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Chapter 1
Introduction

New discoveries in astronomy depend very much on improvements in technology, begin-
ning of course with the invention and astronomical usage of the telescope, now about
400 years ago. Since then, the telescopes have grown dramatically in size, allowing to
detect fainter sources. This culminated in the construction of the 5m Hale telescope,
which was completed in 1948. For 45 years, this was the best optical telescope on
earth. Building larger mirrors, with the correct shape was impossible, since their huge
weight caused unacceptable deformations. In the 1980s, engineers had developed new
building techniques and materials, which allowed the construction of a much larger class
of telescopes. They introduced light-weight mirrors that keep their shape using active
optics: this technology continuously adjusts the shape of the mirror by using actuators
behind it. This resulted in a class of ≈ 10m telescopes with segmented mirrors like
Keck, GTC and SALT. Slightly smaller, but consisting of single mirrors, are the 8m
class telescopes like VLT, Subaru and Gemini. This development has not stopped yet
and the nearby future promises the realisation of 25m class telescopes or even larger:
the Extremely Large Telescope (ELT, 42m), Thirty Meter Telescope (TMT, 30m) and
the Giant Magellan Telescope (GMT, 25m). These will all have segmented mirrors.
The space era has brought many telescopes beyond the Earth’s atmosphere, notably
the Hubble Space Telescope (HST), providing an undisturbed view of the Universe ∗.
Meanwhile, also the detection methods have been improved, making it possible to detect
fainter sources with the same telescope as well as reaching a much larger wavelength
range. First, with the invention of photographic plates, culminating in the Palomar
Observatory Sky Survey (POSS), which maps the whole sky. Photographic plates were
followed up by the invention and usage of charged coupled devices (CCDs). Although,
these are much more sensitive to and better in quantifying light from astronomical
sources than photographic plates, they only cover a small portion of the sky. Since
their invention, a few decades ago, CCDs have improved dramatically: they have be-
come more sensitive, larger and cheaper to build. The latter development means that,
we can now align many more CCDs in the focus of a dedicated telescope; this technol-
ogy is called wide field imaging. It provides a larger field of view of the sky and enables
astronomers for the first time to map the whole sky with CCDs. Examples of such

∗ In this introduction, we focus on optical telescopes only.
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CCD surveys are the Sloan Digital Sky Survey (SDSS, http://www.sdss.org/), Mega-
Cam (http://www.cfht.hawaii.edu/Instruments/Imaging/MegaPrime/ and VISTA
(http://www.vista.ac.uk/). Two, even larger projects are WASP and PanStarrs.
WASP (urlhttp://www.superwasp.org/index.html observes the sky a few times a night
in search for extra-solar planets. PanStarrs (http://pan-starrs.ifa.hawaii.edu/
public/ will observe more than half of the sky several times each month using cameras
which have a total of 1.4 billion pixels.

This year, another new wide field camera consisting of 32 CCDs, called OmegaCAM,
is expected to become operational on the ESO VLT Survey Telescope (VST). To deal
with the huge amount of data, automated data reduction and analysis systems have to
be developed. Such a system has been developed at the Kapteyn Institute in Groningen,
called astro-wise (Valentijn et al. 2007). astro-wise is not only able to reduce
OmegaCAM data but also has the capabilities to reduce data from many other wide
field instruments.

In this thesis, we will also make use of observation from modern astronomical in-
struments. The thesis be divided in two parts according to data-set. The first part,
consisting of Chapters 2 and 3, uses optical wide field imaging data from the ground.
These data were used as a testbed for astro-wise, which will process data from the
upcoming much larger wide field camera OmegaCAM. In this part, we analyse various
observational properties of the three major galaxy types: ellipticals, spirals and lentic-
ulars (S0s) as a function of environment,characterised by density. We try to contribute
to important ’how’ questions like: how do S0 galaxies form, how does star formation
depend on environment and how do bars in disk dominated galaxies form. The second
part, consisting of Chapter 4 and 5, uses high resolution optical data of the Advanced
Camera for Surveys (ACS) on the space based HST. Here we analyse and try to un-
derstand the optical properties of six nearby elliptical shell galaxies (Malin & Carter
1980).

1.1 Background
This thesis, called: The influence of the environment on the evolution of galaxies, treats
a broad range of topics: from large scale structure of the Universe to globular cluster
populations in galaxies. We present background information about these each of these
topics separately in this Section.

1.1.1 Morphology and evolution of galaxies
One of the most important discoveries in astronomy is the expansion of the Universe
(Hubble 1929). This discovery is directly related to the question of the formation of
galaxies. We predominantly find three major classes of galaxies in the nearby Universe,
these are elliptical, spiral and lenticular (S0) galaxies. Apart from these classes, there
is also the class of dwarf galaxies, objects that are much fainter than the objects in
the other classes. We will, however, not consider them here. This classification scheme
(Hubble 1926) is still often used today (Figure 1.1). The featureless ellipticals can be
seen on the left side. Ellipticals have almost no gas and look like featureless, oblate or
prolate-like structures. The scarcity of gas implies that no significant star formation is
occurring in these galaxies any more. Many stars are on radial orbits, but the majority

http://www.sdss.org/
http://www.cfht.hawaii.edu/Instruments/Imaging/MegaPrime/
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http://pan-starrs.ifa.hawaii.edu/public/
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of ellipticals also posses some degree of rotation (Emsellem et al. 2004). The right side
of Fig 1.1 shows the gas-rich spiral class, which is subdivided in barred spirals (lower
branch) and non-barred spirals (upper branch). Spirals are characterised by having a
thin stellar disk rotating around a central bulge. The central bulge region often contains
a bar, which is probably very important in the evolution of a spiral galaxy (Combes
2007). Star formation happens mainly in the the spiral arms in the disk and is due to
the fact that significant amounts of gas are still available in these galaxies. In Figure 1.1,
the S0s are located at the midpoint connecting the three branches. S0s are galaxies with
properties belonging to both spirals and ellipticals. They do have a rotating disk, but
do not show significant star formation due to a lack of gas. No spiral arms are visible.
Not shown in the figure , but known from observations, e.g. Erwin (2005), is that S0s
can also contain bars.

How does the expansion of the Universe relate to the different galaxy types? The
majority of ellipticals are thought of being very old (z >2) galaxy systems, (see Ellis
et al. 1997; van Dokkum et al. 2004; Renzini 2006 and references therein). These were
formed when small clumps in overdensities collided with each other (Springel et al.
2005). Spiral galaxies likely formed somewhat later in more empty regions of space,
where external gravitational disturbances will not destroy the disk.

Contrary to ellipticals, S0 galaxies show significant evolution in the past few Gyrs:
S0s are now much more prevalent now than at z=0.3 (Dressler et al. 1997; Couch et al.
1998). This evolution is well observed in clusters (Dressler et al. 1997; Treu et al. 2003;
Moran et al. 2007). Since S0s have many properties in common with spirals (bars,
rotating disks, bulges), it is thought that these evolve from spirals. So, how and where
do spirals transform into S0s? First, I discuss the question what physical processes
are responsible for this evolution. S0s do not show significant star formation and lack
spiral structure. Therefore, if S0s are formed from spirals, S0s must have lost their gas
somehow. Starvation (Larson et al. 1980; Bekki et al. 2002) and ram pressure stripping
(Gunn & Gott 1972) are able to remove the gas from a spiral galaxy. These processes
can not be solely responsible for transformation of spirals to S0s: S0s show similar
or larger K-band luminosities than spirals (Burstein et al. 2005). Moreover, S0s are
equally prevalent in group environments, where gas removal processes are less important
(Wilman et al. 2008). Therefore other processes, probably related to interactions may be
more important. One candidate is slow interactions in galaxy groups (pre-processing
Zabludoff & Mulchaey 1998, 2000). This latter notion may then answer our second
question: ’where’ does the transformation mainly happen. It is still possible however,
that the S0 transformation is much faster in cluster regions. Here, fast flybys from many
small galaxies may transform a large gas-stripped spiral galaxy to be smoothed into a
S0 (harassment Moore et al. 1999). If so, intermediate forms may be found between
spiral and S0 in clusters. Several candidates have been proposed: red passive spirals in
clusters (Couch et al. 1998; Poggianti et al. 1999; Wolf et al. 2008), blue bright compact
galaxies (Braglia et al. 2007) and E+A galaxies (Poggianti et al. 2004). Whether one
of these candidates is an intermediate form, remains to be seen.

1.1.2 Bars in disk dominated galaxies
Bars, pictured in lower branch of Figure 1.1, are found in the majority of spiral galaxies
(Eskridge et al. 2000). Bars play a major role in the evolution of disk galaxies. Sim-
ulations show that bars can form spontaneously in dynamically cold pure stellar disks
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Figure 1.1: Hubble Tuning Fork, with in the left side the elliptical galaxies; right are
the spirals split into two branches according to bar-presence (lower branch). At the
point connecting the spiral branches and ellipticals, we see an S0 galaxy.

(Hohl 1971; Kalnajs 1972; Sellwood 1981), but also after mergers and encounters (Byrd
et al. 1986; Noguchi 1987; Gerin et al. 1990). Gas dynamics drives the evolution of bars
(Combes 2007). Their simulations imply several cycles of bar formation and destruction
in the lifetime of a galaxy, where each subsequent bar will increase in size. Here, bars
dramatically redistribute matter, changing the appearance of disk-dominated galaxies
in time. This bar-cycle scenario is able to explain the existence pseudo-bulges, which
look like normal bulges but have more in common with disks (Kormendy & Kennicutt
2004). Other observational evidence for this scenario comes from: 1) the increasing
average size of bars going from late to early type galaxies (Erwin 2005), with the early
type disk galaxies probably more massive and older than the late type galaxies. 2) gas
inflows along bars (Richter & Sancisi 1994; Zaritsky & Rix 1997) and 3) evolution in
the last few Gyrs of bar sizes and frequencies (Sheth et al. 2008). These latter findings
are still a matter of debate, however, Jogee et al. (2004) and Barazza et al. (2008) do
not find an evolutionary trend in the bar fraction.

Comparing properties of bars in clusters and field may give more important clues
about stability and formation of bars. Disk galaxies near centres of clusters are devoid of
gas due to ram pressure stripping (Gunn & Gott 1972) and/or starvation (Larson et al.
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1980; Bekki et al. 2002), possibly lowering the probability of bar destruction. On the
other hand: the density of galaxies is much higher in cluster regions, which will heat up
disks (harassment Moore et al. (1999)), with the probability that the properties of the
bars are changed. Only a few studies are published to date, which analyse bar properties
as a function of cluster environment. These studies show contradictory results; there
is no consensus about bar occurrence in different environments. Thompson (1981) and
Andersen (1996), find an increasing bar fraction towards the Coma and Virgo cluster
central regions. These studies are at odds with a more recent study van den Bergh
(2002), who did not find any correlation. Finally, the presence of bars in S0s supports
the statement that S0 evolved from spirals. Bar frequencies in S0s may thus give clues
about their past and bar evolution.

1.1.3 Shell galaxies

In lower galaxy density areas in the Universe we find large numbers of shell galaxies
(Colbert et al. 2001), which are elliptical galaxies containing faint, sharp-edged features
(shells, see Figure 1.2). Shell galaxies were discovered on processed photographic plates
to accentuate faint optical features (Malin & Carter 1980). Numerical simulations
provide the most widely accepted framework for interpreting the shell morphologies in
terms of mergers (Quinn 1984; Hernquist & Quinn 1987, 1989; Dupraz & Combes 1986).
Here, the shells are the debris of a small intruder galaxy.

Models for shell formation not based on mergers have been proposed as well, most
important of these are the interaction models (Thomson & Wright 1990; Thomson
1991), which state that shells are formed in the host galaxy after a fly-by of another
galaxy. In order to form shells, it is necessary for the host galaxy to have some rotation.
Using such a model, numerical simulations can also reproduce some of the observed shell
features. Shells are mostly observed in galaxies located in isolated environments; this
may indicate either a lower formation rate or a shorter lifetime in denser environments;
it may also indicate younger ages for shell systems in empty environments, since the
shells will then be brighter (Colbert et al. 2001). Forbes & Thomson (1992) noted that
many galaxies which contain a kinematically decoupled core (KDC), also show shells,
however, a relation between these galaxy properties has not yet been proven. More
recent work (McDermid et al. 2006) shows two types of KDCs, large sized KDC which
old (>8 Gyrs) in ellipticals with little rotation. Small KDCs, with ages between 0.5
and 15 Gyr can be found in ellipticals with more rotation. It is unclear yet how shells
relate to these two types of KDCs.

Several observational diagnostics may be used to test the various theories, these
include: determination of the shell colours, dust presence and shell morphologies. The
merger model predicts colour differences between shells and host galaxy in a significant
number of shell galaxies, whereas the interaction models do not have this. Simulations
of shell formation predict differences in the shell morphologies for the different models
(Quinn 1984; Thomson & Wright 1990; Thomson 1991). We will compare simulated
shell morphologies from the literature with our detailed data. We also compare the
prevalence of dust in shell galaxies with normal ellipticals. Large amounts of dust may
indicate recent star formation, which would happen if a small, gas rich galaxy had been
’eaten’ by the larger elliptical. This would support the merger model
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Figure 1.2: Shells in a galaxy subtracted image.

1.1.4 Globular cluster systems
Globular clusters (GCs) can be found around each galaxy, although there are many
more globular cluster per luminosity unit for ellipticals than spirals. The majority of
GCs is old (Stetson et al. 1996). Their origin is still unclear, however. An important
diagnostic, in this respect, is the existence of bimodality in the colour distribution of
GCs, present in many early type galaxies Zepf & Ashman (1993); Whitmore et al.
(1995). One of these populations, with colour V-I≈0.90, is present in all galaxies and
seems to be a universal population. Generally, the colour of the other population is
mostly red and explained as being due to the stars within the GC having a much higher
metallicity. Sometimes, mainly in young merger remnants, the colour of the second
population is also blue (Schweizer 1987). The latter population is best explained, using
merger scenarios (Toomre 1977; Schweizer 1987; Ashman & Zepf 1992). These propose
that the second population are metal-rich GCs, created in gas rich mergers. Since
most star formation occurred at early epochs, this means in general that the metal-rich
GCs are also old. However, this scenario also suggests that GCs can still be forming
today in mergers. This is supported by observations of young cluster-like objects in
current mergers in action like NGC 4038/39 (Whitmore & Schweizer 1995; Whitmore
et al. 1999). Others models explaining bimodality are the accretion model (Cote et al.
1998) and the multiphase formation model (Forbes et al. 1997). In both models, all
GCs are old. The first model produces bimodality by accreting and mixing metal poor
GCs from dwarf galaxies with the more metal rich GCs of the massive host galaxy.
Cannibalism by our own galaxy of the Sagittarius and Canis Major dwarf galaxies and
their clusters (Ibata et al. 1995; Forbes et al. 2004) and observations of large numbers
of dwarf galaxies around giant galaxies are cited as supporting this scenario. The
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second model explains the bimodality as the result of two phases of GC formation in
the initial collapse and formation of a galaxy. The metal poor clusters, and a small
proportion of the stars form in the initial gravitational collapse, then the metal rich
clusters and the bulk of the stellar component form from enriched gas in a second
collapse phase about one or two Gyr later. A combination of these different scenarios
is used in the hierarchical merging model of Beasley et al. (2002), who undertook semi-
analytical simulations of GC formation. In this model the metal-poor GCs are old
and formed in cold gas clumps, the metal-rich ones are created later in merger events.
In the hierarchical build up of galaxies, accretion of GCs will also take place. These
simulations are able to reproduce the many variations in the colour distributions of
GC systems observed in elliptical galaxies. A technique to investigate possible age
differences between different GC populations involve measuring radial density profiles.
Radial density profiles generally show a flattening of the globular cluster density profile
near the centre, when compared with the profile of the background galaxy light (Lauer
& Kormendy 1986; Capuzzo-Dolcetta & Donnarumma 2001). Mechanisms which could
cause a depletion of the cluster population near the centre are dynamical friction, which
causes clusters to spiral in towards the centre (Tremaine et al. 1975; Pesce et al. 1992),
and destruction by tidal shocks as the clusters pass close to the nucleus (Ostriker et al.
1989; Capuzzo-Dolcetta & Tesseri 1997). This second process operates preferentially in
triaxial potentials, and in clusters on radial orbits. If we can identify a population of
younger clusters, created during a recent merger, then the density profile might extend
further into the centre as the clusters have had less time to be disrupted. However, this
does depend upon the orbital structures to be the same, if one or other population were
on predominantly radial orbits, then this would cause a stronger flattening of the core.

1.2 This Thesis
In this thesis, we cover and analyse many observational properties of galaxies and their
relation to environment. Since we use two datasets, with very different characteristics,
the thesis can be split in two parts, each part related to one particular dataset. In Part 1
(Chapters 2 and 3), we use ground based wide field data and analyse various properties
of the three major galaxy types as a function of environment. In Part 2 (Chapters 3
and 4), we use high resolution HST, ACS data, we analyse the optical properties of
six shell galaxies (Malin & Carter 1980) and try to contribute to the questions: how
were the shells formed, do shell galaxies deviate from elliptical galaxies in other ways
(Chapter 4) and are the properties of globular cluster systems of shell galaxies similar
to normal elliptical galaxies (Chapter 5).

1.2.1 Part I: Galaxy properties as a function of environment
In Chapter 2, we analyse many galaxy properties in a region on the sky of four square
degrees in two passbands (V and I). The region contains four Abell clusters at z=0.11
±0.02 and the lower density regions in between. With this data set, we try to contribute
to the important ’how’ questions like: how do S0 galaxies form and how does star
formation depend on environment. We characterise environment by attributing a galaxy
density to each galaxy, using the 2dfGRS dataset (Colless et al. 2001), which provides a
large number of accurate spectroscopic redshifts for bright galaxies in this region. Our
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observations are a pilot project, to test a recently developed reduction pipeline for wide
field imaging astro-wise (Valentijn et al. 2007). astro-wise was build to handle
the huge amount of data which will come from the upcoming OmegaCAM mounted
on the VLT Survey Telescope. We classify galaxies into three types: elliptical, S0s
and spirals. We discriminate between disk dominated galaxies (S0s and spirals) and
ellipticals using the Sèrsic parameter. Subsequent separation of S0s and spirals is done
by eye. We find a population of red, possibly passive spirals in high density regions,
which have intermediate properties between spirals and S0s. In Chapter 3, we continue
using our wide field dataset. Here, we use the well defined disk dominated galaxy sample
from Chapter 2 and analyse the occurrence, size and strength of large, strong bars
(semi-major axis abar > 3.6 kpc and ellipticity larger than 0.40) and their correlations
with galaxy density and other galactic properties. The bar detections are done using
well known ellipse fitting techniques. The results are used to address questions like:
how do bars in disk dominated galaxies form and do bar properties relate to galaxy
density. Using theoretical bar formation and destruction scenarios, we try to answer
these questions. We find that large, strong bars in spiral galaxies are more common
in higher density areas. Strong large bars in S0s are far less common compared to
bars in spiral galaxies We find slightly larger bars in higher density regions. Future
studies, using, for instance, OmegaCAM observations of somewhat more nearby large
scale structures, will give more insight in bar formation scenarios.

1.2.2 Part II: HST ACS observations of six shell galaxies
Part II consists of Chapters 4 and 5. Using HST ACS data, six nearby shell galaxies
were observed in V and I. In Chapter 4, we determine shell V-I colours and local
underlying galaxy V-I colours, using new a technique. Comparison of these colours
yields important information about the origin of the shells. We apply the technique of
Voronoi binning to our data to get smoothed colour maps of the galaxies. The shell
morphologies are compared with simulations available from the literature. Finally, we
determine dust presence and estimate dust masses in our shell galaxies. We find that
dust is present in all our six shell galaxies. The probability for this to happen for normal
ellipticals is below 5%. Putting all results together, we conclude that the merger model
better describes our observations than the interaction model. In Chapter 5, we again
use the HST ACS dataset to analyse the Globular Cluster (GC) systems of the six shell
elliptical galaxies and try to find possible effects of small mergers upon the GC formation
history. For the globular clusters, we determine the V-I colour distributions, luminosity
functions and radial surface density profiles. In four shell galaxies, the properties of the
clusters are similar to those observed in other, non-shell, elliptical galaxies. Two shell
galaxies provide possible evidence for recent GC formation; deep follow-up spectroscopy
is necessary to confirm these results. We also find that the radial surface density profiles
of the GCs are more flattened than the galaxy light in the cores. This effect is stronger
for the universal population.




