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ABSTRACT

The core and global properties of the early-type (“red sequence”) galaxies in the Virgo and
Fornax clusters are examined using high-quality HST/ACS imaging for 143 galaxies. Rather than
dividing neatly into disparate populations having distinct formation and/or evolution histories,
many of the core and global properties of these galaxies show smooth and systematic variations
along the galaxy luminosity function. The few examples of the rare class of compact elliptical
galaxies in our sample all show properties that are strongly suggestive of tidal stripping by massive
galaxies; if so, then these systems should not be viewed as populating the low-luminosity exten-
sion of so-called “normal” elliptical sequences. These results demonstrate that complete and/or
unbiased samples are a pre-requisite for identifying the physical mechanisms that gave rise to the
early-type galaxies we observe locally, and how these mechanisms varied with mass and environ-
ment.
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1. INTRODUCTION

An understanding of the physical processes that shaped
the structure of galaxies we observe locally is a key
goal of modern astrophysics. This goal, however, has
proved challenging for early-type galaxies which are
historically believed to exhibit puzzling structural “di-
chotomies” that suggest sharply disjointed formation
processes. For instance, bright elliptical galaxies have
been reported to divide — at roughly MB ≈ −20.5, cor-
responding to a stellar mass of M∗ ≈ 2 × 1011 M¯ —
into two distinct populations based on the logarithmic
slope of their central surface brightness profiles (i.e.,
the “core/power - law dichotomy”; e.g., Ferrarese et al.,
1994; Lauer et al., 1995). This apparent dichotomy has
been interpreted as evidence for two distinct galaxy
populations whose core properties are thought to re-
sult from either supermassive binary black hole evolu-
tion (“core” galaxies) or gas dissipation (“power-law”
galaxies).

Meanwhile, at somewhat lower luminosities and

masses (i.e., MB ≈ −17.5 and M∗ ≈ 6 × 109 M¯),
an abrupt change in central and global structure has
been claimed to separate “normal” ellipticals (com-
prised of both “core” and “power-law” galaxies) from
low-luminosity “dwarf” or “spheroidal” systems (e.g.,
Kormendy, 1985). It should be noted, however, that
several subsequent studies have questioned the exis-
tence of both dichotomies, finding that at least some
galaxies with intermediate properties may bridge the
respective gaps (e.g., Jerjen & Binggeli, 1997; Rest
et al., 2001; Ravindranath et al., 2001; Graham et al.,
2003; Graham & Guzmán, 2003; Gavazzi et al., 2005).

2. SAMPLE SELECTION AND ANALYSIS

The ACS Virgo (Côté et al., 2004) and Fornax (Jordán
et al., 2007a) Cluster Surveys are large HST imaging
programs that were carried out, in part, to character-
ize these structural dichotomies using high-resolution,
multi-color, homogeneous imaging for a carefully se-
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Fig 1.— Mosaic showing the 100 galaxies observed
in the ACS Virgo Cluster Survey. These galaxies
constitute a complete sample of early-type systems
in the Virgo Cluster brighter than MB ≈ −19, and
an unbiased sample of 54% of all Virgo early types
down to MB ≈ −15. The corresponding sample
in the Fornax Cluster is complete down to MB ≈
−16.1.

lected sample of early-type galaxies belonging to the
two galaxy clusters nearest to the Milky Way (see Fig-
ure 1)1. In order to shed light on the dichotomies men-
tioned above, the central and global properties of early-
type galaxies (e.g., E, S0, E/S0, S0/E, or their “dwarf”
counterparts; Binggeli et al., 1985; Ferguson, 1989)
were derived simultaneously by parameterizing the sur-
face brightness profiles — derived from ACS imaging
and supplemented with ground-based photometry from
the literature or from SDSS — with the family of Sérsic
models (e.g., Sérsic, 1968; Caon et al., 1993, 1994; Gra-
ham et al., 2003). A secondary goal of the surveys
(see §3.3) was to characterize the properties of glob-
ular cluster systems for a large sample of early-type
galaxies that span a wide range in galaxy luminosity
and mass, thereby extending pioneering HST archival
studies of globular clusters in early-type environments
(Gebhardt & Kissler-Patig, 1999; Kundu & Whitmore,
2001; Larsen et al., 2001).

At this point, a word on the sample selection is in

1For more information on these HST programs, see:

https://www.astrosci.ca/users/VCSFCS

Fig 2.— Distribution of ACS Virgo and ACS For-
nax Cluster Survey galaxies in the Mr-(u-r) color-
magnitude diagram. Note that these galaxies fall
along the red sequence in the color-magnitude dia-
gram. The grayscale image shows the distribution
for a low-redshift sample of galaxies from the SDSS
(Baldry et al., 2004). Although there is disagree-
ment over the exact morphological classifications for
many of the Virgo and Fornax galaxies, they have
been tentatively divided into Es, S0s and “dwarfs”
(blue, green and orange symbols, respectively). Red
symbols show the rare class of “compact ellipticals”
in our sample.

order. In many past studies, galaxies were selected on
the basis of morphology (e.g., choosing pure samples
of Es, S0s, or dwarfs — often by relying on morpho-
logical classifications from early photographic resources
such as the RC3). Since our comparison of morpholog-
ical classifications for Virgo and Fornax galaxies taken
from various sources often showed poor agreement —
particularly at intermediate luminosities where the dis-
tinction between E and S0s (see also Emsellem et al.,
2007) and between “giants” and “dwarfs” is not al-
ways obvious from visual inspection — it was decided
to focus on the ensemble of early type galaxies. As Fig-
ure 2 shows, this broad morphological selection effec-
tively isolates those galaxies that define the local “red
sequence” in the color-magnitude diagrams of these two
clusters. Thus, the sample selection used here roughly
mirrors the one that is widely used in the study of much
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Fig 3.— Five red-sequence galaxies from the ACS
Virgo Cluster Survey chosen to illustrate the conti-
nuities in central and global structure. (Upper Row)
ACS/F475W images showing the inner 15′′×15′′

(≈ 1.2 kpc×1.2 kpc) for each galaxy. (Middle
Row) Azimuthally-averaged surface brightness pro-
files and the best-fit double Sérsic models; the dot-
ted and dashed curves show the nuclear and global
components, respectively. [For the brightest galaxy,
the best-fit “core-Sérsic” model is shown.] The ar-
row in each panel is drawn at 2% of the effective
radius of the galaxy. (Lower Row) Deprojected, lu-
minosity density profiles for the same five galaxies
(from Glass et al., 2010). The solid curves show
the deprojected profiles corresponding to the solid
curves shown in the middle row. Dashed curves
show the profiles corresponding to the inward ex-
trapolation of the Sérsic models that best fit the
outer profile (i.e., the main body of the galaxy it-
self).

more distant galaxy populations.

3. RESULTS

3.1. Central Surface Brightness Profiles: From a Lu-

minosity “Deficit” to “Excess”

Figure 3 shows that the azimuthally-averaged surface
brightness profiles of early-type galaxies can be param-
eterized accurately over a wide range in radius (∼> 3
decades) by Sérsic (1968) models (see Ferrarese et al.,
2006a, b; Côté et al., 2006, and earlier studies by Caon
et al., 1993, 1994; Jerjen & Binggeli, 1997; Graham &
Guzman, 2003; Gavazzi et al., 2005). This applies not
just to luminous “giants” (with Sérsic indices of n ∼ 4)

Fig 4.— Global properties for galaxies from the ACS

Virgo and Fornax Cluster Surveys. The panels on the

left (a-e) show parameters relating to the galaxies them-

selves while those on the right (f-j) show the global

properties of their associated globular cluster systems.

Galaxies have been divided by morphology as in Fig-

ure 2. The red symbols show the “compact ellipticals”

which are outliers in Figure 2. The smooth curves show

polynomials fitted to each parameter, highlighting the

continuities along the red sequence luminosity function.

and faint “dwarfs” (n ∼ 1), but also to galaxies with
intermediate luminosities.

An important qualification is that there are system-
atic deviations in the innermost regions (R ∼< 0.02 Re)
of most galaxies. Those brighter than MB ∼ −20.5
(M∗ ∼ 1011 M¯) show central luminosity deficits with
respect to inward extrapolations of Sérsic models, pos-
sibly due to core evacuation caused by coalescing black
hole binaries (e.g. Ebisuzaki et al., 1991; Faber et
al., 1997; Milosavljević & Merritt, 2001). By contrast,
galaxies fainter than MB ∼ −19.5 (M∗ ∼ 1010.6 M¯)
usually show central luminosity excesses, or nuclei (Fer-
rarese et al., 2006b; Côté et al., 2006)2 that may in
some cases be the signature of star formation resulting
from gas inflows during mergers or accretions (Mihos
& Hernquist, 1994; Côté et al., 2007; Hopkins et al.,
2009; Kormendy et al., 2009), although other processes,

2This result has recently been confirmed by Kormendy et al.

(2009), who re-analyzed a subset (40/100) of the ACS Virgo Clus-

ter Survey galaxies.
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such as nucleus growth from globular clusters that have
been drawn to the galaxy center by dynamical friction
(Tremaine et al., 1975), may also play a role. In any
case, these deviations typically amount to less than one
percent of the total galaxy luminosity and they are con-
fined to within ∼ 1% of the radial range over which
Sérsic models fit with high accuracy. Thus, these cen-
tral deviations do not influence the global structural
parameters.

3.2. Global Properties

Figure 4 confirms that, although the global properties
of the galaxies do indeed vary along the luminosity
function, they do not do divide into discrete, mutually
exclusive populations. For instance, the left panels of
this figure plot the variation with absolute magnitude of
several basic global parameters: mean ellipticity, mean
isophote shape, g-band surface brightness measured at
a fixed physical scale of 400 pc, mean (g−z) color, and
velocity dispersion measured inside Re/8. The smooth
curves drawn in each panel show low-order polynomial
fits, illustrating the continuities along the luminosity
function. This exercise demonstrates the importance
of sample selection: i.e., had one simply selected sam-
ples of bright (“normal”) ellipticals and faint (“dwarf”)
galaxies, it would be tempting to conclude that the two
samples are fundamentally distinct in their properties.

3.3. Globular Cluster Properties Along the Luminos-

ity Function

As mentioned in §1, a second motivation of the ACS
Virgo and Fornax Cluster Surveys was a characteriza-
tion of the properties of globular clusters in early-type
galaxies. The right panels of Figure 4 show the vari-
ation along the galaxy luminosity function of several
important observables for the globular clusters in these
galaxies, taken from the studies of Jordán et al. (2005,
2007b), Peng et al. (2006, 2008), Villegas et al. (2010)
and Masters et al. (2010). From top to bottom, these
panels show the mean globular cluster color, specific
frequency, mean half-light radius, and the “turnover”
magnitude and dispersion of the globular cluster lumi-
nosity function. In almost every case, there is a gradual
and systematic variation along the red sequence lumi-
nosity function, contrary to what would be expected
if there were sharp discontinuities in the physical pro-
cesses that shaped these galaxies.

3.4. The Case of the Compact Ellipticals

Although Figures 2 and 4 show smooth trends from
the brightest elliptical galaxies down to the regime of
“dwarf” galaxies (i.e., those systems usually denoted
by the dE, dS0, dSph or Sph nomenclature), there is a
handful of galaxies that do seem to depart from the se-
quences defined by the majority of early-type galaxies.
These four galaxies, which are plotted in red in both
figures, are examples of the rare class of “compact el-
lipticals”.

Like M32, the proto-type for this class, each of these
galaxies is found close to a much more massive compan-
ion. Moreover, all have some unusual properties that
are qualitatively consistent with those expected for ob-
jects that have undergone substantial tidal stripping
(Faber, 1973; Bekki et al., 2001; Chilingarian et al.,
2009): e.g., compact size, high surface brightness, un-
usually red color and reduced GC specific frequency.
These results suggest that compact ellipticals like M32
should not be viewed as low-luminosity analogs of “gi-
ant E” galaxies, as has sometimes been claimed (e.g.,
Kormendy, 1985; Kormendy et al., 2009), but, rather,
as unusual objects whose extreme properties are the
signature of an atypical formation channel, in which
one of the many physical processes (e.g., merging, strip-
ping, harassment, dissipation, etc.) acting on galax-
ies has been dominant in their evolution (Chilingarian
et al., 2009; Price et al., 2009). This interpretation
would be consistent with the observation of Bender
et al. (1992) that: “The rarity of such galaxies [cEs]
suggests that this does not happen often during galaxy
formation.”

4. DIRECTIONS FOR FUTURE RESEARCH

A number of conclusions can be drawn from the above
discussion. First, the importance of a well-defined, ob-
jective galaxy selection function can scarcely be over-
estimated; while morphology will always play a role in
the study of galaxy evolution, it seems preferable in
the future to use quantitative selection criteria (such
as location in the galaxy color-magnitude diagram; see
Figure 2) to isolate complete and/or unbiased samples
that can be then used to determine what morphology
may be telling us about the relative balance of the phys-
ical properties driving galaxy evolution, rather than
the other way around. Second, it will be important
to extend the imaging surveys described here to lower
masses and bluer colors (= later types) with high lev-
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els of completeness. Two large imaging surveys are now
underway that should provide important steps forward
in this area: (1) the ACS Coma Cluster Survey on HST
(PI = Carter) and; (2) the Next Generation Virgo Clus-
ter Survey on CFHT (PI= Ferrarese). The latter sur-
vey, which should be completed in 2012, is currently
surveying the entire Virgo Cluster in ugiz down to a
point-source depth of gAB ' 25.7 (10σ). It will en-
able a more complete characterization of galaxy scal-
ing relations — as well as those of their globular cluster
systems — from the level of brightest cluster members
down to dwarf galaxies with luminosities approaching
those of Galactic dSphs.
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