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8
Mergers of disk galaxies and the

Fundamental Plane ∗

Abstract:
We investigate whether collisionless mergers of disk galaxies may explain the tilt of the Fundamen-

tal Plane (FP) of elliptical galaxies, without invoking star formation processes. Merger remnants are

shown to fall on the FP when two conditions apply, (1) the precursor spirals follow the L ∝ V α Tully-

Fisher law, and (2) M/L in the precursors scales with luminosity as M/L ∝ Lb with b 6= 0. A range of

combinations of α, b are possible, with lower TF exponents requiring higher b for the remnants to fall

on the FP. However, only for TF exponents α ≈ 3.5 do the remnants follow the L ∝ σβ Faber-Jackson

relation with exponent β similar to the observations. The scatter in both relations could be largely ex-

plained by projection effects. Non-homology is observed in the remnants; but it does not contribute

to the tilt of the FP.

1 Introduction

Elliptical galaxies are key to understanding galaxy evolution. They are known to follow a
relation between their observables known as the Fundamental Plane (FP, Dresler et al. 1987,
Djorgovski & Davis 1987). This relation links three observables, namely the effective radius,
the surface brightness enclosed by this radius and the central velocity dispersion. Elliptical
galaxies lie in an oblique plane in this space. In mathematical terms the FP can be expressed
as:

logRe = α log σo + βSBe + γ, (8.1)

where α, β and γ depend on the wave band. While Jørgensen et al. (1996, hereafter JFK96)
get for the B band:

logRe = 1.24 logσo + 0.328SBe + γ′′, (8.2)

Guzmán et al. (1993) find logRe = 1.13 logσo + 0.316SBe + γ′′ for the V band. For the
near infrared Hudson et al. (1997) find logRe = 1.38 logσo + 0.328SBe + γ′′ and Pahre et
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156 CHAPTER 8. MERGERS OF DISK GALAXIES AND THE FUNDAMENTAL PLANE

al. (1998) logRe = 1.53 logσo + 0.316SBe + γ′′ . Bender, Burstein & Faber (1992) introduce
the so-called kappa space with special combinations of the three observables in order to
obtain a more physical meaning of the projections. Bender et al. do not find significant
differences between the FP of cluster and field ellipticals. De la Rosa & Carvalho (2001) find
similar results for E’s in compact groups. There have been proposed generalizations of the
FP for dwarf E’s (Guzman et al. 1993), spiral galaxies (Shen et al. 2002, Graham 2002) and
bulges (Falcón-Barroso et al. 2002).

The FP can be derived using the Virial Theorem (VT):

〈v2〉 = GM/RG, (8.3)

where M is the total mass of the system,RG is known as the gravitational radius and 〈v2〉 is
the mean square velocity of the particles in the system. To relate these quantities to obser-
vational ones we introduce, following Capelato et al. (1995):

Cv ≡ 〈v2〉/σ2
o, (8.4)

Cr ≡ RG/Re, (8.5)

were, σo is the projected central velocity dispersion, and Re is the effective radius.

Introducing these parameters in equation 8.3, and using further 〈I〉e ≡ L/2πR2
e , and

SBe = −2.5 log〈I〉e, we obtain:

logRe = 2 log σo + 0.4〈SB〉e + log(CvCr) − log(
M

L
) + γ′. (8.6)

Thus, the VT predictions from equation (8.6) are α = 2 and β = 0.4, while observed
values are α = 1.24 and β = 0.328. Equations (8.2) and (8.6) define two oblique planes
defining an angle, the so-called ‘tilt’ of the FP w.r.t. the VT prediction.

In order to explain this discrepancy two lines of thought have been formulated. On
the one hand we may have homology. It assumes that since most elliptical galaxies are
structurally similar (most of them can be fitted by a de Vaucouleurs profile) the structural
constants Cv and Cr are constants and the tilt of the FP has to be due to a systematic trend
of M/L with the effective radius. This implies a relation M/L ∝ M a ∝ Lb, (see Renzini &
Ciotti 1993).

On the other hand we may have non-homology. This second line of thought takes into
account that elliptical surface brightness profiles do deviate from the de Vaucouleurs law
in a systematic way, as shown by fits using the Sérsic (1968) R1/n model (Caon et al. 1993,
Bertin et al. 2002). Such non-homology of ellipticals implies that the structural and kine-
matic coefficients,Cv and Cr are not constants for all ellipticals, hence deviations of the FP
from the VT prediction are implied, and systematic variations of theM/L are not required,
(Prugniel & Simiel 1996).

Capelato et al. (1995) and González & van Albada (2003, see Chapter 3 of this thesis)
tested the effect of mergers of elliptical galaxies on the FP. Both study mergers of elliptical
galaxies originally placed on the FP. They find that the remnants are close to the original FP.
In other words the FP is not destroyed by mergers. Capelato et al. (1995) find that the con-
servation of the FP after mergers is due to non-homology, although their non-homology
seems built-in from the beginning. González & van Albada on the other hand find that
homology may play a role in keeping their models close to the FP. These two different ap-
proaches find similar results, that is the conservation of the FP after mergers, so perhaps
something more fundamental is at play.
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Since Toomre & Toomre’s (1972) work, elliptical galaxies are widely believed to have been
formed from mergers of disk galaxies. Evidence for this merging hypothesis comes both
from simulations (Barnes 1988, 1992, Barnes & Hernquist 1992, Hernquist 1992, 1993, Heyl
et al. 1994, for a recent review see Barnes 1998) and from observations. Both in the optical
(see Schweizer 1998 for a review) and radio (Hibbard 2000) special features can be found
in elliptical galaxies, including distortions in the light profile, tidal tails, peculiar kinemat-
ics, kinematically decoupled cores, shells and ripples. All these features may be explained
within the merger hypothesis.

In short, the outcome of the merger of two disks is an elliptical galaxy, and ellipticals
are known to follow the FP. These two pieces of evidence lead us to formulate the following
question: is the proposed spiral-spiral merger origin of elliptical galaxies consistent with
the existence of the FP?

Veeraraghavan & White (1985) follow an analytical approach to investigate whether the
Faber-Jackson relation can be obtained from mergers of disks introducing a fading of the
populations.

Hernquist et al. (1993) define a coarse grained phase-space density, f̄ = 1/σor
2
e , and

find that it correlates with luminosity for ellipticals. From this they conclude that the origin
of the FP is consistent with a dissipationless merger scenario.

Bekki (1998) simulates mergers of disks including gas addressing this same question. In
this paper Bekki argues that non-homology, this is a systematic change in the structure and
kinematic properties of elliptical galaxies with luminosity, is responsible for the tilt of the
FP with respect to the Virial Theorem (VT) predictions.

In this chapter we address the same question with collisionless simulations. The idea we
want to test is whether the FP of ellipticals resulting from mergers of disks might be related
to the existence of the TF scaling between disk galaxies. We tackle this problem via N-body
simulations, assuming that there is an existing scaling relation between the initial systems,
i.e. the disks. Such a relation is actually implied by the Tully-Fisher (Tully & Fisher, 1977,
hereafter TF) relation, L ∝ V α

max. In a first attempt we assume M/L constant, but we find
that this assumption does not give satisfactory results so we have to introduce a systematic
trend such that M/L ∝ Lb.

Several simulations of collisionless mergers between disk galaxies have been run. Galax-
ies were scaled initially to lie on top of the TF relation, with varying values ofα. Models were
let to evolve in different setups to study the possible changes this might introduce in the fi-
nal elliptical galaxy and its position on the FP.

2 Tully-Fisher relation and scaling of models

Because tidal fields, which control orbital decay and accretion of matter in mergers, scale
as M/R3, adopting a realistic scaling for the sizes of unequal-mass galaxies is fundamental
for a correct simulation of mergers between galaxies of different masses. Our scaling ap-
proach is based on the requirement that the galaxies follow the Tully-Fisher (TF) relation.
This condition is not sufficient as it relates velocities to luminosities, and we impose addi-
tional constrains on the mass-luminosity relation. The TF relation establishes that galaxy
luminosity scales as a power of the maximum rotation velocity:

L = A(Vmax)α, (8.7)
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where A is a proportionality constant and α ranges from 2.5 in the B band (Ziegler et al.
2002) for distant galaxies to 3.2 for the B band, 3.5 for R and 4 for I the band (Sakai et al.
2000) for nearby galaxies.

Now, we suppose that these systems are close to equilibrium and therefore they obey
the Virial Theorem 2ET = −EW , or:

〈v2〉 ∝ GMtot/RG, (8.8)

whereRG is the gravitational radius. We further assume that the luminous mass scales with
the luminosity (so we assume Mlum/L = contant), then equation (8.7) implies:

Mlum ∝ (Vmax)α. (8.9)

Taking 〈v2〉1/2 ' Vmax, we may eliminate the velocity from (8.8) and (8.9). Then

M
2/α
lumRG

Mtot
= constant (8.10)

Now, if we take Mtotal/Mlum = Mb
lum we obtain the scaling law:

R1

R2

=

[

M1

M2

]1− 2
α(b+1)

, (8.11)

where R refers to the gravitational radius and M to the total mass.

So, this scaling law depends on α, the TF exponent, and b the exponent of the M/L
relation. We have chosen three different values for α, these are: 2, 3.5 and 4. For simplicity
in a first approach we have also chosen b = 0 for our initial models. Notice that, as stated in
the introduction, this is also one of the assumptions of non-homology.

In figure 8.1 we plot a Tully-Fisher diagram for two sets of models, each built using a TF
scaling with exponentα = 3.5, starting from the disk-bulge-halo model (‘dbh’) or the bulge-
less (‘dh’) model described in § 3.1. This figure demonstrates that our scaling law recovers
the TF diagram. The offset seen between the two lines is given by the fact that each initial
system has different luminosities.

3 N-body simulations

3.1 Initial model galaxies

Three different initial galaxy models are involved in the merger simulations. The three are
built using the algorithm of Kuijken & Dubinski (1995); parameters are given in table 8.1.
Models dbh and A are disk-bulge-halo models, identical to ‘Model A’ of Kuijken & Dubinski
(1995) but differing in the number of particles in each dynamical component. Model dh
is a bulge-less disk-halo system. The Kuijken-Dubinski algorithm uses an iterative scheme
to build the initial model. The starting point is a chosen analytic form for the distribution
function (DF) written in terms of known integrals of motions. With this we have equilibrium
or near equilibrium models. The bulge is modeled by a King (1966) profile, the halo is an
Evans model (Kuijken & Dubinski 1994) and for the disk a Shu (1969) model generalized to
the z dimension is chosen. In table 8.1 we give the number of particles for each realization,
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Figure 8.1— TF like plot for initial models dbh and dh. Two sets of models are shown, dbh
and dh. For dbh galaxies the models were generated with masses in the relation 1:2:12
(bulge:disk:halo) and for dh models like 1:8. Rotation velocities are measured from the N-
body realizations, while luminosities are computed assuming Mlum/L = contant. These
models were scaled following equation 8.11 with α = 3.5 and b = 0. Diamonds are dbh
models while squares are dh models. These models have masses of 1, 2 and 3. This plot
can be used as a check to see that the scaling law is working properly and the TF relation is
recovered. The slopes of the fitted lines are 3.51 for dbh (solid) and 3.45 for dh (dotted).

the central potential of the halo and the maximum circular velocity for the halo. For the
disk we give the number of particles, the mass of the disk, scale length of the disk, cut-off
radius and vertical extent. Finally, for the bulge, table 8.1 provides the number of particles,
the central density of the bulge and the velocity dispersion. The bulge was chosen not to
rotate. The final column in table 8.1 gives the mass of each component for the galaxy with
Mtotal = 1. For a complete description of the algorithm we refer to section 3 in chapter 6 or
to the original paper by Kuijken & Dubinski (1995).

We use model units so that the constant of gravity isG = 1. The total mass of the smallest
system is taken to be M = 1. The scale length of the disk is Rd ' 0.2. A set of physical units
that match the dbh models to the Milky Way are:

[M ] = 3.24 × 1011 M�, (8.12)

[L] = 14.0 kpc, (8.13)

[T ] = 4.71 × 107 yr, (8.14)

with

[v] = 315 km/s. (8.15)

These units can be used for all models.
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Table 8.1— Initial parameters for A, dbh and dh models.

model # halo ψo vo Mhalo

A 10000 -4.6 1.42 0.805
dbh 30000 -4.6 1.42 0.805
dh 30000 -3 1.5 0.885

model #disc Md Rd Router zd Mdisk

A 9000 0.867 1 5 0.1 0.128
dbh 12000 0.867 1 5 0.1 0.128
dh 15000 1.5 1 5 0.1 0.115

model # bulge ρb σb Mbulge

A 6000 14.45 0.714 0.067
dbh 6000 14.45 0.714 0.067
dh 0 0 0 0

Table 8.2— Initial mass ratios for A, dbh and dh models.

model (Mlum/Mtot)Rout (Mlum/Mtot)total

A & dbh 0.459 0.241
dh 0.463 0.129

3.2 Merger orbits

In the present chapter we deal with four different sets of simulations. The initial parame-
ters for the simulations are given in table 8.3. In all simulations two A, two dbh or two dh
galaxies are placed on a nearly parabolic, inter-penetrating orbit in the (x, y)-plane. The
ellipticity of the orbit is chosen to be e = 0.7. The orbits are highly eccentric to approach
parabolic conditions without making the merger time prohibitely long. The line connecting
the galaxies initially is considered the x-axis while the orbital angular momentum defines
the z-axis. θi and φi describe the disk spin orientation in spherical coordinates.

The first set of models are called A+A, and are those used by Balcells & González (1998,
see Chapter 7 this thesis). They experiment with two sets of orbital configurations and look
how this affects the final merger remnants. A+A models are scaled with α = 4. For the
other models orbital parameters are not changed. The second set of models are two dbh
models while the third set is composed of two dh models (for a detailed description of these
models see Chapter 6). The orbital parameters do not change but the mass-ratio and the
initial relative orientation of the disks do change. Different spin orientations can have some
effect on the final central velocity dispersion of the merged system, so we also want to test
this and study its influence on the final position of the remnants on the FP. To do so we have
set three different experiments for each group of mass ratios involved for the simulations
with α = 3.5. In the first one, both galaxies rotate with their spins approximately parallel
to the orbital angular momentum Jorb. In the second, one spin is close to parallel, and
the other approximately anti-parallel to Jorb. In the third geometry, both spins are aligned
nearly anti-parallel to Jorb. In all cases, precise alignments are avoided as their extremely
symmetric configurations are very improbable. We will refer later to the configurations as
prograde (p), anti-parallel(a) and retrograde (r).
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Table 8.3— Initial parameters for the different sets of simulations. The first
three columns give model name (1), mass ratio (2), α, the exponent of the TF
relation (3). The initial orbital parameters are in the last three columns: (4)
gives the spin orientation for the two disks; (5) Ri is the galaxy separation at
the start of the integration, which is taken to be equal to the semi-major axis,
a, of the orbit. Finally, (6), e is the eccentricity of the Keplerian orbit with the
same initial conditions.

model M2 : M1 α (θ1, φ1),(θ2, φ2) Ri = a e
(1) (2) (3) (4) (5) (6)

1 A+A 1:1 4 (135,45) (135,-135) 10 0.7
2 A+A 1:1 4 (150,45) (150,-135) 10 0.7
3 A+A 1:1 4 (135,45) (135,-135) 5 0.7
4 A+A 1:1 4 (150,45) (150,-135) 5.5 0.7
5 A+A 2:1 4 (135,45) (135,-135) 10 0.7
6 A+A 3:1 4 (135,45) (135,-135) 10 0.7

1p 1:1 3.5 (10,-10) (70,30) 11.25 0.7
1a 1:1 3.5 (130,60) (70,30) 11.25 0.7
1r 1:1 3.5 (170,-10) (110,30) 11.25 0.7
2p 2:1 3.5 (10,-10) (70,30) 24.76 0.7
2a 2:1 3.5 (130,60) (70,30) 24.76 0.7
2r 2:1 3.5 (170,-10) (110,30) 24.76 0.7
3p 3:1 3.5 (10,-10) (70,30) 26.98 0.7
3a 3:1 3.5 (130,60) (70,30) 26.98 0.7
3r 3:1 3.5 (170,-10) (110,30) 26.98 0.7

1p∗ 1:1 3.5 (10,-10) (70,30) 12 0.7
1a∗ 1:1 3.5 (130,60) (70,30) 12 0.7
1r∗ 1:1 3.5 (170,-10) (110,30) 12 0.7
2p∗ 2:1 3.5 (10,-10) (70,30) 20 0.7
2a∗ 2:1 3.5 (130,60) (70,30) 20 0.7
2r∗ 2:1 3.5 (170,-10) (110,30) 20 0.7
3p∗ 3:1 3.5 (10,-10) (70,30) 22 0.7
3a∗ 3:1 3.5 (130,60) (70,30) 22 0.7
3r∗ 3:1 3.5 (170,-10) (110,30) 22 0.7

ntf1 1:1 2 (10,-10) (70,30) 11.25 0.7
ntf2 2:1 2 (10,-10) (70,30) 24.76 0.7
ntf3 3:1 2 (10,-10) (70,30) 26.98 0.7

Finally, the fourth set has models namedntf plus a number that indicates the mass ratio
of the progenitors. These are two dbh models scaled up using a TF exponent α = 2. The
initial disks for all models of this set are placed on a ‘prograde’ (p) orbit, (so ntf1 = 1p).

3.3 Merger simulation details

Merger simulations are run using Hernquist’s version of the TREECODE (Hernquist 1990) on
an Ultra Sparc Station and on a SGI Power Challenge. Softening is set to one-fifth of the
half-mass radius of the smallest bulge in each run. The tolerance parameter is set to 0.8,
and quadrupole terms are included in force calculation. Individual time step calculation is
included.

The number of particles is taken so that the number of ‘luminous’ particles was compa-
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rable to other runs performed. So we have modeled the bulge with 6000 particles, the disk
with 9000 and the halo with 10000 particles for A models. For dbh models the bulge has
6000 particles, the disk 12000, and the halo 30000 particles for dbh models. For dh mod-
els the disk has 15000 particles and the halo has 30000 particles. These particle numbers
are rather low by today’s standards, but they are comparable to Barnes (1992). In his arti-
cle Barnes uses from 32768 up to 65536 particles for the final system. Our models include
48000, 45000 and 30000 particles per galaxy.

The choice of particle numbers takes the masses given to the various components into
account, so that the individual particles masses were as similar as possible to avoid particle
heating.

Systems are let to relax after merger for at least 40 half-light radius crossing times. En-
ergy conservation are kept under 1% for the entire merger experiments.

4 Results

Global properties of the merger remnants for the dbh and dh sets of models are described
in chapter 6 of this thesis. Here we focus on the derivation and analysis of the FP param-
eters. Values of the effective radius, central velocity dispersion and the effective surface
brightness are calculated from the merger remnants.

First we assume our models to have a constant M/L, i.e., b = 0 in eq. 8.11. To do
so, each disk and bulge particle is assigned a luminosity proportional to its mass. First
the effective radius is measured. We take the radius enclosing half the luminosity of the
galaxy in projection. Within this radius the effective surface density is calculated. Finally
the central velocity dispersion is calculated with an aperture of 0.2Re, luminosity weighted.
These quantities (Re, σo and SBe) are measured from 100 randomly chosen points of view,
generating a cloud of points that can be plotted in a FP representation. Mean values can be
seen in figure 8.2 where we have chosen the representation given by Jørgensen et al. (1996).

In this figure each frame gives the results for one of our sets of simulations. Large sym-
bols represent the mean of the cloud of points. Top left panel gives the location of models
coming from a Tully-Fisher law with slope 4. We have four models with mass ratio 1:1 shown
as diamonds, one model with mass ratio 2:1, triangle, and one model with mass ratio 3:1,
square. The second panel gives results for a TF slope of 3.5. Now we have three models
with mass ratios of 1:1, 2:1 and 3:1. These models follow the same trend as the one given by
the FP in this representation. The third panel shows models scaled with a TF of 3.5 and no
bulge included. Finally, the fourth panel shows the location of the models coming from a
TF with slope 2. In all four panels open circles depict the elliptical galaxies from the sam-
ple by Jørgensen et al. (1996). The solid line is the FP given by these authors. A first result
that can be extracted from these plots is that all remnants can be placed on top of the FP.
However, given the small dynamic range in these experiments (total final mass varies from
2 to 4) this can result in misleading conclusions. In figure 8.2, in each frame there is a small
arrow. This arrow indicates the ‘trend’ followed by our different mass ratio models.

Consider the equal-mass mergers. These are mergers of two systems of mass one. We
can also get equal mass mergers with systems of mass 2 or higher. In this way we can have
mergers of mass ratio 2:2, 3:3 and so on. Note that when we would expand our study to
these mass ratios the trend indicated by the arrows in figure 8.2 is not where those models
would lie. That trend indicates the trend for merger models with effective mass ratio 1:1,
2:1 and 3:1.
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Figure 8.2— Location of the different sets of models on the FP relation of Jørgensen et al.
(1996). In each frame the large symbols give the mean location of a cloud of points corre-
sponding to one hundred randomly chosen viewing angles. Top, left: A+A models, equal
mass models are plotted as diamonds, mass ratio’s of 1:2 are triangles and 1:3 squares. All
these models lie close to the observed FP (solid line) when properly scaled although a small
scatter might be introduced by the observed trend given by the small arrow. Small open
circles are elliptical galaxies from the sample by Jorgensen et al. (1996). Top, right: dbh
models, symbol convention as before; they can be scaled to lie close to FP. Bottom, left:
Same for dh models, trend is also shown by an arrow. Bottom, right: Same for ntf models.
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To increase the dynamic range we need to re-scale the simulated systems to a range of
masses. Three quantities are needed as a function of the mass we want to generate: the
effective radius, the central velocity dispersion and the effective surface brightness. For the
effective radius we used equation 8.11. We have developed scaling relations for the velocity
dispersion and effective surface brightness from the ones given in section 2 and we obtain:

σ2

σ1

=

(

M2

M1

)
1

α(b+1)

(8.16)

Ie2
Ie1

=

(

M2

M1

)

4−α(2b+1)
α(b+1)

(8.17)

The merger remnants of 1:1, 2:1 and 3:1 mass ratios scaled up to higher masses (those
plotted in figure 8.2) were built assuming different values of α for four sets of simulations
and a constant M/L, i.e. b = 0. With this in mind, when we scale our models for several
mass ratios we find that the scaled systems lie neither on the FP nor on the Faber-Jackson
relation, (Faber & Jackson, 1976). An example of this can be seen in figure 8.3. Here our
initial models have been re-scaled to give us 25 different values of the remnant mass. The
models are plotted on the FP edge-on view, the solid line is the FP derived by JFK96 from
their observations. Our scaled models do not follow the FP nor the Faber-Jackson relation.

Our goal is to find the FP relation resulting from collisionless mergers of disk galaxies.
From the previous paragraphs we see that when we choose our models in such a way that
they are scaled following different values of the TF exponent, and have a constant M/L,
they do not reproduce the FP nor the Faber-Jackson relation. However there is another
possibility and this is that M/L is not constant but it follows a law like M/L ∝ Lb. This is
the assumption taken to reconcile the FP with the hypothesis of homology (see the intro-
duction).

We have developed a test for homology. Cv andCr are structural constants introduced in
the VT expression in order to relate the theoretical quantities with the observational ones,
defined in equations 8.4 and 8.5.

There 〈v2〉 is twice the kinetic energy per unit mass of the system, and Rg is the grav-
itational radius that is related to the potential energy and mass of the total system (Rg ≡
GM2/(−EW )). Strict homology corresponds to Cv and Cr each to be constant from system
to system.

However in the Virial Theorem expression (equation 8.6) these two parameters enter
together as log(CvCr). Non-homologous systems with a constant product CvCr cannot ex-
plain the tilt of the FP on the basis of non-homology. Accounting for the tilt of the FP would
require anM/L variation to be introduced. This situation represents a variation on the two
main lines of thought described in the Introduction to account for the tilt of the FP, as the
models are not strictly homologous but a M/L variation ultimately accounts for the tilt.

Figure 8.4 gives a plot of log(Cv) vs. log(Cr) for the different merger remnants. The
condition of log(CvCr) = const., should place our models close to lines of slope -1. Figure
8.4 showsCv and Cr for the different merger remnants, all indeed lie close to this line.

Therefore it is justified to choose a varying M/L. A suitable value for b (M/L ∝ Lb) has
been chosen such that our merged systems lie on the FP. For each set of models a different
value of b has been found. With this value of b we check for agreement with the Faber-
Jackson relation as well.
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Figure 8.3— The simulated dbh models with α = 3.5 are re-scaled, up to masses 25 times
the total mass of the merger remnant. To scale these models we used the scaling relations in
equations 8.11, 8.16 and 8.17, with constant M/L. They have been plotted on the FP (top)
and the Faber-Jackson diagram (bottom). Solid lines give the observed FP of ellipticals (top)
and the Faber-Jackson relation (bottom, slope β = 4). The dashed lines are linear fits to the
points.
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Figure 8.4— Cv vs. Cr . Our different sets of simulations are consistent with the require-
ment of constant CvCr . The solid lines are linear fits to the points. On these plots this
requirement would imply a slope of -1, given on each frame as a dashed line. The symbols
give the mean of the cloud of one hundred points of view, while the error bars indicate the
1-σ of the distribution of points. All sets are consistent with constant CvCr.

The results are shown in figure 8.5. Here we present for each set of models in the left
frames the FP relation once the proper value of b has been chosen. In the right panels the
resulting Faber-Jackson relation is given. The solid line is a Faber-Jackson relation with
slope of 4, while the dotted line is the fit to the data.

Observations yield exponents of the L ∝ σβ Faber-Jackson relation around β = 4:
Schechter (1980) gives a value for β = 5.4 ± 1.0, Tonry & Davis (1981) find β = 4.6 ± 0.5;
smaller values are given by de Vaucouleurs & Olson (1982) β = 3.6 ± 0.3, while more recent
results by Pahre et al. (1998) give a value of β = 4.14 ± 0.22. and for the 1σ-dispersion in
luminosities they give a value of 0.372. They point out that the scatter is smaller in their
sample when including only galaxies from the Coma cluster, being then 0.288.

The value of the fitted slope is given on each frame in figure 8.5. Observe the difference
in the slope and in the scatter of the Faber-Jackson relation for each of the sets. If we com-
pare this to the observed values by Pahre et al. (1998) we find that for α = 4 the value of the
FJ exponent β = 5.37 is rather high, although it is not inconsistent with Schechter (1980).
For bulge and bulgeless models with α = 3.5 the values of β are more in agreement with
the latest data by Pahre et al. (1998). The fact that they show a variation in the FJ exponent
of almost 0.5 may say something about the importance of having a spheroidal component.
Finally for α = 2.5 we get totally unrealistic values for the FJ exponent.

Differences in the scatter are to be expected from the distribution of remnants seen in
figure 8.2. The dispersion about the FP is, for the four sets, smaller than observed. The
value is given in each FP frame. JFK96 observed a scatter of 0.084 in logRe, but they point
out that for the Coma cluster it is of 0.042. The scatter we find is due to projection effects
combined with the effect of the mass trend observed in figure 8.3 and seen here as different
shades of gray.



4. RESULTS 167

Figure 8.5— Left panels show the FP for each set of simulations. The proper value of b is
chosen so that the models lie on the FP. With these values of b the models can also be placed
on the Faber-Jackson relation (right panels). Here the solid lines give a slope of 4, while the
dashed lines give the fit to the data. The value of the fitted slope is given on each frame.
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Figure 8.6— Left: effective TF exponent (α′ = α/(1 + b)) vs. M/L exponent. This plot gives
the values of the exponent b of the expressionM/L ∝ Lb required to place the scaled merger
remnants on the FP relation. The error bars give the range of values that would give a 5%
variation of the slope of the FP. Right: effective TF exponent vs. Faber-Jackson exponent.
Again the error bars give the range of values taken for the Faber-Jackson slope for the values
that give a 5% variation on the slope of the FP.

The dispersion about the FJ relation is similar in all four sets, and a bit smaller than that
computed by Pahre et al. of 0.372, although it may be consistent with their value for Coma
of 0.288.

Introducing b 6= 0 makes our initial systems to follow slightly different TF expressions,
given by:

L2

L1

=

(

V2

V1

)
α

(1+b)

(8.18)

Figure 8.6 left panel gives the values of this effective TF exponent (α′ = α/(1 + b)) for
the values of b chosen to fit the FP. The right panel gives the value of the Faber-Jackson
exponent β such that L ∝ σβ , given by the previous values of α and b. The values are listed
in table 8.4. The error bars in α give the values for which an error of 5% in the slope of the
FP relation is admitted. This gives a band of values for the different exponents of the TF so
that they would match the FP and the values of the Faber-Jackson exponent.

Note that in order to get close to the observed values for the FJ exponents we would need
to start from disk models that follow a TF with an exponent close to 3.5. We further need
the introduction of a sensible M/L scaling with L. The values for the M/L scaling that we
get for 3.5 < α < 4 are in good agreement with observations.
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Table 8.4— Values for the exponents of the TF relation (α), and (α′), b from
M/L ∝ Lb, β from Faber-Jackson and the dispersion in the FP and FJ relation
(σFJ ); see text.

α α′ b β σFP σFJ

4 3.70 0.075 5.37 0.04 0.19
3.5 3.11 0.125 4.09 0.03 0.18

3.5(*) 3.08 0.135 3.68 0.04 0.27
2 1.38 0.45 0.53 0.03 0.27

5 Discussion and conclusions

We have carried out four sets of simulations of collisionless mergers between disk galaxies
with a range in structural properties (bulge systems, bulgeless systems) and using different
scaling relations.

Under the assumption that our initial models follow the Tully-Fisher relation, and have
a constantM/L, we find that the merger remnants can be placed close to the Fundamental
Plane followed by real-life elliptical galaxies. However the small dynamic range in mass of
our simulations does not allow us to say much about the possibility of populating the full
extent of the FP relation from these simulations. However, by properly scaling our models
we can achieve this.

When this scaling is done, again under the assumption that M/L = constant, we find
that our models do not follow the FP; neither do they reproduce the Faber-Jackson relation.

Although our models are not homologous, i.e. their structural parametersCv andCr are
not constant, the models considered in this study are consistent with having log(CvCr) =
constant. From equation (8.6) we see that, to place our models on the FP relation, a vari-
ation of M/L with L needs to be introduced. We then find values for the slope of this law
such that the FP is recovered for each of our sets of runs.

The Faber-Jackson relation is not fully recovered however. Only those models with α
close to 3-4 give values of the F-J slope comparable to observations. A low TF exponent
implies lower luminosity for a given Vmax which requires a high M/L scaling with log(L)
and lower log(L) for given σo in the merger remnants.

At least a half of the observed scatter about the fundamental plane could be explained
by projection effects and the different initial properties of the disk models. A similar result
holds for the scatter observed about the FJ relation.

The main result then is that by starting with the TF relation and adopting a reasonable
M/L scaling we can populate the FP with merger remnants of disks. Strong deviations from
the TF (α = 2) in the merging galaxies, while they can reproduce the FP, the M/L scaling
is strong and makes remnants inconsistent with the FJ relation. This consideration may be
an essential ingredient for good disk-disk merger models of elliptical galaxies.

It is important to note here, as pointed out already by Guzman et al. (1993), that ellip-
tical galaxies are distributed along a band in the space defined by the FP observables. It is
sometimes assumed that the FJ is a projection of the FP. This is so, but it has to be realized
that the scatter found on the FJ is due to the fact that elliptical galaxies do not completely
fill the FP. This is shown both by the scaling exercise and our models. Models can be made
to fit the FP but fail to fit the FJ relation. This makes this approach a useful tool.
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We find here that strict homology or non-homology are not needed to explain our re-
sults, but rather a ‘soft version’ of homology were the conserved quantity is the product
CvCr.

This leaves us with the question, what is the origin of the variation of the M/L with L?
A number of studies suggest the presence of such a relation in disks, (Burstein et al. 1997,
Graham 2002). A second possibility is gas. Bekki (1998) includes gas and star formation in
her simulations. Varying the star formation efficiency one can tune it to produce an M/L
relation as that required. Star formation is thought to play a crucial role during the merging
stage. It turns vast amounts of gas into stars an therefore changes the M/L relation for the
galaxies involved. But it must lead to a fine tuning with mass or luminosity.
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