THE ASTROPHYSICAL JOURNAL, 457:460—489, 1996 February 1
© 1996. The American Astronomical Society. All rights reserved. Printed in US.A.

HOMOGENEOUS VELOCITY-DISTANCE DATA FOR PECULIAR VELOCITY ANALYSIS. IL
CALIBRATION OF FIELD SAMPLES

JEFFREY A. WILLICK,! STEPHANE COURTEAU,? S. M. FABER,? DAVID BURSTEIN,*
AvisHAI DEKEL,> AND TSAFRIR KOLATT®'® -
Received 1995 June 1; accepted 1995 August 4

ABSTRACT

This is the second in a series of papers in which we assemble and analyze a homogeneous catalog of pecu-
liar velocity data. In Paper I, we treated two Tully-Fisher (TF) cluster samples. Here, we study four TF field
samples: the I-band sample of Mathewson, Ford, & Buchhorn, the r-band samples of Willick and Courteau-
Faber, and the H-band sample of Aaronson et al. as revised by Tormen & Burstein. In Paper III, we will
combine these spiral samples with elliptical data to form the Mark III Catalog of Galaxy Peculiar Velocities,
which will be used as input for POTENT and other velocity analyses.

We derive the TF slope and scatter separately for each sample, correcting for selection biases and self-
consistency determining internal-extinction coefficients. We find no evidence for a luminosity dependence of
internal extinction. We fit both forward and inverse TF relations and, by comparing the two, validate the bias
corrections applied to the forward fits. By matching TF distances for several hundred galaxies common to two
or more samples, we determine the relative zero points of the various TF relations. The global zero point is
set by the Han-Mould TF calibration carried out in Paper L

We calibrate the TF relations after grouping field galaxies in redshift space, making conservative use of
preliminary TF relations based on Hubble flow distances. The differences between the preliminary and final
TF scatter estimates indicate typical radial peculiar velocities of ~250-300 km s~ . We find observed scatters
o1 ~ 0.38-0.43 mag for the r- and I-band samples, larger than many recent estimates, and estimate the intrin-
sic TF scatter to be ~0.30 mag. Based on simulated catalogs, we find that our observed scatter estimates are

good to <$5%.

Subject headings: galaxies: distances and redshifts — large-scale structure of universe

1. INTRODUCTION

The measurement and analysis of galaxy peculiar velocities
are emerging as important tools for cosmology. In the gravita-
tional instability scenario for structure formation, the ampli-
tude and coherence scale of the peculiar velocity field uniquely
reflect those of the underlying mass-density field, independent
of possible biasing of dark versus luminous matter. Density
fluctuations inferred from peculiar velocities may be compared
with those inferred from cosmic microwave background fluc-
tuations (Gorski et al. 1994), providing a powerful consistency
check on the gravitational instability picture (Babul et al.
1994). To the extent the relationship between galaxies and
mass can be accurately modeled, comparison of peculiar veloc-
ity and redshift survey data yields a value of the density param-
eter Q, (see, e.g., Dekel 1994; Strauss & Willick 1995).

Peculiar velocity analyses require large samples of gal-
axies with redshift-independent distance measurements. Two
methods for obtaining such measurements are especially useful
for such studies: the Tully-Fisher (TF) relation for spirals and
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the D,-o relation for ellipticals. Several groups have indepen-
dently obtained a substantial quantity of TF and D,-¢ data
over the last decade. These samples must be carefully processed
and combined in order to produce a homogeneous data set
with wide sky coverage, as is needed to address the scientific
issues mentioned above.

This is the second in a series of papers in which our goal is
first to compile a large, homogeneous catalog of TF data, com-
bining it in the process with previously published D,-o data,
and subsequently to use this catalog for rigorous peculiar
velocity analysis. In Paper I (Willick et al. 1995a), we presented
our basic methods, notation, and philosophy and carried out
TF calibrations for the cluster samples of Han, Mould, and
coworkers (HM) and Willick (W91CL). Familiarity with Paper
I is essential for the reader of this and later papers in the series.
In this paper, we continue our analysis of the six separate
samples that comprise our TF database, treating now the field-
galaxy samples of Mathewson, Ford, & Buchhorn (1992;
MAT), Willick (1991; W91PP), Courteau-Faber (Courteau
1992; CF), and Aaronson et al. (1982, recently revised by
Tormen & Burstein 1995; A82). In Paper III (Willick et al.
1995b) we will present the final calibrated TF and D,-o data in
tabular form as the Mark III Catalog of Galaxy Peculiar
Velocities, and perform a variety of statistical tests pertaining
to the validity of the catalog for velocity analysis. In Papers IV
(Faber et al. 1996) and V (Dekel et al. 1996), we will carry our
velocity analyses of the catalog using graphical methods and
the POTENT velocity and density reconstruction algorithm
(Dekel, Bertschinger, & Faber 1990; Dekel et al. 1993). Pre-
liminary analyses of the Mark III catalog have been carried
out by Courteau et al. (1993), Faber et al. (1993, 1994), Dekel
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(1994), Kolatt (1995), Hudson et al. (1995), and Strauss &
Willick (1995).

This paper goes beyond Paper I in one important respect.
Because we are treating field samples here, it is not obvious
how, if at all, to group the galaxies when calibrating the sample
TF relations. An alternative to grouping galaxies would be to
adopt models of the peculiar velocity field such that galaxy
distances could be assigned from their redshifts and sky posi-
tions. However, for reasons discusssed in Paper I, § 2, we have
chosen to eschew this approach. We have thus developed a
redshift-space grouping algorithm, which enables us to place
field galaxies into groups and, subsequently, to fit TF relations
in the same way we did for the cluster samples in Paper L
Because the algorithm also uses TF-distance information—
albeit in an extremely conservative way (§ 2.2.2)—we deter-
mine preliminary TF relations from Hubble flow fits. We will
argue that our group analysis enables us to constrain the
values of the TF scatters for the various samples to good
($5%) accuracy. This is essential because the TF scatter dom-
inates the random and systematic errors in peculiar velocity
studies. We will use the groups not only for calibrating TF
relations but also later in the POTENT velocity-field recon-
struction (Hudson et al. 1995; Paper V). When we treat groups,
rather than individual galaxies, as tracers of the velocity field,
Malmquist bias effects—which are inversely proportional to
the number of objects in a group—can be made quite small
(Kolatt 1995). In Paper III we will present the group-
membership data in tabular form.

Another issue we investigate here, but did not in Paper I,
is the possibility that internal-extinction corrections are lumi-
nosity dependent. Giovanelli (1995) has recently claimed that
the I-band internal-extinction coefficient (C., in our
terminology) varies from ~0.5 for the faintest galaxies to
~1.3 for the brightest galaxies. Such an effect, if it exists and
were neglected, would systematically influence velocity-field
analyses. More distant (typically more luminous) galaxies
would be undercorrected and more nearby (typically fainter)
galaxies would be overcorrected for internal extinction, which
would generate false signals of flow convergence at the mean
depth of the sample. We carry out a detailed test for this effect
using the MAT and W91PP samples.

The final task of this paper is to complete the process of
homogenization by ensuring that the various TF samples
produce a uniform set of distances. We do this by adjusting the
individual sample TF zero points to minimize distance-
modulus differences for galaxies common to two or more
samples. The global zero point for the Mark III catalog is
determined by that of the HM sample, which was derived in
Paper 1. At the end of the paper, we present fully calibrated
forward and inverse TF relations for each spiral sample. The
outline of this paper is as follows: In § 2, we carry out the TF
calibration of the MAT sample; in the process, we also
describe and motivate our use of the grouping algorithm. The
TF calibrations of the W91PP, CF, and A82 samples are pre-
sented in §§ 3, 4, and 5, respectively. In § 6, we place the
samples on a common zero point. In § 7, we further discuss our
TF scatter estimates and estimate the intrinsic scatter of the TF
relation. We summarize our main results in § 8.

2. THE MAT SAMPLE

The full MAT TF sample consists of the 1355 galaxies for
which Mathewson et al. (1992, hereafter MAT92) presented
data. As discussed in Paper I, we adopt the raw data from

MAT92 but apply our own corrections to them. Thus, we have
recomputed inclinations, velocity widths, and apparent magni-
tudes using procedures we will detail in Paper III. We have
reduced the size of the full MAT sample, using exclusion cri-
teria also to be detailed in Paper III. The most important of
these criteria are the imposition of a photographic-diameter
limit of 1.6, to be discussed further below, a minimum inclina-
tion of 35°, and a minimum #5-value’ of —0.42. The last cri-
terion excludes extremely faint galaxies, which may deviate
from the TF relation of their more luminous counterparts. The
reduced sample consists of 1220 galaxies, which we use here
for TF calibration and later in the series for the POTENT
analysis. Peculiar velocity analyses are not necessarily restrict-
ed to this 1220 galaxy subsample, however, and in Paper I1I we
will present data for the full MAT sample.

2.1. Selection Criteria Relations for MAT

The first step toward TF calibration is quantitative charac-
terization of sample-selection criteria (see Paper I). This is
needed to implement the bias-correction procedure of Willick
(1994, hereafter W94). The most important selection criterion
for MAT in terms of bias effects is the diameter limit. To
account for its effect on TF calibration, we need to derive a
relation between the photographic diameters and the TF
observables. Such a relation gives the sample-selection prob-
ability as a function of apparent magnitude and line width; this
selection probability in turn yields the apparent magnitude
bias in the TF calibration procedure (see W94, § 4.1). The other
selection criterion that relates to selection bias is the #-limit,
which affects only the inverse TF calibration (§ 2.2.6). As this
limit is imposed directly on a quantity that is entering the TF
analysis (as opposed to the “indirect” effect of the diameter
limit), it requires no further analysis here.

Two issues complicate the MAT diameter limit. The first is
that the sample is drawn from three different catalogs. The
great majority of sample objects is taken from the ESO-
Uppsala catalog of galaxies (Lauberts 1982; ESO), but a small
percentage is drawn from the MCG (Vorontsov-Veliaminov &
Arhipova 1968) and UGC (Nilson 1973) catalogs. The pho-
tographic diameters for the ESO and non-ESO objects are not
given on the same system (Lahav, Rowan-Robinson, &
Lynden-Bell 1988), and it is not clear that the same diameter
limit would apply to the two subsets even if the diameter
systems were mutually consistent. However, in view of the very
small number of non-ESO objects (five UGC and 42 MCG
galaxies in the 1220 galaxy calibration subsample, or ~4%),
the effect of this diameter ambiguity will be quite small, and we
choose to ignore it in the TF calibration.

The second issue is the actual value of the diameter limit.
According to MAT92, the sample was selected to an ESO
photographic-diameter limit of 1:7. However, this statement is
not borne out by the sample data themselves. The left panel of
Figure 1 shows a histogram of ESO photographic diameters
(Dgso) for the full MAT sample. There are nearly as many
objects with Dggo = 1'6 as with Dggo = 1!7; the number of
sample objects drops precipitously for diameters smaller than
1/6. The right panel of Figure 1 plots Dggo as a function of
redshift. There does not appear to be a significant decrease in
the effective minimum diameter with increasing redshift. In the
TF analysis, therefore, we will take the limiting diameter to be

7 In Paper I, § 2.1, we defined # as log Av — 2.5, where Av is the twice the
rotation velocity of the galaxy.
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FiG. 1.—Left, histogram of apparent diameters, in 01 bins, for ESO galaxies in the MAT sample; right, log Dy (in units of 0:1) plotted against cosmic microwave
background—frame redshift for ESO galaxies in the MAT sample. In each panel, the dotted line shows the nominal ESO diameter limit of 1.7 for the sample as
reported by Mathewson et al. (1992). It is apparent that the actual diameter limit is somewhat smaller.

1.6, excluding all smaller galaxies and adopting this limit in the
W94 bias-correction procedure. We further validate this choice
of diameter limit in § 2.2.7. However, in the analysis of the
relationship between the ESO diameters and the TF observ-
ables, we will be more conservative and limit the analysis to
objects with Dggg > 1/7. This ensures that the Dggo-m; relation
we now derive—on which the TF calibration bias-correction
procedure critically depends—is unaffected by the diameter-
limit ambiguity.

We assume that the logarithm of the ESO diameter
expressed in units of 0.1, log Do, is linearly related to the
observables that enter into the TF relation (the I-band appar-
ent magnitude m,, the velocity-width parameter #, the
logarithm of axial ratio £, and the Galactic extinction Ap) as
well as log redshift. When we fit such a relation to the ESO
galaxies that satisfy Dggo > 1!7, we obtain the coefficients
shown in Table 1. We remind the reader (see Paper I, § 3.1) that
such a fit is itself strongly biased because the fitted variable (log
diameter) is subject to a strict limit; hence we apply the iter-

ative bias-correction procedure of W94 in carrying out this fit.
In addition, we have excluded from the fit objects with m; >
14.1 mag in order to minimize the number of highly biased
objects that can undermine the validity of the bias-correction
procedure. The coefficients of # and Ay listed in Table 1 are
identically zero because the fitted values of these parameters
were insignificant. This is consistent with the result obtained
for HM South (see Paper I, § 3.1.2), in which a very similar
relation for log Dggo Was obtained (see Paper I, Table 2). In the
left panel of Figure 2, we plot the bias-corrected values of
log Dggo versus raw I-band magnitude. The diameter limit for
the fit is shown as a dotted line. As in Paper I, we see that the
bias-corrected diameters can be smaller than the limit. This is
the ultimate source of the selection biases that will affect the
MAT TF calibration.

When 5 rather than log cz is included in the fit, a significant
value of the n-coefficient results. However, the scatter is then
larger than that shown in Table 1. Inclusion of both log cz and
n in the fit does not lead to improvement. We thus assume that

TABLE 1
FiT COEFFICIENTS FOR MAT

COEFFICIENT OF

QUANTITY
PREDICTED CONSTANT m; Ag 2z log cz — 3.7 c
log Dggo..... 3.128 0.160 0000 0000 0.323 0.320 0.120

Note—Coefficients of the indicated quantities in the linear relation for log Dgg, for the MAT
sample, along with the rms dispersion for this relation.
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FI1G. 2.—Results of fitting log Dg, to the TF observables for the MAT sample. The left panel shows bias-corrected values of log Dgq plotted against the raw
I-band magnitudes. The right panel shows residuals from this fit plotted against 7 (top), log redshift (middle), and log axial ratio (bottom). The apparent truncation of
the residuals at about —0.2 dex results from the strongly biased nature of the fit; see § 2.1 for details.

the relation for log Dggo is #-independent; the redshift term
then presumably indicates a distance dependence. However,
one must recognize that the redshift and velocity-width depen-
dences are difficult to disentangle. For the forward TF fits, this
issue is relative unimportant,® but for the inverse TF fits the
n-dependence is crucial. In the right panels of Figure 2, we plot
residuals from the best fit with respect to #, log cz, and axial
ratio. No remaining trends are seen, indicating the adequacy of
our fits. However, it is apparent that the fit residuals do not
possess a Gaussian distribution. The reason for this is not
inherent non-Gaussianity but rather the strongly biased nature
of the fit. Although the bias-correction procedure gives us a
valid mean relation, it cannot restore the uniform distribution
of residuals about expected values.

2.2. Calibration of the MAT TF Relation

Unlike HM and W91CL, the MAT sample does not neatly
divide into well-defined galaxy clusters. MAT92 provide a list
of nominal clusters, but these are for the most part poorly
defined ; many have large redshift-space spreads, while there is
scant evidence in redshift maps of finger-of-god effects at their
locations. They are thus unlikely to be clusters in the true
sense. Moreover, our realistic estimate of the MAT TF scatter
(~0.43 mag; see below) greatly exceeds the 0.32 mag estimated
by MAT92 from fits to the nominal clusters, suggesting that

8 The forward fits are, however, affected to some degree: the coefficient of
m, in the relation for log Dggo, and consequently the “f-parameter” in the
‘W94 bias-correction procedure, is larger when the relation is modeled in terms
of n rather than log cz.

the nominal clusters are unrepresentative of the sample as a
whole. We will instead use the entire 1220 galaxy subsample
for TF calibration. This raises a number of complicated issues,
as we now discuss.

For calibration, we need a way to assign “ TF-orthogonal ”
distances to sample galaxies (see Paper I, § 2). As we have
foresworn the approach of using detailed peculiar velocity
models, we must instead assign field galaxies to groups whose
individual members lie at a common distance. But the con-
struction of such groups presents a dilemma. The most obvious
criterion for group membership is redshift-space proximity.
But it is possible that two objects, along a given line of sight
and with very similar redshifts, are in reality widely separated.
This would occur if their relative peculiar velocity of approach
were comparable to their Hubble velocity of separation. To
remedy this situation, we need to invoke the TF information.
Yet, at the outset, we do not even have a TF relation to use for
this purpose.

In what follows, we resolve this dilemma through a com-
bination of the two basic approaches to modeling distances.
First, we obtain a preliminary TF relation by adopting a
“peculiar velocity ” model, but that model is the null hypothe-
sis: that peculiar velocities are everywhere negligible. We thus
build into our preliminary TF calibration only the assumption
of which we are most certain, that the universe is expanding
according to Hubble’s law. If there are true peculiar velocities,
they will manifest themselves as increased apparent TF scatter,
but the TF zero point and slope thus obtained will be suffi-
ciently accurate to move on. In the second step, we group
objects in redshift space, but modify these groups in a well-
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defined way using the preliminary TF relation. A new TF rela-
tion may then be fitted to the groups. The free parameters in
such a fit are a single TF slope and relative distance moduli for
each group. The discussion surrounding equation (18) of Paper
I gives the details of how such a fit is carried out. The TF slope
and scatter that result from the group fit are correct to within
statistical errors, provided the groups are realistic. Much of the
discussion to follow will be concerned with ensuring that they
are.

2.2.1. Preliminary Hubble Flow Fits

Forward TF Hubble flow fits proceed as follows. First, we
define a “Hubble absolute magnitude” My for a galaxy with
observed apparent magnitude m and redshift cz (measured in
kms™1): '

My(m, cz)=m —5logcz. (1)
We then minimize the quantity

Z [My(m;, cz) — (A — bﬂi)]z
7 o5 +f(0,/cz)

with respect to the TF parameters A and b. Here g, is an
estimate of the true TF scatter, g, an estimate of the radial
velocity dispersion about pure Hubble flow, and f=5/
In10 =~ 2.171. The fit is insensitive to the precise values of o
and ¢, and we adopt o, = 0.40 mag and 6, = 300 km s~ 1. A
single fit yields biased values of the parameters because of the
diameter limit. The bias-correction procedure of W94 is
therefore applied, and the fit is iterated until convergence (see
Paper I, § 3.2, for details).

The redshift cz that appears in equation (2) is a frame-
dependent quantity. We carry out the fits in three reference
frames—the cosmic microwave background (CMB), Local
Group (LG), and heliocentric frames—and will simply adopt
the TF relation from the smallest scatter fit. The fits involved
1219 of the 1220 MAT galaxies; one very nearby (cz = 226 km
s~1) object was excluded. The resulting TF parameters are
given in Table 2. Note that the scatter o is smallest when
heliocentric redshifts are used. Since the CMB presumably
defines the true cosmic “rest frame,” the smaller scatter of the
heliocentric fit most likely reflects large-scale departure from
Hubble flow in which the MAT sample participates. The excel-
lent agreement between the TF zero points and slopes for the
heliocentric and CMB frames is reassuring, however. The
heliocentric Hubble flow fit provides us with a preliminary TF
relation and a rough estimate of its scatter, ¢ ~ 0.47 mag. To
the degree the Hubble flow model is imperfect, this value is
larger than the true MAT TF scatter. However, we have no

@

TABLE 2
MAT TF ReLATION FROM HUBBLE FLow FITs

Reference o
Frame A b (mag) N,
Heliocentric....... —5.828 6.808 0.467 1209
CMB .............. —5.828 6.827 0.502 1207
Local Group...... —5.720 6.961 0.484 1208

Notes.—Parameters that result from fitting a forward TF
relation to the MAT sample, under the assumption of uniform
Hubble flow in a heliocentric, CMB, and LG frame of refer-
ence. N, is the number of objects (those with fit residuals less
than 1.75 mag) used in the scatter computation. In each case a
total of 1219 objects participated in the fit.

© American Astronomical Society
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reason to suppose the TF parameters 4 and b derived from the
above exercise are seriously in error. Thus, we are now
equipped to apply the grouping algorithm.

2.2.2. The Grouping Algorithm: Motivation and Description

Before we describe the grouping algorithm, a word about its
limitations is in order. It is not our intention to identify groups
of galaxies whose dynamical characteristics are in any sense
well defined. We do not, in particular, seek to identify groups
that are gravitationally bound. Rather, we aim to form groups
whose only defining characteristic is that members lie at a
common distance. Here, “lying at a common distance ” should
be understood as “ possessing a true depth undetectable by the
TF relation.” The distances to objects in a group may differ,
provided this difference is small relative to the TF error.
Groups with these specific properties are adequate for the
purpose of calibrating the TF relation and efficiently reducing
Malmquist bias.

The algorithm uses two fundamental criteria for assigning
galaxies to groups. The first is redshift-space proximity; the
second is “TF-distance” proximity. The first criterion is
enforced strongly in the sense that galaxies must be within
~ 150 km s~ ! in radial velocity, and about twice that in trans-
verse velocity, of a common center for inclusion in a group (the
actual group sizes depend on redshift, as described below). The
groups are thus very “tight” in redshift space. This reflects the
basic physical assumption that underlies the algorithm, namely
that small-scale, random motions (“noise”) relative to the
mean velocity field of galaxies are small (5200 km s™!). By
contrast, the TF-distance criterion is applied extremely
conservatively—ultimately at a 23 o level. The TF-distances
of two group members may thus differ greatly (typically by
~1000-2000 km s~ 1), while their redshifts may differ by a few
hundred km s~ ! at most.

The algorithm requires three basic input parameters: a
radial velocity spread parameter o,, a transverse velocity spread
parameter a,, and the TF input scatter o;,. Galaxies are pro-
visionally grouped if their radial velocities differ by less than o,
and their transverse velocity difference (roughly, redshift times
angular separation) is less than o,. In practice, we have o, and
o, increase with radial velocity in order to form groups effi-
ciently at larger distances, where the sampling becomes more
dilute. While this means that the redshift-space (and presum-
ably real space) group sizes increase with redshift, this is
acceptable since the TF-distance uncertainty does so as well. In
the left panel of Figure 3, we plot the adopted forms of o, and
o, for the MAT-sample grouping as a function of redshift. The
groupings of the other samples (W91PP and A82) use similar
forms of o, and g,. The right panels show the rms transverse
(top) and radial (bottom) redshift-space sizes of the MAT
groups actually formed versus g, and o,. Note in particular
that for 6, < 400 km s~! (i€, cz < 5000 km s~ !) typical rms
group sizes are <150 km s~ ! in radial velocity.

The input scatter g;, ought ideally to be roughly equal to the
true TF scatter ¢. In practice, we do not know ¢ at the outset,
so we will treat o;, as a variable input parameter; as described
below, we will use the variation of the output-group properties
as a function of a;, to choose its optimal value. The algorithm
converts g;, into an equivalent fractional distance error A;, =
(In 10/5)0;, ~ 0.460;,. Each galaxy is assigned a TF-inferred
distance

d — 100.2[m—(A—bry)] , (3)
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FiG. 3—Left: Grouping-algorithm input parameters o, and o,, which control redshift-space radial and transverse group sizes, respectively, plotted against
redshift. The plots depict the redshift dependence of these parameters used for the MAT-sample grouping; very similar dependences were used for the W91PP and
A82 sample groupings as well. Right : The top panel shows the rms transverse sizes plotted against o,, and the bottom panel rms radial sizes plotted against o,, of the
MAT-sample groups generated by the algorithm. The lines drawn through the points are the approximate fits: mean rms transverse group size ~ 0.460,; mean rms

radial group size ~ 0.33g0,.

using the parameters of the preliminary TF relation, and an
apparent radial peculiar velocity u =cz —d. We do not
concern ourselves at this point with biases in d or u, nor with
the possible inaccuracy of the input TF parameters. Because
we are using the TF information very conservatively, our
results are insensitive to such second-order effects. Galaxies
that have passed the redshift-space proximity test are now
grouped if their apparent peculiar velocities differ by less than
~3A,, d (the actual condition is somewhat more complicated
and accounts for the fact that the Gaussian distribution of TF
residuals converts to a lognormal distribution of distance
errors). This last grouping criterion is equivalent to requiring
that grouped objects have TF magnitude residuals < 30;,.

The algorithm proceeds in several stages. In the first, all
pairs of galaxies are tested for association. The grouped pairs
are then merged with other pairs with which they share a
member, thus forming larger groups. An effort is then made to
amalgamate these groups by testing whether any two are close
enough in redshift and TF-distance space; the latter test takes
into account the reduced distance uncertainty with increasing
number of members. A final effort is made to place ungrouped
objects, which were not paired initially, into the updated set of
groups. Once this is done, the groups are “exploded,” i.e., their
members are returned to the pool of individual objects; the
group redshift-space positions and TF-distances remain as the
“seeds” for subsequent passes of the algorithm. In these sub-
sequent passes, which are iterated until the makeup of the

groups is unchanging, individual objects undergo the redshift-
space and TF-distance-space proximity tests not with each
other but with the current group centers. At the end of each
iteration, group centers are recomputed. Upon convergence,
the algorithm returns the group positions in redshift and TF-
distance space and a list of their individual members.

The greatest danger in the grouping approach to TF cali-
bration is that we will use the preliminary TF relation too
liberally in forming groups. Consider a group of redshift-space
neighbors. Suppose first that they constitute a real-space group
as well. Too liberal a use of the TF information occurs when
the input scatter g;, is too small. This would lead us to exclude
some actual group members on the grounds that their TF
residuals appear too large. The remaining objects would still be
a group, but they would exhibit a TF relation with artificially
diminished scatter. Another danger of the grouping approach
is too conservative a use of the TF information, which occurs
when a;, is too large. Suppose that our group of redshift-space
neighbors actually consists of a real-space group plus an
admixture of superpositions. If g;, is too large, we will fail to
exclude the superpositions. The redshift-space group will then
exhibit an inflated TF scatter because its members are not
actually equidistant.

2.2.3. The Grouping Algorithm: Application

Let us refer to the scatter of the TF relation fitted to the
groups as the “output scatter,” or o,,,. The discussion above
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suggests that o, will vary with o;, in a characteristic way.
When o, is far below the true TF scatter o, 6, will underesti-
mate ¢ but will exceed o;,. This occurs because, although we
exclude from group membership galaxies whose TF residuals
are greater than ~ 30;,, the remaining objects will retain some
signature of the true scatter. On the other hand, when g;, is
much greater than g, the output scatter will fall below o;,. This
occurs because taking a;, to be infinitely large corresponds to a
pure redshift-space grouping. Such a grouping can be no worse
than modeling distances by pure Hubble flow, and a Hubble
flow TF fit (§ 2.2.1) has finite scatter. It follows that a plot of
O VErsus oy, lies initially above the unity line, then crosses
this line, and finally asymptotes to a limiting value. If we can
calibrate the o,,-0;, diagram, we can hope to deduce from it
the correct value of the TF scatter.

The grouping algorithm is sufficiently complex that the
precise location on the o,,-0;, graph of “truth” cannot be
predicted a priori. Thus, we will calibrate the ,,-0;, diagram
using simulated TF data sets that have been generated by
Kolatt and coworkers (Kolatt 1995; Kolatt et al. 1996). The
reader is referred to those references for details; here we note
only that the redshift and apparent magnitude distributions of
the simulated TF samples resemble those of the true samples
and that the simulated samples are subject to selection biases
that mimic those of the real data. The dynamics of the N-body
simulation from which the mock TF samples were generated
are those of an Q = 1 universe. The simulated MAT sample
has a true TF slope b = 6.71 and a true TF scatter o = 0.42
mag. Hubble flow TF relations were fitted to the simulated
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MAT sample, just as was done with the real data. The TF
parameters corresponding to the smallest scatter (0.48 mag)
where then used in the grouping algorithm.

Figure 4 shows the results of applying the grouping algo-
rithm to the simulated MAT sample. The four panels show the
output scatter g,,,, the TF slope fitted to the groups, the mean
number of objects per group {n,», and the percentage of total
objects grouped plotted against the input scatter o;,. The slope
and scatter error bars were computed under the assumption
that the output scatter was correct. The o,,.-0;, diagram ex-
hibits the behavior predicted above. The output scatter signifi-
cantly underestimates the true scatter as long as g, is at least
~10% larger than o;,. For o, in the range ~(0.95-1.25)c,,,,
the output scatter is equal, to within the errors, to the true
scatter. When o, exceeds g, by ~30% or more—in the
present case, for g;, 2 0.60 mag—o,,, significantly overesti-
mates the true scatter. However, g, asymptotes to ~0.45 mag
as o;, is made very large. This limiting value is significantly
smaller than the Hubble flow scatter for the simulated sample.
Thus, even a pure redshift-space grouping provides a better
distance model than Hubble flow, in which redshift corre-
sponds precisely to distance regardless of angular position.

In the top right panel of Figure 4, we see that the TF slope
fitted to the groups exhibits a marginally significant trend over
the full range of g;,. However, for the restricted range of
“valid” a;, (~0.40-0.55 mag) the output slopes are in good
agreement with one another, as well as with the true TF slope,
and show no trend. This suggests that the group TF cali-
bration will not incur a systematic slope error provided that an
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F1G. 4—Four output parameters of the grouping algorithm applied to the simulated MAT sample, plotted as a function of the input scatter a;,: the scatter of the
TF relation fitted to the groups, a,,, (upper left), the slope of the TF relation fitted to the groups (upper right), the mean number of objects per group (lower left), and
the percentage of total sample objects grouped (lower right). In the upper left panel, the solid line is the unity line y = x. The dotted lines indicate the true TF scatter
(upper left) and slope (upper right) of the simulated MAT sample. The scatter and slope error bars are 1 o statistical estimates.
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appropriate value of o;, is used. The lower right panel provides
a further diagnostic of the “correct” value of o;,. The percent-
age of objects grouped rises sharply and then plateaus as o;,
increases; the proper value of o;, occurs near the onset of the
plateau region. The behavior of (n,) is more erratic; our ap-
plication of the algorithm to other samples will confirm that
{n,> is not a reliable diagnostic, and we will not use it to
constrain o;,,.

Figure 5 shows the same information for the grouping algo-
rithm applied to the real MAT sample. Figure 5 bears an
overall qualitative resemblance to Figure 4, suggesting that we
may indeed use the simulation as a guide for interpreting the
real data. From the simulation we deduced that g, is a good
estimate of the true scatter when o;,/5,,, ~ 0.95-1.25. Applying
this rule of thumb to the upper left panel of Figure 5 indicates
that o, provides a good estimate of the true MAT TF scatter
for 0.40 mag < 0;, < 0.55 mag, corresponding to o, =
0.415-0.445 mag. The upper right panel of Figure 5 shows that
while there is a slight overall trend in the fitted slopes, for the
valid range of o;, the slopes are consistent within the errors
and manifest no trend. The lower right panel shows that for
0:n = 0.40 mag the percentage of total objects grouped is at the
onset of or within the plateau regime, consistent the range of
valid o;, estimated from the o,,-0;, diagram. The output
scatter asymptotes to ~0.45 mag, somewhat greater than our
estimate of the true scatter. This behavior, too, is consistent
with what was seen for the simulation.

While Figures 4 and 5 bear an overall resemblance to one
another, the correspondence is not exact. The “turnovers” in
the o,,, and percentage of objects grouped versus o;, graphs
are somewhat sharper in the simulation than the real data,
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while the shapes of the (n,) versus o;, graphs differ markedly.
In addition, the percentage of total objects grouped and the
mean number of objects per group is significantly higher in the
real data. This could result if the real galaxies are either more
strongly clustered or have smaller random velocities than
those in the simulation. Our interpretation of the o,,-0;, and
related diagrams is rigorous only to the degree that the simula-
tion precisely mimics the real universe. The differences just
cited show the likeness is imperfect, and we should view our
reasoning as heuristic rather than exact. There is thus larger
uncertainty in our TF scatter estimate than is suggested by the
previous paragraph.

Nonetheless, this uncertainty remains small. The MAT TF
scatter is unlikely to be greater than the asymptotic value of
0.45-0.46 mag. Moreover, the abrupt change in slope of the
O.u-0in diagram at o;, =~ 0.40 mag argues against a TF scatter
less than ~0.40 mag. A generous estimate of the “total”
scatter uncertainty (~95% confidence) would thus be about
+0.03 mag. A conservative estimate of the rms (~65%
confidence) scatter uncertainty is about +0.02 mag, or ~5%.
This error is systematic in that it stems from our inability to
state precisely which value of g;, is optimal for the group cali-
bration. The purely statistical error on the scatter (shown as
the error bars in the upper right panel of Figure 5) is ~0.01
mag and is thus relatively unimportant.

A final question concerning the validity of the group TF
calibration is whether the ~85% of all objects that are
grouped, and thus participate in the calibration, represent a
“special,” low-scatter subset. One way to answer this is to
carry out Hubble flow fits only to those objects that were
grouped. We have done so for the output of the o;, = 0.50 mag
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FiG. 5.—Same as Fig. 4, but results for the real MAT sample are shown
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run of the grouping algorithm; the results are presented in
Table 3. The numbers in the table demonstrate that there is
nothing special about the TF characteristics of the grouped
objects as compared with the full MAT sample. The TF
parameters in Table 3 differ inconsequentially from the corre-
sponding quantities in Table 2. The Hubble flow scatters are, if
anything, somewhat larger for the grouped objects. Thus, the
lower scatter (~0.43 mag) obtained by treating members of a
given group as equidistant, as compared with the assumption
of (heliocentric) Hubble flow (~0.47 mag), shows that the
groups provide a better model of TF-orthogonal distances.
This confirms the utility of the grouping algorithm as a tool for
TF calibration and further validates our later use of these
groups in velocity analyses.

2.2.4. The Provisional MAT TF Relation

We can now provide a “provisional” MAT TF relation. By
this we mean the correct slope and scatter as derived from the
grouping algorithm but an approximate zero point derived
from the Hubble flow fit. For the slope we adopt the output of
the o, = 0.5 mag run of the grouping algorithm. For the
scatter we adopt 0.43 mag, also the value produced by the
6;, = 0.5 mag run but, more importantly, the mean value of
6. for those runs with acceptable values of a,,/6,, as sug-
gested by the simulation. For the zero point, we adopt the
value obtained from the heliocentric Hubble flow fit to the
entire MAT sample (which differs negligibly from that
obtained from the CMB fit). Note that this provisional zero
point is, in effect, calculated the same way we calculated the
final TF zero point for the HM sample in Paper I—i.e., it
assumes that redshift equals distance in the mean. As we shall
see at the end of this paper (§ 8), the final zero point differs
relatively little from the provisional one, which indicates that
the assumption that redshift equals distance is not a bad one,
when averaged over the entire MAT sample. The parameters of
the provisional MAT forward TF relation are presented in
Table 4. Also shown in the table are the parameters of the
inverse MAT TF relation, which we discuss further below. In
Figure 6 we plot the MAT-sample TF relation (left) obtained
from the 0;, = 0.5 mag run of the grouping algorithm. The
absolute magnitudes plotted are bias-corrected but are other-
wise relative (i.e., they are given by m — u — A, where u + A is
the quantity actually returned by the algorithm). The line
drawn through the points indicates the computed MAT TF
slope. In the right panels of the figure, TF fit residuals are
plotted against n and Galactic extinction Agz. No significant
trends are seen, which demonstrates the validity of a linear TF

TABLE 3
MAT HuBbLE TF RELATION: GROUPED OBJECTS

Reference 4
Frame A b (mag) N,
Heliocentric....... —5.831 6.793 0.472 1035
CMB ........e.n. —5.837 6.817 0.504 1033

Local Group...... —5.723 6.930 0.486 1034

Notes.—Parameters that result from fitting a forward TF
relation to those MAT objects that were placed in groups (in
the o;, = 0.50 mag run of the grouping algorithm). The fits
were carried out under the assumption of uniform Hubble flow
in heliocentric, CMB, and LG frames of reference. N, is the
number of objects (those with fit residuals less than 1.75 mag)
used in the scatter computation. In each case a total of 1040
objects participated in the fit.
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TABLE 4
PARAMETERS OF THE PROVISIONAL MAT TF RELATIONS

FORWARD INVERSE

o

SAMPLE A b(+) (mag) D e(+) o,

—6.03 0.1318 (0.0016) 0.058

—583 6.80(0.08) 043

Notes.—Parameters of the provisional MAT forward and inverse TF rela-
tions. The slopes and scatters, which are final, were obtained from the o,, =
0.50 mag run of the grouping algorithm. The zero points remain to be adjusted
through an overlap comparison with other samples.

relation and our adopted Galactic extinction corrections (see
Paper III). In the residual-n plot there appears to be less scatter
at the largest velocity widths, an effect noted by Federspiel,
Sandage, & Tammann (1994). A full analysis of this effect is
complicated, as the effects of the bias-correction procedure
must be taken into account, and we defer further discussion of
this issue to Paper III. For now, we note only that a decrease in
scatter with increasing # is detectable but is small enough not
to affect the calibration analysis presented here.

2.2.5. Physical Significance of the Hubble Flow versus
Group TF Scatter

The difference between the heliocentric Hubble flow scatter
(0.47 mag) and the grouping-algorithm output scatter (0.43
mag) most likely reflects the radial peculiar motions of sample
galaxies. The indicated motions are on the order of ~(In 10/
5)(0.472 — 0.43%)'/2 2 9% of the typical object distances. The
effective depth of the MAT sample is ~2500-3000 km s~ !,
Thus, the typical radial peculiar motions have amplitude ~250
km s~ 1. In making this rough calculation, we have used the
Hubble flow scatter in a heliocentric frame. The fact that the
Hubble flow scatter in the CMB frame is significantly larger
indicates that, in addition to these small-scale motions, there is
a large-scale component to the flow field shared by much of the
sample. In later papers in this series we will study these issues
in detail.

2.2.6. An Inverse TF Relationfor MAT

As we did in Paper I for HM and W91CL, we derive an
inverse TF relation for MAT. The rationale is twofold: first,
the comparatively unbiased character of an inverse TF fit
enables a check (see below) on the significant bias corrections
applied in the forward calibration; second, the inverse relation
is useful in its own right for later peculiar velocity studies. In
Paper I, we noted that even the inverse fits required small bias
corrections for HM and W91CL because of the n-dependence
in the relationship between the TF magnitudes and certain of
the selection quantities. The inverse TF fit for the MAT sample
requires no bias correction analogous to that done for HM and
WO1CL because the log Dgso—m, relation was found to be #-
dependent. However, we have imposed a strict lower limit of
n = —0.42 in defining our calibration sample (see above). In
what follows, we implement the W94 bias-correction pro-
cedure appropriate to this strict #-limit. In practice, relatively
few galaxies have small 5-values near the limit, and thus the
effect of this correction on the inverse TF fit is small.

We fit to the groups formed by the preferred o;, = 0.50 mag
run of the grouping algorithm. The inverse relation is taken to
be of the form #°(M) = —e(M — D), and its scatter is denoted o,
(see Paper I). The method of fit is exactly as described in § 3.3.1
of Paper I (except, of course, that none of the present groups
are allowed to “expand ” in the Hubble flow). The slope e and

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


http://adsabs.harvard.edu/abs/1996ApJ...457..460W

No. 2, 1996
3 T I T T T I T T T l T T T I T T T
21 —
A —
[0} r N
© L -
2
g i ]
(o] | ]
g Or ]
2 i ]
=2
3 i ’
2 - -
[ 10— —
) - -
2 C ]
s L i
] C ]
2 — —]
3 p—
B o ]
4 1 | 1 1 1 I 1 1 1 I 1 1 1 I 1 1 | ]
4 -2 0 2
n

PECULIAR VELOCITY ANALYSIS. II

TF fit residual (mag)

TF fit residual (mag)

469

IIIIIT]IL

C | | f L1 1 I - L 111 1 L1 1 | L 17
0 .2 4 .6 .8 1
Galactic extinction Ag (mag)

a
- o
-]

FIG. 6.—Left: MAT-sample TF relation, obtained from the groups formed by the 5, = 0.50 mag run of the grouping algorithm. The solid line drawn through the
points shows the fitted slope of 6.80. The absolute magnitudes plotted are relative only, as a final zero point has yet to be assigned to the MAT TF relation. Right:
Residuals from this TF relation with respect to n (top) and the B-band Galactic extinction Ag (bottom). All plots are corrected for selection-bias effects.

scatter ¢, obtained from this fit are presented in Table 4. The
zero point D was calculated by fitting an inverse TF relation to
the MAT sample using the heliocentric Hubble flow model.
Like its forward counterpart A, this zero point is provisional
only, pending the overlap analysis in § 6.

2.2.7. Validating the Bias Corrections: Comparison of the
Forward and Inverse Fits

As in Paper I, we address the validity of the selection-bias
corrections by comparing distance moduli from the forward
and inverse TF fits. To review briefly the rationale behind this
comparison,’ the inverse TF fits experience small or no bias,
whereas the forward TF fits suffer large selection bias. One
manifestation of the bias is that distances are compressed, with
the most biased (in general, the most distant) groups appearing
closer than they actually are. Consequently, a plot of forward
minus inverse group distance modulus versus redshift should
reveal a trend for a “naive” forward TF fit; when the forward
fit has undergone a proper bias-correction procedure, no such
trend should be evinced.

Figure 7 shows the difference between forward and inverse
group distance moduli as a function of log redshift for MAT
groups of four or more members. In the upper panel, the
forward moduli obtained prior to the application of the W94
bias-correction procedure are used; in the lower panel, the fully
corrected forward moduli are used. (In each panel, the modulus
differences are adjusted so that their mean value vanishes; as
we have not yet finalized either the forward or inverse TF

9 A more detailed discussion is provided in Paper I, § 5.1.

calibrations, this shift is unimportant.) The top panel reveals
the effects of selection bias: there is a systematic trend with
increasing redshift, in the sense that more distant (higher
redshift) groups have their distances underestimated by the
forward TF fit. A linear fit of [u(forw) — u(inv)] to log cz yields
a slope of —0.484 + 0.048, which indicates that the trend is
highly significant. The lower panel demonstrates the efficacy of
the bias-correction procedure. The strong trend seen in the top
panel is gone; a linear fit of [(forw) — u(inv)] to log cz now
yields a slope of 0.059 + 0.048, which is not statistically signifi-
cant. As in Paper I, we took the error bars on the modulus
differences to be ocn™ !/2, where n was the number of objects in
a group, and adjusted the coefficient of this factor so that the y?
of the linear fit took on its expected value of N — 2, where N
was the total number of groups used in the fit.

2.3. Determination of the MAT Internal-Extinction Coefficient

In Paper I, we estimated the internal-extinction coefficients
(Ciy) for the HM and W9ICL samples by minimizing TF
scatter. Because C,;, should depend only on photometric
bandpass, the I-band MAT and HM samples should in prin-
ciple have the same internal-extinction coefficient C7 . In fact,
the preceding TF analysis was carried out with C{, = 0.95.
Here we verify that this choice was the correct one by examin-
ing the MAT TF scatter with respect to C,,.

We have done this test using two separate fits: the preferred
0;, = 0.5 mag run of the grouping algorithm and a heliocentric
Hubble flow fit. In the former, we did not change the groups
originally formed, simply refitting a TF relation to those
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Fi1G. 7.—The difference between forward and inverse group-distance moduli obtained from the TF calibration fit, for MAT groups with four or more members. In
the top panel the forward distance moduli have not been corrected for selection bias; in the bottom panel they have been. The trend in the upper panel is
characteristic of selection bias; the lack of a trend in the lower panel indicates the success of the bias-correction procedure.

groups for a range of values of C,,. This approach suffers from
the possible objection that, since a particular value of CI,
(namely, 0.95) was built into the group-forming procedure, that
value is preferred by the TF relation fitted to the groups. With
the Hubble flow fits, there is no such objection. However, the
inherent scatter of the Hubble flow fit is larger, which could
diminish the discriminatory power of the test.

The left panel of Figure 8 shows how the TF scatter for the
two kinds of fits varies as a function of internal-extinction
coefficient. It is evident that the Hubble flow and group scat-
ters vary with C!, in a very similar way; both curves reach a
minimum at C},, < 1. The value C/,, = 0.95 is consistent with
either the Hubble flow or the group fit. According to the argu-
ment of Paper I (§ 3.2.3), a 65% confidence interval occurs
when the quantity N o? changes by one unit. For the group
fit, N ¢ = 758 (total objects grouped minus number of groups
formed minus 1 for the fitted slope) while for the Hubble flow
fit Ny =N, — 2, where N, = 1209 (Table 2). We plot as
dotted lines the corresponding values of o. These show that
with ~65% confidence 0.75 < Cl, < 1.15. These limits are
similar to, but tighter than, those derived from the HM sample
(see Paper I, § 3.2.3), for which we found 0.65 < Cf,, < 1.30
with 65% confidence. The fact that the two samples are in
excellent agreement gives us further confidence in our adopted

‘value of Cf,, = 0.95.

In the right panels of Figure 8 we plot TF residuals versus
log axial ratio, for fits to the o;, = 0.50 mag groups, using our
final adopted value of C!,, = 0.95. The upper right panel shows
forward TF fit residuals (bias-corrected observed apparent

magnitude minus expected apparent magnitude u + A — by).
There is no trend with axial ratio. This is to be expected since
we have chosen C}, to minimize the forward TF scatter. The
lower right panel shows inverse TF fit residuals (observed
minus predicted value of ). Again, no trend of the residuals
with axial ratio is apparent. This is important because we did
not use the inverse TF scatter to constrain C.,. In addition,
since the inverse fit is essentially unbiased, there can be no
“cross talk ” between the bias-correction procedure (which is
axial-ratio dependent) and the internal-extinction correction.
The fact that inverse TF residuals exhibit no trend with axial
rati(; thus further confirms the validity of our adopted value
of Ci,,,-

2.3.1. A Luminosity Dependence of Internal Extinction?

In this series of papers, we assume that the internal-
extinction correction depends on axial ratio only (see Paper I,
§ 2). However, it has recently been claimed (Giovanelli 1995)
that CI, increases with luminosity, rising from a value of ~0.5
for the least luminous galaxies to ~ 1.3 for the most luminous
objects. It has been further argued that application of a
luminosity-dependent extinction correction has important
consequences for the local peculiar velocity field (Giovanelli et
al. 1995). Here we investigate the validity of this claim using the
MAT sample, by testing whether the TF residuals indicate that
luminous galaxies are undercorrected, and faint galaxies over-
corrected, for internal extinction.

While Giovanelli (1995) described a dependence on lumi-
nosity, any test involving fit residuals must consider a depen-
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dence only on the independent variable in the fit. Because
luminosity (via the apparent magnitude) is the dependent vari-
able in the forward TF fit, we must search instead for an
n-dependence of internal extinction when we consider forward-
fit residuals. To search for a dependence on luminosity per se,
we must use residuals from the inverse fit. We present both of
these tests in what follows.

To carry out the test using forward TF residuals, let us
suppose that the internal-extinction coefficient should properly
be written

Cin) = Cloo + 951, @

where Ci, o is the mean I-band extinction coefficient, and g r
measures the increasing strength of internal extinction with
increasing velocity width. (The subscript f denotes “forward.”)
Giovanelli (1995) did not formulate the luminosity dependence
of internal extinction according to our equation (4) (see his Fig.
2c), but our formulation is consistent with the data points he
shows. Specifically, his Figure 2¢ indicates a change of ~0.85
in Cl,, over an interval of ~5.8 in absolute magnitude. The
corresponding value of g, is thus g, ~ (0.85/5.8)byy ~ 1, where
brr = 6.8 is the slope of the forward MAT TF relation.

Neglect of a possible luminosity (velocity width) dependence
of internal extinction corresponds to the assumption g ,=0.1If
this assumption is wrong, then the apparent magnitudes we
have used in our TF fits above are also wrong. In particular,
our forward TF fits should exhibit apparent magnitude
residuals (observed minus predicted) given by ém =g N,
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FIG. 8.—Left: TF scatter plotted as a function of the I-band internal-extinction coefficient for the MAT sample. Results for both a heliocentric Hubble flow fit and
a fit to the o;, = 0.50 mag groups are shown. In each case a 65% confidence interval on Ci,, is given by the intersection of the points with the horizontal dotted line.
Right: TF residuals plotted against log axial ratio for the o,, = 0.50 mag group fit, using the final adopted value C!,, = 0.95. Forward (top) and inverse (bottom) TF
residuals are shown.

where 2 is the logarithm of the (major to minor) axial ratio (see
Paper I). In the upper panel of Figure 9, we plot forward TF
residuals versus the product #4 for the output of the preferred
0;, = 0.5 mag run of the grouping algorithm. The left side of
the plot corresponds to faint (low #), inclined (large %) galaxies,
while the right side corresponds to bright, inclined galaxies.
Objects that populate the center of the plot are of ordinary
luminosity (7 ~ 0) or very low inclination. We have superposed
a dashed line corresponding to g, = 1, which shows how the
residuals would behave if Giovanelli’s effect were present. The
residuals do not follow the dashed line. In fact, carrying out a
linear fit of the TF residuals to the product %, we obtain a
slope of —0.22 4 0.17, which is consistent with the visual
impression that there is no significant trend in the plot. From
the forward TF residual test we cannot detect an y-dependence
of the coefficient of internal extinction.

It is useful to carry out the same test with the inverse TF fit
as well, for two reasons. First, the inverse fit is independent of
the bias-correction procedure; second, as noted above, it
enables us to test for a luminosity dependence directly, rather
than indirectly through the M-z correlation. To make this test,
we suppose the internal-extinction coefficient should be written

CIInt(M) = Ci’nt,O - g(M_D) ’ (5)

where g > 0 implies an increase in internal extinction with
increasing luminosity (the absence of the subscript f used above
now implies the appropriate formulation for the inverse TF
residual test). In equation (5) we have “normalized ” the abso-
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F1G. 9—MAT-sample TF residuals, for the o;, = 0.50 mag group fit, plotted against quantities that test for a luminosity dependence of internal extinction. In the
upper panel, forward TF residuals are plotted against the product 2 (where £ = log axial ratio). In the lower panel, inverse TF residuals are plotted against the
product (M — D)#, where M is absolute magnitude and D is the inverse TF zero point. The dashed lines drawn through the points show the expected trend of the
residuals according to the luminosity dependence of internal extinction proposed by Giovanelli (1995). As discussed in the § 2.3.1, the residuals do not follow this

trend, which indicates the absence of such a dependence.

lute magnitude dependence by the inverse TF zero point D so
as to facilitate comparison with the forward case (note that
M = D corresponds to n = 0).

Our neglect of the luminosity dependence (i.e., our assump-
tion that g = 0) implies that our inverse TF fit should exhibit
n-residuals given by oy = —ergg(M — D)&, where erg is the
inverse TF slope. Thus, a plot of dn versus the product
(M —D)# should have a slope of ety g. The value of g implied
by Figure 2¢ of Giovanelli (1995) is g ~ 0.85/5.8 = 0.147; using
the MAT inverse TF slope from Table 4, we find that this slope
should be ~0.02 if Giovanelli’s effect is real. In the lower panel
of Figure 9, we plot TF g-residuals versus (M —D)# for the
preferred o;, = 0.5 mag run of the grouping algorithm. Super-
posed on the plot is a dashed line of slope 0.02. As in the
forward case, the points do not follow the dashed line. When
we carry out a linear fit of the inverse TF residuals to the
product (M — D)%, we obtain a slope of 0.001 + 0.003, which
verifies the visual impression that the n-residuals exhibit no
significant correlation with the product (M — D)#. Thus, the
inverse TF residual test confirms the result found from its
forward counterpart: there is no evidence in the MAT-sample
data for a variation of internal-extinction coefficient with
galaxy luminosity.

3. THE W91PP SAMPLE

The TF sample of Willick (1991) consists of cluster and field
subsamples. In Paper I, we treated the cluster subsample

(WI91CL); here we study the field subsample, which we refer to
as WO91PP because its members are located in the Perseus-
Pisces (P-P) filament. The full W91PP sample consists of 385
galaxies in the densest part of the P-P supercluster, centered on
1~ 120°, b ~ —30°. For reasons we describe further below, in
this and later papers we use only a 326 galaxy subsample.
WO91PP is drawn from a larger sample of galaxies in P-P with
H 1 measurements from Giovanelli, Haynes, and coworkers
(Giovanelli & Haynes 1985; Giovanelli et al. 1986a, b; Giova-
nelli & Haynes 1989; hereafter, collectively, GH). Details of the
selection of objects from GH are given by Willick (1991). The
photometric characteristics of W91PP are identical to those of
WOIICL, which are discussed in Paper I. The raw velocity
widths used for W9ICL are the 20% H 1 line widths, AV,,,
published by Aaronson et al. (1986), whereas the widths
published by GH are 50% line widths, AV,,. Willick (1991)
derived a conversion between AV;, and AV,, (the formula
applies to raw widths and therefore is unaffected by the inclina-
tion correction), and all of the GH 50% widths have been
converted into equivalent 20% widths for the analysis present-
ed here. The W91CL and W91PP g-systems should thus in
principle be equivalent, but there is no guarantee that this is so
in practice. As we shall see, the W91PP TF relation is consider-
ably flatter than the W91CL TF relation (Paper I), which may
be the result of a systematic difference between their respective
n-systems. For this reason, we will independently derive a TF
relation for WO1PP, treating it, in effect, as a separate sample.
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TABLE 5
WOI1PP TF ReLATION FROM HUBBLE FLOW FITS

Reference 4
Frame A b (mag) N,
Heliocentric....... —4.168 6.926 0414 326
CMB .............. —4.002 7.107 0.420 324
Local Group...... —4.284 6.813 0410 326

NoTtes.—Parameters that result from fitting a forward TF
relation to the W91PP sample, under the assumption of
uniform Hubble flow in a heliocentric, CMB, and LG frame
of reference. N, is the number of objects (those with fit
residuals less than 1.5 mag) used in the scatter computation.
In each case a total of 326 objects participated in the fit.

To calibrate the W91PP TF relation, we must first quanti-
tatively characterize the sample-selection criteria. The H 1 data
compilations of GH claimed completeness roughly to the limit
of the UGC but not of the Zwicky (Zwicky et al. 1961-1968)
catalog.!® We have eliminated the ~60 “Zwicky only” gal-
axies included in the original list of Willick (1991). The remain-
ing 326 galaxies are all UGC objects, and the sample is thus
roughly complete to the UGC limiting diameter of 1'. The
WO1PP TF calibration will thus use the “one catalog” selec-
tion formulae of W94. However, to account for incompleteness
near the catalog limit, we have set the formal diameter limit in
the bias-correction algorithm to 1.15; we will justify this choice
later, when we compare results from the forward and inverse
TF fits. The coefficients of the linear relation between the
logarithmic UGC diameter and the TF observables are those
given in Table 5 of Paper 1. Like the W91CL sample (Paper I),
the velocity widths for W91PP were obtained from Arecibo,
and incompleteness associated with H 1 nondetection may be
neglected. However, the selection of objects from the GH com-
pilation by Willick (1991) included the requirement AVs, >
200 km s~ !, which implies 7 > —0.2. We will take this into
account in the inverse TF fit (§ 3.1.4).

3.1. Calibration of the W91PP TF Relation

Like the MAT sample, W91PP is suitable for application of
the redshift-space grouping algorithm (§ 2.2.2). Grouping of
WO1PP is particularly important for the later velocity analysis
because of the strong density gradients in the P-P region and
consequent susceptibility to inhomogeneous Malmquist bias.
Here we use the groups as the basis of the W91PP TF
calibration.

3.1.1. Preliminary Hubble Flow Fits

A preliminary TF calibration for W91PP is obtained from
Hubble flow fits, carried out exactly as for MAT (§ 2.2.1). Table
5 shows the results of such fits. The scatter is rather insensitive
to reference frame (although it is noteworthy that, as with
MAT, the CMB frame does not provide the best fit). As before,
we may view the best-fit scatter of ~0.41 mag as an upper
limit; the true W91PP TF scatter is smaller to the degree the
Hubble flow model is imperfect. The TF zero points obtained
in the various frames are reasonably similar to the provisional
WIICL TF zero point obtained in Paper I. However, the
slopes in any frame are noticeably smaller than the value
b~ 7.7 + 0.2 derived for W91CL. We defer a full discussion of
this point until later, pending the outcome of the group
analysis.

1% More recent work the Giovanelli/Haynes group remedies this incom-
pleteness, but W91PP does not reflect these recent additions.
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We use the preliminary TF parameters from the heliocentric
Hubble flow fit as input to the grouping algorithm. We apply
the algorithm both to the real W91PP sample and to the simu-
lated W91PP sample from Kolatt (1995) for a range of input
scatters. The goal again is to constrain the W91PP scatter from
the appearance of the g,,,-0;, diagram, using the simulation as
a guide. The simulated W91PP sample followed a TF relation
of slope 7.35 and scatter 0.37 mag and had selection criteria
comparable to those of the real sample. The best Hubble flow
fit to the simulated sample had a scatter of 0.41 mag.

In Figure 10 we show the results of applying the grouping
algorithm to the simulated W91PP sample. As we saw for the
simulated MAT sample (§ 2.2.3), o,,, is equal within the sta-
tistical errors to the true TF scatter when 0.95 < 6;,/0,u <
1.25. For 0;, 2 0.50 mag, o, significantly exceeds the true
scatter, although it asymptotes to ~0.39 mag, less than the
Hubble flow scatter. The lower right panel of Figure 10 rein-
forces the principle derived from the simulated MAT sample,
namely, that the correct value of the output scatter occurs
when the percentage of objects grouped is in the plateau region
of its characteristic curve. The upper right panel of the figure
shows that the fitted TF slopes are statistically consistent with
the correct value and manifest no systematic trend.

In Figure 11, we show the results of applying the grouping
algorithm to the real W91PP sample. The various panels of the
figure resemble their counterparts in Figure 10 well enough
that we may trust the latter as an interpretive guide. We thus
find that the correct value of a;, is in the range 0.35-0.45 mag;
the correct TF scatter corresponds to the values of o, for
those runs, i.e., ¢ = 0.38 + 0.01 mag. However, from statistical
considerations alone the scatter uncertainty is ~0.018 mag. As
this statistical error is now (in contrast with the case of the
MAT sample) larger than the systematic error associated with
locating the proper value of a;,, the actual rms scatter uncer-
tainty is not much larger than the statistical error, and we
estimate it to be ~0.02 mag, the same as for MAT. The output
scatter asymptotes to <$0.40 mag, somewhat less than the
Hubble flow scatter.

As we did with MAT, we have also carried out Hubble flow
fits for the grouped objects only. The resulting TF parameters
were essentially unchanged from those obtained with the full
sample, with a marginally lower best-fit scatter (0.403 mag).
This verifies that the lower scatter (0.38 mag) obtained from
fitting a TF relation to the grouped objects does not result
from picking out a smaller scatter subsample, but from the
fact that the redshift-space groups constitute a better TF-
orthogonal distance model than Hubble flow.

3.1.2. The Provisional W91PP TF Relation

For our provisional forward W91PP TF relation, we adopt
the slope and scatter obtained from the o;, = 0.40 mag run of
the grouping algorithm. For the provisional TF zero point, we
adopt the value obtained from the LG-frame (smallest scatter)
Hubble flow fit to the full sample. The parameters of this pro-
visional TF relation are given in the three columns of Table 6
labeled “ Forward.” Also shown are the parameters of the pro-
visional inverse TF relation for W91PP, which we discuss
below (§ 3.1.4).

In the left panel of Figure 12 we plot the W91PP TF relation
obtained from the ¢;, = 0.40 mag run of the grouping algo-
rithm. Again, relative absolute magnitudes (m — u — A) are
plotted, as a final zero point has not yet been assigned. The
solid line drawn through the points is the TF slope fitted to the

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


http://adsabs.harvard.edu/abs/1996ApJ...457..460W

output TF scatter o, (mag)

<ng>

output TF scatter g, (mag)

<ny>

45

35

45

TIIII

7.6

74

7.2

output TF slope b

IIIIIIII

-

Illlllll

IIIIIIIIIIIIIIIIIIIII!Illlllll

86

% objects grouped

82

T 88

llllllllllllllllllllIIIIIIII1I

1

W91PP Simulation

lllilllllllllllllllllllllllll

P I T T S S SR N B 80
2 4 .6
input TF scatter o, (mag)

2

4

input TF scatter o, (mag)

F1G. 10.—Same as Fig. 4, but results for the simulated W91PP sample are now shown

.6

lllllllllllllll

L

7.4

7.2

output TF slope b
~

6.8

6.6

IlllIllllIIIll[lIll

ll]—

T

L1

92

90

[ ]
1
% objects grouped

88

lllllllllllll'lllll

—eo—

lllll]lll[llllllllll

input TF scatter o, (mag)

W91PP Real Data

2

input TF scatter o, (mag)

FiG. 11.—Same as Fig. 4, but results for the real W91PP sample are now shown

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


http://adsabs.harvard.edu/abs/1996ApJ...457..460W

PECULIAR VELOCITY ANALYSIS. II

TABLE 6
PARAMETERS OF THE PROVISIONAL W91PP TF RELATIONS

FORWARD INVERSE
g
SAMPLE A b(+) (mag) D e(1) g,
WOIIPP...... —428 7.12(0.18) 038 —4.36 0.1244 (0.0031) 0.049

Notes.—Parameters of the provisional W91PP forward and inverse TF
relations. The slopes and scatters, which are final, were obtained from the
0;, = 0.40 mag run of the grouping algorithm. The zero points remain to be
adjusted through an overlap comparison with other samples.

groups (b = 7.12); the dotted line shows the slope of the
WOIICL TF relation derived in Paper I. Note that the two
slopes describe the data more or less equally well for
—0.2 $7 <502 (indeed, the steeper WIICL slope may be
somewhat better for the lowest velocity width objects).
However, for n 2 0.25, the flatter W91PP slope is clearly
superior. This shows that it is valid to assign a TF slope to
WI1PP distinct from the one derived for W91CL. The adop-
tion of a quadratic TF relation would allow both W91 sub-
samples to be consistently described by a single TF relation.
However, none of the other samples, including the very large
MAT sample, show evidence for a quadratic relation. We have
thus opted for the simpler approach of using distinct, linear TF
relations for each sample.

The right panels of Figure 12 show the W91PP TF residuals
with respect to 7 (top) and Ag (bottom). There is no global trend

WO1PP TF relation )
e W91CL TF relation -

relative absolute magnitude

TF fit residual (mag)

TF fit residual (mag)
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with respect to 5, which indicates the adequacy of the linear
relation. It is remarkable that one extremely high velocity
width object (UGC 12591, with n = 0.528, corresponding to a
rotation velocity of 533 km s™!; see Giovanelli et al. 1986)
shows no significant deviation from the TF relation followed
by galaxies with ordinary rotation speeds. The absence of any
meaningful trend in the bottom right panel validates our
adopted Galactic extinction corrections.

3.1.3. Physical Significance of the Hubble Flow versus
Group TF Scatter

As with MAT, we may interpret the difference between the
Hubble flow and group TF scatters as a measure of typical
radial peculiar velocities. We use the best-fit Hubble flow
scatter for the grouped objects only, as the Hubble flow scatter
for the full sample was somewhat inflated due to nearby,
relatively large residual points that were not grouped. We find
that rms radial peculiar velocities are then given by ~(In 10/
5)(0.40% — 0.38%)'/25000 km s~ ~ 300 km s~ !, where we have
taken 5000 km s ! as the effective depth of the W91 PP sample.
This value is consistent with that found from an analogous
calculation with the MAT sample (§ 2.2.5). As with MAT, the
CMB frame did not provide the best Hubble flow fit (although
for W91PP the differences were slight), suggesting that these
rms radial motions are superposed on large-scale streaming
that encompasses much of the W91PP sample.

3.1.4. AnInverse TF Relation for W91PP

We fit an inverse TF relation to the W91PP sample using
the groups formed by the g;, = 0.40 mag run of the grouping
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F1G. 12.—Left: W91PP TF relation fitted to the o;, = 0.40 mag groups. The solid line plotted through the points shows the fitted slope of 7.12. The dotted line
shows the W91CL slope of 7.73. Right: The upper panel shows residuals from the fit with respect to #, and the lower panel residuals from the fit with respect to

Galactic extinction 4. All plots are corrected for selection-bias effects.
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algorithm. The results are given in the rightmost columns of
Table 6. The zero point was obtained from an inverse TF LG-
frame Hubble flow fit. For W91PP, it was necessary to apply
the W94 bias-correction procedure not only to account for the
n = —0.2 requirement (an analogous correction was per-
formed in the MAT inverse fit) but also for the #-dependence of
the log Dygc—(m,, n) relation (see Table 5 of Paper I).

The inverse TF slope in Table 6 differs from the inverse TF
slope found in Paper I for W91CL. The sense of the difference
is that expected from the difference in the forward slopes:
ews1pp < ewsicL- The discrepancy between inverse slopes is
somewhat smaller than that between the forward slopes. None-
theless, the fact that the differences are in the same sense sug-
gests that the W91PP versus W91CL slope difference is a real
effect, not an artifact of the bias-correction procedure. This
further supports our decision to treat W91PP and W91CL as
independent samples.

3.1.5. Validating the Bias Corrections

In Figure 13 we plot forward-minus-inverse TF group dis-
tance moduli versus log redshift, both prior to (top) and after
(bottom) application of the bias-correction procedure. As
we saw with the MAT groups, the W91PP groups show
clear evidence of selection bias. Prior to the bias corrections,
the forward TF fit results in systematically underestimated
distance moduli at larger redshifts. A linear fit of
[u(forw) — p(inv)] to log cz for the uncorrected moduli yields a
slope of —0.881 + 0.115, indicating that the trend is signifi-
cant. A linear fit for the corrected moduli yields a slope of
—0.101 + 0.106, i.e., no significant trend. Thus, the forward-
minus-inverse distance-modulus test reveals the principle
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effects of selection bias and shows that the W94 bias-correction
procedure removes these effects for W91PP. This error bars
shown were calculated in the same way as for the MAT sample.

3.2. Determination of the W91PP Internal-Extinction
Coefficient

We determine the extinction coefficient for W91PP exactly
as we did for MAT. In the left panel of Figure 14 we plot the
variation in TF scatter with the r-band internal-extinction
coefficient Cf,,, for both the heliocentric Hubble flow and
group (g;, = 0.40 mag) fits. The two curves are in good agree-
ment, each reaching a minimum for C},, ~ 0.80. We exhibit a
65% confidence interval for C7,, as a dotted line for both fits.
Again, the Hubble flow fit, despite its larger scatter, is seen to
place slightly tighter constraints on C,,. The 65% confidence
interval corresponds to 0.45 < Cf,, < 1.15. This may be com-
pared with the range 0.65 < C,, < 1.75 found with the W91CL
sample (Paper I, § 4.2.1). These ranges overlap, although their
centers are offset by about 1 ¢. There is thus no statistically
significant discrepancy between the two samples, although we
lack the remarkable agreement found between HM and MAT
for the I band. The question then arises of what value C7,, to
adopt, finally, for the Mark III catalog. The simplest approach
is to take a weighted average of the values favored by W91PP
and WI1CL. If the weights are given by the effective number of
degrees of freedom in the fits, we obtain our final result, C},, =
0.95, the value used in the TF analysis above. The right panels
of Figure 14 show forward (top) and inverse (bottom) TF
residuals, plotted as a function of log axial ratio, that result
from the fit to the o;, = 0.40 mag W91PP groups. There is no
trend evident in either panel. As we argued in the case of the
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F1G. 13.—As Fig. 7, but for W91PP groups with three or more members
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MAT sample, the fact that the inverse fit residuals do not
correlate with axial ratio confirms that our determination of
Ci,. has not been influenced by the selection-bias correction
procedure.

3.2.1. A Luminosity Dependence of C:,,?

We again examine the claim by Giovanelli (1995) that inter-
nal extinction is luminosity dependent, now using W91PP.
Because Giovanelli used I-band data, the comparison (unlike
that earlier, which involved MAT) is not direct. Still, there is no
reason for the effect to be specific to the I band, so the test is
warranted again here. In Figure 15 we plot forward TF
residuals versus the product #Z (top) and inverse TF residuals
versus the product (M — D)Z (bottom), again from the o;, = 0.4
mag run of the grouping algorithm. Carrying out a linear fit of
the apparent magnitude residuals to n#, we find a slope of
—0.14 + 0.37; a fit of the #n-residuals to (M —D)# yields a
slope of 0.001 + 0.006. These results confirm the visual impres-
sion that there is no significant trend in either plot. (Recall
from the discussion of § 2.3.1 that the expected values of these
slopes are ~1.0 and ~0.02, respectively, if the r-band data
obeyed the luminosity-dependent extinction law proposed by
Giovanelli for I-band data.) Thus, the W91PP TF fit confirms
the result found above with the MAT sample, namely, that
internal extinction is independent of luminosity or, equiva-
lently, of velocity width.

4. THE CF SAMPLE

The selection criteria and observational methods used to
acquire the CF sample are described in detail by Courteau

(1996). CF is a sparse but full northern-sky survey consisting of
a total of 326 Sb—Sc galaxies; in the present analysis we exclude
the five “Zwicky only” objects and use the remaining 321
galaxies, all of which are found in the UGC catalog. The pho-
tometry used the same telescope/filter combination, and was
reduced to the same system, as the W91 photometry. The CF
velocity widths were optically determined but have been con-
verted to a system equivalent to that of W91 (see Courteau
1992). In principle, then, we expect CF to follow the same TF
relation as W91. However, we found in § 3 that W91CL and
W91PP were themselves described by somewhat different TF
relations. We must thus allow for the possibility that the CF
TF relation differs as well. In what follows, we will estimate the
slope of the TF CF relation using Hubble flow fits and find
that it is fully consistent with that of the W91CL, but not of the
WO1PP, TF relation. Based on this consistency, we will adopt
the WI1CL TF slope for CF, but later (§ 6) we will separately
determine the CF zero point. We adopt without further
analysis the internal-extinction coefficient C},, = 0.95 found for
WI1CL and WO1PP (see Paper I and § 3.2), both because the
CF and W91 photometric bandpasses are perfectly equivalent,
and because CF is unsuitable for extinction-coefficient deter-
mination as it lacks high-inclination galaxies (Courteau 1992).
We show below that with this choice the TF residuals do not
correlate with axial ratio, as required.

The selection criteria for CF differ from those of W91.
WOII1CL was selected to the limits of the UGC and the Zwicky
catalogs; W91PP was selected to the UGC limit only. By con-
trast, CF was selected to the diameter limit (1') of the UGC
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dependence of internal extinction.

catalog, but with the additional requirement that the Zwicky
magnitude be <15.5 mag. The CF sample is thus an example
of the “two-criteria ‘both-and’” selection procedure described
by W94. We invoke the corresponding bias-correction formu-
lae (see § 4.2.2 of W94) in the TF calibration for CF described
below. We assume that the log Dygc—(m,, n) and m_-(m,, 1) are
the same for CF as for W91CL and W91PP.

4.1. Hubble Flow Fits

The CF sample is too dilute for worthwhile application of
the grouping algorithm. Thus, we use Hubble flow fits alone in
studying its TF characteristics. We carry out these fits for both
the entire CF sample and also for a “quiet Hubble flow”
(QHF) subsample identified in the analysis of Courteau (1992)
and Courteau et al. (1993). The QHF region is defined by-the
CF sample-selection geometry, plus the criteria b >0,
cz > 3000 km s~ (the latter criterion ensures that objects are
beyond the perturbative range of the Local supercluster), and
includes 136 galaxies. Table 7 shows the results of the Hubble
flow fits. The whole-sky fits are also restricted to cz > 3000 km
s~! in order to simplify comparison with the QHF fits. We
have, as before, performed the fits in the LG, CMB, and helio-
centric reference frames.

The TF slopes for the various QHF fits are all mutually
consistent, with a typical value of b ~ 8.05 + 0.30. By compari-

"son, the WI1CL TF slope (Paper I) was ~7.7 + 0.2 while the

WOI1PP TF slope (§ 3) was ~7.1 &+ 0.2. Thus, the CF TF slope
is nominally larger than, but statistically consistent with, the
WI1CL TF slope. However, the CF slope differs significantly
from the W91PP TF slope. It is worth noting that the TF slope

consistency of the predominantly field CF sample with the
cluster W91CL sample—as opposed to its inconsistency with
the field W91PP sample—argues against the hypothesis that
the slope differences are due to physical differences between
field and cluster galaxies. In the left panel of Figure 16, we plot
the TF relation resulting from the CMB Hubble flow fit for the
QHF subsample. The absolute magnitudes on the vertical axis
are computed as bias-corrected apparent magnitudes minus
the “Hubble flow distance modulus” 5 log cz. Superposed on
the points are the fitted CF TF relation, given in the second
line of Table 7 (solid line), and the provisional WIICL TF
relation (dotted line), given in Paper 1. It is visually apparent

TABLE 7
CF TF REeLATION FROM HUBBLE FLow FiTs

Reference o
Frame A b(1) (mag) N,
QHF Region
Heliocentric ....... —4.034 8.076 (0.312) 0.344 136
CMB .............. —4.102 8.010 (0.314) 0.348 136
Local Group...... —4.029 8.103 (0.319) 0.352 136
All ¢z > 3000 km s™*

Heliocentric....... —3.935 8.255 (0.260) 0411 256
CMB .............. —3.863 8.478 (0.270) 0.426 256
Local Group...... —3.989 8.195 (0.263) 0416 256

NoTte.—Parameters that result from fitting a foward TF relation
to the CF sample, under the assumption of uniform Hubble flow in
various frames.
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that the provisional W91CL TF relation is an acceptable fit to
the CF QHF data. We therefore adopt it as the provisional TF
relation for the CF sample as well. Since CF was designed for
TF consistency with W91 (Courteau 1992), it is unsurprising
but gratifying that we have confirmed this consistency here.!!

In the right panels of Figure 16 we plot TF residuals from
the QHF CMB Hubble flow fit. The top right panel shows no
systematic trend of residuals with velocity width, which again
confirms that a linear TF relation adequately describes the
data. In the middle right panel, residuals are plotted against
log redshift; no significant trend is seen, showing that the QHF
velocity field is well modeled by uniform Hubble flow, as
assumed. In the bottom right panel, TF residuals are plotted as
a function of log axial ratio. Again, there is no visible trend.
This shows that, although we have simply adopted the value
Ci,. = 0.95 obtained from the W91CL and W91PP analyses,
this value adequately describes the CF data as well, as
expected.

Restricting our attention to the QHF fits, we find a best TF
scatter o ~ 0.34-0.35 mag. (This agrees well with the result
obtained, using a somewhat different technique, by Courteau
1992.) However, when the entire sample is considered, the
scatter is o 2 0.41 mag, comparable to the W91PP Hubble

1 In § 6, we will find a marginally significant difference between the CF and
WOIICL final TF zero points. We remain without a fully satisfactory answer as
to why W91PP differs from W91CL and CF in terms of TF slope. The most
likely explanation, as mentioned above, is that velocity-width inconsistencies
are responsible.

flow fit scatter. One interpretation is that in the QHF region
we see the true TF scatter, while in the overall sample the
scatter is inflated by peculiar velocities. While the second part
of this interpretation is probably true, the first is not necessar-
ily so. Our freedom of choice in delineating this region in effect
constitutes additional free parameters in the fit. Moreover, the
rms statistical uncertainty in the scatter estimate from 136 gal-
axies (134 degrees of freedom) is ~0.02 mag. We adopt here the
conservative approach of assigning the same TF scatter, 0.38
mag, to the CF sample as we have to the larger and statistically
better constrained W91PP sample.

As with other samples, the CMB fits do not minimize TF
scatter; for both the QHF and full-sky ¢z > 3000 km s~ ! sub-
samples, the heliocentric fits yield a scatter smaller than or
comparable to the CMB fits. This most likely arises, as we have
suggested before, from the existence of large-scale bulk flows
with respect to the CMB frame.

S. THE A82 SAMPLE

The A82 sample is based on the nearby (cz < 3000 km s~ 1)
H-band sample of Aaronson et al. (1982). The A82 photometry
has recently been modified by Tormen & Burstein (1995, here-
after TB95), who also made slight changes in the sample
makeup. TB9S redetermined accurate blue diameters and used
them to produce new H-band magnitudes H _, 5. Adopting an
H-band Galactic extinction correction of 0.14 5, TB95 present-
ed corrected magnitudes H? , 5, which we use here. In addi-
tion, we apply the redshift correction derived by Aaronson et
al. (1980) for the H-band, as we will discuss further in Paper III.
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imately complete sample. The bottom panel shows RC3 catalog B-band diam-
eters plotted against redshift; a cut on diameter would not produce a good
approximation to a complete sample.

The internal-extinction correction is discussed below in con-
nection with the TF calibration. We have retained the raw
velocity widths of Aaronson et al. (1982) but have recomputed
inclinations, and thus deprojected widths, using axial ratios
derived from the RC3 catalog (see TB95).

The total sample listed by TB95 consists of 359 objects.
However, we make two important cuts, one on redshift and
one on B-band apparent magnitude, to improve completeness.
In Figure 17, we plot the RC3 raw apparent magnitude (top)
and diameter (bottom) versus heliocentric redshift. The figure
shows that the sample is neither magnitude nor diameter
limited in a strict sense. However, in the upper panel the points
congregate near an upper limit of mg(RC3) ~ 14.0 mag for all
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¢z <3000 km s~ . This suggests that if we eliminate the rela-
tively few fainter objects, the remaining objects will constitute
an approximately magnitude-limited sample. The diameter
plot does not exhibit the same degree of clustering toward a
limit, indicating that a cut on diameter will not produce a
sample with well-defined selection criteria. For cz > 3000 km
s~ !, a higher proportion of galaxies are faint in mz(RC3), and
the density of objects is greatly reduced. We thus restrict the
sample to heliocentric redshifts less than 3000 km s™! and to
mg(RC3) < 14.0 mag. These limits are shown as dotted lines in
Figure 17. The result is a restricted A82 sample with selection
criteria that are sufficiently well defined for application of the
W94 bias-correction procedure. It is this 300 galaxy sample
that forms the basis of the TF calibration analysis presented
here.

5.1. Selection Criteria Relations for A82

As with other samples, we fit the selection quantity, in this
case mg(RC3), to the TF observables in order to quantify
sample selection for the W94 bias-correction procedure. We
depart here slightly from our earlier approach in that we use
the Galactic extinction—corrected H-band magnitudes, which
we refer to as my in keeping with our earlier notation, in this
fit. We assume that mg(RC3) is related to the TF observables
by an expression analogous to equation (14) of Paper I. In
carrying out the fit, we use only galaxies with mg(RC3) < 14.0
mag, and bias-correct accordingly. The results of the fit are
presented in Table 8.

In the left panel of Figure 18, we plot the mg(RC3)-my rela-
tion; the RC3 B magnitudes have been corrected for bias and
thus can exceed their maximum raw value of 14.0 mag. How-
ever, relatively few objects have bias-corrected B magnitudes
fainter than the limit. This guarantees that the bias corrections
in the TF calibration analysis will be relatively small. The right
panels show residuals from the fit with respect to # and red-
shift. The upper right panel shows that there is no trend with 5
(as is to be expected, since it was a fitted variable). This verifies
the rather significant n-coefficient of 2.915 seen in Table 8,
which is due to a velocity-width dependence of the B-H color.
The lower right panel shows that there is no residual redshift
dependence, although cz was not a fitted variable. If we were to
fit ¢z rather than 5, we could also eliminate both #- and cz-
dependences in the fit. However, the fit that involves 7 and not
cz produces smaller scatter, and we assume this fit is the better
one. This assumption has little effect on our treatment of selec-
tion biases.

5.2. Calibration of the A82 TF Relation

We proceed as we did with MAT and W91PP, ie., we
first carry out Hubble flow fits, and then apply the grouping
algorithm.

TABLE 8
F1T COEFFICIENTS FOR A82

COEFFICIENT OF

QUANTITY 4
PREDICTED CONSTANT my n Ag R log cz — 3.7 (mag)
mg(RC3)...... 2.697 0919 2915 0.885 1.449 0.000 0372

Notes.—Coefficients of the indicated quantities in the linear relation for mg, the RC3 (raw) blue
magnitude, for the A82 sample. Also given is the rms dispersion for this relation. The RC3

B-magnitude limit for the fit was 14.0 mag.
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5.2.1. Preliminary Hubble Flow Fits

The results of Hubble flow fits in three frames are shown in
Table 9. Because many of the A82 galaxies are very nearby,
where even slight departures from Hubble flow lead to large
TF residuals, we have restricted the fits to objects with helio-
centric redshifts >750 km s~!. The scatters resulting from
these fits are greatly in excess of those obtained from the CCD
samples. However, as the grouping-algorithm results will
show, most of this increased scatter is due to the inadequacy of
the Hubble flow model for the nearby A82 sample. Despite the
large scatter, the slopes and zero points of these fits provide a
satisfactory preliminary TF relation for the A82 sample. In this
case we adopt the CMB fit, which has the smallest scatter, for
this purpose.

TABLE 9
A82 TF RELATION FROM HUBBLE FLow FITs

Reference o
Frame A b (mag) N,
Heliocentric....... —5.698 10.513 0.642 248
CMB .............. —5.813 10.418 0.620 248
Local Group...... —5.658 10.670 0.640 248

NoTtes.—Parameters that result from fitting a forward TF
relation to the A82 sample, under the assumption of uniform
Hubble flow in heliocentric, CMB, and L.G frames of reference.
N, is the number of objects (those with fit residuals less than
2.0 mag) used in the scatter computation. In all cases objects
participating in the fit were required to satisfy cz > 750 km s ™!
(heliocentric).

5.2.2. Application of the Grouping Algorithm to A82

A problem with grouping A82 is that, while the algorithm
assumes a “cold ” velocity field (§ 2.2.2), A82 includes the Virgo
region, in which large virial motions are present. To account
for this, we have set the radial velocities of 22 galaxies equal to
that of the Virgo Cluster. These objects were chosen for highly
probable Virgo Cluster membership; they will be identified in
Paper I11.

As before, we use the Kolatt (1995) simulation of the A82
sample to help us interpret the results of the A82 grouping. We
apply the grouping algorithm to both the simulated and real
A82 samples for a range of input scatters. Figures 19 and 20
show the behavior of the output scatter o,,, and of other
diagnostic quantities, as a function of g;, for the simulation
and real data, respectively. Both plots show the characteristic
044 VErsus o;, behavior seen for other samples. The -0, plot
in Figure 19 does not constrain the proper value of o;, as
tightly as it did for the earlier samples. This results from the
much poorer statistics of the simulated A82 sample, in which
only ~150 objects were assigned to typically rather small
groups. Still, the behavior is consistent with what was seen
earlier, and it is reasonable to assume that the rule of thumb
(0.95 < 0,,/00u < 1.25) obtained with MAT and W9IPP is
roughly valid here. The correspondence of this regime of the
Oou-0in diagram with the onset of the plateau in the percentage
of objects grouped lends credence to this assumption.
Application of this rule to the real data shows that ¢, is a
valid estimate of the true A82 TF scatter for the runs with
045 mag <o, $06 mag This leads to the estimate

in ~

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


http://adsabs.harvard.edu/abs/1996ApJ...457..460W

output TF scatter o, (mag)

<ng>

output TF scatter g, (mag)

<ng>

T l_.{ [T T T T T T T T T T ]
S ] 105 — —
: .......................... : a - -
- - g_ B T
4 — 8 B 5
i 49 10— e L B R R —
- — l_ - -1
- - E— - -
3 — 3 -
r ] 95— —
25 H ettt} 1+
B ) 7] - o0 0 00 i
28— - - oo i
L 18 e ° —
L ® 4 3 B L ]
[ BN ] () °
L . o - L ]
26— * e o — § C 7
[ N BN J 5 60+ —
= 4 © L _
0

- 4 - ® .
| i o A82 Simulation —
24 — — 55 |— —
i TSRS N SRR N YRR RN Co oo v by v by oy
2 4 6 .8 2 4 .6 .8

input TF scatter o, (mag) input TF scatter o, (magq)

F1G. 19.—Same as Fig. 4, but results for the simulated A82 sample are shown

[T 1 I T T T I T I T l T I T l -
106 — —
5 L T ]

B a - LT
- e 104 — —
C 3 B *e
of £k tTe ]
s 5 102 — ® -
N E LD s
3 _— 10— 1 ]
| [ ] [ l [ l [ | N
T AL N R N L SR S N B B B B
34— — 75— oo ®0®
- . . - O r . . . -1
L ° ° 1 & N .
e © 3 r _
- ® e ° 186 = ° —
- e 18 [ e §
- 4 R | i
3 — 65 — A82 Real Data —
L _ L @ _
i [ T SRR S N RN R N L Co v v v by v by 1
2 4 6 .8 2 4 6 .8

input TF scatter o, (mag)

input TF scatter o, (magq)

F1G. 20.—Same as Fig. 4, but results for the real A82 sample are shown

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


http://adsabs.harvard.edu/abs/1996ApJ...457..460W

PECULIAR VELOCITY ANALYSIS. IL

TABLE 10
PARAMETERS OF THE PROVISIONAL A82 TF RELATIONS

FORWARD INVERSE
(2
SAMPLE A b (1) (mag) D e(+) o,
A82...... —581 1029 (022) 047 —5.85 0.0893(0.0018) 0.043

NoTes.—Parameters of the provisional A82 forward and inverse TF rela-
tions. The slopes and scatters, which are final, were obtained from the o;, =
0.55 mag run of the grouping algorithm. The zero points remain to be adjusted
through an overlap comparison with other samples.

o = 0465+ 0015 mag. However, as was the case with
WI1PP, this systematic uncertainty is smaller than the sta-
tistical uncertainty of 0.027 mag, and the latter is therefore a
more realistic measure of the rms scatter uncertainty for A82.
As in previous cases, the output scatter asymptotes to a limit-
ing value (~0.49 mag) as a;, is made very large.

5.2.3. The Provisional A82 TF Relation

We adopt the slope and scatter from the g;, = 0.55 mag run
of the grouping algorithm. Combining these with the CMB
Hubble flow fit TF zero point, we obtain the provisional A82
TF relation presented in the three columns of Table 10 labeled
“Forward.” In the left panel of Figure 21, we plot the H-band
TF relation from the g, = 0.55 mag groups. In the right panels
of the figure we plot TF residuals with respect to n and Ap. The
assumption of a linear TF relation is seen to be a good one.
There is no strong evidence of a decrease in scatter with
increasing velocity width. There is no trend of residuals with

flTlllllllIIlllT'l*r

A82 TF Relation

relative absolute magnitude

6 ol Ly
-4 -2 0 .2

n

fit residual (mag)

fit residual (mag)

483

Apg, which validates our adopted Galactic extinction correc-
tions for A82.
5.2.4. Physical Significance of the Hubble Flow versus
Group TF Scatter

In contrast with MAT and W91PP, the A82 group TF
scatter is considerably smaller than the scatter obtained from
the Hubble flow fits—even when o;, is made arbitrarily large.
This is clear evidence that the inflated scatter in the Hubble
flow fits results from real peculiar velocities. The very signifi-
cant reduction in scatter as compared with the Hubble flow
fits does not reflect larger peculiar velocities in the A82 samp-
le as compared with MAT or W91PP but instead the much
smaller mean distance, ~ 1500 km s ™!, of A82-sample galaxies.
Specifically, the amplitude of the mean radial peculiar veloc-
ities indicated by the scatter difference is ~(In 10/5)(0.622
— 0474121500 km s~ ~ 280 km s~ !, comparable to the
values obtained with MAT and W91PP.

5.2.5. An Inverse TF Relation for A82

We fit an inverse TF relation to the A82 groups formed by
the preferred o;, = 0.55 mag run of the grouping algorithm.
The inverse slope e and scatter o, resulting from this fit are
given in Table 10. Also given is a provisional TF zero point D,
obtained from a CMB Hubble flow inverse TF fit. In the
inverse fits, we corrected for the selection bias due to the
n-dependence of the sample-selection criteria indicated in
Table 8.

5.2.6. Validating the Bias Corrections

In Figure 22, we plot forward-minus-inverse TF distance
moduli for the A82 groups. In the upper panel the forward
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FIG. 21.—Left: A82 TF relation fitted to the o, = 0.55 mag groups. The solid line plotted through the points shows the fitted slope of 10.29. Right: TF residuals

from this fit with respect to # (top) and Galactic extinction (bottom).

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


http://adsabs.harvard.edu/abs/1996ApJ...457..460W

484 WILLICK ET AL. Vol. 457

T e e L L R B B LA B B N B 1
e | =
£ B _
R IR il I AN
| L ' _
E o A2 Groups (all) *; %‘ *} .
1 B no bias-correction ]
-4 '_I— A R T T KNS RO TR A AN SN SO SO S TN TN T N NAN ST R —I_'

4 i_ 1 I I I I I T 1 T I T 1 T l 1 T T ' 1 1 T l | _.L-
CRrs {, | I .
- % ]
g N + + ﬁ%& 1 %%” ]
b oof L IR i NI R
| - o 1
3 B ) ]
s | E
1 B bias-corrected ]
-4 ;_ (RN AT T SRS AN SRR SN SO (NN TN SR SR AN SO S AT S S A N ‘I_‘

2.8

-1
log[cz (km s )]
F1G. 22.—As Fig. 7, but for all A82 groups

moduli have not been corrected for selection bias, while in the
lower panel they are bias-corrected. We plot groups of all sizes
since most of the more distant (cz = 2000 km s~ ') A82 groups
contain only two members. The uncorrected modulus differ-
ences exhibit the characteristic trend seen in earlier cases: the
forward TF fit underestimates the distances of higher redshift
groups. The trend is somewhat milder than in earlier instances
because (as already noted) the level of bias in the A82 sample is
smaller because most sample objects are quite local. A linear fit
of [u(forw) — u(inv)] for the uncorrected moduli to log cz
yields a slope of —0.235 4+ 0.049, a significant trend, though
less so than for MAT and W91PP. When the same fit is carried
out for the corrected moduli, the resulting slope is
—0.066 + 0.049, indicating that the bias-correction procedure
has successfully eliminated any significant trend.

5.2.7. Determination of the A82 Internal-Extinction Coefficient

The nature of H-band internal extinction differs from that
which affects the CCD magnitudes. The H-band photometry
derives from aperture magnitudes scaled to a diameter-
dependent “standard ” aperture (see, e.g., TB9S). Thus, inclina-
tion effects on the diameters and magnitudes are entangled.
There is indeed no a priori reason that C2, must be positive—
and in fact, we have used CH, = —0.3 in the analysis of the
previous section. We arrived at this value through our usual
approach, by assuming that the proper value of C, for our
purposes is obtained by minimizing TF residuals.

We apply the test to both the CMB Hubble flow fit and the
0;, = 0.55 mag groups. The results are shown in the left panel
of Figure 23. The group TF scatter (bottom) minimizes for
CH ~ —0.25 while the Hubble flow scatter minimizes for

CH ~ —0.35. The negative signs imply that we must correct
the H-band magnitudes faintward in order to minimize TF
scatter, i.e., that the observed magnitudes become brighter with
increasing inclination. This is the opposite of the usual effect
and (if the effect is real) is presumably due to small increases in
diameter with inclination. The effect is not detected with high
significance: as can be seen from the 65% confidence intervals
indicated as dotted lines on the plot, the null value CZ = 0 is
only marginally ruled out from the Hubble flow fit and is
within the 65% confidence interval for the group fit. Nonethe-
less, our practice has been to adopt the values of C;, that
minimize TF scatter, and we continue to do so here despite the
weak detection. We adopted the average of the Hubble flow
and group minima, C¥, = —0.30, as our final value. The right
panels of Figure 23 show forward (top) and inverse (bottom) TF
residuals for the g;, = 0.55 mag group fits. The residuals do not
correlate with axial ratio in either case, confirming our adopted
value of C#, and demonstrating its independence from the
bias-correction procedure.

6. PLACING THE SAMPLES ON A COMMON ZERO POINT

Of the various samples discussed here and in Paper I, we
have computed a final TF zero point only for the HM cluster
sample. We have obtained provisional TF zero points for the
other samples using the assumption that redshift equals dis-
tance, as we did for HM. But we cannot rely on this assump-
tion for these other samples, as they lack either the wide sky
coverage (W91CL, W91PP, CF, MAT) or the depth (A82) of
HM. We must therefore obtain final zero points for these
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the final adopted value CH, = —0.30.

samples by comparison with HM. In this section, we do so by
comparing data for objects common to two or more of the
individual samples (“ overlap ” objects).

The basic idea is simple. For each galaxy common to two
samples, we compute the TF distance moduli, u; = m; — (4,
— byn,) and u, = m, — (A, — b, n,), assigned that galaxy by
samples 1 and 2, respectively. Suppose that sample 2 has
already been assigned a final TF zero point. We then adjust the
provisional TF zero point A4, so the difference Ay = u, — py
vanishes when suitably averaged over all objects common to
samples 1 and 2. For this average we in fact use one-half the
sum of the median plus the mean modulus difference, rather
than a straight mean, in order to enhance robustness. The final
zero point for sample 1 is then just the provisional zero point
minus the “average ” distance-modulus difference in the sense
just described.

The discussion of the previous paragraph refers to the for-
ward TF relation. For the inverse TF relation, we carry out a
perfectly analogous procedure, except that now the individual
object distance moduli are computed as g = m — (D — e~ ').

We carry out this overlap procedure hierarchically, ie., we
zero-point each sample relative to all those already zero-
pointed. This requires that we order the samples for the
overlap comparison. We have done so as follows: First, we
overlap-compare W91CL with HM and adjust the zero point
of WI9ICL accordingly. Then we overlap-compare W91PP
with W9ICL and HM and adjust its zero point. We then
compare CF with the previous three, MAT with the previous

four, and finally A82 with the previous five. (As it turns out,
A82 has no overlap with W91PP; moreover, we neglect the
objects in common between A82 and W91CL, for reasons dis-
cussed below.) It should be pointed out that the final zero
points depend slightly on the order chosen for performing the
overlap. However, this dependence is small, and the order we
have chosen maximizes the number of comparison objects at
each step.

In Table 11, we summarize the results of the overlap com-
parisons. Column (1) gives the name of the sample whose zero
point is to be adjusted, while column (2) gives the name of the

- already zero-pointed sample(s) with which the comparison is

made. Columns (3) and (4) give the average distance-modulus
differences, in the sense of “sample 2 minus sample 1,” for the
forward and inverse TF relations, respectively. The quantity in
parentheses that follows the forward modulus difference is the
1 ¢ statistical uncertainty in that quantity; the corresponding
error in the inverse modulus difference differs negligibly from
the forward. Column (5) gives the rms scatter about the aver-
age (from the forward TF relations; again, the inverse yields
essentially the same scatter), and column (6) the total number
of overlap objects involved in the comparison. The lines of
the table in which column (2) consists of all previously zero-
pointed samples list the values of Au ultimately adopted for
the zero-point adjustment. Note that the value of Ap in those
lines is not necessarily a weighted average of the values in the
preceding lines; this is because we have used one-half median
plus mean, rather than straight means, in computing Ap.
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TABLE 11
OVERLAP COMPARISON OF TF SAMPLES

Ap[2 — 1] (mag)

4

SAMPLE 1 SAMPLE 2 Forward Inverse (mz:g) N,

4] @2 3) 4 ©) ©)
WI1ICL HM ... 0.043 (0.019) 0.092 0.202 114
W91PP HM .. —0.001 (0.025) 0.001 0.176 49
WI1PP WOIICL ..o —0.008 (0.030) —0.015 0.150 26
WI1PP HM + WIICL .........oooiinie —0.004 (0.019) —0.005 0.166 75
CF HM 0.151 (0.043) 0.208 0.297 47
CF WIICL ...oiiiiiiiiiiiiee 0.093 (0.030) 0.142 0.175 35
CF WIIPP ..o 0.042 (0.036) 0.110 0.254 49
CF HM + W9ICL + WIIPP ........... 0.083 (0.022) 0.154 0.249 131
MAT HM .. —0.086 (0.039) —0.144 0.336 74
MAT WOIICL .o —0.086 (0.064) —0.163 0.213 11
MAT WIIPP ..o 0.051 (0.060) —0.004 0.255 18
MAT [ 0.037 (0.060) —0.010 0.210 12
MAT HM + W9ICL + W91PP + CF —0.044 (0.029) —0.110 0.310 115
A82 HM . 0.128 (0.088) 0.184 0411 22
A82 CF oo 0.091 (0.086) 0.131 0485 30
A82 MAT ..ot 0.148 (0.049) 0.203 0.438 80
A82 HM +CF +MAT........ccoceeenane 0.139 (0.038) 0.183 0.441 132

Notes—Results of intercomparing the TF distance moduli of galaxies common to two or more
individual samples. For each sample, the comparison is done with all previously zero-pointed samples.
The quantities o, and N, are, respectively, the rms scatter of the distance-modulus comparison and the
number of objects used in the calculation. The overlap comparison is not necessarily limited to those
objects that constitute the “complete samples ” used in the TF calibrations.

We have not included 20 galaxies in common between A82
and W91CL in the A82 overlap comparison. These galaxies are
exclusively in the Ursa Major Cluster. Their average Ay was
smaller, by ~0.15 mag, than the value shown in the “A82
versus others” line. The A82 versus W91CL comparison also
had very small scatter (~0.20 mag), so the discrepancy is quite
significant. The source of the discrepancy lies in the velocity
widths used for the Ursa Major galaxies in W91CL. These
widths came from the compilation of Aaronson et al. (1982)
and are not statistically equivalent to the 20% velocity widths
used in the remainder of the W91CL sample, as we will show in
Paper III. Since the Ursa Major galaxies do not figure any-
where else in Table 11, this velocity-width difference plays no
role in any of the other overlap comparisons. If we were to
include the 20 Ursa Major galaxies, the final zero-point shift
for A82 would change by only 0.04 mag, which is comparable
to the statistical error in any case.

In Figure 24, we plot the individual object forward TF dis-
tance modulus differences, following the final zero-point

adjustments, as a function of log redshift. The plots show that .

there are no significant trends with redshift for any of the
samples. The differences in the scatters of the overlap compari-
sons for the various samples, listed in Table 11, are visually
apparent in the plot. From top to bottom there is a progression
toward larger scatter; note in particular that the A82 panel has
an expanded vertical scale.!? These differing scatters reflect the
greater or lesser degree of correlation of measurement errors,
as we discuss further in § 7.2.

'2 That plot also extends to redshifts beyond 3000 km s~ !; as explained in
the notes to Table 11, the overlap comparisons are not limited to the
“complete samples ” used in TF calibration.

7. ON THE VALUE OF THE TF SCATTER

Accurate estimation of the TF scatter o is vitally important,
as ¢ determines both the random errors in velocity analyses
and systematic errors due to Malmquist and selection biases. It
is the overall or “ observed ” scatter that plays this role, not the
individual contributions (intrinsic scatter and measurement
error) to it. In this section, we first discuss the observed scatter
obtained from our analysis and then estimate the intrinsic TF
scatter using the results of the overlap comparison.

7.1. The Observed TF Scatter

Given the importance of the TF scatter, it is perhaps sur-
prising that recent estimates have varied so widely. Many esti-
mates based on CCD samples have found ¢ < 0.3 mag (e.g.,
Bothun & Mould 1987; Pierce & Tully 1988; Willick 1991;
Mathewson et al. 1992; Schommer et al. 1993; Giovanelli et al.
1995). Bernstein et al. (1994) reported ¢ = 0.1 mag from an
I-band study of galaxies in the Coma supercluster. By contrast,
Sandage and coworkers (Sandage 1994; Federspiel et al. 1994)
have found ¢ 2 0.5 mag using the MAT sample that we have
analyzed here. Our own analysis points to a typical scatter of
~0.4 mag for CCD-based samples and a somewhat larger
value of ~0.47 mag for the H-band A82 sample. What are the
sources of these divergent estimates?

The least important (though by no means negligible) is the
“dispersion bias” discussed by W94, an effect that has been
largely ignored in previous work. The magnitude- and/or
diameter-limited nature of most samples results in the appar-
ent scatter being smaller than the true value. We have treated
this effect using the W94 bias-correction procedure, with the
corrected scatters typically ~5% larger than the uncorrected
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F1G. 24.—Individual object forward TF distance modulus differences, after
final adjustment of the TF zero points by the overlap procedure. The various
panels represent the five separate sample intercomparisons made in determin-
ing relative TF zero points. Note the expanded vertical scale of the bottom
panel.

ones. The second most important factor is differing treatments
of the effect of peculiar velocities on scatter computation. If we
had operated on the assumption that peculiar velocities were
negligible, we would have been obliged to adopt the scatter
values stemming from our Hubble flow fits. In that case, our
estimated scatter for the MAT and W91PP samples would
have exceeded our final estimates (obtained from the grouping
analysis) by ~ 10% while our estimate of the A82 scatter would
have exceeded our final estimate by ~30%. Sandage and
coworkers have generally assumed that peculiar velocities
make a very small contribution to the TF scatter, and thus
derive higher values than we do. We have not made specific a
priori assumptions about the amplitude of peculiar motions in
our analysis. However, we have allowed for their existence,
using the grouping algorithm to disentangle their effects from
actual TF scatter. The reduction of scatter in the group as
compared with the Hubble flow TF calibrations led to a con-
sistent value of ~250 km s~ for the rms amplitude of radial
peculiar motions, for three samples with very different spatial
characteristics. While by no means proof, this consistency
lends credence to our procedure.

The third and most important source of variant scatter esti-
mates is the subjective element involved in excluding certain
deviant objects from the scatter computation. The TF scatter is
generally computed as an rms dispersion about a mean rela-
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tion. This statistic can be very sensitive to outliers, especially in
small samples. Some of the studies cited above, recognizing this
sensitivity, liberally excluded objects judged to be “outliers.”
In studies that estimate the TF scatter using cluster samples
(Bothun & Mould 1987; Pierce & Tully 1988; Willick 1991;
Mathewson et al. 1992), one is free to argue that certain gal-
axies “are not cluster members” and thus exclude them.
However, the decision to exclude may be influenced as much
by the fact that an object has a large TF residual as on
“objective ” criteria. In their TF study of a subsample with
extraordinarily small TF scatter, Bernstein et al. (1994) liber-
ally purged objects deemed unacceptable, based on consider-
ations of data quality and galaxy morphology. While these
considerations appear “ objective,” the remaining 23 objects on
which their scatter estimate is based are unrepresentative of the
large, complete samples needed for peculiar velocity studies.

Our approach has been more conservative with regard to
exclusion of objects than the studies, cited above, that have
estimated small (<0.3 mag) TF scatter. Unlike Bernstein et al.,
we have not required our sample objects to exhibit “clean”
morphology or data of exceedingly high quality. We have,
however, excluded a small fraction (~1%-2%) of all galaxies
from scatter computations. In Paper I, several HM, and one
WOIICL, cluster galaxies were excluded because of excessively
(2 3.2 0) large TF residuals. In this paper, our use of the group-
ing algorithm accomplished the same thing, albeit in a more
objective way. The goal of such exclusion is to restrict the TF
and velocity-field analyses to a population of data points
whose distribution is, to a reasonable degree, Gaussian. In
Paper III we will demonstrate that the TF residuals of our
restricted samples have this property. Had we not excluded
any objects whatsoever from our analyses, our estimated TF
scatters would be marginally higher, and our distribution of
residuals unduly weighted by non-Gaussian tails.

The factors influencing TF scatter estimates listed above
have been of particular importance when fairly small samples
(N < 100) have been considered. The TF samples we have
analyzed here have been large: typically several hundred, and,
in the case of the MAT sample, over a thousand galaxies. The
statistical robustness of our scatter estimates is thus greatly
improved. We believe that our final TF scatter estimates are
accurate (in an rms sense) to <0.02 mag for the CCD samples
and <0.03 mag for the H-band A82 sample. This accuracy
ensures that the remaining uncertainty will have a very small
effect on velocity analyses based on the Mark III catalog.

7.2. The Intrinsic TF Scatter

The observed TF scatter reflects photometric and velocity-
width measurement errors, as well as intrinsic or “cosmic”
scatter. However, it is only the latter quantity that is interesting
for studies of spiral galaxy structure and formation (see, e.g.,
Franx & de Zeeuw 1992; Kauffmann, White, & Guiderdoni
1993; Eisenstein & Loeb 1995). Historically, it has been very
difficult to estimate the intrinsic TF scatter because the mea-
surement errors are not fully understood. Using our overlap
comparison, however, we have the possibility of separating
measurement error from intrinsic scatter and thus estimating
the latter.

The dispersions o, listed in column (5) of Table 11 reflect
only measurement error since the comparisons were done on a
galaxy-by-galaxy basis. Thus, o, represents the TF measure-
ment errors of sample 1 and sample 2 added in quadrature; if
these errors are roughly the same for each sample, we can
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estimate the measurement errors for a given sample. Not all of
the overlap comparisons are valid for this purpose. The HM,
WI1CL, and W91PP samples use mostly the same H 1 data;
consequently, their measurement errors are highly correlated
(thus the very small o, values for those comparisons). The CF
and W91 samples were designed for maximal photometric con-
sistency and used identical data reduction methods; those two
samples, too, may thus be expected to have well-correlated
errors. The MAT overlaps with W91PP and W91CL also
share H 1 data. The CCD-based sample comparisons for which
the observational errors are fully uncorrelated are CF versus
HM and MAT versus HM; these comparisons exhibit disper-
sions ~0.30-0.34 mag. Thus, the TF measurement error for a
CCD sample is given by ~0.32/,/2 ~ 0.23 mag.

If we subtract this value in quadrature from the observed TF
scatters given in Table 12, we deduce that the intrinsic scatter
of the TF relation is ~0.30-0.35 mag. We may go through a
similar exercise for the A82 versus others comparison. This
leads to an estimate of ~(0.44%2 — 0.23%)'/2 ~ 0.37 mag TF
measurement error for the H-band sample; subtracting this in
quadrature from the observed H-band scatter of 0.47 mag gives
an intrinsic scatter of ~0.30 mag for the H-band TF relation.
This estimate is consistent with those obtained from the CCD
samples, and it confirms that the H-band TF relation has
larger observed scatter only because of larger overall measure-
ment errors. We conclude that the intrinsic scatter of the TF
relation is 20.30 mag. This estimate conflicts strongly with
that of Bernstein et al. (1994), who concluded that the TF
relation exhibited essentially no intrinsic scatter whatsoever.

8. SUMMARY AND FURTHER DISCUSSION

The main result of this paper is the final calibration of TF
relations for the spiral galaxy samples that constitute the back-
bone of the Mark III Catalog of Galaxy Peculiar Velocities. In
Paper I, we obtained a final TF calibration for the HM cluster
sample and a provisional (approximate zero point) calibration
of the WI1CL cluster sample. In this paper we first obtained
provisional TF calibrations for the MAT, W91PP, CF, and
A82 samples. We then carried out an overlap comparison,
using the several hundred galaxies common to two or more
samples, to obtain final TF zero points for all samples. The
final forward and inverse TF relations are given in Table 12.
Indicated are the forward TF parameters A, b, and o, and the
inverse parameters D, e, and o, (see Paper I, § 2.1). Also indi-
cated, in parentheses, are estimated 1 ¢ errors in the zero
points and slopes; we discuss scatter uncertainty below. In
Paper III we will present the TF-distances and peculiar veloci-
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ties, along with a variety of ancillary data, for all sample
objects; these data will be made available for electronic dis-
tribution as well.

The estimated zero-point and slope errors warrant further
discussion. The error in the HM zero point was based on the
assumption that the clusters have random radial motions of
250 km s~ ! superposed on what is otherwise at most a bulk-
flow departure from uniform Hubble expansion. However, as
noted in Paper I, a larger error could be present if the mean
expansion rate within the effective radius probed by the clus-
ters (~ 7000 km s~ ') differs from the universal expansion rate.
Differences at the few percent level are expected simply because
of typical mass-density fluctuations. However, since we have
no meaningful estimate of the overdensity within our local
volume, we have not incorporated such possible errors into the
HM zero-point error estimate. Because we have fixed the zero
points of the remaining samples ultimately through overlap
with HM, any zero-point error in the HM TF relation will be
present in the other TF relations as well. With this understand-
ing, what is listed in Table 12 for these samples are zero-point
errors relative to HM, derived from the overlap comparison of
§ 6. The slope errors listed in Table 12 are simply the statistical
errors incurred in the least-squares fits. They are lower limits to
the actual slope uncertainties, which also include contributions
from the bias-correction procedure and the nonuniqueness of
the groups used in calibration. However, the actual slope
uncertainties cannot be much larger than those indicated in
Table 12 because our analysis of simulated TF samples yielded
correct slopes to within the statistical errors computed as
above.

As in Paper I, we have carried out careful corrections for
sample-selection biases, following the prescription of W94, We
have validated these corrections by comparing forward and
inverse TF distance moduli for groups of galaxies. We have
also used the TF calibration procedure itself to determine the
best values of the internal-extinction coefficients, under the
assumption that the best value minimizes TF scatter. We have
confirmed and strengthened the conclusion of Paper I, namely
that C., = Ci,, = 0.95, with relatively small ( < 0.2) uncer-
tainty for the I-band samples (HM and MAT) and somewhat
larger (~0.3) for the r-band samples (W91 and CF). Our
analysis of the H-band TF scatter as a function of extinction
coefficient yielded a best value CH, = —0.3; although we adopt
this value for A82, the data do not strongly rule out the null
value C, = 0. We have gone beyond the Paper I analysis of
internal extinction by testing, using the MAT and W91PP
samples, for the luminosity dependence of C;,, that Giovanelli
(1995) has claimed to detect. Our tests did not confirm the

TABLE 12
FINAL TF RELATIONS FOR MARK III SAMPLES

FORWARD INVERSE
(2
SAMPLE A b(+) (mag) D (%) e(+) G,
HM.......... —5.48 (0.03) 7.87 (0.16) 0.40 —5.58 (0.03) 0.1177 (0.0025) 0.048
WI9CL...... —4.18 (0.02) 7.73 (0.21) 0.38 —4.27 (0.02) 0.1190 (0.0032) 0.047
WIIPP...... —4.28 (0.02) 7.12 (0.18) 0.38 —4.36 (0.02) 0.1244 (0.0031) 0.049
CF.......... —4.22 (0.02) 7.73 (0.21) 0.38 —4.33 (0.02) 0.1190 (0.0032) 0.047
MAT ........ —5.79 (0.03) 6.80 (0.08) 043 —5.92(0.03) 0.1328 (0.0016) 0.059
A82.......... —5.95 (0.04) 10.29 (0.22) 047 —6.03 (0.04) 0.0893 (0.0018) 0.043

Note.—Parameters of the fully calibrated TF relations for the Mark III spiral samples.
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existence of this effect; instead, they show that internal extinc-
tion depends on axial ratio alone.

We have emphasized the importance of accurately estimat-
ing TF scatter and have accordingly treated it as part and
parcel of the TF calibration. We suggested that divergent esti-
mates of o in the past stemmed from widely differing stra-
tegies for modeling relative galaxy distances and excluding
unwanted outliers. We have attempted to rationalize these
issues by means of a self-consistent procedure that combines
the grouping of field galaxies with TF calibration. To the
degree that we succeeded in constructing groups of objects
with a common distance, our TF scatter estimates should be
valid; application of our methods to simulated catalogs sug-
gests that these estimates are in fact good to <0.02-0.03 mag.
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In this paper we found o ~ 0.38-0.43 mag for the CCD data
sets, consistent with our Paper I results for the cluster samples.
This is significantly higher than many of the more optimistic
estimates of recent years, and we believe it to be more realistic.
Using the results of our overlap analysis, we estimated the
intrinsic or “cosmic” TF scatter to be ~0.30 mag. If correct,
this value places strong constraints on theories of spiral galaxy
formation.

We would like to thank Michael Strauss for helpful com-
ments on the paper. This work has been partially supported by
the US-Israel Binational Science Foundation and NSF grant
PHY-91-06678. D. B. wishes to acknowledge partial support
from NSF grant AST-9016930.
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