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ABSTRACT 
In this paper we utilize the excellent relation between infrared magnitudes and 21 cm velocity widths to 

derive relative distance moduli to 10 nearby galaxy clusters. Our sample contains a wide variety of cluster 
types, ranging in redshift from Pegasus at F ~ 4000 km s-1 up to Hercules at F ~ 11,000 km s-1, and also 
includes the Pisces, A400, A539, Cancer, A1367, Coma, Z74-23, and A2634/66 systems. 

Considerable attention is devoted to a problem involving the differing surface brightness properties of the 
cluster samples. Specifically, the surface brightnesses of galaxies in the higher redshift clusters are in the mean 
found to be lower than in nearby clusters at fixed velocity width. To investigate whether this effect is caused by 
galaxy diameter errors, we have secured charged coupled device (CCD) imaging for over a hundred cluster 
spirals. The true isophotal radii derived from these data do indeed systematically disagree with our previously 
employed eye-measured diameters, but by an amount that only partially accounts for the surface brightness 
variations. The remaining differences are attributed to a real selection effect which severely biases distances 
estimated from the magnitude/surface brightness relation toward smaller values. We demonstrate, however, 
that the effect is likely to bias distances obtained from the IR/H i relation toward larger values, but the 
amount of bias is minimal with the present data set and is ignored. 

Our cluster sample suffers from one additional selection bias related to the nonlinear shape of the IR/H i 
relation. To account for this behavior we adopt a quadratic form of the relation. Several other possible sample 
biases, including the Malmquist effect, are considered and dismissed. 

The final Hubble ratios, based on newly derived cluster redshifts, are found to exhibit a scatter considerably 
larger than the formal errors, which we show arises from the presence of a Local Group velocity component. 
Formal solution for the motion yields F = 780 ± 188 km s-1 toward / = 255° ± 17° and h = 18° ± 13°. This 
vector agrees well in both magnitude and direction with the 3 K dipole anisotropy, for which 
F = 600 ± 30 km s_1 toward l = 268° ± 3° and b = 27° ± 3°, a velocity which is in turn roughly double the 
known Local Group motion in the Local Supercluster. Hence, we conclude that the motion giving rise to the 
3 K dipole has been positively detected, and consists of two principal components having comparable size; 
these are Local Group motion within the Supercluster, primarily toward Virgo, and bulk Supercluster motion 
as a whole, in a direction lying close to that of our next nearest neighbor supercluster, Hydra-Centaurus. 

By comparing our cluster Hubble ratios with that of Virgo, a new estimate of the Virgocentric motion is 
also derived. The result, AF ~ 300 km s-1, is in excellent agreement with our earlier analysis of the Local 
Supercluster velocity field. After correcting Virgo and our 10-cluster sample for all appropriate streaming 
effects, we obtain a velocity-distance relation linear to within the measurement errors. This finding constrains 
supercluster-supercluster interactions to be less than 500 kms_1 in size, a result having important implica- 
tions with regard to the formation of galaxies and the distribution of large-scale mass in the universe. 

Our data also suggest that environmental effects play little part in application of the IR/H i technique. 
Unfortunately, derivation of an absolute calibration continues to be frustrated by the present-day confusing 
state of nearby galaxy distances. A “best guess” calibration based on recent infrared and CCD observations 
of extragalactic Cepheids yields a global value for the Hubble constant of H0 = 90 km s_1 Mpc-1, but proper 
calibration of the method remains a fundamental task for the Hubble Space Telescope. 
Subject headings : cosmic background radiation — cosmology — galaxies : clustering — 

galaxies : internal motions — galaxies : photometry 
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DISTANCE MODULI AND SUPERCLUSTER MOTION 537 

I. INTRODUCTION 

It is now widely recognized that the Local Group deviates 
from uniform Hubble flow as a result of gravitational pertur- 
bation caused by the Virgo Cluster mass concentration. This 
effect must be properly accounted for in any attempt to 
measure the expansion rate. Two general approaches are avail- 
able for treating the problem. First, a correction determined 
from flow studies within the Supercluster can be directly 
appled to the observed Virgo Hubble ratio (e.g., Aaronson et 
al 1982a, hereafter AHMST). Second, we can jump well 
beyond the Local Supercluster and measure H0 for objects 
which should have minimal flow deviations. It is the aim of this 
paper to explore the latter alternative, using as a distance indi- 
cator the well-established relation between galaxian infrared 
magnitude and H i velocity width (Aaronson, Huchra, and 
Mould 1979; Tully and Fisher 1977). 

Additional motivation for the study of galaxy distances be- 
yond the Supercluster is provided by observations of the 
dipole anisotropy in the 3 K microwave background. It now 
appears that Local Group motion within the Supercluster itself 
is insufficient to account for the observed effect (e.g., Wilkinson 
1984). Identification of the scale size involved in the additional 
component of motion required is clearly of interest. A natural 
possibility is that the Local Supercluster itself partakes of bulk 
motion with respect to other nearby massive clusters. If so, the 
signature of such motion ought to be reflected in the observed 
Hubble ratios of the latter. 

A first attempt to investigate the IR/H i relation beyond the 
Local Supercluster was presented by Aaronson et al. (1980, 
hereafter Paper III). These authors studied a small number of 
galaxies in only four clusters, but nevertheless found a signifi- 
cantly larger Hubble ratio than was seen for Virgo, implying 
a Virgocentric velocity of ~480 ± 75 km s-1. This amount 
was substantially larger than the value of ~ 300 ± 40 km s ~1 

found subsequently by AHMST on applying the IR/H i rela- 
tion to the velocity field of the Local Supercluster. Following 
that effort, Aaronson and Mould (1983, hereafter Paper IV) 
used the Local Supercluster sample to make a careful study of 
the instrinsic properties of the IR/H i relation. In particular, 
the method was found to have a typical observational scatter 
of only ~0.45 mag, with little dependence on morphological 

type (although the latter point remains controversial). Non- 
linearity in the IR/H i relation was also identified. 

In this paper we focus our attention on 10 nearby galaxy 
clusters, ranging in mean redshift from 4000 to 11,000 km s-1. 
We emphasize that working in such clusters provides an effec- 
tive way to combat bias inherent in magnitude-limited 
samples, because the galaxies in each cluster are generally all at 
the same distance. The variety of cluster types employed also 
allows us to reexamine the question of environmental depen- 
dence. 

The outline of the paper is as follows. The basic observations 
are presented in § II; the discussion here is kept short, since 
Bothun et a/. (1985a) have already given a full description of 
the measurements and data reduction. In § III we discuss a 
problem originally identified by van den Bergh (1981) involv- 
ing mean surface brightness variations in the cluster samples. 
The extent to which this effect is accounted for by galaxy diam- 
eter errors is extensively investigated in § IV. The cluster dis- 
tance moduli and Hubble ratios are derived in § V, after first 
considering a number of potential biases in the data. In § VI we 
carry out a variety of solar motion solutions with respect to the 
reference frame of the clusters. The value of the Hubble con- 
stant is discussed in § VII. Finally, our conclusions are briefly 
summarized in § VIII. (An appendix is also provided contain- 
ing several technical details.) 

II. OBSERVATIONS 

The positions and mean redshifts of our 10-cluster sample 
are given in Table 1. The list encompasses virtually all the 
well-known nearby clusters within Arecibo’s declination limits, 
and spans a wide variety of cluster types. This range includes at 
one limit highly concentrated, spiral-poor clusters such as 
Coma (18% spirals) and Abell 400 (36% spirals), and at the 
other extreme irregular, spiral rich clusters such as Pegasus 
(59% spirals) and Cancer (71% spirals) (see Bothun et al. 
1985a, Table 1). 

Two sets of mean redshifts are given in Table 1. The first is 
based on newly derived values calculated from Huchra’s (1985) 
redshift catalog using the search radii and velocity ranges listed 
in the table. The second set lists the mean H i velocities of the 
galaxies used in this paper to derive distances. In general, the 

TABLE 1 
Cluster Velocities 

IR/H i Sample 
Position (1950) Search   
  Search Velocities Fa Fa 

Name R.A. Decl. Radius (kms-1) (kms-1) N (kms-1) N 

Pisces...  lh00m +30CW 4° 4200-6400 5274 + 58 54 5274 + 97 20 
A400  2 55 5 50 3 5400-8800 7154 ± 90 52b 7855 ± 135 7 
A539   5 14 6 23 3 6600-10200 8561 ± 123 40 8536 ± 102 9 
Cancer  8 18 21 14 4 3200-7000 4790 + 89 87 4789 + 186 22 
A1367  11 42 20 07 3 4600-8800 6427 + 73 109 6486 + 142 20 
Coma  12 57.4 28 15 3 5000-8800 6931 + 45 292c 7310 + 132 13 
Z74-23   14 00 9 34 3 4000-7400 6025 + 153 38 5939 + 270 13 
Hercules  16 03 17 56 3 8400-14400 11077 + 97 142 10733 + 244 11 
Pegasus  23 18 7 55 4 2600-5400 4078 + 78 62d 4275 + 132 22 
A2634/66   23 40 24 00 4 6800-10200 8783 ± 115 55 8694 ±215 11 
Virgo  *... 12 28.3 12 40 6 -600-3000 1073 + 38 362 1064 + 168 16 

a Corrected for motion according to 300 sin / cos b, here and in following tables. 
b Apparent foreground objects U2364 and U2509 eliminated. 
c Clump at F ~ 4900 in foreground, based on IR/H i distances to N4738, U7754, and Z160139; N5065 and U8392 are also 

apparent foreground objects (but out of area search range regardless). 
d Foreground pair N7537 and N7541 eliminated. 
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538 AARONSON ET AL. 

agreement between the two sets is within the errors, indicating 
that with the present, limited base we are fairly sampling the 
cluster distances. This is an important point, because the mean 
cluster velocities are heavily weighted by the high concentra- 
tion of galaxies in the cluster cores, whereas our H i sample 
here is more weighted by objects in the outer periphery, where 
gas-rich spirals are more commonly found. The one substantial 
disagreement is with Abell 400, where apparently the present 
sample lies at a considerably higher mean velocity than the 
cluster as a whole. A clue to the underlying reason for this 
discrepancy is provided by an ongoing study of the region 
being conducted by T. Beers (1985), which appears to show 
that A400 is a two-component system containing a foreground 
cluster proper consisting mostly of early-type galaxies, and a 
background supercluster dominated by spirals. 

Also included in Table 1 is a newly determined redshift for 
the Virgo cluster of 1073 ± 38 km s_1 from Huchra (1984). 
This value is 54 km s-1 larger than, and supersedes, the Virgo 
redshift of 1019 + 51 of Mould, Aaronson, and Huchra (1980, 
hereafter Paper II) employed in our previous work. The 
increase is due partly to a near doubling of the sample size, and 
partly to a more appropriate upper search cutoff of 3000 km 
s-1 rather than 2500 km s-1. Note that all of the velocities in 
Table 1 are adjusted to the velocity centroid of the Local 
Group using the standard IAU correction 300 sin / cos b. We 
will explore later the effects of employing the alternative cor- 
rection of Yahil, Sandage, and Tammann (1977, hereafter 
YST). 

Table 2 presents the fundamental observational material on 
which this paper is based. Column (1) gives the galaxy name 
(following the ordering convention of Bothun et al. 1985a). 
Column (2) lists the inclination, calculated from axial ratios 
using equation (4) of Aaronson, Mould, and Huchra (1980, 
hereafter Paper I), which includes a 3° additive term. The 
velocity width at the 20% level (defined as in Paper I), cor- 
rected for inclination effect and redshift according to equation 
(1) of Paper III is given in column (3). The 21 cm radial velocity 
is shown in column (4), where again a correction of 300 sin / 
cos b has been employed. In column (5) we give the H 
(1.6 ¡im) magnitude at log (A/D^ = —0.5, corrected for 
Galactic reddening and (1 + z)4 surface brightness effect fol- 
lowing equation (7) of Paper III. Listed in column (6) is the 
diameter of the 25th mag B isophote (in logarithmic units of 
0Ï1) reduced to a face-on value and corrected for Galactic 
extinction. As discussed in Paper I, log is essentially 
(though not exactly) the same as log D0 in the Second Reference 
Catalogue of Bright Galaxies (de Vaucouleurs, de Vaucouleurs, 
and Corwin 1976, hereafter RC2). While the inclination and 
extinction corrections to the diameters, though minor in the 
long run, have been the subject of some debate, a recent study 
by Tully and Fouqué (1985) has largely confirmed the basic 
RC2 procedures we have employed. Finally, the surface bright- 
ness = Hc_0 5 + 5 log Di is presented in column (7). The 
next three columns in Table 1 are revised values of log D1? 
Hc_0 5, and discussed further below. The quantities in 
columns (2)-(5) are in general directly adopted from Table 7 of 
Bothun et al. (1985a), with minor corrections applied in a few 
instances. Note that all of the H i data come from Arecibo, 
while the vast majority of IR photometry was obtained at Kitt 
Peak National Observatory, primarily using the Harvard- 
Smithsonian InSb detector; a small fraction of the photometry 
was secured with the Hale 5 m telescope. 

Our selection criteria remain the same as in earlier papers in 

this series: the only accepted galaxies are those having (1) 
i > 45°, (2) no obvious morphological peculiarities, and (3) 
high signal-to-noise level H i profiles. For the most part, every 
cluster member listed with an H i width in Table 7 of Bothun 
et al. (1985a) is included here. Unfortunately, the operational 
definition of our third criterion rem’ains somewhat subjective, 
and in a full reconsideration of the profiles we have dropped a 
few of the Table 7 widths and added a few others. Also not 
included from that table are foreground or background 
systems, i.e. those outside the search velocity ranges in Table 1 
here, and a few objects which failed to meet our other two 
selection criteria. As in earlier papers, we again forgo the 
very small correction for instrumental resolution, and possible 
small but uncertain corrections for internal extinction or 
velocity dispersion effects. However, in a few cases of low 
signal-to-noise ratio (noted in Table 2), we have derived 20% 
line widths from the 50% values by multiplying the latter by 
1.1 (see Paper I). 

We note in passing that H i line widths are available from 
other observers both for some of the galaxies here and for 
other member galaxies of our clusters (e.g., Chincarini, Giova- 
nelli, and Haynes 1979 for Z74-23; Chincarini et al. 1983 and 
Chincarini, Giovanelli, and Haynes 1983 for A1367 and Coma; 
Giovanelli, Chincarini, and Haynes 1981 for Hercules; and 
Richter and Huchtmeier 1982 for Pegasus). We had hoped to 
incorporate these data into the analysis. Unfortunately, a 
detailed comparison of our line widths with those from else- 
where does not yield entirely satisfactory results, showing 
excellent agreement in some cases but poor correspondence in 
others, possibly as a result of differing details in the reduction 
procedures. The data set in this paper has been reduced in a 
completely uniform manner using a method which, as dis- 
cussed further below, Lewis (1983) has demonstrated to be very 
stable against noise effects. For this reason, we have decided 
against the use at present of other line widths. 

III. ISOPHOTAL DIAMETERS AND THE SURFACE 
BRIGHTNESS PROBLEM 

Evidence that the isophotal diameters in Paper III might be 
affected by systematic scale errors first emerged in a study by 
van den Bergh (1981), who attempted to use a relation between 
//-magnitude and infrared surface brightness to derive rela- 
tive distances. His results appeared to indicate an implausibly 
large value for Virgocentric motion of the Local Group. A 
careful examination of the situation revealed that while the 
(//, £h) and IR/H i relations yielded consistent moduli for two 
of the four distant groupings studied in Paper III (Pegasus 
and Cancer), highly discrepant values were obtained for the 
other two groupings (Z74-23 and Perseus). We found a 
similar dichotomy (as did Kraan-Korteweg 1983 and Bosma 
1985) upon examining the surface brightness/velocity-width 
[(Z#, AF)] diagram. In the following discussion, we shall 
emphasize this latter relation because of the obvious advantage 
that both quantities involved are distance independent. 

Although (as discussed in the next section) there are several 
possibilities, the most natural cause of the above problems 
seems to rest with the isophotal diameters. For several techni- 
cal reasons explained in Paper I, our adopted //-magnitudes 
are tied to the blue diameters of the RC2. For virtually all of 
the distant cluster galaxies, these diameters were originally 
obtained from Nilson (1973, hereafter UGC) or in a few 
instances measured by one of us (M. A.) on glass copies of the 
Palomar Sky Survey at Kitt Peak, and in either case then 
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TABLE 3 
Mean Residuals about the Surface Brightness/Velocity- 

Width Relation 

<S:obs - Zpred> (mag) 

Cluster N POSS Diameters GASP Diameters 

Virgo   16 -0.17 + 0.13 
Ursa Major  24 -0.08 + 0.13 
Pisces   20 0.30 + 0.12 0.08 ±0.11 
A400   7 0.56 + 0.20 0.44 + 0.17 
A539   9 0.71 + 0.21 0.40 + 0.17 
Cancer  22 0.02 + 0.12 -0.07 + 0.10 
A1367    20 0.17 + 0.12 0.08 + 0.11 
Coma     13 0.44 + 0.17 0.40 + 0.15 
Z74-23   13 0.49 + 0.10 0.30 + 0.11 
Hercules   11 0.60 + 0.15 0.35 + 0.15 
Pegasus  22 -0.16 + 0.16 -0.28 + 0.16 
A2634/66   11 0.35 ± 0.16 0.23 + 0.15 

transformed to the RC2 system, giving the diameter of the 25th 
mag isophote. Two disturbing aspects of this procedure are 
that, first, the diameters are always measured by eye, and, 
second, the RC2 transformation prescription which we have 
followed is derived from large galaxies, and may not be at all 
reliable in the smaller size regime of the cluster objects. These 
diameter problems were extensively discussed in Paper III, 

where a variety of tests were performed in search of potential 
scale errors, though with negative results. 

The cluster observations accumulated here allow us now to 
examine more fully the nature of the (XH, ÀF) relation. To 
define the fiducial of the relation, we employ the 308 member 
Local Supercluster galaxy sample of Aaronson et al (1982h). A 
mean least-squares fit to those data (i.e., a fit obtained by treat- 
ing first one quantity and then the other as the independent 
variable, and averaging the results) yields the following expres- 
sion : 

= 17.72(±0.61) - 6.89(±0.23)[log (AF) - 2.5] . (1) 

We next compare the (£, AF) relations for our distant sample 
by forming for each cluster the mean quantity <Z^bs — Zg‘ed>, 
where is taken from column (7) of Table 2, and 5^red is 
calculated by simply substituting the velocity width from 
column (3) of Table 2 in equation (1) above. The results are 
listed in Table 3 and plotted in Figure la, where we have also 
included the Virgo and Ursa Major clusters (which form a 
small subset of the 308 member nearby sample). 

A disturbingly strong correlation is evident in Figure la 
between mean cluster surface brightness residual and radial 
velocity. Since our cluster morphology does not relate in any 
obvious fashion to redshift, the most straightforward interpre- 
tation of Figure la again involves a potential problem with the 
observables, and most probably the diameters. Motivated by a 
preliminary version of these findings, we began several years 

1,000 3,000 5,000 7,000 9p00 lipOO 
Radial Velocity (km s'1) 

Fkj. 1.- Mean difference between observed and predicted surface brightnesses for the sample galaxies in 12 clusters. Here T,ohs { = HC_0 5 + 5 log DJ is a hybrid 
quantity involving infrared H (1.6 /an) magnitudes but optically measured blue diameters. Xpred is determined from the velocity width ÁK and the mean (L, AF) 
relation defined by 308 galaxies in the Local Supercluster from Aaronson et al. (1982h). In (a) we have used our “old” diameter values for the 10 distant clusters; 
these are derived from eye measures using Palomar Observatory Sky Survey photographs. In (b) we employ revised diameters based on CCD imaging work, which 
partially diminishes the trend with redshift. The dashed lines in both panels show the expected (1 + z)4 behavior that arises from cosmological expansion. Note that 
while our definition of Hc_0 5 explicitly accounts for this effect, it still enters into E because of the 5 log diameter term (see Paper III). 
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ago a program of cluster spiral surface photometry, with the 
explicit purpose of checking our adopted isophotal diameters. 
The results of this effort, which has considerably delayed our 
analysis of the cluster observations, are discussed in the next 
section. 

IV. REVISED ISOPHOTAL DIAMETERS AND RECONSIDERATION OF 
THE SURFACE BRIGHTNESS PROBLEM 

Over a 2 year period (mid-1982 to mid-1984), the Kitt Peak 
No. 1 0.9 m telescope and charge coupled device (CCD) camera 
were used to secure images of spiral members of our 10-cluster 
sample. About 250 objects were observed in the R band, and 
some 150 of these were observed in the B band, where the 15 
minute exposure times enabled us to reach well below the 25th 
magnitude per square second of arc level corresponding to the 
RC2 system. 

A majority of the blue frames have now been reduced using 
the surface brightness program GASP. Details of this package 
are available from its author, M. Cawson (now at Steward 
Observatory). The major fraction of data was processed on the 
VMS VAX 11/750 at Kitt Peak, while a smaller portion was 
analyzed on a VMS VAX at Caltech. A full discussion of this 
work will be presented by Cornell et al (1985). Briefly, elliptical 
isophotes were fitted to the data for each galaxy, allowing the 
ellipticity, position angle, and center of each ellipse to vary 
with radius. The major-axis surface brightness profile thereby 
determined was calibrated using the multiaperture B band 
photoelectric photometry of Bothun et al. (1985a), after which 
the diameter at the 25th magnitude isophote could be read off. 

With these results in hand, a comparison of true isophotal 
diameters with the UGC diameters transformed to the RC2 
system could then be made. In brief, we found that for small 
galaxies (D < T5), the transformed UGC diameters overestimate 
galaxy size by ~ 12% in the mean. A consequence of this fact is 
that the HL0 5 values derived using these diameters will them- 
selves be overestimated by ~0.1 mag, and subsequent dis- 
tances will thus be underestimated. 

The diameter error A(log D) ( = log DGASP — log DUGC, DVGC 
being UGC diameters transformed to the RC2 system) was not 
found to be correlated with galaxy size log D itself, and there- 
fore no relation was seen between A(log D) and cluster redshift. 
For instance, for both Hercules and Pisces a mean value of 
A(log D) = —0.07 (with D in units oT0!l) was found, while for 
Coma a mean value A(log D) = —0.01 was obtained. On the 
other hand, some correlation was seen between A(log D) and 
blue galaxy surface brightness, such that lower surface bright- 
ness objects had larger diameter errors. This finding provided 
the key basis for the adopted diameter correction procedure 
described below. 

Unfortunately, the sample of galaxies having surface pho- 
tometry overlaps only partially with the cluster sample in this 
paper. This allows us to obtain corrected diameters directly for 
about only half of the galaxies in Table 2, and typically for 
about half of the spirals in each of our clusters. Corrected 
diameters for the remaining galaxies were derived as follows: 
For each cluster an individual [A(log D), Zß] relation was con- 
structed, where now = £25 + 5 log D(0), B25 being the blue 
magnitude within the circular area whose diameter is the 25th 
mag isophote determined by GASP, and log D(0) being the 
“ raw ” transformed UGC diameter (i.e., uncorrected for incli- 
nation or absorption effects). Examples of the relation between 
A(log D) and for two of our clusters is shown in Figure 2. 
Once B25 had been determined, A(log D) could be obtained 
from a mean fit to diagrams like those in Figure 2. To estimate 
B25, we applied a zero-point shift to the magnitude in the 
Zwicky ei al. (1961-1968) catalog or in the UGC (where 
Zwicky magnitudes are listed for B < 15.7 mag). The zero- 
point shift was individually determined for each cluster by 
calculating the mean difference between either Zwicky or UGC 
magnitudes and B25 for those cluster galaxies having GASP 
photometry available. In all cases the shift ranged between 
— 0.2 and +0.2 mag (with a typical dispersion of +0.4 mag in 
a given cluster). 

For A2634/66, a GASP diameter was available for just one 

O 
cn 
o 

< 

T 
o.i a) Pisces 

-o.i - 

-0.3 - 

o o o 

WAI367 
0.1 - 

-0.1- 

-0.3 - 

0*8, o o o n °0 

18.0 20.0 22.0 

Fig. 2.—Difference between old and revised diameter values A(log D) plotted against blue surface brightness for objects having CCD imaging in two of our 
clusters. As discussed in the text, similar plots for each cluster were used to correct the diameters for those galaxies without CCD data. (Here is determined using 
the old diameters, since the trend with surface brightness disappears when the new diameters are employed.) 
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member spiral, and for this cluster only it was necessary to use 
the [A(log D), EJ relation constructed for the entire sample, 
and to assume B25 = BZwlcky (a result correct to within 0.1 mag 
for our entire GASP sample in the mean). While it would 
obviously be desirable to have all the cluster diameters directly 
measured, we believe that the above procedures yield quite 
satisfactory results. In particular, the slope of the [A(log D), 
£b] relation seemed more or less constant and well determined 
from cluster to cluster (e.g., Fig. 2), with the variation being 
present primarily in zero point. Furthermore, the slope of the 
relation is quite shallow, so that even an error of 0.5 mag in the 
B25 value translates into a typical change of only 0.03 dex in 
A(log D). Further details of these procedures can be found in 
Cornell et a/. (1985). 

With the full complement of new diameters in hand, values 
for Hc_0 5 and were recalculated for the entire data set. The 
revised magnitudes, diameters, and surface brightnesses are 
given in columns (8)-(10) of Table 2, where we have distin- 
guished estimated from actually measured isophotal diameters 
by listing the former in parentheses. Only these revised quan- 
tities will be used in the remaining part of the paper. Since 
the slope of the //-magnitude growth curve for an Sc 
galaxy is ~2.5 at log (A/D^) = —0.5 (see Paper I), for a typical 
A(log D) value of —0.05 (i.e., 12%), we might expect the 
//-magnitude in the mean to become fainter by ~0.12 mag, 
and the surface brightness to increase by AH + 
5A(log D) ~ 2.5A(log D) ~ 0.12 mag also. In point of fact, in 
going from the old to the new diameters, the typical change in 
H is usually less than that in £#, owing to our having sampled 
the growth curve in general at values of log (A/D^ > —0.5, 
where the slope is shallower than the fiducial value 2.5. 

Using the revised measures, a new set of mean surface 
brightness residuals were calculated. These values are also 
listed in Table 3, and are plotted against redshift in Figure lb. 
We see there that while the trend with cluster redshift has been 
diminished by about one-half, a correlation remains. Hence, it 
appears that diameter errors only partially account for the 
variation in mean cluster surface brightness properties, and we 
must seek elsewhere for a full explanation of the effect. 

One possibility is that the H band photometry itself is at 
fault. However, we can find no evidence for photometric errors 
anywhere near the size required. Further support for this 
claim, as pointed out by Kraan-Korteweg (1983), may come 
from the optical and near-red photometry of Visvanathan 
(1983). He observed many of the same galaxies in Cancer, 
Pegasus, and Z74-23 as were measured in Paper III, and found 
no difference in the resulting relative distances. A second, albeit 
totally ad hoc, possibility is that the intrinsic properties of the 
galaxies really vary from region to region in such a way as to 
produce by chance the effect in Figure lb. A final explanation 
we consider involves the presence of a real selection effect. In 
particular, if at fixed line width, lower surface brightness 
objects have a greater H i content than higher surface bright- 
ness ones, the trend in Figure lb might be produced, because at 
greater distances objects with reduced £ will then be easier to 
detect at Arecibo than those with enhanced £. In fact, both the 
full cluster sample of Bothun et al. (1985a) and the isolated 
galaxy sample of Haynes and Giovanelli (1984; e.g., their Fig. 
11) exhibit a strong relationship between hydrogen mass-to- 
blue light ratio log (Mn/LB) and surface brightness. We tenta- 
tively attribute the trend in Figure lb to this type of 
behavior, but the problem clearly requires further study. [We 

note that, as shown in Figure 1, the (1 + z)4 expansion effect on 
surface brightness only worsens the situation.] 

We postpone to the next section discussion of whether the 
problem at hand adversely biases our distance estimates (we 
believe not), but it is worth noting here that in some respects 
the effect in Figure Ih is not all that large. We first illustrate 
this point in Figure 3, which shows the (Z, AF) relations for the 
Virgo, Ursa Major, and distant cluster galaxies, along with the 
mean fit from equation (1) to the full 308-member nearby 
sample. There is little apparent difference in the various corre- 
lations, and, indeed, a mean least-squares fit to the 148 distant 
cluster objects gives 

ZH = 17.84(±0.82) - 6.93(±0.33)[log A(F) - 2.5] , (2) 

in close agreement with equation (1). It is also interesting that 
in the four systems with the largest deviations in Figure lb 
(A400, A539, Coma, and Hercules), the galaxies with line 
widths in excess of 500 km s-1 tend to have the largest 
residuals (and, if we were arbitrarily to throw out these one or 
two galaxies in each of the four aforementioned clusters, their 
residuals would drop by nearly half). 

On the other hand, it is apparent that the (//, ZH) relation 
can be used for deriving distances only with very great caution, 
if at all. In particular, the slope of the (//, ZH) relation is near 2, 
so that any difference in results in twice the change in 

Fig. 3.—(a) Surface brightness/velocity-width relation for galaxies in the 
Virgo and Ursa Major clusters, {b) Same as (a), but for the 148 galaxies in our 
10-cluster sample. The blue diameters employed are the “revised” values dis- 
cussed extensively in the text. The solid line in both panels is a mean least- 
squares fit to 308 nearby galaxies in the Local Supercluster from Aaronson et 
al. (1982h). 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
8 

6A
pJ

. 
. .

30
2 

. .
53

6A
 

AARONSON ET AL. 546 

modulus, whereas H is entered with unit slope in the IR/H i 
relation. Similarly, the (H, ZH) method is also roughly twice as 
sensitive to diameter errors as the IR/H i method. 

As discussed earlier, the UGC transformation relations in 
the RC2 were derived for much larger galaxies, and so it is not 
surprising to find them invalid for our small-cluster objects. It 
may be illuminating, then, to examine why the several tests 
executed in Paper III led us erroneously to assume that the 
UGC conversion relations could be reliably applied. 

One test performed in Paper III (see Fig. 5 there) involved 
comparison of UGC sizes with those measured using a PDS 
microdensitometer, in order to check for nonlinearity in the 
eye measurements. No such effect was found, consistent with 
the results here that A(log D) does not correlate significantly 
with galaxy size. However, this test is insensitive to whether 
such diameters are truly isophotal. [By a curious coincidence, 
the Zwicky et al field chosen for this test, No. 158, lies near 
Coma and A1367, the two clusters for which the smallest mean 
A(log D) values were obtained !] 

As a further check, transformed UGC diameters were com- 
pared in Paper III with isophotal diameters on the B3 system 
of Peterson, Strom, and Strom (1979) for four galaxies each in 
both the Cancer and Hercules clusters. No significant differ- 
ences were found. However, the comparison was made using 
diameters estimated from a single scan made along the major 
axis, and there may be a real difference between such diameters 
and those measured from averaged ellipticity contours, in the 
sense that the latter lead to results smaller by ~ 0.03 dex in log 
D (see Table 10 in Paper III). Furthermore, we now have CCD 
data available for four of the eight tested galaxies, and the 
resulting GASP diameters are in the mean significantly smaller 
than any of the diameters for these objects listed in Paper III. 
We thus conclude that the sample tested there was simply too 
small and of too poor quality to reveal the systematic problems 
encountered in the present work. 

An obvious concern now is how close the diameters in the 
RC2 are to true isophotal ones, particularly for those galaxies 
used to calibrate the zero point of the IR/H i relation, and for 
those in the Virgo Cluster used below to constrain Virgocen- 
tric motion. Fortunately, there are several reasons for having 
some confidence in these diameters. First, many of our Virgo 
objects, along with M31 and M33, are among the primary 
photometric standards listed in the RC2. Second, a compari- 
son of ellipticity-fit diameters of 18 Virgo cluster spirals from 
Peterson, Strom, and Strom (1979) with the corresponding 
RC2 diameters yielded A(log D) = —0.01 ± 0.01 (see Table 10 
of Paper III). Finally, while the CCD field of view on the No. 1 
0.9 m telescope was generally too small to contain the full 
extent of most Virgo galaxies of interest, for the one object we 
did manage to observe (NGC 4651), a value A(log D) = +0.01 
was derived. Clearly, accurate surface photometry of nearby 
galaxies is of considerable importance for the distance-scale 
problem. A program to obtain such photometry has recently 
been initiated by Pierce and Tully (1984), and we await with 
interest the fruition of this work. 

V. DISTANCE MODULI AND HUBBLE RATIOS TO 10 
GALAXY CLUSTERS 

a) Possible Sample Bias 
In Figure 4 we present the IR/H i diagrams for our 10 

galaxy clusters. Reasonably well-defined relations are apparent 
in all 10 cases. Before deriving distances, however, we need to 

TABLE 4 
Slope of the Linear IR/H i Relation in 12 Clusters 

Cluster -b M N 

Pisces   
A400    
A539   
Cancer    
A1367   
Coma    
Z74-23   
Hercules  
Pegasus   
A2634/66 ... 
Virgo  
Ursa Major . 
Mean2  

10.83 
8.26 
9.62 

10.73 
11.53 
9.86 

13.78 
7.84 
9.99 
7.73 

10.29 
10.53 
10.34 

0.42 
1.12 
1.47 
0.98 
1.11 
0.76 
1.17 
1.18 
0.80 
1.03 
0.68 
0.43 

0.97 
0.92 
0.87 
0.87 
0.87 
0.94 
0.93 
0.85 
0.89 
0.87 
0.94 
0.97 

20 
7 
9 

22 
20 
13 
13 
11 
22 
11 
16 
24 

a Weighted by galaxy number in each cluster. 

address a number of potential problems which could lead to 
bias in the results. These include curvature in the relation, 
Malmquist error, H i signal-to-noise and flux effects, and the 
surface brightness differences already discussed. We will find 
that only the first of these problems requires explicit attention. 

i) Curvature Effect 

The IR/H i relation is nonlinear, an effect easily visible, for 
instance, in Figure 2 of Aaronson et al (1982h). Because of the 
restricted sample size, the curvature is less obvious for the data 
in Figure 4 here, but its presence is clearly indicated by the 
results in Table 4. There we list the slopes obtained by applying 
linear least-squares fits to the individual cluster relations. The 
mean slopes range from a low of 7.7 for A2634/66 to a high of 
13.8 for Z74-73, but generally fall near and have an average 
close to the fiducial value of 10.3 However, there is a clear trend 
with cluster redshift, such that the more distant systems tend to 
have shallower slopes. This is precisely the effect expected from 
a curved relation, because, as we advance in redshift, the 
brighter, right-hand side of the IR/H i diagram (i.e., the side 
having log AF > 2.5) becomes increasingly more populated 
relative to the fainter, left-hand side (see Fig. 4). 

In the past, we have always employed a linear IR/H i rela- 
tion. This has led to acceptable results because in our earlier 
work we have generally evenly populated the IR/H i plane, so 
that the effect of residual curvature was more or less canceled 
out. It is clearly necessary here, however, to explicitly account 
for the effect so that a distance bias is not introduced. 

We have two choices at this point. The curvature is no doubt 
due partially to the increasing influence of nonrotational 
support in galaxies of smaller mass. We might apply, then, a 
velocity dispersion correction following, for instance, the 
scheme of Bottinelli et al (1983). Unfortunately, the amount of 
noncircular motion required to fully “straighten out” the 
IR/H i relation seems larger than actual dispersion measure- 
ments indicate (e.g., Lewis 1984; Richter and Huchtmeier 1984; 

3 We note that the mean slope in the blue luminosity/line width relation 
obtained from our cluster data is — 6.5. This value is intermediate between the 
slopes of —5 and —7.2 found in the recent work of Bottinelli et al. (1983) and 
Richter and Huchtmeier (1984), respectively. It is considerably less, however, 
than the slopes of —10 to —13 obtained in several studies by Rubin and 
collaborators (Rubin, Burstein, and Thonnard 1980; Rubin et al. 1982). 
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Fig. 4.—{a-j) Infrared magnitude/H i velocity-width relation for the 10 galaxy clusters in our sample 
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Tully and Ponqué 1985; Skillman 1985). Furthermore, Bothun 
et al. (1984h) have suggested that a dependence of metallicity 
on disk luminosity can also contribute to curvature in the 
relation. Hence, it does not seem to us that a dispersion correc- 
tion can be unambiguously applied. 

Alternatively, we take a strictly empirical viewpoint and 
choose to adopt a quadratic form of the IR/H i relation, that is, 
a form given by 

Habs = a + b(\og AV - 2.5) + c(log AV - 2.5)2 . (3) 

Such an expression has already been investigated for the 300 
galaxy Local Supercluster sample by AHMST. We shall adopt 
directly from their Table 3 the coefficients b = —11.18 and 
c = 7.5, values which take explicit account of the Virgocentric 
velocity field. 

In Figure 5 we compare the quadratic IR/H i relation with 
the linear relation of slope 10 used in our previous efforts. It 
can be seen that the two calibrations are closely similar over 
most of the range of interest, diverging significantly only at the 
high and low velocity width ends. We stress that outside the 
velocity-width limits shown in Figure 5, the IR/H i relation 
remains ill defined and should be applied only with very great 
caution. 

The moduli obtained using equation (3) are typically larger 
by <0.1 mag than those derived with our former relation. For 
a sample that evenly populates the IR/H i plane, this difference 

log [aV|q(0)-2.5] 

Fig. 5.—A comparison of the quadratic and linear forms of the IR/H i 
relation. The relative zero points were determined using the three calibrating 
galaxies in Fig. 7. The two curves differ significantly only at very small and 
very large velocity widths, where coincidentally the empirical form of the 
relation remains ill defined. 

is a reflection primarily of the steeper slope in the linear term 
(—11.18 versus —10), rather than the presence of the quadratic 
term per se. This point was discussed in both Paper I and 
Paper IV, where it was noted that ignorance of the exact slope 
in the IR/H i relation leads to a small, ~0.1 mag uncertainty in 
modulus. A similar result was found by Sandage and 
Tammann (1984h) in their reanalysis of our earlier data. 
Although these authors consider the effect important, this 0.1 
mag ambiguity is rather negligible in comparison with the very 
much greater uncertainty in distances to the nearby calibrating 
galaxies, a point discussed further below. 

Richter and Huchtmeier (1984) have recently explored inter- 
play between the slope, zero-point, and derived moduli using a 
blue luminosity/line-width relation. Curiously, these authors 
find a much larger dependence of final distance on slope (their 
Table 6) than is obtained either by us or by Sandage and 
Tammann (1984h) in the infrared. The reasons for this are not 
entirely clear to us, but it may involve the fact that Richter and 
Huchtmeier’s Local Group calibrating galaxies are dominated 
by low-luminosity, small line width objects, while their more 
distant groups are more weighted by higher luminosity, large 
line width systems. In particular, the interplay between slope 
and zero point is determined by the degree to which the cali- 
brating galaxies are uniformly distributed in the IR/H i plane, 
and the net effect on distances will depend on this as well as on 
the similarity in loci between the object and calibrating gal- 
axies. In order to minimize the slope dependence (and for that 
matter, to control any hidden systematic errors), it is clearly 
desirable to populate the IR/H i diagram in as uniform a 
fashion as possible. 

ii) Magnitude Selection 
A second potential bias to consider is the familiar Malm- 

quist effect, which has undoubtedly plagued much past dis- 
tance work. Fortunately, with clusters we confine ourselves to 
a sample which is basically volume- rather than magnitude- 
limited, allowing us to circumvent the problem. To test explic- 
itly for Malmquist selection, we have in each of our cluster 
samples searched for a relation between velocity and velocity 
width (cf. Paper III; Roberts 1978). In no case was a significant 
trend found. 

There is another magnitude selection effect that we should 
consider. Since the width of the IR/H i relationship is finite, 
our moduli could still be biased, because in any given cluster 
we take a horizontal (or magnitude) cut through the data 
rather than a perpendicular one. The amount of prejudice 
introduced by this effect is related to both the scatter of the 
IR/H i relation (which is small) and the depth in magnitude to 
which the relation is sampled. We can see in Figure 4 that the 
sampling is sufficiently deep in all of our clusters to yield a 
clear relationship, minimizing the possible bias. Furthermore, 
over the sampling depth in each cluster our standard candles 
are H i- and not magnitude-selected. We believe that this con- 
sideration eliminates any need for the sort of correction being 
discussed. 

Our contention that magnitude-selection problems can be 
ignored with the present sample is supported by the results 
obtained in § VII, where (after correcting for the appropriate 
Local Group motion) we find no significant correlation 
between cluster redshift and Hubble ratio. Indeed, our four 
lowest redshift clusters (Pegasus, Cancer, Pisces, and Z74-23) 
are sampled as deep in magnitude and velocity width as the 
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Virgo fiducial, yet show little mean difference in Hubble ratio 
from the remaining, less well-sampled systems.4 

ni) H i Signal-to-Noise Ratio 

The next problem to address concerns the fact that the 
signal-to-noise (S/N) ratios of our H i profiles generally 
decrease with increasing redshift. If our derived velocity widths 
are sensitive to S/N ratio in a systematic fashion, the resulting 
distances would also be so biased. 

Fortunately, the effect of noise on H i profiles has been 
extensively investigated by Lewis (1983) via Monte Carlo simu- 
lations. The basic results for maximizing and minimizing algo- 
rithms (i.e., those which determine the line width by working 
from the outside in or from the inside out) are summarized in 
his Tables 2 and 3. These results clearly show that, in contrast 
to maximizing procedures, minimizing ones are very insensi- 
tive to degradation of the H i profile. For instance, starting 
with a fiducial profile having an S/N ratio of 57 (using the 
Lewis convention), the 20% line width AF2o 

was found to 
decrease by only ~0.4% down to a level of S/N ~ 7. Curi- 
ously, AF2o appeared slightly more stable against noise in the 
minimizing tests than either AF5o or AF75. In any event, since 
S/N ~ 7 for Lewis (1983) corresponds roughly with the cutoff 

4 We make passing note of two recent studies by Teerikorpi (1984) and 
Bottinelli et al. (1985) discussing the Malmquist effect and the luminosity/line 
width relation. We certainly agree with those authors that for magnitude- 
limited samples of field galaxies the problem needs to be dealt with. We are 
puzzled, however, by Bottinelli et u/.’s discussion of the paper by Bothun et al. 
(1984a), where we attempt to apply the IR/H 1 method to a sample of field Sc I 
spirals. Bottinelli et al. imply that because the corrected Bothun et al. data still 
exhibited a correlation between Hubble ratio and distance (though we are not 
able to reproduce as steep a dependence as they show), our adjustment for 
Malmquist effect was too small, and the derived H0 value too large. In fact, 
since the correction we used is equivalent to a simple zero-point shift, it will 
not alter any Hubble ratio-distance trend. The same comment may apply to 
the similar claim by Sandage and Tammann (1984c, 1985) that the Bothun et 
al. results are undercorrected for Malmquist bias, although we are unsure of 
this, since the reference they cite is not yet available. In any event, we empha- 
size that the primary purpose of the Bothun et al. study was to demonstrate the 
lack of environmental influence on the IR/H 1 relation. We note that it is likely, 
however, that the isophotal diameter problems discussed in this paper also 
affect the Bothun et al. results. 

S/N level used here, and because, further, our velocity width is 
defined at the 20% level via a minimizing algorithm, we con- 
clude that S/N bias is unlikely to be present in our data set. 

iv) HI Flux 
To test whether the increasingly more severe H 1 flux limit 

could cause a bias with distance, we tested an additional term 
in equation (3). This correction was proportional to the H 1 
flux excess relative to a Yirgo/Ursa Major galaxy of the same 
velocity width. In 200 galaxies with known distances relative to 
Virgo (Aaronson et al 1982h), we found no significant depen- 
dence on H i flux as a second parameter. Significant bias in 
distance from this cause can be ruled out. 

We emphasize that this test is distinct from the one per- 
formed by AHMST. Aside from a quadratic form these authors 
considered a number of possible second-order corrections to 
the IR/H i relation, including surface brightness, morphologi- 
cal type, and H 1 flux. However, all of these “ improvements ” 
are in fact highly correlated. In the test employed here, we have 
considered whether the H 1 flux can be used as a third-order 
correction, after allowing for the more dominant second-order 
effect via the quadratic velocity-width term. 

v) Surface Brightness 
While the surface brightness effect in Figure 1 results in an 

underestimate of distance with the (H, ZH) method, there is no 
a priori sense in which distance from the IR/H 1 method is 
biased, because any linear combination of magnitude and 
diameter changes can alter E. However, it is possible to test 
empirically whether and how a differing surface brightness 
leads to an altered location in the IR/H 1 diagram by examin- 
ing correlations of residuals within the clusters themselves. 
That is, for every galaxy we can determine the residual in 
//-magnitude from the best fit of equation (3) to each cluster 
and compare this with the corresponding surface brightness 
residual. The result of applying this test to our 10-cluster 
sample is shown in Figure 6. 

The residuals weakly correlate, and a least-squares fit to the 
data in Figure 6 yields a slope of 0.3. The trend is such that at 
fixed velocity width, lower surface brightness galaxies tend to 
fall below the mean fit IR/H 1 relation. We could now in prin- 

Fig. 6.—A plot of the H-magnitude residual AH about the mean quadratic IR/H 1 relation against surface brightness residual AXH ( = Xobs — Epred; cf. Fig. 1) for 
the 10-cluster sample. Both quantities are determined at fixed velocity width. The sense of the weak trend is such that galaxies at constant width having lower surface 
brightness are underluminous at H. Hence, any bias introduced into the IR/H 1 relation by the trend in Fig. 1 is likely to be toward larger distances. 
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ripie correct for the bias in Figure 1 by including an additional 
expression in equation (3) of the form 0.3(Eobs — Epred). The net 
effect of such a term (which we again emphasize is distinct from 
the AHMST correction) would be to decrease the moduli of 
our more distant clusters by ~0.1 mag. We have chosen to 
forgo this potential improvement because we consider the 
effect only marginally established (the correlation coefficient in 
Fig. 6 is just 0.38). Again, we will ultimately find little difference 
in mean Hubble ratio for clusters having small and large values 
of <£obs — £pred>. We emphasize, however, that the trend in 
Figure 1 appears such as to bias our results toward lower 
values of H0. 

b) Absolute Calibration 
We seek now to find a value of the constant a in the expres- 

sion 

Hci^s
5 = a- 11.18[log AFc

2O(0) - 2.5] 

+ 7.5[log AFc
2O(0) - 2.5]2 . (4) 

A number of important developments have occurred since our 
discussion of this topic in Paper IV, although the overall situ- 
ation remains probably as confused and controversial as ever. 
Perhaps the most significant new result comes from Freed- 
man’s (1985) BVRI Cepheid observations in M33, which yield 
a preliminary true modulus of ~ 24.1 mag. These observations 
seem to demonstrate both the presence of internal reddening 
and the existence of scale errors in the older photographic 
photometry of Hubble and Sandage. Sandage and Carlson’s 
(1983) proposed increase in the M33 modulus to 25.35 mag 
and the implications which follow therefrom must now be 
largely discounted. Freedman’s data show that the M33 Cep- 
heids are on average internally extincted by Av ~ 0.6 mag, and 
it seems clear that future Cepheid and brightest supergiant 
observations must pay careful attention to such absorption 
effects. 

For the present purpose, we shall derive a calibration based 
on recent H band and CCD observations of Cepheids to three 
galaxies—M31, M33, and NGC 2403. We regard these results, 
though still in a preparatory stage, as having greater reliability 
than other methods. In particular, as discussed by McGonegal 
et al. (1982), IR photometry minimizes extinction, metallicity, 
and variability effects. However, even for comparatively 
nearby galaxies such as M31, these advantages are perhaps 
offset by crowding problems and lack of detector sensitivity. 
Currently, the / band CCD observations probably yield the 
most trustworthy moduli. Nevertheless, metallicity dependence 
in the Cepheid P-L relation from intrinsic (i.e., stellar interiors) 
causes remains a source of concern. 

The zero-point derivation is summarized in Table 5 and 
Figure 7. For M31 we adopt a modulus of 24.12 mag from 
Welch et a/’s (1985) H band Cepheid observations in Baade’s 
fields I-III, with an infrared P-L relation calibrated from Cald- 
well (1983). For M33, McAlary and Welch (1985) report a 
modulus of 24.17 mag, again using the Caldwell calibration. 
With the identical data, but using an IR P-L relation deter- 
mined instead with, in our opinion, a less reliable calibration 
from Fernie and McGonegal (1983), Madore et al. (1985) 
obtain an M33 modulus of 24.3 mag. Combining these results 
with Freedman’s (1985) M33 modulus of 24.1 mag leads us to 
adopt an M33 modulus of 24.17 mag. 

We note that with the Caldwell (1983) scale the IR Cepheid 
photometry leads to a Large Magellanic Cloud modulus of 

TABLE 5 
Preliminary Zero-Point Calibration of the 

Quadratic IR/H i Relation 

m — M Hci^s
5 a 

Galaxy (mag) (mag) (mag) 

M31   24.12a -23.21 -20.92 
M33   24.17b -19.79 -20.94 
N2403   27.5C -21.05 -21.29 
Mean   ... ... -21.05 + 0.12 

a Adopted from Welch et al. 1985. 
b Adopted from McAlary and Welch 1985; Freedman 1985; 

and Madore et al. 1985. 
c Adopted from Madore and Freedman 1985. 

18.5 mag (see McAlary and Welch 1985), which is the same 
distance assumed by Freedman (1985) in her work. Such a 
result is identical with the LMC modulus recently advocated 
by Feast (1985). The Feast number is itself based on the 
average of a variety of methods (which do not, however, 
include the IR Cepheid measurements), into which endemic 
problems with galactic open cluster main-sequence fitting (and 
in particular the Hyades modulus) enter with very little weight. 

Finally, for NGC 2403 we adopt a modulus of 27.5 mag, a 
result which comes from new CCD observations of Madore 
and Freedman (1985) for a dozen Cepheids. While this distance 
is close to the original Tammann and Sandage (1968) value, it 
is substantially less than that found from the J (1.2 fim) band 
Cepheid observations summarized by McAlary and Welch 
(1985). However, both Madore (1985) and the present authors 
regard the latter result, based on generally poor-quality obser- 
vations of only five stars, with very low weight, owing to the 

Fig. 7.—Adopted absolute calibration of the quadratic IR/H i relation 
based on modern infrared and CCD measurements of Cepheids. 
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difficulties with photometry in distant systems alluded to 
earlier. With our three adopted distances, a zero point of 
a = —21.05 mag directly follows.5 

Two alternative zero-point calibrations are shown in Figure 
8. These are based on the (older) Sandage-Tammann local 
scale (Fig. 8a) and the de Vaucouleurs local scale (Fig. Sb) (see 
§ I Va of Paper IV for an explicit listing of the specific 
distances). We refer to Figure 8a as the “older” Sandage- 
Tammann scale because it does not include the aforemen- 
tioned larger—but probably incorrect—M33 modulus of 
Sandage and Carlson (1983), or the larger M81 modulus used 
by Sandage and Tammann (19846). Note that our adopted 
zero point in Figure 7 falls intermediate between the two in 
Figure 8 (which differ from each other by 0.65 mag), but closer 
to the de Vaucouleurs scale. 

It should be clear that the situation with regard to local 
distances is by no means closed. For instance, while we regard 
the Figure 7 zero point with higher weight than either of those 
in Figure 8, the considerable scatter seen in the infrared P-L 
relations for M31 and M33, a result almost certainly of crowd- 
ing problems, is nonetheless disturbing. Even so, the excellent 
agreement between the IR and CCD distances to the M33 
Cepheids suggests that there are no hidden systematic errors in 
at least the M33 in%ared photometry. 

5 Sandage and Humphreys (1980) have called into question the use of M33 
as a suitable IR/H i calibrator, owing to their claim of the presence of a severe 
inner warp in the disk. However, in Paper IV we have argued against the 
reality of such a warp because of the lack of any apparent distortion in avail- 
able high-resolution H i maps. Recently, Maucherat et al. (1984) performed 
careful optical surface photometry on M33 and have concluded that there is 
indeed no severe inner warping. In particular, they find the zero-age popu- 
lation component to be perfectly fitted by a logarithmic spiral. They also find 
that the wider, older part of the stellar arms are systematically displaced 
outward from the zero-age component (but lie nevertheless in the same plane), 
an effect which apparently led Sandage and Humphreys to propose the spu- 
rious inner warp. Hence, there seems to be little reason now to doubt the 
validity of M33 as a calibration galaxy. 

There are, however, other indications which suggest that our 
adopted zero point might still be readily pushed in either direc- 
tion. For example, there is at present an outstanding discrep- 
ancy between the distances to galactic clusters containing 
Cepheids obtained from main-sequence fitting and those 
derived from Hß photometry (e.g., Schmidt 1984; further con- 
firmed by Balona and Shobbrook 1984), in the sense that the 
latter gives smaller distances by ~0.3 mag. Curiously, the 
resulting differences on the extragalactic Cepheid scale are not 
so large when broad-band optical observations are employed 
(e.g., Feast 1985), but they become substantial when applied to 
calibration of the infrared P-L relation. For instance, 
Schmidt’s (1984) Hß measurements lead to an LMC modulus 
of 18.51 mag using the optical data, but only 18.17 mag with 
the IR photometry (versus the earlier-quoted 18.5 mag from 
the Caldwell main-sequence distances). This latter result is, 
interestingly enough, in excellent concurrence with the LMC 
modulus of 18.2 mag obtained by Schommer, Olszewski, and 
Aaronson (1984) from main-sequence fitting. A short 
(<18.5 mag) modulus is further supported by new LMC work 
on RR Lyrae stars by Walker (1985) and on Mira variables by 
Menzies and Whitelock (1985). Additional evidence for a 
shrunken galactic scale via a decrease in galactic center dis- 
tance comes from recent studies of globular cluster kinematics 
(Frenk and White 1982) and RR Lyrae stars (Blanco and 
Blanco 1985). The moral here seems to be that major problems 
exist with the galactic Cepheid scale which require sorting out. 

On the other hand, in contrast to the above results, which 
generally imply an even more contracted universe, there are 
the new distances to M31 and M33 obtained by Mould and 
Kristian (1985) using the luminosity of the first giant-branch 
tip in the halo components of these galaxies. These authors 
find moduli of 24.4 + 0.2 for M31 and 24.8 ± 0.2 for M33, 
values which are in almost precise agreement with those on the 
(older) Sandage-Tammann scale used in the construction of 
Figure 8a! We also note the recent nova modulus to M31 of 
24.35 + 0.2 mag found by Cohen (1985) from an improved 

Fig. 8.—Two alternative zero-point calibrations, based respectively on {a) the (older) Sandage-Tammann local distance scale and (b) the de Vaucouleurs local 
distance scale. The two zero points differ by 0.65 mag. The adopted calibration from Fig. 6 lies between the two, but closer to the de Vaucouleurs scale. 
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TABLE 6 
Mean Distance Moduli and Hubble Ratios 

A(m-M) <E)/<r> <T/r> 
<jn — M'y o Virgo <r> (km s 1 (km s 1 

Cluster (mag) (mag) (mag) (Mpc) Mpc-1) Mpc“1) 
(1) (2) (3) (4) (5) (6) (7) 

Mean 
H0

a 

(km s 1 

Mpc-1) 
(8) 

Mean 
Fb . 

(km s "1) 
(9) 

MWB 
AFC 

(km s"1) 
(10) 

Corrected 
H0 (km s 1 

(Mpc-1) 
(11) 

Pisces   
A400  
A539   
Cancer... 
A1367  
Coma  
Z74-23 ..., 
Hercules .. 
Pegasus.., 
A2634/66 . 
Virgo   
Mean  

33.59(0.09) 
34.55(0.14) 
34.89(0.12) 
33.82(0.15) 
34.35(0.11) 
34.51(0.10) 
34.25(0.15) 
35.25(0.13) 
32.97(0.14) 
34.65(0.10) 
30.82(0.12) 

0.39 
0.36 
0.35 
0.71 
0.49 
0.34 
0.55 
0.43 
0.64 
0.34 
0.49 

2.77(0.15) 
3.73(0.18) 
4.07(0.17) 
3.00(0.19) 
3.53(0.16) 
3.69(0.16) 
3.43(0.19) 
4.43(0.18) 
2.15(0.18) 
3.83(0.16) 

52(2) 
81(5) 
95(5) 
58(4) 
74(4) 
80(4) 
71(5) 

112(7) 
39(3) 
85(4) 

14.6(0.8) 

101(4) 
88(6) 
90(5) 
82(6) 
87(4) 
87(4) 
85(6) 
99(6) 

104(7) 
103(5) 
74(5) 

103(4) 
98(7) 
91(6) 
83(4) 
90(5) 
92(4) 
84(5) 
97(5) 

111(6) 
102(4) 

102(3) 
93(4) 
91(4) 
83(4) 
88(3) 
90(3) 
85(4) 
98(4) 

108(5) 
103(3) 

94(3) 

5323(58) 
7559(90) 
8622(123) 
4809(89) 
6538(73) 
7158(45) 
5996(153) 

10962(97) 
4224(78) 
8749(115) 
1073(38) 

-490 
-243 

72 
325 
392 
255 
280 

-20 
-559 
-581 

290 

92(3) 
90(4) 
92(4) 
88(4) 
94(4) 
93(3) 
89(4) 
98(4) 
93(4) 
96(3) 
93(6) 
92(1) 

Note.—Numbers in parentheses are standard deviations of the mean. 
a Mean of cols. (6) and (7). 
b Mean of col. (5) multiplied by col. (8). 
c Correction to col. (9) for Local Group motion toward the dipole anisotropy. The Virgo correction is for Local Group motion within the Supercluster 

only. 

Galactic calibration. However, even a modest (and probably 
required) correction for internal absorption in M31 would 
reconcile this distance with our adopted value. Clearly, it 
cannot be emphasized enough that much work remains before 
an unassailable calibration of the IR/H i relation is at hand. 

c) Distances and Hubble Ratios 
Listed in column (11) of Table 2 are absolute //-magnitudes 

calculated from equation (3) above using the zero-point coeffi- 
cient a = —21.05 mag from Table 5. Columns (12) and (13) 
contain the corresponding distance moduli and distances. An 
individual Hubble ratio for every galaxy, obtained by dividing 
the velocity in column (4) by the distance in column (13), is 
given in column (14). 

The mean results for each cluster are tabulated in the first 
part of Table 6. Column (2) there gives the average of the 
moduli from column (12) in Table 2, and the 1 a dispersion of 
this average is listed in column (3). The relative distance 
modulus of each cluster with Virgo is given in column (4). The 
average cluster distance <r> is in column (5), and the Hubble 
ratio obtained by dividing the mean cluster redshift <F> in 
column (6) of Table 1 by <r> is in column (6). Finally, column 
(7) of Table 6 gives <F/r), the mean of the individual galaxy 
Hubble ratios from column (14) of Table 2. The results for 
Virgo listed at the bottom of the table are derived from the 
data in Aaronson et al. (1982h). Also, the standard deviation of 
the mean is given in parentheses after each entry, excluding in 
all cases the unknown zero-point error of the calibration, and 
hence reflecting only the observed scatter of the data for each 
cluster. 

The 1 a scatter of the cluster IR/H i relations are generally 
seen to be in the range 0.35-0.50 mag, consistent with the 
canonical a ~ 0.45 mag (Paper IV). The scatter is, however, 
found to be rather larger for three clusters—Cancer, Z74-23, 
and Pegasus. In the first two cases this increased scatter 
appears to be a result of true clusters not being present. The 
structure of Cancer has been investigated in detail by Bothun 
et al. (1983), who describe this system as “an unbound collec- 
tion of groups.” These authors divide Cancer up into five 

major subgroups which they label A-E. In Table 2 after each 
Cancer galaxy name we have listed in parentheses the sub- 
group to which the object belongs, and in Figure 9a we have 
plotted the mean of the subgroup moduli from Table 2 against 
the mean subgroup velocities from Table 2 of Bothun et al. 
(1983). A clear relation is present between subgroup distance 
and velocity, confirming the conclusions of Bothun et al. (1983) 
that Cancer consists of separate clumped structures. 

A similar situation appears to hold for Z74-23. The velocity 

35.0 

34.5 

34.0 
<m-M> 

33.5 

33.0 

35.0 

34.5 
<m-M> 

34.0 

33.5 
3000 4000 5000 6000 7000 

Radial Velocity (km s') 
Fig. 9.—Mean distance modulus plotted against radial velocity for five 

subgroups in the Cancer cluster (a) and three subgroups in cluster Z74-23 (b). 
These diagrams confirm the impression from radial velocity studies that both 
“clusters” are really composed of unbounded substructures strung out in 
space. 

a) Cancer ' C(4) i r 

E(3) A®> 

Í * 

B(3) 

0(4) 

H 1 h- 
b)Z 74-23 (4) 

4* 

(3) 
(6) 

I 
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histogram of this system is in fact divided into three well- 
defined clumps roughly centered at 4500, 6000, and 
7000 km s-1. In Figure 9b we have plotted the mean moduli 
from Table 2 for the galaxies in each clump against the mean 
clump velocity, and a significant correlation is again present. 

The large scatter seen for Pegasus is unexpected. However, 
depth effects may once again contribute some of this scatter, 
since there is some correlation between distance modulus and 
velocity for the individual spirals. In particular, several of the 
higher redshift objects may belong to the background Perseus- 
Pisces Supercluster (e.g., Richter and Huchtmeier 1982) rather 
than to Pegasus I proper. Pegasus also has a large fraction of 
objects of small velocity width, and there is a suggestion from 
Figure 4i here and Figure 2 of Aaronson et al. (1982h) that 
scatter in the IR/H i diagram increases for low-mass spirals, 
possibly because of growing stochastic influence from non- 
circular motions. Indeed, a few of the low-luminosity objects in 
several of our clusters have Gaussian-shaped H i profiles and 
inclinations which may not be well determined. It may be argu- 
able whether such systems should even be included in the 
sample, although their presence does not seem to introduce 
any clear distance bias. 

In two more of our other clusters, Hercules and A2634/66, 
some correlation is again found between the individual moduli 
and radial velocities. Note that for these and the three afore- 
mentioned systems, the dispersion in < F)/<r) is larger than for 
<F/r>, which is expected to occur only if we are viewing 
objects that are somewhat strung out along the line of sight. 
On the other hand, there is no evidence of any velocity- 
distance trend for the individual cluster spirals in either A1367 
or Coma. These two clusters are embedded in the well-known 
Coma Supercluster, and since many of the objects we have 
observed in them are outlying members, we are likely to be 
sampling part of the supercluster as well. Hence, the absence of 
any well-defined velocity-distance effect suggests that, at least 
at the locations of A1367 and Coma, the supercluster is thin. 

The cluster distances in Table 6 are seen to range from 
Pegasus at ~40 Mpc to Hercules at ~ 110 Mpc. The Hubble 

ratios generally scatter from ~80 to 110 km s-1 Mpc-1, with 
individual errors (again with zero-point uncertainty excluded) 
that are typically ~5 km s-1 Mpc-1. In all cases the cluster 
Hubble ratios exceed that of Virgo at ~74 km s -1 Mpc -1 (see 
Table 6, bottom). In general, the agreement between the 
Hubble ratio calculated from <F)/<r) or <F/r) is quite good, 
even perhaps fortuitously for Cancer and Z74-23 (cf. Fig. 9). 
The two largest discrepancies are for A400 and Pegasus, and in 
both cases this is largely a reflection of the difference between 
the mean cluster redshift and the mean redshift of our observed 
sample (see cols. [6] and [8] of Table 1). 

The velocity histograms for most of our clusters are in fact 
rather broad. In view of this point and the ambiguities 
involved with depth effects discussed earlier, we shall in the 
discussion which follows make use solely of the Hubble ratio 
obtained from the average of the <F)/<r) and <F/r) values. 
This mean ratio is listed in column (8) of Table 6, and the 
redshift corresponding to this mean and the distance from 
column (5) is given in column (9). The mean Hubble ratios are 
shown plotted against these “ compromise ” velocities in Figure 
10a, which graphically illustrates the large scatter of Hubble 
ratios in comparison with the individual errors, a point we take 
up in the next section. 

We note in passing that the relative Virgo-Coma distance 
modulus from column (4) of Table 6 is 3.69 ± 0.16 mag, in 
excellent agreement with the relative modulus of 3.75 ± 0.18 
mag found by Dressier (1984) from the luminosity/velocity- 
dispersion relation for elliptical galaxies. It does not, however 
agree well with Dressler’s alternative relative modulus of 
4.00 ±0.18 mag obtained from the luminosity/Mg index rela- 
tion. While Sandage and Tammann (1984h) attach high weight 
to the mean of Dressler’s two discrepant values, the physical 
basis of the luminosity/Mg index relation is not well estab- 
lished, and we consider its reliability as a valid distance indica- 
tor to be unproved. Other generally low-weight determinations 
of the relative Virgo-Coma modulus have been summarized 
recently by Tammann and Sandage (1985). 

Finally, to assess the possible effect of not applying a cor- 

Fig. 10.—(a) Observed Hubble ratio plotted against radial velocity for the cluster sample. Clusters in the north Galactic cap are plotted as filled circles, clusters in 
the south Galactic cap are plotted as crosses, and the Virgo Cluster is plotted as an open square. Note how the scatter of the data is considerably larger than the 
individual errors. Formal minimization yields a velocity component in close agreement with the 3 K dipole anisotropy, (b) Hubble ratios after correcting the mean 
cluster velocities for the observed dipole anisotropy. For Virgo, a Local Group Virgocentric motion of 290 km s -1 was assumed. 
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rection for inclination i to the observed //-magnitudes, we have 
calculated least-squares fits of i against m — M for members of 
each cluster. No significant correlations were found. (Similar 
fits of i against surface brightness, surface brightness residual, 
and magnitude residual [i.e., Fig. 6] were also examined, but 
with null results.) However, a small dependence of modulus on 
inclination does emerge if the sample is divided into two bins of 
roughly equal size, having z < 70° and z > 70°. The higher 
inclined galaxies then give moduli that are in the mean larger 
by ~0.15 mag, presumably reflecting a small amount of inter- 
nal absorption, but the difference is significant only at the 1 a 
level. Both the calibrators and the cluster objects are about 
uniformly distributed in z, so any possible bias in this regard 
would be very tiny. 

VI. TESTS FOR APPARENT ANISOTROPY IN THE HUBBLE FLOW 

In this section we search for signals in our data that reflect 
deviations from uniform Hubble flow. We first show that the 
scatter in the Hubble ratios of our 10-cluster sample arises 
from a missing velocity component, which we proceed to deter- 
mine formally by x2 minimization. We then have a measure of 
Local Group motion relative to the background frame defined 
by our distant clusters, which can be compared with Local 
Group motion within the Local Supercluster itself (e.g., 
AHMST). Any substantial difference between these two com- 
ponents is presumably caused by a uniform motion of the 
entire Supercluster relative to other nearby clusters and super- 
clusters. 

We next compare our distant cluster Hubble ratios with 
Virgo and thereby obtain a measure of the Local Group’s 
Virgocentric motion, which can be contrasted again with the 
velocity field results of AHMST. Good agreement is found 
between the two independent estimates. 

We emphasize that the analysis in this section is independent 
of scale length, involving only a comparison of Hubble ratios, and 
not an absolute distance scale. Hence, the uncertainty in zero 
point of the IR/H i relation does not enter, and, in fact, any 
arbitrary zero point can be assumed. For convenience we shall 
retain in the discussion below the zero point adopted pre- 
viously. 

a) Local Group Motion Relative to the 10 Cluster Sample 
i) What Might We Expect?—The 3 K Anisotropy 

The search for Local Group motion relative to a scale length 
greater than that of the Local Supercluster is largely motivated 
by observations of the dipole anisotropy in the 3 K microwave 
background radiation. Recent findings in the latter area have 
come into rather good agreement: First, from the dipole-only 
solution of Lubin, Epstein, and Smoot (1983), and using a 
solar-motion correction of 300 sin l cos b, we find a velocity 
vector of F = 586 km s-1 toward a = 10h44 and ô = —2T.5. 
Alternatively, the independent measurements of Fixsen, 
Cheng, and Wilkinson (1983) lead to a vector of 614 km s-1 

toward a = 10h59 and 0= — 24?7. The small difference 
between these two results is within the quoted errors, and is 
therefore not significant. Note that, following the recommen- 
dation of D. Wilkinson, we have used a blackbody temperature 
of T = 2.8 K for these estimates, which brings the Berkeley 
and Princeton results into even better accord than the conven- 
tional T = 2.7 K value (cf. Smoot et al. 1985; Meyer and Jura 
1984; Woody and Richards 1981); the difference leads to a 
dipole velocity that is lower by ~4%. For the following dis- 
cussion, we shall adopt an average dipole vector of 

V = 600 ± 30 km s 1 toward a = 10h5 ± 0h2 and 
Ô = —26° + 3°, or, in Galactic coordinates, toward / = 268° 
and b = IT. 

The present-day value of the 3 K dipole vector is roughly 
twice the magnitude of Virgocentric motion (~300 km s-1) 
found by AHMST and by us (see below), and furthermore lies 
in a direction some 48° away from M87. This difference 
between the dipole anisotropy and Local Group motion within 
the Supercluster is diminished a little if we include the com- 
ponents of the latter motion perpendicular to Virgo measured 
by AHMST, but it still remains substantial. Given the accuracy 
with which the 3 K dipole is known, it seems that the effect 
cannot be fully accounted for by Local Group motion within 
the Supercluster alone. Rather, an additional motion of -300 
km s“1 is required, the direction of which, intriguingly enough, 
is toward our next nearest neighbor supercluster Hydra- 
Centaurus (cf. Shaya 1984; Sandage and Tammann 1984a). 
However, the question remains as to how large a volume is 
partaking of such motion. The fact that the residual points 
toward Hydra-Centaurus is perhaps a hint that the scale size 
involved is that of the Supercluster itself, instead of a much 
larger volume which might extend for instance beyond 
100 Mpc. If so, in addition to Virgocentric velocity, bulk 
Supercluster motion should be reflected in the observed 
Hubble ratios of our 10-cluster sample. The test is a demand- 
ing one, though, because at 6000 km s “1 we are searching for 
only a 5% signal. In the following discussion we shall attack 
the problem using three separate methods. 

ii) Test 1 : A Graphical Approach 
We will first demonstrate via graphical means that the large 

scatter of Hubble ratios for the 10-cluster sample is explained 
by an unaccounted-for velocity; this will also allow us to 
obtain a better “feel” for the formalized solution presented 
further on. We do so by examining what happens to the scatter 
of the cluster Hubble ratios when a velocity of ÄF = 600 km 
s“1 is applied to the Local Group and allowed to “swing” all 
around the sky. 

Specifically, we compute a figure-of-merit quantity 

M(AV) = £ I ((Hi) -H¡)\, 
i 

where Z/j = (k¡- + AF cos O^/r^ and and rt are the velocities 
and distances from columns (9) and (5) of Table 6, respectively, 
while 0i is the angle between the directed motion A F (set at 600 
km s-1) and each cluster. The results are shown in Figure 11a, 
where we have plotted the normalized quantity 

[M(0) - M(600)]/[M(0) - M(600)max] 

for every 10° step in Galactic latitude and every 20° step in 
Galactic longitude. Hence, the zero crossing in Figure 11a cor- 
responds to those directions in which a 600 km s-1 motion 
leaves the scatter of the cluster Hubble ratios unchanged, while 
above (below) this line the scatter decreases (increases). 

The diagram in Figure 11a shows a single, well-defined peak. 
This implies that, as previously postulated, the large scatter of 
cluster Hubble ratios in Figure 10a is not simply a result of 
random error. In Figure 10a we have distinguished the five 
distant clusters which lie in the northern galactic hemisphere 
from the five which lie in the south, and it is clear that the 
former have Hubble ratios that are systematically smaller. A 
Virgocentric motion will lead to this effect, but we emphasize 
that such motion alone does not account for the scatter in the 
figure. For instance, in units of the adopted zero point, our 
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Fig. 11.—(a) This diagram illustrates what happens to the scatter of cluster Hubble ratios in Fig. 10a when a velocity equal to 600 km s_ 1 is applied to the Local 
Group and “swung” around the sky. The area above (below) the zero crossing is the location of decreased (increased) scatter. The presence of a single well-defined 
peak is an indication that the scatter in Fig. 10a is not random. The error bar is the typical formal uncertainty in a cluster Hubble ratio (i.e., the peak is significant at 
the 14 a level). The cross marks the location of the Rubin-Ford velocity vector (Rubin et al. 1976). (b) Same as (a), with the view rotated 180° and tilted upward 30°. 
The cross marks the location of the velocity implied by the observed dipole anisotropy in the 3 K microwave background, and lies near the peak of the diagram. 

figure of merit M(0) is equal to 69 km s -1 Mpc" ^ or about 20 
times the ~3.5 km s_1 Mpc-1 error of a typical mean cluster 
Hubble ratio (see Table 6). In contrast, a 300 km s-1 Virgo 
directed motion yields M(300) = 46, while the full infall solu- 
tions from AHMST (see below) give M(case 3.1) = 41 and 
M(case 5.1) = 40. By comparison, for the peak in Figure 11a, 
A/max (600) = 20, corresponding to a decrease of ~6 a in the 
scatter over that obtained from the AHMST results alone. 

The cross in Figure 11a matches the location of the velocity 
vector found by Rubin et ai. (1976) in their study of distant Sc I 
galaxies. The size of this motion was 454 km s _1 (not 600), but, 
even so, our data are inconsistent with the Rubin et al. findings 
at the 3 a level. On the other hand, the position of the 3 K 
vector is only ~ 15° from the peak in Figure 11a. This location 
is marked in Figure 11b, which is the same diagram rotated 
180° and tilted upward 30°. 

It may perhaps seem remarkable that we can so adequately 
determine the vector direction with only 10 test particles, 
whose positions furthermore are confined to the Arecibo decli- 
nation range of ~0°-40o. Indeed, we have been somewhat 
fortunate in this regard because three of our clusters lay within 
140-35° of the direction anticenter to the 3 K velocity. These 
three clusters, Pisces, Pegasus, and A2634/66, are the three 
“high points” in Figure 10a, and provide essentially all the 
“ power ” to the results in Figure 11 and below. In addition, the 
magnitude of the velocity vector suggested by our data is in 
fact not well constrained, owing to the positional degeneracy of 
the cluster sample. For instance, we have examined contour 
plots generated by letting AF vary from 300 to 1200 km s_1. 
Over the range 550-950 km s-1, a plateau peak develops as 
tall and wide as that seen in Figure 11. Even at AF = 1050 km 
s- \ the peak is nearly as high, but it is much sharper and there 
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TABLE 7 
The cos A Test for Supercluster Motion 

cos A 
Ked 

(km s"1) 

-0.71 
-0.18 

0.23 
0.38 
0.32 
0.06 
0.15 

-0.31 
-0.73 
-0.86 

213 
-288 
-375 
-487 
-120 
-36 

-364 
628 
276 
546 

Cluster 

Pisces   
A400   
A539   
Cancer ... 
A1367 .... 
Coma   
Z74-23 ... 
Hercules . 
Pegasus .. 
A2634/66 

is much less sky area above the zero crossing, and so from a 
probabilistic standpoint such a high velocity can be excluded, 

iii) Test 2: The cos A Method 
A specific test for bulk motion of the Supercluster has been 

devised by Tammann and Sandage (1985), and it is of interest 
for comparison’s sake to apply it to the present data. First, one 
corrects the observed cluster velocities to those that would be 
measured by an observer at the center of the Virgo Cluster. To 
do this, we adopt a Virgocentric motion of 300 km s-1. Next 
one assumes that by summing over all clusters in the equation 

Ki = h0r- FSuper cos A , 
the second term involving the velocity of the Supercluster and 
the cosine of the angle between the cluster and the assumed 
direction of motion will cancel, so that h0 = [£,• (Fcl = 
1368 km sec-1 (Virgo distance units)- ^ One then defines 

Ked = Ki -K? , 

which is tabulated in Table 7, and plotted against cos A in 
Figure 12. From the slope of the least-squares fit forced 
through the origin, we obtain Kuper ^ 596 + 177 km s-1. This 
is a 3 cr detection of Local Supercluster motion in the assumed 
direction / = 270°, b = 5°. This direction is near the predicted 

location obtained by subtracting a 300 km s-1 Virgocentric 
velocity from the observed 3 K vector, and the size of the 
motion is within 1 cr of the expected velocity of ~460 km s-1 

(see below). 
The reader might compare Figure 12 (where the least- 

squares fit shown has a correlation coefficient of 0.80) with the 
null results in Figures 3 and 4 from Tammann and Sandage 
(1985). Even so, we consider this test a less powerful demon- 
stration than the next one, since the results not only are depen- 
dent on the assumed Local Group motion within the Super- 
cluster, but also presuppose the direction of Supercluster 
motion as well. 

iv) Test 3: A Formal Solution 
The formal approach to the problem is to fit the model 

Vpred = H0r-AV-r 

to the observed redshifts L>bs of the 10 clusters (col. [9] of Table 
6). In the above equation, r is the radius vector to any cluster 
and r is the corresponding unit vector. The fit is accomplished 
by forming the quantity 

10 
z2= I 

i = 1 
(Kbs - Kred)2 

°2v + HlG2
r ’ (5) 

which is then minimized by varying four parameters—the 
vector A F and H0. A program kindly made available by J. 
Tonry was used for this purpose. For oy and <7r, we adopted 
the quoted errors from columns (9) and (5) of Table 6. Note 
also that, while the expansion rate is formally solved for, the 
problem remains scale-free because of the coupling to distance 
in equation (5). 

The solution obtained is AV = 780 ± 188 km s-1 toward 
/ = 255° ± 17° and fr = 18° ± 13°, and lies 15° ± 16° in posi- 
tion and 180 ± 190 km s-1 in magnitude from our adopted 
3K dipole vector of ÀF = 600 ± 30 km s-1 toward 
l = 268° ± 5° and b = 27° + 3°. Hence, the difference between 
the two vectors is not formally significant. The large magnitude 
error (which is in good agreement with the graphical estimate 

Fig. 12.—The cos A test for bulk Supercluster motion (see text for details) 
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made earlier) is again a result of the positional degeneracy of 
the sample. For the interested reader, the covariance matrix of 
the solution is given in the Appendix. We point out here that 
the reduced y1 is ^¡N ~ 1.5/6 — 0.25, implying that our 
adopted distance and velocity errors are too large. This may be 
partially because the effectiveness of averaging together the 
<F)/<r) and <F/r> values from Table 6 is not reflected in 
those errors. Some support for this notion comes from two 
alternative %2 solutions we have obtained. In the first case, the 
mean cluster redshifts from Table 1 were adopted, and in the 
second, each cluster galaxy was individually treated so that a 
solution from 148 rather than only 10 test particles was deter- 
mined. In both instances results similar to our initial solution 
were achieved, but with errors and j1 values roughly double in 
size. 

We have also determined a solution using the YST solar 
motion correction to the centroid of the Local Group (see de 
Vaucouleurs and Peters 1981 for another version of the 
correction). For this purpose, the mean redshifts in column (9) 
of Table 6 require an adjustment which is listed in Table 8. 
From the small size of these corrections we do not anticipate a 
large change, and in fact the new solution yields a velocity 
AV = 728 ± 252 km s~1 toward l = 255° and b = 26°, in com- 
parison with the similarly adjusted dipole vector of F = 616 
km s~1 toward / = 276° and b = 30°. The difference in position 
and magnitude is now 19° ± 16° and 112 + 254 km s-1, and is 
again not statistically significant. 

v) Decomposition of the 3 K Motion 
In view of the above results, we believe the motion giving 

rise to the 3 K anisotropy has now been conclusively detected. 
Furthermore, it appears that the dipole velocity can be under- 
stood as the sum of two principal components, the first due to 
Local Group motion within the Local Supercluster, and the 
second to bulk Supercluster motion as a whole. In this section 
we examine possible decompositions of the 3 K dipole into 
these two components. 

For our purpose we must have independent knowledge of 
Local Group movement within the Supercluster. We begin by 
noting that such motion is itself the potential sum of several 
components. These include, first, the infall velocity to Virgo, 
that is, the motion that results from gravitational attraction of 
the Virgo Cluster at the distance of the Local Group.6 Second, 
there is the peculiar motion of the Local Group itself. Finally, 
there may be rotation of the Supercluster as a whole.7 In what 
follows we shall make considerable use of the AHMST 
analysis, the sole study available which treats the various Local 
Group components separately. 

Specifically, we consider two AHMST solutions, case 3.1 
and case 5.1, which are believed to be minimally biased, and 
which differ only in that the latter (unlike the former) allows 
the Supercluster to rotate. However, we must first adjust the 
AHMST results to the new Virgo redshift used here. To do so, 
we can use Figure 5c from AHMST, which illustrates the 
change in Virgocentric motion as the Virgo Cluster redshift is 
varied over the range 919-1119 km s”1. This figure indicates 
that for a 55 km s-1 increase in redshift we must decrease the 

6 Strictly speaking, one should measure infall to the mass center of the 
Local Supercluster, but we shall assume for the discussion at hand that this 
point is synonymous with the Virgo Cluster center. 

7 Other ordered motions—for example, of galaxy clouds within the 
Supercluster—may also exist, but we assume that these are irrelevant to the 
present problem. 

TABLE 8 
Adjustments to Mean Cluster Velocities3 

Cluster 
AV 

(km s"1) 

Pisces ... 
A400   
A539   
Cancer .. 
A1367 ... 
Coma ... 
Z74-23 .. 
Hercules . 
Pegasus . 
A2634/66 
Virgo .... 

58 
81 
85 
48 

-21 
-39 
-66 
-76 

23 
32 

-40 
1 Using YST centroid solution. 

AHMST motion toward Virgo by (only) 10 km s-1 (the per- 
pendicular components are assumed unaffected). Note that the 
change is so small because AHMST actually detected the 
dipole pattern in the Supercluster velocity field, and their 
results were thus little weighted by the Virgo redshift itself. In 
contrast, the Virgocentric motion derived in Paper III and also 
here further below couples directly with the Virgo radial veloc- 
ity. 

For illustrative purposes, in addition to the two AHMST 
solutions we will consider a third possibility (referred to as 
“case 6”), which simply involves a 300 km s“1 Virgocentric 
motion of the Local Group with no perpendicular com- 
ponents. The three alternative decompositions are summarized 
in Table 9, where we have employed two coordinate systems: 
Galactic coordinates (/, b) and the (x, y, z) system of AHMST. 
In the latter, z points toward M87, and y points roughly 
toward the supergalactic pole. For the interested reader, the 
transformation matrix between (/, b) and (x, y, z) is given in the 
Appendix. 

We should also again consider what happens if the YST 
centroid correction is adopted. The Virgo redshift would then 
become 1033 km s-1, which is close to the value of 1019 km 
s ~1 used by AHMST. We will then assume that use of the YST 
correction would be directly reflected as a change in the pecu- 
liar components of Local Group motion (an assertion which to 
be fully proved requires redoing the AHMST analysis). The 
appropriate corrections to cases 3.1 and 5.1 are Awx = 47 km 
s_1, Awy = 63 km s-1, and Awz = 40 km s-1, and the various 
decompositions obtained after applying these adjustments are 
also listed in Table 9. Because there is little change in relative 
space velocities of the 3 K dipole and Local Group motion 
within the Supercluster, adopting the YST centroid correction 
makes only a very small difference to the resulting bulk Super- 
cluster motion (see Table 9).8 

vi) Discussion 
The results in Table 9 indicate that the motion of the Super- 

cluster probably ranges between 300 and 450 km s_1. The 
directions of motion toward / ~ 270° and fr ~ 0° are roughly 

8 Tammann and Sandage (1985) have also attempted to adjust the AHMST 
results to the YST centroid, but they have incorrectly subtracted rather than 
added 40 km s-1 to the Virgocentric motion, apparently confusing the 
observed velocity of other galaxies with the velocity of the Local Group itself. 
Hence, their statement that the peculiar Local Group motion toward Virgo is 
reduced to an “ insignificant amount ” is wrong, and in fact the significance of 
this component appears to substantially increase with the YST correction. 
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Vector 
Motion 

TABLE 9 
Decomposition of the Dipole Anisotropy3 

VT 
(km s *) 

wlolD 

(km's-1) 
vvlolD 

(kmV1) (km s_1) / 

3 K  

Present work 

Rubin et al. 1976   
Local Group motion within 

Supercluster : 
Case 3.1   

Case 5.1 

Case 6d 

Supercluster motion : 
3K—case 3.1   

3 K—case 5.1    

3 K—case 6   

3 K—Rubin et al. 1976 . 

600 
(616) 

780 ± 188 
(728) 
454 

357 
(380) 
333 

(372) 
300 

404 
(402) 
310 

(307) 
458 

(454) 
857 

268 ± 30 
(315) 
266 

-377 

-65 ±40 
(-18) 
74 ±71 

(121) 
= 0 

333 ± 50 

194 ± 77 

268 ± 30 
(315) 
645 

- 358 ± 30 
(-295) 
-611 

-207 

-143 ± 48 
(-80) 
-141 ±47 

(-78) 
= 0 

-215 ± 57 

-217 ± 56 

-358 ± 30 
(-295) 
-151 

400 ± 30 
(440) 
406 

-144 

321 ± 41c 

(371) 
293 ± 39c 

(343) 
300 ± 40 

79 ±51 
(69) 
107 ± 49 
(97) 
100 ± 50 

(140) 
544 

268° 
(276) 

255 ± 17 
(255) 
163 

285 
(285) 
270 

(271) 
265 

(275) 

27° 
(30) 
18 ± 13 

(26) 
-11 

-4 
(-6) 

5 
(3) 

-2 
(3) 

3 Values in parentheses under main entries are estimated results of using the Yahil, Sandage, and Tammann 1977 centroid 
correction in place of 300 sin / cos b. 

b These are the components of motion in the coordinate system used by AHMST ; z points toward M87, and y points roughly near 
the supergalactic pole. 

c These values have been revised for the new redshift of Virgo adopted since AHMST. 
d See text (not considered by AHMST). 

comparable in the three instances considered. As noted earlier, 
this direction is close (~25°) to the Hydra-Centaurus Super- 
cluster at / ~ 285° and b ~ 25°. In Figure 13 we specifically 
illustrate the decomposition of the 3 K dipole for case 5.1. 

The bulk Supercluster motion is similar in size to Local 
Group motion within the Supercluster itself, which raises an 
interesting point. The most natural explanation of the bulk 
motion involves gravitational attraction of Hydra-Centaurus. 
This supercluster, at a redshift >3000 km s_1, must then 

contain > 4 times the mass of the Local Supercluster. The 
presence of this much matter is by no means clear, at least in 
visible form, nor apparently is it obvious in IRAS source 
counts (Davis 1985). Because of the low Galactic latitude and 
location in the south, there is today little detailed knowledge of 
Hydra-Centaurus; indeed, it was not long ago that Chincarini 
and Rood (1979) recognized the structure as our nearest neigh- 
bor supercluster. Hopp and Materne (1985) appear to have 
found a connecting bridge between the Local Supercluster and 

3K MWB 
V= 600 km s-1 

1=268° 
b = 27° 

\ 
1 
I 
/ 

/ 
/ 

/ 

Fig. 13.—Schematic decomposition of the dipole anisotropy into its principal components: Local Group motion within the Supercluster, dominated by 
gravitational infall toward Virgo ; and bulk motion of the entire Supercluster, the direction of which lies close to the nearby Hydra-Centaurus Supercluster. 
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Hydra-Centaurus. Furthermore, the latter may in reality be the 
tip of a much larger filamentary entity extending through the 
Galactic plane and encompassing the Telescopium-Pavo- 
Indus Supercluster as well (Fairall 1985; Kraan-Korteweg 
1985). This extension, however, runs off toward higher Galactic 
latitudes in a direction relative to Hydra-Centaurus that is 
away from the location of the bulk Supercluster motion indi- 
cated in Table 9. This may not be surprising, though, since 
there are other nearby superclusters (e.g., Perseus-Pisces, 
Coma) which might be expected to have some influence on 
Local Supercluster motion as well, for example, keeping this 
motion from pointing “directly at” Hydra-Centaurus. The 
whole problem requires further study. 

In principle, our data could also be used to measure the bulk 
motions of the 10 clusters in the sample. However, the expected 
typical signal would be only ~350/31/2 ~ 200 km s_1, where 
the additional factor 31/2 is needed because we can only 
observe the one-dimensional component. In practice the test 
cannot be made, owing to the value of reduced x2 < 1 obtained 
earlier. The data do suggest (see Fig. 12) that supercluster 
motions are constrained to values less than 500 km s_1, an 
important result. Unless we have an unusually small bulk 
motion, such a limit is also necessarily implied by the size of 
the 3 K dipole vector itself. Further study of supercluster- 
supercluster interactions is clearly going to provide us with 
valuable information about galaxy formation processes and 
the size and number density of large mass scales in the universe 
(e.g., Shaya 1984; Vittorio and Silk 1985). 

In this regard, it would be particularly important to pin 
down our Local Group motion better relative to various extra- 
galactic frames. Especially useful would be good IR/H i dis- 
tances to the Hydra and Centaurus clusters themselves, since 
this would largely eliminate the aforementioned degeneracy of 
our data introduced by confinement to the Arecibo declination 
range. Unfortunately, the present-day lack of a large southern 
hemisphere radio telescope comparable to Arecibo will hinder 
collection of the high signal-to-noise H i profiles that are 
required (cf. Richter and Huchtmeier 1983). 

Two other recent studies have found good agreement 
between the 3 K dipole vector and Local Group motion rela- 
tive to an exterior Supercluster frame. The first, by Hart and 
Davies (1982), used as a standard candle H i fluxes for a mor- 
phologically similar sample of distant spirals. However, 
these results must be viewed with caution because the authors 
have yet to publish their data. In the second work, de Vaucou- 
leurs and Peters (1984) employ four different distance indica- 
tors for a sample of ~600 nearby galaxies with redshifts 
V < 4000 km s-1. Their estimated uncertainties are compara- 
ble in size to those obtained here. Unfortunately, there is a 
problem in this study in that de Vaucouleurs and Peters have 
chosen to ignore the Virgocentric flow, which must render their 
solutions invalid within 3000 km s_1, although their most 
distant 100 galaxy subset does appear to reflect motion toward 
the microwave background. 

b) The Virgocentric Motion 
By comparing our distant cluster Hubble ratios to that for 

Virgo itself, we can obtain an independent estimate for the 
Virgocentric motion of the Local Group. As already noted, this 
motion is the sum of Local Group peculiar velocity toward 
Virgo and gravitational infall. An important aspect of the latter 
quantity is that it provides a direct and very strong local con- 

straint on the cosmological mass density parameter Q (see 
AHMST and references therein). 

Taking explicit account of the bulk Supercluster motion, we 
can derive an estimate of Virgocentric motion A F from each of 
our clusters, using the equation 

AF = {AH + [F'(cos (/>)/rcl]}/{(l/rVg) - [(cos 0)/rcl]} . 

In this expression, F' is the Supercluster motion which makes 
an angle 0 with the direction of the distant cluster, 6 is the 
angle between Virgo at distance rVg and the distant cluster at 
rcl, and AH is the difference in observed Hubble ratio between 
the two. We have considered two cases. In the first we set 
F' = 0 (i.e., no Supercluster motion) and reproduce the calcu- 
lation of Paper III. In the second, we take the Supercluster 
motion to be 310 km s -1 toward / = 270°, b = 5° (see Table 9). 

The results are summarized in Table 10. Without Super- 
cluster motion, a mean of AF = 287 ± 25 km s_1 is found, 
while allowing the Supercluster to move yields AF = 281 ± 17 
km s-1. The close agreement between the two estimates is not 
unanticipated because, first, our 10 “test particles” are about 
evenly distributed in a great circle around the sky, and, second, 
the Supercluster motion is not large with respect to the cluster 
velocities. Nevertheless, the scatter in A F values is, as expected, 
considerably diminished when the Supercluster motion is 
allowed for. However, the quoted formal errors are obvious 
lower limits which do not, for instance, reflect the observed 
±38 km s-1 uncertainty in the Virgo redshift. This points up 
the aforementioned weakness of the present method compared 
with the AHMST results, which are largely independent of 
Virgo velocity. 

Our estimate of Virgocentric motion nonetheless agrees very 
well with the AHMST findings, which place this quantity 
between 290 and 320 km s“1 (see Table 9). The AHMST 
analysis shows that the motion is dominated not by peculiar 
Local Group velocity but by gravitational infall in the range 
240-270 km s-1, a (small) amount which implies that the uni- 
verse is far from closure density. 

We emphasize that the present results supersede the initial 
study of Paper III based on only four distant clusters, where as 
previously discussed a substantially larger A F value of 
480 ±75 km s-1 had been derived. The decrease in A F of 
~ 190 km s"1 now obtained can be attributed to the following 
four factors: (1) the change in Virgo redshift from Paper II (55 

TABLE 10 
Virgocentric Motion from Relative Cluster 

Distance Moduli 

Cluster 
AFa 

(km s- 
AF2

b 

(km s- 

Pisces   
A400   
A539   
Cancer ... 
A1367 .... 
Coma  
Z74-23 ... 
Hercules . 
Pegasus .. 
A2634/66 
Mean  

345 
249 
239 
153 
260 
285 
200 
382 
373 
378 

294 
241 
250 
188 
289 
290 
239 
369 
310 
338 

287 ± 25 281 ± 17 
a This estimate assumes that the Local Supercluster is 

stationary. 
b This estimate assumes a Supercluster motion of 

F = 310 km s-1 toward l = 270° and b = 5°. 
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; km s_1); (2) the increase in both the quantity (148 galaxies 

^ within 10 clusters instead of 38 within four clusters) and quality 
^ of the cluster data sample (~ 55 km s~x); (3) the diameter cor- 
S rections discussed in § IV (~70 km s_1); and (4) the change 
2 from a linear to a quadratic form of the IR/H i relation 

(~ 10 km s-1). 
One additional estimate of the Virgocentric motion can be 

obtained from the following argument: In the next section of 
the paper we derive a global value for H0 which, in com- 
bination with our Virgo distance, implies a cosmological red- 
shift for the cluster of 1350 ± 75 km s_1. The observed redshift 
of 1073 ±38 km s-1 then immediately leads to 
AV = 277 ± 84 km s-1, in good agreement with the previous 
results. (Note that other recent but low-weight estimates of 
Virgocentric motion can be found in Tammann and Sandage 
1985.) 

Finally, we once again consider the effects of applying the 
YST solar-motion correction to the centroid of the Local 
Group. The principal difference will be to decrease the Virgo 
redshift by 40 km s -1 (see Table 8) to 1033 km s" 2 This will in 
turn increase by ~40 km s-1 the estimates of Virgocentric 
motion derived here to ~ 320-330 km s-1. Similar adjustment 
of the AHMST results leads to values for AV in the range 
340-370 km s"1 (see Table 9). 

To summarize, the available evidence from several differing 
applications of the IR/H i relation suggests a Virgocentric 
motion of ~ 300 km s-1. 

VII. THE GLOBAL VALUE OF THE HUBBLE CONSTANT 

A global value for H0 follows immediately upon correcting 
our distant clusters for the 3 K dipole effect and/or Virgo for 
Local Group motion within the Supercluster. The velocity cor- 
rections are listed in column (10) of Table 6, and the resulting 
Hubble ratios are given in column (11). The latter are plotted 
in Figure 10b, and it can be seen that the scatter in Figure 10a 
has virtually disappeared. The velocity-distance relation for 
the entire 11-cluster sample is illustrated in Figure 14. It is 
again apparent that these data leave little room for non- 
Hubble supercluster motions that are larger than 
~500 kms_1. 

The formal value obtained by averaging the 11-cluster 

Hubble ratios is H0 = 92+1 km s~1 Mpc-1. The zero-point 
uncertainty has of course not been included in the error esti- 
mate. In fact, the Sandage-Tammann calibrators in Figure 8a 
lead to H0 = 74 km s-1 Mpc-1, while the de Vaucouleurs 
calibrators in Figure 8h give H0 = 100 km s-1 Mpc-1, a 
range that can be plausibly interpreted as defining the current 
true uncertainty in the expansion rate. A critical role for the 
Hubble Space Telescope will be to provide Cepheid distances 
for a large sample of nearby galaxies so that a reliable zero 
point to the IR/H i relation can finally be derived. 

Ignoring Virgo for the moment, we note that with our 
adopted zero point the five nearest clusters yield H0 = 91 ± 1, 
while the five most distant ones give H0 = 94 ± 1. This small 
difference could conceivably result from a residual Malmquist- 
like bias, but any such effect is clearly inconsequential. We also 
note that the five clusters with the smallest surface brightness 
residuals from Table 3 (only four of which are among the five 
closest clusters) yield H0 = 93 ± 1, while the five clusters 
having the largest residuals give H0 = 92 ± 2. Again, we find 
no evidence for any substantial bias introduced because of the 
systematic differences in mean cluster surface brightness 
properties. 

Finally, we note the lack of any obvious environmental 
factors. In particular, for the prototypical dense, spiral-poor 
Coma Cluster we find a Hubble ratio of H0 = 93, a value 
essentially identical with the mean of the whole cluster sample. 
For several reasons, we do not consider this result surprising. 
First, as previously noted, our cluster objects (and particularly 
Coma) tend to be weighted by spirals outside the central cores. 
(For Virgo, Tully and Shaya 1984 have in fact made the 
intriguing suggestion that such systems are now just falling 
into the cluster for the first time.) Although evidence does exist 
for H i deficiency in some of our clusters (e.g., Giovanelli 1985; 
Haynes, Giovanelli, and Chincarini 1984; Bothun, Schommer, 
and Sullivan 1984), the effect is found primarily inside the 
central regions. 

As an example, we refer to Figure 1 of Giovanelli (1985), and 
note that there is no difference in Hubble ratio between our 
H i-deficient clusters (Virgo, Coma, and A1367) and nonde- 
ficient clusters (Pegasus, Cancer, Z74-23, and A2151). Perhaps 
more to the point, a search for deficiencies among the specific 

Fig. 14.—Velocity-distance relation for 11 galaxy clusters, after correction for all Local Group streaming motion. The expansion rate is linear to within the 
measurement errors. The outer lines may be taken as a measure of the current acceptable range in H0 arising from uncertainty in distances to nearby calibrating 
galaxies. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
8 

6A
pJ

. 
. .

30
2.

 .
53

6A
 

DISTANCE MODULI AND SUPERCLUSTER MOTION 561 No. 2, 1986 

cluster members used in this paper was undertaken by Bothun 
et al (1985h), with null results. We stress further that to affect 
our distances significantly one must not simply lower the 
gaseous content, but must truncate the H i at a point interior 
to where the galaxy rotation curve would otherwise flatten out. 
Even in Coma, it remains unclear to what extent such a drastic 
process has ever occurred. 

Befor closing this section, we feel compelled to respond to a 
number of misconceptions concerning the luminosity/line- 
width method raised in recent papers by Sandage and 
Tammann. These authors consider the method “ promising but 
not mature.” They emphasize that results obtained in the blue, 
particularly by Richter and Huchtmeier (1984), appear to give 
a small value for the expansion rate. In Sandage and Tammann 
(1984a), the reliability of the infrared data is questioned 
because of the fact that the photometry is obtained by chop- 
ping. Nevertheless, Sandage and Tammann (1984b) argue that 
the IR/H i method also leads to a low expansion rate. Else- 
where (Sandage and Tammann 1984c, 1985), these authors 
again imply that the method is uncertain either because differ- 
ent wavelengths yield different distances, or because treatment 
of the same data by various authors yields differing results (an 
argument which it seems to us can be applied to virtually every 
present-day distance indicator). 

To begin with, there is a major problem with the Richter and 
Huchtmeier (1984) study in that they include galaxies with an 
inclination less than 45°. As discussed by Aaronson, Huchra, 
and Mould (1979), this results in a systematic bias toward large 
distances, probably arising from a tendency to underestimate 
increasingly the inclination of face-on galaxies because of spiral 
arms opening along the minor axis. The effect is easily visible in 
Richter and Huchtmeier’s data : for example, of the 66 Virgo 
galaxies in their Table 2, the 22 having i < 45° yield a mean 
modulus that is 0.49 ± 0.26 mag larger than the mean modulus 
obtained from the remaining 44 galaxies having i > 45°, inde- 
pendent of which of the two calibrating relations offered by 
Richter and Huchtmeier is employed. In view of this point, 
Richter and Huchtmeier’s entire calibration procedure must be 
cast into doubt. 

Using their own calibration, Sandage and Tammann (1984b) 
analyze the Richter and Huchtmeier data and obtain a Virgo 
modulus of 31.66 mag. This value, however, must be decreased 
by ~0.1 mag because of the aforementioned inclination 
problem. With the same set of calibrating distances applied to 
our infrared data, Sandage and Tammann (1984b) derive a 
Virgo modulus of 31.47 mag, which is only ~0.1 mag different 
from the (corrected) result obtained using the blue data. Hence, 
as long as the calibrator moduli are kept the same, there is no 
significant wavelength dependence in the relation. A similar con- 
clusion has been reached by Bottinelli et al. (1984; see also 
Tully and Shaya 1984). However, because of the very large and 
uncertain internal absorption corrections to the blue magni- 
tudes, the IR results must be accorded much higher weight. 

Using the (older) Sandage-Tammann distances quoted in 
Paper IV, the IR data from Aaronson et al. (1982b), and our 
new quadratic form of the IR/H i relation, we derive a Virgo 
modulus of 31.31 mag (which for reasons discussed earlier is 
~0.1 mag larger than the result obtained from the Paper IV 
linear relation). This remaining difference of ~0.15 mag from 
the Sandage and Tammann (1984b) result is due largely to the 
new and anomalously large distances these authors have 
adopted for M81 and especially M33. The point of all this is to 
emphasize that our primary difference with Sandage and 

Tammann rests in the distances to the calibrating galaxies, and 
not elsewhere. In particular, with our preferred zero point from 
Figure 7, we obtain a “best guess” Virgo modulus of 
30.82 mag. 

Now Sandage and Tammann (1984b) go on to derive a 
Hubble constant near 50 by adopting a relative Virgo-Coma 
modulus of 3.92 mag, based not on the IR/H i method, but on 
a variety of other techniques. We believe that this relative 
modulus, which differs from the one here in Table 6 by 0.23 
mag, is too large. In particular, we again note the excellent 
agreement between our own results and the velocity dispersion 
measurements of Dressier (1984). Furthermore, the Virgocen- 
tric motion implied by the larger relative modulus is only 
79 km s-1, or 119 km s-1 if the YST centroid correction is 
used.9 In either case these values are considerably less than 
even Sandage and Tammann’s own stated preference for a 
220 km s ~1 infall, and can only be reconciled by making the 
ad hoc assumption that the cluster velocities in Table 1 are in 
substantial error. 

Finally, we note that Sandage and Tammann’s (1984a) sug- 
gestion of a bias with distance in our results because of 
reference-beam problems is unfounded. First, the variation in 
relative chopper throw does not differ between large and small 
galaxies as they claim, because in making the measurements we 
move from small to large telescopes. In fact, most of the obser- 
vations in this series of papers have been secured with the 
identical large-throw IR photometer, and precisely because we 
look at edge-on spirals, the chopping is in many instances 
completely off the galaxy. Sandage and Tammann’s statement 
to the contrary is again incorrect. Even in the cases when 
reference-beam flux is present, the necessary correction is both 
well determined and small, being typically in the range 0.01- 
0.03 mag, and very rarely exceeding 0.05 mag. 

VIII. SUMMARY 

In this paper we have employed the IR/H i relation to derive 
relative distances to 10 nearby galaxy clusters. We have along 
the way identified and addressed several selection biases in the 
data set. The final cluster Hubble ratios exhibit considerable 
scatter, signifying the presence of an unaccounted for Local 
Group streaming motion. Formal solution leads to a velocity 
in close agreement with the 3 K dipole anisotropy, which can 
now be understood to arise from two principal components— 
Local Group motion within the Supercluster, and bulk motion 
of the Supercluster itself. Both components are ~300 km s-1 

in size. An unassailable value for the expansion rate remains 
beyond our grasp, owing to continuing problems with nearby 
galaxy distances. We believe the best current evidence favors a 
large value for the Hubble constant, H0 ~ 90 km s-1 Mpc-1, 
but the issue cannot be put to rest until after the launch of the 
Hubble Space Telescope. 

It is a pleasure to thank Helen Bluestein for her cheerful and 
diligent typing of several lengthy manuscript drafts. We also 
acknowledge M. Kun for use of computing facilities, and the 
Lotus Corporation for some marvelous software. This study 
was partially supported with funds from NSF grants AST 83- 
16629 and AST 83-06139. 

9 The Supercluster motion has been ignored in these estimates, but this will 
have little effect, since the motion lies in a direction nearly 90° from Coma. 
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APPENDIX 

In § VI we used a four-parameter fit to obtain a solution for Local Group motion relative to the frame defined by our cluster 
sample. So that P. Schechter and other possibly interested readers can see how the various parameters couple, the covariance matrix 
of the solution is given in Table 11. 

Also, for the reader’s benefit we present below the transformation matrix between Galactic coordinates, and the (x, y, z) system 
employed here and by AHMST : 

[x\ 10.73384 -0.64216 -0.22158\ / cos / cos A 
y = 0.67632 0.72123 0.14969 sin / cos M • 

\zj \0.06369 -0.25971 0.96358/ \ sin Z? / 

TABLE 11 
Covariance Matrix 

Parameter Vx Vy Vz h0 

1 -0.46 -0.75 -0.88 
1 0.46 0.42 
  1 0.64 
  ... 1 
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