipticals are spheroid or elliptical galaxieswith only a distinctiv e bulge and have no disk.
Lenticular galaxies are elliptical with a very thin disk. Spiral galaxies have both disk and
bulge. A spiral is barred when the spiral arms do not start a the certer but at the extremities
of a bar inside the bulge. Irregular galaxies are galaxies which cannot be classi ed by the
other groups. Both Andromeda and Milky way are spiral galaxies. Andromeda is a Sb type
and the Milky Way is believed to be a SBbc type galaxy. It was believed when this stheme
wasmade, that all theseclassi cations were galaxiesin di erent stagesof ewolution. This idea

is rendered obsolete(ISlLQm_a.n.d_Slmni @D.
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Figure 1.4: This image shaws an artist impressionof our current view of the Milky Way. The
sunis located in the Orion Spur betweenthe Scutum-Certaurus Arm and the PerseusArm.
(Photo credit: NASA/JPL-Caltec h )

Mergers

An important mecanism that drives galaxy ewlution is merging. Merging of galaxies is
obsened at all epochs where galaxiesare detected. These events have major impact on mor-
phology and promote an increasein star formation over a short period of time. The star
formation increaseswhen the gas and dust gets perturb ed by a merger. The Jeanscriteria
can be exceededlocally by these perturbations, sothat matter will collapseinto stars. The
nal structure after merging may not have any resenblance of the original componens. The
outcome dependson their mass,rotation and type.

If two galaxiesmergewith similar mass,the gravitational perturbation throughout the galax-
ies movesvery quickly. It takesplacein short time of the order of the free-fall timescale,

r—
1 RS

=2 &M
Where R and M are the sizeand the massof the galaxy. The freefall time, t¢; for our Galaxy
is about 10’ to 10® years. This processis called violent relaxation and producesa spheroid
system. The emerging galaxy will look like a EO galaxy (see gure [L8). When two spiral
galaxiesmerge, like in our case,their discs are destroyed. This results in a violent burst of

ty (1.1)
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star formation. This can produce a galaxy with more stellar massthen both original galaxies
combined.

When two galaxiesmergewith very di erent massesthe small galaxy will be destroyed and
will be addedto the large one. The gravitational perturbation are much smaller in this case
and this enablesthe heavy galaxy to retain its properties and morphology. The Andromeda
galaxy in fact hastwo nucleii (Lauer et all,[1993. This could be the result of an earlier merger
event, betweenM31 and a much lessmassiwe galaxy.

1.3 The aim of this thesis

The universeis expanding according by IHubble (19293. You would expect that from a cos-
mological perspective the Milky Way and Andromeda move away from ead other, but ob-
senations shav us that the Milky Way and Andromeda are moving towards ead other. But
the in uence of Hubble's law on the Local Group is insigni cant comparing with the relative
velocities of its members. The expansionof the Universestarts becomingsigni cant on larger
scales,like 10 Mpc's. It is generally assumedthat the Milky Way and Andromeda Galaxies
move towards ead other due to their mutual gravitational pull. Therefor we assumein our
models classicalNewtonian dynamics.
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Figure 1.5: This plot shows the rotational curve of NGC 3198. The upper curve, with the
data points, is a typical rotational curve of a spiral galaxy. The two other curvesare expected
cortributions to this curve from the disk and the halo of the galaxy. This plot shows us
that the disk cannot be the support theserotational velocities and is direct evidencefor the
existenceof dark matter. (Photo credit: Binney and Tremaine (1987, chap. 10.1))
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Figure 1.6: This gure shaws the Hubble classi cation sdheme. On the left are the elliptical
galaxiesand on the right the spirals. The spirals are divided in two groups, normal and barred
spirals. Irregular galaxiesare not shavn in this graph. (Photo credit: STScl IPO)

It is relatively easyto measurethe radial velocity of M31 accurately using Doppler shifts
of known tracers, like supernovae or masers.This investigation began by Slipher (1913. It
shaved us that M31 is in fact moving towards us. The transversevelocity is much more dif-
cult to measure.With our current equipmert it is not directly obsenable, becauseof the
long distance. Generally in models of the Milky Way Andromeda ewlution the transverse
velocity is setto zero. A recen article by ivan der Marel and Guhathakurtal (2008 reports an
indirect measuremen of the transversevelocity by looking at the orbits of M31's satellites.
The existenceof a transversevelocity componert of M31 can have a major e ect on the fate
of our Galaxy. It can enable Andromeda to miss the Milky way altogether in the future.
In this thesis we evaluate the ewlution of the Milky Way Andromeda system for di erent
transversevelocities. We will also investigate the in uence of the total massand the radius
of the galaxieshalos on the system's ewolution.

We preform a parameter study of the Milky Way Andromeda system to investigate under
what conditions a merger betweenthe two galaxieswill take place. We will alsolook at the
the morphology of the systemsduring the collision and merged system. We expect the for-
mation of tidal featureslike tidal tails, see gure [L4 For the parameter study, we will vary
three parameters:

The magnitude of the transverse velocity componert of the relative velocity of An-
dromeda, V[rans .
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The total massof the Milky Way Andromeda system, M (gt .

The sizeof the outer radius of the halo of Andromeda, Rp:m31 .-

In all thesethree circumstanceswe keepthe massratio of both galaxiesconstart, so that

Mmw

constart: (1.2)
Mm31

Virans

First we will vary the Viyans keepingall other parameters xed. We evaluate the systemwith
various factors of the velocity given by ivan der Marel and Guhathakurtal (2008. Thesefactors
are 0;0:5;0:8; 1; 1.2.

M tot

Then we vary the total massof the system. We can change the massby changing the three
halo parametersof the Galactics. This however results in modelsof Andromeda and the Milky
Way which do not correspond anymore with obsened rotational curves. We vary the total
mass,M . , with factors of 0:7; 1 and 1:3 and evaluate the systemfor di erent vans. Herewe
have kept the halo radius of both systems xed.

Figure 1.7: This gure shows an object, in the southerly constellation Corvus, called the
Antennae. It consistsof two galaxies,NGC 4038and NGC 4039.They are colliding and shav
far- ung arcing structures, known as tidal tails. (Photo credit: Daniel Versdatse, Antilh ue
Obsenatory)
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Rhalo

We keepthe total mass xed and vary the radius of Andromeda’s halo. This results in situ-
ations where the halo's of both systemsdo or do not overlap, when evaluating for di erent
Vians - We vary this radius by factor of 0.5, 1 and 1.5. In the last situation the halo's overlap,
resulting in the increaseof dynamical friction. On the other hand, using a small radius results
in a situation where the radii will never overlap.

1.4 The outline of this thesis

Our thesis has the following outline:
In chapter @ we shov the methods we used in order to ewaluate galactic dynamics of the
Milky Way - Andromeda system.In this chapter we discussbasic N-body simulations. Start-

ing from the 1-body problem, to the 2-body problem to the N-body problem.

Then in chapter [Z8 we will discusshow we evaluate our N-body problem. We will show
what type of numerical methods and hardware we use.

The initial conditions for our N-body problem are de ned and described in chapter B The
properties of the individual galaxiesgreatly depend on the initial conditions. Also the prop-

erties of the total systemare de ned here.

In chapter @ all our results are displayed. We show the stability of the galaxies we con-
structed and plot their separation versustime.

In the last chapter, B our conclusionsare preseried and we discusthem.

10



CHAPTER 2

Metho ds

In this chapter we will discussthe methods we useto work on the dynamics betweenthe Milky
Way and Andromeda Galaxy. The rst part of this chapter is about analytical methods and
the secondpart is about numerical methods.

2.1 The two body problem

Supposewe want to calculate how long it takesfor two galaxiesA and B to fall towards eadt
other and hit under their own gravitational force. First of all we assumethat both galaxies
are point particles. Particle A hasmass,M  and particle B has mass,Mg. We supposethat
Ma and Mg are the same.We de ne

M total Ma + Mg: (2.1)

Particle A and B are separatedby distanceR and have a initial radial velocity v . We call this

problem the two body problem. We can solwve this by using equation (Z3), Newtons second
law (Newtor, 11686. This problem was already solved by Kepler et al! (1609. We begin with

Newton's secondlaw,

GMtOt .
PR (2.2)
Then we integrate the equation over time,
z z
GM
frdt= rzt"t r dt: (2.3)
This results in the following equations,
> _ GMyo
== + C; (2.4)
2r r
A 2GM
jVoj = GR 94 2cC: (2.5)

11
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We de ne v asthe current relative velocity of both systemsand R as current separation.
For these boundary conditions we usethe following integration constart,

2
Vo GM (ot
C=— : 2.6
> R (2.6)
Now we evaluate the systemover time by integrating it again,
r
dr 2GM o 2GM (o
__ = + 2 . .
dt : r Vo R '’ 2.7)
1
dt 2GM (ot 2GM (ot
— = + Vg2 ——— 2.
ar . 0 R , (2.8)
tend Z 0 B 2
dt = —+ A dr: (2.9)
0 R T
Where 2GM
A=vye2 =9 (2.10)
R
and
B = ZGMtot: (211)

Using this method we can make an estimation when the Milky Way would hit Andromeda.

2.2 Timing argument

To get more insight in the orbit of the Milky Way and Andromeda we usea line of reasoning
called the timing argumert, rst taught of by Kahn and Woltjer! (1959). Let us assumeagain
for the momert they are point massesand usethe equation of motion from INewton (1686,

d’r _ GMygt .
di2 r2 -

(2.12)

where M is the total massof the Milky Way and Andromeda combined and r is the distance
betweenthem. Now we assumethat at t = 0, time of the big bang, the both (proto)galaxies
were approximately at the sameplace,r 0. Now assumethat after t = 0 they start moving
away from ead other, due to Hubble expansion.This processis slowed by their gravitational
pull. Let also assumethat there is enough masspresert what causesthem to stop moving
away from ead other and fall bad in a bound orbit. With theseassumptionswe can solve the
di erential equation (ZI32) in parametric form (Kroeker and Carlberg, 1991). In a Keplerian
potential the separation of the binary and time since pericerter are described by r and t.

r = a(l ecos) (2.13)
PC .
t = 8GM e ( esin) (2.14)

12
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Herea is the semi-mgor axis, eis the eccettricit y and is the ecceitric anomaly. The distance

r rangesfrom Oto R.r = Owhen = Oandr = Rwhen = . Theseresults give the relative
velocity v,
1
dr _ dr_dt 2GM 2 sin
V> G~ dd- " a 1 sin (2.19)
rsin ( sin )
= 2.1
v t(1 cos )? (2.16)

assumingthat the orbit is radial and therefor e = 1. When we put r and t to the left hand

site we get

vt _sin ( sin ).

TS @ cos)? (2.17)
This equation can be solved for becausethe left-hand side consists purely of obsenable
quartities. We take for the time, t, the age of the universe, 13.7 Gyr (\Spergelet all, 12007
and for r the distance betweenthe MW and M31, 770 kpc (McConnadie and Irwin/, 2006,
(Ribas, 2004. For v for the momert we only assumethe well known radial velocity, 130 km
s 1, (Courteau and van den Bergh, 11999. Now we can calculate numerically. With this
method we can nd a value for the semi-mgor axis a and the total massMy of the binary
system. This method is usedto obtain an upper limit for the massof the local group and the
age of the Universe.

2.3 N-body simulation

At large distances,we can assumethat galaxiesare point massesHowewer, we can no longer
assumethis, when the distance between the galaxiesis to small. Then dynamical friction
starts to play a role. Also information about the morphology of the galaxiesis lost when
you assumethey are point masses.Therefore we needa method that describesa galaxy asa
collection of individual gravitationally bound point particles instead of a single particle.

When calculating the dynamics for three or more particles you cannot usethe above methods
to nd a analytical solution. Dynamical systemswith three or more particles are chaotic in
nature and wasin the 18" certury the basisfor chaostheory. When we want to evaluate these
two systemsof gravitationally interacting particles we needto solve the following equation
for every particle:

Fo = X Gm?(x; x;):

i Gxi xjj?)e

Equation (ZI9) is the basisof N-body simulation. We can calculate the force acting on every
particle from ewery particle and solve the equations of motion for every particle per discrete
time step. Integrating over thesediscretetime stepsgivesus the dynamics of the system. This
numerical technigue has given us most of our current understanding of Galactic dynamics,
according to IBinney and Tremaine (1987, chap 2.8).

(2.18)

13
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Softening

Equation ((ZI8 has, however, a singularity in it when two particles collide. This makesthe
denominator approad zero. To prevernt this singularity we can add an extra parameter to
equation (ZI8). We will add a minimal value, for the separationbetweenindividual particles.
Equation (ZI9) is rewritten to
E, = X sz(xj Xi) - (2.19)
i (2+ixi x5j?)e

This potential in equation (ZI9) is called the softenedpoint-masspotential (Binney and Tremaine,
1987, chap 2.8), becauseof the additional parameter. This parameter setsan upper limit
for the force betweentwo particles, which occurs at:

N

xi xjj?= (2.20)

NI -

and has magnitude of
2Gm2=(32 2): (2.21)

This chosenparameter enablesus to give this upper limit, sothat the force will not grow
rapidly or reac in nit y, when two point-massesapproadc or hit ead other. If this forceis to
large, it will greatly increasethe speedof the individual particle. We needsmaller time steps
to accurately calculate particles with higher velocities. So this limit is chosenso that time
stepswill be su cien tly small for high precision, but not to small. If time stepsare smaller,
the N-body simulation must evaluate longer. Sowe haveto nd a good equilibrium between
precision and the speedof evaluation.

This approximation makes equation (ZI9) unsuitable for simulation of individual stars, but
can be used when patrticles represen groups of stars and are therefor well suited for galaxy
simulations. We can make this assumption becausethe net force acting on a star in a galaxy
is not determined by the force exerted by nearhy stars, but rather by the whole structure of a
galaxy. We call thesemodels collisionless.The time it takesfor one star to undergo a strong
encourter with another star, called the relaxation time, is very long for galaxies. Therefor
encourters in our models are not of any importance and we can use these approximations.

Dynamical friction

An important e ect which becomesapparen, when doing a n-body simulations, is dynamical
friction. It plays an important role when two galaxiesare near ead other or during a galactic
merger. When an intruding galaxy passesby a region where another galaxy resides,a part
of the mean forward motion of the intruding galaxy will be transferedto the random motion
of individual particles. This e ect slows down the galaxiesand is called dynamical friction.
A qualitativ e derivation of this e ect is described in the book \Galactic Dynamics" in para-
graph 7.1 by IBinney and Tremaine (1987. IChandrasekhar (1943 formulated a formula for

14
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dynamical friction,

VM 2
f d
MM~ 15 21n GZm(M + m)-0 (V“;)V’“ ALY (2.22)
dt Vi
Where,
binax V¢
— 2.2
G(M + m) (2.23)

This formula describesthe decreasdn speed,v) of a massive body with massM while mov-
ing through a population of light particles with individual massm, speedv, and velocity
dispersionf (v,). The parameter byax is the maximum value for the impact parameter b. The
impact parameter is de ned as the perpendicular distance between the velocity vector of a
projectile and the certer of the object it is approading.

We useN-body simulations in our thesisto evaluate the dynamics of the Galaxy and M31.

2.4 Galactics

To model the Milky Way and Andromeda, we usethe model built by Kuijk en and Dubinski

(1999. This model is called \Galactics" and producesreasonably stable and accurate ax-
isymmetric N-body modelsfor galaxies.This code is later improved by Widrow and Dubinski

(200%9. We usedthis improved versionto model our galaxies.The reasonwe chosenthis model,
is that the model is built to t obsenational data. For the MW these obsenations consist
of surfacebrightnessphotometry, local stellar kinematics, the circular rotation curve and ob-
senations of dynamics of globular clusters and dwarf satellite galaxies.For other galaxieswe
have an \outside view" view which makesthe obsenations more easy The obsenational data
which are usedto t the model are then mostly rotational velocity curves measuredfrom Hi

gaskinematics. These models produce therefore accurate rotation curves.Other models, like
the model of Cox_and Loeb (2008, are basedon more abstract hydrodynamical cosmological
simulations. We beliewe that proper models should always have an obsenational basis.

Galactics produces a data le containing a by us specied number of particles with mass,
Cartesian coordinates and Cartesian velocity vectors per particle. These particles represen
groupsof stars. The number of represerted stars depend on the massof stars and the modeled
galaxy. Galactics calculatesall theseparts, using fteen usergiven parameters.In the analysis
chapter we will discussthese parameters.

This model is an excellent tool for providing initial conditions for N-body simulations. Though

it lacks the creation of important features suc as globular clusters, gas dynamics and star
formation. Thesewould improve the level of realism.

15



Chapter 2: Metho ds

Physical quantity | Unit
Distance kpc

Mass 2:33 10°M
Time 9.78 Myr
velocity 100 km/s

Table 2.1: This table hold the units given by Galactics. We assumethat G = 1.

Units of Galactics

Galactics usesthe units in table Z7 assumingthat the gravitational constart, G, is 1. We
will adopt theseunits in our thesis. In chapter [A], in the appendix, the derivation is given for
these units.

2.5 Nemo

NEMO is an extensible Stellar Dynamics Toolbox. This software consists of many useful
programs for stellar dynamics. NEMO dewelopmeri started in 1986in Princeton (USA) by
Barnes, Hut and Teuben. We usethis collection of applications to handle our data les. We
usethe folling programs

Snapmask This program masksout certain particles while copying particles from an
N-body systems.We usethis program to make selectionsin our data les. We useit for
instance to split data les into a Milky Way part and an Andromeda patrt.

Snapsort This program is used to rearrange our data les. It can for instance sort
particle on distance form certer of density.

Hackdens It calculatesthe local density in the con guration spaceusing the hierar-
chical N-body algorithm. Using this program we can nd the certer of density of the

system. This algorithm is basedon the samemethod of our tree code, seechapter Z8

Snapradii We usedthis program to nd the Lagrangian radii of our two galaxies.

2.6 Simulations

We ewaluate our N-body models using tree codes on computers with a graphics processing
units (GPU). In this chapter we shortly discussthe advantagesof tree codesand GPUs.

16
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Tree codes

There are seweral ways to evaluate your n-body simulations. One could write a program which
solves equation [ZT9 for every time step. These types of programs are called direct integra-
tors. The accourt of computations neededcan be scaledwith the number of particles in the
evaluations. The computations neededincreaseas N 2, with N as the number of particles.
The number of computations scaledirectly with time.

We used an approximation in our integrator so that the neededcomputations now scale
with N logN. This approximations reducesthe number of calculations in comparison with
direct integrators. We use a tree code, which useshierarchical force calculation algorithms.
This method is basedon the work by IBarnes and Hut (1986).

This approximation incorporates the grouping of particles, which are then substituted by
single pseudoparticles. The three-dimensionalspaceincorporating the model is divided hier-
archically. This processcortinuesto subdivide the model in such a way that ead individual
particle is isolated in their own subdivision or cell. In the next step the algorithm constructs
a ‘tree of cells'. This is done by discarding the empty cells and accepting the cells with one
occupart. This ‘tree’ hasto be constructed ead time step. Next someindividually cells are
grouped according to a criteria and form pseudo-particles.The last few stepsare graphically
shown in gure 27 for two dimensions.For nal step the force on all (pseudo-)particlesare
calculated similar to a direct integrator. This is illustrated on the right of gure (ZJ). This
method can also be usedin three dimensionsand with objects with a complicated geometry,
see gure Z2

The criteria mentioned above dependson the distance between particles and the size of the

5 A .
=N - '."LL ) w o . .-E "

Figure 2.1: Hierarchical boxing and force calculation in two dimensionsused in our tree
code. On the left the areais subdivided in such a way that a minimal number of subdivisions
are necessaryto isolate ead particle. On the right is shown how the force is calculated on
particle x. Someparticles are grouped together to form single pseudopatrticles. (Photo credit:
Barnes and Hutl (1986)

17



Chapter 2: Metho ds

cells, sothat
I
— < 2.24
5 (2.24)
With | de ned asthe length of eat cell and D asthe distance betweenthe certer of massof
the cell and the particle you calculate the force on. The opening angle, , is a value for the
precision of the algorithm. The higher the opening angle, how faster the “tree' is constructed
ead time step. This increaseghe error in your evaluation. Although tree codesare lessprecise
then direct integrators, they preform excellen for collisionlesssystems.In our simulations we

use
= 0:5: (2.25)

______________________________

Figure 2.2: This gure shows a three-dimensionalparticle distribution. This particular image
is taken from an encourter of two N = 64 systems.(Photo credit: Barnesand Hut (1986)

Nbint and Octagrav

We use the tree code, Octagrav, with force calculator, to ewvaluate our n-body simulation.
This program is provided by Gaburov et al. (2008, in preparation). Octagrav makes use of
GPUs. The simple leap-frog with xed sharedtimes-step integrator is provided by Harfst et
al.(2008, private communication) and usesOctagrav.
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2.6 Simulations

The graphics processing unit, GPU

We usedthree dual core computers with NVIDIA 8800 GFX graphics cards (see gure Z3)
and a Linux architecture to evaluate our Nbody simulations. Two of them were provided by
SARA Computing and Networking Services,Amsterdam.

The gaming industry has been developing high performance graphics card, with processors
specially made to boost the frame rate of video games.These processorsare programmable
and can be used to ewvaluate N-body simulations. INyland et al! (Im_ojp rst used commer-
cial graphics processingunits for N-body simulation. IEQI’.LQQJ.&‘S.M&I’.[_QLQ.L] (IZJ_O_‘b compared
thesecommercial cardsfrom NVIDIA with the dedicated N-body simulation hardware called

GRAPE (GRAvity PipE). These GRAPES are special purp osehardware integrators and are

specializedin integrating constart=r?. GRAPESs are still a bit faster and more accurate then

a modern GPU. But they are outperformedby GPUs in their low cost, availability and larger

memory. Recerly NVIDIA brought a double precision GPU on the market, which has the

potential to outperform the GRAPE in speedand accuracy In our thesiswe will use GPU's

to do our simulations.

Figure 2.3: The NVIDIA 8800GFX. One chip on this card is usedto processour calculations.
(Photo credit: NVIDIA Corporation)
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CHAPTER 3

Initial Conditions

In this sectionwe will give an overview of the properties of the Milky Way and M31 found in
the literature. We usethese propertiesto nd the initial conditions for our models. For the
individual galaxieswe will predominately use the paper from Widrow and Dubinski (2005
asa guideline. The authors of this paper created a model for galaxiesusing galactic rotation
curves. Again, we favor this approad, becauseof its obsenational basis. Other papers, like
the paper of ICox and Loeb (2008, use the cosmologicalsimulations as their basis. For the
the interaction betweenM31 and the MW we will mostly usethe initial conditions given in
the paper from van der Marel and Guhathakurtal (2008.

3.1 Initial conditions of the Milky Way and Andromeda

The sixteen parametersof Galactics are typically poor constrained. The parametersin table
() are chosen,sothat the producedrotation curve ts the obsened one and certain theo-
retical considerationsare met.

The model is based on some assumptions. First, the model is axisymmetric in the z-axis.
Most galaxies exhibit non-axisymmetric phenomena,sud as certral bars and spiral arms.
Howewer, these models are subject to non-axisymmetric instabilities which can ewlve in the
N-body simulation. Second,the assumptionis madethat galaxiesonly compriseof three com-
ponerts, disk, bulge and halo. This excludesglobular clusters and stellar halos. Third, these
models assumean isotropic velocity distribution. Fourth, the most sewvere assumptionis that
this model only usescollisionlesspatrticles, whereasa a substartial part of the disks massis
in gas. Fifth, although this model can incorporate a super massiwe black hole in the certer
of the galaxy, we disable this feature. This black hole only has a signi cant in uence on the
very most certer of the galaxy and is not relevant for our purpose.The e ect of the black
hole on the relative gravitational potential is:

MgH
r

()= (+ (8.1
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Chapter 3: Initial Conditions

Parameter | Description Milky Way | Andromeda Units

h Halo characteristic velocity 2.496 3.371 100km s !
an Halo scalelength 12.96 12.94 kpc

h Halo cut-o parameter 0.83 0.75 -
Mgy Disk Mass 19.66 33.40 2:33 10°M
Ry Disk scalelength 2.806 5.577 kpc
Rout Disk truncation radius 30 30 kpc

Rout Sharpnessof truncation 1.0 1.0 -
hg Disc scaleheight 0.409 0.3 kpc

RO Radial velocity dispersionat GC | 0.7 0.8 100km s 1
R Scalelength for radial dispersion | 2.806 5.577 kpc
ap Bulge scalelength 0.788 1.826 kpc

b Bulge cut-o parameter 0.787 0.929 -
MgH Mass of certral black hole 0 0 2:33 10°M

Table 3.1: Galactics parameters for the MW and M31 (Widrow and Dubinskil, 2005. The
units are chosen,sothat G = 1.

In the model the black hole only in uence the potential of the system. It is not represerted
by a particle. Therefor it is not usablein our evaluation.

Now we shall qualitativ ely describe all Galactics parameters. The halo is de ned by three
free parametersand somedependert parameters. The halos' radius is cut-o by 1, the den-
sity is de ned by ay, the particle velocities by . Notice that the halos massis not a free
parameter, but completely dependson other parameterslike My. The parametersRqg, Rout,
Rout and hy describe the disk's geometry and Mg is its mass. Notice again that this is the
only free parameter which contains mass.The bulges' cut-o and density are parameterized
asay and . Becausewe do not usethe super massiwe black hole feature in the model, the
Mgy equals 0. Galactics producesdata les with mass, position and velocity columns. In
gure (B1), a exampleis given of the rst few lines of a Galactics output le.

3.2 Parameter study of the Milky Way Andromeda system

The parameters given in chapter B provide the initial conditions, which result from ts

to obsenations. However for our parameter study we must change some parameters so that

both systemswill increaseor decreasemass.We do this by changing the parametersof both
halos. We needto increaseboth systemsmassby 30 percert for somemodels. We do this by
increasingthe velocities in the halo, by changing the a,, parameter in Galactics. The veloci-
ties increasewhen the gravitational potential is increased.Potential is dependert of mass,so
massof the halo will increase.The changeof massof the halo hassomein uence on the mass
and size of the disk and bulge. It also in uences the size of the halo. This can be stopped
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3.3 Initial conditionsof the Milky Way Andromedasystem

70000

1.51339069e-03 -3.08295727e+00 -4.32949543e+00 €.86662018e-01
1.51339069e-03 -1.67908037e+00 -3.09025586e-01 3.22072208e-01
1.51339069e-03 5.29213142e+00 1.29490292e+00 5.76239645e-01 -
1.51339069e-03 -9.45444584e+00 -7.77926922e+00 5.80800357e-01
1.51339069e-03 -9.12416649e+00 -4.98375273e+00 -7.70067751e-01
1
1
1
1

.94243932e+00 -1.27536809e+00 -1.97001666e-01
.84477985e-01 -1.92960441e+00 -1.54821694e-01
.70469677e-01 2.26985025e+00 -4.45173681e-02
.38757801e+00 -1.92830193e+00 -5.82336746e-02
.07484734e+00 -1.95747006e+00 -2.73859920e-02
.21870112e-01 -2.13667274e+00 9.77174863e-02
.99767900e+00 -B.83552074e-01 9.41213071e-02
.09763038e+00 -1.57110500e+00 -7.65016973e-01
.06781202e-01 -1.94767296e+00 2.52615482e-01

.51339069e-03 -2.04251409e+00 1.42651784e+00 -6.01165295e-01 -
.51339069e-03 -3.01448941e+00 6.18614674e+00 -6.46427393e-01 -
.51339069e-03 -4.21747732e+00 -2.48310542e+00 2.50820249e-01
.51339069e-03 -3.51872301e+00 -1.47662258e+00 -4.44473237e-01

R HOHRFU o

Figure 3.1: This is an example of the rst lines of a Galactics output le. The rst line is
the header.The headercontains a number with the total amount of particles. Each following
line describesparametersof ead particle. The rst column is the mass.The secondto fourth
column are the Cartesian x, y and z coordinates. The last three columns are the Cartesian
velocity componerts Vy, Vy and V.. The massis in 2:33 10°M . Length and velocity arein
kpc and 100km s 1.

by changing the halo cut-o parameter, . Soto increasethe total mass,we must tune or
\t weak" the system. We did this by trial and error. The resulting systemsdisk and bulge
have similar size and relative massas the Milky Way and Andromeda Galaxy. Howewer the
resulting rotational curve is dierent for these systems.

We usethe samerecipe to create systemswith a larger and smaller halo radius by changing
an, and . The individual properties of these four galaxiescan be found in table B2, B3,
B4 and BR

3.3 Initial conditions of the Milky Way Andromeda system

For processingwe must edit the M31 Galactics output les. We want to rotate and translate
it. Also we must add the velocity componerts of M31 to these les. In the next few paragraph
we will show how you cando that. In table (B32) all the parametersare shonvn, which we need
to set-up the MW-M31 system. Also in table (B2) are the sourcesin the literature we used.
We adopt a Cartesian coordinate system, (x,y,z,), for the position and velocity as postulated
by van der Marel and Guhathakurtal (2008, with origin in the Galactic certer. The z-axis
points toward the the Galactic north pole, the x-axis points in the direction from the Sun
towards the Galactic certer and the y-axis points in the direction of the Sunsrotation in the
Galaxy.

Rotation

Andromeda’s spin axesis not parallel to the the Milky Way's. So beforewe translate M31 to
the proper coordinates, we have to rotate it. We can rotate Andromeda using equation

rms1 = Rmazir: (3.2)
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Chapter 3: Initial Conditions

Parameter Source in Literature

Distance Sun - M31 770 McConnacdhie and Irwin (2006
Distance Sun - Galactic Certer | 8.5 Kerr and Lynden-Bell (1986
Orientation spin axis M31 39.8 ,77.5 de Vaucouleurs (1958

Position M31 -379.2,612.7,-283.1 | van der Marel and Guhathakurta (2008
Position M31 RA 00"42 M44.3 NASA/IP AC Extragalactic Database
Position M31 dec + 41 16'09.4" NASA/IP AC Extragalactic Database
Radial Velocity M31 117 Courteau and van den Bergh (1999
TransverseVelocity M31 42 van der Marel and Guhathakurta (2008

Table 3.2:1n this table the properties of the MW-M31 systemare shavn and the corresponding
sourcesin the literature. The distance is measuredfrom the Galactic certer to the certer of
Andromedain kpc. The orientation of the spin axisis givenin the equatorial coordinate system
and the position is given in Cartesian coordinates. All valuesin this table are galactocertric
except for the heliocertric orientation of Andromeda's spin axis. The units of both velocities
are givenin (km s ).

with, 0 1
0:7703 0:3244 0:5490
Rwma = %) 0:6321 0:5017 O:5905g (3.3)
0:0839 0:8019 0:5915

and ry3; and r asthe rotated and unrotated position and velocity vectors of Andromeda.
We can multiply the rotation matrix, R, with the position vector, (x,y,z), and the velocity
vector (Vx,Vy,V) in the Galactics output data le. The full derivation of this rotation matrix
van be found in chapter [Alin the appendix.

Translation

Now the orientation of Andromeda is taken care of, we cantranslate Andromedato the correct
coordinates using position vector

P ( 3792;+612:7,+283:1): (3.4)

This vector is the Cartesian position vector of M31 with its origin the the Galactic certer. Its
units are kpc. When we want to translate M31 we have to add the vector P to the x, y and
z column in then Galactics data le.

Adding of transverse and radial velocities

To add the radial velocity componert to M31 we have to add vector V 54 to the M31 velocity
vectorsin the Galactics datale. We rst nd the opposedunit vector of the position vector,

= ( 3792;+612:7; +283:1); (3.5)
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3.3 Initial conditionsof the Milky Way Andromedasystem

P
'IS = — .
P (3:6)
-P = (+0:4898 0:7914+0:3657): (3.7)

Now we can multiply this vector with the obsened radial velocity,
Viag = -P117km s 1 (3.8)

As a nal step we add the vector v 59 to the velocity vectorsin the Galactics data le.

To nd the transversevelocity componert we rst choosean arbitrary vector, A. We choose
an arbitrary vector, equation (B9 on the assumption that its direction does not in uence
the outcome of our simulations. It will e ect, howewver, the shape of the tidal features, while
merging.

A (x11) (3.9)

which haveto be perpendicularto vector P. This vector canbefound by taking the in-product,
P A=0O (3.10)
This givesus a value for x and by solving,

A = AT (3.11)

avalue for A. Plugging in the numberswe get,

X

A

0:8691 (3.12)
(0:5236 0:6024 0:6024): (3.13)

Now we can calculate the transversespeedcomponert Vians,
Vtrans = 42 km S 1A (314)

This component must be added to the velocity of Andromeda in the data le. We also vary
this componert by multiplying it with some factors. For our parameter study we use the
factors 0; 0:5; 0:8; 1 and 1:2.

Centering the system

Now as last step we put the the origin of the data le in the certer of mass.This step helps
us analyze the data more easily A potential mergerwill therefor happen in the proximity of
coordinate (0; 0; 0). We useNemoto put the origin in the certer of mass.
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CHAPTER 4

Results

In this chapter we will discussthe results of our thesis. Table &1 cortains all the models we
evaluated. We rst cheded if the modelsof the individual galaxieswerestable. Then we made
a test run of our Milky Way Andromeda system. The in uence of the number of particles,
N, is investigated in models Mn1 to Mnvl. Then we evaluated the system with dierent
transversevelocities in models Mvl to Mv1.2. Finally we evaluated the system for di erent
total massand halo radius of Andromeda in models Mm1.3V0 to Mr100v1.2. Somemodels
we corverted all time stepsto video format.

4.1 Galactics

We used Galactics to produce both Andromeda and the Milky Way galaxy. In table &2 the
properties are given for both systems.In table B2, B4l and B3 the properties are showvn
for our models, we made for the parameter study. Notice that these radii and massesare
produced by the thirteen parametersin table 37 The total massesand disk massesof the
Milky Way and Andromeda produced by Galactics with our initial conditions are

Miotmw = 78 10°M ; (4.1)
Mgmw = 353 10°M (4.2)
and
MitM31 = 68 10°°M : (4.3)
Mgmar = 80 10°M : (4.4)
(4.5)

Notice that Andromeda’s disk is more massiwe then the Milky Ways, but the total massis
lessmassiwe.
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Chapter 4: Results

Name N System Virans | Mot | Rh:vz1 | video
Mmw 350,000 MW - - - yes
Mm31 350,000 M31 - - - yes
Mtestl 70,000 | MW-M31 | 1 1 201 yes
Mnl 70,000 | MW-M31 | 1 1 201 yes
Mn2 140,000| MW-M31 | 1 1 201 no
Mn3 280,000 MW-M31 | 1 1 201 no
Mn4 560,000 MW-M31 | 1 1 201 no
Mv1 700,000 MW-M31 | 1 1 201 yes
MvO 700,000 MW-M31 | O 1 201 yes
MvO0.5 700,000 MW-M31 | 0.5 1 201 yes
MvO0.8 700,000 MW-M31 | 0.8 1 201 yes
Mv1.2 700,000 MW-M31 | 1.2 1 201 no
Mm1.3v0 700,000 MW-M31 | O 1.3 | 201 no
Mm1.3v0.8 | 700,000 MW-M31 | 0.8 1.3 | 201 no
Mm1.3v1l 700,000 MW-M31 | 1 1.3 | 201 no
Mm1.3v1.2 | 700,000 MW-M31 | 1.2 1.3 | 201 no
MmO.7v0 700,000 MW-M31 | O 0.7 | 201 no
MmO0.7v0.8 | 700,000 MW-M31 | 0.8 0.7 | 201 no
MmO.7v1 700,000 MW-M31 | 1 0.7 | 201 no
MmO0.7v1.2 | 700,000 MW-M31 | 1.2 0.7 | 201 no
Mr350v0 700,000 MW-M31 | O 1 350 no
Mr350v0.8 | 700,000 MW-M31 | 0.8 1 350 no
Mr350v1 700,000 MW-M31 | 1 1 350 no
Mr350v1.2 | 700,000 MW-M31 | 1.2 1 350 no
Mr100v0 700,000 MW-M31 | O 1 100 no
Mr100v0.8 | 700,000 MW-M31 | 0.8 1 100 no
Mr100v1 700,000 MW-M31 | 1 1 100 no
Mr100v1.2 | 700,000 MW-M31 | 1.2 1 100 no

Table 4.1: This table is an overview of all models we carried out for this thesis, with their
main characteristics. Where N is the number of particles and v yans and My are the fractions
of the transversevelocity of Andromeda of 42 km/s the total massof the system. The halo
radius is given in kpc. All models were evaluated for 900time steps, which corresponds with
almost 9 Gyr. Somemodels are corverted to video. The last column shows which models we
corverted.
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4.1 Galactics

Parameter Milky Way | Andromeda Total system
Galactics Model MWb M31la Mv1l
Number of particles, N | 350,000 350,000 700,000
Total Mass 335.232666 | 293.737518 | 628.97018
Disk Mass 15.1457396 | 34.1285782 | -

Bulge Mass 5.10096455 | 12.3888931 | -

Halo Mass 314.985962 | 247.220047 | -

Disk Edge 32 32 -

Bulge Edge 3.05999994 | 8.05999947 | -

Halo Edge 244.48999 201.619995 | -

M pmw =M M3z - - 1.1412661

The rotation curve

Table 4.2: This table contains the massand radii for the two modelswe createdusing Galactics
for the initial conditions. Notice that although Andromeda's disk is more massiwe then the
Milky Way's, its total massis lessmassiwe. The units of the massand the radii are 2:33 10°M

Figure @1 shows the rotational curve of the model of Andromeda producedby Galactics. Also
plotted is obsenational data by Kent et all (1989 andBraun (1991). The rotation curve of the
model of the Milky Way can be found in gure EE2 This plot corespnderts with obsenations
by Binney and Dehnen (1997 and ILevine et all (2008.
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Figure 4.1: This plot showsthe rotational speedcurve of our model of the Andromeda Galaxy

and the obsenational data form [Kent_et al! (1989 andBraun (1991). This data is taken form
model Mm31, N = 350 000.
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Figure 4.2: This plot shows the rotational velocity curve of our model of the Milky Way,

which correspndswith obsenational data form Binney and Dehnen (1997 and|Levine et al.
(2008.
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4.1 Galactics

Stability

We usethe changein radii of the disk asan instrument to determine if the models are stable.
The radii do not change much of the unperturb ed systems, see gure L3 This meansthat
both systemsare stable. The model of Andromeda is more stable then the model of the Milky
Way. Milky Ways radii change more over time then Andromeda’s. Both plots shawv signs of
osculationsin the upper radii. Thesevariations corespndert with the creation of spiral arms.
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Figure 4.3: These plots show the radii of the Milky Way (top) and Andromeda (bottom) in
terms of di erent massfractions of the disk and bulge. At radius R = 0:1, ten percert of all
massof the disk and bulge are within this radius, and soon. The data for theseplots is taken
from model Mmw and Mm3L1. It showsthat the radii do not changemuch over time, and that
therefore the systemis consideredstable. The upper three line shav harmonic features. They
correspond with the formation of spiral arms and bars.
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The formation of spiral arms is demonstrated in gure 4 and 5. The Milky Way in our
model dewelops a bar, see gure B8 In these gures the yellow dots represert density. The
increasingsizeand color corresponds with an increaseof density.

—20 0 20

x (kpe)

Figure 4.4: This gure shaws a snapshotfrom the evaluation of the model of the Milky Way,
Mmw, at time 820.48Myr. This snapshotshows the appearanceof spiral features. The yellow
dots represen density. The increasing size and and intensifying color corresponds with an
increaseof density.
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Figure 4.5: This gure shows a snapshotfrom the ewaluation of the model of Andromeda,
Mm31, at time 468.85Myr. This snapshot shows the appearance of spiral features. The
yellow dots represent density. The increasingsizeand and intensifying color corresponds with
an increaseof density.
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Figure 4.6: This gure shows a snapshotfrom the evaluation of the model of the Milky Way,
Mmw, at time 3008.4Myr. This snapshot shavs the appearanceof spiral features and the
formation of a bar in the systemscerter. The yellow dots represent density. The increasing
sizeand and intensifying color corresponds with an increaseof density.
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4.1 Galactics

The leading theory on the formation of spiral arms was postulated by Lin and Shu (1964.
They argued that spiral arms are manifestations of spiral density waves, causedby orbits of
the disk stars. They assumestars travel in elliptical orbits. Those obits are correlated to eat
other and vary in a smooth way with increasingradius. The orbits resonateand this gives
the e ect of spiral arms. Our models start axis-symmetric. That meansthat all objects have
circular orbits. After a few time stepsthe spirals arms appear in our models. This would
meanthat the orbits of stars are perturb ed, getting more eccettric and heat up the disk. The
processwhich causesthis, is called swing ampli cation (Toomre, 1981). This would imply
that our modeled disks are unstable in nature. A recert paper by Seigaret al. (2008 shows
a correlation between the formation of spirals and the perturbations causedby the supper
massiwe black hole in a galactic certer. The creation of the bar in the modeled Milky Way is
also causedby the transfer of angular momertum from the disk stars. This also implies an
unstable disk. Theseinstabilities have no in uence on our experiments and are not considered
to be problem. We usethe vertical scalehight asan indicator of disk stability. Figure 4.7 shows
the variability of the averageheight above midplane for every disk particle. Again notice that
the scalehight of the disk Andromeda is more stable, then the scalehight of the disk of the
Milky Way. Both disks remain at during our simulations and do not expand much in the
vertical direction. Another way to look into the stability of a rotating disk is to determine
Toomre's stability criterion. This criterion is de ned by Toomre (1964 as

Q R __>1 (4.6)

3:36G

In this equation g is the radial velocity dispersion, is the epicycle frequency G is the
gravitational constart and is the surfacedensity of the disk particles. All valueslarger then
one are consideredstable. We can use this number as a thermometer for galactic disks. The
value increaseswith dispersionin the disk. If there is a high value of dispersion, the disk is
then consideredwarm. In gure 4.8 we have plotted the valuesof Q in our disks. It shawvs us
that both disks are stable, but that the Milky Way hasa higher velocity dispersion. Therefor
the disk of the Milky Way is warmer, then Andromeda's disk.
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Figure 4.7: These two plots shaw the average height of every disk particle above galactic

midplane for the disk radius. The three lines represen di erent times.
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Figure 4.8: This plot shows the Toomre stability criterion plotted versusradius of the disk.
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4.1 Galactics

Particle numbers

We can choosethe number of particles, N and this numbersin uence the simulation. In gure
4.9 the e ect of N on the simulations is plotted. The di erence between particle numbers,
N = 70,000,and N = 700 000 is marginal. It starts to play a small role at the end of the
simulation, at t = 8 Gyr. All our simulations run at N = 700,000to t = 9 Gyr.

In gure 4.10the relative error in the total energyis plotted for dierent valuesof N. We
de ne this relative error as
Etot(0)  Etot ().

Etot (1)
Where E4qt (0) is the total energy of the systemat the start of the simulation and E gt (t)
is the total energy at time, t. The relative error increaseswhen when N is decreased Most
of are simulations have N = 700 000. The relative error at this N is at the end, (9) =
1:73794 10 %. This is a small number, which meansthat the total energyin our simulations
doesnot changemuch over time. This result can be interpreted as proof that our simulations
have high precision.
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Figure 4.9: This plot shows the separation of M31 and the Milky Way ewlving over time for
di erent number of particles. This data is taken from modelsMn1, Mn2, Mn3, Mn4 and Mv1.
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Figure 4.10: This plot shows the relative error as de ned

time.
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4.2 Sepaation versusTime

4.2 Sepaation versus Time

We plot the separation betweenthe Milky Way and Andromeda versustime. This is a useful
tool to visualize the dynamics of the Milky Way Andromeda system.We de ne separationas
the distance betweenthe two certers of density of both systems.Under these circumstances
it is better to choosethe certer of density instead of the certer of mass.The certer of mass
can move rapidly during a merger event, due to formation of non-asymmetric phenomenon
like tidal tales. While the certer of massis more stable during possiblemerger everts. The
ewlution of the separationis plotted in gure 4.11 Every line represens a di erent transverse
velocity, Vigans. Wede ne the rst minimum in gure 4.11asmomernt of rst approad, second
minimum as momert of secondapproad , and the third minimum as momert of merger. We
notice that these rst and secondmomerts of approad happen at various separations.

Transverse velocity

To examinethe e ect of the magnitude of the transversevelocity componert of the relative
velocity of Andromeda, we evaluated the Milky Way Andromeda systemwith v e dierent
velocities, which range from, Vans0 km/s to vyans = 504 km/s. The results of evaluation
are plotted in gure 4.11and 5.1 In the situation of vyans = O the galaxiescollide att  4:2
and are fully mergedatt 5. When we increasev yans the mergerwill happen later in time.
For velocities of, viyans 42 km/s and lager, only the moment of rst approad is visible.
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Figure 4.11: This plot shows the separation of M31 and the Milky Way ewlving over time
for di erent transversevelocities. The velocities are represerted as fractions of 42 km/s. This
data is taken from models Mv1, Mv0.5, Mv0.8 and Mv1.2. N = 700 000.
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Total mass

To examinethe e ect of the the total massof the Milky Way Andromeda system,we evaluated
it with three dierent total masses,which range from, M, = 1:03 10"M to My =
1:87 10%M . In gures 4.12 and 4.13 the separation versus time is plotted for the two
models we evaluated for this parameter study.

Outer edge of the halo

To examine the e ect of the the size of Andromeda's halo system, we evaluated the Milky
Way Andromeda systemwith three di erent radii for the outer edge.Theseradii range from,
Rh:m3199kpc to Rp:m31350kpc. In gures 4.14and 4.14the separationversustime is plotted
for the two models we evaluated for this parameter study. They show us that the in uence
from the change of the halo is noticeable at the end of our simulation.
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Figure 4.12: This plot shows the separation of M31 and the Milky Way ewlving over time for
di erent transversevelocities in a system where the total massis increasedwith 30 %. The
velocities are represeneted asfractions of 42 km/s. This data is taken from modelsMm1.3v1,
Mm1.3v0.5, Mm1.3v0.8 and Mm1.3v1.2. N = 70Q 000.

800

700 |

600 [

500 |

400

seperation [kpc]

300

200

100 -

time [Gyr]

Figure 4.13: This plot shows the separation of M31 and the Milky Way ewlving over time for
di erent transversevelocities in a systemwhere the total massis decreasedwith 30 %. The
velocities are represeneted asfractions of 42 km/s. This data is taken from modelsMmO0.7v1,
MmO0.7v0.5, Mm0.7v0.8 and MmO0.7v1.2. N = 700 000.
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Figure 4.14: This plot shows the separation of M31 and the Milky Way ewlving over time
for di erent transversevelocities in a systemwhere the halo edgeof M31 is increasedto 350
kpc. The velocities are represenied as fractions of 42 km/s. This data is taken from models
Mr350v1, Mr350v0.5, Mr350v0.8 and Mr350v1.2. N = 700 000.
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Figure 4.15: This plot shows the separation of M31 and the Milky Way ewlving over time
for di erent transversevelocities in a systemwhere the halo edgeof M31 is decreasedo 100
kpc. The velocities are represenied as fractions of 42 km/s. This data is taken from models
Mr100v1, Mr100v0.5, Mr100v0.8 and Mr100v1.2. N = 70G, 000.
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4.3 Formation of tidal tails

All of our modelsshow formation of tidal tails. In model Mv0.5 the tidal tails are most presen.

Both systemshave tidal tails, see gure 4.16, 4.17and 4.18 We notice that Andromeda's tidal

tails are much larger the Milky Way's. This is the result of cumulative e ect of having a more
massiwe in the disk in a lessmassiwe halo in caseof Andromeda. Figure 4.19shows the change
in Lagrangian radii and separation for the disk and bulge of the Milky Way and Andromeda
Galaxy. Momernts before rst approad, the outer parts of the disk are compressed.This
compressionis followed by a expansionof the galactic core. At momen of secondapproat a
similar e ect takesplace. For comparisonwe made similar plots, see gure of our model with

increasedtransversevelocity, Mv0.8, B.1 and B.2.
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4.3 Formation of tidal tails

Figure 4.16: This gure shawsthe Milky Way (top) and the Andromeda galaxy (bottom) 400
million yearsafter t1. Both galaxiesshowv non-axissymmetrictidal features.Andromeda’stidal
tails are longer. The yellow dots represen density. The increasingsize and and intensifying
color corresponds with an increaseof density. N = 700, 000.
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Figure 4.17: This gure showsthe Milky Way (top) and the Andromeda galaxy (bottom) 200
million years beforet,. Both galaxiesstart to merge. Andromeda’'s most predominart tidal
tail is hugein comparisonits one size. The yellow dots represen density. The increasingsize
and intensifying color corresponds with an increaseof density. N = 700, 000.
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4.3 Formation of tidal tails

Figure 4.18: This gure shows the merger of the Milky Way and Andromeda. Andromeda's
huge tidal tail is dissipating. The yellow dots represert density. The increasing size and and
intensifying color corresponds with an increaseof density. N = 700 000.
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Figure 4.19: These plots show the radii of the Milky Way Galaxy (top) and the Andromeda
Galaxy in terms of di erent massfractions of the disk and bulge during a mergerevernt. The
initial transversevelocity in this model is 21 km/s. Also plotted is the separation. The radii
of Andromeda change more then the radii of the Milky Way. This data is taken from model

"MvO0.5'".
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CHAPTER 5

Discussion

5.1 Mass produced by Galactics

There are various ways to nd estimates for the massof the Milky Way and Andromeda.
In table 5.1 estimates of both massesare presenied. The initial conditions of the models
we use, found by Widrow and Dubinski (2005 produce low massesin comparisonwith the
other valuesin literature. Evansand Wilkinson (2000 claim just like Widrow and Dubinski

(2005 that the Milky Way is more massiwe then Andromeda. This is in corntradiction with

current opinion. Andromeda’s rotation curve is ten percert higher then the Milky Way's.

Also Andromeda cortains the double amourt of globular clusters, comparedwith the Milky

Way. The Milky Way on the other hand has more infrared luminosity then Andromeda
(Walterbos and Kennicutt , 1987 and it's massof hydrogengasexceedsAndromeda's (Hodge,
1992. Evans and Wilkinson (2000 found an estimate by observingthe line of sight velocities
of objects that orbit Andromeda and the Milky Way and found masseswhich were two
times greater then the masseswe chosenfor our initial conditions. These objects are satellite
galaxies, globular clusters and stellar halo planetary nebulae. Loeb et al. (2005 did some-
thing very similar, but only usedthe line of sight velocity of one of Andromeda’s satellites,
M33. These massesare the highestin current literature. Also Brunthaler et al. (2007 used
the obsened proper motion of two satellitesto nd the massof Andromeda. Assuming the
satellites are bound, they nd a masssimilar to ours. All theseresults could be enhancedby
a larger number of tracers objects.

Cox and Loeb (2008 on the other hand, have constructed a N-body/h ydronomical simula-
tion. The massedhey have chosenarealso two times higher then the masseswve have chosen
and are basedon models created by Hernquist (1993 and favored by Klypin et al. (2002.
Thesemodelsusedark matter densitiesand other constraints, predicted by the standard cold
dark matter (CDM) cosmology

In the modelswe used,the massegepend greatly on the input parametersof the fully selfcon-
sistert disk bulge halo model, build by Kuijk en and Dubinski (1995 and have many possible
solutions. Widrow and Dubinski (2005 have found two particular models that t obsena-
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Article Mass MW Mass M31
(102tM )| ( 10 ™M)
Gott and Thuan (1978 115 115
Kuijk en and Dubinski (1995 3.17-19.5 -
Dubinski et al. (1996 5-17 11-36
Evans and Wilkinson (2000 1973 12:3+18
Widrow et al. (2003 - 4,15-12.7
Widrow and Dubinski (2009* 7.8 6.8
Loeb et al. (2005 23 34
Brunthaler et al. (2007 - 7.5
Heinsman (2008 195 195
Cox and Loeb (2008 10 16
test model 8 12.8

Table 5.1: The mass of the Milky Way and Andromeda according to literature and a test
model (seetext). We usedthe massesestimated by Widrow and Dubinski (2005 indicated
by *) in our models.

tional data and therefor provide realistic models.

It should be clear by now, that there are such a large variety of massesmainly becausethe
extent and density pro le of the dark matter halo are still unknown. When we increasethe
cut-o parameter of the halosof both systemsin our modelswe get valuesfor the mass,which
are more consistert in the literature, seetable 5.1, test model. However these models do not
t the obsenational data. Therefor we favor the approac of Widrow and Dubinski (2005
and usethere initial conditions in our models.
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5.2 Mergers

In gure 5.1the momerts of rst approad, secondapproac and merger are plotted for dif-
ferent transversevelocities. They are similar to the results found by Heinsman (2008, but
slower. This is causedby the di erence in total massof the system. Only in two casesboth
systemsmerge.In both casess the transversevelocity much smaller then the estimated value
of 42 km/s.

In gure 5.2 wetake di erent total massesn accourt and seethat they in uence the system
much. For these plots we useddata from the thesis from Heinsman (2008, for the values of
momert of rst approad, secondapproad and mergerfor M 3:9 10?M . Although our
initial conditions are di erent, we believe we can usethis data set for comparison. Figure 5.2
shows us the momerts of rst approad, secondapproad and merger. We varied massover
the range of massessuggestedin the literature.

At v all models merge within the evaluated time. Notice also that we plotted the free fall
estimate from equation (2.9) in the the top left plot. This is the time it would take two point
massesto collide under there own gravitational full. They t almost exactly. The di erence
betweenour results and the free fall time can be explained by the fact both galaxiesexperi-
encedynamical friction, when there componerts overlap ead other.

At vq.g all models merge except for the least massiwe one. Moments of secondapproad lay
very closeto ead other, but increaserapidly when the transversevelocity is increased.

At v, only the most massive model merges,within the evaluated time. Extrap olating the fact
that in the plots vg and vg.g the time of merger happensvery quickly after the time second
approad, we can assumethat the momert of mergerfor My, = 1:87 10'2M  happensjust
after 9 Gyr. We also assumethat the time of secondapproac grows rapidly for increasing
Viyans and decreasingmass,similar like the plot of vgs.

At v1» non of our models, except the most massive one, even experience secondapproac
and mergerwithin the evaluated time.

When we compare our results with the results of Cox and Loeb (2008, we notice that they
reach point of much faster. We predict that the momert of rst approad is and merger will
bein 3 and 5 Gyr, taking no transversevelocity in accourt. They predict that this times are
2 and 5 Gyr. There relative timescalefor rst approad is much quicker, although the time
between rst approad and merger quicker in our models. We can accournt this di erence to
the more massiwe systemthey have used.But if we ched the top left plot in gure 5.2 and
seewhat time of rst approad we would predict for 16 10'IM we get a time of 3.5
Gyr. The explanations for these discrepanciescan be found in the fact that Cox and Loeb
(2008 have assumedthat there systemsare embeddedin a di use medium of dark matter
and gas. The model we usedlacks suth a badkground potertial. Dynamical friction seemsto
shorten the time of rst approad. Cox and Loeb (2008 preformed there simulations with-
out the badkground potential and got much longer timescales.The momert of rst approad

51
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and merger are then 10 and 30 Gyr. This e ect can be explained by equation (2.22). When
we increasethe badkground potertial, we increasethe density. In equation (2.22) the factor
(M + m) would increase.This results in an increaseof dv=dt. The models we used do not
take in accourt a badckground potential. This should be looked into in the future.

Cox and Loeb (2008 took only the radial velocity componert in accourt. Cosmologicalsim-
ulations predict that the transversevelocity componert of Andromeda can be presen, but
should be much lower then the value found by van der Marel and Guhathakurta (2008. The
reasonfor this discrepancyis still unclear. In gure 5.3 we have plotted the separation at

8 T T T

fir'st approacr'w —o—
seccond approach —&— |
merger —5—

Time [Gyr]

0 10 20 30 40 50 60
Transverse velocity [km/s]

Figure 5.1: This plot shows the momerts of rst approad, secondapproad and merger for
dierent transverse velocities. The velocities are represerned as fractions of 42 km/s. This
data is taken from models Mv1, Mv0.5, Mv0.8 and Mv1.2. N = 700 000.

momert of rst approad for dierent total massand transverse velocities. We also put in

two lines asreference.They are the combined halo and disk radii. We plotted the outer edges
of the radii. Those outer edgeshave very low density, so when systemsslightly overlap the
resulted e ect should be marginal. Notice that in three models the disks overlap at momernt

of rst approad and that all models predict that the halos overlap at every momert of rst

approad. This plot shaws alsothat at vigns = O the radial velocity componen, v aq is not
perfectly aliened to the line between Andromeda and the Milky Way. The two certers of
density miss ead other by a factor of three kpc. The outer edgeof the bulge of the Milky

way and Andromeda are 3 and 8 kpc for comparison.
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Figure 5.2: These four gures show the momerts of rst approad, secondapproach and
mergerfor di erent transversevelocities and total massof the system. These gures are made
with data form our modelsMv0O to MmO0.7v1.2 from table 4.1 and from the thesisby Heinsman
(2008. vg, vo:g, V1 and v1.» correspond with 0, 33.6,42 and 50.4 km/s.
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Figure 5.3: This gure shows the separation between the Milky Way and Andromeda at
momert of rst approad di erent transversevelocities and di erent total mass.We have also
plotted the combined radii of both disks and halo, to seeif the systemsoverlap.
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5.3 Size of Andromeda’'s halo

We also looked into the e ect of an elongated halo of Andromeda, while keeping the total

massthe same.We expectedto detect e ects causedby the changein dynamical friction. In

the gure 5.4 the results are plotted. Here s the time of rst approad plotted versuschange
of halo. We detectedno signi cant e ect. We realizethat momernt of rst approad is the least
e ected by changing the Andromeda halo and that e ects can be seenin momernts of second
approac and merger. The evaluation time we used,9 Gyr, is too short to witness signi cant

e ects. Although onecan seein gure 4.14 and 4.15at the end of the evaluation di erences
causedby changein dynamical friction.

Time of first Approach [Gyr]

Vo.g

Vlz L L L L L L L
0 50 100 150 200 250 300 350 400
Radius Halo M31 [kpc]

Figure 5.4: This gure shows the momert of rst approad for dierent halo sizesfor An-
dromeda.

5.4 Expanding bulge

We did not expect the cortraction of the disk and expansionof the bulge, when they undergo
amerger,asseenin gure 4.19 The apparent deceasef density in the bulge canin uence the
dynamics of super massiwe black holesin galaxy mergers.We recommenda simulation with
higher particle numbersand smaller time stepsto nd out if this e ect really takes place.
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5.5 Conclusion

From gure 5.3 we can conclude that, when assuming Andromeda has Vyans = 42 km/s,
models exceedingtotal massof My = 187 10'*M  will mergein the next 9 Gyr, according
to our models. The total massresulting form our initial conditions is smaller then M =
187 10''M . This meansthat accordingto our models Andromeda and the Milky way will
not mergein the next 9 Gyr, but will experiencethe momert of rst approad in 4.5 Gyr.
Taking in accourt that for decreasingtotal massthe time of secondapproad grows rapidly,
we also concludethat accordingto our initial conditions it will take at least two times the
current age of the universewhen Andromeda will start merging with the Milky Way. This
is considerably longer, comparedwith current opinion. In the end the massand dynamics of
the Local Group can only be understand, when we know the massand dynamics of the Milky
Way and Andromeda Galaxy.

56



Acknowledgments

First | want to thank dr. S. PortegiesZwart and dr. S. Harfst, for giving me the opportunity
to do this project and for supervising me during it. Simon's enthusiasmand Stefan's realism
are together a perfect couple for di cult students like me. | would like to point out that |
really enjoyed the given independenceand freedom during this project.

| especially want to thank drs. E. Heinsmanfor her support during this thesis. Shehelped me
approac someaspects of my researd from di erent angles.l know this soundsvery general,
but it is true. You really supported me on this. | alsowant to thank my parerts, who called
me every single day (!) for the last months, asking how the work on my thesis wert and if |
shouldn't be at university.

Finally I liketo thank SARA for providing me with computer time and their quick customer
support.

57






APPENDIX A

Used derivations

Galactics units

The units in table 2.1 are chosen,sothat G = 1. For the moment we will denote this changed
constart as Ggg. It is common to take G = 1, when preforming N-body simulations on
computers Heggieand Mathieu (1989. We ched our units rst by taking the regular cgs
Gcgs.

Gegs 6:67 10 8[cmig 's ?] (A.1)

and changeit to 1 by dividing it with itself,

Gcgs

Now we plug in the units given by Galactics and preform a unit analyze.
p3 1
Coal M2 6:67 10 © (A-3)
B (1 10°po)3 1
Ceal 2:33 1° M 9:781 10° yr 6:67 10 8 (A4)
Now we enter
pc = 3:085677582 10*8cm (A.5)
M = 1:989 10%3g (A.6)
yr = 3:1558149984 10's (A7)
in equation (A.4). This gives
Gga = 1 (A.8)

QED

59



Appendix A: Used derivations

Rotation

Andromeda’s spin axesis not parallel to the the Milky Way's. So beforewe translate M31 to
the proper coordinates, we have to rotate it. We canrotate an arbitrary vector, using equation

rm3r = Rmair: (A.9)

In equation (A.9) ry31 is de ned asthe rotated r and R 31 is de ned asthe rotation matrix.
In orderto nd this matrix we have to do somesteps.| usethe recipe given by Murray (1983,
McConnachie and Irwin (2006 and Metz et al. (2007).

Figure A.l: Galactic coordinates (I;b) as explained and taken from the book by
(Binney and Tremaine, 1987, chap. 1.1).

There are many di erent coordinates systemsin astrometrics. We could use Galactic or ce-
lestial coordinate systems.The most common coordinate systemin astronony is the celestial
J2000system or equatorial coordinate system, using right ascensionand declination (; ) in
the Julian 2000 epoch, see gure A.2. Another coordinate system usedin extragalactic as-
tronomy is the Galactic coordinate system(l; b), asdescribedin Binney and Tremaine (1987,
chap. 1.1), see gure A.1l. Although using Galactic coordinates seemsmore logical in our
thesis, it is not a clever choice, becausealmost all literature usesthe J2000 system. Also
the orientation of M31 is corvertionally given in equatorial coordinates in the literature by
de Vaucouleurs (1958. Using the equatorial coordinate system also eliminates the time de-
pendert di erences betweenthe celestial plane and the Galactic plane, becausewe did not
use Galactic coordinates.

First let the Cartesianunity vector (e}3!; e}’3!; e}!31) becertered in M31 similar to (e} ; e} ; el).
We de ne 3! sud that it is parallel with Andromeda's spin axis and e¥3! sud that it is
parallel with Andromeda'’s disk in the direction of the Milky Way and e}!3! = 13t e}31.

Now we calculate the \normal triad" asdescribedin the book Vectorial Astrometry by Murray
(1983.

Rripg(: ) = (er;epieq) (A.10)
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Figure A.2: Right ascensionand Declination in the equatorial coordinate system.

0 1
COS €OS sin sin
= %}cos sin cos sin sin X (A.11)
sin 0 cos

The matrix Ryp ¢ rotates (e} ;el™;e¥™) to (er;ep;eq). In equation (A.11) the  and the

are the right ascensionen declination of M31. Now is e, pointing the samedirection as
(; ) of M31, e, towards the north celestial pole and e towards the east, parallel with the
celestial equator, see gure A.3.

The next stepisincorporating the i, inclination, andthe , position angle,givenby de Vaucouleurs
(1958. This can be done by equation (A.12).

Ries = Ry(90  DRx(90  )Rrpq(; ) (A.12)

Both Ry and Ry are the standard unit axis rotational matrices. To rotate a vector for
degreesover the x-axis we can use

0 1

1 0 0

R %) 0 cos sin X (A.13)
0 sin cos

and to rotate a vector for degreeSNS can use 1

cos O sin

Ry, ® 0 1 0 X: (A.14)
sin 0 cos
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Figure A.3: Andromeda's normal n, with the \normal triad" (er;ep;€eq). Also is shavn the
inclination  and position anglei. (Photo credit: Metz et al. (2007))

Now we can calculate R& 31 using equation (A.12). This is basically the matrix we need, to
proper rotate our M31 model in the right orientation. We adopt the apostrophe,becausethere
are still somestepswe needto do to beforethis matrix is correct. We usedthe J2000 system
to give a value for the orientation of M31. J2000is a heliocertric system, but in the end we
needthe orientation of M31 in a Galactic certric perspective. Sowe needto add one other
rotation matrix in equation (A.12) of the order of

arctan(8:5kpc = 770kpc) = 0 6: (A.15)

Where 8.5 kpc is the distance from the sun to the Galactic certer (GC) and 770kpc is the
distance betweenthe sun and M31.

To nd a rotation matrix to compensate for this we rst needto nd the vector pointing
from Andromeda to th Galactic Certer to the Sun,

r{GC) = R{5;(r(M31) r(GC)): (A.16)
Then we have to project this vector on the plane of M31,

ry (GC) = e (e}t rYGC)) + ed3 (e r4GC)): (A.17)
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Now can we calculate the angle betweenthis vector and the vector eM3!:

!
ray(GC) eMt

arccos ery GO)j (A.18)
This anglewe can usein the standard z-rotation matrix. Similar to matrix (A.13) and (A.14),
we can de ne 0 1
cos sin 0
R %) sin cos O X : (A.19)
0 0 1

Sothe total rotation matrix R 31 then becomes

Rusi = Bo()Ry(90 DR IRpq(: ) (A.20)
07703 0:3244 0:5490
- 0:6321 0:5017 0:5905 X (A.21)

0:0839 0:8019 0:5915

Now we can multiply the rotation matrix, R, with the position vector, (X,y,z), and the velocity
vector (Vx,Vy,V;) in the Galactics output data le.
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APPENDIX B

Tables and Figures

Parameter

| Milky Way | Andromeda

Total system

Galactics Model

Number of particles, N
Total Mass[2:33 10°M ]
Disk Mass[2:33 10°M ]
Bulge Mass[2:33 10°M ]
Halo Mass[2:33 10°M ]
Disk Edge [kpc]

Bulge Edge [kpc]

Halo Edge, Ric [kpc]
Mmw =M ma1

Halo Edge Ric

MWb M31la
350,000 350,000
335.232666 | 293.737518
15.1457396 | 34.1285782
5.10096455 | 12.3888931
314.985962 | 247.220047
32 32
3.05999994 | 8.05999947
244.48999 201.619995
0 0

Mv1l
700,000
628.97018

1.1412661

Table B.1: In this table the massand radii are showv for the two models we created using
Galactics for the initial conditions. In this table we de ne the edgeof the halo asRc. It is
usedin table B.2, B.3, B.4 and B.5 for comparison.
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Table B.2: In this table the properties are shaw for the two models we created using Galactics

Parameter

| Milky Way | Andromeda

Total system

Galactics Model

Number of particles, N
Total Mass[2:33 10°M ]
Disk Mass[2:33 10°M ]
Bulge Mass[2:33 10°M ]
Halo Mass[2:33 10°M ]
Disk Edge [kpc]

Bulge Edge [kpc]

Halo Edge [kpc]

Mmw =M ma1

Halo Edge R|c [kpc]

MW-Mm1.3
350,000
434.915588
15.3201466
4.88541937
414.710022
32
2.8599999
244.279999

0.21000

M31-M1.3
350,000
381.313568
34.3820877
11.9496078
334.981873
32
7.57999992
201.25

0.369995

Mm1.3
700,000
806.229

1.1405720

with 30 % more mass.

Table B.3: In this table the properties are show for the two modelswe created using Galactics

Parameter

| Milky Way | Andromeda

Total system

Galactics Model

Number of particles, N
Total Mass[2:33 10°M ]
Disk Mass[2:33 10°M ]
Bulge Mass[2:33 10°M ]
Halo Mass[2:33 10°M ]
Disk Edge [kpc]

Bulge Edge [kpc]

Halo Edge [kpc]

Mmw =M ma1

Halo Edge R|c

MW-MmO.7
350,000
234.721725
15.0134411
5.19716072
214.511124
32
3.18999982
244.369995

0.119995

M31-MmO0.7
350,000
205.965042
33.7906303
12.6609087
159.513504
32
8.48999977
201.87999

0.259995

MmO.7
700,000
440.687

1.1396192

with 30 % lessmass.
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Parameter

| Milky Way | Andromeda

Total system

Galactics Model

Number of particles, N
Total Mass[2:33 10°M ]
Disk Mass[2:33 10°M ]
Bulge Mass[2:33 10°M ]
Halo Mass[2:33 10°M ]
Disk Edge [kpc]

Bulge Edge [kpc]

Halo Edge,

Mmw =M m31

MW-Mr1.3
350,000
335.232666
15.1457396
5.10096455
314.985962
32
3.05999994
244.48999

M31-Mrl.3
350,000
293.712372
33.4306374
12.6104088
247.671326
32
8.92000008
350

Mrl.3
700,000
628.97018

1.1413638

Table B.4: In this table the properties are shaw for the two models we created using Galactics
for systemwith a enlarged halo edgefor Andromeda. It is now 350 kpc instead of 200 kpc.
Notice that the massis similar to the valuesin table B.1.

Parameter

| Milky Way | Andromeda

Total system

Galactics Model

Number of particles, N
Total Mass[2:33 10°M ]
Disk Mass[2:33 10°M ]
Bulge Mass[2:33 10°M ]
Halo Mass[2:33 10°M ]
Disk Edge [kpc]

Bulge Edge [kpc]

Halo Edge,

Mmw =M m31

MW-Mr0.7
350,000
335.232666
15.1457396
5.10096455
314.985962
32
3.05999994
244.48999

M31-Mr0.7
350,000
293.276428
34.5876694
10.7247066
247.96405
32
6.63999987
99.8399963

Mr0.7
700,000
628.97018

1.1430604

Table B.5: In this table the properties are shaw for the two models we created using Galactics
for systemwith a shortened halo edgefor Andromeda. It is now 100 kpc instead of 200 kpc.
Notice that the massis similar to the valuesin table B.1.
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Figure B.1: This plot showsradii of the Milky Way Galaxy in terms of di erent massfractions
of the disk and bulge during a merger event.This data is taken from model "Mv0.8'.
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Figure B.2: This plot shaws radii of the Milky Way Galaxy in terms of di erent massfractions
of the disk and bulge during a merger event.This data is taken from model "Mv0.8'.
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Nederlandse samenvatting

Andromeda is net als de Melkweg een spiraal sterrenstelsel,en samen met enkele andere
satelliet stelselsvormen we de Lokale Groep. Andromeda staat ongeweer 700.000keer verder
weg, van de Aarde, dan de dichtstbijzijnde ster. Veel dynamisce eigensbappen van de beide
stelselszijn nog steedsin grote mate onbekend. Zo zijn de massa'svan beide stelselnog on-
bekend. De orde van grote van de massawordt geshat op 102 zonnemassa'aDe rede dat we
Z0 weinig weten van de massa'sis dat beide stelselsvoor eengroot deel uit donkere materie
bestaan. We weten niet hoe de dichtheid van dit materiaal verloopt ten opzichte van radius.
Waarsdijnlijk bevind de donkere materie van beide stelselszich in eenbol om het zichtbare
deel van de sterrenstelsels.Dezebollen kunnen zeergroot zijn en elkaar zelf overlappen.

Een eigensbap die wel goed bekend is, is de snelheid waarmee Andromeda naar ons toe
vliegt, de zogenaamderadiele snelheid. Deze snelheid bedraagt 117 km/s. Deze waarde is
makkelijk de meten met behulp van Doppler versdiwuiving van het licht, wat uitgezonden
wordt door Andromeda. Aan de anderekant is de transversalesnelheid, die preciesloodrecht
op de radiele snelheidstaat nog onbekend. Al wordt dezein eenrecert artik el gestiat op een
waarde van 42 km/s.

Vanwegedezeonzelerhedenis de baan van Andromeda ten opzichte van de Melkweg nog gro-
tendeelsonbekend. In dezescriptie hebben we de meestrecerie gestatte waarden van deze
baanparametersverzameld. Vervolgenshebben we dezeparametersgebruikt om eenmodel te
maken van het Melkweg Andromeda systeem.Dezeparametershebben we ook ge\arieerd over
eenbereik dat eengroot deelvan de literatuur beslaat. Zo hebben we de transversalesnelheid
gevarieerd tussen0 en ongeeer 50 km/s. De totale massavan het systeemhebben gevarieerd
tussen1 10% tot 4 102 zonnemassa'sWe hebben ook nog gekeken naar de e ecten van de
grootte van de donkere materie bol om het Andromeda stelsel.

We hebben al deze modellen geevalueerd met behulp van computers. Het bijzondere aan

deze computers is dat we de zwaarste delen van de berekeningen hebben uitgevoerd op de
meestrecerte videokaart van NVIDIA. Dezekaarten hebben de potentie om supercomputers
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te vervangen, vanwegerelatief lage kosten en hoge snelheid.
Wij kunnen concluderendat, gebruikmakend van onze begirwaarden, het onwaarsaijnlijk

is dat de Melkweg binnen twee huidige leeftijden het heelal botst met Andromeda, al wordt
dit niet aangenomenin huidige opinie binnen de literatuur.
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APPENDIX D

Used abbreviations

b = Galactic Latitude

dec = Declination

yr = year

Gyr = 1@ year

| = Galactic longitude

ly = light year 9:5 10 cm
M31 = Andromeda galaxy
MW = Milky Way Galaxy
Mtot = total mass

My = disk mass

My = bulge mass

Mp = halo mass

n = number density of particles
N = number of particles

n = number density of stars
pc= parsec 3 108 cm
kpc = kiloparsec 3 107! cm
RA = Right Ascension

Rgc = Distance from galactic certer
v, = radial velocity

yr = year

Virans = transversevelocity

71






Bibliography

Ascherbadh, B. (2005). Massand Angular Momentum of SgrA*. In A. Merloni, S. Nayakshin,
and R. A. Sunyaev, editors, Growing Black Holes: Accretion in a Cosmolaical Context,
pages302{303.

Barnes,J. and Hut, P. (1986). A Hierarchical O(NlogN) Force-Calculation Algorithm. Nature,
324, 446{449.

Bedwith, S.V. W., Stiavelli, M., Koekemocer, A. M., Caldwell, J. A. R., Ferguson,H. C.,
Hook, R., Lucas, R. A., Bergeron,L. E., Corbin, M., Jogee,S., Panagia, N., Robberto, M.,
Royle, P., Somerville,R. S., and Sosey,M. (2006). The Hubble Ultra DeepField. AJ, 132,
1729{1755.

Binney, J. and Dehnen, W. (1997). The outer rotation curve of the Milky Way. MNRAS,
287, L5{L7.

Binney, J. and Tremaine, S. (1987). Galactic Dynamics. Princeton Seriesin Astrophysics.
Princeton University Press,Princeton, U.S.A.

Braun, R. (1991). The distribution and kinematics of neutral gasin M31. ApJ, 372, 54{66.

Brunthaler, A., Reid, M. J., Falcke, H., Henkel, C., and Menten, K. M. (2007). Proper Motions
in the Andromeda Subgroup. ArXiv e-prints, 708.

Chandrasekhar, S. (1943). Dynamical Friction. |. General Considerations:the Coe cien t of
Dynamical Friction. ApJ, 97, 255{+.

Courteau, S. and van den Bergh, S. (1999). The Solar Motion Relative to the Local Group.
AJ, 118, 337{345.

Cox, T. J. and Loeb, A. (2008). The collision between the Milky Way and Andromeda.
MNRAS, 386, 461{474.

Curtis, H. D. (1917). Novae in the Spiral Nebulae and the Island Universe Theory. PASP,
29, 206{207.

de Vaucouleurs,G. (1958). Photoelectric photometry of the Andromeda nebulain the UBV
system. ApJ, 128, 465{+.

73



BIBLIOGRAPHY

Dubinski, J., Mihos, J. C., and Hernquist, L. (1996). Using Tidal Tails to Probe Dark Matter
Halos. ApJ, 462, 576{+.

Easton, C. (1913). A Photographic Chart of the Milky way and the Spiral Theory of the
Galactic System. ApJ, 37, 105{+.

Evans, N. W. and Wilkinson, M. I. (2000). The massof the Andromeda galaxy. MNRAS,
316, 929{942.

Ewen, H. I. and Purcell, E. M. (1951). Obsenation of a Line in the Galactic Radio Spectrum:
Radiation from Galactic Hydrogen at 1,420Mc./sec. Nature, 168, 356{+.

Gott, 111, J. R. and Thuan, T. X. (1978). Angular momertum in the local group. ApJ, 223,
426{436.

Heggie,D. C. and Mathieu, R. D. (1986). Standardised Units and Time Scales. In P. Hut
and S. L. W. McMillan, editors, The Use of Supercomputers in Stellar Dynamics, volume
267 of Lecture Notes in Physics, Berlin Springer Verlag, pages233{+.

Heinsman, E. (2008). Goodbye Andromeda? Universiteit van Amsterdam - Astronomy and
Astrophysics.

Hernquist, L. (1993). N-body realizations of compound galaxies. ApJS, 86, 389{400.

Hodge, P. W., editor (1992). The Andromeala galaxy, volume 176 of Astrophysicsand Space
Sciene Library.

Hubble, E. (1929a). A Relation betweenDistance and Radial Velocity among Extra-Galactic
Nebulae. Proceedings of the National Academy of Sciene, 15, 168{173.

Hubble, E. P. (1927). The classi cation of spiral nebulae. The Observatory, 50, 276{281.
Hubble, E. P. (1929b). A spiral nebula as a stellar system, Messier31. ApJ, 69, 103{158.
Kahn, F. D. and Woltjer, L. (1959). Intergalactic Matter and the Galaxy. ApJ, 130, 705{+.

Kent, S. M., Huchra, J. P., and Stau er, J. (1989). The shape of the massdistribution in
M31 from its globular cluster system. AJ, 98, 2080{2085.

Kepler, J., Brahe, T., and Rudolf 11 (1609). Astronomia nova. Heidelberg : G. Voegelirus.

Kerr, F. J. and Lynden-Bell, D. (1986). Review of galactic constarts. MNRAS, 221, 1023{
1038.

Klypin, A., Zhao, H., and Somerville, R. S. (2002). CDM-based Modelsfor the Milky Way
and M31. I. Dynamical Models. ApJ, 573, 597{613.

Kroeker, T. L. and Carlberg, R. G. (1991). The accuracy of galaxy massesfrom the timing
argumert. ApJ, 376, 1{7.

74



BIBLIOGRAPHY

Kuijk en, K. and Dubinski, J. (1995). Nearly Self-Consistem Disc / Bulge / Halo Models for
Galaxies. MNRAS, 277, 1341{+.

Lauer, T. R., Faber, S. M., Groth, E. J., Shaya, E. J., Campbell, B., Code, A., Currie,
D. G., Baum, W. A., Ewald, S. P., Hester, J. J., Holtzman, J. A., Kristian, J., Light,
R. M., Ligynds, C. R., O'Neil, Jr., E. J., and Westphal, J. A. (1993). Planetary camera
obsenations of the double nucleusof M31. AJ, 106, 1436{1447.

Levine, E. S., Blitz, L., and Heiles, C. (2006). The Spiral Structure of the Outer Milky Way
in Hydrogen. Sciene, 312, 1773{1777.

Levine, E. S., Heiles,C., and Blitz, L. (2008). The Milky Way Rotation Curve and Its Vertical
Derivatives: Inside the Solar Circle. ApJ, 679, 1288{1298.

Lin, C. C. and Shu, F. H. (1964). On the Spiral Structure of Disk Galaxies. ApJ, 140, 646{+.

Loeb, A., Reid, M. J., Brunthaler, A., and Falcke, H. (2005). Constraints on the Proper
Motion of the Andromeda Galaxy Basedon the Survival of Its Satellite M33. ApJ, 633,
894{898.

McConnacdie, A. W. and Irwin, M. J. (2006). The satellite distribution of M31. MNRAS,
365, 902{914.

Metz, M., Kroupa, P., and Jerjen, H. (2007). The spatial distribution of the Milky Way and
Andromeda satellite galaxies. MNRAS, 374, 1125{1145.

Muller, C. A. and Oort, J. H. (1951). Obsenation of a Line in the Galactic Radio Spectrum:
The Interstellar Hydrogen Line at 1,420 Mc./sec., and an Estimate of Galactic Rotation.
Nature, 168, 357{358.

Murray, C. A. (1983). Vectorial astrometry. Bristol: Adam Hilger, 1983.

Navarro, J. F., Frenk, C. S.,and White, S.D. M. (1996). The Structure of Cold Dark Matter
Halos. ApJ, 462, 563{+.

Newton, I. (1686). PhilosophiaeNaturalis Principia Mathematica. London Reg. Soc. Praeses.

Nyland, L., Harris, M., and Prins, J. (2004). Poster preseried at The ACM Workshop on
General PurposeComputing on Graphics Hardware. Los Angeles, CA.

Oort, J. H. (1941). Note on the structure of the inner parts of the galactic system. BAIN , 9,
193{+.

Oort, J.-H. (1953). L'Hydrog eneinterstellaire. Ciel et Terre, 69, 117{+.

Portegies Zwart, S. F., Belleman, R. G., and Geldof, P. M. (2007). High-performancedirect
gravitational N-body simulations on graphics processingunits. New Astronomy, 12, 641{
650.

75



BIBLIOGRAPHY

Reber, G. (1944). Cosmic Static. ApJ, 100, 279{+.

Ribas, I. (2004). Distancesand fundamental properties of eclipsing binaries in the LMC and
M31. In R. W. Hilditc h, H. Hensberge, and K. Pavlovski, editors, Spectrosmpically and
Smatially Resolvingthe Components of the CloseBinary Stars, volume 318 of Astronomical
Sciety of the Pacic Conferenee Series, pages261{269.

Seigar,M. S.,Kenne ck, D., Kenne ck, J., and Lacy, C. H. S. (2008). Discovery of a Relation-
ship betweenSpiral Arm Morphology and Supermassie Black Hole Massin Disk Galaxies.
ApJ, 678, L93{L96.

Slipher, V. M. (1913). The radial velocity of the Andromeda Nebula. Lowel Observatory
Bulletin, 2, 56{57.

Smith, S. (1936). The Mass of the Virgo Cluster. ApJ, 83, 23{+.

Spergel, D. N., Bean, R., Dore, O., Nolta, M. R., Bennett, C. L., Dunkley, J., Hinshaw,
G., Jarosik, N., Komatsu, E., Page,L., Peiris, H. V., Verde, L., Halpern, M., Hill, R. S,
Kogut, A., Limon, M., Meyer, S.S.,Odegard,N., Tucker, G. S., Weiland, J. L., Wollack, E.,
and Wright, E. L. (2007). Three-Year Wilkinson Microwave Anisotropy Probe (WMAP)
Obsenations: Implications for Cosmology. ApJS, 170, 377{408.

Strom, K. M. and Strom, S. E. (1982). Galactic ewlution - A survey of recert progress.
Sciene, 216, 571{580.

Toomre, A. (1964). On the gravitational stability of a disk of stars. ApJ, 139, 1217{1238.

Toomre, A. (1981). What ampli es the spirals. In S. M. Fall and D. Lynden-Bell, editors,
Structure and Evolution of Normal Galaxies, pages111{136.

van der Marel, R. P. and Guhathakurta, P. (2008). M31 TranswverseVelocity and Local Group
Mass from Satellite Kinematics. ApJ, 678, 187{199.

Walterbos, R. A. M. and Kennicutt, Jr., R. C. (1987). Multi-color photographic surface
photometry of the Andromeda galaxy. A&AS , 69, 311{332.

Widrow, L. M. and Dubinski, J. (2005). Equilibrium Disk-Bulge-Halo Models for the Milky
Way and Andromeda Galaxies. ApJ, 631, 838{855.

Widrow, L. M., Perrett, K. M., and Suyu, S. H. (2003). Disk-Bulge-Halo Models for the
Andromeda Galaxy. ApJ, 588, 311{325.

Wong, T., Blitz, L., Kawamura, A., Iritani, H., and Fukui, Y. (2008). Atomic and Molecular
Gasin Disk Galaxies. In K. Wadaand F. Combes,editors, Mapping the Galaxy and Nearby
Galaxies, pages206{+.

Wyse, R. F. G., Gilmore, G., and Franx, M. (1997). Galactic Bulges. ARA&A , 35, 637{675.

Zwicky, F. (1933). Die Rotversdiebung von extragalaktischen Nebeln. Helvetica Physica
Acta, 6, 110{127.

76



	Introduction
	Galaxies
	Galactic classification and evolution
	The aim of this thesis
	The outline of this thesis

	Methods
	The two body problem
	Timing argument
	N-body simulation
	Galactics
	Nemo
	Simulations

	Initial Conditions
	Initial conditions of the Milky Way and Andromeda
	Parameter study of the Milky Way Andromeda system
	Initial conditions of the Milky Way Andromeda system

	Results
	Galactics
	Separation versus Time
	Formation of tidal tails

	Discussion
	Mass produced by Galactics
	Mergers
	Size of Andromeda's halo
	Expanding bulge
	Conclusion

	Used derivations
	Tables and Figures
	Nederlandse samenvatting
	Used abbreviations

