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ABSTRACT

We present a study of the population of bright early-type dwarf galaxies in the multiple-cluster system Abell 901/902. We use data
from the STAGES survey and COMBO-17 to investigate the relation between the color and structural properties of the dwarfs and
their location in the cluster. The definition of the dwarf sample is based on the central surface brightness and includes galaxies in the
luminosity range −16 ≥ MB >∼ −19 mag. Using a fit to the color magnitude relation of the dwarfs, our sample is divided into a red and
blue subsample. We find a color-density relation in the projected radial distribution of the dwarf sample: at the same luminosity dwarfs
with redder colors are located closer to the cluster centers than their bluer counterparts. Furthermore, the redder dwarfs are on average
more compact and rounder than the bluer dwarfs. These findings are consistent with theoretical expectations assuming that bright
early-type dwarfs are the remnants of transformed late-type disk galaxies involving processes such as ram pressure stripping and
galaxy harassment. This indicates that a considerable fraction of dwarf elliptical galaxies in clusters are the results of transformation
processes related to interactions with their host cluster.

Key words. galaxies: dwarf – galaxies: formation – galaxies: evolution – galaxies: clusters: individual: Abell 901/902 –
galaxies: structure

1. Introduction

Early-type dwarf galaxies appear to be spheroidal stellar sys-
tems with no signs of ongoing star formation, dust content, or
substructures, except a compact high surface brightness nucleus
in the center, which is found in a large fraction of early-type
dwarfs (Caldwell 1983; Binggeli & Cameron 1991; Ryden et al.
1999; Barazza et al. 2003; Lisker et al. 2006). Whether early-
type dwarfs constitute a genuine class of galaxies or are merely
the counterparts of giant elliptical galaxies at lower luminosi-
ties is a matter of ongoing debate. The interpretation of early-
type dwarfs as smaller and fainter versions of giant ellipticals is
based on the continuity of some structural parameters (Jerjen &
Binggeli 1997; Graham & Guzmán 2003; Trujillo et al. 2004;
Gavazzi et al. 2005; Ferrarese et al. 2006), while the dichotomy
picture rests upon the assumption that early-type giants and

dwarfs have different formation origins (merger vs. transforma-
tion; Wirth & Gallagher 1984; Kormendy 1985; Kormendy et al.
2009). In the latter case early-type dwarfs are often referred to as
spheroidals, in order to distinguish them from ellipticals. We re-
fer to our sample of early-type dwarfs as dwarf ellipticals (dEs),
without giving preference to either of the two interpretations.

One of the most important aspects of dEs is that they
are almost exclusively located in regions of high galaxy den-
sity. In fact, they can be regarded as the typical galaxy type
in galaxy clusters, where they numerically dominate the total
galaxy population (Binggeli et al. 1985; Ferguson & Sandage
1989; Ferguson & Binggeli 1994). On the other hand they seem
to be almost absent in low density regions outside of clusters and
galaxy groups (Binggeli et al. 1990; Mateo 1998; Haines et al.
2007). Therefore, the formation and evolution of dEs seems to
be intimately connected to their environment. The most likely
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processes believed to be dominant in high density environments
are ram pressure stripping (Gunn & Gott 1972; Lin & Faber
1983; Abadi et al. 1999; van Zee et al. 2004), tidal shaking or
stirring (Mayer et al. 2001b), and galaxy harassment (Moore
et al. 1998; Mastropietro et al. 2005). These processes can
strongly affect infalling galaxies causing substantial mass loss,
the termination of star formation, probably preceded by a fi-
nal starburst, and transform the galaxies morphologically (e.g.,
Boselli & Gavazzi 2006). If the structure and photometric prop-
erties of dEs are due to such transformation processes, the pro-
genitors might be significantly different. On the other hand, there
also remains the possibility that a certain fraction of dEs belong
to the primordial cluster galaxy population and never suffered
from transformations.

In order to connect the formation of dEs to their environ-
ment, observational indicators have to be found, which are very
likely to be caused by interactions with the environment. One
promising route is to identify properties which the dEs may have
inherited from their progenitors, and which have not been erased
completely during the transformation. The hidden disk, spiral,
and bar features discovered in a number of dEs in different clus-
ters are believed to be such remnant structures (Jerjen et al. 2000;
Barazza et al. 2002; Graham et al. 2003; De Rijcke et al. 2003;
Lisker et al. 2006). These structures are only visible, when image
processing methods such as unsharp masking or model subtrac-
tions are applied, and indicate that the dEs are the products of
transformations caused by the interactions of disk galaxies with
the cluster and its members. Supporting this picture is the obser-
vation that some dEs themselves (De Rijcke et al. 2001; Pedraz
et al. 2002; Geha et al. 2003; van Zee et al. 2004) or their globu-
lar cluster systems are rotating (Beasley et al. 2006, 2009), which
indicates their origin as disky systems.

Another indication connecting the origin of dEs to their en-
vironment are relations between properties of the dE population
and measures of the local galaxy density. Such relations are ex-
pected according to simulations of transformation processes in
a cluster environment (Moore et al. 1998; Mastropietro et al.
2005; Tonnesen et al. 2007). Observational indications for cor-
responding properties of dE populations in specific galaxy clus-
ters have been found in a number of studies, using different ap-
proaches. Secker (1996) found a significant color gradient in
the projected radial distribution of a sample of ∼250 dEs in the
Coma cluster. This color gradient was interpreted as a metallic-
ity gradient caused by the confinement pressure of the intraclus-
ter gas (Babul & Rees 1992). A similar result was reported by
Rakos & Schombert (2004), who found nucleated dEs (dENs)
to be redder than non-nucleated dEs. The former are known
to exhibit a stronger clustercentric concentration than the lat-
ter (van den Bergh 1986; Binggeli et al. 1987) resulting again
in a color gradient. Based on the different color properties of
dENs they were also found to be on average 5 Gyr older than dEs
(Rakos & Schombert 2004). A different approach was chosen by
Michielsen et al. (2008) and Smith et al. (2009), who used spec-
troscopic observations of dEs in different clusters to find an age
gradient in the sense that older dEs are located closer to the clus-
ter centers than their younger counterparts. Such gradients alone
do not prove an environmental transformation, but are predicted
by models of galaxy interactions in clusters and can therefore be
compared quantitatively with these predictions.

In general, the color or age gradients found are rather shallow
and the scatters of the individual points are large. We try to im-
prove on this situation with the present study. We use HST/ACS
images from the Space Telescope A901/902 Galaxy Evolution
Survey (STAGES, Gray et al. 2009) and spectral energy

distribution (SED) fits from COMBO-17 (Wolf et al. 2003) to
investigate the color and structural properties of the dE popu-
lation and their relation to the cluster environment. Our sample
of 470 early-type cluster galaxies also includes giant ellipticals,
which we use as a comparison sample. The analysis is based on
color, central surface brightness, Sérsic index, and concentration
index. In Sect. 2 we describe the data used and the definition of
the sample. In Sects. 3−5 we discuss the color−magnitude rela-
tion of the sample, the distribution of the galaxies in the cluster
region, and the compactness of the objects, respectively. A dis-
cussion follows in Sect. 6 and a summary in Sect. 7. Throughout
the paper, we assume a flat cosmology with ΩM = 1 −ΩΛ = 0.3
and H0 = 70 km s−1 Mpc−1.

2. Sample selection from STAGES

2.1. The data from the STAGES survey

STAGES is a multiwavelength survey aimed at the study of
galaxy formation and evolution in different environments. It cov-
ers an area of 0.5◦ × 0.5◦ centered on the multiple-cluster sys-
tem Abell 901(a,b)/902. The multiple-cluster system A901/902
at z = 0.165 consists of four galaxy accumulations of dif-
ferent sizes: three clusters and one group (Gray et al. 2002).
The principal dataset used in our study is the 80-orbit HST
ACS F606W mosaic, which provides images with a scale of
0.′′03/pixel and a point spread function (PSF) of 0.′′1, correspond-
ing to ∼282 pc at z = 0.165. For all galaxies photometric red-
shifts are available from COMBO-17 (Wolf et al. 2003, 2005)
with δz/(1+ z) ∼ 0.007−0.022 for our sample (Gray et al. 2009).
Supplementary to the optical data dark matter maps from weak
lensing (Heymans et al. 2008), total star formation rates based
on UV and Spitzer observations (Bell et al. 2005), and stellar
masses (Borch et al. 2006) are available for the cluster field.

In addition to the multiwavelength dataset described above,
the STAGES imaging data were processed with the data pipeline
GALAPAGOS (Galaxy Analysis over Large Areas: Parameter
Assessment by GALFITting Objects from SExtractor; Barden
2009, in prep.). Part of this pipeline is an analysis of the surface
brightness profiles of the galaxies based on GALFIT (Peng et al.
2002), which provides structural parameters such as effective
radii (re) and Sérsic indices (n) for all galaxies. The latter is used
in our study as a measure of the compactness of our galaxies. In
addition, we also use the CAS concentration index C (Bershady
et al. 2000) derived using the CAS code (Conselice et al. 2000,
2003) by Heiderman et al. (2009). See Gray et al. (2009) for a
detailed description of the entire data reduction and processing
work.

We are only interested in cluster galaxies and our initial sam-
ple is based on the general definition of the cluster sample ap-
plied to the STAGES catalog (Gray et al. 2009). The membership
criterion is based on the photometric redshifts. Galaxies with
zcluster − Δz < zgalaxy < zcluster + Δz are considered to be cluster
members, where Δz depends on the total apparent R magnitude
and is defined as

Δz(R) =
√

0.0152 + 0.00965252(1 + 100.6(RTOT−20.5)).

This photo-z width assures a completeness of >90% down to
RVega = 24 mag (for details see Gray et al. 2009). This definition
results in a cluster sample of 1990 galaxies. Our final definition
of the early-type cluster members and the subsample of dwarf
galaxies is described below.
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Fig. 1. a) The MB distribution of all early-type galaxies (solid+dotted histogram). The solid histogram shows the sample considered in our study.
The dashed line indicates a possible separation between giants and dwarfs. b) Absolute B-band magnitude versus central surface brightness
measured on the F606W-band images within the central ∼420 pc of the galaxies. The dashed line indicates a possible separation between giants
and dwarfs.

2.2. Visual classifications

All galaxies in the final STAGES catalog with z < 0.4 and R <
23.5 mag have been visually classified (5090 objects in total).
The classification was performed by seven co-authors (AA-S,
FDB, MEG, KJ, KL, DHM, CW) making sure that each galaxy
was inspected by at least three classifiers. Thus, not all galaxies
have been classified by all classifiers, but for each galaxy at least
three independent classifications are available. Each galaxy was
assigned a Hubble type, including the barred subclasses, rep-
resenting an average of all available classifications. The agree-
ment among the classifiers was in general very good and we base
our selection of the parent sample of early-type galaxies on this
classification.

2.3. The definition of the dE sample

Based on the cluster sample of 1990 galaxies and their vi-
sual classification we define our sample of dEs. First, we se-
lect all galaxies classified as E or S0. Since the distinction be-
tween Es and S0s is rather difficult, particularly for the fainter
dwarf early-type galaxies, we match the E and S0 classes and
obtain a sample of 550 early-type galaxies. We note that visual
types are only available for 1713 galaxies, since only objects
with R < 23.5 mag have been visually classified. This con-
cerns galaxies with MB >∼ −15.5 mag, which would be excluded
anyway (see below). As shown in Gray et al. (2009, Fig. 14)
the contamination by field galaxies increases sharply for objects
with R > 22 mag. We therefore apply a lower magnitude cut
at MB ≤ −16 mag, where the contamination is estimated to be
∼35%. This reduces the sample to 470 objects, which constitute
our basic sample considered in the analysis below.

Our basic sample includes all cluster galaxies with MB ≤
−16 mag classified as either E or S0, which we now want to

separate into giant E and dwarf E1. The original method to dis-
tinguish dEs from Es is based on morphological grounds using
the fact that dEs have a relatively low central surface bright-
ness and a rather flat surface brightness profile compared to gi-
ant Es (Sandage & Binggeli 1984; Ferguson & Sandage 1990;
Ferguson & Binggeli 1994). On images with sufficient resolu-
tion and depth these features can be visually gauged and the
classification can therefore be done by eye. As a result the tran-
sition from giants to dwarfs occurs around an absolute magni-
tude in the B-band of MB ∼ −18 mag (Sandage et al. 1985),
with some overlap of the two classes. Therefore, absolute mag-
nitudes in the range −17 < MB < −19 mag are often used to
discriminate between dEs and Es (Aguerri et al. 2005; Matković
& Guzmán 2005) or even between dwarf and giant galaxies in
general (Schneider et al. 1990; Patterson & Thuan 1996; van Zee
2001; Barazza et al. 2006; Boselli et al. 2008a).

Our data do not allow to accurately separate dEs from Es
visually and we have therefore to rely on another measure.
As mentioned above, it is clear that applying a magnitude cut
at MB = −18 mag will not cleanly distinguish between dwarfs
and giants: some giants will be in the dwarf sample and some
dwarfs will be missing. This was also shown in a detailed study
of the surface brightness profiles of early-type galaxies in the
Virgo cluster by Kormendy et al. (2009). Dwarf and giant sub-
samples exhibit some overlap in absolute magnitude, but sepa-
rate quite clearly with respect to central surface brightness (see
Fig. 34 in Kormendy et al. 2009). This suggests that the central
surface brightness is a better measure to define a dwarf sample.
Figure 1 illustrates sample selections based on absolute magni-
tude and central surface brightness. Figure 1a shows the MB dis-
tribution of all early-type galaxies in A901/902 (solid+dotted
histogram). The solid histogram indicates the sample considered

1 In the remainder of the paper we only use the term E or dE subsuming
S0s and dS0s.
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Fig. 2. Two additional photometric scaling relations for the early-type dwarf sample (μ0,F606W > 19 mag) and the giant early-type sample μ0,F606W ≤
19 mag. a) The absolute B-band magnitude versus the effective radius (re) determined by a Sérsic fit. The dotted line indicates re = 1.41 kpc. b) re

versus the mean surface brightness (〈μe〉) within re. The dotted line indicates re = 1.41 kpc.

in our study. A possible sample selection is indicated by the
dashed line. Figure 1b shows MB versus the central surface
brightness, μ0,F606W . The latter has been determined using the
central 25 pixels, corresponding to a diameter of ∼420 pc. The
magenta triangles show the dwarf sample as defined in Fig. 1a.
This definition would exclude a number of galaxies with rather
low μ0,F606W . A cut applied at μ0,F606W = 19 mag/arcsec2 in-
cludes all galaxies with MB > −18 mag and leads to two
distinct sequences in a plot of effective radius versus effec-
tive surface brightness (see below, Fig. 2b). It also provides
a division with smaller overlap between the samples, i.e. with
less contamination, and is therefore a cleaner definition of the
dwarf sample. Hence, we regard all early-type galaxies hav-
ing μ0,F606W > 19 mag/arcsec2 as dEs, except seven galaxies
with μ0,F606W > 19 mag/arcsec2 and MB ≤ −19.5 mag, which
we regard as being giant ellipticals with exceptionally low cen-
tral surface brightnesses. Our sample of dEs therefore includes
295 objects.

For the sake of completeness we show in Fig. 2 two addi-
tional photometric scaling relations. In Fig. 2a we plot the ab-
solute B-band magnitude versus the effective radius. The dotted
line indicates an effective radius of re = 1.41 kpc, which was
found to be the typical size of dEs in the Virgo cluster (Boselli
et al. 2008b). Slightly smaller sizes were found for dE pop-
ulations in the Antlia (Smith Castelli et al. 2008) and Coma
(Graham & Guzmán 2003) clusters, however with significantly
smaller samples sizes. Figure 2a shows that among Es brighter
galaxies have large effective radii. For dEs the scatter is much
larger and a similar sequence cannot be clearly identified. This is
primarily caused by the rather small magnitude range covered by
our dE sample (for a comparison see, e.g., de Rijcke et al. 2009,
Fig. 2). In Fig. 2b we plot the effective radius versus the mean
surface brightness within re. Giants and dwarfs form two sepa-
rated sequences of decreasing surface brightness with increasing
effective radius. The sequence for Es is a possible projection of
the fundamental plane of elliptical galaxies and the fact that we
obtain two distinct sequences in this plot supports our definition

Fig. 3. The color−magnitude diagram for our sample of early-type
galaxies. The dwarf and giant subsamples are defined as discussed
in Sect. 2.3. The typical error of the B − V color is in the range
0.10−0.15 mag.

of dwarfs and giants. However, the dE sequence is also caused
by the fact that we exclude galaxies with MB > −16 mag, which
would otherwise appear in the lower left corner of the plot.

3. The color–magnitude relation

Early-type galaxies are typically forming the red sequence in a
plot of absolute magnitude versus color (the color−magnitude

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200912716&pdf_id=2
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diagram, CMD). In Fig. 3 we show such a plot for our early-
type galaxy sample. In fact, Es and a majority of dEs form a
rather tight relation in this plot. However, there are a number of
dEs, which are significantly bluer than expected based on their
magnitude. We emphasize that these objects have been classi-
fied as early-type galaxies, thus they appear to be blue dEs. They
are therefore different than the dEs with blue central colors ob-
served in local dwarf galaxy samples (Lisker et al. 2006; Tully
& Trentham 2008). We have reinspected all galaxies, with large
separations from the red sequence and found that their morpho-
logical classification is in general correct. This is illustrated in
Fig. 4. The top three rows show dEs on the red sequence. Each
galaxy is represented by a F606W-band image (first column),
a color representation of the HST images based on BVR col-
ors from COMBO-17 (second column), and by the residual after
subtracting a Sérsic model from the F606W-band image (third
column). The bottom three rows show the same for dEs with
significantly bluer colors than expected based on their absolute
magnitude. The visual classification was performed using the
F606W-band images. In particular the BVR-based representa-
tions demonstrate the different colors.

A possible reason for the blue colors of these objects could
be a wrong redshift. The contamination of our dE sample by
field galaxies is on the order of <10% down to MB ∼ −19 mag
and ∼35% at MB = −16 mag (Gray et al. 2009). The possible
contamination therefore roughly corresponds to the fraction of
galaxies below the red sequence. For instance, a disk galaxy ef-
fectively located at a higher redshift could appear very similar to
a closer dE, while maintaining its blue color. This interpretation
is supported by the residual images shown in the third column
of Fig. 4. These residuals were obtained by subtracting the best
fitting Sérsic model from the F606W-band image. While the red
dEs hardly show any residual (top three rows), the blue dEs ex-
hibit strong residuals resembling rings, bars, or even spiral arms
(bottom three rows). We emphasize that such strong residuals
are found in a large majority of blue dEs.

These rather blue dEs with large separations from the red
sequence are either very interesting objects in terms of possi-
ble formation scenarios of dEs or they are simply contaminants,
which effectively are at higher redshifts. We cannot distinguish
between these two possibilities on an individual basis, but we
assume that a majority are not cluster members. We will ob-
tain a better assessment of their cluster membership through
the analysis of low resolution prism spectroscopy with Magellan
(IMACS/PRIMUS) for galaxies down to R = 23.6 mag. These
observations have already been performed and the data analy-
sis is underway. For now we include these galaxies in the fol-
lowing analysis and show them as a separate subsample as de-
fined below.

Figure 3 has shown that Es and a majority of dEs form a red
sequence in a CMD. Now we want to compare this red sequence
to the one found for dEs in the Virgo cluster and use the corre-
sponding fit to further subdivide our dE sample. In Fig. 5 we plot
a CMD in SDSS u- and r-bands (we use the SDSS filters here,
since the Virgo study has been performed with SDSS data). The
solid line is the fit to the red sequence of dEs in the Virgo cluster
obtained in the study of Lisker et al. (2008). We use this fit rather
than a fit to our own data, because it is based on a dE sample cov-
ering a much larger range in magnitudes. The dEs in our sample
are in good agreement with the Virgo fit, while the majority of Es
are shifted towards redder colors. A nonlinear color−magnitude
relation for a combined sample of giant and dwarf early-type
galaxies has been reported by Janz & Lisker (2009), while
linear color−magnitude relations have been found in recent

photometric studies of nearby galaxy clusters (Misgeld et al.
2008, 2009; Smith Castelli et al. 2008). We use this fit to fur-
ther subdivide our dE sample, which is indicated in Fig. 5 by the
red, green, and blue circles. We define three subsamples based
on the fit and on a parallel shift of the fit by 0.25 mag to the
blue (dotted line): dEs with redder colors than expected based
on their magnitude (“red dEs”, 103 objects), the subsample of
dEs with bluer colors (“intermediate dEs”, 126 objects), and the
subsample of dEs, which exhibit rather large separation from the
red sequence as discussed above (“blue dEs”, 66 objects).

This approach is based on the assumption that the interaction
of the galaxies with the cluster causes them to move from the
blue cloud to the red sequence on the CMD. This process takes
some time and the change in color of a galaxy is not occurring at
once. In this picture, the redder dEs are subjected to this process
for a longer time than the bluer dEs and are also believed to have
an older stellar population (see the discussion of corresponding
results in Sect. 4). By separating the dEs along the red sequence
fit, we are trying to investigate this process in the following.

4. The distribution of dEs in A901/902

The distribution of early-type galaxies in the multiple-cluster
system is shown in Fig. 6. Four distinct subcomponents have
been identified in A901/902 (A901a, A901b, A902, and the
South West group (SW group), Gray et al. 2002; Heymans et al.
2008), which are indicated by black crosses in Fig. 6a. The cir-
cles have a radius of ∼500 kpc. The galaxies are clearly con-
centrated towards the four structure centers. In particular the red
dEs avoid the region between the subcomponents (central region
in Fig. 6a). In a next step we determine the projected distances
(in arcsec) of all galaxies to the nearest subcomponent. We bin
these distances in four distance ranges and show the correspond-
ing fraction of each subsample within these bins in Fig. 6b. Also
shown is the result for a random distribution of galaxies. It is
based on the average of 1000 random distributions of 180 galax-
ies in the cluster system. As indicated by Fig. 6a, the red dEs
are strongly concentrated towards the centers of the subclumps,
with a fraction of ∼56% within the first two bins (correspond-
ing to ∼560 kpc). Only ∼35% of the intermediate dE popula-
tion is located within the same radius. A KS-test shows that the
probability that the red and intermediate subsamples stem from
the same parent distribution is <0.5%. The distribution for Es is
rather flat, i.e., still strongly concentrated towards the centers as
opposed to a random distribution (magenta line), but to a lesser
degree than red dEs. The population of blue dEs shows no con-
centration towards the centers and their distribution is the same
(within errors) as the one expected for a unrelated field popula-
tion (magenta line).

The difference between the distributions of red and interme-
diate dEs corresponds to a color-density or color-radius relation,
after the correlation between color and luminosity has been re-
moved. Hence, the scatter of the red sequence for dEs in Fig. 5
is related to the distribution of the galaxies in the cluster region.
Figure 7 shows the U − V-color as a function of distance to the
nearest cluster center for red and intermediate dEs. The over-
all color-density relation of the dEs on the red sequence is in
fact quite weak, showing the importance of the normalization
by luminosity.

The fact that early-type dwarfs are strongly concentrated to-
wards the centers of their host clusters was also found in stud-
ies of local galaxy clusters (Binggeli et al. 1987; Ferguson &
Sandage 1989; Lisker et al. 2007). In particular, nucleated dEs
exhibit a stronger concentration towards the cluster center than
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MB = −17.79 mag
log(re[pix]) = 1.16

〈μe〉 = 21.39 mag

MB = −17.51 mag
log(re[pix]) = 1.10

〈μe〉 = 21.23 mag

MB = −17.83 mag
log(re[pix]) = 1.35

〈μe〉 = 22.33 mag

MB = −17.79 mag
log(re[pix]) = 0.92

〈μe〉 = 20.42 mag

MB = −17.64 mag
log(re[pix]) = 1.16

〈μe〉 = 21.69 mag

MB = −16.93 mag
log(re[pix]) = 1.00

〈μe〉 = 21.43 mag

Fig. 4. Examples of dEs on the red sequence and dEs with large separations from the red sequence. First column: the F606W-band stamp; second
column: a color representation of the HST images based on BVR colors from COMBO-17 of the same galaxies; third column: residual after
subtracting a Sérsic model of the same galaxies; fourth column: photometric parameters as plotted in Fig. 2. The top three rows show dEs on the
red sequence and the bottom three rows show dEs with large separations from the red sequence. All images are ∼4.2 kpc on a side.

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/200912716&pdf_id=4
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Fig. 5. The CMD in SDSS u- and r-bands. The solid line is a fit to the
red sequence of dEs in the Virgo cluster from Lisker et al. (2008). The
dotted line is the same, but shifted by 0.25 mag to the blue. These lines
are used to define three subsamples of dEs. The color has a typical error
in the range 0.10−0.15 mag.

the typically fainter non-nucleated dEs. A finding, we cannot
verify with our data (see below). A significant trend of dE color
with clustercentric radius in the Coma cluster, where redder dEs
tend to be closer to the cluster center, was reported by Secker
(1996); although the scatter of the data points was rather large.
A similar result based on the color−magnitude relations for dif-
ferent dEs subpopulations was also found by Lisker et al. (2008)
for the Virgo cluster. Moreover, Wolf et al. (2007) find evidence
for a relation between the residuals from the color−magnitude
relation and local galaxy density for objects in the range −18 <
MV < −20 mag using the COMBO-17 data for A901/902. On
the other hand, Sánchez-Janssen et al. (2008) did not find a color
gradient among red dwarf galaxies in a large compilation of
galaxy clusters mapped by the SDSS. In general the gradients
found are weak and only significant taking into account pro-
jection effects and assuming that these will always weaken an
intrinsic color gradient. Finally, age gradients in the sense that
older dEs are closer to the cluster centers were found in the Virgo
(Michielsen et al. 2008) and Coma clusters (Smith et al. 2009).
These studies also show that the dEs lying closer to the clus-
ter centers tend to be more metal poor. Together with the results
presented in our study, this indicates that the color differences
among dEs with the same luminosity are more related to their
ages than to their metallicities.

5. The compactness of dEs

Many dEs are found to harbor nuclei, which most likely are
massive compact star clusters like the nuclei in nearby low-
luminosity spirals (Kormendy & McClure 1993; Phillips et al.
1996; Matthews et al. 1999; Böker et al. 2002). The nuclei in dEs
are located at or near the center of the luminosity distribution of
the host galaxy (Binggeli et al. 2000; Barazza et al. 2003) and
have sizes in the range <∼2 ∼ 60 pc (Geha et al. 2002; Côté et al.
2006). In models of dE formation, nucleated dEs (or dENs) are

predicted to be more strongly concentrated towards the cluster
centers than non-nucleated dEs, since the former are more ro-
bust against the impact of the environment (Moore et al. 1998).
This property of the dEN population was reportedly found in the
Virgo cluster (van den Bergh 1986; Binggeli et al. 1987; Lisker
et al. 2007), but the result is still controversial (Côté et al. 2006).

Due to their small sizes, the nuclei in our dEs cannot be
resolved and their identification is therefore very uncertain.
However, in order to investigate, whether the more robust dEs
exhibit a stronger clustercentric concentration, we can rely on
other measures of compactness, indicating the possible presence
of a nucleus. We have shown in Fig. 6b that the red dEs are more
centrally concentrated within the cluster than the intermediate
dEs. Now we test, whether the former are more compact than
the latter. In Fig. 8 we show the histograms of different com-
pactness indicators for our subsamples. Figure 8a shows the dis-
tributions of the central surface brightness for red and intermedi-
ate dEs. The two distributions are indeed different: red dEs have
higher central surface brightnesses with a median of 〈μ0,F606W〉 =
20.27 mag/arcsec2 compared to 〈μ0,F606W〉 = 20.86 mag/arcsec2

for intermediate dEs. A KS-test shows that the probability that
the two samples are drawn from the same parent distribution
is <1%. For the Sérsic index n, shown in Fig. 8b, we obtain a
similar results: the median values are 〈n〉 = 2.45 and 〈n〉 = 2.12
for red and intermediate dEs, respectively. The KS probability is
<0.1%. The result is less pronounced for the concentration in-
dex C (Fig. 8c), derived using the CAS code (Conselice et al.
2000; Heiderman et al. 2009). For C we find 〈C〉 = 3.61 for
red dEs and 〈C〉 = 3.55 for intermediate dEs, with a KS prob-
ability of ∼3%. These findings indicate that dEs located close
to the cluster centers are on average redder and more compact
than their counterparts at larger radii. Moreover, the results also
support the expectation that nucleated dEs should be more cen-
trally concentrated within the cluster than non-nucleated dEs.
This view is also based on the fact that our two dE subsamples
show significant differences in terms of μ0,F606W and n, which are
better tracers of the presence of a nucleus than C, since they are
more sensitive to the very central part of the surface brightness
profiles of the objects. Finally, Fig. 8d shows the distributions
of the axis ratios (q). Red dEs tend to be rounder (〈q〉 = 0.72)
than intermediate dEs (〈q〉 = 0.64, KS probability ∼7%). In fact,
dENs are found to be rounder on average than non-nucleated
dEs (Binggeli & Popescu 1995), which provides further support
for our finding that more compact (and possibly nucleated) dEs
exhibit a stronger concentration towards the cluster centers than
the dE population in general.

6. Discussion

The main finding of our study is a color-density relation among
dEs in the sense that for galaxies with the same luminosity the
redder objects are located closer to the cluster center than the
bluer ones. In addition, the redder dEs tend to be more compact
and rounder. These findings indicate that fundamental properties
of dEs are affected by the interaction with the cluster environ-
ment. In particular the star formation history (color-density rela-
tion) and the structure (compactness and roundness) of dEs seem
to depend on their specific location within the cluster region.

Before discussing possible processes that could have led to
our findings, we have to point out that the dE population in
clusters covers a wide range of luminosities, reaching magni-
tudes as faint as MB ∼ −10 mag (Sabatini et al. 2003). It is
therefore likely that different formation processes are at work
and that the faint dEs have a different origin than their brighter
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Fig. 6. a) A map of the multiple-cluster system A901/902 showing the distribution of all early-type galaxies. The different colors represent the
subsamples as defined in Fig. 5. The circles have a radius of ∼500 kpc. The centers of the four subcomponents of the multiple-cluster system are
indicated by black crosses. b) The fraction of each subsample and a random distribution of galaxies in four distance (to the nearest cluster) bins.

Fig. 7. The total U−V color of red and intermediate dEs as a function of
distance to the nearest cluster center. The filled circles show the average
colors in four distance bins.

counterparts. Since our sample is dominated by rather luminous
objects (MB ≤ −16 mag), our discussion concentrates on the
possible processes leading to the formation of bright dEs.

6.1. Ram pressure stripping

Ram pressure stripping describes the effect of the inter-cluster
medium (ICM) on the inter-stellar material (ISM) of a galaxy
moving through the cluster (Gunn & Gott 1972). If the density of
the ICM is high enough, its pressure can lead to the total or par-
tial removal of the ISM from the moving galaxy. Ram pressure

stripping is more efficient in lower mass galaxies and has there-
fore been invoked as a possible process that terminates star for-
mation in dwarf irregulars and turns them into quiescent dwarf
ellipticals in clusters (Lin & Faber 1983; Abadi et al. 1999;
van Zee et al. 2004). Observational evidence for ram pressure
stripped galaxies in nearby clusters has been presented in recent
studies (e.g., Vollmer et al. 2004; Kantharia et al. 2008). Since
the density of the ICM is increasing towards the cluster centers,
it is plausible that galaxies with smaller clustercentric distances
experience a stronger impact from ram pressure stripping than
galaxies at larger radii. This can affect their star formation his-
tories. The ISM of galaxies close to the cluster centers might be
removed faster and more efficiently, and as a consequence their
star formation terminates earlier compared to their counterparts
at larger radii. The former would then be dominated by an older
stellar population than the latter. Thus, our finding of a color-
density relation is consistent with this picture. The fact that we
find a stronger relation using color residuals, i.e. taking into ac-
count the luminosity of the galaxies, could be due to the fact that
the strength of ram pressure stripping also depends on the mass
of the affected galaxy. On the other hand, our additional results
that the compactness and axis ratios of dEs increase towards the
cluster centers are more difficult to reconcile with this scenario.
It is not clear how the mere removal of gas can cause these struc-
tural signatures. For a discussion of possible explanations and
related issues see Boselli et al. (2008a).

6.2. Galaxy harassment

Galaxy harassment describes the total morphological transfor-
mation of disk galaxies into quiescent spheroidals in a galaxy
cluster through repeated encounters with more massive galaxies
and the cluster’s tidal field (Moore et al. 1998). Hence, this pro-
cess is believed to be able to transform late-type disk galaxies
into dEs. Further N-body simulations have shown (Mastropietro
et al. 2005) that in some cases the transformation remnants can
maintain parts of their original disk structure within a spheroidal
component. Such hidden disk structures have been found in a
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Fig. 8. The distributions of different measures
of compactness and roundness for red dEs
(red histograms), intermediate dEs (green his-
tograms), and giant Es (panels b)−d), black
histograms). a) Central surface brightness,
μ0,F606W , as defined in Sect. 2.3; b) Sérsic in-
dex n; c) concentration index C; d) axis ratio q,
defined as semi-major axis divided by semi-
minor axis.

number of bright dEs in different nearby clusters where spiral
or bar features have been observed (Jerjen et al. 2000; Barazza
et al. 2002; Graham et al. 2003; De Rijcke et al. 2003; Lisker
et al. 2006). The model can also account for the presence of
compact nuclei in the centers of many cluster dEs (Sandage
& Binggeli 1984; Ferguson & Binggeli 1994), which have also
been observed in a large fraction of nearby late-type disk galax-
ies (Carollo et al. 1997; Böker et al. 2002). Moreover, the galaxy
harassment model predicts that the surviving ensemble of dEs
exhibit a color- or age- (also metallicity) density relation within
the galaxy cluster and that the fraction of nucleated dEs in-
creases towards the cluster center (Moore et al. 1998). The color-
density relation found for the A901/902 dEs is therefore consis-
tent with the harassment scenario. Our finding that the redder
dEs are on average more compact and rounder than bluer dEs
also agrees with the model predictions, since nucleated dEs have
been found to be rounder than non-nucleated dEs (Binggeli &
Popescu 1995). Therefore the model predicts an ellipticity gra-
dient among dEs, which can be inferred from our results. On the
other hand, we do not find a gradient in terms of effective radius,
which is also predicited by the harassment model (Mastropietro
et al. 2005). The remnants of the interactions in the outskirts
of the cluster are found to have larger effective radii by a fac-
tor of ∼2 compared to the ones at smaller clustercentric dis-
tances. We do not find a corresponding difference between red
and intermediate dEs, which have roughly the same average ef-
fective radii. Finally, we want to point out that support for the
assumption that late-type, intermediate-mass disk galaxies are
affected by the cluster is provided by a study of the environmen-
tal dependence of the stellar mass-size relation in A901/902 us-
ing STAGES data (Maltby et al. 2009). The results indicate that
almost all galaxies show no difference in the stellar mass-size

relation between cluster and field. However, the only galaxies to
show a possible difference were the class of intermediate-mass
(log M < 10 M
) spirals, where the spirals in the cluster were
found to have a smaller mean effective radius than their counter-
parts in the field at the 2σ level.

6.3. Preprocessing in galaxy groups

Galaxies are not necessarily joining a cluster as individuals, but
as part of a galaxy group. Hence, part of their evolution might
take place in the group environment prior to their accretion to a
galaxy cluster. Therefore, these galaxies were preprocessed be-
fore they experienced the impact of the interaction with the clus-
ter environment (Cortese et al. 2006; Kautsch et al. 2008; Li et al.
2009). It has been shown by Mayer et al. (2001b) that star form-
ing dwarf galaxies can be transformed into early-type dwarfs in
a Milky Way sized halo by tidal stirring. These models also pre-
dict relations between galaxy properties and their distance to the
parent galaxy (Mayer et al. 2001a). The Abell 901/902 cluster
system is composed of four distinct subcomponents, whose cen-
ters are indicated in Fig. 6a and were used to define the radial
distributions in Fig. 6b. However, only the SW group can be
regarded as a typical galaxy group, the other substructures are
more massive. Their central velocity dispersions are of the order
of σ ∼ 600−900 km s−1 (Heiderman et al. 2009), which place
them between the Virgo cluster (σ ∼ 400−750 km s−1, Binggeli
et al. 1987) and the Coma cluster (σ ∼ 900 km s−1, The & White
1986). The SW group is smaller (σ ∼ 500 km s−1) and con-
tributes 13 (∼13%) and 18 objects (∼14%) to our red and inter-
mediate subsamples, respectively. Their distribution with respect
to the center of the SW group is very similar to the one shown
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for the entire subsamples in Fig. 6b. The SW group might there-
fore represent an example of a (rather massive) galaxy group
delivering preprocessed dwarf galaxies to a larger galaxy sys-
tem. However, we want to point out that the remnants in simula-
tions of group related processes are commonly rather small, low
mass dwarfs comparable to the dwarf spheroidal galaxies in the
Local Group and therefore very different from the bright dEs in
our sample.

The fact that dEs are very abundant in galaxy clusters, which
can strongly affect their members, does not necessarily prove
that they are the results of transformation processes. It is quite
possible that some dEs belong to the primordial cluster popu-
lation and experienced the impact from the cluster environment
throughout their evolution leading to the objects we observe to-
day. On the other hand, it is clear that galaxies can be profoundly
affected by the interactions with a galaxy cluster. The agreement
between our findings and the predictions of the cluster related
processes discussed above is consistent with a scenario in which
a considerable fraction of dEs in A901/902 have been affected
by their environment.

7. Summary and conclusions

We have used data from the multiwavelength survey STAGES
(Space Telescope A901/902 Galaxy Evolution Survey, Gray
et al. 2009) to study the population of bright dEs in the multiple-
cluster system Abell A901/902. Our definition of dEs is based
on the identification of early-type galaxies through visual clas-
sifications and a separation of dwarfs and giants using a cut in
central surface brightness at μ0,F606W = 19 mag. We subdivide
our dE sample into red, intermediate, and blue dEs according to
their position on a CMD using Mr and u − r. The correspond-
ing dE subsamples exhibit very different distributions within the
cluster region with respect to the distance to the nearest cluster
center. The red dEs are strongly concentrated towards the clus-
ter centers, even stronger than giant Es, while the distribution
of the intermediate dEs is comparable to the one of Es and the
blue dEs avoid the cluster centers. The distribution of the latter
sample is similar to the one of a field population and we can-
not rule out that a large fraction of objects in this sample are
contaminants seen in projection within the cluster region. The
different distributions of red and intermediate dEs is interpreted
as a color-density relation with respect to the cluster centers in
the sense that for dEs with similar luminosities the redder galax-
ies are more centrally concentrated in the cluster than the bluer
objects. Furthermore, we find evidence that the red dEs are more
compact, indicating the presence of a nucleus, and rounder than
the bluer subsample of dEs.

The relation between fundamental properties of dEs and their
location with respect to the cluster centers suggests that the for-
mation of dEs is strongly affected by cluster related processes.
We therefore compare our results to the model predictions based
on processes that are believed to take place in a cluster envi-
ronment. Our findings are consistent with a number of these
predictions and indicate that a considerable fraction of dEs in
A901/902 are the result of transformations. It is plausible that
several processes are involved and affect the evolution of the
cluster galaxies to some degree. However, our data are not suffi-
cient to determine the contributions of the different factors shap-
ing the dE population in A901/902 and to provide evidence that
transformations are involved at all. On the other hand, we find
good agreement between our findings and the predictions of the
galaxy harassment model indicating that processes described in

this scenario are most likely contributing to the formation and
evolution of at least some dEs in A901/902.
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