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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-
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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



Chapter 1. Introduction 3

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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2R-band Surface
Photometry of Late-type
Dwarf Galaxies

ABSTRACT

R-band surface photometry is presented for 171 late-type dwarf and irregular galaxies. For a
subsample of 46 galaxies B-band photometry is presented as well. We present surface brightness
profiles as well as isophotal and photometric parameters including magnitudes, diameters and
central surface brightnesses. Absolute photometry is accurate to 0.1 mag or better for 77% of the
sample. For over 85% of the galaxies the radial surface brightness profiles are consistent with
published data within the measured photometric uncertainty. Flatfielding errors have a median
value of 0.22%.
For most of the galaxies in the sample HI data have been obtained with the Westerbork Synthesis
Radio Telescope. The galaxies in our sample are part of the WHISP project (Westerbork HI
Survey of Spiral and Irregular Galaxies), which aims at mapping about 500 nearby spiral and
irregular galaxies in HI. The availability of HI data makes this data set useful for a wide range of
studies of the structure, population, dark matter content and dynamics of late-type dwarf galaxies.

1 Introduction

Dwarf galaxies play a key role in several current issues in
extragalactic astronomy. Studies of the galaxy luminosity
function in different environments have showed that dwarf
galaxies are the most numerous galaxy type (e.g., Loveday
1997, Marzke et al 1998). In theories of hierarchical struc-
ture formation, the smallest galaxies form first and may later
merge into larger ones. In this picture, dwarf galaxies are the
building blocks of galaxies, and as such provide information
on galaxy formation and evolution. The nearest dwarf galax-
ies can be resolved into their individual stars using ground
based or HST observations and can therefore be used to
study the fossil star formation record (Whitelock & Can-
non 1999). Spectrophotometric studies reveal that late-type
dwarfs have low metalicities and dust contents (e.g., Skill-
man, Kennicutt & Hodge 1989, Lisenfeld & Ferrara 1998).
In combination with the observed high gas fractions (e.g.,
Staveley-Smith et al 1992, Hoffman et al 1996), this sug-
gests that these galaxies have evolved slowly.

Previous studies of the rotation curves of late-type dwarf
galaxies have found that they have high dark matter fractions
(e.g., Carignan & Beaulieu 1989, Broeils 1992, Côté 1995).
In contrast with these results, the rotation curves presented
in Chapter 4, and the mass models based on these presented

in Chapter 6, are consistent with much higher contributions
of luminous matter and dark matter fractions similar to those
of bright spiral galaxies. In any case, dwarf galaxies are
essential for studies of dark matter in galaxies, because they
extend the range in luminosity and surface brightness over
which dark matter properties can be studied. To date, little
is known about the relations between the luminous and dark
matter properties of dwarf galaxies, or about the relations
between the light distribution and the rotation curve shapes.
A systematic study of a large sample is needed to address
such issues.

To this end, we have started a project to obtain neu-
tral hydrogen observations for a sample of 75 dwarf galax-
ies. These observations are part of the much larger WHISP
project (for a more detailed description of this project and
its goals, see Chapter 3). From the HI observations the
rotation curves will be derived (see Chapter 4), and from
these the dark matter properties through detailed mass mod-
eling (see Chapter 6). For the mass modeling it is essen-
tial to know the contribution of the stellar disk to the rota-
tion curve, which can be derived from radial surface bright-
ness profiles. The data presented here will provide these
surface brightness profiles, together with global parameters,
such as magnitudes, diameters, disk scale lengths and sur-
face brightnesses.

5
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The optical R-band data presented in this chapter are part
of a project to obtain R-band photometry for all galaxies in
the WHISP sample. The remaining data will be presented
elsewhere.

The outline of the chapter is as follows. Section 2 de-
scribes the construction of the sample. In Section 3 the dis-
tance uncertainties for the dwarf galaxies in our sample are
discussed. Section 4 describes the observations and the data
reduction steps. In Section 5 the ellipse fitting used to derive
the surface brightness, ellipticity and position angle profiles
is described. Section 6 presents the global photometric pa-
rameters obtained from the data, and section 7 describes the
internal checks on our surface photometry, the comparison
of our profiles to those of other authors and the comparison
of global parameters to catalog values. Section 8 gives a
brief description of the optical properties of the galaxies in
this sample. Finally, Section 9 gives a summary of the main
results.

To facilitate the reading of text and tables, all long tables
have been placed at the end of the chapter. Appendix A
presents the tables with the selected sample, the assumed
distances for all galaxies, the list of observations and the
derived optical properties. Grayscale representations of each
galaxy, together with surface brightness profiles, are given in
Appendix B.

2 Sample

The late-type dwarf galaxies presented here are part of the
much larger WHISP sample, which has been selected from
the Uppsala General Catalogue of Galaxies (UGC, Nilson
1973), and which consists of all UGC galaxies with a blue
major axis diameter larger than 1:50, �(2000) > 20�, and an
HI line flux density larger than 100 mJy (as calculated from
the ratio of total HI fluxes and profile widths as listed in
the Third Reference Catalogue of Bright Galaxies (hereafter
RC3, de Vaucouleurs et al 1991)). These criteria ensure suf-
ficient resolution and a high enough signal to noise ratio for
observation with the Westerbork Synthesis Radio Telescope.

From the WHISP sample all late-type dwarf galaxies
were selected for the present study. The sample consists
of two subsamples. The first consists of galaxies with HI
flux densities above 200 mJy, that either have morpholog-
ical types later than Sd, or that have earlier morphological
types and are fainter than MB = −17. This subsample con-
tains 113 late-type dwarfs and forms the basis of a study of
HI and dark matter in late-type dwarf galaxies (see Chap-
ters 3, 4 and 6). The second subsample comprises 80 galax-
ies with flux densities between 100 and 200 mJy that were
classified as dwarf galaxies by Nilson (1973). The total sam-
ple constructed in this way contains 193 galaxies. No upper
limit was set for the diameter of the selected galaxies. For
the 200 mJy sample, no lower limit to the diameter was ap-
plied either, which resulted in the inclusion of four dwarf
galaxies with blue major axis diameters smaller than 1:50.
Furthermore, there was no selection criterion based on the
environments of these dwarfs. Isolated dwarfs as well as
dwarf companions to larger galaxies have been included in
the sample.

Besides the selection effects of the UGC, which are well
studied (Thuan & Seitzer 1979; Paturel et al 1991; de Jong
& van der Kruit 1994), the present sample has an additional
selection effect imposed by the requirement that the galax-
ies have HI measurements listed in the RC3. Not all galaxies
have been observed in HI and those that have been observed
come from studies with different scientific goals, different
telescopes and different sensitivities. In addition, the selec-
tion based on the flux density may introduce a dependency
on the inclination and the kinematic properties of the galax-
ies. Therefore the true selection function is difficult to quan-
tify. With these caveats in mind, the sample is representative
of this galaxy population as it spans the entire range of prop-
erties of late-type dwarfs.

Because morphological type was one of the main selec-
tion criteria for the sample selection, a few galaxies were
included in the sample that were assigned late morphologi-
cal types, but that proved not to be dwarf galaxies but large
irregular galaxies, such as interacting systems and peculiar
galaxies. Though these will be excluded in later studies of
the properties of late-type dwarfs, their optical properties are
presented here.

The sample of observed galaxies is listed in Table A1.
Out of the total of 193 galaxies, 171 have been observed.
The remaining 22 have been missed due to bad weather.

3 Distance uncertainties

An important source of uncertainty are the distances to the
dwarf galaxies in our sample. Here we will discuss the mag-
nitude of the distance uncertainties for each of the distance
indicators we have used.

We have used distances taken from the literature to the
late-type dwarf galaxies in our sample based on one of four
distance indicators. In order of decreasing priority these are
based on Cepheids, brightest stars, group membership and
systemic velocity. A full list of the adopted distances for all
of the galaxies in our sample, including the method used to
determine the distance, is given in Table A2. Unfortunately,
Cepheid distances are available for only three of the galaxies
in our sample. Below the specific uncertainties for the three
other methods are discussed.

3.1 Brightest stars

The accuracy of the brightest star method to determine the
distance has been subject of many discussions. There are
a number of possible problems, in particular if the bright-
est blue stars are used (e.g., Humphreys & Aaronson 1987).
The brightest stars in a galaxy may not be individual stars,
but star clusters or compact HII regions, or these stars may
be variable. In addition, it is found that the luminosity of the
brightest stars is dependent on the luminosity of their parent
galaxy, thus introducing a degeneracy in the distance deter-
mination (e.g., Humphreys 1983). The brightest red stars
suffer much less from these problems.

The reported accuracy of the brightest stars as distance
indicators differs substantially between different studies.
Rozanski & Rowan-Robinson (1994) found that the error in
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the distance modulus is 0.58 mag for the brightest red stars
and 0.90 mag for the brightest blue stars. Karachentsev &
Tikhonov (1994), on the other hand, find errors of 0.37 mag
and 0.46 mag, respectively. Lyo & Lee (1997) found, from
a comparison of distance determinations based on Cepheids
and brightest stars, that the errors in the distance moduli are
0.37 mag for the brightest red stars, and 0.55 for the bright-
est blue stars, and they conclude that the brightest red stars
are therefore useful distance indicators.

Most of the distance determinations from brightest stars,
listed in Table A2, are based on brightest red stars. With an
uncertainty in the distance modulus of 0.37 mag, the uncer-
tainty in the distance is about 20%. If the error is as high as
0.58, as found by Rozanski & Rowan-Robinson (1994), the
distance uncertainty will be about 30%.

3.2 Group membership

Distances from group membership are mostly based on the
groups identified in de Vaucouleurs (1975) and de Vau-
couleurs, de Vaucouleurs & Buta (1983). The published
distance moduli for these groups were derived from sev-
eral distance indicators: (a) from optical tertiary indica-
tors (morphological type and luminosity class); (b) from the
mean redshift of the group and a position-dependent Hub-
ble constant (varying between 70 km s−1 Mpc−1 and 110 km
s−1 Mpc−1), calibrated with spiral galaxies whose distances
were determined from tertiary distance indicators; (c) from
the Tully-Fisher relation. Unfortunately, de Vaucouleurs et
al (1983) do not list which particular distance indicator or
combination of distance indicators was used to obtain the
distance modulus they list. For the details on these distance
indicators, see de Vaucouleurs et al (1983) and references
therein.

It is clear from this discussion that the distances based
on group memberships may suffer from substantial uncer-
tainties. De Vaucouleurs (1979) claims that the uncertainty
in the distance moduli obtained from tertiary distance indi-
cators is less than 0.4 mag. The Hubble constant based on
tertiary distance indicators has an average value of about 90
km s−1 Mpc−1, higher than the currently favored value of
about 75 km s−1 Mpc−1, which may indicate that the tertiary
distance indicators tend to underestimate the distance.

Adding to this uncertainty is the fact that at small dis-
tances the depth of the group may be a significant fraction
of the group distance.

3.3 Systemic velocity

For all the galaxies in our sample a distance was calculated
from the HI systemic velocity following the prescription
given in Kraan-Korteweg (1986) to correct for Virgocentric
flow, with an adopted Hubble constant of 75 km s−1 Mpc−1.
Many of the dwarf galaxies have low systemic velocities,
and these may well be dominated by peculiar motions. As a
result, these distances derived from the systemic velocities
may have large errors, in particular for the closest galaxies.

3.4 Comparison of distances

In the top panels of Fig. 1 the comparison between the dis-
tances derived with the three different methods is shown. In
this figure, the crosses represent galaxies presented in this
chapter. The filled circles represent galaxies for which ro-
tation curves have been obtained as well, as presented in
Chapter 6.

In Fig. 1a the comparison between the distances derived
from the HI systemic velocities and group memberships is
shown. Two features stand out. Firstly, at small distances
there are a number of points that are grouped along slanted
lines. These arise because there are a number of large nearby
groups to which a substantial number of dwarfs are assigned,
such as the M81 group, the M101 group and the NGC 4736
group. Secondly, at larger distances there appears to be a
systematic difference between the group distance and the
distance derived from the systematic velocity, in the sense
that the group distances are generally smaller. This may be
the result of an underestimate of the distances determined
from tertiary distance indicators, as mentioned above. On
the other hand, almost all of these galaxies are in the same
region of the sky as the Virgo cluster. In this direction, the
relation between the systemic velocity and the distance is
less certain. This may also contribute to the differences be-
tween the two distance estimates compared in Fig. 1a.

Fig. 1b shows a comparison of the distance from the HI
systemic velocity and the brightest star distance. There ap-
pears to be a weak correlation between these two distance
estimates. Towards smaller HI distances, the ratio of HI
distance over brightest star distance decreases. All of the
galaxies for which brightest star distances are available are,
because of the nature of the method, at small distances. At
such small distances, the distances as derived from the HI
systemic velocities are uncertain.

In Fig. 1c the group distances are compared with the
brightest star distances. There is a slight indication that the
ratio plotted in Fig. 1c is below unity, indicating that dis-
tances based on group membership are smaller than those
based on brightest stars, as was also suggested above.

Another concern is that the distance estimates may de-
pend on the surface brightness of the galaxies. Although
this is unlikely for the distances derived from the HI sys-
temic velocities, it may play a role for the group member-
ship distances, which are partially based on tertiary distance
indicators, and for the brightest star distances. In Fig. 1d-f
the different distance estimates are plotted against central
disk surface brightness �R

0 . There does not appear to be a
correlation between surface brightness and the HI distance.

At first sight, the group distances do not appear to cor-
relate with surface brightness either. A closer look suggests
that the distances for the galaxies for which rotation curves
are available perhaps correlate slightly with surface bright-
ness, in the sense that lower surface brightness galaxies have
somewhat larger distances. It is unclear what is the cause of
this. It may well be a statistical fluke, it may be the result
of selection effects, or the relative scarceness of low sur-
face brightness galaxies. On the other hand, it may also be
a systematic effect introduced by the method. In any case,
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Figure 1: (a-c) Ratios of distances derived from different distance indicators, plotted against the derived distances. The distances
based on the HI systemic velocities are represented by DHI, Dgroup refers to the group membership distances, and Dbright to the
distances derived from the brightest stars. The crosses represent galaxies for which optical data are presented in this chapter,
the filled circles represent galaxies for which rotation curves have been derived as well, as presented in Chapter 6; (d-f) Derived
distances versus R-band central disk surface brightness �R

0 .

the systematic differences between the low and high surface
brightness galaxies, if real, are no larger than about 25%,
comparable to the random errors, and are therefore not likely
to introduce a systematic effect on the results presented here.

Finally, a trend is seen between the brightest star dis-
tance and the surface brightness. For low surface bright-
ness galaxies smaller distances are found. For lack of a pre-
cise distance indicator, it is unclear what causes this trend.
Again, it may be a result of selection effects. On the other
hand, it may also be that the magnitudes of the brightest
stars depend on surface brightness. The variations from low
to high surface brightness are about 25%, comparable to the
random errors.

Note that the trend with surface brightness found for
brightest star distances has a different sign than the possible
trend found between surface brightness and group distances.
Also, the low surface brightness galaxies in these two cases
are different. In the case of brightest star distances, they
are small low surface brightness dwarf galaxies, whereas
in the case of the group distances they are large low sur-
face brightness galaxies, of the kind studied by for example
McGaugh & Bothun (1994) and de Blok, van der Hulst &
Bothun (1995).

In summary, there are some indications that the group
membership distances may underestimate the true distances.
This systematic difference appears to be no larger than about
20%. In addition, the distance estimates based on brightest
stars and group membership may depend on surface bright-

ness, but these effects are probably smaller than 25%. These
systematic errors are likely to be dominated by the random
errors in the distance estimates. Based on Figs. 1a-c, we es-
timate that the largest error in distance is about 60%, and
that the typical distance uncertainty is about 30%.

4 Observations and data reduction

As mentioned in the introduction, one of the usages of the
optical data is to provide the stellar distribution for mass
modeling. For the light distribution to be close to the stel-
lar mass distribution, observations at red wavelengths are
necessary to minimize the effects of extinction and young
populations. I-band observations were not suitable because
of the brighter sky in I, making longer exposures necessary,
and because of fringing making accurate flatfielding diffi-
cult. Even longer wavelengths, such as the K-band, were
not practical because the available infrared arrays had too
small a field of view for the galaxies in the sample. This
would make mosaicing necessary and therefore require a lot
of observing time. The R-band offered the best compromise.
A possible problem in using R-band is that the H� emission
line is included in the wavelength range covered by this fil-
ter. Jansen (2000) has found that the median contribution of
H� to the R-band flux is 2.0% for late-type dwarf galaxies,
with a maximum of 8%. Gallagher & Hunter (1989) show
that radial H� profiles and the R-band radial surface bright-
ness profiles have similar shapes. Hence, we expect that the
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Table 1: List of observing runs

May 1 – May 6, 1994
November 29 – December 4, 1994
February 2 – February 6, 1995
May 27 – May 28, 1995
December 23 – December 28, 1995
May 10 – May 15, 1996

H� emission may introduce a systematic offset from the true
radial surface brightness profile of 0.02 mag on average, but
the shape of the profile will not be affected.

We used the f/3.29 prime focus camera at the 2.54m
Isaac Newton Telescope at La Palma, during six observing
runs between May 1994 and May 1996. A list of the ob-
serving dates is given in Table 1. In all runs, we used Harris
filters. In the May 1994 run, we used an EEV CCD, in all
other runs we used a thinned Tektronix CCD (TEK3). Spe-
cific details on the CCDs used are given in Table 2, which
lists the readout noise, gain, pixel size, chip size and field
of view for each chip. The EEV chip was always used in
standard readout mode, the TEK CCD was mostly used in
quick readout mode, saving time on readout of the chip. The
increased readout noise was not important because the expo-
sures are sky limited. The emphasis was to reach faint sur-
face brightness levels. For this reason, most galaxies were
observed only in the R-band. However, for 46 galaxies we
have obtained B-band data, which are presented in this chap-
ter as well.

Most galaxies were observed only once. Galaxies for
which the center was found to be saturated were observed a
second time with a shorter exposure. A list of all observa-
tions is given in Tables A3 and A4. Some galaxies were ob-
served in different observing runs, and these data were used
for internal comparison of the photometric accuracy. Only
the data with the best photometric conditions are listed. All
of the data processing was done in IRAF.

4.1 Bias subtraction

Both the EEV and the TEK3 had flat bias levels and low dark
currents, but the bias level did tend to vary slightly during
the night. Therefore, the bias level was determined from the
overscan regions. The May 1995 and the December 1995
run showed random bands in the bias levels, which were
visible throughout the image. The amplitude of these bands
was about 1 to 2 counts. For these images, the bias level was
removed by subtracting from each image row the average of
the corresponding bias row.

4.2 Flat fields

The instrument was known to have light leaks at the filter
wheel, causing some excess light at the edges of the images.
By wrapping the prime focus cone unit in a dark cloth, this
effect was almost entirely removed, allowing accurate flat
fielding.

During all the runs, twilight flats were taken at the begin-
ning and the end of the nights. Additionally, for increased
accuracy night sky flats of blank fields were taken, typically
seven per filter (each exposure 180 seconds in R and 300 in
B).

For each night and filter we constructed a set of flat
fields, by combining in different ways the twilight flats or
the night sky flats. When more than two flat fields were
combined, a rejection algorithm was used to remove stellar
images and cosmic ray events. Otherwise, stars and cos-
mic rays events were edited out by hand and replaced by
the local average. Night sky flats were offset from one ex-
posure to the other, so that stars could be filtered out. This
filtering proved to be satisfactory under good seeing condi-
tions (< 1:500) with 6 or 7 exposures. When the seeing was
worse, or when fewer exposures had been obtained, stellar
residuals remained in the constructed flat field. In the lat-
ter case, flat fields were constructed by fitting a low order
two-dimensional polynomial to the night sky flat and to the
twilight flat; next, the twilight flat was divided by its fit, thus
obtaining the high signal to noise small scale variations, and
these were multiplied into the fit to the night sky flat.

After constructing these flat fields, a number of expo-
sures of each night was flat fielded by each of the con-
structed flatfields in order to test which provided the most
accurate results. This was done by checking the flatness of
the empty regions. In more than half of the cases the night
sky flat fields allowed more accurate flat fielding than the
twilight flats.

Because of this careful construction and testing of the
flatfields, high flatfield accuracy was obtained. For each ex-
posure the sky values at four places around each galaxy were
measured, carefully avoiding the outer parts of the galaxy
and the halos of bright stars. The background flatness was
taken to be half the difference between the minimum and
maximum values. The flatness defined in this way has a me-
dian value of 0.22% for the sample in R, and 0.32% in B.

4.3 Calibration

At regular intervals during each night, standard star fields
from Landolt (1992) were observed. The fields we used
were RU 149, PG0231+051, PG0942-029, PG1323-086,
PG1525-071, PG1528+062 and PG 2213-006. With these
stars and the magnitudes given in Landolt (1992), the obser-
vations were calibrated to Johnson B and Kron-Cousins R.
The standard stars were observed over a range of airmasses
for both bands, both on photometric and non-photometric
nights. For all these stars we determined the instrumen-
tal aperture magnitudes and spurious values were deleted.
These data were combined to fit zero-point magnitudes and
color and extinction coefficients of the form:

b = B +c1; B +c2;B X +c3;B (B −R)
r = R +c1; R +c2;R X +c3;R (B −R) (1)

where B and R are the standard star magnitudes, b and r
are the instrumental magnitudes, X is the airmass, c1 is the
zero-point offset, c2 is the airmass term, and c3 is the color
term. The color terms were found to be small, and can be
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Table 2: CCD characteristics

CCD Readout Gain Noise (e) Pixel size (00) CCD size Field of view

EEV standard 0.69 3.9 0.55 1280x1180 11:40�10:50

TEK standard 0.73 4.7 0.59 1124x1124 10:00�10:00

TEK quick 1.47 6.2 0.59 1124x1124 10:00�10:00

neglected. For most galaxies only R-band data are available,
but the missing color information does not significantly af-
fect the accuracy of the calibration.

The calibration was done for each night independently.
The 1� residuals of the fit given by Eq. 1 give the error on
the calibration, and are listed in Tables A3 and A4 for the R
and B-band, respectively. This error also includes the error
introduced by ignoring the color term. During nights with
cirrus, standard stars were observed as well. The uncertainty
introduced by cirrus is to a large extent incorporated in the
error on the calibration. For those galaxies for which more
than one observation was available, we used the one with
the best photometry. If the seeing of the non-photometric
observations was better, or if that image had a higher signal
to noise ratio than the photometric one, we used the latter to
calibrate the non-photometric observation.

The majority of the sample has good photometric accu-
racy. The zero point uncertainty is less than 0.1 mag for 77%
of the sample, and below 0.2 mag for 89% of the sample.

4.4 Image combination

All exposures of the same galaxy observed in the same run
were aligned using stars common in the frames. If more than
two exposures were available, the images were combined
using a rejection algorithm to remove cosmic ray events.
Otherwise, the cosmic ray events were removed using the
FIGARO BCLEAN algorithm ported to IRAF.

If the central parts of the observed galaxies were satu-
rated, a shorter exposure was used to replace the saturated
pixels.

A few galaxies were too large to fit in the 100�100 field
of view. These galaxies were mosaiced. All galaxies to be
mosaiced were observed in the December 1995 run, under
poor photometric conditions. The sky for all the images was
subtracted and the images were aligned on stars in overlap-
ping regions. Next, the images were scaled to the same ex-
posure time, and scaled photometrically to the frame with
the lowest sky and the highest counts per second. Then, the
images were combined. For consistency with the other im-
ages, the sky contribution was added again.

4.5 Final steps

In each frame the mean value of the sky was determined in
four areas near the galaxy that were free of objects, stellar
halos and scattered light. The sky value for each frame was
the average of these four mean values. For the estimate of
the error in the sky determination we used half the difference
between the minimum and the maximum of the four mean

values. This estimate of the error in the sky includes large
scale variations in the flat fielding and also the uncertainty
in the sky determination itself.

For each exposure the seeing was estimated by fitting
two-dimensional Gaussians to all objects in the field that had
been masked by hand (see section 5). Only objects with el-
lipticities smaller than 0.15 and central peaks more than five
times the noise were used, to avoid contamination by back-
ground galaxies and inaccurate measurements. On average,
about 40 objects were used to obtain the seeing estimate.
The seeing estimates listed in Tables A3 and A4 are the me-
dian values of the individual fits.

The last step was to add the coordinate system to the
frames. The coordinate system was transferred from the dig-
itized sky survey (DSS), by determining coordinates from
the plate solution for stars visible in both the DSS and the
CCD image. With these coordinates, a coordinate system
was fitted to the CCD frame, using about ten stars. The
1� errors on the coordinate system determined in this way
are about 0:500. This is comparable to the typical error of
0:600 found by Veron-Cetty & Veron (1996). The R-band
images of all galaxies, including the coordinate system, are
presented in Fig. B1.

5 Isophotal fits

Fitting ellipses to late type dwarf galaxies is not straightfor-
ward. Often, the light distribution is irregular, and some-
times a well defined center is missing, or the center for
the inner parts does not correspond to the center of the
outer parts. Nonetheless, the radial surface brightness pro-
file gives a useful representation of the light distribution.

Before fitting ellipses to the galaxy images, we masked
out all the stars and the scattered light in the frames by hand.
Special care was taken to mask out low intensity halos of
stars as well. In some cases this proved impossible, due
to the proximity of a bright star to the galaxy image. In
these cases, the foreground light was masked out to where
the galaxy light started to be dominant and the contribution
of the stellar halo was incorporated in the error in the sky
determination.

The ellipse fitting itself was done using the GALPHOT

package (Franx, Illingworth & Heckman 1989, Jørgensen,
Franx & Kjægaard 1992). The ellipse parameters were de-
termined at logarithmic intervals, each next ellipse having
a radius 1.2 times bigger than the previous ellipse, with the
innermost radius at 100. The radius r of each ellipse is de-
fined as r =

p
ab, where a is the major axis and b the minor

axis. Determining the ellipse parameters was done in several
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steps. To make sure that the ellipse fits were not affected by
substructure, HII regions, bars or other luminous compo-
nents, all fits were individually inspected at each step in the
process, and adjusted as described below when necessary.

First, we ran the fitting program leaving all the parame-
ters (center, position angle and ellipticity) free. From these
results we determined the center. If the galaxy had a well
determined center, e.g. a nuclear peak or a clear central con-
densation, this was adopted to be its center. In most other
cases, we determined the center from the average of the
outer ellipses where the solution was more stable. In those
cases where the outer parts were highly irregular, the cen-
ter was determined from the average of the inner parts. The
adopted center for each galaxy is indicated in Fig. B1 with a
cross.

In the second step, the center was fixed. From these re-
sults we determined the position angle. This was done by
averaging over the outer ellipses, over the region where the
results were converging. The outermost points were dis-
carded if these gave erratic results. If the position angle
varied systematically with radius, the average position an-
gle was used. For galaxies with a pronounced bar, we tried
to determine the position angle of the surrounding disk.

In the third iteration, the center and position angle were
fixed, in order to determine the ellipticity. We determined
the value for the ellipticity in the same way as we determined
the position angle. The ellipticities were set to zero if equal
to zero within the errors.

After fixing the orientation parameters, we extracted the
calibrated radial surface brightness profiles from all the im-
ages. The orientation parameters as found for the R-band
were also used to extract the B-band radial surface bright-
ness profiles. Fig. B1 shows the radial surface brightness
profiles and the exponential fits (see section 6) for all galax-
ies. Also, the run of orientation parameters (center, elliptic-
ity and position angle) with radius are presented. Note that
these have been derived from the free fits and may therefore,
in some cases, deviate substantially from the values chosen
from subsequent fits with more parameters fixed.

6 Structural parameters

6.1 Profile fitting

Most of the radial surface brightness profiles are smooth and
regular, despite the often irregular optical appearance of the
galaxies. Some show a central excess of light, while others
have a central flattening. No attempt was made to make de-
compositions into disk and central components, because this
is beyond the scope of this chapter. Besides, only a small
fraction of the galaxies actually have a central concentration
of light. An exponential intensity law was fitted to the outer
parts of the profiles, which becomes a linear relation when
expressed in magnitudes:

�(r) = �0 +1:0857
r
h
; (2)

where �0 is the extrapolated central disk surface brightness,
and h is the disk scale length. Most of the profiles are well

Figure 2: R-band central disk surface brightness �0;R versus el-
lipticity. The solid lines defined by Eq.3. C = 0 corresponds to
optically thick, C = 1 to optically thin.

described by an exponential. The profiles and their fits are
shown in Fig. B1.

6.2 Observed central surface brightness

Beside the extrapolated central disk surface brightness �0

derived from the fit, we also determined the observed cen-
tral surface brightness, �c. This value differs from �0 if the
profile shows a central peak or flattening. The observed cen-
tral surface brightness �c was determined from a linear ex-
trapolation of the surface brightness profile in the inner few
arcseconds to r = 0. This is justified given the exponential
shape of the inner profile in most cases, also for profiles with
a central concentration of light.

6.3 Diameters

For each galaxy two sets of diameters have been determined.
Isophotal diameters in both the R and the B-band have been
determined at �R = 25 and 26.5 mag arcsec−2. Additionally,
effective radii within which 20%, 50% and 80% of the light
is contained have been calculated.

6.4 Extinction and inclination corrections

The observed surface brightnesses and magnitudes suffer
from extinction, both from dust in our Galaxy and from that
internal to the observed galaxy. The data were corrected for
Galactic extinction using the values for AB from Burstein &
Heiles (1984). The values for AR have been obtained assum-
ing an AB=AR of 1.77 (Rieke & Lebofsky 1985).

The correction for internal extinction is less certain. A
relationship is expected between the axis ratio b=a and the
observed surface brightness �0 of approximately:

�0 = �
i
0 +2:5C log(b=a); (3)

where �i
0 is the surface brightness corrected for inclination,

and where C is a constant related to the extinction. For the
transparent case, C is equal to unity, for the opaque case it is
zero.
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Figure 3: The extrapolation from m25 to mtot versus the inte-
grated magnitude mtot (top panel) and versus the extrapolated
central disk surface brightness �0 (bottom panel). The solid
line represents the correction for a purely exponential disk (see
text).

The dependence of �0 on b=a is shown in Fig. 2. Note
the relative paucity of high inclination, low surface bright-
ness galaxies. This might indicate that the galaxies in this
sample are transparent, and it would imply a lower cutoff in
the true surface brightness distribution of dwarf galaxies at
�0;R = 23 mag arcsec−2. However, the selection on flux den-
sity introduces a bias against edge-on systems. In addition,
given the selection on morphological type, some galaxies
may drop out of our sample because they may have been
misclassified as earlier morphological types if seen edge-
on. This contributes to the lack of high surface brightness
edge-on galaxies that are expected in the optically thin case.
Furthermore, any trends are weak because of the wide range
in surface brightnesses at each b=a. Also, the correction is
uncertain in the cases where the ellipticity varies with ra-
dius. In conclusion, Eq. 3 does not provide a useful way to
determine the transparency for this sample of galaxies.

Because dwarf galaxies generally have low metalicities
(e.g., Skillman, Kennicutt & Hodge 1989), the dust con-
tent is likely to be low, and therefore these galaxies are ex-
pected to have small internal extinction. Therefore, C = 1
was adopted, and in the remainder of this chapter the sur-
face brightnesses were corrected accordingly. In the op-
tically thin case, the integrated magnitudes do not need to
be corrected. Note that the surface brightnesses and diame-
ters listed in Tables A5 and A6 have only been corrected for
Galactic extinction, not for inclination.

6.5 Integrated magnitudes

Three magnitudes have been determined for each galaxy,
two isophotal (m25 and mlim) and one total magnitude (mtot).

The isophotal magnitudes are calculated at two different lev-
els. One at the 25 R mag arcsec−2, and one at the limiting
surface brightness level, which corresponds to the 3� above
sky level. The total magnitude has been calculated by ex-
trapolating the fitted exponential profile out to infinity. In
particular for galaxies with low surfaces brightnesses, such
as the dwarfs in this sample, this extrapolation can be sig-
nificant. To first order, the extrapolation can be determined
by assuming that the entire profile follows an exponential
decay, as was done by Tully et al. (1996). However, ap-
plying such a correction overestimates the total magnitude
when a central condensation is present, and underestimates
it when the light profile flattens towards the center, as Tully
et al (1996) already noted. To avoid this problem, we used
the more general method to determine the total magnitude
(Han 1992). This method assumes that the light falls expo-
nentially outside the last point in the profile, but it makes no
assumptions on the shape of the inner profile:

mtot = mlim

−2:5 log

�
1 +

b
a

q
� r lim

h0

�
10−0:4(mt−mlim)

�
; (4)

where the function q(x) reflects the luminosity-radius rela-
tionship for such an exponential disk,

q(x) = (1 +x)e−x
; (5)

rlim is the radius where 3� is reached, and

mt = �
0

0 −5 log h0−2:5 log 2� (6)

is the total magnitude of a pure exponential disk character-
ized by �

0

0 and h0, as determined from fitting to the outer
parts of the profile. When the profile slope changed in the
outer parts, the extrapolation was done with scale length and
surface brightness as determined from a fit to the outer parts
only.

The top panel of Fig. 3 shows the extrapolation from m25

to mtot versus the total magnitude mtot. The corrections be-
come larger for less luminous galaxies, and may reach up
to one magnitude. The bottom panel of Fig. 3 shows the
extrapolation versus �0. The correction becomes larger for
fainter surface brightnesses. The solid line shows the ex-
trapolation for a purely exponential disk. The corrections
generally follow this line closely. However, some points de-
viate up to about 0.5 mag from this line. These are mainly
galaxies for which we have used an extrapolation based on
the outer profile. This plot shows that just applying an ex-
trapolation based on the assumption that the light profile is
exponential may give total magnitudes that are significantly
too bright, in particular for low surface brightness galaxies.

7 Comparison of radial surface brightness profiles

In order to asses the photometric quality of our data and to
check the reliability of our estimate of the photometric er-
ror, radial surface brightness profiles of identical galaxies
obtained during different runs have been compared. Our
data have been compared to data available in the literature
as well.
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Figure 4: Internal comparison for the R-band observations. The radial range for the comparison is set by the radius at which the
profile with the largest uncertainty reaches 3� above sky. At the bottom of each panel the observing runs that are compared are
given, the number between brackets gives the photometric accuracy. The dotted lines in each panel give the combined 1� errors.
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Figure 5: Same as Figure 4, but for the B-band observations.

7.1 Internal comparison

Some galaxies were observed on more than one night. Al-
though for each galaxy only one observation is given in this
chapter, these multiple observations have been used to as-
sess the quality of our calibration. Figs. 4 and 5 show the
internal comparison for the R and the B-band respectively.
The dotted lines indicate the �1� range based on the errors
on the photometric solution. The majority of the profiles are
equal within the errors. Four cases, UGC 2800, UGC 3475,
UGC 7199 and UGC 7853 deviate more than expected from
our estimates of the error on the photometry. These galaxies
were all observed on nights during which there was some
cirrus present. The uncertainty caused by cirrus is in prin-
ciple included in the photometric uncertainty. The deviant
cases are probably the result of somewhat thicker cirrus
clouds passing overhead occasionally. Because in 83% of
the internal comparisons the photometric error is accurate,
including nights with some cirrus, we conclude that the pho-
tometric error we have derived is a reliable estimate of the
real photometric error. The comparison for the B-band pro-
files, though only for three galaxies, leads to the same con-
clusion. Nights with cirrus have been marked in Tables A5
and A6. The fact that the difference profiles in Figs. 4 and 5
are quite flat indicates that, for 80% of the sample, errors due
to flatfielding, sky brightness determination and contamina-
tion by halos of foreground stars together are below 0.1 mag
arcsec−2 over the entire radial range.

7.2 External comparison

Comparing surface brightness profiles with those obtained
by other authors is not straightforward. For the comparison
with published data, we restricted ourselves to CCD data.
We have used data by McGaugh & Bothun (1994), de Jong
& van de Kruit (1994), Heraudeau & Simien (1996), Patter-
son & Thuan (1996) and Jansen (1999). Where the authors
have derived surface brightness profiles with fixed position
angle and ellipticity, our profiles were rederived with the
same orientation parameters. McGaugh & Bothun (1994)
and Patterson & Thuan (1996) used free fits, making com-
parison of the profiles difficult. To get a substantial sample
for comparison with other data, not only the data for the
dwarf galaxies were used, but also the data for other galax-
ies that were observed in this program.

Fig. 6 shows the comparison for the R-band profiles.
Most profiles are consistent within the 1� errors, as indi-
cated by the dotted lines. For three galaxies, our results
deviate significantly from the profiles obtained by others:
UGC 1551, UGC 6446 and UGC 12754. For UGC 1551
there are two independent measurements available in the
literature, by Jansen (1999) and de Jong & van der Kruit
(1994), which are in agreement with each other. The qual-
ity of those data for these galaxies is high, as judged by the
authors. The three deviating galaxies were observed during
nights that suffered from occasionally thicker cirrus. Based
on the external comparison, we conclude that for 87% of
our observations the quoted photometric error is an accurate
estimate of the photometric quality, similar to the number
found from the internal comparison.

The comparison with the published surface brightness
profiles for the B-band is presented in Fig. 7. The compar-
ison with the data by Jansen (1999) shows that our data is
consistent within the errors with his. However, the compar-
ison with the data by McGaugh & Bothun (1994) and Pat-
terson & Thuan (1996) shows clear inconsistencies. Both
groups of authors have used free fits rather than fixed fits
as we did. This explains the large difference found for
UGC 3384, because this galaxy is highly asymmetric. Nei-
ther of the authors give uncertainties for their data. Except
for UGC 3860, the profiles are fairly consistent, in particu-
lar in the inner parts. The differences in the outer parts can
largely be ascribed to the fact that the comparison profiles
from the literature were derived using free fits.

In conclusion, based on both the internal and external
comparison, we find that our quoted photometric errors are
accurate estimates of the real photometric errors. In about
13% of the cases the real photometric errors are underesti-
mated. However, these poor nights are overrepresented in
this comparison because many of the galaxies observed in
non-photometric nights were deliberately reobserved in or-
der to obtain better photometry. It is therefore likely that for
a larger fraction than the 87% quoted above the photometric
is error is accurate.

7.3 Comparison to UGC

An additional source to check our data against is the UGC.
Fig. 8 shows the differences between our position angle and
those listed in the UGC. For highly inclined galaxies the
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Figure 6: External comparison for R-band observations. The radial range for the comparison is set by the radius at which the profile
with the largest uncertainty reaches 3� above sky. At the bottom of each panel the data that are compared are given, the number
between brackets gives the photometric accuracy. The dotted lines in each panel give the combined 1� errors.
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Figure 7: Same as Figure 6, but for the B-band observations.

agreement is excellent. Towards more face-on galaxies the
scatter increases and some large differences occur. The out-
come of this comparison in no doubt affected by the fact
that we have determined the position angles at fainter sur-
face brightness levels.

Fig. 9 shows the comparison of our ellipticities with
those from the UGC. The UGC ellipticities have been de-
termined from the major and minor axis diameters listed in
the UGC. There is good general agreement, but with a large
scatter, as was to be expected because our ellipticities have
been determined at fainter surface brightness levels, and be-
cause the UGC ellipticities are based on eye estimates.

In Fig. 10 the mB
25 is compared to the B-band magnitude

given in the UGC catalog. Generally, the agreement is good
for mB

25
<� 14:5. For fainter galaxies, the UGC magnitudes

are systematically too faint. This effect was already noted
by Thuan & Seitzer (1979). The difference becomes even
more pronounced if the UGC magnitudes are compared to
the total magnitude mtot, where the difference may be as high
as two magnitudes.

A comparison of the UGC R-band diameters to the D25

diameters as determined from our R-band radial surface
brightness profiles shows good agreement, as can be seen
in Fig. 11. This indicates that the limiting surface brightness
at which the UGC diameter is measured is about 25 R-band
mag arcsec−2. A similar comparison of the B-band diame-
ters shows that the limiting surface brightness there is about
26.5 B-band mag arcsec−2, in close agreement with the value
of 26.53 found by Fouqué & Paturel (1985).

8 Discussion

As described in Section 2, this sample contains a range in
galaxy types and properties. Here we briefly characterize the
sample by showing the distribution of several parameters.

Figure 8: Comparison of our position angle and the UGC posi-
tion angle as a function of ellipticity.

The distribution of ellipticities � and position angles PA
are given in Fig. 12. The ellipticities have been derived as
described in Section 5. The peak at � = 0 is artificial and
occurs because the ellipticities were set to zero for galaxies
in which the ellipticities were equal to zero within the errors.
The true values of the ellipticities for these galaxies probably
spread over a range in ellipticities, up to � � 0:3, filling in
the depression near � = 0:1. This makes the distribution of
ellipticities more or less uniform for small �. Ellipticities
near � = 1 are missing because of the finite thickness of the
galaxies. The distribution of position angles is consistent
with being flat, as is expected if the galaxy orientations are
random.

Fig. 13 shows the distribution over absolute R-band
magnitude for the galaxies in our sample. The absolute mag-
nitudes range from MR = −22 to −12. Most of the galaxies
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Figure 9: Comparison of our ellipticity and the UGC ellipticity
as a function of our ellipticity. The dotted line corresponds to
�our = 0 or �UGC = 0

Figure 10: Comparison of the isophotal B-band magnitude mB
25

and the magnitude quoted in the UGC. The solid line is the line
of equality.

in our sample have low luminosities, as expected for dwarf
galaxies, but about 30% have MR < −18. These galaxies are
not true dwarf galaxies, but form a mixed bag of large low
surface brightness galaxies (similar to the galaxies studied
by e.g., de Blok, van der Hulst & Bothun 1995 and Spray-
berry et al 1995) and bright interacting galaxies. These
galaxies were included in the sample because the selection
is largely based on morphological type.

Fig. 14 shows this point more clearly. In this figure,
for each galaxy the inclination corrected central disk surface
brightness �i

0 is plotted against the scale length. About 30%
of the galaxies have scale lengths larger than 2 kpc. These
are the galaxies that are more typical of the large low sur-
face brightness galaxies. De Blok et al (1995) find that these
galaxies typically have scale lengths between 2 and 6 kpc,
and surface brightnesses fainter than �R = 22 mag arcsec−2.

Figure 11: Comparison of D25 with the optical diameter as
listed in the UGC for the R-band. The solid line is the line
of equality.

Figure 12: The distribution of position angle (top panel) and of
ellipticities (bottom panel) of the galaxies in our sample.

Note that the selection on late type has not included galaxies
with both large scale length and high central surface bright-
ness.

Finally, Fig. 15 shows the distribution of scale lengths
and of inclination corrected central disk surface bright-
nesses. The galaxies in our sample generally have small
scale lengths. The range in surface brightnesses is large,
spanning from �

i
0;R = 19 to 25 mag arcsec−2.

9 Summary

We provide R-band surface photometry for 171 late-type
galaxies. We have obtained magnitudes, diameters, cen-
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Figure 13: Histogram of absolute R-band magnitudes for the
galaxies in our sample.

Figure 14: The scale lengths plotted against the inclination cor-
rected central disk surface brightnesses for the galaxies in our
sample.

tral surface brightnesses, extrapolated central surface bright-
nesses and scale lengths. For all galaxies we have presented
elliptically-averaged surface brightness profiles, and profiles
showing the run of ellipticity, position angle profiles and
isophote center with radius. Flatfielding achieved a median
accuracy of 0.22%, making the surface brightness and struc-
tural profiles reliable to about 26 R mag arcsec−2 in most
cases. The zero point uncertainty is less than 0.1 mag for
77% of the sample, and less than 0.2 mag for 89% of the
sample. The photometric accuracy is reliably quantified for
each galaxy by the 1� errors in the photometric calibration.
Comparison of our surface brightness profiles and photo-
metric zero points with data from other authors shows that,
for at least 85% of the sample, we obtain agreement consis-
tent with the quoted photometric errors.
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Appendix A Tables

A.1 Table A1 – Global properties

Column (1) gives the UGC number.
Column (2) provides other common names, in this order:
NGC, DDO (van den Bergh 1959, 1966), IC, Arp (Arp
1966), CGCG. At most two other names are given.
Columns (3) and (4) give the equatorial coordinates (2000)
derived from the optical images, as described in section 4.
Column (5) gives the morphological type according to the
RC3, using the same coding.
Column (6) gives the absolute B-band magnitude, calculated
from the apparent photographic magnitude as given in the
RC3, and the distance as given in column 7.
Column (7) provides the adopted distance. Where possible
stellar distance indicators have been used, mostly Cepheids
and brightest stars. If these were not available, a distance
based on group membership was used. If these were not
available either, the distance was calculated from the HI
systemic velocity following the prescription given in Kraan-
Korteweg (1986), with an adopted Hubble constant of H0 =
75 km s−1 Mpc−1. A full list of published distances for the
galaxies in this sample, updated to the beginning of 1998, is
given in Table A2. For a discussion of the distance uncer-
tainties, see Section 3.
Column (8), (9) and (10) give the heliocentric velocity, the
HI line width at the 50% level and the HI mass in units of
108 M�, respectively, all as given in the RC3.
Column (11) gives the Galactic extinction in the R-band,
derived from the AB value according to Burstein & Heiles
(1984) assuming AB=AR of 1.77 (Rieke & Lebofsky 1985).

A.2 Table A2 – Adopted distances

Column (1) gives the UGC number
Column (2) gives the distance as derived from the HI sys-
temic velocity, assuming a Hubble constant H0 = 75 km
s−1Mpc−1 and following the prescription given in Kraan-
Korteweg (1986) to correct for the Virgocentric inflow.
Column (3) gives the distance(s) found in the literature.
Column (4) gives the reference for each distance.
Column (5) gives a brief description of the method used in
the original paper to derive the distance.
Column (6) gives the distance we have adopted. The dis-
tance uncertainties are discussed in Section 3.

A.3 Table A3 and A4 – List of observations

Column (1) lists the UGC number.
Column (2) gives the observing date.
Column (3) gives the exposure time.
Column (4) gives an estimate of the seeing, as described in
section 4.
Column (5) gives the photometric accuracy �phot. This is the
residual obtained in the photometric solution, as described
in section 4.

A.4 Table A5 and A6 – isophotal and photometric param-
eters

Column (1) lists the UGC number.
Column (2) and (3) give the ellipticity � and the position
angle P.A.
Column (4) gives the apparent magnitude m25 within the 25
mag arcsec−2 isophote.
Column (5) gives the apparent limiting magnitude mlim. This
is the apparent magnitude within the limiting surface bright-
ness �lim given in column (7).
Column (6) gives the extrapolated apparent magnitude mext.
The extrapolation is described in section 6.
Column (7) gives the limiting surface brightness �lim, which
corresponds to 3� above sky. � is our estimate of the error
in the sky, as described see section 4.
Column (8) gives the central surface brightness �c, as de-
termined from the luminosity profile (see section 5). �c has
been corrected for Galactic foreground extinction, but not
for inclination.
Column (9) gives the extrapolated disk central surface
brightness �0 as obtained from an exponential fit to the sur-
face brightness profile. �0 has been corrected for Galactic
foreground extinction, but not for inclination.
Column (10) gives the absolute magnitude MR or MB. The
absolute magnitude has been calculated from mext and the
distance as listed in A2. These values are corrected for
Galactic foreground extinction.
Column (11) gives the uncertainty in the photometry, �phot,
which is the residual obtained in the photometric solution,
as described in section 4.
Column (12) gives the scale length h, measured along the
major axis, as determined from an exponential fit to surface
brightness profile.
Column (13) and (14) give the isophotal diameters, d25 and
d26:5 at the 25 and 26.5 mag arcsec−2 isophote. These diam-
eters have been corrected for Galactic foreground extinction
and are measured along the major axis.
Column (15), (16) and (17) give the radii r20, r50 and r80

within which 20%, 50% and 80% of the light is contained.
These radii have been measured along the major axis.

— Notes —
a These galaxies are at very low Galactic latitude and there-
fore Burstein & Heiles (1984) do not give Galactic fore-
ground extinctions. The galaxies concerned are: UGC 192,
UGC 3272 and UGC 3390. For these galaxies the magni-
tudes and surface brightnesses are not corrected for Galactic
extinction.
b These galaxies have been observed during nights with oc-
casional thin cirrus clouds. Therefore, in some cases the
photometric error may be an underestimate of the true pho-
tometric error, as was found in Section 7.
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Table A1: Global properties

UGC Other names R.A. (2000) Dec. (2000) Type MB D vHI W50 MHI AR
h m s � 0 00 mag Mpc km/s km/s 108 M� mag

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

192 IC 10 0 20 20.0 59 17 56 .IB.9$. – 1.0 -343 63 1.33 –
731 DDO 9 1 10 43.6 49 36 4 .I..9*. – 8.0 639 130 5.99 0.41

1249 IC 1727 1 47 29.9 27 19 56 .SBS9.. -17.59 7.5 338 121 8.2 0.14
1281 1 49 31.9 32 35 24 .S..8.. -15.82 5.5 157 116 2.83 0.08
1438 NGC 746 1 57 51.1 44 55 6 .I..9.. -17.11 13.3 712 105 8.38 0.31
1501 NGC 784 2 01 16.9 28 50 10 .SB.8*/ -16.86 5.7 198 96 5.05 0.12
1547 DDO 17 2 03 20.4 22 02 31 .IB.9.. -17.22 20.2 2644 138 25.9 0.15
1551 2 03 37.6 24 04 32 .SB?... -18.02 20.2 2671 118 14.1 0.19
1865 DDO 19 2 24 59.9 36 02 15 .S..9*. – 10.1 580 76 3.22 0.12
2014 DDO 22 2 32 54.0 38 40 35 .I..9*. – 10.1 565 49 1.94 0.1
2017 2 32 45.4 28 50 29 .I..9.. – 16.2 1014 84 9.09 0.16
2023 DDO 25 2 33 18.2 33 29 28 .I..9*. -15.61 10.1 606 39 4.06 0.19
2034 DDO 24 2 33 43.1 40 31 43 .I..9.. -15.71 10.1 579 45 8.17 0.1
2053 DDO 26 2 34 29.2 29 45 4 .I..9.. -15.35 11.8 1029 59 5.59 0.2
2455 NGC 1156 2 59 42.2 25 14 15 .IBS9.. -17.45 7.8 382 67 10.7 0.37
2603 3 19 14.6 81 20 47 .I..9.. – 38.5 2519 121 43.1 0.39
2800 3 40 03.8 71 24 20 .I..9?. – 20.6 1176 208 29.3 0.77
3056 NGC 1569, Arp 210 4 30 49.6 64 50 53 .IB.9.. -14.8 2.2 -88 74 1.12 1.15
3060 NGC 1560 4 32 48.3 71 52 50 .SAS7./ -16.15 3.9 -35 125 10.3 0.35
3137 4 46 15.0 76 25 6 .S?.... -16.22 18.4 993 222 35.4 0.31
3144 DDO 33 4 47 54.5 74 55 46 .IB.9.. -16.24 19.5 1636 142 22.8 0.32
3273 5 17 44.9 53 33 1 .S..9.. -15.62 12.2 616 185 19 –
3317 DDO 38 5 33 37.7 73 43 30 .I..9.. – 19.5 1239 107 14.3 0.26
3371 DDO 39 5 56 37.5 75 19 0 .I..9*. – 12.8 816 129 12.6 0.27
3384 6 01 37.3 73 07 1 .S..9*. – 19.5 1086 78 17.5 0.3
3390 6 02 05.3 36 06 17 .SX.8.. – 23.2 1517 202 27.2 –
3475 6 30 28.9 39 30 15 .S..9*. -15.33 9.3 486 167 4.88 0.66
3647 DDO 40 7 04 50.2 56 31 9 .IB.9.. – 18.4 1384 50 10.2 0.08
3698 7 09 18.8 44 22 49 .I..9*. – 8.5 426 50 1.76 0.23
3711 NGC 2337 7 10 13.6 44 27 27 .IB.9.. -16.71 8.6 434 144 6.86 0.21
3817 7 22 44.6 45 06 31 .I..9*. – 8.7 438 43 1.88 0.19
3851 NGC 2366, DDO 42 7 28 52.9 69 12 45 .IBS9.. -15.98 3.4 100 96 7.92 0.1
3860 DDO 43 7 28 17.5 40 46 11 .I..9.. -14.05 6.8 354 38 1.3 0.12
3966 DDO 46 7 41 26.1 40 06 39 .I..9.. – 6.0 361 71 1.69 0.12
4173 8 07 10.5 80 07 38 .I..9*. -15.82 16.8 862 0 20.2 0.06
4274 NGC 2537, Arp 6 8 13 14.7 45 59 24 .SBS9P. -16.98 6.6 447 96 2.06 0.08
4278 IC 2233 8 13 58.8 45 44 36 .SBS7*/ -16.62 10.5 563 180 13.3 0.08
4305 Arp 268 8 19 07.4 70 43 24 .I..9.. -16.75 3.4 158 66 8.21 0.05
4325 NGC 2552 8 19 19.7 50 00 32 .SAS9$. -17.42 10.1 519 134 7.52 0.1
4426 DDO 52 8 28 28.3 41 51 22 .I..9*. – 6.4 393 83 1 0.07
4483 8 37 03.5 69 46 32 .I..9*. -12.77 3.6 156 49 0.41 0.08
4499 8 37 41.4 51 39 9 .SX.8.. -17.06 13.0 692 126 12 0.07
4543 8 43 21.7 45 44 10 .SA.8.. -18.1 30.3 1960 108 60 0.06
4660 8 54 24.2 34 33 22 .S..9*. – 32.9 2203 61 18.6 0.03
4704 8 59 00.3 39 12 39 .S..8*. -15.03 10.2 596 129 5.56 0.03
4945 9 22 25.8 75 46 2 .I..9.. – 6.7 659 34 0.38 0
5040 9 27 36.4 28 47 58 .I..9?. -19.81 58.0 4149 63 70.2 0
5139 DDO 63 9 40 28.8 71 10 57 .IXS9.. -14.65 6.8 136 26 4.88 0.03
5221 NGC 2976 9 47 14.9 67 55 2 .SA.5P. -17.3 4.5 3 97 2.57 0.06
5272 DDO 64 9 50 22.7 31 29 14 .I..9.. -14.82 6.1 520 82 1.52 0.02
5322 NGC 3034 9 55 52.7 69 40 52 .I.0../ -19.61 5.9 203 146 18.2 0.07
5336 DDO 66 9 57 31.7 69 02 48 .I..9.. – 3.6 46 69 3.28 0.08
5340 DDO 68 9 56 45.7 28 49 34 .I..9P* -14.82 6.1 503 78 2.6 0.02
5364 DDO 69 9 59 25.2 30 44 48 .IB.9.. -13.9 2.2 20 33 0.74 0.04
5398 NGC 3077 10 03 19.1 68 44 5 .I.0.P. -16.98 3.6 14 65 10.5 0.12
5414 NGC 3104, Arp 264 10 03 58.4 40 45 24 .IXS9.. -16.39 10.0 612 100 5.75 0.02
5455 10 08 50.3 70 38 3 .I..9.. – 22.6 1290 57 9.55 0.1
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Table A1: – Continued

UGC Other names R.A. (2000) Dec. (2000) Type MB D vHI W50 MHI AR
h m s � 0 00 mag Mpc km/s km/s 108 M� mag

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

5478 DDO 73 10 09 31.5 30 09 2 .I..9.. -17.03 18.5 1378 55 5.83 0.03
5612 DDO 77 10 24 07.2 70 52 55 .SBS8.. -16.56 13.6 1011 146 10 0.11
5666 IC 2574 10 28 23.0 68 24 56 .SXS9.. -17.03 3.7 47 115 13.3 0.03
5688 DDO 80 10 30 25.0 70 03 3 .SB.9*. – 30.2 1921 54 32.7 0
5706 10 31 10.8 34 30 13 .I..9.. – 24.5 1494 36 5.78 0.01
5721 NGC 3274 10 32 17.3 27 40 8 .SX.7?. -15.95 6.7 537 157 6.85 0.03
5740 10 34 47.0 50 46 11 .SX.9.. -15.27 11.9 651 117 4.52 0
5764 DDO 83 10 36 43.5 31 32 50 .IBS9*. -15.36 9.0 586 101 2.56 0.02
5829 DDO 84 10 42 43.2 34 27 1 .I..9.. -15.76 9.0 630 75 12.7 0.02
5846 DDO 86 10 44 29.9 60 22 6 .I..9.. -15.69 13.2 1019 44 7.06 0
5860 NGC 3353 10 45 22.4 55 57 37 .S..3$P -17.93 17.4 944 96 8.25 0
5918 VII Zw 347 10 49 37.0 65 31 48 .I..9*. – 7.7 338 62 2.45 0
5935 NGC 3396, Arp 270 10 49 55.4 32 59 27 .IB.9P. -19.49 26.4 1625 160 56.3 0
5986 NGC 3432, Arp 206 10 52 31.3 36 37 9 .SBS9./ -17.92 8.7 616 232 22.8 0
6016 10 54 13.0 54 17 14 .I..9.. – 25.2 1493 136 25 0
6021 NGC 3445 10 54 35.6 56 59 27 .SXS9.. -19.66 32.1 2023 102 43.3 0
6024 NGC 3448 10 54 38.9 54 18 21 .I.0... -19.78 23.2 1350 239 79.9 0
6126 NGC 3510 11 03 43.4 28 53 11 .SBS9./ -16.75 8.9 705 186 9.17 0
6151 DDO 91 11 05 56.4 19 49 35 .S..9*. -16.87 17.2 1331 26 4.39 0
6161 11 06 49.2 43 43 23 .SB.8.. -16.54 12.9 758 108 9.57 0
6251 DDO 92 11 13 26.8 53 35 44 .SX.9*. -15.59 13.2 927 44 4.79 0
6406 NGC 3657 11 23 55.6 52 55 16 .SXT5P. -18.53 21.5 1215 196 39.1 0
6446 11 26 40.4 53 44 50 .SA.7.. -16.59 12.0 645 135 14.1 0
6456 VII Zw 403 11 27 58.7 78 59 38 .P..... -12.88 3.0 -92 49 0.33 0.05
6565 NGC 3738, Arp 234 11 35 48.6 54 31 28 .I..9.. -15.71 3.2 229 78 0.73 0
6628 11 40 05.8 45 56 32 .SA.9.. -17.01 15.3 850 40 13.3 0.01
6682 DDO 96 11 43 09.0 59 06 24 .S..9*. – 16.1 1326 73 7.33 0
6817 DDO 99 11 50 54.1 38 52 54 .I..9.. -13.71 4.02 245 37 1.49 0
6840 DDO 100 11 52 07.0 52 06 29 .SBT9.. -15.77 15.7 1046 143 8.86 0.01
6912 VII Zw 430 11 56 13.9 58 11 60 .S?.... -17.26 23.6 1357 96 22.1 0
6917 11 56 28.7 50 25 42 .SB.9.. -17.63 16.9 910 183 19.3 0.02
6944 NGC 3995, Arp 313 11 57 44.1 32 17 38 .SA.9P. -20.52 47.4 3254 133 148 0.01
6955 DDO 105 11 58 29.1 38 04 33 .IBS9*. -16.11 11.6 909 144 10.5 0
6956 DDO 102 11 58 26.1 50 55 6 .SBS9.. – 15.7 917 52 6.3 0.02
6995 NGC 4032 12 00 32.9 20 04 25 .I..9*. -19.08 22.6 1269 103 22.4 0.03
7047 NGC 4068 12 04 02.2 52 35 25 .IA.9.. -14.71 3.5 211 51 1.04 0
7125 12 08 42.1 36 48 10 .S..9.. -17.24 19.5 1071 132 46.9 0.01
7151 NGC 4144 12 09 58.2 46 27 28 .SXS6$/ -15.58 3.5 267 150 1.58 0
7199 NGC 4163 12 12 09.0 36 10 6 .IA.9.. -14.25 3.5 164 30 0.24 0
7204 NGC 4173 12 12 21.2 29 12 29 .SB.7*. -18.33 20.3 1104 117 40 0.01
7232 NGC 4190 12 13 44.6 36 38 9 .I..9P. -14.47 3.5 230 46 0.59 0
7261 NGC 4204 12 15 14.2 20 39 34 .SBS8.. -16.89 9.1 861 85 6.63 0.04
7278 NGC 4214 12 15 39.2 36 19 37 .IXS9.. -17.53 3.5 291 62 8.09 0
7306 NGC 4236 12 16 42.8 69 27 46 .SBS8.. -17.05 3.0 0 162 13 0.03
7323 NGC 4242 12 17 30.1 45 37 10 .SXS8.. -18.02 8.1 517 115 7.06 0
7356 12 19 09.1 47 05 25 .I..9?. – 3.5 272 86 1.15 0
7399 NGC 4288, DDO 119 12 20 38.1 46 17 31 .SBS8.. -16.25 8.4 535 173 6.37 0
7408 DDO 120 12 21 15.4 45 48 47 .IA.9.. -15.31 8.4 462 26 1.63 0
7490 DDO 122 12 24 25.0 70 20 2 .SA.9.. -15.84 8.5 467 69 2.85 0
7524 NGC 4395 12 25 48.8 33 32 50 .SAS9*. -17.01 3.5 320 109 9.54 0.01
7534 DDO 123 12 26 08.1 58 19 20 .IB.9.. -15.14 8.5 723 55 5.13 0
7559 DDO 126 12 27 05.5 37 08 34 .IB.9.. -12.82 3.2 218 59 0.61 0
7577 DDO 125 12 27 42.0 43 29 37 .I..9.. -13.81 3.5 196 28 0.71 0
7592 NGC 4449 12 28 11.3 44 05 36 .IB.9.. -17.61 3.5 201 136 12.4 0
7599 DDO 127 12 28 27.9 37 14 2 .S..9.. -12.71 3.5 278 66 0.31 0
7603 NGC 4455 12 28 44.1 22 49 18 .SBS7?/ -16.06 6.8 644 132 3.64 0.03
7608 DDO 129 12 28 44.8 43 13 33 .I..9.. – 8.4 538 60 4.88 0
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Table A1: – Continued

UGC Other names R.A. (2000) Dec. (2000) Type MB D vHI W50 MHI AR
h m s � 0 00 mag Mpc km/s km/s 108 M� mag

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

7648 NGC 4485, Arp 269 12 30 31.4 41 42 0 .IBS9P. -16.74 7.1 493 139 3.48 0
7651 NGC 4490 12 30 36.3 41 38 36 .IBS9P. -19.29 8.4 578 173 52.9 0
7673 DDO 131 12 31 58.7 29 42 34 .I..9.. – 8.4 642 55 1.56 0.02
7690 12 32 26.9 42 42 17 .I..9*. -15.99 7.9 537 88 3.07 0
7698 DDO 133 12 32 54.5 31 32 21 .I..9.. -14.71 3.5 333 53 1.2 0.02
7723 NGC 4534 12 34 05.4 35 31 7 .SAS8*. -17.36 11.3 802 123 19.4 0
7831 NGC 4605 12 40 00.6 61 36 31 .SBS5P. -17.64 5.2 143 133 3.69 0
7853 NGC 4618, Arp 23 12 41 32.5 41 09 2 .SBT9.. -18.11 7.8 543 97 12.3 0
7861 NGC 4625, IC 3675 12 41 52.5 41 16 20 .SXT9P. -16.91 9.0 611 66 5.86 0
7866 IC 3687 12 42 15.0 38 30 13 .IXS9.. -13.9 4.8 359 46 1.16 0
7872 12 41 54.1 75 18 27 .I..9.. – 30.7 1887 69 18.6 0.02
7907 NGC 4656 12 43 58.3 32 10 18 .SBS9P. -18.93 7.9 640 139 49.5 0
7916 I Zw 42 12 44 25.0 34 23 13 .I..9.. – 8.4 607 57 3.6 0.01
7949 DDO 147 12 47 00.1 36 28 41 .I..9*. – 4.8 333 30 1 0.02
7971 NGC 4707, DDO 150 12 48 22.5 51 09 55 .S..9*. -15.11 8.4 467 64 2.49 0.01
8005 NGC 4747 12 51 46.0 25 46 35 .SB6$/P -18.91 21.8 1188 127 31 0.02
8024 NGC 4789A, DDO 154 12 54 05.4 27 08 56 .IBS9.. -14.9 4.8 376 85 4.47 0.01
8098 NGC 4861, IC 3961 12 59 02.0 34 51 41 .SBS9*. – 12.8 846 86 16.6 0
8188 IC 4182 13 05 49.5 37 36 24 .SAS9.. -15.35 4.7 321 40 3.25 0
8201 VII Zw 499 13 06 25.6 67 42 19 .I..9.. -14.84 4.9 37 44 1.66 0.02
8286 NGC 5023 13 12 11.9 44 02 16 .S..6*/ -15.43 4.8 407 179 3.24 0
8303 13 13 17.6 36 12 58 .IXS9.. -17.07 17.2 946 89 9.97 0
8320 IC 859 13 14 26.4 45 55 34 .IB.9.. -15.35 5.9 195 60 5.93 0
8331 DDO 169 13 15 30.1 47 29 60 .IA.9.. -13.95 5.9 260 50 1.21 0
8441 DDO 175 13 25 29.1 57 49 20 .I..9.. -16.7 20.0 1519 103 15 0
8489 DDO 176 13 29 38.8 45 23 17 .SX.8.. -16.7 20.0 1303 130 12.5 0
8490 NGC 5204 13 29 36.4 58 25 12 .SAS9.. -16.8 4.9 204 110 5.97 0.01
8508 I Zw 60 13 30 44.5 54 54 39 .IA.9.. -13.43 3.7 62 49 0.5 0
8550 NGC 5229 13 34 03.0 47 54 53 .SBS7?/ -14.31 5.3 364 127 1.79 0
8565 NGC 5238, I Zw 64 13 34 42.8 51 36 52 .SXS8.. -14.67 5.2 232 36 0.42 0
8651 DDO 181 13 39 53.9 40 44 21 .I..9.. -14.15 5.9 203 41 1.06 0
8683 DDO 182 13 42 33.1 39 39 28 .I..9.. -15.29 12.6 661 35 2.68 0
8760 DDO 183 13 50 50.5 38 01 5 .I..9.. -13.95 5.9 193 32 0.83 0
8837 DDO 185 13 54 45.8 53 54 10 .IBS9./ -14.83 5.1 144 77 1.24 0
8892 13 57 41.1 57 00 6 .I..9.. -17.3 29.0 1748 95 24 0
9018 NGC 5477, DDO 186 14 05 32.6 54 27 39 .SAS9.. -15.22 7.7 304 52 1.84 0
9128 DDO 187 14 15 56.7 23 03 18 .I..9.. -13.91 4.4 154 33 0.58 0
9211 DDO 189 14 22 32.3 45 22 60 .I..9*. -15.49 12.6 690 99 9.21 0
9219 NGC 5608 14 23 17.6 41 46 31 .I..9*. -16.49 12.0 663 109 4.19 0
9240 I Zw 87 14 24 43.6 44 31 37 .IA.9.. -14.66 4.5 153 45 1.14 0
9405 DDO 194 14 35 24.2 57 15 19 .I..9.. – 7.6 222 85 1.38 0
9426 14 37 29.1 48 37 26 .I..9.. – 36.2 2311 44 14.2 0.08
9769 15 12 07.2 55 47 6 .SXT8*. -16.29 16.6 844 129 14.7 0.01
9906 NGC 5963 15 33 27.8 56 33 36 .S...P. -17.97 13.7 656 214 20.7 0
9992 15 41 48.0 67 15 15 .I..9.. -14.88 10.4 427 48 2.62 0.05

10736 17 08 04.6 69 27 53 .SX.8.. -15.83 11.7 490 144 7.31 0.1
10792 17 14 02.3 75 12 13 .I..9.. – 22.2 1233 62 9.13 0.09
10806 17 18 51.1 49 53 2 .SBS8.. -17.5 17.7 930 152 16.7 0.04
11283 IC 1291 18 33 52.6 49 16 44 .SBS8?. -18.57 31.3 1962 173 48.1 0.15
11557 20 24 00.7 60 11 41 .SXS8.. -18.17 23.8 1389 87 26.5 0.65
11707 21 14 31.7 26 44 5 .SA.8.. -16.5 15.9 906 185 34.2 0.36
12048 NGC 7292 22 28 25.8 30 17 34 .IB.9.. -18.18 16.8 986 77 13.3 0.14
12060 22 30 33.9 33 49 14 .IB.9.. -16.07 15.7 884 113 14.9 0.2
12212 22 50 30.2 29 08 20 .S..9*. – 15.5 894 105 8.88 0.14
12554 NGC 7640 23 22 06.7 40 50 43 .SBS5.. -18.35 9.2 369 234 65.9 0.24
12632 DDO 217 23 29 58.8 40 59 27 .S..9*. -14.69 6.9 422 114 8.19 0.28
12732 23 40 39.8 26 14 11 .S..9*. -16.79 13.2 748 112 28.1 0.1
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Table A2: Adopted distances

UGC DHI Dref references method Da
(Mpc) (Mpc) (Mpc)

192 0 0.84 KT94 M31 group
1.01 KT93 Brightest stars (ph)
0.95 SB Local group 1.0

731 12.75 7.98 dVdVB NGC 278 group 8.0
1249 7.54 7.5
1281 5.45 5.06 SB Field 5.5
1438 13.34 13.3
1501 5.74 5.3 SB Field 5.7
1547 36.99 20.23 dVdVB NGC 772 group 20.2
1551 37.48 20.2
1865 11.04 7.14 dVdVB G7 (NGC 1023)

10.05 T TF of NGC 1023 group 10.1
2014 10.97 7.14 dVdVB G7 (NGC 1023)

10.05 T TF of NGC 1023 group 10.1
2017 16.2 16.2
2023 11.21 7.14 dVdVB G7 (NGC 1023)

10.05 T TF of NGC 1023 group 10.1
2034 11.26 7.14 dVdVB G7 (NGC 1023)

10.05 T TF of NGC 1023 group 10.1
2053 16.45 11.75 dVdVB NGC 972 group 11.8
2455 7.7 7.8 KMG Brightest stars (CCD)

7.07 SB Field 7.8
2603 38.54 38.5
2800 20.59 20.6
3056 2.24 2.01 KT94 Pair with UGCA 92

2.19 I –
3.6 KTG TF IC342/Maffei group

1.85 KTS94a Brightest stars (CCD)
3.56 SB B1 2.2

3060 3.25 3.88 KTGBS Brightest stars (ph)
3.56 SB B1 3.9

3137 18.35 18.4
3144 26.79 19.5 dVdVB IC 391 group 19.5
3273 12.15 12.2
3317 21.55 19.5 dVdVB IC 391 group 19.5
3371 15.91 12.76 dVdVB NGC 2146 group 12.8
3384 19.5 19.5
3390 23.2 23.2
3475 9.27 9.3
3647 22.82 18.37 dVdVB NGC 2549 group 18.4
3698 8.49 8.2 SB Field 8.5
3711 8.62 8.32 SB Field 8.6
3817 8.66 8.39 SB Field 8.7
3851 4.64 2.75 dVdVB NGC 2403 group

3.19 KT94 NGC 2403 group
3.44 TSHM Cepheids
3.37 TBKG Brightest stars (ph)
3.31 SB B2 3.4

3860 6.93 4.57 dVdVB Group of 3 dwarfs
6.76 cited in SK

6.6 SB Field 6.8
3966 6.89 4.57 dVdVB Group of 3 dwarfs

5.97 cited in SK
6.58 SB Field 6.0

4173 16.76 16.8
4274 8.56 6.64 cited in SK

8.26 SB Field 6.6
4278 10.49 10.5
4305 5.51 2.75 dVdVB NGC 2403 group

3.61 KT94 Pair with UGC 4483
3.35 TKBS Brightest stars (ph)
3.31 SB B2 3.4

4325 10.06 10.1
4426 7.15 4.57 dVdVB Group of 3 dwarfs

6.85 SB Field
6.37 Mean: UGC 3860/3977 6.4

4483 5.35 3.61 KT94 Pair with UGC 4305
3.63
3.31 SB B2 3.3

4499 12.96 13.0
4543 30.25 30.3

UGC DHI Dref references method Da
(Mpc) (Mpc) (Mpc)

4660 32.89 32.9
4704 10.21 10.2
4945 13.76 6.73 6.7
5040 58.02 58.0
5139 4.94 3.16 dVdVB G2 (M81)

6.78 TKBS Brightest stars (ph)
3.31 SB B2 6.8

5221 2.46 3.4 KT94 G2 (M81)
4.51 KTGBS Brightest stars (ph)
3.31 SB B2 4.5

5272 7.31 6.14 dVdVB NGC 2903 group
6.85 SB Field 6.1

5322 5.91 5.9
5336 3.22 3.16 dVdVB G2 (M81)

3.4 KT94 G2 (M81)
3.62 GTKB Brightest stars (ph)
3.31 SB B2 3.6

5340 6.64 6.14 dVdVB NGC 2903 group
6.2 SB Field 6.1

5364 0 1.1 dVdVB
2.23 HSKD Cepheids
1.16 SB Local group 2.2

5398 2.67 3.56 S Associated with Garland
3.31 SB B2 3.6

5414 9.99 10.0
5455 22.58 22.6
5478 22.47 18.54 dVdVB G42 (NGC 2964) 18.5
5612 18.79 13.55 dVdVB NGC 2985 group

6.92 BGPdV Sosie galaxies 13.6
5666 3.13 3.16 dVdVB G2 (M81)

3.4 KT94 G2 (M81)
3.71 TBKG Brightest stars (ph)
3.31 SB B2 3.7

5688 30.93 30.2 dVdVB NGC 3329 group 30.2
5706 24.48 24.5
5721 6.56 6.73 cited in SK

6.05 SB Field 6.7
5740 11.86 11.9
5764 7.73 8.95 dVdVB G12 (NGC 3184) 9.0
5829 8.81 8.95 dVdVB G12 (NGC 3184) 9.0
5846 18.69 13.18 dVdVB G28 (NGC 3310) 13.2
5860 17.41 17.4
5918 6.7 3.16 dVdVB G2 (M81)

7.74 SB B2a 7.7
5935 26.35 26.4
5986 8.74 8.7
6016 25.16 25.2
6021 32.12 32.1
6024 23.24 23.2
6126 8.9 8.9
6151 22.26 17.22 dVdVB Leo II Cloud 17.2
6161 12.93 12.9
6251 17.14 13.18 dVdVB G28 (NGC 3310) 13.2
6406 21.5 21.5
6446 12.01 12.0
6456 1.71 3.4 KT94 G2 (M81)

3.03 KTS94b Brightest stars (CCD)
1.76 SB Field 3.0

6565 4.57 3.21 cited in SK
3.45 SB B4 3.2

6628 15.3 15.3
6682 23.19 16.07 dVdVB NGC 4036 group 16.1
6713 16.52 16.5
6817 3.25 4.02 cited in SK

3.45 SB B4 4.0
6840 19.13 15.7 dVdVB G34 (NGC 3992) 15.7
6912 23.64 23.6
6917 16.86 16.9
6944 47.43 47.4
6955 15.81 11.59 dVdVB G17 (NGC 4151) 11.6
6956 17.02 15.7 dVdVB G34 (NGC 3992) 15.7
6995 22.62 22.6
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UGC DHI Dref references method Da
(Mpc) (Mpc) (Mpc)

7047 4.11 3.45 SB B4 3.5
7125 19.47 19.5
7151 4.29 3.45 SB B4 3.5
7199 2.02 3.45 SB B4 3.5
7204 20.32 20.3
7232 2.9 3.45 SB B4 3.5
7261 9.09 9.1
7278 3.66 3.45 SB B4 3.5
7306 2.49 3.4 KT94 G2 (M81)

2.03 BGPdV Sosie galaxies
3.01 TBKG Brightest stars (ph)
3.31 SB B2 3.0

7323 8.05 6.08 BGPdV Sosie galaxies 8.1
7356 4.45 3.45 SB B4 3.5
7399 8.49 8.39 dVdVB G10 (NGC 4631) 8.4
7408 7.17 8.39 dVdVB G10 (NGC 4631) 8.4
7490 10.54 8.47 dVdVB Close to G10 8.5
7524 3.81 3.45 SB B4 3.5
7534 14.12 8.47 dVdVB Close to CVn II 8.5
7559 2.83 5.06 dVdVB G3 (NGC 4736)

3.16 cited in SK
3.45 SB B4 3.2

7577 3.08 5.06 dVdVB G3 (NGC 4736)
3.45 SB B4 3.5

7592 3.2 3.45 SB B4 3.5
7599 3.6 5.06 dVdVB G3 (NGC 4736)

3.45 SB B4 3.5
7603 6.8 6.8
7608 8.03 8.39 dVdVB G10 (NGC 4631) 8.4
7648 7.08 7.1
7651 8.43 8.4
7673 7.53 8.39 dVdVB G10 (NGC 4631) 8.4
7690 7.94 7.9
7698 3.83 5.06 dVdVB G3 (NGC 4736)

3.45 SB B4 3.5
7723 11.32 11.3
7831 4.08 4.63 KT94 Near M81 and M101

5.18 cited in SK
4.16 SB Field 5.2

7853 7.83 7.8
7861 9 9.0
7866 4.84 5.06 dVdVB G3 (NGC 4736)

4.8 SB B5 4.8
7872 30.73 30.7
7907 7.9 7.9
7916 7.76 8.39 dVdVB G10 (NGC 4631) 8.4
7949 4.32 5.06 dVdVB G3 (NGC 4736)

4.8 SB B5 4.8
7971 8.23 8.39 dVdVB G10 (NGC 4631) 8.4
8005 21.81 21.8
8024 4.11 5.06 dVdVB G3 (NGC 4736)

4.8 SB B5 4.8
8098 12.82 12.8
8188 4.38 4.7 SLSMPST Cepheids

2.51 PRS Brightest stars (CCD)
4.8 SB B5 4.7

8201 3.04 2.41 dVdVB NGC 4236 group
4.63 KT94 Near M81 and M101

4.9 KTGBS Brightest stars (ph)
3.31 SB B2 4.9

8286 6.35 4.8 SB B5 4.8
8303 17.2 17.2
8320 3.49 5.86 dVdVB UMa

3.55 SB Field 5.9
8331 4.58 5.86 dVdVB UMa

4.59 SB Field 5.9
8441 25.99 20.04 dVdVB NGC 5301 group 20.0
8489 23.06 20.04 dVdVB NGC 5301 group 20.0
8490 4.95 5.01 BGPdV Sosie galaxies

4.92 cited in SK
5.29 SB B3 4.9

8508 2.46 3.68 cited in SK

UGC DHI Dref references method Da
(Mpc) (Mpc) (Mpc)

5.29 SB B3 3.7
8550 6.37 5.29 SB B3 5.3
8565 4.72 6.31 KT94 G5 (M101)

5.18 cited in SK
5.29 SB B3 5.2

8651 3.33 5.86 dVdVB UMa
3.42 SB Field 5.9

8683 10.57 12.59 dVdVB NGC 5033 group 12.6
8760 3.06 5.86 dVdVB UMa

3.2 SB Field 5.9
8837 3.74 5.11 dVdVB G5 (M101)

5.29 SB B3 5.1
8892 29.01 29.0
9018 6.46 5.11 dVdVB G5 (M101)

7.73 cited in SK
5.29 SB B3 7.7

9128 1.74 4.37 AGM Brightest stars (CCD)
2.01 SB Field 4.4

9211 12.98 12.59 dVdVB NGC 5033 group 12.6
9219 11.95 12.0
9240 3.34 5.86 dVdVB UMa

4.53 cited in SK
3.55 SB Field 4.5

9405 5.64 5.11 dVdVB G5 (M101)
5.29 SB B3
7.62 cited in SK 7.6

9426 36.18 36.2
9769 16.57 16.14 BGPdV Sosie galaxies 16.6
9906 13.69 13.7
9992 10.38 10.4

10310 14.39 15.56 dVdVB NGC 6207 group 15.6
10736 11.71 11.7
10792 22.16 22.2
10806 17.73 17.7
11283 31.25 31.3
11557 23.77 23.8
11707 15.9 15.9
11861 25.1 25.1
12048 16.83 16.8
12060 15.69 15.7
12082 14.6 12.53 dVdVB NGC 7331 group 14.6
12212 15.48 15.5
12554 9.15 9.2
12632 9.83 6.89 dVdVB NGC 7640 group 6.9
12732 13.23 13.2

AGM Aparicio, Garcı́a-Pelayo & Moles 1988
BGPdV Bottinelli et al. 1985
GTKB Georgiev et al. 1991
HSKD Hoessel et al. 1994
I Israel 1988
KMG Karachentsev, Musella & Grimaldi 1996
KT93 Karachentsev & Tikhonov 1993
KT94 Karachentsev & Tikhonov 1994
KTGBS Karachentsev et al. 1991
KTG Krismer, Tully & Gioia 1995
KTS94a Karachentsev, Tikhonov & Sazonova 1994a
KTS94b Karachentsev, Tikhonov & Sazonova 1994b
PRS Pierce, Ressler & Shure 1992
SB Schmidt & Boller 1992
SK Schmidt & Karachentsev 1996
SLSMPST Saha et al. 1994
S Sharina 1991
TBKG Tikhonov et al. 1991
TKBS Tikhonov et al. 1992
TSHM Tolstoy et al. 1995
T Tully 1980
dVdVB De Vaucouleurs, de Vaucouleurs & Buta 1983
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Table A3: List of R-band observations

UGC date texp seeing �phot
sec 00 mag

(1) (2) (3) (4) (5)

192 29 Nov 1994 60 2.2 0.05
731 23 Dec 1995 600 1.0 0.02

1249 2 Dec 1994 600 1.6 0.22
1281 24 Dec 1995 300 0.9 0.02
1438 2 Dec 1994 600 1.1 0.22
1501 24 Dec 1995 300 1.0 0.02
1547 29 Nov 1994 300 1.8 0.05
1551 29 Nov 1994 600 1.8 0.05
1865 25 Dec 1995 600 1.6 0.02
2014 2 Dec 1994 1200 1.5 0.22
2017 25 Dec 1995 1800 1.5 0.05
2023 25 Dec 1995 600 1.6 0.02
2034 25 Dec 1995 600 1.5 0.05
2053 29 Nov 1994 420 3.2 0.05
2455 29 Nov 1994 180 2.5 0.05
2603 27 Dec 1995 900 1.6 0.19
2800 23 Dec 1995 600 1.0 0.02
3056 3 Dec 1994 420 1.3 0.22
3060 24 Dec 1995 600 1.3 0.07
3137 4 Feb 1995 1200 1.6 0.51
3144 23 Dec 1995 600 1.1 0.02
3273 4 Feb 1995 600 1.6 0.51
3317 24 Dec 1995 600 1.2 0.02
3371 24 Dec 1995 900 1.4 0.07
3384 26 Dec 1995 900 1.6 0.19
3390 26 Dec 1995 480 1.6 0.19
3475 27 Dec 1995 900 0.9 0.05
3647 26 Dec 1995 900 1.6 0.19
3698 27 Dec 1995 900 1.1 0.19
3711 2 May 1994 120 1.9 0.01
3817 3 Dec 1994 1200 2.2 0.22
3851 28 Dec 1995 300 2.6 0.02
3860 26 Dec 1995 600 1.5 0.19
3966 24 Dec 1995 600 1.7 0.02
4173 24 Dec 1995 600 1.4 0.02
4274 26 Dec 1995 300 1.4 0.19
4278 4 Dec 1994 180 2.0 0.02
4305 28 Dec 1995 180 1.7 0.01
4325 24 Dec 1995 300 1.7 0.02
4426 3 Dec 1994 1800 1.6 0.22
4483 26 Dec 1995 900 2.3 0.19
4499 4 Dec 1994 300 2.1 0.02
4543 30 Nov 1994 360 2.3 0.05
4660 24 Dec 1995 600 1.9 0.02
4704 27 Dec 1995 600 1.3 0.02
4945 24 Dec 1995 600 1.3 0.02
5040 26 Dec 1995 600 1.7 0.05
5139 5 May 1994 600 1.8 0.01
5221 1 May 1994 300 2.3 0.02
5272 4 May 1994 780 2.1 0
5322 27 Dec 1995 300 1.4 0.19
5336 24 Dec 1995 600 1.2 0.02
5340 2 May 1994 1200 1.9 0.01
5364 4 May 1994 1320 2.4 0
5398 3 May 1994 360 1.7 0.01
5414 1 May 1994 1320 2.4 0.02
5455 30 Nov 1994 1200 3.4 0.05

Table A3: – Continued

UGC date texp seeing �phot
sec 00 mag

(1) (2) (3) (4) (5)

5478 25 Dec 1995 600 1.7 0.07
5612 7 Feb 1995 600 1.4 0.51
5666 28 Dec 1995 360 1.8 0.19
5688 6 May 1994 600 2.2 0.06
5706 25 Dec 1995 900 1.7 0.07
5721 1 May 1994 600 1.9 0.02
5740 5 Feb 1995 600 1.3 0.51
5764 5 Feb 1995 600 1.4 0.51
5829 5 May 1994 1200 2.3 0.01
5846 1 May 1994 600 1.8 0.02
5860 27 Dec 1995 360 1.2 0.19
5918 5 May 1994 1200 2.4 0.01
5935 6 May 1994 300 1.8 0.06
5986 2 May 1994 300 1.8 0.02
6016 7 Feb 1995 900 1.5 0.51
6021 27 Dec 1995 300 1.2 0.19
6024 3 May 1994 240 2.2 0.01
6126 6 May 1994 300 1.9 0.06
6151 26 Dec 1995 600 1.6 0.19
6161 6 May 1994 1200 1.6 0.06
6251 28 Dec 1995 600 1.5 0.19
6406 4 Dec 1994 300 2.7 0.02
6446 4 Dec 1994 1200 2.7 0.02
6456 27 Dec 1995 600 1.3 0.19
6565 3 May 1994 250 2.3 0.01
6628 5 May 1994 600 2.7 0.01
6682 27 Dec 1995 600 1.3 0.19
6817 3 May 1994 600 1.7 0.01
6840 4 Dec 1994 600 2.3 0.02
6912 3 Feb 1995 600 1.8 0.51
6917 3 Feb 1995 300 2.1 0.51
6944 2 May 1994 240 2.2 0.02
6955 3 May 1994 600 1.8 0.01
6956 3 May 1994 1200 1.6 0.01
6995 26 Dec 1995 300 1.7 0.19
7047 2 May 1994 195 1.6 0.02
7125 6 May 1994 600 2.5 0.01
7151 6 May 1994 1015 2.0 0.06
7199 27 May 1995 400 1.3 0.07
7204 3 Feb 1995 300 2.3 0.51
7232 27 May 1995 400 1.2 0.07
7261 4 May 1994 600 2.2 0.01
7278 29 Dec 1995 300 1.5 0.19
7306 28 Dec 1995 600 1.5 0.19
7323 5 May 1994 600 2.2 0
7356 27 May 1995 900 1.4 0.07
7399 6 May 1994 600 2.4 0.01
7408 3 May 1994 600 1.9 0.01
7490 4 May 1994 300 2.2 0.01
7524 29 Dec 1995 300 1.6 0.19
7534 5 May 1994 670 2.5 0
7559 7 May 1994 600 1.7 0.06
7577 2 May 1994 1200 1.9 0.02
7592 4 May 1994 45 2.6 0.01
7599 11 May 1996 600 1.0 0.02
7603 5 May 1994 420 2.2 0
7608 6 May 1994 1200 2.0 0.01
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Table A3: – Continued

UGC date texp seeing �phot
sec 00 mag

(1) (2) (3) (4) (5)

7648 7 May 1994 60 2.0 0.06
7651 7 May 1994 60 2.0 0.06
7673 11 May 1996 600 1.5 0.02
7690 3 May 1994 600 1.9 0.01
7698 5 May 1994 1200 2.0 0
7723 3 Feb 1995 300 2.0 0.51
7831 2 May 1994 120 2.1 0.02
7853 27 Dec 1995 900 1.3 0.06
7861 27 Dec 1995 1800 1.2 0.07
7866 3 May 1994 600 2.1 0.01
7872 28 May 1995 600 2.0 0.04
7907 29 Dec 1995 300 1.6 0.19
7916 4 May 1994 1500 2.1 0.01
7949 5 May 1994 1200 1.9 0
7971 3 Feb 1995 600 2.2 0.51
8005 6 May 1994 600 1.8 0.01
8024 7 May 1994 600 1.8 0.06
8098 3 May 1994 660 1.9 0.01
8188 4 May 1994 600 2.2 0.01
8201 7 May 1994 600 2.4 0.06
8286 3 Feb 1995 300 1.8 0.51
8303 28 May 1995 600 1.3 0.07
8320 3 May 1994 600 2.0 0.01
8331 5 May 1994 600 1.7 0
8441 29 May 1995 600 1.7 0.04
8489 29 May 1995 600 2.0 0.04
8490 2 May 1994 360 2.2 0.02
8508 28 May 1995 600 1.6 0.07
8550 3 May 1994 600 1.8 0.01
8565 29 May 1995 600 3.0 0.04
8651 4 May 1994 600 1.7 0.01
8683 5 May 1994 1200 1.9 0
8760 6 May 1994 900 2.0 0.01
8837 4 May 1994 600 1.9 0.01
8892 12 May 1996 600 1.4 0.02
9018 11 May 1996 600 1.6 0.02
9128 28 May 1995 600 1.3 0.07
9211 5 May 1994 1200 2.2 0
9219 28 May 1995 600 1.5 0.07
9240 5 May 1994 1800 2.1 0
9405 29 May 1995 600 2.4 0.04
9426 28 May 1995 900 1.5 0.07
9769 14 May 1996 600 1.9 0.01
9906 5 May 1994 1380 2.3 0
9992 29 May 1995 600 2.1 0.04

10736 12 May 1996 600 1.4 0.02
10792 12 May 1996 1200 1.4 0.02
10806 11 May 1996 600 1.8 0.02
11283 12 May 1996 720 1.3 0.02
11557 6 May 1994 420 1.5 0.01
11707 14 May 1996 600 1.8 0.01
12048 3 Dec 1994 300 2.6 0.02
12060 3 Dec 1994 600 2.4 0.02
12212 3 Dec 1994 480 2.8 0.02
12554 23 Dec 1995 300 0.9 0.02
12632 23 Dec 1995 600 0.9 0.02
12732 3 Dec 1994 600 2.6 0.02

Table A4: List of B-band observations

UGC date texp seeing �phot
s 00 mag

(1) (2) (3) (4) (5)

731 23 Dec 1995 600 1.0 0.03
1281 24 Dec 1995 900 1.1 0.09
1501 24 Dec 1995 600 1.1 0.09
2800 23 Dec 1995 600 1.1 0.03
3060 24 Dec 1995 600 1.3 0.09
3137 5 Feb 1995 600 1.6 0.45
3144 24 Dec 1995 600 1.2 0.03
3273 25 Dec 1995 600 1.3 0.12
3317 24 Dec 1995 600 1.2 0.03
3371 24 Dec 1995 900 1.4 0.09
3384 26 Dec 1995 900 1.7 0.12
3390 26 Dec 1995 600 1.1 0.12
3475 27 Dec 1995 900 1.0 0.12
3647 26 Dec 1995 900 1.8 0.12
3698 27 Dec 1995 900 1.0 0.12
3851 28 Dec 1995 180 1.6 0.12
3860 26 Dec 1995 600 1.4 0.12
4274 26 Dec 1995 300 1.7 0.12
4278 28 Dec 1995 300 1.5 0.02
4305 28 Dec 1995 180 1.7 0.04
4325 24 Dec 1995 300 1.2 0.03
4660 24 Dec 1995 600 1.6 0.03
5040 26 Dec 1995 600 1.5 0.12
5336 24 Dec 1995 900 1.2 0.03
5829 3 Feb 1995 600 2.6 0.45
6151 26 Dec 1995 600 1.3 0.12
6713 3 Feb 1995 600 2.4 0.45
6912 3 Feb 1995 600 1.7 0.45
7199 27 May 1995 600 2.5 0.09
7232 27 May 1995 800 2.8 0.09
7356 27 May 1995 900 1.7 0.09
7399 28 May 1995 600 2.5 0.05
7534 5 May 1994 60 1.9 0.01
7577 2 May 1994 1200 2.2 0.02
7861 24 Dec 1995 1800 1.1 0.03
7872 28 May 1995 600 2.8 0.05
8303 28 May 1995 600 6.8 0.09
8441 29 May 1995 600 1.9 0.05
8489 29 May 1995 900 2.5 0.05
8508 28 May 1995 600 3.4 0.09
8565 29 May 1995 600 2.9 0.05
9128 28 May 1995 900 3.8 0.09
9219 29 May 1995 600 2.8 0.05
9992 29 May 1995 600 3.4 0.05

12554 23 Dec 1995 300 1.0 0.03
12632 23 Dec 1995 600 1.0 0.03
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Table A5: R-band isophotal and photometric parameters

UGC � PA m25 mlim mext �lim �c �0 MR �phot h d25 d26:5 r20 r50 r80

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17)

192a 0.474 133 9.75 9.93 9.79 24.08 21.35 20.76 -15.21 0.05 92.7 1015 – 74 145 239
731 0.506 73 13.50 13.52 13.29 24.95 21.86 22.24 -16.63 0.02 45.8 249 – 29 63 104

1249b 0.629 151 11.63 11.60 11.58 25.78 22.13 21.05 -17.94 0.22 56.4 396 463 42 91 144
1281 0.872 40 12.72 12.61 12.61 26.64 21.00 20.51 -16.17 0.02 45.9 359 582 41 79 133
1438b 0.347 87 12.70 12.65 12.65 27.62 19.59 19.52 -18.27 0.22 13.6 140 184 11 22 41
1501 0.774 1 11.70 11.65 11.63 26.10 21.28 20.65 -17.27 0.02 58.5 448 592 47 93 158
1547 0.000 90 14.02 13.74 13.70 26.50 21.30 21.63 -17.98 0.05 15.6 98 162 12 27 54
1551 0.105 119 13.63 13.49 13.45 27.37 21.25 21.74 -18.26 0.05 22.1 132 169 18 35 57
1865 0.152 65 14.03 13.90 13.58 25.46 22.39 22.59 -16.56 0.02 29.3 130 196 21 45 82
2014b 0.604 176 14.49 14.33 14.26 26.28 22.38 22.12 -15.86 0.22 26.2 136 196 20 40 64
2017 0.500 45 15.62 15.37 15.19 25.69 23.11 22.73 -16.02 0.05 21.1 90 169 16 32 51
2023 0.000 89 13.31 13.16 13.01 25.85 22.07 21.79 -17.20 0.02 25.3 152 214 20 42 77
2034 0.000 90 12.93 12.85 12.67 25.46 21.76 21.56 -17.45 0.05 25.5 155 220 21 42 77
2053 0.630 38 14.73 14.57 14.54 26.75 22.66 21.46 -16.02 0.05 19.3 124 169 19 34 54
2455 0.165 37 11.42 11.38 11.36 26.36 19.70 19.64 -18.47 0.05 23.2 231 298 18 38 69
2603b 0.588 64 14.68 14.54 14.44 25.97 21.85 21.99 -18.88 0.18 25.1 142 257 20 40 61
2800 0.604 106 13.46 13.31 13.28 26.26 20.14 20.69 -19.06 0.02 28.5 210 319 22 44 77
3056b 0.534 120 10.55 10.56 10.52 24.90 16.19 20.33 -17.34 0.22 57.9 500 – 16 35 83
3060 0.789 24 10.97 10.93 10.92 25.88 20.61 20.31 -17.39 0.07 77.8 708 907 63 129 227
3137b 0.765 74 13.17 12.93 12.92 27.14 20.93 22.66 -18.71 0.51 64.7 283 457 27 58 127
3144 0.516 113 13.84 13.73 13.69 26.49 21.28 21.27 -18.08 0.02 22.3 161 203 18 35 64
3273a;b0.603 38 13.42 13.35 13.32 25.80 20.96 21.34 -17.11 0.51 25.1 178 249 17 38 69
3317 0.355 18 14.84 14.57 14.47 27.08 22.51 22.37 -17.24 0.02 21.8 111 150 17 36 58
3371 0.378 130 13.64 13.28 13.07 26.01 22.43 22.78 -17.74 0.07 52.6 213 339 38 79 134
3384b 0.000 135 14.51 14.49 14.44 25.17 21.21 21.25 -17.31 0.18 9.7 96 – 9 21 38
3390a;b0.357 41 13.31 13.24 13.16 26.05 19.93 21.39 -18.67 0.18 22.5 140 182 15 33 58
3475 0.421 73 13.51 13.55 13.44 24.68 20.15 20.49 -17.06 0.05 18.4 158 – 15 30 49
3647b 0.000 34 14.06 13.83 13.69 26.05 22.12 22.18 -17.71 0.18 20.4 104 228 16 33 61
3698b 0.294 179 14.66 14.47 14.46 26.44 21.85 20.85 -15.42 0.18 10.3 80 133 11 19 35
3711 0.385 101 12.18 12.18 12.13 25.05 18.86 20.38 -17.76 0.01 21.9 183 – 12 26 53
3817b 0.000 90 15.34 14.94 14.76 26.15 23.15 22.54 -15.13 0.22 15.9 72 129 14 28 49
3851 0.642 28 11.02 10.92 10.89 25.76 21.82 21.44 -16.86 0.02 87.9 594 1034 77 135 246
3860b 0.482 24 14.48 14.33 14.29 26.57 23.23 21.60 -15.00 0.18 17.9 115 159 15 29 51
3966 0.000 90 14.56 14.40 14.14 25.88 23.14 22.24 -14.87 0.02 18.6 94 143 19 34 59
4173 0.397 138 14.30 13.58 13.37 26.56 22.37 23.77 -17.81 0.02 61.4 133 294 28 78 139
4274b 0.075 158 11.29 11.27 11.23 25.37 19.77 20.66 -17.95 0.18 23.2 185 257 15 23 46
4278 0.882 173 12.47 12.45 12.45 25.78 20.29 20.20 -17.73 0.02 45.4 348 454 34 68 112
4305 0.246 30 11.11 10.98 10.93 26.44 22.21 21.38 -16.78 0.01 59.7 389 565 56 105 175
4325 0.356 56 12.10 12.04 12.02 26.73 21.18 21.13 -18.10 0.02 35.9 241 304 28 55 91
4426b 0.303 3 14.62 14.32 14.23 27.13 22.73 22.64 -14.87 0.22 24.2 113 161 19 40 65
4483b 0.444 167 14.48 14.51 14.27 24.84 21.96 21.79 -13.59 0.18 19.2 101 – 15 25 46
4499 0.173 162 13.01 12.90 12.86 26.63 20.50 21.29 -17.78 0.02 21.5 149 203 15 36 62
4543 0.000 90 13.56 13.28 13.22 26.69 20.61 22.02 -19.24 0.05 23.0 123 205 15 36 71
4660 0.000 90 14.75 14.48 14.40 26.69 21.31 22.25 -18.21 0.02 13.9 71 113 9 21 41
4704 0.861 116 13.94 13.87 13.84 25.63 21.32 21.68 -16.23 0.02 43.3 246 345 32 63 100
4945 0.000 90 15.02 14.89 14.46 25.48 23.00 22.77 -14.67 0.02 18.4 73 143 15 30 57
5040 0.000 90 13.70 13.55 13.51 27.10 20.61 22.19 -20.31 0.05 23.0 115 151 15 32 53
5139 0.000 90 13.33 13.17 12.72 25.47 24.00 22.68 -16.47 0.01 42.4 182 291 46 81 140
5221 0.423 143 9.72 9.72 9.71 24.96 19.36 18.69 -18.61 0.02 36.1 451 – 38 69 114
5272 0.640 114 13.95 13.86 13.83 26.28 22.05 21.24 -15.11 0.00 21.5 142 201 19 36 57
5322b 0.612 63 7.70 7.70 7.69 25.24 -0.07 17.33 -21.23 0.18 54.5 956 – 43 89 166
5336 0.399 60 14.11 13.36 13.07 25.83 23.72 23.55 -14.79 0.02 70.6 184 416 54 108 167
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Table A5: – Continued

UGC � PA m25 mlim mext �lim �c �0 MR �phot h d25 d26:5 r20 r50 r80

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17)

5340 0.501 8 14.57 14.44 14.37 26.07 21.85 21.99 -14.57 0.01 18.9 103 169 13 27 48
5364 0.497 102 13.02 12.84 12.60 25.51 23.71 22.78 -14.15 0.00 69.3 276 455 57 102 165
5398 0.231 49 9.51 9.51 9.47 25.19 17.96 19.89 -18.43 0.01 51.8 478 – 25 65 132
5414 0.416 38 12.59 12.48 12.47 27.82 21.85 21.18 -17.55 0.02 30.4 210 270 27 53 85
5455 0.440 147 15.85 15.37 15.33 27.22 23.02 22.47 -16.54 0.05 15.1 68 119 13 26 47
5478 0.000 42 15.19 15.04 14.57 25.42 22.62 22.91 -16.80 0.07 18.7 70 115 15 30 58
5612b 0.193 166 12.38 12.34 12.21 25.70 20.89 21.36 -18.56 0.51 32.0 205 251 24 51 86
5666b 0.630 48 10.70 10.78 10.65 24.69 22.12 22.14 -17.23 0.18 137.8 779 – 111 217 315
5688b 0.360 133 13.42 13.33 13.22 25.89 21.32 22.00 -19.18 0.06 28.7 162 214 21 46 76
5706 0.573 100 16.38 15.84 15.72 26.45 23.23 23.35 -16.24 0.07 21.7 71 129 17 33 53
5721 0.504 96 12.60 12.59 12.58 25.40 19.15 19.47 -16.58 0.02 13.6 143 179 11 23 40
5740b 0.358 123 13.93 13.81 13.76 26.51 21.45 21.68 -16.62 0.51 19.3 122 166 15 32 55
5764b 0.474 48 15.21 14.94 14.91 27.04 22.22 21.91 -14.88 0.51 14.0 81 123 12 24 43
5829 0.000 81 12.86 12.59 12.46 26.39 22.60 22.43 -17.33 0.01 38.8 188 296 33 65 115
5846 0.142 90 15.05 14.65 14.52 26.90 23.32 22.69 -16.08 0.02 18.9 78 126 16 32 54
5860b 0.462 92 12.60 12.58 12.57 26.00 17.96 19.62 -18.63 0.18 11.6 119 165 5 13 30
5918 0.508 83 14.91 14.22 14.05 26.15 23.28 23.43 -15.38 0.01 46.2 120 310 31 66 114
5935b 0.609 97 12.05 11.98 11.97 27.06 17.78 20.79 -20.14 0.06 31.0 244 326 11 33 77
5986 0.730 40 11.13 11.07 11.07 26.59 19.17 20.00 -18.63 0.02 45.8 419 567 34 72 127
6016b 0.300 56 14.80 14.58 14.46 26.20 21.70 22.55 -17.55 0.51 19.4 89 144 13 29 51
6021b 0.000 116 12.42 12.41 12.39 25.69 18.92 19.30 -20.14 0.18 10.1 106 132 9 19 32
6024 0.626 66 11.76 11.73 11.73 26.00 19.04 19.12 -20.10 0.01 19.3 207 353 15 32 56
6126b 0.825 164 12.52 12.50 12.49 25.32 19.73 20.16 -17.26 0.06 32.1 307 – 23 52 94
6151b 0.000 90 14.24 13.99 13.91 27.02 22.00 22.24 -17.27 0.18 18.2 98 142 15 32 54
6161b 0.597 49 13.53 13.44 13.41 26.31 20.59 21.41 -17.14 0.06 24.0 160 217 15 36 64
6251b 0.112 13 14.85 14.66 14.52 25.97 22.07 22.37 -16.08 0.18 14.7 70 106 9 21 40
6406 0.150 167 12.50 12.38 12.31 26.40 17.38 23.28 -19.35 0.02 39.1 124 231 4 11 49
6446 0.161 116 12.17 12.10 12.05 26.23 20.30 21.17 -18.35 0.02 28.5 201 273 19 43 80
6456b 0.547 166 14.73 14.43 14.39 26.79 21.69 22.41 -13.05 0.18 22.5 106 177 14 30 61
6565 0.272 162 11.26 11.21 11.19 26.00 19.71 20.75 -16.34 0.01 32.3 253 364 16 36 78
6628 0.000 90 12.34 12.17 12.08 26.62 20.95 21.79 -18.85 0.01 35.8 200 294 28 56 102
6682b 0.190 24 13.97 13.70 13.56 26.18 22.08 22.42 -17.47 0.18 27.0 126 200 21 46 78
6817 0.478 65 13.10 13.03 12.84 25.36 22.64 22.38 -15.18 0.01 48.5 230 346 37 70 118
6840 0.194 72 13.52 13.30 13.22 26.59 20.88 21.83 -17.77 0.02 26.3 152 223 16 46 83
6912b 0.315 143 13.10 13.12 13.09 24.86 21.01 20.82 -18.77 0.51 16.4 164 – 14 30 56
6917b 0.439 125 11.64 11.63 11.60 25.53 20.03 20.73 -19.56 0.51 38.6 262 302 28 56 92
6944 0.547 25 12.21 12.21 12.20 25.32 18.00 19.52 -21.19 0.02 17.0 179 213 12 27 52
6955 0.613 67 13.06 12.93 12.90 26.12 22.40 22.13 -17.42 0.01 50.1 252 342 37 69 112
6956 0.169 142 14.42 14.00 13.81 26.89 22.09 23.24 -17.19 0.01 33.4 114 186 21 49 89
6995b 0.100 1 12.20 12.15 12.15 27.70 18.86 19.72 -19.65 0.18 13.0 126 170 9 19 37
7047 0.155 34 12.67 12.56 12.50 26.24 21.61 21.40 -15.22 0.02 27.0 171 235 23 43 75
7125 0.773 85 13.21 13.13 13.12 26.23 21.04 21.19 -18.34 0.01 34.2 252 335 25 52 97
7151b 0.770 102 12.10 12.07 12.05 25.56 20.50 20.70 -15.67 0.06 43.7 372 508 34 74 135
7199 0.345 12 12.69 12.60 12.58 26.43 20.66 20.92 -15.14 0.07 21.8 165 233 16 33 62
7204b 0.806 134 12.33 12.28 12.28 26.49 20.61 19.78 -19.27 0.51 30.4 286 398 29 54 92
7232 0.178 65 12.48 12.43 12.41 25.73 20.81 19.96 -15.31 0.07 14.8 142 206 15 28 47
7261 0.000 121 12.29 12.18 12.13 26.78 20.35 21.85 -17.71 0.01 35.1 204 265 21 50 88
7278b 0.063 20 9.45 9.41 9.39 26.51 18.90 20.15 -18.33 0.18 53.3 481 631 32 74 153
7306b 0.733 160 9.65 9.57 9.55 26.08 21.28 21.26 -17.87 0.18 174.6 1212 1793 139 282 478
7323 0.246 29 10.77 10.69 10.64 25.96 20.68 20.91 -18.90 0.00 53.7 382 527 42 86 145
7356 0.330 159 14.79 14.59 14.52 26.37 22.50 21.82 -13.20 0.07 15.1 88 130 15 28 45
7399 0.358 126 12.57 12.52 12.50 26.18 19.62 20.25 -17.12 0.01 17.8 155 206 14 30 52
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Table A5: – Continued

UGC � PA m25 mlim mext �lim �c �0 MR �phot h d25 d26:5 r20 r50 r80

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17)

7408 0.279 96 13.22 13.08 13.02 25.99 21.60 21.56 -16.60 0.01 24.2 155 234 20 40 71
7490 0.000 90 12.44 12.31 12.25 26.54 21.31 21.33 -17.40 0.01 27.3 180 257 24 47 81
7524b 0.368 131 9.76 9.65 9.58 26.04 20.97 21.70 -18.14 0.18 135.1 867 1111 116 225 395
7534 0.000 36 13.84 13.75 13.46 25.59 0.00 22.45 -16.19 0.00 24.8 120 167 25 42 76
7559b 0.476 157 14.14 13.87 13.87 25.69 22.80 23.08 -13.66 0.06 44.6 157 283 26 51 81
7577 0.577 127 12.25 12.14 12.10 26.08 22.28 21.56 -15.62 0.02 50.8 318 451 43 82 137
7592 0.210 66 9.27 9.26 9.24 25.25 18.38 20.09 -18.48 0.01 50.5 454 – 26 57 112
7599 0.474 126 14.51 14.39 14.34 27.01 22.04 21.66 -13.38 0.02 16.9 97 128 14 27 43
7603 0.667 17 12.36 12.32 12.31 26.38 20.09 19.61 -16.88 0.00 20.8 204 272 20 37 63
7608 0.000 90 13.63 13.29 13.19 27.15 22.26 22.63 -16.43 0.01 30.4 135 217 22 49 87
7648b 0.313 176 11.66 11.64 11.62 25.36 19.70 19.71 -17.64 0.06 18.8 192 264 14 29 55
7651b 0.534 120 9.42 9.41 9.40 25.88 18.30 18.68 -20.22 0.06 40.9 447 562 30 67 114
7673 0.300 35 14.92 14.54 14.48 27.15 22.73 22.42 -15.16 0.02 19.2 89 145 17 33 57
7690 0.000 24 12.56 12.53 12.51 26.42 19.98 19.91 -16.98 0.01 11.8 121 148 10 21 40
7698 0.466 168 13.32 12.94 12.84 26.15 23.26 22.53 -14.90 0.00 50.4 226 369 46 86 142
7723b 0.284 117 11.64 11.63 11.59 25.23 19.46 20.59 -18.68 0.51 25.4 206 – 15 32 63
7831 0.535 119 9.93 9.93 9.92 25.47 18.99 18.70 -18.66 0.02 32.7 402 499 28 55 97
7853b 0.226 10 10.39 10.38 10.35 25.25 19.17 19.75 -19.11 0.06 32.1 314 – 26 61 101
7861 0.000 90 12.00 11.84 11.81 27.89 19.81 23.38 -17.96 0.07 44.8 134 257 12 25 52
7866 0.270 10 13.40 13.25 13.18 26.09 22.08 21.79 -15.23 0.01 24.7 153 223 20 42 73
7872 0.324 177 14.75 14.75 14.44 24.99 22.05 22.58 -18.02 0.04 21.2 94 – 12 29 51
7907b 0.846 35 10.64 10.51 10.51 26.27 19.85 20.53 -18.98 0.18 96.0 785 1300 68 157 299
7916 0.700 170 14.99 14.92 14.70 25.44 23.53 23.04 -14.93 0.01 42.0 153 222 27 50 82
7949 0.507 74 14.34 14.13 14.05 26.35 23.08 22.28 -14.37 0.00 28.0 145 217 26 47 78
7971b 0.200 35 12.62 12.57 12.49 25.87 21.18 21.02 -17.14 0.51 23.0 165 209 20 40 68
8005 0.643 35 11.70 11.47 11.47 26.27 20.26 20.41 -20.25 0.01 36.8 381 909 33 76 185
8024b 0.463 33 13.88 13.69 13.64 26.35 22.57 21.77 -14.78 0.06 24.5 142 218 23 41 70
8098 0.647 23 12.60 12.50 12.47 26.30 21.50 21.34 -18.07 0.01 42.0 272 376 32 64 112
8188 0.106 90 11.19 11.09 10.99 25.88 22.04 21.20 -17.37 0.01 52.0 352 489 53 101 162
8201b 0.511 94 12.85 12.71 12.68 26.97 22.71 21.08 -15.79 0.06 32.4 237 314 39 68 105
8286b 0.759 28 11.28 11.26 11.25 25.59 19.60 19.35 -17.16 0.51 34.4 346 431 30 59 101
8303 0.000 90 13.16 12.99 12.94 26.93 21.95 21.31 -18.24 0.07 18.9 136 191 17 33 65
8320 0.380 150 12.53 12.47 12.38 25.36 22.35 21.49 -16.47 0.01 35.3 230 350 31 59 99
8331 0.691 139 13.94 13.80 13.77 26.27 22.24 21.63 -15.08 0.00 27.8 173 248 23 45 77
8441 0.209 70 14.05 13.79 13.71 27.85 22.18 22.47 -17.80 0.04 25.6 119 175 19 40 69
8489 0.622 104 14.04 13.95 13.93 27.19 20.56 21.27 -17.58 0.04 18.0 124 163 12 27 48
8490 0.398 175 11.22 11.19 11.18 26.06 19.76 19.95 -17.28 0.02 29.0 285 360 24 50 90
8508 0.458 119 13.43 13.27 13.27 27.83 21.64 20.85 -14.57 0.07 18.6 140 201 18 34 59
8550 0.809 169 13.12 13.05 13.05 26.37 20.34 20.16 -15.57 0.01 24.2 223 327 21 41 74
8565 0.304 179 13.11 12.95 12.93 26.74 20.93 21.13 -15.65 0.04 21.4 151 230 19 38 66
8651 0.419 76 13.95 13.75 13.72 27.49 22.63 21.70 -15.13 0.01 22.4 139 188 22 41 67
8683 0.000 90 14.40 13.82 13.78 29.84 22.28 22.49 -16.72 0.00 20.5 83 176 15 35 76
8760 0.640 33 13.94 13.75 13.74 27.28 22.32 21.27 -15.11 0.01 23.0 156 228 24 44 72
8837 0.717 22 12.97 12.88 12.83 25.41 21.91 21.83 -15.71 0.01 49.5 284 397 39 76 123
8892 0.479 52 14.33 14.02 14.00 28.22 21.86 22.01 -18.31 0.02 22.2 122 179 19 40 70
9018 0.277 90 13.64 13.46 13.44 26.92 21.54 21.33 -15.99 0.02 18.0 113 181 14 28 51
9128 0.258 19 14.10 13.97 13.89 26.15 22.76 21.54 -14.33 0.07 17.2 110 154 18 32 52
9211 0.212 107 14.61 14.51 14.29 25.93 22.56 22.38 -16.21 0.00 19.4 93 132 15 31 54
9219 0.496 99 13.13 13.07 13.06 27.25 20.70 20.89 -17.34 0.07 21.0 154 193 17 34 56
9240 0.144 90 12.61 12.53 12.49 26.09 21.60 20.80 -15.78 0.00 20.6 160 232 20 37 64
9405 0.442 147 14.09 13.91 13.85 26.38 22.00 22.18 -15.55 0.04 24.6 140 193 19 42 70
9426 0.000 90 15.34 15.03 14.91 27.13 21.84 22.63 -17.96 0.07 14.0 63 96 10 22 40
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Table A5: – Continued

UGC � PA m25 mlim mext �lim �c �0 MR �phot h d25 d26:5 r20 r50 r80

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17)

9769 0.353 9 13.24 13.10 13.01 26.38 20.69 22.24 -18.10 0.01 33.5 170 238 18 44 83
9906 0.307 51 11.98 11.86 11.81 26.08 18.73 22.73 -18.87 0.00 45.5 179 310 9 19 66
9992 0.319 148 14.53 14.26 14.24 27.65 21.72 21.75 -15.89 0.04 15.9 90 149 13 26 49

10310 0.298 108 13.24 13.11 13.07 26.62 21.55 21.66 -17.90 0.02 24.9 158 217 20 42 71
10736 0.727 156 13.81 13.75 13.73 25.95 21.11 21.13 -16.71 0.02 27.1 183 229 21 43 68
10792 0.339 94 16.07 16.00 15.77 25.26 22.78 22.27 -16.05 0.02 10.9 54 – 9 17 29
10806 0.490 81 12.87 12.83 12.83 27.10 19.85 19.94 -18.45 0.02 15.1 134 164 13 27 44
11283 0.000 90 12.94 12.89 12.84 25.88 19.47 20.84 -19.78 0.01 16.8 121 155 12 25 43
11557 0.187 106 12.90 12.88 12.82 25.54 20.00 20.73 -19.71 0.01 26.2 171 198 17 34 53
11707 0.599 56 12.97 12.93 12.77 25.62 20.66 22.08 -18.60 0.02 58.0 293 401 29 73 120
11861 0.392 125 12.25 12.51 12.23 23.84 19.37 20.87 -20.79 0.02 52.9 348 – 31 60 92
12048 0.251 125 12.21 12.16 12.14 26.82 20.30 20.05 -19.13 0.02 19.0 170 221 16 31 54
12060 0.000 146 13.43 13.32 13.23 26.11 21.10 21.56 -17.95 0.02 20.8 145 195 15 36 64
12212 0.300 110 14.36 14.24 14.15 26.06 21.51 21.81 -16.94 0.02 17.8 115 154 14 30 52
12554 0.790 168 10.67 10.62 10.62 26.67 19.34 19.90 -19.44 0.02 73.2 674 861 55 125 219
12632 0.441 20 12.77 12.74 12.34 25.08 21.72 22.88 -17.14 0.00 84.7 339 – 52 112 186
12732 0.184 6 13.04 12.73 12.69 26.93 21.51 22.14 -18.01 0.00 35.4 181 308 25 55 104
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Table A6: B-band isophotal and photometric parameters

UGC � PA m25 mlim mext �lim �c �0 MR �phot h d25 d26:5 r20 r50 r80

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17)

731 0.506 73 15.12 14.43 14.14 25.78 22.98 23.27 -15.78 0.03 50.5 154 284 34 70 110
1281 0.872 40 13.63 13.50 13.49 26.92 21.74 21.10 -15.29 0.09 41.9 290 405 39 75 121
1501 0.774 1 12.49 12.37 12.36 27.19 21.99 21.29 -16.54 0.09 55.8 376 497 45 90 151
2800 0.604 106 15.61 15.08 15.06 28.35 21.97 22.16 -17.28 0.03 25.5 137 194 23 43 70
3060 0.789 24 12.19 11.98 11.97 27.96 21.76 21.45 -16.34 0.09 81.3 540 773 65 135 237
3137 0.765 74 15.05 14.71 14.69 27.01 22.68 22.11 -16.94 0.45 29.4 156 240 25 47 82
3144 0.516 113 15.32 14.87 14.84 27.19 22.35 22.36 -16.93 0.03 21.1 100 170 18 35 63
3273a;b0.720 42 15.00 14.68 14.64 27.00 22.00 22.74 -15.79 0.12 32.3 140 218 21 47 81
3317 0.355 18 16.71 15.57 15.37 27.26 23.59 23.55 -16.34 0.03 25.0 65 133 20 39 64
3371 0.378 130 16.10 14.50 14.15 26.54 23.89 23.98 -16.66 0.09 57.0 103 265 42 82 138
3384 0.000 135 16.41 15.53 15.27 26.60 22.44 23.37 -16.48 0.12 18.1 50 109 12 29 52
3390a;b0.357 41 15.51 14.99 14.95 27.91 21.58 22.62 -16.88 0.12 18.6 82 132 16 35 58
3475 0.421 73 18.67 16.45 16.37 28.23 23.23 23.11 -14.13 0.12 17.5 44 109 17 32 50
3647 0.000 34 15.04 13.95 13.94 28.21 22.84 22.82 -17.46 0.12 18.8 76 128 22 60 107
3698 0.294 179 15.74 15.35 15.33 26.53 22.97 21.72 -14.55 0.12 10.1 61 114 11 20 36
3851 0.642 28 11.74 11.59 11.54 26.07 22.54 22.07 -16.21 0.12 85.7 478 675 74 119 218
3860 0.482 24 15.56 15.15 15.09 27.07 23.05 22.48 -14.20 0.12 18.9 79 136 16 29 52
4274 0.075 158 12.49 12.42 12.38 26.27 20.95 21.90 -16.80 0.12 22.4 127 195 14 22 40
4278 0.900 172 12.07 12.07 12.06 25.14 19.73 19.87 -18.12 0.02 50.7 396 – 37 76 119
4305 0.246 30 11.86 11.67 11.55 26.70 22.94 22.28 -16.16 0.04 68.1 349 467 60 115 184
4325 0.356 56 13.14 12.98 12.87 27.37 22.27 22.16 -17.25 0.03 38.8 193 254 31 58 96
4660 0.000 90 16.11 15.38 15.25 27.56 22.55 23.41 -17.36 0.03 16.4 46 96 10 25 47
5040 0.000 90 15.23 14.73 14.42 27.57 21.95 23.49 -19.40 0.12 26.4 76 124 19 40 129
5336 0.399 60 15.82 14.40 14.24 27.14 24.19 23.94 -13.62 0.03 47.8 89 228 37 75 125
5829 0.000 58 13.06 12.73 12.59 26.81 22.35 22.68 -17.20 0.45 40.8 179 274 35 69 118
6151 0.000 90 15.50 14.88 14.79 28.14 23.18 23.11 -16.39 0.12 18.3 66 112 16 31 53
6713 0.179 121 14.35 14.17 14.10 26.83 21.88 22.03 -16.99 0.45 17.0 92 131 15 28 47
6912 0.315 143 14.16 13.79 13.79 27.65 21.66 21.25 -18.07 0.45 12.6 112 195 14 33 70
7199 0.345 12 13.78 13.60 13.58 27.27 21.34 21.82 -14.14 0.09 19.9 115 176 14 27 54
7232 0.178 65 13.36 13.23 13.22 27.37 21.51 20.58 -14.50 0.09 13.3 107 158 14 26 43
7356 0.330 159 16.46 15.75 15.66 27.36 23.71 23.21 -12.06 0.09 16.7 56 99 16 29 48
7399 0.410 126 13.42 13.28 13.28 28.49 20.34 20.93 -16.34 0.05 18.4 138 188 16 34 57
7534 0.000 36 14.47 14.16 13.67 25.60 22.36 23.41 -15.98 0.01 34.1 102 177 22 53 137
7577 0.577 127 13.25 12.92 12.90 27.63 22.85 22.21 -14.82 0.02 46.0 232 373 41 77 137
7861 0.000 90 13.10 12.89 12.85 28.17 20.61 24.02 -16.92 0.03 38.4 95 173 12 25 50
7872 0.324 177 16.03 15.48 15.32 26.52 22.83 23.35 -17.14 0.05 19.8 61 117 13 29 51
8303 0.000 90 14.27 13.87 13.82 27.89 22.93 22.23 -17.36 0.09 19.4 91 159 18 33 63
8441 0.209 70 15.31 14.61 14.48 27.90 23.35 23.40 -17.03 0.05 27.8 83 154 21 44 75
8489 0.622 104 14.83 14.66 14.64 27.71 21.42 21.92 -16.87 0.05 17.6 103 145 12 27 47
8508 0.458 119 14.16 14.06 13.99 25.94 22.18 21.52 -13.85 0.09 18.4 112 167 16 31 50
8565 0.304 179 14.09 13.83 13.81 27.52 21.39 22.08 -14.77 0.05 21.5 112 172 16 34 60
9128 0.258 19 14.92 14.56 14.55 28.67 23.28 22.10 -13.67 0.09 16.0 85 128 17 30 51
9219 0.496 99 14.09 13.93 13.89 27.71 21.72 21.93 -16.51 0.05 23.2 127 172 19 37 61
9992 0.319 148 15.53 15.11 15.07 27.42 22.62 22.57 -15.94 0.05 15.9 71 118 13 26 48

12554 0.790 168 11.79 11.68 11.67 26.76 20.54 21.10 -18.39 0.03 75.4 568 744 60 132 221
12632 0.441 20 15.27 13.39 13.25 28.64 22.82 24.03 -16.23 0.03 94.3 150 398 61 125 216
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Appendix B Images and surface brightness profiles

The next pages show an overview of the images, surface
brightness profiles and isophotal fits for the 171 late-type
dwarf galaxies in the sample. For each galaxy one row with
three panels is shown.

The first panel gives the R-band image. All images have
been put on a common grayscale using the calibration de-
scribed in Section 4, and without correcting for Galactic
foreground extinction. On the top left of each panel the
UGC number is given, along with at most one other com-
mon name (either NGC or DDO). In the lower left a yard-
stick is shown, where the size depends on the scale of the
galaxy. This size is shown above the yardstick and repre-
sents 1, 2, 5 or 10 kpc. The white cross near the center of
the galaxy gives the adopted center from the isophotal fits
(see Section 5). The ellipse indicates the orientation param-
eters, derived from the isophotal fits, that were adopted for
each galaxy and that were used to derive the radial surface
brightness profile.

The second panel presents the radial surface brightness
profile. On the top right the morphological type, the absolute
R-band magnitude and the conversion between arcseconds
and parsecs are given. The arrow on the left side indicates
the 3� above sky level. The radial surface brightness profile
has not been corrected for Galactic foreground extinction.
The radial scale is measured along the major axis.

The third panel gives the results from the isophotal fits
with all parameters (center, position angle and ellipticity)
free. Note that these are not the data from which the final
orientation parameters were derived. These were derived in
several steps as described in Section 5. Within this panel
there are four subpanels. Clockwise from the top left these
show the variation of ellipticity, position angle, y-position
and x-position of the center with radius. The dotted line in
each panel gives the adopted value for the plotted parameter.
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3Neutral Hydrogen
Imaging of Late-type
Dwarf Galaxies

ABSTRACT

Neutral hydrogen observations with the Westerbork Synthesis Radio Telescope are presented
for a sample of 73 late-type dwarf galaxies. These observations are part of the WHISP project
(Westerbork HI Survey of Spiral and Irregular Galaxies). Here we present HI maps, velocity
fields, global profiles and radial HI surface density profiles, as well as HI masses, HI radii and
line widths.
For the galaxies in our sample, we find that the ratio of HI extent to optical diameter, defined as
6.4 disk scale lengths, is on average 1:8�0:8, similar to that seen in spiral galaxies. Most of the
dwarf galaxies in this sample are rich in HI with typical MHI=LB of 1.5. The relative HI content
MHI=LR increases towards fainter absolute magnitudes and towards fainter surface brightnesses.
Dwarf galaxies with lower average HI column densities also have lower average optical surface
brightnesses.

1 Introduction

Over the past decades there have been numerous surveys of
the HI properties of galaxies using single dish telescopes.
These have been very useful for determining the global HI
properties of galaxies and finding relations between HI con-
tent, morphological type and other global properties. They
have been particularly useful for obtaining accurate redshifts
and line widths for many galaxies. However, due to the large
beam size imaging of galaxies was restricted to the largest
galaxies.

With the advent of synthesis radio telescopes HI imag-
ing became routinely possible, and many new discoveries
were made. HI was found to have spiral structure, closely
following the optical spiral arms (e.g. Allen, Goss & van
Woerden 1973, Rots & Shane 1975), and associated with
the HI arms non-circular motions were found consistent
with the density-wave theory of spiral structure (Rots 1975,
Visser 1980). Warped HI disks were discovered and this
phenomenon was found to be common among spiral galax-
ies (Sancisi 1976). Because the HI disks extended beyond
the optical disks, the HI observations provided an important
contribution to studies of the kinematics of spiral galaxies.
Bosma (1978, 1981a,b) already found that the HI rotation
curves were fairly flat for most galaxies, and the comparison
of the extended HI rotation curves with the rotation curves

expected from the visible matter convincingly showed the
discrepancy between the two (van Albada et al 1985). This
discrepancy has become the major evidence for the exis-
tence of dark matter in galaxies. More recently, HI disks
were found to be scarred by star formation activity. For
example, many holes were found in the HI disks of M31
(Brinks & Bajaja 1986) and M33 (Deul & den Hartog 1990).
The discovery of HI gas moving at high velocities perpen-
dicular to the disks of the face-on galaxies NGC 6946 and
M101 (Kamphuis 1993, Kamphuis & Sancisi 1993), and the
study of a vertically extended HI component in the edge-on
galaxy NGC 891 (Swaters, Sancisi & van der Hulst 1997),
have led to the picture of a substantial disk-halo circulation
of HI.

Much has been learnt from these studies. However, most
of them focused on one or a few galaxies, and only a few
studies aimed at obtaining a large sample of field galaxies.
Bosma (1978, 1981a,b) and Wevers (1984) both investigated
a sample of about 20 galaxies in HI, but these studies fo-
cused on large and HI bright galaxies. Broeils & van Woer-
den (1994) and Rhee & van Albada (1996) investigated yet
larger samples of about 50 galaxies and over a wider range
of galaxy properties, but both studies used short observation
with the Westerbork Synthesis Radio Telescope (WSRT) so
that essentially only one-dimensional data are available. In
addition to these, there have also been studies of the HI dis-
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tribution in cluster galaxies. Warmels (1988a) and Cayatte
et al (1990) studied the Virgo Cluster, Verheijen (1997) the
Ursa Major cluster.

To date, little effort has been put in a large, homoge-
neous survey of the local galaxy population. Clearly, such
a survey is important for a systematic study of HI and kine-
matical properties and their relation with optical properties
of galaxies. For this reason, the Westerbork HI Survey
of Spiral and Irregular Galaxies (WHISP) with the West-
erbork Synthesis Radio Telescope (WSRT) was started. The
WHISP survey aims at mapping about 500 spiral and ir-
regular galaxies in HI. There are two main aspects to the
WHISP project. First, a systematic study of the HI compo-
nent in itself, covering topics such as the distribution of HI
in and around galaxies, the frequency of lopsidedness and
tidal features in HI, and the variation of these HI proper-
ties with the luminous properties and morphological types.
Second, a study of the kinematic properties. The kinematic
data will be of great importance to systematic studies of
rotation curves and dark matter properties, the frequency
of warps and the understanding of spiral structure. To an-
swer these questions in a statistically meaningful way, and
study the variations with morphological type and luminos-
ity, many hundreds of galaxies need to be observed. The
WHISP project will provide high quality HI maps and ve-
locity fields for these galaxies. Obviously, these data will be
useful for other, more detailed studies of individual galaxies
as well.

This chapter focuses on the WHISP HI data for late-type
dwarf galaxies. These galaxies in particular have been un-
derrepresented in previous HI synthesis surveys. Nonethe-
less, as has already been found, these galaxies have unique
properties. From single dish observations it was found that
these galaxies are generally rich in HI, often with MHI=LB

ratios larger than unity (e.g., Roberts & Haynes 1994). The
largest HI disks, relative to the optical extent, are found in
late-type dwarf galaxies, such as NGC 2915 (Meurer et al
1996), DDO 154 (Carignan & Purton 1998) and NGC 4449
(Hunter et al 1998). Rotation curve studies have indi-
cated that these galaxies are dominated by dark matter (e.g.,
Carignan & Beaulieu 1989, Broeils 1992b, Côté 1995).

In this chapter we present HI observations for a sam-
ple of 73 late-type dwarf galaxies and we compare their
HI properties with their luminous properties. Section 2 de-
scribes the sample selection and the observations. Section 3
describes the reduction of the data and the derivation of the
HI maps and velocity fields, the radial and global profiles,
and global properties such as the HI mass, line widths and
HI diameters. In section 4 the HI properties of these galax-
ies are compared to the optical properties, and to the HI
and optical properties of bright spiral galaxies. Section 5
discusses the occurrence of asymmetries in late-type dwarf
galaxies. In Section 6 the conclusions are presented.

To facilitate the reading of this chapter, all long tables
have been put into Appendix A. An atlas of the HI observa-
tions is presented in Appendix B.

Figure 1: Histogram of Hubble types for the WHISP sample.
The shaded area gives the distribution over Hubble types of the
sample presented in this chapter.

2 The sample

The galaxies for the WHISP survey have been selected from
the Uppsala General Catalogue of Galaxies (UGC, Nilson
1973). The main selection criteria were chosen to ensure
observability with the WSRT. The typical resolution of the
WSRT is 1200�1200= sin�. To make sure the galaxies would
be sufficiently resolved by the WSRT beam, only galaxies
were selected with blue diameters larger than 1:50 and decli-
nations north of 20�. Because galaxies are in general larger
in HI than in the optical, for all these galaxies at least a
crude HI map can be obtained with the WSRT, given enough
signal. These selection criteria result in a sample of 3148
galaxies, and for 1560 of these HI fluxes are catalogued in
the Third Reference Catalogue of Bright Galaxies (hereafter
RC3, de Vaucouleurs et al. 1991). The WHISP sample is
restricted to galaxies with known HI flux densities larger
than 100 mJy, where the HI flux density is the ratio of HI
flux and profile width at the 50% level as listed in the RC3.
This results in a sample of 409 galaxies. The distribution
over morphological types of the WHISP sample is shown in
Fig. 1. Almost half of the galaxies in the sample selected as
described above are late-type dwarf galaxies.

From the WHISP sample we selected late-type dwarf
galaxies, using as definition all galaxies with Hubble types
later than Sd, supplemented with galaxies of earlier Hubble
type, but with absolute magnitudes fainter than MB = −17.
Furthermore, we only selected galaxies with HI flux densi-
ties larger than 200 mJy and with Galactic latitudes jbj >
10�. In addition, four galaxies with blue diameters smaller
than 1:50 were included, because the WHISP selection on
diameter was not used. The sample constructed in this way
consists of 113 galaxies. The distribution over morpholog-
ical types of the sample is shown in Fig. 1 as the shaded
area. Because the selection is largely based on morpholog-
ical type, a few galaxies have been included in the sample
that were assigned late morphological types but that proved
not to be dwarf galaxies but large interacting galaxies. Their
data are presented here as well.
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Out of the sample thus selected, 73 have been observed
(these are listed in Table A1). Most of the 40 galaxies that
have not yet been observed in the WHISP project, had al-
ready been observed previously and for some the data are
published. These 40 galaxies will not be discussed here.

The adopted distances for the galaxies in this sample are
listed in Table A1. If available, distances from Cepheids,
brightest stars or group membership were used. In case none
of these were available, the distance was derived from the
systemic velocity, adopting a Hubble constant of H0 = 75
km s−1, and correcting for the Virgocentric inflow following
the prescription given in Kraan-Korteweg (1986). Which
method has been used for each galaxy is listed in Table A2
in Chapter 2. A discussion on the distance uncertainties can
also be found in Chapter 2.

3 Observations and reduction

The HI data presented in this chapter were obtained with
the WSRT between 1992 and 1996. Most galaxies were
observed in a single 12 hour synthesis observation. Large
galaxies were observed longer to have first grating ring fur-
ther out. The typical full resolution is 1200�1200=sin�. Ob-
servations were done with a uniform velocity taper. The
channel separation was 2 or 4 km s−1. The observational
setup for each galaxy and the reduction steps are detailed
in the WHISP webpages, http://www.astro.rug.nl/�whisp.
Here, we present only a summary of the reduction steps.
Unless otherwise stated, the reduction procedure outlined
below is the WHISP pipeline reduction as detailed on the
WHISP webpages.

The raw UV data were calibrated and flagged interac-
tively, using the NEWSTAR software developed at NFRA
at Dwingeloo. Next, the UV data were Fourier transformed
to the map plane. Three sets of maps were produced for each
galaxy, at the full resolution, at 3000�3000 and at 6000�6000.
For each data cube five antenna patterns were calculated,
spread evenly through the data cube, to be used for the
CLEANing.

After the maps were constructed, the continuum was
subtracted by fitting and subtracting a first order polynomial
to the channel maps without HI line emission. Next, the
maps were CLEANed in the map plane in two steps. First, the
areas with HI emission were identified in the 6000 Hanning
smoothed data and masks indicating the areas with emission
were constructed by hand. The data were then CLEANed,
using the masks to define the search areas. Next, the CLEAN

components were restored and these data were used to refine
the masks. These masks were then used to define the search
areas for all three resolutions. Each data cube was CLEANed
with antenna patterns at the appropriate resolution down to
0:5�.

3.1 Global profiles, line widths and HI masses

The global profiles were constructed from the flux in the
CLEAN components from the 6000 Hanning smoothed data
cubes, after correction for primary beam attenuation. Be-
cause the maps were CLEANed down to 0:5�, there is still

a small amount of residual flux in the map. In principle,
this residual flux may be added to the flux in CLEAN com-
ponents to give the total flux. There is a pitfall, however.
The residual flux is calculated by the sum over the search
area divided by the sum over the antenna pattern. The sum
over the antenna pattern varies with the size of the box and
may even change sign, resulting in inaccurate values for the
residual flux. Therefore, only the flux in the CLEAN com-
ponents was used in the global profile. On average, the total
flux including the residual flux is 2% smaller than the flux in
the CLEAN components only. Only for 10% of the galaxies,
the differences between the two fluxes is larger than 5%, but
always smaller than 10%. The global profiles for all galaxies
are shown in Fig. B1.

The total HI flux for each galaxy has been obtained by
adding all the flux in the CLEAN components after correction
for primary beam attenuation. From this, the HI mass was
calculated with the standard formula

MHI = 236 �D2 �S; (1)

where MHI is the HI mass in M�, D the distance in Mpc and
S the HI flux integral in mJy km s−1. The total fluxes and HI
masses are listed in Table A2.

Flux measurements with a synthesis array may underes-
timate the total flux because of the missing zero and short
spacings. The shortest spacings for the present observations
were 36 or 72 m, therefore the observations are insensitive to
structures more extended than 5 or 10 arcmin. On the other
hand, most galaxies are smaller than this, and therefore the
fluxes are expected to be accurate. Verheijen (1997), in his
HI study of the Ursa Major cluster, found that the WSRT HI
fluxes are in excellent agreement with single dish observa-
tions (his galaxies are all smaller than 100).

From the global profiles the line widths at the 20% and
50% level were derived. If the global profiles were double
horned, the peaks on both sides were used separately to cal-
culate the 20% or 50% levels. In the other cases, the overall
peaks of the profiles were used. The line width W obs

20 (W obs
50 )

was defined as the difference between the velocities at the
20% (50%) levels on both sides of the global profile. The
systemic velocity vsys was taken to be the average of the
midpoints between the profile edges at the 20% and 50%
level.

The line widths were corrected for instrumental broad-
ening and random motions following Verheijen (1997). The
correction for instrumental broadening (in km s−1) that was
applied is:

W20 = W obs
20 −35:8
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1 +

�
R

23:5

�2 −1

�

W50 = W obs
50 −23:5

�q
1 +

�
R

23:5
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�
;

(2)

where R is the instrumental velocity resolution in km s−1.
The profiles were corrected for broadening due to random
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motions of the HI gas following Tully & Fouqué (1985):
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�2�
;

(3)

where the subscript l refers to the line width at the l = 20% or
the l = 50% level, and Wt;l is a term that represents random
motions. A cutoff value is supplied by Wc;l, below which Wt;l

produces a quadratic subtraction, and above which a linear
subtraction. We have adopted Wc;20 = 120 km s−1 and Wc;50 =
100 km s−1, and we adopted Wt;20 = 32 km s−1 and Wt;50 = 15
km s−1 (Verheijen 1997).

3.2 Integrated HI maps

The integrated HI maps were constructed by adding all the
signal from the CLEANed channel maps within the areas
defined by the CLEAN masks. Integrated HI maps were
constructed at the full resolution, and at 3000� 3000 and
6000�6000, using the same masks. These HI maps were cor-
rected for primary beam attenuation.

The HI maps at 3000 resolution are shown in Fig. B1.
All the plots have been displayed on a common gray scale.
However, the noise in an integrated HI map is not constant
over the map, because at each position data was added from
a different number of channel maps due to the masking used.
For uniformly tapered data sets, the noise at each position is
given by:

�tot = n0:5
l �c

p
(nc +nl)=(nc −1); (4)

where �tot is the noise in the integrated HI map and �c the
noise in the fit to the emission line free channels used to
subtract the continuum. The number of channels contribut-
ing to the integrated HI maps is given by nl, and the number
of line-free continuum channels is denoted by nc. With this
equation a noise map was calculated, which was then used to
construct a signal to noise map. Using this map, we selected
from the integrated HI map all pixels with a signal-to-noise
ratio between 2.75 and 3.25. The average value of these
points was then used to define the 3� contour indicated by
the thick line in the integrated HI maps in Fig. B1.

3.3 Velocity fields

The velocity fields were derived in two steps. First, as part
of the standard WHISP reduction, a moment analysis was
done, which yielded the intensity weighted mean (IWM) ve-
locity field. It is well known that the IWM velocities may
suffer from systematic errors. For example, if a profile is
skewed as a result of beam smearing, the IWM will yield
a value offset from the peak towards the skewed side, as
demonstrated in Fig. 2a. This can be improved somewhat by
fitting a single Gauss (also shown in Fig. 2a). A second pos-
sible source of systematic error in the IWM velocities is that
even if a line profile contains only noise, its IWM will still
give a reasonable velocity. For line profiles with low signal-
to-noise ratios, this means that the IWM may be far off from

Figure 2: (a) The intensity weighted mean (IWM) and the
Gaussian fit to a skewed model profile. Both the Gaussian fit
and the IWM fail to recover the peak velocity, which represents
the rotation velocity. The Gaussian fit is closer to the input ro-
tation velocity. (b) The same profile as in panel a, but with
a SNR of 3. The Gaussian fit velocity is hardly affected, the
IWM velocity is strongly influenced by the noise. For details
see text.

the true velocity, particularly if the emission is at the edges
of the line profile, as demonstrated in Fig. 2b. The practical
consequence is that for an IWM velocity field, which is usu-
ally obtained from a moment analysis on the channel maps
within the areas defined by the CLEAN masks, the derived
velocities will be systematically offset towards the systemic
velocity in regions where the signal-to-noise ratio is low.

This is demonstrated in Fig. 3, in which a position-
velocity diagram along the major axis of UGC 5414 is
shown. The dotted line represents the mask as used in the
standard WHISP reduction. The triangles give the IWM
velocities, the circles give the Gaussian fit velocities. The
IWM velocities deviate systematically towards the systemic
velocity as a result of the of the effects described above, or in
other words, they underestimate the rotation velocity. Also,
at large radii the IWM method still finds velocities, even
though there is only noise at those radii.

The quality of the IWM velocity field can be improved
by suitable clipping in intensity and careful selection of the
masks. Furthermore, the differences between Gaussian fit
and IWM velocities will not be large if the emission in a
profile is strong and the profile structure is simple. However,
because Gaussian fits to the profiles generally give more re-
liable results and are less sensitive to the effects of noise, we
have decided to improve further on the IWM velocity fields
that are part of the WHISP pipeline reduction, by carrying
out Gaussian fits to derive the velocity fields.

The Gaussian fit velocity fields shown in Fig. B1 were
derived from the Hanning smoothed 3000 resolution data by
fitting a single Gaussian to the line profiles at each posi-
tion. Initial estimates for the fits were obtained from the
moment analysis. Only those fits were used that had ampli-
tudes higher than 3�. Spurious values, i.e., fitted velocities
outside the velocity range of the data cube or dispersions
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Figure 3: Position-velocity diagram along the major axis of
UGC 5414. The triangles show the intensity weighted mean
velocities, the circles show the Gaussian fit velocities. The dot-
ted line gives a schematic representation of the CLEAN mask.

smaller than the channel separation, were also rejected.

3.4 Radial HI surface density profiles and HI diameters

The total HI maps have been used to derive HI radial surface
density profiles. Two different methods were used, depend-
ing on the galaxy inclination and angular size. For galax-
ies with inclination smaller than about 75� that are well re-
solved, the data were azimuthally averaged in concentric
ellipses. The orientation parameters used for this are the
same as those for the rotation curve analysis (see Chapter 6).
Mostly, these are the same as the optical orientation parame-
ters. The azimuthal averaging was done for the approaching
and the receding sides separately. Pixels without measured
signal in the total HI map were set to zero.

This azimuthal averaging does not work for highly in-
clined galaxies or galaxies that are poorly resolved. For
these galaxies the HI radial surface density profiles were de-
rived following the method described by Warmels (1988b).
First the integrated HI maps were integrated parallel to the
minor axis, resulting in HI strip integrals. To get the HI sur-
face density profiles, the iterative deconvolution scheme de-
scribed in Lucy (1974) was applied to the HI strip integrals,
with the assumption that the HI distribution is axisymmet-
ric. In short, this method works as follows. An input esti-
mate of the radial profile is converted to a strip integral and
smoothed to the resolution of the observations. Next, this
strip integral is compared to the observed one, and the in-
put radial profile is adjusted, and used as input for the next
cycle, until a convergence criterion is met. For a detailed
description of the procedure, see Warmels (1988b).

In Fig. 4 a comparison is shown between the profiles
derived from averaging in ellipses and using the Lucy de-
convolution scheme. For most galaxies that are not highly
inclined, the two profiles agree well, as is seen in Fig. 4
for UGC 5918 and UGC 12732. However, for small and
highly inclined galaxies the profiles differ, as expected. For
small galaxies, illustrated by UGC 3698 in Fig. 4, the cen-

Figure 4: Comparison between the radial HI surface density
profiles derived from averaging in ellipses (full line) and using
the Lucy deconvolution scheme (dotted line).

tral parts are not resolved, and the Lucy deconvolution re-
stores some of the flux to the central parts. A known prob-
lem with this method is that it may restore too much flux
to the center. To avoid this, the iteration process to deter-
mine the radial profile was stopped after 10 iterations, or at
an earlier stage if the derived radial profile matched the ob-
served strip integral at the 95% confidence level, following
Warmels (1988b). For edge-on galaxies, averaging over el-
lipses obviously gives an incorrect result. If the galaxies are
optically thin in HI, the Lucy method will give the correct
radial HI surface density profile.

The surface density profiles have been used to determine
the HI radii. The HI radius, RHI, was defined as the radius
where the HI surface density corrected to face-on reaches a
density of 1 M�=pc−2. These radii are given in Table A2.

Almost all of the HI surface density profile have an ex-
ponential behavior in their outer parts. This can be clearly
seen in Fig. 5, where the profiles have been plotted on a
logarithmic scale and the full lines give the exponential fit
made to the profile. The derived HI scale lengths are given
in Table A2.

Finally, the average HI surface density within 3.2 optical
disk scale lengths (h�HIi3:2h) was determined, with the scale
lengths as determined in Chapter 2. The derived average HI
surface densities are listed in Table A2. We chose to use the
optical disk scale length to define the diameter of the disk
because it is a physically more meaningful description of
the disk diameter than the observationally limited isophotal
radius. The number of disk scale lengths within an isopho-
tal radius depends on the central disk surface brightness.
The lower the surface brightness, the smaller the number of
scale lengths within the isophotal radius. For galaxies with
very low surface brightnesses, the central surface brightness
may even be fainter than the chosen isophotal value and the
isophotal diameter would therefore not be defined. The de-
termination of the disk scale length, on the other hand, is
independent of surface brightness.

To keep our definition of galaxy diameter compatible
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Figure 5: Radial HI surface density profiles (full lines) plotted on a ‘magnitude scale’, i.e., 2:5log�HI, so that the HI scale lengths
are defined in the same way as the optical disk scale lengths. The dotted lines represent the exponential fits to the outer parts of the
profiles. The UGC numbers are given in the lower left corner of each panel.
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Figure 5: continued
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Figure 6: The HI diameter DHI versus D B;i
25 (a) and 6:4h (b).

The full line in both panels represents the relation found be-
tween DHI and D B;i

25 by Broeils & Rhee (1997).

with the often used isophotal diameters, we defined the
galaxy diameter as 6:4h, where h is the disk scale length.
This was chosen because most spiral galaxies for which the
isophotal radius D25 has been measured, have an approxi-
mately constant central disk surface brightness of 21.65 B-
mag arcsec−2 (Freeman 1970), and for these galaxies the 25
mag arcsec−2 isophote is reached at 3:2h. Hence, the defini-
tion of 6:4h as a measure of the galaxy diameter is similar to
D25 for bright spiral galaxies, but it gives a consistent defi-
nition of the galaxy diameter irrespective of surface bright-
ness.

4 HI properties

The large sample of dwarf galaxies presented here allows
one to study the relations between the HI properties of late-
type dwarf galaxies and their optical properties, and to inves-
tigate whether the relations as found for bright spiral galax-
ies extend into the dwarf galaxy regime. Many studies on
the relations between the global properties of late-type dwarf
galaxies, based on larger and more complete samples, have
already been published (e.g., Roberts & Haynes 1994, Hoff-
man et al 1996). Here we will focus on HI radii and surface
densities. The observations and the optical properties are
presented in Chapter 2. Absolute magnitudes, extrapolated
central disk surface brightnesses and scale lengths are listed
in Table A1.

4.1 HI diameters versus optical diameters

Broeils & Rhee (1997, hereafter BR) have investigated the
HI properties of a sample of spiral galaxies mapped in HI
with the WSRT. The sample they use is a combination of
the samples of Broeils & van Woerden (1994) and Rhee &
van Albada (1996). BR find a strong correlation between
the HI diameter DHI (defined at a HI surface density of 1
M�pc−2) and the absorption-corrected optical diameter DB;i

25 ,
measured at the 25 B-mag arcsec−2. In Fig. 6a a compari-
son is shown between the optical and the HI diameters for
the late-type dwarf galaxies in our sample. To make this

Figure 7: Histogram of DHI=D B;i
25 (top panel) and of DHI=6:4h

(bottom panel). The horizontal bar in both panels indicates the
range of DHI=D B;i

25 for spiral galaxies, as found by Broeils &
Rhee (1997).

comparison, our R-band diameters have been transformed
to B-band diameters assuming DR;i

25 =DB;i
25 = 1:4, which was

determined from the 46 galaxies for which we have both R
and B-band data (see Chapter 2). The full lines in Fig. 6a
and b show the relation between DHI and DB;i

25 found by BR.
Nearly all galaxies in our sample have much larger HI radii
than expected from the relation found by BR. However, this
is most likely due to the choice of the definition of the op-
tical diameter. As argued in Section 3, the isophotal diame-
ter DB;i

25 is not a suitable definition if galaxies with different
central disk surface brightnesses are compared. If a galaxy
has a lower surface brightness, a smaller fraction of the disk
is enclosed within the isophotal diameter. Because most of
the dwarfs in this sample have low surface brightnesses, the
use of the isophotal diameter DB;i

25 leads to systematically
smaller optical diameters, which could explain the offset
seen in Fig. 6a.

In Fig. 6b, the relation between optical diameter and HI
diameter is shown, but now the optical diameter has been
defined as 6.4h. In this way, the galaxy diameter is defined
consistently irrespective of the surface brightness, and for
bright galaxies with the canonical central surface brightness
of 21.65 B-mag arcsec−2 (Freeman 1970) it is approximately
the same as D25. The scale lengths used in Fig. 6b are
R-band scale lengths. A comparison of the B-band and R-
band scale lengths for the 46 galaxies for which both bands
have been observed showed that on average the scale lengths
are similar in both bands. With the optical radius defined
as 6:4h, the late-type dwarf galaxies follow the relation as
found by BR. However, the relation for dwarf galaxies has
a larger scatter than found by BR, indicating that the opti-
cal and HI diameters are less strongly coupled in the dwarf
regime, or that the optical and HI diameters are less well
defined.

The importance of the definition of optical radius is also
seen clearly in Fig. 7, where the distributions of DHI=DB;i

25
and DHI=6:4h are shown. The horizontal bar indicates the
average found by BR of 1:7� 0:5. Expressed in units of
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Figure 8: HI mass versus HI diameter (filled circles) and versus
optical diameter (6:4h, open circles). The solid lines represent
the fits to the data points. The resulting fit is printed next to the
fitted line.

DB;i
25 , the late-type dwarf galaxies have extreme properties,

with DHI=DB;i
25 = 3:3�1:5. In the more suitable units of 6:4h,

the gaseous extent of dwarf galaxies is DHI=D6:4h = 1:8�
0:8. Summarizing, we find that the average HI extent of late-
type dwarf galaxies relative to the optical diameter is similar
to that of bright spiral galaxies, but with a larger spread.

As shown in previous studies (BR, Verheijen 1997),
there is a tight relation between HI mass and HI diameter.
This relation also holds for dwarf galaxies, as is shown in
Fig. 8. The HI mass also correlates with the optical diame-
ter, shown in Fig. 8 as well, but with a larger scatter.

4.2 HI mass versus luminosity

Fig. 9 shows the distribution of MHI=LB, where LB was cal-
culated from LR assuming a B −R = 0:8 for the dwarf galax-
ies in our sample. For comparison, the range of MHI=LB

for different morphological types, as derived by BR, are in-
dicated by the horizontal bars. It is clear that the late-type
dwarf galaxies have a much higher MHI=LB than earlier type
spiral galaxies, a trend already found by Roberts (1969, see
also Roberts & Haynes 1994). The average value of MHI=LB

for the late-type dwarf galaxies presented here is 1:5� 1:0
M�=LB;�.

In Fig. 10 the correlations between �
R
0 , MR and MHI=LR

are shown. In order to compare the dwarf galaxy proper-
ties with those of more luminous spiral galaxies, we have
included the results from two other studies. The open cir-
cles in Fig. 10 are the Ursa Major galaxies from Verheijen
(1997), and the crosses are the low surface brightness galax-
ies from de Blok, McGaugh & van der Hulst (1996). The full
circles are the data from our sample. A clear trend is visi-
ble between �

R
0 and MHI=LR, in the sense that lower surface

Figure 9: The distribution of MHI=LR, the horizontal bars in-
dicate the ranges of MHI=LR for other morphological types, as
found by Broeils & Rhee (1997).

Figure 10: (a) MHI=LR against absolute R-band magnitude,
filled circles: late-type dwarfs, open circles: Ursa Major galax-
ies (Verheijen 1997), crosses: low surface brightness galaxies
(de Blok et al 1996). (b) MHI=LR versus R-band surface bright-
ness. (c) R-band surface brightness versus R-band magnitude.

brightness galaxies are richer in HI. Also, there appears to
be a trend between MR and MHI=LR, although among dwarf
galaxies this trend is weak. For completeness, we also show
the correlation between �

R
0 and MR. Only a weak correla-

tion exists. The dwarf galaxies in our sample have the same
range in surface brightness at each absolute magnitude. This
is not true of the bright spiral galaxies in the UMa sample of
Verheijen (1997), which predominantly have high surface
brightnesses. Note that the data presented in Fig. 10 do
not represent a complete sample, and some galaxies, such
as compact high surface brightness dwarfs or extended low
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Figure 11: (a) Comparison of the range in radial HI surface
density profiles among dwarf galaxies and bright spiral galax-
ies. The thick black line indicated by ‘Dw’ represents the aver-
age profile of all dwarf galaxies in the sample, and the shaded
area indicates one standard deviation at each radius around the
mean. The other lines represent average profiles for different
morphological types from Cayatte et al (1994). (b) Radial HI
surface density profiles of the dwarf galaxies, binned by central
disk surface brightness as indicated in the top right. In front of
the range in surface brightnesses the number of galaxies in each
bin is given. The shaded area is the same as in panel (a). The
dotted line is the average profile from de Blok et al (1996).

surface brightness galaxies may be missing.
In Figs. 10a and b clear trends are visible, in the sense

that lower central surface brightness �R
0 or fainter absolute

magnitude MR correspond to a higher MHI=LR. The rela-
tion with surface brightness is somewhat tighter than with
absolute magnitude.

4.3 HI surface density versus surface brightness

Inspection of the radial HI surface density profiles in Fig. 5
or Fig. B1, makes it clear that there exists a large spread in
the shapes of the radial HI surface density profiles, ranging
from centrally peaked profiles to profiles with central holes,
and from low surface densities to high surface densities. In
Fig. 11a the radial density profiles for the galaxies in our
sample are compared to the average radial profiles compiled
by Cayatte et al (1994, hereafter CKBG). They constructed a
comparison sample of radial profiles of undisturbed galaxies
based on Warmels (1988c) and Broeils (1992a), as a com-
parison sample for their Virgo cluster galaxies. CKBG give

Figure 12: Average HI surface density within 3.2 disk scale
lengths (h�HIi3:2h) versus central disk surface brightness �R

0 .

their profiles in units of R25. We converted their profiles to
units of RHI, using the mean RHI=R25 given in CKBG. Be-
cause it is inconvenient to plot all our 73 radial profiles in
one figure, the average of all the profiles is shown in the
thick line. The shaded area represents one standard devia-
tion at each radius around the mean surface brightness.

The comparison with the CKBG profiles shows that the
radial profiles found in dwarf galaxies can indeed come in
many guises, ranging from profiles seen in early-type spi-
rals to those of late-type spiral galaxies. Because there is
an overlap in morphological types between our sample and
late-type spirals, it is not surprising that some of the radial
profiles are similar. On the other hand, it is surprising to see
a significant fraction of dwarf galaxies with low HI densi-
ties and radial profiles like those found in early-type spiral
galaxies, because these have consumed most of their HI and
hence have a low HI content. The low HI density dwarf
galaxies, on the other hand, are rich in HI, as can be seen in
Fig. 10.

A clue as to why some of the dwarf galaxies have low
HI densities is provided in Fig. 11b. In this figure, the radial
HI density profiles are shown averaged in surface brightness
bins. It is clear that galaxies with high optical surface bright-
nesses have higher HI densities as well. The dwarfs with the
lowest surface brightnesses, �R > 23, have radial HI profiles
much like those of the LSB galaxies studied by de Blok,
McGaugh & van der Hulst (1996), shown by the dotted line.
These LSB galaxies have central surface brightnesses in the
range 22 < �R < 24. It seems that the HI densities and the
luminosity densities are coupled.

In Fig. 12 the correlation between the average HI den-
sity with 3.2 disk scale lengths (h�HIi3:2h) and the central
surface brightness is shown. The central surface brightness
is directly related to the average surface brightness for an
exponential disk. Because most of the dwarf galaxies have
light profiles close to purely exponential (see Chapter 2),
the central surface brightness has been used. It is clear that
galaxies with higher surface brightnesses have higher HI
densities as well. However, the HI density changes much
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more slowly than the surface brightness in the R-band. Over
a range of 4 magnitudes in surface brightness, i.e., a factor
of 40 in luminosity density, the HI density changes only by
about a factor of 4. Therefore, it seems that these galax-
ies have low HI densities not because they have consumed
their HI, like the early type spiral galaxies have, but because
their baryonic mass density in general is lower. Combined
with the fact that MHI=LB increases towards fainter surface
brightnesses and fainter luminosities, this suggests that the
rate of galaxy evolution as measured from MHI=LB depends
on both absolute magnitude and surface brightness, that is
on both total mass and mass density.

We also investigated if a correlation exists between HI
radial profile shape and absolute magnitude. No such cor-
relation was found; at each absolute magnitude, all profile
shapes occur.

5 HI morphology

Large-scale asymmetries in the optical appearance of galax-
ies have been known for a long time. But galaxies can also
be asymmetric in their HI distributions. Baldwin, Lynden-
Bell & Sancisi (1980) drew attention to lopsided HI distri-
butions of disk galaxies, emphasizing that the asymmetry
affects large parts of the disk and that it is a common phe-
nomenon among spiral galaxies. Richter & Sancisi (1994)
made an estimate of the frequency of asymmetries from
the shape of the HI line profiles. From an inspection of
about 1700 global profiles they found that at least 50% of
the galaxies have strong or mild asymmetries. This result
was confirmed by Haynes et al (1998). Swaters et al (1999,
Chapter 5) found that lopsidedness may not only be seen in
the morphology, but also in the kinematics. They find that
probably at least half of all galaxies are kinematically lop-
sided.

With the present sample of 73 late-type dwarf galax-
ies, we can investigate the frequency of lopsidedness among
dwarf galaxies. To this end, we have inspected the data pre-
sented in Fig. B1 by eye, and looked for lopsidedness in the
global profile, the integrated HI map and the velocity field.
The results are listed in Table A2.

We find that lopsidedness is as common among dwarf
galaxies as it is among spiral galaxies. We find that 25 of
the 73 global profiles are clearly asymmetric, and another
12 show mild asymmetries, bringing the total fraction of
asymmetric global profiles to about 50%, similar to the frac-
tion seen among spiral galaxies (Richter & Sancisi 1994).
The fraction of galaxies that are lopsided in their HI dis-
tribution is about 35%. The fraction of kinematically lop-
sided galaxies has been determined from the appearance of
the position-velocity diagrams presented in Fig. B1. For 19
galaxies we found that the signal-to-noise ratio was too low
to determine whether a lopsidedness in the kinematics was
present. For the remaining 54 galaxies, we found that 16
show clear signs of kinematic lopsidedness, and 11 show
weak signs, bringing the total at about 50%, concordant with
the fraction found in Chapter 5.

In five of the galaxies the lopsidedness is clearly due
to ungoing interaction (UGC 1249, UGC 5272, UGC 5935,

UGC 6944 and UGC 7592). In the other cases, there is no
clear present interaction. Many of the dwarf galaxies in this
sample are members of small groups, and hence are likely to
have undergone interaction in the past. The distances to the
nearest companions may be large, however, and therefore
the excited lopsidedness must be long-lived to explain the
high observed fractions of asymmetries in the global pro-
files, the HI distribution and the kinematics.

5.1 Notes on individual galaxies

The notes on individual galaxies presented here focus on as-
pects of the morphology. The kinematic properties are dis-
cussed in more detail in Chapter 4.
UGC 1249 is interacting with the nearby spiral galaxy
UGC 1256, which explains its distorted kinematics. The HI
to the NE of UGC1249 is part of a bridge between the two
galaxies. We note that these data are somewhat affected by
instrumental interference.
UGC 4274 is also known as the Bearpaw Galaxy, because
its optical appearance looks like the footprint of a paw. The
HI in this galaxy is concentrated in one clump that is off-
set from the optical center. This galaxy was observed in the
same pointing as UGC 4278. Because UGC 4274 was far
away from the pointing center, the noise at its position was
higher after correction for the primary beam attenuation.
This explains the large difference between the grayscale and
the three sigma contours in Fig. B1.
UGC 4305 shows many holes in its HI distribution. The
morphology and kinematics of this galaxy, Holmberg II,
have been studies in detail by Puche et al (1992).
UGC 5272 has a small companion 20 to the south, with an
HI mass of about 1 �107 M� and an absolute magnitude of
MR � −12:5. UGC 5272 and its companion are connected
by an HI bridge.
UGC 5721 is strongly lopsided in its HI distribution, even
though it appears isolated on the sky. The HI extends almost
a factor of two more towards the eastern side of the galaxy
than to the western side.
UGC 5935 is interacting with UGC 5931. The extended fea-
tures in Fig. B1 do not represent tidal HI but are the result
of instrumental interference.
UGC 5986 has a strong warp on the SW end. This warp
may be related to a possible small companion, visible in the
optical image at the position where the warp sets in. This
possible companion does not have HI emission and its red-
shift is not catalogued, therefore it may be a background
galaxy. The HI on the NE end appears disrupted as well,
with an extension in the same direction as the warp on the
SW end.
UGC 6944 is part of a small group consisting of three bright
galaxies. Two of the members contain HI (UGC 6933 and
UGC 6944), one has no HI, even though its optically de-
termined systemic velocity falls within the velocity range
of these observations. There is some HI seen between the
galaxies, most likely as the result of interactions between
them.
UGC 7592 has a huge, low column density HI envelope.
The HI in the optical part of the galaxy appears to rotate in
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the opposite sense as the outer HI, although it may also be
that the outer HI is warped through the plane of the sky. The
kinematics of the outer envelope suggest that the gas is either
falling in or is being expelled, depending on which side of
the galaxy is approaching. The properties of the outer HI
are studied in more detail in Hunter et al (1998).
UGC 8490 has a strong warp that is already visible from
the morphology of the system, but the kinematics show the
warp more clearly.

6 Conclusions

Based on the neutral hydrogen observations for the sample
of 73 late-type dwarf galaxies presented here, we find the
following.
(1) The ratio of the HI extent to the optical diameter, defined
as 6.4 disk scale lengths, is on average 1:8�0:8, similar to
the range found for spiral galaxies.
(2) Most of the dwarf galaxies in this sample are rich in HI
with typical MHI=LB of 1.5.
(3) The relative HI content MHI=LB increases towards fainter
absolute magnitudes and towards fainter surface bright-
nesses.
(4) Galaxies with lower average HI column densities also
have lower average surface brightnesses. Over a range of
4 magnitudes in surface brightness, i.e., a factor of 40 in
luminosity density, the HI density changes only by about a
factor of 4.
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Appendix A Tables

A.1 Table A1 – The sample

Column (1) gives the UGC number. For a description of the
sample selection, see Section 2.
Column (2) provides other common names, in this order:
NGC, DDO (van den Bergh 1959, 1966), IC, Arp (Arp
1966), CGCG. At most two other names are given.
Columns (3) and (4) give the equatorial coordinates (1950)
derived from the optical images, as described in Chapter 2.
Column (5) gives the morphological type according to the
RC3, using the same coding.
Column (6) provides the adopted distance. Where possible,
stellar distance indicators have been used, mostly Cepheids
and brightest stars. If these were not available, a distance
based on group membership was used. If these were not
available either, the distance was calculated from the HI
systemic velocity following the prescription given in Kraan-
Korteweg (1986), with an adopted Hubble constant of H0 =
75 km s−1 Mpc−1. A full list of published distances for the
galaxies in this sample, updated to the beginning of 1998, is
given in Table A2 of Chapter 2. A discussion on the distance
uncertainties is given in Section 3 of Chapter 2.
Column (7) gives the absolute B-band magnitude, calculated
from the apparent photographic magnitude as given in the
RC3, and the distance as given in column 6.
Column (8) lists the extrapolated central R-band disk surface
brightnesses as determined from fits to the surface bright-
ness profiles presented in Chapter 2. The values have been
corrected for Galactic foreground extinction (derived from
the AB value according to Burstein & Heiles (1984) assum-
ing AB=AR of 1.77 (Rieke & Lebofsky 1985)), and were cor-
rected to face-on, assuming that the galaxies are transparent.
Column (9) gives the R-band disk scale length, as deter-
mined from the surface brightness profiles presented in
Chapter 2.
Column (10) gives the diameter at which the 25 R-band mag
arcsec−2 is reached, after correction for Galactic foreground
extinction and inclination.

A.2 Table A2 – HI properties

Column (1) gives the UGC number.
Column (2) lists the systemic heliocentric velocity.
Column (3) and (4) give the linewidths as determined from
the global profile, corrected for random motions and incli-
nations. Column 3 gives the linewidth at the 20% level, col-
umn 4 at the 50% level.
Column (5) contains the integrated HI fluxes derived from
the global profiles.
Column (6) lists the HI mass in units of 108 M�.
Column (7) gives the HI radius, defined as the radius
where the HI surface density corrected to face-on reaches
1 M�pc−2.
Column (8) gives the HI scale length, as determined from a
fit to the outer parts of the radial HI density profile.
Column (9) lists the average HI surface density within 3.2
disk scale lengths h�HIi3:2h.

Column (10), (11) and (12) indicate whether a galaxy was
found to be lopsided in the global profile, the HI distribution
or the kinematics. An asterisk (★ ) indicates weak lopsided-
ness, and a double asterisk (★★ ) strong lopsidedness.
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Table A1: The sample

UGC Other names R.A. (1950) Dec. (1950) Type Da MB �
R
0 h DB;i

25
h m s � 0 00 Mpc mag mag/002 00 00

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

731 DDO 9 1 07 46.7 49 20 7 .I..9*. 8.0 -16.6 23.0 46 92
1249 IC 1727 1 44 40.9 27 04 59 .SBS9.. 7.5 -17.9 22.1 56 143
1281 1 46 38.9 32 20 31 .S..8.. 5.5 -16.2 22.7 46 85
2023 DDO 25 2 30 17.4 33 16 18 .I..9*. 10.1 -17.2 21.8 25 76
2034 DDO 24 2 30 34.4 40 18 34 .I..9.. 10.1 -17.5 21.6 26 78
2053 DDO 26 2 31 32.0 29 31 57 .I..9.. 11.8 -16.0 22.5 19 43
2455 NGC 1156 2 56 46.5 25 02 21 .IBS9.. 7.8 -18.5 19.8 23 111
3137 4 39 21.3 76 19 35 .S?.... 18.4 -18.7 24.2 65 48
3371 DDO 39 5 49 49.1 75 18 30 .I..9*. 12.8 -17.7 23.3 53 81
3698 7 05 42.5 44 27 40 .I..9*. 8.5 -15.4 21.2 10 37
3711 NGC 2337 7 06 37.2 44 32 21 .IB.9.. 8.6 -17.8 20.9 22 81
3817 7 19 07.9 45 12 18 .I..9*. 8.7 -15.1 22.5 16 36
3851 NGC 2366, DDO 42 7 23 35.1 69 18 53 .IBS9.. 3.4 -16.9 22.6 88 207
3966 DDO 46 7 38 01.3 40 13 41 .I..9.. 6.0 -14.9 22.2 19 47
4173 7 59 04.6 80 16 10 .I..9*. 16.8 -17.8 24.3 61 35
4274 NGC 2537, Arp 6 8 09 42.8 46 08 28 .SBS9P. 6.6 -18.0 20.7 23 91
4278 IC 2233 8 10 27.5 45 53 43 .SBS7*/ 10.5 -17.7 22.5 45 78
4305 Arp 268 8 13 54.9 70 52 46 .I..9.. 3.4 -16.8 21.7 60 178
4325 NGC 2552 8 15 40.1 50 09 57 .SAS9$. 10.1 -18.1 21.6 36 105
4499 8 34 01.9 51 49 39 .SX.8.. 13.0 -17.8 21.5 22 70
4543 8 39 55.7 45 54 59 .SA.8.. 30.3 -19.2 22.0 23 61
5272 DDO 64 9 47 26.8 31 43 16 .I..9.. 6.1 -15.1 22.4 21 49
5414 NGC 3104, Arp 264 10 00 56.3 40 59 57 .IXS9.. 10.0 -17.6 21.8 30 89
5721 NGC 3274 10 29 30.3 27 55 35 .SX.7?. 6.7 -16.6 20.2 14 62
5829 DDO 84 10 39 54.0 34 42 45 .I..9.. 9.0 -17.3 22.4 39 94
5846 DDO 86 10 41 17.2 60 37 52 .I..9.. 13.2 -16.1 22.9 19 36
5918 VII Zw 347 10 46 17.6 65 47 41 .I..9*. 7.7 -15.4 24.2 46 27
5935 NGC 3396, Arp 270 10 47 08.3 33 15 20 .IB.9P. 26.4 -20.1 21.8 31 93
5986 NGC 3432, Arp 206 10 49 42.8 36 53 6 .SBS9./ 8.7 -18.6 21.4 46 149
6446 11 23 52.9 54 01 20 .SA.7.. 12.0 -18.3 21.4 28 95
6628 11 37 25.7 46 13 10 .SA.9.. 15.3 -18.8 21.8 36 100
6817 DDO 99 11 48 18.0 39 09 34 .I..9.. 4.02 -15.2 23.1 48 84
6944 NGC 3995, Arp 313 11 55 09.8 32 34 19 .SA.9P. 47.4 -21.2 20.4 17 76
6956 DDO 102 11 55 51.4 51 11 48 .SBS9.. 15.7 -17.2 23.4 33 51
7047 NGC 4068 12 01 29.6 52 52 7 .IA.9.. 3.5 -15.2 21.6 27 81
7125 12 06 10.0 37 04 51 .S..9.. 19.5 -18.3 22.8 34 76
7151 NGC 4144 12 07 27.2 46 44 9 .SXS6$/ 3.5 -15.7 22.3 44 121
7199 NGC 4163 12 09 37.6 36 26 47 .IA.9.. 3.5 -15.1 21.4 22 73
7232 NGC 4190 12 11 13.6 36 54 49 .I..9P. 3.5 -15.3 20.2 15 68
7261 NGC 4204 12 12 42.1 20 56 14 .SBS8.. 9.1 -17.7 21.9 35 102
7278 NGC 4214 12 13 08.6 36 36 17 .IXS9.. 3.5 -18.3 20.2 53 237
7323 NGC 4242 12 15 01.3 45 53 49 .SXS8.. 8.1 -18.9 21.2 54 176
7399 NGC 4288, DDO 119 12 18 10.4 46 34 9 .SBS8.. 8.4 -17.1 20.7 18 70
7408 DDO 120 12 18 47.7 46 05 25 .IA.9.. 8.4 -16.6 21.9 24 70
7490 DDO 122 12 22 10.4 70 36 39 .SA.9.. 8.5 -17.4 21.3 27 90
7524 NGC 4395 12 23 19.9 33 49 26 .SAS9*. 3.5 -18.1 22.2 135 372
7559 DDO 126 12 24 37.5 37 25 9 .IB.9.. 3.2 -13.7 23.8 45 49
7577 DDO 125 12 25 15.7 43 46 13 .I..9.. 3.5 -15.6 22.5 51 115
7592 NGC 4449 12 25 45.2 44 22 11 .IB.9.. 3.5 -18.5 20.3 51 215
7603 NGC 4455 12 26 13.8 23 05 53 .SBS7?/ 6.8 -16.9 20.8 21 79
7608 DDO 129 12 26 18.7 43 30 7 .I..9.. 8.4 -16.4 22.6 30 68
7690 12 30 01.6 42 58 49 .I..9*. 7.9 -17.0 19.9 12 61
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Table A1: – Continued

UGC Other names R.A. (1950) Dec. (1950) Type Da MB �
R
0 h DB;i

25
h m s � 0 00 Mpc mag mag/002 00 00

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

7866 IC 3687 12 39 50.8 38 46 39 .IXS9.. 4.8 -15.2 22.1 25 69
7916 I Zw 42 12 41 59.9 34 39 37 .I..9.. 8.4 -14.9 24.4 42 26
7971 NGC 4707, DDO 150 12 46 05.9 51 26 16 .S..9*. 8.4 -17.1 21.3 23 77
8188 IC 4182 13 03 30.2 37 52 27 .SAS9.. 4.7 -17.4 21.3 52 170
8201 VII Zw 499 13 04 38.2 67 58 21 .I..9.. 4.9 -15.8 21.9 32 96
8286 NGC 5023 13 09 58.0 44 18 11 .S..6*/ 4.8 -17.2 20.9 34 124
8331 DDO 169 13 13 19.8 47 45 49 .IA.9.. 5.9 -15.1 22.9 28 54
8490 NGC 5204 13 27 43.9 58 40 39 .SAS9.. 4.9 -17.3 20.5 29 128
8550 NGC 5229 13 31 58.6 48 10 14 .SBS7?/ 5.3 -15.6 22.0 24 72
8683 DDO 182 13 40 23.2 39 54 33 .I..9.. 12.6 -16.7 22.5 21 42
8837 DDO 185 13 52 56.0 54 08 51 .IBS9./ 5.1 -15.7 23.2 50 79
9128 DDO 187 14 13 38.9 23 17 12 .I..9.. 4.4 -14.3 21.9 17 50
9211 DDO 189 14 20 38.0 45 36 37 .I..9*. 12.6 -16.2 22.6 19 42
9992 15 41 26.0 67 24 44 .I..9.. 10.4 -15.9 22.2 16 39

10310 Arp 2 16 14 49.1 47 10 7 .SBS9.. 15.6 -17.9 22.0 25 70
11557 20 23 01.2 60 01 54 .SXS8.. 23.8 -19.7 21.0 26 80
11707 21 12 20.3 26 31 36 .SA.8.. 15.9 -18.6 23.1 58 94
11861 21 55 44.0 73 01 20 .SX.8.. 25.1 -20.8 21.4 53 148
12060 22 28 17.4 33 33 50 .IB.9.. 15.7 -17.9 21.6 21 73
12632 DDO 217 23 27 33.0 40 42 55 .S..9*. 6.9 -17.1 23.5 85 120
12732 23 38 09.0 25 57 33 .S..9*. 13.2 -18.0 22.4 35 83
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Table A2: HI properties

UGC vsys W i
R;20 W i

R;50

R
Sdv MHI RHI hHI h�HIi3:2h lopsidedness

km s−1 km s−1 km s−1 Jy km s−1 108 M�
00 00 prof. dens. kin.

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

731 639 143 145 48.8 7.4 191 36 5.5 ★★ ★★

1249 340 129 144 23.5 3.1 362 135 4.3 ★★ ★★ ★★

1281 157 112 113 44.4 3.2 206 60 3.0
2023 603 85 110 18.7 4.5 129 31 4.7
2034 578 103 134 35.8 8.6 189 29 5.5
2053 1029 79 101 17.1 5.6 120 28 6.3 ★

2455 380 80 118 71.3 10.2 212 54 10.1
3137 993 218 216 54.5 43.6 297 95 4.0 ★★

3371 816 155 159 31.5 12.2 188 31 3.2 ★★ ★

3698 426 57 63 6.7 1.1 64 39 4.4 ★★

3711 433 160 177 39.4 6.9 164 62 7.7
3817 438 72 87 12.9 2.3 103 33 4.5
3851 99 106 111 267.4 7.3 439 118 8.5 ★★ ★★ ★★

3966 361 112 117 24.8 2.1 135 56 6.4 ★

4173 862 95 108 31.8 21.2 178 34 3.0 ★ ★★

4274 447 132 132 14.8 1.5 126 40 5.4 ★★ ★★

4278 561 161 167 52.3 13.6 193 32 4.1 ★ ★

4305 158 79 89 246.8 6.7 443 93 7.3
4325 519 185 189 31.2 7.5 142 25 6.6 ★★ ★ ★★

4499 691 138 142 29.8 11.9 143 31 7.2 ★

4543 1960 140 157 34.0 73.6 144 71 5.4 ★

5272 520 79 102 19.3 1.7 106 22 8.9 ★★

5414 612 117 123 27.4 6.5 146 35 6.0 ★★ ★ ★★

5721 537 167 169 62.6 6.6 225 65 11.7 ★★ ★★

5829 629 119 142 58.2 11.1 188 35 6.7 ★

5846 1019 83 95 17.4 7.1 133 31 5.1
5918 338 78 88 21.1 3.0 159 43 2.6 ★★

5935 1633 163 178 62.8 103.3 144 104 5.0 ★★ ★★ ★★

5986 616 229 238 151.8 27.1 395 60 6.1 ★★ ★★ ★★

6446 645 152 160 39.7 13.5 182 35 5.5 ★★

6628 850 100 110 28.0 15.4 143 35 4.9 ★

6817 245 34 53 47.0 1.8 208 131 2.2
6944 3257 189 256 20.3 107.5 123 57 7.1 ★★ ★★

6956 917 96 122 14.0 8.2 140 38 3.3
7047 211 75 90 38.0 1.1 156 47 8.0 ★ ★★

7125 1071 135 138 50.0 44.9 240 122 5.3 ★★ ★★ ★★

7151 264 144 144 54.2 1.6 192 19 7.0 ★★

7199 164 18 23 9.7 0.3 70 60 3.0
7232 230 55 80 24.5 0.7 112 68 7.8 ★

7261 853 153 138 34.3 6.7 159 35 5.2 ★★ ★

7278 293 121 145 261.7 7.6 447 136 8.3
7323 518 149 157 47.8 7.4 184 35 4.1 ★★

7399 535 194 218 44.5 7.4 192 82 7.9 ★★ ★★ ★

7408 462 19 29 9.1 1.5 85 61 2.0 ★★

7490 467 161 166 17.5 3.0 142 44 3.3
7524 320 151 154 334.8 9.7 527 50 3.9 ★★ ★★

7559 218 70 75 30.3 0.7 156 60 3.6 ★★ ★ ★★

7577 196 32 43 28.3 0.8 165 75 2.1 ★★

7592 202 191 248 689.2 19.9 698 147 10.0 ★

7603 641 126 129 49.1 5.4 192 74 6.3 ★ ★

7608 537 131 147 33.5 5.6 169 31 5.4 ★★ ★

7690 537 114 126 24.8 3.7 140 46 8.8 ★
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Table A2: – Continued

UGC vsys W i
R;20 W i

R;50

R
Sdv MHI RHI hHI h�HIi3:2h lopsidedness

km s−1 km s−1 km s−1 Jy km s−1 108 M�
00 00 prof. dens. kin.

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)

7866 359 62 71 23.6 1.3 149 34 4.7
7916 606 64 71 21.6 3.6 140 17 3.1
7971 467 84 99 16.3 2.7 107 27 5.7 ★

8188 313 87 116 57.6 3.0 193 38 5.4 ★★

8201 37 43 58 35.0 2.0 175 72 3.3 ★

8286 407 165 163 65.0 3.5 256 62 4.3 ★

8331 260 47 55 17.3 1.4 179 35 1.7 ★ ★★

8490 204 136 144 140.6 8.0 346 135 9.1 ★★

8550 364 113 115 27.7 1.8 172 16 4.0
8683 658 47 49 8.5 3.2 94 26 3.2
8837 144 78 93 26.6 1.6 136 35 1.8 ★★ ★★

9128 154 43 54 13.9 0.6 87 37 7.5
9211 685 129 132 27.9 10.5 167 42 6.2
9992 427 73 79 11.8 3.0 105 29 5.3 ★★ ★

10310 713 150 157 21.9 12.6 130 27 6.2 ★

11557 1389 155 174 18.9 25.2 142 41 5.0
11707 905 184 186 62.4 37.2 203 37 5.2 ★★ ★★

11861 1481 296 314 48.0 71.4 194 33 5.1
12060 884 159 171 31.0 18.1 161 58 4.0 ★★ ★★ ★

12632 422 141 145 77.1 8.7 266 43 3.4 ★★ ★★

12732 749 172 180 89.1 36.6 272 35 4.7 ★★ ★★
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Appendix B Atlas of the HI observations

In the next pages overview figures are presented with the HI
data for all the galaxies in the sample. For each galaxy a
figure is given with six panels. The HI data shown are at
3000 resolution.
Top left. A grayscale representation of the integrated HI dis-
tribution. The thick solid line gives the three sigma level,
determined as described in Section 3. Note that this three
sigma level does not imply that the line profiles have emis-
sion above three sigma. Extended low-level emission may
add up to more than three sigma. The plus sign indicates the
position of the optical center. The beam size is given in the
lower left.
Top right. The velocity field. The thick line is the systemic
velocity. The interval between the thin lines is given in the
lower left. Light shading indicates receding velocities, dark
shading indicates approaching velocities. The extent of the
velocity field may be smaller than that of the integrated HI
map, because velocities were only determined from profiles
with a signal-to-noise ratio higher than three.

Middle left. The integrated HI distribution overlayed on the
optical R-band image from Chapter 2.
Middle right. The position-velocity diagram along the major
axis. Contour levels are at −4� and −2� (dotted), and 2�,
4�, ... .
Bottom left. The radial HI density profile. The thin solid
line gives the profile for the approaching side, the dotted line
gives the profile for the receding side. The thick solid line
is the average radial HI density profile. The vertical arrow
indicates a radius of 3.2 optical disk scale lengths.
Bottom right. The global profile. The arrow indicates the
systemic velocity.
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4Rotation Curves
of Late-type
Dwarf Galaxies

ABSTRACT

We present rotation curves for a sample of 60 late-type dwarf galaxies, based on HI observations
with the Westerbork Synthesis Radio Telescope. Estimates of the rotation curves were obtained
by interactive, simultaneous fitting to six position-velocity diagrams at different angles. Next,
these rotation curves were refined iteratively by constructing models of the observations, taking
the instrumental resolution into account. With this procedure it was possible to correct for the
effects of beam smearing to a large extent.
In contrast with most earlier findings, the rotation curves of late-type dwarf galaxies presented
here have shapes similar to those of more luminous spiral galaxies, although towards lower lu-
minosities the spread in shapes increases. Several galaxies have fairly flat rotation curves, with
amplitudes as low as 60 km s−1. The shape of the rotation curves in the central parts is corre-
lated with the central concentration of light, implying that the total mass density scales with the
luminous mass density. At larger radii, the rotation curve shape does not appear to vary with
luminosity or with surface brightness.

1 Introduction

The very first extragalactic systems to be mapped in HI
and have their kinematics revealed were two late-type dwarf
galaxies: the Magellanic Clouds. Kerr, Hindman & Robin-
son (1954) mapped the LMC and the SMC with a 36 foot
antenna, only three years after the first detection of interstel-
lar HI (Ewen & Purcell 1951), following the prediction of
the existence of the HI line by van de Hulst (1945). These
HI observations were important for understanding the kine-
matics of the Clouds. Before, Wilson (1917) already sug-
gested that the LMC was rotating, based on the spectra of
17 emission line nebulae, but in a later study Hertzsprung
(1920) concluded the data could be interpreted as indicating
a common translational motion of the two Clouds at nearly
right angles to the line of sight. The HI observations of the
Magellanic Clouds showed beyond doubt that these were ro-
tating (Kerr & de Vaucouleurs 1955).

Later observations showed that most late-type dwarf
galaxies are rotating, although with lower velocities than
spiral galaxies. This was placed on firm footing after the
introduction of interferometers. Because of their increased
spatial resolution compared to single dish instruments, the
number of late-type dwarf galaxies for which the kinemat-

ics could be studied grew substantially. Nine out of the
ten late-type dwarf galaxies studied by Rogstad, Rougoor
& Whiteoak (1967) showed clear signs of rotation. With the
Westerbork Synthesis Radio Telescope (WSRT), and later
with the Very Large Array (VLA) and the Australia Tele-
scope Compact Array (ATCA), it became routinely possible
to map the distribution and kinematics of HI in galaxies.
Based on several studies, the general picture emerged that
late-type dwarf galaxies have low amplitude, slowly rising
rotation curves that keep rising to the last measured point
(e.g., Tully et al 1978, Broeils 1992a, Côté 1995).

The discovery that the extended HI rotation curves of
spiral galaxies are fairly flat (Bosma 1978, 1981a,b), in com-
bination with the fact that the outer parts of these rotation
curve cannot be explained by the visible mass (van Albada
et al 1985, Begeman 1987), has been one of the key pieces
of evidence for the existence of dark matter. As a result of
these findings, dwarf galaxies were studied with renewed in-
terest. Dwarf galaxies were considered ideal laboratories to
study the properties of dark matter, because they have lit-
tle or no bulge, which makes the mass modeling based on
the rotation curves more certain than in spiral galaxies. Ini-
tial results indicated that the dark matter properties of late-
type dwarf galaxies were similar to those of bright spiral
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galaxies (Carignan 1985, Carignan, Sancisi & van Albada
1988). Later studies of late-type dwarf galaxies with lower
luminosities than the first dwarf galaxies studied, found ro-
tation curves that rose more slowly and led to the conclusion
that these galaxies are the most dark matter dominated of all
galaxies. DDO 154 (Carignan & Freeman 1988, Carignan
& Beaulieu 1989, Carignan & Purton 1998) has become the
prototypical dwarf galaxy, with 90% of its mass unseen.

Because late-type dwarf galaxies extend the range of
studied galaxy properties to low surface brightnesses and
low luminosities, and because of their extreme dark matter
properties, dwarf galaxies have received much attention in
the literature and played an important role in studies of dark
matter in galaxies, cosmological structure formation and
galaxy formation and evolution (e.g., Moore 1994, Navarro,
Eke & Frenk 1996). Despite the important role late-type
dwarf galaxies play, only few such systems have been ob-
served in detail. The largest systematic HI survey of dwarf
galaxy kinematic properties is that of Côté (1995).

It is clear that for a systematic study of late-type dwarf
galaxy rotation curves or for a study of the relations between
the dark and luminous properties of these galaxies, a large
sample is needed. Such a sample is presented in Chapter 3,
which contains 73 late-type dwarf galaxies. For all of these,
HI imaging and optical R-band imaging are available. This
sample forms the basis of a study of the rotation curves of
late-type dwarf galaxies presented in this chapter, and of a
study of their dark matter properties, presented in Chapter 6.

The structure of this chapter is as follows. In Section 2
we briefly describe the sample selection. Section 3 describes
in detail the procedure used to derive the rotation curves.
We give a brief description of a number of individual galax-
ies in Section 4, and in Section 5 we discuss the relations
between the rotation curve shapes and the luminous proper-
ties. A brief discussion of the Tully-Fisher relation for dwarf
galaxies is given in Section 6. In Section 7 we present the
conclusions. In Appendix A we give a table with the optical
and rotation curve properties of the galaxies presented here.
In Appendix B we present figures containing overlays of the
velocity fields on the optical image, overlays of the derived
rotation curves on the position-velocity diagrams along the
major axes and of the rotation curves themselves.

2 The sample

The galaxies in this sample have been observed as part of the
WHISP project (Westerbork HI Survey of Spiral and Irreg-
ular Galaxies) which aims at mapping about 500 nearby spi-
ral and irregular galaxies in HI with the WSRT. The WHISP
sample was selected from the Uppsala General Catalogue of
Galaxies (UGC, Nilson 1973), taking all galaxies with decli-
nations north of 20�, blue major axis diameters larger than
1:50 and measured HI flux densities larger than 100 mJy.
We defined as dwarf galaxies all galaxies with Hubble types
later than Sd, supplemented with spiral galaxies of earlier
Hubble types for which the absolute B-band magnitudes are
fainter than −17. For a detailed description of the selection
criteria, and the general goals of the WHISP project, see
Chapter 3.

The HI observations on which the rotation curves pre-
sented in this chapter are based, are presented in detail in
Chapter 3. The typical full resolution of the observations
is 1200

� 1200
=sin�. In general the signal-to-noise ratios at

this resolution are too low, and in Chapter 3 HI maps and
velocity fields are presented at 3000 resolution. The rotation
curves presented here have been derived from the 3000 reso-
lution data for the same reason.

The sample of late-type dwarf galaxies presented here
is identical to the sample presented in Chapter 3, except for
four galaxies that were omitted because they are interacting
with a close companion: UGC 1249, UGC 5935, UGC 6944
and UGC 7592. The remaining sample consists of 69 late-
type dwarf galaxies. For 60 of those rotation curves could
be derived.

3 Derivation of the rotation curves

Usually, rotation curves are derived by fitting tilted-ring
models to the observed velocity fields (e.g., Begeman 1987).
In principle, this method can be applied to the galaxies in
this sample as well, provided that the criteria to be fulfilled
for fitting a tilted-ring model are met (see Begeman 1987).
An obvious, but in practice very stringent criterion is that the
velocity field represents the rotation velocities. However, for
many of the galaxies in our sample this is not the case. As
discussed in Chapter 3, the velocity field may be affected by
systematic errors and by beam smearing.

3.1 Beam smearing

The HI emission will be smeared out due to the finite beam-
size of the telescope, leading to apparently larger HI disks
and to filling of holes in the HI distribution. Moreover, as a
result of beam smearing the gradients in the velocity fields,
as determined from Gaussian fits to the line profiles or from
the intensity weighted mean of the line profiles, will become
shallower. Rotation curves derived from these velocity fields
will have shallower gradients as well. The magnitude of the
effect of beam smearing thus depends on the combination of
the size of the beam, the distribution of the HI, the inclina-
tion angle of the galaxy and the velocity gradients. However,
despite the influence of beam smearing, the information on
the true rotation curve is still contained in the data, and may
be retrieved if a suitable method to derive the rotation curve
is used.

Much attention has been given in the literature to the ef-
fects of beam smearing. Bosma (1978) investigated the ef-
fects of beam smearing on his observations by comparison
to model observations. He constructed a set of model galax-
ies with known input rotation curves and smeared the mod-
els to progressively larger beam sizes. Next, he derived the
rotation curve by fitting tilted rings to the intensity weighted
mean velocity field. He found that the rotation curves de-
rived in this way were hardly affected by beam smearing if
there were more than seven resolution elements within the
Holmberg radius.

Begeman (1987) has described two methods to correct
for the effects of beam smearing on the observed velocity
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field. In the first, he calculated the relation between the ob-
served HI distribution, the observed velocity field and the
beam shape on the one hand, and the true HI distribution
and the true velocity field on the other. From this, he formu-
lated an analytical correction scheme. Applying his scheme
to NGC 3198, the corrections he found were significant, as
expected given the steep rise of the rotation curve in the in-
ner parts. Unfortunately, this method depends on the sec-
ond derivative of the velocity field, and therefore is not suit-
able for the often low signal-to-noise observations presented
here. The second method presented by Begeman (1987) re-
lies on the edge-detection of a line profile. This method uses
the second derivative of the line profile and is therefore not
useful here either.

Rubin et al (1989) compared optical rotation curves for
Virgo Cluster spiral galaxies to the HI rotation curves pre-
sented in Guhathakurta et al (1988), which have been ob-
tained from intensity weighted mean velocity fields. They
found excellent agreement between the H� rotation curves
and those derived from the 1500 resolution HI data, but for
the 4500 data the derived HI rotation velocities are lower at
all radii. Lake, Schommer & van Gorkom (1990) took a
practical approach in their study of DDO 170. They argue
that beam smearing is probably most important in the in-
nermost point. In their analysis, they compare the results
with and without this point, and conclude that the effects of
beam smearing are small. Broeils (1992b) estimated the ef-
fects of beam smearing in the dwarf galaxy NGC 1560 by
detailed modeling of the observations and trying to repro-
duce the observed velocity field. He found that the effects
of beam smearing were small, which is not surprising, given
the size of the galaxy (170) and the size of the beam (1400).

De Blok & McGaugh (1997) have studied the effects of
beam smearing in their observations of low surface bright-
ness galaxies. Most of the galaxies in their sample are
poorly resolved, with typically only two resolution elements
within the HI radius. They argue, however, that beam smear-
ing is not important in their observations, for three reasons.
The first is that they have observed steep rotation curves in
some of their galaxies, and these would not have been ex-
pected if beam smearing had been important. We note, how-
ever, that their observations had beams of various shapes
and sizes, some round, others highly elongated. In com-
bination with the range in inclinations and the HI distribu-
tion for the galaxies in their sample, it is expected that some
galaxies suffer only little from beam smearing, and others
substantially. Their second argument is based on modeling
of their observations. They constructed model data cubes
with known input rotation curves and HI distributions. For
simplicity, they assumed the HI to have constant density
throughout the disk. Based on these models, they conclude
that beam smearing only becomes important if there are
fewer than two beams within the HI radius. In general, how-
ever, the detailed distribution of HI is not uniform and does
affect the magnitude of beam smearing. Thirdly, de Blok
& McGaugh (1997) have also degraded the high resolution
rotation curve of NGC 1560 derived by Broeils (1992b) by
Gaussian smoothing and found that the rotation curve shape

is not affected by this. This degrading, however, does not re-
produce well the effects of beam smearing. In summary, the
analysis by de Blok & McGaugh (1997) may not be suffi-
cient to assess the importance of beam smearing for several
of their galaxies, as is also indicated by a comparison of high
resolution H� rotation curves with the HI rotation curves
derived by de Blok, McGaugh & van der Hulst (1996), pre-
sented in Chapter 8.

From the above discussion it is clear that beam smear-
ing may well be important for our observations. Therefore,
we have adopted an interactive procedure to derive rotation
curves that takes into account the effects of beam smearing.
In short, it consists of the following. First, an estimate of
the rotation curve was made interactively. Next, this rota-
tion curve was refined iteratively by constructing models of
the observations, using the input rotation curve and subse-
quently adjusting the rotation curve to match the observa-
tions. We will now describe both of these steps in detail.

3.2 Rotation curves determined interactively

Estimates of the rotation curves were determined by fit-
ting interactively the rotation velocity, position angle and
inclination as a function of radius simultaneously to a
set of position-velocity diagrams. To facilitate this in-
teractive fitting a new program, called INSPECTOR, was
implemented in the Groningen Image Processing System
(GIPSY, http://www.astro.rug.nl/�gipsy), which has an in-
terface similar to that displayed in Fig. 1. Six position-
velocity diagrams as shown in Fig. 1 were sufficient to de-
rive the rotation curve and the run of inclination and position
angle with radius. The filled circles plotted on the position-
velocity diagrams are the projected rotation velocities. Their
positions are calculated using the values displayed in three
graphs, showing the rotation velocity, inclination and po-
sition angle as a function of radius. These points can all
individually be adjusted interactively and the corresponding
points in all the position-velocity diagrams are moved ac-
cordingly.

To test the method, we have made models with differ-
ent rotation curves, HI distributions, beam sizes and incli-
nations, and derived the rotation curves following the proce-
dure described above, and comparing the derived and input
rotation curves. From these tests, we found that we could
accurately determine the rotation velocity, inclination and
position angle as a function of radius.

Before deriving the rotation curves, we determined the
position of the center and the systemic velocity. For most of
the galaxies it was difficult to derive these from the veloc-
ity field. Therefore, we have used the optical centers from
Chapter 2 to define the kinematic centers. The systemic ve-
locity was determined from a tilted-ring fit to the Gaussian-
fit velocity field with the center fixed. The initial estimates
for the rotation curve and the run of inclination and posi-
tion angle with radius were determined from a tilted ring fit
with the systemic velocity fixed as well. If there were no ap-
preciable variations of the inclination or position angle with
radius, a fixed value was used (mostly the average over the
rings with solutions with small errors). If it was not pos-
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Figure 1: Example of displayed data as used to determine the rotation curves interactively, as in the GIPSY based program INSPEC-
TOR. The galaxy shown here is UGC 4325. On the left a set of position-velocity diagrams along six different position angles through
the data are given, as indicated in the top right of each panel. The three panels on the right display position angle, inclination angle
and rotation velocity as a function of radius. In INSPECTOR, each of the points in these panels can be changed interactively, and the
corresponding points overlayed on the position-velocity diagram are then changed accordingly. To determine the rotation curve by
eye, position angle, inclination and rotation velocity are changed until the projected points on the position-velocity diagrams give
the best description of the data.

sible to estimate the inclination from the velocity field, the
inclination was determined from the ellipticity of the opti-
cal and HI isophotes, assuming an intrinsic thickness for the
stellar disks of 0.2. The choice of the initial estimates has a
negligible effect on the derived rotation curve.

Next, the rotation curve and the run of the orientation
parameters with radius were determined. This was done by
adjusting the rotation velocity, inclination and position angle
at each radius until the position-velocity loci of the points
matched the observations best, as illustrated in Fig. 1. We
used the Hanning smoothed data at 3000 resolution for the
position-velocity diagrams (for most galaxies, the signal-to-
noise ratios of the full resolution data were too low to derive
reliable rotation curves). To determine the rotation curve,
most weight was given to the major axis data, and least to
the minor axis data. For determining the run of inclination
and position angle with radius, equal weight was given to

all position-velocity diagrams. The derived values for the
inclination and position angle for each galaxy are listed in
Table A1. For some of the well-resolved galaxies no adjust-
ments of rotation velocity, inclination or position angle were
necessary, because the initial estimates from the tilted-ring
fits were adequate. For galaxies with clear differences be-
tween the approaching and receding sides fits were made to
both sides independently. The rotation curves derived with
this method have been sampled every 15 arcseconds.

For nine galaxies we have not derived a rotation curve,
due to a combination of small HI extent (RHI <� 10), clumpy
HI distribution and lack of ordered rotation. These galax-
ies are UGC 3698, UGC 4274, UGC 6817, UGC 7199,
UGC 7408, UGC 8201, UGC 8683, UGC 8331 and
UGC 9128.
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Figure 2: Comparison between the data for the receding side
of UGC 12732, shown in grayscale, and models of the obser-
vations (contours), based on an input rotation curve and the ob-
served HI distribution at the full resolution. The input rotation
curve is adjusted until the best match to the data is obtained
(shown in the middle panel). Which model fits the data best is
determined by eye inspection. The top panel shows the model
based on the rotation curve derived by visual, which underes-
timates the rotation velocities in the inner parts. The bottom
panel shows a model based on a rotation curve that overesti-
mates the rotation velocities between the center and 10.

3.3 Rotation curves by modeling

The disadvantage of the method described above is that it is
subjective, and hence the derived rotation curve may depend
on personal taste. To test the level of agreement between the
derived rotation curves and the observations, and to inves-
tigate further the effects of beam smearing, we constructed
detailed models and compared these to the observations.

For each galaxy, a model was constructed based on the
rotation curve determined interactively as described in the
previous subsection. From this rotation curve an axisym-
metric velocity field was constructed. A three-dimensional
model datacube was then constructed from this velocity field
and the observed HI distribution at the full resolution, as-
suming a constant Gaussian velocity dispersion of 8 km
s−1. The model was subsequently convolved to a resolu-
tion of 3000. The model datacube obtained in this way was
compared with the observations by visual inspection of the
model position-velocity diagrams superposed on the obser-

vations. If the match between model and observations was
not satisfactory, the input rotation curve was adjusted and
the procedure was repeated. For galaxies with differences
between the approaching and receding sides, the modeling
was done for both sides independently.

An example of the modeling procedure is given in Fig. 2.
The observations are shown in grayscale, and the different
models are overlayed in contours. Only the receding side is
shown. The top panel shows the model based on the rotation
curve determined interactively. Close inspection reveals that
between the center and 1 arcmin the model fails to reproduce
the observations. The model systematically underestimates
the velocities in the central regions. In the middle panel, we
show the model that we considered the best match, as found
from the iterative modeling procedure described above. In
the bottom panel, a model is shown based on a rotation curve
for which the rotation velocities in the inner parts have been
purposely overestimated. This is also reflected in the model,
which systematically overestimates the velocities between
the center and 10.

The modeling procedure to derive the rotation curve de-
scribed in this section has a major advantage over the rota-
tion curve determined by eye. In the modeling procedure,
all the effects that determine the magnitude of beam smear-
ing (the size of the beam, the detailed distribution of HI, the
inclination angle and shape of the rotation curve) are taken
into account. With this procedure, it is therefore possible to
derive a rotation curve that is largely free of the effects of
beam smearing.

The rotation curves thus derived are shown in Fig. B1.
In the cases where the rotation curves have been derived for
both sides independently, the average of the two is shown.
The determination of the uncertainties on the rotation ve-
locities is described below. In Fig. B1 the rotation curves
are also shown overlayed on the position-velocity diagrams
along the major axes. Where applicable, the rotation curves
for the approaching and receding sides are overlayed rather
than the average rotation curve.

3.4 Rotation curves for edge-on galaxies

In principle, it would have been possible to derive the ro-
tation curves for the edge-on galaxies in our sample us-
ing a modeling procedure as described above, similar to
the modeling of NGC 891 by Swaters, Sancisi & van der
Hulst (1997). However, such a procedure is extremely time-
consuming, and therefore we decided not to use it. Instead,
we have chosen to follow the approach used by Sancisi &
Allen (1979) to derive the rotation curve of NGC 891. At
each position along the major axis they determined the ro-
tation velocity from the edge of the line profile, correcting
for the effects of instrumental broadening and random mo-
tions. The random motions of the gas were assumed to be
8 km s−1. In this method, it is assumed that there is gas ev-
erywhere along the line of nodes. In the case a galaxy has a
ring-like distribution of HI or a central depression in the HI
distribution, an incorrect rotation curve may be derived.

The rotation curves for edge-on galaxies derived in this
way for the approaching and receding sides separately are
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shown overlayed on the position-velocity diagrams along
the major axis in Fig. B1. The average rotation curves are
shown in Fig. B1 as well.

3.5 Uncertainties of the rotation velocities

The method outlined above to derive the rotation curves does
not provide an estimate of the uncertainties of the rotation
velocities. We have estimated these as follows. There are
two main contributing terms to the uncertainties. The first is
the accuracy with which we can determine the position of a
point on the position-velocity diagrams. This measurement
error depends on the width and the signal-to-noise ratio of
the profile. Based on trial and error for a range of profiles,
we have found that the 1� error with which we can read off
the radial velocity from a profile is about 2 km s−1. The
1� errors for the points on the rotation curve will therefore
be about 2=sin i km s−1. The second term stems from non-
circular motions and the asymmetry of the galaxy, which
can be estimated by the difference between the approach-
ing and the receding sides. We made the ad hoc assumption
that the difference in rotation velocity between the mean ro-
tation curve and the rotation curve measured on either the
approaching or receding side represents a 2� difference. We
therefore estimated the uncertainties due to asymmetries to
be one fourth of the difference in rotation velocity between
the two sides. We have added the asymmetry error and the
measurement error quadratically to obtain an estimate of the
1� errors on the rotation velocities.

For the edge-on galaxies we have used the same proce-
dure to estimate the errors. This estimate does not include
possible systematic effects as a result of lack of gas on the
line of nodes. As a result, some of the rotation curves for
the edge-on galaxies may be more uncertain than indicated
by the errors. This systematic uncertainty was taken into
account while determining the rotation curve quality, as de-
scribed below.

3.6 Rotation curve quality

The quality of the derived rotation curves differs from
galaxy to galaxy. Some galaxies are well resolved, others
are only a few beams across. Some galaxies have a strong
HI signal, others a weak one. Some galaxies have dis-
torted kinematics, others are in ordered rotation. Hence, for
some galaxies we could derive high quality rotation curves,
whereas for others this was difficult. We have tried to quan-
tify this by tentatively dividing the derived rotation curves
into five different categories of quality q. The quality de-
pends on the signal-to-noise ratio, on the presence of non-
circular motions and on deviations from axial symmetry.
Edge-on galaxies, for which the radial HI profiles indicate
the presence of a central hole or a ring-like HI distribution,
were assigned a lower quality.

The quality estimates (tabulated in Table A1) range in
value from 0 to 4, where 0 corresponds to a rotation curve
that matches the six slices excellently, 1 means the match
is good, 2 indicates a reasonable agreement, 3 a poor agree-
ment, and if the quality was 4, no rotation curve was derived,

either because the HI distribution or kinematics were too ir-
regular, or because there was no significant rotation.

3.7 Asymmetric drift

The stability of a galaxy against gravitational collapse is pro-
vided by rotation and pressure gradients. To derive the true
circular velocity that reflects the underlying mass distribu-
tion, the observed rotation curve should in principle be cor-
rected for the effects of pressure. The correction term can be
derived from the Jeans equations (see Binney & Tremaine
1987, eq. 4-33) or from the Euler equation in hydrodynam-
ics. The difference between the observed and the true circu-
lar velocity is:
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where v' is the observed rotation velocity, vc the true circu-
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We found that the velocity dispersions for the late-type
dwarf galaxies in this sample were almost constant with ra-
dius, hence the second term within parentheses in Eq. 2 can
be ignored. Assuming that the scale height is approximately
constant with radius as well, as suggested by measurements
of the thickness of the HI layer in the edge-on dwarf galaxy
NGC 5023 (Bottema, Shostak & van der Kruit 1986), the
volume density is proportional to the measured gas column
density.

The common procedure to correct for asymmetric drift
is to use the observed radial HI distribution to determine
the first term within the parentheses of Eq. 2. The implicit
assumption is that the HI column density traces the total
gas density. However, other gas components may also be
present, such as molecular gas or ionized gas, which in most
galaxies do not follow the HI distribution.

For all but three galaxies, the correction for asymmetric
drift is smaller than 3 km s−1 at all radii. For most galaxies
the maximum correction occurs at the last measured point,
where the amplitude of the rotation curve is highest. In the
inner parts the correction is negligible, i.e., smaller than 1
km s−1, for 90% of the galaxies, and smaller than 2 km
s−1 for all except three galaxies. These are the same galax-
ies for which the maximum correction is larger than 3 km
s−1. These three galaxies are: UGC 7278, UGC 7577 and
UGC 8331.

Because the corrections for asymmetric drift are small
for the vast majority of the galaxies in our sample, and be-
cause of the uncertainties in the corrections due to ignoring
the contribution of other gas components, we have decided
not to correct the rotation curves for asymmetric drift.
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3.8 Final steps

The radial scale of the rotation curves derived above is given
in arcseconds. In order to facilitate the comparison of the ro-
tation curves between galaxies and the comparison between
the rotation curves and the light profiles (presented in Chap-
ter 2), the rotation curves have been resampled in units of
disk scale lengths. Table A1 lists the rotation velocities at
one, two, three, and four disk scale lengths, as v1 to v4. In
addition, it lists the velocity at the last measured point of the
rotation curve vlast and the corresponding radius rlast.

Furthermore, we have calculated the logarithmic slope
of the rotation curves. The logarithmic slope is defined as
a straight line fit to the rotation curve in logarithmic coordi-
nates between two radii:

S(a;b) =
� logv
� logR

=
log(vb=va)
log(Rb=Ra)

(3)

For a flat rotation curve, S(a;b) equals zero, and for a solid
body rotation curve S(a;b) equals unity. In Table A1, we
list Sh

(1;2), Sh
(2;3) and Sh

(2;L), where the superscript h refers to
the fact that the logarithmic slopes have been calculated
from the rotation curves expressed in units of disk scale
length. The subscript numbers between parentheses refer to
the number of scale lengths, and the ‘L’ refers to the radius
of the last measured point.

4 Notes on individual galaxies

UGC 731 is a clear example of a kinematically lopsided
galaxy. Note the differences between the rotation curves of
the approaching and the receding sides. This galaxy, and
the phenomenon of kinematically lopsided galaxies, is dis-
cussed in more detail in Chapter 5.
UGC 2034 has a small warp. The position angles changes
over 40�, as can be seen in the velocity field. Because the
galaxy is almost face-on, the change of inclination angles
with radius is difficult to determine.
UGC 2053 has its kinematic major axis and its morpholog-
ical major axis almost at right angles. This is a puzzling
case. Its kinematics are consistent with that expected for a
bar potential. The bright optical image certainly has a bar
like shape, but there is no faint disk detected, neither in the
optical nor in the HI.
UGC 3711 is warped. The position angle changes 30�, the
inclination by about 15�. Because the galaxy is poorly re-
solved, the orientation parameters are hard to determine.
UGC 3851 shows signs of kinematic lopsidedness. Note
that the kinematics on the southern side are distorted. The
isovelocity contours are not symmetric with respect to the
major axis, but instead run more or less north to south. A
strong warp may explain the observed kinematics.
UGC 4173 has a faint optical disk surrounding a central bar-
like structure. The kinematical major axis is appropriately
aligned with the faint disk. The bar is not clearly reflected
in the velocity field.
UGC 4278 is an edge-on galaxy which clearly demonstrates
the problems for deriving the rotation curve for an edge-on
galaxy. The rotation curve on the receding side rises steeply

and then turns over, whereas the rotation curve on the ap-
proaching side appears closer to solid body. Of course this
galaxy may be lopsided in its kinematics, but is could also be
the result of the lack of HI at small radii on the approaching
side.
UGC 5272 displays a misalignment between the optical and
the kinematic major axes, suggesting the optical part of the
galaxy is a bar.
UGC 5721 has the most extended rotation curve of this sam-
ple, with radius expressed in optical disk scale lengths. The
last measured point of the rotation curve is at 16:3h. The
inner points of this rotation curve are uncertain, because of
lack of angular resolution.
UGC 5986 is warped and has a strong asymmetry between
the approaching and the receding side, both in kinematics
and in density. A probable cause is an interaction with a
small companion to the south west.
UGC 7261 is strongly barred. The S-shape distortion in the
kinematics that is associated with the bar is visible in the
velocity field as well.
UGC 7524 is a prototype of a kinematically lopsided galaxy.
The rotation curve on the receding side continues to rise,
whereas on the approaching side the rotation curve quickly
reaches a flat part (see also Chapter 5).
UGC 7603 has a high inclination of 78�. As a result, the
inner parts are effectively seen edge-on by the 3000 beam,
making the inner rotation curve more uncertain.
UGC 8490 is kinematically warped. The position angle
changes from 160� to 225�, the inclination changes from
50� to 30�, and then rises again to about 50�. This system
was studied in detail by Sicotte, Carignan & Durand (1996)
and Sicotte & Carignan (1997). The outer half of the rota-
tion curve may be more uncertain than indicated by the error
bars, due to uncertainties in the orientation angles.

5 Rotation curve shapes

The shape and amplitude of a rotation curve are directly re-
lated to the gravitational potential in the midplane of the
galaxy. Hence, a relation is expected between the main mass
components in a galaxy and the shape of the rotation curve.
If the luminous mass density is dynamically significant, a
relation is expected between the light distribution and the
rotation curve shape. On the other hand, the presence of a
dark matter halo will probably weaken such a relation, in
particular if the dark matter dominates the potential.

The study of HI rotation curves of well resolved galaxies
with HI disks extending to well outside the optical disks, in
combination with optical H� observations that sample the
inner parts of the rotation curves in great detail, led to the
picture that rotation curves have a steep rise in the inner re-
gions, followed by relatively flat outer parts. Towards lower
luminosities the inner rise was found to become more shal-
low. This is observed for all morphological types (Rubin et
al 1985). In the dwarf galaxy regime rotation curves were
found not to flatten, but instead to keep rising to the out-
ermost point (e.g., Casertano & van Gorkom 1991, Broeils
1992a, Côté 1995).
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Figure 3: Compilation of the rotation curves of the galaxies in the high quality sample. The left panel shows the rotation curves with
radii expressed in kpc, in the right panel the radii are expressed in units of disk scale lengths.

The relation between luminous properties of galaxies
and their rotation curves has been topic of study for many
years. In their study of M31, M81 and M101, Roberts &
Rots (1973) already found a trend in the HI rotation curves
of these galaxies in the sense that the galaxy of earlier mor-
phological types had the peak of the rotation curve closer to
the center. Rubin et al (1985), on the basis of optical rota-
tion curves, reported that in Sa galaxies the rotation curve
shapes change from low central gradient and low amplitude
for low luminosity objects, to high central gradient and high
amplitude at high luminosities. They found that at a given
luminosity the rotation curve shape is independent of mor-
phological type, but that the rotation amplitudes decrease
towards later morphological types. Kent (1986) showed that
for several galaxies features in the optical rotation curves are
in agreement with the distribution of luminous matter. He
(Kent 1987) showed that galaxies with more concentrated
light distributions have more steeply rising rotation curves.
Based on a large range of morphological types, Corradi &
Capaccioli (1990) also found a relation between morpho-
logical type and inner rotation curve shape. Casertano &
van Gorkom (1991) report that the outer slope of HI ro-
tation curves is related to the scale length for bright spiral
galaxies, in the sense that more compact galaxies have de-
clining outer rotation curves, whereas the galaxies with large
scale lengths have more or less flat rotation curves. How-
ever, Broeils (1992a) found no such correlation: he found
declining rotation curves for bright galaxies with large scale
lengths as well (see also Fig. 4). In summary, there is ev-
idence that points to a relation between luminosity and ro-
tation curve shape, and there is mounting evidence that the
detailed light distribution and the rotation curve shape are
related as well.

The discovery of a relation between the luminosity and
rotation curve shape inspired the search for a ‘universal ro-
tation curve’. Rubin et al (1985) already presented a syn-
thetic rotation curve for galaxies of morphological types Sa
to Sc. Persic & Salucci (1991) found that observed rotation
curves follow a universal profile, that depends only on lumi-

nosity. Persic, Salucci & Stel (1996) derived this universal
shape based on the combination of about 700 optical rota-
tion curves and 33 HI rotation curves. They note that some
of the deviations from this universal shape may be related to
Hubble type. Rhee (1996) found, based on a principal com-
ponents analysis of 254 optical rotation curves and 26 HI
rotation curves, that the variation in rotation curve shape can
to a large extent be explained by one component, which he
identifies with the luminosity. At each luminosity, there still
exists a considerable spread, which appears related to the lu-
minous mass density. Verheijen (1997) found that about one
third of his HI rotation curves deviate noticeably from the
universal rotation curve shape, both in the inner and outer
regions of the rotation curves. The observed spread in rota-
tion curve shapes suggests that there are more factors than
just luminosity that determine the rotation curve shape.

The studies mentioned above are mainly based on spiral
galaxies with absolute magnitudes brighter than MB � −18.
To date, little work has been done to investigate the relations
between luminous properties and rotation curve shape in the
dwarf galaxy regime. Inclusion of these galaxies extends
the range of galaxies studied to much lower luminosities and
surface brightnesses. With the rotation curves for late-type
dwarf galaxies presented in this chapter, it becomes possible
to investigate these relations in the dwarf galaxy regime.

5.1 The rotation curves

For the study of the properties of late-type dwarf galaxy ro-
tation curves, our sample has been divided into two subsam-
ples. The high quality sample contains 24 galaxies with in-
clinations i � 40� and rotation curves with quality q � 1.
The low quality sample contains 19 galaxies with inclina-
tions i � 40� and rotation curves with lower quality. As a
comparison sample, we used the sample of rotation curves
of Ursa Major galaxies presented by Verheijen (1997), and
the sample presented in Broeils (1992a), which consists of
a collection of rotation curves presented in the literature.
Most of the photometric data presented in Broeils (1992a)
is in the B-band. These were converted to R-band assuming
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Figure 4: Compilation of the high quality rotation curves in our sample (solid lines), along with the galaxies from the sample
presented in Broeils (1992a, dotted lines). The origin of each rotation curve indicates the scale length and the maximum rotation
velocity of the corresponding galaxy. Along the abscissa, the radii of the rotation curves are expressed in units of disk scale lengths,
and are scaled down by a factor of five. Along the ordinate, the rotation velocities of each rotation curve have been scaled down by
a factor of five as well.

B −R = 1:0.

In Fig. 3 the rotation curves of the galaxies in the high
quality sample are shown. The left panel shows the rotation
curves with the radius expressed in kpc, in the right panel the
radii are expressed in units of optical disk scale lengths. In
general, galaxies with higher rotation velocities have more
extended rotation curves when expressed in kpc. Expressed
in disk scale lengths, the radial extents are more comparable.
This effect is expected, as brighter galaxies generally have
larger scale lengths.

The most striking feature of Fig. 3 is that the rotation
curves look very much like those of spiral galaxies, in par-
ticular when expressed in units of disk scale lengths. Most of
the rotation curves rise steeply in the inner parts and start to
flatten after about two disk scale lengths. There are several
galaxies that have fairly flat rotation curves, with amplitudes
as low as 60 km s−1. Whether the flat part in the rotation
curve is reached, seems to depend more on the radial extent
of the rotation curve than on its amplitude. There are no
galaxies with solid body rotation curves that extend beyond

three disk scale lengths. We note that most of the low sur-
face brightness and low luminosity galaxies have rotation
curves that do not extend much beyond two or three disk
scale lengths, and thus we cannot rule out that these galaxies
might have rotation curves that keep rising. The main dif-
ference with rotation curves of spiral galaxies is that there
are no declining rotation curves among the dwarf galaxies
in our sample.

For the purpose of comparison, we show in Fig. 4 a com-
pilation of the high quality rotation curves in our sample,
along with the galaxies in Broeils’ (1992a) sample is shown,
in a similar fashion as in Casertano & van Gorkom (1991)
and Broeils (1992a). In this figure, the origin of each rota-
tion curve indicates the scale length and the maximum rota-
tion velocity of the corresponding galaxy. The radial scale of
all rotation curves is expressed in units of disk scale lengths.
The vertical scale is linear in velocity. The dwarf galaxies
in this sample fill the region of small scale length and low
rotation amplitude in this diagram.
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Figure 5: Rotation curves in bins of absolute magnitude with radii expressed in units of disk scale length. The full lines give the
rotation curves of the galaxies in the high quality sample, the dotted lines those of the galaxies in the low quality sample.

Figure 6: Rotation curves in bins of the logarithm of the maximum rotation velocity vmax. Line coding as in Fig. 5.
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Figure 7: Logarithmic slope between two and three disk scale
lengths S h

(2;3) versus absolute R-band magnitude MR. Filled cir-
cles correspond to late-type galaxies in the high quality rotation
curve sample, open circles represent dwarfs in the low quality
rotation curve sample, open triangles are galaxies in Verheijen’s
(1997) Ursa Major sample, filled triangles represent the galax-
ies from various sources presented in Broeils (1992a).

Figure 8: Logarithmic slope between two and three disk scale
lengths S h

(2;3) versus maximum rotation velocity vmax. Symbol
coding as in Fig. 7.

5.2 Rotation curve shape and absolute magnitude

The rotation curves, with radii expressed in units of disk
scale length, are shown in Fig. 5, in one magnitude interval
bins of absolute magnitude. In Fig. 5, the full lines refer to
galaxies in the high quality sample and the dotted lines to
galaxies in the low quality sample. The most obvious rela-
tion between absolute magnitude and rotation curve shape
is the decrease in amplitude towards fainter absolute mag-
nitudes, as expected from the Tully-Fisher relation (see also
Section 6). In general, there is a fair spread in rotation curve
shapes and amplitudes in each interval. Rubin et al (1985)
found that towards lower luminosities the rotation curves of
spiral galaxies rise more slowly when the radii are expressed

in units of the isophotal radius. For the dwarf galaxies pre-
sented here, we find that towards lower luminosities rota-
tion curves with a shallow rise indeed seem to become more
common.

If the rotation curves are binned in intervals of logvmax,
as is done if Fig. 6, a similar trend is seen. Obviously, the
amount of variation in amplitude has decreased in each in-
terval, but there still exists a considerable scatter in rotation
curve shape.

The relations between absolute magnitude or maximum
rotation velocity on the one hand and rotation curve shape on
the other are made more explicit in Figs. 7 and 8. In these
figures, the logarithmic slope between two and three disk
scale lengths, Sh

(2;3), is plotted, where the filled circles rep-
resent the high quality sample and the open circles the low
quality sample. For comparison, the logarithmic slopes for
the spiral galaxies in Verheijen (1997, open triangles) and
Broeils (1992a, filled triangles) are plotted as well. We have
chosen to use Sh

(2;3) rather than the slope between two thirds
of the optical radius R25 and the last measured point (as
was done by e.g. Casertano & van Gorkom 1991 or Broeils
1992a), because the use of an isophotal radius introduces a
bias in the derived slope. This arises as follows. Two thirds
of R25 corresponds to about two disk scale lengths for bright
spiral galaxies, but for dwarf galaxies it is closer to one disk
scale length. Therefore, this definition of the rotation curve
slope will systematically give more positive slopes for dwarf
galaxies, i.e., they will be deemed to be closer to solid body
rotation. The use of Sh

(2;3) provides a consistent definition,
and for most galaxies the rotation curve extends to beyond
three disk scale lengths, so that Sh

(2;3) is well defined.
What is immediately apparent in Figs. 7 and 8 is that

80% of the late-type dwarf galaxies in our sample have
slopes that are in the same range as observed in spiral galax-
ies that do not have strong bulges. Most of the spiral galaxies
near MR = −22 that have declining rotation curves, also have
strong bulges. In our sample no declining rotation curves are
found. It seems that declining rotation curves are predomi-
nantly found in galaxies with strong bulges. Towards fainter
absolute magnitudes and lower maximum rotation velocities
the spread in slopes increases, but a large fraction of dwarf
galaxies still have shapes like those of spiral galaxies. It is
not clear what causes this spread. The fact that the spread
is larger among the data derived from the lower quality ro-
tation curves suggests it may in part be due to observational
uncertainties.

The slope of the rotation curve does not depend on sur-
face brightness, as can be seen in Fig. 9. At all surface
brightnesses, the same spread in slopes is seen, with the ex-
ception that for low surface brightnesses there are no galax-
ies in these samples with declining rotation curves. Good
candidates for such galaxies would be bulge dominated low
surface brightness galaxies.

The similarity between the shapes of the rotation curves
of bright spiral galaxies and the late-type dwarf galaxies in
our sample is even more conspicuous in Figs. 10 and 11,
where the logarithmic slope between two disk scale lengths
and the last measured point Sh

(2;L) is plotted against absolute
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Figure 9: Logarithmic slope between two and three disk scale
lengths S h

(2;3) versus R-band central disk surface brightness �R.
Symbol coding as in Fig. 10.

R-band magnitude and maximum rotation velocity, respec-
tively. The caveat in these figures is that different galaxies
have different radial extents, which may affect the slopes. To
decrease this effect, only galaxies in which the HI extends
to beyond three disk scale lengths have been plotted. From
Figs. 10 and 11 it is clear that down to the faintest magni-
tudes almost all the galaxies in our sample have logarithmic
slopes between 0 and 0.3, the same range that is spanned
by bright spiral galaxies without a strong bulge. The major-
ity of galaxies that have lower values of Sh

(2;L) have strong
bulges.

In summary, we find that the rotation curves for late-type
dwarf galaxies generally have the same shape as those of spi-
ral galaxies without a strong bulge. Among dwarf galaxies
and spiral galaxies without a strong bulge, the rotation curve
shape does not seem to depend on luminosity, although to-
wards lower luminosities the spread in shapes increases. No
dwarf galaxy rotation curve was found that showed a de-
cline in rotation velocity, even though some rotation curves
extend to beyond 12 disk scale lengths.

5.3 Rotation curve shape and light distribution

A significant fraction of the late-type dwarf galaxies in our
sample have light profiles that deviate in the inner parts from
being purely exponential. Some have a central concentration
of light, and in others the light profile in the center falls be-
low that of an exponential fit to the outer parts of the light
profile, making the light profile flat-topped. Here we will
investigate whether a relation exists between the rotation
curve shape and the central concentration of light.

A direct measure of the central concentration of light is
given by the parameter ��R, which we defined as:

��R = �
R
0 −�R

c ; (4)

where �
R
c is the observed central surface brightness (as de-

rived in Chapter 2). If a bulge or a central concentration of
light is present, ��R is positive, and if the light profile is

Figure 10: Logarithmic slope between two disk scale lengths
and the last measured point S h

(2;L) versus absolute R-band mag-
nitude MR, only for galaxies in which the HI extends to beyond
three disk scale lengths. Symbol coding as in Fig. 7.

Figure 11: Logarithmic slope between two disk scale lengths
and the last measured point S h

(2;L) versus maximum rotation ve-
locity vmax, only for galaxies in which the HI extends to beyond
three disk scale lengths. Symbol coding as in Fig. 7.

flat-topped, ��R is negative. In Fig. 12, we compare ��R

to Sh
1;2, the logarithmic slope between one and two disk scale

lengths, for the late-type dwarf galaxies in our sample and
the galaxies in Verheijen’s (1997) sample. The galaxies in
Broeils (1992a) are not plotted because for these galaxies
the central concentration��R is not given. A clear relation
is found between ��R and Sh

1;2. Rotation curves of galax-
ies with a central concentration of light are relatively flat
between one and two disk scale lengths, and therefore they
must have a steep rise within one disk scale length. Galaxies
with a flat-topped light profile have rotation curves that rise
more slowly in the inner parts.

An excellent example of the relation between the ro-
tation curve shape and the light distribution is given by
NGC 5585. Côté, Carignan & Sancisi (1991) presented
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Figure 12: Logarithmic slope between one and two disk scale
lengths S h

(1;2) versus the central concentration of light as defined
in Eq. 4. Symbol coding as in Fig. 7.

an HI rotation curve analysis for this galaxy. Their lumi-
nosity profile reveals the presence of a small central con-
centration of light, but no corresponding feature is seen in
their HI rotation curve, due to lack of spatial resolution.
Recently, Blais-Ouellette, Carignan & Amram (1999) have
presented a high-resolution Fabry-Perot H� rotation curve
for this galaxy, which convincingly shows the signature of
the light concentration on the rotation curve.

Because the shape of the rotation curve is directly related
to the gravitational potential, the relation between the con-
centration of light and the shape of the rotation curve implies
a relation between light concentration and mass concentra-
tion: galaxies with higher central concentrations of light also
have higher central mass concentrations. This coupling be-
tween light concentration and mass concentration is seen in
spiral galaxies as well as late-type dwarf galaxies. The fact
that the shape of the rotation curve is related to the light
distribution, at least in the central regions, suggests that the
luminous matter dominates the gravitational potential there.

6 The Tully-Fisher relation

Different studies have shown that late-type dwarf galaxies
do not appear to obey the Tully-Fisher relation as derived for
brighter spiral galaxies (Carignan & Beaulieu 1989, Meurer
et al 1996, Verheijen 1997). Here we will discuss the re-
sults for the present sample only briefly, the details will be
presented in a forthcoming paper.

In Fig. 13 the Tully-Fisher relation is plotted, using the
maximum observed rotation velocity. Note that for absolute
magnitudes fainter than about Mr = −18 galaxies systemati-
cally fall below a straight line Tully-Fisher relation, i.e., they
are underluminous for their rotation velocity. There are a
few galaxies that fall above the Tully-Fisher relation. These
are galaxies in which the HI does not extend beyond three
disk scale lenghts, so that the flat part of the rotation curve
has not yet been reached. The observed scatter is consistent
with the estimate of the distance uncertainty given in Chap-
ter 2.

Figure 13: The Tully-Fisher relation for spriral and late-type
dwarf galaxies. Symbol coding as in Fig. 7.

It has been suggested (e.g. Milgrom & Braun 1988) that
the Tully-Fisher relation is a relation between linewidth and
total luminous matter, including the HI. Most spiral galaxies
have only small fractions of their masses in HI, but for dwarf
galaxies this fraction is significant. Often, late-type dwarf
galaxies have more mass in HI than in stars. On average
the dwarf galaxies fall about 1 mag below the Tully-Fisher
relation, and they have an HI mass to R-band luminosity
ratio of about 2. Therefore, if their HI were converted into
stars with a mass-to-light ratio of about unity they would fall
on a linear Tully-Fisher relation.

7 Conclusions

We find that the rotation curves of the late-type dwarf galax-
ies presented here have shapes similar to those of more lu-
minous spiral galaxies, although towards lower luminosities
the variation in shapes increases. There are several galax-
ies that have fairly flat rotation curves, with amplitudes as
low as 60 km s−1. Whether or not the rotation curves reach
a flat part seems to depend on the radial extent of HI, not
on their amplitudes. The rotation curve shape in the outer
parts of galaxies does not appear to vary with luminosity.
The shape of the rotation curves in the central parts is cor-
related with the central concentration of light, implying that
the total mass density scales with the luminous mass den-
sity, and suggesting that the luminous mass is dynamically
significant, at least in the inner regions of late-type dwarf
galaxies.

Acknowledgements: We are grateful to Martin Vogelaar,
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Appendix A Tables

A.1 Table A1 – Optical and rotation curve properties

Column (1) gives the UGC number.
Column (2) provides adopted the distance. Where possible
stellar distance indicators have been used, mostly Cepheids
and brightest stars. If these were not available, a distance
based on group membership was used. If these were not
available either, the distance was calculated from the HI
systemic velocity following the prescription given in Kraan-
Korteweg (1986), with an adopted Hubble constant of H0 =
75 km s−1 Mpc−1. A full list of published distances for the
galaxies in this sample, updated to the beginning of 1998, is
given in Table A2 of Chapter 2.
Columns (3), (4) and (5) give the absolute R-band magni-
tude, the disk scale length and the R-band central disk sur-
face brightness as determined in Chapter 2.
Column (6) gives the central concentration of light, as de-
fined by the difference between the central disk surface
brightness and the measured true central surface brightness
(see Chapter 2).
Column (7) lists the rotation curve quality q as defined in
Section 3.
Columns (8) and (9) give the adopted inclination and posi-
tion angles.
Column (10) gives the systemic velocity that was derived
from the velocity field.
Column (11) to (14) give the rotation velocities at one, two,
three and four disk scale lenghts.
Column (15) and (16) give the rotation velocity at the last
measured point and the radius of the last measured point in
kpc.
Column (17), (18) and (19) give the logarithmic shape of
the rotation curve between one and two disk scale lenghts,
between two and three disk scale lengths, and between two
disk scale lenghts and the last measured point.
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Table A1: Optical and rotation curve properties

UGC Da MR h �
R
0 ��

R q i P.A. vsys v1 v2 v3 v4 vlast rlast S(1;2) S(2;3) S(2;L)

Mpc mag kpc mag=00−2 � � – – – – km s−1 – – – – kpc
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19)

731 8.0 -16.6 1.65 23.0 0.38 0 57 257 638 50 63 73 74 74 6.98 0.35 0.34 0.20
1281 5.5 -16.2 1.66 22.7 -0.49 2 90 220 157 32 53 57 – 57 5.20 0.73 0.15 0.14
2023 10.1 -17.2 1.22 21.8 -0.28 2 19 315 603 24 41 59 – 59 3.67 0.77 0.90 0.90
2034 10.1 -17.4 1.29 21.6 -0.20 1 19 342 578 29 37 40 45 47 5.88 0.39 0.18 0.29
2053 11.8 -16.0 1.09 22.5 -1.20 3 40 323 1025 62 85 97 – 99 3.43 0.45 0.32 0.33
2455 7.8 -18.5 1.06 19.8 -0.06 2 51 263 371 23 32 42 57 61 4.54 0.45 0.68 0.87
3137 18.4 -18.7 1.95 24.2 1.73 2 90 74 993 31 66 94 103 100 30.8 1.08 0.88 0.20
3371 12.8 -17.7 3.09 23.3 0.35 1 49 133 818 51 75 81 – 86 10.2 0.55 0.18 0.26
3698 8.5 -15.4 0.41 21.2 -1.00 4 40 334 420 51 75 – – 27 1.24 0.55 – –
3711 8.6 -17.8 0.96 20.9 1.51 2 60 281 433 79 92 93 – 95 3.75 0.21 0.03 0.05
3817 8.7 -15.1 0.71 22.5 -0.61 1 30 0 436 16 29 38 – 45 2.53 0.82 0.70 0.78
3851 3.4 -16.9 1.31 22.6 -0.38 2 59 42 104 31 50 55 54 60 5.85 0.70 0.21 0.22
3966 6.0 -14.9 0.58 22.2 -0.90 2 41 270 364 38 46 47 – 50 2.18 0.28 0.07 0.12
4173 16.8 -17.8 4.46 24.3 1.40 2 40 168 865 36 49 – – 57 12.2 0.46 – 0.44
4274 6.6 -17.9 0.71 20.7 0.90 4 00 0 447 – – – – – – – – –
4278 10.5 -17.7 1.42 22.5 -0.09 2 90 353 559 29 53 65 77 86 7.64 0.89 0.51 0.48
4305 3.4 -16.8 1.04 21.7 -0.83 2 40 172 156 24 37 33 33 33 5.44 0.62 -0.26 -0.11
4325 10.1 -18.1 1.63 21.6 -0.05 1 41 51 523 73 89 92 – 92 5.88 0.29 0.08 0.04
4499 13.0 -17.8 1.49 21.5 0.79 1 50 140 691 38 58 66 71 74 8.51 0.63 0.30 0.24
4543 30.3 -19.2 4.00 22.0 1.41 2 46 331 1956 59 61 64 66 67 17.6 0.03 0.12 0.13
5272 6.1 -15.1 0.60 22.4 -0.81 2 59 97 525 19 33 – – 45 1.78 0.81 – 0.83
5414 10.0 -17.6 1.49 21.8 -0.67 1 55 220 607 35 52 – – 61 4.36 0.57 – 0.42
5721 6.7 -16.6 0.45 20.2 0.32 2 61 279 542 39 54 68 78 79 7.31 0.46 0.59 0.18
5829 9.0 -17.3 1.94 22.4 -0.17 2 34 197 627 34 48 60 – 69 7.20 0.49 0.59 0.59
5846 13.2 -16.1 1.18 22.9 -0.63 2 30 305 1019 30 46 51 – 51 3.84 0.63 0.24 0.19
5918 7.7 -15.4 1.27 24.2 0.15 2 46 239 337 30 38 42 – 45 4.48 0.38 0.24 0.26
5986 8.7 -18.6 2.18 21.4 0.83 2 90 219 624 76 112 116 110 125 12.0 0.56 0.10 0.11
6446 12.0 -18.4 1.87 21.4 0.87 1 52 188 647 58 70 75 78 80 9.60 0.27 0.17 0.15
6628 15.3 -18.9 2.70 21.8 0.84 2 20 204 851 40 42 – – 42 7.79 0.08 – 0.01
6817 4.02 -15.2 0.97 23.1 -0.26 4 60 140 243 – – – – – – – – –
6956 15.7 -17.2 2.37 23.4 1.15 3 30 118 917 34 49 – – 58 5.71 0.52 – 0.82
7047 3.5 -15.2 0.48 21.6 -0.21 2 46 34 208 16 26 36 – 38 1.53 0.70 0.86 0.85
7125 19.5 -18.3 1.73 22.8 0.15 1 90 84 1078 30 46 51 56 70 21.3 0.61 0.23 0.23
7151 3.5 -15.7 0.54 22.3 0.20 1 90 282 267 44 64 68 72 76 2.80 0.53 0.12 0.18
7199 3.5 -15.1 0.37 21.4 0.26 4 50 192 166 – – – – – – – – –
7232 3.5 -15.3 0.33 20.2 -0.85 1 59 0 230 19 32 43 – 44 1.02 0.71 0.76 0.76
7261 9.1 -17.7 1.69 21.9 1.50 2 30 262 856 66 74 – – 76 4.63 0.16 – 0.11
7278 3.5 -18.3 0.93 20.2 1.25 2 30 74 292 47 68 75 79 81 5.80 0.51 0.26 0.15
7323 8.1 -18.9 2.20 21.2 0.23 1 47 38 518 49 78 – – 86 5.89 0.66 – 0.33
7399 8.4 -17.1 0.79 20.7 0.63 1 55 320 535 55 79 89 92 109 11.0 0.54 0.27 0.16
7408 8.4 -16.6 0.99 21.9 -0.04 4 45 275 462 – – – – – – – – –
7490 8.5 -17.4 1.19 21.3 0.02 3 20 113 464 57 71 – – 79 3.09 0.32 – 0.42
7524 3.5 -18.1 2.58 22.2 0.73 1 46 327 320 58 75 83 – 79 7.89 0.38 0.24 0.12
7559 3.2 -13.7 0.67 23.8 0.28 1 61 137 216 21 31 33 – 33 2.10 0.57 0.15 0.15
7577 3.5 -15.6 0.84 22.5 -0.72 1 63 128 196 8 13 – – 18 2.29 0.78 – 0.92
7603 6.8 -16.9 0.90 20.8 -0.48 1 78 197 644 30 47 59 60 64 5.94 0.65 0.54 0.25
7608 8.4 -16.4 1.24 22.6 0.37 1 25 257 535 32 51 62 – 69 4.89 0.67 0.48 0.46
7690 7.9 -17.0 0.54 19.9 -0.07 2 41 41 536 44 59 61 59 56 4.02 0.41 0.10 -0.04
7866 4.8 -15.2 0.57 22.1 -0.29 2 44 338 354 17 25 28 32 33 2.44 0.54 0.32 0.39
7916 8.4 -14.9 1.81 24.4 -0.49 2 74 0 603 21 33 – – 36 4.28 0.62 – 0.57
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Table A1: – Continued

UGC Da MR h �
R
0 ��

R q i P.A. vsys v1 v2 v3 v4 vlast rlast S(1;2) S(2;3) S(2;L)

Mpc mag kpc mag=00−2 � � – – – – km s−1 – – – – kpc
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19)

7971 8.4 -17.1 0.99 21.3 -0.16 2 38 35 470 22 37 45 – 45 3.06 0.73 0.51 0.50
8188 4.7 -17.4 1.16 21.3 -0.84 3 20 0 318 28 – – – 45 2.05 – – –
8201 4.9 -15.8 0.80 21.9 -1.63 4 63 90 30 – – – – – – – – –
8286 4.8 -17.2 1.23 20.9 -0.25 1 90 28 407 66 76 82 83 84 5.94 0.20 0.18 0.12
8331 5.9 -15.1 0.70 22.9 -0.61 4 90 139 262 4 7 11 13 21 4.29 0.96 0.89 0.92
8490 4.9 -17.3 0.66 20.5 0.19 1 50 175 201 48 66 74 77 78 10.7 0.45 0.29 0.08
8550 5.3 -15.6 0.67 22.0 -0.18 1 90 166 358 39 49 51 53 58 4.24 0.33 0.10 0.14
8683 12.6 -16.7 1.37 22.5 0.21 4 28 349 659 17 31 – – 31 2.75 0.87 – 0.84
8837 5.1 -15.7 1.63 23.2 -0.08 2 80 22 135 31 52 – – 54 3.71 0.77 – 0.22
9128 4.4 -14.3 0.36 21.9 -1.22 4 40 135 155 – – – – – – – – –
9211 12.6 -16.2 1.32 22.6 -0.18 1 44 287 686 35 53 63 66 65 8.25 0.59 0.41 0.17
9992 10.4 -15.9 0.75 22.2 0.03 2 30 35 428 28 31 33 33 34 3.78 0.15 0.13 0.10

10310 15.6 -17.9 1.66 22.0 0.11 1 34 199 718 44 65 70 72 74 9.08 0.57 0.17 0.13
11557 23.8 -19.7 3.10 21.0 0.73 2 30 274 1386 53 76 83 – 85 10.4 0.52 0.20 0.20
11707 15.9 -18.6 4.30 23.1 1.42 1 68 57 904 68 89 94 – 100 15.0 0.39 0.14 0.20
11861 25.1 -20.8 6.06 21.4 1.50 1 50 219 1481 111 147 – – 153 16.4 0.41 – 0.12
12060 15.7 -17.9 1.76 21.6 0.46 1 40 183 883 61 72 74 75 74 10.3 0.24 0.07 0.03
12632 6.9 -17.1 2.57 23.5 1.16 1 46 36 421 58 69 74 – 76 8.53 0.27 0.16 0.17
12732 13.2 -18.0 2.21 22.4 0.63 0 39 14 749 53 68 76 81 98 15.4 0.35 0.27 0.29

Appendix B Rotation curves

In the next pages overview figures are presented in which
the rotation curves for all the galaxies in the sample are pre-
sented. For each galaxy a figure is given with three panels.
From left to right, these show the following.

The velocity field (as derived in Chapter 3) on top of
the optical R-band image (Chapter 2). The dotted lines indi-
cate the approaching side, the full lines indicate the receding
side. The first full line is at the systemic velocity. The in-
terval between the isovelocity contours is given in the lower
right. In the lower left corner, the size of the beam is given.

The position-velocity diagram along the major axis.
Contour levels are at −4� and −2� (dotted), and 2�, 4�,
... . Overlayed on the position-velocity diagram is the ro-
tation curve. If the rotation curve has been derived for the
approaching and the receding side separately, then these are
used.

The derived rotation curve (represented by the thick
solid line and the filled circles). If the rotation curves for
the approaching and receding sides were derived separately,
both are shown, together with the average. The thin solid
line represents the the approaching side, the dotted line the
receding side. The arrow at the bottom of the panel indicates
a radius of 2 optical disk scale lenghts.
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5Kinematically Lopsided
Late-type Dwarf Galaxies*

ABSTRACT

Asymmetries in the distribution of light and neutral hydrogen are often observed in spiral galax-
ies. Here, attention is drawn to the presence of large-scale asymmetries in their kinematics. Two
examples of kinematically lopsided galaxies are presented and discussed. The shape of the rota-
tion curve (rising more steeply on one side of the galaxy than on the other) is the signature of the
kinematic lopsidedness. It is shown that kinematic lopsidedness may be related to lopsidedness
in the potential, and that even a mild perturbation in the latter can produce significant kinematical
effects. Probably at least half of all spiral galaxies are lopsided.

1 Introduction

Large scale asymmetries in the optical appearance of spiral
galaxies have been known for a long time (e.g., M 101, Arp
1966), but only a few systematic studies have been carried
out. Baldwin, Lynden-Bell & Sancisi (1980) drew attention
to lopsided HI distributions of disk galaxies, emphasizing
that the asymmetry affects large parts of the disk and that
it is a common phenomenon among spiral galaxies. Also,
they proposed a model in which the lopsidedness in a galaxy
starts as a series of initially aligned elliptical orbits in an
axisymmetric potential. Due to differential rotation, the pat-
tern will wind up, however, and the lopsidedness will slowly
disappear. They estimated that the typical lifetime of the
lopsidedness is between 1 and 5 Gyr.

Richter & Sancisi (1994) made an estimate of the fre-
quency of asymmetries from the shape of the HI line pro-
files. From an inspection of about 1700 global profiles they
found that at least 50% of the galaxies have strong or mild
asymmetries. This result has recently been confirmed by
Haynes et al. (1998) who have obtained new, high precision
global HI profiles for a sample of isolated spirals.

As both the disk kinematics and the HI density distribu-
tion determine the shape of the global profile, it is difficult
to assess the nature of the asymmetry from the global profile
alone. Richter & Sancisi (1994) emphasize, however, that
the HI distributions and kinematics of individual galaxies
indicate that the profile asymmetries often originate from a

*This chapter was published as R.A. Swaters, R.H.M. Schoenmakers,
R. Sancisi, T.S. van Albada, 1999, Mon. Not. R. Astron. Soc. 304, 330

large-scale, structural lopsidedness affecting the whole disk,
confirming the earlier findings of Baldwin et al. (1980).

In the mean time also the shape and brightness of the
stellar disks have been investigated in a quantitative way.
Rix & Zaritsky (1995) and Zaritsky & Rix (1997) found that
about 30% of face-on field spirals show significant lopsid-
edness in the I and K0 bands. Furthermore, galaxies with
stronger lopsidedness have a B-band luminosity excess com-
pared to the luminosity predicted by the Tully-Fisher rela-
tion. They suggest that the lopsidedness in the galaxies in
their sample is the result of recent accretion. Rix & Zarit-
sky (1995) derived a wind-up time of about 1 Gyr for their
sample, contrasting the estimated lifetime based on their ob-
served frequency of lopsidedness of about 3 Gyr. They also
pointed out that the winding problem can be avoided if one
assumes that the lopsidedness is caused by a lopsided poten-
tial, to which the gas and the stars merely respond.

Aperture synthesis surveys of the HI distribution and
kinematics of large numbers of spiral galaxies now provide
abundant and sufficiently detailed information to investigate
the nature of the asymmetries indicated by the global pro-
files. We have noticed that in a large number, perhaps the
majority of cases, it is the kinematics rather than the HI dis-
tribution that determines the asymmetry in the global pro-
files. Galaxies with such asymmetric global profiles often
have rotation curves that rise more slowly on one side of the
galaxy than on the other. Correspondingly, the velocity field
has isovelocity contours less curved on the side with the less
steep rotation curve than on the other.

In this chapter attention is drawn to the phenomenon of
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Figure 1: Data panels for DDO 9 and NGC 4395. (a) R-band image; (b) Velocity field from Gauss fits, dark shading indicates
approaching side, contour levels are 590 to 690 km s−1 (DDO 9) and 260 to 380 km s−1 (NGC 4395), in steps of 10 km s−1;
(c) Residual velocity field, dark shading indicates negative velocities, contours are spaced 7.5 km s−1 apart, negative contours are
dotted; (d) Integrated HI map, the first contour level and the contour step are 2 �1020 HI atoms cm−2, the hatched circle in the lower
left shows the 3000 beam; (e) Position-velocity diagram along the major axis, contours levels are −2�;2�;4�, in steps of 2�, � = 3:9
mJy/beam for DDO 9 and 3:1 mJy/beam for NGC 4395, negative contours are dotted, the filled circles show the derived rotation
curve; (f) Global line profile.
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Figure 2: Rotation curves for the approaching and the receding sides separately. Open circles represent the receding side, filled
circles the approaching side. The error bars are the formal errors in the fit, corrected for the beam size.

Table 1: Properties of DDO 9 and NGC 4395

DDO 9 NGC 4395

Type Im Sm
Center: �(1950) 1h7m46:7s 12h23m19:9s

�(1950) 49�200700 33�4902600

Systemic velocity (km/s) 638 320
Assumed distance (Mpc) 12.8 3.8
Absolute magnitude MR −16:9 −18:1
R25 (major � minor, arcmin) 3:6�1:7 14:4�9:1
Inclination (degrees) 57 46
Position angle (degrees) 257 324
HI mass (108 M�) 7.4 9.1

lopsided kinematics and two objects are shown to illustrate
it. The HI observations are described and it is shown that a
lopsided potential perturbation can produce the lopsided ve-
locity fields. Finally, the question of the frequency of kine-
matically lopsided galaxies is addressed. It is worth not-
ing that the two galaxies discussed here, as well as most of
those identified as kinematically lopsided, are isolated sys-
tems and do not show signs of strong tidal interaction, nor is
there clear evidence for ongoing accretion of satellite galax-
ies.

2 Data and Analysis

Two objects, DDO 9 (UGC 731) and NGC 4395
(UGC 7524), have been selected here as representative ex-
amples of kinematically lopsided galaxies. Fig. 1 shows
an overview of the data. The maps of the integrated HI
emission, the position-velocity diagrams along the major
axes and the global profiles originate from the Westerbork
HI Survey of Spiral and Irregular Galaxies (WHISP; for
a detailed description of the WHISP project and its goals,
see Chapter 3), the optical R-band images are presented in
Chapter 2.

The radial velocity fields shown in Fig. 1, panels b, were
obtained from Gaussian curves fitted to the profiles. The ro-
tation curve was derived by fitting tilted rings to the velocity

field, using the method described by Begeman (1989). First,
the kinematic center was determined for all rings from a fit
with all parameters free. In the case of NGC 4395, the av-
erage kinematic center corresponded closely to the optical
center, and because of its higher precision, we used the lat-
ter. In the case of DDO 9, where the optical center is not well
determined, we used the center that minimized the residual
velocities, as is done in Schoenmakers, Franx & de Zeeuw
(1997; hereafter SFdZ). By choosing the center in this way,
the difference between the rotation curves of the approach-
ing and receding sides is minimized as well. SFdZ show that
it is important to keep the center fixed in these tilted ring fits,
since a free center will drift in such a way as to make a real
m = 2 term disappear.

Another way of choosing the center would have been
to fix it in such a way that the outer parts of the rotation
curves of the receding and approaching side coincide. This
would mean that the gas in the outer parts moves on circular
orbits and that all the asymmetry is concentrated in the inner
parts. This would be a rather ad hoc choice, especially for
NGC 4395. It demonstrates, however, that in a kinematically
lopsided galaxy the center cannot be determined uniquely
from its kinematics alone.

Next, the systemic velocity was determined from a tilted
ring fit with the center fixed. The inclination and the position
angle did not show systematic trends with radius, and hence
they were fixed to their average values. Finally, with the pa-
rameters of each ring fixed as described above, the rotation
curve was fitted with uniform spatial weighting to the veloc-
ity field as a whole, giving the average rotation curve. Rota-
tion curves were also derived separately for the approaching
and the receding sides in the same way. The latter are over-
plotted on the position-velocity diagrams in Fig. 1, panels e.
A model velocity field was constructed from the average ro-
tation curve, and subsequently subtracted from the observed
one to give the residual velocity field shown in Fig. 1, pan-
els c.

Both galaxies are lopsided in their kinematics. As can
be seen in Fig. 2, the rotation curves for the approaching
and the receding sides are distinctly different. In both galax-
ies, the rotation curve of the approaching side rises and
subsequently flattens, whereas for the receding side it con-



138 Dark Matter in Late-type Dwarf Galaxies

tinues to rise. Obviously, the same pattern is seen in the
position-velocity diagrams (Fig. 1, panels e). Accordingly,
in the velocity fields the isovelocity contours are curved
more strongly on the approaching side where the rotation
curve becomes flat. This is best seen in NGC 4395. The
residual velocity fields show clear systematic structure as
well. In the case of DDO 9 a twofold structure is visible;
NGC 4395 shows a more or less circular symmetric radial
variation of the residual velocity, i.e., a radial variation of
the systemic velocity. Note that the large-scale distributions
of the HI and the stars are fairly symmetric, despite the lop-
sidedness in the kinematics.

To assist in the interpretation of the non-axisymmetric
features of the motion of the gas, the velocity fields have
been decomposed into harmonic components along individ-
ual rings, as found by the tilted ring fit, following the ap-
proach of SFdZ. As detailed results for several galaxies, in-
cluding DDO 9 and NGC 4395, are presented in Schoen-
makers (1999), we restrict ourselves here to the main points.
For both galaxies the dominant terms are m = 0 (circular
symmetry), and m = 2 (bi-symmetry). DDO 9 has strong
m = 2 terms, as expected from the twofold structure seen
in the residual velocity field. The m = 0 term is weak.
NGC 4395, on the other hand, shows a strong radial vari-
ation of the m = 0 term, and only weak m = 2 terms.

3 Discussion

3.1 Kinematic lopsidedness versus lopsided potential

In Section 2 we showed that kinematically lopsided galaxies
have velocity fields containing m = 0 and m = 2 terms. In
the epicycle approximation, these harmonic terms in the ve-
locity field can be related to potential perturbations. SFdZ
showed that the line-of-sight velocity field contains m − 1
and m + 1 terms if the potential contains a perturbation of
harmonic number m. Therefore, in the case of an m = 1 term
in the potential (causing morphological lopsidedness), the
line-of-sight velocity field will contain an m = 0 term and
an m = 2 term, not necessarily with the same amplitudes.
Hence, either or both of these terms should be visible in the
residual velocity field. The relative strengths of these terms
depend on the viewing angle of the perturbation �1, as dis-
cussed below.

Expressions for the amplitudes of these harmonic com-
ponents caused by an m = 1 perturbation in the potential are
given by SFdZ in their equation A28. We have used the
SFdZ relations to create a model velocity field. Using the ax-
isymmetric part of the potential as derived from the mean ro-
tation curve and a small, non-rotating (� 10%) m = 1 pertur-
bation, the corresponding line-of-sight velocity fields were
calculated with different viewing angles. Fig. 3 shows the
resulting velocity fields, projected with inclination i = 55�,
and viewing angle ranging from �1 = 0� to �1 = 90�, in steps
of 30�. A viewing angle of �1 = 0� measured in the plane
of the galaxy corresponds to a perturbation whose major
axis is aligned with the observed minor axis of the system.
For a viewing angle �1 = 90�, the velocity field shows the
same characteristic asymmetry as seen in the observed ve-

locity fields in Fig. 1. As the viewing angle decreases, the
asymmetry becomes less pronounced. At the same time, the
residuals change from being dominated by m = 0 terms for
�1 = 90� to m = 2 terms for �1 = 0�. For a viewing angle
�1 = 0�, the rotation curves derived from the approaching
and receding sides are identical, but the asymmetry between
the approaching and the receding sides is replaced by a more
subtle one between the near and the far side. Such an asym-
metry would be difficult to find in observed velocity fields
without a detailed harmonic analysis.

The dynamical basis of the models used to construct the
velocity fields in Fig. 3 is weak. Therefore, no attempt has
been made to reproduce the velocity fields of DDO 9 and
NGC 4395 quantitatively. The models do illustrate, how-
ever, that a lopsided potential is capable of producing an
asymmetric velocity field, and therefore an asymmetric rota-
tion curve. The models do agree well with the observations
qualitatively, i.e. they show strong curvature of the isoveloc-
ity contours on one side, corresponding to a relatively flat
rotation curve, and nearly straight isovelocity contours on
the other side, indicating solid body rotation. Furthermore,
the models are useful in illustrating the effects of variations
in the viewing angle.

The above analysis demonstrates that the cause of a lop-
sided velocity field can in principle be traced to a lopsided
potential. It can be shown (Schoenmakers 1999) that a 5-
10% perturbation in the potential will give rise to an ap-
proximately 10-20% difference between the rotation curves
of the approaching and receding sides. Hence, only a mild
perturbation of the potential is needed to produce a signif-
icant lopsidedness in the velocity field. Note that a small
m = 1 potential perturbation will create morphological lop-
sidedness as well, also in the case of a non-selfgravitating
component, since the orbits are no longer circular (e.g., Jog
1997).

3.2 Frequency of kinematically lopsided galaxies

There are many other galaxies showing the same kinemati-
cal pattern as the two objects described above. Striking ex-
amples are for instance UGC 5459 and NGC 2770 (Rhee
and van Albada, 1996). The question now is: how common
is kinematic lopsidedness among disk galaxies?

A first estimate of its frequency may be obtained from
global profiles (Richter & Sancisi 1994, Haynes et al. 1998).
This gives a fraction of 50%. However, global profiles are
influenced by both the kinematics and HI distribution, as
mentioned in the introduction. The effect of kinematic lop-
sidedness on the global profile can be seen clearly in Fig 1,
panels f. Usually, on the side where the rotation curve be-
comes flat the corresponding horn in the global profile has a
higher peak and is narrower, whereas on the side of the ris-
ing rotation curve it is wider and lower. NGC 4395 is a good
example. However, since both the density distribution and
the kinematics of the gas determine the shape of the global
line profile, the two may conspire in such a way as to hide
the expected signature. This is demonstrated in the case of
DDO 9 (Fig. 1), where the flat rotation curve side produces
the lower intensity horn. Furthermore, if the lopsidedness is
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Figure 3: Model velocity fields derived from a lopsided potential. All fields have an inclination of 55� and a viewing angle �1

varying from 0� to 90� in steps of 30�, as indicated above each panel.

oriented along the minor axis, it will not show up at all in the
global profile. Inspection of the global profiles may, there-
fore, be helpful but is clearly insufficient for the purpose of
recognizing the presence of kinematic lopsidedness.

On the basis of published HI maps and major axis
position-velocity diagrams (Broeils & van Woerden 1994,
Rhee & van Albada 1996), we estimate the fraction of kine-
matically lopsided galaxies to be roughly 15%. This frac-
tion is a lower limit to the real fraction, because position-
velocity diagrams along the major axis will miss lopsided-
ness directed along the minor axis. Similar estimates of at
least 15%, but possibly up to 30%, are also obtained from
the recent HI survey (Verheijen 1997) of a sample of about
40 spiral galaxies, which despite their membership of the
Ursa Major cluster are believed to be representative for field
galaxies. It should be noted that in all these selections by eye
the fraction of lopsided galaxies will be underestimated be-
cause mild asymmetries, asymmetries observed under unfa-
vorable viewing angles �1, and asymmetries in nearly face-
on galaxies will be missed. Therefore, the fraction of kine-
matically lopsided galaxies is probably at least 50%.

Kinematic lopsidedness need not always be the domi-
nant perturbation in a galaxy. Schoenmakers (1999) studied
the harmonic analyses of the velocity fields of nine galax-
ies. Seven of these were taken from Begeman (1987), who
selected large, regular, nearby spiral galaxies. The other
two are LSB galaxies (van der Hulst, Zwaan & Bosma,
priv. comm.). Out of these nine galaxies, seven show clear
signs of kinematic lopsidedness in the harmonic decomposi-
tion, but only in three of these seven the lopsidedness is the
dominant perturbation. In the other four the lopsidedness
would not have been detected without harmonic analysis. It
seems therefore that for a reliable estimate of the frequency
and distribution of amplitudes of kinematic lopsidedness it
is necessary to examine the harmonic decompositions with
care.

3.3 Origin of kinematic lopsidedness

We have found from HI observations that the kinematic lop-
sidedness has a well defined pattern that pervades the en-
tire velocity field, and that it is a common phenomenon

among apparently isolated galaxies. Optical (Rix and Zarit-
sky 1995, Zaritsky and Rix 1997) and infrared (Block et al.
1994) photometry shows that also the stellar disks are af-
fected. These facts suggest that lopsidedness is structural
to the disk, and that it is long-lived. Using epicycle theory,
kinematic lopsidedness can be related to a lopsided poten-
tial. In the case of giant spirals the potential is probably gov-
erned by the disk, but in late type systems such as DDO 9
and NGC 4395 the halo contribution may well dominate.
In such cases the lopsidedness may give information on the
structure of the halo and the location of the visible galaxy
inside it.

If the observed lopsidedness in galaxies is described as
the result of a stationary lopsided potential perturbation the
winding problem disappears, but the question arises of how
to create and maintain such a potential. One possibility,
of course, is a dynamical instability, e.g., of the type pro-
posed by Sellwood & Merrit (1994). To create a strong
m = 1 mode, their model requires strong counter-rotation.
Though some galaxies are known to have counter-rotating
gas or stars (e.g., Braun et al. 1994, Merrifield & Kuijken
1994), most galaxies do not (Kuijken, Fisher & Merrifield
1996). Sellwood & Valluri (1997) suggest that the dark halo
could possibly be the counter-rotating component.

Lopsidedness may also be excited by interactions with a
nearby neighbor or by accretion, as suggested by Odewahn
(1996) and Zaritsky & Rix (1997) on the basis of optical ob-
servations. Since the galaxies presented here, and a large
fraction of the galaxies inspected as described in section
3.2, do not appear to have companions, this would require
that lopsidedness excited in this way must be a long lived
phenomenon. Simulations do not rule out this possibility:
Walker, Mihos & Hernquist (1996) have shown that accre-
tion of a small companion by a large disk galaxy can create
large scale asymmetries in the disk, that last up to about 1
Gyr. Furthermore, Weinberg (1994) has shown that an m = 1
distortion in a King model is only weakly damped. In a
halo-dominated galaxy, the passage or accretion of another
galaxy could excite such an m = 1 perturbation in the halo
that will persist for a long time (10-100 crossing times).
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4 Conclusions

The presence of lopsidedness in the kinematics of disk
galaxies has been established and the pattern recognized.
Two examples from recent HI observations have been pre-
sented and discussed. A rotation curve which rises more
steeply on one side of the galaxy than on the other is a clear
signature of kinematic lopsidedness. A large fraction of spi-
ral galaxies, probably at least 50%, is kinematically lop-
sided. Harmonic analyses of lopsided velocity fields show
significant m = 0 and m = 2 terms. Using epicycle theory,
kinematic lopsidedness can be related to a lopsided poten-
tial. A small m = 1 perturbation in the potential is sufficient
to produce a significant lopsidedness in the velocity field.

The present study has revealed that the lopsidedness in
the kinematics of spiral galaxies, as measured from the dif-
ference in rotation velocities between the approaching and
receding sides, may reach amplitudes of order 10 − 20%.
Larger kinematical disturbances have not been found among
the galaxies examined and may not exist, except in case of
strong tidal interactions. This seems to imply that perturba-
tions in the potential of isolated disk systems, as proposed
above as a mechanism to create kinematic lopsidedness, oc-
cur frequently but that their amplitudes are unlikely to ex-
ceed about 15%.
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6Dark Matter
in Late-type
Dwarf Galaxies

ABSTRACT

Mass models are presented for a sample of 35 late-type dwarf galaxies. In almost all of these
dwarf galaxies the contribution of the stellar disk to the rotation curves can be scaled to explain
most of the inner parts of the observed rotation curve. This result is at odds with the results
of most previous studies of dwarf galaxies. Some of the mass-to-light ratios required for the
maximum disk fits are high, up to about 15 in the R-band, where the highest values are found in
galaxies with the lowest surface brightnesses. Equally well fitting mass models can be obtained
with much lower mass-to-light ratios as well, or even by completely ignoring the stellar mass.
Irrespective of the contribution of the stellar disk to the rotation curve, the similarity in shapes
between the rotation curve of the stellar disk and the observed rotation curve implies that the total
mass density is closely coupled to the luminous mass density in the inner parts of late-type dwarf
galaxies. Also, we show that well fitting mass models can be obtained by scaling the contribution
of HI to the rotation curve, with factors between about 3 and 12, where lower scaling factors are
found in low surface brightness galaxies.

1 Introduction

The most secure evidence for the existence of dark matter
in galaxies is the discrepancy between the amount of mass
inferred from rotation curves and the amount of mass that is
visible in the form of gas and stars (Bosma 1978, 1981a,b,
Rubin, Ford & Thonnard 1978, 1980). In particular mass
models based on the extended HI rotation curves indicated
that large amounts of dark matter are required to explain
the outer parts of observed rotation curves (van Albada et
al 1985, Begeman 1987, Broeils 1992a). Although the con-
tribution of the stellar disk to the rotation curve could be
scaled to explain most of the inner parts of the observed HI
rotation curves (the so-called maximum disk hypothesis),
in agreement with findings based on optical rotation curves
(Kalnajs 1983, Kent 1986), in the outer parts large discrep-
ancies were found between the observed and the expected
rotation curves. For example, in the spiral galaxy NGC 3198
a local stellar mass-to-light ratio of at least 6000 is required
to explain the observed rotation at a radius of eleven disk
scale lengths, which is 1400 times as large as the central
mass-to-light ratio assuming a maximum disk (van Albada
& Sancisi 1986). It is this discrepancy that is usually inter-
preted as strong evidence for the existence of large amounts

of dark matter in galaxies, although there are other ways to
explain the observed rotation curves using alternative the-
ories of gravity (Milgrom 1983, Sanders 1996, Sanders &
Verheijen 1998).

The dark matter properties of galaxies are usually de-
rived based on mass modeling of the rotation curves, scaling
up the contributions of the stellar disk and bulge in an at-
tempt to explain the inner parts of the rotation curves with
luminous matter (e.g. van Albada et al 1985, Begeman 1987,
Broeils 1992a). Without an independent measurement of
the stellar mass-to-light ratios, this scaling of the bulge and
disk components introduces uncertainties in the derived dark
matter properties. In the early 1980s one of the reasons to
study late-type spiral and dwarf galaxies was the fact that
these galaxies have little or no bulge. Hence, mass mo-
deling only included one luminous component, making the
derived dark matter properties perhaps more certain. Late-
type dwarf galaxies were therefore expected to be ideal can-
didates to study the basic properties of dark halos.

The first mass models for late-dwarf galaxies, based on
HI rotation curves, indicated that the dark matter proper-
ties of these galaxies were similar to those of spiral galax-
ies, with similar dark to luminous mass ratios (Carignan
1985, Carignan, Sancisi & van Albada 1988), suggesting
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that these properties were 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, however, that this galaxy is dominated by
dark matter at all radii, even well within the optical disk
(Carignan & Freeman 1988, Carignan & Beaulieu 1989).
This galaxy has since become one of the prototypes of dark
matter dominated 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 Cen-
taurus A groups (Côté, Freeman & Carignan 1997, see also
Côté 1995) and NGC 5204 (Sicotte & Carignan 1997). On
the other hand, there are a number of dwarf galaxies where
the stellar disk 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 dwarf galaxies that have been included in these stud-
ies were observed with very different instrumental setups.
Also, the rotation curves were derived using different pro-
cedures, some of which lead to systematic errors (see also
Chapters 3 and 4). Furthermore, the effects of beam smear-
ing were mostly ignored, even though they may be impor-
tant (see Chapter 4). Finally, most of the galaxies had been
selected on the basis of their high HI content, and as a re-
sult most of them have relatively extended HI disks, which
in turn leads to high dark matter fractions as evaluated from
the last measured point of the rotation curve. Because of
these reasons, the dwarf galaxy rotation curves published to
date are not an ideal sample to investigate the relations be-
tween the dark and luminous properties in the dwarf galaxy
regime.

In order to improve this unsatisfactory situation we have
obtained HI observations for a sample of 73 dwarf galaxies
with similar instrumental setups (see Chapter 3), and deter-
mined the rotation curves in a uniform way, taking into ac-
count the effects of beam smearing (see Chapter 4). Except
for a lower cutoff in HI flux density to ensure the galax-

Figure 1: Histogram of absolute R-band magnitude for the sam-
ple of 60 late-type dwarf galaxies.

Figure 2: Scale length versus extrapolated central disk surface
brightness, both measured in the R-band. Most of the galaxies
in this sample have small scale lengths, as expected for dwarf
galaxies, but the sample also includes galaxies with large scale
lengths and low surface brightness.

ies could be observed with sufficient signal-to-noise, there
has been no selection on relative HI content. This sample is
therefore well suited for a study of dark matter properties of
late-type dwarf galaxies.

The plan of this chapter is as follows. In the next sec-
tion we will describe the sample and the rotation curves. In
Section 3 the different components that are used in the mass
models and the fitting of these mass models to the rotation
curves are described. Section 4 presents the results of the
mass modeling. In Section 5 the results for the low sur-
face brightness galaxies in our sample are highlighted, and
in Section 6 the results are discussed. In Section 7 the con-
clusions are given.
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2 The sample and the rotation curves

The late-type dwarf galaxies in this sample have been ob-
served as part of the WHISP project (Westerbork HI Sur-
vey of Spiral and Irregular Galaxies), which aims at map-
ping about 500 nearby spiral and irregular galaxies in neu-
tral hydrogen (for a more detailed description of the WHISP
project and its goals, see Chapter 3). The galaxies in the
WHISP sample have been selected from the UGC catalogue
(Nilson 1973), taking all galaxies with declinations north of
20�, blue major axis diameters larger than 1:50 and measured
flux densities larger than 100 mJy. From this list we selected
the late-type dwarf galaxies, using as definition all galaxies
with Hubble types later than Sd, supplemented with spiral
galaxies of earlier Hubble types but with absolute B-band
magnitudes fainter than −17. For a detailed description of
the selection criteria, see Chapter 3. The sample of late-type
dwarf galaxies presented here is the sample of 60 late-type
dwarf galaxies for which we were able to derive rotation
curves in Chapter 4. Optical R-band data for all these galax-
ies is presented in Chapter 2. A discussion of the distance
uncertainties for the galaxies presented here is given in Sec-
tion 3 of Chapter 2.

In Fig. 1 the histogram of absolute R-band magnitudes
for the sample of 60 late-type dwarf galaxies is given. Most
of the galaxies have absolute magnitudes fainter than MR =
−18, as expected for dwarf galaxies. About 25% are brighter
than MR = −18. This is partly due to the uncertainties in
the determination of the absolute magnitudes that were used
in the initial sample selection (see Chapter 3). Also, a few
bright spiral galaxies happen to be included in the sample
because they are classified as morphological type Sdm or
Sm.

Most of the late-type dwarf galaxies have small scale
lengths, as can be seen in Fig. 2. The median value for
the scale length is 1.2 kpc. However, 13 galaxies have
scale lengths larger than 2 kpc, and 8 of them have surface
brightnesses lower than �R = 22 mag. These galaxies have
properties that are similar to those of the class of low sur-
face brightness galaxies studied by for example McGaugh &
Bothun (1994) and de Blok, van der Hulst & Bothun (1995).
Because only few rotation curves have been published for
these low surface brightness galaxies, these galaxies are of
particular interest.

The rotation curves have been derived with an interactive
procedure. First an estimate of each rotation curve was made
based on a simultaneous fit by eye to six position-velocity
diagrams with different position angles. Next, each rotation
curve was refined by constructing a detailed model of the
observations, based on the input rotation curve, and by sub-
sequently adjusting the rotation curve to match the obser-
vations. This procedure made it possible to correct for the
effects of beam smearing to a large degree. It is described in
detail in Chapter 4.

In this chapter, the rotation curves have been divided into
two subsamples. The high quality sample contains 21 galax-
ies with inclination angles 40� � i < 90� and rotation curves
with qualities q � 1, as defined in Chapter 4. UGC 12732,
with an inclination of 39� and quality q = 0, was also in-

cluded in the high quality sample. The low quality sample
contains 14 galaxies with inclinations in the same range, but
of lower quality, q = 2. Note that edge-on galaxies have been
excluded, partly because their rotation curves are difficult to
determine, as described in Chapter 4, but mainly because
the radial distributions of gas and certainly that of the stel-
lar disk are difficult to measure, making their contributions
to the rotation curve uncertain as well. Also, galaxies with
rotation curve quality q = 3 were not included.

3 Mass models

The circular velocity is a direct reflection of the gravitational
potential of a galaxy, assuming it is axially symmetric and
in equilibrium

Fr =
@�

@r
= −

vc
2

r
; (1)

where Fr is the radial force, � the gravitational potential,
r the radius and vc the circular velocity. As was argued
in Chapter 4, the corrections for asymmetric drift are small
(less than 1 km s−1 in the inner parts of the rotation curves
and less than 3 km s−1 at all radii for 95% of the galaxies
presented here), hence the observed rotation curves can be
used to represent the circular velocities. The gravitational
potential is the sum of the gravitational potentials of the in-
dividual mass components in each galaxy. Expressed in ve-
locities, this sum becomes

vrot
2 = v�

2 +vg
2 +vh

2
; (2)

with v� the contribution of the stellar disk to the rotation
curve, vg the contribution of the gas and vh that of the dark
halo. In Eq. 2 the contribution of a bulge component is
left out because the galaxies in this sample have little or
no bulge. Since we have no prior knowledge of the stel-
lar mass-to-light ratio, some value �� has to be assumed.
The contribution of the gas to the rotation curve includes the
contribution of helium. This scaling of the HI is represented
by �. Making this explicit, Eq. 2 becomes

vrot =
p
��vd

2 +�vHI
2 +vh

2
; (3)

where vd is the contribution of the stellar disk for a stellar
mass-to-light ratio of unity, and vHI is that of the HI only.
Each of the individual components in this equation is de-
scribed below.

3.1 The contribution of the stellar disk

The R-band luminosity profiles presented in Chapter 2 have
been used to calculate the contribution of the stellar disk to
the observed rotation curve, assuming �R

�
is independent of

radius. Because most of the galaxies in this sample have
light profiles that are well represented by an exponential
disk, and generally have little or no bulge, the light profiles
were not decomposed into a disk and a bulge components.
The contribution of the stellar disk to the rotation curve was
calculated using the prescription given in Casertano (1983),
assuming that the galaxies are optically thin and assuming
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an intrinsic thickness of q0 = 0:2. This value was chosen be-
cause it appears to be a suitable value for the average of the
intrinsic thickness over the range of galaxy types included in
this sample. Late-type disk galaxies, of morphological types
around Sd, are reported to have intrinsic thicknesses closer
to q0 = 0:1 (Guthrie 1992, de Grijs 1997), but for late-type
dwarf galaxies much higher values are found, up to q0 = 0:4
(van den Bergh 1988, Binggeli & Popescu 1995, Sung et al
1998).

The choice of the intrinsic thickness has a small influ-
ence on the resulting contribution of the stellar disk to the ro-
tation curve. To quantify this, this contribution was derived
for an infinitely thin disk and for a disk with q0 = 0:2. For
the disk with q0 = 0:2, the amplitude of the rotation curve is
about 5–10% lower than that of the thin disk for radii smaller
than four disk scale lengths. In the center this value is some-
what higher, going up to on average about 15%. For galaxies
with a central concentration of light, the effect in the inner
parts can be larger, reaching up to 40% in extreme cases.
The change in shape as a result of the change in thickness is
small compared to the change in amplitude. The effect on
the mass modeling, described in more detail below, is that
the mass-to-light ratios obtained for the disk with q0 = 0:2
are about 10–20% higher than those for the thin disk. How-
ever, an infinitely thin disk is an extreme case. The devi-
ations from q0 = 0:2 are probably smaller and the effect of
the assumed average intrinsic thickness is probably less than
5%, except perhaps for galaxies with a strong central con-
centration of light.

One of the major uncertainties in determining a mass
model for a galaxy is that of the value of ��, which is not
known a priori and cannot be derived from the rotation curve
alone, as equally well fitting mass models can be obtained
for a range in �� (e.g. van Albada et al 1985, see also Sec-
tion 4). However, it is possible to obtain limits on�� by scal-
ing up the contribution of the stellar disk to explain most of
the observed rotation curve in the inner parts (the so-called
maximum disk hypothesis), and by reducing the contribu-
tion of the stellar disk to its minimum while still obtaining a
good fit to the rotation curve.

3.2 The contribution of the gas

The procedure for deriving the contribution of the gas to the
rotation curve is very similar to that of the stellar disk. The
HI radial profiles presented in Chapter 3 were used to cal-
culate this contribution. For this it was assumed that the gas
layer has an intrinsic thickness of q0 = 0:2, the same thick-
ness that was assumed for the thickness of the stellar disk.
Little is known about the vertical distribution of the gas in
late-type dwarf galaxies. There is some evidence that the
gas and the stars have the same vertical distribution (Bot-
tema, Shostak & van der Kruit 1986). However, the precise
choice of the thickness of the HI layer has little influence on
the shape or amplitude of the rotation curve of the gas. The
difference between an infinitely thin disk and a disk with
q0 = 0:2 is in general less than 5%. The dependence on the
assumed thickness is much smaller for the gas than for the
optical disk, because the effects of the chosen thickness are

strongest in the inner parts if the mass distribution is cen-
trally peaked. The HI is more extended than the optical and
generally peaks at larger radii and not in the center.

In order to derive the contribution of the gas to the ro-
tation curve, the HI was assumed to be optically thin. To
correct for the mass fraction of helium, the HI mass was
scaled by a factor � = 1:32.

Other gas components that might contribute to the rota-
tion curve, such as molecular hydrogen, have been ignored.
To date, there is little evidence that substantial amounts of
molecular hydrogen exist in late-type dwarf galaxies, even
when taking into account that the conversion factor X to con-
vert the observed CO flux into a molecular gas column den-
sity is substantially higher in late-type dwarf galaxies (e.g.,
Israel, Tacconi & Baas 1995, Israel 1997a,b). Moreover, if
molecular gas were to have the same radial distribution as
either the stellar disk or the gas, its contribution is implicitly
included in the maximum disk fits or in the fits with �, the
scaling of the HI, free.

3.3 The contribution of the dark halo

Many different halo radial mass profiles have been proposed
over the years, most of which produce good fits to the ob-
served rotation curves. In particular N-body simulations of
structure formation and evolution in cold dark matter domi-
nated universes have proven fruitful for making predictions
about the dark halo density profiles. Navarro, Frenk &
White (1996) found, albeit with a large scatter, that the den-
sity profiles have a unique shape, varying smoothly from r−1

in the inner parts to r−3 at large radii. Similar results were
also found by Cole & Lacey (1996). However, there does
not appear to be a consensus on the density profiles pre-
dicted by different studies. Moore et al (1998) found dark
matter profiles that are steeper than those found by Navarro
et al (1996), whereas Kravtsov et al (1998) found density
profiles that are shallower.

In absence of a consensus on what the density profile of
dark matter should look like, we have decided not to use any
of the density profiles as predicted from different cosmolog-
ical simulations. Instead, we have used the density profile
of an isothermal sphere that has often been used in the liter-
ature to represent the dark halo. The advantage is that it will
be easier to compare our results with those of other stud-
ies. Furthermore, even though the isothermal sphere may
not be the true distribution of dark matter, it does allow us
to characterize the dark matter properties in late-type dwarf
galaxies.

The radial density profile of an isothermal sphere can be
approximated by

�(r) = �0

"
1 +
�

r
rc

�2
#−1

; (4)

where �0 is the central density of the halo, and rc the core
radius. This density profile gives rise to a rotation curve of
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the following form

vh(r) =
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�
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�
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��
: (5)

3.4 Rotation curve fits

The relative contribution of each of the three components
described above is determined by a simultaneous fit of the
right-hand side of Eq. 3 to the observed rotation curve. For
an isothermal halo, there are four free parameters in Eq. 3.
However, the contribution of the atomic gas to the rotation
curve is known (except for uncertainties in the distance and
the possibility that the HI is optically thick), and therefore,
with the correction for the mass fraction of helium, � is fixed
to 1.32. On the other hand, the value of �� is not known
beforehand, and many combinations of �� and halo param-
eters exist that produce a good fit to the data (van Albada et
al 1985). In principle it is possible to derive the parameters
for the isothermal halo and the value of �� from a best fit to
the observed rotation curve. However, the physical meaning
of such a best fit is unclear, as the precise values found from
such a fit depend on the small scale variations and uncertain-
ties in the rotation curves. Because of these uncertainties in
��, only two limiting cases are presented here. In one case,
the contribution of the stellar disk to the rotation curve is
scaled up to explain most of the inner parts of the rotation
curve. This is the maximum disk solution. In the other case,
the contribution of the stellar disk is totally ignored, and the
rotation curve is fitted with the contributions of dark halo
and gas only.

Another possibility would have been to construct mass
models with the value for�� fixed. Little is known about ap-
propriate values for ��, since it depends on the initial mass
function, metalicity and age. These properties vary amongst
galaxies, and hence there is no reason for assuming that ��
is constant with luminosity or surface brightness. Therefore,
no fixed �� models are presented.

Another approach that has been taken by de Blok & Mc-
Gaugh (1997) and Verheijen (1997), for example, is to use
the results from Bottema (1993) to constrain the value of��.
Bottema (1993) found that the peak contribution of the stel-
lar disk to the rotation curve is on average 63%� 10% of
the flat part of the observed rotation curve in spiral galax-
ies. In many of the late-type dwarf galaxies presented here,
the flat part is not reached, and therefore this method cannot
be applied to the galaxies in our sample. Bottema (1997)
has generalized his results to apply to dwarf and low sur-
face brightness galaxies as well. However, many assump-
tions were needed to arrive at his result. Furthermore, for
his generalization, B −V colors are needed, which are not
available for most of the galaxies in this sample. Because of
these reasons, Bottema’s (1993, 1997) method to determine
�� was not used, and we restrict ourselves to the limiting
cases obtained from maximum and minimum disk fits.

Apart from the fits with an isothermal halo, fits have also
been made to the rotation curve by letting �, the scaling of
the HI, be a free parameter. This has been reported to give
good fits in many galaxies (e.g., Hoekstra, van Albada &

Figure 3: Maximum disk fit for UGC 4173 with an isother-
mal halo, and including a central component. For the cen-
tral component�R

� = 1:6 M�=LR;�, and for the disk �R
� = 3:9

M�=LR;�. The thin full line represents the rotation curve of the
stellar disk, the dotted line that of the gas, the dashed line that of
the isothermal halo, and the dot-dashed line that of the central
component. The thick full line represents the model rotation
curve.

Sancisi 1999). In this case there are two free parameters in
the mass modeling, the stellar mass-to-light ration�� and �,
and no extra dark matter halo seems to be required then.

All the fits to rotation curves are shown in Figs. B1 to
B3. The fit parameters are listed in Table A1.

4 Results from fitting mass models

In this section we will present the results from fitting the
different mass models (maximum disk, minimum disk and
scaling of the HI). Throughout the figures in the rest of this
chapter we will use filled symbols to represent galaxies in
the high quality rotation curve sample, and open symbols to
represent galaxies in the low quality rotation curve sample.

4.1 Maximum disk fits

The most striking result from the maximum disk fits, pre-
sented in Fig. B1, is that in almost all cases the contribution
of the stellar disk can be scaled up to explain most of the
inner parts of the rotation curves. This is in strong con-
trast with many previous studies of late-type dwarf galax-
ies, where the contribution of the stellar disk to the rotation
curve was often found to be negligible, even if scaled to its
maximum possible contribution (e.g., Carignan & Beaulieu
1989, Broeils 1992, Côté 1995). There are three main rea-
sons for this difference. First of all, for most of the late-
type dwarf galaxies presented in the literature, the effects of
beam smearing on the rotation curves have been neglected,
whereas they may well be important, as was shown in Chap-
ter 4. Secondly, in some of the studies the procedure to de-
rive the rotation curves (mainly the use of intensity weighted
mean velocity fields) may have led to a systematic under-
estimate of the rotation curve slope in the inner parts (see
Chapters 3 and 4). Finally, an unexpectedly large fraction
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Figure 4: Rotation curves and the fitted maximum disk mass models plotted as a function of absolute magnitude MR and central disk
surface brightness �R

0 . Where necessary, the rotation curves have been shifted slightly to avoid overlap between the different rotation
curves. The rotation curve data are represented by circles, filled circles for radii smaller than three disk scale lengths, open circles
for large radii. The solid line gives the contribution of the stellar disk disk, the dotted line represents the contribution of the gas, and
the dashed line that of the isothermal halo. The thick solid line gives the best fitting mass model. The origin of each rotation curve
indicates the corresponding MR and �R of that galaxy. The rotation curves have been scaled by maximum velocity and radius of the
last measured point. Note that the relative contribution of the stellar disk to the rotation curve does not appear to depend on absolute
magnitude or surface brightness.

of about 40% of the late-type dwarf galaxies that have been
presented in the literature have inclinations close to edge-
on. For these edge-on galaxies it is difficult to derive an
accurate rotation curve (see Chapter 4), and also the radial
distribution of HI and the stellar light are difficult to deter-
mine, adding to the uncertainty in fitting mass model to the
rotation curves.

In our sample, there are only 5 galaxies out of 35 for
which the rotation curves of the stellar disks cannot be
scaled up to explain the inner parts of the observed rota-
tion curves. These galaxies are: UGC 3851, UGC 4173,
UGC 4499, UGC 5721 and UGC 8837. In two of these
galaxies there are clearly identifiable reasons why the scal-
ing up of the stellar disk may fail to explain the inner parts.
UGC 4173 has the strongest central concentration of light of
all the late-type dwarf galaxies in this sample (see the light
profile in Chapter 2). The light profiles of this galaxy was

decomposed in a disk and a central component, and a new
fit was made with these components, shown in Fig. 3. From
this figure it is clear that if the contribution of the disk and
the central component to the rotation curve are considered
separately, then the stellar disk can be scaled up to explain
most of the observed inner rotation curve. UGC 5721 is
the most compact galaxy in our sample, with more than two
scale lengths per beam. The optical disk of the galaxy is
therefore not resolved in HI, which may have led to an un-
derestimate of the rotation curve. Summarizing, it seems
that the fact that the stellar disk can be scaled to explain
most of the inner parts of the rotation curves of late-type
dwarf galaxies is rule rather than exception.

Inspection of the mass models presented in Fig. B1
shows that in some late-type dwarf galaxies the rotation
curves continue to rise beyond where the rotation curve of
the stellar disk has peaked, whereas others rise only slowly
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Figure 5: Relative contribution of the stellar disk to the rotation
curve for the maximum disk fits at 2.2 disk scale lengths (left
panel) and at 4 disk scale lengths (right panel) versus logarith-
mic slope between two and three disk scale lengths Sh

(2;3). Filled
circles represent galaxies in the high quality sample, open cir-
cles represent galaxies in the low quality sample.

Figure 6: Relative contribution of the stellar disk to the rotation
curve for the maximum disk fits at 2.2 disk scale lengths (left
panel) and at 4 disk scale lengths (right panel) versus central
disk surface brightness �R

0 .

or reach a flat part. This can also be seen in Fig. 4, where the
rotation curves and maximum disk mass models are plotted
as a function of absolute magnitude and surface brightness.
In this figure, the rotation curves are represented by filled
circles for radii smaller than three disk scale lengths, and
by open circles for larger radii. As was also noted in Chap-
ter 4, it seems that whether or not a flat part is reached, de-
pends mostly on the radial extent of the rotation curve. On
the other hand, most of the low surface brightness or low
luminosity galaxies have rotation curves that do not extend
much beyond three disk scale lengths, thus we have no in-
formation on the rotation curves shapes outside these radii
and these galaxies might have rotation curves that keep ris-
ing. From an inspection of Fig. 4 it appears that there is
no clear trend between the relative contribution of the stellar
disk to the rotation curve on the one hand, and rotation curve
shape, luminosity or surface brightness on the other. This is
demonstrated more clearly in Figs. 5 and 6.

Fig. 5 shows that there is no clear correlation between
the rotation curve shape as determined by the logarithmic
slope between two and three disk scale lengths Sh

(2;3), and

Figure 7: Distribution of maximum disk R-band mass to light
ratios �R

� .

Figure 8: R-band stellar mass-to-light ratios �R
� as determined

from the maximum disk fits versus central disk surface bright-
ness �R

0 (left panel) and versus absolute R-band magnitude MR

(right panel).

the relative contribution of the stellar disk to the rotation
curve at 2.2 disk scale lengths. Independent of the rotation
curve shape, the contribution of the stellar disk to the ro-
tation curve is about 90% at 2.2 disk scale lengths. Fig. 5
also shows the correlation between rotation curve shape and
the relative contribution of the stellar disk at four disk scale
lengths. The spread in the relative contribution of the stel-
lar disks to the rotation curves has increased substantially.
There are a few galaxies where even at four disk scale
lengths the stellar disk can still explain most of the observed
rotation curve. All these galaxies have excess light with
respect to an exponential fall-off around three or four disk
scale lengths, because of a few bright star forming regions.

From Fig. 6 it is clear that the rotation curves of the stel-
lar disks can be scaled to explain the same fraction of the ob-
served rotation velocity, independent of surface brightness.
The maximum disk hypothesis works equally well for all
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surface brightnesses. At 2.2 disk scale lengths, the relative
contribution of the rotation curve of the stellar disk to the
observed rotation curve is on average about 90%. At 4 disk
scale lengths is about 70%, but with a much larger scatter.
Note that in the right panel of Figs. 5 and 6 few galaxies with
low surface brightnesses were included, because for most of
these galaxies the rotation curves do not extend much be-
yond about three disk scale lengths.

In conclusion, for the vast majority of these late-type
dwarf galaxies, if not for all of them, the contribution of
the stellar disk to the rotation curve can be scaled to ex-
plain most of the inner parts of the observed rotation curves.
Therefore, dwarf galaxies do not necessarily have insignifi-
cant mass in their stellar disks and dominant dark halos, as
concluded in earlier work. For the maximum disk fit, dark
matter only becomes important at radii larger than three or
four disk scale lengths. These maximum disk mass models
for late-type dwarf galaxies are similar to those seen in spiral
galaxies (e.g., Begeman 1987, Verheijen 1997). Therefore,
these maximum disk mass models suggest that the mass
structures of late-type dwarf galaxies are similar to those
seen in bright spiral galaxies, a result also found in the first
studies of dark matter properties of late-type dwarf galaxies
(Carignan 1985, Carignan et al 1988).

— Stellar mass-to-light ratios —

As discussed above, from Fig. B1 it is clear that for the
majority of the late-type dwarf galaxies in our sample the
contribution of the stellar disk can explain most of the rota-
tion curve in the inner parts. However, the stellar mass-to-
light ratios �� may be high. In Fig. 7 a histogram is pre-
sented of the derived values of �R

�
for the maximum disk

fits. The shaded area gives the distribution of �R
�

for the
high quality rotation curves, the unshaded area that for the
low quality ones. Typical values for �R

�
lie between 1 and

15, the high end being well outside the range predicted by
current population synthesis models (e.g., Worthey 1994).
These high values of �R

�
will be discussed in more detail in

Section 6.
Fig. 8 shows �R

�
plotted against the central surface

brightness �R and the absolute magnitude MR. There is a
clear trend between the �R

�
and �R, in the sense that galax-

ies with lower surface brightnesses have higher values for
�

R
�

. As can be seen from the right panel in Fig. 8, there is
no clear correlation between �R

�
and MR.

— Isothermal halo properties —

In the case of a maximum disk fit it is difficult to deter-
mine the properties of the dark halo for some dwarf galax-
ies. As can be seen from Fig. B1, in many of the dwarf
galaxies the rotation curve does not extend much beyond
the optical radius. For these galaxies much of the rotation
curves can be explained by the stellar disk and the HI alone.
Hence, the fitted dark halos will have a densities close to
zero, and the core radii are not constrained. For galaxies
with somewhat more extended rotation curves, the rotation
curves of the dark halos have a solid body appearance, indi-
cating the dark matter halos have constant density cores. In

Figure 9: Halo core radius versus R-band optical disk scale
length for the maximum disk fits.

Figure 10: Central halo mass density �0 versus central disk sur-
face brightness �R

0 (left panel) and versus absolute R-band mag-
nitude MR (right panel) for the maximum disk fits.

these cases, the core radius is also unconstrained and only
the halo density can be determined. Only for galaxies with
extended rotation curves both the core radius and the density
can be determined reliably. This may introduce a selection
effect, because the extent of the rotation curves appears re-
lated to surface brightness. With this in mind, the relations
between the dark and luminous properties for the maximum
disk fits are presented, only using the data for which �0 and
rc could be determined reliably.

A strong correlation is found between the core radius rc

and the disk scale length h for those galaxies for which rc

could be determined. This correlation is shown in Fig. 9.
The solid line in this figure is a fit to the points. For these
galaxies, the halo core radius is on average 3:3� 0:5 times
as large as the disk scale length. A similar ratio of 3:0�0:5
is found for the spiral galaxies presented in Broeils (1992a),
again demonstrating the similarity between the maximum
disk fits of the late-type dwarf galaxies in our sample and
those of spiral galaxies. Such a ratio of core radius to disk
scale length of about three is expected for galaxies with a
more or less flat rotation curve, as was also mentioned by
van Albada & Sancisi (1986), who find that the core radius
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Figure 11: The left two columns show, from top to bottom and for the maximum disk fits, the dark, stellar and HI mass as a fraction
of the total mass within four optical disk scale lengths plotted against absolute R-band magnitude MR and central disk surface
brightness �R

0 . The right two columns give, from top to bottom, the ratio of stellar to dark mass, the ratio of HI to dark mass and the
ratio of HI to stellar mass, as measured within four optical disk scale lengths for the maximum disk fits.

has to be about 3.5 disk scale lengths. If the core radius
were much larger, the halo would only become important at
very large radii, and the observed rotation curve would drop
after an initial rise due to luminous component, and then
rise again where the halo would become important. Such a
feature is not observed. If the core radius were smaller, this
would reflect that dark matter is of greater importance in the
central parts, and hence that the light could not explain the
inner parts.

The left panel of Fig. 10 shows the correlation between
maximum disk central halo density �0 and the extrapolated
central disk surface brightness �R

0 . Galaxies with lower halo
densities also tend to have lower surface brightnesses (see
also Section 4.3). There is little indication for a trend be-
tween halo density and absolute magnitude, as can be seen
from the right panel in Fig. 10.

— Mass fractions —

The correlations between the mass fractions of the dark,
stellar and HI mass are shown in Fig. 11. We have chosen to
calculate the masses of the different components enclosed
within a radius of four disk scale lengths. We did not use
the radius of the last measured point of the rotation curve,
as this introduces systematic effects, as discussed in more
detail below. The choice of the radius of four disk scale
lengths is a compromise between large radial extents of the
rotation curves and the number of remaining galaxies in the
sample.

In Fig. 11 it can be seen that there is no clear correlation
between the fraction of dark mass and absolute magnitude or
surface brightness. Irrespective of surface brightness or ab-
solute magnitude, all the dwarf galaxies in our sample have
comparable mass fractions of dark matter. The fraction of
mass in the stellar disk is found to be independent of ab-
solute magnitude and surface brightness as well, which is a
different way of stating that the relative contribution of the
stellar disk to the rotation curve is constant, as was shown
in Fig. 6. There seems to be a weak trend between surface
brightness and HI mass fraction, in the sense that galaxies
with lower surface brightnesses have higher HI mass frac-
tions, as was also found by de Blok & McGaugh (1997).
Such a trend was expected given the observed correlation
between the surface brightness the ratio of MHI to LR pre-
sented in Chapter 3.

At four disk scale lengths, the enclosed mass in the stel-
lar disk is comparable to the enclosed dark mass, although
with large scatter, as can be seen from the mass ratios plot-
ted in Fig. 11. Within four disk scale lengths the mass in HI
is comparable to the mass in the stellar disk for some dwarf
galaxies, even in these maximum disk models. The average
ratio of HI to luminous mass over the entire disk is 0.4. The
spread around this average is weakly correlated with surface
brightness, as can be seen in Fig. 11.

To illustrate the effect of using the last measured point
to determine the mass fraction, we have plotted the frac-
tion of dark matter within the last measured point versus the
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Figure 12: Dark mass as a fraction of the total mass as measured
within the last measured point, as a function of the radius of the
last measured points expressed in disk scale lengths. The solid
line gives the dark matter fraction as a function of radius for a
model galaxy with a flat rotation curve and a peak velocity of
the rotation curve of the stellar disk that is 90% of the flat part
of the rotation curve.

maximum radius, as measured in scale lengths, in Fig. 12.
The solid line gives the fraction of dark matter for a model
galaxy with a flat rotation curve and contribution of the stel-
lar rotation curve to the observed velocity at 2.2 disk scale
lengths of 90%. This percentage is the average value found
for a maximum disk fit to the galaxies in our sample (see
Figs. 5 and 6). As can be seen from Fig. 12, there is a large
spread in measured dark matter fractions, but the measured
dark matter fractions all scatter around this line, indicating
that the relative contribution of the stellar mass in all these
galaxies is comparable.

4.2 Minimum disk fits

A lower limit to the contribution of the stellar disk to the ro-
tation curve can be obtained by decreasing �R

�
to its lowest

possible value while the mass model still produces a good
fit to the rotation curve. For the late-type dwarf galaxies in
this sample, the contribution of the stellar disk can be com-
pletely ignored and the rotation curves can be well explained
by only the contributions of the dark halo and the HI. The
minimum disk fit thus does not provide a useful lower limit
on �R

�
, but it does provide an upper limit to the halo mass

within a given radius and the central density, and a lower
limits on the halo core radius. The minimum disk fits, or
maximum halo fits, are shown in Fig. B2, and the fitted core
radii and central halo densities are listed in Table A1.

— Isothermal halo properties —

For the minimum disk fits, there is a clear correlation
between disk scale lengths and halo core radius, as shown
in Fig. 13. The core radii found from the minimum disk fits
are about a factor of four to five smaller than those found
from the maximum disk fits, as expected, because in this

Figure 13: Halo core radius rc versus R-band optical disk scale
length for the minimum disk fits.

Figure 14: Central halo density �0 versus central disk surface
brightness �R

0 (left panel) and versus absolute R-band magni-
tude MR (right panel) for the minimum disk fits.

maximum halo fit the halo has to explain the steep rise of
the rotation curve.

In Fig. 14 a clear correlation can be seen between the
disk surface brightness and the central halo densities, lower
surface brightness galaxies having lower halo densities (see
also Section 4.3). There is no relation between central halo
density and absolute magnitude. The derived halo densities
are about a factor of ten higher than those derived from the
maximum disk fits.

— Mass fractions —

For the minimum disk fits the value of �R
�

is set to zero,
hence the mass fractions involving the stellar mass are not
defined, and the HI and the dark halo are the only compo-
nents contributing to the mass. Fig. 15 shows that the mass
fraction of the dark halo within four disk scale lengths for
the minimum disk fit is about 80% to 90% for most galax-
ies, about twice the mass fraction of dark matter for the
maximum disk fit. Fig. 15 also shows that the dark mat-
ter properties depend little on surface brightness or absolute
magnitude. Towards lower surface brightnesses the fraction
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Figure 15: Fraction of mass within four optical disk scale
lengths versus absolute R-band magnitude MR (left panel) and
versus central disk surface brightness �R

0 (right panel) for the
minimum disk fits.

of dark matter decreases somewhat because the fraction of
HI increases towards lower surface brightnesses.

4.3 Limits on isothermal halos

One of the unanswered questions pertaining to dark halos
in galaxies is whether galaxies of similar luminosity have
similar halos, independent of surface brightness, or whether
halo density scales with surface brightness. The maximum
and minimum disk fits provide upper and lower limits on the
central densities and core radii of the dark matter halos. As
was seen in the previous two subsections, correlations were
found between disk scale lengths and core radii and between
surface brightnesses and halo densities. For both the maxi-
mum and the minimum disk fits, these correlations showed
that lower surface brightness galaxies have lower density ha-
los, and that galaxies with large disk scale lengths have halos
with larger core radii. However, these fits represent limiting
cases of �R

�
. It may be that �R

�
depends in such a way on

surface brightness that the trends found for minimum and
maximum disk fits change. Here we will investigate this
possibility in more detail.

Fig. 16 shows the correlation between �R and �0. Both
the maximum disk halo densities (represented by the trian-
gles) and the minimum disk halo densities (circles) show
a clear trend with surface brightness, also in each interval
of absolute magnitude, suggesting that galaxies with lower
central surface brightnesses have lower central halo densi-
ties. On the other hand, the data are consistent with halos
having constant densities irrespective of surface brightness.
This requires high surface brightness galaxies to have close
to maximum disks, and low surface brightness galaxies to
have insignificant disks. A similar picture is seen in Fig. 17,
where rc is plotted against �R. If galaxies of the same ab-
solute magnitude have identical halos, no correlation is ex-
pected between rc and �R. If, on the other hand, lower sur-
face brightness galaxies have lower density halos, then, for
a given absolute magnitude (or a given rotation velocity), rc

should increase with decreasing �R, since the halo rotation
velocity is proportional to rc

p
�0. This trend between rc and

�R is observed in Fig. 17, but again the data are also con-
sistent with no trend, if low surface brightness galaxies have

Figure 16: Lower limits for the central halo density obtained
from the maximum disk fits (triangles) and upper limits ob-
tained from the minimum disk fits (circles) versus R-band sur-
face brightness. Filled symbols represent galaxies in the high
quality rotation curve sample, open symbols those in the low
quality rotation curve sample. The upper panel shows the data
for all galaxies, the lower panels show the data divided into four
bins of absolute magnitude.

Figure 17: Lower limit to the core radius obtained from the
minimum disk fits (circles) and upper limits obtained from the
maximum disk fits (triangles) versus R-band surface brightness.
Symbol coding and panels as in Fig. 16.
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Figure 18: Distribution of HI scaling factors �, the arrow indi-
cates the � = 1:32 to correct for the helium fraction.

Figure 19: HI scaling factor � versus central disk surface
brightness �R

0 .

minimum disks and high surface brightness galaxies have
close to maximum disks.

In summary, the upper and lower limits on the properties
of the dark halos obtained from maximum and minimum
disk mass models fitted to the observed rotation curves do
not provide a means to discriminate between either the same
halo hypothesis or the scaled density hypothesis.

4.4 HI scaling

As an alternative to the mass models with an isothermal
sphere as a dark halo, we will present mass models that are
based on the assumption that the HI traces the dark matter
distribution. Bosma (1978, 1981b) already found that the
ratio of total mass surface density to HI surface density is
roughly constant in the outer parts of galaxies. In addition,
he found that galaxies with lower rotation velocities have
lower ratios of total mass density to HI density. Carignan
& Beaulieu (1989) found that the rotation curve they de-
rived for DDO 154 could be well explained by scaling up

the contribution of HI to the rotation curve. Broeils (1992b)
reached the same conclusion for NGC 1560.

Hoekstra et al (1999) investigated in detail whether the
hypothesis that HI traces the dark matter can explain the ro-
tation curves of the galaxies in the sample studied by Broeils
(1992a). Hoekstra et al (1999) found that for most of the
galaxies in this sample the rotation curves can indeed be well
explained by a maximum contribution of the stellar disk (and
bulge) and the HI disk scaled up by about a factor of ten in
mass. They found that this scaling factor was independent
of the maximum rotation velocity.

As can be seen from Fig. B3 good fits to the rotation
curves can be obtained with a maximum disk and scaling
of the HI contribution in late-type dwarf galaxies as well.
In general the agreement between the mass models and the
observed rotation curves is somewhat worse than found in
the models with the smooth isothermal halo, probably due
to irregularities in the HI distribution. Only in one of the
galaxies, UGC 7399, there is a clear discrepancy between
the model and the observed rotation curve. We note that this
galaxy has a lopsided appearance in HI, with the HI extend-
ing almost twice further on one side of the galaxy than on
the other. Because of this strong deviation from axisymme-
try, the derived HI profile is likely not to be representative
of the true radial HI distribution, and the rotation curve may
also be affected.

We find that the distribution of scaling factors � needed
to obtain a good fit to the rotation curves by scaling of the
HI, peaks between 3 and 6 (see Fig. 18). There is also a
small secondary peak around a scaling factor of about 10,
which is similar to the range in scaling factors found by
Hoekstra et al (1999), who found a scaling factor � between
8 and 12 for the majority of the galaxies in their sample. The
majority of the galaxies in our sample require much lower
values of �. A possible cause for this difference is suggested
in Fig. 19, which shows the correlation between HI scaling
factor and surface brightness. It is clear that high scaling
factors are found in high surface brightness galaxies. Such
a link between the scaling factor � and the surface bright-
ness may be expected. As was shown in Chapter 3, galaxies
with lower surface brightnesses are richer in HI. Hence, for
galaxies with low surface brightnesses the HI already ex-
plains a larger fraction of the rotation curve and therefore
lower scaling factors are needed.

There are five galaxies with scaling factors of about
unity. These galaxies are UGC 4305, UGC 4325,
UGC 4543, UGC 7577 and UGC 7916. For all of these
galaxies, no dark matter is required in the maximum disk
fits, as can be seen in Fig. B1. In UGC 4325, the observed
rotation curve can be explained entirely by the stellar disk,
even without scaling up the HI. It may be that in the remain-
ing galaxies the distances have been overestimated, so that
the HI mass are found to be higher than they actually are. On
the other hand, one might speculate that some of the remain-
ing galaxies have formed in tidal debris. For such galaxies,
the dark matter are expected to much lower than for other
dwarf galaxies (Barnes & Hernquist 1992). In particular
UGC 7577 seems an excellent candidate, with an HI scaling
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factor of 1.47 and a corresponding �R
�

= 0:67. Moreover, it
is at a projected distance of only 37 kpc from NGC 4449
(UGC 7592), which has a giant HI envelope (Hunter et al
1998).

5 Low surface brightness galaxies

Somewhat confusingly, the term ‘low surface brightness
galaxy’ (LSB) is often used to refer to galaxies with low
central surface brightness and large scale lengths. Late-type
dwarf galaxies, which may also have low surface bright-
ness, are not included in the class of LSB galaxies, al-
though sometimes these dwarf galaxies are called ‘low sur-
face brightness dwarf galaxies’, in contrast with high surface
brightness dwarf galaxies, such as HII galaxies.

LSB galaxies have only recently been discovered to
exist in large numbers (e.g., Schombert & Bothun 1988,
Schombert et al. 1992). Since, these galaxies have received
a lot of attention in the literature. There have only been a
few studies, however, of the rotation curves of these galax-
ies. Van der Hulst et al (1993) presented the rotation curves
for six LSB galaxies, but these were used to study their
star formation properties. De Blok, McGaugh & van der
Hulst (1996) studied the properties of LSB galaxies in detail,
and concluded that the rotation curves of these galaxies rise
more slowly than those of high surface brightness galaxies
of the same luminosity, and often continue to rise out to the
last measured point. Most of the galaxies in their sample are
poorly resolved and are therefore affected by beam smear-
ing. New, high resolution H� rotation curves, presented in
Chapter 8, of five LSB galaxies that have also been studied
by de Blok et al (1996) reveal that beam smearing has in-
deed been underestimated in the HI observations. The H�

rotation curves rise more steeply in the inner parts than the
HI rotation curves derived by de Blok et al (1996), and reach
a flat part after about two disk scale lengths.

De Blok et al (1996) studied LSB galaxies with redshifts
between 3000 km s−1 and 8000 km s−1, which were classi-
fied by Schombert et al (1992) as LSB disks. This selec-
tion criterion was used to prevent the inclusion of nearby
dwarf galaxies in their sample. But LSB galaxies are not
only found at large distances, they can also be found much
more nearby. In fact our sample includes a number of LSB
galaxies. These are listed in Table 1, which gives the UGC
numbers (1), adopted distances (2), absolute R-band mag-
nitudes (3), central disk surface brightnesses (4) and scale
lengths (5). Table 1 also gives the median values of these
properties for the LSB galaxies presented in McGaugh &
Bothun (1994) and de Blok et al (1995). It is clear that the
LSB galaxies in our sample have properties similar to those
studied in the literature, except that they are much closer.

The rotation curves of the LSB galaxies in our sample
are different from those de Blok et al (1996) determined, as
can be seen in Fig. B1 (see also Chapter 4 for detailed in-
formation on their kinematics). Just as for most of the other
galaxies in our sample, we find that the rotation curves of
LSB galaxies rise steeply in the inner parts. Whether or
not the rotation curves of LSB galaxies reach a flat part
is difficult to determine from these observations, because

Table 1: Properties of the LSB galaxies

UGC Da MR �R hR

Mpc mag mag=00−2 kpc
(1) (2) (3) (4) (5)

3371 12.8 -17.7 23.3 3.1
4173 16.8 -17.8 24.3 4.5
7524 3.5 -18.1 22.2 2.6

11707 15.9 -18.6 23.1 4.3
12632 6.9 -17.1 23.5 2.6
12732 13.2 -18.0 22.4 2.2

hLSBia 64 -18.6 22.6 4.3
a median properties of the LSB galaxies presented in McGaugh &

Bothun (1994) and de Blok et al (1995).

most LSB galaxies have rotation curves that extend only to
about three disk scale lengths (see e.g., Fig. 4). There is
only one LSB galaxy in our sample, UGC 12732, for which
we could derive the rotation curve beyond about three disk
scale lengths. For this galaxy, the rotation curve does not
seem to reach a flat part, but instead it keeps rising to the
last measured point. On the other hand, the rotation curves
presented in Chapter 8, that are more extended than two disk
scale lengths all reach a flat part after about two disk scale
lengths.

From the maximum disk fits to the LSB rotation curves
(shown in Fig. B1), it is clear that the contribution of the
stellar disk to the rotation curves can be scaled up to ex-
plain most of the inner parts of the rotation curves. This
is in agreement with the results derived from the H� rota-
tion curves of five LSB galaxies presented in Chapter 8. As
was found for dwarf galaxies with low surface brightnesses
as well, the required values of �R

�
(listed in Table A1) are

high, ranging from about 4 to 15. This may indicate that the
similarity seen between the mass models of late-type dwarf
galaxies and spiral galaxies also extends to LSB galaxies.
On the other hand, as can be seen in Fig. B2, equally well
fitting mass models can be obtained by completely ignoring
the stellar mass, as was found for late-type dwarf galaxies as
well. In fact, any �R

�
between zero and the maximum disk

value wil give a good fit to the rotation curve.

6 Discussion

6.1 Why does the recipe of maximum disk work?

In Section 4.1 it has been shown that the recipe of maximum
disk works for the majority of the late-type dwarf galaxies in
our sample, apparently independently of surface brightness
and luminosity. This result was expected, since the shapes
of the rotation curves do not appear to depend on surface
brightness and luminosity, if they are expressed in units of
disk scale lengths.

The questions is whether this means that late-type dwarf
galaxies do actually have maximum disks. At least, the fact
that the contribution of the stellar disk can be scaled up to
explain the inner parts of the rotation curve tells us that the
shapes of the disk rotation curve and the observed rotation
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curves are similar, i.e., the gravitational potentials of the disk
and total matter in the midplane of the galaxy have similar
shapes. The radial distributions of mass may be different
between these components, depending on the their three-
dimensional shapes.

The simplest way to explain why the recipe of maximum
disk works for most galaxies is that galaxies actually do have
close to maximum disks. As was shown in Figs. 7 and 8,
the required values for �R

�
may be high, in particular for

galaxies with low surface brightnesses, reaching values up
to �R

�
= 12M�=LR;�. This is well outside the range of what

current population synthesis models predict (e.g., Worthey
1994, see also http://www.sau.edu/�worthey). These mod-
els predict values of �R

�
of about one or two for reasonable

broad band colors, but can be twisted to produce values up
to about ten for old populations with a large fraction of low
mass stars. If the required values of �R

�
are to be explained

by a stellar population, stellar mass functions are required
with strong emphasis on low mass stars or a large fraction of
the stellar mass locked up in stellar remnants, which would
require a specific stellar mass function for the first waves of
star formation in these galaxies.

Independent measurements of �� from stellar velocity
dispersions in spiral galaxies suggest that stellar disks have a
submaximum contribution to the rotation curve, with a peak
contribution of the stellar disk to the rotation curve of on
average about 63% (Bottema 1993). With such a contribu-
tion of the stellar disk to the rotation curve, the stellar disk
still influences the inner shape of the rotation curve. If this
63% criterion would also apply to the late-type dwarf galax-
ies in this sample, this would greatly alleviate the �� prob-
lem, as the required values would decrease by factor of 0.4.
The values of �R

�
would still increase towards lower surface

brightnesses, but would not reach values above about five.
An alternative way to explain the success of the maxi-

mum disk recipe is that all galaxies are dominated by their
dark halos, which would imply that �R

�
<� 1 for all late-type

dwarf galaxies in our sample. In this scenario, the stellar
disk traces the dark halo. It implies that the dark mass den-
sity is closely coupled to the luminous mass density in the
inner parts of galaxies. The lack of correlation between ro-
tation curve shape expressed in scale lengths and luminosity
or surface brightness would imply a universal halo profile
that does not change in shape with luminosity and that scales
with halo density.

A consequence of both of the above two possibilities,
maximum and minimum disk, is that low surface brightness
galaxies live in low density halos, as can be seen in Figs. 10
and 14. A same trend is seen between the surface brightness
and the gas density (see Chapter 3), suggesting that these
low surface brightness galaxies are truly low density galax-
ies, as was also found by de Blok & McGaugh (1997).

An alternative to either maximum or minimum disk
mass models is the possibility that galaxies with identical
luminosities have identical halos. As we saw in Section 4.3,
this possibility is consistent with the limits on the halo prop-
erties obtained from maximum and minimum disk fits, pro-
vided that galaxies with high surface brightnesses have close

Figure 20: Rotation curves and mass models for two galax-
ies with approximately the same luminosity, but with different
surface brightnesses: UGC 8490 (MR = −17:3, �R

0 = 20:5) and
UGC 3371 (MR = −17:7 and �R

0 = 23:3). Identical halos for both
galaxies were used. The full line represents the contribution of
the stellar disk to the rotation curve, to dotted line that of the
gas, the dashed line that of the dark halo. The thick solid line
gives the best fitting mass model. In addition, the dot-dashed
line in the right panel is the rotation of UGC 8490, scaled to the
same scale length as that of UGC 3371.

to maximum disks, and low surface brightness galaxies have
much lower contributions of the stellar disks. An example of
two galaxies with similar luminosities but different surface
brightnesses is given in Fig. 20. To illustrate that the rotation
curves of these galaxies have similar shapes when expressed
in units of disk scale lengths, we have overlayed the rotation
curve of UGC 8490 on that of UGC 3371 in Fig. 20. It is
clear that they have similar shapes, except for a small differ-
ence in amplitude, which is probably due to the difference
in luminosity.

To these two galaxies mass models have been fitted with
identical halos, leaving the contribution of the stellar disk
free to obtain a good fit. As expected, the high surface
brightness dwarf has a close to maximum disk, and in the
low surface brightness galaxy the disk only makes a minor
contribution. Fig. 20 thereby illustrates that a well-tuned
conspiracy between the contribution of the dark halo and
the stellar disk is required to explain the fact that the rotation
curve shape is found not to depend on surface brightness.

If indeed low and high surface brightness galaxies have
identical halos at identical luminosities, then the disks of low
surface brightness galaxies extend further into the halo than
those of high surface brightness galaxies, because at a given
absolute magnitude they have larger scale lengths. Low sur-
face brightness galaxies may therefore be ideal galaxies to
find a possible edge of the dark halo. For a more detailed
discussion on the vices and virtues of the same halo model
and the diffuse model, see de Blok, Swaters & McGaugh
(1995), McGaugh & de Blok (1998).

It is clear that from fitting mass models to the rotation
curves it is not possible to determine the stellar mass-to-
light ratios and neither to determine the detailed properties
of dark halos. In order to constrain dark halo mass and dis-
tribution, direct measurements of the stellar mass-to-light
ratios are required. One possibility is to use stellar veloc-
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ity dispersions, from which the mass density in the disk can
be derived, as already done by Bottema (1993). We have
started a program to obtain velocity dispersions for a num-
ber of late-type dwarf galaxies. The preliminary results for
one dwarf galaxy are presented in Chapter 7.

6.2 Comparing late-type dwarf and spiral galaxies

Here we will briefly compare the dark matter properties of
late-type dwarf galaxies to those of spiral galaxies. Most
of the data in the literature for dark matter in spiral galax-
ies have been derived assuming a maximum contribution of
the stellar disk to the rotation curves. In the present com-
parison we will also focus on the maximum disk properties.
A detailed comparison of mass models for late-type dwarf
galaxies and those for spiral galaxies, based on an analysis
of data presented in the literature and of new data for spi-
ral galaxies in the WHISP database will be presented in a
forthcoming paper.

In Fig. 21 a typical dwarf galaxy is compared to a typical
spiral galaxy. From this figure it can be seen that the relative
contribution of the different mass components to the rotation
curves are similar, except for the relative contribution of HI,
which is on average higher in dwarf galaxies. The average
ratio of stellar-to-dark mass within four disk scale lengths is
1:0�0:6 for the dwarf galaxies in our sample (see Fig. 11).
For the spiral galaxies in the sample presented in Broeils
(1992a) the average stellar-to-dark mass ratio within four
disk scale lengths is 0:9�0:4. As was shown in Section 4.1,
the core radius expressed in disk scale lengths is similar for
dwarf and spiral galaxies.

Thus, the maximum disk fits for dwarf galaxies and spi-
ral galaxies, and also those for LSB galaxies (see Section 5
or Chapter 8) are very similar. The only difference is that
in dwarf and LSB galaxies higher stellar mass-to-light ra-
tios are required, as discussed above. Nonetheless, this
similarity between the maximum disk models over such a
wide range of absolute magnitudes and surface brightnesses,
ranging from MR = −22 to MR = −14, and from �

R
0 = 20 to

�
R
0 = 24, hints at the possibility that all disk galaxies have

similar mass structures.

6.3 The Tully-Fisher relation

A detailed discussion of the Tully-Fisher relation for the
late-type dwarf galaxies will be presented in a forthcoming
paper. Here we will briefly discuss the implications of the
mass models presented in Section 4 on the Tully-Fisher re-
lation.

Zwaan et al (1995) have found that LSB galaxies follow
the same Tully-Fisher relation as the HSB galaxies. Note,
however, that there are indications that dwarf galaxies may
deviate from the Tully-Fisher relation (Carignan & Beaulieu
1989, Meurer et al 1996, Verheijen 1997, see also Chap-
ter 4). Courteau & Rix (1996) argued that if galaxies had
maximum disks, the central disk surface brightness should
be a second parameter in the Tully-Fisher relation, provided
that the stellar mass-to-light ratios are approximately con-
stant. As we have seen in Section 4.1 the stellar mass-to-
light ratios for the maximum disk fits vary systematically

Figure 21: Mass models for the late-type dwarf galaxy
UGC 9211 (left panel) and for the spiral galaxy NGC 3198
(right panel, Begeman 1987). Coding as in Fig. 20.

with surface brightness, in such a way that the rotation curve
shape is not affected. The fact that surface brightness is not
a second parameter in the Tully-Fisher relation therefore is
not a sufficient argument to rule out maximum disks.

6.4 Baryonic Dark Matter?

We have already seen that the stellar disk can explain the
inner parts of the observed rotation curve. As was shown
in Section 4.4, the outer parts of the rotation curve can be
explained by scaling of the HI. In Chapter 4 it was demon-
strated that there is a link between the central concentration
of light and the central concentration of mass, in the sense
that galaxies with a stronger central concentration of light
have steeper inner rotation curves. The fact that the lumi-
nous components together can be scaled to explain the ob-
served rotation curves on all scales, a central concentration
of light in the very inner parts, the HI in the outer parts and
the stellar disk in between, suggests that luminous matter
‘knows’ about the dark matter, i.e. the dark matter is traced
by these components.

The fact that the HI can be scaled to explain the outer
parts of the rotation curves of galaxies is suggestive of a
baryonic form of dark matter that is traced by the HI. The
HI does not have the uncertainty in scaling the stellar disk
has. Apart from uncertainties in the distances (which are
discussed in detail in Chapter 1), the mass in HI (and he-
lium) is fixed. In order to explain the observed discrepancy
between the observed rotation curve and the contribution of
the HI to the rotation curve, there has to be 3 to 10 times
more mass associated with the HI disk than is observed.

There have already been several suggestions what this
baryonic dark matter might be. Part of the missing mass
might be in optically thick HI clouds (e.g., Braun 1995).
Pfenniger, Combes & Martinet (1994) have suggested that
dark matter in galaxies is in the form of cold gas, essentially
in molecular form (see also Pfenniger & Combers 1994).
Recently, Valentijn & van der Werf (1999) have detected
cool molecular hydrogen in the optical disk of NGC 891,
which may outweigh the HI by a factor of 5–15, indicating
that substantial amounts of molecular hydrogen may indeed
exist. However, it is not clear whether the molecular hydro-
gen component indeed has the same radial distribution as the
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HI, in particular outside the optical disk.
In order to test the validity of the hypothesis that HI

traces the dark matter, rotation curves should be measured
beyond radii where the rotation curve of the HI alone starts
to decline. If there indeed exists a coupling between the HI
and the dark matter, the observed rotation curve should also
decline. In the galaxies studied by Hoekstra et al (1999)
all the cases with falling HI rotation curves could be at-
tributed to deviations from axisymmetry and missing flux
from the synthesis observations. Alternatively, the HI may
also become ionized by the extragalactic background radi-
ation, leading to an underestimate of the HI column den-
sity. In our sample there is only one galaxy in which the
turnover in the HI rotation curve is reached, UGC 7399, but
this galaxy has a strongly lopsided HI distribution. There-
fore, at present there seem to be no cases that demonstrate
in a compelling way that HI does not trace the dark matter.

7 Conclusions

Based on mass models fitted to the rotation curves of
late-type dwarf galaxies, consisting of the stellar disk, the
gaseous disk and the contribution of an isothermal halo, we
have reached the following conclusions:
(1) Dwarf galaxies are not necessarily dominated by dark
matter within their optical radii. The rotation curve of the
stellar disk can be scaled up to explain most of the inner
parts of the rotation curves of late-type dwarf galaxies. The
required stellar mass-to-light ratios may be high, up to about
15 in the R-band. The maximum disk mass models are sim-
ilar to those for spiral galaxies, with similar fraction of dark
matter within a radius of four disk scale lengths.
(2) Well fitting mass models can be obtained by assuming
that the contribution of the stellar disk to the rotation is max-
imal, but also by completely ignoring the mass in the stel-
lar disk, demonstrating that mass models for late-type dwarf
galaxies suffer from the same indeterminacies as those for
spiral galaxies.
(3) Without an independent measurement of the stellar
mass-to-light ratio, it is not possible to determine the dark
matter fraction and distribution in late-type dwarf galaxies.
(4) Irrespective of the contribution of the stellar to the ro-
tation curve, the similarity in shapes between the rotation
curve of the stellar disk and the observed rotation curve im-
plies that the total mass density is closely coupled to the
luminous mass density in the inner parts of late-type dwarf
galaxies.
(5) Scaling of the HI by factors of 3 to 10 in mass produces
well fitting mass models for all of the late-type dwarf galax-
ies in our sample. Lower scaling factors are found in galax-
ies with lower surface brightnesses.
(6) The LSB galaxies in our sample have similar proper-
ties as the late-type dwarf galaxies in our sample: maxi-
mum disk models produce good fits to the rotation curve, but
high stellar mass-to-light ratios are needed; minimum disk
mass models also produce good fits to the observed rotation
curves.
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Appendix A Tables

A.1 Table A1 – Optical and dark matter properties

Column (1) gives the UGC number.
Column (2) provides adopted the distance in units of Mpc.
Where possible stellar distance indicators have been used,
mostly Cepheids and brightest stars. If these were not avail-
able, a distance based on group membership was used. If
these were not available either, the distance was calculated
from the HI systemic velocity following the prescription
given in Kraan-Korteweg (1986), with an adopted Hubble
constant of H0 = 75 km s−1 Mpc−1. A full list of published
distances for the galaxies in this sample, updated to the be-
ginning of 1998, is given in Table A2 of Chapter 2. The
distance uncertainties are discussed in Section 3 of Chap-
ter 2.
Column (3), (4) and (5) gives the absolute R-band magni-
tude, disk scale length (in kpc) and R-band central disk sur-
face brightness (in mag arcsec−2) as determined in Chap-
ter 2.
Column (6) lists the rotation curve quality q as defined in
Section 3 of Chapter 4.
Column (7) gives the inclination angle in degrees.
Column (8) gives the maximum disk stellar mass-to-light ra-
tio in the R-band, �R

�
, in units of M�=LR;�.

Column (9) lists the maximum disk central halo density, in
units of 10−3 M�=pc−3.
Column (10) gives the maximum disk halo core radius in
kpc.
Column (11) lists the minimum disk central halo density, in
units of 10−3 M�=pc−3.
Column (12) gives the minimum disk halo core radius in
kpc.
Column (13) gives the mass-to-light ratio in the R-band of
the stellar disk �R

�
, in units of �R

�
, for the mass model in

which the contribution of the HI has been scaled up to ex-
plain the outer parts of the observed rotation curve.
Column (14) gives the HI scale factor �, required to scale
the contribution of the HI to the rotation curve to explain
the outer parts of the observed rotation curve.
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Table A1: Optical and dark matter properties

maximum disk minimum disk HI scaling

UGC Da MR h �
R
0 q i �

R
�

�0 rc �0 rc �
R
�

�

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

731 8.0 -16.6 1.65 23.0 0 57 15.1 1.6 1 170 0.79 14.0 3.8
2455 7.8 -18.5 1.06 19.8 2 51 0.4 3.7 1 20 1.99 0.3 3.8
3371 12.8 -17.7 3.09 23.3 1 49 12.5 1.1 1 37 2.09 12.1 4.9
3711 8.6 -17.8 0.96 20.9 2 60 5.7 20 4.2 2:1 103 0.29 5.2 11.0
3851 3.4 -16.9 1.31 22.6 2 59 3.0 10 2.6 43 1.29 2.2 4.3
3966 6.0 -14.9 0.58 22.2 2 41 23.0 – – 1:2 103 0.20 23.9 0.0
4173 16.8 -17.8 4.46 24.3 2 40 2.9 1.2 7.6 7.7 2.64 3.0 3.3
4305 3.4 -16.8 1.04 21.7 2 40 2.7 – – 101 0.40 2.7 0.7
4325 10.1 -18.1 1.63 21.6 1 41 9.1 – – 333 0.75 8.9 0.8
4499 13.0 -17.8 1.49 21.5 1 50 2.3 14 2.8 65 1.29 3.1 5.2
4543 30.3 -19.2 4.00 22.0 2 46 4.2 1.7 0.0 3:1 106 0.00 4.3 0.5
5272 6.1 -15.1 0.60 22.4 2 59 4.2 12 1 58 1.26 4.3 4.6
5414 10.0 -17.6 1.49 21.8 1 55 4.6 – – 44 1.49 3.1 3.9
5721 6.7 -16.6 0.45 20.2 2 61 3.0 163 0.9 817 0.38 3.4 12.6
5918 7.7 -15.4 1.27 24.2 2 46 16.7 0.6 1 64 0.81 14.0 4.2
6446 12.0 -18.4 1.87 21.4 1 52 4.0 5.3 5.2 200 0.76 4.3 5.0
7047 3.5 -15.2 0.48 21.6 2 46 2.7 9.5 1 29 1 2.2 4.0
7232 3.5 -15.3 0.33 20.2 1 59 2.8 36 1 105 1 1.0 10.3
7323 8.1 -18.9 2.20 21.2 1 47 3.0 2.5 1 50 2.03 2.9 4.9
7399 8.4 -17.1 0.79 20.7 1 55 7.7 31 3.0 512 0.64 4.7 21.9
7524 3.5 -18.1 2.58 22.2 1 46 7.2 1.4 12.7 73 1.41 6.9 3.7
7559 3.2 -13.7 0.67 23.8 1 61 13.1 6.1 2.4 96 0.53 10.8 4.3
7577 3.5 -15.6 0.84 22.5 1 63 0.9 – – 7.9 0.77 0.6 1.5
7603 6.8 -16.9 0.90 20.8 1 78 4.1 4.9 1 102 0.94 2.7 9.2
7690 7.9 -17.0 0.54 19.9 2 41 3.9 5.9 4.6 4:7 103 0.11 3.4 4.7
7866 4.8 -15.2 0.57 22.1 2 44 3.6 2.6 1 80 0.51 2.7 4.0
7916 8.4 -14.9 1.81 24.4 2 74 11.9 – – 18 1.03 10.4 1.3
8490 4.9 -17.3 0.66 20.5 1 50 4.4 35 1.9 1:1 103 0.33 3.3 12.2
8837 5.1 -15.7 1.63 23.2 2 80 9.1 6.7 1 22 2.59 8.8 6.3
9211 12.6 -16.2 1.32 22.6 1 44 11.2 5.2 5.1 86 1.01 10.1 6.2

11707 15.9 -18.6 4.30 23.1 1 68 9.3 0.7 1 61 1.66 9.4 2.9
11861 25.1 -20.8 6.06 21.4 1 50 4.5 0.9 36.7 57 3.13 4.6 3.2
12060 15.7 -17.9 1.76 21.6 1 40 8.3 0.5 1 503 0.45 7.9 3.2
12632 6.9 -17.1 2.57 23.5 1 46 15.1 1.0 1 114 0.98 14.1 3.7
12732 13.2 -18.0 2.21 22.4 0 39 7.5 2.0 15.5 74 1.40 8.0 5.4

Appendix B Rotation curve fits

Figs. B1, B2 and B3 present the mass models for the 35
galaxies studied in this paper, for the maximum disk fits,
minimum disk fits and HI scaling, respectively. In the top
right of each panel, the UGC number, the inclination and
the rotation curve quality are given.
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Figure B1: Maximum disk mass models. The filled circles represent the derived rotation curves. The thin full lines represent the
contribution of the stellar disks to the rotation curves, the dotted lines that of the gas and the dashed lines that of the dark halos. The
thick solid lines represent the best fitting mass models. The arrows at the bottom of each panel indicate a radius of two disk scale
lengths. In the top right corner of each panel the UGC number, the inclination and the rotation curve quality are given.
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Figure B2: Same as Fig. B1, but for the minimum disk mass models.
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Figure B3: Same as Fig. B1, but for the HI scaling.
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7The Stellar Velocity
Dispersion of the
Late-type Galaxy
UGC 4325

ABSTRACT

A preliminary analysis is presented of a high-dispersion long-slit absorption line spectrum of
the late-type dwarf galaxy UGC 4325. The spectrum was used to determine the vertical stellar
velocity dispersion in the central regions of the stellar disk.
The observed vertical stellar velocity dispersion is 19� 2 km s−1. From this we estimate the
mass-to-light ratio of the stellar disk to be between 0.5 and 2.0 M�=LR;�, provided the intrinsic
thickness of UGC 4325 is between 0.1 and 0.3 disk scale lengths. This low value of the stellar
mass-to-light ratio appears to be incompatible with the possibility that UGC 4325 has a maximal
disk, and it also seems to rule out the existence of large amounts of dark matter within the stellar
disk. Over the observed radial range, the dark matter has a radial distribution that is similar to
that of the light, and the vertical distribution of dark matter must be more extended than that of
the stellar disk.

1 Introduction

The discovery that the extended HI rotation curves of spi-
ral galaxies are fairly flat beyond the optical radius (Bosma
1978, 1981a,b Begeman 1987) has been one of the key
pieces of evidence for the existence of dark matter in galax-
ies. Although the need for dark matter is clear, the amount
and distribution of dark matter are unknown. Equally well
fitting mass models can be constructed for a variety of dark
matter distributions (van Albada et al 1985), showing that,
based on rotation curves alone, the dark matter properties of
these galaxies are difficult to determine.

For late-type dwarf galaxies this problem is even more
severe. The high quality rotation curves presented in Chap-
ter 4 and the mass modeling based on these presented in
Chapter 6, indicate that the contribution of the stellar mass to
the rotation curve can be scaled to explain most of the inner
parts of the observed rotation curve, the so-called maximum
disk. On the other hand, equally well fitting mass models
can also be obtained by completely ignoring the stellar mass.
Therefore, based on the rotation curves alone, it is not possi-
ble to get useful constraints on the stellar mass-to-light ratio
��, nor on the dark matter properties. This clearly demon-
strates that there is a need for an independent measurement
of ��. Without this, there is no hope to determine the dark
matter properties of late-type dwarf galaxies.

Such an independent estimate of �� can be obtained
from the stellar velocity dispersion (SVD). For a locally
isothermal disk, which has the form

�(R; z) = �(R;0) sech2
�

z
z0

�
; (1)

where � is the mass density, z the height above the plane and
z0 the vertical scale height (note that z0 is twice the exponen-
tial scale height hz), there is a relation between the vertical
SVD and the mass surface density. This relation is given by

�z(R) =
p

�Gz0�(R) =
p

�Gz0��l(R); (2)

where �z is the vertical SVD, � is the mass surface den-
sity and l the luminosity surface density. Because the ver-
tical scale height z0 appears to be independent of radius, at
least for late-type spiral and dwarf galaxies (van der Kruit
& Searle 1981a,b, 1982a, de Grijs & Peletier 1997), Eq. 2
can be used to determine the mass density as a function of
radius, and, in combination with the observed luminosity
density, �� can be determined.

Few observations with the aim of determining the SVDs,
and from these ��, have been carried out for disk galaxies.
In the early 1980s, a few such studies were done (van der
Kruit & Freeman 1984, 1986, Bahcall & Casertano 1984).
Most of the work on this subject has been done by Bottema
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Figure 1: R-band image of UGC 4325. The white line indicates
the position of the slit with respect to the galaxy. The width of
the slit has been exaggerated.

(Bottema, van der Kruit & Freeman 1987, Bottema 1988,
1989a,b, 1990, 1992 and Bottema, van der Kruit & Valentijn
1991). In the dwarf regime, measurements of SVDs are lim-
ited to nearby dwarf spheroidal systems were the velocities
of a large number of individual stars can be measured (Ma-
teo et al 1993, 1998, Armandroff, Olszewski & Pryor 1995).
For late-type dwarf galaxies measurements of the SVD are
lacking altogether. The paucity of these observations in gen-
eral and the lack of them for late-type dwarf galaxies in par-
ticular is the result of the fact that the surface brightnesses of
their disks are low. Hence, long integration times are needed
to obtain a sufficient signal-to-noise ratio. However, as we
will demonstrate in this chapter, such measurements are fea-
sible, even for late-type dwarf galaxies.

In this chapter a study is presented of the random stellar
motions in UGC 4325 (NGC 2552). UGC 4325, which is
displayed in Fig. 1, is an Sm galaxy at an adopted distance
of 10.1 Mpc. It was selected because it is on the bright end
of the late-type dwarf galaxy sample for which we have ob-
tained detailed HI rotation curves, presented in Chapter 4.
In addition, the light profile is dominated by an exponential
disk (see Chapter 2). The absence of a bulge makes the inter-
pretation of the stellar kinematics more simple. UGC 4325
has an absolute B-band magnitude of MB = −17:2 (as de-
rived in Chapter 2), almost 2 magnitudes fainter than the
faintest galaxy studied by Bottema. With an observed cen-
tral surface brightness of �B = 22:3 mag arcsec−2, it was an
ideal candidate to test the feasibility of these observations
for late-type dwarf galaxies.

The outline of this chapter is as follows. In Section 2
we describe the observations and the data reduction. In Sec-
tion 3 we describe how we derived the SVD and the estimate
of ��, and the results are compared to the results for spiral

Figure 2: Normalized cross-correlation peak at the center
(R=0), and at one and two disk scale lengths (one scale length is
3300). The surface brightness, measured dispersion, and SNR at
each position are given in each panel. The dotted line represents
the best-fitting Gaussian to the cross-correlation peak.

galaxies. In Section 4 we discuss the results. The conclu-
sions are presented in Section 5.

2 Observations and reduction

A long slit spectrum of the late-type dwarf galaxy
UGC 4325 was obtained with the double arm ISIS spec-
trograph on the 4.2 m William Herschel Telescope at La
Palma on December 13, 1998. On the blue arm a 2k�4k
EEV CCD was mounted, on the red arm a 1k square TEK
CCD. The wavelength coverage was from 5060�A to 5430�A
for the blue arm, covering Mg and Fe absorption lines, with
a FWHM spectral resolution of 0.43�A for a slit width of
1:400. For the red arm, the wavelength range was 8340�A to
8760�A, which contains Ca II absorption lines, at a FWHM
spectral resolution of 0.82�A.

Because little signal was expected for these observa-
tions, it was important to keep the readout noise to a min-
imum. To this end, the chips were binned at readout time.
The EEV chip was binned by a factor of 2 in the wavelength
range (reducing the oversampling in the wavelength range
from 4.4 to 2.2 pixels per resolution element) and in the
spatial direction the pixels were binned in groups of four,
resulting in an effective pixel size of 0:8000. The TEK CCD
was not binned in the spectral direction, and by a factor of
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Figure 3: Vertical velocity dispersion �z as a function of radius.
The dotted line represents the expected radial decline for a disk
with constant thickness and constant stellar mass-to-light ratio.

four in the spatial direction, yielding an effective pixel size
of 1:3300.

For the observations of UGC 4325 the 3:70 long slit was
oriented along the major axis of the galaxy, with the center
of the galaxy displaced from the center of the slit along the
spatial axis (as indicated in Fig. 1), in order to get a region
with only sky emission on one side of the galaxy. A total
integration was made of five and a half hours, divided into
single exposures of 30 minutes, each followed by an expo-
sure to a Cu-Ne calibration lamp. At the beginning and end
of the night, template stars of spectral types close to K0III
and G2V were observed. A dark exposure, sky flats and
tungsten flats were taken as well.

The preliminary reduction was following standard pro-
cedures in IRAF. Cosmic ray events were removed by me-
dian filtering the eleven exposures. After bias subtraction
and flat fielding, the images were wavelength calibrated,
shifted to a common wavelength center and the emission
of the night sky was subtracted. In order to increase the
signal-to-noise ratio the images obtained after correction for
the rotation of the galaxy, were averaged along the slit over
an 800 interval in the center, and over 1600 intervals at larger
radii.

A high resolution H� rotation curve has been obtained
with the 20000 Hale Telescope at the Palomar Observatory
on March 4, 1997. Details of these observations will be pre-
sented in a later paper. The HI observations have been ob-
tained with the Westerbork Synthesis Radio Telescope, and
are presented in Chapter 3. Optical B and R-band observa-
tions have been carried out at the Isaac Newton Telescope at
La Palma, and are presented in Chapter 2.

3 Results

The stellar kinematics follows from the cross-correlation of
the observed spectrum at each radius in UGC 4325 and a
template star. For the present preliminary analysis, only one
template star was used. In a forthcoming paper, the effect
of the choice of template star (of different spectral types and

metallicities) will be investigated. For the present analysis,
we have used a K0III star of near-solar metallicity.

The position and width of the cross-correlations peaks
give the mean stellar velocity and dispersion. Here only the
widths will be studied. The cross-correlation peaks, as de-
termined at the center, a radius of one scale length and a ra-
dius of two scale lengths are shown in Fig. 2. In this figure,
for each cross-correlation peak the measured dispersion and
the signal-to-noise ratio are given, together with the surface
brightness �V , which has been calculated from the observed
B-band surface brightness and using B −V = 0:4, as given in
the Third Reference Catalogue of Bright Galaxies (de Vau-
couleurs et al 1991). At two disk scale lengths, the measured
dispersion decreases towards the instrumental dispersion of
10.5 km s−1.

The SVD is calculated from the observed dispersion by
correcting for the instrumental dispersion, and next correct-
ing for the inclination. Because UGC 4325, with an inclina-
tion of 41�, is not face-on, the SVD along the major axis
is a combination of the azimuthal velocity dispersion �'
and the vertical velocity dispersion �z. Here, we assume
that �' � �z, as is observed in the solar neighbourhood,
and hence no correction for inclination was applied. The
resulting vertical SVDs are plotted in Fig. 3 as a function
of radius. Note that according to Eq. 2, if �� is constant,
the vertical SVD should decrease as

p
l(R), i.e., with a scale

lengths twice that of the light. This is in agreement with
the observed decrease of the vertical SVD, as indicated by
the dotted line in Fig. 3, although the uncertainties are large.
This indicates that the observed stellar kinematics is consis-
tent with the kinematics of an exponential disk with constant
�� and scale height.

The value of �� cannot be determined from the vertical
SVD and Eq. 2 directly, because the stellar SVD is deter-
mined by all mass components in the galaxy. Therefore, the
vertical SVD has to be corrected for these contributions to
obtain the vertical SVD of the disk only, from which�� can
be derived. In addition, there are other uncertain factors that
may influence the conversion from SVD to ��. These cor-
rections and uncertainties are discussed below.

3.1 Corrections and uncertainties

An important mass component that contributes to the ob-
served vertical SVD is the dark halo. Bahcall (1984) has
given a set of equations that describe the motions of stars in
the combined gravitational potential of the stellar disk and
the dark halo. In addition, he gives an approximate analytic
expression from which the contribution of the dark halo to
the SVD can be determined, provided the halo-to-disk den-
sity ratio is small. Bottema (1993) has derived correction
factors for a much larger range of halo-to-disk density ra-
tios.

In order to calculate the halo-to-disk density ratio for
UGC 4325, the mass-to-light ratio of the disk and the intrin-
sic thickness of the disk need to be known. Of course, the
mass-to-light ratio is the parameter we would like to deter-
mine, but if the intrinsic thickness were known, this can be
done iteratively. Unfortunately, the intrinsic thickness is not
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well known for late-type dwarf galaxies. For late-type disk
galaxies the intrinsic thickness q0 is found to be about 0.1
(Guthrie 1992, de Grijs 1997). The thinnest galaxies have
q0 = 0:05 (e.g. Karachentsev, Karachentseva & Parnovsky
1993). For late-type dwarf galaxies much higher values are
found as well, up to q0 = 0:4 (van den Bergh 1988, Binggeli
& Popescu 1995, Sung et al 1998). Because of this uncer-
tainty in the intrinsic thickness, we can only attempt to mea-
sure the product��q0, not�� itself.

In addition, as the intrinsic thickness is not known, it
is not possible to calculate the halo-to-disk density ratio,
needed to determine the contribution of the halo to the SVD.
For a light disk, the effect of the dark halo is to increase the
SVD, and then the observed vertical SVD is an upper limit to
the vertical SVD of the stellar disk only. If the contribution
of the stellar disk were close to maximal, the vertical SVD
of the stellar disk may be higher than the observed vertical
SVD, and in that case the correction to the observed vertical
SVD is probably about 10% to 20% (Bahcall 1984, Bottema
1993). By ignoring the effect of the halo on the vertical SVD
we therefore obtain an upper limit for��q0, except when the
disk is close to maximal. In that case, the real upper limit to
�� may be 20% to 40% higher.

The effect of the HI disk is to increase the observed ver-
tical SVD. Therefore, ignoring the contribution of the HI to
the vertical SVD will lead to an overestimate of the SVD of
the stellar disk and hence to an upper limit to ��q0.

An additional uncertainty is that the light distribution
may not be well described by a locally isothermal disk.
There is observational evidence that the light distribution is
close to that of an isothermal disk (van der Kruit & Searle
1981a,b 1982a,b), but more recent results based on near-
infrared photometry indicate that the vertical light distribu-
tion may be steeper, closer to sech(z) or even exponential
(de Grijs & van der Kruit 1996, de Grijs, Peletier & van der
Kruit 1997). In both these studies, it is suggested that this
deviation from an isothermal light distribution is caused by
a young, dynamically cold stellar population. Such a young
population emits large amounts of light but has an insignifi-
cant mass density. The stellar mass density may still be well
described by an isothermal disk. Furthermore, such a young
population does not contribute much to the observed absorp-
tion lines and therefore will affect the measured dispersion
only little.

There is observational evidence for the existence of a
thick stellar component in late-type dwarf galaxies (Minniti
& Zijlstra 1996, Minniti, Zijlstra & Alfonso 1997). This
thicker compenent has a low surface brightness and would
have a high SVD, and would therefore be missed in these
observations. Its effect on the vertical SVD would be similar
to that of the dark halo.

In summary, one can only estimate an upper limit to the
product��q0.

3.2 The stellar mass-to-light ratio

Using Eq. 2, an upper limit to �R
� was determined from

the observed R-band surface brightness and the upper limit
on the observed central vertical SVD, assuming a one-

Figure 4: The upper limit to the stellar mass-to-light ratio �R
� as

a function of the intrinsic thickness q0, represented by the solid
line. The curved dotted lines give the 1� errors, as determined
from the errors on the observed SVD. The dashed line for small
q0 indicates the true upper limit may be higher for high�R

� (see
text), the dashed line for high values of q0 represents a fiducial
lower limit to �R

� . The top horizontal line indicates the value
of�R

� for the maximum disk solution, the bottom line gives the
solution with the maximum velocity of the stellar disk scaled
to 63% of the flat part of the rotation curve (following Bottema
1993).

component mass distribution. In Fig. 4 the upper limit on
�

R
� is plotted as a function of the intrinsic thickness q0. This

relation is given by the full line. The dotted lines give the
1� errors, which are dominated by the errors on the observed
velocity dispersion. The dashed line for small q0 represents
the fact that for high �R

� the upper limit to �R
� may be up to

about 40% higher because of the effect of a dark halo on the
vertical SVD. The dashed line for high q0 represents a fidu-
cial lower limits on �R

� , based on the notion that for most
values of �R

� the influence of the dark halo on �R
� is less

than 50% (Bottema 1993).
The maximum disk solution, which produces a good fit

to the rotation curve, as can be seen in Chapter 6, requires
�

R
� = 9:1 M�=LR;�. As can be seen in Fig. 4, this value can

only be reached if the disk of UGC 4325 is extremely thin
with q0 � 0:02, thinner than the thinnest known galaxy. The
possibility that UGC 4325 has a maximal disk, is therefore
implausible.

Based on stellar velocity dispersion measurements of
spiral galaxies, Bottema (1993) found that the contribution
of the stellar disk to the rotation curve is on average about
63% of the flat part of the rotation curve. If we assume this
would also be the case for UGC 4325,�R

� = 3:6 M�=LR;� is
required, consistent with the upper limit to�R

� for an intrin-
sic thickness of q0 � 0:05.

For a plausible range of intrinsic thicknesses between
0.1 and 0.3, we find values of �R

� between 0.5 and 2.0
M�=LR;�. Allowing for a larger range of intrinsic thick-
ness, and taking into account the fiducial lower limit to �R

� ,
we find a range of �R

� with values between 0.2 and 3.5
M�=LR;�.
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Figure 5: Observed central vertical stellar velocity dispersion
�z versus absolute B-band magnitude MB. All galaxies brighter
than MB = −18 are from Bottema (1993), the point at MB � −17
represents UGC 4325, discussed in this chapter. Filled cir-
cles represent nearly face-on galaxies, open circles are inclined
galaxies. The dotted line represents a least squares fit to all
points, printed in the lower left corner.

3.3 Comparison with spiral galaxies

Bottema (1993) has compiled a list of all his previous SVD
measurements. He combined observations from face-on and
inclined galaxies. For the inclined galaxies he assumed that
the vertical SVD in the center is equal to the radial SVD at
one disk scale length (justified by the observations that for
an exponential disk �R=1h = 0:6�R=0, and that in the solar
neighbourhood �z = 0:6�R). His data are plotted in Fig. 5,
together with the point for UGC 4325 determined in this
chapter. Fig. 5 shows the correlation between the vertical
SVD and the absolute magnitude. From this Bottema’s data
it is clear that galaxies with lower luminosities have lower
dispersions. The point for UGC 4325 is in good agreement
with the trend outlined by spiral galaxies.

4 Discussion

In the previous section limits on the stellar mass-to-light ra-
tio �R

� have been derived from the observed vertical SVD.
With these, limits on the range of possible mass models can
be obtained. In Fig. 6 the rotation curve of UGC 4325 is
shown, together with the contribution of the HI to the ro-
tation curve. The probable range of possible contributions
of the stellar disk is indicated by the shaded area. The light
shaded area gives the extreme range in �R

� , with values be-
tween 0.2 and 3.5 M�=LR;�, the dark shaded area gives the
probable range, with �R

� between 0.5 and 2.0 M�=LR;�.
From this figure it appears that the HI and the stellar disk
together cannot explain the observed rotation curve, even
for the highest allowed value of �R

� that is consistent with
the observed vertical SVD. This indicates the presence of
a substantial amount of dark matter even within the optical
radius of UGC 4325.

It is unlikely that a significant fraction of the required
dark matter resides within the stellar disk of UGC 4325. The

Figure 6: Rotation curve for UGC 4325. The filled points give
the HI rotation velocities, the open points the H� rotation ve-
locities. The light shaded area indicates the extreme range �R

� ,
with values between 0.2 and 3.5 M�=LR;�, the dark shaded
area gives the probable range, with �R

� between 0.5 and 2.0
M�=LR;�. The dotted line represents the rotation curve of the
gas. The hatched area gives the constraints on the rotation curve
shape of the remaining mass, obtained by subtracting the contri-
butions of the HI and the stellar disk (using the probable range
in �R

� ) from the observed rotation curve.

range in �R
� derived from the observed verical SVD is con-

sistent with values found from population synthesis models
(e.g., Worthey 1994). If a substantial amount of dark mat-
ter were present in the stellar disk, the derived value of �R

�

would have to be much higher. Because it cannot reside in
the stellar disk, the dark matter has to have a vertical distri-
bution that is more extended than that of the stellar disk.

Given the observational fact that the contribution of the
stellar disk to the rotation curve can be scaled to explain
most of the observed rotation curve, it is clear that the stel-
lar disk and the dark matter must have a similar radial dis-
tribution over the observed radial range. By substracting the
contributions of the known components from the observed
rotation curve, we can obtain limits on the contribution of
dark matter to the rotation curve. Even though the value of
�

R
� is uncertain in UGC 4325, the contribution of the dark

matter to the rotation curve can be determined with reason-
able accuracy because this galaxy appears to be dominated
by dark matter. The resulting dark matter contribution is
indicated in Fig. 6 by the hatched area, where the width is
determined by the range in�R

� from 0.5 to 2.0.

It is clear that more galaxies need to be observed to place
these findings on firmer footing. To this end, a program has
been started to obtain stellar velocity dispersions for a larger
sample of galaxies, over a range of surface brightnesses and
luminosities. In principle, these observations can be used
to accurately determine ��, and ultimately, the amount and
radial distribution of dark matter.
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5 Conclusions

The observed central vertical stellar velocity dispersion in
UGC 4325 is 19� 2 km s−1. From this, we estimated the
stellar mass-to-light ratio in the R-band to be between 0.5
and 2.0 M�=LR;�, provided that the intrinsic thickness of
this galaxy is between 0.1 and 0.3 disk scale lengths. We
find that the stellar disk in UGC 4325 not maximal, even
though the contribution of the stellar disk to the rotation
curve may be scaled to explain most of the inner parts of the
rotation curve. We also find that the presence of substantial
amounts of dark matter within the stellar disk is unlikely.
UGC 4325 appears to be dominated by dark matter at all
radii. The dark matter has a radial distribution that is similar
to that of the light within the observed radial range, and the
vertical distribution of dark matter must be more extended
than that of the stellar disk.

Acknowledgements: We thank Roelof Bottema for many
stimulating discussions and comments.
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8High resolution
Rotation curves
of Low Surface
Brightness Galaxies

ABSTRACT

High resolution H� rotation curves are presented for five low surface brightness galaxies. These
H� rotation curves do not confirm the rotation curves previously derived from HI observations
(de Blok, McGaugh & van der Hulst 1996, MNRAS 283, 18), because the latter are affected by
beam smearing, caused by the low resolution of the HI observations. We find that the rotation
curves of low surface brightness galaxies have the same shapes as those of high surface bright-
ness galaxies if scaled with optical disk scale lengths. Their rotation curves rise steeply in the
inner parts and reach a flat part beyond about two disk scale lengths. Mass modeling shows that
the contribution of the stellar component to the rotation curves may be scaled to explain most of
the inner parts of the rotation curves, and that the dark halo only starts to dominate the gravitation
potential outside the optical disk. On the other hand, well fitting mass models can also be ob-
tained with lower contributions of the stellar disk. These observations suggest that the luminous
mass density and the total mass density are coupled in the inner parts of these galaxies.

1 Introduction

The rotation curves of high surface brightness (HSB) spiral
galaxies rise fairly steeply to reach an extended, approxi-
mately flat part, well within the optical disk (Bosma 1978,
1981a,b, Rubin, Ford & Thonnard 1978, 1980). The discov-
ery that the rotation curves of these galaxies are more or less
flat out to one or two Holmberg radii has been one of the key
pieces of evidence for the existence of dark matter outside
the optical disk (e.g., van Albada et al. 1985). Within the
optical disk, the observed rotation curves can in most cases
be explained by the stellar components alone (Kalnajs 1983,
Kent 1986).

Low surface brightness (LSB) galaxies, which have only
in recent years been discovered to exist in large numbers
(e.g., Schombert & Bothun 1988, Schombert et al. 1992),
are reported to have rotation curves shapes different from
those of HSB galaxies. De Blok, McGaugh & van der Hulst
(1996, hereafter BMH) were the first to study the properties
of the rotation curves of these galaxies, and they concluded
that rotation curves of LSB galaxies rise more slowly than
those of HSB galaxies of the same luminosity and that they
are often still rising at the outermost measured point. In
a subsequent paper, de Blok & McGaugh (1997, hereafter
BM) found that LSB galaxies were dominated by dark mat-

ter and that the contribution of the stellar disk to the rotation
curve, even if scaled to its maximum possible value, could
not explain the observed rotation curve in the inner parts.
Unfortunately, most of their galaxies are only poorly re-
solved, often with only about two resolution elements along
the major axis, making their observations sensitive to beam
smearing.

The HI rotation curves of LSB galaxies have received
a great deal of attention, because they provide additional
constraints on theories of galaxy evolution and formation.
An area of particular interest has been to compare the rota-
tion curves of LSB galaxies with the density profiles of dark
matter found from N-body simulations of cold dark matter
(CDM) universes. McGaugh & de Blok (1998) argued that
the rotation curves of LSB galaxies are difficult to reconcile
with the shapes predicted from CDM simulations. On the
other hand, Kravtsov et al. (1998) found the average halo
profile of the LSB galaxies to be consistent with their simu-
lations. Hernandez & Gilmore (1998) used the LSB galaxy
rotation curves to constrain the initial conditions of galaxy
formation, using several observational constraints, among
which the rotation curves of LSB galaxies. They found a
halo profile that is substantially different from that found in
standard CDM models.

To investigate the rotation curve shapes in the inner parts
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Table 1: Properties of the galaxies

Name D �
B
0 h i P.A. MB HI mass

(1) (2) (3) (4) (5) (6) (7) (8)

F563-V2 61 22.1 2.1 29 148 −18:2 2.3
F568-1 85 23.8 5.3 26 13 −18:1 4.0
F568-3 77 23.1 4.0 40 169 −18:3 2.8
F568-V1 80 23.3 3.2 40 136 −17:9 2.5
F574-1 96 23.3 4.3 65 90a −18:4 3.5

a A P.A. of 90� was used, derived from the optical image in BMH.

of LSB galaxies, we have obtained high resolution H� rota-
tion curves for five LSB galaxies that have been previously
studied in HI by BMH. The observations presented in this
chapter do not confirm the HI rotation curves derived by
BMH. Instead, we find rotation curves that rise more steeply
than those derived from the HI observations.

The plan of this chapter is as follows. In Section 2 we de-
scribe the sample, observations and data reduction. In Sec-
tion 3 we present the high resolution H� rotation curves and
compare these to the HI curves presented in BMH. galaxies.
In Section 4 we present mass models, and in Section 5 the
results presented here are compared to those of HSB galax-
ies.

2 Sample, observations and data reduction

The galaxies presented here were selected from the sample
of LSB galaxies of BMH. Only galaxies were chosen that
satisfied the criteria given in BM to define their best rota-
tion curves. An overview of the properties of the galaxies
is given in Table 1, which lists the name of the galaxy (1),
the adopted distance in Mpc (2), the central surface bright-
ness in mag arcsec−2 (3), the disk scale length in kpc (4),
the inclination angle (5), the position angle (6), the absolute
magnitude (7) and the HI mass in units of 109 M�(8).

The observations were carried out at the Palomar Obser-
vatory with the 20000 Hale telescope, on November 20 1998.
The FWHM velocity resolution was 54 km s−1, the pixel size
in the spatial direction was 0:500. All galaxies were observed
in a single 1800s exposure. The slit was oriented along the
major axis, at the position angle derived by BMH (see Ta-
ble 1). Despite their low surface brightnesses, all galaxies
showed up clearly on the TV screen. The slit could therefore
accurately be aligned with the center of the galaxy by eye.
The data were reduced using standard procedures in IRAF.
The resulting H� position-velocity diagrams are presented
in Fig. 1.

3 The high resolution rotation curves

To derive the rotation curves, we started by making Gaus-
sian fits to the line profiles at each position along the major
axis to obtain the radial velocities. These fits and their errors
are overlayed on the H� position-velocity diagram in Fig. 1.
The position of the galaxy centers were determined from the
peak of the continuum light along the slit. All galaxies were
sufficiently bright to allow us to determine the position of
the center along the slit with an accuracy of less than 100.

Figure 1: H� position-velocity diagrams for the five LSB galax-
ies, binned to 100. Contour levels are at -2, 2, 4, 8, 16, 24, 32
times the r.m.s. noise. The dots with errorbars give the derived
radial velocities with the formal errors from Gauss fits to the
velocity profiles. The solid lines represent the rotation curves,
derived as described in section 3.1. The vertical dotted line
indicates the galaxy center, the horizontal dotted lines the he-
liocentric systemic velocities.

The systemic velocities, determined from the velocity at the
position of the center, agree well with the HI systemic ve-
locities.

To obtain a larger radial extent of the rotation curves,
the H� data were combined with the HI data presented in
BMH in the following way. The derived H� velocities were
plotted on the HI position-velocity diagrams, derived from
the data presented in BMH (see Fig. 2). The H� velocities
were found to agree well with the HI data if beam smearing
effects are taken into account. As discussed in Chapter 4, the
distribution of HI is an important parameter in determining
the magnitude of beam smearing. Unfortunately, BM have
not taken this into account and therefore underestimated the
effect of beam smearing.

Because the HI and the H� data agree well, we have
used the HI data to determine rotation velocities outside
radii where we found H� emission. Note that the HI extends
only little beyond the H�. Next, the rotation curves derived
for the approaching and the receding sides were combined.
The H� points were sampled every 200, the HI points every
7:500. The errors on the rotation velocities were estimated
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Figure 2: The H� radial velocities (dots with error bars) and the
high resolution rotation curves (thick solid lines) overlayed on
the HI data from de Blok, McGaugh & van der Hulst (1996).
The HI contour levels are -3, -1.5, 1.5, 3, 4.5, ... times the r.m.s.
noise. Negative contours are dotted. For increased signal-to-
noise ratios, the HI position velocity diagrams have been ob-
tained from Hanning smoothed data.

from the differences between the two sides and the uncer-
tainties in the derived velocities. We will refer to these rota-
tion curves as the high resolution rotation curves (HRC).

The derived HRCs are shown in Fig. 3 together with the
HI rotation curves presented in BH. Note that due to the
neglect of beam smearing the HI rotation curves systemat-
ically underestimate the inner slopes of the rotation curves,
especially for F568-V1 and F574-1. Both these galaxies
have a central depression in the HI distribution, as can be
seen in the HI maps presented in BMH. The spatial smear-
ing of HI from larger radii into the observed central depres-
sion leads to an apparent solid body-like rotation curve, in
particular for the highly inclined galaxy F574-1.

4 Mass modeling

For the mass modeling presented here we have used the
same parameters for the thickness of the gaseous and stel-
lar disks as BM have done. The stellar disk was assumed to
have a vertical sech-squared distribution, with a scale height
z0 = h=6. R-band light profiles, presented in de Blok, van der
Hulst & Bothun (1995) and BMH, were used to calculate the
contribution of the stellar disk to the rotation curve. The HI
was assumed to reside in an infinitely thin disk. The only

Figure 3: The high resolution H� rotation curves (filled circles,
solid lines) and the HI rotation curves from BMH (open circles,
dotted lines). The horizontal bar shows the FWHM beam size
of the HI observations.

difference with the mass models presented in BM is that we
have decomposed the light profile of F568-1 in a disk and
a central component, and fitted these components to the ro-
tation curve separately. In the other galaxies no significant
central components are present.

For the dark matter component we have used an isother-
mal halo, which has a rotation curve that is well approxi-
mated by

v
2
halo(r) = 4�G�0r2

c

�
1 −

rc

r
arctan

�
r
rc

��
;

where rc is the halo core radius and �0 is the central density.
One of the major uncertainties in fitting a mass models to

rotation curves, in absence of an independent measurement
of the stellar mass-to-light ratio ��, is the uncertainty in the
contribution of the stellar disk to the rotation curve. How-
ever, limits on��, and hence on the dark matter content, can
be obtained by assuming that the contribution of the stellar
disk to the rotation curve is either maximal or minimal.

In the maximum disk mass models, the contribution of
the stellar disk to the rotation curve is scaled to explain most
of the inner parts of the rotation curve. The resulting rotation
curve fits are shown in Fig. 4. What immediately strikes the
eye is that, in contrast with the findings of BM, the inner
parts of the rotation curves can be explained almost entirely
by the contribution of the stellar disk in all of these LSB
galaxies, except for F568-3. This galaxy has a strong bar,
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Figure 4: Mass models fitted to the high resolution rotation curves. The top panels give maximum disk fits, the bottom panels give
fits with a stellar mass-to-light ratio of zero. The dotted line represents the contribution of the stellar disk to the rotation curve, the
dashed line the contribution of the gas, the long-dashed line represents the dark halo, and the full line represented the total model
rotation curve. For F568-1, the dot-dashed line represents the contribution of the central component to the rotation curve.

Table 2: Mass model parameters

max. disk no disk

Name �� rc �0 rc �0

(1) (2) (3) (4) (5) (6)

F563-V2a 5.4 – 0.67 0.94 283
F568-1b 17.2 – – 1.5 181
F568-3 1.5 3.0 27 2.5 48
F568-V1 9.3 6.7 5.0 1.2 188
F574-1 3.7 3.4 2.5 1.5 92

a For this galaxy no R-band data are available, mass modeling has
been done with B-band data. b F568-1 has a central light compo-
nent with �� = 14:4, for the maximum disk fit.

which may affect the derived rotation curve.
The required stellar mass-to-light ratios for the maxi-

mum disk fits (listed in Table 2), may be high, up to 17 in
the R-band. Most of these mass-to-light ratios are well out-
side the range of what current population synthesis models
predict (e.g., Worthey 1994). On the other hand, the stellar
content and the processes of star formation in LSB galaxies
may be different from those in HSB galaxies.

For these maximum disk fits the dark halo parameters
(see Table 2) are ill defined for most galaxies in our sam-
ple, because most of the HRCs do not extend to large radii.
Nonetheless, it is clear that in these maximum disk fits the
contribution of the dark halo will only become important
outside the optical disk.

The other extreme for the contribution of stellar disk to
the rotation curve is to assume that its contribution is neg-
ligible. From Fig. 4 it is clear that these mass models fit
the rotation curves equally well as the maximum disk mod-
els. In fact, any mass-to-light ratio lower than the maximum
disk mass-to-light ratio provides a good fit. The dark halo

parameters for the minimum disk fit are listed in Table 2.
High central densities of dark matter and small core radii
are required to explain the observed steep rise in the HRCs.

Irrespective of the contribution of the stellar disk to the
rotation curve, the similarity between the shapes of the ob-
served rotation curves and those of the stellar disks suggests
that the total mass density and the luminous mass density
are coupled over the region of the optical disk.

5 Comparison to HSB galaxies

The HRCs we derived for the LSB galaxies rise steeply in
the inner parts, and reach a flat part beyond about two disk
scale lengths, similar to what is found for the rotation curves
of HSB galaxies. In Fig. 5, we compare the rotation curves
for LSB galaxies (dotted lines) with those of three typical
late-type HSB galaxies from Begeman (1987), represented
by the full lines. These are: NGC 2403, NGC 3198 and
NGC 6503. All the galaxies in Fig. 5 have no or only weak
bulges. In the top panel of Fig. 5 the radii are given in kpc.
In these units, the rotation curves of LSB galaxies rise more
slowly than those of HSB galaxies, indicating that these
galaxies not only have lower surface brightnesses, but also
lower total mass densities, as was also found by de Blok &
McGaugh (1996).

In the bottom panel of Fig. 5 the rotation curves are
scaled by optical disk scale length and normalized to the
velocity at two disk scale lengths for ease of comparison
(this probably does not introduce systematic effects because
the maximum difference in absolute magnitude between the
galaxies in Fig. 5 is only 1.5 mag). Compared in this way,
the rotation curves of LSB and HSB galaxies have similar
shapes, consistent with the concept of a ‘universal rotation
curve’ (Persic, Salucci & Stel 1996, see also Rubin et al
1985). The HSB galaxies shown here have surface bright-
nesses that are on average 2 mag arcsec−2 brighter than those
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Figure 5: Rotation curves of the five LSB galaxies (dotted lines)
compared to the rotation curves of three typical late-type HSB
spiral galaxies from Begeman (1987): NGC 2403 (MB = −19:3),
NGC 3198 (MB = −19:4) and NGC 6503 (MB = −18:7).

of the LSB galaxies. This strongly suggests that the rotation
curve shape is independent of surface brightness.
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9Summary and
Conclusions

ABSTRACT

In this thesis, optical surface photometry and HI synthesis imaging of a sample of late-type dwarf
galaxies have been presented. In addition to a general study of the optical and HI properties, these
data have specifically been used for a systematic study of the rotation curve and dark matter
properties of late-type dwarfs. Here, the main results are summarized.

1 Surface photometry

For a sample of 171 late-type dwarf galaxies optical R-band
surface photometry has been presented. These observations
were used to obtain magnitudes, surface brightnesses and
disk scale lengths, and especially radial surface brightness
profiles from which the contribution of the stellar disk to the
rotation curve was derived. Despite the sometimes irregular
optical appearance of late-type dwarf galaxies, most of them
have surface brightness profiles that are well represented by
an exponential decline.

2 HI synthesis imaging

HI observations have been obtained for a sample of 73 late-
type dwarf galaxies, as part of the Westerbork HI Survey of
Spiral and Irregular Galaxies (WHISP), a project which is
being carried out at the Kapteyn Institute.

We find that the ratio of the HI extent to the optical
diameter, defined as 6.4 disk scale lengths, is on average
1:8� 0:8, similar to the range observed in spiral galaxies.
Most of the dwarf galaxies in this sample are rich in HI,
with typical MHI=LB of 1.5. The relative HI content MHI=LR

increases towards fainter absolute magnitudes and towards
fainter surface brightnesses. Dwarf galaxies with lower av-
erage HI column densities also have lower average optical
surface brightnesses.

3 Lopsidedness

We find that lopsidedness is as common among late-type
dwarf galaxies as it is among spiral galaxies. We find that
about 50% of the galaxies in our sample have strong or mild
asymmetries in their global profiles. About a third of the

galaxies have lopsided HI distributions. We draw atten-
tion to a number of galaxies that have lopsided kinematics.
These galaxies have rotation curves that rise more steeply on
one side of the galaxy than on the other. This kinematic lop-
sidedness is observed in 50% of the galaxies in our sample.
The commonness of lopsidedness, even in isolated galaxies,
and the fact that its effect pervades the entire velocity field,
suggest that lopsidedness is long-lived and structural to the
galaxy.

4 Rotation curves

For 60 out of the 73 galaxies for which we have HI data,
we were able to derive rotation curves. This has been done
with a method that to a large extent corrects for the effects
of beam smearing.

In contrast with most earlier findings, the rotation curves
of the late-type dwarf galaxies in this study generally have
shapes similar to those of spiral galaxies, although towards
lower luminosities the variation in shape increases. There
are several galaxies that have fairly flat rotation curves with
amplitudes as low as 60 km s−1. Whether or not the rota-
tion curves reach a flat part seems to depend on the radial
extent of HI, not on the amplitude of the rotation curve. The
shape of the rotation curves in the central parts is correlated
with the central concentration of light, implying that the to-
tal mass density scales with the luminous mass density. At
larger radii, the rotation curve shape does not appear to vary
with surface brightness or with luminosity.

5 Dark matter properties

We have presented mass models for a sample of 35 late-type
dwarf galaxies which have rotation curves of sufficient qual-
ity to allow detailed mass modeling. We find that in almost

175



176 Dark Matter in Late-type Dwarf Galaxies

all of these dwarf galaxies the contribution of the stellar disk
to the rotation curves can be scaled up to explain most of the
inner parts of the observed rotation curve. Some of the re-
quired mass-to-light ratios are high, up to 15 in the R-band.
These maximum disk models are similar to those seen in spi-
ral galaxies, with comparable dark matter fractions within a
radius of four disk scale lengths. On the other hand, well fit-
ting mass models can also be obtained by completely ignor-
ing the stellar component. This demonstrates that the mass
models of late-type dwarf galaxies suffer from the same un-
certainties as those of spiral galaxies. Irrespective of the
contribution of the stellar disk to the rotation curve, the sim-
ilarity in shapes between the rotation curve of the stellar disk
and the observed rotation curve implies that the total mass
density is closely coupled to the luminous mass density in
the inner parts of late-type dwarf galaxies.

Well fitting mass models can also be obtained by scal-
ing of the contribution of HI to the rotation curve. HI scal-
ing factors between 3 and 10 are needed to explain the ob-
served rotation curves. This HI scaling factor is weakly cor-
related with surface brightness, in the sense that higher sur-
face brightness galaxies have higher scaling factors.

6 Stellar velocity dispersion measurements

The uncertainty in the contribution of the stellar disk to the
rotation curve is the main source of uncertainty in the mass
modeling. An independent measurement of the mass density
in the stellar disk can be obtained from the vertical stellar ve-
locity dispersion. A preliminary analysis has been presented
of a high-dispersion long-slit absorption line spectrum of the
late-type dwarf galaxy UGC 4325.

The observed vertical stellar velocity dispersion is 19�2
km s−1. From this we estimate the mass-to-light ratio of the
stellar disk to be between 0.5 and 2.0 M�=LR;�, provided
the intrinsic thickness of UGC 4325 is between 0.1 and 0.3
disk scale lengths. This low value of the stellar mass-to-
light ratio appears to be incompatible with the possibility
that UGC 4325 has a maximal disk, and it also seems to rule
out the existence of large amounts of dark matter within the
stellar disk. Over the observed radial range, the dark matter
has a radial distribution that is similar to that of the light,
and the vertical distribution of dark matter must be more
extended than that of the stellar disk.

7 Low surface brightness galaxies

We have obtained optical rotation curves for five low sur-
face brightness galaxies, which had previously been studied
in HI (de Blok, McGaugh & van der Hulst 1996, MNRAS
283, 18). These optical rotation curves do not confirm the
HI rotation curves, because the latter are affected by beam
smearing, caused by the low resolution of the HI observa-
tions. In addition to these five galaxies, our sample contains
HI rotation curves of another six galaxies with low surface
brightnesses and large scale lengths, similar to the galaxies
studied by de Blok et al (1996).

Both sets of data show the same results. The rotation
curves of low surface brightness galaxies have shapes simi-

lar to those of spiral galaxies. The contribution of the stellar
disk in these galaxies may be scaled to explain the inner
parts of the observed rotation curves, but, as was also found
for the late-type dwarf galaxies in our sample, high stellar
mass-to-light ratios would be required, up to 20 in the R-
band. We note, however, that equally well fitting mass mod-
els can be obtained with much lower stellar mass-to-light
ratios, and even by completely ignoring the stellar disk, in-
dicating the same uncertainty as is found in the mass models
of spiral galaxies is seen in low surface brightness galaxies.
As was found for the late-type dwarf galaxies in our sample,
the similarity in shape between the contribution of the stel-
lar disk to the rotation curve and the observed rotation curve
implies a coupling between the luminous mass density and
total mass density in low surface brightness galaxies as well.
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Mysterieuze nevels

Astronomen zijn al een paar eeuwen op de hoogte van het bestaan van nevels tussen de sterren. Kleine, wazige
vlekjes, die in bijna alle gevallen alleen door een telescoop te zien zijn. Tegen het eind van de 18e eeuw waren
deze nevels eigenlijk alleen maar lastig. Astronomen waren toen voornamelijk geïnteresseerd in het vinden van
kometen. De nevels vormden daarbij een probleem, omdat een gemiddelde komeet er óók uitziet als een wazig
vlekje, net zoals de nevels. Gelukkig is er echter een groot verschil tussen het wazig vlekje van een komeet en
dat van een nevel. De komeet beweegt langs de hemel en de nevel blijft op dezelfde plek staan. Om te
voorkomen dat een nevel steeds weer opnieuw als komeet werd aangezien, maakte een van de eerste
kometenjagers, Charles Messier, een lijst van alle nevels die hij met zijn telescoop kon zien. Zijn lijst bevat zo’n
honderd nevels, die ook vandaag de dag nog bekend zijn als de Messier nevels. Door de lijst die Messier
publiceerde, raakte William Herschel ook geïnteresseerd in de nevels. Omdat hij een betere telescoop had, kon
hij veel meer nevels zien. Na twintig jaar lang de hemel afgespeurd te hebben, had hij ongeveer 2500 nevels
gevonden.

Een grote stap voorwaarts in de sterrenkunde werd gemaakt met de introductie van de fotografie. Tot dan
toe werden astronomische waarnemingen met het oog gedaan, en in een tekening weergegeven. Fotografie had
twee belangrijke voordelen. Eén ervan was dat men nu niet meer afhankelijk was van de artistieke kwaliteiten
van de waarnemer. Maar het tweede voordeel was veel belangrijker. Met het blote oog zien we ongeveer tien
beeldjes per seconde. Daardoor kunnen we beweging zien. Maar dat betekent ook dat we dus maar ongeveer
een tiende seconde belichten. Als een object heel weinig licht uitstraalt, kunnen we het dus niet zien, zelfs niet
met een telescoop. Maar met de komst van de fotografie werd het mogelijk om veel langer te belichten, soms
zelfs enkele uren achter elkaar. Een belichting van drie uur duurt al honderd duizend keer langer dan de tiende
seconde van het oog. Dankzij de fotografie werden er nieuwe objecten gevonden die tot dan toe onzichtbaar
waren gebleven. Bekende objecten konden in veel groter detail worden bestudeerd. Zo werd ontdekt dat er
verschillende soorten nevels waren, zoals wolkvormige en ringvormige nevels. Een groot deel van de nevels
zagen eruit als draaikolken. Deze nevels werden spiraalnevels genoemd.

Met deze ontdekkingen was het nog steeds niet duidelijk wat voor objecten deze nevels waren. Aan het
begin van de twintigste eeuw bestonden er twee belangrijke theorieën. De ene theorie ging ervanuit dat de
spiraalnevels een soort draaikolken van gas waren, die zich in ons eigen melkwegstelsel bevinden. Misschien
waren het wel planetenstelsels in vorming, en zo zou het bestuderen van die nevels meer inzicht kunnen geven
in de vorming van de aarde en andere planeten. De andere theorie was verstrekkender, en veronderstelde dat
de spiraalnevels aparte melkwegstelsels waren. Net zoals onze melkweg zouden de spiraalnevels ook uit vele
miljarden afzonderlijke sterren bestaan, maar door hun grote afstand konden de afzonderlijke sterren niet gezien
worden. Aanvankelijk was deze theorie niet populair, omdat het zou betekenen dat het heelal veel en veel groter
zou zijn dan toen werd gedacht.

De spanningen tussen de voorstanders van de verschillende theorieën liepen steeds hoger op, en de twee
partijen kwamen geen stap dichter bij elkaar. Om te proberen uit deze impasse te komen, werd door de
Amerikaanse Nationale Academie van Wetenschappen in 1920 een debat georganiseerd tussen twee
voorstanders van beide theorieën. De deelnemers aan dit ‘grote debat’, zoals het genoemd werd, waren Heber
Curtis, voorstander van de theorie dat de spiraalnevels aparte melkwegstelsels zijn, en Harlow Shapley,
voorstander van de andere theorie. Het debat was geen succes. Op de eerste plaats was het eigenlijk geen
debat, want beide heren staken een monoloog af over hun eigen gelijk. Op de tweede plaats hielden ze ieder
voet bij stuk. Dus moesten de feiten spreken, en niet de koppige wetenschappers.

De doorbraak kwam in 1924, toen op een foto van één van de spiraalnevels, de Andromedanevel,
afzonderlijke sterren konden worden gezien. Helemaal duidelijk werd het toen Edwin Hubble de afstanden tot
een aantal van de nevels kon bepalen met behulp van variabele sterren. Hij vond afstanden die de spiraalnevels
ver buiten onze eigen melkweg plaatsten. De spiraalnevels bleken melkwegstelsels te zijn net zoals het onze.

178



Nederlandse samenvatting – Summary in Dutch 179

Figuur 1. Hubble’s oorspronkelijke classificatie van melkwegstelsels (Hubble,Realm of the Nebulae, 1936).

Het uiterlijk van melkwegstelsels

Nu men wist dat de nevels melkwegstelsels waren, stonden deze objecten ineens in het middelpunt van de
belangstelling. De eerste stap op weg naar het begrip van deze melkwegstelsels was proberen systematiek te
ontdekken in de vele verschijningsvormen van melkwegstelsels, zoals vastgelegd in duizenden foto’s. Edwin
Hubble heeft zich daar intensief mee bezig gehouden. Al in 1917 schreef hij zijn proefschrift over de classificatie
van melkwegstelsels. Zijn werk resulteerde in 1923 in een classificatieschema, dat nog steeds in gebruik is in de
moderne sterrenkunde. Dit schema is afgebeeld in figuur 1, en wordt ter ere van Hubble de Hubble classificatie
genoemd. Hubble maakte onderscheid tussen regelmatige en onregelmatige melkwegstelsels. De
onregelmatige gooide hij op één hoop en deze staan niet vermeld in figuur 1. De regelmatige stelsels verdeelde
hij onder in drie typen: elliptische stelsels, normale spiraalstelsels en balkspiraalstelsels.

De verdeling van melkwegstelsels in verschillende typen is gebaseerd op het uiterlijk van de spiraalstelsels.
In figuur 2 zijn een aantal voorbeelden van melkwegstelsels weergegeven. De spiraalstelsels zijn duidelijk te
herkennen aan hun spiraalarmen, vooropgesteld dat ze van bovenaf gezien worden zoals links in figuur 2. Maar
binnen de spiraalstelsels bestaan er ook verschillen, zoals schematisch is weergegeven in figuur 1. Sommige
stelsels hebben strak opgewonden spiraalarmen, terwijl anderen hele losse spiralen hebben. Een ander verschil

Figuur 2. Hierboven staan van links naar rechts een spiraalstelsel dat van bovenaf gezien wordt, een spiraalstelsel dat
vanaf de zijkant gezien wordt, en een elliptisch stelsel. De sterren in de foto’s zijn voorgrondsterren die in onze eigen
melkweg staan.
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is dat sommige een hele grote kern hebben, en anderen juist een hele kleine. Hubble vond dat deze
eigenschappen hand in hand gaan. Spiraalstelsels met strak gewonden spiraalarmen hebben een grote kern, en
stelsels met losse spiraalarmen hebben een kleine kern. Kijken we verder in figuur 1, dan zien we naast de
normale spiraalstelsels ook nog spiraalstelsels met een balk in het centrum. Afgezien van hun balk zien ze er uit
als normale spiraalstelsels. Verder is in figuur 2 in het middelste paneel te zien hoe een spiraalstelsel op zijn kant
eruit ziet: als een platte schijf. Ook is goed te zien dat het centrale deel van het melkwegstelsel wat dikker is dan
de omliggende schijf. De spiraalstelsels zien er dus min of meer uit als twee spiegeleieren die tegen elkaar zijn
geplakt.

Figuur 3. Een voorbeeld van
een onregelmatig stelsel

Figuur 4. Een kosmische
botsing

De elliptische stelsels zien er heel anders uit. Bij deze stelsels maakt
het eigenlijk niet zo gek veel uit vanaf welke kant je kijkt. Vanaf elke kant
zien ze eruit als een wazige ellips. Dat komt omdat deze stelsels een vorm
hebben die uiteenloopt van sigaarvorming tot bolvorming en alles wat daar-
tussen ligt. Tussen de elliptische stelsels en de spiraalstelsels ligt nog een
soort overgangsklasse van melkwegstelsels die geen spiraalarmen hebben,
en dus eigenlijk geen spiraalstelsels zijn, maar die ook niet elliptisch van
vorm zijn. Dit zijn de zogenaamde S0 stelsels (spreek uit: es-nul).

Dan blijft er nog een type melkstelsel over dat Hubble niet in zijn classi-
ficatie heeft opgenomen. Dat zijn de onregelmatige stelsels. Een voorbeeld
van zo’n onregelmatig stelsel is gegeven in figuur 3. Het is wel duidelijk
waar ze hun naam vandaan halen. In tegenstelling tot de spiraalstelsels
hebben ze geen duidelijk centrum, en de sterren lijken redelijk willekeurig
verdeeld. Ondanks het feit dat deze onregelmatige stelsels er behoorlijk an-
ders uitzien als de spiraalstelsels, hebben ze een belangrijke eigenschap
gemeenschappelijk. De onregelmatige stelsels zien er namelijk ook uit als
een afgeplatte schijf indien ze vanaf de zijkant worden gezien. Het onregel-
matige stelsel in figuur 3 wordt van bovenaf gezien.

Tegenwoordig is er veel meer bekend over de onregelmatige stelsels.
Er zijn eigenlijk twee soorten onregelmatige stelsels. De eerste soort zijn
melkwegstelsels waar iets mee aan de hand is, bijvoorbeeld spiraalstelsels
die in een kosmische botsing met een ander melkwegstelsel uiteengereten
worden en niet meer lijken op de melkwegstelsels uit de Hubble classificatie.
Een voorbeeld van zo’n botsing is afgebeeld in figuur 4.

Het andere type onregelmatig stelsel is van een heel andere aard. Dat
blijken kleine melkwegstelsels te zijn, die maar een tiende van de afmeting
hebben van de grote spiraalstelsels, en maar ongeveer een duizendste van
het licht uitzenden van de grote spiraalstelsels. Deze kleine stelsels worden
ook wel dwergstelsels genoemd. Een voorbeeld van zo’n dwergstelsel is te
zien in figuur 3. Het zijn deze dwergstelsels die het onderwerp zijn van dit
promotieonderzoek.

Hubble dacht dat de onregelmatige stelsels relatief zeldzaam waren.
Hij had gelijk wat betreft de botsende stelsels, die zijn inderdaad zeldzaam.
Maar later onderzoek heeft aangetoond dat er heel veel dwergstelsels
bestaan. Omdat deze dwergstelsels zo klein en lichtzwak zijn, heeft Hub-
ble er veel over het hoofd gezien. Tegenwoordig weten we dat er voor elk
groot stelsels tientallen dwergstelsels zijn.

De bouw en samenstelling van melkwegstelsels

Melkwegstelsels bestaan uit vier hoofdbestanddelen: sterren, gas, stof en donkere materie. De verhouding van
deze bestanddelen verschilt van stelsel tot stelsel. Elliptische stelsels bestaan hoofdzakelijk uit sterren, en
hebben bijna geen gas en stof. Spiraalstelsels bestaan voor het grootste deel uit sterren, maar hebben ook een
behoorlijke hoeveelheid gas en stof. Dat is goed te zien in het middelste plaatje van figuur 2, waar een
spiraalstelsel op zijn kant te zien is. Midden over het stelsel is een donkere band te zien. Die wordt veroorzaakt
door gas- en stofwolken die zich tussen de sterren bevinden en het licht van de achterliggende sterren
tegenhouden. De dwergstelsels, tenslotte, bestaan voor een ongeveer even groot deel uit sterren als uit gas.
Waarschijnlijk bevatten dwergstelsels relatief weinig stof, maar daar is maar weinig over bekend.
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En hoe zit het dan met donkere materie? Daar is weinig over bekend. Van sterren weten we dat ze
hoofdzakelijk uit waterstof bestaan, net zoals het gas tussen de sterren, en van het stof weten we dat het vooral
uit silicaten (vergelijkbaar met verpulverd zand) en koolstofverbindingen (vergelijkbaar met roet) bestaat. Maar
over donkere materie is niet meer bekend dan dat het er moet zijn.

De ontdekking van donkere materie

Het is lang een raadsel geweest hoe zwaar melkwegstelsels eigenlijk zijn. Met kon wel een ruwe schatting
maken, omdat uit de hoeveelheid licht kan worden afgeleid hoeveel sterren er ongeveer in een melkwegstelsel
zijn. Maar hoe zwaar is een gemiddelde ster? En hoeveel gas en stof bevindt zich in een melkwegstelsel?

In de jaren dertig werd het mogelijk snelheden in de spiraalstelsels te meten. Daarmee kon de massa van
de melkwegstelsels bepaald worden, met behulp van de wet van de zwaartekracht. De zwaartekracht is de
kracht die melkwegstelsels bij elkaar houdt. Net zoals hij ons bij de aarde houdt. Als we heel erg ons best doen,
kunnen we misschien een meter omhoog springen. Een topatleet komt wat hoger, die haalt iets meer dan twee
meter, maar voor iedereen geldt dat we onvermijdelijk weer naar beneden komen. Er is echter wel een manier of
een flink stuk hoger te komen, namelijk door gebruik te maken van bijvoorbeeld de space shuttle. Astronauten
komen met behulp van de space shuttle in een baan om de aarde, op zo’n 500 km hoogte. Het vereist wel
precisiewerk om exact in de goede baan te komen. De snelheid die nodig is om in die baan om de aarde te
komen en te blijven is heel precies bepaald. Als de space shuttle net iets te langzaam gaat, dan valt hij weer
terug naar de aarde; gaat hij te snel, dan schiet hij door het heelal in. Kortom, er is maar één goede snelheid.
Die wordt bepaald door de massa van de aarde en de hoogte van de baan van de space shuttle. Maar dit kan
ook omgekeerd worden. Als de snelheid en de hoogte van de space shuttle bekend zijn, dan kan daarmee de
massa van de aarde bepaald worden!

Iets vergelijkbaars is ook mogelijk bij een melkwegstelsel. Net zoals de space shuttle zijn rondjes om de
aarde draait, zo roteert in een melkwegstelsel het gas en de sterren rond het centrum van het melkwegstelsel.
Maar er is een belangrijk verschil tussen de aarde en een melkwegstelsel. De aarde is een bol met een duide-
lijke rand, namelijk de grond waar wij allemaal op rondlopen. In een melkwegstelsel is dat anders. Als een denk-
beeldige astronaut met een raket zou vertrekken vanuit het centrum van een melkwegstelsel, op weg naar de
rand van het melkwegstelsel, dan blijft hij almaar nieuwe sterren en gaswolken tegenkomen. Kortom, naarmate
hij verder naar buiten reist, neemt de massa tussen hem en het centrum steeds verder toe. Als hij dus besluit
ergens zijn rondjes te gaan draaien rond het centrum van de melkweg, moet hij precies weten hoe de massa
verdeeld is om de goede snelheid uit te kunnen rekenen. Ook dit kan weer omgedraaid worden. Als de astronaut
na lang proberen de goede snelheid heeft gevonden om in de goede baan te blijven, dan kan hij uitrekenen
hoeveel massa er tussen hem en het centrum is. Dit kan nog een stap verder worden gevoerd: als de snelheid
voor elke afstand tot het centrum bekend is, kan daaruit zelfs de verdeling van de massa worden uitgerekend.

Figuur 5. De verwachte rotatiekromme als stippellijn is
onzeker omdat de massa van de gemiddelde ster onzeker
is. De gemeten rotatiekromme is de getrokken lijn.

In de sterrenkunde wordt dankbaar gebruik
gemaakt van deze mogelijkheid. Het is namelijk vrij
makkelijk om de snelheden te meten, zoals we in de
volgende paragraaf zullen zien. Een meting van de
snelheid voor elke afstand tot het centrum in een
melkwegstelsel wordt een rotatiekromme genoemd.
Toen de eerste rotatiekrommen werden gemeten,
stonden de sterrenkundigen versteld! Natuurlijk
hadden ze al uitgerekend hoe rotatiekrommen er
ongeveer uit zouden moeten zien. De verdeling van de
sterren en het gas was immers al bekend, dus kon de
vorm van de rotatiekromme worden berekend. Maar
omdat met niet wist wat de gemiddelde massa van
een ster was, kon men alleen een schatting maken
van de precieze rotatiesnelheid. Die schattingen zijn
weergegeven in figuur 5 als de stippellijnen. Hoe
zwaarder de sterren zijn, hoe hoger de verwachte
snelheden. De verschillende schattingen hebben een
duidelijke overeenkomst. Alle verwachte
rotatiekrommen hebben ongeveer dezelfde vorm,
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met een sterke stijging vlakbij het centrum, en een langzame daling bij grote afstanden tot het centrum. Maar de
gemeten rotatiekromme zag er heel anders uit dan de rotatiekromme die verwacht werd. De gemeten
rotatiekrommen lieten helemaal geen daling zien, die bleven gewoon constant! De verwachte rotatiekromme,
uitgerekend op basis van de materie die zichtbaar is, kon de waargenomen rotatiekromme dus niet verklaren. De
conclusie is dus dat er nog meer massa moet zijn, die niet zichtbaar is, maar die er wel voor zorgt dat de
waargenomen rotatiekromme vlak wordt. Deze geheimzinnige, missende massa werd donkere materie
genoemd. Het enige wat tegenwoordig bekend is over donkere materie, is dat het er is. Wat het is, waaruit het
bestaat, waar het is, dat is allemaal onbekend. Misschien zijn het zwarte gaten, misschien zijn het minuscule
deeltjes. Maar wat het ook is, de donkere materie laat zijn aanwezigheid duidelijk merken door de zwaartekracht.

Het meten van rotatiekrommen

Figuur 6. De radiotelescoop bij
Westerbork

Het meten van rotatiekrommen is tegenwoordig vrij eenvoudig. Meestal
wordt daarvoor gebruik gemaakt van radiotelescopen. Een van de krachtig-
ste radiotelescopen ter wereld is de radiotelescoop bij het Drentse plaats-
je Westerbork. Daar staan veertien radiotelescopen van ieder 25 meter
doorsnee op een rij, en samen vormen ze een grote telescoop met een
doorsnee van drie kilometer. In figuur 6 is een foto afgebeeld van deze
radiotelescoop.

In 1945 had de Nederlandse sterrenkundige Henk van de Hulst voor-
speld dat neutraal, atomair waterstofgas, waaruit het gas tussen de sterren
voor het grootste deel bestaat, radiostraling uitzendt. Zes jaar later werd de
radiostraling voor het eerst waargenomen, en sindsdien nemen waarnemin-
gen van het waterstofgas in melkwegstelsels met radiotelescopen een on-
misbare plaats in de sterrenkunde. In figuur 7 is afgebeeld hoe de verdeling
van waterstofgas in een melkwegstelsel eruit ziet. Links is een melkweg-
stelsel afgebeeld zoals wij dat zouden zien door een telescoop. Rechts is
hetzelfde stukje hemel afgebeeld op dezelfde schaal, maar nu zien we de
verdeling van waterstofgas zoals waargenomen met de Westerbork radiote-
lescoop. Hoewel in beide plaatjes hetzelfde melkwegstelsel te zien is, lijken

Figuur 7. Links een melkwegstelsel zoals wij dat met het oog door een telescoop zouden zien, rechts precies hetzelfde
stukje hemel, op dezelfde schaal, maar dan zoals de radiotelescoop bij Westerbork dat ziet.
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ze bijna niet op elkaar. Het melkwegstelsel is veel groter in waterstofgas dan in zichtbaar licht, en in plaats van
een heldere kern, zoals te zien is in het zichtbaar licht, is er een gat in het midden van de waterstofverdeling.
Een ander verschil is dat de afbeelding van de waterstofverdeling veel onscherper is dan het afbeelding in
zichtbaar licht. De waterstofverdeling ziet er uit als een waterverfschilderij waar weer water op is gekomen, zodat
het versmeerd is. Dit is een eigenschap van waarnemingen met een radiotelescoop, en zelfs met een moderne
telescoop als die bij Westerbork is het niet mogelijk een afbeelding te maken die net zo scherp is als een gewone
foto. Naast deze verschillen, is er ook een overeenkomst te zien tussen beide afbeeldingen. De spiraalarmen die
in het zichtbaar licht zo duidelijk zijn, zijn ook zichtbaar in het waterstofgas.

De waarnemingen van het waterstofgas bevatten echter nog meer informatie. Niet alleen de verdeling van
het gas wordt waargenomen, maar ook de snelheid. Met één waarneming kan een sterrenkundige dus
onderzoeken waar het gas zich bevindt in een melkwegstelsels, en hoe het beweegt. Uit deze bewegingen van
het gas kan dan de rotatiekromme van het melkwegstelsel worden bepaald, en als die bekend is, kan worden
berekend hoe zwaar het melkwegstelsel is, hoe de massa verdeeld is en hoeveel donkere materie zich in het
melkwegstelsel bevindt, zoals we zullen zien in de volgende paragraaf.

Er zit echter een addertje onder het gras. Zoals we net gezien hebben, is het beeld van het waterstofgas dat
met een radiotelescoop wordt waargenomen een beetje onscherp. Zoiets gebeurt ook met de snelheden die
worden waargenomen, die worden ook wat onscherp. Dit effect wordt bundelversmering genoemd. Het is
belangrijk dat bij het bepalen van de rotatiekromme rekening wordt gehouden met deze bundelversmering.
Wordt dat niet gedaan, dan wordt waarschijnlijk een verkeerde rotatiekromme gevonden.

Massamodellering

Met de rotatiekromme in de hand is het nu mogelijk te bepalen hoe de massa in het melkwegstelsel verdeeld is.
Een sterrenkundige doet dat door een massamodel te maken. Een massamodel is niets anders dan een
optelsom van de verdeling van massa in sterren, gas, stof, en donkere materie. Het principe achter de
massamodellering is dat deze optelsom precies de waargenomen rotatiekromme moeten verklaren. Als dat het
geval is, dan zal het massamodel wel overeenkomen met de werkelijke massaverdeling. Helaas is het in de
praktijk wat minder eenvoudig. In figuur 5 hebben we al gezien dat de bijdrage van de sterren aan de
rotatiekromme erg onzeker is, omdat de gemiddelde massa van de sterren niet bekend is. Dit maakt de
massamodellen ook onzeker. Gelukkig is de massa van het gas is heel goed bekend. De bijdrage van het stof is
heel klein, en die wordt dus voor het gemak verwaarloosd. Wat overblijft moet dus donkere materie zijn.

Ter illustratie van de onzekerheid in de massamodellen zijn in figuur 8 twee massamodellen van hetzelfde
stelsel afgebeeld. In het linker massamodel is de rotatiekromme van de sterren relatief hoog, wat wil zeggen dat
er veel massa in sterren is. Samen met het gas en de donkere materie kan de waargenomen rotatiekromme
uitstekend verklaard worden. Rechts in figuur 8 is de massa en dus de rotatiesnelheid van de sterren veel lager.

Figuur 8. Twee verschillende massamodellen die allebei heel goed de waargenomen rotatiekromme verklaren. Links is
er relatief veel massa in sterren en weinig in donkere materie, rechts is de situatie omgekeerd.
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Maar toch kan de waargenomen rotatiekromme nog uitstekend verklaard worden, als er maar meer donkere
materie is. Figuur 8 laat daarmee heel goed zien wat het probleem met donkere materie is. Het is duidelijk dat
het er moet zijn, want met het gas en de sterren alleen kan de waargenomen rotatiekromme niet verklaard
worden. Maar omdat niet bekend is wat de gemiddelde ster weegt, kan de precieze hoeveelheid van donkere
materie, laat staan de verdeling, niet nauwkeurig bepaald worden.

Donkere materie in dwergmelkwegstelsels

Figuur 9. De rotatiekromme van een dwergmelkweg-
stelsels zoals gevonden in de jaren tachtig en negentig.

Toen in het midden van de jaren tachtig voor het eerst
de donkere materie in een dwergmelkwegstelsel werd
bestudeerd, vond men een opvallend resultaat. De ro-
tatiekromme van dwergmelkwegstelsels zag er heel
anders uit dan die van de spiraalstelsels. Zoals we in
figuren 5 en 8 hebben gezien, stijgen de rotatiekrom-
men van spiraalstelsels snel, en worden daarna vlak.
Maar de rotatiekrommen die men voor dwergmelkweg-
stelsels vond, zagen er heel anders uit. Een voor-
beeld is gegeven in figuur 9. Daarin is te zien dat
de rotatiekromme langzaam stijgt, en voortdurend
blijft stijgen. De massamodellen die op basis van
deze rotatiekrommen werden gevonden, waren ook
heel anders. Bij spiraalstelsels vond men dat de ro-
tatiekromme van de sterren de gemeten rotatiekromme
bij kleine afstanden tot het centrum goed kon ver-
klaren, zoals heel mooi te zien is in figuur 5. Maar
bij dwergen is dat helemaal niet het geval. Daar kan
de rotatiekromme van de sterren de vorm bij kleine
afstanden tot het centrum helemaal niet verklaren. De
enige manier om de gemeten rotatiekromme te verklaren, is met een massamodel waarin donkere materie overal
overheerst. Dit is goed te zien in figuur 9.

De conclusie die toen in de jaren tachtig werd getrokken en die ook tegenwoordig nog algemeen
geaccepteerd is, was dat dwergstelsels dus helemaal overheerst worden door donkere materie. De massa die
zichtbaar is, is maar ongeveer een tiende van de totale massa. Net alsof je eens in de spiegel kijkt, en inschat
dat je zo’n 70 kilo weegt. Vervolgens stap je op de weegschaal, en die geeft dan aan dat je 700 kilo weegt!

Mijn promotieonderzoek

Ten tijde van het begin van mijn onderzoek was er nog maar relatief weinig onderzoek gedaan op het gebied van
donkere materie in dwergstelsels. Zoals hierboven beschreven waren er al een paar dwergstelsels bestudeerd,
maar dat waren er maar een handjevol. Bovendien waren die onderzoeken gedaan door verschillende
onderzoekers, met verschillende telescopen, en de waarnemingen werden op verschillende manieren bewerkt.
Kortom, er was nog geen systematisch onderzoek gedaan naar donkere materie in dwergstelsels.

Het doel van mijn promotieonderzoek was deze tekortkoming oplossen en de rotatiekrommen en de donkere
materie eigenschappen van de dwergstelsels systematisch bestuderen. Tijdens mijn promotieonderzoek heb ik
75 dwergstelsels bestudeerd die zijn waargenomen met de radiotelescoop bij Westerbork, en met optische
telescopen op La Palma, een van de Canarische Eilanden. Al deze waarnemingen zijn dus met dezelfde
telescopen waargenomen, en op dezelfde manier verwerkt. Dat maakt deze verzameling dwergstelsels ideaal
voor een systematisch onderzoek naar de rotatiekrommen en donkere materie eigenschappen van
dwergstelsels.

Een van de eerste ontdekkingen in mijn onderzoek was dat de effecten van bundelversmering, het feit dat de
waarnemingen met de Westerbork radiotelescoop wat wazig zijn, onderschat waren in veel vorige studies. Dit
heeft verstrekkende gevolgen. Eerst heb ik een methode bedacht om rotatiekrommen te bepalen die wel
rekening houdt met de effecten van bundelversmering. Met deze methode vind ik andere rotatiekrommen en
donkere materie eigenschappen dan men voorheen vond in dwergstelsels.



Nederlandse samenvatting – Summary in Dutch 185

Figuur 10. Een typische rotatiekromme met
massamodel zoals gevonden voor de dwergstelsels in
mijn promotieonderzoek.

Figuur 11. Dezelfde rotatiekromme als in figuur 10,
maar nu met een lagere bijdrage van de sterren aan de
rotatiekromme.

In figuur 10 is een voorbeeld gegeven van de
rotatiekrommen die ik vind voor dwergstelsels. De
rotatiekromme stijgt snel vlakbij het centrum, en blijft
daarna vlak. Met andere woorden, ik vind dus dat de
rotatiekrommen van dwergstelsels en spiraalstelsels
dezelfde vorm hebben. Ondanks dezelfde vorm zijn
de rotatiekrommen trouwens wel verschillend, omdat
dwergstelsels kleiner zijn en lagere rotatiesnelheden
hebben. De rotatiekrommen van dwergstelsels zijn
verkleinde versies van die van spiraalstelsels.

Door deze nieuwe vorm van de rotatiekrommen
worden de massamodellen ook anders. Het algemeen
geaccepteerde beeld is dat donkere materie
overheerst in dwergstelsels, zoals afgebeeld in
figuur 9. Maar met de nieuwe rotatiekromme zien de
massamodellen er heel anders uit. De rotatiekromme
van de sterren kan de gemeten rotatiekromme voor
kleine afstanden tot het centrum uitstekend verklaren,
net zoals bij spiraalstelsels. Het enige verschil met
spiraalstelsels is dat de rotatiekromme van het gas
een hogere snelheid bereikt, omdat dwergstelsels
relatief meer gas hebben dan spiraalstelsels.

Een andere overeenkomst tussen dwergstelsels
en spiraalstelsels is dat ook in dwergstelsels de
gemiddelde massa van de sterren onbekend is. Het
zou dus zo kunnen zijn dat de rotatiesnelheid van de
sterren lager is, net zoals we gezien hebben in
figuur 8 voor spiraalstelsels, en dat er dus meer
donkere materie is. Een voorbeeld hiervan is gegeven
in figuur 11.

Zo blijkt dus dat in dwergstelsels dezelfde
onzekerheid in donkere materie eigenschappen
bestaat als in spiraalnevels: het is duidelijk dat er
donkere materie moet zijn in deze stelsels, maar
hoeveel, en hoe het is verdeeld, is onbekend.

Conclusies

De belangrijkste conclusie van mijn onderzoek is dat
het algemeen geaccepteerde beeld dat dwergstelsels

overheerst worden door donkere materie niet waar hoeft te zijn. Uit mijn onderzoek blijkt dat de rotatiekrommen
van dwergstelsels verkleinde versies zijn van die van spiraalstelsels. Ook de massamodellen van dwergstelsels
zien er uit als die van spiraalstelsels. Het zou dus heel goed kunnen zijn dat dwergstelsels gewoon kleine
spiraalstelsels zijn.

Tegenwoordig zijn er veel astronomische theorieën die de oude waarnemingen van dwergstelsels proberen
te verklaren, en dus manieren bedenken waarom dwergstelsels veel, en spiraalstelsels weinig donkere materie
hebben. Dat zou moeten komen door verschillen in het ontstaan of verschillen in de evolutie tussen
dwergstelsels en spiraalstelsels. De waarnemingen in mijn promotieonderzoek laten zien dat spiraalstelsels en
dwergstelsels helemaal niet zo verschillend hoeven te zijn, en dat dwergstelsels en spiraalstelsels wellicht
eenzelfde verleden hebben.

Helaas is dat allemaal nog niet zeker. Zoals in het voorgaande duidelijk is gebleken, is het ontbreken van
kennis van de gemiddelde massa van sterren een spelbreker. Zonder die kennis is het niet mogelijk de donkere
materie eigenschappen van dwerg- en spiraalstelsels te bepalen. Zoals zo vaak in de wetenschap, levert dit
onderzoek niet alleen antwoorden op, maar ook vele nieuwe vragen. Het onderzoek gepresenteerd in dit proef-
schrift is slechts een momentopname. Het onderzoek zal doorgaan, mede geïnspireerd door de vragen die in dit
proefschrift worden opgeroepen. In ieder geval zal ik er de komende jaren nog met plezier aan verder werken.
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