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ABSTRACT 
An analysis has been made of the Hubble flow for galaxies in the Pisces-Perseus supercluster region using 

the Tully-Fisher (TF) relation in the B band, applied to the sample of Giovanelli & Haynes. The number of 
galaxies, the depth, and the completeness of this sample offer an advantage over previous observations used in 
determination of the Hubble constant beyond the Virgo Cluster. Photographic surface photometry was carried 
out on 155 galaxies to correct for the scale error and establish the zero point of the Zwicky magnitudes, which 
is used in the present analysis. A large data set which contains 1119 galaxies allows us to examine various 
statistical errors caused by the dispersion of TF relations, observational selection effects, and an inhomoge- 
neous spatial distribution of galaxies. We found that full control over the Malmquist bias is essential in deriv- 
ing the result. The recession of galaxies is described well by a universal Hubble constant for all galaxies up to 
a redshift of 10,000-15,000 km s-1, with the exception of those located within 2000 km s-1, for which the 
sample is clearly affected by an inflow. The global value of the Hubble constant is 78.5í^0!’3 km s-1 Mpc-1 

with respect to the cosmic microwave background (CMB) rest frame or 83.2km s-1 Mpc-1 with respect 
to the Local Group centroid. In particular, for the Pisces-Perseus supercluster the Hubble constant is found to 
be 79.9Í9°56 and 86.8íío!i km s“1 Mpc-1, respectively. Full consistency was found with the FT-band Tully- 
Fisher analysis of Aaronson and coworkers for their galaxy sample, and the difference between their value of 
H0 and ours is shown to arise from the Malmquist bias. An extensive study was also made for the sources of 
errors. It is found that the Hubble constant derived from the Pisces-Perseus sample differs from that from the 
Coma Cluster; H0(P-P)/f/0(Coma) = 0.81 ío io in the CMB rest frame. From our error analysis we conclude 
that this discrepancy is significant. This indicates that either the Tully-Fisher relation is not universal or the 
difference in recession velocity is real, all galaxies up to >10,000 km s-1 moving toward the Virgo Cluster 
relative to the Coma galaxies or the Hubble flow being slightly anisotropic. 
Subject headings: cosmology: observations — distance scale — galaxies: clustering — galaxies: distances and 

redshifts — galaxies: photometry 

1. INTRODUCTION 

The Tully-Fisher (TF) relation, a tight relationship between 
the luminosity of a spiral galaxy and its velocity width dis- 
covered by Tully & Fisher (1977), is generally recognized as the 
most promising intermediate-distance indicator. It has 
hitherto been applied to cluster galaxies and to galaxies in the 
local field by many authors to derive the Hubble constant H0, 
using optical and near-infrared wavelengths (Sandage & 
Tammann 1976; Mould, Aaronson, & Huchra 1980; Bottinelli 
et al. 1980; Aaronson et al. 1986; Bottinelli et al. 1986; Sandage 
1988; Kraan-Korteweg, Cameron, & Tammann 1988, here- 
after KCT; Pierce & Tully 1988; Fouqué et al. 1990; Fukugita 
et al. 1991). The great advantage of the TF analysis is that 
distances can be deduced without much resort to subjective 
elements. A controversy, however, remains over the value of 
H0, ranging from ~50 km s-1 Mpc-1 (Sandage 1988; KCT) 
to ~90 km s-1 Mpc-1 (e.g., Aaronson et al. 1986; Fukugita et 
al. 1991). 

1 Postal address. 

61 

The distance to local calibrating galaxies was once claimed 
to be the main source of the uncertainty (Aaronson et al. 1986; 
Sandage & Tammann 1984). Nowadays, however, this uncer- 
tainty has been removed, and the accuracy of the zero point 
can be controlled to within 0.2 mag. Photometric data are in 
general not quite sufficient for clusters beyond the Virgo dis- 
tance. We expect, however, the error caused by photometry to 
be at most 0.2 mag. A conspicuous fact is that contradictory 
results are sometimes derived from the same observational 
data. Aaronson et al. (1986) have applied the infrared TF rela- 
tion to cluster galaxies in Virgo and 10 other distant clusters 
out to 11,000 km s-1, and obtained H0 « 90 km s-1 Mpc-1. 
They also found a bulk motion of the Local Supercluster 
toward the Hydra-Centaurus supercluster. KCT, on the other 
hand, obtained H0 « 57 km s-1 Mpc-1, using the same data 
used by Aaronson et al., and claimed that there was no stream- 
ing motion of the Local Supercluster. This controversy arises 
predominantly from our lack of a proper understanding of the 
selection bias, in particular the Malmquist bias or its variant, 
the cluster population incompleteness bias, in the data: The 
absolute magnitude of galaxies naively averaged over a 
magnitude-limited sample is systematically brighter at a larger 
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^ distance (Malmquist 1922; Teerikorpi 1987). Therefore, 
^ neglecting the effect may lead to a bias toward a higher value of 
S H0, especially for distant galaxy samples. 
^ Aaronson et al. (1986), however, argued that their samples 

do not suffer strongly from the bias and assumed the effect to 
be very small. On the contrary, KCT argued, based on their 
analysis for the Virgo sample, that the intrinsic dispersion of 
the TF relation is much larger than was thought, and the 
sample incompleteness bias for clusters more distant than the 
Virgo is very strong. KCT proposed the prescription that the 
true distance be obtained by fitting the observed galaxies with 
the curve 1-1.4 mag brighter than the central value. Unfor- 
tunately, the Virgo Cluster may have a large depth, and the 
obvious criticism is that the sample used by KCT is contami- 
nated by background galaxies (e.g., van den Bergh, Pierce, & 
Tully 1990). We feel that neither of these two arguments is 
convincing, and that a proper assessment of the bias is neces- 
sary for a correct estimation of the Hubble constant. 

The Malmquist bias can be estimated. For this purpose, 
however, we need a complete magnitude-limited sample, or at 
least a sample for which the completeness is known, so that the 
effect for galaxies not included in the sample is estimated. In 
practice it is also necessary that the sample size is large enough 
to extract a meaningful result from the analysis. There have 
already been a few attempts to estimate the sample incomplete- 
ness bias (Teerikorpi 1984, 1987), and these were made on 
cluster galaxies (Bottinelli et al. 1987). The sample that they 
used, however, did not satisfy the requirements, and their 
analysis for clusters other than the Virgo Cluster did not allow 
estimates of the bias. 

The purpose of the present work is to estimate quantitatively 
the effect of the sample incompleteness bias on the determi- 
nation of the cosmic distance scale both with field and cluster 
galaxies. In particular, we examine the effect in the Pisces- 
Perseus supercluster region (often referred to as the Pisces 
cluster region) with the H i galaxy sample provided by Giova- 
nelli, Haynes, and their collaborators (Giovanelli & Haynes 
1985, hereafter GHI; Giovanelli et al. 1986, hereafter GHMR; 
Giovanelli & Haynes 1989, hereafter GHII) from their survey 
at the Arecibo Observatory (hereafter “ the Arecibo sample ”). 
We treat the sample by clustering it into distance bins. Hence 
our case is virtually what is often referred to as the “cluster 
population incompleteness bias.” In this paper, however, we 
call it simply the Malmquist bias. 

The great advantage of the Arecibo sample is that spiral 
galaxies in the Pisces-Perseus supercluster region (hereafter 
“the P-P region”) of 22h < a1950 < 4h, 21?5 < 01950 < 33?5 
have been almost completely observed to a magnitude limit of 
15.7 mag in the blue band of the Zwicky scheme (GHII). The 
sample contains 1119 galaxies. The survey reaches more than 
100 h"1 Mpc, and the spatial distribution shows a conspicuous 
clustering of galaxies in the 40-50 h~i Mpc region (h = 
H0/100). The size of the sample is large enough to examine the 
effect of sample incompleteness. In these respects the Arecibo 
sample is superior to others. 

However, the major disadvantage of the sample is that it 
lacks reliable photometric data; only the Zwicky magnitude 
(Zwicky et al. 1961-1968, hereafter CGCG) is available for the 
apparent brightness, which is crucial in determining the 
parameters of the TF relation. Various systematic errors have 
been pointed out in the Zwicky magnitude system (e.g., 
Sandage & Tammann 1981, hereafter RSA; Auman, Hickson, 
& Fahlman 1989; Bothun & Cornell 1990). We believe, 

however, that this is not too fatal, if the error of the magnitude 
is smaller than (or comparable to) the intrinsic dispersion of 
the TF relation, and if the zero-point error of photometry is 
sufficiently controlled. In order to look into this problem, we 
have carried out accurate surface photometry for partial sets of 
the Arecibo sample using the Schmidt plates in the B band. We 
found that the magnitude transformation formula from mz to 
Bt proposed by Auman et al. (1989) gives sufficiently accurate 
Bt magnitude for our requirements; the dispersion of the mag- 
nitude error is about 0.25 mag, and the zero-point offset is 0.15 
mag. The dispersion is not intolerably large, since it contrib- 
utes by simply increasing the resulting dispersion of the TF 
relation by 20% or so. The zero-point offset can also be 
improved by using our photometric data directly. With these 
procedures we can extract fairly accurate values of the Hubble 
constant from both the P-P supercluster and field galaxies out 
to > 100 h-1 Mpc in the same region, with proper corrections 
for the sample incompleteness bias over the full distance range. 

Another important point that we examine in the present 
analysis is the issue of large-scale streaming motions in the 
universe. Recently Willick (1990), with the same Arecibo 
sample, studied the peculiar motions of the galaxies in the P-P 
supercluster region using 320 spiral galaxies obtained by CCD 
photometry in the R band, and claimed that the great majority 
of objects, out to a redshift of ~7000 km s_1 have very large 
negative peculiar velocities streaming toward the Local Group, 
while the galaxies located farther away just follow the Hubble 
flow. In any estimation of the streaming motion it is crucial 
that the Malmquist bias is controlled to a sufficient accuracy; 
incorrect estimates of the bias easily lead to residual peculiar 
velocities. In the present paper we examine this problem 
closely and argue whether the result obtained by Willick is 
tenable. 

It is of considerable interest to compare the present result for 
the Hubble constant with that from the Coma Cluster by 
Fukugita et al. (1991), who also made a detailed examination of 
the effect of the Malmquist bias, the point being that the Coma 
Cluster is located in a direction 90° away from the P-P region. 
In such a comparison, however, perhaps the most crucial 
factor is the calibration of photometry. We try to overcome the 
problem by careful Schmidt photometry of these two regions. 
Our analysis suggests that the value of H0 expected from the 
P-P region is smaller than that from the Coma Cluster at a 
level of ~ 10%-20%. 

The outline of this paper is as follows. In § 2 the basic obser- 
vational data of our sample are described. The observation and 
accurate surface photometry made with the Schmidt plates are 
given, and the result is compared with the existing photometric 
data. The problem of the errors of the Zwicky magnitude and 
transformation into a BT magnitude of the RC2 scheme (de 
Vaucouleurs, de Vaucouleurs, & Corwin 1976, hereafter RC2) 
is then studied using surface photometry with sufficient accu- 
racy. The TF relation for the galaxies in the P-P regions is 
obtained in § 3, and the nominal distance modulus and the 
Hubble ratio for each galaxy are derived in § 4 : The problems 
of the sample incompleteness biases and some other biases 
arising from inhomogeneous density distribution of galaxies 
are discussed in great detail. Our central results are presented 
in § 5; the value of the corrected Hubble constant and the 
estimation of its uncertainty are presented. We compare our 
TF result with previous analyses in the literature. The issue of 
the bulk flow in the P-P supercluster is also discussed in this 
section. Finally, our conclusions are briefly summarized in § 6. 
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i 2. DATA 

< 2.1. Arecibo Sample 
S We use the galaxy sample presented by Giovanelli, Haynes, 

and their collaborators (GHI, GHMR, GHII, hereafter collec- 
tively GH) for spiral galaxies in the region bounded by 22h < 
ai95o < 4h and 21?5 < < 33?5. The catalog lists a total of 
1119 galaxies for which 21 cm line spectra have been detected. 
GHI and GHII presented a sample complete for spiral galaxies 
with angular diameter larger than T. The full nominal com- 
pleteness for spirals down to the apparent magnitude of 15.7 
was achieved in their third paper (GHII). The catalog also lists 
some additional galaxies either taken from the IRAS catalog 
or detected serendipitously during their observations. 

To make the sample magnitude-limited, we discard galaxies 
fainter than 15.7 mag. We also discard 13 galaxies which are 
listed in the CGCG under single entries but turned out to be 
multiple objects. This leaves 938 galaxies brighter than or as 
bright as 15.7 mag for our consideration. (The number of gal- 
axies reduced by our sequential selection procedures is sum- 
marized in Table 1.) 

Figure la shows the spatial distribution of the galaxies in the 
present sample, as compared with the distribution of all 
CGCG galaxies (Fig. lb). It is seen that the Arecibo sample 
galaxies are more sparsely distributed than in the CGCG 
sample, in agreement with the observation that early-type gal- 
axies are more clustered (Giovanelli & Haynes 1984). The 
population histogram of the CGCG (1525 galaxies) and the 
Arecibo sample (938 galaxies) for this region is shown in Figure 
2 as a function of the Zwicky magnitude. The completeness 
fraction (solid curve) shows that it is nearly constant (about 
60%-70%) irrespective of the magnitude. The incompleteness 
fraction of about 30%-40% is mainly due to early-type gal- 
axies for which 21 cm line emission was not detected. In fact, 
the UGC (Nilson 1973) contains 68% spirals, 14% SO + SOa, 

TABLE 1 
Number of Galaxies Used in the Present Study 

Selections of the Sample Number 

Giovanelli-Haynes sample 
(all galaxies with H i data)   1119 

Zwicky galaxies (mz < 15.7) selected  951 
Double system excluded   938 
Galaxies with morphological peculiarity/confused 

H i data excluded   881 
Morphology Sa-S/Irr (T = 3-8 in GH) selected   636 
i > 45° selected  461 
Vc = 2000-15,000 km s"1 

and log Avc = 2.35-2.75 selected   393 

8% E + E/S0 and other galaxies in this strip, which are close 
to the “field” value S:S0:E = 65%-70%:23%-15%:12%- 
14% (Postman & Geller 1984). Therefore, we consider that the 
Arecibo survey is nearly complete for spiral galaxies to 15.7 
mag. 

We will use the morphological type classification (T) given 
in the Arecibo catalog. The spiral galaxies of unspecified mor- 
phology (e.g., “ S...” in the UGC) are given T — 5. 

The H i recession velocities with respect to the velocity cen- 
troid of the Local Group with the standard IAU correction 
300 sin l cos b (Haynes & Giovanelli 1984) are further trans- 
formed, when necessary, into the value in the cosmic micro- 
wave background (CMB) rest frame using the dipole of = 
622 km s~1 toward the apex of (/ = 277°, b = 30°) (Smoot et al. 
1991). 

2.2. Surface Photometry for Sample Galaxies 
Haynes & Giovanelli (1984) adopted Zwicky magnitudes for 

the Arecibo sample, correcting for the systematic scale errors of 

in oi 
¿O (b) 

OÎ1950 
Fig. 1.—(a) Spatial distribution of galaxies in the Arecibo sample on the sky. The open circles represent the 461 galaxies with Sa-Sc/Irr morphological types and 

with inclination greater than 45° used to obtain the Hubble constant. The fields enclosed by boxes show the regions for which photographic surface photometry was 
done, (b) Spatial distribution of all galaxies in the CGCG for comparison. 
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Fig. 2.—Number of galaxies in the Arecibo sample as a function of Zwicky 
magnitude (solid-line histogram), as compared with all galaxies in the CGCG 
(dashed-line histogram). The fraction of galaxies in the Arecibo sample to those 
in the CGCG is also shown by a solid curve. 

the CGCG according to Kron & Shane (1976). The Zwicky 
magnitudes suffer from systematic errors as large as 0.3-0.5 
mag, or worse, close to the faint end. In order to correct errors 
to a tolerable level, we performed surface photometry of some 
sample galaxies on the photographic plates (Kodak 103a-O or 
Ila-O plates plus Schott GG 385 filter) taken with the 105 cm 
Schmidt telescope at the Kiso Observatory (plate numbers 
K2975, K3395, K3397, K5254, and K6452). The fields are 
shown by boxes in Figure la. All galaxies in the Arecibo 
sample (155 galaxies) in those fields were scanned by the PDS 
2020GMS microdensitometer at the Kiso Observatory. The 
analysis of the scanned data was made by the Kwasan Image 
Processing System at the Kwasan Observatory and cross- 
checked by the image processing system at the Kiso Observa- 
tory.2 Zero points are calibrated by the photoelectric aperture 
magnitudes compiled by Longo & de Vaucouleurs (1983, here- 
after LdV) (93 data points for 27 galaxies). The sky surface 
brightness obtained from these calibrators agrees to within 

2 We thank S. Okamura for kindly checking our result with the image 
processing system at the Kiso Observatory. 

0.14 mag (1 a) for a single plate and varies from 21.8 to 22.7 
mag arcsec-2 in five fields. 

After subtracting the sky brightness, we measured the inten- 
sity of galaxies on circular annuli outward from the galaxy 
center with 1 pixel interval, and a growth curve is thus 
obtained for each galaxy by an aperture photometry program 
after removing stars. The morphology-dependent template 
curves given by de Vaucouleurs (1977) were adjusted to our 
growth curves by a sliding fit to derive total magnitudes BT 
defined in RC2. Since the present photometry is based on 
Schmidt plates with a small image scale (62"5 mm-1), the very 
central region [log (A/D25) < —0.7] was not used in the 
fitting. The faint outer region [log (A/D25) > —0.2] was also 
assigned a lower weight to avoid the effect of noise and a 
possible slight error in the sky subtraction. 

The external error of our photometry was investigated by 
comparing our magnitudes with those in the literature (see 
Table 2). We first made a comparison with BT listed in RC2. In 
our five fields, there are 19 galaxies with BT magnitudes avail- 
able in RC2. We found that Ær(RC2) - J5r(Kiso) = +0.01 
mag with a standard deviation a = 0.15 mag (Fig. 3). The dis- 
persion is primarily caused by errors in the zero-point cali- 
bration using photoelectric aperture photometry. No 
systematic difference is detected between our total magnitudes 
and those in RC2. 

Further comparison is made with the photometry by 
Bothun et al. (1985) and by Cornell et al. (1987). The former has 
often been used in the TF analysis by several authors (e.g., 
Bottinelli et al. 1987; KCT). Comparing 28 aperture magni- 
tudes of Bothun et al. with ours for 18 common galaxies, we 
found that the zero point of Bothun et al. is 0.09 mag fainter 
than ours, which is established by the zero point of LdV. (We 
note here that the same trend was also observed for Coma 
Cluster galaxies by Fukugita et al. 1991.) 

For Bt we obtained3 Br(Bothun et al.) = £r(this work) 
+ 0.21 with <t = 0.36. The discrepancy in BT is larger than 0.8 
mag for a few cases (NGC 582, UGC 669). A part of this large 
offset may be due to the fact that Bothun et al. used a common 
growth curve for all of the galaxies and enhancement of errors 
from the growth curve fitting procedure of aperture magnitude, 
especially for faint galaxies. Let us also note that one-third of 

3 We calculated BT from given by Bothun et al. according to the pre- 
scription given in their paper. 

TABLE 2 
Comparison of the Zero Point of Photometry and the Total Magnitude 

Aperture Magnitude Total Magnitude 

Reference n n' m(ref) — m(Kiso) o n B^ref) — Br(Kiso) o 

Pisces-Perseus 

RC2/LdV  27 93 0a 0.14 19 +0.01 0.15 
Bothun et al. 1985   18 28 +0.09 0.16 13 +0.21 0.36 
Cornell et al. 1987   6 6b +0.01 0.18 

Coma (Fukugita et al. 1991) 

RC2/LdV  13 128 0a 0.08 12 -0.03 0.16 
Bothun et al. 1985   26 87 +0.13 0.11 25 +0.23 0.24 
Cornell et al. 1987   7 7 +0.17 0.07 

Note.—n = number of galaxies; n' = number of data points. 
a Zero-point calibration. 
b UGC 1045 is excluded. 
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BT(Kiso) 
Fig. 3.—Comparison of our BT magnitudes measured on the Kiso Schmidt 

plates with those given in RC2. 

the Bt values obtained by Bothun et al. are based on magni- 
tudes measured at one aperture. 

Finally, we compared our aperture magnitudes at 25 mag 
arcsec-2 with those of CCD photometry by Cornell et al. 
(1987) for seven galaxies. We found that the agreement is quite 
satisfactory: ^(Cornell et al.) = I^sithis work) -h 0.01 with 
a = 0.18. Here we excluded UGC 1045, for which two photom- 
etries gave very discrepant answers (AB25 = —0.56 mag). 

It is sometimes claimed that photographic photometry is 
less accurate than that based on CCD because of nonlinearity 
of the photographic emulsion. We feel, however, that well- 
calibrated photographic photometry is accurate enough to 

evaluate the total magnitude of galaxies within an error of 0.1 
mag at least to around 15 mag (e.g., Fukugita et al. 1991), 
which is sufficiently accurate for our purpose. 

Our surface photometry will be published elsewhere. 

2.3. Calibration of the Zwicky Magnitude 
Schmidt plates archived at the Kiso Observatory do not 

cover the strip surveyed by Giovanelli and Haynes. Therefore, 
we use the Zwicky magnitude corrected for its scale errors. In 
Figure 4a we compare mz with BT in the present region and see 
large scatter, especially near the faint end. There are a few 
works on correcting the scale error of the Zwicky magnitude 
(for reviews see Fasano 1985; Bothun & Cornell 1990). The 
most elaborate among them is the transformation by Auman et 
al. (1989) into the BT magnitude of RC2. They gave the formula 

mc
z(AHF) = 0.989mz - 0.357S* + 8.41 , (1) 

where SB is the surface brightness defined as SB = mz + 2.5 log 
(ab) + 8.63, and a and b are blue major and minor axes of the 
galaxy in arcminutes given in the UGC. We examine the accu- 
racy of this formula using photometry of 103 galaxies obtained 
in § 2.2 and another 16 galaxies of RC2 in the present Arecibo 
strip not covered by our photometry. We show in Figure 4b 
the magnitude transformed by equation (1). Here we are 
limited to galaxies brighter than or as bright as 15.7 mag in mz, 
and exclude those for which accurate surface photometry is not 
obtained owing to confusion by stars or other galaxies. The 
apparent nonlinearity in the Zwicky magnitude is substantially 
corrected, and the dispersion around the regression line 
decreases from 0.31 to 0.26. The regression line of Figure 4b is 

m|(AHF) = Bt + 0.15 (o = 0.26). (2) 

This is already at a tolerable level for our work, because the 
zero-point offset is only 0.15 mag and the dispersion of pho- 
tometry errors is now smaller than that expected from the 

Fig. 4.—(a) Comparison of total magnitudes ßr(Kiso) of Arecibo galaxies defined by the RC2 scheme with Zwicky magnitudes for 103 galaxies (filled circles) and 
16 galaxies quoted from RC2 in the present strip region with Zwicky magnitudes (plus signs), (b) Comparison of BT and corrected Zwicky magnitudes with the aid of 
the formula of Auman et al. (1989). 
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Fig. 5.—Dependence of BT — mz (a) on surface brightness SB and (b) on the 
size of the major-axis diameter a. (c) Comparison of total magnitudes BT in the 
RC2 scheme to corrected Zwicky magnitudes with the aid of eq. (3). Plus signs 
shows the galaxies quoted from RC2. 

intrinsic scatter of the TF relation (crTF ~ 0.4 mag); the photo- 
metry error increases the net dispersion by only 20%. 

In order to explore the possibility of improving the trans- 
formation further, we plot in Figure 5 the correlation of 
Bt — mz with the major-axis size of the galaxies (Fig. 5b) as 
well as with surface brightness (Fig. 5a). The correlation with 
surface brightness was taken into account by Auman et al., 
who showed that the Zwicky magnitude is brighter for galaxies 
with a high surface brightness. In Figure 5b we also see that mz 
is brighter for galaxies with a small size. In addition, we note 
that most of the Zwicky magnitudes for the galaxies with a size 
smaller than 1' are estimated to be brighter than the true value 
by 0.5 mag. Taking this observation into account, we obtain a 
conversion formula that might be more suitable for galaxies in 
the strip we are concerned with : 

= 0.921mz - 0.158S* - 0.504 log a + 4.99 , (3) 

with a standard deviation of <7 = 0.24 mag (Fig. 5c). We con- 
sider that the new formula is better than or at least as good as 
equation (1) in this region, and it at least improves the zero- 
point offset. We may quote 0.1-0.15 mag as the error of the 
zero-point of the corrected Zwicky magnitude. We expect that 
the net dispersion of the errors of photometry is about 
[(0.1)2 + (0.24)2]1/2 æ 0.26 mag. In the following we use mz 
given by equation (3) as Ær. 

2.4. Inclination 
To evaluate the TF relation, we need the velocity width to be 

corrected for the inclination i and for redshift effect into an 
edge-on value at the rest frame. For this purpose we adopt the 
simplest prescription used by Aaronson, Mould, & Huchra 
(1980), 

At;c = AF20/(1 + z) sin i. (4) 

We obtain the inclination i of a galaxy from the conventional 
formula given by Hubble (1926) for oblate spheroids, 

with q = b/a and q0 = c/a, where a, b, and c are three axes of 
the spheroid. In agreement with the prescription given by 
Aaronson et al. (1980), we fix q0 to 0.2 and add to i derived 
from this formula the value Ai = 3°. The Arecibo catalog uses 
the values of q0 = 0.10-0.23, depending on morphological 
types of galaxies (Haynes & Giovanelli 1984). The value 
derived in this way leads to at most a 2% difference in (sin i)-1 

compared with that obtained with q0 = 0.2. In spite of the fact 
that the small change in q0 or i will have no serious effect on 
the result, we adopt the Ai = 3° prescription of Aaronson et al. 
(1980) to make the definition consistent with those used for 
local calibrators. 

We found errors in h/a to be much more important. An 
inclination cut i > 45° or i > 30° is usually imposed in the 
literature. This is necessary not only to avoid a large, unwanted 
correction to the line-width velocity but also to reduce the 
error arising from the uncertainty of b/a. For example a 10% 
error in b/a leads to a 11% error in (sin i)_1 for i = 45°, but it 
causes a 26% error if i = 35°. We choose the cutoff i > 45°. 
This cutoff, together with the selection of the morphology 
types Sa-S/Irr (T = 3-8 in GH), leaves 461 galaxies for the TF 
analysis. 

Let us now transform the axis ratios listed in the Arecibo 
catalog, which come mainly from the UGC or their own mea- 
surement on the POSS glass copies (Haynes & Giovanelli 
1984; GHI; GHMR; GHII), into R25 of RC2. The sizes of 
galaxies measured by our photometry are compared with those 
by CCD photometry of Cornell et al. (1987), and no systematic 
errors are detected in our major axis and axial ratios. The 
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b/a (Arecibo) 
Fig. 6.—Comparison of the axial ratios b/a in the Arecibo catalog with 

those of the isophote at 25 mag arcsec-2 measured in the present surface 
photometry. The solid line shows the regression for the galaxies with b/a < 0.8 
which corresponds to inclination i > 45°. The dashed line shows the regression 
for all galaxies in the figure. 

differences in a and b/a are +0(003 (<j = 0(158) and +0.003 
(a = 0.053), respectively. We compare in Figure 6 axial ratios 
b/a at 25 mag arcsec-1 measured on the Kiso Schmidt plates 
with those in the Arecibo catalog for the 133 galaxies. The 
regression line for i > 45° [(h/a)Arecibo < 0.80] is given by 

(b/a)Kiso = 0.78(±0.04)(b/a)Arecibo + 0.13(±0.02), (6) 

with a dispersion of cr = 0.09. The uncertainty of (sin i)-1 cor- 
responding to this dispersion is 16% for i = 45° and 8% for 
<(sin iy1} for a uniform distribution of the galaxies. 

2.5. Velocity Width Data 
The 21 cm line widths given in the Arecibo catalog use a 

definition somewhat different from that conventionally used 
for the TF analysis; the Arecibo catalog presents W1 and W2, 
given as the width at 50% of the mean profile and 50% of the 
peak intensity of 21 cm line emission, respectively, whereas TF 
work customarily uses the velocity widths defined at the 20% 
level of the peak intensity, AF20, as in e.g., Aaronson et al. 
(1982). The local calibration that we are going to use also 
adopts this definition (Fukugita et al. 1991). Haynes & Giova- 
nelli (1984) suggested a conversion formula AF2o = Wi + 12 
km s-1. By comparing Wx with AF20 given by Aaronson et al. 
(1980, 1982) and Bothun et al. (1985) for 35 galaxies common 
to two samples (Fig. 7), we obtained AF20 = Wx + 12.7 km s-1 

(cr = 17.4 km s-1), in agreement with Haynes & Giovanelli 
(1984). We then calculate edge-on velocity widths corrected for 
inclination and redshift effect according to 

Apc = (W, + 12.7)/(1 + z) sin i . (7) 

In Figure 8 we show the histogram for the distribution of 
corrected line widths. At first sight we see that there are fewer 
galaxies with line width log Avc < 2.38. We must now ask 
whether this is not due to undersampling of galaxies with small 
H i line width. For this purpose we calculate model distribu- 

ai 
Fig. 7.—Comparison of two 21 cm H i line widths with different definitions. 

VFj and AF20 stand for velocity widths at a 50% level of the mean profile 
(Haynes & Giovanelli 1984) and at a 20% level of the peak intensity (Aaronson 
et al. 1980), respectively. The regression line AF20 = 12.7 km s-1 is 
shown by a solid line. 

tions of the line width using the luminosity function (see eq. [8] 
below) and a model line-width distribution for a given lumi- 
nosity (see eq. [14] below). In fact, if the spatial distribution of 
galaxies was uniform (dashed curve), we should have more gal- 
axies with small H i line width. If a realistic spatial distribution 
(Fig. 10; see Fukugita & Ichikawa 1992 for details) is used 

log A vc 

Fig. 8.—Distribution of the 21 cm line width at a 20% level corrected for 
inclination and redshift. A selection is made for i > 45°. The dashed curve 
shows the expected number of galaxies assuming a spatially uniform distribu- 
tion with no selection bias in the H i observation. The solid curve is the 
prediction for the observed galaxy distribution (see Fig. 10 below). The dotted 
curve is for a simplified model in which no galaxies are assumed in the Vc = 
2000-4000 km s-1 region, to show the cause for the deficiency of low line 
width galaxies. 
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^ (solid curve), however, the model curve reproduces the data 
§ very well, including the slight deficiency of galaxies with large 
S line width. In particular, a lack of galaxies with small H i line 
2 width is ascribed to a lack of galaxies in the 20-40 /i-1 Mpc 

region. The dotted curve obtained using a model density dis- 
tribution with a void in the 20-40 ft-1 Mpc region explicitly 
demonstrates this. Therefore, it is concluded that a somewhat 
odd shape of the line-width distribution does not represent any 
selection bias in the H i observation. 

2.6.3. K-Correction, KB 

For the K-correction, we take the linear correction of RC2. 

2.6.4. Total Corrected Magnitude 

The corrected magnitude is given by = BT — AB — 
— Kb if the RC2 scheme is used, and BT is identified with 
of equation (3). The corrected magnitude is denoted as BjJ if 
the RSA scheme is used. 

2.6. Absorption Corrections 
2.6.1. Galactic Absorption, Ab 

The P-P region is located rather close to the Galactic plane 
(Galactic latitude b = —40° to —16°). The Galactic absorption 
is patchy and varies much from place to place, with a gradual 
increase toward the east. Toward its eastern end, the P-P 
supercluster becomes obscured by the Perseus dark clouds. 
Therefore, a careful correction for Galactic absorption for each 
galaxy is important. Haynes & Giovanelli (1984) used the 
absorption correction given by Burstein & Heiles (1978, 1982, 
1984, hereafter collectively BH) based on the H i column 
density and galaxy counts. The absorption correction formula 
given in RC2 also reproduces this patchy cloud distribution 
well. If we adopt the RC2 scheme, we obtain <Aß(RC2) 
— Aß(BH)> = 0.12 mag, and the dispersion is 0.09 mag. The 
difference is mostly ascribed to the zero-point offset at the 
Galactic polar caps. The correction of Galactic absorption by 
a smooth cosecant law as in RSA is not applicable in the 
present low Galactic latitude. (The RSA formula gives an 
absorption correction still 0.08 mag smaller than that of BH.) 

We take the absorption correction scheme consistently for 
both the galaxies in the P-P region and local calibrators. Table 
3 summarizes AB averaged over galaxies for various schemes. 
In this table we see that the difference between AB for galaxies 
in the P-P region and for those of local calibrators does not 
differ more than 0.04 mag from scheme to scheme. The circum- 
stantial evidence that these absorption corrections are not in 
serious error (at least relative to those for local calibrators) will 
be discussed in § 5.7. 

2.6.2. Internal Absorption, At 

The RC2 scheme and the RSA scheme are two alternatives 
widely employed to correct for internal absorption. The RSA 
scheme gives a larger absorption correction, and it may differ 
from that of RC2 by as much as 0.7 mag for early-type (Sa-Sb) 
spirals. This large correction often causes a wider scatter of the 
Tully-Fisher plot. Nevertheless, we use both schemes and 
compare the results in order to examine the model dependence. 
The model dependence cancels out to a large extent between 
the Pisces-Perseus galaxies and the local calibrators, and the 
net difference between the two schemes is 0.13 mag (this makes 
the RSA distance 6% smaller). 

TABLE 3 
Average Absorption Corrections 

Arecibo Sample Local Calibrators 

Reference <Ab> <^i> <AB> <Ai> 

RC2   0.33 0.27 0.28 0.23 
BH  0.21 ... 0.12 
RSA  0.13 0.76 0.07 0.59 

2.7. Selection Functions 
Selection functions play a central role in our work to esti- 

mate the effect of the Malmquist bias on distance estimates. In 
order to estimate selection functions, we need knowledge of the 
density distribution and the luminosity function. Since the esti- 
mate of density distributions requires selection functions, we 
have to determine both quantities in a self-consistent way. The 
expected number of galaxies as a function of magnitude 
however, depends very weakly on details of the density dis- 
tribution, and the iteration procedure converges quite rapidly. 
We assume that the luminosity function is universal and take it 
to be of the Schechter form (Schechter 1976), 

(l>(L)dL = ^(rXL/LTfe-^dL/L* , (8) 

where L* is chosen to be a value corresponding to M* = 
—19.22 + 5 log h (corrected for the internal absorption of 0.24 
mag with h = 0.75 and a = —1.16 as given by Efstathiou, Ellis, 
& Peterson 1988 for Sb-Sc galaxies). The result is insensitive to 
the choice of parameters for observationally allowed ranges. 

In Figure 9 the population histogram is shown for the 938 
galaxies as a function of m0 = . By comparing it with a curve 
N(m0) oc I0°-6mo normalized to the histogram at brighter mag- 
nitude (B° <15.1 mag), we obtain a trial selection function. 
The density distribution (integrated over right ascension and 
declination) is then estimated as a function of the distance 
using the trial selection function and the luminosity function. 
We then predict N(m0). This procedure is iterated. In Figure 9 

Fig. 9.—Distribution of 938 galaxies as a function of Bj magnitude cor- 
rected for Galactic and internal absorptions and with the K-correction using 
the RC2 scheme. The solid curve shows the distribution expected from the 
galaxy distribution of Fig. 10. The dotted curve indicates N oc 10°-6Bt. The 
histogram with dashed lines represents the 461 galaxies with Sa-Sc/Irr mor- 
phological types and inclination greater than 45° used for our TF analysis. The 
solid curve below (Bj <15.1 mag) is obtained by scaling the solid curve for the 
full sample. The solid curve for B° > 15.1 mag is a fit to the observed distribu- 
tion which yields the selection function (9). 

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



HUBBLE FLOWS IN PISCES-PERSEUS REGION 69 ^ No. 1, 1992 

Fig. 10.—Luminosity density distribution for Sa-Sc/Irr galaxies as a func- 
tion of the distance defined by the recession velocity averaged over the decli- 
nation and right ascension in the strip. The solid curve shows the distribution 
corresponding to the observed galaxies, and the dashed curve shows the true 
luminosity distribution estimated with the use of the luminosity function and 
the selection function discussed in the text. 

we show N(m0) thus obtained by a solid curve. The resulting 
curve differs from the initial 100-6mo curve only slightly. This 
means that one iteration suffices to obtain the selection func- 
tion and the density distribution. Another histogram shown in 
Figure 9 is a population distribution with the 461 galaxies used 
in our final analysis. The selection function obtained for the 
461 galaxies is 

' 1 

10 
f(m0) = < 

10 

— 2.43(m0—15.1) 

— 4..50(m0-15.4)-0.73 

for m0 < 15.1, 

for 15.1 <m0 < 15.4, 

for 15.4 < m0 < 16.0, 
(9) 

lo for m0 > 16.0 , 

with m0 = Bj. 
We present in Figure 10 the density distribution as a func- 

tion of distance (see Fukugita & Ichikawa 1992 for more 
details). We observe conspicuous large-scale inhomogeneities. 
A strong concentration of galaxies around 50 /z “1 Mpc corre- 
sponds to the P-P supercluster. The fact that the density in the 
foreground (R ~ 20—40 /z-1 Mpc) is much smaller than the 
average value 1-3 x 108 h2 L0 Mpc-3) indicates the 
presence of a void. 

3. TULLY-FISHER RELATIONS 

3.1. Local Calibrator 
We adopt the zero point of the TF relation given by Fuku- 

gita et al. (1991), who basically employed distances to local 
calibrators given in a review by Tammann (1987) and slightly 
updated them to include several new studies for the distance 
moduli to nearby galaxies made after Tammann’s review. The 
calibration is based on the distance to the eight local cali- 
brators of Tammann (1987) and KCT. Four calibrators (M31, 
M33, NGC 300, and NGC 2403) have the distance determined 
well by Cepheid variables. The distance to M81 was revised as 
much as 1.1 mag from 1974 to 1987 (Tammann 1987) and is 
now given a value close to the original 1974 value from the 
Cepheid measurement of Freedman (1990) and the planetary 

nebula luminosity function work of Jacoby et al. (1989). The 
distances to NGC 247, NGC 253, and NGC 7703 are estimated 
only through resolution into bright stars (Sandage & 
Tammann 1984). Fukugita et al. (1991) carried out a chi-square 
fitting with an appropriate weight put on these data to derive 
the TF relation of the local calibrators, instead of a least- 
squares fitting with an equal weight assigned to all local cali- 
brators. We take as a reference choice their fit I with the 
absorption correction method of the RC2 scheme : 

Mbo = -19.12(±0.16) - 6.35(±0.86)(log At;c - 2.5). (10) 

The calibrators are distributed over a range of line widths 
log At;c = 2.36-2.75. The scatter of the points around the fit is 
about a — 0.4 mag. The adoption of Freedman’s (1990) 
Cepheid distance (fit V of Fukugita et al.) makes the cali- 
bration curve 0.08 mag brighter. For the Tully-Fisher relation 
with the RSA scheme we take fit III. 

3.2. Tully-Fisher Relations in the Pisces-Perseus Region 
We determine the parameters of the TF relation for the 

galaxies for the recession velocity intervals of 2000 km s-1 in 
the P-P region. We take galaxies of morphological types Sa-S/ 
Irr and z > 45°. Galaxies showing morphological peculiarity or 
with confused H i profiles are excluded. The result is shown in 
Figure 11 for the 461 galaxies, where the absolute magnitudes 
are derived using the Hubble distance with the normalized 
Hubble constant h(h = Ho/100) in the CMB rest frame and the 
absorption correction of the RC2 scheme. 

Sa and Sab galaxies are distinguished from later types by 
different symbols (crosses) to examine the morphological segre- 
gation in the TF relation. Sixteen out of the 20 Pisces galaxies 
considered by Aaronson et al. (1986) are contained in our 
sample (two are outside the region and another two are fainter 
than our limiting magnitude) in the bin of 4000-6000 km s-1 

and denoted by open circles. Least-squares fits of the form 

-MBo = A + £(log At;c - 2.5) + 5 log /z (11) 

are applied to galaxies in each velocity bin either leaving the 
slope £ as a free parameter (fit [i]) or setting B equal to the 
value of the local calibrators (fit [ii]). We also tried the pre- 
scription proposed by Schechter 1980), fitting p = log Avc as a 
function of MBo (fit [iii]): 

log Avc - 2.5 = -(5 log h + A)/B - MboJB . (12) 

The results are given in Table 4. In the second column n is the 
number of galaxies in each velocity bin used for the fit. 

A noteworthy point, apparent in Figure 11 and Table 4, is 
that the slope parameter B of fit (i), which is consistent with the 
value of equation (10) for the 2000-4000 km s-1 sample, 
decreases as the distance of the sample increases. This is evi- 
dence for the existence of Malmquist bias typical of a 
magnitude-limited sample in which intrinsically faint galaxies 
are missing at the distant end. Therefore, the Hubble constant 
(col. [8] in Table 4) nominally obtained by fixing the slope 
parameter to the local calibrator value (fit [ii]) and equating 
— Mbo of the Pisces-Perseus galaxies to the left-hand side of 
equation (10) suffers from this bias, as is also clear from the 
increase of h with increasing distance. This means that a proper 
correction for the bias is essential in obtaining the true value of 
the Hubble constant from the present galaxy sample. 

It has been noted by Schechter (1980) that the Malmquist 
bias can be avoided if the data points are fitted for log At;c as a 
function of MBo (fit [iii]), provided that the H i line-width 
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Fig. 11.—TF relations for the galaxies in recession velocity bins of 2000 km s“1 in the Pisces-Perseus region. Solid lines show the result of a two-parameter 
least-squares fit (fit [i]), and dashed lines show one-parameter fits with the slope parameter fixed at 5 = 6.35 (fit [ii]), the value for the local calibrator. Fitting using 
Schechter’s prescription is depicted by dotted lines (fit [iii]). Absolute magnitudes are plotted with a default value ofh= l{h = HJ100 km s_ 1 Mpc“1). To show the 
morphological dependence Sa and Sab galaxies are marked by plus signs. The galaxies in the sample used by Aaronson et al. (1986) are indicated by open circles in 
the panel corresponding to the Vc = 4000-6000 km s"1 velocity bin. 

measurement is not biased. In fact, we obtained a slope param- 
eter in fit (iii), which apparently remains constant independent 
of the distance of the sample, demonstrating that the proposed 
method indeed works. Errors of the slope parameter, however, 
rapidly increase as the distance increases, which makes it diffi- 
cult to extract reliable parameters of the TF relation from the 
fit. This is because the fit is made with galaxies, whose magni- 
tudes are distributed over a very limited magnitude range, e.g., 
less than 1 mag for the sample with the distance of ~ 10,000 km 
s- x. The dispersion of the fit also amounts to 1-1.6 mag, much 
larger than that for fit (i). 

3.3 Morphological Dependence 
Some doubt has often been cast on the universality of the TF 

relations (Robert 1978; Rubin et al. 1985; Giraud 1986; KCT). 
In particular, some morphological type of dependence has 
been proposed by several authors for the blue-band TF rela- 
tions. We examine the morphological-type dependence in 

Figure 11, where the data points for Sa-Sab are marked by 
different symbols. We do not observe particularly different 
behavior with early-type spirals in samples of any velocity bins. 
We also do not observe any type dependence for other spiral 
types in the range Sa-S/Irr. If the absorption correction of the 
RSA scheme is adopted instead, however, a morphological 
dependence appears. Rubin et al. (1985) and KCT suggested a 
strong morphological-type dependence; earlier type galaxies 
are fainter at a given line width than later types. They also 
suggested that there is no evidence that Sa galaxies follow the 
TF relation. We found that the large absorption correction for 
Sa-Sab galaxies in the RSA scheme is largely, if not entirely, 
responsible for their claim. Fouqué et al. (1990) and Kodaira & 
Watanabe (1988) also claimed that the internal absorption cor- 
rections of the RSA scheme, which gives total internal absorp- 
tion magnitudes for Sa-Sb types 3 times as large as those of 
Sdm-Im galaxies, lead to overestimates for early types and 
underestimates for late types. 
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TABLE 4 
Parameters of the TF Relation in the P-P Region 

K 
(i) 

Fit (i) Fit (ii) Fit (iii) 

n 
(2) 

A 
(3) 

B 
(4) 

O’ 
(5) 

A a h 
(6) (7) (8) 

A B a 
(9) (10) (11) 

2000-4000.. 

4000-6000.. 

6000-8000 .. 

8000-10000. 

10000-12000. 

12000-14000. 

26 18.67 5.29 0.49 18.74 0.49 0.84 
±0.11 ±0.89 ±0.75 

204 18.90 3.15 0.48 18.78 0.61 0.86 
±0.03 ±0.28 ±0.09 

95 19.34 2.20 0.38 19.00 0.65 0.95 
±0.05 ±0.31 ±0.20 

61 19.78 1.35 0.36 19.20 0.84 1.04 
±0.06 ±0.31 ±0.32 

48 19.91 1.41 0.34 19.24 0.63 1.06 
±0.08 ±0.47 ±0.41 

15 20.19 1.09 0.38 19.34 0.76 1.11 
±0.16 ±0.80 ±1.38 

18.89 8.80 1.59 
±0.36 ±1.46 
18.71 8.14 1.31 

±0.09 ±0.72 
19.01 6.27 1.55 

±0.16 ±0.89 
19.29 5.58 1.35 

±0.17 ±1.29 
18.92 8.64 1.18 

±0.17 ±2.88 
18.94 8.79 0.93 

±0.24 ±6.49 

Note.—Fit (i) is the standard Tully-Fisher fit with two free parameters. Fit (ii) is similar to fit (i), but the slope parameter 
is fixed on the local value {B = 6.35). Fit (iii) uses Schechter’s prescription. 

4. MALMQUIST BIAS 

4.1. Hubble Ratios 
Hubble ratios Vc/r are shown in Figure 12 as a function of 

the H i line width p = log Avc for galaxies in each velocity bin. 
Here the recession velocity Vc is the value with respect to the 
CMB rest frame and r is the distance obtained from the TF 
relation with the aid of calibration (10). We adopt the RC2 
absorption corrections. The obvious feature in this figure is 
that Hubble ratios increase toward a smaller p. This is the 
manifestation of the Malmquist bias. The trend is apparently 
more conspicuous for distant galaxy samples. The scatter of 
the data points corresponds to a dispersion of a = 0.4-0.5 
mag. 

Figure 13 shows the Hubble ratios of the galaxies with a 
specified H i line width as a function of the recession velocity. 
This figure shows that the galaxies with line width p = 2.3-2.4 
receive a significant bias even at distances as close as 2000- 
4000 km s-1. The effect becomes smaller as p increases. For 
example, galaxies in the supercluster region (Vc = 4000-6000 
km s_ 1) suffer little from the bias, if p > 2.6. Hence, the average 
of the Hubble ratio for 46 galaxies with 2.6 < p < 2.7, 
(Vc/r} = 75.8 ±3.1 km s-1 (the error is statistical only) should 
already be close to the true value of the Hubble constant from 
this supercluster. 

4.2. Correction for the Malmquist Bias 
Let AT(M, p)dM dp be the number density of galaxies in the 

interval (M to M + dM, p to p + dp). Then the average abso- 
lute magnitude of the observed sample located at distance rx < 
r <r2 for a given H i line width p is brighter than the true 
average of absolute magnitudes by 

_ drr2 JMLir) dM Mf(m0)N(M, p) 
p dr r2 dM f(m0)N(M, p) 

J-S dMJMNjM, p) 
J-S dMN(M, p) ’ ( j 

where ML(r) = m0L — 5 log (r/10 pc), with m0L the limiting 
magnitude, and /(m0) is the selection function in corrected 
magnitudes as given in equation (9). Following Teerikorpi 

(1984,1987), we assume 

N(M, p) = 4>(M)(2n)ll2(rp exp {- [p - p{M)]2/2o2
p} . (14) 

We also assume the universal luminosity function 0(M) used in 
equation (8). The dispersion (jp is set equal to <rp = o/B with B 
the slope of the local calibrator and o the effective dispersion of 
the TF relation. The bias AMp is directly interpreted as that in 
the distance scale. 

It is not important to retain the r-dependence of 0*, because 
we work with galaxies in distance bins and the r-dependence of 
</>* largely cancels out over the numerator and the denomina- 
tor in equation (13). We have checked this point by retaining 
the r-dependence of </>* and using the density distribution given 
in Figure 10. We have found that the effect of inhomogeneities 
of the density distribution on AM^ is at most 0.04 mag for 
small p for the 4000-6000 km s~1 region where the density 
changes sharply. For large p the effect is negligible. 

The curves in Figures 12 and 13 show the prediction of the 
Hubble ratios using this formalism, as a function of log Avc for 
H0 = 75 km s"1 Mpc-1 and a = 0.5 mag with the dotted 
curves ±0.5 mag (1 <t) from the predicted curves. To make a 
clear inspection of bias, we exemplify in Figure 14 the Hubble 
ratio for p = 2.5-2.6 (Figs. 14a and 14b) and for p = 2.6-2.1 
(Figs. 14c and 14d). The data points in this figure represent the 
average (VJr} over galaxies with specified recession velocities, 
and their errors are calculated as dispersion divided by the 
square root of the number of galaxies. The curves in Figures 
14a and 14c are obtained by varying a from 0.3 to 0.8 with 
H0 fixed at 75 km s~l Mpc-1. In Figures 14b and 14d the 
case (H0, o) = (75, 0.5) is compared with the prediction with 
(H0, o) = (100, 0.3) and (50, 0.8). (The dashed curve added in 
Fig. 14a is for the case of a = 0.5 with the density distribution 
of Fig. 10 explicitly taken into account in <£* in order to 
demonstrate that the inhomogeneity effect is indeed small.) The 
increase of (Vc/r} with distance is indeed accounted for by 
the Malmquist bias, and the curve with (75, 0.5) gives an excel- 
lent fit over the distance range from 3000 to 11,000 km s-1. 
Figures 14b and 14d demonstrate clearly that the cases with 
(H0, a) = (100, 0.3) and (50, 0.8) are excluded. The fact that the 
data points in Figure 15 are fitted well with a simple curve 
implies that large-scale peculiar velocities are considerably 
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Fig. 12.—Hubble ratios derived with the use of the TF relation for galaxies in each recession velocity bin as a function of the logarithm of corrected H i line 
widths. Solid curves show the prediction of the model discussed in the text corresponding to H0 = 75 km s Mpc and the dispersion a - 0.5 mag. Dotted lines 
show the 1 a range. 

smaller than the Hubble velocity over the region from 2000 to 
12,000 km s"1. 

A similar analysis is made with Figure 12, which shows the 
effect of the Malmquist bias as a function of the H i line widths 
for galaxies with fixed recession velocity (Fig. 15). The curves 
presented in this figure are obtained in the same way as those 
for Figure 14. We show the data for the bins Vc = 4000-6000 
km s-1 and Vc = 6000-8000 km s"1, where more galaxies are 
available. The data points are the average over galaxies shown 
in Figure 12 grouped into the Ap = 0.05 H i line width, and the 
curves are written with the same parameter sets as for Figure 
14. While a reasonable agreement is seen between the data and 
the curve with (75, 0.5), the curve slightly underestimates the 
bias for small H i line widths. In fact, a larger <7, <7 = 0.6 mag 
say, brings the curve into a good agreement with the data. Such 
a dispersion, however, is somewhat larger than is actually 
found with the scatter of data points around the curve. We also 

remark that the data points for the largest log At;c bin 
(log At;c = 2.75-2.8) do not fall on the curve.4 

To summarize our analysis, we show in Table 5 the Hubble 
constant derived from the galaxies in each bin for the case with 
a = 0.45 mag, together with the value obtained by simply 
averaging the Hubble ratio for each galaxy. The parameters 
are obtained for galaxies with 2.35 < log At;c < 2.75. We found 
that the derived Hubble constant stays constant within error as 
the distance increases for the choice of a = 0.4 + 0.05 mag. The 
dispersions aHo listed in Table 5 corespond to <7 0.40-0.55 

4 The data in the largest H i velocity width bin always deviate from the 
curve expected from the data for log Avc < 2.75. This might be ascribed to 
some nonlinearity of the TF relation at the most luminous side. Without 
knowing the reason, we omit these data from the fit in our analysis. We also 
note that they are outside the range of the line width for which local cali- 
bration is available. 
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Fig. 13.—Hubble ratios for galaxies with a specified line width as a function of distance (recession velocity Vc). Solid curves show the prediction of the model for 
H0 = 75 km s -1 Mpc"1 and <7 = 0.5 mag. Dotted lines indicate the 1 <7 range. 

mag. With cr = 0.45 we conclude from the sample in the range 
2000km s_ 1 < Vc < 14,000km s -1 (392 galaxies) that 

H0 = 78.5 ± 0.9 km s-1 Mpc-1 (15) 

TABLE 5 
Hubble Ratios for Velocity Bins 

Nominal H0 Mean 
Vc n Average (<7TF = 0.45) oHq Error 

2000-4000   20 85.6 81.8 21.4 4.8 
4000-6000   189 88.6 79.9 18.6 1.4 
6000-8000   85 96.3 79.0 17.1 1.9 
8000-10000   46 106.2 74.6 18.8 2.8 

10000-12000   40 112.5 73.2 17.5 2.8 
12000-14000  12 127.8 74.0 22.9 6.6 
2000-14000   392 95.8 78.5 18.4 0.9 

Note.—Fits for galaxies of log Ai;c = 2.35-2.75. Mean errors are calculated 
as oHJn112. 

with respect to the CMB rest frame. Here the error is statistical 
only. We also conclude that the Hubble flow in the Pisces- 
Perseus supercluster region is almost uniform, allowing, 
however, a variation by up to ±5% in the effective H0 in the 
distance range 2000-15,000 km s-1. Though unlikely, a slight 
decrease of H0 with distance is not excluded from the data. If 
we take the Local Group centroid, instead of the CMB rest 
frame, a similar analysis yields 

H0 = 83.2 ± 1.0 km s"1 Mpc“1 . (16) 

A table similar to Table 5, but for p bins, is also presented for 
<j = 0.45 mag (Table 6). We observe that H0 depends on p only 
weakly. 

In order to confirm that the value (15) represents an 
unbiased estimate for the Hubble constant, we attempt to 
combine all data presented in Figure 13 by plotting the Hubble 
ratio as a function of the distance (recession velocity) defined 
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Ve (kms x) Ve (kms x> 
Fig. 14.—(a) Hubble ratios as a function of distance (recession velocity Vc) for galaxies with the H i line width 2.5 <p = log Avc < 2.6, compared with model 

predictions. The data points are obtained by averaging those of Fig. 13 over galaxies in the respective recession velocity bins, and attached bars are mean errors 
(dispersion divided by the square root of the number of galaxies). The curves correspond to the model with the Hubble constant fixed at H0 = 75 km s"1 Mpc"1 with 
various values of the dispersion. The dashed curve shows the prediction with a correction for an inhomogeneous galaxy distribution for the case of <r = 0.5 mag. (b) 
Same as {a), but compared with the Malmquist bias models: H0 = 75 km s"1 Mpc-1, a = 0.5 mag; H0 = 100 km s-1 Mpc-1, a = 0.3 mag; and H0 = 50 km s-1 

Mpc-1, a = 0.8 mag. (c) Same as (a), but for 2.6 < p < 2.7. (d) Same as (b), but for 2.6 < p < 2.7. 

by 

V* = VCX lO-O^BOogA^.S) (17) 

(Bottinelli et al. 1986), assuming that the Hubble flow is 
uniform. Here we normalized V? = Vc at log Avc — 2.5. With 
this distance the Malmquist bias enters in the same way irre- 
spective of the intrinsic luminosity of galaxies. We show in 
Figure 16 the VJr-V* diagram. We see that our model curve 
with H0 = 75 km s-1 Mpc-1, a = 0.5 mag falls in the middle 
of the data points. With this prescription we can increase the 
number of data points in the plateau region; with 109 galaxies 
in the range 2000 km s-1 < F* <4000 km s-1 we find 
<^/r> = 76.1 ± 1.9 km s-1 Mpc-1, which is in good agree- 
ment with equation (15). In a similar way we combine the data 

TABLE 6 
Hubble Ratios for Velocity Width Bins 

Nominal H0 Mean 
p n Average (<rTF = 0.45) gHq Error 

2.3- 2.4  36 116.3 82.7 16.4 2.7 
2.4- 2.5  101 108.2 85.2 18.8 1.9 
2.5- 2.6  99 92.9 76.1 17.6 1.8 
2.6- 2.1  131 89.1 75.5 19.1 1.7 
2.7- 2.S  63 77.8 69.7 15.7 2.0 

Note.—Fits for galaxies in Vc = 2000-15,000 km s 1. Mean errors are 
calculated as oHJn112. 

in Figure 12 using the variable 

log i,' = log 4»- - ¿ log (Ä s -,) • (18) 

with the normalization taken at 1^ = 5000 km s -1 (see Fig. 17). 
From 82 galaxies in the plateau region, log Ap* = 2.6-2.75, we 
may also find a consistent value <J^/r> = 75.7 ± 2.0 km s-1 

Mpc-1. 

4.3. Analysis with a Reduced-Size Sample 
For a further check of the consistency of our formalism, we 

repeated our analysis with a magnitude-limited sample of 
B? < 14.5. We show galaxies with < 14.5 mag and the pre- 
diction from equation (13) with the selection function set equal 
to /(m0) = 1 for mo < 14.5 and /(m0) = 0 for m0 > 14.5; the 
case H0 = 75 km s-1 Mpc-1, a = 0.5 mag is shown in Figure 
18 for 1^ = 4000-6000 km s-1 and in Figure 19 for 
log Apc = 2.6-2.7. While the sample suffers a significantly 
stronger bias than that seen in Figure 12 and in Figure 13 in 
low velocity width or in distant bins, our model successfully 
traces the observations. In fact, H0 from Figure 18 (H0 = 76.7, 
with mean error ± 1.7 km s-1 Mpc-1) agrees with H0 = 79.9 
±1.4 km s -1 Mpc -1 derived from the original data set for the 
same Vc bin. From Figure 18 we obtain H0 = 73.8 km s-1 

Mpc-1, with mean error ± 1.8 km s-1 Mpc-1, which is com- 
pared with the value from the full sample H0 = 75.5 ±1.7 km 
s-1 Mpc-1. This confirms that the estimated Hubble constant 
depends little on the Malmquist bias, once it is controlled 
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Fig. 15.—(a) Hubble ratios as a function of the H i line width for galaxies located in the Vc = 4000-6000 km s -1 region, as compared with the model prediction 
discussed in the text. The data points are obtained by averaging those of Fig. 12 over galaxies in the respective log Ai;c bins, and attached bars are mean errors 
(dispersion divided by the square root of the number of galaxies). The curves correspond to the model with the Hubble constant fixed at H0 = 75 km s -1 Mpc-1 with 
various values of the dispersion. The dashed curve shows the prediction with corrections for an inhomogeneous galaxy distribution for the case of a = 0.5 mag. (b) 
Same as (a), but compared with three typical models: Ho = 75 km s_1 Mpc-1, a = 0.5 mag;fi0 = 100 km s-1 Mpc-1, a = 0.3 mag; andH0 = 50 km s-1 Mpc-1, 
<7 = 0.8 mag. (c) Same as (a), but for Vc = 6000-8000 km s-1. (d) Same as (b), but for Vc = 6000-8000 km s-1. 

properly. In Figure 18 the 18 galaxies in the sample of Aar on- 
son et al. (1986) are depicted by open circles. (Two data points 
located at the left are galaxies which do not satisfy mz < 15.7 
mag and hence were removed from our analysis.) This shows 
that the Aaronson et al. sample is almost a random subset of 
the Bj< 14.5 mag complete sample. 

Fig. 16.—Hubble ratios VJr as a function of V* defined in eq. (17). The 
solid curve shows the prediction of the model for H0 = 15 km s -1 Mpc -1 and 
<7 = 0.5 mag. Dotted lines indicate the 1 o range. 

5. DISCUSSION 

5.1. The Hubble Constant 

We have obtained the global value of the Hubble constant in 
equation (15) from 393 Arecibo galaxies in the range Vc = 
2000-15,000 km s-1 with log Avc = 2.35-2.75, selecting Sa-Sc/ 

Fig. 17.—Hubble ratios VJr as a function of log Au* defined in eq. (18). The 
meaning of the curves is the same as Fig. 16. 
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Fig. 18.—Hubble ratios as a function of the H i line width for the 
magnitude-limited sample of B® < 14.5 mag in = 4000-6000 km s-1 (P-P 
supercluster region). Open circles show the sample of Aaronson et al. (1986) 
(the two farthest left points are not included in the Arecibo sample). The curves 
correspond to the model H0 = 75 km s-1 Mpc-1, cr = 0.5 mag, with 1 a 
dispersion denoted by dotted curve. 

Irr morphological types and i > 45° with respect to the CMB 
rest frame, or the value in equation (16) with respect to the 
Local Group centroid, after the correction for the Malmquist 
bias. If a simple mean of the Hubble ratios was taken over the 
full sample, we are led to, e.g., H0 = 96.2 km s~1 Mpc~1 in the 
CMB rest frame. The correction depends on the dispersion of 
the TF plot, but little on the precise parameters of the lumi- 
nosity function or on inhomogeneous distributions of galaxies. 
We found that a satisfactory description is obtained with 
a = 0.4-0.5 mag of the TF relation. 

In Figure 13 we see that six galaxies with Vc < 2000 km s-1 

(one point in Fig. 13a, three points in Fig. 13b, and two points 
in Fig. 13c) deviate from the predicted curve. This could be 
ascribed to a peculiar velocity flow near the Local Super- 
cluster. We do not see any indication that the supercluster in 
the velocity range Vc = 4000-6000 km s_1 is moving relative 

Vc (kms 1) 
Fig. 19.—Hubble ratios as a function of the recession velocity for the 

magnitude-limited sample of < 14.5 mag for p = 2.6-2 J. The curves corre- 
spond to the model H0 = 75 km s_1 Mpc-1, a = 0.5 mag, with 1 a dispersion 
denoted by dotted curve. 

Fig. 20.—Hubble constant corrected for the Malmquist bias as a function 
of the dispersion oT¥ of the TF relation. The dashed curves indicate the 
maximum and minimum values of the Hubble constant obtained for each 
velocity bin or H i line-width bin, as in Tables 5 and 6. The region between the 
two hatched boundaries shows the range of <7TF, with which we obtain a 
reasonable fit to the data. 

to foreground or background galaxies. Furthermore, we do not 
observe any larger peculiar velocities inside the supercluster. 
The brightest class of galaxies (log Apc > 2.75) shows some 
deviation from the behavior expected from fainter galaxies; the 
Hubble ratios for these galaxies (69.6 km s-1 Mpc-1 in 
average, a = 14.2) are systematically smaller than for others. 
This might indicate some departure (downward) of the 21 cm 
line width-luminosity relation from linearity. We note that a 
similar trend is seen for log Apc > 2.75 in the TF plot for the 
Virgo and UMa galaxies given by Tully (1988). No departure 
from a linear relationship is observed for log Apc < 2.75. Non- 
linearity is also not detected in the local calibrators 
(log Ai?c < 2.75, however) (Fukugita et al. 1991). 

5.2. Estimates of Uncertainties of the Hubble Constant 
Uncertainties are divided into random errors and systematic 

biases. An extensive study for the sources of errors was made 
by Fukugita et al. (1991). Based on their discussion, we 
examine errors for the present Hubble constant. Random 
errors are estimated by dividing a quadrature sum of the dis- 
persions by a square root of the number of galaxies, and sys- 
tematic errors by adding quadratures. The large size of the 
present sample makes random errors generally quite small. 
The most important among them is the error arising from the 
net dispersion of the TF relation (0.4-0.5 mag). Dividing this 
value by the square root of the number of galaxies, we obtain 
0.020-0.025 mag, which corresponds to ~ 1 % in H0. 

Uncertainties in the absorption correction largely tend to 
cancel out between the Arecibo sample and the local cali- 
brators, as seen in Table 3 and discussed in detail in § 2.6. The 
net uncertainty in AB + At arising from the choice of correction 
scheme is less than 0.14 mag. In fact, the Hubble constant 
derived from the TF relation using the absorption corrections 
of the RSA scheme is 79.4 km s-1 Mpc-1, which differs from 
the value derived by the RC2 scheme only by 1% (0.02 mag). 

As we discussed in § 2.2, there may be a zero-point error of 
photometry in the calibrating galaxies of LdV ; if we adopt the 
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: zero point set by the photometry of Bothun et al. (1985), our 
a P-P galaxies become 0.09 mag fainter. We may also expect 

cN <0.1 mag error in the zero point of the corrected Zwicky 
2 magnitude. The random error of the corrected Zwicky magni- 

tude contributes only to increasing the dispersion of the TF 
relation.5 

We have also examined the effect of the inclination cut. A 
relaxation of the cut to i > 35° increases the number of galaxies 
to 428, which results in H0 = 78.9 km s~1 Mpc- ^ If we further 
restrict the inclination between 45° and 75° to avoid edge-on 
spirals, for which internal absorption might cause an error in 
the galaxy brightness, we are led to H0 = 80.8 km s_1 Mpc-1 

from 284 galaxies. Hence the error is of the order of 3%. 
The estimate of the net dispersion of the TF relation is 

uncertain by ±0.1 mag, which results in an error for the 
Hubble constant through the correction for the Malmquist 
bias. In Figure 20 we plot the dependence of the corrected 
Hubble constant upon the dispersion of the TF relation. From 
this figure it is estimated that ÀcrTF = ±0.1 mag causes an 
uncertainty of +6% in H0 (±0.13 mag in distance). We also 
studied the uncertainty arising from that of the slope param- 
eter for the local calibrators. We find that AB = ± 1 leads to 
|AH0| = 1.5kms_1 Mpc-1. 

The TF relation for local calibrators (fit I of Fukugita et al. 
1991) has an intrinsic scatter of 0.4 mag, which brings a 
random error of 0.14 mag. The zero point of the local cali- 
brators is uncertain perhaps by ±0.15 mag in view of recently 

5 We also made an analysis taking into account the fact that the random 
error of the Zwicky magnitude increases as galaxies become fainter. The results 
are virtually the same as those presented in this paper. 

discussed uncertainty (Feast 1991). If we accept a consistent 
data set for five galaxies by Freedman (1990), the dispersion of 
the TF relation is reduced to 0.25 mag with a zero point 0.08 
mag brighter (Fukugita et al. 1991). With this calibration H0 
becomes 75.8 km s-1 Mpc-1. Finally, the method of velocity 
correction for the recession velocity may also be counted as a 
source of uncertainty in H0 : the value of the Hubble constant 
using ^LG (H0 = 83.2 km s 1 Mpc l) decreases to 81.1 km s 1 

Mpc -1 if the velocities are corrected for the 250 km s -1 Virgo 
infall motion of the Local Group. This corresponds to 
assuming that all galaxies in the P-P region are participating in 
bulk flow toward the apex of the cosmic microwave back- 
ground anisotropy. A correction for the random motion corre- 
sponding to the local anomaly (Han & Mould 1990), when 
added to the Virgo infall, yields H0 = 81.5 km s -1 Mpc - L 

From our analysis we conclude that H0 = 78.5 ± 5.5 
km s-1 Mpc-1 for the CMB rest frame and H0 = 83.2 
± 5.8km s-1 Mpc-1 with respect to the Local Group 
centroid, where the first error is of random nature and the 
second is systematic errors, both obtained by quadrature sep- 
arately. The errors discussed here are summarized in Table 7. 

5.3. Intrinsic Dispersion of the T F Relation 

The net dispersion of the TF relation, <j ^ 0.45-0.5 mag, 
includes the scatter arising from errors of observations and 
those from corrections made to individual galaxies as well as 
the intrinsic scatter. The random peculiar velocity of galaxies 
also contributes to the dispersion. Therefore, it may be difficult 
to estimate the intrinsic dispersion of the TF relation. The 
corrected Zwicky magnitude error should contribute by 

TABLE 7 
Uncertainties for the Hubble Constant 

Source of Errors 
Dispersion 

(mag) 

Errors in 
H0 (%) 

Random Bias 

P-P Region (n = 393) 

H i line-width data (including 
transformation to A F20)   

Inclination correction: 
Errors in b/a  
Formula model dependence (0.05 mag) .... 

Photometry : 
Zero point (0.1 mag)   
Random error of   

Absorption corrections AB + At  
X-correction error  
Scatter of the TF relation   
Sample selection inclination cut  
Malmquist bias corrections : 

Selection functions  
Luminosity functions  
Dispersion of the TF relation   
Local calibrator slope (| AB | = 1)  

0.15 

0.08 

0.26 

0.01 
0.45 

0.4 

0.2 

0.6 

0.02 
1.0 

±2.3 

±4.7 

+14.3* 

+ 2.9 

+2.5 -0.6 
±1.0 
±6.0 
+ 1.9 

Local Calibrators (n = 8) (Fukugita et al. 1991) 

Local calibrator distance  
Hi line width   
Photometry  
Absorption corrections (0.15 mag) 
TF relation scatter  

0.098 
0.04 

0.40 
Total uncertainty. 

1.6 
0.6 

6.7 
+ 7.0 

-3.7 

-7.9* 

Note.—Numbers with asterisks cancel between the P-P galaxies and the local calibrators. 
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^ <7 æ 0.25 mag. We would guess that the dispersion caused by 
^ the error in Galactic extinction is »0.09 mag (dispersion of the 
S regression between RC2 and BH corrections). We also expect 
2 even larger scatter in the internal absorption correction. Errors 

in b/a (<j » 10%) cause errors of line-width corrections and of 
internal absorption corrections, which amount to 0.08 and 0.03 
mag, respectively, are of the same sign, and contribute to the 
dispersion of the TF relation. The error in H i line-width mea- 
surements and in the conversion of Wl to AF20 gives a » 0.19 
mag. If the random peculiar velocity is about 10% of the 
Hubble flow in the 4000-8000 km s “1 region, it further con- 
tributes to the dispersion by 0.2 mag. Taking these effects into 
account, we may guess that the intrinsic dispersion of the TF 
relation is cr » 0.2-0.35 mag. 

5.4. Comparison with the Analysis by Aaronson et al. (1986) 
The Pisces sample considered by Aaronson et al. (1986) con- 

sists of 20 galaxies, 18 of which are contained in the Arecibo 
sample in the 4000-6000 km s_1 bin (NGC 538 and NGC 575 
are outside of the Arecibo survey strip). By averaging the 
Hubble ratios (VLG/r} over 20 galaxies derived from the 
H-band TF relation (without correction for the Local Group 
motion with respect to CMB), they obtained = 102.9 
km s-1 Mpc-1 with the dispersion cr = 19.6 km s-1 Mpc-1. 
(This value becomes <\VLG/ry = 104.4 km s-1 Mpc-1 with dis- 
persion 19.1 km s-1 Mpc“1 if we ignore the above two gal- 
axies.) Using B-band photometry data for the 18 galaxies used 
in our analysis, we found (VLG/ry = 106.4 km s“1 Mpc“1 with 
(7 = 24.7 km s“1 Mpc“1. (For the local calibrator we used the 
distance moduli of three galaxies [M31, M33, and NGC 2403] 
of Aaronson et al. 1986 in agreement with their prescriptions; if 
we use the local calibrations used in this paper, eq. [10], we 
have (VLG/ry = 105.7 km s“1 Mpc“1 with a = 24.6 km s“1 

Mpc“ L) Our B-band TF relation with the sample of Aaronson 
et al. yields essentially the same result as their H-band TF 
analysis. 

Of 18 galaxies, 16 satisfy B® < 14.5 mag. As is apparent in 
Figure 18, the sample of Aaronson et al. is regarded as an 
almost uniform selection of the magnitude-limited (B° <14.5 
mag) sample. They claimed that the sampling is sufficiently 
deep and that the Malmquist bias can be ignored. We see, 
however, in Figure 18 that the B° < 14.5 sample in the Pisces 
region receives a significant Malmquist bias. Assuming that 
the Aaronson et al. sample is a uniformly selected B° < 
14.5 sample, we obtain H0(Local Group centroid) » 80.6 km 
s“1 Mpc“1 from our model (UGC 679 and UGC 1066 galaxies 
[log Avc < 2.3 and mz > 15.7 mag] are excluded from the 
calculation). That is, their sample suffers from the Malmquist 
bias by 0.6 mag. We may expect that a similar situation 
happens also in the H-band TF analysis. We suggest that the 
high value of the Hubble constant (H0 » 90 km s“1 Mpc“1) 
found by Aaronson et al. (1986) for the Pisces Cluster is caused 
by neglecting the Malmquist bias. 

5.5. Comment on the Analysis by Bottinelli et al (1987) 
and by KCT 

Bottinelli et al. (1987) took the B-band photometry data 
from Bothun et al. (1985) for 23 galaxies. Of these, 19 are in the 
sample that we used (three are located outside the strip, and 
one has a low inclination i = 20° and hence is excluded in our 
analysis). The average of these data, (VLG/ry = 106 km s“1 

Mpc“1 and o = 21 km s“1 Mpc"1, agrees with our value, 
despite their use of the 0.2 mag fainter photometry data of 

Bothun et al. This is partly explained by their local calibrator, 
which is 0.37 mag fainter than ours. 

KCT used the Aaronson et al. sample, but deduced a dis- 
tance modulus to the Pisces Cluster very different (1 mag 
fainter) from that by Aaronson et al. with both B- and H-band 
TF relations. KCT’s fainter modulus arises from their conjec- 
ture that the galaxies used by Aaronson et al. should have 
suffered from a very strong Malmquist bias and hence should 
be brighter than the true average magnitude by ~ 1-1.4 mag. 
Our analysis using the complete sample of B° < 14.5 shows 
that the conjecture made by KCT is not supported as discussed 
in § 5.4 above. Both our theoretical curve and analysis with the 
full sample show that brighter part of the Aaronson et al. 
sample is subject to only a small bias. We found a significant 
Malmquist bias ( ~ 0.6 mag) when galaxies with smaller H i line 
width are included, but we found that it is not as strong as that 
proposed by KCT ; the “ 2 <7 upper envelope prescription ” pro- 
posed by KCT gives an incorrect Hubble constant, as pointed 
out by other authors (Gavazzi & Trinchieri 1989; Fukugita et 
al. 1991). 

5.6. Peculiar Velocity Flow 
Willick (1990) carried out CCD photometry in the R band 

for 320 spiral galaxies in the Arecibo sample and studied the 
peculiar velocity field in the P-P supercluster region. He 
showed that nearly all galaxies with cz < 2000 km s“1 have 
negative peculiar velocities (velocity toward the Local Group) 
with an amplitude of ~1000 km s"1. Most important, he 
showed that the P-P supercluster located at — 5000 km s"1 has 
a streaming motion velocity of ~ -450 km s"1 toward the 
Local Group, and the great majority of objects in the back- 
ground of the supercluster also have large negative peculiar 
velocities out to a redshift of —7000 km s"1, whereas the 
galaxies with cz > 8000 km s"1 are at rest. He ascribed this 
large-scale streaming motion to low-amplitude density fluctua- 
tions on scales larger than 100 fr"1 Mpc. 

Let us examine his conclusion using our result, especially 
Figures 13 and 14. For the negative peculiar velocity up to 
cz — 2000 km s"1, Figure 13 lends strong support for its exis- 
tence. The Hubble ratios for galaxies in this region deviate 
largely from the predicted curve, indicating a negative peculiar 
velocity flow of the order of 1000 km s“1. For more distant 
galaxies, the nominally increasing average Hubble constant 
ratios (as seen in Fig. 15), (IlgA*) = ^ s 1 Mpc"1 (VLG = 
4000-6000 km s"1), 103 km s“1 Mpc"1 (VLG = 6000-8000 km 
s"1), 109 km s"1 Mpc"1 (VLG = 8000-10,000 km s"1), and 123 
km s"1 Mpc“1 (VLG> 10,000 km s“1), are consistent with 
Willick’s observation; the difference between (VLG/ry = 99 km 
s"1 Mpc"1 for VLG = 4000-6000 km s“1 and <FLG/r> f°r a 

greater distance yields -500 to —1000 km s"1. As we have 
discussed in § 4, however, the increase of the Hubble ratio as 
the distance is explained by the Malmquist bias. 

5.7. Comparison with the Analysis of Fukugita et al. (1991) 
for the Coma Cluster 

Another case in which the Malmquist bias is quantitatively 
estimated is the analysis by Fukugita et al. (1991) for the Coma 
Cluster. The model that they used is very similar to the one 
described in § 4. With the same scheme adopted here (the RC2 
absorption corrections, local calibrators, and LdV zero point 
for photometry) they obtained the distance modulus to the 
Coma Cluster 34.34 ± 0.20íg;<)9> which corresponds to H0 = 
94ÍJ6 s 1 Mpc“1 with respect to the Local Group cen- 
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^ troid or H0 = 91t\% km s~1 Mpc-1 with respect to the CMB 
^ rest frame. 
S Àt first glance the above values of H0 appear to overlap with 
^ the values obtained in the present analysis. If we look at the 

procedure more carefully, however, we see that the error for the 
relative values of H0 is much smaller, because a large part of 
the random error arises from the uncertainty for the local cali- 
brator which does not enter into the ratios. From Table 7 of 
Fukugita et al. and the error estimate in § 6.2, we obtain 

^ =0.81 ± 0.05ío!o9 (CMB rest frame) . (19) H 0(Coma) 

This discrepancy corresponding to 0.46 mag is significant. [If 
the Local Group centroid is used as a reference frame, 
Ho(P-P)/H0(Coma) = 0.89 ± 0.05 íg;^.] The correction for 
the local velocity flow with respect to the CMB makes the 
deviation even larger, contrary to the conclusion obtained in 
Aaronson et al. Let us study possible origins of the discrepancy 
(Am = 0.46 mag): (1) Zero-point error of relative photometry. 
Both sets of photometry are based on the Kiso Schmidt plates, 
and the zero points are derived from the photometry data in 
the LdV compilation. The total magnitudes that we obtained 
are in accurate agreement with those of RC2. In particular 
<£r(P-P)> — <Br(Coma)> is only Am = 0.04 mag brighter 
than that with the magnitudes of RC2. The result is not 
changed by adopting the zero point of Bothun et al. (1985) 
(Am = —0.02 mag); the zero-point offset between LdV and 
Bothun et al. cancels between the P-P galaxies and the Coma 
galaxies (see Table 2), and the residual yields Am = —0.04 
mag for BT. We expect that the error caused by our use of the 
Zwicky magnitude is substantially smaller than 0.15 mag, 
which is the nominal offset calculated with the formula by 
Auman et al. (1989), because we have further adjusted the zero 
point with the accurate photometry data. So it is very unlikely 
that the discrepancy in H0 can be ascribed to photometry 
zero-point errors. (2) Galactic extinction corrections. It may 
not be possible to exclude a priori the possibility that the 
Galactic extinction for the P-P region is much larger than that 
given by BH or RC2. We can see, however, that this is also 
unlikely: for the sample of Aaronson et al. (1986) the nominal 
distance moduli derived from the B-band TF relation agree 
with those from the H-band TF relation within less than 0.06 
mag. If the extinction were large enough to account for the 
discrepancy, it would spoil the agreement by 0.5 mag between 
the TF distances with the two bands. (3) Miscorrection for the 
Malmquist bias. In the 4000-6000 km s-1 range of the P-P 
region the correction for the bias is quite small for p = 2.6-2.1 
and is at most 10% for p = 2.5-2.6 with the full sample, 
whereas the average correction is as large as 0.4 mag. The 
overestimation of the bias for the P-P cluster is hence little, and 
the present data do not seem to allow H0 > 80 km s -1 Mpc - x. 
The correction for the cluster population bias is estimated to 
be 0.27 mag for the Coma Cluster. The matching of the two 
Hubble constants requires that the correction be as large as 
0.75-0.95 mag. The analysis of Fukugita et al (1991) shows 
that the correction could be 0.7 mag only if the sample were 
limited by Bj < 13.8 mag (this roughly corresponds to mz < 
14.5 mag). The samplings, however, were substantially deeper. 
It seems unlikely that the error of corrections alone accounts 
for the entire discrepancy discussed here. 

The remaining possibilities are (4) that the TF relation is not 
universal and (5) thaf the P-P region (or the Coma Cluster) as a 
whole participates in a large-scale inward (outward) streaming, 
even increasing with the distance, or there is a ~20% anisot- 

tropy in the Hubble flow. This is consistent with the claim by 
Willick that the Pisces-Perseus supercluster is moving toward 
the Local Group relative to the Coma Cluster with a velocity 
of 500 km s-1 or more. Our data, however, indicate that this 
“infall motion” continues up to the distance as far as 10,000 
km s-1 or more. The possibility that a large-scale streaming 
toward the Local Group affects the region only up to 
cz ~ 5000-7000 km s -1 is not favored in our analysis, because 
this requires that the net dispersion of the TF relation be as 
small as < 0.2 mag, which does not seem to be consistent with 
our observation. 

6. CONCLUSION 
In this paper we have studied the Hubble flow in the Pisces- 

Perseus region with the TF relation in the B band using a 
nearly complete magnitude-limited sample by Giovanelli and 
Haynes. We have carefully examined observational selection 
effects in both magnitudes and velocity widths. We found that 
control over the Malmquist bias is essential in obtaining the 
correct value for the Hubble constant from magnitude-limited 
samples. We found that the Hubble constant from the Pisces- 
Perseus supercluster (referred to as the Pisces cluster by 
Aaronson et al. 1986) is H0 = 79.9 ± 5.1 km s-1 Mpc-1 

(CMB rest frame) or H0 = 86.8 ± 6.2í| o km s-1 Mpc-1 

(Local Group centroid). The latter value will be modified to 
i/0 = 81.1 km s-1 Mpc-1 (H0 = 81.5) if the Virgo infall (and 
the local anomaly) is taken into account. While the nominal 
value of H0 from the sample used by Aaronson et al. agrees 
well with theirs from the //-band TF relation, our small values 
are a consequence of the Malmquist bias. These results are 
insensitive to the absorption correction scheme and details of 
the model used to calculate the Malmquist bias, except for the 
magnitude of the dispersion of the TF relation, which we found 
to be <7 ~ 0.45-0.5 mag inclusive of the scatter due to errors of 
input data. We discussed the use of the Zwicky magnitude; 
while the error of this has often been emphasized, it does not 
pose a serious problem for the analysis, provided that the zero 
point is calibrated carefully. 

We found that the values quoted in equations (15) and (16) 
correctly describe the Hubble flow up to the distance 
cz ~ 10,000 km s-1 or more. Our global values of H0 are 
78.5 + 5.5^7 2 km s-1 Mpc-1 (CMB rest frame) and 83.2 
± 5.8Í7;6 km s-1 Mpc-1 (Local Group centroid). No con- 
spicuous peculiar velocity flow is detected in the region 2000 
km s-1 < cz < 14,000 km s-1 within the sample. We detected 
an inflow only up to cz = 2000 km s- ^ 

We noted, however, that our value of H0 is smaller than that 
deduced from the Coma Cluster by 20%, which corresponds to 
2 standard deviations, even if we take account of all possible 
systematic errors that we could detect. This suggests that either 
there exists a very large-scale (>100 Mpc) peculiar velocity 
flow effect on the galaxies in the P-P direction, or the Hubble 
flow is slightly anisotropic, if the TF method is not environ- 
mentally affected and remains a good universal distance 
indicator. 
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