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1
Introduction

1 Galaxy Formation, Interactions and Mergers

The issue of elliptical galaxy formation is one of the central problems in today’s cosmology.
Interactions, collisions and mergers of galaxies may be important ingredients in their for-
mation and evolution. These events are now supposed to have occurred frequently in the
universe. A new galaxy may be formed as a result of encounters between galactic systems.

Hubble, in his early classification, divided galaxies into two classes. On the one hand
there are disk galaxies: strongly flattened systems, often showing spiral-like features. On
the other hand he distinguished the featureless elliptical galaxies, which were seen as oblate
spheroids. A number of different formation theories for these two groups have been devel-
oped through the years.

Evidence that galaxies interact with each other struck scientists long ago. In the early
fifties Zwicky (Schweizer 1998) explained the filaments observed in some galaxies as due to
tidal forces in close encounters between galaxies. (In Arp’s atlas of peculiar galaxies (1966)
a number of interactions are beautifully presented. There we can find examples of interact-
ing, colliding and merging pairs and groups of galaxies, see figures 1.1 and 1.2).

Since the early work of Holmberg (1941) and Toomre & Toomre (1972) it is common
knowledge that galaxies interact and in given circumstances merge due to the gravitational
field. The distortions observed in the interacting pairs can be explained by the tidal forces.
These forces act in a similar way as the ones creating the tides in the Earth’s oceans. The dis-
tortion creates the tidal tails observed for instance in NGC 4676 (an interacting pair known
as ‘The Mice’, see figure 1.1 middle panel).

When two galaxies collide with the appropriate conditions of relative velocity they may
merge. The final system resulting from this merger is often quite different from the initial
galaxies. Violent relaxation is the mechanism at play and it erases most of the memory of
the initial systems. It is not effective however in deleting all the information, and thus it is
perhaps possible to find out something about the progenitors from the remnant.
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2 CHAPTER 1. INTRODUCTION

Figure 1.1— Three examples of interacting and merging galaxies. Left NGC 4038/4039, a
pair of disk galaxies that have come close to perigalacticon and developed two prominent
tidal tails. This pair is commonly known as ‘The Antennae’. Mid panel shows NGC 4676,
another interacting pair known as ‘The Mice’. Right panel shows NGC 7252, a merger in
a more evolved stage. The inner parts have a de Vaucouleurs light profile. This profile is
consistent with the remnant being an elliptical galaxy. Arp (1966) included these galaxies in
his catalogue of peculiar galaxies with the numbers 244, 242 and 226 respectively.

1.1 The hierarchical merging scenario

A breakthrough in the way of thinking on how elliptical galaxies may have formed hap-
pened in the early seventies. Toomre & Toomre (1972) and Toomre (1977) proposed that
elliptical galaxies could be the outcome of major mergers of disk galaxies. This is the start-
ing point for the Hierarchical Merging Theory. This theory has grown since then based on
both observational data and theoretical modeling.

According to this picture, present day galaxies (both ellipticals and disks) are formed
via a continuous assembly of smaller building blocks. These smaller systems come close
together due to their gravitational pull. They eventually merge and form a new and more
massive system. Depending on the mass ratio of the building blocks we may have minor
or major mergers. In minor mergers the masses of the initial systems are very different
(10:1, 100:1, 1000:1 ...) and the material suffers a reorganization, leaving behind a merger
remnant that is similar to the larger initial system. In major mergers the initial systems are
fairly similar in mass (mass ratios of 1:1 up to about 5:1), the final remnant can be very
different from the initial systems, with a very different morphological structure.

Observational evidence for mergers can be found in many examples in the local Uni-
verse (see figure 1.1). One of these examples is the merging pair NGC 4038/4039 known as
‘The Antennae’. In this system two prominent tidal tails develop from the interacting pair .
An example of merger in a more evolved stage is NGC 7252 where tidal tails are again ob-
served, but now they develop from a highly distorted central body. This central part follows
a de Vaucouleurs light profile characteristic of Elliptical galaxies, and presents numerous
ripples around it. When this merger is finally completed the remnant would be essentially
identical to a ‘typical’ elliptical galaxy.

Several features that can be found in elliptical galaxies like shells, ripples, boxy isophotes,
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kinematically decoupled cores, dust bands, etcetera, have been proposed as being caused
by merging events (see figure 1.2 for some examples, for an extensive review on the obser-
vational part see Schweizer 1998).

The present theory of the hierarchical merging scenario is based in the CDM (or cold
dark matter) paradigm. This assumes that the vast majority of the matter in our Universe is
in the form of cold dark matter. Evidence for this dark matter comes from studies of clusters
of galaxies, from the rotation curves in the outer parts of disk galaxies and other sources.
The nature of this dark matter is still unknown, but the theory has proven highly success-
ful in predicting a number of observational results, especially in the area of the large scale
structure of the Universe. Small perturbations in the initial conditions of the Universe cre-
ate inhomogeneities in the Dark Matter (DM) that grow due to gravity. Inside some of these
DM halos there is gas that may form stars. Gravity takes the DM halos together and mergers
occur. In this way galaxies grow in a hierarchical scheme (Baugh et al.1996). Cosmological
simulations based on this CDM framework give extra support to the hierarchical merger
hypothesis. These cosmological simulations have further developed this theory predicting
a number of consequences.

1.2 Formation of Elliptical Galaxies

The formation of elliptical galaxies is explained by the hierarchical merging scheme as fol-
lows. Major mergers of disk galaxies result in the reorganization of the material of the initial
system is such a way that, once the final system has relaxed, i.e. it is near virial equilibrium,
it resembles an elliptical galaxy. Therefore taking this picture of hierarchical merging to the
limit an elliptical galaxy can be seen as the final stage of the evolution of galaxies (Baugh et
al.1996).

But this is not the only picture at present for the formation of elliptical galaxies. Another
proposed scheme is the monolithic collapse theory. This proposes that elliptical galaxies
are formed from the collapse of a gigantic cloud of gas. This collapse happens more or less
homogeneously, forming stars and consuming most of the gas, to form what we see today
as elliptical galaxies (Peebles 2002, Chiosi & Carraro 2002). This would easily explain the
observed homogeneity of elliptical galaxies (Jiménez et al. 1998).

In the merging hierarchy elliptical galaxies would be relatively young objects, but the
stars of which they are built can be very old. In this picture elliptical galaxies may have
formed later than z = 1 to 2 (Baugh et al. 1996, van Dokkum et al. 1999). In the mono-
lithic collapse theory, however, elliptical galaxies are old and passively evolving systems,
formed earlier than z = 3 (Peebles 2002, Chiosi & Carraro 2002). The structures observed in
elliptical galaxies that may be formed due to mergers are few compared to the number of
‘normal’ ellipticals. Therefore, although mergers may occur, they are not, in the view of the
monolithic collapse theory, the key factor in the formation of ellipticals.

There are observations claimed to provide support for both theories. At high redshifts
Ultra-Luminous InfraRed Galaxies (ULIRG’s) are observed. These could be ’monolithic col-
lapses’, but some of these objects are thought to be galaxies in the process of merging
(Clemens et al. 1996, Genzel et al. 2001). It has been pointed out that mergers of galax-
ies were more frequent in the past (Burkey et al. 1994). Also, an evolution in the relative
number of spheroidal components in clusters has been observed. While in the past a larger
number of disks is observed, in the present there are more E’s and SO galaxies towards the
inner parts of clusters (Dressler at al. 1994). Finally van Dokkum et al. (1999) observed a
large number of ongoing interactions in the cluster MS 1054-03 at z = 0.83. They inferred
from this that at least 50% of todays ellipticals may have suffered an interaction after z = 1,
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Figure 1.2— This figure shows elliptical galaxies showing different evidences of interac-
tions. The left panel shows NGC 474, this is an elliptical galaxy with prominent shells. The
middle panel shows NGC 5128 (also known as Centaurus A), this elliptical galaxy presents a
prominent dust lane. Finally, the right panel shows NGC 7578A+B a pair of elliptical galaxies
that show evidence of distortion due to a close encounter. This pair has a similar config-
uration to some of the models explored in Part I of this thesis. Arp (1966) included these
galaxies in his catalogue of peculiar galaxies with the numbers 227, 153 and 170 respec-
tively.

in agreement with estimates by Baugh et al.(1996). All these observations (together with
those mentioned earlier on several special characteristics of E’s such as shells, KDC, etc.)
point out to mergers and interactions as being a key ingredient in the formation and evo-
lution of elliptical galaxies. (For a recent review on the observational status today see de
Freitas-Pacheco et al. 2003).

1.3 The Fundamental Plane

Elliptical galaxies present a number of photometric and kinematic characteristics (see sec-
tions 4.3 and 11.2 in Binney & Merrifield 1998 for a review of these characteristics). They
follow a number of scaling relations; such relations provide information on the class of el-
liptical galaxies as a whole. Two examples are the color-magnitude relation and the Mg2−σo

relation.

A special relation is the Fundamental Plane of elliptical galaxies, first formulated by
Dressler et al. and Djorgovski & Davies in 1987. Let us define a 3-dimensional space with the
following observables: the radius enclosing half of the luminosity of the galaxy in projec-
tion (Re), the surface brightness inside this radius (SBe) and the central velocity dispersion
(σo). When we measure these quantities in a number of elliptical galaxies we find that they
do not fill the 3-dimensional space homogeneously but instead they lie on a thin plane.
Jørgensen et al.(1996) find:

logRe = 1.24 logσo + 0.328SBe + γ′. (1.1)

One may explain why elliptical galaxies must lie close to a plane from simple considera-
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tions involving the Virial Theorem. Then one can obtain a ‘predicted’ Fundamental Plane:

logRe = 2 logσo + 0.4SBe + log(CrCv) − log(M/L) + γ, (1.2)

where CrCv are two dimensionless structure constants and M/L is the mass-to-light ratio
of the galaxies. This prediction is slightly different from the one observed. There is an angle
between the two planes (predicted and observed) known as the tilt of the Fundamental
Plane.

Several explanations have been given to account for this tilt. The most accepted ones to-
day are homology in combination with a dependence of M/L with M and non-homology.
According to the homology picture, most elliptical galaxies deviate little from a de Vau-
couleurs profile, therefore they are all similar in structure and kinematics and Cr and Cv

are constants. A systematic trend of M/L with mass is then required to explain the tilt.
This systematic trend implies a very tight formation process for ellipticals: a fine tuning.
Non-homology, on the other hand, argues that ellipticals are not homologous systems and
therefore the tilt can be explained by systematic variations in Cr and Cv , with M/L con-
stant.

The FP is also very thin but it has an intrinsic scatter not explained by measurement
errors. This is another unsolved puzzle.

2 Models of galaxy mergers

Galaxy interactions are complex and difficult to understand given the high number of vari-
ables involved. To overcome this problem several simplifying models have been used.

The first models of galaxy interactions were those performed by Holmberg (1941) mak-
ing use of light bulbs and a photo-cell to compute the mutual ‘forces’. He wanted to see if
two galaxies could become bounded due to tidal forces in order to explain galaxy cluster-
ing. Although his treatment was correct he did not account for the formation of bridges and
tails in these early models. Bridges and tails remained a source of mystery for a long time,
although it seemed clear they had something to do with interactions. Some authors pro-
posed a magnetic origin (Zwicky 1959) or the introduction of new physics to explain them
(Arp 1971).

The introduction of computer calculations greatly helped in this matter. The number of
stars involved in galaxy-galaxy interactions make these computations extremely expensive
in terms of memory and time. To overcome this problem disk galaxies were treated as a
restricted three body problem and with a few test particles.

As already mentioned, Toomre & Toomre’s (1972) paper is a milestone in the world of
computer simulations of galaxy mergers. They make use of the same approach described
above to model disk galaxies. Toomre & Toomre were able to explain successfully the origin
of bridges and tails as due to gravity and tidal interactions only. They also proposed that
mergers of two disks can result in a remnant resembling an elliptical galaxy.

In the late seventies and 80’s interactions and mergers of spheroidal systems received
a lot of attention. A number of papers deal with studies of this subject, like those by van
Albada & van Gorkom (1977), White (1978, 1979), Navarro (1989), Navarro et al. (1989)
and Navarro (1990). By that time new computer processors were introduced and new al-
gorithms (like the TREECODE, Barnes & Hut 1986) were developed that allowed for an accu-
rate calculation of the forces while being capable of more correctly modeling interactions
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of disks and allowing the introduction of gas. Thus in the last 10 or 15 years more attention
has been given to the modeling of collisions between disks.

Several surveys have been designed to find out how different input parameters for disk-
disk collisions may result in different merger remnants (Barnes 1988, 1992, Hernquist 1992,
1993, Barnes 1998, Naab & Burkert 2001 and references therein). A number of authors have
introduced gas and star formation in these models (Barnes & Hernquist 1996). The com-
parison of these surveys with observations has given some very useful constraints on the
ingredients needed to reproduce different properties, and to find out to what extent the hi-
erarchical picture might be valid. New questions have been raised from these studies and
some old ones remain . For example, Naab et al.(2001) claim that collisionless (i.e. without
gas) mergers of disks can not explain some particular features of elliptical galaxies.

Although the main attention has focused on disk-disk mergers, some studies have been
devoted to the effects of satellites sinking into elliptical galaxies to produce shells (Hern-
quist & Quinn 1988, Hernquist & Spergel 1992), kinematically decoupled cores (Balcells
& Quinn 1990, Balcells & Gonzalez 1998), and other particular features. Also some atten-
tion has been given to models of interactions which produce plumes (Combes et al. 1995)
around elliptical galaxies. In spite of this, little work has been done aimed at finding what
is the fate of two elliptical galaxies that merge (Okumura et al. 1991, Vergne et al. 1995).

3 Motivation and content of this thesis

The work of van Dokkum et al. has shown the importance of collisions between elliptical
galaxies. Much of the existing numerical simulations lack, however, resolution and com-
pleteness to fully address the large number of possible galaxy-galaxy interactions. This pro-
vided strong motivation for a new survey of E-E merger simulations. Despite the claim by
Naab et al. (2001), collisionless merger modeling of disks is far from being exhausted, so
new possibilities are explored here as well.

In this thesis we take the approach of the hierarchical merging scenario. We have carried
out several series of collisions between different initial models. For the sake of simplicity,
all our models are ‘collisionless’. One of our aims is to explore the relation connecting the
structure of the initial models and the input parameters to the properties of the remnants
of the interactions. Then, we compare these final systems with observations. In this way
we try to find which aspects of the observations can be explained by our results and which
may need the introduction of a more complicated picture or are likely to have a different
origin.

The thesis is divided into two parts. The first one deals with encounters between
spheroids. In Chapter 2 we carry out an extensive study of collisions of spheroids without
the introduction of a dark matter halo. Then, applying the experience gained from these
models, in Chapter 4 we introduce a dark matter halo and perform some selected simula-
tions that end up in mergers. In this way we determine the effect of having a dark matter
halo and compare these results with the previous ones and with observations.

A special aspect we want to study in both surveys is the influence that mergers of ellipti-
cal galaxies may have on the Fundamental Plane. Is this relation conserved or destroyed by
mergers? This question is addressed in Chapters 3 and 5 for our surveys, without and with
a dark matter halo.

In the second part of the thesis we deal with mergers of disk galaxies. In Chapter 6 we
report on the characteristics of two surveys of disk-disk mergers. The first set of models
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include a disk, a bulge, and a halo, while the second one includes a disk and a halo only. We
may find differences related to the presence of a bulge. The simulations are compared with
previous surveys and with observations, in order to see if elliptical galaxies can be formed
as a result of collisionless mergers of disk galaxies.

A particular case of interest is the counter-rotation observed in some elliptical galaxies.
This has been previously explained by the sinking in of a satellite (Balcells & Quinn 1988),
or by the merger of two gaseous disks (Barnes & Hernquist 1996). In Chapter 7 we propose
a mechanism to create this counter-rotation without the need to introduce gas in disk-disk
mergers.

Finally in Chapter 8 we study if mergers of disks can somehow create the Fundamental
Plane. We have seen that elliptical galaxies may be the outcome of mergers of disk galaxies.
We also know that elliptical galaxies follow the Fundamental Plane relation. Then one may
ask whether the merger remnants of the collision of two disks would lie on that FP relation.
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