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1Introduction

ABSTRACT

In this thesis a study of the rotation curves and the dark matter properties of late-type dwarf
galaxies is presented.
This introduction chapter gives a brief overview of the history of dark matter research, empha-
sizing the discovery of dark matter in spiral and late-type dwarf galaxies. Next, the goals of this
study are given. Finally, the outline of this thesis is presented.

1 Mass discrepancies

The discovery of a significant discrepancy between the lumi-
nous and the dynamical mass was made by Zwicky (1933).
From observations of the radial velocities of eight galaxies
in the Coma cluster, Zwicky found an unexpectedly large ve-
locity dispersion of 1019�360 km s−1. Zwicky applied the
virial theorem to measure the total mass of the cluster, and
found that the total mass density was about 50 times higher
than the mass density expected from the luminous matter.
Zwicky concluded that a large amount of non-luminous mat-
ter is required if the Coma cluster is in dynamical equilib-
rium (see also Zwicky 1937). Although Zwicky’s data was
of low quality according to modern standards, his principle
result has survived (e.g. Colless & Dunn 1996).

Babcock (1939) obtained long-slit spectra of the An-
dromeda galaxy M31, which showed that the outer regions
of M31 were rotating with a higher velocity than expected
from the stellar mass, indicating either a high mass-to-light
ratio in the outer regions, or strong dust absorption. Free-
man (1970) pointed out that the rotation curves of NGC 300
and M 33, as measured from HI observations, did not show
the approximately Keplerian decline as expected for an ex-
ponential light distribution. He concluded that there must be
additional matter which is undetected, with a mass at least as
large as the detected galaxy and with a distribution different
from the exponential distribution of the optical galaxy.

With the advent of synthesis radio telescopes in the late
sixties, such as the Owens Valley Radio Observatory and
especially the Westerbork Synthesis Radio Telescope in the
early seventies, HI observations with sufficient resolution
and sensitivity became possible. As one of the first results

of these radio synthesis observations, Rogstad & Shostak
(1972) and Roberts & Rots (1973) found that the rotation
curves of spiral galaxies decline slowly, if at all, indicating
that their total masses increase linearly with radius. Roberts
& Whitehurst (1975) determined the rotation curve of M31
out to 30 kpc and found that the rotational velocity remained
constant at large radii. They concluded that the mass-to-light
ratio had to exceed 200 in the outer parts. At the same time,
Ostriker & Peebles (1973) proposed the existence of mas-
sive, more or less spherical components that surround the
visible parts of spiral galaxies, in order to stabilize the cold,
self-gravitating axisymmetric disks against bar-like modes.

The first extensive study of mass distributions of a sam-
ple of 25 spiral galaxies from HI rotation curves was done
by Bosma (1978, 1981a,b). He showed that the HI rota-
tion curves of the majority of spiral galaxies indeed remain
more or less flat out to the last measured point, far beyond
the optical radius. Bosma did not have detailed information
about the light distribution, and therefore was limited to the
conclusions that the local mass-to-light ratio has to increase
with radius, and that there still must be substantial amounts
of mass outside the radius of the last measured point on the
rotation curves.

At the same time, Rubin, Ford & Thonnard (1978, 1980)
carried out an extensive program to obtain optical rotation
curves for several tens of spiral galaxies, with morphological
types ranging from Sa to Sc. In general, their rotation curves
extend to slightly less than the optical radius. They also
found that the rotation curves of the spiral galaxies were ap-
proximately flat, and concluded that significant amounts of
non-luminous matter must exist beyond the optical galaxy,
consistent with the dark halos suggested by Ostriker & Pee-

1



2 Dark Matter in Late-type Dwarf Galaxies

bles (1973).
In a comparison of four observed optical rotation curves

and the rotation curves as expected from the stellar light dis-
tribution, Kalnajs (1983) showed that the approximately flat
rotation curves could be reconciled with the observed dis-
tribution of light. This point was later confirmed by Kent
(1986), based on the optical rotation curves of several tens
of galaxies, obtained by Rubin et al (1985). The main con-
clusion of this work was that the rotation curves inside a
large fraction of the optical disk could be well explained by
the observed light distribution and the assumption of a con-
stant mass-to-light ratio at all radii in the stellar disk.

Van Albada et al (1985) demonstrated that the extended
HI rotation curve of NGC 3198 cannot be explained by the
stellar disk at all. They showed that the contribution of the
stellar disk to the rotation curve can only be scaled to ex-
plain the inner parts of the observed rotation curve if a con-
stant stellar mass-to-light ratio is assumed. At larger radii
there is an enormous discrepancy between the observed ro-
tation curve and the rotation curve expected from the stellar
disk. They determined the minimum amount of dark matter
necessary to explain the observed rotation curve, by assum-
ing that the stellar disk explains most of the inner rotation
curve, and found that within a radius of 30 kpc, there has to
be at least four times more dark matter than visible matter.
Begeman (1987) has confirmed these findings for a sample
of eight spiral galaxies, and found that there has to be at
least three times more dark than visible matter inside two
Holmberg radii.

The studies presented above led to the conclusion that
there exist large amounts of dark matter in galaxies (unless
one assumes an alternative law of gravity, such as proposed
by e.g. Milgrom 1983, see also Sanders 1996, Sanders &
Verheijen 1998). Even though the existence of dark mat-
ter seems established, its amount and distribution are still
unknown. One of the main problems of determining the
amount of dark matter in galaxies has been the uncertainty
in the stellar mass-to-light ratio. Van Albada et al (1985) al-
ready showed that mass models with different stellar mass-
to-light ratios can produce equally well fitting mass models,
demonstrating that the rotation curves do not provide useful
limits on the stellar mass-to-light ratio. For galaxies with
bulges, the uncertainty in the mass models increases, be-
cause in these galaxies there are two mass components with
uncertain contributions.

One of the first attempts to measure the stellar mass-to-
light ratio directly was made by Bottema (1993, and refer-
ences therein). He has determined the mass density in stellar
disks directly from measurements of the vertical stellar ve-
locity dispersion. From this he found that on average the
stellar disks have a peak rotation velocity of about 63% of
the flat part of the rotation curve.

2 Dark matter in dwarf galaxies

The first extragalactic systems to be mapped in HI and have
their kinematics revealed were two late-type dwarf galaxies:
the Magellanic Clouds. Kerr, Hindman & Robinson (1954)
mapped the LMC and the SMC with a 36 foot antenna. Al-

though the rotation curve that was derived from these HI
observations was not correct, these HI observations were
important for understanding the kinematics of the Clouds
because they showed beyond doubt that they were rotating
(Kerr & de Vaucouleurs 1955).

Some of the dwarf galaxies that were studied in the
early 1960s with single dish radio telescopes showed signs
of rotation, whereas others did not, mostly because of poor
spatial and velocity resolution. Volders & Högbom (1961)
found signs of rotation in NGC 6822, but not in IC 1613,
Roberts (1962) found no rotation in IC 10, and Epstein
(1964) found clear rotation in NGC 3109.

Later observations showed that most late-type dwarf
galaxies are rotating, although with lower amplitudes than
spiral galaxies. This was placed on a firm footing after the
introduction of interferometers. Because of the increased
spatial resolution with these instruments as compared to sin-
gle dish instruments, the number of late-type dwarf galax-
ies for which the kinematics could be studied grew signif-
icantly. Nine out of the ten late-type dwarf galaxies stud-
ied by Rogstad, Rougoor & Whiteoak (1967) showed clear
signs of rotation. With the Westerbork Synthesis Radio Tele-
scope, it became routinely possible to map HI distribution
and kinematics in galaxies. Based on several studies, the
general picture emerged that late-type dwarf galaxies have
rotation curves with low amplitudes, slowly rising to the last
measured point (e.g., Shostak 1974, Tully et al 1978)

In the early 1980s late-type dwarf galaxies were studied
with renewed interest, in view of the results on dark matter
in spiral galaxies in the preceding years. Late-type spiral
and dwarf galaxies were considered excellent laboratories
to study the basic properties of dark halos, because of the
fact that they have little or no bulge. Hence, mass modeling
only included one luminous component, making the derived
dark matter properties perhaps more certain.

The first mass models for late-dwarf galaxies based on
HI rotation curves, indicated that the dark matter properties
of these galaxies were similar to those of spiral galaxies,
with similar dark to luminous mass ratios (Carignan 1985,
Carignan, Sancisi & van Albada 1988), suggesting that these
properties were more or less constant over a factor of a thou-
sand in galaxy luminosity.

A rotation curve study of the dwarf galaxy DDO 154,
one of the most gas-rich galaxies known, indicated, how-
ever, that this galaxy is dominated by dark matter at all
radii, even well within the optical disk (Carignan & Free-
man 1988, Carignan & Beaulieu 1989). This galaxy has
since become one of the prototypes of dark matter domi-
nated late-type dwarf galaxies.

Other late-type dwarf galaxies show a spread in dark
matter properties. Most are found to be dominated by dark
matter: NGC 3109 (Jobin & Carignan 1990), NGC 5585
(Côté, Carignan & Sancisi 1991), DDO 168 (Broeils 1992a),
IC 2574 (Martimbeau, Carignan & Roy 1994), NGC 2915
(Meurer et al 1996), five dwarfs in the Sculptor and Centau-
rus A groups (Côté 1995, see also Côté, Freeman & Carig-
nan 1997) and NGC 5204 (Sicotte & Carignan 1997). On
the other hand, there are a number of dwarf galaxies for
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which the light can be scaled to explain a significant part
of the observed rotation curve: the four late-type dwarf
galaxies in the Virgo clusters studied by Skillman et al
(1987), DDO 170 (Lake, Schommer & van Gorkom 1990),
DDO 105 (Broeils 1992a), NGC 1560 (Broeils 1992b), most
of the late-type dwarf galaxies presented in van Zee et al
(1997) and the Large Magellanic Cloud (Kim et al 1998).

Despite the fact that, to date, rotation curves have been
measured for about 20 late-type dwarf galaxies, there have
only been few studies that investigated the relations between
dark and luminous properties for a large sample of dwarf
galaxies. The studies by Broeils (1992a) and Côté (1995)
were done at a time when fewer dwarf galaxy rotation curves
had been published and both studies comprised only eight
late-type dwarf galaxies, with a partial overlap between the
two samples. Based on these small samples the conclusions
were that both the dark to luminous mass ratio and the cen-
tral mass density of the dark halo increase towards lower
luminosities, but also that there is a large spread among the
dark matter properties of dwarf galaxies.

The studies discussed above have led to the commonly
accepted picture that in late-type dwarf galaxies the contri-
bution of the stellar disk to the observed rotation curve is in-
significant, even for the so-called maximum disk case, and
that late-type dwarf galaxies are dominated by dark matter
at all radii, even well inside the optical disk.

3 Goals of this thesis

At the time this thesis project was initiated, only a handful of
late-type dwarf galaxy rotation curves had been published.
The dwarf galaxies that had been studied were observed with
different instrumental setups on different telescopes, and the
rotation curves had been derived with different procedures.
In some studies the observations were corrected for the ef-
fects of beam smearing, whereas in others they were not.
Also, most of the galaxies had been selected on the basis
of their high HI content, and as a result, most of them have
relatively extended HI disks. This led to high dark matter
fractions as evaluated from the last measured point of the
rotation curve. The reported spread in dark matter prop-
erties (Broeils 1992a, Côté 1995) may well have been the
result of these inhomogeneities in the selection criteria, the
observations and the analyses of the observations.

In order to improve the observational situation and to
study the dark matter properties of late-type dwarf galaxies
in a statistical sense, we started a project to obtain optical
imaging and uniform HI observations for a large sample of
dwarf galaxies. Except for a lower cutoff in HI flux density
to ensure that the galaxies could be observed with sufficient
signal-to-noise, there was no selection on relative HI con-
tent. This sample is therefore well suited for a study of dark
matter properties of late-type dwarf galaxies.

The specific goals of this project are twofold. The first is
to study the dark matter properties of late-type dwarf galax-
ies. As is clear from the brief history given in the previ-
ous section, there is general agreement that late-type dwarf
galaxies are dominated by dark matter, but there are indi-
cations that there is a significant spread in the dark matter

properties of these dwarf galaxies. In this thesis we will in-
vestigate whether this spread is real, and if so, if there are
underlying trends with other galaxy properties that may ex-
plain this spread, or whether the spread is perhaps the result
of a spread in selection criteria, instrumentation or method
of analysis.

The second goal is to investigate possible trends between
the luminous properties on the one hand and the rotation
curve and dark matter properties on the other. A lot of work
has been done relating the rotation curve shapes with the lu-
minous properties of galaxies (e.g., Rubin et al 1985, Caser-
tano & van Gorkom 1991, Persic, Salucci & Stel 1996), but
most of this work focused on spiral galaxies. Systematic
studies of dark matter properties over a large range of galaxy
morphologies and luminosities suggest that the lower lumi-
nosity galaxies are more dominated by dark matter (Broeils
1992a, Persic et al 1996). A sample such as the one pre-
sented in this thesis provides an excellent opportunity to in-
vestigate whether the trends found among spiral galaxies ex-
tend into the dwarf galaxy regime.

4 Outline of this thesis

For a systematic study of dwarf galaxy rotation curves and
dark matter properties, a large sample of dwarf galaxies
is needed, with both optical and HI observations. In the
first half of this thesis, the observational data are presented.
Chapter 2 presents the optical R-band imaging of a sample of
171 late-type dwarf galaxies, obtained with the 2.5m Isaac
Newton Telescope at La Palma. From these observations,
isophotal and photometric parameters have been derived,
together with radial light profiles, which are needed in the
mass modeling. In Chapter 3 global HI properties and ra-
dial profiles are presented, as derived from HI observations
with the Westerbork Synthesis Radio Telescope for a sample
of 73 late-type dwarf galaxies.

In Chapter 4 the kinematics of the late-type dwarf galax-
ies are briefly discussed, and the rotation curves are pre-
sented. The rotation curves have been derived with a method
that made it is possible to correct to a large extent for the
effects of beam smearing. In Chapter 5, the kinematics of
two galaxies are highlighted, which are prototypical exam-
ples of kinematically lopsided galaxies. With the radial light
profiles, radial HI profiles and the rotation curves available,
the dark matter properties, as derived from fitting mass mod-
els to the observed rotation curves, are studied in Chapter 6.
The largest source of uncertainty in the mass modeling is
the contribution of the stellar disk to the rotation curve. In
Chapter 7 a measurement of the stellar velocity dispersion
in the late-type dwarf galaxy UGC 4325, obtained with the
4.2m William Herschel Telescope at La Palma, is presented
and used to estimate the stellar mass-to-light ratio for this
galaxy.

Apart from the late-type dwarf galaxies, the sample pre-
sented in this thesis also contains a number of low surface
brightness galaxies of the kind that were studied in detail by
de Blok, McGaugh & van der Hulst (1996). These galaxies
are presented in Chapter 6, together with the dwarf galax-
ies. In Chapter 8, we present observations obtained with the
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20000 Hale Telescope at Palomar Observatory of five low sur-
face brightness galaxies that are also in the sample studied
by de Blok et al (1996).

Finally, the summary and conclusions of this thesis are
presented in Chapter 9.
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