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Preface

“What is a human lifetime in the vastness of the Universe?”
Ignacio Ferreras

To deserve a doctorate in philosophy, I think I should at least write a few semi-
philosophical lines here. What the heck is it that I have beenworking on so intensively
in the last 27 months? Some product that will make our lives easier? Some starship
that will allow us to conquer Mars? Or maybe a giant leap towards controllable
nuclear fusion? Not really. It was only a tiny bit of new knowledge. Knowledge
that you can only understand with a huge amount of previous knowledge. Knowledge
about something that we will never reach, never touch, neverget to see from the
inside. Some people would call it a waste of time. And money. They would say it
doesn’t bring society forward. They would say it cannot be sold to anybody. They
would say that the vast majority of honest, tax-paying citizens neither benefit from it
nor even know about it.
So what should we do? Should we justify our profession with a few well-known exam-
ples on how it relates to other, more “useful” fields of research, like the astonishing
progress in the development of high-quality optical systems or more and more pow-
erful charge-coupled devices? I don’t think so. Imagine a clear, starry night. Don’t
tell me you wouldn’t take at least one look at the sky. Don’t tell me you never found
yourself asking what all these shimmering lights are. It might sound a bit pathetic,
but isn’t it the striving for knowledge that defines us? Isn’tit this desperate attempt
to go beyond our simple, three-dimensional imagination that has been said to make
us more than just another species on this planet?
I could go on now about how doing academic research can train you in a number of
skills that are considered to be highly useful in today’s economy, like assessing the
different aspects of a problem, combining previous knowledge such that it leads you
to new results, and presenting the significance of your work to a larger audience.
But beyond all this, I think it simply wouldn’t be human if nobody wanted to know
what’s going on up there. That’s my personal bottom line. No pseudo-justifications
needed. No becauses. Except for one. High up on El Capitan, Kirk explains to Spock
the most important reason for climbing a mountain:

“Because it’s there!”

ix





CHAPTER 1

I  :
  -  ?

“Classification is intuitive physics.”
Bruno Binggeli

Since most astronomical research can only be done through observation, the luminosity and phys-
ical size of the objects under study typically scales with their distance. Stars can be analyzed mainly
within our own galaxy and the Local Group of galaxies. Further out, galaxies cannot be resolved into
individual stars, and so we can only measure their combined light. While at the distance of the Virgo
cluster (d ≈ 15.8 Mpc, z ≈ 0.004), faint galaxies can still be studied fairly easily as far as exposure
time is concerned, analyses at higher redshifts need to focus on the brighter galaxies. This, too, is a
problem of resolution: although the surface brightness of agalaxy does not depend on its distance,
the number of detector pixels covered by it does, and thus thetotal signal-to-noise ratio is inversely
proportional to distance.

Figure 1.1 gives an impression of what is possible with a one-minute exposure and a 2.5 m-
telescope at a site where the seeing conditions are far from ideal for astronomical observations. These
images – actually a combination of three bands – were taken bythe Sloan Digital Sky Survey (SDSS),
and show three “bright” or “giant” elliptical galaxies (left) as well as two dwarfs (right) of the Virgo
cluster, chosen such that they form a sequence in brightness. The definition of “dwarf galaxy” is
mainy a division in magnitude: galaxies fainter than an absolute B magnitude of−18m are commonly
termed dwarfs. However, while Figure 1.1 might suggest a continuum in luminosity and surface
brightness from dwarf to giant ellipticals, there has been acontroversy since decades about whether
or not systematic structural differences exist between them. But let us back up, and explain what an
“elliptical” galaxy is, and why the term “early-type” is used in the thesis title instead.

The term “elliptical galaxy” (class “E” in the Hubble scheme, developed by Hubble in 1925;
see Figure 1.2) is obviously a two-dimensional description— yet what is usually meant by it is a
(three-dimensional) ellipsoidal object. Most lenticulargalaxies (class “S0”) would, from their two-
dimensional appearance, also qualify for the term “elliptical”, but they are classified differently, since
they have a disk component. Now, there is one practical and one physical reason why Es and S0s

F 1.1. Elliptical galaxies. SDSS images, constructed by co-adding theg, r, andi bands,
for VCC 1316 (M 87), VCC 1231, VCC 1146, VCC 0750, and VCC 0011 (from left to right),
shown with the same scale, contrast, and intensity mapping.
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2 1. INTRODUCTION AND MOTIVATION: WHY STUDY EARLY-TYPE DWARF GALAXIES?

F 1.2. Galaxy classification.Adopted from Sandage & Binggeli (1984, their Figure 1),
and illustrated with SDSS images (constructed by co-addingthe g, r, and i bands). The
galaxies shown are: E – VCC 0731, S0 – VCC 0685, Sa – VCC 1330, Sb– VCC 0092, Sc
– VCC 0157, Sd – VCC 0162, Sm – VCC 0453, Im – VCC 0017, BCD – VCC 0144, dE –
VCC 0750, dS0 – VCC 1010, dE(pec.) – VCC 0611. All images are shown with the same
scale, contrast, and intensity mapping.

are often combined into a single dataset. The practical reason is that it is difficult to distinguish
them, especially when S0s are seen nearly face on. The physical reason is that both of them are, in
contrast to all other galaxy classes of the Hubble scheme, characterized by a smooth, regular, and
axisymmetric1 intensity distribution. Since Hubble originally believedthat elliptical galaxies were an
early form that might later evolve into spiral galaxies, Es and S0s are commonly termed “early-type”
galaxies, while everything rightward of type Sb in Figure 1.2 is termed “late-type”.2

Figure 1.2 illustrates the extension of the Hubble scheme todwarf galaxies that has been presented
by Sandage & Binggeli (1984, the main figure has been adopted from their publication, and SDSS
images have been added to it). Here, the situation for the early-type dwarf galaxies is the same as
for the giants: besides the “dwarf ellipticals” (class “dE”), there are “dwarf S0s” (class “dS0”), for
which indications of a disk component were found. Both of them are characterized by a low surface
brightness as compared to their giant counterparts, and, again, by a smooth and regular appearance.
For our analyses presented in this thesis, we decided to not separate dEs and dS0s initially, in order
to avoid any possible preselection bias. The reason for thisis that the criteria for classifying a galaxy
as “dS0” were rather diverse, like, e.g., high flattening, a bulge+disk-like profile, or the presence
of asymmetric central features; moreover, they were indications only. For practical purposes, we
shall therefore use the abbreviation “dE” for thecombinedsample of dwarf ellipticals and dwarf S0s
throughout our studies, referring to them as early-type dwarfs.

1 A spiral galaxy can, in principle, be perfectly symmetric about a 180-degree rotation, but it can never be perfectly
axisymmetric, due to the spiral arms.

2 The latter term is less accurately defined and depends somewhat on the area of research. One can, for example, also
speak of early-type spirals and late-type spirals.
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F 1.3. Early-type dwarfs. SDSS images, constructed by co-adding theg, r, and i
bands, for VCC 0929, VCC 0745, VCC 0230, VCC 0273, and VCC 0244(from left to right).
All images are shown with the same scale, contrast, and intensity mapping.

Now that we have defined the class of early-type dwarf galaxies, let us turn to explaining our
motivation in studying them, or more precisely, in studyingthose dEs that are members of the Virgo
cluster. Early-type dwarfs are the most numerous type of galaxy in clusters, making them valuable
probes for cluster assembly and evolution. This is of particular interest for the Virgo cluster, since
it is known to be a dynamically young and largely unrelaxed structure — if the majority of dEs had
formed in groups before they were accreted to the cluster, the assembly history of the cluster might
be reflected in their stellar populations. Beyond this possibility of so-called preprocessing of dEs in
groups, numerous other formation mechanisms have been suggested, mostly invoking the structural
transformation of late-type galaxies falling into the cluster. The latter idea is mainly based on the
pronounced morphology-density relation that exists both between clusters and the field, and within
clusters themselves: early-type galaxies, including dEs,are preferentially located in regions of higher
galaxy number density (i.e., towards the cluster center), while late-type galaxies are predominantly
found in the outskirts of the cluster, i.e., in regions of lower density. Infalling late-type galaxies
could thus lose their gas due to ram-pressure stripping, or tidal encounters with more massive cluster
galaxies, or both — leading to cessation of star formation and eventually to the smooth and regular
appearance of early-type galaxies.

One reason why there is still a lot of discussion about possible dE formation mechanisms and
about their respective significance is that, despite the proximity of the Virgo cluster, dwarf galaxies
are expensive to observe. This applies particularly to spectroscopy, which could provide more detailed
insight into the stellar content than photometry can, but isdifficult due to the low surface brightnesses
of the dEs. The photographic survey of the Virgo cluster by Binggeli et al. (1985) has proven to be a
milestone for studying dEs, and today, the resulting Virgo cluster catalog (VCC) is still the standard
source of reference for follow-up analyses of Virgo dEs. Note that the study of galaxies belonging to
a cluster has the advantage that one can roughly assume all galaxies to be at the same distance, thus
allowing to use apparent magnitude as if it were absolute magnitude. The difficulty in obtaining data
for a statistically significant sample of Virgo dEs is the large area covered by the cluster, namely about
100 square degrees. Even wide-field imagers are not able to target more than a handful of dwarfs at a
time. Thus, more than twenty years after the Virgo cluster survey of Binggeli et al. (1985), the SDSS
provides a unique opportunity to study cluster galaxies, and dEs in particular. While it is not deeper
than the VCC dataset was, it provides homogeneous photometry in five optical bands, covering almost
all VCC galaxies, and thus allowing a multicolour analysis of the Virgo dEs. Moreover, it has the
obvious advantage of digital CCD imaging over photographicplates when it comes to data analysis
— and we shall make extensive use of this advantage, e.g. by co-adding images of different bands, or
by searching for substructure in our galaxies through the construction of unsharp mask images.

Before we start with describing our research, let us presenta few “more favorable” images of the
dEs than the ones shown in the previous figures. Our working sample of Virgo dEs spans a range
of more than 4 magnitudes in apparent brightness, which is illustrated in Figure 1.3. The leftmost
panel shows one of the brightest dEs of our sample (VCC 0929,mB = 13.m7), while the rightmost
panel shows one of the faintest dEs (VCC 0244,mB = 18.m0). With a Virgo cluster distance modulus
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of m− M = 31.m0, corresponding to a distance of 15.8 Mpc, these galaxies would cover a range in
absoluteB magnitude from−13.m0 to−17.m3. Note that Binggeli et al. (1985) assumedm−M = 31.m7,
in which case VCC 0929 would have aB magnitude of−18.m0, and would thus be at the magnitude
limit commonly used for dwarf galaxies.

We will now begin with an analysis of the structural properties of dEs: in Chapter 2, we describe
a systematic search for disk features in them. We then continue with another sort of dEs that show a
“special feature”, namely those with a blue center (Chapter3). Having defined these two subclasses,
we proceed with comparing their shapes and distributions tothose of the “ordinary” dEs, thereby
subdividing the latter into those with and without a nucleus(Chapter 4). After having established the
morphological subdivision of the dE class, the next step is to analyze and compare their colour prop-
erties, and attempt to translate these into ages and metallicities of their stellar populations (Chapter 5).
We then explore in Chapter 6 the distribution of colours, ages, and metallicities across the Virgo clus-
ter. Finally, we present in Chapter 7 the analysis of a small subsample of our dEs with near-infrared
photometry. A discussion about the possible mechanisms fordE formation is given in Chapter 8,
attempting to answer the question of “nature or nurture.” Weconclude with a brief summary of the
most important results in Chapter 9.



CHAPTER 2

S   

“Is this all that I am? Is there nothing more?”

Spock, quoting V’ger

We present a systematic search for disk features in 476 Virgocluster early-type
dwarf (dE) galaxies. This is the first such study of an almost-complete, statistically
significant dE sample which includes all certain or possiblecluster members with
mB ≤ 18 that are covered by the optical imaging data of the Sloan Digital Sky
Survey Data Release 4. Disk features (spiral arms, edge-on disks, or bars) were
identified by applying unsharp masks to a combined image fromthree bands (g, r,
i), as well as by subtracting the axisymmetric light distribution of each galaxy from
that image. 14 objects are unambiguous identifications of disks, 10 objects show
’probable disk’ features, and 17 objects show ’possible disk’ features. The number
fraction of these galaxies, for which we introduce the term dE(di), reaches more
than 50% at the bright end of the dE population, and decreasesto less than 5% for
magnitudes mB > 16m. Although part of this observed decline might be due to the
lower signal-to-noise ratio at fainter magnitudes, we showthat it cannot be caused
solely by the limitations of our detection method. The luminosity function of our
full dE sample can be explained by a superposition of dE(di)sand ordinary dEs,
strongly suggesting that dE(di)s are a distinct type of galaxy. This is supported by
the projected spatial distribution: dE(di)s show basically no clustering and roughly
follow the spatial distribution of spirals and irregulars,whereas ordinary dEs are
distributed similarly to the strongly clustered E/S0 galaxies. While the flattening
distribution of ordinary dEs is typical for spheroidal objects, the distribution of
dE(di)s is significantly different and agrees with their being flat oblate objects. We
therefore conclude that the dE(di)s are not spheroidal galaxies that just have an
embedded disk component, but are instead a population of genuine disk galaxies.
Several dE(di)s display well-defined spiral arms with granddesign features that
clearly differ from the flocculent, open arms typical for late-type spirals that have
frequently been proposed as progenitors of early-type dwarfs. This raises the
question of what process is able to create such spiral arms – with pitch angles like
those of Sab/Sb galaxies – in bulgeless dwarf galaxies.

This study was done together with Eva K. Grebel and Bruno Binggeli.
It has been published in The Astronomical Journal (2006, vol. 132, p. 497).

5



6 2. SEARCHING FOR HIDDEN DISKS

1. I
At first glance, early-type dwarf galaxies (dEs) are characterized by their smooth appearance,

having no recent or ongoing star formation and apparently nogas or dust content. Since they are the
most numerous type of galaxy in clusters, it is self-evidentthat most of the proposed formation scenar-
ios for dEs reflect the vigorous gravitational forces actingwithin the very environment in which these
galaxies typically reside. Ram-pressure stripping (Gunn &Gott 1972), galaxy harassment (Moore
et al. 1996), and tidal stirring (Mayer et al. 2001a) are all based on the removal of gas and the mor-
phological transformation of a late-type spiral or irregular galaxy, thereby attempting to reproduce
the seemingly plain appearance of dEs. On the other hand, differences in the chemical abundances of
early-type and late-type galaxies may argue against a simple morphological transformation (Grebel
et al. 2003). In any case, such structural transformations would be well-suited to explain the fa-
mous morphology-density relation (Dressler 1980): the higher the density is, the more efficiently
are infalling spirals and irregulars transformed into dEs,thereby skewing the relative abundance of
different types of galaxy towards massive early-type objects ascompared to abundances in the field.
Moreover, Conselice et al. (2001) point out that the number of Virgo cluster dEs is more than a factor
of 3 larger than what would be expected from just adding groups to the cluster. This strongly favours
the idea that the majority of dEs were formed through a morphological transformation of galaxies that
fell into the cluster.

Especially in recent years, small or intermediate-sized samples of early-type dwarfs have been
studied in a large variety of ways. Boselli et al. (2005) found the relation of far-UV–near-UV colour
and luminosity to behave opposite for early-type dwarfs andgiants. Van Zee et al. (2004a) derive
intermediate ages and subsolar to solar metallicities for dEs via optical multiband photometry. Similar
values were reported by Geha et al. (2003) from a Lick index analysis of high-resolution spectra.
These spectra and similar studies by van Zee et al. (2004b) and Simien & Prugniel (2002a) also
revealed a significant amount of rotation in some dEs. Finally, Buyle et al. (2005) presented HI 21 cm
line observations as a first study of the interstellar mediumof a dE outside the Local Group.

However, no formation scenario could yet be clearly confirmed or rejected. This might be due to
a very basic piece of the puzzle still lacking: the unambiguous characterization of early-type dwarf
morphology. Following common definition, early-type dwarfs comprise both dwarf ellipticals and
dwarf S0 (dS0) galaxies – we are not considering the fainter dwarf spheroidal galaxies (e.g. Grebel
et al. 2003) or the ultra-compact dwarfs (e.g. Hilker et al. 1999) here. The morphological appearance
and overall profile of a dwarf elliptical are clearly defined.In contrast, dS0 galaxies are loosely
defined as objects whose overall appearance is similar to that of a dwarf elliptical, but where a more
detailed examination shows non-elliptical properties such as lens shape or (central) asymmetries.
Binggeli & Cameron (1991) argued that most of these characteristics were indicative of a disk nature,
and the authors conjectured that “many, if not most, dS0 systems must be disk galaxies”. However,
their existence as a separate class of objects has been put inquestion by several authors (e.g. Ryden
et al. 1999), and dS0s have frequently been treated as a subclass of dwarf ellipticals (e.g. Barazza
et al. 2003).

The unambiguous discovery of disk substructure (spiral arms and/or bars) in some dwarf ellip-
ticals and dS0s (Jerjen et al. 2000; Barazza et al. 2002; Gehaet al. 2003; Graham et al. 2003; De
Rijcke et al. 2003) eventually proved the presence of a disk in at least some early-type dwarfs. At
the same time, however, this raised the question of whether these objects are genuine disk galaxies,
i.e. of flat oblate shape and without significant stellar spheroid, or whether they are spheroids hosting
just a small disk component like the two low-luminosity ellipticals presented by Morelli et al. (2004).
On the theoretical side, Mastropietro et al. (2005) showed that a fraction of the progenitor galaxy’s
disk is able to survive the morphological transformation from galaxy harassment, providing a possible
explanation for disks in early-type dwarfs.

Since up to now, a systematic analysis of a large sample of early-type dwarfs for the presence of
disk features has been lacking, common practice has been to continue using the original classifica-
tion of the Virgo cluster catalog (VCC, Binggeli et al. 1985), therefore calling some objects ’dwarf
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elliptical’, some ’dS0’, and some ’dwarf elliptical with embedded disk’. In order to avoid confusion
we assign the common abbreviation ’dE’ to early-type dwarfsin general, thereby meaning both dwarf
ellipticals and dS0s. We shall then examine each object for potential disk substructure, and introduce
the term ’dE(di)’ for a dE with disk features.

Clearly, the small sample of dE(di)s discovered so far can neither serve as basis for a revised clas-
sification nor is it sufficient to feed formation theories with quantitative input concerning the fraction
and properties of such objects. A systematic search for diskfeatures in dEs is thus required, and is
made possible by the Sloan Digital Sky Survey (SDSS) Data Release 4 (DR4, Adelman-McCarthy
et al. 2006) which covers almost the whole Virgo cluster withmultiband optical imaging. With these
data at hand, our study can properly address the following questions: a) whether all objects listed as
dS0 in the VCC indeed show disk features, b) how large the fraction of galaxies with disk features is
among dEs, c) how this fraction is distributed with respect to luminosity, d) where in the cluster these
objects are located, and e) whether they appear to be genuinedisk galaxies, or just spheroids with a
disk component. The catalog of dE(di)s and dE(di) candidates resulting from this study will serve as
important input for all future work on dEs, since the observables under study (e.g. dE colours) can
then be correlated with the presence or absence of a disk.

Recently, Aguerri et al. (2005) have introduced a two-component definition of a dS0 based on
one-dimensional profile fits, with those (Coma cluster) objects being called dS0s where a single Sérsic
fit did not lead to a satisfying result and instead a combined Sérsic plus exponential fit was necessary.
Our goal in this study, in contrast, is to uncover disk features on the two-dimensional image without
any presumption on one-dimensional profile shapes. To investigate whether or not the two definitions
go hand in hand is beyond the scope of this study, since it requires that accurate profile fits be done
for all our SDSS galaxies. This will be the subject of a futurepaper.

Our data and sample selection is described in Section 2, followed by an outline of the techniques
for image analysis in Section 3. Identifications of disk features are presented in Section 4. Section
5 focuses on the quantitative measurement of spiral features. The flattening distributions of the disk
features and galaxies are analyzed in Section 6. The luminosity function and number fraction of dEs
with and without disk features is the subject of Section 7, and the limitations in detecting disk features
are considered in Section 8. In Section 9 we show how our objects are spatially distributed within the
Virgo cluster, and a discussion and summary is given in Section 10.

2. D   
2.1. SDSS images

The SDSS DR4 covers all galaxies listed in the Virgo Cluster Catalog (VCC, Binggeli et al. 1985)
with a declination ofδ . 16.◦25, except for an approximately 2◦×2.◦5 area atα ≈ 186.◦2, δ ≈ +5.◦0 (see
Figure 2.1). It provides reduced and calibrated images taken in the u, g, r, i, and z band with a pixel
scale of 0.′′396, which corresponds to a physical size of 30 pc when adopting m− M = 31.m0, i.e.d =
15.85 Mpc. The SDSS imaging camera takes data in drift-scanningmode nearly simultaneously in
five photometric bands, u, g, r, i, and z, and thus combines very homogeneous multicolour photometry
with large area coverage, good resolution, and sufficient depth to enable a systematic analysis of early-
type dwarfs. The images have an absolute astrometric accuracy of RMS≤ 0.′′1 per coordinate, and a
relative accuracy between the r band and each of the other bands of less than 0.1 pixels (Pier et al.
2003). They can thus easily be aligned using their astrometric calibration and need not be registered
manually. The effective exposure time of 54 s leads for a bright dE (mB ≈ 14m) to a typical total
signal-to-noise ratio (S/N) of about 1000 in the r-band within an aperture radius of approximately two
half-light radii. For a faint dE (mB ≈ 18m) this value is typically about 50. The RMS of the noise per
pixel corresponds to a surface brightness of approximately24.2 mag/arcsec2 in the u-band, 24.7 in g,
24.4 in r, 23.9 in i, and 22.4 in z.
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F 2.1. Distribution of dE(di)s within the cluster. Coordinates are given for J2000, and
right ascension is corrected for the factor cos(δ), see text. Black circles are certain dE(di)s,
black upward-pointing triangles are probable dE(di)s, andblack downward-pointing triangles
are possible dE(di)s. Grey crosses represent dEs where no disk was found. All other Virgo
cluster galaxies withmB ≤ 18.m0 are shown as small black dots. Only certain cluster members
are considered. The upper black cross gives the position of M87, the lower black cross marks
our cluster center, chosen such that the radius of a circle enclosing all dE(di)s (dotted black
line) is minimized (r = 5.◦0). Boundaries of the SDSS coverage are shown as grey dashed
lines.

2.2. Image stacking

In order to reach a higher S/N than that of the individual images, we produced a combined image
by co-adding the g, r, and i-band images. The u and z-band images were not used, since their S/N
is significantly lower and would thus lead to a decrease of theS/N of the combined image. When
determining the sky level, proper object masks are required, so that pixels containing light from a star
or a galaxy are excluded from the sky level calculation and only ’sky pixels’ (i.e. pixels that contain
nothing but sky background) remain unmasked. For this purpose, we applied the Source Extractor
Software (Bertin & Arnouts 1996) to each object’s image and each band to yield a ’segmentation
image’ which marks the pixels of all detected sources by assigning them non-zero values. To ensure
proper masking of all objects, we expanded the source areas on the segmentation image by smoothing
it with a Gaussian filter, usingIRAF1 (Tody 1993). The resulting image serves as object mask. The
sky level was then determined withIRAF/ imstaton the so-masked images along with the noise level,
and was subtracted from the images. The g and i band images were shifted withIRAF/ imshift to
match the r band image; shifts were determined from the SDSS astrometry provided for each image
(see above). We then applied weightswg,r,i to each image, following Kniazev et al. (2004):

(1) wg,i =
Sg,i σ

2
r

Sr σ
2
g,i

, wr = 1,

with Sg,r,i being the sky level andσg,r,i the noise level. The weighted g, r, and i-band images were
then summed to form the final combined image for each object. The resulting total S/N is about a
factor of

√
3 larger than in the r-band image.

1 IRAF is distributed by the National Optical Astronomy Observatories, which are operated by the Association of
Universities for Research in Astronomy, Inc., under cooperative agreement with the National Science Foundation.
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2.3. Sample selection

From visual inspection of the combined images we chose a magnitude limit of mB = 18.m0 for
our study, withmB provided by the VCC. This is the same magnitude limit up to which the VCC
was found to be complete (Binggeli et al. 1985). Adoptingm− M = 31.m0, it corresponds roughly to
a limit in absolute magnitude ofMB ≤ −13.m0. A more thorough examination of our limitations in
detecting disk features is presented later in Section 8. Initially, we selected all 552 cluster member
and possible member galaxies withmB ≤ 18.m0 that were classified as dwarf elliptical or dS0 in
the VCC, including those with uncertainties. We took into account the revised membership and
classification from Binggeli et al. (1993), as well as updated classifications for several objects given
by Barazza et al. (2002, 2003), Geha et al. (2003), and Lotz etal. (2004b). 25 galaxies are not
covered by the SDSS DR4. 25 objects with a classification ’dE/dIrr’ were excluded, and also all
the remaining objects were visually examined and excluded if they appeared to be possible dwarf
irregulars due to asymmetric features in their image, whichapplied to 18 galaxies. Thereby we avoid
biasing our sample by the inclusion of potential non-early-type objects (which might be disk galaxies
anyway). Three more objects (VCC 0184, VCC 0211, VCC 1941) were classified as possible cluster
members but appear to be probable background spirals because of their small size and their spiral arm
structure, and were therefore excluded as well. Five more objects (VCC 0615, VCC 0811, VCC 1052,
VCC 1776, VCC 1884) are of such low surface brightness that noexamination for potential disk
features is possible; these were also excluded. Our final sample comprises 476 early-type dwarfs, 414
of which are definite members of the Virgo cluster according to Binggeli et al. (1985, 1993).

3. I  
For bringing to light weak features that are hidden by the dominating and mostly smooth and

symmetric overall light distribution, two methods have proven suitable. Unsharp masks are a com-
mon technique in detecing and enhancing weak substructure like e.g. nuclear bars or spirals (e.g.
Lisker et al. 2006a; Erwin 2004). They are produced by first smoothing an image and then dividing
the original by the smoothed one, which can easily be performed automatically on a large dataset.
Another technique is to model the smooth axisymmetric lightdistribution of a galaxy and subtract it
from the original image (e.g. Barazza et al. 2002), with non-axisymmetric features like spiral arms
remaining. Both methods have been used to identify spiral arms, bars, or edge-on disks in eight
Virgo cluster early-type dwarfs so far (VCC 0490, VCC 0856, VCC 0940, VCC 1010, VCC 1036,
VCC 1422, VCC 1488, VCC 1695; Jerjen et al. 2000, 2001; Barazza et al. 2002; Geha et al. 2003;
Ferrarese et al. 2006). These techniques are described below, along with the derivation of an elliptical
aperture for each galaxy, which is required as input for bothmethods.

From our analysis of dEs with blue central regions (Chapter 3) we know that a significant fraction
of dEs where no disk features were detected show obvious colour substructure. Since we analyze the
combined images from three bands in our search for disks, it could happen that colour substructure
within the galaxy mimics the presence of a disk feature. To test this, we produced (uncalibrated)
colour maps by dividing the aligned g and i-band images. Any detection of a disk feature with the
methods outlined below can then be compared to the corresponding colour map and can thus be
judged for reliability. To investigate whether or not thereare any dEs in which colours do trace disk
substructure requires a quantitative colour analysis thatwill be the subject of a future paper.

3.1. Elliptical apertures

An elliptical aperture for each galaxy was determined by performing ellipse fits withIRAF /ellipse
on the combined image, allowing center, position angle, andellipticity to vary. One of the outer
elliptical isophotes – usually between 1 and 2 half-light radii – was then chosen by eye to trace best
the outer shape of each galaxy, as exemplified for VCC 1010 in the upper left panel of Figure 2.2.
This ellipse was adopted to define the ellipticity and position angle of the galaxy.
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F 2.2. Image analysis techniques.Upper left panel:Combined image of VCC 1010,
along with the elliptical isophote defining its shape.Upper right panel:Elliptical unsharp
mask with kernel sizeσ = 20 pix. Lower left panel: ’Fixed model’ residual image, i.e.
produced via ellipse fits with fixed ellipticity and positionangle.Lower right panel:’Variable
model’ residual image, i.e. produced via ellipse fits with variable ellipticity and position
angle. Each panel has a horizontal scale of 300 pixels (119′′ or 9.13 kpc withd = 15.85 Mpc,
i.e.m− M = 31.m0).

3.2. Unsharp masks

We produced a set of unsharp masks for each object by smoothing the combined image with a
two-dimensional circular and elliptical Gaussian, one at atime, of various kernel sizesσ. A small
value ofσ will enhance small structures and weaken large features at the same time, while a large
kernel size will enhance large structures over small ones. For each set of unsharp masks we chose
values ofσ = 2, 4, 6, 9, 13, 20, and 30 pixels. Withd = 15.85 Mpc (m−M = 31.m0) and a subsequent
pixel scale of 77 pc/arcsec (30 pc/pixel), these values correspond to 0.06, 0.12, 0.18, 0.27, 0.40, 0.61,
and 0.91 kpc, respectively.

It is desirable to produce both masks created with a circularGaussian (hereafter referred to as ’cir-
cular masks’) and masks with an elliptical Gaussian (’elliptical masks’) corresponding to the galaxy’s
ellipticity and position angle. Circular masks of non-circular artificial galaxies show a characteristic
narrow shape along the major axis that could easily be confused with an edge-on disk and does not
occur when applying elliptical masks. We demonstrate this in Figure 2.3, where a dE is represented
by a two-dimensional exponential surface brightness profile with an elliptical shape created with
IRAF/mkobjects(left panel). A circular unsharp mask with a Gaussian kernelof σ = 4 pix, feigning
an edge-on disk, is shown in the middle panel. In the right panel, an elliptical mask with position an-
gle and ellipticity matching that of the galaxy has been applied: no substructure is seen. This is due to
the fact that the scale radius of the light profile is smaller along the minor axis; therefore an isotropic
Gaussian will blur the object much stronger along the minor than along the major axis. For detection
of egde-on disk features or bars that are roughly parallel tothe major axis, elliptical masks are thus
clearly preferred. However, frequently the inner isophotes of an object are significantly rounder than
the outer ones that define the Gaussian’s ellipticity. In these cases, again an artificial narrow (bar-like)
structure will appear along theminor axis, due to the very same effect as described above. Here, cir-
cular masks serve as a complementary check whether an apparent elongated feature along the minor
axis is real or is only caused by varying ellipticity.

3.3. Residual images from ellipse fits

A galaxy’s surface brightness distribution can be modeled by performing ellipse fits (withIRAF/
ellipse) and then feeding the output directly into the taskbmodel. The resulting model image is then
subtracted from the original object, yielding a residual image. Any information contained in the
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F 2.3. Circular and elliptical unsharp masks. Left panel: Simulated galaxy image
created withIRAF/mkobjects, with exponential intensity profile, scale length along major
axis 20 pixels, and axial ratio 0.5.Middle Panel: ’Circular’ unsharp mask of the simulated
galaxy, created with a circular Gaussian of kernel sizeσ = 4 pix. An elongated feature
appears due to the application of a circular Gaussian to an elliptical object. Right Panel:
’Elliptical’ unsharp mask with the same kernel size along the major axis, created with an
elliptical Gaussian matching the position angle and axial ratio of the galaxy. Each panel has
a horizontal scale of 138 pixels.

results of ellipse fitting directly enters the model. This can nicely be demonstrated on VCC 1010,
which hosts a bar. If we construct a model through ellipse fitswith variable position angle and
ellipticity, the bar is not seen at all in the residual image (lower right panel of Figure 2.2) since it
has been fully reproduced by the model. If position angle andellipticity are instead fixed at a value
taken well outside the bar (namely the chosen elliptical aperture as described above), a strong residual
double-cone is seen (lower left panel of Figure 2.2), which has already been explained by Barazza
et al. (2002) as characteristic shape of a changing positionangle, and therefore of a bar. Similarly,
spiral arms can be reproduced to a large extent by varying ellipses, and thus do not appear in the
residual image unless position angle and ellipticity are kept fixed.

From the above considerations it is obvious that any disk feature can best be detected with a
model built through fixed ellipticity and position angle (later referred to as ’fixed model’). How-
ever, in principle anyadditionalweak, asymmetric features would requirevariableellipse parameters
(’variable model’), so that the bar or spiral is properly reproduced in the model and fully subtracted
from the image, and the additional substructure remains. Therefore, both types of residual images
were visually examined along with the unsharp masks for eachobject.

3.4. Artificial galaxies

In addition to the SDSS data we produced artificial dE galaxies with IRAF/mkobjects, adopt-
ing a two-dimensional exponential surface brightness profile with an elliptical shape (left panel of
Figure 2.3). This ’primary’ object was then superposed by another ’secondary’ exponential light
distribution with the same or higher ellipticity, representing an (inclined) disk within a spheroid (Fig-
ure 2.4). Various primary-to-secondary flux ratios, scale ratios, position angles and inclinations were
reproduced, in order to provide a model counterpart for realgalaxies that potentially are spheroids
hosting a disk. The noise characteristics of the artificial images were chosen to be similar to a typical
SDSS image, and galaxies covering a range of S/N values were created.

4. R: -    
Close visual inspection of the combined image, the set of unsharp masks, and the two residual

images was performed for each galaxy, using theSAOImage DS9tool (Joye & Mandel 2003). It
turned out that unsharp masks are the primary means to searchfor substructure: especially for small
elongated features, they often provide a more reliable and clearer detection than the residual images
do. In turn, only in very few cases did the residual images show hints of substructure where the
unsharp masks did not. However, in these cases the features were weak and their shape hard to define.
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F 2.4. Simulated vs. observed dE(di).Upper panels:Combined image of VCC 0990
along with its elliptical unsharp mask (σ = 9 pix). Lower panels:Simulated two-component
galaxy image along with its elliptical unsharp mask (σ = 9 pix). The ’primary’ component
has an exponential intensity profile with scale length 30 pixels, axial ratio 1. The ’secondary’
component has an exponential intensity profile with equal scale length, axial ratio 0.5, and a
total magnitude 0.m5 fainter than that of the primary component. The parametersare chosen
to roughly match the appearance of VCC 0990. Note that the simulation contains no nucleus,
which is why the central region of the unsharp mask is brighter in the observed image than
in the simulated one. Each panel has a horizontal scale of 248pixels (98′′ or 7.55 kpc with
d = 15.85 Mpc).

Therefore we adopted a conservative approach and did not consider them as possible substructure.
As Barazza et al. (2003) pointed out, care must be taken with features seen solely on the residual
images, since the models can be deceived by e.g. changing ellipticity and position angle, so that
the resulting residual image would feign some substructurewhere none is present. Furthermore, the
variable model turned out to be of little use, since it eitherreproduces substructure completely and
yields a blank residual image (see Figure 2.2), or leaves only weak features that are readily seen in the
unsharp masks and the fixed model residual image. The situation described above that the variable
model would bring to light secondary features by reproducing and subtracting the primary ones did
not occur, i.e. no secondary substructure remained in the residual image other than weak and highly
doubtful features.

4.1. Disk detections

We identified 14 out of 476 early-type dwarfs that unambiguously show disk features, as exem-
plified in the upper three panels of Figure 2.5. Moreover, we find ’probable disks’ in 10 objects (third
panel from bottom of Figure 2.5), and ’possible disks’ in 17 objects (lower two panels of Figure 2.5).
This distinction between ’unambiguous’, ’probable’, and ’possible’ disks is based on the visual judge-
ment of all three authors, and is intended to be an honest representation of the (un)ambiguity and the
S/N of disk features. In the case of a possible edge-on or inclined disk, we used comparisons with
artificial two-component galaxies to check whether our interpretation is consistent with such a struc-
ture. This is exemplified in Figure 2.4, where the galaxy VCC 0990 – classified as ’probable’ dE(di)
– is compared to an artificial galaxy consisting of a ’primary’ and a ’secondary’ component, the latter
being fainter and having a larger ellipticity (i.e. representing a larger inclination angle). The simulated
image is chosen to be similar in S/N and size, and indeed the shape of the galaxy images as well as
their unsharp masks look similar.

In two cases (VCC 1684 and VCC 1779), the colour maps (see Section 3) show a blue central
region that is similar in appearance to the possible disk features. As a further test we produced
unsharp masks for the two galaxies from the i-band images only. However, in both cases we can
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F 2.5. Early-type dwarfs with disk features: dE(di)s. Combined images and unsharp
masks for three dEs with unambiguous disk features (top three rows), one probable dE(di)
(fourth row), and two possible dE(di)s (last two rows). The galaxies are, from top to bottom:
VCC 0308 (spiral arms; unsharp mask kernel sizeσ = 20 pix), VCC 1896 (bar and weak
spiral arms;σ = 13 pix), VCC 1304 (edge-on disk;σ = 20 pix), VCC 0990 (inclined disk,
also see Figure 2.3;σ = 9 pix), VCC 1183 (bar;σ = 6 pix), VCC 2019 (possibly inclined
disk, maybe warped or distorted;σ = 13 pix). Each panel has a horizontal scale of 98′′

(7.55 kpc withd = 15.85 Mpc).

neither reject nor unambiguously confirm the presence of an inclined disk. We thus list both objects
as showing ’possible disk’ features.

In several cases we could not decide whether we see an edge-ondisk or a bar; nevertheless, both
were taken as disk feature, since the presence of a bar commonly requires a disk. Moreover, apart
from the simple category ’no substructure detected’ (applying to 406 objects listed in Appendix E),
we labelled 29 galaxies as objects where substructure of some kind is present, but not necessarily
indicative of a disk (’other substructure’; objects listedin Appendix E). 17 of these show irregular
central features (also see Section 4.2), five have a boxy shape, in four objects a feature like a dust lane
is seen, and for three objects the unsharp masks appear to show a luminosity excess in the inner part.

Of the eight Virgo dEs for which disk features have been reported, five (VCC 0490, VCC 0856,
VCC 1010, VCC 1036, VCC 1695) are contained in our 14 unambiguous detections, and one is a
probable detection (VCC 1422). Both VCC 0940 (reported by Barazza et al. 2002) and VCC 1488
(reported by Geha et al. 2003) were not even identified as a dE(di) candidate by us. The reason might
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F 2.6. A dE with irregular central substructure. Combined image of VCC 0781 (left
panel), unsharp mask image with kernel sizeσ = 4 pix (middle panel), and unsharp mask
with σ = 9 pix (right panel). Of those dEs where substructure other than disk features was
found, this galaxy represents the subgroup of objects with central irregularities likely to be
caused by gas and/or dust. Each panel has a horizontal scale of 46′′ (3.53 kpc withd = 15.85
Mpc).

be twofold: first, those studies (as well as De Rijcke et al. 2003) use a boxcar or median filter to create
their unsharp masks. As we demonstrated above (see Figure 2.3 and Section 3.2), applying such a
filter to a perfectly smooth elliptical light distribution will yield an artificial elongated structure in the
unsharp mask. This effect might well apply to VCC 1488 with its axial ratio of 0.55, but less likely
to VCC 0940 which has an axial ratio of 0.76. However, the diskfeatures of both galaxies were also
reported to be seen in the residual images resulting from ellipse fits and subsequent modeling of the
light distribution. Given that both the data from Geha et al.(2003) and from Barazza et al. (2002) are
of higher depth and resolution than our SDSS images, the non-detection of ours might simply reflect
our limitations in detecting disks, and shows that more dE(di)s might exist than those identified by us
(see also Sections 7 and 8).

We list the dE(di)s and dE(di) candidates in Table 2.1. We do,however, not attempt to reclassify
objects, since classification schemes in the VCC were fairlycomplex and based on the surface bright-
ness distribution, whereas we aim solely at stating whetheror not a dE’s image shows features of a
disk. In principle, it would be desirable to establish a ’pure’ definition of the dS0 class as those (and
only those) dEs hosting (or being) a disk. Unfortunately, this is not possible: apart from the fact that
many objects can only be termed candidates due to the limitedS/N, those where no disk wasfound
do not necessarily have tohaveno disk. It appears therefore most useful to not touch the original
VCC classification, but instead to provide a list of (candidate) dE(di)s that can be correlated with all
sorts of observables in future studies of dEs. A thorough reclassification of all galaxies is deferred
to a future study. We point out that our objects arenot related to the so-called dwarf spiral galaxies
defined by Schombert et al. (1995): while those have a classical bulge, our objects do not.

4.2. Correlation with the original dS0 class

Binggeli & Cameron (1991) described five cases in which a galaxy was classified dS0, with
characteristics mostly indicative of a disk nature of the galaxy. Briefly, criteria for dS0s were a bulge-
disk-like profile, high flattening, a lens-like appearance,a global asymmetry (like a bar or boxiness),
and an irregularity in the central part.

Our initial sample – prior to exclusion of possibly irregular objects – contained 47 out of 50 galax-
ies classified as dS0 or candidate dS0 (e.g. ’dE or dS0’) in theVCC. Two objects were then exluded
due to a possible irregular nature; thus 45 (candidate) dS0sare left in our working sample. 22 of these
are indeed classified by us as dE(di)s or dE(di) candidates, constituting 54% of our dE(di) sample.
14 objects have ’other substructure’ which reflects the criteria of Binggeli & Cameron (1991): 3 of
them have a boxy shape, and 9 show irregular or clumpy centralfeatures likely caused by gas and
dust. As an example for the latter, we show in Figure 2.6 the image and unsharp masks of VCC 0781,
which looks somewhat similar to the well-known dwarf elliptical NGC205 in the Local Group. Inter-
estingly, all of these 9 objects with central gas/dust features have a blue central region with ongoing
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T 2.1. Early-type dwarfs with disk features. Objects are sorted by B magnitudemB

as given by Binggeli et al. (1985). Cluster membership is provided by Binggeli et al. (1985,
1993): M= certain cluster member, P= possible member. The last column contains infor-
mation about the nature of the identified features: 1=bar or edge-on disk, 2= inclined disk,
3= bar, 4= disk, 5= spiral arms, 6= too flat for a spheroid, 7= central gas or dust. The lat-
ter is an additional feature, but is not counted as disk. Numbers in brackets give uncertain
features of which only a hint is present.

VCC mB αJ2000 δJ2000 M N

Certain disks
1010 13.m72 12h27m27.s4 +12◦17′25′′ M 3,4,(5)
0523 13.75 12 22 04.1 +12 47 15 M 3,4,(5)
2048 13.85 12 47 15.3 +10 12 13 M 1
1036 14.03 12 27 41.2 +12 18 57 M 2
0308 14.30 12 18 50.9 +07 51 43 M 5
0490 14.33 12 21 38.8 +15 44 42 M 5
0856 14.42 12 25 57.9 +10 03 14 M 5
1695 14.60 12 36 54.9 +12 31 12 M 1,5
1896 14.78 12 41 54.6 +09 35 05 M 3,5
1671 14.80 12 36 32.2 +06 10 11 P 5
0216 14.90 12 17 01.1 +09 24 27 M 5,(3)
0278 15.10 12 18 14.4 +06 36 14 P 5
1304 15.50 12 30 39.9 +15 07 47 M 2
1204 16.60 12 29 38.0 +07 06 24 M 2

Probable disks
1422 13.81 12 32 14.2 +10 15 06 M 1
1949 14.19 12 42 57.8 +12 17 14 M 2,3,(4)
1947 14.56 12 42 56.4 +03 40 36 P 3,4
1392 14.62 12 31 55.9 +12 10 28 M 2
0407 14.64 12 20 18.8 +09 32 44 M 2
0990 14.81 12 27 16.9 +16 01 28 M 2
0218 14.88 12 17 05.4 +12 17 22 M 2,(6)
2050 15.20 12 47 20.6 +12 09 59 M 2
0336 16.20 12 19 17.6 +05 52 33 P 1
1691 17.30 12 36 51.1 +12 57 31 M 6,(5)

Possible disks
1910 14.17 12 42 08.7 +11 45 15 M 1
1183 14.32 12 29 22.5 +11 26 02 M 3
0389 14.40 12 20 03.3 +14 57 42 M 4
2019 14.55 12 45 20.4 +13 41 34 M 4,(5)
0608 14.70 12 23 01.7 +15 54 20 M 2
2042 14.79 12 46 38.2 +09 18 27 M 4,(5)
1779 14.83 12 39 04.7 +14 43 52 M 2
1684 14.87 12 36 39.4 +11 06 07 M 2,(7)
1836 14.92 12 40 19.6 +14 42 55 M 5
0397 15.00 12 20 12.2 +06 37 24 P 2,4,(3)
1514 15.10 12 33 37.7 +07 52 17 M 2
1444 15.60 12 32 35.9 +09 53 11 M 6
0788 15.80 12 25 16.8 +11 36 19 M 2
1921 15.90 12 42 26.5 +11 44 25 M 2
2080 16.20 12 48 58.4 +10 35 12 M 2
0854 17.30 12 25 55.7 +12 46 11 M 6
1505 18.00 12 33 24.7 +15 24 28 M 6
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star formation or at least very young stars, similar to NGC205 and also to the galaxy presented by Gu
et al. (2006). This nicely confirms Binggeli’s & Cameron’s conclusion, “the irregularity must stem
from recent or ongoing star formation” (drawn without colour information or unsharp masks!). None
of these galaxies shows (additional) disk features; thus caution must be taken when treating them as
dE(di)s only because of their dS0 class: not all classified dS0s are dE(di)s. These objects might prove
highly important for investigating possible formation channels for dEs; therefore they are the subject
of Chapter 3.

Finally, for 9 of the 45 (candidate) dS0s, neither a disk nor other substructure was found. How-
ever, three of these are classified ’dE or dS0’, three are ’dS0?’ (i.e. high uncertainty), and two are
’dS0:’ (i.e. some uncertainty); hence we most probably did not miss any significant disk or irregular
substructure. The one unambiguously classified dS0 (VCC 1912) had been classified as such mainly
due to high flattening. While our measured axial ratio of 0.33is small, it is not small enough that we
would classify it as dE(di) based on flattening only.

5. P   
5.1. Relative strength

For those three dE(di)s with the best-defined spiral arms, wenow attempt to obtain an estimate of
the relative amount of light that constitutes the spiral arms, as compared to the smooth and axisym-
metrically distributed light. We thus need to measure the flux of the residual image (showing only
the spiral arms) within a given aperture, and compare it to the total flux of the galaxy within the same
aperture. We shall term this flux ratio the ’strength’ of the spiral features. However, in the residual
image the flux level in between the spiral arms is significantly negative: when fitting ellipses, the
average flux value of each elliptical isophote is affected by the spiral arms and thus comes out slightly
too high. Consequently, somewhat too much flux is assigned tothe smoothly distributed light com-
ponent, resulting in negative flux values when subtracted from the original image. To avoid or at least
minimize this effect, we obtain optimized residual images through an iterative procedure outlined in
detail in Appendix A, yielding a lower and an upper limit for the strength of the residual features.

The resulting residual images for our three dE(di)s are presented in Figure 2.7. Note that it is
not the case that our disk detections would have been more efficient if we had used such optimized
residual images from the beginning: thecontrastof residual features like spiral arms does not differ
with respect to the initial residual images – only the average flux level is offset systematically.

Apertures enclosing the spiral arms were now chosen manually, and the strength of the spirals
was measured from the residual and the model flux within the same aperture. The nucleus as well
as foreground stars or background objects were masked to avoid any bias. The results are listed in
Table 2.2: VCC 0490 has the strongest spiral features, whichamount to 12-13% of the total light. The
spiral of VCC 0308 constitutes 8-11% of the light, and VCC 0856 only reaches 6-8%.

With these results at hand, we can now for the first time in the course of this study address the
question of whether dE(di)s are disk galaxies, i.e. are of flat oblate shape like VCC 1304 (third row in
Figure 2.5), or whether they are spheroids hosting a disk component. The ratio of the light within the
spiral features to the smoothly distributed light has been measured to be within 6-12% for our three
galaxies. Therefore, when assuming that these objects are spheroidal galaxies hosting an embedded
disk, the total light within the disk cannot be much larger than the light within the spiral features, since
otherwise the disk would be the dominating component and theobject would not be a spheroidal
galaxy in the common sense. Therefore, assuming the light within the spiral features to be of the
same order as the total light of the disk component, the aboveratio of ’spiral light’ to the smoothly
distributed light should be comparable to the ratio of the secondary to the primary component in our
two-component model images. If, however, our galaxies would be genuine disk galaxies, the spiral
features might well contain just a fraction of the total light of the disk. Consequently, if the disk
is seen edge-on and compared to a suitable two-component model image, the ratio of its secondary
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F 2.7. Residual images of spiral arms.Combined images as well as optimized resid-
ual images as described in Section 5.1 are shown for the threedE(di)s with the best-defined
spiral structure (VCC 0308, VCC 0490, and VCC 0856 from top),as well as for the two
dwarf-like S0/Sa galaxies (Section 5.2) VCC 0522 and VCC 1902 (bottom). Each panel has
a horizontal scale of 162′′ (12.48 kpc withd = 15.85 Mpc).

T 2.2. Relative strength of spirals. Columns 2-4 give measured values for the opti-
mized residual imagewithout median smoothing, columns 5-7 give the same quantities for
the versionwith smooting (see text for details). Columns 2 and 5 give the ratio of the flux of
the residual image to the flux of the model image within the chosen aperture. Columns 3 and
6 give the same as a magnitude difference, and columns 4 and 7 give the fraction of residual
to total light.

VCC fres
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ftotal
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0308 0.107 2.43 0.097 0.082 2.71 0.076
0490 0.132 2.20 0.117 0.122 2.29 0.108
0856 0.075 2.81 0.070 0.059 3.07 0.056

0522 0.159 2.00 0.137 0.127 2.24 0.113
1902 0.150 2.06 0.131 0.102 2.47 0.093

to primary component should be significantly larger than thevalue measured for the (face-on) spiral
features. Indeed, for those dE(di)s with apparent inclineddisks that could not be confused with a bar,
the secondary component of the similar-looking model images is only 0.5-1 magnitudes fainter than
the primary component, whereas the spirals measured above are 2.2-3.1 magnitudes fainter than the
smooth axisymmetric component. Although this is no final proof due to the small number of objects
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considered, it points towards dE(di)sbeingdisk galaxies, instead of justhavinga disk component.
Further arguments supporting this view will be presented inSection 6.

5.2. A possible connection to faint S0/Sa galaxies

Since the strengths of the three spirals measured above already differ within a factor of two, it
might be interesting to see how the galaxies’ images would appear if their spirals were stronger by
a certain amount. For this purpose, we simply multiplied theresidual images by a certain factor and
added them to the model of the smooth component, thereby mimicking a stronger spiral. Strikingly,
with only a 0.m5-1m enhancement, the galaxy does not look like a dwarf elliptical or dwarf S0 anymore,
but instead like a spiral galaxy, although without a bulge.

It might thus be no coincidence that more than a decade ago, one of us (B.B.) identified a handful
of “faint, dwarfish looking S0/Sa” galaxies in the Virgo cluster (VCC 0522, VCC 1326, VCC 1368,
VCC 1757, VCC 1902) whose appearance is very similar to what has been just described (Figure 2.7).
These objects differ from normal (i.e. giant) S0/Sa galaxies: their surface brightness profiles are
similar to early-type dwarfs and remain flatter than the flattest possible King profile when going
inwards, i.e. they apparently have no bulge (Binggeli, unpublished). Thus, they are hardly normal
S0/Sa galaxies, which typically have a high bulge-to-disk ratio. Instead they have a central luminosity
excess just like the early-type dwarfs.

One might thus term these objects ’dwarf-like S0/Sa’ galaxies, to distinguish them from their
giant counterparts. A further investigation of their characteristics and a detailed comparison with
early-type dwarfs will be the subject of a future paper. For our present study, we selected those two
with the best-defined spiral structure (VCC 0522, classifiedSa, and VCC 1902, classified S0/Sa), in
order to measure the spiral strength like we did above and compare it to the dE(di)s. Their strengths
turn out to be slightly larger than the average value of the three dE(di)s and similar to the strongest
dE(di) spiral (VCC 0490): 9%-13% for VCC 1902 and 11-14% for VCC 0522. Both objects are
about half a magnitude brighter than the brightest dE(di)s.It thus appears plausible that the dE(di)s
and these objects belong to the same population of galaxies that extends to magnitudes brighter than
those of dEs and differs from the ’classical’ dwarf ellipticals.

5.3. Pitch angle

In order to confirm our above hypothesis, we measured the pitch angle of the spiral arms of both
dE(di)s and the dwarf-like S0/Sa galaxies on the residual images. We used the method described by
Ma (2001): a spiral arm is traced by manually selecting a series of image positions that follow the arm.
These are then fitted by a logarithmic spiral, taking into account the galaxy’s inclination and position
angle which we adopt from our elliptical apertures (in the case of VCC 1896 these values were taken
from the axial ratio measurement of the disk). We measured two arms of VCC 0308, VCC 0490,
VCC 0856, and VCC 1896, one arm of each of the two possible cluster members VCC 0278 and
VCC 1671, and two arms of the two faint S0/Sa galaxies VCC 0522 and VCC 1902. The resulting
values are shown in Figure 2.8 as black symbols and compared to the values for various Hubble types
from Ma et al. (1999) (grey). The dwarf-like Sa VCC 0522 fallswithin the range of values of the
dE(di)s while the dwarf-like S0/Sa VCC 1902 lies slightly below. The dE(di)s best agree with Hubble
type Sab/Sb while the dwarf-like S0/Sa galaxies – if taken together – fall in the range of type Sab.An
independent check of our measurements is provided by Jerjenet al. (2000) who found a pitch angle
of 12.◦1 for VCC 0856. For the two arms, we derive the values 10.◦5 and 12.◦1, respectively, thus being
in good agreement with those VLT-data measurements. Our derived pitch angles are incompatible
with spirals of very late type (>Sc), which are often considered as potential progenitors for dEs; see
Section 10 for a discussion.
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F 2.8. Pitch angle vs. morphology. Grey symbols:Mean pitch angle and 1-σ error
bars of the spiral arms for various Hubble types as given by Maet al. (1999). The value for
type Sd was only derived from two objects.Black filled circles:Pitch angle for the certain
cluster members VCC 0308, VCC 0490, VCC 0856, VCC 1896 (left to right) for two spiral
arms each (connected symbol pairs).Black open circles:Pitch angle for the possible cluster
members VCC 0278 (left) and VCC 1671 for one spiral arm each; in both cases the other
arm could not be traced well enough.Black asterisks:Pitch angle for the dwarf-like S0/Sa
galaxies (see text for details) VCC 0522 and VCC 1902 for two spiral arms each (connected
symbol pairs; the values for the arms of VCC 1902 are almost equal).

6. F 
A flattening distribution for our galaxies can be obtained intwo ways: for the disk features

themselves by directly measuring or estimating their axialratio, and for the galaxies as a whole,
based on their ellipticities. The first distribution – whichwe shall term the flattening distribution of
the disks – serves as a basic test that the features we see are indeed disk features. This is of particular
importance for the inclusion of ’probable’ and ’possible’ disk features into our working sample of
dE(di)s. In order to have a statistically significant sample, e.g. to derive the luminosity function
(Section 7), we would like to include not only those dEs with unambiguous disk features, but also
those with probable and possible disk features into our dE(di) working sample. This requires the
flattening distribution of disk features to be consistent with the assumption of an intrinsic flat oblate
(and circular) shape, which shall be examined in the following subsection.

The flattening distribution of thegalaxies– presented below in Section 6.2 – serves a different
purpose: it will allow us to consider the question of the possible disk nature of the dE(di)s again. If
they were spheroidal galaxies with a (weak) disk component,the distribution of axial ratios should
be significantly different from that of disk galaxies. In turn, if their flatteningdistribution would be
consistent with them having an intrinsic disk shape, they would very likely be genuine disk galaxies.

6.1. Flattening distribution of the disks

Although not possible with perfect accuracy, still an estimate of the inclinations of the disks (not
the galaxies) can be obtained from either the unsharp mask orthe residual images. An ellipse was
manually (by eye) fitted to the disk using that unsharp mask orresidual image where the respective
features stand out most prominently (exemplified in Figure 2.9). The results are shown in the left panel
of Figure 2.10 as a running histogram (black lines), i.e. at each data point we consider the number of
objects within the chosen bin-width of 0.1 (±0.05). We take into account all 36 dE(di)s and candidates
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F 2.9. Disk axial ratio measurement. Illustration of manual choice of a best-fitting
elliptical aperture (right panels) for each disk feature. From top to bottom: VCC 0490 (resid-
ual image), VCC 1010 (unsharp mask with kernel sizeσ = 13 pix), and VCC 1304 (unsharp
mask withσ = 20 pix). Each panel has a horizontal scale of 116′′ (8.95 kpc withd = 15.85
Mpc).

that are certain cluster members. Galaxies where we cannot decide whether we see a bar or an edge-
on disk were assigned two values: a lower limit assuming an inclined disk (solid line), and an upper
limit from the axial ratio of the galaxy as a whole, assuming the feature was a bar (dashed line).
A theoretical distribution assuming a disk with an intrinsic axial ratio following a narrow Gaussian
around a mean valueµ = 0.25 with σ = 0.01 and a randomly distributed inclination is shown as
grey solid line for comparison (Mihalas & Binney 1981). Within the expected uncertainties for our
relatively crude measurements, the observed and theoretical curve are nicely consistent with each
other. This strongly corroborates the hypothesis that the features we seeare disks, and moreover,
it supports the approach of including not only the unambiguous but also the candidate objects into
our dE(di) working sample for the purposes of our analysis. As a further test, we examined the
flattening distribution for ’possible disks’ only – it turnsout to be very similar to the distribution for
all dE(di)s. It therefore seems plausible that most of our ’possible’ disk detections actually are disks.
Nevertheless we prefer to keep the term ’possible’ in order to reflect that uncertaintiesare present in
our visual identification of disk features.

6.2. Flattening distribution of the galaxies

Based on the elliptical apertures described in Section 3.1 we put together the distribution of axial
ratios of the (candidate) dE(di)s, shown in the right panel of Figure 2.10 as running histogram (black
line). For comparison, we show the theoretical curve assuming an intrinsic axial ratio distribution
given by a narrow Gaussian withµ = 0.35 andσ = 0.02. Obviously, there is almost perfect agreement
of observed and theoretical distribution, a compelling indication for an intrinsic disk nature of the
dE(di)s! This view gains further support from the comparison with the distribution of dEs where
no disk features were found (Figure 2.11): these objects areclearly consistent with a population of
spheroids, and differ significantly from the dE(di) distribution. It thus appears very likely that dE(di)s
are genuine disk galaxies. A prototypical representation of how these disk galaxies appear when
viewed egde-on might be given by VCC 1304 (third row in Figure2.5) with its axial ratio of 0.32.

While Binggeli & Popescu (1995) already found dS0s to be significantly flatter than dwarf ellip-
ticals, the difference is even more pronounced for our comparison of dE(di)sand dEs with no disk
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F 2.10. Axial ratio distribution for disks and galaxies. Running histogram with bin-
width 0.1 for all 36 dE(di)s with certain cluster membership. Left panel:Distribution of axial
ratio measurements of disk features as illustrated in Figure 2.9. For the solid black line we
assume that all elongated features where we could not decidebetween an inclined disk or a
bar actually are an inclined disk. For the dashed black line,we assume that these features
are bars, and thus adopt the axial ratio of thegalaxyas an upper limit. The grey line shows
the theoretical distribution for an intrinsic axial ratio represented by a narrow Gaussian of
µ = 0.25, σ = 0.01, following Mihalas & Binney (1981). It is normalized to the same
area under the curve as the black solid line.Right panel:Distribution of axial ratios of the
galaxies. The grey line represents an intrinsic axial ratiothat follows a a narrow Gaussian of
µ = 0.35,σ = 0.02, and is normalized like above.

F 2.11. Galaxy axial ratio distribution. Running histogram of the galaxy axial ra-
tio distribution of dE(di)s (black) and dEs where no disk features were found (grey). Both
histograms are normalized to an area of 1.

detection. This is explained by the fact that not all dS0s aredE(di)s and vice versa: at least some
galaxies that were classified as dS0 might be spheroids (see Section 4.2).

The flattening distribution also allows us to test whether ornot all bright dEs might actually be
dE(di)s, but are not identified as such due to limitations of our detection method. When we modify
Figure 2.11 such that only galaxies of the brightest one-(two-)magnitude-interval are considered (not
shown), the distribution of dEs with no disk detection is inconsistent with all of them being dE(di)s
as well. Therefore, while we might misssomedE(di)s in our search for disk features as outlined in
Section 8, we can exclude the possibility thatall of the brightest dEs are disk galaxies – a significant
number of objects need to be spheroids.
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F 2.12. Luminosity function and disk fraction. Upper panel: Running histogram
of the number of all dEs (light grey) and (candidate) dE(di)s(dark grey) with respect to B
magnitude as given by the VCC. The bin-width is 1.m0, therefore the counts are incomplete
for mB > 17.m5 (vertical dotted line). A bin is calculated at each position of a galaxy in the
full sample. The upper x-axis gives absolute magnitude assuming m− M = 31.m0. Only
certain cluster members are considered. The ratio of both histograms is the disk fraction and
is given as black symbols.Lower panel:Similar to the upper panel, but for all dEs minus 1.5
times the number of (candidate) dE(di)s (light grey), for 1.5 times the number of (candidate)
dE(di)s (dark grey), and for the disk fraction resulting therefrom (black).

7. D   
In the upper panel of Figure 2.12 we show the distribution of dEs and (candidate) dE(di)s with

respect to their B magnitude provided by the VCC. For this purpose we present our data as a running
histogram with a bin-width of 1.m0 (i.e.±0.m5). Only galaxies are considered that are certain cluster
members according to Binggeli et al. (1985, 1993), resulting in 414 objects (light grey shaded his-
togram), containing 36 dE(di)s and candidates (dark grey shaded). The fraction of (candidate) dE(di)s
among all dEs is shown as black solid line: it reaches more than 50% for the brightest objects, and
then decreases to few percent atmB > 16m. This ’disk fraction’ might be of special interest, since
e.g. Binggeli & Cameron (1991) discuss a potential break in dwarf galaxy structure atMBT ≃ −16m,
which corresponds tomB = 15.m7 given theirm− M = 31.m7.

A plateau is seen in the running histogram (the luminosity function) of our full dE sample, the
position of which coincides very well with the location of the dE(di)s in the diagram. As a test, we
subtracted the dE(di)-counts from those of the full sample,but still a weak bump remains. However,
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we need to take into account the fact that we might have misseda significant number of disks in dEs
due to the limitations of our data (which are assessed in Section 8). Therefore, we now multiplied the
dE(di) counts with 1.5 to account for the missed ones, and subtracted these counts from those of the
full sample. Indeed, the plateau disappears (lower panel ofFigure 2.12).

These results – independent of any considerations in previous sections – suggest very convinc-
ingly that dE(di)s are a different population than dEs with no disk, i.e. both have different origins
not related to each other. Taken together with the indications for the disk nature of dE(di)s, evidence
accumulates that dE(di)s are not just dwarf ellipticals with embedded disks, but instead constitute a
population of disk galaxies different and independent from classical dwarf ellipticals.

In the following, we attempt to estimate the number of disks that are missed by our study, in
order to assess whether the above assumption of a factor of 1.5 is realistic. Moreover, we attempt to
independently show that the decline of the disk fraction is real, and cannot be just an effect of limited
data quality.

8. L   
To obtain a realistic estimate for the limitations in detecting disks, we artificially dimmed our

objects such that they correspond to dEs that are fainter by one (two) magnitude(s), also taking into
account the relation of dE magnitude and radius (Binggeli & Cameron 1991). This was done on the
individual images and is described in more detail in Appendix B. The resulting modified images were
then co-added like the original data, and unsharp masks werecreated. The dimmed objects were then
treated as if they were real galaxies that have to be searchedfor disk features, and the same categories
(’unambiguous’, ’probable’ etc.) were assigned.

In Figure 2.13, we focus on the galaxies lying within the brightest one-magnitude-interval (solid
line, filled circles). When dimmed by 1 magnitude, they result in the histogram given by the dashed
line with crosses, and when dimmed by two magnitudes, the resulting histogram is shown by the
dot-dashed line with filled triangles. This is illustratingthe disk fraction we wouldexpectto see at
fainter magnitudesif the fraction of the brightest one-magnitude-interval of our sample would be
constant with magnitude.2 The obvious mismatch, along with the already strong decrease in disk
fractionwithin the brightest one-magnitude-interval itself, suggests that the observed decline in disk
fraction is real, and is not due to the limitations of the data. Even if we do not assume the true fraction
to be constant, we find down tomB ≈ 16.m0 the observed disk fraction to decline much stronger per
one-magnitude-interval than what would be expected from artificial dimming (see Appendix C).

However, still a fair part of the declineis likely to be caused by the latter effect: the curve for
objects dimmed by 1 magnitude lies at about a factor of 1.2 lower than the original one, and the two-
magnitude curve is even a factor of two lower. This shows thatour above estimate of the true number
of dE(di)s being larger by 1.5 than what we observe is a usefulestimate for the average fraction of
missed objects.

Still, the issue might be more subtle: if therelative strengthof the disk features was decreasing
with magnitude in addition to the S/N of the objectas a whole, the estimate from artificially dimming
the galaxies would be somewhat too high. While several of thedisk features of the artificially dimmed
galaxies would still be strong enough to be seen, some of the true observed ones would not. We
examine this possibility in Appendix D, and find that indeed somewhat more dE(di)s than estimated
above might be missed at fainter magnitudes due to data limitations. However, if the true disk fraction
were to decrease to zero this effect would be of minor relevance. Although we are not able to give
an accurate estimate of the true number fraction of dE(di)s,we point out again that our analysis
is consistent with the approximation of multiplying the disk fraction with 1.5 in the lower panel of
Figure 2.12. A significantly larger factor can be excluded following the argument given in Section 6.2:

2 Here we neglect the fact that there is already a large decrease in disk fractionwithin the brightest one-magnitude-
interval – however, a certain interval width is necessary inorder to still have a fair number of dE(di)s left among the
two-magnitude-dimmed dEs.
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F 2.13. Effect of S/N on the disk fraction. Upper panel:Running histogram of the
disk fraction as given in the upper panel of Figure 2.12 (solid and dashed line with circles).
The brightest one-magnitude-interval is shown as solid line with filled circles, changing to
a dotted line with open circles outside of the interval. Whenthe dE(di)s in this interval are
dimmed (see text) by 1 magnitude, the resulting disk fraction is given by the dashed line
with crosses. A dimming by 2 magnitudes results in the dotted-dashed line with triangles. A
histogram bin is calculated at each position of a galaxy in the full sample.

the flattening distribution of the brightest one-(two-)magnitude-interval of our sample is inconsistent
with all bright dEs being disk galaxies and instead requiresa significant number of objects to be
spheroids.

9. S 
It is well known that the projected spatial distribution of different morphological types of galaxies

differs significantly (the so-called morphology-density relation, Dressler 1980). Therefore it appears
interesting to examine the distribution of dE(di)s and dEs where no disk was found and compare it to
other galaxy types. Those projected spatial distributionsare shown in Figure 2.14, along with the dis-
tributions for giant ellipticals (Es), for Es and giant S0s together, for spiral galaxies, and for irregulars
for comparison. Positions are taken from the VCC by use of theVizieR database (Ochsenbein et al.
2000). Only certain cluster members are considered, and intermediate or uncertain classifications be-
tween the types are excluded3 Clearly, dE(di)s show the least clustering of all types, somewhat similar
to the distribution of irregulars withδ > 10◦.

For a more quantitative analysis, we show the cumulative distribution of each type of galaxy
with respect to the distance from the cluster center. Since there is no unique definition for the latter,
we decided to choose a point such that the radius of a circle enclosing all dE(di)s is minimized
(Figure 2.1). For this purpose we use a ’corrected right ascension’, which we define as

(2) αcorr = (α − αcenter) · cos(δ) + αcenter ,

so thatαcorr is measured in true degrees. We choose ’our’ center to lie at

(3) αcenter= αM87− 0.◦15, δcenter= δM87 − 0.◦85

3 For example, a galaxy classified as ’E/S0’ is excluded from the sample of Es, but included in the combined sample
of Es and S0s.
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F 2.14. Distribution of morphological types within the cluster. For various types of
galaxy (dE(di)s, dEs with no disk features, Es, Es+S0s, spirals, and irregulars) the projected
spatial distribution is shown. Coordinates are given for J2000. Only certain cluster members
are considered. The position of M87 is shown as grey cross. Inthe upper panels, boundaries
of the SDSS coverage are shown as grey dashed lines.

i.e. going from M87 slightly towards M86 and M49. Interestingly, this circle at the same time encloses
exactly all the giant ellipticals. For all other types, we only consider galaxies up to the maximum
radius of the dE(di)s, in order to properly compare their clustering propertieswithin that area. The
fact that other galaxy types extend slightly further outwards might have physical significance, but
could also be just due to the relatively small number of dE(di)s as compared to other types. Also, a
part of it is due to the boundaries of the SDSS DR4 coverage, indicated with dashed grey lines in the
upper panels of Figure 2.14.

We show the cumulative distributions in Figure 2.15. Along with the distribution for different
morphological types, we show the expected distribution foran isothermal sphere (ρ(r) ∼ r−2) in the
upper panel, and for constant density (ρ(r) = const.) in the lower panel, whereρ(r) denotes the true
volume density, not the projected surface density. This is done by populating a (three-dimensional)
sphere at the distance of the Virgo cluster (taken to bed = 15.85 Mpc, i.e.m− M = 31.m0) with the
same number of objects as the number of dE(di)s, and then ’observing’ the projected distribution of
this sphere. Vertical intervals containing all but±15.87% (≡ 1σ) of Monte-Carlo-simulated values
(darker grey) and all but±2.27% (≡ 2σ, lighter grey) are shown. Although a sphere is clearly not
an ideal representation of the dynamically young and unrelaxed Virgo cluster, this simple model is
intended to give at least a rough idea of the actual density distribution of the various galaxy classes.

The well-known difference in the distribution of giant ellipticals and spiralsor irregulars is clearly
visible, and serves as guidance for the question of what constitutes asignificantdifference between
two galaxy types in the diagram. The dEs where no disks were found roughly follow the distribution
of giant Es and S0s, i.e. they are less centrally clustered than the Es alone but more strongly than
spirals and irregulars. In contrast, dE(di)s lie clearly below this distribution, and for most of the
sample they show even less clustering than spirals and irregulars, confirming the impression given by
Figure 2.14. While giant Es tend towards the isothermal sphere and spirals and irregulars more or
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F 2.15. Radial distribution of morphological types. Both panels show the cumulative
distribution of the angular distances of galaxies from our chosen cluster center (see text).
Only certain cluster members are considered, and all galaxytypes are only considered up to
the maximum distance of the dE(di)s. Various line types givethe cumulative distributions
for dE(di)s, dEs with no disk features, Es, Es+S0s, spirals, and irregulars, as labelled in the
figure. In the upper panel, Monte-Carlo-simulations were performed to yield the expected
distribution for an isothermal sphere potential (i.e.ρ ∼ r−2) for a total number of 36 objects,
i.e. the number of (candidate) dE(di)s. For the simulation,a distance to the Virgo cluster
center of 15.85 Mpc was adopted (corresponding tom− M = 31), resulting in an angular
scale of 0.28 Mpc/◦. The simulated objects populate a sphere with a physical radius of
1.4 Mpc, i.e. corresponding to the angular value of 5.◦0 for the circle in Figure 2.1. The
resulting distribution is shown as grey areas that enclose vertical intervals around the median,
containing all but±15.87% of simulated values (≡ 1σ, darker grey) and all but±2.27%
(≡ 2σ, lighter grey). In the lower panel, analogous Monte-Carlo-simulations were done for
a constant galaxy density. Note that 1(2)-sigma areas are only valid for a comparison with
the dE(di)s, not with other types, since the number of galaxies is different for the latter.

less follow the distribution for constant volume density, dE(di)s even lie beyond the latter – a clear
sign for them being not yet virialized, and thus being a population that has experienced fairly recent
cluster infall.

For the sake of completeness, we also show the resulting distributions when M87 is chosen as
cluster center instead (Figure 2.16). The difference between dE(di)s and dEs is now slightly less pro-
nounced, but also it now varies somewhat less with radius than before. Here the dE(di)s follow closely
the distribution of spirals, and fall within the 1-sigma area of the theoretical distribution for constant
volume density – note, however, that a sphere around M87 is clearly no good representation of the
Virgo cluster’s shape. In contrast to the dE(di)s, dEs whereno disk features were found approach the
distribution of E+S0s, and at larger distances reach the distribution of the Esalone.
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F 2.16. Radial distribution with respect to M87. Same as in Figure 2.15, but now
adopting M87 as cluster center.

10. D  
It is a long-standing question how early-type dwarf galaxies form, and whether there is more

than one formation channel producing them. Current theories include ram-pressure stripping, galaxy
harassment, or in-situ formation. However, for a proper theoretical approach of dE formation, first the
characteristics and possible subpopulations of the dE class need to be fully understood and unveiled
from the observational side. While the definition of the dS0 class by Binggeli et al. (1985) implied a
disk nature of these objects, the fairly diverse classification criteria had to remain suggestive but not
compelling for dS0s being disk galaxies. The discovery of disk features in a handful of dEs had not
yet been succeeded by a systematic, quantitative study, andcould thus not provide significant input
for models of dE formation.

Moreover, kinematics – which might provide further insightinto the presence of disks – are well
studied only for a relatively small sample of dEs. With the SDSS data at hand, we performed for
the first time a systematic search for disk features in an almost-complete sample of dEs down to
mB ≤ 18.m0, and found 41 out of 476 objects to show (possible, probable) disk features. In the light
of the diversity of the early-type dwarfs, one of our primaryand most important results is that dE(di)s
most likely constitute a different galaxy population than dEs where no disk features are found: the
bump in the luminosity function of dEs (Figure 2.12) is highly unlikely to be an intrinsic characteristic
of just a single population, and it is nicely explained by thesuperposition of dE(di)s and dEs with no
disk features. Therefore, at least two different formation scenarios appear to be required: one for each
dEs with and without disk features.

When the first observations of spiral structure in dEs were made, galaxy harassment seemed to
provide a simple explanation for the apparently embedded disks in dwarf ellipticals: Mastropietro
et al. (2005) showed that the progenitor galaxy’s disk need not be completely destroyed during the
process of transformation, but part of it is left over insidethe newly formed dwarf. However, we point
out a main problem with this scenario: how could the observedwell-defined, early-typespiral-arm
structure of dE(di)s be reconciled with them havinglate-typeprogenitor spirals with their typically
flocculent arm structure? Figure 2.8 directly compares the pitch angle of our objects to that of Scd
and Sd galaxies in the diagram - and shows an obvious mismatch. If one assumes a relatively weak
spiral structure for the late-type progenitor that would quickly disappear after star formation ceases,
one might conclude that the above harassment scenario couldstill be valid, provided that the dE(di)
spiral structure is purely of tidal origin, as e.g. suggested by Jerjen et al. (2000). The above question
then changes into asking whether such well-defined spiral arms can at all be created through a process
like harassment, and what parameters determine their appearance. To confirm that we are not looking
at spiral structure traced by regions of star formation, we examined near-infrared H-band images for
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VCC 0308 and VCC 0856 which we obtained through the ESO/ST-ECF Science Archive facility.4

These images show the very same spiral structure as the optical data, consistent with what would be
expected for grand-design, early-type spiral arms. A detailed examination of the colour properties of
the spiral structure will be presented in a future paper.

Even without considering a specific formation theory, our data also allow us to address the ques-
tion of whether dE(di)s are genuine disk galaxies or whetherthey are spheroids hosting a disk. Our
distribution of axial ratios for thedisks(i.e. where we measured the disk features, not the galaxies as a
whole) agrees well with the expected distribution assumingan intrinsic axial ratio of 0.25 (left panel
of Figure 2.10), confirming our general approach to finding disk features in dEs. More importantly,
also the distribution of axial ratios of thegalaxieswhere disk features were found is nicely consistent
with the assumption of their being disk galaxies with an intrinsic axial ratio of 0.35 (right panel of
Figure 2.10). This distribution significantly differs from the distribution of dEs with no disk features,
the latter being consistent with a distribution of genuine spheroids. We do not see how this could
be reconciled with the assumption that dE(di)s themselves are spheroids – instead, we take these re-
sults as compelling indication for dE(di)s being disk galaxies, represented by the edge-on view of
VCC 1304 (third row of Figure 2.5).

Could this population of disk galaxies be simply an extension of their giant counterparts? The
deduced intrinsic thickness of dE(di)s (0.35) agrees with the corresponding value for giant Sa galaxies
as given by Fouqué et al. (1990) (0.37 for ’S0/Sa’, 0.33 for ’Sa’; Schröder 1995), and the measured
pitch angles best agree with Hubble type Sab/Sb (Figure 2.8). The dwarf-like S0/Sa galaxies presented
in Section 5.2 could in fact bridge the gap from dE(di)s to giant disk galaxies. Here, the presence or
absence of a ’classical’ bulge can distinguish between whatwould be called a giant or a dwarf galaxy.
However, early-type dwarfs are rare in the field environment, while early-type spiral galaxies are
preferentially found in the field. This fundamental observation provides evidence against a close
relation of dE(di)s and early-type spirals.

The projected spatial distribution of dE(di)s within the Virgo cluster differs significantly from dEs
with no disk features, and implies that the population of dE(di)s is not virialized yet. Thus, if dE(di)s
would be the result of a morphological transformation, thisshould have occured recently. Any spiral
structure of the late-type progenitor galaxies would have had to be destroyed during the process,
since the spiral arm characteristics of the dE(di)s are incompatible with being remainders from Sc/Sd
spiral galaxies. While a pure star formation origin of the spiral arms is unlikely (see above), they
might originate from the recent galaxy-galaxy interactionthat triggered the transformation process.
Since such spiral structure would quickly disappear after the interaction ended, one would expect the
dE(di)s to still show structural distortions, i.e. to be less homogeneous in appearance. Moreover, a
significant amount of tidal debris should still be present around them. At least the latter issue could
be settled observationally with dedicated deep imaging of dE(di)s and their vicinity.

Even before the discovery of the first spiral structure within a dE by Jerjen et al. (2000), it was
obvious from the existence of a dS0 class that treating all early-type dwarfs as one single population
of galaxies always bore the risk of mixing objects that mighthave had different evolutionary histories.
With our systematic search for disk features, we have now provided several strong indications that
early-type dwarfs do indeed consist of two distinct populations of galaxies. Therefore, with our
results at hand, we strongly recommend that those objects identified by us as (candidate) dE(di)s be
considered separately from the rest of dEs in any future study of early-type dwarfs, like e.g. a study
of dE colours. Furthermore, one should keep in mind that a significant fraction of the brighter dEs
where we did notfind any disk features might stillbe dE(di)s – this possible incompleteness could
fake systematic differences between brighter and fainter dEs. We also suggest toseparately consider
objects where we did not find disk features but that have been classified as dS0 in the VCC, since our
results confirm that these also differ from ’ordinary’ dwarf ellipticals. As a technical recommendation,
we advise caution on the interpretation of substructure that is seen in unsharp mask images created

4 Observations made with ESO/NTT at the La Silla Observatory under programme ID 64.N-0288.
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F 2.17. Nucleus colours of dE(di)s.Histogram of g-z colours of dE nuclei (grey) as
derived by Strader et al. (2006). Five of these objects are dE(di)s; their nucleus colours are
shown as black histogram.

with isotropicsmoothing of anon-circularobject: as illustrated in Figure 2.3, this can lead to artificial
elongated features similar to an edge-on disk.

Now that the separation between dEs and dE(di)s has been established, their properties can be
analyzed. Given the disk nature of the dE(di)s, a correlation with kinematical studies of early-type
dwarfs is an obvious thing to do. Such a correlation has first been investigated by Geha et al. (2003)
who found that two out of three rotating dEs show disk features, yet two out of four non-rotating dEs
have weak disk substructure as well. Without going into the details of the kinematical analyses, we
compiled results from several studies that state whether ornot a dE shows significant rotation (van
Zee et al. 2004b; Geha et al. 2003; Simien & Prugniel 2002a). Note that these studies differ in their
data properties, their maximum radius for sampling the rotation curve, and their criteria for significant
rotation. 18 out of 29 galaxies are found to be not rotationally supported, i.e. they show no or too slow
rotation as compared to the observed velocity dispersion. 4of these objects (22%) are (candidate)
dE(di)s. However, it needs to be stressed that rotation curves are only sampled out to about the half-
light radius, which might not be enough for definite statements about rotational support. 3 of those 4
dE(di)s do show significant rotation, but not enough to qualify for being rotationally supported. Of
the 11 galaxies that were found to be rotationally supported, 6 (55%) are (candidate) dE(di)s. There
is thus a tendency for dE(di)s to be rotationally supported systems, as one would expect for disk
galaxies. The number statistics are consistent with our rough estimate of a third of the dE(di)s being
missed in our study when assuming that most or all of them are rotationally supported.

Given the different spatial distribution of dE(di)s and dEs within the cluster, a further issue of
interest would of course be their distribution of heliocentric velocities. These are available for 31
dE(di)s and 162 dEs where no disks were found. However, the two distributions do not differ signif-
icantly. Since the true threedimensional locations of our galaxies within the cluster are not known,
let alone the exact threedimensional structure of the cluster itself, unfortunately no useful conclusion
can be drawn here.

To demonstrate how our recommended separation of dE(di)s and the rest can be applied to other
studies of early-type dwarfs, we show in Figure 2.17 the colours of dE nuclei derived by Strader et al.
(2006): five objects of this sample are identified by us as dE(di)s, and show redder nucleus colours
than the bulk of dEs. To obtain a clearer relation, it would bedesirable to further pin down the pos-
sible disk nature of the remaining dEs where we could not find disk features. This calls for a larger
sample of kinematically studied dEs as well as for deeper images of higher resolution to detect further
substructure, so that more quantitative input for theoriesof dE and dE(di) formation can eventually
be provided.
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A
A. Residual image optimization

In the residual images obtained in Section 3.3, the flux levelin between the spiral arms is negative:
when fitting ellipses, the average flux value of each elliptical isophote is affected by the spiral arms
and thus comes out slightly too high (panel A of Figure 2.18).This results in negative flux values
when the model is subtracted from the original image (panel B). We construct optimized residual
images through the following iterative procedure. Where the initial residual image has negative flux
values, its flux is set to zero, otherwise it is left unchanged(panel C). The resulting image is then
subtracted from the original galaxy image (panel D), and a new residual image is obtained like before
by fitting ellipses, constructing a new galaxy model, and subtracting it from the original image (panel
E). This is repeated nine times iteratively, so that the final(tenth) residual image has reached (or come
close to) a flux level of zero in between the spiral arms (panelF). A slight variation of this procedure is
to smooth the residual image with a 3×3 pixel median filter each time before the negative flux values
are set to zero. It turns out that the final image of the latter version still has a slightly negative overall
flux level, while the version without smoothing yields a slightly positive (i.e. too high) overall value
in the residual image. We therefore use the strength measurement from the version with smoothing
as lower limit, and the one without smoothing as upper limit.

B. Artificial dimming of the galaxies

In order to artificially dim our objects by 1 (2) magnitudes, first the object size was decreased by a
factor of 1.2 per magnitude withIRAF/magnify, preserving the total flux. This follows the relation of
magnitude and radius of the dEs (Binggeli & Cameron 1991): onaverage, the radius decreases with a
roughly a factor of 1.2 per magnitude. Since this demagnification also affects the PSF, the image was
then convolved with a (normalized) Moffat kernel of proper size so as to approximately reproduce the
original SDSS PSF (taken to be 1 FWHM= 4 pix; Stoughton et al. 2002). We then added noise to the
image, with aσ larger by 2.51 (6.56) compared to the original noise, thereby simulating the S/N of
the 1 (2) magnitude fainter object. To increase the noiseσ by 1 magnitude, one would actually need
to add noise withσ′ =

√
2.512 − 12 · σ = 2.30σ. However, since the original noise has already been

weakened by demagnifying the image, we chose to useσ′ = 2.51σ as a conservative approximation
instead.

C. Effect of S/N on the disk fraction

In Figure 2.19 we show a running histogram of the observed disk fraction (solid line with filled
circles) and of the fraction obtained after dimming all objects by 1 magnitude (dashed line with
crosses). The original disk fraction lies clearly below theshifted one until the region where both
become very small and are affected by small number statistics. It is important to point out that Fig-
ure 2.19 doesnot show how many dE(di)s would be detected assuming a constant true disk fraction.
Instead, since all objects are dimmed by an equal amount (namely 1 magnitude), it shows the disk
fraction that we would expect to find at a magnitudem when starting from the observed fraction at
m−1m and artificially dimming the objects there. Thus, any difference between the observed value at
m−1m and the ’expected’ value atm is due to data limitations only. This is symbolized by the arrows
in the figure. Consequently, if the observed decline fromm− 1m to m is stronger than this ’expected’
one, at least part of it has to be real and be not only due to datalimitations. The ratio between the two
curves thus tells us how much stronger the observed declineper one-magnitude-intervalis compared
to what artificial dimming of the galaxies would predict. We plot this ratio in Figure 2.19 as grey
solid line. Until mB ≈ 16.m0 – where the number of dE(di)s becomes very small – for each one-
magnitude-step the observed disk fraction declines a factor of 1.5-2.2 stronger than the ’expected’
one from limitations of our data only. This clearly shows that the decline of the disk fraction is real.
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F 2.18. Residual image optimization. Sketch of the iterative method for improving
the spiral arm residual image. Each panel shows the flux distribution along an elliptical
isophote, i.e. with respect to position angle. The isophoteis represented by a constant flux
value superposed by a crossing spiral arm modeled by a Gaussian. See text for the details of
the method. Panel A shows the initial flux as solid line, with the average flux value given as
grey line. Panel B shows the residual flux as dashed line, withthe zero value given as dotted
line. Panel C results from B when all negative values are set to zero. Panel D is obtained by
subtracting panel C from A, with the new average flux value given as grey line. This value
is subtracted from the original flux and results in the residual flux given in panel E. Panel F
shows the final residual flux after 9 iterations.

F 2.19. Decline of the disk fraction. Running histogram of the disk fraction as given
in the upper panel of Figure 2.12 (solid line with circles). When all dE(di)s are dimmed by
1 magnitude (see text), the resulting disk fraction is givenby the dashed line with crosses. A
histogram bin is calculated at each position of a galaxy in the full sample. The grey line gives
the ratio of both running histograms, and illustrates how much stronger the observed disk
fraction declines per one-magnitude-interval than the ’expected’ fraction does from artificial
dimming only.

D. Effect of S/N on the flattening distribution of the disks

Apparent axial ratios of disk features were not only measured on the original images, but also
on those where the galaxies had been artificially dimmed, in order to reveal potential changes in the
flattening distribution with magnitude. In the upper panel of Figure 2.20 we compare the distribution
of disk axial ratios for both the observed (black) and the artificially dimmed (grey) galaxies that lie
within the brightest one-magnitude-interval of our sample. As in Figure 2.10, solid lines are derived
from lower limits of the axial ratios, dashed lines from upper limits, depending on the interpretation of
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an elongated feature as a bar or as an edge-on disk. Both curves are normalized to an area of 1. They
show a tendency for the dimmed objects towards lower axial ratios, indicating that the (artificial)
dimming of objects might slightly prefer disks of certain inclinations over others. However, the
distribution of axial ratios for the galaxies of theobservedsecond-brightest one-magnitude-interval
is much more clearly skewed towards smaller axial ratios, i.e. larger inclinations (solid line in the
lower panel of Figure 2.20). While the upper panel suggests that part of this is due to the effect
of the S/N on the detectability of features like spiral arms, it mightalso be that such features are
intrinsically weaker – or not even present – in fainter objects. For example, the observed second-
brightest one-magnitude-interval does not contain objects that look like the close-to-face-on spirals
in all of VCC 0308, VCC 0490, and VCC 0856, although it does contain galaxies with weaker spiral
features that have a larger inclination. Note, however, that the black histogram in the upper panel
consists of 16 objects, and both the grey histogram and the black histogram in the lower panel consist
of only 13 objects. Therefore, the axial ratio distributions could at least to some extent be affected
by small number statistics. We emphasize that the above effects on the axial ratio of thedisk features
need not go hand in hand with the axial ratios of thegalaxies: as an example, the weak spiral arms
in VCC 1896 are not seen anymore when the galaxy is dimmed by one magnitude. One could then
confuse the bar with being an inclined disk and thus measure amuch smaller axial ratio of the disk
feature, while the galaxy’s axial ratio is the same in both cases.

E. Objects where no disk features were found

VCC numbers of objects where no substructure was found:
0011, 0029, 0033, 0050, 0061, 0065, 0068, 0070, 0082, 0091, 0096, 0106, 0108, 0109, 0115, 0118,
0127, 0158, 0173, 0178, 0200, 0208, 0227, 0230, 0235, 0236, 0244, 0261, 0273, 0287, 0292, 0294,
0299, 0303, 0317, 0319, 0321, 0330, 0335, 0346, 0361, 0372, 0388, 0390, 0394, 0396, 0401, 0403,
0418, 0421, 0436, 0439, 0440, 0444, 0452, 0454, 0458, 0461, 0466, 0499, 0503, 0504, 0510, 0525,
0539, 0542, 0543, 0545, 0554, 0558, 0560, 0561, 0587, 0592, 0594, 0600, 0611, 0622, 0632, 0634,
0652, 0653, 0668, 0674, 0684, 0687, 0695, 0706, 0711, 0723, 0725, 0745, 0746, 0747, 0748, 0750,
0753, 0755, 0756, 0760, 0761, 0762, 0765, 0769, 0775, 0777, 0779, 0786, 0790, 0791, 0795, 0803,
0808, 0810, 0812, 0815, 0816, 0817, 0820, 0823, 0824, 0833, 0838, 0839, 0840, 0846, 0855, 0861,
0862, 0863, 0871, 0872, 0877, 0878, 0882, 0896, 0916, 0917, 0920, 0926, 0928, 0930, 0931, 0933,
0936, 0940, 0949, 0953, 0965, 0972, 0974, 0976, 0977, 0983, 0991, 0992, 0997, 1005, 1028, 1034,
1039, 1040, 1044, 1059, 1064, 1065, 1069, 1073, 1075, 1076, 1079, 1087, 1089, 1092, 1093, 1099,
1101, 1104, 1105, 1107, 1111, 1115, 1119, 1120, 1122, 1123, 1124, 1129, 1132, 1137, 1149, 1151,
1153, 1163, 1164, 1167, 1172, 1173, 1185, 1191, 1198, 1207, 1209, 1210, 1212, 1213, 1218, 1222,
1223, 1225, 1228, 1235, 1238, 1239, 1240, 1246, 1254, 1261, 1264, 1268, 1296, 1298, 1302, 1307,
1308, 1311, 1314, 1317, 1323, 1333, 1337, 1348, 1351, 1352, 1353, 1355, 1366, 1369, 1373, 1384,
1386, 1389, 1396, 1399, 1400, 1402, 1407, 1414, 1417, 1418, 1420, 1430, 1431, 1432, 1438, 1441,
1443, 1446, 1449, 1451, 1453, 1464, 1472, 1481, 1482, 1488, 1489, 1491, 1495, 1496, 1498, 1503,
1509, 1517, 1518, 1519, 1523, 1528, 1531, 1533, 1539, 1549, 1553, 1561, 1563, 1565, 1571, 1573,
1577, 1599, 1601, 1603, 1604, 1606, 1609, 1616, 1622, 1629, 1642, 1643, 1647, 1649, 1650, 1651,
1652, 1657, 1658, 1661, 1663, 1669, 1674, 1677, 1682, 1683, 1687, 1688, 1689, 1702, 1704, 1710,
1711, 1717, 1719, 1729, 1733, 1740, 1745, 1755, 1761, 1762, 1764, 1767, 1773, 1785, 1792, 1794,
1796, 1803, 1806, 1812, 1815, 1826, 1828, 1829, 1831, 1839, 1843, 1857, 1861, 1866, 1867, 1870,
1876, 1879, 1881, 1886, 1887, 1890, 1891, 1893, 1895, 1897, 1901, 1909, 1912, 1915, 1917, 1919,
1928, 1934, 1936, 1942, 1945, 1948, 1950, 1951, 1958, 1964, 1966, 1967, 1971, 1980, 1982, 1983,
1991, 1995, 2004, 2008, 2011, 2012, 2014, 2017, 2028, 2032, 2043, 2049, 2051, 2054, 2056, 2061,
2063, 2074, 2078, 2081, 2083, 2088.

VCC numbers of objects where substructure other than a disk was found (see Section 4.1):
0009, 0021, 0046, 0170, 0209, 0281, 0288, 0338, 0501, 0636, 0781, 0870, 0929, 0951, 0962, 1078,
1288, 1334, 1370, 1395, 1457, 1501, 1512, 1567, 1617, 1668, 1715, 1743, 2045.
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F 2.20. Effect of S/N on the flattening distribution. Upper panel: Distribution of
axial ratio measurements of disk features as illustrated inFigure 2.9, but this time only for the
galaxies in the brightest one-magnitude-interval. The black lines show the running histogram
of the original measurements, while the grey lines give the axial ratios measured for the disk
features after artificially dimming the galaxies by 1 magnitude. A bin is calculated at each
data point of each curve with a bin-width of 0.2, and the counts are normalized to an area of
1 under the curve.Lower panel:Same as above, but here we compare the observedsecond-
brightestone-magnitude-interval (black) to thebrightest interval dimmed by 1 magnitude
(grey, same as in the upper panel).



CHAPTER 3

B :      ?

“Dwarfs are really lousy at turning gas into stars!”

Marla Geha

Despite the common picture of an early-type dwarf (dE) as a quiescent galaxy with
no star formation and little gas, we identify 23 dEs that haveblue central colours
caused by recent or ongoing star formation in our sample of 476 Virgo cluster
dEs. In addition, 14 objects that were mostly classified as (candidate) BCDs have
similar properties. Among the certain cluster members, thedEs with blue centers
reach a fraction of more than 15% of the dE population at brighter (mB ≤ 16m)
magnitudes. A spectral analysis of the centers of 16 galaxies reveals in all cases
an underlying old population that dominates the mass, with Mold ≥ 90% for all
but one object. Therefore the majority of these galaxies will appear like ordinary
dEs within∼ one Gigayear or less after the last episode of star formation. Their
overall gas content is less than that of dwarf irregular galaxies, but higher than
that of ordinary dEs. Their flattening distribution suggests the shape of a thick
disk, similar to what has been found for dEs with disk features in Chapter 2. Their
projected spatial distribution shows no central clustering, and their distribution with
local projected density follows that of irregular galaxies, indicative of an unrelaxed
population. This is corroborated by their velocity distribution, which displays two
side peaks characteristic of recent infall. We discuss possible formation mechanisms
(ram-pressure stripping, tidally induced star formation,harassment) that might be
able to explain both the disk shape and the central star formation of the dEs with
blue centers.

This study was done together with Katharina Glatt, Pieter Westera, and Eva K. Grebel.
It has been published in The Astronomical Journal (2006, vol. 132, p. 2432).
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1. I
Early-type dwarf galaxies are the most numerous type of galaxy in clusters, suggesting that the

vigorous forces acting within a cluster environment might actually be creating them. At least the-
oretically, this could come about via a morphological transformation of infalling galaxies, like e.g.
ram-pressure stripping of irregular galaxies (Gunn & Gott 1972), or so-called harassment of late-
type spirals (Moore et al. 1996). While these scenarios would in principle also be able to explain
the famous morphology-density relation (e.g. Dressler 1980), unambiguous observational proofs are
difficult to obtain. Early-type dwarfs are characterized by their smooth, regular appearance, while
any possible progenitor galaxy probably displays a different overall structure, before a morphologi-
cal transformation occurs. Moreover, early-type dwarfs themselves are not a homogeneous class of
objects. In addition to the classical dwarf ellipticals, Sandage & Binggeli (1984) introduced the class
of dwarf S0 (dS0) galaxies, which were conjectured to have disk components, based on indications
like high flattening or a bulge-disk-like profile (Binggeli &Cameron 1991). Following up on the dis-
covery of spiral structure in an early-type dwarf (Jerjen etal. 2000) and on similar other discoveries,
we identified 41 Virgo cluster early-type dwarfs with disk features in Lisker et al. (2006b, Chapter 2),
and argued that they constitute a population of disk-shapedobjects. Furthermore, nucleated and non-
nucleated dwarf ellipticals show significantly different clustering properties (Binggeli et al. 1987) and
flattening distributions (Ryden & Terndrup 1994; Binggeli &Popescu 1995).

Aside from this structural heterogeneity, colour differences have been reported as well (Rakos &
Schombert 2004; Lisker et al. 2005), hinting at a range of stellar populations in early-type dwarfs.
While the classical dwarf ellipticals are typically considered not to have recent or ongoing star forma-
tion and no significant gas or dust content (e.g. Grebel 2001;Conselice et al. 2003), the well known
Local Group galaxy NGC 205 constitutes a prominent example for an early-type dwarf that does ex-
hibit central star formation, gas, and dust (Hodge 1973). More examples are NGC 185 (Hodge 1963)
and the apparently isolated galaxy IC 225 (Gu et al. 2006). Furthermore, Conselice et al. (2003)
reported a 15% HI detection rate for early-type dwarfs in theVirgo cluster. All these objects are
morphologically early-type dwarfs, but form a heterogeneous family of objects, which we assign the
common abbreviation “dE”, thereby including galaxies classified as dwarf elliptical or as dS0.

Based on the general idea of gas removal due to effects like ram-pressure stripping, numerous
observational studies have focused on comparing the properties of gas-rich dwarf irregular (dIrr)
galaxies and gas-poor dEs and dwarf spheroidals (dSphs), attempting to confirm or reject a possible
evolutionary relation between them. Thuan (1985) found in his study of optical–near-infrared colours
the metallicity ranges of dIrrs and Virgo dEs to be “mutuallyexclusive”. In their spectroscopic anal-
ysis of oxygen abundances of planetary nebulae in Local Group dEs and dSphs, Richer et al. (1998)
also found a significant offset to the respective abundances of dIrrs. Similarly, Grebel et al. (2003) re-
cently showed for the Local Group that this metallicity difference exists even when considering only
the respective old stellar populations of dIrrs and dSphs, indicative of more intense star formation and
enrichment in dSphs. Thuan (1985) and Binggeli (1985) also noted that many Virgo dEs are nucle-
ated, while none of the dIrrs are. Bothun et al. (1986) concluded that Virgo dIrrs would have to fade
by ∼1.m5 in B to fall into the optical–near-infrared colour range ofdEs. However, the bulk of faded
dIrrs would then have an effective surface brightnessµB,e > 25 mag/arcsec2, substantially lower than
the observed values of dEs.

Despite these counter-arguments, potential dIrr/dE “transition types” have frequently been dis-
cussed (e.g. Ferguson & Binggeli 1994; Johnson et al. 1997; Knezek et al. 1999). Recently, van Zee
et al. (2004b) pointed out the “remarkable commonality” between dEs and dIrrs with respect to their
surface brightness distributions and metallicity-luminosity relations. These authors found significant
rotation in several bright dEs, upon which they base their discussion about the possibility that these
very dEs may have formed via ram-pressure stripping of dIrrs. While van Zee et al. (2004b) admitted
that dEs (in Virgo) might actually form through various processes, they argued that every dE must
have been gas-rich and star-forming in the past, and would thus inevitably have been classified as dIrr.
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However, these properties also apply to blue compact dwarf (BCD) galaxies, which have often been
discussed in the literature as potential dE progenitors.

An important difference between dIrrs and BCDs was highlighted by Bothun et al. (1986), who
characterized dIrrs as an “odd combination of rather blue colours, yet quite low surface brightness,”
indicative of a low surface mass density. In contrast, BCDs have a much higher surface brightness,
suggesting a higher surface mass density, since they are notbluer than the dIrrs. Whether or not BCDs
could indeed be the gas-rich, star-forming progenitors of dEs has been discussed controversially (e.g.
Bothun et al. 1986; Drinkwater et al. 1996; Guzman et al. 1996; Papaderos et al. 1996). A glance
at the colour images1 of Virgo cluster galaxies that were classified as (candidate) BCDs reveals what
might be one reason for this controversy: these objects do not constitute a homogeneous class, but
they vary strongly in size, (ir)regularity, and the fraction of area dominated by blue light with respect
to the total area of the galaxy. It might thus be more promising to simply look for plausible dE
progenitors among the BCDs, instead of attempting to draw conclusions about this class as a whole.

Interestingly, Bothun et al. (1986) mentioned that the BCDsin their sample look similar to NGC
205. Could dEs with central star formation thus bridge the evolutionary gap from quiescent dEs
to potentially star-bursting progenitors? To our knowledge, Vigroux et al. (1984) were the first to
identify a central star formation region in a dwarf elliptical outside the Local Group. Recently, Gu
et al. (2006) presented a similar dE with ongoing star formation in its center. In Chapter 2, we
identified nine Virgo early-type dwarfs with central irregularities likely to be caused by dust or gas,
and found that all of them have a blue center. In the present study, we follow up on these objects,
and systematically search the Virgo cluster for such dEs with blue centers. This is made possible by
the publicly available data of the Sloan Digital Sky Survey (SDSS) Data Release 4 (DR4, Adelman-
McCarthy et al. 2006) which covers almost the whole Virgo cluster with multiband optical imaging
and partly with spectroscopy. Our data and sample are described in Sections 2 and 3, respectively.
Results from image analysis are presented in Section 4, followed by the spectral analysis in Section 5.
Section 6 focuses on the gas content of our galaxies. The systematic properties of dEs with blue
centers are given in Section 7. Their evolutionary role is discussed in Section 8, followed by a
summary and outlook in Section 9.

2. D
2.1. SDSS imaging

The SDSS DR4 covers all galaxies listed in the Virgo Cluster Catalog (VCC, Binggeli et al.
1985) with a declination ofδ . 16.◦25, except for an approximately 2◦ × 2.◦5 area atα ≈ 186.◦2,
δ ≈ +5.◦0. It provides reduced and calibrated images taken in the u, g, r, i, and z bands with an
effective exposure time of 54s in each band (see also Stoughton et al. 2002). The pixel scale of 0.′′396
corresponds to a physical size of 30pc when adopting a Virgo cluster distance ofd = 15.85 Mpc, i.e.
a distance modulusm− M = 31.m0 (see e.g. Ferrarese et al. 2000), which we use throughout. The
SDSS imaging camera (Gunn et al. 1998) takes data in drift-scanning mode nearly simultaneously
in the five photometric bands, and thus combines very homogeneous multicolour photometry with
large area coverage, good resolution, and sufficient depth to enable a systematic analysis of early-
type dwarfs. The images have an absolute astrometric accuracy of RMS≤ 0.′′1 per coordinate, and a
relative accuracy between the r band and each of the other bands of less than 0.1 pixels (Pier et al.
2003). They can thus easily be aligned using their astrometric calibration and need not be registered
manually. The RMS of the noise per pixel corresponds to a surface brightness of approximately
24.2mag/arcsec2 in the u-band, 24.7 in g, 24.4 in r, 23.9 in i, and 22.4 in z. The typical total signal-
to-noise ratio (S/N) of a bright dE (mB ≈ 14m) amounts to about 1000 in the r-band within an aperture
radius of approximately two half-light radii. For a faint dE(mB ≈ 18m) this value is typically about

1 Using the Sloan Digital Sky Survey Image List Tool, http://cas.sdss.org/astro/en/tools/chart/list.asp, Authors: J. Gray,
A. Szalay, M. Nieto-Santisteban, and T. Budavari
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50. While the S/N in the g and i-band is similar to the above value, it is several times lower in the z-
band and more than ten times lower in the u-band. Therefore u and z will not be used in the following
analysis.

The SDSS provides photometric measurements for our galaxies, but we found these to be incor-
rect in many cases (Lisker et al. 2005). The SDSS photometricpipeline significantly overestimates
the local sky flux around the Virgo dEs due to their large apparent sizes and low surface brightness
outskirts. This affects the measurement of isophotal and Petrosian radii, the profile fits, and subse-
quently the calculation of total magnitudes, which can be wrong by up to 0.m5. Therefore, we use
B magnitudes from the VCC throughout this study, and defer calculation of total magnitudes from
SDSS data to a more detailed photometric study of the Virgo dEs.

2.2. SDSS spectroscopy

The centers of several galaxies are also covered by the SDSS spectroscopic survey, which pro-
vides fiber spectra with a wavelength coverage of 3800− 9200 Å and a resolution of 1800 or larger.
The spectra are binned in logarithmic wavelength, such thatthe wavelength interval of one pixel
along the dispersion axis corresponds to a constant velocity interval of 69 km s−1 (York et al. 2000).
The fiber diameter corresponds to an angular size of 3′′, which translates into 231pc at a distance
d = 15.85 Mpc. Typical half-light radii of the brighter dEs range from∼ 10′′ to ∼ 25′′ (Binggeli &
Cameron 1991), or from 0.8 to 1.9 kpc.Therefore, spectral information is only available for the very
central region of the dEs.

2.3. Radial velocities

Heliocentric velocities are available for 198 dEs of our sample of 414 dEs from Chapter 2 that are
listed as certain Virgo cluster members in Binggeli et al. (1985) and Binggeli et al. (1993). Velocities
were taken from the NASA/IPAC Extragalactic Database (NED), originally provided bythe SDSS and
by the following studies: Binggeli et al. (1985); de Vaucouleurs et al. (1991); Strauss et al. (1992);
Binggeli et al. (1993); Young & Currie (1995); Drinkwater etal. (1996); Grogin et al. (1998); Falco
et al. (1999); Gavazzi et al. (2000); van Driel et al. (2000);Conselice et al. (2001); Simien & Prugniel
(2002b); Caldwell et al. (2003); Geha et al. (2003); Gavazziet al. (2004).

Four of these galaxies, however, have velocities above 6000km s−1 from recent data (SDSS and
Conselice et al. 2001). Since the velocities of known Virgo cluster members are lower by more than a
factor of two, we change the membership status of these galaxies (VCC 0401, VCC 0838, VCC 1111,
VCC 1517) to “possible member”. This leaves us with a subsample of 194 dEs that are certain cluster
members and for which radial velocity measurements are available.

3. S
3.1. Sample selection

In Chapter 2, we put together a sample of Virgo cluster dEs that comprises all dEs withmB ≤ 18.m0
that are listed in the VCC, that are covered by the SDSS, and that are certain or possible cluster mem-
bers according to Binggeli et al. (1985) and Binggeli et al. (1993). While objects with uncertainties
were initially included, we then excluded all galaxies thatappeared to be possible dwarf irregulars
due to asymmetric shapes. Objects classified as “dE/dIrr” were not included. 25 galaxies classified
as (candidate) dE in the VCC are not covered by the SDSS DR4. The resulting sample comprises
476 early-type dwarfs, 410 of which are certain cluster members (see Section 2.3). Note that our
magnitude limit ofmB ≤ 18.m0 corresponds to the magnitude up to which the VCC was found to
be complete (Binggeli et al. 1985). With a distance modulus of m− M = 31.m0, this translates into
MB ≤ −13.m0.
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In this sample, we identified several dEs with irregular or clumpy central features likely caused
by gas and dust (cf. Figure 6 of Chapter 2). By dividing the background-subtracted aligned g and
i-band images provided by Chapter 2, we obtain colour maps that are not calibrated, yet are useful to
look for significant colour gradients. Most of the objects just described have a central region whose
colour is clearly bluer than that of the rest of the galaxy, similar to the dE recently presented by Gu
et al. (2006). Using these colour maps, we visually searchedall 476 early-type dwarf galaxies that
were presented in Chapter 2 for such a blue center. As a complementary check we then examined the
radialg− i colour profiles (Section 4.1) of the thus selected galaxies to confirm the presence of a clear
colour gradient.

23 out of 476 dEs (16/410 certain cluster members) entered our working sample of galaxies with
blue centers (Figures 3.1, 3.2, and 3.3). We shall term theseobjects “dE(bc)s” hereafter. Note that
the presence ofweakcolour gradients (either negative or positive) in dEs has been reported in the
literature (e.g. Gavazzi et al. 2005). Such objects are not the focus of this study; we rather aim
at dEs with a blue center, i.e. a significant positive gradient. The distinction between a weak and
a significant gradient might appear somewhat arbitrary; however, a detailed and quantitative study
of colour gradients of our full dE sample is beyond the scope of this study and will be presented
elsewhere. The weakest gradient visually selected by us is that of VCC 0308, with a colour difference
of 0.m1 between inner and outer regions (see Figure 3.2).

We point out that the dE(bc)s were morphologically classified as dwarf ellipticals or dS0s by
Sandage & Binggeli (1984), and were confirmed as early-type dwarfs in Chapter 2. While Ferrarese
et al. (2006) suggest to reclassify four dE(bc)s as dE/dIrr based on their blue central colours and
irregular isophotal shapes in the center, we do not use colour as a criterion formorphologicalclas-
sification. Thecentral irregularities are the reason for which they were assigned to the class dS0
(Binggeli & Cameron 1991), but their overall appearance is smooth and regular, as can be seen from
the combined images (Figures 3.1 to 3.3). Complementary to these, we show isophotal contours of
the dE(bc)s in Figure 3.4 (see Section 4.1). There, the central irregularities in several dE(bc)s can be
seen, which are also revealed by the unsharp mask images. Outside of the central region, though, the
isophotes are regularly shaped, confirming the early-type dwarf morphology of these galaxies.

Our preselection of dEs relies on the classification given inthe VCC, and on the subsequent
examination of the combined images in Chapter 2. However, the intial selection was based on pho-
tographic plates, which are most sensitive to the blue light. Therefore, if the colour distribution of
a candidate dE(bc) would be quite asymmetric or if the blue central region would make up a rather
large fraction of the total light, this galaxy might not havebeen classified as dE in the first place.2 We
thus decided to use the colour-combined images provided by the SDSS Image List Tool3 to search
all objects classified as irregular galaxy or as blue compactdwarf (BCD; including candidates) for
galaxies that look similar to the dE(bc)s, i.e., that have a regular outer shape and a colour similar to
the dEs, while having a blue inner region. We found 12 such objects (10 certain cluster members).
Furthermore, two galaxies classified as E/S0 with magnitudes similar to the brighter dEs show the
same appearance; both are certain cluster members. Images and colour profiles of these additional
galaxies are presented in Figures 3.5 and 3.6, and their isophotal contours are shown in Figure 3.7.

To ensure that we are not mixing different types of galaxies, we shall use separate samples of
objects in the course of our study: themain samplecomprising the 23 galaxies classified as dE that
have a blue center, and anadditional samplecomprising the 14 galaxies classified other than dE
that are similar in appearance to the dE(bc)s. Table 3.1 lists our selected objects along with their
classification.

2 Note that the dE(bc)s identified above were classified as dEdespitetheir having been observed in blue light, in which
the light of young stars – if present – dominates.

3 http://cas.sdss.org/astro/en/tools/chart/list.asp, Authors: J. Gray, A. Szalay, M. Nieto-Santisteban, and T. Budavari
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T 3.1. Early-type dwarfs with blue centers. Cluster membership (column “Mem.”) is
provided by Binggeli et al. (1985, 1993): M= certain cluster member, P= possible mem-
ber. Classification as in the VCC, except for VCC 1488 which has been reclassified as
probable dE by Geha et al. (2003) (former class E6:). VCC 1175belongs to the M32-
like compact ellipticals (Binggeli et al. 1985). Notes in the last column are as follows:
D=disk identified in Chapter 2, D1s= certain disk with spiral arms, D2= probable disk,
D3= possible disk. S= useful spectrum available. Hαβ= spectrum displays Balmer line
emission; Hα= spectrum displays only Hα emission. Hα lit. =Hα detection reported by
Boselli et al. (2002). Only given if Hα is not detected in the SDSS spectrum, or if no spec-
trum was available. Units of right ascension are hours, minutes, and seconds, and units of
declination are degrees, arcminutes, and arcseconds.

VCC αJ2000 δJ2000 M. mB C N

Main sample
0021 12h10m23.s2 +10◦11′19′′ M 14.75 dS0(4)
0046 12 12 11.0 +12 53 37 P 17.00 dE3? S
0170 12 15 56.3 +14 26 00 M 14.86 dS0 pec:
0173 12 16 00.4 +08 12 08 M 15.00 dS0(1)?
0218 12 17 05.4 +12 17 22 M 14.88 dS0(8),N: D2
0278 12 18 14.4 +06 36 14 P 15.10 dS0,Npec D1s
0281 12 18 15.2 +13 44 58 M 15.30 dS0 or BCD S, Hαβ
0308 12 18 50.9 +07 51 43 M 14.30 d:S01(0),N: D1s
0636 12 23 21.3 +15 52 06 P 16.44 dE0,N or S01(0)
0674 12 23 52.6 +13 52 58 M 18.00 dE0,N
0781 12 25 15.2 +12 42 53 M 14.46 dS03(5),N: S, Hα
0870 12 26 05.4 +11 48 43 M 14.68 dS0(5),N S, Hαβ
0951 12 26 54.4 +11 39 50 M 14.23 dE2 pec,N or dS0(2),N S, Hα
0953 12 26 54.8 +13 33 58 P 15.70 dE5?,Npec? S
1078 12 28 11.4 +09 45 38 P 15.30 dE5 pec? S, Hα
1488 12 33 13.5 +09 23 51 M 14.76 dE: S;Hα lit.
1501 12 33 24.7 +08 41 27 M 15.10 dS0?
1512 12 33 34.6 +11 15 43 M 15.73 dS0 pec
1617 12 35 30.9 +06 20 01 P 15.00 d:S0(4) pec?
1684 12 36 39.4 +11 06 07 M 14.87 dS0(8): S, Hα; D3
1715 12 37 28.5 +08 47 40 P 16.20 dE0 pec?
1779 12 39 04.7 +14 43 52 M 14.83 dS0(6): D3
1912 12 42 09.1 +12 35 48 M 14.16 dS0(8),N

Additional sample
0024 12 10 35.7 +11 45 39 M 14.95 BCD S, Hαβ
0135 12 15 06.9 +12 00 59 M 14.81 S pec/ BCD S, Hαβ
0334 12 19 14.2 +13 52 57 M 16.20 BCD
0340 12 19 22.1 +05 54 38 P 14.43 BCD or merger S, Hαβ
0446 12 20 57.9 +06 20 21 M 15.50 Im/ BCD:
0841 12 25 47.6 +14 57 07 M 16.70 BCD
0890 12 26 21.6 +06 40 11 P 16.00 BCD?
1175 12 29 18.5 +10 08 13 M 15.10 E5/ S01(5) S, Hαβ; M32
1273 12 30 17.0 +09 05 07 M 15.25 ImIII: S, Hαβ
1437 12 32 33.5 +09 10 25 M 15.70 BCD S, Hαβ
1499 12 33 20.2 +12 51 04 M 14.58 E3 pec or S0 S
1955 12 43 07.6 +12 03 00 M 14.12 S pec/ BCD Hα lit.
2007 12 44 47.5 +08 06 25 M 15.20 ImIII/ BCD: Hα lit.
2033 12 46 04.4 +08 28 34 M 14.65 BCD Hα lit.
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F 3.1. Early-type dwarfs with blue centers. For each galaxy, the radialg− i colour
profile is shown (top panel; radius=

√
ab), along with the combined image (bottom left),

the unsharp mask created with a Gaussian filter withσ = 4 pixels (bottom center), and the
g − i colour map (bottom right). The combined images have a horizontal scale of 70′′, or
5.4 kpc with d = 15.85 Mpc, while the scales of unsharp masks and colour maps are only
half as large. A legend showing the grey scales of the colour maps is given in Figure 3.3.
The galaxies are sorted such that those with a relatively constant outer colour and an abruptly
starting, steep gradient come first, while those with a gradual colour change come last (in
Figure 3.3). The sorting has been done visually, without anyquantitative basis. The black
error bars in the colour profiles give the uncertainty calculated from the S/N only, whereas the
grey error bars represent theazimuthalvariation of the colour at the respective radius. Since
the latter includes S/N-effects, the grey error bars are always larger than the black ones.
The vertical dotted line denotes the half-light radius – if available – as given by Binggeli
& Cameron (1993). The profiles are shown up to the estimated radius from Binggeli et al.
(1985), atµB ≈ 25.5 mag/arcsec2. The grey-shaded areas enclose the 2-σ-range of the
colours of “ordinary” dEs (i.e. without a blue center) at therespective magnitude, as derived
from Lisker et al. (2005). See text for details. For VCC 0674,the steps between each point
are twice as large as for the other galaxies, due to its low S/N.
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F 3.2. Early-type dwarfs with blue centers. Continued from Figure 3.1.
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F 3.3. Early-type dwarfs with blue centers. Continued from Figure 3.2. The bar in
the bottom right panel indicates the grey scale used for the colour maps.
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F 3.4. Isophotal contours of the dE(bc)s.The galaxies are shown in the same order as
in Figures 3.1 to 3.3. Contour diagrams were produced withIRAF/ newconton the combined
images. The outermost contour lies at a level of three times the noise RMS, which was
measured for each image separately. Contours are then displayed for 15 logarithmic steps up
to 300 times the RMS.
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F 3.5. Galaxies similar to the dE(bc)s. Like Figure 3.1, but for the galaxies of the
additional sample, which were not classified as dEs but were chosen by us as being similar.
The two top left galaxies were classified as E or S0; the top right galaxy as irregular. All other
objects here and in Figure 3.6 were classified as (candidate)BCDs, and are sorted according
to the shape of the colour gradient, analogous to Figures 3.1to 3.3.
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F 3.6. Galaxies similar to the dE(bc)s.Continued from Figure 3.5.

F 3.7. Isophotal contours of the additional sample. Like Figure 3.4, but for the
galaxies of the additional sample, shown in the same order asin Figures 3.5 and 3.6.
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3.2. Presence of disks

In Chapter 2 we presented a systematic search for disk features in Virgo cluster dEs, which we
detected in 41 out of 476 objects (including candidates). Weshowed that these galaxies – termed
dE(di)s – are not simply dwarf ellipticals that just have an embedded disk component, but appear
to be instead a population of genuine disk galaxies, i.e. flatoblate objects. Amongst the 23 dE(bc)s
of our main sample, five are (candidate) dE(di)s, or 4 out of 16if only certain cluster members are
counted. The fraction of dE(di)s among the full dE sample is roughly about 25% at the median
B magnitude of the dE(bc)s (14.m86, again counting only certain cluster members). In a randomly
chosen sample of 16 dEs we would thus expect to find 4 dE(di)s, which equals our observed number.
Two galaxies in the additional sample also show possible disk features (VCC 0135: possibly spiral
arms, VCC 1437: possibly spiral arms and a bar). Both are certain cluster members, so the number of
2 out of 10 objects with disks is again consistent with the above fractions. A detailed comparison of
the properties of dE(bc)s, dE(di)s, and ordinary dEs is presented in Section 7.

4. I 
4.1. Techniques

The study presented in Chapter 2 provides us with background-subtracted, aligned g, r, and i-
band images, a combined image, unsharp masks, and an elliptical aperture for each object. A detailed
description can be found in Chapter 2. Briefly, combined images were obtained by co-adding the g,
r, and i-band images to increase the S/N. From these we produced unsharp masks with various kernel
sizes (usingIRAF4/gauss; Tody 1993), as well as isophotal contour diagrams (usingIRAF/newcont).
An elliptical aperture for each galaxy was determined by performing ellipse fits withIRAF/ ellipseon
the combined image, and then choosing by eye one of the outer elliptical isophotes to trace best the
outer shape of the galaxy. This isophote was usually between1 and 2 half-light radii.

The SDSS flux calibration was applied to the aligned g and i-band images for each source, follow-
ing the instructions on the SDSS webpage5. These images were then divided by each other, converted
into magnitudes, and corrected for Galactic extinction (Schlegel et al. 1998), yielding properg − i
colour maps. From the same images we obtained radial intensity profiles by azimuthally averaging
over elliptical annuli withIRAF/ellipse. We used geometric steps (i.e., steps that increase by a con-
stant factor) and a fixed position angle, ellipticity, center, and semi-major axis. The ratio of the g and
i-band fluxes was then converted into magnitudes, yielding radialg − i colour profiles, where radius
is calculated from semi-major (a) and semi-minor axis (b) as

√
ab. Disturbing foreground stars and

background galaxies were masked prior to profile calculation.

4.2. Results from the image analysis

In Figures 3.1 to 3.6 we present for each galaxy the radial colour profile, the combined image, the
unsharp mask created with a Gaussian filter withσ = 4 pixels, and the colour map. The colour profiles
contain two types of errors: the black error bars give the uncertainty calculated from the S/N only,
whereas the grey error bars represent theazimuthalvariation of the colour at the respective radius
(which, of course, includes S/N-effects). A colour distribution that is not symmetric with respect to
the galaxy center (e.g. in VCC 1617, see Figure 3.2) or is somewhat irregular (e.g. in VCC 0170, see
Figure 3.1) leads to an azimuthal variation of colour significantly larger than the uncertainty from S/N
only.

In many cases the unsharp masks reveal central irregularities likely caused by gas and dust fea-
tures or by asymmetric star forming regions. On average, thecentral irregularities are stronger and

4 IRAF is distributed by the National Optical Astronomy Observatories, which are operated by the Association of
Universities for Research in Astronomy, Inc., under cooperative agreement with the National Science Foundation.

5 http://www.sdss.org/dr5/algorithms/fluxcal.html
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the blue central regions are larger for galaxies of the additional sample as compared to those of main
sample.

Obviously, some galaxies have a relatively constant outer colour and abruptly start to become
bluer when going inwards (e.g. VCC 0173), while others display a gradual colour change from the
outer regions to the center (e.g. VCC 1501). Although it is not always unambiguous which of the
two cases applies to an object, we attempted to sort the dE(bc)s in Figures 3.1 to 3.3, as well as the
(candidate) BCDs of the additional sample in Figures 3.5 and3.6, according to the colour profile
shape: starting with those that have a constant outer colouruntil a steep gradient sets in abruptly, to
those with a smooth gradient. We found no correlations of this profile shape with either magnitude,
radius, or surface brightness.

In order to compare theg− i colours of the dE(bc)s with those of “ordinary” dEs, we make use of
the colours computed by Lisker et al. (2005) for 228 galaxiesof our full dE sample, excluding dE(bc)s.
Those colours were derived from aperture photometry on the SDSS images, using circular apertures
with a radius equalling the half-light radius. We performeda linear fit to the colour-magnitude relation
of B magnitude versusg− i colour, yielding an average dE colour for each magnitude with a standard
deviation of 0.m06. These values are shown in Figures 3.1 to 3.6 for each galaxy: the grey shaded bands
enclose the 2-σ range of colour at each galaxy’s magnitude. For most galaxies, the outer colour is still
bluer than the typical dE colour; for several objects it is even bluer than the 2-σ range. Note that the
above fit has been performed on dE colours computedwithin the half-light radius; however, no strong
gradient is to be expected since all dE(bc)s have been excluded from the fit. Thus, the relatively blue
outer colours of the dE(bc)s could hint at a younger age of thedE(bc)s as a whole, a lower metallicity,
or a shorter time since the last star formation activity in the outer regions as compared to ordinary dEs.
A spectroscopic examination of the stellar content of the dE(bc)s is possible at least for the centers of
several galaxies, as presented in the following section.

5. S 
In order to explore the stellar content of our objects, we examine integrated spectra from the SDSS

DR4 as described in Section 2.2. These are taken with fibers ofa diameter of 3′′, corresponding to
a physical size of 231 pc at a distanced = 15.85 Mpc. 10 such spectra are available for the main
dE(bc) sample, one of which (VCC 0046) proved too noisy for a stellar population analysis. Seven
spectra are available for the additional sample. These 16 galaxies are labelled in the last column of
Table 3.1 with “S”. Six dE(bc)s of the main sample and six galaxies of the additional sample display
Balmer line emission (see Table 3.1). One more dE(bc) of the main sample and three galaxies of
the additional sample are detected in the Hα imaging study of Boselli et al. (2002). This is a clear
indication for ongoing star formation in the dE(bc)s. We note that the overall emission line strengths
are larger for objects of the additional sample than for those of the main sample.

We determine the stellar content using a population synthesis method, described in Cuisinier et
al. (2006), wherein the spectra are fitted to synthetic composite stellar populations’ spectra. Similar
methods have already been employed by Cid Fernandes et al. (2003), Kong et al. (2003), Westera et
al. (2004), and Gu et al. (2006); the latter describe a dE withblue center very similar to our objects.

5.1. Synthetic stellar populations

The synthetic composite stellar populations were composedusing simple stellar population (SSP)
spectra from three different libraries of SSPs. The first SSP library (hereafter the“BC99” library)
was produced using the Bruzual and Charlot 2000 Galaxy Isochrone Spectral Synthesis Evolution
Library (GISSEL) code (Charlot & Bruzual 1991; Bruzual & Charlot 1993, 2000), implementing the
Padova 2000 isochrones (Girardi et al. 2000) combined with the BaSeL 3.1 “Padova 2000” stellar
library (Westera et al. 2002; Westera 2001). The second SSP library, “Starburst”, consists of spectra
from the STARBURST99 data package (Leitherer et al. 1999) including nebular continuum emission
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T 3.2. Wavelength ranges that were not used for the spectral fit.

range (Å) “contamination” source

3885-3900 H8
3965-3980 Hǫ+[NeIII]3967
4100-4110 Hδ
4335-4345 Hγ+[OIII]4363
4855-4870 Hβ
4955-4965 [OIII]4959
5000-5015 [OIII]5007
5535-5590 telluric lines
5860-5905 HeI 5876
6245-6320 [OI]6300+[SIII]6312
6520-6600 Hα+[NII]
6700-6740 [SII]6717+6731
7130-7145 [ArIII]7136
7560-7600 telluric lines
7700-8100 telluric lines
8250-8480 telluric lines

(Figure 1 on the STARBURST99 web site, http://www.stsci.edu/science/starburst99/). It implements
the BaSeL 2.2 library (Lejeune et al. 1997, 1998), and for stars with strong mass loss it also takes into
account extended model atmospheres by Schmutz et al. (1992), combined with the Geneva isochrones
(Meynet et al. 1994; Schaller et al. 1992; Schaerer et al. 1993a,b; Charbonnel et al. 1993). For
old populations, the “BC99” spectrum was used, since the Starburst99 data package only contains
spectra up to 900 Myr. Additionally to these two libraries, we also used a library with higher spectral
resolution, “BC03”, produced by employing the 2003 versionof the GISSEL code (Bruzual & Charlot
2003) and the Padova 1995 isochrones (Fagotto et al. 1994; Girardi et al. 1996) combined with the
STELIB (Le Borgne et al. 2003) stellar library. The nebular continuum emission was also added to
the spectra in the “BC99” and “BC03” libraries, in the same way as described by Leitherer et al.
(1999).

5.2. Fit to model spectra: procedure

The spectra cover a wavelength range of around 3820 Å to 9200 Å, but the wavelength region
above 8570 Å is too much affected by telluric lines, so we fit the full spectra from 3820 Å to 8570 Å,
except for those various parts of the spectra showing “contamination” from different emission and/or
telluric line sources. Table 3.2 lists all the regions that were omitted.

We corrected the spectra for redshift and for Galactic foreground extinction using the values from
Schlegel et al. (1998) and the extinction law of Fluks et al. (1994). In the eight cases with Hα and
Hβ emission we also corrected for internal gas extinction, again using the Fluks et al. extinction law.
The extinction constantsE(B− V) = AV/3.266 were estimated from theHα/Hβ Balmer decrements
following Torres-Peimbert et al. (1989), adopting intrinsic ratios of the emission line fluxesIHα/IHβ =

2.87 (Osterbrock 1989). In order to properly determine the emission line strengths, we first had to
remove the contribution from the absorption lines of the underlying stellar populations. This was
done by making a first fit to the spectra employing the method described in the following paragraph,
using the highest resolution library (“BC03”, see above), and then subtracting the best fit spectra from
the observed spectra as illustrated in Figure 3.8. The so found values forE(B − V) were multiplied
by a factor of 0.44 to correct for systematic differential extinction between the stellar populations and
the gas (Calzetti et al. 2000). In the cases where the spectrum displays only Hα but no Hβ emission,
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F 3.8. Emission line strength. Illustration of how the Hβ emission line strength was
measured for the example of VCC 0870. In the left panel, the solid line represents the ob-
served spectrum, whereas the short-dashed line shows the best fit using the “BC03” SSP
library. The shaded region between these two lines shows thearea used to calculate the emis-
sion line strength. The right panel shows the emission line after subtracting the (rebinned)
best fit. The shaded area corresponds to the shaded area between spectrum and best fit from
the left panel.

we assume the internal extinction to be negligible: in all ofthese spectra the emission is much weaker
than in the cases with both Hα and Hβ emission, in which the lowest value forE(B − V) is already
close to zero (E(B− V) = 0.02). The average value for internal extinction of the eight galaxies with
Hα and Hβ emission isE(B − V) = 0.10. Note that the problem of apparent truncation of strong
emission lines in SDSS spectra reported by Kniazev et al. (2004) does not occur in any of our spectra.

We modelled the actual population as being composed of an old(≥ 1 Gyr), an intermediate-
age (10 Myr to 1 Gyr), and a young (< 10 Myr) stellar population. While there is no standard
definition for this age terminology, these age ranges are chosen to reflect the significant changes in the
spectrum of an SSP with increasing age. Similar values were used e.g. by Cid Fernandes et al. (2003);
Maraston (2005); Gu et al. (2006). The characteristics and free parameters of the three populations
are summarized in Table 3.3. In order to confine the parameterspace to as few dimensions as possible
and to focus on the relative fractions of the populations, wefixed the age of the old population at 5
Gyr, and the metallicity of all populations at [Fe/H] = −0.3. These values equal the best-fitting mean
age and metallicity found by Geha et al. (2003) in a study of Lick/IDS absorption line indices for dEs.
Moreover, the spectra of SSPs of various ages do not differ much at ages of several Gyr and above
(e.g. Bruzual & Charlot 2003).

The best fitting population was found by aχ2 algorithm. In order to be able to calculate the
χ2 estimator, the observed and theoretical spectra have to be on the same wavelength grid (at least
in the range used for the fit). This was done by rebinning the observed spectra to the resolution of
the theoretical spectra using a gaussian kernel function with a full width at half maximum (FWHM)
corresponding to the resolution of the theoretical spectra(20 Å for “BC99” and “Starburst”, and 1 Å
for “BC03”). The same was done with the “signal-to-noise spectra”, i.e. the S/N as a function of
wavelength provided along with the actual spectra. Theχ2 estimator was calculated with wavelength-
dependent weighting, giving higher weight to the regions with a higher S/N. Figure 3.9 shows an
example of an observed spectrum and the resulting compositemodel spectra, as well as the individual
spectra of the three assumed subpopulations.

5.3. Fit to model spectra: results

The best fitting population parameters for the fits with the different libraries can be found in
columns 2 to 6 of Tables 3.4 to 3.6. In all dE(bc)s of the main sample, and all but one (VCC 1499)
of the additional sample, the old population makes up 90 % or more of the total mass, even though
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T 3.3. Possible values of the population parameters.The young population is denoted
by indexy, the intermediate-age one byi and the old one byo. Mx is the mass fraction of the
respective population.

parameter possible values

(My + Mi):Mo 0:1, 1:100, 1:30, 1:10,
1:3, 1:1, 3:1, 10:1, 1:0

My:Mi 0:1, 1:30, 1:10, 1:3, 1:1,
3:1, 10:1, 30:1, 1:0

agey 1, 2, 3, 4, 5, 6, 7, 8, 9 Myr
agei 10, 20, 50, 100, 200, 500 Myr
ageo fixed at 5 Gyr
[Fe/H]y fixed at -0.3
[Fe/H] i fixed at -0.3
[Fe/H]o fixed at -0.3

T 3.4. Best fitting parameters using the “BC99” library. My andagey give the mass
fraction and age of the young population, respectively.Mi andagei are the same parameters
for the intermediate-age population. The age of the old population was fixed at 5 Gyr;Mo

gives its resulting mass fraction.

VCC My agey Mi agei Mo

Main sample
0021 0.0029 9 Myr 0.0880 509 Myr 0.9091
0281 0.0029 1 Myr 0.0293 203 Myr 0.9677
0781 0.0003 2 Myr 0.0096 203 Myr 0.9901
0870 0.0029 7 Myr 0.0293 102 Myr 0.9677
0951 0.0010 1 Myr 0.0312 203 Myr 0.9677
0953 0.0010 7 Myr 0.0312 509 Myr 0.9677
1078 0.0029 1 Myr 0.0880 509 Myr 0.9091
1488 0.0010 7 Myr 0.0312 203 Myr 0.9677
1684 0.0000 - 0.0909 203 Myr 0.9091

Additional sample
0024 0.0029 1 Myr 0.0293 102 Myr 0.9677
0135 0.0010 3 Myr 0.0312 102 Myr 0.9677
0340 0.0074 1 Myr 0.0025 509 Myr 0.9901
1175 0.0050 1 Myr 0.0050 509 Myr 0.9901
1273 0.0025 2 Myr 0.0074 203 Myr 0.9901
1437 0.0161 8 Myr 0.0161 50 Myr 0.9677
1499 0.0081 9 Myr 0.2419 509 Myr 0.7500

its contribution to the total light is rather small (spectrafo in Figure 3.9). The young population, on
the other hand, usually contributes less than 1 % to the mass,but often dominates the light (fy in
Figure 3.9), whereas the intermediate-age population usually makes up a few percent of the stellar
mass. However, all three populations are doubtlessly present, from which we conclude that these
galaxies have been forming stars until the present day. We remind the reader again that the spectra
cover only the very central part of our objects and do not allow us to draw direct conclusions about
the surrounding regions.
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T 3.5. Best fitting parameters using the “Starburst” library. Same as Table 3.4, but
for the “Starburst” library.

VCC My agey Mi agei Mo

Main sample
0021 0.0083 8 Myr 0.0826 500 Myr 0.9091
0281 0.0029 1 Myr 0.0293 200 Myr 0.9677
0781 0.0003 8 Myr 0.0096 100 Myr 0.9901
0870 0.0227 8 Myr 0.2273 500 Myr 0.7500
0951 0.0029 9 Myr 0.0880 500 Myr 0.9091
0953 0.0025 8 Myr 0.0074 100 Myr 0.9901
1078 0.0083 8 Myr 0.0826 200 Myr 0.9091
1488 0.0029 8 Myr 0.0880 500 Myr 0.9091
1684 0.0029 1 Myr 0.0880 500 Myr 0.9091

Additional sample
0024 0.0029 5 Myr 0.0293 500 Myr 0.9677
0135 0.0025 5 Myr 0.0074 100 Myr 0.9901
0340 0.0050 1 Myr 0.0050 20 Myr 0.9901
1175 0.0050 1 Myr 0.0050 500 Myr 0.9901
1273 0.0025 2 Myr 0.0074 200 Myr 0.9901
1437 0.0083 1 Myr 0.0826 500 Myr 0.9091
1499 0.0081 8 Myr 0.2419 200 Myr 0.7500

T 3.6. Best fitting parameters using the “BC03” library. Same as Table 3.4, but for
the “BC03” library.

VCC My agey Mi agei Mo

Main sample
0021 0.0029 9 Myr 0.0880 509 Myr 0.9091
0281 0.0029 1 Myr 0.0880 509 Myr 0.9091
0781 0.0003 1 Myr 0.0096 203 Myr 0.9901
0870 0.0029 6 Myr 0.0293 203 Myr 0.9677
0951 0.0010 6 Myr 0.0312 203 Myr 0.9677
0953 0.0010 7 Myr 0.0312 509 Myr 0.9677
1078 0.0029 1 Myr 0.0880 509 Myr 0.9091
1488 0.0010 7 Myr 0.0312 203 Myr 0.9677
1684 0.0029 6 Myr 0.0880 509 Myr 0.9091

Additional sample
0024 0.0029 5 Myr 0.0880 509 Myr 0.9091
0135 0.0010 4 Myr 0.0312 102 Myr 0.9677
0340 0.0029 1 Myr 0.0293 50 Myr 0.9677
1175 0.0029 1 Myr 0.0880 509 Myr 0.9091
1273 0.0025 2 Myr 0.0074 509 Myr 0.9901
1437 0.0029 3 Myr 0.0880 203 Myr 0.9091
1499 0.0081 8 Myr 0.2419 509 Myr 0.7500
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F 3.9. Example of a “best fit”. The thin (red or dark grey) lines represent the observed
spectrum (VCC 1499), the thicker white lines show the best fitting spectra obtained using the
different SSP libraries, whereas the lower-level lines show thebest fits decomposed into the
young (fy, blue or dark grey), the intermediate-age (fi , green or medium grey), and the old
( fo, cyan or light grey) populations. Flux is given in erg cm−2 s−1 Å−1.

Typically, the parameter space of such spectral fits is full of degeneracies. For example, a change
of the ratio of the mass fractions of young and intermediate-age population has a similar effect on the
composite spectrum as varying one of the ages of these populations. Therefore, the parameter values
given in Tables 3.4 to 3.6 forindividual galaxies should be taken with a grain of salt. However, the
excellent agreement between the solutions found with the different libraries, and the similarities in the
solutions for the different galaxies, suggest that thegeneraltrends in the derived parameters reflect the
real properties of the dE(bc)s, within the simplified framework of our three-population models. We
emphasize that our approach of approximating the SDSS spectra with synthetic populations composed
of three SSPs is not meant to represent the detailed star formation history of our target galaxies, but
only to demonstrate the range of ages during which star formation must have occured. Whether stars
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F 3.10. Colour evolution of an ageing population.Evolution ofg − i colour of dif-
ferent composite stellar populations. The age of the old population is fixed at 5 Gyr, and
the metallicity of all populations is fixed at [Fe/H] = −0.3. Upper panel:Composite pop-
ulation made out of a young and an old population. The young population makes up 1% of
the total mass.Lower panel:Composite population made out of a young, an intermediate-
age, and an old population, similar to the best fit results derived for the dE(bc)s. The upper
curve represents a population with (My + Mi):Mo = 1:10, My:Mi = 1:30, with My,i,o de-
noting the mass fractions of young, intermediate-age, and old population, respectively. The
intermediate-age population is chosen to be∼500 Myr older than the young one. The big
black dots mark the colour of this mixture after 500 Myr, as well as that of two other mix-
tures: {(My + Mi):Mo = 1:30, My:Mi = 1:30} (middle dot), and{(My + Mi):Mo = 1:100,
My:Mi = 1:10} (lower dot).

were formed by short starbursts or by extended episodes of star formation can typically not be decided
for galaxies only observable in integrated light (e.g. Lilly & Fritze-v. Alvensleben 2003).

5.4. Evolution of g− i colour

Finally, we would like to know for how long after the last starformation phase integrated spectral
properties can be distinguished from the ones of a pure old population. We focus on theg− i colour
since it was used for the actual selection of our objects. Forthis purpose, we produced synthetic
composite populations using the three SSP libraries, and calculated the totalg− i colour as a function
of the age of the youngest partial population as these composite populations evolve.
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The simplest case is that of two populations: a young one turning into an intermediate-age one,
on top of the old one. If we assume the mass of the young population to have one hundredth of
the mass of the old one, the colour of the mixture evolves as shown by the solid line in the upper
panel of Figure 3.10. In this scenario, it takes a few 100 Myr until the g − i colour of the composite
population differs by less than 0.m1 from a pure old population (shown by the dotted line), and thus
becomes difficult to distinguish from the latter. The colours shown in Figure 3.10 are the ones using
the “BC99” library, but the results hold true for all three libraries.

Now we take instead a composite population like one of the typical solutions from Tables 3.4
to 3.6, that is, (My + Mi):Mo = 1:10, My:Mi = 1:30, the intermediate-age population being around
500 Myr older than the young one.My,i,o denotes the mass fractions of young, intermediate-age,
and old population, respectively. The colour of this mixture evolves like the solid line in the lower
panel of Figure 3.10. Again, the dotted line shows the colourof only an old population. In this
scenario, the mixture is still distinguishable from a pure old population 500 Myr after the birth of
the youngest one. However, this parameter combination is the one with the smallest mass fraction of
the old population among the results for the main sample. By using the values of the other typical
solutions from Tables 3.4 to 3.6, (My + Mi):Mo = 1:30, My:Mi = 1:30, or (My + Mi):Mo = 1:100,
My:Mi = 1:10, theg− i colour after 500 Myr is much more similar to the pure old population colour
(big black dots in the lower panel of Figure 3.10). Therefore, after the end of star formation it will
take less than∼ a Gigayear for the (strong) colour gradient to disappear, and in many cases only∼ half
a Gigayear depending on the mass fraction of the young and intermediate-age population. This also
demonstrates the need for a thorough study of both strongand weak colour gradients in early-type
dwarfs, in order to draw conclusions about evolutionary histories. Whether or not star formation will
cease soon, or has ceased already in some objects, depends onthe amount (and state) of leftover gas,
which is the subject of the following section.

6. G 
Dwarf elliptical galaxies are commonly considered to be systems that have lost their (cold) gas

(e.g. Ferguson & Binggeli 1994; Conselice et al. 2003). On the other hand, Conselice et al. (2003)
reported “credible” HI detections for seven6 Virgo dEs from their own study as well as from other
literature, translating into a 15% HI detection rate for dEs. The GOLDMine database (Gavazzi et al.
2003) reports detections for six more early-type dwarfs.7 From the SDSS spectra presented above, we
know that the dE(bc)s show clear signs of either ongoing or very recent star formation, suggesting the
presence of a certain amount of gas. It would thus be interesting to know whether we can expect more
episodes of star formation in the near future – requiring a significant cold gas content – or whether
star formation is likely to cease soon due to the lack of leftover gas.

Two dE(bc)s of the main sample are detected in HI, while for 8 others, at least upper limits are
available. Ten objects of the additional sample are detected in HI, and upper limits are available for
three further galaxies. See Table 3.7 for HI masses and upperlimits on our objects, along with the
corresponding references to the literature. Two objects have values from more than one publication;
these agree well within the errors.

We now seek to derive an estimate for the ratio of the gas mass to the total baryonic mass,
MHI/Mbary. For this purpose we use V-band mass-to-light ratios between 3 and 6, as given by Geha
et al. (2003), and assume no dark matter content, again following Geha et al. (2003). We calculate
the total V-band absolute magnitude from the g and i-band fluxwithin an elliptical aperture with 1.5
times the estimated semi-major axis from Binggeli et al. (1985) (at∼ µB = 25.5 mag/arcsec2), using

6 Two of these, however, were not classified as early-type dwarf in the VCC, and appear to us as at least doubtful dE
candidates from visual inspection of the SDSS images.

7 Three of these (VCC 0170, VCC 0227, VCC 0281) are listed as S0 or late-type spiral in the NASA/IPAC Extragalactic
Database (NED) and similar in Gavazzi et al. (2005) who reported their HI detections, although they were classified as
early-type dwarf in the VCC and confirmed as such in Chapter 2.
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T 3.7. HI detections. HI masses and upper limits are given for our adopted Virgo
cluster distance ofd = 15.85 Mpc. In columns 3 to 5 we list the ratios of the gas mass to
the total baryonic mass, using different mass-to-light ratios as given in the column header;
for details see text. References for the HI detections: 1. GOLDMine database (Gavazzi
et al. 2003, http://goldmine.mib.infn.it/); 2. Gavazzi et al. (2005); 3. Huchtmeier & Richter
(1989); 4. Huchtmeier & Richter (1986).

VCC log
(

MHI
M⊙

)

MHI
Mbary

( M
L =3) MHI

Mbary
( M

L =4.5) MHI
Mbary

( M
L =6) Reference

Main sample
0021 <7.78 <0.048 <0.032 <0.024 1
0170 7.39 0.014 0.009 0.007 2
0281 7.52 0.055 0.037 0.028 2

7.74 3
0308 <7.92 <0.094 <0.065 <0.049 1
0781 <7.42 <0.055 <0.038 <0.028 1
0951 <6.84 <0.003 <0.002 <0.001 1
0953 <6.54 <0.009 <0.006 <0.004 1
1488 <8.27 <0.134 <0.093 <0.072 1
1779 <7.72 <0.041 <0.027 <0.021 1
1912 <7.44 <0.031 <0.021 <0.016 1

Additional sample
0024 8.90 0.546 0.445 0.376 2
0135 <7.13 <0.009 <0.006 <0.004 2

≤7.74 3
0334 7.89 0.339 0.255 0.204 2
0340 8.76 0.547 0.446 0.377 2
0446 7.62 0.284 0.209 0.166 2
0841 7.55 0.270 0.198 0.156 2
0890 7.27 0.106 0.073 0.056 2
1273 <7.10 <0.064 <0.044 <0.033 2

≤7.54 3
1437 8.17 0.311 0.232 0.184 2
1499 <8.53 <0.256 <0.186 <0.147 4
1955 7.66 0.047 0.032 0.024 2
2007 7.31 0.218 0.157 0.122 2

7.44 3
2033 7.39 0.045 0.031 0.023 2

the transformation of Smith et al. (2002). The resulting gas-to-baryonic mass fractions or upper limits
for mass-to-light ratios of 3, 4.5, and 6 are listed in Table 3.7.

Of the dE(bc)s in the main sample, three objects have a very low gas content, withMHI/Mbary

values of 1% or below (VCC 0170, VCC 0951, VCC 0953). Of the remaining galaxies, one has an HI
content with a resulting fraction of 3−6% (depending on the adopted mass-to-light ratio). The others
have upper limits of several percent, up to 7− 13% for VCC 1488. In contrast, most of the galaxies
in the additional sample have a much higher gas fraction. Of the 10 detected galaxies, 7 reach up to
more than 10%, with values up to 38−55%. However, for one object (VCC 0135) the upper limit lies
below 1%.

A comparison with average HI-to-total mass ratios for LocalGroup dwarf galaxies shows that at
least some dE(bc)s of the main sample have a larger gas fraction than the 0.2 ± 0.4% of an ordinary
dE, while it is mostly lower than the 30± 24% of dwarf irregulars (Conselice et al. 2003). If the
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detected gas was centrally concentrated, at least some of the dE(bc)s of the main sample might still
continue to form stars there for a significant amount of time.In contrast, most objects of the additional
sample fall in the range of the Local Group dIrrs, suggestingthat a longer duration of star formation
is possible. See Section 8 for a further discussion.

7. S 
We have shown so far that the dE(bc)s, which were classified morphologically as early-type

dwarfs, are dominated by an old stellar population. Given their moderate amount of cold gas and the
lack of any (significant) star formation activity beyond their central regions, the dE(bc)s will evolve
into ordinary-looking dEs in the future. However, up to thispoint we have mainly focused on the
appearance and the composition of the dE(bc)s, but we have not yet compared the statistical properties
of the sample of dE(bc)s with those of the sample of dEs and dE(di)s (dEs with disks, see Section 3.2).
As demonstrated in Chapter 2, the luminosity function, the projected spatial distribution, and the
flattening distribution are important tools to investigatedifferences between types of galaxies, and to
judge whether or not they constitute separate populations.We present and analyze these distributions
for the dE(bc)s in the following subsections.

7.1. Luminosity function

Figure 3.11 shows the distribution of dE(bc)s, dE(di)s, andthe remaining dEs with respect to
their B magnitude provided by the VCC. With the assumption that all galaxies are located at roughly
the same distance from us, this distribution represents their luminosity function. Our data are pre-
sented as a running histogram with a bin-width of 1.m0 (i.e.±0.m5). Only galaxies with certain cluster
membership are taken into account, i.e. 16 dE(bc)s in the main sample whose distribution is given by
the dark grey shaded area. The dE(di)s are represented by themedium grey shaded area, and the full
dE sample with dE(bc)s and dE(di)s excluded is given by the light grey shaded area. The fraction of
dE(bc)s among the full dE sample is shown as black line. The white line shows the distribution of the
12 certain cluster members of the additional sample, which by construction are not included in the dE
sample.

The luminosity function of the full dE sample is given as greydashed line. It has a conspicuous
bump at brighter magnitudes, which we explained in Chapter 2with the superposition of dE(di)s and
ordinary dEs, implying that they were two different populations of objects. However, as can be seen
in the figure, this bump might at least partly be explained by the superposition of dE(bc)s, dE(di)s,
and the remaining dEs. On the other hand, it has been shown in Chapter 2 that we missed∼50% of
dE(di)s due to issues of signal-to-noise. Therefore we now subtracted the dE(bc)s and 1.5 times the
number of dE(di)s from the full sample as a further test (not shown). Still, there is no obvious over-
subtraction of the bump (which would result in a dip), so the data are consistent with the estimated
number of missed dE(di)s.

The fraction of dE(bc)s among all dEs reaches up to more than 15% for the main sample at
brighter magnitudes, and declines to almost zero atmB & 16m. Thus the dE(bc)s are not a negligible
population of objects, but instead constitute a significantfraction of the bright dEs. To investigate
whether the decline of the dE(bc) fraction at fainter magnitudes is real or whether it is due to S/N
effects, we artificially dimmed all 11 dE(bc)s of the main samplewith 14m ≤ mB < 15m by 1 and
2 magnitudes. This was done by adding Gaussian noise to the images such that the RMS of the
total noise was increased by 1 and 2 magnitudes. Colour maps and radial colour profiles were then
constructed as described above, and were examined for whether they would have been selected as
dE(bc)s by us. When dimmed by 1 magnitude, 9 of the 11 objects would still have been selected,
whereas at 2 magnitudes fainter only 5 would have been recognized as dE(bc)s. Thus, if thetrue
dE(bc) fraction would be constant at 17% (the average value within the interval 14m ≤ mB < 15m)
independent of magnitude, we would expect toobservea fraction of 14% at magnitudes between
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F 3.11. Luminosity function. Running histogram of the number of galaxies (right
y-axis) with respect to B magnitude as given by the VCC. Shownare dE(bc)s of the main
sample (dark grey area), dE(di)s (medium grey area), all dEsexcluding both dE(di)s and
dE(bc)s (light grey area), and all dEs (light grey dashed line). Galaxies of the additional
sample – which by construction are not included in the dE sample – are represented by the
white line. The bin-width is 1.m0, therefore the counts are incomplete formB > 17.m5 (vertical
dotted line). A bin is calculated at each position of a galaxyin the full sample. Only galaxies
with certain cluster membership are taken into account. Thefraction of dE(bc)s – the ratio of
the dE(bc) histogram to the histogram of all dEs – is given as black line (left y-axis applies).
The upper x-axis gives absolute magnitudes assumingm− M = 31.m0.

15m ≤ mB < 16m, and 8% between 16m ≤ mB < 17m. Within these magnitude ranges, we should
thus find 9.4±2.8 and 8.2±2.8 dE(bc)s, respectively, for a binomial distribution. However, we found
only 4 and 0 dE(bc)s, which lies within 1.9 and 3.0 standard deviations, respectively. It is thus very
likely that the decline of the number fraction of dE(bc)s is real.

Since we are using B band magnitudes, it is an obvious question how much fainter the dE(bc)s
will become after their star formation has ceased. From our spectral analysis, we expect a decrease
of the B band fluxof the central3′′ to one third of the current flux (median value: 0.32) for the
main sample dE(bc)s. To obtain this estimate we compared thetotal spectrum of each galaxy with
the model spectrum of the old population only, as a conservative estimate. Since our galaxies show
a colour gradient (Figures 3.1 to 3.3), which we interpret asa decrease of the fraction of young stars
when going outwards, we now assume that the above ratio of faded and current flux linearly increases
to 1 up to the B band half-light radius. This leads to an estimated fading of the total galaxy flux in
the B band of 0.m2 for all dE(bc)s. Therefore, we do not expect significant evolution of the dE(bc)
luminosity function after the cessation of star formation.

For the galaxies in the additional sample, Figures 3.5 and 3.6 show that the blue regions are more
extended. We therefore assume the linear increase of the ratio of faded and current flux (see above)
to extend to two half-light radii. This leads to an estimatedfading of 0.m4 − 0.m5. On average, these
galaxies are already slightly fainter than the dE(bc)s of the main sample (see Figure 3.11). This
difference would thus become more pronounced after their star formation has ceased. On the other
hand, one might expect from their gas content that a significant amount of stars could still be formed
in these objects, which would counteract the fading to some extent.
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F 3.12. Flattening distribution. Distribution of projected axial ratios of the dE(bc)s of
the main sample (top left), the galaxies of the additional sample (top right), and the dE(di)s
from Chapter 2 (bottom left). The data are shown as running histogram with a bin-width
of 0.1. Only galaxies with certain cluster membership are considered. Beyond the last data
point on each side, the histograms are plotted with dotted instead of solid lines. The bottom
right hand panel shows theoretically expected curves for intrinsic oblate (black) and prolate
(grey) shapes, assuming randomly distributed inclinations and intrinsic axial ratios that are
described by the following Gaussian distributions: oblatewith meanµ = 0.4 andσ = 0.07
(black solid line),σ = 0.04 (black dashed line),σ = 0.02 (black dotted line); prolate with
µ = 0.65 andσ = 0.2 (grey solid line),σ = 0.15 (grey dashed line),σ = 0.1 (grey dotted
line).

7.2. Flattening distribution

The flattening distribution of the dE(bc)s is presented in Figure 3.12, along with that of the dE(di)s
from Chapter 2. The axial ratios were derived from the elliptical apertures provided by Chapter 2 (see
Section 4.1). Again, only galaxies with certain cluster membership are considered. The distributions
are presented as running histograms with a binsize of 0.1 (±0.05), normalized to an area of 1. In the
bottom right hand panel of the figure, we show various theoretical curves for comparison. We assume
randomly distributed inclinations and oblate (black lines) or prolate (grey lines) intrinsic axial ratios.
For the oblate case we adopt Gaussian distributions of various widths with a mean axial ratio of 0.4,
while for the prolate case a mean value of 0.65 is used.

In Chapter 2, we deduced that dE(di)s are consistent with being flat oblate objects. Here, we find
that the dE(bc)s of the main sample are similarly distributed, with slightly larger axial ratios than the
dE(di)s. A comparison with the theoretical curves demonstrates that, despite the small sample size,
their distribution is hardly consistent with dE(bc)s beingspheroidal objects, and instead suggests
the shape of a relatively thick disk. The galaxies of the additional sample are rounder, though not
spheroidal. This is another point – besides the overall gas content, strength of emission lines, and size
of star forming regions – in which the dE(bc)s of the main sample and the additional galaxies are not
alike.

7.3. Spatial distribution

In Chapter 2 we found that while ordinary dEs are more strongly clustered towards the Virgo clus-
ter center, dE(di)s basically show no clustering at all, another indication for them being a different
population of galaxies. The dE(bc)s of the main sample also show no central clustering (Figure 3.13,
upper panel), similar to the dE(di)s. The same applies to theobjects of the additional sample (Fig-
ure 3.13, lower panel). While the number of dE(bc)s is relatively small and does not allow statistically
secure statements, their distribution is hardly consistent with a centrally concentrated population.
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F 3.13. Distribution within the cluster. Projected spatial distribution of the dE(bc)s
of the main sample (black circles, upper panel) and the galaxies of the additional sample
(black circles, lower panel). Coordinates are given for J2000. Grey crosses represent all dEs
without blue centers. All other Virgo cluster galaxies withmB ≤ 18.m0 are shown as small
black dots. Only galaxies with certain cluster membership are considered. The black cross
gives the position of M87. Boundaries of the SDSS coverage are shown as grey dashed lines.

7.4. Morphology-density relation

In Figure 3.14 we present the cumulative distributions of local projected densities – calculated
as in Dressler (1980) and Binggeli et al. (1987) – for the dE(bc)s, the galaxies of the additional
sample, the dE(di)s, and the remaining, ordinary dEs (upperpanel). We also compare these with the
distributions of standard Hubble types (lower panel), i.e., with the well-known morphology-density
relation.

The dE(bc)s and the objects of the additional sample are preferentially found in regions of mod-
erate to lower density, and are distributed similarly to theirregular galaxies. This implies that they,
as a population, are far from being virialized, corroborating the indications from the spatial distribu-
tion (Section 7.3). The dE(di)s show a similar distribution, which follows that of the spiral galax-
ies. Ordinary dEs, though, are preferentially found in higher density regions. Their location in the
morphology-density diagram is intermediate between E/S0 galaxies and spirals.

7.5. Velocity distribution

Heliocentric velocities are available for 194 early-type dwarfs of our full dE sample that are
certain Virgo cluster members (see Section 2.3). We presentthese data in Figure 3.15 for the dE(bc)s,
the dE(di)s, and the remaining dEs (i.e., dE(bc)s and dE(di)s excluded). Each panel shows a running
histogram with a bin-width of 366 km s−1, which corresponds to the semi-interquartile range of all



7. SYSTEMATIC PROPERTIES 61

F 3.14. Morphology vs. density. Cumulative distribution of local projected densities.
Following Dressler (1980) and Binggeli et al. (1987), we define a circular area around each
VCC galaxy that includes its ten nearest neighbours (independent of galaxy type), yielding a
projected density (number of galaxies per square degree). Only galaxies with certain cluster
membership are taken into account.Upper panel:The dE(bc)s of the main sample (solid
black line), the galaxies of the additional sample (dashed black line), the dE(di)s from Chap-
ter 2 (solid grey line), and ordinary dEs (excluding dE(bc)sand dE(di)s, dashed grey line).
Lower panel:The dE(bc)s of the main sample (solid black line) compared tovarious Hubble
types.

194 velocities. Their median value,vhelio = 1248 km s−1, is given as a dotted vertical line in each
panel for comparison.

The dE(bc)s of the main sample show a relatively large deviation from the overall median value:
their median velocity is onlyvhelio = 802 km s−1. However, since the semi-interquartile range is
large (∆vhelio = 463 km s−1), and since only 15 objects are included in this sample, we cannot state
whether this constitutes a significant difference. Instead, it might be more promising to compare the
shapes of the distributions. The sample of ordinary dEs shows a close-to-symmetric distribution,
which would be expected for a relaxed population. In contrast, the distribution of dE(bc)s and dE(di)s
are asymmetric and less smooth. Both display side peaks, indicative of an infalling population (Tully
& Shaya 1984; Conselice et al. 2001). This would be consistent with their spatial distribution, which
shows no central concentration within the cluster, and withtheir distribution with local projected
density, which follows that of the irregular cluster galaxies.
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F 3.15. Velocity distribution. Distribution of available heliocentric velocities, taken
from the NASA/IPAC Extragalactic Database (NED). The dE(bc)s of the main sample are
shown in the top left panel, the galaxies of the additional sample in the top right panel, the
dE(di)s from Chapter 2 in the bottom left panel, and the remaining dEs (excluding dE(bc)s
and dE(di)s) in the bottom right panel. Only galaxies with certain cluster membership are
included. The vertical dotted line marks the value ofvhelio = 1248 km s−1, which is the
median value of all 194 available velocities for early-typedwarfs. The data are shown as
running histogram with a bin-width of 366km s−1, corresponding to the semi-interquartile
range of these 194 velocities. Numbers in brackets are the number of galaxies included in
the respective panel. Beyond the last data point on each side, the histograms are plotted with
dotted instead of solid lines

8. D
The SDSS enables for the first time a systematic analysis of several hundred dEs in the Virgo

cluster with optical imaging and partly with spectroscopy.These data provide the basis for our studies,
which aim at disentangling the various subpopulations of early-type dwarfs and uncovering their
evolutionary histories. In Chapter 2, we found that dEs withdisk features (dE(di)s) constitute a disk-
shaped, unrelaxed dE population that is clearly different from classical dwarf ellipticals. In the current
study, we focus on another conspicuous feature that is common to several dEs: a blue center caused
by recent or ongoing central star formation. We have shown that these dE(bc)s constitute a significant
fraction (more than 15%) of bright dEs in the Virgo cluster. This number declines to almost zero
beyondmB > 16, which is most likely a real decline and is not mainly due tosignal-to-noise effects.

Two dE(bc)s of the main sample are detected in HI, with gas-to-baryonic mass fractions of 1%
and 3− 6%, respectively. These values and the upper limits for several other dE(bc)s suggest an
average gas content larger than that of ordinary dEs, but lower than that of dwarf irregulars. Note that
we do not know where in the galaxies the gas is located: if it were concentrated in the central region,
it would probably be able to fuel star formation for a longer time than if the gas were distributed
homogeneously.

As soon as star formation has ceased, each dE(bc)’s colour – which provided the basis of its
selection – will become indistinguishable from that of an ordinary dE within∼ a Gigayear or less (see
Section 5.4). However, the statistical properties of the dE(bc) populationare unlike those of ordinary
dEs: the projected spatial distribution and the flattening distribution of the dE(bc)s are similar to
those of the dE(di)s and are different from those of dEs that have no blue centers or disk features.
Both the dE(bc) and dE(di) population show no central clustering, which, along with the side-peaks
of their velocity distributions, hints towards fairly recent infall. How long ago this infall could have
taken place depends on relaxation timescales. Conselice etal. (2001) derived a two-body relaxation
time for the Virgo dEs of much more than a Hubble time. Even violent relaxation, which might only
apply for the case of merging groups or subclusters, would take at least a few crossing timestcr, with
tcr ≈ 1.7 Gyr for the Virgo cluster (Boselli & Gavazzi 2006). Thus, a dE population built out of
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infalling galaxies remains in an unrelaxed, non-virialized state for many Gyr. We conclude that the
dE(bc)s most likely formed through infall of progenitor galaxies.

The shape of the dE(bc)s, as deduced from their flattening distribution, is hardly consistent with
their being spheroidal objects, and instead implies that the dE(bc)s are rather thick disks, i.e. oblate-
shaped objects with intrinsic axial ratios around∼0.4. This is only somewhat thicker than the dE(di)s,
for which we derived an axial ratio of∼0.35 in Chapter 2. How could these disk-shaped dEs be
produced?

8.1. Formation scenarios

In the galaxy harassment scenario (Moore et al. 1996), an infalling late-type disk galaxy gets
transformed into a dE through high-speed encounters with massive cluster galaxies. This obviously
leads to an increase in the axial ratio during the transformation process, since a disk is converted into
a spheroid. However, a thick stellar disk may survive and lead to lenticular systems (Moore et al.
1996; Mastropietro et al. 2005). These may form a bar and spiral features, and retain them for some
time, depending on the tidal heating of the galaxy (Mastropietro et al. 2005). Galaxy harassment
thus appears to be a plausible scenario to explain the formation of disk-shaped dEs, and of dE(di)s
in particular. Moreover, it predicts gas to be funneled to the center and form a density excess there
(Moore et al. 1998). While Moore et al. compare this to the presence of a nucleus in many dEs,
they admit that their simulations “were not designed to probe the inner 200 pc”. The radii of many
of the blue central regions of the dE(bc)s are only slightly larger than this value (see Figures 3.1 to
3.3); consequently, the central gas density excess could well explain the blue centers. The harassment
scenario thus describes a possible evolution of an infalling late-type disk galaxy to a dE(bc) and to a
dE(di).

Another mechanism to form disk-shaped dEs could be ram-pressure stripping (e.g. Gunn & Gott
1972) of dwarf irregulars. Depending on galaxy mass, the gasmight be significantly removed except
around the central region (Mori & Burkert 2000), which wouldseem to be consistent with the central
star formation of the dE(bc)s. As shown by van Zee et al. (2004b), several dEs have significant
rotation, and could thus be the descendants of dIrrs, which are also known to be mostly rotationally
supported, at least at the luminosities considered here. However, apart from the problems with this
scenario discussed in Section 1, like the metallicity offset between dEs and dIrrs or the too strong
fading of dIrrs, the flattening distribution of dIrrs shown by Binggeli & Popescu (1995) is not quite
like that of our dE(bc)s. Instead, dIrrs have a (primary) axial ratio≥0.5. On the other hand, significant
mass loss due to stripped gas would be expected to affect also thestellar configuration of the galaxies
and could thus possibly account for the difference.

As outlined in Section 1, several studies claimed that BCDs might be progenitors of dEs. Their
flattening distribution, as analyzed by Binggeli & Popescu (1995), is somewhat more like that of our
dE(bc)s, though still slightly rounder. These BCDs behave similarly to the galaxies of our additional
sample – which were mostly classified as (candidate) BCDs, but were selected only if their appearance
was similar to the dE(bc)s. Overall, they have more extendedblue regions, stronger emission lines,
and clearly a higher gas content than the dE(bc)s of the main sample. They are also dominated by an
underlying old population – only one out of seven hasMold < 90% – and they have fairly regular outer
shapes. Their spatial distribution also hints at an unrelaxed population, and their velocity distribution
is asymmetric.

Tidally induced star formation in dIrrs (Davies & Phillipps1988) might be able to link BCDs
and dEs, and could at the same time overcome the problems of the ram-pressure stripping scenario.
The initially lower metallicity and surface brightness of adIrr are increased by several bursts of star
formation, during which the galaxy appears as blue compact dwarf (BCD). After that, it fades to
become a dE. The last star formation burst might occur in the central region of the dwarf (Davies &
Phillipps 1988), consistent with the appearance of the dE(bc)s.
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8.2. Presence of nuclei

Many late-type spirals – which act as dE progenitors in the harassment scenario – host a compact
nucleus (e.g. Böker et al. 2004). If the nucleus survives the morphological transformation, it would
become the nucleus of the resulting dE(bc) or dE(di). A second scenario for nucleus formation in dEs
is late star formation out of central gas (e.g. Oh & Lin 2000),which in principle might be taking place
in the centers of the dE(bc)s.

The fraction of nucleated galaxies among the dE(bc)s is 7/16 (44%), which is based on the VCC
classification and has been verified by us through visual inspection of images and unsharp masks.
We find one more dE(bc) to have “multiple nuclei” (VCC 0021), and one to have a possible nucleus
(VCC 1512). If those two objects were counted as being nucleated, the fraction would increase to
56%. Among the dE(di)s, 26 out of 36 galaxies are nucleated (72%). Ordinary dEs (i.e. excluding
dE(bc)s and dE(di)s) have a nucleated fraction of also 72% among the brighter objects (mB ≤ 16m),
which is the magnitude range of most dE(di)s and of all but onedE(bc). If we assumed a 72%
nucleated fraction for the dE(bc)s as well, we would expect to find 11.5 nucleated dE(bc)s among
our 16 objects, with a standard deviationσ = 1.8. Our observed number thus lies within 1.4σ of the
expected value if dE(bc)s had the same nucleated fraction asdEs and dE(di)s, and if the two uncertain
objects were counted as nucleated. Thus, there is no significant difference between dE(bc)s, dE(di)s,
and the other dEs with respect to the presence or absence of a nucleus. Still, the somewhat smaller
number of nuclei in dE(bc)s could be a hint that nuclei are indeed forming in their centers. Of the
galaxies in the additional sample, none displays a nucleus,but the significant amount of central gas
and dust might leave the possibility of a hidden nucleus, or of a nucleus just being formed.

We point out that the ACS Virgo Cluster Survey (Côté et al. 2004) found a much higher frequency
of compact stellar nuclei in early-type galaxies than Binggeli et al. (1985) did, primarily due to the
much higher resolution of space-based studies as compared to ground-based ones (Côté 2005). How-
ever, if we took into account these results, a dE classified asnucleated in the VCC would then simply
be termeda dE with a nucleus bright enough to have been detected by Binggeli et al. (1985).

8.3. Presence of dE(bc)s in less dense environments

Early-type dwarfs with blue centers are not only present in the Virgo cluster. NGC 205, with its
central region of young stars and central dust clouds (Hodge1973), is a well known local example
of what we term a dE(bc); the same applies to NGC 185 (Hodge 1963). On the one hand, NGC
205 might be considered as special case due to its clear signsof tidal interaction with M 31 (Mateo
1998). On the other hand, tidal interaction might not be something special but instead something
very common and even required for the formation of dEs, and ofdE(bc)s in particular. While galaxy
harassment is negligible in groups (Mayer et al. 2001a), a similar mechanism is provided there by the
so-called tidal stirring scenario (Mayer et al. 2001b), in which a dIrr that suffers repeated tidal shocks
is transformed into a dE or a dSph. In this model, the galaxieswith higher surface brightness can
reach a central gas density excess like what was described above for harassment. Tidal stirring might
thus provide a consistent explanation for dE(bc)s in groups.

Contrary to the above interpretation of NGC 185 and NGC 205 aspossible result of tidal stirring,
Gu et al. (2006) recently presented an apparently isolated dwarf elliptical with a blue center (IC 225)
at a distance of 20.6 Mpc. Its spectrum displays Balmer line emission, and based on its appearance
it would doubtlessly enter our dE(bc) sample. The authors based their conclusion about the galaxy’s
isolation on their failure to find a potential companion within 30 arcmin, using the NED. This angular
search radius corresponds to 180 kpc at their given distance. We increased the search radius, and
found the small galaxy group USGC U124 (Ramella et al. 2002) to lie at the same distance as IC 225
(within 25 km s−1 in radial velocity), and at an angular separation of 145 arcmin, or 870 kpc. The
brightest group member (NGC 0936) is an early-type spiral galaxy with MB ≈ −20.5. Since 870 kpc
would seem a rather large distance for IC 225 to be a bound companion, we test whether a single
interaction could have occured in the past. As an example, ifthe relative velocity was 100 km s−1,
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the encounter would have occured 8.5 Gyr ago, much too long for the current star formation to have
been triggered by it.

While the tidal forces of smaller galaxies closer to IC 225 could possibly affect the galaxy’s gas
distribution, Brosch et al. (2004) argued that tidal interactions might not be necessary for activating
star formation, and that instead, the dynamics of gas massesin a dark matter gravitational potential
could be the primary trigger. Nevertheless, the main problem would be to explain how anisolated
dE could have formed at all. Therefore, if IC 225 is indeed a truly isolated galaxy, one has to think
of other mechanisms for dE formation than the ones we have discussed. It also demonstrates along
with NGC 185 and NGC 205 that central star formation does not only occur in cluster dEs, and that,
consequently, the mechanisms for dE formation might be similar in different environments. In fact,
in the Local Group, where we can study galaxies at the highestangular resolution, many dSphs show
star formation histories that extend over many Gyr. In all ofthese cases, the younger populations are
more centrally concentrated than the old ones (Harbeck et al. 2001). Apart from interactions, this
may also be a consequence of longer-lived gas reservoirs at the centers of these galaxies’ potential
wells.

Finally, we caution against calling the dE(bc)s “dE/dIrr transition types”: this would suggest that
every dE(bc) has a dIrr progenitor, which might not be the case as discussed above. Similarly, Grebel
et al. (2003) argued for Local Group dwarfs that the so-called dIrr/dSph transition types are plausible
progenitors of dSphs, while dIrrs themselves seem less likely.

9. S  
We have presented a study of Virgo cluster early-type dwarf galaxies (dEs) with central star

forming regions, based on photometric and spectroscopic data from the SDSS DR4. These “dE(bc)s”
are not rare objects, but they reach a fraction of more than 15% among the bright (mB < 16) dEs.
Their spatial distribution and their distribution with local projected density suggest that they are an
unrelaxed population. Their flattening distribution is consistent with them being disk-shaped objects
like the dEs with disk substructure (dE(di)s) identified in Chapter 2. Even in the very center, where
their colours are bluest, 90% or more of their mass belongs toan old stellar population. Thus, they
will appear like ordinary dEs within about one Gigayear after the end of their star formation. The
gas content of the dE(bc)s is lower than in dwarf irregulars,but probably somewhat higher than in
classical dEs, implying that at least in some dE(bc)s star formation might still continue for some time.
Plausible formation mechanisms that could explain both thedisk shape and the central star formation
of the dE(bc)s are galaxy harassment (Moore et al. 1996), which describes the transformation of
infalling late-type disk galaxies into dEs, tidally induced star formation in dIrrs (Davies & Phillipps
1988), and possibly also ram-pressure stripping (Gunn & Gott 1972) of dIrrs and star formation
induced by gas compression due to ram pressure.

We have started our studies of Virgo early-type dwarfs by describing two sorts of dEs with “spe-
cial features”, i.e., dEs with a blue center (this study) anddEs with disk substructure (Chapter 2). It
is important to stress that we are not looking at one single population of dEs, with those features just
being some extra “flavour”, but that these dE subtypes constitute populations with distinct proper-
ties that differ from the rest of dEs. To complicate the issue even more, ordinary dEs (i.e., exluding
dE(bc)s and dE(di)s) are probably not a homogeneous population either, since e.g. the clustering prop-
erties of nucleated and non-nucleated dEs differ significantly (Binggeli et al. 1987). Whether or not
all of these dE subtypes simply reflect different evolutionary stages of one single class of galaxy, or
whether they are indeed different classes of early-type dwarfs, will be discussed in detail in Chapter 4.
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CHAPTER 4

A  : -  

“Subpopulation is a group which is basically an array of Individuals.”

From http://cs1.gmu.edu/∼eclab/

From a quantitative analysis of 413 Virgo cluster early-type dwarf galaxies (dEs)
with Sloan Digital Sky Survey imaging data, we find that the dEclass can be
divided into multiple subpopulations that differ significantly in their morphology and
clustering properties. Three dE subclasses are shaped likethick disks and show no
central clustering: (1) dEs with disk features like spiral arms or bars, (2) dEs with
central star formation, and (3) ordinary, bright dEs that have no or only a weak
nucleus. These populations probably formed from infallingprogenitor galaxies.
In contrast, ordinary nucleated dEs follow the picture of classical dwarf elliptical
galaxies in that they are spheroidal objects and are centrally clustered like E and S0
galaxies, indicating that they have resided in the cluster since a long time, or were
formed along with it. These results define a morphology-density relation within the
dE class. We find that the difference in the clustering properties of nucleated dEs and
dEs with no or only a weak nucleus is not caused by selection biases, as opposed
to previously reported suggestions. The correlation between surface brightness and
observed axial ratio favors oblate shapes for all subclasses, but our derivation of
intrinsic axial ratios indicates the presence of at least some triaxiality. We discuss
possible interrelations and formation mechanisms (ram-pressure stripping, tidally
induced star formation, harassment) of these dE subpopulations.

This study was done together with Eva K. Grebel, Bruno Binggeli, and Katharina Glatt.
It is accepted for publication in The Astrophysical Journal.
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1. I
As the most numerous type of galaxy in clusters, early-type dwarf galaxies are ideal probes to

study the physical processes that govern galaxy formation and evolution in environments of differ-
ent density. The pronounced morphology-density relation (e.g., Dressler 1980; Binggeli et al. 1987)
suggests that early-type dwarfs were either formed mainly in high-density environments, or originate
from galaxies that fell into a cluster and were morphologically transformed. However, the actual for-
mation mechanisms are still a matter of debate (see Jerjen & Binggeli 2005, and references therein).
Most of the proposed scenarios are based on the vigorous forces acting within a cluster environment,
like ram-pressure stripping (Gunn & Gott 1972) of dwarf irregular (dIrr) galaxies (e.g., van Zee et al.
2004b), tidally induced star formation in dIrrs (Davies & Phillipps 1988), or so-called harassment
(Moore et al. 1996) of infalling late-type spirals through close encounters with massive cluster mem-
bers.

Early-type dwarfs form a rather heterogeneous class of objects. In addition to the classical dwarf
ellipticals, Sandage & Binggeli (1984) introduced the class of dwarf S0 (dS0) galaxies, which were
conjectured to have disk components, based on signatures like high flattening or a bulge+disk-like
profile (Binggeli & Cameron 1991). The identification of spiral substructure then provided the first
direct proof for a disk in an early-type dwarf (Jerjen et al. 2000), which, however, had not been
classified as dS0 but as dwarf elliptical. Inspired by similar discoveries (e.g., Barazza et al. 2002;
Graham et al. 2003; De Rijcke et al. 2003), we performed a search for disk features in 410 Virgo
cluster early-type dwarfs (Lisker et al. 2006b, Chapter 2).We thereby included galaxies classified as
dwarf elliptical and as dS0 to avoid any preselection bias, and assigned them the common abbreviation
“dE”, which we adopt for this study as well. We identified diskfeatures in 36 dEs, and argued that
they constitute an unrelaxed population of disk-shaped galaxies different from the classical dwarf
ellipticals (Chapter 2).

But the dE class shows yet more diversity: nucleated and non-nucleated dEs have different clus-
tering properties (van den Bergh 1986; Ferguson & Sandage 1989), their flattening distributions differ
(Binggeli & Cameron 1991; Ryden & Terndrup 1994; Binggeli & Popescu 1995), and colour differ-
ences were reported as well (Rakos & Schombert 2004; Lisker et al. 2005). Moreover, several of
the bright dEs display blue central regions caused by recentor ongoing star formation (Lisker et al.
2006c, Chapter 3), and also differ in their spatial and flattening distributions from the bulk of dEs.
Thus, prior to discussing possible formation mechanisms, we need to systematically disentangle the
various dE subclasses observationally. This is the purposeof this study.

2. S 
While our dE sample selection was already described in Chapters 2 and 3, these studies were still

based on the Data Release 4 of the Sloan Digital Sky Survey (SDSS; Adelman-McCarthy et al. 2006).
Since we are now using the full SDSS Data Release 5 (DR5, Adelman-McCarthy et al. 2007) dataset,
we provide here a detailed, updated description of our selection.

2.1. Selection process

The Virgo Cluster Catalog (VCC, Binggeli et al. 1985), alongwith revised classifications from
Barazza et al. (2002, VCC 1422), Barazza et al. (2003, VCC 0850), and Geha et al. (2003, VCC 1488),
contains 1197 galaxies classified “dE” or “dS0”, including candidates, that are certain or possible
cluster members according to Binggeli et al. (1985), Binggeli et al. (1993), and Chapter 3. 552 of these
fall within our chosen limit in apparent B magnitude from theVCC of mB ≤ 18.m0 (see Chapter 2).
This is the same magnitude limit up to which the VCC was found to be complete (Binggeli et al. 1985).
When adopting a Virgo cluster distance ofd = 15.85 Mpc, i.e., a distance modulusm− M = 31.m0
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(see, e.g., Ferrarese et al. 2000), which we use throughout,this corresponds roughly to a limit in
absolute magnitude ofMB ≤ −13.m0.

Six galaxies are not covered by the SDSS. While we initially included objects with uncertain clas-
sification (e.g., “dE?”), we then excluded all 50 galaxies that appeared to be possible dwarf irregulars
from visual inspection of the co-added SDSSg,r, andi images (see Chapter 2), or were classified as
“dE/Im”. Three more objects (VCC 0184, VCC 0211, and VCC 1941) were excluded because they
appear to be probable background spirals. Finally, VCC 1667could not be classified properly, since it
is significantly blended with multiple other galaxies. Thisleads to a final dE sample of 492 certain or
possible cluster members, containing 426 certain cluster members on which we focus in the present
study.

2.2. Presence of nuclei

While our classification of nucleated and non-nucleated dEsrelies on the VCC, it is known from
HST observations that many apparently non-nucleated dEs actually host a faint nucleus hardly de-
tectable with ground-based imaging (Côté et al. 2006, also see Lotz et al. 2004b). A direct compar-
ison of the VCC classification with the results from Côté etal. (2006) shows that, as a rough rule of
thumb, the detection of dE nuclei in the VCC becomes incomplete for nucleus magnitudes that are
fainter than the respective value of the host galaxy’s central surface brightness, measured within a
radiusr = 0.1′′ (Figure 4.1). Our non-nucleated dEs could thus be more appropriately termeddEs
without a nucleus of significant relative brightnessas compared to the underlying light of the galaxy’s
center. In fact, Grant et al. (2005) suggested that dEs classified as nucleated and non-nucleated might
actually form a continuum of dEs with respect to relative nucleus brightness. Therefore, the VCC
classification basically translates into probing oppositesides of this continuum — and this is exactly
what makes it useful for our study of dE subclasses. If the relative brightness of a nucleus depends
on its host galaxy’s evolutionary history, then one might expect nucleated and “VCC-non-nucleated”
dEs to exhibit different population properties.

3. D
The SDSS DR5 covers all VCC galaxies except for an approximately 2◦ × 2.◦5 area atα ≈ 186.◦2,

δ ≈ +5.◦0. It provides reduced images taken in theu, g, r, i, andz bands with an effective exposure
time of 54s in each band (see also Stoughton et al. 2002), as well as the necessary parameters to
flux calibrate them. The pixel scale of 0.′′396 corresponds to a physical size of 30 pc at our adopted
Virgo cluster distance ofd = 15.85 Mpc. The SDSS imaging camera (Gunn et al. 1998) takes
data in drift-scanning mode nearly simultaneously in the five photometric bands, and thus combines
very homogeneous multicolour photometry with large area coverage and sufficient depth to enable
a systematic analysis of dEs. The images have an absolute astrometric accuracy of RMS≤ 0.′′1 per
coordinate, and a relative accuracy between ther band and each of the other bands of less than 0.1
pixels (Pier et al. 2003). They can thus easily be aligned using their astrometric calibration and need
not be registered manually.

The RMS of the noise per pixel corresponds to a surface brightness of approximately 24.2 mag
arcsec−2 in the u-band, 24.7 in g, 24.4 in r, 23.9 in i, and 22.4 in z. The typical total signal-to-noise
ratio (S/N) of a bright dE (mB,VCC ≈ 14m) amounts to about 1000 in the r-band within an aperture
radius of approximately two half-light radii. For a faint dE(mB ≈ 18m) this value is typically about
50. While the S/N in theg and i-band is similar, it is several times lower in the z-bandand more than
ten times lower in the u-band.

The SDSS provides photometric measurements for our galaxies, but we found these to be incor-
rect in many cases (Lisker et al. 2005). The SDSS photometricpipeline significantly overestimates
the local sky flux around the Virgo dEs due to their large apparent sizes and low surface brightness
outskirts. This affects the derivation of isophotal and Petrosian radii, the profile fits, and subsequently
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F 4.1. Nucleus detection limits. Shown are central surface brightnesses and nucleus
magnitudes ing, both from Côté et al. (2006), for 34 of the 36 VCC dEs of their sample
(VCC 1512 has no nucleus, and for VCC 1743 no values could be derived). Objects where
Côté et al. (2006) identified “new” nuclei, i.e., that are listed as non-nucleated or only pos-
sibly nucleated in the VCC, are shown as filled squares. Objects that might have an offset
nucleus according to Côté et al. (2006) and that are listedas non-nucleated in the VCC are
shown as open circles. Objects classified as nucleated in both Côté et al. (2006) and the VCC
(including class “N:”) are represented by the filled circles. The dotted line follows equal
values of central surface brightness (in mag arcsec−2) and nucleus magnitude (in mag).

the calculation of total magnitudes, which can be wrong by upto 0.m5. For this reason, we usedB
magnitudes from the VCC throughout Chapters 2 and 3. In the meantime, we had performed our own
structural and photometric measurements (see Section 4), which we shall use here as well as in the
following chapters. Still, when we refer toB magnitudes, these were adopted from the VCC.

Heliocentric velocities for part of the sample are providedby the NASA/IPAC Extragalactic Data-
base (NED; also see Chapter 3 for more detailed references).

4. I   
4.1. Sky subtraction

The sky level on the SDSS images can vary by some tenths of the noise level across an image.
For a proper determination of Petrosian radii of the dEs (seeSection 4.3) despite their low surface
brightness outskirts, it is thus not always sufficient to subtract only a single sky flux value from each
SDSS image. Therefore, we performed sky subtraction through the following procedure. First, we
constructed object masks for each SDSS image from the so-called segmentation images of the Source
Extractor software (Bertin & Arnouts 1996) by expanding these through smoothing with a Gaussian
filter (usingIRAF1, Tody 1993). A preliminary sky level was then determined foreach image as the
median of all unmasked pixels, clipped three times iteratively at 3σ. In order to reach a higher S/N
than that of the individual images, we then produced a co-added image by summing the (weighted)g,
r, and i-band images as described in Chapter 2. We then obtained an improved object mask from the
co-added image and used this to refine our sky level measurement.

1 IRAF is distributed by the National Optical Astronomy Observatories, which are operated by the Association of
Universities for Research in Astronomy, Inc., under cooperative agreement with the National Science Foundation.
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Finally, the sky flux distribution across the image was determined by computing the average flux
– clipped five times iteratively at 3σ – of all unmasked pixels in 201×201 pixel boxes, centered
every 40 pixels. This grid of values can be stored as a 52×38 pixel “sky image”. Pixels in this sky
image that did not contain useful values due to too many masked pixels in the parent image were
linearly interpolated usingIRAF/ fixpix. We then applied a 3×3 pixel median filter to the sky image,
expanded it to match its parent SDSS image’s size (usingIRAF/magnifywith linear interpolation),
and subtracted it from the latter. This yields the finalu, g, r, i, andz images.

We point out that there is, to our knowledge, no general agreement or recipe as to whether to use,
e.g., the clipped mean, the median, the clipped median, or the mode, for determination of the sky
level. However, it is advisable that the chosen approach be reconciled with the image measurements
to be performed, which in our case is the derivation of Petrosian radii (see Section 4.3). Since the
latter is based on theaverageflux within given annuli, we chose to use the clippedaverageflux of all
unmasked pixels for our sky level measurement. This guarantees that the resulting flux level in each
image is zero as “seen” by the Petrosian radius calculation.2

4.2. Calibration and extraction

We calibrated the sky subtracted SDSS images using the provided flux calibration information
(photometric zeropoint and airmass correction). We also corrected for the reported3 SDSS zeropoint
offsets in theu andz bands from the AB system (Oke & Gunn 1983). However, before working with
the images, it is advantageous to put together adjacent images: a number of galaxies partly extend
beyond the image edges and reappear on the corresponding neighbouring image. Bright dEs typically
have apparent diameters of 300 pixels or more, which is rather large compared to the SDSS image size
of 2048×1489 pixels. The SDSS astrometric calibration allows us to accurately put together adjacent
images, which we did before extracting an 801×801 pixel cutout image for each galaxy. These cutout
images were then corrected for Galactic extinction, using one value per image, calculated with the
dust maps and corresponding software4 of Schlegel et al. (1998). From theg, r, andi cutout image
we produced a final co-added image for each galaxy.

4.3. Morphology

We perform an iterative process of determining shape and total flux for each galaxy, as described
below. Throughout this process, we mask disturbing foreground or background objects, i.e., we do
not consider masked pixels in any calculation. We start withderiving the Petrosian radius (Petrosian
1976), as defined by Stoughton et al. (2002), on the co-added image. Using a circular aperture with
one Petrosian radius, we then find the center of the galaxy’s image by iteratively searching for the
minimum asymmetry, following Conselice et al. (2000). The asymmetryA is calculated as

(4) A =

∑

i

| fi − fi,180|
∑

i

| fi |
,

where fi is the flux value of the i-th pixel, andfi,180 is the flux value of the corresponding pixel in the
180-degree rotated image.

The asymmetry is computed using an initially guessed central position (from Chapter 2 for objects
in the SDSS DR4, and from visual examination for objects in DR5, using SAOImage DS9, Joye &
Mandel 2003), as well as for using the surrounding eight positions in a 3×3 grid as center. If one

2 The reason why such considerations are at all necessary is the same as that for which the SDSS pipeline overestimated
the local sky flux: the Virgo dEs are large in apparent size andcover 104 to 105 pixels, but their low surface brightness
outskirts cause a large number of these pixels to have S/N< 1. Thus, a wrong sky level estimate of the order of just a few
tenths of the noise level can have a large effect in total.

3 see http://www.sdss.org/dr5/algorithms/fluxcal.html
4 provided at http://www.astro.princeton.edu/∼schlegel/dust/data/
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of the surrounding positions yields a lower asymmetry, it isadopted as new central position. This
process is repeated until convergence. We perform two of these “asymmetry centerings”: a first one
with a step size of 1 pixel, and a second one with a step size of 0.3 pixels. The initial and final value
typically differ by less than a pixel.

We then compute the parameters defining an elliptical aperture (axial ratio and position angle)
from the image moments (Abraham et al. 1994), and derive a “Petrosian semimajor axis” (hereafter
“Petrosian SMA”,ap), i.e., we use ellipses instead of circles in the calculation of the Petrosian radius
(see, e.g., Lotz et al. 2004a). Within this elliptical aperture with a semimajor axisa of 1ap, we
perform another iteration to re-derive the elliptical shape parameters from the image moments, and
also to re-deriveap.

The elliptical shape is then applied to measure the total fluxin the r band within an elliptical
aperture witha = 2ap, which also yields a half-light semimajor axis inr (ahl,r). Using this value
for ahl,r, we go back to the co-added image and fit an ellipse to the isophotal shape of the galaxy at
a = 2ahl,r, usingIRAF/ ellipse. The elliptical annulus used for the isophotal fit ranges from 20.75ahl,r

to 21.25ahl,r.
This new elliptical shape is now used to derive the final Petrosian semimajor axis on the co-added

image, and to subsequently measure again the total flux in ther band withina = 2ap, yielding the
final value forahl,r. The isophotal shape is then measured again ata = 2ahl,r, yielding the axial ratio
that we shall use throughout this study.

Since we masked disturbing foreground or background objects by not considering their pixels,
our measured total flux for a given galaxy is always lower thanit would be without any such “holes”
in the galaxy’s image. In order to correct for this effect, we subdivide the final aperture of each
galaxy into 20 elliptical annuli of equal width, and assign each masked pixel the average flux value
of its respective annulus. This yields our final value for thetotal r band flux and the corresponding
magnitude. The difference to the uncorrected value is typically less than 0.m1.

For 13 of our dEs, the derivation of the Petrosian SMA did not converge, due to the fact that these
galaxies sit within the light of nearby bright sources. While in some of these cases, it would still be
possible to “manually” define an axial ratio for the galaxy, we decided to exclude these objects from
our sample, since no reliabler magnitudes can be derived, which are needed for our definitions of dE
subclasses in Section 5. This leaves us with a working sampleof 413 Virgo cluster dEs.

5. E-  
5.1. Subclass definitions

Of our 413 Virgo dEs, 37 display disk features, like spiral arms, bars, or signs of an edge-on
disk (Chapter 2, adding VCC 0751 to the objects listed there in order to update to SDSS DR5).
We term these objects “dE(di)s”, and separate this dE subclass from the ordinary, “featureless” dEs
(Figure 4.2). In order to further explore the diversity of the latter, we perform a secondary subdivision
into nucleated (“dE(N)”) and non-nucleated (“dE(nN)”) galaxies, based on the identification of nuclei
in the VCC as outlined in Section 2.2. Since a further subdivision of the dE(di)s would lead to
statistically insignificant subsamples, we shall instead discuss their nucleated fraction in the text.
Finally, since our galaxies span a range of almost 5m in r, it appears worth performing a tertiary
subdivision into dEs brighter and fainter than the medianr brightness of our full sample, namelymr =

15.m67 mag. Moreover, all but three of the dE(di)s are brighter than this value; thus our subdivision
allows us to compare them to ordinary dEs of similar luminosities. The percentage of each subsample
among our full sample of 413 dEs is given in parentheses in Figure 4.2, whereas the actual number of
galaxies contained in each subsample is given in the left column of Figure 4.3.

The subclasses defined so far are based on structural properties only — formorphologicalclassi-
fication of galaxies, it is not advisable to use colour information. However, in Chapter 3 we identified
a significant number of dEs with blue centers (17 galaxies, including VCC 0901 from the SDSS DR5).
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F 4.2. The zoo of early-type dwarfs.Our subdivision is shown as tree scheme, along
with a 3-D illustration of a typical intrinsic shape, using the median axial ratio from the
intrinsic distributions shown in Figure 4.3 (see Section 5.2). We also provide a statement
about the inferred dynamical status of each subpopulation,as indicated by their clustering
properties: “relaxed” and “unrelaxed” (see Section 5.3). The subdivision of dE(N)s into faint
and bright samples is shown in grey colour to reflect the fact that we find them to be not
different in their properties (see Section 5). The branch of the dE(bc)s is shown as dotted
line only, since these are not amorphologicalsubclass (see text). The percentage of each
subsample among our 413 Virgo cluster dEs is given in parentheses. For the dE(bc)s and
dE(di)s the percentage ranges include corrections for the estimated number of objects missed
by our detection techniques (see Chapters 2 and 3). Three sample images are shown for
the normal dEs. For the dE(di)s, we show one sample image along with its unsharp mask
revealing the spiral substructure. For the dE(bc)s, one sample image is shown along with its
g− i colour map revealing the blue center (dark=blue). See text for further details.

These objects, termed “dE(bc)s”, exhibit recent or ongoingcentral star formation, similar to NGC 205
in the Local Group. They were morphologically classified as dwarf ellipticals or dS0s by Sandage &
Binggeli (1984), and their regular, early-type morphologywas confirmed in Chapter 3; thus, they are
not possible irregular galaxies, which we have excluded from our samples here and in the previous
chapters. The flattening distribution of the dE(bc)s was found to be incompatible with intrinsically
spheroidal objects (Chapter 3), and their distribution with respect to local projected density suggests
that they are an unrelaxed population. The latter result is similar to the spatial distribution of Virgo and
Fornax dwarfs with early-type morphology that are gas-richand/or show star formation (Drinkwater
et al. 2001; Conselice et al. 2003; Buyle et al. 2005).

While it is not clear a priori that any of the dE subclasses defined above are evolutionary inter-
related, each dE(bc) unavoidably evolves into one of the above dE types once star formation ceases
and the central colour reddens (Chapter 3). Therefore, and because the dE(bc)s are defined through
colour instead of morphological properties, we do not consider them amorphologicaldE subclass.5

5 A morphologicalpeculiarity of several dE(bc)s is that they show central irregularities, which are presumably due
to gas, dust, and/or star formation, similar to NGC 205. These can be seen, e.g., when constructing unsharp mask images
(Chapter 3). However, an attempt to quantify these weak features through image parameters like asymmetry or clumpiness
yielded no clear separation from the bulk of dEs. Moreover, not all dE(bc)s display such features.
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F 4.3. Deduction of intrinsic shapes. In the leftmost column, the number of objects
in each of our dE subsamples are given. In the second column, we show the distribution
of projected axial ratios for each of our dE subsamples. The data are shown as running
histogram with a bin width of 0.15, corresponding to one fifthof the range in axial ratio cov-
ered by our galaxies. Each curve is sampled in steps of 0.04 (one quarter of the bin width)
and normalized to an area of 1. The observed distributions are approximated by analytic
functions (see text), shown in the third column. From these,we derive intrinsic axial ra-
tio distributions (fourth column), adopting purely oblate(grey solid line) and purely prolate
(black dash-dotted line) shapes. For these distributions,we show in the fifth column 3-D
illustrations of the galaxy shapes for the oblate (upper) and prolate (lower) case. For each
distribution, we show the shape when using the 25th percentile axial ratio (left) and the 75th
percentile axial ratio (right). In the rightmost column, weshow for each dE subsample the
surface brightness test (see text): we plot the surface brightness offset from the mean relation
of r band surface brightness and magnitude against axial ratio.Surface brightness is mea-
sured withina = 2ahl,r, since axial ratio is measured at the same semimajor axis. The mean
relation of surface brightness and magnitude is obtained through a linear least squares fit with
one 3σ-clipping. The arrows pointing from the surface brightnesstest diagrams towards the
shape illustrations reflect whether the test implies oblateor prolate intrinsic shapes; see text
for more details.

On the other hand, their star formation and presence of gas (Chapter 3) might imply that their forma-
tion process is not completely finished yet. It thus appears more cautious to separate them from the
rest of dEs (see Figure 4.2) in order to not bias the population properties of the other subclasses. In
the discussion (Section 7) we try to assess which dE type(s) the dE(bc)s could possibly evolve into.
Note that four objects are common to both the dE(di) and the dE(bc) sample. We exclude these from
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the sample of dE(di)s, which now comprises 33 galaxies. Table 4.1 lists our dEs along with their
subclass.

A similar subdivision of the dE class into bright and faint (non-)nucleated subsamples was per-
formed by Ferguson & Sandage (1989), also with the aim of studying shapes and spatial distributions
of the resulting subsamples. Our subdivision is different in two respects: first, Ferguson & Sandage
defined all galaxies withmB < 17.m5 as “bright”, whereas our magnitude separation (atmr = 15.m67)
is done at significantly brighter values and divides our fullsample into equally sized halves. Second,
we have the advantage of excluding dE(di)s and dE(bc)s from the “normal” dEs, thereby obtaining
cleaner subsamples, especially for the bright objects: allbut three of the dE(di)s are brighter than
mr = 15.m67.

While Ferguson & Sandage (1989) found statistically significant differences in the spatial dis-
tributions of their subsamples – with dE(N)s being much morecentrally clustered than the bright
dE(nN)s – their flattening distributions were only based on eye-estimated axial ratios from photo-
graphic plates. These can be uncertain by∼20% (Ferguson & Sandage 1989). With our measured
axial ratios from the co-added SDSS images at hand, we therefore present in the following subsection
a more detailed and accurate study of the flattening distributions of the different dE subsamples, and
attempt to deduce their approximate intrinsic shapes.

5.2. Subclass shapes

From the axial ratio measurements of our galaxies (Section 4.3), we put together the flattening
distributions of each dE subsample. These are presented in the second column of Figure 4.3 as running
histograms, i.e., at each sampling point we consider the number of objects within a bin of constant
width, and normalize the resulting curve to an area of 1. The bin width is 0.15, which we have
chosen to be one fifth of the range in axial ratio covered by ourgalaxies. The sampling step is 0.04
(one quarter of the bin width). The bright and faint dE(N)s, and also the faint dE(nN)s, predominantly
have rather round apparent shapes, while the bright dE(nN)s, dE(di)s, and dE(bc)s exhibit a significant
fraction of objects with rather flat apparent shapes.

Since the division between bright and faint objects atmr = 15.m67 is somewhat arbitrary, we test
whether the difference between the axial ratio distributions of faint and bright dE(nN)s becomes even
more pronounced if a wider magnitude separation is adopted.The grey curves in the respective panels
of the second column of Figure 4.3 show the distributions forbright dE(nN)s withmr ≤ 15.m67− 0.m5
(23 objects) and for faint dE(nN)s withmr ≤ 15.m67+ 0.m5 (86 objects). While the faint dE(nN)s
basically remain unchanged, the bright dE(nN)s indeed tendslightly towards flatter shapes, but the
difference is rather small.

A statistical comparison of the axial ratio distributions of our dE subsamples confirms what is
seen in Figure 4.3: a K-S test yields very low probabilities that any of the “flatter” subsamples (bright
dE(nN)s, dE(di)s, and dE(bc)s, lower three rows) could stemfrom the same true distribution function
as any of the “rounder” subsamples (bright and faint dE(N)s as well as faint dE(nN)s, upper three
rows). This confirms our findings from Chapters 2 and 3 for the dE(di)s and dE(bc)s, respectively.
The resulting probabilities from the K-S test for the pairwise comparison of the subsamples are given
as percentages in Figure 4.4. Interestingly, the lowest probability of all comparisons is obtained when
matching the distributions of bright and faint dE(nN)s: here, the probability of the null hypothesis that
they stem from the same underlying distribution function isonly 0.10%. Note that the probabilities for
the comparison of the “flatter” subsamples with the “rounder” ones increase slightly with decreasing
sample size, going from the bright dE(nN)s to the dE(di)s andthen to the dE(bc)s. However, the
probability for a common underlying distribution of dE(bc)s and the bright and faint dE(N)s is still
only 3.8% and 4.6%, respectively.

Is it possible to deduce the distributions ofintrinsic axial ratios from those of the apparent ones?
As discussed in detail by Binggeli & Popescu (1995), the intrinsic shapes can be deduced when
assuming that they are purely oblate or purely prolate. The distribution functionΨ of intrinsic axial
ratiosq can then be derived from the distribution functionΦ of observed axial ratiosp through (Fall
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F 4.4. K-S test results for the comparison of the axial ratio distributions of our dE
subsamples. For each pair of distributions we give the probability in percent for the null
hypothesis that the two distributions stem from the same underlying distribution function.

& Frenk 1983, eqs. (6) and (9))
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for the prolate case. Following Binggeli & Popescu (1995), we first defined adequate analytic func-
tionsΦ(p) that represent the observed distributions, and then evaluated the above equations numer-
ically. The analytic “model functions” are shown in the third column of Figure 4.3; they were con-
structed from combinations of (skewed) Gaussians with eachother and, in some cases, with straight
lines. Note that, for the dE(bc)s, we decided not to follow the observed distribution in all detail, since
it is drawn from a rather small sample of 17 galaxies, which probably is the cause of the fluctuations
seen.

The deduced intrinsic distributions are presented in the fourth column of Figure 4.3, for the oblate
(grey lines) and prolate (black dash-dotted lines) case. Wealso show 3-D illustrations of the galaxy
shapes for each distribution (fifth column), using in each case the axial ratio of the 25th percentile
(left 3-D plot) and the 75th percentile (right 3-D plot). These results confirm that the bright dE(nN)s,
dE(di)s, and dE(bc)s do have lower axial ratios than the bright and faint dE(N)s and the faint dE(nN)s.
Furthermore, we point out that the bright and faint dE(N)s span a rather wide range of intrinsic axial
ratios, and are, on average, somewhat flatter than what was deduced by Binggeli & Popescu (1995):
our median value (see the 3-D illustrations in Figure 4.2) isslightly flatter than E3 for the prolate
case, and slightly flatter than E4 for the oblate case.

Can we decide whether the true shapes of our galaxies are morelikely to be oblate or to be pro-
late? For this purpose, we make use of the surface brightnesstest (Marchant & Olson 1979; Richstone
1979), again following Binggeli & Popescu (1995). If dEs were intrinsically oblate spheroids, galax-
ies that appear round would be seen face-on and should thus have a lower mean surface brightness
than galaxies that appear flat; the latter would be seen edge-on. For the prolate case, the inverse re-
lation should be observed. However, before we can perform this test, we need to take into account
the strong correlation of dE surface brightness with magnitude (e.g., Binggeli & Cameron 1991): if,
by chance, the few apparently round galaxies in one of our smaller subsamples would happen to be
fainter on average than the apparently flat ones, this could introduce an artificial relation of axial ratio
with surface brightness. Therefore, instead of directly using surface brightness like earlier studies
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T 4.1. Subclass assignment.Classification of a dE as nucleated or non-nucleated is
provided by the VCC (Binggeli et al. 1985). Of the dEs that do not display disk substructure
or a blue center, those with a small uncertainty on the presence of a nucleus (“N:”) were
included in the nucleated subclass, while those with a larger uncertainty (“N?”, “Npec”) were
not assigned to any subclass (entry “—” as subclass), but were excluded from all comparisons
of dE subclasses. Objects VCC 0218, 0308, 1684, and 1779 are dE(bc)s with disk features.

VCC S mr VCC S mr VCC S mr

0009 dE(N)bright 12.m94 1069 dE(N)bright 15.m58 1567 dE(N)bright 13.m80
0033 dE(N)bright 14.26 1073 dE(N)bright 13.19 1649 dE(N)bright 14.75
0050 dE(N)bright 15.12 1075 dE(N)bright 14.01 1661 dE(N)bright 14.91
0109 dE(N)bright 15.29 1079 dE(N)bright 15.67 1669 dE(N)bright 15.44
0158 dE(N)bright 14.87 1087 dE(N)bright 12.59 1674 dE(N)bright 15.10
0178 dE(N)bright 14.61 1092 dE(N)bright 15.64 1711 dE(N)bright 15.35
0200 dE(N)bright 14.02 1093 dE(N)bright 15.53 1755 dE(N)bright 14.86
0227 dE(N)bright 14.12 1101 dE(N)bright 15.11 1773 dE(N)bright 15.30
0230 dE(N)bright 14.72 1104 dE(N)bright 14.51 1796 dE(N)bright 15.64
0235 dE(N)bright 15.56 1107 dE(N)bright 14.56 1803 dE(N)bright 14.82
0273 dE(N)bright 15.41 1122 dE(N)bright 13.96 1826 dE(N)bright 14.79
0319 dE(N)bright 14.31 1151 dE(N)bright 15.54 1828 dE(N)bright 14.27
0437 dE(N)bright 13.13 1164 dE(N)bright 15.24 1861 dE(N)bright 13.22
0452 dE(N)bright 15.02 1167 dE(N)bright 14.15 1876 dE(N)bright 14.23
0510 dE(N)bright 14.12 1172 dE(N)bright 15.32 1881 dE(N)bright 15.25
0545 dE(N)bright 14.48 1173 dE(N)bright 15.28 1886 dE(N)bright 14.52
0560 dE(N)bright 15.61 1185 dE(N)bright 14.44 1897 dE(N)bright 13.49
0592 dE(N)bright 15.43 1213 dE(N)bright 15.49 1909 dE(N)bright 15.47
0634 dE(N)bright 12.71 1218 dE(N)bright 15.09 1919 dE(N)bright 15.64
0684 dE(N)bright 15.10 1222 dE(N)bright 15.20 1936 dE(N)bright 14.90
0695 dE(N)bright 15.24 1238 dE(N)bright 14.49 1942 dE(N)bright 15.31
0711 dE(N)bright 15.46 1254 dE(N)bright 13.92 1945 dE(N)bright 13.98
0725 dE(N)bright 14.90 1261 dE(N)bright 12.62 1991 dE(N)bright 14.52
0745 dE(N)bright 13.54 1308 dE(N)bright 14.59 2012 dE(N)bright 13.75
0750 dE(N)bright 14.15 1311 dE(N)bright 15.09 2045 dE(N)bright 14.95
0753 dE(N)bright 15.11 1333 dE(N)bright 15.65 2049 dE(N)bright 15.47
0762 dE(N)bright 14.81 1353 dE(N)bright 15.58 2083 dE(N)bright 14.74
0765 dE(N)bright 15.41 1355 dE(N)bright 13.50 0029 dE(N)faint 16.58
0786 dE(N)bright 14.06 1384 dE(N)bright 15.38 0330 dE(N)faint 15.82
0790 dE(N)bright 14.96 1386 dE(N)bright 13.80 0372 dE(N)faint 17.48
0808 dE(N)bright 15.47 1389 dE(N)bright 15.11 0394 dE(N)faint 16.70
0815 dE(N)bright 14.96 1400 dE(N)bright 14.86 0503 dE(N)faint 16.43
0816 dE(N)bright 13.64 1407 dE(N)bright 14.14 0505 dE(N)faint 16.66
0823 dE(N)bright 14.85 1420 dE(N)bright 15.48 0539 dE(N)faint 15.85
0824 dE(N)bright 15.38 1431 dE(N)bright 13.37 0554 dE(N)faint 16.12
0846 dE(N)bright 15.17 1441 dE(N)bright 15.38 0632 dE(N)faint 16.53
0871 dE(N)bright 14.57 1446 dE(N)bright 15.03 0706 dE(N)faint 16.69
0916 dE(N)bright 14.88 1451 dE(N)bright 15.26 0746 dE(N)faint 17.30
0928 dE(N)bright 15.21 1453 dE(N)bright 13.25 0747 dE(N)faint 16.17
0929 dE(N)bright 12.51 1491 dE(N)bright 14.11 0755 dE(N)faint 15.77
0931 dE(N)bright 15.49 1497 dE(N)bright 15.03 0756 dE(N)faint 16.31
0936 dE(N)bright 14.70 1503 dE(N)bright 14.38 0779 dE(N)faint 16.89
0940 dE(N)bright 13.78 1539 dE(N)bright 14.88 0795 dE(N)faint 16.52
0949 dE(N)bright 14.31 1549 dE(N)bright 13.85 0810 dE(N)faint 15.79
0965 dE(N)bright 14.54 1561 dE(N)bright 14.97 0812 dE(N)faint 15.89
0992 dE(N)bright 15.35 1563 dE(N)bright 15.45 0855 dE(N)faint 16.44
1005 dE(N)bright 15.23 1565 dE(N)bright 15.62 0877 dE(N)faint 16.86
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T 4.1. Continued.

VCC S mr VCC S mr VCC S mr

0896 dE(N)faint 16.m66 1616 dE(N)faint 15.m79 2008 dE(nN)bright 14.m04
0920 dE(N)faint 16.20 1642 dE(N)faint 16.58 2028 dE(nN)bright 15.61
0933 dE(N)faint 15.76 1677 dE(N)faint 16.07 2056 dE(nN)bright 15.33
0972 dE(N)faint 15.78 1683 dE(N)faint 15.71 2078 dE(nN)bright 15.63
0974 dE(N)faint 15.69 1767 dE(N)faint 15.68 0011 dE(nN)faint 16.15
0977 dE(N)faint 17.11 1785 dE(N)faint 16.96 0091 dE(nN)faint 16.85
0997 dE(N)faint 17.04 1794 dE(N)faint 16.82 0106 dE(nN)faint 17.11
1044 dE(N)faint 16.16 1812 dE(N)faint 16.64 0127 dE(nN)faint 16.49
1059 dE(N)faint 17.10 1831 dE(N)faint 17.38 0244 dE(nN)faint 16.62
1064 dE(N)faint 16.44 1879 dE(N)faint 16.08 0294 dE(nN)faint 17.49
1065 dE(N)faint 15.70 1891 dE(N)faint 16.16 0299 dE(nN)faint 16.22
1076 dE(N)faint 16.22 1928 dE(N)faint 16.56 0317 dE(nN)faint 17.18
1099 dE(N)faint 16.74 1951 dE(N)faint 15.85 0335 dE(nN)faint 16.81
1105 dE(N)faint 15.79 1958 dE(N)faint 15.99 0361 dE(nN)faint 16.58
1115 dE(N)faint 16.26 1980 dE(N)faint 15.94 0403 dE(nN)faint 17.12
1119 dE(N)faint 16.29 2014 dE(N)faint 16.04 0418 dE(nN)faint 16.45
1120 dE(N)faint 16.09 2088 dE(N)faint 16.24 0421 dE(nN)faint 16.65
1123 dE(N)faint 15.74 0108 dE(nN)bright 15.08 0422 dE(nN)faint 16.81
1137 dE(N)faint 16.89 0115 dE(nN)bright 15.63 0444 dE(nN)faint 16.44
1191 dE(N)faint 16.64 0118 dE(nN)bright 15.41 0454 dE(nN)faint 16.97
1207 dE(N)faint 16.06 0209 dE(nN)bright 14.18 0458 dE(nN)faint 15.84
1210 dE(N)faint 16.47 0236 dE(nN)bright 15.23 0466 dE(nN)faint 15.92
1212 dE(N)faint 16.05 0261 dE(nN)bright 15.31 0499 dE(nN)faint 16.89
1225 dE(N)faint 16.31 0461 dE(nN)bright 15.38 0501 dE(nN)faint 16.02
1240 dE(N)faint 16.63 0543 dE(nN)bright 13.35 0504 dE(nN)faint 15.89
1246 dE(N)faint 16.84 0551 dE(nN)bright 15.17 0561 dE(nN)faint 16.73
1264 dE(N)faint 15.68 0563 dE(nN)bright 14.80 0594 dE(nN)faint 16.34
1268 dE(N)faint 16.29 0611 dE(nN)bright 15.50 0600 dE(nN)faint 18.47
1296 dE(N)faint 16.18 0794 dE(nN)bright 13.88 0622 dE(nN)faint 17.65
1302 dE(N)faint 16.94 0817 dE(nN)bright 13.09 0652 dE(nN)faint 16.76
1307 dE(N)faint 17.19 0917 dE(nN)bright 14.54 0668 dE(nN)faint 16.06
1317 dE(N)faint 17.25 0982 dE(nN)bright 15.26 0687 dE(nN)faint 17.31
1366 dE(N)faint 16.15 1180 dE(nN)bright 15.41 0748 dE(nN)faint 16.26
1369 dE(N)faint 16.02 1323 dE(nN)bright 15.49 0760 dE(nN)faint 16.32
1373 dE(N)faint 16.67 1334 dE(nN)bright 14.69 0761 dE(nN)faint 16.33
1396 dE(N)faint 16.29 1351 dE(nN)bright 14.91 0769 dE(nN)faint 16.20
1399 dE(N)faint 15.85 1417 dE(nN)bright 15.06 0775 dE(nN)faint 17.17
1402 dE(N)faint 17.27 1528 dE(nN)bright 13.67 0777 dE(nN)faint 16.61
1418 dE(N)faint 16.37 1553 dE(nN)bright 15.53 0791 dE(nN)faint 16.22
1481 dE(N)faint 17.10 1577 dE(nN)bright 14.97 0803 dE(nN)faint 17.87
1495 dE(N)faint 16.69 1647 dE(nN)bright 15.14 0839 dE(nN)faint 16.80
1496 dE(N)faint 17.20 1698 dE(nN)bright 15.14 0840 dE(nN)faint 17.09
1498 dE(N)faint 15.91 1704 dE(nN)bright 15.57 0861 dE(nN)faint 16.73
1509 dE(N)faint 15.77 1743 dE(nN)bright 14.65 0863 dE(nN)faint 16.73
1519 dE(N)faint 16.57 1762 dE(nN)bright 15.67 0878 dE(nN)faint 16.04
1523 dE(N)faint 16.61 1870 dE(nN)bright 15.11 0926 dE(nN)faint 16.06
1531 dE(N)faint 16.62 1890 dE(nN)bright 14.06 0962 dE(nN)faint 16.07
1533 dE(N)faint 16.80 1895 dE(nN)bright 14.15 0976 dE(nN)faint 16.93
1603 dE(N)faint 16.47 1948 dE(nN)bright 14.78 1034 dE(nN)faint 17.42
1604 dE(N)faint 15.99 1982 dE(nN)bright 14.68 1039 dE(nN)faint 16.29
1606 dE(N)faint 16.61 1995 dE(nN)bright 14.96 1089 dE(nN)faint 16.98
1609 dE(N)faint 16.19 2004 dE(nN)bright 15.17 1124 dE(nN)faint 16.75
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T 4.1. Continued.

VCC S mr VCC S mr VCC S mr

1129 dE(nN)faint 16.m87 1983 dE(nN)faint 16.m06 0308 dE(bc) 13.m14
1132 dE(nN)faint 15.85 2011 dE(nN)faint 16.40 0674 dE(bc) 16.18
1149 dE(nN)faint 16.78 2032 dE(nN)faint 16.08 0781 dE(bc) 13.90
1153 dE(nN)faint 16.51 2043 dE(nN)faint 17.07 0870 dE(bc) 14.10
1209 dE(nN)faint 16.55 2051 dE(nN)faint 16.54 0901 dE(bc) 16.49
1223 dE(nN)faint 15.74 2054 dE(nN)faint 15.76 0951 dE(bc) 13.35
1224 dE(nN)faint 16.52 2061 dE(nN)faint 16.68 1488 dE(bc) 14.12
1235 dE(nN)faint 16.75 2063 dE(nN)faint 16.54 1501 dE(bc) 14.90
1288 dE(nN)faint 16.40 2074 dE(nN)faint 16.58 1512 dE(bc) 14.82
1298 dE(nN)faint 16.97 2081 dE(nN)faint 16.17 1684 dE(bc) 14.45
1314 dE(nN)faint 16.12 0535 — 15.69 1779 dE(bc) 14.01
1337 dE(nN)faint 16.66 1348 — 14.15 1912 dE(bc) 13.26
1352 dE(nN)faint 16.33 1489 — 15.07
1370 dE(nN)faint 16.57 1857 — 13.92
1432 dE(nN)faint 16.43 0216 dE(di) 14.31
1438 dE(nN)faint 16.69 0389 dE(di) 13.09
1449 dE(nN)faint 16.86 0407 dE(di) 13.74
1464 dE(nN)faint 16.73 0490 dE(di) 13.00
1472 dE(nN)faint 17.52 0523 dE(di) 12.52
1482 dE(nN)faint 17.07 0608 dE(di) 13.56
1518 dE(nN)faint 17.82 0751 dE(di) 13.74
1543 dE(nN)faint 16.99 0788 dE(di) 15.33
1573 dE(nN)faint 15.68 0854 dE(di) 16.71
1599 dE(nN)faint 16.68 0856 dE(di) 13.38
1601 dE(nN)faint 16.18 0990 dE(di) 13.70
1622 dE(nN)faint 16.82 1010 dE(di) 12.72
1629 dE(nN)faint 16.75 1036 dE(di) 12.94
1650 dE(nN)faint 16.32 1183 dE(di) 13.27
1651 dE(nN)faint 16.33 1204 dE(di) 15.35
1652 dE(nN)faint 16.07 1304 dE(di) 14.23
1657 dE(nN)faint 16.40 1392 dE(di) 13.84
1658 dE(nN)faint 15.82 1422 dE(di) 12.78
1663 dE(nN)faint 16.56 1444 dE(di) 15.04
1682 dE(nN)faint 16.24 1505 dE(di) 17.03
1688 dE(nN)faint 15.93 1514 dE(di) 14.40
1689 dE(nN)faint 16.44 1691 dE(di) 16.92
1702 dE(nN)faint 16.51 1695 dE(di) 13.46
1717 dE(nN)faint 15.80 1836 dE(di) 13.66
1719 dE(nN)faint 17.55 1896 dE(di) 14.07
1729 dE(nN)faint 17.76 1910 dE(di) 13.23
1733 dE(nN)faint 16.59 1921 dE(di) 14.37
1740 dE(nN)faint 16.64 1949 dE(di) 13.08
1745 dE(nN)faint 16.28 2019 dE(di) 13.56
1764 dE(nN)faint 15.96 2042 dE(di) 13.58
1792 dE(nN)faint 16.99 2048 dE(di) 12.99
1815 dE(nN)faint 16.64 2050 dE(di) 14.36
1843 dE(nN)faint 16.64 2080 dE(di) 14.96
1867 dE(nN)faint 16.62 0021 dE(bc) 14.08
1915 dE(nN)faint 16.09 0170 dE(bc) 13.50
1950 dE(nN)faint 15.67 0173 dE(bc) 14.21
1964 dE(nN)faint 17.23 0218 dE(bc) 14.00
1971 dE(nN)faint 15.69 0281 dE(bc) 14.77
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did, we use the surface brightnessoffsetfrom the mean relation of surface brightness and magnitude.
We plot these values, measured in ther band withina = 2ahl,r, against axial ratio (measured at the
same semimajor axis, see Section 4.3) for each dE subsample,shown in the rightmost column of
Figure 4.3. For all subsamples, a positive correlation of surface brightness offset with axial ratio can
be seen, favoring the oblate model in agreement with earlierstudies (e.g., Marchant & Olson 1979;
Richstone 1979; Binggeli & Popescu 1995). For the “rounder”subsamples (top three rows), some
additional contribution by prolate objects might be “hidden” within the rather large scatter of surface
brightness offsets at larger axial ratios. We denote these results in Figure 4.3 by the arrows pointing
from the surface brightness test diagram towards the favored intrinsic galaxy shapes. The arrow size
represents the implied contribution from intrinsically prolate and oblate objects. Among the “flatter”
subsamples (lower three rows), for which the oblate case is favored, the dE(di)s have the lowest ax-
ial ratios, with a median value of 0.33 (bright dE(nN)s: 0.42, dE(bc)s: 0.44). The galaxies in these
subsamples are thus most likely shaped like thick disks.

The above considerations needed to be restricted to purely oblate and purely prolate shapes.
However, for all subsamples, a small part of the deduced (andfavored) intrinsic oblate distribution
becomes negative at large axial ratios, trying to account for the low number of apparently round
objects. This implies that most of the galaxies might actually have triaxial shapes, in accordance with
the conclusions of Binggeli & Popescu (1995).

5.3. Subclass distribution within the cluster

While it has been known since long that nucleated and non-nucleated dEs have different clustering
properties (e.g., van den Bergh 1986; Ferguson & Sandage 1989), this statement has been challenged
by Côté et al. (2006), who conjectured that it might just bethe result of a selection bias in the VCC.
It therefore appears worth to perform a quantitative comparison of the distributions of our dE sub-
samples within the cluster, and to then proceed with testingthe issues raised by Côté et al. (2006) in
detail.

The projected spatial distributions of our subsamples are shown in the middle column of Fig 4.5.
While both bright and faint dE(N)s exhibit a rather strong central clustering, the faint dE(nN)s appear
to be only moderately clustered, and the dE(di)s and dE(bc)sshow basically no central clustering.
The bright dE(nN)s even seem to be preferentially located inthe outskirts of the cluster.

To put the above on a more quantitative basis, we present in Figure 4.6 the cumulative distribu-
tion of each of our subsamples with respect to local projected density. Following Dressler (1980)
and Binggeli et al. (1987), we define the latter for each galaxy as the number of objects per square
degree within a circle that includes the ten nearest neighbours, independent of galaxy type. Only
certain cluster members are considered. For comparison, wealso show the same distributions for dif-
ferent Hubble types (Figure 4.6, inset), i.e., for the rather strongly centrally clustered giant early-type
galaxies, as well as for the weakly clustered and probably infalling spiral and irregular galaxies (e.g.,
Binggeli et al. 1987).

As a confirmation of the impression from the spatial distribution, the bright dE(nN)s are prefer-
entially found in regions of moderate to lower density, similar to (and at even slightly lower densities
than) the distribution of irregular galaxies, in accordance with the findings of Ferguson & Sandage
(1989). This implies that they, as a population, are far frombeing virialized. The densities then in-
crease slightly going from the bright dE(nN)s to the dE(bc)s, dE(di)s, and the faint dE(nN)s, in this
order. Still, all of these are distributed similarly to the irregular and spiral galaxies in the cluster, again
implying that they are unrelaxed or at least largely unrelaxed galaxy populations, and confirming the
impression from their projected spatial distribution. In contrast, both bright and faint dE(N)s are lo-
cated at larger densities, and display a distribution comparable to the E and S0 galaxies, in agreement
with the results of Ferguson & Sandage (1989). This would suggest that they are a largely relaxed or
at least partially relaxed population. Note, however, thatthe Esalone(without the S0s) are located
at still higher densities. Conselice et al. (2001) pointed out that only the Es appear to be a relaxed
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F 4.5. Spatial and velocity distribution. In the left column, the number of objects
in each of our dE subsamples are given. Numbers in parentheses apply to those dEs for
which heliocentric velocities are available. The middle column shows the projected distribu-
tion of the dE subsamples (black dots) within the cluster. All Virgo cluster member galaxies
are shown as small grey dots. The right column shows the velocity distributions of the dE
subsamples. The data are shown as running histogram with a bin width of 384 km/s, corre-
sponding to the semi-interquartile range of the total 193 velocities. Each curve is sampled in
steps of 96 km/s (one quarter of the bin width) and normalized to an area of 1.

galaxy population, while all others, including the S0s, arenot — thus, the dE(N)s presumably are not
fully relaxed either.

We performed statistical pairwise comparisons of the distributions of our dE subsamples with
respect to density, similar as for the axial ratios in Section 5.2. The K-S test probabilities for the null
hypothesis that two observed distributions stem from the same underlying distribution are given as
percentages in Figure 4.7. Even though the faint dE(nN)s are, among the “lower-density” subsamples,
closest to the bright and faint dE(N)s, their probability for having the same underlying distribution is
0.08 and 0.07%, respectively. These probabilities are higher for the dE(di)s and dE(bc)s: although
they are located at even lower densities, their rather smallsample sizes let the probability increase as
compared to that of the faint dE(nN)s. Finally, the bright dE(nN)s are located at such low densities that
their K-S test comparison with the dE(N)s yields a probability of 0.00%, and that even the comparison
with the faint dE(nN)s only yields a probability of 3.7% for them having the same true distribution.
Given the morphological differences between the subsamples, as deduced in Section 5.2, Figure 4.6
basically shows a morphology-density relationwithin the dE class.

This view appears to be corroborated by the distributions ofheliocentric velocities (right column
of Figure 4.5) of the dE subsamples: that of the bright dE(N)shas a single peak and is fairly symmet-
ric, while especially the faint dE(nN)s, dE(di)s, and dE(bc)s display rather asymmetric distributions
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F 4.6. Morphology vs. density.Cumulative distribution of local projected densities of
our dE subsamples, and of Hubble types (inset). Following Dressler (1980) and Binggeli et al.
(1987), we define a circular area around each galaxy that includes its ten nearest neighbours
(independent of galaxy type), yielding a projected density(number of galaxies per square
degree).

F 4.7. K-S test results for the comparison of the distributions of our dE subsamples
with respect to local projected density. For each pair of distributions we give the probability
in percent for the null hypothesis that the two distributions stem from the same underlying
distribution function.

with multiple peaks. The latter could be interpreted as being a signature of infalling populations (Tully
& Shaya 1984; Conselice et al. 2001). However, the differences between these velocity distributions
are not or only marginally significant — the “most different” pair of distributions according to the K-S
test are the bright dE(nN)s and the dE(bc)s, which have a probability of 6.6% for the null hypothesis.
The main issue here are the small sample sizes: only a fraction of the galaxies of each subsample
has measured velocities (numbers are given in parentheses in the left column of Figure 4.5), which
are available from the NED for 193 of our 413 dEs, and, e.g., for only 19 of our 39 bright dE(nN)s.
Similarly, measurements of the skew or kurtosis of the distributions do not yield values that differ
significantly from zero. We can thus only state that the rather asymmetric, multi-peaked distributions
of the faint dE(nN)s, the dE(di)s, and the dE(bc)s would be consistent with our above conclusion that
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they are mostly unrelaxed populations, but that more velocity data is needed to perform a reliable
quantitative comparison of velocity distributions.

5.4. Remarks on possible selection biases

The different spatial distribution of dE(N)s and dE(nN)s was long considered a fundamental and
well-founded observation, but has recently been questioned by Côté et al. (2006). These authors
argued that galaxies with high central surface brightness (HSB, with µg,central . 20 mag arcsec−2 or
B . 14.m55) would have been preferentially classified as non-nucleated in the VCC, which may have
led to a selection bias in the VCC that artificially relates spatial distribution to nucleus presence. We
test this conjecture by considering the following points:

(1) If the dE(nN)s were objects in which nuclei have preferentially gone undetected due to a too
high central surface brightness, the dE(nN)s’ surface brightnesses should, on average, be significantly
higher than those of the dE(N)s. However, the mean surface brightness inr within the half-light aper-
ture has very similar median values for the bright dE(nN)s (µr = 22.65 mag arcsec−2) and the bright
dE(N)s (µr = 22.63 mag arcsec−2), which makes such a bias unlikely. Furthermore, the distributions
of surface brightnesses of the two subsamples are similar — aK-S test yields a probability of 84% for
the null hypothesis that they stem from the same underlying distribution. Certainly, measurements of
the very central surface brightness, which are possible only with high-resolution observations, would
provide a more direct argument here. However, since both nucleated and non-nucleated dEs within
a given magnitude range have similar surface brightness profiles (Binggeli & Cameron 1991), their
effective surface brightness and central surface brightness are closely correlated.

(2) Only one single galaxy among our 39 bright dE(nN)s (2.5%)is bright enough to fall among
Côté et al.’s definition of a HSB dE. In contrast, 14 of our 121 bright dE(N)s (12%) would qualify
as HSB dE. Therefore, it appears highly unlikely that a significant number of dE(nN)s possess nuclei
with similar relative brightnesses as those of the dE(N)sthat were not detected by Binggeli et al.
(1985).

(3) None of the dEs in Côté et al.’s own sample that were previously classified as non-nucleated,
but have now been found to host a weak nucleus, actually are HSB dEs.

(4) Since we are interested in the distributions of our subsamples with respect to density in the
cluster, we translate Côté et al.’s conjecture about thespatialdistribution of the dEs into one about the
distribution with respect todensity: if the different density distributions of bright dE(N)s and dE(nN)s
(see above) would primarily be caused by a surface brightness selection effect, a significantly larger
fraction of the high surface brightness objects should be located at lower densities as compared to
the lower surface brightness objects. To test for this possible bias, we plot the meanr band surface
brightness within the half-light aperture against local projected density for the combined sample of
bright dE(N)s and dE(nN)s (Figure 4.8). No correlation is seen, ruling out that such a bias is present
in our data.

We point out that it might of course still be the case that mostof the dE(nN)s hostweaknuclei
that are below the VCC detection limit, as discussed in Section 2.2. However, what is at stake here is
the question whether a significant number of dE(nN)s should already have been classified as dE(N)s
by the VCC, and whether this could account for the population differences that we find. The above
arguments clearly rule out such a bias. We can thus conclude that the bright dE(N)s and dE(nN)s are
indeed distinct dE subpopulations that differ in their clustering properties (Figures 4.6 and 4.7), as
well as in their shapes (Figures 4.3 and 4.4).

6. C 
Since our morphological subdivision of the dEs into severalsubpopulations is now established,

the next step would obviously be to compare their stellar population properties. Given that the SDSS
imaged every galaxy in five bands, it should be able to providesome insight into their stellar content,
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F 4.8. Surface brightness vs. density.The mean surface brightness inr within the
half-light aperture is compared to local projected densityfor the combined sample of bright
dE(N)s and dE(nN)s, in order to test for a possible classification bias as conjectured by Côté
et al. (2006) (see text). No correlation is seen, ruling out such a bias.

even though it is basically impossible to disentangle ages and metallicities with optical broadband
photometry alone. However, the issue is complicated by the fact that theu andz band images, which
would be very important for an analysis of the stellar content, have a very low S/N (see Section 3). It
is therefore important to perform a thorough study of the dE colours and colour gradients that properly
takes into account measurement errors and the different S/N levels for objects of different magnitudes
and surface brightnesses. Such an investigation is beyond the scope of the present study and will be
addressed in Chapters 5 and 6.

Nevertheless, in order to tackle the question about whetherthe dE subsamples differ in their
colour properties, we present in Figure 4.9 the inneru− g (“age-sensitive”) versusi − z (“metallicity-
sensitive”) colours for the bright (mr ≤ 15.m67) dEs, measured within an aperture ofa = 0.5ahl,r.
This approach guarantees relatively small errors (typicalvalues are shown in the lower left corner of
the figure) that need not be taken into account individually.For each dE subsample, we indicate its
median colour values with the black symbols drawn with thicklines.

However, a direct comparison of these values would be biasedby the existence of a colour-
magnitude relation: if different subsamples had, on average, significantly different magnitudes, they
would be offset in our colour-colour diagram even if they followed exactly the same colour-magnitude
relation. We therefore compute an approximate correction for this effect: first, we perform a linear
least squares fit to the colour-magnitude relations (r versusu − g and r versusi − z) of our full dE
sample, clipping one time at 3σ and excluding the dE(bc)s because of their blue inner colours. We
then derive the medianr magnitude of each subsample, and use the linear fit to computeits expected
colour offset from the sample of dE(nN)s, which we choose as reference.The so obtained corrected
median colours are shown in Figure 4.9 as black symbols drawnwith thin lines, and are connected
with lines to their uncorrected values.

The dE(bc)s exhibit, as expected, the bluest colours of all subsamples, basically by definition,
since we focus here on the inner galaxy colours. While the corrected colours of the dE(di)s are similar
to those of the dE(nN)s, the dE(N)s are, on average, redder ini − z and significantly redder inu − z.
Given the very small colour correction and large sample sizeof the dE(N)s, this can be considered
a robust result. In the inset shown in Figure 4.9, we compare the median values of the dE(nN)s
and dE(N)s to two model tracks from stellar population synthesis calculations (Bruzual & Charlot
2003). Both tracks represent stellar populations formed through a single burst of star formation that
exponentially decays with time (τ = 0.5 Gyr), using Padova 2000 isochrones and a Chabrier IMF. The
tracks are curves of constant metallicity (grey solid line:Z = 0.008, grey dotted lineZ = 0.004); ages
increase from bottom to top and are marked at 3, 6, 10, and 14 Gyr (the latter mark is outside of the
plot area for theZ = 0.008 track). Our measured values lie along of theZ = 0.008 track, illustrating
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F 4.9. Distribution in colour space. Shown are the inneru − g versusi − z colours,
measured withina = 0.5ahl,r, for all dEs brighter than the medianr brightness of our full
sample,mr = 15.m67, divided into the respective subsamples. Individual measurements are
shown with small grey symbols (see the legend above the diagram). The median value of each
subsample is shown as black symbol using thick lines. Black symbols drawn with thin lines
represent the median values corrected for the effect of the colour-magnitude-relation (see
text); lines connect them to the corresponding uncorrectedvalues. The correction is chosen to
be zero for the dE(nN)s. The inset shows again the median values (corrected and uncorrected)
of the dE(N)s and dE(nN)s, along with two model tracks from stellar population synthesis
calculations (Bruzual & Charlot 2003). Both tracks represent stellar populations formed
through a single burst of star formation that exponentiallydecays with time (τ = 0.5 Gyr),
using Padova 2000 isochrones and a Chabrier IMF. The grey solid line is for a metallicity
Z = 0.008; age steps are marked by the grey diamonds at 3 Gyr, 6 Gyr, and 10 Gyr. The grey
dotted line is forZ = 0.004, with age steps marked by the grey circles at 3 Gyr, 6 Gyr, 10
Gyr, and 14 Gyr; the latter is also the end of the track.

that, within the framework of our simplified stellar population models, the colour difference between
dE(nN)s and dE(N)s could be interpreted as a difference in age. According to this simple approach,
the dE(N)s would be, on average, a few Gyr older than the dE(nN)s. However, the measurements
also fall roughly along a virtual line connecting the 6 Gyr points of each model, showing that they
might also be interpreted as a difference in metallicity. While this colour offset between the dE(N)s
and dE(nN)s would be qualitatively consistent with the study by Rakos & Schombert (2004), who
found the dE(N)s in the Coma and Fornax clusters to have olderstellar populations than the dE(nN)s,
reliable conclusions need to await a more comprehensive colour study of our dEs.
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7. D
7.1. Interrelations between subclasses

The bright dE(nN)s and dE(di)s are both unrelaxed populations of relatively bright dEs shaped
like thick disks. This also applies to the dE(bc)s, which could thus be candidates for being the direct
progenitors of the former: the presently blue centers of thedE(bc)s will evolve to typical dE colours
within 1 Gyr or less after the cessation of star formation (Chapter 3). Therefore, the bright dE(nN)s
and dE(di)s could constitute those disk-shaped dEs where central star formation has already ceased.
To test this hypothesis, we make the following considerations. There are 39 bright dE(nN)s, as well
as 30 dE(di)s withmr ≤ 15.m67, 7 of which are non-nucleated. This adds up to 69 “non-star-forming,
disk-shaped dEs”, 23 (33%) of which are nucleated. Among thedE(bc)s there are 15 galaxies with
mr ≤ 15.m67, 6 (40%) of which are nucleated. Thus, the fraction of nucleated galaxies would be
compatible with our hypothesis within the errors, with the caveat that nuclei might still form in the
centers of some dE(bc)s (see Oh & Lin 2000 and Chapter 3), which would raise the nucleated fraction
of the dE(bc)s.

Now, 43% of the non-star-forming, disk-shaped dEs are dE(di)s, i.e., show diskfeatures(not only
an overall diskshape). If the dE(bc)s would contain the same fraction of galaxiesthat display disk fea-
tures, we would expect 6.5 such objects among the 15 dE(bc)s,with a standard deviation of 1.9. The
observed number of 4 lies within 1.3σ of the expected value and could thus still be reconciled with
the above picture. However, since not only the dE(di)s, but also the bright dE(nN)s are disk-shaped,
why do the latter not display diskfeatureslike the dE(di)s? This could either indicate a correlation
between the presence of a significantly bright nucleus and the presence of disk substructure, or it
could imply that there is more than one formation path towards disk-shaped dEs.

7.2. Formation mechanisms

If dEs originated from galaxies that fell into the cluster, how long ago could this infall have taken
place? Conselice et al. (2001) derived a two-body relaxation time for the Virgo dEs of much more
than a Hubble time. Even violent relaxation, which could apply for the case of infalling or merging
groups, would take at least a few crossing timestcr, with tcr ≈ 1.7 Gyr for the Virgo cluster (Boselli &
Gavazzi 2006). Therefore, the majority of dE(N)s or their progenitors should have experienced infall
in the earliest phases of the Virgo cluster (which is a ratheryoung structure, see Binggeli et al. 1987
and Arnaboldi et al. 2004), or they could have formed in dark matter halos along with the cluster
itself. All other dE subclasses are largely unrelaxed populations, implying that they have formed later
than the dE(N)s, probably from (continuous) infall of progenitor galaxies. Our colour analysis in
Section 6 would support this view, since it finds that the inner colours of the dE(N)s can be interpreted
with an older stellar population than the dE(nN)s. This would be expected if one assumes that the
progenitor galaxies had been forming stars until their infall into the cluster, resulting in a younger
stellar population on average in the case of a later infall (neglecting possible metallicity differences).
However, as stressed in Section 6, robust conclusions need to await a more detailed multicolour study
of our dEs.

The galaxy harassment scenario (Moore et al. 1996) describes the structural transformation of a
late-type spiral into a spheroidal system through strong tidal interactions with massive cluster galax-
ies. A thick stellar disk may survive and form a bar and spiralfeatures that can be retained for some
time, depending on the tidal heating of the galaxy (Mastropietro et al. 2005). Harassment could thus
form disk-shaped dEs, and dE(di)s in particular. Moreover,it predicts gas to be funneled to the center
and form a density excess there (Moore et al. 1998), which would be well suited to explain the central
star formation in the dE(bc)s. Therefore, it appears possible that harassment could form disk-shaped
dEs that first appear as dE(bc)s and then passively evolve into dE(di)s and bright dE(nN)s as their star
formation ceases (see Section 7.1). It might also provide a way to form the fainter non-nucleated dEs,
assuming that the tidal forces have a stronger effect on the shape of less massive galaxies, resulting
in rounder objects on average. However, in order to explain all these subclasses by a single process,
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one would need to invoke a correlation between the presence of a nucleus and of disk features, as
discussed in Section 7.1.

Ram-pressure stripping (Gunn & Gott 1972) of dwarf irregulars (dIrrs) could be responsible for
the fact that the disk-shaped bright dE(nN)s do not show diskfeatureslike the dE(di)s: dIrrs typically
have no nucleus, and ram-pressure stripping exerts much less perturbing forces than a violent pro-
cess like harassment, thus probably not triggering the formation of bars or spiral arms. Commonly
discussed problems with this scenario are the metallicity offset between dEs and dIrrs (Thuan 1985;
Richer et al. 1998; Grebel et al. 2003) and the too strong fading of dIrrs after cessation of star for-
mation (Bothun et al. 1986). Also, the flattening distribution of Virgo cluster dIrrs – with intrinsic
(primary) axial ratios≥ 0.5 for most galaxies (Binggeli & Popescu 1995) – is not quitelike that of
our bright dE(nN)s. On the other hand, significant mass loss due to stripped gas might affect the
stellar configuration of the galaxies and could thus possibly account for the difference. Moreover, the
flattening distribution of the dIrrs is similar to that of thefaint dE(nN)s (cf. Figure 9 of Binggeli &
Popescu 1995), suggesting that these – and possibly not thebright dE(nN)s – might be stripped dIrrs.

Tidally induced star formation of dIrrs might be able to overcome the problems of the ram-
pressure stripping scenario: the initially lower metallicity and surface brightness of a dIrr are in-
creased by several bursts of star formation (Davies & Phillipps 1988), during which the galaxy ap-
pears as blue compact dwarf (BCD). After the last BCD phase itfades to become a dE, thereby
providing an explanation how BCDs could be dE progenitors, which has frequently been discussed
(e.g., Bothun et al. 1986; Papaderos et al. 1996; Grebel 1997; Chapter 3). The last star formation
burst might occur in the central region, consistent with theappearance of the dE(bc)s.

In addition to the number of possible formation scenarios, the role of the nuclei provides another
unknown element. If dE(N)s and dE(nN)s would actually form acontinuum of dEs with respect to
relative nucleus brightness as suggested by Grant et al. (2005), their significantly different population
properties could be interpreted with a correlation betweenrelative nucleus brightness and host galaxy
evolution. Such a correlation could, for example, be provided by nucleus formation through coales-
cence of globular clusters (GCs): the infall and merging ofseveralGCs – resulting in a rather bright
nucleus like in a dE(N) – takes many Gyr (Oh & Lin 2000), consistent with the dE(N)s being in place
since long. The dE(nN)s, on the other hand, were probably formed more recently, leaving time for
only one or two GCs, or none at all, to sink to the center.

7.3. Remarks on previous work

Results similar to ours were derived by Ferguson & Sandage (1989), who also subdivided Virgo
and Fornax cluster dEs with respect to magnitude and the presence or absence of a nucleus. In
accordance with our results, they found that the dE(N)s are centrally clustered like E and S0 galaxies,
while the bright dE(nN)s are distributed like spiral and irregular galaxies. They also found the axial
ratios of the bright dE(nN)s to be flatter than those of the dE(N)s.

However, despite these similar results, their magnitude selection of “bright” and “faint” subsam-
ples is actually quite different from ours. We initially selected only dEs withmB ≤ 18.m0 mag (the
completeness limit of the VCC), yielding a sample range of about 4.m5 in B, and then subdivided our
full sample at its medianr magnitude. In contrast to that, Ferguson & Sandage (1989) included VCC
galaxies withmB < 17.m5 in theirbright subsample, which therefore still spans a range of 4m. Their
faint subsample contains VCC galaxies withmB > 18.m4, which are not included in our study and
already lie within the luminosity regime of Local Group dwarf spheroidals (e.g., Grebel et al. 2003).
Therefore, their and our study can be considered complementary to some extent, in the sense that we
probe different luminosity regimes with our respective subsample definitions.
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8. C
We have presented a quantitative analysis of the intrinsic shapes and spatial distributions of vari-

ous subsamples of Virgo cluster early-type dwarfs (dEs): bright and faint (non-)nucleated dEs (dE(N)s
and dE(nN)s), dEs with disk features (dE(di)s), and dEs withblue centers dE(bc)s). The dE(bc)s,
dE(di)s, and bright dE(nN)s are shaped like thick disks and show basically no central clustering, in-
dicating that they are unrelaxed populations that probablyformed from infalling progenitor galaxies.
As opposed to that, the dE(N)s (both bright and faint) are a fairly relaxed population of spheroidal
galaxies, though an oblate intrinsic shape is favored for them as well. The faint dE(nN)s appear
to be somewhat intermediate: their shapes are similar to thedE(N)s, but they form a largely unre-
laxed population as derived from their clustering properties. Taken together, these results define a
morphology-density relationwithin the dE class.

Given that Ferguson & Sandage (1989) derived similar results for both Virgo and Fornax cluster
galaxies, it is also clear that this zoo of different dE subclasses is not only specific to the Virgo cluster.
Similarly, a significant number of Coma cluster dEs show a two-component profile and are flatter
than the normal dEs (Aguerri et al. 2005). Moreover, Rakos & Schombert (2004) found the dE(N)s in
Coma and Fornax to have older stellar populations than the dE(nN)s, consistent with our colour anal-
ysis of the Virgo cluster dEs. Thus, although the relative proportions of the dE subclasses might vary
between the dynamically different Virgo, Coma, and Fornax clusters, the dE variety itself is probably
similar in any galaxy cluster in the present epoch. We thus consider it important that future studies of
dEs do not intermingle the different subclasses, but instead compare their properties with each other,
e.g., their stellar content or kinematical structure. Thiswill eventually lead to pinning down the actual
significance of the various suggested formation paths, thereby unveiling an important part of galaxy
cluster formation and evolution.
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CHAPTER 5
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“And when did the world become coloured?”

Young kid watching an old black-and-white movie

We present an analysis of the optical colours of 413 Virgo cluster early-type dwarf
galaxies (dEs), based on Sloan Digital Sky Survey imaging data. Our study com-
prises (1) a comparison of the colour-magnitude relation (CMR) of the different dE
subclasses that we identified in Chapter 4, (2) a comparison of the shape of the CMR
in low and high-density regions, (3) an analysis of the scatter of the CMR, and (4)
an interpretation of the observed colours with ages and metallicities from population
synthesis models. We find that the CMRs of nucleated ( dE(N) ) and non-nucleated
dEs ( dE(nN) ) are significantly different from each other, with similar colours at
fainter magnitudes (mr & 17m), but increasingly redder colours of the dE(N)s at
brighter magnitudes. Furthermore, we find a small but significant dependence of the
CMR on local projected galaxy number density, consistentlyseen in all of u− r, g− r,
and g− i, and weakly i− z. At brighter magnitudes, the high-density CMR lies red-
ward of the low-density CMR; both CMRs typically intersect at fainter magnitudes
(mr ≈ 17m). This is statistically significant for the dE(N)s and the full dE sample, but
also seen for the dE(nN)s. It is not caused by possible differences in distance between
the low and high-density subsamples.
We deduce that a significant intrinsic colour scatter of the CMR is present, even
when allowing for a distance spread of our galaxies. Moreover, the colour residuals,
i.e., the offsets of the data points from the linear fit to the CMR, are clearly correlated
with each other in all bands for the dE(N)s and for the full dE sample. This implies
that, at a given magnitude, a galaxy with an older stellar population than average
typically also exhibits a larger metallicity than average.For the dE(nN)s, such a
correlation is present at least between the u− r and g− i colours. From a comparison
with theoretical colours from population synthesis models, we find the CMRs of the
dE(N)s, the dE(di)s, and the full dE sample to be consistent with being mainly a
relation of metallicity and luminosity, but reaching to slightly higher ages at lower
metallicities. For the dE(nN)s, the CMR could as well be a relation of constant
metallicity, but it is only weakly defined in the metallicity-sensitive colour i− z due
to a rather large scatter at fainter magnitudes. When comparing the colour values
of the respective CMR fits at brighter magnitudes (mr . 15m), we find the dE(nN)s to
be younger, and possibly also less metal rich, than the dE(N)s, while the dE(di)s are
rather similar to the dE(N)s and seem to be only slightly younger on average.

This study was done together with Eva K. Grebel, Bruno Binggeli, and Mischa Vodička.
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1. I
After having established a subdivision scheme of Virgo cluster early-type dwarf (dE) galaxies

into subclasses with different shapes and distributions (Lisker et al. 2007, Chapter4), we can now
proceed to the next logical step, namely to exploiting the wealth of data provided by the Sloan Digital
Sky Survey Data Release 5 (DR5, Adelman-McCarthy et al. 2007) in a multicolour analysis of our
sample of 413 dEs. However, as we have already seen in Section6 of the previous chapter, the colours
of different dEs, or of dEs of different subclasses, can not straightforwardly be compared with each
other: the existence of a relation between colour and magnitude requires such a comparison to be
done either at fixed magnitude or with a correction for magnitude differences. For this reason, we
shall explore the dE colours mainly through an analysis of their colour-magnitude relation (CMR).

It has been known since long that a close correlation exists between the colours and luminosities
of early-type galaxies (e.g., Baum 1959; de Vaucouleurs 1961; Faber 1973; Sandage & Visvanathan
1978a; Caldwell 1983). While this has included the dEs, there has been disagreement about whether
or not they follow the same CMR as the giant ellipticals: de Vaucouleurs (1961) found the dwarfs
to be “systematically bluer” than the giants (but nevertheless following a CMR), whereas Caldwell
(1983) reported a linear CMR over a range of−15m ≤ MV ≤ −23m. However, his Figure 3 actually
suggests that the slope of the CMR might indeed be slightly different for the dEs, in the same way as
the results of de Vaucouleurs (1961) suggested (i.e., with decreasing magnitude, dwarfs become bluer
faster than giants do). NGC 205 is found to fall on the blue side of the relation ofU − V colour with
magnitude (Faber 1973; Caldwell 1983), which is not surprising, since it displays blue central colours
caused by young stars (Hodge 1973, also see Chapter 3). This shows again that it is advantageous to
separate dEs with blue centers (dE(bc)s) from the other dE subclasses (Chapter 4), in order to avoid
any bias that their blue colours might cause.

A striking observation is the universality of the CMR: it wasfound to be equal, within the mea-
surement errors, for E and S0 galaxies within clusters, groups, or the field (Faber 1973; Sandage &
Visvanathan 1978a,b; Bower et al. 1992), leading Faber (1973) to state that the colours of ellipti-
cal galaxies “are independent of all physical properties studied other than luminosity”. Faber also
showed that a similar relation exists between the strength of spectral absorption features and lumi-
nosity, which basically is the spectroscopic analogue to the CMR. He interpreted the CMR with an
increase of metallicity with luminosity, which today is still considered to be the primary determinant
of the CMR (e.g., Kodama & Arimoto 1997; Chang et al. 2006). This can be understood with a higher
binding energy per unit mass of gas in more massive galaxies,leading to stronger enrichment of the
stellar populations.

Recently, Bernardi et al. (2003) showed that colour seems tocorrelate even more strongly with
velocity dispersion than it does with luminosity. This implies that the CMR itself is most likely just a
combination of the relation of luminosity and velocity dispersion (“Faber-Jackson relation”, Faber &
Jackson 1976) and that of colour and velocity dispersion. AsMatković & Guzmán (2005) point out,
the latter might hint at a more fundamental relation, namelybetween galaxy metallicity and mass.
However, Matković & Guzmán (2005) found a change in the slope of the Faber-Jackson relation for
“faint early-type” galaxies — here, “faint” means−17.m3 ≤ MB ≤ −20.m5, thus reaching only slightly
into the dwarf regime. Likewise, De Rijcke et al. (2005) found an even larger difference in slope for
a sample of 15 dEs, but argued that this is consistent with theoretical models, due to the dynamical
response to starburst-induced mass loss, which is strongerfor objects of lower mass.

However, significant constraints to such models could only be provided with a better understand-
ing of dE formation, and of how it compares to the formation ofgiant ellipticals. The latter have
frequently been reported to be consistent with having formed the bulk of their stars at redshiftsz& 2
(e.g., Bower et al. 1992; Bender et al. 1996; however, also see Ferreras et al. 1999, who argued that
giant ellipticals need not necessarily have formed their stars in a common epoch). In contrast, forma-
tion mechanisms proposed for dEs in clusters are typically not based on an early formation epoch, but
rather, on infall and subsequent gas-stripping and transformation of late-type galaxies (e.g., Davies &
Phillipps 1988; Moore et al. 1996; van Zee et al. 2004b). One would naively expect that, if two given
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dE subclasses formed through different mechanisms, their resulting CMRs should display differences
as well, since the relation of galaxy mass to the properties of its stellar population should depend to
some extent on how and when the latter was formed. On the otherhand, the apparent universality
of the CMR – mainly defined for giant ellipticals – would seem to argue against such differences.
Secker et al. (1997) found that the Coma cluster dEs follow “quite certainly” the CMR defined by
the giant early-type galaxies of the cluster. However, while Conselice et al. (2003a) admitted that the
meanrelation of early-type dwarfs in the Perseus cluster still follows the CMR of the Es, they found
considerable scatter at magnitudesMB ≥ −15m, apparently caused by two different sequences of
dwarfs in colour-magnitude space. They argue that the early-type dwarfs must have multiple origins
— something that we should be able to test in more detail, given our “preparatory work”, namely the
separation of dE subclasses that have different shapes and distributions (Chapter 4). Moreover, the
SDSS multicolour data enable us to construct CMRs in more than one colour, and also to analyze our
galaxies in colour-colour space, thereby translating colours into ages and metallicities. Since Rakos
& Schombert (2004) found the dE(nN)s in the Coma and Fornax clusters to be younger and to have
a larger metallicity than the dE(N)s, we can perform a similar analysis for our Virgo cluster galaxies,
allowing us to test the similarity of dE populations of different clusters.

2. D
The SDSS DR5 covers all galaxies listed in the Virgo cluster catalog (VCC, Binggeli et al. 1985),

except for an approximately 2◦ × 2.◦5 area atα ≈ 186.◦2, δ ≈ +5.◦0. It provides reduced images
taken in theu, g, r, i, andz bands with an effective exposure time of 54s in each band (see also
Stoughton et al. 2002), as well as the necessary parameters to flux calibrate them. The pixel scale of
0.′′396 corresponds to a physical size of 30 pc at our adopted Virgo cluster distance ofd = 15.85 Mpc
(distance modulusm− M = 31.m0; see, e.g., Ferrarese et al. 2000), which we use throughout.

The SDSS imaging camera (Gunn et al. 1998) takes data in drift-scanning mode nearly simulta-
neously in the five photometric bands, and thus combines veryhomogeneous multicolour photometry
with large area coverage and sufficient depth to enable a systematic analysis of dEs. The images have
an absolute astrometric accuracy of RMS≤ 0.′′1 per coordinate, and a relative accuracy between the
r band and each of the other bands of less than 0.1 pixels (Pier et al. 2003). They can thus easily be
aligned using their astrometric calibration and need not beregistered manually. Furthermore, adjacent
SDSS images can be accurately put together, allowing the extraction of cutout images that fully cover
a given object, even if the latter lies at the edge of an SDSS image.

The RMS of the noise per pixel corresponds to a surface brightness of approximately 24.2 mag
arcsec−2 in the u-band, 24.7 in g, 24.4 in r, 23.9 in i, and 22.4 in z. The typical total signal-to-noise
ratio (S/N) of a bright dE (mB ≈ 14m) amounts to about 1000 in the r-band within an aperture radius
of approximately two half-light radii. For a faint dE (mB ≈ 18m) this value is typically about 50.
While the S/N in theg and i-band is similar, it is several times lower in the z-bandand more than ten
times lower in the u-band.

Since the sky level on the SDSS images can vary by some tenths of the noise level across an
image, it is not sufficient to subtract only a single sky flux value from each image.We therefore
determined the sky flux distribution across a given image using a thorough procedure, as described in
detail in Chapter 4. The sky-subtracted images were then fluxcalibrated and corrected for Galactic
extinction (Schlegel et al. 1998). We also correct for the reported1 SDSS zeropoint offsets in theu
andzbands from the AB system (Oke & Gunn 1983):

(7) uAB = uSDSS− 0.m04

(8) zAB = zSDSS+ 0.m02

1 see http://www.sdss.org/dr5/algorithms/fluxcal.html
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F 5.1. Object masks. Image of VCC 0437 with and without masking of disturbing
foreground or background objects.

F 5.2. Sky flux overestimation of the SDSS pipeline.Image containing the sky back-
ground measurements of the SDSS photometric pipeline as pixel values. Brighter pixels
indicate a higher measured background value. Shown is the field that contains VCC 0856,
which leaves a clear imprint in this image (bright region towards the left), causing a signifi-
cant overestimation of the local sky level.

3. S   
Our working sample of Virgo cluster dEs contains 413 certaincluster members that were initially

classified as early-type dwarfs in the VCC (’‘dE” or “dS0”, including candidates), that are brighter
thanmB ≤ 18.m0, that passed our visual examination for possible dwarf irregulars, and for which a
Petrosian radius could be derived. The details of our sampleselection are described in Chapter 4.

For each galaxy, we determined a “Petrosian semimajor axis”(hereafter Petrosian SMA,ap), i.e.,
we use ellipses instead of circles in the calculation of the Petrosian radius (see, e.g., Lotz et al. 2004a).
The total flux in ther band was measured withina = 2ap, yielding a value for the half-light semimajor
axis,ahl,r. Axial ratio and position angle were then determined through an isophotal fit ata = 2ahl,r.
The details of this process are outlined in Chapter 4. Disturbing foreground or background objects
were properly masked (see Figure 5.1), and these masks were corrected for in the determination of
the totalr magnitude. We also decided to mask the nuclei, if present, inorder to guarantee that a
nucleus with a different colour than its host galaxy would not affect our measurements of the inner
galaxy colours.

For each galaxy and band, we measured the flux within three elliptical apertures:a ≤ 0.5ahl,r

(“small aperture”),a ≤ ahl,r (“intermediate aperture” or half-light aperture), anda ≤ 2ahl,r (“large
aperture”). These measurements can be combined to yield theaverage colour within each of the
three apertures, as well as the average colour within the elliptical annuli 0.5ahl,r ≤ a < ahl,r and
ahl,r ≤ a < 2ahl,r.
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4. E 
The noise in every image was measured as the standard deviation around the mean of all un-

masked pixels, clipped five times iteratively at 3σ. This noise level was used to determine an average
S/N for each object, band, and aperture. The “S/N uncertainty” of a given flux measurement is then
taken to be the inverse S/N value.

As stated in Section 2, an accurate determination of the sky flux level is important for our study.
Consequently, we should take its uncertainty into account for our error estimation. We find that the
mean pixel flux value of all unmasked pixels (see above) typically deviates from zero by 0.2% of
the noise level, or less. We thus adopt this value as the uncertainty in the sky level (per pixel), and
compute from it the total ‘’sky level uncertainty” for each galaxy, band, and aperture.

The uncertainty in the determination of the Petrosian SMA isdifficult to estimate, and even more
so the subsequent uncertainty in the totalr band flux and the corresponding half-light SMA. Apart
from proper masking of neighbouring or blended objects – which we assume to be done sufficiently
accurate – the determination of the Petrosian SMA is strongly affected by a possible over- or under-
estimation of the sky level. Should the sky level be overestimated, as is the case in the measurements
of the SDSS photometric pipeline (Figure 5.2), the Petrosian SMA will be underestimated, and vice
versa. Thus, in the case of a sky level overestimation, the total galaxy flux will be underestimated
due to both the sky flux oversubtraction and the lower-than-actual Petrosian SMA within which the
flux is measured. We thus assume this “Petrosian uncertainty” to be of the same order as the sky level
uncertainty (see above), which we therefore simply count twice in our calculation of total errors (see
below).

The Petrosian uncertainty is not directly relevant for the calculation of acolour value of a given
galaxy from the flux values of two bands, since the aperture used is the same for both bands, inde-
pendent of whether its size was under- or overestimated. However, it is relevant for comparing the
colour values of two different galaxies, since for one of them, the half-light SMA might have been
underestimated, but overestimated for the other. In order to obtain a conservative error estimate for
the colours, we therefore decided to take into account the Petrosian uncertainty in the same way as
described above for ther band total flux, even if this might be somewhat too pessimistic in many
cases.

The SDSS reports photometric calibration errors of 0.m02 ing, r, andi, and 0.m03 inu andz, which
we adopt as the “calibration uncertainty”. In addition, thenatural red leak of theu filter is reported2

to be not properly blocked, causing another uncertainty of 0.m02, the “u-leak uncertainty”.
For each flux measurementfx in a given bandx, we combine all the different uncertainties to a

single uncertainty∆ fx. This is done by adding the individual uncertainties quadratically, as exempli-
fied below for theu band.

(9) ∆ fu =
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Here,σu denotes the noise level per pixel, as described above.Npix is the number of pixels included
in the given aperture. The first term is the S/N uncertainty, the second term is the combination of sky
level uncertainty and Petrosian uncertainty, and the last two terms are the calibration uncertainty and
theu-leak uncertainty, respectively.

Errors on measured colour values are calculated by adding the relative flux errors from each band
quadratically, and converting them to magnitudes. An example is given below for theu − g colour
error,∆(u− g), calculated from theu band flux fu, theg band flux fg, and their respective errors.
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2 see http://www.sdss.org/dr5/algorithms/fluxcal.html
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Equation 12 would actually yield only the errors on one side,whereas the errors on the other side
would be calculated from−2.5 log(1+ √...), and would consequently be smaller. However, we prefer
the conservative approach to use the larger errors for both sides. Galaxies for which the relative flux
error becomes≥1 are excluded from the respective diagrams or calculations, since the argument to
the logarithm in Equation 12 would become≤0, denoting an uncertainty that is too large to be useful.
This occurs only for five of the fainter objects for colours that include theu band.

5. L  
Since colour-magnitude relations of early-type galaxies are found to be linear or nearly linear

(e.g., Bower et al. 1992; Bernardi et al. 2003) we describe our relations by fitting a straight line to the
data points. A common approach is the method of least-squares fitting, where the chi-square function,
χ2(a, b), is minimized:

(13) χ2(a, b) =
N−1
∑

i=0

(

ci − a− b ·mi

σi

)2

wherea andb are the zeropoint and the slope of the relation, respectively, mi andci are magnitude
and colour of the i-th galaxy, andσi is the corresponding colour uncertainty (or alternatively, any
kind of inverse weight). However, least-squares fitting cansometimes lead to undesired results, e.g.,
a “best fit” with a slope that differs significantly from that defined by the bulk of data points (Press
2002, see their Figure 15.7.1). This is due to the fact that the chi-square function gives maximum
likelihood estimations ofa and b only if the measurement errors are normally distributed (Press
2002). However, true measurement errors are rarely normally distributed, and moreover, the scatter
of the colour-magnitude relation (CMR) is usually larger than the errors alone would imply, since part
of it is an intrinsic scatter (Conselice et al. 2002). We therefore prefer to use a so-called robust fitting
technique, as described below.

A robust parameter estimation technique basically means a method whose results are not signifi-
cantly affected by small deviations of the (real) data points from the (idealized) assumptions on which
the method is based (Press 2002). For this purpose, we chose to use a so-called M-estimate, namely
the meanabsolutedeviation (rather than the mean square deviation used for least-squares fitting),
which was, e.g., used by Chang et al. (2006) to fit colour-magnitude relations, or by Ferreras et al.
(2005) to estimate internal colour gradients. We thus minimize the function
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with notation as in Equation 13. We setσi equal to the respective colour error, neglecting magnitude
errors, since they are small compared to the range of magnitudes that is considered (compare, e.g.,
Figure 5.3). Moreover, the magnitude errors mostly scale with the colour errors anyway, which would
not alter the relative weights in Equation 14 significantly.We tested this for a few cases, where we set
σi =

√

(∆mi)2 + (∆ci )2, i.e., quadratically adding magnitude and colour error. Wefound no significant
differences in the resulting best fit.

In order to perform the minimization numerically, we decided on an iterative procedure. For a
given dataset, we derive a first guess for the slope and zeropoint of the CMR using the tasklsq2of SM
(Lupton & Monger 1997). We then derive the minimum of Equation 14 within values of±1 around
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the first-guess slope and zeropoint, in steps of 0.01. Next, we determine the minimum in a range of
±0.04 around these new values, using steps of 0.0004. Finally, we derive the minimum in a range of
±0.002 around the new values, with steps of 0.00001, and calculate the RMS scatter of the data points
around the fitted line. The fitting process is then repeated two times iteratively, excluding data points
that are offset by more than 3σ from the fitted line. If the final parameter values fall at the edge of
the respective search range, we perform another fitting iteration and use them as first-guess values.
However, in no case did this lead to a visible difference between the fitted lines of the first and second
run.

6. S 
In the sections below, we would like to performquantitative, statistical comparisons of two given

colour-magnitude relations. Obviously, we would considertwo CMRs to be different if either their
slopes, their zeropoints, or both were significantly different from each other. Unfortunately, our
method of linear fitting described in Section 5 does not yielderrors on these parameters — but even
with a method that would yield errors, like least-squares fitting, it would not always be clear whether
one should trust these errors (Press 2002). The alternativeto comparing the fitted lines would be to
compare the two underlying datasets directly. However, here we face the problem that these might be
sampled differently in magnitude, like, e.g., the dE(N)s and the dE(nN)s. For example, for two given
datasets that follow exactly the same CMR but probe different magnitude regimes, a two-dimensional
K-S test would yield a probability of zero that the datasets have the same underlying distribution,
simply because they are significantly different in the magnitude-dimension. This is clearly not the
sort of test we want to perform.

Given the above considerations, we decided on an approach that combines a comparison of the
data points and of the fitted lines of two datasets A and B. First, we compute the colour residuals of
the data points A and the data points B about the CMR A. This gives us two distributions of a single
parameter, namely the residual about the CMR A, independentof magnitude. We can now compare
these two distributions with each other through a (one-dimensional) K-S test, which compares the
cumulative distributions, and through a Student’s t-test for unequal variances, which compares the
means of the distributions. We then compute analogously theresiduals of the data points A and B
about the CMR B. For the K-S test, we take the average of both values of the K-S statisticD (which
is the maximum difference between two cumulative distributions, see Press 2002), and compute our
final probability from it. For the t-test, we simply use the larger of the two probabilities as our final
probability.

The K-S test has the advantage that it is sensitive to different distributions around the CMR,
even if the mean of both was zero, e.g. if both CMRs had different slopes but crossed each other at
the middle data point. The Student’s t-test for unequal variances has the advantage of taking into
account the scatter of each dataset around the mean, which implicitely includes the measurement
errors. We thus decided to use the results of both tests for each comparison of a pair of CMRs; we
will usually simply refer to the higher of the two probabilities. We typically consider two CMRs to
be “significantly” different if the statistical comparison yields probabilities below a few percent.

Note that the goodness of the linear fit is only taken into account implicitely to a small extent: if
one of the two linear relations was a rather bad fit or was basedon a small sample with large scatter,
this would partially be counterbalanced by the inverse comparison with the other CMR. If, however,
both linear fits were rather weakly defined, the resulting probabilities might not be too useful.

7. C-   -  
In Chapter 4 we established a subdivision scheme for the dEs that comprises several subclasses

with different properties: dEs with disk features like spiral arms orbars (dE(di)s), dEs with blue
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centers (dE(bc)s) caused by recent or ongoing central star formation, bright and faint ordinary dEs
(i.e., not displaying disk substructure or a blue center) that are nucleated (dE(N)s), and bright and
faint ordinary dEs that have no nucleus, or only a weak nucleus that is below the detection limit of
the VCC (dE(nN)s). The bright dE(nN)s, dE(di)s, and dE(bc)sare shaped like thick disks and show
no central clustering, while the faint dE(nN)s and the dE(N)s have rounder shapes, and the dE(N)s
are more strongly concentrated towards the cluster center.These results define a morphology-density
relationwithin the dE class, and we now seek to investigate whether it is alsocorrelated with colour.

In Figures 5.3 to 5.6 we present the relations of colour andr magnitude separately for dE(N)s,
dE(nN)s, dE(di)s, and dE(bc)s, using theu− r, g− r, g− i, andi−zcolours, and measuring the colours
within our three elliptical apertures. Our choice of presented colours relies partly on the considera-
tions outlined in Section 11:u− r colour is mainly age-sensitive, whereasi−z is metallicity-sensitive.
In addition, we also show the CMRs usingg− i colour, since it provides the largest wavelength base-
line within the three high-S/N SDSS bands (g, r, i). Moreover, we present the CMRs usingg − r
colour, with the idea of comparing them to theu− r relations: the smaller wavelength range ofg− r
is counterbalanced by the significantly smaller errors ing due to the much larger S/N as compared to
u. The resulting parameters of the corresponding linear fits are given in Table 5.1.

Whether radial steps of colour or flux measurements should bepresented in a differential or a
cumulative way often depends on the gusto of the author. Obviously, if measurement errors were zero
or extremely small, colour gradients could be identified more clearly with the differential than with
the cumulative approach. However, for our galaxies with their low surface brightness outskirts, errors
become considerably larger at larger radii when measuring colours differentially. In contrast, they
remain moderate for cumulative measurements — with the tradeoff that any gradient stands out less
clear. For example, Figure 5.10 presents the differential analogue to the cumulative measurements in
Figure 5.6. Especially with the very steep slopes of the CMRsin i − z, the large errors in Figure 5.10
can lead to linear fits that might not seem trustworthy to the eye, or might at least seem equally likely
than a number of other possible lines drawn through the data points. We thus decided on using cumu-
lative measurements for our analysis of the CMRs. However, for the dE(bc)s, this approach bears the
problem that the blue central colours of these objects contribute toall apertures, not only to the in-
nermost one. Therefore, we present in Figures 5.7 to 5.10 theCMRs from differential measurements,
which we will use below for the discussion of the properties of the dE(bc)s.

In each of Figures 5.3 to 5.10, the horizontal dotted line denotes the separation between our bright
and faint subsamples. For the dE(N)s and dE(nN)s, we presentin addition to the CMR of their full
samples the CMRs of their bright and faint subsamples (thin solid and dotted lines, respectively). If
one of these cannot be seen in the respective diagram, it falls onto the relation of the full sample
and is thus covered by that line (see, e.g., the left upper panel of Figure 5.3). The CMRs of the full
dE(N) sample, the full dE(nN) sample, the dE(di)s, and the dE(bc)s are compared to each other in the
lowermost row of each of the figures. The CMRs of the bright andfaint subsamples are not shown
there, to avoid confusion.
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F 5.3. Colour-magnitude relations of dE subclasses.Shown are the relations ofr
magnitude withu − r colour for the different dE subclasses (different rows, as labelled on
the left-hand side) and for our three aperture sizes (different columns, as labelled below
the diagrams). The linear fits to the CMR of each subclass are shown as lines of different
colour (dE(N): red, dE(nN): green, dE(di): yellow, dE(bc):blue), and are plotted again in
the bottom row for comparison. For the dE(N)s and dE(nN)s, wealso show the linear fits
to the respective bright (thin solid lines) and faint (thin dashed lines) subsamples (dE(N):
pink, dE(nN): light green). If one of these cannot be seen, itfalls onto the relation of the full
sample and is thus covered by that line (as, e.g., in the upperleft panel). These fits are not
shown in the bottom row, to avoid confusion.
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F 5.4. Colour-magnitude relations of dE subclasses.Same as Figure 5.3, but forg− r colour.



7. COLOUR-MAGNITUDE RELATIONS OF EARLY-TYPE DWARF SUBCLASSES 99

F 5.5. Colour-magnitude relations of dE subclasses.Same as Figure 5.3, but forg− i colour.
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F 5.6. Colour-magnitude relations of dE subclasses.Same as Figure 5.3, but fori − zcolour.
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F 5.7. Colour-magnitude relations of dE subclasses.Same as Figure 5.3, but using
differential radial steps instead of cumulative ones.
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F 5.8. Colour-magnitude relations of dE subclasses.Same as Figure 5.7, but forg− r colour.
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F 5.9. Colour-magnitude relations of dE subclasses.Same as Figure 5.7, but forg− i colour.
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F 5.10. Colour-magnitude relations of dE subclasses.Same as Figure 5.7, but fori − zcolour.
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F 5.11. Colour-magnitude relations of the full dE sample.Shown are the relations of
r magnitude with various colours (different rows) for the full dE sample, excluding dE(bc)s,
for our three aperture sizes (different columns), along with their respective linear fits.
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Let us first focus on the dE(bc)s. From Chapter 3, we would expect that the colours beyond
a > 0.5ahl,r are, on average, only slightly affected by the positive central colour gradient, and that
the colours are not noticeably affected beyonda > ahl,r. However, in all ofu − r, g − r, andg − i,
the dE(bc)s are somewhat bluer than the other dE subclasses.Note that no precise statements can be
made about the slope of their CMR, since it is constrained at the faint end by only two data points.
Nevertheless, it can be seen that the scatter ing− r andg− i is somewhat larger than that of the other
subclasses at the same magnitudes. This is confirmed by the respective values of the RMS scatter,
which are larger by a factor of∼1.5 for the dE(bc)s. In contrast, the dE(bc)s follow a surprisingly
tight relation ini − zwithin a < ahl,r. In the bin 0.5ahl,r < a ≤ ahl,r, the scatter is more than a factor of
two lower than the RMS of the measurement errors3 (see Table 5.1), and likewise, it is lower than the
scatter of all other subclasses in this bin. At larger radii,the relation seems to turn around, i.e., such
that brighter galaxies are bluer, but again, the small sample size does not allow robust conclusions.
Nevertheless, a trend for the CMR to turn around is also seen for the dE(N)s and the dE(nN)s.

We now move on to the dE(di)s, considering here and in the following only the CMRs with
cumulative radial bins (Figures 5.3 to 5.6), i.e., with apertures of increasing size, as explained above.
Similar to the dE(bc)s, the CMR of the dE(di)s is constrainedat the faint end by only three data
points; we therefore concentrate on the brighter part of their and the comparison samples. In all of
u−r, g−r, andg− i, their CMR is similar to that of the dE(N)s, but is always slightly bluer. According
to our statistical tests, as described in Section 6 and presented in Table 5.2, this small difference is
nevertheless significant ing− i: for all apertures, the probability of a common underlying distribution
function4 with the bright dE(N)s is≤1.2%. For the small and intermediate apertures ofg − r, it is
≤2.3%, and for the small aperture ofu − r it is still ≤4.4%. As stressed in Section 6, these values
should be taken with a grain of salt, since the linear fit to thedE(di)s is partly constrained by just a
few data points at the faint end, and since the sample is of only moderate size. Nevertheless, the slight
blueward offset of the dE(di)s from the dE(N)s is consistently seen in allthe above bands. Ini − z,
however, the dE(di)s basically follow the same relation as the dE(N)s withina ≤ ahl,r. At larger radii
they are slightly redder, but the difference is not significant (see Table 5.2).

The dE(nN)s follow a steeper CMR than the dE(N)s or the dE(di)s in all colours and apertures,
including i − z even though the difference is small there. They lie at about the same colour values at
the faint end of the sample, but become red less strongly withincreasing magnitude. The difference
between the CMRs of the dE(nN)s and the dE(N)s is significant in all apertures ofg− r (probability
of common distribution≤0.5%) andg− i (0.0%). It is, however, not significant ini − z (≥15%), and
hardly significant inu− r (≤9%).

We need to point out, though, that we found significant differences in both the shapes and the
distributions of faint and bright dE(nN)s (see Chapter 4). It might thus be not appropriate to fit a
single CMR through their combined sample. Indeed, differences in the colour distributions of both
samples can be seen. Inu − r, most clearly in the large aperture, there appears to be a discontinuity
between the faint and the bright dE(nN)s, with the latter being offset blueward. This break happens
to occur at about our dividing magnitude between faint and bright objects. A similar effect can be
seen for the small aperture of theg− i colour, where again, several bright dE(nN)s seem to be offset
towards bluer colours, but also, a number of objects lie redward of the colours of the faint dE(nN)s,
again forming some sort of discontinuity. It seems thus morereasonable to consider faint and bright
dE(nN)s separately. Note that Conselice et al. (2003a) observed a somewhat similar effect for their
full sample of early-type dwarfs in the Perseus cluster, namely aconsiderable increase in the colour
scatter when going to fainter magnitudes, possibly even forming a blue and a red sequence of galaxies.
However, their effect is stronger than what we observe, and it is also not present for our dE(N)s.

3 This, along with the tight relation of the dE(di)s, confirms that we did not underestimate our photometric errors
4 While we always consider the probabilities from both the K-Stest and the t-test, we recall that the t-test compares the

meansof the residuals about the CMR, not the distributions themselves. For simplicity, though, we shall continue speaking
of the “probability of a common underlying distribution”.
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T 5.1. Colour-magnitude relation parameters. Results from the linear fits to the
CMRs. “Zero” denotes the zeropoint, “RMS” is the root mean square of the colour resid-
uals of our data points about the CMR fit, “E-RMS” is the root mean square of the colour
errors, and “Ratio” is the ratio of RMS and E-RMS.

T C A Z S RMS E-RMS R

dE(N) u− r small 3.451 −0.0986 0.146 0.139 1.046
dE(N) u− r interm. 3.168 −0.0810 0.127 0.102 1.236
dE(N) u− r large 3.299 −0.0922 0.177 0.113 1.567
dE(N) g− r small 1.008 −0.0258 0.040 0.035 1.150
dE(N) g− r interm. 0.996 −0.0253 0.033 0.032 1.017
dE(N) g− r large 0.931 −0.0212 0.045 0.034 1.341
dE(N) g− i small 1.593 −0.0450 0.050 0.035 1.429
dE(N) g− i interm. 1.549 −0.0421 0.045 0.033 1.395
dE(N) g− i large 1.581 −0.0441 0.062 0.034 1.797
dE(N) i − z small 0.516 −0.0246 0.066 0.067 0.990
dE(N) i − z interm. 0.437 −0.0200 0.066 0.056 1.168
dE(N) i − z large 0.262 −0.0086 0.103 0.060 1.706

dE(nN) u− r small 2.558 −0.0470 0.225 0.224 1.004
dE(nN) u− r interm. 2.789 −0.0616 0.255 0.165 1.548
dE(nN) u− r large 2.896 −0.0731 0.317 0.193 1.641
dE(nN) g− r small 0.778 −0.0134 0.055 0.044 1.253
dE(nN) g− r interm. 0.711 −0.0095 0.056 0.038 1.488
dE(nN) g− r large 0.747 −0.0117 0.068 0.042 1.642
dE(nN) g− i small 1.230 −0.0246 0.070 0.044 1.565
dE(nN) g− i interm. 1.268 −0.0265 0.067 0.038 1.741
dE(nN) g− i large 1.305 −0.0285 0.074 0.042 1.764
dE(nN) i − z small 0.276 −0.0093 0.104 0.096 1.080
dE(nN) i − z interm. 0.194 −0.0046 0.106 0.075 1.424
dE(nN) i − z large 0.098 0.0003 0.159 0.095 1.665

dE(di) u− r small 3.469 −0.1047 0.150 0.062 2.433
dE(di) u− r interm. 2.924 −0.0660 0.119 0.056 2.138
dE(di) u− r large 2.695 −0.0501 0.145 0.059 2.440
dE(di) g− r small 0.970 −0.0252 0.035 0.030 1.185
dE(di) g− r interm. 0.981 −0.0261 0.034 0.030 1.151
dE(di) g− r large 0.997 −0.0270 0.030 0.030 1.013
dE(di) g− i small 1.609 −0.0493 0.056 0.030 1.876
dE(di) g− i interm. 1.603 −0.0481 0.052 0.030 1.770
dE(di) g− i large 1.727 −0.0566 0.055 0.030 1.826
dE(di) i − z small 0.503 −0.0241 0.024 0.040 0.585
dE(di) i − z interm. 0.397 −0.0167 0.033 0.042 0.784
dE(di) i − z large 0.539 −0.0275 0.059 0.044 1.358

A comparison of the CMRs of bright and faint dE(nN)s (thin solid and dashed dark green lines in
Figures 5.3 to 5.6) with each other indeed yields a probability of ≤0.2% for the smallg − i aperture
for a common underlying distribution, and of also≤0.2% for the smallu− r aperture. The difference
is less pronounced for the intermediateu− r aperture (≤6.2%), but still quite significant for the large
u − r aperture (≤2.4%). One caveat, though, that needs to be kept in mind here is the accuracy with
which a straight line can be fitted to the data points at all: for both bright and faint dE(nN)s, the scatter
is rather large — it is typically larger by∼1.5 than that of the respective dE(N) subsample (Table 5.1).
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T 5.1. Continued.

T C A Z S RMS E-RMS R

dE(N)bri. u− r small 3.430 −0.0969 0.115 0.071 1.630
dE(N)bri. u− r interm. 3.084 −0.0747 0.105 0.062 1.684
dE(N)bri. u− r large 3.301 −0.0923 0.129 0.072 1.794
dE(N)bri. g− r small 1.005 −0.0256 0.036 0.030 1.198
dE(N)bri. g− r interm. 0.989 −0.0248 0.033 0.030 1.095
dE(N)bri. g− r large 0.892 −0.0184 0.039 0.030 1.277
dE(N)bri. g− i small 1.617 −0.0469 0.050 0.030 1.644
dE(N)bri. g− i interm. 1.593 −0.0450 0.044 0.030 1.455
dE(N)bri. g− i large 1.629 −0.0474 0.047 0.031 1.535
dE(N)bri. i − z small 0.473 −0.0217 0.038 0.043 0.887
dE(N)bri. i − z interm. 0.415 −0.0183 0.051 0.042 1.227
dE(N)bri. i − z large 0.303 −0.0115 0.079 0.045 1.771

dE(nN)bri. u− r small 3.124 −0.0853 0.151 0.065 2.306
dE(nN)bri. u− r interm. 2.777 −0.0640 0.166 0.064 2.599
dE(nN)bri. u− r large 3.010 −0.0818 0.176 0.066 2.655
dE(nN)bri. g− r small 1.188 −0.0410 0.045 0.030 1.497
dE(nN)bri. g− r interm. 1.244 −0.0448 0.041 0.030 1.365
dE(nN)bri. g− r large 1.022 −0.0301 0.041 0.031 1.326
dE(nN)bri. g− i small 1.940 −0.0728 0.065 0.030 2.146
dE(nN)bri. g− i interm. 1.688 −0.0549 0.059 0.030 1.972
dE(nN)bri. g− i large 1.541 −0.0445 0.060 0.031 1.957
dE(nN)bri. i − z small 0.364 −0.0155 0.042 0.044 0.962
dE(nN)bri. i − z interm. 0.231 −0.0069 0.053 0.042 1.261
dE(nN)bri. i − z large 0.081 0.0016 0.087 0.045 1.925

dE(N)fai. u− r small 2.932 −0.0661 0.197 0.204 0.968
dE(N)fai. u− r interm. 2.670 −0.0509 0.160 0.150 1.070
dE(N)fai. u− r large 2.683 −0.0549 0.244 0.183 1.339
dE(N)fai. g− r small 0.671 −0.0055 0.045 0.040 1.141
dE(N)fai. g− r interm. 0.781 −0.0121 0.038 0.036 1.065
dE(N)fai. g− r large 0.724 −0.0087 0.051 0.038 1.347
dE(N)fai. g− i small 1.321 −0.0281 0.050 0.041 1.216
dE(N)fai. g− i interm. 1.269 −0.0252 0.049 0.036 1.343
dE(N)fai. g− i large 1.221 −0.0222 0.075 0.039 1.925
dE(N)fai. i − z small 0.641 −0.0323 0.096 0.090 1.066
dE(N)fai. i − z interm. 0.111 0.0000 0.088 0.071 1.237
dE(N)fai. i − z large 0.205 −0.0052 0.136 0.081 1.682

dE(nN)fai. u− r small 4.323 −0.1532 0.238 0.260 0.915
dE(nN)fai. u− r interm. 4.788 −0.1832 0.283 0.189 1.500
dE(nN)fai. u− r large 5.217 −0.2135 0.358 0.228 1.568
dE(nN)fai. g− r small 0.835 −0.0166 0.058 0.047 1.215
dE(nN)fai. g− r interm. 1.142 −0.0355 0.060 0.040 1.506
dE(nN)fai. g− r large 0.813 −0.0155 0.076 0.045 1.703
dE(nN)fai. g− i small 1.587 −0.0458 0.072 0.049 1.474
dE(nN)fai. g− i interm. 1.633 −0.0487 0.072 0.041 1.764
dE(nN)fai. g− i large 1.155 −0.0191 0.077 0.045 1.709
dE(nN)fai. i − z small −0.006 0.0083 0.123 0.110 1.119
dE(nN)fai. i − z interm. −0.137 0.0155 0.138 0.089 1.554
dE(nN)fai. i − z large −1.142 0.0766 0.181 0.108 1.673
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T 5.1. Continued.

T C A Z S RMS E-RMS R

dE(bc) u− r small 4.911 −0.2251 0.184 0.049 3.771
dE(bc) u− r sm.→in. 3.145 −0.0915 0.097 0.068 1.442
dE(bc) u− r interm. 3.463 −0.1169 0.135 0.057 2.388
dE(bc) u− r in.→la. 4.773 −0.2101 0.155 0.073 2.106
dE(bc) u− r large 4.445 −0.1879 0.127 0.050 2.533
dE(bc) g− r small 0.789 −0.0198 0.078 0.030 2.576
dE(bc) g− r sm.→in. 0.640 −0.0048 0.056 0.031 1.804
dE(bc) g− r interm. 0.727 −0.0127 0.066 0.030 2.198
dE(bc) g− r in.→la. 0.759 −0.0132 0.049 0.034 1.429
dE(bc) g− r large 0.607 −0.0035 0.058 0.030 1.930
dE(bc) g− i small 1.175 −0.0295 0.116 0.030 3.811
dE(bc) g− i sm.→in. 1.347 −0.0349 0.080 0.032 2.528
dE(bc) g− i interm. 1.230 −0.0296 0.094 0.030 3.121
dE(bc) g− i in.→la. 1.352 −0.0338 0.058 0.035 1.649
dE(bc) g− i large 1.270 −0.0304 0.078 0.030 2.556
dE(bc) i − z small 0.382 −0.0180 0.030 0.045 0.670
dE(bc) i − z sm.→in. 0.439 −0.0216 0.017 0.042 0.408
dE(bc) i − z interm. 0.380 −0.0177 0.019 0.039 0.482
dE(bc) i − z in.→la. −0.340 0.0347 0.062 0.047 1.306
dE(bc) i − z large 0.028 0.0081 0.033 0.044 0.750
dE u− r small 3.213 −0.0848 0.179 0.172 1.042
dE u− r interm. 3.176 −0.0830 0.186 0.128 1.459
dE u− r large 3.425 −0.1023 0.238 0.145 1.646
dE g− r small 0.966 −0.0240 0.049 0.038 1.283
dE g− r interm. 0.957 −0.0233 0.047 0.034 1.362
dE g− r large 0.946 −0.0228 0.053 0.036 1.461
dE g− i small 1.521 −0.0413 0.062 0.039 1.611
dE g− i interm. 1.492 −0.0391 0.058 0.035 1.684
dE g− i large 1.539 −0.0420 0.069 0.037 1.858
dE i − z small 0.448 −0.0204 0.072 0.076 0.946
dE i − z interm. 0.420 −0.0189 0.078 0.061 1.275
dE i − z large 0.367 −0.0161 0.119 0.074 1.597

For example, ing− i, it seems to the eye that one could find a number of slightly different lines that
would fit the data points equally well. The linear fits to the CMRs of faint and bright dE(nN)s thus
need to be taken with a grain of salt — but obviously, there aresome differences between the colours
of these datasets.

Given the above considerations, we should consequently reiterate on our comparison of dE(N)s
and dE(nN)s. A comparison of bright dE(N)s and bright dE(nN)s yields an even more pronounced
difference than what was found for the full samples: their probability for a common underlying
distribution is 0.0% in all of u − r, g − r, andg − i. In i − z, the difference is still not significant,
with probabilities≥6.7%. For the faint subsamples of dE(nN)s and dE(N)s, a comparison only yields
significant differences for the small and intermediate apertures ofg − r andg − i, with probabilities
of ≤1.6% and≤3.6%, respectively. Note that, while the linear fits to the full sample of dE(nN)s
yielded CMRs that are steeper than those of the dE(N)s, this is not anymore the case for the separate
examination of bright and faint subsamples — instead, the difference is now mainly a difference of
the zeropoint of the relations.
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T 5.2. Statistical comparisons of CMRs of different subclasses.We compare the
CMRs of a pair of dE subclasses (1st and 2nd column) for a givencolour (3rd column) and
aperture (4th column). Probabilities for a common underlying distribution are derived from
a K-S test (5th column) and a Student’s t-test for unequal variances (6th column); see text for
details. The corresponding CMRs are shown in Figures 5.3 to Figures 5.6.

T 1 T2 C A K-S  -

dE(N) dE(nN) u− r small 0.00% 8.55%
dE(N) dE(nN) u− r interm. 0.00 6.02
dE(N) dE(nN) u− r large 0.02 9.10
dE(N) dE(nN) g− r small 0.00 0.00
dE(N) dE(nN) g− r interm. 0.00 0.00
dE(N) dE(nN) g− r large 0.00 0.04
dE(N) dE(nN) g− i small 0.00 0.01
dE(N) dE(nN) g− i interm. 0.00 0.00
dE(N) dE(nN) g− i large 0.00 0.53
dE(N) dE(nN) i − z small 15.29 68.98
dE(N) dE(nN) i − z interm. 16.48 68.92
dE(N) dE(nN) i − z large 15.89 29.76

dE(N) dE(di) u− r small 0.33 1.69
dE(N) dE(di) u− r interm. 14.86 27.66
dE(N) dE(di) u− r large 15.43 80.99
dE(N) dE(di) g− r small 1.17 2.28
dE(N) dE(di) g− r interm. 0.40 1.00
dE(N) dE(di) g− r large 3.50 11.25
dE(N) dE(di) g− i small 0.05 0.38
dE(N) dE(di) g− i interm. 0.03 0.92
dE(N) dE(di) g− i large 0.74 1.60
dE(N) dE(di) i − z small 3.89 59.39
dE(N) dE(di) i − z interm. 0.66 16.25
dE(N) dE(di) i − z large 1.07 48.83

dE(nN) dE(di) u− r small 1.99 25.19
dE(nN) dE(di) u− r interm. 2.80 37.77
dE(nN) dE(di) u− r large 0.07 50.74
dE(nN) dE(di) g− r small 8.60 37.56
dE(nN) dE(di) g− r interm. 2.90 67.77
dE(nN) dE(di) g− r large 4.59 87.08
dE(nN) dE(di) g− i small 11.43 39.27
dE(nN) dE(di) g− i interm. 11.52 53.16
dE(nN) dE(di) g− i large 3.04 10.28
dE(nN) dE(di) i − z small 1.16 40.18
dE(nN) dE(di) i − z interm. 0.02 8.62
dE(nN) dE(di) i − z large 0.11 41.91

In order to further quantify the above considerations, one would want to compare average colour
values of the subsamples. The problem with this approach is that the samples are not distributed
equally in magnitude; the average colours could thus come out different just because of the existence
of a colour-magnitude relation (also see Section 6 of Chapter 4). Therefore, we compare instead the
colour values of the linear fits to the CMRs at a fixed magnitude. We choose two magnitude values for
this comparison, namely the medianr magnitude of our bright dEs,mr,bri. = 14.m77, and the median
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T 5.2. Continued.

T1 T 2 C A K-S  -

dE(N)bri. dE(nN)bri. u− r small 0.00% 0.00%
dE(N)bri. dE(nN)bri. u− r interm. 0.01 0.02
dE(N)bri. dE(nN)bri. u− r large 0.00 0.01
dE(N)bri. dE(nN)bri. g− r small 0.00 0.00
dE(N)bri. dE(nN)bri. g− r interm. 0.00 0.00
dE(N)bri. dE(nN)bri. g− r large 0.00 0.00
dE(N)bri. dE(nN)bri. g− i small 0.00 0.00
dE(N)bri. dE(nN)bri. g− i interm. 0.00 0.00
dE(N)bri. dE(nN)bri. g− i large 0.00 0.00
dE(N)bri. dE(nN)bri. i − z small 15.32 6.68
dE(N)bri. dE(nN)bri. i − z interm. 14.63 13.93
dE(N)bri. dE(nN)bri. i − z large 42.50 22.87

dE(N)fai. dE(nN)fai. u− r small 53.95 80.60
dE(N)fai. dE(nN)fai. u− r interm. 11.50 66.40
dE(N)fai. dE(nN)fai. u− r large 36.85 88.30
dE(N)fai. dE(nN)fai. g− r small 1.64 1.44
dE(N)fai. dE(nN)fai. g− r interm. 0.04 1.32
dE(N)fai. dE(nN)fai. g− r large 2.41 9.56
dE(N)fai. dE(nN)fai. g− i small 1.00 3.59
dE(N)fai. dE(nN)fai. g− i interm. 0.01 2.44
dE(N)fai. dE(nN)fai. g− i large 18.38 18.10
dE(N)fai. dE(nN)fai. i − z small 11.89 29.63
dE(N)fai. dE(nN)fai. i − z interm. 54.26 69.48
dE(N)fai. dE(nN)fai. i − z large 38.78 56.16

dE(N)bri. dE(di) u− r small 1.25 4.41
dE(N)bri. dE(di) u− r interm. 17.54 26.28
dE(N)bri. dE(di) u− r large 38.14 39.48
dE(N)bri. dE(di) g− r small 1.57 2.29
dE(N)bri. dE(di) g− r interm. 0.99 1.68
dE(N)bri. dE(di) g− r large 3.40 9.96
dE(N)bri. dE(di) g− i small 0.16 0.43
dE(N)bri. dE(di) g− i interm. 0.16 0.63
dE(N)bri. dE(di) g− i large 0.30 1.19
dE(N)bri. dE(di) i − z small 20.50 33.54
dE(N)bri. dE(di) i − z interm. 2.54 7.85
dE(N)bri. dE(di) i − z large 6.90 22.01

dE(nN)bri. dE(di) u− r small 1.59 5.05
dE(nN)bri. dE(di) u− r interm. 0.80 1.66
dE(nN)bri. dE(di) u− r large 0.02 4.19
dE(nN)bri. dE(di) g− r small 14.73 23.50
dE(nN)bri. dE(di) g− r interm. 28.77 53.23
dE(nN)bri. dE(di) g− r large 5.80 9.56
dE(nN)bri. dE(di) g− i small 34.24 69.83
dE(nN)bri. dE(di) g− i interm. 24.96 20.48
dE(nN)bri. dE(di) g− i large 61.96 33.95
dE(nN)bri. dE(di) i − z small 2.77 2.19
dE(nN)bri. dE(di) i − z interm. 0.26 0.49
dE(nN)bri. dE(di) i − z large 1.98 6.64
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T 5.2. Continued.

T 1 T2 C A K-S  -

dE(N)bri. dE(N)fai. u− r small 6.68% 36.24%
dE(N)bri. dE(N)fai. u− r interm. 4.96 63.61
dE(N)bri. dE(N)fai. u− r large 4.75 69.74
dE(N)bri. dE(N)fai. g− r small 0.66 95.73
dE(N)bri. dE(N)fai. g− r interm. 2.15 80.19
dE(N)bri. dE(N)fai. g− r large 0.69 9.88
dE(N)bri. dE(N)fai. g− i small 8.64 55.09
dE(N)bri. dE(N)fai. g− i interm. 4.73 62.36
dE(N)bri. dE(N)fai. g− i large 0.36 53.62
dE(N)bri. dE(N)fai. i − z small 0.20 95.15
dE(N)bri. dE(N)fai. i − z interm. 0.54 80.55
dE(N)bri. dE(N)fai. i − z large 1.82 55.91

dE(nN)bri. dE(nN)fai. u− r small 0.00 0.18
dE(nN)bri. dE(nN)fai. u− r interm. 0.03 6.17
dE(nN)bri. dE(nN)fai. u− r large 0.00 2.40
dE(nN)bri. dE(nN)fai. g− r small 1.13 26.22
dE(nN)bri. dE(nN)fai. g− r interm. 0.00 0.01
dE(nN)bri. dE(nN)fai. g− r large 1.32 20.46
dE(nN)bri. dE(nN)fai. g− i small 0.00 0.25
dE(nN)bri. dE(nN)fai. g− i interm. 0.06 0.11
dE(nN)bri. dE(nN)fai. g− i large 13.20 68.00
dE(nN)bri. dE(nN)fai. i − z small 3.01 62.11
dE(nN)bri. dE(nN)fai. i − z interm. 7.22 84.35
dE(nN)bri. dE(nN)fai. i − z large 0.40 34.04

r magnitude of our faint dEs,mr,fai. = 16.m51 (which we refer to hereafter as the bright and faint
“reference magnitude”, respectively). The correspondingcolour values for the different subclasses
and colours are given in Tables 5.3 and 5.4.

The values so derived confirm our above comparisons of the various CMRs: the dE(N)s are redder
than the dE(nN)s inu− r, g− r, andg− i at both the bright and the faint reference magnitudes, with
the difference being smaller for the latter. Ini − z, the dE(N)s are still redder at the bright reference
magnitude, whereas no clear difference is present at the faint reference magnitude, also given the
rather large scatter of the CMR. These statements hold true also for the separate comparison of the
bright and faint subsamples, with the exception that the faint dE(nN)s tend to be somewhat redder
than the faint dE(N)s ini − z. The dE(di)s, which we consider only at the bright referencemagnitude,
are intermediate between the (bright) dE(nN)s and the (bright) dE(N)s inu − r, g − r, andg − i. In
i−z, their colours are very similar to those of the (bright) dE(N)s, again confirming our above analysis
of the CMRs. In Section 12, we will attempt to interpret thesecolour values in terms of age and/or
metallicity differences.

8. C-    
Tables 5.3 and 5.4 can also be used to compare the behaviour ofthe CMR of a given dE subsample

with aperture size. Both the bright dE(N)s and the bright dE(nN)s become, on average, slightly bluer
in u − r and in i − z with increasing aperture size. The faint dE(N)s and dE(nN)sstill follow this
trend inu− r, while in i − z, it becomes less clear for the faint dE(nN)s, and even turns around for the
faint dE(N)s (the considerable scatter of the CMR needs to bekept in mind though). In contrast, the
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T 5.3. Colour comparison of the dE subclasses.Colour values of the CMRs at the
bright reference magnitude,mr,bri. = 14.m77 (see text), for the three different apertures (2nd
column).

Colour Aperture dE(N) dE(nN) dE(di) dE(bc) dE dE(N)bri. dE(nN)bri.

u− r small 1.995 1.863 1.922 1.585 1.960 1.999 1.864
u− r interm. 1.971 1.879 1.950 1.736 1.950 1.980 1.832
u− r large 1.938 1.817 1.956 1.669 1.914 1.937 1.802
g− r small 0.627 0.580 0.598 0.497 0.611 0.627 0.583
g− r interm. 0.622 0.571 0.596 0.540 0.613 0.623 0.582
g− r large 0.618 0.574 0.599 0.556 0.608 0.620 0.578
g− i small 0.929 0.867 0.881 0.739 0.911 0.925 0.865
g− i interm. 0.928 0.876 0.892 0.793 0.914 0.929 0.878
g− i large 0.930 0.884 0.891 0.820 0.918 0.928 0.883
i − z small 0.152 0.138 0.146 0.117 0.148 0.154 0.135
i − z interm. 0.142 0.127 0.150 0.119 0.141 0.145 0.128
i − z large 0.135 0.103 0.132 0.148 0.129 0.133 0.105

T 5.4. Colour comparison of the dE subclasses.Colour values of the CMRs at the
faint reference magnitude,mr,fai. = 16.m51 (see text), for the three different apertures (2nd
column).

Colour Aperture dE(N) dE(nN) dE(di) dE(bc) dE dE(N)fai. dE(nN)fai.

u− r small 1.823 1.781 1.740 1.193 1.812 1.839 1.794
u− r interm. 1.830 1.772 1.835 1.532 1.806 1.829 1.762
u− r large 1.777 1.690 1.868 1.341 1.736 1.775 1.691
g− r small 0.582 0.557 0.554 0.463 0.569 0.581 0.561
g− r interm. 0.578 0.555 0.551 0.518 0.573 0.581 0.556
g− r large 0.581 0.554 0.552 0.550 0.569 0.581 0.557
g− i small 0.850 0.824 0.795 0.688 0.839 0.857 0.831
g− i interm. 0.855 0.830 0.808 0.741 0.846 0.852 0.829
g− i large 0.853 0.835 0.792 0.767 0.845 0.854 0.840
i − z small 0.109 0.121 0.104 0.086 0.112 0.107 0.132
i − z interm. 0.107 0.119 0.121 0.088 0.108 0.111 0.118
i − z large 0.120 0.103 0.084 0.162 0.101 0.119 0.123

dE(di)s become, on average, slightlyredder in u− r with increasing aperture size. However, ini − z,
they become slightly bluer, similar to the bright dE(N)s anddE(nN)s.

All these differences with aperture size are not overly large; they are typically less than half of the
RMS scatter of the respective CMRs. According to our statistical comparisons of the inner and outer
(cumulative!) CMRs of each subclass (Table 5.5), significant differences only occur for the (bright)
dE(N)s inu − r and i − z (probabilities for a common underlying distribution≤2.2% and≤2.9%,
respectively), as well as for the full sample of dE(nN)s ini − z (≤3.8%). Interestingly, the differences
described above inu − r and i − z for the bright dE(nN)s are not or only marginally significant
(probabilities≥16.9% and≥9.8%, respectively). This is presumably due to the only moderate sample
size of the bright dE(nN)s, and the comparably large scatterof their CMRs (see Section 7).

In g − r andg − i, practically no change of the CMRs with aperture size is seen(apart from the
dE(bc)s of course). The colour values (Tables 5.3 and 5.4) remain surprisingly constant, given the
gradients seen in bothu − r and i − z. The “strongest” effect is the change of the bright dE(nN)s in
g− i of 0.02 — far from being significant though (Table 5.5). The fact that gradients are seen inu− r,
but not ing− r, shows that theu− r colour does provide information beyond that contained ing− r.
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T 5.5. Statistical comparisons of CMRs for different apertures. For a given dE sub-
class (1st column) and colour (2nd column), we compare the CMRs based on the small and
the large aperture, to see whether systematic radial gradients are present. Probabilities for
a common underlying distribution are derived from a K-S test(3rd column) and a Student’s
t-test for unequal variances (4th column).

T C K-S  -

dE(N) u− r 0.06% 1.61%
dE(N) g− r 28.27 47.19
dE(N) g− i 64.19 42.34
dE(N) i − z 0.08 2.85

dE(nN) u− r 7.57 14.24
dE(nN) g− r 74.63 84.51
dE(nN) g− i 33.44 11.95
dE(nN) i − z 0.20 3.85

dE(di) u− r 70.87 26.55
dE(di) g− r 89.68 68.52
dE(di) g− i 70.87 59.80
dE(di) i − z 7.73 31.82

dE(bc) u− r 38.74 52.07
dE(bc) g− r 19.00 4.69
dE(bc) g− i 12.64 3.33
dE(bc) i − z 52.24 24.16

dE(N)bri. u− r 0.12 2.28
dE(N)bri. g− r 10.71 50.84
dE(N)bri. g− i 87.91 47.33
dE(N)bri. i − z 0.04 1.01
dE(nN)bri. u− r 16.93 19.21
dE(nN)bri. g− r 80.25 94.32
dE(nN)bri. g− i 42.51 43.15
dE(nN)bri. i − z 9.80 13.67

dE(N)fai. u− r 31.34 19.59
dE(N)fai. g− r 73.05 71.58
dE(N)fai. g− i 53.91 65.90
dE(N)fai. i − z 8.27 35.67

dE(nN)fai. u− r 8.56 25.60
dE(nN)fai. g− r 39.75 80.97
dE(nN)fai. g− i 44.72 17.82
dE(nN)fai. i − z 2.46 6.79

It would thus be desirable to have a better S/N in theu band, in order to gain more from it than what
is possible with our present data.

While at this stage of our study, it would certainly be interesting to calculate individual colour
gradients for each galaxy, and to examine their relations with other quantities, such an analysis would
go beyond the scope of the present work, and is therefore deferred to later investigations. Instead, we
keep our focus on comparing the colour-magnitude relationsof different samples, and proceed with
analyzing samples selected by density. Note, however, thatthe distribution of colour gradients across
the Virgo cluster is part of the study presented in Chapter 6.
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9. C-   - 
A weak dependence of the stellar population ages of early-type galaxies on local environmental

density has recently been reported by Bernardi et al. (2006), based on a study of Lick indices. These
authors found early-type galaxies in high-density environments to be slightly older than at lower
densities. Our large sample size allows us to test whether this is the case for dEs as well — we can of
course only probe a cluster environment, but the range in local densities (see, e.g., Chapter 4) should
be large enough to find such an effect, if present.

We thus subdivide the sample of dE(N)s, dE(nN)s, and our fulldE sample (excluding dE(bc)s) at
their respective median local projected densities. These are, in units of the logarithm of the number
of galaxies per square degree, 1.374 for the dE(N)s, 1.198 for the dE(nN)s, and 1.293 for the full
dE sample. As described in the previous chapters, local projected density is calculated by defining a
circular area around each galaxy that includes its ten nearest neighbour cluster members, independent
of galaxy type (Dressler 1980; Binggeli et al. 1987).

The resulting CMRs are shown in Figures 5.12 to 5.15 for the dE(N)s and dE(nN)s, and in Fig-
ures 5.16 to 5.19 for the full dE sample (excluding dE(bc)s).The respective subsamples are denoted
by a subscript “low” for the low-density subsample, and “high” for the high-density subsample. As
before, we also show the CMR separately for each bright and faint subsample. Note that the sub-
division into bright and faint subsamples is done after the subdivision by density, not vice versa.
The pairwise statistical comparisons of the CMRs of low and high-density subsamples are given in
Table 5.6 for the full samples, and in Table 5.7 for the faint and bright subsamples.

In all of u− r, g− r, andg− i, the dE(N)s, dE(nN)s, and the full dE sample consistently follow a
steeper CMR at lower densities than at higher densities. Typically, the CMRs intersect at the fainter
magnitudes of our sample, and with increasing magnitude, galaxies are on average redder in the high-
density regime. Ini−z, the full dE sample also displays a steeper CMR at lower densities for the small
and intermediate apertures, but the intersection occurs atbrighter magnitudes. For the large aperture,
the higher density CMR is somewhat steeper, but all these effects are rather small as compared to the
scatter of the CMR. Similarly, no general trend can be seen ini − z for the dE(N)s or the dE(nN)s.
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F 5.12. Colour-magnitude relations for different densities. Similar to Figure 5.3,
but showing the CMR of the low-density and high-density subsamples of the dE(N)s and the
dE(nN)s, as labelled on the left-hand side. Again, thin solid lines give the linear fits to the
respective bright subsample, while thin dashed lines represent the fit to the respective faint
subsample.
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F 5.13. Colour-magnitude relations for different densities.Same as Figure 5.12, but
for g− r colour.
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F 5.14. Colour-magnitude relations for different densities.Same as Figure 5.12, but
for g− i colour.
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F 5.15. Colour-magnitude relations for different densities.Same as Figure 5.12, but
for i − zcolour.
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F 5.16. Colour-magnitude relations for different densities.Same as Figure 5.12, but
for the full dE sample, excluding dE(bc)s.

The above observations are confirmed by the statistical comparisons of the CMRs (Tables 5.6 and
5.7): the difference between the low and high-density subsamples of our full dE sample is significant
in u− r (probabilities for a common underlying distribution≤3.0%), and even more significant ing− r
(≤0.9%) andg−i (0.0%). At first glance, one might conjecture that this difference between the density-
selected subsamples of thefull dE sample stems from the difference seen between the dE(N)s and the
dE(nN)s, which are populating different density regimes and display significantly different CMRs (see
Section 7 and Chapter 4). While this correlation certainly contributes to the present considerations, it
is not the only cause of the observed differences: the dE(N)s alone also display significant differences
between the two density regimes, namely for the intermediate apertures in each ofu− r (probability
≤1.9%) ,g − r (≤3.2%), andg − i (≤2.2%). The fact that the percentages are not as low as for the
full dE sample, and that significant differences are not found for all apertures, is at least partly due
to the lower sample size as compared to the full sample. For the dE(nN)s, the lowest probabilities
for a common distribution occur ing− i for the small aperture (≤6.7%) and the intermediate aperture
(≤ 10.2%). Here, probably the subsample sizes are too small and thescatter of the CMRs too large
for the rather small differences to be significant. Likewise, a further subdivision into bright and faint
subsamples, in addition to the subdivision by density, onlyyields significant differences for the full
dE sample. Among the dE(N)s and dE(nN)s, however, the lowestprobability is that for the bright
dE(N)s ing− i for the small aperture, with≤6.6%.

The differences between the CMRs in low and high-density regions could either be caused by
a direct correlation with local density, or it could mainly be a difference between the cluster center
and the other cluster regions. In the latter case, the correlation with density would be aconsequence,
rather than a direct relation. Since the cluster center is a region of high density, these two possibilities
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F 5.17. Colour-magnitude relations for different densities.Same as Figure 5.16, but
for g− r colour.

are obviously similar to each other, but they are not completely the same. In order to compare them,
we put together a subsample of each of the dE(N)s, the dE(nN)s, and all dEs (excluding dE(bc)s),
comprising all objects within two degrees of the coordinates α = 187.◦3, δ = 12.◦4. This is roughly
the cluster center, as deduced from the number density distribution of cluster member galaxies (see
Figure 6.1 of Chapter 6). Of course, most galaxies of this “central subsample” are also included in the
high-density subsample: 86% for the dE(N)s, 100% for the dE(nN)s, and 95% for all dEs. Contrary
to that, a significant fraction of the objects in the high-density subsample arenot located within the
central region as defined above: 28% of the high-density dE(N)s, 57% of the dE(nN)s, and 37% of
all dEs arenot included in the respective central subsample.

For the dE(nN)s, the central sample comprises only 32 galaxies, of which only 4 lie at brighter
magnitudes, preventing a reliable fit to the CMR. The centralsubsamples of the dE(N)s and of all
dEs, though, comprise 87 and 129 objects, respectively, andallow reliable comparisons to be done.
It turns out that in all colours, the fits to the CMR of the central subsample and of the high-density
subsample are basically equal, within the errors. This is exemplified in Figure 5.20, where we show
the CMRs of the respective subsamples forg − i, measured within the half-light aperture. These
results suggest that the shape of the CMR is most likelydirectly correlated with local density, rather
than being predominantly determined by whether or not the sample galaxies lie within the cluster
center — otherwise, the CMRs of the central subsamples should be flatter than those of the high-
density samples, since the former provide a much cleaner selection of galaxies in the central region.
Also, note that, typically, any correlation withprojecteddensity would be even stronger with true
volumedensity, since projection always causes some objects to apparently lie close to the center that
actually are situated in front of or behind the center.
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F 5.18. Colour-magnitude relations for different densities.Same as Figure 5.16, but
for g− i colour.

So far, we did not consider the possibility that the density dependence of the CMR could be
caused by different average distances of the subsamples along the line of sight. Thus, let us compare
the low and high-density subsample of all dEs (excluding dE(bc)s) ing−i, using the half-light aperture
(cf. Figure 5.18). At the colour value that the CMR of the high-density subsample has at the bright
reference magnitude, the CMR of the low-density subsample is 0.m62 brighter. Assuming an average
distance modulus ofm− M = 31.m0, this would correspond to an average offset of the subsamples
along the line of sight of 4.5 Mpc. Moreover, both CMRs intersect at the fainter magnitudes – thus,
the brighter dEs that are in regions of higher projected density would have to be,on average, 4.5 Mpc
closer to us than the fainter dEs in the same projected regions. What we would “need” to explain
our CMR differences is a lower distance for part of the low-density subsample, as compared to the
other part of itand to the other subsample. If this would be given, it would automatically account
partly (but only partly) for the intersection of the CMRs at fainter magnitudes, since the closer objects
would be offset to brighter apparent magnitudes. It would not work the other way around: if part of
the higher-density subsample was offset to larger distances, this part would have afainter apparent
brightness on average, and therefore the difference of the CMRs would have to be larger at fainter
magnitudes. In any case, the distributions ofr magnitudes of the two subsamples are very similar,
and their median magnitudes differ by 0.m07 only.

A difference in distance modulus of 1.m0 between the Virgo cluster parts termed “cluster A” (i.e.,
basically the part of the cluster that has a declinationδ & 10◦, see Binggeli et al. 1993) and the
western part of “cluster B” (southward of cluster A and within a circular region around M 49) was
reported by Gavazzi et al. (1999), such that the latter part would be further away by 8.6 Mpc. Their
study is based on a combined sample of early-type and late-type galaxies. While the number of dEs
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F 5.19. Colour-magnitude relations for different densities.Same as Figure 5.16, but
for i − zcolour.

in this region would most likely be too small to be able to account for the differences that we see in
the CMRs, we nevertheless test this possibility by excluding all galaxies below a declinationδ < 10◦.
However, the difference between the low and high-density CMR is still equallylarge. Within cluster
A, Gavazzi et al. (1999) give a dispersion of 0.m45 in their determination of the distance modulus —
but they note that this value is comparable to the nominal uncertainty in the methods used. Based on
the surface brightness fluctuations of 16 Virgo dEs, Jerjen et al. (2004) found a distance dispersion
of ±1.45 Mpc, too low to be able to explain the observed differences. From these considerations it is
clear that the significant correlation of the CMR with local density is real and can not be explained
with differences in distance.

10. T    - 
In order to obtain a rough estimate of thetruescatter of the CMR (i.e., that is not caused by mea-

surement errors), we can compare the observed scatter with our measurement errors. The respective
values are given in Table 5.1: the column “RMS” gives the rootmean square of the colour residuals
about the linear fit to the CMR, while the column “E-RMS” givesthe root mean square of the errors.
If the observed scatter was solely due to measurement errors, these two values should be similar, at
least for the larger (i.e., statistically robust) dE subsamples. The ratio of the two values, which is
given in the last column of the table, is thus an indirect measure of the true scatter; we shall term
it the “RMS-ratio” hereafter. Note that the true scatter canbe a combination of an intrinsic colour
scatter and a distance spread; we shall consider the latter at the end of this section.
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F 5.20. Colour-magnitude relations for different densities and positions.Here we
show the CMRs of the dE(N)s (left column) and of all dEs (rightcolumn, excluding dE(bc)s)
for the low-density subsample (top row), the high-density subsample (middle row), and the
central subsample (bottom row), usingg− i colour and the intermediate aperture. The central
subsample contains galaxies within two degrees of the Virgocluster center; see text for de-
tails.

We first note that for most CMRs, the RMS-ratio increases withaperture size. As for a possible
intrinsic colour scatter, it can hardly be deduced if, and how strongly, it increases from the inner to
the outer parts of the dEs. As for our measurement errors, we know that they consist of one part
that remains constant with aperture size, namely the error on the photometric calibration zeropoint
(“calibration uncertainty”, see Section 4), and another part that increases with aperture size, namely
the S/N uncertainty and the sky level uncertainty. It thus appearslikely that an overestimation of the
calibration uncertainty causes, at least partly, the observed increase in the RMS-ratio with aperture
size: due to this uncertainty, the measurement errors do notapproach zero with increasing S/N, but
instead reach a finite value. If this value – which is provideddirectly by the SDSS for each colour
– would be overestimated, the RMS-ratio would fall below a value of 1 for high-S/N measurements,
which is indeed the case for some of the small-aperture CMRs,like e.g., for the bright dE(N)s ini −z.
Again, we are not able to tell how much of the increase in the RMS-ratio is an intrisic effect, but the
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T 5.6. Statistical comparisons of CMRs for different densities.For a given dE sub-
class (1st column), colour (2nd column), and aperture (3rd column), we compare the CMRs
of the low and high-density subsamples (see text). Probabilities for a common underlying
distribution are derived from a K-S test (4th column) and a Student’s t-test for unequal vari-
ances (5th column).

T C A K-S  -

dE(N) u− r small 7.85% 4.02%
dE(N) u− r interm. 1.95 0.56
dE(N) u− r large 32.11 3.87
dE(N) g− r small 93.16 24.89
dE(N) g− r interm. 6.43 3.23
dE(N) g− r large 24.55 3.14
dE(N) g− i small 8.22 2.97
dE(N) g− i interm. 1.84 2.18
dE(N) g− i large 4.83 1.09
dE(N) i − z small 5.58 44.52
dE(N) i − z interm. 65.68 86.18
dE(N) i − z large 74.50 72.22

dE(nN) u− r small 23.48 35.72
dE(nN) u− r interm. 15.43 51.11
dE(nN) u− r large 31.48 29.56
dE(nN) g− r small 47.96 19.16
dE(nN) g− r interm. 68.69 41.28
dE(nN) g− r large 35.95 52.74
dE(nN) g− i small 6.70 2.13
dE(nN) g− i interm. 10.24 4.26
dE(nN) g− i large 18.33 6.35
dE(nN) i − z small 26.07 63.19
dE(nN) i − z interm. 61.61 70.99
dE(nN) i − z large 47.96 73.07

dE u− r small 0.46 0.66
dE u− r interm. 3.01 1.65
dE u− r large 0.67 0.93
dE g− r small 0.92 0.01
dE g− r interm. 0.10 0.00
dE g− r large 0.23 0.00
dE g− i small 0.01 0.00
dE g− i interm. 0.00 0.00
dE g− i large 0.02 0.00
dE i − z small 13.24 21.72
dE i − z interm. 64.87 55.68
dE i − z large 86.48 52.66

above considerations suggest that the photometric calibration might be at least somewhat better than
estimated.

We now attempt to derive an estimate for how large the true scatter is with respect to our measure-
ment uncertainties, i.e., which of the two dominates the observed scatter. Given the above findings,
we focus only on the RMS-ratios for the large-aperture CMRs,in order to not underestimate the true
scatter. When we consider only the larger dE subsamples, i.e., the bright and faint dE(N)s, the faint
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T 5.7. Statistical comparisons of CMRs for different densities.Similar to Table 5.6,
but giving the statistical probabilities separately for a comparison of the bright low and high-
density subsamples (4th and 5th column) and the faint low andhigh-density subsamples (6th
and 7th column).

T C A K-S (.)  (.) K-S (.)  (.)

dE(N) u− r small 12.55% 2.46% 59.53% 38.04%
dE(N) u− r interm. 9.32 0.48 22.77 19.06
dE(N) u− r large 29.55 4.22 65.79 29.42
dE(N) g− r small 32.00 9.59 72.83 95.29
dE(N) g− r interm. 13.58 1.84 20.11 46.66
dE(N) g− r large 18.00 3.16 48.34 35.52
dE(N) g− i small 6.63 2.72 64.81 34.89
dE(N) g− i interm. 6.79 1.30 37.82 43.01
dE(N) g− i large 21.51 1.79 9.83 19.03
dE(N) i − z small 37.71 51.80 40.36 63.30
dE(N) i − z interm. 74.75 82.48 38.49 94.32
dE(N) i − z large 91.31 77.68 26.07 81.32

dE(nN) u− r small 95.04 90.02 36.67 36.91
dE(nN) u− r interm. 46.25 74.88 60.38 59.70
dE(nN) u− r large 44.26 69.56 78.74 37.14
dE(nN) g− r small 63.50 61.09 56.54 32.05
dE(nN) g− r interm. 31.74 27.44 84.14 52.01
dE(nN) g− r large 33.37 10.44 90.07 97.45
dE(nN) g− i small 12.86 52.84 11.67 3.42
dE(nN) g− i interm. 6.21 18.04 16.18 9.14
dE(nN) g− i large 10.63 2.68 70.81 25.36
dE(nN) i − z small 36.78 76.71 59.09 60.17
dE(nN) i − z interm. 70.22 61.45 71.26 72.98
dE(nN) i − z large 84.76 51.59 59.70 79.67

dE u− r small 0.42 0.01 40.35 40.38
dE u− r interm. 2.21 0.05 67.99 49.69
dE u− r large 0.81 0.35 40.13 19.77
dE g− r small 2.47 0.07 22.40 1.53
dE g− r interm. 0.27 0.00 5.09 2.25
dE g− r large 0.19 0.00 18.83 4.59
dE g− i small 0.63 0.02 1.84 0.06
dE g− i interm. 0.18 0.00 0.52 0.30
dE g− i large 0.17 0.00 4.18 0.64
dE i − z small 48.17 98.56 16.10 17.38
dE i − z interm. 49.12 71.70 21.49 39.17
dE i − z large 50.57 67.07 43.01 40.22

dE(nN)s, and the full samples of dE(N)s, dE(nN)s, and all dEs, we find that the RMS-ratio always
lies between 1.3 and 2. With the simplified assumption that the RMS of the true scatter and the RMS
of the measurement uncertainties add quadratically to yield the observed RMS, these values would
imply that the RMS of the true scatter lies between 0.8 and 1.7of that of the measurement uncer-
tainties. However, one obvious caveat needs to be discussed: it cannot be excluded from the values
per se that we simply underestimated the measurement errors, and that the true uncertainties could
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fully account for the observed scatter. To assess this possibility, we consider below the correlation of
colour residuals about the CMRs in different colours.

If the observed scatter would be solely due to measurement uncertainties, no correlation should
be observed between the residuals in two different colours — except, obviously, for colours that share
a certain band, like, e.g.,u− r andg− r. If, on the other hand, a significant true scatter is present,one
would expect at least some correlation between the residuals: a dE that isintrinsically bluer in u− r
than most of the other galaxies should typically not beintrinsically redderin g− i than most other dEs,
since the wavelength ranges covered by these colours overlap significantly. (It would, of course, be
“allowed” to be redder ini − z.) Likewise, if the scatter was due to a spread in distance andtherefore
in magnitude, most galaxies would fall on the same side of theCMR in all colours.5 We therefore
present in Figure 5.21 a pairwise comparison of the colour residuals foru− r vs.g− i, u− r vs. i − z,
andg− r vs. i−z. Here, we use the colours measured within the half-light (i.e., intermediate) aperture,
to avoid too large measurement uncertainties. Our above concerns about using smaller apertures need
not be considered here, since our measurement error estimates do not enter here.

A correlation is clearly seen for the dE(N)s and for all dEs (excluding dE(bc)s) inu− r vs.g− i,
and also inu− r vs. i − zand weakly ing− r vs. i − z. The dE(nN)s seem to show a correlation only
in u − r vs. g − i. To quantify these visual impressions, we calculate for every quadrant the fraction
of objects that falls within it (red numbers, given as percentages). These values confirm the above
findings: for the dE(N)s and for all dEs inu− r vs.g− i, more than twice as many objects lie within
the upper right and lower left quadrant than within the othertwo. In u− r vs. i − z, the correlation is
somewhat weaker, and again slightly weaker ing − r vs. i − z. For the dE(nN)s, onlyu − r vs. g− i
shows a clear correlation. These results indicate that there must be a significant true scatter of the
CMR, similar to the results of Secker et al. (1997) for the Coma cluster.

As a further statistical test, we try to estimate how the fraction of galaxies within the different
quadrants would be distributed given a perfect correlationplus measurement errors. With “perfect
correlation”, we mean that each galaxy falling on one side ofthe CMR in one colour falls on the same
side of the CMR in the other colour. We only care about thedirection of the colour offset, i.e., the
sign of the residual, not about its absolute value. In the following, we describe for the correlation of
u− r vs.g− i how we simulate a CMR scatter. This simulation is done in the same way for the other
colour pairs.

In order to keep our approach simple, yet still instructive,we refrain from choosing a certain
analytic model distribution for the true scatter ofu − r andg − i. Instead, we adopt theobserved
distribution of colour values as one possible example for a true distribution. To guarantee that a given
galaxy falls on the same side of the CMR for both colours, simulating a perfect correlation, we assign
to theg− i residual of each galaxy the sign of its correspondingu− r residual (but keep its absolute
value). This represents our simulated distribution of true6 residuals. For simulating the distribution of
measurement uncertainties, we use again the observed distribution of colour residuals, but redistribute
these values randomly among our galaxies, and assign them random signs. We then add these values
to the simulated true residuals, thereby yielding simulated observed residuals. Note that in this case,
the RMS of the true scatter and of the measurement uncertainties are obviously equal, since we used
the same absolute values. This can be altered by multiplyingthe simulated true residuals with a
certain factor.

The simulation described above was performed for the full dEsample (excluding dE(bc)s), and
was repeated 1000 times for all three colour pairs used above. We considered the case of the RMS
value of the true scatter being 0.8 and 1.7 times as large as the RMS of the measurement uncertainties,
in order to test our values deduced above. For simplicity, weterm these two cases the “0.8-case” and
“1.7-case”, respectively. Foru− r vs.g− i, the resulting median fraction of galaxies within the upper

5 We say “most” instead of “all” galaxies, since it depends to some extent on the linear fit to the CMR, and not only
on the galaxy in question.

6 Our word choice here (“simulateddistribution oftrue residuals”) might not be ideal, but we want to avoid speaking
of an “intrinsic distribution”, since the true scatter can be a combination of an intrinsic colour scatter and a distancespread.
With “true”, we only mean that it is not caused by measurementuncertainties.
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F 5.21. Correlation of colours. Pairwise comparison of the colour residuals about the
respective CMRs, for colours measured within the half-light aperture. For a given galaxy,
∆(u − r) := (u − r) − (u − r)CMR, where (u − r) is the galaxy’s colour, and (u − r)CMR is
the colour value of the linear fit to the CMR at ther magnitude of the galaxy; same for the
other colours. The red numbers in the corners of the diagramsgive the percentage of galaxies
within the respective quadrant, bordered by the grey lines.

right and lower left quadrants is 63% for the 0.8-case, and 72% for the 1.7-case. For bothu − r vs.
i − z andg − r vs. i − z, the corresponding values are 62% and 72%. Our observed value for u − r
vs. g − i (70%) lies between the two simulated cases and closer to the 1.7-case. Foru − r vs. i − z,
the observed value is 60%, and forg − r vs. i − z, it is 59% — both values are only slightly below
the simulated 0.8-case. These results confirm that our galaxy colours can well be explained by a true
scatter within the range deduced above, and that the dEs, or at least the dE(N)s, are consistent with
exhibiting a strong correlation of colour residuals between different colours.

We now need to investigate whether part of the scatter of the CMR could be caused by a spread
in distance, which would lead to a certain scatter in magnitude, and would thus contribute to the
scatter of the CMR. We concentrate on the CMR of the dE(N)s ing− i for the large aperture. Here,
the RMS of our measurement errors is 0.m034 (Table 5.1). Assuming the 0.8-case, the true RMS
scatter woud be 0.m027. The slope of the CMR is−0.044 (Table 5.1). Consequently, a scatter of
±0.m027 around the CMR would mean a scatter of±0.m61 in the distance modulus, or+5.14

−3.88 Mpc at
our adopted Virgo cluster distance of 15.85 Mpc (m − M = 31.m0). Such a huge (RMS!) scatter
can certainly be excluded. For example, Jerjen et al. (2004)deduced a true dispersion in distance
modulus of±0.m177, corresponding to+1.35

−1.24 Mpc (when using our distance modulus). While their
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result is based on the surface brightness fluctuations of a rather small sample of 16 Virgo dEs, they
noted that this dispersion, compared to the tangential extension of the cluster, implies a prolate spatial
distribution of the galaxies that excellently agrees with other studies (Neilsen & Tsvetanov 2000;
West & Blakeslee 2000). For comparison, we consider the projected offset of the dE(N)s from the
cluster center (adopted to be atα = 187.◦3, δ = 12.◦4, as above for the “central subsample”), and find
a RMS value of 0.86 Mpc. Together with the distance dispersion of Jerjen et al. (2004), this would
again imply a significantly prolate distribution.

When we thus adopt the value of Jerjen et al. of±0.m177 as RMS distance scatter, the resulting
colour scatter for the CMR in question is±0.m008 ing − i colour for the above CMR. While this is
rather small, it is nevertheless almost one third of the inferred true scatter in the 0.8-case (see above).
However, the RMS scatter from different uncertainties does most likely not add linearly — if the
“distance uncertainty” was addedquadratically to the intrinsic colour scatter, it would have a very
small effect only. In any case, while a small but finite distance scatter is naturally unavoidable, we
conclude that a significantintrinsic colour scatter must be present for our galaxies, with a strong
correlation between the different colours.

11. P  : 
We now attempt to use our colour measurements for drawing conclusions about the actual stellar

population characteristics of our galaxies. For this purpose, we construct several stellar population
models, using the population synthesis code from Bruzual & Charlot (2003). Following the rec-
ommendation of the authors, we use “Padova 1994” isochrones(Bertelli et al. 1994), as well as a
Chabrier initial mass function (IMF; Chabrier 2003). We usethe Bruzual & Charlot high resolution
files, which rely on the STELIB spectral library in the wavelength range 3200− 9500 Å and on the
BaSeL 3.1 spectral library outside this range (see Bruzual &Charlot 2003, and references therein).
All Bruzual & Charlot models were calculated with fixed metallicity, i.e., they do not take into account
chemical enrichment. When adopting a concordance cosmology (H0 = 71 km s−1 Mpc−1,Ωm = 0.27,
ΩΛ = 0.73), it is now 13.67 Gyr since the Big Bang (Wright 2006). We thus assume that the first stars
have formed∼13.5 Gyr ago (also see Kashlinsky et al. 2006), which is particularly relevant for our
model with constant star formation rate (see below). All of our models are constructed for three of
the seven available metallicities, namelyZ = 0.008 ([Fe/H] = −0.33),Z = 0.004 ([Fe/H] = −0.64),
andZ = 0.0004 ([Fe/H] = −1.65).

Firstly, we construct a commonly used model, namely a stellar population formed through a single
burst of star formation that exponentially decays with time(illustrated in the top panel of Figure 5.22).
We choose decay times ofτ = 1 Gyr (theexp-1model) and 2 Gyr (exp-2model). The resulting model
tracks are shown in the left column of Figure 5.23 in various colour-colour diagrams. The tracks are
curves of constant metallicity, and span a range of ages, from 1 to 13.5 Gyr. Here, “age” means the
time since the beginning of the star formation burst.

Secondly, we construct a model based on the study of Davies & Phillipps (1988), who proposed
a scenario for dE formation in which a dwarf irregular (dIrr)experiences several short intense bursts
of star formation, during which it would appear as blue compact dwarf (BCD). These bursts would
increase the initial metallicity and surface brightness ofthe dIrr, such that, after some time of passive
evolution and fading, it would eventually appear as dE. Davies & Phillipps suggest ten bursts within
a period of 1 Gyr, each one with a duration of 10 Myr. We thus construct a corresponding model
(burst model) with 10 bursts of star formation, the tenth one occuring 0.9 Gyr after the beginning of
the first one (middle panel of Figure 5.22). Each “burst” is a period of constant star formation rate
(SFR) with a duration of 10 Myr. The corresponding model tracks are shown in the middle column
of Figure 5.23. Here, “age” means the time since the beginning of the first star formation burst.

Thirdly, we construct a model that is intended to represent the common scenario of dE formation
through infall of a late-type galaxy into the cluster and subsequent loss or consumption of gas. This
model is defined by a constant SFR (constmodel) since 13.5 Gyr, i.e., since the formation of the



130 5. THE COLOUR-MAGNITUDE RELATION

F 5.22. Star formation histories. Illustration of the star formation histories used for
our population synthesis models.Top panel: The exp models. Middle panel: The burst
model.Lower panel:Theconst-b100model, in which the final burst reaches a SFR of 80 in
the units adopted here. See text for details.

first stars within our adopted cosmology (see above). Star formation is then truncated a a certain
epoch (lower panel of Figure 5.22). The corresponding modeltracks, shown in the right column of
Figure 5.23, are thus not tracks along different formation ages, but along different truncation times.
The analogue to ayoung agein theexpand theburst models therefore is arecent truncationof star
formation in theconstmodel, whereas a larger age would correspond to a less recenttruncation of
star formation. Note that the model tracks shown for theexpand theburst models actually consist
of all age points provided by Bruzual & Charlot (2003) (60 points or more), whereas the truncation
times of theconstmodel have only been calculated by us for the points shown in the figure, which we
then simply connected by lines.

The reason for plotting the model tracks in a number of different colour-colour diagrams is to find
out which combination of colours would come closest to breaking the famous age-metallicity degen-
eracy (even if this cannot be achieved entirely with only optical photometry at hand). In addition, we
also need to take into account that the three bandsg, r, andi provide the best S/N, whereas the S/N in
z is a few times lower, and about ten times lower inu. Each colour-colour diagram basically relates a
“blue” colour (on the y-axis) to a “red” colour (on the x-axis).

It can be clearly seen in Figure 5.23 that the age-metallicity degeneracy is very strong in the cases
in which ther band is used in the red colour —i − z therefore is the obvious choice, since it provides
the reddest possible colour. For the blue colour, we first note thatu− r does a better job in breaking
the degeneracy thanu−g, since the colour ranges covered by the models are larger forthe former, but
the errors are similar, if not smaller, inu− r. However, given the considerably smaller errors,g− r is
a useful alternative. We will therefore use both theu − r vs. i − z and theg − r vs. i − z diagram in
our analysis in Section 12. As an aside, note that for theburst model, the tracks are somewhat less
squeezed together ing− r vs. i − z than inu− r vs. i − z.

Before we proceed towards the application of our models, we construct variations of theexpand
the constmodels, in order to understand better the “behaviour” of themodel colours. We modify
theconstmodel by adding a final burst of star formation with a durationof 10 Myr, just before star
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formation is truncated. This is intended to represent the scenario in which a late-type galaxy falling
into the cluster experiences enhanced star formation through forces like gas compression, before it
gets stripped of its remaining gas. We construct one model version in which the SFR is boosted by a
factor of 100 during the burst (const-b100; lower panel of Figure 5.22), and another one in which a
factor of 300 is adopted (const-b300). These numbers are chosen such that, if the burst occurred after
10 Gyr, it would make up 10% and 30% of the final stellar mass, respectively.

The constmodel and its variants are compared to each other in Figure 5.24. Theconstmodel
itself is shown in the left column, theconst-b100model in the middle column, and theconst-b300
model in the right column. The main effect of the final burst is a shift towards less recent truncation
times: in the case of no final burst and star formation being truncated 0.5 Gyr ago, the colours are
similar to theconst-b100model and truncation occuring 1 Gyr ago, or to theconst-b300model and
truncation occuring∼1.5 Gyr ago. Apart from this effect, the location of the tracks within the various
diagrams does not change noticeably between the model variants. We therefore decided to pick only
the const-b100model for our analysis in the following section, and to keep in mind that different
variations of the model would simply lead to less or more recent truncation times.

Finally, we consider an obvious variation of theexpmodels, namely a truncation of star formation
at a given epoch, similar to theconstmodel. Figure 5.25 shows ourexpmodels like in Figure 5.23,
but now with star formation being truncated 6 Gyr (left column), 4 Gyr (middle column), and 2 Gyr
(right column) after its beginning. Apart from the (expected) shift towards younger ages for a given
colour value in the case of earlier truncation, the tracks ofdifferent metallicity approach each other,
causing the degeneracy of age and metallicity to become evenstronger. Interestingly, this effect is
very pronounced in the diagrams usingu − g and u − r, where the tracks are basically squeezed
together, but it is weaker ing− r, somewhat similar to what is seen for ourburstmodel in Figure 5.23.
In our following analysis, we will continue using theexpmodels without truncation, but keep in mind
the difference that such a truncation could make in the application of the model tracks.
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F 5.23. Population synthesis models.Shown are theoretical galaxy colours along
Bruzual & Charlot model tracks of constant metallicity, namely Z = 0.008 ([Fe/H] = −0.33,
black),Z = 0.004 ([Fe/H] = −0.64, light grey), andZ = 0.0004 ([Fe/H] = −1.65, dark
grey). The left column shows ourexpmodel, i.e., an exponentially decaying burst with a
decay time ofτ = 1 Gyr (solid lines) and 2 Gyr (dotted lines). The middle column shows our
burst model, i.e., 10 short bursts of star formation occuring within 1 Gyr. For both theexp
and theburst models, each model track reaches from an age of 1 Gyr (lower end, typically
outside the plotting range) to 13.5 Gyr (upper end). Ages aremarked at 4.5, 7.5, 10.5, and
13.5 Gyr with filled squares or filled circles (exp-2model). For theburst model, we give
another age mark at 1.5 Gyr (filled diamond). The right columnshows ourconstmodel, i.e.,
constant star formation that is truncated at a certain epoch. For this model, the model tracks
actually are simply lines that connect the data points for a truncation of star formation that,
from bottom to top, occured 0.5, 1, 2, 3, 5, and 7 Gyr ago.
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F 5.24. Variants of the const model. Similar to Figure 5.23, but showing theconst
model in the left column, theconst-b100model in the middle column, and theconst-b300
model in the right column. Theconst-b100andconst-b300models are variants of theconst
model in that they have an additional final burst of star formation during which the SFR is
boosted by a factor of 100 and 300, respectively. See text formore details.
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F 5.25. Variants of the exp model. Similar to Figure 5.23, but showing theexpmodel
with additional truncation of star formation after 6 Gyr (left column), 4 Gyr (middle column),
and 2 Gyr (right column).
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12. P  : 
In Figures 5.26 to 5.28, we show theu − r vs. i − z and g − r vs. i − z diagrams for theexp,

burst, andconst-b100model, along with the fits to the respective CMRs for the dE(N)s, dE(nN)s, and
dE(di)s, derived for the half-light aperture (see Figures 5.3 to 5.6). For the dE(N)s and dE(nN)s, we
also show the CMRs for the bright and faint subsamples. For the full dE sample (lowermost row in
each of Figures 5.26 to 5.28), we show instead the CMRs for thelow and high-density subsamples
(see Figures 5.16 to 5.19). The individual data points are included as small dots, in order to illustrate
the scatter around the CMR.

We first focus on the question whether our fitted CMRs would be consistent with being mainly a
luminosity-metallicity relation, which is the common interpretation of the CMR for early-type galax-
ies. As can be seen in the figures, the CMRs would be generally consistent with this interpretation, but
would then also imply larger ages or less recent truncation times at lower metallicities. An possible
exception is the CMR of the dE(nN)s, which could be explainedin theu− r vs. i − z diagram with a
variation of age only — however, in theg− r vs. i − zdiagram, it would be consistent with a variation
in metallicity and a roughly constant age.

A general problem is that in many cases, the fainter end of theCMR seems to lie at a too large
age, i.e., it falls above the age of the Universe in the adopted concordance cosmology. In theu− r vs.
i − zdiagrams, this concerns an even larger part of the CMR, sincein them, the overall ages would be
somewhat larger than in theg−r vs. i−zdiagrams. However, we must stress that many simplifications
are included here that might account for these results, likethe fact that the models are calculated at a
fixed metallicity, or the rather simple star formation histories that we consider. Moreover, the choice
of the isochrones or the spectral library also affect the model colours to some extent (see Chapter 7).
It is thus important to point out that all our interpretations of the observed colours are always done
within this simplified framework of stellar population models.

Let us now turn to a comparison of the dE(N)s, dE(nN)s, and dE(di)s. In all models, the CMR of
the dE(di)s spans a metallicity range very similar to that ofthe dE(N)s, but lies at a few Gyr younger
ages. For example, in theexp-1model, the brightest dE(N)s would have ages between 10 and 14
Gyr, while the brightest dE(di)s would be 6 to 10 Gyr old. For the dE(nN)s, the main characteristic
is that theirrange of ages and metallicities is considerably smaller: the brightest dE(nN)s lie at
lower metallicities and ages than the brightest dE(N)s or dE(di)s, and would be more similar to the
intermediate-luminosity galaxies of the latter subclasses. However, the faintest dE(nN)s do not reach
to metallicities as low as those of the faintest dE(N)s or dE(di)s. Note, though, that the separate CMR
fits of the bright and faint dE(nN)s differ significantly from the fit to the full dE(nN) sample, which
makes the ages and metallicities of the dE(nN)s difficult to interpret. The CMR of the bright dE(nN)s
alone would actually be more or less consistent with being solely a relation of luminosity and age, in
both theu− r vs. i − zand theg− r vs. i − zdiagrams. While the CMR of the faint dE(nN)s would not
fit in any of the above pictures, and would instead imply higher metallicities at lower luminosities, a
strong caveat certainly is whether or not the linear fit ini − z is at all useful, given the rather large
scatter (see Section 7).

For the density-selected dE subsamples, we find that the CMR spans a slighty smaller range in
metallicity at lower densities, and reaches to somewhat younger ages at its fainter part, than for higher
densities. The brightest galaxies reach slightly higher metallicities in the high-density sample, but the
faintest galaxies also reach slightly lower metallicities. At a given metallicity, the age is similar
for the brighter galaxies in both subsamples, but is lower for the fainter galaxies of the low-density
subsample. For clarity, note that in Figures 5.26 to 5.28, the cyan line whose tip reaches above the
blue line for the full sample is the one for higher densities,i.e., the dashed one.

We now make use of our definition of two “reference magnitudes” in Section 7, in order to provide
a somewhat more illustrative comparison of the different subclasses. As stressed above, it is generally
difficult to directly compare average colour values of different dE subsamples, since they are usually
not sampled equally in luminosity, and thus already have different colours due to the correlation of
colour and magnitude. Therefore, we simply compare the colour values of the linear fits to the CMR of
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each subsample, measured at the bright and faint reference magnitudes. This is shown in Figure 5.29,
along with the model tracks. In the left part of the figure, we use theu − r vs. i − z diagrams for
comparison with the models, while theg− r vs. i−zdiagrams are used in the right part. On each side,
the respective left column shows the colour values at the bright reference magnitude, while the right
column shows the values at the faint reference magnitude. Wealso compare the colours measured
within our three different apertures: the smallest symbol represents the small aperture, the largest
symbol stands for the large aperture, so that gradients can be recognized. Remember that the CMRs
of the dE(bc)s and dE(di)s are only constrained by a handful of data points at fainter magnitudes.
The resulting colour values should thus be taken with a grainof salt, at least at the faint reference
magnitude.

Let us first concentrate on the colour values at the bright reference magnitude. A clear gradient
can be seen for the dE(N)s and the dE(nN)s, in the sense that the stars in the inner regions of the
galaxies have, on average, higher metallicities. The dE(nN)s also appear to have somewhat younger
ages in the inner regions. For the dE(N)s, it is hard to decidefrom the given model tracks whether
this might also be the case. No clear gradient can be seen for the dE(di)s, but again, this might be
partly due to the only moderate sample size. The dE(bc)s seemto have higher metallicities in the
outskirts than in the center — here, near-infrared photometry would be desirable to guarantee that the
“red colour” used in the diagrams is not affected by the light of the young stars that are present in the
center.

The figure illustrates that, within our simplified frameworkof models, the dE(nN)s are younger
than the dE(N)s. Within the small aperture, they have similar metallicities, but the metallicity gradient
seems to be stronger for the dE(nN)s. The dE(di)s are slightly younger on average than the dE(N)s,
a result that is more pronounced in theu − r vs. i − z than in theg − r vs. i − z diagrams. They
are, however, older than the dE(nN)s. The (average) metallicities of all subclasses lie roughly at or
below the track for [Fe/H] = −0.64 — however, care must be taken with absolute numbers, given
the assumptions and simplifications on which the models are based (also see Chapter 7).

At the faint reference magnitude, the dE(nN)s are still somewhat younger than the dE(N)s, but
the difference is smaller. There is still a tendency for the dE(nN)s to have lower metallicities in the
outer regions, while for the dE(N)s, there is a slight reverse trend. However, we recall that the scatter
in i − z at fainter magnitudes is rather large. Also note that we are using here the fits to the CMRs of
the full samples, not of the bright and faint subsamples, of each subclass.
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F 5.26. Colour-magnitude vs. age-metallicity.Location of the various CMRs inu− r
vs. i − z andg − r vs. i − z diagrams, along with theoretical tracks for theexpmodels. The
top three rows show the CMRs for (bright and faint) dE(N)s, dE(nN)s, and dE(di)s, using the
same colours and line shapes as in Figures 5.3 to 5.6. The bottom row shows the CMR of
the full dE sample (blue line, excluding dE(bc)s) from Figure 5.11, along with the separate
fits to the low and high-density subsamples (thin solid cyan line and thin dashed cyan line,
respectively) from Figures 5.16 to 5.19. The dots are the indiviual colours of the galaxies in
the respective subsamples. Colours are shown for the half-light aperture.
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F 5.27. Colour-magnitude vs. age-metallicity.Same as Figure 5.26, but for theburstmodel.
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F 5.28. Colour-magnitude vs. age-metallicity.Same as Figure 5.26, but for theconst-
b100model.
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F 5.29. Colour and stellar population properties of the dE subclasses. Colour val-
ues of the CMRs of dE(N)s (red squares), dE(nN)s (green circles), dE(di)s (yellow triangles),
and dE(bc)s (blue stars), measured at the bright and faint reference magnitudes, as labelled
below the diagrams. Small symbols indicate colours measured within the small aperture,
intermediate-size symbols represent the intermediate aperture, and large symbols mark the
colours within the large aperture, to illustrate systematic gradients. In the left part of the
figure we showu− r vs. i − zdiagrams, whileg− r vs. i − zdiagrams are shown in the right
part. Model tracks are shown for theexpmodels (top row), theburst model (middle row),
and theconst-b100model (bottom row).
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13. S  
We have analyzed the colours of 413 Virgo cluster dEs by constructing colour-magnitude relations

(CMRs) for different dE subclasses and different local densities, as well as by comparing them to
theoretical colours from population synthesis models of Bruzual & Charlot (2003). The CMRs of the
dE(N)s, dE(di)s, and of the full dE sample (excluding dE(bc)s) are consistent with being mainly a
relation of increasing metallicity with luminosity, with slightly smaller ages at higher metallicities.
We found significant differences between the CMRs of dE(N)s and dE(nN)s, as well as between the
CMRs at low and high local projected densities. The models imply that the dE(nN)s are younger than
the dE(N)s, and possibly also have somewhat lower metallicities. The dE(di)s are more similar to the
dE(N)s, yet are still found to be slightly younger on average. A significant intrinsic colour scatter of
the CMR is present, and the colour residuals about the CMR arecorrelated between different colours
for the dE(N)s, and partly also for the dE(nN)s, such that a galaxy falling on the blue side of the CMR
in one colour also does so in the other colour.

While we found in Section 7 that dE(nN)s and dE(N)s follow different CMRs, we then discovered
in Section 9 that the CMR depends on environmental density. Since we know that dE(nN)s and dE(N)s
populate different density regimes, we should compare the CMR of the dE(nN)s to that of thelow-
densitysubsample of dE(N)s: the median density of the latter is 1.18(in units of the logarithm of the
number of galaxies per square degree), and it is 1.20 for the dE(nN)s. In contrast, the median density
of the full sample of dE(N)s is 1.37. However, the CMR of the low-density dE(N)s is still significantly
different from that of the dE(nN)s ing−r andg− i; the probability for a common distribution is≤0.1%
for the half-light aperture. Likewise, the colour difference at the bright reference magnitude between
dE(N)s and dE(nN)s is 0.m09 in u − r and 0.m05 in bothg − r andg − i (half-light aperture), while
between the low-density dE(N)s and the full dE(N) sample, itis only 0.m01 inu− r andg− i, and even
lower in g − r. Thus, the colours of the (bright) dE(nN)s do differ from those of the dE(N)s even if
we allow for the different sampling in density.

The same test can be done for the dE(di)s: their densities (median value 1.18) are also much
more comparable to those of the low-density dE(N)s than to those of the full sample. However, their
colours are already more similar to those of the dE(N)s: the differences to the full dE(N) sample at
the bright reference magnitude are only 0.m02 inu− r, 0.m03 ing− r, and 0.m04 ing− i. Nevertheless,
the statistical comparison of the CMRs of the dE(di)s and thedE(N)s yielded significant differences
for several colours and apertures. This changes when we compare the dE(di)s to only the low-density
dE(N) sample: no statistically significant differences are found anymore. (Note, though, that the
colours of the dE(di)s at the bright reference magnitude arestill slightly bluer than those of the low-
density dE(N)s.) Whether or not this could indicate a close relation between dE(di)s and dE(N)s
despite their very different shapes will be discussed in Chapter 8.

We restricted our analysis of the dE colours to studying CMRsand mean colours instead of in-
dividual values — even though several CMRs are rather tight,their scatter is considerable in terms
of the ages and metallicities that our model colours correspond to (see, e.g., Figure 5.26). More-
over, measurement uncertainties are of particular significance ini − z because of the narrow range
of model colours. This problem can be overcome by combining optical colours with near-infrared
(NIR) photometry of similar S/N. Such NIR data is available for 22 of our dEs, and will be analyzed
in Chapter 7. Nevertheless, in the optical we have the advantage of photometry being available for
several hundred dEs — and we made use of this advantage by further exploring the colour scatter that
we just mentioned. We found that the scatter is not of random nature, but that the colour residuals
about the CMR are correlated between all colours for the dE(N)s, and betweenu − r andg − i for
the dE(nN)s. Moreover, at least the dE(N)s are consistent with having a nearly “perfect” intrinsic
correlation of colours, i.e., if the intrinsicu− r colour of a dE(N) lies on the red side of the respective
CMR, the same is true in almost all cases for the intrinsici − zcolour. This is particularly interesting,
sinceu− r is more sensitive to the age of the stellar population, whilei − z is sensitive to metallicity.
The straightforward interpretation would be that, when thestars in a dE are, on average, older than
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the typical value at the dE’s luminosity, then they are also more metal rich, and vice versa. Assum-
ing a direct correlation between luminosity and galaxy mass, the intrinsic scatter of the CMR could
thus be, for a given initial mass7, reflecting a scatter in star formation rate (SFR), perhaps caused by
environmental differences. A higher SFR at a given initial (gas) mass would, with neglect of other
possible effects, lead to stronger enrichment, i.e. to a higher metallicity, than a lower SFR. The gas
would be consumed more rapidly, thus reaching the end of starformation earlier than with a lower
SFR, and consequently yielding older stars on average. Optical or even NIR photometry with higher
S/N, especially in the important bandsu andz, could provide further insight into this issue.

While a more extended discussion of dE formation will be presented in Chapter 8, we briefly
want to compare our results to the ages and metallicities of dE(nN)s and dE(N)s derived by Rakos &
Schombert (2004), based on narrow-band photometry for 91 dEs in the Coma and Fornax clusters.
These authors derived ages above 8 Gyr for the dE(N)s, which they found to be about 5 Gyr older
than the dE(nN)s. At least qualitatively, and in a relative sense, this would be consistent with our
results, even though the age difference between the two subclasses seems to be smaller from our anal-
ysis. The latter might also be explained by the fact that the Virgo cluster is a dynamically less relaxed
structure than the Coma and Fornax clusters. As for the metallicities, Rakos & Schombert found the
dE(N)s to havelower metallicities than the dE(nN)s, conjecturing that “globular clusters and dEN
galaxies are primordial and have metallicities set by external constraints such as the enrichment of
their formation clouds.” This is not in agreement with our results for the brighter magnitudes: there,
we find the metallicities of the dE(N)s to be similar (in the inner part of the galaxies) or higher (for
apertures larger than half-light) than those of the dE(nN)s(cf. Figure 5.29). However, for the fainter
magnitudes and within the half-light radius, the dE(nN)s seem to be consistent with having slightly
larger metallicities than the dE(N)s. This result is also illustrated in Figures 5.26 to 5.28, where it can
be seen that the CMR of the dE(N)s spans a larger range in metallicity than that of the dE(nN)s, thus
reaching below the latter at the faint end. However, for these magnitudes and apertures, the age dif-
ference that we find between the two subsamples is small compared to that found between the bright
dE(N)s and dE(nN)s. We also note that the fainter dE(nN)s show a considerable colour scatter, and
that the sample of Rakos & Schombert (2004) only comprises 10dE(nN)s of the Coma cluster and 9
dE(nN)s of the Fornax cluster. Thus, while it would seem unlikely to us that the dE(nN)s and dE(N)s
in Virgo behave inversely to those in the other clusters, there seem to be at least some possible expla-
nations that could account for the different results of our studies. Whether or not dE(N)s could, from
the perspective of our Virgo cluster study, be a primordial population of galaxies will be discussed in
Chapter 8.
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“Diversity is a good thing!”

Liese van Zee

Following up on our analysis of the optical colours and the stellar populations of
413 Virgo cluster early-type dwarf galaxies (dEs) from Chapter 5, we investigate
whether colour and stellar population substructure is seenwithin the cluster, i.e.,
whether significant differences occur between different cluster regions. We find no
significant variations across the cluster in the colour residuals about the fit to the
CMR, neither for the dE(N)s, dE(nN)s, nor for the full dE sample. We then apply a
simple mapping between observed and model colours, therebytranslating colours
into ages and metallicities. Most of the variations seen in the age and metallicity
distribution across the cluster are not significant, based on Monte-Carlo simulated
distributions. One structure, though, is strong enough to be real: within a region
extending south-eastward from the Virgo cluster center, the stellar populations of
the dE(N)s are, on average, somewhat older (∼0.1 dex) than elsewhere in the clus-
ter. We discuss this observation with regard to possible implications for dE formation.

This study was done together with Eva K. Grebel and Bruno Binggeli.
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1. I
The Virgo cluster is a dynamically young structure — even itscore is not yet relaxed (Binggeli

et al. 1987, 1993; Arnaboldi et al. 2004). Its “central” galaxy, M 87, does actually not sit at the cluster
center, neither in projected coordinates, nor in velocity space. However, it does coincide with the
center of the X-ray emission from the intracluster medium (Böhringer et al. 1994). Furthermore, the
cluster displays pronounced double structure (Figure 6.1,left panel): the main part, at declinations
δ & 10◦ (“cluster A”; see Binggeli et al. 1993), and the concentration in the southern part (“cluster B”)
have significantly different velocity dispersions and galaxy compositions. Cluster B is, in contrast to
cluster A, dominated by late-type galaxies, yet has asmallervelocity dispersion (Binggeli et al. 1987).
Moreover, M 86, westward of M 87, appears to be part of a galaxygroup that is in the process of
merging with the main cluster (Binggeli et al. 1993; Böhringer et al. 1994). Obviously, the assembly
of the Virgo cluster is still ongoing.

Based on the kinematic properties of Virgo cluster galaxies, Conselice et al. (2001) concluded
that solely the population of giant elliptical galaxies (not including S0s) forms a relaxed or nearly
relaxed system. No other (giant or dwarf) galaxy populationshows characteristics of relaxation,
consistent with the picture of a young, unrelaxed cluster, as described above. In Chapter 4, we
analyzed the properties of several different subclasses of Virgo cluster early-type dwarf (dE) galaxies:
dEs with disk features (dE(di)s), dEs with blue centers (dE(bc)s), nucleated ordinary dEs (dE(N)s),
and ordinary dEs that have no or only a weak nucleus (dE(nN)s). We found that only the dE(N)s
constitute a fairly relaxed population of galaxies. Moreover, our results are in agreement with those
of Conselice et al. (2001): the distribution of the dE(N)s with local projected density is similar to
those of thecombinedsample of Es and S0s, but the Es alone are, on average, locatedat even higher
densities.

Potential colour and stellar population differences between the different dE subclasses have been
analyzed in the previous chapter, with the result that the colour-magnitude relation (CMR) is different
for dE(nN)s and dE(N)s, and also shows differences with local density. We now seek to use our sample
of 413 Virgo cluster dEs, imaged with the Sloan Digital Sky Survey (Data Release 5, Adelman-
McCarthy et al. 2007), to investigate whether the colours and stellar population characteristics of the
dEs are homogeneously distributed throughout the cluster,or whether they show significant variation
between different cluster regions. Given the amount of substructure that is present in the spatial
and kinematical distribution of galaxies across the Virgo cluster (see above), it seems possible that
the colours of the dEs reflect this substructure. If they indeed carried an imprint of their respective
formation history, they could serve as tracers of the assembly history of the cluster.

Conselice et al. (2001) pointed out that the number of Virgo cluster dEs is more than a factor of
3 larger than what would be expected from just adding groups to the cluster. Similarly, van Zee et al.
(2004b) argue that it is a reasonable assumption that most dEs do not enter the cluster as dEs, but
that the cluster environment plays a crucial role in shapingthem. It should thus be interesting to see
whether we find any substructure in the distribution of the dEcolours across the cluster that could
be interpreted as originating from a group that has been recently accreted. If, instead, we would find
substructure that traces the galaxy (or gas!) density within the cluster, this would support the picture
that most dEs formedwithin the cluster potential. The proposed mechanisms for the transformation of
late-type galaxies into dEs should typically be stronger ormore efficient in the central regions of the
cluster, or in regions of higher density: in the harassment scenario (Moore et al. 1996), the probability
for close tidal encounters with massive cluster galaxies ishigher in those regions. The same would
be expected for the scenario of tidally induced star formation in dwarf irregulars (Davies & Phillipps
1988). Finally, the efficiency of ram-pressure stripping must obviously be larger in regions with a
higher density of intracluster gas. We thus search for an imprint of these processes in the colours and
stellar populations of our dEs, thereby trying to come one step closer to answering the question of
“nature or nurture”.
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2. D  
The SDSS DR5 covers all galaxies listed in the Virgo cluster catalog (VCC, Binggeli et al. 1985),

except for an approximately 2◦ × 2.◦5 area atα ≈ 186.◦2, δ ≈ +5.◦0. It provides reduced images
taken in theu, g, r, i, andz bands with an effective exposure time of 54s in each band (see also
Stoughton et al. 2002), as well as the necessary parameters to flux calibrate them. The pixel scale of
0.′′396 corresponds to a physical size of 30 pc at our adopted Virgo cluster distance ofd = 15.85 Mpc
(distance modulusm− M = 31.m0; see, e.g., Ferrarese et al. 2000), which we use throughout. The
RMS of the noise per pixel corresponds to a surface brightness of approximately 24.2 mag arcsec−2

in the u-band, 24.7 in g, 24.4 in r, 23.9 in i, and 22.4 in z.
The images have an absolute astrometric accuracy of RMS≤ 0.′′1 per coordinate, and a relative

accuracy between ther band and each of the other bands of less than 0.1 pixels (Pier et al. 2003). They
can thus easily be aligned using their astrometric calibration and need not be registered manually.
Furthermore, adjacent SDSS images can be accurately put together, allowing the extraction of cutout
images that fully cover a given object, even if the latter lies at the edge of an SDSS image.

Since the sky level on the SDSS images can vary by some tenths of the noise level across an
image, it is not sufficient to subtract only a single sky flux value from each image.We therefore
determined the sky flux distribution across a given image using a thorough procedure, as described in
detail in Chapter 4. The sky-subtracted images were then fluxcalibrated and corrected for Galactic
extinction (Schlegel et al. 1998). We also correct for the reported SDSS zeropoint offsets in theuandz
bands from the AB system (Oke & Gunn 1983, see http://www.sdss.org/dr5/algorithms/fluxcal.html),
as described in more detail in Chapter 5.

Our working sample of Virgo cluster dEs contains 413 certaincluster members that were initially
classified as early-type dwarfs in the VCC (’‘dE” or “dS0”, including candidates), that are brighter
thanmB ≤ 18.m0, that passed our visual examination for possible dwarf irregulars, and for which a
Petrosian radius could be derived. The details of our sampleselection are described in Chapter 4.

Total galaxy magnitude in ther band is measured within an elliptical aperture of two “Petrosian
semimajor axes”, i.e., ellipses instead of circles were used in the calculation of the Petrosian radius
(Petrosian 1976; Lotz et al. 2004a); see Chapter 4 for further details. For each galaxy and band,
we measured colours within three elliptical apertures:a ≤ 0.5ahl,r (“small aperture”),a ≤ ahl,r

(“intermediate aperture” or half-light aperture), anda ≤ 2ahl,r (“large aperture”), whereahl,r is the
half-light semimajor axis inr (see Chapter 4).

3. T-    
Our aim is to study the two-dimensional distribution of the stellar population properties of our dEs

across the Virgo cluster. For this purpose, we define two-dimensional (2-D) circular bins within which
we can calculate the average value of a given quantity, e.g.,the average colour residual about the
CMR. We choose the bin radius to be 1.◦46, which corresponds to one tenth of the range in declination
covered by the Virgo cluster member galaxies. A bin is placedevery 0.◦37 in right ascension and
declination, which is one quarter of the bin radius. Insteadof the “normal” right ascension, we use a
“corrected” right ascension, defined as

(15) αcorr = (α − 182◦) · cos(δ) + 182◦ ,

to be able to perform all calculations in true degrees.
Figure 6.1 shows the distribution of all Virgo cluster member galaxies from the VCC (left panel).

From this distribution, we obtain a map of galaxy density across the cluster (right panel): every
pixel represents one of our bins, and the pixel value is, in this case, the number of galaxies within
the circle defined above. For this density map, we compute isophotal contours that represent lines
of constant galaxy number density (middle panel). Throughout this chapter, we will illustrate the
results of our 2-D binning in the same way, i.e., by presenting an “image” of the Virgo cluster that
contains the computed quantities as pixel values. The number density contours will be included in
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F 6.1. Distribution of Virgo cluster galaxies. Left: Projected spatial distribution of
all Virgo cluster galaxies that are certain cluster members(grey dots), along with an illus-
tration of the size of our two-dimensional circular bin, andthe number density contours (see
below). The x-axis gives a “corrected” right ascension, such that the cos(δ) factor is taken
into account:αcorr = (α − 182◦) · cos(δ) + 182◦ (labelled “RAcorr.” in the figure). Middle:
Image representing the number of galaxies within our circular bin, calculated at every pixel.
Brighter pixels mean a larger number of objects; see the scale bar below the figure. Isopho-
tal contours – equivalent to number density contours – are constructed withSAOImage DS9
(Joye & Mandel 2003, using a “smoothness” value of 1), with the outermost contour at a
value of 26 galaxies per bin, and the innermost one at 251 galaxies per bin, in linear steps of
25. Right: Same as middle panel, but without showing the contours.

those illustrations, acting as a crude map of the Virgo cluster and enabling a direct comparison of any
potential substructure with galaxy clustering properties.

As a first application of the 2-D binning, we present in Figure6.2 the distribution ofr magnitudes
of our dEs within the cluster, for the dE(N)s (top row), dE(nN)s (second row), dE(di)s (third row),
and the full sample of dEs (bottom row). Here, pixel values are the average of ther magnitudes of the
galaxies within a given bin, applying two iterations of clipping at 3σ. The brighter a given pixel is, the
brighter are, on average, the galaxies within it (see the scale bar below the figure for the corresponding
values). Bin values are only calculated if three or more galaxies contribute to it. The second column
illustrates the error estimate for each pixel’s value. It isderived by quadratically adding the individual
magnitude errors of the contributing galaxies. Where fewerobjects contribute to a pixel, or where
more faint objects contribute, the error will be larger, reflecting the larger uncertainty in the pixel
value. As a further reference, we show in the third column thenumber of galaxies contributing to
each bin, similar to Figure 6.1. A brighter pixel indicates alarger number of objects within the bin
radius.

While the dE(N)s show a rather homogeneous distribution of magnitudes, the dE(nN)s are obvi-
ously fainter on average towards the cluster center and south-west from it. This simply reflects the
clustering distributions found in Chapter 4: while the faint and bright dE(N)s are distributed simi-
larly, the bright dE(nN)s are, on average, located in less dense regions than the faint dE(nN)s. For
the dE(di)s, not much can be seen from the present figure, except that they are among the brightest
dEs. Due to the small number of dE(di)s within each bin (thirdcolumn), as well as in total, we do not
consider the dE(di) sample in our following analysis of galaxy colour distributions. (However, the
dE(di)s are of course kept in the full dE sample.)

In addition to the magnitude distribution, we show in the right panel of Figure 6.2 the distribution
of apparent axial ratios across the Virgo cluster. Here, we calculated the mean of the axial ratios of
the galaxies in each bin, again clipping two times iteratively at 3σ. The axial ratio measurements
are described in Chapter 4. The brighter a given pixel is, thelarger is the average axial ratio, i.e.,
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F 6.2. Distribution of magnitudes and axial ratios. First column: Distribution of r
magnitudes for dE(N)s, dE(nN)s, dE(di)s, and all dEs, from top to bottom. Brighter pixels
indicate a brighter mean magnitude; see the scale bar below the figure. Second column:
Errors on each pixel, derived from the individual errors on ther magnitudes. Brighter pixels
indicate lower errors. See text for details.Third column:Number of objects contributing to
each pixel. Brighter pixels indicate a larger number of objects. Fourth column:Distribution
of apparent axial ratios. Brighter pixels indicate larger axial ratios, i.e., rounder objects.

the rounder appear the galaxies within it. While we do not have an error estimate for the axial ratios
themselves, the magnitude errors (second column) and the number of contributing galaxies (third
column) again provide a useful reference for the reliability of the value of a given bin.

It can be clearly seen that the “axial ratio map” (rightmost column) and the “magnitude map”
(leftmost column) of the dE(nN)s show very similar substructure. This is another way of illustrating
the results found in Chapter 4: brighter dE(nN)s are locatedin regions of lower densityand have
flatter shapes than the fainter dE(nN)s. However, it is interesting that also for the dE(N)s, some
substructure in the distribution of axial ratios is seen, different from the distribution of magnitudes.
Apparently, the roundest objects on average are found in thenorth-western part of the cluster, as well
as south-east from the center. The difference is not too large, though; the values at the cluster center
are about 0.05 smaller than in the regions with the highest values. It might thus be that what we see
is, at least partly, a statistical effect, caused by the fact that perfect “randomness” of the distribution
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F 6.3. Velocity distribution of Virgo cluster galaxies. Velocities for 529 VCC galax-
ies are available from the NED.Left: Distribution of local velocity dispersion, i.e., the stan-
dard deviation around the mean value calculated for each bin. Brighter pixels indicate a
larger velocity dispersion; see the scale bar below the figure. Middle: Distribution of veloc-
ities. Brighter pixels indicate a larger mean velocity.Right: Number of objects contributing
to each pixel. Brighter pixels indicate a larger number of objects.

of inclination angles under which a galaxy is seen would require a larger number of galaxies per bin
than present.

As another important issue, we point out that the size of any substructure will typically beof the
order of the bin size or larger. To the eye of an astronomer who is used to faint galaxy imageswith
a rather large noise level, a substructure like the one just described for the axial ratios of the dE(N)s
looks significant; otherwise one would naively expect a noisier axial ratio map. This is, however,
not the case: due to the fact that our bin size is several timeslarger than the steps between the bins,
a tendency in one bin will always be present in the adjacent bins as well, creating the impression
of well-defined substructure. We will come across this pointagain in our analysis of the colour
distribution of our galaxies.

In Figure 6.3, we present, as another application of the 2-D binning technique, the distribution
of local velocity dispersion, using all VCC member galaxiesfor which the NED provides velocity
measurements (529 out of 1288 galaxies). At each pixel, we measure the standard deviation of he-
liocentric velocities (left panel) around the mean velocity (middle panel). The right panel illustrates
the number of objects in each pixel that contributed to it. These maps provide an illustration of the
distribution of velocities that is very similar to that of Binggeli et al. (1987, their Figures 24 and 26)
and shows the same features. For example, the low velocity dispersion in the southern part of the
cluster, extending south-westward from cluster B, had beeninterpreted by Binggeli et al. (1987) as an
indication that cluster B is a separate cluster in its own right, not just a subconcentration. The region
of lower than average mean velocity in the north-western part of the cluster might indicate galaxy
infall from behind the cluster, while regions of higher thanaverage mean velocity could imply infall
into the cluster away from us (Binggeli et al. 1987). If we should find significant colour or stellar
population substructure in our analysis below, we can make use of these velocity maps for comparing
it to the kinematical substructure of the cluster.

4. C    
We now want to analyze the distribution of the colour values of our dEs by applying the 2-D

binning. However, a straightforward averaging of the colour values of the galaxies in each bin would
not take into account that the primary determinant of a galaxy’s colour is the colour-magitude relation
(CMR; see Chapter 5). What we would actually like to know is whether galaxies in certain cluster
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F 6.4. Colour distribution within the Virgo cluster. 1st column:Map of the distri-
bution of colour residuals about the respective CMR, foru − r colour measured within the
half-light aperture. Red pixels indicate positive residuals, i.e., colours that are redder than
the CMR, blue pixels indicate negative residuals (bluer than the CMR); a scale bar is shown
below the figure. From top to bottom, we show a map for the dE(N)s, the dE(nN)s, and
for all dEs excluding dE(bc)s; each map is based on the CMR of the respective subsample.
2nd column:Errors on the bin values in the left column, derived from quadratically adding
the individual colour errors of each galaxy. Brighter pixels represent smaller errors; a scale
bar is shown below the figure.3rd column: Number of galaxies contributing to each bin.
Brighter pixels indicate a larger number of objects; see thescale bar below the figure.4th
column: Map of the distribution of colour residual gradients, i.e.,of the difference between
the residuals measured for the small and the large aperture.Red pixels indicate that the
residual is larger (i.e., redder) for the small aperture. The same scale bar applies as for the
distribution of residuals shown in the first column.5th column:Errors on the bin values in
the fourth column, derived from quadratically adding the individual colour gradient errors of
each galaxy. These were obtained by quadratically adding the colour errors for the small and
large aperture. Brighter pixels represent smaller errors;again, the same scale bar applies as
for the colour errors shown in the second column.

regions are bluer or redder than otherswith respect to the CMR. Therefore, we compute for each 2-D
bin the average colourresidualabout the CMR, instead of the average colour. As before, we apply
two iterations of clipping values that deviate by more than 3σ from the mean.

In Figures 6.4 to 6.7, we present the distributions ofu− r, g− r, g− i, andi−zcolour, respectively,
for the dE(N)s, dE(nN)s, and for all dEs excluding dE(bc)s. The distributions of colour residuals,
measured within the half-light aperture, is shown in the left column. The corresponding errors on each
bin’s value are given in the second column, derived from quadratically adding the individual colour
errors of each galaxy. Brighter pixels represent smaller errors, i.e., more reliable measurements. The
third column shows the number of galaxies contributing to each bin, as in the previous figures. The
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F 6.5. Colour distribution within the Virgo cluster. Same as Figure 6.4, but forg− r colour.

fourth column contains the distribution of colour residualgradients, defined as the difference between
the colour residual of the small and the large aperture. Red areas in the figure represent regions where
the galaxy centers are, on average, redder than their outskirts — or more precisely, where the residuals
about the CMR of the inner colours reach further towards the red than the residuals about the CMR
of the outer colours. The corresponding errors on the bin values for the gradients are shown in the
fifth column; they are calculated as above from the individual errors on the gradients. For a given
galaxy, we compute the error on the colour gradient by quadratically adding the errors for the small
and large aperture. Note that the scale bars below the figure apply equally to the colour values and
colour gradients, as well as to the colour errors and gradient errors.

Colour substructure can be seen in basically all of Figures 6.4 to 6.7. A feature that is consistently
present in all colours is the region at the southern end of thecluster where the dE(N)s are redder than
average. For the dE(nN)s, the region westward of the clustercenter displays redder than average
colours in all ofu − r, g − r, andg − i, while its i − z values are bluer than in other regions. Note,
however, that the number of galaxies in this region is also somewhat lower than in its surroundings.
The full dE sample basically shows a combination of the aboveeffects: the region of redder dE(N)s
towards the southern cluster end is seen for the full sample as well, though somewhat weaker ini − z.

As for the colour gradients, no structure is really appearing consistently in all colours, or at least
in all but i − z. It is suspicious that only weak systematic gradients seem to be present ing− i, where
the errors are smallest, and rather strong gradients are seen in u − r and i − z, where the errors are
significantly larger. This makes clear that we need to test the reliability of any substructure seen
in our colour maps. First, we need to know if and how strongly the residuals in a given colour are
correlated with those in an other colour: the weaker these are correlated, the stronger is the confidence
in any substructure that is seen inall colours. Second, since at least for the dE(N)s and for the full
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F 6.6. Colour distribution within the Virgo cluster. Same as Figure 6.4, but forg− i colour.

sample, the CMR is fairly tight and well-defined (Chapter 5),we can create Monte-Carlo realizations
of artificial colour maps by simply redistributing the residuals randomly among the galaxies.

The correlation of colour residuals between different colours has already been investigated in
Chapter 5 (Section 10). We found there that the observed residuals are correlated between all colours
for the dE(N)s and the full dE sample, and betweenu − r and g − i for the dE(nN)s. Moreover,
the dE(N)s are consistent with having a nearly “perfect” intrinsic correlation of colours, i.e., if the
intrinsicu−r colour of a dE(N) lies on the red side of the respective CMR, the same is true in almost all
cases for the intrinsici − zcolour. This intrinsic correlation is, of course, diluted by the measurement
uncertainties, which is why we can only stateconsistencywith a “perfect” intrinsic colour correlation.

Due to these correlations, it is clear that the appearance ofcolour substructure in all bands for
the dE(N)s (see above) and in all buti − z for the dE(nN)s isnot indicating a higher significance of
the substructure — instead, it is simply a consequence of thecolour correlations. We thus need to
understand whether this substructure is significant at all,or whether it could be explained by statistical
fluctuations alone. Therefore, we now proceed to the Monte-Carlo construction of artificial colour
maps. What we would like to get an idea of is the strength and frequency of colour substructure
that we would find due to sampling issuesonly, even if no true substructure was present and all
galaxies followed exactly the same CMR. If we thus wanted to construct artificial colour maps from
a given CMR and scatter, a crucial issue would be the modelling of this scatter: we find it to be larger
than if it were caused only by measurement errors (Chapter 5), most likely due to the presence of at
least some intrinsic scatter in the galaxy colours at a givenmagnitude. In principle, we could try to
describe the scatter of the CMR by some analytic function (the common assumption of a Gaussian
distribution is usually just wishful thinking), taking double care of the tails of the distribution in
order to not underestimate possible substructure later. However, there is a more practical way that,
at the same time, guarantees that the scatter is properly reproduced: we simply take the measured
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F 6.7. Colour distribution within the Virgo cluster. Same as Figure 6.4, but fori − zcolour.

colour residuals of our galaxies, and redistribute them randomly among them. The only critical issue
here is whether or not the scatter of the CMR increases significantly with magnitude, such that, by
random distribution, some “too large” residuals could be assigned to the brighter galaxies. However,
if anything, this would make our method more conservative, since it would create too much artificial
colour substructure.1 Moreover, the CMRs of at least the dE(N)s and the full dE sample are fairly
tight, supporting our approach.

Based on the above, we present in each of Figures 6.8 to 6.11 twelve artificial colour maps for the
dE(N)s, resulting from random distributions of colour residuals. The same is shown for the dE(nN)s
in Figures 6.12 to 6.15. Note that we redistributed the measurement errors along with the residuals: a
residual could be large simply because of a large measurement error. Therefore, we do not split this
“pair” of colour residual and error, but keep them together.These errors are used in the calculation
of the errors of our bin values shown in the figures — if the value of a certain bin would be redder or
bluer only because of large measurement errors that caused large residuals, this should be reflected in
a rather large error for this bin.

Obviously, the amount and strength of substructure in our artificial colour maps is comparable to
that in the observed ones. The observed substructure is thusnot significant. Even for the southern
feature of redder dE(N)s, which can be matched only by the strongest variations in the simulated
colour maps at the given level of galaxy number density, we cannot reliably conclude that this feature
is real. We also constructed colour maps and corresponding simulations using larger 2-D bins (bin
radius 2.◦44, not shown), in order to obtain more reliable values for each bin. However, while the
artificial features in the simulated maps obviously become smaller, the real features do so as well,
again leading to no significance of the structures seen — and again, the southern feature is rather

1 Furthermore, this effect would only be present if the distribution of magnitudes across the cluster was not homoge-
neous, which is the case for the dE(nN)s, but only weakly for the dE(N)s.
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strong as compared to the simulated variations, but not strong enough to be reliable. That the observed
features become weaker with larger bin size could of course simply mean that no real substructure is
present. It could, however, also mean that any real substructure occurs on smaller scales and is thus
smoothed out — after all, the larger bins have a diameter equal to one third of the range in declination
covered by the whole cluster. Note that the above considerations also apply to the colour residual
gradients, since these are based ontwosets of colours (those for the small and large aperture), andare
thus even more prone to statistical variations.
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u-r residuals Error ...

F 6.8. Simulated colour distributions for dE(N)s. Colour residual maps from twelve
Monte-Carlo realizations of randomly distributed residuals of the dE(N)s inu − r for the
half-light aperture, along with corresponding error maps.See text for details.

g-r residuals Error ...

F 6.9. Simulated colour distributions for dE(N)s. Same as Figure 6.8, but forg− r colour.
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g-i residuals Error ...

F 6.10. Simulated colour distributions for dE(N)s. Same as Figure 6.8, but forg− i colour.

i-z residuals Error ...

F 6.11. Simulated colour distributions for dE(N)s. Same as Figure 6.8, but fori − zcolour.



156 6. STELLAR POPULATION CHARACTERISTICS ACROSS THE VIRGOCLUSTER

u-r residuals Error ...

F 6.12. Simulated colour distributions for dE(nN)s. Same as Figure 6.8, but for the dE(nN)s.

g-r residuals Error ...

F 6.13. Simulated colour distributions for dE(nN)s. Same as Figure 6.12, but forg− r colour.
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g-i residuals Error ...

F 6.14. Simulated colour distributions for dE(nN)s. Same as Figure 6.12, but forg− i colour.

i-z residuals Error ...

F 6.15. Simulated colour distributions for dE(nN)s. Same as Figure 6.12, but fori − zcolour.
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5. T     
Even though the colour residuals about the respective CMRs show no significant substructure, we

aim at investigating whether the stellar population ages and/or metallicities do, since these rely on the
actual colours, not on the colour residuals. For this purpose, we use some of our population synthesis
models from Chapter 5, which are briefly described again below. We then proceed by assigning a
value for age and metallicity to each galaxy by comparing observed and model colours.

5.1. Population synthesis models

Our population synthesis models are described in detail in Chapter 5. Briefly, they were con-
structed using the population synthesis code from Bruzual &Charlot (2003), with “Padova 1994”
isochrones (Bertelli et al. 1994), a Chabrier initial mass function (IMF; Chabrier 2003), and the
Bruzual & Charlot high resolution files, which rely on the STELIB spectral library in the wavelength
range 3200− 9500 Å and on the BaSeL 3.1 spectral library outside this range (see Bruzual & Charlot
2003, and references therein). We assume that the first starshave formed at about 13.5 Gyr, since we
adopt a concordance cosmology withH0 = 71 km s−1 Mpc−1, Ωm = 0.27,ΩΛ = 0.73, in which the
Big Bang occured 13.67 Gyr ago (Wright 2006).

We constructed three main models: a single burst of star formation with exponential decay (exp
model), a model consisting of ten short bursts of star formation occuring within 1 Gyr (burst model;
cf. Davies & Phillipps 1988), and a model with constant star formation since the Big Bang that is
truncated at a certain epoch (constmodel). From our comparison of several variants of these models
in Chapter 5, we prefer to use in our analyses the following variation of theconstmodel: at the point
of time when star formation is truncated, the galaxy experiences one final short burst of star formation
during which the star formation rate is boosted by a factor of100 (const-b100model).

Given the definition of our models, the “age” of a given stellar population can have different
meanings: for both theexp and burst models, “age” means the time since the beginning of star
formation. For theconst-b100model, the analogue to age is the time of truncation of star formation:
younger ages correspond to more recent truncation times. Nevertheless, we prefer to speak only of
“age” in our later analysis, thereby meaning either age or truncation time. Another difference is that
due to the nature of the models, the model tracks (curves of constant metallicity) consist of 60 or more
age points for theexpand theburst models, whereas theconstmodel only consists of six different
truncation times calculated by us.

5.2. Assigning ages and metallicities

Following the considerations in Chapter 5, we will use both theu − r vs. i − z and theg − r vs.
i − zdiagrams for interpreting colours with ages and metallicities. Theu− r colour has the advantage
of a larger colour spread between different model ages, but our photometric errors are significantly
lower in g− r, which is why the latter is similarly useful. Figure 6.16 shows theexpmodel tracks in
both diagrams, along with the measured half-light aperturecolour values of the dE(N)s (red dots, top
panels). To illustrate that a large part of the scatter of thedata points is caused by the measurement
errors, these are shown in the bottom panels of the figure.

We now assign to each observed data point the “closest” modeldata point (see below). For an
individual object, this might of course lead to stellar population parameters that are way off from the
true ones — butaveragetrends in ages and metallicities should be found by this method. In theg− r
vs. i − zdiagram, we define the distance between an observed and a model point by simply taking the
square root of the sum of the squaredg − r and i − z distances, as in a cartesian coordinate system.
This means that we weight both colours equally, since the ranges of colour values covered by the bulk
of data points have similar widths. For theu− r vs. i − zdiagram, we chose to weight theu− r colour
by a factor of 1/4, since the relevant range of colour values is∼4 times larger than ini − z.

The assignment is illustrated in the top panels of Figure 6.16 for the galaxy VCC 0009 (pink dot
and line). Note that the x and y-axis are not shown with equal spacing in the figure. Obviously, if
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F 6.16. Assigning ages and metallicities.Shown are Bruzual & Charlot model tracks
of constant metallicity for ourexpmodels (see text) in theu− r vs. i − z andg− r vs. i − z
diagrams. Metallicities are, from right to left,Z = 0.008 ([Fe/H] = −0.33, black),Z = 0.004
([Fe/H] = −0.64, light grey), andZ = 0.0004 ([Fe/H] = −1.65, dark grey). The exponential
decay time isτ = 1 Gyr for the tracks shown as solid lines, and 2 Gyr for those shown as
dotted lines. Ages are marked for each model track at 4.5, 7.5, 10.5, and 13.5 Gyr with filled
squares (exp-1model) or filled circles (exp-2model). Moreover, we show the measured half-
light aperture colour values of the dE(N)s (red dots, top panels), as well as the corresponding
measurement uncertainties (red error bars, bottom panels). The top panels illustrate how an
age and metallicity value is assigned to a given galaxy (pinkdot and line); see text for details
on how this is done.

this galaxy’si − z colour would be just a bit bluer, it would not be assigned to the Z = 0.004 track,
but instead to theZ = 0.0004 track and a much larger age. This shows the rather large uncertainty
of this (and practically any other) procedure for anindividual object; however, our aim is to derive
averagevalues, for which it should be useful. Error estimates for the assignment are obtained by
propagating the colour errors through the distance calculation (and assuming zero error for the model
points), which basically yields the error on the distance. In the 2-D diagrams below, the greyscale for
these errors is chosen to range from 0 to

√
2 · 0.05; the latter is about one third of the relevant colour

range for the assignment.
In order to see whether the colour-magnitude relation itself would lead to age and metallicity

substructure within the cluster, e.g. due to regions with different average magnitude, we perform
another assignment of ages and metallicities: instead of using the actual colour values of a given
galaxy, we use the colour of the linear fit to the CMR at that galaxy’s magnitude. We then perform
the same assignment of ages and metallicities. This should also provide some insight into the effect
that the discretization of metallicities can have on the assignment.

6. A-    
After the assignment of ages and metallicities as describedin the previous section, we apply our

2-D binning to these values. For each 2-D bin, we compute the average age and metallicity. Averaging
is done on the logarithmic values, i.e., on log(age) and [Fe/H], since ages are given in logarithmic
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F 6.17. Age and metallicity distribution of dE(N)s within the Virgo cluster. 1st col-
umn: In the top two rows, the age distribution is shown based on theexp-1model (see text),
using theg− r vs. i−zcolours (top row) and theu− r vs. i−zcolours (second row), measured
within the half-light aperture. The two bottom rows show thedistribution of age gradients,
i.e., the difference between the ages based on the small and the large aperture. Redder colour
indicates a higher age in the inner regions of the galaxies; see the corresponding scale bar
below the figure.2nd column:Same as the first column, but for metallicity. Redder colour
indicates a higher metallicity (top two rows), or a higher metallicity in the inner regions of
the galaxies as compared to the outskirts (bottom two rows).3rd column: Distribution of
colour errors. For a given galaxy, an error for the age-metallicity assignment is derived by
propagating its colour errors through the calculation of the distance to the model tracks in
colour space. This basically corresponds to the error on that distance. For the gradients (bot-
tom two rows), we add quadratically the errors for the small and the large aperture. The error
on the value of a 2-D bin is then derived by quadratically adding the errors of the galaxies
contributing to it. A corresponding scale bar is given belowthe figure.4th column:Number
of galaxies contributing to each bin. Brighter pixels indicate a larger number of objects; see
the scale bar below the figure.5th column:Age distribution as the first column, but based on
the colour values of the CMR at each galaxy’s magnitude, instead of the actual colour values
of the galaxies.6th column:Same as the fifth column, but for metallicity.
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F 6.18. Age and metallicity distribution of dE(N)s within the Virgo cluster. Same
as Figure 6.17, but based on theburstmodel.

units by the Bruzual & Charlot models, and since for metallicities, these are the common “working
units” that provide an at least close-to-linear spacing between the models. In Figures 6.17 to 6.19, we
show the age and metallicity distribution derived for the dE(N)s using theexp-1, theburst, and the
const-b100model. The dE(nN)s are presented in Figures 6.20 to 6.22. Each figure shows in the top
two rows the actual age and metallicity values, based on the half-light aperture, while in the bottom
two rows, gradients are shown, i.e., the difference between the values based on the small and the large
aperture. The maps on the left side were calculated from the individual colour values, while those on
the right side are based on the colour values of the linear fit to the CMR, as described in Section 5.2.
As labelled on the left side of each figure, we present the results based on theg− r vs. i − zdiagrams
(first and third row), as well as based on theu − r vs. i − z diagrams (second and fourth row), for
comparison.

The dE(N)s seem to have higher ages and lower metallicities in, or close to, the central region of
the cluster. Part of this is caused by the CMR itself, especially for the metallicities (rightmost column
in the figures). Note that this anticorrelation of ages and metallicities reflects the position of the CMR
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F 6.19. Age and metallicity distribution of dE(N)s within the Virgo cluster. Same
as Figure 6.17, but based on theconst-b100model.

in the colour-colour diagrams shown in Chapter 5, where typically, the faint, lower-metallicity end of
the CMR reaches somewhat higher ages on the model tracks thanthe bright end.

The dE(nN)s show a patchier age and metallicity substructure than the dE(N)s. Due to the fact
that their CMR spans a rather narrow range in the colour-colour diagrams (see Figures 5.26 to 5.28
of Chapter 5), the ages and metallicities derived from the CMR values show a strong discretization,
and do not provide a very useful reference. This problem occurs – due to our simple approach of
assigning ages and metallicities – when the colour range covered by the CMR is not much larger than
the spacing between the model tracks.

Similar to the simulations of colour maps in Section 4, we canconstruct artificial Monte-Carlo
realizations of age-metallicity distributions, in order to test the significance of the substructure seen.
For this purpose, we first redistribute all colour residualsabout the CMR randomly among our galax-
ies. Since a galaxy’s colour is equal to the colour value of the CMR at the galaxy’s magnitude plus
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F 6.20. Age and metallicity distribution of dE(nN)s within the Virg o cluster. Same
as Figure 6.17, but for the dE(nN)s.

the residual about the CMR, we obtain a new colour value for the galaxy through the random distri-
bution of residuals. These new colours are assigned ages andmetallicities, and corresponding maps
are constructed like above with the same 2-D binning.

The resulting artificial age and metallicity maps are presented in Figures 6.23 and 6.24 for the
dE(N)s and the dE(nN)s, each showing twelve realizations ofage maps (top two rows) and twelve
realizations of metallicity maps (bottom two rows), based on theexp-1model. From these figures it
can be deduced that most age and metallicity substructure seen in Figures 6.17 to 6.22 (beyond that
imposed by the CMR itself) can be explained with statisticalfluctuations only, indicating that any real
substructure is weaker, or, at best, equally strong than these. Since the use of larger 2-D bins did not
yield to more significant results for the colours themselves(Section 4), we do not attempt to repeat
this investigation here, because the derived ages and metallicities obviously rely on the very same
colours.

One feature, though, appears to be stronger than what is seenin the simulations, namely the larger
age of the dE(N)s at about the cluster center, but actually slightly offset towards the south-east (top
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F 6.21. Age and metallicity distribution of dE(nN)s within the Virg o cluster. Same
as Figure 6.20, but based on theburstmodel.

left panel in Figures 6.17 to 6.19). The difference to similar (but weaker) features in the artificial
age maps is less than 0.1 dex, which, nevertheless, would mean a difference of about 20% for the
actual value. Since we found a density dependence of the CMR in Chapter 5, we test whether this
could be responsible for the feature we see. In Figure 6.25, we show the age maps separately for
the low-density and high-density dE(N) subsample (dividedat the median density of the dE(N)s; see
Chapter 5). Interestingly, the region of redder colours appears in the maps of both subsamples. Now,
while this structure seems to be real and not caused by randomvariations, we note that its size is
comparable to the bin size that we use. Since there are typically 25 − 50 dE(N)s within the bins
that are in focus here, we point out that a “real” feature could, in principle, be caused by only∼ten
galaxies that have higher ages than the other ones (but in this case requiring their ages to be even
more different from the rest than if a systematic effect would be present for all galaxies in the region).

The maps for the full dE sample (not shown) are basically a combination of those of the dE(N)s
and the dE(nN)s. No additional significant substructure is seen in them. As for age and metallicity
gradients, note that significance of substructure is even more difficult to achieve, since the statistically
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F 6.22. Age and metallicity distribution of dE(nN)s within the Virg o cluster. Same
as Figure 6.20, but based on theconst-b100model.

possible variations are, basically, stronger by
√

2 for them.2 Since the substructure seen for the
gradient maps is not stronger than that in the simulated age and metallicity maps, we consider it to be
not significant.

2 Possible variations would not be that large when a correlation between the inner and outer galaxy colours is assumed.
Taking this into account quantitatively would mean to link the random distribution of colour residuals for the small aperture
to that done for the large aperture, by invoking some prescription on the “allowed” range of colour gradients, thereby
making it somewhat “less random”. However, such an approachwould hardly appear more reliable than straightforwardly
assuming a factor of

√
2.
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F 6.23. Simulated age and metallicity distributions for dE(N)s.Shown are age maps
(top two rows) and metallicity maps (bottom two rows), each one resulting from a Monte-
Carlo simulation of randomly distributed colour residualsabout the CMR, based on theg− r
vs. i − zcolours measured within the half-light aperture, and on theexp-1model. See text for
details on their construction. These simulated maps need tobe compared to those shown in
the two left panels of the top row of Figure 6.17, where the same colour mapping is used for
ages and metallicities (see the scale bar below the figure).



6. AGE-METALLICITY DISTRIBUTION WITHIN THE CLUSTER 167

M
e
ta

lli
ci

ty
A

ge

F 6.24. Simulated age and metallicity distributions for dE(nN)s. Same as Fig-
ure 6.23, but for the dE(nN)s.
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F 6.25. Age distribution of dE(N)s at low and high densities. Similar to the age
distribution of the dE(N)s presented in Figure 6.17, using theexp-1model, but now consider-
ing the low and high-density subsamples separately (left three panels and right three panels,
respectively).
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7. S  
We have analyzed the colours of our sample of 413 Virgo cluster dEs for the presence of sub-

structure within the cluster, i.e., for whether there are regions where most dEs are offset from their
CMR towards one side. While we do observe such features for both the dE(N)s and dE(nN)s, our
complementary simulations based on the colour scatter of the CMR show that these features might
not be more than just statistical fluctuations. We have then translated our observed colours into ages
and metallicities, using the population synthesis code of Bruzual & Charlot (2003), and assigning
each galaxy the model point closest to it in colour space. Like for the colours themselves, we find
substructure in the age and metallicity distribution of thedE(N)s and dE(nN)s across the cluster.
Our Monte-Carlo construction of artificial age-metallicity distributions, based on the observed CMR
and scatter, shows that most substructure can be explained by random distribution of colours, except
for a region slightly south-east from the cluster center, where the dE(N)s seem to have, on average,
somewhat older stellar populations than elsewhere.

While nothing special about this region of higher ages is seen in the velocity maps (Figure 6.3),
it coincides with the region of slightly larger axial ratiosof the dE(N)s described in Section 3 (top
right panel of Figure 6.2). A comparison of the distributionof X-ray emission in the Virgo cluster
(Figure 6.26, adopted from Schindler et al. 1999) with the age structure of the dE(N)s (Figure 6.27)
shows that the region of higher ages coincides with a region of stronger X-ray emission, indicating
a higher density of intracluster gas. Note that the contoursof galaxy number density in Figure 6.26
are different from ours; therefore we show a cross in both figures thatmarks the same position,
which is supposed to be roughly the center of the region of higher age. The comparison with the
X-ray distribution might imply that dE(N)s were formed through, or at least affected by, ram-pressure
stripping, which is stronger in regions of higher gas density, and could thus leave an imprint in the
stellar populations of the stripped galaxies. Whether or not this could also account for the slightly
larger axial ratios can hardly be answered, since, as noted in Section 3, it is not clear anyway whether
these are significant.

One caveat here is that, due to the motion of the galaxies within the cluster, a clear coincidence
of gas and stellar population properties should only be seenimmediately after the stripping process,
especially given that the region in question is not the cluster center. However, the dE(N)s are the dE
subclass with the oldest populations, and even in ourconst-b100model (see Section 5.1), their star
formation would have been truncated 2 Gyr ago (for comparison, the cluster crossing time is∼1.7
Gyr; Boselli & Gavazzi 2006). Another caveat has already been mentioned in the previous section:
due to the size of our 2-D bins, it might be that only a small number of galaxies with high stellar
population ages is responsible for this apparent region of high age, instead of a systematic effect that
applies to most galaxies.

Let us briefly reiterate on the dependence of the CMR on density that we found in Chapter 5.
There, we defined a “central subsample” of dE(N)s and of all dEs (excluding dE(bc)s), containing
galaxies within two degrees of the cluster center, and compared its CMR to that of the high-density
subsample. The fact that no difference was found was interpreted with adirect dependence of the
CMR on density, rather than on location (the latter in the sense of “center vs. outskirts”). However,
since we have now identified the region of higher ages, which is offset from the center, we can put
together an analogous subsample, including all galaxies within two degrees of the positionα = 188.◦3,
δ = 11.◦4 (marked by the cross in Figure 6.27), which is simply one degree southward and one degree
eastward of our adopted cluster center. The resulting CMR for g − i is shown in the third row of
Figure 6.28, which should be compared to Figure 5.20 in Chapter 5. This time, we see indeed a
slightly flatter CMR of the dE(N)s for the region of higher ages, which was not the case for the
central subsample. A similar effect, but also similarly small, is seen ini − z (not shown). This seems
to relativize our former conclusion about the direct density dependence of the CMR to a certain extent.
However, we do not find a flatter CMR for thefull dE sample, yet the density dependence was found
equally strongly for it, and with even higher significance, than for the dE(N)s alone. Furthermore, the
small difference between the CMR of the central subsample and that of the “high-age subsample” is
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F 6.26. Distribution of X-ray emission. Adopted from Schindler et al. (1999, their
Figure 1), but enhanced in contrast. The greyscale image shows the X-ray emission as ob-
served by the ROSAT All-Sky Survey. The white cross has been visually chosen to roughly
lie at the center of the region of higher ages shown in Figure 6.27. The contours follow con-
stant galaxy number density — note that these contours are different from ours, which are
used in all other figures. See Schindler et al. (1999) for moredetails and references. The
figure was obtained from http://arxiv.org/e-print/astro-ph/9811464.

F 6.27. Age distribution of dE(N)s. For comparison with the X-ray map, this figure
is showing again the age map of the dE(N)s derived with theexp-1model, for the full dE(N)
sample (left), the low-density subsample (middle), and thehigh-density subsample (right).
The black cross in each panel has been visually chosen to roughly lie at the center of the
region of higher ages; it is also shown in white in Figure 6.26to allow an easier comparison.

not at all significant, and, from looking at the figure, might possibly be blamed on just a few relevant
galaxies at the bright and/or faint end of the magnitude range.

Given the amount of substructure that is present in the spatial and kinematical distribution of
galaxies across the Virgo cluster (e.g., Binggeli et al. 1993; Gavazzi et al. 1999), is it surprising that
we find no other significant age or metallicity substructure that is comparable to, or even stronger
than, the one discussed above? To answer this question, let us have a look at how large the range of
artificial substructure is in the simulated age and metallicity maps. For example, in the simulations
for the dE(N)s in Figure 6.23, typical age differences between “bluer” and “redder” cluster regions of
reasonable galaxy density are of the order of 0.1 dex, corresponding to differences of∼20 to 30%3.
This would be equivalent to, e.g., an age range of 3.0 − 3.8 Gyr, 5.0 − 6.3 Gyr, or 10.0 − 12.6 Gyr.

3 0.1 dex translates into a factor of 1.26.
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F 6.28. Colour-magnitude relations for different densities and positions.Similar to
Figure 5.20 from Chapter 5, but now showing in the third row the subsample representing the
region of higher age, instead of the central subsample (see text for details). CMRs are shown
for dE(N)s (left column) and for all dEs (right column, excluding dE(bc)s), usingg− i colour
and the half-light aperture.

Typical metallicity differences are of the order of 0.25 dex in [Fe/H]. Similar values are seen in the
simulations for the dE(nN)s and for the full dE sample. Both the age and metallicity differences are
not overly large, but at the same time, they are not so small that one would need to be extremely
surprised about the homogeneity of the stellar populationsacross the cluster. Remember that, in order
to yield 2-D age bins that are different by∼20 to 30% from the others, theaverageage of the galaxies
within each bin needs to be larger by that amount. Thus, if half of the galaxies showed “normal”
ages, the other half would need to have higher/lower ages by 2· 0.1 dex4, or by a factor of 1.6.
Likewise, in the same example, the metallicities of these galaxies would need to be higher/lower by
0.5 dex in [Fe/H]. Given these considerations, it appears not too surprising that no further significant
substructure is seen.

The necessary “ingredients” for a search for substructure below our detection limits would obvi-
ously be a better photometric quality inu andz, especially given the small colour range covered by
the models ini − z. Even better would be near-infrared (NIR) photometry of similar quality as ourg,

4 Remember that averaging is done in log(age).
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r, andi bands: the “red colour” in our colour-colour diagrams couldthen rely on one optical and one
NIR band, thereby spanning a range in colour values that is much larger than the measurement errors.
A taste of the advantages of NIR photometry is given in the following chapter.
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CHAPTER 7

T   - 

“I am too much in the sun.”

Hamlet

We present an analysis of 22 Virgo cluster early-type dwarf (dE) galaxies with
combined optical and near-infrared (H band) photometry, which allows us to deduce
ages and metallicities with much smaller uncertainties than from optical colours
alone. Our sample comprises dEs of each of the subclasses defined in Chapter 4:
9 dEs with disk features (dE(di)s), 5 dEs with blue centers (dE(bc)s), 6 ordinary
dEs that are nucleated (dE(N)s), and 2 ordinary dEs that haveno or only a weak
nucleus (dE(nN)s). All of these are among the brighter dEs, with the faintest object
having mr = 14.m45. The majority of galaxies populate a rather narrow sequence
in the respective colour-colour diagrams, which we find to beconsistent with a
curve of almost constant age that reaches from slightly supersolar metallicities to
below[Fe/H] = −0.33. No systematic differences are found, within our rather small
sample, between ages and metallicities of dE(N)s and dE(di)s. The metallicity range
populated by the dE(bc)s is found to be similar to those of theother dEs. This study
demonstrates the superiority of combined optical/near-infrared photometry to purely
optical imaging data with regard to the determination of luminosity-weighted ages
and metallicities.

This study was done together with Eva K. Grebel and Bruno Binggeli.
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1. I
In the previous chapters, it became clear that it is not only the famous age-metallicity degeneracy

that prevents an unambiguous determination of luminosity-weighted ages and metallicities of our
early-type dwarfs (dEs), but in addition, thei − zcolour range covered by the relevant models is very
small, leading to largerelative measurement uncertainties. For example, in our calculation of error
estimates for the age and metallicity assignment in Chapter6, the dominant colour uncertainty was
that of i − zand not that ofu− r, even though the signal-to-noise ratio (S/N) of our galaxies is several
times lower inu than inz. It would thus be ideal to extend the wavelength baseline of our “red colour”
into the near-infrared (NIR).

A further advantage of the NIR is that it is largely insensitive to the presence of young stellar
populations, and instead traces mainly the old ones. Thus, comparisons between early-type and late-
type galaxies can be performed in a less biased way than with optical photometry. Along these lines,
one of the first studies of dwarf galaxies with optical-NIR colours was that of Thuan (1985), who
compared the properties of a sample of field dwarf irregulars(dIrrs) to those of a sample of Virgo
cluster dEs. He found the dIrrs and dEs to have “mutually exclusive” metallicity ranges, with the
metallicities of the dIrrs between 1/250th solar to one third solar, and those of the dEs between one
third solar to solar. The time since the last burst of star formation in the dEs was found to lie between
∼1 and∼8 Gyr, but for 10 out of 13 dEs it was found to be below 2 Gyr.

Given these results, it becomes clear that the study of optical-NIR colours can, for dEs, even be
seen as a valuable alternative to spectral analyses, since the low surface brightnesses of the dwarfs
make it very time-expensive to obtain spectra of sufficient S/N. Nevertheless, we are not going to enter
deeper into the possiblities of NIR photometry in this chapter, since our working sample comprises
only 22 Virgo dEs for whichH band images of sufficient quality are available — and these 22 should,
ideally, be split up into the respective dE subclasses (see Chapter 4). Therefore, our intention here
simply is to reiterate on the stellar population propertiesof our galaxies, using the much wider colour
space in which the theoretical model tracks can be placed, totest, e.g., our above conclusions about
the similarity of the stellar populations of dE(N)s and dE(di)s.

2. D
In Chapter 4 we defined a sample of 413 Virgo cluster dEs that are certain cluster members and

for which optical photometry from the Sloan Digital Sky Survey Data Release 5 (Adelman-McCarthy
et al. 2007) is available. Our photometric measurements aredescribed and presented in Chapter 5.
For 221 of these dEs, near-infrared (NIR) images in theH band are available from the ESO/ST-ECF
Science Archive facility2, taken with ESO NTT/SOFI in the nights of March 26th and 27th, 2000
under programme ID 64.N-0288 (P.I.: A. Boselli). With a pixel scale of 0.′′29 and a detector size
of 1024x1024 pixels, SOFI has a field-of-view of∼5′ × 5′. The seeing was reported to be mostly
sub-arcsecond. See Gavazzi et al. (2001) for further details on the data.

While reduced images are available from the GOLDMine database3 (Gavazzi et al. 2003), they
apparently suffer from variations in the background level and from so-called ghost images (Figure 7.1,
left panel). These are residuals of the process of combiningthe dithered individual exposures, sug-
gesting that probably, galaxies (including the target) were not or not fully masked in the calculation
of the background level. While photometric measurements ofthe galaxy shown in the figure might
still not be too much affected by the surrounding ghost images, the problem is that wedo not know
whether a ghost image “sits” underneath the galaxy itself. We therefore decided to perform our own

1 VCC 0021, VCC 0033, VCC 0170, VCC 0216, VCC 0227, VCC 0308, VCC0437, VCC 0750, VCC 0856,
VCC 0951, VCC 1036, VCC 1183, VCC 1392, VCC 1491, VCC 1514, VCC1528, VCC 1549, VCC 1684, VCC 1695,
VCC 1895, VCC 2042, VCC 2050.

2 http://archive.eso.org
3 http://goldmine.mib.infn.it/
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F 7.1. Data reduction improvement. Shown is the reducedH band image of
VCC 0021 as obtained from the GOLDMine database (left), as well as from our own re-
duction (right). Scale and intensity mapping are the same for both images.

image reduction, taking special care with the background subtraction and the masking of objects, as
described below.

2.1. Reduction

Without going into too much detail about NIR data reduction,we briefly describe the most im-
portant issues. The main concept of NIR observing and subsequent data reduction is that the images
themselves can be used for determining and subtracting the sky background. This is achieved as
follows: from one exposure to the next, the target galaxy is offset to a different position on the de-
tector, thus ideally leaving blank sky where the galaxy had been a moment before, and vice versa.
This process of performing repeated offsets within the detector area is known as “dithering”. Let us
assume for simplicity that the target galaxy, as well as all other objects in the field-of-view, occupy
each position only once during the process. Then, by simply median-stacking4 all images (without
aligning them!), one would obtain a background image that isfree of any source. This background
image could then be subtracted from the individual images, and they could be aligned and stacked
to form the final reduced image. However, this final image would look similar to, or worse than, the
image in the left panel of Figure 7.1, i.e., it would be full of“ghost images”. The reason for this is
the following: even the median, which is known to be more stable than the mean, is affected to some
extent by “outliers”, i.e., by pixel values that are far above the actual background value — and such
a situation obviously occurs when the target or some other source happens to fall on the pixel. If, in
the process of stacking images, a given pixel would be occupied by a star or a galaxy in one or more
images, these should be excluded from the calculation of themedian, since the goal is to obtain a
close-to-accurate estimate of the background flux. If thoseimages would not be excluded, the median
value would end up to be “one step higher” in the sequence of flux-sorted pixel values, thus leading
to a larger pixel value in the final image of the sky background. When this background image is then
subtracted from the individual images, a somewhat too largevalue is subtracted at the pixel that we
just discussed, leading to a slightly negative value there,i.e., to a ghost image. Note, again, that the
main problem are not the ghost images next to the target galaxies, but those that are beneath them!

The solution to this problem is to mask the target, as well as any other disturbing source, before
the median-stacking is done. “Masking” here means that the respective pixels are excluded from
the calculation of the median. This might sound simple, but it bears two main difficulties. The first
one is that, depending on the number of individual exposurestaken, on the number of disturbing
foreground or background objects, and on the size and the pattern of the dithering offsets, there

4 With this, we mean that the value of a given pixel in the final image is the median value of the corresponding pixels
of the input images.
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might be only a few images left at a given pixel that do not contain any source. This can lead to a
rather noisy background image, on which one can possibly even distinguish by eye the regions with
different numbers of unmasked pixels that contributed to them. This problem can be overcome to a
large degree with thinking carefully about the best dithering strategy before doing the observations.
If it is too late for that, interpolation across the smaller ones of the disturbing sources helps5, done
either on the individual images or on the final image. The second difficulty is that many objects are
too weak to be seen in the individual images – thus being not masked – but they eventually appear
in the final, co-added image. This is a crucial point for galaxies of low surface brightness, since it
applies to their outskirts, too. Imagine the center of a dwarf galaxy would be properly masked in the
calculation of the background, but its outskirts would not be masked, since they are not seen in the
individual images. The resulting background image would thus have the “correct” pixel values at the
position of the galaxy center, but would have too large values at the position of the galaxy’s outskirts.
Consequently, too much sky background would be subtracted for the outer parts of the galaxy, which
can lead to artificial colour gradients when this image is used to measure colours. The solution to this
problem is an iterative procedure: the first object masks arecreated from the individual images, and
are used to calculate a first background image, which is then subtracted from the individual images.
These are aligned and stacked, thus leading to the first “finalimage”, which most likely still suffers
from ghost images. This image is now used to construct improved object masks that, e.g., cover faint
galaxy outskirts better, and the next iteration is performed, leading to an improved “final image” with
no or weaker ghosts. This can be repeated a few times, until noghost images are left in the final
image. The result of this reduction procedure, which we performed mainly with variousIRAF6 tasks
(Tody 1993), is shown in the right panel of Figure 7.1: no ghost images are left over, and moreover,
the flux distribution in the direct vicinity of the target galaxy is much more homogeneous than before.

2.2. Calibration and alignment

Flux calibration of the final images was done based on the standard stars provided, with literature
magnitudes taken from Persson et al. (1998). The images werecorrected for Galactic extinction using
the values of Schlegel et al. (1998). They were then demagnified to match the pixel scale of the SDSS
images, usingIRAF/magnifywith spline interpolation and conservation of total flux. Each H band
image was then registered to the corresponding combined image from three SDSS bands (g, r, and
i; see, e.g., Chapter 2), usingIRAF/ xregister. The images were not aligned, but the resulting linear
offset was simply added to the central coordinates of our apertures used for the photometry. Moreover,
the objects masks that we had constructed for the optical images (see Figure 5.1 of Chapter 5) were
shifted accordingly, to mask the same objects in theH band images. Note that a certain degree of
rotational misalignment between the optical and NIR imagesis present for some of our galaxies.
However, we find the amount of rotation to be∼3◦ at most. We have investigated this effect in a
preparational study, based on the reduced images provided by the GOLDMine database, and found it
to yield flux uncertainties below one percent, and typicallybelow the flux uncertainty caused by noise.
We thus decided to not correct for this effect, in order to avoid any further nonlinear interpolation of
pixel fluxes.

Furthermore, we had initially intended to degrade the seeing of the demagnifiedH band images to
that of the corresponding SDSSi band images. However, a test run with a simple Gaussian convolu-
tion led to strongly correlated noise in the images, which iswhy we preferred to use the unconvolved
images. We expect seeing effects to be negligible for our study, for the following reasons. In addition
to masking disturbing foreground stars or background objects, the nuclei, if present, are masked as
well (see Chapter 4). The surface brightness distribution of our dEs is smooth and regular, and even
for the object with the smallest half-light radius of our sample, the smallest aperture used by us still
has a semimajor axis of 11 pixels (and is almost circular). For comparison, the largest seeing full

5 Sometimes, a good deal of luck is needed, too.
6 IRAF is distributed by the National Optical Astronomy Observatories, which are operated by the Association of

Universities for Research in Astronomy, Inc., under cooperative agreement with the National Science Foundation.



3. ANALYSIS 177

width at half maximum (FWHM) of thei band image point spread function that we measured among
our 22 dEs is 3.3 pixels. Seeing estimates were obtained by applying IRAF/ imexamto stars in the
images. The median ratio of the seeing FWHM of thei band and the demagnifiedH band images is
1.5. These considerations show that seeing differences should not affect our colour measurements.

As in the previous chapters, for each galaxy the flux was measured within three elliptical aper-
tures: a ≤ 0.5ahl,r (“small aperture”),a ≤ ahl,r (“intermediate aperture” or half-light aperture), and
a ≤ 2ahl,r (“large aperture”);ahl,r is the half-light semimajor axis inr (see Chapter 4). Errors were es-
timated, as described in Chapter 5, from quadratically adding the uncertainty caused by noise (“S/N
uncertainty”), the uncertainy in the determination of the sky background (“sky level uncertainty”,
taken to be 0.3% of the noise level), and the flux calibration uncertainty. The latter is assumed to be
0.m02, which corresponds to the RMS scatter about the linear fit of the relation between standard star
flux and airmass.

3. A
With the optical photometry from Chapter 5 and the NIR photometry at hand, we can now con-

struct an optical-NIR colour-colour diagram, in which we compare our measured colours to those
predicted by population synthesis models. For the latter, we use the “exp-1” model from Chapter 5,
which describes an exponentially decaying burst of star formation with a decay time ofτ = 1 Gyr. It
was constructed for various metallicities, using the population synthesis code from Bruzual & Charlot
(2003), with “Padova 1994” isochrones (Bertelli et al. 1994), a Chabrier initial mass function (IMF;
Chabrier 2003), and the Bruzual & Charlot high resolution files, which rely on the STELIB spectral
library in the wavelength range 3200−9500 Å and on the BaSeL 3.1 spectral library outside this range
(see Bruzual & Charlot 2003, and references therein). The corresponding model tracks – curves of
constant metallicity – are compared to our data in Figures 7.2 to 7.4, usingu − r or g − r as “blue
colour” andi − H as “red colour”. Figure 7.2 shows the colours measured within the small aperture,
Figure 7.3 is for the intermediate (half-light) aperture, and Figure 7.4 for the large aperture. Even
though our sample is rather small, we subdivide it into the different dE subclasses (Chapter 4), in
order to avoid mixing galaxies with potentially different stellar populations. Our choice ofu − r vs.
i − H andg− r vs. i − H diagrams is based on the various diagrams shown in Figure 7.5: while the
differences betweenu − r vs. i − H (second row),u − r vs. z− H (third row), andu − i vs. z− H
(bottom row) are small, our data points seem to show the narrowest distribution inu− r vs. i − H. As
in Chapters 5 and 6, we presentg− r colour in addition tou− r for comparison — measurement errors
are considerably smaller ing − r, but at the same time, the relevant colour range is narrower.The
comparison of the optical-NIR diagrams with the purely optical one (top row of Figure 7.5) illustrates
the big advantage of using NIR photometry when trying to determine ages and metallicities.

The first thing to note is that the metallicities are rather large as compared to our results from
Chapter 5, even when allowing for the fact that the 22 dEs considered here are among the brightest of
our full sample. Indeed, one can see in Figure 7.5 that the same data points lie at lower metallicities
in the optical-optical diagram than in the optical-NIR diagrams. A comparison of our data reduction
with the one provided by Gavazzi et al. (2003) – even though weconsider the latter to be not optimal
(see Section 2) – yields a similar range of resulting optical/NIR colour values. We are thus confident
that no systematic offset has been introduced in our reduction and calibration process. However, a
systematic difference is present in the models: as stated above, they rely onthe (high-resolution)
STELIB spectral library in the wavelength range 3200− 9500 Å, but for NIR colours, they are based
on the (lower-resolution) BaSeL 3.1 library. We thus included an additional model track in the left
panels of Figure 7.5 (red) that corresponds to theZ = 0.008 track, but was calculated only with the
BaSeL 3.1 library over the full wavelength range. Indeed, there is a rather large offset between the
two Z = 0.008 tracks ini−zcolour. Unfortunately, the offset goes into the “wrong” direction, i.e., the
metallicity of our galaxies would now be even lower than before. In any case, this comparison shows
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F 7.2. Stellar population characteristics.Shown are theoretical galaxy colours along
Bruzual & Charlot model tracks of constant metallicity, namely, from left to right,Z = 0.0004
([Fe/H] = −1.65), Z = 0.004 ([Fe/H] = −0.64), Z = 0.008 ([Fe/H] = −0.33), Z = 0.02
([Fe/H] = +0.09), andZ = 0.05 ([Fe/H] = +0.56). The model describes an exponentially
decaying burst of star formation with a decay time ofτ = 1 Gyr. Each model track is marked
at ages of 3, 4.5, 7.5, 10.5, and 13.5 Gyr (upper end of track).The colours of our sample of
22 dEs, measured within the small aperture, are shown as pinkdots for the dE(N)s, dE(nN)s,
and dE(di)s, and as blue dots for the dE(bc)s.

the strong dependence of the model colours on the model ingredients — it thus appears wise to stick
to relativestatements about ages and metallicities, instead of quoting absolute values.

We now come back to Figures 7.2 to 7.4. No differences between dE(N)s and dE(di)s are seen,
confirming that they have similar stellar populations. Furthermore, the dE(bc)s populate practically
the same range ini −H colour, implying that their metallicities are similar to those of the dE(N)s and
dE(di)s. Thus, our conclusion from Chapter 3 that, after cessation of star formation and some time
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F 7.3. Stellar population characteristics. Same as Figure 7.2, but for colours mea-
sured within the intermediate aperture.

of passive evolution, the dE(bc)s will appear as ordinary dEs, can now be extended: not only their
optical appearance will become indistinguishable from theother dEs, but also their stellar population
characteristics (however, we still need to keep in mind our small sample sizes). This assumes, of
course, that the stars that will still be formed in the dE(bc)s would not contribute a significant amount
to the total final stellar mass, which seems reasonable giventhat their gas reservoirs are rather small,
and that the current young population makes up only a few percent or less of the mass (Chapter 3).

For both the small and the intermediate aperture, the majority of data points forms a narrow
sequence inu − r vs. i − H, almost along points of constant age, but with a trend towards younger
ages at lower metallicities. The latter is more pronounced in g − r vs. i − H, where the scatter is
also slightly larger. For the large aperture measurements,the galaxies are distributed differently than
for the smaller apertures; this is clearly seen inu − r vs. i − H, and also to some extent ing − r vs.
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F 7.4. Stellar population characteristics. Same as Figure 7.2, but for colours mea-
sured within the large aperture.

i − H. However, no systematic colour gradient can be identified — the overall location of points is
very similar for all apertures.

Can the sequence in colour-colour space be explained with the colour-magnitude relation? In
Figure 7.6, we plotr magnitude againsti −H colour (upper panel), excluding the dE(bc)s. While this
rather small number of points appears to be following a CMR, the scatter is larger than one might
expect from the former diagrams. To see where the brighter and fainter galaxies lie with respect to
the model tracks, we show those dEs withmr < 14.m0 as red symbols, while the other ones are shown
as blue symbols. Their location in the colour-colour diagram is given in the lower panel of the figure.
It seems as if only the brighter galaxies were responsible for the sequence seen, while the scatter of
the fainter galaxies is comparable to the scatter of the (weakly defined) CMR. However, we point out
that the two subsamples consist of only 8 and 9 data points, preventing any robust conclusions.
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F 7.5. Disentangling age and metallicity.Purely optical colour-colour diagrams (top
row) are compared to various optical-NIR diagrams. Symbolsare the same as in Figure 7.2;
colours are measured within the half-light aperture. Plot ranges are chosen to roughly cover
the same age and metallicity ranges in each diagram. The left-hand diagrams include an ad-
ditional model track forZ = 0.008 (red) that uses only the Bruzual & Charlot low resolution
files, which are based on the BaSeL 3.1 library over the full wavelength range. All other
tracks rely on the STELIB spectral library in the wavelengthrange 3200−9500 Å and on the
BaSeL 3.1 spectral library outside this range. If both libraries would yield the same model
colours, this track should be indistinguishable from the blackZ = 0.008 track.
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F 7.6. Colour-magnitude relation I. Top panel: rmagnitude vs.i − H colour for the
dEs of our sample, excluding dE(bc)s. Red symbols mark objects brighter thanmr = 14m,
blue symbols stand for fainter objects.Bottom panel: u− r vs. i−H diagram as in Figures 7.2
to 7.4, with symbol colours as defined in the upper panel.

The narrow sequence defined by the majority of data points could perhaps be explained with a
correlation between age and metallicity, like what was found in Chapter 5 for optical colours: if a dE
is bluer inu−r (i.e., younger) than the CMR at its magnitude, then it is, in most cases, also bluer ini−z
(i.e., less metal rich). We test the presence or absence of such a correlation in Figure 7.7, where we
show the CMRs of the full dE sample for various colours. Objects from our working sample that fall
on the blue side of the CMR inu−r are shown with blue symbols, while objects falling on the redside
are shown with red symbols. These symbol colours are kept in all panels of the figure. A correlation
is seen for all optical colours, and also to some extent ini − H. It thus seems that this correlation
could be responsible for the rather tight distribution of the majority of data points. However, reliable
conclusions need to await the analysis of larger dE samples with NIR photometry.

4. S  
We have presented an analysis of the optical and near-infrared colours of 22 Virgo cluster dEs,

based on SDSS data as well as on ESO archival images. The majority of galaxies populate a rather
narrow sequence in theu − r vs. i − H and g − r vs. i − H diagrams. Based on our population
synthesis model (Bruzual & Charlot 2003) for an exponentially decaying burst of star formation, this
sequence is similar to a curve of almost constant age. The metallicities of the majority of the (rather
bright) dEs in our working sample range from slightly above solar to below the track forZ = 0.008
([Fe/H] = −0.33); their ages lie between∼4 and∼6 Gyr. These values agree with the Lick index
study of Geha et al. (2003), who analyzed 17 (also rather bright) dEs, and found a mean age of 5
Gyr and a mean metallicity of [Fe/H] = −0.3. While we have seen in the previous section that these
absolute values depend to some extent on the ingredients of the population synthesis models, like
the stellar libraries they are based on, the models used by Geha et al. are different from ours, thus
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F 7.7. Colour-magnitude relation II. The four left panels show the optical colour-
magnitude relations of our full sample of Virgo cluster dEs (excluding dE(bc)s) from Chap-
ter 5 (Figure 5.11), based on the half-light aperture. The rightmost panel shows the colour-
magnitude relation usingi − H, as in Figure 7.6. Blue symbols mark those galaxies of our
NIR sample that fall on the blue side of the CMR inu− r, red symbols mark objects that fall
on the red side.

giving us somewhat more confidence in the above values. Note,though, that this statement applies
only within the framework of single-burst models, which aremost commonly used in the literature.
Obviously, if we instead used a model with constant star formation rate, the derived ages would be
different.

We found that the dE(N)s and the dE(di)s of our sample fall on the same sequence of data points,
consistent with the similarity of their optical colours (Chapter 5). The dE(bc)s cover similar metal-
licities as the former, also consistent with their optical colours. However, note that the subsamples of
dE(N)s, dE(di)s, and dE(bc)s only comprise 6, 9, and 5 galaxies, respectively. This is the disadvan-
tage of our recommended (and necessary) separate treatmentof different dE subclasses (Chapter 4):
when performing this subdivision, the resulting subsamples are so small that they can hardly be used
for drawing reliable stand-alone conclusions. Clearly, a much larger NIR dataset of Virgo cluster dEs
would be desirable to perform a more comprehensive study of their stellar populations.
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CHAPTER 8

D:   ?

“And so you see I have come to doubt
all that I once held as true.”

Simon & Garfunkel

In Chapters 2 to 4, we have established a subdivision of the dEclass into those with and without
disk features, those with and without a nucleus, and into brighter and fainter ones. We showed that
significant differences between the shapes and distributions of these subclasses exist, which define a
morphology-density relation, in the sense that the rounderdEs are preferentially located in regions of
significantly higher density than the flatter ones. In Chapter 5, we then found that the bright dE(nN)s
and dE(N)s have significantly different colours, and that the dE(di)s also slightly differ from the
dE(N)s. Consequently, we could term these results a “morphology-density-colour relation”. How-
ever, it is not the case that the flattest galaxies (the dE(di)s) have the bluest colours: they are only
slightly bluer inu − r than the roundest dEs (the dE(N)s), while the thick-disk-like bright dE(nN)s
are bluer than both of the former, indicating younger mean ages. Given this diversity of subclass
properties, it seems rather unlikely that a single formation process could account for all dEs. Still, we
believe it is instructive to seek for a minimization of the number of formation scenarios required to in-
terpret the dEs’ properties, thereby trying to answer the question of how many different dE formation
mechanisms there areat least.

Instead of proceeding with an attempt to assign a formation scenario to each dE subclass, let
us tackle the above question in a different way, namely by first minimizing the number of actual
subclasses. For example, how confident are we that the dE(di)s do not belong to the dE(N)s in some
way or the other? The distribution of intrinsic shapes of thebrighter dE(N)s, as deduced in Chapter 4,
is rather broad and includes a significant number of flat objects, even down to axial ratios of below 0.3.
Most of the range of intrinsic axial ratios of the dE(di)s is thus covered by the range of values of the
dE(N)s, and after all, 73% of the dE(di)s are nucleated. While their colours are somewhat different
from the full sample of dE(N)s, the difference is not anymore significant when compared only to
the low-density dE(N)s, which have the same median density as the dE(di)s (Chapter 5). If disk
substructure, like spiral arms or bars, could only occur in the flattest dEs, due to, e.g., the kinematical
configuration of these objects, we would have automaticallyselected only intrinsically flat galaxies in
our search for disk features (Chapter 2), and would obviously have found their flattening distribution
to be consistent with disk galaxies. The fact that these showno central clustering could then be
explained, for example, by the much stronger tidal heating that a galaxy experiences in denser regions
of the cluster, leading to an earlier destruction of disk features (cf. Mastropietro et al. 2005). Similarly,
if dE(N)s and dE(di)s originated from a morphological transformation of infalling late-type spirals
through galaxy harassment (Moore et al. 1996), one could imagine that the amount of transformation
depended on how close the encounters with massive galaxies were that led to it — and the probability
for close(r) encounters is obviously higher in the cluster center, leading to rounder objects without
disk features. Note, though, that we do not see a significant correlation between apparent shape and
densitywithin the dE(N)s — which, on the other hand, would be very difficult to discover, given that
both shape and position within the cluster are seen in projection.
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Why are there almost no fainter dE(di)s? While we found in Chapter 2 that we most likely
missed a significant amount of dE(di)s at fainter magnitudesdue to our detection limits, we also
argued that the true number fractionis decreasing when going to fainter objects. As a simple possible
explanation, we suggest that disk substructure might be less likely to occur in less massive galaxies,
possibly connected to the presence of a certain amount of rotational velocity.

The nuclei in the dE(di)s and dE(N)s could either be the surviving nuclei of the progenitor galax-
ies, or they could have formed through central star formation from gas that was funneled to the
center in the transformation process (cf. Chapter 3). If neither happened, a non-nucleated dE(di)
could emerge. While these considerations unavoidably include a certain amount of speculation, they
demonstrate that dE(di)s and dE(N)s could, in principle, have formed through the same formation
process, keeping our counter of necessary dE formation mechanisms at 1 for the moment.

Let us now turn to the dE(nN)s. At least for the bright subsample, their colours differ significantly
from those of the dE(N)s: they are clearly bluer inu− r andi − z, probably indicating younger ages
than those of the dE(N)s. This still holds true even when the different density distributions of dE(nN)s
and dE(N)s are accounted for (Chapter 5). The colours of the faint dE(nN)s are still somewhat bluer
in u − r as compared to the faint dE(N)s, but their CMRs approach eachother at these magnitudes.
What could be the origin of the dE(nN)s? In Chapter 4, we notedthat the faint dE(nN)s show a
flattening distribution similar to that of the dwarf irregulars (dIrrs) given by Binggeli & Popescu
(1995), and might thus have formed out of them through ram-pressure stripping or a similar process.
Let us explore this possibility in somewhat more detail now.For 61 of the 70 dIrrs that are listed
in the VCC and are certain cluster members, axial ratio estimates are provided by the VCC (column
“log(Rest.)”). Thereby, we excluded galaxies with a “?” in the classification, or with uncertain type
(e.g., “Im / dE”). While for the dE(nN)s, we could use our own axial ratio measurements, we aim
at performing a valid comparison with the dIrrs, which wouldnot be guaranteed when using axial
ratios from two different datasets and methods. Instead, we use the values provided by the VCC
for 148 of our 149 dE(nN)s. For our bright dE(nN)s, the medianaxial ratio is 0.51, while it is 0.71
for the faint dE(nN)s. A Student’s t-test yields a probability of 0.0% for the two subsamples having
the same mean value, similiar to what we found in Chapter 4. For the dIrrs, we did not perform
any photometric measurements, and thus do not haver magnitudes available for a subdivision into
bright and faint ones. Instead, we subdivide the dIrrs at their medianB magnitude (provided by the
VCC), mB = 16.m40. The brighter dIrrs have a median axial ratio of 0.54, while the value for the
fainter ones is 0.63. A t-test yields a probability of 4.9% for the same mean value. If we separate
the brighter and fainter dIrr subsamples more clearly, withrequiring mB ≤ 16.m40− 0.m50 for the
bright andmB > 16.m40+ 0.m50 for the faint subsample, the median axial ratios are 0.54 and 0.68,
respectively, with a t-test probability of only 0.5%. Thesevalues, and the difference itself between the
bright and faint dIrrs, are very similar to our results for the dE(nN)s, and imply that both the bright
and faint dE(nN)s could indeed be stripped dIrrs.

In Figure 8.1, we compare theB magnitudes of dIrrs and dE(nN)s, in order to see whether the
above scenario would be reasonable. It seems that with a certain amount of fading after the end of
star formation (which is reasonable and necessary to assume), the dIrrs could at least qualitatively
account for the dE(nN)s. However, the transformation of dIrrs into dEs or dSphs faces some com-
monly discussed problems: the offset in metallicity is too large, even when comparing only oldstellar
populations (Thuan 1985; Richer et al. 1998; Grebel et al. 2003), and the dIrrs were estimated to fade
too strongly after cessation of star formation (Bothun et al. 1986). The latter argument is illustrated
by a comparison of the images of three of the brightest dE(nN)s and three of the brightest dIrrs of the
Virgo cluster in Figure 8.2: while one of these dE(nN)s seemsto be similar in surface brightness to the
dIrrs (but was actually classified as being peculiar), the surface brightness of the other two dE(nN)s
is significantly higher. Allowing for some fading after the end of star formation in the dIrrs, it is clear
that the surface brightnesses of the dIrrs would still have to be considerably increased if they were to
evolve not only into faint, but also into bright dE(nN)s.

The above problems might be overcome by the scenario of tidally induced star formation in dIrrs
(Davies & Phillipps 1988), in which the initially lower metallicity and surface brightness of a dIrr
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F 8.1. Irregulars vs. dE(nN)s I. The shaded grey histogram shows the distribution ofB
magnitudes (as given by the VCC) for the 61 dIrrs of the VCC (classified as “Im”, including
objects with a small uncertainty) that are certain cluster members and havemB ≤ 18.m0 (the
same magnitude selection is used throughout our studies). The black histogram shows the
distribution of our sample of dE(nN)s. The left panel compares number fractions, while the
right panel uses absolute numbers.

F 8.2. Irregulars vs. dE(nN)s II. SDSS images, constructed by co-adding theg, r, and
i bands, for three of the brightest dE(nN)s (top row: VCC 1528,VCC 0543, VCC 1890) and
three of the brightest dIrrs (bottom row: VCC 1114, VCC 1435,VCC 1200), based on VCC
B magnitudes. All images are shown with the same scale, contrast, and intensity mapping.

are increased by several bursts of star formation, during which the galaxy appears as blue compact
dwarf (BCD). After the last BCD phase it fades to become a dE. Whether or not this scenario is
viable would require a comparison of the metallicities of dE(nN)s, dIrrs, and BCDs, e.g. with optical
and near-infrared photometry (also see Chapter 7). An important step in this direction were the
recent studies of Vaduvescu & McCall (2005) and Vaduvescu etal. (2006), who found BCDs to
fall on the “fundamental plane of dIrrs”, i.e., on a relatively tight relation between near-infrared
(K band) absolute magnitude, central surface brightness, andH I line width. Vaduvescu & McCall
(2005) showed that dEs follow the same relation when H I line width is substituted by stellar velocity
dispersion, supporting the idea of an evolutionary relation between these types of galaxies.

From our optical colours, it seems that the dE(nN)s might have somewhat lower metallicities than
the dE(N)s (though not necessarily in the inner regions, seeSection 12), which could, in our above
picture, be reflecting the fact that the dE(N)s originate from late-type spirals, while the dE(nN)s are
formed from dIrrs. Both the dE(N)s and dE(nN)s show, on average, an internal colour gradient,
which is likely to be a gradient of decreasing metallicity with radius. At least for the dE(nN)s,
it seems that the stellar populations typically also are somewhat younger in the center than in the
outer regions. This could be explained with the last star formation occuring in the galaxy centers,
which probably happens for both tidally induced star formation (Davies & Phillipps 1988) and galaxy
harassment (Moore et al. 1998). Therefore, the dE(bc)s – of which 7 out of 17 are nucleated and 4
display disk features – might not evolve into just one dE subclass, but might be a stage through which
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every (proto-)dE goes. After all, it would seem hardly surprising if the last stages of star formation
in a dE always occured in the center, independent of a particular formation scenario. A somewhat
similar argument has been made by van Zee et al. 2004b, who stressed the inevitably gas-rich and
star-forming nature of a dE progenitor. Note also that we found the metallicity of the dE(bc)s to be
similar to that of the other dE subclasses. One caveat remains, though: the flattening distribution of
the dE(bc)s suggests thick-disk-like shapes, similar to those of the bright dE(nN)s. On the other hand,
if we considered the nucleated and non-nucleated dE(bc)s separately, their sample sizes would be too
small to draw reliable conclusions on their intrinsic shapes.

We thus set our counter of necessary dE formation mechanismsto 2: the faint and bright dE(nN)s
could have formed through one and the same mechanism, but forthe dE(N)s and dE(di)s, the signifi-
cantly different colours imply an other mechanism. The dE(bc)s might represent a common stage of
dE formation.

Which other “combinations” of dE subclasses would seem possible? In our above discussion, we
started by considering the differences in shape between the subclasses. Alternatively, wecould start by
considering the presence or absence of a nucleus. If nucleusformation would preferentially occur in
the central cluster regions, like Oh & Lin (2000) predicted for nucleus formation through coalescence
of globular clusters, this could explain the different clustering properties of dE(N)s and dE(nN)s
without requiring them to be different dE types per se. However, why should the bright dE(nN)sthen
be flatter than the dE(N)s, and have significantly different colours? Moreover, why should bright and
faint dE(nN)s have significantly different shapes, while bright and faint dE(N)s do not? Obviously, it
would be important to gain a better understanding of nucleusformation, which currently is an active
field of research (see, e.g., Grant et al. 2005; Côté et al. 2006; Wehner & Harris 2006) and will likely
be better understood in the near future. For the time being, the perspective discussed here does not
lead to an explanation of dE formation with less than two different mechanisms.

We finally perform another attempt of “formation scenario minimization”, this time starting with
colours and stellar population properties. Since the dE(nN)s seem to have younger ages than the
dE(N)s, and are a much less relaxed population of galaxies, one might conjecture that they simply
formed more recently, while the dE(N)s themselves are older(and thus, their stellar populations are
older, too). The flatter shapes of the bright dE(nN)s could possibly be explained by the fact that they
still need to experience several (further) encounters withmassive galaxies, which will lead to further
morphological transformation until they reach the shapes of the dE(N)s. Also, note that dE(N)s
are far from being spherical, but are mainly consistent withoblate E4-shapes (Chapter 4). This
scenario would require rather short relaxation timescales: today’s dE(nN)s would need to be centrally
clustered like the dE(N)s in a few gigayears from now, since this is the order of magnitude of their age
difference. However, Conselice et al. (2001) derived a two-bodyrelaxation time for the Virgo dEs of
much more than a Hubble time. Even violent relaxation, whichprobably only applies for the case of
infalling or merging groups, would take at least a few cluster crossing timestcr, with tcr ≈ 1.7 Gyr for
Virgo (Boselli & Gavazzi 2006). Despite these timescales, let us assume for the moment that dE(nN)s
and dE(N)s indeed form an evolutionary sequence as outlinedabove, and that some mechanism for
nucleus formation in the dE(nN)s’ near future could be foundas well. But how do we explain the
dE(di)s in this picture? If they also belonged to the same galaxy population, how come that they are
still flatter than the dE(nN)s, but already have colours similar to the dE(N)s, and how come that most
of them already have nuclei? Obviously, also from this perspective, we need at least two different
formation scenarios for the dE subclasses. We thus concludeby repeating the statement of van Zee
et al. (2004b), “we caution against single-channel evolutionary scenarios.” Early-type dwarfs are not
a homogeneous class of objects, and we strongly recommend toseparately analyze the properties of
dEs belonging to different subclasses in any future study of dEs.

As for the question of “nature or nurture”, we should perhapsgive a definition of “nature” first. In
the framework of hierarchical structure formation, galaxyclusters form by merging of smaller units,
namely galaxy groups. “Nature” can thus not mean that dEs formed primordially in an ever-present
cluster. Even the oldest and most relaxed population of galaxies, the bright ellipticals, might have
been formed through mergers (e.g., Kauffmann & Charlot 1998), which would qualify as “nurture”.
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Likewise, preprocessing of dEs in groups would also be “nurture”. The only “nature” dE formation
would be if they formed out of their own gas clouds and their own dark matter halos, i.e., if they were
a truly primordial population of galaxies, similar to what Rakos & Schombert (2004) suggested for
the dE(N)s (see the discussion in Chapter 5). Since our results agree with theirs in that the dE(N)s
appear to have the oldest stellar populations among the dE subclasses, let us try to test whether they
could indeed be a primordial population that formed in groups, which later merged to form the Virgo
cluster.

While the dE(N)s are not quite as strongly clustered as the Esare (see Chapter 4 and Conselice
et al. 2001), maybe this could be explained with the much larger mass of the Es, whose kinematics
are more “stable” to tidal encounters. It is perhaps more illuminating here to compare the colours of
dE(N)s and Es. Based on SDSS data, Bernardi et al. (2003) derive a slope of the CMR ing − r of
−0.025± 0.003, equal to our value for the dE(N)s when using the half-light aperture. Our zeropoint
is 0.996, and when we adoptm− M = 31.m0, the zeropoint of Bernardi et al. is 0.993, i.e., basically
equal. While the same slope is found also by Chang et al. (2006) in an analysis of Es with SDSS data,
their zeropoint is redder by 0.069. We refer to the discussion in Bernardi et al. (2003) about how slope
and zeropoint depend on the aperture and the way in which colours are measured — unfortunately,
the colour values were obtained in a different way in these studies and in our study. Nevertheless,
it seems that dE(N)s and Es might follow the same CMR. However, the CMR of the dE(N)s shows
a dependence on local density. In other words, the stellar populations of the dE(N)s are (slightly,
but significantly) different in cluster regions of different density. How could this be explained if the
stellar populations had already fully formed before they even entered the cluster? One possibility
could be that, in the framework of hierarchical structure formation, denser groups form in denser
regions of the Universe, merge earlier, and consequently end up in the central, dense regions of the
cluster that we see today. However, we argued in Chapter 5 that the CMR is not simply different
in the central cluster regions, but it probably depends directly on local density. A quarter of the
galaxies in the high-density dE(N) subsample arenot located in the cluster center, yet share the same
CMR. How did their different progenitor groups “know of each other”, also given that the CMRs of
the high and low-density subsamples are both fairly narrow and have a similar RMS scatter? Note
that these counter-arguments do not only apply to actual primordial formation, but also generally to
preprocessing of dEs in groups that later end up in the cluster. While we cannot fully exclude the
scenario that most or all dE(N)s formed in groups, the above considerations suggest that dE(N)s, as
well as the dE(nN)s, probably formed within the cluster potential, thus favouring mechanisms that
invoke the infall and transformation of late-type galaxies. We recall here the statement of Conselice
et al. (2001), who pointed out that the number of Virgo cluster dEs is more than a factor of 3 larger
than what would be expected from just adding groups to the cluster, supporting our “nurture” view.

Nevertheless, nature obviously sets some rules for the nurture of the dEs: their colours seem to be
mainly determined by the CMR and its relation with density — even though we found a region with
somewhat higher ages of dE(N)s as the only significant age substructure in the dynamically young
Virgo cluster. Furthermore, the colour residuals about theCMR are clearly not just random scatter: a
dE(N) that is bluer inu − r, i.e., younger, than average, is in most cases also bluer ini − z, i.e., less
metal rich. At least foru − r andg− i, this applies to the dE(nN)s as well. Thus, the final colour of
a dE is more nature-determined than one might think in the light of the variety of possible nurture-
processes. We therefore decided to answer the title question with a confident

“Nurturewithin nature!”





CHAPTER 9

S

“I’m just trying to matter.”

June Carter

In order to provide a concise overview of our main conclusions without just repeating the individual
summary of each chapter, we decided to highlight again thosefigures that we believe to contain the
most important results of our research.

Figure 2.8: What creates and determines the shape of the spiral arms thatare seen in some
dEs? Our derived pitch angles, as well as the grand-design structure of the arms, clearly
show that they cannot just be the remainder of the spiral armsof potential late-type progen-
itor galaxies.

Figure 3.9: While a young stellar population dominates the light at the centers of the dE(bc)s,
90% or more of themassis made up by an old stellar population. Not long after cessation
of star formation, these galaxies will just be ordinary dEs.

Figure 4.2: Several dE subclasses exist that have different shapes and different distributions
within the cluster, defining a morphology-density relationwithin the dE class.

Figure 5.18: The colour-magnitude relation of the Virgo cluster dEs depends slightly, yet sig-
nificantly, on local environmental density.

Figure 5.29: While the shape and distribution of the dE(di)s are much morelike those of the
bright dE(nN)s than like those of the dE(N)s, their stellar populations are similar to those of
the dE(N)s, which in turn are significantly different from those of the dE(nN)s.

Figure 6.27: A region of higher stellar population ages of the dE(N)s is located south-east
from the cluster center. It is consistently seen both for thelow and the high-density subsam-
ple, and coincides with a region of stronger X-ray emission.

Figure 7.5: Complementing optical with near-infrared photometry enables a much more reli-
able analysis of ages and metallicities, and reveals a rather narrow sequence of dEs in colour
space.

Even though we speculated in the previous chapter about possible evolutionary links between
certain subclasses, the bottom line of our study is that the dEs arenota homogeneous class of galaxies,
and cannot be explained with just a single formation mechanism.
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