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Chapter 5
Tully-Fisher Relations

ABSTRACT– In this chapter we investigate the Tully-Fisher relations using optical
and near-infrared luminosities combined with kinematic information from HI rotation
curves. The TF-relation has been constructed for a volume limited complete sample of
spiral galaxies in the Ursa Major cluster.B;R; I andK0 surface photometry and HI syn-
thesis observations have been used. From the rotation curves, the observed maximum
rotational velocity Vmaxand the amplitude of the outer flat part Vflat has been measured.
We find that galaxies with rotation curves that are still rising at the last measured point,
lie systematically on the low velocity side of the TF-relation defined by those galaxies
that do show a flat part in their rotation curve. Galaxies with a partly declining rotation
curve (Vmax> Vflat) tend to lie systematically on the high velocity side of the relation
when using Vmax. However, systematic offsets are eliminated when Vflat is used in-
stead of Vmax. The tightest correlation is found for the MK0–log2Vflat relation which
has a slope of -10.3�0.4 and a total observed scatter of 0.29 mag, consistent with no
intrinsic scatter. Although the near-infrared relation is tighter than the optical relations,
as a consequence of the steeper slope in the near-infrared,K0-magnitudes do not yield
a better distance tool.

1 Introduction

Numerous studies of the Tully-Fisher relations have
been conducted in the past. Their aim was to find
observables that reduce the scatter and thus improve
this relation as a tool for measuring distances to spiral
galaxies. The rapid development of optical and near-
infrared detector arrays has led to greatly improved
measurements of the luminosities of spiral galaxies,
ranging from the originally estimated photographicB
magnitudes (Tully & Fisher, 1977) to the present high
quality near-infrared surface photometry (e.g. Peletier
& Wilner, 1993 and Tullyet al, 1996). Despite the ap-
parent advantages of near-infrared luminosities (M/L
is less affected by stellar population differences and
extinction corrections are minimal) it has not been
demonstrated convincingly so far that their use leads
to a correlation with less scatter. For example, for a
sample of Ursa Major spirals, Pierce & Tully (1988)
found total scatters of 0.28m and 0.31m by usingI and
H−0:5 magnitudes respectively. Bernsteinet al (1996),
using 23 spirals in Coma, also found that theH-band

TF-relation has no less scatter than theI-band relation.

All the above-mentioned studies made use of the
width of global HI profiles. Relatively little attention,
however, has been given to the meaning of this HI line
width. To some approximation, the rotational veloc-
ity of a spiral galaxy might be determined from the
properly corrected width of its global HI profile. In-
deed, this might be the case if the rotation curve of the
HI disk rises in the inner regions and levels off to a
constant velocity in the extended outer parts. How-
ever, from HI synthesis mapping of spirals it has be-
come clear that there are two basic deviations from
this classical rotation curve shape. First, many low sur-
face brightness and dwarf galaxies only show the rising
part of the rotation curve; the HI disks do not extend
far enough to probe the regime of constant rotational
velocity. Theirobservedmaximum rotational veloc-
ity provides merely a lower limit to the actual max-
imum rotational velocity induced by the potential of
their dark matter halo. Second, the more massive and
compact galaxies often show a steep rise of the rotation
curve with a maximum in the optical region followed
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by a modest decline until the flat part is reached in the
outer regions (e.g. Casertano & van Gorkom, 1991).
Furthermore, the width and shape of the global HI pro-
file will also be affected by the distribution of the HI
gas in the disk and the possible presence of a warp or
non-circular motion.

The present study is aimed at understanding the
statistical properties of the relation (tightness, scatter &
slope) using knowledge of the detailed shape of the HI
rotation curves and of the characteristics of the galactic
velocity fields. The outline of this chapter is as follows.
Section 2 describes the selected galaxy sample. Sec-
tion 3 gives an overview of the photometric and kine-
matic data available to us. Anothor ‘hidden’ but cru-
cial observational ingredient for the TF-relation is the
inclination angle of a galaxy which will be given some
special attention. Section 4 deals with the various cor-
rections to be applied on the observables with emphasis
on the correction of the global HI profile for turbulent
gas motion. Section 5 describes the TF-relations that
we find in the various passbands. The fitting method
will be explained and the statitical properties of the TF-
relations will be examined given the shapes of the ro-
tation curves. Section 6 discusses the necessity of an
intrinsic scatter to explained the total observed scatter.
In Section 7 we briefly address the issue of the Low
Surface Brightness galaxies and their location on the
TF-relation. In Section 8 we discuss our results in re-
lation to other studies which consider the shape of the
rotation curves. Finally, Section 9 gives a summary of
our findings.

2 The sample

The spiral rich and dynamically quiescent Ursa Major
cluster was selected for the present study. It has a
very low velocity dispersion of�150 km/s and the 79
identified cluster members do not show any central
concentration. An extensive description of this cluster
is given by Tullyet al (1996) (Chapter 1, Paper I). All
62 galaxies with an apparent magnitude brighter than
mZw=14.5 are identified within a position-velocity
window and they make up a complete volume limited
sample. Adopting a distance to the cluster of 15.5
Mpc, this magnitude limit corresponds to an absolute
magnitude of MB = −16:5 and hence, the complete
sample comprises all galaxies brighter than the Small
Magellanic Cloud. For our current investigation, all
49 galaxies from this complete sample that are more
inclined than 45� will be considered here. Positional
and morphological information on these 49 galaxies
are presented in Table 1.

Column(1) gives the NGC or UGC number.
Columns (2,3) provide the equatorial coordinates

(1950).
Columns(4,5) provide the Galactic coordinates.
Columns(6,7) contain the Super-Galactic longitude
and lattitude. The Ursa Major cluster is located in the
Super-Galactic plane.
Column(8) gives the morphological type.
Column(9) provides the position angle measured anti-
clockwise from the north. In general this is the position
angle of the receding side of the galaxy obtained from
HI synthesis data. For galaxies without kinematic in-
formation this is the smallest angle between the north
and the major axis.
Column(10) gives the adopted ellipticity of the stellar
disk.
Column(11) contains the adopted inclination and its
estimated error. See Section 3.3 for further details.
Column(12) provides the scale length in arcminutes of
the exponential disk in theK0-band. At the adopted dis-
tance to the cluster of 15.5 Mpc, 1 arcmin corresponds
to 4.5 kpc.
Column(13) gives the concentration index of the light.
It is defined as C82=R80/R20 where R80 and R20 are the
radii that enclose respectively 80% and 20% of the total
light. For a purely exponential disk, C82=3.6.

Figure 1 shows the distribution of these 49 galax-
ies on the sky and in velocity. The cluster is some-
what elongated in Super-Galactic longitude, ‘pointing’
toward the Virgo cluster at (SGL,SGB)=(103�,-2�). A
slight velocity gradient is present across the face of
the cluster: galaxies with higher systemic velocities
are predominantly found at lower Super-Galactic lon-
gitudes.

Of the 49 galaxies in Table 1, five S0 systems
(N3990, N4026, N4111, N4143 and N4346) have ei-
ther not been detected in HI by single dish telescopes
and their membership relies on optical redshifts. Four
more galaxies have not been observed with the WSRT
(N3870 and U7129) or contain too little HI for a
meaningful synthesis observation (N4117 and N4220).
However, single dish profiles are available for three
of these four systems; no single dish data is available
for N4117 due to confusion and the WSRT observa-
tion does not go deep enough. Finally, two interact-
ing dwarf systems (1135+48 and N3896) have their HI
emission confused (in both the single dish and WSRT
data) with that of their more massive companions.

This tally leaves us with a sample of 41 galaxies
with measured global HI profiles. These 41 galaxies
will be referred to as the ‘complete sample’ in which
‘complete’ relates to a lower limit on both the optical
luminosity and the HI content. There are 38 galaxies
in thecomplete samplewith available HI synthesis data
from which a more or less extended HI rotation curve
has been constructed (see Chapter 3). These 38 galax-
ies will be referred to as theWesterbork sample.

We are interested in 2 aspects of the TF-relation.
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Table 1: Positional and morphological information for all 49 members of the Ursa Major Cluster brighter than
MB=-16.5 and more inclined than 45�.

Name R.A.(1950)Dec. l b SGL SGB Type P.A. 1-b
a i hK0 C82

h m s � 0 00 (�) (�) (�) (�) (�) (�) (0)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

U6399 11 20 35.9 51 10 09 152.08 60.96 62.02−1.53 Sm 140 0.724 75� 2 0.44 3.3
U6446 11 23 52.9 54 01 21 147.56 59.14 59.72 0.22 Sd 200 0.384 51� 3 0.33 4.1
N3718 11 29 49.9 53 20 39 147.01 60.22 60.71 0.72 Sa 195 0.577 69� 3 0.94 4.6
N3726 11 30 38.7 47 18 20 155.38 64.88 66.21−1.79 SBc 194 0.384 53� 2 0.63 3.1
N3729 11 31 04.9 53 24 08 146.64 60.28 60.74 0.91 SBab 164 0.318 49� 3 0.31 3.5
N3769 11 35 02.8 48 10 10 152.72 64.75 65.74−0.75 SBb 150 0.691 70� 2 0.33 3.6
1135+48 11 35 09.2 48 09 31 152.71 64.77 65.75−0.74 Sm 114 0.691 73� 3 0.23 3.6
U6667 11 39 45.3 51 52 32 146.27 62.29 62.67 1.47 Scd 88 0.878 89� 1 0.54 3.3
N3870 11 43 17.5 50 28 40 147.02 63.75 64.17 1.42 S0a 17 0.305 48� 3 0.12 7.3
N3877 11 43 29.3 47 46 21 150.72 65.96 66.68 0.38 Sc 36 0.775 76� 1 0.52 3.2
U6773 11 45 22.1 50 05 12 146.89 64.27 64.67 1.57 Sm 341 0.470 58� 3 0.28 3.3
N3893 11 46 00.2 48 59 20 148.15 65.23 65.73 1.24 Sc 352 0.331 49� 2 0.45 4.7
N3896 11 46 18.6 48 57 10 148.10 65.29 65.78 1.27 Sm 308 0.331 48� 3 0.19 6.4
N3917 11 48 07.7 52 06 09 143.65 62.79 62.97 2.74 Scd 257 0.758 79� 2 0.57 3.0
U6818 11 48 10.1 46 05 09 151.76 67.78 68.54 0.47 Sd 77 0.724 75� 3 0.33 3.4
N3949 11 51 05.5 48 08 14 147.63 66.40 66.83 1.70 Sbc 297 0.384 55� 2 0.32 3.7
N3953 11 51 12.4 52 36 18 142.21 62.59 62.68 3.36 SBbc 13 0.500 62� 1 0.71 4.4
U6894 11 52 47.3 54 56 08 139.52 60.63 60.59 4.43 Scd 269 0.844 83� 3 0.28 3.1
N3972 11 53 09.0 55 35 56 138.85 60.06 59.98 4.72 Sbc 298 0.724 77� 1 0.36 3.0
U6917 11 53 53.1 50 42 27 143.46 64.45 64.61 3.06 SBd 123 0.455 56� 2 0.54 3.4
N3985 11 54 06.4 48 36 48 145.94 66.27 66.56 2.34 Sm 70 0.371 51� 3 0.21 2.9
U6923 11 54 14.4 53 26 19 140.51 62.06 62.07 4.09 Sdm 354 0.577 65� 2 0.24 5.0
N3992 11 55 00.9 53 39 11 140.09 61.92 61.91 4.27 SBbc 248 0.441 56� 2 0.77 4.0
N3990 11 55 00.3 55 44 13 138.25 60.04 59.95 5.01 S0 40 0.500 63� 3 0.15 8.5
N4013 11 55 56.8 44 13 31 151.86 70.09 70.77 1.06 Sb 245 0.758 90� 1 0.38 3.7
N4010 11 56 02.0 47 32 16 146.68 67.36 67.69 2.26 SBd 65 0.878 89� 1 0.64 2.9
U6969 11 56 12.9 53 42 11 139.70 61.96 61.92 4.46 Sm 330 0.691 76� 2 0.25 3.0
U6973 11 56 17.8 43 00 03 153.97 71.10 71.94 0.68 Sab 40 0.609 71� 3 0.18 5.3
U6983 11 56 34.9 52 59 08 140.27 62.62 62.61 4.26 SBcd 270 0.344 49� 1 0.49 3.8
N4026 11 56 50.7 51 14 24 141.94 64.20 64.27 3.68 S0 177 0.741 84� 2 0.43 7.3
N4051 12 00 36.4 44 48 36 148.88 70.08 70.51 2.04 SBbc 311 0.344 49� 3 0.50 4.0
N4085 12 02 50.4 50 37 54 140.59 65.17 65.16 4.37 Sc 255 0.758 82� 2 0.29 3.2
N4088 12 03 02.0 50 49 03 140.33 65.01 65.00 4.46 Sbc 231 0.625 69� 2 0.62 3.0
U7089 12 03 25.4 43 25 18 149.90 71.52 71.99 2.05 Sdm 215 0.809 80� 3 0.57 3.5
N4100 12 03 36.4 49 51 41 141.11 65.92 65.93 4.23 Sbc 344 0.708 73� 2 0.47 2.9
U7094 12 03 38.5 43 14 05 150.14 71.70 72.19 2.02 Sdm 39 0.642 70� 3 0.27 4.5
N4102 12 03 51.3 52 59 22 138.08 63.07 62.99 5.29 SBab 38 0.441 56� 2 0.33 7.6
N4111 12 04 31.0 43 20 40 149.53 71.69 72.13 2.20 S0 150 0.775 90� 1 0.40 7.8
N4117 12 05 14.2 43 24 17 149.07 71.72 72.13 2.35 S0 21 0.562 68� 3 0.20 6.1
U7129 12 06 23.6 42 01 08 151.00 72.99 73.47 2.11 Sa 72 0.305 48� 3 ... 4.4
N4138 12 06 58.6 43 57 49 147.29 71.40 71.70 2.83 Sa 151 0.371 53� 3 0.26 5.3
N4143 12 07 04.6 42 48 44 149.18 72.40 72.79 2.47 S0 143 0.455 60� 3 0.23 8.0
N4157 12 08 34.2 50 45 47 138.47 65.41 65.33 5.27 Sb 63 0.826 82� 3 0.48 3.9
N4183 12 10 46.5 43 58 33 145.39 71.73 71.90 3.48 Scd 346 0.861 82� 2 0.59 3.2
N4218 12 13 17.4 48 24 36 138.88 67.88 67.81 5.27 Sm 316 0.398 53� 3 0.12 3.2
N4217 12 13 21.6 47 22 11 139.90 68.85 68.82 4.96 Sb 230 0.741 86� 2 0.54 3.3
N4220 12 13 42.8 48 09 41 138.94 68.13 68.07 5.26 Sa 140 0.691 78� 3 0.29 4.2
N4346 12 21 01.2 47 16 15 136.57 69.39 69.30 6.17 S0 98 0.674 77� 3 0.33 8.2
N4389 12 23 08.8 45 57 41 136.73 70.74 70.65 6.16 SBbc 276 0.344 50� 4 0.27 3.6
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Figure 1: Distribution on the sky and in redshift of
all galaxies in the cluster brighter than MB=-16.5 and
more inclined than 45�. The dashed lines indicate the
boundaries of the spatial and velocity window in which
the galaxies were selected.

1) The TF-relation can be considered as a manifesta-
tion of the underlying coupling between the luminosity
of a galaxy and its gravitational potential. To gain
some understanding of this coupling it is mandatory to
map this gravitational potential. The shape of the HI
rotation curve will be used to derive the shape of the
potential in the plane of the galaxy. It can be expected
that most will be learned from the most extreme cases.
Therefore, it is important to consider a sample of
galaxies with a wide range of intrinsic properties.

2) We are also interested in the accuracy of the TF-
relation as an empirical tool for measuring distances
to spiral galaxies. For that purpose it is important to
understand the sources of scatter and identify possible
objective criteria that minimize the scatter. Conse-
quently, one often discards galaxies with extreme
intrinsic properties like a very low HI content or a low
surface brightness.

Both aspects justify different selection criteria when

constructing the TF-relation. Therefore, we will con-
struct 2 subsamples from theWesterbork sample, each
optimized to address one of the two aspects mentioned
above.

a) the ‘unperturbed’ sample

To investigate the first aspect, it is important to
have a good understanding of the planar shape of the
potential as inferred from the rotation curves. When
deriving the rotation curve, it is assumed that the HI
gas rotates around the center on circular orbits. The HI
synthesis data allow us to evaluate the kinematic ‘nor-
malcy’ of a gas disk from its observed velocity field.
It is obvious that the assumption of circular orbits is
violated in several galaxies in theWesterbork sample.
There are 4 galaxies with close companions that show
clear signs of interaction through the presence of tidal
tails and extremely warped gas disks (N3718, N3769,
N3893, U6973). Furthermore, there are 2 galaxies
which show signs of global non-circular motion in their
velocity fields (N4051, N4088). These galaxies also
have a disturbed optical morphology (see Chapter 1).
We have serious doubts that the derived rotation curves
in these systems are reliable indicators of the potential.
Excluding these 6 obviously perturbed galaxies from
the Westerbork sampleleaves us with a sample of 32
galaxies that are kinematically well behaved. We will
refer to these 32 systems as theunperturbed sample.

b) the ‘normal spiral’ sample

When evaluating the TF-relation as an epirical tool
to measure galaxy distances, we follow the same se-
lection criteria as outlined by Bernsteinet al(1994). In
their study of spirals around the Coma cluster they only
selected non-interacting galaxies of type Sb-Sd, with
steep HI profile edges, with smooth outer isophotes and
without a prominent bar. These criteria are somewhat
subjective but based on global morphological charac-
teristics that do not require detailed kinematic informa-
tion on individual systems. Table 2 summarizes which
galaxies from theWesterbork sampleare excluded by
these criteria. There are 15 galaxies that survive the
various criteria and those 15 will be referred to as the
‘normal spiral’ sample.

The Ursa Major cluster extends over roughly 15 de-
grees on the sky. Consequently, the depth of the sam-
ple may be considerable. The depth of the cluster is
estimated by assuming that the distribution of all 79
galaxies along the line of sight is similar to the distri-
bution along Super-Galactic longitude. From this as-
sumption it follows that the estimated depth of the clus-
ter contributes roughly 0.17 mag to the scatter in the
TF-relation. Nevertheless, since all galaxies are nearly
at the same distance, there is still little doubt about their
relative luminosities, sizes and masses.
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Table 2: Galaxies excluded from theWesterbork samplebased on the selection criteria by Bernsteinet al. Several
galaxies are excluded for more than one reason.

Criteria Excludes
non-interacting N3769, N3893, U6973, U6818
Sb-Sd morphology N3718, N3729, N3870, U6973, N4102, U7129, N4138, N4220 (earlier types)

U6399, U6773, N3985, U6923, U6969, U7089, U7094, N4218 (later types)
no prominent bar N3726, N3729, N3769, N3953, N3992, N4010, N4051, N4102, N4389
smooth outer isophotesN3718, N3893, U6973, U6818, N3985, N4051, N4088
steep HI profile edges N3769, N3985, N4218

3 Observables

This section describes the available data which will al-
low us to construct TF-relations in 4 passbands using
various kinematic measures like the corrected widths
of the global HI profiles and the amplitudes of the flat
part of the rotation curves. Information about the vari-
ous shapes of the rotation curves is also available.

3.1 Photometry

All 79 galaxies were photometrically imaged in theB,
RKC andIKC passbands and 70 galaxies were imaged at
K0. The University of Hawaii’s 2400 and 8800 telescopes
on Mauna Kea were used on 13 different runs between
1984 and 1996. Total magnitudes were obtained by
integrating the exponentially extrapolated luminosity
profiles. Inclination angles were derived from the
optical axis ratios. A full photometric review of this
sample can be found in Capter 1. One galaxy (UGC
7129) from thecomplete samplewas not imaged atK0.
Photometric data at various passbands are presented in
Table 3.

Column(1) gives the NGC or UGC numbers.
Columns(2)-(5) contain the total apparent magnitude
at the B, RKC, IKC and K0 passbands. Images and
luminosity profiles are presented in Chapter 1.
Column (6) provides the (extrapolated) uncorrected
central surface brightness atK0 of the exponential disk.
Columns(7)-(10) give the flux densities in the 60�m
and 100�m bands from the IRAS Faint Source Cata-
log. Uncertainties are given in percentages. A total of
27 galaxies was detected while 11 galaxies are located
in the IRAS incompletion gap. Two dwarf galaxies
(1135+48 and N3896) are confused with their massive
companions.
Columns(11) and (12) contain the 21cm radio contin-
uum flux density or 3-sigma upper limits for extended
emission in cases of non-detection.
Columns(13) and (14) provide the integrated 21cm HI
flux as derived from the WSRT global profiles. The

HI emissions of 1135+48 and N3896 are confused
with that of their more massive neighbors, even in the
WSRT datacubes. Consequently, the integrated HI
fluxes of N3769 and N3893 may be slightly affected
as well.
Column(15) gives the Galactic foreground extinction
in theB-band taken from Burstein and Heiles (1984).

Uncertainties in the total magnitudes are estimated
at 0.05 magnitudes in theB, R and I passbands and
0.08 magnitudes in theK0 passband. These estimates
are based on comparisons of the derived luminosities
of galaxies which were observed during different runs.

3.2 Kinematics

The radio synthesis data provide HI rotation curves
which, for our purposes, can be classified in three
catagories as illustrated in Figure 2.

First, there are rotation curves that keep on rising
continuously until the last measured point (left panel).
In these cases, theobservedmaximum rotational veloc-
ity is determined by the extent of the HI disk and pro-
vides a lower limit to the actual maximum rotational
velocity induced by the potential. This type of rota-
tion curve is often observed in dwarf galaxies and in
spirals with an HI disk that is confined to the inner re-
gions. The global profiles of these galaxies are in gen-
eral Gaussian or boxy and lack a clear double peaked
signature.

Second, there are the ‘classical’ rotation curves
which show a modest rise in the inner regions and then
gently bend over to reach an extended flat part in the
outer regions of the galaxy (middle panel). This be-
haviour is typical for Sb-Sd type spirals with nice expo-
nential stellar disks. In the standard rotation curve de-
composition, the amplitude of the flat part corresponds
to the maximum rotational velocity of the dark halo
(e.g. van Albada & Sancisi, 1986). The global pro-
files of these galaxies show a clear double peaked pro-
file and the amplitude of the flat part can in general
be well retrieved from the width of the global HI pro-
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Table 3: Photometric information for all 49 members of the Ursa Major Cluster brighter than MB=-16.5 and more
inclined than 45�.

Name mT(B) mT(R) mT(I ) mT(K0) �0(K0) F60 � F100 � F21cm �
R

Idv � AB

– – – – – – mag – – – – – – mag/00
2 Jy % Jy % – mJy – – Jykm/s– mag

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

U6399 14.33 13.31 12.88 11.09 18.72 ... .. ... ..<2.5 10.5 0.3 0.00
U6446 13.52 12.81 12.58 11.50 19.31 ... .. ... ..<7.2 40.6 0.5 0.00
N3718 11.28 9.95 9.29 7.47 17.52 0.70 10 2.29 12 11.4 0.4 140.9 0.9 0.00
N3726 11.00 9.97 9.51 7.96 17.19 3.50 6 16.95 5 49.7 5.0 89.8 0.8 0.01
N3729 12.31 10.94 10.30 8.60 16.44 2.68 6 7.38 6 18.0 0.9 5.5 0.3 0.00
N3769 12.80 11.56 10.99 9.10 16.34 2.63 5 6.78 6 12.1 2.9 62.3 0.6 0.00
1135+48 14.95 14.05 13.61 11.98 18.83 – cnf – – cnf – <1.6 – cnf – 0.00
U6667 14.33 13.11 12.63 10.81 18.16 ... .. ... ..<2.7 11.0 0.4 0.00
N3870 13.67 12.71 12.16 10.73 17.04 1.09 6 2.52 7 5.61 1.6 0.00
N3877 11.91 10.46 9.72 7.75 15.50 5.67 4 20.30 4 35.6 2.4 19.5 0.6 0.01
U6773 14.42 13.61 13.15 11.23 18.79 ... .. ... ..<2.6 5.6 0.4 0.00
N3893 11.20 10.19 9.71 7.84 16.71 12.40 9 37.80 5 137.4 2.9 69.9 0.5 0.02
N3896 13.75 12.96 12.47 11.35 18.37 – cnf – – cnf – <3.1 – cnf – 0.02
N3917 12.66 11.42 10.85 9.08 17.12 0.61 8 3.16 7<7.2 24.9 0.6 0.01
U6818 14.43 13.62 13.15 11.70 18.68 ... .. ... .. 2.4 1.0 13.9 0.2 0.00
N3949 11.55 10.69 10.28 8.43 16.55 10.42 6 24.94 5 134.1 3.6 44.8 0.4 0.03
N3953 11.03 9.66 9.02 7.03 16.47 3.68 5 28.49 27 50.9 2.5 39.3 0.8 0.01
U6894 15.27 14.31 14.00 12.40 18.33 ... .. ... ..<2.7 5.8 0.2 0.00
N3972 13.09 11.90 11.34 9.39 16.50 1.01 6 3.66 6<5.8 16.6 0.4 0.00
U6917 13.15 12.16 11.74 10.30 19.17 0.26 16 1.02 18<4.4 26.2 0.3 0.03
N3985 13.25 12.26 11.81 10.19 17.06 1.42 6 3.42 7 9.7 1.4 15.7 0.6 0.05
U6923 13.91 12.97 12.36 11.04 17.87 0.37 12 0.90 21<2.6 10.7 0.6 0.00
N3992 10.86 9.55 8.94 7.23 16.82 1.12 6 10.35 5 30.2 7.6 74.6 1.5 0.00
N39900 13.53 12.08 11.36 9.54 16.04 ... .. ... .. 0.00
N4013 12.44 10.79 9.95 7.68 14.90 5.70 6 20.13 9 36.3 0.8 41.5 0.2 0.00
N4010 13.36 12.14 11.55 9.22 17.13 1.68 9 6.76 5 16.9 1.6 38.2 0.3 0.00
U6969 15.12 14.32 14.04 12.58 19.06 ... .. ... ..<3.8 6.1 0.5 0.00
U6973 12.94 11.26 10.53 8.23 14.70 – gap – – gap – 127.5 2.1 22.9 0.2 0.00
U6983 13.10 12.27 11.91 10.52 19.41 0.29 20 1.34 15<5.4 38.5 0.6 0.01
N40260 11.71 10.25 9.57 7.65 15.66 ... .. ... .. 0.04
N4051 10.98 9.88 9.37 7.86 16.72 7.14 13 23.92 5 26.5 2.6 35.6 0.8 0.00
N4085 13.09 11.87 11.28 9.20 15.82 5.49 5 14.61 5 44.1 1.3 14.6 0.9 0.01
N4088 11.23 10.00 9.37 7.46 16.19 19.88 5 54.47 5 222.3 1.9 102.9 1.1 0.01
U7089 13.73 12.77 12.36 11.11 18.73 – gap – – gap –<3.4 17.0 0.6 0.00
N4100 11.91 10.62 10.00 8.02 15.77 8.10 6 21.72 4 54.3 1.7 41.6 0.7 0.04
U7094 14.74 13.70 13.22 11.58 18.56 – gap – – gap –<2.6 2.9 0.2 0.00
N4102 12.04 10.54 9.93 7.86 16.15 46.90 4 69.74 4 276.0 1.5 8.0 0.2 0.01
N41110 11.40 9.95 9.25 7.60 15.63 – gap – – gap – 0.00
N4117 14.05 12.47 12.47 9.98 17.11 – gap – – gap – 3.7 1.2 6.9 1.1 0.00
U7129 14.13 12.80 12.19 ... ... – gap – – gap – 1.12 0.00
N4138 12.27 10.72 10.09 8.19 15.98 – gap – – gap – 16.7 4.6 19.2 0.7 0.00
N41430 12.06 10.55 9.84 7.86 15.23 – gap – – gap – 0.00
N4157 12.12 10.60 9.88 7.52 14.87 12.01 6 45.43 5 179.6 2.3 107.4 1.6 0.02
N4183 12.96 11.99 11.51 9.76 17.33 – gap – – gap –<5.8 48.9 0.7 0.00
N4218 13.69 12.83 12.41 10.83 16.51 1.09 7 2.29 10 6.3 0.8 7.8 0.2 0.00
N4217 12.15 10.62 9.84 7.61 15.70 8.88 7 35.35 7 115.6 2.2 33.8 0.7 0.00
N4220 12.34 10.79 10.03 8.36 15.27 1.57 8 5.53 9<4.9 4.4 0.3 0.00
N43460 12.14 10.69 9.96 8.21 15.91 – gap – – gap – 0.00
N4389 12.56 11.33 10.87 9.12 16.61 – gap – – gap – 23.3 1.2 7.6 0.2 0.00
0: Not detected in HI.
1: from single dish data by Fisher & Tully (1981).
2: from single dish data by Bottinelliet al, in preparation. Uncertainty not provided by the authors.
– cnf –: emission confused with companion.
– gap –: located in IRAS gap.
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Figure 2: Proto-type examples of the three catagories of rotation curves.Left : Galaxy with a rotation curve that
rises continuously until the last measured point. The measured maximum rotational velocity is set by the extent
of the HI disk.Middle : The ‘classical’ rotation curve; a gentle rise in the central regions with a smooth transition
into the extended flat part.Right: A rotation curve that reaches a maximum in the optical regions after which it
declines somewhat to an extended flat part in the outer disk. In this case, the maximum rotation velocity exceeds
the amplitude of the flat part. The vertical arrows indicate�R25 and the horizontal arrows indicate the rotational
velocities as inferred from the global profiles.

file. The selection criteria outlined by Bernsteinet al,
which lead to the‘normal spiral’ sample, are aimed at
selecting galaxies with such a classical rotation curve
like N3917, based on their global properties.

Third, there are the partly declining rotation curves
which often occur in massive and compact systems
(right panel). They show a steep rise in the inner re-
gions and reach a peak rotational velocity well within
the stellar disk. After this maximum they show a mod-
est decline inside the stellar disk. In most cases this
decline halts and the rotation curve extends further out
with a more or less contant rotational velocity. This be-
haviour of the rotation curves is often seen in massive
early-type spirals and in galaxies with a compact distri-
bution of their luminous matter (e.g. Casertano & van
Gorkom, 1991). In these systems, a distinction can be
made between the maximum rotational velocity Vmax
and the amplitude of the flat part Vflat.

Off course, there are intermediate cases and cases
where one side of the galaxy does show a flat part
while the other side is still rising. Figure 2 also demon-
strates thattherotational velocity of a spiral is not well-
defined.

The horizontal arrows in Figure 2 indicate the ro-
tational velocities as derived from the corrected global
HI profiles. In the case of N3917, the amplitude of the
flat part can be retrieved well from the global profile.
In the case of N4389, the amplitude of the flat part can
not be measured from the width of the global profile
simply because it is not sampled by the HI disk which
is confined to the inner regions of the galaxy. In the

case of N3992, the width of the global profile yields
the maximum rotational velocity and not the amplitude
of the outer flat part. This situation arises because the
bulk of the HI gas is located near the maximum rota-
tional velocity. In general, the rotational velocities de-
rived from the global profiles of galaxies with declining
rotation curves depend on where the bulk of the HI gas
is located along the rotation curve.

These examples illustrate how the line widthW is
not only determined by the intrinsic maximum rota-
tional velocity of a galaxy but also by the actual shape
of the rotation curve and the distribution of the HI gas.
Even when the line width is measured very accurately,
it does not guarantee a precise estimate of Vmax or
Vflat. Note, however, that early-type spirals are often
excluded in studies of the TF-relation as a distance tool
since inclusion of these galaxies increases the scatter in
the relation (e.g. Rubin 1985, Pierce & Tully 1988).

In the Westerbork samplewe have identified 10
systems with a continuously rising rotation curve (no
Vflat available), 21 systems with a flat rotation curve
(Vmax= Vflat) and 7 systems with a partly declining
curve (Vmax> Vflat).

Table 4 summarizes the available kinematic data.
Column(1) gives the NGC or UGC numbers.
Columns(2)-(3) provide the uncorrected width of the
global HI profiles at the 20% level of the peak flux
density.
Columns(4)-(5) provide the uncorrected width of the
global HI profiles at the 50% level of the peak flux
density.
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Column(6) gives the instrumental velocity resolution
at which the HI profiles were observed.
Columns (7)-(8) contain the systemic heliocentric
velocities of the galaxies.
Columns (9)-(10) contain the systemic veloci-
ties corrected for galactic rotation according to
Vsys = Vhel + 300sin(l )cos(b).
Column(11) provides information on the shape of the
HI rotation curve. R: the rotation curve is still rising
at the last measured point, F: the rotation curve rises
monotoneously until it reaches a more or less extended
flat part, D: the rotation curves shows a declining part
after which it reaches an extended flat part. L denotes
whether the HI distribution is lopsided, either in its
extent or in its kinematics when the rotation curve
rises more steeply on one side than on the other side.
Columns(12)-(13) provide the inclination corrected
maximum rotational velocity derived from the rotation
curve. For galaxies with a rising rotation curve (R),
Vmax is the velocity of the last measured point. For
galaxies with a purely flat rotation curve (F), Vmax
is the rotational velocity averaged over the flat part.
For galaxies with a declining rotation curve (D), Vmax
represents the peak velocity.
Columns(14)-(15) provide the amplitude of the flat
part of the rotation curve. For galaxies with rising
rotation curves (R), Vflat could not be measured.
For galaxies with a purely flat rotation curve (F),
Vflat = Vmax. For galaxies with a declining rotation
curve (D), Vflat is the rotational velocity averaged over
the flat part.
Column (16) contains some brief comments on indi-
vidual systems.

Note that the uncertainties in the line widths and re-
cession velocities represent formal errors. The errors
on Vmax and Vflat included uncertainties in the inclina-
tions (see below).

The‘normal spiral’ sampleof 15 galaxies contains
8 spirals with a ‘classical’ rotation curve, 2 galaxies
with a rising rotation curve and 5 galaxies with a partly
declining rotation curve.

3.3 Inclinations

Present day instrumentation allows accurate measure-
ments of the luminosities and global HI profiles of
galaxies. In general, the observed scatter in the TF-
relation is larger than can be explained by the ob-
servational uncertainties in these measured parameters
alone. However, the uncertainty in corrections sensi-
tive to inclination contribute significantly to the ob-
served scatter. For a sample of randomly oriented
galaxies more inclined than 45 degrees, an uncertainty
of 1, 3 or 5 degrees in the inclination angle contributes
respectively 0.04, 0.12 or 0.19 magnitudes to the scat-

ter due to the uncertainty in line widths alone, assum-
ing a slope in the TF-relation of−10. Therefore, it is
important to determine the inclinationangle of a galaxy
as accurate as possible and this issue deserves some
special attention.

From the photometric and HI synthesis data avail-
able to us, three independent measurements of the in-
clination angle of a galaxy can in principle be obtained;
iopt from the optical axis ratio, iHI from the apparent
elongation of the HI disk, and iVF from fitting tilted
rings to the HI velocity field. Each of these methods
has its own systematic limitations which are important
to recognize when estimating the actual inclination of
a galaxy. In the following discussion we will briefly
address those limitations and make an intercomparison
of iopt, iHI, and iVF.

a) iopt from optical axis ratios

The most widely used formula to infer the inclina-
tion angle from the observed optical axis ratio (b/a)�q
was provided by Hubble (1926):

cos2(iopt) =
q2 − q2

0

1− q2
0

where q0 is the intrinsic thickness of an oblate stellar
disk. Holmberg (1946) determined an average value
of q0=0.20 which is still commonly used although it
is obvious from images of edge-on systems that large
variations in q0 exist. For instance, Fouquéet al(1990)
found q0 to vary from 0.30 to 0.16 for spirals of mor-
phological types Sa to Sd respectively and q0=0.42 for
galaxies of type Sdm-Im. Apart from the debate on the
intrinsic thickness, the observed axis ratio q itself has
limited meaning since it is often defined at a certain
isophote around which q may still vary as a function of
radius. From images of edge-on disks in the Ursa ma-
jor cluster (see Chapter 1) it can often be observed that
the axis ratio keeps increasing outward until the faintest
isophotes. An extreme example is NGC 4389, domi-
nated by a narrow bar and surrounded by an extended
faint halo. The axis ratios presented in Table 1 were
not determined at a fixed isophote but were choosen to
represent the stellar disk instead of a bulge, lopsided
structures or a faint halo.

b) iHI from the inclined HI disk

Instead of the oblate stellar disk, the HI disk can
also be used to determine the inclination. In general,
the HI disk is much thinner than the stellar disk and its
intrinsic thickness is of no concern. However, its patch-
iness, lopsidedness and the existence of warps and tidal
tails may complicate the interpretation of the results
from fitting ellipses to a certain HI isophote. Further-
more, the relatively large beams of synthesis arrays
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Table 4: Kinematic information for thecomplete sampleof 41 galaxies brighter than MB=-16.5, more inclined than 45�

and with useful global HI profiles.

Name W20 � W50 � R Vhel � Vsys � Shape Vmax � Vflat � Comments
– km/s – – km/s – km/s – km/s – – km/s – – km/s – – km/s –

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

U6399 188.1 1.4 172.5 2.9 8.3 791.5 0.6 859.7 0.6 R/F 88 5 88 5
U6446 154.1 1.0 131.9 1.2 5.0 644.3 0.8 726.8 0.8 F L 82 4 82 4
N3718 492.8 1.0 465.7 1.0 33.2 993.0 0.8 1074.1 0.8 F 232 11 232 11 anomalous: extreme warp, conspicuous dustlane
N3726 286.5 1.6 260.6 1.8 5.0 865.6 0.9 918.7 0.9 F/(D) 162 9 162 9 warped
N3729 270.8 1.5 253.2 3.9 33.2 1059.8 1.4 1141.6 1.4 F 151 11 151 11
N3769 265.3 6.7 230.5 3.6 8.3 737.3 1.8 796.0 1.8 F/(D) 122 8 122 8 interacting with 1135+48
U6667 187.5 1.4 178.1 1.9 5.0 973.2 1.2 1050.7 1.2 R L 86 3 86 3
N38701 120 15 22 750 822 ? .. .. ... .. Markarian 186
N3877 373.4 5.0 344.5 6.2 33.2 895.4 3.8 955.2 3.8 F L 167 11 167 11
U6773 110.4 2.3 91.1 2.2 8.3 923.6 1.6 994.7 1.6 R L 45 5 ... ..
N3893 310.9 1.0 277.9 4.1 5.0 967.2 1.0 1033.5 1.0 F/(D) 188 11 188 11 interacting with N3896
N3917 294.5 1.9 279.1 2.1 8.3 964.6 1.4 1045.9 1.4 F 135 3 135 3
U6818 166.9 2.3 141.9 5.7 8.3 808.1 2.1 861.8 2.1 R/(F) L 73 5 73 5 interacting with faint dwarf?
N3949 286.5 1.4 258.3 1.7 8.3 800.2 1.2 864.5 1.2 F L 164 7 164 7
N3953 441.9 2.4 413.9 3.2 33.1 1052.3 2.0 1136.9 2.0 F 223 5 223 5
U6894 141.8 1.1 132.2 1.5 8.3 848.6 1.8 944.1 1.8 R 63 5 ... ..
N3972 281.2 1.4 260.7 5.5 8.3 852.2 1.4 950.7 1.4 R L 134 5 ... ..
U6917 208.9 3.2 189.6 1.6 8.3 910.7 1.4 987.7 1.4 R/F 104 4 104 4
N3985 160.2 3.7 88.0 2.4 8.3 948.2 2.0 1015.8 2.0 R 93 7 ... .. disturbed optical appearance
U6923 166.8 2.4 147.1 4.5 10.0 1061.6 2.2 1151.0 2.2 R L 81 5 ... .. warped due to N3992?
N3992 478.5 1.4 461.4 2.4 10.0 1048.2 1.2 1138.8 1.2 F/D 272 6 242 5
N4013 425.0 0.9 395.0 0.8 33.0 831.3 0.6 879.5 0.6 F/D 195 3 177 6 strongly warped
N4010 277.7 1.0 264.1 1.2 8.3 901.9 0.8 965.3 0.8 (R)/F L 128 9 128 9 strongly warped
U6969 132.1 6.4 123.5 2.9 10.0 1118.5 2.4 1209.7 2.4 R 79 5 ... ..
U6973 367.8 1.8 350.4 1.2 8.3 700.5 1.0 743.1 1.0 F/D 173 10 173 10 interacting with U6962
U6983 188.4 1.3 173.0 1.1 5.0 1081.9 0.8 1170.1 0.8 F 107 7 107 7
N4051 255.4 1.8 224.6 1.5 5.0 700.3 1.2 753.1 1.2 R/F L 159 13 159 13 lopsided, Seyfert
N4085 277.4 6.6 255.4 7.8 19.8 745.7 5.0 825.7 5.0 R/F L 134 6 134 6
N4088 371.4 1.7 342.1 1.9 19.8 756.7 1.2 837.6 1.2 F/(D) L 173 14 173 14 warped with very asymmetric velocity field
U7089 156.7 1.7 97.7 3.0 10.0 770.0 1.5 817.7 1.5 R L 79 7 ... ..
N4100 401.8 2.0 380.5 1.8 19.9 1074.4 1.3 1151.2 1.3 F/D 195 7 164 13
U7094 83.7 1.7 71.9 5.5 10.0 779.6 1.6 826.5 1.6 R L 35 6 ... ..
N4102 349.8 2.0 322.4 8.5 8.3 846.3 2.0 937.1 2.0 F 178 11 178 11 LINER, HI in absorption against nucleus
U71292 160 13 152 13 13 947 990 ? ... .. ... ..
N4138 331.6 4.5 266.0 7.8 19.9 893.8 3.9 945.5 3.9 F/D 195 7 147 12
N4157 427.6 2.2 400.7 3.1 19.9 774.4 1.8 857.2 1.8 F/D 201 7 185 10
N4183 249.6 1.2 232.5 1.5 8.3 930.1 1.0 983.5 1.0 F/D L 115 6 109 4
N4218 138.0 5.0 79.9 1.9 8.3 729.9 1.7 804.2 1.7 R 73 7 ... ..
N4217 428.1 5.1 395.6 3.8 33.2 1027.0 3.0 1096.7 3.0 F/D 191 6 178 5
N4220 438.1 1.3 423.3 3.3 33.1 914.2 1.2 987.6 1.2 ? ... .. ... .. toolittle HI to retrieve Vmaxand Vflat.
N4389 184.0 1.5 164.9 1.6 8.3 718.4 1.2 786.2 1.2 R 110 8 ... .. bar dominated
1: from single dish data by Fisher & Tully, 1981. Value of W50 and uncertainty in Vhel not provided by the authors.
2: from single dish data by Bottinelliet al, in preparation. Errors not provided by the authors but estimated equal to the resolution.
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The Ursa Major Cluster of Galaxies

may smooth the observed HI disks to a rounder appear-
ance. Therefore, a simple correction for beam smear-
ing was applied and the inclination of the HI disk was
determined according to

cos2(iHI) =
d2

HI −�2
d

D2
HI −�2

D

where DHI and dHI are the observed major and minor
axis diameters of the observe HI disk and�D and�d
the sizes of the synthesized beam in the direction of the
major and minor axis of the HI disk.

c) iVF from HI velocity fields

The inclination angle of an HI disk can also be
measured by fitting tilted-rings to its velocity field
(Begeman, 1989). However, the inclination angle and
the rotational velocity are strongly coupled and reason-
able results can only be obtained for inclination angles
between roughly 50 and 75 degree.This procedure re-
quires accurate velocity fields with high signal-to-noise
ratios as well as many independent points along a ring.
The advantage that velocity fields offer is the possibil-
ity to identify warps and to check the kinematic regu-
larity of the HI disk. For instance, the optical appear-
ance of a galaxy may look very regular while the outer
regions of the HI disk may be warped toward edge-
on. Such a warp would broaden the global profile and
an inclination correction based on the optical axis ratio
would lead to an overestimate of the rotational velocity
when dividing the line width by sin(iopt).

Note that the inclination measurement of a tilted
ring may be affected by non-circular motions due to
spiral arms, bars and lopsidedness.

d) the comparison

For the comparison between the three differ-
ently inferred inclination angles we considered only
the 27 galaxies with fully reduced HI data for
which the velocity fields and integrated HI maps
are available (see Chapter 3). We excluded the
interacting galaxies (N3769, N3893, U6973) be-
cause their outer isophotes (optical and HI) are af-
fected by tidal tails. We also excluded galaxies
with perturbed or inadequately sampled velocity fields
(N4088, U6969, N4389), galaxies with excessively
patchy HI maps (N4102) and obviously lopsided galax-
ies (N4051). These eliminations leave us with 19
galaxies that have smooth outer isophotes, well filled
HI disks and regular HI velocity fields.

Figure 3 presents the comparison between the three
differently inferred inclination angles using two differ-
ent values for q0. When calculating mean differences
and scatters using iVF, only galaxies with iHI<80� are
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Figure 3: Intercomparison of the three independently
determined inclination angles iopt, iHI and iVF. Only
the filled symbols (iHI<80� when iVF is involved) are
considered for the unweighted quantitative assessment.

considered because kinematic inclinations of highly in-
clined galaxies are systematically underestimated. The
error bars on iVF are based on the variations in iVF be-
tween the various rings but are not considered any fur-
ther here.

The upper most panel compares iVF with iHI. No
significant offset is found for the 14 galaxies that meet
the above-mentioned criteria. Assuming that iVF and
iHI contribute equally to the scatter of 3.1 degrees im-
plies that the inclination angle can be determined with
an accuracy of 2.2 degrees from either the velocity
fields or from the inclined HI disk. Note that the cor-
relation turns up for iHI>80� due to the systematic un-
derestimation of iVF for highly inclined disks.

Comparing iopt with iVF and iHI does show a sig-
nificant offset of roughly 3 degrees when assuming
q0=0.20 (middle panels). This offset is biggest toward
edge-on as would be expected in case of an overesti-
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mate of the intrinsic thickness. Note that there are sev-
eral galaxies with an axis ratio less than 0.20 which
have been assigned an inclination angle of 90�.

This 3� offset disappears when q0=0.09 is used
(lower panels) and the rms scatter is reduced to only
1.9 degrees for iopt versus iVF but is still 4.0 degrees in
case of iopt versus iHI. In the latter case, the scatter is
caused by a few nearly edge-on systems for which the
higher uncertainties have no influence on the deprojec-
tion of the rotational velocities.

The adopted inclinations and their errors, listed in
column 11 of Table 1 are best estimates based on all the
information available for a particular galaxy, including
the morphology of dust lanes if present. For galaxies
which lack fully reduced HI synthesis data, the incli-
nation angles were inferred from the optical axis ra-
tios using q0=0.09 for galaxies of type Sc and later and
q0=0.24 for galaxies of type Sbc and earlier. The latter
value of q0 seemed justified by the observed axis ra-
tios of the (nearly) edge-on systems N4013, N4026 and
N4111 of types Sb, S0 and S0 respectively. Unfortu-
nately, there are not enough suitable galaxies available
to determine q0 as a function of morphology.

4 Corrections

Before the observed magnitudes and linewidths can be
plugged into the TF-relation, they need to be corrected
for the effects of Galactic and internal extinction, pro-
jection, finite instrumental velocity resolution and the
turbulent motion of the HI gas. The applied corrections
will be briefly discussed below.

4.1 Corrections on the magnitude

Total apparent magnitudes mT(�) as listed in Table 1
were obtained by fitting an exponential profile to the
quasi linear part of the luminosity profiles and inte-
grating these extended luminosity profiles to infinity
(see Chapter 1). Because the recession velocity of our
sample is only some 950 km/s, no K-corrections were
applied.

a) Galactic extinction

The total magnitudes were corrected for Galac-
tic foreground extinction using theB-band ex-
tinction coefficients AbB provided by Burstein and
Heiles (1984) and the Galactic extinction law de-
scribed by Rieke and Lebofsky (1985); Ab

R=0.57Ab
B,

Ab
I =0.36Ab

B and Ab
K0=0.085Ab

B. Values of Ab
B are listed

in Table 3. The high Galactic lattitude (60� < b< 75�)
of the cluster results in a minimal Galactic extinction
with a maximum in theB-band of only 0.05 mag.

b) internal extinction

Total magnitudes were also corrected for internal
extinction using the prescription by Tully and Fouqué
(1985):

A i
�

= −2:5 Log [ f
�

1+ e−��sec(i)
�

+ (1− 2 f )

 
1− e−��sec(i)

��sec(i)

!
]

where f=0.1 is the fraction of stars uniformly mixed
with a dust layer of opacity�B=0.81,�R=0.40,�I =0.28
and �K0=0.035, seen under an inclination angle i as
given in table 1. The values of f and�� were taken from
Tully et al(1998). For galaxies more inclined than 80�,
Ai=80
�

is adopted. The values of Ai
�

for inclination an-
gles of 45� and 80� are tabulated below together with
their uncertainties given an error of 3� in the inclination
angle.

inclination
45��3� 80��3�

Ai
B 0.54�0.02 1.42�0.25

Ai
R 0.29�0.01 0.94�0.20

Ai
I 0.21�0.01 0.72�0.17

Ai
K0 0.03�0.00 0.11�0.03

For highly inclined systems, the uncertainties in the
internal extinctions atB, R, and I become quite sub-
stantial even without considering variations in (f,��)
which are likely to vary from one galaxy to another.
At this point, for instance, we made no distinction be-
tween dusty high surface brightness galaxies and the
relatively dust-free low surface brightness galaxies.

c) absolute magnitudes

Corrected absolute total magnitudes Mb;i
T (�) were

calculated assuming a common distance of 15.5 Mpc,
corresponding to a distance modulus of 30.95 and thus

Mb;i
T (�) = mT(�) − Ab

�
− A i

�
− 30.95

4.1 Corrections on the linewidth

a) instrumental broadening

The most widely used method to correct for broad-
ening of the global HI profiles due to a finite instru-
mental velocity resolution was provided by Bottinelli
et al (1990). For the widths at the 20% and 50% levels
of the peak flux they advocate

W20 = Wobs
20 − 0:55R

W50 = Wobs
50 − 0:13R
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whereR is the instrumental velocity resolution in km/s.
This empirically derived prescription is based on in-
tercomparisons of profile widths obtained at different
velocity resolutions.

The corrections applied by us are based on more
analytic considerations, as explained in Chapter 3. We
use:

W20 = Wobs
20 − �W20

W50 = Wobs
50 − �W50

where

�W20 = 35:8�

2
4
s

1+
�

R
23:5

�2

− 1

3
5

�W50 = 23:5�

2
4
s

1+
�

R
23:5

�2

− 1

3
5

andR is the instrumental velocity resolution in km/s.
The constants depend on the intrinsic steepness of
the profiles for which a Gaussian shape was assumed
with a dispersion of 10 km/s. The differences be-
tween Bottinelliet al’s and our corrections (��W =
�WBot − �Wour) are only minor and tabulated below for
typical instrumental resolutions of the WSRT.

level ��W
– – – – – R (km/s) – – – – –

5.0 8.3 16.5 19.9 33.1
20% 2.0 2.4 1.2 0.2 -7.8
50% 0.2 -0.3 -3.1 -4.7 -12.8

The larger differences occur for the poorest resolu-
tions at which only the broadest profiles were observed.
Consequently, the differences are a completely negligi-
ble fraction of the line widths.

b) random motions

After the correction for instrumental resolution, the
profile widths were corrected for broadening due to
random motions of the HI gas by applying Tully and
Fouqué’s (1985) formula

W2
R;l = W2

l + W2
t;l

2
41− 2 e

−
�

Wl
Wc;l

�2
3
5

− 2Wl Wt;l

2
41− e

−
�

Wl
Wc;l

�2
3
5

where the subscriptl refers to the widths at thel=20%
or the l=50% level of peak flux. This formula yields
a linear subtraction ofWt;l if Wl>Wc;l and a quadratic
subtraction ifWl<Wc;l . Values ofWt;l andWc;l are dif-
ferent for line width corrections at the 20% and 50%
levels. The values ofWc;l indicate the profile widths
where the transition from boxy to Gaussian occurs.
The amount by which a global profile is broadened due
to random motions is given byWt;l =2kl� where, for a
Gaussian velocity dispersion�, k20=1.80 andk50=1.18.

The generally adopted values forWc;l are
Wc;20=120 km/s andWc;50=100 km/s. The more im-
portant values ofWt;l , however, have been subject of
some debate among various authors. With our new HI
synthesis data we can give a meaningful contribution
to this debate.

Bottinelli et al (1983) came up with an empirical
approach, based on a minimization of the scatter in the
TF-relation. They assumed an anisotropic velocity dis-
persion of the HI gas of�x=�y=1.5�z and a velocity
dispersion perpendicular to the plane of�z=10 km/s.
They determined the values ofkl by minimizing the
scatter in the TF-relation and foundk20=1.89 and
k50=0.71, indicating deviations from a Gaussian dis-
tribution (broader wings). Due to the assumed ve-
locity anisotropy,Wt;l has become a function of in-
clination angle and varies in the range 45<Wt;20<57
and 17<Wt;50<21 for inclinations ranging between
45�<i<90�.

The same value ofk20=1.89 was adopted by
Tully and Fouqué (1985) but they assumed an
isotropic velocity dispersion of�x=�y=�z=10 km/s and
consequently advocateWt;20=2�1.89�10=38 km/s, inde-
pendent of inclination. They did not address the situa-
tion at the 50% level.

Fouquéet al (1990) also assumed isotropy but
adopted�=12 km/s. They determinedkl in a more
direct way by comparing the corrected line width to
the observed maximum rotational velocity Vmax as de-
rived from HI velocity fields. They foundk20=1.96 and
k50=1.13, indicating a similar deviation from a Gaus-
sian distribution as detected by Bottinelliet al. Conse-
quently, Fouquéet al advocate the much larger values
of Wt;20=47 km/s and Wt;50=27 km/s respectively.

A similar procedure was followed by Broeils
(1992) using a sample of 21 galaxies with well de-
fined HI velocity fields. Broeils made no a priori as-
sumptions about the intrinsic velocity dispersion and
did not decouplekl and�. He did, however, recognize
that Vmax may exceed Vflat and he determined for each
galaxy the values ofWmax

t;l andWflat
t;l for which the dif-

ferences
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�Wmax
R;l = WR;l − 2Vmax sin(i)

and

�Wflat
R;l = WR;l − 2Vflat sin(i)

become zero for each galaxy. He found mean values of

Wmax
t;20 = 21�2 , Wmax

t;50 = 7�1

Wflat
t;20 = 37�5 , Wflat

t;50 = 25�4

(Note that he quoted scatters instead of the errors in the
mean.) He rejected his results, probably discouraged
by the largescatters, and adopted the values Wt;20=38
and Wt;50=14 km/s which he erroneously identifies
with Bottinelli et al’s results.

Finally, Rhee (1996) performed the same investiga-
tion using 28 galaxies, most of them in common with
Broeils’ (1992) sample. Not surprisingly, he found

Wmax
t;20 = 20�2 , Wmax

t;50 = 8�2

Wflat
t;20 = 30�3 , Wflat

t;50 = 18�3

similar to Broeils’ result.
Here, with our new and independent dataset, we

follow the same strategy as Broeils and Rhee by in-
vestigating which values ofWt;l allow an accurate re-
trieval of Vmax and Vflat from the broadened global
profile. For this purpose we will only consider those
22 galaxies in our Ursa Major sample that show a flat
part in their rotation curves (with a significant amount
of HI gas) and that are free from a major warp in in-
clination angle. Of these 22, there are 6 galaxies with
Vmax > Vflat. Note that both Broeils and Rhee used
Bottinelli et al’s prescription to correct for instrumen-
tal broadening which we are forced to adopt here to en-
sure a valid comparison between their and our results.
We calculated the values ofWmax

t;l andWflat
t;l for which

the average values

�Wmax
R;l =

1
N

X�
WR;l − 2Vmaxsin(i)

�
�Wflat

R;l =
1
N

X�
WR;l − 2Vflatsin(i)

�
become zero. This is done for both the entire sample of
N=22 galaxies and for the subsample ofN=16 galaxies
with Vmax = Vflat. For the entire sample we find

Wmax
t;20 = 22 , Wmax

t;50 = 5

Wflat
t;20 = 32 , Wflat

t;50 = 15
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Figure 4: Comparison of the global profile widths
WR;l , corrected for instrumental broadening and ran-
dom motions, with 2Vmax sin(i) (Upper panels) and
with 2Vflat sin(i) (lower panels). The left panels con-
siderWR;20 and the right panelsWR;50. Different val-
ues of the random motion parameters Wt;l are used.
Open symbol indacate galaxies with declining rota-
tion curves (Vmax> Vflat) and filled symbols indicated
galaxies without a declining part (Vmax = Vflat). See
section 4.1 for further details.

These values are in good agreement with the (rejected)
results of Broeils and in excellent agreement with the
results of Rhee. The values ofWflat

t;l are larger than the
values ofWmax

t;l because the galaxies with Vmax> Vflat

in our sample have considerable amounts of HI gas at
their peak velocity in the rotation curve. This gas, ro-
tating at Vmax, broadens the global profile somewhat
further. If we consider only the 16 galaxies for which
Vmax = Vflat we find

Wmax
t;20 = Wflat

t;20 = 23 , Wmax
t;50 = Wflat

t;20 = 6

in agreement with the values ofWmax
t;l we found when

using all 22 galaxies.
Our results are illustrated in figure 4 where we

show, for each of the 22 galaxies, the deviations
�Wmax

R;l (upper panels) and�Wflat
R;l (lower panels)

as a function of Vflat. Galaxies with Vmax = Vflat
are indicated by filled symbols, galaxies with
Vmax> Vflat are indicated by open symbols. The upper
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two panels in each block show the results one obtains
when using Broeil’s adopted values ofWt;20 = 38 and
Wt;50 = 14 km/s.

From the upper panels in the upper block it is
clear that the maximum roational velocity as derived
from the corrected global profiles is severely underes-
timated when using the values of Wt;l as adopted by
Broeils. This systematic underestimation disappears
when Wt;20 is decreased from 38 to 22 km/s and Wt;50
is decreased from 14 to 5 km/s. The upper two panels in
the lower block show that if one is interested in the am-
plitude of the flat part, which is smaller than the max-
imum rotational velocity for galaxies with a declining
rotation curve (open symbols), the offset becomes less
significant simply because the open symbols scatter
upward. In this case, to obtain an average zero off-
set, we find similar values for Wt;l as those adopted by
Broeils. However, we find the curious situation that
the corrected width of the global profile systematically
overestimates Vflat for galaxies with a declining rota-
tion curve (open symbols) and systematically under-
estimates Vflat for galaxies with a purely flat rotation
curve (filled symbols).

From this we can conclude that, in a statistical
sense, the maximum rotational velocity of a galaxy
can be reasonable well retrieved from the width of the
global profile when usingWt;20 = 22 orWt;50 = 5 km/s.
The amplitude of the flat part can not be retrieved con-
sistently for a mixed sample containing galaxies with
declining rotation curves. Note that we have explored
only a restricted range of rotational velocities: 80–
200 km/s.

Our results also indicate a non-Gaussian dis-
tribution of random velocities in the sence that
Wt;20/Wt;50 6= 1.80/1.18. InterpretingWt;20 andWt;50 in
terms of velocity dispersions it follows that

�20 = Wt;20⁄ 2k20 = 6:1 km/s

�50 = Wt;50⁄ 2k50 = 2:1 km/s

wherek20=1.80 andk50=1.18 for a Gaussian distribu-
tion. Recall, however, that we advocate a different cor-
rection for instrumental broadening than Bottinelliet
al’s scheme used by Broeils and Rhee. With our cor-
rection method for instrumental broadening we find the
somewhat smaller values of:

Wt;20 = 22 , Wt;50 = 2

These smaller values of Wt;l allow to retrieve Vflat from
the global profiles of galaxies with purely flat rotation
curves and Vmax for galaxies with declining rotation
curves. Applying our correction method for instrumen-
tal resolution and the above-mentioned value ofWt;20 =

22 km/s we find for the 38 galaxies in theWesterbork
samplean rms scatter in�W20 = 0:5Wi

R− Vmax of 6.8
km/s.

Applying all the corrections discussed in this sec-
tion leads to the inclinations, absolute magnitudes and
values of log(W) as listed in Table 5.
Column(1) gives the NGC or UGC numbers.
Column(2) contains the adopted inclinations. These
inclinations are determined with various methods.
Columns(3-6) provide the corrected absolute mag-
nitudes. Average errors are estimated at 0.05 mag in
the B, R and I bands and 0.08 mag atK0, excluding
distance uncertainties.
Columns (7-9) give the three different kinematic
measures.
Column(10) indicates whether a galaxy has a high (H)
or a low (L) central surface brightness of the disk.
Column (11-13) identify which galaxies are a mem-
ber of the unperturbed sample(u) and thenormal
spiral sample(ns). The last column identifies those
unperturbed galaxies with a ‘classical’ (Vmax = Vflat)
rotation curve.

5 TF-relations

In this section we will discuss the TF-relations in the
various bandpasses using the different kinematic mea-
suresWi

R, Vmax and Vflat.
First we will describe the applied methods of fit-

ting and calculating the total observed scatter. Then
we will make a comparison between the existing sin-
gle dish data and the new WSRT data and illustrate how
the statistical properties of the relations differ between
theunperturbed sampleand thenormal spiral sample
for the various passbands. Next, we will discuss how
these differences in scatter and slope can be understood
from a kinematic point of view using information on
the shapes of the rotation curves.

5.1 Fitting method

Weighted least-squares fits were made taking error bars
in both directions into account. In order to calculate a
meaningful reduced chi-squared (�2

Red), the following
uncertainties are considered
1) the uncertainties in Mb,i

T due to photometric errors
�mT and uncertainties in the inclination angles�i.
2) the errors on log(W) where W is either WiR from
the global profile or 2Vmax or 2Vflat from the rotation
curves. Values of�Wi

R, �Vmax and �Vflat take uncer-
tainties in the inclination�i into account.
3) additional uncertainties in absolute magnitude due
to the depth of the cluster which is estimated to con-
tribute�depth=0.17 mag in quadrature to the total ob-
served scatter.
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Table 5: Adopted inclinations, corrected absolute magnitudes and line widths for all 38 galaxies in the
Westerbork Sample. These values were used when constructing the TF-relations. The last columns
indicate to which samples a galaxy belongs.

Name incl. Mb,i
T (B) Mb,i

T (R) Mb,i
T (I) Mb,i

T (K0) Log(Wi
R) Log(2Vmax) Log(2Vflat) SB Sample

(�) — — — — — magnitude — — — — — u ns c
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

U6399 75� 2 -17.76 -18.33 -18.58 -19.93 2.235� 0.005 2.246� 0.025 2.246� 0.025 L x x
U6446 51� 3 -18.03 -18.46 -18.60 -19.48 2.242� 0.019 2.215� 0.021 2.215� 0.021 L x x x
N3718 69� 3 -20.59 -21.53 -22.05 -23.53 2.678� 0.009 2.667� 0.021 2.667� 0.021 H
N3726 53� 2 -20.58 -21.32 -21.68 -23.02 2.519� 0.012 2.511� 0.024 2.511� 0.024 H x x
N3729 49� 3 -19.22 -20.32 -20.87 -22.38 2.470� 0.020 2.480� 0.032 2.480� 0.032 H x x
N3769 70� 2 -19.10 -19.94 -20.36 -21.90 2.410� 0.013 2.387� 0.028 2.387� 0.028 H
U6667 89� 1 -18.04 -18.78 -19.04 -20.25 2.222� 0.003 2.236� 0.015 2.236� 0.015 L x x x
N3877 76� 1 -20.24 -21.23 -21.78 -23.28 2.525� 0.007 2.524� 0.029 2.524� 0.029 H x x x
U6773 58� 3 -17.22 -17.71 -18.07 -19.76 2.052� 0.017 1.954� 0.048 ...� ... L x
N3893 49� 2 -20.35 -21.08 -21.47 -23.14 2.582� 0.013 2.575� 0.025 2.575� 0.025 H
N3917 79� 2 -19.65 -20.41 -20.77 -21.97 2.440� 0.004 2.431� 0.010 2.431� 0.010 L x x x
U6818 75� 3 -17.66 -18.02 -18.31 -19.32 2.180� 0.009 2.164� 0.030 2.164� 0.030 L
N3949 55� 2 -20.07 -20.62 -20.93 -22.56 2.506� 0.011 2.516� 0.019 2.516� 0.019 H x x x
N3953 62� 1 -20.68 -21.71 -22.23 -23.96 2.649� 0.005 2.649� 0.010 2.649� 0.010 H x x
U6894 83� 3 -17.10 -17.58 -17.67 -18.66 2.094� 0.004 2.100� 0.034 ...� ... L x x
N3972 77� 1 -19.10 -19.82 -20.19 -21.64 2.421� 0.003 2.428� 0.016 ...� ... H x x
U6917 56� 2 -18.49 -19.16 -19.48 -20.69 2.351� 0.013 2.318� 0.017 2.318� 0.017 L x x x
N3985 51� 3 -18.35 -19.04 -19.39 -20.79 2.255� 0.021 2.270� 0.033 ...� ... H x
U6923 65� 2 -17.86 -18.44 -18.92 -19.95 2.204� 0.010 2.210� 0.027 ...� ... L x
N3992 56� 2 -20.75 -21.76 -22.27 -23.75 2.738� 0.010 2.736� 0.010 2.685� 0.009 H x
N4013 90� 1 -19.93 -21.10 -21.72 -23.38 2.576� 0.001 2.591� 0.007 2.549� 0.015 H x x
N4010 89� 1 -19.01 -19.75 -20.12 -21.84 2.404� 0.002 2.408� 0.031 2.408� 0.031 L x x
U6969 76� 2 -17.02 -17.36 -17.45 -18.45 2.069� 0.022 2.199� 0.027 ...� ... L x
U6973 71� 3 -19.00 -20.26 -20.84 -22.78 2.560� 0.008 2.539� 0.025 2.539� 0.025 H
U6983 49� 1 -18.44 -18.99 -19.26 -20.46 2.346� 0.007 2.330� 0.028 2.330� 0.028 L x x x
N4051 49� 3 -20.55 -21.38 -21.80 -23.12 2.489� 0.020 2.502� 0.036 2.502� 0.036 H
N4085 82� 2 -19.29 -20.02 -20.39 -21.86 2.393� 0.012 2.428� 0.019 2.428� 0.019 H x x x
N4088 69� 2 -20.65 -21.48 -21.97 -23.54 2.559� 0.006 2.539� 0.035 2.539� 0.035 H x x
U7089 80� 3 -18.64 -19.12 -19.31 -19.95 2.140� 0.006 2.199� 0.038 ...� ... L x
N4100 73� 2 -20.14 -20.98 -21.43 -23.00 2.586� 0.005 2.591� 0.016 2.516� 0.034 H x x
U7094 70� 3 -17.16 -17.80 -18.13 -19.42 1.880� 0.012 1.845� 0.074 ...� ... L x
N4102 56� 2 -19.58 -20.77 -21.28 -23.12 2.594� 0.011 2.551� 0.027 2.551� 0.027 H x x
N4138 53� 3 -19.30 -20.56 -21.10 -22.79 2.573� 0.018 2.591� 0.016 2.468� 0.035 H x
N4157 82� 3 -20.27 -21.30 -21.79 -23.54 2.600� 0.004 2.604� 0.015 2.568� 0.023 H x x
N4183 82� 2 -19.41 -19.90 -20.16 -21.30 2.358� 0.003 2.362� 0.023 2.338� 0.016 L x x
N4218 53� 3 -17.88 -18.45 -18.78 -20.15 2.176� 0.024 2.164� 0.042 ...� ... H x
N4217 86� 2 -20.22 -21.27 -21.83 -23.45 2.581� 0.006 2.582� 0.014 2.551� 0.012 H x x
N4389 50� 4 -18.98 -19.93 -20.30 -21.86 2.325� 0.026 2.342� 0.032 ...� ... H x
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Figure 5: TF-relations using all 41 galaxies in thecomplete samplewith measured global profile widths. The
larger symbols indicate galaxies from thenormal spiral sample(see Section 2).Upper panels: using the profile
widths of single dish measurements. The two crosses represent galaxies (N3729, U6973) without single dish data
due to confusion. For these galaxies the WSRT data were used.Lower panels: using the profile widths from
the new WSRT data. The three crosses indicate galaxies (N3870, U7129, N4220) without useful synthesis data.
For these galaxies the single dish data were used. For a particular bandpass, there are no significant differences
between the upper and lower panels. Solid lines show the results of unweighted double regression fits to the full
sample. Dashed lines indicate fits to galaxies in thenormal spiral sample. Thenormal spiral sampledefines a
steeper correlation with less scatter. These differences increase systematically fromB to K0.

4) the contribution from any intrinsic scatter�intr, ex-
pressed in magnitudes. For the moment�intr=0 mag is
adopted.
The uncertainties�Mb,i

T and �log(W) were calculated
by propagating the observational errors�mT, �i and
�W20, �Vmax or �Vflat through the correction formu-
las. The applied weightswi were calculated according
to

wi =
1

(�Mb,i
T )2 +�2

depth+�2
intr + (a��log(W))2

where ‘a’ is the fitted slope in the relation. Note that
we ignored uncertainties in the Galactic extinction law,
galaxy-to-galaxy variations in the parameters (f,��)
used to estimate the internal extinction, the variations

in the slope of the edges of the global profiles which
lead to different corrections for instrumental broaden-
ing and uncertainties in the parameters (Wc,Wt;20) used
to correct for random motions. Furthermore, we ig-
nored the fact that�Mb,i

T and �log(W) are correlated
through the inclination angle and its uncertainty.

One might argue against an 1/�2 weighting be-
cause of the non-Gaussian characteristics of the errors
in the corrected observables. Therefore, fits with equal
weights (i.e. all points have the same error bars) were
made as well by assuming for all galaxies equal rel-
ative uncertainties of 5% in WiR, Vmax or Vflat, equal
photometric uncertainties of 0.05 mag in Mb,i

T (B;R; I)
and 0.08 mag in Mb,i

T (K0). These estimated average un-
certainties allow to calculate a fudicial value of�2

Red in
order to evaluate the necessity of any intrinsic scatter
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Table 6: Results from weighted least-squares fits using the widths of the global profiles. There is no significant
differences when using WSRT profiles instead of single dish profiles. Note that the fit to thenormal spiral sample
yields a steeper slope and a lower scatter.

N Scatter Slope �2
Red �(N−2

2 ;
�

2

2 )
rms bi-weight

S.D. WSRT S.D. WSRT S.D. WSRT S.D. WSRT S.D. WSRT

equal weights
Complete Sample

B 41 0.47 0.46 0.48 0.47 -5.7� 0.2 -5.6� 0.2 4.99 4.88 0.00 0.00
R 41 0.44 0.44 0.46 0.43 -6.6� 0.2 -6.5� 0.2 3.87 3.95 0.00 0.00
I 41 0.47 0.47 0.48 0.46 -7.1� 0.2 -6.9� 0.2 4.10 4.23 0.00 0.00
K0 40 0.53 0.53 0.55 0.51 -8.1� 0.2 -7.8� 0.2 4.46 4.69 0.00 0.00

Normal Spiral Sample
B 15 0.32 0.26 0.35 0.28 -6.8� 0.4 -6.5� 0.4 2.16 1.52 0.01 0.10
R 15 0.31 0.26 0.33 0.28 -8.0� 0.5 -7.7� 0.4 1.76 1.30 0.04 0.21
I 15 0.34 0.28 0.36 0.32 -9.0� 0.5 -8.6� 0.5 1.87 1.42 0.03 0.14
K0 15 0.34 0.32 0.39 0.34 -10.7� 0.6 -10.2� 0.5 1.54 1.42 0.10 0.14

unequal weights
Complete Sample

B 41 0.47 0.45 0.48 0.46 -5.9� 0.2 -5.5� 0.2 3.67 4.92 0.00 0.00
R 41 0.42 0.43 0.46 0.44 -6.8� 0.2 -6.4� 0.2 2.69 4.39 0.00 0.00
I 41 0.43 0.45 0.49 0.46 -7.3� 0.2 -6.8� 0.2 2.80 4.99 0.00 0.00
K0 40 0.47 0.51 0.55 0.51 -8.2� 0.3 -7.8� 0.2 3.03 6.22 0.00 0.00

Normal Spiral Sample
B 15 0.33 0.27 0.34 0.28 -6.5� 0.5 -6.4� 0.4 1.85 1.87 0.03 0.03
R 15 0.32 0.27 0.33 0.27 -7.9� 0.6 -7.5� 0.4 1.61 1.93 0.07 0.02
I 15 0.36 0.29 0.36 0.31 -8.9� 0.6 -8.4� 0.4 1.82 2.40 0.04 0.00
K0 15 0.35 0.31 0.38 0.36 -10.6� 0.7 -9.9� 0.3 1.52 2.69 0.10 0.00

to explain the total observed scatter.
The total observed scatter was calculated according

to

�2
obs=

P
i

wi

�
Mb,i

T (obs)i−
�
a�log(Wi )+b

��2

P
i

wi

wherewi was calculated as above and ‘a’ and ‘b’ are
the fitted slope and intercept.

Since the rms scatter may be strongly affected by
outliers, it often does not represent the scatter of the
bulk of the data points. Therefore, we find it use-
ful to calculate the more robust bi-weight scatter�bi

(see Beerset al, 1990) as well. Values of�bi were
determined after a least-squares fit was made. For
a pure Gaussian distribution of residuals one would
find �rms=�bi. The results of both weighted and un-
weighted fits are given in the subsequent tables as well
as�rms

(w) and�bi.
We will end this section by noting that a tighter

TF-relation does not necessarily imply a better distance
tool. The tightness of the relation is expressed by�2

Red
which is calculated by considering errors in both direc-
tions. The usefulness of the TF-relation as a distance

tool, however, depends on the scatter in the vertical di-
rection which is related to the steepness of the slope.
Consequently, a tighter correlation with a steeper slope
may still display a larger scatter.

5.2 Single dish versus synthesis data

Figure 5 presents a comparison between TF-relations
constructed with single dish HI data (upper panels)
and those constructed with the new WSRT synthesis
data (lower panels) using the widths of the global pro-
files. There are 41 galaxies with measured global pro-
file widths of which one galaxy (U7129) is not im-
aged atK0. There are two galaxies without single
dish data because of confusion (N3729, U6973) and
there are three galaxies without (useful) synthesis data
(N3870,U7129,N4220). These galaxies are indicated
by crosses and the sources of their profile widths are
exchanged between the upper and lower panels. The
larger symbols (filled circles) indicate the 15 galaxies
from thenormal spiral sample. Results of the various
fits are collected in Table 6.

First we consider thecomplete sampleand make a
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Figure 6: TF-relations for all 38 galaxies in theWesterbork samplewith measured rotation curves. The relations are
constructed for each of the 4 available passbands using 3 different kinematic measures; the corrected width of the
global profile (upper row), the maximum rotational velocity measured from the rotation curve (middle row) and the
amplitude of the flat part of the rotation curve (lower row). The open triangles indicate galaxies with continuously
rising rotation curves (no Vflat measured: see left panel of Figure 2), the open circles indicate galaxies with a
declining part in their rotation curves (Vmax > Vflat: see right panel of Figure 2) and the filled symbols indicate
galaxies with a flat rotation curve (Vmax = Vflat: see middle panel of Figure 2). Crosses represent the kinematically
perturbed galaxies. Solid lines show the fits to the 15 filled circles only. The dashed lines show fits using all
galaxies from theunperturbed samplein each panel.
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comparison between the TF-relations constructed with
global profile widths from single dish data on the one
hand and from the new WSRT data on the other hand.
There are no significant differences in the scatter be-
tween the upper and lower panel of a particular pass-
band. The slopes are insignificantly steeper when us-
ing single dish profiles. The differences are small but
systematic over the 4 passbands, however, and can be
accounted for by the effect of a single galaxy, U7094;
the most lower-left point in the lower panels. In the
single dish measurement, this galaxy is probably con-
fused with U7089, which results in a broader single
dish profile. When using unequal weights, the larger
values of�2

Red using the WSRT data are caused by
the smaller formal errors in the global profile widths
from the WSRT. Note also that using equal or unequal
weights does not make a big difference to the fitted
slope and scatter except for somewhat smaller values
of �2

Red when using single dish profiles with unequal
weights. We therefore conclude that the use of an HI
synthesis array does not significantly influence the sta-
tistical properties of the TF-relation for the complete
sample. In Chapter 3 it was already concluded that the
width and flux content of global profiles obtained with
single dish telescopes and the WSRT are statistically
equivalent.

Now, let’s stick to thecomplete sampleand con-
sider the differences between the various passbands.
First of all, it is striking to see how the slope of the re-
lation steepens from -5.6 to -7.8 when going from the
blue to the near-infrared. The scatter in the relation is
similar in the optical bands but is slightly increased at
K0 due to the steeper slope. From the fact that�rms��bi

we conclude that the residuals have a nearly Gaussian
distribution.

More interesting is the fact that in each panel, the
normal spiral sampleof 15 galaxies defines a much
tighter correlation with a steeper slope and significantly
less scatter. AtK0, the slope becomes slightly steeper
than -10. Furthermore, the scatter in thenormal spi-
ral samplebecomes somewhat smaller when using the
WSRT profiles instead of the single dish profiles. How-
ever, if one calculates the relative uncertainty in the
scatter as��

�
= 1p

2N
, the significance of this decrease

in the scatter is on average only at the 0.7-sigma level.
Nevertheless, it happens at all four passbands and for
both�rms and�bi. Note that the slope is on average 5%
shallower for the WSRT data and, of course, the scat-
ter in the vertical direction is related to the slope. The
fact that�bi is slightly larger than�rms indicates that
the residuals have a somewhat broader tail than would
be expected from a Gaussian distribution.

In the next section we will show that the statistical
differences between thecomplete sampleand thenor-
mal spiral samplecan be understood when considering
the detailed kinematics of individual galaxies

5.3 TF-relations and
the shapes of rotation curves

Figure 6 shows the TF-relations in all four pass-
bands, constructed for theWesterbork sampleof 38
galaxies which have measured rotation curves. The
TF-relations in the upper panels were constructed
using the corrected width of the global profiles. The
relations in the middle panels were constructed using
Vmax from the rotation curve. The lower panels show
the relations using the amplitude Vflat of the flat part
of the rotation curve. The various symbols refer to the
kinematical status of a galaxy:
Crosses: galaxies involved in strong interactions or
with severe kinematic distortions (6 systems).
Open triangles: galaxies with rotation curves still
rising at the last measured point (10 systems).
Filled circles: galaxies with monotonically rising
rotation curves that bend over into a more or less
extended flat part (15 systems).
Open circles: galaxies with a declining part in their
rotation curve (7 systems).

The open triangles could not be included in the lower
panels simply because Vflat could not be measured.

The results of the various fits are collected in Tables
7a and 7b. Table 7a contains the results obtained by
applying equal weights and Table 7b gives the results
obtained by applying unequal weights. Separate fits
were made to theWesterbork sample(38 points), the
unperturbed sample(32 points) and thenormal spiral
sample(15 points). In addition, fits were made consid-
ering only those 15 galaxies with a ‘classical’ rotation
curve (Vmax = Vflat; filled circles). To allow a meaning-
ful comparison of the statistical properties of the cor-
relation at a certain passband, one should consider the
same sample in all three the rows. Therefore, fits in the
upper and middle panels were also made considering
only those galaxies that appear in the lower panels for
a certain sample.

The solid lines in Figure 6 indicate least-squares
fits to the filled symbols only, applying equal weights.
The dashed lines show fits to the entirenormal spiral
sample(32 galaxies in the upper and middle panels and
22 galaxies in the lower panels).

From Figure 6 and Tables 7a and 7b we note the
following:

� When using the corrected widths of global pro-
files, the TF-relation displays a larger scatter in
the near-infrared than in the optical passbands,
regardless of the sample This larger scatter is due
to the steeper slope of the relation in the near-
infrared.

� Galaxies with a ‘classical’ rotation curve
(Vmax = Vflat, filled circles in Figure 6) define a
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Table 7a: Statistical properties of the Tully-Fisher relations in the various passbands, using three different kinematic measures; the corrected width
of the global HI profile (Wi

R), the maximum rotational velocity (2Vmax) and the amplitude of the flat part (2Vflat). The results for 3 different samples
are given. There are 10 galaxies without Vflat in theWesterbork sampleand theunperturbed sampleand 2 galaxies without Vflat in thenormal spiral
sample. Fits with equal weights were made and errors in both directions were taken into account.

Scatter Slope �2
Red �(N−2

2 ;
�

2

2 )
Root Mean Square Bi-weight

Wi
R,I 2Vmax 2Vflat Wi

R,I 2Vmax 2Vflat Wi
R,I 2Vmax 2Vflat Wi

R,I 2Vmax 2Vflat Wi
R,I 2Vmax 2Vflat

Westerbork Sample
N=38 B 0.44 0.47 0.45 0.47 -5.4� 0.2 -5.5� 0.2 5.85 5.21 0.00 0.00

R 0.43 0.48 0.43 0.44 -6.3� 0.2 -6.4� 0.2 5.28 4.85 0.00 0.00
I 0.46 0.52 0.45 0.45 -6.8� 0.2 -7.0� 0.2 5.80 5.48 0.00 0.00

K0 0.53 0.63 0.50 0.50 -7.8� 0.2 -8.0� 0.2 6.36 6.68 0.00 0.00
N=28 B 0.45 0.44 0.40 0.45 0.44 0.39 -6.0� 0.3 -6.3� 0.3 -6.8� 0.3 5.73 4.25 3.30 0.00 0.00 0.00

R 0.38 0.36 0.33 0.38 0.36 0.34 -7.2� 0.3 -7.4� 0.3 -8.0� 0.4 3.83 2.54 2.00 0.00 0.00 0.00
I 0.38 0.36 0.34 0.40 0.37 0.36 -7.9� 0.3 -8.1� 0.3 -8.7� 0.4 3.72 2.35 1.90 0.00 0.00 0.01

K0 0.39 0.36 0.34 0.40 0.36 0.35 -9.2� 0.3 -9.4� 0.4 -10.0� 0.4 3.30 1.95 1.56 0.00 0.01 0.05
Unperturbed Sample
N=32 B 0.40 0.43 0.41 0.44 -5.3� 0.2 -5.3� 0.2 4.83 4.61 0.00 0.00

R 0.41 0.47 0.41 0.42 -6.3� 0.2 -6.3� 0.2 5.00 4.86 0.00 0.00
I 0.45 0.53 0.44 0.44 -6.8� 0.2 -6.8� 0.2 5.80 5.75 0.00 0.00

K0 0.55 0.66 0.51 0.52 -7.8� 0.2 -7.8� 0.2 6.95 7.49 0.00 0.00
N=22 B 0.38 0.37 0.32 0.39 0.36 0.32 -6.0� 0.3 -6.1� 0.3 -6.7� 0.4 4.19 3.26 2.22 0.00 0.00 0.00

R 0.32 0.31 0.26 0.33 0.30 0.27 -7.3� 0.3 -7.3� 0.3 -8.0� 0.4 2.90 1.93 1.31 0.00 0.01 0.21
I 0.33 0.31 0.28 0.35 0.31 0.29 -8.0� 0.3 -8.0� 0.4 -8.8� 0.4 2.98 1.84 1.32 0.00 0.02 0.20

K0 0.37 0.33 0.29 0.37 0.29 0.29 -9.3� 0.3 -9.4� 0.4 -10.3� 0.4 3.00 1.63 1.17 0.00 0.06 0.33
Normal Spiral Sample
N=15 B 0.26 0.25 0.28 0.26 -6.3� 0.3 -6.4� 0.4 2.35 1.49 0.01 0.16

R 0.26 0.23 0.27 0.24 -7.4� 0.3 -7.5� 0.4 2.09 1.11 0.02 0.43
I 0.28 0.25 0.30 0.25 -8.3� 0.3 -8.4� 0.4 2.44 1.20 0.01 0.35

K0 0.32 0.24 0.36 0.25 -9.8� 0.3 -9.9� 0.5 2.49 0.89 0.01 0.64
N=13 B 0.27 0.25 0.24 0.30 0.28 0.22 -6.1� 0.4 -6.2� 0.5 -6.9� 0.5 2.66 1.65 1.35 0.01 0.12 0.26

R 0.27 0.23 0.22 0.28 0.25 0.24 -7.4� 0.4 -7.4� 0.5 -8.3� 0.6 2.35 1.22 1.00 0.02 0.35 0.53
I 0.30 0.26 0.25 0.32 0.27 0.26 -8.3� 0.4 -8.4� 0.5 -9.3� 0.6 2.77 1.35 1.11 0.00 0.26 0.43

K0 0.34 0.26 0.24 0.35 0.26 0.26 -9.9� 0.4 -10.1� 0.6 -11.2� 0.7 2.90 1.01 0.76 0.00 0.52 0.75
Only galaxies with Vmax= Vflat.

N=15 B 0.35 0.32 0.32 0.37 0.32 0.32 -6.9� 0.4 -7.1� 0.4 -7.1� 0.4 3.58 2.26 2.26 0.00 0.01 0.01
R 0.31 0.26 0.26 0.33 0.31 0.31 -8.1� 0.4 -8.3� 0.5 -8.3� 0.5 2.70 1.35 1.35 0.00 0.24 0.24
I 0.32 0.27 0.27 0.36 0.29 0.29 -8.7� 0.4 -8.9� 0.5 -8.9� 0.5 2.82 1.30 1.30 0.00 0.27 0.27

K0 0.33 0.22 0.22 0.34 0.24 0.24 -10.1� 0.4 -10.4� 0.6 -10.4� 0.6 2.39 0.72 0.72 0.01 0.80 0.80
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Table 7b: Same as Table 7a but in this case unequal weights were taken into account.

Scatter Slope �2
Red �(N−2

2 ;
�

2

2 )
Root Mean Square Bi-weight

Wi
R,I 2Vmax 2Vflat Wi

R,I 2Vmax 2Vflat Wi
R,I 2Vmax 2Vflat Wi

R,I 2Vmax 2Vflat Wi
R,I 2Vmax 2Vflat

Westerbork Sample
N=38 B 0.44 0.44 0.45 0.48 -5.4� 0.2 -5.9� 0.2 4.95 3.51 0.00 0.00

R 0.43 0.40 0.43 0.42 -6.3� 0.2 -7.0� 0.2 4.69 2.77 0.00 0.00
I 0.45 0.43 0.45 0.43 -6.8� 0.2 -7.6� 0.2 5.41 2.95 0.00 0.00

K0 0.51 0.48 0.49 0.43 -7.8� 0.2 -8.8� 0.3 6.62 3.34 0.00 0.00
N=28 B 0.44 0.42 0.37 0.45 0.43 0.38 -6.1� 0.3 -6.1� 0.3 -6.6� 0.3 5.31 3.64 2.57 0.00 0.00 0.00

R 0.37 0.34 0.31 0.38 0.36 0.34 -7.2� 0.3 -7.1� 0.3 -7.6� 0.3 3.82 2.20 1.64 0.00 0.00 0.03
I 0.38 0.34 0.32 0.40 0.37 0.36 -7.9� 0.3 -7.8� 0.3 -8.3� 0.3 3.89 2.09 1.64 0.00 0.00 0.03

K0 0.38 0.35 0.33 0.40 0.37 0.35 -9.1� 0.3 -8.9� 0.3 -9.6� 0.4 3.72 2.00 1.57 0.00 0.00 0.05
Unperturbed Sample
N=32 B 0.39 0.40 0.41 0.42 -5.3� 0.2 -5.7� 0.2 4.01 3.14 0.00 0.00

R 0.41 0.39 0.41 0.39 -6.2� 0.2 -6.9� 0.2 4.33 2.72 0.00 0.00
I 0.45 0.42 0.44 0.41 -6.7� 0.2 -7.6� 0.3 5.32 3.04 0.00 0.00

K0 0.53 0.49 0.51 0.42 -7.8� 0.2 -8.8� 0.3 7.24 3.63 0.00 0.00
N=22 B 0.38 0.37 0.31 0.39 0.36 0.31 -6.0� 0.3 -5.9� 0.3 -6.6� 0.3 4.06 3.15 1.91 0.00 0.00 0.01

R 0.33 0.31 0.26 0.33 0.30 0.28 -7.3� 0.3 -7.0� 0.3 -7.7� 0.4 2.98 1.95 1.25 0.00 0.01 0.26
I 0.34 0.31 0.28 0.35 0.31 0.30 -8.0� 0.3 -7.7� 0.3 -8.4� 0.4 3.21 1.94 1.35 0.00 0.01 0.18

K0 0.36 0.33 0.30 0.37 0.32 0.30 -9.3� 0.3 -9.0� 0.3 -9.8� 0.4 3.52 1.99 1.43 0.00 0.01 0.13
Normal Spiral Sample
N=15 B 0.27 0.24 0.28 0.25 -6.4� 0.4 -6.2� 0.4 2.03 1.36 0.03 0.23

R 0.27 0.22 0.27 0.23 -7.5� 0.4 -7.3� 0.4 2.09 1.02 0.02 0.51
I 0.29 0.24 0.31 0.25 -8.4� 0.4 -8.2� 0.4 2.60 1.16 0.00 0.38

K0 0.31 0.22 0.36 0.24 -9.9� 0.3 -9.8� 0.5 2.92 0.91 0.00 0.62
N=13 B 0.28 0.25 0.23 0.30 0.28 0.23 -6.3� 0.4 -6.0� 0.4 -6.8� 0.5 2.36 1.52 1.23 0.02 0.18 0.34

R 0.28 0.22 0.21 0.29 0.24 0.23 -7.6� 0.4 -7.2� 0.5 -8.1� 0.6 2.40 1.10 0.94 0.01 0.44 0.58
I 0.31 0.24 0.24 0.33 0.27 0.26 -8.5� 0.4 -8.1� 0.5 -9.1� 0.6 3.00 1.27 1.11 0.00 0.31 0.43

K0 0.33 0.23 0.22 0.35 0.26 0.26 -10.0� 0.4 -9.8� 0.5 -10.9� 0.6 3.40 1.04 0.85 0.00 0.50 0.67
Only galaxies with Vmax= Vflat.

N=15 B 0.36 0.30 0.30 0.37 0.32 0.32 -6.8� 0.4 -7.0� 0.4 -7.0� 0.4 3.88 1.92 1.92 0.00 0.04 0.04
R 0.31 0.25 0.25 0.33 0.29 0.29 -8.0� 0.4 -8.1� 0.4 -8.1� 0.4 3.01 1.22 1.22 0.00 0.33 0.33
I 0.33 0.26 0.26 0.36 0.28 0.28 -8.7� 0.4 -8.7� 0.5 -8.7� 0.5 3.24 1.21 1.21 0.00 0.34 0.34

K0 0.32 0.21 0.21 0.34 0.23 0.23 -10.1� 0.4 -10.1� 0.5 -10.1� 0.5 2.91 0.68 0.68 0.00 0.83 0.83
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The Ursa Major Cluster of Galaxies

Figure 8: (A) Deviations of theB;K0–Vmax TF-relations from theB;K0-Vflat TF-relations as a function of various
global properties of spiral galaxies: 1) systemic velocity, 2) Super-Galactic Longitude, 3) morphological type, 4)
inclination angle, 5) relative HI content, 6) relative dust content, 7) compactness of the radial light distribution and
8) face-on centralK0 surface bightness of the fitted exponential disk. Only galaxies from theunperturbed sample
are considered and theB;K0-Vflat TF-relations were constructed for the 22 galaxies in thisunperturbed sample
which show a flat part in their rotation curves. Filled circles: galaxies with Vmax = Vflat open circles: galaxies with
Vmax> Vflat and open triangles: galaxies without Vflat.

steeper and tighter relation compared to the en-
tire sample.

� Galaxies with a rotation curve that is still ris-
ing at the last measured point (open triangles) lie
systematically on the low velocity side of the re-
lations defined by the galaxies with Vmax = Vflat
(solid lines in Figure 6). These galaxies are
mainly found among the fainter systems in the
sample. If the HI disks of those galaxies would
have been more extended, they most likely
would have probed higher velocities further out
into the halo and consequently, those galaxies
would have shifted towards the relation.

� Galaxies with a partly declining rotation curve
(Vmax>Vflat; open circles) in the upper and mid-

dle panels tend to lie systematically on the high
velocity side compared to galaxies with Vmax=
Vflat of the same luminosity. If the lower ampli-
tude Vflat of the flat part is used instead of the
higher Vmax values, these galaxies shift toward
the relation and line up with galaxies that have
a ‘classical’ rotation curve as is illustrated in the
lower panels. Galaxies with declining rotation
curves are mainly found among the brightest sys-
tems in the sample.

� When considering only the 22 galaxies in the
normal spiral samplewhich show a flat part in
their rotation curves, the correlation becomes
tighter from the blue to the near-infrared. Fur-
thermore, the tightness increases as well when
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Chapter 5. Tully-Fisher Relations

Figure 8: (B) Same as Figure 8a but now the residuals in theB;K0-Vflat TF-relations themselves are considered as
a function of various global properties of the spiral galaxies in theunperturbed sample. Note that the filled circles
remain on their positions but that the open symbols have moved upward and the open triangles are omitted because
Vflat could not be measured in those galaxies.

using Vflat instead of Vmax from the rotation
curve. Unfortunately, a tighter relation in the
near-infrared does not result in an improved dis-
tance estimater. A steeper slope in the near-
infrared cancels the merits of a tighter correla-
tion because the scatter is related to the slope.
Consequently, the scatter is not reduced in the
near-infrared.

For the sceptics among you, Figure 7 provides
a blow-up of the I-band panel in the middle row of
Figure 6. Each symbol is labeled with the NGC or
UGC numbers used in the various tables throughout
this book. This allows to relate each individual point
to its observational material presented in Chapters 1
and 3. Note UGC 6969, for instance, the faintest ob-
ject in Figur 7. One may argue that this point rules
out the hypothesis that all galaxies with rising rota-
tion curves would lie on the TF-relation if only their

HI disks would have been extended enough to reach
into the flat part of the rotation curve. The HI data of
this galaxy show, however, that the last measured point
very uncertain and consequently, the error bar on this
point allows the galaxy to lie on the relation.

In Figures 8a and 8b we investigate whether the
residuals in the M-Vflat TF-relations, as plotted in the
lower panels of Figure 6, correlate with various global
properties of the spirals. We consider only theB-band
andK0-band residuals as extreme cases. In Figure 8a
we calculated the deviations from the M-Vflat relations
when using Vmax and in Figure 8b we consider the
residuals in the M-Vflat relations themselves. Conse-
quently, the locations of the filled circles in Figure 8b
are identical to those in Figure 8a while the open circles
in Figure 8a have shifted upward in Figure 8b. Natu-
rally, the open triangles in Figure 8b are absent. When
looking for any trends in the residuals with other global
properties, the open triangles and crosses should be
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2 2.52 2.5

-18

-20

-22

Figure 7: Enlargement of the I-band panel in the mid-
dle row of Figure 6. Here, the symbols are labeled
with a galaxy’s NGC or UGC number to allow check-
ing with the photometric and HI synthesis data. NGC
numbers run from 3718 through 4389, UGC numbers
run from 6399 through 7094.

discarded because the deviations of the open triangles
are not related to the underlying potential of a galaxy
but merely to the extent of the HI disk. The crosses in
both figures represent galaxies with perturbed kinemat-
ics. Because these galaxies are in a kinematically non-
equilibrium situation their rotational velocities are also
unlikely to relate to the underlying potential. There-
fore, the crosses are best to be ignored as well when
looking for trends in the panels of Figures 8a,b.

First, let us investigate whether the residuals corre-
late with the position of a galaxy in the cluster (panels
1a,b and 2a,b in both figures). Figure 1 hinted at a
possible corelation between radial velocity and Super-
Galactic longitude. In Figures 8a,b, no significant cor-
relations are found in theB-band relations. In theK0-
band, however, there seems to be a significant corre-
lation of the Vflat-residuals with Super-Galactic longi-
tude in the sense that galaxies at smaller Super-Galactic
longitudes (northern part of the cluster) are too faint
and galaxies at larger longitudes (southern part of the
cluster) too bright (panel 8b-2b). This suggests that

the northern part of the Ursa Major cluster is further
away than the southern part. This is also something
one would expect given the lower panel of Figure 1 and
assuming that the spirals still feel the overall Hubble
flow; galaxies in the northern part of the cluster tend to
have higher recession velocities. Note, however, that
a possible correlation of the residuals with recession
velocity is insignificant (panel 8b-1b).

The strongest correlation that we find is with mor-
phological type in theB-band (panels 8a,b-3a); early-
type spirals are too faint in their blue light or rotate
too fast compared to late type spirals. This effect is
less visible when using Vflat instead of Vmax but still
present. Because this correlation is absent when using
K0 magnitudes, we interpret this effect as due to dif-
ferent stellar populations between early and late type
spirals of the same luminosity and not due to differ-
ences in the maximum rotational velocity of dark mat-
ter haloes. If early type spirals would reside in more
massive haloes, we would have anticipated the same
effect in theK0 residuals.

We find no correlations of theB-band andK0-band
residuals with inclination.

A marginal correlation is found between theB-
band residuals and the relative HI content of a spiral
expressed in MHI /LK0 when considering Vmax from the
rotation curve (panel 8a-5a). Galaxies which are poor-
est in their relative HI content tend to be too faint in
their blue light. However, this correlation can not be
claimed when considering Vflat (panel 8b-5a). Note
also that the apparent correlation in panel 8a-5a is
mainly due to the HI poor early type spirals.

Panels 6a,b show that there is no correlation of the
residuals with the 60�m flux from IRAS, normalized
to the blue luminosity.

Considering only the open and filled circles in pan-
els 7a,b, there might be a weak correlation between
the residuals and the compactness of the light distribu-
tion, expressed in C82=R80/R20 which is the ratio be-
tween the radii that enclose 80% or 20% of the total
light. Galaxies with a substantial bulge or with a bright
active nucleus have larger values of C82. Panels 8a-
7a,b indicate that compact systems tend to rotate faster
than less compact systems. The most compact system
with C82=7.6 on the extreme right is the LINER galaxy
N4102 with a very bright nucleus.

Finally, we checked for a possiblecorrelation of the
residuals with the face-on central surface brightness at
K0 of the exponential disk. We do not see any convinc-
ing trend.

6 Intrinsic scatter

The intrinsic scatter in the TF-relation is an elusive
concept and its meaning depends on the context in
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Table 8: 95% confidence intervals for the intrinsic scatter assuming that the depth of the cluster adds 0.17 mag in
quadrature to the total observational uncertainties scatter. The three numbers for each entry refer to the minimum, the
most likely and the maximum intrinsic scatter.

95% confidence intervals for�intr
equal weights unequal weights

Wi
R,I 2Vmax 2Vflat Wi

R,I 2Vmax 2Vflat

Westerbork Sample
N=38 B 0.33 – 0.42 – 0.45 0.34 – 0.43 – 0.45 0.32 – 0.41 – 0.53 0.30 – 0.40 – 0.53

R 0.32 – 0.40 – 0.45 0.34 – 0.44 – 0.45 0.31 – 0.40 – 0.51 0.27 – 0.38 – 0.52
I 0.34 – 0.43 – 0.45 0.38 – 0.44 – 0.62 0.34 – 0.43 – 0.55 0.30 – 0.42 – 0.57

K0 0.40 – 0.44 – 0.64 0.44 – 0.60 – 0.76 0.40 – 0.50 – 0.64 0.38 – 0.52 – 0.70
N=28 B 0.32 – 0.42 – 0.56 0.29 – 0.40 – 0.45 0.24 – 0.34 – 0.450.32 – 0.42 – 0.45 0.27 – 0.38 – 0.45 0.21 – 0.32 – 0.46

R 0.24 – 0.34 – 0.44 0.19 – 0.29 – 0.42 0.13 – 0.24 – 0.370.24 – 0.34 – 0.44 0.16 – 0.27 – 0.40 0.06 – 0.21 – 0.35
I 0.24 – 0.34 – 0.44 0.18 – 0.28 – 0.42 0.12 – 0.24 – 0.370.25 – 0.34 – 0.44 0.15 – 0.26 – 0.40 0.06 – 0.21 – 0.35

K0 0.24 – 0.34 – 0.45 0.14 – 0.26 – 0.40 0.00 – 0.21 – 0.350.25 – 0.35 – 0.45 0.13 – 0.26 – 0.39 0.03 – 0.20 – 0.34
Healthy Sample
N=32 B 0.28 – 0.37 – 0.45 0.30 – 0.40 – 0.45 0.27 – 0.36 – 0.48 0.26 – 0.36 – 0.45

R 0.30 – 0.39 – 0.45 0.33 – 0.43 – 0.45 0.28 – 0.38 – 0.45 0.25 – 0.37 – 0.45
I 0.33 – 0.43 – 0.45 0.38 – 0.44 – 0.65 0.33 – 0.42 – 0.56 0.30 – 0.43 – 0.45

K0 0.41 – 0.44 – 0.68 0.44 – 0.63 – 0.82 0.41 – 0.44 – 0.68 0.41 – 0.44 – 0.76
N=22 B 0.24 – 0.35 – 0.45 0.22 – 0.33 – 0.48 0.13 – 0.25 – 0.390.24 – 0.35 – 0.45 0.21 – 0.32 – 0.47 0.09 – 0.23 – 0.37

R 0.17 – 0.27 – 0.41 0.10 – 0.23 – 0.37 0.00 – 0.13 – 0.280.18 – 0.28 – 0.41 0.10 – 0.22 – 0.36 0.00 – 0.12 – 0.27
I 0.18 – 0.29 – 0.42 0.08 – 0.22 – 0.37 0.00 – 0.14 – 0.300.19 – 0.29 – 0.43 0.10 – 0.22 – 0.37 0.00 – 0.14 – 0.29

K0 0.20 – 0.32 – 0.44 0.00 – 0.21 – 0.37 0.00 – 0.11 – 0.300.22 – 0.33 – 0.45 0.11 – 0.24 – 0.38 0.00 – 0.16 – 0.31
Distance Sample
N=15 B 0.10 – 0.21 – 0.37 0.00 – 0.15 – 0.32 0.06 – 0.20 – 0.36 0.00 – 0.13 – 0.31

R 0.07 – 0.20 – 0.36 0.00 – 0.07 – 0.27 0.07 – 0.20 – 0.36 0.00 – 0.00 – 0.26
I 0.11 – 0.24 – 0.40 0.00 – 0.10 – 0.30 0.12 – 0.24 – 0.41 0.00 – 0.09 – 0.30

K0 0.13 – 0.27 – 0.44 0.00 – 0.00 – 0.26 0.16 – 0.28 – 0.46 0.00 – 0.00 – 0.25
N=13 B 0.11 – 0.24 – 0.42 0.00 – 0.17 – 0.36 0.00 – 0.13 – 0.320.09 – 0.23 – 0.41 0.00 – 0.16 – 0.35 0.00 – 0.10 – 0.31

R 0.09 – 0.23 – 0.41 0.00 – 0.10 – 0.31 0.00 – 0.00 – 0.280.09 – 0.23 – 0.41 0.00 – 0.06 – 0.29 0.00 – 0.00 – 0.26
I 0.13 – 0.26 – 0.44 0.00 – 0.14 – 0.35 0.00 – 0.07 – 0.320.14 – 0.27 – 0.46 0.00 – 0.12 – 0.34 0.00 – 0.07 – 0.32

K0 0.15 – 0.30 – 0.45 0.00 – 0.00 – 0.32 0.00 – 0.00 – 0.250.18 – 0.31 – 0.53 0.00 – 0.01 – 0.31 0.00 – 0.00 – 0.26
Only galaxies with Vmax= Vflat.

N=15 B 0.20 – 0.32 – 0.52 0.11 – 0.25 – 0.44 0.11 – 0.25 – 0.440.20 – 0.33 – 0.52 0.04 – 0.23 – 0.43 0.04 – 0.23 – 0.43
R 0.14 – 0.26 – 0.44 0.00 – 0.14 – 0.33 0.00 – 0.14 – 0.330.15 – 0.27 – 0.44 0.00 – 0.11 – 0.32 0.00 – 0.11 – 0.32
I 0.15 – 0.28 – 0.44 0.00 – 0.14 – 0.34 0.00 – 0.14 – 0.340.17 – 0.29 – 0.44 0.00 – 0.11 – 0.32 0.00 – 0.11 – 0.32

K0 0.12 – 0.27 – 0.44 0.00 – 0.00 – 0.20 0.00 – 0.00 – 0.200.16 – 0.29 – 0.44 0.00 – 0.00 – 0.18 0.00 – 0.00 – 0.18

–
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which it is discussed. We have seen that the statis-
tical properties of the TF-relation are closely related
to the passband in which the luminosities are derived
and to the selection criteria by which means a sam-
ple of galaxies is constructed. Therefore, extreme care
should be taken if one tries to relate the intrinsic scat-
ter to a certain degree of non-circular motions induced
by non-spherical haloes when the intrinsic scatter is de-
rived from a sample which is critically selected and op-
timized to serve as a distance tool (e.g. Franx and de
Zeeuw, 1992). On the other hand it would be unfair to
relate the intrisic scatter to the degree of accuracy with
which distances can be measured if the intrinsic scat-
ter is derived from a complete volume limited sample
without any further selection criteria applied. We have
seen, for instance, that the critically selectednormal
spiral sampleyields a much tighter correlation than the
Westerbork sample.

Here we calculated the 95% confidence intervals
for the intrinsic scatter�intr, given our estimated er-
ror budget. These intervals indicate the minimum and
maximum values of�intr that can be accommodated
within the total observed scatter. The results for the
various passbands, samples, kinematic measures and
fits are collected in Table 8. The minimum scatter, the
most likely scatter and the maximum scatter is given
for each entry. In some cases, the total observed scat-
ter can be explained given the observational uncertain-
ties: no additional intrinsic scatter would be required.
Note that, in general, the confidence intervals become
broader with smaller numbers of galaxies in a sample.

It should be noted again that the derived intrinsic
scatters depend on the assumed depth of the cluster
which is estimated to be�depth=0.17 mag. In princi-
ple, however,�depth and the intrinsic scatter�intr can
not be separated.

While reading the previous sections, it may have
become clear that the scatter in the TF-relation can
be dramatically decreased by applying proper selection
criteria and especially when detailed knowledge about
the kinematics of individual spirals is available. If only
global profiles are available (WiR) and one insists on
using every single galaxy (Westerbork sample, N=38)
regardless of their morphology and shape of the global
profile, one should prefer optical magnitudes and antic-
ipate an intrinsic scatter of about 0.42�0.05 mag or a
distance uncertainty of 19%. However, if one is willing
to apply selection criteria, based on global properties
(normal spiral sample, N=15), the intrinsic scatter can
be reduced to 0.22�0.04 mag in the preferred optical
bands. This corresponds to a relative distance uncer-
tainty of 10%.

If one is patient enough and willing to embarque on
a quest for detailed kinematic information of individual
spirals, the usefulness of the TF-relations as a distance
tool can be improved further. Measuring HI rotation
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Figure 10: Relative dust content as a function of Vflat
and central surface brightness in theK0-band. The less
massive Low Surface Brightness galaxies (open sym-
bols) have a relatively low dust content.

curves from galactic velocity fields enables one to iden-
tify galaxies with rotation curves that are still rising at
the last measured point and galaxies which show kine-
matic signs of interaction or global non-circular mo-
tions. Rejecting those galaxies will yield a sample of
kinematically well behaved gas disks. Galaxies with
a declining part in their rotation curve can be identi-
fied and for these systems the peak rotational velocity
Vmax can be discriminated from the amplitude of the
flat in the outer region Vflat. From Table 8 (normal spi-
ral sample, N=22) we see that using Vflat instead of
Vmax results in significantly lower values for the intrin-
sic scatter. Moreover, the intrinsic scatter that can be
accommodated in theK0 relation is now comparable to
the scatter on theRandI relations. The inferred intrin-
sic scatter in theB-band exceeds the ones in the other
bands significantly. Using Vflat andR, I or K0 mag-
nitudes yields an intrinsic scatter of roughly 0.13 mag
which corresponds to a relative distance uncertainty of
6%.

In practice, however, the distance uncertainty de-
pends on the measured scatter. The smallest observed
scatters are obtained in theR andI passbands and are
typically 0.28 mag. These bands offer the best compro-
mise between photometry accuracy, uncertain extinc-
tion corrections and the steepness of the slope. Sub-
tracting�depthin quadrature yields a scatter of 0.22 mag
or a relative distance uncertainty of 10%.

7 Low Surface Brightness galaxies
and the TF-relation

It was shown by Zwaanet al (1995) that Low Surface
Brightness (LSB) and High Surface Brightness (HSB)
galaxies of the same luminosity lie on the same loca-
tion in the TF-relation. Figure 9 shows the M–Vflat
TF-relations for our sample and the solid lines indicate
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Figure 9: This figure illustrates how Low Surface Brightness galaxies (open circles) and High Surface Brightness
galaxies (filled symbols) line up in the same TF-relation. In the upper panel, the same corrections for internal
extinction are applied to both the LSB and HSB galaxies, in which case, there is no significant offset. In the lower
panels, however, the LSB galaxies are assumed to be transparent at all wavelengths and no correction for internal
extinction was applied. The filled symbols are located at the same position foreach passband.

the fits. Here, the open symbols indicate the low sur-
face brightness (LSB) galaxies as identified by Tully
and Verheijen (1997) (Chapter 2, Paper II). In the up-
per panels, HSB and LSB galaxies received the same
corrections for internal extinction. We confirm the re-
sult by Zwaanet al and extend it to the near-infrared.
The slope in theK0-relation is very close to -10 and
becomes as shallow as -6.7 in theB-band.

We note, however, that LSB galaxies contain in
general much less dust than HSB galaxies. This is il-
lustrated in Figure 10 where we plot the IRAS 60�m
flux, normalized by the observed uncorrected blue lu-
minosity, against log2Vflat and central surface bright-
ness. There is a correlation between relative dust
content, indicated by L60/LB and surface brightness.
Therefore, in the spirit of Chapter 2, we assume that
LSB galaxies are nearly transparent and construct the
M–Vflat TF-relations without correcting the magni-
tudes of the LSBs for internal extinction. These TF-

relations are plotted in the lower panels of Figure 9
in which the HSB galaxies still received an appropri-
ate correction. Consequently, the filled symbols lie at
the same location in the upper and lower panels but the
open circles lie higher up in the upper panels. The solid
lines in the lower panels are identical to the ones in the
upper panels and the dashed lines indicate the new fits.
The differences in slope and scatter are tabulated be-
low.

Dusty LSBs Dust-free LSBs
slope �rms slope �rms

B -6.7�0.4 0.32 -10.1�0.4 0.47
R -8.0�0.4 0.26 -10.1�0.4 0.35
I -8.8�0.4 0.28 -10.3�0.4 0.33

K0 -10.3�0.4 0.29 -10.5�0.5 0.29

Note that under the assumption that LSB galaxies are
dust-free, the slope of the relation is -10 in all pass-
bands.Note, however, that such a bimodal extinction
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correction is an extreme situation. It is likely that the
extinction correction is a more gradual function of lu-
minosity or surface brightness.

8 Discussion

Our study is the first one that considers acomplete vol-
ume limitedcluster sample of galaxies for which HI
velocity fields are obtained as well as multi-band op-
tical and near-infrared imaging photometry. As such,
our dataset is unique but nevertheless, we would like to
know how our results compare to a few of many other
studies which relate the shape of the rotation curves
to the statistical properties of the TF-relation. These
studies come in four flavors, depending on how the ro-
tation curves are measured, either via HI synthesis ob-
servations or by means of optical spectroscopy and ei-
ther with long slit spectroscopy (or its radio-equivalent)
along the major axis or through observations of the full
galactic velocity field. Each methodology has its limi-
tations in the extent of the interpretation of the data. In
the light of its scientific merit, however, the availability
of extended HI velocity fields is the most fruitful.

Broeils (1992) collected accurate HI rotation
curves from the literature for a sample of 21 field galax-
ies with HI velocity fields. About half of these galax-
ies show a significantly declining part. UsingB-band
magnitudes, he found scatters of 0.70 mag when using
global profile widths, 0.66 mag when using Vmax and
0.55 mag when using Vflatwith slopes of -7.3, -8.3 and
-8.5 respectively. Unfortunately, it is not clear which
fitting method he applied. Although he had much
larger scatters than we do (he used a nearby field sam-
ple with significant distance uncertainties), he found
the same trend in the scatter and slope of the relation.
We find, however, nearly identical slopes when using
Wi

R and Vmax thanks to a more appropriate value for
the turbulent motion parameter Wt. Broeils also made
short WSRT observations (equivalent to optical long-
slit spectroscopy) of a sample of 48 nearby field galax-
ies. In this sample he did not identify galaxies with ris-
ing, flat or declining rotation curves but he merely mea-
sured a ‘representative’ rotational velocity and subse-
quently found no improvement in the TF-relation when
using this velocity instead of the global profile width;
scatters of 0.77 versus 0.81 mag and slopes of -6.6
and -6.3 respectively. He concluded that a reduction
of the scatter can only be achieved with more informa-
tion about the inclination angle to be derived from full
HI velocity fields.

Several years later, Rhee (1996) supplemented the
two samples of Broeils who, in the meantime, had pub-
lished 7 more rotation curves derived from full velocity
fields. Rhee himself analysed short WSRT observa-
tions of 60 more spirals. With these larger samples of

28 velocity fields and 108 short observations, Rhee and
Broeils (1996) reached exactly the same conclusions as
Broeils did before: rotation curves derived from ‘long-
slit’ HI observations are not helpful to reduce the scat-
ter due to a lack of information about the inclination of
a galaxy. This inclination angle and its possible change
with radius can be retrieved from an HI velocity field,
however, and that is why they advocate the use of full
galactic velocity fields for deriving accurately the rota-
tional velocity of a galaxy.

The investigationsby Broeils and Rhee are the only
ones so far that exploit the advantages of HI synthesis
observations in an attempt to gain a better understand-
ing of the statistical properties of the TF-relation. This
is mainly because the reduction and interpretation of
HI synthesis data is very elaborate. And indeed, studies
using optical observations occur more frequently. The
major advantage of optical spectroscopy is the much
higher spatial resolution of the data compared to that
of radio synthesis data. The disadvantages of optical
spectroscopy, however, are the relatively low velocity
resolution, the limited radial coverage and the influ-
ence of obscuring dust in the observed galaxies. Nev-
ertheless, many investigators used H� long-slit spec-
troscopy to retrieve the rotation curve of a galaxy (e.g.
Rubinet al (1985), Courteau (1992), Mathewsonet al
(1992), Vogtet al (1996), Raychaudhuryet al (1997)
and many references therein).

Rubin et al (1985) noted a morphological segre-
gation in theB- andH-band TF-relation obtained us-
ing Vmax from their optical rotation curves. They con-
structed separate TF-relations for Sa, Sb and Sc type
spirals selected from the nearby field and noted that,
although the slopes are similar for each morphological
class, in theB-band, earlier type spirals are offset to-
ward higher rotational velocities with respect to later
type spirals. This offset is less but not zero when using
H-band magnitudes. Their rotation curves do not reach
beyond R25 and a decline in the rotation curve beyond
this radius, as is seen in the case of N3992 (see Fig-
ure 2), would not have been detected by them. They
did not have the possibility to explore the shapes of
the rotation curves in the outer regions. Furthermore,
they found rather large scatters of 0.7 mag in both pass-
bands after shifting the three separate relations on top
of each other. These results of Rubinet al can be rec-
onciled with our findings by noting that declining ro-
tation curves are mainly found in early type spirals.
It was impossible for Rubinet al to measure the ro-
tation curve at large enough distances from the center
to reveal a significantly declining part as we do. Appar-
ently, in most cases, the relevant kinematic information
is found in the very outer parts of the rotation curves,
beyond R25.

Recently, Raychaudhuryet al (1997) investigated
the I-band TF-relation for a sample of spirals in the
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Coma cluster using long-slit H� spectroscopy. They
found, for a sample of 25 carefully selected Sb-Sd spi-
rals, an unusually shallow slope of -5 and a remark-
ably low scatter of only 0.14 mag, barely consistent
with their observational uncertainties. They investi-
gated whether the scatter could be reduced even fur-
ther by using the shape of the rotation curve as an extra
parameter. They quantified the shape in terms of the
steepness of the rotation curve in theinner part and,
not surprisingly, failed to reduced the scatter any fur-
ther. Due to a lack of signal, they were not able to
measure the shape of the rotation curve in the outer re-
gions.

Schommeret al (1993) present an extensive study
using Fabry-Perot techniques to map the H� velocity
fields of 75 spirals in 3 clusters. By fitting tilted-rings
to the velocity fields, they derive rotation curves from
which they extract the circular velocity. A comparison
of these circular velocities with the velocities derived
from global HI profiles shows that the H� velocities
are often estimated too low. From their published ro-
tation curves, we note that many are still rising at their
last measured points and for those cases, it is likely that
a more extended HI disk would show a significantly
faster rotation in the outer regions. Unfortunately, they
did not check whether the deviations between the opti-
cally and HI derived rotational velocities are related to
the slope of the optical rotation curves at the last mea-
sured points. Anyway, usingI-band magnitudes, they
constructed TF-relations for 7 galaxies in the Antlia
cluster and for 10 galaxies in the Hydra cluster. From
double regression fits, they find scatters of 0.18 and
0.29 mag for the two clusters with slopes of -8.8�0.8
and -9.8�0.8 respectively.

Reviewing these studies of the TF-relation which
make use of available rotation curves, illustrates that
measuring rotation curves via optical spectroscopic
gives insufficient information about the shape of rota-
tion curves in the relevant outer regions of spirals.

The TF-relation is tighter in the near-infrared than
it is at optical wavelengths. For distance measure-
ments, however, the steeper slope in the near-infrared
cancels the merit of the tighter relation in terms of the
related scatter. Consequently, the near-infrared TF-
relation does not provide a better distance tool com-
pared to the TF-relation in the optical passbands.

On the other hand, the near-infrared luminosity is
more closely related to the mass of the stellar popu-
lation than the optical luminosities are. The observa-
tion that the correlation becomes increasingly tighter
from theB-band to theK0-band suggests that the stel-
lar mass itself is closely related to the gravitational po-
tential. Moreover, using Vflat instead of Vmax yields an
even tighter correlation atK0. This indicates that the
potential of the dark matter halo is closer related to the
K0-band luminosity than the depth of the potential of

the luminous mass itself.
The TF-relations seem to reflect a correlation be-

tween the potential of the dark matter halo and the stel-
lar mass embedded in that halo, regardless of its dis-
trubution.

9 Summary

This study has shown that the corrected widths of
global HI profiles do provide the maximum rotational
velocity observed in the HI rotation curves with a scat-
ter of 6.8 km/s, provided that the proper correction
for turbulent motion is applied. However, for galax-
ies with rotation curves that are still rising at the last
measured point, neither the corrected line widths nor
theobservedmaximum rotational velocity are good in-
dicators of the actual maximum rotational velocity in-
duced by the halo but merely yield lower limits. For
galaxies with a partly declining rotation curve, the am-
plitude of the flat part in the outer regions can not be
measured reliably from the width of the global profiles
and depends on the surface density distribution of the
HI gas.

For a complete volume limited sample, the total ob-
served scatter in the TF-relation is typically 0.40 mag
at theB, R and I passbands and 0.45 mag atK0 when
using the corrected widths of the global HI profile, af-
ter subtracting in quadrature the estimated contribution
�depth due to the depth of the sample. From HI syn-
thesis observations it is possible to evaluate the shapes
of rotation curves and to identify galaxies with rising,
flat or declining rotation curves. For galaxies with a
declining rotation curve, a distinction can be made be-
tween Vmax and Vflat. When using Vmax as derived
from the rotation curves, it is shown that galaxies with
a constantly rising rotation curve lie systematically on
the low velocity side of the TF-relation while galaxies
with a declining rotation curve tend to lie on the high
velocity side. Using Vflat instead of Vmax for galax-
ies with declining rotation curves shows that they lie
on the same TF-relation defined by galaxies for which
Vmax = Vflat. Excluding kinematically perturbed galax-
ies and considering Vflat instead of the corrected global
line widths, the lowest scatter is found in theR and I
passbands with an observed scatter of 0.28 mag.

The TF-relations steepen and becomes tighter go-
ing fromB–band luminosities to the near-infrared. Us-
ing K0 magnitudes and Vflat, the slope reaches -10 and
the total observed scatter is consistent with no intrinsic
scatter given the observational uncertainties.

High and Low Surface Brightness galaxies lie on
the same TF-relation, also in the near-infrared. A mor-
phological dependence of the zero point of the TF-
relation can in part be understood when realizing that
Vmax > Vflat in general occurs in compact, massive
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early type spirals. The morphological dependence dis-
appears atK0 when using Vflat instead of Vmax.
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