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5
Influence of mergers and halo on

the Fundamental Plane

Abstract
We have carried out computer simulations to study the effect of merging on the Fundamental Plane

(FP) relation for systems with dark matter halo’s. Initially, systems are spherical Jaffe models plus a

Hernquist model for the dark halo. They have been put on the FP by adjusting the mass ratio of the

halo and the luminous bulge. Various orbital characteristics have been considered. Our results show

that the merger remnants lie very close to the FP of the progenitors. Projection effects cannot explain

the scatter about the FP. We propose a study to find a plausible origin for the scatter about the FP

related to mass segregation at fixed Re.

1 Introduction

Elliptical galaxies follow a relation between three of their observables known as the Funda-
mental Plane (Djorgovski & Davis 1987, Dressler et al. 1987). The effective radius, Re, the
effective surface brightness, SBe and the central velocity dispersion, σo of elliptical galaxies
are observed to lie on a plane in the 3-D described as: logRe = α log σo + βSBe + γ.

The main evidence for dark matter in elliptical galaxies comes from the velocity disper-
sion profiles (Saglia et al. 1992, Kronawitter et al 2000) and the existence of a halo of X-ray
emitting hot gas (Matsushita et al. 1998). The merging theory proposes that present day
ellipticals may have been formed through the assembly of smaller galaxies, and perhaps
major mergers of disk galaxies. Since disk galaxies are supposed to have halos, elliptical
galaxies, as remnants of those mergers, should keep the dark matter halo of their progeni-
tors.

Ciotti et al.(1996) tested the feasibility of two component models (a luminous bulge plus
a dark matter halo, where they tryed several models for both components) for matching the
Fundamental Plane. Kritsuk (1998) did a similar analysis for a two-component isothermal
model. Dantas et al. (2000) studied the properties of two component stellar systems from a
theoretical point of view.

Some work on the effect of mergers on the fundamental plane has been done for one-
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90 CHAPTER 5. INFLUENCE OF MERGERS AND HALO ON THE FUNDAMENTAL PLANE

component models (Capelato et al. 1995, González-Garcı́a & van Albada 2003, Londrillo et
al. 2002). However the effect of mergers for two-component systems is still to be explored
in detail (although a first attempt has been made by Dantas et al. 2002).

In previous chapters we have tested the effect of merging for elliptical galaxies lying on
the FP relation. Those models did not include a dark matter component. To place those
models on the observed FP we adopted aM/L ratio increasing with luminosity for our sim-
ulations. In this chapter we want to explore the effect of adding a dark matter halo to our
initial models. Would merger remnants of such progenitors lie close to the original FP?. The
progenitors in this sample have been originally placed on the FP relation by systematically
changing the amount of dark matter.

2 Virial theorem and Fundamental Plane

We can derive the FP from the Virial Theorem (VT) for systems with two components (a
luminous bulge and a dark matter halo). We have to take into account that the FP is a
relation between observables, thus it relates to properties of the luminous matter only. The
VT is 2ETl = −EWl, or:

〈v2〉 =
GM

RG
, (5.1)

where M is the total mass and RG is the gravitational radius.

Following chapter 3 we introduce the quantities Cv ≡ 〈v2〉/σ2
o , Cr ≡ RG/Re, where σo

is the observed projected line of sight velocity dispersion, and Re is the effective radius,
this is the radius enclosing half of the luminosity in projection. Further, 〈I〉e = L/(2πR2

e).
Introducing all this in equation 5.1 we obtain:

logRe = 2 logσo + 0.4SBe + log(CrCv) − log(M/L) (5.2)

If we compare this result with the observational FP, like the one obtained by Jørgensen
et al. (1996, JFK96):

logRe = 1.24 logσo + 0.328SBe + γ′, (5.3)

we find the known discrepancy, the tilt, between the coefficients. However one might say
thatCr andCv are not constant, and therefore explain the tilt by systematic variations in the
properties, i.e. structure constants, of elliptical galaxies. This approach thus assumes that
elliptical galaxies are non-homologous. There is also the homology approach that considers
Cv and Cr as constants and attributes the tilt to a systematic variation of M/L with mass.

3 Models

Each model consists of a spherical isotropic Jaffe (1983) realization for the luminous bulge
and a Hernquist (1990a) model for the dark matter halo. Models were built following the
prescription by Smulders & Balcells (1995). In the simulations units are chosen such that
the constant of gravity is G = 1. The unit for length is chosen to be the half mass radius of
the Jaffe model, rJ = 1; the unit of mass is taken to be the total mass of the smallest system
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in the simulations with mass ratio 2:1. A suitable set of units for comparing our results with
observations would be:

[M ] = 1012 M�, (5.4)

[L] = rJ = 5 kpc, (5.5)

[T ] = 5.27 × 107 yr, (5.6)

With these, the unit for velocity is :

[v] = 1000 km/s. (5.7)

In each simulation both galaxies were initially placed at a distance between their edges
equal to the radius of the smallest galaxy. Each galaxy-model has 50000 particles, 40000
particles in the Hernquist realization for the dark halo, and 10000 particles in the luminous
Jaffe component.

We used Hernquist’s (1987, 1990b) version of the TREECODE in an Ultra-Sparc station.
Softening was always 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
calculation 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.

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 quite good in all the runs,
and kept under 0.5%

3.1 Scaling of initial models

A value of Mdark/Mlum = 9 with halo scale length a = 2 (for rJ = 1) was chosen as the
best choice for our purposes. This ratio was adopted for all simulations in this section. This
choice is in agreement with the values found by Ciotti et al. (1996) in their explanation
of the tilt of the FP by a varying amount of dark matter. We have adopted the following
approach to scale our initial models and place them on the FP. For the luminous part (Jaffe
bulge) we take (M/L)∗ = constant, so luminosity is proportional to the mass of the Jaffe
bulge, therefore:

M/L ∝ (Mh +Ml)/Ml, (5.8)

where Mh is the mass of the halo. Further, we assume that our initial systems lie on the ob-
served Fundamental Plane so this M/L ratio should follow scaling law as given by Renzini
& Ciotti (1993):

M/L ∝M1/6. (5.9)

or that of Jørgensen et al. (1996) who find logL ' 0.78 logM + constant. We have adopted:

M
4/5

total

Mbulge
= constant. (5.10)

To scale the radii of the different systems we have used Fish’s (1964) law ((R1/R2)
2 =

M1/M2).
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Table 5.1— 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

3.2 Initial models set-up

We have simulated a series of encounters between our models of elliptical galaxies. These
models include two components, one is a dark matter halo and the second a luminous
bulge. Initial parameters are given in table 5.1. Given the experience gained in previ-
ous simulations the orbits were chosen such that the outcome of the interaction will be
a merger.

Three different sets of simulations were performed. The first parameter we varied is the
initial mass ratio of the progenitors. Mass ratio ranges from equal mass mergers (1:1) to
non-equal mergers (2:1 and 2:0.5). The second parameter is the impact parameter of the
orbit. Three different values have been chosen: a head-on collision (D=0) , and two non-
head-on collision with D equal to the luminous half mass radius of the larger system, and
with D equal to the radius enclosing 99% of the total luminous mass of the larger system.
Finally the orbital energy is chosen equal to zero for all models, so that we initially have the
galaxies on parabolic orbits.

In order to place our models on the fundamental plane we have to assign a luminosity
to the particles. In this case, since our models were scaled initially so that they would be
close to the FP, we adopt a fixed mass-to-light ratio for the luminous component:

L = κMlum, (5.11)

with κ a proportionality constant.

4 Results

Our systems consist of luminous and dark particles. The observables of the Fundamental
Plane have been calculated as follows.

From a particular point of view all particles are projected on the sky. Then taking a cir-
cular aperture we find the radius that encloses half of the luminosity (omitting the escaping
particles). We take this radius to be the effective radius, Re. The surface brightness is then
calculated from: SBe = −2.5log〈I〉e, with 〈I〉e = L/2πR2

e. Finally, we have taken an aperture
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Figure 5.1— Point of view influence on the scatter about the Fundamental Plane. Filled
symbols are the values of the observables for each of the models as seen from 100 random
points of view. Open symbols are the elliptical galaxies in the sample by Jorgensen et al.
(1996). The solid line is their value for the slope of the FP. Projection effects do not explain
the entire scatter about the FP but its contribution is significant.

of 0.2Re to calculate the luminosity weighted velocity dispersion:

σ2
o =

N1l1(σ
2
o)1 +N2l2(σ

2
o)2

N1l1 +N2l2
, (5.12)

where N is the number of particles and the indices indicate the different luminous com-
ponents. Inside the aperture we might have particles from different components, with dif-
ferent masses and therefore different luminosities, that contribute differently to the total
luminosity and velocity dispersion.

4.1 Variations in the viewing angle

The Fundamental Plane observables have been obtained from one hundred random points
of view. This allows us to study the effect of projection on the scatter about the FP-relation.

In figure 5.1 the results are compared to the elliptical galaxies in the sample by Jørgensen
et al. (1996). First note that the remnants lie close to the FP relation. The scatter due to
projection effects is considerable, but not large enough to explain the observed scatter.

4.2 Fundamental Plane analysis

In figure 5.2 we plot the mean of the cloud of points for each of our merger remnants. There,
diamonds represent the initial systems. The system with the lowest value of Re is that with
mass 0.5, etc. Merger remnants are given by squares (mass ratio 1:1), triangles (2:1) and plus
signs (2:0.5). Finally a further simulation was done between merger remnants of model 1he
with the same orbital parameters. This remnant is given as a cross.
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Figure 5.2— Fundamental plane relation for merger remnants averaged over viewing angle.
Initial models are given as diamonds, the smaller the initial mass the smaller the effective
radius. Merger remnants from collisions of mass ratio 1:1 are given as squares, mass ratio
2:1 as triangles and 2:0.5 as plus signs. Open circles are observational data from Jørgensen
et al. (1996). The solid line is their value for the FP. All these models lie very close to the
FP. A further simulation with mass ratio of 1:1 between the merger remnants of a previous
simulation is depicted as a cross. It also lies close to the original FP.

As stated before it is clear that merger remnants from systems originally on the FP are
close to the FP. This also holds for the subsequent merger.

5 Discussion

We have performed a series of simulations of encounters between models of elliptical galax-
ies. These models include two components, one is a dark matter halo and the second a
luminous bulge. Initial models were scaled such that they lie on the Fundamental Plane
relation. The models have been let to evolve until merging is achieved.

Both from figure 5.1 and 5.2 it is clear that merger remnants lie close to the original FP.
Mergers of two-component systems initially lying on the Fundamental Plane do not destroy
this relation. A further experiment was run allowing the merger of two merger remnants.
The result is shown in figure 5.2 as a cross. This merger remnant lies close to the original
FP as well. From this we can conclude that merger remnants of elliptical galaxies including
a halo do not destroy the FP. This is in agreement with the results of Capelato et al. (1995)
and González & van Albada (2003) for mergers of systems without a halo.

From figure 5.1 we see that variations in the viewing angle do not explain the observed
scatter. This is again in agreement with González & van Albada (2003). However variations
in the structural properties of the galaxies also introduce scatter. This aspect requires fur-
ther study.

Further work on subsequent mergers of the merger remnants is also needed (cf. cross
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in figure 5.2). This remnant lies slightly above the FP. It indicates that subsequent mergers
could introduce a greater scatter about the FP. This would be in agreement with the results
of Londrillo et al. (2002), but further merger experiments need to be done to confirm this.

In summary, mergers of systems on the FP lie on that same FP, but the introduction of a
halo and a merging hierarchy could not only increase the scatter but might also affect the
slope. One way to study this further would be to check for a particular value ofRe if there is
a segregation in mass of the galaxies at that location on the FP.
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