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ABSTRACT

We present rotation curves derived from H 1 observations for a sample of 62 galaxies that have been observed as part of the Westerbork
H1 Survey of Spiral and Irregular Galaxies (WHISP) project. These rotation curves have been derived by interactively fitting model
data cubes to the observed cubes. This procedure takes the rotation curve shape, the H1 distribution, the inclination, and the size of
the beam into account, and makes it possible to correct for the effects of beam smearing. A comparison with higher spatial resolution
Ha rotation curves available in the literature shows that there is general agreement between the two. The late-type dwarf galaxies in
our sample have rotation-curve shapes that are similar to those of late-type spiral galaxies, in the sense that their rotation curves, when
expressed in units of disk scale lengths, rise as steeply in the inner parts and start to flatten at two disk scale lengths. None of the
galaxies in our sample have solid-body rotation curves that extend beyond three disk scale lengths. The logarithmic slopes between
two disk scale lengths and the last measured point on the rotation curve is similar between late-type dwarf and spiral galaxies. Thus,
whether the flat part of the rotation curve is reached or not seems to depend more on the extent of the rotation curve than on its
amplitude. We also find that the outer rotation curve shape does not strongly depend on luminosity, at least for galaxies fainter
than My ~ —19. We find that in spiral galaxies and even in the central regions of late-type dwarf galaxies, the shape of the central
distribution of light and the inner rise of the rotation curve are related. This implies that galaxies with stronger central concentrations
of light also have higher central mass densities, and it suggests that the luminous mass dominates the gravitational potential in the

central regions, even in low surface brightness dwarf galaxies.

Key words. surveys — galaxies: dwarf — galaxies: irregular — galaxies: kinematics and dynamics

1. Introduction

The shape and amplitude of rotation curves are directly related 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, the rotation curve shape will
be related to the distribution of light. On the other hand, dark
matter may weaken such a relation, in particular if the dark mat-
ter dominates the potential. Therefore, in principle, a comparison
between rotation curves shapes and the distribution of luminous
mass can provide insight in the amount and distribution of dark
matter in galaxies, and it can indicate how the structural proper-
ties of the dark and luminous components are linked. Moreover,
because this link is probably the result of the process of galaxy
formation, studying this link between dark and luminous matter
is relevant for theories of galaxy formation.

The relation between the luminous properties of galaxies
and their rotation curves has been a topic of study for many
years (e.g., Rubin et al. 1985; Kent 1986, 1987; Corradi &
Capaccioli 1990; Persic et al. 1996; Rhee 1996; Verheijen 1997;
Catinella et al. 2006). These studies, however, are mainly based
on high surface brightness spiral galaxies with absolute magni-
tudes brighter than Mz ~ —18. To better understand the rela-
tion between luminous and dark mass and its implications for

* Present address: Department of Astronomy, University of Maryland,
College Park, MD 20742-2421, USA.
e-mail: swaters@astro.umd.edu

the structure and formation of galaxies it is necessary to include
galaxies with lower luminosities and lower surface brightnesses.

In recent years, considerable effort has been invested in stud-
ies of rotation curve shapes of dwarf and low surface brightness
galaxies (e.g., de Blok et al. 1996; de Blok & McGaugh 1997;
Stil 1999; Swaters 1999; Swaters et al. 2000; van den Bosch
et al. 2001; van den Bosch & Swaters 2001; de Blok et al.
2001; Marchesini et al. 2002; de Blok & Bosma 2002, herafter
dBB; Swaters et al. 2003a, hereafter SMvdBB; Rhee et al. 2004;
Simon et al. 2005; Spekkens et al. 2005; Kuzio de Naray et al.
2006; Chengalur et al. 2008). Most of these studies focused on
the shape of the rotation curve in the central regions of these
galaxies, because these inner rotation curve shapes provide a
powerful test of models of galaxy formation in a cold dark mat-
ter dominated universe (e.g., Navarro et al. 1996, 1997; Bullock
et al. 2001; Power et al. 2003). Because high spatial resolu-
tion is necessary to determine the inner rotation curve shapes,
these studies of dwarf and low surface brightness galaxies have
mostly relied on optical spectroscopy of the Ha emission line.
Unfortunately, the Ha emission is usually only detected in the
optical disk. Hence, most of these rotation curves do not extend
to large enough radii to measure the rotation curve shape outside
the optical disk. Instead, HI rotation curves are needed for that
purpose.

To date, relatively little work has been done to investi-
gate the relations between luminous properties and the HT ro-
tation curve shape in the dwarf galaxy regime. The studies by
Tully et al. (1978), Broeils (1992a) and C6té et al. (2000), which
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each comprised a handful of dwarf galaxies, led the picture that
late-type dwarf galaxies have low amplitude, slowly rising rota-
tion curves that keep rising to the last measured point. Thus, the
rotation curves shapes of dwarf galaxies seemed different from
those of spiral galaxies, which, in general, have a steep rise in the
inner regions, followed by relatively flat outer parts (e.g., Bosma
1978, 1981a,b; Begeman 1987, 1989). This was confirmed and
refined by Casertano & van Gorkom (1991, hereafter CvG) and
Broeils (1992a). They investigated the correlations between the
outer slopes of the rotation curves and the maximum rotation
velocities, and found that the rotation curves, when expressed in
units of the optical radius, rise more slowly towards lower rota-
tion amplitudes.

To further our understanding of the relation between the
distribution of light and the shape of the rotation curves for
dwarf galaxies, a large sample with well-defined rotation curves
and optical properties is needed. Such a sample is presented in
Swaters et al. (2002, hereafter Paper I); it contains 73 late-type
dwarf galaxies. For these galaxies optical properties have been
presented in Swaters & Balcells (2002, hereafter Paper II). This
sample forms the basis of the study of the rotation curves of
late-type dwarf galaxies presented here (see also Swaters 1999),
and of studies of their dark matter properties published earlier
(Swaters 1999; van den Bosch & Swaters 2001; SMvdBB).

The structure of this paper is as follows. In Sect. 2 we de-
scribe the sample selection. Section 3 describes in detail the pro-
cedure used to derive the rotation curves. We give a brief de-
scription of a number of individual galaxies in Sect. 4, and in
Sect. 5 we compare our HI rotation curves with long-slit Ha ro-
tation curves available in the literature. The relations between
the rotation curve shapes and the luminous properties are dis-
cussed in Sect. 6. In Sect. 7 we discuss the results and present
our conclusions. In Appendix A we present the data in graphical
form.

2. The sample

The galaxies in this sample have been observed as part of the
WHISP project (Westerbork HT Survey of Spiral and Irregular
Galaxies) which aimed at mapping several hundred nearby spiral
and irregular galaxies in H1 with the WSRT. The WHISP sample
was selected from the Uppsala General Catalogue of Galaxies
(UGC, Nilson 1973), taking all galaxies with declinations north
of 20°, blue major axis diameters larger than 1.5” and measured
HT1 flux densities larger than 100 mJy. For the present purpose,
we defined as dwarf galaxies all galaxies with Hubble types later
than Sd, and 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 Paper L.

The H1 observations on which the rotation curves presented
here are based, are discussed in detail in Paper I. The typical
full resolution of the observations is 14" x 14"/ sin ¢. In general
the signal-to-noise ratios at this resolution are low, and there-
fore HI maps and velocity fields are given at 30" resolution (see
Appendix A).

The sample of late-type dwarf galaxies presented here is
identical to the sample of Paper I, except for four galaxies that
have been omitted because they are interacting with a close com-
panion: UGC 1249, UGC 5935, UGC 6944 and UGC 7592.
The remaining sample, listed in Table 2, consists of 69 late-
type dwarf galaxies. For 62 of those rotation curves have been
derived.

R. A. Swaters et al.: The rotation curves shapes of late-type dwarf galaxies

In addition to the H1 data, optical R-band data have also been
obtained for these galaxies. Details of these observations and the
data reduction are presented in Swaters & Balcells (2002). The
absolute magnitudes, scale lengths and surface brightnesses as
derived in Paper II are listed in Table 2.

3. The rotation curves
3.1. 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 prin-
ciple, this method can be applied to the galaxies in this sam-
ple as well, provided that the requirements for fitting a tilted-
ring model are met (see Begeman 1987). However, because
the galaxies in our sample are often small and the HI distribu-
tion is usually irregular and clumpy, and because of the lim-
ited angular resolution and sensitivity of the present observa-
tions, the derivation of the velocity fields and of the rotation
curves is not straightforward. In particular the possible effects
of beam smearing must be understood and corrected for (see
also Bosma 1978; Begeman 1989; Rubin et al. 1989; Broeils
1992b; de Blok & McGaugh 1997; Swaters 1999; Swaters et al.
2000; van den Bosch et al. 2000; van den Bosch & Swaters 2001;
McGaugh et al. 2001).

Due to the finite beam size, the HI emission will be smeared
out, leading to apparently larger H1 disks and to filling of holes
in the HT distribution. Moreover, as a result of beam smearing
the gradients in the velocity fields, as determined for example
from Gaussian fits to the line profiles, may become shallower.
Hence, rotation curves derived from these velocity fields 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 inclination angle of the
galaxy and the intrinsic velocity gradients. Despite the effects
of beam smearing, information on the true rotation curve is still
contained in the data, and may be retrieved if an appropriate
method to derive the rotation curve is used.

To take the effects of beam smearing into account, we have
adopted a two-step procedure. First, we obtained the orientation
parameters and an initial estimate of the rotation curve, if pos-
sible from a tilted ring fit, and using an interactive procedure if
not. In the second step, this estimate of the rotation curve was
refined iteratively by constructing model data cubes, using the
input rotation curve and adjusting this rotation curve to match
the model cubes to the observed ones.

Because for most galaxies the signal-to-noise ratios of the
full resolution data were too low to derive reliable rotation
curves, we have derived the rotation curves from the 30" data.

3.1.1. Initial estimate of the rotation curves

Before deriving the initial estimate of the rotation curve for a
galaxy, we determined the position of its center. For most of the
galaxies it was not possible to derive the center from the velocity
field because of the often close to linear inner rise of the rotation
curves. Therefore, we have used the optical centers from Paper I1
to define the centers, except when noted otherwise in Table 1.
Next, the systemic velocity was determined from a tilted-
ring fit to the Gaussian-fit velocity field, derived from the 30”
velocity field (see Paper I), with the center fixed, by taking the
average over all rings, except the outer rings which usually have
large uncertainties. While determining the systemic velocity, the
position angle was kept fixed at the initial estimate derived from
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Table 1. Galaxy centers.

UGC RA (2000) Dec. Comments

731 1h10™43.0° 49°36’7”  Kinematic center

2455 2050m42.6°  25°14’34”  Center of H1 distribution
4173 gh7mg. 78 80°7'38”  New optical center

4325 8019m20.3% 50°0’36”  Kinematic center

5414 10h3m57.25  40°45'22”  New optical center

5721 10"32™16.6° 27°40'8”  Kinematic center

8188 13"5m51.45  37°35'56”  Center of H1 distribution
8490  13M29m36.4° 58°25'10” Kinematic center

8837  13M54m43.2%  53°53/42”  Center of HI distribution

the velocity field, and the inclination was kept fixed at the value
derived from the ellipticity of the optical isophotes (see Paper II).
We then made a new tilted ring fit with center and systemic ve-
locity fixed to obtain the initial estimates for the rotation curve
and the run of inclination and position angle with radius. If there
were no appreciable variations of the inclination or position an-
gle with radius, a fixed value was used (the average over all rings,
excluding the rings with large uncertainties). If it was not possi-
ble to estimate the inclination from the velocity field, the inclina-
tion was determined from the ellipticity of the optical isophotes
(see Paper II) or HI contours (see Paper I), assuming an intrinsic
disk thickness of 0.2.

Because many of the galaxies in our sample are small and
affected by beam smearing, we found that in many cases it was
difficult to obtain a good initial estimate of the rotation curve
and orientation parameters from the tilted ring fits, especially in
the central parts of the galaxies (see also de Blok et al. 1996). In
those cases, we interactively fit the rotation curve and the orien-
tation parameters to a set of six position-velocity diagrams' as
illustrated in Fig. 1 to improve the initial estimates (one along the
major axis, two at a 30° angle away from the major axis as mea-
sured in the plane of the galaxy, two 60° degrees from the major
axis, and one along the minor axis of the galaxy). To assure our-
selves we are able to accurately retrieve the rotation curves and
orientation parameters, we created several model galaxies with
different and radially changing rotation velocities and orienta-
tion parameters. Except for pure solid-body rotators, we were
able to retrieve the input parameters to within the uncertainties
expected based on the noise added to the models.

In this interactive fitting, the rotation velocity, inclination and
position angle at each radius were adjusted until the projected
point was deemed to best match the six position-velocity dia-
grams simultaneously. Most weight was given to the major axis,
and least to the minor axis. For determining the run of inclina-
tion and position angle with radius, equal weight was given to all
position-velocity diagrams. Inclinations of around 30° and lower
are uncertain. We applied this method to the Hanning smoothed,
30" resolution data.

The inclinations and position angles as derived from the
tilted rings fits or the interactive fits are listed in Table 2. For
warped galaxies the orientation of the inner, unwarped part of
the disks are given. For galaxies with clear differences between
the approaching and receding sides, rotation curve were deter-
mined from both sides independently, using the same orienta-
tion parameters. The rotation curves have been sampled every

! This interactive fitting was done with the task INSPECTOR, imple-
mented in the Groningen Image Processing System (GIPSY, http://
www.astro.rug.nl/~gipsy)
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Fig. 1. Example of an interactively determined rotation curve (solid
points) fit to six position-velocity diagrams (contours), which were
taken along the position angels indicated in the top right of each
panel. The galaxy shown here is UGC 4325. To determine the rota-
tion curve the position angle, the inclination and the rotation velocity
were changed until the projected points on the position-velocity dia-
grams were found to best match the data.

15 arcsec, and the individual points in the rotation curves are
therefore not independent.

For seven galaxies (UGC 4274, UGC 6817, UGC 7199,
UGC 7408, UGC 8201, UGC 8331 and UGC 9128) we have
not derived a rotation curve, because of a combination of small
Hrextent (Ry; < 1”), clumpy H1 distribution and lack of ordered
rotation.

3.1.2. Final rotation curves

A potential shortcoming of our method to derive the initial es-
timates of the rotation curves is that it is subjective. To obtain
a more objective rotation curve and to investigate the effects of
beam smearing further, we refined the initial estimate of the ro-
tation curves by detailed modeling of the observations.

First, for each galaxy, an axisymmetric velocity field was
constructed, based on the rotation curve determined as described
above. Next, a three-dimensional model datacube was con-
structed from this velocity field and the observed H I distribution
at the full resolution, assuming a constant Gaussian velocity dis-
persion of 8 kms~!. The model was subsequently convolved to
a resolution of 30”". The datacube obtained in this way was com-
pared to the observations by calculating the y? value of the dif-
ference between model and observations over a small sub-cube
that contained all HI emission, and also by visually comparing
six model position-velocity diagrams (like those shown in Fig. 1)
with those of the observations. Although we used the y? values
to find better matching models, we have not used an algorithm
to minimize y? because of the prohibitively large amounts of
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Fig.2. Comparison between the data for the receding side of
UGC 12732, shown in grayscale, and models of the observations (con-
tours), based on an input rotation curve and the observed H I 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). The top panel
shows the model based on the rotation curve derived by visual inspec-
tion, which underestimates 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 1’.

computing time needed. If the match between model and obser-
vations was not satisfactory, as determined from the visual in-
spection, the input rotation curve was adjusted interactively and
the procedure was repeated until the y? had reached an approxi-
mate minimum. For most galaxies only the rotation velocities in
the inner 60” needed to be adjusted. Position angles and incli-
nations have not been adjusted using this method. For galaxies
with differences between the approaching and receding sides, the
modeling was done for both sides independently.

To verify that our method works, we constructed model
galaxies with known rotation curves, orientation parameters, and
HI distributions, and derived the rotation curves with the method
described here. As long as there was detectable HI emission in
the center and the model galaxies were not close to edge-on, we
were able to reproduce the rotation velocities accurate to a few
kms~! (depending on the noise). Independent verification that
the method works well is given in Sect. 5, where we compare
our HI rotation curves with Ha rotation curves available in the
literature.

An example of the modeling procedure is given in Fig. 2.
The data for the receding side of UGC 12732 are shown in
grayscale, and different models are overlayed in contours. The

R. A. Swaters et al.: The rotation curves shapes of late-type dwarf galaxies

top panel shows the model based on the rotation curve deter-
mined interactively. Close inspection reveals that between the
center and 1 arcmin the model fails to reproduce the observa-
tions. 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 mod-
eling procedure described above. In the bottom panel, a model
is shown based on a rotation curve for which the rotation ve-
locities in the inner parts have been overestimated on purpose.
This is also reflected in the model, which systematically over-
estimates the velocities between the center and 1’. Note that the
comparison of the model and the observation was not done based
on one position-velocity diagram, like the one shown in Fig. 2,
but using the entire data cube for calculating y?, and using six
position-velocity diagrams.

The final rotation curves are shown in Appendix A. In the
cases where the rotation curves have been derived for both sides
independently, the average of the two is shown as well. The de-
termination of the uncertainties in the derived rotation veloci-
ties is described below. In Appendix A the rotation curves are
also shown overlayed on the position-velocity diagrams along
the major axes. Where applicable, the rotation curves for the ap-
proaching and receding sides are overlayed rather than the aver-
age rotation curve.

3.2. Rotation curves for edge-on galaxies

In principle, it would have been possible to derive the rotation
curves for the edge-on galaxies in our sample using a proce-
dure similar to the modeling of NGC 1560 (Broeils 1992b) or
NGC 891 (Swaters et al. 1997). However, such a procedure is ex-
tremely time-consuming, and therefore we did not use it. Instead,
we chose to follow the approach used by Sancisi & Allen (1979)
to derive the rotation curve of NGC 891. At each position along
the major axis the rotation velocity was determined from the
edge of the line profile, correcting for the effects of instrumental
broadening and random motions. The random motions of the gas
were assumed to be 8 kms~!. In this method, it is assumed that
there is gas everywhere along the line of nodes. Consequently,
if a galaxy has a ring-like distribution of HI or a central depres-
sion in the HT 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 shown
overlayed on the position-velocity diagrams along the major
axis in Appendix A. The average rotation curves are shown in
Appendix A as well.

3.3. 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 ve-
locities. Therefore, we have estimated the uncertainties resulting
from the two main sources of error. The first is the accuracy with
which the position of a point on the position-velocity diagrams
can be measured. This measurement error depends on the width

2 After we derived the rotation curves for the galaxies in our sam-
ple, alternative methods to derive the rotation curves for edge-on
galaxies have been published that are more objective (e.g., Kregel &
van der Kruit 2004; Garcia-Ruiz et al. 2002). Because of the intrinsic
uncertainties in the derivation of the rotation curves of edge-on galaxies,
and given that we do not use the rotation curve for the edge-on galaxies
in our analysis, we have not rederived the rotation curves.
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and the signal-to-noise ratio of the profile. Based on trial and
error for a range of profiles, we have found that the 1o error
with which the radial velocity can be determined from a profile
is about 2 kms~!. The 1o errors for the points on the rotation
curve is therefore 2/sini kms™!.

The second source of error stems from non-circular motions
and the asymmetry of the galaxy, which can be estimated by the
difference between the approaching and the receding sides. We
made the ad hoc assumption that the difference in rotation veloc-
ity between the mean rotation curve and the rotation curve mea-
sured on either the approaching or receding side represents a 20
difference. We have added the asymmetry error and the measure-
ment error quadratically to obtain an estimate of the 1o errors in
the rotation velocities.

For the edge-on galaxies we have used the same procedure to
estimate the errors. This estimate does not include possible sys-
tematic 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 in determining the rotation
curve quality, as described below.

3.4. 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 strong HI emission, others
are weak in H1. Some galaxies have distorted kinematics, others
show ordered rotation. Hence, for some galaxies we could derive
reliable rotation curves, whereas for others only lower quality ro-
tation curves could be derived. We have tried to quantify this by
tentatively dividing the derived rotation curves into four differ-
ent categories of quality g. The quality depends on the signal-
to-noise ratio, on the presence of non-circular motions and on
deviations from axial symmetry.

The quality estimates (tabulated in Table 2) range in value
from 1 to 4, where 1 indicates a rotation curve deemed to be
reliable, 2 indicates an uncertain rotation curve, 3 indicates a
highly uncertain rotation curve, and 4 means that no rotation
curve could be derived, either because the HI distribution or
kinematics were too irregular, or because there was no signifi-
cant rotation.

3.5. Asymmetric drift

The stability of a galaxy against gravitational collapse is pro-
vided by rotation and pressure gradients. To derive the true cir-
cular velocity that reflects the underlying mass distribution, the
observed rotation curve should in principle be corrected for the
effects of pressure. The difference between the observed and
the true circular velocity can be derived from the Jeans equa-
tions (Binney & Tremaine 1987, Egs. (4)—(33)) and is given by:

v —0p = R %, (1)
p OR

where v, is the observed rotation velocity, v the true circular

velocity, R the radius, p the density at that radius, and P the

pressure. The pressure can also be written as po?, where o is

the one-dimensional random velocity of the gas. Inserting this in

Eq. (1), one obtains:

2 2 dlnp . dlno?\
O0lnR O0InR

)

e = Uy
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We found that the velocity dispersions for the late-type dwarf
galaxies in this sample were almost constant with radius, hence
the second term within parentheses in Eq. (2) can be ignored. If
we assume that the scale height is approximately constant with
radius as well (as is suggested by measurements of the thick-
ness of the HT layer in the edge-on dwarf galaxy NGC 5023,
Bottema et al. 1986), and if we assume that the HI is the dom-
inant gaseous component, the volume density is proportional to
the measured HI column density.

With these assumptions, the correction for asymmetric drift
is smaller than 3 km s~! at all radii, for all but three galaxies. For
most galaxies the maximum correction occurs at the last mea-
sured point, where the amplitude of the rotation curve is highest.
In the inner parts the correction is negligible, i.e., smaller than
1 kms™, for 90% of the galaxies, and smaller than 2 km s~! for
all except three galaxies. These are the same galaxies for which
the maximum correction is larger than 3 km s~ UGC 7278,
UGC 7577 and UGC 8331.

Because the corrections for asymmetric drift as calculated
above are small for the vast majority of the galaxies in our sam-
ple, and because of the uncertainties in the corrections due to
ignoring the contribution of other gas components, we have not
corrected the rotation curves for asymmetric drift, and we as-
sumed that our derived rotation curves corrected for inclination
represent the circular velocity.

3.6. Parametrized rotation curve shapes

The radial scale of the rotation curves derived above is given in
arcseconds. In order to facilitate the comparison of the rotation
curves between galaxies and the comparison between the rota-
tion curves and the light profiles, the rotation curves have been
resampled in units of disk scale lengths. Table 2 lists the rotation
velocities at one, two, three, and four disk scale lengths, as v,
to vs. In addition, it lists the velocity at the last measured point
of the rotation curve v}, and the corresponding radius rjyg.

We have also calculated the logarithmic slope of the rotation
curves. The logarithmic slope is defined as a straight line fit to
the rotation curve in logarithmic coordinates between two radii:

Alogv  log(vy/v,)

AlogR ~ log (Ry/Ry) )

Sab) =
For a flat rotation curve, S (.5 equals zero, and for a solid body

rotation curve S (5 equals unity. In Table 2, we list S”  , S

(1,2)> 7(2,3)
and § ?2 Ly where the superscript % refers to the fact that the log-

arithmic 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 galaxy rotation curves

Because of the relatively large size of the sample, we restrict our-
selves here to a discussion of properties relevant to the derivation
of the rotation curves.

UGC 2034 has a small kinematic warp. The position angle
changes by about 35°. Because the galaxy is almost face-on, the
variation of inclination angle with radius is difficult to determine.
UGC 2053 has its kinematic major axis and its morphological
major axis almost at right angles. Its kinematics are reminiscent
of that expected for a bar potential. The bright optical image
appears to have a bar-like shape, but no faint disk is detected,
neither in the optical nor in the HI.
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Table 2. Optical and rotation curve properties.
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UGC D, Mgy Type h ul q i PA Usys vy vy U3 U4 Vst T Saz Sesz  Seun
Mpc  mag kpc mag”~’ ° ° - — — — kms?!t - - - - kpc

@O @ 3 “ 5 ©® O ® O qo an 312 13 a4 ds a6 A7 18 19
731 80 -16.6 IB.9%$. 1.65 23.0 1 57 257 638 50 63 73 74 74 698 035 034 020
1281 55 -162 .S.8. 1.66 227 2 90 220 157 32 53 57 - 57 520 073 015 0.14
2023 10.1 -17.2 IL.9% 122 218 2 19 315 603 24 41 59 - 59 367 077 090 090
2034 10.1 -174 I1..9. 129 216 1 19 342 578 29 37 40 45 47 588 039 0.18 0.29
2053 11.8 -16.0 .IL.9. 1.09 225 3 40 323 1025 62 8 97 - 99 343 045 032 033
2455 7.8 -18.5 IBS9.. 1.06 19.8 2 51 263 371 23 32 42 57 61 454 045 0.68 0.87
3137 184 -18.7 .S?.. 195 242 2 90 74 993 31 66 94 103 100 30.8 1.08 0.88 020
3371 12.8 -17.7 L.9x  3.09 233 1 49 133 818 51 75 81 - 8 102 055 0.18 0.26
3698 85 -154 1.9%. 041 212 3 40 334 420 51 75 - - 27 124 055 - -
3711 8.6 -17.8 IB.9.. 0.96 209 2 60 281 433 79 92 93 - 95 375 021 0.03 0.05
3817 87 -151 L9«  0.71 22.5 1 30 0 436 16 29 38 - 45 253 0.82 070 0.78
3851 34 -169 IBS9.. 131 26 2 59 42 104 31 50 55 54 60 585 070 021 0.22
3966 6.0 -149 .I1.9. 058 222 2 41 270 364 38 46 47 - 50 218 028 0.07 0.12
4173 16.8 -17.8 L1.9% 446 243 2 40 168 865 36 49 - - 57 122 046 - 044
4274 6.6 -179 .SBS9P. 0.71 207 4 00 0 447 - - - - - - - - -
4278 105 -17.7 .SBS7x 142 225 2 90 353 559 29 53 65 77 8 764 0.89 051 048
4305 34 -168 1.9. 1.04 217 2 40 172 156 24 37 33 33 33 544 062 -026 -0.11
4325 10.1 -18.1 .SAS9%. 1.63 21.6 1 41 51 523 73 89 92 - 92 583 0.29 0.08 0.04
4499 13.0 -17.8 .SX.8. 149 215 I 50 140 691 383 58 66 71 74 851 063 030 0.24
4543 303 -19.2 SAS8. 4.00 220 2 46 331 1956 59 o6l 64 66 67 176 003 0.12 0.13
5272 6.1 -151  IL.9. 0.60 224 2 59 97 525 19 33 - - 45 178 0381 - 0383
5414 10.0 -17.6 .IXS9.. 1.49 21.8 1 55 220 607 35 52 - - 61 436 057 - 042
5721 6.7 -16.6 .SX.77. 045 202 2 61 279 542 39 54 68 78 79 731 046 059 0.18
5829 9.0 -173 I1.9. 194 224 2 34 197 627 34 48 60 - 69 720 049 059 0.59
5846 13.2 -16.1  .IL.9. 1.18 229 2 30 305 1019 30 46 51 - 51 384 0.63 024 0.19
5918 7.7 -154  L.9x.  1.27 242 2 46 239 337 30 38 42 - 45 448 038 024 0.26
5986 8.7 -18.6 .SBS9. 2.18 214 2 90 219 624 76 112 116 110 125 120 0.56 0.10 0.11
6446 12.0 -184 SA.7.. 1.87 214 1 52 18 647 58 70 75 78 80 9.60 0.27 0.17 0.15
6628 153 -18.9 SA9.. 270 21.8 2 20 204 851 40 42 - - 42 7779 0.08 - 0.01
6817 4.02 -152 I19. 097 231 4 60 140 243 - - - - - - - - -
6956 15.7 -17.2 .SBS9.. 2.37 234 3 30 118 917 34 49 - - 58 571 052 - 082
7047 35 -152 JA9.. 048 216 2 46 34 208 16 26 36 - 38 153 070 086 0385
7125 195 -183 .S.9. 173 228 2 90 84 1078 30 46 51 56 70 21.3 0.61 023 0.23
7151 3.5 -157 .SXS6$ 0.54 223 2 90 282 267 44 64 68 72 76 280 053 012 0.18
7199 35 -15.1 IA9.. 037 214 4 50 192 166 - - - - - - - - -
7232 35 -153 L9P. 0.33 202 2 59 0 230 19 32 43 - 44 102 071 076 0.76
7261 9.1 -17.7 .SBS8.. 1.69 219 2 30 262 856 66 74 - - 76 463 0.16 - 0.11

UGC 3711 has twisted isovelocity contours. Because this galaxy
is poorly resolved, it is difficult to determine the cause; the
twisted contours may indicate a kinematic warp, but may also
be related to the bar-shaped morphology.

UGC 3851 has an irregular kinematic structure. On the north
side, the isovelocity contours curve strongly, suggesting a nearly
flat rotation curve. On the south side, the isovelocity contours
are almost straight, and not symmetric with respect to the major
axis, but instead run more or less north to south.

UGC 4173 has a faint optical disk surrounding a central bar-like
structure. The kinematical major axis is aligned with the faint
disk. The bar is not clearly reflected in the velocity field.

UGC 4274 is asymmetric and HT is only detected in one clump
on the receding side. No rotation curve has been derived.

UGC 4305 has previously been found to have a violent interstel-
lar medium (e.g., Puche et al. 1992). The observations presented
here also show signs of holes, shells, and small-scale kinematic
irregularities, making an accurate determination of the rotation
curve difficult.

UGC 5272 displays a misalignment between the optical and the
kinematic major axes.

UGC 5721 has the most extended rotation curve of this sample
when the radius is expressed in optical disk scale lengths. The
last measured point of the rotation curve is at 16.34. The inner
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Table 2. continued.
UGC Dp My type h g i PA gy U] 0 U3 U4 Vs T Sa2 Sesn  Seu
Mpc  mag kpc mag’ ™ ° ° - — — — kmst - - - - kpc

@O @ 3 4 (&) © O ® © a0 dn 12y a3 Jda4 a5 de A7) A8 (19
7278 3.5 -183 IXS9. 0.93 202 2 30 74 292 47 68 75 79 81 580 051 026 0.15
7323 81 -189 .SXS8.. 2.20 21.2 1 47 38 518 49 78 - - 86 589 0.66 - 033
7399 84 -17.1 .SBS8.. 0.79 20.7 1 55 320 535 55 79 8 92 109 11.0 054 027 0.16
7408 84 -16.6 JA9.. 0.99 219 4 45 275 462 - - - - - - - - -
7490 85 -174 SA9.. 1.19 213 3 20 113 464 57 71 - - 79 3.09 032 - 042
7524 3.5 -18.1 .SAS9x. 2.58 222 1 46 327 320 58 75 83 - 79 7.89 038 024 0.12
7559 32 -137 IBY.. 0.67 23.8 1 61 137 216 21 31 33 - 33 210 057 015 0.15
7577 35 -156 1.9. 084 22.5 1 63 128 196 8 13 - - 18 229 0.78 - 092
7603 6.8 -169 .SBS7? 0.90 20.8 1 78 197 644 30 47 59 60 64 594 065 054 025
7608 84 -164 L9 1.24 22.6 1 25 257 535 32 sl 62 - 69 489 0.67 048 046
7690 79 -17.0 L9+ 054 199 2 41 41 536 44 59 o6l 59 56 4.02 041 0.10 -0.04
7866 4.8 -152 IXS9. 0.57 22.1 2 44 338 354 17 25 28 32 33 244 054 032 039
7916 84 -149  I1O9. 1.81 244 2 74 0 603 21 33 - - 36 428 0.62 - 057
7971 84 -17.1 .S.9x  0.99 213 2 38 35 470 22 37 45 - 45 306 073 051 050
8188 47 -174 SAS9.. 1.16 213 3 20 0 318 28 - - - 45 205 - - -
8201 49 -158 L.9. 0.80 219 4 63 90 30 - - - - - - - - -
8286 48 -17.2  S.6% 1.23 209 2 90 28 407 66 76 82 83 84 594 020 0.18 0.12
8331 59 -151 IA9. 0.70 229 4 90 139 262 4 7 11 13 21 429 096 0.89 092
8490 49 -17.3 .SAS9.. 0.66 20.5 1 50 175 201 48 66 74 77 78 107 045 029 0.08
8550 53 -15.6 .SBS7? 0.67 220 2 90 166 358 39 49 51 53 58 424 033 0.10 0.14
8683 126 -167 .IL.9. 1.37 225 3 28 349 659 17 31 - - 31 275 087 - 084
8837 5.1 -157 IBS9. 1.63 232 2 80 22 135 31 52 - - 54 371 0.77 - 022
9128 44 -143 1.9. 036 219 4 40 135 155 - - - - - - - - -
9211 126 -162  I1..9%.  1.32 22.6 1 44 287 686 35 53 63 66 65 825 059 041 0.17
9992 104 -159 I1.9. 0.5 222 2 30 35 428 28 31 33 33 34 378 0.15 0.13 0.10
10310 15.6 -17.9 .SBS9.. 1.66 22.0 1 34 19 718 4 65 70 72 74 9.08 057 0.17 0.13
11557 23.8 -19.7 .SXS8.. 3.10 210 2 30 274 1386 53 76 83 - 8 104 052 020 020
11707 159 -18.6 .SAS8.. 430 23.1 1 68 57 904 68 8 94 - 100 15.0 039 0.14 0.20
11861 25.1 -20.8 .SX.8. 6.06 21.4 1 50 219 1481 111 147 - - 153 164 041 - 012
12060 157 -17.9 IBY9.. 1.76 21.6 1 40 183 883 6l 72 74 75 74 103 024 0.07 0.03
12632 69 -17.1  .S.9%. 257 23.5 1 46 36 421 58 69 74 - 76 853 027 0.16 0.17
12732 132 -18.0 .S.9x 221 22.4 1 39 14 7499 53 68 76 81 98 154 035 027 029

(1) UGC number; (2) the adopted distance, from Paper II; (3) the absolute R-band as determined in Paper II; (4) the morphological type according
to the RC3 catalog (de Vaucouleurs et al. 1991), using the same coding; (5) and (6) the disk scale length and the R-band central disk surface
brightness as determined in Paper II; (7) the rotation curve quality ¢ as defined in Sect. 3; (8) and (9) the adopted inclination and position angles;
(10) the systemic velocity derived from the velocity field; (11) to (14) the rotation velocities at one, two, three and four disk scale lengths; (15)
and (16) the rotation velocity at the last measured point and the radius of the last measured point; (17), (18) and (19) the logarithmic shape of the
rotation curve between one and two disk scale lengths, between two and three disk scale lengths, and between two disk scale lengths and the last

measured point.

points of this rotation curve are uncertain, because of insufficient
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 possible cause is an interaction with a small compan-
ion to the south west.

UGC 6817 has a clumpy and irregular H 1 distribution and kine-
matics. No rotation curve could be derived.

UGC 7199 has little HI and is poorly resolved by the 30" beam.
No rotation curve could be derived.

UGC 7261 is strongly barred. The S-shape distortion in the kine-
matics that is associated with the bar is clearly visible in the ve-
locity field.

UGC 7278 has a strong kinematic warp, with the inclination
changing from about 30° in the central parts to about 10° in the
outer parts, and the position angle changing from 74° to 90°.
Because of the low inclination, the actual values of the inclina-
tion, and hence the amplitude of the rotation curve, are uncer-
tain. The HT in the central parts has a high velocity dispersion
and seems to counterrotate with respect to the outer parts.

UGC 7399 has an extended H1 rotation curve, yet the inner rise
of the rotation curve is poorly resolved because of the small size
of the optical galaxy.

UGC 7408 has little H1. No rotation curve could be derived.

UGC 7577 has the lowest rotation amplitude of the galaxies in
this sample, yet its velocity field is still regular in appearance.
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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 Swaters et al. 1999).

UGC 7603 has a high inclination of 78°. As a result, the inner
parts are effectively seen edge-on by the 30” beam, making the
inner rotation curve more uncertain.

UGC 7690 appears to have a declining rotation curve. However,
this galaxy also has a modest kinematic warp, with an inclination
changing from about 40° in the central parts to 30° in the outer
parts. Because the inclination as a function of radius is uncertain,
so is the shape of the rotation curve.

UGC 8201 has most of its HI located in two clumps that are
roughly located on the major axis, but that show clear difference
in velocity. No rotation curve could be derived.

UGC 8331 has H1 in one clump in the center and two clumps at
larger radii, making it impossible to measure the rotation curve.
UGC 8490 is strongly 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 et al. (1996) and Sicotte & Carignan (1997). The outer
half of the rotation curve may be more uncertain than indicated
by the error bars, due to uncertainties in the orientation angles.
UGC 9128 is hardly resolved by the 30" beam, and hence no
rotation curve could be determined.

5. Comparison to Ha rotation curves

In Fig. 3 we compare the HT rotation curves presented here
to high-resolution rotation curves based on long-slit Ha spec-
troscopy from the studies of dBB and SMvdBB. There is a sig-
nificant overlap between the samples of those two studies and
the sample presented here because they are both based on the
sample of Swaters (1999).

dBB have derived their rotation curves by combining their
Hea data with the S99 HT data, and then fitting a spline to the
combined data to obtain a smooth curve. The dBB data plotted
in Fig. 3 are the points from their spline-interpolated rotation
curves over the range in radii where they have Ha data.

The comparison between the HI and He rotation curves
shows that they generally agree fairly well, although there are
significant differences in individual galaxies. Below we discuss
the comparison of the HI and He rotation curves in detail.
UGC 731. Observed in Ha both by SMvdBB and dBB. The
agreement between the HI data and the SMVdBB data is good,
whereas the Ha rotation curve by de dBB rises more steeply
than the HT rotation curve. The difference between these two
Ha curves can be explained by the lopsided kinematics of this
galaxy (see Swaters et al. 1999). Its approaching side has a more
steeply rising rotation curve than the receding side. The Ha data
in SMvdBB samples both sides, whereas in the dBB data, which
is less deep, Ha emission is biased to the approaching side.
UGC 1281. The H1 and Ha rotation curves for this edge-on
galaxy are in excellent agreement.

UGC 3137. The Ha rotation curve rises more steeply than the
HT one. This galaxy is edge-on, and has a rotation curve that
rises steeply with respect to the size of the HI beam. This, in
combination with its inclination, makes the HTI rotation curve
hard to determine.

UGC 3371. The H1rotation curve rises more steeply than the Ha
rotation curve. The reason for this difference is unclear. Swaters
et al. (2003b) obtained an Ha rotation curve derived from inte-
gral field spectroscopy and find a good match between their Ha
rotation curve and our HI rotation curve.

R. A. Swaters et al.: The rotation curves shapes of late-type dwarf galaxies

UGC 3851. As noted above, this galaxy has an irregular kine-
matic structure (see also Hunter et al. 2002). The difference be-
tween the HI and Ha curves could be caused by the fact that
the HT rotation curve is derived from the entire velocity field,
whereas the Ha rotation curve is derived from a single, 1”” wide
slice along the major axis.
UGC 4173. The H1 and Ha rotation curves are in excellent
agreement. However, the Ha data by dBB is of low quality, and
their interpolated rotation curve is dominated by the HT data.
UGC 4278. The H1 rotation curve of this edge-on galaxy rises
more steeply than the Ha one.
UGC 4325. This galaxy has been observed by both SMvdBB and
dBB. The SMvdBB rotation curve is in good agreement with the
HT curve, whereas the dBB curve rises more slowly and reaches
a higher amplitude. The latter is difficult to understand, as the
amplitude of the rotation curve can be determined accurately
from the two-dimensional velocity field. A possible explanation
is that dBB picked up a localized disturbance in the kinematics.
UGC 4499. The Ha rotation curve has considerable scatter, but
there is good general agreement between the HT and Ha curves.
UGC 5272. The H1 and He are in excellent agreement.
UGC 5721. This galaxy has been observed by both SMvdBB
and dBB. Both He curves agree well with each other, and both
show a steep rise in the inner 10" that is not seen in the HT data.
UGC 7524. This is the best resolved galaxy in our sample, yet
the H1 and Ha rotation curves show significant differences. The
velocity field of this galaxy shows a great deal of structure, in-
cluding kinematic lopsidedness (see Swaters et al. 1999). The
structure seen in the dBB curve is also seen along the major axis
of the H1 data.
UGC 7603. The H1 and Ha data are in good agreement, although
the outer points on the Ha curve fall below the HI curve. As this
galaxy has a fairly high inclination (76°), and a steeply rising ro-
tation curve that is not well resolved by the HI beam, it is likely
that the difference is due to residual affects of beam smearing.
UGC 8286. The HI and He rotation curves for this edge-on
galaxy agree except in the region where the rotation curve turns
over.
UGC 8490. The Ha rotation curve falls well below the H1 rota-
tion curve near a radius of about 15”. As this corresponds to the
first point on a steeply rising rotation curve, it is possible that
this difference is the result of an incorrect correction for beam
smearing.
UGC 8837. The HI and the poorly sampled Ha rotation curves
are in good agreement.
UGC 9211. The HI and Ha rotation curves are in good agree-
ment.
UGC 10310. The Ha rotation curve falls below the HT rotation
curve. The reason for this difference is unclear.
UGC 11557. The H1 and He rotation curves agree well, but in
the outer parts the Ha curve falls slightly below the HI curve.
UGC 11707. Although the Ha rotation curve is poorly sampled,
the inner rise in the Ha rotation curve seems somewhat steeper
than that of the HI curve.
UGC 11861. The Ha rotation curve has significant scatter, but
seems to rise more steeply in the central regions. In the outer
parts both curves agree well.
UGC 12732. The Ha and H1 rotation curves are in agreement.
The detailed comparison of HI and Hea rotation curves
shows a fairly good general agreement between the two sets, in-
dicating that the method used to derive beam smearing corrected
rotation curves is successful to a large degree. There are, how-
ever, several systematic differences. For example, the H1 data are
not sensitive to features in the central rotation curve if they are
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Fig. 3. Comparison of the Ha rotation curves (dots with error bars) with H1I rotation curves (solid lines).
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Fig. 4. 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.

smaller than the size of the HI beam (UGC 5721, UGC 11707,
UGC 11861). In addition, if the velocity gradient over the beam
is large, the derived HT rotation curve becomes more uncertain
(UGC 3137, UGC 7603, UGC 8490). On the other hand, the
He data may be sensitive to small scale structure in the velocity
field (UGC 731, UGC 3851, UGC 4325, UGC 7524), because
it is derived from a 1” wide slice through the velocity field,
whereas the HT rotation curve is derived from the velocity field
as a whole. Systematic differences between the HT and the Ha
rotation curves are common in edge-on galaxies (UGC 3137,
UGC 4278, UGC 8286). For these galaxies, derivation of the ro-
tation curves is difficult (see Sect. 3), especially for the Ha data,
for which the typical instrumental velocity resolution of around
75 kms~! and the possibility of extinction along the line of sight
make it difficult to determine the extreme velocity accurately
(see e.g. SMvdBB).

For two galaxies, UGC 3371 and UGC 10310 there were no
obvious reasons for the difference between the H1 and Ha ro-
tation curves. The effects discussed above may all have con-
tributed. Interestingly, Swaters et al. (2003b) have reobserved
UGC 3371. Based on a high-resolution, two-dimensional Ha ve-
locity field, they derive a rotation curve that agrees well with
the HT rotation curve. They suggest that the differences between
their rotation curve and the dBB rotation curve may be due to
that fact that they used two-dimensional data, and the fact that
dBB spline-interpolated their data.

Blais-Ouellette et al. (2001) and Garrido et al. (2002) com-
pared rotation curves derived from Fabry-Perot imaging spec-
troscopy to those derived from HT synthesis observations, and
found good general agreement between the Ha and H T rotation
curves for galaxies that are well-resolved. For galaxies that are
less well-resolved the relation between the H1 and Ha shows
larger scatter, leading Garrido et al. (2002) to conclude that
corrections for beam smearing have introduced uncertainties.
Although corrections for beam smearing may explain part of
this scatter, uncertainties in the Ha Fabry-Perot data will also
play arole e.g., because Fabry-Perot are less sensitive to the faint
Ha emission, and hence are biased towards regions of strong star
formation, which may be associated with shocks, spiral arms,
and bars.

Although we argue that the effects of beam smearing on
HT data can usually be corrected for the type of galaxies

presented here, and that the HT rotation curves are therefore re-
liable, it is obvious that higher angular resolution observations
are needed to sample the detailed rotation curve shapes in the
central 30”.

6. Rotation curve shapes
6.1. The rotation curves

For the study of the properties of late-type dwarf galaxy rota-
tion curves, our sample has been divided into two subsamples.
The high quality sample contains 19 galaxies with inclinations
39° < i < 80° and rotation curves with quality ¢ = 1. A
lower limit was applied because at low inclinations the rotation
curve amplitude and shape are uncertain due to higher inclina-
tion uncertainties. The particular value of 39° was chosen so that
UGC 12732 s included in the sample. UGC 11861 was excluded
from the analysis below because of its high luminosity, resulting
in a high quality sample of 18 galaxies. The lower quality sample
contains 16 galaxies with inclinations 39° < i < 80° and rota-
tion curves with g = 2. UGC 4543 was excluded because of its
high luminosity. The lower quality sample thus selected contains
15 dwarf galaxies.

In Fig. 4 the rotation curves of the galaxies in the high qual-
ity sample are shown. The left panel shows the rotation curves
with the radii expressed in kpc, in the right panel the radii are
expressed in units of optical disk scale lengths. A striking fea-
ture of Fig. 4 is that the rotation curves of the dwarf galaxies in
our sample look similar to those of spiral galaxies, in particular
when the radii are expressed in units of disk scale lengths: most
of the rotation curves rise rapidly in the inner parts and start to
flatten after about two disk scale lengths. Although about half
of the galaxies in our high-quality sample do not extend signif-
icantly beyond three disk scale lengths, those that do have ro-
tation curves that are fairly flat, including amplitudes as low as
60 kms~!. Thus, it seems that whether the flat part of a rotation
curve is reached or not depends more on the radial extent of the
rotation curve than on its amplitude. None of the galaxies in our
sample have declining rotation curves, even though some of the
rotation curves extend to beyond 10 disk scale lengths.

To compare the properties of the rotation curves of the
late-type dwarf galaxies in our sample to the rotation curve
properties of other galaxies, we have constructed a comparison
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Fig. 5. Logarithmic slope of the rotation curve between 2 disk scale
lengths and the last measured point S é’u) versus the numeric Hubble
type. Only galaxies for which the last measured point lies beyond 3 disk
scale lengths and with inclinations between 39° and 80° have been
plotted. A random value between —0.5 and 0.5 has been added to the
numeric Hubble type to spread the points in the plots. The filled cir-
cles represent the late-type galaxies with high quality rotation curves
from the sample presented in this paper. The open triangles repre-
sent galaxies from the Ursa Major sample (Verheijen 1997; Verheijen
& Sancisi 2001), filled triangles represent the galaxies from various
sources presented in Broeils (1992a), open squares the galaxies from
Spekkens & Giovanelli (2006). The stars represent galaxies with Ha
rotation curves from the samples of de Blok & Bosma (2002) and
Swaters et al. (2003a). The long-dashed line represents the relation be-
tween Hubble and rotation curve shape as reported by Casertano & van
Gorkom (1991), the short-dashed line the same relation as found by
Broeils (1992a). The horizontal solid and dotted lines indicate the aver-
age value for § hva) and the 1o range for galaxies with Hubble type later
than Sc (see text for details).

sample of extended H I rotation curves. We used the HT rotation
curves of Ursa Major galaxies by Verheijen (1997) and Verheijen
& Sancisi (2001). This sample spans a range of galaxy types,
but has relatively few early-type galaxies and no galaxies with
My > —17. We only included galaxies with at least 5 measured
points in the rotation curve to ensure sufficient resolution. We
also included the sample presented in Broeils (1992a), which
consists of a collection of rotation curves presented in the liter-
ature. It includes a large range of galaxy types and luminosities,
spanning from My = —23 to Mg = —15. Most of the photomet-
ric data presented in Broeils (1992a) are in the B-band. These
were converted to R-band assuming B — R = 1.0. A third source
is the study by Spekkens & Giovanelli (2006), who have stud-
ied a sample of massive late-type spiral galaxies (their average
Hubble type is Sbc). We assumed R — I = 0.5 to convert their
I-band photometry to the R-band. For each of these literature
samples we only used galaxies with inclinations 39° < i < 80°.
The combined literature sample will be used as comparison in
the following discussion.

6.2. Rotation curve shape and morphology

The relation between rotation curve shape and morphology is
explored in Fig. 5. In this figure, the logarithmic slope be-
tween two disk scale lengths and the last measured point, S ?Z,L)’
is plotted against the numeric Hubble type. Only galaxies in

which the HT extends to beyond three disk scale lengths have
been plotted. For galaxies with less extended HT disks Sé,L) is
not well-determined because the rotation velocities lie on the
rising branch. In Fig. 5, the filled circles represent the high-
quality sample. Also shown in these figures are the logarith-
mic slopes for the spiral galaxies in the samples of Verheijen &
Sancisi (2001, open triangles), Broeils (1992a, filled triangles),
and Spekkens & Giovanelli (2006, open squares). We have also
plotted the logarithmic slopes for the galaxies with Ha rotation
curves, from the samples of dBB and SMvdBB (stars).

We have chosen to use SfZ,L) rather than the slope between
two thirds of the optical radius R,s and the last measured point
(as was done by e.g., CvG and Broeils 1992a). Both choices
have their merits: using disk scale lengths, the shape parame-
ter is measured at the same relative locations in the disks, and
using the optical radius the shape is measured at the same sur-
face brightness. We have also used the optical radius to define
the shape parameter, and found that the results hardly depend on
the choice of the scaling parameter, as was also found by CvG.

Both CvG and Broeils (1992a) have reported tight correla-
tions between the shape of the rotation curves and the Hubble
type. These correlations are plotted for reference in Fig. 5.

With the inclusion of the new data reported here, it now
appears that galaxies with Hubble types later than Sc all have
similar outer rotation curve slopes, with an average S ?2,1‘) of
0.18+0.10 (marked in Fig. 5 by the solid and dotted lines). None
of the galaxies in our high-quality sample have rotation curves
as shallow as seen among the dwarf galaxies in the comparison
samples. We will discuss this in Sect. 7.

6.3. Rotation curve shape, amplitude, and absolute
magnitude

To investigate the relation between the rotation curve shape, am-
plitude, and absolute magnitude, we have plotted the rotation
curves grouped into six intervals in absolute magnitude in Fig. 6.
In this figure, the radii are expressed in units of disk scale length.
The full lines refer to galaxies in the high quality sample and the
dotted lines to galaxies in the lower quality sample. The most
obvious relation is the decrease in amplitude towards fainter ab-
solute magnitudes, as expected from the Tully-Fisher relation.
Note that there is a spread in rotation curve shapes in each lu-
minosity bin. This spread may in part be observational in na-
ture, e.g., as a result of inclination errors and asymmetries in
the galaxies. The top left panel contains late-type galaxies in the
transition regime between bright galaxies and dwarf galaxies.

The relations between absolute magnitude or maximum ro-
tation velocity on the one hand, and rotation curve shape on the
other, are made more explicit in Figs. 7 (top panel) and 8.

At first sight, the correlation seen between the rotation curve
shape S fz,L) and absolute magnitude (see Fig. 7, top panel) seems
to confirm the results found by e.g., Rubin et al. (1985), Persic
& Salucci (1988), Broeils (1992a), and CvG that rotation curves
rise more slowly towards lower luminosities. However, with the
addition of the dwarf galaxies presented here, the dwarf regime
is better sampled and extended down to fainter absolute magni-
tudes, thus making it possible to sample this correlation in more
detail at the low luminosity end.

In Fig. 5 it was shown that the rotation curve shape S?Z,L)
is similar for galaxies with Hubble types later than Sc. A simi-
lar trend is seen with absolute magnitude, as can be seen in the
top panel of Fig. 7. This is not unexpected, given the tight cor-
relation between Hubble type and absolute magnitude (bottom
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Table 3. Optical and rotation curve properties of the comparison sample.

Name Ref. D, Mg Type h ul vy vy v3 I Dlast Tlast Sz Seyn  Seun
Mpc mag kpc mag”’2 - — — — kms™' — - - - kpc
()] 2) (3) ) 5 (6) m ® O Jdo an az  ds3 (14) 15) (16)
NGC 55 B 1.6 -19.6 .SBS9x 1.6 20.5 47 73 85 86 87 7.7 0.63 0.40 0.20
NGC 247 B 2.5 -19.0 .SXS7.. 29 22.4 77 104 - - 108 7.4 043 - -
NGC 300 B 1.8 -18.8 .SAST.. 2.1 21.2 72 89 97 - 93 8.0 0.30 0.22 0.08
NGC 801 B 79.2 -22.7 S.5. 12 209 223 222 214 - 216 44 -001 -0.09 -0.05
UGC 2259 B 9.8 -18.0 .SBS8.. 1.3 21.3 70 83 85 88 90 5.7 0.25 0.06 0.11
NGC 1324 SG 79 -23.1 .S..3x. 5.6 189 258 282 300 299 264 35 0.13 0.15 -0.06
UGC 2849 SG 116 -23.0 .S..6%. 6.2 20.1 245 277 280 277 267 34 0.18 0.03 -0.04
UGC 2885 B 78.7 -23.8 .SATS.. 13 21.0 275 280 296 298 298 54 0.03 0.14 0.08
NGC 1560 B 3 -16.9 .SAST. 1.3 222 42 59 65 74 77 6.2 0.49 0.24 0.29
UGC 3371 dBB 128 -17.74 1.9x. 3.09 233 47 71 - - 72 6.3 0.60 - -
NGC 2403 B 33 -20.3 .SXS6.. 2.1 204 102 127 128 131 134 149 0.31 0.02 0.04
NGC 2841 B 18 -22.7  .SAR3x. 4.6 20.1 322 327 319 208 294 61 002 -006 -0.06
NGC 2903 B 6.4 -21.0 .SXT4.. 2.0 195 209 211 202 198 180 182 001 -0.11 -0.10
NGC 2955 SG 105 -22.8  PSAR3.. 49 194 244 244 262 241 208 47 0.00 0.18  -0.10
NGC 2998 B 67.4 -22.9 SXTS5.. 54 193 206 215 213 214 198 35 006 -0.02 -0.07
UGC 5272 dBB 6.1 1511 L.9. 0.60 224 22 40 47 - 46 2.1 0.87 0.37 0.21
NGC 3109 B 1.7 -17.8 .SBS9. 1.6 222 31 50 61 - 66 6.2 0.67 0.51 0.42
NGC 3198 B 9.4 -20.4 .SBTS5.. 2.6 206 135 153 155 154 149 226 0.18 0.03 -0.02
UGC 5721 SMBB 6.7 -16.58 SX.77. 0.45 20.2 41 57 64 68 77 242 0.47 0.29 0.33
UGC 6399 VS 15.5 -18.3 .S..9%. 1.8 222 53 76 84 - 88 6.8 0.52 0.25 0.22
UGC 6446 VS 15.5 -18.5 SAT.. 2.6 222 62 74 81 85 80 132 0.24 0.23 0.09
NGC 3726 VS 15.5 -21.3 SXRS.. 44 20.1 124 163 150 150 167 28 040 -0.21 0.02
NGC 3877 VS 15.5 -21.2 .SAS5=. 2.5 19.1 131 161 171 - 169 9.8 0.31 0.14 0.07
NGC 3917 VS 15.5 -20.4 .SA.6%. 2.4 20.9 80 119 136 137 137 128 0.57 0.33 0.15
NGC 3949 VS 15.5 -20.6  .SAS4x. 1.4 192 118 151 160 167 169 6.1 0.36 0.14 0.15
NGC 3953 VS 15.5 -21.7 .SBR4.. 32 195 193 220 225 239 215 135 0.19 0.05 -0.03
NGC 3972 VS 15.5 -19.8 .SAS4.. 1.7 19.9 79 107 122 135 134 7.5 0.44 0.31 0.29
UGC 6917 VS 15.5 -19.2 .SB.9.. 2.8 21.9 81 101 111 - 111 9.0 0.32 0.23 0.21
NGC 3985 Vs 15.5 -19.0  .SBS9x. 0.8 19.5 42 73 - - 93 23 0.82 - -
UGC 6923 VS 15.5 -18.4 1.9x. 1.3 21.5 46 72 79 - 81 4.6 0.66 0.23 0.20
NGC 3992 S 15.5 -21.8 .SBT4.. 34 19.2 - 271 264 273 237 30 - 006 -0.09
UGC 6983 VS 15.5 -19.0 .SBT6.. 3.0 22.0 92 102 113 108 109 135 0.14 026  0.085
UGC 7089 VS 15.5 -19.1 .S..8x. 25 225 45 65 77 - 79 7.9 0.53 0.41 0.41
NGC 4100 VS 15.5 -21.0  PSAT4.. 2.4 192 125 185 195 192 159  19.6 0.56 0.12  -0.11
NGC 4138 \S 15.5 -20.6  .LAR+.. 12 19.1 168 181 192 195 150  16.0 0.11 0.15 -0.10
NGC 4218 VS 15.5 -18.5 S..18. 0.7 19.8 83 104 - - 73 1.5 0.34 - -
UGC 7603 dBB 6.8 -16.88 .SBS7? 0.90 20.8 29 43 - - 48 2.5 0.59 - -
DDO 154 B 4 -14.8 IBS9.. 0.5 222 15 24 32 37 43 57 0.64 0.70 0.34
NGC 5033 B 11.9 -21.2 .SASS.. 5.8 206 220 219 208 192 200 27 -0.01 -0.12 -0.11
DDO 168 B 35 -16.2 IB.9.. 0.9 224 31 51 - - 49 2.5 0.71 - -
DDO 170 B 12 -15.5 1.9x. 1.3 - 32 50 56 59 62 72 0.67 0.27 0.21
NGC 5533 B 55.8 224 SAT2.. 11.4 21.0 274 263 240 245 227 56 -0.06 -022 -0.16
NGC 5585 B 6.2 -18.5 .SXS7.. 14 20.9 54 71 89 92 89 7.2 0.49 0.37 0.16
UGC 9211 dBB 126  -16.21 1.9, 1.32 22.6 38 55 - - 60 3.6 0.52 - -
NGC 6195 SG 131 -232 S.3.. 6.1 199 236 245 247 250 243 40 0.05 0.02 -0.01
NGC 6503 B 59 -19.7 .SAS6.. 1.7 20.9 9% 113 114 115 122 151 0.23 0.03 0.05
NGC 6674 B 49.3 -22.6 .SBR3.. 8.3 215 290 265 247 235 242 52 -0.13 -0.17 -0.08
NGC 7331 B 14.9 224 .SAS3.. 45 205 257 246 233 238 238 28 -0.06 -0.13 -0.03

(1) Galaxy name (ordered by RA); (2) source of the rotation curve data. B represents Broeils (1992), dBB is de Blok & Bosma (2002), SG means
Spekkens & Giovanelli (2006), SMBB is Swaters et al. (2003a), and VS means Verheijen & Sancisi (2001); (3) the adopted distance, taken from
the original papers; (4) the absolute R-band magnitude; (5) the morphological type according to the RC3 catalog (de Vaucouleurs et al. 1991),
using the same coding; (6) and (7) the disk scale length and the R-band central disk surface brightness. Optical data are from Paper II for the dBB
and SMBB data, from Verheijen (1997) for the VS data, from Spekkens & Giovanelli (2006) for the SG data, and from Broeils (1992) for the
B data. The data from Broeils (1992) are in the B-band. These were converted to R-band assuming B —R = 1.0. (8) to (11) the rotation velocities at
one, two, three and four disk scale lengths; (12) and (13) the rotation velocity at the last measured point and the radius of the last measured point;
(14), (15) and (16) the logarithmic shape of the rotation curve between one and two disk scale lengths, between two and three disk scale lengths,
and between two disk scale lengths and the last measured point.
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Fig. 6. 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 lower quality sample.

panel of Fig. 7). From Fig. 7 it is clear that, down to the faintest
magnitudes, all the galaxies in our sample with high quality
rotation curves have logarithmic slopes between 0 and 0.3, al-
though the scatter may increase somewhat towards lower abso-
lute magnitudes. For these galaxies, the mean value of § fz,L) is
0.17 + 0.08, where the uncertainty is the dispersion around the
mean. The logarithmic slopes of late-type spiral galaxies with
-20.5 < Mg < —18 have similar values. For these galaxies,
the average SfZ,L) is 0.15 £+ 0.11. Thus, the results in Fig. 7
indicate that the outer rotation curve shapes, as measured by
S ?2,14)’ are similar for late-type spiral galaxies and the late-type
dwarf galaxies in our sample. Therefore, for galaxies fainter than
Mpr = =20, the outer rotation curve shape does not appear to
depend on luminosity down to Mg ~ —16 and possibly even
Mg ~ —14, although we have little information at the lowest
luminosities.

At the brighter end, as was already pointed out by CvG and
Broeils (1992a), the most luminous galaxies tend to have declin-
ing rotation curves. This is also seen in Fig. 7. Galaxies brighter
than about Mz ~ —21 mostly have negative values of S ?Z,L)’ in-
dicating lower rotation velocities at the last measured points.
Virtually all of these galaxies have bulges, as is demonstrated
in the bottom panel of Fig. 7, where the S ?2,1‘) is plotted against
the numerical Hubble type. A larger sample of early-type spiral
and high-luminosity galaxies is needed to study the details of
the correlations between rotation curve shape and morphology
or luminosity.

Following CvG, we have also plotted S fz,L) against the max-
imum rotation velocity in Fig. 8. The relation between these

quantities found by CvG, represented by the dotted line, is
given for comparison. The galaxies in the sample presented here

follow the same relation. This may seem to indicate that the
results presented here are in good agreement with the relation
found by CvG. However, at the lowest rotation velocities, the
galaxies in the comparison sample tend to fall above the CvG
relation. In fact, 4 out 5 galaxies with v, < 80 km s~! fall well
above the dotted line. Similarly, the slowest rotators in Fig. 6 of
CvG also fall above their relation. Thus, even though the val-

ues for § ?2 L for the galaxies in our sample are consistent with

the CvG relation, the S ?Z,L) values for our high-quality sample
are significantly different from those for our reference sample.
We point out, however, that there are only a small number of
galaxies with e < 80 kms™!. To fully sample the relation be-
tween rotation curve shape and vp,x, a larger number of beam-
smearing corrected rotation curves is needed. We also note that
at the higher mass end the galaxies in our sample fall above the
CvG relation. This was also noted by Broeils (1992a), who re-
marked that there is a clear correlation between the slope and the
maximum velocity, but that it is not a simple linear relation.

The slope of the rotation curve is weakly correlated with sur-
face brightness, as can be seen in Fig. 9. At intermediate surface
brightnesses, there is a large spread in slopes. At the high surface
brightness end, galaxies tend to have flat or declining rotation
curves, and at the low surface brightness end, galaxies tend to
have slowly rising rotation curves.

6.4. Rotation curve shape and light distribution

To investigate a possible link between the light distribution and
the rotation curve, we compare the central concentration of light
and the inner rotation curve shape. A straightforward measure of
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Fig.7. Logarithmic slope of the rotation curve between 2 disk scale
lengths and the last measured point S h2,L versus the the absolute R-band
magnitude My (fop), and numeric Hubble type versus My (bottom).
Only galaxies for which the last measured point lies beyond 3 disk scale
lengths and with inclinations between 39° and 80° have been plotted.
A random value between —0.5 and 0.5 has been added to the numeric
Hubble type to spread the points in the plots. Symbol coding as in Fig. 5.

the central concentration of light is given by the parameter Aug,
which we defined as:

“)

where p® is the observed central surface brightness. If a bulge or
a central concentration of light is present, Ay is positive, and if
the light profile is flat-topped, Aug is negative.

A significant fraction of the late-type dwarf galaxies in our
sample have non-exponential light profiles in the inner regions.
Some have a central concentration of light, and in others the
light profile in the center falls below that of an exponential fit to
the outer parts of the light profile, making the light profile flat-
topped. The galaxies in the comparison samples of Verheijen &
Sancisi (2001) and Broeils (1992a) include both galaxies with
strong bulges and galaxies that are dominated by exponential
profiles. The galaxies in the sample of Spekkens & Giovanelli
(2006) all have bulges or central concentrations of light.

In Fig. 10, Aug is plotted against S ?1,2)’ the logarithmic slope
between one and two disk scale lengths, for the late-type dwarf
galaxies in our sample and for the galaxies in the comparison
samples. A clear correlation is found between Aug and S fll,z)'
Rotation curves of galaxies with a central concentration of light
are relatively flat between one and two disk scale lengths, and
therefore they must rise steeply within one disk scale length.
Galaxies with a flat-topped light profile have rotation curves

Aur = Hg = g
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and 80° have been plotted. Symbol coding as in Fig. 5.

that rise more slowly in the inner parts. This correlation be-
tween Aug and Sé’1,2) remains even if only LSB galaxies with
ug > 22 mag arcsec™ are considered, although the range in Aug
is reduced to —1 < Aug < 1 for those galaxies. As can be seen
in Fig. 10, the correlation between Aug and Sé’1,2) shows con-
siderable scatter. It is likely this is partly due to observational
uncertainties, given that for two thirds of the galaxies the reso-
Iution of the HI observations is similar to the scale lengths of

these galaxies.

7. Discussion and conclusions

In this paper, we have presented rotation curves derived from
HT observations for a sample of 62 galaxies. These rotation
curves have been derived by interactively fitting model data
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cubes to the observed cubes. This procedure takes the rotation
curve shape, the HT distribution, the inclination, and the size of
the beam into account, and makes it possible to correct for the
effects of beam smearing. Comparison of the derived rotation
curves with high resolution Ha rotation curves shows good gen-
eral agreement, indicating that the scheme used to correct the
rotation curves for beam smearing works well.

From our sample of 62 galaxies, we selected 18 systems with
rotation curves of high quality. These have been used to study the
shapes and amplitudes of the rotation curves and their relation
with the distribution of light.

We have found that the rotation curve shapes of late-type
dwarf galaxies in our sample are similar to those of higher lu-
minosity, late-type spiral galaxies, in the sense that for most of
the dwarf galaxies in our sample the rotation curves, when ex-
pressed in units of disk scale lengths, rise as steeply in the inner
parts and start to flatten beyond about two disk scale lengths.
Moreover, there are several galaxies with relatively flat rotation
curves, and with amplitudes as low as 60 km s~

We found no galaxies with pure solid body rotation curves
that extend beyond 3 disk scale lengths. Thus, whether the rota-
tion curve becomes flat to depends mainly on the extent of the
rotation curve, independent of its amplitude.

This similarity between the rotation curve shapes of late-type
dwarf and late-type spiral galaxies is also borne out by the sim-
ilar logarithmic slopes between two disk scale lengths and the
last measured point. For the late-type dwarf galaxies in our high-

quality sample, S ?2 ) = 0.17 + 0.08, and for the spiral galax-
ies in our reference sample S’ = = 0.15 + 0.11. The similarity

2L
between the rotation curve sh(apés of dwarf and spiral galaxies
continues down to My ~ —16 mag, and possibly even down
to Mg ~ —14 mag, although we have little information at the
faintest luminosities. The ongoing FIGGS survey (e.g., Begum
et al. 2008) will likely fill this gap.

The results presented here confirm earlier findings by CvG
and Broeils (1992) that the rotation curve shape depends on mor-
phology and luminosity (at least for galaxies brighter than ap-
proximately Mg = —19 mag). However, with the inclusion of the
galaxies from the sample presented here, and a larger number of
spiral galaxies from the sample of Verheijen & Sancisi (2001),
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the correlation between rotation curve shape and morphology
and luminosity is better defined, especially at the low luminos-
ity end. Based on these new data, we find that the outer rotation
curves of galaxies with Hubble types later than Sc or with ab-
solute magnitudes fainter than approximately Mg = —19 mag
all have similar shapes. In other words, we find that the outer
rotation curve shape does not depend on luminosity or morphol-
ogy for galaxies fainter than Mz ~ —19 for the sample presented
here.

The main reason for this difference in the reported correla-
tion between rotation curve shape on the one hand and Hubble
type or absolute magnitude on the other lies in the derived rota-
tion curve shapes for the late-type dwarf galaxies presented here
compared to those derived from rotation curves as published in
the literature. Both beam smearing (see Sect. 3 and references
therein) and intensity-weighted velocities (see Paper I and refer-
ences therein) will lead to a shallower derived rotation curves,
especially where the rotation curve is rising or turning over.
These differences may well explain the differences in derived
rotation curves.

Considering the bright galaxies that have outer rotation-
curve slopes different from those of late-type dwarf galaxies, it
is interesting to note that the vast majority of these have a bulge
(or a strong central concentration of light). These bulges have a
strong effect on the shape of the inner rotation shape, causing a
steep rise in the center. But the effect of these bulges may ex-
tend to larger radii as well and explain the falling rotation curves
seen in some galaxies (e.g. Noordermeer et al. 2007). Given that
we found that the outer rotation curve shapes for galaxies fainter
than Mg ~ —19 (which overwhelmingly do not have bulges) do
not depend on luminosity, it is tempting to speculate that the
change in rotation curve shapes for brighter galaxies is the result
from the increasing contribution of the bulge, while the rotation
curve shape of the underlying disk remains unchanged.

We have found a relation between the shape of the central
distribution of light and the inner rise of the rotation curve.
Galaxies with a stronger central concentration of light have a
more steeply rising rotation curve. This correlation between the
light distribution and the inner rise of the rotation curve is well
known for spiral galaxies (e.g., Kent 1987; Corradi & Capaccioli
1990), but in this paper we have found that dwarf galaxies with
a central concentration of light also have rotation curves that
rise more steeply in the center than the rotation curves of dwarf
galaxies that do not have a central concentration of light.

The observed correlation between the light distribution and
the inner rotation curve shape, as seen in both spiral and late-type
dwarf galaxies, implies that galaxies with stronger central con-
centrations of light also have higher central mass densities, and
it suggests that the luminous mass dominates the gravitational
potential in the central regions, even in low surface brightness
dwarf galaxies.
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Appendix A: Rotation curves

In the next pages overviews are presented of the rotation curves
for all galaxies in this study. For each galaxy a figure is given
with two panels. In the left panel, the position-velocity diagram
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along the major axis is shown. Contour levels are at —40 and
—20 (dotted), and 20, 40, ... Overlayed on the position-velocity
diagram is the rotation curve. If the rotation curve has been de-
rived for the approaching and the receding side separately, then
these are shown. In the right panel, the derived rotation curve
(represented by the thick solid line and the filled circles) is
shown. 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 lengths.
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