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1 Introduction and Goals

Galaxies fall into two main classes: the disks, supported primarily by rotation,
and the ellipticals, supported mainly by the random motions of their stars. Dis-
sipation is an important element in the formation of the flat and orderly disk
galaxies. On the other hand, it is widely believed that non-dissipative mergers
are a major contributor to the formation of at least a large fraction of the giant
elliptical galaxies. In these lectures, we will look at the clues about when and
how elliptical galaxies formed, and why they have the structural properties that
are observed.

2 The Structure of Elliptical Galaxies

2.1 The Radial Light Distribution

Elliptical galaxies show some regularity in the radial light distributions. de Vau-
couleurs (1948) proposed a famous empirical law known as the r1/4 law, in which
the surface brightness distribution is given by the equation

I(r)=1, exp{—7.67[(r/re)1/4 — 1]}

Here r, is the radius containing half of the total luminosity (the effective radius)
and I, is the corresponding effective surface brightness. This distribution works
very well for many elliptical galaxies, particularly those of intermediate luminos-
ity. Capaccioli et al. (1990) showed that the light distribution of the standard
elliptical galaxy NGC 3379 is very well represented by the 71/ law over a surface
brightness range of about 12 mag. See Figure 1.

The r/4 law is widely used as a representation of spheroidal systems like elliptical
galaxies and the bulges of spirals (we will see later how well it works for some
bulges). Dynamically, this law is important in our context because it is associated
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Figure 1: The surface brightness distribution of NGC 3379, showing how well the
/% law works for this galaxy (from Capaccioli et al. 1990)

with violent relaxation processes. van Albada (1982) showed that the outcome of
dissipationless collapse with irregular initial conditions and a large collapse factor
is be well represented by the 71/4 law. Similar results were found for the outcome
of merging (e.g. Barnes 1988) and of tidal stripping (Aguilar & White 1986).

The r/4 law is not such a good fit to all ellipticals. Many authors have shown that
there are systematic deviations from the /4 law and that these deviations are
similar for ellipticals of similar luminosities. See Caon et al. (1993) for references.
A more general fitting function was introduced by Sersic (1968) of the form

I(r) = Lo exp[—(r/ro)"]

which corresponds to the 71/4 law for n = 1 /4 and to an exponential law for n = 1.
This function is now widely used to investigate how the structure of ellipticals
changes with absolute magnitude. As n decreases, the surface brightness profile
flattens and tends towards a power law of slope —2.

From the work of Caon et al. (1993) and Jerjen et al. (1999), for example, it seems



clear now that the r/4 law is just a first approximation to the real situation.
The fainter ellipticals have n closer to 1 (the exponential distribution) while the
brighter ellipticals may have n even lower than 0.1. The Sersic scale length r, and
the index n vary fairly smoothly with absolute magnitude: see Figure 2. Jerjen
et al. find that logn = 1.4 + 0.10Mp where Mp is the absolute blue magnitude.
Graham et al. (1996) also found a strong decrease of the index n with increasing
re. (Note that some authors use 1/n in place of n).
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Figure 2: The best fitting Sersic parameters logr, (upper) and logn (lower)
as a function of the absorption-corrected absolute B magnitude for early-type
galaxies. The /4 law corresponds to logn = —0.60 (from Jerjen et al. (1999).

I should mention also a simple analytic volume density distribution due to Jaffe
(1983) that gives a good representation of at least some of the brighter elliptical
galaxies. It has the form

p(r) oc [r(r+ )]



where r; is a scale length. For this simple distribution, it is possible to calculate
the surface brightness distribution and dynamical quantitities like the line-of-sight
velocity dispersion, and also the (phase density) distribution function for different
dynamical assumptions: see Binney & Tremaine (1987) for more discussion.

2.2 Diskiness and Boxiness

The isophotes of ellipticals are not always elliptical. Some ellipticals show a
distinctly boxy stucture, while others have a more disky appearance. It turns
out that the isophote shape is related to the absolute magnitude, to the structure
of the innermost parts of the galaxy, and to its gross dynamical properties. See
Figure 3.

Boxy galaxies are among the more luminous systems. Their inner regions shows
cores with a shallow slope in the surface density distribution (see Faber et al.
1997; also section 8), and they are flattened primarily by the anisotropy of their
velocity dispersion (see section 3). The more disky systems are less luminous
and typically have a small fraction of their light in faint disks: their spheroidal
components are flattened by rotation, and they show a steep cusped density
distribution at small radius. Their disks and their spheroidal components are
well aligned.

For our purpose, we need to understand the origin of the disky/boxy dichotomy,
because it probably relates to the formation processes of massive and less massive
ellipticals. Naab et al. (1999) have shown that mergers of equal mass disks
produce boxy merger products with slow rotation and flattened by anisotropic
velocity dispersion, while the mergers of disks with a 3:1 mass ratio produce disky
systems that are rotationally supported.

3 The Rotation of Ellipticals

The rotation of ellipticals is usefully displayed in a plot of V/o vs €, where V is
the peak rotation of the galaxy, o its central velocity dispersion and € is a measure
of the isophotal ellipticity € = 1 — b/a, where b/a is the isophotal major to minor
axis ratio at some isophotal level (typically 25 mag arcsec™2). Figure 4 shows a
sample of elliptical galaxies from Davies et al. (1983). The curve represents the
V/o — € relation for an oblate rotating stellar system with an isotropic velocity
dispersion; these systems are flattened by their rotation. Figure 4 shows how the
less luminous ellipticals lie close to the oblate isotropic curve, while the brighter
ellipticals lie mostly well below it.

The slow rotation of the brighter ellipticals was a major discovery of the late
1970s. The location of the bright ellipticals in the V/o — € plane indicated that
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Figure 3: The brighter ellipticals have flatter cores, are slowly rotating and have
boxy isophotes. The break radius r, is the radius at which the core or cusp
structure in the inner regions appears. From Faber et al. (1997).
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Figure 4: The V/o — € relation for brighter and fainter elliptical galaxies. The
curve shows the locus of oblate rotating stellar systems with an isotropic velocity
dispersion. This figure shows how the fainter ellipticals are flattened by rotation,
while the brighter ellipticals are flattened by their anisotropic velocity dispersion.
Open circles show brighter ellipticals (Mp < 20.5), filled circles show fainter
ellipticals and crosses show bulges of disk galaxies. (From Davies et al. 1983).

these galaxies were flattened by their anisotropic velocity dispersion rather than
by rotation. It raised an important problem about the angular momentum of
giant ellipticals that was clearly formulated by Fall (1983) in terms of the rela-
tionship between specific angular momentum J/M and mass M for spiral and
elliptical galaxies. Figure 5 shows a version of the Fall diagram from Zurek et
al. (1988). The specific angular momentum of the giant ellipticals appears to be
about an order of magnitude lower than that of the spirals of similar mass. The
different point symbols represent N-body cosmological simulations of the growth
of dark halos, scaled to show luminous mass, for dense and less dense environ-
ments. Most of the simulated systems lay near the spiral locus, and Zurek et al.
concluded that the specific angular momentum of the ellipticals had decreased
by about an order of magnitude since their formation.

The spectroscopy needed to measure rotation was possible only in the bright inner
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Figure 5: The specific angular momentum J/Mwvs the mass M for simulated
halos, scaled to show luminous mass. The region of the giant ellipticals is repre-
sented by the dashed lines, and the locus for spirals is the solid line. The points
show J/M, M for simulated systems: see text. (From Zurek et al. 1988).

parts of ellipticals, so the region outlined by the dashed lines in Figure 5 shows
J/M, M for the inner regions of giant ellipticals. Zurek et al. argued that angular
momentum is transported outwards during the merger processes that build up
their halos. Figure 6 shows the evolution of particles from five different bins of
binding energy (defined at z = 0). The particles that were initially (z = 5.25)
most bound become more bound and lose angular momentum. The least bound
particles become slightly more bound but gain significant amounts of angular mo-
mentum through the torques that act during the merging process. In this picture,
we would then expect to find a significant amount of angular momentum in the
outer parts of these slowly rotating giant ellipticals. Observations of planetary
nebulae in the outer regions of several giant ellipticals (r > 4r.) show that this is
indeed the situation. Rapid rotation was first detected in the outer parts of Cen
A (Hui et al. 1995) and then for the more normal giants NGC 1399 and NGC
1316 (Arnaboldi et al. 1994, 1998). The total specific angular momentum of giant
ellipticals appears to be similar to that of spirals of similar mass, although most
of the angular momentum of the giant ellipticals appears to reside at large radius.
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Figure 6: Evolution of a protohalo in the energy-angular momentum plane. At
z = 0, the halo was partitioned into five bins of binding energy E. The energy
and angular momenta of the particles in these bins at z = 5.25 (filled circles)
were compared with their values at z = 0 (filled squares). During the merging
processes, angular momentum is transported outwards from the inner regions of
the system to the outer envelope (from Zurek et al. 1988).

Planetary nebulae kinematics are not yet available for the outer regions of M87,
but it seems likely that the angular momentum of M87 again lies mostly in its
outer regions. Although the kinematics of globular cluster systems and the main
body of the galaxy may be quite different, it is interesting that Cohen et al. (1997)
find significant rotation in the M87 globular cluster system. The outer parts of
MS8T7 are clearly much more elliptical than the inner regions, consistent with a
higher angular momentum content. Figure 7 compares an image of M87 from the
DSS (limiting surface brightness ~ 24 B mag arcsec™2) and a very deep image
from Weil et al. (1997) (limiting surface brightness ~ 28 B mag arcsec™2). This
increase of isophotal ellipticity is common among the cluster giant ellipticals; see
Porter et al. (1991). In summary, we would argue that, although the inner regions
of giant ellipticals are flattened primarily by their anisotropic velocity dispersion,
the outer regions are flattened mainly by their rotation.



Figure 7: Two images of M87: in the shallow DSS image (left), M87 appears
almost round, while in the deep image of Weil et al. (1997: right), it is much
more elliptical. The two images cover similar regions of sky in the horizontal
direction. The flattening at large radius is probably a consequence of the angular
momentum of the outer regions.

4 The Fundamental Plane

The fundamental plane is a scaling relation between structural and kinematical
parameters for elliptical galaxies. It started with the Faber-Jackson (1976) rela-
tion between luminosity and central velocity dispersion; a recent K-band deriva-
tion of this law gives Ly oc 0*1450-22 (Pahre et al. 1998). This law can easily be
derived from the virial theorem, if the mean surface brightness and M /L ratio do
not vary significantly from galaxy to galaxy. However, it soon became clear that
the residuals from this relation correlated with the surface brightness, and the
fundamental plane includes this correlation. It is usually presented in the form
(e.g. Pahre et al. 1998)
Te o< 021 5

where 7. is the effective radius, ¢ the central velocity dispersion and I, the mean
surface brightness within r.. The virial theorem gives

Roc VA Y M/L)™!

where R, V2 and I are suitably defined means of radius, internal velocity and
surface brightness. If M/L is constant, and the galaxies are homologous, i.e.
re x R, 02 o« V2 and I, I, then the virial theorem corresponds to

e o< 0217t



The parameter A depends strongly on the observed wavelength, changing from
about 1.0 at U through 1.25 at B to 1.5 at K. In the K-band, where line blanketing
effects on the M/ L ratio are reduced, the observed fundamental plane for elliptical
galaxies has the form (Pahre et al. 1998)

re X 0,1.53:I:0.08Ie—0.79:|:0.03

with a scatter of about 0.096 in logr.. See Figure 8.
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Figure 8: The K-band fundamental plane for 251 early-type galaxies, from Pahre
et al.(1998), seen edge-on along its long side.

This departure from the virial theorem scaling (i.e.the tilt of the fundamental
plane) can be produced by a systematic change of M /L with mass, due to stellar
population changes with mass (e.g. mean age, metallicity, IMF), or to a change
in the dark/luminous mass ratio within r.: the K-band tilt corresponds to the
relation M/L oc MO16+0.01 " Alternatively, this tilt of the fundamental plane
could come from a systematic breakdown of the homology assumption, such as
changes with mass in the shape of I(r) and o(r), and in rotation and kinematic
anisotropy. For example, we know already that the brighter ellipticals are more
anisotropic and have shallower I(r) distributions. Graham & Colless (1997) show
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how correcting for broken homology can bring the exponents of o and I, in the
fundamental plane closer to the virial theorem values. Busarello et al. (1997)
find that non-homology in the dynamical structure of ellipticals accounts for more
than half of the tilt of the fundamental plane. The scatter about the fundamental
plane cannot be accounted for by observational errors alone. Small variations in
age, metallicity and non-homology at any point along the fundamental plane
probably contribute to the observed scatter.

The globular clusters in our Galaxy illustrate the homology problem nicely (Djor-
govski 1995). Within the cores of the clusters, the structure and M /L ratios are
fairly similar from cluster to cluster. The fundamental plane for the cores of
globular clusters has the form

re o gl 8015 [=1.1£0.1

which is close to the virial theorem scaling. On the other hand, at the half-light
radius rp, the M/L ratio is still fairly similar but the dissimilarities in structure
from cluster to cluster (i.e. the variations in the ratio of r;/r.) are already well
established: the corresponding fundamental plane is

o 0_1.45:l:0.21}:0.85:l:0.1
(here o is still the central velocity dispersion), which is similar to the observed
K-band fundamental plane for the elliptical galaxies.

Whatever the reason for the deviation of the fundamental plane from the virial
theorem scaling, the intrinsic scatter about the fundamental plane for elliptical
galaxies is small, despite the wide range in the rotation parameter (V/o), and
the different I(r) and o(r) profiles, etc. So the departures from constant M /L
and /or homology are well organised to keep the fundamental plane tight. This
needs explaining. It may be an indication that elliptical galaxies can attain only a
restricted subset of dynamical possibilities via their formation processes (violent
relaxation, mergers ... )

Although the fundamental plane does not include metallicity as one of the vari-
ables, there is an important relationship between the metallicity and the lumi-
nosity, which is often expressed as an Mgy — o relation, because Mgy (a measure
of the strength of the Mg b feature) and o are distance-independent. In this form,
it represents an increase of metallicity with deepening potential well: see Figure
9.

With the assumption of homology, the tilt of the fundamental plane can be
interpreted as a relationship between the M /L ratio and mass or luminosity.
For example, Mobasher et al. (1999) find that M/L oc M18%0-01 at K and
ML oc MO23F0.01 at optical wavelengths. This is usually interpreted as coming
from the mass-metallicity relation.

11
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Figure 9: The Mgy — o relation for 182 galaxies, from Pahre et al. (1998).

The fundamental plane at higher redshifts gives constraints on the evolution of
M /L and the epoch of star formation in ellipticals, if the assumption of homology
remains correct. Evolutionary effects on M /L have been derived out to redshifts
of about 0.8. For example, van Dokkum et al. (1998) used fundamental plane
arguments to derive the evolution of M/L from clusters with redshifts between
0.02 and 0.83; their M/L corresponds to a common rest wavelength near B.
Relative to the Coma cluster, they find that Alog M/L = (—0.40 £ 0.04)z if
Q. = 0.3. Comparison with population synthesis models gives constraints on the
formation epoch and the value of €),,: their data favor high formation redshifts
and low 2, (see Figure 10).

5 [Mg/Fe] in Elliptical Galaxies

In the previous section, we have already seen that the metallicity, as measured by
the Mg2 index, increases with increasing luminosity or velocity dispersion. This
is usually ascribed to the ability of galaxies with deeper potential wells to retain
chemically enriched material from supernovae. The ratio of alpha elements like
magnesium to iron also increases with luminosity: see for example Fisher et al.

12
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Figure 10: Evolution of M /L with redshift for three cosmological models. Model
predictions for different formation redshifts of the stars are shown, assuming a
Salpeter IMF (z = 2.35) and a range of metallicities. The dotted line in (b)
indicates a model with 24, = 00 and a steeper IMF (z = 3.35). The data favor
high formation redshifts and low €2, (from van Dokkum et al. 1998).

(1995). For the most luminous ellipticals, [Mg/Fe] ~ 0.4, while for the fainter
ellipticals, it is close to the solar value. The usual interpretation is that SNII
were more significant in the enrichment of the more luminous ellipticals, which
in turn suggests that most of the star formation occurred rapidly (within about
1 Gyr) before enrichment by the Fe-producing SNIa could occur.

6 Dwarf Ellipticals

Dwarf elliptical galaxies (Mp > —18) fall into two classes: compact systems of
high surface brightness, like M32, and diffuse ellipticals of low surface brightness
like the nearby dwarf spheroidal galaxies. The Sersic profile index n for a sample
of giant and dwarf ellipticals is shown in Figure 2, with the dwarfs having surface
brightness profiles that are close to exponential. The apparent continuity of the
n - absolute magnitude relation is striking.

The Sersic profile fits by Jerjen et al. (1999) give a formal model value for the
central surface brightness. Figure 11 shows how this central surface brightness
becomes systematically fainter for the fainter ellipticals (except for the compact
M32-like systems). Again, the continuity of the surface brightness - absolute
magnitude relation is evident, and indicates that these low surface brightness
dwarfs are the low luminosity extension of the classical giant ellipticals.

Large numbers of dwarf ellipticals are found in nearby clusters like Virgo, Fornax
and Centaurus (Sandage et al. 1985, Ferguson & Sandage 1988, Jerjen & Tam-
mann 1997), with their luminosity function rising steeply towards fainter mag-
nitudes. An interesting subclass of brighter dwarf ellipticals have sharp central

13
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Figure 11: The central surface brightness pg of the best-fitting Sersic model ws.
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galaxies have higher central surface brightnesses (from Jerjen et al. 1999).
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nuclei. In both the Virgo and Fornax clusters, the nucleated and non-nucleated
dwarf ellipticals show different radial distributions within the clusters. The nu-
cleated dwarfs follow the strongly clustered distribution of the bright ellipticals,
while the brighter non-nucleated dwarfs (Mp < —14.2) are more loosely dis-
tributed, like the spirals and dIrr galaxies (see Ferguson & Sandage 1989). This
is an important clue to the evolution of galaxies in the potential well of clusters;
the reason for the different distributions of nucleated and non-nucleated dwarfs
in these clusters is however not yet understood.

The origin of the dwarf ellipticals is also not well understood. Most of the faint
nearby dwarf spheroidal galaxies have complex star formation histories (see for
example Grebel 1999). Some of these apparently structureless systems were form-
ing stars until ~ 1 Gyr ago, and may well have looked like present-day dlrr or
dIrr/dSph transition systems at that time. In clusters of galaxies, the harassment
process is likely to be a significant source of dwarf ellipticals. This process trans-
forms many of the lower surface brightness spiral galaxies, which have shallow
extended potential wells, into dwarf ellipticals through the combined action of
fast binary encounters and the tidal field of the cluster itself. Much of their mass
is stripped and now resides in the intracluster medium. Moore et al. (1998) note
the large numbers of small spirals in clusters at intermediate redshift, and their
absence in nearby clusters where dwarf ellipticals comprise most of the faint end
of the luminosity function. See also Moore et al. (1999).

7 The Formation of Ellipticals

The work of Toomre & Toomre (1972) first demonstrated the likely importance
of mergers in forming ellipticals. Now this process is seen also in the context
of hierarchical models for structure formation. While the stars of most elliptical
galaxies appear to have formed at z > 2, the structures of the elliptical galaxies
may have formed much later, as shown by the example of the cluster MS1054-
03 at z = 0.83 in which many dissipationless mergers of early type galaxies are
observed. It still seems likely that some ellipticals are formed through the later
mergers of already-formed disk galaxies, as Toomre (1977) suggested.

At a more specific level, we recall the recent study by Naab et al. (1999) who
showed how mergers of equal mass disks produce boxy slowly rotating systems
flattened by anisotropy, while mergers of disks with 3:1 mass ratios produce disky
systems that are rotationally flattened. We also recall that the surface density
diitribution of dissipationless merger products can be well represented by the
r/4 Jaw.

Some ellipticals appear to have been involved in relatively recent merger or ac-
cretion events. The shell systems like NGC 3923 (e.g. Quinn 1984) are evidence
for a recent accretion of a small stellar system which was drawn in to the parent
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galaxy by dynamical friction and then tidally disrupted. Galaxies like Cen A
with its minor axis lane of dust and gas and its complex shell system (Malin et
al. 1983) are probably the product of a recent accretion of a more substantial
gas-rich companion.

8 The Inner Regions of Ellipticals

8.1 Surface Photometry

The structure of the innermost regions of ellipticals is closely related to their
largescale structure and dynamics. HST surface photometry of the inner few hun-
dred parsecs of a large sample of early-type galaxies (Faber et al. 1997) showed
that the inner surface brightness distribution follows a power law I(r) oc 77
where v lies in the range 0 to 1. It turns out that v has a bimodal distribution
within this range, with v depending on the luminosity of the galaxy. Figure 12
shows the inner surface brightness profiles for this sample: the bimodal distribu-
tion of the slope in the central regions is clear.
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Figure 12: V-band surface brightness profiles of the inner regions of 55 early-type
galaxies from HST observations. The dichotomy between the shallow inner power
laws (core galaxies: solid lines) and the steeper distributions (power law galaxies:
dashed lines) is evident. (from Faber et al. 1997).

16



For the brightest galaxies, with My < —22, the surface brightness distribution
changes slope at the break radius ry; within r, they have flat inner cores with
~v < 0.3. One the other hand, the fainter galaxies, with My > —20.5, have steep
inner cusps with v = 0.8 & 0.3. Few galaxies have v values between these two
modes. As mentioned already in section 2, most of the more luminous galaxies
(low ) have boxy isophotal shapes, and most of the less luminous galaxies (steep
~v) are disky. Remarkably, in the region of intermediate luminosity (—22 < My <
—20.5) where galaxies are found in both of the v modes, the galaxies with low
~ are again boxy systems and the galaxies with steep v are disky: see Figure 3.
Why should there be such a close relationship between the morphology of the
innermost 100 pc of early type galaxies and their global boxiness/diskiness which
is defined on much larger scales ? Before considering this question, we should
discuss the central massive dark objects that are detected in most early-type
galaxies.

8.2 Central Massive Dark Objects in Early Type Galaxies

Most early-type galaxies appear to have massive dark objects(MDOs) at their
centers: is there any connection between these dark objects and the structural
properties of the inner parts of these galaxies 7 Magorrian et al. (1998) made
dynamical models for a sample of 36 galaxies with HST photometry and ground-
based kinematics. They used axisymmetric two-integral models with constant
M/L ratio plus the central MDO and found good fits to the structure and kine-
matics for 32 of their galaxies. The dependence of the derived M/L ratios for
the underlying galaxies on the galaxy luminosity is similar to that found from
fundamental plane arguments (section 4): M /L oc L%2. For most of their sample,
the data are consistent with a gaussian distribution of log Me/Mi,y1ge (Where M,
is the mass of the MDO), with a mean of —2.28 and a standard deviation of 0.51:
i.e.with a typical value of M, /Mpyjge =~ 0.005. See Figure 13.

The correlation of M, with My,yge is not particularly tight. In a striking devel-
opment, it was found that the black hole mass M, correlates much more tightly
with the velocity dispersion of the bulge o(r.) as measured at the effective radius
re of the bulge. (Gebhardt et al. 2000; Ferrarese & Merritt 2000). The dispersion
within 7 is a good measure of the typical dispersion of the bulge itself (i.e. in the
absence of the black hole). Figure 14 compares the two correlations. The tight
M, — o relation relates the mass of the black hole to the depth of the potential
well of the bulge itself.

The implication is still obscure. It may just reflect a tight correlation between the
black hole mass and the bulge mass, which was obscured by inaccurate estimates
of the bulge mass: i.e. the velocity dispersion alone may be a more accurate
estimator of the bulge mass. This does not seem very plausible, because we have
seen already in §4 that ellipticals are two-parameter systems. Alternatively the
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Figure 13: Correlation between MDO mass M, and galaxy mass Myyge. The
aberrant point is NGC 4486B, a low luminosity galaxy which has the velocity
dispersion and metallicity of a much brighter galaxy. The solid line shows the fit
log M /Mpyige = —1.79 — 0.04 log Myyige (from Magorrian et al. 1998).

depth of the potential well of the bulge may somehow define the mass of the black
hole that can grow through accretion of stars in the galaxy. See for example Zhao
et al. (2002).

8.3 Black Holes and the Inner Structure of Early Type Galaxies

The presence of a steep inner density cusp in an early type galaxy is not nec-
essarily associated with a central MDO or black hole. For example the singu-
lar isothermal sphere is a simple equilibrium system with a density distribution
p(r) o r~2 and no central point mass. In projection, it has a surface density
x r~ 1, close to what is observed for the cuspy ellipticals. Also, simulations of
hierarchical galaxy formation consistently produce dark halos with central cusps
at least as steep as p(r) o< 7~1 (e.g. Navarro et al. 1996). Nevertheless, there is
the possibility that the density cusps and the central black holes are associated.

Several authors have discussed the formation of stellar cusps by the slow growth
of a black hole in a pre-existing core. However Merritt (1999) argues that it is
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Figure 14: The left panel shows the black hole mass against the luminosity of the
bulge for 26 early-type galaxies. The right panel shows the black hole mass against
the luminosity weighted velocity dispersion within an effective radius. The solid
line is the best fit correlation and the dotted lines are the 68% confidence limits
(From Gebhardt et al. 2000).

probably not realistic to consider the growth of a black hole in an initial isother-
mal sphere with a large core radius, because simulations of violent relaxation
tend to produce systems that are already cusped. The growth of a black hole in
such a cusped system would give a yet steeper cusp. The shallow cusps of the
bright ellipticals are then more difficult to understand in this adiabatic model.
An alternative picture for the central regions of these bright ellipticals is through
the coalescence of two black holes following a merger of two galaxies, which would
transfer energy from the binary black holes to the stars in the inner regions (see
for example Makino & Ebisuzaki 1996). This process creates a shallow core with
mass comparable to the mass of the black holes. The break radius 7}, is then the
scale of the region affected by the binary black hole.
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