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1
Introduction

‘T is more between heaven and earth than meets the eye.’ Although most of-
ten used in a rather metaphysical context, this old saying has, in the course of the
last century, also acquired a firm scientific basis. It is now commonly accepted in

the astronomical community that our universe is dominated by so-called Dark Matter (DM),
matter which does not emit electro-magnetic radiation and whose presence can only be in-
ferred from its gravitational influence on its surroundings. The luminous matter which we
can observe directly, mainly in the form of stars and gas, and of which the earth and even we
ourselves are made of, constitutes only a fraction of the total mass in the universe.

1.1 Historical background

1.1.1 the discovery of dark matter

The first indications for the existence of large amounts of unseen matter in the universe came
from Oort (1932), who studied vertical motions of stars in the solar neighbourhood and found
that the visible matter could account for at most 50% of the derived surface density. In later
years, however, this discovery was heavily disputed (e.g. Kuzmin 1955; Bienaymé et al. 1987;
Kuijken & Gilmore 1989, 1991) and there seems to be little evidence left for large amounts of
dark matter in the disk of the Milky Way. Evidence for dark matter which has withstood the
test of time came from Zwicky (1933, 1937) and Smith (1936). From studies of the velocity
dispersions of galaxies in clusters, they concluded that the latter contained up to two orders
of magnitude more mass than that visible in the form of stars. Their conclusion that most
of the mass in clusters must be in invisible form has been confirmed many times afterwards
(e.g. Rood et al. 1972; Abell 1977; Bahcall 1977; Kent & Gunn 1982; Colless & Dunn 1996;
Łokas & Mamon 2003) and marks the beginning of the dark or ‘missing’ mass mystery.

In recent years, it has become clear that dark matter dominates the mass budget of the
universe at cosmological scales as well. Measurements with the WMAP satellite on the
anisotropies in the cosmic microwave background (CMB) radiation have shown that about
74% of the total energy density in the universe is in the form of a mysterious ‘dark energy’,
and that the remaining 26% consists largely of non-baryonic, i.e. dark, matter (Spergel et al.
2003). Baryonic matter only accounts for approximately 4% of the total energy budget and
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most of this is invisible too (Walker et al. 1991; Persic & Salucci 1992), so that only a fraction
of all gravitating mass in the universe can truly be called luminous.

Although it is now widely accepted that dark matter exists and has a profound impact on
the structure and evolution of the universe (but see section 1.3.1), little yet is known about
its nature. Many hypotheses have been proposed, ranging from exotic elementary particles,
such as massive neutrinos or axions, to cold gas, brown dwarfs and black holes (e.g. Trim-
ble 1987; Ashman 1992, and references therein). However, all of the proposed candidates
have in common that they either do not agree with at least some of the observational data, or
have simply never been directly detected, making their mere existence speculative and hypo-
thetical. Unveiling the true nature of dark matter remains one of the greatest challenges for
present-day astronomy and physics.

1.1.2 rotation curves and dark matter in disk galaxies

Historically, the most secure evidence for the existence of dark matter comes from the study
of rotation curves of spiral galaxies. The discovery that spiral galaxies rotate was made in
the beginning of the 20th century (Slipher 1914; Wolf 1914; Pease 1918). Since gas and
stars in normal, unperturbed spiral galaxies move on circular orbits around the center under
the influence of gravity, measurements of the radial variation of the rotational velocity (the
rotation curve) directly yield the shape of the mass profile. Babcock (1939) and Oort (1940)
noted that the shape of the rotation curves of respectively M31 and NGC 3115 were different
than expected from the observed light distributions, implying strongly increasing mass-to-
light ratios or dust absorption towards larger radii.

With more data becoming available, it became clear that most spiral galaxies have rota-
tion curves that remain flat till large radii and that no systems show a Keplerian decline in the
outer parts of their stellar disks. Freeman (1970), Einasto et al. (1974) and later Rubin and
collaborators (Rubin et al. 1978, 1980, 1982; Burstein et al. 1982; Rubin et al. 1985) inter-
preted this as evidence for large amounts of dark matter in the outer parts of spiral galaxies.
This was also inspired by the claim by Ostriker & Peebles (1973) that spiral galaxies must
be embedded in massive, more or less spherical haloes, in order for the cold stellar disks to
be stable against bar-like instabilities. However, Kalnajs (1983) and later Kent (1986, 1988)
showed that, with an appropriate choice for the mass-to-light ratios of the bulges and disks,
the shape of the optical rotation curves of many galaxies can be explained from the luminous
matter alone, once more causing doubt on whether spiral galaxies really contain additional
dark matter. Even with modern, more sensitive data, optical rotation curves do not put strong
constraints on the dark matter content of galaxies (e.g. Palunas & Williams 2000); they sim-
ply do not extend out to large enough radii.

The final, irrefutable evidence for large quantities of dark matter in spiral galaxies came
from the observations of the rotation velocities of neutral hydrogen in their extended gas
disks. Early observations of the H 21cm emission line using single dish radio telescopes had
barely enough sensitivity and resolution to derive spatially resolved rotation curves (e.g. Ep-
stein 1964; Roberts 1966), let alone to make strong statements about the total mass distribu-
tion. With the advent of synthesis radio telescopes, such as the Owens Valley interferometer
and the Westerbork Synthesis Radio Telescope (WSRT), in the late sixties and early seven-
ties, detailed observations of the kinematics of the gas in external galaxies became possible.
Rogstad & Shostak (1972), Shostak (1973) and especially Bosma (1978, 1981a,b) showed
that the rotation curves of the gas in almost all spiral galaxies remain flat even far outside



H  13

the optical disks. Since, in general, the luminous matter is concentrated at much smaller
radii than the last measured points in their rotation curves, the rotation velocities in the outer
regions were expected to fall in near-Keplerian fashion. The observed flatness of the rota-
tion curves therefore led to the now widely accepted view that spiral galaxies contain large
amounts of unseen matter (Faber & Gallagher 1979; Bosma 1981b; van Albada et al. 1985;
van Albada & Sancisi 1986; Begeman 1987).

1.1.3 the distribution of dark matter in disk galaxies and its relation with the luminous
components

Once the presence of dark matter in disk galaxies was established, attention shifted to ques-
tions regarding its distribution and its relation with the luminous matter. One fundamental
question was whether dark matter starts to dominate the gravitational potential only at large
radii with the luminous matter dominating in the inner regions, or whether the dark matter
dominates at all radii with the luminous matter simply responding to the gravitational field of
the dark matter.

Rubin (1983), Rubin et al. (1985) and Burstein & Rubin (1985) noted that the shape and
amplitude of (optical) rotation curves are governed by the optical luminosity of a galaxy:
slowly rising and low amplitude for low-luminosity galaxies, high central gradient and high
rotation velocities for high-luminosity systems. But they found no dependence of rotation
curve shape on morphological type or on the shape of the light distribution, implying that
the luminous matter is dynamically unimportant and that dark matter dominates the gravita-
tional potential everywhere. The dependence of the shape of rotation curves on the galaxy’s
luminosities inspired Persic & Salucci (1991) to a search for a Universal Rotation Curve;
in Persic et al. (1996), they claimed that all observed rotation curves can be described as a
simple analytic formula depending only on the luminosity of the galaxies.

In contrast, van Albada & Sancisi (1986) introduced the ‘maximum-disk hypothesis’,
claiming that the luminous matter dominates the dynamics in the inner parts of galaxies, with
the dark component overtaking in the outer regions. This was inspired by, among others, the
aforementioned results of Kalnajs (1983). He showed that the shape of the rotation curves
in the inner regions, including small-scale features, can be reproduced very well by scaling
up (i.e. by assuming a suitably high mass-to-light ratio) the contributions of the luminous
matter (cf. Casertano 1983; Kent 1986, 1988). Corradi & Capaccioli (1990) and Casertano
& van Gorkom (1991) showed that the shape of rotation curves is not only related to the total
luminosity, but also to the shape of the light distribution and that, for example, early-type
spiral galaxies with concentrated light distributions have rotation curves which rise much
more rapidly than those of later-type systems and sometimes decline at large radii. This
implies that the luminous matter is dynamically important. The dependence of rotation curve
shape on the optical characteristics was also confirmed by studies by e.g. Broeils (1992a),
Swaters (1999), Verheijen (2001), Matthews & Gallagher (2002) and Sancisi (2004).

The question of whether or not disks of galaxies are ‘maximal’ has not received a satis-
factory answer yet. The maximum-disk hypothesis has proven successful in explaining the
shapes of observed rotation curves in the inner regions of many galaxies (Athanassoula et al.
1987; Begeman 1989; Sellwood & Sanders 1988; Broeils 1992a; Verheijen 1997; Sackett
1997; Swaters 1999; Palunas & Williams 2000; Weiner et al. 2001). However, there is no
conclusive evidence for the maximum-disk hypothesis. In most galaxies, the observed ro-
tation curves can equally well be fitted with a lower stellar mass-to-light ratio and a larger
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contribution of the dark matter (e.g. van Albada et al. 1985; Verheijen 1997; Swaters 1999)
and many studies have provided indications for sub-maximal disks (e.g. Kuijken & Gilmore
1989; Bottema 1993; Courteau & Rix 1999; Kranz et al. 2001; Kregel et al. 2005; Pizagno
et al. 2005). It has been suggested that there is a general trend of the relative importance of the
stellar mass with luminosity and surface brightness, in the sense that low luminosity and low
surface brightness galaxies are dominated by dark matter everywhere and high luminosity,
high surface brightness systems are ‘maximum disk’ (Persic & Salucci 1988; Ashman 1992;
Persic et al. 1996; de Blok & McGaugh 1997; Bottema 1997; Kranz et al. 2003). However,
these are only hints and the exact nature of such a trend is still unclear.

Another question which has only recently received much attention is that of the spatial
distribution of dark matter. Usually, it is assumed that the dark matter is distributed in large,
more or less spherical haloes extending far beyond the luminous disks. This is in accordance
with the claim by Ostriker & Peebles (1973) that such haloes are required to protect the
cold disks against bar-like instabilities. However, Sellwood (1985) and Hozumi et al. (1987)
showed that central bulges can do this to a large extent as well, removing at least partly the
need for spherical haloes.

From the observational point of view, little information exists regarding the distribution
of dark matter perpendicular to the disks. A variety of methods have been used to infer the
flattening of the dark matter haloes, but the constraints are usually weak and yield a wide
range of axis ratios. Sackett & Sparke (1990) and Sackett et al. (1994) used the dynamics
of the polar ring of NGC 4650A to infer a considerably flattened halo (axis ratio q ≈ 0.3 –
0.4). In contrast, Combes & Arnaboldi (1996) studied the same system and showed that a
wide range of dark halo shapes, including even prolate ones, fit the data. Sparke & Casertano
(1988) and Hofner & Sparke (1994) modelled the shapes of warps and derived only moderate
halo flattenings (q ≈ 0.6 – 1.0). Olling (1996) used the vertical flaring of the gas layer in the
outer parts of NGC 4244 to derive a highly flattened dark halo (q ≈ 0.2). The dark halo of
our own Milky Way, however, appears to be nearly spherical (e.g. Olling & Merrifield 2000,
2001; Ibata et al. 2001). In short, there is no general consensus yet on the vertical distribution
of dark matter. The common assumption of sphericity is a convenient working hypothesis,
but it should be remembered that the true shape of dark matter haloes may deviate strongly
from this idealised case.

The radial distribution of dark matter is somewhat better constrained by the observa-
tions, although the maximal-minimal disk degeneracy described above usually prevents an
unambiguous determination of the dark matter density profile. The fact that so many rotation
curves are (nearly) flat at large radii implies that the dark matter density at the corresponding
radii must fall off as 1/r2. At even larger radii, the density must fall off faster than this, other-
wise the total mass becomes unbound. However, no clear evidence for the truncation of dark
matter haloes has so far been seen in any observed rotation curve and it must occur (well)
outside the extended gas disks. The most promising method to probe the density distribution
of dark matter at large scales seems to be weak lensing. Indeed, using this method, Hoekstra
et al. (2004) claimed to have found evidence for a steepening at large radii of the dark matter
density profiles.

The shape of the dark matter density profiles in the inner parts of galaxies is still contro-
versial. Historically, most authors assumed density distributions with constant density ‘cores’
in the center. However, modern N-body simulations of structure formation and galaxy evo-
lution in a cold dark matter (CDM) universe predict that dark matter haloes have ‘cusps’,



T  15

i.e. that the density keeps increasing as a power-law (ρ ∝ r−α) till small radii, with logarith-
mic slopes α between 1 and 1.5 (Navarro et al. 1996, 1997, 2004; Moore et al. 1998, 1999;
Hayashi et al. 2004). Some authors have recently claimed that observed rotation curves, in
particular those of low surface brightness and dwarf galaxies, are inconsistent with these pre-
dictions and that models with ‘cuspy’ dark matter haloes fit the data less well than ‘cored’
models (McGaugh & de Blok 1998a; de Blok et al. 2001a,b, 2003; Salucci 2001; Blais-
Ouellette et al. 2001; Gentile et al. 2004). Others claim that the apparent inconsistency can
largely be attributed to systematic effects and that observed rotation curves are still con-
sistent with central density cusps (van den Bosch et al. 2000; van den Bosch & Swaters
2001; Swaters et al. 2003; Spekkens et al. 2005). Clearly, if the discrepancies between the
model predictions and the observed rotation curves persist, they will force us to reconsider
our understanding of the nature of dark matter and/or the processes of galaxy formation and
evolution.

1.2 This thesis

1.2.1 motivation

For a clear picture of the systematics of the content and distribution of dark matter in galax-
ies and its relation to the luminous components, it is of crucial importance to study rotation
curves in a large sample of galaxies, spanning a range of morphological types, luminosi-
ties, surface brightnesses, environments, etc. Early work towards such an inventory was
done by Rubin and collaborators (e.g. Rubin et al. 1985; Burstein & Rubin 1985) and Kent
(1986). However, these studies were based on optical rotation curves. As was already ar-
gued above, strong constraints on the dark matter distribution can only be obtained from H
rotation curves.

Bosma (1978, 1981a,b) was the first to observe a substantial sample of spiral galaxies, of
various morphological types, in H. His discovery that H rotation curves remain flat far out-
side the optical disks provided convincing evidence that spiral galaxies contain large amounts
of unseen matter (see section 1.1.2). Bosma’s work was continued and expanded by, among
others, Casertano & van Gorkom (1991) and Broeils (1992a), who collected respectively 28
and 23 H rotation curves and investigated trends with luminosity, size and morphological
type. With increased sensitivity of modern radio synthesis telescopes, such as the WSRT and
the VLA, large surveys became feasible. Many studies have been carried out in recent years,
producing a large number of rotation curves and causing significant progress in our under-
standing of the systematics of dark matter in galaxies (e.g. de Blok et al. 1996; Swaters 1999;
Côté et al. 2000; Verheijen 2001; Gentile et al. 2004).

Most of these recent studies, however, have focused on late-type and low luminosity or
low surface brightness galaxies. Massive and early-type disk galaxies have received con-
siderably less attention since the early studies of Bosma (1978) and Broeils (1992a), which
themselves contained only a handful of such systems: only one galaxy in Broeils’ sample was
of morphological type earlier than Sb and only four had Vmax > 250 km s−1. The main reason
for this bias against early-type and high-luminosity galaxies is the fact that they generally
contain less gas than their late-type counterparts (relative to the stellar luminosity; Roberts &
Haynes 1994), making high-quality H observations much more difficult and time-consuming.
For example, van Driel (1987) studied the distribution and kinematics of H in a sample of S0
and Sa galaxies, but his study was severely hampered by the low signal-to-noise ratio of his
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data and his rotation curves were of rather poor quality compared to modern standards. The
only recent H study specifically aimed at early-type spiral galaxies was carried out by Jore
and collaborators with the VLA (Jore 1997), but they focused mainly on asymmetries and ev-
idence for interactions and mergers (Haynes et al. 2000; Kornreich et al. 2001) and presented
mass models for one Sa galaxy only (NGC 4138; Jore et al. 1996). S0 and Sa galaxies were
also severely under-represented in the study by Persic et al. (1996). Their Universal Rotation
Curve was based on the optical rotation curves of 965 Sb – Sd galaxies from Mathewson et al.
(1992), supplemented with 131 rotation curves from various sources (including a number of
H rotation curves); their final sample contained only 2 galaxies of type Sab or earlier.

Early-type disk galaxies form the high mass, high surface brightness end of the disk
galaxy population (Roberts & Haynes 1994). While the late-type spiral and irregular galax-
ies at the other end of the population are generally believed to be dominated by dark matter
(Carignan & Freeman 1988, Broeils 1992a, but see Swaters 1999), little yet is known about
the relative importance of dark and luminous matter in early-type disks. The few systems
studied in the past showed indications that the rotation curves of massive spiral galaxies (es-
pecially those with concentrated light distributions) are declining (Casertano & van Gorkom
1991; Broeils 1992a). This suggested that these systems mark the ‘end of a conspiracy’ be-
tween dark and luminous matter, which, in most spiral galaxies, conspire to form a rotation
curve that is flat out to large radii (van Albada & Sancisi 1986). Casertano & van Gorkom
(1991) and Broeils (1992a) interpreted the rotation curve shapes of these galaxies as evidence
that they were dominated by the luminous matter in the inner regions, but whether this is truly
a common feature of all early-type disks or whether the declines in the rotation curves were
a peculiarity of the galaxies studied was not clear.

This thesis aims to fill the lack of data on the relation between dark and luminous matter
in early-type disk galaxies. We have undertaken an observational study of the rotation curves
and dark matter in a sample of nearby, early-type (S0 – Sab) disk galaxies. The goal of our
study is to obtain an overview of the systematics of rotation curves in these systems and to
gain more insight in the dark matter content and distribution and its relation with the luminous
components.

1.2.2 outline of the chapters

A study of dark matter in galaxies requires several pieces of information and this thesis con-
tains the results of a number of independent observational projects. In chapter 2, we present
H observations for 68 nearby galaxies with morphological types between S0 and Sab. They
were done using the Westerbork Synthesis Radio Telescope (WSRT), in the larger framework
of the WHISP project (Westerbork H survey of spiral and irregular galaxies; Kamphuis et al.
1996; van der Hulst et al. 2001). The WSRT has recently been equipped with a more pow-
erful correlator and new cooled front-ends on all dishes, improving the sensitivity for 21cm
line observations by approximately a factor of 3. With the current sensitivity, a large number
of early-type disk galaxies could be observed in single 12 hour sessions and our study greatly
increases the number of such systems mapped in H. We present an atlas of H surface density
maps, velocity fields, global profiles and radial surface density distributions for all galaxies
in the sample and briefly discuss their basic H properties and their relation to the optical
characteristics.

In chapter 3, we study the stellar light distribution in a subsample of the galaxies pre-
sented in chapter 2. We have obtained deep, multi-colour optical images which are used
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to derive isophotal and photometric data and radial surface brightness profiles. We present
a new method to decompose our images into contributions from a spheroidal bulge with a
general Sérsic profile and an arbitrary flattening and a flat disk with an arbitrary intensity
distribution. We discuss several correlations between different bulge and disk parameters and
their implications for theories of galaxy formation.

In chapter 4, we use the H velocity fields from chapter 2 to derive rotation curves for
a subset of 19 galaxies. The H data are supplemented with optical long-slit spectroscopic
observations to resolve the steep velocity gradients which were found to be present in the
centers of our galaxies. The use of optical data ensures that our rotation curves are not affected
by beam smearing in the radio data and allows us to derive accurate rotation velocities on
scales ranging from 100 parsecs to 100 kpc. We present an extensive discussion on the shapes
of our rotation curves and correlations with the optical properties of the galaxies. We show
that the shape of the inner rotation curves is correlated with the shape of the light distribution
and interpret this as a strong indication that the dynamics in the central regions are dominated
by the stellar mass. We also show that many galaxies in our sample have declining rotation
curves at intermediate radii, but that in all cases the rotation curves flatten out at large radii.
We find no cases with a fully Keplerian decline in the outer regions, indicating that substantial
amounts of dark matter must be present in early-type disk galaxies too.

In chapter 5, we discuss the location of the galaxies from chapter 4 on the Tully-Fisher
relation. We show that massive galaxies with declining rotation curves lie systematically to
the right of the relation defined by the less massive systems, causing a ‘kink’ in the relation
around 200 km/s. We also show that this change in slope largely disappears when we use
the asymptotic rotation velocity as kinematic parameter, instead of the maximum rotation
velocity or global H line width, and that the remaining deviations from linearity can be
removed when we simultaneously use the total baryonic mass (stars + gas) instead of the
optical or near-infrared luminosity. We briefly discuss the implications of our results for
studies of galaxy evolution and for the physical basis of the Tully-Fisher relation.

In chapter 6, we combine the results from chapters 2 – 4 to create detailed mass models
for 17 early-type disk galaxies. We present a new method to deproject the observed intensity
distribution of a flattened bulge and to calculate its contribution to the observed rotation curve.
The mass models provide additional evidence that bulges dominate the gravitational potential
in the inner regions and must be at least close to ‘maximal’. We also discuss the constraints
on the disk mass-to-light ratios and on the dark matter distribution and we compare our data
to predictions from simulations of structure formation in a universe dominated by cold dark
matter.

Finally, in chapter 7, we summarise the main conclusions of the previous chapters and
give some suggestions for future work.

1.3 Subjects not covered in this study

Obtaining a PhD requires mastering the art of knowing when to stop. A number of issues
pertaining to dark matter in disk galaxies are not covered in this thesis.

1.3.1 alternatives to dark matter: MOND

A fundamental assumption in all studies mentioned so far is that the Newtonian description of
gravity (or, on cosmological scales, General Relativity) is adequate. This may not be the case
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and other explanations than dark matter have been proposed to explain the observed mass
discrepancies in the universe and in individual galaxies. In particular, Milgrom (1983) for-
mulated an alternative theory of gravity (Modified Newtonian Dynamics; MOND) in which
the normal Newtonian description breaks down at low accelerations. In MOND, rotation
curves naturally become flat at large radii and MOND has proven remarkably successful in
explaining the shape of rotation curves without the need for additional dark matter (Sanders
1996; McGaugh & de Blok 1998a; Sanders & Verheijen 1998; de Blok & McGaugh 1998;
Sanders & McGaugh 2002). MOND also naturally predicts a slope of the Tully-Fisher re-
lation of 4, very close to the observed value (McGaugh & de Blok 1998b; McGaugh et al.
2000). Nevertheless, despite its successes, MOND also suffers from some considerable prob-
lems. The most serious drawback is that, until very recently, MOND has lacked a satisfactory
theoretical basis and was not much more than an empirical fitting formula (see the review by
Sanders & McGaugh 2002, and references therein). If, however, a unifying theory of gravity
can be formulated which encompasses both general relativity in the strong field regime and
MOND in the limit of weak accelerations (such as attempted in the recent work of Bekenstein
2004), the entire concept of dark matter may turn out to be a historical error.

In this thesis, I will restrict myself to classical Newtonian gravity and interpret the ob-
served mass discrepancies in early-type disk galaxies in the context of dark matter. Although
it would be interesting to study the rotation curves of our massive, early-type disk galaxies in
the context of MOND, a confrontation of MOND with the data presented in this thesis will
be postponed to a later time.

1.3.2 the nature of dark matter

This thesis does not address the fundamental issue of the nature of dark matter either. Al-
though a proper understanding of the systematics of dark matter in galaxies may, in the long
term, help to constrain the nature and properties of dark matter, such issues cannot be ad-
dressed with the current study. I hope that the results presented in this thesis can provide a
small new piece to the puzzle of dark matter and that they may eventually contribute to the
unravelling of this intriguing mystery.




