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1
Introduction

1.1 The Hubble Sequence of galaxies

Galaxies are usually defined to be massive, gravitationally bound stellar systems.

Even though it is sometimes said that astronomy is the world’s oldest science, it is

surprising how young the study of galaxy evolution is.

Although incredibly sophisticatedmodels were produced to explain themotions

of the planets and stars, ancient astronomy seems to have revolved around the

pratical necessity of keeping track of time, often for religious matters or agricultural

purposes. The cosmological models that existed put the Sun at the center of the

Universe, if not the Earth.

For the study of galaxies, a huge leap forward was made after the invention of

the telescope. Galileo Galilei managed to show that diffuse clouds in the Milky

Way (Praesepe), could be resolved into individual stars. Later, during the age of

enlightment, it was suggested by Kant (and others like Swedenborg andWright), that

there were also other ’Island Universes’, galaxies like our own Galaxy.

Besides stars, astronomers discovered a number of diffuse looking objects in

the sky. Although at the end of the 18th century a little more than 100 of these

objects were catalogued by Messier, in the beginning of the 1920s, there was still no

convergence on whether some of them, then still called spiral nebulae, were part of

our own Galaxy, or whether they were extragalactic entities in a Universe that would

have to be much larger. This disagreement found its climax in the so-called ’Great

Debate’ between Shapley and Curtis. The resolution of this debate, at least where it

concerned the spiral nebulae, came in themid 1920s, whenEdwinHubblemeasured

the distances towards these nebulae. He noticed that some of the derived distances

were inconsistent with the object of study being inside our own galaxy, and therefore

concluded that they could not be inside the Milky Way. The work of Kapteyn, who

actually gave an estimate for the size of theMilky Way, should not be forgotten here.
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10 Chapter 1: Introduction

Figure 1.1 — Hubble’s tuning fork. On the left side are the early-type galaxies, on the right

side, the sequence splits into barred and un-barred late-type galaxies. (Image credit: The

Realm of the Nebulae (Hubble, 1936))

Hubble classified the extragalactic nebulae according to their morphological

appearance and sorted them in what is now called the Hubble tuning fork (Fig. 1.1).

On the left side of this fork he put, sorted by ellipticity, the early-type galaxies, which

are more commonly known as elliptical galaxies. Elliptical galaxies appear to have

very smooth surface brightness profiles and have very little gas. On the right side of

the fork Hubble put the late-type galaxies, which he sorted by the opening angle of

the spiral arms and the relative strength of a stellar bulge in the center.

Hubble interpreted his tuning fork as an evolutionary sequence. Galaxies would

start out as early-type galaxies, consistingmainly of stars and then become late-type

galaxies, with gas and vigorous star formation, either with or without a bar. At the

crossing point, Hubble put the S0 galaxies, also called lenticular galaxies, because

they have a small stellar disk. Lenticular galaxies appear to be morphologically in

between spiral and elliptical galaxies, because they are disk-like galaxies, but have

very little star formation. At the time, S0 galaxieswere not yet discovered, butHubble

needed this class, because there was a discontinuity between elliptical and spiral

galaxies, ‘in the sense that Sa spirals are always found with arms fully developed’

(Hubble, 1936).

The galaxies in Hubble’s classification scheme have diverse properties. Galaxies

show different star formation rates, bars, spiral arms, &c. Much galactic research

during the past century has focused onwhywe see these different classes of galaxies

and how to connect these classes from an evolutionary perspective.

1.2 Dwarf galaxies

Hubble’s classification scheme did not include a group of galaxies called dwarf

elliptical galaxies (dEs). The first dEs in clusters were discovered during the second

half of the 20th century (e.g. Reaves, 1956). However, detailed exploration of their
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Figure 1.2 — Photometric diagrams of dEs and Es. Shown are absolute B-band magnitude,

Sérsic index and effective radius, as a function of average surface brightness within the

effective radius, surface brightness at the effective radius and central surface brightness. The

classical ellipticals are denoted by filled and open circles and asterisks, whereas dots, big

stars and triangles denote different samples of dwarf ellipticals. Courtesy Graham & Guzmán

(2003)

structural properties only came with the advent of large photographic surveys (e.g.

Binggeli et al. 1985).

Although also smooth and elliptical in appearance, it was soon realised that dEs

had different surface brightness profiles than elliptical galaxies (Es). The surface

brightness of elliptical galaxies approximately follows a profile that drops off as

R1/4, where R is the projected radius inside a galaxy, whereas the surface brightness

profile of dEs ismore closely approximated by a linear drop-off with projected radius

(Graham & Guzmán, 2003, e.g.).

The differences in photometric properties between classical ellipticals and dEs

are easily seen in photometric diagrams, such as Fig. 1.2. Below a certain mass, the

family of elliptical galaxies splits into two different classes. The normal ellipticals

in these diagrams have a high (central) surface brightness, whereas dEs are more

diffuse. The distinction between these two classes and how and if they connect

to the more massive elliptical galaxies is still matter of debate. The differences in
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structure between elliptical galaxies and dEs have been used to argue that different

physical processes are important for their evolution.

1.2.1 Formation scenarios

In the current galaxy formation paradigm, galaxies form from random fluctuations

in a gaussian density field. Over time, gas in these fluctuations cools, and stars

form. In the hierarchical structure formation scenario, small structures merge to

form larger structures. It is possible that dEs are the descendents of small early-

formed structures, from which the gas was blown away by supernova explosions.

A different viewpoint is that dEs formed at later epochs and are the result of some

environmental transformation of gas rich galaxies. A possible predecessor of dEs in

this scenario could be dwarf irregular galaxies (dIrrs). The hot intra-cluster medium

can strip the gas from infalling dIrrs by ram pressure stripping, and will produce a

dE with similar size and ellipticity as the initial dIrr. Sizes and ellipticies of dEs and

dIrrs are indeed similar, however, there are problems with matching the chemical

content of the two classes. dIrrs have too low metallicity to become dEs, and also

the surface brightness of dIrrs is too low (Thuan, 1985; Boselli et al., 2008). The only

solution to this problem is by requiring that dIrrs should have huge bursts of star

formation before the gas is stripped by the intra-cluster medium.

Similarly to the transformation of dIrrs, dEs could have formed from small

spiral galaxies from which the gas has been removed. As most dEs in clusters

are dynamically hot, tidal interactions with large galaxies are necessary to remove

the angular momentum from these galaxies (harassment (Moore et al., 1996)).

Harassment happens when a small spiral galaxy gets tidally disturbed by high-speed

encounters with larger galaxies. The tidally disturbed galaxy forms a bar which can

transport gas to the center for star formation. Supporting evidence for bulgeless

spiral galaxies as predecessors of dEs comes for example from the observations of

spiral arms and other substructure in dEs after extensive image processing (Lisker

et al., 2006).

A completely different scenario for the formation of dEs suggests that they may

have formed during collissions or tidal interactions of two big galaxies. The tidally

formed dEs would have similar masses and sizes as “normal” dwarf galaxies.

At themoment it is not possible to exclude any of these scenarios. It is quite likely

that all of these processes occur and that dEs in clusters have multiple origins. Now

that high-quality kinematic data (Toloba et al., 2009), stellar population data (Smith

et al., 2008), and large imaging data sets (see e.g. Lisker et al., 2006), have become

available, we start to understand more about the complexity of dwarf ellipticals.

1.2.2 Nuclear star clusters

Amorphological component which appears to be almost always present in dEs, is a

nuclear star cluster. Nuclear star clusters are dense concentrations of stars in galaxy

centers. Although their sizes are found to be comparable to Milky Way globular
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clusters (Böker et al., 2004), they are often found to be much brighter than globular

clusters. Although already known to exist in dwarf galaxies (e.g. Binggeli 1985), the

discovery by Carollo et al. (1997) and others that these nuclear star clusters could

also be found in spiral galaxies, came as a surprise. This was mainly possible due

to the high resolution of the Hubble telescope, which was launched a few years ago.

With the same telescope, Côté et al. (2006) made the discovery that probably almost

all dwarf ellipticals in the Virgo cluster have a nuclear star cluster. Now that nuclear

star clusters turn out to be more the rule than the exception in dwarf galaxies, it is

important that we understand them.

There appears to be a close connection between nuclear star clusters and

central supermassive black-holes (SMBHs), as both follow the sameMass-σ relation

(Ferrarese et al., 2006; Wehner & Harris, 2006). The existence of this relation implies

that the evolution of nuclear star clusters and SMBHs may somehow be related.

Quite likely there is some interaction between nuclear star clusters and SMBHs,

such that one may prevent the growth of the other of even destroy it (McLaughlin

et al., 2006; Merritt, 2009; Nayakshin et al., 2009). Contrary to black-holes, the

formation of star clusters can probably be traced back if one studies their stellar

populations in great detail. At the moment, the formation of nuclear star clusters

is still poorly understood. However, study of the distribution of nucleated galaxies

inside a cluster of galaxies, and the relationship between host galaxy colours and

star cluster colours, may provide insight in the formation mechanisms of nuclear

star clusters.

1.3 The Coma cluster HST/ACS survey

The Coma cluster, Abell 1656, is one of the nearest rich and dense clusters of

galaxies. Because of its convenient location with respect to our own Galaxy – due

to its high galactic latitude, there is only little extinction (E(B-V) ≈ 0.03, Schlegel

et al. (1998)) – this cluster has been studied more extensively than, for example, the

Perseus cluster. The Coma cluster is an ideal target for the studies of galaxies in

different environments, as for example, the high density in the core is not found

in the Virgo cluster. This is important for testing various evolutionary scenarios

for dEs, for example, the harassment scenario. Being six times farther away than

the Virgo cluster, the Coma cluster is conveniently far away (100Mpc, see Carter

et al. 2008) to study large samples of galaxies with a resolution similar to ground-

based observations of the Virgo cluster, with very little relative distance uncertainty

or extinction, and is therefore ideally suited for the study of dwarf galaxies.

Two recent HST studies of nearby clusters, the Virgo and Fornax ACS Surveys

(Côté et al., 2004; Jordán et al., 2007), made important contributions to our view of

scaling relations of dwarf and giant galaxies. These scaling relations are important

because comparisonwithmodels can tell uswhich physical processes are important

in galaxy formation. Determination of these scaling relations is especially important
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for the Coma cluster, since it is often used as a benchmark for high redshift studies

(see for instance Jørgensen et al., 2006).

The HST/ACS Coma Cluster Survey was designed to observe the Coma cluster

with the Advanced Camera for Surveys(ACS) on board the Hubble Space Telescope

(HST) in two passbands, F475W (similar to the g -band) and F814W (similar to

I -band). Although initially scheduled to observe 740 arcmin2, covering different

environments of the cluster, due to the breakdown of the ACS camera, only 28%

of the survey was completed. Fortunately, the observations do cover the most

important part of the cluster, the core.

1.4 Dynamical modeling

One of the best ways to see if and how the environment has transformed dEs, is

by looking at the kinematics. In disks in spiral galaxies, most stars are on more or

less circular orbits around the center of the galaxy. Ram pressure stripping acts

only on the gas, and not on the stars, so if that is the only important mechanism

for the transformation, dEs should have a significant amount of rotation (see e.g.

Toloba et al. (2009)). A lot about galaxies can therefore be learned by just looking at

their orbital structure. In this Thesis, we have begun with a study of the dynamics

of Local Group dwarf spheroidals (dSphs). It is not clear if dSphs have the same

formation history as dEs, but due to the low-surface-brightness nature, it is very

difficult to obtain two-dimensional kinematic data of dEs. Dwarf spheroidals

may be dominated by dark matter in their inner parts, and measuring the mass

distribution can therefore be used to test our knowledge of galaxy formation and

evolution (Strigari et al., 2008).

Except for a small number of potentials for which analytic solutions exist,

dynamical modeling is usually a computationally expensive procedure. For dwarf

spheroidals, so far (but see Jardel & Gebhardt (2012)) only models with spherical

symmetry have been used. Recently, Cappellari (2008) found a way to create

axisymmetric Jeans models of galaxies which are computationally simple, and

therefore very fast to generate. His modeling approach, which we use in Chapters 5

and 6, is based on solving the Jeans equation in axisymmetric coordinates. Since we

use this method in two chapters, we give a short summary here.

In the absence of collision between stars, stellar systems follow the Collisionless

Boltzmann Equation:

∂ f

∂t
+
∂ f

∂�q
·
∂H

∂�p
−
∂ f

∂�p
·
∂H

∂�q

where f is the stellar distribution function, H is the Hamiltonian of the system, and

�p and �q the coordinates and conjugate momenta. In cylindrical coordinates, this
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equation reads
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By replacing the conjugatemomenta with velocities and integrating over the second

moment of the velocities, one obtains the two Jeans equations in a axisymmetric

coordinate system:
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Here ν denotes the luminosity density and the bar denotes an average quantity. If

one assumes that the velocity ellipsoid is aligned with the cylindrical coordinate

system, the cross terms (νvRvz ) are equal to zero. Once the potential and the

luminous density of a system are known, these equations can be used to predict

the second moment of the velocity. However, there are three unknown velocity

moments and only two equations. To eliminate onemore unknown, the assumption

is often made that the axial ratios of the R and z axis of the velocity ellipsoid have a

fixed value, called the orbital anisotropy parameter

βz = 1−
v2z

v2
R

With the boundary condition that the luminosity density goes to zero at infinity,

these equations provide a unique solution for the second moments of the velocity.

By integrating over the line-of-sight axis, one can obtain predictions for the second

moment of vlos and the proper motions.

In Chapters 5 and 6, we will use this particular solution of the Jeans equation to

model Local Group dwarf spheroidals and the globular clusterM15. Recently, a large

data set of kinematics of stars in four Local Group dwarf spheroidals has become

available (Walker et al., 2009). However, using these data is very challenging, since

the sample may contain interlopers, and it is a priori not clear if and how to ’clean’

the data.

1.5 Outline of the Thesis

InChapter 2, we determine colour gradients of dwarf and giant galaxies in the Coma

cluster. We find that almost all colour gradients are negative, both for elliptical and

lenticular galaxies. Colour gradients of dwarf galaxies form a continuous sequence
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with those of elliptical galaxies, becoming shallower toward fainter magnitudes.

Interpreting the colours asmetallicity tracers, our data suggest that dwarfs as well as

giant early-type galaxies in the Coma cluster are less metal rich in their outer parts.

We do not find evidence for environmental influence on the gradients, although we

note that most of our galaxies are found in the central regions of the cluster. For

a subset of galaxies with known morphological types, S0 galaxies have less steep

gradients than elliptical galaxies.

In Chapter 3, we present a catalogue of structural parameters of 8814 galaxies in

the 25 fields of the HST/ACS Coma Treasury Survey. Parameters from Sérsic fits to

the two-dimensional surface brightness distributions are given for all galaxies from

our published Coma photometric catalogue with mean effective surface brightness

brighter than 26.0 mag arcsec−2 and brighter than 24.5 mag (equivalent to absolute

magnitude - 10.5), as given by the fits, all in F814W(AB). The fits were carried out

using both the gim2d and galfit codes. The selection limits of the catalogue and
the errors listed for the Sérsic parameters come from extensive simulations of the

fitting process using synthetic galaxy models. The agreement between gim2d and
galfit parameters is sensitive to details of the fitting procedure; for the settings
employed here the agreement is excellent over the range of parameters covered in

the catalogue. We define and present two goodness-of-fit indices which quantify the

degree to which the image can be approximated by a Sérsic model with concentric,

coaxial elliptical isophotes; such indices may be used to objectively select galaxies

with more complex structures such as bulge-disk, bars or nuclear components.

Chapter 4 describes research on nuclear star clusters in Coma cluster dwarf

ellipticals. Our data confirm that the properties of nuclear star clusters are closely

related to those of their host galaxies. A non-negiglible number of star clusters are

resolved, even at the distance of Coma. The sizes of these star clusters are consistent

with those of Ultra-Compact Dwarf galaxies. We confirm the previously found

colour-magnitude relation for nuclear star clusters. This relation is surprisingly tight

at the faint end, and flattens below MF814W > −11. A possible explanation of this

relation is self-enrichment during the formation of the nuclear star cluster.

InChapter 5we construct non-spherical dynamical models of four dSphs, using

a solution of the axisymmetric Jeans equations. We show how instead of the

usual fitting of binned data, discrete dynamical modeling based on likelihood fits

to individual stars yields significant improvements on the model parameters, in

particular for the velocity anisotropy. Moreover, we show how discrete modeling

allows for pruning of possible non-members from a sample of stars, and secondly,

how splitting different dynamical tracers by their metallicity without adding hard

cuts can improve constraining the potential.

In Chapter 6 we we re-analyze line-of-sight velocity data and proper motions

of stars in M15, by constructing axisymmetric dynamical models of the cluster,

using the method developed in Chapter 5. We show that the radial variation of the

mass-to-light ratio is consistent with previous estimates and theoretical predictions,

which strengthens our confidence in the method. Our best fitting models do
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however include a central darkmass of∼ 2 ·103M�. The presence of a intermediate-

mass black hole (IMBH) in M15 is at odds with numerical simulations of core

collapse in globular clusters, however, the observed dark central mass can also be

explained by a high concentration of stellar remnants at the cluster center.
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