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4
Encounters between spherical

galaxies with halo

Abstract
A selected number of N-body simulations of encounters between spherical systems surrounded by

an spherical halo has been done. Following a preceding chapter with a similar aim the initial models

include a spherical Jaffe model for the luminous matter and a Hernquist model for the halo. In the

present chapter we describe the results. All models are studied giving a morphological classification

for the end-products from the initial conditions. The merger remnants from this sample are domi-

nantly slowly rotating, prolate spheroids supported by radial anisotropy. A comparison with real life

ellipticals and with models without halo is done. A difference in the behaviour of the remnants in

both samples may give us a clue on the formation of elliptical galaxies when compared with obser-

vations. Elliptical galaxies with evidence of dark matter could be formed in the field via a merger of

spheroids surrounded by a dark matter halo, while ellipticals with no evidence of dark matter migh

be formed via a merger of two spheroids under the loose influence of the potential well of a cluster.

1 Introduction

Elliptical galaxies, long regarded as featureless spheroids, are now known to present a vari-
ety of characteristics that are difficult to explain with a single model. The surface brightness
of ellipticals is supposed to follow closely the r1/4 law proposed by de Vaucouleurs (1958) al-
though for some of them a more general r1/n profile, with 1 < n < 10, (Sersic 1968) appears
to provide a somewhat better fit (Caon et al. 1993, Bertin et al.2002).

Their intrinsic shape is in general triaxial and goes from oblate to prolate (de Zeeuw &
Franx, 1991). Bertola & Capaccioli (1975) showed for the first time that they are not sim-
ply rotationally supported spheroids. Velocity dispersion and velocity anisotropy play an
important role in preventing these systems from gravitational collapse.

The early work by Toomre & Toomre (1972) drew attention to mergers of disk galaxies
as a mechanism for forming elliptical galaxies. Today this view has been further developed,
mainly through cosmological simulations. The theory of hierarchical merging presents a
picture where mergers are building up present-day galaxies. Elliptical galaxies would be
the final outcome of this ladder of successive mergers.
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62 CHAPTER 4. ENCOUNTERS BETWEEN SPHERICAL GALAXIES WITH HALO

In recent years evidence for the merging origin of some elliptical galaxies has been
steadily growing. Some morphological features, such as dust lanes, tidal tails and shells,
or kinematic structures as distinctly rotating cores, counter-rotation, etcetera, are believed
to be related to tidal interactions and mergers (see Schweizer 1998 for a recent review on
the observational evidence).

From the merging hierarchy it is supposed that elliptical galaxies, as a likely result of
merger of disks (surrounded by dark matter halos), must be deep in the halos of the pro-
genitor galaxies.

The amount of dark matter in elliptical galaxies is still controversial. The lack of HI in
elliptical galaxies complicates this issue and a number of alternative ways have been pro-
posed to study the amount of dark matter (cf. gravitational lensing: Keeton, Kochanek, &
Falco 1998; X-ray halos: Matsushita et al. 1998; planetary nebula: Romanowsky et al. 2001;
stellar kinematics: Saglia et al. 1992, Kronawitter et al.2000). These studies show that there
is evidence for the presence of dark halos, although dark matter does not seems to be im-
portant in the inner (R < Re) parts of elliptical galaxies.

Saglia et al.(1993), and more recently Capaccioli et al.(2002), argue that possibly two
populations of ellipticals exist. One would be dark matter dominated while in the other a
diffuse halo, or perhaps no dark matter at all, would be present.

Traditionally merger simulations involving a dark matter component have dealt with
mergers between disk galaxies (see Barnes 1998 for a recent review). Simulations involv-
ing spherical systems do not usually deal with two-component models (for a review see
Chapter 2 of this thesis). In recent years some effort has been devoted to modeling such
encounters with purpose to study the Fundamental Plane of elliptical galaxies (Dantas et
al. 2002), but little attention has been given to the characteristics of the remnant of those
encounters.

In the present Chapter we study a sample of merger simulations of spherical systems
embedded in a halo. These simulations do not intend to cover the initial parameter space.
Rather they aim at a comparison with the no-halo merger remnants of Chapter 2 and relate
them to observations.

2 Models

In constructing the initial models we follow the same strategy as in Chapter 2, i.e., we use
Jeans’ Theorem and Eddington’s formula to relate the distribution function (DF) and the
potential of our systems.

2.1 Initial conditions

In this Chapter the influence of a dark matter halo on encounters between spherical galax-
ies is investigated. To do so two-component models are built. These models include a
luminous bulge, representing the distribution of light in elliptical galaxies, and a dark mat-
ter halo. The models will be compared to those described in Chapter 2, where no halo was
used, so that we can address the influence of the halo component.

As initial conditions for these models we use the Jaffe (1983) isotropic spherical mod-
els used in the previous section, to model the luminous matter, and a Hernquist (1990a)
spherical model for the dark halo.
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The strategy followed in setting up the starting model is based on deriving the DF for
both systems from the potential and the density. Jaffe and Hernquist models are two exam-
ples of potential-density pairs with an analytical solution for the distribution function. In
fact they are part of a larger family of models studied by Dehnen (1993).

The relevant quantities for Jaffe and Hernquist models are the following: The potential,
for a Jaffe model is:

φl(r) =
GMl

rJ
ln

(

r

r + rJ

)

, (4.1)

where G is Newton’s constant of gravity, Ml is the luminous mass of the system and rJ is the
half mass radius of the luminous component (rl1/2 = rJ ). The corresponding mass density
is:

ρl(r) =

(

Ml

4πr3J

)

r4J
r2(r + rJ )2

. (4.2)

The potential of the Hernquist model is:

φh(r) = −GMh

r + a
, (4.3)

where Mh is the mass of the halo and a is the scale length for Hernquist model. The
corresponding mass density is:

ρh(r) =

(

Mh

2πr

)

a

(r + a)3
. (4.4)

The half-mass radius of the dark halo component is rh1/2 = (1 +
√

2)a. Combining a
Jaffe model with a Hernquist model we have a two parameter family that depends on the
ratio between the masses of the two systems Ml/Mh and the ratio between the half-mass
radii:

rl1/2/rh1/2 =
rJ

(1 +
√

2)a
. (4.5)

To find the distribution function for the two components separately, Eddington’s for-
mula has to be solved for the different densities in the potential generated by the total den-
sity. So that:

ρT = ρl + ρh, (4.6)

φT = φl + φh. (4.7)

Then the distribution function of the total system is :

fT (ε) = fl(ε) + fh(ε).

An algorithm yielding fl(ε) and fh(ε) along the two-parameter family was developed by
Smulders & Balcells (1995). The models used here were constructed using that algorithm.
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Figure 4.1— Circular velocity curves for the initial model. Parameters were chosen such
that the total velocity curve is approximately flat.

We took our models to be spherical and non-rotating, with an isotropic velocity distribu-
tion. In this regard they are similar to the previous set of spherical isotropic models without
halo. It is not clear how much dark matter is present in and around elliptical galaxies. Data
available to date indicate that there is at least as much dark matter as luminous matter.

In our models we have tried a range of Mdark/Mlum ratio values, and calculated the cir-
cular velocity curve for those realizations (bearing in mind that we use a Jaffe+Hernquist
model) and trying to get a flat-top curve for at least a significant fraction of that curve. After
several trials we came to the conclusion that for the model withMtotal = 1 aMdark/Mlum =
9 with a halo scale length a = 2 (for rJ = 1) was the best choice for our purposes (See fig-
ure 4.1). This ratio was later scaled for all simulations in this section following a scheme
presented below.

2.2 Units

All the results in this paper are presented in non-dimensional units such that Newton’s con-
stant of gravity G = 1, and the half mass radius, rJ , for the Jaffe model is also equal to one.
Finally the total mass of the initial model is also equal to unity. A possible set of units to
scale our models to values for real galaxies, and allowing a comparison with observations
would be:

[M ] = 1012 M�, (4.8)

[L] = rJ = 5 kpc, (4.9)

[T ] = 5.27 × 107 yr. (4.10)

With these, the unit for velocity is:
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[v] = 1000 km/s. (4.11)

2.3 Stability of initial models

We have checked the stability of the various models by letting them evolve for more than
10 crossing times of the smallest component (i.e. the Jaffe bulge in this case), and checking
that the systems are stable at different radii. We do this for a model with 40000 particles in
the Hernquist’s halo and 10000 in the Jaffe bulge. The softening is set to ε = 0.12.

Figure 4.2 top shows that there is a mild adjustment, but otherwise the models are quite
stable. The expansion seen in the inner parts of the luminous component can probably be
attributed to the softening introduced through the TREECODE in the force calculation.

The ratios of masses and scale lengths were chosen such that we would have a flat-
topped velocity curve at the beginning for a certain range in radius. After relaxation the
circular velocity curve is still approximately flat (figure 4.2, bottom).

2.4 Initial parameters

In this study we do not intend to map the full parameter space of Chapter 2, but perform
simulations of selected configurations in order to sharpen and extend some of the conclu-
sions from that section. To do so, we construct three different initial configurations. The
three models have masses 1/2, 1 and 2.

We have scaled the M/L ratio inside these systems with the following assumptions: the
total mass of the system is given by the combined mass of the dark matter halo and lumi-
nous Jaffe bulge. For the luminous part (Jaffe bulge) we take M/L ∝ constant.

Further, we assume that our systems would be on the observed Fundamental Plane at
the beginning so the M/L ratio of the combined system should follow an scaling law like
M/L ∝M1/6 (Renzini & Ciotti 1993). Jørgensen et al. (1996) find:

logL ' 0.78 logM + constant. (4.12)

With these assumptions 3 models with masses 1, 2 and 0.5 have been chosen. The parame-
ters of initial models are given in Table 4.1.

The scaling of the masses and radii between different mass models now is a bit more
tricky that in Chapter 1, because now we want the luminous matter to be scaled following a
relation between mass and luminosity similar to that found via the Fundamental Plane (eq.
4.12) and the relation between mass and radius of each component for different models
given by Fish’s (1964) law:

R1

R2

=

√

M1

M2

(4.13)

Using 4.12 we scaled the relation between luminous and total matter as follows:
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Figure 4.2— Top: Evolution of the radial mass distribution of the luminous (left) and dark
(right) particles for our bulge-halo system with Mtotal = 0.5. After the inner parts suffer a
small reorganization of the luminous component, the model is stable. The Mtot(r) curves
are close to flat. Bottom: Circular velocity curve for the initial model (diamonds) and the
relaxed one (triangles). The adjustment of the bulge is most likely due to the softening used
in the TREECODE.
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Table 4.1— Initial parameters for the progenitor models.

Mtotal Mbulge RJaffe Mhalo aHernq

0.5 0.0574 0.7576 0.4426 1.4025
1 0.1 1 0.9 2
2 0.1741 1.3195 1.8259 2.8487

M
4/5

total

Mbulge
= constant (4.14)

and we use Fish’s law (eq. 4.13) to scale the radii of the two components for the systems of
different masses.

We restrict ourselves to parabolic orbits only, so Eorb = 0 for all our simulations. The
impact parameters are chosen such that the encounters will lead to mergers.

To study the influence of orbital angular momentum on the merger remnant we have
used three different impact parameters, head-on (D = 0), and two off-side collisions, one
withD equal to half of the radius enclosing 99% of total luminous mass of the bigger system,
D = Rlum/2, and one with D equal to that radius, D = Rlum, (this radius corresponds to
95% of the total -luminous+dark- mass).

With this we have all three parameters set: mass ratio, orbital energy and impact param-
eter. They are summarized in table 4.2.

In each simulation the two galaxies were initially placed at a distance between their
edges equal to the radius of the smallest galaxy, to avoid initial tidal disruption. In the
simulations without halo described in Chapter 2 twice this radius was used. For more than
half of this distance tidal interaction was negligible however. To reduce computing time
we therefore decided to use a total separation between the centers of each system equal to
2R1 +R2, where R1 is the smallest system and R2 the largest.

Each galaxy has 50000 particles, 40000 particles in the Hernquist realization of the dark
halo, and 10000 particles in the Jaffe luminous bulge.

We used Hernquist’s (1987, 1990b) version of the TREECODE on an Ultra-Sparc station.
Softening was set to 1/5 of the half mass radius of the Jaffe core of the smallest galaxy, the
tolerance parameter was set to θ = 0.8 , quadrupole terms were included in the force cal-
culation and the time step was set to 1/100 of the half mass crossing time. We have used
variable time step calculation that allows to perform refined calculations depending on the
particle density. A typical run takes of the order of 5 x 105 seconds.

In these runs we have increased the total number of particles with respect to the sim-
ulations without halo by a factor of 5. The number of luminous particles, however, is kept
low. We have proceeded in this manner due to the need to model live halo’s with massive
particles. If particles are too massive, particle-particle approaches are expected to heat the
system if the difference in masses between particles is large. Models were let to evolve for at
least 8 to 10 dynamical times after merging to allow the system to relax (reach virialization).
Conservation of energy is good in all the runs, better than 0.5%.
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Table 4.2— Input parameters for the merger simulations. The columns give
the model name (coding follows that given in table 2.1), the mass ratio, im-
pact parameter and orbital energy.

Run M2 : M1 ImpactPar. Eorb

1ha 1:1 0 0
1he 1:1 5 0
1hh 1:1 10 0

2ha 2:1 0 0
2he 2:1 7.07 0
2hh 2:1 14.14 0
4ha 2:1/2 0 0
4he 2:1/2 7.07 0
4hh 2:1/2 14.14 0

Table 4.3— End results. Columns give the model name, the time step where
the run was stopped, the l.o.s. ellipticity, the axis ratios b/a, and c/a and the
ratio between the maximum rotational velocity and the central velocity dis-
persion.

Run tfin ε b/a c/a Vmax/σ0

1ha 144 0.621 0.676 0.622 0.157
1he 150 0.530 0.684 0.644 0.262
1hh 225 0.564 0.690 0.650 0.228

2ha 200 0.593 0.702 0.669 0.175
2he 200 0.520 0.695 0.681 0.175
2hh 360 0.573 0.772 0.695 0.456

4ha 225 0.359 0.757 0.741 0.162
4he 250 0.265 0.807 0.756 0.173
4hh 600 0.222 0.864 0.788 0.474

Table 4.4— Morphological classification of the end products.

Model Hubble Type Halo Luminous

1ha E4 − 5 double lobe highly prolate, no rot.
1he E4 symmetrical tail two tails, prolate− triaxial, no rot.
1hh E4 − 5 prominent double tail triaxial, small rot.
2ha E5 double asymmetrical lobe prolate + plume
2he E3 − 4 single tail aprox. triaxial
2hh E43 double asymmetric tail triaxial, rotation
4ha E3 − 4 single lobe prolate, shells
4he E3 several tails tails + shells
4hh E3 several prom. tails tails + shells (prom), rotation.
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Figure 4.3— The phase-space density is conserved in our simulations for radii bigger than
the softening length for different initial conditions. Solid line is model 1ha and dashed line
is model 1hh.

2.5 Liouville’s theorem

As in Chapter 2, paragraph 2.6, we have tested the constancy of the phase-space density
using:

ρPS =
ρ

σ3
, (4.15)

with ρ the space density, and σ the velocity dispersion for the volume in which the density
is measured.

Figure 4.3 shows the result for runs 1ha and 1hh in table 4.2. ρPS(fin) is calculated
from the merger remnant density and ρPS(ini) from the (equal mass) progenitors. This
plot shows that the phase space density is conserved throughout the merging process. The
conservation is even somewhat better than in the runs without halo shown in figure 2.2.

3 Results

The main characteristics of the merger remnants resulting from these encounters are sum-
marized in table 4.3. A short description of the relevant features is given below.

3.1 Phenomenology

Our models develop a range of characteristics during the collision stages. Some examples
are shown in figures 4.4, 4.5 and 4.6.
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Figure 4.4— Evolution of systems in run 1he. This is a collision between two equal mass
galaxies on a parabolic orbit with a small impact parameter. Only luminous particles are
shown. Numbers at the top of each frame show the time in computational units. The first
encounter is around time 50. The two systems develop ‘plumes’ after this first encounter.
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300 325 350

Figure 4.5— Evolution of systems in run 2hh. This is a collision between two galaxies with
mass ratio 2:1 on a parabolic orbit with an impact parameter equal to the total radius of the
luminous part of the large galaxy. Only luminous particles are shown. Numbers at the top
of each frame show the time in computational units. The first encounter is around time 60.
Tidal tails or ‘plumes’ form after the encounters, these consist mainly of material coming
from the smallest system.
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Figure 4.6— Evolution of systems in run 4ha. This is a head-on collision between two galax-
ies with mass ratio 4:1. Only luminous particles are shown. Numbers at the top of each
frame show the time in computational units. The first encounter is around time 40. The
particles from the smallest system are redistributed after several passages through the large
one and end up in prominent shells.
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Figure 4.4 is an example of a 1:1 collision. The initial models are placed on a parabolic
orbit with an impact parameter equal to half the total radius of the luminous bulge. Around
time 50 the systems meet for the fist time. After this first encounter both galaxies develop
‘plumes’. A merger follows when the two systems meet for the second time, in an almost
rectilinear orbit. Thus the final system is highly prolate. Figure 4.5 is also a parabolic en-
counter. This time a pair with mass ratio 2:1 is shown. The impact parameter in this en-
counter is equal to the total radius of the large system. The small system (at top in the first
frame of figure 4.5) develops two tails after the encounters around times 60 and 250. The
final orbit, prior to the encounter is less rectilinear as in the previous case. The final system
is highly triaxial.

Finally, figure 4.6 shows a head-on collision for a run with mass ratio 4:1. The small
galaxy (top system in the first frame of figure 4.6) suffers a reorganization of its particles in a
system of shells after several passages through the potential well of the massive companion.
The shells are visible in the final frames, see also figure 4.10.

3.2 Morphology of the systems

In figures 4.7, 4.8 and 4.9 examples of the final state of different runs are shown. These
illustrate the structural differences resulting from the variation in the orbital parameters.
Each plot consists of two frames, the top one gives the distribution of halo particles, and
the bottom one gives the distribution of luminous particles, both as seen along the z-axis.

In figure 4.7 the remnant of run 1ha is shown. This is a head-on parabolic collision,
which is reflected in the symmetry of the remnant for both the dark and luminous compo-
nent. Some of the luminous particles in the ‘plumes’ have enough energy to escape from
the potential well, but most will eventually fall back. Head-on collisions generally show
a similar behaviour, with details depending on the masses of the progenitor systems. For
non-equal mass collisions, this symmetry seen in figure 4.7 is broken. The smaller system
will be highly disrupted giving rise to a one-sided lobe in the halo.

Figure 4.8 shows the particle configuration for model 2he. The initial orbit for this run is
parabolic, with a modest impact parameter. This is reflected in the end result via the promi-
nent tails on both dark (top panel) and luminous (bottom) component. The larger one is
coming from the progenitor of mass 1, which also presents small shells (see further below).
Models with a moderate impact parameter usually merge after the second pass through the
pericenter. Therefore, the merger remnant will posses at least two tails, the precise num-
ber depending on the number of pericenter passages. The luminous component is nearly
prolate.

Figure 4.9 illustrates the final state of run 4hh. Here the initial configuration has a
parabolic orbit with a fairly large impact parameter. As a result, several tails in both com-
ponents can be seen. Tails are mainly coming from the system with smallest mass at the
beginning of the run. In the inner parts we could also see prominent shells like those al-
ready mentioned for models 2he and 4ha. As in those runs, these shells are formed from
particles of the less massive system as well (see below). For simulations with a large impact
parameter the tails are much more prominent than for small D, because they merge only
after several passes through the pericenter. Particles in the tails will eventually fall back
to the inner regions because they do not have enough energy to escape. However nothing
conclusive can be said on the basis of our results since they were stopped when the mate-
rial on the tails was still falling back to the center of the system. The overall shape of the
system will not be affected appreciably since the mass involve in those tails is small. As will
be discussed below later, since this material carries most of the angular momentum it may
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change the kinematics of the inner parts.

Shells are among the prominent features we find in the non-equal mass mergers in our
sample. Figure 4.10 show the luminous particles of the small system in the final remnant
of run 2he. We show two examples of radial velocity versus spherical radius plots in figure
4.11 for runs 2he and 4ha. The first one is a parabolic encounter with a mild impact pa-
rameter. The shells look quite symmetric but are not very prominent. Run 4ha is a head-on
encounter where the particles of the small system end up in prominent shells. Merrifield &
Kuijken (1998) show that these shells, due to phase wrapping, can be fully appreciated in a
projected radial velocity versus projected radius diagram.

These features are summarized in table 4.4 where a Hubble-type classification is given
for the luminous part of the merger remnants. This is the median ellipticity taken from one
hundred random points of view. Also a description of the phenomenology in the halo and
the luminous part of the remnant is given.

3.3 Rotation and flattening

For each of our merger remnants we have measured the ellipticity of the isophotal contours
from one hundred randomly chosen points of view for the luminous part at the half mass
radius. We have both prolate and highly triaxial systems. Seen from different points of view
these systems would present different projected ellipticities. The results are shown in figure
4.12. The full range of morphological types, from E0 to E7 is covered even though the model
parameters are more restrictive than those in Chapter 2. We find a peak at E3, as is observed
in real-life ellipticals, although this is most probably accidental, given the restricted set of
parameters used. As in the simulations without dark halo, runs in which the progenitors
are of comparable mass result in higher ellipticities. There is however a clear difference
with respect to the non-halo merger experiments. In the latter case the highest ellipticity
reached was around E5, while in the presence of dark halos we find types up to E7.

In figure 4.13Vmax/σ is plotted versus ε. Over-plotted are observational data from Davies
et al. (1983). The maximum rotation is not high. For models with a large mass ratio (4:1) the
merger process is still effective in forming both non-rotating and rotating systems though.

3.4 Prolate and oblate systems

For each system we have measured the axial ratios b/a and c/a, where a, b and c are the
semi-axes of the luminous part, as calculated from the inertia tensor eigenvalues following
the algorithm described in section 3.5 of Chapter 2.

In these experiments with dark halos the luminous remnants are mainly prolate or tri-
axial spheroids. We fail to find oblate spheroids, but our sample is too limited to reach a
firm conclusion regarding shapes.

When we compare with figure 2.12 in which the non-halo models are plotted, we notice
that in the simulations including halos the final systems are more flattened than without
halo. Values of c/a as small as 0.6 are found, whereas without halo the most extreme flat-
tening is 0.7.

Because the choice for the ratio between halo and non-halo particles has been rather
arbitrary, one may speculate whether even more flattened systems could be found with the
appropriate set of parameters.
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Figure 4.7— Particle distributions for halo (top) and luminous (bottom) components for
run 1ha as seen along the z-axis. This is a head-on collision in a parabolic orbit, which
is reflected in the symmetry of the remnant in both components. Some of the luminous
particles in the plumes have enough energy to escape from the potential well, but most of
them will fall on the central system again.
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Figure 4.8— Particle distributions for halo (top) and luminous (bottom) components for
run 2he as seen along the z-axis. The initial configuration of this run has a parabolic orbit
with a moderate impact parameter. This is reflected in the end result via the prominent
tails in both dark and luminous component. The large tail is coming from the progenitor of
mass 1, i.e. the least massive system.
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Figure 4.9— Particle distributions for halo (top) and luminous (bottom) components for
run 4hh as seen along the z-axis. The initial configuration of this run has a parabolic orbit
with a fairly large impact parameter. Several tails in both components can be seen. Tails
are mainly coming from the system with smallest mass at the beginning of the run. In the
inner parts prominent shells can be seen (not visible in this plot). Particles in the tails will
eventually fall back to the inner regions since they do not have enough energy to escape.
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Figure 4.10— Luminous particles from the small system in run 2he. The particles of this
galaxy end up as shells in the merger remnant.

Figure 4.11— Vr vs. R diagrams for the luminous particles of the smaller system for runs
2he (left panel) and 4ha (right panel). The bands correspond to shells.
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Figure 4.12— Histogram of Hubble types resulting from the merger simulations (all runs)
by looking at the remnants from 100 random points of view.

3.5 Boxiness-diskiness

We have calculated the deviation from pure ellipses for our merger simulations. If an ellipse
is a good fit for the isophotes we must expect small deviations from a true ellipse:

δ(φ) = δ +
∑

ancos(nφ) +
∑

bnsin(nφ), (4.16)

then, δ, a1, a2, a3 and the bn should be small. When a deviation at a given isophotal level is
disky the a4 parameter is positive while for boxy deviations this parameter is negative (see
Binney & Merrifield 1998).

In figure 4.15 we present the deviations for model 1hh. To increase the signal to noise ra-
tio for our results an average over 60 snapshots was made, always calculating the isophotes
for a projection parallel to the intermediate-axis. These 60 models are obtained by evolving
the final models a bit further in time.

We find that a highly boxy system is formed. The remnant is boxy well outside the effec-
tive radius.

3.6 Spin parameter

For the models with halo’s we do not find such a clear rotation as found for non-halo merg-
ers. Only weak rotation is found in the cases with the highest impact parameter.

We have measured a spin parameter:

λ1/2 =
E1/2 | ~J |
GM5/2

, (4.17)
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Figure 4.13— Vmax/σ versus ellipticity diagram. Different symbols represent observational
data from Davies et al.(1983). Open circles are high-luminosity ellipticals, filled circles are
low-luminosity ellipticals and crosses are bulges. Upper panel gives the cloud of points
obtained when looking at each model from one hundred points of view (dots). Lower panel
gives the value for each model when seen from a point of view along the y-axis. Different
symbols refer to the various mass-ratio’s used; see inset. Compare with figure 2.11.
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Figure 4.14— Following de Zeeuw et al.(1991), we have plotted the axis ratios of our merger
remnants in b/a, c/a space. Systems on the diagonal line are prolate, those on the line
b/a = 1 are oblate. Numbers give the mass ratio of the progenitors.

0 1 2 3 4

Figure 4.15— Mean radial variation of a4 after equilibrium has been reached for model 1hh.
Negative a4 indicates boxy isophotes.
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Figure 4.16— Spin parameter of the merger remnants plotted versus impact parameter.
Numbers indicate mass ratio.

with E the total energy of the luminous component at the half-mass radius of the bulge
(kinetic plus potential energy for the luminous particles inside that radius), M is half the
mass of the bulge, and L the corresponding angular momentum, and G Newton’s constant
of gravity (see figure 4.16). The spin parameter increases with increasing impact parameter,
as could be expected. For models with higher mass ratio we find a higher λ, in contrast to
models without halo.

3.7 Anisotropy

Elliptical galaxies are mainly supported by random motions. Stars follow different orbits,
like box orbits or tube orbits. Some of these orbits have a velocity component mainly in a
radial direction while others have the predominant component along a tangential (or az-
imuthal) direction. If in a galaxy the number of stars in azimuthally dominated orbits is
roughly the same as the number of stars in radially dominated ones one would say that the
system is more or less isotropic.

Our initial models are isotropic two component models. (During relaxation a small
amount of anisotropy develops). To measure the anisotropy we used the β parameter de-
fined as:

β = 1 − σ2
t

2σ2
r

, (4.18)

with σt the tangential velocity dispersion (σ2
t = σ2

θ+σ2
φ) and σr the radial velocity dispersion;

see section 3.7 in chapter 2.

Figure 4.17 shows how this parameter changes with radius, for the luminous matter only.
Four different models are plotted. The initial relaxed model is plotted as a solid line. As
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Figure 4.17— Anisotropy parameter versus radius. Positive values indicate radial
anisotropy, negative ones indicate tangential anisotropy.

mentioned above, although initially it was built to be isotropic, i.e. close to zero in this
plot, after relaxation the inner parts of the system develop some radial anisotropy. Dotted-
dashed lines show different end results of our simulations. All refer to models with equal
mass ratio but different orbital parameters. Up to a radius close to R = 4Re we see that
all models are radially anisotropic. For model 1hh, with the largest impact parameter, the
outer parts are close to isotropic.

4 Discussion and conclusions

We have carried out simulations of collisions between two-component realizations of ellip-
tical galaxies consisting of a luminous and a dark halo component. The initial parameters
are chosen such that all simulations end up in mergers.

The different simulations behave differently during the interaction stages depending on
the initial parameters. This results in differences in the final merger remnants.

For all our simulations, the luminous component follows the dark halo. Or, in other
words, one can trace the shape of the dark matter using the luminous particles. Dark halos
have a variety of shapes depending on the initial conditions. This shape is, grosso modo,
the same as that of the luminous matter.

Head-on equal mass merger collisions result in a prolate structure in the final luminous
components. As expected, these models are symmetric due to the initial symmetry intro-
duced by the choice of orbital parameters. Equal mass mergers in general do show a high
degree of symmetry both in the luminous and the dark matter. A similar symmetry results
for head-on collisions with non-equal mass mergers about the line connecting the initial
systems.
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The asymmetries present in non-equal mass mergers with an initial amount of orbital
angular momentum are more interesting. The smallest system is most affected by the en-
counter, forming prominent ‘plumes’ or tidal tails while the large system remains almost
undisturbed.

We find for the non-equal mass mergers several cases of shell formation. Merrifield
& Kuijken (1998) show that sharp V-shaped features appear in a Vr vs. R diagram when
measuring the projected radial velocity along a slit. Measuring the slope of those V-shaped
features one is able to trace the potential well of the system. Our models seem a good
benchmark for this, but our data have not yet been analysed in this manner.

The luminous part of our remnants show a tendency to be prolate or highly triaxial,
regardless of the initial angular momentum content of the orbit. This appears to be the
case because at the final stages prior to merger the systems encounter each other in nearly
radial orbits. Apparently most of the orbital angular momentum is absorved by the halo
particles. Most of the luminous particles have radial orbits, giving the final cigar-shape
figure. Since we start with spherical systems it comes as no surprise that the remnants are
closest to a sphere when the masses of the initial systems are dissimilar.

This prolate to triaxial general shape is in agreement with claims by Ryden (1996), al-
though Lambas et al. (1992) claim a triaxial shape to be more consistent with the observed
ellipticities in elliptical galaxies. Alam & Ryden (2002) find from the SLOAN digital sky sur-
vey that they can rule out with 99% confidence that elliptical galaxies are oblate spheroids.
Bak & Slater (2000) on the contrary find a bimodal distribution with oblate and prolate
spheroids.

Our systems do show a clear peak in their Hubble type distribution near E3. The sample
is by no means complete. However, all remnants show the tendency to be prolate or highly
triaxial and this result seems robust. Lambas et al. (1992) show that an E3 Hubble-type
is favored. Similarly, Franx et al.(1991) find that there is a peak around E3 in real elliptical
galaxies.

The spin parameter of the luminous part in these simulations behaves rather different
from the simulations without halo. For models with halo λ increases with the mass ratio for
models with maximumD, while for models without halo it decreases.

Our systems show low rotation. In general our merger remnants are prolate non-rotating
spheroids. This is something already found in Chapter 2 for head on collisions. But here it is
true for head-on as well as non-head-on collisions. For the encounters involving a non-zero
angular momentum in models without halo we found that the orbital angular momentum
is transfered to spin angular momentum. For the present two-component models this is
also true. However, now it is the halo which retains the spin angular momentum. As a
result this leaves the particles in the luminous bulges in radial orbits right before the final
encounter just before the merger. Then the final encounter is a nearly head-on collision, no
transfer of angular momentum happens and the final system takes a nearly prolate shape.

This final encounter, almost head-on, is also responsible for the radial anisotropy found
in the inner parts of the merger remnants in most of our simulations. The outer parts of
the remnants from the simulations with the largest orbital angular momentum gain a small
amount of rotation and are close to be isotropic. In general this would be in good agree-
ment with data for high-luminosity elliptical galaxies. Therefore we might propose mergers
between spheroids with a halo as a possible origin for those systems.

Although the amount of dark matter in elliptical galaxies is still uncertain, it is of inter-
est to look at the effect of dark matter on the properties of the merger remnants and the
merging process in general. We can therefore compare the two samples, the one presented
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here and the one described in Chapter 2. Head-on collisions for equal mass mergers show a
very similar behaviour in both samples. The final systems are prolate, non-rotating radially
anisotropic spheroids. Equal mass mergers with D 6= 0 show some differences. Non-halo
models result in rotating spheroids supported by tangential anisotropy and may develop a
bar or disky isophotes depending on the mass ratio of the progenitors. Halo models pro-
duce nearly prolate, radially anisotropic spheroids, mainly with boxy isophotes.

The simulations in Chapter 2 refer to mergers of spheroids without a dark matter halo.
This situation may apply to spherical systems surrounded by the global potential well of a
cluster. Two situations may apply here. Elliptical galaxies deep in the center of the custer
may have lost their halo and now this is part of the cluster halo. Another possibility is that
they have a halo of themselves but the global potentical well of the cluster is more impor-
tant. The case with dark matter halo’s would seem to be more relevant for elliptical galaxies
in the field.

Such a scheme should in principle be easily tested with observations given the differ-
ences in morphology observed in out two samples. But the possibility that elliptical galaxies
can be built out of mergers of disks introduces a complication.

The results from Saglia et al. (1993) and Capaccioli et al. (2002) show that there might
be two different populations of elliptical galaxies with regard to its dark matter halo. While
elliptical galaxies with a dark halo show boxy deviations in their isophotes, galaxies that
show no evidence for dark matter halo tend to be more disky. This difference may tell us
something about different formation mechanisms.

Based on the simulations just described we can propose a formation mechanism for
these two different populations of elliptical galaxies. Those with signatures of a dark matter
halo might be formed by a merger of two spheroidal systems surrounded by a halo, prob-
ably in the field. The remnant would show preferentially boxy deviations. Those without
a clear signature of a halo might be formed inside a cluster and the formation mechanism
followed would be that described by the models in Chapter 2, where some of them have
disky deviations in their isophotes.
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Smulders, M. & Balcells, M., 1995, Master thesis Project, University of Groningen.

Toomre, A. & Toomre, J., 1972, ApJ, 178, 623.

van Albada, T. S. & Sancisi, R., 1986, Phil.Trans. R.Soc.Lond., 320, 447.




