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1
Introduction

1.1 Coma’s large scale environment

In 1785 William Herschel already noticed a concentration of nebulae towards the constellation
of Coma Berenices. The first velocity measurements of a few of these nebulae were made in
1931 by Hubble & Humason. The velocities they measured were in the range from 5100
km s−1 to 8500 km s−1 and fit well in the current accepted range of Coma cluster members
(e.g. Colless & Dunn 1996). While examining the distribution of extragalactic nebulae Shane
& Wirtanen (1954) rediscovered the concentration of nebulae in the south-west of Coma, a
density enhancement which was already visible in maps by Wolf (1902). However, since not
many redshifts had been measured at that time it was not known whether this group was a
secondary feature of Coma or an independent aggregation.

Through modern, large scale redshift surveys our knowledge of the structures in the uni-
verse in general has been greatly increased. The environment of the Coma cluster clearly
shows large concentrations of galaxies in some parts and parts where hardly any galaxies are
detected, so-called voids. In Fig. 1.1 the environs of Coma projected on the sky are shown.
One can see filamentary structures connecting Coma to A1367 and A2197/A2199 with several
side branches in different directions. The first direct evidence that these filaments were real
three dimensional structures came from the pioneering redshift survey of Gregory & Thomp-
son (1978). The galaxy distribution around Coma as measured by the CfA redshift survey (de
Lapparent, Geller & Huchra 1986; Geller & Huchra 1989) showed a huge ∼ 170 h−1 Mpc
long structure sweeping along the entire survey region. This great chain of galaxies passing
through both Coma and A1367 is usually referred to as the Great Wall.

Along with the growing knowledge of the superstructures that surround Coma came an in-
creasing knowledge of the internal substructures of the cluster. Despite the earlier indications
that Coma has substructure, up to the early 1980’s Coma had a well established position in the
literature as the typical relaxed, spherically symmetric galaxy cluster. The view changed as
more evidence pointed towards a picture in which Coma is clearly not spherically symmetric
and dynamically fully relaxed (e.g. Colless & Dunn 1996; Biviano et al. 1996 and references
therein). X-ray satellites imaging the hot intracluster medium in Coma opened a new win-
dow on its structure and revealed substructures on various scales (White et al. 1993; Briel et
al. 2001; Arnaud et al. 2001). The emphasis has switched towards understanding the, now
generally accepted, irregular dynamics and dynamical history of the cluster. One of many
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Figure 1.2— Central area of the Coma cluster. Up to 90% of the galaxies are early-type
galaxies.

which we can study how galaxy properties depend on the environment that the galaxies are
experiencing.

In the next sections some important aspects of the observations of galaxies in clusters,
which are relevant for the work presented in this thesis, are discussed.

1.2.1 Morphology-density relation

It is by now common knowledge that late-type galaxies (i.e. spirals and irregulars) avoid
the high density regions of clusters and mainly populate the cluster outskirts and the field.
Early-type galaxies (i.e. ellipticals and S0s), on the other hand, are preferably found in the
high density cores of clusters (e.g. Dressler 1980; Whitmore et al. 1993). This is known
as the morphology-density (MD) relation. What physical mechanism is responsible for the
observed change in morphological composition as a function of cluster density is not yet fully
understood. In the past the extent and completeness of single cluster samples were too limited
for an accurate study of the MD relation and, therefore, superpositions of many clusters have
always been used. Many galaxies in clusters show an elongated spatial distribution along a
privileged direction. By “mixing” clusters this segregation with respect to a principal axis
goes undetected. In Coma, this direction is roughly coincident with the major axis of the
X-ray emission. This is also the direction of the NGC 4839 group which may be the cause
of the existence of a privileged direction in the first place. It would be interesting to be
able to measure the MD relation within single clusters. The results can then be compared to
composite clusters to assess the variation from cluster to cluster.

The observation that the main concentration of the Coma cluster (z = 0.023) is traced out
by the early-type galaxies suggests that the fraction of spiral galaxies is very low. At higher
redshifts (z ∼ 0.5), however, the fraction of spirals in rich clusters is larger and the fraction of
S0 galaxies lower (Dressler et al. 1997). This suggests that type transformations could have
taken place. With present-day wide field CCD cameras detailed images of the whole Coma
cluster can be obtained within reasonable integration times. In combination with the con-
tinuously growing amount of available redshifts new samples of confirmed cluster members
of unprecedented quality and quantity can be compiled. This allows accurate morphological
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Table 1.1— Properties of rich clusters.

Number of membersa 30-300 galaxies
Central density (n0) 500 h3

75 Mpc−3

Massb 1014 − 1015 h−1
75 M�

Radiusc (1 − 1.5) h−1
75 Mpc

Core radius (rc) (0.1 − 0.3) h−1
75 Mpc

Velocity dispersion (500 − 1200) km s−1

Blue luminosityb (5 − 50) × 1011 h−2
75 LB,�

〈M/LB〉 ∼ 250 h75 M�/LB,�

X-ray temperature (2-15) keV
X-ray luminosity (1043 − 1045) h−2

75 ergs s−1

a Number of galaxies with magnitudes between m3 (magnitude

of third brightest member) and m3 + 2 within 2 h
−1
75 Mpc of the

center of the cluster.
b Mass and luminosity estimates within 2 h

−1
75 Mpc.

c Radius where galaxy surface density drops to ∼ 1% of the

central core density.

studies which can be compared to old standards (in particular Dressler 1980) and to HST data
of clusters at intermediate redshifts.

1.2.2 Color-magnitude relation

It has long been known that elliptical and S0 galaxies in clusters obey a so-called color-
magnitude (CM) relation (e.g. Visvanathan & Sandage 1977), i.e. fainter galaxies tend to
be bluer. The slope of the correlation depends on the color and details of the measurement
procedures, but the relation seems to apply to early-type galaxies in the cores of clusters, in
groups and even in the general field. Although the exact origin of the CM relation still has to
be solved, it seems that it holds in a range of environments.

Recently, however, van Dokkum et al. (1998) found that in the rich cluster CL 1358+62
(z = 0.33) the CM relation of ellipticals is different from that of the S0s. In the central
parts of the cluster the CM relations are very similar for both types, but the scatter in the
colors of S0 galaxies in the outer parts of the cluster increases with a factor 2. The S0s also
have significantly bluer colors in the outer parts whereas ellipticals all have similiar colors,
independent of position in the cluster. A likely explanation is that clusters continue to accrete
galaxies from the field and star formation comes to a halt shortly after entry of a cluster.
The CM relations of the inner and outer parts of Coma would provide good low redshift
comparison samples.

1.2.3 Luminosity functions of galaxies

A luminosity function (LF) of galaxies, φT (M), is a probability distribution over absolute
magnitude in a volume (e.g. per Mpc3) of Hubble type T . For most clusters the number of
identified and classified members has been too low to derive accurate type-dependent LFs.



13 PROPERTIES OF CLUSTERS AND CLUSTER GALAXIES

However, statistical LFs for the total cluster population, so-called general LFs, have been
derived frequently.

The LF can be used as a tracer of environmental effects. Knowledge of the shape of the
LF (in different bands) is a powerful tool for studies of galaxy evolution. Specifically, one can
look for correlations between the shape of the general LF and cluster environment. Galaxies
in the cluster core are expected to have a different merger history than the galaxies that have
only recently entered the cluster environment. This should be reflected in the shapes of their
LFs. The LF of field galaxies drops steeply at bright magnitudes and rises gradually at fainter
magnitudes (Blanton et al. 2001), as described by a Schechter function (Schechter 1976). In
some clusters, however, clear deviations from a Schechter function are found, such as bumps
and steeply rising faint end slopes, possibly reflecting environmental influences. A detailed
study of the dependence of LFs on the radial distance to the cluster center requires accurate,
deep CCD photometry of a large physical area. The nearby Coma cluster is an excellent
candidate to undertake such a project.

1.2.4 Butcher-Oemler effect

An important result from optical studies is that clusters at higher redshift seem to have a
much larger fraction of blue galaxies than nearby clusters (Butcher & Oemler 1984) and this
is now commonly refered to as the Butcher-Oemler effect. The blue galaxy population has
tentatively been identified as galaxies that have recently entered the cluster environment. The
fraction of blue galaxies in clusters at z ∼ 0.5 is ∼ 20% (van Dokkum et al. 2001), but in
Coma, at z = 0.023, this has dropped to around 3%. Under the assumption that the clusters
observed at intermediate redshifts are the progenitors of the clusters in the nearby universe
this indicates significant evolution of the galaxy population in clusters with time. The original
measurements of blue fractions in clusters relied on a statistical removal of contaminating
field galaxies. Since Coma is often used as a low redshift reference sample it is crucial to
determine its blue galaxy fraction accurately. By now, there are enough redshift measurements
available so that we can determine Coma’s blue fraction based on a sample of confirmed
cluster members only.

1.2.5 H I in cluster galaxies

The environment in clusters leaves its imprint on the fragile H I disks of spiral galaxies.
Solanes et al. (2001) have investigated the H I content of spiral galaxies in 18 nearby clusters
and found that in two-thirds of these H I deficient galaxies populate their interiors. Detailed
H I observations of galaxies in the Virgo cluster have shown that the H I disks are clearly
affected by the intracluster medium (e.g. Cayatte et al. 1994). H I imaging of the brightest
spiral galaxies in Coma (Bravo-Alfaro et al. 2000; 2001) has revealed H I deficient galaxies
with a strong correlation in their H I properties as a function of radial distance to the cluster
center.

Spiral galaxies that populate the field tend to be rich in H I gas. These reservoirs of gas
provide fuel for star formation, but it is unclear what the ultimate fate of the gas in infalling
galaxies is. It could, for instance, be ram pressure stripped by the hot intracluster medium,
accreted by other galaxies or exhausted in one big starburst. Mapping the distribution and
line-of-sight velocity of the H I gas is an excellent tool to search for morphologically peculiar
systems and often reveals pecularities that are totally unexpected from the optical image alone.
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To get a better understanding of what gas removal mechanisms are at work it is necessary to
measure the gas content at various stages of infall. For this purpose a large and unbiased H I

survey which covers both the cluster core and its periphery is necessary. The combination
with a wide field optical survey would provide an excellent basis for a study of the evolution
of gas-rich galaxies in Coma.

1.3 This thesis

Various observations indicate that the cluster environment affects the structure and dynamics
of galaxies. Galaxy clusters provide laboratories in which we can study processes that drasti-
cally change the nature of a galaxy. The most basic galaxy properties, such as morphological
type, size and the distribution of mass, vary as a function of position within the cluster and
this should provide fundamental clues about the evolution of galaxies. Examples of the effects
that occur are: mergers, tidal stripping, triggering of starbursts etc. It is this laboratory aspect
of clusters that we want to use to explore the link between the properties of galaxies and their
environments.

Coma is the richest of the nearby clusters and appears to be a close equivalent to clusters
at higher redshift. The most remarkable similarity is the presence of blue disk galaxies and
galaxies with E+A type spectra. This makes Coma the perfect link between nearby and distant
clusters. There is increasing evidence that even Coma is not dynamically relaxed, but still in
the process of formation. The best example is the NGC 4839 group to the south-west of the
cluster core which is either currently falling into the cluster or may have already made one
pass through.

We have conducted a large multi-color wide field optical survey with the Wide Field Cam-
era (WFC) on the 2.5 m Isaac Newton Telescope (INT) covering 5.2 deg2 and compiled a cata-
logue with positional and photometric measurements for well over 130000 objects. From this
data set we extracted a uniform data set of 583 spectroscopically confirmed cluster members.
This sample provides an excellent low z comparison sample for studies of galaxies in distant
clusters. We have also begun to use the Westerbork Synthesis Radio Telescope (WSRT) to
start un unbiased census of the H I in galaxies in the Coma cluster. In this thesis we have
started to use these data sets to study the H I and optical properties of Coma galaxies with the
principal aim to investigate how these vary as a function of environment.

1.3.1 Outline

This thesis is organized as follows. In chapter 2 we present a deep multi-color CCD mosaic of
the Coma cluster along with a detailed description of the data reduction and the compilation
of the source catalogue. The data set is used to study the dependence of statistical LFs on
radial distance to the cluster center. The main conclusion is that LFs become systematically
steeper towards the cluster outer parts. This effect is most pronounced in the U band. The
result is consistent with the presence of a star forming dwarf population at a large distance
from the cluster center, which may be in the process of being accreted by the cluster.

Chapter 3 describes a simple analytic model which is used to deproject the two dimen-
sional LFs measured in chapter 2. It is demonstrated that although the shapes of the LFs
change after deprojection the corrections are not significant enough to change the previously
observed trend of increasing faint end slopes as the distances to the cluster center increase.

In chapter 4 a new multi-color catalogue which contains photometric data for 583 cluster
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members is presented. This data set provides an excellent low redshift comparison sample for
studies of galaxies in distant clusters. It is used to study the LF and its dependence on location
in the cluster. Comparison to results from statistically derived LFs shows good agreement
between both determinations of the LFs. The spatial and velocity distributions of early- and
late-type galaxies are examined. The results are consistent with the hypothesis that early-type
galaxies make up the main part of the virialized cluster population, whereas at least part of
the late-type galaxies are still falling into the cluster.

Chapter 5 describes H I synthesis observations of the south-west part of Coma. The sur-
vey resulted in 24 detections of which 14 are new H I detections. The galaxies span a range of
H I masses and are all late-type spiral galaxies with mainly blue colors. In particular the low
H I content and very disturbed H I morphology of NGC 4921 stongly suggests an interaction
with the intracluster medium. Overall, the cluster center is very deficient in galaxies with
measurable H I masses. The spatial and velocity distributions of the galaxies detected in H I

support the scenario of spiral galaxies being an infalling, non-relaxed, and gas-rich field pop-
ulation. By using known positions and velocities of galaxies in the volume sampled estimates
of mean H I contents of specific subsamples are made. We find that the galaxies in the NGC
4839 group and starburst and post-starburst galaxies all have low mean neutral gas contents.

In chapter 6 colors, the color-magnitude (CM) relation and their scatter as a function of
cluster radius are investigated. It is found that the scatter with respect to the best-fit CM rela-
tions systematically increase towards the cluster outskirts and this is caused by a population
of blue galaxies. Blue and red spiral galaxies have distinct spatial and velocity distributions.
The blue spirals are mainly late-type galaxies that have colors that become increasingly bluer
towards the cluster outer parts. These galaxies have a higher velocity dispersion than the
early-type spirals and elliptical and S0 galaxies and are completely absent close to the cluster
core. It is a subsample of this population that is detected in H I. Taken all together, the obser-
vations are consistent with the picture where late-type spirals are still falling into the cluster
where their properties are affected by the environment. The properties of early-type spirals
do not seem to be influenced by the environment they are in. The blue fraction in Coma is
around 5%, but depends mainly on the adopted sampling radius in the sense that sampling to
larger radii systematically increases the blue fraction.

Chapter 7 summarizes the main results from the analyses in the previous chapters. The
results are combined to discuss how they have improved our knowledge of the galaxy popu-
lation in the Coma cluster.
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Figure 1.1— The Coma cluster in relation to its surroundings. The distribution of 3649 galax-
ies contained in the RC3 (de Vaucouleurs et al. 1991) is shown. To highlight features in the
galaxy distribution, symbol sizes are proportional to the logarithm of the local galaxy density
around each galaxy. Circles denote clusters with redshifts ≤ 0.03. In order of increasing
right ascension they are Abell 779, 1367, 1656 (Coma) and 2197/2199. Courtesy M. J. West
(1994).

interesting questions that has been discussed in the literature is whether the group around the
cD galaxy NGC 4839, ∼ 40′ south-west of the cluster center, is on its first passage through
the cluster or has already made one pass through (Burns et al. 1994; Colless & Dunn 1996;
Bravo-Alfaro et al. 2000).

1.2 Properties of clusters and cluster galaxies

Clusters and superclusters of galaxies are the largest gravitationally bound systems in the
universe. Rich clusters, like Coma, are rare and have a density of ∼ 10−6 Mpc−3. They
are made up of baryonic (stars and gas) and non-baryonic components (dark matter). Of the
total mass of a typical rich cluster about 1–2% resides in optically luminous galaxies and up
to ∼ 10% resides in hot gas radiating predominantly in the X-ray regime (Forman & Jones
1982; Fabian 1994). It is evident that most of the gravitational force that binds the galaxies
in clusters together comes from unseen (dark) matter. The average density of galaxies within
a rich cluster is about 100 times that in the field. The galaxy distribution can typically be
represented by a modified isothermal sphere of the form n = n0(1 + r2/rc

2)−α. In Fig. 1.2
an image of the central part of the Coma cluster is shown. Table 1.1 gives an overview of
basic properties of rich clusters.

Galaxies in clusters can move on all kinds of orbits around or through the densely pop-
ulated cluster center and thereby constantly exert gravitational forces on each other. These
gravitational interactions can lead to heavily disturbed galaxy morphologies and even to merg-
ers. In general the neutral hydrogen (H I) gas disk of a galaxy extends to larger radii than the
optical disk. It is very well possible that the H I distribution is severely affected by an inter-
action while the distribution of starlight is undisturbed. Observations with radio telescopes
that are sensitive to the emission from the H I gas are therefore a very useful addition to op-
tical surveys in the search for signs of interactions. There can also be interactions with the
hot intracluster medium. In particular gas-rich spiral galaxies that move with high relative
velocities through the cluster have a high chance of being stripped of their H I gas, especially
in their outer parts. The extreme conditions in clusters make them perfect laboratories in




