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Preface

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

To deserve a doctorate in philosophy, | think | should at teadte a few semi-
philosophical lines here. What the heck is it that | have beerking on so intensively
in the last 27 months? Some product that will make our livesega Some starship
that will allow us to conquer Mars? Or maybe a giant leap todsacontrollable
nuclear fusion? Not really. It was only a tiny bit of new knedge. Knowledge
that you can only understand with a huge amount of previoosvlatdge. Knowledge
about something that we will never reach, never touch, nge¢rto see from the
inside. Some people would call it a waste of time. And monbgy Would say it
doesn'’t bring society forward. They would say it cannot ble $o0 anybody. They
would say that the vast majority of honest, tax-paying eit&zneither benefit from it
nor even know about it.

So what should we do? Should we justify our profession wighivanfell-known exam-
ples on how it relates to other, more “useful” fields of resgarlike the astonishing
progress in the development of high-quality optical systemmore and more pow-
erful charge-coupled devices? | don't think so. Imagineeaglstarry night. Don't
tell me you wouldn't take at least one look at the sky. Dot you never found
yourself asking what all these shimmering lights are. Itlmigpund a bit pathetic,
but isn'’t it the striving for knowledge that defines us? Isnthis desperate attempt
to go beyond our simple, three-dimensional imagination tiees been said to make
us more than just another species on this planet?

| could go on now about how doing academic research can trainig a number of
skills that are considered to be highly useful in today'srerray, like assessing the
different aspects of a problem, combining previous knowledge that it leads you
to new results, and presenting the significance of your worl targer audience.
But beyond all this, | think it simply wouldn't be human if odly wanted to know
what’s going on up there. That's my personal bottom line. Beuglo-justifications
needed. No becauses. Except for one. High up on El CapitakgKplains to Spock
the most important reason for climbing a mountain:

“Because it's there!”






CHAPTER 1

| NTRODUCTION AND MOTIVATION:
WHY STUDY EARLY-TYPE DWARF GALAXIES?

“Classification is intuitive physics.”
Bruno Binggeli

Since most astronomical research can only be done throwggndaiion, the luminosity and phys-
ical size of the objects under study typically scales witkirtdistance. Stars can be analyzed mainly
within our own galaxy and the Local Group of galaxies. Furtha, galaxies cannot be resolved into
individual stars, and so we can only measure their combiigédl While at the distance of the Virgo
cluster @ ~ 15.8 Mpc, z ~ 0.004), faint galaxies can still be studied fairly easily asda exposure
time is concerned, analyses at higher redshifts need t@foeuhe brighter galaxies. This, too, is a
problem of resolution: although the surface brightness gélaxy does not depend on its distance,
the number of detector pixels covered by it does, and thusotaésignal-to-noise ratio is inversely
proportional to distance.

Figure 1.1 gives an impression of what is possible with a miraite exposure and a 2.5m-
telescope at a site where the seeing conditions are far ffeat for astronomical observations. These
images — actually a combination of three bands — were takéindo$loan Digital Sky Survey (SDSS),
and show three “bright” or “giant” elliptical galaxies (tgfs well as two dwarfs (right) of the Virgo
cluster, chosen such that they form a sequence in brightnBss definition of “dwarf galaxy” is
mainy a division in magnitude: galaxies fainter than an alied® magnitude of-18™ are commonly
termed dwarfs. However, while Figure 1.1 might suggest dicoam in luminosity and surface
brightness from dwarf to giant ellipticals, there has beeoraroversy since decades about whether
or not systematic structuralftitrences exist between them. But let us back up, and explaah avh
“elliptical” galaxy is, and why the term “early-type” is udén the thesis title instead.

The term “elliptical galaxy” (class “E” in the Hubble schepdeveloped by Hubble in 1925;
see Figure 1.2) is obviously a two-dimensional descriptieryet what is usually meant by it is a
(three-dimensional) ellipsoidal object. Most lenticugmlaxies (class “S0”) would, from their two-
dimensional appearance, also qualify for the term “etigiti, but they are classified filerently, since
they have a disk component. Now, there is one practical aedpbgsical reason why Es and SOs

-

Ficure 1.1. Elliptical galaxies. SDSS images, constructed by co-addingghre andi bands,
forVCC 1316 (M 87), VCC 1231, VCC 1146, VCC 0750, and VCC 00ftdr left to right),
shown with the same scale, contrast, and intensity mapping.

1
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Ficure 1.2. Galaxy classification.Adopted from Sandage & Binggeli (1984, their Figure 1),
and illustrated with SDSS images (constructed by co-adthieg, r, andi bands). The
galaxies shown are: E — VCC0731, SO — VCC 0685, Sa — VCC 1336,\3BC 0092, Sc
—VCCO0157, Sd — VCC 0162, Sm — VCC 0453, Im — VCC 0017, BCD — VCEOUE —
VCC 0750, dSO — VCC 1010, dE(pec.) — VCC0611. All images amvshwith the same
scale, contrast, and intensity mapping.

are often combined into a single dataset. The practicabre&sthat it is dfficult to distinguish
them, especially when SOs are seen nearly face on. The physason is that both of them are, in
contrast to all other galaxy classes of the Hubble scheneracterized by a smooth, regular, and
axisymmetri¢ intensity distribution. Since Hubble originally believétht elliptical galaxies were an
early form that might later evolve into spiral galaxies, IBd &0s are commonly termed “early-type”
galaxies, while everything rightward of type Sb in Figur® ik termed “late-type®

Figure 1.2 illustrates the extension of the Hubble scherdeveof galaxies that has been presented
by Sandage & Binggeli (1984, the main figure has been adopted their publication, and SDSS
images have been added to it). Here, the situation for tHg-ggue dwarf galaxies is the same as
for the giants: besides the “dwarf ellipticals” (class “QdEthere are “dwarf S0s” (class “dS0”), for
which indications of a disk component were found. Both ohthere characterized by a low surface
brightness as compared to their giant counterparts, amdh),dgy a smooth and regular appearance.
For our analyses presented in this thesis, we decided tcepatate dEs and dSOs initially, in order
to avoid any possible preselection bias. The reason foighigt the criteria for classifying a galaxy
as “dS0” were rather diverse, like, e.g., high flattening,ulgérdisk-like profile, or the presence
of asymmetric central features; moreover, they were inidica only. For practical purposes, we
shall therefore use the abbreviation “dE” for t@mbinedsample of dwarf ellipticals and dwarf SOs
throughout our studies, referring to them as early-typertiva

1A spiral galaxy can, in principle, be perfectly symmetrioaba 180-degree rotation, but it can never be perfectly
axisymmetricdue to the spiral arms.

2 The latter term is less accurately defined and depends saamentihe area of research. One can, for example, also
speak of early-type spirals and late-type spirals.
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Ficure 1.3. Early-type dwarfs. SDSS images, constructed by co-adding ¢ghe, andi
bands, for VCC 0929, VCC 0745, VCC 0230, VCC 0273, and VCC (&44n left to right).
All images are shown with the same scale, contrast, andsityemapping.

Now that we have defined the class of early-type dwarf gadaotet us turn to explaining our
motivation in studying them, or more precisely, in studythgse dEs that are members of the Virgo
cluster. Early-type dwarfs are the most numerous type @iyain clusters, making them valuable
probes for cluster assembly and evolution. This is of paldicinterest for the Virgo cluster, since
it is known to be a dynamically young and largely unrelaxeddtire — if the majority of dEs had
formed in groups before they were accreted to the clusterasisembly history of the cluster might
be reflected in their stellar populations. Beyond this pmktsi of so-called preprocessing of dEs in
groups, numerous other formation mechanisms have beersiegg mostly invoking the structural
transformation of late-type galaxies falling into the ¢rs The latter idea is mainly based on the
pronounced morphology-density relation that exists batwben clusters and the field, and within
clusters themselves: early-type galaxies, including dEspreferentially located in regions of higher
galaxy number density (i.e., towards the cluster centehjlenate-type galaxies are predominantly
found in the outskirts of the cluster, i.e., in regions of éwdensity. Infalling late-type galaxies
could thus lose their gas due to ram-pressure strippingdaréncounters with more massive cluster
galaxies, or both — leading to cessation of star formatich @rentually to the smooth and regular
appearance of early-type galaxies.

One reason why there is still a lot of discussion about ptssiE formation mechanisms and
about their respective significance is that, despite theimity of the Virgo cluster, dwarf galaxies
are expensive to observe. This applies particularly totspsmopy, which could provide more detailed
insight into the stellar content than photometry can, bditfigcult due to the low surface brightnesses
of the dEs. The photographic survey of the Virgo cluster bhyggeli et al. (1985) has proven to be a
milestone for studying dEs, and today, the resulting Virster catalog (VCC) is still the standard
source of reference for follow-up analyses of Virgo dEs.eNibiat the study of galaxies belonging to
a cluster has the advantage that one can roughly assumdaailezato be at the same distance, thus
allowing to use apparent magnitude as if it were absolutenihazde. The diiculty in obtaining data
for a statistically significant sample of Virgo dEs is theglaarea covered by the cluster, namely about
100 square degrees. Even wide-field imagers are not ablegit taore than a handful of dwarfs at a
time. Thus, more than twenty years after the Virgo clustevesuof Binggeli et al. (1985), the SDSS
provides a unique opportunity to study cluster galaxies, @ibs in particular. While it is not deeper
than the VCC dataset was, it provides homogeneous photpindive optical bands, covering almost
all VCC galaxies, and thus allowing a multicolour analysighe Virgo dEs. Moreover, it has the
obvious advantage of digital CCD imaging over photogragtétes when it comes to data analysis
— and we shall make extensive use of this advantage, e.g.-bgding images of dierent bands, or
by searching for substructure in our galaxies through tmsicoction of unsharp mask images.

Before we start with describing our research, let us preséaiv “more favorable” images of the
dEs than the ones shown in the previous figures. Our workingpkaof Virgo dEs spans a range
of more than 4 magnitudes in apparent brightness, whicthusstited in Figure 1.3. The leftmost
panel shows one of the brightest dEs of our sample (VCC 0889= 13"'7), while the rightmost
panel shows one of the faintest dEs (VCC 0244,= 18M0). With a Virgo cluster distance modulus
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of m— M = 3110, corresponding to a distance of 15.8 Mpc, these galaxiegdiamver a range in
absoluteB magnitude from-13"0 to —17"3. Note that Binggeli et al. (1985) assumad M = 317,
in which case VCC 0929 would haveBamagnitude of-18"0, and would thus be at the magnitude
limit commonly used for dwarf galaxies.

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



.

CHAPTER 2

SEARCHING FOR HIDDEN DISKS

“Is this all that | am? Is there nothing more?”
Spock, quoting V'ger

We present a systematic search for disk features in 476 \dhgster early-type
dwarf (dE) galaxies. This is the first such study of an alntostplete, statistically
significant dE sample which includes all certain or possitligster members with
mg < 18 that are covered by the optical imaging data of the Sloan f@igbky
Survey Data Release 4. Disk features (spiral arms, edgeisks,dor bars) were
identified by applying unsharp masks to a combined image frwee bands (g, r,
i), as well as by subtracting the axisymmetric light distitibn of each galaxy from
that image. 14 objects are unambiguous identifications skgji 10 objects show
‘probable disk’ features, and 17 objects show 'possiblé’disatures. The number
fraction of these galaxies, for which we introduce the ter{di), reaches more
than 50% at the bright end of the dE population, and decretsdsss than 5% for
magnitudes @ > 16™. Although part of this observed decline might be due to the
lower signal-to-noise ratio at fainter magnitudes, we shbat it cannot be caused
solely by the limitations of our detection method. The lwsity function of our
full dE sample can be explained by a superposition of dE(@ng ordinary dEs,
strongly suggesting that dE(di)s are a distinct type of gglaThis is supported by
the projected spatial distribution: dE(di)s show basigatio clustering and roughly
follow the spatial distribution of spirals and irregularsyhereas ordinary dEs are
distributed similarly to the strongly clustered3I0 galaxies. While the flattening
distribution of ordinary dEs is typical for spheroidal objs, the distribution of
dE(di)s is significantly dferent and agrees with their being flat oblate objects. We
therefore conclude that the dE(di)s are not spheroidal giga that just have an
embedded disk component, but are instead a population afimerlisk galaxies.
Several dE(di)s display well-defined spiral arms with gratebign features that
clearly difer from the flocculent, open arms typical for late-type dSgirhhat have
frequently been proposed as progenitors of early-type &hwvarThis raises the
question of what process is able to create such spiral arméh-pitch angles like
those of Safsb galaxies — in bulgeless dwarf galaxies.

This study was done together with Eva K. Grebel and Bruno @efig
It has been published in The Astronomical Journal (2006,182, p. 497).
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1. INTRODUCTION

At first glance, early-type dwarf galaxies (dEs) are cha@mtd by their smooth appearance,
having no recent or ongoing star formation and apparentlgasoor dust content. Since they are the
most numerous type of galaxy in clusters, it is self-evideat most of the proposed formation scenar-
ios for dEs reflect the vigorous gravitational forces actiithin the very environment in which these
galaxies typically reside. Ram-pressure stripping (Gun@@tt 1972), galaxy harassment (Moore
et al. 1996), and tidal stirring (Mayer et al. 2001a) are akldd on the removal of gas and the mor-
phological transformation of a late-type spiral or irreguyjalaxy, thereby attempting to reproduce
the seemingly plain appearance of dEs. On the other haffidratices in the chemical abundances of
early-type and late-type galaxies may argue against a simpkphological transformation (Grebel
et al. 2003). In any case, such structural transformatioosldvbe well-suited to explain the fa-
mous morphology-density relation (Dressler 1980): théhéigthe density is, the mordheiently
are infalling spirals and irregulars transformed into diagreby skewing the relative abundance of
different types of galaxy towards massive early-type objectoagpared to abundances in the field.
Moreover, Conselice et al. (2001) point out that the numib&firgo cluster dEs is more than a factor
of 3 larger than what would be expected from just adding gsdoghe cluster. This strongly favours
the idea that the majority of dEs were formed through a mdaqgfical transformation of galaxies that
fell into the cluster.

Especially in recent years, small or intermediate-sizedptes of early-type dwarfs have been
studied in a large variety of ways. Boselli et al. (2005) fadhe relation of far-UV—near-UV colour
and luminosity to behave opposite for early-type dwarfs giadhts. Van Zee et al. (2004a) derive
intermediate ages and subsolar to solar metallicitiesEsnda optical multiband photometry. Similar
values were reported by Geha et al. (2003) from a Lick indeadyais of high-resolution spectra.
These spectra and similar studies by van Zee et al. (2004bSanien & Prugniel (2002a) also
revealed a significant amount of rotation in some dEs. BinBliyle et al. (2005) presented HI 21 cm
line observations as a first study of the interstellar medufien dE outside the Local Group.

However, no formation scenario could yet be clearly confdroerejected. This might be due to
a very basic piece of the puzzle still lacking: the unambiguoharacterization of early-type dwarf
morphology. Following common definition, early-type dwsadomprise both dwarf ellipticals and
dwarf SO (dS0) galaxies — we are not considering the faintertdspheroidal galaxies (e.g. Grebel
et al. 2003) or the ultra-compact dwarfs (e.g. Hilker et 809) here. The morphological appearance
and overall profile of a dwarf elliptical are clearly defineth contrast, dSO galaxies are loosely
defined as objects whose overall appearance is similar totlzadwarf elliptical, but where a more
detailed examination shows non-elliptical propertieshsas lens shape or (central) asymmetries.
Binggeli & Cameron (1991) argued that most of these charigtitss were indicative of a disk nature,
and the authors conjectured that “many, if not most, dSGaystmust be disk galaxies”. However,
their existence as a separate class of objects has beenquestion by several authors (e.g. Ryden
et al. 1999), and dSOs have frequently been treated as aasabaf dwarf ellipticals (e.g. Barazza
et al. 2003).

The unambiguous discovery of disk substructure (spiralsaainglor bars) in some dwarf ellip-
ticals and dSOs (Jerjen et al. 2000; Barazza et al. 2002; éhh 2003; Graham et al. 2003; De
Rijcke et al. 2003) eventually proved the presence of a disktileast some early-type dwarfs. At
the same time, however, this raised the question of whetlesetobjects are genuine disk galaxies,
i.e. of flat oblate shape and without significant stellar spigle or whether they are spheroids hosting
just a small disk component like the two low-luminosity jgficals presented by Morelli et al. (2004).
On the theoretical side, Mastropietro et al. (2005) shoviradl & fraction of the progenitor galaxy’s
disk is able to survive the morphological transformatimmnirgalaxy harassment, providing a possible
explanation for disks in early-type dwarfs.

Since up to now, a systematic analysis of a large sample f-gge dwarfs for the presence of
disk features has been lacking, common practice has beemtmuwee using the original classifica-
tion of the Virgo cluster catalog (VCC, Binggeli et al. 198%)erefore calling some objects 'dwarf
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elliptical’, some 'dS0’, and some 'dwarf elliptical with dsadded disk’. In order to avoid confusion
we assign the common abbreviation 'dE’ to early-type dwiarfgeneral, thereby meaning both dwarf
ellipticals and dS0s. We shall then examine each objectdtamial 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 céthereserve as basis for a revised clas-
sification nor is it sfficient to feed formation theories with quantitative inpubcerning the fraction
and properties of such objects. A systematic search forfdeskires in dEs is thus required, and is
made possible by the Sloan Digital Sky Survey (SDSS) Datad®el 4 (DR4, Adelman-McCarthy
et al. 2006) which covers almost the whole Virgo cluster wthitiband optical imaging. With these
data at hand, our study can properly address the followimgtipns: a) whether all objects listed as
dSO0 in the VCC indeed show disk features, b) how large thdidraof galaxies with disk features is
among dEs, ¢) how this fraction is distributed with respedutninosity, d) where in the cluster these
objects are located, and e) whether they appear to be gedigingalaxies, or just spheroids with a
disk component. The catalog of dE(di)s and dE(di) cand&legsulting from this study will serve as
important input for all future work on dEs, since the obsbtga 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-congmb definition of a dSO based on
one-dimensional profile fits, with those (Coma cluster) otsjbeing called dSOs where a single Sérsic
fit did not lead to a satisfying result and instead a combir&di€ plus exponential fit was necessary.
Our goal in this study, in contrast, is to uncover disk feasuon the two-dimensional image without
any presumption on one-dimensional profile shapes. Totigets whether or not the two definitions
go hand in hand is beyond the scope of this study, since iinexjthat accurate profile fits be done
for all our SDSS galaxies. This will be the subject of a futpager.

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

2. DATA AND SAMPLE SELECTION
2.1. SDSS images

The SDSS DR4 covers all galaxies listed in the Virgo Clusta®g (VCC, Binggeli et al. 1985)
with a declination ob < 1625, except for an approximately 225 area atr ~ 1862, 6 ~ +5.0 (see
Figure 2.1). It provides reduced and calibrated imagestakéhe u, g, r, i, and z band with a pixel
scale of 0396, which corresponds to a physical size of 30 pc when adppti- M = 3110, i.e.d =
1585 Mpc. The SDSS imaging camera takes data in drift-scanmiode nearly simultaneously in
five photometric bands, u, g, r, i, and z, and thus combingsh@mnogeneous multicolour photometry
with large area coverage, good resolution, arfidant depth to enable a systematic analysis of early-
type dwarfs. The images have an absolute astrometric agcafdRMS< 0’1 per coordinate, and a
relative accuracy between the r band and each of the othelshEress than .Q pixels (Pier et al.
2003). They can thus easily be aligned using their astrocnedilibration and need not be registered
manually. The fective exposure time of 54 s leads for a bright dfg (~ 14™) to a typical total
signal-to-noise ratio (Bl) of about 1000 in the r-band within an aperture radius ofagmately two
half-light radii. For a faint dErfg ~ 18™) this value is typically about 50. The RMS of the noise per
pixel corresponds to a surface brightness of approxima@4é®magarcseé in the u-band, 2% in g,
244inr, 239ini,and 224 in z.
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195 190 «a 185

corr

Ficure 2.1. Distribution of dE(di)s within the cluster. Coordinates are given for J2000, and
right ascension is corrected for the factor &@séee text. Black circles are certain dE(di)s,
black upward-pointing triangles are probable dE(di)s, l@ladk downward-pointing triangles

are possible dE(di)s. Grey crosses represent dEs whereskaves found. All other Virgo
cluster galaxies witmg < 18M0 are shown as small black dots. Only certain cluster members
are considered. The upper black cross gives the positior8af, ke lower black cross marks
our cluster center, chosen such that the radius of a cird®sing all dE(di)s (dotted black
line) is minimized { = 50). Boundaries of the SDSS coverage are shown as grey dashed
lines.

2.2. Image stacking

In order to reach a higher/IS than that of the individual images, we produced a combinege
by co-adding the g, r, and i-band images. The u and z-bandesagre not used, since theiNs
is significantly lower and would thus lead to a decrease ofg§heof the combined image. When
determining the sky level, proper object masks are requgecthat pixels containing light from a star
or a galaxy are excluded from the sky level calculation arlg BRy pixels’ (i.e. pixels that contain
nothing but sky background) remain unmasked. For this p#pwe applied the Source Extractor
Software (Bertin & Arnouts 1996) to each object's image aadheband to yield a 'segmentation
image’ which marks the pixels of all detected sources bygagsj them non-zero values. To ensure
proper masking of all objects, we expanded the source aretesegmentation image by smoothing
it with a Gaussian filter, usintRAF* (Tody 1993). The resulting image serves as object mask. The
sky level was then determined witRAF/imstaton the so-masked images along with the noise level,
and was subtracted from the images. The g and i band imagesshifted withIRAF/imshift to
match the r band image; shifts were determined from the S388naetry provided for each image
(see above). We then applied weighig. i to each image, following Kniazev et al. (2004):

Sg.i o?
(1) Wgi = ’—2, Wy =1,
S o4,
gl
with Sy being the sky level and,; the noise level. The weighted g, r, and i-band images were
then summed to form the final combined image for each objebe résulting total 8\ is about a
factor of V3 larger than in the r-band image.

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

From visual inspection of the combined images we chose a itagnlimit of mg = 18M0 for
our study, withmg provided by the VCC. This is the same magnitude limit up toohhe VCC
was found to be complete (Binggeli et al. 1985). Adopting M = 3170, it corresponds roughly to
a limit in absolute magnitude dflg < —13"0. A more thorough examination of our limitations in
detecting disk features is presented later in Section 8iallyj we selected all 552 cluster member
and possible member galaxies witty < 18"0 that were classified as dwarf elliptical or dSO in
the VCC, including those with uncertainties. We took inte@mt the revised membership and
classification from Binggeli et al. (1993), as well as updatkassifications for several objects given
by Barazza et al. (2002, 2003), Geha et al. (2003), and Lo#d. R004b). 25 galaxies are not
covered by the SDSS DR4. 25 objects with a classificatiofldtE were excluded, and also all
the remaining objects were visually examined and excluti¢idely appeared to be possible dwarf
irregulars due to asymmetric features in their image, whigplied to 18 galaxies. Thereby we avoid
biasing our sample by the inclusion of potential non-e&ype objects (which might be disk galaxies
anyway). Three more objects (VCC 0184, VCC 0211, VCC 194kpwtassified as possible cluster
members but appear to be probable background spirals leecailneir small size and their spiral arm
structure, and were therefore excluded as well. Five mgextdh(VCC 0615, VCC 0811, VCC 1052,
VCC 1776, VCC 1884) are of such low surface brightness thaexamination for potential disk
features is possible; these were also excluded. Our fingdleasomprises 476 early-type dwarfs, 414
of which are definite members of the Virgo cluster accordmBinggeli et al. (1985, 1993).

3. IMAGE ANALYSIS TECHNIQUES

For bringing to light weak features that are hidden by the idatimg and mostly smooth and
symmetric overall light distribution, two methods haveyao suitable. Unsharp masks are a com-
mon technique in detecing and enhancing weak substrudigeslg. nuclear bars or spirals (e.g.
Lisker et al. 2006a; Erwin 2004). They are produced by firsbatining an image and then dividing
the original by the smoothed one, which can easily be peddrautomatically on a large dataset.
Another technique is to model the smooth axisymmetric ldjbtribution of a galaxy and subtract it
from the original image (e.g. Barazza et al. 2002), with agisymmetric features like spiral arms
remaining. Both methods have been used to identify spirasabars, or edge-on disks in eight
Virgo cluster early-type dwarfs so far (VCC 0490, VCC 08568;&0940, VCC 1010, VCC 1036,
VCC 1422, VCC 1488, VCC 1695; Jerjen et al. 2000, 2001; Barazzal. 2002; Geha et al. 2003;
Ferrarese et al. 2006). These techniques are described, ladidmg with the derivation of an elliptical
aperture for each galaxy, which is required as input for bogthods.

From our analysis of dEs with blue central regions (Chapteresknow that a significant fraction
of dEs where no disk features were detected show obviousicsldostructure. Since we analyze the
combined images from three bands in our search for disksuidchappen that colour substructure
within the galaxy mimics the presence of a disk feature. Fb tieis, we produced (uncalibrated)
colour maps by dividing the aligned g and i-band images. Aetgction of a disk feature with the
methods outlined below can then be compared to the corrdsgprolour map and can thus be
judged for reliability. To investigate whether or not thare any dEs in which colours do trace disk
substructure requires a quantitative colour analysisvifibbe the subject of a future paper.

3.1. Elliptical apertures

An elliptical aperture for each galaxy was determined bygraring ellipse fits witHRAF/ellipse
on the combined image, allowing center, position angle, elhgiticity to vary. One of the outer
elliptical isophotes — usually between 1 and 2 half-ligitiira: was then chosen by eye to trace best
the outer shape of each galaxy, as exemplified for VCC 1010 in the updepénel of Figure 2.2.
This ellipse was adopted to define the ellipticity and positingle of the galaxy.
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Ficure 2.2. Image analysis techniquesUpper left panel:Combined image of VCC 1010,
along with the elliptical isophote defining its shagépper right panel: Elliptical unsharp
mask with kernel sizer = 20 pix. Lower left panel:'Fixed model’ residual image, i.e.
produced via ellipse fits with fixed ellipticity and positiangle.Lower right panel:'Variable
model’ residual image, i.e. produced via ellipse fits withiatle ellipticity and position
angle. Each panel has a horizontal scale of 300 pixels(©19.13 kpc withd = 15.85 Mpc,
i.e.m- M = 31"0).

3.2. Unsharp masks

We produced a set of unsharp masks for each object by smgadtincombined image with a
two-dimensional circular and elliptical Gaussian, one #tree, of various kernel sizes. A small
value ofo will enhance small structures and weaken large featurdseasame time, while a large
kernel size will enhance large structures over small ones.ekch set of unsharp masks we chose
values ofc = 2,4, 6,9, 13,20, and 30 pixels. Withd = 15.85 Mpc (n— M = 31M0) and a subsequent
pixel scale of 77 ptarcsec (30 ptpixel), these values correspond 106 0.12,0.18,0.27,0.40,0.61,
and 091 kpc, respectively.

It is desirable to produce both masks created with a cir¢aiéarssian (hereafter referred to as 'cir-
cular masks’) and masks with an elliptical Gaussian (‘gtigd masks’) corresponding to the galaxy’s
ellipticity and position angle. Circular masks of non-cilar artificial galaxies show a characteristic
narrow shape along the major axis that could easily be cedfusth an edge-on disk and does not
occur when applying elliptical masks. We demonstrate thiSigure 2.3, where a dE is represented
by a two-dimensional exponential surface brightness grafith an elliptical shape created with
IRAF/mkobjectqleft panel). A circular unsharp mask with a Gaussian keohet = 4 pix, feigning
an edge-on disk, is shown in the middle panel. In the righepam elliptical mask with position an-
gle and ellipticity matching that of the galaxy has been iggpIno substructure is seen. Thisis due to
the fact that the scale radius of the light profile is smalleng the minor axis; therefore an isotropic
Gaussian will blur the object much stronger along the mihantalong the major axis. For detection
of egde-on disk features or bars that are roughly paralldieéamajor axis, elliptical masks are thus
clearly preferred. However, frequently the inner isopbaitan object are significantly rounder than
the outer ones that define the Gaussian’s ellipticity. Is¢heases, again an artificial narrow (bar-like)
structure will appear along thainor axis, due to the very saméect as described above. Here, cir-
cular masks serve as a complementary check whether an apphlregated 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 modelegddyforming ellipse fits (withHRAF/
ellipse and then feeding the output directly into the tdskodel The resulting model image is then
subtracted from the original object, yielding a residuabge. Any information contained in the
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Ficure 2.3. Circular and elliptical unsharp masks. Left panel: Simulated galaxy image
created withiRAF/mkobjectswith exponential intensity profile, scale length along onaj
axis 20 pixels, and axial ratio 0.84iddle Panel:'Circular’ unsharp mask of the simulated
galaxy, created with a circular Gaussian of kernel size= 4 pix. An elongated feature
appears due to the application of a circular Gaussian to lgtiedl object. Right Panel:
'Elliptical’ unsharp mask with the same kernel size along thajor axis, created with an
elliptical Gaussian matching the position angle and aafbrof the galaxy. Each panel has
a horizontal scale of 138 pixels.

results of ellipse fitting directly enters the model. This ¢acely be demonstrated on VCC 1010,
which hosts a bar. If we construct a model through ellipsewith variable position angle and
ellipticity, the bar is not seen at all in the residual imatgevér right panel of Figure 2.2) since it
has been fully reproduced by the model. If position angle glipticity are instead fixed at a value
taken well outside the bar (namely the chosen ellipticattape as described above), a strong residual
double-cone is seen (lower left panel of Figure 2.2), whiak &lready been explained by Barazza
et al. (2002) as characteristic shape of a changing positigite, and therefore of a bar. Similarly,
spiral arms can be reproduced to a large extent by varyimgse#, and thus do not appear in the
residual image unless position angle and ellipticity anet kixed.

From the above considerations it is obvious that any distufeacan best be detected with a
model built through fixed ellipticity and position anglet@areferred to as 'fixed model’). How-
ever, in principle anydditionalweak, asymmetric features would requiggiable ellipse parameters
(variable model’), so that the bar or spiral is properlynaguced in the model and fully subtracted
from the image, and the additional substructure remaingréfbore, both types of residual images
were visually examined along with the unsharp masks for eagtct.

3.4. Artificial galaxies

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

4. RESULTS. EARLY-TYPE DWARFS WITH DISK FEATURES

Close visual inspection of the combined image, the set dhamsmasks, and the two residual
images was performed for each galaxy, using 8#&Image DS%ool (Joye & Mandel 2003). It
turned out that unsharp masks are the primary means to siearstbstructure: especially for small
elongated features, they often provide a more reliable dater detection than the residual images
do. In turn, only in very few cases did the residual imagessshimts of substructure where the
unsharp masks did not. However, in these cases the featereswgak and their shape hard to define.
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Ficure 2.4. Simulated vs. observed dE(di) Upper panels:Combined image of VCC 0990
along with its elliptical unsharp mask-(= 9 pix). Lower panelsSimulated two-component
galaxy image along with its elliptical unsharp mask£ 9 pix). The 'primary’ component
has an exponential intensity profile with scale length 3@lisixaxial ratio 1. The 'secondary’
component has an exponential intensity profile with equalesiength, axial ratio 0.5, and a
total magnitude 05 fainter than that of the primary component. The parameterghosen
to roughly match the appearance of VCC 0990. Note that thelation contains no nucleus,
which is why the central region of the unsharp mask is brigime¢he observed image than
in the simulated one. Each panel has a horizontal scale op248 (98’ or 7.55 kpc with

d = 1585 Mpc).

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

4.1. Disk detections

We identified 14 out of 476 early-type dwarfs that unambigipshow disk features, as exem-
plified in the upper three panels of Figure 2.5. Moreover, we fprobable disks’ in 10 objects (third
panel from bottom of Figure 2.5), and 'possible disks’ in bjeats (lower two panels of Figure 2.5).
This distinction between 'unambiguous’, 'probable’, apdssible’ disks is based on the visual judge-
ment of all three authors, and is intended to be an honestgeptation of the (un)ambiguity and the
SN of disk features. In the case of a possible edge-on or iedliutisk, we used comparisons with
artificial two-component galaxies to check whether ourrjprietation is consistent with such a struc-
ture. This is exemplified in Figure 2.4, where the galaxy V@B®- classified as 'probable’ dE(di)
—is compared to an artificial galaxy consisting of a 'primanyd a 'secondary’ component, the latter
being fainter and having a larger ellipticity (i.e. repnetsgg a larger inclination angle). The simulated
image is chosen to be similar infband 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 (seeoc8ef) show a blue central
region that is similar in appearance to the possible diskufea. As a further test we produced
unsharp masks for the two galaxies from the i-band imageg ddbwever, in both cases we can
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Ficure 2.5. Early-type dwarfs with disk features: dE(di)s. Combined images and unsharp
masks for three dEs with unambiguous disk features (topettoes), one probable dE(di)
(fourth row), and two possible dE(di)s (last two rows). Tlaexies are, from top to bottom:
VCC 0308 (spiral arms; unsharp mask kernel size= 20 pix), VCC 1896 (bar and weak
spiral armso- = 13 pix), VCC 1304 (edge-on disk; = 20 pix), VCC 0990 (inclined disk,
also see Figure 2.3r = 9pix), VCC 1183 (bary- = 6 pix), VCC 2019 (possibly inclined
disk, maybe warped or distorted; = 13 pix). Each panel has a horizontal scale of 98
(7.55 kpc withd = 15.85 Mpc).

neither reject nor unambiguously confirm the presence ohdined disk. We thus list both objects
as showing 'possible disk’ features.

In several cases we could not decide whether we see an edtjsekoor a bar; nevertheless, both
were taken as disk feature, since the presence of a bar commegires a disk. Moreover, apart
from the simple category 'no substructure detected’ (applyo 406 objects listed in Appendix E),
we labelled 29 galaxies as objects where substructure oé $and is present, but not necessarily
indicative of a disk (‘other substructure’; objects lisiedAppendix E). 17 of these show irregular
central features (also see Section 4.2), five have a boxyeshafour objects a feature like a dust lane
is seen, and for three objects the unsharp masks appeantadhminosity excess in the inner part.

Of the eight Virgo dEs for which disk features have been rehrfive (VCC 0490, VCC 0856,
VCC 1010, VCC 1036, VCC1695) are contained in our 14 unandugudetections, and one is a
probable detection (VCC 1422). Both VCC 0940 (reported byaBza et al. 2002) and VCC 1488
(reported by Geha et al. 2003) were not even identified as @)d&ndidate by us. The reason might
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Ficure 2.6. A dE with irregular central substructure. Combined image of VCC 0781 (left
panel), unsharp mask image with kernel size= 4 pix (middle panel), and unsharp mask
with o = 9 pix (right panel). Of those dEs where substructure othan thisk features was
found, this galaxy represents the subgroup of objects véttiral irregularities likely to be
caused by gas ayat dust. Each panel has a horizontal scale ¢f @53 kpc withd = 15.85
Mpc).

be twofold: first, those studies (as well as De Rijcke et 803 Wse a boxcar or median filter to create
their unsharp masks. As we demonstrated above (see Fighisn@.Section 3.2), applying such a
filter to a perfectly smooth elliptical light distributioniliwield an artificial elongated structure in the
unsharp mask. Thisfiect might well apply to VCC 1488 with its axial ratio of 0.55)tdess likely

to VCC 0940 which has an axial ratio of 0.76. However, the diskures of both galaxies were also
reported to be seen in the residual images resulting fropselfits and subsequent modeling of the
light distribution. Given that both the data from Geha e{2003) and from Barazza et al. (2002) are
of higher depth and resolution than our SDSS images, thedetettion of ours might simply reflect
our limitations in detecting disks, and shows that more g§E(@ight 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. Wehdayever, not attempt to reclassify
objects, since classification schemes in the VCC were faotyplex and based on the surface bright-
ness distribution, whereas we aim solely at stating whetheot a dE’s image shows features of a
disk. In principle, it would be desirable to establish a gutefinition of the dSO class as those (and
only those) dEs hosting (or being) a disk. Unfortunatelig it not possible: apart from the fact that
many objects can only be termed candidates due to the lirSitédthose where no disk wdeund
do not necessarily have ttaveno disk. It appears therefore most useful to not touch thgirai
VCC classification, but instead to provide a list of (cantBjlalE(di)s that can be correlated with all
sorts of observables in future studies of dEs. A thoroughassification of all galaxies is deferred
to a future study. We point out that our objects actrelated to the so-called dwarf spiral galaxies
defined by Schombert et al. (1995): while those have a chlldsidge, our objects do not.

4.2. Correlation with the original dSO class

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

Our initial sample — prior to exclusion of possibly irregutdjects — contained 47 out of 50 galax-
ies classified as dSO or candidate dSO (e.g. 'dE or dS0Q") iV@®€. Two objects were then exluded
due to a possible irregular nature; thus 45 (candidate) d&0eft in our working sample. 22 of these
are indeed classified by us as dE(di)s or dE(di) candidatesstituting 54% of our dE(di) sample.
14 objects have 'other substructure’ which reflects theegatof Binggeli & Cameron (1991): 3 of
them have a boxy shape, and 9 show irregular or clumpy cefetatures likely caused by gas and
dust. As an example for the latter, we show in Figure 2.6 thegierand unsharp masks of VCC 0781,
which looks somewhat similar to the well-known dwarf eligal NGC205 in the Local Group. Inter-
estingly, all of these 9 objects with central ghsst features have a blue central region with ongoing
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Tasie 2.1. Early-type dwarfs with disk features. Objects are sorted by B magnitudg

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

VCC mg @32000 032000 MEemBERSHIP  NOTE
Certain disks

1010 1372 1227M27F4 +12°1725° M 3,4,(5)
0523 13.75 122204.1 +1247 15 M 3,4,(5)
2048 13.85 124715.3 +101213 M 1
1036 14.03 122741.2 +121857 M 2
0308 14.30 121850.9 +075143 M 5
0490 14.33 122138.8 +154442 M 5
0856 14.42 1225579 +100314 M 5
1695 14.60 1236549 +123112 M 1,5
1896 14.78 124154.6 +09 3505 M 3,5
1671 14.80 123632.2 +061011 P 5
0216 1490 121701.1 +09 2427 M 5,(3)
0278 15.10 1218144 +063614 P 5
1304 15,50 123039.9 +1507 47 M 2
1204 16.60 122938.0 +070624 M 2
Probable disks

1422 13.81 123214.2 +101506 M 1
1949 14.19 1242578 +121714 M 2,3,(4)
1947 1456 124256.4 +0340 36 P 3,4
1392 14.62 1231559 +121028 M 2
0407 1464 122018.8 +093244 M 2
0990 14.81 122716.9 +160128 M 2
0218 14.88 121705.4 +1217 22 M 2,(6)
2050 15.20 1247 20.6 +120959 M 2
0336 16.20 121917.6 +055233 P 1
1691 17.30 123651.1 +125731 M 6,(5)
Possible disks

1910 14.17 124208.7 +114515 M 1
1183 14.32 1229225 +112602 M 3
0389 14.40 122003.3 +145742 M 4
2019 1455 124520.4 +134134 M 4,(5)
0608 14.70 122301.7 +155420 M 2
2042 14.79 124638.2 +0918 27 M 4,(5)
1779 14.83 123904.7 +144352 M 2
1684 14.87 123639.4 +1106 07 M 2,(7)
1836 14.92 124019.6 +144255 M 5
0397 15.00 1220122 +063724 P 2,4,(3)
1514 15.10 123337.7 +075217 M 2
1444 15.60 1232359 +095311 M 6
0788 15.80 122516.8 +113619 M 2
1921 15.90 124226.5 +114425 M 2
2080 16.20 124858.4 +103512 M 2
0854 17.30 122555.7 +124611 M 6
1505 18.00 123324.7 +152428 M 6
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star formation or at least very young stars, similar to NG&&0d also to the galaxy presented by Gu
et al. (2006). This nicely confirms Binggeli's & Cameron’snctusion, “the irregularity must stem
from recent or ongoing star formation” (drawn without calinformation or unsharp masks!). None
of these galaxies shows (additional) disk features; thui@amust be taken when treating them as
dE(di)s only because of their dSO class: not all classifidébdfe dE(di)s. These objects might prove
highly important for investigating possible formation ohels for dEs; therefore they are the subject
of Chapter 3.

Finally, for 9 of the 45 (candidate) dSOs, neither a disk nbeosubstructure was found. How-
ever, three of these are classified 'dE or dS0Q’, three are?d%Ce. high uncertainty), and two are
'dS0:’ (i.e. some uncertainty); hence we most probably ditimiss any significant disk or irregular
substructure. The one unambiguously classified dSO (VC@)18dd been classified as such mainly
due to high flattening. While our measured axial ratio of @s3@nall, it is not small enough that we
would classify it as dE(di) based on flattening only.

5. PROPERTIES OF SPIRAL FEATURES
5.1. Relative strength

For those three dE(di)s with the best-defined spiral arms)ameattempt to obtain an estimate of
the relative amount of light that constitutes the spiral §ras compared to the smooth and axisym-
metrically distributed light. We thus need to measure the @lithe residual image (showing only
the spiral arms) within a given aperture, and compare itéddkal flux of the galaxy within the same
aperture. We shall term this flux ratio the 'strength’ of tiperal features. However, in the residual
image the flux level in between the spiral arms is signifiganggative: when fitting ellipses, the
average flux value of each elliptical isophotefi&®ated by the spiral arms and thus comes out slightly
too high. Consequently, somewhat too much flux is assignédeteamoothly distributed light com-
ponent, resulting in negative flux values when subtractewh the original image. To avoid or at least
minimize this é€fect, we obtain optimized residual images through an itergirocedure outlined in
detail in Appendix A, yielding a lower and an upper limit ftwet strength of the residual features.

The resulting residual images for our three dE(di)s aregmtesl in Figure 2.7. Note that it is
not the case that our disk detections would have been nfaeat if we had used such optimized
residual images from the beginning: tbentrastof residual features like spiral arms does ndfati
with respect to the initial residual images — only the avertigx level is dfset systematically.

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

With these results at hand, we can now for the first time in these of this study address the
qguestion of whether dE(di)s are disk galaxies, i.e. are bbbiate shape like VCC 1304 (third row in
Figure 2.5), or whether they are spheroids hosting a diskpom@nt. The ratio of the light within the
spiral features to the smoothly distributed light has beeasared to be within 6-12% for our three
galaxies. Therefore, when assuming that these objectphezadal galaxies hosting an embedded
disk, the total light within the disk cannot be much largertithe light within the spiral features, since
otherwise the disk would be the dominating component andbject would not be a spheroidal
galaxy in the common sense. Therefore, assuming the lighirnihe spiral features to be of the
same order as the total light of the disk component, the akatie of 'spiral light’ to the smoothly
distributed light should be comparable to the ratio of theosdary to the primary component in our
two-component model images. If, however, our galaxies @ genuine disk galaxies, the spiral
features might well contain just a fraction of the total ligii the disk. Consequently, if the disk
is seen edge-on and compared to a suitable two-componerd! moage, the ratio of its secondary
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Ficure 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 ¢tiréd)s with the best-defined
spiral structure (VCC 0308, VCC 0490, and VCC 0856 from tas,well as for the two
dwarf-like SGSa galaxies (Section 5.2) VCC 0522 and VCC 1902 (bottom)h panel has

a horizontal scale of 162(12.48 kpc withd = 15.85 Mpc).

Tasie 2.2. Relative strength of spirals. Columns 2-4 give measured values for the opti-
mized residual imagwithout median smoothing, columns 5-7 give the same quantities for
the versiorwith smooting (see text for details). Columns 2 and 5 give the wtthe flux of

the residual image to the flux of the model image within theseimoaperture. Columns 3 and

6 give the same as a magnitudéelience, and columns 4 and 7 give the fraction of residual
to total light.

VCC ‘ fres fres ‘ fres nkmoo ( fres

Trotal fmod SMoo ftotal)smoo
0308 o.107 2.43 0.097 0.082 271  0.076
0490| 0.132 2.20 0.1170.122 229  0.108
0856| 0.075 2.81 0.0700.059 3.07 0.056

0522]0.159 2.00 0.1370.127 2.24 0.113
1902 | 0.150 2.06 0.1310.102 2.47 0.093

to primary component should be significantly larger thanwhilee measured for the (face-on) spiral
features. Indeed, for those dE(di)s with apparent inclaiells that could not be confused with a bar,
the secondary component of the similar-looking model ilsag®nly 0.5-1 magnitudes fainter than
the primary component, whereas the spirals measured abe#2a3.1 magnitudes fainter than the
smooth axisymmetric component. Although this is no finabpaue to the small number of objects
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considered, it points towards dE(dBgingdisk galaxies, instead of justavinga disk component.
Further arguments supporting this view will be presentefdntion 6.

5.2. A possible connection to faint S(a galaxies

Since the strengths of the three spirals measured abowagldifer within a factor of two, it
might be interesting to see how the galaxies’ images woupgkapif their spirals were stronger by
a certain amount. For this purpose, we simply multipliedréfmdual images by a certain factor and
added them to the model of the smooth component, therebyakimgi a stronger spiral. Strikingly,
with only a @"5-1" enhancement, the galaxy does not look like a dwarf ellipticdwarf SO anymore,
but instead like a spiral galaxy, although without a bulge.

It might thus be no coincidence that more than a decade agmfars (B.B.) identified a handful
of “faint, dwarfish looking SfBa” galaxies in the Virgo cluster (VCC 0522, VCC 1326, VCC8.36
VCC 1757, VCC 1902) whose appearance is very similar to wasbleen just described (Figure 2.7).
These objects éier from normal (i.e. giant) $8a galaxies: their surface brightness profiles are
similar to early-type dwarfs and remain flatter than the dkitipossible King profile when going
inwards, i.e. they apparently have no bulge (Binggeli, intished). Thus, they are hardly normal
S(@'Sa galaxies, which typically have a high bulge-to-diskaralinstead they have a central luminosity
excess just like the early-type dwarfs.

One might thus term these objects 'dwarf-like/S& galaxies, to distinguish them from their
giant counterparts. A further investigation of their cltdeaistics and a detailed comparison with
early-type dwarfs will be the subject of a future paper. Rarpresent study, we selected those two
with the best-defined spiral structure (VCC 0522, classiiagdand VCC 1902, classified /S@), in
order to measure the spiral strength like we did above angaaant to the dE(di)s. Their strengths
turn out to be slightly larger than the average value of theallE(di)s and similar to the strongest
dE(di) spiral (VCC0490): 9%-13% for VCC 1902 and 11-14% foE®0522. Both objects are
about half a magnitude brighter than the brightest dE(di)8ius appears plausible that the dE(di)s
and these objects belong to the same population of galehéegxtends to magnitudes brighter than
those of dEs and ffers from the 'classical’ dwarf ellipticals.

5.3. Pitch angle

In order to confirm our above hypothesis, we measured thk pitgle of the spiral arms of both
dE(di)s and the dwarf-like $8a galaxies on the residual images. We used the method luksdry
Ma (2001): a spiral arm is traced by manually selecting a&seri image positions that follow the arm.
These are then fitted by a logarithmic spiral, taking intooaict the galaxy’s inclination and position
angle which we adopt from our elliptical apertures (in theecaf VCC 1896 these values were taken
from the axial ratio measurement of the disk). We measuredasns of VCC 0308, VCC 0490,
VCC 0856, and VCC 1896, one arm of each of the two possibleeriusembers VCC 0278 and
VCC 1671, and two arms of the two faint S@& galaxies VCC 0522 and VCC 1902. The resulting
values are shown in Figure 2.8 as black symbols and compatéé values for various Hubble types
from Ma et al. (1999) (grey). The dwarf-like Sa VCC 0522 fallghin the range of values of the
dE(di)s while the dwarf-like §%a VCC 1902 lies slightly below. The dE(di)s best agree witilble
type SaiSb while the dwarf-like S(ba galaxies — if taken together — fall in the range of type 3ab.
independent check of our measurements is provided by Jetrjain (2000) who found a pitch angle
of 121 for VCC 0856. For the two arms, we derive the valueblhd 121, respectively, thus being
in good agreement with those VLT-data measurements. Oiwedepitch angles are incompatible
with spirals of very late typexSc), which are often considered as potential progenitardis; see
Section 10 for a discussion.
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Ficure 2.8. Pitch angle vs. morphology. Grey symbols:Mean pitch angle and &-error
bars of the spiral arms for various Hubble types as given byeMd. (1999). The value for
type Sd was only derived from two objectBlack filled circles: Pitch angle for the certain
cluster members VCC 0308, VCC 0490, VCC 0856, VCC 1896 (tefight) for two spiral
arms each (connected symbol paiBlack open circlesPitch angle for the possible cluster
members VCC 0278 (left) and VCC 1671 for one spiral arm eatHgoth cases the other
arm could not be traced well enougBlack asterisksPitch angle for the dwarf-like 38a
galaxies (see text for details) VCC 0522 and VCC 1902 for tpicasarms each (connected
symbol pairs; the values for the arms of VCC 1902 are almasaieq

6. FLATTENING DISTRIBUTION

A flattening distribution for our galaxies can be obtainedhvio ways: for the disk features
themselves by directly measuring or estimating their asa¢ib, and for the galaxies as a whole,
based on their ellipticities. The first distribution — whiate shall term the flattening distribution of
the disks — serves as a basic test that the features we seeleed idisk features. This is of particular
importance for the inclusion of 'probable’ and 'possiblésidfeatures into our working sample of
dE(di)s. In order to have a statistically significant sammgy. to derive the luminosity function
(Section 7), we would like to include not only those dEs wittambiguous disk features, but also
those with probable and possible disk features into our ifiE{drking sample. This requires the
flattening distribution of disk features to be consisterthwine assumption of an intrinsic flat oblate
(and circular) shape, which shall be examined in the folhgasubsection.

The flattening distribution of thgalaxies— presented below in Section 6.2 — servesftetent
purpose: it will allow us to consider the question of the lassdisk nature of the dE(di)s again. If
they were spheroidal galaxies with a (weak) disk comportéetdistribution of axial ratios should
be significantly diferent from that of disk galaxies. In turn, if their flattenidigptribution would be
consistent with them having an intrinsic disk shape, theyldiery likely be genuine disk galaxies.

6.1. Flattening distribution of the disks

Although not possible with perfect accuracy, still an estienof the inclinations of the disks (not
the galaxies) can be obtained from either the unsharp masieaesidual images. An ellipse was
manually (by eye) fitted to the disk using that unsharp masiesidual image where the respective
features stand out most prominently (exemplified in Figu8.2Zl' he results are shown in the left panel
of Figure 2.10 as a running histogram (black lines), i.e aahadata point we consider the number of
objects within the chosen bin-width of 0.4d.05). We take into account all 36 dE(di)s and candidates
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Ficure 2.9. Disk axial ratio measurement. Illustration of manual choice of a best-fitting
elliptical aperture (right panels) for each disk featunerf top to bottom: VCC 0490 (resid-
ual image), VCC 1010 (unsharp mask with kernel size 13 pix), and VCC 1304 (unsharp
mask witho = 20 pix). Each panel has a horizontal scale of’1{&95 kpc withd = 15.85
Mpc).

that are certain cluster members. Galaxies where we caecatelwhether we see a bar or an edge-
on disk were assigned two values: a lower limit assuming elmied disk (solid line), and an upper
limit from the axial ratio of the galaxy as a whole, assumihg feature was a bar (dashed line).
A theoretical distribution assuming a disk with an intrisixial ratio following a narrow Gaussian
around a mean value = 0.25 with o = 0.01 and a randomly distributed inclination is shown as
grey solid line for comparison (Mihalas & Binney 1981). Withihe expected uncertainties for our
relatively crude measurements, the observed and theaireticve are nicely consistent with each
other. This strongly corroborates the hypothesis that dla¢ufes we seare disks, and moreover,

it supports the approach of including not only the unambigubut also the candidate objects into
our dE(di) working sample for the purposes of our analysis aAfurther test, we examined the
flattening distribution for 'possible disks’ only — it turmmsit to be very similar to the distribution for
all dE(di)s. It therefore seems plausible that most of oos4gible’ disk detections actually are disks.
Nevertheless we prefer to keep the term ’'possible’ in ordeetiect that uncertaintieare present in
our visual identification of disk features.

6.2. Flattening distribution of the galaxies

Based on the elliptical apertures described in Section &.put together the distribution of axial
ratios of the (candidate) dE(di)s, shown in the right pafiéligure 2.10 as running histogram (black
line). For comparison, we show the theoretical curve assgrain intrinsic axial ratio distribution
given by a narrow Gaussian with= 0.35 ando- = 0.02. Obviously, there is almost perfect agreement
of observed and theoretical distribution, a compellingdation for an intrinsic disk nature of the
dE(di)s! This view gains further support from the compamis@ith the distribution of dEs where
no disk features were found (Figure 2.11): these objectslasely consistent with a population of
spheroids, and éter significantly from the dE(di) distribution. It thus appeaery likely that dE(di)s
are genuine disk galaxies. A prototypical representatibhow these disk galaxies appear when
viewed egde-on might be given by VCC 1304 (third row in Fig2re) with its axial ratio of 0.32.

While Binggeli & Popescu (1995) already found dSOs to beisgantly flatter than dwarf ellip-
ticals, the diference is even more pronounced for our comparison of dEgdijsdEs with no disk
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Ficure 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 membershipft panel:Distribution of axial
ratio measurements of disk features as illustrated in Eigu®. For the solid black line we
assume that all elongated features where we could not dbetsleen an inclined disk or a
bar actually are an inclined disk. For the dashed black liveeassume that these features
are bars, and thus adopt the axial ratio of gladgaxyas an upper limit. The grey line shows
the theoretical distribution for an intrinsic axial ratiepresented by a narrow Gaussian of
u = 0.25, 0 = 0.01, following Mihalas & Binney (1981). It is normalized togtsame
area under the curve as the black solid liRéght panel:Distribution of axial ratios of the
galaxies. The grey line represents an intrinsic axial ridu# follows a a narrow Gaussian of
u=0.35,0 =0.02, and is normalized like above.
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Ficure 2.11. Galaxy axial ratio distribution. Running histogram of the galaxy axial ra-
tio distribution of dE(di)s (black) and dEs where no disktfeas were found (grey). Both
histograms are normalized to an area of 1.

detection. This is explained by the fact that not all dSOsdi@li)s and vice versa: at least some
galaxies that were classified as dSO might be spheroids &#®1$54.2).

The flattening distribution also allows us to test whethenatrall bright dEs might actually be
dE(di)s, but are not identified as such due to limitationswfaetection method. When we modify
Figure 2.11 such that only galaxies of the brightest one-{fmvagnitude-interval are considered (not
shown), the distribution of dEs with no disk detection isansistent with all of them being dE(di)s
as well. Therefore, while we might misemedE(di)s in our search for disk features as outlined in
Section 8, we can exclude the possibility th#itof the brightest dEs are disk galaxies — a significant
number of objects need to be spheroids.
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Ficure 2.12. Luminosity function and disk fraction. Upper panel: Running histogram
of the number of all dEs (light grey) and (candidate) dE(@ilsrk grey) with respect to B
magnitude as given by the VCC. The bin-width 0] therefore the counts are incomplete
for mg > 1775 (vertical dotted line). A bin is calculated at each positad a galaxy in the
full sample. The upper x-axis gives absolute magnituderasgym — M = 31"0. Only
certain cluster members are considered. The ratio of betbhdrams is the disk fraction and
is given as black symbols.ower panel:Similar to the upper panel, but for all dEs minus 1.5
times the number of (candidate) dE(di)s (light grey), f& times the number of (candidate)
dE(di)s (dark grey), and for the disk fraction resultingréfeom (black).

7. DISK FRACTION VERSUS MAGNITUDE

In the upper panel of Figure 2.12 we show the distribution ©$ dnd (candidate) dE(di)s with
respect to their B magnitude provided by the VCC. For thippae we present our data as a running
histogram with a bin-width ofM0 (i.e. +0"5). Only galaxies are considered that are certain cluster
members according to Binggeli et al. (1985, 1993), resylim414 objects (light grey shaded his-
togram), containing 36 dE(di)s and candidates (dark grageth). The fraction of (candidate) dE(di)s
among all dEs is shown as black solid line: it reaches mone 8@% for the brightest objects, and
then decreases to few percentnag > 16™. This 'disk fraction’ might be of special interest, since
e.g. Binggeli & Cameron (1991) discuss a potential breaknarflgalaxy structure a¥lg, ~ —16",
which corresponds tog = 18"7 given theirn— M = 31M7.

A plateau is seen in the running histogram (the luminositycfion) of our full dE sample, the
position of which coincides very well with the location ofetlE(di)s in the diagram. As a test, we
subtracted the dE(di)-counts from those of the full samiple still a weak bump remains. However,
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we need to take into account the fact that we might have missighificant number of disks in dEs
due to the limitations of our data (which are assessed in@e8}. Therefore, we now multiplied the
dE(di) counts with 1.5 to account for the missed ones, anttattied these counts from those of the
full sample. Indeed, the plateau disappears (lower parigigofre 2.12).

These results — independent of any considerations in prewgections — suggest very convinc-
ingly that dE(di)s are a flierent population than dEs with no disk, i.e. both hauv@edent origins
not related to each other. Taken together with the indinatior the disk nature of dE(di)s, evidence
accumulates that dE(di)s are not just dwarf ellipticalshvenbedded disks, but instead constitute a
population of disk galaxies fierent and independent from classical dwarf ellipticals.

In the following, we attempt to estimate the number of didkat tare missed by our study, in
order to assess whether the above assumption of a factds &f fealistic. Moreover, we attempt to
independently show that the decline of the disk fractiore&,rand cannot be just affect of limited
data quality.

8. LIMITATIONS IN DETECTING DISKS

To obtain a realistic estimate for the limitations in detegtdisks, we artificially dimmed our
objects such that they correspond to dEs that are faintenby(twvo) magnitude(s), also taking into
account the relation of dE magnitude and radius (Binggelig&n@ron 1991). This was done on the
individual images and is described in more detail in Appe®liThe resulting modified images were
then co-added like the original data, and unsharp maskseveated. The dimmed objects were then
treated as if they were real galaxies that have to be seafchdik features, and the same categories
(unambiguous’, 'probable’ etc.) were assigned.

In Figure 2.13, we focus on the galaxies lying within the btégt one-magnitude-interval (solid
line, filled circles). When dimmed by 1 magnitude, they resuthe histogram given by the dashed
line with crosses, and when dimmed by two magnitudes, thdtimeg histogram is shown by the
dot-dashed line with filled triangles. This is illustratittge disk fraction we woul@éxpectto see at
fainter magnitudesf the fraction of the brightest one-magnitude-interval of sample would be
constant with magnitude. The obvious mismatch, along with the already strong deer@aslisk
fraction within the brightest one-magnitude-interval itself, suggesis ttine observed decline in disk
fraction is real, and is not due to the limitations of the d&ween if we do not assume the true fraction
to be constant, we find down tog ~ 18M0 the observed disk fraction to decline much stronger per
one-magnitude-interval than what would be expected frdifical dimming (see Appendix C).

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

Still, the issue might be more subtle: if thelative strengthof the disk features was decreasing
with magnitude in addition to the/B of the objectas a wholethe estimate from artificially dimming
the galaxies would be somewhat too high. While several oflisiefeatures of the artificially dimmed
galaxies would still be strong enough to be seen, some ofrtieedbserved ones would not. We
examine this possibility in Appendix D, and find that indeedhewhat more dE(di)s than estimated
above might be missed at fainter magnitudes due to datationis. However, if the true disk fraction
were to decrease to zero thifext would be of minor relevance. Although we are not able ve gi
an accurate estimate of the true number fraction of dE(eispoint out again that our analysis
is consistent with the approximation of multiplying theldfsaction with 1.5 in the lower panel of
Figure 2.12. A significantly larger factor can be excluddibieing the argument given in Section 6.2:

2 Here we neglect the fact that there is already a large dexinatisk fractionwithin the brightest one-magnitude-
interval — however, a certain interval width is necessarprder to still have a fair number of dE(di)s left among the
two-magnitude-dimmed dEs.
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Ficure 2.13. Effect of N on the disk fraction. Upper panel:Running histogram of the
disk fraction as given in the upper panel of Figure 2.12 ¢safid dashed line with circles).
The brightest one-magnitude-interval is shown as solid Viith filled circles, changing to
a dotted line with open circles outside of the interval. Wites dE(di)s in this interval are
dimmed (see text) by 1 magnitude, the resulting disk fractiogiven by the dashed line
with crosses. A dimming by 2 magnitudes results in the ded@shed line with triangles. A
histogram bin is calculated at each position of a galaxy énftii sample.

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

9. SPATIAL DISTRIBUTION

It is well known that the projected spatial distribution éffdrent morphological types of galaxies
differs significantly (the so-called morphology-density tietat Dressler 1980). Therefore it appears
interesting to examine the distribution of dE(di)s and dEeke no disk was found and compare it to
other galaxy types. Those projected spatial distributemesshown in Figure 2.14, along with the dis-
tributions for giant ellipticals (Es), for Es and giant SOgéther, for spiral galaxies, and for irregulars
for comparison. Positions are taken from the VCC by use oMibkieR database (Ochsenbein et al.
2000). Only certain cluster members are considered, aathigidiate or uncertain classifications be-
tween the types are exclude@learly, dE(di)s show the least clustering of all types, estmat similar
to the distribution of irregulars with > 10°.

For a more quantitative analysis, we show the cumulativriligion of each type of galaxy
with respect to the distance from the cluster center. Sinegetis no unique definition for the latter,
we decided to choose a point such that the radius of a cirategng all dE(di)s is minimized
(Figure 2.1). For this purpose we use a 'corrected rightrasgoa’, which we define as

(2 @corr = (@ — @center) - COSE) + @center »
so thatacorr is measured in true degrees. We choose 'our’ center to lie at

(3) @center = @Mg7 — 15, Ocenter = Omg7 — 0285

3 For example, a galaxy classified ag3p’ is excluded from the sample of Es, but included in the daethsample
of Es and SOs.
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Ficure 2.14. Distribution of morphological types within the cluster. For various types of
galaxy (dE(di)s, dEs with no disk features, Es+E8s, spirals, and irregulars) the projected
spatial distribution is shown. Coordinates are given f@QI2 Only certain cluster members
are considered. The position of M87 is shown as grey croghelnpper panels, boundaries
of the SDSS coverage are shown as grey dashed lines.

i.e. going from M87 slightly towards M86 and M49. Interegliy) this circle at the same time encloses
exactly all the giant ellipticals. For all other types, wdyononsider galaxies up to the maximum
radius of the dE(di)s, in order to properly compare theiswung propertiesvithin that area. The
fact that other galaxy types extend slightly further outigamight have physical significance, but
could also be just due to the relatively small number of di§(ds compared to other types. Also, a
part of it is due to the boundaries of the SDSS DR4 coverag@ated with dashed grey lines in the
upper panels of Figure 2.14.

We show the cumulative distributions in Figure 2.15. Alonighvthe distribution for diferent
morphological types, we show the expected distributiorafoisothermal sphere(f) ~ r=2) in the
upper panel, and for constant densjirj = const) in the lower panel, wherg(r) denotes the true
volume density, not the projected surface density. Thioisedby populating a (three-dimensional)
sphere at the distance of the Virgo cluster (taken td be15.85 Mpc, i.e.m— M = 3170) with the
same number of objects as the number of dE(di)s, and theerdhg’ the projected distribution of
this sphere. Vertical intervals containing all 25.87% E 10) of Monte-Carlo-simulated values
(darker grey) and all but2.27% E 20, lighter grey) are shown. Although a sphere is clearly not
an ideal representation of the dynamically young and ureela/irgo cluster, this simple model is
intended to give at least a rough idea of the actual densityilolition of the various galaxy classes.

The well-known dfference in the distribution of giant ellipticals and spi@srregulars is clearly
visible, and serves as guidance for the question of whatitaies asignificantdifference between
two galaxy types in the diagram. The dEs where no disks wenmed@oughly follow the distribution
of giant Es and SO0s, i.e. they are less centrally clusterad the Es alone but more strongly than
spirals and irregulars. In contrast, dE(di)s lie clearljolethis distribution, and for most of the
sample they show even less clustering than spirals andilenesy confirming the impression given by
Figure 2.14. While giant Es tend towards the isothermal iphead spirals and irregulars more or



26 2. SEARCHING FOR HIDDEN DISKS

1

o o
o Y

o
’S

Cumulative fraction

0.2

[ GEQi  —

| GE  mmmms

0.8

o
)

o
>

Cumulative fraction

0.2

0 1 2 3 4
Distance to chosen center (degrees)

Ficure 2.15. Radial distribution of morphological types. Both panels show the cumulative
distribution of the angular distances of galaxies from dwwsen cluster center (see text).
Only certain cluster members are considered, and all gdjggs are only considered up to
the maximum distance of the dE(di)s. Various line types giveecumulative distributions
for dE(di)s, dEs with no disk features, Es,#30s, spirals, and irregulars, as labelled in the
figure. In the upper panel, Monte-Carlo-simulations werdgueed to yield the expected
distribution for an isothermal sphere potential (bev r=?) for a total number of 36 objects,
i.e. the number of (candidate) dE(di)s. For the simulatmulistance to the Virgo cluster
center of 1385 Mpc was adopted (correspondingrto- M = 31), resulting in an angular
scale of 028 Mpc/°. The simulated objects populate a sphere with a physicalisaaf
1.4 Mpc, i.e. corresponding to the angular value 4 for the circle in Figure 2.1. The
resulting distribution is shown as grey areas that enclestical intervals around the median,
containing all but=15.87% of simulated values=( 1o, darker grey) and all bu+2.27%
(= 20, lighter grey). In the lower panel, analogous Monte-Caiilnulations were done for
a constant galaxy density. Note that 1(2)-sigma areas dyevaltid for a comparison with
the dE(di)s, not with other types, since the number of gakaid diferent for the latter.

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

For the sake of completeness, we also show the resultingbdigbns when M87 is chosen as
cluster center instead (Figure 2.16). Thietence between dE(di)s and dEs is now slightly less pro-
nounced, but also it now varies somewhat less with radiustieéore. Here the dE(di)s follow closely
the distribution of spirals, and fall within the 1-sigmaaa the theoretical distribution for constant
volume density — note, however, that a sphere around M8#&&lglno good representation of the
Virgo cluster’s shape. In contrast to the dE(di)s, dEs winerdisk features were found approach the
distribution of E+S0s, and at larger distances reach the distribution of tredee.
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Ficure 2.16. Radial distribution with respect to M87. Same as in Figure 2.15, but now
adopting M87 as cluster center.

10. DiSCUSSION AND SUMMARY

It is a long-standing question how early-type dwarf galsxierm, and whether there is more
than one formation channel producing them. Current theaneude ram-pressure stripping, galaxy
harassment, or in-situ formation. However, for a propeotbgcal approach of dE formation, first the
characteristics and possible subpopulations of the dE cleed to be fully understood and unveiled
from the observational side. While the definition of the d&&s by Binggeli et al. (1985) implied a
disk nature of these objects, the fairly diverse classificatriteria had to remain suggestive but not
compelling for dSOs being disk galaxies. The discovery skdéatures in a handful of dEs had not
yet been succeeded by a systematic, quantitative studycand thus not provide significant input
for models of dE formation.

Moreover, kinematics — which might provide further insigito the presence of disks — are well
studied only for a relatively small sample of dEs. With theS®Ddata at hand, we performed for
the first time a systematic search for disk features in an sthoomplete sample of dEs down to
mg < 18"0, and found 41 out of 476 objects to show (possible, probatisk features. In the light
of the diversity of the early-type dwarfs, one of our primand most important results is that dE(di)s
most likely constitute a dlierent galaxy population than dEs where no disk featurescanedf the
bump in the luminosity function of dEs (Figure 2.12) is highhlikely to be an intrinsic characteristic
of just a single population, and it is nicely explained by shiperposition of dE(di)s and dEs with no
disk features. Therefore, at least twéfeient formation scenarios appear to be required: one for eac
dEs with and without disk features.

When the first observations of spiral structure in dEs werdengalaxy harassment seemed to
provide a simple explanation for the apparently embeddskisdin dwarf ellipticals: Mastropietro
et al. (2005) showed that the progenitor galaxy’s disk nesdor completely destroyed during the
process of transformation, but part of it is left over indilde newly formed dwarf. However, we point
out a main problem with this scenario: how could the obseweli-defined, early-typspiral-arm
structure of dE(di)s be reconciled with them haviate-typeprogenitor spirals with their typically
flocculent arm structure? Figure 2.8 directly compares ftedh @angle of our objects to that of Scd
and Sd galaxies in the diagram - and shows an obvious mismkitche assumes a relatively weak
spiral structure for the late-type progenitor that wouldcily disappear after star formation ceases,
one might conclude that the above harassment scenario stilliloe valid, provided that the dE(di)
spiral structure is purely of tidal origin, as e.g. suggedig Jerjen et al. (2000). The above question
then changes into asking whether such well-defined spina$ aan at all be created through a process
like harassment, and what parameters determine their egpea To confirm that we are not looking
at spiral structure traced by regions of star formation, wa@ned near-infrared H-band images for
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VCC 0308 and VCC 0856 which we obtained through the FESEECF Science Archive facilit§.
These images show the very same spiral structure as thelogiita,, consistent with what would be
expected for grand-design, early-type spiral arms. A ttaixamination of the colour properties of
the spiral structure will be presented in a future paper.

Even without considering a specific formation theory, ouaddso allow us to address the ques-
tion of whether dE(di)s are genuine disk galaxies or whetihey are spheroids hosting a disk. Our
distribution of axial ratios for theisks(i.e. where we measured the disk features, not the galasias a
whole) agrees well with the expected distribution assunaimgntrinsic axial ratio of 0.25 (left panel
of Figure 2.10), confirming our general approach to findirgkdeatures in dEs. More importantly,
also the distribution of axial ratios of tlgalaxieswhere disk features were found is nicely consistent
with the assumption of their being disk galaxies with animnsic axial ratio of 0.35 (right panel of
Figure 2.10). This distribution significantlyféers from the distribution of dEs with no disk features,
the latter being consistent with a distribution of genuipbesoids. We do not see how this could
be reconciled with the assumption that dE(di)s themselk@sheroids — instead, we take these re-
sults as compelling indication for dE(di)s being disk gaax represented by the edge-on view of
VCC 1304 (third row of Figure 2.5).

Could this population of disk galaxies be simply an extemsbtheir giant counterparts? The
deduced intrinsic thickness of dE(di)s (0.35) agrees vidcbrresponding value for giant Sa galaxies
as given by Fouqué et al. (1990) (0.37 for /S@’, 0.33 for 'Sa’; Schroder 1995), and the measured
pitch angles best agree with Hubble type Sdi(Figure 2.8). The dwarf-like $Ba galaxies presented
in Section 5.2 could in fact bridge the gap from dE(di)s tagidisk galaxies. Here, the presence or
absence of a 'classical’ bulge can distinguish between wbatd be called a giant or a dwarf galaxy.
However, early-type dwarfs are rare in the field environmettile early-type spiral galaxies are
preferentially found in the field. This fundamental obséoma provides evidence against a close
relation of dE(di)s and early-type spirals.

The projected spatial distribution of dE(di)s within thed4 cluster difers significantly from dEs
with no disk features, and implies that the population ofdifs(is not virialized yet. Thus, if dE(di)s
would be the result of a morphological transformation, #tisuld have occured recently. Any spiral
structure of the late-type progenitor galaxies would haad to be destroyed during the process,
since the spiral arm characteristics of the dE(di)s arenvpatible with being remainders from /Sad
spiral galaxies. While a pure star formation origin of th&aparms is unlikely (see above), they
might originate from the recent galaxy-galaxy interactibat triggered the transformation process.
Since such spiral structure would quickly disappear afterimteraction ended, one would expect the
dE(di)s to still show structural distortions, i.e. to beddsmogeneous in appearance. Moreover, a
significant amount of tidal debris should still be presewiuad them. At least the latter issue could
be settled observationally with dedicated deep imaging=gtids and their vicinity.

Even before the discovery of the first spiral structure withidE by Jerjen et al. (2000), it was
obvious from the existence of a dSO0 class that treating dif-&gpe dwarfs as one single population
of galaxies always bore the risk of mixing objects that miggate had dferent evolutionary histories.
With our systematic search for disk features, we have nowiged several strong indications that
early-type dwarfs do indeed consist of two distinct popale of galaxies. Therefore, with our
results at hand, we strongly recommend that those objeetgifiéd by us as (candidate) dE(di)s be
considered separately from the rest of dEs in any futureysbfi@arly-type dwarfs, like e.g. a study
of dE colours. Furthermore, one should keep in mind that mifsggnt fraction of the brighter dEs
where we did nofind any disk features might stitbe dE(di)s — this possible incompleteness could
fake systematic dlierences between brighter and fainter dEs. We also suggespéwately consider
objects where we did not find disk features but that have bkeesitied as dS0 in the VCC, since our
results confirm that these alsdfer from 'ordinary’ dwarf ellipticals. As a technical recoremdation,
we advise caution on the interpretation of substructureighseen in unsharp mask images created

4 Observations made with EQQTT at the La Silla Observatory under programme ID 64.N-0288
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Nucleus colours vs. disk detection
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Ficure 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 a(di}i their nucleus colours are
shown as black histogram.

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

Now that the separation between dEs and dE(di)s has bedsligsta, their properties can be
analyzed. Given the disk nature of the dE(di)s, a corretatiith kinematical studies of early-type
dwarfs is an obvious thing to do. Such a correlation has faehlinvestigated by Geha et al. (2003)
who found that two out of three rotating dEs show disk feauyet two out of four non-rotating dEs
have weak disk substructure as well. Without going into teits of the kinematical analyses, we
compiled results from several studies that state whetheoba dE shows significant rotation (van
Zee et al. 2004b; Geha et al. 2003; Simien & Prugniel 2002a}e khat these studiesftr in their
data properties, their maximum radius for sampling thetiamacurve, and their criteria for significant
rotation. 18 out of 29 galaxies are found to be not rotatigrealpported, i.e. they show no or too slow
rotation as compared to the observed velocity dispersioaf these objects (22%) are (candidate)
dE(di)s. However, it needs to be stressed that rotationesuave only sampled out to about the half-
light radius, which might not be enough for definite statete@fout rotational support. 3 of those 4
dE(di)s do show significant rotation, but not enough to dudbr being rotationally supported. Of
the 11 galaxies that were found to be rotationally suppog®5%) are (candidate) dE(di)s. There
is thus a tendency for dE(di)s to be rotationally supportgstesns, as one would expect for disk
galaxies. The number statistics are consistent with owghr@stimate of a third of the dE(di)s being
missed in our study when assuming that most or all of thematadionally supported.

Given the diferent spatial distribution of dE(di)s and dEs within thestéw, a further issue of
interest would of course be their distribution of heliocenvelocities. These are available for 31
dE(di)s and 162 dEs where no disks were found. However, thalisiributions do not dier signif-
icantly. Since the true threedimensional locations of @laxjes within the cluster are not known,
let alone the exact threedimensional structure of theealutstelf, unfortunately no useful conclusion
can be drawn here.

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

In the residual images obtained in Section 3.3, the flux lieMeétween the spiral arms is negative:
when fitting ellipses, the average flux value of each ellgitisophote is fiected by the spiral arms
and thus comes out slightly too high (panel A of Figure 2.1B)is results in negative flux values
when the model is subtracted from the original image (pajeM& construct optimized residual
images through the following iterative procedure. Wheeeitfitial residual image has negative flux
values, its flux is set to zero, otherwise it is left unchan@eamhel C). The resulting image is then
subtracted from the original galaxy image (panel D), andvanesidual image is obtained like before
by fitting ellipses, constructing a new galaxy model, andradting it from the original image (panel
E). This is repeated nine times iteratively, so that the fit@ith) residual image has reached (or come
close to) a flux level of zero in between the spiral arms (p&ineA slight variation of this procedure is
to smooth the residual image with x3 pixel median filter each time before the negative flux values
are set to zero. It turns out that the final image of the lattesion still has a slightly negative overall
flux level, while the version without smoothing yields a blig positive (i.e. too high) overall value
in the residual image. We therefore use the strength maasutefrom 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) magnitudesstfthe object size was decreased by a
factor of 1.2 per magnitude wittlRAF/magnify preserving the total flux. This follows the relation of
magnitude and radius of the dEs (Binggeli & Cameron 1991 )avanage, the radius decreases with a
roughly a factor of 1.2 per magnitude. Since this demagnifioaalso dfects the PSF, the image was
then convolved with a (hormalized) Mtat kernel of proper size so as to approximately reproduce the
original SDSS PSF (taken to be 1 FWHM4 pix; Stoughton et al. 2002). We then added noise to the
image, with ao larger by 2.51 (6.56) compared to the original noise, thessimulating the BN of
the 1 (2) magnitude fainter object. To increase the neisy 1 magnitude, one would actually need
to add noise withr’ = V2,512 - 12 . o = 2.300. However, since the original noise has already been
weakened by demagnifying the image, we chose tatise 2.510 as a conservative approximation
instead.

C. Effect of YN on the disk fraction

In Figure 2.19 we show a running histogram of the observekl fdistion (solid line with filled
circles) and of the fraction obtained after dimming all atgeby 1 magnitude (dashed line with
crosses). The original disk fraction lies clearly below #égfted one until the region where both
become very small and aré&acted by small number statistics. It is important to pointtbat Fig-
ure 2.19 doesot show how many dE(di)s would be detected assuming a constentlisk fraction.
Instead, since all objects are dimmed by an equal amountgliyatnmagnitude), it shows the disk
fraction that we would expect to find at a magnitudevhen starting from the observed fraction at
m- 1™ and artificially dimming the objects there. Thus, anffetience between the observed value at
m- 1™ and the 'expected’ value atis due to data limitations only. This is symbolized by theoas
in the figure. Consequently, if the observed decline fram 1™ to mis stronger than this 'expected’
one, at least part of it has to be real and be not only due tdidatations. The ratio between the two
curves thus tells us how much stronger the observed dgminene-magnitude-intervaé compared
to what artificial dimming of the galaxies would predict. Wetpthis ratio in Figure 2.19 as grey
solid line. Untilmg ~ 1610 — where the number of dE(di)s becomes very small — for eaeh on
magnitude-step the observed disk fraction declines arfaxt@.5-2.2 stronger than the 'expected’
one from limitations of our data only. This clearly showstttiee decline of the disk fraction is real.
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Ficure 2.18. Residual image optimization. Sketch of the iterative method for improving
the spiral arm residual image. Each panel shows the fluxildlision along an elliptical
isophote, i.e. with respect to position angle. The isopi®tepresented by a constant flux
value superposed by a crossing spiral arm modeled by a Gausste text for the details of
the method. Panel A shows the initial flux as solid line, with aiverage flux value given as
grey line. Panel B shows the residual flux as dashed line,théfzero value given as dotted
line. Panel C results from B when all negative values arecseétto. Panel D is obtained by
subtracting panel C from A, with the new average flux valuegias grey line. This value
is subtracted from the original flux and results in the reaidux given in panel E. Panel F
shows the final residual flux after 9 iterations.
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Ficure 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)h& all dE(di)s are dimmed by
1 magnitude (see text), the resulting disk fraction is givgthe dashed line with crosses. A
histogram bin is calculated at each position of a galaxyéftt sample. The grey line gives
the ratio of both running histograms, and illustrates howcimstronger the observed disk
fraction declines per one-magnitude-interval than th@ésted’ fraction does from artificial

dimming only.

D. Effect of YN on the flattening distribution of the disks

Apparent axial ratios of disk features were not only measure the original images, but also
on those where the galaxies had been atrtificially dimmedrderao reveal potential changes in the
flattening distribution with magnitude. In the upper parfdrigure 2.20 we compare the distribution
of disk axial ratios for both the observed (black) and théiaidlly dimmed (grey) galaxies that lie
within the brightest one-magnitude-interval of our samgis in Figure 2.10, solid lines are derived
from lower limits of the axial ratios, dashed lines from uplmits, depending on the interpretation of
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an elongated feature as a bar or as an edge-on disk. Botrs@m@ormalized to an area of 1. They
show a tendency for the dimmed objects towards lower aximgaindicating that the (artificial)
dimming of objects might slightly prefer disks of certairclinations over others. However, the
distribution of axial ratios for the galaxies of tidservedsecond-brightest one-magnitude-interval
is much more clearly skewed towards smaller axial rati@s,larger inclinations (solid line in the
lower panel of Figure 2.20). While the upper panel suggdsis part of this is due to theffect

of the SN on the detectability of features like spiral arms, it migtto be that such features are
intrinsically weaker — or not even present — in fainter otged-or example, the observed second-
brightest one-magnitude-interval does not contain objdwit look like the close-to-face-on spirals
in all of VCC 0308, VCC 0490, and VCC 0856, although it doestaongalaxies with weaker spiral
features that have a larger inclination. Note, howevet, tia black histogram in the upper panel
consists of 16 objects, and both the grey histogram and #uk Ihlistogram in the lower panel consist
of only 13 objects. Therefore, the axial ratio distribusorould at least to some extent kiteated
by small number statistics. We emphasize that the abfigets on the axial ratio of théisk features
need not go hand in hand with the axial ratios of ffadaxies as an example, the weak spiral arms
in VCC 1896 are not seen anymore when the galaxy is dimmed byragnitude. One could then
confuse the bar with being an inclined disk and thus measunecn smaller axial ratio of the disk
feature, while the galaxy’s axial ratio is the same in botkesa

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, 0@®K, ®106, 0108, 0109, 0115, 0118,
0127, 0158, 0173, 0178, 0200, 0208, 0227, 0230, 0235, 0228}, @261, 0273, 0287, 0292, 0294,
0299, 0303, 0317, 0319, 0321, 0330, 0335, 0346, 0361, 0388, 390, 0394, 0396, 0401, 0403,
0418, 0421, 0436, 0439, 0440, 0444, 0452, 0454, 0458, 04K, @499, 0503, 0504, 0510, 0525,
0539, 0542, 0543, 0545, 0554, 0558, 0560, 0561, 0587, 052, @600, 0611, 0622, 0632, 0634,
0652, 0653, 0668, 0674, 0684, 0687, 0695, 0706, 0711, 072%, @745, 0746, 0747, 0748, 0750,
0753, 0755, 0756, 0760, 0761, 0762, 0765, 0769, 0775, 077R, @786, 0790, 0791, 0795, 0803,
0808, 0810, 0812, 0815, 0816, 0817, 0820, 0823, 0824, 0&3B, @839, 0840, 0846, 0855, 0861,
0862, 0863, 0871, 0872, 0877, 0878, 0882, 0896, 0916, 0®PN, @926, 0928, 0930, 0931, 0933,
0936, 0940, 0949, 0953, 0965, 0972, 0974, 0976, 0977, 0%&3,, @992, 0997, 1005, 1028, 1034,
1039, 1040, 1044, 1059, 1064, 1065, 1069, 1073, 1075, 1@7®, 1087, 1089, 1092, 1093, 1099,
1101, 1104, 1105, 1107, 1111, 1115, 1119, 1120, 1122, 1123}, 1129, 1132, 1137, 1149, 1151,
1153, 1163, 1164, 1167, 1172, 1173, 1185, 1191, 1198, 1208,1210, 1212, 1213, 1218, 1222,
1223, 1225, 1228, 1235, 1238, 1239, 1240, 1246, 1254, 12&1, 11268, 1296, 1298, 1302, 1307,
1308, 1311, 1314, 1317, 1323, 1333, 1337, 1348, 1351, 1353, 11355, 1366, 1369, 1373, 1384,
1386, 1389, 1396, 1399, 1400, 1402, 1407, 1414, 1417, 1408, 1430, 1431, 1432, 1438, 1441,
1443, 1446, 1449, 1451, 1453, 1464, 1472, 1481, 1482, 1489, 11491, 1495, 1496, 1498, 1503,
1509, 1517, 1518, 1519, 1523, 1528, 1531, 1533, 1539, 1%8R, 11561, 1563, 1565, 1571, 1573,
1577, 1599, 1601, 1603, 1604, 1606, 1609, 1616, 1622, 1G22, 11643, 1647, 1649, 1650, 1651,
1652, 1657, 1658, 1661, 1663, 1669, 1674, 1677, 1682, 1@&#3,, 11688, 1689, 1702, 1704, 1710,
1711, 1717, 1719, 1729, 1733, 1740, 1745, 1755, 1761, 17&2A, 11767, 1773, 1785, 1792, 1794,
1796, 1803, 1806, 1812, 1815, 1826, 1828, 1829, 1831, 1&3R, 11857, 1861, 1866, 1867, 1870,
1876, 1879, 1881, 1886, 1887, 1890, 1891, 1893, 1895, 1&®A,, 11909, 1912, 1915, 1917, 1919,
1928, 1934, 1936, 1942, 1945, 1948, 1950, 1951, 1958, 19&6, 11967, 1971, 1980, 1982, 1983,
1991, 1995, 2004, 2008, 2011, 2012, 2014, 2017, 2028, 2TBR, 2049, 2051, 2054, 2056, 2061,
2063, 2074, 2078, 2081, 2083, 2088.
VCC numbers of objects where substructure other than a disikfeund (see Section 4.1):

0009, 0021, 0046, 0170, 0209, 0281, 0288, 0338, 0501, 068&,, @870, 0929, 0951, 0962, 1078,
1288, 1334, 1370, 1395, 1457, 1501, 1512, 1567, 1617, 1685, 1.743, 2045.
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Ficure 2.20. Effect of YN on the flattening distribution. Upper panel: Distribution of
axial ratio measurements of disk features as illustraté&dgare 2.9, but this time only for the
galaxies in the brightest one-magnitude-interval. Thelblmes show the running histogram
of the original measurements, while the grey lines give #tial aatios measured for the disk
features after artificially dimming the galaxies by 1 magdé. A bin is calculated at each
data point of each curve with a bin-width of 0.2, and the ceamé normalized to an area of
1 under the curvel.ower panel:Same as above, but here we compare the obssa@zhd-
brightestone-magnitude-interval (black) to theightestinterval dimmed by 1 magnitude
(grey, same as in the upper panel).



CHAPTER 3

BLUE CORES. THE FINAL STAGES OF STAR FORMATION?

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

Despite the common picture of an early-type dwarf (dE) asiasgpent galaxy with
no star formation and little gas, we identify 23 dEs that haWee central colours
caused by recent or ongoing star formation in our sample @ ¥##go cluster
dEs. In addition, 14 objects that were mostly classified asdilate) BCDs have
similar properties. Among the certain cluster members,dBs with blue centers
reach a fraction of more than 15% of the dE population at breghing < 16M)
magnitudes. A spectral analysis of the centers of 16 gadargeeals in all cases
an underlying old population that dominates the mass, witfy M 90% for all
but one object. Therefore the majority of these galaxiet appear like ordinary
dEs within~ one Gigayear or less after the last episode of star formatidheir
overall gas content is less than that of dwarf irregular gaés, but higher than
that of ordinary dEs. Their flattening distribution suggeshe shape of a thick
disk, similar to what has been found for dEs with disk featuneChapter 2. Their
projected spatial distribution shows no central clustgriand their distribution with
local projected density follows that of irregular galaxjesdicative of an unrelaxed
population. This is corroborated by their velocity distition, which displays two
side peaks characteristic of recent infall. We discussiptes§ormation mechanisms
(ram-pressure stripping, tidally induced star formatidmrassment) that might be
able to explain both the disk shape and the central star foionaof the dEs with
blue centers.

This study was done together with Katharina Glatt, Pietestéfa, and Eva K. Grebel.
It has been published in The Astronomical Journal (2006,1&8R, p. 2432).
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1. INTRODUCTION

Early-type dwarf galaxies are the most numerous type ofxgdlaclusters, suggesting that the
vigorous forces acting within a cluster environment migttiually be creating them. At least the-
oretically, this could come about via a morphological tfanmsation of infalling galaxies, like e.g.
ram-pressure stripping of irregular galaxies (Gunn & G&¥2), or so-called harassment of late-
type spirals (Moore et al. 1996). While these scenarios evinulprinciple also be able to explain
the famous morphology-density relation (e.g. Dresslel0)98nambiguous observational proofs are
difficult to obtain. Early-type dwarfs are characterized byrteeiooth, regular appearance, while
any possible progenitor galaxy probably displays féedént overall structure, before a morphologi-
cal transformation occurs. Moreover, early-type dwartsrbelves are not a homogeneous class of
objects. In addition to the classical dwarf ellipticalsn8age & Binggeli (1984) introduced the class
of dwarf SO (dS0) galaxies, which were conjectured to hagk domponents, based on indications
like high flattening or a bulge-disk-like profile (Binggeli @ameron 1991). Following up on the dis-
covery of spiral structure in an early-type dwarf (JerjealeR000) and on similar other discoveries,
we identified 41 Virgo cluster early-type dwarfs with diskaferes in Lisker et al. (2006b, Chapter 2),
and argued that they constitute a population of disk-shapgetts. Furthermore, nucleated and non-
nucleated dwarf ellipticals show significantlyfidirent clustering properties (Binggeli et al. 1987) and
flattening distributions (Ryden & Terndrup 1994; BinggelRopescu 1995).

Aside from this structural heterogeneity, colouffeiences have been reported as well (Rakos &
Schombert 2004; Lisker et al. 2005), hinting at a range dfastpopulations in early-type dwarfs.
While the classical dwarf ellipticals are typically corsidd not to have recent or ongoing star forma-
tion and no significant gas or dust content (e.g. Grebel 2G0hselice et al. 2003), the well known
Local Group galaxy NGC 205 constitutes a prominent exanglam early-type dwarf that does ex-
hibit central star formation, gas, and dust (Hodge 1973)rdMxamples are NGC 185 (Hodge 1963)
and the apparently isolated galaxy IC 225 (Gu et al. 2006)thEtumore, Conselice et al. (2003)
reported a 15% HI detection rate for early-type dwarfs in\mgo cluster. All these objects are
morphologically early-type dwarfs, but form a heterogarsetamily of objects, which we assign the
common abbreviation “dE”, thereby including galaxies sifisd as dwarf elliptical or as dSO.

Based on the general idea of gas removal duefeces like ram-pressure stripping, numerous
observational studies have focused on comparing the grepesf gas-rich dwarf irregular (dlirr)
galaxies and gas-poor dEs and dwarf spheroidals (dSpkenting to confirm or reject a possible
evolutionary relation between them. Thuan (1985) foundsrstudy of optical-near-infrared colours
the metallicity ranges of dirrs and Virgo dEs to be “mutuakclusive”. In their spectroscopic anal-
ysis of oxygen abundances of planetary nebulae in Local isdéis and dSphs, Richer et al. (1998)
also found a significantftset to the respective abundances of dirrs. Similarly, Greted. (2003) re-
cently showed for the Local Group that this metallicityfeience exists even when considering only
the respective old stellar populations of dirrs and dSptticative of more intense star formation and
enrichment in dSphs. Thuan (1985) and Binggeli (1985) atgechthat many Virgo dEs are nucle-
ated, while none of the dlrrs are. Bothun et al. (1986) catedithat Virgo dirrs would have to fade
by ~1M5 in B to fall into the optical-near-infrared colour rangedifs. However, the bulk of faded
dirrs would then have arffective surface brightnegs > 25 magarcseé, substantially lower than
the observed values of dEs.

Despite these counter-arguments, potential/diirtransition types” have frequently been dis-
cussed (e.g. Ferguson & Binggeli 1994; Johnson et al. 198&z&k et al. 1999). Recently, van Zee
et al. (2004b) pointed out the “remarkable commonality'Westn dEs and dirrs with respect to their
surface brightness distributions and metallicity-lunsity relations. These authors found significant
rotation in several bright dEs, upon which they base thaicusion about the possibility that these
very dEs may have formed via ram-pressure stripping of dWiiile van Zee et al. (2004b) admitted
that dEs (in Virgo) might actually form through various pesses, they argued that every dE must
have been gas-rich and star-forming in the past, and woukllittevitably have been classified as dlrr.
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However, these properties also apply to blue compact daf)) galaxies, which have often been
discussed in the literature as potential dE progenitors.

An important diference between dirrs and BCDs was highlighted by Bothun é1986), who
characterized dlrrs as an “odd combination of rather bldeurs, yet quite low surface brightness,”
indicative of a low surface mass density. In contrast, BCBgha much higher surface brightness,
suggesting a higher surface mass density, since they abdusothan the dirrs. Whether or not BCDs
could indeed be the gas-rich, star-forming progenitorsis kdas been discussed controversially (e.g.
Bothun et al. 1986; Drinkwater et al. 1996; Guzman et al. 1%%¥paderos et al. 1996). A glance
at the colour imagésof Virgo cluster galaxies that were classified as (cand)dB@Ds reveals what
might be one reason for this controversy: these objects toorstitute a homogeneous class, but
they vary strongly in size, (ir)regularity, and the fractiof area dominated by blue light with respect
to the total area of the galaxy. It might thus be more promgigim simply look for plausible dE
progenitors among the BCDs, instead of attempting to drawelogions about this class as a whole.

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

2. Dara
2.1. SDSS imaging

The SDSS DR4 covers all galaxies listed in the Virgo Clustataldbg (VCC, Binggeli et al.
1985) with a declination 0 < 1625, except for an approximately’ X 25 area alv ~ 1862,
6 ~ +50. It provides reduced and calibrated images taken in the u,igand z bands with an
effective exposure time of 54s in each band (see also Stough#br2€02). The pixel scale ot’'G96
corresponds to a physical size of 30pc when adopting a Vilggier distance offl = 15.85 Mpc, i.e.
a distance modulum — M = 3170 (see e.g. Ferrarese et al. 2000), which we use throughdg. T
SDSS imaging camera (Gunn et al. 1998) takes data in dafiréng mode nearly simultaneously
in the five photometric bands, and thus combines very hormemgesamulticolour photometry with
large area coverage, good resolution, anficgent depth to enable a systematic analysis of early-
type dwarfs. The images have an absolute astrometric agcofdRMS< 0’1 per coordinate, and a
relative accuracy between the r band and each of the otheishzriess than .Q pixels (Pier et al.
2003). They can thus easily be aligned using their astrocnedilibration and need not be registered
manually. The RMS of the noise per pixel corresponds to aasarbrightness of approximately
24.2magarcseé in the u-band, 24 in g, 244 inr, 239 in i, and 224 in z. The typical total signal-
to-noise ratio (B\) of a bright dE (ng ~ 14™) amounts to about 1000 in the r-band within an aperture
radius of approximately two half-light radii. For a faint dffg ~ 18™) this value is typically about

1 Using the Sloan Digital Sky Survey Image List Tool, hitpas.sdss.ofgstrgerntoolgcharlist.asp, Authors: J. Gray,
A. Szalay, M. Nieto-Santisteban, and T. Budavari



38 3. BLUE CORES: THE FINAL STAGES OF STAR FORMATION?

50. While the @\ in the g and i-band is similar to the above value, it is sadvarees lower in the z-
band and more than ten times lower in the u-band. Therefonel z avill not be used in the following
analysis.

The SDSS provides photometric measurements for our galabig we found these to be incor-
rect in many cases (Lisker et al. 2005). The SDSS photomgipeline significantly overestimates
the local sky flux around the Virgo dEs due to their large appasizes and low surface brightness
outskirts. This &ects the measurement of isophotal and Petrosian radii,raféepfits, and subse-
guently the calculation of total magnitudes, which can bengrby up to 5. Therefore, we use
B magnitudes from the VCC throughout this study, and defesutation of total magnitudes from
SDSS data to a more detailed photometric study of the Virga dE

2.2. SDSS spectroscopy

The centers of several galaxies are also covered by the SP&Fascopic survey, which pro-
vides fiber spectra with a wavelength coverage of 388200 A and a resolution of 1800 or larger.
The spectra are binned in logarithmic wavelength, such tthetwavelength interval of one pixel
along the dispersion axis corresponds to a constant velimtérval of 69 km st (York et al. 2000).
The fiber diameter corresponds to an angular size’ofwdich translates into 231pc at a distance
d = 15.85 Mpc. Typical half-light radii of the brighter dEs rangerin ~ 10’ to ~ 25” (Binggeli &
Cameron 1991), or from 0.8 to 1.9 kpEherefore, spectral information is only available for thery
central region of the dEs

2.3. Radial velocities

Heliocentric velocities are available for 198 dEs of our plamof 414 dEs from Chapter 2 that are
listed as certain Virgo cluster members in Binggeli et #88) and Binggeli et al. (1993). Velocities
were taken from the NASAPAC Extragalactic Database (NED), originally providedtbg SDSS and
by the following studies: Binggeli et al. (1985); de Vauauris et al. (1991); Strauss et al. (1992);
Binggeli et al. (1993); Young & Currie (1995); Drinkwaterat (1996); Grogin et al. (1998); Falco
et al. (1999); Gavazzi et al. (2000); van Driel et al. (20@)nselice et al. (2001); Simien & Prugniel
(2002b); Caldwell et al. (2003); Geha et al. (2003); Gavatail. (2004).

Four of these galaxies, however, have velocities above BA0§* from recent data (SDSS and
Conselice et al. 2001). Since the velocities of known Virlyster members are lower by more than a
factor of two, we change the membership status of theseigal&@CC 0401, VCC 0838, VCC 1111,
VCC 1517) to “possible member”. This leaves us with a subsamipgl 94 dEs that are certain cluster
members and for which radial velocity measurements ardsdlai

3. SA\MPLE

3.1. Sample selection

In Chapter 2, we put together a sample of Virgo cluster dBxcthraprises all dEs withng < 18M0
that are listed in the VCC, that are covered by the SDSS, aiditk certain or possible cluster mem-
bers according to Binggeli et al. (1985) and Binggeli et 8293). While objects with uncertainties
were initially included, we then excluded all galaxies thppeared to be possible dwarf irregulars
due to asymmetric shapes. Objects classified agdldZ were not included. 25 galaxies classified
as (candidate) dE in the VCC are not covered by the SDSS DRé.r&3ulting sample comprises
476 early-type dwarfs, 410 of which are certain cluster memalfsee Section 2.3). Note that our
magnitude limit ofmg < 18"0 corresponds to the magnitude up to which the VCC was found to
be complete (Binggeli et al. 1985). With a distance modulusree M = 31710, this translates into
Mg < -13"0.
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In this sample, we identified several dEs with irregular angby central features likely caused
by gas and dust (cf. Figure 6 of Chapter 2). By dividing thekigagund-subtracted aligned g and
i-band images provided by Chapter 2, we obtain colour magusatte not calibrated, yet are useful to
look for significant colour gradients. Most of the objectstjdescribed have a central region whose
colour is clearly bluer than that of the rest of the galaxgikir to the dE recently presented by Gu
et al. (2006). Using these colour maps, we visually seareliieti76 early-type dwarf galaxies that
were presented in Chapter 2 for such a blue center. As a cameplary check we then examined the
radialg—i colour profiles (Section 4.1) of the thus selected galaxie®nhfirm the presence of a clear
colour gradient.

23 out of 476 dEs (1810 certain cluster members) entered our working samplalekges with
blue centers (Figures 3.1, 3.2, and 3.3). We shall term tbbets “dE(bc)s” hereafter. Note that
the presence olveakcolour gradients (either negative or positive) in dEs hanhbeported in the
literature (e.g. Gavazzi et al. 2005). Such objects are motfdcus of this study; we rather aim
at dEs with a blue center, i.e. a significant positive gradidrne distinction between a weak and
a significant gradient might appear somewhat arbitrary; dvawn a detailed and quantitative study
of colour gradients of our full dE sample is beyond the scopthis study and will be presented
elsewhere. The weakest gradient visually selected by baiot VCC 0308, with a colour flierence
of "1 between inner and outer regions (see Figure 3.2).

We point out that the dE(bc)s were morphologically clasditis dwarf ellipticals or dSOs by
Sandage & Binggeli (1984), and were confirmed as early-typard in Chapter 2. While Ferrarese
et al. (2006) suggest to reclassify four dE(bc)s agdtEbased on their blue central colours and
irregular isophotal shapes in the center, we do not use cal®@ criterion fomorphologicalclas-
sification. Thecentral irregularities are the reason for which they were assigoettheé class dSO
(Binggeli & Cameron 1991), but their overall appearanceamsath and regular, as can be seen from
the combined images (Figures 3.1 to 3.3). Complementaryeset we show isophotal contours of
the dE(bc)s in Figure 3.4 (see Section 4.1). There, theadmggularities in several dE(bc)s can be
seen, which are also revealed by the unsharp mask imagesid®ut the central region, though, the
isophotes are regularly shaped, confirming the early-typardmorphology of these galaxies.

Our preselection of dEs relies on the classification givethanVCC, and on the subsequent
examination of the combined images in Chapter 2. Howeverjrtial selection was based on pho-
tographic plates, which are most sensitive to the blue .ligtiterefore, if the colour distribution of
a candidate dE(bc) would be quite asymmetric or if the bludgraéregion would make up a rather
large fraction of the total light, this galaxy might not haseen classified as dE in the first plegcéle
thus decided to use the colour-combined images providedthdBDSS Image List Todto search
all objects classified as irregular galaxy or as blue comgaetrf (BCD; including candidates) for
galaxies that look similar to the dE(bc)s, i.e., that haveqular outer shape and a colour similar to
the dEs, while having a blue inner region. We found 12 suckabj(10 certain cluster members).
Furthermore, two galaxies classified g&& with magnitudes similar to the brighter dEs show the
same appearance; both are certain cluster members. Imageslaur profiles of these additional
galaxies are presented in Figures 3.5 and 3.6, and theinasalpcontours are shown in Figure 3.7.

To ensure that we are not mixingfidirent types of galaxies, we shall use separate samples of
objects in the course of our study: theain samplecomprising the 23 galaxies classified as dE that
have a blue center, and audditional samplecomprising the 14 galaxies classified other than dE
that are similar in appearance to the dE(bc)s. Table 34 dist selected objects along with their
classification.

2 Note that the dE(bc)s identified above were classified ageditetheir having been observed in blue light, in which
the light of young stars — if present — dominates.
3 httpy/cas.sdss.ofgstrgentoolgchartlist.asp, Authors: J. Gray, A. Szalay, M. Nieto-Santistelzand T. Budavari
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Tasce 3.1. Early-type dwarfs with blue centers. Cluster membership (column “Mem.”) is
provided by Binggeli et al. (1985, 1993): Mcertain cluster member, Ppossible mem-

ber.

Classification as in the VCC, except for VCC 1488 whick haen reclassified as

probable dE by Geha et al. (2003) (former class E6:). VCC 14816ngs to the M32-
like compact ellipticals (Binggeli et al. 1985). Notes iretlast column are as follows:

D =disk identified in Chapter 2, DXscertain disk with spiral arms, D2probable disk,
D3=possible disk. S useful spectrum available. df = spectrum displays Balmer line
emission; hk=spectrum displays only & emission. He lit. = Ha detection reported by
Boselli et al. (2002). Only given if bl is not detected in the SDSS spectrum, or if no spec-
trum was available. Units of right ascension are hours, e&uand seconds, and units of
declination are degrees, arcminutes, and arcseconds.

VCC aj2000 032000 Mem. mg CLass Note
Main sample

0021 1210M232 +10°1119” M 14.75 dSO0(4)

0046 121211.0 +125337 P 17.00 dE3? S
0170 121556.3 +142600 M 14.86 dSOpec:

0173 121600.4 +081208 M 15.00 dSO0(1)?

0218 1217054 +121722 M 14.88 dSO0(8),N: D2
0278 1218144 +063614 P 15.10 dSO,Npec D1s
0281 121815.2 +134458 M 15.30 dSOor BCD S,df
0308 1218509 +075143 M 14.30 d:S{Q0),N: D1s
0636 122321.3 +155206 P 16.44 dEO,N or @)

0674 122352.6 +135258 M 18.00 dEO,N

0781 122515.2 +124253 M 14.46 dS45),N: S, Hy
0870 122605.4 +114843 M 14.68 dSO0(5),N S,df
0951 1226544 +113950 M 14.23 dE2pec,NordS0(2),N SyH
0953 122654.8 +133358 P 15.70 dE5?,Npec? S
1078 1228114 +094538 P 15.30 dE5pec? SeH
1488 1233135 +092351 M 14.76 dE: Healit.
1501 123324.7 +084127 M 15.10 ds0?

1512 123334.6 +111543 M 15.73 dSOpec

1617 1235309 +062001 P 15.00 d:S0(4) pec?

1684 1236394 +110607 M 14.87 dS0(8): S,#H D3
1715 1237285 +084740 P 16.20 dEOpec?

1779 123904.7 +144352 M 14.83 dS0(6): D3
1912 124209.1 +123548 M 14.16 dSO0(8),N

Additional sample

0024 121035.7 +114539 M 1495 BCD S, b3
0135 1215069 +120059 M 14.81 SpetBCD S, H
0334 121914.2 +135257 M 16.20 BCD

0340 1219221 +055438 P 14.43 BCD or merger SaHl
0446 1220579 +062021 M 15.50 Imi BCD:

0841 1225476 +145707 M 16.70 BCD

0890 1226216 +064011 P 16.00 BCD?

1175 1229185 +100813 M 15.10 EBS0(5) S, HyB; M32
1273 123017.0 +090507 M 15.25 Imlll: S, Hg
1437 1232335 +091025 M 15.70 BCD S, b3
1499 123320.2 +125104 M 1458 E3pecor SO S
1955 124307.6 +120300 M 14.12 SpecBCD Ha lit.
2007 1244475 +080625 M 15.20 Imlly BCD: Ha lit.
2033 1246044 +082834 M 14.65 BCD Ha lit.
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Ficure 3.1. Early-type dwarfs with blue centers. For each galaxy, the radigl- i colour
profile is shown (top panel; radigs Vab), along with the combined image (bottom left),
the unsharp mask created with a Gaussian filter with 4 pixels (bottom center), and the
g — i colour map (bottom right). The combined images have a hot&acale of 70, or

5.4 kpc withd = 15.85 Mpc, while the scales of unsharp masks and colour mapsrdye o
half as large. A legend showing the grey scales of the colapais given in Figure 3.3.
The galaxies are sorted such that those with a relativelgtaohouter colour and an abruptly
starting, steep gradient come first, while those with a gahdalour change come last (in
Figure 3.3). The sorting has been done visually, without gugntitative basis. The black
error bars in the colour profiles give the uncertainty calted from the 8N only, whereas the
grey error bars represent taegimuthalvariation of the colour at the respective radius. Since
the latter includes /Bl-effects, the grey error bars are always larger than the black. one
The vertical dotted line denotes the half-light radius —vitable — as given by Binggeli

& Cameron (1993). The profiles are shown up to the estimatgidsdrom Binggeli et al.
(1985), atug ~ 255 magarcseé. The grey-shaded areas enclose the-&ange of the
colours of “ordinary” dEs (i.e. without a blue center) at thepective magnitude, as derived
from Lisker et al. (2005). See text for details. For VCC 06, steps between each point
are twice as large as for the other galaxies, due to its | S
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Ficure 3.2. Early-type dwarfs with blue centers. Continued from Figure 3.1.
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Ficure 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 foralamic maps.
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Ficure 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 MR#&F/newcon®on the combined
images. The outermost contour lies at a level of three tirhesnbise RMS, which was
measured for each image separately. Contours are theaykspfor 15 logarithmic steps up
to 300 times the RMS.
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Ficure 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 weosen by us as being similar.
The two top left galaxies were classified as E or SO; the tdyt gglaxy as irregular. All other

objects here and in Figure 3.6 were classified as (candiB&B), and are sorted according
to the shape of the colour gradient, analogous to Figure®33.
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Ficure 3.7. Isophotal contours of the additional sample. Like Figure 3.4, but for the
galaxies of the additional sample, shown in the same orderkigures 3.5 and 3.6.
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3.2. Presence of disks

In Chapter 2 we presented a systematic search for disk &satarVirgo cluster dEs, which we
detected in 41 out of 476 objects (including candidates). st\ved that these galaxies — termed
dE(di)s — are not simply dwarf ellipticals that just have ambedded disk component, but appear
to be instead a population of genuine disk galaxies, i.eofidte objects. Amongst the 23 dE(bc)s
of our main sample, five are (candidate) dE(di)s, or 4 out oif bBly certain cluster members are
counted. The fraction of dE(di)s among the full dE sampleoisghly about 25% at the median
B magnitude of the dE(bc)s (186, again counting only certain cluster members). In a ramgo
chosen sample of 16 dEs we would thus expect to find 4 dE(dijgharequals our observed number.
Two galaxies in the additional sample also show possible f@iatures (VCC 0135: possibly spiral
arms, VCC 1437: possibly spiral arms and a bar). Both araicectuster members, so the number of
2 out of 10 objects with disks is again consistent with thevalfcactions. A detailed comparison of
the properties of dE(bc)s, dE(di)s, and ordinary dEs isguresl in Section 7.

4. IMAGE ANALYSIS
4.1. Techniques

The study presented in Chapter 2 provides us with backgrsubttacted, aligned g, r, and i-
band images, a combined image, unsharp masks, and arcalligerture for each object. A detailed
description can be found in Chapter 2. Briefly, combined iesagere obtained by co-adding the g,

r, and i-band images to increase the&lSFrom these we produced unsharp masks with various kernel
sizes (usindRAF¥gauss Tody 1993), as well as isophotal contour diagrams (utR@&F/newcon.

An elliptical aperture for each galaxy was determined byquaring ellipse fits withRAF/ellipseon

the combined image, and then choosing by eye one of the diifgical isophotes to trace best the
outer shape of the galaxy. This isophote was usually betdesrd 2 half-light radii.

The SDSS flux calibration was applied to the aligned g andhdlimages for each source, follow-
ing the instructions on the SDSS webpagEhese images were then divided by each other, converted
into magnitudes, and corrected for Galactic extinctionh{&gel et al. 1998), yielding propey— i
colour maps. From the same images we obtained radial itygmsifiles 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, cengsd semi-major axis. The ratio of the g and
i-band fluxes was then converted into magnitudes, yieldaatigtg — i colour profiles, where radius
is calculated from semi-major) and semi-minor axish) as Vab. Disturbing foreground stars and
background galaxies were masked prior to profile calcutatio

4.2. Results from the image analysis

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

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

4 |RAF is distributed by the National Optical Astronomy Obsxpries, which are operated by the Association of
Universities for Research in Astronomy, Inc., under coafiee agreement with the National Science Foundation.

> httpy/www.sdss.orgirSalgorithmgfluxcal.html
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the blue central regions are larger for galaxies of the amidit sample as compared to those of main
sample.

Obviously, some galaxies have a relatively constant outkyuc and abruptly start to become
bluer when going inwards (e.g. VCC0173), while others dig@ gradual colour change from the
outer regions to the center (e.g. VCC1501). Although it isalavays unambiguous which of the
two cases applies to an object, we attempted to sort the §iEifb&igures 3.1 to 3.3, as well as the
(candidate) BCDs of the additional sample in Figures 3.5 Zu6d according to the colour profile
shape: starting with those that have a constant outer calatilra steep gradient sets in abruptly, to
those with a smooth gradient. We found no correlations af phofile shape with either magnitude,
radius, or surface brightness.

In order to compare thg—i colours of the dE(bc)s with those of “ordinary” dEs, we make of
the colours computed by Lisker et al. (2005) for 228 galagfesur full dE sample, excluding dE(bc)s.
Those colours were derived from aperture photometry on B¥@SSimages, using circular apertures
with a radius equalling the half-light radius. We perfornadahear fit to the colour-magnitude relation
of B magnitude versug—i colour, yielding an average dE colour for each magnitudé egtandard
deviation of 0'06. These values are shown in Figures 3.1 to 3.6 for eachygalaxgrey shaded bands
enclose the 2r range of colour at each galaxy’s magnitude. For most gagastie outer colour is still
bluer than the typical dE colour; for several objects it isrebluer than the 2= range. Note that the
above fit has been performed on dE colours compwiéidn the half-light radius; however, no strong
gradient is to be expected since all dE(bc)s have been eeatlindm the fit. Thus, the relatively blue
outer colours of the dE(bc)s could hint at a younger age ofi{&c)s as a whole, a lower metallicity,
or a shorter time since the last star formation activity malter regions as compared to ordinary dEs.
A spectroscopic examination of the stellar content of thébd)s is possible at least for the centers of
several galaxies, as presented in the following section.

5. SPECTRAL ANALYSIS

In order to explore the stellar content of our objects, wergra integrated spectra from the SDSS
DR4 as described in Section 2.2. These are taken with fibemsd@meter of 3, corresponding to
a physical size of 231 pc at a distante= 15.85 Mpc. 10 such spectra are available for the main
dE(bc) sample, one of which (VCC 0046) proved too noisy foteflag population analysis. Seven
spectra are available for the additional sample. These [Higa are labelled in the last column of
Table 3.1 with “S”. Six dE(bc)s of the main sample and six g@&s of the additional sample display
Balmer line emission (see Table 3.1). One more dE(bc) of thanrsample and three galaxies of
the additional sample are detected in the iFhaging study of Boselli et al. (2002). This is a clear
indication for ongoing star formation in the dE(bc)s. Weenttat the overall emission line strengths
are larger for objects of the additional sample than fore¢hafshe main sample.

We determine the stellar content using a population syrghmethod, described in Cuisinier et
al. (2006), wherein the spectra are fitted to synthetic camgatellar populations’ spectra. Similar
methods have already been employed by Cid Fernandes e0@B)(Zong et al. (2003), Westera et
al. (2004), and Gu et al. (2006); the latter describe a dE hliike center very similar to our objects.

5.1. Synthetic stellar populations

The synthetic composite stellar populations were compaosit) simple stellar population (SSP)
spectra from three fierent libraries of SSPs. The first SSP library (hereafter'B@99” library)
was produced using the Bruzual and Charlot 2000 Galaxy teoehSpectral Synthesis Evolution
Library (GISSEL) code (Charlot & Bruzual 1991; Bruzual & Gl 1993, 2000), implementing the
Padova 2000 isochrones (Girardi et al. 2000) combined wighBaSeL 3.1 “Padova 2000 stellar
library (Westera et al. 2002; Westera 2001). The second B&#y, “Starburst”, consists of spectra
from the STARBURST99 data package (Leitherer et al. 1998uding nebular continuum emission
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TasLe 3.2. Wavelength ranges that were not used for the spectral fit.

range (A)

“contamination” source

3885-3900
3965-3980
4100-4110
4335-4345
4855-4870
4955-4965
5000-5015
5535-5590
5860-5905
6245-6320
6520-6600
6700-6740
7130-7145
7560-7600
7700-8100
8250-8480

H8
H-+[Nelll]3967
H
H+[Ol11]4363
B

[Ol111]4959
[Ol11]5007
telluric lines
Hel 5876
[Ol]6308[SIII]6312
k+[NI]
[SI671%6731
[Arlll]7136
telluric lines
telluric lines
telluric lines

(Figure 1 on the STARBURST99 web site, hifpww.stsci.ed{sciencgstarburst99. It implements
the BaSeL 2.2 library (Lejeune et al. 1997, 1998), and fasstath strong mass loss it also takes into
account extended model atmospheres by Schmutz et al. (X998pined with the Geneva isochrones
(Meynet et al. 1994; Schaller et al. 1992; Schaerer et al34®9 Charbonnel et al. 1993). For
old populations, the “BC99” spectrum was used, since theb6itst99 data package only contains
spectra up to 900 Myr. Additionally to these two librarieg also used a library with higher spectral
resolution, “BC03”, produced by employing the 2003 versibthe GISSEL code (Bruzual & Charlot
2003) and the Padova 1995 isochrones (Fagotto et al. 19¢drdiet al. 1996) combined with the
STELIB (Le Borgne et al. 2003) stellar library. The nebulantnuum emission was also added to
the spectra in the “BC99” and “BCO03” libraries, in the sameyveas described by Leitherer et al.
(1999).

5.2. Fitto model spectra: procedure

The spectra cover a wavelength range of around 3820 A to 920ut’the wavelength region
above 8570 A is too muchfzected by telluric lines, so we fit the full spectra from 38200886570 A,
except for those various parts of the spectra showing “coint@ion” from diferent emission ariadr
telluric line sources. Table 3.2 lists all the regions thatevomitted.

We corrected the spectra for redshift and for Galactic faregd extinction using the values from
Schlegel et al. (1998) and the extinction law of Fluks et H094). In the eight cases withaHand
HB emission we also corrected for internal gas extinctionjragsing the Fluks et al. extinction law.
The extinction constants(B — V) = A,/3.266 were estimated from théa/HB Balmer decrements
following Torres-Peimbert et al. (1989), adopting intimsatios of the emission line fluxeg,/lng =
2.87 (Osterbrock 1989). In order to properly determine thession line strengths, we first had to
remove the contribution from the absorption lines of thearlyihg stellar populations. This was
done by making a first fit to the spectra employing the methagrilged in the following paragraph,
using the highest resolution library ("BC03”, see abovey then subtracting the best fit spectra from
the observed spectra as illustrated in Figure 3.8. The sudfealues forlE(B — V) were multiplied
by a factor of 0.44 to correct for systematidtdrential extinction between the stellar populations and
the gas (Calzetti et al. 2000). In the cases where the specdisplays only K but no H3 emission,
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Ficure 3.8. Emission line strength. Illustration of how the I8 emission line strength was
measured for the example of VCC 0870. In the left panel, tiid tioe represents the ob-
served spectrum, whereas the short-dashed line shows shditbesing the “BC03” SSP
library. The shaded region between these two lines showardzeused to calculate the emis-
sion line strength. The right panel shows the emission lfter aubtracting the (rebinned)
best fit. The shaded area corresponds to the shaded areabetmextrum and best fit from
the left panel.

we assume the internal extinction to be negligible: in athafse spectra the emission is much weaker
than in the cases with bothdHand H3 emission, in which the lowest value f&(B — V) is already
close to zeroEE(B — V) = 0.02). The average value for internal extinction of the eigilagies with
Ha and H3 emission isE(B — V) = 0.10. Note that the problem of apparent truncation of strong
emission lines in SDSS spectra reported by Kniazev et ad4R8oes not occur in any of our spectra.

We modelled the actual population as being composed of arf>ottl 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 arsarhto reflect the significant changes in the
spectrum of an SSP with increasing age. Similar values wsad @.g. by Cid Fernandes et al. (2003);
Maraston (2005); Gu et al. (2006). The characteristics agel parameters of the three populations
are summarized in Table 3.3. In order to confine the pararsptare to as few dimensions as possible
and to focus on the relative fractions of the populations fived the age of the old population at 5
Gyr, and the metallicity of all populations at [A4] = —0.3. These values equal the best-fitting mean
age and metallicity found by Geha et al. (2003) in a study okiLDS absorption line indices for dEs.
Moreover, the spectra of SSPs of various ages do ritgrdnuch at ages of several Gyr and above
(e.g. Bruzual & Charlot 2003).

The best fitting population was found byy& algorithm. In order to be able to calculate the
2 estimator, the observed and theoretical spectra have tm heecsame wavelength grid (at least
in the range used for the fit). This was done by rebinning theenked spectra to the resolution of
the theoretical spectra using a gaussian kernel functi¢im aviull width at half maximum (FWHM)
corresponding to the resolution of the theoretical spg@®al for “BC99” and “Starburst”, and 1 A
for “BC03"). The same was done with the “signal-to-noisecif, i.e. the &N as a function of
wavelength provided along with the actual spectra. Fhestimator was calculated with wavelength-
dependent weighting, giving higher weight to the regionthvai higher @\. Figure 3.9 shows an
example of an observed spectrum and the resulting compuositiel 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 thi&edent libraries can be found in
columns 2 to 6 of Tables 3.4 to 3.6. In all dE(bc)s of the mam@a, and all but one (VCC 1499)
of the additional sample, the old population makes up 90 % arerof the total mass, even though
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Tasce 3.3. Possible values of the population parametersThe young population is denoted
by indexy, the intermediate-age one bgnd the old one by. My is the mass fraction of the
respective population.

parameter possible values

(My + Mj):M, 0:1, 1:100, 1:30, 1:10,
1:3, 1:1, 3:1, 10:1, 1:0

My: M; 0:1, 1:30, 1:10, 1:3, 1:1,
3:1, 10:1, 30:1, 1:0
age 1,2,3,4,5,6,7,8,9 Myr
age 10, 20, 50, 100, 200, 500 Myr
age fixed at 5 Gyr
[Fe/H]y fixed at -0.3
[Fe/H]; fixed at -0.3
[Fe/H], fixed at -0.3

TasLE 3.4. Best fitting parameters using the “BC99” library. My, andags, give the mass
fraction and age of the young population, respectivMyandage are the same parameters
for the intermediate-age population. The age of the old fatjmn was fixed at 5 GyrM,
gives its resulting mass fraction.

VCC My agg M; age 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 (specfgan Figure 3.9). The young population, on
the other hand, usually contributes less than 1 % to the nbasften dominates the lightfy( in
Figure 3.9), whereas the intermediate-age populationllysuakes up a few percent of the stellar
mass. However, all three populations are doubtlessly pteffem which we conclude that these
galaxies have been forming stars until the present day. Ysentethe reader again that the spectra
cover only the very central part of our objects and do nowalls to draw direct conclusions about
the surrounding regions.
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Tasce 3.5. Best fitting parameters using the “Starburst” library. Same as Table 3.4, but
for the “Starburst” library.

VCC My agg M; age 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

TasLe 3.6. Best fitting parameters using the “BC03” library. Same as Table 3.4, but for
the “BCO3” library.

VCC My agg M; age 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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Ficure 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 bestdispectra obtained using the
different SSP libraries, whereas the lower-level lines shovbése fits decomposed into the
young (fy, blue or dark grey), the intermediate-agg green or medium grey), and the old
(fo, cyan or light grey) populations. Flux is given in erg ¢t A-1.

Typically, the parameter space of such spectral fits is fullegeneracies. For example, a change
of the ratio of the mass fractions of young and intermedigtepopulation has a similaffect on the
composite spectrum as varying one of the ages of these pimmslaTherefore, the parameter values
given in Tables 3.4 to 3.6 fdndividual galaxies should be taken with a grain of salt. However, the
excellent agreement between the solutions found with tiierdint libraries, and the similarities in the
solutions for the dterent galaxies, suggest that tieneraltrends in the derived parameters reflect the
real properties of the dE(bc)s, within the simplified franoekvof our three-population models. We
emphasize that our approach of approximating the SDSSrapeith synthetic populations composed
of three SSPs is not meant to represent the detailed staafiamrhistory of our target galaxies, but
only to demonstrate the range of ages during which star fitamanust have occured. Whether stars
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Ficure 3.10. Colour evolution of an ageing population. Evolution ofg — i colour of dif-
ferent composite stellar populations. The age of the oldufadjon is fixed at 5 Gyr, and
the metallicity of all populations is fixed at [Fd] = —0.3. Upper panel:Composite pop-
ulation made out of a young and an old population. The yoummfation makes up 1% of
the total massLower panel:Composite population made out of a young, an intermediate-
age, and an old population, similar to the best fit results&vddifor the dE(bc)s. The upper
curve represents a population withl{ + M;):M, = 1:10, My:M; = 1:30, with My, de-
noting the mass fractions of young, intermediate-age, dsh@apulation, respectively. The
intermediate-age population is chosen to~&®0 Myr older than the young one. The big
black dots mark the colour of this mixture after 500 Myr, adhas that of two other mix-
tures: {(My + Mi):M, = 1:30, My:M; = 1:30} (middle dot), and(My + M;):M, = 1:100,
My:M; = 1:10 (lower dot).

were formed by short starbursts or by extended episodeardistnation can typically not be decided
for galaxies only observable in integrated light (e.g.\L8 Fritze-v. Alvensleben 2003).

5.4. Evolution ofg—i colour

Finally, we would like to know for how long after the last starmation phase integrated spectral
properties can be distinguished from the ones of a pure gddlpton. We focus on thg — i colour
since it was used for the actual selection of our objects. thigrpurpose, we produced synthetic
composite populations using the three SSP libraries, dodlaged the totagy— i colour as a function
of the age of the youngest partial population as these catepguspulations evolve.
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The simplest case is that of two populations: a young onértgrimto an intermediate-age one,
on top of the old one. If we assume the mass of the young papul&t have one hundredth of
the mass of the old one, the colour of the mixture evolves awstby the solid line in the upper
panel of Figure 3.10. In this scenario, it takes a few 100 Ml the g — i colour of the composite
population difers by less than™ from a pure old population (shown by the dotted line), angth
becomes diicult to distinguish from the latter. The colours shown inufi3.10 are the ones using
the “BC99” library, but the results hold true for all threbrries.

Now we take instead a composite population like one of the&solutions from Tables 3.4
to 3.6, that is, Ky + M;):M, = 1:10, My:M; = 1:30, the intermediate-age population being around
500 Myr older than the young oneMy;, denotes the mass fractions of young, intermediate-age,
and old population, respectively. The colour of this migtevolves like the solid line in the lower
panel of Figure 3.10. Again, the dotted line shows the colafuonly an old population. In this
scenario, the mixture is still distinguishable from a pule population 500 Myr after the birth of
the youngest one. However, this parameter combinatioreistie with the smallest mass fraction of
the old population among the results for the main sample. $yguthe values of the other typical
solutions from Tables 3.4 to 3.6M{, + M;):M, = 1:30, My:M; = 1:30, or My + M;):M, = 1:100,
My:M; = 1:10, theg — i colour after 500 Myr is much more similar to the pure old papioh colour
(big black dots in the lower panel of Figure 3.10). Therefafer the end of star formation it will
take less thar a Gigayear for the (strong) colour gradient to disappeatijmmany cases only half
a Gigayear depending on the mass fraction of the young aadrediate-age population. This also
demonstrates the need for a thorough study of both stamaigveak colour gradients in early-type
dwarfs, in order to draw conclusions about evolutionaryadniss. Whether or not star formation will
cease soon, or has ceased already in some objects, depethésapmount (and state) of leftover gas,
which is the subject of the following section.

6. (GAS CONTENT

Dwarf elliptical galaxies are commonly considered to beays that have lost their (cold) gas
(e.g. Ferguson & Binggeli 1994; Conselice et al. 2003). Gndther hand, Conselice et al. (2003)
reported “credible” HI detections for sevieXirgo dEs from their own study as well as from other
literature, translating into a 15% HI detection rate for dEke GOLDMine database (Gavazzi et al.
2003) reports detections for six more early-type dwafisom the SDSS spectra presented above, we
know that the dE(bc)s show clear signs of either ongoing pr kerent star formation, suggesting the
presence of a certain amount of gas. It would thus be intagetst know whether we can expect more
episodes of star formation in the near future — requiringgaicant cold gas content — or whether
star formation is likely to cease soon due to the lack of left@as.

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

We now seek to derive an estimate for the ratio of the gas numa#isettotal baryonic mass,
Mui/Mpary. For this purpose we use V-band mass-to-light ratios betv@eagnd 6, as given by Geha
et al. (2003), and assume no dark matter content, agaimiolipGeha et al. (2003). We calculate
the total V-band absolute magnitude from the g and i-bandwiiiixin an elliptical aperture with 1.5
times the estimated semi-major axis from Binggeli et al8g)qat~ ug = 25.5 magarcseé), using

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

"Three of these (VCC 0170, VCC 0227, VCC 0281) are listed ag Bletype spiral in the NASAPAC Extragalactic
Database (NED) and similar in Gavazzi et al. (2005) who regbtheir HI detections, although they were classified as
early-type dwarf in the VCC and confirmed as such in Chapter 2.
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Tasie 3.7. HI detections. HI masses and upper limits are given for our adopted Virgo
cluster distance off = 15.85 Mpc. In columns 3 to 5 we list the ratios of the gas mass to
the total baryonic mass, usingfiirent mass-to-light ratios as given in the column header;
for details see text. References for the HI detections: 1.LKI@ine database (Gavazzi
et al. 2003, httgigoldmine.mib.infn.if); 2. Gavazzi et al. (2005); 3. Huchtmeier & Richter
(1989); 4. Huchtmeier & Richter (1986).

VCC log(f) mi(P=3) pii(=45) pi(}=6) Reference

Mbary Mbary Mbary
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-gabaryonic mass fractions or upper limits
for mass-to-light ratios of 3, 4.5, and 6 are listed in Tablé 3

Of the dE(bc)s in the main sample, three objects have a vengés content, wittMy; /Mpary
values of 1% or below (VCC 0170, VCC 0951, VCC 0953). Of theaimg galaxies, one has an Hl
content with a resulting fraction of-36% (depending on the adopted mass-to-light ratio). Thersthe
have upper limits of several percent, up te 13% for VCC 1488. In contrast, most of the galaxies
in the additional sample have a much higher gas fraction h®fl0 detected galaxies, 7 reach up to
more than 10%, with values up to 3%5%. However, for one object (VCC 0135) the upper limit lies
below 1%.

A comparison with average HI-to-total mass ratios for Ldgabup dwarf galaxies shows that at
least some dE(bc)s of the main sample have a larger gasofratian the @ + 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 d&{bc)s of the main sample might still
continue to form stars there for a significant amount of timezontrast, most objects of the additional
sample fall in the range of the Local Group dirrs, suggesdtirag a longer duration of star formation
is possible. See Section 8 for a further discussion.

7. SYSTEMATIC PROPERTIES

We have shown so far that the dE(bc)s, which were classifiegpmotngically as early-type
dwarfs, are dominated by an old stellar population. Giveiirttmoderate amount of cold gas and the
lack of any (significant) star formation activity beyonditheentral regions, the dE(bc)s will evolve
into ordinary-looking dEs in the future. However, up to thisint we have mainly focused on the
appearance and the composition of the dE(bc)s, but we hayehoompared the statistical properties
of the sample of dE(bc)s with those of the sample of dEs andit§dEs with disks, see Section 3.2).
As demonstrated in Chapter 2, the luminosity function, thggeted spatial distribution, and the
flattening distribution are important tools to investigdifferences between types of galaxies, and to
judge whether or not they constitute separate populatifespresent 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, #m& remaining dEs with respect to
their B magnitude provided by the VCC. With the assumptiaat #il galaxies are located at roughly
the same distance from us, this distribution represenis limainosity function. Our data are pre-
sented as a running histogram with a bin-width'801i.e. +0"5). Only galaxies with certain cluster
membership are taken into account, i.e. 16 dE(bc)s in tha ssnple whose distribution is given by
the dark grey shaded area. The dE(di)s are represented byettiem grey shaded area, and the full
dE sample with dE(bc)s and dE(di)s excluded is given by ti# lgrey shaded area. The fraction of
dE(bc)s among the full dE sample is shown as black line. Theevihe shows the distribution of the
12 certain cluster members of the additional sample, whyotolmstruction are not included in the dE
sample.

The luminosity function of the full dE sample is given as gdashed line. It has a conspicuous
bump at brighter magnitudes, which we explained in Chapteitt2the superposition of dE(di)s and
ordinary dEs, implying that they were twofktirent populations of objects. However, as can be seen
in the figure, this bump might at least partly be explainedhsy guperposition of dE(bc)s, dE(di)s,
and the remaining dEs. On the other hand, it has been showhdptér 2 that we missed50% of
dE(di)s due to issues of signal-to-noise. Therefore we navracted the dE(bc)s andsltimes the
number of dE(di)s from the full sample as a further test (ihota). Still, there is no obvious over-
subtraction of the bump (which would result in a dip), so thgadare consistent with the estimated
number of missed dE(di)s.

The fraction of dE(bc)s among all dEs reaches up to more th& fbr the main sample at
brighter magnitudes, and declines to almost zemgt: 16™. Thus the dE(bc)s are not a negligible
population of objects, but instead constitute a signifideanttion of the bright dEs. To investigate
whether the decline of the dE(bc) fraction at fainter magiés is real or whether it is due tghs
effects, we artificially dimmed all 11 dE(bc)s of the main sampith 14™ < mg < 15" by 1 and
2 magnitudes. This was done by adding Gaussian noise to thgesnsuch that the RMS of the
total noise was increased by 1 and 2 magnitudes. Colour nrapsadial colour profiles were then
constructed as described above, and were examined for evhibidly would have been selected as
dE(bc)s by us. When dimmed by 1 magnitude, 9 of the 11 objeotddnstill have been selected,
whereas at 2 magnitudes fainter only 5 would have been rezedyms dE(bc)s. Thus, if theue
dE(bc) fraction would be constant at 17% (the average vaitlanthe interval 14' < mg < 15M)
independent of magnitude, we would expecibtmservea fraction of 14% at magnitudes between
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Ficure 3.11. Luminosity function. Running histogram of the number of galaxies (right
y-axis) with respect to B magnitude as given by the VCC. ShavendE(bc)s of the main
sample (dark grey area), dE(di)s (medium grey area), alle¥etuding both dE(di)s and
dE(bc)s (light grey area), and all dEs (light grey dashed)linGalaxies of the additional
sample — which by construction are not included in the dE $ampre represented by the
white line. The bin-width is™0, therefore the counts are incompleterigy > 1715 (vertical
dotted line). A bin is calculated at each position of a galistye full sample. Only galaxies
with certain cluster membership are taken into account.fiidwtion of dE(bc)s — the ratio of
the dE(bc) histogram to the histogram of all dEs — is givenlasidine (left y-axis applies).
The upper x-axis gives absolute magnitudes assumiagvl = 3170.

15" < mg < 16", and 8% between I6< mg < 17™. Within these magnitude ranges, we should
thus find 94+ 2.8 and 82 + 2.8 dE(bc)s, respectively, for a binomial distribution. Hewwe we found
only 4 and 0 dE(bc)s, which lies within 1.9 and 3.0 standandadiens, respectively. It is thus very
likely that the decline of the number fraction of dE(bc)sdalr

Since we are using B band magnitudes, it is an obvious quektier much fainter the dE(bc)s
will become after their star formation has ceased. From peactsal 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 comparetbthkespectrum of each galaxy with
the model spectrum of the old population only, as a consgevastimate. Since our galaxies show
a colour gradient (Figures 3.1 to 3.3), which we interpred @gcrease of the fraction of young stars
when going outwards, we now assume that the above ratio efifadd current flux linearly increases
to 1 up to the B band half-light radius. This leads to an ediohdading of the total galaxy flux in
the B band of 02 for all dE(bc)s. Therefore, we do not expect significantion of the dE(bc)
luminosity function after the cessation of star formation.

For the galaxies in the additional sample, Figures 3.5 afidldow that the blue regions are more
extended. We therefore assume the linear increase of ibeofdaded and current flux (see above)
to extend to two half-light radii. This leads to an estimafeding of 4 — 0"5. On average, these
galaxies are already slightly fainter than the dE(bc)s efitimin sample (see Figure 3.11). This
difference would thus become more pronounced after their staafemn has ceased. On the other
hand, one might expect from their gas content that a signifisenount of stars could still be formed
in these objects, which would counteract the fading to soxtené
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Ficure 3.12. Flattening distribution. Distribution of projected axial ratios of the dE(bc)s of
the main sample (top left), the galaxies of the additionai@a (top right), and the dE(di)s
from Chapter 2 (bottom left). The data are shown as runnistpgram with a bin-width
of 0.1. Only galaxies with certain cluster membership amsaered. Beyond the last data
point on each side, the histograms are plotted with dottstau of solid lines. The bottom
right hand panel shows theoretically expected curves tongic oblate (black) and prolate
(grey) shapes, assuming randomly distributed inclinatiamd intrinsic axial ratios that are
described by the following Gaussian distributions: oblaith meanu = 0.4 ando = 0.07
(black solid line),o- = 0.04 (black dashed line)r = 0.02 (black dotted line); prolate with
1 = 0.65 ando = 0.2 (grey solid line),o- = 0.15 (grey dashed lineyyr = 0.1 (grey dotted
line).

7.2. Flattening distribution

The flattening distribution of the dE(bc)s is presented guFé 3.12, along with that of the dE(di)s
from Chapter 2. The axial ratios were derived from the adgdtapertures provided by Chapter 2 (see
Section 4.1). Again, only galaxies with certain cluster rbenship are considered. The distributions
are presented as running histograms with a binsize of#0D§), normalized to an area of 1. In the
bottom right hand panel of the figure, we show various théakturves for comparison. We assume
randomly distributed inclinations and oblate (black lnesprolate (grey lines) intrinsic axial ratios.
For the oblate case we adopt Gaussian distributions ofuamodths 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 witiglitat oblate objects. Here, we find
that the dE(bc)s of the main sample are similarly distributeith slightly larger axial ratios than the
dE(di)s. A comparison with the theoretical curves dematst that, despite the small sample size,
their distribution is hardly consistent with dE(bc)s besgheroidal objects, and instead suggests
the shape of a relatively thick disk. The galaxies of the @mitll sample are rounder, though not
spheroidal. This is another point — besides the overall gateat, strength of emission lines, and size
of star forming regions — in which the dE(bc)s of the main sienamd the additional galaxies are not
alike.

7.3. Spatial distribution

In Chapter 2 we found that while ordinary dEs are more stroolgistered towards the Virgo clus-
ter center, dE(di)s basically show no clustering at all,th@oindication for them being aftierent
population of galaxies. The dE(bc)s of the main sample disws0 central clustering (Figure 3.13,
upper panel), similar to the dE(di)s. The same applies tmbjects of the additional sample (Fig-
ure 3.13, lower panel). While the number of dE(bc)s is reddyi small and does not allow statistically
secure statements, their distribution is hardly consisigtin a centrally concentrated population.
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Ficure 3.13. Distribution within the cluster. Projected spatial distribution of the dE(bc)s
of the main sample (black circles, upper panel) and the gadaof the additional sample
(black circles, lower panel). Coordinates are given folQlR@Grey crosses represent all dEs
without blue centers. All other Virgo cluster galaxies with < 18"0 are shown as small
black dots. Only galaxies with certain cluster membershipcansidered. The black cross
gives the position of M87. Boundaries of the SDSS coveragslaown as grey dashed lines.

7.4. Morphology-density relation

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

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

7.5. Velocity distribution

Heliocentric velocities are available for 194 early-typsagifs of our full dE sample that are
certain Virgo cluster members (see Section 2.3). We prdékese data in Figure 3.15 for the dE(bc)s,
the dE(di)s, and the remaining dEs (i.e., dE(bc)s and d&é&kluded). Each panel shows a running
histogram with a bin-width of 366 kn$, which corresponds to the semi-interquartile range of all
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Ficure 3.14. Morphology vs. density. Cumulative distribution of local projected densities.
Following Dressler (1980) and Binggeli et al. (1987), we efa circular area around each
VCC galaxy that includes its ten nearest neighbours (indeget of galaxy type), yielding a
projected density (number of galaxies per square degre#y. galaxies with certain cluster
membership are taken into accoutipper panel: The dE(bc)s of the main sample (solid
black line), the galaxies of the additional sample (dashaddine), the dE(di)s from Chap-
ter 2 (solid grey line), and ordinary dEs (excluding dE(kemsl dE(di)s, dashed grey line).
Lower panel:The dE(bc)s of the main sample (solid black line) comparetmus Hubble

types.

194 velocities. Their median valuggeio = 1248 km s?, is given as a dotted vertical line in each
panel for comparison.

The dE(bc)s of the main sample show a relatively large diewidtom the overall median value:
their median velocity is onlywheio = 802 km st. However, since the semi-interquartile range is
large (\vhelio = 463 km s1), and since only 15 objects are included in this sample, weastate
whether this constitutes a significantfdrence. Instead, it might be more promising to compare the
shapes of the distributions. The sample of ordinary dEs shewlose-to-symmetric distribution,
which would be expected for a relaxed population. In comtths distribution of dE(bc)s and dE(di)s
are asymmetric and less smooth. Both display side peaksathe of an infalling population (Tully
& Shaya 1984; Conselice et al. 2001). This would be condistéh their spatial distribution, which
shows no central concentration within the cluster, and whtir distribution with local projected
density, which follows that of the irregular cluster gaksi
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Ficure 3.15. Velocity distribution. Distribution of available heliocentric velocities, taken
from the NASAIPAC Extragalactic Database (NED). The dE(bc)s of the mamyde are
shown in the top left panel, the galaxies of the additionaifda in the top right panel, the
dE(di)s from Chapter 2 in the bottom left panel, and the rangi dEs (excluding dE(bc)s
and dE(di)s) in the bottom right panel. Only galaxies withtai& cluster membership are
included. The vertical dotted line marks the valuevgfi, = 1248 km s, which is the
median value of all 194 available velocities for early-typearfs. The data are shown as
running histogram with a bin-width of 366knT%s corresponding to the semi-interquartile
range of these 194 velocities. Numbers in brackets are thebauof galaxies included in
the respective panel. Beyond the last data point on eachthiglbistograms are plotted with
dotted instead of solid lines

8. DiscussioN

The SDSS enables for the first time a systematic analysisvetraehundred dEs in the Virgo
cluster with optical imaging and partly with spectroscopliese data provide the basis for our studies,
which aim at disentangling the various subpopulations ofyagpe dwarfs and uncovering their
evolutionary histories. In Chapter 2, we found that dEs Witk features (dE(di)s) constitute a disk-
shaped, unrelaxed dE population that is cleariedent from classical dwarf ellipticals. In the current
study, we focus on another conspicuous feature that is commseveral dEs: a blue center caused
by recent or ongoing central star formation. We have showatthiese dE(bc)s constitute a significant
fraction (more than 15%) of bright dEs in the Virgo clustethiSfTnumber declines to almost zero
beyondmg > 16, which is most likely a real decline and is not mainly dusigmal-to-noise fects.

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

As soon as star formation has ceased, each dE(bc)’s colourichwrovided the basis of its
selection — will become indistinguishable from that of adioary dE within~ a Gigayear or less (see
Section 5.4). However, the statistical properties of thébdJgpopulationare unlike those of ordinary
dEs: the projected spatial distribution and the flatteniiggridution of the dE(bc)s are similar to
those of the dE(di)s and arefidirent from those of dEs that have no blue centers or diskresatu
Both the dE(bc) and dE(di) population show no central chusge which, along with the side-peaks
of their velocity distributions, hints towards fairly redanfall. How long ago this infall could have
taken place depends on relaxation timescales. Conselale(@001) derived a two-body relaxation
time for the Virgo dEs of much more than a Hubble time. Eveneribrelaxation, which might only
apply for the case of merging groups or subclusters, woliel & least a few crossing timgg, with
ter = 1.7 Gyr for the Virgo cluster (Boselli & Gavazzi 2006). Thus, B gopulation built out of



8. DISCUSSION 63

infalling galaxies remains in an unrelaxed, non-viriaizgate for many Gyr. We conclude that the
dE(bc)s most likely formed through infall of progenitor gsikes.

The shape of the dE(bc)s, as deduced from their flatteninghdison, is hardly consistent with
their being spheroidal objects, and instead implies tratth(bc)s are rather thick disks, i.e. oblate-
shaped objects with intrinsic axial ratios arourf@l4. This is only somewhat thicker than the dE(di)s,
for which we derived an axial ratio 06£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), atling late-type disk galaxy gets
transformed into a dE through high-speed encounters wissiva cluster galaxies. This obviously
leads to an increase in the axial ratio during the transféomgrocess, since a disk is converted into
a spheroid. However, a thick stellar disk may survive and kealenticular systems (Moore et al.
1996; Mastropietro et al. 2005). These may form a bar andlsigiatures, and retain them for some
time, depending on the tidal heating of the galaxy (Masttpiet al. 2005). Galaxy harassment
thus appears to be a plausible scenario to explain the fmmat disk-shaped dEs, and of dE(di)s
in particular. Moreover, it predicts gas to be funneled ® ¢lenter and form a density excess there
(Moore et al. 1998). While Moore et al. compare this to thespnee of a nucleus in many dEs,
they admit that their simulations “were not designed to prtite inner 200 pc”. The radii of many
of the blue central regions of the dE(bc)s are only slighakgér than this value (see Figures 3.1 to
3.3); consequently, the central gas density excess coul@é@xaain the blue centers. The harassment
scenario thus describes a possible evolution of an infalite-type disk galaxy to a dE(bc) and to a
dE(di).

Another mechanism to form disk-shaped dEs could be ranmsprestripping (e.g. Gunn & Gott
1972) of dwarf irregulars. Depending on galaxy mass, thengght be significantly removed except
around the central region (Mori & Burkert 2000), which wogkeem to be consistent with the central
star formation of the dE(bc)s. As shown by van Zee et al. (BDOdeveral dEs have significant
rotation, and could thus be the descendants of dirrs, whielalao known to be mostly rotationally
supported, at least at the luminosities considered herevelter, apart from the problems with this
scenario discussed in Section 1, like the metallicifiset between dEs and dlrrs or the too strong
fading of dirrs, the flattening distribution of dirrs shown Binggeli & Popescu (1995) is not quite
like that of our dE(bc)s. Instead, dirrs have a (primarypbsatio>0.5. On the other hand, significant
mass loss due to stripped gas would be expectefféotalso thestellar configuration of the galaxies
and could thus possibly account for théfeience.

As outlined in Section 1, several studies claimed that BClgghtrbe progenitors of dEs. Their
flattening distribution, as analyzed by Binggeli & Popest®9b), is somewhat more like that of our
dE(bc)s, though still slightly rounder. These BCDs behanelarly to the galaxies of our additional
sample —which were mostly classified as (candidate) BCDsyére selected only if their appearance
was similar to the dE(bc)s. Overall, they have more exteridee regions, stronger emission lines,
and clearly a higher gas content than the dE(bc)s of the naanpke. They are also dominated by an
underlying old population — only one out of seven Wigqy < 90% — and they have fairly regular outer
shapes. Their spatial distribution also hints at an uneslgopulation, and their velocity distribution
is asymmetric.

Tidally induced star formation in dirrs (Davies & Phillipd®988) might be able to link BCDs
and dEs, and could at the same time overcome the problems odtipressure stripping scenario.
The initially lower metallicity and surface brightness ofilar are increased by several bursts of star
formation, during which the galaxy appears as blue compaetrid(BCD). After that, it fades to
become a dE. The last star formation burst might occur in émtral region of the dwarf (Davies &
Phillipps 1988), consistent with the appearance of the c&(b
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8.2. Presence of nuclei

Many late-type spirals — which act as dE progenitors in thagsament scenario — host a compact
nucleus (e.g. Boker et al. 2004). If the nucleus survivesnttorphological transformation, it would
become the nucleus of the resulting dE(bc) or dE(di). A sécmenario for nucleus formation in dEs
is late star formation out of central gas (e.g. Oh & Lin 20@@jch in principle might be taking place
in the centers of the dE(bc)s.

The fraction of nucleated galaxies among the dE(bc)$1i6 #44%), which is based on the VCC
classification and has been verified by us through visualeictsgn of images and unsharp masks.
We find one more dE(bc) to have “multiple nuclei” (VCC 0021Indabne to have a possible nucleus
(VCC1512). If those two objects were counted as being ntedgdhe fraction would increase to
56%. Among the dE(di)s, 26 out of 36 galaxies are nucleat@éoj7 Ordinary dEs (i.e. excluding
dE(bc)s and dE(di)s) have a nucleated fraction of also 72%ngrnthe brighter objectsig < 16M),
which is the magnitude range of most dE(di)s and of all but d&éoc). If we assumed a 72%
nucleated fraction for the dE(bc)s as well, we would expedirtd 11.5 nucleated dE(bc)s among
our 16 objects, with a standard deviation= 1.8. Our observed number thus lies withidd of the
expected value if dE(bc)s had the same nucleated fractidesand dE(di)s, and if the two uncertain
objects were counted as nucleated. Thus, there is no smmiifitiference between dE(bc)s, dE(di)s,
and the other dEs with respect to the presence or absenceuofeus. Still, the somewhat smaller
number of nuclei in dE(bc)s could be a hint that nuclei areatiforming in their centers. Of the
galaxies in the additional sample, none displays a nuclautsthe significant amount of central gas
and dust might leave the possibility of a hidden nucleusfarmucleus just being formed.

We point out that the ACS Virgo Cluster Survey (Coté et 8042 found a much higher frequency
of compact stellar nuclei in early-type galaxies than Belggt al. (1985) did, primarily due to the
much higher resolution of space-based studies as compagedund-based ones (Coté 2005). How-
ever, if we took into account these results, a dE classifigtiaeeated in the VCC would then simply
be termedh dE with a nucleus bright enough to have been detected byg8lingt al. (1985)

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

Early-type dwarfs with blue centers are not only presenheVirgo cluster. NGC 205, with its
central region of young stars and central dust clouds (HA®3®), is a well known local example
of what we term a dE(bc); the same applies to NGC 185 (Hodg&)196n the one hand, NGC
205 might be considered as special case due to its clear gidiakal interaction with M 31 (Mateo
1998). On the other hand, tidal interaction might not be ghing special but instead something
very common and even required for the formation of dEs, ardEgbc)s in particular. While galaxy
harassment is negligible in groups (Mayer et al. 2001a)ndai mechanism is provided there by the
so-called tidal stirring scenario (Mayer et al. 2001b), imietr a dirr that sffers repeated tidal shocks
is transformed into a dE or a dSph. In this model, the galawigs higher surface brightness can
reach a central gas density excess like what was descriloeg &r 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 2Q&oasible result of tidal stirring,
Gu et al. (2006) recently presented an apparently isolateafalliptical with a blue center (IC 225)
at a distance of 20.6 Mpc. Its spectrum displays Balmer Imésion, and based on its appearance
it would doubtlessly enter our dE(bc) sample. The authosetdheir conclusion about the galaxy’s
isolation on their failure to find a potential companion writB0 arcmin, using the NED. This angular
search radius corresponds to 180 kpc at their given distaeincreased the search radius, and
found the small galaxy group USGC U124 (Ramella et al. 2008¢tat the same distance as IC 225
(within 25 km s in radial velocity), and at an angular separation of 145 #@mcwr 870 kpc. The
brightest group member (NGC 0936) is an early-type spirbyawith Mg ~ —20.5. Since 870 kpc
would seem a rather large distance for IC 225 to be a bound aoiop, we test whether a single
interaction could have occured in the past. As an examptéagifelative velocity was 100 knTs
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the encounter would have occured 8.5 Gyr ago, much too lontipéocurrent star formation to have
been triggered by it.

While the tidal forces of smaller galaxies closer to IC 22&ldgossibly &ect the galaxy’s gas
distribution, Brosch et al. (2004) argued that tidal intéiens might not be necessary for activating
star formation, and that instead, the dynamics of gas massedark matter gravitational potential
could be the primary trigger. Nevertheless, the main prablould be to explain how aisolated
dE could have formed at all. Therefore, if IC 225 is indeed aytigblated galaxy, one has to think
of other mechanisms for dE formation than the ones we haweisied. It also demonstrates along
with NGC 185 and NGC 205 that central star formation does nbt occur in cluster dEs, and that,
consequently, the mechanisms for dE formation might belairm different environments. In fact,
in the Local Group, where we can study galaxies at the highragilar resolution, many dSphs show
star formation histories that extend over many Gyr. In athafse cases, the younger populations are
more centrally concentrated than the old ones (Harbeck &08l1). Apart from interactions, this
may also be a consequence of longer-lived gas reservoihe ateinters of these galaxies’ potential
wells.

Finally, we caution against calling the dE(bc)s /dEr transition types”: this would suggest that
every dE(bc) has a dirr progenitor, which might not be the @ssdiscussed above. Similarly, Grebel
et al. (2003) argued for Local Group dwarfs that the so-daller/dSph transition types are plausible
progenitors of dSphs, while dlrrs themselves seem leslylike

9. SUMMARY AND OUTLOOK

We have presented a study of Virgo cluster early-type dwaldxdes (dEs) with central star
forming regions, based on photometric and spectroscopicfdan the SDSS DR4. These “dE(bc)s”
are not rare objects, but they reach a fraction of more thda aBong the brightrfis < 16) dEs.
Their spatial distribution and their distribution with Elgprojected density suggest that they are an
unrelaxed population. Their flattening distribution is sigtent with them being disk-shaped objects
like the dEs with disk substructure (dE(di)s) identified inapter 2. Even in the very center, where
their colours are bluest, 90% or more of their mass belongstold stellar population. Thus, they
will appear like ordinary dEs within about one Gigayear afte end of their star formation. The
gas content of the dE(bc)s is lower than in dwarf irregullarcg, probably somewhat higher than in
classical dEs, implying that at least in some dE(bc)s stanétion might still continue for some time.
Plausible formation mechanisms that could explain botldible shape and the central star formation
of the dE(bc)s are galaxy harassment (Moore et al. 1996)chwhescribes the transformation of
infalling late-type disk galaxies into dEs, tidally indwtstar formation in dirrs (Davies & Phillipps
1988), and possibly also ram-pressure stripping (Gunn & G&872) of dirrs and star formation
induced by gas compression due to ram pressure.

We have started our studies of Virgo early-type dwarfs bydeimng two sorts of dEs with “spe-
cial features”, i.e., dEs with a blue center (this study) d&g with disk substructure (Chapter 2). It
is important to stress that we are not looking at one singpifation of dEs, with those features just
being some extra “flavour”, but that these dE subtypes dostpopulations with distinct proper-
ties that difer from the rest of dEs. To complicate the issue even morénamddEs (i.e., exluding
dE(bc)s and dE(di)s) are probably not a homogeneous papukither, since e.g. the clustering prop-
erties of nucleated and non-nucleated dHEgedisignificantly (Binggeli et al. 1987). Whether or not
all of these dE subtypes simply reflecffdrent evolutionary stages of one single class of galaxy, or
whether they are indeedftirent classes of early-type dwarfs, will be discussed iaidetChapter 4.
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CHAPTER 4

AT THE ZOO. EARLY-TYPE DWARF SUBPOPULATIONS

“Subpopulation is a group which is basically an array of Iaaiuals.”
From http//cs1.gmu.edi+eclaly

From a quantitative analysis of 413 Virgo cluster earlyaygwarf galaxies (dES)
with Sloan Digital Sky Survey imaging data, we find that the aliss can be
divided into multiple subpopulations thag@r significantly in their morphology and
clustering properties. Three dE subclasses are shapedHikk disks and show no
central clustering: (1) dEs with disk features like spirahes or bars, (2) dEs with
central star formation, and (3) ordinary, bright dEs thatyeano or only a weak
nucleus. These populations probably formed from infallprggenitor galaxies.
In contrast, ordinary nucleated dEs follow the picture cdisdical dwarf elliptical
galaxies in that they are spheroidal objects and are cehtrelustered like E and SO
galaxies, indicating that they have resided in the clusieces a long time, or were
formed along with it. These results define a morphology-itdenslation within the
dE class. We find that theff#rence in the clustering properties of nucleated dEs and
dEs with no or only a weak nucleus is not caused by selectiasebj as opposed
to previously reported suggestions. The correlation betwsurface brightness and
observed axial ratio favors oblate shapes for all subclasd®it our derivation of
intrinsic axial ratios indicates the presence of at leastngotriaxiality. We discuss
possible interrelations and formation mechanisms (raespure stripping, tidally
induced star formation, harassment) of these dE subpdpulat

This study was done together with Eva K. Grebel, Bruno Bitiggad Katharina Glatt.
It is accepted for publication in The Astrophysical Journal
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1. INTRODUCTION

As the most numerous type of galaxy in clusters, early-typartigalaxies are ideal probes to
study the physical processes that govern galaxy formatiheaolution in environments of fier-
ent density. The pronounced morphology-density relateog.( Dressler 1980; Binggeli et al. 1987)
suggests that early-type dwarfs were either formed mamhjigh-density environments, or originate
from galaxies that fell into a cluster and were morpholollycaansformed. However, the actual for-
mation mechanisms are still a matter of debate (see Jerjem@gBli 2005, and references therein).
Most of the proposed scenarios are based on the vigoroussfaating within a cluster environment,
like ram-pressure stripping (Gunn & Gott 1972) of dwarfguéar (dirr) galaxies (e.g., van Zee et al.
2004b), tidally induced star formation in dirrs (Davies &ilRpps 1988), or so-called harassment
(Moore et al. 1996) of infalling late-type spirals throughse encounters with massive cluster mem-
bers.

Early-type dwarfs form a rather heterogeneous class otthjén addition to the classical dwarf
ellipticals, Sandage & Binggeli (1984) introduced the sladwarf SO (dS0) galaxies, which were
conjectured to have disk components, based on signatleesitih flattening or a bulgedisk-like
profile (Binggeli & Cameron 1991). The identification of sisubstructure then provided the first
direct proof for a disk in an early-type dwarf (Jerjen et &0@), which, however, had not been
classified as dSO but as dwarf elliptical. Inspired by similscoveries (e.g., Barazza et al. 2002;
Graham et al. 2003; De Rijcke et al. 2003), we performed achefar disk features in 410 Virgo
cluster early-type dwarfs (Lisker et al. 2006b, ChapteNZg.thereby included galaxies classified as
dwarf elliptical and as dS0 to avoid any preselection biad,assigned them the common abbreviation
“dE”, which we adopt for this study as well. We identified diglatures in 36 dEs, and argued that
they constitute an unrelaxed population of disk-shapedxigd diferent from the classical dwarf
ellipticals (Chapter 2).

But the dE class shows yet more diversity: nucleated andnueoieated dEs havefifrent clus-
tering properties (van den Bergh 1986; Ferguson & Sandag®@) 1eir flattening distributions filer
(Binggeli & Cameron 1991; Ryden & Terndrup 1994; Binggeli &descu 1995), and colourfiiir-
ences were reported as well (Rakos & Schombert 2004; Ligkat. 2005). Moreover, several of
the bright dEs display blue central regions caused by remeanhgoing star formation (Lisker et al.
2006¢, Chapter 3), and alsoff@r in their spatial and flattening distributions from thekoof dEs.
Thus, prior to discussing possible formation mechanisnesneed to systematically disentangle the
various dE subclasses observationally. This is the purpbtgs study.

2. SAMPLE SELECTION

While our dE sample selection was already described in @mgtand 3, these studies were still
based on the Data Release 4 of the Sloan Digital Sky Surveg §5Bdelman-McCarthy et al. 2006).
Since we are now using the full SDSS Data Release 5 (DR5, AdeicCarthy et al. 2007) dataset,
we provide here a detailed, updated description of our Sefec

2.1. Selection process

The Virgo Cluster Catalog (VCC, Binggeli et al. 1985), alomigh revised classifications from
Barazza et al. (2002, VCC 1422), Barazza et al. (2003, VCOQ&mnd Geha et al. (2003, VCC 1488),
contains 1197 galaxies classified “dE” or “dS0”, includirgndidates, that are certain or possible
cluster members according to Binggeli et al. (1985), Bitiggel. (1993), and Chapter 3. 552 of these
fall within our chosen limit in apparent B magnitude from MEC of mg < 18"0 (see Chapter 2).
This is the same magnitude limit up to which the VCC was fourtot complete (Binggeli et al. 1985).
When adopting a Virgo cluster distancef 15.85 Mpc, i.e., a distance modulus— M = 3170
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(see, e.g., Ferrarese et al. 2000), which we use througtidstcorresponds roughly to a limit in
absolute magnitude dflg < —13"0.

Six galaxies are not covered by the SDSS. While we initiadblided objects with uncertain clas-
sification (e.g., “dE?"), we then excluded all 50 galaxiest #ppeared to be possible dwarf irregulars
from visual inspection of the co-added SD&§ andi images (see Chapter 2), or were classified as
“dE/Im”. Three more objects (VCC 0184, VCC 0211, and VCC 1941)enexcluded because they
appear to be probable background spirals. Finally, VCC 18&ifd not be classified properly, since it
is significantly blended with multiple other galaxies. Tlaads to a final dE sample of 492 certain or
possible cluster members, containing 426 certain cluseanbers on which we focus in the present
study.

2.2. Presence of nuclei

While our classification of nucleated and non-nucleatedreékss on the VCC, it is known from
HST observations that many apparently non-nucleated diaslbchost a faint nucleus hardly de-
tectable with ground-based imaging (Coté et al. 200&) sé® Lotz et al. 2004b). A direct compar-
ison of the VCC classification with the results from Coét@ket(2006) shows that, as a rough rule of
thumb, the detection of dE nuclei in the VCC becomes incotadiar nucleus magnitudes that are
fainter than the respective value of the host galaxy’s eésurface brightness, measured within a
radiusr = 0.1” (Figure 4.1). Our non-nucleated dEs could thus be more gpptely termeddEs
without a nucleus of significant relative brightnesscompared to the underlying light of the galaxy’s
center. In fact, Grant et al. (2005) suggested that dEsifitasas nucleated and non-nucleated might
actually form a continuum of dEs with respect to relativelaus brightness. Therefore, the VCC
classification basically translates into probing opposides of this continuum — and this is exactly
what makes it useful for our study of dE subclasses. If thatike brightness of a nucleus depends
on its host galaxy’s evolutionary history, then one mightent nucleated and “VCC-non-nucleated”
dEs to exhibit diferent population properties.

3. Dara

The SDSS DR5 covers all VCC galaxies except for an approeinat x 25 area atr ~ 1862,

6 ~ +570. It provides reduced images taken in theg, r, i, andz bands with an #ective exposure
time of 54s in each band (see also Stoughton et al. 2002), hasvéhe necessary parameters to
flux calibrate them. The pixel scale of 86 corresponds to a physical size of 30 pc at our adopted
Virgo cluster distance ofi = 1585 Mpc. The SDSS imaging camera (Gunn et al. 1998) takes
data in drift-scanning mode nearly simultaneously in the finotometric bands, and thus combines
very homogeneous multicolour photometry with large arezer@ge and dficient depth to enable

a systematic analysis of dEs. The images have an absolutenastic accuracy of RMS 0’1 per
coordinate, and a relative accuracy betweenrthand and each of the other bands of less than 0
pixels (Pier et al. 2003). They can thus easily be alignedgusieir astrometric calibration and need
not be registered manually.

The RMS of the noise per pixel corresponds to a surface lrigist of approximately 22 mag
arcsec? in the u-band, 2% in g, 244 inr, 239 ini, and 224 in z. The typical total signal-to-noise
ratio (SN) of a bright dE (ngvcc ~ 14™) amounts to about 1000 in the r-band within an aperture
radius of approximately two half-light radii. For a faint difg ~ 18") this value is typically about
50. While the &\ in theg and i-band is similar, it is several times lower in the z-band more than
ten times lower in the u-band.

The SDSS provides photometric measurements for our galaxig we found these to be incor-
rect in many cases (Lisker et al. 2005). The SDSS photomgipeline significantly overestimates
the local sky flux around the Virgo dEs due to their large applsizes and low surface brightness
outskirts. This #ects the derivation of isophotal and Petrosian radii, tiodilprfits, and subsequently
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Ficure 4.1. Nucleus detection limits. Shown are central surface brightnesses and nucleus
magnitudes irg, both from Coté et al. (2006), for 34 of the 36 VCC dEs of trssimple
(VCC 1512 has no nucleus, and for VCC 1743 no values could beed. Objects where
Coté et al. (2006) identified “new” nuclei, i.e., that aiséd as non-nucleated or only pos-
sibly nucleated in the VCC, are shown as filled squares. @bjbat might have anffset
nucleus according to Coté et al. (2006) and that are liatedon-nucleated in the VCC are
shown as open circles. Objects classified as nucleatedhiniie et al. (2006) and the VCC
(including class “N:") are represented by the filled circléghe dotted line follows equal
values of central surface brightness (in mag arcdeand nucleus magnitude (in mag).

the calculation of total magnitudes, which can be wrong bya@"5. For this reason, we usegl
magnitudes from the VCC throughout Chapters 2 and 3. In trentivae, we had performed our own
structural and photometric measurements (see SectionMghwve shall use here as well as in the
following chapters. Still, when we refer ® magnitudes, these were adopted from the VCC.

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

4. |MAGE PREPARATION AND ANALYSIS
4.1. Sky subtraction

The sky level on the SDSS images can vary by some tenths ofoike tevel across an image.
For a proper determination of Petrosian radii of the dEs &eation 4.3) despite their low surface
brightness outskirts, it is thus not alwaydihtient to subtract only a single sky flux value from each
SDSS image. Therefore, we performed sky subtraction thralg following procedure. First, we
constructed object masks for each SDSS image from the Bc@Egmentation images of the Source
Extractor software (Bertin & Arnouts 1996) by expandingsia¢hrough smoothing with a Gaussian
filter (usingIRAFY, Tody 1993). A preliminary sky level was then determineddach image as the
median of all unmasked pixels, clipped three times iteeffhat 3. In order to reach a higher/I$
than that of the individual images, we then produced a ce@dduage by summing the (weightegl)

r, and i-band images as described in Chapter 2. We then obdtamanproved object mask from the
co-added image and used this to refine our sky level measateme

1IRAF is distributed by the National Optical Astronomy Obssories, which are operated by the Association of
Universities for Research in Astronomy, Inc., under coapee agreement with the National Science Foundation.
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Finally, the sky flux distribution across the image was dateed by computing the average flux
— clipped five times iteratively at @ — of all unmasked pixels in 2201 pixel boxes, centered
every 40 pixels. This grid of values can be stored as>@3B2pixel “sky image”. Pixels in this sky
image that did not contain useful values due to too many ntapkels in the parent image were
linearly interpolated usingRAF/fixpix. We then applied a>& pixel median filter to the sky image,
expanded it to match its parent SDSS image’s size (ustdd-/magnifywith linear interpolation),
and subtracted it from the latter. This yields the finag, r, i, andzimages.

We point out that there is, to our knowledge, no general agest or recipe as to whether to use,
e.g., the clipped mean, the median, the clipped median,eomibde, for determination of the sky
level. However, it is advisable that the chosen approactetenciled with the image measurements
to be performed, which in our case is the derivation of P&rosadii (see Section 4.3). Since the
latter is based on thaverageflux within given annuli, we chose to use the clippaderageflux of all
unmasked pixels for our sky level measurement. This guaearthat the resulting flux level in each
image is zero as “seen” by the Petrosian radius calculdtion.

4.2. Calibration and extraction

We calibrated the sky subtracted SDSS images using thedea\flux calibration information
(photometric zeropoint and airmass correction). We alscected for the reporté 8DSS zeropoint
offsets in theu andz bands from the AB system (Oke & Gunn 1983). However, beforeking with
the images, it is advantageous to put together adjacenteisnagynumber of galaxies partly extend
beyond the image edges and reappear on the correspondgidaering image. Bright dEs typically
have apparent diameters of 300 pixels or more, which isrédihge compared to the SDSS image size
of 2048<1489 pixels. The SDSS astrometric calibration allows ustueately put together adjacent
images, which we did before extracting an 8801 pixel cutout image for each galaxy. These cutout
images were then corrected for Galactic extinction, using walue per image, calculated with the
dust maps and corresponding softwané Schlegel et al. (1998). From tlg 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 amdliftak for each galaxy, as described
below. Throughout this process, we mask disturbing fongggoor background objects, i.e., we do
not consider masked pixels in any calculation. We start déttiving the Petrosian radius (Petrosian
1976), as defined by Stoughton et al. (2002), on the co-addadd. Using a circular aperture with
one Petrosian radius, we then find the center of the galarygeé by iteratively searching for the
minimum asymmetry, following Conselice et al. (2000). ThgrametryA is calculated as

Zlfi — fisdl

L
DUl
i

wheref; is the flux value of the i-th pixel, anfl 150 is the flux value of the corresponding pixel in the
180-degree rotated image.

The asymmetry is computed using an initially guessed cguisition (from Chapter 2 for objects
in the SDSS DR4, and from visual examination for objects irbD&sing SAOImage DS9, Joye &
Mandel 2003), as well as for using the surrounding eighttjwrs in a %3 grid as center. If one

(4) A=

2The reason why such considerations are at all necessagysaihe as that for which the SDSS pipeline overestimated
the local sky flux: the Virgo dEs are large in apparent size @ner 10 to 1¢ pixels, but their low surface brightness
outskirts cause a large number of these pixels to h@M& 3. Thus, a wrong sky level estimate of the order of just a few
tenths of the noise level can have a larffee in total.

3 see httpywww.sdss.orfgir5/algorithmgfluxcal.html

4 provided at httpfwww.astro.princeton.eguschlegeldusfdata
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of the surrounding positions yields a lower asymmetry, idopted as new central position. This
process is repeated until convergence. We perform two gkethesymmetry centerings”: a first one
with a step size of 1 pixel, and a second one with a step size3qgfiels. The initial and final value
typically differ by less than a pixel.

We then compute the parameters defining an elliptical apefaxial ratio and position angle)
from the image moments (Abraham et al. 1994), and derive adfian semimajor axis” (hereafter
“Petrosian SMA'ay), i.e., we use ellipses instead of circles in the calcutatibthe Petrosian radius
(see, e.g., Lotz et al. 2004a). Within this elliptical apegtwith a semimajor axia of la,, we
perform another iteration to re-derive the elliptical shgarameters from the image moments, and
also to re-deriveny.

The elliptical shape is then applied to measure the total ifiutke r band within an elliptical
aperture witha = 2a,, which also yields a half-light semimajor axis in(an ;). Using this value
for anr, we go back to the co-added image and fit an ellipse to the atapbhape of the galaxy at
a = 2ay, usingIRAF/ellipse The elliptical annulus used for the isophotal fit rangesfdd"ay
to 21-25ay .

This new elliptical shape is now used to derive the final B&rosemimajor axis on the co-added
image, and to subsequently measure again the total flux in laad withina = 2a,, yielding the
final value foray ;. The isophotal shape is then measured again-aR ay,, yielding the axial ratio
that we shall use throughout this study.

Since we masked disturbing foreground or background abjegtnot considering their pixels,
our measured total flux for a given galaxy is always lower tihaould be without any such “holes”
in the galaxy’s image. In order to correct for thifext, we subdivide the final aperture of each
galaxy into 20 elliptical annuli of equal width, and assigitle masked pixel the average flux value
of its respective annulus. This yields our final value for bkl r band flux and the corresponding
magnitude. The diierence to the uncorrected value is typically less tH&h 0

For 13 of our dEs, the derivation of the Petrosian SMA did moiverge, due to the fact that these
galaxies sit within the light of nearby bright sources. VEhit some of these cases, it would still be
possible to “manually” define an axial ratio for the galaxg decided to exclude these objects from
our sample, since no reliabtemagnitudes can be derived, which are needed for our defisitddE
subclasses in Section 5. This leaves us with a working saafigl&3 Virgo cluster dEs.

5. EARLY-TYPE DWARF SUBCLASSES
5.1. Subclass definitions

Of our 413 Virgo dEs, 37 display disk features, like spirahay bars, or signs of an edge-on
disk (Chapter 2, adding VCC 0751 to the objects listed thererder to update to SDSS DR5).
We term these objects “dE(di)s”, and separate this dE sshdtam the ordinary, “featureless” dEs
(Figure 4.2). In order to further explore the diversity df thtter, we perform a secondary subdivision
into nucleated (“dE(N)”) and non-nucleated (“dE(nN)”) geiles, based on the identification of nuclei
in the VCC as outlined in Section 2.2. Since a further sukiivi of the dE(di)s would lead to
statistically insignificant subsamples, we shall inste&tuss their nucleated fraction in the text.
Finally, since our galaxies span a range of almdstirbr, it appears worth performing a tertiary
subdivision into dEs brighter and fainter than the medibrightness of our full sample, nameaty =
18"67 mag. Moreover, all but three of the dE(di)s are brightantthis value; thus our subdivision
allows us to compare them to ordinary dEs of similar lumitiesi The percentage of each subsample
among our full sample of 413 dEs is given in parentheses iarEig.2, whereas the actual number of
galaxies contained in each subsample is given in the lefincolof Figure 4.3.

The subclasses defined so far are based on structural pespanty — formorphologicalclassi-
fication of galaxies, it is not advisable to use colour infatimn. However, in Chapter 3 we identified
a significant number of dEs with blue centers (17 galaxiesuding VCC 0901 from the SDSS DR5).
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Early—type dwarf ("dE"”, B£18)

"normal" disk feature blue center
(83-88%) "dE(di)”, 9-13%) (“dE(bc)”", 4-5%

no or weak
nucleus
("dE(nN)", 36%)

nucleus
("dE(N)", 51%)

~relaxed unrelaxed populations, disk—shaped
population
Ficure 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, usingetmedian axial ratio from the
intrinsic distributions shown in Figure 4.3 (see Sectiop)5.We also provide a statement
about the inferred dynamical status of each subpopulatisiindicated by their clustering
properties: “relaxed” and “unrelaxed” (see Section 5.3)e Subdivision of dE(N)s into faint
and bright samples is shown in grey colour to reflect the faat te find them to be not
different in their properties (see Section 5). The branch of E®d)s is shown as dotted
line only, since these are notraorphologicalsubclass (see text). The percentage of each
subsample among our 413 Virgo cluster dEs is given in paeseth For the dE(bc)s and
dE(di)s the percentage ranges include corrections forstimated number of objects missed
by our detection techniques (see Chapters 2 and 3). Threplesamages are shown for
the normal dEs. For the dE(di)s, we show one sample image alith its unsharp mask
revealing the spiral substructure. For the dE(bc)s, ongaimage is shown along with its
g - i colour map revealing the blue center (dablue). See text for further details.

These objects, termed “dE(bc)s”, exhibit recent or ongowtral star formation, similar to NGC 205
in the Local Group. They were morphologically classified asud ellipticals or dSOs by Sandage &
Binggeli (1984), and their regular, early-type morpholeggs confirmed in Chapter 3; thus, they are
not possible irregular galaxies, which we have excludethfour samples here and in the previous
chapters. The flattening distribution of the dE(bc)s wasitbto be incompatible with intrinsically
spheroidal objects (Chapter 3), and their distributiorhwéispect to local projected density suggests
that they are an unrelaxed population. The latter resuitrias to the spatial distribution of Virgo and
Fornax dwarfs with early-type morphology that are gas-anljor 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 subclassesngefiabove are evolutionary inter-
related, each dE(bc) unavoidably evolves into one of the@ld& types once star formation ceases
and the central colour reddens (Chapter 3). Therefore, anduse the dE(bc)s are defined through
colour instead of morphological properties, we do not adersthem amorphologicaldE subclass.

5 A morphologicalpeculiarity of several dE(bc)s is that they show centragudarities, which are presumably due
to gas, dust, aridr star formation, similar to NGC 205. These can be seen,wlwgn constructing unsharp mask images
(Chapter 3). However, an attempt to quantify these weakifeatthrough image parameters like asymmetry or clumpiness
yielded no clear separation from the bulk of dEs. Moreovet.all dE(bc)s display such features.
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Ficure 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 columrshew the distribution
of projected axial ratios for each of our dE subsamples. Tdta dre shown as running
histogram with a bin width of 0.15, corresponding to one fiftlthe range in axial ratio cov-
ered by our galaxies. Each curve is sampled in steps of Orgelqaarter of the bin width)
and normalized to an area of 1. The observed distributioasapproximated by analytic
functions (see text), shown in the third column. From thesederive intrinsic axial ra-
tio distributions (fourth column), adopting purely obldtgey solid line) and purely prolate
(black dash-dotted line) shapes. For these distributimesshow in the fifth column 3-D
illustrations of the galaxy shapes for the oblate (upped) @olate (lower) case. For each
distribution, we show the shape when using the 25th peileeatial ratio (left) and the 75th
percentile axial ratio (right). In the rightmost column, sleow for each dE subsample the
surface brightness test (see text): we plot the surfachtmigs @set from the mean relation
of r band surface brightness and magnitude against axial raticface brightness is mea-
sured withina = 2 ay, Since axial ratio is measured at the same semimajor axsnidan
relation of surface brightness and magnitude is obtaineditth a linear least squares fit with
one 3o-clipping. The arrows pointing from the surface brightness diagrams towards the
shape illustrations reflect whether the test implies oldatgrolate intrinsic shapes; see text
for more details.

On the other hand, their star formation and presence of daapf€r 3) might imply that their forma-
tion process is not completely finished yet. It thus appearsemautious to separate them from the
rest of dEs (see Figure 4.2) in order to not bias the populgiroperties of the other subclasses. In
the discussion (Section 7) we try to assess which dE typle¢sfiE(bc)s could possibly evolve into.
Note that four objects are common to both the dE(di) and tib@Eample. We exclude these from



5. EARLY-TYPE DWARF SUBCLASSES 75

the sample of dE(di)s, which now comprises 33 galaxies. €Tdtl lists our dEs along with their
subclass.

A similar subdivision of the dE class into bright and fainbfr)nucleated subsamples was per-
formed by Ferguson & Sandage (1989), also with the aim ofyatigdshapes and spatial distributions
of the resulting subsamples. Our subdivision §etent in two respects: first, Ferguson & Sandage
defined all galaxies witing < 17"5 as “bright”, whereas our magnitude separatiomfat 15"'67)
is done at significantly brighter values and divides our $alinple into equally sized halves. Second,
we have the advantage of excluding dE(di)s and dE(bc)s franfriormal” dEs, thereby obtaining
cleaner subsamples, especially for the bright objectsbudlthree of the dE(di)s are brighter than
m, = 18167.

While Ferguson & Sandage (1989) found statistically sigaiit diterences in the spatial dis-
tributions of their subsamples — with dE(N)s being much nmueetrally clustered than the bright
dE(nN)s — their flattening distributions were only based ge-estimated axial ratios from photo-
graphic plates. These can be uncertair~20% (Ferguson & Sandage 1989). With our measured
axial ratios from the co-added SDSS images at hand, we therpfesent in the following subsection
a more detailed and accurate study of the flattening disioibsi of the diterent dE subsamples, and
attempt to deduce their approximate intrinsic shapes.

5.2. Subclass shapes

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

Since the division between bright and faint objectsnat 18167 is somewhat arbitrary, we test
whether the dference between the axial ratio distributions of faint angHirdE(nN)s becomes even
more pronounced if a wider magnitude separation is adofiieel grey curves in the respective panels
of the second column of Figure 4.3 show the distributionsfaght dE(nN)s withm, < 13"67 - 05
(23 objects) and for faint dE(nN)s witlm, < 18"67 + 05 (86 objects). While the faint dE(nN)s
basically remain unchanged, the bright dE(nN)s indeed s#igtitly towards flatter shapes, but the
difference is rather small.

A statistical comparison of the axial ratio distributionsonr dE subsamples confirms what is
seen in Figure 4.3: a K-S test yields very low probabilitiest tany of the “flatter” subsamples (bright
dE(nN)s, dE(di)s, and dE(bc)s, lower three rows) could dtem the same true distribution function
as any of the “rounder” subsamples (bright and faint dE(I¢)svell as faint dE(nN)s, upper three
rows). This confirms our findings from Chapters 2 and 3 for tBédgs and dE(bc)s, respectively.
The resulting probabilities from the K-S test for the pas&comparison of the subsamples are given
as percentages in Figure 4.4. Interestingly, the lowedighitity of all comparisons is obtained when
matching the distributions of bright and faint dE(nN)s:dvé¢he probability of the null hypothesis that
they stem from the same underlying distribution functioorify 0.10%. Note that the probabilities for
the comparison of the “flatter” subsamples with the “rouiideres increase slightly with decreasing
sample size, going from the bright dE(nN)s to the dE(di)s tnaoh to the dE(bc)s. However, the
probability for a common underlying distribution of dE(b@nd the bright and faint dE(N)s is still
only 3.8% and 4.6%, respectively.

Is it possible to deduce the distributionsipfrinsic axial ratios from those of the apparent ones?
As discussed in detail by Binggeli & Popescu (1995), theinsic shapes can be deduced when
assuming that they are purely oblate or purely prolate. T$tilnbtion function¥ of intrinsic axial
ratiosqg can then be derived from the distribution functidrof observed axial ratiop through (Fall



76 4. AT THE ZOO: EARLY-TYPE DWARF SUBPOPULATIONS

[0 P e e
gﬁg’;ﬂ)t 78.18| 6.08| 0.19| 1.31| 3.77
‘}Eg’:‘t) 78.18 58.68| 1.19| 1.80| 4.61
()| .08 | 58.68 0.10| 0.24| 0.44
dﬂgﬁt) 0.19| 1.19| 0.10 36.89 | 90.25
dE() | 1.31| 1.80| 0.24 | 36.89 61.80
dE(be)| 3.77| 4.61| 0.44|90.25|61.80

Ficure 4.4. K-S test results for the comparison of the axial ratistributions of our dE
subsamples. For each pair of distributions we give the gilibain percent for the null
hypothesis that the two distributions stem from the sametiyithg distribution function.

& Frenk 1983, egs. (6) and (9))

d q
© v =1y [ a2

for the oblate case, and

_2y1-@d M, po(p)

@ dado T E-p
for the prolate case. Following Binggeli & Popescu (1995, finst defined adequate analytic func-
tions ®(p) that represent the observed distributions, and then ateduthe above equations numer-
ically. The analytic “model functions” are shown in the thitolumn of Figure 4.3; they were con-
structed from combinations of (skewed) Gaussians with etiodr and, in some cases, with straight
lines. Note that, for the dE(bc)s, we decided not to folloe dvserved distribution in all detail, since
it is drawn from a rather small sample of 17 galaxies, whiatbpbly is the cause of the fluctuations
seen.

The deduced intrinsic distributions are presented in thefioccolumn of Figure 4.3, for the oblate
(grey lines) and prolate (black dash-dotted lines) caseaMe show 3-D illustrations of the galaxy
shapes for each distribution (fifth column), using in eackecthe axial ratio of the 25th percentile
(left 3-D plot) and the 75th percentile (right 3-D plot). Baeeresults confirm that the bright dE(nN)s,
dE(di)s, and dE(bc)s do have lower axial ratios than thehbagd faint dE(N)s and the faint dE(nN)s.
Furthermore, we point out that the bright and faint dE(N)snsa rather wide range of intrinsic axial
ratios, and are, on average, somewhat flatter than what véasele by Binggeli & Popescu (1995):
our median value (see the 3-D illustrations in Figure 4.Xlightly 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 arelikadyeto be oblate or to be pro-
late? For this purpose, we make use of the surface brightestsdMarchant & Olson 1979; Richstone
1979), again following Binggeli & Popescu (1995). If dEs wéntrinsically oblate spheroids, galax-
ies that appear round would be seen face-on and should thesahlawer mean surface brightness
than galaxies that appear flat; the latter would be seen edgé&-or the prolate case, the inverse re-
lation should be observed. However, before we can perforentéist, we need to take into account
the strong correlation of dE surface brightness with magiait(e.g., Binggeli & Cameron 1991): if,
by chance, the few apparently round galaxies in one of outlenrsubsamples would happen to be
fainter on average than the apparently flat ones, this catiddduce an artificial relation of axial ratio
with surface brightness. Therefore, instead of directingisurface brightness like earlier studies

(6) ¥(a)
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Taste 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 dbdisplay disk substructure
or a blue center, those with a small uncertainty on the pasefa nucleus (“N:”) were
included in the nucleated subclass, while those with a targeertainty (“N?”, “Npec”) were
not assigned to any subclass (entry “—" as subclass), bt @eruded from all comparisons
of dE subclasses. Objects VCC 0218, 0308, 1684, and 177 ¥gbe)$ with disk features.

VCC SuBcLass m | VCC  Suscrass  my | VCC  Suscrass  my

0009 dE(Nignw 12"94 | 1069 dE(Njighe 15"58 | 1567 dE(N}igne 1380
0033 dE(Nignt 14.26 [ 1073 dE(Njigne 13.19 | 1649 dE(N)ign: 14.75
0050 dE(Nigne 15.12 [ 1075 dE(N}ign: 14.01 | 1661 dE(N}ign: 14.91
0109 dE(Npigne 15.29 [ 1079 dE(Njigne 15.67 | 1669 dE(N)ign: 15.44
0158 dE(Njignw 14.87 [ 1087 dE(Njigne 12.59 | 1674 dE(N}ignt 15.10
0178 dE(Njignw 14.61 [ 1092 dE(Njigne 15.64 | 1711 dE(N}jignt 15.35
0200 dE(N}igne 14.02 [ 1093 dE(N}ign: 15.53 | 1755 dE(N}ign: 14.86
0227 dE(Npigne 14.12 [ 1101 dE(Njigne 15.11 | 1773 dE(N}sgnt 15.30
0230 dE(Nigne 14.72 [ 1104 dE(Njigne 14.51 | 1796 dE(N)ign: 15.64
0235 dE(Njignw 15.56 | 1107 dE(N}rign: 14.56 | 1803 dE(N)ignt 14.82
0273 dE(Npignw 15.41 [ 1122 dE(N}igne 13.96 | 1826 dE(N}ignt 14.79
0319 dE(Nign 14.31 [ 1151 dE(N}igne 15.54 | 1828 dE(N)ignt 14.27
0437 dE(Nigne 13.13 [ 1164 dE(N}ign: 15.24 | 1861 dE(N}ignt 13.22
0452 dE(N}igne 15.02 [ 1167 dE(N}ign: 14.15 | 1876 dE(N}ign: 14.23
0510 dE(Npignw 14.12 [ 1172 dE(Njigne 15.32 | 1881 dE(N}ignt 15.25
0545 dE(Njignw 14.48 [ 1173 dE(N}ign: 15.28 | 1886 dE(N)ignt 14.52
0560 dE(Njignw 15.61 [ 1185 dE(N}ign: 14.44 | 1897 dE(N}ignt 13.49
0592 dE(Njigne 15.43 [ 1213 dE(N}rgn: 15.49 | 1909 dE(N}ignt 15.47
0634 dE(Npigne 12.71 [ 1218 dE(Njigne 15.09 | 1919 dE(N)ign: 15.64
0684 dE(Npigne 15.10 [ 1222 dE(Njigne 15.20 | 1936 dE(N}ign: 14.90
0695 dE(Nignw 15.24 [ 1238 dE(Njign: 14.49 | 1942 dE(N}ignt 15.31
0711 dE(Nign 15.46 | 1254 dE(N}igne 13.92 | 1945 dE(N}igne 13.98
0725 dE(Nigne 14.90 [ 1261 dE(N}ign: 12.62 | 1991 dE(N}ignt 14.52
0745 dE(Nigne 13.54 [ 1308 dE(Njigne 14.59 | 2012 dE(N)ignt 13.75
0750 dE(Npigne 14.15 [ 1311 dE(Njigne 15.09 | 2045 dE(N)ign: 14.95
0753 dE(Nignw 15.11 [ 1333  dE(N}ignt 15.65 | 2049  dE(N}ignt 15.47
0762 dE(Njignw 14.81 [ 1353 dE(Njigne 15.58 | 2083 dE(N}ignt 14.74
0765 dE(Npignw 15.41 [ 1355 dE(N}igne 13.50 | 0029 dE(Njiny 16.58
0786 dE(N}igne 14.06 | 1384 dE(N)ign: 15.38 | 0330 dE(Njine 15.82
0790 dE(N}igne 14.96 | 1386 dE(N}ign: 13.80 | 0372 dE(Nin 17.48
0808 dE(Njignt 15.47 [ 1389 dE(Njigne 15.11 | 0394 dE(Njjny 16.70
0815 dE(Njignw 14.96 | 1400 dE(N}ign: 14.86 | 0503 dE(Njiny 16.43
0816 dE(Njignw 13.64 [ 1407 dE(N}ign: 14.14 | 0505 dE(Njiny 16.66
0823 dE(N}igne 14.85 [ 1420 dE(Njigne 15.48 | 0539 dE(N} 15.85
0824 dE(Njigne 15.38 | 1431 dE(N}ign: 13.37 | 0554 dE(Njn 16.12
0846 dE(Nigne 15.17 | 1441 dE(N}ign: 15.38 | 0632 dE(Njine 16.53
0871 dE(Njignw 14.57 | 1446 dE(N}ign: 15.03 | 0706 dE(Njiny 16.69
0916 dE(Njign 14.88 | 1451 dE(Njigne 15.26 | 0746 dE(Njjny 17.30
0928 dE(Nigne 15.21 | 1453 dE(N}ign: 13.25 | 0747 dE(Njine 16.17
0929 dE(N}igne 12.51 [ 1491 dE(N}ign: 14.11 | 0755 dE(Njine 15.77
0931 dE(Nigne 15.49 | 1497 dE(N}ign: 15.03 | 0756 dE(Njine 16.31
0936 dE(Njignw 14.70 [ 1503 dE(N}ign: 14.38 | 0779 dE(Njiny 16.89
0940 dE(Njignw 13.78 [ 1539 dE(N}ign: 14.88 | 0795 dE(Njiny 16.52
0949 dE(Nignw 14.31 [ 1549 dE(N}igne 13.85 | 0810 dE(Njiny 15.79
0965 dE(N}igne 14.54 | 1561 dE(N}ign: 14.97 | 0812 dE(Njine 15.89
0992 dE(N}igne 15.35 | 1563 dE(Njigne 15.45 | 0855 dE(Njn 16.44
1005 dE(N}ignt 15.23 | 1565 dE(N)ignt 15.62 | 0877 dE(Njin 16.86
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TasLE 4.1. Continued.

VCC SuscLass m | VCC  Suscrass m | VCC  Suscrass m

0896 OE(Njin 16766 | 1616 JE(Njm 15779 | 2008 dE(NN)ign: 14704
0920 dE(Njin 16.20 | 1642 dE(Njine 1658 | 2028 dE(NNjigne 15.61
0933 dE(Njin 15.76 | 1677 dE(Njine  16.07 | 2056 dE(NNjigne 15.33
0972 dE(Nim 15.78 | 1683 dE(Njn  15.71 | 2078 dE(NN)igne 15.63
0974 dE(Njine 15.69 | 1767 dE(Njm  15.68 | 0011 dE(NNy 16.15
0977 dE(Njm 17.11 | 1785 dE(Njn  16.96 | 0091 dE(NN)n  16.85
0997 dE(Njin 17.04 | 1794 dE(Njine  16.82 | 0106 dE(NNyn 17.11
1044 dE(Njine 16.16 | 1812 dE(Njin  16.64 | 0127 dE(NNin  16.49
1059 dE(Njine 17.10 | 1831 dE(Nim  17.38 | 0244 dE(NNjn 16.62
1064 dE(Njin: 16.44 | 1879 dE(Njm  16.08 | 0294 dE(NNn  17.49
1065 JE(Njn 15.70 | 1891 dE(Njn  16.16 | 0299 dE(NNn  16.22
1076 dE(Njine 16.22 | 1928 dE(Njin  16.56 | 0317 dE(NNine 17.18
1099 dE(Njine 16.74 | 1951 dE(Njn  15.85 | 0335 dE(NNin 16.81
1105 dE(Njine 15.79 | 1958 dE(Njine  15.99 | 0361 dE(NNin 16.58
1115 dE(Nhm 16.26 | 1980 dE(Niw  15.94 | 0403 dE(NNjine 17.12
1119 dE(Njm 16.29 | 2014 dE(Njm  16.04 | 0418 dE(NNn  16.45
1120 dE(Nhm 16.09 | 2088 dE(Njm  16.24 | 0421 dE(NNin  16.65
1123 dE(Njine 15.74 | 0108 dE(NNjrign 15.08 | 0422 dE(NNjine  16.81
1137 dE(Njine 16.89 | 0115 dE(NNjrign: 15.63 | 0444 dE(NNine  16.44
1191 dE(Njin 16.64 | 0118 dE(MNjign 15.41 | 0454 dE(NNn  16.97
1207 dE(Njm 16.06 | 0209 dE(NNyigne 14.18 | 0458 dE(NNjim 15.84
1210 dE(Njm 16.47 | 0236 dE(NNjigne 15.23 | 0466 dE(NNjime  15.92
1212 dE(Njine 16.05 | 0261 dE(MNjrign 15.31 | 0499 dE(NNjine  16.89
1225 dE(Njine 16.31 | 0461 dE(NNjign 15.38 | 0501 dE(NNjine  16.02
1240 dE(Njine 16.63 | 0543 dE(NNjrign 13.35 | 0504 dE(NNjine  15.89
1246 dE(Njine 16.84 | 0551 dE(NNjign 15.17 | 0561 dE(NNine  16.73
1264 dE(Njin 15.68 | 0563 dE(NN}rignt 14.80 | 0594 dE(NNin  16.34
1268 dE(Njine 16.29 | 0611 dE(NNjrign 15.50 | 0600 dE(NNjine  18.47
1296 dE(Njine 16.18 | 0794 dE(NNjign 13.88 | 0622 dE(NNine  17.65
1302 dE(Njine 16.94 | 0817 dE(NNjign 13.09 | 0652 dE(NNjine  16.76
1307 dE(Njin 17.19 | 0917 dE(MNjign 14.54 | 0668 dE(NNjin  16.06
1317 dE(Njin 17.25 | 0982 dE(MNjign 15.26 | 0687 dE(NNRn  17.31
1366 dE(Njin 16.15 | 1180 dE(MNjign 15.41 | 0748 dE(NNn  16.26
1369 dE(Njine 16.02 | 1323 dE(NNjign 15.49 | 0760 dE(NNjine  16.32
1373 dE(Njine 16.67 | 1334 dE(NNjrign 14.69 | 0761 dE(NNin  16.33
1396 dE(Njin 16.29 | 1351 dE(MNjign 14.91 | 0769 dE(NNjn  16.20
1399 dE(Nhint 15.85 | 1417 dE(NNrgnt 15.06 | 0775 dE(NN}jne 17.17
1402 dE(Njm 17.27 | 1528 dE(MNign 13.67 | 0777 dE(NNin  16.61
1418 dE(Njine 16.37 | 1553 dE(MNjrign 15.53 | 0791 dE(NNine  16.22
1481 dE(Njine 17.10 | 1577 dE(MNjrign 14.97 | 0803 dE(NNjin  17.87
1495 dE(Njine 16.69 | 1647 dE(NNjrign 15.14 | 0839 dE(NNjine  16.80
1496 dE(Njin 17.20 | 1698 dE(MNjign 15.14 | 0840 dE(NNRn  17.09
1498 dE(Njin 15.91 | 1704 dE(MNign 15.57 | 0861 dE(NNjine  16.73
1509 dE(Njine 15.77 | 1743 dE(NNjign 14.65 | 0863 dE(NNine  16.73
1519 dE(Njine 16.57 | 1762 dE(NNrign 15.67 | 0878 dE(NNn  16.04
1523 dE(Njine 16.61 | 1870 dE(MNjign 15.11 | 0926 dE(NNine  16.06
1531 dE(Njine 16.62 | 1890 dE(NNjign 14.06 | 0962 dE(NNin  16.07
1533 dE(Njin 16.80 | 1895 dE(MNjign 14.15 | 0976 dE(NNjn  16.93
1603 dE(Njin 16.47 | 1948 dE(MNign 14.78 | 1034 dE(Nn  17.42
1604 dE(Njine 15.99 | 1982 dE(NNjign 14.68 | 1039 dE(NNn  16.29
1606 dE(Njine 16.61 | 1995 dE(NNjign 14.96 | 1089 dE(NNin  16.98
1609 dE(Njin 16.19 | 2004 dE(MNign 15.17 | 1124 dE(Nn  16.75
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TasLE 4.1. Continued.

VCC SuscLass My | VCC  Suscrass m | VCC  Suscrass my
1129 dE(NNjm 16787 1983 dE(NNam 16706 | 0308 dE(bc) 1314
1132 dE(NNJine 15.85 | 2011 dE(MNJn 16.40 | 0674 dE(bc)  16.18
1149 dE(NNjine 16.78 | 2032 dE(NJn 16.08 | 0781 dE(bc)  13.90
1153 dE(NNne 16.51 | 2043 dE(NNne 17.07 | 0870 dE(bc)  14.10
1209 dE(NNine 16.55 | 2051 dE(NNjine 16.54 | 0901 dE(bc)  16.49
1223 dE(Nkine 15.74 | 2054 dE(NNne 15.76 | 0951 dE(bc)  13.35
1224 dE(NNJine 16.52 | 2061 dE(NJn 16.68 | 1488 dE(bc)  14.12
1235 dE(NNJine 16.75 | 2063 dE(MNRn 16.54 | 1501 dE(bc)  14.90
1288 dE(NNJine 16.40 | 2074 dE(NJn 16.58 | 1512 dE(bc)  14.82
1298 dE(NNne 16.97 | 2081 dE(NNne 16.17 | 1684 dE(bc)  14.45
1314 dE(NNjm 16.12 | 0535 — 1569|1779 dE(bc)  14.01
1337 dE(NNjin 16.66 | 1348 — 14.15| 1912 dE(bc) 13.26
1352 dE(NNjm 16.33 | 1489 — 15.07

1370 dE(NNjm 16.57 | 1857 — 13.92

1432 dE(NNjn 1643 | 0216 dE(di) 1431

1438 dE(NNjn 16.69 | 0389 dE(di)  13.09

1449 dE(NNjn 16.86 | 0407 dE(di)  13.74

1464 dE(NNjn 16.73 | 0490 dE(di)  13.00

1472 dE(NNjne 17.52 | 0523 dE(di) 12,52

1482 dE(NNjn 17.07 | 0608 dE(di)  13.56

1518 dE(NNjm 17.82 | 0751 dE(di)  13.74

1543 dE(NNjn 16.99 | 0788 dE(di)  15.33

1573 dE(Njne 15.68 | 0854 dE(di)  16.71

1599 dE(NNjn: 16.68 | 0856 dE(di)  13.38

1601 dE(NNjne 16.18 | 0990 dE(di)  13.70

1622 dE(NNjn 16.82 | 1010 dE(di)  12.72

1629 dE(NNam 16.75 | 1036 dE(di)  12.94

1650 dE(NNjne 16.32 | 1183 dE(di)  13.27

1651 dE(NNjne 16.33 | 1204 dE(di)  15.35

1652 dE(NNjne 16.07 | 1304 dE(di)  14.23

1657 dE(NNjm 16.40 | 1392 dE(di)  13.84

1658 dE(NNjnm 15.82 | 1422 dE(d)  12.78

1663 dE(NNjn 16.56 | 1444 dE(di)  15.04

1682 dE(NNjn 16.24 | 1505 dE(di)  17.03

1688 dE(NNjne 15.93 | 1514 dE(di)  14.40

1689 dE(NNjnm 16.44 | 1691 dE(d)  16.92

1702 dE(Njn 1651 | 1695 dE(di)  13.46

1717 dE(Njne 15.80 | 1836 dE(di)  13.66

1719 dE(Njne 17.55 | 1896 dE(di)  14.07

1729 dE(NNjne 17.76 | 1910 dE(di)  13.23

1733 dE(NNjne 16,59 | 1921 dE(di)  14.37

1740 dE(Njn 16.64 | 1949 dE(di)  13.08

1745 dE(NNjn 16.28 | 2019 dE(di)  13.56

1764 dE(NNjne 15.96 | 2042 dE(di)  13.58

1792 dE(NNjne 16.99 | 2048 dE(di)  12.99

1815 dE(NNjne 16.64 | 2050 dE(di)  14.36

1843 dE(NNjn 16.64 | 2080 dE(di)  14.96

1867 dE(NNjn 16.62 | 0021 dE(bc)  14.08

1915 dE(NNjn 16.09 | 0170 dE(bc)  13.50

1950 dE(NNjn 15.67 | 0173 dE(bc)  14.21

1964 dE(NNjn 17.23 | 0218 dE(bc)  14.00

1971 dE(Njn 15.69 | 0281 dE(bc)  14.77

79
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did, we use the surface brightnegfsetfrom the mean relation of surface brightness and magnitude.
We plot these values, measured in thieand withina = 2ay,,, against axial ratio (measured at the
same semimajor axis, see Section 4.3) for each dE subsashgen in the rightmost column of
Figure 4.3. For all subsamples, a positive correlation dbse brightnessfset with axial ratio can
be seen, favoring the oblate model in agreement with eatigties (e.g., Marchant & Olson 1979;
Richstone 1979; Binggeli & Popescu 1995). For the “roundeisamples (top three rows), some
additional contribution by prolate objects might be “hidtigvithin the rather large scatter of surface
brightness fisets at larger axial ratios. We denote these results in &g by the arrows pointing
from the surface brightness test diagram towards the feviotensic galaxy shapes. The arrow size
represents the implied contribution from intrinsicallylate and oblate objects. Among the “flatter”
subsamples (lower three rows), for which the oblate casavréd, the dE(di)s have the lowest ax-
ial ratios, with a median value of 0.33 (bright dE(nN)s: Q.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 pubdhteoand purely prolate shapes.
However, for all subsamples, a small part of the deduced f@rated) intrinsic oblate distribution
becomes negative at large axial ratios, trying to accounttfe low number of apparently round
objects. This implies that most of the galaxies might atyusdve 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 noteatex dEs have fierent clustering
properties (e.g., van den Bergh 1986; Ferguson & Sandad®,118& statement has been challenged
by Coté et al. (2006), who conjectured that it might justheresult of a selection bias in the VCC.
It therefore appears worth to perform a quantitative coisparof the distributions of our dE sub-
samples within the cluster, and to then proceed with tesdtiegssues raised by Coté et al. (2006) in
detail.

The projected spatial distributions of our subsamples lame/s in the middle column of Fig 4.5.
While both bright and faint dE(N)s exhibit a rather strongtcal clustering, the faint dE(nN)s appear
to be only moderately clustered, and the dE(di)s and dE@&uw)8v basically no central clustering.
The bright dE(nN)s even seem to be preferentially locatdteroutskirts of the cluster.

To put the above on a more quantitative basis, we presengimé-i.6 the cumulative distribu-
tion of each of our subsamples with respect to local projedensity. Following Dressler (1980)
and Binggeli et al. (1987), we define the latter for each gakscthe number of objects per square
degree within a circle that includes the ten nearest neigtshondependent of galaxy type. Only
certain cluster members are considered. For comparisoals@eshow the same distributions for dif-
ferent Hubble types (Figure 4.6, inset), i.e., for the ra#itengly centrally clustered giant early-type
galaxies, as well as for the weakly clustered and probalféiimg spiral and irregular galaxies (e.qg.,
Binggeli et al. 1987).

As a confirmation of the impression from the spatial distiifny the bright dE(nN)s are prefer-
entially found in regions of moderate to lower density, $mio (and at even slightly lower densities
than) the distribution of irregular galaxies, in accordamdgth the findings of Ferguson & Sandage
(1989). This implies that they, as a population, are far flmeing virialized. The densities then in-
crease slightly going from the bright dE(nN)s to the dE(bdE(di)s, and the faint dE(nN)s, in this
order. Still, all of these are distributed similarly to thieegular and spiral galaxies in the cluster, again
implying that they are unrelaxed or at least largely unretbgalaxy populations, and confirming the
impression from their projected spatial distribution. bntrast, both bright and faint dE(N)s are lo-
cated at larger densities, and display a distribution coaipga to the E and SO galaxies, in agreement
with the results of Ferguson & Sandage (1989). This wouldysggthat they are a largely relaxed or
at least partially relaxed population. Note, however, thatEsalone (without the S0s) are located
at still higher densities. Conselice et al. (2001) pointettbat only the Es appear to be a relaxed
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Ficure 4.5. Spatial and velocity distribution. In the left column, the number of objects
in each of our dE subsamples are given. Numbers in paremstlaggey to those dEs for
which heliocentric velocities are available. The middl&uoen shows the projected distribu-
tion of the dE subsamples (black dots) within the clusterMikbo cluster member galaxies
are shown as small grey dots. The right column shows the igldistributions of the dE
subsamples. The data are shown as running histogram withaithih of 384 ks, corre-
sponding to the semi-interquartile range of the total 198aies. Each curve is sampled in
steps of 96 kifs (one quarter of the bin width) and normalized to an area of 1.

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

We performed statistical pairwise comparisons of the iistions of our dE subsamples with
respect to density, similar as for the axial ratios in Seci®. The K-S test probabilities for the null
hypothesis that two observed distributions stem from tmeesanderlying distribution are given as
percentages in Figure 4.7. Even though the faint dE(nN)saneng the “lower-density” subsamples,
closest to the bright and faint dE(N)s, their probability fiaving the same underlying distribution is
0.08 and 0.07%, respectively. These probabilities areenifr the dE(di)s and dE(bc)s: although
they are located at even lower densities, their rather ssaalple sizes let the probability increase as
compared to that of the faint dE(nN)s. Finally, the brigh{m)s are located at such low densities that
their K-S test comparison with the dE(N)s yields a probgbdf 0.00%, and that even the comparison
with the faint dE(nN)s only yields a probability of 3.7% fdrem having the same true distribution.
Given the morphological eierences between the subsamples, as deduced in Sectiongbir #.6
basically shows a morphology-density relatiwithin the dE class.

This view appears to be corroborated by the distributiorntsetibcentric velocities (right column
of Figure 4.5) of the dE subsamples: that of the bright dE{Md)sa single peak and is fairly symmet-
ric, while especially the faint dE(nN)s, dE(di)s, and dBébdisplay rather asymmetric distributions
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Ficure 4.6. Morphology vs. density. Cumulative distribution of local projected densities of
our dE subsamples, and of Hubble types (inset). FollowiregsBler (1980) and Binggeli et al.

(1987), we define a circular area around each galaxy thatdeslits ten nearest neighbours
(independent of galaxy type), yielding a projected dengitymber of galaxies per square

degree).

gf;gﬁ)t dei(r’:lt) deé{:wT) dbErggr’:lt) dE(di) | dE(bc)
gﬁg’:)t 73.94| 0.08| 0.00| 5.49 | 11.30
EN | 73.94 0.07| 0.00| 151 | 4.35
EON)| 0.08| 0.07 3.66 | 88.86 | 85.42
o[ 0.00| 0.00| 366 20.19 | 79.16
dE(di) | 5.49 | 1.51 |88.86 |20.19 83.95
dE(bc)| 11.30 | 4.35|85.42|79.16 | 83.95

Ficure 4.7. K-S test results for the comparison of the distribugion our dE subsamples
with respect to local projected density. For each pair dfithistions we give the probability

in percent for the null hypothesis that the two distributiatem from the same underlying
distribution function.

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

5.4. Remarks on possible selection biases

The diferent spatial distribution of dE(N)s and dE(nN)s was longsidered a fundamental and
well-founded observation, but has recently been queslidneCoté et al. (2006). These authors
argued that galaxies with high central surface brightneSB( with g central S 20 mag arcse@ or
B < 14"55) would have been preferentially classified as non-ntetem the VCC, which may have
led to a selection bias in the VCC that artificially relateat& distribution to nucleus presence. We
test this conjecture by considering the following points:

(2) If the dE(NN)s were objects in which nuclei have preféisdly gone undetected due to a too
high central surface brightness, the dE(nN)s’ surfacehtmigsses should, on average, be significantly
higher than those of the dE(N)s. However, the mean surfaghthess irr within the half-light aper-
ture has very similar median values for the bright dE(ni)s<{ 22.65 mag arcse®) and the bright
dE(N)s 1y = 2263 mag arcse?), which makes such a bias unlikely. Furthermore, the thstions
of surface brightnesses of the two subsamples are similak-S&est yields a probability of 84% for
the null hypothesis that they stem from the same underlyisigiloution. Certainly, measurements of
the very central surface brightness, which are possiblg with high-resolution observations, would
provide a more direct argument here. However, since botleated and non-nucleated dEs within
a given magnitude range have similar surface brightneddge@Binggeli & Cameron 1991), their
effective surface brightness and central surface brightmess@sely correlated.

(2) Only one single galaxy among our 39 bright dE(nN)s (2.%84)right enough to fall among
Coté et al.’s definition of a HSB dE. In contrast, 14 of oud #tight dE(N)s (12%) would qualify
as HSB dE. Therefore, it appears highly unlikely that a sigant number of dE(nN)s possess nuclei
with similar relative brightnesses as those of the dE(th were not detected by Binggeli et al.
(1985).

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

(4) Since we are interested in the distributions of our smipdas with respect to density in the
cluster, we translate Coté et al.’s conjecture abousgadial distribution of the dEs into one about the
distribution with respect tdensity if the different density distributions of bright dE(N)s and dE(nN)s
(see above) would primarily be caused by a surface brighteelection ffect, a significantly larger
fraction of the high surface brightness objects should batéd at lower densities as compared to
the lower surface brightness objects. To test for this ptesdiias, we plot the meanband surface
brightness within the half-light aperture against locajected density for the combined sample of
bright dE(N)s and dE(nN)s (Figure 4.8). No correlation isrseuling out that such a bias is present
in our data.

We point out that it might of course still be the case that nméshe dE(nN)s hostveaknuclei
that are below the VCC detection limit, as discussed in 8e&i2. However, what is at stake here is
the question whether a significant number of dE(nN)s shouéhdy have been classified as dE(N)s
by the VCC and whether this could account for the populatiofiedences that we find. The above
arguments clearly rule out such a bias. We can thus conchadehe bright dE(N)s and dE(nN)s are
indeed distinct dE subpopulations thatfel in their clustering properties (Figures 4.6 and 4.7), as
well as in their shapes (Figures 4.3 and 4.4).

6. COLOUR ANALYSIS

Since our morphological subdivision of the dEs into sevetdipopulations is now established,
the next step would obviously be to compare their stellaufain properties. Given that the SDSS
imaged every galaxy in five bands, it should be able to prosaree insight into their stellar content,
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Ficure 4.8. Surface brightness vs. density.The mean surface brightnessrirwithin the
half-light aperture is compared to local projected denfgitythe combined sample of bright
dE(N)s and dE(nN)s, in order to test for a possible classifindias as conjectured by Coté
et al. (2006) (see text). No correlation is seen, ruling oghsa bias.

even though it is basically impossible to disentangle ageknaetallicities with optical broadband
photometry alone. However, the issue is complicated bydhethat theu andz band images, which
would be very important for an analysis of the stellar cotjtbave a very low SN (see Section 3). It
is therefore important to perform a thorough study of the dléurs and colour gradients that properly
takes into account measurement errors and tierdnt $N levels for objects of dferent magnitudes
and surface brightnesses. Such an investigation is beyenscbpe of the present study and will be
addressed in Chapters 5 and 6.

Nevertheless, in order to tackle the question about whetieeidE subsamples fer in their
colour properties, we present in Figure 4.9 the irunerg (“age-sensitive”) versus— z (“metallicity-
sensitive”) colours for the brightn§ < 18"67) dEs, measured within an apertureaof 0.5ay;.
This approach guarantees relatively small errors (typiahles are shown in the lower left corner of
the figure) that need not be taken into account individudfigr each dE subsample, we indicate its
median colour values with the black symbols drawn with thiic&s.

However, a direct comparison of these values would be biagethe existence of a colour-
magnitude relation: if dferent subsamples had, on average, significanffgrdint magnitudes, they
would be dfset in our colour-colour diagram even if they followed ekatite same colour-magnitude
relation. We therefore compute an approximate correctioritis dfect: first, we perform a linear
least squares fit to the colour-magnitude relatiangefsusu — g andr versusi — 2) of our full dE
sample, clipping one time at@8and excluding the dE(bc)s because of their blue inner celowfe
then derive the medianmagnitude of each subsample, and use the linear fit to contpugepected
colour dfset from the sample of dE(nN)s, which we choose as referéffoe so obtained corrected
median colours are shown in Figure 4.9 as black symbols drgitimthin lines, and are connected
with lines to their uncorrected values.

The dE(bc)s exhibit, as expected, the bluest colours ofulléamples, basically by definition,
since we focus here on the inner galaxy colours. While theected colours of the dE(di)s are similar
to those of the dE(nN)s, the dE(N)s are, on average, reddef mand significantly redder in — z
Given the very small colour correction and large sample sfzle dE(N)s, this can be considered
a robust result. In the inset shown in Figure 4.9, we compagentedian values of the dE(nN)s
and dE(N)s to two model tracks from stellar population sgeit calculations (Bruzual & Charlot
2003). Both tracks represent stellar populations formealigh a single burst of star formation that
exponentially decays with time & 0.5 Gyr), using Padova 2000 isochrones and a Chabrier IMF. The
tracks are curves of constant metallicity (grey solid lides 0.008, grey dotted lin&€ = 0.004); ages
increase from bottom to top and are marked at 3, 6, 10, and i4tk&ylatter mark is outside of the
plot area for theZ = 0.008 track). Our measured values lie along of Zhe 0.008 track, illustrating
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Ficure 4.9. Distribution in colour space. Shown are the innar — g versusi — z colours,
measured withira = 0.5ay,, for all dEs brighter than the mediarbrightness of our full
samplem = 18767, divided into the respective subsamples. Individualsuezments are
shown with small grey symbols (see the legend above theali@gThe median value of each
subsample is shown as black symbol using thick lines. Blgok®ls drawn with thin lines
represent the median values corrected for tfieceé of the colour-magnitude-relation (see
text); lines connect them to the corresponding uncorreakees. The correction is chosen to
be zero for the dE(nN)s. The inset shows again the mediapséborrected and uncorrected)
of the dE(N)s and dE(nN)s, along with two model tracks frogilat population synthesis
calculations (Bruzual & Charlot 2003). Both tracks représstellar populations formed
through a single burst of star formation that exponentidégays with time«{ = 0.5 Gyr),
using Padova 2000 isochrones and a Chabrier IMF. The gréy lswé is for a metallicity

Z = 0.008; age steps are marked by the grey diamonds at 3 Gyr, 6 &/L&Gyr. The grey
dotted line is forZ = 0.004, with age steps marked by the grey circles at 3 Gyr, 6 Gyr, 1
Gyr, and 14 Gyr; the latter is also the end of the track.

that, within the framework of our simplified stellar poputet models, the colour flierence between
dE(nN)s and dE(N)s could be interpreted asféedence in age. According to this simple approach,
the dE(N)s would be, on average, a few Gyr older than the d(nNowever, the measurements
also fall roughly along a virtual line connecting the 6 Gyints of each model, showing that they
might also be interpreted as df@rence in metallicity. While this colourfiset between the dE(N)s
and dE(nN)s would be qualitatively consistent with the gtbg Rakos & Schombert (2004), who
found the dE(N)s in the Coma and Fornax clusters to have stdar populations than the dE(nN)s,
reliable conclusions need to await a more comprehensiaicstudy of our dEs.



86 4. AT THE ZOO: EARLY-TYPE DWARF SUBPOPULATIONS

7. DiscussioN
7.1. Interrelations between subclasses

The bright dE(nN)s and dE(di)s are both unrelaxed populatiof relatively bright dEs shaped
like thick disks. This also applies to the dE(bc)s, whichlddhius be candidates for being the direct
progenitors of the former: the presently blue centers ofifagbc)s will evolve to typical dE colours
within 1 Gyr or less after the cessation of star formationgfkr 3). Therefore, the bright dE(nN)s
and dE(di)s could constitute those disk-shaped dEs wherteatstar formation has already ceased.
To test this hypothesis, we make the following considenatiorhere are 39 bright dE(nN)s, as well
as 30 dE(di)s withm, < 18167, 7 of which are non-nucleated. This adds up to 69 “nonfstaning,
disk-shaped dEs”, 23 (33%) of which are nucleated. Amonglff@c)s there are 15 galaxies with
m. < 18767, 6 (40%) of which are nucleated. Thus, the fraction of eatedd galaxies would be
compatible with our hypothesis within the errors, with tleeat that nuclei might still form in the
centers of some dE(bc)s (see Oh & Lin 2000 and Chapter 3) hwinbeild raise the nucleated fraction
of the dE(bc)s.

Now, 43% of the non-star-forming, disk-shaped dEs are J&(de., show diskeaturegnot only
an overall diskshapg. If the dE(bc)s would contain the same fraction of galaiies display disk fea-
tures, we would expect 6.5 such objects among the 15 dE(bitjsa standard deviation of 1.9. The
observed number of 4 lies within 1030f the expected value and could thus still be reconciled with
the above picture. However, since not only the dE(di)s, d the bright dE(nN)s are disk-shaped,
why do the latter not display disleatureslike the dE(di)s? This could either indicate a correlation
between the presence of a significantly bright nucleus aadtbsence of disk substructure, or it
could imply that there is more than one formation path towalidk-shaped dEs.

7.2. Formation mechanisms

If dEs originated from galaxies that fell into the clustesywhlong ago could this infall have taken
place? Conselice et al. (2001) derived a two-body relardime for the Virgo dEs of much more
than a Hubble time. Even violent relaxation, which couldlggpr the case of infalling or merging
groups, would take at least a few crossing tirgeswith to; ~ 1.7 Gyr for the Virgo cluster (Boselli &
Gavazzi 2006). Therefore, the majority of dE(N)s or theogenitors should have experienced infall
in the earliest phases of the Virgo cluster (which is a rajleemng structure, see Binggeli et al. 1987
and Arnaboldi et al. 2004), or they could have formed in dagttar halos along with the cluster
itself. All other dE subclasses are largely unrelaxed patpanis, implying that they have formed later
than the dE(N)s, probably from (continuous) infall of proger galaxies. Our colour analysis in
Section 6 would support this view, since it finds that the iremours of the dE(N)s can be interpreted
with an older stellar population than the dE(nN)s. This wlobé expected if one assumes that the
progenitor galaxies had been forming stars until theirlinfdo the cluster, resulting in a younger
stellar population on average in the case of a later infalglgcting possible metallicity fierences).
However, as stressed in Section 6, robust conclusions needdit a more detailed multicolour study
of our dEs.

The galaxy harassment scenario (Moore et al. 1996) desdtigestructural transformation of a
late-type spiral into a spheroidal system through stroda interactions with massive cluster galax-
ies. A thick stellar disk may survive and form a bar and sg&atures that can be retained for some
time, depending on the tidal heating of the galaxy (Masetpiet al. 2005). Harassment could thus
form disk-shaped dEs, and dE(di)s in particular. Moreat@redicts gas to be funneled to the center
and form a density excess there (Moore et al. 1998), whicHdnmeiwell suited to explain the central
star formation in the dE(bc)s. Therefore, it appears ptssitat harassment could form disk-shaped
dEs that first appear as dE(bc)s and then passively evolvelit(di)s and bright dE(nN)s as their star
formation ceases (see Section 7.1). It might also providayatavform the fainter non-nucleated dEs,
assuming that the tidal forces have a strongisot on the shape of less massive galaxies, resulting
in rounder objects on average. However, in order to explhi@se subclasses by a single process,
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one would need to invoke a correlation between the presehaenocleus and of disk features, as
discussed in Section 7.1.

Ram-pressure stripping (Gunn & Gott 1972) of dwarf irregail@lrrs) could be responsible for
the fact that the disk-shaped bright dE(nN)s do not showfgiaturedike the dE(di)s: dlrrs typically
have no nucleus, and ram-pressure stripping exerts mustpégturbing forces than a violent pro-
cess like harassment, thus probably not triggering the dtion of bars or spiral arms. Commonly
discussed problems with this scenario are the metallidiiyet between dEs and dirrs (Thuan 1985;
Richer et al. 1998; Grebel et al. 2003) and the too strongnépdf dirrs after cessation of star for-
mation (Bothun et al. 1986). Also, the flattening distribatiof Virgo cluster dirrs — with intrinsic
(primary) axial ratios> 0.5 for most galaxies (Binggeli & Popescu 1995) — is not glilite that of
our bright dE(nN)s. On the other hand, significant mass lagstd stripped gas mightfact the
stellar configuration of the galaxies and could thus pogsibtount for the diference. Moreover, the
flattening distribution of the dirrs is similar to that of tfent dE(nN)s (cf. Figure 9 of Binggeli &
Popescu 1995), suggesting that these — and possibly nbtitie dE(nN)s — might be stripped dlrrs.

Tidally induced star formation of dirrs might be able to mane the problems of the ram-
pressure stripping scenario: the initially lower met@licand surface brightness of a dlirr are in-
creased by several bursts of star formation (Davies & Pp#i1988), during which the galaxy ap-
pears as blue compact dwarf (BCD). After the last BCD phadadiés to become a dE, thereby
providing an explanation how BCDs could be dE progenitonsictv has frequently been discussed
(e.g., Bothun et al. 1986; Papaderos et al. 1996; Grebel;10B@pter 3). The last star formation
burst might occur in the central region, consistent withappearance of the dE(bc)s.

In addition to the number of possible formation scenaribs,rble of the nuclei provides another
unknown element. If dE(N)s and dE(nN)s would actually forrmoatinuum of dEs with respect to
relative nucleus brightness as suggested by Grant et &5)2eir significantly dferent population
properties could be interpreted with a correlation betwegative nucleus brightness and host galaxy
evolution. Such a correlation could, for example, be predithy nucleus formation through coales-
cence of globular clusters (GCs): the infall and mergingaferalGCs — resulting in a rather bright
nucleus like in a dE(N) — takes many Gyr (Oh & Lin 2000), cotesis with the dE(N)s being in place
since long. The dE(nN)s, on the other hand, were probabipddrmore 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 & Sanda@@9)]1 who also subdivided Virgo
and Fornax cluster dEs with respect to magnitude and theepcesor absence of a nucleus. In
accordance with our results, they found that the dE(N)s @méally clustered like E and SO galaxies,
while the bright dE(nN)s are distributed like spiral anggular galaxies. They also found the axial
ratios of the bright dE(nN)s to be flatter than those of theNJE(

However, despite these similar results, their magnitutkxsen of “bright” and “faint” subsam-
ples is actually quite dierent from ours. We initially selected only dEs witlz < 18"0 mag (the
completeness limit of the VCC), yielding a sample range a5 in B, and then subdivided our
full sample at its median magnitude. In contrast to that, Ferguson & Sandage (1988)dad VCC
galaxies withmg < 1715 in theirbright subsample, which therefore still spans a range™of Bheir
faint subsample contains VCC galaxies witly > 18"4, which are not included in our study and
already lie within the luminosity regime of Local Group divapheroidals (e.g., Grebel et al. 2003).
Therefore, their and our study can be considered complemettt some extent, in the sense that we
probe diferent luminosity regimes with our respective subsamplentiefins.
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8. CoNCLUSIONS

We have presented a quantitative analysis of the intriig@pas and spatial distributions of vari-
ous subsamples of Virgo cluster early-type dwarfs (dEsghband faint (non-)nucleated dEs (dE(N)s
and dE(nN)s), dEs with disk features (dE(di)s), and dEs Witle centers dE(bc)s). The dE(bc)s,
dE(di)s, and bright dE(nN)s are shaped like thick disks drmivsbasically no central clustering, in-
dicating that they are unrelaxed populations that prob&istyed from infalling progenitor galaxies.
As opposed to that, the dE(N)s (both bright and faint) arerlyfeelaxed population of spheroidal
galaxies, though an oblate intrinsic shape is favored femttas well. The faint dE(nN)s appear
to be somewhat intermediate: their shapes are similar tai8l)s, but they form a largely unre-
laxed population as derived from their clustering projstti Taken together, these results define a
morphology-density relatiowithin the dE class.

Given that Ferguson & Sandage (1989) derived similar resaftboth Virgo and Fornax cluster
galaxies, itis also clear that this zoo offédrent dE subclasses is not only specific to the Virgo cluster.
Similarly, a significant number of Coma cluster dEs show a-t@mponent profile and are flatter
than the normal dEs (Aguerri et al. 2005). Moreover, Rakoc&dmbert (2004) found the dE(N)s in
Coma and Fornax to have older stellar populations than tieN)s, consistent with our colour anal-
ysis of the Virgo cluster dEs. Thus, although the relativ@pprtions of the dE subclasses might vary
between the dynamically fierent Virgo, Coma, and Fornax clusters, the dE varietyfitsgrobably
similar in any galaxy cluster in the present epoch. We thusider it important that future studies of
dEs do not intermingle the flerent subclasses, but instead compare their propertibseasith other,
e.g., their stellar content or kinematical structure. Wiikeventually lead to pinning down the actual
significance of the various suggested formation pathsebyeunveiling an important part of galaxy
cluster formation and evolution.
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CHAPTER 5

THE COLOUR-MAGNITUDE RELATION TYPE-DEPENDENT,
ENVIRONMENT-DEPENDENT, OR UNIVERSAL?

“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 Virgsteluearly-type dwarf
galaxies (dEs), based on Sloan Digital Sky Survey imagirig. d®ur study com-
prises (1) a comparison of the colour-magnitude relatioM) of the diferent dE
subclasses that we identified in Chapter 4, (2) a comparigdneosshape of the CMR
in low and high-density regions, (3) an analysis of the sgattf the CMR, and (4)
an interpretation of the observed colours with ages and Higtees from population
synthesis models. We find that the CMRs of nucleated (dE() han-nucleated
dEs (dE(nN)) are significantly gierent from each other, with similar colours at
fainter magnitudes (mx 17™), but increasingly redder colours of the dE(N)s at
brighter magnitudes. Furthermore, we find a small but sigaift dependence of the
CMR on local projected galaxy number density, consistesagn 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 intersecfadnter magnitudes
(m. ~ 17M). This is statistically significant for the dE(N)s and thé diE sample, but
also seen for the dE(nN)s. Itis not caused by possilglerdnces in distance between
the low and high-density subsamples.

We deduce that a significant intrinsic colour scatter of thHdRCis present, even
when allowing for a distance spread of our galaxies. Moreabe colour residuals,
i.e., the gisets of the data points from the linear fit to the CMR, are d{eeorrelated
with each other in all bands for the dE(N)s and for the full difnple. This implies
that, at a given magnitude, a galaxy with an older stellar gplagion than average
typically also exhibits a larger metallicity than averag€or the dE(nN)s, such a
correlation is present at least between themand g—i colours. From a comparison
with theoretical colours from population synthesis mogdels find the CMRs of the
dE(N)s, the dE(di)s, and the full dE sample to be consistetht meing mainly a
relation of metallicity and luminosity, but reaching togiily higher ages at lower
metallicities. For the dE(nN)s, the CMR could as well be atieh of constant
metallicity, but it is only weakly defined in the metalliesignsitive colour + z due
to a rather large scatter at fainter magnitudes. When corimgathe colour values
of the respective CMR fits at brighter magnitudes g11.5"), we find the dE(nN)s to
be younger, and possibly also less metal rich, than the d& (Mpile the dE(di)s are
rather similar to the dE(N)s and seem to be only slightly yymiron average.

This study was done together with Eva K. Grebel, Bruno Bitiggad Mischa Vodicka.
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1. INTRODUCTION

After having established a subdivision scheme of Virgotelugarly-type dwarf (dE) galaxies
into subclasses with fierent shapes and distributions (Lisker et al. 2007, Chaptewe can now
proceed to the next logical step, namely to exploiting thaltheof data provided by the Sloan Digital
Sky Survey Data Release 5 (DR5, Adelman-McCarthy et al. RB0@ multicolour analysis of our
sample of 413 dEs. However, as we have already seen in Séatithe previous chapter, the colours
of different dEs, or of dEs of flerent subclasses, can not straightforwardly be comparédeach
other: the existence of a relation between colour and madmitequires such a comparison to be
done either at fixed magnitude or with a correction for magtétdiferences. For this reason, we
shall explore the dE colours mainly through an analysis eif ttolour-magnitude relation (CMR).

It has been known since long that a close correlation exatisden the colours and luminosities
of early-type galaxies (e.g., Baum 1959; de Vaucouleurd 1B6ber 1973; Sandage & Visvanathan
1978a; Caldwell 1983). While this has included the dEs gliias been disagreement about whether
or not they follow the same CMR as the giant ellipticals: deidéuleurs (1961) found the dwarfs
to be “systematically bluer” than the giants (but neveehkslfollowing a CMR), whereas Caldwell
(1983) reported a linear CMR over a range-df5" < My < —23™. However, his Figure 3 actually
suggests that the slope of the CMR might indeed be slightlferdint for the dEs, in the same way as
the results of de Vaucouleurs (1961) suggested (i.e., veithecasing magnitude, dwarfs become bluer
faster than giants do). NGC 205 is found to fall on the blue sitithe relation ofJ — V colour with
magnitude (Faber 1973; Caldwell 1983), which is not sumpgissince it displays blue central colours
caused by young stars (Hodge 1973, also see Chapter 3).hidvs sigain that it is advantageous to
separate dEs with blue centers (dE(bc)s) from the other Elasses (Chapter 4), in order to avoid
any bias that their blue colours might cause.

A striking observation is the universality of the CMR: it wiasind to be equal, within the mea-
surement errors, for E and SO galaxies within clusters, ggoar the field (Faber 1973; Sandage &
Visvanathan 1978a,b; Bower et al. 1992), leading Faber3)L8Y state that the colours of ellipti-
cal galaxies “are independent of all physical propertieslistd other than luminosity”. Faber also
showed that a similar relation exists between the strenfyipectral absorption features and lumi-
nosity, which basically is the spectroscopic analogue ¢0GMR. He interpreted the CMR with an
increase of metallicity with luminosity, which today islstionsidered to be the primary determinant
of the CMR (e.g., Kodama & Arimoto 1997; Chang et al. 2006)isTdan be understood with a higher
binding energy per unit mass of gas in more massive galdeiading to stronger enrichment of the
stellar populations.

Recently, Bernardi et al. (2003) showed that colour seeneeii@late even more strongly with
velocity dispersion than it does with luminosity. This ingd that the CMR itself is most likely just a
combination of the relation of luminosity and velocity disgion (“Faber-Jackson relation”, Faber &
Jackson 1976) and that of colour and velocity dispersionMatkovi¢ & Guzman (2005) point out,
the latter might hint at a more fundamental relation, nanfeween galaxy metallicity and mass.
However, Matkovi¢ & Guzman (2005) found a change in thg@slof the Faber-Jackson relation for
“faint early-type” galaxies — here, “faint” mearsl /'3 < Mg < —20"5, thus reaching only slightly
into the dwarf regime. Likewise, De Rijcke et al. (2005) fduen even larger éierence in slope for
a sample of 15 dEs, but argued that this is consistent witbréieal models, due to the dynamical
response to starburst-induced mass loss, which is stréogebjects of lower mass.

However, significant constraints to such models could orlpiovided with a better understand-
ing of dE formation, and of how it compares to the formationgi@nt ellipticals. The latter have
frequently been reported to be consistent with having farthe bulk of their stars at redshifts> 2
(e.g., Bower et al. 1992; Bender et al. 1996; however, aled-sgreras et al. 1999, who argued that
giant ellipticals need not necessarily have formed thanssh a common epoch). In contrast, forma-
tion mechanisms proposed for dEs in clusters are typicaltypased on an early formation epoch, but
rather, on infall and subsequent gas-stripping and tramsfoon of late-type galaxies (e.g., Davies &
Phillipps 1988; Moore et al. 1996; van Zee et al. 2004b). Oaeld/naively expect that, if two given
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dE subclasses formed througlffdient mechanisms, their resulting CMRs should displ&ginces
as well, since the relation of galaxy mass to the propertiés stellar population should depend to
some extent on how and when the latter was formed. On the btret, the apparent universality
of the CMR — mainly defined for giant ellipticals — would seemargue against suchftiérences.
Secker et al. (1997) found that the Coma cluster dEs follouitégcertainly” the CMR defined by
the giant early-type galaxies of the cluster. However, &/flibnselice et al. (2003a) admitted that the
meanrelation of early-type dwarfs in the Perseus cluster sillbfvs the CMR of the Es, they found
considerable scatter at magnituddg > —15", apparently caused by twoftérent sequences of
dwarfs in colour-magnitude space. They argue that the ¢gply dwarfs must have multiple origins
— something that we should be able to test in more detail gbee “preparatory work”, namely the
separation of dE subclasses that havedent shapes and distributions (Chapter 4). Moreover, the
SDSS multicolour data enable us to construct CMRs in mome éin& colour, and also to analyze our
galaxies in colour-colour space, thereby translating uslanto ages and metallicities. Since Rakos
& Schombert (2004) found the dE(nN)s in the Coma and Fornastets to be younger and to have
a larger metallicity than the dE(N)s, we can perform a sinalaalysis for our Virgo cluster galaxies,
allowing us to test the similarity of dE populations oftdrent clusters.

2. Dara

The SDSS DR5 covers all galaxies listed in the Virgo clust¢alog (VCC, Binggeli et al. 1985),
except for an approximately°Z 25 area atr ~ 1862, § ~ +5.0. It provides reduced images
taken in theu, g, r, i, andz bands with an #ective exposure time of 54s in each band (see also
Stoughton et al. 2002), as well as the necessary parametiux talibrate them. The pixel scale of
07396 corresponds to a physical size of 30 pc at our adopted \rgster distance af = 15.85 Mpc
(distance modulumn— M = 31M0; see, e.qg., Ferrarese et al. 2000), which we use throughout

The SDSS imaging camera (Gunn et al. 1998) takes data irsdafining mode nearly simulta-
neously in the five photometric bands, and thus combineshamogeneous multicolour photometry
with large area coverage andfcdient depth to enable a systematic analysis of dEs. The isrzae
an absolute astrometric accuracy of R#I8’1 per coordinate, and a relative accuracy between the
r band and each of the other bands of less tharptxels (Pier et al. 2003). They can thus easily be
aligned using their astrometric calibration and need noébestered manually. Furthermore, adjacent
SDSS images can be accurately put together, allowing thaatxin of cutout images that fully cover
a given object, even if the latter lies at the edge of an SD&H&n

The RMS of the noise per pixel corresponds to a surface lrggist of approximately 22 mag
arcsec? in the u-band, 2 ing, 244 inr, 239 ini, and 224 in z. The typical total signal-to-noise
ratio (§N) of a bright dE (ng ~ 14™) amounts to about 1000 in the r-band within an aperture sadiu
of approximately two half-light radii. For a faint dEng ~ 18™) this value is typically about 50.
While the SN in theg and i-band is similar, it is several times lower in the z-band more than ten
times lower in the u-band.

Since the sky level on the SDSS images can vary by some tefithe moise level across an
image, it is not sfiicient to subtract only a single sky flux value from each imaWée therefore
determined the sky flux distribution across a given imagegiaithorough procedure, as described in
detail in Chapter 4. The sky-subtracted images were thencHiikrated and corrected for Galactic
extinction (Schlegel et al. 1998). We also correct for thgoreed SDSS zeropoint fisets in theu
andz bands from the AB system (Oke & Gunn 1983):

(7) Uag = Uspss— 0104
(8) ZaB = Zspss+ 0102

lsee http/www.sdss.orgr5algorithmgfluxcal.html
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Ficure 5.1. Object masks. Image of VCC 0437 with and without masking of disturbing
foreground or background objects.

Ficure 5.2. Sky flux overestimation of the SDSS pipelinelmage containing the sky back-
ground measurements of the SDSS photometric pipeline & yiues. Brighter pixels

indicate a higher measured background value. Shown is tluetffiat contains VCC 0856,

which leaves a clear imprint in this image (bright region &otls the left), causing a signifi-
cant overestimation of the local sky level.

3. SAMPLE AND BASIC MEASUREMENTS

Our working sample of Virgo cluster dEs contains 413 certhilster members that were initially
classified as early-type dwarfs in the VCC (*dE” or “dS0”claoding candidates), that are brighter
thanmg < 1810, that passed our visual examination for possible dwaefjirlars, and for which a
Petrosian radius could be derived. The details of our sasghtion are described in Chapter 4.

For each galaxy, we determined a “Petrosian semimajor gxeseafter Petrosian SMAy), i.e.,
we use ellipses instead of circles in the calculation of thied2ian radius (see, e.g., Lotz et al. 2004a).
The total flux in the band was measured within= 2 a,, yielding a value for the half-light semimajor
axis, an;. Axial ratio and position angle were then determined thioag isophotal fit ak = 2ap;.
The details of this process are outlined in Chapter 4. Dhétigr foreground or background objects
were properly masked (see Figure 5.1), and these masks weested for in the determination of
the totalr magnitude. We also decided to mask the nuclei, if preserdyder to guarantee that a
nucleus with a dterent colour than its host galaxy would ndtezt our measurements of the inner
galaxy colours.

For each galaxy and band, we measured the flux within thresiedll aperturesia < 0.5ay,
("small aperture”),a < an, (“intermediate aperture” or half-light aperture), aad< 2ayn, (“large
aperture”). These measurements can be combined to yieldvdrage colour within each of the
three apertures, as well as the average colour within tigtiedll annuli 05a,, < a < an, and

anr < a<2any.
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4. ERROR ESTIMATION

The noise in every image was measured as the standard daevéatiund the mean of all un-
masked pixels, clipped five times iteratively at.3This noise level was used to determine an average
S/N for each object, band, and aperture. TheN'&ncertainty” of a given flux measurement is then
taken to be the inversegl$ value.

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

The uncertainty in the determination of the Petrosian SMdifiscult to estimate, and even more
so the subsequent uncertainty in the tothland flux and the corresponding half-light SMA. Apart
from proper masking of neighbouring or blended objects -ctvive assume to be donefsdently
accurate — the determination of the Petrosian SMA is styoafijected by a possible over- or under-
estimation of the sky level. Should the sky level be ovemested, as is the case in the measurements
of the SDSS photometric pipeline (Figure 5.2), the PetroS®IA will be underestimated, and vice
versa. Thus, in the case of a sky level overestimation, tta ¢galaxy flux will be underestimated
due to both the sky flux oversubtraction and the lower-thained Petrosian SMA within which the
flux is measured. We thus assume this “Petrosian uncertambe of the same order as the sky level
uncertainty (see above), which we therefore simply couitein our calculation of total errors (see
below).

The Petrosian uncertainty is not directly relevant for takewalation of acolour value of a given
galaxy from the flux values of two bands, since the apertued is the same for both bands, inde-
pendent of whether its size was under- or overestimated. ederyit is relevant for comparing the
colour values of two dferent galaxies, since for one of them, the half-light SMA migave been
underestimated, but overestimated for the other. In o@lebtain a conservative error estimate for
the colours, we therefore decided to take into account the$tan uncertainty in the same way as
described above for theband total flux, even if this might be somewhat too pessimistimany
cases.

The SDSS reports photometric calibration errors™i®ing, r, andi, and 0'03 inu andz, which
we adopt as the “calibration uncertainty”. In addition, tieural red leak of the filter is reported
to be not properly blocked, causing another uncertainty"620the ‘U-leak uncertainty”.

For each flux measuremefit in a given bandk, we combine all the dlierent uncertainties to a
single uncertainty fy. This is done by adding the individual uncertainties quackty, as exempli-
fied below for theu band.

2
- /Npi ) - Npix |2
9) Afy = J[u] +2. (M) + (1004003 _ 1)2 4 (10P40.02 _ 7)?

fu u

Here,o, denotes the noise level per pixel, as described abiyg.is the number of pixels included
in the given aperture. The first term is thé&\Suncertainty, the second term is the combination of sky
level uncertainty and Petrosian uncertainty, and the Vestérms are the calibration uncertainty and
theu-leak uncertainty, respectively.

Errors on measured colour values are calculated by addengetative flux errors from each band
quadratically, and converting them to magnitudes. An exarggiven below for the:r — g colour
error, A(u - g), calculated from the band fluxfy, theg band fluxfg, and their respective errors.

2 2 2 2 2 2
Af Af

4o A(fu): (1Af”) +(fZMQ) ) \/(fUAfu) +(fu g) -1, \/(Mu) +( g)
fy fy 12 fy fu fg fg ) Ty Y\ T fy

2

see http/www.sdss.or@ryalgorithmgfluxcal.html
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Afulfy) (At (Afg)2
(11) 7 ity \/(f_u) +(f_g)

2 2
w2 R (SN COMC
u g

Equation 12 would actually yield only the errors on one sigbereas the errors on the other side
would be calculated from2.5log(1+ /-2), and would consequently be smaller. However, we prefer
the conservative approach to use the larger errors for lidéis.sGalaxies for which the relative flux
error becomes1 are excluded from the respective diagrams or calculatisinse the argument to
the logarithm in Equation 12 would becom®, denoting an uncertainty that is too large to be useful.
This occurs only for five of the fainter objects for colourattinclude theu band.

5. LINEAR FITTING TECHNIQUES

Since colour-magnitude relations of early-type galaxiesfaund to be linear or nearly linear
(e.g., Bower et al. 1992; Bernardi et al. 2003) we describbe@ations by fitting a straight line to the
data points. A common approach is the method of least-sgiftirg, where the chi-square function,
¥2(a,b), is minimized:

N-1, e Aa_h. 2
13) - ) (2R

i=0
wherea andb are the zeropoint and the slope of the relation, respegtinglandc; are magnitude
and colour of the i-th galaxy, ang; is the corresponding colour uncertainty (or alternativelyy
kind of inverse weight). However, least-squares fitting sametimes lead to undesired results, e.g.,
a “best fit” with a slope that diers significantly from that defined by the bulk of data poifse§s
2002, see their Figure 15.7.1). This is due to the fact thafctii-square function gives maximum
likelihood estimations ofa and b only if the measurement errors are normally distributece¢Br
2002). However, true measurement errors are rarely noyrdadtributed, and moreover, the scatter
of the colour-magnitude relation (CMR) is usually largearitihe errors alone would imply, since part
of it is an intrinsic scatter (Conselice et al. 2002). We ¢fi@re prefer to use a so-called robust fitting
technique, as described below.

A robust parameter estimation technique basically meansthad whose results are not signifi-
cantly dfected by small deviations of the (real) data points from ithealized) assumptions on which
the method is based (Press 2002). For this purpose, we ahose & so-called M-estimate, namely
the meanmabsolutedeviation (rather than the mean square deviation used &st-Eguares fitting),
which was, e.g., used by Chang et al. (2006) to fit colour-ritade relations, or by Ferreras et al.
(2005) to estimate internal colour gradients. We thus miggnthe function

N-1
(14) u@b) =

i=0
with notation as in Equation 13. We setequal to the respective colour error, neglecting magnitude
errors, since they are small compared to the range of matgstthat is considered (compare, e.g.,
Figure 5.3). Moreover, the magnitude errors mostly scalk thie colour errors anyway, which would
not alter the relative weights in Equation 14 significantye tested this for a few cases, where we set
oi = V(Am)? + (Acj)?, i.e., quadratically adding magnitude and colour error.fMad no significant
differences in the resulting best fit.

In order to perform the minimization numerically, we deddsn an iterative procedure. For a
given dataset, we derive a first guess for the slope and zetagdahe CMR using the taslkq2of SM
(Lupton & Monger 1997). We then derive the minimum of Equatia! within values of:1 around

ci—a—b-mi‘
(o
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the first-guess slope and zeropoint, in steps of 0.01. Nextletermine the minimum in a range of
+0.04 around these new values, using steps of 0.0004. Finadlgesive the minimum in a range of
+0.002 around the new values, with steps of 0.00001, and c#dcilila RMS scatter of the data points
around the fitted line. The fitting process is then repeatecdtitwes iteratively, excluding data points
that are @fset by more than & from the fitted line. If the final parameter values fall at thige of

the respective search range, we perform another fittingtiter and use them as first-guess values.
However, in no case did this lead to a visibl&eience between the fitted lines of the first and second
run.

6. STIATISTICAL TESTS

In the sections below, we would like to perfogmantitative statistical comparisons of two given
colour-magnitude relations. Obviously, we would consittes CMRs to be dierent if either their
slopes, their zeropoints, or both were significantlffadient from each other. Unfortunately, our
method of linear fitting described in Section 5 does not y@twrs on these parameters — but even
with a method that would yield errors, like least-squardmijt it would not always be clear whether
one should trust these errors (Press 2002). The alterrtativemparing the fitted lines would be to
compare the two underlying datasets directly. Howevee hax face the problem that these might be
sampled dierently in magnitude, like, e.g., the dE(N)s and the dE(nRys example, for two given
datasets that follow exactly the same CMR but proltkedint magnitude regimes, a two-dimensional
K-S test would yield a probability of zero that the datasetgehthe same underlying distribution,
simply because they are significantlyffdrent in the magnitude-dimension. This is clearly not the
sort of test we want to perform.

Given the above considerations, we decided on an approaticdmbines a comparison of the
data points and of the fitted lines of two datasets A and Bt,Rire compute the colour residuals of
the data points A and the data points B about the CMR A. Thieggus two distributions of a single
parameter, namely the residual about the CMR A, indepernofantagnitude. We can now compare
these two distributions with each other through a (one-dsmal) K-S test, which compares the
cumulative distributions, and through a Student’s t-testunequal variances, which compares the
means of the distributions. We then compute analogouslydsigluals of the data points A and B
about the CMR B. For the K-S test, we take the average of bdtlesaf the K-S statisti® (which
is the maximum dference between two cumulative distributions, see Pres®)280d compute our
final probability from it. For the t-test, we simply use theger of the two probabilities as our final
probability.

The K-S test has the advantage that it is sensitive fi@rint distributions around the CMR,
even if the mean of both was zero, e.g. if both CMRs hdfkedint slopes but crossed each other at
the middle data point. The Student’s t-test for unequalaveres has the advantage of taking into
account the scatter of each dataset around the mean, whiltitely includes the measurement
errors. We thus decided to use the results of both tests &r @amparison of a pair of CMRs; we
will usually simply refer to the higher of the two probabigis. We typically consider two CMRs to
be “significantly” diferent if the statistical comparison yields probabilitieddw a few percent.

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

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

In Chapter 4 we established a subdivision scheme for theltEomprises several subclasses
with different properties: dEs with disk features like spiral arm$®ans (dE(di)s), dEs with blue
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centers (dE(bc)s) caused by recent or ongoing central agiaration, bright and faint ordinary dEs
(i.e., not displaying disk substructure or a blue centea} t#re nucleated (dE(N)s), and bright and
faint ordinary dEs that have no nucleus, or only a weak ncthat is below the detection limit of
the VCC (dE(nN)s). The bright dE(nN)s, dE(di)s, and dE(la)s shaped like thick disks and show
no central clustering, while the faint dE(nN)s and the di(Nave rounder shapes, and the dE(N)s
are more strongly concentrated towards the cluster cefltesse results define a morphology-density
relationwithin the dE class, and we now seek to investigate whether it iscalselated with colour.

In Figures 5.3 to 5.6 we present the relations of colour mnthgnitude separately for dE(N)s,
dE(nN)s, dE(di)s, and dE(bc)s, using ther, g—r, g—i, andi —z colours, and measuring the colours
within our three elliptical apertures. Our choice of prasdrcolours relies partly on the considera-
tions outlined in Section 11u—r colour is mainly age-sensitive, whereaasz is metallicity-sensitive.

In addition, we also show the CMRs usigg- i colour, since it provides the largest wavelength base-
line within the three high-®! SDSS bandsq r, i). Moreover, we present the CMRs usigg- r
colour, with the idea of comparing them to the r relations: the smaller wavelength rangegef r

is counterbalanced by the significantly smaller errorg due to the much larger/8 as compared to

u. The resulting parameters of the corresponding linear igge&en in Table 5.1.

Whether radial steps of colour or flux measurements shouldrésented in a éierential or a
cumulative way often depends on the gusto of the author. ddily, if measurement errors were zero
or extremely small, colour gradients could be identified enclearly with the dterential than with
the cumulative approach. However, for our galaxies witlrtlogv surface brightness outskirts, errors
become considerably larger at larger radii when measuritgucs diferentially. In contrast, they
remain moderate for cumulative measurements — with thetfhthat any gradient stands out less
clear. For example, Figure 5.10 presents thEedéntial analogue to the cumulative measurements in
Figure 5.6. Especially with the very steep slopes of the CiiRs- z, the large errors in Figure 5.10
can lead to linear fits that might not seem trustworthy to §hee er might at least seem equally likely
than a number of other possible lines drawn through the datasp We thus decided on using cumu-
lative measurements for our analysis of the CMRs. Howewethie dE(bc)s, this approach bears the
problem that the blue central colours of these objects itrté toall apertures, not only to the in-
nermost one. Therefore, we present in Figures 5.7 to 5.1Ckmas from diferential measurements,
which we will use below for the discussion of the propertiéthe dE(bc)s.

In each of Figures 5.3 t0 5.10, the horizontal dotted lineotlemthe separation between our bright
and faint subsamples. For the dE(N)s and dE(nN)s, we prasaaddition to the CMR of their full
samples the CMRs of their bright and faint subsamples (tblid &nd dotted lines, respectively). If
one of these cannot be seen in the respective diagram,dtdatb the relation of the full sample
and is thus covered by that line (see, e.g., the left uppeelgriFigure 5.3). The CMRs of the full
dE(N) sample, the full dE(nN) sample, the dE(di)s, and th@od}Js are compared to each other in the
lowermost row of each of the figures. The CMRs of the bright famot subsamples are not shown
there, to avoid confusion.
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Let us first focus on the dE(bc)s. From Chapter 3, we would expheat the colours beyond
a > 0.5ay, are, on average, only slightlyfffacted by the positive central colour gradient, and that
the colours are not noticeablyfected beyoné > ap ;. However, in all ofu—r, g—-r, andg -1,
the dE(bc)s are somewhat bluer than the other dE subclasseésthat no precise statements can be
made about the slope of their CMR, since it is constrainetieaftdint end by only two data points.
Nevertheless, it can be seen that the scattgr-im andg — i is somewhat larger than that of the other
subclasses at the same magnitudes. This is confirmed bydpect&ve values of the RMS scatter,
which are larger by a factor 6f1.5 for the dE(bc)s. In contrast, the dE(bc)s follow a s@ipgly
tight relation ini — zwithin a < ap;. In the bin 05ay; < a < ay, the scatter is more than a factor of
two lower than the RMS of the measurement eﬁa@see Table 5.1), and likewise, it is lower than the
scatter of all other subclasses in this bin. At larger rab, relation seems to turn around, i.e., such
that brighter galaxies are bluer, but again, the small sarsigzk does not allow robust conclusions.
Nevertheless, a trend for the CMR to turn around is also seethé dE(N)s and the dE(nN)s.

We now move on to the dE(di)s, considering here and in thealg only the CMRs with
cumulative radial bins (Figures 5.3 to 5.6), i.e., with apegs of increasing size, as explained above.
Similar to the dE(bc)s, the CMR of the dE(di)s is constrailédhe faint end by only three data
points; we therefore concentrate on the brighter part af gred 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 klig bluer. According
to our statistical tests, as described in Section 6 and piegen Table 5.2, this small flerence is
nevertheless significant gy i: for all apertures, the probability of a common underlyinstribution
functior with the bright dE(N)s is<1.2%. For the small and intermediate apertureg ofr, it is
<2.3%, and for the small aperture of-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 tod&édi)s is partly constrained by just a
few data points at the faint end, and since the sample is gfronterate size. Nevertheless, the slight
blueward dfset of the dE(di)s from the dE(N)s is consistently seen inhalabove bands. In- z
however, the dE(di)s basically follow the same relationh&sdE(N)s withina < an. At larger radii
they are slightly redder, but theffiirence is not significant (see Table 5.2).

The dE(nN)s follow a steeper CMR than the dE(N)s or the dE(di)all colours and apertures,
includingi — z even though the dlierence is small there. They lie at about the same colour vate
the faint end of the sample, but become red less strongly indtfeasing magnitude. Theftirence
between the CMRs of the dE(nN)s and the dE(N)s is signifiagaatliapertures off — r (probability
of common distribution<0.5%) andg — i (0.0%). It is, however, not significant in- z (>15%), and
hardly significant iru — r (<9%).

We need to point out, though, that we found significarfifediences in both the shapes and the
distributions of faint and bright dE(nN)s (see Chapter 4)might thus be not appropriate to fit a
single CMR through their combined sample. Indeedfedences in the colour distributions of both
samples can be seen. un- r, most clearly in the large aperture, there appears to becartiauity
between the faint and the bright dE(nN)s, with the lattengeitset blueward. This break happens
to occur at about our dividing magnitude between faint anghbrobjects. A similar fect can be
seen for the small aperture of the- i colour, where again, several bright dE(nN)s seem toftfsebd
towards bluer colours, but also, a number of objects lie exdvef the colours of the faint dE(nN)s,
again forming some sort of discontinuity. It seems thus measonable to consider faint and bright
dE(nN)s separately. Note that Conselice et al. (2003a)rebdea somewhat similartiect for their
full sample of early-type dwarfs in the Perseus cluster, namegnaiderable increase in the colour
scatter when going to fainter magnitudes, possibly evaniftg a blue and a red sequence of galaxies.
However, their &ect is stronger than what we observe, and it is also not préseour dE(N)s.

3 This, along with the tight relation of the dE(di)s, confirrhatwe did not underestimate our photometric errors

4 While we always consider the probabilities from both the ke& and the t-test, we recall that the t-test compares the
meanf the residuals about the CMR, not the distributions théwese For simplicity, though, we shall continue speaking
of the “probability of a common underlying distribution”.
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Tasie 5.1. Colour-magnitude relation parameters. Results from the linear fits to the
CMRs. “Zero” denotes the zeropoint, “RMS” is the root meanag of the colour resid-
uals of our data points about the CMR fit, “E-RMS” is the rootamesquare of the colour
errors, and “Ratio” is the ratio of RMS and E-RMS.

TypE CoLouR APERTURE ZERO SLOPE RMS E-RMS Ruio

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. 1549 -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(nNN) 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() u-r  small 3.469 -0.1047 0.150 0.062  2.433
dE(d) u-r interm.  2.924 -0.0660 0.119 0.056 2.138
dE(d) u-r large 2.695 -0.0501 0.145 0.059  2.440
dE(d) g-r  small 0.970 -0.0252 0.035 0.030 1.185
dE(d) g-r  interm.  0.981 -0.0261 0.034 0.030 1.151
dE(d) g-r large 0.997 -0.0270 0.030 0.030 1.013

dE(d) g-i  small 1.609 -0.0493 0.056 0.030 1.876
dE(d) g-i interm.  1.603 -0.0481 0.052 0.030 1.770
dE(d) g-i large 1.727 -0.0566 0.055 0.030  1.826
dE(d) 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 (thinid@lind dashed dark green lines in
Figures 5.3 to 5.6) with each other indeed yields a prohgholi <0.2% for the smalf — i aperture
for a common underlying distribution, and of als6.2% for the smalu — r aperture. The dlierence
is less pronounced for the intermediate 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 behe iaccuracy with
which a straight line can be fitted to the data points at aflbfath bright and faint dE(nN)s, the scatter
is rather large — it is typically larger byl.5 than that of the respective dE(N) subsample (Table 5.1).
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TasLE 5.1. Continued.

Tyee CoLoUR APERTURE ZERO SLOPE RMS E-RMS Riio
dE(N)yri. u-r small 3.430 -0.0969 0.115 0.071 1.630
dE(N)ri. u-r interm. 3.084 -0.0747 0.105 0.062 1.684
dE(N)ri. u-r large 3.301 -0.0923 0.129 0.072 1.794
dE(N)yi. g-r small 1.005 -0.0256 0.036 0.030 1.198
dE(N)yi. g-r interm. 0.989 -0.0248 0.033 0.030 1.095
dE(N)yi. g-r large 0.892 -0.0184 0.039 0.030 1.277
dE(N)yi. g-i small 1.617 -0.0469 0.050 0.030 1.644
dE(N)yi. g-i interm. 1.593 -0.0450 0.044 0.030 1.455
dE(N)i. g-i large 1.629 -0.0474 0.047 0.031 1.535
dE(N)yi, 1-2z small 0.473 -0.0217 0.038 0.043 0.887
dE(N)yi, 1-2 interm. 0.415 -0.0183 0.051 0.042 1.227
dE(N)yi, 1-2 large 0.303 -0.0115 0.079 0.045 1.771
dE(NN)yi. u-—r small 3.124 -0.0853 0.151 0.065 2.306
dE(NN)yi. u-—r interm. 2.777 -0.0640 0.166 0.064 2.599
dE(NN)yi. u-r large 3.010 -0.0818 0.176 0.066 2.655
dE(NN)i. g-r small 1.188 -0.0410 0.045 0.030 1.497
dE(NN)i. g-r interm. 1.244 -0.0448 0.041 0.030 1.365
dE(NN)i. g-r large 1.022 -0.0301 0.041 0.031 1.326
dE(NN)i. g-i small 1.940 -0.0728 0.065 0.030 2.146
dE(NN)i. g-i interm. 1.688 -0.0549 0.059 0.030 1.972
dE(NN)i. g-i large 1.541 -0.0445 0.060 0.031 1.957
dE(NN)yi. i-2 small 0.364 -0.0155 0.042 0.044 0.962
dE(NN)yi. i -2 interm. 0.231 -0.0069 0.053 0.042 1.261
dE(NN)yi. i -2 large 0.081 0.0016 0.087 0.045 1.925
dE(N)ai, u-T small 2.932 -0.0661 0.197 0.204 0.968
dE(N)ai, u-T interm. 2.670 -0.0509 0.160 0.150 1.070
dE(N)ai, u-T large 2.683 -0.0549 0.244 0.183 1.339
dE(N).. g-r small 0.671 —-0.0055 0.045 0.040 1.141
dE(N).. g-r interm. 0.781 -0.0121 0.038 0.036 1.065
dE(N).. g-r large 0.724 -0.0087 0.051 0.038 1.347
dE(N).. g-i small 1.321 -0.0281 0.050 0.041 1.216
dE(N).. g-i interm. 1.269 -0.0252 0.049 0.036 1.343
dE(N).. g-i large 1.221 -0.0222 0.075 0.039 1.925
dE(N)y, 11—z small 0.641 -0.0323 0.096 0.090 1.066
dE(N).. 1i-2z interm. 0.111 0.0000 0.088 0.071 1.237
dE(N).. 1i-2z large 0.205 -0.0052 0.136 0.081 1.682
dE(NN)s. u-r small 4,323 -0.1532 0.238 0.260 0.915
dE(NN}s. u-r interm. 4,788 -0.1832 0.283 0.189 1.500
dE(NN}s. u-r large 5.217 -0.2135 0.358 0.228 1.568
dE(NN)y. g-r small 0.835 -0.0166 0.058 0.047 1.215
dE(NN)y. g-r interm. 1.142 -0.0355 0.060 0.040 1.506
dE(NN)y. g-r large 0.813 -0.0155 0.076 0.045 1.703
dE(NN)y. g-i small 1.587 -0.0458 0.072 0.049 1.474
dE(NN)s. g-i interm. 1.633 -0.0487 0.072 0.041 1.764
dE(NN)y. g-i large 1.155 -0.0191 0.077 0.045 1.709
dE(NN),, -2z small -0.006 0.0083 0.123 0.110 1.119
dE(NN),, -2z interm.  -0.137 0.0155 0.138 0.089 1.554
dE(NN),, -2z large -1.142 0.0766 0.181 0.108 1.673
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TasLE 5.1. Continued.

Tyee CoLOUR APERTURE ZERO SLOPE RMS E-RMS Riio
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. 4773 -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—-2z 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
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For example, irg — i, it seems to the eye that one could find a number of slighffgint lines that
would fit the data points equally well. The linear fits to the R#of faint and bright dE(nN)s thus
need to be taken with a grain of salt — but obviously, theresaree diferences between the colours
of these datasets.

Given the above considerations, we should consequenthra& on our comparison of dE(N)s
and dE(nN)s. A comparison of bright dE(N)s and bright dE@MEIds an even more pronounced
difference than what was found for the full samples: their prifibatior a common underlying
distribution is 00% in all ofu—-r, g—r, andg —i. Ini — z the diference is still not significant,
with probabilities>6.7%. For the faint subsamples of dE(nN)s and dE(N)s, a casguaonly yields
significant diferences for the small and intermediate aperturgg-of andg — i, with probabilities
of <1.6% and<3.6%, respectively. Note that, while the linear fits to thié sample of dE(nN)s
yielded CMRs that are steeper than those of the dE(N)s,ghmstianymore the case for the separate
examination of bright and faint subsamples — instead, tiergince is now mainly a fierence of
the zeropoint of the relations.
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TasLe 5.2. Statistical comparisons of CMRs of dfferent subclasses.We compare the

CMRs of a pair of dE subclasses (1st and 2nd column) for a gieéour (3rd column) and

aperture (4th column). Probabilities for a common undagydistribution are derived from

a K-S test (5th column) and a Student’s t-test for unequahmaes (6th column); see text for
details. The corresponding CMRs are shown in Figures 5.3gtarés 5.6.

Typel TypE2 CorLour APERTURE K-S TEST T-TEST

dE(N) dE(NN) u-r small 0.00% 8.55%
dE(N) dE(DN) 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(i) wu-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(i) i-z interm. 0.66 16.25
dE(N) dE(i) i-z large 1.07 48.83
dE(NN) dE(i) u-r small 1.99 25.19
dE(NN) dE(i)) u-r interm. 2.80 37.77
dE(NN) dE(i)) u-r large 0.07 50.74
dE(nNN) dE(di)) g-r small 8.60 37.56
dE(nNN) dE(i) g-r interm. 2.90 67.77
dE(nNN) dE(di)) g-r large 4.59 87.08
dE(nNN) dE(di)) g-i small 11.43 39.27
dE(nN) dE(di)) g-i interm. 11.52 53.16
dE(nNN) dE(di)) g-i large 3.04 10.28
dE(nN) dE(i)) i-z small 1.16 40.18
dE(NN) dE(i)) i-z interm. 0.02 8.62
dE(NN) dE(i)) i-z large 0.11 41.91

In order to further quantify the above considerations, onald/want to compare average colour
values of the subsamples. The problem with this approachaisthe samples are not distributed
equally in magnitude; the average colours could thus comdiffierent just because of the existence
of a colour-magnitude relation (also see Section 6 of ChateTherefore, we compare instead the
colour values of the linear fits to the CMRs at a fixed magnitMile choose two magnitude values for
this comparison, namely the mediamagnitude of our bright dEsy b = 14777, and the median
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TasLE 5.2. Continued.

Tyeel Type 2 CoLourR APERTURE K-S TEST T-TEST
dE(N)yi. dE(MN)i u-r  small 0.00%  0.00%
dE(N)ri. dE(MN)i, u-r  interm. 0.01 0.02
dE(N)ori. dE(NN)y, u-r  large 0.00 0.01
dE(N)y. dE(NN); g-r  small 0.00 0.00
dE(N)yi. dE(NN)i g-r  interm. 0.00 0.00
dE(N)y. dE(NN) g-r large 0.00 0.00
dE(N)y. dE(NN)y g-i smalll 0.00 0.00
dE(N}i. dE(N)i g-i  interm. 0.00 0.00
dE(N}i. dE(N)i g-i  large 0.00 0.00
dE(N)yri. dE(NN)y, i-z  small 15.32 6.68
dE(N)yi. dE(NN)i -2z interm. 14.63 13.93
dE(N)yi. dE(MN)i -2z large 42.50 22.87
dE(N)ai. dE(NN)y, u-r  small 53.95 80.60
dE(N)ai. dE(NN)s. u-r  interm. 11.50 66.40
dE(N)ai. dE(NN)s. u-r  large 36.85 88.30
dE(N)s. dE(NNYy. g-r  small 1.64 1.44
dE(N)a. dE(NN)Ys. g-r  interm. 0.04 1.32
dE(N),. dE(NN);. g-r  large 2.41 9.56
dE(N)s. dE(NN)y g-—i smalll 1.00 3.59
dE(N)s. dE(NN)y g-—i interm. 0.01 2.44
dE(N)s. dE(NN),. g-i  large 18.38 18.10
dE(N)ai. dE(NN)y, -z  small 11.89 29.63
dE(N)ai. dE(NN)y i-2z interm. 54.26 69.48
dE(N)ai. dE(NN)Yy i-2z large 38.78 56.16
dE(N)yi. dE(di) u-r  small 1.25 4.41
dE(N)yi. dE(di) u-r interm. 17.54 26.28
dE(N)yi. dE(di) u-r large 38.14 39.48
dE(N)yi. dE(di) g-r small 1.57 2.29
dE(N)yi. dE(di) g-r interm. 0.99 1.68
dE(N)yi. dE(di) g-r large 3.40 9.96
dE(N)yi. dE(di) g-i  small 0.16 0.43
dE(N)yi. dE(di) g-i interm. 0.16 0.63
dE(N)yi, dE(di) g-i large 0.30 1.19
dE(N)yi, dE(di) i—-z  small 20.50 33.54
dE(N)yi, dE(di) i—-z  interm. 2.54 7.85
dE(N)yi, dE(di) i-z large 6.90 22.01
dE(NN)yi, dE(di) u-r  small 1.59 5.05
dE(NN)yi.  dE(di) u-r interm. 0.80 1.66
dE(NN)yi. dE(di) u-r large 0.02 4.19
dE(NN)yi, dE(di) g-r small 14.73 23.50
dE(NN)yi. dE(di) g-r interm.  28.77 53.23
dE(NN)yi.  dE(di) g-r large 5.80 9.56
dE(NN)yi.  dE(di) g-i  small 34.24 69.83
dE(NN)yi. dE(di) g-i interm.  24.96 20.48
dE(NN)yi. dE(di) g-i large 61.96 33.95
dE(NN)yi,  dE(di) i—-z  small 2.77 2.19
dE(NN)yi, dE(di) i—-z  interm. 0.26 0.49
dE(nNN),i.  dE(di) i-z large 1.98 6.64
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TasLE 5.2. Continued.

Typel Type 2 CoLoUR APERTURE K-S TEST T-TEST
dE(N)ri. dE(N)y, u-r  small 6.68% 36.24%
dE(N)i. dE(N)a, u-r  interm. 4.96 63.61
dE(N)yi. dE(N)y. u-r large 4.75 69.74
dE(N)y. dE(NXi. g-r  small 0.66 95.73
dE(N)y. dE(N)yi. g-r  interm. 2.15 80.19
dE(N)y. dE(N)yi. g-r large 0.69 0.88
dE(N)y. dE(N)y g-i smalll 8.64 55.09
dE(N)y. dE(NY g-i interm. 4.73 62.36
dE(N)yi. dE(Nys. g-i large 0.36  53.62
dE(N)ri. dE(N)a. 1i-2z  small 0.20 95.15
dE(N)y. dE(N)y -2z  interm. 0.54 80.55
dE(N)ri. dE(N)a. 1i-z  large 1.82 55.91
dE(NN)yi. dE(NN)s. u-r  small 0.00 0.18
dE(NN)yi, dE(NN)s u-r  interm. 0.03 6.17
dE(NN)yi. dE(NN)s, u-r  large 0.00 2.40
dE(NN)yi. dE(NNY;. g-r  small 1.13 26.22
dE(NN)yi. dE(NN)Ys. g-r  interm. 0.00 0.01
dE(NN)yi. dE(NN)y. g-r  large 1.32 20.46
dE(NN)yi. dE(NN)Yy g-—i smalll 0.00 0.25
dE(NN)yi. dE(NN)Yy g-—i interm. 0.06 0.11
dE(NN)yi. dE(NN); g-i  large 13.20 68.00
dE(NN)yi. dE(NN)s, -z small 3.01 62.11
dE(NN)yi, dE(NN}s. 1-2z  interm. 7.22 84.35
dE(NN)yi. dE(NNYn, i-z  large 0.40 34.04

r magnitude of our faint dEany s, = 168"51 (which we refer to hereafter as the bright and faint
“reference magnitude”, respectively). The correspondialpur values for the dierent subclasses
and colours are given in Tables 5.3 and 5.4.

The values so derived confirm our above comparisons of theus€MRs: the dE(N)s are redder
than the dE(nN)s i —r, g — r, andg — i at both the bright and the faint reference magnitudes, with
the diference being smaller for the latter. ilr z, the dE(N)s are still redder at the bright reference
magnitude, whereas no cleaifdrence is present at the faint reference magnitude, alem ghe
rather large scatter of the CMR. These statements hold tsoefar the separate comparison of the
bright and faint subsamples, with the exception that thet fdiE(nN)s tend to be somewhat redder
than the faint dE(N)s in— z. The dE(di)s, which we consider only at the bright referemegnitude,
are intermediate between the (bright) dE(nN)s and the {bridE(N)s inu—r, g—r, andg —i. In
i —z, their colours are very similar to those of the (bright) digNgain confirming our above analysis
of the CMRs. In Section 12, we will attempt to interpret theséour values in terms of age god
metallicity differences.

8. COLOUR-MAGNITUDE RELATIONS FOR DIFFERENT APERTURES

Tables 5.3 and 5.4 can also be used to compare the behaviter©MR of a given dE subsample
with aperture size. Both the bright dE(N)s and the brightrdNg§ become, on average, slightly bluer
in u—r and ini — z with increasing aperture size. The faint dE(N)s and dE(rti)sfollow this
trend inu—r, while ini — z, it becomes less clear for the faint dE(nN)s, and even tuosd for the
faint dE(N)s (the considerable scatter of the CMR needs tkepéin mind though). In contrast, the
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Tasce 5.3. Colour comparison of the dE subclassesColour values of the CMRs at the
bright reference magnitudey . = 14777 (see text), for the threeftirent apertures (2nd
column).

Colour Aperture dE(N) dE(nN) dE(di) dE(bc) dE dEGN) dE(NN)y.

u-r small 1995 1863 1922 1585 1.960 1.999 1.864
u-r interm. 1.971 1.879 1950 1.736 1.950 1.980 1.832
u-r large 1938 1.817 1956 1.669 1914 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 0596 0.540 0.613 0.623 0.582
g-r large 0.618 0.574 0599 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. 0928 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

TasLe 5.4. Colour comparison of the dE subclassesColour values of the CMRs at the
faint reference magnituden r,;, = 16"'51 (see text), for the threefférent apertures (2nd
column).

Colour Aperture dE(N) dE(nN) dE(di) dE(bc) dE dEEN) dE(nNN);

u-r small 1.823 1.781 1.740 1.193 1.812 1.839 1.794
u-r interm. 1.830 1.772 1835 1532 1.806 1.829 1.762
u-r large 1777 1690 1.868 1341 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. 0578 0.555 0551 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, slightbdderin u — r with increasing aperture size. Howeverj ia z,
they become slightly bluer, similar to the bright dE(N)s alit{nN)s.

All these diferences with aperture size are not overly large; they aiealyless than half of the
RMS scatter of the respective CMRs. According to our stadistomparisons of the inner and outer
(cumulative!) CMRs of each subclass (Table 5.5), significhfierences only occur for the (bright)
dE(N)s inu —r andi — z (probabilities for a common underlying distributiarR.2% and<2.9%,
respectively), as well as for the full sample of dE(nN)$ inz (<3.8%). Interestingly, the ffierences
described above in — r andi — 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 matdesample
size of the bright dE(nN)s, and the comparably large scaftéreir CMRs (see Section 7).

Ing—-r andg - i, practically no change of the CMRs with aperture size is fapart from the
dE(bc)s of course). The colour values (Tables 5.3 and 5mMaire surprisingly constant, given the
gradients seen in bothh— r andi — z. The “strongest” ffect is the change of the bright dE(nN)s in
g-i of 0.02 — far from being significant though (Table 5.5). Thet flhat gradients are seenunr-r,
but not ing — r, shows that the — r colour does provide information beyond that contained +r.
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Tasce 5.5. Statistical comparisons of CMRs for diferent apertures. For a given dE sub-
class (1st column) and colour (2nd column), we compare th&@€Ebhased on the small and
the large aperture, to see whether systematic radial gredége present. Probabilities for
a common underlying distribution are derived from a K-S (8stl column) and a Student’s
t-test for unequal variances (4th column).

TyeE CoLour K-S TEST T-TEST

dE(N) u-r  0.06% 1.61%
dE(N) g-r 2827  47.19
dE(N) g-i 6419 4234
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 6852
dE(di) g-i 70.87  59.80
dE(di) i-z 773 3182

dE(bc) u-r 3874  52.07
dE(bc) g-r  19.00 4.69
dE(bc) g-i 12.64 3.33
dE(bc) i-z 5224  24.16

dE(N)ri, u-r 0.12 2.28
dE(N}i g-r 1071  50.84
dE(N}i g-i 8791  47.33
dE(N)i. i-z  0.04 1.01

dE(NN)y. u-r  16.93 19.21
dE(NN)i. g-r 80.25 94.32
dE(NN)i. g-i 4251  43.15
dE(NN)yi. -2 9.80 13.67

dE(N)y, u-r 31.34 19.59
dE(NYs. g-r 7305 7158
dE(NYs. g-i 5391  65.90
dE(N)ai. -2 8.27  35.67

dE(NN)ai, u-r 8.56 25.60
dE(NNYs. g-r 39.75 80.97
dE(NNYa. g-i  44.72 17.82
dE(NN)ai. -2 2.46 6.79

It would thus be desirable to have a bett@k $1 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 inttieg to calculate individual colour
gradients for each galaxy, and to examine their relatiotis @ther quantities, such an analysis would
go beyond the scope of the present work, and is thereforerddfto later investigations. Instead, we
keep our focus on comparing the colour-magnitude relatiriifferent samples, and proceed with
analyzing samples selected by density. Note, howeverthibatistribution of colour gradients across
the Virgo cluster is part of the study presented in Chapter 6.
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9. COLOUR-MAGNITUDE RELATIONS OF DENSITY-SELECTED SAMPLES

A weak dependence of the stellar population ages of eaplg-galaxies on local environmental
density has recently been reported by Bernardi et al. (20@8)ed on a study of Lick indices. These
authors found early-type galaxies in high-density envinents to be slightly older than at lower
densities. Our large sample size allows us to test whetkeistthe case for dEs as well — we can of
course only probe a cluster environment, but the range &l bensities (see, e.g., Chapter 4) should
be large enough to find such affiext, if present.

We thus subdivide the sample of dE(N)s, dE(nN)s, and oudfalsample (excluding dE(bc)s) at
their respective median local projected densities. Thesemunits of the logarithm of the number
of galaxies per square degree, 1.374 for the dE(N)s, 1.198h&dE(nN)s, and 1.293 for the full
dE sample. As described in the previous chapters, locabépieyl density is calculated by defining a
circular area around each galaxy that includes its ten aeaegghbour 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 th@\Ngcand dE(nN)s, and in Fig-
ures 5.16 to 5.19 for the full dE sample (excluding dE(bcJ$)e respective subsamples are denoted
by a subscript “low” for the low-density subsample, and Hiidgor the high-density subsample. As
before, we also show the CMR separately for each bright aind $absample. Note that the sub-
division into bright and faint subsamples is done after thleds/ision by density, not vice versa.
The pairwise statistical comparisons of the CMRs of low aighhtdensity subsamples are given in
Table 5.6 for the full samples, and in Table 5.7 for the famd aright subsamples.

Inall ofu—r,g-r, andg - i, the dE(N)s, dE(nN)s, and the full dE sample consistentlpiioa
steeper CMR at lower densities than at higher densitiesicaip the CMRs intersect at the fainter
magnitudes of our sample, and with increasing magnitudexigs are on average redder in the high-
density regime. li—z, the full dE sample also displays a steeper CMR at lower teagor the small
and intermediate apertures, but the intersection occursgitter magnitudes. For the large aperture,
the higher density CMR is somewhat steeper, but all théfsets are rather small as compared to the
scatter of the CMR. Similarly, no general trend can be seérinfor the dE(N)s or the dE(nN)s.
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Ficure 5.12. Colour-magnitude relations for different densities. Similar to Figure 5.3,

but showing the CMR of the low-density and high-density sutysles of the dE(N)s and the

dE(nN)s, as labelled on the left-hand side. Again, thindshities give the linear fits to the
respective bright subsample, while thin dashed lines sgmrtethe fit to the respective faint

subsample.
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for g —i colour.
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Ficure 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 adsgns of the CMRs (Tables 5.6 and
5.7): the diterence between the low and high-density subsamples of bulEsample is significant
in u—r (probabilities for a common underlying distributigs3.0%), and even more significantgm-r
(0.9%) andy—i (0.0%). Atfirst glance, one might conjecture that thi§elience between the density-
selected subsamples of thel dE sample stems from theftérence seen between the dE(N)s and the
dE(nN)s, which are populatingfiierent density regimes and display significantlffetient CMRs (see
Section 7 and Chapter 4). While this correlation certaimlgtabutes to the present considerations, it
is not the only cause of the observedfeliences: the dE(N)s alone also display significafiecinces
between the two density regimes, namely for the intermedipertures in each of— 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 significantftérences are not found for all apertures, is at least party du
to the lower sample size as compared to the full sample. FodE{nN)s, the lowest probabilities
for a common distribution occur ig— i for the small aperture<6.7%) and the intermediate aperture
(< 10.2%). Here, probably the subsample sizes are too small arsttteer of the CMRs too large
for the rather small dierences to be significant. Likewise, a further subdivisito bright and faint
subsamples, in addition to the subdivision by density, gmyds significant dterences for the full
dE sample. Among the dE(N)s and dE(nN)s, however, the lopredtability is that for the bright
dE(N)s ing — i for the small aperture, with6.6%.

The diferences between the CMRs in low and high-density regionkl agither be caused by
adirect correlation with local density, or it could mainly be #fdrence between the cluster center
and the other cluster regions. In the latter case, the ediwalwith density would be eonsequencge
rather than a direct relation. Since the cluster centerég@n of high density, these two possibilities
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Ficure 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 coraptehe same. In order to compare them,
we put together a subsample of each of the dE(N)s, the dE(r@N¥sall dEs (excluding dE(bc)s),
comprising all objects within two degrees of the coordiraie= 1873, 6§ = 124. This is roughly
the cluster center, as deduced from the number densitytdistm of cluster member galaxies (see
Figure 6.1 of Chapter 6). Of course, most galaxies of thistiegd subsample” are also included in the
high-density subsample: 86% for the dE(N)s, 100% for thentli§, and 95% for all dEs. Contrary
to that, a significant fraction of the objects in the highglgnsubsample areot located within the
central region as defined above: 28% of the high-density 3 (BF% of the dE(nN)s, and 37% of
all dEs arenotincluded in the respective central subsample.

For the dE(nN)s, the central sample comprises only 32 gadaxif which only 4 lie at brighter
magnitudes, preventing a reliable fit to the CMR. The cergullsamples of the dE(N)s and of all
dEs, though, comprise 87 and 129 objects, respectivelyabon reliable comparisons to be done.
It turns out that in all colours, the fits to the CMR of the cahsubsample and of the high-density
subsample are basically equal, within the errors. This érgtified in Figure 5.20, where we show
the CMRs of the respective subsamples dor i, measured within the half-light aperture. These
results suggest that the shape of the CMR is most lidelctly correlated with local density, rather
than being predominantly determined by whether or not timepta galaxies lie within the cluster
center — otherwise, the CMRs of the central subsamples dHmailflatter than those of the high-
density samples, since the former provide a much cleanectsah of galaxies in the central region.
Also, note that, typically, any correlation witprojecteddensity would be even stronger with true
volumedensity, since projection always causes some objects tarapily lie close to the center that
actually are situated in front of or behind the center.
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Ficure 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 densigpahdence of the CMR could be
caused by dierent average distances of the subsamples along the limghtf $hus, let us compare
the low and high-density subsample of all dEs (excludindpd}s) ing—i, using the half-light aperture
(cf. Figure 5.18). At the colour value that the CMR of the hitgnsity subsample has at the bright
reference magnitude, the CMR of the low-density subsangpl62 brighter. Assuming an average
distance modulus aih— M = 3170, this would correspond to an averag&set of the subsamples
along the line of sight of 4.5 Mpc. Moreover, both CMRs inemtsat the fainter magnitudes — thus,
the brighter dEs that are in regions of higher projected iiem®uld have to bepn average4.5 Mpc
closer to us than the fainter dEs in the same projected regigvhat we would “need” to explain
our CMR diferences is a lower distance for part of the low-density supss as compared to the
other part of itand to the other subsample. If this would be given, it would awtoally account
partly (but only partly) for the intersection of the CMRs airter magnitudes, since the closer objects
would be dfset to brighter apparent magnitudes. It would not work teotvay around: if part of
the higher-density subsample wa$set to larger distances, this part would haviaiater apparent
brightness on average, and therefore thEedénce of the CMRs would have to be larger at fainter
magnitudes. In any case, the distributions shagnitudes of the two subsamples are very similar,
and their median magnitudedidir by @07 only.

A difference in distance modulus df@ between the Virgo cluster parts termed “cluster A’ (i.e.,
basically the part of the cluster that has a declinatiogp 10°, see Binggeli et al. 1993) and the
western part of “cluster B” (southward of cluster A and witla circular region around M 49) was
reported by Gavazzi et al. (1999), such that the latter pattidvbe further away by 8.6 Mpc. Their
study is based on a combined sample of early-type and lptegglaxies. While the number of dEs
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Ficure 5.19. Colour-magnitude relations for different densities.Same as Figure 5.16, but
fori— zcolour.

in this region would most likely be too small to be able to agtdor the diterences that we see in
the CMRs, we nevertheless test this possibility by exclydithgalaxies below a declinatiah< 10°.
However, the dierence between the low and high-density CMR is still equalige. Within cluster

A, Gavazzi et al. (1999) give a dispersion 8® in their determination of the distance modulus —
but they note that this value is comparable to the nomina¢daimty in the methods used. Based on
the surface brightness fluctuations of 16 Virgo dEs, Jerjaal. €2004) found a distance dispersion
of +1.45 Mpc, too low to be able to explain the observeffedtences. From these considerations it is
clear that the significant correlation of the CMR with locehgity is real and can not be explained
with differences in distance.

10. THE SCATTER OF THE COLOUR-MAGNITUDE RELATION

In order to obtain a rough estimate of tinee scatter of the CMR (i.e., that is not caused by mea-
surement errors), we can compare the observed scatter with@asurement errors. The respective
values are given in Table 5.1: the column “RMS” gives the metn square of the colour residuals
about the linear fit to the CMR, while the column “E-RMS” givae root mean square of the errors.
If the observed scatter was solely due to measurement ethese two values should be similar, at
least for the larger (i.e., statistically robust) dE subgk®s. The ratio of the two values, which is
given in the last column of the table, is thus an indirect raea®f the true scatter; we shall term
it the “RMS-ratio” hereafter. Note that the true scatter bana combination of an intrinsic colour
scatter and a distance spread; we shall consider the latteg and of this section.
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Ficure 5.20. Colour-magnitude relations for different densities and positionsHere we
show the CMRs of the dE(N)s (left column) and of all dEs (rigblumn, excluding dE(bc)s)
for the low-density subsample (top row), the high-densitlysample (middle row), and the
central subsample (bottom row), usigg i colour and the intermediate aperture. The central
subsample contains galaxies within two degrees of the \Ghgster center; see text for de-
tails.

We first note that for most CMRs, the RMS-ratio increases wajibrture size. As for a possible
intrinsic colour scatter, it can hardly be deduced if, and/ lstrongly, it increases from the inner to
the outer parts of the dEs. As for our measurement errors,nee khat they consist of one part
that remains constant with aperture size, namely the errah® photometric calibration zeropoint
(“calibration uncertainty”, see Section 4), and anothet fieat increases with aperture size, namely
the SN uncertainty and the sky level uncertainty. It thus appékedy that an overestimation of the
calibration uncertainty causes, at least partly, the olesemcrease in the RMS-ratio with aperture
size: due to this uncertainty, the measurement errors dapmach zero with increasingNg but
instead reach a finite value. If this value — which is providaectly by the SDSS for each colour
—would be overestimated, the RMS-ratio would fall below lugabf 1 for high-3N measurements,
which is indeed the case for some of the small-aperture ClRs;.g., for the bright dE(N)s in-z
Again, we are not able to tell how much of the increase in theSRiltio is an intrisic fect, but the
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TasLe 5.6. Statistical comparisons of CMRs for diferent densities. For a given dE sub-
class (1st column), colour (2nd column), and aperture (8hdrman), we compare the CMRs
of the low and high-density subsamples (see text). Prokiebifor a common underlying
distribution are derived from a K-S test (4th column) and@d8nt’s t-test for unequal vari-
ances (5th column).

Type CoLourR APERTURE K-S TEST T-TEST
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-2z interm. 65.68 86.18
dE(N) i-2z 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-2z small 26.07 63.19

dE(NN) i-2z interm. 61.61 70.99
dE(NN) i-2z 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 cadhrenight be at least somewhat better than
estimated.

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

TyPE CorLour APERTURE K-S (BrL.) T (BrRI) K-S (FaL) T (FAL)
dE(N) wu-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 29.55 422  65.79 29.42
dE(N) g-r small 32.00 9.59 72.83 95.29
deE(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
deE(N) i-z large 91.31 77.68 26.07 81.32
dE(nNN) 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(nNN) g-r small 63.50 61.09 56.54 32.05
dE(nNN) g-r interm. 31.74 27.44  84.14 52.01
dE(nNN) 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-2z small 36.78 76.71 59.09 60.17
dE(NN) i-2z interm. 70.22 61.45 71.26 72.98
dE(NN) i-2z 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, disfind that the RMS-ratio always

lies between 1.3 and 2. With the simplified assumption thaRNS of the true scatter and the RMS
of the measurement uncertainties add quadratically tal yfe observed RMS, these values would
imply that the RMS of the true scatter lies between 0.8 andof that of the measurement uncer-
tainties. However, one obvious caveat needs to be discugseghnot be excluded from the values
per se that we simply underestimated the measurement ,earaishat the true uncertainties could
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fully account for the observed scatter. To assess thislptigsiwe consider below the correlation of
colour residuals about the CMRs irfldirent colours.

If the observed scatter would be solely due to measuremegriainties, no correlation should
be observed between the residuals in twedént colours — except, obviously, for colours that share
a certain band, like, e.qu—r andg-r. If, on the other hand, a significant true scatter is preseT,
would expect at least some correlation between the residaalE that isntrinsically bluerin u—r
than most of the other galaxies should typically noirtignsically redderin g—i than most other dEs,
since the wavelength ranges covered by these colours pwagdaificantly. (It would, of course, be
“allowed” to be redder in — z) Likewise, if the scatter was due to a spread in distancelzar@fore
in magnitude, most galaxies would fall on the same side ofaktR in all colours® We therefore
present in Figure 5.21 a pairwise comparison of the colaiduals foru—r vs.g—i,u—r vs.i -z,
andg-r vs.i—z Here, we use the colours measured within the half-ligat,{intermediate) aperture,
to avoid too large measurement uncertainties. Our aboveecos about using smaller apertures need
not be considered here, since our measurement error essim@tnot enter here.

A correlation is clearly seen for the dE(N)s and for all dEsc(eding dE(bc)s) iru—r vs.g -1,
and also inu—r vs.i —zand weakly ing — r vs.i — z. The dE(nN)s seem to show a correlation only
inu—r vs.g—Ii. To quantify these visual impressions, we calculate foryegeiadrant the fraction
of objects that falls within it (red numbers, given as petagas). These values confirm the above
findings: for the dE(N)s and for all dEs in—r vs.g — i, more than twice as many objects lie within
the upper right and lower left quadrant than within the otiag. Inu —r vs.i — z, the correlation is
somewhat weaker, and again slightly weakegir vs.i — z. For the dE(nN)s, onlyi—r vs.g — i
shows a clear correlation. These results indicate thaetimerst be a significant true scatter of the
CMR, similar to the results of Secker et al. (1997) for the @artuster.

As a further statistical test, we try to estimate how thetfoacof galaxies within the dierent
guadrants would be distributed given a perfect correlagiius measurement errors. With “perfect
correlation”, we mean that each galaxy falling on one sidh®{CMR in one colour falls on the same
side of the CMR in the other colour. We only care aboutdirection of the colour dfset, i.e., the
sign of the residual, not about its absolute value. In thiefiohg, we describe for the correlation of
u-—r vs.g—ihow we simulate a CMR scatter. This simulation is done in #tmesway for the other

colour pairs.
In order to keep our approach simple, yet still instructmes refrain from choosing a certain
analytic model distribution for the true scatterwf r andg — i. Instead, we adopt thebserved

distribution of colour values as one possible example fouadistribution. To guarantee that a given
galaxy falls on the same side of the CMR for both colours, &iting a perfect correlation, we assign
to theg — i residual of each galaxy the sign of its correspondingr residual (but keep its absolute
value). This represents our simulated distribution oftresiduals. For simulating the distribution of
measurement uncertainties, we use again the observetisin of colour residuals, but redistribute
these values randomly among our galaxies, and assign thefarrasigns. We then add these values
to the simulated true residuals, thereby yielding simdateserved residuals. Note that in this case,
the RMS of the true scatter and of the measurement uncégteate obviously equal, since we used
the same absolute values. This can be altered by multipiegsimulated true residuals with a
certain factor.

The simulation described above was performed for the fulsdiEple (excluding dE(bc)s), and
was repeated 1000 times for all three colour pairs used abdeeconsidered the case of the RMS
value of the true scatter being 0.8 and 1.7 times as largee@®@NIS of the measurement uncertainties,
in order to test our values deduced above. For simplicitytesm these two cases the “0.8-case” and
“1.7-case”, respectively. Far—r vs.g—i, the resulting median fraction of galaxies within the upper

S\we say “most” instead of “all” galaxies, since it dependsdme extent on the linear fit to the CMR, and not only
on the galaxy in question.

6 our word choice here gimulateddistribution oftrue residuals”) might not be ideal, but we want to avoid speaking
of an “intrinsic distribution”, since the true scatter camdcombination of an intrinsic colour scatter and a distapcead.
With “true”, we only mean that it is not caused by measurennecertainties.
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Ficure 5.21. Correlation of colours. Pairwise comparison of the colour residuals about the
respective CMRs, for colours measured within the halfligierture. For a given galaxy,
Alu=r) := (u=r) = (U= r)cur, Where (1 —r) is the galaxy’s colour, andi(- r)cmr i

the colour value of the linear fit to the CMR at thenagnitude of the galaxy; same for the
other colours. The red numbers in the corners of the diaggaraghe percentage of galaxies
within the respective quadrant, bordered by the grey lines.

right and lower left quadrants is 63% for the 0.8-case, artd #& the 1.7-case. For both-r vs.

i —zandg—r vs.i — z the corresponding values are 62% and 72%. Our observed f@lu — r
vs.g — i (70%) lies between the two simulated cases and closer to.Theake. Fou —r vs.i — z,
the observed value is 60%, and fr r vs.i — z, it is 59% — both values are only slightly below
the simulated 0.8-case. These results confirm that our gatarurs can well be explained by a true
scatter within the range deduced above, and that the dE$|east the dE(N)s, are consistent with
exhibiting a strong correlation of colour residuals betwdgferent colours.

We now need to investigate whether part of the scatter of Y& Could be caused by a spread
in distance, which would lead to a certain scatter in mageittand would thus contribute to the
scatter of the CMR. We concentrate on the CMR of the dE(N}s-1 for the large aperture. Here,
the RMS of our measurement errors 8084 (Table 5.1). Assuming the 0.8-case, the true RMS
scatter woud be™27. The slope of the CMR is0.044 (Table 5.1). Consequently, a scatter of
+01027 around the CMR would mean a scatter=0f'61 in the distance modulus, 6% 1% Mpc at
our adopted Virgo cluster distance of 15.85Mpa{ M = 31M0). Such a huge (RMS!) scatter
can certainly be excluded. For example, Jerjen et al. (2686duced a true dispersion in distance
modulus of+0"177, corresponding td_)izgiMpc (when using our distance modulus). While their
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result is based on the surface brightness fluctuations aharramall sample of 16 Virgo dEs, they
noted that this dispersion, compared to the tangentiahsida of the cluster, implies a prolate spatial
distribution of the galaxies that excellently agrees witheo studies (Neilsen & Tsvetanov 2000;
West & Blakeslee 2000). For comparison, we consider theeptegl dfset of the dE(N)s from the
cluster center (adopted to beat 1873, 6 = 124, as above for the “central subsample”), and find
a RMS value of 0.86 Mpc. Together with the distance disparsioJerjen et al. (2004), this would
again imply a significantly prolate distribution.

When we thus adopt the value of Jerjen et al+06F177 as RMS distance scatter, the resulting
colour scatter for the CMR in question 407008 ing — i colour for the above CMR. While this is
rather small, it is nevertheless almost one third of theriefiétrue scatter in the 0.8-case (see above).
However, the RMS scatter fromfirent uncertainties does most likely not add linearly — @ th
“distance uncertainty” was addepladraticallyto the intrinsic colour scatter, it would have a very
small d@fect only. In any case, while a small but finite distance scadteaturally unavoidable, we
conclude that a significanhtrinsic colour scatter must be present for our galaxies, with a gtron
correlation between theftierent colours.

11. POPULATION SYNTHESIS MODELS. SETUP

We now attempt to use our colour measurements for drawinglasions about the actual stellar
population characteristics of our galaxies. For this pgepave construct several stellar population
models, using the population synthesis code from Bruzualh&rot (2003). Following the rec-
ommendation of the authors, we use “Padova 1994” isochr(Bedelli et al. 1994), as well as a
Chabrier initial mass function (IMF; Chabrier 2003). We tise Bruzual & Charlot high resolution
files, which rely on the STELIB spectral library in the waved¢h range 3208 9500 A and on the
BaSeL 3.1 spectral library outside this range (see Bruzu@h&rlot 2003, and references therein).
All Bruzual & Charlot models were calculated with fixed métaty, i.e., they do not take into account
chemical enrichment. When adopting a concordance cosyp@iig= 71 km s Mpc™?, Q,, = 0.27,

Qa =0.73), itis now 13.67 Gyr since the Big Bang (Wright 2006). Wedlassume that the first stars
have formed-13.5 Gyr ago (also see Kashlinsky et al. 2006), which is algrly relevant for our
model with constant star formation rate (see below). All of models are constructed for three of
the seven available metallicities, namély= 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 stetipulation formed through a single
burst of star formation that exponentially decays with tifilastrated in the top panel of Figure 5.22).
We choose decay times of= 1 Gyr (theexp-1model) and 2 Gyréxp-2model). The resulting model
tracks are shown in the left column of Figure 5.23 in variookar-colour diagrams. The tracks are
curves of constant metallicity, and span a range of agesy fr¢o 135 Gyr. Here, “age” means the
time since the beginning of the star formation burst.

Secondly, we construct a model based on the study of Daviekilipps (1988), who proposed
a scenario for dE formation in which a dwarf irregular (dieRperiences several short intense bursts
of star formation, during which it would appear as blue coatplvarf (BCD). These bursts would
increase the initial metallicity and surface brightnesthefdlirr, such that, after some time of passive
evolution and fading, it would eventually appear as dE. B Phillipps suggest ten bursts within
a period of 1 Gyr, each one with a duration of 10 Myr. We thusstmrect a corresponding model
(burstmodel) with 10 bursts of star formation, the tenth one oemuf).9 Gyr after the beginning of
the first one (middle panel of Figure 5.22). Each “burst” isesiqd of constant star formation rate
(SFR) with a duration of 10 Myr. The corresponding modelksaare shown in the middle column
of Figure 5.23. Here, “age” means the time since the beginafrihe first star formation burst.

Thirdly, we construct a model that is intended to repredemttommon scenario of dE formation
through infall of a late-type galaxy into the cluster andseduent loss or consumption of gas. This
model is defined by a constant SFebstmodel) since 13.5 Gyr, i.e., since the formation of the
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Ficure 5.22. Star formation histories. lllustration of the star formation histories used for
our population synthesis modelJop panel: The expmodels. Middle panel: The burst
model.Lower panel:Theconst-b10Gmodel, 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). Standtion is then truncated a a certain
epoch (lower panel of Figure 5.22). The corresponding mtrdeks, shown in the right column of
Figure 5.23, are thus not tracks alongfelient formation ages, but alongf@rent truncation times.
The analogue to goung agen the expand theburst models therefore is ecent truncatiorof star
formation in theconstmodel, whereas a larger age would correspond to a less reaanation of
star formation. Note that the model tracks shown foreéRpand theburst models actually consist
of all age points provided by Bruzual & Charlot (2003) (60rmsior more), whereas the truncation
times of theconstmodel have only been calculated by us for the points showmeifigure, which we
then simply connected by lines.

The reason for plotting the model tracks in a number fiedént colour-colour diagrams is to find
out which combination of colours would come closest to birgkhe famous age-metallicity degen-
eracy (even if this cannot be achieved entirely with onhjicgbtphotometry at hand). In addition, we
also need to take into account that the three bandsandi provide the best /8|, whereas the /8l in
zis a few times lower, and about ten times loweuirEach 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-metallaggeneracy is very strong in the cases
in which ther band is used in the red colour +— ztherefore is the obvious choice, since it provides
the reddest possible colour. For the blue colour, we first tiwdtu — r does a better job in breaking
the degeneracy than- g, since the colour ranges covered by the models are largérédormer, but
the errors are similar, if not smaller, in- r. However, given the considerably smaller errgrs,r is
a useful alternative. We will therefore use both ther vs.i — zand theg — r vs.i — zdiagram in
our analysis in Section 12. As an aside, note that forbmst model, the tracks are somewhat less
squeezed together g—r vs.i — zthan inu—r vs.i — z

Before we proceed towards the application of our models, amsteuct variations of thexpand
the constmodels, in order to understand better the “behaviour” ofrttealel colours. We modify
the constmodel by adding a final burst of star formation with a duratdériO Myr, just before star
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formation is truncated. This is intended to represent tlemaGo in which a late-type galaxy falling
into the cluster experiences enhanced star formation giftwrdorces like gas compression, before it
gets stripped of its remaining gas. We construct one modsiorein which the SFR is boosted by a
factor of 100 during the bursténst-b100 lower panel of Figure 5.22), and another one in which a
factor of 300 is adopted:6nst-b30D. These numbers are chosen such that, if the burst occuterd a
10 Gyr, it would make up 10% and 30% of the final stellar masgeetively.

The constmodel and its variants are compared to each other in Fig@# STheconstmodel
itself is shown in the left column, theonst-b100model in the middle column, and tlo®nst-b300
model in the right column. The mairffect of the final burst is a shift towards less recent trunoatio
times: in the case of no final burst and star formation beingdated 0.5 Gyr ago, the colours are
similar to theconst-b100model and truncation occuring 1 Gyr ago, or to twmst-b300model and
truncation occuring-1.5 Gyr ago. Apart from thisféect, the location of the tracks within the various
diagrams does not change noticeably between the modehtsarid/e therefore decided to pick only
the const-b100model for our analysis in the following section, and to keepmind that diferent
variations of the model would simply lead to less or more mét®incation times.

Finally, we consider an obvious variation of tegpmodels, namely a truncation of star formation
at a given epoch, similar to ttmnstmodel. Figure 5.25 shows oexpmodels like in Figure 5.23,
but now with star formation being truncated 6 Gyr (left cohjid Gyr (middle column), and 2 Gyr
(right column) after its beginning. Apart from the (expebtehift towards younger ages for a given
colour value in the case of earlier truncation, the trackdifiérent metallicity approach each other,
causing the degeneracy of age and metallicity to become stvenger. Interestingly, thisfiect is
very pronounced in the diagrams using- g andu — r, where the tracks are basically squeezed
together, but it is weaker ig—r, somewhat similar to what is seen for durstmodel in Figure 5.23.
In our following analysis, we will continue using tlegpmodels without truncation, but keep in mind
the diference that such a truncation could make in the applicafitmeamodel tracks.
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Ficure 5.23. Population synthesis models. Shown are theoretical galaxy colours along
Bruzual & Charlot model tracks of constant metallicity, relyz = 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 owxpmodel, i.e., an exponentially decaying burst with a
decay time ofr = 1 Gyr (solid lines) and 2 Gyr (dotted lines). The middle cofushows our
burstmodel, i.e., 10 short bursts of star formation occuring imith Gyr. For both theexp
and theburstmodels, each model track reaches from an age of 1 Gyr (londrtgpically
outside the plotting range) to 13.5 Gyr (upper end). Agesvaaeked at 4.5, 7.5, 10.5, and
13.5 Gyr with filled squares or filled circlegXp-2model). For theburst model, we give
another age mark at 1.5 Gyr (filled diamond). The right colwinows ourconstmodel, i.e.,
constant star formation that is truncated at a certain epeahthis model, the model tracks
actually are simply lines that connect the data points fouadation of star formation that,
from bottom to top, occured 0.5, 1, 2, 3, 5, and 7 Gyr ago.
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Ficure 5.25. Variants of the exp model. Similar to Figure 5.23, but showing tlexpmodel
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12. POPULATION SYNTHESIS MODELS. APPLICATION

In Figures 5.26 to 5.28, we show the-r vs.i — zandg —r vs. i — z diagrams for theexp
burst andconst-b100model, along with the fits to the respective CMRs for the dE(ME(nN)s, and
dE(di)s, derived for the half-light aperture (see Figurestd 5.6). For the dE(N)s and dE(nN)s, we
also show the CMRs for the bright and faint subsamples. FofuthdE sample (lowermost row in
each of Figures 5.26 to 5.28), we show instead the CMRs folotlkeand high-density subsamples
(see Figures 5.16 to 5.19). The individual data points ateiited as small dots, in order to illustrate
the scatter around the CMR.

We first focus on the question whether our fitted CMRs woulddresistent with being mainly a
luminosity-metallicity relation, which is the common inpeetation of the CMR for early-type galax-
ies. As can be seen in the figures, the CMRs would be genemaibistent with this interpretation, but
would then also imply larger ages or less recent truncatroeg at lower metallicities. An possible
exception is the CMR of the dE(nN)s, which could be explaimettheu — r vs.i — zdiagram with a
variation of age only — however, in thige-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 oCHM& seems to lie at a too large
age, i.e., it falls above the age of the Universe in the adbpé@cordance cosmology. In the-r vs.

i —zdiagrams, this concerns an even larger part of the CMR, &niteem, the overall ages would be
somewhat larger than in tlge-r vs.i —zdiagrams. However, we must stress that many simplifications
are included here that might account for these resultsthi&dact that the models are calculated at a
fixed metallicity, or the rather simple star formation higs that we consider. Moreover, the choice
of the isochrones or the spectral library alsteet the model colours to some extent (see Chapter 7).
It is thus important to point out that all our interpretatioof the observed colours are always done
within this simplified framework of stellar population mdsle

Let us now turn to a comparison of the dE(N)s, dE(nN)s, andld&(In all models, the CMR of
the dE(di)s spans a metallicity range very similar to thathefdE(N)s, but lies at a few Gyr younger
ages. For example, in thexp-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. Hoe E(nN)s, the main characteristic
is that theirrange of ages and metallicities is considerably smaller: theHiagt dE(nN)s lie at
lower metallicities and ages than the brightest dE(N)s ddi& and would be more similar to the
intermediate-luminosity galaxies of the latter subclasstowever, the faintest dE(nN)s do not reach
to metallicities as low as those of the faintest dE(N)s odi)&( Note, though, that the separate CMR
fits of the bright and faint dE(nN)s flier significantly from the fit to the full dE(nN) sample, which
makes the ages and metallicities of the dE(nNjBatlilt to interpret. The CMR of the bright dE(nN)s
alone would actually be more or less consistent with beig/\sa 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 highetallicities at lower luminosities, a
strong caveat certainly is whether or not the linear fit #nz is at all useful, given the rather large
scatter (see Section 7).

For the density-selected dE subsamples, we find that the GddRssa slighty smaller range in
metallicity at lower densities, and reaches to somewhatgeuages at its fainter part, than for higher
densities. The brightest galaxies reach slightly highdwriteties in the high-density sample, but the
faintest galaxies also reach slightly lower metallicitie&t a given metallicity, the age is similar
for the brighter galaxies in both subsamples, but is lowette fainter galaxies of the low-density
subsample. For clarity, note that in Figures 5.26 to 5.28,ctfan line whose tip reaches above the
blue line for the full sample is the one for higher densities, the dashed one.

We now make use of our definition of two “reference magnitlideSection 7, in order to provide
a somewhat more illustrative comparison of th@edient subclasses. As stressed above, it is generally
difficult to directly compare average colour values dfatent dE subsamples, since they are usually
not sampled equally in luminosity, and thus already haf®eint colours due to the correlation of
colour and magnitude. Therefore, we simply compare thaxatalues of the linear fits to the CMR of
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each subsample, measured at the bright and faint refereageitmdes. This is shown in Figure 5.29,
along with the model tracks. In the left part of the figure, vee theu — r vs.i — z diagrams for
comparison with the models, while tge-r vs.i -z diagrams are used in the right part. On each side,
the respective left column shows the colour values at thghbreference magnitude, while the right
column shows the values at the faint reference magnitudeal¥¢ecompare the colours measured
within our three dfferent apertures: the smallest symbol represents the spatiuse, the largest
symbol stands for the large aperture, so that gradients eaedognized. Remember that the CMRs
of the dE(bc)s and dE(di)s are only constrained by a handfdiata points at fainter magnitudes.
The resulting colour values should thus be taken with a goéisalt, at least at the faint reference
magnitude.

Let us first concentrate on the colour values at the brigleregice magnitude. A clear gradient
can be seen for the dE(N)s and the dE(nN)s, in the sense #hatdls in the inner regions of the
galaxies have, on average, higher metallicities. The digm@i0 appear to have somewhat younger
ages in the inner regions. For the dE(N)s, it is hard to dettim@ the given model tracks whether
this might also be the case. No clear gradient can be seehdatB(di)s, but again, this might be
partly due to the only moderate sample size. The dE(bc)s $edrave higher metallicities in the
outskirts than in the center — here, near-infrared photonveould be desirable to guarantee that the
“red colour” used in the diagrams is ndfected by the light of the young stars that are present in the
center.

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

At the faint reference magnitude, the dE(nN)s are still sshs younger than the dE(N)s, but
the diference is smaller. There is still a tendency for the dE(nN)save lower metallicities in the
outer regions, while for the dE(N)s, there is a slight regdérend. However, we recall that the scatter
in i — zat fainter magnitudes is rather large. Also note that we aigLhere the fits to the CMRs of
the full samples, not of the bright and faint subsamplesachesubclass.



12. POPULATION SYNTHESIS MODELS: APPLICATION

dE(N)
u—
oo
—T.

dE(nN)
u—
00
T

dEdi
u—
o
T

dt

u-—

0
T

Colour within rsr,

Ficure 5.26. Colour-magnitude vs. age-metallicity.Location of the various CMRs in—r
vs.i —zandg - r vs.i — zdiagrams, along with theoretical tracks for twgpmodels. The
top three rows show the CMRs for (bright and faint) dE(N)s(rd¥s, and dE(di)s, using the
same colours and line shapes as in Figures 5.3 to 5.6. Thenbottv shows the CMR of
the full dE sample (blue line, excluding dE(bc)s) from Fig&r11, along with the separate
fits to the low and high-density subsamples (thin solid cyaa &nd thin dashed cyan line,
respectively) from Figures 5.16 to 5.19. The dots are thwvinal colours of the galaxies in
the respective subsamples. Colours are shown for theifhalfdperture.
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Ficure 5.27. Colour-magnitude vs. age-metallicity.Same as Figure 5.26, but for tharstmodel.
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Ficure 5.28. Colour-magnitude vs. age-metallicity.Same as Figure 5.26, but for tbenst-

b100model.
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Ficure 5.29. Colour and stellar population properties of the dE subclasss. Colour val-
ues of the CMRs of dE(N)s (red squares), dE(nN)s (greeresyctiE(di)s (yellow triangles),
and dE(bc)s (blue stars), measured at the bright and fderterece magnitudes, as labelled
below the diagrams. Small symbols indicate colours medswithin the small aperture,
intermediate-size symbols represent the intermediatdwape and large symbols mark the
colours within the large aperture, to illustrate systemgtiadients. 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 tlexpmodels (top row), théurst model (middle row),
and theconst-b100Gnodel (bottom row).
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13. SYMMARY AND DISCUSSION

We have analyzed the colours of 413 Virgo cluster dEs by coctitg colour-magnitude relations
(CMRs) for diferent dE subclasses andfdrent local densities, as well as by comparing them to
theoretical colours from population synthesis models ofzBal & Charlot (2003). The CMRs of the
dE(N)s, dE(di)s, and of the full dE sample (excluding dEgp@re consistent with being mainly a
relation of increasing metallicity with luminosity, witHightly smaller ages at higher metallicities.
We found significant dierences between the CMRs of dE(N)s and dE(nN)s, as well azbptthe
CMRs at low and high local projected densities. The modefdyirthat the dE(nN)s are younger than
the dE(N)s, and possibly also have somewhat lower metakciThe dE(di)s are more similar to the
dE(N)s, yet are still found to be slightly younger on averafjesignificant intrinsic colour scatter of
the CMR is present, and the colour residuals about the CMRa@related between ierent colours
for the dE(N)s, and partly also for the dE(nN)s, such thatlaxyefalling 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 follofelient CMRs, we then discovered
in Section 9 that the CMR depends on environmental densitgeSve know that dE(nN)s and dE(N)s
populate diferent density regimes, we should compare the CMR of the dE(td\that of thdow-
densitysubsample of dE(N)s: the median density of the latter is (irl.8nits of the logarithm of the
number of galaxies per square degree), and it is 1.20 forE(eN)s. In contrast, the median density
of the full sample of dE(N)s is 1.37. However, the CMR of theddensity dE(N)s is still significantly
different from that of the dE(nN)s mp-r andg—i; the probability for a common distribution 0.1%
for the half-light aperture. Likewise, the coloufidgirence at the bright reference magnitude between
dE(N)s and dE(nN)s is™®9 inu - r and 0'05 in bothg — r andg - i (half-light aperture), while
between the low-density dE(N)s and the full dE(N) samplis,anly "01 inu—-r andg—i, and even
lower ing — r. Thus, the colours of the (bright) dE(nN)s ddtdr from those of the dE(N)s even if
we allow for the diferent sampling in density.

The same test can be done for the dE(di)s: their densitiedigmezalue 1.18) are also much
more comparable to those of the low-density dE(N)s thandedlof the full sample. However, their
colours are already more similar to those of the dE(N)s: tfier@nces to the full dE(N) sample at
the bright reference magnitude are onB0Q inu—r, 0"03 ing—r, and 004 ing — i. Nevertheless,
the statistical comparison of the CMRs of the dE(di)s anddBéN)s yielded significant eierences
for several colours and apertures. This changes when wearertie dE(di)s to only the low-density
dE(N) sample: no statistically significantfidirences are found anymore. (Note, though, that the
colours of the dE(di)s at the bright reference magnitudestliteslightly bluer than those of the low-
density dE(N)s.) Whether or not this could indicate a cladation between dE(di)s and dE(N)s
despite their very dierent shapes will be discussed in Chapter 8.

We restricted our analysis of the dE colours to studying CMRs$ mean colours instead of in-
dividual values — even though several CMRs are rather tidjety scatter is considerable in terms
of the ages and metallicities that our model colours cooedpo (see, e.g., Figure 5.26). More-
over, measurement uncertainties are of particular sigmée ini — z because of the narrow range
of model colours. This problem can be overcome by combinjoiical colours with near-infrared
(NIR) photometry of similar 8\N. Such NIR data is available for 22 of our dEs, and will be prad
in Chapter 7. Nevertheless, in the optical we have the adgandvf photometry being available for
several hundred dEs — and we made use of this advantage bgrfestploring the colour scatter that
we just mentioned. We found that the scatter is not of randatuara, but that the colour residuals
about the CMR are correlated between all colours for the ¥&(Ahd between — r andg — i for
the dE(nN)s. Moreover, at least the dE(N)s are consistetit dving a nearly “perfect” intrinsic
correlation of colours, i.e., if the intrinsic— 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 intrinsiz colour. This is particularly interesting,
sinceu — r is more sensitive to the age of the stellar population, wihile is sensitive to metallicity.
The straightforward interpretation would be that, whendtees in a dE are, on average, older than
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the typical value at the dE’s luminosity, then they are alswermetal rich, and vice versa. Assum-
ing a direct correlation between luminosity and galaxy m#ssintrinsic scatter of the CMR could
thus be, for a given initial ma&sreflecting a scatter in star formation rate (SFR), perhapsed by
environmental dferences. A higher SFR at a given initial (gas) mass would) nétglect of other
possible &ects, lead to stronger enrichment, i.e. to a higher meitgllithan a lower SFR. The gas
would be consumed more rapidly, thus reaching the end off@taration earlier than with a lower
SFR, and consequently yielding older stars on averagec&@ti even NIR photometry with higher
SN, especially in the important bandsandz, could provide further insight into this issue.

While a more extended discussion of dE formation will be enésd in Chapter 8, we briefly
want to compare our results to the ages and metallicitieEfid)s and dE(N)s derived by Rakos &
Schombert (2004), based on narrow-band photometry for $linlthe Coma and Fornax clusters.
These authors derived ages above 8 Gyr for the dE(N)s, whihfound to be about 5 Gyr older
than the dE(nN)s. At least qualitatively, and in a relatiease, this would be consistent with our
results, even though the agéfdrence between the two subclasses seems to be smaller fremaiu
ysis. The latter might also be explained by the fact that tingoluster is a dynamically less relaxed
structure than the Coma and Fornax clusters. As for the hodtak, Rakos & Schombert found the
dE(N)s to havdower metallicities than the dE(nN)s, conjecturing that “glaoutlusters and dEN
galaxies are primordial and have metallicities set by @estleconstraints such as the enrichment of
their formation clouds.” This is not in agreement with ousutlts for the brighter magnitudes: there,
we find the metallicities of the dE(N)s to be similar (in th@én part of the galaxies) or higher (for
apertures larger than half-light) than those of the dE(rsf)sFigure 5.29). However, for the fainter
magnitudes and within the half-light radius, the dE(nN)smsdo be consistent with having slightly
larger metallicities than the dE(N)s. This result is alfstirated in Figures 5.26 to 5.28, where it can
be seen that the CMR of the dE(N)s spans a larger range inlitigtdhan that of the dE(nN)s, thus
reaching below the latter at the faint end. However, foréhmagnitudes and apertures, the age dif-
ference that we find between the two subsamples is small cehpa that found between the bright
dE(N)s and dE(nN)s. We also note that the fainter dE(nN)svslnconsiderable colour scatter, and
that the sample of Rakos & Schombert (2004) only comprisedE(AN)s of the Coma cluster and 9
dE(nN)s of the Fornax cluster. Thus, while it would seemketyi to us that the dE(nN)s and dE(N)s
in Virgo behave inversely to those in the other clustergietlseem to be at least some possible expla-
nations that could account for thefldirent results of our studies. Whether or not dE(N)s coutdnfr
the perspective of our Virgo cluster study, be a primordaydation of galaxies will be discussed in
Chapter 8.
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CHAPTER 6

STELLAR POPULATION CHARACTERISTICS
ACROSS THE VIRGO CLUSTER

“Diversity is a good thing!”
Liese van Zee

Following up on our analysis of the optical colours and thellar populations of
413 Virgo cluster early-type dwarf galaxies (dEs) from Cleab, we investigate
whether colour and stellar population substructure is segthin the cluster, i.e.,
whether significant gierences occur betweenffiirent cluster regions. We find no
significant variations across the cluster in the colour desils about the fit to the
CMR, neither for the dE(N)s, dE(nN)s, nor for the full dE séenpVe then apply a
simple mapping between observed and model colours, thérebslating colours
into ages and metallicities. Most of the variations seenhim 4ge and metallicity
distribution across the cluster are not significant, basedvonte-Carlo simulated
distributions. One structure, though, is strong enough d¢ordal: within a region
extending south-eastward from the Virgo cluster centes, dtellar populations of
the dE(N)s are, on average, somewhat olded.( dex) than elsewhere in the clus-
ter. We discuss this observation with regard to possibldigagions for dE formation.

This study was done together with Eva K. Grebel and Bruno @efig
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1. INTRODUCTION

The Virgo cluster is a dynamically young structure — evertiase is not yet relaxed (Binggeli
etal. 1987, 1993; Arnaboldi et al. 2004). Its “central” galaV 87, does actually not sit at the cluster
center, neither in projected coordinates, nor in velocitsgice. However, it does coincide with the
center of the X-ray emission from the intracluster mediurahinger et al. 1994). Furthermore, the
cluster displays pronounced double structure (Figureléfiipanel): the main part, at declinations
6 = 10 (“cluster A’; see Binggeli et al. 1993), and the concentratin the southern part (“cluster B”)
have significantly dferent velocity dispersions and galaxy compositions. @huBtis, in contrast to
cluster A, dominated by late-type galaxies, yet hamallervelocity dispersion (Binggeli et al. 1987).
Moreover, M 86, westward of M 87, appears to be part of a gatgoyp that is in the process of
merging with the main cluster (Binggeli et al. 1993; Bolgen et al. 1994). Obviously, the assembly
of the Virgo cluster is still ongoing.

Based on the kinematic properties of Virgo cluster galaxi@snselice et al. (2001) concluded
that solely the population of giant elliptical galaxies f(ircluding S0s) forms a relaxed or nearly
relaxed system. No other (giant or dwarf) galaxy populastiows characteristics of relaxation,
consistent with the picture of a young, unrelaxed clusterdescribed above. In Chapter 4, we
analyzed the properties of severdfdient subclasses of Virgo cluster early-type dwarf (dEAxjak:
dEs with disk features (dE(di)s), dEs with blue centers @i, nucleated ordinary dEs (dE(N)s),
and ordinary dEs that have no or only a weak nucleus (dE(nN)M® found that only the dE(N)s
constitute a fairly relaxed population of galaxies. Moreowur results are in agreement with those
of Conselice et al. (2001): the distribution of the dE(N)s$halbcal projected density is similar to
those of thecombinedsample of Es and SOs, but the Es alone are, on average, |@ataeen higher
densities.

Potential colour and stellar populatiorfiégrences between thefidirent dE subclasses have been
analyzed in the previous chapter, with the result that theuremagnitude relation (CMR) is fierent
for dE(nN)s and dE(N)s, and also showfeliences with local density. We now seek to use our sample
of 413 Virgo cluster dEs, imaged with the Sloan Digital Skynfay (Data Release 5, Adelman-
McCarthy et al. 2007), to investigate whether the colou siellar population characteristics of the
dEs are homogeneously distributed throughout the clustevhether they show significant variation
between dferent cluster regions. Given the amount of substructureishpresent in the spatial
and kinematical distribution of galaxies across the Virgsster (see above), it seems possible that
the colours of the dEs reflect this substructure. If they éadearried an imprint of their respective
formation history, they could serve as tracers of the askehigtory of the cluster.

Conselice et al. (2001) pointed out that the number of Vilgaster dEs is more than a factor of
3 larger than what would be expected from just adding groapise cluster. Similarly, van Zee et al.
(2004b) argue that it is a reasonable assumption that mastideot enter the cluster as dEs, but
that the cluster environment plays a crucial role in shafiiegn. It should thus be interesting to see
whether we find any substructure in the distribution of thecdlours across the cluster that could
be interpreted as originating from a group that has beemtiycaccreted. If, instead, we would find
substructure that traces the galaxy (or gas!) density withe cluster, this would support the picture
that most dEs formewdithin the cluster potential. The proposed mechanisms for theftvamation of
late-type galaxies into dEs should typically be strongemore dficient in the central regions of the
cluster, or in regions of higher density: in the harassmeemario (Moore et al. 1996), the probability
for close tidal encounters with massive cluster galaxidsgker in those regions. The same would
be expected for the scenario of tidally induced star foramain dwarf irregulars (Davies & Phillipps
1988). Finally, the fiiciency of ram-pressure stripping must obviously be largeregions with a
higher density of intracluster gas. We thus search for amimhpf these processes in the colours and
stellar populations of our dEs, thereby trying to come oep sloser to answering the question of
“nature or nurture”.
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2. DATA AND SAMPLE

The SDSS DR5 covers all galaxies listed in the Virgo clusté¢alog (VCC, Binggeli et al. 1985),
except for an approximately° 25 area alw ~ 1862, 6 ~ +5.0. It provides reduced images
taken in theu, g, r, i, andz bands with an fective exposure time of 54s in each band (see also
Stoughton et al. 2002), as well as the necessary parametius talibrate them. The pixel scale of
0’396 corresponds to a physical size of 30 pc at our adoptea Vlrgster distance af = 15.85 Mpc
(distance modulusn— M = 3170; see, e.g., Ferrarese et al. 2000), which we use througHdnet
RMS of the noise per pixel corresponds to a surface brightoéapproximately 22 mag arcse®
in the u-band, 24 ing, 244 inr, 239 ini, and 224 in z.

The images have an absolute astrometric accuracy of RBI3 per coordinate, and a relative
accuracy between thieband and each of the other bands of less thapi&els (Pier et al. 2003). They
can thus easily be aligned using their astrometric calimaand need not be registered manually.
Furthermore, adjacent SDSS images can be accurately mih&rgallowing the extraction of cutout
images that fully cover a given object, even if the lattes k¢ the edge of an SDSS image.

Since the sky level on the SDSS images can vary by some tehthe moise level across an
image, it is not sfiicient to subtract only a single sky flux value from each imauée therefore
determined the sky flux distribution across a given imagegiaithorough procedure, as described in
detail in Chapter 4. The sky-subtracted images were thencHiikrated and corrected for Galactic
extinction (Schlegel et al. 1998). We also correct for thmreed SDSS zeropoinfigets in therandz
bands from the AB system (Oke & Gunn 1983, see Mittpvw.sdss.or@dry/algorithmgfluxcal.html),
as described in more detail in Chapter 5.

Our working sample of Virgo cluster dEs contains 413 certhilster members that were initially
classified as early-type dwarfs in the VCC (‘dE” or “dS0”clading candidates), that are brighter
thanmg < 180, that passed our visual examination for possible dwaefjirlars, and for which a
Petrosian radius could be derived. The details of our saggléetion are described in Chapter 4.

Total galaxy magnitude in theband is measured within an elliptical aperture of two “Psfin
semimajor axes”, i.e., ellipses instead of circles wereluisghe calculation of the Petrosian radius
(Petrosian 1976; Lotz et al. 2004a); see Chapter 4 for furdle¢ails. For each galaxy and band,
we measured colours within three elliptical aperturas< 0.5an, (“small aperture”),a < an,
(“intermediate aperture” or half-light aperture), aadk 2ay, (“large aperture”), wherey,, is the
half-light semimajor axis im (see Chapter 4).

3. TWO-DIMENSIONAL BINNING AND SIMPLE APPLICATIONS

Our aim is to study the two-dimensional distribution of tkedlar population properties of our dEs
across the Virgo cluster. For this purpose, we define tweedsional (2-D) circular bins within which
we can calculate the average value of a given quantity, thg.average colour residual about the
CMR. We choose the bin radius to b&Hh, which corresponds to one tenth of the range in declinatio
covered by the Virgo cluster member galaxies. A bin is plagesry 037 in right ascension and
declination, which is one quarter of the bin radius. Instebithe “normal” right ascension, we use a
“corrected” right ascension, defined as

to be able to perform all calculations in true degrees.

Figure 6.1 shows the distribution of all Virgo cluster membalaxies from the VCC (left panel).
From this distribution, we obtain a map of galaxy densityoasrthe cluster (right panel): every
pixel represents one of our bins, and the pixel value is, i ¢ase, the number of galaxies within
the circle defined above. For this density map, we compuighs@al contours that represent lines
of constant galaxy number density (middle panel). Throughbis chapter, we will illustrate the
results of our 2-D binning in the same way, i.e., by presgnéin “image” of the Virgo cluster that
contains the computed quantities as pixel values. The nuddesity contours will be included in
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Ficure 6.1. Distribution of Virgo cluster galaxies. Left: Projected spatial distribution of
all Virgo cluster galaxies that are certain cluster memlfgrsy dots), along with an illus-
tration of the size of our two-dimensional circular bin, ahd number density contours (see
below). The x-axis gives a “corrected” right ascensionhstinat the cos) factor is taken
into account:acor = (@ — 182) - cosp) + 182 (labelled “RAr.” in the figure). Middle:
Image representing the number of galaxies within our canchin, calculated at every pixel.
Brighter pixels mean a larger number of objects; see the szl below the figure. Isopho-
tal contours — equivalent to number density contours — ansteoacted withSAOImage DS9
(Joye & Mandel 2003, using a “smoothness” value of 1), with dlutermost contour at a
value of 26 galaxies per bin, and the innermost one at 25Xkigalaer 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 elushd enabling a direct comparison of any
potential substructure with galaxy clustering properties

As afirst application of the 2-D binning, we present in Figair2 the distribution of magnitudes
of our dEs within the cluster, for the dE(N)s (top row), dEjsNsecond row), dE(di)s (third row),
and the full sample of dEs (bottom row). Here, pixel valuesthe average of themagnitudes of the
galaxies within a given bin, applying two iterations of gipg at 3o-. The brighter a given pixel is, the
brighter are, on average, the galaxies within it (see thie $@a below the figure for the corresponding
values). Bin values are only calculated if three or morexdatacontribute to it. The second column
illustrates the error estimate for each pixel’s value. ttésived by quadratically adding the individual
magnitude errors of the contributing galaxies. Where femigects contribute to a pixel, or where
more faint objects contribute, the error will be larger, eefing the larger uncertainty in the pixel
value. As a further reference, we show in the third columnrihmber of galaxies contributing to
each bin, similar to Figure 6.1. A brighter pixel indicatelaer number of objects within the bin
radius.

While the dE(N)s show a rather homogeneous distribution agmitudes, the dE(nN)s are obvi-
ously fainter on average towards the cluster center andhagest from it. This simply reflects the
clustering distributions found in Chapter 4: while the faémd bright dE(N)s are distributed simi-
larly, the bright dE(nN)s are, on average, located in lesséeegions than the faint dE(nN)s. For
the dE(di)s, not much can be seen from the present figurepeittat they are among the brightest
dEs. Due to the small number of dE(di)s within each bin (tleistbmn), as well as in total, we do not
consider the dE(di) sample in our following analysis of gglaolour distributions. (However, the
dE(di)s are of course kept in the full dE sample.)

In addition to the magnitude distribution, we show in theéntiganel of Figure 6.2 the distribution
of apparent axial ratios across the Virgo cluster. Here, aleutated the mean of the axial ratios of
the galaxies in each bin, again clipping two times iterdyiat 30-. The axial ratio measurements
are described in Chapter 4. The brighter a given pixel is ldhger is the average axial ratio, i.e.,
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Ficure 6.2. Distribution of magnitudes and axial ratios. First column: Distribution ofr
magnitudes for dE(N)s, dE(nN)s, dE(di)s, and all dEs, fromtb bottom. Brighter pixels
indicate a brighter mean magnitude; see the scale bar bélevigure. Second column:
Errors on each pixel, derived from the individual errors loart magnitudes. Brighter pixels
indicate lower errors. See text for detailhird column:Number of objects contributing to
each pixel. Brighter pixels indicate a larger number of otgeFourth column:Distribution
of apparent axial ratios. Brighter pixels indicate largenbratios, i.e., rounder objects.

the rounder appear the galaxies within it. While we do noehav error estimate for the axial ratios
themselves, the magnitude errors (second column) and tmeruof contributing galaxies (third
column) again provide a useful reference for the religbit the value of a given bin.

It can be clearly seen that the “axial ratio map” (rightmosiumn) and the “magnitude map”
(leftmost column) of the dE(nN)s show very similar substnee. This is another way of illustrating
the results found in Chapter 4: brighter dE(nN)s are loc#tetgions of lower densityand have
flatter shapes than the fainter dE(nN)s. However, it is @gng that also for the dE(N)s, some
substructure in the distribution of axial ratios is seefftedent from the distribution of magnitudes.
Apparently, the roundest objects on average are found indghé-western part of the cluster, as well
as south-east from the center. Th&eatence is not too large, though; the values at the clusteéercen
are about 0.05 smaller than in the regions with the highdsksa It might thus be that what we see
is, at least partly, a statisticaffect, caused by the fact that perfect “randomness” of theilulision
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Ficure 6.3. Velocity distribution of Virgo cluster galaxies. Velocities for 529 VCC galax-
ies are available from the NEDeft: Distribution of local velocity dispersion, i.e., the stan-
dard deviation around the mean value calculated for each Biighter pixels indicate a
larger velocity dispersion; see the scale bar below thedigviddle: Distribution of veloc-
ities. Brighter pixels indicate a larger mean velocRyght: Number of objects contributing
to each pixel. Brighter pixels indicate a larger number géots.

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

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

In Figure 6.3, we present, as another application of the 2ADithg technique, the distribution
of local velocity dispersion, using all VCC member galaxieswhich the NED provides velocity
measurements (529 out of 1288 galaxies). At each pixel, wasuore the standard deviation of he-
liocentric velocities (left panel) around the mean velp¢ihiddle panel). The right panel illustrates
the number of objects in each pixel that contributed to iteShmaps provide an illustration of the
distribution of velocities that is very similar to that ofgjgeli et al. (1987, their Figures 24 and 26)
and shows the same features. For example, the low velo@pedsion in the southern part of the
cluster, extending south-westward from cluster B, had ligenpreted by Binggeli et al. (1987) as an
indication that cluster B is a separate cluster in its owhtrigot just a subconcentration. The region
of lower than average mean velocity in the north-wester plathe cluster might indicate galaxy
infall from behind the cluster, while regions of higher trererage mean velocity could imply infall
into the cluster away from us (Binggeli et al. 1987). If we skiofind significant colour or stellar
population substructure in our analysis below, we can makeiithese velocity maps for comparing
it to the kinematical substructure of the cluster.

4. COLOUR DISTRIBUTION WITHIN THE CLUSTER

We now want to analyze the distribution of the colour valuesw dEs by applying the 2-D
binning. However, a straightforward averaging of the colalues of the galaxies in each bin would
not take into account that the primary determinant of a gédavolour is the colour-magitude relation
(CMR; see Chapter 5). What we would actually like to know isetiter galaxies in certain cluster
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u-r residuals  Error Num. objects Gradient  Grad. error

-0.25 u-r offset from CMR 0.25
I
0. colour error 0.25

y ]
0 number of objects 2 10 100

Ficure 6.4. Colour distribution within the Virgo cluster. 1st column:Map of the distri-
bution of colour residuals about the respective CMR,Uderr colour measured within the
half-light aperture. Red pixels indicate positive residuae., colours that are redder than
the CMR, blue pixels indicate negative residuals (bluentiee CMR); a scale bar is shown
below the figure. From top to bottom, we show a map for the dg(M)e dE(nN)s, and
for all dEs excluding dE(bc)s; each map is based on the CMRefdspective subsample.
2nd column:Errors on the bin values in the left column, derived from qasidally adding
the individual colour errors of each galaxy. Brighter psxedpresent smaller errors; a scale
bar is shown below the figure3rd column: Number of galaxies contributing to each hin.
Brighter pixels indicate a larger number of objects; seesttade bar below the figureith
column: Map of the distribution of colour residual gradients, i@f.the diference between
the residuals measured for the small and the large apertreel pixels indicate that the
residual is larger (i.e., redder) for the small aperturee $ame scale bar applies as for the
distribution of residuals shown in the first columth column:Errors on the bin values in
the fourth column, derived from quadratically adding thdiwdual colour gradient errors of
each galaxy. These were obtained by quadratically addmgdhour errors for the small and
large aperture. Brighter pixels represent smaller ergajn, the same scale bar applies as
for the colour errors shown in the second column.

regions are bluer or redder than othesigh respect to the CMRI herefore, we compute for each 2-D
bin the average colouesidualabout the CMR, instead of the average colour. As before, &/ ap
two iterations of clipping values that deviate by more thanfBom the mean.

In Figures 6.4 to 6.7, we present the distributionsief, g—r, g—i, andi — zcolour, respectively,
for the dE(N)s, dE(nN)s, and for all dEs excluding dE(bc)$ie Histributions of colour residuals,
measured within the half-light aperture, is shown in thedefumn. The corresponding errors on each
bin’s value are given in the second column, derived from cpiazhlly adding the individual colour
errors of each galaxy. Brighter pixels represent small@rgyi.e., more reliable measurements. The
third column shows the number of galaxies contributing tcheain, as in the previous figures. The



150 6. STELLAR POPULATION CHARACTERISTICS ACROSS THE VIRGCLUSTER

g-r residuals  Error Num. objects Gradient  Grad. error
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Ficure 6.5. Colour distribution within the Virgo cluster. Same as Figure 6.4, but fgr— r colour.

fourth column contains the distribution of colour residgeddients defined as the éfierence between
the colour residual of the small and the large aperture. Ressan the figure represent regions where
the galaxy centers are, on average, redder than their dstskior more precisely, where the residuals
about the CMR of the inner colours reach further towards éaethan the residuals about the CMR
of the outer colours. The corresponding errors on the binegafor the gradients are shown in the
fifth column; they are calculated as above from the individireors on the gradients. For a given
galaxy, we compute the error on the colour gradient by quiadily adding the errors for the small
and large aperture. Note that the scale bars below the fignyolg aqually to the colour values and
colour gradients, as well as to the colour errors and graeieors.

Colour substructure can be seen in basically all of Figur4¢$d6.7. A feature that is consistently
present in all colours is the region at the southern end oflirgter where the dE(N)s are redder than
average. For the dE(nN)s, the region westward of the cluseter displays redder than average
colours in all ofu—r, g—r, andg — i, while itsi — z values are bluer than in other regions. Note,
however, that the number of galaxies in this region is alsoesshat lower than in its surroundings.
The full dE sample basically shows a combination of the alefiets: the region of redder dE(N)s
towards the southern cluster end is seen for the full sangpheet, though somewhat weakeriin z

As for the colour gradients, no structure is really appepdonsistently in all colours, or at least
in all buti — z It is suspicious that only weak systematic gradients sedbe fpresent iig — i, where
the errors are smallest, and rather strong gradients areirsee- r andi — z, where the errors are
significantly larger. This makes clear that we need to testréhiability of any substructure seen
in our colour maps. First, we need to know if and how strongky tesiduals in a given colour are
correlated with those in an other colour: the weaker these@related, the stronger is the confidence
in any substructure that is seenat colours. Second, since at least for the dE(N)s and for the ful
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Ficure 6.6. Colour distribution within the Virgo cluster. Same as Figure 6.4, but fgr— i colour.

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

The correlation of colour residuals betweeftelient colours has already been investigated in
Chapter 5 (Section 10). We found there that the observeduaisi are correlated between all colours
for the dE(N)s and the full dE sample, and between r andg — i for the dE(nN)s. Moreover,
the dE(N)s are consistent with having a nearly “perfectfiisic correlation of colours, i.e., if the
intrinsicu—r colour of a dE(N) lies on the red side of the respective CMR stlime is true in almost all
cases for the intrinsic— z colour. This intrinsic correlation is, of course, dilutegthe measurement
uncertainties, which is why we can only statesistencyvith a “perfect” intrinsic colour correlation.

Due to these correlations, it is clear that the appearancelofir substructure in all bands for
the dE(N)s (see above) and in all but z for the dE(nN)s isot indicating a higher significance of
the substructure — instead, it is simply a consequence ofdlaur correlations. We thus need to
understand whether this substructure is significant abhether it could be explained by statistical
fluctuations alone. Therefore, we now proceed to the MordeGconstruction of artificial colour
maps. What we would like to get an idea of is the strength aeduiency of colour substructure
that we would find due to sampling issuesly, even if no true substructure was present and all
galaxies followed exactly the same CMR. If we thus wantedotastruct artificial colour maps from
a given CMR and scatter, a crucial issue would be the modetiirihis scatter: we find it to be larger
than if it were caused only by measurement errors (Chaptenagt likely due to the presence of at
least some intrinsic scatter in the galaxy colours at a gimagnitude. In principle, we could try to
describe the scatter of the CMR by some analytic functioa ¢mmon assumption of a Gaussian
distribution is usually just wishful thinking), taking dble care of the tails of the distribution in
order to not underestimate possible substructure lateweder, there is a more practical way that,
at the same time, guarantees that the scatter is propengdeged: we simply take the measured
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Ficure 6.7. Colour distribution within the Virgo cluster. Same as Figure 6.4, but for z colour.

colour residuals of our galaxies, and redistribute thendoary among them. The only critical issue
here is whether or not the scatter of the CMR increases gignify with magnitude, such that, by
random distribution, some “too large” residuals could b&grsed to the brighter galaxies. However,
if anything, this would make our method more conservatiim;esit would create too much artificial
colour substructuré. Moreover, the CMRs of at least the dE(N)s and the full dE sanapé fairly
tight, supporting our approach.

Based on the above, we present in each of Figures 6.8 to 6eldetartificial colour maps for the
dE(N)s, resulting from random distributions of colour tegils. The same is shown for the dE(nN)s
in Figures 6.12 to 6.15. Note that we redistributed the measant errors along with the residuals: a
residual could be large simply because of a large measutesrrem. Therefore, we do not split this
“pair” of colour residual and error, but keep them togethdnese errors are used in the calculation
of the errors of our bin values shown in the figures — if the gadfia certain bin would be redder or
bluer only because of large measurement errors that caarggresiduals, this should be reflected in
a rather large error for this bin.

Obviously, the amount and strength of substructure in dificgal colour maps is comparable to
that in the observed ones. The observed substructure ismtitusgnificant. Even for the southern
feature of redder dE(N)s, which can be matched only by ttengést variations in the simulated
colour maps at the given level of galaxy number density, wamotreliably conclude that this feature
is real. We also constructed colour maps and correspondimglagions using larger 2-D bins (bin
radius 244, not shown), in order to obtain more reliable values fahelain. However, while the
artificial features in the simulated maps obviously becomealler, the real features do so as well,
again leading to no significance of the structures seen — gathathe southern feature is rather

1 Furthermore, thisféect would only be present if the distribution of magnitudesoas the cluster was not homoge-
neous, which is the case for the dE(nN)s, but only weaklyHerdE(N)s.
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strong as compared to the simulated variations, but naig&aough to be reliable. That the observed
features become weaker with larger bin size could of colirsplg mean that no real substructure is
present. It could, however, also mean that any real sultateuoccurs on smaller scales and is thus
smoothed out — after all, the larger bins have a diameterleguoae third of the range in declination
covered by the whole cluster. Note that the above considesaglso apply to the colour residual
gradients, since these are basedvemsets of colours (those for the small and large aperture)aead
thus even more prone to statistical variations.
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u-r residuals Error ...
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-0.25 u-r offset from CMR 0.25
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Ficure 6.8. Simulated colour distributions for dE(N)s. Colour residual maps from twelve
Monte-Carlo realizations of randomly distributed residuaf the dE(N)s inu — r for the
half-light aperture, along with corresponding error m&ase text for details.

g-r residuals Error ...

-0.07 g-r offset from CMR 0.07

I
0. colour error 0.07

Ficure 6.9. Simulated colour distributions for dE(N)s. Same as Figure 6.8, but fgr r colour.
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Ficure 6.10. Simulated colour distributions for dE(N)s. Same as Figure 6.8, but fgr— i colour.
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Ficure 6.11. Simulated colour distributions for dE(N)s. Same as Figure 6.8, but for z colour.
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Ficure 6.12. Simulated colour distributions for dE(nN)s. Same as Figure 6.8, but for the dE(nN)s.
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Ficure 6.13. Simulated colour distributions for dE(nN)s. Same as Figure 6.12, but fgr r colour.
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Ficure 6.14. Simulated colour distributions for dE(nN)s. Same as Figure 6.12, but fgr- i colour.
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Ficure 6.15. Simulated colour distributions for dE(nN)s. Same as Figure 6.12, but for z colour.
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5. TRANSLATING COLOURS INTO AGES AND METALLICITIES

Even though the colour residuals about the respective CM&8 80 significant substructure, we
aim at investigating whether the stellar population agelcaimmetallicities do, since these rely on the
actual colours, not on the colour residuals. For this purpa® use some of our population synthesis
models from Chapter 5, which are briefly described againvibeMye then proceed by assigning a
value for age and metallicity to each galaxy by comparingeoled and model colours.

5.1. Population synthesis models

Our population synthesis models are described in detailnap&r 5. Briefly, they were con-
structed using the population synthesis code from Bruzu&h&rlot (2003), with “Padova 1994”
isochrones (Bertelli et al. 1994), a Chabrier initial massction (IMF; Chabrier 2003), and the
Bruzual & Charlot high resolution files, which rely on the STB spectral library in the wavelength
range 3200- 9500 A and on the BaSeL 3.1 spectral library outside thisegage Bruzual & Charlot
2003, and references therein). We assume that the firstrsteesformed at about 13.5 Gyr, since we
adopt a concordance cosmology witly = 71 km st Mpc?, Qn, = 0.27, Q4 = 0.73, in which the
Big Bang occured 13.67 Gyr ago (Wright 2006).

We constructed three main models: a single burst of stardtiam with exponential decayxp
model), a model consisting of ten short bursts of star foilenadccuring within 1 Gyr lfurst model;
cf. Davies & Phillipps 1988), and a model with constant stanfation since the Big Bang that is
truncated at a certain epoatofistmodel). From our comparison of several variants of theseatsod
in Chapter 5, we prefer to use in our analyses the followingatian of theconstmodel: at the point
of time when star formation is truncated, the galaxy expees one final short burst of star formation
during which the star formation rate is boosted by a factdrGff const-b100model).

Given the definition of our models, the “age” of a given steff@pulation can have fierent
meanings: for both thexp and burst models, “age” means the time since the beginning of star
formation. For theeonst-b100model, the analogue to age is the time of truncation of standtion:
younger ages correspond to more recent truncation timegertieless, we prefer to speak only of
“age” in our later analysis, thereby meaning either agewrdation time. Another élierence is that
due to the nature of the models, the model tracks (curvesmsitant metallicity) consist of 60 or more
age points for thexpand theburst models, whereas theonstmodel only consists of six fferent
truncation times calculated by us.

5.2. Assigning ages and metallicities

Following the considerations in Chapter 5, we will use bbtu — r vs.i — zand theg — r vs.

i —zdiagrams for interpreting colours with ages and metaidisit Theu — r colour has the advantage
of a larger colour spread betweerffdient model ages, but our photometric errors are significant
lower ing — r, which is why the latter is similarly useful. Figure 6.16 sisotheexpmodel tracks in
both diagrams, along with the measured half-light apertoteur values of the dE(N)s (red dots, top
panels). To illustrate that a large part of the scatter ofdém 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” nuatal point (see below). For an
individual object, this might of course lead to stellar plapion parameters that are waif from the
true ones — buaveragetrends in ages and metallicities should be found by this atktin theg —r
vs.i — zdiagram, we define the distance between an observed and & poattdby simply taking the
square root of the sum of the squargd r andi — z distances, as in a cartesian coordinate system.
This means that we weight both colours equally, since thgesnf colour values covered by the bulk
of data points have similar widths. For the-r vs.i — zdiagram, we chose to weight tiie- r colour
by a factor of ¥4, since the relevant range of colour values4stimes larger than in— z

The assignment is illustrated in the top panels of Figuré 1t the galaxy VCC 0009 (pink dot
and line). Note that the x and y-axis are not shown with egpatisg in the figure. Obviously, if
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Ficure 6.16. Assigning ages and metallicitiesShown are Bruzual & Charlot model tracks
of constant metallicity for ouexpmodels (see text) in the—r vs.i —zandg-r vs.i —z
diagrams. Metallicities are, from right to le#f,= 0.008 ([Fe/H] = —0.33, black),Z = 0.004
([Fe/H] = —0.64, light grey), an& = 0.0004 ([Fe/H] = —1.65, dark grey). The exponential
decay time isr = 1 Gyr for the tracks shown as solid lines, and 2 Gyr for thosswshas
dotted lines. Ages are marked for each model track at 4.510.5, and 13.5 Gyr with filled
squareséxp-1model) or filled circleséxp-2model). Moreover, we show the measured half-
light aperture colour values of the dE(N)s (red dots, topgt@nas well as the corresponding
measurement uncertainties (red error bars, bottom pariéig)top panels illustrate how an
age and metallicity value is assigned to a given galaxy (dotkand 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 ®Zh= 0.004 track,
but instead to th& = 0.0004 track and a much larger age. This shows the rather largertainty

of this (and practically any other) procedure foriadividual object; however, our aim is to derive
averagevalues, for which it should be useful. Error estimates far dssignment are obtained by
propagating the colour errors through the distance calouléand assuming zero error for the model
points), which basically yields the error on the distancethe 2-D diagrams below, the greyscale for
these errors is chosen to range from Ov@ - 0.05; the latter is about one third of the relevant colour
range for the assignment.

In order to see whether the colour-magnitude relationfitseuld lead to age and metallicity
substructure within the cluster, e.g. due to regions wiffedint average magnitude, we perform
another assignment of ages and metallicities: insteadinfjube actual colour values of a given
galaxy, we use the colour of the linear fit to the CMR at thatiggbs magnitude. We then perform
the same assignment of ages and metallicities. This shéaddpaovide some insight into thefect
that the discretization of metallicities can have on thégassent.

6. AGE-METALLICITY DISTRIBUTION WITHIN THE CLUSTER

After the assignment of ages and metallicities as desciibdte previous section, we apply our
2-D binning to these values. For each 2-D bin, we computewvtbieage age and metallicity. Averaging
is done on the logarithmic values, i.e., on lagé and [Fe/H], since ages are given in logarithmic
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Ficure 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 orexpelmodel (see text),
using theg—r vs.i—zcolours (top row) and the—r vs.i—z colours (second row), measured
within the half-light aperture. The two bottom rows show tistribution of age gradients,
i.e., the diference between the ages based on the small and the largerapBedder colour
indicates a higher age in the inner regions of the galaxis;tise 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 highertafiecity in the inner regions of
the galaxies as compared to the outskirts (bottom two ro®gj.column: Distribution of
colour errors. For a given galaxy, an error for the age-rheitgl assignment is derived by
propagating its colour errors through the calculation &f distance to the model tracks in
colour space. This basically corresponds to the error ardisance. For the gradients (bot-
tom two rows), we add quadratically the errors for the snadl gne large aperture. The error
on the value of a 2-D bin is then derived by quadratically agdhe errors of the galaxies
contributing to it. A corresponding scale bar is given betbw figure.4th column:Number

of galaxies contributing to each bin. Brighter pixels iratic a larger number of objects; see
the scale bar below the figurth column:Age distribution as the first column, but based on
the colour values of the CMR at each galaxy’s magnitudegatsbf the actual colour values
of the galaxies6th column:Same as the fifth column, but for metallicity.
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Ficure 6.18. Age and metallicity distribution of dE(N)s within the Virgo cluster. Same
as Figure 6.17, but based on thgrstmodel.

units by the Bruzual & Charlot models, and since for metiidis, these are the common “working
units” that provide an at least close-to-linear spacingveen the models. In Figures 6.17 to 6.19, we
show the age and metallicity distribution derived for theMS using theexp-1 theburst and the
const-b100model. The dE(nNN)s are presented in Figures 6.20 to 6.22h figure shows in the top
two rows the actual age and metallicity values, based onaldight aperture, while in the bottom
two rows, gradients are shown, i.e., th&elience between the values based on the small and the large
aperture. The maps on the left side were calculated frormittieidual colour values, while those on
the right side are based on the colour values of the linear fitd CMR, as described in Section 5.2.
As labelled on the left side of each figure, we present thdtsebased on thg — r vs.i — zdiagrams
(first and third row), as well as based on the r vs.i — z diagrams (second and fourth row), for
comparison.

The dE(N)s seem to have higher ages and lower metallicitiesr iclose to, the central region of
the cluster. Part of this is caused by the CMR itself, esfigdia the metallicities (rightmost column
in the figures). Note that this anticorrelation of ages anthth@ties reflects the position of the CMR
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Ficure 6.19. Age and metallicity distribution of dE(N)s within the Virgo cluster. Same
as Figure 6.17, but based on ttenst-b100nodel.

in the colour-colour diagrams shown in Chapter 5, wherecblpy, the faint, lower-metallicity end of
the CMR reaches somewhat higher ages on the model trackghindnight end.

The dE(nN)s show a patchier age and metallicity substradten the dE(N)s. Due to the fact
that their CMR spans a rather narrow range in the colourwcalitagrams (see Figures 5.26 to 5.28
of Chapter 5), the ages and metallicities derived from theROMIues show a strong discretization,
and do not provide a very useful reference. This problem scewlue to our simple approach of
assigning ages and metallicities — when the colour rangered\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 canstruct artificial Monte-Carlo
realizations of age-metallicity distributions, in ordertést the significance of the substructure seen.
For this purpose, we first redistribute all colour residwdeut the CMR randomly among our galax-
ies. Since a galaxy’s colour is equal to the colour value ef@MR at the galaxy’s magnitude plus
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Ficure 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 ferggdaxy through the random distri-
bution of residuals. These new colours are assigned agemetadlicities, and corresponding maps
are constructed like above with the same 2-D binning.

The resulting artificial age and metallicity maps are presgin Figures 6.23 and 6.24 for the
dE(N)s and the dE(nN)s, each showing twelve realizationsgef maps (top two rows) and twelve
realizations of metallicity maps (bottom two rows), basedteexp-1model. From these figures it
can be deduced that most age and metallicity substructereisd-igures 6.17 to 6.22 (beyond that
imposed by the CMR itself) can be explained with statistiltadtuations only, indicating that any real
substructure is weaker, or, at best, equally strong thaseth®ince the use of larger 2-D bins did not
yield to more significant results for the colours themsel&sction 4), we do not attempt to repeat
this investigation here, because the derived ages andliwig&d obviously rely on the very same
colours.

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

left panel in Figures 6.17 to 6.19). Theffgrence to similar (but weaker) features in the artificial
age maps is less than 0.1 dex, which, nevertheless, would mé#ference of about 20% for the
actual value. Since we found a density dependence of the GMEhapter 5, we test whether this
could be responsible for the feature we see. In Figure 6.25slvow the age maps separately for
the low-density and high-density dE(N) subsample (dividethe median density of the dE(N)s; see
Chapter 5). Interestingly, the region of redder colourseapp in the maps of both subsamples. Now,
while this structure seems to be real and not caused by ramdoiations, we note that its size is
comparable to the bin size that we use. Since there are tiypRa — 50 dE(N)s within the bins
that are in focus here, we point out that a “real” feature @pinl principle, be caused by onkten
galaxies that have higher ages than the other ones (butdrcéisie requiring their ages to be even
more ditferent from the rest than if a systematitteet would be present for all galaxies in the region).
The maps for the full dE sample (not shown) are basically alioation of those of the dE(N)s
and the dE(nN)s. No additional significant substructureeensin them. As for age and metallicity
gradients, note that significance of substructure is evar whifficult to achieve, since the statistically
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Trunc. time  Metallicity Colour error Num. objects TruncNIR) Metallicity (CMR)

(from g-r)

(from u-r)

Gradients (g-r)

Gradients (u-r)

1 time since truncation of star formation / Gyr 6
-1.5 [Fe/H] -0.3
-3 A(truncation time / Gyr) 3
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0. colour error 0.07
]
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Ficure 6.22. Age and metallicity distribution of dE(nN)s within the Virg o cluster. Same
as Figure 6.20, but based on ttenst-b100nodel.

possible variations are, basically, stronger ¥ for them? Since the substructure seen for the
gradient maps is not stronger than that in the simulated agenetallicity maps, we consider it to be
not significant.

2 possible variations would not be that large when a cormidietween the inner and outer galaxy colours is assumed.
Taking this into account quantitatively would mean to lihk tandom distribution of colour residuals for the smallrape
to that done for the large aperture, by invoking some prpsori on the “allowed” range of colour gradients, thereby
making it somewhat “less random”. However, such an appreaniid hardly appear more reliable than straightforwardly
assuming a factor of/2.
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Ficure 6.23. Simulated age and metallicity distributions for dE(N)s. Shown are age maps
(top two rows) and metallicity maps (bottom two rows), eacle cesulting from a Monte-
Carlo simulation of randomly distributed colour residuat®ut the CMR, based on the- r
vs.i —zcolours measured within the half-light aperture, and orettpe Imodel. See text for
details on their construction. These simulated maps nebd tompared to those shown in
the two left panels of the top row of Figure 6.17, where theeaolour mapping is used for
ages and metallicities (see the scale bar below the figure).
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Ficure 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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Low density High density
Colour error Num. objects Age Colour error Num. objects
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9.6 log(age/yr)
\
0. colour error 0.07
]
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Ficure 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, usireekp-1model, but now consider-
ing the low and high-density subsamples separately (lefetpanels and right three panels,

respectively).
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7. SUMMARY AND DISCUSSION

We have analyzed the colours of our sample of 413 Virgo dludfes for the presence of sub-
structure within the cluster, i.e., for whether there aggares where most dEs ardfset from their
CMR towards one side. While we do observe such features fibr the dE(N)s and dE(nN)s, our
complementary simulations based on the colour scattereo€CtiR show that these features might
not be more than just statistical fluctuations. We have themstated our observed colours into ages
and metallicities, using the population synthesis code mizBal & Charlot (2003), and assigning
each galaxy the model point closest to it in colour spacee [fik the colours themselves, we find
substructure in the age and metallicity distribution of ti&N)s and dE(nN)s across the cluster.
Our Monte-Carlo construction of artificial age-metallcdistributions, based on the observed CMR
and scatter, shows that most substructure can be explajnethtiom distribution of colours, except
for a region slightly south-east from the cluster centeresghthe dE(N)s seem to have, on average,
somewhat older stellar populations than elsewhere.

While nothing special about this region of higher ages is $eahe velocity maps (Figure 6.3),
it coincides with the region of slightly larger axial ratio the dE(N)s described in Section 3 (top
right panel of Figure 6.2). A comparison of the distributiohX-ray emission in the Virgo cluster
(Figure 6.26, adopted from Schindler et al. 1999) with the stgucture of the dE(N)s (Figure 6.27)
shows that the region of higher ages coincides with a regi@tronger X-ray emission, indicating
a higher density of intracluster gas. Note that the contofigalaxy number density in Figure 6.26
are diterent from ours; therefore we show a cross in both figures rtteaks the same position,
which is supposed to be roughly the center of the region didrigage. The comparison with the
X-ray distribution might imply that dE(N)s were formed thugh, or at leastféected by, ram-pressure
stripping, which is stronger in regions of higher gas dgnsihd could thus leave an imprint in the
stellar populations of the stripped galaxies. Whether drting could also account for the slightly
larger axial ratios can hardly be answered, since, as not8ddation 3, it is not clear anyway whether
these are significant.

One caveat here is that, due to the motion of the galaxiesniitie cluster, a clear coincidence
of gas and stellar population properties should only be seerediately after the stripping process,
especially given that the region in question is not the elusénter. However, the dE(N)s are the dE
subclass with the oldest populations, and even incmunst-b100model (see Section 5.1), their star
formation would have been truncated 2 Gyr ago (for comparitiee cluster crossing time isl.7
Gyr; Boselli & Gavazzi 2006). Another caveat has alreadyntbr@entioned in the previous section:
due to the size of our 2-D bins, it might be that only a small bamof galaxies with high stellar
population ages is responsible for this apparent regionghf &ige, instead of a systematitest that
applies to most galaxies.

Let us briefly reiterate on the dependence of the CMR on detisit we found in Chapter 5.
There, we defined a “central subsample” of dE(N)s and of all (#cluding dE(bc)s), containing
galaxies within two degrees of the cluster center, and coetbiss CMR to that of the high-density
subsample. The fact that nofidirence was found was interpreted witldieect dependence of the
CMR on density, rather than on location (the latter in theseenf “center vs. outskirts”). However,
since we have now identified the region of higher ages, wisdatifset from the center, we can put
together an analogous subsample, including all galaxiggmiiwvo degrees of the positian= 1883,

6 = 1124 (marked by the cross in Figure 6.27), which is simply one@egouthward and one degree
eastward of our adopted cluster center. The resulting CMRyfei is shown in the third row of
Figure 6.28, which should be compared to Figure 5.20 in Grapt This time, we see indeed a
slightly flatter CMR of the dE(N)s for the region of higher agaevhich was not the case for the
central subsample. A similaffect, but also similarly small, is seeniir z (not shown). This seems

to relativize our former conclusion about the direct dgndépendence of the CMR to a certain extent.
However, we do not find a flatter CMR for ttiell dE sample, yet the density dependence was found
equally strongly for it, and with even higher significandeart for the dE(N)s alone. Furthermore, the
small diference between the CMR of the central subsample and thag ¢high-age subsample” is
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Ficure 6.26. Distribution of X-ray emission. Adopted from Schindler et al. (1999, their
Figure 1), but enhanced in contrast. The greyscale imagesstiee X-ray emission as ob-
served by the ROSAT All-Sky Survey. The white cross has béamally chosen to roughly

lie at the center of the region of higher ages shown in Figu2&.6The contours follow con-

stant galaxy number density — note that these contours &eratit from ours, which are

used in all other figures. See Schindler et al. (1999) for ndetails and references. The
figure was obtained from httfgarxiv.orge-prinfastro-pti9811464.

9.6 log(age/yr) 10.0

Ficure 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 wittettpe Imodel, for the full dE(N)
sample (left), the low-density subsample (middle), andHigi-density subsample (right).
The black cross in each panel has been visually chosen tdisolig at the center of the
region of higher ages; it is also shown in white in Figure G®6llow an easier comparison.

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

Given the amount of substructure that is present in the apatid kinematical distribution of
galaxies across the Virgo cluster (e.g., Binggeli et al.3199avazzi et al. 1999), is it surprising that
we find no other significant age or metallicity substructurat is comparable to, or even stronger
than, the one discussed above? To answer this questiors lhetve a look at how large the range of
artificial substructure is in the simulated age and metsllimaps. For example, in the simulations
for the dE(N)s in Figure 6.23, typical agdidirences between “bluer” and “redder” cluster regions of
reasonable galaxy density are of the order of 0.1 dex, quoreking to diferences of-20 to 309.
This would be equivalent to, e.g., an age range.0f-33.8 Gyr, 50 — 6.3 Gyr, or 100 — 126 Gyr.

30.1 dex translates into a factor of 1.26.
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Ficure 6.28. Colour-magnitude relations for different densities and positionsSimilar to
Figure 5.20 from Chapter 5, but now showing in the third roevdbbsample representing the
region of higher age, instead of the central subsample és¢éor details). CMRs are shown
for dE(N)s (left column) and for all dEs (right column, exdlng dE(bc)s), using—i colour
and the half-light aperture.

Typical metallicity diferences are of the order of 0.25 dex irefH]. Similar values are seen in the
simulations for the dE(nN)s and for the full dE sample. Bdté &age and metallicity fferences are
not overly large, but at the same time, they are not so smaildhe would need to be extremely
surprised about the homogeneity of the stellar populat@engss the cluster. Remember that, in order
to yield 2-D age bins that areféierent by~20 to 30% from the others, tteverageage of the galaxies
within each bin needs to be larger by that amount. Thus, if ¢falhe galaxies showed “normal”
ages, the other half would need to have higberer ages by 2 0.1 dex¥, or by a factor of 1.6.
Likewise, in the same example, the metallicities of thedaxies would need to be hightawer by
0.5 dex in [F¢H]. Given these considerations, it appears not too sungrifiat no further significant
substructure is seen.

The necessary “ingredients” for a search for substructatebour detection limits would obvi-
ously be a better photometric quality inandz, especially given the small colour range covered by
the models in — z. Even better would be near-infrared (NIR) photometry ofikinguality 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 cathien rely on one optical and one
NIR band, thereby spanning a range in colour values that chrfauger than the measurement errors.
A taste of the advantages of NIR photometry is given in thimfahg chapter.
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CHAPTER 7

T HE ADVANTAGES OF NEAR-INFRARED IMAGING

“l am too much in the sun’”
Hamlet

We present an analysis of 22 Virgo cluster early-type dwedE)(galaxies with
combined optical and near-infrared (H band) photometryichtallows us to deduce
ages and metallicities with much smaller uncertaintiesnttim optical colours
alone. Our sample comprises dEs of each of the subclasseediéfi Chapter 4.
9 dEs with disk features (dE(di)s), 5 dEs with blue centeE(l{d)s), 6 ordinary
dEs that are nucleated (dE(N)s), and 2 ordinary dEs that hawer only a weak
nucleus (dE(nN)s). All of these are among the brighter dE$ tlve faintest object
having m = 14"45. The majority of galaxies populate a rather narrow sequence
in the respective colour-colour diagrams, which we find todoasistent with a
curve of almost constant age that reaches from slightly isaber metallicities to
below[Fe/H] = —0.33. No systematic @ferences are found, within our rather small
sample, between ages and metallicities of dE(N)s and di(@i)e metallicity range
populated by the dE(bc)s is found to be similar to those obther dEs. This study
demonstrates the superiority of combined optiezdr-infrared photometry to purely
optical imaging data with regard to the determination of lnosity-weighted ages
and metallicities.

This study was done together with Eva K. Grebel and Bruno gefig
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1. INTRODUCTION

In the previous chapters, it became clear that it is not dridyffamous age-metallicity degeneracy
that prevents an unambiguous determination of luminosgighted ages and metallicities of our
early-type dwarfs (dEs), but in addition, the z colour range covered by the relevant models is very
small, leading to largeelative measurement uncertainties. For example, in our calculatfcerror
estimates for the age and metallicity assignment in Chdjtdre dominant colour uncertainty was
that ofi — zand not that ofi — r, even though the signal-to-noise ratigN$of our galaxies is several
times lower inuthan inz It would thus be ideal to extend the wavelength baselineiofred colour”
into the near-infrared (NIR).

A further advantage of the NIR is that it is largely insensitio the presence of young stellar
populations, and instead traces mainly the old ones. Tlusparisons between early-type and late-
type galaxies can be performed in a less biased way than wiitab photometry. Along these lines,
one of the first studies of dwarf galaxies with optical-NIRawos was that of Thuan (1985), who
compared the properties of a sample of field dwarf irreguldhss) to those of a sample of Virgo
cluster dEs. He found the dirrs and dEs to have “mutually usteeé” metallicity ranges, with the
metallicities of the dlrrs betweern/250th solar to one third solar, and those of the dEs between on
third solar to solar. The time since the last burst of stanfation 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 ofalgtitR colours can, for dEs, even be
seen as a valuable alternative to spectral analyses, $iadew surface brightnesses of the dwarfs
make it very time-expensive to obtain spectra dfisient SN. Nevertheless, we are not going to enter
deeper into the possiblities of NIR photometry in this clkapsince our working sample comprises
only 22 Virgo dEs for whictH band images of gficient quality are available — and these 22 should,
ideally, be split up into the respective dE subclasses ($e@t€r 4). Therefore, our intention here
simply is to reiterate on the stellar population propertiesur galaxies, using the much wider colour
space in which the theoretical model tracks can be placagstpe.g., our above conclusions about
the similarity of the stellar populations of dE(N)s and diig§d

2. Dara

In Chapter 4 we defined a sample of 413 Virgo cluster dEs tleatartain cluster members and
for which optical photometry from the Sloan Digital Sky SeywData Release 5 (Adelman-McCarthy
et al. 2007) is available. Our photometric measurementsl@seribed and presented in Chapter 5.
For 22 of these dEs, near-infrared (NIR) images in théand are available from the EREX-ECF
Science Archive facility, taken with ESO NTTSOFI in the nights of March 26th and 27th, 2000
under programme 1D 64.N-0288 (P.l.: A. Boselli). With a piseale of 029 and a detector size
of 1024x1024 pixels, SOFI has a field-of-view €8 x 5. The seeing was reported to be mostly
sub-arcsecond. See Gavazzi et al. (2001) for further dedaithe data.

While reduced images are available from the GOLDMine dateb@avazzi et al. 2003), they
apparently stier from variations in the background level and from so-cadjeost images (Figure 7.1,
left panel). These are residuals of the process of combithieglithered individual exposures, sug-
gesting that probably, galaxies (including the target)eanmst or not fully masked in the calculation
of the background level. While photometric measurementh®fjalaxy shown in the figure might
still not be too much fiected by the surrounding ghost images, the problem is thatoneot know
whether a ghost image “sits” underneath the galaxy itseH.thérefore decided to perform our own

1 vccoo21, vCC0033, VCCO0170, VCCO0216, VCC0227, VCC0308, \@87, VCC0750, VCC 0856,
VCC 0951, VCC 1036, VCC 1183, VCC1392, VCC 1491, VCC 1514, B8, VCC 1549, VCC 1684, VCC 1695,
VCC 1895, VCC 2042, VCC 2050.

2 httpy/archive.eso.org

3 httpy/goldmine.mib.infn.it
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Ficure 7.1. Data reduction improvement. Shown is the reducedd band image of
VCC 0021 as obtained from the GOLDMine database (left), alt agefrom our own re-
duction (right). Scale and intensity mapping are the sambdth images.

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

2.1. Reduction

Without going into too much detail about NIR data reductioe, briefly describe the most im-
portant issues. The main concept of NIR observing and sulesg@lata reduction is that the images
themselves can be used for determining and subtractingkthbackground. This is achieved as
follows: from one exposure to the next, the target galaxyflised to a diferent position on the de-
tector, thus ideally leaving blank sky where the galaxy hadrba moment before, and vice versa.
This process of performing repeatefiisets within the detector area is known as “dithering”. Let us
assume for simplicity that the target galaxy, as well as thikoobjects in the field-of-view, occupy
each position only once during the process. Then, by simggiam-stackintjall images (without
aligning them!), one would obtain a background image théteis of any source. This background
image could then be subtracted from the individual imaged,they could be aligned and stacked
to form the final reduced image. However, this final image waabk similar to, or worse than, the
image in the left panel of Figure 7.1, i.e., it would be full“ghost images”. The reason for this is
the following: even the median, which is known to be morelst#iftan the mean, islected to some
extent by “outliers”, i.e., by pixel values that are far abdkie actual background value — and such
a situation obviously occurs when the target or some otharcedchappens to fall on the pixel. If, in
the process of stacking images, a given pixel would be oeclipy a star or a galaxy in one or more
images, these should be excluded from the calculation ofrtbéian, since the goal is to obtain a
close-to-accurate estimate of the background flux. If thosges would not be excluded, the median
value would end up to be “one step higher” in the sequence xfsituted pixel values, thus leading
to a larger pixel value in the final image of the sky backgrounhen this background image is then
subtracted from the individual images, a somewhat too laaee is subtracted at the pixel that we
just discussed, leading to a slightly negative value thesg,to a ghost image. Note, again, that the
main problem are not the ghost images next to the targetigalebut those that are beneath them!

The solution to this problem is to mask the target, as wellrgsodher disturbing source, before
the median-stacking is done. “Masking” here means that ékpactive pixels are excluded from
the calculation of the median. This might sound simple, bbears two main diiculties. The first
one is that, depending on the number of individual expostaksn, on the number of disturbing
foreground or background objects, and on the size and thierpatf the dithering fisets, there

4 With this, we mean that the value of a given pixel in the finahgra 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 asmainy source. This can lead to a
rather noisy background image, on which one can possibly diginguish by eye the regions with
different numbers of unmasked pixels that contributed to theis groblem can be overcome to a
large degree with thinking carefully about the best dithgrstrategy before doing the observations.
If it is too late for that, interpolation across the smallees of the disturbing sources heélpdone
either on the individual images or on the final image. The sddatificulty is that many objects are
too weak to be seen in the individual images — thus being neketh— but they eventually appear
in the final, co-added image. This is a crucial point for gedsyof low surface brightness, since it
applies to their outskirts, too. Imagine the center of a dgataxy would be properly masked in the
calculation of the background, but its outskirts would netrbasked, since they are not seen in the
individual images. The resulting background image woulgthave the “correct” pixel values at the
position of the galaxy center, but would have too large vahtehe position of the galaxy’s outskirts.
Consequently, too much sky background would be subtracieithé outer parts of the galaxy, which
can lead to artificial colour gradients when this image igliseneasure colours. The solution to this
problem is an iterative procedure: the first object masksagated from the individual images, and
are used to calculate a first background image, which is thbtracted from the individual images.
These are aligned and stacked, thus leading to the first ‘ifimade”, which most likely still sfiers
from ghost images. This image is now used to construct inrgat@bject masks that, e.g., cover faint
galaxy outskirts better, and the next iteration is perfatnteading to an improved “final image” with
no or weaker ghosts. This can be repeated a few times, unghost images are left in the final
image. The result of this reduction procedure, which wegraréd mainly with variou$RAF® tasks
(Tody 1993), is shown in the right panel of Figure 7.1: no glwsges are left over, and moreover,
the flux distribution in the direct vicinity of the target galy is much more homogeneous than before.

2.2. Calibration and alignment

Flux calibration of the final images was done based on thelatdrstars provided, with literature
magnitudes taken from Persson et al. (1998). The imagesowenected for Galactic extinction using
the values of Schlegel et al. (1998). They were then demagriidi match the pixel scale of the SDSS
images, usingdRAF/magnifywith spline interpolation and conservation of total flux.cBad band
image was then registered to the corresponding combinegeritam three SDSS bandg, (, and
i; see, e.g., Chapter 2), usitigAF/xregister The images were not aligned, but the resulting linear
offset was simply added to the central coordinates of our ajsrtised for the photometry. Moreover,
the objects masks that we had constructed for the opticalesiésee Figure 5.1 of Chapter 5) were
shifted accordingly, to mask the same objects inkhband images. Note that a certain degree of
rotational misalignment between the optical and NIR imagesresent for some of our galaxies.
However, we find the amount of rotation to b&° at most. We have investigated thifeet in a
preparational study, based on the reduced images providéwli>OLDMine database, and found it
to yield flux uncertainties below one percent, and typicaéjow the flux uncertainty caused by noise.
We thus decided to not correct for thifext, in order to avoid any further nonlinear interpolatidn o
pixel fluxes.

Furthermore, we had initially intended to degrade the gpefthe demagnifieth band images to
that of the corresponding SD$%and images. However, a test run with a simple Gaussian &envo
tion led to strongly correlated noise in the images, whiclttiy we preferred to use the unconvolved
images. We expect seeinffects to be negligible for our study, for the following reasolm addition
to masking disturbing foreground stars or background abjebe nuclei, if present, are masked as
well (see Chapter 4). The surface brightness distributfoouo dEs is smooth and regular, and even
for the object with the smallest half-light radius of our gdej the smallest aperture used by us still
has a semimajor axis of 11 pixels (and is almost circular)t demnparison, the largest seeing full

5 Sometimes, a good deal of luck is needed, too.
6 |RAF is distributed by the National Optical Astronomy Obsspries, which are operated by the Association of
Universities for Research in Astronomy, Inc., under coapee agreement with the National Science Foundation.
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width at half maximum (FWHM) of thé band image point spread function that we measured among
our 22 dEs is 3.3 pixels. Seeing estimates were obtained fying IRAF/imexamto stars in the
images. The median ratio of the seeing FWHM of itsand and the demagnifiddl band images is
1.5. These considerations show that seeiffii@inces should noffact our colour measurements.

As in the previous chapters, for each galaxy the flux was mmedswithin three elliptical aper-
tures:a < 0.5a,, (“small aperture”),a < an, (“intermediate aperture” or half-light aperture), and
a < 2apr (“large aperture”)an, is the half-light semimajor axis in(see Chapter 4). Errors were es-
timated, as described in Chapter 5, from quadraticallyragithie uncertainty caused by noise /S
uncertainty”), the uncertainy in the determination of ttkg background (“sky level uncertainty”,
taken to be 0.3% of the noise level), and the flux calibratioceutainty. The latter is assumed to be
0102, which corresponds to the RMS scatter about the lineaf fiiteorelation between standard star
flux and airmass.

3. ANALYSIS

With the optical photometry from Chapter 5 and the NIR phattmnat hand, we can now con-
struct an optical-NIR colour-colour diagram, in which warquare our measured colours to those
predicted by population synthesis models. For the latteruge the éxp-I model from Chapter 5,
which describes an exponentially decaying burst of stan&tion with a decay time af = 1 Gyr. It
was constructed for various metallicities, using the pafioih synthesis code from Bruzual & Charlot
(2003), with “Padova 1994" isochrones (Bertelli et al. 1 Chabrier initial mass function (IMF;
Chabrier 2003), and the Bruzual & Charlot high resolutioesfilwhich rely on the STELIB spectral
library in the wavelength range 3209500 A and on the BaSeL 3.1 spectral library outside thiseang
(see Bruzual & Charlot 2003, and references therein). Thesponding model tracks — curves of
constant metallicity — are compared to our data in Figurds€d@.7.4, usingu—r org—r as “blue
colour” andi — H as “red colour”. Figure 7.2 shows the colours measured withe small aperture,
Figure 7.3 is for the intermediate (half-light) aperturadaigure 7.4 for the large aperture. Even
though our sample is rather small, we subdivide it into thféedent dE subclasses (Chapter 4), in
order to avoid mixing galaxies with potentiallyftérent stellar populations. Our choicewf r vs.

i —H andg - r vs.i — H diagrams is based on the various diagrams shown in Figurevhite the
differences betweem—r vs.i — H (second row)u —r vs.z— H (third row), andu—ivs.z- H
(bottom row) are small, our data points seem to show the wastdistribution inu—r vs.i — H. As

in Chapters 5 and 6, we preseptr colour in addition tau—r for comparison — measurement errors
are considerably smaller ip— r, but at the same time, the relevant colour range is narroivee
comparison of the optical-NIR diagrams with the purely cgitone (top row of Figure 7.5) illustrates
the big advantage of using NIR photometry when trying to uheiiee ages and metallicities.

The first thing to note is that the metallicities are rathegdéaas compared to our results from
Chapter 5, even when allowing for the fact that the 22 dEsidensd here are among the brightest of
our full sample. Indeed, one can see in Figure 7.5 that the sita points lie at lower metallicities
in the optical-optical diagram than in the optical-NIR di@ms. A comparison of our data reduction
with the one provided by Gavazzi et al. (2003) — even thougleavsider the latter to be not optimal
(see Section 2) — yields a similar range of resulting opfidd& colour values. We are thus confident
that no systematicftset has been introduced in our reduction and calibrationgs® However, a
systematic dference is present in the models: as stated above, they ralyeofhigh-resolution)
STELIB spectral library in the wavelength range 3208500 A, but for NIR colours, they are based
on the (lower-resolution) BaSeL 3.1 library. We thus inélddan additional model track in the left
panels of Figure 7.5 (red) that corresponds toZhe 0.008 track, but was calculated only with the
BaSeL 3.1 library over the full wavelength range. Indeedréhs a rather largefiset between the
two Z = 0.008 tracks in —z colour. Unfortunately, theféset goes into the “wrong” direction, i.e., the
metallicity of our galaxies would now be even lower than befdn any case, this comparison shows
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Ficure 7.2. Stellar population characteristics. Shown are theoretical galaxy colours along
Bruzual & Charlot model tracks of constant metallicity, redypfrom 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 timeref 1 Gyr. Each model track is marked
at ages of 3, 4.5, 7.5, 10.5, and 13.5 Gyr (upper end of tradtd.colours of our sample of
22 dEs, measured within the small aperture, are shown agpisifor 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 modeldiggns — it thus appears wise to stick
to relative statements about ages and metallicities, instead of quabsolute values.

We now come back to Figures 7.2 to 7.4. Nfeliences between dE(N)s and dE(di)s are seen,
confirming that they have similar stellar populations. Reartnore, the dE(bc)s populate practically
the same range in- H colour, implying that their metallicities are similar taoe of the dE(N)s and
dE(di)s. Thus, our conclusion from Chapter 3 that, aftesasn of star formation and some time
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Ficure 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 ordinarg,dan now be extended: not only their
optical appearance will become indistinguishable fromattier dEs, but also their stellar population
characteristics (however, we still need to keep in mind ooalssample sizes). This assumes, of
course, that the stars that will still be formed in the dEgheduld not contribute a significant amount
to the total final stellar mass, which seems reasonable gizariheir gas reservoirs are rather small,
and that the current young population makes up only a fewepear less of the mass (Chapter 3).

For both the small and the intermediate aperture, the ntajofidata points forms a narrow
sequence i —r vs.i — H, almost along points of constant age, but with a trend tosvgiainger
ages at lower metallicities. The latter is more pronounced + r vs.i — H, where the scatter is
also slightly larger. For the large aperture measuremémggyalaxies are distributedftiirently than
for the smaller apertures; this is clearly seemuiar vs.i — H, and also to some extent gi— r vs.
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Ficure 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 identifieche-averall location of points is
very similar for all apertures.

Can the sequence in colour-colour space be explained wétitdlour-magnitude relation? In
Figure 7.6, we plot magnitude against- H colour (upper panel), excluding the dE(bc)s. While this
rather small number of points appears to be following a CMiIR,dcatter is larger than one might
expect from the former diagrams. To see where the brightérfa@inter galaxies lie with respect to
the model tracks, we show those dEs with< 1470 as red symbols, while the other ones are shown
as blue symbols. Their location in the colour-colour diagia given in the lower panel of the figure.
It seems as if only the brighter galaxies were responsibi¢hi® sequence seen, while the scatter of
the fainter galaxies is comparable to the scatter of the Klyekefined) CMR. However, we point out
that the two subsamples consist of only 8 and 9 data poirgsepting any robust conclusions.
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Ficure 7.5. Disentangling age and metallicity.Purely optical colour-colour diagrams (top
row) are compared to various optical-NIR diagrams. Symbmdsthe same as in Figure 7.2;
colours are measured within the half-light aperture. Rloges are chosen to roughly cover
the same age and metallicity ranges in each diagram. Thhdefl diagrams include an ad-
ditional model track foZ = 0.008 (red) that uses only the Bruzual & Charlot low resolution
files, which are based on the BaSeL 3.1 library over the fullelength range. All other
tracks rely on the STELIB spectral library in the wavelengthge 3206- 9500 A and on the
BaSelL 3.1 spectral library outside this range. If both litesiwould yield the same model
colours, this track should be indistinguishable from thecklZ = 0.008 track.

181
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Ficure 7.6. Colour-magnitude relation I. Top panel: rmagnitude vsi — H colour for the
dEs of our sample, excluding dE(bc)s. Red symbols mark tbjgighter tham, = 14™,
blue symbols stand for fainter objecBottom panel: 4-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 pointkiqoerhaps be explained with a
correlation between age and metallicity, like what was tbimChapter 5 for optical colours: if a dE
is bluer inu-r (i.e., younger) than the CMR at its magnitude, then it is, ostitases, also bluerirz
(i.e., less metal rich). We test the presence or absencecbfasaorrelation in Figure 7.7, where we
show the CMRs of the full dE sample for various colours. Otgjéimm our working sample that fall
on the blue side of the CMR —r are shown with blue symbols, while objects falling on thesiek
are shown with red symbols. These symbol colours are kepk jpanels of the figure. A correlation
is seen for all optical colours, and also to some extent-rH. It thus seems that this correlation
could be responsible for the rather tight distribution @ thajority of data points. However, reliable
conclusions need to await the analysis of larger dE samptésNAR photometry.

4. SUMMARY AND DISCUSSION

We have presented an analysis of the optical and nearedfremlours of 22 Virgo cluster dEs,
based on SDSS data as well as on ESO archival images. Theitsnafogalaxies populate a rather
narrow sequence in the—r vs.i — H andg —r vs.i — H diagrams. Based on our population
synthesis model (Bruzual & Charlot 2003) for an exponelgtidécaying burst of star formation, this
sequence is similar to a curve of almost constant age. Thallioities of the majority of the (rather
bright) dEs in our working sample range from slightly aboeasto below the track foZ = 0.008
([Fe/H] = —-0.33); their ages lie betweerd and~6 Gyr. These values agree with the Lick index
study of Geha et al. (2003), who analyzed 17 (also rathehbrigEs, and found a mean age of 5
Gyr and a mean metallicity oHe/H] = —0.3. While we have seen in the previous section that these
absolute values depend to some extent on the ingredientse ggdpulation synthesis models, like
the stellar libraries they are based on, the models used by €al. are dierent from ours, thus
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Ficure 7.7. Colour-magnitude relation Il. The four left panels show the optical colour-
maghnitude relations of our full sample of Virgo cluster dEzdluding dE(bc)s) from Chap-
ter 5 (Figure 5.11), based on the half-light aperture. Tgbetmost panel shows the colour-
magnitude relation using— H, as in Figure 7.6. Blue symbols mark those galaxies of our
NIR sample that fall on the blue side of the CMRuUr-r, red symbols mark objects that fall
on the red side.

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

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

DISCUSSION: NATURE OR NURTURE?

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

Simon & Garfunkel

In Chapters 2 to 4, we have established a subdivision of theais into those with and without
disk features, those with and without a nucleus, and intghber and fainter ones. We showed that
significant diterences between the shapes and distributions of theseassslexist, which define a
morphology-density relation, in the sense that the roudésrare preferentially located in regions of
significantly higher density than the flatter ones. In Chateve then found that the bright dE(nN)s
and dE(N)s have significantly féierent colours, and that the dE(di)s also slightlyfeti from the
dE(N)s. Consequently, we could term these results a “mdoglgedensity-colour relation”. How-
ever, it is not the case that the flattest galaxies (the d§)(&ve the bluest colours: they are only
slightly bluer inu — r than the roundest dEs (the dE(N)s), while the thick-dikk-loright dE(nN)s
are bluer than both of the former, indicating younger meagsagsiven this diversity of subclass
properties, it seems rather unlikely that a single fornmagicocess could account for all dEs. Still, we
believe it is instructive to seek for a minimization of themer of formation scenarios required to in-
terpret the dES’ properties, thereby trying to answer trestian of how many dierent dE formation
mechanisms there asat least

Instead of proceeding with an attempt to assign a formati@mario to each dE subclass, let
us tackle the above question in d&fdrent way, namely by first minimizing the number of actual
subclasses. For example, how confident are we that the dEldipot belong to the dE(N)s in some
way or the other? The distribution of intrinsic shapes oftitighter dE(N)s, as deduced in Chapter 4,
is rather broad and includes a significant number of flat ¢®jewen down to axial ratios of below 0.3.
Most of the range of intrinsic axial ratios of the dE(di)shsi$ covered by the range of values of the
dE(N)s, and after all, 73% of the dE(di)s are nucleated. ®/hikir colours are somewhatf@irent
from the full sample of dE(N)s, the flierence is not anymore significant when compared only to
the low-density dE(N)s, which have the same median densitth@ dE(di)s (Chapter 5). If disk
substructure, like spiral arms or bars, could only occuhénftattest dEs, due to, e.g., the kinematical
configuration of these objects, we would have automaticalgcted only intrinsically flat galaxies in
our search for disk features (Chapter 2), and would obwolale found their flattening distribution
to be consistent with disk galaxies. The fact that these showentral clustering could then be
explained, for example, by the much stronger tidal heatiadja galaxy experiences in denser regions
of the cluster, leading to an earlier destruction of diskudess (cf. Mastropietro et al. 2005). Similarly,
if dE(N)s and dE(di)s originated from a morphological tr@nsiation of infalling late-type spirals
through galaxy harassment (Moore et al. 1996), one couldimeahat the amount of transformation
depended on how close the encounters with massive galagiesthat led to it — and the probability
for close(r) encounters is obviously higher in the clustemter, leading to rounder objects without
disk features. Note, though, that we do not see a significanélation between apparent shape and
densitywithin the dE(N)s — which, on the other hand, would be veffficlilt to discover, given that
both shape and position within the cluster are seen in grojec

185
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Why are there almost no fainter dE(di)s? While we found in @@a2 that we most likely
missed a significant amount of dE(di)s at fainter magnitudies to our detection limits, we also
argued that the true number fractisrdecreasing when going to fainter objects. As a simple plessib
explanation, we suggest that disk substructure might Iselilesly to occur in less massive galaxies,
possibly connected to the presence of a certain amountatfaoal velocity.

The nuclei in the dE(di)s and dE(N)s could either be the simginuclei of the progenitor galax-
ies, or they could have formed through central star fornmafrom gas that was funneled to the
center in the transformation process (cf. Chapter 3). Itheeihappened, a non-nucleated dE(di)
could emerge. While these considerations unavoidablydtech certain amount of speculation, they
demonstrate that dE(di)s and dE(N)s could, in principleef@rmed through the same formation
process, keeping our counter of necessary dE formation amésshs at 1 for the moment.

Let us now turn to the dE(nN)s. At least for the bright subsi@mpeir colours dter significantly
from those of the dE(N)s: they are clearly bluenir r andi — z, probably indicating younger ages
than those of the dE(N)s. This still holds true even when tffergnt density distributions of dE(nN)s
and dE(N)s are accounted for (Chapter 5). The colours ofaim: dE(nN)s are still somewhat bluer
in u—r as compared to the faint dE(N)s, but their CMRs approach et at these magnitudes.
What could be the origin of the dE(nN)s? In Chapter 4, we nolied the faint dE(nN)s show a
flattening distribution similar to that of the dwarf irregu$ (dirrs) given by Binggeli & Popescu
(1995), and might thus have formed out of them through ra@sgarre stripping or a similar process.
Let us explore this possibility in somewhat more detail ndwar 61 of the 70 dirrs that are listed
in the VCC and are certain cluster members, axial ratio edémare provided by the VCC (column
“log(Rest)”). Thereby, we excluded galaxies with a “?” in the classifion, or with uncertain type
(e.g., “Im/ dE”"). While for the dE(nN)s, we could use our own axial ratieaaurements, we aim
at performing a valid comparison with the dlirrs, which woulot be guaranteed when using axial
ratios from two diferent datasets and methods. Instead, we use the valuedqgudw the VCC
for 148 of our 149 dE(nN)s. For our bright dE(nN)s, the mediaial ratio is 0.51, while it is 0.71
for the faint dE(nN)s. A Student’s t-test yields a probapibf 0.0% for the two subsamples having
the same mean value, similiar to what we found in Chapter 4.t dirrs, we did not perform
any photometric measurements, and thus do not hamagnitudes available for a subdivision into
bright and faint ones. Instead, we subdivide the dirrs &t thedianB magnitude (provided by the
VCC), mg = 18M40. The brighter dlrrs have a median axial ratio of 0.54, wilile value for the
fainter ones is 0.63. A t-test yields a probability of 4.9% flee same mean value. If we separate
the brighter and fainter dirr subsamples more clearly, weatfuiring mg < 16"40 — 050 for the
bright andmg > 16140 + 0"50 for the faint subsample, the median axial ratios are Orfe¥(a68,
respectively, with a t-test probability of only 0.5%. Thesdues, and the flierence itself between the
bright and faint dirrs, are very similar to our results foe thE(nN)s, and imply that both the bright
and faint dE(nN)s could indeed be stripped dlrrs.

In Figure 8.1, we compare tH& magnitudes of dirrs and dE(nN)s, in order to see whether the
above scenario would be reasonable. It seems that with @rc@mmount of fading after the end of
star formation (which is reasonable and necessary to adstimeedirrs could at least qualitatively
account for the dE(nN)s. However, the transformation ofsdimto dEs or dSphs faces some com-
monly discussed problems: th&set in metallicity is too large, even when comparing onlysitdlar
populations (Thuan 1985; Richer et al. 1998; Grebel et &320and the dirrs were estimated to fade
too strongly after cessation of star formation (Bothun efl@B6). The latter argument is illustrated
by a comparison of the images of three of the brightest dEraNyl three of the brightest dirrs of the
Virgo cluster in Figure 8.2: while one of these dE(nN)s setotie similar in surface brightness to the
dirrs (but was actually classified as being peculiar), théase brightness of the other two dE(nN)s
is significantly higher. Allowing for some fading after thedeof star formation in the dlirrs, it is clear
that the surface brightnesses of the dlirrs would still haveet 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 ofptislluced star formation in dlrrs
(Davies & Phillipps 1988), in which the initially lower méiiaity and surface brightness of a dlrr
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Ficure 8.1. Irregulars vs. dE(nNN)s |. The shaded grey histogram shows the distributioB of
magnitudes (as given by the VCC) for the 61 dlrrs of the VC@gsified as “Im”, including
objects with a small uncertainty) that are certain clustemiers and haveig < 1870 (the
same magnitude selection is used throughout our studids).black histogram shows the
distribution of our sample of dE(nN)s. The left panel congsanumber fractions, while the
right panel uses absolute numbers.

Ficure 8.2. Irregulars vs. dE(nN)s Il. SDSS images, constructed by co-addingghe and
i bands, for three of the brightest dE(nN)s (top row: VCC 1528C 0543, VCC 1890) and
three of the brightest dirrs (bottom row: VCC 1114, VCC 1486C 1200), based on VCC
B magnitudes. All images are shown with the same scale, ainsnad intensity mapping.

are increased by several bursts of star formation, durinigiwifie galaxy appears as blue compact
dwarf (BCD). After the last BCD phase it fades to become a dlBetver or not this scenario is
viable would require a comparison of the metallicities ofm#¥)s, dirrs, and BCDs, e.g. with optical
and near-infrared photometry (also see Chapter 7). An itapbistep in this direction were the
recent studies of Vaduvescu & McCall (2005) and Vaduvescal.ef2006), who found BCDs to
fall on the “fundamental plane of dirrs”, i.e., on a relativeéight relation between near-infrared
(K band) absolute magnitude, central surface brightnessHdrthe width. Vaduvescu & McCall
(2005) showed that dEs follow the same relation when H | lifgtinis substituted by stellar velocity
dispersion, supporting the idea of an evolutionary retebietween these types of galaxies.

From our optical colours, it seems that the dE(nN)s mighetsmmewhat lower metallicities than
the dE(N)s (though not necessarily in the inner regions Ssetion 12), which could, in our above
picture, be reflecting the fact that the dE(N)s originatenflate-type spirals, while the dE(nN)s are
formed from dirrs. Both the dE(N)s and dE(nN)s show, on ayeran internal colour gradient,
which is likely to be a gradient of decreasing metallicitythwradius. At least for the dE(nN)s,
it seems that the stellar populations typically also areesghat younger in the center than in the
outer regions. This could be explained with the last stamédion occuring in the galaxy centers,
which probably happens for both tidally induced star foiora{Davies & Phillipps 1988) and galaxy
harassment (Moore et al. 1998). Therefore, the dE(bc)s -haflw7 out of 17 are nucleated and 4
display disk features — might not evolve into just one dE &ads; but might be a stage through which
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every (proto-)dE goes. After all, it would seem hardly sigipg if the last stages of star formation

in a dE always occured in the center, independent of a piatiéormation scenario. A somewhat

similar argument has been made by van Zee et al. 2004b, wéssstt the inevitably gas-rich and
star-forming nature of a dE progenitor. Note also that wenébthe metallicity of the dE(bc)s to be

similar to that of the other dE subclasses. One caveat ramidough: the flattening distribution of

the dE(bc)s suggests thick-disk-like shapes, similardedtof the bright dE(nN)s. On the other hand,
if we considered the nucleated and non-nucleated dE(bpgsately, their sample sizes would be too
small to draw reliable conclusions on their intrinsic shgape

We thus set our counter of necessary dE formation mechanesthghe faint and bright dE(nN)s
could have formed through one and the same mechanism, hiefolE(N)s and dE(di)s, the signifi-
cantly diferent colours imply an other mechanism. The dE(bc)s migitesent a common stage of
dE formation.

Which other “combinations” of dE subclasses would seemiplesin our above discussion, we
started by considering theftkrences in shape between the subclasses. Alternativetguwiestart by
considering the presence or absence of a nucleus. If nuideaation would preferentially occur in
the central cluster regions, like Oh & Lin (2000) predictedriucleus formation through coalescence
of globular clusters, this could explain theffdrent clustering properties of dE(N)s and dE(nN)s
without requiring them to be fferent dE types per se. However, why should the bright dE(tiN)s
be flatter than the dE(N)s, and have significantijestent colours? Moreover, why should bright and
faint dE(nN)s have significantly fierent shapes, while bright and faint dE(N)s do not? Obwiglts|
would be important to gain a better understanding of nudetraation, which currently is an active
field of research (see, e.g., Grant et al. 2005; Coté ebab;2NVehner & Harris 2006) and will likely
be better understood in the near future. For the time behggperspective discussed here does not
lead to an explanation of dE formation with less than twifedlent mechanisms.

We finally perform another attempt of “formation scenariommization”, this time starting with
colours and stellar population properties. Since the digrf¢em to have younger ages than the
dE(N)s, and are a much less relaxed population of galaxies nuight conjecture that they simply
formed more recently, while the dE(N)s themselves are dlaed thus, their stellar populations are
older, too). The flatter shapes of the bright dE(nN)s couksfiily be explained by the fact that they
still need to experience several (further) encounters midissive galaxies, which will lead to further
morphological transformation until they reach the shapethe dE(N)s. Also, note that dE(N)s
are far from being spherical, but are mainly consistent wittate E4-shapes (Chapter 4). This
scenario would require rather short relaxation timescatetay’s dE(nN)s would need to be centrally
clustered like the dE(N)s in a few gigayears from now, siheeis the order of magnitude of their age
difference. However, Conselice et al. (2001) derived a two-beldxation time for the Virgo dEs of
much more than a Hubble time. Even violent relaxation, wipigdbably only applies for the case of
infalling or merging groups, would take at least a few clustessing times, with to; ~ 1.7 Gyr for
Virgo (Boselli & Gavazzi 2006). Despite these timescalesus assume for the moment that dE(nN)s
and dE(N)s indeed form an evolutionary sequence as outabesle, and that some mechanism for
nucleus formation in the dE(nN)s’ near future could be foasdwvell. But how do we explain the
dE(di)s in this picture? If they also belonged to the samegapopulation, how come that they are
still flatter than the dE(nN)s, but already have colours ksinio the dE(N)s, and how come that most
of them already have nuclei? Obviously, also from this pectpe, we need at least twofkdirent
formation scenarios for the dE subclasses. We thus contiydepeating the statement of van Zee
et al. (2004b), “we caution against single-channel evoh#ry scenarios.” Early-type dwarfs are not
a homogeneous class of objects, and we strongly recommesapswately analyze the properties of
dEs belonging to dierent subclasses in any future study of dEs.

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

While the dE(N)s are not quite as strongly clustered as thar&¢see Chapter 4 and Conselice
et al. 2001), maybe this could be explained with the muclhelangass of the Es, whose kinematics
are more “stable” to tidal encounters. It is perhaps mousnilhating here to compare the colours of
dE(N)s and Es. Based on SDSS data, Bernardi et al. (2003)edeslope of the CMR iig — r of
—0.025+ 0.003, equal to our value for the dE(N)s when using the halftlmperture. Our zeropoint
is 0.996, and when we adopt— M = 3170, the zeropoint of Bernardi et al. is 0.993, i.e., basically
equal. While the same slope is found also by Chang et al. {40@6 analysis of Es with SDSS data,
their zeropoint is redder by 0.069. We refer to the discussiBernardi et al. (2003) about how slope
and zeropoint depend on the aperture and the way in whiclukolre measured — unfortunately,
the colour values were obtained in dfdrent way in these studies and in our study. Nevertheless,
it seems that dE(N)s and Es might follow the same CMR. HowalierCMR of the dE(N)s shows
a dependence on local density. In other words, the stellpulptions of the dE(N)s are (slightly,
but significantly) diferent in cluster regions of fierent density. How could this be explained if the
stellar populations had already fully formed before thegreentered the cluster? One possibility
could be that, in the framework of hierarchical structurarfation, denser groups form in denser
regions of the Universe, merge earlier, and consequendyuprin the central, dense regions of the
cluster that we see today. However, we argued in ChaptertihaCMR is not simply dterent
in the central cluster regions, but it probably dependsctlireon local density. A quarter of the
galaxies in the high-density dE(N) subsamplerastlocated in the cluster center, yet share the same
CMR. How did their diferent progenitor groups “know of each other”, also givert tha CMRs of
the high and low-density subsamples are both fairly narrod lzave a similar RMS scatter? Note
that these counter-arguments do not only apply to actuaigrdial formation, but also generally to
preprocessing of dEs in groups that later end up in the cluSthile we cannot fully exclude the
scenario that most or all dE(N)s formed in groups, the abowsiderations suggest that dE(N)s, as
well as the dE(nN)s, probably formed within the cluster pttd, thus favouring mechanisms that
invoke the infall and transformation of late-type galaxiéd/e recall here the statement of Conselice
et al. (2001), who pointed out that the number of Virgo clusies is more than a factor of 3 larger
than what would be expected from just adding groups to thetelusupporting our “nurture” view.

Nevertheless, nature obviously sets some rules for themeuof the dEs: their colours seem to be
mainly determined by the CMR and its relation with density verethough we found a region with
somewhat higher ages of dE(N)s as the only significant agstrsidture in the dynamically young
Virgo cluster. Furthermore, the colour residuals aboutGMR are clearly not just random scatter: a
dE(N) that is bluer iru —r, i.e., younger, than average, is in most cases also bluer iy i.e., less
metal rich. At least fou —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 th# ko the variety of possible nurture-
processes. We therefore decided to answer the title guestibh a confident

“Nurture within nature!”
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CHAPTER 9

SUMMARY

“I'm just trying to matter”
June Carter

In order to provide a concise overview of our main conclusiadithout just repeating the individual
summary of each chapter, we decided to highlight again tfigaees that we believe to contain the
most important results of our research.

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

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

Figure 4.2: Several dE subclasses exist that havtedent shapes andftirent distributions
within the cluster, defining a morphology-density relatiithin the dE class.

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

Figure 5.29: While the shape and distribution of the dE(di)s are much rlikeethose of the
bright dE(nN)s than like those of the dE(N)s, their stellapplations are similar to those of
the dE(N)s, which in turn are significantlyffirent from those of the dE(nN)s.

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

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

Even though we speculated in the previous chapter aboutbm®s/olutionary links between
certain subclasses, the bottom line of our study is thatHseaglenota homogeneous class of galaxies,
and camot be explained with just a single formation mechanism.
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