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We have studied the stellar population properties of a sample of early-type dwarf galaxies (dEs)
in Virgo cluster. We derived the simple stellar population (SSP) parameters age and metallicity
using the method of Lick indices.

We found that not all dEs exhibit the same stellar population properties. The dEs with disc
features are relatively younger and more metal enhanced than dEs without disc. We also found
the nuclei of dEs have smaller ages and higher metal content than the respective galactic main
bodies. Comparing the SSP parameters at the same local density, where the Ultra Compact
Dwarf galaxies (UCDs) are located, we do not find any difference in the stellar population
properties of dEs nuclei and UCDs.

We confirmed that the metallicity correlate with the galaxies luminosity in all classes of early-
type galaxies i.e. Es, dEs and dSphs and dEs luminosity-metallicity relation has the steepest
slope among all classes. We discovered a clear break in this relation in the dEs region. The
bright and metal rich dEs seem to follow a faint end extension of Es and the metal poor and old
dEs either hold a genuine class of early-type dwarf galaxies or just a bright end extension of
dSph.

Zusammenfassung

Wir untersuchten die Eigenschaften der stellare Populationen eines Samples von Zwerggalaxien
des frithes Typs (elliptische Zwerggalaxien) im Virgo Galaxienhaufen. Mit Hilfe der Lick-
Index-Methode wurden die Alters- und Metallizitdts-Parameter dquivalent zu einer einfachen
stellaren Population (SSP) abgeleitet.

Wir fanden, dass nicht alle dEs die selben stellaren Eigenschaften aufweisen. dEs mit einer
Scheibenkomponente sind relativ jliinger und metallreicher als dEs ohne Scheibe. Weiterhin
fanden wir, dass der Kern der dEs ein geringeres Alter und eine hoher Metallizitét als die jew-
eilige galaktische Hauptkomponente aufweist. Beim Vergleich der SSP-Parameter, die sich bei
der selben lokalen Dichte wie die Ultra-kompakten Zwerggalaxien (UCDs) befinden, konnten
wir keine Unterschiede zwischen den Eigenschaften der stellaren Populationen der dE-Kerne
und den UCDs feststellen.

Wir konnten bestitigten, dass die Metallizitit mit der Leuchtkraft der Galaxien in allen Klassen
von Galaxien des friihes Typs, z.B Es, dEs und dSphs, korreliert. Die Leuchtkraft-Metallizitéts-
Relation der dEs zeigt den steilsten Anstieg innerhalb aller Klassen. Wir entdeckten einen
eindeutigen Bruch in der Leuchtkraft-Metallizitits-Relation im Gebiet der dEs. Die hellen und
metallreichen dEs scheinen der leuchtschwachen Verlidngerung der Es zu folgen und die metal-
larmen und alten dEs bilden entweder eine eigenstindige Klasse von Galaxien frithen Typs oder
sie sind nur die leuchtkriftige Verldngerung der dSph.
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Introduction

Abstract

This thesis is a study of stellar population characteristics of early-type dwarf galaxies (dEs)
in the Virgo cluster using a spectroscopic data set. This introductory chapter gives a brief
introductory overview of dEs and highlights the possible formation and evolutionary scenarios

for dEs, emphasizing their importance in understand large-scale cosmology. Next, the goals of
this study are given and an outline of the thesis.
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1.1. Motivation

1.1 Motivation

Galaxies are vast collections of star, dust and possibly dark matter. They are found in several
different environments like in the dense cluster to isolated field, and in a variety of shapes and
colors. In general, there are two different classes of galaxies according to color and morphol-
ogy. Blue and star forming galaxies, which contain a large amount of neutral Hydrogen fueling
ongoing star formation activity, are called late-type galaxies. The features like spiral disks, bars
and star formation knots are frequent in these galaxies. The others are red in color with smooth
light distribution called early-type or Elliptical galaxies (Es). In addition, the red and smooth
galaxies with prominent disc feature are called lenticular galaxies (S0).

Figure 1.1: Example of different types of galaxies. The galaxies are placed according to classification of Hubble
called Hubble’s tuning-fork diagram. It starts with elliptical in left and SO are in the centre as intermediate class.
In the right part of the sequence, it branches into two different subsequences of bar and spiral shaped late type
galaxies.

Observations have suggested that the existence of a relation between the galaxy morphology
and the density of the host environment (e.g. Dressler, 1980). Early-types (Es and SO) are
preferentially found in dense environments such as the clusters and groups, while late-type
galaxies are more numerous in the low-density environments such as fields. The dense core
regions of the cluster are richer in early-type galaxies, interestingly almost all cluster’s Bright
Central Galaxies (BCG) are early-types. Late-type galaxies are predominantly distributed in the
outskirts of the cluster. Such a morphology-density relation suggests that the environment must
play an important role in the galaxy evolution. The proposed idea is that gas rich star-forming
galaxies get transformed into the red ellipticals as they fall into a cluster environment.

The almost all light of galaxies in the optical band, which makes the galaxies visible, comes
from stars. Therefore the visible properties of the galaxies such as color and optical spectrum
are dependent on the properties of its stellar constituent. Star inside the galaxies are also evolved
with time, they are born in the inter stellar cloud and died with ejecting a lot of metal which
enriched the Inter Stellar Matters (ISM) and the next generation of stars with higher meal content
are formed. Therefore the study of metal content in the galaxies is directly related to the star
formation and metal enrichment history of the galaxies, and by consequently the evolution of
the galaxies. And study of optical light of a galaxy is the study of its stellar constituent.

Galaxy clusters provide an excellent opportunity to study the evolution of galaxies, because
they host not only a large number of galaxies but also a variety of types at different evolutionary
stages. The dominant red galaxies in particular are thought to be the most evolved galaxies. This
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thesis tries to get an evolutionary picture of these early-type galaxies in a cluster environment
through the study of stellar population characteristics using the optical spectroscopic data sets.

1.2 Dwarf elliptical galaxies

Historically low mass dwarf galaxies have been overlooked due to their low surface brightness
and were not discovered until early 40’s. However, present days observation show that they
dominate the population of the universe by number. The current large-scale structure formation
theory (i.e. ACDM) also predicts that the over abundance of these low mass system even in our
local vicinity. It is believed that our own Milky Way is built with the gradual agglomeration
of many smaller dwarf galaxies (Ferguson & Binggeli, 1994). Thus in recent years increasing
attention has been paid to the study of these systems in order to understand their crucial role
in galaxy formation and evolution. It is becoming a widely investigated topic in extragalactic
research, and are the cornerstone of the most popular and accepted theories of galaxy formation
(e.g. Blumenthal et al., 1984).

e

Figure 1.2: Elliptical galaxies with varying luminosity: VCC 1316 (M87), VCC1231, VCC1146, VCCO0750, and
VCCO0011 (from left to right) chosen such that they form a sequence in brightness.

A galaxy is classified as an early-type dwarf (dE) if its blue magnitude is fainter than Mp = —18
and it has a smooth appearance (Ferguson & Binggeli, 1994). However, they span a magnitude
from Mp =~ —18 to —8, with a sequence of increasing mean surface brightness with increasing
luminosity. Note that, there is a separation among the early-type dwarf galaxies comprising
dwarf-ellipticals (dEs) and dwarf Spheroidals (dSphs). In Grebel (2001), dSphs are defined as
the objects with low luminosity (My > —17 mag) and the typical surface brightness of uy < 21
mag arcsec”2. However, most of the authors treat them (dEs and dSphs) as the same types of
galaxies (see Lieder et al. in preparation).
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1.2. Dwarf elliptical galaxies

dEs are slightly more flattened than normal Es (Binggeli & Popescu, 1995; Ryden & Terndrup,
1994). Their light profiles are better described by an exponential fit than a de Vaucouleurs.
Whether the fundamental plane' of dEs similar to that of bright counterpart, normal ellipticals
(Es), is a matter of debate and provide a platform to discuss whether the dEs are the faint end
extension of Es or not. Some claim that dEs do follow a low-mass extension of ‘fundamental
plane’ defined by Es (Nieto et al., 1990). The relation between the size and luminosity is con-
sistent to show that dEs and Es are same class of object. In contrast to this, other studies show
that dEs do not follow the giant-ellipticals scaling relations (Bender et al., 1992), however both
set of studies have a large scatter in the dE region. The measurement of mass to light ratio in
dEs shows that dEs are more massive than Es for a given luminosity, in other word mass to light
ratios of dEs are higher than those of Es and this discrepancy is interpreted as dominant present
of dark matter in these low mass system.

Dynamical studies show that dE population is a mixture of rotating and non-rotating system.
Study of Bender et al. (1991) found only a negligible fraction of dEs are rotating, though they
had observed very few dEs. However, recent observations have discovered that a notable fraction
of dEs shows a significant rotational support (De Rijcke et al., 2001, 2003; Pedraz et al., 2002;
van Zee et al., 2004; Toloba et al., 2009). In addition, study of van Zee et al. (2004) discovered a
relation between rotation amplitude and galaxy luminosity in dEs, which is called Tully-Fisher
relation of galaxies.

1.2.1 Color and spectroscopic properties of dEs
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Figure 1.4: Example spectrum of an early-type galaxy: adopted from book Galaxies in the Universe (L.S. Sparke
& J.S. Gallagher, III.).

By definition the early-type dwarfs are mostly gas deficient and devoid of any sign of current
or recent star formation activity - although it has been noticed in some cases, that a weak star
formation activity presents in the centre of dEs - which means that their spectral energy dis-
tribution is dominated by red stars. Unlike late type galaxies the integrated spectra of dEs are
heavily dominated by the deep absorption lines (see Figure 1.4). The spectrum shows a break

'The fundamental plane of early type galaxies is a relation between the three observable parameters of galaxies,
i.e. effective radius (r,), surface brightness (I) and central velocity dispersion (o), and the relation can be written in
the form of r, o< oI with A ~ 1.4 and B = -0.9.

2Those types of dEs are classified as blue centered dEs, see Section 4.2.
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at 4000 A that corresponds to a jump by a factor of ~2 in the flux of early-type galaxies, since
lines of metals absorb much of the light at shorter wavelengths.

Early-type galaxies are red in color. The universal relation between the color and luminosity,
however, reveals that fainter/less luminous early-type galaxies are bluer than their brighter coun-
terparts. This is called Color-Magnitude Relation (CMR). Es show only a small scatter in this
relation while dEs deviate form the standard linear CMR defined by giant ellipticals. An exten-
sive study on this relation (Janz & Lisker, 2009) using a large sample of early-type galaxies in
Virgo cluster from the Sloan Digital Sky Survey (SDSS), reveals that CMR is not linear and has
relatively large scattering in the dwarf regime. However, they show that both giant and dwarf
early-type galaxies follow a continuous CMR that is best described by an S shape. The physical
origin of CMR is still a mater of debate but the suggestion is that it is caused either by a variation
of metallicity along the sequence (Arimoto & Yoshii, 1987; Kodama & Arimoto, 1997) or by a
combination of age and metallicity variations.

1.3 Cosmological importance of dEs and formation scenario

Galaxies are the major constituents of the universe. Large-scale structures such as galaxy clus-
ter, group and filament are the collection vast number of galaxies. Our knowledge of how the
universe is formed and then subsequently evolved with time is also dependent on our under-
standing of galaxy formation and evolution. Starting with the primordial density fluctuation in
the universe, which is the seed of galaxy formation, the galaxies hold important information
about the content of the universe.

There are two competing models of galaxy formation in the universe. The early idea was the
galaxies formed with collapse of single gas clouds called “protogalaxies” and fragmented into
the stars later (so called monolithic collapse, Eggen et al., 1962). The gas mass is converted to
stellar mass with huge burst of star formation activity in the early universe. Therefore they host
a large amount of old stars and almost no leftover gases for present day star formation activity.
The early-type galaxies are the prime example of monolithic collapse of galaxy formation as
they host mostly old-stellar populations. Therefore, this simple model can successfully explain
the origin of old-stellar population characteristic in Es but failed to explain the detail dynamical
and luminosity dependent properties such as dimensional angular momentum and tidal features
presence in Es.

A different but popular idea is hierarchical growth of the cosmological structure beginning from
the primordial density fluctuations. This model assumes that galaxies are not formed through a
single collapse but rather built up by the agglomeration of smaller ones through collisions and
mergers (Searle & Zinn, 1978). According to very successful Cold Dark Matter (CDM) vision
of structure formation in the universe, the dwarf-size dark matter haloes are the first to form then
galaxies build their potential well by merging these haloes, and baryonic matter follows these
potential with converting gas mass to the stellar mass (e.g. White & Rees, 1978; White & Frenk,
1991). These small galaxies, with a similar mass to the dwarf halos we see today, may be the
primordial galaxies and carry the information from early universe to today. Therefore the study
of dwarf galaxies can reveal the secrets of these first galaxies.

However, the recent study have shown that the star formation activity in lower mass galaxies
is ended later than in giant galaxies. In other words, massive galaxies assemble their stellar
mass earlier and more quickly (Cowie et al., 1996; Gavazzi & Scodeggio, 1996) then dwarf.
Growing evidences also suggest that the dEs are formed at relatively late epochs with influence

6



1.3. Cosmological importance of dEs and formation scenario

of environment (e.g. Moore et al., 1998). The fact that, they are predominately found in cluster
environment as we observed in pronounced morphology-density relation (e.g., Dressler, 1980;
Binggeli et al., 1987). These evidences suggest that the dEs are either formed in high-density
environments such as cluster and group or got their present shapes through the transformation
of late type galaxies that fell into a cluster, i.e. morphologically transformed. However, the
actual formation mechanisms are still a matter of debate, especially the way of influence of
environment in the galaxies is not clear. A number of processes are suggested, i.e.

1. Ram pressure stripping.
2. Gas loss due to gravitational harassment.

3. Gas removal by galactic winds due to supernovae.

1.3.1 Gas stripping

Stripping of gases from the galaxies in the dense cluster environment was first proposed by
Gunn & Gott (1972). A let type gas rich galaxy can loss its considerable fraction of gas through
this process as it move through the hot intra-cluster medium. Which is commonly known as
Ram-Pressure Stripping (RPS). The another gas removal process in the cluster environment
is starvation (Larson et al., 1980), which removes the extended gaseous halo surrounding the
galaxy and interrupts the continuous in-fall of gas into the galaxy. Both RPS and starvation are
typical processes in a cluster environment and are not restricted to the central region (Tonnesen
et al., 2007).

RPS on a disc galaxy can truncate its gas disc down to the stripping radius without affecting
the stellar and dark matter components. Ram pressure is expected to be more efficient at gas
removing from low mass galaxies than massive galaxies. The Virgo spiral NGC 4388 shows a
strong evidence of ram-pressure stripping in the recent history (Cayatte et al., 1990), and it is
presented as an example of an on going transformation of spiral to a dE in a cluster environment.
As late-type to early-type transformations are expected in cluster environment through RPS,
direct evolution from Irregular galaxies (Irrs) to dEs may face some problems: metallicity of
Irrs is lower than dEs (Grebel et al., 2003) and the surface brightness will also be much lower
than dEs after the cessation of star formation (Lisker, 2009). Secondly, since it is unlikely that
ram-pressure stripping promotes the formation of globular clusters, dEs are expected to have a
similar specific frequency of globulars (Sy) to Irrs. The removal of gas can result a quenching
of star formation, which leads to conserve the number of globulars clusters.

1.3.2 Galaxy harassment

Tidal interactions are common in dense environment such as galaxy group and cluster. These in-
teractions can leave a profound impact on the affected galaxies. In clusters, encounters between
galaxies happen at high velocity and can affect the galaxy two different ways. One is tidal shock-
ing; it occurs on a short time scales during the high-speed encounters between two galaxies. The
other, which operates over long time scales, is the tidal heating, where galaxy can feel a strong
tidal force associated with the deep potential well of the cluster. Harassment is a combined effect
of both encounters (Smith et al., 2010), and can transform a low surface-brightness disc galaxy
into a dE or dSph. Moore et al. (1996) have showed that during harassment the repeated high
velocity encounters combined with the tidal field of the cluster can cause the galaxies to become
anemic. The simulations of Mastropietro et al. (2005) have shown that only those galaxies that

7
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end up on the orbits within the central cluster region experience such a strong transformation.
Those with more eccentric and/or outer orbits retain more of their original disc structure, as well
as a larger ratio of rotational to dispersion velocities, i.e. v/o. In addition to this, Smith et al.
(2010) found the effects of harassment are highly dependent on the orbit of the galaxy within
the cluster, such that newly accreted dwarf galaxies typically suffer only mild harassment. A
study of galaxy-galaxy interactions was performed by Aguerri & Gonzalez-Garcia (2009), who
confirmed that these processes are efficient mechanisms to transform late-type disc galaxies into
dEs, and whose simulated remnants are at least able to populate part of the fundamental plane
locus of dEs.

1.3.3 Cosmological origin with internal feed-back

With the discovery of large numbers of dwarf galaxies in the nearby universe, the picture of
large structure building by the accretion of smaller structures has become the standard model
for the growth of cosmological structure in the universe (Jerjen, 2010). The dEs are predicted in
the ACDM universe are often considered building blocks of more massive galaxies in models
of hierarchical structure formation. In a ACDM Universe, the initial small density fluctuations
grow due to gravitational instability and eventually form virialized objects called “dark matter
halos”. Halos grow as a result of mergers, assembling mass in a hierarchical fashion, with
less massive halos merging to form more massive ones. Cosmological simulations of galaxy
cluster do predict a large number of dark matter sub-haloes that appropriately hosts the dEs
(e.g. Moore et al., 1999), and there is no “missing satellites problem” for the clusters. However,
this scenario produces fairly metal poor dEs. Energy feedback from supernova explosions and
stellar winds, have been proposed as a major factor in truncating the star formation activity in
the dwarf galaxies. As a result, a dE is composed of old and metal-poor stars.

1.4 The Virgo cluster

The Virgo Cluster lies in the centre of Local Supercluster. It extends over ~10° on the sky having
the largest collection of early-type galaxies in the nearby universe. It lies at a distance of ~17
Mpc with a mean velocity of ~1200 kms~! (Binggeli et al., 1987). It is an Abell richness Class
I cluster containing more than 2000° optically catalogued galaxies (Virgo Cluster Catalogue
(VCCQ), Binggeli et al. 1985). The Virgo cluster Virial mass is ~ 2.5 x 10'* M, (Girardi et al.,
1998) as expected for a cluster as rich as this. It contains vast quantities of X-ray emission
extending over most of the optically visible cluster (Bohringer et al., 1994), and reveal that a
large part of the mass of the cluster is centered on the galaxy M87, with smaller concentrations
around M86 and M49.

The earliest systematic studies of the cluster were done by Shapley and Hubble. Subsequent
studies by Zwicky (1957) and Holmberg (1958) had furnished both a better understanding of its
spatial structure and a more complete census of cluster members. The study of de Vaucouleurs
(1961) confirm its vast richness and large dynamical mass, and identified it as the centre of
the Local Supercluster. Surveys of the Virgo Cluster by Bruno Binggeli, Allan Sandage and
Gustav Tammann (Binggeli et al., 1984, 1985; Sandage et al., 1985; Binggeli et al., 1987) built
a extensive catalog of galaxies in Virgo cluster. This catalog of galaxies contain 2096 and
thought to be completed in the luminosity greater than By = 18 and also provide the most
reliable morphological classification of galaxies in the Virgo cluster.

3but only ~1500 are spectroscopically confirmed non-background galaxies.



1.5. Thesis outline

From previous observations of galaxy clusters, we know that environment can have a significant
effect on the properties of galaxies and their evolution. In particular the star formation rate, gas
content and morphology are strongly dependent on the density of the surrounding environment
(Balogh et al., 2000; Moss & Whittle, 2000). As we summarized above, there are many mech-
anisms that can drive the galaxy evolution in dense environment. The relative importance of
those different physical processes on the observable galaxy properties is still a matter of debate.
This thesis provides an opportunity to discuss the probable dominant mechanisms that influence
galaxy formation and evolution of galaxies in a cluster environment. The Virgo cluster is prob-
ably the most widely studied cluster of galaxies. This gives us an advantage when interpreting
our results and comparing with precisely constrained cluster parameters such as local projected
densities, cluster centric distances etc.

1.5 Thesis outline

The aim of this thesis is to put new and more robust constraints on our understanding of dEs for-
mation process, by studying the physical properties of stellar population in present-day galaxies.
We try to search for a link between the observed stellar population properties and the evolution-
ary history of dEs and their possible consequences. We study in detail the stellar population
properties of a sample (see Chapter 3) early-type dwarf galaxy in Virgo cluster. Several data
sets from the literatures have been used during the analysis of our results. Which makes this
study focuses not only on the dEs, but also on overall range of early-type galaxies.

In Chapter 2, we provide a short description of methodology, which is used to study the stellar
population from the integrated light of galaxies. Furthermore, we briefly describe some basic
elements of stellar population synthesis models and parameters. We then review the stellar
population characteristics of early-type systems over the complete range of magnitude i.e. Es
to dSph. In Chapter 3, we describe the basic properties of our original sample of the galaxies,
their observation and reduction. The first results from the analysis of central stellar population
parameters of dEs are presented in Chapter 4. In this study, we use an additional sample of
dEs from the study of Michielsen et al. (2008), which makes this is the largest sample of dEs
for similar types of studies to date. With the help of galaxy morphology and observed galactic
parameters we analyze the estimated stellar population parameters of dEs. Ultimately, we seek
the main driver(s) of dEs evolution and try to answer the questions: How are these connected
with their environment? Are dEs a single family differing only in substructure?

Next, to probe nature of the central nuclei of dEs, we investigate a spatially resolved stellar
population characteristics of the original sample dEs in Chapter 5. An important aspect of
this work is that, contrary to most previous studies of stellar populations in dEs, we compare
of the stellar populations between the central nuclei and the surrounding galactic main bodies
of dEs. This is made possible using a special technique to subtract the galactic light from the
nucleus spectrum and estimate the stellar population parameters from the pure nuclear spectrum.
Moreover, with the advantage of spatially resolved spectra, we also try to examine the presence
of gradients in stellar population parameters for the 13 brightest dEs of our sample, which permit
us to measure the absorption line strengths with sufficient signal-to-noise ratio up to 1.2 kpc (15
arc-sec) radial distance from the center.

We then focus to study the stellar population properties of a sample of Ultra-Compact Dwarf
galaxies (UCDs) in the Virgo cluster. The aim is to provide a quantitative estimate of age,
metallicity and a/Fe-abundance ratio of UCDs, and compare with the estimated stellar popula-
tion parameters of dE nuclei. Which helps to put constrains in the formation scenario of UCDs.
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Chapter 1. Introduction

The results and discussions are presented in Chapter 6, which provide an opportunity to test
whether the UCDs are stripped nuclei of dEs or not.

Finally, we discuss the overall stellar population properties of dEs by comparing a large set of
different class of early-type galaxies. We expand this study of the luminosity range M, = —23
to M, = -9, which includes the normal ellipticals (Es) to dwarf Spheroidals (dSphs), and try
to answer the question of whether the diffuse early-type galaxies constitute a genuine class of
galaxies or are merely a low luminosity extension of Es.

10



Integrated light stellar population studies in
galaxies

Abstract

In this chapter, we provide a short description of the methodology that is used to study the inte-
grated light stellar population. We then introduce the evolutionary population synthesis models
as a principal tool to interpret the spectro-photometric properties of galaxies. The meanings of
stellar population parameters such as age, metallicity and [a/Fe J-abundant ratio are explained.

We briefly describe the different stellar population models that have been used to derive the
stellar population parameters. Finally, We review the stellar population characteristics of all
classes of early-type galaxies (i.e. Es to dSph) of entire magnitude range.
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2.1. Introduction

2.1 Introduction

TELLAR populations within galaxies are a fossil record of their star formation and chemical
S evolution. A comparative analysis of the stellar population properties with the global

galactic properties helps to differentiate between competing scenarios of galaxy formation
and evolution. In the following sections, we will describe the basic methods that have been used
to study the stellar population properties of galaxies using the optical integrated light spectra of
galaxies.

2.1.1 Stellar population parameters

Age, metallicity and a-element abundance ratio are used to describe the stellar population char-
acteristic of a galaxy. Young age indicates a recent star formation activity. The metallicity,
[Z/H]'!, indicates the overall content of all elements (Z) heavier than Helium (He) relative to
Hydrogen (H) and is defined as

[Z/H] = log(Z/H) — log(Z/H)o 2.1

where log(Z/H)e is the solar ratio equal to 0.02. The abundances of specific element provide a
direct evidence of specific the nucleosynthetic process that occurred during the formation and
evolution of the star in the course of galaxy evolution. The modern picture of galactic chemical
evolution involves different paths of stellar evolution from main-sequence stars all the way to
supernovae, and different types of elements are formed through the different stellar evolutionary
processes. Such as, Magnesium (like the other a—elements” C, O) is formed in the explosion of
type-1I supernovae, which occur rapidly a few Myr after a burst of star formation. Most of the
Fe-peak elements are formed later by type-la supernovae which lag behind type-II SN by at least
1 Gyr (Nomoto et al., 1984; Woosley & Weaver, 1995). Therefore a-element abundant ratios
(i.e., [a/Fe]) are commonly used as a tracer of the star formation time-scale, since it decreases
with increasing the duration of star formation activity. Thomas et al. (2005) find the following
linear relationship between [a/Fe] and star formation timescale t,

[a/Fe] ~ = — %logt (2.2)

Usually stellar population models provide the total metallicity, [Z/H], not [Fe/H]. However,
[Z/H] can be converted to [Fe/H] on the Zinn & West (1984) scale with the following (model-
dependent) scaling [Fe/H] = [Z/H] — 0.94 [a/H] (Tantalo et al., 1998; Trager et al., 2000a;
Thomas et al., 2003).

2.1.2 Stellar population synthesis

It is not possible to perform the resolve stellar population study in a galaxy at the Virgo distance
therefore the studies of their stellar populations are restricted to observation of integrated light.
A well-known method of interpreting the integrated stellar light of the galaxies is the stellar
population synthesis technique. The integrated light of a stellar population is simply superposi-
tion of the different stellar populations of various ages and metallicities. The pioneering work of

'Note that, for the easy use, some time metallicity can be expressed as simply Z instead of [Z/H].
2Elements are formed in supernova type II explosion mainly nuclei with even number of proton. Because, they
are formed in the nuclear reaction chains, where successive nuclei in this chain are obtained by adding an a-particle.

13



Chapter 2. Integrated light stellar population studies in galaxies

Tinsley (1972) lead to the development of the evolutionary synthesis models of stellar popula-
tions in galaxies used today. The star formation rate (SFR) and the Initial Mass Function (IMF)
are used as the model input parameters with which the stellar population models are synthesized
and some time chemical enrichment rate are also used as another free parameter. The goal of
population synthesis modeling is to describe the time-dependent evolution of integrated light
spectra of galaxies (Bruzual & Charlot, 2003).

In this study, we use so-called single-age and single-metallicity models (i.e. Simple Stellar Pop-
ulations SSPs). These models assume that all stars are formed at the same time with a mass
distribution given by the chosen IMF and with an identical chemical composition. Such SSP
models can be created following way: A library of individual stellar spectra is used to assign
spectra to stars in various stages of the isochrones 3. The spectral energy distribution of SSP
is then obtained by summing the spectra of individual stars along the isochrone according to a
chosen stellar IMF.

Flux
———

I !
3000 4000 5000 6000 7000 8000 9000 10000 11000

Wavelength, A

Figure 2.1: Evolution of optical spectra (i.e., wavelength range: 3000A to 1100A) of a Simple Stellar Popula-
tion of solar metallicity obtained from the Bruzual & Charlot (2003) population synthesis code. The blue light
dominates the spectra at the young ages (indicated as such younger are darker). The superimposed color lines
represent the SDSS filter band-pass: u-magenta, g-blue, r-red, i-yellow, z- black.

Figure 2.1 illustrates the spectral evolution of an SSP of solar metallicity from 1 to 15 Gyr
computed using the SSP synthesis code of (Bruzual & Charlot, 2003). When the populations
are young, the spectra are dominated by the light from short-lived, massive stars at the blue
part of the spectrum. As the time goes by the most massive stars leave the main sequence and
evolve into the red giant branch, causing the light decrease in blue and increase in red part of
the spectrum.

The interpretation of observed galaxy spectra in terms of physical parameters often relies on
the comparison between their broadband colors and the predictions from population synthesis
models. The main problem in this respect is the similar effect that age and metallicity have on
the integrated light of a stellar population (Worthey et al., 1994a). The ages and metallicities
derived from integrated galaxy color are therefore highly degenerate. This problem is further

3Isochrone is a time dependent evolutionary tracks of stars with same initial composition and various initial
masses.
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2.2. Simple stellar population models

complicated in galaxies with a significant dust content, which produces a reddening of the opti-
cal spectrum similar to that caused by increase of age or metallicity.

A well-established method to solve this degeneracy is to use spectral diagnostics that involve
several spectral absorption features, which have different sensitivity towards the age and metal-
licity. The most successful combinations of absorption features are those involving a Hydrogen
Balmer line as a diagnostic of age and ‘metallic’ features sensitive to the different elements
such as Fe or Mg (Gonzalez, 1993). Moreover, these spectral absorption features are defined
over narrower wavelength ranges than colors so they are believed to be almost insensitive to the
reddening of the continuum due to dust absorption.

2.2 Simple stellar population models

There are several stellar population models which are used to compute the absorption line
strengths for stellar populations of different ages and metallicities (Worthey et al., 1994a; Weiss
et al., 1995; Buzzoni, 1995; Vazdekis et al., 1996; Bressan et al., 1996; Maraston, 1998; Tantalo
et al., 1998). The models adopted in this work are those of Bruzual & Charlot 2003, hereafter
BC03*, Vazdekis et al. 2010, hereafter AV/MILES5 and Thomas et al. 2003, hereafter TMBO3.
The first two models are based upon the fixed solar @-abundant ratio and they provide the optical
model spectra to compare with observed galaxy spectra. The later model, TMBO03, has variable
a-abundant ratio from which one can estimate [a/Fe] directly with comparing the model pre-
dicted and observed absorption line strengths.

2.2.1 Model BCO3

5 -
\

4+
13 Figure 2.2: Comparison of different BCO3 model
T grids that obtained by selecting the different evolu-

tionary tracks i.e. Padova 2000 and Padova 1994.
2 1994
Padova
1 ‘ ‘ ‘
0 1 2 3 4

[MgFe] A

The model BCO3, also called the Galaxev model, provides the population synthesis codes with
a variety of options for selecting evolutionary tracks: Padova 94, Padova 2000 (Girardi et al.,
2000) and Geneva Schaller et al. (1992). In this work, we adopted Padova 94 because Padova
2000 overestimates the ages with systematic of positive offset in HS indices Koleva et al. (2008):
see Figure 2.2. They cover metallicities between —2.8 and +0.5 dex. The advantage of this
code is one can compute spectra of desirable age in SSP or with some arbitrary SFR history.
These models are built using the STELIB library (Le Borgne et al., 2003). Which covers the

“http://www.cida.ve/~bruzual/bc2003
Shttp://www.iac.es/galeria/vazdekis
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wavelength range 3200-9500 A with the resolution ~3 A FWHM. STELIB contains 249 spectra
of star, among them only 187 stars have measured metallicity.

2.2.2 Model AV/MILES

AV/Miles models are an updated version of the models of Vazdekis & Arimoto (1999); Vazdekis
et al. (2003) using the a new stellar spectral library MILES® (Sénchez-Bldzquez et al., 2006;
Cenarro et al., 2007). They use the Padova 2000 isochrones. Salpeter initial mass function is
used to combine the library spectra. They cover ages between 0.1 and 17.8 Gyr and metallicities
between —1.7 and +0.2 dex. The MILES library (Sanchez-Blazquez et al., 2006) used for these
models has a 2.3 A spectral resolution (FWHM), cover the wavelength range from 3525 to 7500
A with a dispersion of 0.9 A pix~!. This library is believed to be better flux calibrated than any
other (Koleva et al., 2009).

2.2.3 Model TBM03

The TMBO03 models take into account the effects on the absorption line strengths from ratio
change in element abundance. Hence, they provide the absorption line strengths for simple stel-
lar populations not only as a function of age and metallicity, but also as a function of the [a/Fe]
ratio. The models are derived using the evolutionary population synthesis code of Maraston
(1998). A response function of Tripicco & Bell (1995) is used to compute the elemental ratio
changes. Because of the inclusion of element ratio effects, the models allow for a clear distinc-
tion between total metallicity [Z/H] and the « to iron-peak elements ratio [/ Fe] (Thomas et al.,
2005). The latter can be best derived from the classical absorption indices Mgb and Fe5270
and/or Fe5335 (Maraston et al. 2003, TMBO03). This model covers the range of ages 1 to 15
Gyr, metallicities —2.25 < [Z/H] < 0.67 dex, and the abundance ratios —0.3 < [a@/Fe] < 0.5
dex.

2.3 Stellar population analysis

There are two different methods of stellar population analysis using the integrated spectra of
early-type galaxies: full spectrum fitting and analysis of absorption line strength. The first, full
spectrum fitting, matches observed and model spectra pixel by pixel: for example ULYSS’ code
(Koleva et al., 2009). Although this method has a benefit of using all available information
form the spectra, it only provides a better estimate of stellar the population parameters when the
observed spectra are moderately high-resolution. On the other hand, optical spectra of early-type
galaxies present a number of absorption features whose strength depend on stellar population
properties such as star-formation activity and metal content. Furthermore, these features can
be easily measured from the low-resolution integrated light spectra of galaxies. Therefore it
is also possible to perform the stellar population analysis using the low-resolution spectra. An
advantage to using low-resolution spectra from galaxies is one can achieve reasonable signal-
to-noise ratios (SNR) without using long exposure times for the faint objects such as dwarf
galaxies.

Shttp://www.iac.es/proyecto/miles/
"http://ulyss.univ-1lyonl. fr
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2.3. Stellar population analysis

Table 2.1: Lick/IDS system index definitions

2.3.1 Lick/IDS System

Name Index Bandpass Blue Bandpass Red Bandpass Units
CN; 4142.125 - 4177.125 4080.125-4117.625 4244.125 - 4284.125 mag
CN, 4142.125 - 4177.125 4083.875 - 4096.375 4244.125 - 4284.125 mag
Cad227  4222.250 - 4234.750 4211.000 - 4219.750  4241.000 - 4251.000 A
G4300  4281.375-4316.375 4266.375 - 4282.625 4318.875 - 4335.125 A
Fe4383  4369.125 - 4420.375 4359.125 - 4370.375 4442.875 - 4455.375 A
Cad455 4452.125 - 4474.625 4445.875 - 4454.625  4477.125 - 4492.125 A
Fe4531  4514.250 - 4559.250  4504.250 - 4514.250  4560.500 - 4579.250 A
C24668 4634.000 - 4720.250 4611.500 - 4630.250 4742.750 - 4756.500 A
Hp 4847.875 - 4876.625  4827.875 - 4847.875 4876.625 - 4891.625 A
Fe5015  4977.750 - 5054.000 4946.500 - 4977.750  5054.000 - 5065.250 A
Mg; 5069.125 - 5134.125  4895.125 - 4957.625  5301.125 - 5366.125  mag
Mg, 5154.125 - 5196.625  4895.125 - 4957.625  5301.125 - 5366.125  mag
Mgb 5160.125 - 5192.625 5142.625-5161.375 5191.375 - 5206.375 A
Fe5270  5245.650 - 5285.650  5233.150 - 5248.150  5285.650 - 5318.150 A
Fe5335  5312.125-5352.125 5304.625 - 5315.875 5353.375 - 5363.375 A
Fe5406  5387.500 - 5415.000 5376.250 - 5387.500  5415.000 - 5425.000 A
Fe5709  5696.625 - 5720.375 5672.875 - 5696.625  5722.875 - 5736.625 A
Fe5782  5776.625 - 5796.625 5765.375-5775.375 5797.875 - 5811.625 A
NaD 5876.875 - 5909.375  5860.625 - 5875.625  5922.125 - 5948.125 A
TiO, 5936.625 - 5994.125  5816.625 - 5849.125  6038.625 - 6103.625  mag
TiO, 6189.625 - 6272.125 6066.625 - 6141.625  6372.625 - 6415.125 mag
Hoéa 4083.500 - 4122.250  4041.600 - 4079.750  4128.500 - 4161.000 A
Hya 4319.750 - 4363.500  4283.500 - 4319.750  4367.250 - 4419.750 A
Hor 4091.000 - 4112.250  4057.250 - 4088.500 4114.750 - 4137.250 A
Hyr 4331.250 - 4352.250  4283.500 - 4319.750  4354.750 - 4384.750 A
<Fe> Fe32704Fe5333 A
[MgFe] \VMgb x <Fe> A

In order to provide a more sensitive tool for the analysis of galactic spectra, Burstein et al. (1984)
and Faber & Lin (1983) introduced a set of absorption line indices in the optical, known as the
Lick system, which has become the most widely used set of absorption indices (Renzini, 2006).
The Lick system is based on a stellar library in the spectral range ~4000 A - 6400 A with ~9
A resolution, and was built by S. Faber and collaborators using the Image Dissecting Scanner
(IDS) at the Lick Observatory. Using this library, they defined the Lick/IDS absorption-line
index fitting function. Earlier they proposed eleven well defined indices. Later, Worthey et al.
(1994b) expended it up to 21. Still there was only one good age indicator HB, so the higher
order Balmer lines H6 & Hy are also included in Worthey & Ottaviani (1997) and the system
now contains 25 features over the wavelength range from 4000 to 6400 A.

In the Lick system, an index is defined by a central ‘feature band-pass’, bracketed by two
‘pseudo-continuum band-passes’ (Worthey et al., 1994b; Worthey & Ottaviani, 1997) (see Fig-
ure 2.3). Atomic indices are conventionally expressed in Aof equivalent width, while molecular
indices in magnitudes. The average pseudo-continuum flux label is defined as

1 v
Fp, = ( )f Fada,
/12 - /ll A1

2.3)
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where 11&A1, are the wavelength limits of the pseudo-continua sideband. If Fc, represents the
straight line connecting the midpoints of the blue and red pseudo-continuum levels, the equiva-
lent width is then

& Fra
EW = 1- -2 )aq, (2.4)
A Fca

where I, is the observed flux per unit wavelength and A; &A1, are the wavelength limits of the
feature passband. Similarly an index measured in magnitude is defined as:

1 L P
Mag = -2.5log [( )f —d/l] (2.5)
A —-A4)Jay Feaa

tblue pseudo
lcontinuum

3 i | Figure 2.3: Central feature and two pseudo
g‘ L | continuum band-passes on red and blue
b

I \/T 1 sides of Mgb index.

central band-pass
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In the Table 2.1, we summarize the wavelength definition for all 25 Lick/IDS indices from
Worthey et al. (1994b); Worthey & Ottaviani (1997). The units of the indices are shown in col-
umn 5. Gonzdlez (1993) suggests using a combination of indices in order to define a good mean
metallicity indicator. First, the two indices Fe5270 and Fe5335 are substituted by their mean
to give index <Fe> (Equation 2.6), then the [MgFe] index is defined as the geometric mean of
Mgb and <Fe> (Equation 2.7).

_ Fe5270 + Fe5335
B 2

[MgFe] = 4/Mgb x <Fe> .7
2.4 Stellar populations in early-type galaxies

Baade discovered two distinct populations of stars; Population I and Population II, in the M31
and in nearby galaxies, first introduced the concept of the stellar populations. Baade’s results
were based on the morphologies of the color-magnitude diagrams of the two types of stars.
Faber (1973) discovered that Es integrated spectra are dominated by the light of metal rich and
old stars. Later, Freedman (1995) confirmed Faber (1973) result and showed that integrated
spectra of early-type galaxies and the color-magnitude diagram are dominated by G and K stars.

< Fe > (2.6)
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Early study of stellar population in early-type galaxies, using the method of Lick indices, was
done by Gonzélez (1993) and Trager et al. (2000a). Trager et al. (2000a) used a sample of 50 Es
in both the low-density field and high-density clusters including reanalysis of Gonzalez (1993)
sample. They found a significant range in SSP-ages varies from 1 to 10 Gyr. The Es in field
and Es with low dispersion velocity o have relatively large age range. However, they noticed
that Es are older in average and have larger non-solar abundant ratios, with [@/Fe] strongly
enhanced in the most massive ones. Using a much larger sample of 200 Es, which covers a
wide range in o (hence luminosity and mass), Caldwell et al. (2003) obtain similar results. An
important result they found that low o galaxies show a larger scatter in the age than those with
high o, i.e. low-mass Es have had more prolonged star formation histories (Cecil & Rose,
2007). Furthermore, Kuntschner (2000) found all Es in the Fornax cluster have similar old
stellar population properties, but that metallicity increases with . A recent study by Sdnchez-
Blazquez et al. (2006) also confirms that Es in low-density environments have greater range
in age than that of their cluster counterparts. For these galaxies, an age-metallicity relation is
found when metallicity is derived form Fe but not it is derived from Mg.

van Zee et al. (2004) also notice the differences in stellar population and stellar distribution
between dwarf and giant elliptical galaxies. Stellar population studies show that dwarf galaxies
exhibit on average younger ages as compared to their giant counterparts, and also a lower metal
content according to the correlation of metallicity and luminosity (Michielsen et al., 2008).
Various other studies using long slit spectra of dEs in different clusters (e.g., Poggianti et al.
2001; Rakos et al. 2001; Caldwell et al. 2003; Geha et al. 2003; van Zee et al. 2004) also provide
a wide range of ages for passive dwarfs. In particular, field dEs are relatively younger than
their cluster counterpart (Michielsen et al., 2008). Geha et al. (2003) present spatially resolved
internal kinematics and stellar chemical abundances for a sample of dEs in the Virgo Cluster.
They find that 4 out of 17 dEs are rotationally supported, while the remaining dEs have no
detectable major axis rotation. However, they did not find any significant difference in the stellar
population properties between the rotating and non-rotating dEs. From narrow band photometry,
Rakos & Schombert (2004) inferred an age bimodality: they have found that nucleated dEs
are several Gyr older than non-nucleated dEs and ages of nucleated dEs are comparable to
globular clusters. Stellar population gradients were studied in the bright dEs by Chilingarian
(2009) and Koleva et al. (2009), who found a range of metallicity gradients between steeply
radial decreasing and constant metallicity, but no positive gradients. The stellar population age
remains constant or shows a slight increase with radius. Apart from this, it is also noted that
dwarf elliptical galaxies of the Virgo cluster are consistent with solar [a/Fe]-abundance ratios
(Gorgas et al., 1997) indicating the slow chemical evolution in these low-mass systems. Other
studies (Geha et al. 2003; van Zee et al. 2004) confirmed this result.

Star Formation (SF) and chemical evolution histories of Local Group dSphs can be studied
with ground-based and Hubble Space Telescope (HST) multi-color photometry using the color
magnitude-diagram and by using large aperture telescopes to obtain intermediate-resolution
spectra of individual stars (Cecil & Rose, 2007). With metallicity from spectra, one can then fit
isochrones to broadband photometry in order to pin down the SF history. Detailed studies of dEs
and the fainter dSphs in the Local Group, based on these techniques, reveal that most dE/dSphs
have a fairly extended star formation history (e.g., Mateo 1998; Grebel & Gallagher 2004),
with the last star formation activity ranging from a few Gyrs ago to the time of re-ionization.
However, they appear to host fairly metal poor stellar populations with small [«/Fe] ratios. As
expected, mean metallicity increases with luminosity in dSphs. Grebel et al. (2003), among
others, have noted that the metallicity-luminosity relation in dSphs offsets to higher metallicity
at a given luminosity compared with dlrrs.
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The sample: observation, data reduction and
analysis

Abstract

In this chapter, we describe some basic properties of a sample of dEs in the Virgo cluster. The
observational characteristics and important steps of spectroscopic data reduction are explained.
In addition to this, we explain the adopted method to calibrate observed spectra into the stan-

dard Lick/IDS system. Finally, we comment on a comparison between the observed parameters
and previously published literature values as the quality control of data sets.
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3.1. Introduction

3.1 Introduction

s our aim is to understand how the early-type dwarf galaxies (dEs) formed and evolved
Ain a cluster environment, we define a sample of dEs in the Virgo cluster. In this chapter,

we introduce the basic properties of this sample. We explain our selection criteria and
statistics. In addition, we describe the basic reduction steps that are used in order to extract
useful scientific information from the raw CCD observations. Our main aim is to study various
absorption line strengths in the optical wavelength range in order to extract information about
the integrated stellar populations of early-type dwarf galaxies (dEs) in the Virgo cluster.

3.2 Sample selection
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Figure 3.1: Right: the color-magnitude relation of Virgo cluster dEs with discs (green), without discs (red) and
with blue centre (blue) as identified by LO7. Solid circles represent the dEs of our target sample.

Left: The distribution of Virgo dEs in the sky. The symbols and colors are similar to left, except for the black
solid circles that represent the galaxies M87 and M49.

From confirmed cluster members in the Virgo cluster catalogue (VCC, Binggeli et al., 1985;
Binggeli & Cameron, 1993), we selected 26 nucleated dEs of differing morphologies, according
to Lisker et al. (2006, 2007, hereafter LO6 and LO7, respectively). Our target list comprises 8
dEs with discs (here after dE(di)s) and 18 dEs without discs (hereafter dE(N)s) located different
parts of the cluster (Section 4.2 for the morphological classification in dEs).

One major goal of our observations is to analyze the stellar population properties of the nucleus
of dEs. Therefore, our target selection is guided both by the estimated ratio of nuclear light to
the underlying galaxy light and by the Signal-to-Noise-Ratio (SNR) of nucleus and host galaxy
(see Chapter 5). This sample is therefore mainly biased towards galaxies with relatively bright
nuclei, both in absolute terms and relative to the galaxy’s central region. We will take this into
account during the discussion of respective result.

Furthermore, as shown in Lisker et al. (2007), the dE(di)s are, on average, somewhat bluer
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Chapter 3. The sample: observation, data reduction and analysis

Table 3.1: The original sample: basic properties.

Name RA Dec Type M, Density® Reg RV Remark

No. h:m:s o mag sq~? ? Kms™!

0216 12:17:01.10 09:24:27.13 d,n -16.78 94 133 1281 +26

0308 12:18:50.90 07:51:43.38 b,d,n —17.95 36 187 1596 £39  also in MO8
0389 12:20:03.29 14:57:41.70 dn -18.00 156 172 1364 +09

0490 12:21:38.77 15:44:4239 dn -18.09 31.6 27.6 1267 £12

0545 12:22:19.64 15:44:01.20 n -16.61 52.6 133 1207 12

0725 12:24:24.23 15:04:29.17 n -16.19 262 252 1854 +110*

0856 12:25:57.93 10:03:13.54 dn -17.71 182 159 1025 +10 alsoin MOS8
0929 12:26:40.50 08:26:08.60 n —18.58 26.1 20.5 910 10

0990 12:27:16.94 16:01:27.92 dn -17.39 14.8 9.9 1727+34  alsoin MO8

1167 12:29:14.69 07:52:39.22 n -1695 451 273 1980+240*

1185 12:29:23.51 12:27:0290 n -16.65 64.1 193 500 +50

1254 12:30:05.01 08:04:24.18 n -17.17 689 149 1278 +18

1261 12:30:10.32 10:46:46.51 n -1847 21.0 225 1871 +16  alsoin MO8
1304 12:30:39.90 15:07:46.68 d.n -16.86 15.1 162  —-109+78*

1308 12:30:45.94 11:20:3552 n -16.50 302 114 1721 +45

1333 12:31:01.07 07:43:23.04 n -1544 245 185 1251 +28

1348 12:31:15.73 12:19:5438 n -1694 524 13.1 1968 +25

1353 12:31:19.45 12:44:16.77 n -15.51 36.6 8.8  —384 82"

1355 12:31:20.21 14:06:5493 n -17.59 299 29.6 1332 +63

1389 12:31:52.01 12:28:54.53 n —-1598 429 128 858 £25

1407 12:32:02.73 11:53:2446 n -1695 357 11.8 1019 +03

1661 12:36:24.79 10:23:05.25 n -16.18 13.0 189 1457 +34

1826 12:40:11.26 09:53:4599 n -1630 13.3 7.8  2033+38

1861 12:40:58.57 11:11:04.34 n -17.78 23.0 184 629 £20  also in MO8
1945 12:42:54.09 11:26:18.09 n -17.11 26.6 215 1619+104*

2019 12:45:20.44 13:41:34.50 d,n -17.53 7.8 18.1 1895 +44

¢ Local projected galaxy number density.
* Those galaxies whose radial velocity are not listed in NED.

colors than the dE(N)s. This is reflected in our sample where Figure 3.1 shows that the dE(di)s
tend towards the bluer side of the color-magnitude relation in g-i. Whether this effect is due to
age or metallicity, and whether it is caused by the presence of a disc itself or by environmental
density, will be addressed during the discussion of specific result and analysis (see Chapter 4).

This is a representative sample of bright-nucleated early-type dwarf galaxies in the Virgo cluster
with different sub-structural types. Table 3.1 lists the sample galaxies and some of their basic
properties. In column 1 we give the galaxy name according to the VCC. Column 2 and 3 give the
galaxy position in RA and DEC (J2000.0), respectively. For column 4 we take the morphological
classification given by LO7 (with b = blue-centre; d = discy; n = nucleated). Column 5 gives
the galaxy absolute magnitude in the SDSS r-band taking m—M = 31.09 (Mei et al., 2007),
corrected for Galactic extinction (L0O7). Column 6 and 7 represent the local projected density
(number per sq.deg., calculated from a circular projected area enclosing the 10th neighbor) and
the effective radius in arcsec measured by LO7, respectively. In column 8 we give the radial
velocity in km/s provided by NED'; for those galaxies whose radial velocity is not listed in
NED we measured their radial velocity from our data set, albeit with larger errors due to the low
spectral resolution. In the last column we provide comments and indicate galaxies in common

Thttp://nedwww.ipac.caltech.edu/
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Figure 3.2: Slit mask acquisition and corresponding raw CCD frame: VCC1353.

25



Chapter 3. The sample: observation, data reduction and analysis

with the study of Michielsen et al. (2008): hereafter M08, see Section 4.3.

3.2.1 Observational characteristics

VCC Chip Night Exp. SNR
No. No. yr-m-day sec. pix~!
0216 1 2007-03-19 2 x660 46
0308 1 2007-03-22 6 x590 49
0389 1 2007-03-22 2 x510 48
0490 1 2007-03-18 3 x420 36
0545 1 2007-03-17 3 x680 43
0725 1 2007-03-18 6 x670 31
0856 2 2007-03-19 1 x780 58
0929 1 2007-03-19 1 x640 63
0990 1 2007-03-22 3 x660 61
1167 1 2007-03-18 3 x720 45
1185 1 2007-03-20 2 X705 42
1254 ) 2007-03-18 2 %600 56 Table 3.2: Observation Log.
1261 2 2007-03-20 1 x840 71
1304 1 2007-03-17 6 x570 43
1308 1 2007-03-20 4 x540 41
1333 1 2007-03-17 4 x570 38
1348 2 2007-03-19 2 x450 43
1353 1 2007-03-19 6 x760 40
1355 1 2007-03-21 5 x670 34
1389 1 2007-03-20 6 %670 40
1407 2 2007-03-22 5 x680 46
1661 1 2007-03-17 6 x600 36
1826 1 2007-03-20 3 x600 47
1861 1 2007-03-21 2 x660 47
1945 1 2007-03-19 5 x705 43
2019 1 2007-03-21 4 x540 41

The observations were carried out over six half nights (three night in total) from March 16 to 22,
2007, with the ESO VLT UT1/FORS2 (Appenzeller et al., 1998) in multi object spectroscopy
(MXU) mode. An example of slit mask acquisition in MXU set up and corresponding raw
unprocessed CCD frames are shown in Figure 3.2. The detector in FORS2 comprises two 2k
x 4k MIT CCDs with a pixel size of 15 x 15 um?. The standard resolution collimator and the
2-pixel binned read-out yield a image scale of 0.25 pixel™'. The spectrograph slit width was
chosen to be 1” and covered 40” in length, using the GRIS300V Grism providing a dispersion
of 3.36 Apixel~!. This setup yields a spectral resolution, as measured from the FWHM of the
arc lines, of ~11 A at ~5000 A, which is slightly below the instrumental resolution of Lick/IDS
system (~8.4 A at 5000 A) see Worthey & Ottaviani 1997. The dates and other observational
information are provided in Table 3.2. In this table, the last two columns give the number of
exposures, the exposure time, and the resulting SNR per pixel of the combined spectra measured
at 5000 A rest frame wavelength after co-adding them. Spectrophotometric standard stars were
observed each night. The typical value of the seeing FWHM during the galaxy exposures was
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3.3. Basic data reduction

17.3 as measured by Gaussian fitting of the field stars.

3.3 Basic data reduction

The first step in the raw reduction was performed with the VLT FORS2 Pipeline Gasgano®
implemented on Esorex data reduction package. An example snap shot of Gasgano GUI is
given in Figure 3.3. This software performs the following basic tasks: bias subtraction, aperture
identification, flat fielding, cosmic-ray removal and wavelength calibration (using as argon I

lamp).
[J GASGANO Version: 2.2.7 sjy / Linux o0o0
File Selected files Tools Help
@ % [Defautt grouping |v|| collapse | Find entry: | |vH find |‘ 1
File [CLASSIFIC...] OBJECT | EXTNAME [INS.GRIS1...| INSTRUME |DET.CHIP...[INS.OPTI2..]
[ Displaying 128 files Unfilter... =
¢ [@id 078.B-0178(3) FORS2 =
¢ [EE 200164701 VCC0490 =
% (@] DET.CHIPLID = CCID20-14-5-3
Bl FORS2.2007-03-18T05:13:42.601.fits UNCLASS... ¥CC0490 CHIP1 FORS2 20.0000... MO20VC...
Bl FORS2.2007-03-18T05:16:04.523.fits SCIENCE.. ¥CC0490 CHIP1 GRIS_30... FORS2 20.0000... MO20vE...
Bl FORS2.2007-03-18T05:23:50.880.fits SCIENCE... ¥CC0490 CHIP1 GRIS_30... FORS2 30.0000... MO20vE...
Bl FORS2.2007-03-18T05:31:58.160.fits SCIENCE... ¥CC0490 CHIP1 GRIS_30... FORS2 20.0000... MO20vE...
ndisp_coeff_sci_mxu_OOOO,fits DISP_CO... ¥(CC0480 GRIS_30... FORS2 20. MOZ20wve...
B disp_coeff_sci_mxu_0001.fits DISP_CO... ¥(CC0480 CRIS_30... FORS2 30. MO20ve...
B disp_coeff_sci_mxu_0002.fits DISP_CO... ¥CC0490 GRIS_30... FORS2 20. MO20vE...
B disp_coeff_sci_mxu_0003.fits DISP_CO... VCC0490 GRIS_30... FORS2 20. MO20vE...
udi5p_coeff_sci_mxu_0004,fits DISP_CO... ¥(CC0490 GRIS_30... FORS2 30, MO20ve...
.disp_coeff_sci_mxu_OOOS,fi[s DISP_CO... ¥CC0490 GRIS_30... FORS2 30, MO20ve...
uq[obal_skv_spectrum_mxu_OOOO,fits GLOBAL_... ¥CC0480 GRIS_30... FORS2 20. MOZ20wve...
uq[obal_sky_spectrum_mxu_OOOl‘fits GLOBAL_... ¥(CC0490 GRIS_20... FORS2 20. MO20wvC... <
- . L oL 4 o roanca CY i
:42.601.fits FORS2_SLIT077.14.CHIPLfits UNCLASSIFIED
Extension: :D Find in header: | |v|| find |||| Load Filter | O Filter || O Auto Display
< »
Keyword Value
T ~
BITPIX 16 P
NAXIS 2 r
NAXIS 2048
NAXIS2 1034
ORIGIN ESO
DATE 2007-03-18T05:14:44.184
MJD-0BS 54177.21785418
DATE-0BS 2007-03-18T05:13:42.601
EXPTIME 60.0020
PCOUNT 0
GCOUNT 1
CRVALL 185.42750
CRPIX1 1023.0
CDELT1 2.000000000
CTYPEL RA---TAN
CRVAL2 15.73832
CRPIX2 119.8
CDELT2 2.000000000
CTYPE2 DEC--TAN
BSCALE 1.000000000
BZERO 32768.0
EXTNAME CHIPL
TELESCOP ESO-YLT-U1L
RA 12:21:42.61
DEC 15:44:17.95
EQUINOX 2000
RADECSYS FKS
ST 44019.101 |
UTC 18822.000 =

Figure 3.3: VLT/FORS2-pipeline gasgano window.

’http://www.eso.org/sci/data-processing/software/pipelines/giraffe/
giraf-pipe-recipes.html
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Chapter 3. The sample: observation, data reduction and analysis

3.3.1 Sky subtraction

Flux

! ! !
4000 5000 6000 7000 8000 9000
Wavelength A

Figure 3.4: Top: An example of fully reduced galaxy frame where the wavelength runs along horizontal direction.
Bottom: A one-dimensional spectrum, which is extracted form the wavelength calibrated and sky-background
line subtracted frame with the spatial binning of central four pixel along the vertical axis.

Our spectra are not full long slit spectra (i.e covering the full length of the object with a sufficient
additional region of sky). Rather we have used 40 arcsec slit length with MXU mode. In Figure
3.2, we can see the longest slit that almost covers the galaxy only. FORS2 Pipeline does not
provide a good result for sky background subtraction for these kinds of spectra of specially
extended object that cover the whole slit length (see pipeline manual) and leave significant
residuals of sky signature. Therefore the night sky line removal has been done with IRAF? using
the background task implemented in the oned package. Inherently, residuals and uncertainties
from sky subtraction could mislead the line strength measurements so we have considered how
this step is implemented thoroughly. The sky backgrounds are selected from the free slit, which
do not have any object at the time of observation, see Figure 3.2. There are many slits of shorter
length of 10”, which are particularly intended to observe field star and some are left free for
sky-background sampling. All the exposures have at least one free slit for the sky background.
Often case there is more then one, but we find that the resulting sky-background subtracted
galaxy spectrum is almost completely insensitive to how the sky region is chosen i.e. used one

3Image Reduction & Analysis Facility Software distributed by National Optical Astronomy Observatories, which
are operated by the Association of Universities for Research in Astronomy, Inc., under co-operative agreement with
the National Science Foundation. http://iraf.noao.edu/
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3.3. Basic data reduction

or two sampling region for sky background. We have therefore chosen the sky regions from
full length of free slit (i.e. free slit are always 10 arcsec = 40 pixel) typically 38 pixels wide
and leaving one pixel either side of slit, on each side of the galaxy if possible. The final sky
background subtracted frame is shown in Figure 3.4 as an example.

We observe the standard photometric stars in longslit (MOS _center) mode so we do not get any
residual from the FORS?2 pipeline during the sky background subtraction. This is because, in
case of point like sources where plenty of sky is directly observed within the single slit, the
default sky subtraction method (parameter skylocal) performs very well.

3.3.2 Poission error estimation

There are four sources of systematic errors that can affect the measurements of Lick indices: (1)
data reduction issues resulting in additive errors, such as problems with the diffuse light or sky
subtraction; (2) difference in the spectral resolution between given observations and the Model;
(3) uncertainties in the determination of the radial velocities; (4) instrumental responses that
could tilt the continuum of the line.

We use a parallel treatment of data and error frames and provide an associated error file for each
individual data spectrum. The error spectra are produced as described by Cardiel et al. (1998)
using independent processing of errors frames in the reduction of spectroscopic data sets. First,
we create error frame of each science frame using the equation

o? = éNcm + o2yl G.1)

where o is the variance in pixel [j], g is the gain of the A/D converter = 1.43 (in e~ /ADU), N[ ]
is the number of counts in pixel [j] (after processing from the Pipeline, the error produced from
bias subtraction, flat-fielding, and implementation of the dispersion solution is not included),
and oy is the read-out noise = 2.9 (in ADU). In this sense, we have an error spectrum for each
fully processed science spectrum that contains the propagation of initial random errors (due to
photon statistics and read-out noise) that are carried throughout the arithmetic manipulations in
reduction procedure.

3.3.3 Flux calibration
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Figure 3.5: Sensitivity function derived from standard stars.The thick black line represents the average of all
sensitivity functions derived from different stars.
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Chapter 3. The sample: observation, data reduction and analysis

It is also necessary to remove the overall instrument response function (IRF) from galaxy spec-
tra prior to line strength measurement. Spectra are affected by the response of spectrographic
optics, the response of the CCD, the response of grating, the atmosphere conditions and airmass.
These effects can be removed by observing flux standard stars (Oke, 1990; Hamuy et al., 1994).
For this purpose, we observed 5 standard stars (LTT4816, LTT6248, LTT1215, LTT2415, and
Feige56). IRF is then computed from the ratios of the observed standard star spectrum and the
tabulated calibrated spectrum of the respective star while considering the effect of atmospheric
extinction.

To correct these effects of atmospheric extinction, we use the IRAF task setairmass to define
the effective airmass for each spectrum. Then we apply the extinction correction (task cali-
brate) using the appropriate atmospheric extinction table (provided by ESO user support: Sabine
Moehler). The galactic spectra were subsequently flux calibrated using the IRF, which allow us
to transform the observed counts into relative spectral fluxes as a function of wavelength. The
sensitivity functions as derived from the different stars varied by typically ~1%, reaching ~3%
towards the edges of the wavelength range. Therefore combined them into a single function and
can be reasonably confident that the resulting internal relative flux calibration is good to ~1 %
(see Figure 3.5).

1.5 ——=gEm)vcT0308 ' ' '
7 dE(d) VCC0216
B — dE(n) VCC1355
g T
o o} o ©
?@ - N (] (@]
o [V o] <
: 3 8 8
505k L A
z

| | | |
4000 4500 5000 550C
Rest frame wavelength A

Figure 3.6: Flux calibrated spectrum of three dEs of different morphology, shifted to its rest frame wavelength.
The measured LICK/IDS feature are shown in shaded region.

We then co-added the individual spectra from each exposures of given galaxy to produce a
spectrum of higher Signal to Noise Ratio (SNR). Three typical flux calibrated and combined
galaxy spectra are shown in Figure 3.6.

3.3.4 Spectral resolution

When measuring line strength one needs accurate knowledge of the spectral resolution. There-
fore, in order to determine the resolution of our spectra, we use a arc lamp frame (see Figure
3.7). Assuming that all un-blended emission lines have a Gaussian profile and the FWHM in A
was determined for a range of lines. Generally the measured FWHMs are constant with wave-
length. The resolution of spectra is sometime also quoted in kms™' at particular wavelength,
such as the instrumental velocity dispersion o (Equation 3.7). Equation 3.2 to 3.5 provide the
mathematical background.
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Figure 3.7: An example of a spatially summed lamp frame with emission lines.

f(x) = e 27 3.2)

The full width at half maximum for a Gaussian is found by finding the half-maximum points x;

1
f(x1) = Ef(O) (3.3)
which implies that
x2 1

20? =~ 4
e =7 (3.4)

Solving for x; yields:
X1 = o V2In2 3.5

The full width at half maximum is then given by

FWHM =2 x x; = 20 V2In2 (3.6)
FWHM

==~ 235 (3.7

The actual calculation of the instrumental resolution in o- [kms™!] can be performed by

v = FWHM x ¢ [kms™'] 3.8)
__v -1
o= 735 [kms™"] 3.9

where c is the speed of light and A is the wavelength where the FWHM is measured.

To compare different data sets and models, all of them must be in equal instrumental resolu-
tion. Therefore to transform the resolution of one to another we use a Gaussian convolution to
calculate a transformation function

a—tzrans = 0—3 - o_tz) (310)
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Chapter 3. The sample: observation, data reduction and analysis

where o, is the instrumental resolution of low resolution resolution spectra then that of o,.

One should also apply a velocity dispersion correction if intrinsic broadening of the spectral
lines exceeds the Lick resolution. All the objects in our sample have relatively low velocity
dispersions, 0 gy < 50 km 571, significantly below our spectral resolution o, ~ 280 km s~!,
therefore these corrections is not necessary.

3.4 Line strength measurement

In this section we describe details of the measurement of line strength in the optical wave-
length range 4000 to 6000 A and the main steps needed to calculate the line-strength specifically
Lick/IDS index system (Burstein et al., 1984; Worthey et al., 1994a; Worthey & Ottaviani, 1997)
using 1d spectra. This will allow us compare the results with different SSP models in order to
predict the luminosity-weighted ages and metallicities.

We have considered two different programs to measure the indices in our spectra. These are
InpExr* and two tasks inside IRAF, shands & dopcor. Using the definition of Lick index IN-
DEXF calculates a pseudocontinuum (a local continuum level) for each spectral feature defined
by the means within two pseudocontinuum bands-passes on either side of the central spectral
feature (Worthey et al., 1994a; Worthey & Ottaviani, 1997). This program also estimates the
uncertainties resulting from the propagation of random errors and the radial velocity errors by
performing Monte-Carlo simulations. In IRAF, dopcor is used to put the spectra in their rest
frames and then sbands is used to measure indices using the passbands defined in Worthey et al.
(1994a); Worthey & Ottaviani (1997). However, we use only the indices measured from INDEXF
during the stellar population analysis.

3.4.1 Index calibration

In this section, we introduce consistency tests between our measured indices and the different
SSP model predictions of BCO3 and AV/MILES. For this purpose, we compute the model in-
dices at the resolution of our data (~11 A). We then create index-index plots that contain those
indices sensitive to the same chemical species as used in the SSP models (Kuntschner, 2000).
These plots provide an idea of how accurately the models reflect the data and consequently
help us interpret the results with respect to a chosen model. Moreover, it is important to check
whether or not significant differences exist in the relative spectrophotometric calibrations of the
data and the stellar libraries used by the models.

In Figure 3.8, different Mg indices are plotted against each other. The folded grids represent
BCO03 (black) and AV/MILES (red) models at 11 A resolution, and the black dots are the indices
measured from our sample dEs. The plots show a good overall agreement between the measured
index values and the model predictions, with a small systematic deviation for galaxies with
smaller Mg indices. Likewise, Figure 3.9 shows the relation between <Fe>, Fe5015 and Fe5406.
In this plot, the scatter of the data points around the model grid locus is larger, however, this is
explained by our measurement errors being larger here. Overall, the models do trace the mean
trends in the data. In Figure 3.10 we present the Balmer indices HB, Hor and Hyr. Here we find
fairly good agreement for the AV/MILES model, while small deviation can be seen between the
BCO03 model predictions and the data in the Hér and Hyp indices.

“http://www.ucm.es/info/Astrof/software/indexf/indexf.html
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Figure 3.10: Consistency test using
4 Balmer indices and BC03 models at
11 A resolution. The folded grids
0<: are BCO3 (black) and AV/MILES (red)
. 2 models and the data points corre-
§ spond to the central indices measured
asi in our sample.
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Index strength at 11 A

In this section we investigate the behaviors of line indices at different resolutions, and provide
corrections of our measured indices to the Lick system. We assess possible effects of a variation
of the resolution on the ages and metallicities. For this purpose, we used AV/MILES model
spectra. First, we degraded the model spectra to Lick resolution, since most studies in the
literature are based on this resolution. For simplicity, however, we consider a fixed resolution of
9 A, although the original Lick system varies from ~8.4 to 11.5 A depending on wavelength. In
addition, we computed another degraded version of the model spectra, adopting the resolution
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of our data (11 A). These two different resolutions are compared with each other in Figure 3.11,
where we show the difference Al between the measured indices for the two resolutions (i.e.,
AI = Indices measured at 9 A — 11 A) as a function of index strength. We find that Fe5335
and Fe5406 suffer slightly more degradation in the strong absorption region than the Balmer
lines (HB, Hyr, and HéF) and the Mg indices. The percentage variations of these features are
~10.5% for Fe5335 & Fe5406, ~6% in case of Fe5270 & Fe5015 and Mgb, and even smaller
for HB (i.e., ~2%) and other higher order Balmer lines. Note that these systematic deviations
in absorption line strengths are smaller than half of the typical (statistical) measurement error
from our galaxy spectra. From the relations illustrated in Figure 3.11, we computed corrections
for index strength for all the measured indices of our galaxy sample, in order to correct our data
back to the Lick resolution (9 A). This allows us to apply a separate correction for each galaxy,
depending on its individual index strength. We then further corrected each index by applying
the offsets between flux-calibrated spectra and the non-flux-calibrated original Lick/IDS system
(see next Section 3.5.1).

3.5.1 Lick offsets

Table 3.3: Offsets to the Lick/IDS stellar library system derived from the MILES library.

Index Offset rms  Number of stars A B
9] (2) 3 “4) (5) (6)
CN; —0.008 +£0.002 0.027 222 —0.008 + 0.003 0.060 = 0.014
CN, —0.003 £0.002 0.031 220 —0.005 + 0.004 0.056 + 0.015
Ca4227 0.06 = 0.02 0.35 237

G4300 -0.05 +0.04 0.62 238 —-0.545 £ 0.050 0.108 = 0.016 ‘
Fed383 0.46 + 0.05 0.74 237

Cad455 0.36 £ 0.02 0.33 237

Fe4531 0.07 £0.03 0.49 237 —0.108 +0.047 0.064 +0.021
C,4668 -0.23 +£0.05 0.79 237 —0.423 £ 0.057 0.051 £0.013
HB -0.09 +0.02 0.25 239

Fe5015 0.40 = 0.04 0.59 237 0.216 = 0.044 0.048 = 0.011
Mg, 0.007 +£0.001  0.013 239 0.004 + 0.002 0.057 = 0.009
Mg, 0.019 +£0.001 0.017 239 0.006 + 0.003 0.078 + 0.006
Mgb 0.03 +£0.02 0.29 239

Fe5270 0.07 £0.02 0.34 239

Fe5335 -0.04 +£0.02 0.32 239

Fe5406 -0.07 +£0.02 0.28 237

Fe5709 0.05 +£0.01 0.21 235

Fe5782 0.03 +0.01 0.18 231 0.077 £0.022 -0.076 +£0.025
NaD 0.17 £0.02 0.32 238 0.219+£0.026 —0.025 +0.010
TiO, 0.009 = 0.001  0.010 237 0.008 + 0.001 0.084 + 0.008
TiO, 0.001 =0.001  0.010 216 —0.000 + 0.002 0.037 = 0.006
Héa -0.03 £ 0.05 0.75 212 -0.018 +£0.049 0.033 +0.012
Hya 0.08 = 0.04 0.67 237 0.166 = 0.040 0.021 + 0.008
Hér -0.01 =0.03 0.46 212 -

Hyr 0.05 +0.02 0.38 237 -

Note. Column (1) gives the index name, while column (2) gives the mean offset (Lick - MILES) to the
Lick/IDS system. Column (3) gives a robust estimate of the 1o scatter and column (4) shows th number
of stars used in the comparison for each index. Columns (5) and (6) give the coefficents of a linear fit to
(Lick - MILES) = A + B X Lick where a significant slope was found.

In this work, we derived offsets from the Lick star spectra of the MILES library. For this project
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Figure 3.12: Comparison of Lick/IDS index measurements with the MILES stellar library (Sdnchez-Blazquez
et al., 2006) for stars in common (plus signs). The red dashed line in each panel shows the mean offset derived
by a biweight estimator (see also Table 3.3). In the title of each panel we list the index name, the index offset
and associated error, a robust estimate of the 10~ scatter and the number of stars used in the comparison. A
subset of the indices shows evidence for line-strength dependent offset. For indices where this is a significant
effect (207), we also show a robust fit to the relation (green dash-dotted line). See text for details.
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and instrument configuration there were no stars observed in common with the original Lick/IDS
stellar library (Worthey et al., 1994a) which is the standard way to calibrate the index measure-
ments to the Lick system by deriving small offsets (Worthey & Ottaviani, 1997). However, we
made use of the MILES stellar library (Sdnchez-Blazquez et al., 2006) to determine the offsets
to indices measured in flux calibrated spectra from the original Lick/IDS system, assuming that
the MILES library and our data are well flux-calibrated.

The spectra were first broadened to the Lick/IDS resolution with a wavelength-dependent Gaus-
sian assuming a spectral resolution of the MILES library of 2.3 A (FWHM). Then, we compared
the index measurements in common with the Lick stellar library for up to 239 stars depending
on the availability of the measurements. The offsets and associated errors (see Figure 3.12 and
Table 3.3) were derived with an outlier resistant biweight estimator (IDL Astronomy library>
biweight mean.pro). The offsets are generally small (<0.2 A) but some individual indices
show larger offsets (e.g., Fe4383, Fe5015). Additionally, several indices show evidence for
line-strength dependent offsets (e.g., CN», G4300, Mg,; see also Vazdekis & Arimoto 1999).
We used an outlier-resistant two-variable linear regression method (IDL Astronomy library
robust_linefit.pro) to investigate the significance of such trends. For indices where we
find a slope different from zero with more than 20 significance we show the fit in Figure 3.12
with a green dash-dotted line and give the fit parameters in Table 3.3.

We note that previous attempts to establish Lick offsets with the Jones 1997 stellar library (Nor-
ris et al. 2006;Worthey & Ottaviani 1997) have resulted in significantly different offsets for
some indices, perhaps most notably the higher order Balmer lines. We ascribe the differences
in offsets to an imperfect flux calibration of the Jones library. Recently, Sanchez-Blazquez et al.
(2009) also used the MILES library to derive Lick offsets and find similar results. However, sig-
nificant differences remain for individual indices (e.g., Mgb) where we favour our outlier robust
analysis.

For the present study, we apply the offsets listed in Table 3.3 (column 2). Only one of the indices
(Fe5015) used in this study to derive the stellar population parameter estimates shows evidence
for a line-strength dependent offset. Since the trend is very weak in the range of observed
line-strength for this index we apply only a normal offset.

With these corrections, our data qualify for comparisons with various models based on the Lick
resolution. We are thus in the position to compare our data to the TMB03 models, which provide
tabulated values of Lick indices as a function of age, [Z/H] and abundance ratio [a/Fe].

3.5.2 Comparison of measured indices

To examine the robustness of our approach for correcting the indices back to the Lick system,
we compare the final corrected values of those galaxies common to Geha et al. (2003) and
MO8 with their published values. In Figure 3.13, we find that these adopted corrections give
results consistent with the previously published data. Therefore, our further analyses (i.e., index
analysis, comparison to models, and extraction of age and metallicity) are done using the Lick
system, unless explicitely stated otherwise.

Shttp://idlastro.gsfc.nasa.gov/
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Figure 3.13: Comparison of our Lick indices, corrected back to the Lick system, with previously published data.
Open circles represent the galaxies in common with the M08 sample and filled circles stand for the data of Geha
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Stellar populations of Virgo cluster early-type
dwarf galaxies with and without discs: a
dichotomy in age?

Abstract

Using high signal-to-noise ratio VLT/FORS?2 spectroscopy, we have studied the properties of
the central stellar populations and ages of a sample of 26 dEs in the Virgo Cluster. We con-
formed that these galaxies do not exhibit same stellar population for different morphology. The
nucleated galaxy, which are distributed more dense region of the cluster are old (with mean
age 9.61 t}g%}) Gyr) and metal poor (with mean log(Z/Zs) = -083f8f{ ). On the other hand disc
shaped dEs, which are distributed relatively farther region from the cluster center, have inter-
mediate age and slightly enhanced metallicity of average 3.71 i?;g Gyr & log(Z/Zs) = -0.5J_r8:§2
respectively. We also found a week correlations between the luminosity weighted-mean age Vs

over-density and anti-correlation of metallicity with over-density. We thus argue that the envi-
ronment does play a crucial role during the evolution of dwarf galaxy and conclude that these
galaxies cannot originate from same evolutionary history for different morphology. Old and
metal poor dEs could have early termination of star formation activity with infall of primordial
galaxy in the cluster potential are normal nucleated. By contrast, the discy galaxy, which are
metal rich and relatively young, must have undergone through structural transformation of a
late-type spiral into a spheroidal system.

Result published on S. Paudel et al., MNRAS, 405, 800, 2010.
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1. Introduction

4.1 Introduction

N previous chapter, we introduced some basic characteristics of our original early-type dwarf
I galaxies (dEs) sample. We already explained the important steps of data reduction procedure

and the procedure that followed towards the Lick index measurement, including consistency
checks of the models used, as well as tests and comparisons of Lick indices at different spectral
resolutions. We will now concentrate on the derivation of stellar population parameters from
well measured and calibrated absorption line strengths. As we described in chapter 2, we will
use the stellar population model of TMBO3 to derive age, metallicity and @-abundant ratio,
however we use other models BC0O3 and AV/MILES to test the consistency of estimated stellar
population parameters.

This Chapter particularly focuses on the variation of stellar population properties among the
different morphological types of dEs. This chapter is organized as follows: In Section 4.2,
we provide an overview of morphological diversity in dEs. Section 4.3 describes an extended
sample of dEs, which we have obtained by adding the dEs sample of Michielsen et al. (2008):
hereafter MOS. Since, we already have described the data reduction and calibration of measured
absorption line strength in the Lick system in Chapter 3, we only describe the derivation of
stellar population parameters in Section 4.4. The results from our analysis are presented in
Section 4.5, separating the actual index measurements (Section 4.5.1) and the subsequently
derived ages and metallicities (Section 4.5.2). Finally, Section 4.6 presents the discussion of the
results, and our conclusions.

4.2 A morphological diversity in dEs

The discovery of the substructures and morphological inhomogeneity in the dEs has been one
major achievement since special image analysis techniques have been introduced to study the
morphological properties of dEs. Pioneering contribution by Jerjen et al. (2000); Barazza et al.
(2002) and extensive study of Lisker et al. (2006) later made clear, in fact, that dEs can not be
regarded as homogeneous stellar system in the sense of color and substructure. These features
can actually be seen in the dEs over a large range of magnitude. However, luminous populations
seem to host more frequently than faint dEs.

Bright early-type dwarfs in Virgo

"normal”: 66% disk mgnature 24% blue core: 12%

LR [

80% nucleated 20% non-nucleated

s S

oA, s, kN F: =
ey e
high-density outskirts low-to-intermediate outskirts
regions density regions

Figure 4.1: A morphological diversity in dEs: Lisker et al. (2007)
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A recent systematic study by Lisker et al. (2006, 2007, hereafter L06 and L0O7, respectively)
revealed a striking heterogeneity of the class of early-type dwarfs. They found different sub-
classes, with significantly different shapes, colors, and spatial distributions. Analyzing a large
sample of dEs, Lisker et al classified the dEs mainly in three different morphological types: (1)
dEs with disc features like spiral arms or bars dE(di), (2) dEs with central bright nucleus dE(N)
(3) dEs without any prominent central nucleus dE(nN): see Figure 4.1. In addition, some dEs
have central blue color excess classified as blue-centre dEs i.e. dE(bc). However, these clas-
sifications are not straightforward, there are some dEs with disc feature and blue color excess
in the centre. Therefore, for the shake of simplicity Lisker et al purpose a cumulative way of
classification i.e. a nucleated, discy and blue centre dE can be classified as a dE(N,di,bc) and
non-nucleated but with disc feature are represented with dE(nN,di). The classification of a dE
as nucleated and non-nucleated is not unambiguous. Many Virgo dEs that were classified as
non-nucleated in the VCC actually host a faint nucleus that was hardly detectable with the VCC
data (Grant et al., 2005; Coté et al., 2006). A more appropriate term might be dEs without a
nucleus of significant relative brightness as compared to the central galaxy light. Grant et al.
(2005) pointed out that dEs classified as nucleated and non-nucleated might actually form a
continuum with respect to relative nucleus brightness.

1 — — T
i nucleus, no disk or blue center
(]
gO.B B -=== disk >
LJ -
©
506 [
,_Ej 5 Figure 4.2:  Morphology-density relation
S 0.4 - within the dE class: Lisker (2009)
] i
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50.2 —
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0
0 0.5 1 1.5 2

log(projected density / sq.deg."")

The dEs with disc feature are preferentially distributed in the cluster outskirts. On the other
hand, nucleated smooth dEs are mainly found in dense cluster center and they are relatively
red in color than dEs with disc feature: see Figure 4.2 for morphology-density relation within
the dE class in Virgo cluster. Lisker et al. also show that almost a quarter of dEs in their
sample host disc features and it arises with the fraction of 50% at the bight end. The analysis of
the projected axial ratio of dEs shows the non-nucleated dEs are flatter than the nucleated ones.
From the distributions of projected axial ratios, Lisker et al. (2007) estimated intrinsic axial ratio
distributions for the different subclasses, which are illustrated in Figure 4.1:. dE(nN)s are flatter
than dE(N)s (the difference disappears towards fainter magnitudes), dE(bc)s have similarly flat
shapes as the dE(nN)s, and dE(di)s are the flattest population (Lisker, 2009).

These morphologically different dEs, with significantly different in colors and spatial distribu-
tions, could have gone through different evolutionary processes. Those dEs with a disk com-
ponent have a flat shape and are predominantly found in the outskirts of the cluster, suggesting
that they — or their progenitors — might have just recently fallen into the cluster environment. In
contrast, dEs with a compact stellar nucleus follow the classical picture of dwarf ellipticals: they
are spheroidal objects that are preferentially found in the dense cluster center. Thus, given the
structural heterogeneity and the scatter in their stellar population characteristics, the question
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arises whether they have a similar or different formation history? Here we address this ques-
tion with exploring the relation between their stellar populations, structural parameters and the
environment.

4.3 The sample

Table 4.1: Galaxies from Michielsen et al. (2008) incorporated in our extended sample.

Name RA Dec Type M, Density* Reg RV Remark
VCC0021 12:10:23.15 10:11:19.04 bc,N —17.01 1.8 152 486 +25
VCC0397 12:20:12.18 06:37:23.56 di,N -16.76 — 12.4 2471 +£46 poss. mem.
VCC0523 12:22:04.14 12:47:14.60 di,N -18.57 202  25.7 1981 + 20
VCC0917 12:26:32.39 13:34:43.54 - -16.55 459 9.2 1238 £20 removed

VCC1087 12:28:14.90 11:47:23.58 -1850 549 284 675=+12
VCCI1122 12:28:41.71 12:54:57.08 -17.13 66.0 19.1 476+ 10
VCCI183 12:29:22.51 11:26:01.73 di,N -17.82 282 19.6 1335+ 12
VCCI431 12:32:23.41 11:15:46.94 N -17.72 302 9.3 1505 + 21
VCC1549 12:34:14.83 11:04:17.51 N -17.24 283 109 1357 +37
VCC1695 12:36:54.85 12:31:11.93 di -17.63 214 22.8 1547 +29
VCCI910 12:42:08.67 11:45:15.19 di,N -17.86 28.1 13.6 206 +26
VCCI912 12:42:09.07 12:35:47.93 bc,N —-17.83 19.6 223 -169 +28
VCC1947 12:42:56.37 03:40:36.12 di,N -17.61 — 94 974 +£19 poss. mem.

“Local projected galaxy number density

We build an extended sample by adding Virgo dEs from the M08 sample whose morphology is
defined in L06. The MAGPOP ITP! provide us flux calibrated spectra of their sample dEs. M08
selected their galaxies to be brighter than mp <~ 15 mag, with high central surface brightness,
and all hosting a central nucleus. In total, our extended sample thus comprises three dE(bc)s (of
which one also hosts a disc, as mentioned above), 13 dE(di)s, and 22 dE(N)s that do not show
disc features, which comprises disky versus non-disky ratio ~ % with the fairly large density
range ~3 to ~70. Note that we removed VCC 0917 from M08 sample because it has a different
subclass, as this galaxy is neither discy, nucleated, nor blue-centered according to L06.

We believe that this is a representative sample of bright-nucleated early-type dwarf galaxies in
the Virgo cluster with different sub-structural types. Table 4.1 lists the MO8 sample galaxies and
some of their basic properties.

For this work, we use central four arc-sec aperture, which corresponding to 320 pc with a dis-
tance modulus m — M = 31.09 (16.5 Mpc, Mei et al. 2007), to extract the one dimensional
spectra. This is done in order to guarantee that the resulting Lick indices will have sufficiently
small errors to allow a precise stellar population analysis, and to enable a direct comparison
with the sample of M08, who used the same extraction aperture.

4.4 Extraction of stellar population parameters from model fitting

As the aim of our work is to understand the star formation and evolutionary history of dwarf
galaxies, we extract stellar population characteristics from those indices, and combinations of

Thttp://www.astro.rug.nl/~peletier/MAGPOP_ITP.html

43


http://www.astro.rug.nl/~peletier/MAGPOP_ITP.html

Chapter 4. Stellar populations of Virgo cluster early-type dwarf galaxies with and
without discs: a dichotomy in age?

Mgh o Fe5270 o Fe5335 o Fe5406
e Hé e Hy o Fe4383 e Fe5015 e HS
TMBO03 AV/MILES 11 A
n1945 - - SRR ST R TR Pt , R Ex2: SRR
n18e1f - - i bioe Bd + R IREX R : 1
n1826 IR 1) + @ g i@ 1
n1661 # R IR . T te ¢ l{ f 1
n1407 i XPETE: + b4 is { :
n1389 | ; i ! + RITRY: f -
n1355 |  ERUY B SRR é ) T % Hi} .
n1353| {3 it B + i # bt 1
n134gL 304 # § 1 R i -
n1333 - R EE I8 I i{ % T tig } L 1
n1308 Hifi t T Hﬁf'}% 1
n1261 ¢ I TR T LI R ] 1
n1254 - P4 wiyg + s (R IR -
n1185 I X121 } 1 R 3} -
n1167 4 #4334 + IEIE 2 1
n0929 - s o 43 : + s -8 ¢ ¢ 1
nos45p- - - I SRR } T bi- it { 1
d2019 L S ﬁi T SR RS2 1
d1304 P4 }; : t L 2 .
d0990 | s R O} T : R 1
do8s6 | Poodoae { + $3ad t 1
d0490 | SERER R 1 IR ]
do3so K REEEE TRRL i T 4 oovre 1
d0216 TER RS R ST SRR ¥ + 8 ftid tod 1
b0308 |- - - - - - BT TR + T R 1
-2 -1 0 1 - 0 1 2

2 -2
X = (measuredi - fiti)/ai

Figure 4.3: Distribution of the deviation of indices from the best fit model point. The Y-axis is labeled with the
VCC number of our target galaxies preceded by a letter indicating their galaxy type.

indices, that are sensitive to age, metallicity, or the relative abundance of different metals. Pop-
ulation synthesis models then provide us with SSP-equivalent, or mean luminosity-weighted,
ages and metallicities. It is necessary to mention that the SSP-equivalent ages are biased to-
wards younger ages (Trager et al., 2000a, 2005) since in the optical, most of the light comes
from the youngest component of the stellar population, and the age correlates most strongly
with last star formation activity. Therefore, the measured age is influenced to a large extent
by the last star formation activity in the galaxy. However, the SSP-equivalent metallicity is an
excellent tracer of the light-weighted metallicity (Trager & Somerville, 2009). This is because
hot, young stars contribute little to the metal lines in a composite spectrum (Trager et al., 2005;
Serra & Trager, 2007).

To convert our measured indices to ages and metallicities, we used the y>—minimization method
as suggested by Proctor et al. (2004). In this method, we have the advantage to use a large set
of indices to get the best fitting stellar population parameters. Therefore, it makes better use
of the information that directly depends on age, metallicity and a—element abundance ratio, as
compared to an analysis of single indices or index pairs. To perform the model fits, we first
interpolated the model grid of TMBO3 to a finer grid. The actual y>—minimization was then
performed on the age, [Z/H], and [a/Fe] parameter space. While the method allows us to use
as many indices as possible, we used only the nine indices with the best measurement quality
(HoF, Hyr, Fed383, HB, Fe5015, Mgb, Fe5270, Fe5335 & Fe5406) among the measured Lick
indices from our spectra, which are tabulated in Table 4.2. To calculate the uncertainties in
the stellar population parameters, we transformed the index error to the stellar population error
contours and obtained the maximum of the error from that.

In Figure 4.4, we show the comparison of derived ages and metallicities using different SSP
models (TMB03 & AV/MILES). We derived TMBO03 ages and metallicities by correcting our
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Figure 4.4: Comparison between derived age & metallicity using the TMB03 model at Lick resolution and the
AV/MILES model at our resolution, i.e., 11 A.

data to the Lick system as described above, while AV/MILES ages and metallicities were ob-
tained directly at the resolution of our data (11 A), by degrading the AV/MILES model down
to this resolution prior to the model fitting. We use the same set of nine indices in both cases.
Although, the measured age and metallicity agree well within the error limit, it seems that the
majority of derived ages are overestimated, when we used the model TMBO03. As a further test
to check the source of this slight offset, we compared the estimated SSP parameters from the
model AV/MILES at different resolutions (i.e., at 9 Aand 11 A) for the MO8 sample. While no
strong deviation is seen, there might be a small systematic bias of having younger ages when we
degrade the resolution, Figure 4.5). In any case, the estimated ages at different resolution agree
well within the errors.

The behavior of the nine well-measured indices with respect to the best-fit model index value is
shown in Figure 4.3. Each color represents a different index; the galaxy number along with its
subtype label is provided as y-axis. Clearly, the index values lie well within the 20~ uncertainty
range, and surprisingly, in the vast majority of cases even within the 1o limit. It is interesting
that the deviation of the Mgb indices for the AV/MILES model is systematically negative in
almost all cases, and only for VCC 1348 it shows a significantly positive deviation. This galaxy
has the highest a—element abundance among our sample (see Table 4.4). On the other hand, for
the TMBO03 model, the distribution of Mgb indices is rather symmetric, and all lie within the
1o error limit. Therefore the asymmetric distribution of Mgb for the AV/MILES model can be
interpreted as an effect of having a fixed solar —element abundance ratio. We also note that the
deviations of Fe5015 and Fe4383 are mostly positive, while Fe5335 and Fe5406 have negative
deviations in most cases. However, the overall mean of the deviations for all indices is always
less than half of sigma for the model TMBO3.

The derived values of age and metallicity for our dEs, along with their uncertainties, using
the TMBO3 model, are tabulated in Table 4.4. We also remeasured age and metallicity for the
spectral sample of MO8, using the same nine indices as in our sample. This guarantees a proper
comparison, because M08 have used a different approach (i.e. quadratic interpolation over the
nearest SSP model grid points in the H5-[MgFe] diagram, as suggested by the method of Cardiel
et al. 2003). Interestingly, we obtain a smaller error on age and metallicity, as compared to their
measurement. Nevertheless, the measured ages and metallicities match very well (see Figure
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Figure 4.5: Left: Comparison between the derived metallicity (top) and age (bottom) with TMBO3 for our sample
and that of M08. We use different approaches, i.e. following Proctor et al. (2004) and Cardiel et al. (2003) by us
and by M08, respectively.

Right: Comparison of derived stellar population parameters from the AV/MILES model at different resolutions
for the M08 sample.

In this section, we first show the measured indices directly, in correlations with galaxy absolute
magnitude, and in simple diagnostic index versus index plots, which compare them to model
grids of age and metallicity. Finally, we analyze the stellar population results obtained from
model fitting.
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4.5. Results

4.5.1 Lick indices for Virgo dEs
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The relation of the galaxy magnitude and the indices that are widely used as age and metallic-
ity indicators (i.e. HB as good age indicator and [MgFe]’ as good mean metallicity indicator,
with [MgFe]” = \/Mgb X (0.72 x Fe5270 + 0.28 x Fe5335) (Thomas et al. 2003)) are shown in
Figure 4.6. It is remarkable that we do not see any correlation between the age sensitive index
Hp and magnitude, while a small but clear offset between nucleated early-type dwarfs with and
without discs (dE(di) and dE(N), respectively) is seen. On the other hand, the metallicity sen-
sitive index [MgFe]” shows a weak anti-correlation with M,, from the brighter dE(di)s down to
the fainter dE(N)s. As we know (Worthey et al., 1994a), there are no such pure indices which
only depend on either age or metallicity. Therefore, the exploration of age and metallicity by
comparing the indices or their combinations to model predictions is presented further below.
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Figure 4.7: The age-sensitive index HB as a function of the metallicity-sensitive index [MgFe]’. Overplotted grid
lines are the stellar population models of BCO3(left), AV/MILES (middle) & TMBO03 with [@/Fe] = 0.0 dex (right).
The points without error bars are from the M08 sample; the mean error for these data is shown as a cross in
the upper right corner of each panel. Colors and symbols are the same as in Figure 4.6.

Note VCC 0725 is an outlier, due to its fairly low Mgb content (see 4.2). This galaxy is one of
the faintest among our sample and there is almost no galaxy light beyond the central nucleus.
Therefore, we suspect that a fairly large domination of the residual sky noise within the four-
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arcsec aperture could produce such an effect. Hence, we remove this galaxy from the sample
during the subsequent analysis.

Figure 4.7 shows the distribution in HB versus [MgFe]’ of dEs and a grid of simple stellar
population models of BC03, AV/MILES & TMBO03 (with [a/Fe] = 0.0 dex). We use [MgFe]’
as a metallicity indicator, which is considered independent of [a/Fe]-abundance, and HS as
age indicator, because its age sensitivity is greater and it is less degenerate with metallicity or
abundance ratio variations than the other Balmer indices (Korn et al., 2005). The solid lines,
which are close to vertical, are of constant metallicity, whereas the dashed lines, which are close
to horizontal, connect constant-age models (from top to bottom: 1, 2, 3, 5,7, 10, 12, & 15 Gyr).
All three panels appear to be fairly consistent with each other. However, there are some galaxies
that lie outside of the model grid, located at low Hp, i.e., at the bottom left corner of the grid.
Nevertheless, when taking into account their errorbars, they could still lie within the grid region.
Moreover, it is not surprising that some galaxies (particularly dEs) fall outside of model grid.
The same problem has already been noticed in the similar type of study of the dEs in the Coma
cluster by Poggianti et al. (2001). This can be an issue of how the mass loss along the red giant
branch is treated in the models, as discussed by Maraston et al. (2003).

[a /Fe]=+0.00

3 -
< Figure 4.8: Central Mg versus <Fe> indices
= after correcting back to Lick resolution, su-
éﬂ perimposed on the TMBO03 model with differ-

ol ent ages, metallicities, and abundance ratios.

la /Fe]=-0.30 The symbols are the same as in Figure 4.7.
1t
0 1 2 3 4

<Fe>, A

We can see that most of the dEs appear to have sub-solar metallicity, supporting the results
of van Zee et al. (2004), M08, Geha et al. (2003), Koleva et al. (2009) . On the other hand,
their ages span a wide range. It is apparent that all dEs with blue central colors (dE(bc), blue
symbols) are located towards fairly young ages, falling above the 3 Gyr line in the figure. There
is almost no overlap between the dE(bc) and the dE(N) (red symbols), except for VCC 1353.
Furthermore, most of the discy dEs (dE(di), green in color) lie in between dE(N) and dE(bc).

Thus, a clear division of the different subclasses in terms of age is present, with low, intermediate
and high ages for dE(bc), dE(di) and dE(N), respectively. Despite of having a much larger
spread, the dE(N)s are clustered in the bottom left corner of the grid — or even below the grid in
some cases — centered on the low metallicity region. Interestingly, only three dE(di)s fall left of
the metallicity line of [Z/H] = —0.36 dex.

Figure 4.8 presents the Mgb vs <Fe> diagram, where the data are superimposed on the TMBO03
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Table 4.3: Measured central line-strength indices corrected to the Lick/IDS system, measured in the central 4 arcsec with one sigma error

vCC

0308
0216
0389
0490
0856
0990
1304
2019
0545
0725
0929
1167
1185
1254
1261
1308
1333
1348
1353
1355
1389
1407
1661
1826
1861
1945

Ca4227

A
0.77 £ 0.21
0.52 + 0.22
0.59 +0.23
1.27 £ 0.28
0.61 £0.25
1.28 £0.17
0.88 £0.18
0.82+0.24
097 £0.25
0.39 £0.32
1.33 +£0.17
0.54 + 0.24
0.67 + 0.25
0.92 +0.18
093 +£0.15
0.95 £0.25
0.68 +0.27
0.78 + 0.24
0.56 +£0.26
0.64 £ 0.30
0.50 £0.26
0.73 £0.22
0.71 + 0.28
0.84 + 0.22
1.11 £ 0.22
0.90 +£0.24

H+

+

H

H+ H

Cad455

A
0.57 £0.29
0.12 £ 0.30
0.49 + 0.29
0.82 £ 0.39
0.99 +£0.33
0.99 £0.24
0.99 +£0.23
0.39+0.33
0.62 +£0.34
0.43 £0.43
1.16 £ 0.22
0.11 £0.32
0.83 £0.32
0.70 £ 0.25
0.85 £0.20
0.90 £ 0.34
0.82 +£0.37
0.59 +£0.33
0.29 + 0.35
0.50 £ 0.40
0.45+0.35
0.63 +£0.30
0.60 + 0.39
0.61 +£0.30
0.71 £0.30
0.55 +£0.33

H+

H+

H

+ H

CN1
mag
-0.06 + 0.01
-0.10 £ 0.01
-0.01 £ 0.01
-0.06 + 0.01
-0.07 £ 0.01
-0.06 + 0.01
-0.03 £ 0.01
-0.09 + 0.01
-0.02 £ 0.01
-0.10 = 0.01
-0.04 + 0.01
-0.03 £ 0.01
-0.03 £ 0.01
0.02 £ 0.01
-0.04 £ 0.00
-0.04 + 0.01
-0.11 £ 0.01
0.00 + 0.01
-0.10 £ 0.01
-0.06 + 0.01
-0.03 £ 0.01
-0.01 £ 0.01
0.02 £ 0.01
-0.08 + 0.01
-0.02 £ 0.01
-0.02 + 0.01

CN2
mag
-0.02 £ 0.01
-0.07 + 0.01
0.00 = 0.01
-0.01 £ 0.02
-0.04 + 0.01
-0.02 + 0.01
0.00 + 0.01
-0.05 + 0.01
0.00 = 0.01
-0.06 + 0.02
-0.00 + 0.01
-0.00 = 0.01
-0.01 £ 0.01
0.06 + 0.01
-0.00 + 0.01
0.00 + 0.01
-0.06 + 0.01
0.06 + 0.01
-0.06 + 0.01
-0.03 + 0.02
-0.00 + 0.01
0.01 £ 0.01
0.06 + 0.01
-0.05 + 0.01
0.00 = 0.01
0.02 + 0.01

Fe4531
A
2.51+£043
1.70 + 0.45
2.56 +0.43
2.75 £0.59
1.61 £ 0.51
223 +£0.37
270 £ 0.35
1.94 + 0.50
2.90 £ 0.50
1.62 + 0.65
2.81 £0.32
2.06 £0.46
1.94 + 0.50
2.38 £0.38
2.86 £ 0.30
270 £ 0.51
1.01 £0.58
2.66 + 0.48
2.04 +£0.54
2.40 £ 0.59
1.89 £ 0.51
232+ 047
2.03 £ 0.58
242 +044
2.87+0.44
241 £0.48

H+

H+

H

H+ H

C4668
A
2.90 £ 0.67
2.04 £0.69
3.54 £ 0.67
3.85+0.89
234 +£0.78
3.49 £ 0.55
3.53+£0.54
2.01 £0.77
3.68 £0.77
1.98 +£1.03
4.94 +0.51
1.76 £ 0.74
2.20+0.78
2.44 +0.58
3.79 £ 0.45
3.10£0.79
0.79 £ 0.88
2.82+£0.78
2.03 £0.83
3.92+£0.96
1.15+0.83
222 +0.71
1.10+£0.93
3.06 £ 0.70
3.57 £0.68
2.04 £0.78

H+

H+

H

H+ H

Fe5709 Fe5782
A A
0.73£0.19 0.43 +0.19
049 +0.21 041 +0.20
0.59 + 0.19 0.50 £0.18
0.75 £0.26 0.39 +0.25
0.80 £0.22 0.26 + 0.21
0.74 £0.16 0.71 £ 0.16
0.76 £0.16 0.58 +0.15
0.61 £0.22 0.31 +0.21
0.70 +£ 0.24 0.51 £0.23
0.28 £0.30 0.38 +0.27
0.81 £0.15 0.45+0.14
026 £0.21 0.13 +0.20
0.45+0.22 046 £0.21
048 £0.17 0.35 +0.16

H+

H+

0.84 £0.14 0.47 +0.13
0.64 £0.23 0.45+0.22
021 +£0.25 0.01 +0.24
0.34+£0.22 043 +0.21

0.59 + 0.23 0.21 £0.23
042 £0.29 0.49 +0.26
048 £0.23 0.13 +0.23
0.49 £0.21 0.30 +0.20
0.60 £0.24 0.11 +£0.23
0.69 £0.21 0.51 +0.19
0.88 £0.21 0.45+0.19
0.64 £0.21 0.45+0.20

G4300
A
3.06 £ 0.39
1.76 + 0.41
3.84 + 0.39
3.57+£0.53
340 +£0.43
4.33 £0.31
4.23 +0.31
2.62 £0.45
4.07 £ 0.44
3.31+£0.57
5.14£0.29
3.33+£043
4.21 +£0.42
392 +0.33
3.85+£0.26
4.24 £ 0.45
293 +£0.49
4.78 +0.42
1.67 + 0.49
3.89 £0.53
3.09 £ 0.46
4.18 £0.40
3.41 +0.49
4.17 +0.39
4.57 £0.40
3.80 £0.42

Mgl
mag
0.03 + 0.006
0.02 + 0.006
0.04 + 0.006
0.04 + 0.008
0.03 + 0.007
0.04 + 0.005
0.03 + 0.005
0.02 + 0.007
0.03 + 0.007
0.02 + 0.009
0.05 + 0.005
0.03 + 0.007
0.03 + 0.007
0.04 + 0.005
0.03 + 0.004
0.03 + 0.007
0.02 + 0.008
0.06 + 0.007
0.01 + 0.008
0.04 + 0.009
0.02 + 0.008
0.04 + 0.007
0.04 + 0.008
0.02 + 0.006
0.04 + 0.006
0.03 + 0.007

H

H

H

H+ H

Mg2
mag
0.119 + 0.007
0.090 + 0.007
0.147 + 0.007
0.130 + 0.010
0.121 + 0.008
0.135 + 0.006
0.135 + 0.006
0.089 + 0.008
0.133 + 0.008
0.078 + 0.011
0.169 + 0.006
0.119 + 0.008
0.110 + 0.008
0.141 + 0.006
0.133 + 0.005
0.129 + 0.009
0.082 + 0.009
0.161 + 0.008
0.083 + 0.009
0.125 + 0.010
0.087 + 0.009
0.140 + 0.008
0.116 + 0.009
0.119 + 0.007
0.146 + 0.007
0.106 + 0.008

H

H

H
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4.5. Results

model with various a¢—element abundance ratios: [a/Fe]= —0.3, 0.0, and +0.3 dex. The results
from previous studies of the stellar populations of low-mass systems (Gorgas et al., 1997; Geha
et al., 2003; Thomas et al., 2003), that the a—element abundance of dEs is consistent with solar,
seem to be in agreement with our study. However, the scatter is fairly large for the dE(N)s, and
on average they might be slightly more @—enhanced than the dE(di)s.

<Fe>, A

Figure 4.9: Lick/IDS index—index diagrams of the age-sensitive Balmer indices HB, Hyr and Hdr versus the
metallicity sensitive indices Mgb,<Fe> and [MgFe]’, with over plotted model grids of TMBO03

4.5.2 Age, metallicity and abundance ratios

Using the combined sample of our galaxies and the re-measurement of the M08 galaxies’ spectra
with the method of the y?>—minimization, we find a mean age of 3.0 +0.8 Gyr and a mean
metallicity of [Z/H] = —0.31 +0.10 dex for the dE(di)s. In contrast, the mean values for the
dE(N)s are 7.5 £1.9 Gyr and [Z/H] = —0.54 +0.14 dex. The dE(bc)s have comparatively young
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ages (i.e. less than 3 Gyr). Two of them show a rather low metallicity (—0.90 +0.25 dex for
VCC0021 and —0.75 +0.15 dex for VCC1912), while the third one also belongs to the discy
subclass (VCC 0308), and indeed has a significantly larger metallicity (i.e. —0.09 +0.10 dex),
consistent with the other dE(di)s.
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As a statistical comparison, we have used the Kolmogorov-Smirnov test for the goodness of fit
with the null hypothesis that two observed distributions are from the same continuous distribu-
tion. The estimated probability Pgs that the difference is at least as large as observed if they
had been drawn from the same population, is Pxs = 0.01, 0.03 and 0.15 for the age, metallicity,
and [a/Fe]-abundance distributions, respectively, of dE(N)s and dE(di)s. This apparently con-
firms that the age and metallicity differ significantly for dEs with and without discs. However,
this interpretation is challenged when the stellar population characteristics are considered with
respect to galaxy luminosity; details are given at the end of this section.
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Figure 4.11: Error contours in different projection planes of age, metallicity and [a/Fe]-abundance space.

The galaxies in our sample follow a general trend linking age and metallicity: as displayed in
Figure 4.10, we see that the derived ages are decreasing with increasing metallicity of the dEs,
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The estimated stellar population parameters using the
model TMBO3 at the Lick standard resolution.

VCC  Age (ZH] [a/Fe] |
No. Gyr dex dex
0308 01.7*32  —0.09 +0.10  0.01 £0.07
0216 01.7*3¢ -053+0.17  0.19+0.13
0389 04.0*0% —0.21 £0.07 -0.01 +0.08
0490 02.7*9 —0.16 £0.12  —0.04 +0.11
0856 03.5%07 —0.21+0.07 -0.01 +0.08
0990 03.6*33  —0.19 £0.07 —0.06 +0.08
1304 04.1*1 -0.65+0.17 —-0.04 +0.18
2019 03.0%%  -0.19+0.10 -0.12+0.11
0545 11.9*)¢  -0.97 £0.05 —0.060.22
0929 04.3*9  0.01£0.05  0.00+0.05
1167 109 %2 -1.00+0.07  0.07 £0.16
1185 0991 -0.80+0.12 —-0.25+0.16
1254 06.6 *13 —0.41£0.12  0.07 +0.08
1261 02.5%% -0.07£0.07  0.01 +0.05
1308  03.8 %2 -0.21£0.10  0.07 +0.09
1333 13.7%2 -1.12+0.10  0.12+0.23
1348 15.0%09  -0.58 £0.05  0.38 +0.09
1353 024 %09 -0.63£020  0.19 +0.22
1355 03.8 %7 -0.43£022 -0.16+0.16
1389 10922 -1.02+0.07  0.08 +0.18
1407 143 %7 -0.70 £0.15  0.13+0.13
1661 08.6*51 —0.73£0.20 —0.23 +0.16
1826  07.5*% —0.53£0.15 -0.15+0.14
1861 033 %9 -0.09+0.10 -0.03 +0.08
1945 03.6*' -041£0.17  0.07 +0.12
Galaxies from M08

0021 01.0*)% -0.90+025  0.00 +0.30
1912 022%5  -0.75£0.15 —0.11 +0.19
0397 01.7*3% —0.12+0.25 -0.04 +0.16
0523  04.1*27 -0290.25  0.15+0.18
1183 03.6*)7 -026+0.12 —0.06 +0.11
1695 02.1%3 -038+030  0.04 +0.26
1910 057 %25 -0.09 £0.10  0.05 +0.08
1947 045%2  0.13£0.10  0.09 +0.07
1087 03.6 715 -0.24£0.17 —-0.12+0.16
1122 052*7  -0.61 £0.25 -0.29 +0.20
1431 13149 -053x0.12  0.28 £0.12
1549 043 %% -0.12£0.15  0.19 +0.11

Table 4.4

The estimated stellar population pa-
rameters for original sample using the
AV/MILES model at the resolution of
11 AFWHM.

| vee  Age [Z/H]
no Gyr dex
0308  1.8*01  —0.01+0.17
0216 22709  —0.85+0.05
0389 3 jggs ~0.16 + 0.09

+0.
0490 25703 ~0.06 +0.17
0856 2.8+602;0 ~0.16 +0.09
0990 3 0 ~0.16 £ 0.07
1304 2770 _0.68+0.14
2019 272 —0.11+0.09
0545 15.6%0  —1.06+0.12
0725 7.1 t‘?il‘ ~1.20+0.14
+1.
0929 37 b ~0.01 +0.09
1167 7.6 o ~0.97 +0.14
1185 7.1 ‘5 ~0.70 £0.19
1254 5.1 “be ~0.47 +0.07
1261 2790 _0.09+0.10
1308 3273 —028=+0.14
1333 62 tjélj ~1.06 + 0.24
1348 17.8+6110_2 ~0.82+0.21
1353 2 B ~0.68 +0.14
1355 2.5 i) ~0.35+0.17
1389 1671 —1.13+0.19
1407 7.6 —070=+0.12
1661 6.6 %‘%‘ ~0.68 +0.22
1826 48707 _042+0.14
1861 3%02  _0.09+0.12
1945 3%12 0541012
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similar to the observation of Rakos et al. 2001 for Fornax dEs. Interestingly, we see that an
age-metallicity anti-correlation is present for the dE(N)s, even tighter than previously noticed
by Poggianti et al. (2001) for Coma cluster dEs. Such an age-metallicity anti-correlation is
also found for giant early-type galaxies, but it is under debate because of the correlation of the
metallicity and age errors (Trager et al., 2000a; Kuntschner et al., 2001). Nevertheless, together
with the dE(di)s, it can be noticed that the brighter dEs might even follow an opposite trend of
increasing metallicity with increasing age. It needs to be mentioned, however, that the scatter of
values is fairly large.
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Figure 4.12: The derived ages (top), metallicities (middle) and [a/Fe]-abundance (bottom), plotted against r
band absolute magnitude (left), and against local projected density (right, number per sqg.deg.). Colors and
symbols are the same as in Figure 4.6. The gray shaded region represents the mean +o age and metallicity of
dEs(di)

In addition, we provide a plot with the error ellipses (Figure 4.11), to better illustrate the be-
havior of our measurements with respect to the age and metallicity anti-correlation. Kuntschner
et al. 2001 suggest that, when the measurement errors in the line strength are not negligible, the
tilt of the model grid leads to the correlated errors in age and metallicity, as visualized by the
error contours in the age metallicity plane in Figure 4.11.

The luminosity-weighted metallicities derived from the well measured nine indices are shown as
a function of galaxy absolute magnitude in Figure 4.12 (bottom left). Both dE(di)s and dE(N)s
follow the well known metallicity—luminosity relation (Poggianti et al., 2001). In contrast,
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we do not see any strong correlation between measured metallicity and local projected galaxy
density (bottom right). In the top panel of the Figure, one can see that the dEs in general are
consistent with solar [a/Fe]-abundance, and we do not see any relation with luminosity or local
density.

Unlike the correlation of metallicity and luminosity, the measured ages show an aniti-correlation
with the luminosity, and correlation with local projected density, although the latter trend is not
as strong as the former. It appears that this might be the cause of the apparent age difference
between dEs with and without discs, since in addition to the relation with magnitude, the dE(N)s
are situated in the denser cluster regions as compared to the dE(di)s. Thus, taking the left
and right panels in Figure 4.12 together, no significant difference is seen between dE(di)s and
dE(N)s in either age or metallicity, as long as they are compared at the same magnitude and
local density.

On the other hand, the bimodality in the age distribution is quite prominent. Interestingly, the
majority of those dEs belonging to the group with lower ages lie consistently within the one-
sigma area of the dE(di)s (gray-shaded region in Figure 4.12). But we do not see any such strong
bimodality in the metallicity distribution.

4.6 Discussion and conclusion

We have undertaken a spectroscopic investigation of Virgo cluster dEs, deriving ages, metallic-
ities and @—element abundance ratios for 38 dEs of different types, i.e., dEs with and without
discs, and examined the variation of their stellar populations according to their morphology. We
have established that the mean ages and metallicities of different types of dEs are different.

This result mostly represents the central part of the galaxy, as we used a central fixed aperture
to extract the one-dimensional spectra of the galaxies, in order to optimize the SNR for our
Lick index analysis. We expect that having a wider aperture effectively minimize the influence
of central nucleus. In a worst-case scenario, for those dEs that have a relatively low surface
brightness, i.e., a rather faint stellar envelope compared to the nucleus, it is not unquestionable
whether our extracted spectra do really represent the galaxies as a whole, or the nuclei only.
Interestingly, though, we found that most of the faint nucleated dEs have a fairly old stellar
population, and that typically, the nuclei tend to be younger than their host galaxies (Paudel &
Lisker, 2009). This appears consistent with the studies of Chilingarian (2009) for Virgo dEs and
Koleva et al. (2009) for Fornax cluster dEs: both concluded that the central part of the galaxies
are relatively younger and more metal-rich than the outer part. In that respect, we can argue that
having a strong effect of the central nucleus in the spectral extraction process does not bias our
conclusions. If anything, our result of old galaxy ages at fainter magnitudes could only become
somewhat more pronounced by removing the nucleus contribution.

It was known before that the different dE subclasses, in particular those with and without
discs, exhibit differences in their colors, magnitude, and the local environment in which they
reside(Lisker et al., 2007). The dE(di)s were found to have, on average, slightly bluer colors
than the dE(N)s, and Lisker et al. interpreted this color difference with either older age or higher
metallicity of the dE(N)s. By combining our sample with that of MOS8, and therefore reaching
statistically significant subsample sizes, we see that the color offset is mainly an effect of age
rather than metallicity. However, it is not straightforward to tell which governing factor is most
responsible for this apparent correlation of galaxy substructure and stellar population charac-
teristics. As noted above, we find correlations of age with both magnitude and local density,

55



Chapter 4. Stellar populations of Virgo cluster early-type dwarf galaxies with and
without discs: a dichotomy in age?

and we know that the dE(di)s are relatively bright and typically located in less dense cluster
regions than the dE(N)s; the combination thus shows that no significant difference between the
stellar population of dE(di)s and dE(N)s can be claimed. This is interesting, since Lisker et al.
(2008) pointed out that the fairly wide (estimated) distribution of intrinsic axial ratios of the
dE(N)s would be consistent with assuming that the dE(di)s — most of which are nucleated — are
simply the flat tail of this distribution. The location in regions of comparatively lower density
could then be interpreted such that discs in dwarfs can only survive for a reasonably long time if
the amount of dynamical heating due to tidal forces is low (also see Mastropietro et al., 2005),
and therefore, dEs with discs are preferentially found outside of the cluster center. Moreover,
L06 noted that there could still be a significant fraction of objects that have discs, but that were
simply not found by their analysis of SDSS images, due to low SNR or the lack of disc features
like spiral arms or bars. We see in our data that a handful of dE(N)s are as young and metal
rich as the dE(di)s, and interestingly, they also lie in a low density region. So maybe, just as a
possibility, these could be those dE(N)s that actually host discs, but were not identified as such
— which would then also explain the bimodality when compared to the fainter ones.

Furthermore, an apparent inconsistency is observed in the relation between age and luminosity:
previous studies provided evidence for a continuously later formation epoch and/or a longer du-
ration of star formation when going from the massive ellipticals to the dwarfs (see, e.g., Gavazzi
et al., 2002; Boselli et al., 2005; Lisker & Han, 2008), which apparently is at variance with our
findings. On the other hand, this trend is unlikely to continue to even fainter magnitudes, since
most of the Local Group dwarf Spheroidal (dSph) galaxies are know to be dominated by old
populations (e.g. Grebel, 1999). It seems that, the fainter dEs are significantly older than the
brighter ones, no matter at which density they are located. To statistically confirm this result,
we divide the total sample in two groups: those being fainter and brighter than the mean mag-
nitude M, = —17.22 mag. We obtain a mean age of 3.9 Gyr and 7.4 Gyr for the brighter and
fainter group, respectively, which is very similar to the mean ages of the discy and nucleated
subsamples (3.0 and 7.5 Gyr). Furthermore, the K-S test supports our finding that a dichotomy
in the distribution of ages can be seen not only with respect to different morphology but also
different luminosity, as we get a K-S test probability of 0.01 for the null hypothesis that the age
distributions of the fainter and brighter group are not different.

The ages of 10 Gyr and above indeed appear more comparable to the Local Group dSphs. In that
sense, we find a discontinuity in the trend of stellar population characteristics with luminosity,
and we can speculate that the fainter dEs might be a different species than the brighter ones or
simply were not able to sustain star formation for as long a period as the more luminous and
presumably more massive dEs.

In comparison to previous stellar population studies of dEs in different clusters, unlike Chilin-
garian et al. (2008) who found a correlation of [a/Fe] with the projected distance in the Abell496
cluster — although only in the very central part — and the study of Smith et al. (2009) for Coma,
we do not find any correlation between a-element abundance ratio with environmental density.
This could also be due to differences between the clusters, in the sense that Coma is a more viri-
alized cluster of higher richness class than Virgo. Nevertheless, our range of age and metallicity
roughly agrees with their ranges. Another study byGeha et al. (2003), focusing on the stellar
populations of rotating and non-rotating Virgo dEs, resulted in no difference between them. On
the other hand, a recent, more extensive study by Toloba et al. (2009) finds that rotating Virgo
dEs are typically located further from the cluster center and have younger stellar population
ages. We have only six dEs in common with these studies (counting only those for which tab-
ulated values were published). Three of them (VCC 0308, VCC 0856 & VCC 1947) have disc
substructure and are rotating, while for three (VCC 1254, VCC 1261 & VCC 1308) no disc
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features were identified and they are non-rotating according to Geha et al.. Note, though, that
VCC 1261 is clearly rotating from the analysis of dE globular clusters of Beasley et al. (2009).
Chilingarian (2009) shows that this galaxy contains a rotating kinematically decoupled core,
indicating the difficulties in drawing robust conclusions on the global rotation of a dE from
the inner stellar kinematics. We also find that the overall stellar populations are quite mixed
within these six galaxies, as has already been noted by van Zee et al. (2004) in their study of
(non-)rotating dEs.

There have been numerous discussions on the origin of the passive dwarf galaxies. The key
issue is whether cluster dwarfs are primordial, having formed from the highest density peaks
in the proto-cluster (Tully et al., 2002) and avoiding subsequent merging, or originating from
transformation of late-type disc galaxies through the interaction with the cluster environment
(e.g. Boselli & Gavazzi, 2006). However, to explain the formation of dEs, using such single
scenarios may be too simplistic, and it is likely that both scenarios operate at some level. Fur-
thermore, the question is how to find unique features for such a process that dominates in a given
mass regime, a given environment, and for a given morphological subclass of dwarfs.

Our results promote the idea of different scenarios for different morphology and/or different
luminosity of dEs, although the physical mechanisms responsible for the quenching of the star
formation activity in the galaxies are not easy to understand from the stellar population prop-
erties. The observed systematic difference in age & metallicity between different types of dEs
support the finding of LO7. The typical age range of the brighter dEs of less than 5 Gyr indicates
that the star formation activity ceased at z < 0.5. The younger age, higher metallicity and consis-
tency with solar a—element abundance would suggest that a discy dE can indeed form through
the structural transformation of a late-type spiral into a spheroidal system, triggered by the pop-
ular scenario of strong tidal interactions with massive cluster galaxies. A stellar disc component
(which has rather high metallicity) may survive and form a bar and spiral features that can be re-
tained for some time depending on the tidal heating of the galaxy (Mastropietro et al. 2005; also
see Lisker & Fuchs 2009 ). This “galaxy harassment” process could thus produce disc-shaped
dEs.

On the other hand, the fainter dE(N)s, with their older ages, might be a different class of objects
with a different formation scenario. The poorer metal content supports the idea that they might
be primordial objects, as suggested by Rakos & Schombert (2004); they might have either suf-
fered early infall into the cluster potential, or formed together with cluster itself. The generally
low surface brightness of dEs suggests that whichever mechanism is responsible for the halting
the star formation activity; it must have been rather efficient. The common idea is that internal
feedback might be responsible for their cessation of star formation activity at such early epochs.
We can speculate that the slightly higher mean [a/Fe] as compared to the dE(di)s could indicate
a more efficient star formation activity than their discy counterparts before the quenching. High-
efficiency star formation has also been suggested as an explanation for the comparatively high
metallicity of the old populations of Local group dSph as compared to dlrr populations of the
same age, i.e., as an explanation for the offset along the metallicity—luminosity relation (Grebel
et al., 2003). However, further dynamical studies of these fainter galaxies are needed to prove
whether the removal of gas by internal feedback processes is efficient or not, since it has been
pointed out that it is difficult to really eject the gas from a dwarf galaxy by supernovae explosions
unless the dwarfs have masses less than 107 solar masses (Mac Low & Ferrara, 1999).
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Nuclei of early-type dwarf galaxies: insights from
stellar populations

Abstract

We present a comprehensive analysis of the spatially resolved stellar population properties of
26 early-type dwarf (dE) galaxies in the Virgo cluster. Using the number of line strength index
measured in the Lick/IDS system we estimate the simple stellar population-equivalent (SSP-
equivalent) age, metallicity and abundance ratio [afFe]. In particular, we focus on the compar-
ison of the stellar populations between the central nucleus and the surrounding galactic main
body of our sample galaxies. Our estimated ages of the nuclei are lower than those of the re-
spective galactic main bodies for most dEs with an average of 3.5 Gyr age difference. We find
only five dEs with significantly older nuclei than their galactic main bodies. Furthermore, we
observe the dE nuclei to be more metal rich compared to their host galaxies, and more or less
all dEs brighter than M, = —17 mag exhibit such a differences in age and metallicity between
galactic main body and nucleus of dEs. The metallicity of both nucleus and galactic main body
of dEs correlates with the total luminosity of dEs. However, nucleus metallicity cover lager
range (+0.18 to —1.22 dex) than galactic main body, and the all dEs galactic main bodies have
sub-solar metallicity. The Spearman rank order test confirmed that the SSP-equivalent ages of
nuclei of dEs correlate with the local projected density of galaxy cluster. The alpha-element
abundance ratios are consistent with the solar value for both components (i.e, nucleus and
galactic main body) of the dEs. We also examine the presence of gradients in SSP parameters
for the 13 brightest dEs, which permit us to measure the absorption line strengths with suffi-
cient signal-to-noise ratio up to 1.2 kpc (15 arc-sec) radial distance from the center. We notice
that different behaviour of SSP gradient in dEs, i.e., both flat and steeper profile are frequent,
however the observed overall trend of increasing age and decreasing metallicity with the radius
is consistent with earlier studies. Estimates of the a-abundance ratio as function of radius are
consistent with no gradient along the major axis.

Result published on S. Paudel et al., 2011 MNRAS in press.
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5.1. Introduction

5.1 Introduction

ARLY-type dwarf galaxies (dEs, Mp > -18) are the numerically dominant population in the
Epresent—day Universe (Sandage et al., 1985; Binggeli et al., 1987; Ferguson & Binggeli,

1994). They also exhibit strong clustering, being found predominantly in the close vicin-
ity of giant galaxies, either as satellites of individual giants, or as members of galaxy clusters
(Ferguson & Sandage, 1989). Although the dEs are characterized by their smooth appearance,
having no recent or ongoing star formation and apparently no gas or dust content, the under-
standing of their origin and evolution remain major challenges for extragalactic astronomy.
Stellar population studies show that dEs exhibit on average younger ages as compared to their
giant counterparts, and also a lower metal content according to the correlation of metallicity
and luminosity (Michielsen et al., 2008). However, past studies provided a wide range of ages
(e.g., Poggianti et al. 2001; Rakos et al. 2001; Caldwell et al. 2003; Geha et al. 2003; van Zee
et al. 2004), from as old as being primordial objects to dEs with recently formed young stellar
populations.

It appears that dEs themselves are not a homogeneous class of objects. Sub-structures such as
stellar disks, faint spiral arms or bars are quite frequent among the brighter dEs (Lisker et al.,
2006, 2007). Many dEs are found to contain a central surface brightness enhancement consistent
with a point source on top of the galactic main body (e.g. Binggeli & Cameron, 1991, 1993),
referred to as so-called nucleated dEs, see Figure 5.1 as an example. The studies from the
HST/ACS Virgo cluster survey (Coté et al., 2006), with their high angular resolution, not only
verified the presence of such a distinct nucleus but also showed that nuclei are ubiquitous in
bright dEs, covering a range in nucleus brightness and reaching up to 10% of the total light of
the parent galaxy. Interestingly, dEs with comparably faint nuclei that had not been identified
before Coté et al. (2006) show several systematically different properties as compared to dEs
with bright nuclei (Lisker et al., 2007, 2008).

5.1.1 Properties of dEs nuclei

Different studies of dE nuclei from different data sets found several contradictory properties for
the nuclei (Grant et al., 2005; Lotz et al., 2004; C6té et al., 2006). Particularly, the ground and
space based data sets yielded different results. Grant et al. (2005) found that the nuclei are on
average redder than their surrounding galactic main body. On the other hand, studies using HST
observations (Coté et al., 2006; Lotz et al., 2004) measured the dE nuclei to be slightly bluer
than the galactic part. Furthermore, Coté et al. (2006), who used high quality data sets from the
ACS Virgo Cluster Survey, proposed that the nuclei rather closely match the nuclear clusters
of late type spiral galaxies in terms of size, luminosity and overall frequency. Another related
scenario is also emerging: the recently discovered new (candidate) type of extremely small
dwarf galaxies, the UCDs (Ultra Compact Dwarfs) with typical magnitudes of —13 < M, < —11
(Hilker et al., 1999; Phillipps et al., 2001), might be the remnant nuclei of tidally stripped dwarf
galaxies (Bekki et al., 2003; Drinkwater et al., 2003; Goerdt et al., 2008).

The formation mechanisms of the nuclei of dEs are poorly understood and various possibilities
have been proposed, also depending on the evolution and formation of dEs as a whole. As
the nucleated dEs are preferentially rounder in shape, van den Bergh (1986) proposed that the
nuclei of dEs could have formed from the gas that sank to the centre of the more slowly rotating
objects. Since they predominantly appear in highly dense environments, like the centre of a
cluster of galaxies, the pressure from the surrounding inter-galactic medium may allow dwarf
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galaxies to retain their gas during star formation and produce multiple generation of stars (Silk
etal., 1987; Babul & Rees, 1992), forming nuclei in the process. In both proposed scenarios the
nuclei are formed along with the evolution of the galaxy itself, i.e., continuous star formation
activity occurs at the dE centre as time passes. Unlike that, Oh & Lin (2000) suggested that dE
nuclei might have formed in a different way, namely through subsequent migration or orbital
decay of several globular clusters towards the centre of their host dE.
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Figure 5.1: F475W-band images of VCC1261 from the ACS Virgo Cluster Survey (C6té et al., 2006), the nucleus
is prominently seen in the centre. The surface brightness profile is on right side, where we can clearly see the
two components in the light profile i.e for the nucleus and galactic main body.

It is difficult to provide a definitive observational test of these different scenarios for nucleus
formation. Nevertheless, we can gain some insight by comparing the different observational
properties, in particular relative ages and chemical enrichment characteristics, of the nuclei with
their galactic main bodies, as well as with UCDs as their possible descendants. However, we
need to bear mind that there may be a mixture of different formation scenarios.

Our previous study based on this dataset (Paudel et al., 2010, hereafter Paper I) has focused
on the analysis of the inner stellar populations of dEs as a whole, without separating nuclei
and galactic main bodies. Instead, our intention was to see the variation of the inner stellar
population properties with different morphological subclasses of dEs (cf. Lisker et al., 2007),
using a much larger sample of Virgo dEs than in previous Lick index studies. We showed that
dEs with different substructure properties (with/without disk features, Lisker et al. 2006) have
significantly different stellar populations: dEs with disk features are younger and more metal
rich than dEs without disks. Therefore we concluded that these dEs probably do not have the
same origin, as they also differ in their distribution with local environmental density in which
they reside. By selection, all dEs in our sample contain a central nucleus, therefore it seems
important to see the nature of the stellar populations of the nuclei and the surrounding galactic
main bodies separately. And since there are different possibilities for the processes that form
nuclei and also dEs themselves, we ask: can the nuclei thus tell us something about the formation
history of dEs?

This Chapter is organized as follows. In Section 5.2, we describe the sample of Virgo cluster
dEs, observation and data reduction in brief. In section 5.3, we describe the measurement of line-
strength indices in the Lick/IDS system and extraction of stellar population parameters from the
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absorption line-strength indices. Our main results from the stellar population parameters are
given in Section 5.4 and are discussed in Section 5.5. Finally, we summarize our findings in
Section 5.6.

5.2 The sample, observation and data reduction

In this study, we use our original sample of 26 nucleated dEs in the Virgo cluster. The sam-
ple properties such as position in the color magnitude relation, total galactic luminosity, radial
velocity and their local projected density within the Virgo cluster are described in Chapter 3.
The sample covers the full range of local density and includes the different morphological dE
subtypes, i.e., 8 dEs with disks (dE(di)s) and 18 dEs without disks, which we hereafter simply
refer to as dE(N)s. One dE(di) (VCC0308) contains a weak blue color excess in the centre, thus
being referred to as a blue-centre dE (cf. Lisker et al., 2006).

The observations were carried out at ESO-Very Large Telescope (VLT) with FORS2 instrument.
The 17 slit and V300 grism provide the resolution of 11 A FWHM. The other basic observational
properties and the data reduction processes are described in Chapter 3. Only the change for dEs
introduce at this level is a new criterion for the binning process, following the separate extraction
of the spectra for the nucleus and the underlying galactic body from the different parts of the
dEs. Since, we aim to perform the separate analysis of stellar populations of nuclei and galactic
body with the reduction of the galactic contamination on the nuclei spectra. Additionally, the
possible gradient of SSP parameters in our sample dEs is also explored if SNR permits us.

We carefully checked the issue of scattered light during the reduction of the data, since the
presence of a significant amount of scattered light could produce an artificial gradient in the
measured line indices. Fortunately, our MOS-MXU setup utilized in this investigation provides
the opportunity to quantify it. There are always free intra-slit regions where no light enters
directly from the sky. After the bias subtraction these regions should not contain any flux,
unless scattered light were present. We thus calculate the average amount of light within such
regions manually. We find that the mean is zero within the uncertainties, which are of the order
of some hundredths of a count (see Figure 5.2). The FORS2 pipeline reduction produces the
same result. It therefore confirms that there is no scattered light left in the spectra.

2 T -
SD= 0.32921
Average= -0.010583
1 4
-
s
30 Figure 5.2: The noise level of CCD after
o the bias subtraction.
-1
-2 . . .
0 500 1000 1500 20C

Pixel x-direction

In a different way, there is still the probability of mixing the nucleus light out to far beyond
the central nucleus in case of bad seeing or instrumental blurring. To examine this effect, we
also observed a star in an additional slit along with each target-field. Then, through the light
profile of this star, we quantify the amount of such light at a radius of 3” beyond the centre. Our
measurements show that spread nuclear light is less than 1% of galactic light at 3” distance from
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Figure 5.3: The light profile of dEs. The crosses represent the observed flux along the slit, and the solid line is
the fitted exponential profile beyond 3” and extrapolated to the centre.

the galaxy centre. The observed FWHM of the stars is always ~17.3 or less, consistent with this
negligible fraction of starlight at 3” from the centre.

5.2.1 Extraction of nuclear spectra and analysis of light profile

Our goals in this investigation are the measurement of simple stellar population (SSP) equiv-
alent parameters (see Trager et al. 2008) of dE nuclei and a comparison with the SSPs of the
surrounding galactic main bodies. Additionally, if the signal-to-noise ratio (hereafter SNR) per-
mits us, we wish to explore gradients in the SSP parameters, which help to determine whether
the SSP of the nuclei is very different from the rest of the galaxy or is just a continuity of a
smooth SSP gradient at the centre of dEs. Although there is no precise definition for what a
nucleus is, the working definition used by several studies is that an excess of light from the
smooth exponential (or higher order Sérsic) profile of the rest of the galactic part is observed,
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Table 5.1: The measured signal-to-noise ratio (SNR) per pixel at 5000 A.

Galaxy Nuc. Gal. Reff M, m, Light
SNR) SNR Total Nuc fraction

Name pix™!  pix™! arc-sec mag mag in %
VCCO0216 47 30 13.3 -16.78 19.510 22
VCC0308 35 31 18.7 -17.95 19.185 40
VCC0389 32 30 17.2 —18.00 18.498 48
VCC0490 32 23 27.6 -18.09 18.658 25
VCCO0545 33 30 133 -16.61 19.384 35
VCC0725 23 - 25.2 -16.19 20923 -
VCC0856 56 35 15.9 -17.71 18.355 23
VCC0929 56 34 20.5 -18.58 17.961 33
VCC0990 35 33 09.9 -17.39 18.572 53
VCC1167 46 30 27.3 -16.95 19.078 17
VCCI1185 33 50 19.3 -16.65 20.332 30
VCCI1254 67 31 14.9 -17.17 17.784 09
VCC1261 50 42 22.5 -18.47 18.563 42
VCC1304 35 31 16.2 -16.86 18.859 33
VCC1308 39 27 11.4 -16.50 19.774 44
VCC1333 41 28 18.5 -15.44 19329 10
VCC1348 42 25 13.1 -16.94 18.257 23
VCC1353 28 31 08.8 -15.51 20.452 53
VCC1355 24 28 29.6 -17.59 20.130 57
VCC1389 30 31 12.8 -1598 20314 36
VCC1407 27 31 11.8 -16.95 20.098 52
VCC1661 34 29 18.9 -16.18 19911 16
VCC1826 23 31 07.8 -16.30 19.179 56
VCC1861 30 31 18.4 -17.78 19.263 47
VCC1945 31 38 21.5 -17.11 19432 35
VCC2019 31 29 18.1 -17.53 19.747 37

The second and third columns are the measured SNR from the galactic-light-subtracted nuclear
spectra and from the galactic main body spectra respectively. Fourth and fifth columns are
total galactic and nucleus magnitude of dEs derived from the SDSS r_band images. Nucleus
magnitudes are derived as follows. First, a Sérsic fit to the radial profile of the galaxy is done.
From this fit, a two-dimensional elliptical model image, taking into account the median SDSS
PSF of 1.4 FWHM, is created and subtracted from the original image, leaving only the nucleus
in the center. The nucleus magnitude is then measured by circular aperture photometry with
r = 2”. Our estimated error in the magnitude error is 0.2 mag, which is consistent with the RMS
scattering of Coté et al. (2006). The last column represents the amount (in fraction of total light
of the central aperture) of light subtracted from the central nucleus.
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looking like a compact source sitting at the centre of the galaxy. Because of its compactness, it
is considered as a point source and represented with a seeing convolved Gaussian light profile.
Likewise, the study of Grant et al. 2005 represents the nuclei as a point source convolved with
Gaussian seeing. Coté et al. 2006 used a slightly different approach, by fitting a two component
core-Sérsic model (Graham & Guzman, 2003). In Figure 5.3 we can clearly see for most dEs
the change in the light profile at the centre (e.g. VCC0216, VCC0856, VCC0545, VCC1353 and
VCC1945). On the other hand, VCC0308, VCC0990, VCC1261 and VCC1826 exhibit a rather
smooth light profile. There may be several factors which produce such differences in the light
profile even though all dEs in this sample are confirmed as nucleated from other photometric
studies (Binggeli et al., 1985; Lisker et al., 2007). Insufficient spatial resolution or observed see-
ing which might blur the steeper light profile of the nuclei makes it harder to separate the galactic
light profile. However, Coté et al. (2006) have observed the existence of a profile break in the
case of VCCO0856, VCC1261, VCC1355, VCC1407, VCC1661 and VCC2019, reconfirming
the existence of a nucleus at the centre of dEs with HST high resolution surface photometry.

It is rather difficult to carry out an analysis of the stellar populations of nuclei alone, because
the nuclei are always situated on top of the underlying galactic main bodies. It is also hard
to separate the galactic light from the central nucleus of such a faint object. The studies that
have been done by Chilingarian (2009) and Koleva et al. (2009) provide results without galactic
light subtraction from the nucleus. Although there is, in our sample, typically a fairly large
domination of light from the nucleus as compared to galactic light at the photometric centre of
the dEs, still a considerable amount of underlying light of the host galaxy can alter the observed
properties of the nuclei. We therefore aim to reduce the galactic light contamination in the
nucleus spectra, attempting a separate extraction of spectra for the nucleus and the galactic part.
See next Section.

5.2.2 Subtraction of galactic light from the nucleus

In order to subtract the galaxy light from the nucleus, we determine a scaling factor by fitting
the galactic main body’s light profile (measured along the slit) by an exponential profile and
extrapolating it to the very centre, yielding the amount of galaxy light contained in the nucleus
aperture. The Figure 5.4 provides a schematic view of the subtraction of galactic light from the
central nucleus. First, we average the galaxy frame in the wavelength direction between 4000
A t0 5500 A, assuming that there is not any severe change in light profile from exponential with
the wavelength. The fitting of the galaxy light profile with an exponential has been done only
considering the galaxy light beyond the 3” from the centre, because we assume that the light
from the nucleus should not be spread out to these distances, as the mean FWHM is 17.25 for
our observations.

The scaling of the galactic light to match the centre of the galaxy has been done by extrapola-
tion of the light profile to the centre of dEs. The scale factor C has been calculated using the
following equation,

1
> F
i=—1

C=

> (5.1)
S FS
i=13

where F# is the flux from the best fitted galaxy profile (solid line in Figure 5.4), and i is in pixel
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scale (i.e., 0”.25) with the origin at the central peak of the observed slit profile of the galaxies.
Then we subtract the galaxy light from the nucleus using

1 32
Fie=% F-CY F, (5.2)
i=—1 i=13

here, F? is the observed light in the frame.

Although our exponential profiles of the galaxies are in good agreement with the observed pro-
files (see Figure 5.3), some dEs have steeper profiles than exponential (Janz & Lisker, 2008) -
VCC0389, VCC0929, VCC1167, VCC1254, VCC1348 and VCC1861 have n ~2. Note, how-
ever, this finding is based on fitting a much larger radial interval from the imaging data. In these
cases, we again derived the galactic light profile for n = 2, which produced a better match for
VCC0929. However, the calculated difference of the amount of galaxy light which might be left
at the centre when using n = 1 was less than 30% of the total central light when compared to n =
2. Therefore, we always used the exponential profile for scaling the galactic light to the centre
for all dEs.

Given the above considerations about the difficulty of separating nucleus and galaxy, we point
out that our approach ensures the removal of a significant part, yet probably not 100% of galaxy
light contamination. For those few cases where the central light profile looks rather smooth with
ground-based data, and can only be disentangled with space-based photometry, our “nucleus”
spectrum thus needs to be considered representative for the combination of nucleus and galactic
central light.

We extract the nucleus spectra from the central 0”.75 (i.e., 3 pixels). The region between 0”.75
and 3” is not used for this extraction, to avoid any effects of nucleus light in the spectra of the
galactic main body. We then integrate over the interval 3” to 8” from each side of the nucleus to
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extract the spectra of the galactic main body. The individual spectra of galactic main body from
the different side of nucleus were then co-added to produce a spectrum of higher SNR.

Before co-adding the spectra from the different sides of the galaxies, we analyze their slit profile
to check for inconsistencies or asymmetries, e.g. by contaminating objects on the slit. We find
only one galaxy, VCC1945, has an asymmetric profile that deviates from a smooth exponential
profile on one side. We noticed that a bright point source (foreground/background or intra-
galactic globular cluster) lies on one side of the slit. Therefore, we remove the spectrum from
this side. For completeness, we also compare the spectra from the different sides of the galaxy
before co-adding them, and we always find good agreement. Finally, the measured SNR at 5000
A for both the galaxy-subtracted nucleus spectra and the combined galaxy spectra is given in
Table 5.1.

5.3 Line strength measurements

Before measuring the Lick absorption line indices from the flux calibrated spectra of the galac-
tic main bodies and nuclei, we also carefully checked whether any emission lines are present,
particularly since some dEs show a fairly young nucleus. However, we do not detect any [OIII]
emission, thus we do not correct the HB absorption for possible contamination by emission. If
such emission were present, it would make the measured HE absorption smaller, and therefore
derived ages older. On the other hand, it could be possible that we do not see any emission
lines because of the low spectral resolution. To quantify what strength of an emission line in a
high-resolution spectrum (i.e, model of Vazdekis et al., 2010) would be smeared out in a low-
resolution like ours, such that it is not recognized visually, we select a model spectrum of age
2 Gyr, and added an emission of HS. We then degrade the spectrum to the low-resolution of
11 A. We find that the added emission line could have an effect of up to 12% on the measured
absorption line strength, which reveals a relatively small effect on the age.

Note that we have not applied a velocity dispersion correction for the Lick indices, because
the expected galactic velocity dispersion, gy < 50 km s~!, is significantly below our spectral
resolution s ~ 280 kms™!. Therefore these corrections are not necessary.

To measure the absorption line strengths from the spectra, we use the routine Indexf' developed
by N. Cardiel. It uses the definition of the Lick indices from Trager et al. (1998) and also
derives the uncertainty in measured strength using Monte-Carlo simulations. Calibrations of
our measured line strengths to the actual Lick system have been done as described in Chapter
3. In Table 5.3 and 5.4 we list the measured indices for the nuclei and galactic main bodies,
respectively. The comparisons of the estimated SSP parameters are shown in Figure 5.6 and
5.12.

5.3.1 Extraction of SSP parameters

We use the method of Lick indices (Burstein et al., 1984; Worthey et al., 1994b; Trager et al.,
1998) as a tool for estimating the stellar population characteristics. We translate our Lick in-
dex measurements into SSP-equivalent ages, metallicities, and a-element abundance ratios by
comparing them to the stellar population models of Thomas et al. (2003) by y*—minimization,
following Proctor & Sansom (2002). For this we use the nine indices Hor, Hyr, Fe4383, HB,
Fe5015, Mgb , Fe5270, Fe5335 & Fe5406. Note that the SSP models assume all the stars were

Thttp://www.ucm.es/info/Astrof/software/indexf/indexf.html
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5.3. Line strength measurements

formed in a single burst and have the same age and metallicity. In fact, the galaxies may be
a composite stellar system formed during several episodic star formation events, with different
chemical compositions in general. Therefore, our estimated stellar population parameters can
be considered SSP—equivalent stellar populations. The correlation of age and metallicity in the
model fitting is illustrated in next paragraph.
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Figure 5.5: Examples of Ay? contours in different projection planes of age, metallicity and [a/Fe]-abundance
space.
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Figure 5.6: The comparison of the SSP-equivalent parameters after and before subtraction of galaxies’ light
from the nuclei spectra.

It is well known that the age-metallicity degeneracy is a difficult problem to estimate galaxy
age and metallicity. However, there are several different methods have been suggested to cope
with this complication. By using the large number of indices and adopting the technique of
Proctor & Sansom (2002), the effect of this degeneracy on the estimates of SSP parameters can
be minimized. Figure 5.5, shows examples of the of Ay? contours obtained with the method we
have used to derive the SSP parameters, indicating the minimum with a diamond symbol. The
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contours are drawn with A)(2 = 2.3 (i.e., errors including 2 degrees of freedom (Press et al., 1992,
Section 15.6)). This shows that the typical 1o uncertainties we obtain on the SSP parameters
are of the order of 0.1 dex. The effect of the age-metallicity degeneracy (e.g. Worthey et al.,
1994b) can be recognized in the tilt of the contours in the age versus metallicity plot.

5.4 Results: sges, metallicities and a-abundance ratios
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Figure 5.7: A comparison of stellar population parameters. The SSPs from the different parts of the dEs are
represented with vertical bars of different color: blue for the nuclei and red for the galactic main bodies. The faint
background colors indicate the dE subtype: blue for the nucleated dE with disk and blue centre, green for the
nucleated dEs with disks, and red for the nucleated dEs without disk features. The Virgo UCDs are represented
by the green vertical bars with gray background. For the UCDs, we used published values of line strengths from
Evstigneeva et al. (2007) to derive the stellar population parameters (see text).

In this section, we present the SSP-equivalent ages, metallicities and @-abundance ratios of our
sample dEs (Table 5.2). Note that, in case of the least luminous dE, VCC0725, we find that the
sky noise becomes dominant beyond the central aperture. Hence, we remove its galactic part
from the sample and therefore provide no SSP parameters for the galactic main body of this dE.

We can clearly see that the ages of the nuclei are significantly lower than the ages of the sur-
rounding galactic main bodies (Figure 5.7). The differences are more prominent in the discy
dEs: only VCC1304 has a nucleus that is older than the galactic part. Moreover, we find that
only four other non-discy dE(N)s (VCC1167, VCC1333, VCC1389 and VCC1661 — see Sec-
tion 5.2) have nuclei with significantly larger ages than the galactic main bodies. The median
difference in age between the galactic main bodies and nuclei is 3.5 Gyr. Examining the Fig-
ure 5.7 individually galaxy by galaxy, one can see that VCC0856 shows the largest difference
(>10 Gyr) in age between the nucleus and the galactic part. The nucleus of the blue centre dE
VCCO0308, while having a young age, does not show up as being special, having an age of 1.5
+0.1 Gyr, similar to other dE nuclei such as VCC0216, VCC2019 and VCC1826.

The metallicity distributions of the nuclei and the surrounding galactic main bodies also differ:
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Table 5.2: SSP-equivalent stellar population parameters for the nuclei and the galactic main bodies.

VCC Age, Gyr [Z/H], dex [a/Fe], dex

no. Nuc. Gal. Nuc. Gal. Nuc. Gal.
0216 | 1403  40%5|-061+015 -0.63+022 0.09+008 0.03+0.18
0308 | 1.5%01 3.6%5| 001+£0.10 -034+0.17 042009 -0.07+0.14
0389 | 41*+1 91" |-024+017 -043+020 0.17+0.12 -0.15+0.15
0490 | 1.9%07 3631 | -002+022 -024+0.17 -0.11+0.11 -0.11£0.15
0545 | 69*35 125799 —0.78 £020 -0.88+0.10 0.24£0.18 -0.23+0.20
0725 | 5.5*3 -—| -1.00+0.25 ——  0.16+0.38 --
0856 | 19701 150720 | 0.03+£0.10 -0.61+0.07 -0.14+0.06 0.03+0.16
0929 | 32703 387 ¢ | 0.11+£007 003+0.10 -0.16+0.05 0.15+0.07
0990 | 23707 55*% | =0.19£0.15 -031+0.17 -030+0.04 -0.01+0.12
1167 | 150  75%]3 | -1.15£0.05 -0.65+022 0.09+0.16 0.09 +0.18
1185 | 11.9*9¢ 12577 | -1.37+0.05 -0.68£0.10 -022+0.33 -0.01+0.22
1254 | 5713 150790 | -043+0.10 -048+032  0.05+0.07 -0.11+0.14
1261 | 1800 6977 | 0.18+0.00 -046+0.15 -0.10+0.07 0.07 +0.12
1304 | 861 4597 | -122£020 -0.56+027 -030+0.10 -0.22+0.19
1308 | 1.8%03 15.0*90, | +0.16 £0.12 -0.70 £0.42  0.09+0.09  0.11 £0.18
1333 | 7948 1004 | -1.05£020 -0.97 020 0.07+020 0.04 +0.37
1348 | 10.9*3  15.0*9 | 080+ 0.10 -0.53+£0.07 0.45+0.14  0.50 +0.04
1353 | 3243 4119 -1.02+025 -058+022 -026+032 0.38+0.18
1355 | 18733 3278 -048+039 -034+022 -0.08+030 -0.04+0.16
1389 | 13.1%7  11.9*90 | -127+0.20 -0.85+0.10 0.07+0.30  0.19+0.19
1407 | 26%3 143'37 | -0.12+0.17 -0.73+034 0.07+0.14 0.11+0.16
1661 | 9.1%72 661 | -095+015 -036+022 -0.26+0.14 -0.30+0.04
1826 | 1705 11477 | +0.13+0.17 -0.90+0.15 -0.07+0.13 —-0.10 £0.19
1861 | 38*5 413 ]-029+017 -0.12+0.12 -0.16+0.14  0.07 +0.09
1945 | 6.6 8%  143*07 | -0.75+0.27 -1.00+0.10  0.00 £ 0.24 —0.30 +0.23
2019 | 1713 83*114006+0.15 -041+024 -027+0.12 0.00+0.16

“without subtraction of galactic light and does not have a measurement of SSPs from the galactic
main body (see text).
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the majority of the nuclei are relatively metal enhanced as compared to the galactic main bodies.
However, it is remarkable that those nuclei that are older or equally old as the galactic part
are also less metal rich than the latter. We find that the nucleus of VCC1308 has the highest
metallicity of +0.16 +0.12 dex. For all dEs, the galactic main bodies have sub-solar metallicity.
The a-abundance ratio from nuclei and galactic main bodies show a wide distribution. The
nuclei of three dEs (i.e., VCC0308, VCC0389 and VCC0545) show significant a-enhancement
as compared to their galactic part. On the contrary, four dEs, VCC0990, VCC0929, VCC1353
and VCC1861, exhibit a significantly enhanced a-abundance in the galactic part as compared to
their nucleus.

In the right part of Figure 5.7, the green vertical bars present, for comparison, the derived stellar
population parameters of the UCD sample of Evstigneeva et al. (2007). Note that we only
use the published four indices (HB, Mgb, Fe5270 and Fe5335). However, we use the same
method of estimation for the stellar population parameters. The UCD ages and metallicities are
consistent with old and metal poor stellar populations. Almost all UCDs have ages ~10 Gyr and
metallicities vary between —1.25 to 0.13 dex. The [@/Fe]—abundances are always super solar in
case of the UCDs, with a mean of 0.31 dex, which is 0.34 dex higher than the mean [a/Fe] of
the dE nuclei.

The relation between the stellar population parameters and the local projected number density
of galaxies in the cluster is plotted in Figure 6.5. The local projected density has been calculated
from a circular projected area enclosing the 10th neighbor. It seems that there is a correlation
between the local projected density and the ages of the nuclei. The Spearman rank order test
shows a weak correlation of the ages and metallicities of the dE nuclei with the local projected
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Figure 5.9: The derived ages (top), metallicities (middle) and [a/Fe]-abundance (bottom), plotted against r—band
absolute magnitude (left). The blue color represents the nuclei and green color indicates the galactic main body.
On top of each panel, we also show the difference in the SSP parameters, i.e. galactic part — nucleus. In the
right panel, we provide the number distribution of the parameters.
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densities. The correlation coeflicients are 0.5 and —0.4, and the probabilities of the null hypoth-
esis that there is no correlation are 0.2% and 4% for the age and metallicity, respectively. Unlike
this, a similar test shows that the SSPs of the galactic main body do not have any relation with
local projected densities.

The relations between the stellar population parameters and the total galactic luminosity are
presented in Figure 5.9. At the top of each panel, we also provide the trend of the differences in
the SSP parameters between the galactic main bodies and the nuclei. It is clearly recognized that
almost all dEs brighter than M, = —17 mag have younger and more metal-rich nuclei than the
galactic main bodies. On the other hand, there is a relatively large scatter in the low luminosity
region, and we can see that some of the nuclei are as old and metal poor as the galactic main
bodies. However, the sign of the differences in age and metallicity between galactic main body
and nucleus are completely opposite at the fainter and brighter end of the plot. As there exists
a well-known metallicity-luminosity relation in early type galaxies (Poggianti et al., 2001), our
sample also follows this relation for both nuclei and galaxies, i.e., the metallicity decreases
with decreasing total galactic luminosity. The derived [a/Fe] values are fairly consistent with a
roughly solar value for both nuclei and galactic main bodies.

In the right panels of Figure 5.9, we provide the number distribution (in the histogram) of stellar
population parameters of the nuclei (in blue color) and the galactic main bodies (in green color).
It seems that the ages of the galactic main bodies have a bimodal distribution, but the small
number of data points in each bin and the fairly large errors in the age measurement increase
the uncertainty; the bimodality thus remains a qualitative impression. The age distribution of
the nuclei is highly dominated by nuclei of younger ages. The metallicity distribution however
appears much broader in case of nuclei than galactic main body. The nucleus metallicity ranges
from slightly super-solar (+0.18 dex) to strongly sub-solar values (—1.22 dex), and interestingly
all dE galactic main bodies have sub-solar metallicity.

5.4.1 Stellar population gradients

Due to the low brightness of dEs, it is always challenging to get spectra from their outer part with
sufficient SNR to study stellar population gradients. Some attempts have been made to derive
the stellar population gradients in the different cluster dEs (Chilingarian 2009 for Virgo, Koleva
et al. 2009 for Fornax). These studies used different methods to obtain SSP parameters, namely
through spectral fitting with SSP models. Chilingarian (2009) observed either flat or negative
radial gradients in metallicity in his sample. However, due to the relatively high uncertainty in
the age estimation, he did not draw any conclusions on the radial behavior of ages. The study
of Koleva et al. (2009) reconfirmed the result of the existence of negative metallicity gradients
and found radial age gradients in the dEs, with older ages at larger radii.

In Figure 5.10-5.11, we present the radial profiles of SSP-equivalent age, metallicity and abun-
dance ratio, measured in bins along the major axis of the dEs. It is interesting that we can divide
these trends of SSPs in two groups. The first group dEs are those which exhibit a smooth trend
of increasing the age and decreasing metallicity with radius, beginning from the nucleus, such
as VCC0308, VCC0490, VCC0929, VCC1261 and VCC2019. In contrast, the second group
shows a break in the SSP profile when going from the nucleus to the surrounding galactic part,
with the latter having a nearly flat gradient, like e.g. for VCC0216, VCC0856, VCC1304 and
VCC1355.

Three dEs, VCC2019, VCC1261 and VCC0308, show a significant gradient in age and metal-
licity, having a relatively young and metal enhanced nucleus. Likewise, the ages of VCC0389,
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Figure 5.10: The radial age profiles of selected dEs (here we select those dEs which have sufficient SNR at the
last radial bin, 11” to 15”). The age and metallicity distribution at different radial bins.
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VCC0490, VCC0990, VCC0929 and VCC1407 also seem to correlate with the radius. Our de-
rived ages for VCC0856 agree with the result of Chilingarian (2009) that this galaxy has a flat
distribution of ages beyond the central nucleus. In addition to that, we can also see such a flat-
ness in the age distribution of VCC1355. VCC1261 presents the largest gradient in metallicity
starting from slightly super solar down to a sub-solar value of —0.75 dex. Although we do not
see any strong trend of [a/Fe] with radius in most of the cases, VCC0216 and VCC2019 display
the opposite trend of decreasing and increasing of [a/Fe] with radius, respectively.

In bottom panel of Figure 5.10
we show the age and metal-
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Figure 5.11: The radial profile of the @-abundance ratios of the dEs,
selected as in Figure 5.10.

In this Chapter, we have characterized the stellar population parameters from the different parts
of dEs: the nuclei and the surrounding galactic main bodies. Our primary motivation for this is
to improve our understanding of the physical mechanisms responsible for the formation of dE
nuclei and the subsequent evolution of dEs themselves. As we now discuss, our study makes
two important contributions in this context: (i) to much more firmly establish the SSP-equivalent
stellar population parameters of dEs and their nuclei (ii) to cast new light on the spatially re-
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solved stellar population characteristics of dEs.
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Figure 5.12: The comparison of the SSP-equivalent parameters of the galactic main bodies (red), nuclei of dEs
(blue), and the result for the combined central light from Paper | (black), where a central spectrum was analyzed
without separating nucleus and galactic main body.

The surrounding galactic main body is represented by extracting its spectrum from a 5” radial
interval beyond 3” from the centre, avoiding any contamination with light from the nucleus. We
expect that, due to our method of subtraction of the underlying galactic light from the nucleus
spectra (see Section 5.2.2), we obtained comparatively clean spectra of the nuclei, with the
derived stellar population properties from such spectra well representing the nucleus stellar
population. Nevertheless, as outlined before, in the cases of weak nuclei there is still a chance
that the remaining galactic light contributes significantly, such that the nuclear spectra represent
the combination of nucleus and “central galaxy light”. To test for a possible bias due to this
effect, we select those dEs which have galactic light fraction (see Table 5.1) larger than 50% at
the central aperture such as VCC0990, VCC1353, VCC1355, VCC1407 and VCC1826, but all
these nuclei have ages less than 5 Gyr, and agree fairly well with the average age of the nuclei
in total.

Generally speaking, stellar population gradients can be used as a proxy for the study of the
evolutionary history of early type galaxies, since different formation models predict different
gradients. In a nutshell, monolithic collapse models (Arimoto & Yoshii, 1987) predict slightly
steeper gradients than the hierarchical merging model (White, 1980). These predictions, how-
ever, mainly apply to normal early-type galaxies (Es). In case of early-type dwarfs, different
formation scenarios might be relevant, such as morphological transformation, or simply a pri-
mordial origin (also see the discussion in Chapter 4). Nevertheless, the overall distribution of
age and metallicity at the different radial bins suggest that it occurs more frequently that the
inner parts of dEs are younger and more metal enhanced than their outer parts, which is con-
sistent with previous studies (Chilingarian, 2009; Koleva et al., 2009). We also see two distinct
behaviours of radial SSP profiles; the presence of flat profiles may be due to a particular galaxy
structure (i.e., a faint underlying disk) or may be an indication of a different origin. Among
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the dEs with smooth SSP gradients, VCC0308 only has a very weak blue centre (Lisker et al.,
2006), so it may well be that other galaxies have just a bit weaker color gradients and were thus
not labeled “blue-centre dE” previously. On the other hand, VCC0216 and VCCO0856 have a
similarly young nucleus as VCC0308, but not an age gradient in the galaxy itself, which might
lead to having no color gradient.

Another key result emerging from our study is a very clear picture of the differences between
the stellar populations of the nuclei and the galactic main bodies of the dEs. To our knowledge,
no spectroscopic study has yet performed such a comparison with a similar sample size. Studies
based on color differences (Durrell 1997, C6té et al. 2006, and particularly Lotz et al. 2004) find
slightly bluer nuclei. It is, however, not straightforward to interpret these color differences in
the sense of stellar population properties, as we know that a degeneracy in the age and metal-
licity exists with color (see also Section 5.3.1). In contrast to the explanation of Lotz et al.
(2004) of having more metal rich populations in the surrounding galactic main bodies, we find
a metal poorer and older population in the galactic part on average. In addition to this, as Coté
et al. (2006) note, there exists a color-luminosity relation for the nuclei. We also find that the
metallicity of dE nuclei correlates with the total luminosity of dEs.

We have seen that there is almost no correlation between the ages of the galactic main bodies
and the luminosity of the dEs. This might, at first glance, imply that the reason for the apparent
age dichotomy in Paper I, finding a clear correlation with luminosity for the central stellar popu-
lations of dEs, was due to the nucleus contribution to the central aperture light. However, Figure
5.6 of the Appendix, which compares the SSPs resulting from the nucleus spectra before and
after subtraction of the underlying galactic light, actually tells us that this conclusion is not true:
if the very central stellar populations of the galaxies, whose pure light cannot be seen due to the
superposed nucleus, would be so much older than the nucleus itself, the difference before/after
subtraction would be quite significant, which is not found. Instead, the figure tells us that the
very central part of the galaxy does also reach, in most cases, almost the young age of the nuclei.
Thus, in many cases it is really the age gradient within the galaxy that makes the galactic part
surrounding the nucleus appear significantly older than the nucleus itself in Figure 5.9.

5.5.1 Evolution of dEs and formation of nuclei

As we mentioned in the introduction, many studies have discussed the origin of the nuclei of
dEs together with the evolution of dEs themselves. It is challenging to provide definitive ob-
servational tests of these different scenarios. Moreover, we argue in Paper I that not all dEs are
the same class of object. The dichotomy in the age distribution of the galactic main bodies also
supports the idea that one type of dEs may have a primordial origin (Rakos & Schombert, 2004),
being relatively old and metal poor. These might have suffered either early infall into the cluster
potential or formed together with the cluster itself. The common idea is that internal feedback
might be responsible for the removal of gas, with the consequence that star formation activity
ceases at such early epochs.

On the other hand, dEs with a relatively young and metal enhanced galactic main body likely
have a different origin. As they are also preferentially brighter and often host disk-structure, they
might have formed through the structural transformation of a late-type spiral into a spheroidal
system, triggered by the popular scenario of strong tidal interactions with massive cluster galax-
ies. Simulations have shown that late-type galaxies entering in a rich cluster can undergo a
significant morphological transformation into spheroidals by encounters with brighter galaxies
and with the cluster’s tidal field (Moore et al., 1996; Mastropietro et al., 2005). This scenario
is unlikely to produce the observed radial SSP gradients: either metallicity gradients must have
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formed in the late-type galaxies and somehow preserved during morphological transformation
(see the discussion in Spolaor et al., 2010), or accretion of leftover gas towards the centre of the
galaxy would have to be responsible for the creation of such gradients. However, the flat [o/Fe]
profile implies a similar star formation time scale everywhere in the dEs.

As we discussed above, the fairly different types of dEs with and without disk structure might
have a different origin. It is therefore even more difficult to explain the origin of the nuclei
of these dEs with a single scenario. However, from this and previous studies, it is becoming
clear that the majority of dE nuclei are unlikely to have formed through the merging of globular
clusters: Coté et al. (2006) already explained the difficulty of this scenario with the luminosity
differences, and additionally we find that most nuclei are fairly young and metal rich, at least
in case of the brighter dEs (M, < —17.25 mag). There are still the nuclei of some fainter dEs
(i.e., M, > —17.25 mag) which have fairly old and metal-poor populations, more resembling the
stellar population properties of globular clusters. They might have formed through a different
process as the nuclei of brighter dEs.

The younger and comparably metal-rich nuclei support the idea that the central stellar pop-
ulations of dEs were governed by continuous infall and accretion of gas in the centre of the
potential well, building the nuclei. The brighter dEs also host disk features (e.g. residual spi-
ral arms/bars) and these dEs themselves might have been formed through the transformation
of late-type spirals (Sc-Sd types). High resolution HST imaging has shown that such late-type
objects frequently contain a compact nuclear cluster (Boker et al., 2002, 2004), and Coté et al.
(2006) observed that such nuclear clusters have similar sizes to dE nuclei. Stellar population
studies have shown that the majority of nuclear clusters have ages of few tens of Myr (Seth
et al., 2006; Walcher et al., 2006) with episodic star formation activity. Following the simplest
interpretation, it could be that the present day dE nuclei are simply the nuclear clusters of the
transformed late-type galaxies, and their star formation activity faded with the morphological
transformation of the host galaxies. However, this scenario again fails to explain the observed
age difference between the nuclei and galactic main bodies, since late type disks are also con-
sidered to host star formation activity throughout the inner region and disk. Alternatively, the
truncation of star formation in the disk due to interactions could be more efficient than in the nu-
cleus, which eventually leads to the development of age/metallicity gradients in dEs and makes
the central nucleus younger and metal richer than the galactic main body. In any case, more
detailed numerical simulations are required to test these hypotheses.

We find that dE nuclei exhibit fairly different stellar populations than UCDs. Particularly, the
relatively older population (larger than 8 Gyr) and slightly super-solar a-abundance of UCDs
may seem to create an inconsistency in the idea of dE nuclei being the progenitors of UCDs.
Nevertheless, the current sample of UCDs is limited, and the fairly large spread in the stellar
population properties of dE nuclei may allow the possibility of UCD formation in the Virgo clus-
ter by the stripping of such dEs whose nuclei have old and metal poor stellar populations (Paudel
et al., 2010). Therefore, a larger sample of UCDs and perhaps a more rigorous comparison of
SSP properties than this work is needed before any strong conclusions can be drawn.

5.6 Conclusions

We have investigated the stellar population properties of the central nucleus and the surround-
ing galactic main bodies for a sample of 26 dEs in the Virgo cluster and compared the SSP-
equivalent stellar population parameters of the dE nuclei with the ones of a small sample of
UCDs. In addition to this, we have derived the radial profiles for age, metallicity and [a/Fe]
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abundance for 13 dEs. Our main findings can be summarized as follows:

e We find that for most of the dEs the nuclei are significantly younger (~3.5 Gyr) and more
metal rich (~0.07 dex) as compared to the galactic main body of the galaxies. Only five
dEs have significantly older nuclei than their galactic main bodies, and dEs with old and
metal poor nuclei are more likely to be distributed in the dense region of the cluster than
the dEs with young and metal-enhanced nuclei.

e The metallicity of dE nuclei correlates with the total luminosity of dEs, and the observed
metallicities of the nuclei have a fairly large range (+0.18 to -1.22 dex). All galactic main
bodies of the dEs have sub-solar metallicity.

o While we see two distinct behaviours of SSP profiles (with and without a break) the
overall trend of increasing age and decreasing metallicity with the radius is consistent
with earlier studies. The a-abundance is consistent to the solar value with no gradient
along the major axis.

o These observed properties suggest that the merging of globular clusters might not be the
appropriate scenario for the formation of nuclei in dEs, at least not for the brighter dEs.
The younger and comparably metal-rich nuclei support the idea that the central stellar
populations of dEs were governed by continuous infall/accretion of gas in the centre of
the potential well, building the nuclei.

o The heterogeneous nature of the stellar population characteristics of dEs hints at different
formation scenarios of dEs, similar to the conclusion of our previous study (Paudel et al.,
2010). Our results suggest that the old, faint and metal-poor dEs are more likely to have
a primordial origin, while those with relatively young ages and a higher metallicity and
luminosity may have formed through morphological transformation.

5.7 Appendix
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Chapter 5. Nuclei of early-type dwarf galaxies

Table 5.4: Measured line strength indices from the galactic main body of dEs (i.e., 3 to 8 arcsec radial interval) and corrected to the Lick system.

vcC Hor Hyr Fed383 Hp Fe5015 Mg, Fe5270 Fe5335 Fe5406
no. A A A A A A A A A
0216| 2.46 £+ 0.38 1.87+0.34 3.22+0.80 2.35+0.36 3.13 £0.84 2.02+0.40 1.61 £0.46 1.35+0.51 1.16 +0.38
0308 | 1.56 £+ 0.38 0.85+0.34 3.30+0.78 2.46 +0.36 4.43 £0.81 2.00 £ 0.39 2.37 +£0.44 2.06 £ 0.50 1.07 +0.37
0389 |-0.57 £ 0.43 -0.06 +£ 0.37 3.26 £0.79 2.49 £ 0.36 4.10 £0.81 2.22 £ 0.38 2.48 +0.43 1.89 £0.48 1.21 +0.37
0490 | 1.26 £+ 0.53 0.64 +£0.48 5.05+1.04 2.26 + 0.49 438 £ 1.10 2.23 +0.53 2.35+0.60 1.87 +0.67 1.19 +£0.49
0545 (-0.05+£043 0.09 £0.37 251 £0.83 2.13 +0.38 3.82+0.85 1.26 £0.42 0.78 £+ 0.48 0.86 + 0.53 1.16 = 0.39
0856 | 1.39 £0.35 -0.48 £0.32 3.80+0.70 1.94+0.33 3.84 £0.73 2.11 £0.35 2.07+0.39 1.84 £+0.44 1.23 +0.33
0929 | 1.71 £0.32 -0.66 + 0.31 5.48 £0.62 2.25 +0.30 4.40 +£0.66 3.21 +0.31 2.78 £0.36 1.75 +0.40 1.43 +£0.30
0990 | 0.88 +£0.35 0.36 +0.31 4.18 £0.66 2.21 +0.30 4.52 £0.70 2.27 +£0.32 2.12+0.37 1.68 +0.42 1.31 £0.32
1167 1.79+ 041 037+0.39 341 +£0.84 2.59+0.39 3.07+091 2.08 +043 1.75+0.48 1.01 £0.58 1.41 £0.40
1185] 1.50 £ 0.32 -0.88 +£ 0.31 3.54 £0.65 1.53 +0.32 348 £0.69 1.59 +0.35 1.08 £0.39 2.12+0.42 1.19 £0.32
1254] 0.60 + 0.45 -0.18 £ 0.39 5.24 +0.83 1.20 +0.41 3.84 £0.91 2.86 +0.42 1.86 £0.50 2.48 + 0.55 2.09 = 0.40
1261 1.20 £ 0.27 0.40 £ 0.25 3.61 £0.56 2.03 +0.26 3.66 = 0.57 2.38 £ 0.28 2.16 £0.31 1.51 +£0.36 1.37 £0.26
1304 | 231 £0.37 097 £0.36 3.88 £0.78 2.35+0.37 4.14 £0.82 1.65+0.40 2.31 £0.44 1.90 £ 0.49 1.06 +0.38
1308 | 1.72+0.43 0.15+0.40 238 +£091 194 +0.41 491093 224 +0.43 1.86 £0.50 2.15+0.56 1.16 £0.43
1333 6.16 £ 039 1.44+0.50 1.13+1.04 3.69+0.44 1.94+1.08 1.60+0.51 1.48 +£0.57 097 £0.67 1.29 + 047
1348 | 2.56 £ 0.46 -1.30 +£0.49 3.50+0.98 1.94 +£0.49 3.15+1.06 3.14 £ 0.48 0.39 +0.59 1.00 £ 0.66 1.50 +0.47
1353 2.37+£0.37 1.52+0.35 042 +0.85 2.78 +0.38 3.08 £0.86 2.21 +0.40 1.78 £0.46 1.14 +0.52 1.43 +£0.40
1355]| 1.86 £ 0.43 1.08 £ 0.40 3.05+0.90 2.45+0.43 4.65+0.97 193 +0.46 2.03 £0.52 1.46 + 0.59 1.63 +0.44
1389 | 1.12+0.39 0.18 +0.37 232 +£0.80 2.15+0.38 2.77£0.90 1.83 +0.42 1.75+0.47 1.19 + 0.54 0.29 £ 0.41
1407 | 1.40 £ 0.39 0.55+0.34 3.33+0.78 1.90+£0.36 3.87 £0.80 2.34 £0.38 2.03 £0.43 1.51 £0.49 091 +0.37
1661|-0.04 £+ 045 0.02+0.40 431+0.89 2.17+042 5.75+0.96 1.30+0.46 1.10+0.53 2.63 +0.57 1.63 +£0.42
1826| 1.85+0.35 -0.13+£0.34 1.10+0.75 2.02+0.36 458 £0.82 1.34+£0.40 1.97 +£0.45 191 £0.50 1.15+0.37
1861 | 1.32 +£0.39 -0.02+0.36 458 £0.74 2.11 £0.35 4.68 £0.77 2.88 £0.37 1.92 +0.43 2.32+0.47 1.56 +0.37
1945| 1.96 £ 0.35 0.94 +0.33 6.20£0.70 1.66 + 0.36 2.89 £0.81 1.59 +0.39 1.46 £0.44 2.09 + 0.49 1.23 £0.36
2019| 0.68 +0.43 0.02+0.37 397 +£0.82 1.94 + 0.39 4.63 £0.89 235+ 042 2.12+0.49 1.55+0.56 1.36 +0.42

82



Nuclei of early-type dwartf galaxies: are they
progenitors of UCDs?

Abstract

To address the question of whether the so-called ultra compact dwarf galaxies (UCDs) are the
remnant nuclei of destroyed early-type dwarf galaxies (dEs), we analyze the stellar population
parameters of the nuclei of 34 Virgo dEs, as well as ten Virgo UCDs, including one that we
discovered and which we report on here. Based on absorption line strength (Lick index) mea-
surements, we find that nuclei of Virgo dEs have younger stellar population ages than UCD:s,
with averages of 5 Gyr and >10 Gyr, respectively. In addition to this, the metallicity also dif-

fers: dE nuclei are on average more metal-rich than UCDs. On the other hand, comparing the
stellar population parameters at the same local galaxy density, with UCDs being located in the
high-density cluster regions, we do not find any difference in the stellar populations of dE nuclei
and UCDs. In those regions, the dE nuclei are as old and as metal poor as UCDs. This evidence
suggests that the Virgo UCDs may have formed through the stripping of dE nuclei.

Result published on S. Paudel et al., ApJ, 724L, 64P, 2010.
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6.1. Introduction

6.1 Introduction

N the previous two chapters, we studied the stellar population characteristics of early-type
Idwarfs (dEs). It revealed that dEs do not contain the homogenous stellar population proper-

ties, as they are heterogeneous in morphology. In addition, we saw a variation of their stellar
population properties with radius, i.e. the centre of dEs has to be younger and metal enhanced
than the outer part. And particularly, we found the nuclei of dEs are significantly younger than
the galactic main body. In this Chapter, we focus on the recently discovered a type of galaxy
called Ultra Compact Dwarf galaxy (UCD). We will derive the stellar population parameters
(age, metallicity and a-abundant ratio) for a complete set of Virgo UCDs sample. Finally we
will make a detail comparison between the stellar population properties of dEs nuclei and UCDs.
The aim of the study is to check whether the nuclei of dEs are the progenitors of UCDs or not.

This Chapter is organized as follows: In Section 6.1.1, we provide an introductory of overview
of UCDs. In Section 6.2, we describe sample, observation and data reduction. The next is results
in Section 6.3 and finally the discussion and conclusions are presented in Section 6.4.

6.1.1 Ultra compact dwarf galaxies

The recently discovered Ultra Compact Dwarfs (UCDs) are the least luminous galaxies in the
galaxy luminosity function. They are particularly found around the centre of nearby galaxy
clusters (Hilker et al., 1999; Phillipps et al., 2001; Drinkwater et al., 2003). UCDs are compact
stellar systems and more luminous than the typical globular clusters (GCs). They have properties
intermediate between the dEs and GCs. Their sizes are typically three times larger than GCs.
Deep imaging of the Fornax Cluster (Hilker et al., 2003) has established that the UCDs are not
an extreme tail of the normal early-type dwarf galaxy population. But, Drinkwater et al. (2004)
show that UCDs follow the Faber-Jaction relation which is defined by bright Esi.e. L o« o (See
Figure 6.1).
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It seems that UCDs also can not be regarded as a homogenous stellar system (Hilker, 2009). A
number of studies targeting various UCD samples in different galaxy clusters revealed the di-
verse nature of UCDs: Fornax UCDs are slightly redder on average than Virgo UCDs (Evstigneeva
et al., 2008; Mieske et al., 2008, 2006). On the other hand, it is still a matter of debate whether
or not UCDs contain the dark matter (Drinkwater et al., 2003; Hasegan et al., 2005; Hilker
et al., 2007). This makes them very special objects to study in extragalactic astronomy. Their
importance comes along with formation scenarios not only due to issue of dark mater, but also
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Chapter 6. Nuclei of early-type dwarf galaxies: are they progenitors of UCDs?

the questions on their definition. In fact, this is related to the very defining properties of the
galaxies i.e. in which conditions we should classify an object as a galaxy or not.

Overall it has been already noted that Virgo UCDs contain fairly old (age: > 8-10 Gyr) and metal
poor (< —0.5 dex) stellar populations (Evstigneeva et al., 2007, hereafter EO7). Therefore, it is
also proposed that they could be very luminous intra-cluster GCs (Mieske et al., 2002). Another
popular formation scenario is the threshing of nucleated dEs (Bassino et al., 1994). In this
picture, UCDs are the remnants of galaxies that have been significantly stripped in the cluster
environment. Numerical simulations (Bekki et al., 2003; Goerdt et al., 2008) have generally
confirmed that the remnant nuclei resemble UCDs in their structural parameters. In Figure 6.1,
the dotted lines show the path predicted by our threshing scenario for nucleated dwarfs being
stripped to form UCDs (Drinkwater et al., 2003).

Stellar population studies of dEs provide evidence that the nuclei have intermediate ages and
moderately metal-enriched stellar populations (Koleva et al., 2009; Chilingarian, 2009). In addi-
tion to this, since UCDs show slightly super solar [a/Fe] abundances, Evstigneeva et al. (2007)
argued that the stellar population properties rather support the view that UCDs are luminous
globular clusters than being nuclei of dEs.

In this work, we present a stellar population analysis based on absorption-line strengths (Lick
indices, Burstein et al. 1984; Worthey et al. 1994b; Trager et al. 1998) of a fairly large sample of
34 nucleated dEs and 10 UCDs in the Virgo cluster. So far, studies comparing stellar population
parameters derived from spectra used rather low numbers of objects. Moreover, the extraction
of nuclear spectra has been made without subtracting the underlying galactic light, which can
still contribute significantly at the photometric center of the dEs: see Chapter 5. We therefore
apply a simple method to subtract most of this light (see Section 5.2.2), thus expecting that our
measurements are representative for the stellar population properties of the nuclei themselves.
Finally, we present the distributions of the stellar population parameters of dE nuclei and UCDs
with respect to local galaxy density and to their luminosity, and we try to constrain possible
formation scenarios of Virgo UCDs.

6.2 The sample, observations and data reduction

6.2.1 Sample selection and a new Virgo UCD

For this work, we extended the dEs sample by adding recently observed dEs. In total, dE
sample comprises 34 nucleated dEs in the Virgo cluster (Virgo cluster catalog, VCC, Binggeli
et al., 1985; Binggeli & Cameron, 1993), selected to have a relatively high “nucleus strength”,
which we define as the difference between the nucleus magnitude and the host galaxy effective
surface brightness, s, qucleus = Mrnucleus — Mr.eff,galaxy» Mmeasured in SDSS r (see below). Thereby,
Hreff galaxy 18 @ measure for the brightness of a unit area of the galaxy, determining the “contrast”
between galaxy and nucleus (also see Lisker et al. 2007, their Figure 1). We select nuclei with
Sraucleus < —1 and 7. pyciens < 21 mag (see Figure 6.2).

Our UCD sample selection (see Table 1), is based on Evstigneeva et al. (2005) and Jones et al.
(2006); our numbering follows the latter. Three of the nine Virgo UCDs of Jones et al. were not
included in the Lick index study of Evstigneeva et al. (VUCD?2, 8§, and 9), so they were selected
by us as targets. Three further UCDs were selected, since they fell in the same field-of-view as
dE targets of our study. Due to the multi-slit observations, they could be easily included.

We also targeted a new Virgo UCD candidate, which we now indeed confirm as Virgo cluster
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member; it is named VUCDI10 in Table 1. It was identified through a simple multiparameter
selection procedure. From SDSS DRS5 pipeline photometry, we obtained ugriz magnitudes and
colors for all nine Virgo UCDs in Jones et al. (2006). When excluding VUCD7, which is clearly
brighter than the others and appears to be an extended object in the SDSS images (also see Jones
et al. 2006), the r-band magnitudes (SDSS “modelMag” values) lie within 18.0 to 19.1 mag.
Their Petrosian radii in r, again excluding VUCD?7, are below 2.2 arcsec. Their u-r colors, when
excluding the much redder VUCD?3, cover the range 1.8 to 2.4 mag (which includes VUCD7).
Their i-z colors, again excluding VUCD3, lie between 0.1 and 0.25 mag (which again includes
VUCD7). The right ascension and declination of all objects except VUCD3 and VUCD7 ranges
from 187.5° to 188.1° and 11.9° to 12.7°, respectively. When querying the SDSS database for
all objects fulfilling the above criteria of magnitude, radius, color, and position, 20 objects were
identified that the SDSS classified as stars, among them VUCDI, 2, and 5. The same query,
but for objects classified as galaxies, yielded only five objects: VUCD4, 6, 8, 9, and the new
VUCDI10, which we therefore included in our target sample.

With its radial velocity of 2425 km/s that we now measured from its spectrum, it is consistent
with being a Virgo cluster member: in velocity space, Virgo member galaxies in the central
cluster region reach velocities of 2600 km/s (Binggeli et al. 1987; Binggeli & Cameron 1993).
It should be noted that many of the Virgo galaxies with velocities above ~2000 km/s actually
belong to one of the various “clouds” that might be located behind the main Virgo cluster aggre-
gation (Binggeli et al., 1987) — however a membership in one of these clouds is ruled out by the
projected position: VUCD lies close the central galaxy M87 and all clouds are located further
away. And indeed, Virgo galaxies in the central cluster region (cluster A) do reach velocities up
to 2600 km/s (Binggeli et al. 1987, Figure 23) exceeding the velocity of VUCD10. We therefore
consider VUCDI10 a new Virgo cluster UCD, and include it in the following analysis.

6.2.2 Photometry

To obtain nucleus and UCD magnitudes, we use SDSS DRS5 r-band images to which we applied
our own sky subtraction procedure (see Lisker et al., 2007). We also correct them for Galactic
extinction, following Schlegel et al. (1998), and use the flux calibration provided directly by the
SDSS. A Virgo distance modulus of m — M = 31.09 mag (Mei et al., 2007; Blakeslee et al.,
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Table 6.1: The UCD sampile. In the first four columns, we provide UCD number, position in the sky (RA, Dec),
and radial velocity. In the last column, we indicate whether UCDs are in common with the studies of EQ7 or Firth
et al. (2009).

UCDs RA Dec RV Age [Z/H] [a/Fe] m, Remark
name (h:m:s) @) (kms) Gyr dex dex mag

VUCD! 12:30:07.61 12:36:31.10 1227 + 1.7 11.97!3 -0.90 + 0.05 0.38 +0.09 18.6 E07

=2.0

VUCD2  12:30:48.24 12:35:11.10 0911 +6  5.9*'7 -0.77 £0.09 -0.14 +0.08 18.6 F09

-0.5

VUCD3  12:30:57.40 12:25:44.8 0710+3.5 15.0*%) 0.13+0.03 038 +0.03 18.1 E07
VUCD4  12:31:04.51 11:56:36.8 0919 + 1.7 11.97}} -1.24 +0.05 -0.00 +0.12 18.6 EQ7

VUCD5 12:31:11.90 12:41:01.20 1290 + 3 10.75%8 -0.40 £ 0.03 031 +£0.02 18.5 E07
VUCD6  12:31:28.41 12:25:03.30 2101 +4  83*7 -1.03+0.12 041+0.09 18.7 E07
VUCD7 12:31:52.93 12:15:59.50 0985 + 5 10.7;9% -0.54 £0.03 0.13+0.04 18.0 EO07
VUCD8  12:32:04.33 12:20:30.62 1531+ 19 11.67}5 -1.24+0.03 -0.09 +0.09 19.1 F09
VUCD9 12:32:14.61 12:03:05.40 1325 +5 11.6;1° -1.03+0.06 0.07+0.11 18.8 F09

VUCD10 12:30:30.86 12:18:41.66 2425 + 103 9.832):3 -0.89 £ 0.09 0.50 £0.04 19.1 New

2009), corresponding to d = 16.5 Mpc and an SDSS pixel scale of 32 pc (80 pc/”), is adopted
here and in the further analysis.

Nucleus magnitudes are derived as follows. A Sérsic fit to the radial profile of the galaxy is done,
measured with elliptical annuli and using only the radial interval from 2” to 1/3 of the half-light
radius, or extending it if the interval subtends less than 2.5 (200 pc). From this fit, a two-
dimensional elliptical model image, taking into account the median SDSS PSF of 1.4” FWHM,
is created and subtracted from the original image, leaving only the nucleus in the center. The
nucleus magnitude is then measured by circular aperture photometry with r = 2”. We estimate
the magnitude error to be 0.2 mag, which is consistent with the RMS scatter of a comparison
to the Hubble Space Telescope (HST) ACS Virgo cluster survey (Coté et al., 2006) for the 10
objects in common.!

The same aperture photometry is done to obtain UCD magnitudes. To be comparable to the
nucleus measurements, this aperture is also applied to VUCD?7, even though it is known to be
extended, as mentioned previously. For the UCD magnitudes we estimate an error of 0.1 mag.

6.2.3 Spectroscopy

The spectroscopic observations were carried out at ESO Very Large Telescope (VLT) with
FORS2. The 17 slit and V300 grism provide an instrumental resolution ~11 A FWHM. Details
of the observational layout and data reduction are described in Chapter 3. The new additional
sample dEs were observed in 2010A using the same instrumental setup. We provide the basic
characteristic of this dE sample in Table 6.2. In total our sample covers the full range of local
projected galaxy density that is populated by nucleated dEs in Virgo, from less than 10 to more
than 100 galaxies per square degree. The UCDs were observed in 2007A together with the first
set of dEs, using the same instrumental configuration. We provide the basic properties such
as position and radial velocity in Table 6.1 and the detailed UCD sample selection criteria in
Section 6.2.1.

As we described in Chapter 5, we use galactic light subtracted nuclear spectra to measure the
stellar population parameters for the dEs nuclei. We actually employ the derived values of age,
metallicity and [a/Fe]-abundant directly from the previous chapter for our main dEs sample. In

"Nucleus r magnitudes were converted into g by adding the g— r color value of the nucleated dE’s center (r < 2”),
and were then compared to ACS g magnitudes, showing no systematic offset.
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Figure 6.3: Comparison of fully corrected line strength with the previously published data set of EO7 and FO09.

addition, we derive stellar population parameters for the new sample dEs nuclei using the same
methodology. To keep homogeneity of data quality, we use the same 0”.75 aperture to extract
nuclear spectra. Then, the galaxy spectrum is extracted in a radial interval from 3 to 8”, scaled
accordingly, and subtracted from the centrally extracted spectrum. However, we re-derive the
sensitivity function observing the new set of standard star during the new observing run 2010A.
Finally, the observed spectra of dEs nuclei are flux calibrated using the new sensitivity function.

We also use the same procedure to calibrate the extracted one-dimensional spectra, and then to
measure the absorption line strengths form it, as described in Chapter 3 for both UCDs and new
sample dEs. In Figure 6.3, we show comparison of fully corrected absorption line strengths of
UCDs at Lick system with previously values from EQ7 and FO9. We see two indices HB and
Mgb fairly agree in one to one plot. However, Fe indices show slightly large scattering. But
interestingly, it seems that Fe5270 is slightly under-estimated and the other Fe5335 is slightly
over-estimated in our measurement.

In order to derive stellar population parameters from the measured line strengths, we translate
our Lick index measurements into SSP-equivalent ages, metallicities, and a-element abundance
ratios by comparing them to the model of Thomas et al. (2003) by y?>—minimization, following
Proctor & Sansom (2002). We use nine well-measured indices (Hor, Hyrg, Fe4383, HB, Fe5015,
Mgb, Fe5270, Fe5335 & Fe54006) in case of the dE nuclei. For the UCDs we use only HS,
Mgb, Fe5270 and Fe5335, because we only find these four indices available in the literature for
those three UCDs that we did not target ourselves. Moreover, due to the slit mask placement,
our observations only cover the full range of indices (i.e., ~4000 A to ~5600A) for three of
the observed UCDs. For completeness, we also checked whether the use of different sets of
indices produces any significant discrepancy in the estimated SSP parameters. We find that the
estimated SSP parameters agree well within the errors, although the use of a larger set of indices
naturally leads to smaller errors in the SSP parameters. Therefore, we keep using all nine indices
for the dE nuclei in the further analysis.

The relation between the stellar population parameters and the local projected galaxy density is
plotted in Figure 6.5. The local projected density has been calculated from a circular projected
area enclosing the 10th neighbor. It seems that there is a weak correlation between the local
projected density and the ages of the nuclei. But, more prominent than the correlation, an age
break is seen at a projected density ~40 sq.deg.”'. We thus use this value to divide our dE
sample in two groups, located in cluster regions of lower/higher density. We find median ages
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Table 6.2: New dEs sample

VCC | RA Dec M, (total) M, (nuc) Density R.rr RV Age [Z/H] [a/Fe]

No. | hm:s o mag mag sq 2 ” Kms™! Gyr dex dex

0592 | 12:22:50.86 13:35:34.42 -15.66 —-10.95 01797 2622 1118.0 _w.quw -0.86+£0.06 -0.02+0.08
0765 | 12:25:03.48 13:14:40.84 —15.68 -10.74 070.14  15.39 0968.0 :.@ww”w -0.54+0.11 +0.16x0.06
0786 | 12:25:14.47 11:50:58.09 -16.90 -11.43 045.52 52.86 2388.0 @.www”m -0.89+£0.06 +0.50+0.05
0940 | 12:26:47.07 12:27:14.17 -17.19 -11.27 087.32 5125 1411.0 :.@Hm”w -0.89+0.03  +0.09+0.07
0965 | 12:27:03.13 12:33:37.96 -16.47 -11.18 104.39 48.52 0851.0 H.owwuw -0.11£0.17 +0.41+0.20
1069 | 12:28:06.54 12:53:53.22 —-15.49 —-10.55 139.26  36.95 2308.0 Hw.quuw -1.21+£0.03  -0.20+0.05
1122 | 12:28:41.71 12:54:57.08 —-16.98 -11.67 065.99 4830 0476.0 H.awmuw -0.11+£0.03  -0.15+0.02
1386 | 12:31:51.33  12:39:24.44 -17.22 -10.69 052.80 7244 1297.0 15.0*%3. -0.86+0.40 +0.20+0.26
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Chapter 6. Nuclei of early-type dwarf galaxies: are they progenitors of UCDs?

of 2.6 Gyr for the low density group and 11.6 Gyr at high densities.

Almost all UCDs lie in the high density region as defined above. Their ages have a median
of 11.7 Gyr, strikingly consistent with the nuclei in the same density regime. As a statistical
comparison, we performed a Kolmogorov-Smirov (K-S) test with the null hypothesis that there
is no difference in the distribution of SSP parameters between the UCDs and the dE nuclei of
the high density group. We find that there is a probability of 88%, 97% and 73% for having the
same age, metallicity, and [@/Fe]-abundance distribution, respectively.

The metallicities of dE nuclei also show a difference between the low and high density regions:
the median values differ by more than 0.5 dex, although the scatter is fairly large. The UCDs
also have a fairly large scatter in metallicity, ranging from +0.1 to —1.4 dex. However, it is
remarkable that only two UCDs (VUCD3 and 4) have a metallicity above —0.5 dex. The [a/Fe]-
abundances are more or less consistent with solar in case of the dE nuclei, but also a slight
increase with density can be recognized for the nuclei and (more clearly) for the UCDs. Al-
though the scatter is fairly large, the Spearman’s rank correlation coefficients are 0.3 and 0.7 for
dE nuclei and UCDs, with the probabilities for the null hypothesis that there is no correlation
being 8.5% and 1.5%, respectively. In case of the UCDs, 7 out 10 have super-solar values of
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The relation between the stellar population parameters and the r-band magnitudes of UCDs and
nuclei is presented in Figure 5.9. We do not see a relation of age and [@/Fe]-abundance with
luminosity, both for nuclei and UCDs. Unlike that, the metallicity of both UCDs and dE nuclei
tends to increase with increasing luminosity, following the well known metallicity-luminosity
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6.4. Summary and discussion

relation. However, bimodal peaks of the age and metallicity distributions of dE nuclei can be
seen as a striking feature in Figure 5.9 (right panel). This indicates the inhomogeneous nature of
dE nuclei, which can be divided into two different groups of stellar population characteristics:
a young metal-rich group and an old metal-poor group. Brighter nuclei predominantly have
metal-rich stellar populations consistent with solar values. The metal-poor nuclei (metallicity
<-0.5 dex) have an average of —1.0 dex, and most of them are less luminous than m, = 19.2
mag (M, = —11.9 mag).
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Figure 6.5: Age, metallicity and [a/Fe]-abundance versus nucleus/lUCD magnitude, for dE nuclei (black) and
UCDs (green).

6.4 Summary and discussion

We have derived stellar population parameters of Virgo cluster UCDs and nuclei of early-type
dwarf galaxies, through fitting measured Lick absorption line strengths to models of Thomas
et al. (2003). Since we use simple stellar population models, it must be noted that our estimated
parameters are interpreted as SSP-equivalent.

Indications that the UCDs in the Virgo cluster more likely have formed via dE destruction in
dense cluster regions than in the Fornax cluster have already been presented in the literature
(Mieske et al., 2006; Co6té et al., 2004, 2006). An explanation could be the higher mass of the
Virgo cluster, which provides a deeper potential well with stronger tidal forces than in the Fornax
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cluster. Virgo UCDs were also found to be significantly different from GCs in colors and sizes,
as they are bluer and larger than GCs (Hasegan et al., 2005). E07 showed that Virgo UCDs have
structural properties similar to the Fornax UCDs. Furthermore, De Propris et al. (2005) showed
with the HST that Fornax UCDs are more extended and have higher surface brightnesses than
typical dwarf nuclei. That is not necessarily inconsistent with the stripping scenarios, because
the stripping process can alter structural parameters of the embedded nuclei. Therefore, a direct
comparison of structural parameters may not be able to constrain the formation scenarios of
UCDs properly.

In the light of our new age and metallicity estimates in the previous section, we want to address
the possibility of formation of Virgo UCDs via tidal destruction of nucleated dEs. We observe
that UCDs exhibit significantly older and more metal deficient stellar populations as compared
to dE nuclei on average. However, if we compare the ages of UCDs and nuclei only in high
density regions, where most of the UCDs are located, we do not find any significant difference
in their age and metallicity distribution. Only two dE nuclei (VCC0965 and VCC1122) out of
13 from the high density group have ages less than 5 Gyr and metallicities above —0.2 dex.
Note, however, that due to projection effects, a number of objects that are actually located in
the outskirts of the cluster must fall into regions of high projected density, lying in front or
behind the center along the line of sight. If we consider the low density group of our sample
to be representative for nuclei of dEs outside of the (three-dimensional) cluster center, then we
actually expect to have a few objects with young ages and high metallicities in the high density
group, consistent with what we observe. Moreover, even without taking this effect into account,
our statistical tests already show that the age distributions of UCDs and dE nuclei are similar
when considering only the group of nuclei in the high density. This supports the idea of the
threshing of dEs in high density environments to form the UCDs.

At low densities, a certain fraction of dEs probably still retained some central gas and trans-
formed it into stars (some dEs are still doing this, see Lisker et al. 2006). Consequently, their
nuclei today would indeed show a younger stellar population than a UCD, the latter being an
“old nucleus”. For such dEs, not only the orbital average should be located in the outskirts, but
they should also not have passed right through the center (e.g. on an eccentric orbit), otherwise
the gas would have been stripped by ram pressure and tidal forces. This would explain the fact
that we do not see young UCDs: a dE destruction is only possible if the galaxy really goes
through the center and experiences the strongest tidal forces. If we assume that the full destruc-
tion, i.e. the complete removal of the dE’s main body, takes significantly more orbital time than
the gas stripping, then nucleated dEs with an orbit leading through the center first lost their gas,
halting any star formation, and then became destroyed. Therefore, we have no young UCDs.

In any case, young and bright dE nuclei have either late or prolonged star formation activity.
We assess this by modeling spectra of composite stellar populations through superposition of a
young and an old component, using the model spectra of Vazdekis et al. (2010). We fix the old
population at an age of 11 Gyr and a metallicity of —1.2 dex, and add a component with solar
metallicity and exponentially declining star formation rate, starting from an age of 11 Gyr. We
find that spectra like those of the young nuclei (with an SSP-equivalent age of ~3 Gyr) can be
achieved when the exponentially declining component formed stars until 2 Gyr ago, at which
point it is truncated. This means, if we assume our model to represent the observed young
nuclei, their star formation activity would have stopped 9 Gyr later than that of the old nuclei.

On the one hand, the estimated ages and metallicities of UCDs nicely agree with the ages and
metallicities of nuclei of dEs from the dense cluster regions. On the other hand, most of the
old nuclei are fainter than the UCDs. However, the UCD discoveries might suffer a selection
effect: if a faint nucleus was stripped, it would now be automatically counted into the globular
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cluster system of M87. We can hardly estimate how many nucleated dEs have already been
destroyed and transformed into UCDs during the lifetime of the cluster. Thus we cannot rule
out or confirm any scenario just by counting the number of bright nuclei or that of UCDs. Only
detailed future simulations can resolve this issue.
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On the nature of stellar population properties of
dEs: are dEs special?

Abstract

In this chapter, we re-examine the stellar population properties of dEs. First, we build a metallic-
ity -luminosity relation for a large sample of dEs and compare it with the metallicity-luminosity
relation of other class of early-type galaxies. We confirmed that metallicity of galaxies correlate
with galaxies luminosity in all class of early-type galaxies i.e. Es, dEs and dSphs. However, the
slopes of these relations are not similar for all classes of galaxies. We see the dEs have steepest
slope among all classes and Es have almost flat. After dividing the all galaxies into two groups
(i.e. metal poor Z < 0.5 dex and other metal rich Z > -0.5 dex), the metallicity-luminosity rela-

tion revealed that these different groups have fairly different slopes, and the metal poor galaxies
group has a steeper slope than the metal rich. We discovered a clear break in this relation in
the dEs region. Therefore dEs show a special stellar population property, not only they exhibit
heterogeneous stellar population properties but also they rather show a dichotomy. The bright
metal rich dEs seems a faint end extension of Es and metal poor, and old dEs are either a gen-
uine class of early-type galaxies or bright end extension of dSph.
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7.1. Introduction

7.1 Introduction

FTER having established a diverse nature of stellar population properties of Virgo cluster
Aearly—type dwarfs, we can now proceed to make a comparative study between the stel-

lar population properties of different classes of early-type galaxies. This chapter will
provide a comprehensive analysis of the derived stellar population parameters of dEs with com-
paring their bright and faint counterparts Es and dSphs respectively. It has been already noticed
that the difference in stellar population properties between Es and dEs such that Es have an
average older and more metal enhanced stellar populations than dEs. But, the fainter dEs and
dSphs show relatively inhomogeneous stellar population properties than Es. Here, we partic-
ularly focus on the luminosity-metallicity (L-Z) relation. We will derive the L-Z relations for
different classes of early-type galaxies. We will then discuss these relations in a way to get a
better understanding of overall dE properties.

7.1.1 Luminosity-metallicity relation

It is well known that the early-type galaxies follow a trend of increasing metallicity with galaxy
luminosity (Caldwell et al., 1992), which was first noticed by McClure & van den Bergh (1968),
and later Lequeux et al. (1979) were the first to show correlation metallicity with the total mass
of the galaxies for a sample of irregular and blue compact dwarf galaxies. A usual explanation
of this global phenomenon is the tug of war between the galactic out flow (i.e. Supernovae
and stellar wind Larson 1974; Tinsley & Larson 1979; Dekel & Silk 1986) and the depth of
the potential well of the galaxies, i.e. as the depth of potential well increases the mass ejection
through these out flow become less efficient. Therefore, more luminous/massive galaxies are
able to retain their gases more effectively than low luminous galaxies, thus the metallicity can
build up to higher values because following generations of stars will be formed in an enriched
gas environment, while the low luminosity galaxies lose their metals through galactic winds (see
Koppen et al., 2007).

However, it is not clear yet whether the all early-type galaxies (i.e. Es, dEs and dSph) follow the
same relation or the slopes varied between these different subclasses. For example: Caldwell
et al. (1992) noticed that normal ellipticals have relatively steeper slope than dEs. In contrast,
Tremonti et al. (2004) and Panter et al. (2008) found the relation is relatively steep in less
massive galaxies and flat at the high mass end. However, a considerable scatter in the relation
has been noticed in the dwarf regime. Barazza et al. (2002) argued that the scattering in the
relation can be explained with taking account of ellipticity effect i.e., flat galaxies are metal
poorer than equal luminosity round galaxies. In any case, various theoretical explanations of the
L-Z relation have been proposed so far, which may work at different level in different class of
early-type galaxies. 1) Starburst-induced galactic outflows are more efficient in dwarf galaxies
than in giant galaxies. 2) It is expected that dominant fraction of stars in the luminous galaxies
are formed by means of a burst of star formation at high redshift, enriching quickly their ISM to
solar or super-solar metallicities, contrarily dwarf galaxies with lower star formation efficiency
dilute their ISM in the longer infall time, and have sub-solar Interstellar metallicities (Martin,
1999). 3) And the variation of Initial Mass Function (IMF), i.e. more massive galaxies may
have different IMF slope than dwarf (Koppen et al., 2007).

On the other hand, the previous conviction of the dichotomy in the early-type galaxies, normal
early-type galaxies (Es) are formed differently then the dwarf early-type galaxies (Kormendy,
1985; Kormendy et al., 2009), is continuously challenged by the recent observations arguing
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that they might have formed through the similar mechanism of galaxy evolution (Graham &
Guzman, 2003; Chilingarian, 2009). A well proposed idea is the all early-type galaxies might
also have got their present days shapes through the galaxy merging and gas dissipation during
the merger. However, the environmental influences on these less luminous galaxies are also a
well accepted idea, particularly in the cluster environment: see discussion in Chapter 4.

In this chapter, we will derive a L-Z relation for early-type galaxies of entire luminosity range
-23 < M, < -9. We will try to examine the homogeneity of this relation. As an important ex-
planation of this relation comes from the gas infall/loss in the galaxies, this relation can provide
a valuable constraint to the model of galaxy formation that attempt to account for the chemical
evolution of the system (e.g. Prantzos, 2000), and particularly helps to differentiate the physical
mechanism which involved in the galaxy evolution. Therefore, we will see whether the L-Z
relation can be better described in single slope or multiple. Then finally, we will discuss the
possible consequences of these relations.

7.2 The sample

For this investigation, we compile a large sample of early-type galaxies from the different pre-
vious stellar population studies. This contains early-type galaxies of the luminosity range -23 <
M, < -9. It covers the all classes of early-type galaxies i.e., Es, dEs and dSph located in various
environments i.e., field, group and cluster.

1. We collect a sample of normal ellipticals from the literature i.e., Sdnchez-Blazquez et al.
(2006). This sample contains 86 early-type galaxies. This sample covers Es form all
environments such as field, cluster and group including 12 Es from the Virgo cluster. They
have performed an extensive analysis of stellar population in Es to find the environmental
dependency on the stellar population properties of Es. Thanks to P. Sanchez, she provides
us the final and fully corrected values of absorption line strengths in the Lick system of
86 Es in machine-readable form.

2. We use our all dEs sample from previous study (See chapter 3 and 6), which consist 50
dEs in Virgo cluster. For this dEs sample, we use the derived values of stellar population
parameters from the Chapter 4.

3. We collect the derived values of metallicity for Centaurus A and Local Group dSph from
the literature. We would like to give special thank to our colleague Denija Crnojevic
for helping the compilation of these parameters (Sharina et al., 2008; Crnojevi€ et al.,
2010). Note, metallicities were derived for these galaxies using the different approach
i.e. isochrones fitting with high-resolution photometric data of the galaxies and individ-
ual stellar spectroscopy. Isochrone fits to RGBs may yield rather different metallicities
depending on which isochrone models are used. Metallicities based on individual stellar
spectroscopic measurements may differ considerably from photometric integrated ones.
In any case, it is generally expected that the inconsistencies between these methods is
~ 0.3 dex, which is usually within the measurement errors using these methods.

7.2.1 Near-infrared magnitude

The near infrared bands are a much better proxy for stellar masses than optical bands, since
they are sensitive to the light of old, low-mass stars and less sensitive to the effects of dust.
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In general the optical colors are biased tracer of young and hot stellar populations, and thus
is more sensitive to star formation than stellar mass. We calculate K,y 2.2 um near-infrared
magnitude from Two Micron All Sky Survey (2MASS) (Jarrett et al., 2003) to compare the
derived stellar population parameters with luminosity of galaxies. We do not use correction for
galactic extinction in K-band magnitude.

Figure 7.1: Color magnitude relation B-V Vs
K. The black symbols represent the Es, which
have 2MAAS K-band magnitude and the gray
dots, align in the black straight line, are de-
rived. The faint blue dots represent the dEs
and those, which are common to this study,
are represented by dark blue. The green dots,
aligned in the blue straight line, are derived.

0 : : : : : :
-14 -16 -18 -20 -22 -24 -26 -28
Mgk, mag

We derived the K-band magnitude for the 92 dEs of Lisker et al. (2006) sample from the 2MASS
catalogue and among them 35 dEs are common to this study. We found K-band magnitude for
the 79 Es of our sample in 2MASS catalogue. In Figure 7.1, we show the B—K color-magnitude
relation for elliptical galaxy, which contain 92 dEs and 80 Es. It is also not sure yet that the
color-magnitude relation of early-type families can be described by single linear fit or multiple
i.e. each for different class. We derived the different linear fits for the dwarfs and giants early-
type galaxies, as we can see in the Figure 7.1. We find that, dEs have relatively steeper slope
than Es in the B-K Vs K color magnitude relation. The best-fitted equations are:

B-K=-045Mg — 5.8 : for dEs (7.1

B-K=-0.10Mg + 1.4 : for Es (7.2)

Those dEs and Es, which do not have K-band magnitude, we derive the K-band magnitude using
the equations 7.1 and 7.2 respectively.

7.3 Results

In this section, we present the results and analysis from the study of stellar-population of early
type galaxies. First, we provide the relation between total galactic luminosity and the measured
line strengths. The derived stellar population parameters would have influence of the model de-
pendency, which may bias the results toward the model ingredient. Therefore, the single stellar
population (SSP) parameters never consider as perfect unbiased indicator. The incompleteness
of stellar library and lack of knowledge of stellar evolution such as calibration of mass loss
in the Asymptotic Giant Branch (AGB) phase, color evolution of the Blue Horizontal Branch
(BHB) stars make them vary with the model to model as they are calibrated and synthesized
from different physics and different stellar library (Renzini, 2006). On the other hand, the age
metallicity degeneracy always comes at the front line of the discussion, though there are several
strategies have been already proposed to disentangle this degeneracy (Worthey et al., 1994b;
Thomas et al., 2003; Proctor et al., 2004). Therefore, we first show the relation between the
measured absorption line strengths and luminosity, and then we present the relation between
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derived stellar population parameters and luminosity. For this purpose, we use the infra-red
magnitude as galactic parameter (see the Section 7.2.1).

7.3.1 Analysis of Indices
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In Figure 7.2, we provide the relations between the total galactic luminosity and the measured
absorption line strengths at lick system. Top panel shows a relation between the combined
index [MgFe]’ (i.e., \/Mgb X (0.78 X Fe5270 + 0.28 x Fe5335) (Thomas et al., 2003, here after
TMBO03)) with the K-band galactic magnitude. The other indices Mgb, <Fe> and Hf Vs K-band
galactic magnitude are subsequently below.

We see almost no correlation between the age indicator index HS with K-band magnitude in both
cases dEs and Es. Both show almost flat relation with Mg, however the median difference of HB
of Es and dEs is 0.5 A. The metallicity indicator index <Fe> seems to correlate with galactic K-
band luminosity. We see that dEs follows a slightly steeper relation than Es. On the other hand,
Mgb shows a continuous correlation of strength versus magnitude. Or perhaps, a slight steep in
middle around —22.5 mag might occur, where data points are sparsely populated and then again
flattens at the very faint end. The combined index [MgFe]’, which is also considered to be a
good mean metallicity indicator, shows a week correlation with the luminosity all together i.e.,
Es and dEs. The prominent outlier in the top three panels above the other dEs points is VCC916.

7.3.2 Age, metallicity and alpha-abundance ratio

In this section, we present the relations between the derived SSP-equivalent ages, metallicities
and a-abundant ratios and the K-band absolute magnitude of early-type galaxies (Es and dEs).
Here we have used the derived values of SSP parameters of dEs from Chapter 4. However, we
derive the SSP parameters for Es sample. We use the same nine indices Hor, Hyg, Fe4383, HB,
Fe5015, Mgb, Fe5270, Fe5335 & Fe5406. As we described in Chapter 4, the )(2— minimization
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technique has been employed to compare the SSP model prediction and the observables i.e
absorption line strength. The derived values of age, metallicity and a-element abundant ratio
for Es are tabulated in the Table 7.1.
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In Figure 7.3, we show the relations of the derived stellar population parameters with K-band
magnitude of galaxies. We see no correlation between age and M. However, It is clear that
majority of Es are relatively older than dEs. Note that, these ages represent the light weighted
ages. Which means, they are preferentially biased towards younger ages (Trager et al., 2000a,
2005), since in the optical, most of the light comes from the youngest component of the stellar
populations, and the age correlates more strongly with last star formation activity. Therefore, the
measured ages are influenced to a large extent by the last star formation activity in the galaxy.
In any case, the old Es seem to host a genuinely old stellar population, in contrast they could
show the younger ages if they have hosted only a minor fraction of stars that are born recently.
Therefore, these measurement of ages can only be regarded as a mean tracer rather than absolute
(Trager et al., 2008). However, recent observations of Es in Ultra Violet (UV)-band have shown
a prominent detection of UV fluxes in Es, and it is generally interpreted as a presence of young
stellar population or sign of residual star formation activity (Deharveng et al., 2002; Kaviraj
et al., 2007). In contrary, several authors have argued that the UV-excess can also be caused
by an old stellar population Welch (1982); Faber & Lin (1983) due to hot horizontal branch
(HB) stars and the evolutionary phases which follow the HB. Yi et al. (1997) noticed that the
extreme excess of UV flux in some early-type cannot be explained without adding some residual
star formation activity. Interestingly, some of the Es in our sample also show significant young
stellar population properties, i.e. nearly 10% have ages of less than 5 Gyr.

It is quite prominent that the dEs follow a well-known correlation of metallicity luminosity.
But in case of Es this correlation is almost flat. The error-bars of measured metallicity in the
dEs are larger than in the Es. In addition, dEs also show a larger scattering in luminosity-
metallicity relation than that of Es. Moreover, the range of dEs metallicity is almost twice larger
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NGC M, My Age [Z/H] [a/Fe]
no. mag mag Gyr dex dex

2329 -21.51 -2525+0.03 83*%%  _0.05+0.06 0.29+0.06
2778 -19.22 -22.94+0.03 150*)1 -0.34+0.03 0.03+0.05
3605 -17.14 -20.51+0.02 3.3*%1  _0.08+0.03 -0.01=+0.04
3608 -19.74 -23.1+0.02 9.8*0  _0.14+0.06 0.17+0.04
3665 -20.86 -24.84+0.01 64*3  _0.05+0.06 0.22+0.04
3818 -19.37 -23.03+0.03 11.6*"] -034+0.03 -0.02+0.01
4278 -19.35 -23.08+0.01 15.0*%! -0.11+0.03 0.14 +0.01
4415 -17.54 -20.54+0.07 7.079%7  -0.54+0.06 -0.06+0.07
4431 -17.16 -20.52+0.05 9.8*%3 -051+0.12 0.13+0.09
4464  -17.95 -21.82+0.03 15.0*0 -049+0.03 0.0+0.01
4467 -16.85 -21.16+0.09 9.0*%?  -0.28 +0.03 0.05=+0.06
4478 -19.59 -2328+0.01 7.6*%1  -034+001 -0.19+0.01
4564 -19.4  -2327+002 9.07%!  -0.11+0.03 0.1+0.02
4673 -20.27 -25.13+0.02 547*%1  .0.14+0.03 0.16+0.05
4742 -19.35 -22.890+0.02 13%91  _0.14+001 -0.12+0.01
5638 -19.98 -23.72+0.02 9.8*%!  -028+0.03 -0.05=0.05
5796 -20.86 -24.94+0.00 9.0*%Y  -0.23+0.06 0.0=+0.08
5831 -19.82 -23.53+0.03 4.6%1  -0.05+001 -0.06=+0.01
5845 -18.51 -2259+0.02 11.6*) ] -0.34+0.03 0.0+0.06
636  -20.02 -23.79+0.03 59*%¢  _0.05+0.03 0.11 +0.04
6482 -22.11 -2547+001 13.8%3 -0.03+0.03 0.24+0.04
6577 -21.16 -247+0.03 11.6*%1 -0.17+0.03 0.17 +0.04
6702 -21.56 -25.08+0.03 23*%1  03+003 0.22=+0.02
6703 -20.85 -2458+0.02 83*%%  _025+0.03 -0.12+0.01
7052 2091 -25.64+0.02 15.0*%1 -023+0.01 0.28+0.02
4486 -17.69 -21.8+0.02 15.0*%! -0.17+0.03 0.29 +0.05
4843 -20.07 -24.15+0.03 83*9%  _0.05+003 0.2=+0.05
4842  -19.19 -23.01+0.06 83*01 01+006 024005
4864 -20.63 -244+000 64*3  00+006 02=+005
4867 -19.01 -2329+006 5.0*%  0.0+006  0.26 +0.04
2693 -21.65 -2571+0.02 12.7*2 -0.08+0.06 0.25+0.04
2694 -19.37 -2293+0.00 9.8*10  _0.14+0.06 0.22+0.05
2832 2238 -263+0.02 138*)1 -0.05+0.03 0.2+0.02
3641 -18.11 -21.79+0.04 9.8*%1  -034+0.03 0.05+0.05
4692 -21.8 -2557+003 83*%%  00+0.03 0.17+0.02
4865 -19.89 -23.7+0.00 59*01  00+003  0.23+0.05
4875 -19.84 -23.79+0.05 64+l .003+0.03 0.32=+0.02
4908 -21.07 -25.12+0.03 107712 -025+0.09 0.18 +0.04
6127 2136 -25.1+0.02 9.0*%" 00+0.03 0.19+0.03
6411 -21.25 -24.64+0.02 59*%1  _0.05+0.03 0.06=+0.04
1453 -21.61 -2556+0.02 15.0*%!1 -0.05+0.03 0.19+0.03

Table 7.1: Stellar population parameters derived for Es sample of Sanchez-Blazquez et al. (2006).
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7.3. Results

NGC M, M Age [Z/H] [a/Fe]
no. mag mag Gyr dex dex

221 -17.42 -2094+0.00 3.0*7 -020£0.03 -0.13+0.01
315 2246 -2654+0.00 150*)] -0.08+0.03 0.32+0.02
507  -22.06 -26.1+0.00 83*% -0.11+0.06 0.17+0.06
584 -20.89 -248+0.00 54*¢  -0.08+0.03 0.09+0.05
821 2074 -2463+0.00 7077 00£0.03 0.7 +0.04
1700 -21.88 -259+0.00 4.2%3 0.1+0.03  0.14+0.04
2300 -20.75 -24.64+000 7.6*01  00+£006  0.23+0.03
3115 -19.75 -2353+£0.00 9.87*)1 -0.11£0.03 0.16 +0.02
3377 -19.16 -22.88+0.00 59*)F -028+0.03 0.06 +0.02
3379 -20.55 -2442+0.00 11.6*] -031+0.01 -0.04+0.01
4261 -21.32 -2528+0.00 12.7*}% -0.34+0.06 -0.06+0.03
4365 -20.96 -24.88£0.00 12.7*%1 -0.03+0.03 0.28 +0.02
4374 -21.05 -2498+0.00 15.0*) ) -025+0.01 0.18+0.01
4472 2171 -2571£0.00 9.0*7  -0.05+0.03 0.03 +0.04
4489  -18.25 -21.87+0.00 2.5*03 -0.08+0.03 0.0+ 0.04
4552 -20.8  -247+0.00 13.87%7 -0.14+0.03 0.3 +0.02
4594 2221 -2627+£0.00 1507%)7 -0.25+0.03 0.17 +0.06
4621 -2049 -2435+0.00 15.0*)] -025+0.01 0.18+0.01
4636 -20.51 -2438+0.00 15.0*%1 -0.17+0.06 0.26 +0.03
4649 2147 -2544+0.00 12.7*]7 -0.05+0.03 0.26 +0.03
4697 -21.15 -2509+0.00 7.6*01  -0.17+0.03 -0.01+0.02
4839 -22.23 -2629+0.00 59*7 02006  0.26+0.05
4874 2248 -26.57£0.00 10.77*}0 -0.03+0.06 0.22+0.05
5813 -21.08 -25.01+0.00 150*] -0.34+0.01 0.04+0.01
5847 -20.18 -24.01+0.00 150*)) -0.40+0.06 0.06 +0.02
5846 -2126 -2521+0.00 11.6*) -025+0.09 -0.02+0.07
IC no.

767 -18.09 -21.03+£0.07 35%, -0.66+0.12 -0.12+0.14
794 -1832 -21.56+0.12 59*0  -0.40+0.03 -0.19 £0.05
832 -20.19 -2421+0.04 46702 -025+0.06 0.19+0.05
3957 -192  -23.05+0.07 11.6*)) -023+0.06 0.18+0.04
3959 20 -2399+0.04 64713 00£003  025£0.02
3963 -19.43 -23.12+£0.06 50*)7 -0.08+£0.06 0.14 £0.05
3973 -18.97 -23.13+0.04 42*0)  0.0+0.03  0.14+0.05
4026 -19.98 -23.84+0.06 3.9*% 00006  0.18+0.05
4051 -20.24 -23.68+0.00 12.7*}7 -0.05+0.03 0.3+0.03
4042 -19.86 -23.65+0.00 150701 -0.31+0.03 0.24 £0.05

Table 7.2: Continuation of Table 7.1
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Chapter 7. On the nature of stellar population properties of dEs: are dEs special?

than Es metallicity range within the equal magnitude range of 5 mag. Here we have used K-
band luminosity, which is also a good tracer of stellar mass. In that sense, we can interpret it
as a mass-metallicity relation, and which is particularly important to test the galaxy formation
models (Finlator & Davé, 2008). This relation shows that, dEs and Es do not follow that the
same mass-metallicity relation described by single linear regression line.

p

-2 ® FEs T 1

dE (Virgo) e Z7Z>-05

dSph(Local group) e Z7Z<-05

dSph(Centaurus A) — — .Z=-0.104 Mb‘2-23

Z=-0.0194 Mb—0.536 Z=-0.1 23*Mb_2_76
3t Z=-0.267"M, -4.78 T Z = -0.0208"M, -0.549 1

Z=-0.11 Mb—2.66 Z-_05

-20 -15 -10 -20 -15 -10
My, mag My, mag

Figure 7.4: Luminosity-metallcity relation for all class of early-type galaxies in B-band magnitude.

In Figure 7.4, we compile mass metallicity relation of early-type galaxies for a large range
of magnitude varying from M, = -23 to -9 mag. Which covers the different classes of early-
type galaxies i.e. Es, dEs and dSphs. A clear luminosity-metallicity relation can be seen in
these samples of early-type galaxies. However, the slopes of these relations are not similar
for all classes. We see the dEs have steepest slope among all classes and Es have almost flat.
Three clear outliers above the dEs and dSph points in this metallicity-luminosity relation are
VCC0916, VCC1947 and M32. Each of them have a special characteristic such as VCC0916 is
M32 type, VCC1947 is only a possible member of Virgo cluster and M32 is itself regarded as a
special type of dEs.

It is also interesting to see that the overall metallicity-luminosity relation seems to have a break
at the dEs region. In right side of the Figure 7.4, we divide our total galaxy sample into two
groups: one is metal poor (i.e. Z < 0.5 dex ) and the other is metal rich (Z > -0.5 dex). The
metallicity-luminosity relations clearly show that these different groups have fairly different
slopes and metal poor galaxies group has steeper slope than metal rich. It is prominent that
the merging point of these two different groups exactly lies on the dEs region M, ~ -16.5 mag,
where the dichotomy in age was prominent, see Chapter 4. The metal rich dEs seem to follow
the L-Z relation along with normal Es and metal poor dEs seem to join at the brighter end of
L-Z along with dSph.

In Figure 7.5, we show the relations between the derived stellar population parameters. We do
not see any strong relation between each others. It seems that metallicity correlate with [a/Fe]
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Figure 7.5: Relation between SSP parameters.

in case of Es, however the scattering is fairly large. But interestingly, the dEs with metallicity
larger than Z = -0.5 dex seem to continue the [@/Fe] - [Z/H] relation defined by Es, and the rest
of metal poor dEs are scattered in a large range of [a/Fe] at the left portion of diagram. In the
bottom left diagram of the Figure 7.5, we see the spreading of points all over the place that hints
no relation between the age and metallicity in the Es and dEs. It is worth to notice that there is
almost no overlap between the dE(d)s and Es. We also do not see any relation between [a/Fe]
and SSP equivalent ages of galaxies, the points are scattered all over the diagram.

7.4 Discussion and conclusions

It is well known fact that dEs and Es exhibit different stellar populations i.e Es are generally
considered that older and metal enhanced than dEs. We also confirm these results here as the
average properties of Es and dEs. But we see that the ages of both Es and dEs spread over fairly
large range. Almost all Es in our sample have metallicity larger than [Z/H] = -0.5 dex and all
dSphs have metallicity less than [Z/H] = -1 dex. The metallicities of dEs show the intermediate
properties between Es and dSphs. We also see that the Es and dEs have shared almost equal
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Figure 7.6: Left: Derived ages, metallicity and [a/Fe] versus the projected Virgocentric distance (R, in degrees).
Right: The distribution of Virgo dEs in the sky, here we have divided our dEs sample in several groups: dEs
with Z > -0.5 dex are represented by red solid circle and Z < -0.5 are represented by blue solid circle, similarly
dEs with age > 5 Gyr are shown in red circle and age < 5 Gyr are shown in blue circle.

range of a-element abundant ratios i.e from [a/Fe] = - 0.3 to [@/Fe] ~ 0.4 dex. We will now
discuss these findings in the context of metallicity-luminosity relation and try to see whether
dEs have the special characteristic or not.

Clemens et al. (2006) found that the metallicity grows monotonically with velocity dispersion.
We confirm this trend as a form of L-Z relation. However, the slopes of these relations in dif-
ferent classes of early-type galaxies are different. An interpretation of this relation generally
focuses around the efficiency of stellar outflow at the low luminosity galaxies. In any case, in-
terpreting these differences in slopes are not easy, since the role of other factors such as IMF
variation, the environment and also the method used to estimate the metallicity cannot be ruled
out. We have sampled the galaxies from the different environment: dSph are from group, dEs
are from cluster and Es are fairly mixed from field, group and cluster. But a detail study of
Mendel et al. (2009) have shown that the environment is likely to play a small role in estab-
lishing mass/luminosity-metallicity relation. Nevertheless, a clear break in this relation at the
dEs region may suggest that not all the dEs have homogeneous stellar population properties.
Some dEs seem to follow the L-Z relation along with Es, at least those that have metallicity
larger than -0.5 dex. On the other hand, the metal poor dEs show a special behavior not only in
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7.4. Discussion and conclusions

metallicity-luminosity relation but also in [a@/Fe] - [Z/H] relation. They have fairly large range
of [a/Fe] but relatively poor metallicity. It may be the selection effect that we have not included
any dE(nN) in this study, therefore the majority of metal poor dEs are dE(n) class and they have
fairly old stellar population, which are also located in the cluster core. Unfortunately, there are
no reliable measurements of [@/Fe] for many dSph so we cannot compare this parameter of dEs
to the dSph.

An another explanation of the luminosity-metallicity relation is related to the decreasing effi-
ciency of star formation activity with decreasing luminosity (Tremonti et al., 2004; Gallazzi
et al., 2006). In this interpretation of the luminosity-metallicity relation one expect to see low
luminosity galaxies trend towards lower a-element abundances, as the relationship of a-element
abundance to supernovae timescale, namely SNII versus SNI. Examining the observed relation
of [a/Fe] with luminosity in Figure 7.3 we find considerable scatter in the dEs. But the majority
of bright dEs (Mg < -19.5) seem to have lower values of [a/Fe].

In general, there is no sharp difference between dEs and dSphs. However, dSphs are supposed
to have on average lower surface brightnesses (u > 22 mag arcsec™2) and surface brightness
gradients than dEs. The prototypes of dSphs are Sculptor and Fornax dSphs in the Local group
(LG). dSphs are not supported by rotation and appear to contain large amounts of dark matter.
The existence of large amount of dark matter is inferred from the high velocity dispersion and the
resulting high mass-to-light ratios derived under the assumption of Virial equilibrium (Strigari
et al., 2008). Grebel et al. (2003) show that their luminosity-metallicity relation differs from
the their irregular counterpart, and have a offset in the sense that they are more metal-rich for a
given luminosity. Since dSphs have fairly low mass, it is believed that they are more vulnerable
to environmental effects than any other.

The environment in which a dE evolves can influence its stellar population properties, since it
can regulate the strengths of violent activity in which dEs evolved in cluster environment and
set the number of interactions with other galaxies. Such as harassments are more frequent in
the cluster core than outskirts of the cluster. One therefore expects to see differences between
dEs in the outskirts of the cluster and near to the centre of the cluster. In Figure 7.6, we plot the
SSP parameters as a function of cluster-centric distances. It is fact that, the nucleated dEs are
preferentially found in the dense region of the cluster, we see almost all dEs from cluster core
are fairly old (see Figure 7.6).
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Summary and outlook

In this thesis, we have studied stellar population properties of a sample of early-type dwarf
galaxies (dEs) in the Virgo cluster. We have exploited low-resolution spectroscopic data sets
that obtained from the ESO-Very Large Telescope during the month of April 2007 and April
2010. An ideal method to perform this study is the analysis of absorption line strengths in the
Lick/IDS system. Using this method we have derived stellar population parameters such as age,
metallicity and a-element abundant ratio from the central and spatially resolved spectra of dEs.
We started with characterizing the central stellar population properties of dEs (Chapter 4). In
this study, we have used an additional sample of dEs from the study of Michielsen et al. (2008),
which makes this the largest sample of dEs for a similar kind of studies to date. Then next,
to probe the nature of dEs nuclei, we have investigated a spatially resolved stellar population
characteristics of our original sample dEs in Chapter 5. The stellar population properties of
a sample of Ultra-Compact Dwarf (UCD) galaxies in the Virgo cluster are studied in Chapter
6. Finally, we discussed the overall stellar population properties of dEs by comparing a large
set of different class of early-type galaxies in Chapter 7. We have expanded this study to the
luminosity range M = =9 to M;, = —23, which includes the bright normal ellipticals (Es) to faint
dwarf Spheroidal (dSph), and try to answer the question whether a classical early-type dwarf
galaxies constitute a genuine class of galaxies or are merely a low luminosity extension of Es.

According to these studies, our main findings can be summarized as follows:

o The central stellar population properties showed that not all dEs exhibit same stellar pop-
ulation properties. We found that, dEs with disc feature are relatively younger and metal
enhanced than dEs without disc. The a-element abundance ratio appears to be consistent
with the solar value for both morphological types.

e Besides a well-defined relation of metallicity and luminosity, we also found a clear anti-
correlation between age and luminosity. More specifically, there appeared to be bimodal-
ity: brighter galaxies (M, < —16.5 mag), including the discy ones, exhibit significantly
younger ages than fainter dEs (M, > —17.0 mag).

o We thus argue that that these galaxies cannot originate from same evolutionary history
for different morphology. Old and metal poor dEs could have early termination of star
formation activity with infall of primordial galaxy in the cluster potential are normal nu-
cleated. By contrast, the discy galaxy, which are metal rich and relatively young, must
have undergone through structural transformation of a late-type spiral into a spheroidal
system.

e The analysis of spatially resolved stellar populations showed that ages of the nuclei are
lower than those of the respective galactic main bodies for the most dEs with an average of
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3.5 Gyr age difference. We also observed the dE nuclei to be more metal rich compared
to their host galaxies. The metallicity of both nucleus and galactic main body of dEs
correlates with the total luminosity of dEs.

e We noticed that different behaviour of SSP gradient in dEs i.e, both flat and steeper profile
are frequent, however the observed overall trend of increasing age and decreasing metal-
licity with the radius is consistent with earlier studies. Estimates of the a-abundance ratio
as function of radius are consistent with no gradient along the major axis.

o Our analysis of stellar population parameters of the nuclei of 34 Virgo dEs, as well as ten
Virgo UCDs showed that nuclei of Virgo dEs have younger stellar population ages than
UCDs, with averages of 5 Gyr and >10 Gyr, respectively.

o Comparing the stellar population parameters at the same local galaxy density, with UCDs
being located in the high density cluster regions, we do not find any difference in the
stellar populations of dE nuclei and UCDs. In those regions, the dE nuclei are as old
and metal poor as UCDs. This evidence suggests that the Virgo UCDs may have formed
through the stripping of dE nuclei.

e We confirmed that the metallicity of galaxies correlate with the galaxies luminosity in
all classes of early-type galaxies i.e. Es, dEs and dSphs. However, the slopes of these
relations are not similar for all classes of galaxies. We see the dEs have steepest slope
among all classes and Es have almost flat in metallicity-luminosity relation.

e We discovered a clear break in luminosity-metallicity relation in the dEs region. The
bright and metal rich dEs seem to follow a faint end extension of Es and metal poor, old
and old dEs are either holds a genuine class of early-type dwarf galaxies or just a bright
end extension of dSph.

8.1 Future prospect

There are a number of logical extensions of this thesis need to be done in the future to get more
comprehensive understanding of the early-type galaxies properties. The immediate extension
would be the inclusion of kinematical data sets, which provides a more reliable estimate of total
galactic energetics than luminosity. Using the kinematic we can derive total mass (light + dark
component) of the galaxy. Galaxy mass is one of the main drivers of galaxy evolution and
appearance. We have seen that the early-type galaxies are not homogeneous in appearance nor
in kinematic. There are frequent evidences of kinematically-decoupled core, miss-alignment of
rotation axis and anisotropic velocity distribution in early-type galaxies (Krajnovié et al., 2008).
Which also adds the importance of kinematic study to get a better picture of formation and
evolution of early-type galaxies.

In this thesis, we have derived SSP-equivalent age and metallicity with the assumption that all
star are formed in a single event. However, in practice, this is not true, the recent studies have
shown that the galaxies build up their stellar masses by several episodic or wider star formation
history (Mayer et al., 2001; Haines et al., 2007). Therefore, the information extracted from star
formation history would be more practical then using the SSP-equivalent age and metallicity to
get the evolutionary time scale of these systems. But it is not easy to derive a star formation
history from the integrated light of a galaxy. A slightly different approach has been suggested
that the integrated spectra of early-type galaxies can be decomposed into several different SSPs

112



8.1. Future prospect

and then one can estimate the relative strength of star formation activity at a given SSP age
Koleva et al. (2009).

The formation of early-type dwarfs is expected to be strongly linked to the environment in
which these objects reside. However, we found dEs in isolation, which must have formed in
the absence of any environmental transformation process. Therefore, to put constraints over the
various formation channels that followed by the dEs, I will analyze the ESO VLT/FORS2 spectra
(program 087.B-0841, PI S. Paudel, continuing collaboration with T. Lisker). I plan to perform
a stellar population analysis from these spectra, which possibly helps to link the formations
paths to stellar population characteristics, shedding light on the assembly history of groups and
clusters, above all a test of hierarchical theory of galaxy formation. Moreover, a similar study
with a much larger sample size could be performed when complementing the optical photometry
from SDSS with NIR data, which we have planed to obtain within the framework of much larger
collaboration as a SMAKCED project.
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Abbreviations

ACS
AGB
CCD
CDM
CMB
CMD
CMR
dE
DEC
dlrr
dSph

ESO
FORS
FWHM
GC
Gyr

H

HB

He
HST
IDS
IMF
IRAF
IRF
ISM
kpc
LTT
KS-test
Mo
MILES
MOS
MXU
PSF
RGB
RPS
RA
RMS

Advanced camera for surveys

Asymptotic giant branch

Charge-coupled device

Cold dark matter

Cosmic microwave background

Color magnitude diagram

Color magnitude relation

Dwarf elliptical galaxy or Early-type dwarf galaxy
Declination

Dwarf irregular galaxy

Dwarf spheroidal galaxy

Elliptical galaxy

European southern observatory

Focal reducer and low dispersion spectrograph
Full width at half maximum

Globular cluster

Giga year

Hydrogen

Horizontal branch

Helium

Hubble space telescope

Image dissector scanner

Initial mass function

Image reduction & analysis facility

Instrument responce function

Interstellar Medium

Kiloparsec

Luyten two-tenths catalogue
Kolmogorov-Smirnov-test to compare 2 distributions
Solar mass

Medium-resolution Isaac Newton Telescope library of empirical spectra
Multi object spectroscopy

Multi-object spectroscopy with exchangable masks
Point spread function

Red giant branch

Ram pressure stripping

Right ascension

Root mean square
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Abbreviations

SDSS
SED
SF

SSP
SN
SNR
UCD
ULYSS
uT

(MY
2MASS
VCC
VLT
WF

Sloan digital sky survey
spectral energy distribution
Star formation

Simple stellar population
Supernova

Signal to noise ratio
Ultracompact dwarf galaxies
University of Lyon spectroscopic analysis software
Unit telescope

Ultra violet

Two micron all sky survey
Virgo cluster catalogue

Very large telescope

Wide field planetary camera
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