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Part I

Collisions Between Spheroids
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2
Encounters between spherical

galaxies without halo

Abstract
We report here on a survey of N-body simulations of encounters between spherical galaxies. Initial

systems are isotropic Jaffe models. Different sets of mass ratios, impact parameters and orbital en-

ergies are studied. Models starting with a specific set of initial conditions end up in mergers. Both

merger remnants and systems perturbed after a non-merging encounter are analyzed and compared

to real-life elliptical galaxies. The properties of merger remnants show a large variety. Merger rem-

nants resulting from head-on encounters are mainly non-rotating prolate spheroids supported by

radial anisotropy. Merger remnants from models with Jorb 6= 0 are triaxial or mildly oblate spheroids

that can be rotationally supported by tangential anisotropy. Non-mergers suffer different degrees

of interactions depending on the orbital characteristics. Essentially all global properties of real-life

ellipticals can in principle be attributed to a merger of spherical progenitors.

1 Introduction

Elliptical galaxies, for a long time believed to be simple rotating spheroidal systems, are
now known to be far more complex. From the study by Bertola & Capaccioli (1975) we know
that support against gravity is provided by random motions as well as rotation. Remarkably
the surface brightness distribution of ellipticals closely follows the r1/4 law proposed by de
Vaucouleurs (1958). Several dynamical models have been developed trying to reproduce
this r1/4 shape (e.g. van Albada, 1982). Elliptical galaxies in general contain only small
amounts of gas, and can be considered as dissipationless systems.

At present there exist two main views on how elliptical galaxies are formed. On the one
hand a huge gas cloud may contract rapidly and form stars, resulting in an elliptical like
galaxy. This is known as the gravitational collapse theory. On the other hand elliptical galax-
ies might form via assembly of small building blocks: encounters of small systems and the
subsequent mergers will give rise to larger galaxies. Elliptical galaxies formed through this
process could even be the result of major mergers between disk galaxies. This is known as
the hierarchical merging theory.

Since the early work by Toomre & Toomre (1972) pointing towards merging of galaxies
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14 CHAPTER 2. ENCOUNTERS BETWEEN SPHERICAL GALAXIES WITHOUT HALO

as a likely key factor in a galaxy life time, a large effort has been devoted not only to observe
interactions and mergers of galaxies but also to model these processes and the resulting
systems. Much work has been done since then to create models to reproduce and fit impor-
tant features in observations (see Barnes 1999 and Naab & Burkert 2001 for recent reviews,
and Schweitzer 1986 and Schweitzer 1998, for a description of individual systems). So tidal
tails, bridges, shells, and counter-rotating features have become common in recent litera-
ture (Barnes 1988, Borne & Richstone 1991, Okumura et al. 1991, Barnes 1992, Hibbard &
Mihos 1995, Mihos & Hernquist 1996 ).

Some generic work, i.e. not intended to match specific observations has been done to
explain special features, like shells in elliptical galaxies (Hernquist and Quinn 1988, Mer-
rifield and Kuijken 1998), counter-rotation in the inner parts of E’s (Balcells and Quinn
1990, Hernquist and Barnes 1991, Balcells and González 1998), and other features such as
warps (Weinberg 1998, Garcı́a-Ruiz et al. 2001), ring galaxies (Toomre 1978, Higdon 1995),
etcetera.

Early on work was done to model generic collisions and interactions of spheroidal sys-
tems, (van Albada & van Gorkom 1977, White 1978, White 1979, Farouki et al. 1983, Aguilar
& White 1985), but most of these papers focus on the exchange of mass and energy, and
lack the detail that can be achieved with present codes. More recently the same issues
were treated by Vergne & Muzzio (1995), Levine & Aguilar (1996), Seguin & Dupraz (1996),
Makino and Hut (1997) focusing again on the energy and mass exchange with a better res-
olution. Combes et al.(1995) performed N-body simulations of interactions between pairs
of elliptical galaxies trying to understand the tidal features encountered in some E+E pairs.

Navarro in a series of papers (Navarro (1989), Navarro & Mosconi (1989) and Navarro
(1990)), explores the parameter space for equal mass encounters of non-rotating isotropic
de Vaucoleurs models. Following Binney & Tremaine (1987) he outlines a region where
mergers are possible. One of his conclusions is that merger remnants will have a tail in
the light distribution departing from the r1/4 law. Again these models were done with a
small number of particles (N from a few hundred to 1000).

Okumura et al. (1991) carry out N-body simulations of two identical spherical galaxies to
study the kinematics of the merger remnant with a larger number of particles than previous
studies.

Until recently the merger rate of galaxies was poorly known. Therefore it has been diffi-
cult to put the results of the work described above into the context of galaxy evolution. As
shown recently by van Dokkum et al.(1999) in their study of clusters at medium and high
redshift, a large fraction of elliptical (or spheroidal) systems are undergoing mergers (up to
50%). Therefore, the study of the end products of encounters between spheroidal galaxies
is important for our understanding of elliptical galaxies. The simulated systems may be
compared with observations and one can look for possible interconnections between the
input parameters describing the encounters and the final parameter space of the elliptical
galaxies resulting from the merger process.

This is what we have done, first with quite simple assumptions, such as pure stellar
spherical initial models. Our main aim has been to explore to what extent the large variety
of parameters characterizing elliptical galaxies can be seen as the outcome of interactions
leading to mergers.

We have carried out simulations of collisions between spherical models with a variety of
input parameters. We chose three input parameters to keep our experiments as simple as
possible but at the same time as complete as it could be. The models were let to evolve with
different orbital parameters and with different mass ratios between the progenitor systems.
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The results are presented in the form of a full review of the main characteristics of the end
products.

We find that with these simple experiments we can already reproduce a large fraction of
the observational characteristics of elliptical galaxies. For some features the orbital impact
parameter of the collision is a key to the final configuration, for other features it would be
the initial mass ratio of the progenitor systems, but either way we find that one could trace
some characteristics of elliptical galaxies to collisions (mergers or interactions) of spherical
systems. So the final systems retain a memory of the collision that can somehow be traced
back.

2 Models

It is hard to model galaxies given the large number of parameters involved. Galaxies appear
in a variety of shapes and with a variety of characteristics difficult to summarize in single
physical laws. However they follow trends in shape and kinematics, etc., that allow us to
characterize their properties at least roughly and may help to understand their behaviour.

In this thesis we focus on the study of elliptical galaxies. These galaxies have two main
characteristics concerning their dynamics and kinematics. First, their surface brightness is
proportional to r1/4 , where r is the projected radius (this is known as the de Vaucouleur’s
law, de Vaucouleur, 1958). The second one is that these systems are not supported against
gravitational collapse by ordered rotation (like disc galaxies are), but by random motions in
combination with some rotation.

These characteristics must be taken into account when trying to explain the main fea-
tures of these galaxies.

Galaxies are essentially defined by the distribution of matter. Elliptical galaxies are sys-
tems with a very low gas content. In line with this, we have assumed that in our systems
all the luminous mass is in the form of stars. Although evidence for dark matter is emerg-
ing, we will, in this chapter, suppose that all the mass is in the stars. Then the fundamental
dynamics is that of collisionless systems.

Such systems are described by the collisionless Boltzmann equation (CBE):

∂f

∂t
+ v · ∇f −∇Φ · ∂f

∂v
= 0, (2.1)

where f is the phase-space density, also known as distribution funtion (hereafter DF), v is
the velocity and Φ is the potential of the system. This equation implies that the density
around a point in phase-space remains constant.

It is hard to get a DF through eq. 2.1. The DF is a function of seven variables and as a
consequence the collisionless Boltzmann equation is very difficult to integrate. However,
we can take moments. The resulting equations provide several relations that the DF must
fulfil. These equations are known as the Jeans equations. Then, we can build the DF as
a possitive function which fulfils the Jeans equations (for a full description see Binney &
Tremaine, 1987).

Polytropes are amongst the solutions commonly used. Dehnen (1993) describes a fam-
ily of DF’s which satisfy equation 2.1. The corresponding mass profiles are close to a de
Vaucouleur’s profile. This family includes two DF’s previously described by Jaffe (1983) and
Hernquist (1990a). N-body realizations of these models will be the basis of the simulations
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described below.

2.1 Initial conditions

We have used as initial conditions purely stellar non-rotating isotropic spherical models
as described by Jaffe (1983). The implementation used here was developed by Smulders &
Balcells (1995). The distribution function is obtained from the potential and the density,
and the particles positions and velocities are found from the DF.

Jaffe’s model potential is as follows:

φ(r) =
GM

rJ
ln

(

r

r + rJ

)

, (2.2)

where G is Newton’s constant of gravity, M is the total mass of the system and rJ is the half
mass radius. The corresponding mass density is:

ρ(r) =

(

M

4πr3J

)

r4J
r2(r + rJ )2

, (2.3)

and the mass inside radius r is:

M(r) =
r

r + rJ
M. (2.4)

Further,

〈v2〉 =
GM

2rJ
. (2.5)

For a spherical isotropic velocity distribution the DF is a function of energy only (Binney
& Tremaine 1987). If we define the relative potential as Ψ ≡ −Φ+Φo and the relative energy
as ε ≡ −E + Φo, we get Eddington’s formula:

f(ε) =
1√
8π2

[
∫ ε

0

d2ρ

dΨ2

dΨ√
ε− Ψ

+
1√
ε

(

dρ

dΨ

)

Ψ=0

]

. (2.6)

For Jaffe’s model the potential-density pair has an analytical solution for the DF given
by:

f(E) =
M

2π3(GMrJ )3/2

[

F−

(√
2ε
)

−
√

2F−

(√
ε
)

−
√

2F+

(√
ε
)

+ F+

(√
2ε
)]

, (2.7)

where ε ≡ (−ErJ/GM) and F±(x) is Dawson’s integral: F±(x) ≡ e∓x2 ∫ x

0
dxe±x2

,

Equation 2.7 is a non-negative monotonically decreasing function of energy. The non-
negativeness makes it suitable as distribution function for real systems. The particles are
placed in a sphere with positions and velocities provided by the above DF 2.7.
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2.2 Units

Non-dimensional units are used throughout. We adopt G = 1 for Newton’s constant of
gravity. Further the half mass radius of the Jaffe model rJ and the total massMJ are also set
equal to 1. Then, for a Jaffe model 〈v2〉 = 1/2 and Tcr = 2rJ/〈v2〉1/2 = 2

√
2. A set of units to

scale our models for comparison with real galaxies would then be:

[M ] = MJ = 1011 M�, (2.8)

[L] = rJ = 10 kpc, (2.9)

[T ] = 4.71 × 107 yr. (2.10)

With these, the unit for velocity is:

[v] = 207 km/s. (2.11)

2.3 Method

In order to compute the forces, and thereby the evolution of our model systems, we have
to evaluate Newton’s law. Our simulations involve a large number of particles. There are
several methods to calculate the forces in an N-body system. One would be direct summa-
tion. Although it is precise, it is time consuming when the number of particles involved is
high, even with today’s increase in computing power. Therefore we have to use one of the
algorithms derived to shorten and simplify the force calculation.

We must also take into account that the force that two point particles exert on each
other is large at small separations. We would have to use very detailed calculations to follow
this and it would be very time consuming. Therefore Newton’s law is usually modified by
introducing a softening parameter, ε:

Fij =
Gm2(xj − xi)

(ε2 + |xi − xj|2)3/2
. (2.12)

We have chosen the TREECODE method. In its original form this algorithm was devel-
oped by Barnes & Hut (1986). It is based on a hierarchical calculation of the force . Space
is divided into cells and the number of particles per cell are calculated. Empty cells are dis-
carded, and those with more than one occupant are further divided, until inside each cell
there is only one particle. In this way a tree of cells is obtained and the forces are calculated
via the branches of the tree. To calculate the force of a particle (a) on another one (b) the
algorithm looks at the first cell where (a) is included. Let us suppose that the size of the cell
is l and the distance of this cell to the particle (b) is D. Now, when l/D < θ, where θ is a
tolerance parameter, the algorithm computes the force of all the particles inside that cell
on particle (b). To do so the mass of all the particles in that cell is considered to be at the
center of the cell. In case l/D > θ we go further along the tree (i.e. we follow the divisions of
the cell) until the previous condition is met. With this algorithm the force can be computed
in a time of O(N logN).

The time evolution is computed via a leap-frog algorithm. Starting with the positions of
the particles at time t, it calculates the velocities of particles at time t+ 1/2∆t from those at
t− 1/2∆t. Then the particle positions are updated to t+ ∆t.
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We have used Hernquist’s (1987, 1990b) version of the TREECODE in an Ultra-Sparc sta-
tion where a typical run takes of the order of 105 seconds for about 105 timesteps. Softening
was always set to 1/5 of the half mass radius of the smallest galaxy. The tolerance parameter
was set to θ = 0.8. We have done a test run with θ = 0.6. No major differences were noticed,
while the computational time is increased with a factor 2. Quadrupole terms were included
in the force calculation and the time step was set to 1/100 of the half mass crossing time.

2.4 Stability of initial models

We have checked the stability of our input initial model for 28 time units, which correspond
to 10 crossing times (see section 2.3). We use a model with 10240 particles and a softening,
ε = 0.1. The test shows (see figure 2.1 top panel) that the system relaxes for about 4 time
units and remains stable there after. This initial relaxation is due to the presence of the
particle softening in the code.

The ratio of the effective radius (Re) and the half mass radius(R1/2) remains close to the
value 0.74 given by Dehnen (1993) for a pure Jaffe model; see figure 2.1 bottom.

2.5 Initial parameters

The aim of this study is to map the parameter space describing mergers of spherical system
onto the parameter space describing elliptical galaxies. To do so we focus on the following
three input parameters: the initial orbital energy, the impact parameter of the orbit and the
mass ratio of the two galaxies.

Let M, R and σ = 〈v2〉1/2 denote mass, radius and velocity dispersion. According to
the virial theorem the velocity dispersion follows from σ2 = αGM/R where α is a structure
constant appropriate for a Jaffe-law system. Models with different masses were constructed
following the scaling relation between mass and radius given by Fish (1964), i.e.:

M1/R
2
1 = M2/R

2
2 = constant. (2.13)

Homologous systems then also follow the scaling relation:

σ2
1/R1 = σ2

2/R2. (2.14)

To calculate the initial orbital energy we proceed as follows: the total energy of the sys-
tem is given by the sum of the internal energy of each system and the relative orbital energy:

Etot = Ei1 +Ei2 +Eorb = −1

2
M1σ

2
1 − 1

2
M2σ

2
2 − GM1M2

R
+

1

2

M1M2

M1 +M2

V 2, (2.15)

whereEi1 and Ei2 are the internal energies of galaxies 1 and 2 and Eorb is the orbital energy
at infinity. Consider the case where at infinity the total energy of the system is:
Ei1 + Ei2 +Eorb = 0. Then,

−1

2
M1σ

2
1 − 1

2
M2σ

2
2 +

1

2

M1M2

M1 +M2

V 2
∞(0) = 0, (2.16)

where V∞(0) denotes the relative velocity at infinity for a system with zero total energy.
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Figure 2.1— A test run was made to test the stability of our initial models. In the top panel
we give the evolution of the mass inside different radii, the top line gives the 99% of the
mass, while the bottom one gives the 5% mass radius. In the two bottom panels we give the
evolution of the half mass radius (R1/2) and the effective radius (Re). The lower panel gives
the ratio between these two radii. For a Jaffe model this ratio should be 0.74.
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Table 2.1— Input parameters; The columns identify the run and give the
mass ratio, impact parameter and orbital energy.

Run M2/M1 ImpactPar. Eorb Run M2 : M1 ImpactPar. Eorb

1a 1:1 0 0 5a 5:1 0 0
1b 1:1 0 0.0625 5b 5:1 0 0.761
1c 1:1 0 0.250 5c 5:1 0 1.522
1d 1:1 0 0.360
1e 1:1 5 0 5e 5:1 11.18 0
1f 1:1 5 0.0625 5f 5:1 11.18 0.761
1g 1:1 5 0.250 5g 5:1 11.18 1.522
1h 1:1 10 0 5h 5:1 22.36 0
1i 1:1 10 0.0625 5w 5:1 1.14 1.4485
1j 1:1 15 0

2a 2:1 0 0 7a 7:1 0 0
2b 2:1 0 0.2392 7b 7:1 0 1.22
2c 2:1 0 0.4784 7c 7:1 0 2.44
2e 2:1 5 0 7e 7:1 13.23 0
2f 2:1 5 0.2392 7f 7:1 13.23 1.22
2g 2 :1 5 0.4784
2h 2:1 10 0 7h 7:1 26.46 0
2i 2:1 10 0.2392
3a 3:1 0 0 10a 10:1 0 0
3b 3:1 0 0.387 10b 10:1 0 2.039
3c 3:1 0 0.775 10c 10:1 0 4.078
3e 3:1 8.66 0 10e 10:1 15.81 0
3f 3:1 8.66 0.387 10f 10:1 15.81 2.039
3g 3:1 8.66 0.775
3h 3:1 17.32 0 10h 10:1 31.62 0
3i 3:1 17.32 0.387

Given M1, M2, σ1 and σ2 we can calculate the corresponding value of V∞(0). Following
equations 2.13, 2.14 and 2.16 the velocity at infinity can be expressed as a function of the
velocity dispersion of the smallest system at the beginning, σ1:

V 2
∞(0) =

(

1 +
M1

M2

)

(

1 +

(

M1

M2

)−3/2
)

σ2
1 (2.17)

In order to represent a range of energies, we have chosen three different values for V∞,
given by: V 2

∞ = 0, 0.5V 2
∞(0), and V 2

∞(0) respectively.

With this choice for the orbital energy, Eorb ≥ 0, we have parabolic (V∞ = 0) as well
as hyperbolic encounters. Part of the orbital energy, both in parabolic and hyperbolic en-
counters, may be lost in the subsequent interactions of the two systems, leading to a bound
system with Eorb < 0, in those cases where the interaction is strong enough. So cases with
Eorb < 0, although not included explicitly as starting points, will appear as a consequence
of interaction.

The impact parameter (D) of the orbit was chosen as follows: we are interested in head-
on collisions, D = 0, as well as encounters with D 6= 0, but with D < Rtot, where Rtot is
the total radius of the most massive galaxy. Impact parameters D > Rtot would lead to a
weak interaction which is hard to follow numerically. We selected three values of D: D = 0
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(head-on collision), D = Rtot/2 and D = Rtot. The parameters of the initial models are
summarized in table 2.1, where the units used are model units, see below.

For some specific cases (runs 1d, 1j and 5w) we have chosen slightly different conditions.

For most runs we use 10240 particles per galaxy. To avoid heating by particle-particle
interactions we used 25600 particles for the most massive galaxies (M2 ≥ 7).

Models leading to a merger were evolved for at least 8 to 10 dynamical times after merg-
ing, to allow the system to relax (reach virialization). Conservation of energy is quite good
in all the runs, fluctuations are less than 0.5% .

2.6 Liouville’s theorem

For a collision-free system of particles the density in phase space along the trajectory of a
particle is constant, as a consequence of Liouville’s equation:

df

dt
= 0, (2.18)

this is known as the conservation of phase-space density (Binney & Tremaine, 1987).

We have looked into the conservation of phase-space density for our ‘collisionless’ merg-
ers. The phase-space density is given by the number of particles in a given volume of phase-
space and has the dimension:

ρPS =
N

L3V 3
, (2.19)

where L is a spacial coordinate and V has units of velocity. A direct measure of ρPS for our
models is thus given by:

ρPS =
ρ

σ3
, (2.20)

with ρ the volume density, and σ the velocity dispersion in the volume under consideration.

Results for two of our models are given in figure 2.2. We see that the phase space den-
sity is conserved for volumes with radii larger than the softening radius. For smaller radii
the density in the end products is lower than at the beginning, presumably as a result of
particle-particle or numerical relaxation.

3 Results

Our aim is to relate the parameters describing the pre-encounter configuration to the pa-
rameters of the system left over after the encounter or merger. The present sample consist
of 47 runs; the results are summarized in table 2.2 and are discussed below.

3.1 Phenomenology

Our models show a wide variety of features, not only in the final state but also during the
collision process. In figures 2.3, 2.4 and 2.5 we give some typical examples of the evolution
seen in the various runs.
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Figure 2.2— The phase-space density is conserved in our simulations for radii bigger than
the softening length for different initial conditions. Solid line is model 1a and dashed line
is model 1h. The vertical axis gives the phase-space density of the final system divided by
that of the progenitor of mass 1.

The first two, figure 2.3 and 2.4 provide examples of the evolution of initial states lead-
ing to merger. Figure 2.3 gives the evolution of a model with equal mass components in a
rectilinear head-on collision (run 1a). A large fraction of the orbital energy is lost in the first
encounter and rapid merging follows. Next, figure 2.4 shows the evolution of a system with
mass ratio 2:1. The two galaxies are placed in a parabolic orbit with an impact parameter
equal to the total radius of the smaller of the two galaxies (run 2h). After the first encounter
at t = 60 the smallest galaxy features a tidal tail (‘plume’); it also produces a small bridge of
particles. The merger is complete around t ≈ 210.

Finally, figure 2.5 shows one example of non-merging systems. Here the masses of the
initial galaxies are 5:1 (run 5w). The systems are placed on a slightly non head-on hyper-
bolic orbit. The most massive system is almost undamaged during the interaction. How-
ever, the small system loses particles that end up in the potential well of the bigger galaxy.
Also a remarkably narrow bridge between the two systems is formed. A small cloud of par-
ticles lead the small galaxy as it runs away from its big companion (at the lower right-hand
side of the frames).

All runs with Eorb = 0 in table 2.2 result in a merger. These systems lose part of the
orbital energy in the first encounters, which results in ‘heating’ of the two galaxies. Sub-
sequent passes through pericenter finally lead to merging. In all cases particles escape,
carrying away some energy. We have considered a large impact parameter in only one case
with Eorb = 0. For this run (1j) the impact parameter is larger than the sum of the radii of
the two systems. Here we have a non-merging encounter. The boundary between mergers
and non-mergers in the plane Eorb = 0 in figure 2.6 has not been fully explored though.
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Table 2.2— End results from runs. Column (1) identifies the run and (2) gives the
time where the run was stopped. (3) indicates whether the final result is a merger
(Y) or not (N). Models which might lead to a merger but will take too long to follow
computationally are denoted with ‘??’. (4) provides the l.o.s. ellipticity (ε), and (5) and
(6) give the axis ratios b/a, and c/a. In (7) the ratio between the rotational velocity and
the central velocity dispersion is given. For those models not leading to merger two
measurements are included, the first one is for the less massive system and the second
for the more massive one.

Run tfin Merger ε b/a c/a Vmax/σ0

1a 110 Y 0.528 0.771 0.750 0.09
1b 123.2 Y 0.445 0.812 0.750 0.16
1c 167.2 Y 0.449 0.788 0.746 0.107
1d 110 N 0.196//0.169 0.966//0.935 0.946//0.896 0.304//0.292
1e 154 Y 0.394 0.928 0.816 0.615
1f 149.6 N 0.164//0.206 0.990//0.970 0.9656//0.958 0.42//0.29
1g 110 N 0.125//0.141 0.995//0.976 0.992//0.972 0.19//0.19
1h 219.9 Y 0.268 0.953 0.749 0.638
1i 110 N 0.236//0.220 0.978//0.992 0.960//0.968 0.12 // 0.2
1j 220 N 0.583//0.452 0.979//0.982 0.966//0.964 0.146//0.120

2a 110 Y 0.332 0.813 0.795 0.18
2b 136.4 Y 0.264 0.840 0.783 0.15
2c 219.9 Y 0.231 0.844 0.816 0.15
2e 110 Y 0.247 0.926 0.828 0.45
2f 110 N 0.094//0.149 0.983//0.990 0.958//0.975 0.18//0.24
2g 110 N 0.104//0.106 0.972//0.977 0.963//0.964 0.26//0.17
2h 224.3 Y 0.259 0.984 0.803 0.77
2i 162.8 N 0.16//0.18 0.990//0.987 0.964//0.951 0.19//0.34

3a 110 Y 0.250 0.841 0.827 0.246
3b 110 Y 0.203 0.901 0.880 0.195
3c 110 N 0.184//0.081 0.987//0.990 0.959//0.963 0.2//0.25
3e 175.96 Y 0.196 0.954 0.853 0.436
3f 110 N 0.103//0.101 0.9689//0.972 0.937//0.956 0.18//0.27
3g 110 N 0.104//0.102 0.990//0.987 0.968//0.957 0.19//0.38
3h 110 ?? 0.300//0.237 0.988//0.972 0.969//0.958 0.232//0.292
3i 110 N 0.158//0.125 0.979//0.968 0.939//0.965 0.17//0.35

5a 123.22 Y 0.152 0.875 0.853 0.34
5b 110 Y 0.107 0.778 0.777 0.296
5c 110 N —//0.078 0.923//907 0.827//0.905 —//0.222
5e 219.9 Y 0.127 0.983 0.909 0.42
5f 110 N 0.176//0.114 0.984//0.994 0.963//0.977 0.14//0.36
5g 158.38 N 0.135//0.114 0.977//0.989 0.964//0.951 0.23//0.23
5h 206.72 ?? 0.290//0.197 0.973//0.985 0.956//0.981 //0.203
5w 101 N 0.078//0.139 0.975//0.967 0.967//0.939 0.36//0.28

7a 110 Y 0.103 0.953 0.943 0.21
7b 110 N —//0.106 0.869//0.991 0.862//0.976 —//236
7c 110 N —//0.060 —//0.996 —//0.983 —//0.200
7e 334 Y 0.109 0.993 0.916 0.37
7f 110 N 0.092//0.056 0.976//0.992 0.958//0.986 0.16//0.15
7h 180 ?? 0.125//0.120 0.995//0.990 0.978//0.987 0.282//0.145

10a 215.51 Y 0.099 0.943 0.902 0.26
10b 110 N —//0.079 —//0.992 —//0.972 —//0.23
10c 110 N —//0.115 —//0.989 —//0.974 —//0.34
10e 514.34 Y 0.173 0.977 0.930 0.39
10f 110 N 0.174//0.081 0.964//0.981 0.930//0.930 0.12//0.30
10h 294.61 ?? 0.224//0.191 0.987//971 0.979//0.948 0.172//0.158
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Table 2.3— Morphological classification of the end products. The classification is in-
dicative only; it refers to the value of the median when measuring the type from 100
random points of view.

Run M2/M1 D Eorb Class. Interaction

1a 1:1 0 0 E4 merger
1b 1:1 0 0.0625 E4 merger
1c 1:1 0 0.250 E4 merger
1d 1:1 0 0.360 E1//E1 strong
1e 1:1 5 0 E3 merger
1f 1:1 5 0.0625 E2//E2 strong
1g 1:1 5 0.250 E2//E2 strong
1h 1:1 10 0 E3 merger
1i 1:1 10 0.0625 E2//E2 strong
1j 1:1 15 0 E2//E2 strong

2a 2:1 0 0 E3 merger
2b 2:1 0 0.2392 E3 merger
2c 2:1 0 0.4784 E2 merger
2e 2:1 5 0 E3 merger
2f 2:1 5 0.2392 E2//E1 strong
2g 2 :1 5 0.4784 E2//E1 strong
2h 2:1 10 0 E2 merger
2i 2:1 10 0.2392 E2//E2 strong

3a 3:1 0 0 E2 merger
3b 3:1 0 0.387 E2 merger
3c 3:1 0 0.775 E4//E1 strong
3e 3:1 8.66 0 E2 merger
3f 3:1 8.66 0.387 E2//E2 weak
3g 3:1 8.66 0.775 E2//E1 weak
3h 3:1 17.32 0 E2//E1 strong
3i 3:1 17.32 0.387 E2//E1 weak

5a 5:1 0 0 E1 merger
5b 5:1 0 0.761 E1 merger
5c 5:1 0 1.522 E3//E1 strong
5e 5:1 11.18 0 E1 merger
5f 5:1 11.18 0.761 E2//E1 strong
5g 5:1 11.18 1.522 E2//E1 weak
5h 5:1 22.36 0 E2//E1 weak
5w 5:1 1.14 1.449 E0//E1 strong

7a 7:1 0 0 E1 merger
7b 7:1 0 1.22 E0//E0 weak
7c 7:1 0 2.44 E1//E0 weak
7e 7:1 13.23 0 E1 merger
7f 7:1 13.23 1.22 E2//E1 weak
7h 7:1 26.46 0 E2//E1 weak

10a 10:1 0 0 E1 merger
10b 10:1 0 2.039 E1//E0 weak
10c 10:1 0 4.078 E1//E0 weak
10e 10:1 15.81 0 E1 merger
10f 10:1 15.81 2.039 E2//E1 weak
10h 10:1 31.62 0 E2//E1 weak
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Also some runs with energy Eorb > 0 lead to mergers. Those models have D = 0, that
is, they are head-on collisions. For these the dynamical evolution is similar to that of the
head-on collisions with Eorb = 0. But this is only true up to mass ratios 3:1 or 5:1.

The space of the input parameters is given as a 3-D plot in figure 2.6. Here the three
coordinate axes are Eorb, D and M2/M1. Triangles indicate mergers and stars models not
undergoing merger. All the systems studied here involve strong galaxy interactions, leading
to several distinct features, also for those runs where merging does not occur. 2-D projec-
tions are given in figure 2.7.

3.2 Morphology of the systems

The various morphological features of the end products are summarized in table 2.3. In the
column ‘Class.’ we give a ‘Hubble type’ morphological classification for the merger rem-
nants. To do so we have taken the projected ellipticity of the system from 100 random points
of view (see figure 2.10). The value presented in table 2.3 is the median. The table also gives
the kind of interaction. We considered the system to be a merger if more than half of the
particles of each system are bound together in a single object as a result of the interaction.
When this condition is not met we classify the interaction as follows. If the interaction has
been ‘strong’ (more than 10% of the particles of one system end up into the potential well
of the other) with distintive features we call it strong interaction (’strong’) while when the
interaction is ‘weak’ (less then 10%) it is denoted as weak interaction (’weak’).

The more flattened systems result from models with low mass ratios, energy and impact
parameter (see figure 2.8 as an example). There is a clear trend from E5 to E1 as we go to
higher mass ratios. Frequently the end product has type E3 (see figure 2.10). In figure 2.10
we find the Hubble type for our final systems as calcualted from one hundred points of view.
The left panel shows results for merger models, while the right panel shows non-mergers.
In both cases we find a large range in ellipticities, from E0 to E5 for merger models and even
higher for non-mergers. This last result could be misleading since the Hubble types may be
affected by the presence of tidal structure such as tails and bridges.

When looking at the non-merging systems we notice that the interaction is stronger-
when the masses are similar. However it seems that interaction features, such as bridges
and tails, are more prominent if the masses are not equal, e.g. M2/M1 of order 3.

For systems with high orbital energy the most massive galaxy is almost undisturbed af-
ter the interaction. However the less massive one, mainly for head-on collisions, is highly
distorted. Part of its particles will end up in the inner parts of its neighbour’s potential well,
while some of them will be expelled and form a plume or ‘halo’ around the escaping core
(see figure 2.9).

When the masses of the galaxies are very different, systems with D = 0 and orbital en-
ergy > 0 do not result in mergers. In those cases the least massive galaxy is usually dis-
rupted. However some of the remaining mass is trapped in the main potential well and
shells are formed as found by Hernquist & Quinn (1988). In models with D close to zero we
end up with a bridge or some elongated feature.

3.3 Rotation and flattening

We have measured the mean streaming and central velocity dispersion from 100 randomly
chosen points of view. Thus we measure the streaming velocity as a radial velocity along
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Figure 2.3— Evolution of systems in run 1a. This is a head-on collision between two equal
mass galaxies. Numbers at the top of each frame show the time in computational units.
The first encounter is around time 85. The two systems develope a faint ‘halo’ after this first
encounter. Many particles in these halos will eventually escape. The end result is a prolate
cigar-shaped E5 system.
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Figure 2.4— Evolution in run 2h. This is an encounter between two equal mass systems
where the galaxies meet in a parabolic orbit with impact parameter equal to the ‘total’ ra-
dius of the largest galaxy (initially at bottom). The final system developes a rotating bar.
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Figure 2.5— Evolution in run 5w. The initial systems are placed on a hyperbolic orbit,
slightly non-head-on. This simulation does not end in a merger. Note the plume of par-
ticles ahead and behind the smaller system.
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Figure 2.6— The space of input parameters. All the models of our sample are shown; those
leading to merger are depicted as triangles, non-mergers are depicted as stars. The input
parameter space is given by the orbital energy, the impact parameter (D) and the mass ratio
(M2/M1).

Figure 2.7— Projection on the three axes of the 3-D space plotted in figure 2.6.
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Figure 2.8— Contour plots of the projected density distribution for the remnant in run 1a.
This system, resulting from a head-on collision, has a prolate cigar-shape structure. Top
view along the major axis, bottom view along short axis.
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Figure 2.9— Run 5c with mass ratio 5:1 at final time; only particles from the smaller system
with mass 1 are plotted. Some of the particles lie close to the center of the system with mass
5 at (0,0). A large fraction of the particles are expelled, forming a plume or halo surrounding
the remains of the initial core. Note bridge between the cores of the two galaxies.

the line of sight, and in a way that is similar to observations of ellipticals. The last column
in table 2.2 gives the ratio between the maximum streaming velocity and σo from a point of
view perpendicular to the angular momentum vector. It has been plotted versus the l.o.s.
ellipticity, ε, in fig 2.11, where also observational data are given.

Mergers cover a large part of the space occupied by the observational data. Non-mergers
lie closer to the origin. Our simulations result in non-rotating flattened systems as well as
oblate rotating spheroids, for both mergers and non-merging systems. The entire range of
the observational data is covered by the simulations.

Obviously models with D = 0 (i.e head-on collisions) result in non-rotating end prod-
ucts. Models with D 6= 0 result in slightly rotating ellipsoids (usually oblate or triaxial);
Vmax/σo is largest when the masses are equal. Note that large flattening requires mass ra-
tios close to one.

Non-merger models lie close to the origin of figure 2.11, since we have spherical non-
rotating progenitors.

3.4 Prolate and oblate systems

We have measured the axial ratios b/a and c/a for each system, where a, b and c are the
principal axes of the ellipsoid. To do so, we have calculated the inertia eigenvalues from the
inertia tensor. For a homogeneous ellipsoid with axes 2a, 2b and 2c, the eigenvalues of the
inertia tensor are:



32 CHAPTER 2. ENCOUNTERS BETWEEN SPHERICAL GALAXIES WITHOUT HALO

Figure 2.10— Distribution of mean ellipticity inside Re, calculated from one hundred ran-
dom points of view. Left panel: results for merger end-products. Merger remnants cover the
entire observed range of ellipticities, from E0 to E5. Right panel: results for non-merging
systems.

E1 = (b2 + c2)/5, E2 = (a2 + c2)/5, E3 = (a2 + b2)/5. (2.21)

If we define the axes such that E1 ≤ E2 ≤ E3, it follows that the axis ratios are:

a

b
=

√

E3 +E2 −E1

E1 +E3 −E2

(2.22)

a

c
=

√

E3 +E2 −E1

E1 +E2 −E3

(2.23)

The axis ratios have been calculated from the moment of inertia tensor using all parti-
cles inside the half mass radius. The results are shown in figure 2.12. The top right corner
(1,1) represents a sphere, the lower right corner an oblate system and the lower left corner
a prolate one (de Zeeuw and Franx 1991). Non-mergers are depicted as triangles and are
nearly spherical as expected.

We find that head-on collisions (D = 0) give nearly prolate end products, while for runs
withD 6= 0 the end products are triaxial or oblate spheroids.

3.5 Boxiness-diskiness

For the end products of merger simulations we have calculated the deviation, δ(φ), from
pure ellipses and write:

δ(φ) = δ +
∑

ancos(nφ) +
∑

bnsin(nφ). (2.24)

If the ellipse is a good description for the isophotes and it has been correctly fitted, δ,
a1, a2, a3 and the bn should be small. Then, if the isophote is disky a4 will be positive and if
it is boxy a4 will be negative (see Binney & Merrifield 1998).
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Figure 2.11— Streaming versus ellipticity for simulations compared with observational
data. Open circles are high-luminosity ellipticals, filled circles are low-luminosity ellipti-
cals while crosses are bulges (from Davies et al.1983). Top panel shows the cloud of points
(small dots) for the merger remnants and non-mergers measured from one hundred points
of view. A large part of the observational data is covered. Bottom panel shows the models
as seen from a point of view along the y-axis of the initial configuration. This point of view
gives a maximum in the ellipticity for some of our systems. Small symbols give the observa-
tional data, large symbols are the merger remnants and small triangles are the non-mergers.
For details see text.
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Figure 2.12— Axis-ratios of end-products in ’tri-axiality space’ (de Zeeuw & Franx 1991).
Runs are identified as in table 2.1. Triangles depict non-mergers.

To increase the signal to noise ratio for our results an average over 60 models was made,
always calculating the isophotes for a projection parallel to the intermediate-axis. These 60
models are different ‘snapshots’ obtained by evolving the final models a bit further.

Figure 2.13 shows the variation of a4 with radius for six models. Left panels show models
with mass ratios 1 : 1, parabolic orbit, and different impact parameters. For all those sys-
tems the ellipsoid is boxy inside Re. These three systems have a variety of characteristics.
The top panel refers to a non-rotating radially anisotropic system, while the other two are
anisotropic rotators (see section 3.7).

The right panels in figure 2.13 show the a4 parameter for three models with non-equal
masses. They have in common that the impact parameter of their orbits is equal to half
the radius of the larger initial system. In these cases the end products have a mildly disky
structure. This diskiness is more evident for the models with mass ratio 3:1 (run 3e, middel
panel) and 5:1 (run 5e, bottom panel).

3.6 Tumbling

With the algorithm outlined in section 3.4, we also calculated the eigenvectors of the inertia
tensor. We used these to study the evolution of figure rotation for the merger models up to
20 dynamical times after merging. This has been done for the rotating systems only. As
illustrated in fig. 2.14, the results show that, in addition to particle streaming, there is a
bar-like figure that rotates. The bar is more prominent for low mass ratio encounters (1 : 1,
2 : 1).

To confirm this point we have studied the angular momentum for these systems at half
mass radius, and find that the angular momentum associated with the bar is in some cases
larger than that associated with the internal streaming with respect to the bar.
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Figure 2.13— Mean radial variation of a4 after equilibrium has been reached (based on 60
snapshots along intermediate axis) for runs identified in the upper left corner of each panel.
Panels on the left show a boxy structure inside Re, those on the right a disky structure. For
details see text.
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Figure 2.14— Pattern velocity as a function of radius for the end product of run 1e. A bar
is present that extends beyond the half-mass radius, and has a sharp cut-off at twice the
half-mass radius.

The various relevant quantities are plotted versus radius in figure 2.15. The upper curve
represents the circular velocity calculated from the potential. The lower two represent the
streaming velocity from two points of view perpendicular to the angular momentum vector.
The pattern speed is indicated by the diamonds. The corresponding angular velocity is
nearly constant insideR/R1/2 = 2.

At the half mass radius, we have also measured a spin parameter:

λ1/2 =
E1/2 | ~J |
GM5/2

, (2.25)

with E, the total energy at half mass radius (i.e. kinetic plus potential energy for all parti-
cles inside the half-mass radius), M the mass and G Newton’s constant of gravity. Results
are given in figure 2.16. As expected the λ parameter is very small for almost prolate non-
rotating system. For nearly-oblate rotating systems we find λ values of order 0.1, in agree-
ment with those found by Vergne et al. (1995) for real ellipticals.

We find as well that the spin parameter is decreasing from low (1 : 1) to high (10 : 1)
mass ratios.

3.7 Anisotropy

The initial models were chosen to be isotropic spheres. This means that the velocity dis-
persion is the same in every direction. The end products of the merger process are often
anisotropic however.
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Figure 2.15— Streaming and figure rotation in the end product of run 1e. Triangles: circu-
lar velocity from the potential, open squares: streaming velocity, and diamonds: pattern
speed.

Figure 2.16— Spin parameter λ for the merger models plotted against the impact parameter
in units of the radius of the smallest system. Merger remnants formed in a head-on collision
(D = 0) do not have a significant rotation.
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Figure 2.17— The anisotropy parameter β for the mergers with equal mass progenitors.
The solid line gives the initial model, dotted lines are models with D = 0, dashed line and
dashed-dotted lines models withD 6= 0 (1e and 1i respectively).

A measure of this quantity is given by the anisotropy parameter, β, defined as:

β = 1 − σ2
t

2σ2
r

, (2.26)

where σt is the tangential velocity dispersion:

σ2
t = σ2

θ + σ2
φ. (2.27)

We have measured this anisotropy parameter for models with mass ratio 1:1 leading to a
merger. We have five of these systems, three resulting from head-on collisions and two from
parabolic encounters with impact parameters different from zero. The results are shown in
fig. 2.17.

Systems resulting from a head-on collision develop a radial anisotropy (β > 0). Mod-
els with non-zero impact parameter show two types of behaviour. For small impact pa-
rameters, therefore small orbital angular momentum, we find no net anisotropy. For large
impact parameter, i.e. large orbital angular momentum, the systems develop a tangential
anisotropy, (β < 0).

3.8 Noteworthy features

Two interesting cases are runs 5h and 10h. The systems in these runs will probably merge
in the end, but the evolution time is so long that the simulation was stopped long before. At
the first pericenter passage part of the (large) orbital angular momentum is transferred to
the galaxies. As a result, a fraction (around 2%) of the least massive galaxy is stripped and
it settled into a disk inside the more massive one. So we have a small rotating disk inside a
large elliptical galaxy. See figure 2.18.
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Figure 2.18— In due time, simulation 5h probably will end up in a merger. The figure shows
an intermediate state when an interesting situation occurs; only particles from the least
massive system are shown. Part of the particles have left their parent system. They now lie
in the potential well of the more massive galaxy (not shown here, center at (-10,0)) and form
a rotating disk.

Figure 2.19— Model 5w does not end as merger. After an encounter leading to considerable
damage the orbital energy is still positive. However, the larger system has been able to keep
some particles from the smaller one inside its potential well. These are now on an ellipsoid
at its center. These particles are shown in the top left in the figure, where particles from the
larger system have not been plotted. The small system has also left behind a straight bridge
between the two nuclei; it further shows a plume of particles at a large angle with respect
to that bridge.
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Another simulation worth mentioning is 5w. Its parameters are very similar to those of
5c. It has a hyperbolic orbit, and the encounter is almost head-on. However, the similarity
ends here. In fact, it has a non head-on orbit and it is a non-merging system. The smallest
system runs away after the first pass through the pericenter, leaving behind particles in the
potential well of its companion and a noteworthy tail. It also shows a plume of particles
almost perpendicular to that tail. See figure 2.19.

4 Discussion and conclusions

From very simple experiments, involving purely stellar isotropic spherical systems and a 3-
D input parameter space, we have been able to reproduce some important global features
of real-life elliptical galaxies. Dark matter has been omitted at this stage because there are
still doubts on what might be the amount of dark matter in E’s and even on the need of dark
matter at all to explain the observations (Baes & Dejonghe 2001). In a following chapter
we address the differences between systems with and without dark matter halos. The evo-
lution of our models follows some basic rules, and there is a clear distinction between the
parameters of models that will end up as mergers and those that will not.

Mergers from the present sample without a dark halo are confined to a limited region
in the 3-D space defined by the input parameters of the simulations (see figure 2.6). Those
models leading to a merger will have an initial parabolic (or sub-parabolic) orbital energy
and an impact parameter less than a few times the maximum radius of the biggest sys-
tem, for any mass ratio. For hyperbolic energies we can have mergers only for head-on
collisions and mass ratios close to one. The energy cannot be far from parabolic however.
Further study should be done on the probability of finding such configurations in ’real-life’
systems, for instance by studying configurations in cosmological simulations. This would
give a measure on how probable a scenario like this one, for the formation of ellipticals as
seen today, would be, and the weight to be given to the different set ups.

Our picture agrees in general terms with that given by Binney & Tremaine (1987, see
figure 7-9). We see in all the simulations a process of transformation of orbital energy into
internal energy. Dynamical friction drags orbital energy from the galaxies involved, some
particles escape thus reducing the overall energy content of the two systems and eventually
the galaxies will merge. In the simulations studied here escaping particles carry away from
a few to around 10% of the combined mass of the two initial galaxies.

How fast the galaxies merge will depend upon the effectiveness of these mechanisms of
dynamical friction and particle escape. This appears to be dominated by the mass ratio of
the initial systems. Equal mass parabolic encounters end up as a merger faster than non-
equal mass mergers. For the same mass ratio head-on collisions seem to be more effective.
Finally, for those mass ratios where we have hyperbolic orbits ending up in mergers, the
less energetic the orbit the faster it will merge.

Looking at the dynamical evolution in our simulations we can see the effects of the tidal
fields at work. One of the most prominent features related to galaxy encounters are tidal
tails. Toomre & Toomre (1972) explained early on that mergers of disks will produce such
features naturally due to the effect of the tidal field on the rotating disks. For our simu-
lations we find that non-rotating spheres develop what look like very broad tidal tails or
plumes. At intermediate times some of the orbital angular momentum has been dragged
into the systems. The lesser bound particles experience the tidal force after the first pas-
sage through the pericenter and they are expelled forming a plume. Some of the particles
will eventually escape (as noted before) but many of them will come back to the main body,
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developing shells and ripples like those found by Hernquist & Quinn (1988) and Hernquist
& Spergel (1992). Non-merger systems do show this behaviour as well, developing bridges
and plumes (see figure 2.5).

Our models show a wide variety of morphological characteristics. We can have highly
flattened prolate non-rotating ellipsoids, as well as oblate systems with considerable rota-
tional support.

Equal-mass merger remnants are the most flattened systems with axis-ratios up to 0.7.
This might not seem a high flattening but we must bear in mind that we start our simula-
tions with spherical systems. Our simple models achieve a flattening of up to 30% of the
initial system. Probably, when starting from a non-spherical model, the merger systems
will produce a more flattened product at the end. Merger remnants resulting from systems
with mass ratios different from one are closer to spherical.

The initial angular momentum content will tell us whether the system will end as a pro-
late spheroid (D = 0) or as a triaxial or mildly oblate system (D 6= 0). For non-mergers we
have several degrees of interaction. The kind of distortion will depend on the initial param-
eters. Usually equal mass systems on hyperbolic orbits result in the strongest interaction.

One result from this study is that most of the merger remnants are nearly prolate
spheroids, and few definitely oblate. This does not mean that most ellipticals should be
prolate, because we have to look into the details of the processes leading to these end prod-
ucts and the probability to have such configurations. Many of the prolate systems result
from head-on collisions, but the likelihood of (nearly) head-on collisions is uncertain.

The merger remnants in our simulations do cover most of the Hubble types observed,
from E0 to E5, when seen in projection. Equal mass mergers seem most effective in achiev-
ing higher ellipticities, both for head-on and non-head-on collisions, as noted before. Pro-
jection effects lead to noticeable differences. Take the prolate outcome of a 1 : 1 head-on
merger. The final system has a cigar-shape. When viewed along its major axis it will show
round isophotes, or a E0-E1 type. When viewed perpendicular to this axis more highly flat-
tened isophotes can be seen and the system is classified as E4-E5. The more flattened sys-
tems come from models with mass ratios close to one, small energy and small impact pa-
rameter (see figure 2.8). There is a clear trend from E5 to E1 as we go to higher mass ratios.
Non-mergers show an even higher range of Hubble types but this might be an spurious
result due to the presence of dynamical features (like tails, or plumes, bridges) that might
contaminate the final classification.

We have plotted our data on the Vmax/σo vs ε diagram introduced by Davies et al (1983),
as did Okumura et al. (1991) for equal mass mergers. They find a good agreement with ob-
servational data but do not provide a further interpretation of their results. We find a good
agreement with observations for our simulations as well. We can get flattened non-rotating
systems and rotating spheroids. Models involving more or less equal mass components
tend to be further away from the origin. For equal mass models merging is more efficient in
destroying the structure of the initial systems. Small changes in the initial conditions lead
to very different final results. Models with D 6= 0 give end results with rotating patterns.
For these models the orbital angular momentum initially is different from zero. As the sys-
tem evolves during the interaction part of this angular momentum is transfered into each
component. This holds both for merging and non-merging runs. These oblate rotators do
lie close to the theoretical line for oblate rotators in the Vmax/σo vs ε diagram (see Binney
1978), like the bulges of spirals and low-luminosity elliptical galaxies. Head-on collisions
end up with little rotation so they can account for the high-luminosity ellipticals seen close
to Vmax/σo = 0. Again projection effects lead to a scatter in the results.
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We have found rotating patterns with constant angular velocity in some of our end prod-
ucts. This is probably due to the transport of orbital angular momentum to the inner parts
of the system while the merger is going on. At this stage the remnant develops a bar which
gives rise to the pattern observed at the final stages. During these stages particles are placed
on more or less radial orbits (the bar would be effective in transferring part of the angular
momentum to the outer parts of the final merger remnant). This bar seems more promi-
nent for equal or nearly equal mass mergers.

The spin parameter for our systems appears to be smaller than observed for real el-
lipticals, except for mergers with an almost equal mass ratio, in agreement with Vergne &
Muzzio (1995), Farouki et al. (1983). Taking the merging hypothesis to the extreme this
could mean that most of the galaxies would have undergone an almost equal mass merger
in their lives.

Depending on the initial orbital parameters, in our final systems we have radial
anisotropy for systems originally on radial orbits or tangential anisotropy for those on or-
bits with D 6= 0. The degree of anisotropy will depend on the amount of the initial orbital
angular momentum. Thus the shape of the orbit, that is, the initial orbital angular mo-
mentum, determines the final orbital structure of the stars, giving rise to more elongated
(prolate) radially anisotropic systems, or to oblate rotating remnants.

Our equal mass mergers seem to have boxy deviations from ellipticity. For head-on col-
lision this is true for non-equal mass mergers as well. Mergers with D 6= 0 appear to be
disky. Possibly the bars play a role here.

Elliptical galaxies may be divided into two broad groups concerning their kinematics
and orbital structure. In one group would be the low-luminosity elliptical galaxies which
are rotationally supported and have disky deviations of their isophotes. In the second group
would be high-luminosity elliptical galaxies, radially anisotropic, slow rotators with boxy
isophotes.

Kormendy & Bender (1996) and Faber et al. (1997) pointed out that gaseous mergers lead
to disky isophotes, but boxy isophotes would be formed by purely dissipationless merg-
ers. Models by Mihos & Hernquist (1996) show that these gaseous models will deviate from
pure r1/4 law profiles. This law can be obtained from dissipationless, violent relaxation
processes, as shown by van Albada (1982).

Naab et al.(1999) show that both disky and boxy ellipticals can be formed from collision-
less spiral-spiral mergers with mass ratios 3 : 1 and 1 : 1 respectively.

We find, in agreement with Stiavelli et al. (1991) and Governato et al (1993) that boxiness-
diskiness is subject to changes in the appearance of the same system due to projection ef-
fects. The same system can be viewed as disky or boxy from different points of view. Our
1:1 models are mainly developing boxy isophotes.

It is important to notice that this process of collisionless non-equal mass merging with
an impact parameter D 6= 0 gives disky isophotes (see figure 2.13, right panels). Although
unexpected, it can be easily explained in terms of transfer of orbital angular momentum.
The small system brings part of the orbital angular momentum to the inner regions of the
remnants, transferring this into internal spin angular momentum. The smaller system set-
tles in a more flattened region in the final remnant giving rise to the disky isophotes. In an
ideal case one could think of this process as a way to form highly flattened spheroids in-
side dark matter halos simply by the encounter of a spherical luminous system with a dark
matter halo.

Nieto et al. (1994) find that disky isophotes appear for all Hubble types while the disk
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itself would be only identified for late types. Boxy ellipticals on the other hand would be
mainly seen for early ellipticals (E0-E4). Given the dependence on projection effects of
both parameters (ε and a4/a) seen in our simulations this result is not surprising.

We do, however, not find highly flattened systems associated with the disky ellipticals.
In our simulations we could account for the disky and boxy ellipticals seen to overlap in the
range of Hubble types from E0 to E4-E5.

However there is a further distinction between boxy and disky elliptical galaxies. Boxy
elliptical galaxies are associated with X-ray emission and radio loud objects while disky
ones are not (Bender et al 1989, Nieto et al 1994). These authors claim that this argues
against projection effects although Nieto et al (1994) point out that beaming could be in-
volved. The difference in luminosity still holds, though, and there seems to be no good
reason for it to be orientation dependent.

Given the result that models with mass ratio 1:1 are mainly developing boxyisophotes
we could propose this as a formation process for the high-luminosity, boxy, anisotropic
real-life elliptical galaxies. Non-equal mass mergers and interactions with an initial orbital
angular momentum may account for the formation of disky but not very flattened middle
to low-luminosity ellipticals.

In the region of disky flattened ellipticals more different actors may be at play and non-
equal mass mergers of disks (Naab et al.1999) may be progenitors of these systems. A nice
test of this for mergers of disks has been tried by Naab & Burkert (2001), following the em-
pirical result by Bender et al (1994) that disky E’s show the skewness (or better the H3 pa-
rameter) of the LOSVD to be anti-correlated with the ratio V/σ. Naab & Burkert find that
their collisionless mergers of disks are not able to reproduce this effect. They imply that
in order to reproduce this a disk with almost 10% of the mass must be present in the final
system. Tto create such a disk they invoque that at least part of the initial merging system
was in the form of gas. This gas goes to the inner parts and settles into a disk, while star for-
mation occurres. This formation mechanism would rule out mergers of gas-free ellipticals
to form disky ellipticals.

In conclusion, the simple merging mechanism between spherical systems can explain a
large number of properties of elliptical galaxies. For the observables explored here, the for-
mation of elliptical galaxies may need no disk intervention at all. This may enrich the pic-
ture of hierarchical merging where from assembly of complicated (disk) systems we would
get to simple (E0-E1) systems (as well as more highly flattened systems). From these nearly
spherical systems one may also get quite complicated flattened systems.
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