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ABSTRACT

We give the first determination of the observed peculiar velocity distribution function for a representative
sample of galaxies which includes a wide range of clustering properties. We explore in detail the effects
of uncertainties in sampling and in distance measures on the estimated distribution function. The
observed distribution function is consistent with an earlier prediction of gravitational clustering, over the
entire range of peculiar velocities, from field galaxies to rich clusters, on scales up to 50 h;s,, Mpc. In the
simplest consistent model, most of the inhomogeneous mass of the universe is in galaxies or their halos.

We estimate the “Mach number” for the bulk flow within 50 h;, Mpc from us to be # =
Av,/<v})'/* = 599/717 ~ 0.8, which includes the effect of high-dispersion galaxies in clusters. The
observed velocity distribution function agrees quantitatively with N-body simulations with Q, = 1 that
have galaxies with a realistic mass spectrum. Further comparisons of the observed distribution with
N-body simulations will provide a new technique for measuring H, and Q,. These results provide new

tests for all models of galaxy clustering.

Subject headings: cosmology: observations — galaxies: clusters: general —
galaxies: distances and redshifts — large-scale structure of universe —

methods: numerical

1. INTRODUCTION

The velocity distribution function f(v)dv, defined as the
probability of finding a galaxy with peculiar velocity
(relative to the Hubble flow) between v and v + dv, is a
fundamental astronomical property of our universe which
has not been measured previously for a fair sample of
galaxy peculiar velocities. It is particularly important for
understanding the clustering processes that have resulted in
the observed nonuniform spatial distribution of galaxies. In
the case of a perfect gas, f(v)dv would be a Maxwell-
Boltzmann distribution. Observed departures from the
Masxwell-Boltzmann form of the velocity distribution
provide insights into its origin.

Only in the last few years have secondary distance indica-
tors (D,-0, Tully-Fisher) yielded distances to galaxies with
uncertainties <20%, thus enabling peculiar velocities to be
measured beyond the Local Supercluster. Studies of the dis-
tribution function of peculiar velocities require a large rep-
resentative sample of galaxies without any a priori selection
related to clustering. In this respect, for example, the Aaron-
son et al. (1986) sample of peculiar velocities of spirals
belonging to rich clusters would give biased estimates of
f(v)dv. However, a sample of peculiar velocities of > 1300
spirals chosen without regard to their clustering properties
(Mathewson, Ford, & Buchhorn 1992) appears to be a
promising database for a first analysis of the distribution of
radial peculiar velocities f (v,)dv,.

! Present address: Inter-University Centre for Astronomy and Astro-
physics, Pune 411 007, India; somak @iucaa.ernet.in.
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A theory of gravitational galaxy clustering, in which most
of the dynamically important mass in the universe is
assumed to be in galaxies or their halos, makes an explicit
prediction (Saslaw et al. 1990) for the distribution function
f(v,)dv,. This is in a form which can readily be compared
with the observed distribution.

In § 2 we describe the data used in our analyses. Section 3
gives results for f(v,)dv, and compares them with a
Maxwell-Boltzmann distribution and with the prediction of
gravitational clustering. Section 4 discusses the effects of
uncertainties in sample selection or distance measurement
on our results, and in § 5, we look at some further cosmo-
logical implications of our results.

2. THE SAMPLES OF OBSERVED PECULIAR VELOCITIES

2.1. The Mathewson et al. Catalog of Spiral Galaxies

The Mathewson et al. (1992) sample consists of peculiar
velocities of 1353 spirals with redshift <7000 km s~ 1. It
covers about one-fourth of the sky, the distances to the
spirals being measured using the I-band Tully-Fisher rela-
tion. All late spirals (Sb—Sd) in the ESO catalog with major
diameter >1!7, inclination >40°, and Galactic latitude
|b| > 11° were included in their list. Their list, however, also
included some galaxies from the observations of Haynes
and Giovanelli, plus a “sprinkling” of spirals beyond 7000
km s~!, many of which have smaller diameters and lower
inclinations. ,

To extract a well-defined sample from the Mathewson et
al. list, we chose only the galaxies with major diameter >1’
and disk inclination I > 35° (so that the inclination correc-
tions to magnitudes and rotational velocities are not too
high). On the sky, we spatially restricted the sample to the
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area of the sky bounded by (240° <1< 330° 11°<
b <45°), (330° <1< 350° 30° < b <45°, (350° < I < 35°,
b < 30°), and (210° < I < 350°, b < —11°), since the sample
appears less complete elsewhere. We corrected the total
I-band magnitudes for internal extinction according to the
prescription of Pierce & Tully (1988), and also for Galactic
extinction (Burstein & Heiles 1982), using A; = 0.44A4;.

We calculate distances to galaxies in our sample using the
Tully-Fisher (TF) relation in equation (1) below, correcting
for a uniform Malmquist bias® corresponding to ¢ = 0.36,
which means that relative distances for single galaxies are
accurate to about 18%. In addition, we assign the spirals
within 2.5 h;d Mpc of the center of the clusters Fornax,
A1060, Antlia, Cen30, and Cend5 to the mean distance of
the cluster. For these galaxies (only 94 out of our sample of
825), the corresponding Malmquist bias used is 1/N times
that for a single galaxy, where N is the number of spirals in
our sample belonging to that cluster (Lynden-Bell et al.
1988).

In the rest of the paper, wherever we quote distances in
units of km s~ !, or calculate peculiar velocities, we will use
H,=75km s~! Mpc™?, which is consistent with the dis-
tance to the Fornax cluster we use to calibrate our TF
relation. Radial velocities are measured, unless otherwise
stated, in the cosmic microwave background (CMB) frame.

2.2. Calibration of the Tully-Fisher Relation

Both Willick et al. (1995), who have published prelimi-
nary results from their “Mark III” catalog of peculiar
velocities, and Mathewson et al. (1992) calibrate their Tully-
Fisher relation on several clusters of galaxies, assuming that
the spirals within some angular distance of the center of
each cluster are at the distance of the respective cluster.
However, the work of Bernstein et al. (1994) and Raychaud-
hury, Bernstein, & Guhathakurta (1996) shows that in
several clusters, including Coma and A2634, which Willick
et al. use to calibrate their TF relation, most of the galaxies
bound to the core of the cluster are too gas poor to allow
Tully-Fisher calibration. Here, in order to decide which
clusters to use for calibration, we perform a simple test.

For each of the major clusters in the Mathewson et al.
list, we choose all galaxies that lie within 2.5 h;J Mpc of its
center on the sky (calculated at the mean redshift of the
cluster) and have a redshift within + 1000 km s~ ! of the
mean redshift. We eliminated a few galaxies from this list
upon inspecting their rotation curves because they were
found to be rising at both ends. For each cluster, we calcu-
late the dispersion of the magnitudes about the best-fit
Tully-Fisher relation, assuming all galaxies are at the same
distance. Then we repeat the exercise for the same galaxies
but assuming that each galaxy lies at a distance proportion-
al to its redshift. These values are shown in Table 1. In order
to calibrate the TF relation on spirals in a cluster, it is
necessary to assume that they are at the same distance. This
assumption might not be true for the clusters Sculptor,
Eridanus, or Pegasus, for which the dispersion if distances
are proportional to redshift is considerably lower than if the
galaxies are assumed to be at their cluster centers.

Therefore, our calibration uses only the three spiral-rich
clusters that satisfy the criterion that the value of the disper-
sion in column (3) of Table 1 is lower than that in column (4)

3 The effect of inhomogeneous Malmquist bias on the measured dis-
tances is discussed in the Appendix.
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TABLE 1
SPIRALS WITHIN 2.5 h; Mpc OF THE CENTERS OF CLUSTERS

DisPERSION ABOUT TF RELATION

NUMBER OF Galaxies at Galaxies at
CLUSTER GALAXIES Same Distance Redshift Distance

0] 2 3) @
Fornax ....... 10 0.23 0.54
Hydra......... 16 0.26 0.26
Antlia ......... 20 043 0.37
Sculptor ...... 20 0.75 0.46
Eridanus...... 11 0.78 0.78
Pegasus........ 11 0.41 0.30

and is less than 0.5 mag. We use 46 galaxies in three clusters
(Fornax, A1060 = Hydra I, and Antlia) to calibrate the
Tully-Fisher relation that we will use in this paper to calcu-
late distances. To the samples of 10 galaxies in Fornax, 16 in
A1060, and 20 in Antlia, we fit Tully-Fisher relations (Fig. 1)
of the form s = af + B, where s = log Av is corrected for
inclination, and I is the apparent I magnitude corrected for
extinction effects. The dotted lines represent the best-fit TF
relations to each data set, where both « and f were allowed
to vary. However, we preferred to force a to be the same in
all three cases, and we used linear regression on s to find one
value of « and a different g for each cluster, the latter reflect-
ing their distance.

McMillan, Ciardullo, & Jacoby (1993) have found the
distance modulus to the Fornax Cluster from planetary
nebulae to be u = 31.14 4+ 0.14. We use this to calibrate the
zero point, which, together with the slope as obtained

2.2 2.4 2.6

Log AV, , (Corrected)

2

1.8

8 9 10 11 12 13 14 15

Total apparent I-band magnitude

Fi. 1.—The I-band Tully-Fisher relation for galaxies belonging to
three clusters of galaxies (squares, Fornax; filled circles, Hydra I (A1060);
open circles, Antlia) in the Mathewson et al. (1992) catalog. All galaxies
belonging to the same cluster are assumed to be at the same distance. The
dotted lines are the best-fit Tully-Fisher relations for the individual clus-
ters. The solid lines result if all clusters are required to give the same slope.
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above, gives the Tully-Fisher relation,

s= —0.121M, — 043, 1)
for the Fornax Cluster, where M| is the absolute magnitude
of a galaxy in the I band.

The value for the scatter in magnitude of the TF relation
is obtained using

o= £V=1 (MI,i - ,I,i)z
N-—4 ’

where Mj ; is the expected value of the magnitude of the
galaxy from equation (1). From all N = 46 galaxies, we
obtain ¢ = 0.36 mag. This is not very different from the
¢ = 0.32 mag obtained by Mathewson et al.

2.3. The “ Seven Samurai” Catalog of Elliptical Galaxies

The “Seven Samurai” sample (Burstein et al. 1987;
Dressler et al. 1987; Lynden-Bell et al. 1988) of galaxies
consists of 449 elliptical galaxies chosen from all over the
sky, for which distances were measured using the D,-o rela-
tion. The dispersion in the logarithm of measured distance
was A = 0.21. In this paper, we also calculate f'(v,) for this
set of data, using a subsample consisting of the 376 elliptical
galaxies with D < 5000 km s~ !, chosen from Burstein’s
“Mark II” catalog (privately circulated), based mainly on
the Seven Samurai sample, with a few ellipticals included in
addition. We will, however, base most of our analyses in this
paper on the Mathewson et al. sample because spirals are
more representatively distributed, whereas the Seven
Samurai sample of ellipticals might preferentially sample
high-density environments.

3. THE RADIAL VELOCITY DISTRIBUTION FUNCTION:
OBSERVATIONS COMPARED WITH THEORY

It is now well established that galaxies within a radius of
5000 km s~ ! around us participate in a bulk flow across the
whole volume over and above the Hubble expansion
(Lynden-Bell et al. 1988; Courteau et al. 1993). This is pre-
sumably caused by gravitational effects of overdense
regions outside this “local” volume. Since the physical
model of f(v)dv which we compare with the observations
does not include bulk flows, we must first remove the bulk
flow from the Mathewson et al. sample. Since this sample
does not cover the whole sky, the mean value of its peculiar
velocities would not give a reliable measure of the bulk flow.

The most accurate method presently available for this is
to subtract the mean bulk motion of 599 + 104 km s}
toward | = 312° + 11°, b = 6° + 10° found in the analysis
of Dressler et al. (1987) of the all-sky sample of 289 elliptical
galaxies with v, < 6000 km s~ !, a subset of the “Seven
Samurai ” catalog referred to in § 2.3. This assumes that the
spirals in our sample participate in the same bulk motion as
a sample of ellipticals in the same volume of space, which
would be the case if these motions were purely gravitational
in origin. A more recent estimate of the local value of this
bulk motion comes from a study of 353 Sb-Sc spirals from
the UGC catalog, with distances measured using an r-band
Tully-Fisher relation (Courteau et al. 1993). They obtain a
bulk motion of 360 + 40 km s~! toward [ = 294°, b = 0°
out to 6000 km s~ . We will use both these estimates to
show the effect of the bulk flow subtraction from our sample
on our results.

Vol. 461

Alternatively, we may correct for a bulk motion of the
local rest frame by subtracting an average displacement
velocity rH, from each galaxy, such that the average pecu-
liar velocity for the sample {v — rH,) = 0. This determines
an effective local value for H, in the sample and tends to
increase the net velocity dispersion of the sample. We will
compare the results of both corrections.

We will also compare the observed distribution function
with two theoretical distributions. The first is a prediction
for nonlinear gravitational clustering (Saslaw et al. 1990;
Inagaki, Itoh, & Saslaw 1992; Itoh, Inagaki, & Saslaw
1993). For the quasi-equilibrium gravitational clustering of
point mass galaxies in the expanding universe, the gravita-
tional distribution of radial peculiar velocities has the form
(Inagaki et al. 1992)

=o2f(l — b —ap(l—b)] | —=
flv) = a*B( ) exp [—af( )]J; NoET

[dﬂ(l - b) + a(vf + Ui)b]“("’“"’lz)—l
[[a(v? + v?) + 1]
x exp [—ab(v? + v)]dv, , @

where v, and v, are the radial and transverse components of
the peculiar velocity of a galaxy, and I'(x) is the standard
gamma function. The quantities «, f, and b are determined
by the gravitational theory, but here we shall consider them
to be parameters found by fitting equation (2) to the ob-
served distribution. Secondly, we will consider a Maxwell-
Boltzmann distribution, since the difference between these
two distributions illustrates the departure from an uncor-
related system.

Figures 2a and 2b show - the velocity distributions of the
sample of Mathewson et al. spirals in our chosen region
(§ 2.1) with distance D < 5000 km s~ !. In Figure 2a, the
detailed bulk flow obtained by Dressler et al. is subtracted.
The histogram shown is the mean of 10,000 histograms,
each calculated from a randomly selected subsample con-
sisting of two-thirds of the entire sample of 825 galaxies.
The mean histogram is identical to the corresponding histo-
gram for the entire sample with the same binning. The
plotted errors are the values for the standard deviation
obtained for each bin from the 10,000 subsamples. We do
this exercise only for this plot, to show the typical magni-
tude of sampling errors. The solid line is the gravitational
velocity distribution in equation (2) with the corresponding
values of the best-fit parameters given in the upper right of
each panel. For this figure only, we have set = 3<v?); in
the rest of the paper, § will be a free parameter. Also, in
most of the subsequent plots, we will only show histograms
for the entire sample without error bars.

In Figure 2b, instead of the bulk flow, an extra Hubble
expansion is subtracted from the observed peculiar veloci-
ties such that (v, — rH) = 0, which requires H = 92 km
s~! Mpc~!. Although this is slightly higher than the value
of Hy =75 km s~ ! Mpc™! we use here, this represents an
effective local value of H,, and in the presence of bulk flows
it does not give the true value of the Hubble constant. The
dotted lines in both cases are Maxwell-Boltzmann distribu-
tions with the same {(v2) as the data.

It is clear that the predicted gravitational distribution
gives a good fit to the data over the entire range from field
galaxies to those in rich clusters (e.g., the y? parameter
Q = 1.0 for Fig. 2a). The Maxwell-Boltzmann distribution,
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F1G. 2—The observed distribution (solid histogram) of radial peculiar velocities (unit: 1000 km s~ ') for our selected subsample of all Sb—Sd galaxies with
distance D < 5000 km s~ ! from selected areas of the Mathewson et al. catalog. (a) Peculiar velocities corrected for the Dressler et al. (1986) bulk motion of
599 km s~ 1. The error bars are explained in § 3. (b) Peculiar velocities corrected for an extra Hubble expansion as discussed in § 3. Here, H, = 92 km s *
Mpc ™~ *. The dotted line in each case is the Maxwell-Boltzmann distribution with the same velocity dispersion as the sample. The solid line is the best-fitting
gravitational distribution, whose parameters are given in the upper right-hand corner.

however, fails to represent the large number of low-velocity
galaxies (mainly field galaxies) in the peak and systemati-
cally gives too many intermediate-velocity galaxies.

We have examined f(v,) for a more clustered subset, con-
taining 194 of these spirals, which consists of all spirals lying
within a cone of radius 3 h;3 Mpc of the center of each
cluster given in Table 3 of Mathewson et al. (at the mean
redshift of the cluster). Although there is some contami-
nation from projection, more rigorous definitions of gal-
axies in clusters are difficult owing to incomplete redshift
information for all galaxies in the volume we explore here.
The velocity distribution for this more clustered subsample
is much closer to a Maxwell-Boltzmann distribution than
that for the total sample shown in Figure 2.

We also examined f(v,) for the “ Seven Samurai” all-sky
sample (described above in § 2.3) of 376 elliptical galaxies
with distance D < 5000 km s~* (Fig. 3). Apart from being
more irregular because of its small number of galaxies, the
tails of this distribution are significantly skewed toward
negative velocities. These properties may be caused by the
preferential tendency of ellipticals to cluster (e.g., Lahav &
Saslaw 1992; Dressler 1980) and by chance fluctuations in
the number, positions, and relative velocities of rich clusters
in this small sample. Again, there is a clear departure from
the Maxwell-Boltzmann distribution.

4. EFFECTS OF SAMPLE SELECTION AND OTHER
UNCERTAINTIES

It is clearly important to examine how systematic effects
and uncertainties in the data affect the velocity distribution

function. We shall discuss the sources of error here with
references to the Mathewson et al. (hereafter MFB) sample
that we use in Figure 2. We have already discussed the
sampling errors in § 3, which are reflected in the error bars
drawn in Figure 2a.

4.1. Limiting by Redshift Instead of Distance

In Figure 2, we limited our sample of galaxies by mea-
sured distance, in spite of the fact that our distances are
more uncertain than the redshifts of the galaxies. Limiting a
sample by redshift, however, introduces a systematic bias in
the peculiar velocity distribution as clearly shown in Table
2E. However, in Figure 4 we show that for the 780 galaxies
satisfying the condition veyp < 5000 km s ™7, the results are
not substantially different from Figure 2a as far as the
velocity distribution function is concerned.

4.2. Bulk Flow Subtraction

The second uncertainty arises from the error in the sub-
traction of the bulk flow from the individual peculiar veloci-
ties. This is particularly important, since the MFB sample
does not cover the whole sky. Without this subtraction, the
histogram of f(v,) is centered at v, ~ 500 km s~ !. If instead
of the Dressler et al. estimate of the bulk flow that we use in
Figure 2a, we use another recent estimate (Courteau et al.
1993), of 360 + 40 km s~ ! toward [ = 294°, b =0°, we
obtain Figure 5. The histogram is not symmetric about
v, = 0, which indicates that the subtracted bulk flow might
be too small. However, the results are qualitatively similar
to those in Figure 2a.
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FiG. 3—The distribution of radial peculiar velocities (unit: 1000
km s™!) for all elliptical galaxies in the augmented “Seven Samurai”
sample with distance D < 5000 km s~ !. The dotted line is the Maxwell-
Boltzmann distribution with the same velocity dispersion as the sample.
The solid line is the best-fitting gravitational distribution, whose param-
eters are in the upper right-hand corner.

4.3. Different Tully-Fisher Relation

The third uncertainty arises from our fit (eq. [1]) to the
Tully-Fisher relation. Note that the dispersion in the TF
relation we use here, ¢ = 0.36 mag, is almost the same as
MFB’s own estimate (¢ = 0.32 mag), but considerably less
than some other recent estimates (¢ = 0.45 mag, J. A.
Willick et al, private communication; or 0.5-0.6 mag,
Federspiel, Sandage, & Tammann 1994). Instead of choos-
ing the whole MFB sample, we have selected a subsample
that is more homogeneous, and yet not biased a priori for
clustering, as described in § 2. In this section, we investigate
how different values of the slope and intercept in the TF
relation affect our f(v,)dv,.

We have recomputed (Fig. 6) f(v,)dv, for a Tully-Fisher
relation of the form I = as + b, with the slope a = 6.7 and
dispersion 0.45 mag, which is the most recent estimate of
J. A. Willick et al. (private communication) from a re-
analysis of the Mathewson et al. sample. Here we follow
Willick et al. and use the Courteau et al. correction for bulk
flow (§ 4.2), as in the previous section. The increased uncer-
tainty in distance measurements results in a decreased dif-
ference between the relevant Maxwell-Boltzmann
distribution and the best fit to equation (2), but the latter is
still a better fit.

4.4, Random Errors in Peculiar Velocity

To test how robust the velocity distribution is to random
peculiar velocity errors, we added random radial velocities,
drawn from a Gaussian distribution with ¢ = 400 km s},
to each peculiar radial velocity in the homogeneous sub-

sample of Figure 2a. The result (Fig. 7) broadened the dis-

Vol. 461
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Fi1G. 4—The effect of limiting the sample by redshift rather than mea-
sured distance. This plot is similar to Fig. 2a but shows all galaxies with
V < 5000 km s~ ! (relative to the CMB) instead. The dotted line is the
Maxwell-Boltzmann distribution with the same velocity dispersion as the
sample. The solid line is the best-fitting gravitational distribution, whose
parameters are in the upper right-hand corner.

tribution from f = 1.5 to f = 2.3 (the value of b remaining
at ~0.9) and increased the resemblance of the homoge-
neous subsample to the entire Mathewson et al. sample and
to a Maxwell-Boltzmann distribution. However, to affect
the observational result substantially, the random errors
are required to have a dispersion much more than 0.5 times
the value of {v,) for the data, which is unrealistically large.

4.5. Random Errors in Distance Measures

The fifth uncertainty arises from random errors in the TF
magnitudes for galaxies in our subsample. Often it is
thought that because distances are exponentially related to
magnitudes, a Gaussian distribution of magnitude errors
will produce a lognormal distribution in distance (and
therefore of peculiar velocity) errors. The actual situation is
more complicated, however, and the lognormal distribution
for distance errors departs from a Gaussian only when the
fractional distance errors become large.

To see this, consider a simple model which illustrates how
observational errors AM in the inferred absolute magnitude
M, of the galaxies affect the distribution f(v,) for galaxies at
a given distance r,. The distance r (in Mpc), which an observ-
er will ascribe to a galaxy of apparent magnitude m, is

r= 10—5 X 100.2[m—(Mo+AM)]
=ro exp (—aAM), (©)
where a = 0.46, and log, o ro = 0.2(m — M) — 5. Let

r= r0<1 — g) 4
()
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TABLE 2
VELOCITY DISPERSIONS IN DISTANCE BINS

Mean
Mean Distance Peculiar  rms v, ms v, Total
inBin(kms™') N, Velocity in Bin of Sample Nea
) @ 3 @ &) ©)
A. The D < 5000 km s~* Sample; Raw Peculiar Velocities
500 ............ 53 652 879 899 825
1500 ............ 239 499 830
2500 ............ 232 573 907
3500 ............ 196 467 925
4500 ............ 105 453 990
B. After Subtracting the Dressler et al. Bulk Flow (Fig. 2a)
500 ............ 53 204 577 717 825
1500 ............ 239 62 605
2500 ............ 232 84 693
3500 ............ 196 —16 801
4500 ............ 105 10 886
C. After Subtracting the Courteau et al. Bulk Flow (Fig. 5)
500 ............ 53 376 676 760 825
1500 ............ 239 231 670
2500 ............ 232 276 747
3500 ............ 196 173 816
4500 ............ 105 178 900

D. After Subtracting the Mean Peculiar Velocity in Each Bin

500 ............ 53 0 590 734 825
1500 ............ 239 0 663
2500 ............ 232 0 702
3500 ............ 196 0 798
4500 ............ 105 0 880

E. The ¥ < 5000 km s~ ! Sample; After Subtracting
Dressler et al. Bulk Flow (Fig. 4)

500 ............ 53 204 571 728 780
1500 ............ 239 62 605
2500 ............ 228 50 641
3500 ............ 174 —188 670
4500 ............ 59 —570 860

F. Gaussian i’eculiar Velocities (see Fig. 9)

500 ............ 53 95 475 500 825
1500 ............ 239 6 483
2500 ............ 232 —-17 512
3500 ............ 196 44 506
4500 ............ 105 24 509

G. After Perturbation with Distance-dependent Errors (see Fig. 9)

500 ............ 53 96 476 717 825
1500 ............ 239 -8 491
2500 ............ 232 —69 613
3500 ............ 196 —28 767
4500 ............ 105 31 1207

define the distance error Ar, so that using equation (3),
Ar =ry[1 — exp (—aAM)] . )

An observer will therefore ascribe a peculiar velocity v, to
the galaxy, including the error Ar, of

Upee = U, —TH

=v, — ro(l - g)H
0o

=V, = Ugubble + (AT)H . (6)
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F1G. 5—The radial velocity distribution function of the same galaxy
sample as in Fig. 2, but with a different bulk flow subtraction (360 + 40
km s™* toward | = 294°, b = 0°; Courteau et al. 1993). The histogram is
not symmetric about v, = 0, which might indicate that the subtracted bulk
flow is too small in amplitude. The dotted line is the Maxwell-Boltzmann
distribution with the same velocity dispersion as the sample. The solid line
is the best-fitting gravitational distribution, whose parameters are in the
upper right-hand corner.

Since v, is the measured redshift velocity (assuming no
error) and r is the distance at which an observer believes the
galaxy to be located, including the effect of AM on Ar, an
error AM > 0 that makes the galaxy seem intrinsically
fainter than it actually is will add to v,,. If a galaxy seems
intrinsically fainter than it is, Ar > 0, and from equation (4)
its actual distance r, will be greater than the ascribed dis-
tancer.

Now suppose the distribution of AM for galaxies atr, is a
Gaussian of dispersion o2, centered at zero. Then, from

equation (5),
AM = 1 ln(l —Q), ™
a ro
so that the absolute value of the Jacobian is
oAM)| 1 ®
AAr) | a(ro — AP

for Ar < ry, and thus

1 1
Ar) =
O = s [T — (Arfro)]

1 Ar
X exp [_2a§,a2 In2 (1 - ;)] . )

This is indeed a lognormal distribution, but in [1 — (Ar/ry)]
rather than in Ar/r, directly.
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F1G. 6.—The effect of the slope and scatter of the Tully-Fisher relation
on the observed distribution function. With the sample of Fig. 2a, we now
use a Tully-Fisher relation with a shallower slope (a = 6.7, I vs. s) and
larger dispersion (0.45 mag), obtained from J. A. Willick et al. (private
communication). The dotted line is the Maxwell-Boltzmann distribution
with the same velocity dispersion as the sample. The solid line is the
best-fitting distribution, whose parameters are in the upper right-hand
corner.

Finally, since Av,, = vpec — (U, — Vnyppie) = HAr from
equation (6), and the actual Hubble velocity is vy =
vHubb]e = Hro, we have

A A
Abpec _ A7 ) (10)
Vo To

Therefore, f(Av,./vo) is lognormal in [1 — (Av,./vo)]-

The most probable value of Av,./vo = Ar/ro ~ acy ~
0.2, using o, = 0.4 and a = 0.46. Expanding equation (9)
for f(Av,,) for small Av,,, gives

A A 2
1+_v&+(_vl’ﬁ> +:|

1
Av,) = ——e
S (A0 ./Znaﬁ,azvé[ Vo 2
1 Av,..\?
I el 1
<o |-z ()

Av 11 [Av_, \?
1 ec | 11 (AUpec .
et () o o

Therefore, if the errors in the TF magnitudes for galaxies at
ro produce errors in the peculiar velocities which are small
compared to the Hubble velocity r, H, the distribution of
these peculiar velocity errors is essentially Gaussian
(Maxwell-Boltzmann distribution).

As the peculiar velocity errors become larger, the influ-
ence of the Av,,, /v, term makes the error distribution asym-
metric. There does not seem to be any significant
asymmetry in the observed f(v,.). Moreover, if the true
peculiar velocity distribution were Gaussian, it would con-
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F1G. 7—The effect of measurement errors in peculiar velocity on the
distribution function. To each peculiar velocity in Fig. 2a, we add random
radial velocities drawn from a Gaussian distribution with ¢ = 400 km s~ *.
This increases the resemblance of the homogeneous subsample to a
Maxwell-Boltzmann distribution. In order to affect the observational
result substantially, ¢ for the random errors must be > 0.5 times the value
of o for the data. The dotted line is the Maxwell-Boltzmann distribution
with the same velocity dispersion as the sample. The solid line is the
best-fitting gravitational distribution, whose parameters are in the upper
right-hand corner.

volve with a Gaussian error distribution to give an
observed Gaussian peculiar velocity distribution, which is,
however, not observed. This suggests that the observed
departures from a Gaussian in Figures 2-3 are probably not
dominated by errors in the TF magnitudes.

We can examine this further with a more detailed simula-
tion, using the data directly. We start with the observed
redshifts of the 825 galaxies in Figure 2a. To each of them,
we add a velocity chosen at random from the Maxwell-
Boltzmann distribution (dotted line) in Figure 2a. This gives
us a more randomly chosen sample in which to examine the
effects of magnitude errors. These partially random veloci-
ties give new redshift distances. These new redshift distances
are then perturbed by magnitude errors AM using equation
(3) with AM drawn at random from a Gaussian having
0 =0.5 mag Subtracting these magnitude-perturbed
random redshift distances from the originally observed red-
shift distances, we obtain a new set of peculiar velocities
(relative to the CMB) incorporating greatly enhanced mag-
nitude and velocity errors. Figure 8 shows the velocity dis-
tribution function for these new peculiar velocities, resulting
from both Gaussian velocity perturbations and Gaussian
TF magnitude perturbations. It is broader and much less
strongly peaked than the originally observed f(v,), which is
represented here from Figure 2a as the dashed line. The
Maxwell-Boltzmann distribution that best fits the per-
turbed f(v,) is also shown. This demonstrates that even the
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FiG. 8.—The effect of random errors in distance measurements on the
peculiar velocity distribution. The measured redshifts and magnitudes of
the galaxies are perturbed by random quantities as discussed in § 4.5. This
demonstrates that even the largest distance errors expected as a result of
the dispersion in the Tully-Fisher relation fail to destroy the departure of
the observed distribution function from a Maxwell-Boltzmann distribu-
tion. The dotted line is the Maxwell-Boltzmann distribution with the same
velocity dispersion as the sample. The dashed line is the best-fit gravita-
tional quasi-equilibrium model from Fig. 2a. The solid line is the best-
fitting gravitational distribution, whose parameters are in the upper
right-hand corner.

largest distance errors expected owing to the dispersion in
the Tully-Fisher relation fail to destroy the departure of the
observed distribution function from a Maxwell-Boltzmann
distribution. It also suggests that the true f(v,) may be
somewhat more peaked than the observed one.

4.6. Systematic Errors in Distance Measures

Here we estimate the contributions of systematic errors in
the measures of peculiar velocity that arise from distance
measurement errors which increase with the distance of the
galaxy. We would like to examine whether such errors lead
distributions to be more centrally peaked than the
Maxwell-Boltzmann distributions, as seen in the observed
samples.

For each of the 825 galaxies used in Figure 2a, we replace
its peculiar velocity with a value drawn randomly from a
Gaussian distribution with ¢ = 500 km s~!, which is
smaller than in our observed sample. The dashed line in
Figure 9 shows the distribution of peculiar velocities. We
retain the original positions and distances, so that there are
exactly the same number of galaxies in each of the five
distance bins as shown in Table 2. Table 2F shows the mean
peculiar velocity and rms dispersion in each distance bin;
there is no systematic trend with distance.

For galaxies in each distance bin, we perturb their ob-
served magnitudes by errors AM that are drawn at random
from a Gaussian whose ¢ is proportional to the mean dis-
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F1G. 9.—The effect of distance-dependent measurement errors on the
distribution function. The dashed line is a Maxwell-Boltzmann distribu-
tion with ¢ = 500 km s~*. This distribution is perturbed by magnitude
errors that are proportional to the distance of each galaxy, calculated as
detailed in § 4.6. The dotted line is the Maxwell-Boltzmann distribution
with the same velocity dispersion as the sample. The resultant histogram is
less peaked in the center than the Maxwell-Boltzmann distribution we
started off with, showing that such errors cannot produce the centrally
peaked observed distributions shown in the previous figures. The solid line
is the best-fitting gravitational distribution, whose parameters are in the
upper right-hand corner of each plot. It is very similar to the Maxwell-
Boltzmann distribution, with the same dispersion as the perturbed
distribution.

tance of the bin. These magnitude errors are converted into
distance errors through equation (5), and “ observed ” pecu-
liar velocities are calculated. The constant of proportion-
ality is adjusted such that the value of (vZ>'/? for the
whole sample is 717 km s~ !, the same as that in Figure 2a
(compare col. [5] of Table 2B and Table 2G). As Table 2G
shows, this reproduces the kind of systematic increase of the
value of (vZ..>'/? in each bin as seen in the observed sample
from Table 2B). However, the resultant histogram of pecu-
liar velocities, as seen in Figure 9, shows that the effect of
such errors is quite the opposite. Starting from a narrower
and peaked Maxwell-Boltzmann distribution (dashed line),
the effect of the distance-dependent errors has resulted in a
wider, less peaked distribution, which shows that such
errors cannot convert a sample of random peculiar veloci-
ties into a more peaked distribution as is seen in our
observed samples here. Instead, the resultant distribution is
still very close to a Maxwell-Boltzmann distribution (best-
fit shown as dotted line).

5. DISCUSSION

We have determined, for the first time, the peculiar radial
velocity distribution function of the galaxies. It applies to
scales <50 hisl, Mpc and agrees with an earlier prediction
for nonlinear gravitational clustering, where most of the

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


http://adsabs.harvard.edu/abs/1996ApJ...461..514R

T I4617 T514R!

i
L=q
(<]}
2,

!

522

nonuniform dark matter in the universe is associated with
galaxies.

We use a reasonably homogeneous subsample of the
Mathewson et al. (1992) catalog of peculiar velocities of
nearby spiral galaxies, for which velocity-independent dis-
tances were measured. Crucially, these galaxies are chosen
without any a priori bias regarding their clustering environ-
ment; this helps ensure a fair sample. To explore the effects
of sampling, we have also determined f(v,) for other, less
appropriate samples in addition to those discussed above.
One was the entire Mathewson et al. sample of 1353 gal-
axies from which our sample of Figure 2 was chosen. We
corrected each peculiar velocity for the Dressler et al. bulk
flow correction, as in Figure 2a. The distribution function
for the entire sample is broader than the homogeneous sub-
sample with (v?)>'/> = 938 km s~ '. The fit to the gravita-
tional distribution yields « = 11.6, f = 2.57, and b = 0.88.
The increased velocity dispersion of the entire Mathewson
et al. sample is expected from its greater heterogeneity and
the larger absolute uncertainties in peculiar velocities for
galaxies beyond D = 5000 km s~ *.

The most straightforward interpretation of the agreement
between the observed f(v,) and the theoretical prediction of
equation (2) is that the peculiar velocities of the galaxies are
caused by simple gravitational interactions. There is no
obvious evidence in these data for effects of pregalactic
explosions, cosmic strings, domain walls, or dynamically
important dark matter not associated with galaxies or clus-
ters. If such processes ever existed, then they would have to
be compatible with these observations. On larger scales, it is
not yet clear whether the bulk flow is produced by coherent
initial conditions, or by chance accumulations.

Equation (2) holds under rather general conditions,
which are discussed in detail in Saslaw & Hamilton (1984),
Saslaw et al. (1990), and Saslaw & Fang (1995). These condi-
tions which essentially include the gravitational interactions
of galaxies as point masses in the expanding universe lead
to the spatial gravitational quasi-equilibrium distribution
for the probability of finding N galaxies in a volume of size
v,

N(1 —b)

SN, V) === [N(1 - b) + Nb]"*

x exp —[N(1 — b) + Nb], (12)

where N = V. This provides a very good description of
observed galaxy clustering in the Zwicky catalog (Crane &
Saslaw 1986; Saslaw & Crane 1991), the UGC and ESO
catalogs (Lahav & Saslaw 1992), the Abell cluster catalog
(Coleman & Saslaw 1990), the IRAS catalog (Sheth, Mo, &
Saslaw 1994) and the Southern Sky Redshift Catalog (Fang
& Zou 1994). 1t also agrees very well with computer N-body
simulations of galaxy clustering (Sheth & Saslaw 1995; Itoh
et al. 1993; and earlier references therein). This approach
predicts a velocity distribution function f(v)dv whose inte-
gral over the transverse velocities gives equation (2) for
f(v,)dv, (Inagaki et al. 1992).

Other spatial distribution functions, such as the negative
binomial or the compound lognormal, are almost numeri-
cally indistinguishable from equation (12) in the range of
observed galaxy number counts (Sheth et al. 1994). They
would give a result equivalent to equation (2), although
these other spatial distribution functions do not yet have
any physical basis apart from their resemblance to the
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gravitational quasi-equilibrium distribution. Moreover, the
negative binomial, for example, does not satisfy the second
law of thermodynamics in the expanding universe (Saslaw
& Fang 1995).

To illustrate the accuracy with which f(v,)dv, in equation
(2) agrees with the simulations, we have analyzed an experi-
ment with 10,000 galaxies (kindly provided by M. Itoh and
S. Inagaki), all of the same mass, starting from Poisson
initial conditions in an Q, = 1 universe (model S of Itoh et
al. 1993, at an expansion factor of 8). The histogram in
Figure 10 shows f(v,)dv, for this simulation. The dotted
curve is a Maxwell-Boltzmann distribution with the same
value of (v?) as the simulation. It has about the same shape
relative to the simulation as the corresponding Maxwell-
Boltzmann distribution in Figure 2 has to the observed
galaxy distribution function. The solid curve in Figure 10 is
not deliberately drawn through the histogram. It is the best
fit of equation (2) to the simulation.

Note that in Figures 3-5 and 10, the best-fit value of B,
which is the total velocity dispersion, is very close to
3¢v?). This indicates that the velocities are very nearly iso-
tropic. For the data in Figure 3, however, this relation does
not hold quite so accurately, indicating some residual veloc-
ity anisotropy. Interestingly, the anisotropy appears to be
larger after subtracting the Courteau et al. (1993) bulk from
the velocity pattern (Fig. 5) than after subtracting an extra
expansion. This may be attributable to uncertainties in the
direction and magnitude of the bulk flow, or the inappropri-
ateness of the Courteau et al. flow for the region of our
Mathewson subsample. We can also estimate a “Mach

T v I v I M ) M T v L I
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a
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FiG. 10.—The distribution of radial peculiar velocities for the 10,000
galaxies in the simulation (model S) of Itoh et al. (1993), where all galaxies
are of equal mass. The simulations start from Poisson initial conditions
and are observed at an expansion factor of 8. The dotted line is the
Maxwell-Boltzmann distribution with the same velocity dispersion as the
sample. The solid line is the best-fitting gravitational distribution, whose
parameters are in the upper right-hand corner.
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number” A = Av,/{v?)'? ~ 599/717 ~ 0.84 for the bulk
flow from Figure 2a. This value of {v?)'/?, however,
includes rich clusters as well as field galaxies.

Spatial distributions of galaxies in the ESO catalog, from
which most of the Mathewson et al. sample is drawn, are
described well by the spatial distribution function of equa-
tion (12), which is consistent with the radial velocity dis-
tribution (Lahav & Saslaw 1992). Partly as a result of sparse
sampling and other selection procedures, the spatial pattern
value of b ~ 0.6 for large cells in the ESO may be reduced
from its value of about 0.75 in the Zwicky catalog (Saslaw &
Crane 1991). The numerical simulations of Figure 10 also
give a spatial pattern value of b ~ 0.75 for large cells (Itoh et
al. 1993). This spatial value is about 80% of b,y =~ 0.9 in
Figure 2a, where the Dressler et al. subtraction is used.
Numerical simulations for a range of more realistic mass
spectra than the single mass simulation in Figure 10 also
generally Show b jocity > Dpanerns depending on the details of
the mass spectrum and the value of Q, (Itoh et al. 1993). A
partial reason for this difference is that in the simulations
and in the observations the fits of the velocity distributions
involve all the galaxies present (and all the dark matter in
the observations), whereas the fits of the spatial distribu-
tions generally involve less representative subsamples.

To compare our observed distribution function with the
N-body simulations of Itoh et al. (1993), we have to scale
their velocities to the observed sample. The simulations use
“natural units” with G = m = R = 1. They are converted
into physical units by (Saslaw et al. 1990)

. 1/2
Dpeate = ~2osienl (Gm<%>> = (1.35GmN'PR~1)!/? |

natural
13)

for a simulation containing N galaxies in a sphere of radius
R, so that one natural unit of the simulation velocity equals
V,cate UNits of physical velocity, e.g., km s™'. Assuming that
all the mass (p = p,,;,) in a sphere of radius Ry, is associ-
ated with N galaxies, the average mass of a galaxy in the
simulation is m = M/N = 6.5 x 10"'N 'R}, h25Qo(M),
where h,5 = Hy/75 km s~! Mpc~ . For fixed m, this,
together with equation (13), provides the velocity scale
factor

V. = 143 NNV R_ (h,5QY) kms™ 1. (14)
scale 104 50 MpC 75

In Figure 2a, for all 825 galaxies with distance R < 663
Mpc (Ho = 75), we find (0% nysicany > = 717 km s~ *. Con-
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tinuing the comparison with the simulation in Figure 10 as
an illustration, we have (model S of Itoh et al. 1993)
N =10% Qg =1, and {vZ e ’’? = 4.1. From equation
(14), this leads to a reasonable value of the Hubble param-
eters h,s = 0.92. However, it gives a value of m = 1.6
x 10'3(M ), which is about an order of magnitude too
high. This is a well-known result of the relatively small
value of N in the simulations and shows the necessity of
increasing N to about 10° for more realistic comparisons in
the Q, = 1 case. By increasing N and altering the mass
spectrum, the initial conditions, and the value of Q, in the
simulations, and H,, in the measured peculiar velocities, the
consistency of h can be improved. A systematic exploration
of such models will provide a new method of determining
H,and Q,.

An understanding of the nonlinear velocity distribution
of galaxies has been a classic unsolved problem of cosmol-
ogy ever since Milne (1935) posed it quantitatively. The
agreement between our observed velocity distribution func-
tion here and the earlier nonlinear gravitational prediction
for this velocity distribution function is evidence that most
of what we observe on these scales results from nonlinear
gravitational clustering. The consistency between the veloc-
ity distribution function and the spatial distribution func-
tion of galaxies is further evidence for this result. Naturally,
many related questions such as the role (if any) of dark
matter outside the galaxies, the effects of merging, and the
detection of any memory of initial conditions still remain to
be explored. However, they will all be strongly constrained
to agree with this observed velocity distribution function.
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APPENDIX

THE EFFECT OF INHOMOGENEOUS MALMQUIST BIAS

If there is a dispersion in the magnitudes of galaxies, either intrinsic or from observational uncertainties, then the boundary
of a magnitude-limited sample is not well defined. There will be a tendency for more galaxies at the boundary to appear in the
sample than a uniform spatial density would suggest. This is because there are more galaxies in the larger shell beyond the
boundary whose magnitude dispersion makes them appear within the sample, and fewer galaxies in the smaller shell within

the boundary which appear to be outside.

However, this homogeneous Malmquist bias is modified by density inhomogeneities resulting from clustering. The
resulting inhomogeneous Malmquist bias is usually a second-order effect. It may be significant if there happens to be a dense
cluster or large void near the boundary. These effects can modify the observed velocity distribution, and the inhomogeneous
Malmquist bias can mimic a bulk flow (Landy & Szalay 1992). Without some a priori model of the density distribution n(d) of
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F1G. 11.—The contribution of corrections for inhomogeneous Malmquist bias to an observed sample. The 10,000 particle Kyoto simulation (as used in
Fig. 10) is “observed ” here, with distances being perturbed by an inhomogeneous Malmquist bias corresponding to A = 0.33 and n(d) ~ d>-° as obtained
from the simulation itself. We then subtracted the mean peculiar velocity in five distance bins to center the histogram on zero. Comparison of the resultant
histogram with Fig. 10 shows that inhomogeneous Malmquist bias correction cannot make substantial differences in the profile of the peculiar velocity
distribution.

the galaxies, it is difficult to remove the effect of inhomogeneous Malmquist bias from the observed data to reconstruct the
true distribution.

Since the simulation shown in Figure 10 is a good representation of the observed spatial and velocity distribution functions,
it provides a useful estimate of the effects of the inhomogeneous Malmgquist bias on the observed distribution function. For
the “galaxies” in the simulation, since we know both distances and velocities, we have prior knowledge of the density
distribution n(d).

We simulate “ observations ” by subjecting each galaxy in the simulation to a correction for (@) a homogeneous Malmquist
bias with A = 0.36 mag as described in § 2.1 and used throughout this paper, and (b) an inhomogeneous Malmquist bias
following Landy & Szalay (1992). For the latter, we used a density distribution n(d) oc d2-, as determined directly from the
simulation. In each case, as shown by Landy & Szalay (1992), the resultant histogram is not centered on zero, showing that
the correction has an effect similar to a bulk flow in the sample. We remove this effect by subtracting the mean peculiar
velocity in five distance bins to center the histogram on zero (equivalent to a bulk flow correction).

These would, therefore, be the “observed ” histograms if we had not corrected for the homogeneous Malmquist bias and
inhomogeneous Malmquist bias, respectively.

These produce almost identical distributions: in Figure 11 we show only the case of the inhomogeneous Malmguist bias.
The histogram shows a slight displacement (about half a bin), but the best fit has hardly changed, and the difference from the
Maxwell-Boltzmann distribution remains.
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