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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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142 Dark Matter in Late-type Dwarf Galaxies

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) =

s
4�G�0r 2

c

�
1 −

rc

r
arctan

�
r
rc

��
: (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.

References

Barnes, J.E., Hernquist, L., 1992, Nature 360, 715
Begeman, K., 1987, PhD thesis, Rijksuniversiteit Groningen
Binggeli, B., Popescu, C.C., 1995, A&A 298, 63
Bosma, A., 1978, PhD thesis, Rijksuniversiteit Groningen
Bosma, A., 1981a, AJ 86, 1791
Bosma, A., 1981b, AJ 86, 1825
Bottema, R., 1993, A&A 275, 16
Bottema, R., 1997, A&A 328, 517
Bottema, R., Shostak, G.S., van der Kruit, P.C., 1986, A&A 167,

34
Braun, R., 1995, A&AS 114, 409
Broeils, A.H., 1992a, PhD thesis, Rijksuniversiteit Groningen
Broeils, A.H., 1992b, A&A 256, 19
Carignan, C., 1985, ApJ 299, 59
Carignan, C., Beaulieu, S., 1989, ApJ 347, 760
Carignan, C., Freeman, K.C., 1988, ApJ 332, 33
Carignan, C., Sancisi, R., van Albada, T.S., 1988, AJ 95, 37
Casertano, S., 1983, MNRAS 203, 735
Cole, S., Lacey, C., 1996, MNRAS 281, 716
Côté, S., 1995, PhD thesis, Australian National University
Côté, S., Carignan, C., Sancisi, R., 1991, AJ 102, 904
Côté, S., Freeman, K.C., Carignan, C., 1997, in Dark and Visible

Matter in Galaxies, eds. M. Persic, P. Salucci, A.S.P. conf.
ser., vol. 117, p. 52

Courteau, S., Rix, H.-W., 1998, in Galactic Halos, ed. D. Zaritsky,
A.S.P. conf. ser. Vol. 136, p. 196

de Blok, W.J.G., McGaugh, S.S., 1997, MNRAS 290, 533
de Blok, W.J.G., McGaugh, S.S., van der Hulst, J.M., 1996, MN-

RAS 283, 18
de Blok, W.J.G., Swaters, R.A., McGaugh, S.S., 1995, unpublished
de Blok, W.J.G., van der Hulst, J.M., Bothun, G.D., 1995, MNRAS

274, 235
de Grijs, R., 1997, PhD thesis, Rijksuniversiteit Groningen
Guthrie, B.N.G., 1992, A&AS 93, 255
Hoekstra, H., van Albada, T.S., Sancisi, R., 1999, in preparation
Hunter, D.A., Wilcots, E.M., van Woerden, H., Gallagher, J.S.,

Kohle, S., 1998, ApJ 495, L47
Israel, F.P., 1997a, A&A 317, 65
Israel, F.P., 1997b, A&A 328, 471
Israel, F.P., Tacconi, L.J., Baas, F., 1995, A&A 295, 599
Jobin, M., Carignan, C., 1990, AJ 100, 648
Kalnajs, A.J., 1983, in: Internal Kinematics of Galaxies, IAU

Symp. 100, ed. E. Athanassoula (Dordrecht: Reidel), p. 87
Kent, S.M., 1986, AJ 91, 1301
Kim, S., Staveley-Smith, L., Dopita, M.A., Freeman, K.C., Sault,

R.J., Kesteven, M.J., McConnell, D., 1998, ApJ 503, 674
Kraan-Korteweg, R.C., 1986, A&AS 66, 255
Kravtsov, A.V., Klypin, A.A., Bullock, J.S., Primack, J.R., ApJ

502, 48
Lake, G., Schommer, R.A., van Gorkom, J.H., 1990, AJ 99, 547
Martimbeau, N., Carignan, C., Roy, J.-R., 1994, AJ 107, 543
McGaugh, S.S., Bothun, G.D., 1994, AJ 107, 530
McGaugh, S.S., de Blok, W.J.G., 1998, ApJ 499, 41
Meurer, G.R., Carignan, C., Beaulieu, S.F., Freeman, K.C., 1996,

AJ 111, 1551
Milgrom, M., 1983, ApJ 270, 365
Moore, B., Governato, F., Quinn, T., Stadel, J., Lake, G., 1998,

ApJ 499, L5
Navarro, J.F., Frenk, C.S., White, S.D.M., 1996, ApJ 462, 563
Nilson, P. 1973, Uppsala General Catalogue of Galaxies, Uppsala

Astr. Obs. Ann., Vol. 6 (UGC)
Pfenniger, D., Combes, F., 1994, A&A 285, 94



Chapter 6. Dark Matter in Late-type Dwarf Galaxies 157

Pfenniger, D., Combes, F., Martinet, L., 1994, A&A 285, 79
Rubin, V.C., Ford, W.K., Thonnard, N., 1978, ApJ 225, L107
Rubin, V.C., Ford, W.K., Thonnard, N., 1980, ApJ 238, 471
Sanders, R.H., 1996, ApJ 473, 117
Sanders, R.H., Verheijen, M.A.W., 1998, ApJ 503, 97
Schombert, J.M., Bothun, G.D., 1988, AJ 95, 1389
Schombert, J.M., Bothun, G.D., Schneider, S.E., McGaugh, S.S.,

1992, AJ 103, 1107
Sicotte, V., Carignan, C., 1997, AJ 113, 609
Skillman, E.D., Bothun, G.D., Murray, M.A., Warmels, R.H.,

1987, A&A 185, 61
Sung et al., 1998, ApJ 505, 199
Valentijn, E.A., van der Werf, P.P., 1999, ApJ 522, L29
van Albada, T.S., Bahcall, J.N., Begeman, K., Sancisi, R., 1985,

ApJ 295, 305
van Albada, T.S., Sancisi, R., 1986, Phil. Trans. R. Soc. Lond. A

320, 447
van den Bergh, S., 1988, PASP 100, 344
Van der Hulst, J.M., Skillman, E.D., Smith, T.R., Bothun, G.D.,

McGaugh, S.S., de Blok, W.J.G., 1993, AJ 106, 548
van Zee, L., Haynes, M.P., Salzer, J.J., Broeils, A.H., 1997, AJ

113, 1618
Verheijen, M.A.W., 1997, PhD thesis, Rijksuniversiteit Groningen
Worthey, G., 1994, ApJS 95, 1404
Zwaan, M.A., van der Hulst, J.M., de Blok, W.J.G., McGaugh,

S.S., 1995, MNRAS 273, L35

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.



158 Dark Matter in Late-type Dwarf Galaxies

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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