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Chapter 6. Dark Matter in Spiral Galaxies

Chapter 6
Dark Matter in Spiral Galaxies

ABSTRACT– This chapter discusses the shapes of galaxy rotation curves and the
structural properties of dark matter haloes in which spiral galaxies seem to be embed-
ded. A comparison is made between observed HI rotation curves and the so-called ‘uni-
versal’ rotation curve. We find that for about one third of the observed rotation curves
the shapes deviate significantly from this ‘universal’ rotation curve shape. We derived
structural parameters of dark matter haloes for both isothermal sphere and Hernquist
models. Various fits with different assumptions about the stellar mass-to-light ratios
were made. Maximum-disk, sub-maximum-disk, equal-(M/L) and constrained-halo
decompositions were performed. We conclude that the inferred structural properties of
the dark matter haloes strongly depend on the adopted stellar mass-to-light ratios. In
the case of maximum-disk fits we find for the high surface brightness galaxies that the
near-infrared stellar mass-to-light ratios lie in the range 0.4-1.0 and do not vary with
color or morphological type. There are at most marginal trends between the structural
parameters of the haloes and the amounts and distributions of the luminous mass. There
is some evidence for a kinematic signature of the bimodality of surface brightness dis-
tribution discussed in Chapter 3. Finally, a comparison is made between the rotation
curves of three galaxies of the same luminosity but with different distributions of the
stellar component. The decomposition of their rotation curves showed that the same
halo can be adopted for all three systems while only minor differences in theK0 mass-
to-light ratios are required to obtain satisfactory fits to the observed rotation curves.
This result supports the idea that galaxies of the same luminosity live in similar haloes
regardless of the distribution of their luminous mass.

1 Introduction

Information about the present-day distribution of dark
matter in and around galaxies should lead to a better
understanding of the conditions and processes which
initiated and guided the formation of galaxies out of
the initial density perturbations in the early universe.
The density and extent of a dark matter halo is for in-
stance closely related to the epoch of its formation and
the density of the universe at the time the halo started
to collapse. An early collapse in a young, high den-
sity universe will result in a small compact halo, while
haloes that collapse at a later stage will be larger and
more diffuse. Consequently, in the framework of hi-
erarchical clustering, one would expect that present-
day dwarf galaxies live in more compact, denser haloes

than the more massive systems. Moreover, the de-
tailed radial behaviour of the density of dark matter
within a collapsed halo is related to the slope of the
power spectrum of the initial density perturbations.
Two kinds of density profiles for a dark matter halo
are now widely accepted as plausible outcomes of the
process of galaxy formation. One is the density pro-
file which corresponds to an isothermal sphere of dark
matter and the other is the so-called Hernquist (1990)
density profile. The former one can be justified on the-
oretical grounds (e.g. Hoffman, 1988) while the lat-
ter density profile has emerged empirically from nu-
merical simulations (e.g. Dubinski and Carlberg 1991,
Navarroet al, 1996 and 1997).

This chapter deals only with the observational as-
pects related to these issues, and presents a discussion
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Table 1: Photometric and kinematic information for the 30 members of the Ursa Major Cluster sample with
relatively unperturbed HI kinematics.

nr. Name Type i Mb;i
T (B) Mb;i

T (K0) �
i
0(K0) rd(K0) C82 Rb;i

25(B) R80(I ) Rlmp Vmax Vflat

(�) (mag) (mag) (mag/002) (kpc) (0) (0) (0) (km/s) (km/s)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

1 U6399 Sm 75 -17.76 -19.93 19.28 1.98 3.3 0.91 1.08 1.50 88 88
2 U6446 Sd 51 -18.03 -19.48 19.84 1.49 4.1 1.02 1.33 2.93 82 82
3 N3726 SBc 53 -20.58 -23.02 17.72 2.84 3.1 2.63 2.01 6.22 162 162
4 N3729 SBab 49 -19.22 -22.38 16.86 1.40 3.5 1.29 1.07 1.00 151 151
5 U6667 Scd 89 -18.04 -20.25 20.44 2.43 3.3 1.08 1.59 1.50 86 86
6 N3877 Sc 76 -20.24 -23.28 17.12 2.34 3.2 1.95 1.74 2.17 167 167
7 U6773 Sm 58 -17.22 -19.76 19.48 1.26 3.3 0.67 0.66 0.67 45 ...
8 N3917 Scd 79 -19.65 -21.97 18.66 2.57 3.0 1.72 1.65 2.83 135 135
9 N3949 Sbc 55 -20.07 -22.56 17.08 1.44 3.7 1.31 0.81 1.35 164 164

10 N3953 SBbc 62 -20.68 -23.96 17.22 3.20 4.4 2.63 2.03 3.00 223 223
11 U6894 Scd 83 -17.10 -18.66 20.35 1.26 3.1 0.56 0.66 0.67 63 ...
12 N3972 Sbc 77 -19.10 -21.64 17.90 1.62 3.0 1.29 1.24 1.67 134 ...
13 U6917 SBd 56 -18.49 -20.69 19.83 2.43 3.4 1.40 1.47 2.00 104 104
14 N3985 Sm 51 -18.35 -20.79 17.56 0.95 2.9 0.64 0.46 0.50 93 ...
15 U6923 Sdm 65 -17.86 -19.95 18.80 1.08 5.0 0.82 1.09 1.02 81 ...
16 N3992 SBbc 56 -20.75 -23.75 17.45 3.47 4.0 3.05 2.39 6.67 272 242
17 N4013 Sb 90 -19.93 -23.38 16.44 1.71 3.7 1.78 1.71 6.12 195 177
18 N4010 SBd 89 -19.01 -21.84 19.41 2.89 2.9 1.46 1.81 2.00 128 128
19 U6969 Sm 76 -17.02 -18.45 20.34 1.13 3.0 0.58 0.60 0.85 79 ...
20 U6983 SBcd 49 -18.44 -20.46 19.87 2.21 3.8 1.46 1.40 3.00 107 107
21 N4085 Sc 82 -19.29 -21.86 17.36 1.31 3.2 1.03 0.90 1.18 134 134
22 U7089 Sdm 80 -18.64 -19.95 20.53 2.57 3.5 1.22 1.58 1.75 79 ...
23 N4100 Sbc 73 -20.14 -23.00 17.11 2.12 2.9 2.01 1.53 4.35 195 164
24 U7094 Sdm 70 -17.16 -19.42 19.68 1.22 4.5 0.64 0.98 1.00 35 ...
25 N4102 SBab 56 -19.58 -23.12 16.78 1.49 7.6 1.33 0.87 0.83 178 178
26 N4138 Sa 53 -19.30 -22.79 16.48 1.17 5.3 1.10 0.75 3.55 195 147
27 N4157 Sb 82 -20.27 -23.54 16.77 2.16 3.9 2.30 2.07 5.67 201 185
28 N4183 Scd 82 -19.41 -21.30 19.47 2.66 3.2 1.55 1.86 4.02 115 109
29 N4218 Sm 53 -17.88 -20.15 17.06 0.54 3.2 0.53 0.34 0.33 73 ...
30 N4217 Sb 86 -20.22 -23.45 17.17 2.43 3.3 2.11 2.12 3.17 191 178

of the structural parameters of the dark matter haloes as
inferred from observed rotation curves of spiral galax-
ies. Both the isothermal sphere and the Hernquist pro-
files will be considered when decomposing the rotation
curves into the main dynamical constituents of a spiral
galaxy, i.e. a gaseous disk component, the stellar com-
ponent and the dark matter halo.

Here the observed rotation curves are analysed in
the framework of Newtonian gravity. It should be
noted, however, that the concept of modified Newto-
nian dynamics (Milgrom, 1983) is very succesful in re-
lating the shapes of observed rotation curves directly to
the luminous mass in galaxies (e.g. Sanders and Bege-
man 1994, Begemanet al1991).

For our study we selected a complete, volume lim-
ited sample of spiral galaxies in the nearby Ursa Major
Cluster (Tullyet al 1996: Chapter 2). These galaxies
cover a wide range of luminosities, morphologies and

surface brightnesses. For each galaxy we obtained op-
tical and near-infrared surface photometry to determine
the distribution of the stellar component and 21cm-line
line observations to derive the HI density distribution
and the rotation curve.

We briefly describe the sample and the observa-
tions in Section 2 and the shapes of the rotation curves
in Section 3. In Section 4 we describe the density pro-
files of the isothermal sphere and the Hernquist halo.
The performed decompositions are explained in Sec-
tion 5 and the results are presented in Section 6. In
Section 7 we investigate a possible kinematic signature
of the bimodality of surface brightnesses as described
in Chapter 3. In Section 8 we compare the shapes and
decompositions of the rotation curves of three galaxies
with the same luminosity but different surface bright-
ness distributions. Finally, Section 9 presents the con-
clusions.
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2 The sample

The galaxies we consider here are from the Ursa Ma-
jor cluster sample described in Chapter 2. Since all
these galaxies are nearly at the same distance, there
is little doubt about their relative luminosities, masses
and sizes. There are 49 galaxies intrinsically brighter
than the SMC and more inclined than 45 degrees of
which 30 systems show relatively unperturbed HI kine-
matics. The other 19 systems are HI poor S0s, are
involved in serious interactions or show global non-
circular motions. The optical and near-infrared pho-
tometry of these 30 spirals is presented in Chapter 2.
The HI synthesis observations from which the rotation
curves and the radial HI surface density profiles were
obtained are presented in Chapter 4.

Table 1 gives a summary of the global properties of
these galaxies.
Column(1) contains a number for references in subse-
quent figures.
Column(2) gives the NGC or UGC number.
Column(3) provides the morphological type and
Column(4) the inclination angle.
Columns(5-6) give the corrected total absolute magni-
tudes in theB andK0 passbands.
Column(7) contains the near-infrared face-on disk cen-
tral surface brightness and
Column(8) gives the disk scale length as derived from
theK0 luminosity profile.
Column(9) provides the compactness parameter which
is defined as C82�R80/R20, the ratio of the radii which
enclose 80% and 20% of the total light. For an expo-
nential disk C82 is independent of scale length but will
increase with increasing bulge-to-disk ratio.
Columns(10-12) provide the radius of the corrected
25th B-mag/002 isophote, the radius which encloses
80% of theI-band light and the radius of the last mea-
sured point on the rotation curve.
Column (13) gives the maximum rotational velocity
and
Column(14) provides the amplitude of the outer flat
part of the rotation curve which is occasionally lower
than Vmax. In some cases the HI disk is not extended
enough to reach the flat part of the rotation curve.

3 The shapes of rotation curves

The shapes and amplitudes of rotation curves of spiral
galaxies are directly related to the gravitational poten-
tial in the plane of the disk which arises from the com-
bined distribution of luminous and dark matter. If the
luminous mass embedded in the dark halo is of any dy-
namical importance, the shapes of rotation curves are
expected to differ among galaxies of the same luminos-
ity but with different luminosity profiles. The presence

of a dark matter halo will moderate these differences
and, if the dark matter halo is dynamically dominant,
the shapes of rotation curves will largely be indepen-
dent of the light distribution. In this section we will
investigate the shapes of the rotation curves as a func-
tion of the distribution of the luminous mass.

Results from the first measurements of galaxy ro-
tation curves have led to the generic picture that ro-
tation curves show a steep rise in the inner regions,
after which they turn over and remain flat to the last
measured point, often well beyond the radius of a de-
tectable stellar disk (van Albada and Sancisi 1986,
Casertano and van Albada, 1990). Clearly, such a
shape of the rotation curve deviates from what one
would expect given the exponential distributionof light
in a spiral galaxy (Freeman, 1970). Although the shape
of the rotation curve in the inner regions can be recon-
ciled with the distribution of luminous mass (Kalnajs
1983, Kent 1986), the extended flat part can only be
explained by introducing an additional dynamical com-
ponent, the dark matter halo. The radial density pro-
file of a dark matter halo seems to compensate for the
decreasing contribution of the luminous matter to the
gravitational potential beyond about 2 scale lengths in
such a way that the rotation curve remains nearly flat.
This effect is known as the ‘disk-halo conspiracy’ (van
Albada and Sancisi 1986).

This generic picture of the flat shapes of rotation
curves has been progressively refined since the mid-
seventies, using optical and HI rotation curves. Optical
rotation curves typically do not extend much beyond
two-thirds of R25 and map the kinematics in the inner
regions of galaxies only. The more extended HI rota-
tion curves are necessary to study the shapes of rota-
tion curves in the outer regions of spiral galaxies. In
this respect, optical and HI rotation curves should be
considered complementary to each other.

Using optical rotation curves of Sa-Sc spirals, Ru-
bin et al (1985) noted that the shape of the rotation
curves in the inner regions are not related to the mor-
phological type of a galaxy. The steepness of rotation
curves in the inner regions are more related to the lu-
minosity of a spiral than to its morphology. From this
they concluded that dark matter must be the dynami-
cally dominant component at all radii, even in the very
centers of spirals.

On the other hand, some rotation curves show de-
tailed features in the inner regions which can be re-
lated to corresponding features in the luminosity pro-
files (e.g. Kent, 1986). This notion gave support to
the maximum-disk hypothesis, which postulates that
the luminous matter is the dominant dynamical com-
ponent in the central regions of galaxies (van Albada
and Sancisi 1986). This hypothesis was put forward to
derive lower limits on the amounts of dark matter in
spirals.
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Figure 1: Compilation of rotation curves of all kinematically unperturbed spirals in the Ursa Major Cluster plotted
on the same linear scale (left panel) and scaled with the disk scale length (right panel). The insets show the
positions of the last measured points.

Casertano and Van Gorkom (1991) investigated the
shapes of the rotation curves in the outer regions of
galaxies using HI synthesis data. They found that ro-
tation curves are not always simply flat after they turn
over but can show a significant decline in their outer re-
gions, sometimes until their last measured point. Such
a decline occurs mainly in galaxies with short photo-
metric scale lengths and in the most massive systems.
In those galaxies, the luminous mass is concentrated to
such a degree that its contribution to the local poten-
tial dominates over that of the dark halo. In such cases
the disk-halo conspiracy apparently breaks down to a
certain extent.

Figure 1 shows the rotation curves of the 30 spiral
galaxies in the Ursa Major cluster with kinematically
unperturbed gas disks (see Chapters 4 and 5). In the
left panel the rotation curves are plotted on the same
linear scale. Since all galaxies are nearly at the same
distance, there is little doubt about the relative extent of
their rotation curves in terms of kiloparsec. In the right
hand panel the rotation curves are scaled with the scale
length of the exponential disk in theK0–band. The ro-
tation curve from a purely exponential disk reaches its
maximum rotational velocity at 2.2 disk scale lengths.
Note that several rotation curves are still rising at that
radius. This may indicate for instance that the gas com-
ponent or the dark matter halo are already dynamically
important at that radius or that the luminosity profiles
are shallower than exponential.

The positions of the last measured points of the ro-
tation curves in each panel are plotted separately in the
insets. They show that in general the rotation curves of
more massive galaxies can be measured at larger radii,

in terms of kiloparsec, than those in less massive sys-
tems. In terms of scale lengths this is less the case.
Therefore, care should be taken when comparing mass-
to-light ratios within a fixed number of scale lengths or
within the radius of the last measured point as a func-
tion of luminosity or Vmax since the inferred total mass
enclosed by a particular orbit depends on the radius of
that orbit in kiloparsec.

Figure 2 shows the rotation curves as a function
of global morphology. Although the few Sa galax-
ies in our sample have rotational velocities compara-
ble to those of the Sb systems, the well known cor-
relation between morphology and rotational velocity
is evident. The Sa systems reach their maximum ro-
tational velocity closer to the center than Sb galaxies
with similar asymptotic velocities. Furthermore, we
find a wide range of rotational velocities among the Sb-
Sc galaxies, varying between 80 and 250 km/s. Finally,
note that there are four Sb galaxies (NGC 4013, 4100,
4157 and 4217) with nearly identical rotation curves
which show a slight decline between 8 and 15 kpc.
These four spirals also have very similar luminosities
(-23.49<MK0<-22.98), exponential disk scale lengths
(1.7<rd(kpc)<2.4) and central disk surface brightnesses
(16.44<�i

0(K0)<17.17).
In general, the morphological classification of a

spiral is closely related to the overall distribution of
the light and can be quite subjective. If the shapes of
rotation curves in the central regions of galaxies are
related to the distribution of the luminous matter, one
would expect to see differences between galaxies with
a purely exponential disk and galaxies with a more cen-
trally concentrated distribution of light, regardless of

– 220 –



Chapter 6. Dark Matter in Spiral Galaxies

their morphology.
In Figure 3, the rotation curves are plotted ac-

cording to a more quantified assessment of the distri-
bution of the stellar light. In the left six panels the
rotation curves are plotted in kiloparsec, and in the
right six panels they are scaled with the disk scale
length. The upper panels make a distinction between
high surface brightness (HSB) and low surface bright-
ness (LSB) galaxies. The distinction between HSB
and LSB galaxies is made in the spirit of Chapter 3.
In case the face-on (extrapolated) central disk surface
brightness in theK0–band�i

0(K0) is fainter than 18.5
mag/arcsec2, a galaxy is considered to be LSB and if
�i

0(K0)<18.5 mag/arcsec2 it is HSB. The maximum
observed rotational velocities of LSB galaxies in
our sample do not exceed�150 km/s. The most
massive, barely LSB system is NGC 3917 with
�i

0(K0)=18.66 mag/arcsec2 and Vmax = 135 km/s. The
faintest HSB system is NGC 4218, but the rotation
curve of this blue compact dwarf is only marginally
resolved and is apparently still rising at the last mea-
sured point. We do not find declining rotation curves
in our LSB galaxies.

In the lower panels of Figure 3, the rotation curves
are grouped according to the disk scale length rd and
the compactness C82�R80/R20 of the luminous matter.
Note that the compactness parameter is related to the
relative importance of a bulge component or any cen-
tral concentration of the light. For a purely exponen-
tial disk C82=3.63 and is independent of scale length.
The limits on C82 and rd were chosen empirically in
such a way that the rotation curves are distributed more
or less evenly over the four panels. Declining rota-
tion curves are mainly found in galaxies with a more
compact (C82>3.2) distribution of the light. The three
Sa-Sab galaxies in our sample are compact and have
small scale lengths. They can be found in the upper left
of each block of four adjacent panels. There does not
seem to be a significant correlation between the shape
of the rotation curve and the scale length of the disk.

Casertano and Van Gorkom (1991), however,
noted that the shapes of rotation curves do depend
on the scale length rd of the exponential disk and
the maximum rotational velocity Vmax of a galaxy.
Figure 4 shows our rotation curves in a Vmax–rd plot
in which the curves are plotted in a similar fashion as
those by Casertano and Van Gorkom. The origin of
each rotation curve indicates the scale length of the
exponential disk in kpc and the maximum rotational
velocity. Each rotation curve is scaled individually
both in radius and in amplitude. In the radial direction
each curve is scaled by 20rd so, in terms of scale
lengths, each rotation curve extends twenty times
further from the origin than the scale of the abscissa
suggests. The horizontal bar at each origin indicates
1 scale length. The rotation curves are also scaled in
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Figure 2: The shapes of the rotation curves as a func-
tion of morphological type.

amplitude and the vertical bar at the origin indicates
20 km/s. The labels refer to the entry numbers in
Table 1. Our rotation curves populate only a limited
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Figure 3: The shapes of the rotation curves as a function of the distribution of the luminous mass, plotted in
kiloparsecs and in disk scale lengths. The upper panels make a distinction between high and low surface brightness
galaxies. The lower panels make a distinction between galaxies with small and large scale lengths (rd<2 kpc<rd)
and with or without a central concentration (C82<3.2<C82 with C82�R80/R20).

area of the Vmax–rd parameter space covered by Caser-
tano and Van Gorkom and therefore, the correlation
between the shapes of our rotation curves and the
values of Vmax and rd are only marginal. Casertano
and Van Gorkom noted that declining rotation curves
are mainly found in the upper left part of the diagram
while rising rotation curves are found among the dwarf
galaxies in the lower part of the figure. They devised 4
classes of galaxies:

Large bright : Vmax>180 km/s, rd>3.5 kpc.
Compact bright : Vmax>180 km/s, rd<3.5 kpc.
Intermediate : 100<Vmax<180 km/s.
Dwarf : Vmax<100 km/s.

Note that they use the word ‘compact’ for galax-
ies with short scale lengths. Their concept of com-
pactness is unrelated to our compactness parame-
ter C82. In Figure 5, our rotation curves are dis-
played in the panels that correspond to each of
the classes which are identified in Figure 4. All
galaxies with a declining rotation curve in our sam-
ple belong to the class of compact bright sys-
tems. Note that our sample of unperturbed rotation

curves lacks large bright spiral galaxies. Due to this
lack of large bright systems, we can not confirm nor
falsify the claim by Casertano and Van Gorkom that
bright galaxies with declining rotation curves have
small scale lengths while bright galaxies with large
scale lengths have flat rotation curves. The one galaxy
in our sample which just falls outside the class of large
bright systems is NGC 3992 and this galaxy does have
a declining rotation curve. The largest galaxy in the
Ursa Major cluster, NGC 3718, would have been clas-
sified as a large bright system but this galaxy is severly
perturbed and its rotation curve is ill defined. Nearly all
the dwarf galaxies in our sample have rotation curves
which are still rising at the last measured point while
the rotation curves of the intermediate galaxies do
show the generic flattened shape. In this respect, our
sample of rotation curves does follow the trend out-
lined by Cassertano and Van Gorkom. The dependency
of the rotation curve shape with scale length among
the bright systems, which we can not address with our
data, was discussed by Broeils (1992) with a sample
of 23 spirals. He finds that most of the 8 large bright
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Figure 4: Compilation of rotation curves following Casertano and Van Gorkom (1991). The origin of each curve
corresponds to the scale length of the stellar disk and the maximum rotational velocity in the rotation curve. To
avoid confusion, all rotation curves are scaled in radius and velocity.

spirals in his sample do show declining rotation curves,
contradicting the claim by Casertano and Van Gorkom.

the ‘universal’ rotation curve

From numerical simulations of the formation of
dark matter haloes the concept of a universal rota-
tion curve (URC) has emerged (Navarroet al 1997)
and it has become of prime interest to relate the ob-
served shapes of rotation curves to the results from
these simulations (e.g. Persicet al, 1996, Hernandez
and Gilmore, 1997). It is claimed by Persic and Salucci
(1991) that theobservedrotation curves of galaxies
also follow a universal shape, solely as a function of
luminosity. Persicet al (1996) established this uni-
versal shape by averaging observed rotation curves in
eleven luminosity bins using a sample of 714 optical
rotation curves from Mathewsonet al (1992) supple-
mented by 33 HI rotation curves. They provide the fol-
lowing functional form:

VURC(x) =

V(Ropt)

�
(0:72+ 0:44log�)

1:97x1:22

(x2 + 0:782)1:43 +

1:6e−0:4� x2

x2 + 2:25�0:4

� 1
2

where�=L/L�with log(L�/L�)=10.4 in theB-band and
x=R/Ropt with Ropt the radius which encloses 83% of
the light. For an exponential disk with scale length rd,
Ropt = 3.2rd. V(Ropt) is the rotational velocity at the
radius Ropt given by

V(Ropt) =
200�0:41�

0:80+ 0:49log�+ 0:75e−0:4�

0:47+2:25�0:4

� 1
2
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Figure 5: The shapes of the rotation curves as classified
according to Casertano and Van Gorkom (1991).

With this prescription, the shape of the rotation
curve does not depend on the actual distribution of the
light within the dark matter halo. However, the value
of Ropt is relatively smaller for galaxies with a bulge
component than for galaxies without a bulge. Conse-
quently, an observed rotation curve which is scaled by
Ropt will become shallower if a bulge component is
present, and hence will more resemble a rotation curve
of a bulge-less galaxy of the same luminosity.

The optical rotation curves used by Persicet al
were derived for Sb-Sd galaxies and because Sa galax-
ies in general do not show extended HI disks, Persic
et al make a disclaimer about the validity of the URC
for early type spirals with a considerable bulge compo-
nent. Below, we will consider our observed HI rotation
curves of spirals in the Ursa Major Cluster and investi-
gate whether their shapes follow this universal rotation
curve.

In Figure 6 we split our sample into 4 luminosity
bins to avoid too much confusion. In the left column
the rotation curves are plotted on the same linear scale
in each panel, in the middle column they are scaled
with R80 and in the right column they are radially
scaled with the scale length of the exponential disk.
For galaxies with a considerable bulge component, R80
may be relatively much smaller than 3.2rd compared
to galaxies without a bulge. In the middle and right
columns the URC is plotted for various luminosities.
We make the approximation that Ropt�R83�R80 since
we did not measure Ropt for our galaxies. The URCs
in the right column are plotted under the assumption of
purely exponential disks for which Ropt=3.2rd. Consis-
tent comparisons between our rotation curves and the
URC should be made in the panels of the middle col-
umn. At first glance, our observed rotation curves fol-
low the URC pretty well especially in the inner parts.
However, in nearly every luminosity bin we can iden-

tify rotation curves that rise too steeply in the inner re-
gions or which show a declining rotation curve incon-
sistent with the URC for that luminosity class.

These deviating galaxies are grouped together in
a single panel in Figure 7. In the upper panels, the
rotation curves which more or less follow the URC
are plotted and in the lower panels we have plotted
the ten rotation curves which clearly deviate from the
‘universal’ shape. Some rotation curves deviate signif-
icantly from the shape described by the URC. Among
the fainter galaxies we find rotation curves that rise
steeper than the URC, while several galaxies with ro-
tational velocities between 150 and 200 km/s show a
decline in their outer regions, not accommodated by
the URC prescription. The galaxies in which these
deviating curves were measured are N3729, N4013,
N4100, N4102, N4138, N4157, N4183, N4217, U6446
and U6983. The median value of the scale length for
these 10 galaxies is similar to that of the entire sample
(1.9 vs 2.0) while the median value of C82 is slightly
larger than that of all 30 galaxies (3.8 vs 3.2).

Note that the URC found by Navarroet al is re-
lated to the dark matter halo. The observationally es-
tablished URC comprises contributions from all dy-
namically important constituents of a spiral galaxy, not
just the halo. Therefore, an elaborate transformation
scheme is worked out by Persicet al to allow a proper
comparison between the observational and numerical
URC.

4 Mass models for dark haloes

Although the shape of rotation curves in the inner re-
gions of galaxies can largely be explained by the dis-
tribution of the luminous mass, the constant rotational
velocity in the extended outer parts cannot. Assum-
ing Newtonian gravity from the luminous mass, rota-
tion curves are expected to drop in the outer regions.
However, the observational fact that they remain more
or less flat can only be understood by introducing an
additional, unseen component, the dark matter. It is a
priori unclear what the 3-dimensional density distribu-
tion of this matter is. Although much research is aimed
at improving our understanding of the 3-dimensional
geometry using a variety of methods (e.g. using e.g.
the thickness of the HI disk; Olling 1996, Sicking
1997; non-circular motions; Franx and de Zeeuw 1992;
anisotropic velocity dispersions of satellite galaxies;
Zaritsky et al 1997) there is still no convincing solid
result which unambiguously excludes a simple spheri-
cal distribution. Therefore, the most simple geometry,
a sphere, is adopted here. Because the observed rota-
tion curves are nearly flat in the outer parts, the density
within this spherical distribution should decrease with
radius like 1/r2 in the region where the rotation curves
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Figure 6: A comparison between the shapes of rotation curves and the universal rotation curve as proposed by
Persicet al (1996). To avoid too much confusion the rotation curves are plotted in four luminosity bins. In the left
column the rotation curves are plotted in kiloparsec. In the middle column the rotation curves are scaled radially
with R80 which is effectively the scaling factor applied by Persicet al. In the right column, the rotation curves
are scaled radially by the disk scale length. The dashed/dotted cuves indicate the shape of the ‘universal rotation
curve’ which is roughly defined until 2R80. For the URCs plotted in the right column it is assumed that R80=3.2rd.
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Figure 7: A comparison between the observed shapes of rotation curves and the ‘universal’ rotation curve. The
observed rotation curves in the upper panels are in reasonable agreement with the URC shape. The lower panels,
however, show that some rotation curves deviate significantly from the URC shape.

are observed. Here we will consider the isothermal
sphere with a core of constant density and the Hern-
quist model for the radial density profiles.

a) The isothermal sphere

The radial density profile of an isothermal sphere
with a core of radiusRc and a constant central density
�0 is given by

�(R) = �0

"
1+
�

R
Rc

�2
#−1

This spherically symmetric radial density profile gives
rise to a halo rotation curve of the form

V2
halo(R) = 4�G�0R

2
c

�
1−

Rc

R
arctan

�
R
Rc

��

with an asymptotic maximum velocity of

V1 =
q

4�G�0R2
c

In the context of the disk-halo conspiracy, the value of
V1 is equivalent to the amplitude of the flat part of the
rotation curve. Most of the observed declining rotation
curves reach a flat part in their outer regions. (So far, no
rotation curves have been observed which unambigu-
ously and significantly turn up after they remained flat
over an extended radial interval.) Note that the slope
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of this halo rotation curve at the center is related to the
central core density and the ratio of the asymptotic ve-
locity and the core radius like

�
@Vhalo

@R

�
R=0

= 1:15
p
�G�0 = 0:577

V1
Rc

The total mass of the isothermal sphere halo does not
converge when integrating the density profile to infin-
ity. The effect of an adiabatic compression of the dark
matter due to the baryons in the center can be partly
accommodated by a smaller value of the core radius.

b) The Hernquist profile

An often used alternative to the isothermal
sphere model is a density profile introduced by Hern-
quist (1990) to allow for an analytic treatment of the
density profiles in bulges and ellipticals. This Hern-
quist model is described by

�(R) =
M0

2�R2
0

1

R
�

1+ R
R0

�3

=
�0

R
�

1+ R
R0

�3

whereM0 is the total mass of the halo andR0 an effec-
tive truncation radius.�0 can be considered as a global
surface density of the dark matter halo. The mass en-
closed by a circular orbit of radiusR is given by

M(R) = M0

�
R

R+ R0

�2

= 2��0R
2
0

�
R

R+ R0

�2

which gives rise to a rotation curve of the form

Vhalo(R) =

p
GM0R

R+ R0

which reaches its maximum atR= R0 of

Vmax
halo = 1039

r
M0

R0
(km/s)

whereM0 is in 1012M� andR0 is in kpc.
The shape of this halo rotation curve is nearly iden-

tical to the shape found by Navarroet alover the radial
range where galactic rotation curves can be measured.
Differences can only be expected in the very inner re-
gions where the luminous matter in general dominates
and near the outer truncation radiusR0 where rotation
curves have not been measured so far.

5 The decompositions

From the 30 unperturbed rotation curves (Table 1) the
22 curves with at least five measured points were mod-
elled by a 3-component fit:

V2
mod(r) = V2

disk(r)+V2
gas(r)+V2

halo(r)

whereVdisk is the rotational velocity induced by the po-
tential of the stellar disk,Vgas the velocity induced by
the potential of the gas andVhalo is the rotational ve-
locity of the dark matter halo as given in the previous
section.

The gravitational potential induced by the stellar
component is derived directly from the observed lumi-
nosity profiles. No attempt was made to decompose
these luminosity profiles into a disk and a bulge com-
ponent in cases where the luminosity profile shows an
upturn near the center. The angular resolution with
which the rotation curves were observed does not allow
one to make a clear distinction between the quadratic
sum of a bulge and a disk rotation curve and a single ro-
tation curve arising from a disk with an enhanced cen-
tral density. When constructing the potential from the
(possibly non-)exponential disk, we assume that all the
stars are located in a disk with a vertical sech2 distribu-
tion of scale height z0=0.2rd (van der Kruit and Searle,
1981) where rd is the exponential disk scale length fit-
ted to the quasi linear part of the luminosity profiles.
The shape ofVdisk(r) is calculated from the K0-band
luminosity profiles, presented in Chapter 1, using the
prescription by Casertano (1983) and Begeman (1987).
Since the I-band profiles could be measured to larger
radii and galaxies are nearly transparent in their outer
regions, the K0-band profiles were extended with the
up-scaled I-band profiles. The amplitude ofVdisk(r)
scales with the mass of the stellar disk like

p
Mdisk.

The massMdisk is calculated from the total absolute K0

magnitude MK0 and the stellar K0-band mass-to-light
ratioM⁄ LK0 according to

Mdisk= (M⁄ LK0)�10−0:4(MK0−3:41) (M�)

where 3.41 is the adopted solar absolute K0 magnitude
(Allen, 1973). It is assumed that (M⁄ LK0 ) does not
change with radius. A purely exponential disk with
face-on central surface brightness�i

0(K0) mag/arcsec2,
scalelength rd (arcsec) and stellar mass-to-light ratio
M⁄ LK0 reaches, at 2.1rd, its maximum rotational veloc-
ity in km/s of

Vmax
disk = 8:60�104

q
(M⁄ LK0 ) 10−0:4�i

0(K0) rd(K0)

The rotation curve of the gaseous component is cal-
culated from the radial HI surface density profile, mul-
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tiplied by 1.32 to account for the mass fraction of he-
lium. It is assumed that the gas resides in an infinitely
thin disk. The mass of the gas disk is fixed given the
integrated HI flux by

Mgas= 1:32�2:36�105D2
Z

Svdv (M�)

whereD is the distance in Mpc and
R

Svdv the inte-
grated HI flux in Jy km/s. We adopt a common distance
of D=15.5 Mpc for all galaxies in our cluster sample.

When fitting the models described above to the ob-
served rotation curves, there are three model parame-
ters to be determined. These are the mass-to-light ratio
of the stellar disk, the core radius Rc and the asymptotic
rotational velocityV1 for the isothermal sphere model,
or alternatively the halo massM0 and radiusR0 for the
Hernquist model. A�2–minimalization analysis using
all three parameters shows a very broad and noisy min-
imum. For instance, most observed rotation curves can
be well fitted by a halo rotation curve alone. There-
fore, we reduced the number of free parameters in our
fits by fixing the mass-to-light ratio of the stellar disk
while fitting the two halo parameters. In fact, the in-
ferred structure of the dark matter halo derived from its
fitted parameters depends strongly on the assumed stel-
lar mass-to-light ratio. When comparing the structural
parameters of dark matter haloes of different galaxies it
should be noted that galaxy-to-galaxy variations in the
mass-to-light ratio of the stellar populations may create
or destroy spurious trends. To minimize this potential
problem we considered the stellar mass-to-light ratios
in theK0–passband which depend less on the properties
of the stellar populations (like its age and metallicity)
than the mass-to-light ratios in the optical passbands.

The observed rotation curves were decomposed in
four different ways with various assumptions about the
K0 stellar mass-to-light ratio. The decompositions are
presented graphically in the appendix. For each galaxy
eight panels are plotted. The four left hand panels (�1)
show the decompositions with an isothermal sphere.
The four right hand panels (�2) present the decompo-
sitions with a Hernquist halo. Panels a� show the re-
sults for a maximum-disk fit. Panels b� present the de-
compositions assuming that the luminous mass in the
HSB galaxies provides 63% of the maximum observed
rotational velocity (Bottema, 1993). The correspond-
ing mass-to-light ratios of the HSB galaxies were av-
eraged and the value thus obtained was used for the
LSB galaxies. The decompositions shown in panels c�
were made by assuming that all galaxies have the same
near-infrared mass-to-light ratio of 0.6. Finally, in pan-
els d�, the M/L was fitted assuming that the disk-halo
conspiracy holds until the halo rotation curve reaches
its maximum velocity. For the isothermal sphere it was
therefore assumed that V1=Vflat and for the Hernquist

0.2 0.4 0.6 0.8 1 1.2

0

2

4

6

Figure 8: Distribution of stellarK0 mass-to-light ratios
assuming that the stellar disk contributes 63% to the
observed maximum rotational velocity.

halo it was assumed that Vmax=0.5
p

GM0⁄ R0=Vflat
which fixes the ratio between M0 and R0. In the fol-
lowing subsections, each method will be addressed in
somewhat more detail.

5.1 Maximum-disk fits

Maximum-disk fits were made by assuming a maxi-
mum contribution of the luminous matter to the gravi-
tational potential. This provides a lower limit on the
amount of dark matter inside the observed baryonic
part of the galaxy. For each galaxy the stellar mass-
to-light ratio was maximized in such a way that the ro-
tational velocities induced by the luminous mass were
as high as possible without exceeding the observed ro-
tational velocities. As a result, the rising rotation curve
of the dark matter halo in the inner regions is flattened
and ‘pushed outward’.

For the isothermal halo, this results in large core
radii and a halo rotation curve which is often still ris-
ing just beyond the last measured point. The latter as-
pect suggests that in those cases the observed apparent
disk-halo conspiracy would break down if the HI disk
would have been slightly more extended. No rotation
curves have been observed that show a sudden upturn
at their last measured points. Therefore, an additional
soft constraint on the maximum mass-to-light ratio was
invoked by demanding that the fitted V1 of the isother-
mal sphere does not deviate by more than 10% from
the amplitude of the flat part of the observed rotation
curve.
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5.2 ‘Bottema-disk’ fits

One of the few more direct ways to measure the mass-
to-light ratio is via stellar velocity dispersions in spi-
ral galaxies with a self-gravitating stellar disk. From
these kind of observations, Bottema (1993) concluded
that the maximum rotational velocity induced by the
stellar disk contributes on average about 63% to the
observed maximum rotational velocity. In this spirit,
we adjusted the stellar mass-to-light ratios in our HSB
galaxies such that the corresponding Vmax

disk is 63% of
Vmax

obs. Figure 8 shows the distribution of the M/L ratios
found in this way. Excluding the two extreme cases
(N3972 and N3992), we find for nine galaxies an av-
erage value of (M�⁄ LK0)=0.46 with a scatter of 19%.
Assuming that the near-infrared mass-to-light ratios in
LSB galaxies are similar to those in HSB systems, we
adopted this representative value when decomposing
the rotation curves of the low surface brightness galax-
ies.

5.3 Equal (M�/LK0) fits

We also derived the structural properties of the haloes
by assuming that the different stellar populations
have the same near-infrared (M�/LK0) in all galaxies.
This approach might not be too ridiculous since the
(M�/LK0) of a stellar population is less affected by age,
metallicity and star formation history than the mass-to-
light ratios in the optical passbands. We chose a value
of (M�⁄ LK0)=0.60 for all galaxies, which is a compro-
mise between the median value of 0.78 given by the
maximum-disk fits of the HSB galaxies and the min-
imum maximum-disk value of 0.30 (N4085). Conse-
quently, the adopted value of 0.60 could result in unre-
alistic run-away halos with values for V1 that are too
large. The actual datapoints, however, are not seriously
exceeded. In the case of N3992, the support by the lu-
minous matter is much too small with (M�⁄ LK0 )=0.60
and the halo required to explain the observed rotation
curve would have a core radius of 10 pc and a central
density of 15�103 M�pc−3 which seems quite unreal-
istic. For the two galaxies in which the soft constraint
on V1 for the maximum-disk fits gets violated, the fits
still seemacceptable although the value of V1 for the
halo of N4085 is a bit high.

5.4 ‘Constrained-halo’ fits

So far, we have been fitting the two structural parame-
ters of the halo (i.e. (Rc,V1) for the isothermal sphere
and (R0,M0) for the Hernquist halo) while keeping the
(M�/LK0) fixed at educated-guess values. Finally, we
also attempted to derive (M�/LK0) values by making fits
to the rotation curves while keeping one of the struc-
tural parameters of the halo fixed.
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Figure 9: Distributions of the ratios of�2 from the
fits using a Hernquist profile and an isothermal sphere
model. In both cases, the same number of parameters
were fitted. Distributions are shown for the various
fitting methods. The solid histogram corresponds to
the HSB galaxies and the open histogram to the LSB
galaxies. In general, the isothermal sphere model gives
relatively smaller�2 values than the Hernquist model,
i.e. (�2

Hernquist/�
2
isothermal)>1.

Searching for a constraint on one of the halo struc-
tural parameters, the phenomenology of the disk-halo
conspiracy in the outer parts of rotation curves gives a
useful clue. We make the assumption that this disk-
halo conspiracy also holds at large radii where the
amplitude of the rotation curve is completely deter-
mined by the dark matter halo. Consequently, the max-
imum rotational velocity induced by the dark matter
halo should be equal to the amplitude of the observed
flat part of a rotation curve. For an isothermal sphere
this implies that V1=Vflat and for an Hernquist halo it
means thatVmax

halo=0:5
p

GM0⁄ R0=Vflat or

M0 [1010M�] = R0 [kpc]

�
Vflat[km/s]

103:9

�2

With this relation we can express the shape of the ro-
tation curve of the Hernquist halo in terms of R0 and
Vflat and decompose the observed rotation curves by
fitting (M�/LK0) and R0 while keeping Vflat fixed at its
observed value.

It turns out that the (M�/LK0) values found in these
constrained-halo fits are quite similar to the maximum-
disk values, both for the isothermal sphere and the
Hernquist halo. This result is not entirely obvious since
unconstraining the stellar M/L ratio gives the fitting al-
gorithm much freedom within the broad and noisy�2-
minimum to make a trade-off between the halo core
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Figure 10: Trends in stellarB andK0 mass-to-light ratios as a function of color and morphology. An isothermal
sphere was used to obtain the results in the left two blocks and a Hernquist profile was used to obtain the results in
the right two blocks. Mass-to-light ratios in the upper two panels of each block were obtained from maximum-disk
fits and mass-to-light ratios in the lower two panels of each block were obtained from constrained-halo fits. Filled
symbols: HSB galaxies. Open symbols: LSB galaxies.
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radius and the mass-to-light ratio. Apparently, the ob-
served shapes of the rotation curves in the inner regions
are such that a maximum-disk situation is preferred in-
stead of a maximum-halo solution with a small core
radius.

No converging solution could be found for U6923
in case of the Hernquist halo. This galaxy has the least
number of observed points (6) along its rotation curve.

6 Results from the decompositions

In this section we will discuss the results obtained from
the various decompositions. Mass-to-light ratios and
the structural parameters of the haloes are collected in
Tables 2a and 2b in the appendix which also contains
graphical representations of the decompositions.

To evaluate whether the Hernquist profiles give bet-
ter fits to the observed rotation curves than the isother-
mal sphere models, we calculated�2

red for each fit. For
both halo models, the same number of parameters were
fitted to the same data points. If both models gave
equally good or bad fits, we would expect compara-
ble values for the two�2

red and their ratio should be
close to unity. This ratio does not tell us whether a
particular pair of fits is intrinsically good or bad but it
gives a clue about their relative successes. The distri-
bution of these ratios is plotted in Figure 9 for each of
the four decomposition methods. The filled histograms
show the distributions for the HSB galaxies and the
open histograms those of the LSB galaxies. We see
that, in a statistical sense, the Hernquist models give
larger values of�2

red than the isothermal sphere models.
Of course, more sophisticated statistical tests should be
applied but these will be postponed until later. For the
moment, Figure 9 gives a first hint that the isothermal
sphere models give tighter fits to the observed rotation
curves than the Hernquist models.

6.1 Mass-to-light ratios

The stellar mass-to-light ratios were allowed to vary
from galaxy-to-galaxy for the maximum-disk and the
constrained-halo fits. Therefore, these fits allow us to
investigate whether trends in the stellar mass-to-light
ratio are present as a function of color and morpho-
logical type for instance. Mass-to-light ratios could
also be investigated as a function of luminosity and ro-
tational velocity but all these properties are more or
less correlated along the Hubble-sequence. Figure 10
shows results for both the isothermal sphere model and
the Hernquist model. The filled symbols indicate HSB
galaxies and the open symbols correspond to LSB sys-
tems. The maximum-disk mass-to-light ratios are also
constrained by the shapes of the luminosity profiles in
the inner regions. Recall that the fits were made by

using theK0 luminosity profiles which were extended
with theI-band profiles in the outer regions. Figure 10
presentsK0-band mass-to-light ratios as well asB-band
(M/L) values. These latter ones were not obtained by
making separate fits with theB-band luminosity pro-
files but were calculated from the fittedK0 mass-to-
light ratios according to

�
M�

LB

�
=

�
M�

LK0

�
� 10−0:4(MK0−MK0;�)

10−0:4(MB−MB;�)

where MK0
;�=3.41 and MB;�=5.46 are the adopted ab-

solute magnitudes of the Sun.
The first thing to be appreciated from Figure 10

is that the results from maximum-disk fits and those
of the constrained-halo fits are quite consistent with
each other for both the isothermal sphere model and
the Hernquist model. Considering the constrained-halo
fits, it is obvious that, for an isothermal sphere, the core
radius and the mass-to-light ratio are strongly coupled:
larger values of M/L push the core radius further out-
ward. For the Hernquist model, such a correlation be-
tween M/L and the truncation radius R0 is less clear but
nevertheless present.

We find that theK0 mass-to-light ratios of the
HSB galaxies are independent of color and mor-
phological type, and above all, their values lie
typically between 0.4 and 1.0, a very reasonable
range. This observation gives strong support to the
maximum-disk hypothesis in high surface brightness
galaxies. Since theK0 (M/L)-values of the HSB galax-
ies are independent of color we find a significant corre-
lation of theB-band (M/L)-values as a function of color
given the conversion fromK0 to B-band mass-to-light
ratios as explained above. Furthermore, the mass-to-
light ratios of the HSB galaxies show a much smaller
scatter than those of the LSB galaxies. A detailed com-
parison with stellar population synthesis models seems
an obvious topic for future study.

6.2 Correlations between luminous mass
and halo parameters

In this section we investigate possible correlations be-
tween the structural parameters of the dark matter
haloes and their relation to the distribution of the lu-
minous matter. For the moment we will restrict our-
selves to the isothermal sphere model only and review
its structural parameters as derived from fits to the ob-
served rotation curves with equalK0 mass-to-light ratio
of (M�/LK0)=0.6 for all galaxies. In practice the val-
ues of the core radius Rc and the asymptotic maximum
velocity V1 were fitted without any constraints while
keeping (M�/LK0) fixed at the specified value. The cen-
tral halo density�0 was calculated from (Rc,V1) ac-
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Figure 11: Correlations between the structural param-
eters of the isothermal sphere and their relations to the
K0 luminosity. Equal (M�/LK0)=0.6 for all galaxies was
assumed.

cording to�0=V2
1/4�GR2

c and a velocity dispersion�
of the halo was calculated according to�=1

3V1.
The left hand panels of Figure 11 show the correla-

tions among the structural parameters plotted in a sim-
ilar fashion as Kormendy’s (1990) relations. The ap-
parently obvious anti-correlation between�0 and Rc is
partially an artifact since�0 follows from Rc and V1.
The line drawn in this panel indicates how�0 is af-
fected if Rc changes by a factor of 2. This can easily
occur for small changes in (M/L) close to a maximum-
disk situation; i.e., if M/L is lowered then the halo
draws in to smaller Rc to compensate. The line has the
same slope as the correlation. With the specified value
of (M/L)=0.6, the HSB galaxies are often close to this
maximum-disk situation while the LSB galaxies are far
below maximum-disk. For the LSB galaxies, therefore,
the correlation between Rc and�0 is genuine provided
that indeed (M/L)=0.6 for these systems, which results
in an almost irrelevant potential of the luminous com-
ponent. The fact that the LSB galaxies (open symbols)
are systematically offset from the HSB galaxies (filled
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Figure 12: Correlations between the structural param-
eters of the isothermal spere and the scale length and
central disk surface brightness. Equal (M�/LK0)=0.6
for all galaxies was assumed.

symbols) should not raise any concern since lines of
constant log(�) also have a slope of -2 and run paral-
lel to each other. Hence, the ‘offset’ between HSB and
LSB galaxies is simply related to their different rota-
tional velocities. Our data suggest a weak correlation
between velocity dispersion and core radius (middle
left panel) in the sense that more massive haloes have
larger core radii. In the lower left panel we find no re-
lation between velocity dispersion and central density.

The right hand panels show basically the same
trends between near-infrared luminosity and�0 or Rc
as found between� and�0 or Rc because MK0 and� are
correlated via the TF-relation. Its equivalent is plotted
in the lower right panel. We find no significant correla-
tion of MK0 with �0 and at most a marginal correlation
with Rc.

In Figure 12 we check for possible correlations be-
tween the halo parameters and the disk scale lengths
and central surface brightness. From the upper left
panel we conclude that there is no correlation between
central halo density and the disk scale length. The mid-
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dle left panel suggests that at a given disk scale length,
LSB galaxies have smaller core radii. The apparent
offset in the lower left panel is again related to the TF-
relation. There is no correlation between disk scale
lengths and rotational velocities. Correlations between
the central disk surface brightness and central halo den-
sities or core radii are at most marginal. The correla-
tion between velocity dispersion and surface brightness
represents again the TF-relation since surface bright-
ness is strongly correlated with luminosity in our sam-
ple.

We end this section by recalling that these results
were obtained from decompositions assuming equal
mass-to-light ratios for all galaxies. It should be noted
that maximum-disk decompositions may result in very
different scaling relations and may even show strong
artificial correlations. Nevertheless, under the assump-
tion of equal (M�/LK0)=0.6 for all galaxies, which leads
to a maximum-disk situation for most HSB systems,
there is no hint of the hierarchical clustering expecta-
tion that�0 is larger for low luminosity galaxies. How-
ever, we have probed only a limited range in mass.

6.3 Dark to luminous mass fractions

We calculated the total amounts of dark matter within
the last measured points of the rotation curves Mlmp

dark
according to

Mlmp
dark = 4��0R

2
c

�
Rlmp− Rcatan

�
Rlmp

Rc

��

for the isothermal halo and according to

Mlmp
dark = M0

�
Rlmp

Rlmp + R0

�2

for the Hernquist halo. The dark matter masses cal-
culated in this way are of course model dependent. It
should be noted that the fraction of luminous to dark
mass does depend on the radius at which the last point
on the rotation curve was measured. In general, nearly
all of the light is enclosed within this radius so the stel-
lar mass Mstars will not increase significantly when go-
ing to larger radii. Of course, Mstars does depend on
the adopted value of the stellar (M/L). For a flat rota-
tion curve, however, Mdark will still increase with ra-
dius. For an isothermal sphere, Mdark/Mlum/R once R
is large enough to enclose all the luminous mass. Con-
sequently, mass fractions determined within the last
measured points have a limited meaning. This is fur-
ther stressed by the insets of Figure 1 which illustrate
that, for galaxies of similar luminosities, the radii of
the last measured points can easily differ by a factor
of five, both in terms of kiloparsec and in disk scale
lengths.

Nevertheless, let us consider the relative amounts
of mass represented by each of the three dynamical
constituents of a spiral galaxy. As mentioned above,
the amount of mass locked-up in the stars Mstars de-
pends of course on the adopted mass-to-light ratio. The
mass of the gaseous component Mgasis calculated from
the observed HI line flux, multiplied by 1.32 to correct
for the amount of helium. The mass of the dark matter
component Mdark is calculated from the fitted model as
explained above. We calculated the total mass of the
luminous matter as Mlum=Mstars+Mgas. Figures 13 and
14 show the various mass fractions as a function of the
amplitude of the flat part of the rotation curves. Given
the TF-relation, the abscissa can also be interpreted as
K0 luminosity. In Figure 13, Mstars and the halo param-
eters were obtained by assuming equal mass-to-light
ratios for all galaxies. In Figure 14, the relevant pa-
rameters were obtained from constrained-halo fits. The
filled symbols correspond to the HSB galaxies in our
sample and the open symbols relate to the LSB galax-
ies.

The upper panels show the Mgas/Mstars ratio which
depends on the adopted or fitted mass-to-light ratio.
Independent of fitting method and halo model we ob-
serve the well known trend that Mgas/Mstars increases
with decreasing mass or luminosity. A large fraction, if
not most, of the baryonic mass content of dwarf galax-
ies is in a gaseous form. The second row of panels
shows the Mgas/Mdark ratio which follows the same
trend with luminosity as the Mgas/Mstars ratio. In dwarf
galaxies the amount of mass in the form of gas may
be as much as 10-20% of the amount of mass in the
dark matter component. In the third row of panels we
plot the ratio of Mstars/Mdark and run into an unfor-
tunate situation. When considering the equal-(M/L)
fits we should conclude that the relative amount of
mass locked-up in the stars decreases with decreasing
luminosities, independent of the adopted halo model.
However, when considering the constrained-halo fits
one would reach exactly the opposite conclusion in
the case of an isothermal sphere model. When adopt-
ing the Hernquist density profile for the dark matter
halo, the constrained-halo fits seem to indicate that the
Mstars/Mdark ratio is nearly constant with luminosityal-
beit with a large scatter. Adding Mgas to Mstars and
plotting the Mlum/Mdark ratios in the lower panels cre-
ates an even more unfavorable situation. We are forced
to conclude that trends in the Mlum/Mdark ratios depend
on the fitting method.

It is very desirable to obtain independent and more
direct determinations of the mass-to-light ratios of stel-
lar populations in spiral galaxies, for instance via stel-
lar velocity dispersions.
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Figure 13: Mass ratios between the three dynamical
components of a spiral galaxy determined within the
last measured point on the rotation curve. The stellar
mass was calculated from the stellarK0 mass-to-light
ratio which was assumed to be equal for all galaxies.
The masses of the dark matter were calculated from
the models using the fitted structural parameters.

7 A kinematic bimodality?

In Chapter 3 we investigated the distributions of the
extrapolated central disk surface brightnesses in theB,
R, I andK0 passbands. It turned out that the face-on
K0 central surface brightness�i

0(K0) has a bimodal dis-
tribution. The stellar disks in spiral galaxies seem to
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Figure 14: Mass ratios between the three dynamical
components of a spiral galaxy determined within the
last measured point on the rotation curve. The stel-
lar mass was calculated from the stellarK0 mass-to-
light ratio which was obtained from the constrained-
halo fits. The masses of the dark matter were calculated
from the models using the fitted structural parameters.

avoid central surface brightnesses around�i
0 (K0)=18.5

mag. It was then anticipated that such a bimodal dis-
tribution may also have a kinematic signature. This
idea is based on the fact that the rotation curve of an
exponential disk peaks near 2.1rd and that for galax-
ies of the same luminosity, this peak velocity is pro-
portional to the surface brightness. The observation
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0
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Figure 15: Distribution of ratios between the maxi-
mum rotational velocity Vmax

disk induced by the poten-
tial of the disk and the rotational velocity Vhalo(rmax)
of the isothermal dark matter halo at the radius rmax
where Vmax

disk occurs. When calculating Vmax
disk, equal

values of (M/LK0)=0.6 for all galaxies was assumed.
The filled histogram indicates the distribution for HSB
galaxies and the open histogram that for the LSB galax-
ies. N3992 is omitted because of the unacceptable fit
for (M/L)=0.6 .

that galaxies of the same luminosity but with differ-
ent surface brightnesses lie at the same position on the
TF-relation suggests that a bimodal distribution of sur-
face brightnesses translates into a bimodal distribution
in the Vmax

disk/V
max
obs ratio. It was argued that HSB galax-

ies have self-gravitating disks and LSB disks are dy-
namically dominated by the dark matter halo. In the
first case one would expect Vmax

disk to exceed the rota-
tional velocity of the halo Vhalo(rmax) at the radius rmax
where the disk rotation curve peaks. In the latter case
one would expect that the rotation curve of the dark
matter halo at rmax exceeds the peak rotational velocity
induced by the stellar disk.

We measured the Vmax
disk/Vhalo(rmax) ratios by as-

suming an equalK0 mass-to-light ratio of 0.6 and an
isothermal dark matter halo. Figure 15 shows the re-
sults. Although we are dealing here with less galaxies
than in Chapter 3, a certain bimodality seems evident
with a minimum very near to (Vmax

disk/Vhalo(rmax)) = 1. In
general, the Vmax

disk/Vhalo(rmax) ratio is larger than unity
for the HSB galaxies and lower than unity for LSB
galaxies. This indicates that the disk rotation curves
of HSB systems exceed the dark matter rotation curve
at the radius where Vdisk peaks, a condition indicative
of a self-gravitating disk. For LSB galaxies, the peak

1 2 3 4 5
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0.8
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Figure 16: Correlation between fitted mass-to-light ra-
tio and core radius for three galaxies of similar lumi-
nosity but with different distributions of the luminous
matter.

velocity of Vdisk reaches on average only half the ro-
tational velocity of Vhalo at the corresponding radius,
a condition indicative of a halo-dominated potential.
This result does not change if one considers a Hern-
quist halo instead of an isothermal sphere. It should be
noted, however, that the rotational velocity of the other
baryonic component, the gas disk, was neglected. In-
clusion of this component into Vdisk to obtain Vbaryon
would shft the distribution a bit further to the right.

8 Haloes of HSB and LSB galaxies

The question whether HSB and LSB galaxies of the
same luminosity are located in similar haloes has been
a subject of some debate in recent years (e.g. de Blok
and McGaugh 1996) and this issue is directly related
to understanding the process of galaxy formation. It
was shown in Chapter 5 and by Zwaanet al (1995) that
LSB galaxies follow the TF-relation defined by HSB
spirals which implies that the TF-relation is a corre-
lation between luminosity and the velocity dispersion
of the dark matter. By comparing the rotation curves
of the HSB/LSB-pair NGC2403/UGC128 de Blok and
McGaugh (199) concluded that the structural proper-
ties of the haloes around these two galaxies are differ-
ent. The LSB galaxy U128 is surrounded by a halo
with a lower central density and a larger core radius
than its HSB counterpart. In this section we intend to
investigate whether this result can be verified with our
observations.

In our sample of Ursa Major spirals with available

– 235 –



The Ursa Major Cluster of Galaxies

(a) (M�/LK0 )=0.8 (b) (M�/LK0 )=0.6 (c) (M�/LK0 )=0.7

Figure 17: Rotation curve decompositions for three galaxies of the same luminosity but with different central disk
surface brightnesses. Identical haloes with V1=149 km/s and Rc=3 kpc (long dashed lines) for all three galaxies
were assumed. Only minor differences in mass-to-light ratio allow for acceptable fits. The vertical arrows indicate
R25.

HI rotation curves, the overlap in luminosity between
HSB and LSB galaxies is limited. Fortunately, we
can identify three galaxies with nearly the same lumi-
nosities but with different distributions of the luminous
mass:

name MB MK0 �i
0(K0) rd C82

(mag) (mag) (mag/002) (kpc)
N3917 -19.65 -21.97 18.66 2.6 3.0
N3949 -20.07 -22.56 17.08 1.4 3.7
N4138 -19.70 -22.79 16.48 1.2 5.3

The central surface brightness of N3917 is quite high
for an LSB system and in fact this system lies very
close to theK0 surface brightness limit which we
adopted in Chapter 3 when defining the HSB and LSB
families of galaxies. The relative positions of these
three galaxies on the TF-relation is illustrated in Fig-
ure 7 of Chapter 5.

We examine now the structural properties of the
haloes that surround these three galaxies. We are espe-
cially interested in the central densities and core radii
of their haloes. We decomposed their rotation curves
by fitting the core radii and the stellar mass-to-light ra-
tios while keeping the maximum asymptotic velocity
of the assumed isothermal sphere halo fixed. The fixed
value of V1=149 km/s was taken as the average of the
observed amplitudes of the outer flat parts of the three
rotation curves (135, 164 and 147 km/s). Figure 16
shows the results from fitting the stellar mass-to-light
ratio and the halo core radius Rc for each of the three
galaxies. The three symbols indicate the results when
fitting M/L and Rc simultaneous as free parameters.
The solid lines indicate for each galaxy how the fit-
ted M/L values vary as a function of core radius when
keeping both V1=149 km/s and Rc fixed at the spec-
ified values. The dashed lines show how Rc varies as

a function of M/L when keeping both V1=149 km/s
and M/L specified. The symbols indicate the positions
of the minimum of�2 along each of the paired lines.
Figure 17 shows that if one adopts the same halo with
a core radius of 3 kpc for all three galaxies, accept-
able fits are obtained forK0 mass-to-light ratios of 0.8,
0.6 and 0.7 for N4138, N3949 and N3917 respectively.
This is only a small range.

In conclusion, the observed rotation curves of these
three galaxies of the same luminosity but with different
distributions of their stellar components are consistent
with the hypothesis that they are surrounded by identi-
cal haloes under the assumption that the stellar popu-
lations of these three galaxies have nearly the sameK0

mass-to-light ratio. In other words, they would have
the same halo and similar (M�/LK0) and be left free to
distribute their luminous mass.

9 Conclusions

In this chapter we analyzed the shapes of HI rotation
curves of 30 spiral galaxies located in the nearby Ursa
Major cluster. Since all the galaxies are nearly at the
same distance there is little doubt about their relative
luminosities, sizes and masses. The 22 rotation curves
with at least five measured points were decomposed
into the three dynamical constituents of a spiral galaxy:
the stellar, gas and halo component. We adopted alter-
natively an isothermal sphere and a Hernquist model
to describe the density profile of the dark matter halo.
Maximum-disk, equal-(M�/LK0) and constrained-halo
decompositions were performed. Our main conclu-
sions are the following:

� The shapes of rotation curves correlate with the
compactness of the stellar component in the
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sense that for galaxies of the same luminosity, a
more compact distribution gives rise to a steeper
rotation curve. Occasionaly, when the maximum
rotational velocity exceeds�150 km/s, rotation
curves may be declining in the outer parts. Our
findings are in accordance with those of Caser-
tano and Van Gorkom (1991).

� We find that about one third of our observed ro-
tation curves do not have the ‘universal rotation
curve’ shape.

� In maximum-disk fits and constrained-halo fits
for HSB galaxies the derivedK0 mass-to-light
ratios are independent of color and morphologi-
cal type and display a relatively small scatter. In
the case of maximum-disk fits for LSB galaxies
we find that (M/L) requirements are systemat-
ically much higher than in the HSB cases and
there is a much larger scatter in the (M/L) val-
ues. The small scatter in the fits for the HSB
cases is evidence that the maximum disk hypoth-
esis is roughly justified for HSB systems. The
large (M/L) requirement and large scatter in the
fits for LSB cases is evidence that the maximum
disk hypothesis fails for LSB systems.

� The structural parameters of dark matter haloes
inferred from rotation curve decompositions de-
pend strongly on the adopted stellar mass-to-
light ratios. Equal (M�/LK0) ratios for all galax-
ies on the one hand and a maximum-disk decom-
position on the other hand lead to contradicting
results when considering the luminous-to-dark
mass ratios within the last measured points of the
rotation curves.

� Decomposition fits with a Hernquist density pro-
file for the dark matter halo give in general larger
values of�2 than fits with an isothermal sphere
density profile.

� There is a hint for a kinematic bimodality in
the sense that, under the assumption of equal
(M�/LK0)=0.6, the stellar disk rotation curves of
high surface brightness galaxies peak above the
rotation curves of the dark matter haloes near 2.2
scale lengths. In contrast, the rotational veloci-
ties of low surface brightness galaxies are domi-
nated by the halo potential at the radii where the
disk rotation curve reaches its maximum.

� Finally we have demonstrated for three galaxies
of the same luminosity but with different surface
brightnesses and compactness of the light distri-
bution that their observed rotation curves can be
decomposed using the same structural parame-
ters for an isothermal dark halo and only minor

differences in stellar mass-to-light ratios. For the
two HSB examples, the potential of the luminous
disk is dominant in the interior but for the LSB
example, the halo is dominant at all radii.
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Appendix: The decompositions

This appendix contains a compilation of all the de-
compositions, presented in eight adjacent panels for
each galaxy. The four left hand panels show the de-
compositions assuming an isothermal sphere model
for the dark matter halo while a Hernquist density
profile was assumed for the decompositions in the
four right hand panels. The short dashed lines rep-
resent the rotation curves of the stellar component,
the dotted lines show the contributionof the gaseous
component and the long dashed lines indicate the
rotational velocities induced by the potential of the
spherical dark matter halo. The upper thick line
shows the quadratic sum of the three components
and is supposed to represent the observed rotation
curve. The vertical arrows indicate Rb;i

25. The label
in the upper left corner of each panel refers to the
kind of fit that was made as explained in Section 5.
The results of the fits are summarized in Tables 2a
and 2b. The fits presented in panels N3992b1/c1,
N4013b1, N4138b1 and U6923d2 resulted in ex-
treme halo properties and should not be considered.

Tables 2a and 2b at the end of this appendix summa-
rize the various mass-to-light ratios and structural
parameters of the haloes.
Column(1) gives the NGC or UGC number.
Column(2) contains the stellar (M/L) ratio.
Column(3) gives the maximum rotational velocity
of the rotation curve induced by the stars with the
(M/L) ratio from the previous column.
Column(4) contains the maximum rotational veloc-
ity induced by the isothermal sphere.
Column(5) gives the halo core radius.
Column(6) provides the halo’s central density.
Column(7) contains the weighted scatter of the ob-
served point arround the fitted curve.
Columns(8-9) are similar to col.(2-3) except that
these values relate to a Hernquist halo.
Column(10) gives the Hernquist halo mass.
Column (11) gives the truncation radius of the
Hernquist halo.
Column(12) contains the global surface density cal-
culated from M0 and R0.
Column(13) gives the maximum rotational velocity
of the halo which occurs at the radius R0.
Column(14) is similar to column (7) except that in
this case a Hernquist model was fitted.
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Table 2a: Results from the rotation curve decompositions for an isothermal halo and a halo with a Hernquist density
profile. The results in the upper part of this table were obtained by adopting the maximum-disk hypothesis. The
lower part contains the results when assuming that the maximum rotational velocity of the HSB stellar disk is
63% of the observed maximum rotational velocity. Corresponding HSB-(M/L) values were averaged an uniformly
applied to the LSB systems.

Name Stellar disk Isothermal halo Stellar disk Hernquist halo
( M�

LK0
) Vdisk

max V1 Rc �0 �w ( M�

LK0
) Vdisk

max M0 R0 �0 Vhalo
max �w

(km/s) (km/s) (kpc) (M�pc-3) (km/s) (1012M�) (kpc) (M�pc-2) (km/s) (km/s)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

Maximum-disk fits
HSB galaxies

N3726 0.90 127 169 7.1 0.010 10.0 0.70 112 2.06 78 54 169 10.0
N3877 0.70 139 171 4.8 0.023 9.1 0.45 111 0.53 25 136 151 8.8
N3949 0.40 111 180 2.1 0.141 7.5 0.20 78 0.51 18 262 176 8.7
N3953 0.95 205 228 10.1 0.009 4.1 0.85 193 2.10 67 75 184 4.4
N3972 0.60 72 144 2.4 0.069 3.1 0.25 47 1.34 44 110 181 4.4
N3992 2.10 251 235 10.6 0.009 5.2 1.95 242 4.00 95 71 214 4.4
N4013 0.85 188 179 6.4 0.015 5.8 0.85 188 3.34 103 50 187 5.1
N4085 0.30 65 172 2.1 0.121 5.4 0.30 65 295.80 654 110 699 8.7
N4100 0.90 151 153 2.2 0.090 7.6 1.30 182 2.28 94 41 162 7.7
N4138 0.70 174 135 1.3 0.193 11.1 1.00 208 1.81 80 45 156 12.0
N4157 0.95 179 199 9.3 0.009 5.5 0.85 170 4.39 117 51 201 5.6
N4217 0.60 138 164 2.2 0.099 6.7 0.75 154 1.15 49 75 159 8.9

LSB galaxies
U6399 1.75 59 89 2.8 0.019 5.4 0.65 36 0.06 11 75 76 8.6
U6446 1.45 40 74 1.3 0.064 5.2 2.80 55 0.26 47 19 77 7.7
U6667 1.95 59 85 3.0 0.015 2.3 1.00 42 1.08 68 37 131 1.7
N3917 1.30 104 124 3.6 0.022 0.7 0.50 65 0.63 33 92 143 4.8
U6917 1.30 61 103 1.9 0.055 2.0 1.70 69 0.56 47 40 113 2.5
U6923 0.55 36 96 1.8 0.055 1.2 0.50 34 0.05 11 75 73 2.7
N4010 0.50 63 145 3.1 0.041 1.6 0.60 69 0.27 24 75 111 2.6
U6983 3.65 94 119 8.4 0.004 3.0 3.10 86 0.92 81 22 111 4.6
U7089 1.20 40 89 3.5 0.012 4.5 1.40 43 15.14 382 17 207 4.3
N4183 1.90 90 105 5.3 0.007 1.8 1.80 88 1.27 97 22 119 2.2

Bottema-disk fits
HSB galaxies

N3726 0.59 103 161 3.6 0.038 10.0 0.59 103 1.11 49 73 156 10.3
N3877 0.40 105 162 1.8 0.155 6.4 0.40 105 0.52 23 151 155 8.9
N3949 0.36 105 178 1.8 0.180 7.1 0.36 105 6.89 87 144 292 8.9
N3953 0.45 141 201 1.6 0.302 3.6 0.45 141 0.50 16 308 183 3.6
N3972 0.82 84 147 3.2 0.040 3.9 0.82 84 24.37 264 56 316 5.6
N3992 0.98 172 215 0.6 2.314 4.1 0.98 172 0.69 16 422 215 3.7
N4013 0.36 123 ... ... ... 6.5 0.36 123 0.35 15 265 161 8.9
N4085 0.52 85 184 3.3 0.059 7.0 0.52 85 107.82 464 80 501 10.0
N4100 0.59 122 165 1.5 0.212 10.4 0.59 122 0.28 14 244 150 8.6
N4138 0.35 123 ... ... ... 14.5 0.35 123 0.11 5 677 153 8.7
N4157 0.48 128 171 1.7 0.197 6.8 0.48 128 0.47 20 192 160 8.0
N4217 0.46 121 171 1.7 0.181 6.9 0.46 121 0.43 19 190 157 9.3

LSB galaxies
U6399 0.46 30 99 1.7 0.062 4.7 0.46 30 0.58 43 50 121 8.7
U6446 0.46 23 78 0.9 0.135 5.5 0.46 22 0.05 11 72 73 6.4
U6667 0.46 29 96 1.7 0.062 2.6 0.46 29 0.06 11 75 75 2.5
N3917 0.46 62 147 2.3 0.078 1.1 0.46 62 0.61 32 95 144 3.4
U6917 0.46 36 113 1.5 0.117 1.8 0.46 36 0.17 17 98 105 2.0
U6923 0.46 33 95 1.6 0.065 1.3 0.46 33 0.05 10 75 72 5.4
N4010 0.46 61 145 3.0 0.044 1.6 0.46 61 15.36 205 58 284 2.5
U6983 0.46 33 107 1.0 0.223 2.9 0.46 33 0.09 10 140 99 4.7
U7089 0.46 25 88 2.4 0.025 3.8 0.46 25 8.93 236 26 202 3.8
N4183 0.46 45 105 1.0 0.185 1.8 0.46 45 0.12 13 109 100 1.8
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Table 2b: Results from the rotation curve decompositions for an isothermal halo and a halo with a Hernquist
density profile. The results in the upper part of this table were obtained by assuming that all galaxies have the same
stellar mass-to-light ratio in theK0–band of 0.6 which is the maximum value allowed without severly violating the
maximum observed rotational velocity in any galaxy. Results in the lower part of this table were obtained by
contraining one of the halo parameters.

Name Stellar disk Isothermal halo Stellar disk Hernquist halo
( M�

LK0
) Vdisk

max V1 Rc �0 �w ( M�

LK0
) Vdisk

max M0 R0 �0 Vhalo
max �w

(km/s) (km/s) (kpc) (M�pc-3) (km/s) (1012M�) (kpc) (M�pc-2) (km/s) (km/s)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

Equal-(M�⁄ LK0 ) fits
HSB galaxies

N3726 0.60 104 161 3.6 0.037 10.0 0.60 104 1.15 51 71 156 10.3
N3877 0.60 129 139 2.0 0.088 6.6 0.60 129 0.61 33 91 142 8.4
N3949 0.60 136 169 3.0 0.059 10.4 0.60 136 364.39 869 77 673 12.1
N3953 0.60 163 189 2.1 0.149 3.5 0.60 163 0.61 22 199 173 3.6
N3972 0.60 72 144 2.4 0.069 3.1 0.60 72 47.28 330 69 393 4.8
N3992 0.60 134 ... ... ... 6.9 0.60 134 0.67 13 621 235 3.7
N4013 0.60 158 161 2.0 0.116 6.4 0.60 158 0.59 27 124 152 7.4
N4085 0.60 92 197 4.1 0.043 7.8 0.60 92 187.99 659 69 555 10.8
N4100 0.60 123 165 1.6 0.204 10.3 0.60 123 0.26 14 240 149 8.5
N4138 0.60 161 136 0.8 0.554 11.7 0.60 161 0.14 9 288 131 9.6
N4157 0.60 143 167 2.2 0.111 6.2 0.60 143 0.61 27 135 156 7.4
N4217 0.60 138 164 2.2 0.099 6.7 0.60 138 0.63 29 124 155 8.9

LSB galaxies
U6399 0.60 34 97 1.8 0.057 4.7 0.60 34 0.06 11 75 75 8.4
U6446 0.60 26 77 0.9 0.123 5.4 0.60 26 0.05 11 68 72 7.7
U6667 0.60 33 95 1.7 0.057 2.4 0.60 33 0.54 43 46 116 2.4
N3917 0.60 71 143 2.4 0.067 1.0 0.60 71 0.67 36 84 143 5.0
U6917 0.60 41 112 1.5 0.101 1.9 0.60 41 0.18 18 91 104 2.0
U6923 0.60 37 97 1.9 0.049 1.2 0.60 37 26.89 324 41 299 2.9
N4010 0.60 69 146 3.5 0.033 1.6 0.60 69 0.27 24 75 111 2.5
U6983 0.60 38 106 1.0 0.205 3.1 0.60 38 0.09 11 133 98 4.1
U7089 0.60 28 87 2.5 0.022 3.8 0.60 28 34.60 482 24 278 3.8
N4183 0.60 51 103 1.1 0.158 1.8 0.60 51 0.13 14 99 98 1.7

Constrained-halo fits
HSB galaxies

N3726 0.32 75 162 2.2 0.101 9.7 0.73 114 1.73 71 55 162 9.6
N3877 0.33 96 167 1.7 0.185 6.3 0.82 151 3.09 120 34 167 7.9
N3949 0.24 86 164 1.1 0.437 6.2 0.12 60 0.28 11 354 164 8.5
N3953 0.91 200 223 8.7 0.012 3.9 0.80 188 4.43 96 76 223 3.9
N3972 0.57 70 134 1.9 0.092 3.6 0.38 58 0.37 22 119 134 5.9
N3992 2.20 257 242 12.5 0.007 5.1 2.02 246 7.99 147 59 242 4.4
N4013 0.89 193 177 6.6 0.013 5.5 0.86 189 2.57 89 52 177 5.1
N4085 0.40 74 134 1.5 0.156 8.5 0.30 65 0.29 17 154 134 10.6
N4100 0.88 149 164 2.7 0.067 8.4 1.18 173 1.94 78 51 164 8.2
N4138 0.71 175 147 2.1 0.096 12.6 0.81 188 0.92 46 69 147 13.6
N4157 0.89 174 185 6.9 0.013 5.8 0.84 169 2.89 91 55 185 5.6
N4217 0.41 114 178 1.7 0.197 7.2 0.71 150 1.81 62 76 178 8.8

LSB galaxies
U6399 1.56 55 88 2.4 0.027 5.6 0.65 36 0.15 21 56 88 7.2
U6446 3.12 58 82 4.4 0.006 5.6 2.71 54 0.34 54 18 82 6.9
U6667 1.54 53 86 2.3 0.026 1.8 1.00 42 0.17 24 45 86 1.7
N3917 1.30 104 135 4.5 0.017 0.7 1.41 109 1.32 78 34 135 3.5
U6917 1.22 59 104 1.8 0.006 2.5 1.47 64 0.32 32 50 104 2.5
U6923 0.49 34 81 1.1 0.096 1.1 ... .. ... .. ... .. 3.2
N4010 0.79 80 128 3.3 0.028 1.6 0.58 69 0.56 37 65 128 2.5
U6983 3.49 92 107 6.4 0.005 3.9 3.00 85 0.74 69 24 107
U7089 1.38 43 79 3.0 0.012 4.5 1.03 37 0.21 36 25 79 4.3
N4183 2.10 95 109 7.0 0.005 2.0 1.79 88 0.84 76 23 109 3.0
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