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DISTANCES TO GALAXIES FROM THE CORRELATION BETWEEN LUMINOSITIES AND LINE
WIDTHS. III. CLUSTER TEMPLATE AND GLOBAL MEASUREMENT OF H0

R. BRENT TULLY1 AND MICHAEL J. PIERCE2
Received 1999 August 16 ; accepted 1999 November 15

ABSTRACT
The correlation between the luminosities and rotation velocities of galaxies can be used to estimate

distances to late-type galaxies. It is an appropriate moment to reevaluate this method given the great
deal of new information available. The major improvements described here include : (1) the template rela-
tions can now be deÐned by large, complete samples, (2) the samples are drawn from a wide range of
environments, (3) the relations are deÐned by photometric information at the B, R, I, and K@ bands, (4)
the multiband information clariÐes problems associated with internal reddening, (5) the template zero
points are deÐned by 24 galaxies with accurately known distances, and (6) the relations are applied to 12
clusters scattered across the sky and out to velocities of 8000 km s~1. The biggest change from earlier
calibrations are associated with point 5. Roughly a 15% increase in the distance scale has come about
with the Ðvefold increase in the number of zero-point calibrators. The overall increase in the distance
scale from the luminosityÈline width methodology is about 10% after consideration of all factors.
Modulo an assumed distance to the Large Magellanic Cloud of 50 kpc and no metallicity corrections to
the Cepheid calibration, the resulting value of the Hubble constant is km s~1 Mpc~1,H0\ 77 ^ 8
where the error is the 95% probable statistical error. Cumulative systematic errors internal to this
analysis should not exceed 10%. Uncertainties in the distance scale ladder external to this analysis are
estimated at D10%. If the Cepheid calibration is shifted from the LMC to NGC 4258 with a distance
established by observations of circumnuclear masers, then is larger by 12%.H0
Subject headings : distance scale È galaxies : distances and redshifts È galaxies : fundamental parameters

1. THE SITUATION IS IMPROVED

There have been substantial advances with both the
quality and quantity of methods used to determine the dis-
tances to galaxies. The procedures now available have an
interesting mix of complementary strengths. Cepheid vari-
able stars in galaxies with young populations can be
observed e†ectively with the Hubble Space Telescope (HST )
out to distances of 30 Mpc, though only modest numbers of
galaxies can a†ordably be targeted (Kennicutt, Freedman,
& Mould 1995). The characteristic luminosity of the tip of
the red giant branch provides an accurate estimator of dis-
tances to old, metal poor populations. Red giant stars are
resolved with HST for galaxies within 15 Mpc (Madore &
Freedman 1995 ; Harris et al. 1998). Even if these stars are
unresolved or blended by crowding, their statistical proper-
ties provide distance estimates through characterization of
surface brightness Ñuctuations. Distances to early-type gal-
axies are e†ectively measured to 40 Mpc at the I-band
(Tonry et al. 1997, 2000), and the method is being pushed to
twice as far with infrared observations (Jensen, Tonry, &
Luppino 1998). The planetary nebula luminosity function
can be established in early-type galaxies within 30 Mpc
(Jacoby, Ciardullo, & Ford 1990). Type Ia supernovae are
demonstrated to provide excellent distances to a mix of
galaxy types (Riess, Press, & Kirshner 1996). The supernova
method can be applied to great distances, but local coverage
is sparse. All of the above methods evidently can provide
relative distances good to within 5%È10% rms. Absolute
scales have zero-point uncertainties of comparable
amounts.
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These techniques provide accurate individual distances,
but either their reach is limited, their application is
restricted to early types, or their coverage is serendipitous
and sparse. In contrast, the correlation between the lumi-
nosity and the rotation line width of spiral galaxies (Tully &
Fisher 1977) provides a distance measure that is not as
accurate per object, 15%È20% rms, but it can be applied to
thousands of galaxies out to 100 Mpc and beyond. Roughly
40% of galaxies with mag have appropriateM

B
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morphologies and orientations and so are potential targets.
The luminosityÈrotation line width method has been

used often (see Aaronson, Huchra, & Mould 1979 ; Aaron-
son et al. 1986 ; Bottinelli et al. 1983 ; Pierce & Tully 1988,
1992 ; Mould et al. 1993 ; Giovanelli et al. 1997b ; Willick et
al. 1996 ; Willick & Strauss 1998). Recent progress has lead
to four major improvements. In Paper I of this series (Pierce
& Tully 2000, in preparation), photometry at the B, R, and I
bands is presented for galaxies that have distance estimates
based on the Cepheid period-luminosity relationship and
that provide the absolute calibration of the luminosityÈ
rotation line width relations. In Paper II of this series
(Pierce & Tully 2000, in preparation), B, R, and I photo-
metry is presented for three substantial cluster samples in
order to examine the form of the relations and determine
distances to these clusters. In the present paper, this
material is combined with extensive I-band material from
the literature and more limited K@-band data. The large
number of I-band observations leads to two of the four
signiÐcant improvements. Improvement one : the template
luminosityÈline width correlation is now deÐned by samples
that are statistically well deÐned, substantial, and drawn from
a wide range of environments. The template relation is used
to obtain relative distances to 12 clusters. Improvement two:
the Hubble parameter is measured at a statistically signiÐcant
number of locations around the sky in the redshift range
3000È8000 km s~1. The multiband information provides
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partially independent distance estimates. The K@ measures
are essentially free of reddening uncertainties. Improvement
three : corrections for inclination e†ects are better under-
stood. Finally, and the source of the biggest change, the
HST observations of Cepheid variables has provided accu-
rate distances to many more galaxies suitable for the cali-
bration of the luminosityÈline width correlation.
Improvement four : there are now a substantial number of
zero-point calibrators.

2. DATA

The application of the luminosityÈline width correlation
requires the measurement of three parameters : an apparent
magnitude, a characterization of the rotation rate, and an
estimate of the inclination needed to compensate for projec-
tion e†ects. The measurement of these components will be
considered in turn. Then, there will be a discussion of the
adjustments to be made to obtain the parameters that are
used in the correlations.

2.1. L uminosities
Large-format detectors on modest sized telescopes

provide Ðelds of view that can encompass essentially any
nearby galaxy. As a result, surface photometry with optical
and near-infrared imagers is now relatively routine.
However, the low surface brightness of galaxies compared
with the night sky still presents signiÐcant challenges for
accurate photometry. The authors have an on-going
program of both optical (B, R, and I) and infrared (K@)
photometry (Pierce & Tully 1988, 1992 ; Pierce & Tully
2000, in preparation ; Tully et al. 1996, 1998 ; Rothberg et al.
2000, hereafter RSTW). Our observations of relevance to
the current analysis pertain to the three clusters Ursa
Major, Pisces, and Coma (see Paper II) and to nearby cali-
brators with independently established distances (see Paper
I). Three-band optical data are available for all four of these
separate samples, and K@ data are available for UMa,
Pisces, and a limited number of calibrators.

There is also now a wealth of I-band photometry
material in the literature. There are good overlaps for com-
parisons between the major sources, especially if we do not
restrict ourselves to just the samples required for the present
analysis. For the purposes of this paper, the important
sources of luminosities other than our own are Mathewson,
Ford, & Buchhorn (1992), Han (1992), Bernstein et al.
(1994), Bureau, Mould, & Stavely-Smith (1996), and Giova-
nelli et al. (1997c). These Ðve sources provide I-band magni-
tudes for galaxies in clusters at intermediate to large
distances (to D8000 km s~1). The inclusion of this material
permits the construction of an I-band luminosityÈline width
template based on Ðve clusters (Fornax and Abell 1367 in
addition to the clusters mentioned above). The template
calibration can then be Ðt to give distances to seven more
clusters.

At the moment, there are a lot more data available at I
than at the other bands, so most of the analysis presented in
this paper will be based on this material. There is interest in
the other bands, though, because of the insidious e†ects of
obscuration. It should provide comfort that there is proper
compensation for these e†ects when it is demonstrated that
relative distances are the same at di†erent passbands. The
K@ material is of particular interest in this regard since
obscuration should be very small at 2.1 km.

The issue of adjustments to magnitudes because of
obscuration and spectral shifting will be discussed in a later
section. The concern at this point is the homogeneity of the
raw magnitudes from various sources. Di†erent authors
measure magnitudes to slightly di†erent isophotal levels
and then usually extrapolate to total magnitudes : Han
(1992) extrapolates from mag, Giovanelli et al.Iiso \ 23.5
(1997c) extrapolate from D24 mag, Mathewson et al. (1992)
extrapolate from 25.0 mag, Tully et al. (1996) extrapolate
from 25.5 mag, and Pierce & Tully (2000, in preparation)
extrapolate from 26.0 mag. The added light at the faintest
levels is small for the high surface brightness galaxies that
are relevant for the determination of For luminous,H0.high surface brightness galaxies, typical extrapolations from

mag to inÐnity add D0.02 mag, and for the faint-Iiso\ 25.5
est, low surface brightness systems the corrections are still
less than 0.1 mag (Tully et al. 1996 ; Papers I and II). Magni-
tude measurements are sensitive to the depth of the surface
photometry and the detailed Ðtting of the sky level, and
variations at the level of D0.05 mag are common.

Comparisons among sources indicate that the various
sources cited here are all on the same system and that sys-
tematic errors are almost negligible. Some o†sets between
data sets have been reported ; for example, Giovanelli et al.
(1997c) adjust the Mathewson et al. (1992) data to match
their own. However, the data sets are consistent with each
other at a level of 4%, or 2% in derived distances. The
object-by-object, rms di†erences between any pair of obser-
vers is at or below ^0.1 mag. In the present analysis all
sources are given equal weight, and luminosities are aver-
aged if there are multiple observations. Overlap measure-
ments do reveal spurious results in a few percent of the
cases. If a di†erence between sources is large, it is usually
evident which measurement is incorrect.

2.2. Inclinations
Projection corrections are required to recover true disk

rotation rates and to compensate for di†erential obscur-
ation. Uncertainties in inclination increasingly a†ect depro-
jected velocities as one approaches face-on orientation.
With rare exceptions, inclinations are derived from a char-
acteristic axial ratio of the main or outer body of a galaxy.
From experience, it is found that such inclination measure-
ments are reproducible at the level of ^3¡ rms. However,
the errors are non-Gaussian. From the radial variations in
axial ratios and from such independent considerations as
inclination estimates derived from two-dimensional velocity
Ðelds, it is suspected that errors as large as D10¡ are not
uncommon. In this case, the 1/sin i deprojection correction
becomes very uncertain toward face-on orientation. We
apply a sample cuto† at i \ 45¡ to avoid large errors.

The derivation of an inclination from an axial ratio
requires an assumption about the intrinsic thickness of the
system. The standard formulation (Holmberg 1958) is

where q \ b/a is thecos i \ [(q2[ q02)/(1 [ q02)]1@2,observed ratio of the minor to major axes and is theq0intrinsic axial ratio. The thinnest systems are spirals of type
Sc. Earlier types have bulge components, and the disks of
later types are less Ñattened. For simplicity, a single value
for the Ñattening is often used, and will be used inq0\ 0.20
this analysis. A more elaborate speciÐcation of thatq0depends on the morphological type could be justiÐed. Gio-
vanelli et al. (1997c) provide an extreme example with their
choice for type Sc. All other measurements beingq0\ 0.13
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equal, a smaller value results in derived inclinations thatq0are more face-on. Fortunately the choice of has a negligi-q0ble e†ect on the measurement of distances as long as one is
consistent between the calibration and subsequent target
samples. For an observed q \ 0.20, the choice of q0 \ 0.13
or 0.20 yields inclinations of 81¡ or 90¡, respectively.
However the 1/sin i di†erence on the corrected line width is
only 1.2%. As one progresses toward larger q, the di†erence
in assigned inclination is reduced but the 1/sin i correction
is growing. The product of the two e†ects is a roughly con-
stant shift of 1.2% in the corrected line width at all inclina-
tions i[ 45¡. If both calibrators and subsequent targets are
handled in the same manner, there will be no signiÐcant
e†ect on the measured distances.

Extinction corrections due to projection a†ect lumi-
nosities in the opposite inclination regime. The correction is
highest for edge-on systems and decreases as galaxies are
presented more edge-on. It has become traditional to for-
mulate extinction corrections directly in terms of the
observed q value, which avoids a dependence on the param-
eter This approach is adopted here, as discussed in ° 2.4.q0.Comparisons between the various sources of photometry
used in this study do not reveal any systematic di†erences in
q measurements between authors. Large individual di†er-
ences, often associated with systems with pronounced non-
axisymmetric structural features such as bars, are not
uncommon. Deep surface photometry can usually allow the
origin of these discrepancies to be identiÐed and allow the
appropriate choice of to be made.q0

2.3. L ine W idths
It is possible to measure rotation parameters via both

optical and radio techniques. The original radio methods
are simpler but are constrained by detector sensitivity to
modest redshifts. The methods that involve optical spectra
require more work but can be used to larger distances. With
care, the two techniques can be reconciled into a common
characterization of the projected rotation speed (e.g., Court-
eau 1997). However, that synthesis will not be attempted
here. Observations of Doppler-broadened proÐles in the 21
cm neutral hydrogen line are available for galaxies at dis-
tances adequate for the purpose of determining We willH0.avoid the added complexity of intermingling radio and
optical data.

Even if line width measurements are limited to H I data,
there are still complications. For once in astronomy,
angular resolution is not an unmitigated advantage. SpeciÐ-
cally, it is necessary that the velocity Ðeld be sampled well
out onto the Ñat portion of the rotation curve. Modern
synthesis techniques can overresolve the velocity Ðeld and
result in decreased sensitivity to fainter, extended emission.
As a result, the data on nearby, large galaxies handed down
from observations on old telescopes from the days of paper
strip charts is still preferred. However, the measurements
then remain somewhat ““ personalized.ÏÏ Even more than
with magnitudes, one has to be careful to use a consistent
set of line width information from the near Ðeld to the far
Ðeld. In this study, H I proÐle line widths deÐned at the level
of 20% of the peak Ñux are used (called These lineW20).widths are adequately measured only if the signal-to-noise
ratio (S/N) at the emission line peak is greater than 7. A
clean proÐle with S/N[ 10 typically provides a measure-
ment of with an accuracy of better than 10 km s~1.W20Mediocre proÐles (7\ S/N \ 10) have line width uncer-

tainties of D15 km s~1. ProÐle measures with uncertainties
[20 km s~1 are not accepted. The 20% line widths are then
corrected for projection and internal turbulence resulting in
the parameter deÐned by Tully & (1985). ThisW

R
Fouque�

parameter is constructed to approximate twice the
maximum rotation velocity of a disk galaxy.

An alternative line width characterization in common use
is the width at 50% of peak Ñux in each horn of the proÐle

Haynes et al. 1997), which is then adjusted to account(W50 :
for instrumental and thermal broadening (Giovanelli et al.
1997c). The advantages and disadvantages of the alternative
systems are technical and not very important. The key
concern is that the information from both northern and
southern hemispheres and for both nearby large galaxies
and those distant and small be brought to a common
system. The current analysis draws on a database of W20measurements for 4500 galaxies within 3000 km s~1 main-
tained by the Ðrst author. Line widths for the more distant
clusters have been obtained from the literature or from
M. P. Haynes (1998, private communication) and measured
in a consistent way.

2.4. Extinction Corrections
A signiÐcant improvement in the present calibration

results from new corrections for internal extinction. Giova-
nelli et al. (1995) made a convincing case for a strong lumi-
nosity dependence in the internal obscuration of galaxies,
and Tully et al. (1998) have further quantiÐed the e†ect. The
latter work has proÐted from the leverage provided by
information in passbands from B to K@. At edge-on orienta-
tion a giant galaxy can be dimmed by 75% at B, while the
extinction within a dwarf galaxy with the luminosity of the
Small Magellanic Cloud cannot be statistically measured.
For comparison, at K@ the most luminous galaxies are
dimmed by a maximum of only 20%.

The inclination-dependent extinction can be described by
the expression where a/b is the major toA

i
j \ cj log (a/b),

minor axis ratio and j is the passband. The correction is to
face-on orientation and hence does not account for the
residual absorption within a face-on system. Given the
strong luminosity dependence, there is a potential problem
since the absolute magnitudes are not known a priori.
Absolute magnitudes are to be an output of the distance
estimation process, so they cannot also be an input. Both
Giovanelli et al. (1997c) and Tully et al. (1998) recast the
corrections for magnitudes so that the dependency is on the
distance-independent line width parameter. This conversion
is provided through the luminosityÈline width calibrators.
The formulations presented by Tully et al. (1998) are

c
B
\ 1.57] 2.75(log W

R
i [ 2.5) , (1)

c
R

\ 1.15] 1.88(log W
R
i [ 2.5) , (2)

c
I
\ 0.92] 1.63(log W

R
i [ 2.5) , (3)

and

c
K{ \ 0.22] 0.40(log W

R
i [ 2.5) . (4)

There is a fortunate interplay that minimizes the e†ect of
uncertain inclination on If the inclination is taken tooAj.face-on because of a spuriously large b/a, then is over-W

R
i

estimated, which drives up but is o†set by a low log (a/b)cjin the product that gives Here, whereAj. W
R
i D 2Vmax, Vmaxis the amplitude of maximum rotation in a galaxy (Tully &

1985).Fouque�
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The luminosity dependencies found by Giovanelli et al.
(1995) and Tully at el. (1998) are similar, so it had been
expected that the inclination corrections advocated here
would be similar in amplitude to the corrections used in
recent papers by Giovanelli and collaborators. However, in
fact, there is poor agreement. The correction reformulation
in terms of line widths o†ered by Giovanelli et al. (1997c)
has a consequence that seems unintended by those authors.
The average correction is largest at km s~1 and2VmaxD 225
on average then decreases progressively toward higher line
widths. By contrast, our corrections increase continuously
toward higher line widths. In order to evaluate the e†ect of
alternative extinction corrections on the determination of

we have carried three formulations through all stages ofH0,the calibration : the corrections we advocate, the corrections
described by Giovanelli et al. (1997c), and corrections with
no line width or luminosity dependency. The slopes of the
luminosityÈline width correlations are very di†erent
according to the choice of correction algorithm and scatter
is dependent on the choice (lowest with our corrections), but
as long as consistency is maintained throughout the
analysis the Ðnal overall distance scales are the same in all
three cases to within 0.5%. Evidently, reasonable changes in
the extinction correction procedure have negligible e†ect
on H0.The other corrections to be made are modest and non-
controversial. Galactic absorption was calculated from the
100 km cirrus maps of Schlegel, Finkbeiner, & Davis (1998)
according to the reddening curve description A

b
j \RjE(B

[ V ), 2.68, 1.77, and 0.37 for j \ B, R, I, and K@.Rj\ 4.32,
We make a small k-correction at both the I and R bands of

At B we make the correctionA
k
R,I\ [4.24(R[I)[ 1.10]z.

where T is the galaxy morphologicalA
k
B\ (3.6[ 0.36T )z,

type in the familiar convention : T : 1, 3, 5, 7 \ Sa, Sb, Sc,
Sd. These k-corrections are always \0.08 mag at B, \0.04
mag at R, I, and negligible at K@ for the current samples.

2.5. Data Summary
The averaged data are accumulated in Table 1. The fol-

lowing information is provided in each column. Column (1)
top : Names : by preference, NGC (N), UGC (U), IC, Zwicky
(Z), ESO-Uppsala (E), or, in the nine cases without PGC
designations, the identiÐcation number is from Table 2 of
Giovanelli et al. (1997c). Column (1) bottom : Principal Gal-
axies Catalogue (PGC) number from the Lyon Extra-
galactic Database (available for all but nine cases). Column
(2) : Equatorial coordinates for the cluster galaxies. Column
(3) : Accepted distance moduli for the 24 zero-point cali-
brators. Columns (4) and (5) : Galactic coordinates and
supergalactic coordinates for the cluster galaxies. Column
(6) : Morphological types (T : 1, 3, 5, 7, 9 \ Sa, Sb, Sc, Sd,
Sm). Column (7) top : Systemic velocity in the rest frame of
the cosmic microwave background. Column (7) bottom :
Axial ratio of minor axis to major axis, q. Column (8) top :
Galactic foreground reddening, E(B[V ). Column (8)
bottom : Inclination, i. Columns (9)È(12) top : Total magni-
tudes and Columns (9)È(12) bottom : TotalB

T
, R

T
, I

T
, K

T
@ .

magnitudes adjusted for Galactic extinction (b), inclination-
dependent extinction (i), and k-correction (k) : B

T
b,i,k,

and Columns (13)È(16) top : AbsoluteR
T
b,i,k, I

T
b,i,k, K@

T
b,i,k.

magnitudes at the indicated distance modulus, M
B
b,i,k,

and Column (14) bottom : H I lineM
R
b,i,k, M

I
b,i,k, M

K{b,i,k.
width, Column (15) bottom : Line width uncertainty.W20.Column (16) bottom : Logarithm of adjusted line width,

Column (17) top : References for I-band photo-log W
R
i .

metry and, in the case of the calibrators, of distances.
Column (17) bottom : References for H I line widths.

All B and R magnitudes are from Papers I and II. The K@
data for the Ursa Major Cluster were presented and dis-
cussed by Tully et al. (1996) and the Pisces and calibrator K@
material are drawn from RSTW. The I magnitudes are
averaged over data from Papers I and II and the other
sources identiÐed in column (17), with the reference codes
given at the bottom of the table.

H I line width references are given by a three-digit code. If
the code is less than 600, then the reference is provided by
Huchtmeier & Richter 1989 for that code. We have been
maintaining a database that follows from that of Hucht-
meier & Richter : the additional references of concern are
given in the reference list with the table.

3. BIASES

Over the years many people have used luminosityÈline
width relations to measure distances, and there has been
controversy. An extreme view was presented by Sandage
(1994b). According to him, there can be large biases that
distort distance measurements and limit the usefulness of
the procedure. In this section there will be a description of a
way of conducting the analysis that results in unbiased dis-
tance estimates and, one hopes, accurate results. The
method to be described is not the method used by Sandage.

Malmquist (1920) discussed a bias that might create a
problem with measurements of distances to objects selected
by apparent magnitude. Teerikorpi (1984) and Willick
(1994) have discussed the problem in the present context.
Schechter (1980) and Tully (1988a) have described a pro-
cedure that is expected to nullify the bias. That procedure
will be summarized after preliminary remarks about
methods that do su†er bias.

An example of when the bias arises is provided by con-
sidering the description of the luminosityÈline width corre-
lation given by the regression with errors taken in
magnitudeÈsometimes called the ““ direct ÏÏ relation. Use
the direct relation to determine distances to objects.
Suppose one considers a group. By the construction of the
regression, the brightest galaxies will tend to lie above the
correlation line. Treated one by one, the brightest galaxies,
drawn from above the mean correlation but assigned the
absolute magnitude of the mean correlation, will be given a
closer distance than is correct. As fainter galaxies in the
group are sampled, they progressively sample the true dis-
tribution around the mean correlation, so that the mean
distances of the fainter galaxies are larger. Kraan-Korteweg,
Cameron, & Tammann (1988) have shown that the mea-
sured mean distance of a group increases as fainter objects
are included. For the same reason, as one probes in the Ðeld
to larger redshifts one samples progressively only the
brightest galaxies, those that tend to be drawn from above
the mean correlation (Bottinelli et al. 1986). Hence one pro-
gressively assigns erroneously low distances. Low distances
give a high H0.

In an analysis made this way it is imperative that a cor-
rection be made for the bias. However, to make the correc-
tion it is necessary to have detailed information on the form
of the luminosityÈline width correlation and the nature of
the scatter. With adequate information, it is possible to
correct statistically for the bias, though the trend of devi-
ations with magnitude would persist in the individual mea-
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surements. However, when is there adequate information?
Historically, the local velocity anomaly (Tully 1988a,

1988b) has caused confusion. If we are correct, most gal-
axies within 1000 km s~1 in the northern Galactic hemi-
sphere have negative peculiar velocities ; i.e., the ratio of
their observed velocities divided by their distances give low
values for the Hubble parameter. Nonlinear dynamical
models of local structure (Shaya, Peebles, & Tully 1995)
anticipate these low values as a consequence of the gravity
of local structures, but that is another story. The point to be
made here is that an apparent increase in the Hubble
parameter locally might be caused by Malmquist bias, as
Bottinelli et al. (1986) and Sandage (1994a, 1994b) argue, or
it might be a real, physical e†ect. If one assumes the abrupt
increase in the mean Hubble parameter at 1000 km s~1 is
due to bias, then one is driven to justify a huge bias correc-
tion and conclude that has a low value. It appears,H0though the details are slim, that Theureau et al. (1997)
follow Bottinelli et al. and Sandage on this path.

Variations on the procedures that require bias correc-
tions are pervasive (e.g., Willick et al. 1997). For example, a
maximum-likelihood description of the relationship
(Giovanelli et al. 1997b ; Watanabe, Ichikawa, & Okamura
1998) still retains the bias and requires corrections. The
corrections might be done properly. However, these pro-
cedures require (1) that the calibrators and targets have the
same statistical properties and (2) detailed speciÐcation of
the sources of scatter and of the properties of the luminosity
function from which the sample is drawn. As an alternative,
the method to be described nulls the bias rather than cor-
rects for it. Consequently, there is no requirement to specify
the sources of scatter or the properties of the sample. One
relies only on the assumption that calibrators and targets
have the same properties.

The magic description that nulls the bias is given by the
regression with errors in line width (Schechter 1980 ; Tully
1988a, 1988b)Èthe ““ inverse ÏÏ relation. Two qualitative
comments might crystallize the merits of the procedure. The
Ðrst point to appreciate is that the amplitude of the bias
depends on the assumed slope of the correlation. The Ñatter
the description of the dependence of magnitude with line
width the greater the bias. Conversely, if the slope is taken
steep enough, the sign of the bias can be reversed. Hence it
can be understood that there is a slope that nulls the bias.
That slope is given by the regression on line width if the
sample is limited only in magnitude. The second key point
is made by a consideration of the regressions on the
separate axes of a luminosityÈline width plot. Suppose one
considers successively brighter magnitude cuts on an intrin-
sic distribution. As one progressively limits the magnitude
range, the correlation coefficient of the Ðt will degrade. Pre-
sented graphically, the correlations on the two axes will
progressively diverge as the Ðtting range is reduced. Here is
the critical point. As the truncation is progressively
advanced in magnitude, the slope with errors in magnitudes
is progressively splayed to shallower values, but the slope of
the correlation with errors in line widths is always the same.

Since the amplitude of the bias depends on the slope of
the correlation, it should be seen that an analysis based on
the direct relation is on slippery ground because the value of
the slope depends on the magnitude limit of the sample.
One needs a lot of information for an internally consistent
application. The maximum-likelihood approach raises the
same qualitative concerns although, because it involves a

slope intermediate between the direct and inverse corre-
lations, the quantitative problem is also intermediate.

It has been pointed out by Willick (1994) that a bias can
enter the inverse correlation in practical applications. The
bias can be introduced because the cuto† may not be
strictly in magnitude. For example, the sample might be
chosen at the B band but applied at a more redward band
such as I. A correlation between color and line width gener-
ates a slope to the magnitude cuto† at a band other than B.
Alternatively, suppose that the sample is selected by appar-
ent diameter, a correlation between surface brightness and
line width can again give a slope to the magnitude cuto†. A
slope in the magnitude cuto† is equivalent to the intro-
duction of a line width stricture. Any restriction in line
widths brings the problem of bias over to the orthogonal
axis. Two things can be said of this problem. First it is a
small e†ect, down compared with the direct relation by a
factor of 5 in amplitude in WillickÏs analysis. Second the
problem is partially avoided by building the calibration
only out of galaxies that satisfy a completion limit at the
band to be considered ; i.e., a stricter limit is taken than the
one that provided the initial sample.

Most importantly, to achieve the correlation that nulls
the bias, one wants a complete magnitude limited cali-
bration sample. In the population of the luminosityÈline
width diagram with the calibration sample, there should not
be any discrimination against candidates in any particular
part of the diagram above the magnitude limit. Selection
based on inclination is inevitable, but that restriction
should be distributed across the diagram. Other potential
restrictions must be considered in a similar light.

The good news is that, with due care to the calibration,
the method can be applied to give unbiased distances to
individual galaxies in the Ðeld as long as the inclusion of
those galaxies is not restricted in line width. In other words,
there will not be a correlation between luminosity and dis-
tance within a group as found be Kraan-Korteweg et al.
(1988) nor a correlation between and redshift as foundH0by Sandage (1994a). The method will break down if the
target galaxy is a dwarf intrinsically fainter than the limit of
the calibration. The latter issue is a concern only in our
immediate neighborhood, not for the problem.H0Sandage (1999) has rearticulated the proposition in
Sandage (1994b) of a 40% bias adjustment to so a fewH0,words are in order. Two points should be appreciated. First,
bias errors are expected to depend on the square of the
dispersion in the distance estimator relations (Teerikorpi
1984). Sandage found rms scatter of 0.7 mag with photogra-
phic and photoelectric B magnitudes from diverse sources
on Ðeld samples. With modern CCD photometry at R and I
and better-deÐned samples, scatter is lowered by a factor of
2. The resultant biases should be down by a factor of 4.
Second, Sandage based his analysis on the direct
luminosityÈline width relation. Following Willick (1994),
the bias in the inverse analysis is reduced by a factor 5.
Taking both points into account, the bias that Sandage
describes is expected to be reduced by a factor 20 in the
current analysis. Even with the extreme characterization
given by Sandage, our biases should be held to a few
percent.

4. THE TEMPLATE RELATION AT THE I BAND

The creation of the template relation is a critical step. In
the section on biases it has been described how important it
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is to have a sample that is limited only by magnitude con-
straints. Often the calibration relationship is formed out of
the ensemble of a Ðeld sample (Willick et al. 1996), but the
constraints on such samples are usually ambiguous. Also,
the calibration relationship is inevitably broadened and dis-
torted by deviations from Hubble expansion motions.

Cluster samples have evident advantages. It is possible to
be complete to a magnitude limit, and it can be assumed
that the galaxies are all at the same relative distance. The
biggest concern with cluster samples is whether there are
intrinsic di†erences between galaxies in a cluster environ-
ment and those that are more isolated. An operational dis-
advantage of cluster samples is that an individual cluster
does not provide enough systems to provide good statistics.
These two disadvantages can be addressed simultaneously
by building a template relation out of several cluster
samples. The ““ clusters ÏÏ can have a sufficient range in their
properties that one can begin to evaluate the issue of
environmental dependence. The combination of several
cluster samples takes care of the problem of poor statistics.

This study uses samples drawn from Ðve clusters with
reasonably well-known completion characteristics. The
nearby Ursa Major and Fornax clusters are the best studied
for present purposes. The completeness limits in Ursa
Major are discussed by Tully et al. (1996) and in Fornax by
Bureau et al. (1996). After corrections for obscuration and
translation to I magnitudes, the completion limit for both
clusters is I\ 13.4 mag. There are 38 galaxies in Ursa
Major with type Sa or later and iº 45¡ brighter than this
limit. There are 16 galaxies in Fornax satisfying these cri-
teria. The I-band apparent magnitudeÈline width relations
for these two clusters are given in Figures 1a and 1b. It was
appreciated in advance that Ursa Major and Fornax are at

similar distances. Hence the apparent magnitude limits
conform to about the same absolute magnitude limits.
Fornax is indicated by these data to be 0.10 mag closer.

Already a diverse environmental range has been explored
between the Ursa Major and Fornax cases. Tully et al.
(1996) have labored the point that the Ursa Major Cluster
environment is more similar to that of low-density spiral
groups than to what is generally considered a cluster. The
structure must be dynamically young. By contrast, Fornax
has a dense core of early-type systems, evidence of a
dynamically evolved structure. Granted, the spirals in the
Fornax sample are more widely distributed than the central
core and may represent recent arrivals.

The next sample to be added to the template is drawn
from the Ðlament that passes through what has been called
the Pisces Cluster. Aaronson et al. (1986) and Han & Mould
(1992) have included the region in their distance studies, but
Sakai, Giovanelli, & Wegner (1994) have shown that Pisces
is actually an extended structure with separate sub-
condensations. It is unlikely that the region as a whole is
collapsed. Indeed, what will be considered here is a length of
D20¡ along the Pisces Ðlament, which corresponds to an
end-to-end distance of D20 Mpc. The mean redshift is con-
stant to D4% along the Ðlament, though individual red-
shifts scatter over a range of ^20% relative to the mean. It
can be asked whether the full length of the Ðlament is at a
common distance or whether variations in distance can be
identiÐed. A luminosityÈline width correlation was con-
structed for the ensemble and was compared to subsets
drawn from the separate subcondensations. There is no hint
of any deviations from the sample ensemble. Six sub-
components along the 20¡ Ðlament have consistent dis-
tances to within a few percent. To within measurement

FIG. 1.ÈI-band apparent magnitudeÈH I proÐle line width plots for the Ðve clusters that contribute to the template luminosityÈline width correlations for
types Sab and later (large symbols) and type Sa (small symbols). Magnitudes are adjusted for internal and Galactic absorption and small redshift corrections.
The Ursa Major and Fornax samples are complete to The Coma, Abell 1367, and Pisces Ðlament samples are nearly complete toI

T
b,i,k \ 13.4. I

T
b,i,k \ 13.8.

Galaxies fainter than these limits are excluded.
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FIG. 2.ÈI-band apparent magnitudeÈline width relations for Ðve clus-
ters translated to the Ursa Major relation. Symbols as in Fig. 1. The
straight line is a least-squares Ðt to the ensemble with errors in line widths
after the iterations described in the text.

errors, the Ðlament is tangent to the plane of the sky in both
real space and velocity space.

Given this circumstance, all the galaxies with 3700\
km s~1 along the 20¡ segment of the PiscesVcmb\ 5800

Ðlament 00h44m \ a \ 02h13m will be taken to be at the
same distance and will constitute our Pisces sample. Fail-
ures of this assumption can act only to increase the scatter
of the ensemble luminosityÈline width relationship but the
scatter was found to be only 0.35 mag, almost as small as for
any subcomponent of the template. This scatter is obtained
with 53 galaxies, after rejection of one object that deviates
by D4 p (UGC 1416). There is reasonable completion
brighter than I\ 13.8 mag, which is taken as the magnitude
limit for the present sample. The apparent magnitudeÈline
width relation for this component is seen in Figure 1c. The
Pisces Ðlament data are added to the Ursa Major/Fornax
template by (1) calculating the distance modulus relative to
Ursa Major/Fornax using the slope of the two cluster tem-
plate, (2) adjusting for distance and redetermining a new
slope now with three clusters, (3) iterating the distance o†set
of each cluster with the new slope, and (4) calculating anew
the three cluster template slope. The distance shifts at step 3
are of order 1% and the change in slope at step 4 is D1%.

The Ðnal step in the development of the template is the
addition of the Coma and Abell 1367 clusters. These clus-
ters are at the same distance to within a few percent, so they
were treated together until the Ðnal iteration, at which point
they were considered separately against the mean relation.
Only galaxies within of the cluster centers were4¡.3
accepted, and the velocity constraints described by Giova-
nelli et al. (1997c) were adopted. As with Pisces, there is
substantial but not full completion to I\ 13.8 mag. The

apparent magnitudeÈline width relations for these clusters
are shown in Figures 1d and 1e. Iterations like those
described above with the Pisces Ðlament rapidly converged
to produce the Ðnal Ðve-cluster template. There could have
been a problem if there is curvature in the template, as
might be indicated if, say, the slope Ñattened for samples
with more luminous cuto†s (more distant clusters).
However there is no suggestion of such a Ñattening if the
luminosity-dependent extinction corrections are applied.
The Coma sample provides 28 galaxies, and Abell 1367
adds 20, after one 5 p rejection (NGC 3832).

In total, there are 155 galaxies in the Ðve-cluster template
after rejection of two [4 p outliers. The combined
magnitudeÈline width relation is seen in Figure 2 with shifts
in magnitudes to the Fornax, Pisces, Coma, and Abell 1367
samples to bring them in line with the Ursa Major sample.
The straight line is the least-squares regression with uncer-
tainties in line widths. While there are three distinct abso-
lute magnitude cuto†s (UMa/Fornax ; Pisces ; Coma/
A1367), the slopes are identical within the uncertainties. The
relation is e†ectively linear within the absolute magnitude
range we explore and with our speciÐcations of magnitudes
and line widths.

5. THE B, R, AND K@ RELATIONS

Less information is available for bands other than I.
However, comparisons are valuable because of the potential
problem with obscuration. Paper I provides data at B and
R for the calibrators, while Paper II contains data for all the
galaxies in the Ursa Major sample, most of those in Coma,
and most of the systems within the Pisces region at
00h49m \ a \ 01h32m. The B and R magnitudeÈline width
relations are given in Figure 3 for the same assumed relative
distances between UMa, Coma, and Pisces as indicated by
the I-band correlation. Material is available at K@ for the
same Ursa Major and Pisces galaxies (Tully et al. 1996 ;
RSTW). The K@ magnitude-luminosity relation for these
two clusters is shown in Figure 4.

The magnitude scatter is essentially the same at R and I
and D20% worse at B and K@. The B band is most sensitive
to variations in recent star formation and variations in the
extinction at a given line width. Extinction corrections
diminish toward the infrared until they are modest at K@.
However, rapidly increasing sky background toward the
infrared results in increasingly larger errors in the extrapo-
lated total magnitudes. For example, at K@ one loses almost
2 scale lengths to the sky compared with an R exposure of
the same duration. The correlations are seen to steepen
toward the infrared. However, this steepening is less
extreme than had been seen in the past (Tully, Mould, &
Aaronson 1982) because of the strong luminosity depen-
dence of the reddening corrections that are now applied.
The biggest corrections are made to the most luminous
galaxies in the bluest bands. Hence the corrected relations
at shorter wavelengths are steepened toward the slopes of
the almost reddening-free infrared relations. As shown in
Tully et al. (1998), only a weak color dependency on lumi-
nosity remains after reddening is taken into account. Slopes
at B, R, and I are [7.3, [7.6, and [7.9, respectively, for
the 91 galaxies with data in all these bandpasses, and the
slope at K@ is [8.8 for 65 of the same galaxies. The slope
quoted in each case is based on the regression with errors in
line widths, which is appropriate for bias-free distance
determinations. The physically meaningful double regres-
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FIG. 3.ÈB and R apparent magnitudeÈline width relations for three clusters translated to the Ursa Major relation with the same relative distances
assumed as with the I-band material. Symbols as in Figs. 1 and 2. The straight lines are least-squares Ðts to the ensemble with errors in line widths.

sion slopes are Ñatter by D0.3. There appears to be con-
vergence in the infrared toward whereL P V maxn
n \ 3.4^ 0.1.

6. ABSOLUTE CALIBRATION

The absolute calibration data are taken from Paper I
(B, R, I) and from RSTW (K@). In order to be consistent with
the cluster template sample described in ° 4 we restrict the
calibration sample in luminosities to and inM

I
\[17.9

inclinations to i[ 45¡ (two galaxies initially thought to
have i[ 45¡ but ultimately assigned inclinations slightly
below 45¡ are retained). Currently there are 24 galaxies that
meet these criteria that have distances based on obser-
vations of Cepheid variable stars. Most of the observations

FIG. 4.ÈK@ apparent magnitudeÈline width relations for two clusters,
with Pisces translated to the Ursa Major relation with the same relative
distances assumed as with the I-band material. Symbols as in Figs. 1 and 2.
The straight line is a least-squares Ðts to the ensemble with errors in line
widths.

were made with the Hubble Space Telescope (Freedman et
al. 1997 ; Sandage et al. 1996 ; Tanvir et al. 1995 ; Newman et
al. 1999). In order to be consistent, whenever possible the
most recent distance provided by the HST Key Project
Team is taken, i.e., that given by Sakai et al. (2000). This
reference includes distances from the team reanalysis of
studies Ðrst-authored by Saha, Sandage, and Tanvir, respec-
tively (Gibson et al. 2000). Sakai et al. also report on minor
adjustments to the moduli of NGC 1365, NGC 4535, and
NGC 4725 (Ferrarese et al. 2000). The B, R, and I
luminosityÈline width correlations are shown in Figure 5
for these 24 galaxies, where now absolute magnitudes are
plotted based on the measured distances.

It is inappropriate to construct the luminosityÈline width
relation from the absolute calibration data alone because
these galaxies do not constitute a complete sample.
However if the calibrators are drawn from a similar dis-
tribution as the template objects, with no restriction in line
widths, then each of the 24 galaxies with independent dis-
tances provides a separate zero-point calibration of the tem-
plate relations. The least-squares average provides the
optimum Ðt and these are shown as the dashed lines in
Figure 5. Note the remarkable consistency. T he slopes
shown in Figure 5 do not come from the absolute calibration
data ; rather they are given by the cluster templates. W ith
only the one degree of freedom of the zero point, the scatter at
R and I is only D0.24 mag. In Paper I, Ðts were made to the
calibration sample alone with essentially identical slope and
intercept determinations. This result strongly reinforces the
hypothesis that the calibrators have similar properties to
the cluster template galaxies.

The zero points of the absolute relationships specify the
distance moduli of the Ðve template clusters. This informa-
tion is used to superimpose the template relations on the
absolute calibrators, as shown in Figure 6. Figure 6c shows
the I-band luminosityÈline width relation with the 24 cali-
brators and the 155 cluster template galaxies shifted to the
absolute magnitude scale of the calibrators. The B and R
relations are shown in Figures 6a and 6b. In these cases 91
galaxies are available for the templates, and there are the
same 24 calibrators. Information at K@ is more limited but
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FIG. 5.ÈB, R, and I absolute magnitudeÈline width relations for 24
galaxies with independently determined distances from application of the
Cepheid period-luminosity relation. The straight lines are the least-squares
best Ðts of the lines shown in Figs. 2 and 3.

consistent. RSTW provide K@ photometry for four galaxies
with Cepheid distances. The K@ zero-point calibration can
be seen in Figure 6d with UMa and Pisces cluster data
superimposed.

The agreement between bands is excellent. A measure of
the agreement is given by the distance modulus in each
band determined for the UMa cluster. The I-band analysis
(155 template, 24 calibrators) gives shorter distances than
the weighted mean by 0.02, the modulus at B gives longer
distances by 0.04, the modulus at R is larger by 0.03 (for
both bands : 91 template, 24 calibrators), and the modulus
at K@ is smaller by 0.05 (65 template, four calibrators). To
obtain completely consistent results between bands, we

average over the four bands with weights dependent on the
square roots of the numbers of template and calibrator gal-
axies and the squares of dispersions. Relative weights are
B :R :I :K@\ 0.46 :0.66 :1.00 :0.25. Once these few percent
corrections are made, the following calibrations are indi-
cated :

M
B
b,i,k \ [20.11[ 7.27(log W

R
i [ 2.5) , (5)

M
R
b,i,k \ [21.12[ 7.65(log W

R
i [ 2.5) , (6)

M
I
b,i,k \ [21.57[ 8.11(log W

R
i [ 2.5) , (7)

and

M
K{b,i,k \ [23.17[ 8.78(log W

R
i [ 2.5) . (8)

The rms scatter at B^ 0.38 template, ^0.30 calibrators ; at
R^ 0.34 template, ^0.25 calibrators ; at I^ 0.34 template,
^0.23 calibrators ; and at K@ ^0.44 template, ^0.24 cali-
brators. These results are consistent with those found in
Papers I and II. The larger template scatter at K@ appears to
be partially due to the increased fractional representation of
low-luminosity systems.

Figures 7aÈ7e present I-band material for the Ðve clusters
that contribute to the template. Data for each cluster are
plotted separately to show clearly the Ðts to the individual
clusters. There is no evidence contrary to the hypothesis of a
consistent luminosityÈline width correlation from cluster to
cluster, whatever the range of local environments.

7. THE HUBBLE CONSTANT

Now that the template relations have been converted to
absolute scales, they can be used to determine distances to
any appropriate galaxy or cluster sample. It would be dan-
gerous to extrapolate for targets intrinsically less luminous
than mag, mag, orM

B
b,i,k\ [16.6 M

R
b,i,k\ [17.6 M

I
b,i,k\

[17.9 mag, the low-luminosity limits of the template rela-
tions. If the goal is to measure these limits are of littleH0,concern because the clusters are chosen to be distant in
order to minimize the e†ects of non-Hubble motions. Exist-
ing surveys of these clusters are limited to the more lumi-
nous members.

In a future paper we will apply the calibration described
here and in Paper I to measure distances to hundreds of
Ðeld galaxies in order to characterize the local velocity Ðeld.
For the moment, with the interest of maintaining as homo-
geneous a set of measurements as possible, the determi-H0nation will be based on the Ðve clusters that went into the
template plus seven other clusters each with of order a
dozen observed members. The photometric data come from
Han (1992), Mathewson et al. (1992), and Giovanelli et al.
(1997c). The Ðts are shown to the seven additional clusters
in Figures 7fÈ7l. In these cases the samples are not com-
plete. It has been argued above that each distance measure-
ment is unbiased if the Ðt is done with the inverse
regression, so the group distance moduli are given by the
least-squares minimization of the template regression on
whatever information is available in the group. The distance
moduli measured to individual galaxies in the 12 separate
clusters are shown in Figure 8. As anticipated in the dis-
cussion of biases, the present analysis provides distances
that are not dependent on magnitude. The e†ects seen by
Bottinelli et al. (1986), Kraan-Korteweg et al. (1988), and
Sandage (1994a) are not found. If there are tendencies for
distance moduli to increase toward fainter magnitudes in
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FIG. 6.ÈB, R, I, and K@ absolute magnitudeÈline width relations for the cluster template galaxies translated to overlay on the zero-point calibrator
galaxies. Symbols and straight line Ðts as in previous plots. The I relation involves Ðve clusters and 24 zero-point calibrators, the B and R relations are built
with three clusters and 24 zero-point calibrators, and the K@ relation is based on two clusters and four zero-point calibrators. Relative distances between
clusters and with respect to the calibrators are the same on all plots.

the Antlia and Cancer samples, there are the opposite ten-
dencies in the Coma and Pegasus samples. One could ques-
tion if the former pair are better described by a steeper
relation and the latter pair by a Ñatter relation. Bernstein et
al. (1994) have suggested the Coma relation is Ñatter and
shows less dispersion. However it is evident from the series
of Ðts shown in Figure 7 that the data can equally well be
described by the single slope of the ensemble of the template
galaxies. Deviations are within the expectations of sta-
tistical e†ects.

Results are summarized in Table 2 and Figure 9. The
table provides (col. [2]) the number of measures in the
cluster, (col. [3]) the rms scatter about the template relation,
(cols. [4] and [5]) the distance modulus/distance of the
cluster, (col. [6]) the velocity of the cluster in the cosmic
microwave background (CMB) frame as given by Giova-

nelli et al. (1997c), and (col. [7]) the measure of from theH0cluster. The velocity given to the Pisces Ðlament (in
parentheses) is the average of the values for the three main
subcondensations.

The error bars in Figure 9 contain both distance and
velocity components. The errors associated with distance
depend directly on the rms dispersion in a cluster and
inversely with the square root of the number of galaxies in
the cluster sample. The error associated with velocity
streaming is taken to be 300 km s~1. The velocity com-
ponent to the error is dominant inside 2000 km s~1. The
statistical errors in distance become the dominant factor
beyond D6000 km s~1. The symbols in Figure 9 specify
di†erent regions of the sky (see legend). There is a hint of
systematic deviations : for example the Ðlled circles (except
for nearby Ursa Major) lie above the open circles. More
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FIG. 7.ÈI-band absolute magnitudeÈline width Ðts are shown separately for each of the clusters used in this study. (a)È(e) Contributions to the template
relation. ( f )È(l) Given distances that follow from least-squares Ðts to the template (individual galaxies indicated by triangles).

data are clearly needed to address this possibility. For now,
the best estimate of is derived by taking an average ofH0log values with weights proportional to the inverseH0square of the error bars that are plotted. The result is H0\
77 km s~1 Mpc~1.

7.1. Evaluation of Errors
What are the uncertainties? The present zero point is

based on the distance scale established by the Cepheid
period-luminosity relation, and the zero point of that rela-
tion is based on a distance modulus of the Large Magellanic
Cloud of 18.50. The 95% conÐdence accuracy of this scale is
D10% (Madore & Freedman 1998). There is also debate
about a possible metallicity e†ect in the Cepheid lumi-

nosities (Kennicutt et al. 1998). Almost all the calibrators
used here are more metal rich than the LMC. This possi-
bility would lead to a correction of D5% in the sense that

would be reduced. An additional source of systematicH0error may arise from charge transfer e†ects within WFPC2
on HST (P. B. Stetson 1999, private communication). Sub-
sequent potential errors in color are ampliÐed in the
extinction-corrected Cepheid distance. Corrections could
act to decrease the distances to those calibrators observed
with HST and thereby increase the derived value of byH0
D5%. There are problems in the reliance on the LMC
because not only is there uncertainty in its distance, but it is
not the same kind of galaxy that otherwise interests us and
the Cepheids are observed in the LMC with di†erent instru-
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FIG. 8.ÈDistance moduli of individual cluster galaxies vs. I magnitude. Symbols as in previous Ðgures.

FIG. 9.ÈValues for the Hubble parameter determined for each of the 12
clusters plotted against the cluster velocity in the microwave background
frame. Errors are a convolution of the statistical errors in distance and an
uncertainty of 300 km s~1 in velocities. Locations in the sky are north
celestial and north Galactic ( Ðlled circles), north celestial and south Galac-
tic (open circles), south celestial and north Galactic ( Ðlled squares), and
south celestial and south Galactic (open squares).

mentation. Arguably a better alternative is to use NGC
4258 as the fundamental calibrator. A distant accurate to
7% is inferred from the geometry and motion of circumnu-
clear masers (Herrnstein et al. 1999). This distance measure-
ment bypasses the many steps of the distance ladder
approach and the claimed accuracy is comparable to that
touted for the LMC. NGC 4258 is a normal galaxy in our
sample, and its Cepheid population has been studied with
HST (Maoz et al. 1999). The maser distance modulus of
29.29 di†ers from the Cepheid modulus based on the LMC
calibration of 29.54 by [0.25 mag. If the scale established
by the maser observations is used in preference to the L MC
calibration, then all moduli are reduced by 0.25 mag and isH0increased by 12% from 77 to 86 km s~1 Mpc~1. It could be
argued that the NGC 4258 calibration should be used in
preference to the LMC calibration, or that one should
average to get an intermediate result. We continue to use
the LMC calibration simply to make comparisons with
other work easier. All the uncertainties mentioned in this
paragraph are intrinsic to the zero point and common to all
but a few methods of determining extragalactic distances.
These uncertainties at the level of 10%È15% are not
included in the errors we quote, which are related only to
the current analysis.

Our biggest source of statistical uncertainty remains the
zero-point calibration. The present discussion concerns the
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TABLE 2

FIVE TEMPLATE CLUSTERS AND SEVEN MORE

rms Modulus Distance Vcmb H0
Cluster Number (mag) (mag) (Mpc) (km s~1) (km s~1 Mpc~1)

(1) (2) (3) (4) (5) (6) (7)

Fornax . . . . . . . . . . . . . . . . . . . . 16 0.50 31.25 17.8 1321 74
Ursa Major . . . . . . . . . . . . . . . 38 0.40 31.35 18.6 1101 59
Pisces Filament . . . . . . . . . . . 53 0.35 33.90 60.3 (4779) 79
Coma . . . . . . . . . . . . . . . . . . . . . . 28 0.34 34.68 86.3 7185 83
Abell 1367 . . . . . . . . . . . . . . . . . 20 0.36 34.71 87.5 6735 77
Antlia . . . . . . . . . . . . . . . . . . . . . . 11 0.27 32.79 36.1 3120 86
Centaurus 30 . . . . . . . . . . . . . 13 0.60 33.02 40.2 3322 83
Pegasus . . . . . . . . . . . . . . . . . . . . 12 0.40 33.30 45.7 3519 77
Hydra I . . . . . . . . . . . . . . . . . . . . 12 0.36 33.81 57.8 4075 70
Cancer . . . . . . . . . . . . . . . . . . . . . 15 0.38 33.96 61.9 4939 80
Abell 400 . . . . . . . . . . . . . . . . . . 7 0.19 34.81 91.6 6934 76
Abell 2634 . . . . . . . . . . . . . . . . . 16 0.36 35.23 111.2 7776 70

Weighted average . . . . . . 77

B, R, and I data. The considerably more uncertain K@ cali-
bration is discussed by RSTW. The Ðts illustrated in Figure
5 are evaluated by tests involving the following reduced s2
parameter :

s2\ ;
i
N [(M

i
[ M0,i)/pcal]2

(N [ 1)
, (9)

where is the absolute magnitude of the ith of N \ 24M
icalibrators and is the expecta-M0,i\ a ] b(log W

R,ii [ 2.5)
tion magnitude. The slope, b, is Ðxed to the template values
of [7.27 at B, [7.65 at R, and [8.11 at I, and the zero
point, a, is varied. The dispersion, is taken frompcal\ 0.24,
the Ðts shown in Figure 5. The variation of s2 with change
of the zero point is shown in Figure 10a. Then the linkage
between the dependence on zero point (the value of the
correlation at and the inferred value of thelog W

R
i \ 2.5)

Hubble Constant is shown in Figure 10b. The value at the
minimum is normalized by the Ðt shown in Figure 9. In the
I band, the best case, the 95% probability level corresponds
to an uncertainty of ^6 km s~1 Mpc~1 in the Hubble
parameter (^8%). The s2 tests at B, R, and K@ are also
shown.

The statistical uncertainties associated with the Ðts to the

12 clusters seen in Figure 9 are somewhat smaller. The
following s2 evaluator was considered :

s2 \;
i
N w

i
[(log H

i
[ log H0)/pclust]2

;
i
N w

i
, (10)

where is the measure of from the ith cluster, thelog H
i

H0weight is and is a typical value for the errorw
i
, pclust\ 0.03

bars in Figure 9. The variation of s2 with is shownlog H0in Figure 11. The 95% probability constraints are ^5 km
s~1 Mpc~1 in the Hubble parameter (^6%).

The information available from the B, R, and K@ relations
is currently limited to only two clusters outside the Local
Supercluster (1 at K@) but is consistent with the I distance
measures at the level of 2%. The K@ analysis by RSTW leads
to a value of km s~1 Mpc~1. The 5% larger valueH0\ 81
comes almost entirely from use of only one cluster beyond
the Local Supercluster rather than 10 in the case of the I
band. If the analysis at optical bands is restricted to exactly
the same sample as that used at K@, then is found,H0\ 80
essentially the same as the K@ result.

Color plots provide a check of possible random or sys-
tematic errors in the data (see also Papers I and II). Figure
12 compares I band results with those at B, R, and K@. The

FIG. 10.ÈReduced s2 goodness-of-Ðt tests. (a) s2 values recorded as the cluster template relations are translated in zero point. (b) Sensitivity of s2 on the
choice of The heavy solid curve is for the best-case I-band data. The curve for the K@ data is carried over from RSTW.H0.
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FIG. 11.Ès2 dependence of the Ðt to 12 clusters illustrated in Fig. 8.
Weights are a function of the error bars in that Ðgure.

B[I panel contains a hint of a systematic e†ect, at the level
of 0.1 mag, with Ursa Major galaxies redder than the mean
and Pisces galaxies bluer than the mean. The Coma and
calibrator galaxies are consistent with the mean. The Ursa
Major and Pisces deviations have signiÐcances of D3 p.
The same e†ect is seen at R[I, with similar signiÐcances,
though now the o†sets are only at the level of 0.05 mag. The
o†sets remain marginally signiÐcant because the overall
color-magnitude correlation is so tight at R[I. At I[K@
the o†sets between subsamples disappear. These small sys-
tematics could be explained if Galactic reddening were
underestimated in the Ursa Major region and overesti-
mated in the Pisces region by E(B[V )D 0.04, which is
larger by a factor of 2 than the expected uncertainty.
Another possibility is that there are systematic variations in
the star formation histories of the various samples, but for
the measurement of the problem is minor.H0The measurement of inclinations (see ° 2.2) remains one
of the more problematic issues. However, the magnitude
residuals from the I-band correlation shows no hint of
dependency on inclination (see Fig. 13). Substantially di†er-

ent extinction corrections produce results that agree at the
level of 0.5% (° 2.4). It is particularly comforting that the K@
results are consistent with the other bands, since extinction
issues are unimportant at that wavelength.

Galaxies of type Sa tend to lie below the mean relations
(cf. Rubin et al. 1985 ; Pierce & Tully 1988 ; Verheijen 1997
discusses the issue in terms of the forms of rotation curves),
and the small e†ect is seen in the plot of residuals versus
type in Figure 14. See the small symbols in Figure 7. The
derived distances for the Sa systems are larger than the
mean (see Fig. 8). This class is sufficiently few in number
that the problem is ignored in the present analysis. The
luminosityÈline width relations are found to be consistent in
environments as diverse as the Coma Cluster and the Pisces
Ðlament or the spiral-rich Ursa Major Cluster. Although
environmental dependencies are possible, there is no evi-
dence of any such e†ect.

Excluding uncertainty in the Cepheid scale, statistical
errors added in quadrature amount to ^8 units of (95%H0conÐdence). The largest statistical error is still in the Ðt to
the zero-point calibration. In Paper II we show that the
residuals in the di†erent bandpasses are highly correlated.
Since the measurement errors in line width are small, it is
implied that the scatter in the luminosityÈline width corre-
lation is either intrinsic or dominated by inclination correc-
tions, particularly to the line widths. Bothun & Mould
(1987) and more recently Giovanelli et al. (1997b) provided
detailed descriptions of the components of scatter in the
luminosityÈline width relation. Arguably the most intracta-
ble problem in terms of further improvements is in inclina-
tion measurements/corrections.

The current determination of is lower than in earlierH0days with the same methodology (e.g., Pierce &H0 \ 85,
Tully 1988). The primary reason is seen in Figure 15. There
were only Ðve calibrators available before the launch of
HST , and those Ðve are seen to deviate by 0.31 mag in the
mean (a 16% e†ect on distances). NGC 3031 has subse-
quently been reobserved with HST (Freedman et al. 1994),
though the di†erence from the ground-based result
(Madore, Freedman, & Lee 1993) is tiny. The remaining
uncertainty in the charge transfer efficiency of the HST /
WFPC2 CCDs could conceivably account for some of this
o†set, say up to 6%, but we have no reason to think that
most of the e†ect is anything more than a statistical Ñuke.

FIG. 12.ÈColor-magnitude diagrams. L eft : B[I. Center : R[I. Right : I[K@. Symbols as in previous plots. Long-dashed lines are the regressions with
errors in colors. Dotted lines are the double regressions.
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FIG. 13.ÈDeviations from the I-band luminosityÈline width corre-
lation as a function of inclination. Symbols have the same meanings as in
Figs. 6 and 7. The dashed lines indicate the 2 p deviation boundaries.

8. COMPARISON WITH LITERATURE RESULTS

The turbulent history of Hubble Constant measurements
has received its share of attention. If we restrict this dis-
cussion to just luminosityÈline width determinations of H0and just those that have beneÐted from HST Cepheid cali-
brations, there is still the following remarkable range of
results (all errors are quoted from the original sources and
usually 1 p) : Theureau et al. (1997) give H0\ 53 ^ 5 ;

FIG. 14.ÈDeviations from the I-band luminosityÈline width corre-
lation as a function of morphological type. Symbols have the same mean-
ings as in Figs. 6, 7, and 13. The dashed lines indicate the 2 p deviation
boundaries.

FIG. 15.ÈDeviations from the I-band luminosityÈline width corre-
lation for the calibrator galaxies, distinguishing by source of the distance
estimate : source 1 (open circles) : ground based Cepheid observations ;
source 2 ( Ðlled circles) : HST Key Project Cepheid observations ; source 3
( Ðlled squares) : HST Cepheid observations by Ðrst authors Sandage, Saha,
or Tanvir reanalyzed by the Key Project Team; source 4 : HST Cepheid
observations in NGC 4603 (open triangles) and in NGC 4258 ( Ðlled
triangles).

Ekholm et al. (1999) give Federspiel,H0\ 53~5`6 ;
Tammann, & Sandage (1998) give WatanabeH0\ 57 ^ 7 ;
et al. (1998) give Shanks (1997) givesH0\ 65 ^ 2~14`20 ;

Giovanelli et al. (1997a) giveH0\ 69 ^ 8 ; H0\ 69 ^ 5 ;
Sakai et al. (2000) give and this paperH0\ 71 ^ 4 ^ 7 ;
gives (95%).H0\ 77 ^ 8

The straight average of these values is WhyH0\ 64 ^ 9.
should we have much conÐdence in our lonely value on the
high side? Several of the above-mentioned papers carried
out quite sophisticated analyses. However there is no ade-
quate substitute for good data. We will try to argue that our
data are generally superior.

Consider the lowest estimates Ðrst. Both Theureau et al.
(1997) and Ekholm et al. (1999) Ðnd These col-H0\ 53.
laborators draw data from the Lyon-Meudon Extragalactic
Database, the source and extension of the Third Reference
Catalogue (de Vaucouleurs et al. 1991). Magnitudes are at B
from many photographic or aperture photoelectric refer-
ences, inclinations are mostly from the photographic sky
surveys, and line widths are from many sources and mixed
quality. Several thousand galaxies are considered. Template
relations are derived from Ðeld populations, broadened and
distorted by velocity streaming. Theureau et al. work with
the so-called direct luminosityÈline width relation, the
correlation with errors in luminosity, and must deal with
the full brunt of the Malmquist magnitude limit bias. Since
the scatter is large with their mixed-bag data set, there is the
potential for a large bias. One possible signature of a strong
bias is an upturn in the measured at larger distances.H0However an upturn in could alternatively arise as aH0result of local structure, which is certainly plausible since we
live in a Ðlament and the gravity of the Ðlament could be
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slowing the local expansion (e.g., Tully 1988a, 1988b). The-
ureau et al. (1997) follow the procedures of Bottinelli et al.
(1986), who interpreted the upturn in as due to bias, notH0gravity, with the consequence that Bottinelli et al. inferred a
low The Theureau et al. analysis is not as transparentH0.but appears to rely on the same underlying assumption that
there is a local regime where expansion actually represents
the universal value and that the data sampling larger scales
are biased. The fundamental problem is that their analysis
procedure (use of the direct relation) requires bias correc-
tions and the amplitude of the corrections can easily be
disputed.

Ekholm et al. (1999) work with the inverse luminosityÈ
line width relation, as we advocate. They found forH0\ 72
the B band relation (and if diameters are substi-H0 \ 78
tuted for luminosity). How could that result be reconciled
with from the direct relation? Ekholm et al. argueH0\ 53
that reconciliation is possible if they assume that the Cepheid
calibrators follow a relation with a di†erent slope from that of
galaxies in the Ðeld. Their justiÐcation for the slope di†er-
ence is largely based on the aberrant location of one cali-
brator galaxy that is fainter than almost all D2000 galaxies
in their Ðeld sample (unidentiÐed but probably NGC 3109).
They argue that the di†erent slope introduces a bias of 25%,
which they can correct for and assure us that their overall 1
p error budget is 10%. We would argue that if the calibrator
and Ðeld slopes are di†erent then the relations are di†erent
and just about anything is possible. Fortunately, with our
own photometry there is no evidence that calibrators with
known distances and other targets are drawn from di†erent
relations.

Federspiel et al. (1998) derive from a distanceH0\ 57
they measure to the Virgo Cluster and a comparison with
more distant clusters out as far as 11,000 km s~1. The com-
parison with distant clusters uses information from Jerjen &
Tammann (1993) that involves other input than the
luminosityÈline width method, so we restrict ourselves here
to the issue of the Virgo Cluster distance. Federspiel et al.
also draw data from the same source as Theureau et al. and
Ekholm et al., so it is data with a fair amount of scatter.
Depth e†ects are a particular problem with the Virgo
Cluster (Pierce & Tully 1988 ; Yasuda, Fukugita, &
Okamura 1997). The spiral population is probably experi-
encing substantial infall (Tully & Shaya 1984). There is evi-
dence of considerable contamination from infalling groups
on the far side of Virgo, projected onto the cluster and
therefore indistinguishable in velocity. There are presently
seven galaxies in the Virgo Cluster region with Cepheid
distance measurements. The individual moduli are 30.87,
30.95, 31.03, 31.04, 31.04, 31.10, and 31.80. The distance
obtained for NGC 4639 is strongly deviant. The average of
the Ðrst six (i.e., excluding NGC 4639) is 31.01^ 0.08. The
deviation of NGC 4639 is 0.79 mag, which puts it 7 Mpc in
the background. It is at least plausible, if not probable, that
NGC 4639 is in the background at the approximate dis-
tance of the so-called Virgo W@ structure. If the true Virgo
Cluster is at 16 Mpc as determined by the six galaxies with
Cepheid distances excluding NGC 4639, then, all other
steps preserved, Federspiel et al. would have found H0\
74. The merits of this background issue can be debated, but
the Federspiel et al. value of rests on this tenuous point.H0Sandage (1994b) has found with theH0\ 48 ^ 5
luminosityÈline width method applied to Ðeld samples.
That study predates the availability of HST Cepheid dis-

tances so will not be discussed further than to recall the
discussion in ° 3 and to say our additional criticisms would
resemble those brought up in the Theureau et al. discussion.

Watanabe et al. (1998) Ðnd With the revisedH0\ 65.
calibrator distances of Sakai et al. (2000), they would have
found a value of 67. The photometry for their Ðeld samples
comes from photographic material at the B band, but at
least the source is homogeneous and is calibrated with CCD
imaging. The source for H I line widths is also homoge-
neous. The maximum likelihood analysis has merit. Wata-
nabe et al. had 10 calibrators with Cepheid distances
available. If they used all 10 and converted to the Sakai et
al. distance revisions, then they would have obtained H0\
69. They prefer not to use Ðve of these calibrators because of
issues having to do with the detailed velocity Ðelds or incli-
nation ambiguities. They reject one-half their calibrators on
criteria that are not applied to their Ðeld sample. We use the
calibrators they reject, so we feel the appropriate Watanabe
et al. result to compare with our own is Even so,H0 \ 69.
the Watanabe et al. result is 10% lower than our value,
barely within our 95% uncertainty. One possibility for the
remaining discrepancy might lie in the use of heterogeneous
data for the calibration sample. Are the magnitude, inclina-
tion, and line width parameters that they take from the
literature really all on the same system as their Ðeld sample?

As an aside, note that we almost never reject candidates
that satisfy magnitude and inclination constraints and are
typed later than Sa. In a small number of cases, extremely
pathological or interacting galaxies are rejected a priori. In
the current template plus calibrator sample, only two of 181
initial candidates were rejected because of [4 p deviance.
All available galaxies with Cepheid distances are used.

Shanks (1997) Ðnds To facilitate a comparisonH0\ 69.
with the present work, consider only the luminosityÈline
width analysis by Shanks (i.e., not the analysis based on SN
Ia distances), reject NGC 4496AÈnot used in the current
paper because of its face-on inclinationÈand update the
Cepheid distances used to those in the current paper
(including those by Gibson et al. 2000). With these changes,
Shanks would have found within 1 p of ourH0\ 73,
present result.

Giovanelli et al. (1997a) also get Six of their 12H0\ 69.
calibrators have revised distances in Sakai et al. (2000),
whence This result is only marginally consistentH0\ 70.
with what we Ðnd in spite of a big overlap in data. We made
a concerted e†ort to track down the systematic di†erence
with only partial success. There is good consistency between
our raw magnitudes, inclinations, and line widths. A
problem arises with extinction corrections to magnitudes
(discussed in ° 2.4), but the analyses were carried out with
our alternate prescriptions and each produces the same
results if carried out consistently across templates and cali-
brators. A nuance of the bias problem does generate a 5%
e†ect that, if our viewpoint is accepted, takes Giovanelli et
al. to Those authors use a maximum-likelihoodH0\ 73.
Ðtting procedure that requires bias corrections, unlike our
procedure. However, upon Ðtting to the zero-point cali-
brators with their procedure, it is necessary to account for
biases again because lower luminosity galaxies are badly
underrepresented among the calibrators. However, in this
case the sense of the correction now has the opposite sign,
increasing the Hubble Constant. Evidently Giovanelli et al.
did not make this correction. A km s~1 Mpc~1*H0\ 4
di†erence remains between us. This di†erence would not
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seem bad were it not for the fact that our data sets have so
much overlap that the origins of this 5% o†set should be
evident. A mystery remains.

Finally, the HST Key Project Team (Sakai et al. 2000)
report They use three major data sets. TheirH0\ 71.
acknowledged best data set is at the I band and has a large
overlap with the material used by Giovanelli et al. (1997a)
and ourselves. From this material alone, Sakai et al. Ðnd

A second smaller data set at the B and V bandsH0\ 74.
gives Sakai et al. The historic Aaronson et al.H0\ 70.
(1982, 1986) data sets using aperture photo-H~0.5Èband
metry give At the I band, where the data are bestH0\ 67.
and the data overlap is substantial, there is good agreement
between Sakai et al. and ourselves. The agreement is mar-
ginal with their B, V results and poor with their H~0.5results. The situation is perplexing. Sakai et al. Ðnd an indi-
cation of a problem with color di†erences in theI[H~0.5unphysical sense that their calibrators are redder than their
cluster galaxies. At least in our analysis there is consistency
between results at B, R, I, and K@.

The results presented in this paper are at least marginally
consistent with the other studies that use high-quality data.
Once we are on the same page with assumed distances to
calibrators, the Watanabe et al., Shanks, Giovanelli et al.,
and Sakai et al. results are lower by 1È2 p. There are several
features of the present study that arguably make it better
than others. For one thing, the photometric material on the
local calibrators that is introduced in Paper I was obtained
with Ðelds sufficiently larger than the target galaxies that
they give good sky deÐnition. Second, we observed nearby,
big galaxies and distant, small galaxies with common Ðlters
and procedures and have substantial sample overlaps with
other programs, so there should be a reliable bridge
between nearby and distant galaxies. Third and foremost,
only in this study is there serious consideration given to the
issue of magnitude completion in the template construction.
Only if this issue is properly addressed can one then use the
inverse luminosityÈline width relations with nulled biases.
Both Giovanelli et al. and Sakai et al. have constraints on
line widths that make corrections for biases difficult. It is
this simpliÐcation of the bias analysis through attention to
the template calibration that, we claim, gives us an advan-
tage over the other teams with comparably good data.

It is most remarkable that the slopes derived from the tem-
plate relations when slid to Ðt the Cepheid calibrators, with
freedom only in the zero point, result in R and I scatter of only
0.24 mag.

Endless comparisons could be made with other tech-
niques used to derive If one asks which is the singleH0.
result that causes us the most concern, it would be the
determination of with supernova of Type Ia. ForH0

example, Riess, Press, & Kirshner (1996) Ðnd H0\ 64 ^ 6
(2 p uncertainty). However the Cepheid distances to the SN
Ia host galaxies that were available to Riess et al. (NGC
4536 : Saha et al. 1996 ; NGC 4639 : Sandage et al. 1996 ;
NGC 5253 : Sandage et al. 1994) have now been reevaluated
by the HST Key Project Team (Ferrarese et al. 2000). If
only we use the new Cepheid distances given by the Key
Project T eam instead of the distances given by Saha and
Sandage, then the Riess et al. value for is increased fromH064 to 73. The Key Project Team do a more complete cali-
bration of the SN Ia procedure with seven calibrating gal-
axies and Ðnd (2 p statistical uncertainty). AtH0\ 68 ^ 4
least our error bars overlap with the SN Ia results.

No single-point failure of the luminosityÈline width
analysis is likely to produce a systematic error greater than
5%. Conspiratorial addition of several independent system-
atic errors is possible. Uncertainties in the Cepheid cali-
bration (LMC distance, metallicity e†ects, reddening,
crowded Ðeld photometry, LMC calibration relation) are
another matter, and we take what we are given. Replacing
the LMC calibration with the NGC 4258 calibration gives a
12% larger value of It is possible that the value ofH0\ 86.
the Hubble parameter determined nearby may not reÑect
the cosmological value, a manifestation of the local velocity
anomaly problem on a larger scale. For example, Zehavi et
al. (1999) raise the possibility that we live in an underdense
region that extends out to D6000 km s~1, whence H0would be perhaps 6% lower than the locally measured
value. Such a possibility can be entertained, though there is
no evidence for a dependence of with distance out toH0
D19,000 km s~1 from the luminosityÈline width analysis of
Giovanelli et al. (1999). In conclusion, this study determines
a value of the Hubble Constant of km s~1H0 \ 77 ^ 8
Mpc~1. The error is the 95% probable statistical error.
Cumulative systematic errors within the present analysis
could amount to as much as 10%. The zero point external
to this analysis is still uncertain by D10%.

The only substantial change in the last decade in the
measure of from the luminosityÈline width method hasH0resulted from the 5 times larger number of zero-point cali-
brators. Curiously, the galaxies with Cepheids observed
from the ground lie 0.3 mag fainter than the ensemble mean
dominated by the galaxies observed with HST . Perhaps this
di†erence is only a statistical Ñuke.

Jo Ann Eder processed Arecibo H I observations of
several galaxies in the Coma Cluster that were made at our
request. Other unpublished H I line proÐles were made
available to us by Martha Haynes, Barbara Williams, and
Wolfram Freudling.
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