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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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106 Dark Matter in Late-type Dwarf Galaxies

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:

v
2
'

−v2
c =

R
�

@P
@R

; (1)

where v' is the observed rotation velocity, vc the true circu-
lar velocity, R the radius, � the density at that radius, and P
the pressure. The pressure can also be written as ��2, where
� is the one-dimensional random velocity of the gas. Insert-
ing this in Eq. 1, we get:
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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,
Hans Terlouw and Kor Begeman for the implementation of
the programs used here in the GIPSY software package.

References

Begeman, K., 1987, PhD thesis, Rijksuniversiteit Groningen
Binney, J., Tremaine, S., 1987, Galactic Dynamics, Princeton Uni-

versity Press
Blais-Ouellette, S., Carignan, C., Amram, P., 1999, in: Galaxy

Dynamics, eds. Merrit, Sellwood, Valluri, in press.



118 Dark Matter in Late-type Dwarf Galaxies

Bosma, A., 1978, PhD thesis, Rijkuniversiteit Groningen
Bosma, A., 1981a, AJ 86, 1791
Bosma, A., 1981b, AJ 86, 1825
Bottema, R., Shostak, G.S., van der Kruit, P.C., 1986, A&A 167,

34
Broeils, A.H., 1992a, PhD thesis, Rijksuniversiteit Groningen
Broeils, A.H., 1992b, A&A 256, 19
Caringan, C., 1985, ApJ 299, 59
Carignan, C., Beaulieu, S., 1989, ApJ 347, 760
Carignan, C., Freeman, K.C., 1988, ApJ 332, L33
Carignan, C., Purton, C., 1998, ApJ 506, 125
Carignan, C., Sancisi, R., van Albada, T.S., 1988, AJ 95, 37
Casertano, S., van Gorkom, J.H., 1991, AJ 101, 1231
Corradi, R.L.M., Capaccioli, M., 1990, A&A 237, 36
Côté, S., 1995, PhD thesis, Australian National University
Côté, S., Carignan, C., Sancisi, R., 1991, AJ 102, 904
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
Ewen, H.I., Purcell, E.M., 1951, Nature 168, 356
Guhathakurta, P., van Gorkom, J.H., Kotanyi, C.G., Balkowski, C.,

1988, AJ 96, 851
Hertzsprung, E., 1920, MNRAS 80, 782
Kent, S.M., 1986, AJ 91, 1301
Kent, S.M., 1987, AJ 93, 816
Kerr, F.J., de Vaucouleurs, G., 1955, Au. J. Ph. 8, 508
Kerr, F.J., Hindman, J.V., Robinson, B.J., 1954, Au. J. Ph., 7, 297
Kraan-Korteweg, R.C., 1986, A&AS 66, 255
Lake, G., Schommer, R.A., van Gorkom, J.H., 1990, AJ 99, 547
Meurer, G.R., Carignan, C., Beaulieu, S.F., Freeman, K.C., 1996,

AJ 111, 1551
Milgrom, M., Braun, E., 1988, ApJ 334, 130
Moore, B., 1994, Nature 370, 629
Navarro, J.F., Eke, V.R., Frenk, C.S., 1996, MNRAS 283, 72
Nilson, P. 1973, Uppsala General Catalogue of Galaxies, Uppsala

Astr. Obs. Ann., Vol. 6 (UGC)
Persic, M., Salucci, P., 1991, ApJ 368, 60
Persic, M., Salucci, P., Stel, F., 1996, MNRAS 281, 27
Rhee, M.-Y., 1996, PhD thesis, Rijksuniversiteit Groningen
Roberts, M.S., Rots, A.H., 1973, A&A 26, 483
Rogstad, D.H., Rougoor, G.W., Whiteoak, J.B., 1967, ApJ 150, 9
Rubin, V.C., Burstein, D., Ford, Jr., W.K., Thonnard, N., 1985, ApJ

289, 81
Rubin, V.C., Kenney, J.D., Boss, A.P., Ford, W.K., 1989, AJ 98,

1246
Sancisi, R., Allen, R.J., 1979, A&A 74, 73
Sicotte, V., Carignan, C., 1997, AJ 113, 609
Sicotte, V., Carignan, C., Durand, D., 1996, AJ 112, 1423
Swaters, R.A., Sancisi, R., van der Hulst, J.M., 1997, ApJ 491, 140
Tully, R.B., Bottinelli, L., Fisher, J.R., Gouguenheim, L., Sancisi,

R., van Woerden, H., 1978, A&A 63, 37
van Albada, T.S., Bahcall, J.N., Begeman, K., Sancisi, R., 1985,

ApJ 295, 305
van de Hulst, H.C., 1945, Ned. Tijdschr. Natuurk. 11, 201
Verheijen, M.A.W., 1997, PhD thesis, Rijkuniversiteit Groningen
Wilson, R.E., 1917, Publ. Lick Obs. 13, 187

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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