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PREFACE

This thesis focuses on the dynamical evolution of the Milky Way-Large Magellanic
Cloud (LMC)-Small Magellanic Cloud (SMC) group. We perform an analysis of the pa-
rameter space for the interaction of the Magellanic System with the Milky Way. The
studied parameters cover the phase space parameters, the masses, the structure and the
orientation of both Magellanic Clouds as well as the flattening of the dark matter halo of
the Milky Way. The analysis is done by a specially adopted optimization code searching
for a best match between numerical models and the detailed HI map of the Magellanic
System. Unique high-resolution HI survey of the entire Magélla.nic System provides de-
tailed information about the kinematics and morphology of the Magellanic Clouds. We
use the data to compare the extended HI structures of both LMC and SMC (Magellanic
Stream, Leading Arm) to our numerical model of the Magellanic System evolving in an
extended dark matter halo of the Milky Way. The applied search algorithm is a genetic
algorithm (GA) combined with a code based on the fast restricted N-body method. By
this, we are able to analyze more than 106 models which makes this study one of the most
extended ones for the Magellanic System.

I would like to thank to my supervisor, Jan Palous, and to my adviser, Christian
Theis, for all their helpful advice, useful ideas and pertinent comments on this work
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Plan AV0Z10030501 of the Academy of Sciences of the Czech Republic and by the project
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INTRODUCTION

Galaxies are systems of gravitationally bound stars, interstellar medium and dark mat-
ter showing considerably complex dynamics. A large number of observational surveys of
deep-sky objects denote that galaxies generally tend to form larger configurations. Inter-
acting pairs, galactic groups, clusters and super clusters cover a wide range of masses and
dimensions. Thus, one may suggest that encounters and collisions play a significant role in
the process of evolution of members of these systems. Such a hypothesis is supported by
numerous observations bringing a clear evidence for existence of various types of extended
galactic bridges, tails and asymmetrical arm-like structures that can only hardly be prod-
ucts of internal dynamical evolution of an isolated galaxy. Furthermore, some observed
galactic pairs are in the phase of a violent interaction or merger.

Modeling of galactic evolution, interactions and mergers shows that they lead to a sub-
stantial energy, mass and angular momentum redistribution. Significant changes in struc-
ture and distortion of original shapes are apparent consequences of such processes (see
TooMRE & TOOMRE, 1972). Because of quite a complex nature of galactic dynamics,
theoretical approaches are based on methods of numerical mathematics employed in com-
putational models, since analytic solutions to such problems would suffer from unavoidable
simplification of the description of explored systems. Even though numerical models are
processed by powerful computers, approximations always have to be accepted for the de-
scription of real physical systems. Under such circumstances we are constrained to test
quality and efficiency of our models by comparing theoretical results with numerical sim-
ulations and observationally obtained data. Solution to a given problem of dynamics of
a galactic system cannot be obtained without determination of initial conditions and pa-
rameters for the model. Hence, it can be easily inferred that knowledge in current values
of dynamical quantities of the studied galactic system is a basic presumption for its suc-
cessful numerical modeling. A large amount of observational data has been collected for
some galactic groups. In principle, this wealth of information should be sufficient to de-
fine the history of the interaction or to draw conclusions on the structure. Unfortunately,
observations are affected by extreme intergalactic distances and so exact measurements
of physical parameters are usually substituted by estimates. Moreover, models of interac-
tions between galaxies depend on a large number of free parameters and it is very difficult
to find their right set if we want to process a detailed analysis with reliable results. Thus,
it is not surprising that a relatively small number of papers focus on simulations of real
observed galactic systems.

It can be seen that a detailed exploration of the parameter space is a basic presumption



for successful modeling of interacting galaxies. We need an optimization tool offering
an efficient search strategy to find a good solution for the simulated galactic system.
Obviously, such a search demands a very fast numerical model of the investigated galactic
system to explore the parameter space properly within a reasonable time interval. In this
respect, it was proposed by THEIS (1999) to employ genetic algorithms together with a
restricted N-body model as a very powerful and general optimization scheme for galactic
dynamics of interacting systems.

A remarkable amount of observational data has been collected for the Local
Group (VAN DEN BERGH, 2000) and mainly for the Large Magellanic Cloud and Small
Magellanic Cloud - dwarf galactic satellites of the Milky Way (MW). However, these
data also allowed only for an estimate of important physical parameters necessary for
building up the proper numerical model. To overcome such a complication most of the
previous studies to this galactic system (see MURAI & FuJiMoTO, 1980; LIN & LYNDEN—-
BELL, 1982; GARDINER ET AL., 1994, 1996) adopted some assumptions on the orbital
and other parameters of the MW-LMC-SMC system. Such considerations were based on
observational data but no detailed parameter space search was performed.

We investigate the dynamical evolution of the MW-LMC-SMC system and perform the
first detailed analysis of the entire parameter space of the interaction. A very precise, high~
resolution neutral hydrogen (HI) survey of the Magellanic System (see BRUNS ET AL.,
2005) was available, becoming a unique challenge for a GA-based search for the preferred
evolutionary scenario of the galactic system. Such an investigation can be performed using
the observational HI data for detailed comparison and evaluation of the series of numerical
models. Quality of the model corresponding to the given set of parameters has to be
evaluated by comparing its output to known morphological features of the galactic objects.
To avoid artificial assumptions on the LMC and SMC orbital parameters, the spatial
velocities and position vectors are restricted by accessible astrometric measurements (see
e.g. JONES ET AL., 1994; KROUPA & BASTIAN, 1997; KALLIVAYALIL ET AL., 2006A,B).
Typically, the GA approach is limited by the insufficient information provided by the
observational data. Fortunately, this is not the case of LMC and SMC. For these galaxies,
a large number of detailed surveys have been performed allowing for constraints on their
structure, kinematics, and the distribution of matter.

We propose a project focusing on numerical modeling the dynamical evolution of the
Magellanic System, based on automated search of the entire parameter space of the MW-
LMC-SMC interaction. The study comprises several steps, that are reviewed and discussed
in this thesis.

The dwarf galaxies LMC and SMC are introduced In Chapter 1. We focus on obser-
vations comprising both gaseous and stellar components of the Clouds. Special attention
is paid to the results of HI surveys of the entire Magellanic System, because the corre-
sponding data provide the crucial information about the kinematics and morphology of
the Clouds on various scales. Chapter 2 clarifies and summarizes the specific problems
of modeling observed galactic systems. It also offers an extended review of previous at-
tempts to model the evolution of the Magellanic System. The adopted numerical model of
the galactic interaction is discussed in Chapter 3. Since the GA search process demands
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104 runs of the optimized model typically, a very fast numerical code is desired for such a
task. Thus, the 3 D test—particle model of the LMC-SMC interaction gravitationally influ-
enced by the MW devised by MURAI & FuiiMOTO (1980) and GARDINER ET AL. (1994)
was improved. Chapter 4 introduces the parameter space of the interaction between the
Magellanic Clouds and MW. We discuss the specific choices for each of the parameters in-
volved. Chapter 5 explains the general scheme and principles of GA. Also the application
of GA to the problem of a galactic interaction made by THEIS & KOHLE (2001) is briefly
introduced in order to demonstrate the abilities of GA with respect to astrophysical prob-
lems. Finally, we describe our implementation of GA based on the GAlib library of various
GA components developed by WALL (1996) in Chapter 5. Using the HI observations by
BRUNS ET AL. (2005) and the current velocity and position vector estimates for LMC and
SMC, we perform numerous GA runs to search the extended parameter space and verify
the uniqueness of obtained solutions. However, the GA optimization is very sensitive to
the choice for the comparison method between the models and observations. The work by
THEIS & KOHLE (2001) clearly demonstrated that GAs might fail if important features
of the investigated system are omitted. To avoid such complications, the GA has to be
customized for the purposes of this specific task which is the topic of Chapter 6. The same
chapter also discusses the results of GA search of the parameter space with respect to the
quality (fitness) of the corresponding models. Chapters 7 and 8 offer a detailed analysis of
the influence of various parameters on the evolution of the Magellanic System. We showed
a crucial role of the spatial velocities of the Clouds on the distribution of matter in the
Magellanic System, and the corresponding results are introduced in Chapter 7. Finally,
we introduce our findings concerning the shape of the dark matter halo of Galaxy (Chap-
ter 8), that was also a free parameter of the MW-LMC-SMC interaction. A discussion of
the desirable future improvements and extensions of our study is offered at the end of the
thesis (Chapter "Summary and Future Prospects”).

— 15—




CHAPTER 1

Magellanic Clouds

The aim of this chapter is to provide a brief review of our present knowledge in the
dwarf galactic neighbors of the Milky Way named the Large Magellanic Cloud and the
Small Magellanic Cloud. We concentrate on their internal structure, on the composition
and distribution of interstellar matter and on stellar component of both the Clouds. The
Large Magellanic Cloud is the largest and brightest galaxy in the plane of sky, situated on
the southern hemisphere. Because of its proximity (D =~ 50kpc) the stellar content can
be studied in more detail than that of any other external galaxy and the same remains
valid if we concentrate on SMC. That is the reason for our choice of both LMC and SMC
to be the subjects of the exploration.

The Large Cloud belongs to the barred sub-type of Hubble’s irregular class. Its clas-
sification is Ir ITI-IV, i.e. it has a morphology intermediate between that of giant (III)
and sub-giant (IV) galaxies. Based on the presence of a faint streamer of nebulosity that
extends from (a,8) = (5%, —73°) to (a,d) = (3.5", —55°) LMC has often been described
as a late-type spiral. However, this spiral arm-like feature actually appears to be a faint
streamer of galactic foreground nebulosity. Furthermore, published star counts show no
evidence for a statistically significant number of stars being associated with this “spiral
arm” (VAN DEN BERGH, 2000). The Large Magellanic Cloud is a disc that is seen almost
pole-on. According to LIN & LYNDEN-BELL (1982) ¢ = 27° + 7° and p = 170° £+ 10°.
From the wide-field imaging of LMC (see VAN DEN BERGH, 2000) the disc scale-length
of 101’ £ 3’ (1.5 kpc) was found. Asymmetrically embedded within this disc is a bar with
a length of ~ 3°. Bar is mainly outlined by intermediate-age stars, while young clusters
and associations are mostly located in the outer disc.

The Small Magellanic Cloud is an irregular dwarf of type Ir IV-V that has a low mean
metallicity and a high mass fraction remaining in gaseous form. This suggests that SMC
is, from an evolutionary point of view, a more primitive and less evolved galaxy than LMC.
At the present time SMC is forming stars less actively than LMC. It can be seen from the
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fact that LMC presently contains 110 Wolf-Rayet (WR) stars, while there are only 9 WR
stars in SMC (VAN DEN BERGH, 2000). The main body (bar!) of SMC has i = 60°+15°
and p = 45° £+ 5°. However, these inclination and position angle are not reliable if the
space orientation of SMC “disk” is needed. Thus in our model introduced in following
chapters, we have relied on the theoretically obtained data given by GARDINER ET AL.
(1996). According to VAN DEN BERGH (2000) SMC disk scale-length has possible values
ranging from 51’ to 76’. The intrinsic shape of SMC remains unambiguous. Observations
of the distances to Cepheids by CALDWELL & LANEY (1991) indicated that SMC has a
large depth along the line of sight. The results of GARDINER & HAWKINS (1991) suggest
that SMC has a tidal tail, as seen from the Milky Way, appears projected on the main
body of SMC. A compilation of data on LMC and SMC is given in Tab. 1.1.

Information about the history of star formation may be derived from star clusters, field
stars and from the age-metallicity relation of stars or clusters. The first burst of activity
in the Large Magellanic Cloud, which produced 13 globular clusters and a field population
including stars that are now RR Lyrae variables, occurred more than 11 Gyr ago. This
was followed by a period of quiescence that lasted for ~ 8 Gyr, i.e. for at least half of its
lifetime. During these “dark ages” LMC might have resembled a low surface brightness
galaxy. This low activity phase was terminated ~ 3 Gyr ago by a violent burst of star
formation that continues to the present day. The observation that 53 clusters are known
to have ages of ~ 2Gyr, while only one is known to have an age of ~ 4Gyr, suggests
that the rate of cluster formation ~ 3 Gyr ago may have increased by one or two orders of
magnitude. However, the rate of star formation might have increased by a smaller factor
than the rate of cluster formation. Clusters formed during the first burst of star creation
in LMC occupied a much larger area than that which formed during the last 3 Gyr. This
shows that the region of active star formation in LMC shrank with time.

No clusters older than 1 Gyr appear to be associated with the bar of LMC. Furthermore,
a considerable fraction of the stars in the bar are younger than 0.5 Gyr (VAN DEN BERGH,
2000). These observations suggest that the bar may be a relatively young morphological
feature. The absence of evidence for star and cluster formation associated with a bow-
shock suggests that the Large Cloud is moving through a region of the outer galactic halo
that is presently essentially free of interstellar material that is kinematically tied to the
Galaxy (see VAN DEN BERGH, 2000).

The stars and clusters with ages < 1 Gyr are mainly concentrated in the main body of
SMC, whereas the older populations appear to be distributed throughout a larger volume
of space. On the whole, the distribution of luminous young stars, of emission nebulosity
and of young clusters appears rather similar to that of neutral hydrogen gas. The rate
of cluster formation in SMC appears to have remained more-or-less constant over time.
The fact that LMC exhibits a star formation burst, but SMC does not, speaks against the
suggestion that the starburst in LMC was triggered by a close encounter with SMC. The
ages of star clusters and the color-magnitude diagrams of field stars do not appear any

1The term bar usually refers to the brightest portion of the major axis of the rather chaotic main body
of SMC. Although SMC is not a barred sub-type of an Ir type, GARDINER ET AL. (1996) assumed in their
N-body model the existence of the real bar in SMC.

— 18—



1.1 Magellanic Clouds and Milky Way Interacting System

evidence for major bursts of star and cluster formation in the history of SMC. No evidence
for spiral arms is seen in SMC. This shows that spiral density waves are not required to
trigger star formation. Both the low metallicity of SMC gas and the high fraction of its
total mass remaining in gaseous form show that SMC is still a relatively unevolved galaxy.

1.1 Magellanic Clouds and Milky Way Interacting System

The centers of LMC and of SMC are separated in the sky by 20.7°. HIPPARCOS proper
motion (KROUPA & BASTIAN, 1997) show that both these galaxies are moving approx-
imately parallel to each other on the plane of sky, with the Magellanic Stream trailing
behind. Orbital simulations by BYRD ET AL. (1994) suggest that the Magellanic Clouds
may have left the neighborhood of M 31 ~ 10 Gyr ago and were captured by the Galaxy
~ 6 Gyr ago. However, it should be emphasized that such computations are uncertain
because they contain a large number of free parameters. A number of lines of evidence

Parameter LMC SMC
« (2000) 5h 19.6™ 0b 52.6™
4 (2000) —69°27.1 —T72° 4%
DHeliocentric 49 kpc 57 kpc
Type Ir III-IV IrIV-V
(barred subtype of (a high mass fraction
Ir class) remaining in gaseous

form; so it seems
to be less evolved
than LMC)

Mass (0.6 — 2.5)-101°Mpy (0.8 — 2.0) - 10° Mg
Inclination 27° — 45° 60°

Position

angle 170° 45°

Table 1.1: Table of basic observational data on the Magellanic Clouds (VAN DEN BERGH,

2000).

point to a recent tidal interaction which has affected the morphology of the outer regions

of SMC:

1. Observations of young Cepheids and of old red giant stars appear to show that SMC
has a considerable depth along the line of sight. This depth is probably caused by a
tidal arm behind the main body of SMC.

2. A bridge containing gas and associations of young luminous stars links LMC and
SMC. The fact that the young stars in the bridge have SMC-like metallicities sug-
gests that this bridge was tidally drawn out of the Small Cloud.
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3. The cluster ESO 121-SC03 which is located in the outermost part of LMC may have
been tidally detached from SMC.

1.2 Interstellar Matter

HINDMAN ET AL. (1963) observed the Magellanic Bridge connecting the Clouds in the
emission line of neutral hydrogen (HI). It was also the first indication of possible inter-
action in the Magellanic System. Another significant argument for the LMC-SMC-MW
interaction was brought WANNIER & WRIXON (1972) and WANNIER ET AL. (1972). Their
H1I observations of the Magellanic Clouds discovered large filamentary structures projected

GALACTIC Longitude GALACTIC Longitude
315° 270°
30°
5 300
15°
40
0° 200
35 8
c  —15°
- 100
S 0g <
2 =] A
= @ —30° (o
S < 3
25/ = 0 e
0 °3 5
Q ¥ 3
2 B 450 o
) 20 ©
3 —100
*
I
&
15
—200
10
-
& —300
5
-30°
0 —400
90° 90°
GALACTIC Longitude GALACTIC Longitude

Figure 1.1: HI observations of the Magellanic Clouds by BRUNS ET AL. (2005). Left plot
shows integrated HI column densities that are in logarithmic scale and range from 5 - 1018 cn—2
(black) to 51021 cm=2 (white). Right plot depicts mean LSR radial velocity map of the entire
Magellanic System. Velocities range from —400kms™" (black) to +400kms~! (pink). Figure
by BRUNS ET AL. (2005) is shown.

on the plane of sky close to the Clouds, and extended to both high negative and positive
radial LSR velocities. MATHEWSON ET AL. (1974) detected another HI structure and
identifled a narrow tail emanating from the space between LMC and SMC, spread over

S, T -



1.2 Interstellar Matter

the South Galactic Pole. The tail was named the Magellanic Stream. A similar HI struc-
ture called the Leading Arm extends to the north of the Clouds, crossing the Galactic
plane. A high-resolution, spatially complete HI survey of the entire Magellanic System
done by BRUNS ET AL. (2005) gives detailed kinematic information about the Clouds
and the connected extended structures. It indicates that the observed features consist of
the matter torn off the Magellanic Clouds and spread out due to the interaction between
LMC, SMC and MW. Since the Leading Arm and the Stream are the most significant
structures for our study, the HI data will be the particular subject to this section.

Undoubtedly the best currently available study of HI distribution in the Magellanic
System was introduced by BRUNS ET AL. (2005). They made the first fully and uni-
formly sampled, spatially complete HI survey of the entire Magellanic System with high
velocity resolution (Av = 1.0kms™!), performed with the Parkes Telescope. The Mag-
ellanic System was covered by this survey on a ~ 5 grid with an angular resolution of
HPBW =14.1". The overall distribution of HI in the Magellanic System is depicted
in Fig. 1.1, together with the map of mean LSR radial velocity over the observed area. In

OO
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Figure 1.2: HI column density around LMC and SMC. Important structures are labeled. The
gray-scale is logarithmic and represents column densities between 5 - 10'® cm~2 (light gray) and
1-1022cm=2 (black). Density map from the paper BRUNS ET AL. (2005).

addition to the previously introduced morphological features of the System observed in
HI, BRUNS ET AL. (2005) identified a complex structure that appears like a filamentary

—921 —



1. MAGELLANIC CLOUDS

web of HI clouds and was named Interface Region. Most of its filaments point toward
the South Galactic Pole. The high column density filament between Galactic longitude
I = 290° and ! = 300° near b ~ 55° is connected to the Magellanic Stream (see Fig. 1.2).

Since the Magellanic Clouds are embedded in a common HI envelope, there is no
obvious way to define borders between LMC, SMC, the Magellanic Bridge or the Interface
Region. BRUNS ET AL. (2005) used both column density and kinematic features to define
a subdivision of the region around the Magellanic Clouds into complexes. Definition of
the parts is depicted in Fig. 1.3. Then, the total LMC and SMC masses within the above
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Figure 1.3: Image by BRUNS ET AL. (2005) shows the definition of the borders between LMC,
SMC, the Magellanic Bridge and the Interface Region used for calculation of total HI masses.

defined borders are M (HI) = (4.41 £0.09) - 10 Mg and M(HI) = (4.02 = 0.08) - 108M,
respectively (BRUNS ET AL., 2005). Comparison of the results by BRUNS ET AL. (2005)
with older determinations of the LMC and SMC masses has to be treated with care,
because the values obviously depend on the definition of the borders between the Clouds.
STAVELEY-SMITH ET AL. (2003) determined an HI mass of M(HI) = (4.8 4£0.2) - 10* M.
for LMC, also using the Parkes multi-beam facility. BRUNS ET AL. (2005) derived a total
HI mass of M(HI) = (4.6+0.1)-10® M. for LMC, if the same borders between the emission
from LMC and the neighboring gas are used as in STAVELEY—-SMITH ET AL. (2003). The
derived masses from both observations agree within their uncertainties. The estimated
total amount of HI gas in LMC by ISRAEL (1997) is 7 - 108 M, which exceeds the above
introduced values. However, definition of the LMC border in HI is unclear for ISRAEL
(1997). The distribution of neutral hydrogen in LMC seems to be very clumpy and the
center of mass of the HI gas is displaced from the center of rotation of LMC. Detailed
studies of HI in LMC (see VAN DEN BERGH, 2000) showed that most of the gas in LMC
forms part of a rotating disc with mass of (2.2 + 0.4) - 108 M. An additional component
with a mass of (0.6+0.1) - 108 Mg, appears to be located in front of this disk. It is obvious
that the interstellar medium in LMC has the turbulent and fractal structure on small
scales. The structure of this gas is dominated by H1I filaments, shells and holes.

STANIMIROVIC ET AL. (1999) derived an HI mass of M(HI) = (3.8 £0.5) - 108 Mg

", -



1.2 Interstellar Matter

for SMC, which is in a good agreement with the value by BRUNS ET AL. (2005). Their
mass increases to M(HI) = 4.2 - 108 Mg after applying a self-absorption correction. HI
in the Small Cloud has rather a smooth distribution and so it differs from that in the
Large Cloud. Possibly the clumpier distribution of the LMC gas is due to the fact that
the higher metallicity in LMC produced more dust, which in turn resulted in more intense
gas cooling. An estimated total HI mass by VAN DEN BERGH (2000) is = 5 - 108 Mg.
Since the total mass of SMC is 2 8- 108 Mg (VAN DEN BERGH, 2000) it follows that a
large fraction of the total SMC mass is in the form of gas.

To summarize the information about various HI morphological features of the Mag-
ellanic System, we offer review of the results by BRGNS ET AL. (2005) in Tab. 1.2. The
mass estimates assume distances of 50 kpc and 60 kpc for LMC and SMC, respectively.

region EHDmax MHID)max
[102%ecm~2] [107 Mg)

LMC 54.5 4.1

SMC 99.8 40.2
Magellanic Bridge 16.4 18.4
Interface Region 5.5 14.9
Magellanic Stream 5.1 124
Leading Arm I 1.6 1.0
Leading Arm II+1I1 2.8 2.0

Table 1.2: The peak column densities and HI masses of the single parts of the Magellanic
System (BRUNS ET AL., 2005). The division of the Leading Arm into the parts labeled as I, II
and III is explained by Fig. 1.5.

Undoubtedly, one of the most interesting large-scale HI morphological features of the
Magellanic System is the Magellanic Stream (see Fig. 1.1 or Fig. 1.2). First observations
by WANNIER & WRIXON (1972) discovered the famous linear LSR radial velocity profile
of the Magellanic Stream that can be seen in Fig. 1.4, which illustrates the distribution of
gas in the Magellanic Stream relative to MW gas (strong emission at vpsr ~ Okms™1!).
The radial velocity changes dramatically over the extent of the Magellanic Stream starting
at vLsr =~ +250kms~! near the Magellanic Bridge and decreasing to vpsr ~ —400kms™!
near (/,b) = (90°, —45°), forming an almost linear structure in the position/velocity space.
Thus, the velocity difference is Avrsg = 650kms—1.

Concerning the morphology of the Magellanic Stream, the first low—resolution survey
by WANNIER & WRIXON (1972) indicated rather a smooth HI distribution of decreasing
column density toward the far end of the Magellanic Stream. However, newer observations
by MATHEWSON ET AL. (1974) showed local peaks of HI column densities and identified
six dominant clumps in the Magellanic Stream, named MSI-VI. As we will see in Chap-
ter 2, the nature of HI distribution over the Stream is considered to be a key factor that
allows to evaluate reliability of two competing classes of evolutionary models of the system
LMC-SMC-MW: tidal stripping versus ram pressure stripping models. The data depicted
in Fig. 1.1 clearly show that a simple subdivision of the Stream in six clouds MSI-VI is
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not appropriate with the current resolution and sensitivity. BRUNS ET AL. (2005) also
pointed out that HI emission from the middle part of the Magellanic Stream, where vrsr
is close to that of the MW gas, may be contaminated by the contribution of Galaxy. For-
tunately, this part of the Stream is located close to the southern Galactic Pole, where the
column density of the local gas is lower than the column density of the Magellanic Stream.
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Figure 1.4: Image by BRUNS ET AL. (2005) that shows the LSR radial velocity of the Magel-
lanic System as function of Magellanic Longitude (for definition see WANNIER & WRIXON, 1972).
The gray—scale indicates the peak intensity of HI emission (white corresponds to Ts = 0K and
black corresponds to T > 20K). The strong emission at visgr ~ 0kms™* is caused by MW.
The map also shows the emission from SMC, the galaxies NGC 300, NGC 55, and NGC 7793
from the Sculptor Group, and the Local Group galaxy WLM.

Finally, we will pay attention to the Leading Arm, that also played very important role
in our parameter study of the interaction of LMC, SMC and MW. HI observations of the
Leading Arm by BRUNS ET AL. (2005) are depicted in Fig. 1.5. The Leading Arm is a
complex of high—velocity clouds (HVC) that can be grouped into three structures LA I-I1I.
First, a complex that is located between the Magellanic Clouds and the Galactic Plane.
This complex was described by MATHEWSON ET AL. (1979). Second, a filament that is
part of HVC—complex observed by WANNIER ET AL. (1972). Third, a clumpy complex
located at 265° <[ < 280°, 0° < b < 30°. Detailed observational information about the
Leading Arm complex can be found in BRUNS ET AL. (2005).

From the point of view of numerical studies of dynamical evolution of the System,
there is a critically important question that has not been satisfactorily answered by any
of the mentioned HI surveys of the Magellanic Clouds. The question is related to the
origin of HI gas in the structures LA I-111. Development of reliable models of the LMC—
SMC-MW interaction requires clear information whether the HVCs in the Leading Arm
belong evolutionary to either of the Clouds. The paper by BRUNS ET AL. (2005) argues
that LA T should be considered HI matter torn—off from the Clouds. However, doubts still
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remain concerning the complexes LA I and LA III that might originate in MW (the same
result was indicated in a private communication with Christian Briins). It will become
obvious in the next sections, that reliability of observational data is crucial for parameter
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Figure 1.5: HI column density distribution of the Leading Arm integrated over the velocity
interval 170kms™! < vpsr < 400kms~!. Gray scales are linear ranging from 0 (white) to
1.5-102°cm~2 (black). Plot from BRUNS ET AL. (2005).

studies of observed galactic systems. Thus, we decided to exclude the Leading Arm parts
LAII and LAIII from the data used for comparison to the modeled HI distribution in the
Magellanic System.

We have payed a particular attention to the information about about the Magellanic
System that was acquired due to observations in the HI emission line. It is quite un-
derstandable if one realizes the composition of LMC, SMC and the connected extended
structures. While various stellar populations and multi-component interstellar matter
have been observed in the main bodies of the Magellanic Clouds and the connecting Mag-
ellanic Bridge, the only significant component of the remarkable Magellanic Stream and
Leading Arm is HI. Numerical studies have clearly indicated that it is morphology and
kinematics of those two extended structures, that allow for constraints on the dynamical
evolution of the Magellanic Clouds (details will be offered in Chapter 2). Thus, we found
desirable to offer the reader detailed information about the composition of the Magellanic
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Stream and the Leading Arm, since they play a key role in our search for evolutionary
scenarios of the Magellanic System.

A brief review of another components of the interstellar matter in the Magellanic
Clouds will be offered before we close this chapter. Remarkable progress has been achieved
over the last decade concerning observations of CO in the Magellanic Clouds. There is
usually a strong correlation between the distribution of CO and star formation regions in
galaxies, and CO is then a valuable source of information about stellar populations in the
Clouds. MUELLER ET AL. (2003) detected and partially mapped a region of 12 CO(1-0)
line emission within the Magellanic Bridge. They argue that the observed region is of a
low metallicity, supporting earlier findings that the Magellanic Bridge is not as evolved
as SMC and Magellanic Stream, which are themselves of a lower metallicity than the
Galaxy. Notable results have been obtained by the Japanese NANTEN group, concerning
distribution of CO in LMC. KAWAMURA ET AL. (2005) used the NANTEN facility to
make a CO survey toward the Magellanic Clouds to map giant molecular clouds (GMCs)
in the System, including the Magellanic Bridge, with angular resolution of 40pc. The
mass spectrum and the line-width distribution of the GMCs in the Galactic plane and in
LMC are similar to each other. Nevertheless, GMCs without any signs of massive star
formation were detected in the Clouds, which is surprising, since almost all the GMCs
show massive star formation in the Solar vicinity. Further data about star formation
regions have been obtained from observations of molecular clouds in the absorption line
of Ha. For more detailed information about detection of Hs in the Magellanic Clouds see
e.g. ISRAEL (1997) or VAN DEN BERGH (2000).

1.3 Stars and Clusters

This section is just a brief introduction to our knowledge in the stellar content of the
Magellanic System, with suggestions for further reading. It is due to marginal role of
the stellar component of the System in this study of the LMC-SMC-MW interaction.
However, in some respects — e.g. the problem of the age gap in the globular cluster
formation — features of stellar populations in the Clouds have to be considered.

Research of star clusters in the Magellanic Clouds possesses a great significance for
our knowledge of the LMC and SMC evolutionary history as we will see later. The LMC
cluster system has dimensions of 11° x 15° and is centered at 5% 32™, —69.3°. In LMC
there is a wide gap between true globular clusters with ages > 12 Gyr and open clusters
with ages <4 Gyr. The only cluster is known to have an age between 4 Gyr and 12 Gyr,
but this one may be an interloper from SMC. The centroid of LMC globular cluster system
is located at a = 5% 17™ +12™, § = —69.5° £ 1.5° (Epoch 2000). It is sometime concluded
that the oldest clusters in LMC rotate with an amplitude comparable to that of young disc
objects and their velocity dispersion is small. This suggests that the globular clusters in
LMC form a disk rather than a halo. If this conclusion is correct, and if LMC and galactic
globular clusters have the same age, then LMC would already have collapsed to a disc
at the time when the Galaxy was still forming halo clusters (VAN DEN BERGH, 2000).
For information about the recent progress in studies of LMC globular clusters see e.g. DE
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GR1Js & ANDERS (2006) and references therein. Young clusters and associations can be
mainly found in several LMC regions with a high star—formation activity. At present the
30 Doradus complex appears to be the most active region of star formation in LMC.

VAN DEN BERGH (2000) suggests that young associations in the bridge between the
Magellanic Clouds evolutionary belong to SMC. Distances of these associations decrease
from the SMC side to the LMC side which is compatible with the hypothesis that they
form a bridge between LMC and SMC. The main sequences of these associations indicate
that a burst of star formation occurred in the bridge between 10 Myr and 25 Myr ago.
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CHAPTER 2

Modeling Observed Galaxies

The theoretical understanding of interacting galaxies suffered for a long time from the
lack of computational power allowing for a numerical solution of the gravitational N-
body problem. To reduce the computational costs of N-body models, restricted N-body
simulations were introduced. They are based on the assumption that the potential of
interacting galaxies can be modeled by two potentials that correspond to the galactic
masses and move on Keplerian orbits. With these assumptions all the other particles are
just test-particles, and the complete N-body problem is reduced to N single body problems
for a time—dependent potential. This method was successfully applied on the problem of
interacting galaxies by TOOMRE & TOOMRE (1972).

With increase of accessible computational power, new N-body techniques were pro-
posed. They usually treat the gravitational interaction self-consistently. However, various
approaches are used to overcome the O(N?2) bottleneck of direct N-body simulations.
TREE-method by BARNES & HUT (1986) scales as O(N log N) with the number of parti-
cles The organization of the force calculation - the most time—consuming part of N-body
calculations - adapts to clumpy mass distributions. By this, BARNES & HUT (1986) were
able to simulate encounters of disc galaxies including all dynamical components, i.e. the
disc, the bulge, and the halo as N-body systems. Faster grid-based methods (see e.g.
SELLwWOOD, 1980) or ezpansion methods (HERNQUIST & OSTRIKER, 1992) compared to
direct N-body or TREE methods are more flexible with respect to strongly varying geome-
tries and scale lengths. An alternative to these techniques are special-purpose computers
such as the GRAPE project (SUGIMOTO ET AL., 1990). They implemented Newton’s
law of gravity in the hardware which allows for a very fast direct determination of the
gravitational forces.
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2.1 Magellanic System

TOOMRE & TOOMRE (1972) have shown the applicability of restricted N-body models on
interacting galaxies. In restricted N-body simulations, gravitating particles are replaced
by test-particles moving in a time—dependent potential which is a superposition of analytic
potentials of the individual galaxies. Such an approach maps the gravitational potential
with high spatial resolution for low CPU costs due to the linear CPU scaling with the
number of particles. However, the self-gravity of the stellar systems is not considered
directly. E.g. the orbital decay of the Magellanic Clouds due to dynamical friction cannot
be treated self-consistently in restricted N-body simulations, but has to be considered by
(semi-)analytical approximative formulas.

First papers on the physical features of the interacting system LMC, SMC and Galaxy
used 3D restricted N-body simulations to investigate the tidal origin of the extended
Magellanic structures. LIN & LYNDEN-BELL (1977) pointed out the problem of the large
parameter space of the LMC-SMC-MW interaction. To reduce the parameter space,
they neglected both the SMC influence on the System and dynamical friction within the
MW halo, and showed that such configuration allows for the existence of a LMC trailing
tidal stream. The interaction between the Clouds was analyzed by FUJIMOTO & SOFUE
(1976) who assume LMC and SMC to form a gravitationally bound pair for several Gyr,
moving in a flattened MW halo. They identified some LMC and SMC orbital paths
leading to creation of a tidal tail. Following studies by MURAI & FuJiMmoTO (1980), Mu-
RA1& FujiMOoTO (1984), LIN & LYNDEN-BELL (1982), GARDINER ET AL. (1994) and
LIN ET AL. (1995) extended and developed test-particle models of the LMC-SMC-MW
interaction. The Magellanic Stream was reproduced as a remnant of the LMC-SMC en-
counter that was mostly placed to the time of —2Gyr. The matter torn off was spread
along the paths of the Clouds. The simulations also indicate that the major fraction of
the Magellanic Stream gas stems from SMC. The observed radial velocity profile of the
Stream was modeled remarkably well. However, the smooth HI column density distri-
bution did not agree with observations indicating apparently clumpy Magellanic Stream
structure. Test—particle models place matter to the Leading Arm area naturally (see the
study on the origin of tidal tails and arms by TOOMRE & TOOMRE (1972)), but corre-
spondence with observational data cannot be considered sufficient. GARDINER ET AL.
(1996) devised a scheme of the Magellanic System interaction implementing the full N-
body approach. SMC was modeled by a self-gravitating sphere moving in LMC and MW
analytic potentials. It was shown that the evolution of the Magellanic Stream and the
Leading Arm is dominated by tides which supports the applicability of test—particle codes
for modeling of extended Magellanic structures. Recently, the study by CONNORS ET AL.
(2005) investigated the evolution of the Magellanic Stream as a process of tidal stripping
of gas from SMC. Their high-resolution N-body model of the Magellanic System based
on ideas of GARDINER ET AL. (1996) is compared to the data from the HIPASS survey.
Involving pure gravitational interaction allowed for remarkably good reproduction of the
Magellanic Stream LSR radial velocity profile. They were able to improve previous models
of the Leading Arm. Similarly to the previous tidal scenarios, difficulties remain concern-
ing overestimating of the HI column density toward the far tip of the Magellanic Stream.
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CONNORS ET AL. (2005) approximate both the LMC and Milky Way by rigid potentials
and also do not study influence of non-spherical halo of MW.

MEURER ET AL. (1985) involved continuous ram pressure stripping into their sim-
ulation of the Magellanic System. This approach was followed later by SOFUE (1994)
who neglected presence of SMC, though. The Magellanic Stream was formed of the gas
stripped from outer regions of the Clouds due to collisions with the MW extended ionized
disk. HELLER & ROHLFS (1994) argue for a LMC-SMC collision 500 Myr ago that estab-
lished the Magellanic Bridge. Later, gas spread to the inter—cloud region was stripped off
by ram pressure as the Clouds moved through a hot MW halo. Generally, continuous ram
pressure stripping models succeeded reproducing the decrease of the Magellanic Stream
H1I column density towards the far tip of the Stream. However, they are unable to explain
the evidence of gaseous clumps in the Magellanic Stream. Gas stripping from the Clouds
caused by isolated collisions in the MW halo was studied by MATHEWSON & FORD (1984).
The resulting gaseous trailing tail consisted of fragments, but such a method did not al-
low for reproduction of the column density decrease along Magellanic Stream. Recently,
BEkKI & CHIBA (2005) applied a complex gas—dynamical model including star—formation
to investigate the dynamical and chemical evolution of LMC. They include self-gravity
and gas dynamics by means of sticky particles, but they are also not complete: they as-
sume a live LMC system, but SMC and MW were treated by static spherical potentials.
Thus, dynamical friction of LMC in the MW halo is only considered by an analytical
formula and a possible flattening of the MW halo is not involved. Their model cannot
investigate possible SMC origin of Magellanic Stream neither. MASTROPIETRO ET AL.
(2005) introduced a model of the Magellanic System including hydrodynamics (SPH) and
full N-body treatment of gravity. They studied the interaction between LMC and MW.
Similarly to LIN & LYNDEN-BELL (1977) and SOFUE (1994) the presence of SMC was
not taken into account. It was shown that the Stream, which sufficiently reproduces the
observed HI column density distribution, might have been created without an LMC-SMC
interaction. However, the history of the Leading Arm was not investigated.

In general, hydrodynamical models allow for better reproduction of the Magellanic
Stream HI column density profile than tidal schemes. However, they constantly fail re-
producing the Magellanic Stream radial velocity measurements and especially the high—
negative velocity tip of Magellanic Stream. Both families of models suffer from serious
difficulties when modeling the Leading Arm.

In order to model the evolution of the Magellanic System, the initial conditions and all
parameters of their interaction have to be determined. Such a parameter space becomes
quite extended. In the Magellanic System we have to deal with the orbital parameters
and the orientation of the two Clouds, their internal properties (like the extension of the
disk) and the properties of the MW potential. In total we have about 20 parameters
(the exact number depends on the adopted sophistication of the model). Previous studies
on the Magellanic Clouds, however, argued for very similar evolutionary scenarios of the
system (e.g. LIN & LYNDEN-BELL (1982), GARDINER ET AL. (1994), BEKKI & CHIBA
(2005)). These calculations are based on additional assumptions concerning the orbits, or
the internal structure and orientation of the Clouds, the potential of the Milky Way (mass
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distribution and shape), the treatment of dynamical friction in the Galactic halo or the
treatment of self-gravity and gas dynamics in the Magellanic Stream. Some of them can
be motivated by additional constraints. E.g. LIN & LyNDEN-BELL (1982) and IRWIN ET
AL. (1990) argue that the Clouds should have been gravitationally bound over the last
several Gyr. However, in general the uniqueness of the adopted models is unclear, because
a systematic analysis of the entire parameter space is still missing.
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CHAPTER 3

Numerical Model of the Magellanic
System

3.1 Introduction

We attempt to explore the LMC-SMC-MW interaction parameter space that is compatible
with the observations of the Magellanic System available up to date. Regarding the
dimension and size of the parameter space, a large number of the numerical model runs
have to be performed to test possible parameter combinations — no matter which kind of
search technique is selected for the task. In such a case, despite their physical reliability,
full N-body models are of little use, due to their computational costs (see Chapter 2).

Necessity to employ an approximative restricted N-body scheme for the purpose of
this study is apparent. However, in order to cope with the extended parameter space,
neither a complete catalog of even computationally very fast models nor a large number
of computationally expensive self-consistent simulations can be performed — both due to
numerical costs. However, a new numerical approach based on evolutionary optimization
methods combined with efficient N-body integrators turned out to be a promising tool.
In case of encounters between two galaxies, WAHDE (1998) and THEIS (1999) showed
that a combination of GA with restricted N-body simulations is able to reproduce the
parameters of the interaction. GA is a robust optimizer that selects possible parameter
combinations according to their ability to match observations. The parameters serve as
input for a numerical model of the interacting system. Regarding the above made notes,
together with the review of various attempts to model the interaction of MW, LMC and
SMC provided in Sec. 2.1, we suggest to apply & 8D restricted N-body model with test-
particles to study the evolution of the Magellanic System.
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3.2 Physical Features

In order to optimize the performance of GA, a computationally fast model of the Mag-
ellanic System is required. Therefore, complex N-body schemes involving self-consistent
description of gravity and hydrodynamics (see BEKKI & CHIBA, 2005; MASTROPIETRO ET
AL., 2005) are discriminated. On the other hand, correct description of physical processes
dominating the evolution of the System remains a crucial constraint on the model.

In Sec. 2.1 we discussed applicability of restricted N-body schemes on problems of
galactic encounters and showed that they allow for modeling of extended streams and
tails. Thus, we devised a restricted N-body code based on the numerical models by Mu-
RAI & FUJIMOTO (1980) and GARDINER ET AL. (1994). The test—particle code interprets
the observed large—scale structures such as the Magellanic Stream or the Leading Arm as
products of tidal stripping in the Magellanic System.

Except tidal schemes, there have been used also ram pressure models in the previous
studies on the Magellanic System (see Sec. 2.1). However, employing even a simple formula
for ram pressure stripping would introduce other parameters including structural param-
eters of the distribution of gas in the MW halo and description of the gaseous clouds in
LMC and SMC. It would increase the dimension of the parameter space of the interaction
and make the entire GA optimization process even more complex. Moreover, ram pressure
models did not improve the results of tidal schemes (see Sec. 2.1).

The dark matter (DM) halo of the Milky Way is considered axisymmetric and generally
flattened in our model. It is a significant improvement of previous studies of the Magellanic
System that assumed spherical halos. We were able to investigate the influence of the
potential flattening parameter ¢ on the evolution of the Magellanic System. However,
both the mass and shape of the MW DM halo were fixed for the entire evolutionary
period of 4 Gyr.

We did not take into account possible changes in mass and shape of the Clouds. Shape
modification might become important for very close LMC-SMC encounters that are typ-
ical for the models with nearly-spherica]l MW DM halos. PENARRUBIA ET AL. (2004)
demonstrated that a relative mass—loss of a satellite galaxy moving through an extended
halo strongly differs for various combination of its orbital parameters, shape and mass
distribution of the halo, and cannot be described reliably by a simple analytic formula.

3.3 Magellanic Clouds

Even when the functions describing density profiles of the Magellanic Clouds are estimated
insufficiently, some plausible approximation of the mass distribution has to be adopted.
In agreement with MURAI & FuJiMOTO (1980) and GARDINER ET AL. (1994) the Mag-
ellanic Clouds are described as Plummer spheres with density distribution

2
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generating the following gravitational potential:

Gm
Ve + €2’

where 7 is the distance to the center of mass of the Cloud, ¢ is a free parameter, and m is
the total mass. Both the Magellanic Clouds posses a large number of test—particles that
are initially distributed in the form of 2D disks surrounding the center of mass of LMC
and SMC, respectively. The particles are set to circular orbits in the potential (3.2) with
the surface number density of an exponential disk:

®p = — (3.2)

(R) = Zgexp~R/Fp, (3.3)

where X is a constant and Rp is a disk scale factor. The total number of test—particles
inside the radius R is then

n(R) = 2rXoRy [1 —exp(—R/Rp) (1 + R—Ii)] . (3.4)

3.4 Milky Way

MW DM halo is modeled as an axisymmetric logarithmic potential (BINNEY & TREMAINE,
1987)

1 2 2. p2, 2
¢L=§'Uo M(Rc + R +a§ (35)

with the density distribution

oL = ( 'U02 ) (2q2+1)Rc2+R2+ (2_q—2)z2
4nGq? (Rc2 + R2 + z2q‘2)2 '

(3.6)

To reproduce the rotation curve of MW, we set R. = 12kpc, vo = V2 - 131.5kms™!, and
g describes the flattening of the MW halo potential. There is no upper limit for the values
of g, while it is necessary that ¢ > 1/v/2 to avoid negative values of p1, on z-axis. The
corresponding flattening g, of the density distribution associated with the halo potential
follows

1
=i (2-3) ®>R). (3.7)
The relation expressed by (3.7) is plotted in Fig. 3.1. Note, that the mass distribution
is substantially more flattened than the corresponding potential, as ¢ becomes different

from 1.0. Variation of the flattening parameter ¢ influences effects of tides exerted on a
body moving through the Galactic halo.
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Tides between points at the positions R and R; are defined as
AF = F(R) — F(R,). (3.8)

If a special polar plane (¢ = ¢1 = 0) is assumed, we obtain the cylindrical components of
AF for a logarithmic potential (3.5):

R Ry

AFp = 8 - — (3.9)
R§+.R2+§§ R§+R§+§,
AF; = 0 (3.10)
2
AF, = & : 2 . (3.11)

C\R+R+5 R1R+5

To investigate the features of a tidal interaction in a logarithmic halo, we calculated tidal
acceleration for points at R, R; of a constant radial distance AR = 10kpc moving on
galactocentric polar circular orbits. In Fig. 3.2 we show the mean, maximal and minimal

1.4

12}

0.4

02[ .

Figure 3.1: MW DM halo density flattening g, as function of the potential flattening ¢ (3.7).

tidal acceleration per one orbital cycle for different galactocentric radii as functions of the
potential flattening parameter g.

Typical relaxation time of galaxies implies that their dynamics is that of a collision—less
system, where stars move under the potential generated by the entire system. Long-term
galactic evolution is driven by its overall gravitational field, not by two—body encoun-
ters. The state of a collision-less system at any time is described by the distribution
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Figure 3.2: Tidal acceleration for a logarithmic potential as function of flattening q. Values
are calculated for two points on circular polar orbits of a constant radial distance AR = 10kpc.

function f(z,v,t), that satisfies the collision—less Boltzmann equation

df
=10, 3.12
¥ (3.12)
If we consider the gravitational field of MW modeled by the logarithmic potential @1,
(3.12) becomes

of of

'l ; —Vdr -—L —=0. 3.13

B +v-Vf-Vo 50 0 (3.13)
To avoid usual difficulties arising from attempts to solve (3.13) directly, it is a common
practice to deal with the zeroth and the first moments of (3.13), that are called Jeans
equations. If the collision—less Boltzmann equation is integrated over all possible velocities,
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we get the first Jeans equation (continuity equation)

ov 0(vT;) _

E_*. o, =0, (3.14)
where

us/fdsv; T; = %/f’u,-dsv. (3.15)

Multiplying (3.13) by v and integrating over all velocities leads to the second Jeans equa-
tion

31_)_1' __817,- _ a@L a(l/a‘%)
14 at + I/’U,a—xi = —I/E -_ a_.',c", (3.16)
where
0‘,-2-.,- = UiU; — UiU; (3.17)

is a stress tensor, which is symmetric, and so orthogonal axes exist in which ofj = 026;;.
Then, the ellipsoid with o131, 022 and o33 for its semi-axes is called the wvelocity ellipsoid
at z. Semi-axes of the velocity ellipsoid correspond to observationally measurable veloc-
ity dispersion of stellar populations in galaxies. Apparently, the Jeans equations (3.14)
and (3.16) do not allow for unique determination of all the variables v and a,?j. Such a
difficulty is usually resolved by adopting assumptions on the tensor ofj. That approach
will be introduced in the following paragraphs where the Jeans equations for a logarithmic
halo are analyzed. Obtaining a solution to the Jeans equations is a necessary step toward
proper treatment of dynamical friction in the Galactic halo (see Sec. 3.5).

The adopted model of a flattened logarithmic halo of MW is axisymmetric and hence
it is natural to express (3.14) and (3.16) in cylindrical coordinates. Assuming axial sym-
metry (8/0¢ = 0), we may rewrite (3.14) as

Ov | 1 8(RvTR) + o(vu:)

-a—t + R B8R 52 0. (3.18)
Similarly, from (3.16) we obtain
o(vuR)  O(wk) = O(vURT) AN
& " 6r T 8z TY\"mr Tamr)=" (3.19)
O(vug) | O(vUryg) | O(vUT:) | 2w _
5 t—ar T a5 t RUUR=0, (3.20)
and
8(vu,) , O(vURD;) , O(vv?) | VORD; | O®L
o SR T st R Vs =" (3.21)

In order to achieve further simplification of the Jeans equations, we consider the system
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to be in a steady state when

0/t =0, (3.22)
and only tangential flow of mass is admitted, which means that

Tr=7.=0. (3.23)

BINNEY (1977) assumes a bi-axial Maxwellian velocity distribution function
(Schwarzschild spheroid) for a generally tri-axial flattened galactic potential:

1 3/2 1 —(‘02 /20'2+v2 /20‘2)
F(@,9) = £(a) (—) _L_ et (3:24)
27 00z

where v = vy and

oy = OR = 0. (3.25)
If we introduce the following notation based on the definition (3.17):

0% = v 0F=v-7} o =12, (3.26)

and apply (3.22), (3.23), and (3.25) on the Jeans equation for an axially symmetric system,
the equations (3.18) and (3.20) vanish, while (3.19) and (3.21) are significantly simplified:

B(vod) AN
or Y\ ®)=" (3:27)
and
d(vo?) L .
S+ vl =0, (3.28)

Unfortunately, (3.27) and (3.28) do not provide sufficient information to find unique so-
lution for the unknown variables 7; 4, and o%. To resolve such a difficulty, we consxder the
radial velocity dispersion 0% a function of the circular streaming velocity T that is a
measure of rotation of the Galactic halo. In general, the velocity 73 s lies w1thm the range
{0,v2,.), where v2 _ = R%% is a circular velocity in the equatorxa.l plane. Regarding the
mentioned fact, it is feasible to define the following parametrization:

0P,
OR’

where X € (0,1). Then, substitution of (3.29) into (3.27) and its subsequent formal
integration lead to

v3 = XR°—L (3.29)

ok =(1-X)= / ?;;I,‘dR’ (3.30)

R
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Finally, we obtain the relation for ¢% from (3.30):

2 2 2 4 2,2
2 g R: + R + 2°q
= ] =K% [ ] . 31
or=(1-X) 4 (1 (22 + 1)R2+ R2+ (2 —q~%)2? (3:31)

Apparently, the free parameter 0 < X < 1 determines the fraction of the total kinetic
energy of the collision—less system that is in the form of streaming motion — rotation.
Studies of matter distribution in galaxies, that are available up to date, do not introduce
any particular arguments for presence of macroscopic rotation of galactic halos. Therefore,
we assume a non-rotating halo of MW, i.e. we put X = 0.

Derivation of o2 is very similar to the above performed calculation of ¢%. Formal
integration of (3.28) allows for expression of the axial velocity dispersion ¢% as

o
1 0Py,
ol = o ln > dz/, (3.32)
z

which results into

p2 W (1, Q@ -DERH R+ 222
£ 4 (22 +DR2+R2+(2—q )22 )’

(3.33)

As an illustration of basic features of the velocity dispersion in a non-rotating loga-
rithmic halo (3.5), we plot both 0%, 0? as functions of distance in the equatorial plane
and on the axis of symmetry, respectively (see Fig. 3.3).
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"
! I
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2 | | %
£ | g ;
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bt 2= 0.0kpe | - R = 0.0kpc
olkm.s’] | S0 oplkm.s’]
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Figure 3.3: Radial velocity dispersion or and axial velocity dispersion ¢, in the equatorial
plane (left plot) and on the z—axis of a non-rotating Galactic halo. The corresponding value of
the halo flattening is ¢ = 0.8.

3.5 Dynamical Friction

It is well known that if a mass body moves through a region populated by a large number
of stars, it is retarded due to a gravitational interaction with this particle background. The
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moving body loses its kinetic energy and a wake in the star field is induced. Such a kind
of an interaction has been named dynamical friction by CHANDRASEKHAR (1943). The
derivation of the commonly used analytic formula for the corresponding deceleration has
been performed after doing several basic assumptions (see BINNEY & TREMAINE, 1987):

1. the mutual interaction between a moving body and background stars is treated as a
pure two-body encounter, i.e. the mutual attraction of the background stars with
each other is neglected

2. the body passes each of the stars on a Keplerian hyperbola
3. the moving body is considered to be a mass point

4. the background stars move isotropically

With respect to the first three assumptions, one may evaluate the drag 6Fpr which is
experienced by a mass M (e.g. a satellite galaxy) as it moves at a velocity v\ through a
background population of lighter particles (e.g. a massive galaxy), mass m, velocity ¥py,
distribution function f(z,v):

_4nG? f(v)d3vmmM (m + M)lnAv
Uy

O0Fpr = M (3.34)

where InA is the Coulomb logarithm (see BINNEY & TREMAINE, 1987) and

[ f(z,v)d3z
7(”) = Vf—'

d3z
v

(3.35)

If isotropic velocity distribution of background particles is taken into account, f(v) be-
comes Maxwellian with dispersion &, and after integration of (3.34) over all velocities, the
classical formula for dynamical friction (CHANDRASEKHAR, 1943) can be expressed as

Y
_ 4rInAG?ph(R,2)M 2 2 2
Fop = — 2 7= |-Yew (¥ + / exp (—2)dt| vw,  (3.36)

0

where Y = vp/V20.

We have solved the Jeans equations for an axially symmetric logarithmic potential.
The relations (3.31) and (3.33) describe velocity ellipsoid for such a configuration. It is
obvious that the velocity distribution is generally anisotropic (see Fig. 3.3). In that case,
one has to ask if (3.36) is an appropriate and reliable approximation of the drag force.
PENARRUBIA ET AL. (2004) focused on various approaches to the problem of dynamical
friction and introduced a comparative study of (3.36), analytic formula by BINNEY (1977)
applicable on systems with an axially symmetric velocity dispersion, and self-consistent
N-body simulations of sinking satellites. They showed, that solution by BINNEY (1977)
is a significant improvement to the standard approach with Chandrasekhar’s formula,
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if deviation from an isotropic velocity distribution exists. The analytic prescription for
dynamical friction by BINNEY (1977) is based on the previously listed assumptions, but it
allows for axial symmetry of the velocity distribution. Regarding (3.25)(axial symmetry),
and the results by PENARRUBIA ET AL. (2004), we consider the Binney’s model a suitable
description of dynamical friction exerted on a satellite galaxy as it moves through the
extended logarithmic halo of MW.

Identically to the approach by CHANDRASEKHAR (1943), the Binney’s formula is de-
rived from (3.34) by its integration over the entire velocity space, when one has to substi-
tute (3.24) for f(z,v) in (3.35). Then, the zeroth order specific friction force is (for details
see BINNEY, 1977):

; _2v2mpn(R, 2)G2M+1—=e,?lnA ,

iy = 227 )o—R2a, Bruiy, (3.37)
. 2V2mpn(R, 2)G?M V1 —e,°InA _

Fip=— Pu )UR% B, (3.38)

where i = z,y and (oR,0.) is the velocity dispersion ellipsoid with ellipticity e,? =
1 —(0./0R)?, and

%, __ vi/20%  vZ/20% )
1+q " 1-eZtq
/ (1+ )%(1 — €2 + g)1/2 % (8.39)

v?, /202 v2 /202
TFexp (-8R - YA
(1+9)(1—e2 +q)*?2

) dq, (3.40)

2=

where (uUg,v;) are the components of the satellite velocity in cylindrical coordinates.

After summarizing the features of our model of the LMC-SMC-MW interaction intro-
duced in Sec. 3.3, Sec. 3.4 and Sec. 3.5, we get the following equations of motion of the
Magellanic Clouds:

duLmc _ SMC Fpr
5 (VoL + VEFe) + ==, (3.41)
deMC LMC F
= — 42
0t (VO + V&V©) + ——— — (3.42)

where ®EMC, $8MC are the LMC, SMC Plummer potentials, and Fpp is the dynamical
friction force exerted on the Clouds as they move in the MW DM halo. Initial conditions
for the starting point of the evolution of the System at the time -4 Gyr were obtained
by the standard backward integration of equations of motion (3.41, 3.42) (see e.g. MU-
RAI & FUJIMOTO, 1980; GARDINER ET AL., 1994). Basically, the choice for the starting
epoch of this study originates in the fact that MW, LMC and SMC form an isolated
system in our model. Such an assumption was very common in previous papers on the
Magellanic System (e.g. MURAI & FuJIMOTO, 1980; GARDINER ET AL., 1994, 1996)
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and was motivated by insufficient kinematic information about the Local Group, that did
not allow to estimate the influence of its members other than MW on the evolution of the
Magellanic System. Our detailed analysis of the orbits of the LMC and SMC showed that
the galactocentric distance of either of the Clouds did not exceed 300 kpc within the last
4Gyr. Investigation of the kinematic history of the Local Group by BYRD ET AL. (1994)
indicates, that the restriction of the maximal galactocentric radius of the Magellanic Sys-
tem to Rpax =~ 300kpc for T' > —4 Gyr corresponds to the assumption that the orbital
motion of the Clouds is gravitationally dominated by MW.

Our simulations are performed with the total number of 10000 test—particles equally
distributed to both Clouds. We start the simulation with test—particles in a disk-like
configuration with an exponential particle density profile (3.3), and compute the evolu-
tion of the test-particle distribution up to the present time. Regarding the nature of
test—particles, they serve as objects mapping the underlying gravitational potential of
MW+LMC+SMC, and allow for analysis of tidal processes in the interacting system. The
equation of motion of the i-th test—particle involves pure gravitational interaction:

dv,-
dt

Together with (3.41) and (3.42), the equation of motion (3.43) form a full set of equations
describing the evolution of the system LMC-SMC-MW in our model. The equations are
integrated from T' = —4 Gyr up to present.

= —(V®y, + VOEMC 4 vaiMC), (3.43)
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CHAPTER 4

Parameter Space of the
MW-LMC-SMC Interaction

In this chapter we introduce the parameters of the Magellanic System interaction that
are subject to our GA search. The parameters involve the initial conditions of the LMC
and SMC motion, their total masses, parameters of mass distribution, particle disc radii
and orientation angles, and also the MW dark matter halo potential flattening parameter.
Tab. 4.1 summarizes the parameters of the interaction and introduces their limiting values.
Models are described in a right-handed Cartesian coordinate system with the origin in the
Galactic center. This system is considered to be an inertial frame, because we assume that
muw > miMmc, Msmc. Therefore, the center of mass of the system may be placed at the
Galactic center. We assume the present position vector of the Sunrg = (—8.5, 0.0, 0.0) kpc.
In the following paragraphs we discuss the parameters of the LMC-SMC-MW interaction
and the determination of their ranges.

The nature and distribution of dark matter in the Galaxy has been subject to intense
research and a large number of models have been proposed. We probe the DM distribution
by investigating the redistribution of matter in the Magellanic System due to the MW-
LMC-SMC interaction, paying special attention to the features of the Magellanic Stream.
That is similar to the method applied by HELMI (2004), who studied kinematic properties
of the Sagittarius stream. In order to enable comparison with the results by HELMI (2004),
we also adopted the axially symmetric logarithmic halo model of MW (3.5) and the same
values of the halo structural parameters R¢,vp with a similar range of studied values of
the flattening g (see Tab. 4.1). We extended the range of ¢ values tested by HELMI (2004)
to the lower limit of ¢ = 0.74, which is the minimal value acceptable for the model of a
logarithmic halo (for a detailed explanation see BINNEY & TREMAINE (1987). For every
value of ¢ a time-consuming calculation of parameters of dynamical friction is required
(see Sec. 3.5). To reduce the computational difficulties, the flattening ¢ was treated as a
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discrete value with a step of Aq = 0.02, and the parameters of dynamical friction were
tabulated. The upper limit of ¢ = 1.20 was selected to enable testing of prolate halo
configurations. Extension of the halo flattening range to higher values was not considered
due to the computational performance limits of our numerical code.

Param. Value
(-1.5,—0.5)
romclkpc] (—41.0,—40.0) Current galactocentric
(—27.1,-26.1)
position vectors
(13.1,14.1)
rsmckpc] (—34.8,—33.8)
(—40.3, —39.3)
<_3’ 85)
vimc[kms™!] (—231, —169) Current velocity
(132, 206)
vectors
(—112,232)
vsmc[km s~ (—346, —2)
(45, 301)
mpmc[10°mg) (15.0,25.0) Masses
mgmc[10°mg)] (1.5,2.5)
eLmc[kpc] (2.5,3.5) Plummer sphere
esmclkpc] (1.5,2.5) scale radii
riisk. [kpc| (9.0,11.0) Particle disk radii
rdik [kpc| (5.0,7.0)
Ofisk. (87°,107°) Disk orientation angles
L vre (261°, 281°)
Ofhic (35°,55°)
Pisk, (220°,240°)
q (0.74,1.20) MW DM halo

potential flattening

Table 4.1: Parameters of the MW-LMC-SMC interaction.

The estimated ranges of the values of the remaining parameters are based on our
observational knowledge in the Magellanic System. A very detailed review of distance
determinations of the Magellanic Clouds is given in VAN DEN BERGH (2000, p. 185-
191 for LMC, p. 267-271 for SMC). From observations of Cepheids, RR Lyrae stars,
Mira variables, red stars, open clusters, planetary nebulae and SN 1987A unweighted
mean distance moduli were found. Tables summarizing recent distance determinations to
LMC (Tab. 4.2) and SMC (Tab. 4.3) follow. These data yield unweighted mean values
of the distance moduli of the Magellanic Clouds that are (m — M)o = 18.50 & 0.05 for

— 48 —



Method (m — M), References and comments

Cepheids 1846 +£0.06 GIEREN ET AL. (1997)

Cepheids 18.51+0.05 WOOD ET AL. (1997)

Cepheids 18.56 +0.08 OUDMALJER ET AL. (1998)

RR Lyrae 1848 +£0.19 ALCOCK ET AL. (1997)

RG tip 18.64 +0.14 SALARIS & CassisI (1998)

(Tip of red giant branch)

Red clump 18.36 £0.17 CoLE (1998)

SX Phe 18.56 £0.10 MCNAMARA (1997)
(Period-Luminosity relation
for SX-Phe stars was used in order
to calibrate My(RR Lyr))

Miras 18.60+0.05 VAN LEEUWEN ET AL. (1997)
(Period-Luminosity relation
in K-band)

Miras 18.47+0.05 VAN LEEUWEN ET AL. (1997)
(Period—Luminosity relation
in Mpa)

Miras 18.50+0.17 BERGEAT ET AL. (1998)
(Period-Luminosity relation
for carbon-rich long—period variables
observed with the HIPPARCOS satellite)

Planetary 1844+ 0.18 JAcoBy (1997)

nebulae (PN luminosity function)

SN 1987A 18.58 £ 0.05 PANAGIA ET AL. (1998)
(Combination of IUE light curves of SN 1987A
with HST imaging gave absolute and angular
sizes of the SN ring)

SM 1987A < 18.37+0.04 GouLD & Uza (1998)

(Obtained from the “light echo”
times to the near and far side of the ring
around SN 1987A)

Table 4.2: Results of various methods employed in order to find distance modulus of LMC. For
more detailed explanation see VAN DEN BERGH (2000) and works cited above.

LMC and (m — M)y = 18.85 £ 0.10 for SMC, corresponding to Heliocentric distances of
(50.1+1.2) kpc and (58.9+ 2.6) kpc, respectively. However, the significance of the value of
the distance modulus of SMC is open to question because all of the Cepheid-based distance
estimates are greater than this value, whereas all of those obtained from RR Lyrae stars
are smaller than this value. Cartesian coordinates of the position vectors of the Magellanic
Clouds are listed in Tab. 4.1. Only 2 of the 6 components of the position vectors enter the
GA search as free parameters, because the rest of them is determined by the projected
position of the Clouds on the plane of sky, that is (I,b).mc = (280° 27, —32°53') and
(1,b)smc = (302° 47, —44°18').
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Method (m — M) References and comments
Cepheids 18.94 £0.05 VAN DEN BERGH (2000)

Cepheids  18.87 LANEY & STOBIE (1994)
(Period—Luminosity relation
in V-band)
Cepheids  19.02 LANEY & STOBIE (1994)
(Period-Luminosity relation
in K-band)
Surface 18.90 +0.20 BARNES ET AL. (1993)
brightness (They used their visual surface

brightness technique)

RR Lyrae 18.73 +£0.17 WALKER & MACK (1988)
(Observation of RR Lyr stars
in NGC 121)

RR Lyrae 18.78 +£0.20 REID & STRUGNELL (1986)
(Field RR Lyrae in SMC)

RR Lyrae 18.73 SMITH ET AL. (1992)
(Field RR Lyrae in the vicinity
of NGC 121)

RR Lyrae 18.66 SMITH ET AL. (1992)
(Field RR Lyrae in the vicinity
of NGC 361)

RR Lyrse 18.76 KALUZNY ET AL. (1998)
(RR Lyr variables in the field of
47 Tucanae)

Planetary 19.09 £0.29 JacoBy (1997)

nebulae (PN luminosity function)

Table 4.3: List of distance moduli of SMC obtained in different ways from observational data.
Used methods are commented in VAN DEN BERGH (2000) in a detailed manner.

Previous studies by MURAI & FusiMOTO (1980) and GARDINER ET AL. (1994) found
out that the correct choice for the spatial velocities is crucial for reproducing the observed
HI structures. In order to obtain present spatial velocities of the Magellanic Clouds,
knowledge in their proper motion is essential. However, proper motion measurements
demand appreciable precision because of the distance to the Clouds that implies extremely
small annual change of their positions on the plane of sky.

Generally, more precise determination of proper motion was achieved for LMC. It is a
natural fact, regarding larger Heliocentric distance to SMC and a small number of stellar
objects in SMC that can serve for astrometric measurements. In the following paragraphs
a brief introduction into available observational estimates of the LMC and SMC proper
motions is provided. The statistically correctly obtained mean values of the proper motion
components are summarized in Tab. 4.4.

Our overview starts with the study by JONES ET AL. (1994), who introduced an es-



timate of the proper motion of LMC based on 21 photographic plates spanning 14yr.
KROUPA ET AL. (1994) used a relatively small sample of 35 LMC and 8 SMC stars
listed in the Position and Proper Motion Catalogue to derive proper motions of the cen-
ters of the analyzed sets of LMC and SMC stars, respectively. Later, the information

LMC SMC Reference
lacCosd +1.37+0.28 - JONES ET AL. (1994)
s —-0.18+0.27 - JONES ET AL. (1994)
tacosd +1.3+0.6 +0.5+ 1.0 KROUPA ET AL. (1994)
s +1.1+0.7 —2.0+1.4 KROUPA ET AL. (1994)
Hocosd +1.94+029 1.23+0.84 KROUPA & BASTIAN (1997)
73 —0.14+0.36 —-1.21+0.75 KROUPA & BASTIAN (1997)
Hacosd +1.810.2 - PEDREROS ET AL. (2002)
s +0.3 +£0.2 - PEDREROS ET AL. (2002)
Lta COS O - +0.6+0.6 ANDERSON & KING (2004)
s - —-19+0.6 ANDERSON & KING (2004)
MBacosd +2.03 +0.08 - KALLIVAYALIL ET AL. (2006A)
s +0.44 £ 0.05 - KALLIVAYALIL ET AL. (2006A)
Ho COS O - +1.16 £ 0.18 KALLIVAYALIL ET AL. (20068)
s - ~1.174+0.18 KALLIVAYALIL ET AL. (2006B)

Table 4.4: Independently measured proper motions in mas/yr.

about the LMC and SMC stars collected by the HIPPARCOS satellite was investigated
by KROUPA & BASTIAN (1997).

Operating from 1989 to 1993, astrometry satellite HIPPARCOS performed optical as-
trometry with typical mean errors smaller than 1 mas (milliarcsec) and systematic errors
smaller than 0.1 mas. Also a large number of observations with lower precision were re-
alized. It is important that HIPPARCOS also observed 36 LMC and 11 SMC stars and
their astrometric parameters, i.e. coordinates a;, d; at epoch 1991.25, the proper motion
components L, ;cosd;, Msi, the parallax m; and their standard errors, are comprised in
The HIPPARCOS Catalogue. Due to the special measurement approach of HIPPARCOS,
the astrometric parameters for a given star are not statistically independent, but mutually
correlated. Unfortunately, also correlations between the astrometric parameters of differ-
ent stars have to be taken into account. These correlations are significant for stars with
their separation less than 5° on the sphere. Therefore, an elaborate analysis of the proper
motions in the case of the LMC and SMC stars is required. It is also necessary to point out
that three LMC stars were excluded from the statistical set because their HIPPARCOS
measurements are disturbed and two SMC stars had to be excluded because of a suspicion
that they lie in a region of SMC which may be tidally disturbed by LMC. For the detailed
explanation see KROUPA & BASTIAN (1997) and works cited therein.

Analysis of proper motion of LMC relatively to the selected background quasi-stellar
periodic object (QPO) located on 44 CCD frames made by PEDREROS ET AL. (2002).
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The data was obtained from 1989.0 to 2000.0 at the Cassegrain focus of the Cerro Tololo
Inter-American Observatory 1.5 m telescope. ANDERSON & KING (2004) measured a
very accurate relative proper motion between SMC and the globular cluster 47 Tucanae
of fteCcOS6 = +4.176 £ 0.035 mas yr~! and Jig = —1.357 £ 0.021 mas yr~!. When combined
with an estimate of the absolute proper motion of 47 Tucanae by FREIRE ET AL. (2003),
who report s, cosé = +5.3 £ 0.6 masyr~! and iz = —3.3 £ 0.6 masyr—1, that implies the

LMC

SMC

Reference

+1.65 + 0.20

—0.17 £ 0.22

+1.94 £ 0.09

+0.43 £ 0.06

+1.61 +0.19

—0.06 £+ 0.21

+0.91 +0.19

—1.28+0.36

+1.04+0.13

—-1.19+0.16

+0.93 £ 0.64

—1.39 £ 0.66

KROUPA & BASTIAN (1997)
+ JONES ET AL. (1994)
KROUPA & BASTIAN (1997)
+ JONES ET AL. (1994)

KROUPA & BASTIAN (1997)

+ ANDERSON & KING (2004)
KROUPA & BASTIAN (1997)

+ ANDERSON & KING (2004)
KALLIVAYALIL ET AL. (2006A)
+ JONES ET AL. (1994)

+ KROUPA ET AL. (1994)

+ KROUPA & BASTIAN (1997)
+ PEDREROS ET AL. (2002)
KALLIVAYALIL ET AL. (2006A)
+ JONES ET AL. (1994)

+ KROUPA ET AL. (1994)

+ KROUPA & BASTIAN (1997)
+ PEDREROS ET AL. (2002)

KALLIVAYALIL ET AL. (2006B)
+ ANDERSON & KING (2004)
+ KROUPA & BASTIAN (1997)
KALLIVAYALIL ET AL. (2006B)
+ ANDERSON & KING (2004)
+ KROUPA & BASTIAN (1997)
KROUPA & BASTIAN (1997)

+ JONES ET AL. (1994)

+ KROUPA ET AL. (1994)
KROUPA & BASTIAN (1997)

+ JONES ET AL. (1994)

+ KROUPA ET AL. (1994)

Table 4.5: Proper motion of the Magellanic Clouds. Weighted mean values with standard

deviations of the mean.

values of the proper motion listed in Tab. 4.4. Similarly to the approach by PEDREROS
ET AL. (2002), the LMC proper motion on the background of 21 QPOs was studied
by KALLIVAYALIL ET AL. (2006A). They used the astrometric data coming from the High



Resolution Camera (HRC) of the Advanced Camera for Surveys on the Hubble Space
Telescope. The QPOs are distributed homogeneously behind the central area of LMC. The
same method was employed in order to obtain the proper motion of SMC (KALLIVAYALIL
ET AL., 20068). However, only the sample of 5 QPOs observed by HRC could be used
for SMC.

Several combinations of the above mentioned independent measurements result in an
improved estimate of the proper motions reviewed in Tab. 4.5. The LMC proper motion
components Jiqcosd°, " and the values iy cos o', 70 obtained for SMC are the most
precise estimates that are currently available. Even though the precision of the proper
motion measurements of both Clouds has been improved remarkably during the last 10
years, it still does not allow for clear statements on the dynamical evolution and interaction
scenario of the Magellanic System (see KALLIVAYALIL ET AL., 2006A,B). With respect to
that, we decided to select the entire relatively large area of the LMC and SMC velocity
space defined by the ranges of zg cosd , fiz° to be a subject to the automated search of
the parameter space of the LMC-SMC-MW interaction, since a detailed analysis of the
corresponding models might establish additional constraints on the proper motions.

The proper motion ranges for SMC include the improved intervals g cosd", fig®. The
adopted proper motion ranges for LMC do not entirely intersect with the compiled results
by JONES ET AL. (1994); KROUPA ET AL. (1994); KROUPA & BASTIAN (1997); PE-
DREROS ET AL. (2002) when the corrections by KALLIVAYALIL ET AL. (2006A) are taken
into account (jiq cos 9 , Fig°). The study by KALLIVAYALIL ET AL. (2006A) was not avail-
able for the purpose of our first detailed analysis of the parameter space that is presented
here. However, it will be shown later that the velocity vectors of the Magellanic Clouds
play a crucial role in the précess of the dynamical evolution of the System, which implies
necessity of further analysis of the velocity space with clear request for new improved data
on proper motions.

Thus, the galactocentric space motion of the Magellanic Clouds is estimated following
the measurement of the proper motion components i, cosé , Zig° (see Tab. 4.5), consider-
ing the position and velocity vectors of the Sun and of the position and measured radial
velocity of both Magellanic Clouds. Then, the galactocentric velocity vectors and the
galactocentric radial and tangential velocity components of LMC and SMC are:

+41+44

vimc = | —200£31 | kms™?, (4.1)
+169 £ 37

Vi 1mc = 74 £ 33kms™, (4.2)

Yfang 1Mc = 255 £ 33kms™?, (4.3)
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+60 + 172
viuc = | —-174+172 | kms™?, (4.4)
+173 £ 128
Vi smc = —2+150kms™?, (4.5)
v =253+ 150kms™1, (4.6)
tang,SMC

The corresponding galactocentric velocity vector of the Sun is

+9
vo=| 4232 | kms™L. (4.7)
+12

To derive the actual initial conditions at the starting time of the simulation from the
current positions and velocities of the Clouds, we employed the backward integration of
equations of motion.

Another serious uncertainty in the input parameters for our model arises from the
wide range of possible LMC and SMC masses. Their determinations are usually based on
a various scale of kinematic studies and it may be useful to review recent works concerning
masses of the Magellanic Clouds.

Observations demand such an interpretation that LMC is a galaxy with a differentially
rotating disk and possessing a dark halo extending at least beyond 10 kpc (see KUNKEL ET
AL., 1997). The inner part of LMC inside a radius of approximately 6kpc was a subject
of interest of HUGHES, WOOD & REID (1991) who found out that velocity distribution of
the old long-period variables indicates that mpmc < (6.2£1.5)-10° mg. From HI rotation
curve and radial velocities of planetary nebulae MEATHERINGHAM ET AL. (1988) derived
an estimate for the LMC mass within 6kpc to be 6 - 109 mg. One of the most complete
works treating the periphery of LMC is that of SCHOMMER ET AL. (1992) estimating the
mass of LMC from kinematics of star clusters. According to this work mpmc € (1.5,2.5)
109 mg which is in a well agreement with the value mpmc(r < 10kpe) = 1.51 - 1019 mg
obtained by KUNKEL ET AL. (1997) from the rotation curve of carbon stars lying from 3
to 12kpc. All these results have been collected by VAN DEN BERGH (2000) who inferred
that mpmc € (0.6,2.5) - 1010 mg.

For SMC, a lower mass limit of 1-10° mg is suggested from observations of carbon stars
(HARDY ET AL., 1989) and planetary nebulae (DOPITA ET AL., 1985) in both cases lying
within 3 kpc from center. Since the carbon star halo and the planetary nebulae halo extend
out to 6kpc from the center (VAN DEN BERGH, 2000), the total mass is again probably
much larger. The estimate by (VAN DEN BERGH, 2000) is mgmc € (0.8,2.0) - 10? mg.

In general, masses of the Clouds are functions of time and evolve due to the LMC-SMC
exchange of matter, and as a consequence of the interaction between the Clouds and MW.
Our test—particle model does not allow for a reasonable treatment of a time-dependent
mass-loss. Therefore, masses of the Clouds are considered constant in time and their
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initial values at the starting epoch of our simulations are approximated by the current
LMC and SMC masses. The mass ranges that we investigated can be found in Tab. 4.1.
Our estimates are based on those by VAN DEN BERGH (2000), but the limits are slightly
shifted toward larger values, regarding the fact that the Clouds do not experience any
mass—loss in our model. Based on the large range of the LMC and SMC mass estimates
available (for details see VAN DEN BERGH, 2000), mimc and mgmc are also treated as
free input parameters of our model that become subjects to the GA optimization.

Scale radii of the LMC and SMC Plummer potentials epmc, €ésmc are input param-
eters of the model describing the radial mass distribution in the Clouds. The study by
GARDINER ET AL. (1994) used the values e;,vc = 3kpc and esmc = 2kpe. In order to
investigate the influence of this parameter on the evolution of the Magellanic System, the
Plummer radii were involved into the GA search and their values were varied within the
ranges of the width of 1kpc, including the estimates by GARDINER ET AL. (1994)) (see
Tab. 4.1).

GARDINER ET AL. (1994) analyzed the HI surface contour map of the Clouds to
estimate the initial LMC and SMC disk radii entering their model of the Magellanic
System. Regarding the absence of a clearly defined disk of SMC, and possible significant
mass redistribution in the Clouds during their evolution, the results require a careful

treatment and a further verification. We varied the current estimates of disk radii k.,
rdiek, as free parameters within the ranges introduced in Tab. 4.1, containing the values
derived by GARDINER ET AL. (1994), and used them as initial values at the starting point

of our calculations.

The orientation of the disks is described by two angles © and ® defined by GARDINER
ET AL. (1996). Several observational determinations of the LMC disk plane orientation
were collected by LIN ET AL. (1995). Its sense of rotation is assumed clockwise (LIN
ET AL., 1995; KROUPA & BASTIAN, 1997). Position angle of the bar structure in SMC
was used by GARDINER ET AL. (1996) to investigate the current disk orientation. Their
results allow for wide ranges of the LMC, SMC disk orientation angles (see Tab. 4.1)
and so we investigated © and ® by the GA search method, too. Similarly to GARDINER
ET AL. (1996) we use the current LMC and SMC disk orientation angles (Tab. 4.1) to
approximate their initial values.



CHAPTER 5

Genetic Algorithms

Genetic Algorithms are a family of computational models inspired by evolution (evolution-
ary algorithms). These algorithms encode a potential solution to a specific problem on a
simple chromosome-like data structure and apply recombination operators to these struc-
tures so as to preserve critical information. GAs are often viewed as function optimizers,
although the range of problems to which GAs have been applied is quite broad. Algorithms
that mimic the process of natural evolution were proposed and studied by RECHENBERG
(1965), RECHENBERG (1973) and especially by HOLLAND (1975). This chapter intro-
ducing the principles of evolutionary computing brings an excellent review of the theory
of GA by WHITLEY (1994).

The principle of the natural evolution suggests that GA is not a plausible tool for the
tasks that require identification of the optimal solution. The evolutionary process should
be viewed as an iterative search for the best result to the given problem. The best solution
is very unlikely to be identified, but a very good result may be achieved on a relatively
short time-scale. GA becomes a very robust optimizer if the space of possible solutions
does not allow for testing every candidate. Then, GA is capable to reach a remarkably fast
progress by preserving and collecting features of good solutions, which drives the algorithm
to identification of generally better solutions in the next iterative steps. The point is that
as long as the number of "good solutions” to a problem are sparse with respect to the
size of the search space, then random search or search by enumeration of a large search
space is not a practical form of problem solving. On the other hand, any search other
than random search introduces some bias in terms of how it looks for better solutions and
where it looks in the search space. GAs indeed introduce a particular bias in terms of
what new points in the space will be sampled. Nevertheless, GA belongs to the class of
methods known as "weak methods” because it makes relatively few assumptions about
the problem that is being solved.
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Of course, there are many optimization methods that have been developed in mathe-
matics and operations research. What role do GAs play as an optimization tool? GAs are
often described as a global search method that does not use gradient information. Thus,
nondifferentiable functions as well as functions with multiple local optima represent classes
of problems to which GAs might be applied. GAs, as a weak method, are robust but very
general. If there exists a good specialized optimization method for a specific problem,
then GA may not be the best optimization tool for that application. On the other hand,
some researchers work with hybrid algorithms that combine existing methods with GAs.

5.1 Following the Nature

An implementation of GA begins with a population of chromosomes (individuals). Cre-
ation of that first population is often called initialization (follow the schematic view of
GA in Fig. 5.1). One then evaluates these structures and allocates reproductive oppor-
tunities in such a way that those chromosomes which represent a better solution to the
target problem are given more chances to reproduce than those chromosomes which are
poorer solutions. The quality of a solution is typically defined with respect to the current
population. Following the evaluation, selection of chromosomes is made proportionally to
their quality. Subsequently, genetic operators, such as crossover or mutation, are applied
to produce the next population (generation). The iterative process continues until the de-
fined convergence criterion is satisfied. This particular description of GA is intentionally

initiali
population

select individuals
for mating

mate individuals
to produce offspring

mutate offspring

insert offspring
into population

are stopping
criteria satisfied?

finish

Figure 5.1: General scheme of a genetic algorithm as depicted in WALL (1996).

abstract because in some sense, the term GA has two meanings. In a strict interpreta-
tion, GA refers to a model introduced and investigated by HOLLAND (1975) and DEJONG
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(1975). It is still the case that most of the existing theory for GAs applies either solely or
primarily to the model introduced by HOLLAND (1975), as well as variations on what will
be referred to in this thesis as the canonical genetic algorithm. In a broader usage of the
term, GA is any population-based model that uses selection and recombination operators
to generate new sample points in a search space.

5.1.1 Encoding, Evaluation and Optimization Problems

This section refers to the remarkable fact that there are only two components of GA that
are problem dependent: the problem encoding and evaluation function.

Consider a parameter optimization problem where we must optimize a set of variables
either to maximize some target such as profit, or to minimize cost or some measure of error.
We might view such a problem as a black box with a series of control dials representing
different parameters; the only output of the black box is a value returned by an evaluation
function indicating how well a particular combination of parameter settings solves the
optimization problem. The goal is to set the various parameters so as to optimize some
output. In more traditional terms, we wish to minimize (or maximize) some function
f(z1,22,...,2m) of m variables.

Most users of GAs typically are concerned with problems that are nonlinear. This also
often implies that it is not possible to treat each parameter as an independent variable
which can be solved in isolation from the other variables. There are interactions such
that the combined effects of the parameters must be considered in order to maximize or
minimize the output of the black box.

The first assumption that is typically made is that the variables representing parame-
ters can be represented by bit strings. This means that the variables are discretized, and

Encoding Typical chromosome

binary 0111010001101001110010101
0100101100110100111001110
1000000000000000010000000

permutation 0132654897

3210698547
8564230917
tree (OONAOONON0)
(et (x4%))+((x+x)+(x4x))
real 0.123 1.2365 9856.0 5.032145 0.36 1.0

0.1 0.11 0.111 0.2 0.22 0.222

Table 5.1: Common encoding schemes used for GAs.

that the range of the discretization corresponds to some power of 2. For example, with
10 bits per parameter, we obtain a range with 1024 discrete values. If the parameters are
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actually continuous then this discretization is not a particular problem. This assumes, of
course, that the discretization provides enough resolution to make it possible to adjust
the output with the desired level of precision. It also assumes that the discretization is in
some sense representative of the underlying function.

If some parameter can only take on an exact finite set of values then the coding issue
becomes more difficult. For example, what if there are exactly 1200 discrete values which
can be assigned to some variable z;. We need at least 11 bits to cover this range, but
this codes for a total of 2048 discrete values. The 848 unnecessary bit patterns may result
in no evaluation, a default worst possible evaluation, or some parameter settings may
be represented twice so that all binary strings result in a legal set of parameter values.
Regarding the above discussed drawbacks of the binary coding, a large number of encoding
schemes have been proposed. A brief review of the most commonly used coding options
is offered in Tab. 5.1. Solving such coding problems is usually considered to be a part of
the design of the evaluation function.

Aside from the coding issue, the evaluation function is usually given as part of the
problem description. On the other hand, developing an evaluation function can sometimes
involve developing a simulation. In other cases, the evaluation may be performance based
and may represent only an approximate or partial evaluation. For example, consider a
control application where the system can be in any one of an exponentially large number
of possible states. Assume a genetic algorithm is used to optimize some form of control
strategy. In such cases, the state space must be sampled in a limited fashion and the
resulting evaluation of control strategies is approximate and noisy (see WHITLEY, 1994,
and references therein).

The evaluation function must also be relatively fast. This is typically true for any
optimization method, but it may particularly pose an issue for GAs. Since GA works
with a population of potential solutions, it incurs the cost of evaluating this population.
Furthermore, the population is replaced (all or in part) on a generational basis. The
members of the population reproduce, and their offspring must then be evaluated. If it
takes 1 hour to do an evaluation, then it takes over 1 year to do 10000 evaluations. This
would be approximately 50 generations for a population of 200 strings.

5.2 The Canonical Genetic Algorithm

This section introduces the classical scheme of GA devised by HOLLAND (1975). However,
the features of the canonical GA apply on a wide class of evolutionary algorithms that
are often variations of the basic structure of GA as it was suggested by HOLLAND (1975).
The first step in the implementation of any GA is to generate an initial population. In
the canonical GA each member of this population will be a binary string of length L
which corresponds to the problem encoding. Strings are sometimes called genotypes (see
HOLLAND, 1975) or chromosomes. Typically, the initial population is generated randomly.
After creating an initial population, each string is then evaluated and assigned a fitness
value.
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Concerning evaluation and fitness, it is necessary to distinguish between the evaluation
function and the fitness function used by GA. The evaluation function (objective function),
is a measure of performance with respect to a particular set of parameters. The fitness
function transforms that measure (objective score) into an allocation of reproductive op-
portunities. Objective score of a string representing a set of parameters is independent
of the evaluation of any other string. However, the fitness of that string is defined with
respect to other members of the current population. Thus, let FF; be the evaluation of the
string ¢ and fit; its fitness. Then we can write fit; = f(FF,...,FF,...,FF,), wheren
is the population size. We will see later in this section, that the canonical GA as described
by GOLDBERG (1989) uses a linear fitness scaling fit; = aF'F; + b, which becomes a
special case fit; = F'F; here. It is desirable to keep in mind the formal difference between
the fitness function and the evaluation function for correct understanding the principle of
GA. Nevertheless, it is an usual attitude to speak in terms of fitness, when implementing
GA and developing the evaluation function for a specific problem. There is no risk of
confusion because the fitness function is apparently an internal prescription of GA for
scaling the raw scores returned by the evaluation function. Thus, the term ”fitness” will
always refer to an objective score assigned by the evaluation function, and the evaluation
function itself will be called the fitness function, starting in Chapter 6.

It is useful to view the run of the GA as a two-stage process. It starts with the
current population. Selection is applied to the current population to create an intermediate
population. Then recombination and mutation are applied to the intermediate population
to create the next population. The process of going from the current population to the next
population establishes one generation in the GA run (see Fig. 5.1). GOLDBERG (1989)
refers to this basic implementation as a Simple Genetic Algorithm.

We will first consider the construction of the intermediate population from the current
population. In the first generation the current population is also the initial population.
After calculating the target sampling rate (tsr) FF;/FF for all the strings in the current
population, selection is performed. In the canonical GA the probability that strings in the
current population are copied and placed in the intermediate generation is proportional to
their tsr. A selection process that satisfies the expected fitness values better is remainder
stochastic sampling. For each string i, where FF,/FF > 1.0, the integer portion of this
number indicates how many copies of that string are directly placed in the intermediate
population. All the strings (including those with FF,/FF < 1.0) then place additional
copies in the intermediate population with a probability corresponding to the fractional
portion of FF,/FF. For example, a string with FF;/FF = 1.36 places 1 copy in the
intermediate population and then receives a 0.36 chance of placing a second copy. A
string with a fitness of FF;/FF = 0.54 has a 0.54 chance of placing one string in the
intermediate population.

After selection has been made the construction of the intermediate population is com-
plete and recombination can occur. This can be viewed as creating the next population
from the intermediate population. Crossover is applied to randomly paired strings with a
probability p.. A pair of strings is picked and recombined with probability p. to form two
new strings that are inserted into the next population.
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Assume the following binary string: 1101001100101101. The string would represent
a possible solution to some optimization problem. New sample points in the space are
generated by recombining two parent strings. Consider the string 1101001100101101 and
another binary string, yxyyxyxxyyyxyxxy, in which the values 0 and 1 are denoted by x
and y. Using a single randomly chosen recombination point, I-point crossover occurs as
follows.

11010 \/ 0110010110
yXyyx /\ yxxyyyxyxxy

Swapping the fragments between the two parents produces the following offspring:

11010yxxyyyxyxxy and yxyyx0110010110

After recombination, we can apply a mutation operator. For each bit in the population,
mutation occurs with some low probability pm. Typically, the mutation rate is applied with
probability of order 10~2. In some cases, mutation is interpreted as randomly generating
a new bit, in which case, only 50% of the time will the mutation actually change the bit
value. In other cases, mutation is interpreted to mean actually flipping the bit.

Finally the process of selection, recombination and mutation is complete and the next
population can be evaluated. The process of evaluation, selection, recombination and
mutation forms one generation in the run of GA.

5.3 Why Does It Work?

The answer which is most often given to explain the computational behavior of GAs came
from work by HOLLAND (1975), where several arguments are developed to explain how
GA can result in complex and robust search by implicitly sampling partitions of a search
space. For a bit string encoding of length L, the size of the search space is 2¢ and forms
a hypercube. The GA samples the corners of this L-dimensional hypercube and tries to
allocate hyperplanes containing high—quality solutions. It is easy to show that 3% — 1
hyperplanes exist over the entire L-dimensional space. In the next sections, we will show
the way GA searches for the optimal solution by sampling hyperplanes. Subsequently, the
result will be formalized by the schema theorem.

5.3.1 Hyperplane Sampling

The best way to understand how a genetic algorithm can sample hyperplanes is to consider
a simple 3—dimensional space (see Fig. 5.2). Assume we have a problem encoded with just
3 bits ~ this can be represented as a simple cube with the string 000 at the origin. The
corners in this cube are numbered by bit strings and all adjacent corners are labeled by
bit strings that differ by exactly 1-bit. The front plane of the cube contains all the points
that begin with 0. If ”*” is used as a wild card match symbol, then this plane can also
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be represented by the special string 0%*¥. Strings that contain ”*" are called schemata,
each schema corresponds to a hyperplane in the search space. The order of a hyperplane
refers to the number of actual bit values that appear in its schema. Thus, 1** is order-1
while 1¥¥1¥**¥*¥0*¥* would be of order-3. A binary string matches a particular schema
if that bit string can be constructed from the schema by replacing the ”*” symbol with
the appropriate bit value. In general, all bit strings that match a particular schema are
contained in the hyperplane partition represented by that particular schema. Every binary

110

111

010 oLl

100 101

000 ool

Figure 5.2: Simple example of a 3D hyperspace established by binary encoding of possible
solutions into strings of length 3 (WHITLEY, 1994).

encoding is a chromosome which corresponds to a corner in the hypercube and is a member
of 2L — 1 different hyperplanes, where L is the length of the binary encoding.

Stating that each string is a member of 2% — 1 hyperplanes does not provide useful
information if each point in the space is examined in isolation. This is why the idea of
a population based search is critical for GAs. A population of sample points provides
information about numerous hyperplanes. Moreover, low order hyperplanes should be
sampled by a large number of points in the population. Thus, many hyperplanes are
sampled when a population of strings is evaluated (see HOLLAND, 1975) which is the
key to understanding the principle and remarkable performance of GAs as procedures
allocating efficiently high—quality schemata (hyperplanes) in the entire searched space.
This feature of GAs is often called intrinsic (internal) parallelism (HOLLAND, 1975).

5.3.2 Schema Theorem

The principle of GA was explained as parallel sampling of numerous hyperplanes
(schemata) in the searched space of possible solutions. This idea was introduced by HoOL-
LAND (1975), who also suggested the schema theorem that provides a reasonable estimate
of the change in the sampling rate for a single hyperplane from a generation t to a gener-
ation £+ 1.

To start formalizing the idea of hyperplane sampling, lets define M(H,t) as the number
of binary strings sampling the hyperplane H at the current generation t, FF(H,t) is the
average objective score of the strings in H of the population ¢. First, the selection occurs,
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which leads to a modified sampling of H for the intermediate generation M(H,t + At):

FF(H,t)

M(H,t + At) = M(H, t)——

(5.1)
To obtain the sample of H for the next generation, evolutionary operators have to be
applied. First, we will consider the effects of crossover. The crossover influences the
population with the probability p., which means that the fraction (1—p.) of the population
remains unchanged together with the corresponding portion of the sample M(H,t). One
has to be aware, that some strings do not fit the schema H anymore due to disruption
by the crossover operator. On the other hand, an inflow of strings from other schemata
generally occurs for the same reason. Then, the sample of H for the next generation is

FR(H1Y)

FF(H t)
FF (1-

losses) + gaz'ns] ,

(5.2)

M(H,t+1) = (1—-p.)M(H,t) . | M(H,t)

where losses equals to the number of strings lost due to disruption and gains counts the
strings obtained from other hyperplanes.

It can be shown that application of crossover does not necessarily lead to a loss of
the disrupted strings, which is expressed as losses < disruptions, where disruptions
quantifies the disruptive nature of crossover. At this point (5.2) is simplified by making
an assumption that gains will be ignored, which then leads to the lower estimate of the
resulting sampling of H:

FF(H1) | FF(H B -
FF

disruptions)] .
(5.3)

M(H,t+1) > (1—p)M(H, 1) . |M(H,t)

Now we would like to estimate the number of disruptions, which is crossover-dependent,
however. In order to explain the problem, lets assume application of a 1-point crossover
on the following order-2 schemata of 12 bits:

ok ok e ok ok ok e o ok ok e ok sk ok sk sk ok ok sk sk
11 and 1 1

The probability that the defining bits in the first schema will be separated due to a 1-
point crossover (and thus the schema will be disrupted) is 1/(L — 1), because there are
(L — 1) crossover points. Obviously, the disruption probability for the second schema is
(L-1)/(L — 1) = 1.0. Following that result, we will define a measure A(H) of resistance
of a schema H to a disruption by a 1-point crossover called defining length. If I  is the
index of the rightmost occurrence of either 0 or 1 in the schema H, and I, is the index of
the leftmost occurrence of either 0 or 1 in H, we can write A(H) = I, — I,,. For example,
the schema ****1**¥0**10** has a defining lenght A(H) =12-5=7.

Following the previous paragraph, one can easily see that it is the defining length A(H)
that determines the number of disruptive crossover operations. If the representation of H
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is divided by the population size, we obtain the relative sample P(H,t) of H. Then, we
can write

disruptions = L( ))(1 P(H,t)). (5.4)

(
If the definition of P(H,t) is taken into account, together with the relation (5.4), the
expression (5.3) can be rearranged with respect to p.:

P(H,t+1) > P, EULY [1 —pc%(_il)(l

— - P(H, t))] . (5.5)

It is often considered that both parents are chosen based on fitness, i.e. from the interme-
diate population ¢ + At. One can see, that (5.5) transforms into

P(H,t+1) > P(H, t)FFF(‘I; %) [ pc-?g’%( _ P(H, t)FFFSIF{ t))]. (5.6)

To obtain the final version of the schema theorem, it is only mutation left to be involved.
Assume that o(H) is a function returning the order of the hyperplane H. The order of
H corresponds to a count of the number of bits in the schema representing H that have
a value either 0 or 1. If the mutation probability is pm, the relative number of strings
belonging to H that are affected by mutation is (1 — prm)°¥). Then, we get the resulting
expression of the schema theorem:

P e41) 2 P DT 1 p 2D (1 pe T | oyt

(5.7)

Apparently, the schema theorem emphasizes the role of hyperplane sampling and
crossover in the GA search. If we take a look at (5.7), it denotes that the preservation of
hyperplane samples after selection is maximal when the disruptive effects of crossover and
influence of mutation are minimized. However, that raises a question about the actual
advantages of employing the genetic operators in the GA scheme. While the importance
of crossover as operator allowing for exchange of genetic operation is clear, the role of
mutation deserves a more detailed explanation.

The motivation for using mutation is to prevent the permanent loss of any particular
bit. After several generations it is possible that selection will drive all the bits in some
position to a single value: either 0 or 1. If this happens without the GA converging to a
satisfactory solution, then the algorithm has prematurely converged. This may particularly
be a problem if one is working with a small population. Without a mutation operator, there
is no possibility for reintroducing the missing bit value. Also, if the optimized function is
nonstationary and the fitness landscape changes over time (which is certainly the case in
real biological systems), then there needs to be some source of continuing genetic diversity.
Mutation, therefore acts as a background operator, occasionally changing bit values and
allowing alternative hyperplane partitions to be tested again.
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We should also mention that another points of view of the principle of GA exist, be-
sides the idea of the schema theorem. The presence of mutation is treated as necessary
evil in (5.7), and it is only involved due to its preventive influence concerning the pre-
mature convergence of the system. However, several experimental researchers analyzing
performance of various GA schemes point out that GA optimization using mutation and
no crossover often produces a fairly robust search.

Another problem related to premature convergence is the need for scaling the popu-
lation fitness. As the average evaluation of the strings in the population increases, the
variance in fitness decreases in the population. There may be little difference between
the best and worst individual in the population after several generations, and the selec-
tive pressure based on fitness is correspondingly reduced. Nevertheless, this problem can
be successfully addressed by using an alternative form of fitness scaling. Several scaling
schemes will be introduced in the next section.

5.4 GA Variations

5.4.1 Fitness — Scaling Schemes

It has been already emphasized, that there is an important difference between evaluation
of individuals (strings) and their fitness. The fitness of every population individual is
always defined with respect to other members of the population, and its calculation is
often referred to as scaling. A wide variety of scaling schemes have been devised. We
will offer a brief review of commonly used schemes. Note, that the proper choice for the
fitness function (scaling scheme) may be crucial for performance of the GA and is typically
problem—dependent.

The simplest version of fitness calculation is accepting the objective scores (sometimes
called "raw scores”) without any scaling. Fitness fit; of the i—th individual can be ex-
pressed as

where F'F; is the evaluation of the individual <.

Linear scaling was introduced by GOLDBERG (1989). It is relatively simple but applies
on positive objective scores only. One has to define the evaluation function properly, then.
Objective scores are converted to fitness scores using the relation

fiti=a-FF; +b, (5.9)

where a and b are calculated based upon the objective scores of the individuals in the
population as described in GOLDBERG (1989).

Sigma truncation scaling is a common replacement of linear scaling if negative values of
the objective score have to be allowed. It scales based on the variation from the population
average and truncates arbitrarily at 0. The mapping from objective to fitness score for
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each individual is given by

fit; = FF; . (FF — c- AFF). (5.10)

Power law scaling maps objective scores to fitness scores using an exponential rela-
tionship defined as

fit; = (FF)E. (5.11)

Sharing is a scaling method used to do speciation. The fitness score is derived from its
objective score by comparing the individual against the other individuals in the population.
If there are other similar individuals then the fitness is derated. The distance function
8(d;) is used to specify how similar to each other two individuals are. A distance function
must return a value of 0 or higher, where 0 means that the two individuals are identical
(no diversity). For a given individual,

FF;

d;\“
s(d;) = {df < ”"1‘(?‘) (5.13)
dji = o0—0

where d; is the distance between current individual ¢ and individual j, » is the population
size, and o is a cutoff value that is to be specified by the user. a controls the curvature
of the sharing function (5.12). When a = 1.0 the sharing function is a straight line
(triangular sharing). Notice that the sharing scaling differs depending on whether the
objective function is to maximized or minimized. If the goal is to maximize the objective
score, the raw scores will be divided by the sharing factor. If the goal is to minimize the
objective score, the raw scores will be multiplied by the sharing factor.

5.4.2 Selection Schemes

Selection schemes are used to pick chromosomes from a population for mating. We have
introduced the term target sampling rate (tsr) in Sec. 5.2, which basically refers to ability
of every individual to produce offspring. Generally, two classes of selection operators are
distinguished. Selective algorithm calculates tsr of an individual and it is considered to
be the expected size of its offspring. Sampling algorithm also evaluates tsr, but it does
not refer directly to the number of copies of the individual. The value of tsr is used by
a sampling algorithm to calculate the size of offspring. The difference between the two
approaches to selection will be clarified in the following paragraph.

First, we will offer several schemes of selective algorithms. The selection scheme em-
ployed in the original canonical GA by HOLLAND (1975) is usually called the proportional
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selection. Formally, we can write:

tsr; = %, (5.14)

where tsr; refers to the i—th individual.

Rank selector calculates the index (rank) of every individual assuming that the popu-
lation members are sorted in descending order with respect to their objective score. For a
given individual, we get

2 rank;

tsry = —— 5.
Tl n (5-15)

where rank; is the index of the i-th individual and n is the population size. This algorithm
is resistant to premature convergence and every individual can be picked for mating.
However, the rank selector may lead to a very slow convergence in some cases.

Sampling algorithms are generally based on the principle of the roulette wheel. Every
individual is assigned a part of the wheel of a size proportional to its ¢tsr. Apparently
higher values of tsr correspond to a higher probability of selection after the wheel stops
spinning. There is a wide variety of sampling algorithms and so we will review several of
them that are most often used.

The basic sampling algorithm is the pure roulette wheel selection. This selection method
picks an individual based on the magnitude of the fitness score relative to the rest of
the population. The higher the score, the more likely an individual will be selected.
Any individual has a probability p of being chosen where p is equal to the fitness of the
individual divided by the sum of the fitnesses of each individual in the population.

The tournament selector uses the roulette wheel method to select two individuals, then
it picks the one with the higher score. The tournament selector typically chooses higher
valued individuals more often than the roulette wheel selector.

The deterministic sampling selector uses a two—staged selection procedure. In the first
stage, each individual’s expected representation is calculated. A temporary population is
filled using the individuals with the highest expected numbers. Any remaining positions
are filled by first sorting the original individuals according to the decimal part of their
expected representation, then selecting those highest in the list. The second stage of
selection is uniform random selection from the temporary population. A very similar
scheme is used by stochastic remainder sampling selector that was introduced in Sec. 5.2

The stochastic uniform sampling selector picks randomly from the population. Any
individual in the population has a probability p of being chosen where p is equal to 1
divided by the population.

5.4.3 Genetic Operators

It is often the crossover operator that is considered to be the critical operator influenc-
ing the performance of GA. The role of crossover was demonstrated in Sec. 5.3.2 that
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introduced the schema theorem. Crossover operator consists of two algorithms: a mating
algorithm and a combination algorithm. The following mating schemes are commonly
used:

e random mating — parents are selected randomly with the same probability

e inbreeding — individuals of similar genes (e.g. bits if a binary encoding is used) are
picked for mating

e outbreeding — strongly diverse individuals are mated

o line breeding — a set of high—quality individuals is selected for mating with the rest
of the population, and children are also allowed for mating

e asexual mating — a single individual can produce its offspring

The random mating is usually employed in implementations of GA. However, it is desirable
to prevent the system from mating of copies of the same individual since it increases the
tendency to premature convergence.

Now, we will offer the reader several interesting combination algorithms that produce
the actual offspring. Only chromosomes of a fixed length will be considered. Then, all
the combination schemes may be treated as application of a Boolean mask on a pair of
chromosomes, where the genes masked by 1s come out of the first parent, while those ones
masked by 0s are picked from the second parent.

The simplest 1-point crossover has already been discussed in Sec. 5.2 and is depicted
again in Fig. 5.3. The 2-point crossover uses two randomly chosen crossover points.
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Figure 5.3: 1-point crossover (left plot) and 2—point crossover (WALL, 1996).

Individuals exchange the segment that falls between these two points. This crossover
scheme is illustrated by Fig. 5.3. It was first shown by DEJONG (1975) that the 2—point
crossover treats the chromosomes as if they form a ring. When viewed this way, 1-point
crossover is a special case of 2-point crossover where one of the crossover points always
occurs at the wrap-around position between the first and last gene. Apparently, the
n—point crossover is a generalization of the above described schemes.

The scheme of the uniform crossover will be introduced at the end of this overview.
Uniform crossover works as follows: for each gene position 1 to L, randomly pick each
gene from either of the two parent individuals. This means that each gene is inherited
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independently from any other genes and that there is, in fact, no linkage between genes.
It also means that uniform crossover is unbiased with respect to defining length (for more
details see WHITLEY, 1994). Many researchers point out that GAs employing uniform
crossover are often more efficient than either 1-point or 2—point crossover operators. How-
ever, mutation operators may also significantly influence GA performance.

5.4.4 Generation Replacement

There is a certain diversity in GA schemes introduced by replacement algorithms. They
refer to the way the next generation replaces the current one during the progress of GA.
The basic canonical GA uses non—overlapping populations which means that every gener-
ation is entirely replaced by the next one. This scheme is often modified by elitism, which
always preserves the best individual of each generation and copies it into the subsequent
population. It is often argued that elitism increases performance of GAs.

Generally, only defined fraction of the current population is replaced by the next gen-
eration. GAs with a significant overlap of populations (only 1 or 2 individuals are re-
placed each generation) were studied e.g. by DEJONG (1975). Such schemes are based
on so—called Genitor-style algorithms discussed by WHITLEY (1994). Implementation of
overlapping GAs may stabilize oscillations of the average population evaluation FF', but
it strongly depends on the problem to be solved.

5.4.5 Parallel GA — Island Model

Island model of GA is a parallel algorithm that has multiple, independent populations
(subpopulations). Each population evolves using GA with overlapping generations, but
each generation some individuals migrate from one population to another. By introducing
migration, the island model is able to exploit differences in the various subpopulations.

Figure 5.4: Island model of parallel GA. Scheme by (WHITLEY, 1994).

This variation in fact represents a source of genetic diversity. If a large number of strings
migrate each generation, then global mixing occurs and local differences between islands
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will be driven out. If migration is too infrequent, it may not be enough to prevent each
small subpopulation from prematurely converging. The general scheme of the island model
is offered in Fig. 5.4.

5.5 Implementation

In this section implementation of GA for the purpose of investigation of observed galactic
systems will be introduced. Many branches of astrophysical research require application
of efficient optimization tools if successful modeling of observationally explored system is
deserved. Specialized search schemes such as the simplex method are commonly used by
the astrophysical community, since they can address specific problems with high efficiency.
However, it is often the case that information about the distribution of quality solutions
over the explored space is quite poor. Then, a robust optimization algorithm is necessary
to perform a complete search of the entire space of possible solutions, without a tendency
to converge to local extremes. A typical example of such a task is numerical modeling
of observed galaxies, and namely the systems in interaction. To build up a successful
and reliable model, the input parameters and initial conditions have to be determined.
However, THEIS (1999) showed that even the parameter space of a two-body galactic
interaction becomes remarkably extended. In addition, the wealth of information pro-
vided by observations is still insufficient to restrict such a parameter space significantly,
which is caused by large distances to extragalactic objects. Regarding the previous ar-
guments, THEIS (1999) and THEIs & KOHLE (2001) suggested application of GAs for
studies of observed galaxies in interaction as a promising method to overcome the difficul-
ties related to the size and dimension of the corresponding parameter spaces. The results
by THEIS & KOHLE (2001) will be briefly introduced in the next section.

5.5.1 Interacting Galaxies

THEIS & KOHLE (2001) introduced an interesting analysis of possible evolutionary sce-
narios of the galaxy NGC 4449. They used HI observations of the extended gaseous halo
and disk of NGC 4449 and investigated the interaction between NGC 4449 and DDO 125,
a close companion in projected space. The spatial resolution of the available HI obser-
vational data did not allow for direct search of the parameter space of the interaction,
because the observationally established volume of the parameter space exceeded perfor-
mance limits of applicable search methods. Observationally, only three kinematic quanti-
ties — the projected position on the sky and the line-of-sight velocity - can be measured.
Another parameter, the galactic mass, depends on the availability of velocity data, the
determination of the distance, and the reliability of the conversion from velocity to masses.
Neglecting the center-of-mass data of the interacting system, these 14 parameters reduce
to 7 parameters containing the relative positions and velocities. These 7 values just fix the
orbit in the case of a two-body interaction. Moreover, one has to specify the parameters
that characterize both stellar systems, e.g. characteristic scales, orientation, or rotation.
The final result is a high-dimensional parameter space which is in general too large for a
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standard search method. For instance, the interaction of a galactic disk with a point—-mass
galaxy is described at least by 7 parameters. A regular grid with a poor coverage of 10
grid points per dimension demands 107 models.

To overcome the above described difficulties, THEIS & KOHLE (2001) proposed a three-
level modeling of the interaction. In a first step, restricted N-body simulations were
performed to constrain the model parameters. In the case of insufficient data, one can
use the restricted N~body models to obtain a first guess of the parameters, creating an
artificial HI intensity map and then apply a plausible search method (THEIS & KOHLE
(2001) suggested and tested GA) to check its uniqueness.

In the second step, self-consistent models are used in order to tune the parameters
and to check the applicability of the restricted N-body method. These checks address
two questions: if the neglecting of self-gravity is acceptable, and if gas dynamics alters
the results significantly. Technically this means that self-consistent simulations with and
without gas should be performed, which introduces the third level to the numerical study
of the interacting pair of NGC 4449 and DDO 125.

Restricted N-body simulations aim to reduce the N-body problem to N 1-body prob-
lems by assuming that the gravitational potential is given by a simple relation. E.g. two-
or a few-body problems have known (semi-)analytical solutions or can be solved by fast
standard methods. Test—particles that mimic HI gas were arranged in a flat disk moving
on circular orbits. The disk itself was characterized by its orientation, i.e. its inclination
and position angle, the scale-length and the outer edge. In a series of simulations the or-
bital parameters as well as the disk parameters were varied. The details of the analysis of
the parameter space for the NGC 4449-DDO 125 can be found in THEIS & KOHLE (2001).

After several evolutionary scenarios satisfying observational data were identified, GA
optimization was employed in order to investigate uniqueness of such models. The scenar-
ios served as reference models and the GA searched the parameter space to reach the global
extreme of the evaluation function that was a measure of similarity between the tested
models and the reference models. The evaluation function in the study of THEIS & KOHLE
(2001) compared the observed (i.e. reference) and modeled column densities of HI on a
grid of 7x7 pixels and was defined as follows:

1
FF = (5.16)
lIrefi - Imodil
6 = - . 5.17
Ei: MAX(Iref,i, Imod,i) ( )

where I¢f,; is the HI column density in the i-th pixel of the reference model, and Iioq
refers to the same quantity for the tested model (GA individual). For more detailed
explanation of the actual GA scheme see THEIS & KOHLE (2001). Reliability of such a
uniqueness test, together with the demonstration of the used GA scheme can be found
in Fig. 5.5. THEIS & KOHLE (2001) showed that the relative deviation of the derived
parameters from the original values was less than 15% in all cases, and for many was
better than 5%.
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INTENSITY: original best fit of generation 0001 best it of generation 0002
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Figure 5.5: Demonstration of GA convergence as offered in THEIS & KOHLE (2001). The
original data (upper left), the best fit of the GA after initialization (upper middle), after the first
breeding (upper right), after 11 generations (lower left) and at the end of the fitting procedure
after 100 generations (lower middle) are plotted above. The evolution of the maximum fitness
is shown in the lower right diagram.

Finally, the self-consistent models were performed by a direct N-body integration to
investigate reliability of test—particle schemes for such tasks. THEIS & KOHLE (2001)
bring comparison of restricted N-body simulations with self-consistent models. Except
for the more diffuse structure in the latter, the large—scale features are very similar in both
simulations.

The results by THEIS & KOHLE (2001) denote that combination of standard N-body
methods and GAs as robust search tools, in order to develop a method for the determina-
tion of the parameters of interacting galaxies is a promising method, and became a strong
motivation for the parameter study of the Magellanic System that is the subject to this
thesis. In the next section, the GA scheme employed for the purpose of our study will be
introduced.

5.5.2 Magellanic System

In contrast to the case of NGC 4449 studied by THEIS & KOHLE (2001), the observational
resources for the Magellanic Clouds include numerous high-resolution observations of vari-
ous gaseous components of both dwarf galaxies, and also detailed information about stellar
populations present in LMC and SMC is available (see Chapter 1). Especially, precision
of proper motion measurements of the Clouds has been improved remarkably during the
last 15 years (see e.g. JONES ET AL., 1994; KROUPA ET AL., 1994; KROUPA & BASTIAN,
1997; KALLIVAYALIL ET AL., 2006A,B), which is the crucial factor in order to establish the
space of the current LMC and SMC velocity vectors. Discussion in Chapter 4 introduces
the volume of the parameter space of the interaction LMC-SMC-MW as it was confined
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following the observations available up-to-date. The wealth of information allowed for the
first complete automated search for possible parameter combinations of the interaction by
the means of GA. The results of the analysis will be introduced in the following chapters.

Our implementation of GA is based on the excellent library of GA components by WALL
(1996). The composition of the selected GA scheme are summarized in Tab. 5.2. The final

general scheme  canonical GA with elitism
encoding real number encoding (Tab. 5.1)
fitness function linear scaling (5.9)

selection scheme roulette wheel selection
crossover uniform crossover (Sec. 5.4.3)
GA termination after 120 generations
population size 150 individuals

Table 5.2: Setup of the GA used for our parameter study of the Magellanic System.

scheme was developed after extended testing of numerous GA variations. The termination
of GA does not occur upon a convergence of a per—generation averaged fitness function,
because the averaged fitness shows a progress with the number of generations similar to
the case depicted in the rightmost lower plot of Fig. 5.5. Thus, the GA is terminated when
the generation number corresponds to the turn—point in fitness function. The evaluation
function (fitness function hereafter) consists of two parts. First, the restricted N-body
model introduced in Chapter 3 is run for the selected parameter values (chromosome).
Subsequently, the resulting distribution of particles is converted into column densities
of HI and compared to the high-resolution HI data by BRUNS ET AL. (2005). The
comparison scheme is a significant extension of (5.17) by THEIS & KOHLE (2001). Detailed
introduction to the fitness calculation employed in this study is offered in Chapter 6.
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CHAPTER 6

Fitness Function

6.1 Heart of Genetic Algorithm

As described, GA is a very general optimization scheme. Most of its components are
problem independent, which makes it a powerful tool for a wide variety of tasks. The
connection between the investigated system and the GA itself is established by a fitness
function (FF). The function is responsible for evaluation of quality of population indi-
viduals — possible solutions. It is critically important for the proper behavior of the whole
GA. Unfortunately, there is no unique way to define such a driver. It is left on a user
completely how to measure quality of solutions.

Our study is focused on the search for evolutionary scenarios of the Magellanic System
reproducing its observations. In principle, the wealth of information provided by the HI
Parkes survey (BRUNS ET AL., 2005) of the entire system is sufficient for performing a
detailed automatic GA search. However, a consideration has to be given to the fact that
our test—particle model unavoidably does not describe all the physical processes involved in
the formation of the Magellanic System. Test—particle numerical simulations of interacting
galaxies incorporate neither self-gravity nor a description of the dynamics of the gaseous
medium. They are primarily designed for recognizing tidal structures. Previous attempts
to use such a kind of simulations for the Magellanic System (e.g. GARDINER ET AL.,
1994; RUZICKA, 2001) showed that the overall HI distribution of the system (Magellanic
Stream, Leading Arm area) can be considered a tidal feature.

Following that result an elaborate scheme of the original HI data processing has to be
proposed to emphasize extended HI features of the observed interacting galaxies. Also
small-scale structures are supposed to be suppressed since they were formed due to phys-
ical processes missing in the restricted N-body model.
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6.2 Data Processing

It is a common practice in observational astronomy to store data as a Flexible Image Trans-
port System (FITS) format. Then, application of advanced methods of image processing
in order to customize the data is quite natural. Process of the 31D HI data-set preparation
for the purposes of our GA-based study will be explained in this section. Basically, three
common methods are considered as possible candidates — resizing, rescaling and filtering.
Typically, their application on 2D images is assumed, but extension to higher dimensions
is allowed.

Resizing is the simplest possibility, nevertheless the least suitable one. Generally, to
resize an image consisting of IV pixels, a regularly spaced grid with [ nodes is laid over the
image. Assuming the relation I < N, image pixels matching grid nodes are copied into a
new image. Although such an operation is capable to remove details, each pixel is treated
without any respect to the neighboring pixels. But it clearly denotes that our HI data
images cannot be treated that way. Each pixel represents an amount of HI gas which is
obviously related to the surrounding matter due to physical interaction.

Figure 6.1: Demonstration of image rescaling. The left plot shows the original FITS image —
integrated HI column density in the Magellanic System (BRUNS ET AL., 2005) — of the spatial
resolution 452x 1079 pixels. The right plot illustrates the typical result of a rescaling procedure.
The original resolution was decreased to 10x 20 pixels.

s
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Rescaling of an image means a decrease in resolution without removing pixels perma-
nently. Similarly to the resizing process, a grid is defined to cover the original image. For
each grid cell values of the pixels fitting the cell are summed over its entire area. It can
be expressed as

N;
Pi’ = Z P,-J, (6.1)
=1
where

N; number of original pixels fitting the i—th grid cell
P’ value of the j—th original pixel in the i~th grid cell

P i~th pixel of the new image

1

Even though a relation between close pixels is taken into account and small-scale intensity
variations no longer exist in the new image, requirements of test—particle simulations are
not fully met. Image rescaling is not sensitive to structures. Features of size not exceeding
the grid spacing vanish while large-scale distribution is distorted significantly. Regarding
the special case of the Magellanic System (Fig. 6.1), substantial widening of the Magellanic
Stream area occurs. But it is a change affecting the global matter distribution which is
supposed to remain conserved.

Image filtering is used to remove noise, sharpen contrast, or highlight structures. Two
of the most common classifications of filters are based on their linearity and frequency
response. The third classifier distinguishes filters that are applied spatially from frequency
domain filters, which are applied to a Fourier-transformed representation of an image.

6.2.1 Image Filters

Linearity

Linear filters, also known as convolution filters, are so named because they can be rep-
resented in linear algebra using a matrix multiplication. The matrix defining the neigh-
borhood of the pixel also specifies the weight assigned to each neighbor. This matrix is
called the convolution kernel. For each pixel P;; in an image (where i and j represent the
coordinates of the pixel), the convolution kernel is centered on P;;. Each pixel masked
by the kernel is multiplied by the coefficient placed on top of it. P;; becomes the sum of
these products. In the case of a 3 x 3 neighborhood, you can index the pixels surrounding
P;; and the coefficients of the kernel, K, as follows:

Pi_1j5-1 Pj-1 P Kioi1 Kij-1 Ky
P=| P.; P, P y K= Ki_1; Ki;j Kinj (6-2)
Pi-1j11 Bijr1 B+ Ki_1j+1 Kij41 Kip1541
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Then
| 1ot
Pi=w Z Z Pri K1y (6.3)
k—i—1l=j—1
where
i+l G+
N=MAX(1, Y > Ku
k—i—1l=j—1

Non-linear filters are any other filters that cannot be represented using a matrix formula-
tion. Thresholding and equalization are typical non-linear operations. Other operations
that are more commonly thought of as ”filtering” include various edge detection (high—
pass) operations and median filtering, which is a low—pass filter well-suited for the removal
of noise from images (see Fig. 6.2).

Figure 6.2: Median filtering is an efficient noise-removal technique. The above plot shows
comparison between the original image (left) and the image after median filtering with the
kernel 3x 3.

Median filter is a special case of N-th order non-linear filters. Such filters define a
kernel similarly to linear filters. However, each cell has the same weight. The values of the
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pixels masked by the kernel are sorted in increasing order. Then, the value of the kernel’s
central pixel is replaced by the N-th value in the order.

Frequency Response

A fundamental way to characterize filters is by how they attenuate or amplify certain
frequency ranges. In general, there are many different classes of frequency responses,
but for images, the broad categories of low-pass or high—pass are sufficient. Low-pass
filters can be used for operations like noise removal or image smoothing. High—pass filters
respond to abrupt changes in intensity in an image, so they can be applied to enhance
details in the image.

Note that frequency response can be used to classify both spatial and frequency filters.
The next section explains these terms, which refer only to how the filter is implemented.
All filters can be described by some kind of frequency response.

Spatial versus Frequency Filters

Spatial filters alter pixel values with respect to variations in intensity in their neighbor-
hood, while frequency filters operate in the frequency domain on images that have been
Fourier-transformed. After the filtering operation, the inverse transform is applied to get
back to an enhanced version of the original image. It is also possible to classify both
spatial and frequency filters as linear or non-linear, and low—pass or high-—pass.

Frequency filters have the advantage of being extremely easy to design and implement,
but they can introduce artifacts into the image when the inverse transform is applied.
These artifacts typically appear as "ringing” or ripples that emanate from edges in the
image (Fig. 6.3). Such effects are present when values of pixels vary substantially over a
small spatial range, or the selected filter is not smooth enough.

Lets demonstrate the influence of the filter function on the resulting data considering a
Fourier frequency low—pass filter. The basic choice usually is a low—pass rectangular filter

Figure 6.3: Filtering of a 2D step function (left plot). A low—pass rectangular filter is defined
(middle plot) and convolved with the function. Typical ”ringing” appears after the inverse
Fourier transform is applied (right plot).
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defined as follows:

11 12’}’ 2 _<_ cuto
Filter(f,, f,) - VIs Iy = Jeer (6.4)
Oa fg? + .fy2 > fcutoff

Fig. 6.3 shows the performance of the rectangular filter when a step function is the target of
filtering. To reduce undesirable artifacts of Fourier filtering, one can smooth the transition
between the stop and pass band. This is often done using Hanning (Hamming) filters
which are rectangular filters smoothed by cosine functions.

f12,+f3 = fcutoff —w
fz2+ fg > fcutoff —Ww

/72 2 _
<1 o sin <7r( j:: fg:: fcutnﬂ'))) , else

B

Filter(fz, f,) =< 0

[l

(6.5)

Application of a Hanning filter given by (6.5) with gradual transition between the stop
and pass band is illustrated by Fig. 6.4.

Figure 6.4: A smooth Fourier filter (middle plot) and a 2D step function (left plot). Filtering
artifacts strongly present in Fig. 6.3 are reduced remarkably.

6.3 Observational Data Filtering

A comparison of possible data manipulation techniques showed that data filtering leads to
the best satisfaction of constraints coming from the restricted N-body model’s features,
that do not allow for reliable modeling of structures on small scales. Application of a
low—pass image filter enables suppression of small-scale I I line intensity variations while
overall matter distribution remains unaffected. Generally, both spatial and frequency
filtering should be taken into account. However, a decision has to be made which possibility
promises better performance for a specific task.

Spatial filtering is a popular approach to tasks that do not pay particular attention
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to global features of processed data. Noise removal from raw spectra is a good example.
Filters in the spatial domain deal with values of individual units (pixels) and computational
burden scales as Nf with the number of units involved in one step, because convolution of
the filter and data has to be performed. Hence, spatial filtering can only hardly be helpful
for highlighting of large—scale structures. On the other hand, spatial filters can suppress
extreme fragmentation and presence of isolated pixels (see Fig. 6.2).

Actually, also frequency filters mostly use a convolution principle. However, due to the
availability of the Fast Fourier Transform algorithm, Fourier filtering in frequency domain
offers a high computational performance when implemented properly. Moreover, it brings
an excellent control over the scale range of image’s structures to be conserved or filtered

Figure 6.5: Fourier filtering of the original integrated HI column density map of the entire
Magellanic System (BRUNS ET AL., 2005). The filtered image suffers from undesired artifacts —
"ringing” .

out. Apparently, this is due to a direct connection between a structure—scale level of the
image and the frequency that is particularly responsible for features of that scale level.
Concerning our request for a low—pass filter, a cut-off frequency can be selected easily prior
to defining a frequency filter function Filter(f). The filter function will then conserve
frequencies lower than the cut—off, while frequencies above the level are suppressed. On
the other hand, the presence of abrupt changes in the intensity of neighboring pixels or
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a large number of isolated fragments often cause unwanted artifacts in Fourier-filtered
images (see Fig. 6.5). However, we have shown that such small-scale intensity variations
can be smoothed out well by a reasonably selected spatial filter.

Following the previous discussion, we suggest a two—level data filtering to be employed
for all image processing (Fig. 6.6).

o A median filter is applied on the raw data image to remove isolated pixels and steep
intensity variations. Such features cannot be handled by frequency filters reliably.
Among spatial filters, the median filter shows considerable efficiency for such tasks.

e As a second step, a low—pass smooth Hanning Fourier filter (6.5) is convolved with
the Fourier transform of the HI data.

Figure 6.6: Demonstration of a two—level image filtering. In order to suppress abrupt changes
in intensity of neighboring pixels and reduce the number of isolated fragments, the original image
(left plot) is processed by a median filter to get a corrected map (middle plot). Subsequently, a
Fourier frequency filter is used.

6.4 Fitness Function of the Magellanic System

The behavior of the 3D test-particle model of the Magellanic System is determined by a
large set of initial conditions and parameters that can be viewed as a point (individual)
in the system’s high—dimensional parameter space. In the case of our task, the fitness
of an individual means the ability of the numerical model to reproduce the observed HI
distribution in the Magellanic Clouds if the individual serves as the input parameter set
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for the model. It is well known, that a proper choice for F'F' is critical for the efficiency of
the GA and its convergence rate to quality solutions. After extended testing, we devised
a three—component F'F' scheme. In order to discover possible unwanted dependencies of
our GA on the specific choice for the F'F, both following F'F' definitions were employed:

FF, — FF, -FF, - FF, (6.6)
i=3
> ¢+ FF;
FF, = %_, (6.7)
G
i=1

where the components F'Fy, F'F» and F'F3 reflect significant features of the observational
data and ¢; = 1.0, ¢z = 4.0 and c3 = 4.0 are weight factors. Both the F'F's return values
from the interval (0.0,1.0). The specific choice for ¢, ¢z and c3 is based on testing the
efficiency of the resulting F'F' as of a driver of the GA. In general, the weight of F'F} is
lower, because it does not apply on the entire distribution of HI in the Magellanic System.
Further discussion of the components of F'F' follows in the next paragraphs.

FF compares observational data with its models. In order to do that, the resulting
particle distribution has to be treated as neutral hydrogen and converted into HI emission
maps for the defined radial velocity channels. In the following paragraphs we briefly
introduce both the observed and modeled data processing.

It was shown by GARDINER ET AL. (1996) that the overall HI distribution in the
Magellanic System (Magellanic Stream, Leading Arm) can be considered as a tidal fea-
ture. Following that result, an elaborate scheme of the original data (BRUNS ET AL.,
2005) manipulation was devised to emphasize large—scale features of the Magellanic HI
distribution on one hand, and suppress small-scale structures on the other hand, since
they originate in physical processes missing in our simple test-particle model. The data
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Figure 6.7: The figure depicts the original 3D HI data cube by BRUNS ET AL. (2005) (left
plot) together with the resulting data after median and Fourier filtering. Both images offer 3D
visualization of the column density isosurface Xx1 = 0.2 - 108 cm™2.
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kindly provided by BRUNS ET AL. (2005) was obtained from observations of the Mag-
ellanic System in the emission line of HI. The observations reached notable spatial and
velocity resolution (for details see BRUNS ET AL., 2005), and the data can be viewed as
3D (position—position-LSR radial velocity) array of HI column densities, stored as an
image in FITS format. That lets us apply standard image processing methods naturally.
Fourier filter was selected for our task. It represents a frequency domain filter, and so it
allows for an excellent control over the scale range of the image’s structures to be con-
served or filtered out. We removed the wavelengths below the limit of ~ 10° projected on
the plane of sky. The performance of Fourier filters suffers from the presence of abrupt
changes of intensity, such as edges and isolated pixels. In order to enhance the efficiency
of frequency filtering, it was preceded by an application of a spatial median filter to smear
the original image on small scales. Subsequently, the HI column density is normalized.
The resulting 3D HI column density data cube together with the original data by BRUNS
ET AL. (2005) can be seen in Fig. 6.7. To compare the modeled particle distribution with
HI observations, we convert the distribution to a 3D FITS image of column densities that
are proportional to particle counts, since all the test—particles have the same weight factor
assigned. Then, we have to interpolate missing data which is due to a limited number
of particles in our simulations. Finally, the column density is normalized to the maximal
value.

After discussing the data processing and manipulation, we will introduce the individual
FF components FFy, FF; and FFj3.

64.1 FA

The observed HI LSR radial velocity profile measured along the Magellanic Stream is a
notable feature of the Magellanic System. It shows a linear dependence of LSR radial
velocity on Magellanic Longitude, and a high negative velocity of —400kms™?! is reached
at the Magellanic Stream far tip (BRUNS ET AL., 2005). From the studies by Mu-
RAI& FUiiMOTO (1980), GARDINER ET AL. (1994) and our modeling of various Magel-
lanic evolutionary scenarios we know, that the linearity of the Magellanic Stream velocity
profile shows low sensitivity to a variation of initial conditions of the models. On the other
hand, the slope of the LSR radial velocity function is a very specific feature, strongly de-
pendent especially on the features of the orbital motion of the Clouds. Therefore, it turned
out to be an efficient approach to test whether our modeled particle distribution was able
to reproduce the high negative LSR radial velocity tip of the Magellanic Stream. Then,
the first FF component F'F; was defined as follows:
1
FF = , , (6.8)

pobs _mod
1+

obs
Ymin

where v and u™3d are the minima of the observed LSR radial velocity profile of the

Magellanic Stream and its model, respectively.
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6.4.2 FF2 and FF3

The FF components FF, and FF; compare the observed and modeled HI column density
distributions in the Magellanic System for 64 separate LSR radial velocity channels with
a width Av = 13.2kms~1. For every velocity channel, HI column density values are
available for (64 x 128) pixels covering the entire System. The above introduced 3D data
was obtained by modification of the original high-resolution HI data~cube by BRUNS ET
AL. (2005). Since the test—particle model is not capable to reproduce small-scale features
of the explored system, filtering and reduction of resolution of the original data were
necessary prior to its use for the purpose of our GA search.

The second FF component analyzes whether there is a modeled HI emission present
at the positions and LSR radial velocities where it is observed. Thus, we measure the
relative spatial coverage of the System observed in HI emission by the modeled matter
distribution for every LSR radial velocity channel. No attention is paid to specific HI
column density values here. We only test, whether both modeled and observed emission
is present at the same pixel of the position—velocity space. It can be expressed as

Nv NII N:l: d
Z 21 Z mmuk P"":?z

FF = (6.9)

i=1j=
Ny Ny N, N, '
MAX (; > 3 piap, > Jz > m:;'zd)
where p'm:,Jk € {0,1} and pz:z::';zd € {0,1} indicate whether there is matter detected at
the position [i, j, k] of the 3D data on the observed and modeled Magellanic System,
respectively. N, = 64 is the number of separate LSR radial velocity channels in our
data. (N, x N,) =(64x128) is the total number of positions on the plane of sky for which

observed and modeled HI column density values are available.

This binary comparison between the observed and modeled data introduces a problem
of pure noise pixels present in the observed data cube, because they posses the same weight
as the other data, despite their typically very low intensity. However, our treatment of the
original high-resolution data by BRUNS ET AL. (2005) involves spatial median filtering.
It smears abrupt intensity changes and removes isolated pixels which handles the problem
of pure-noise data pixels naturally. The subsequent Fourier filtering decreases the data
resolution significantly, and that also strongly suppresses the influence of original noise
pixels.

As the last step we compare the modeled matter density distribution to the observation.
To do that, both modeled and observed HI column density values are scaled relatively to
their maxima to introduce dimensionless quantities. Then, we get

Nu NII N::

FB = NN, I\II,, N, 2.0

v i=1 j=1k=1 1+ l ik — .';'Ed

(6.10)

omed are normalized column densities measured at the position [j, k] of the

obs
where o¢ ik

ijk>
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i-th velocity channel of the observed and modeled data, respectively.

6.5 Analysis of the Fitness Function

We try to reproduce as closely as possible the column density and velocity distribution of
HI in the Magellanic Stream and in the Leading Arm. The influence of actual distances to
the LMC and SMC and of their present space velocity vectors is considered together with
their masses and the past sizes and space orientation of the original disk-like configuration
of matter (test—particles). Here, we give the results of the search in the parameter space
with the GA using the 3-component fitness function defined by (6.7). In principle, the GA
is able to find the global maximum of the F'F if enough time is allowed for the evolution
of the explored system (see HOLLAND, 1975). However, it may be very time-consuming
to identify the single best fit due to a possibly slow convergence of the FF. Therefore, to
keep the computational cost reasonable, the maximum number of 120 GA generations to
go through was defined.

In order to explore the F'F of our system, we collected 123 GA fits of the Magellanic
System resulting from repeated runs of our GA optimizer. The best model is introduced
in Tab. 6.1. Typically, identification of a single GA fit requires =~ 10* runs of the nu-
merical model. Thus, due to the application of GA we were able to search the extended
parameter space of the interaction and discover the most successful models of the System

FF 0.496 q 0.84
-1.26 13.16
rimc[kpc] —40.50 rsmckpc] —34.26
: —26.87 -39.77
44.0 -37.2
vrmclkm S_I] —162.8 vsmclkm S"I] —60.2
146.7 204.3
m!,Mc[IOQM@] 24.46 m_smc[IOQMo] 2.06
rdisk [kpc 9.62 rdisk [kpc 6.54
LMC SMC
ofisk, 89° Dfisk, 274°
ogisk, 36° Pisk, 229°

Table 6.1: Parameters of the best model identified by the GA optimizer.

over the entire parameter space by testing ~ 10% parameter combinations. In the case of
our 20—dimensional parameter space, simple exploration of every possible combination of
parameters even on a sparse grid of e.g. 10 nodes per dimension means 102° runs of the
model. Such a comparison clearly shows necessity of using optimization techniques and
demonstrates the computational efficiency of GA.
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6.5.1 Features of FF

In the following paragraphs we will introduce the F'F of the MW-LMC-SMC interaction
as function of the parameters listed in Tab. 4.1. First, consideration will be given to
the coverage of the parameter space by the above mentioned fits of the System. If the
fitness values of the solutions are printed against a selected single parameter, we receive
a series of 1D plots that are shown in Fig. 6.8. It is a remarkable fact that all the points
are located within the fitness range of (0.438,0.496), which is equivalent to the relative
difference between the best and worst solution AFF = 12%. Such a narrow range indicates
rather presence of an extended plateau than of a significant single global maximum in the
fitness landscape. Another notable result is related to the coverage of the studied area
of the parameter space by the solutions. The volume of the parameter space was set
up according to various observational constraints on each parameter (see Chapter 4).
In most cases, the GA fits are spread over the entire ranges of parameters with various
deviations from homogeneous distribution for different parameters (Fig. 6.8). Nevertheless,
for the Cartesian components v¥y;q, vyc and v¥yc of the current LMC/SMC spatial
velocity vectors, the GA-based search substantially restricted their ranges derived from
observational data (see KROUPA & BASTIAN, 1997). The GA fits occupy ~ 50% of the
intervals for vgyc and v§yc, with no increase of the coverage density toward either of the
limits. However, the distribution of the fits over the LMC velocity component v{y,c is
significantly concentrated to the upper limit of the interval, suggesting that an interesting
region of the F'F landscape remained hidden beyond the observationally established limit.

Distribution of the points identified by GA in the parameter space (fits of maxima
of FF) suggests the existence of an extended plateau of slow convergence in the fitness
landscape. It may be treated as justification of the adopted approach to the optimization
problem, when repeated runs of GA for a restricted number of generations were performed.
The above introduced features of F'F are based on Fig. 6.8, which does not allow for further
conclusions on either local or global behavior of F'F outside the region populated by the
localized GA fits, though. As the next step toward better understanding of the F'F (6.7),
we studied 1D projections of F'F to the plane of the j-th parameter FF — p;:

Fﬁ?Ef(P'i,...,Pj,--.,p:',), (6'11)

where p!, ..., p}, are specific values of the parameters of the i-th GA fit (point in the param-
eter space) and the parameter p; is varied within its range as it is specified in Tab. 4.1. The
function FFJ’f for all the parameters studied, except for the MW halo flattening ¢, is plot-
ted in Fig. 6.9 for the point of the highest fitness that we identified by GA (see Tab. 6.1).
Undoubtedly the most interesting and significant qualitative result coming out of Fig. 6.9
is the remarkable sensitivity of F/F' to some parameters, namely to the LMC and SMC
current spatial velocities, but on the other hand also very small changes in F'F as other
parameters vary. Similarly to Fig. 6.8, there is a notable indication that the observation-
ally derived range of the LMC velocity component vfy,- (see the left—-most plot in the
second row of Fig. 6.9) does not include values that would eventually lead to a better
reproduction of the HI observations of the Magellanic System. The projection of F'F for
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Figure 6.8: Distribution of GA fits of the Magellanic System over the analyzed ranges of
variables (parameters of the interaction). Each plot depicts 123 points in the parameter space.

v o grows well monotonously toward the upper limit of the velocity component, where
the best GA fit was located. The plots in Fig. 6.9 are based on a rather sparse coverage of
the parameter ranges by 21 points where F'F' was evaluated. Thus, relevant information
about how F'F' depends on the parameters locally is missing. In order to fix the draw-
back of Fig. 6.9, we analyzed F'F' close to the points of the 123 GA fits on intervals of
half-width of 1% of the entire range of each parameter (see Tab. 4.1). The resulting 1 D
slices of F'F' obtained at the position of the best GA fit are depicted in Fig. 6.10. Qual-
itative differences in local sensitivity of F'F' to variations of different parameters are not
so remarkable, compared to the global case. Mostly, F'F' shows oscillations of the relative
amplitude of only 2-5 % around the mean value. It is notable, that the orientation angles
of the LMC disk ©rmc and ®rmc do significantly influence the FF values neither on
a global nor on a local scale. To quantify the sensitivity of F'F' to changes in different
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Figure 6.9: Projection of F'F (6.7) to the planes of the parameters of the MW-LMC-SMC
interaction. For every single plot, the parameter of interest is varied within its range introduced
in Tab. 4.1, while the remaining parameters are kept fixed to the values of the best GA fit that
was identified (marked by a cross).

variables (parameters), the following functions were defined:

N-1 i

1 o,
&= L 6.12
TN~ FF} (6.12)

is mean relative deviation of the 1D projected fitness F' F; calculated over N GA fits for
the j-th parameter, where

1 Np—1
P . o

s ] —
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Figure 6.10: Local projection of F'F' (6.7) to the planes of the parameters of the MW-LMC-
SMC interaction. F'F is studied locally around the best GA fit (black cross). For every single
plot, the parameter of interest is varied within the total of 2% of the range introduced in Tab. 4.1,
while the remaining parameters are kept fixed to the values of the best GA fit that was identified.
The cubic spline interpolation was performed between the calculated fitness values (black marks).

is the corresponding standard deviation calculated for Np points of the projected FFZ

and FFl is the mean value of the F'F on the defined interval of the j—th variable. Slmlla,rly
to (6.12) we specify a mazimal relative deviation of F'F for the j—th parameter:

-1

1
LRSS

=

o 0 s

MAX(|FFi -

FF'Z

FF)

(6.14)
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Finally, we calculate relative change in FFj;:

N-1 ; i
‘SFF - 1 MAX(FF;)_:_-MIN(FFJ-). (6.15)
N =0 F F;
If the values of the above defined relations are calculated for every parameter of the FF
and for the entire set of 123 GA fits, we obtain Fig. 6.11. It consists of two plots of
the same meaning, but valid for global (upper plot) or local features of F'F' studied in
its 1D projections. The parameters are ordered along the horizontal axis in decreasing
order regarding the values of (6.12). In general, Fig. 6.11 confirms the previously reviewed
qualitative results. Relative differences between the parameters are less apparent on the
local scale than if their entire intervals are studied. However, the order of the parameters
remains almost unaltered as we switch between the plots of Fig. 6.11. It indicates similar
features of F'F' on either scale. Unlike Fig. 6.9 or Fig. 6.10, Fig. 6.11 describes the
behavior of FF' ” averaged” over all the GA fits, which lets us conclude general facts about
the FF. The analysis of 1D projections of F'F' strongly suggests to pay special attention
to the current velocity vectors of both Clouds, since they turned out to be crucial factors
influencing the MW-LMC-SMC interaction.

As a part of the FF analysis, we also calculated the Spearman’s rank correlation and
its significance value of every combination of the parameters. Investigation of possible
linear relation between the model’s parameters is a very basic but a desirable procedure,

p Sig a b

—0.329 2.10~4 VMmc 'UgMC
+0.356 6.10° VdMc MSMC

Table 6.2: Spearman’s rank correlation coefficients of parameters a and b calculated according
to (6.16). The above table shows the maximum anti-correlation (upper row) and correlation of
the studied parameters, together with the significance values of the correlation.

once we have efficiency of GA in mind. If a parameter (variable) determining the behavior
of the system studied by GA depends on the choice for some other parameter(s), it usually
increases the tendency of GA to prematurely converge (see e.g. GOLDBERG, 1989, and
references therein). Even though the correlation check does not allow for verification of
more complex dependencies in the parameter space, it may introduce valuable information
about the optimized system with respect to achieving maximal performance and reliability
of GA. The Spearman’s rank correlation coefficient p is defined as

(B - BB - Ry
p= =0 , (6.16)

N-1 _ _
,-§, (Ri — Ra)%y[ 3 (R} — Rp)?

where R, R} are magnitude-based ranks among the parameters a and b, respectively.
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The obtained values quantify sensitivity of F'F' to variations in different parameters.
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For correlation p we define its significance Stg. The significance is a value in the interval
(0.0,1.0). A small value of Sig indicates a significant correlation. The extreme values
of the correlation coefficient are listed in Tab. 6.2. Thus, basic search for dependencies
between the parameters of the interaction by the means of a correlation check did not
discover any indication of a linear relation for an arbitrary choice of two parameters.
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Figure 6.12: GA fits in the Vo — Msmc (left plot) and Vo — Ve planes of the parameter
space of the interaction. Maximum Spearman’s rank correlation (left plot) and anti-correlation
exists for the above depicted parameter pairs (see also Tab. 6.2).

We discussed the influence of the parameters of the interaction in the Magellanic
System on the resulting value of FF. The analysis of 1D projections of F'F' clearly
indicated that a specific choice for a value of a given parameter means different impact on
the fitness of our model for different parameters. While variations in the positioning of
the LMC particle disk do not influence significantly the structure and velocity distribution
of matter in the System, sensitivity of the interaction scenario to the LMC and SMC
spatial velocity vectors is apparent. Results introduced in this chapter became a strong
motivation for the following part of this thesis. Special attention will be paid to the
motion of the Magellanic Clouds and also to the structure of the MW halo, that enters
the problem via the potential flattening ¢. The MW halo flattening was omitted in the
discussion of F'F, since it was allowed to change in discrete steps only, which would not
allow for all the comparison procedures. Nevertheless, the flattening parameter and the
physical consequences of its choice on the evolution of the System will be studied in the
next chapter. The above picked parameters will be treated from the point of view of
their physical meaning and the way they influence the actual distribution of HI in the
Magellanic System.

Before closing this chapter, we would like to offer the reader selected 2D projections
of the F'F (Fig. 6.13) to illustrate notably different features of F'F' as we switch between
different parameters. To emphasize the contrast in behavior of various 21D F'F' projections,
the planes vfyc — ngC and ©rme — Prme are displayed in Fig. 6.13. The remaining
parameters are always fixed to the values of the best GA fit, that was introduced previously.
For either of the plots one may get a good feeling of what is often called ” fitness landscape”.

S| S
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CHAPTER 7

Spatial Motion of the Magellanic
Clouds

Chapter 6, and namely Sec. 6.5 introduced the features of F'F formally defined by (6.7). It
was employed in order to quantify agreement between our models of the interacting galac-
tic system LMC-SMC-MW and observations of the System. Review of the knowledge in
the Magellanic Clouds based on observational data available up to date (see Chapter 1)
indicates a remarkable variety in information about the main bodies of LMC and SMC,
respectively. However, structures such as extended arms/tails or intergalactic bridges con-
sisting of stars and gaseous components, that have been observed in numerous galactic sys-
tems and explained as remnants of their interaction (see e.g. TOOMRE & TOOMRE, 1972),
are what is considered a notable and promising way to investigate dynamical evolution of
galaxies in interaction. Since the discovery of the Magellanic Bridge, that was identified
in HI data by HINDMAN ET AL. (1963), a clear indication of intense interaction between
the Magellanic Clouds has been existing. Later, extended H1I filaments of the Magellanic
Stream and Leading Arm were detected (WANNIER & WRIXON, 1972; WANNIER ET AL.,
1972; MATHEWSON ET AL., 1974), which was a crucial argument supporting the view of
the system of LMC, SMC and Galaxy as a group of interacting galaxies. Despite numer-
ous observational studies, it is still only HI that serves as a source of information about
the outer regions of the Magellanic Clouds, including the Magellanic Stream and Leading
Arm. There was no other gaseous component detected in the extended structures. Stellar
populations reside in LMC, SMC and connecting Magellanic Bridge exclusively, and their
absence in the Magellanic Stream still deserves reliable explanation. Regarding the pre-
vious notes, it is apparent that the comparison between models and observations of the
Magellanic System, that we made using F'F, was based on HI data only, because other
applicable observational information is currently unavailable. From a mathematical point
of view, a search for a model satisfying HI observations of the Magellanic Clouds was
treated as a process of maximization of a model-to—observation comparison function FF.
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The application of a GA allowed for very fast and efficient analysis of F'F over the entire
volume of the parameter space of the interaction (see Chapter 4). The GA-based search
for extremal values of F'F lead to the discovery of an extended plateau in the fitness
landscape”. We collected 123 fits of maxima of FFF. The analysis of their distribution
over the studied ranges of parameters became the first indication of the possibly very dif-
ferent influence of various parameters on the result of the model. Especially the choice for
the components vfyc and vgyc of the spatial velocity vectors of the Magellanic Clouds
turned out to be critically important. Additionally, significant concentration of the GA
fits to the upper limit of the searched interval of vf - (see Fig. 6.8) suggested that a very
promising region of the parameter space remains hidden beyond that parameter limit.
Subsequently, features of F'F' were studied on both local and global scales (for details see
Sec. 6.5). A detailed analysis of 1D projections of FF (6.11) obtained at the positions
of all the GA fits of FFF' maxima was performed. A statistical analysis of the resulting
information confirmed differences in sensitivity of F'F' (i.e. of the distribution of HI gas)
to the parameters of the interaction (Fig. 6.11). Generally, the outstanding role of the
velocity vectors of the Magellanic Clouds was emphasized again, and became a natural
motivation for further analysis of influence of the LMC and SMC spatial velocity on the
evolution of the Magellanic System. In this chapter, we study physical properties of our
models of the LMC-SMC-MW interaction with respect to variations in spatial motion
of the Magellanic Clouds. Particular attention is paid to the distribution of HI in the
position—velocity space (see BRUNS ET AL., 2005) and to the evolution of the galactic
group over the last 4 Gyr.

It was mentioned, that a decomposition of the current velocity vectors of the Magellanic
Clouds into their components with respect to the Cartesian frame introduced in Chapter 4
indicates notable sensitivity of the interacting system to the y-components vy~ and
v§mc- In order to illustrate the impact of different components of the velocity vectors on
the resulting value of F'F', we offer series of 2D projections of F'F at the position of the
best model (Tab. 6.1). Fig. 7.1 depicts the 2D "fitness landscape” for all the combinations
of the LMC velocity components vfyc, Vimc @nd vfyc. Similar plots for SMC are
introduced in Fig. 7.2. Every contour plot contains black dotted lines drawn through the
point showing the position of the best GA fit. The lines mark the 1D projections of F'F
gathered in Fig. 6.8 for every velocity component of LMC and SMC, respectively. One can
easily note that the F'F slices v{yc—vfmc and v§yc —Vémc that are plotted as the middle
row of Fig. 7.1 and Fig. 7.2, respectively, differ from the 2 D projections of F'F' to the planes
involving the spatial velocity components v{ys and v§yc. Remarkable sensitivity of FF
may be described quantitatively by the relative change in 1D projection of FF' for the
j-th parameter §5F defined by (6.15). (Note, that the 1D slices we want to discuss here
are marked by black dotted lines in Fig. 7.1 and Fig. 7.2.) While §fF ~ 55% for j =
viMmer Vimc» it does not exceed =~ 35% for either of the remaining velocity components.
Undoubtedly, the discussion of the current spatial velocity vectors of the Magellanic Clouds
showed their crucial importance for successful modeling of the observational data, and
especially the influence of their y-components deserves further analysis. Therefore, we
focus on the velocity components v{yc and vgyc in the following sections in order to
analyze their impact on the evolution of the Magellanic System.
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Figure 7.1: 2D projections of FF'. The planes of every combination of the LMC velocity
vector components are plotted above in the following order (from top to bottom): vfyc — i yos
vime — Yime and vy — vime. The figure demonstrates strong influence of the choice for the
velocity component vy, on the value of FI'. The coordinates of the best GA fit are marked
by the blue cross. The remaining parameters are fixed to the values of the best GA fit.
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Figure 7.2: 2D projections of F/'. The figure shows the planes of every combination of the
components of the SMC velocity vector. The plots are ordered as follows (from top to bottom):
Ve — Y¥ues VEme — Vime and vl o — véyo. Strong influence of the choice for the velocity
component v¥y, on the value of FF is apparent. The coordinates of the best GA fit are marked
by the blue cross. The remaining parameters are fixed to the values of the best GA fit.
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7.1 Velocity versus Reproduction of the Magellanic System

We selected the LMC and SMC velocity vectors to investigate the way they affect the dy-
namical evolution of the Magellanic Clouds and the resulting distribution of HI together
with its kinematic features. Both parameters turned out to be responsible for significant
changes in F'F on either a local or 2 global scale. The modeled distribution of HI quan-
tified by the value of F'F is highly sensitive to the choice for the spatial velocities of the
Magellanic Clouds. Insufficient reproduction of the HI observational data over significant
fractions of the studied ranges of v{yc, V& and v is reflected in the clumpy distri-
bution of the 123 GA fits of extremal values of FF in Fig. 6.8. It suggests that we might
try to set up a restriction of the LMC and SMC velocity ranges that were derived from the
best currently available astrometric measurements (see the review in Chapter 4). Such a
restriction would be based on the first detailed search of the entire parameter space of the
Magellanic System that was performed by a robust and automated optimizing method.

As we noted above, the collection of 123 fits contains useful information about the
range of every parameter value, that allows for acceptable agreement between models
and observations of the Magellanic System. Obviously, the term ”acceptable” requires
establishing of a threshold level of F'F. To allow for quantitative statements concerning
the parameters of the interaction, the models of FF > FFy, = 0.438, where FFj;,
corresponds to the worst of the 123 GA fits, will be considered a satisfactory approximation
of the observed System. After the limiting quality of a model for the Magellanic System
was defined, it is possible to delimit sub—intervals of the studied LMC and SMC velocity
ranges (Tab. 4.1), that allowed for models of FF > F Flim;:. The corrected ranges for the
spatial velocity components of the Magellanic Clouds are listed in Tab. 7.1. Obviously,

Param. \ FF value FF>0 FF > FFim
(—31 85) (—3v84)
vimc[kms™] ( (—231,—169)) ( (—183, —169)
(132, 206) (135, 206)
(—112,232) (—84,111)
vsmclkms™!] ( (—346,-2) ) ( (—187,-2) )
(45, 301) (45, 281)

Table 7.1: Restriction of the observationally derived estimates for the ranges of the current
spatial velocity vectors of the Magellanic Clouds. The velocity ranges in the middle column are
equal to the entire intervals searched by GA where always FF > 0. The right column offers
sub—intervals of the original ranges for which models of FF > F Fn, exist.

significant restriction of acceptable values of the velocity components v¥y,., vgyc and
vgyrc occurred, while the remaining components lead to satisfactory models (FF > F Fyim)
over their entire ranges that we analyzed.

We have mentioned that there was a remarkable distribution of the 123 GA fits obtained
over the range of the LMC velocity component v}y, (see Sec. 6.5.1). The number density
of the points in the parameter space, that correspond to the GA fits, grows toward the
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upper limit of the interval for vf,,- as depicted in Fig. 6.8. The 1D projection of F'F’
at the position of the best fit (Tab. 6.1) shows a very steep slope as it approaches the
upper vf ;o limit, which one may see in Fig. 6.9. Thus, strong indications exists, that an
extension of the studied parameter space concerning the LMC velocity (the component
v¥ e specifically) is highly desirable, since it might allow for even more successful models
(FF > FFyy) of the Magellanic System. A detailed GA-based search of the redefined
parameter space will be left for the next study on the System, because of high when
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Figure 7.3: Projection of FF to the plane v¥),o — v§;. computational cost of such a
task. However, useful insight into the features of F'F' for the velocity extension of the parameter
space may be obtained by the means of interpolation of the F'F' values calculated on a grid.
The upper limit of the LMC velocity component v¥,;, was changed from ~169kms™! to —
139kms™!. Subsequently, F'F was evaluated on the 2D grid in the plane v} ;o — v8yc (that
shows the strongest variations in F'F'), The upper plot corresponds to the original GA searched
parameter space (Tab. 4.1). It is compared to the 21D FF' projection for the space extended
in the LMC velocity component v¥, . The blue cross marks the highest value of FF that
was identified by GA (Tab. 6.1). Additional green crosses show the points that were picked for
further analysis of the corresponding models.

the remaining parameters were fixed to the values in Tab. 6.1. After interpolation we
obtained the 2 D projection of F'F' for the extended parameter space. The new 2D ”fitness
landscape” is depicted in Fig. 7.3, that offers comparison with the original portion of the
parameter space. The first look at the extended 2D FF plane discovers a turn—point
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located right at the edge of the original range of vf)ss, where the maximal known value
of F'F' was identified. The projected F'F' becomes rather flat beyond the mentioned limit,
and oscillates between the values of ~ 0.42 and ~ 0.48, when vg,; 2 —230km s~1. Thus,
similarly to all the other parameters of the interaction, that were studied, there is an
interval of v¥,,~ values where F'F' reaches its plateau. If such an analysis of the projected
FF is made for every of the 123 GA fits (local maxima of F'F'), one obtains the same
result. It has to be considered a very remarkable result, since it allows for speculations
about the global maximum of FF' (6.7) for the Magellanic System. The investigation
of the F'F' brought a significant indication that a fraction of the parameter space exists,
where the dependence of F'F' on the specific parameter combination becomes weak, and
values of F'F oscillate with the relative amplitude of order 10~2 around a typical value
of ~ 0.46. Then, there is no particular reason to expect a model of fitness exceeding
significantly the quality of the best GA fit (Tab. 6.1) in the volume of the parameter space
that is the subject to this study.

We have analyzed the dependence of F'F' on the LMC and SMC spatial velocity com-
ponents. The previous discussion emphasized importance of the choice for the velocity
vector, regarding the dynamical evolution of the System and namely the resulting distri-
bution of H1I. Values of F'F' measure the overall HI column density and kinematics, but do
not offer any information about the local agreement between models and the HI observa-
tions. That raises an interesting question about sensitivity of the observed HI structures
to the choice for the parameters of the interaction (LMC and SMC velocities here). Since
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Figure 7.4: Fitness functions of the entire Magellanic System (F Fryy), of the Leading Arm
area (F'Fi,5) and of the Magellanic Stream (F Fys) are plotted versus the velocity components
v ve and vl of LMC and SMC, respectively.

main focus has been given to the major structures connected to the Magellanic Clouds —
the Magellanic Stream and the Leading Arm — we analyzed the 1D F'F' slices in v¥y,,
Vi Separately for both the mentioned structures. The FF defined by (6.7) was em-
ployed. The 1D projections of F'F' are marked by green dotted lines in the lower left plot
in Fig. 7.3. The resulting dependence of the 1D FF for the velocity parameters v¥,
and vy is depicted in Fig. 7.4. Together with the values of FFry for the entire system
(marked as ”Total”), we plot also the F'F' calculated separately for the Magellanic Stream
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(FFus) and the Leading Arm (F'F1,A) areas. Note, that F'F' always returns values in
the range of (0,1) and so F'Fry # FFa + FFus. Apparently, the profile of the F'Fry
strongly dependent on behavior of the component FFyg. That is based on the relative
fraction of the entire HI data—cube belonging to the Magellanic Stream area (it is ~ 3/4
of the volume). However, detailed look at Fig. 7.4 suggests, that the contribution of F'Fia
is not negligible and is able to compensate variations in F'Fjys. It is due to remarkably
different sensitivity of the F'F' components for the Magellanic Stream and the Leading
Arm. Regarding the overview of the previous tidal models of the Magellanic System in
Chapter 2.1, it is not surprising that the fitness of the Leading Arm reaches the maximum
of =~ 0.25 which has to be considered insufficient. The flatness of FFy,a reflects the fact,
that tidal models are unable to reproduce the Leading Arm satisfactorily.

7.2 Morphology and Kinematics of HI Distribution

We have analyzed the role of the LMC and SMC spatial velocity components vfyq
and v§y- as input parameters of the numerical model of the interacting system
LMC-SMC-MW. Particular attention was paid to the way the choice for the velocity
components affects the resulting distribution of HI in the position-LSR radial velocity

315° 270°
+45° -7 | 1.000
+30° {1~
L 0.875
+15° (-
0° |- 0.750 = 300f 7 §§ -
-15° o625l £ ‘ ‘
o L %. 100 w’\
-30 0.500 - 0 Em— - m———  ——
> -100¢
-45° 0.375 E 200 E
e -300E
45 0.250 4 400 ’
N A 0 20 -40 60 -80 -100
300 - 5 ",;"”’ 3 o 0125 Magellanic Longitude
Mg froeesed ~ 2™ 0,000
90°

Figure 7.5: Left plot: Contour map of the observed HI integrated relative column density in
the Magellanic System. Data by BRUNS ET AL. (2005) is projected on the plane of sky. Galactic
coordinates are used. Right plot: LSR radial velocity of the Magellanic Stream as a function
of Magellanic Longitude (WANNIER & WRIXON, 1972). The observational data BRUNS ET AL.
(2005) is plotted. Strong H1I emission observed for vi,sg &~ 0kms~! comes from the MW. The
map also shows the emission from the SMC, the galaxies NGC 300, NGC 55, and NGC 7793 from
the Sculptor Group, and the Local Group galaxy WLM.
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space, which was discussed in terms of the fitness function F'F'. The values of F'F' reflect
the overall agreement between the observational information about kinematics and column
density of HI and the results of our simulations. To investigate the individual contribu-
tions of the most notable H1I features — the Magellanic Stream and the Leading Arm — the
FF was evaluated separately for each of the mentioned structures. A remarkable difference
was discovered between the parts of the Magellanic System, concerning behavior of F Fis
and F'Fy, respectively. Values of F'Fiys turned out to be highly sensitive to variations in
spatial velocities of the Clouds, while F'F1,5 did not show significant dependence on the
input velocities (see Fig. 7.4). Such an interesting result became a strong motivation to
investigate the morphology of the HI distribution together with its large—scale kinematic
features. Therefore, we offer Fig. 7.5 that depicts the integrated observed column density
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Figure 7.6: Contour map of the observed HI integrated column density. The original data cube
by BRUNS ET AL. (2005) is modified by frequency filtering (see Sec. 6.3) and integrated over
all radial velocity channels. Contour map is projected on the plane of sky. Galactic coordinates
are used.

of HI projected on the plane of sky, and also the famous L.SR velocity profile of the entire
Magellanic System as seen in HI, discovered by MATHEWSON ET AL. (1974). Actually,
the plots introduce two different views of the original 3D data—cube obtained by BRUNS
ET AL. (2005) and kindly provided for our GA search. The high-resolution data was
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filtered and degraded in resolution (see Sec. 6.3), since the simple test—particle model
does not allow for reliable investigation of details offered by the original data. Then, the
corresponding 2 D contour map changes from the right plot in Fig. 7.5 into Fig. 7.6.

In order to study the distribution of HI in the Magellanic System and its changes with
respect to variations of the spatial velocities of the Clouds, we selected 8 points in the
parameter space, located in the 2D slice of F'F that contains the maximum discovered by
GA (see Tab. 6.1). The plane covers the entire range of the SMC velocity component
vgmc (Tab. 4.1), and the extension of the original interval for vf)- and is depicted
in Fig. 7.3. The selected velocity combinations are marked by green crosses, and we
also included the position of the best fit (blue cross). The corresponding models will be
referenced as A, B, C, D, E, F, G and H hereafter (see Tab. 7.2).

[kms~!] [kms™}]

-219.8 -60.2  0.258
-194.8 -60.2  0.319
-169.8 -60.2  0.496
-144.8 -60.2 0.414
-169.8 -310.2  0.292
-169.8 -210.2  0.378
-169.8 -110.2  0.397
-169.8 -10.2  0.421

=HoRoNolwieRe i

Table 7.2: Selected velocity combinations for the current motion of the Magellanic Clouds.

First, the y-component of the LMC velocity vector was varied, while
vmc = —60.2kms™!. The resulting morphology of HI distribution and the LSR ra-
dial velocity profile of the System are plotted in the first two rows of Fig. 7.7 for every
parameter combination. That set of models contains also the best GA fit discovered for
vipmc = —169.8kms™1. Similarly, the SMC velocity vector was kept fixed and 4 simula-
tions were run for different values of v¥,;-. The corresponding density distribution of HI
and its kinematic properties are illustrated by the lower two rows of Fig. 7.7.

A notable relation between the relative fraction of HI mass transported from the
Clouds into the region of the Magellanic Stream and the quality of the model can be
inferred from the contour plots. In general, the Stream becomes more massive and also
its morphology gets more similar to the observational results for the models close to the
best GA fit. That fact is reflected by the increasing values of both the F'Fys and the total
fitness of the Magellanic System in Fig. 7.4. However, as either of the velocity components
approaches its upper limit, the discrepancy of the model and observational data grows due
to systematic overestimating of the HI column densities and also of the spatial extent of
the matter distribution to the areas with no HI emission observed (see D and H), which
results into lower values of FF compared to the best GA fit (see Fig. 7.3 or Fig. 7.4). One
should also raise a question about composition of the Magellanic Stream, regarding
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of HI Distribution
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Figure 7.7: Modeled distribution of HI in the Magellanic System. The plots in the first and the
third row show contour maps of the integrated relative column densities of HI. Data is projected
on the plane of sky and galactic coordinates are used. Important kinematic information about
the HT distributions is offered in the figures depicting the LSR radial velocity of HI as function
of Magellanic Longitude (for definition see WANNIER & WRIXON, 1972).
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contributions to the HI content coming from LMC and SMC, respectively. To answer, we
may use the LSR radial velocity plots that provide interesting information about origin
of matter in the Magellanic Stream. Obviously, it is SMC that is responsible for the
previously discussed enrichment of the Magellanic Stream for the models situated at the
plateau of FF (Fig. 7.3). The low-density trailing tail consisting of LMC particles turned
out to be rather a general structure that was created over a wide range of LMC and SMC
velocities. The matter distribution in the LMC stream is smooth, which indicates the
influence of a long-term continuous tidal stripping. On the other hand, sensitivity of the
SMC component of the Magellanic Stream to the choice for the velocity vectors of the
Clouds, together with its clumpy structure, point to the important role of LMC-SMC and
SMC-MW encounters in the process of disruption of SMC. We have touched the relation
of the present distribution of HI in the Magellanic System and the past evolution of the
interacting group LMC-SMC-MW. That undoubtedly interesting topic will be discussed
in the next section. The observations by MATHEWSON ET AL. (1974) discovered the
Magellanic Stream and introduced its remarkable large-scale kinematics. The LSR radial
velocity profile of HI along the Magellanic Stream is linear and reaches a high negative
value of &~ —400kms™! at its far tip (see Fig. 7.5). LSR radial velocity profiles in Fig. 7.7
always succeed concerning the slope and the velocity value at the far tip of the Magellanic
Stream. Basically, it is the LMC component of the Stream that is responsible for the good
agreement of the models and observations of the LSR radial velocity profile. Exception
exists for the scenario D, where the SMC tail became dominant. However, a significant
HI structure appears in the model at the velocity—position region where no emission has
been detected so far, which discriminates that scenario. If a SMC component exists, its
LSR radial velocity is also well linear, but the slope slightly differs from the profile of the
LMC stream, which causes a small separation of the components in velocities, and so the
SMC tail does not reach the observed high—-negative LSR radial velocity.

7.3 Notes on the Dynamical Evolution

Analysis of the contributions by the Magellanic Stream and the Leading Arm to FF
of the entire Magellanic System discovered the sensitivity of the HI distribution in the
area of the Stream to variations in the spatial velocities of the Clouds (see Fig. 7.4). In
the previous section, we noted that the Magellanic Stream typically consists of both the
LMC and SMC components, which respond to the choice for the LMC and SMC velocity
vectors in significantly different ways. Such facts allowed for general speculations about
the dynamical evolution of the interacting system LMC-SMC-MW. We suggested that
the features of the LMC tail point to its possible origin as a product of a continuous tidal
stripping, while the strong dependence of the SMC contribution to the Magellanic Stream
on the motion of the Clouds indicates a very likely role of close SMC-LMC and SMC-MW
encounters. Thus, the investigation of the orbital motion of the Magellanic Clouds and its
influence on redistribution of matter in the Magellanic System will be the subject to this
section.
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Figure 7.8: Evolution of the Magellanic System during the last 4 Gyr. The plots in the second
and the fourth row show the orbital evolution of the Clouds. Time dependence of of the LMC
(red dashed line), SMC (blue dotted line) galactocentric distances, and the LMC-SMC relative
distance are plotted above. Filled areas of the plots correspond to time intervals when LMC
and SMC formed a gravitationally bound couple. For each of the 8 models, we also calculated
the relative number of the LMC/SMC particles strongly disturbed due to the interaction in the
Magellanic System. Counts within 8 time intervals of 500 Myr are made and plotted in the first
and the third row.

=== 111 ==



7. SPATIAL MOTION OF THE MAGELLANIC CLOUDS

We studied orbital paths of the Magellanic Clouds during the last 4 Gyr. The evolu-
tion of the separation between the Clouds and their galactocentric distances as functions
of time are plotted in Fig. 7.8 for each of the selected points in the parameter space
(see Fig. 7.3). Filled parts of the mentioned plots in Fig. 7.8 indicate the periods when
the Magellanic Clouds reached the state of a gravitationally bound system. We define
gravitational binding by the sum of the relative kinetic and gravitational potential energy
of LMC and SMC:

MLMC MSMC
miLMc + msMmc

mimc + mSMC) (7.1)

2
vLMc —vsmcl® — G
(I | [rLmc — rsmc|

The Clouds are bound when FEi.; is negative. Another point of interest is redistribution of
matter in the Magellanic System during the process of its dynamical evolution. Therefore,
every orbital plot is accompanied by a figure depicting the relative number of the LMC
and SMC particles strongly disturbed, i.e. particles that reached the minimal distance of
twice the original radii of their circular orbits around the LMC, SMC center, respectively,
for each of 8 time intervals of 500 Myr.

First of all, lets explore the galactocentric distances of the Clouds and their dependence
on the velocity components vy, and v§,c. The current velocity of LMC was varied and
we obtain the series of 4 models with the corresponding plots shown in the upper half
of Fig. 7.8. Apparently, significant changes in the LMC velocity vector do not induce a
strong response in the time dependence of the LMC-MW distance. In every case, two
perigalactic approaches of LMC occurred during the last 4Gyr. Their time separation
decreased from =~ 3Gyr in the model A to ~ 2Gyr for the model D. A very similar
decreasing tendency was noted for the apogalactic distances of LMC as v{yc grows. One
should also note an interesting detail concerning the first perigalactic approach of LMC.
It is slightly increased (by = 15 kpc) toward the upper limit of v{,;-, which will turn out
to be important with respect to the LMC component of the Magellanic Stream.

As we expected, the orbital evolution of SMC was altered only when a close approach
to LMC occurred (the rightmost plot in the second row of Fig. 7.8). A similar result
was obtained for the LMC galactocentric distance when the SMC velocity vector became
the subject to modification (the fourth row of Fig. 7.8). Moreover, sensitivity of LMC to
perturbations by SMC is less that vice—versa due to the ratio of their masses. On the other
hand, the SMC-MW separation as function of v{yc is really remarkable. The interval of
the subsequent perigalactic approaches of SMC well exceeds 4 Gyr for E, while it becomes
< 1.5Gyr for the model H. Such a change is accompanied by an apparent drop of the
maximal apogalactic distance of SMC from = 300 kpc to ~ 100 kpc.

Now, the attention will be paid to the time dependence of the LMC-SMC separation
for different velocity combinations. The orbital plots in Fig. 7.8 indicate that the global
minimum of the relative distance between the Clouds drops as we reach the high—fitness
plateau in Fig. 7.4. Also the average LMC-SMC distance decreases which is reflected by
the generally increasing total length of the periods when the Clouds form a gravitationally
bound pair. Such a trend in the LMC-SMC separation suggests rising intensity and
efficiency of their interaction, concerning redistribution of matter in the System, which
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deserves a further investigation. The plots in Fig. 7.8, depicting the relative counts of the
disturbed LMC/SMC particles, may serve as plausible sources of information for such an
analysis.

We have already noted that the LMC component of the Magellanic Stream is present
over a wide range of possible initial velocity combinations. Except the scenario D, the
LMC tail is present in each of the models studied here. The perigalactic approach of
LMC at T < —2Gyr was crucial for its creation, and so the major raise of the number
of disturbed particles for —3.5 < T' < —2Gyr is due to distortion of the outer regions
of the LMC initial disk. The matter torn—off was spread along the orbit of LMC due to
the tidal stripping by MW. Previously, it was pointed out that the LMC-MW distance
for the first perigalactic approach slightly increases as we switch from A to D. Now, it
became clear that it is a crucial factor for the creation of the LMC trailing tail. It should
be mentioned, that also a LMC leading stream always evolves as a counterpart to the
trailing component (for general notes on test-particle models of galactic interactions see
TOOMRE & TOOMRE, 1972). It contributes to the Leading Arm, but the agreement with
the observed distribution of HI is constantly insufficient (see Fig. 7.4).

Concerning the SMC contribution to the HI structures, it varies due to both SMC-
MW approaches and SMC-LMC encounters. However, the orbital motion of SMC turned
out to be highly sensitive to the choice for v¥y;c (affects especially timing and distance of
perigalactic approaches) but also to the motion of LMC (due to changes in the resulting
gravitational perturbations). Thus, it is not surprising that the SMC content of the
Magellanic Stream strongly fluctuates over the studied models. Generally, outflow of
particles from SMC dominates the process of matter redistribution for ' > —2Gyr. In
the case of the models D and H, very intense destruction of the initial particle disk-like
configuration for T' < —3 Gyr is apparent for SMC. The corresponding plots in Fig. 7.8
clearly explain such a fact by tidal stripping caused by MW due to the proximity of
SMC. Similarly to the LMC particles, a certain fraction of the SMC matter stripped—off
contributes to the Leading Arm.

7.4 Summary and Conclusions

We investigated the properties of the modeled distribution of HI in the Magellanic System
with respect to the choice for the current velocities of LMC and SMC. The detailed search
of the entire parameter space of the interaction (Tab. 4.1) discovered the outstanding role
of the spatial velocity of the Clouds regarding the dynamical evolution of the System.
Due to the specific selection of the Cartesian frame, the velocity components v¥y,- and
vgmc became the parameters critically influencing the results of the corresponding models.
Their impact on agreement between our numerical models and observations of HI in the
Magellanic System are discussed in Sec. 7.1.

Interesting behavior of FF' as function of v, became a motivation for an additional
exploration of the parameters space beyond the upper limit of v}, defined in Tab. 4.1.
We studied the F'F of the Magellanic System over the selected plane of the velocity
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components vy — Vgmes When the remaining parameters were kept fixed to the values
of the best GA fit (Tab. 6.1). The deserved extension of the range for vfy lead to
the discovery of a flat region of the ”fitness landscape”, which was previously noticed
for all the other parameters. A further insight into the Magellanic System was achieved
by decomposition of F'F into the parts for the Magellanic Stream and the Leading Arm.
It was found out that the distribution of HI in the Magellanic Stream area is the main
factor contributing to F'F of the entire System and is notably sensitive to the variations in
the spatial velocities. In contrast to that, satisfaction of observational data is constantly
insufficient for the region of the Leading Arm, and the corresponding FFj4 does not vary
with changing velocities of the Clouds. The last note introduces an expectable result,
since serious difficulties reproducing the Leading Arm occurred in every simulation of the
Magellanic System introduced so far (see the discussion in Sec. 2.1). After the influence
of the current spatial velocities of LMC and SMC on agreement between the modeled and
observed distribution of HI was investigated, the physical properties of the models need
to be clarified in terms of HI column densities, kinematics, and the past orbital motion of
the Clouds.

We have shown that the models of low values of FF (the models A, B, E, F) generally
miss intense encounters that would lead to a significant disruption of either the LMC or
SMC initial disk-like configuration of a particle distribution. However, the LMC-MW
encounters at —3.5 < T < —2Gyr are efficient enough to disturb the outer region of the
LMC disk, which leads to creation of a smooth low—density trailing tail, that satisfies the
observed LSR radial velocity profile of the Magellanic Stream well (Fig. 7.5). When the
plateau of FF (see Fig. 7.3) is reached (the models C, D, G, and H), the mutual approaches
of SMC and MW, together with the LMC-SMC encounters lead to a very intense tidal
stripping of the SMC particles. The encounters cause a very strong tidal force acting for
a short time interval, which results into large variations of the stripping rates for SMC
(see Fig. 7.8). Such a process is reflected by the clumpy distribution of HI column density,
as illustrated by Fig. 7.7. Comparison with the HI observations by BRUNS ET AL. (2005)
(Fig. 7.5 and Fig. 7.6) shows the expected discrepancy between the observed and modeled
HI maps. However, the best models studied here (C and G) were able to produce trailing
tails of correct large—scale kinematics and also of an inhomogeneous distribution of HI,
which should be considered a notable reproduction of the Magellanic Stream. We show
that the choice for the LMC and SMC orbits may suppress common drawbacks of both the
tidal (absence of clumps in the Magellanic Stream) and ram pressure (insufficient slope
of the LSR radial velocity profile) models. Nevertheless, the obvious excess of HI column
density at the far tip of the Magellanic Stream and also its spatial extent at some regions
cannot be ignored and require further investigation.

It is highly desirable to take look at our models with respect to the results of
previous studies (for review see Sec. 2.1). The tidal scenarios of the LMC-SMC-
MW interaction predict the beginning of the evolution of the Magellanic Stream at
T £ —1.5 (see e.g. MURAI& FusiMmOTO, 1980; GARDINER ET AL., 1994, 1996), which
is in a good agreement with our results. Ram pressure models often argue for younger
Streams (HELLER & ROHLFS, 1994; MASTROPIETRO ET AL., 2005), but it is mostly due
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to a necessity for a time limitation of the continuous stripping not to exceed the total
mass of the Stream. Age of the Leading Arm is comparable to the age of the Magellanic
Stream, since it appears as its natural counterpart in our models (detailed explanation in
TOOMRE & TOOMRE, 1972).

It turned out to be a very common result, that both the LMC and SMC particles
contribute to the extended structures of the Magellanic System, namely to the Magel-
lanic Stream. Moreover, we discovered a remarkably different influence of the LMC and
SMC components on the kinematics and morphology of the System. It is very interesting
that most studies published so far deal with pure either LMC or SMC Streams. That
result is natural since often only LMC (e.g. LIN & LYNDEN-BELL, 1977; SOFUE, 1994;
MASTROPIETRO ET AL., 2005; BEKKI & CHIBA, 2005) or SMC (see GARDINER ET AL.,
1996; CONNORS ET AL., 2005) are treated as live systems. However, our study shows
that creation of a one-component Magellanic Stream is a very unlikely case since both
Clouds can serve as sources of matter.

Now, we would like to pay attention to the actual velocity vectors of the Clouds. The
LMC and SMC velocity components of our best model can be found in Tab. 6.1, and we
argue for the velocity ranges in Tab. 7.1, since they allow for a satisfactory reproduction
of HI observations (FF > FFjm). One of the most often cited papers by GARDINER
ET AL. (1994), concerning the evolution of the Magellanic System, introduces a detailed
analysis of the LMC and SMC motion and suggests the current velocity vectors vpmc =
(—5,—225,+194) kms~! and vsmc = (+40,+185,+171) kms~1. However, a very strong
and restrictive constraint was adopted by GARDINER ET AL. (1994), assuming that the
LMC and SMC have formed a gravitationally bound couple for over 10 Gyr. In fact, such
a condition is common in studies on the Magellanic Clouds, but its clear justification has
not been introduced. Our analysis of a wide area of the velocity space denotes that a
continuous long-term gravitational binding of the Clouds is an extremely unlikely case
and we did not discover any dependence between the duration of the bound phase and the
quality of the model. Moreover, the velocity analysis by GARDINER ET AL. (1994) was
performed for a spherical potential of MW. However, we found out, that a flattened MW
halo allowed for the best model, and in the next section it will be shown that aspherical
halo configurations generally lead to better satisfaction of observational data.
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CHAPTER 8

Flattening of the MW Dark Matter
Halo

The idea of dark matter was introduced by ZwICKY (1933). His dynamical measure-
ments of the mass—to-light ratio of the Coma cluster gave larger values than those
known from luminous parts of nearby spirals. That discrepancy was explained by pres-
ence of DM. OSTRIKER ET AL. (1974) proposed that DM is concentrated in a form of
extended galactic halos. Analysis of rotation curves of spiral galaxies (Bosma, 1981;
BURSTEIN & RUBIN, 1985) denotes that their profiles cannot be explained without pres-
ence of non-radiating DM. Hot X-ray emitting halos have been used to estimate total
galactic masses (MCLAUGHLIN, 1999). Corresponding mass—to-light ratios exceed the
maximum values for stellar populations, and DM explains the missing matter naturally.
The presence of DM halos is expected by the standard CDM cosmology model of hierarchi-
cal galaxy formation. The classical CDM halo profile (NFW) is simplified to be spherical.
However, most CDM models expect even significant deviations from spherical symme-
try of DM distribution in halos. The model of formation of DM halos in the universe
dominated by CDM by FRENK ET AL. (1988) produced triaxial halos with preference
for prolate configurations (c/a > 1.0). Numerical simulations of DM halo formation by
DuBINSKI & CARLBERG (1991) are consistent with halos that are triaxial and flat, with
(c/a) = 0.50 and (b/a) = 0.71. There are roughly equal numbers of dark halos with oblate
and prolate forms.

Observationally, the measurement of the shape of a DM halo is a difficult task. A
large number of various techniques found notably different values, and it is even not clear
if the halo is prolate or oblate. OLLING & MERRIFIELD (2000) use two approaches to
investigate the DM halo shape of the Milky Way (MW), a rotation curve analysis and
the radial dependence of the thickness of the HI layer. Both methods lead consistently to
flattened oblate halos.




8. FLATTENING OF THE MW DARK MATTER HALO

Recently, the nearly planar distribution of the observed MW satellites, which is almost
orthogonal to the Galactic plane, raised the question, if they are in agreement with cos-
mological CDM models (KROUPA ET AL., 2005) or if other origins have to be invoked.
ZENTNER ET AL. (2005) claim that the disk-like distribution of the MW satellites can
be explained, provided the halo of the MW is sufficiently prolate in agreement with their
CDM simulations. On the other hand, it is not clear, if there exists a unique prediction
of the axis ratios from CDM simulations, as the scatter in axis ratios demonstrates Du-
BINSKI & CARLBERG (1991). Based on ACDM simulations KAZANTZIDIS ET AL. (2004)
emphasize that gas cooling strongly affects halo shapes with the tendency to produce
rounder halos.

Another promising method to determine the Galactic halo shape are stellar streams,
because they are coherent structures covering large areas in space. Thus, their shape
and kinematics should be strongly influenced by the overall properties of the underlying
potential. A good candidate for such an analysis is the stellar stream associated with the
Sagittarius dwarf galaxy. By comparison with simulations IBATA ET AL. (2001) found
that the DM halo is almost spherical in the galactocentric distance range from 16 to 60
kpc. However, HELMI (2004) warned that the Sagittarius stream might be dynamically
too young to allow for constraints on the halo shape.

We use the Magellanic Stream in order to derive constraints on the halo shape of the
MW. The basis are the new detailed HI observations of the Magellanic System (including
LMC and SMC) by BRUNS ET AL. (2005). As remnants of the LMC-SMC-MW interac-
tion, extended structures connected to the System are observed. We employed a simple
fast numerical model of the Magellanic System combined with an implementation of a
GA to perform the first very extended search of the parameter space for the interaction
between LMC, SMC and MW. Here we present our results about the MW DM halo flat-
tening values compatible with most detailed currently available HI Magellanic survey (
BRUNS ET AL., 2005, see Fig. 7.5).

8.1 Results of the GA Search

The fitness distribution for different values of the halo flattening parameter g is shown in
Fig. 8.1. For every value of ¢, the model of the highest fitness is selected and its fitness value
is plotted. Fig. 8.1 indicates that better agreement between the models and observational

Group A B C
074<q<092 094<¢<106 108<¢g<1.20
N; 101 10 12

Table 8.1: Three major groups according to the halo flattening ¢

data was achieved generally for oblate halo configurations than for nearly spherical or
prolate halos. The relative difference between the worst (FFymw = 0.450;¢ = 1.14) and
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the best (FFyvax = 0.496;¢ = 0.84) model shown in Fig. 8.1 is AF'F = 0.09. It reflects
the fact, that each of the GA fits contains a trailing tail (Magellanic Stream) and a leading
stream (Leading Arm), but there are fine differences between the resulting distributions
of matter.

We want to discuss our results with respect to the shape of the MW halo. Thus, all
the GA fits are divided into three groups according to the halo flattening (see Tab. 8.1)
to show differences or common features of models for oblate, nearly spherical and prolate
halo configurations. The actual borders between the groups A, B and C were selected

T T T T T T T T v T T

0500 o ' o
0.490

0.480 |
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0.440 g % ]

0.8 0.9 1.0 1.1 1.2
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Figure 8.1: Maximum values of fitness as function of the MW dark matter halo flattening gq.
The plot depicts the fitness of the best GA fit of the Magellanic System that was found for each
of the MW dark matter halo flattening values that entered the GA search. The function is also
approximated by its least—square polynomial fit. The values of ¢ delimiting the model groups
A, B and C (see Tab. 8.1) are emphasized by dotted lines.

by definition and the way, so that the number of models in each of the groups allows for
statistical treatment of the LMC, SMC orbital features and particle redistribution which
will be introduced in Sec. 8.2.

8.2 DM Halo Shape and Evolution of the Magellanic System

Close encounters of interacting galaxies often lead to substantial disruption of their particle
disks forming tidal arms and tails subsequently (TOOMRE & TOOMRE, 1972). Regarding
that, the time dependence of the relative distance of the interacting pair is an interesting
source of information on the system.

First of all, we examine the time distribution of the minima of the LMC-SMC relative
distance. For each of the model groups mentioned in Tab. 8.1, we calculate the relative
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number of GA solutions having a minimum of the LMC-SMC relative distance within a
given interval of 500 Myr. Fig. 8.2 shows such a distribution of fits for the total time interval
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Figure 8.2: Relative numbers of the Magellanic System GA models with LMC-SMC relative
distance minima at given time interval for model groups A (left), B (middle) and C (right). The
counts were made for 8 time intervals of 500 Myr covering the entire Magellanic evolution period
of 4 Gyr investigated in our study.

of our simulations, which is 4.0 Gyr. The local maxima of the time distribution of the
LMC-SMC distance minima are within the intervals (—3.0, —2.0) Gyr and (—0.5,0.0) Gyr.
For prolate halos (¢ > 1.08) there is no LMC-SMC distance minimum between —2.0 Gyr
and -0.5 Gyr.

Subsequently, the mean values of the LMC-SMC distance minima are calculated for
each of the time intervals defined above. Comparison of the results for oblate, nearly
spherical and prolate DM halo configuration is available in Fig. 8.3. It was found that

close (Ar ~ 10kpc) LMC-SMC encounters do not occur in models with either oblate
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Figure 8.3: Mean values of the LMC-SMC distance minima for model groups A (left), B
(middle) and C (right) (Tab. 8.1) and for 8 time intervals of 500 Myr.

or prolate halos. If the MW DM halo shape is nearly spherical, disruption of the LMC
and SMC initial particle distribution leading to creation of the observed HI structures
occurred due to strong LMC-SMC interaction typically.

Another point of interest is the time dependence of the LMC and SMC test-particle
redistribution during the evolutionary process. Fig. 8.4 offers the relative number of test—
particles strongly disturbed, i.e. particles that reached the minimal distance of twice the
original radii of their circular orbits around the LMC, SMC center, respectively, by the
LMC-SMC-MW interaction in the defined time-intervals. Comparison between the plots
in Fig. 8.3 and Fig. 8.4 shows that encounters of the Clouds are followed by delayed raise
of the number of particles shifted to different orbits, typically. Another such events are
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induced by the interaction of the Clouds and MW. Disruption of the LMC and SMC
disks triggers formation of the extended structures of the Magellanic System. Particles
are assigned new orbits in the superimposed gravitational potential of the LMC, SMC
and MW, and spread along the orbital paths of the Clouds. Our study shows that the
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Figure 8.4: Relative number of the LMC and SMC test—particles strongly disturbed due to the
Magellanic System interaction. Counts within 8 time intervals of 500 Myr and for model groups
A (left), B (middle) and C (right) are plotted.

formation of the Magellanic Stream and other observed HI features did not begin earlier
than 2.5 Gyr ago for model groups A and B (see Fig. 8.4). Prolate halos (group C) allow
for a mass redistribution in the system that started at T" < —3.5 Gyr.

8.3 Representative Models

Here, we describe the models of highest fitness selected from each of the groups A, B
and C. All of them are typical representatives of their model groups and we discuss their
features with respect to the HI observational data. Tab. 8.2 summarizes the parameter
values of the models.

8.3.1 Group A

The best model of the Magellanic System with an oblate MW halo is introduced in this
section (model A). Fig. 8.5 depicts the time variation of the LMC, SMC galactocentric
distance together with the LMC-SMC separation for the last 4 Gyr. The Clouds move on
very different orbits. The apogalactic distance of the LMC decreases systematically during
the evolutionary period, which clearly reflects the effect of dynamical friction. There is
a gap between the periods of subsequent perigalactic approaches of the Clouds. While
the last two perigalactica of the LMC are separated by ~ 2.3 Gyr, it is not over ~ 1.5 Gyr
in the case of the SMC. Filled parts of the plot in Fig. 8.5 indicate that the Magellanic
Clouds have reached the state of a gravitationally bound system during the last 4 Gyr. We
define gravitational binding by the sum of the relative kinetic and gravitational potential
energy of LMC and SMC as expressed by (7.1). Apparently, the LMC and SMC have been
forming a bound couple since T' = —1.06 Gyr. Nevertheless, the total lifetime of a bound
LMC-SMC pair did not exceed 40 % of the entire evolutionary period we studied.

Fig. 8.5 allows for conclusions on major events that initialized the redistribution of the
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LMC and SMC particles. The most significant change of the initial distribution of particles
occurred as a result of the LMC-MW approach at " &~ —2.4 Gyr, and the preceding LMC-~
SMC encounter T' &~ —2.5 Gyr. Later on, the particle redistribution continued due to tidal
stripping by the MW. Fig. 8.6 shows the modeled distribution of integrated HI column
density in the System. In order to enable comparison with the observed HI distribution,
we plotted a normalized HI column density map. The technique used to convert a test—
particle distribution into a smooth map of column densities is described in Sec. 6.4. Mass

Model A B C
q 0.84 1.02 1.16
FF 0.496 0.467 0.473
—-1.26 —0.90 —0.63
rimc(kpc] ( —40.50 ) ( —40.31 ) ( —40.03 )
—26.87 —26.88 —26.92
13.16 13.32 13.92
rsmclkpd —34.26 —34.33 —34.04
( —39.77 ) ( —40.22 ) ( —39. 86 )
4.0 18.5
vimclkm s~ —169.8 —169.3 —169 2
( 146.7 ) ( 171.3 ) ( 205.8 )
—37.2 -10.1 475
vSMc[kms‘l] ( —60.2 ) ( —94.2 ) ( —-13.2 )
204.3 270.0 162.6
mLmc[10°Mg] 24.46 19.86 19.01
msmc[10°Mg] 2.06 1.82 1.83
réisk. [kpe] 9.62 11.46 9.06
ik, [kpc] 6.54 6.06 7.90
Ofic 89° 98° 102°
Pelisk 274° 277° 281°
Ogiic 36° 49° 36°
Pgisk, 229° 231° 224°

Table 8.2: Parameters of the best models in separate g categories.

distribution of HI extends beyond the far tip of the observed Magellanic Stream (Fig. 7.5)
in the model A. HI column density peeks can be found in Fig. 7.5 at the positions ! = 300°,
b= —65° and | = 45°, b = —82°. The model A places local density maxima of HI close to
those observed ones (relative angular distance is ~ 10°) to approximate positions { = 325°,
b= -70° and [l = 70°, b = —70°, respectively. Note also the low—density distribution of
matter spread along the great circle of | = 270° (Fig. 8.6). The matter emanates from
LMC near the Interface Region identified by BRUNS ET AL. (2005) (Fig. 7.5). In general,
the model overestimates the amount of matter in the Magellanic Stream. The Leading
Arm consists only of LMC particles in this scenario. The modeled matter distribution
covers a larger area of the plane of sky than what is observed. However, this is a common
problem of previous test—particle models of the Magellanic System and is likely caused by
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Figure 8.5: Left plot: Orbital evolution of the Clouds for the best GA fit from the model
group A. The plot corresponds to an oblate halo of flattening ¢ = 0.84. Time dependence of
the LMC (dashed line), SMC (dotted line) galactocentric distances, and the LMC-SMC relative
distance are plotted above. Plot areas with filling mark the time intervals when the Clouds
were gravitationally bound to each other. Right plot: Relative number of LMC/SMC test—
particles strongly disturbed due to the interaction in the Magellanic System. Counts within 8
time intervals of 500 Myr are plotted.
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Figure 8.6: Left plot: Countour map of the modeled HI integrated relative column density.
Data is projected on the sky plane. Galactic coordinates are used. Right plot: LSR radial
velocity profile of the Magellanic Stream.
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simplifications in the treatment of the physical processes. But also in general, successful
reproduction of the Leading Arm has been a difficult task for all the models introduced
so far.

The LSR radial velocity profile of the Magellanic Stream for the model A is shown
in Fig. 8.6. The model reproduces the LSR radial velocity of the Stream matter as al-
most linear function of Magellanic Longitude with the high-negative velocity tip reaching
—400kms~1. Such features are in agreement with observations (see Fig. 7.5). In contrast
to GARDINER ET AL. (1994), the Magellanic Stream consists of both LMC and SMC par-
ticles. Fig. 8.6 denotes that the LMC and SMC Stream components cover different ranges
of LLSR radial velocities. The Stream component of the SMC origin does not extend to
LSR radial velocities below the limit of —200kms~!. The major fraction of the LMC

particles resides in the LSR radial velocity range from —400kms™! to —200kms™!.

8.3.2 Group B

The best model of the group B (model B) corresponds to the MW DM halo flattening
value ¢ = 1.02. The initial condition set for the model B is listed in Tab. 8.2. The
galactocentric distance of the Clouds and their spatial separation as functions of time are
plotted in Fig. 8.7. Continuous decrease of the LMC and SMC galactocentric distances
due to the dynamical friction is apparent for both LMC and SMC. A very close encounter
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Figure 8.7: Left plot: Orbital evolution of the Clouds for the best GA fit from the model group
B. The plot corresponds to a nearly spherical halo of flattening ¢ = 1.02. Time dependence of
the LMC (dashed line), SMC (dotted line) galactocentric distances, and the LMC-SMC relative
distance are plotted above. Filled areas show time intervals when LMC and SMC formed a
gravitationally bound couple. Right plot: Relative number of LMC/SMC test—particles strongly
disturbed due to the interaction in the Magellanic System. Counts within 8 time intervals of
500 Myr are plotted.

of the Clouds with the relative distance Ar ~ 10kpc occurred at T' ~ —2.2Gyr. At
similar moments of T &~ —2.3Gyr (LMC) and T" = —2.1 Gyr (SMC), the Clouds also
reached perigalactica of their orbits. In general, both Clouds have been moving on orbits
showing similar time dependence of their galactocentric distances, as indicated by Fig. 8.7.
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Nevertheless, the position vectors of the Clouds evolved in significantly different ways. As
consequence, the spatial separation of the Clouds varied within a wide range of values from
Ar =~ 10kpc to Ar = 250kpc. The Clouds have formed a gravitationally bound couple
three times within the last 4 Gyr, and the total duration of such periods was 1.7 Gyr.
Currently, the LMC and SMC are gravitationally bound in the model B.

The LMC-SMC encounter at T &~ —2.2 Gyr caused distortion of the original particle
disks of the Clouds. More than 25% of the total number of the LMC and SMC particles
were moved to significantly different orbits (for definition see Sec. 8.2) within the interval
of 1 Gyr after the encounter (see Fig. 8.7). The following evolution of the particle distri-
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Figure 8.8: Left plot: Contour map of the modeled HI integrated relative column density.
Data is projected on the plane of sky. Galactic coordinates are used. The dominant branch of
the trailing stream is along the great circle denoted by | = 135°/315°. Right plot: LSR radial
velocity profile of the Magellanic Stream.

bution formed extended structures depicted in Fig. 8.8. There are two spatially separated
components present in the modeled tail. The HI column density distribution map for
the model B (see Fig. 8.8) shows a densely populated trailing stream parallel to the great
circle of I = 135°/315°. It consists of the SMC particles torn—off from the initial disk
~ 2 Gyr ago. Its far end is projected to the plane of sky close to the tip of the Magellanic
Stream. However, the modeled increase of column density of matter toward the far end
of the tail is a substantial drawback of the scenario B. The stream is extended into the
SMC leading arm located between [ = 290°,b = —15° and [ = 290°,b = 45°. The second
component of the particle tail is of LMC origin and is spread over the position of the
observed low-density gas distribution centered at [ = 80°, b = —50° (Fig. 7.5 or Fig. 7.5).

The most significant structure at the leading side of the Magellanic System is the SMC
stream introduced in the previous paragraph. Comparison between Fig. 7.5 and Fig. 8.8
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indicates, that neither the projected position nor the integrated HI density distribution
of the stream is in agreement with the observed Leading Arm. There was also a structure
emanating from the leading edge of the LMC identified at approximate position [ =
270°,b = —15° (see Fig. 8.8). Regarding the HI data by BRUNs ET AL. (2005), such
an HI distribution is not observed. The LSR radial velocity profile of the trailing tail of
the model B does not extend over the limit of vrggr ~ —350km.s~! (Fig. 8.8). However,
following the HI data, the far tip of the Stream should reach the LSR radial velocity
ULsR ~ —400km.s~1 at the Magellanic Longitude ~ —100°.

8.3.3 Group C

Our last model group C assumes the presence of prolate MW DM halos. The best GA
fit of the System (model C) is introduced in Tab. 8.2 reviewing its initial condition set.
Concerning orbital motion of the Clouds, there is a significant difference between the LMC
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Figure 8.9: Left plot: Orbital evolution of the Clouds for the best GA fit from the model group
C. The plot corresponds to a prolate halo of flattening ¢ = 1.16. Time dependence of the LMC
(dashed line), SMC (dotted line) galactocentric distances, and the LMC-SMC relative distance
are plotted above. Periods when the Clouds formed a gravitationally bound couple are marked
by filling. Right plot: Relative number of LMC/SMC test—particles strongly disturbed due to
the interaction in the Magellanic System. Counts within 8 time intervals of 500 Myr are plotted.

and SMC periods of perigalactic approaches during the last 4 Gyr. While the last period of
the LMC exceeds 2.5 Gyr, the SMC orbital cycle is shorter than 1.5 Gyr. The relative dis-
tance of the Clouds remains over 70 kpc for T < —0.4 Gyr. They became a gravitationally
bound couple 0.6 Gyr ago and this binding has not been disrupted (Fig. 8.9).

Changes to the original LMC and SMC particle disks occurred especially due to the
LMC-MW and SMC-MW encounters at 7' < —2.0Gyr. Fig. 8.9 demonstrates the sig-
nificance of different encounter events for particle redistribution. Note that raise of the
number of disturbed particles is delayed with respect to the corresponding disturbing
event. Subsequently, the evolution of particle structures continued under the influence of
tidal stripping by the gravitational field of MW. The current distribution of matter in the
model C is plotted in the form of a 2-D map in Fig. 8.10. The projection of the modeled
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trailing stream indicates that it occupies larger area of the data cube than the observed
Magellanic Stream (compare Fig. 7.5 and Fig. 8.10). According to Fig. 7.5 the Magellanic
Stream shows HI density peaks at [ = 300°, b = —65° and [ = 45°, b = —82°. Our model
C expects two local maxima of HI integrated column density in the tail. Their positions
are shifted by ~ 20° relatively to the peaks in Fig. 7.5. Additional comparison between the
model and observations discovers that the model C overestimates the integrated column
densities of HI in the Magellanic Stream. The matter located at the leading side of the
Magellanic System is of SMC origin only. Similarly to the case of the trailing tail, the
modeled amount of matter exceeds observational estimates for the Leading Arm.

Fig. 8.10 offers the LSR radial velocity profile of the Magellanic Stream in our model C.
The measured minimum of the LSR radial velocity is ~ —400kms~!. The high negative
LSR radial velocity at the far tip of the modeled Magellanic Stream does not exceed
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Figure 8.10: Left plot: Contour map of the modeled HI integrated relative column density.
Data is projected on the sky plane. Galactic coordinates are used. Right plot: LSR radial
velocity profile of the Magellanic Stream.

~ —300kms~!, however. The observed HI emission intensity decreases towards the high
negative velocity tip, which was not well reproduced by the model C.

8.4 Orbits of the Magellanic Clouds

Exploration of the orbital motion of the Clouds shows similarity of the GA fits for oblate
and prolate halos (models A and C). No close (r < 10 kpc) LMC-SMC encounters occurred
for either of the models A and C. It is also notable that in the models with aspherical
halos the SMC period of perigalactic approaches is significantly shorter than the period of
the LMC and that the SMC remains closer than 100 kpc to the MW center during the last
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4 Gyr. When the MW DM flattening ¢ = 1.0, the LMC and SMC orbital cycle lengths were
comparable for the model B. Independently of the MW halo shape, the LMC and SMC
are currently forming a gravitationally bound couple in our models. However, the Clouds
cannot be considered bound to each other during the entire period of the last 4 Gyr. This
is in contrast with MURAI & FUJIMOTO (1980), GARDINER ET AL. (1994) or GARDINER
ET AL. (1996) who argue that the LMC and SMC moving in the spherical halo have
formed a gravitationally bound pair for at least several Gyr to allow for sufficient matter
redistribution. We show that the structural resolution adopted by the above cited studies
to make comparison between models and observations does not allow for such constraints
on the orbital history of the Clouds. The GA search employed a 3-level detailed evaluation
of modeled H1I distribution with respect to high-resolution observational data (BRUNS ET
AL., 2005), which introduced significant improvement of previous approaches to compare
observations and models. Nevertheless, there is still no clear indication that continuous
gravitational binding of the Clouds covering the entire evolutionary period is necessary
for successful reproduction of the observed data.

8.5 Magellanic Stream

8.5.1 Origin of the Matter

In our best model both SMC and LMC particles were present in the trailing stream. This
is a common feature of the scenarios that were investigated. In general, the fraction of HI
gas originating at the SMC exceeds the fraction of LMC matter in the Stream.

Following the models A and B, the formation of the Magellanic Stream did not start
earlier than 2.5 Gyr ago. In the case of the models C, the age of the Stream is ~ 3.5 Gyr.
Both estimates are close to the epoch when a massive star formation burst in the LMC
began (VAN DEN BERGH, 2000). Then the matter forming the Stream comes from the
Magellanic Clouds containing stars, and we necessarily face the observational fact that
there is no stellar content in the Magellanic Stream. Models for aspherical halos (A, C)
indicate that the matter coming to the Magellanic Stream from the LMC originates in
outer regions of its initial particle disk, while no matter was torn—off from the inner disk
of radius 74isc =5 kpc that was the dominant region of star formation in the LMC. It is
due to absence of close encounters in the Magellanic System.

In contrast to the models A and C, a dramatic encounter event between the Clouds oc-
curred in the model B at ~ —2.2 Gyr, when the internal structure of both disks was altered
and also the matter from central areas of the LMC disk was transported to the Magellanic
Stream. In such a case we expect a certain fraction of the matter of the Magellanic Stream
to be in the form of stars, which is, however, not supported by observations.

8.5.2 Structure

MATHEWSON ET AL. (1977) observationally mapped the Magellanic Stream and discov-
ered its clumpy structure consisting of six major HI clouds named MSI-VI. Recently,
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a more sensitive high—resolution HI survey of the Magellanic System by BRUNS ET AL.
(2005) showed that the above mentioned fragments of the Stream have to be considered
density peaks of an otherwise smooth distribution of neutral hydrogen of column density
decreasing towards the high-negative radial velocity tip of the Magellanic Stream. Our
models corresponding to aspherical MW halos (A, C) placed local density maxima of HI
close to the South Galactic pole. That result is supported by observations by BRUNS ET
AL. (2005). In this respect, the model B did not succeed and its projected distribution of
HI in a trailing tail cannot be considered a satisfactory fit of the Magellanic Stream.

Our models overestimate the integrated relative column densities of HI in the part
of the Magellanic Stream located between the South Galactic pole and the far tip of the
Stream. There is also no indication of the HI density decrease as we follow the Stream
further from the Magellanic Clouds. In general, all the models A, B and C predict the
trailing tail to be of higher HI column densities and extended well beyond the far tip of the
Magellanic Stream. Such behavior is a common feature of pure tidal evolutionary models
of the Magellanic System and it is a known drawback of omitting dissipative properties of
gaseous medium.

Regarding the LSR radial velocity measurements along the Magellanic Stream by
BRrUNS ET AL. (2005), our models were able to reproduce some of their results. The
far tip of the Magellanic Stream in the models A reaches the extreme negative LSR ra-
dial velocity of —400kms™~! known from HI observations. However, the highest negative
LSR radial velocity does not drop below —350km s~ for either prolate or nearly spherical
halo configurations. Our previous discussion of various models of the Magellanic System
denoted that successful reproduction of the high—negative LSR radial velocity at the far
tip of the Magellanic Stream is one of the most challenging problems for such studies.
Regarding our results, importance of the correct LSR radial velocity profile along the
Magellanic Stream was emphasized again. Absence of HI between LSR radial velocities
of % —350kms™! and =~ —400kms~! turned out to be the crucial factor decreasing the
resulting fitness of examined evolutionary scenarios.

8.6 Leading Arm

Reproduction of the Leading Arm remains a difficult task for all the models of the Mag-
ellanic System that have been employed so far. Tidal models place matter to the leading
side of the System, towards the Galactic equator, naturally as a result of the tidal strip-
ping forming also the trailing tail. However, neither the projected shape of the modeled
leading structures nor the HI density distribution in the regions having an observational
counterpart can be considered sufficient (see e.g. GARDINER ET AL., 1994).

In every case A, B and C we were able to transport matter to the area of the Leading
Arm. Nevertheless, the projected coverage of that region was more extended than what is
observed. All the models contain a significant content of matter spread from the leading
edge of the LMC across the Galactic equator, which has not been confirmed observation-
ally. The model C reproduced the Leading Arm best. But the column density values of
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HIin C are overestimated and we also could not avoid an additional low—density envelope
surrounding the structure (Fig. 8.10).

8.7 Summary and Conclusions

In this chapter we focused especially on the flattening of the MW dark matter halo po-
tential g. The range 0.74 < ¢ < 1.20 was studied. It is equivalent to the interval of the
density flattening 0.31 < g, < 1.37 (see (3.7)).

We showed that creation of a trailing tail (Magellanic Stream) and a leading stream
(Leading Arm) is quite a common feature of the LMC-SMC-MW interaction, and such
structures were modeled across the entire range of halo flattening values. However, impor-
tant differences exist between the models, concerning density distribution and kinematics
of HI, and also dynamical evolution of the Magellanic System over the last 4 Gyr. In con-
trast to MURAI & FUJIMOTO (1980), GARDINER ET AL. (1994) or LIN ET AL. (1995),
the Clouds do not have to be gravitationally bound to each other for the entire evolution-
ary period to produce the matter distribution that is in agreement with currently available
HI data on the Magellanic System.

Overall agreement between the modeled and observed distribution of neutral hydrogen
in the System is quantified by the fitness of the models. The fitness value is returned by
a fitness function, that performs a very detailed evaluation of every model. Analysis of
fitness as function of the halo flattening parameter q indicates, that the models assuming
oblate DM halo of MW (models A) allow for better satisfaction of HI observations than
models with other halo configurations.

We did not involve surveys of stellar populations in the Magellanic System into the
process of fitness calculation. It is due to a nature of test—particle models that do not allow
for distinguishing between stellar and gaseous content of studied systems. However, we
still have to face one of the most interesting observational facts connected to the Magellanic
Clouds - absence of stars in the Magellanic Stream (VAN DEN BERGH, 2000) — because
both LMC and SMC contain stellar populations, and so every structure emanating from
the Clouds should be contaminated by stars. It is an additional constraint on the models.
It cannot be involved in fitness calculation because of the limits of our numerical code,
but has to be taken into account.

Stellar populations of SMC are very young and the mass fraction in the form of stars
is extremely low. Our models show that evolution of the Magellanic Stream has been
lasting 2 Gyr at least (models B). Thus, the fraction of matter in the Magellanic Stream,
that is of SMC origin, was torn off before significant star formation bursts occurred in
SMC, and stars should not be expected in the Stream. Nevertheless, we found both LMC
and SMC matter in the Magellanic Stream for every model of the System. Similarly
to the case of SMC, if the LMC star formation activity was increased after the matter
transport into the Magellanic Stream was triggered, stars would be missing in the Stream
naturally. Such a scenario is doubtful though. Observational studies argue for a massive
star formation burst started in LMC at ~ —3Gyr (see VAN DEN BERGH, 2000). But
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only presence of a prolate halo of MW (models C) enabled evolution of the Stream that
began before the mentioned epoch. However, our results concerning LMC and SMC orbits
introduced another acceptable solution to the problem of missing stars. We showed that
evolution of the Clouds in aspherical MW DM halos (models A and C) does not lead to
extremely close encounters disturbing inner parts of the LMC disk (raisk < 5kpc). Since
the distribution of gaseous matter in galaxies is typically more extended than the stellar
content, the Magellanic Stream matter coming from outer regions of the Clouds does not
necessarily have to contain a stellar fraction.

Previous discussion of stellar content of the Magellanic System supports discrimination
of the configurations with nearly spherical halos (models B) that was discovered by the
GA search. On the other hand many papers on the dynamical evolution of the Magellanic
Clouds dealing with a spherical MW halo (MURAI & FuJiMOTO, 1980; GARDINER ET
AL., 1994; BEKKI & CHIBA, 2005) argue, that the observed massive LMC star formation
bursts 3 Gyr ago was caused by close LMC-SMC encounters. Our models B show close
approaches of the Clouds Ar =~ 10kpc at around the mentioned time. For aspherical
halos, such encounters do not induce the formation of particle streams. However, close
LMC-MW and SMC-MW encounters appeared to be efficient enough to trigger massive
matter redistribution in the System leading to formation of the observed structures. Then,
they could also be responsible for triggering of star burst.
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We performed an extended analysis of the parameter space for the interaction of the
Magellanic System with the Milky Way. The varied parameters cover the phase space
parameters, the masses, the structure and the orientation of both Magellanic Clouds as
well as the flattening of the dark matter halo of the Milky Way. The analysis was done
by a specially adopted optimization code searching for a best match between numerical
models and the detailed HI map of the Magellanic System by BRUNS ET AL. (2005). The
applied search algorithm is a genetic algorithm (GA) combined with a code based on the
fast, but approximative restricted N-body method. By this, we were able to analyze more
than 10% models which makes this study one of the most extended ones for the Magellanic
System.

The agreement between our numerical models and the observations was measured by
the fitness function F'F. The detailed analysis of F'F, that was introduced in Chapter 6,
discovered a remarkable difference concerning the sensitivity of the HI distribution in the
Magellanic System (i.e. the sensitivity of FF') to different parameters. While the specific
choice for the orientation of the initial particle disk of LMG furned to he .margingl, the
spatial velocities of the Clouds played a key role concerning the proper reproduction of
the observational data.

Following the results of the GA search of the parameter space, we performed a detailed
analysis of the morphology and kinematics of HI in the Magellanic System with respect
to the current motion of the Clouds. It was found out that the distribution of HI in the
Magellanic Stream area is the main factor contributing to F'F of the entire System and is
notably sensitive to the variations in the spatial velocities of both LMC and SMC. In con-
trast to that, satisfaction of observational data was constantly insufficient for the region
of the Leading Arm, and the corresponding FFj,A did not vary with changing velocities
of the Clouds. We have shown that the models of low values of FF generally miss intense
encounters that would lead to a significant disruption of either the LMC or SMC initial
disk-like configuration of a particle distribution. However, the LMC-MW encounters at
-3.5 < T < —2Gyr were efficient enough to disturb the outer region of the LMC disk,
which lead to creation of a smooth low—density trailing tail, that satisfies the observed
LSR radial velocity profile of the Magellanic Stream well. When the plateau of FF is
reached the mutual approaches of SMC and MW, together with the LMC-SMC encoun-
ters lead to a very intense tidal stripping of the SMC particles. The encounters cause a
very strong tidal force acting for a short time interval, which results into large variations
of the stripping rates for SMC. Such a process is reflected by the clumpy distribution
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of HI column density. The best models studied here were able to produce trailing tails
of correct large-scale kinematics and also of an inhomogeneous distribution of HI, which
should be considered a notable reproduction of the Magellanic Stream. It turned out to be
a very common result, that both the LMC and SMC particles contribute to the extended
structures of the Magellanic System, namely to the Magellanic Stream. Moreover, we
discovered a remarkably different influence of the LMC and SMC components on the kine-
matics and morphology of the System. It is very interesting that most studies published
so far deal with pure either LMC or SMC Streams. That result is natural since often only
LMC (e.g. LIN& LYNDEN-BELL, 1977; SOFUE, 1994; MASTROPIETRO ET AL., 2005;
BEKKI & CHIBA, 2005) or SMC (see GARDINER ET AL., 1996; CONNORS ET AL., 2005)
are treated as live systems. However, our study shows that creation of a one-component
Magellanic Stream is a very unlikely case since both Clouds can serve as sources of matter.

Undoubtedly, the potential of MW plays a crucial role in the evolution of the Magellanic
System. The features of the adopted logarithmic potential of the MW DM halo were
described by the flattening parameter q. Since the flattening had to be treated differently
from the remaining parameters, it was analyzed separately in Chapter 8. We showed
that creation of a trailing tail (Magellanic Stream) and a leading stream (Leading Arm)
is quite a common feature of the LMC-SMC-MW interaction, and such structures were
modeled across the entire range of halo flattening values. However, important differences
exist between the models, concerning density distribution and kinematics of HI, and also
dynamical evolution of the Magellanic System over the last 4 Gyr. Analysis of fitness as
function of the halo flattening parameter ¢ indicates, that the models assuming oblate DM
halo of MW allow for better satisfaction of HI observations than the models with other halo
configurations. Additional arguments supporting our result came out of one of the most
interesting observational facts connected to the Magellanic Clouds — absence of stars in the
Magellanic Stream — because LMC contains old stellar populations, and so every structure
emanating from the Clouds should be contaminated by stars. We showed that evolution
of the Clouds in aspherical MW DM halos does not lead to extremely close encounters
disturbing inner parts of the LMC disk. Since the distribution of gaseous matter in galaxies
is typically more extended than the stellar content, the Magellanic Stream matter coming
from outer regions of the Clouds does not necessarily have to contain a stellar fraction.

However, we should also point out that several drawbacks exist related to the method
employed in this study. The most important problems remaining and possible ways to
solve them will be summarized in the following paragraphs.

In order to optimize the performance of the GA, a computationally fast model of
the Magellanic System was required. Therefore, complex N-body schemes involving self—
consistent description of gravity and hydrodynamics were discriminated. On the other
hand, correct description of physical processes dominating the evolution of the System
was a crucial constraint on the model. The discussion of applicability of restricted N-
body schemes on problems of galactic encounters showed that they allow for modeling of
extended streams and tails. Nevertheless, also the models that involve hydrodynamical
description of gaseous medium allowed for notable results. In general, there are strong
arguments supporting the influence of ram pressure stripping on the evolution of the
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Magellanic System, and so the dissipative properties of gas should be taken into account
in the next generation of our model.

The DM halo of the Milky Way is considered axisymmetric and generally flattened
in the model. It is a significant improvement of previous studies on the Magellanic Sys-
tem that assumed spherical halos. Our study indicates that an additional extension of
the studied range of the halo flattening parameter ¢ might introduce remarkable results.
However, it is not feasible for the model of a logarithmic halo, that does not allow for
g < 1/v/2. Moreover, the recent results of both observations and numerical models ar-
gue for generally tri-axial DM halos. Thus, it is highly recommended to adopt a more
elaborate and more general model of the DM halo potential.

It was already mentioned, that the impact of various parameters on the evolution of
the Magellanic System shows notable differences across the studied parameter set. That
fact suggests a promising way to optimize the search process itself by excluding those
parameters playing a minor role, and thus to allow for a more detailed and extended
analysis of the remaining parameters — namely the LMC and SMC velocity vectors, and
the structural parameters of the DM halo of Galaxy.
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Distribution of GA fits of the Magellanic System over the analyzed ranges of vari-
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Abstract. We performed an extended analysis of the parameter space for the interaction of the Magellanic System with the
Milky Way. The varied parameters cover the phase space parameters, the masses, the structure and the orientation of both
Magellanic Clouds as well as the flattening of the dark matter halo of the Milky Way. The analysis was done by a specially
adopted optimization code searching for the best match between numerical models and the detailed HI map of the Magellanic
System by Briins et al. (2005). The applied search algorithm is a genetic algorithm combined with a code based on the fast, but
approximative restricted N-body method. By this, we were able to analyze more than 10% models which makes this study one of
the most extended ones for the Magellanic System. Here we focus on the flattening g of the axially symmetric MW dark matter
halo potential, that is studied within the range 0.74 < g < 1.20. We show that creation of a trailing tail (Magellanic Stream) and a
leading stream (Leading Arm) is quite a common feature of the LMC-SMC-MW interaction, and such structures were modeled
across the entire range of halo flattening values. However, important differences exist between the models, concerning density
distribution and kinematics of HI, and also dynamical evolution of the Magellanic System. Detailed analysis of the overall
agreement between modeled and observed distribution of neutral hydrogen shows that the models assuming oblate (g < 1.0)

dark matter halo of the Galaxy allow for better satisfaction of H I observations than models with other halo configurations.

Key words. methods: N-body simulations — Galaxy: halo — galaxies: interactions — galaxies: Magellanic Clouds

1. Introduction

The idea of dark matter (DM) was introduced by
Zwicky (1933). His dynamical measurements of the mass—to—
light ratio of the Coma cluster gave larger values than those
known from luminous parts of nearby spirals. That discrep-
ancy was explained by presence of DM. Ostriker et al. (1974)
proposed that DM is concentrated in a form of extended
galactic halos. Analysis of rotation curves of spiral galaxies
(Bosma 1981, Rubin& Burstein 1985) denotes that their
profiles cannot be explained without presence of non-radiating
DM. Hot X-ray emitting halos have been used to estimate total
galactic masses (McLaughlin 1999). Corresponding mass—to—
light ratios exceed the maximum values for stellar populations,
and DM explains the missing matter naturally. The presence
of DM halos is expected by the standard CDM cosmology
model of hierarchical galaxy formation. The classical CDM
halo profile (NFW) is simplified to be spherical. However,
most CDM models expect even significant deviations from
spherical symmetry of DM distribution in halos. The model
of formation of DM halos in the universe dominated by CDM

Send offprint requests to: A. RiZitka

by Frenk et al. (1988) produced triaxial halos with preference
for prolate configurations. Numerical simulations of DM halo
formation by Dubinski & Carlberg (1991) are consistent with
halos that are triaxial and flat, with (c/a) = 0.50 and (b/a) =
0.71. There are roughly equal numbers of dark halos with
oblate and prolate forms.

Observationally, the measurement of the shape of a DM
halo is a difficult task. A large number of various techniques
found notably different values, and it is even not clear if the
halo is prolate or oblate. Olling & Merrifield (2000) use two
approaches to investigate the DM halo shape of the Milky Way
(MW), a rotation curve analysis and the radial dependence of
the thickness of the HI layer. Both methods lead consistently
to flattened oblate halos.

Recently, the nearly planar distribution of the observed
MW satellites, which is almost orthogonal to the Galactic
plane, raised the question, if they are in agreement with cos-
mological CDM models (Kroupa et al. 2005) or if other ori-
gins have to be invoked. Zentner et al. (2005) claim that the
disk-like distribution of the MW satellites can be explained,
provided the halo of the MW is sufficiently prolate in agree-
ment with their CDM simulations. On the other hand, it is
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not clear, if there exists a unique prediction of the axis ratios
from CDM simulations, as the scatter in axis ratios demon-
strates (Dubinski & Carlberg 1991). Based on ACDM sim-
ulations Kazantzidis et al. (2004) emphasize that gas cool-
ing strongly affects halo shapes with the tendency to produce
rounder halos.

Another promising method to determine the Galactic halo
shape are stellar streams, because they are coherent structures
covering large areas in space. Thus, their shape and kinematics
should be strongly influenced by the overall properties of the
underlying potential. A good candidate for such an analysis is
the stellar stream associated with the Sagittarius dwarf galaxy.
By comparison with simulations Ibata et al. (2001) found that
the DM halo is almost spherical in the galactocentric distance
range from 16 to 60 kpc. However, Helmi (2004) warned that
the Sagittarius stream might be dynamically too young to allow
for constraints on the halo shape.

In this paper we use the Magellanic Stream in order to
derive constraints on the halo shape of the MW. The ba-
sis are the new detailed HI observations of the Magellanic
System (including the Large Magellanic Cloud (LMC) and
the Small Magellanic Cloud (SMC)) by Briins et al. (2005).
As remnants of the LMC-SMC-MW interaction, extended
structures connected to the System are observed. Among
them, the Magellanic Stream — an HI tail originating in be-
tween the Clouds and spreading over ~ 100° of the plane
of sky — has been a subject of investigation for previ-
ous studies (see e.g. Fujimoto & Sofue 1976, Lin & Lynden—
Bell 1977, Murai & Fujimoto 1980, Heller & Rohlfs 1994,
Gardiner & Noguchi 1996, Bekki & Chiba 2005, Mastropietro
et al. 2005). Due to the extended parameter space related to the
interaction of three galaxies and also due to the high compu-
tational costs of fully self—consistent simulations, simplifying
assumptions were unavoidable. Many simulations neglected
the self—gravity of the individual stellar systems by applying
a restricted N-body method similar to the method introduced
by Toomre & Toomre (1972). None of these simulations con-
sidered the self-gravity of all three galaxies. Often only one
galaxy is simulated including its self-gravity by means of a
live disk and halo, whereas the other two galaxies are taken
into account by rigid potentials of high internal symmetry. E.g.
none of the simulations so far adopted a live dark matter halo of
the Milky Way, but they applied (semi—)analytical descriptions
for the dynamical friction between the Magellanic Clouds and
the Milky Way. Also, a possible flattening of the MW halo has
not been considered. Having the numerical difficulties in mind
it is not surprising that a thorough investigation of the complete
parameter space was impossible.

Modeling observed interacting galaxies means dealing with
an extended high—dimensional space of initial conditions and
parameters of the interaction. Wahde (1998) and Theis (1999)
introduced a genetic algorithm (GA) as a robust search method
to constrain models of observed interacting galaxies. The GA
optimization scheme selects models according to their ability
to match observations. Inspired by their results, we employed a
simple fast numerical model of the Magellanic System com-
bined with an implementation of a GA to perform the first
very extended search of the parameter space for the interac-

tion between LMC, SMC and MW. Here we present our re-
sults about the MW DM halo flattening values compatible with
most detailed currently available HI Magellanic survey (Briing
et al. 2005, see Fig. 1, Fig. 2).

2. Magellanic Clouds and MW Interaction
2.1. Observations of the Magellanic System

The Milky Way together with its close dwarf companions LMC
and SMC forms an interacting system. Hindman et al. (1963)
observed the HI Magellanic Bridge (MB) connecting the
Clouds. Another significant argument for the LMC-SMC-~
MW interaction was brought by Wannier & Wrixon (1972) and
Wannier et al. (1972). Their HI observations of the Magellanic
Clouds discovered large filamentary structures projected on
the plane of sky close to the Clouds, and extended to both
high negative and positive radial LSR velocities. Mathewson
et al. (1974) detected another HI structure and identified a
narrow tail emanating from the space between the LMC and
SMC, spread over the South Galactic Pole. The tail was named
the Magellanic Stream. A similar HI structure called the
Leading Arm extends to the north of the Clouds, crossing the
Galactic plane. A high-resolution, spatially complete HI sur-
vey of the entire Magellanic System done by Briins et al. (2005,
see Fig. 1 and Fig. 2) gives detailed kinematic information
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Fig. 1. Contour map of the observed HI integrated relative column
density in the Magellanic System. Data by Briins et al. (2005) is pro-
jected on the plane of sky. Galactic coordinates are used.

about the Clouds and the connected extended structures. It in-
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Fig. 2. LSR radial velocity of the Magellanic Stream as a function
of Magellanic Longitude (see Wannier & Wrixon 1972). The obser-
vational data by Briins et al. (2005) is plotted. Strong HI emission
observed for visg ¥ Okms™' comes from the MW. The map also
shows the emission from the SMC, the galaxies NGC 300, NGC 55,
and NGC 7793 from the Sculptor Group, and the Local Group galaxy
WLM.

dicates that the observed features consist of the matter torn off
the Magellanic Clouds and spread out due to the interaction
between the LMC, SMC and MW.

2.2. Modeling of the Magellanic System

Toomre & Toomre (1972) have shown the applicability of re-
stricted N-body models on interacting galaxies. In restricted
N-body simulations, gravitating particles are replaced by rest—
particles moving in a time~dependent potential which is a su-
perposition of analytic potentials of the individual galaxies.
Such an approach maps the gravitational potential with high
spatial resolution for low CPU costs due to the linear CPU scal-
ing with the number of particles. However, the self—gravity of
the stellar systems is not considered directly. E.g. the orbital de-
cay of the Magellanic Clouds due to dynamical friction cannot
be treated self—consistently in restricted N-body simulations,
but has to be considered by (semi-)analytical approximative
formulas.

First papers on the physical features of the interacting sys-
tem of LMC, SMC and Galaxy used 3D restricted N-body
simulations to investigate the tidal origin of the extended
Magellanic structures. Lin & Lynden—Bell (1977) pointed out
the problem of the large parameter space of the LMC-SMC-
MW interaction. To reduce the parameter space, they ne-
glected both the SMC influence on the System and dynami-
cal friction within the MW halo, and showed that such con-
figuration allows for the existence of a LMC trailing tidal
stream. The interaction between the Clouds was analyzed by
Fujimoto & Sofue (1976) who assume the LMC and SMC to
form a gravitationally bound pair for several Gyr, moving in a
flattened MW halo. They identified some LMC and SMC or-
bital paths leading to creation of a tidal tail. Following studies
by Murai & Fujimoto (1980, 1984), Lin & Lynden—Bell (1982),

Gardiner et al. (1994) and Lin et al. (1995) extended and devel-
oped test—particle models of the LMC-SMC-MW interaction.
The Magellanic Stream was reproduced as a remnant of the
LMC-SMC encounter that was mostly placed to the time of
—2 Gyr. The matter torn off was spread along the paths of the
Clouds. The simulations also indicate that the major fraction of
the Magellanic Stream gas stems from the SMC. The observed
radial velocity profile of the Stream was modeled remarkably
well. However, the smooth HI column density distribution
did not agree with observations indicating apparently clumpy
Magellanic Stream structure. Test—particle models place mat-
ter to the Leading Arm area naturally (see the study on the
origin of tidal tails and arms by Toomre & Toomre 1972), but
correspondence with observational data cannot be considered
sufficient. Gardiner & Noguchi (1996) devised a scheme of the
Magellanic System interaction implementing the full N-body
approach. The SMC was modeled by a self—gravitating sphere
moving in the LMC and MW analytic potentials. It was shown
that the evolution of the Magellanic Stream and the Leading
Arm is dominated by tides which supports the applicability of
test—particle codes for modeling of extended Magellanic struc-
tures. Recently, the study by Connors et al. (2005) investi-
gated the evolution of the Magellanic Stream as a process of
tidal stripping of gas from the SMC. Their high-resolution
N-body model of the Magellanic System based on ideas of
Gardiner & Noguchi (1996) is compared to the data from the
HIPASS survey. Involving pure gravitational interaction al-
lowed for remarkably good reproduction of the Magellanic
Stream LSR radial velocity profile. They were able to improve
previous models of the Leading Arm. Similarly to the previous
tidal scenarios, difficulties remain concerning overestimating
of the HI column density toward the far tip of the Magellanic
Stream. Connors et al. (2005) approximate both the LMC and
Milky Way by rigid potentials and also do not study influence
of non—spherical halo of MW.

Meurer et al. (1985) involved continuous ram pressure
stripping into their simulation of the Magellanic System.
This approach was followed later by Sofue (1994) who ne-
glected presence of the SMC, though. The Magellanic Stream
was formed of the gas stripped from outer regions of the
Clouds due to collisions with the MW extended ionized
disk. Heller & Rohlfs (1994) argue for a LMC-SMC collision
500 Myr ago that established the MB. Later, gas distributed
to the inter—cloud region was stripped off by ram pressure as
the Clouds moved through a hot MW halo. Generally, con-
tinuous ram pressure stripping models succeeded reproduc-
ing the decrease of the Magellanic Stream HI column density
towards the far tip of the Stream. However, they are unable
to explain the evidence of gaseous clumps in the Magellanic
Stream. Gas stripping from the Clouds caused by isolated
collisions in the MW halo was studied by Mathewson et
al. (1984). The resulting gaseous trailing tail consisted of frag-
ments, but such a method did not allow for reproduction of the
column density decrease along Magellanic Stream. Recently,
Bekki & Chiba (2005) applied a complex gas—dynamical model
including star—formation to investigate the dynamical and
chemical evolution of the LMC. They include self—gravity and
gas dynamics by means of sticky particles, but they are also
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not complete: they assume a live LMC system, but SMC and
MW were treated by static spherical potentials. Thus, dynami-
cal friction of the LMC in the MW halo is only considered by
an analytical formula and a possible flattening of the MW halo
is not involved. Their model cannot investigate possible SMC
origin of Magellanic Stream neither. Mastropietro et al. (2005)
introduced their model of the Magellanic System including hy-
drodynamics (SPH) and full N-body description of gravity.
They studied the interaction between the LMC and the MW.
Similarly to Lin & Lynden—Bell (1977) and Sofue (1994) the
presence of SMC was not taken into account. It was shown that
the Stream, which sufficiently reproduces the observed HI col-
umn density distribution, might have been created without an
LMC-SMC interaction. However, the history of the Leading
Arm was not investigated.

In general, hydrodynamical models allow for better repro-
duction of the Magellanic Stream HI column density profile
than tidal schemes. However, they constantly fail reproducing
the Magellanic Stream radial velocity measurements and es-
pecially the high—negative velocity tip of Magellanic Stream.
Both families of models suffer from serious difficulties when
modeling the Leading Arm.

In order to model the evolution of the Magellanic System,
the initial conditions and all parameters of their interaction
have to be determined. Such a parameter space becomes quite
extended. In the Magellanic System we have to deal with the
orbital parameters and the orientation of the two Clouds, their
internal properties (like the extension of the disk) and the prop-
erties of the MW potential. In total we have about 20 param-
eters (the exact number depends on the adopted sophistica-
tion of the model). Previous studies on the Magellanic Clouds,
however, argued for very similar evolutionary scenarios of the
system (e.g. Lin & Lynden-Bell 1982, Gardiner et al. 1994,
Bekki & Chiba 2005). These calculations are based on addi-
tional assumptions concerning the orbits, or the internal struc-
ture and orientation of the Clouds, the potential of the Milky
Way (mass distribution and shape), the treatment of dynami-
cal friction in the Galactic halo or the treatment of self—gravity
and gas dynamics in the Magellanic Stream. Some of them
can be motivated by additional constraints. E.g. Lin & Lynden-
Bell (1982) and Irwin et al. (1990) argue that the Clouds
should have been gravitationally bound over the last several
Gyr. However, in general the uniqueness of the adopted models
is unclear, because a systematic analysis of the entire parameter
space is still missing.

We explore the LMC-SMC-MW interaction parame-
ter space that is compatible with the observations of the
Magellanic System available up to date. Regarding the dimen-
sion and size of the parameter space, a large number of the
numerical model runs have to be performed to test possible pa-
rameter combinations — no matter which kind of search tech-
nique is selected. In such a case, despite their physical reliabil-
ity, full N-body models are of little use, due to their computa-
tional costs.

3. Method

In order to cope with the extended parameter space, neither
complete catalog of models nor a large number of computation-
ally expensive self—consistent simulations can be performed —
both due to numerical costs. However, a new numerical ap-
proach based on evolutionary optimization methods combined
with fast (approximative) N-body integrators turned out to be
a promising tool for such a task. In case of encounters be-
tween two galaxies Wahde (1998) and Theis (1999) showed
that a combination of a genetic algorithm with restricted N~
body simulations is able to reproduce the parameters of the in-
teraction.

Here we apply the GA search strategy with a restricted N~
body code for the Magellanic System. In the following sections
we describe first our N-body calculations and then we explain
briefly the applied genetic algorithm.

3.1. N-body simulations

Our simulations were performed by test—particle codes simi-
lar to the ones already applied to the Magellanic System by
Murai & Fujimoto (1980) and Gardiner et al. (1994). But as an
extension of these previous papers we allow for a flattened MW
halo potential and a more exact formula for dynamical friction
taking anisotropic velocity distributions into account.

For the galactic potentials we used the following de-
scriptions: both LMC and SMC are represented by Plummer
spheres. The potential of the DM halo of the Milky Way
is modeled by a flattened axisymmetric logarithmic potential
(Binney & Tremaine 1987)

1 5 2, 2. 2
O, = =yp°In R+ R +—2' P (1)
2 q
In agreement with Helmi (2004) we set R = 12kpc, vy =
V2 - 131.5kms™!, and g describes the flattening of the MW
halo potential. The corresponding flattening g,, of the density
distribution associated with the halo potential follows

1 +44%

2 _ q

% =5737 Iz (R<R.), ()
1

aQl=q (2 - ;) (R > R.). (3)

Dynamical friction causes the orbital decay of the
Magellanic Clouds. We adopted the analytic dynamical fric-
tion formula by Binney (1977). In contrast to the commonly
used expression by Chandrasekhar (1943), it allows for an
anisotropic velocity distribution. By comparison with N-body
simulations of sinking satellites, Pefiarrubia et al. (2004)
showed that Binney’s solution is a significant improvement of
the standard approach with Chandrasekhar’s formula.

Finally, we get the following equations of motion of the
Clouds:

PIMC - (9, + VOgye) + S2F, @
dt mymc
dusmc _ (VO + Vyye) + Fpr ’ )

dt msMc
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where @pmc, Osme are the LMC, SMC Plummer potentials,
and Fpp is the dynamical friction force exerted on the Clouds
as they move in the MW DM halo.

Our simulations were performed with the total number of
10000 test—particles equally distributed to both Clouds. We
start the simulation with test—particles in a disk-like configura-
tion with an exponential particle density profile, and compute
the evolution of the test—particle distribution up to the present
time. Initial conditions for the starting point of the evolution of
the System at the time —4 Gyr were obtained by the standard
backward integration of equations of motion (see e.g. Murai &
Fujimoto 1980, Gardiner et al. 1994). Basically, the choice for
the starting epoch of this study originates in the fact that the
MW, LMC and SMC form an isolated system in our model.
Such an assumption was very common in previous papers on
the Magellanic System (e.g. Murai & Fujimoto 1980, Gardiner
et al. 1994, Gardiner & Noguchi 1996) and was motivated by
insufficient kinematic information about the Local Group, that
did not allow to estimate the influence of its members other
than MW on the evolution of the Magellanic System. Our de-
tailed analysis of the orbits of the LMC and SMC showed that
the galactocentric distance of either of the Clouds did not ex-
ceed 300kpc within the last 4 Gyr. Investigation of the kine-
matic history of the Local Group by Byrd et al. (1994) indi-
cates, that the restriction of the maximal galactocentric radius
of the Magellanic System to Rpyax =~ 300kpe when T > —4 Gyr
lets us consider the orbital motion of the Clouds to be gravita-
tionally dominated by the MW.

3.2. Genetic Algorithm Search

Genetic algorithms can be used to solve optimization problems
like a search in an extended parameter space. The basic con-
cept of GA optimization is to interpret natural evolution of a
population of individuals as an optimization process, i.e. an in-
creasing adaptation of a population to given conditions. In our
case the conditions are to match numerical models to the obser-
vations. Each single point in parameter space defines uniquely
one interaction scenario which can be compared with the obser-
vations (after the N-body simulation is performed). The qual-
ity of each point in parameter space (or the corresponding N—
body model) can be characterized by the value of a fitness
function (FF) which is constructed to become larger, the bet-
ter the model matches the observations. A population consists
of a set of points in parameter space (individuals). Each sin-
gle parameter of an individual corresponds to a gene. A genetic
algorithms recombines the genes of the individuals in differ-
ent reproduction steps: First two individuals (parents) are se-
lected with a probability growing with their fitness. Then the
genes of the parents are recombined by application of repro-
duction operators mimicking cross—over and mutation. Often
the reproduction is done for all members of a population. Then
the newly created population corresponds to a next generation.
The reproduction steps are then repeated until a given num-
ber of generations is calculated or a sufficient convergence is
reached. More details about genetic algorithms can be found
in Holland (1975) or Goldberg (1989). An application to inter-
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Fig. 3. Contour map of the observed HI integrated column density.
The original data cube by Briins et al. (2005) is modified by frequency
filtering (see Appendix B) and integrated over all radial velocity chan-
nels. Contour map is projected on the plane of sky. Galactic coordi-
nates are used.

acting galaxies is described in Wahde (1998), Theis (1999) or
Theis & Kohle (2001).

Obviously, the evolutionary search for the optimal solution
can be treated as a process of maximizing the fitness of in-
dividuals. The GA looks for maxima of the function assign-
ing individuals their fitness values. It should be noted that the
problem we want to solve only enters via the fitness function.
Therefore, the choice of the fitness function is essential for the
performance and the answer given by a GA.

For our calculations we used a fitness function consisting
of three different parts corresponding to three different com-
parisons. These three fitness functions measure the quality of
the numerical models for different aspects of the given HI data
cube. The original 3D HI data cube together with its version
modified for the purpose of efficient GA search are visual-
ized in Fig. B.1. Two of the comparisons deal with the whole
data cube: FF, denotes the rough occupation of cells in the
data cube and is a measure for the agreement of the structural
shape in the data cube. FF3; compares the individual inten-
sities in each cell of the data cube. The FF5 definition basi-
cally follows the fitness function introduced in Theis (1999) or
Theis & Kohle (2001) who found it an efficient GA driver for
the galactic interaction problems they studied. However, if the
fraction of the total volume of the system’s data cube, that is
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occupied by the structures of special interest, is small (< 10%
in the case of the Magellanic Stream and the Leading Arm), im-
plementation of a structural search in the data (F F,) preceding
the fine comparison between modeled and observed data sig-
nificantly improves the performance of the GA. Finally, FF is
introduced to take into account the velocity profile, i.e. the im-
portant constraint of the minimum velocity in the stream. All
these three quality measures are combined to yield the final fit-
ness of a model. Details can be found in the Appendix B.

3.3. The GA Parameter Space

In this paragraph we introduce the parameters of the
Magellanic System interaction that were subject to our GA
search. The parameters involve the initial conditions of the
LMC and SMC motion, their total masses, parameters of mass
distribution, particle disc radii and orientation angles, and also
the MW dark matter halo potential flattening parameter. Tab. 1
summarizes the parameters of the interaction and introduces
their current values. Models are described in a right-handed
Cartesian coordinate system with the origin in the Galactic

Table 1. Parameters of the MW-LMC-SMC interaction.

Param. Value
(-1.5,-0.5)
rimelkpel [ (-41.0,-40.0) Current galactocentric
(-27.1,-26.1)
position vectors
(13.1,14.1)
rsmclkpe] [ (-34.8,-33.8)
{-40.3,-39.3)
(-3,85) )
vimelkms™" { (=231, -169) Current velocity
(132,206) )
vectors
(-112,232) )
vsmc[kms™'] { (~346,~2)
(45,301)
mymc[10°Ms) (15.0,25.0) Masses
msmc[10°Mo] (1.5,2.5)
emclkpe] (2.5,3.5) Plummer sphere
esmclkpe] (1.5,2.5) scale radii
rf_:,?k“c [kpe] (9.0,11.0) Particle disk radii
raisk [kpe) (5.0,7.0)
__G-)SM’F'FC (87°,107°)  Disk orientation angles
o v (261°,281°)
eﬁimmc {35°,55%)
(DdSl c (220°,240°)
q (0.74,1.20) MW DM halo
potential flattening

center. This system is considered to be an inertial frame, be-
cause we assume that myw > mpmce, msme. Therefore, the
center of mass of the system may be placed at the Galactic
center. We assume the present position vector of the Sun
Ro = (-8.5,0.0,0.0) kpc. In the following paragraphs we will
discuss the parameters of the LMC-SMC-MW interaction and
the determination of their ranges.

The nature and distribution of dark matter in the Galaxy has
been subject to intense research and a large number of mod-
els have been proposed. We probe the DM matter distribution
by investigating the redistribution of matter in the Magellanic
System due to the MW-LMC-SMC interaction, paying spe-
cial attention to the features of the Magellanic Stream. That
is similar to the method applied by Helmi (2004), who stud-
ied kinematic properties of the Sagittarius stream. In order to
enable comparison with the results by Helmi (2004), we also
adopted the axially symmetric logarithmic halo model of MW
(Eq. 1) and the same values of the halo structural parameters
Re, vo with a similar range of studied values of the flattening
q (see Tab. 1). We extended the range of g values tested by
Helmi (2004) to the lower limit of g = 0.74, which is the min-
imal value acceptable for the model of a logarithmic halo (for
a detailed explanation see Binney & Tremaine 1987). For every
value of g a time—consuming calculation of parameters of dy-
namical friction is required (see Appendix A). To reduce the
computational difficulties, the flattening g was treated as a dis-
crete value with a step of Ag = 0.02, and the parameters of
dynamical friction were tabulated. The upper limit of ¢ = 1.20
was selected to enable testing of prolate halo configurations.
Extension of the halo flattening range to higher values was not
considered due to the computational performance limits of our
numerical code.

The estimated ranges of the values of the remaining pa-
rameters are based on our observational knowledge in the
Magellanic System. Galactocentric position vectors rpyc and
rsmc agree with the LMC and SMC distance moduli measure-
ments given by Van den Bergh (2000), who derived the mean
values of distance moduli (m — M), = 18.50 £ 0.05 for LMC
and (m - M), = 18.85 + 0.1 for SMC, corresponding to the
heliocentric distances of (50.1 + 1.2) kpc and (58.9 + 2.6) kpc,
respectively. Only 2 of the 6 components of the LMC and SMC
position vectors enter the GA search as free parameters, be-
cause the rest of them is determined by the projected position
of the Clouds on the plane of sky, that is [ 4c = 280°27,
bime = —32°53' and Igme = 302° 47, bgme = —44° 18'.

Previous studies by Murai & Fujimoto (1980) and Gardiner
et al. (1994) found that the correct choice of the spatial
velocities is crucial for reproducing the observed HI struc-
tures. Kroupa & Bastian (1997) derived from an analysis
of HIPPARCOS proper motions of LMC and SMC stars
that wpmc = (+41 £44,-200+31,+169 £ 37)kms™! and
Usme = (+60 £ 172, -174 + 172, +173 + 128) km s~ L. The
large uncertainties in actual values of the LMC and SMC
velocity vectors origin in the fact that the measured transverse
velocities suffer from large rms errors, which is connected to
large distance of LMC and SMC in combination with limited
precision of proper motions in the HIPPARCOS catalog. To
derive the actual initial conditions at the starting time of the
simulation from the current positions and velocities of the
Clouds, we employed the backward integration of equations of
motion.

Current total masses mypc and mgye follow estimates by
Van den Bergh (2000). In general, masses of the Clouds are
functions of time and evolve due to the LMC-SMC exchange
of matter, and as a consequence of the interaction between
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the Clouds and MW. Our test—particle model does not allow
for a reasonable treatment of a time—dependent mass-loss.
Therefore, masses of the Clouds are considered constant in
time and their initial values at the starting epoch of our simula-
tions are approximated by the current LMC and SMC masses.
Regarding the large range of the LMC and SMC mass estimates
available (for details see Van den Bergh 2000), mpmc and msmc
are also treated as free input parameters of our model that be-
come subjects to the GA optimization. Their ranges that we
investigated can be found in Tab. 1.

Scale radii of the LMC and SMC Plummer potentials € mc,
esmc are input parameters of the model describing the radial
mass distribution in the Clouds. The study by Gardiner et
al. (1994) used the values e.mc = 3kpe and esme = 2 kpe. In
order to investigate the influence of this parameter on the evo-
lution of the Magellanic System, the Plummer radii were in-
volved into the GA search and their values were varied within
the ranges of the width of 1kpe, including the estimates by
Gardiner et al. (1994) (see Tab. 1).

Gardiner et al. (1994) analyzed the HI surface contour map
of the Clouds to estimate the initial LMC and SMC disk radii
entering their model of the Magellanic System as initial con-
ditions. Regarding the absence of a clearly defined disk of the
SMC, and possible significant mass redistribution in the Clouds
during their evolution, the results require a careful treatment
and a further verification. We varied the current estimates of
disk radii r{sk., ro¢k, as free parameters within the ranges in-
troduced in Tab. 1, containing the values derived by Gardiner et
al. (1994), and used them as initial values at the starting point
of our calculations (T = —4 Gyr).

The orientation of the disks is described by two angles
® and @ defined by Gardiner & Noguchi (1996). Several ob-
servational determinations of the LMC disk plane orientation
were collected by Lin et al. (1995). Its sense of rotation is
assumed clockwise (Lin et al. 1995, Kroupa & Bastian 1997).
Position angle of the bar structure in the SMC was used by
Gardiner & Noguchi (1996) to investigate the current disk ori-
entation. Their results allow for wide ranges of the LMC,
SMC disk orientation angles (see Tab. 1) and so we investi-
gated @ and @ by the GA search method, too. Similarly to
Gardiner & Noguchi (1996) we use the current LMC and SMC
disk orientation angles (Tab. 1) to approximate their initial val-
uesat T = -4 Gyr.

4. Results

We try to reproduce as closely as possible the column density
and velocity distribution of HI in the Magellanic Stream and
in the Leading Arm. The influence of actual distances to the
LMC and SMC and of their present space velocity vectors is
considered together with their masses and the past sizes and
space orientations of the orginal disks. Here, we give the results
of the search in the parameter space with the GA using the 3-
component fitness function defined by Eq. B.1. In principle,
the GA is able to find the global extreme of the FF if enough
time is allowed for the evolution of the explored system (see
Holland 1975). However, it may be very time—consuming to
identify the single best fit due to a slow convergence of the

FF. Therefore, to keep the computational cost reasonable, the
maximum number of 120 GA generations to go through was
defined.

In order to explore the FF of our system, we collected 123
GA fits of the Magellanic System resulting from repeated runs
of our GA optimizer. Typically, identification of a single GA
fit requires ~ 10* runs of the numerical model. Thus, due to
the application of GA we were able to search the extended
parameter space of the interaction and discover the most suc-
cessful models of the System over the entire parameter space
by testing ~ 105 parameter combinations. In the case of our
20—dimensional parameter space, simple exploration of every
possible combination of parameters even on a sparse grid of
e.g. 10 nodes per a dimension means 10% runs of the model.
Such a comparison clearly shows necessity of using optimiza-
tion techniques and demonstrates computational efficiency of
GA.

The fitness distribution for different values of the halo flat-
tening parameter ¢ is shown in Fig. 4. For every value of g, the
model of the highest fitness is selected and its fitness value is
plotted. Fig. 4 indicates that better agreement between the mod-
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Fig. 4. Maximum values of fitness as function of the MW dark matter
halo flattening q. The plot depicts the fitness of the best GA fit of the
Magellanic System that was found for each of the MW dark matter
halo flattening values that entered the GA search. The function is also
approximated by its least—square polynomial fit. The values of g de-
limiting the model groups A, B and C (see Tab. 2) are emphasized by
dotted lines.

els and observational data was achieved generally for oblate
halo configurations than for nearly spherical or prolate halos.
The relative difference between the worst (Fityiny = 0.450; g =
1.14) and the best (Fitmax = 0.496; g = 0.84) model shown in
Fig. 4 is AFit = 0.09. It reflects the fact, that each of the GA
fits contains a trailing tail (Magellanic Stream) and a leading
stream (Leading Arm), but there are fine differences between
the resulting distributions of matter. One may note that the GA
optimizer did not discover a model of fitness over 0.5 (the max-
imum reachable fitness value is 1.0 — see Appendix B). It is
caused either by insufficient volume of the studied parameter
space of the interaction, or by simplification of physical pro-
cesses in our model (see Sec. 6), or by a combination of both
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reasons. That establishes an interesting problem and should be-
come a subject to future studies.

We want to discuss our results with respect to the shape
of the MW halo. Thus, all the GA fits are divided into three

Table 2. Three major groups according to the halo flattening ¢

Group A B &
074<g<092 094<g<106 108<qg<1.20
N 101 10 12

groups according to the halo flattening (see Tab. 2) to show
differences or common features of models for oblate, nearly
spherical and prolate halo configurations. The actual borders
between the groups A, B and C were selected by definition and
the way, so that the number of models in each of the groups al-
lows for statistical treatment of the LMC, SMC orbital features
and particle redistribution which will be introduced in Sec. 4.1.

4.1. Evolution

Close encounters of interacting galaxies often lead to substan-
tial disruption of their particle disks forming tidal arms and
tails subsequently (Toomre & Toomre 1972). Regarding that,
the time dependence of the relative distance of the interacting
pair is an interesting source of information on the system.

First of all, we examine the time distribution of the min-
ima of the LMC-SMC relative distance. For each of the model
groups mentioned in Tab. 2, we calculate the relative number
of GA solutions having a minimum of the LMC-SMC relative
distance within a given interval of 500 Myr. Fig. 5 shows such
a distribution of fits for the total time interval of our simula-
tions, which is 4.0 Gyr. The local maxima of the time distri-
bution of the LMC-SMC distance minima are within the in-
tervals (—3.0, -2.0) Gyr and (-0.5, 0.0) Gyr. For prolate halos
(g = 1.08) there is no LMC-SMC distance minimum between
-2.0Gyr and -0.5 Gyr.

Subsequently, the mean values of the LMC-SMC distance
minima are calculated for each of the time intervals defined
above. Comparison of the results for oblate, nearly spherical
and prolate DM halo configuration is available in Fig. 6. It
was found that close (Ar =~ 10kpc) LMC-SMC encounters do
not occur in models with either oblate or prolate halos. If the
MW DM halo shape is nearly spherical, disruption of the LMC
and SMC initial particle distribution leading to creation of the
_observed HI structures occurred due to strong LMC-SMC in-
teraction typically.

Another point of interest is the time dependence of the
LMC and SMC test—particle redistribution during the evo-
lutionary process. Fig. 7 offers the relative number of test—
particles strongly disturbed, i.e. particles that reached the
minimal distance of twice the original radii of their circu-
lar orbits around the LMC, SMC center, respectively, by the
LMC-SMC~-MW interaction in the defined time-intervals.
Comparison between the plots in Fig. 6 and Fig. 7 shows
that encounters of the Clouds are followed by delayed raise
of the number of particles shifted to different orbits, typi-

cally. Another such events are induced by the interaction of
the Clouds and MW. Disruption of the LMC and SMC diskg
triggers formation of the extended structures of the Magellanjc
System. Particles are assigned new orbits in the superimposeq
gravitational potential of the LMC, SMC and MW, and spreaq
along the orbital paths of the Clouds. Our study shows that the
formation of the Magellanic Stream and other observed H1 fey.
tures did not begin earlier than 2.5 Gyr ago for model groups
A and B (see Fig. 7). Prolate halos (group C) allow for a masg
redistribution in the system that started at 7 < —=3.5 Gyr.

4.2. Representative Models

Here, we describe the models of highest fitness selected from
each of the groups A, B and C. All of them are typical repre-
sentatives of their model groups and we discuss their features
with respect to the HI observational data. Tab. 3 summarizes
the parameter values of the models.

Table 3. Parameters of the best models in separate g categories.

Model A B C
q 0.84 1.02 1.16
Fit 0.496 0.467 0.473

-1.26 -0.90 -0.63

ruvelkpel -40.50 -40.31 -40.03

-26.87 -26.88 -26.92

13.16 ( 13.32) 13.92

rsmelkpel -34.26 -34.33 -34.04

-39.77 -40.22 -39.86

( 4.0 ( 185 ( 5.8

vimclkms™!) -169.8 -169.3 -169.2

| 1467 171.3 ) 205.8

-37.2) -10.1 -41.5

vUsmclkm S-l] [ -60.2 [ -94.2 [ -13.2
204.3 270.0 162.6 )
mumc[10°Mg) 24.46 19.86 19.01
msmc[10°Mo] 2.06 1.82 1.83
t’,‘“"‘c [kpc] 9.62 11.46 9.06
_O-sg‘c[kpc] 6.54 6.06 7.90
e 89° 0g° 102°
s 274° 277° 281°
Ofisk. 36° 49° 36°
@uisk 229° 231° 224°

4.2.1. Group A

The best model of the Magellanic System with an oblate MW
halo is introduced in this section (model A). Fig. 8 depicts the
time variation of the LMC, SMC galactocentric distance to-
gether with the LMC-SMC separation for the last 4 Gyr. The
Clouds move on very different orbits. The apogalactic distance
of the LMC decreases systematically during the evolutionary
period, which clearly reflects the effect of dynamical friction:
There is a gap between the periods of subsequent perigalactic
approaches of the Clouds. While the last two perigalactica of
the LMC are separated by ~ 2.3 Gyr, it is not over ~ 1.5 Gyr



A. RdZi¢ka, J. Palous and C. Theis: Is the Milky Way Dark Matter Halo Flattened? 9

0.74<mq<=0.92 0.84<=q<=1.06 1.08<=q<=1.20
1.0 | 1.0] 1.0] ]
0.8 i o.sk ! 08} ol | *
z o6 ol z 08 | z 0.6[ %
z‘Q_4tL %l o | =z 0.4‘{ o 0 R oj z 0_4? o s 3
02} sl ® @ 1 0.2} 3 J 0.2“[ i
oob2l? .. oobadiate b b bl 1 1 0.0f. S I
4 -3 2 2 0 4 3 2 ' 0 4 -3 2 -1 0
Time [Gyr] Time [Gyr] Time [Gyr]

Fig. 5. Relative numbers of the Magellanic System GA models with LMC-SMC relative distance minima at given time interval for model
groups A (left), B (middle) and C (right). The counts were made for 8 time intervals of 500 Myr covering the entire Magellanic evolution period

of 4 Gyr investigated in our study.
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Fig. 6. Mean values of the LMC-SMC distance minima for model groups A (left), B (middle) and C (right) (Tab. 2) and for 8 time intervals of
500 Myr.
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Fig. 7. Relative number of the LMC and SMC test—particles strongly disturbed due to the Magellanic System interaction. Counts within 8 time
intervals of 500 Myr and for model groups A (left), B (middle) and C (right) are plotted.

in the case of the SMC. Filled parts of the plot in Fig. 8 in-
dicate that the Magellanic Clouds have reached the state of
a gravitationally bound system during the last 4 Gyr. We de-
fine gravitational binding by the sum of the relative kinetic and
gravitational potential energy of LMC and SMC. The Clouds
are bound when the total energy is negative. Specifically, the
LMC and SMC have been forming a bound couple since T =
—1.06 Gyr. Nevertheless, the total lifetime of a bound LMC-
SMC pair did not exceed 40 % of the entire evolutionary period
we studied.

Comparison between Fig. 8 and Fig. 9 allows for conclu-
sions on major events that initialized the redistribution of the
LMC and SMC particles. The most significant change of the
initial distribution of particles occurred as a result of the LMC-
MW approach at T ~ ~2.4 Gyr, and the preceding LMC-SMC
encounter 7 =~ —2.5Gyr. Later on, the particle redistribution
continued due to tidal stripping by the MW.

Fig. 10 shows the modeled distribution of integrated HI
column density in the System. In order to enable comparison
with the observed H1I distribution, we plotted a normalized HI
column density map. The technique used to convert a test—
particle distribution into a smooth map of column densities is
described in Appendix B. Mass distribution of HI extends be-
yond the far tip of the observed Magellanic Stream (Fig. 3) in
the model A. HI column density peaks can be found in Fig. 3
at the positions / = 300°, b = —65° and | = 45°, b = —-82°.
The model A places local density maxima of HI close to those
observed ones (i.e. relative angular distance is = 10°) to ap-
proximate positions / = 325°, b = =70° and ! = 70°, =70°,
respectively. Note also the low—density distribution of matter
spread along the great circle of [ = 270° (Fig. 10). The mat-
ter emanates from the LMC near the position of the Interface
Region identified by Briins et al. 2005 (Fig. 1). In general, the
model overestimates the amount of matter in the Magellanic
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Stream. The Leading Arm consists only of LMC particles in
this scenario. The modeled matter distribution covers a larger
area of the plane of sky than what is observed. However, this
is a common problem of previous test-particle models of the
Magellanic System (see e.g. Murai & Fujimoto 1980, Gardiner

tion of Magellanic Longitude with the high—negative velocity
tip reaching —400km s~!. Such features are in agreement with
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Fig. 8. Orbital evolution of the Clouds for the best GA fit from the
model group A. The plot corresponds to an oblate halo of flattening
q = 0.84. Time dependence of the LMC (dashed line), SMC (dotted
line) galactocentric distances, and the LMC-SMC relative distance
are plotted above. Plot areas with grey filling mark the time intervals
when the Clouds were gravitationally bound to each other.

et al. 1994) and is likely caused by simplifications in the treat-
ment of the physical processes. But also in general, successful
reproduction of the Leading Arm has been a difficult task for
all the models introduced so far.

The LSR radial velocity profile of the Magellanic Stream
for the model A is shown in Fig. 11. The model reproduces the
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Fig.9. Model A. Relative number of LMC/SMC test—particles
strongly disturbed due to the interaction in the Magellanic System.
Counts within 8 time intervals of S00 Myr are plotted.
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Fig. 10. Model A. Contour map of the modeled H1 integrated relative
column density. Data is projected on the sky plane. Galactic coordi-
nates are used.

observations (see Fig. 2). In contrast to Gardiner et al. (1994),
the Magellanic Stream consists of both LMC and SMC par-
ticles. Fig. 11 denotes that the LMC and SMC Stream com-
ponents cover different ranges of LSR radial velocities. The
Stream component of the SMC origin does not extend to LSR
radial velocities below the limit of —200kms~!. The major
fraction of the LMC particles resides in the LSR radial velocity
range from —400kms™! to —200kms~!.

4.2.2. Group B

The best model of the group B (model B) corresponds to the
MW DM halo flattening value ¢ = 1.02. The initial condition
set for the model B is listed in Tab. 3. The galactocentric dis-
tance of the Clouds and their spatial separation as functions
of time are plotted in Fig. 12. Continuous decrease of the LMC
and SMC galactocentric distances due to the dynamical friction
is apparent for both LMC and SMC. A very close encounter of
the Clouds with the relative distance Ar ~ 10kpc occurred at
T ~ -2.2Gyr. At similar moments of T ~ —2.3 Gyr (LMC)
and T = —2.1 Gyr (SMC), the Clouds also reached perigalac-
tica of their orbits. In general, both Clouds have been mov-
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Fig.11. Model A. LSR radial velocity profile of the Magellanic
Stream.
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Fig. 12. Orbital evolution of the Clouds for the best GA fit from the
model group B. The plot corresponds to a nearly spherical halo of
flattening g = 1.02. Time dependence of the LMC (dashed line), SMC
(dotted line) galactocentric distances, and the LMC-SMC relative dis-
tance are plotted above. Grey filled areas show time intervals when
LMC and SMC formed a gravitationally bound couple.

ing on orbits showing similar time dependence of their galac-
tocentric distances, as indicated by Fig. 12. Nevertheless, the
position vectors of the Clouds evolved in significantly differ-
ent ways. As consequence, the spatial separation of the Clouds
varied within a wide range of values from Ar ~ 10kpc to
Ar ~ 250 kpc. The Clouds have formed a gravitationally bound
couple three times within the last 4 Gyr, and the total duration
of such periods was 1.7 Gyr. Currently, the LMC and SMC are
gravitationally bound in the model B.

The LMC-SMC encounter at T =~ —2.2 Gyr caused distor-
tion of the original particle disks of the Clouds. More than 25 %
of the total number of the LMC and SMC particles were moved
to significantly different orbits (for definition see Sec. 4.1)
within the interval of 1 Gyr after the encounter (see Fig. 13).
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Fig.13. Model B. Relative number of LMC/SMC test—particles
strongly disturbed due to the interaction in the Magellanic System.
Counts within 8 time intervals of 500 Myr are plotted.
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Fig. 14. Model B. Contour map of the modeled H1I integrated relative
column density. Data is projected on the plane of sky. Galactic coor-
dinates are used. The dominant branch of the trailing stream is along
the great circle denoted by / = 135°/315°.

The following evolution of the particle distribution formed ex-
tended structures depicted in Fig. 14. There are two spatially
separated components present in the modeled tail. The HI col-
umn density distribution map for the model B (see Fig. 14)
shows a densely populated trailing stream parallel to the great
circle of [ = 135°/315°. It consists of the SMC particles torn—
off from the initial disk = 2 Gyr ago. Its far end is projected
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Fig.15. Model B. LSR radial velocity profile of the Magellanic
Stream.

to the plane of sky close to the tip of the Magellanic Stream.
However, the modeled increase of column density of matter to-
ward the far end of the tail is a substantial drawback of the
scenario B. The stream is extended into the SMC leading arm
located between [ = 290°,b = —15° and [ = 290°, b = 45°. The
second component of the particle tail is of LMC origin and is
spread over the position of the observed low~—density gas distri-
bution centered at [ = 80°, b = -50° (Fig. 1 or Fig. 3).

The most significant structure at the leading side of the
Magellanic System is the SMC stream introduced in the pre-
vious paragraph. Comparison between Fig. 3 and Fig. 14 in-
dicates, that neither the projected position nor the integrated
HI density distribution of the stream is in agreement with the
observed Leading Arm. There was also a structure emanat-
ing from the leading edge of the LMC identified at approxi-
mate position I = 270°,b = -15° (see Fig. 14). Regarding
the HI data by Briins et al. (2005), such an HT distribution
is not observed. The LSR radial velocity profile of the trail-
ing tail of the model B does not extend over the limit of
vLsr ~ —350km.s~! (Fig. 15). However, following the HI data,
the far tip of the Stream should reach the LSR radial velocity
vpsr & —400 km.s~! at the Magellanic Longitude ~ —100°.

4.2.3. Group C

Our last model group C assumes the presence of prolate MW
DM halos. The best GA fit of the System (model C) is intro-
duced in Tab. 3 reviewing its initial condition set. Concerning
orbital motion of the Clouds, there is significant difference be-
tween the LMC and SMC periods of perigalactic approaches
during the last 4 Gyr. While the last period of the LMC ex-
ceeds 2.5 Gyr, the SMC orbital cycle is shorter than 1.5 Gyr.
The relative distance of the Clouds remains over 70kpc for
T < =0.4Gyr. They became a gravitationally bound couple
0.6 Gyr ago and this binding has not been disrupted (Fig. 16).
Changes to the original LMC and SMC particle disks oc-
curred especially due to the LMC-MW and SMC-MW en-
counters at T < —2.0Gyr. Comparison between Fig. 16 and
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Fig. 17 demonstrates the significance of different encounter
events for particle redistribution. Note that raise of the num-
ber of disturbed particles is delayed with respect to the corre-
sponding disturbing event. Subsequently, the evolution of par-
ticle structures continued under the influence of tidal stripping
by the gravitational field of MW. The current distribution of
matter in the model C is plotted in the form of a 2-D map
in Fig. 18. The projection of the modeled trailing stream in-
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Fig. 16. Orbital evolution of the Clouds for the best GA fit from the
model group C. The plot corresponds to a prolate halo of flattening
g = 1.16. Time dependence of the LMC (dashed line), SMC (dotted
line) galactocentric distances, and the LMC-SMC relative distance
are plotted above. Periods when the Clouds formed a gravitationally
bound couple are marked by grey filling.
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Fig.17. Model C. Relative number of LMC/SMC test—particles
strongly disturbed due to the interaction in the Magellanic System.
Counts within 8 time intervals of 500 Myr are plotted.

dicates that it occupies larger area of the data cube than the
observed Magellanic Stream (compare Fig. 3 and Fig. 18).
According to Fig. 3 the Magellanic Stream shows H1I density
peaks at I = 300°, b = —65° and [ = 45°, b = —82°. Our model
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Fig.19. Model C. LSR radial velocity profile of the Magellanic
Stream.
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C expects two local maxima of HI integrated column density
in the tail. Their positions are shifted by ~ 20° relatively to the
peaks in Fig. 3. Additional comparison between the model and
observations discovers that the model C overestimates the inte-
grated column densities of HI in the Magellanic Stream. The
matter located at the leading side of the Magellanic System is

of SMC origin only. Similarly to the case of the trailing tail, the
modeled amount of matter exceeds observational estimates for
the Leading Arm.

Fig. 19 offers the LSR radial velocity profile of the
Magellanic Stream in our model C. The measured minimum
of the LSR radial velocity is ~ —400 km s™. The high negative
LSR radial velocity at the far tip of the modeled Magellanic
Stream does not exceed ~ —300 km s~!, however. The observed
HI emission intensity decreases towards the high negative ve-
locity tip, which was not well reproduced by the model C.

5. Summary of the GA models
5.1. Orbits of the Magellanic Clouds

Exploration of the orbital motion of the Clouds shows simi-
larity of the GA fits for oblate and prolate halos (models A
and C). No close (r < 10kpc) LMC-SMC encounters occurred
for either of the models A and C. It is also notable that in the
models with aspherical halos the SMC period of perigalactic
approaches is significantly shorter than the period of the LMC
and that the SMC remains closer than 100 kpc to the MW cen-
ter during the last 4 Gyr. When the MW DM flattening g =~ 1.0,
the LMC and SMC orbital cycle lengths were comparable for
the model B. Independently of the MW halo shape, the LMC
and SMC are currently forming a gravitationally bound cou-
ple in our models. However, the Clouds cannot be considered
bound to each other during the entire period of the last 4 Gyr.
This is in contrast with Murai & Fujimoto (1980), Gardiner et
al. (1994) or Gardiner & Noguchi (1996) who argue that the
LMC and SMC moving in the spherical halo have formed a
gravitationally bound pair for at least several Gyr to allow
for sufficient matter redistribution. We show that the structural
resolution adopted by the above cited studies to make com-
parison between models and observations does not allow for
such constraints on the orbital history of the Clouds. The GA
search employed a 3-level detailed evaluation of modeled HI
distribution with respect to high-resolution observational data
(Briins et al. 2005), which introduced significant improvement
of previous approaches to compare observations and models.
Nevertheless, there is still no clear indication that continuous
gravitational binding of the Clouds covering the entire evolu-
tionary period is necessary for successful reproduction of the
observed data.

5.2. Origin of the matter in the Stream

In our best model both SMC and LMC particles were present
in the trailing stream. This is a common feature of the scenarios
that were investigated. In general, the fraction of HI gas orig-
inating at the SMC exceeds the fraction of LMC matter in the
Stream.

Following the models A and B, the formation of the
Magellanic Stream did not start earlier than 2.5 Gyr ago. In the
case of the models C, the age of the Stream is =~ 3.5 Gyr. Both
estimates are close to the epoch when a massive star formation
burst in the LMC began (Van den Bergh 2000). Then the mat-
ter forming the Stream comes from the Magellanic Clouds con-
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taining stars, and we necessarily face the observational fact that
there is no stellar content in the Magellanic Stream. Models for
aspherical halos (A, C) indicate that the matter coming to the
Magellanic Stream from the LMC originates in outer regions
of its initial particle disk, while no matter was torn—off from
the inner disk of radius rgisx = 5 kpc that was the dominant re-
gion of star formation in the LMC. It is due to absence of close
encounters in the Magellanic System.

In contrast to the models A and C, a dramatic en-
counter event between the Clouds occurred in the model B at
= —2.2 Gyr, when the internal structure of both disks was al-
tered and also the matter from central areas of the LMC disk
was transported to the Magellanic Stream. In such a case we
expect a certain fraction of the matter of the Magellanic Stream
to be in the form of stars, which is, however, not supported by
observations.

5.3. Structure of the Stream

Mathewson et al. (1977) observationally mapped the
Magellanic Stream and discovered its clumpy structure
consisting of six major HI clouds named MS I-VI. Recently,
a more sensitive high—resolution HI survey of the Magellanic
System by Briins et al. (2005) showed that the above men-
tioned fragments of the Stream have to be considered density
peaks of an otherwise smooth distribution of neutral hydrogen
of column density decreasing towards the high—negative
radial velocity tip of the Magellanic Stream. Our models
corresponding to aspherical MW halos (A, C) placed local
density maxima of HI close to the South Galactic pole. That
result is supported by observations by Briins et al. (2005). In
this respect, the model B did not succeed and its projected
distribution of HI in a trailing tail cannot be considered a
satisfactory fit of the Magellanic Stream.

Our models overestimate the integrated relative column
densities of H1 in the part of the Magellanic Stream located
between the South Galactic pole and the far tip of the Stream.
There is also no indication of the HI density decrease as we fol-
low the Stream further from the Magellanic Clouds. In general,
all the models A, B and C predict the trailing tail to be of higher
HI column densities and extended well beyond the far tip of the
Magellanic Stream. Such behavior is a common feature of pure
tidal evolutionary models of the Magellanic System and it is a
known drawback of omitting dissipative properties of gaseous
medium.

Regarding the LSR radial velocity measurements along the
Magellanic Stream by Briins et al. (2005), our models were
able to reproduce some of their results. The far tip of the
Magellanic Stream in the models A reaches the extreme neg-
ative LSR radial velocity of —400kms™' known from HI ob-
servations. However, the highest negative LSR radial velocity
does not drop below —350kms™! for either prolate or nearly
spherical halo configurations. Our previous discussion of vari-
ous models of the Magellanic System denoted that successful
reproduction of the high—negative LSR radial velocity at the
far tip of the Magellanic Stream is one of the most challenging
problems for such studies. Regarding our results, importance

of the correct LSR radial velocity profile along the Magellanic
Stream was emphasized again. Absence of HI between LSR
radial velocities of ~ —350kms™! and ~ —400kms! turned
out to be the crucial factor decreasing the resulting fitness of
examined evolutionary scenarios.

5.4. Leading Arm

Reproduction of the Leading Arm remains a difficult task for
all the models of the Magellanic System that have been em-
ployed so far. Tidal models place matter to the leading side of
the System, towards the Galactic equator, naturally as a result
of the tidal stripping forming also the trailing tail. However,
neither the projected shape of the modeled leading structures
nor the HI density distribution in the regions having an ob-
servational counterpart can be considered sufficient (see e.g.
Gardiner et al. 1994).

In every case A, B and C we were able to transport matter to
the area of the Leading Arm. Nevertheless, the projected cov-
erage of that region was more extended than what is observed.
All the models contain a significant content of matter spread
from the leading edge of the LMC across the Galactic equator,
which has not been confirmed observationally. The model C
reproduced the Leading Arm best. But the column density val-
ues of HI in C are overestimated and we also could not avoid
an additional low-density envelope surrounding the structure
(Fig. 18).

6. Uncertainties in our modeling
6.1. Missing physics

In order to optimize performance of the GA, a computationally
fast model of the Magellanic System is required. Therefore,
complex N-body schemes involving self—consistent descrip-
tion of gravity and hydrodynamics (see Bekki & Chiba 2005,
Mastropietro et al. 2005) are discriminated. On the other hand,
correct description of physical processes dominating the evolu-
tion of the System remains a crucial constraint on the model.

In Sec. 2.2 we discussed applicability of restricted N-body
schemes on problems of galactic encounters and showed that
they allow for modeling of extended streams and tails. Thus, we
devised a restricted N-body code based on the numerical mod-
els by Murai & Fujimoto (1980) and Gardiner et al. (1994). The
test—particle code interprets the observed large—scale structures
such as the Magellanic Stream or the Leading Arm as products
of tidal stripping in the Magellanic System.

Except tidal schemes, there have been used also ram pres-
sure models in the previous studies on the Magellanic System
(see Sec. 2.2). However, employing even a simple formula for
ram pressure stripping would introduce other parameters in-
cluding structural parameters of the distribution of gas in the
MW halo and description of the gaseous clouds in the LMC and
SMC. It would increase the dimension of the parameter space
of the interaction and complicate the entire GA optimization
process.
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6.2. Mass and shape evolution of the Magellanic
Clouds

The dark matter halo of the Milky Way is considered axisym-
metric and generally flattened in our model. It is a significant
improvement of previous studies of the Magellanic System that
assumed spherical halos only. We were able to investigate the
influence of the potential flattening parameter ¢ on the evolu-
tion of the Magellanic System. However, both the mass and
shape of the MW DM halo were fixed for the entire evolution-
ary period of 4 Gyr.

We did not take into account possible changes in mass and
shape of the Clouds. Shape modification might become impor-
tant for very close LMC-SMC encounters that are typical for
the models with nearly-spherical MW DM halos. Pefiarrubia et
al. (2004) demonstrated that a relative mass—loss of a satellite
galaxy moving through an extended halo strongly differs for
various combination of its orbital parameters, shape and mass
distribution of the halo, and cannot be described reliably by a
simple analytic formula.

7. Summary and Conclusions

We performed an extended analysis of the parameter space for
the interaction of the Magellanic System with the Milky Way.
The varied parameters cover the phase space parameters, the
masses, the structure and the orientation of both Magellanic
Clouds as well as the flattening of the dark matter halo of the
Milky Way. The analysis was done by a specially adopted op-
timization code searching for a best match between numerical
models and the detailed HI map of the Magellanic System by
Briins et al. (2005). The applied search algorithm is a genetic
algorithm combined with a code based on the fast, but approx-
imative restricted N-body method. By this, we were able to
analyze more than 10° models which makes this study one of
the most extended ones for the Magellanic System.

In this work we focused especially on the flattening of the
MW dark matter halo potential . The range 0.74 < g < 1.20
was studied. It is equivalent to the interval of the density flat-
tening 0.31 < g, < 1.37 (see Eq. 3).

We showed that creation of a trailing tail (Magellanic
Stream) and a leading stream (Leading Arm) is quite a common
feature of the LMC-SMC-MW interaction, and such structures
were modeled across the entire range of halo flattening values.
However, important differences exist between the models, con-
cerning density distribution and kinematics of H1, and also dy-
namical evolution of the Magellanic System over the last 4 Gyr.
In contrast to Murai & Fujimoto (1980), Gardiner et al. (1994)
or Lin et al. (1995), the Clouds do not have to be gravitationally
bound to each other for the entire evolutionary period to pro-
duce the matter distribution that is in agreement with currently
available H1 data on the Magellanic System.

Overall agreement between the modeled and observed dis-
tribution of neutral hydrogen in the System is quantified by
the fitness of the models. The fitness value is returned by a
fitness function, that performs a very detailed evaluation of ev-
ery model (Appendix B). Analysis of fitness as function of the
halo flattening parameter g indicates, that the models assuming

oblate DM halo of MW (models A) allow for better satisfaction
of HI observations than models with other halo configurations.

We did not involve surveys of stellar populations in the
Magellanic System into the process of fitness calculation. It is
due to a nature of test—particle models that do not allow for dis-
tinguishing between stellar and gaseous content of studied sys-
tems. However, we still have to face one of the most interesting
observational facts connected to the Magellanic Clouds ~ ab-
sence of stars in the Magellanic Stream (Van den Bergh 2000)
— because both LMC and SMC contain stellar populations, and
so every structure emanating from the Clouds should be con-
taminated by stars. It is an additional constraint on the models.
It cannot be involved in fitness calculation because of the limits
of our numerical code, but has to be taken into account.

Stellar populations of SMC are very young and the mass
fraction in the form of stars is extremely low. Our models
show that evolution of the Magellanic Stream has been lasting
2 Gyr at least (models B). Thus, the fraction of matter in the
Magellanic Stream, that is of SMC origin, was torn off before
significant star formation bursts occurred in SMC, and stars
should not be expected in the Stream. Nevertheless, we found
both LMC and SMC matter in the Magellanic Stream for every
madel of the System. Similarly to the case of SMC, if the LMC
star formation activity was increased after the matter transport
into the Magellanic Stream was triggered, stars would be miss-
ing in the Stream naturally. Such a scenario is doubtful though.
Observational studies argue for a massive star formation burst
started in LMC at ~ —3 Gyr (see Van den Bergh 2000). But only
presence of a prolate halo of MW (models C) enabled evolution
of the Stream that began before the mentioned epoch. However,
our results concerning LMC and SMC orbits introduced an-
other acceptable solution to the problem of missing stars. We
showed that evolution of the Clouds in aspherical MW DM
halos (models A and C) does not lead to extremely close en-
counters disturbing inner parts of the LMC disk (raisx < 5 kpe).
Since the distribution of gaseous matter in galaxies is typically
more extended than the stellar content, the Magellanic Stream
matter coming from outer regions of the Clouds does not nec-
essarily have to contain a stellar fraction.

Previous discussion of stellar content of the Magellanic
System supports discrimination of the configurations with
nearly spherical halos (models B) that was discovered by the
GA search. On the other hand many papers on the dynami-
cal evolution of the Magellanic Clouds dealing with a spher-
ical MW halo (Murai & Fujimoto 1980, Gardiner et al. 1994,
Bekki & Chiba 2005) argue, that the observed massive LMC
star formation bursts 3 Gyr ago was caused by close LMC-
SMC encounters. Our models B show close approaches of the
Clouds Ar ~ 10kpc at around the mentioned time. For as-
pherical halos, such encounters do not induce the formation
of particle streams. However, close LMC-MW and SMC-MW
encounters appeared to be efficient enough to trigger massive
matter redistribution in the System leading to formation of the
observed structures. Then, they could also be responsible for
triggering of star burst.
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Appendix A: Dynamical Friction

If the distribution function in velocity space is axisymmetric,
the zeroth order specific friction force is (Binney 1977):

_2V27pn(R,9)G*Ms 1 — e, 2 In A

Fi,= Bgui, A.l
DF 0'R20'z RVi ( )
. 2 V2mpn(R,2)G*Ms /1 — ¢,2In A

Ft o =- B.v,, (A.2)
DF o720,

where i = x, y and (o, 0) is the velocity dispersion ellipsoid
with ellipticity e,> = 1 — (o./0z)?, InA is the Coulomb log-
arithm (Chandrasekhar 1943) of the halo, Mg is the satellite
mass and

% ex _vpl2og w320}
P +g 1-e+q

B = 4 A.
) Trera-4 T i
&5 UZE/ZO'ZK v2/20%
CXP(- L+ ~ l-e.,+q)
- dg, (A4)

B, =
g (1+g)(1 - €2 + g)%/
0

where (ug, U;) are the components of the satellite velocity in
cylindrical coordinates.

Appendix B: Fitness function

The behavior of the 3 D test—particle model of the Magellanic
System is determined by a large set of initial conditions and
parameters that can be viewed as a point (individual) in the
system’s high—dimensional parameter space. In the case of our
task, the fitness of an individual means the ability of the nu-
merical model to reproduce the observed H 1 distribution in the
Magellanic Clouds if the individual serves as the input parame-
ter set for the model. It is well known, that proper choice for FF
is critical for the efficiency of GA and its convergence rate to
quality solutions. After extended testing, we devised a three—
component FF scheme. In order to discover possible unwanted
dependence of our GA on the specific choice for the FF, both
the following FF definitions were employed:

FF,=FF,-FF, - FF;, (B.1)
i=3
' Ci- FF,'
FFy= e, (B.2)
Ci

1

i

where the components FF;, FF, and FF; reflect significant
features of the observational data and ¢; = 1.0, ¢; = 4.0 and
c3 = 4.0 are weight factors. Both the FFs return values from
the interval (0.0, 1.0).

FF compares observational data with its models. In order
to do that, resulting particle distribution has to be treated as
neutral hydrogen and converted into HI emission maps for the
defined radial velocity channels. In the following paragraphs
we briefly introduce both the observed and modeled data pro-
cessing.

It was shown by Gardiner et al. (1994) and
Gardiner & Noguchi (1996) that the overall HI distribu-
tion in the Magellanic System (Magellanic Stream, Leading
Arm) can be considered a tidal feature. Following that result,
an elaborate scheme of the original data (Briins et al. 2005)
manipulation was devised to emphasize large—scale features
of the Magellanic HI distribution on one hand, and suppress
small-scale structures on the other hand, since they originate
in physical processes missing in our simple test—particle
model. The observational data are stored as Flexible Image
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Fig.B.1. The figure depicts the original 3D HI data cube by Briins
et al. (2005) (upper plot) together with the resulting data after me-
dian and Fourier filtering. Both images offer 3 D visualization of the
column density isosurface Zu; = 0.2 - 108 cm™.

Transport System (FITS) format which let us apply standard
image processing methods naturally. Fourier filter was selected
for our task. It represents a frequency domain filter, and so
it allows for an excellent control over the scale range of
the image’s structures to be conserved or filtered out. We
removed the wavelengths below the limit of ~ 10° projected
on the sky—plane. The performance of Fourier filters suffers
from the presence of abrupt changes of intensity, such as
edges and isolated pixels. In order to enhance the efficiency
of frequency filtering, it was preceded by an application of
a spatial median filter to smear the original image on small
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scales. Subsequently, the HI column density is normalized.
The resulting 3D HI column density data cube together
with the original data by Briins et al. (2005) can be seen in
Fig. B.1. To compare the modeled particle distribution with
HI observations, we convert the distribution to a 3D FITS
image of column densities that are proportional to particle
counts, since all the test—particles have the same weight factor
assigned. Then, we have to interpolate missing data which is
due to a limited number of particles in our simulations. Finally,
the column density is normalized to the maximal value.

After discussing the data processing and manipulation, we
will introduce the individual FF components FF(, FF, and
FF;,

B.1. FF,

The observed HI LSR radial velocity profile measured along
the Magellanic Stream is a notable feature of the Magellanic
System. It shows a linear dependence of LSR radial veloc-
ity on Magellanic Longitude, and a high negative velocity of
-400km s~! is reached at the Magellanic Stream far tip (Brilns
et al. 2005). From the studies by Murai & Fujimoto (1980),
Gardiner et al. (1994) and our modeling of various Magellanic
evolutionary scenarios we know, that the linearity of the
Magellanic Stream velocity profile shows low sensitivity to
variation of initial conditions of the models. On the other hand,
the slope of the LSR radial velocity function is a very specific
feature, strongly dependent especially on the features of the or-
bital motion of the Clouds. Therefore, it turned out to be an effi-
cient approach to test whether our modeled particle distribution
was able to reproduce the high negative LSR redial velocity tip
of the Magelanic Stream. Then, the first FF component FF,
was defined as follows:

1+| =

where 2% and »™4 are the minima of the observed LSR ra-
dial velocity profile of the Magellanic Stream and its model,
respectively.

FFy = (B.3)

B.2. FF; and FF5

The FF components FF> and FF3 compare the observed and
modeled HI column density distributions in the Magellanic
System for 64 separate LSR radial velocity channels of width
Av = 13.2km ™. For every velocity channel, HI column den-
sity values are available for (64 - 128) pixels covering the entire
System. The above introduced 3 D data was obtained by modi-
fication of the original high—resolution HI data—cube by Briins
et al. (2005). Since test—particle model is not capable to repro-
duce small-scale features of the explored system, filtering and
reduction of resolution of the original data were necessary prior
to its use for the purpose of our GA search.

The second FF component analyzes whether there is a mod-
eled H I emission present at the positions and LSR radial veloc-
ities where it is observed. Thus, we measure the relative spatial

coverage of the System observed in HI emission by the mod-
eled matter distribution for every LSR radial velocity channel.
No attention is paid to specific HI column density values here.
We only test, whether both modeled and observed emission is
present at the same pixel of the position-velocity space. It can
be expressed as

Nv N.V N.l
LS

i=1 j=1

Ny 'N! N.'
MAX(Y 3 3 plel‘;’
i=t j=1 k=1

piag?

FFy= (B4)

FE L)
, i
i=t j=l AE:I PPk

where pix{ie € {0, 1} and pix[e? € {0, 1) indicate whether there
is matter detected at the posmon [i, j, k] of the 3 D data on the
observed and modeled Magellanic System, respectively. N, =
64 is the number of separate LSR radial velocity channels in
our data. (N, - N;) = (64 - 128) is the total number of positions
on the sky—plane for which observed and modeled HI column
density values are available.

This binary comparison between the observed and modeled
data introduces a problem of pure noise pixels present in the
observed data cube, because they posses the same weight as the
other data, despite their typically very low intensity. However,
our treatment of the original high-resolution data by Briins et
al. (2005) involves spatial median filtering. It smears abrupt in-
tensity changes and removes isolated pixels which handles the
problem of pure—noise data pixels naturally. The subsequent
Fourier filtering decreases the data resolution significantly, and
that also strongly suppresses the influence of original noise pix-
els.

As the last step we compare the modeled matter density
distribution to the observation. To do that, both modeled and
observed HI column density values are scaled relatively to their
maxima to introduce dimensionless quantities. Then, we get

l N, N! Ny

FFy= ——
Ny - Ny - Ny J=1 k=1 l+|

(B.5)
ijk ~ “ijk |
where o2, 072 are normalized column densities measured at

the position [j, k] of the i-th velocity channel of the observed
and modeled data, respectively.





