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1
Introduction

Hydrogen is the lightest and most abundant element in the Universe. It constitutes about
92% by number of atoms, and about 75% by mass of all of the directly observable matter
in the Universe. In its neutral state (H I), it can emit a photon with a wavelength of 21-
cm, or a frequency of 1420.405752 MHz. This radiation is produced during a hyperfine
transition of neutral hydrogen from the triplet to the singlet state. This transition is
highly forbidden with an extremely low probability of about 2.9×10−15 s−1. This implies
a lifetime of about 10 million years (in vacuum) for a single atom of neutral hydrogen to
undergo this transition. Due to collisions with other hydrogen atoms and interaction with
the cosmic microwave background, the lifetime of neutral hydrogen can be significantly
shortened.

The existence of the 21-cm hyperfine line of neutral hydrogen was predicted by van de
Hulst in 1944. The radiation produced by this transition was observed for the first time
in 1951 by Ewen and Purcell, closely followed by Muller and Oort and Christiansen and
Hindman. After 1952, 21-cm emission was used to make the first H I maps of the Galaxy,
which revealed the spiral structure of the Milky Way. The first detection of extragalactic
H I emission followed in 1953 by Kerr and Hindman. Since then, tens of thousands of
galaxies have been detected in H I, either in pointed observations (on targets selected
from optical catalogues) or in blind surveys.

A new, sensitive survey carried out in the 21-cm H I line with the Westerbork Syn-
thesis Radio Telescope (WSRT) is the core of this thesis. Here we present a retrospective
view on how the ideas about the evolution of the observable Universe developed based
on large surveys as well as a retrospective view of how one arrived at the present con-
cordance cosmological model for the Universe. These two developments are presented
separately, but one should keep in mind that they are linked and it is usually their in-
terplay which leads to advances in the understanding of the Universe. This can also lead
to discrepancies, one of which was the main motivation for the project presented in this
thesis. We describe this in detail and identify the main goals of this project and present
an outline of the science presented in the thesis.
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1.1 The Universe as seen by observers
Today we are accustomed to the idea that the Milky Way is only one of billions of galaxies
in the Universe, and that our own Galaxy does not have a particularly special role in it,
except that we happen to live in a Solar system that is part of it. This picture was not
imaginable to most of the human population before the 20th century.

It had been realised that “nebulae” - objects of a diffuse or fuzzy appearance on the
night sky are a separate class of objects, even before the existence of the first telescope.
During the eighteenth century, Kant, Lambert, Swedenborg and Wright used a philo-
sophical argument to describe these “nebulae” as “island Universes” similar to the Milky
Way, but which were too distant to be resolved into stars (after Longair 1998).

The cataloguing of “nebulous” objects began by Charles Messier and 109 of those
objects were catalogued between 1771 and 1784. Some of these objects are the first ex-
tragalactic objects detected. William Herschel and Caroline Herschel started a systematic
cataloguing of the “nebulae”. Their work was continued by John Herschell, resulting in
a catalogue published in 1864 containing 5079 objects. An expanded version of this
catalogue was published in 1888 by John Dreyer, containing about 15000 entries [New
General Catalogue (NGC) of Nebulae and Clusters of Stars, with two Index Catalogues
(IC)].

Having catalogues of “nebulae” did not solve the question of their nature, nor the
issue of whether they were objects within our Galaxy or more distant systems. This
question was not solved until 1925, when Edwin Hubble observed Cepheids in the An-
dromeda Nebula. A tight correlation between the periods of oscillation and luminosities
of Cepheids (discovered by Henrietta Leavitt in 1912) enabled Edwin Hubble to place the
nebulae at extragalactic distances. One year later, he published a survey of extragalactic
systems and their properties, and from the number counts he concluded that galaxies are
uniformly distributed in space. In 1929, Edwin Hubble showed that extragalactic nebulae
are moving away from our own Galaxy, and their recession velocities are proportional to
their distances (Hubble law). One realised that the Universe is expanding.

But with the next extragalactic surveys it did not stay uniform for much longer. Ed-
ward Fath’s survey of the Kapteyn selected area showed inhomogeneities, which were
used by Bok (1934) and Mowbray (1938) in a statistical analysis to demonstrate that the
galaxy distribution was not uniform. The Virgo cluster was recognised as a dominant
structure in the Shapley/Ames catalogue of galaxies. The first map of the sky which
clearly revealed clustering and superclustering of galaxies all over the sky was a product
of the Lick survey of galaxies, carried out by Shane and Wirtanen (1967) using large
field plates. Around 1960 it became unquestionable that structure in the Universe is hi-
erarchically organised through galaxies (which can form pairs and small groups), clusters
and superclusters.

Thanks to developments in technology, surveys got the capability to add one more
dimension to the data: in addition to mapping the projection of the objects on the sky
it became possible to measure also the velocity of objects (and the deviation from the
Hubble flow). Starting with the Center for Astrophysics surveys (CfA, Huchra et al.
1983), via the Stromlo-Automated Plate Machine (APM) redshift survey (Loveday et al.
1996), the Point Source Catalog z (PSCz) survey (Saunders et al. 2000), the European
Southern Observatory (ESO) Slice Project (Vettolani et al. 1998) and the Las Campanas
Redshift Survey (Shectman et al. 1996) amongst others, redshift surveys provided a
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complex three dimensional picture of the Universe, termed “cosmic web”. In such a
picture, galaxies are arranged in groups and superclusters, distributed as sheets and
filaments surrounding the empty regions known as voids. Two recent redshift surveys,
the Two-Degree Field Galaxy Redshift Survey (2dfGRS, Colless et al. 2001) and the
Sloan Digital Sky Survey (SDSS, York et al. 2000) provide redshifts for a few hundred
thousand galaxies and will map about a quarter of the sky (SDSS is still ongoing). There
are other surveys which cover smaller areas, but they are designed to detect galaxies at
higher redshifts and trace the cosmic evolution of galaxies (e.g. the Great Observatories
Origins Deep Survey, GOODS, Giavalisco et al. 2004; zCOSMOS, Lilly & The Zcosmos
Team. 2005). The distribution of galaxies detected in the selected regions covered by the
CfA, SDSS and 2dFGRS are presented at the top and left plots in Figure 1.1.

It is obvious that the build-up of the observational census of the Universe is mostly
based on optical light, emitted by stars. Only one of those surveys mentioned - PSCz - was
carried out in the infrared. Another survey, the Two-Micron All-Sky Survey (2MASS)
has scanned the whole sky in three different near-infrared bands, detecting more than 1.5
million galaxies presented in the Extended Source Catalogue (Jarrett 2004). In the X-
rays, the ROSAT-ESO Flux-Limited X-ray survey have been carried out only for clusters
of galaxies (Borgani & Guzzo 2001). The Galaxy Evolution Explorer (GALEX) is the
first extragalactic all-sky UV survey (Martin et al. 2005; Morrissey et al. 2005), which is
currently carried out. At radio wavelengths, surveys have been carried out at different
frequencies (a series of Cambridge surveys, Greenbank surveys) detecting the mostly non-
thermal emission from all kinds of objects, including galaxies. At low radio frequencies,
sources are distributed randomly over the sky (Trimble & Aschwanden 2001). Higher
frequency surveys (e.g. the Faint Images of the Radio Sky at Twenty cm survey, FIRST,
Becker et al. 1995) are more sensitive to faint galaxies. These sources are clustered in
a way similar to the radio-quiet galaxies of the same Hubble types (Cress et al. 1996).
The H I surveys are much shallower, reflecting the current level of sensitivity in the 21-
cm wavelength of the radio telescopes. The number of objects revealed by blind H I
surveys is less than 10000 until now. An overview of blind 21-cm surveys is given in
Subsection 1.3.1.

1.2 The Universe as seen by theorists
Throughout history, a broad spectrum of cosmological models has been proposed, re-
flecting the variety of different cultures and times when they were created. It was not
until the beginning of the 20st century when these models clearly migrated from the
framework of imagination and philosophy to the realm of science.

In 1915 Albert Einstein formulated his final version of the General Theory of Relativ-
ity, according to which the geometry of the Universe is determined by its mass (gravity)
and energy content. Solving the Einstein equations for an isotropic and homogeneous
Universe is equivalent to the construction of cosmological models. Independently, the
solutions of the Einstein equations have been published by Aleksander Friedman (1922,
1924) and Georges Lemaître (1927). The development of the theory of general relativity
and its solutions provided the framework in which Hubble’s discovery of the expanding
Universe could be understood.

The following major step in our understanding of the Universe was by George Gamow,
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who realised in the late 1940s that in the early stages the Universe was radiation domi-
nated and very hot. The discovery of the background radiation by Penzias and Wilson
(Penzias & Wilson 1965) left no doubt about the hot singular origin of the Universe
some finite time in the past (termed Big Bang) and the homogeneity and isotropy of the
Universe in the past.

How is all the structure seen in the evolved Universe - stars, galaxies, clusters of
galaxies - related to the smooth plasma which our Universe used to be. A variety of
models have been proposed, linked to the various observational discoveries to explain the
emergence of the structure which we see today.

What we today accept as a standard cosmological model (ΛCDM) is linked to the two
additional propositions from the early 1980s. The first was that the dark matter, which
is believed to dominate the gravitational forces, consists of a new weakly interacting
particle, which still has not been detected. These particles need to have small random
velocities at early times, and therefore they became “cold dark matter” (CDM) particles.
The second idea was “cosmic inflation” (Guth 1981), the proposal that the Universe
grew exponentially for some time (perhaps 10−35 s) after the Big Bang. This growth
was driven by the vacuum energy density of a scalar field, and this vacuum energy was
transformed into more conventional forms of matter and energy at the end of the inflatory
period.

In the standard paradigm, all the structure has its origins in the earliest moments
of the Universe. The hot plasma which emerged from the Big Bang was smooth and
homogeneous, but it contained small fluctuations, which were amplified by gravitational
instabilities. From the peaks in the density field via hierarchical collapse and merging,
clumps of dissipationless dark matter are formed (dark haloes). Gas associated with such
dark haloes cools and condenses within the haloes, eventually forming the galaxies.

A missing link between the early and evolved Universe has been provided by numerical
simulations of the growth of cosmic structures, based on the physics behind the standard
model. The most direct method is to use cosmological simulations which include both
dark and baryonic matter and the necessary physical processes (e.g. Katz et al. 1999;
Pearce et al. 1999; Berlind et al. 2003). This is computationally very expensive, and
the most popular approach is to create simulations with dark matter only. The latter
are often utilised with semi-analytic modelling (e.g. White & Frenk 1991; Somerville &
Primack 1999; Cole et al. 2000) specifying when, where and how galaxies form and evolve
inside of dark matter haloes (Kravtsov 2006).

The similarity between the “cosmic web” of the real structure observed and that of the
virtual objects is striking (see Figure 1.1). The high complexity of current simulations
allows a quantitative comparison between the observations and simulations using the
correlation and luminosity functions, and nowadays even the dependence of these function
on luminosity, colour or other galaxy properties (e.g. Benson et al. 2000; Springel et al.
2005; Croton et al. 2006). While on a larger scale, quantitative agreement between the
simulations and the observations is (generally) remarkable, the challenge for a revision
of the ΛCDM model is on galaxy scales. The simulations predict survival of a large
number of dark matter substructures inside of dark matter haloes (more about this in the
following section), and a universal cusped dark matter halo density profile (e.g. Springel
et al. 2006). These two predictions seem to be in disagreement with the observations.

When comparing the observations and simulations, it should be kept in mind that
simulations mostly deal with dark matter, while we have managed so far to detect matter
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Figure 1.1: Comparison between the observational and modelled wedge diagrams. The large
wedge plot at the top shows an SDSS subregion, on top of which a smaller wedge plot from the
CfA galaxy redshift survey is presented. At the left a subregion of the 2dFGRS is presented.
Wedges presented at the right and at the bottom are results of the Millennium simulations
(Springel et al. 2006). Reprinted by permission from Macmillan Publishers Ltd: Nature (Springel
et al. 2006, 440, 1137-1144), copyright 2006.

of baryonic nature. The gaseous astrophysics in between includes not only physics, but
a lot of assumptions, where some of the processes are represented only by parameters
and proportionalities. The remark that “some set of cosmological parameters, initial
conditions and models for star formations evolves on such a way to fit the data” does
not imply that this was the case in reality (Jones et al. 2005).
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1.3 This thesis

1.3.1 Scientific motivation

Using the Local Group as a cosmological probe, a discrepancy between the theory and
the optical observations arises, the so called “missing satellites problem”: the number
of observed satellites known in the optical is an order of magnitude smaller than the
number of small systems predicted by CDM models (Kauffmann et al. 1993; Klypin
et al. 1999; Moore et al. 1999), illustrated in Figure 1.2. Closely related to this problem
is a discrepancy between the slopes derived at the faint end of the observed optical
luminosity functions (e.g. Blanton et al. 2003) and the H I mass functions (e.g. Zwaan
et al. 2005b) on one hand, and the slope of the halo mass functions calculated from large
N-body CDM simulations (e.g. Jenkins et al. 2001) or from an analytical framework such
as the Press-Schechter formalism (Press & Schechter 1974), on the other hand. The
faint end slopes from the observed distributions are much flatter when compared to the
corresponding slopes of the theoretically constructed functions.

The absence of a more numerous low-mass galaxy population cannot be straightfor-
wardly understood and points out a lack of our understanding of those systems. The
models proposed to solve this discrepancy can be separated into two categories. One type
of models is based on the suppression of the formation of small haloes or their destruc-
tion, which can be achieved by modifying the properties of the dark matter. These type
of models include allowing a finite dark matter particles self–interaction cross–section
(Spergel & Steinhardt 2000), reducing the small–scale power (e.g. Avila-Reese et al.
2001; Eke et al. 2001; Bode et al. 2001) or changing the shape of the primordial power-
spectrum (Kamionkowski & Liddle 2000; Zentner & Bullock 2002). The second set of
models proposes to suppress the star formation in low-mass haloes. Several plausible
baryonic physical processes may cause the depletion of the gas from the haloes and small
haloes will remain dark. Such processes may be photo-evaporation (see e.g. Quinn et al.
1996 and Barkana & Loeb 1999 and/or feedback from supernovae or galactic winds (see
e.g. Larson 1974 and Efstathiou 2000). Another possibility to suppress star formation
in small haloes is based on stability criteria. During the process of galaxy formation the
angular momentum of gas which settles into the disk will be conserved and a number of
haloes with small masses may never form stars, or form them in small numbers. Accord-
ing to one of those models, all galaxies with dark matter halo masses below 1010 M� will
never form stars (e.g. Verde et al. 2002). Still, baryons will remain inside these small
haloes. Recently, Read et al. (2006) argued that there is a sharp transition of the bary-
onic content in the smallest haloes. Over the halo mass range 3 - 10 × 107 M� at z ∼ 10
the amount of stellar mass drops two orders of magnitude in these systems. Haloes below
the limiting mass of ∼ 2 × 107 M� will be almost devoid of gas and stars. Connecting
these results to the present redshift (using a combination of arguments based on linear
theory and the various literature results), Read et al. (2006) predict the existence of
many galaxies with surface brightness about an order or two orders of magnitude fainter
than galaxies already detected.

Optical surveys are generally less sensitive to low luminosity and low surface bright-
ness (LSB) galaxies, which could be under-represented in such surveys (Disney 1976;
Disney & Phillipps 1987). LSB galaxies are generally found to be rich in neutral gas (de
Blok et al. 1996; Schombert et al. 2001). Also, galaxies with a small amount of stars
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Figure 1.2: Properties of satellite dark matter systems within 200 h−1 kpc from the host
halo. The continuous line corresponds to the average cumulative velocity distribution function
of simulated satellites from a sample of host haloes in the ΛCDM framework. Open circles
correspond to the average velocity distribution function in the CDM simulations. Solid triangles
represent the average velocity distribution function of satellites around the Milky Way and
Andromeda. The model predicts about 5 times more satellites with circular velocities Vcirc <
10-30 km s−1. This figure is from Klypin et al. (1999, bottom panel in their Figure 4).

compared to their H I mass are typically discovered via H I surveys. Blind H I surveys
provide an excellent probe to detect galaxies with a small amount of stars and even a
population of completely dark galaxies - under the limitations of the H I surveys that
these types of objects contain H I. If one assumes that H I makes up a few percent of the
total mass of a galaxy, dark galaxies would contain H I in the range 107 - 108 M� or less.

Blind H I surveys

In the last three decades several blind H I surveys have been carried out. The first blind
survey in the 21-cm emission line was carried out by Shostak (1977) in driftscan mode.
Krumm & Brosch (1984) surveyed about 7% of the Perseus-Pisces void and about 19%
of the Hercules void. After that, Kerr & Henning (1987) (also Henning 1992) conducted
a blind H I survey by observing a series of pointings on lines of constant declination. The
number of detected objects in these surveys was very small: 1 (not clearly extragalactic),
0 and 37 respectively. Since then, blind H I surveys have yielded a sufficient number of
detections to describe the results in a statistical manner. The main parameters of the
major blind H I surveys are summarised in Table 1.1.

The main conclusion which can be drawn from the (blind) H I surveys carried out up to
date is that there is no essential difference between the populations of objects detected in
H I emission line surveys and the population of galaxies detected at optical or at infrared
wavelengths, except that H I detected galaxies are more gas rich and preferentially of
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the late morphological types (Zwaan et al. 2005b). A new population of isolated, self-
gravitating H I clouds or dark galaxies has not been revealed, neither a large population of
galaxies with low optical surface brightness, which would have gone undetected in optical
surveys (e.g. Zwaan et al. 2005b). The distribution of H I selected objects follows the
large-scale structures defined by optically selected galaxies (Koribalski et al. 2004; Zwaan
et al. 2005a), but these objects tend to populate regions of lower density (Ryan-Weber
2006). However, to be able to get a more definitive answer to the question whether an
additional number of gas-rich low-luminosity and LSB galaxies and/or a population of
gas-rich dark galaxies, missed in the optical surveys exists, it is necessary for H I surveys
to reach lower H I mass limits.

Even though the minimum H I masses which can be detected in the blind H I surveys
are a few times ∼ 106 M� (see Table 1.1), only a few galaxies have been detected with
such small H I masses. All H I objects detected at extragalactic distances have masses
above 107 M�, while the fraction of galaxies with masses below 108 M� is small, and
all have optical counterparts (Briggs 2004). On the other hand, there is a population of
high-velocity clouds (HVCs, e.g. Wakker & van Woerden 1991; Braun & Burton 2000;
de Heĳ et al. 2002) discovered only in the 21-cm line (no optical counterparts have yet
been found). These objects are distributed all over the sky, either as extended complexes
or in the form of compact, isolated clouds (CHVCs). The nature of the (C)HVCs is
a matter of debate, despite nearly four decades of study. The main reason for this is
the difficulty in estimating distances to the (C)HVCs. There is little doubt that the
most extended complexes are produced by interactions between the Milky Way and
companions, as a result of either tidal disruption or ram pressure stripping, or both (e.g.
Putman et al. 1998, 2003; Putman & Gibson 1999). The rest of the extended HVCs may
have similar origin or they can be explained as the products of Galactic fountains (Shapiro
& Field 1976; Bregman 1980, 1996). The origin of CHVCs is more uncertain. One of
the hypotheses that has received recent attention is that the CHVCs are of primordial
origin, residing at typical distances of up to 1 Mpc from the Milky Way (Oort 1966, 1970;
Verschuur 1969; Kerr & Sullivan 1969). Blitz et al. (1999) proposed a dynamical model
in which the CHVCs can be explained as the gaseous counterparts of the primordial
low-mass haloes predicted by ΛCDM structure formation scenarios. This appeared as
a very attractive way to resolve the discrepancy in the number of low-mass systems
discussed above. Recent observations (Zwaan 2000; Pisano et al. 2004; Westmeier et al.
2005) and simulations (Sternberg et al. 2002; Kravtsov et al. 2004) do not confirm the
existence of a circumgalactic population of CHVCs. The latests results by Westmeier
et al. (2005) suggest an upper limit of about 60 kpc for the distance of CHVCs from their
host galaxies. This distance would lead to a limiting H I mass for CHVCs of 6× 104 M�.

The existing H I surveys are incomplete in the range of H I masses which would cor-
respond to the majority of galaxies predicted to exist with little or no stars. The gap
inbetween the observed H I masses of HVCs and those of galaxies with the smallest H I
masses reflects the technical limitations of existing radio telescopes. To be able to pro-
vide a definitive answer to the nature of the H I sources - whether they can be (almost)
without stars and in which numbers they exist - a deeper blind H I survey is needed.
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The H I mass function

The H I mass function (H IMF) is the statistical equivalent of the luminosity function. The
first derivation of the H IMF was based on optically selected galaxies with available H I
observations. Linking the amount of H I to the measured luminosities per morphological
type, Briggs & Rao (1993) computed the H IMF over the H I mass range of 107 to 1010

M�. This estimate did not reveal any sharp up-turn in the faint-end of the H IMF, which
would have indicated the existence of a new population of gas-rich objects. Moreover,
the H IMF derived in the environment of the Virgo cluster was even shallower.

The first derivation of the H IMF from a purely H I selected sample of galaxies was
based on the AHISS survey (Sorar 1994; Zwaan et al. 1997). When fitted by the Schechter
function, the H IMF derived from the AHISS is characterised with a faint-end slope of
-1.2. The ADBS survey is characterised with a slope of -1.52 at the faint-end (Rosenberg
& Schneider 2002) and the largest blind H I survey up to date, HIPASS is characterised
by an H IMF with a slope of -1.37 (Zwaan et al. 2005b). The slope of the H IMF obtained
from a blind H I survey carried out in the region of the Canes Venatici (CVn) groups of
galaxies by Kraan-Korteweg et al. (1999) is -1.2.

The discrepancy at the faint-end of the H IMF is poorly understood, and a variety
of reasons have been discussed to pin-down this discrepancy. Low number statistics in
all surveys, except the HIPASS, used to derive the H IMF, and especially a very small
number of objects with H I masses below 108 M�, may be responsible for this. For
example, the number of objects with low H I masses detected in AHISS, ADBS and
HIPASS is small: 1 with MHI < 108 h−2

70 M�, 7 detections with MHI < 108 h−2
75 M� and

41 satisfying MHI < 108 h−2
70 M� in the three surveys, respectively. Objects with low H I

masses (say less than 108 M�) are detectable only to distances of a few tens of Mpc in
the blind H I surveys. The distance estimates using the Hubble flow for the sources in the
nearby Universe may be significantly affected by peculiar velocities. Discrepancies may
be caused by the different techniques applied in the surveys, like the search process used
to reveal the H I emission or the definition of sensitivity and completeness of the surveys,
amongst others. The discrepancy may also be caused by the properties of the galaxies
detected (e.g. by their morphological type, Zwaan et al. 2003; Springob et al. 2005) or
they may reflect environmental dependencies ( Springob et al. 2005; Zwaan et al. 2005b).

1.3.2 A new H I survey
Motivated by the science described above, a new blind H I survey was designed in such a
way to be able to detect a number of objects with H I masses below 108 M�, significant
enough to distinguish between the range of slopes obtained from the previous blind H I
surveys. The survey was carried out with the WSRT, making it one of the few extra-
galactic blind H I surveys carried out using a synthesis telescope. The volume covered
by the survey includes the nearby CVn groups of galaxies, known to be resided by a
population of dwarf (Binggeli et al. 1990) and H I rich galaxies (Kraan-Korteweg et al.
1999).

1.3.3 Thesis outline
The character of this thesis reflects the amount of data collected for this project. Ob-
servations for the blind survey were carried out for 60 nights, split in three runs over
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three years. Additional 10 nights of observations with the WSRT, as part of a follow-up
programme, and 4 nights of imaging with the Wide Field Camera on the Isaac Newton
Telescope of good photometric quality, were conducted. All these data have been reduced
and analysed, and the results are presented in this thesis. In addition, we obtained SDSS
imaging data and analysed them. Even though the motivation for the project is based on
a (crude) comparison between observational and theoretical results, the establishment of
a proper link between the two types of results is not a part of the thesis.

For this thesis, three major goals have been set:

• to make an inventory of objects with H I masses in the range of about 106 to 108 M�

• to construct the H IMF

• to compare the properties of the smallest H I mass objects to the properties of the
more H I massive objects; to compare properties of the objects with the smallest
H I profile widths to the objects with larger profile widths.

After this introductory chapter (Chapter 1), a new blind H I survey is presented in
Chapter 2. Topics covered in Chapter 2 include the description of the observations and
data reduction, justification of the data-search process and the presentation of detections
revealed in the survey and their properties. The H IMF estimate from the survey is
presented in Chapter 3. We address the various uncertainties which may affect the
estimated slope of the H IMF and present a detailed comparison with the H IMF estimates
from the previous surveys. The H I follow-up observations of the subsample of detections
selected from the survey, and the results are presented in Chapter 4. The optical data,
observations, reduction and analysis constitute the first part of Chapter 5. In the second
part of Chapter 5 we present the various relations which follow from the comparison
of the H I and optical data. In Chapter 6 we present the final summary of the work
presented in this thesis and provide a few ideas for future work.
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