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1
Introduction

Only within the twentieth century it has become possible to go deep enough in ob-
servations to investigate the galaxies that surround us. Since then, they have been
studied in different environmental conditions and at different lookback times to un-
derstand their formation, evolution and the origin of the variety in their morpholog-
ical properties. Their diversity was studied for the first time in 1926 by Edwin Hub-
ble, who expressed it in his well-known classification scheme. It can be described as
an ordered sequence of galaxies with decreasing bulge to disc ratios, increasing gas
fractions and rotational support. Subgroups were introduced to the class of spiral
galaxies depending on the tightness of their spiral arms and whether they have a bar
or not. Elliptical galaxies were subclassified according to their apparent ellipticity on
the sky. Irregular galaxies were also recognized in this sequence while the existence
of type S0 was still doubtful. Later on Hubble’s system was revised and extended, to
accomodate the increasing depth and resolution of the observations which made it
possible to observe structures in galaxies in more detail and discover different types
of them, such as dwarfs and CD galaxies (Sandage 2005). Fig. 1.1 shows the Hubble
sequence for the local and the distant (0.4 < z < 0.8) universe.

Since the recognition of different galaxy types, their formation, possible evolu-
tionary links between different classes and the role of the environment in this pro-
cess have been investigated. There are two main theories for galaxy formation in
the universe: the monolithic collapse (Eggen et al. 1962; Sandage 1986) and the hi-
erarchical merging (White & Rees 1978; Blumenthal et al. 1984). The former one
explains the properties of spheroidal galaxies with a rapid dissipationless collapse
at high redshift. The formation of rotationally-supported disc galaxies is associated
with dissipative collapse of gas clouds at later epochs. The cold dark matter model
of the structure growth in the universe predicts a hierarchical structure evolution
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Fg. 1.1: The Hubble sequence at the present epoch and 6 Gyrs ago. It shows that while ellip-
tical and lenticular galaxies have not evolved in number, spiral galaxies were 2.3 times less
abundant in the past which is compensated by a factor of 5 decrease in the number of peculiar
galaxies (from Delgado-Serrano et al. 2009).
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from small entities towards bigger systems through merging. Within this picture
rapid merging of initial small and numerous stellar systems delivers a population
of young bulges. Continued gas cooling produces stable disks around these bulges,
some of which will later merge to form large spheroidal galaxies (Baugh et al. 1996).
Observations of galaxy mergers and signatures of accretion support this picture.

Evidence have been accumulating, mainly from HI studies, on the importance of
cold gas accretion in the local universe: A large number of galaxies are accompanied
by gas-rich dwarfs or are surrounded by HI cloud complexes, tails and filaments
(Sancisi et al. 2008). Most of the high-velocity clouds are now widely accepted to be
a Milky Way halo population and direct evidence for infall of Galactic gas (Wakker
et al. 2007, 2008). Part of this gas must have intergalactic origin (infall of pristine
gas clouds or gas-rich dwarf companions) since the high velocity clouds have low
metallicities. Recently, accretion of satellites has also been revealed by studies of the
distribution and kinematics of stars in the halos of the Milky Way and of M31. The
discovery of the Sgr Dwarf galaxy (Ibata et al. 1994) is regarded as proof that accre-
tion is still taking place. It is also possible that the warped outer layers, lopsidedness
and the extra-planar gas, which are very common features in galaxies, are related to
the accretion process. Recently an isolated polar disk galaxy was found (Stanonik
et al. 2009). The extended HI polar disk has comparable mass with the stellar disk
and it has no optical counterpart suggesting cold gas accretion as the most likely
formation mechanism.

Mergers have been observed in the local universe and we know that they can
transform spiral galaxies into ellipticals (Mihos 2003). It is therefore likely that they
play an important role in galaxy evolution, mainly in the field and in galaxy groups.
Relative velocities of interacting galaxies become too high in larger gravitationally
bound systems, which prevents galaxies to merge. However the most efficient trans-
formation between different galaxy types occurs in galaxy clusters: their galaxy pop-
ulation mix is observed to change dramatically as a function of redshift Fig. 1.2. The
fraction of blue, star-forming galaxies decreases with increasing redshift (Butcher &
Oemler 1978, 1984; Ellingson et al. 2001; Kodama & Bower 2001). Morphological
type is found to be dependent on local galaxy density (Dressler 1980): For nearby
rich clusters, the spiral galaxy fraction decreases from 80% in the field to 60% in the
cluster outskirts and to virtually zero in the core region. This relation is redshift de-
pendent and while the fraction of elliptical galaxies (∼ 15%, Vogt et al. 2004) does
not change with redshift, the S0 fraction increases with decreasing redshift and the
spiral fraction, on the contrary, decreases (Couch et al. 1998). It is well established
with these observational studies that spiral galaxies have been transformed into S0s
mostly in denser regions of the universe.

1.1 The thesis - layout

The thesis consists of two projects. In the first one we study the evolution of late type
galaxies as a function of the environment. We mainly focus on the gas component in
this research and investigate the irregularities in its kinematics. That way we try to
trace the interactions that galaxies are subject to and compare the outcome for field
galaxies and cluster members.
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Fg. 1.2: Time evolution in the fraction of E+S0 galaxies in three different bins of local density
(from Smith et al. 2005). Density, in Mpc−2, is defined in terms of the projected area enclosed
by a galaxy’s ten nearest bright neighbors (absolute magnitude MV < −20). Note that in
the highest-density regions, corresponding to the cores of clusters, the E+S0 fraction rises
monotonically from z = 1 to today, while the early-type fraction in moderately dense regions
(corresponding to groups or the infall regions of clusters) has increased dramatically only in
the last 5 Gyrs (z ≈ 0.5).

In our second project we investigate what we can learn from mid-infrared colors
and color gradients of early type galaxies about their formation and evolution. We
started this chapter with a general introduction on galaxy formation and evolution,
that is valid for both projects. Now for each project we will give some fundamental
information on the subject and then give the outline of the related chapters.

1.2 The evolution of spiral galaxies in clusters

1.2.1 Galaxy clusters

Galaxy clusters are megaparsec-scale, gravitationally bound objects in the Universe.
They consist of between fifty to a few thousands of galaxies. More than 90% of the
baryonic mass in galaxy clusters is in the form of a diffuse plasma: the intracluster
medium (ICM). Its temperature is between 107 and 108 Kelvin, which causes ther-
mal free-free emission in X-rays. Less than 10% of the cosmic galaxy population is
found in clusters that have masses > 1014M⊙, which means that they are rare ob-
jects (Bower & Balogh 2004). Galaxy clusters are classified according to their “rich-
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Fg. 1.3: Schematic diagram from Moran (2008) indicating the cluster-centric radius over which
each of several listed physical mechanisms may be effective at fully halting star formation or
transforming the visual morphology of a radially infalling galaxy for MS 0451 and Cl 0024.
These clusters have comparable total masses and similar galaxy richness. MS 0451 on the other
hand has X-ray luminosity 7 times higher than Cl 0024, with a corresponding gas temperature
nearly 3 times as high. This implies a large difference in the density and radial extent of
the ICM between the two clusters. Each physical mechanism listed can act effectively over
the radial range indicated by the solid (Cl 0024) or dashed line (MS 0451). Arrows indicate
the virial radius for each cluster. Note that tidal processes here refer to interactions with the
cluster potential, while tidal forces during galaxy-galaxy interactions are a component of the
harassment mechanism.

ness” which is a measure of the number of galaxies associated with them (Zwicky
et al. 1968; Abell 1958). Another classification is made relying on the morphology of
galaxy clusters: Regular clusters that are highly symmetric in shape and have a core
with a high concentration of galaxies towards the center. Subclustering is weak or
absent in this class. Irregular clusters on the contrary have little symmetry or cen-
tral concentration and often show significant subclustering. This suggests that the
regular clusters are dynamically relaxed systems, while the irregular clusters are dy-
namically less evolved. Regular clusters are always rich while irregular clusters can
be both rich and poor.

In clusters, galaxies move under the effect of a large gravitational potential, there-
fore they have very high relative velocities, especially in the central region, and they
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travel through the ICM. Because of these conditions, there are several processes in
clusters that change the morphology of galaxies (Poggianti 2004; Boselli & Gavazzi
2006). These can be grouped in four main classes:

Harassment: The combined effect of multiple high-speed, close (≈ 50kpc) galaxy
encounters and the interaction with the cluster potential as a whole. Tidal inter-
actions among galaxies are boosted in the dense cores of rich clusters of galaxies.
However, due to the high relative velocities, the duration of these interactions is sig-
nificantly shorter than in the field (tencounter ≈ 108yr). Tidal interactions between
galaxies and the cluster potential well cause the gas in the disk to be driven to the
galaxy center within (2 − 3) × 108yrs where it triggers nuclear activity (Byrd & Val-
tonen 1990). This speeds up gas consumption, although the gas is hardly removed
directly by interactions between galaxies and the cluster potential well. Moore et al.
(1999) have shown that the fate of a harassed galaxy depends on its initial mass and
central density. Strongly concentrated Sa/Sb type galaxies are seen to puff up their
disks during infall. Therefore harassment may represent a way to transform spirals
into S0s in clusters. On the other hand, Moore et al. (1999) found Sc/Sd galaxies to
be more affected by the harassment: They either get completely disrupted or trans-
formed into an object resembling a dwarf galaxy.

Gas stripping: Galaxies that fall into clusters with velocities up to 1000kms−1 are

subject to the pressure of the ICM (P = ρv2). ρ is the density of the ICM (≈ 10−3− ≈
10−4atomscm−3) and v is the relative velocity of the galaxy with respect to the ICM.
When this pressure overcomes the gravitational binding energy (≈ 2πGΣgasΣstar),
where Σstar is the star surface density and Σgas is the gas surface density, the gas
of the infalling galaxy can be stripped away. While the HI disk of a galaxy can
be completely stripped (Quilis et al. 2000; Fujita 2001), cold molecular clouds have
high enough surface density to prevent their disruption even in the most massive
clusters (Boselli & Gavazzi 2006). Simulations show that a mild starburst due to gas
compression may or may not occur before the gas gets stripped and star formation
eventually quenches (Fujita 1998).

There are two more subtle interactions in the same category, which can halt the
star formation in a galaxy before the ram pressure becomes important: Thermal
evaporation of the galactic gas by contact with the hot ICM (Cowie & Songaila 1977)
and stripping of the gas due to the turbulence in the ICM (Nulsen 1982). The atomic
hydrogen content of a Milky Way like galaxy can be completely removed by ram
pressure or turbulent stripping within 108 years.

Starvation: Removal of the outer halo gas by the hydrodynamic interaction with
the ICM plus the global tidal field of the cluster (Larson et al. 1980). This disables
replenishment of the gas in the disk by slow accretion from the halo and therefore
the star formation activity stops once the disk gas is exhausted. This decay happens
over ≈ 1Gyr.

Mergers: In the field, transformation to early types occurs only via galaxy merg-
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ers, which are not common processes in clusters. The high relative speeds of galax-
ies in the inner regions of galaxy clusters prevent the formation of a gravitationally
bound pair during close encounters. Cluster outskirts, where galaxy groups with
relatively low velocity dispersions fall in, are suitable environments for mergers to
take place (Mihos 2003). For the Coma and Virgo clusters for instance, the timescales
of merging of L∗(1.4 × 1010L⊙) galaxies inside the cluster virial radius are 690 Gyr
and 340 Gyr respectively. A merger between spirals of unequal mass can form an
S0 galaxy (Bekki 1998), while major mergers likely result in a giant elliptical galaxy
(Naab & Burkert 2003).

Fig. 1.3 from Moran (2008) shows the regions where these mechanisms are ex-
pected to be effective for two intermediate redshift, massive galaxy clusters (CL0024+17
and MS0451-03). While ICM related processes mainly affect star formation and cause
it to be supressed over time, the transformation of spiral galaxies into S0’s is not ex-
pected to be driven by them, but by tidal processes such as harassment.

1.2.2 Outline - part 1

In Chapter 2 we describe the galaxy sample and explain the novel observing tech-
nique we use in order to obtain spatially resolved gas kinematics from long-slit data.
The sample includes 92 galaxies from four intermediate redshift clusters and their
field. Among these, 16 cluster (z≈ 0.3 and z≈ 0.5) and 29 field (z≈ 0.10 and z≈ 0.91,
mean z= 0.44) galaxies have sufficient signal in their velocity fields to be analyzed.
Reduction and analysis of spectroscopic and photometric data is described in this
section. The spectroscopic analysis is the quantification of different types of irregu-
larities in gas kinematics. We define three parameters to determine the disturbances
in velocity fields: the standard deviation of the kinematic position angle (σPA); the
average misalignment between the photometric and kinematic axes (∆φ); the mean
deviation of the velocity field from a simple rotating disk (k3,5/k1). We analyze a
local sample of spiral galaxies and set a threshold for each of these parameters, that
distinguishes regular and irregular gas kinematics. The aim of the photometric anal-
ysis is to investigate whether cluster specific interaction processes are more efficient
on galaxies with certain intrinsic properties. We analyze surface photometry, mea-
sure rest-frame absolute magnitudes and determine the asymmetry and concentra-
tion of the stellar component and check whether they correlate with irregularities in
gas kinematics. In this chapter, we perform the complete analysis on the galaxies
in one of the four clusters, MS0451 and its field. We also investigate the observa-
tional effects on our analysis by simulating the combined effect of seeing and spatial
resolution on the observed velocity field, as a function of distance to the observed
galaxy.

In Chapter 3 we study the complete sample together and investigate the depen-
dence of irregularities in gas kinematics on the environment and on morphological
type. For each of the three parameters, field galaxies and cluster members give re-
markably similar irregularity distributions and fractions. We discuss that the cluster
galaxies that have their gas stripped via interaction mechanisms are probably out of
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this analysis since there would not be high enough signal in their velocity fields to
be analyzed.

Therefore most of the cluster galaxies in our sample are most probably just in-
falling. The field galaxies at intermediate redshifts on the other hand, clearly have
more irregular gas kinematics than their local counterparts. This indicates that these
galaxies are probably still in the process of building their disks via accretion and
mergers. We find no correlation between irregularities in gas kinematics and mor-
phological type. We find that the average misalignment between the kinematic and
photometric position angles correlates with two different star formation indicators.
This is expected since models claim that, most interaction processes in clusters in-
crease star formation activity at the beginning before they eventually suppress it.
We also find larger misalignments between the stellar disk and the rotation plane of
the gas for cluster members with less massive stellar disks.

1.3 Infrared colors and color gradients of early-type galaxies

1.3.1 Stellar population diagnostics of early type galaxies

There are two classes of techniques that are used for stellar population analysis: (1)
star-by-star analysis; (2) analysis based on integrated light. Although the latter is less
precise, it has to be implemented since the former is useless at large distances. Inte-
grated spectra are composite, which means that they have contribution of different
types of stars at a given wavelength and this mixture changes with wavelength. Here
we will not talk about how this combination problem is solved, since it is outside the
scope of this thesis. We will introduce the tools that are employed in determination
of the stellar population properties using their integrated light and what we have
learned from them about stellar populations of early type galaxies. The problem of
figuring out what are the independent population parameters that affect the inte-
grated light and extracting them was first confronted by Whipple (1935). Several ob-
servables have been tested for their sensitivity to population parameters of interest,
namely age and metallicity, and the uniqueness of the outcome. For many of them
however, the information that is obtained is degenerate: age and metallicity effects
can not be distinguished from one another. Due to the physics of stellar interiors
and atmospheres, a metallicity variation of a factor of ≈ 2 mimics an age variation of
a factor of ≈ 3 in the broad-band spectral properties of old stellar populations (e.g.
Faber 1973; Worthey 1994; O’Connell 1996).

The failure of broad-band photometry as an accurate indicator of the star forma-
tion history has directed the attention towards narrower spectral windows that could
help breaking the degeneracy. Optical spectra of early type galaxies present a num-
ber of absorption features whose strength must be sensitive to stellar ages, metallici-
ties and abundance ratios. Using these features, Burstein et al. (1984) introduced a set
of indices (the so-called Lick/IDS system). A combined analysis of Balmer and metal
spectral indices from this system turned out to be capable of disentangling age and
metallicity (Worthey 1994). Balmer absorption is strong in main-sequence A-type
stars so that Balmer line strength indices are especially sensitive to stars formed in
the last 1-2 Gyrs of the galaxy history. Applying line strength analysis to long-slit
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Fg. 1.4: The average star formation history of early-type galaxies with masses between 5× 1010

M⊙ and 5 × 1012 M⊙, as proposed by Thomas et al. (2005).

spectra, González (1993) found a large spread in stellar age of elliptical galaxies in
the field, which was then confirmed by Trager (e.g. 1997); Tantalo et al. (e.g. 1998).
Following early suggestions (e.g. Faber 1977), Trager et al. (2000) discussed that this
result is most likely due to the sensitivity of Balmer lines to the presence of a young
stellar sub-component, bringing the first piece of evidence that early type galaxies
have recently formed a small amount of stars.

Using index-index diagrams Thomas et al. (2005) determined stellar population
properties of 124 early type galaxies in high and low density environments. They
found strong correlations of age, metallicity and [α/Fe] with σ and concluded that
when galaxy mass increases, the duration of star formation activity decreases and
the episode of the last star formation epoch moves back in time. In consistency with
this picture, they found more massive galaxies to be more metal rich. Similar trends
were observed in both field and cluster environments. On the other hand, at a given
mass, they claimed a delay of 2 Gyrs for the star formation activity of field galaxies
in comparison with cluster members. This is illustrated in Fig. 1.4.

Stellar population analysis is essential for our understanding of galaxy formation
and evolution. Therefore finding new techniques that are less hampered by the com-
mon drawbacks, such as the age-metallicity degeneracy and the effects of the dust,
is important. Our study here is such an attempt.
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1.3.2 Outline - part 2

In Chapter 4 we present our second project. Using 38 early type galaxies from the
SAURON sample, we investigate the sensitivity of the [3.6] − [4.5] color to the main
evolutionary properties of stellar populations: age and metallicity. It is well es-
tablished that galaxies follow a sequence in metallicity in the way that metallicity
increases with mass. When plotted against mass indicators (central velocity dis-
persion and absolute magnitude), [3.6] − [4.5] gives a very tight correlation which
means that it has a high sensitivity to metallicity. The direction of this relation is
that galaxies become bluer with increasing mass. We know that massive galaxies
are more metal rich. So color becomes bluer with increasing metallicity. This is con-
firmed by simple stellar population (SSP) models of Marigo et al. (2008) and caused
by the CO absorption band in the 4.5µm bandpass. For higher metallicity, the red gi-
ant branch (RGB) becomes cooler, and this molecular band becomes stronger. On the
other hand, among hotter stars, where the CO band is not present, the trend becomes
the opposite and [3.6] − [4.5] color is bluer for stars that have higher temperatures.
We find that the [3.6] − [4.5] color correlates with all line strength indices but the
correlation is the strongest with the Mgb index. The Mgb index becomes stronger
for higher metalicity, and for older age. So, for increasing metallicity, Mgb goes up,
and [3.6] − [4.5] bluer, while for decreasing age [3.6] − [4.5] also becomes bluer, but
Mgb goes down. Therefore, the effects of age and metallicity can be separated in a
diagram of [3.6]− [4.5] vs. Mgb for an integrated stellar population. This shows that
we have a new tool for measuring age and metallicity gradients in galaxies, which
has important advantages over the optical colors and line strength indices since it is
much less sensitive to dust and can be obtained up to large radii.

Apart from integrated stellar populations, we also study color gradients. We
plot the color gradient in the region where there is no indication of young stellar
populations versus the central velocity dispersion to check whether metallicity gra-
dients correlate with mass, and find that the gradients in general are smaller for less
massive galaxies while massive galaxies show a large spread in gradients. We also
find a low-mass galaxy, NGC3032 that seems to have a positive metallicity gradient.
These results together show that galaxy formation and evolution can not be simply
explained by one of the monolithic collapse and hierarchical merging theories. Both
are needed to explain the observations. The specific case of NGC3032 might mean
that it is not only dwarf galaxies that can have positive metallicity gradients, as cur-
rent models suggest (see e.g. Mori et al. 1999). [3.6] − [4.5] is a good AGN indicator.
If the stellar populations of a galaxy become younger, or if they become more metal
rich, both of which effects are often seen when going towards the central parts of
galaxies, the [3.6]− [4.5] color becomes bluer. An active galactic nucleus on the other
hand causes reddening of the color, which creates a clear dip at the center of the
radial color profile. This way we clarify the existence of an AGN in two galaxies:
NGC1023 and NGC4382, for which older studies had ambiguous results.




