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...... He has put eternity into man's mind, yet so
that he cannot find out what God has done from the

beginning to the end.

Ecclesiastes

Chapter 3, Verse 11.
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ABSTRACT

Adrian John Bean

A COMPLETE REDSHIFT SAMPLE OF GALAXIES

The role of complete redshift samples is discussed with particular
attention focused on the need for new deeper and better controlled surveys
for statistical clustering and dynamical studies. The compilation of one
such catalogue, along with simulated samples, is described, this 'AARS'
survey consisting of 322 accurate galaxy velocities and magnitudes in five

small, well separated fields.

An estimate of the galaxy luminosity function is made, with and
without assuming spatial homogeneity, and fitted with a standard parameterised
form the characteristic luminosity of which is found to be some 0.5 magnitudes

brighter than from most previous samples.

Evidence that the sample may be fairly representative comes from the
number magnitude and redshift counts that are compared with models which
assume spatial homogeneity. Plots of the galaxy distributions, though, vividly

demonstrate the clustering of galaxies at small scales.

The AARS and other surveys are used to estimate redshift two and
three point galaxy correlation functions. The two point function is generally
consistent with homogeneity at scales beyond 10 MPC although there is some
evidence for anti-clustering. At smaller scales the projected form agrees
well in shape and amplitude with the ~0.8 powerlaw found from projected
catalogues with a 'break® in the powerlaw also occurring at a similar scale.
The unsmoothed spatial function, however, exhibits a strong rise above the

usual powerlaw behaviour at scales smaller than the break.
»
The two point function is also used to estimate the relative peculiar

velocity dispersion between close galaxy pairs. The dispersion of ~v 200 km/sec,
roughly independent of separation, is found to be considerably smaller than
most previous estimates, however a reanalysis of these samples suggest the

data may, in fact, be compatible. This dispersion along with the spatial
correlation functions provides a 'Cosmic Virial Estimate' of the Cosmic

Dengity Parameter of 0.1 < @ < 0.2, the universe only being closed if most

of the matter is considerably less clustered than galaxies.

The new statistical results are discussed in detail and used to

constrain theories of galaxy formation.
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CHAPTER ONE

INTRODUCTION

1.1 GENERAL

Ever since the discoverxy Of the microwave background radiation
(Penzias and Wilson, 65) gave strong support for the hot big bang theory,
there has been much effort to determine the cosmic density parametor Q*
and to understand the nature and distribution of matter and how it has
evolved in the expandiné universe.

Since the largest‘visible structures are clusters of galaxies, there
has naturally been much study of the galaxy distributions on the sky. 1In
particular, with the advent of high speed compupers, detailed statistical
analyses of galaxy cdtalogues have given insight into the apparently complex
structure visible to the eye and to the possible processes responsible for
its formation. More recently, with the further growth of technology, it has
been made possible to obtain accurate optical galaxy redshifts in large
numbers which, as well as providing a much clearer view of the three dimensional
distribution, can give information on the typical peculiar velocities in the
clusters. Assuming that these motions are induced by the gravitational
potential associated with the clustering distribution and the latter is

. Statistically stable, one can estimate the total mass density associated with
‘galaxies, thus providing a lower bound to Q.
The primary aim in this thesis is to study statistically the peculiar
.velocities and clustering of galaxies by means of a recently compiled red-
shift catalogue. This catalogue, denoted as the AARS (Anglé Australian RedshiiL
Sample), consists of over 300 high accuracy redshifts in five small, high
galactic fields of typically 4° X 4° and complete to around 16.75 in apparent
magnitude; Since the fields are deep and well separated, it is hoped they

may,perhaps for the first time, provide a-reasonably representative

* Q <= g*5> is the ratio of mean to the critical density required to

close thé universe in the standard Friedmann model with A = 0.
P e g
¢ oy,

Wik



sample of the universe as a whole,

As well as the statistical studies, the redshift and magnitude
information is used to investigate the form of luminogity function of
galaxies outside rich clusters, comparison with which may provide insight
into the processes by which galaxies and clusters formed.

The two sections of this chapter that follow give a brief review of
the most popular clustering and dynamical studies of the galaxy distribution,
the aim being to show the important role statistical studies with complete
redshift samples have to play in these fields. The section after gives
details of the previous available redshift data-and points the need for
deeper and better controlled surveys. The AARS is introduced in the final
section along with a description of its role and the aim and layout of this

thesis.

1.2 CLUSTERING STUDILS

The homogeneity and isotropy of the universe on the largest scales
are important assumptions in modern cosmology. Early indications of these
came from Hubble;s work (Hubble, 29) on the disfance and recession velocities

.of galaxies and also evidence for the homogeneity of the galaxy distribution
iﬁame from his study of the scaling of galaxy counts as a function of apparent
magnitude (Hubble, 34). More recent and detailed observations bear out this
early work on the Hubble law (Sandage and Tammann, 75) and homogeneous model.s

now give good fits to deep number counts over the range of magnitude 15-25
(Kron, 78, Tyson and Jarvis, 79). Also, evidence for the isotropy assumptiqn
has come from the observed isotropy of the mic?owave background (e.g.Partridge
and Wilkinson, 67).

Although these and other ohservations strongly suggest =~ ~ overall

homogeneity on scales of many hundreds of MPCS, there has yet been little



observational evidence for the minimum scale length at which this can be
said to safely hold. Indeed at small scales it has long been known that
the matter distribution is inhomogeneous because of the existence of galaxy
clusters.

The earliest objective support for the small scale clustering of
galaxies came from the statistical work of Shapley (35) and others who
studied the angular distribution of galaxies on early magnitude limited
samples. With the compilation of more consistent and larger catalogues,
such as those of Zwicky (Z2wicky et al, 61-68) and the deeper Lick Survey
(Shane and Wirtan. en, 67), more thorough statistical studies were made
possible that still dominate our thinking on galaxy clustering today.

The most popular statistic used here has been the two point angular
correlation function w(0) that has been especially powerful because a linear
integral relation exists between it and its spatial equivalent, §(x).
Analyses from several catalogues (Peebles and Groth, 75, Groth and Peebles
(GP), 77) have suggested galaxies are typically clustered on scales r from
0.05 to at least 3.0 MPC*, with §(r) following a powerlaw of slope around
-1.8. At larger scales though the estimates wvary, here GP have found
evidence from the Lick catalogue for a break away from a powerlaw slope at
9 MPC whereas the Durham group (Shanks et al, 80a) found a 'break' occurring
at only 3.0 MPC.

Naturally the presence and position of any real feature in §(r) is
likely to have profound effects on our understanding of cluster and galaxy
formation. However the problem with these observations is that, at the
scales of interest, the real density contrast is low (around unity) and
seen in projection is lower still so that noise and systematic effects in
the catalogues, such as galactic obscuration, can hide the real clustering

distribution.

* Throughout this thesis distances quoted are calculated assuming a Hubble

constant H of 100 km/sec/MPC.



Although the studies described above show the distribution of
galaxies appears to be reasonably understood on scales of several MPC and
on the largest scales, where the universe is homogeneous and isotropic,
over the intermediate range of separations the typical extent and strength
of clustering is highly uncertain. Statistical studies of the angular
distributions of Abell Clusters (Hauser and Peebles, 73) on the one hand,
has shown correlations of order unity on scales v 30 MPC and local structure
on this scale is evident from the angular distribution and number magnitude
counts (e.g. Peterson, 73) of shallow catalogues. On the other hand, recent
'redshift maps' of the distribution, although often showing clustering of
large extent, aléo show prominent holes (e.g. Einasto et al, 80) that suggest
anticlustering could be present over scales 10-50 MPC.

More objective estimates of the clustering over these scales can
come from direct estimates of the spatial correlation function in three
dimensions using complete redshift information. Although at small scales
redshift separation will be a poor measure of distance because of peculiar
velocities, at larger scales (around the suspected break and beyond) it should
be adequate and should enable any weak clustering features present to be
picked up, that would be undetectable above the noise in the angular studies.

Up until now though little, if any, of the available redshift data
has been suitable for reliable statistical studies, being either incomplete
or biased by local inhomogeneities or else specially selected to be close to
rich clusters.

in section 5 we consider how deep complete redshift samples in small
fields can be of use here, especially for studies of the distribution on the

larger scales.

1.3 VIRIAL, ESTIMATES OF THE MEAN MASS DENSITY

At the same time as astronomers have been trying to understand and

describe the distribution of galaxies on the sky, much effort has been



directed towards determining the typical masses of galaxies and determining
their contribution to the mean mass density.

Here the most valuable tool has been the virial theorem which can
be applied to a bound and, on average, stable self gravitating system to
provide a measure of its total mass. To do so requires measuring the total
internal kinetic energy and balancing this with one half of the mean potential
energy stored in the system.

Applying this principle to our galaxy and the Andromeda nebula M31,
pik (22) found a ratio of mass to luminosity %- %~ 3.0 (in units of the
solar quantity), in good agreement with that expected from galaxies composed
of stars like the sun. Recent estimates for spirals give %-in the range 1 to
10 (Burb:.'idge and Burb:i:idge, 75), the masses of these galaxies thus having
changed little since the 1970's.

With a mean %-and mean luminosity density O-r, for the universe we
can, of course, estimate the contribution to @ from galaxies. Taking a

mean M of 20 (to include the higher M of ellipticals) and adopting

I L
8 -3
pL v 1.0 x 10 Ly MPC (1.1) (pavis and Huchra, 82), we get a mean density
2
9 - 3 H " -3
p = 2.0 x 10 LO MPC 3. Since the critical density e = B G = 2,8x10 MO MPC

(L.2), we get - £ v 0.007 (1.3) (independent of the true value‘of H), a
number, while significantly less than unity, large enough to suggest that
» gravitation has something to do with the expansion of the universe.

Although these 'conventional' masses and % agreed (and still do)
with that expected from the known mix and mass of stars within galaxies,
it was soon realised the internal dynamics did not take account of any
other mass distributed beyond the luminous parts of galaxies, which could
allow ©Q to be closer to unity than in egn. 1.3 above. To detect such matter
gravitationally, it was necessary to consider thé dynamics of whole systems
of galaxies. 1In the case of the virial theorem, this required an estimate

" of the total kinetic energy of systems from the radial velocities of member



galaxies and their potential energy from their positions on the sky,
averaged in a way to account for projection effects.

The most obvious candidates for such a study were compact clusters
whose smooth profiles suggested an equilibrium situation. Applying the
virial theorem to Coma, Zwicky (33) found the total mass of the cluster
far exceeded the sum of the conventional masses of the member galaxies
suggesting a serious,'virial mass discrepancyﬂ Indeed more recent estimates
from many rich clusters (see Faber and Gallagher (79) for a review) give
%' ~v 650 (L.4) which, if typical for all galaxies, from egns 1.1 and 1.2
would make @ v 0.2 (1.5) ; well above the estimate in egn 1.3.

Support for the 'dark matter' suggested by Zwicky has come more
recently from the outer rotation curves of some nearby spirals (e.g. Shostak
and Rogstad, 73) which, instead of falling with incréasing radius (as
expected for convergent masses), remain flat to the limits of observation,
which is in some cases out to 50 KPC. The usual interpretation of this
behaviour is that bright spirals, at least, are embedded in massive, dark
isothermal halos with density varying as P(r)wv li-, the mass rising linearly
with radius to the scales above (Ostriker et alf 74) .

Taking an average rotation velocity VC = 200 km/sec and assuming a

halo extent rH = 50 KPC, in this way one gets a typical galaxy mass of
9 I

v H
o] G

v 5 x 1o MO' If we further take the mean space density of such
galaxies as n = 0.01 MPC-3 we get from egn 1.2, @ = 0.02 (1.6). This is
above the estimate in eqn 1.3 but still well below the extrapolation used
in egn 1.5 from rich clusters.

While many observations seem to bear out these mass estimates in
rich clusters and from spiral rotation curves, which are now generally
accepted, more controversial has been thelquestion of whether the amount of
dark matter per typical bright galaxy is comparable to that found for

galaxies in rich clusters. Masses here generally come from the application



of the virial theorem to loose groups where the low density contrast along
with projection effects can make the assigning of galaxies to particular
dynamical units a serious problem (Faber and Gallagher, 79). In addition,
large redshift measurement errors can cause the observed velocity dis-
persions (and hence virial masses) to be artificially raised. Together
these problems are probably responsible for the large differences in %
reported by different observers, giving rise to corresponding variations
in @ that vary between those from conventional masses and rich clusters
in egns 1.3 and 1.5 above.

An alternative 'statistical virial theorem' approach that avoids
the projection and membership problem has been developed by Peebles (76a).
This is based on the two and three point correlation functions that provide
a useful estimate of the gravitational potential associated with the small
scale clustering. Balancing the 'pressure' of the rms, relative, radial
peculiar velocity dispersion <V2(r)> between all pairs at scale r with the
force from this potential, can provide both an estimate of ¢ and a consistency
test of how well galaxies trace out the matter distribution at small scales.
For this 'cosmic virial theorem' (CVT) to give reliable results though, one
needs a fairly large sample of accurate redshifts in a representative sample

of the universe, an issue to which we now turn.

1.4 COMPLETE REDSHIFT SAMPLES

For many years observers have been measuring galaxy redshifts in
speciél parts of the sky to study the dynamics of rich clusters and groups
or merely to plot out galaxy distributions in particular regions of the sky.
while for some of these and other purposes strict completeness (or high redshift
accuracy) may not be necessary, for the statistical clustering and velocity
studies mentioned earlier, complete and accurate redshift information is
needed in a fair sample of the universe. Although, in turn, this requires

considerably more painstaking observational work the rewards are much greater.



Details of four such samples are given in Table 1.1, the first two
of which are discussed below.

Until.recently the only approximation to a complete redshift survey
has been the second reference catalogue (SRC) of bright galaxies
(De vaucouleurs et al, 76) which is based on the all sky Shapley Ames (1932)
catalogue, now complete to B = 13.0 (Sandage, 78). The Huchra sample in
Table 1.1 1s a survey in turn based on the SRC and which was used by Davis,
Geller and Huchra (78) to make estimates of the luminosity function of
galaxies and statistical studies in three dimensions for application of the
Cosmic Virial Theorem.

The results from these studies though, can only be regarded as pre-
liminary since comparison of the number magnitude counts with deeper surveys
imply the northern sample, in particular, (with a depth of only around 30 MPC)
is grossly biasea by the Virgo local supercluster. At these depths too,
large scale motions may complicate using redshifts as distance indicators.

In addition, the redshifts and magnitudes for this sample come from a variety
of sources which may contain serious random and systematic errors.

To provide a fairer and more homogeneous catalogue, the group at
Harvard set out to remeasure the redshifts of all galaxies with very poor
quality velocities and extend the sample in the porth and part of the south
to B = 14.5. This CFA (Centre for Astrophysics) catalogue, recently completed
(Huchra et al, 83), contains over 2,000 galaxies and is likely to make a
tremendous impact on our knowledge of the local supercluster and beyond.
Recently, Press and Davis (82) have used the survey to make well controlled
virial studies of groups, while at larger scales the sample provides a useful
data bank for studies of the velocity field around Virgo (Davis and Huchra,82)
to provide an alternative dynamical estimate of Q.

Despite the obvious value of the survey, it rests at its limit on

the Zwicky magnitude system which contains large random and occasional



TABLE 1.1:

COMPLETE REDSHIFT SAMPLES

Observers Nos of rms velocity Reference
Sample . ..a A £ sk erere
P Limit BJ rea of Sky Velocities error km/sec
HUCHRA B = 13.0 13.2 |BIT 340°,B1T<-40" 593 75 Davis et al, 78
CEA B = 14.5 14.7 § >0 Bu24OO,BII$—300 2440 50c Huchra et al, 83
b 2 . .
KOS JKOS = 15.0 15.45 120 deg (8 fields) 171 100 Kirshner et al, 78
5 -
AARS BJ = 16.75b 16.75 70 deg (5 fields) 322 70° Peterson et al, 83
Notes :

a B =IT ao + GG385, J

KOS
b J are total while B_ are isophotal
KOS J
c For the CfA 60% have rms errors of 35 km/sec or less ;

for the AARS around two thirds have rms errors less than 50 &m/sec.

= III aJ + Wr 4, BJ

= ITII aJ + 66395




systematic errors (Huchra,75) and, as with every large angular catalogue,
may be seriously affected by variations in galactic obscuration. Also,
although Davis and Geller (76) claimed the sample to 14.5 is fai|r,

Peterson (73) has noted from projected plots of the Zwicky catalogue,

that considerable ‘mottled' structure is visible on scales of 20 degrees,
even at 15.0 < B < 15.7. This corresponds to structure on scales of 30 MPC
or so. Similar inhomogeneities are suggested from the Zwicky number counts
at these magnitudes (Kirschner et al, 79).

More direct evidence for inhomogeneities on the scale of the sample
come from the number redshift distributions for the CFA (Davis and Huchra,82)
which in the north appear to be dominated by galaxies in the Virgo and Coma
(see Gregory and Thompson,78) superclusters, with a prominent void between.

Thus, while the volumes surveyed are large, the presence of structure
on scales comparable to the survey depth, of around 60 MPC, suggests deeper
surveys may be necessary for reliable statistical studies at these and
smaller scales.

Before we turn to such surveys, two others deserve a brief mention.
Firstly, the highly accurate 21 cm redshift catalogue of nearby large late
type galaxies by Fisher and Tully (81), although not magnitude limited,
will provide further information on group structures and dynamics in the
local supercluster. Also, Rood (82) has used such compilations to provide
a shallow catalogue of optical redshifts with realistic velocity errors.

1.5 DEEP REDSHIFT SURVEYS AND THE A.A.R.S

An alternative to compiling shallow, wide angle redshift catalogues
is to measure redshifts in small fields to fainter magnitudes so the depth
along the line of sight is much larger than the clustering length of
galaxies. Choosing several such fields, in well separated parts of the sky,
further increases the chance of sampling a fair volume of the universe.

In the first such survey (Table 1.1), Kirshner, Oemler and Schecter

(78), (Ko& (78), (Henceforward the KOS Survey) measured around 170 redshifts
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in eight small fields of typically 4° X 40, complete to around io? 15.0,

for luminosity and clustering studies. Despite the characteristic depth

of around 100 MPC these observers (Kirschner et al, 79) claimed the four
northern fields were dominated by a supercluster comparable to their sample
depth, which was also visible in the Zwicky counts at similar magnitudes.

To examine the large scale structure further, these authors (Kirshner et al,
8l ; Henceforth KOSS) have extended three of the original northern fields
in smaller patches of 1.4° square but to deeper magnitudes of R = 16.3.

Since the original KOS5 survey was small and apparently unrepresentative,
the Durham group were also motivated to measure redshifts for a larger sample
of galaxies, to still fainter magnitudes and, for reliable dynamical studies,
with better precision.

The basic aims of this survey were to :

(1) Estimate the galaxy luminosity function and mean luminosity

density.

(2) To present plots of the galaxy distributions in 'redshift

space'.

(3) To estimate spatial correlation functions using redshift

information to examine the clustering of galaxies.

(4) To estimate the rms peculiar velocities of galaxies by means

of correlation functions in angular and redshift coordinates
which, with the information in (3), allows a Cosmic Virial
Theorem estimate of Q.

The program for (1) and (3) has been discussed for the KOS sample
by Kirshner et al (79) (KOS(79). and (4) by Peebles (79). However, as
Table 1.1 indicates, since the AARS has roughly double the number of
galaxies, twice the sample depth and generally twice the redshift accuracy

of the KOS sample, it should be better suited for all these studies.
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The main purpose of this thesis is thus to report on the compilation
of the AARS and on the analyses of the program (1-4) above. In most cases
the analyses techniques have been repéated on the KOS survey, in order to
compare with the original studies, and on one or two occasions other red-
shift samples have been studied.

To understand the random and possible systematic errors in the
methods used, most of the analyses have been repeated on simulated catalogues
designed to match features of the observed catalogue as closely as possible.
In addition, the sample is large enough for subsamples to provide an alter-
native estimate of the sampling errors involved ; in most studies the survey
has been split into a northern (two fields) and southern (three fields) sub-
sample for such purposes.

Turning to a more specific layout of the thesis ; Chapter 3 gives
a background to the survey and gives details of the magnitude and velocity
measurements and their associated erroxs. Some basic features of the
catalogue are also briefly discussed and the compilation of the simulated
catalogues described.

Chapter 4 is devoted to carrying out (1) above, which is a fundamental
interest in many areas of cosmology. However, most previous estimates have
either come from rich clusters or else from estimates using complete red-
shift samples assuming spatial homogeneity. In the analyses for the AARS
though, the luminosity function is estimated both assuming and dropping the
latter assumption, the results being fitted by standard Schecter functions
and compared with fits from the KOS and other surveys. The luminosity denisty
is also estimated which, with an estimate of {, puts constraints on the %-of
any low luminosity constituents of theluniverse.

The analyses in Chapter 5 is intended as a 'bridge' between Chapter 4
and the statistical studies in Chapter 6 and describes the galaxy distribution

in the redshift. volumes in both quantitative and qualitative terms. The
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chapter is split into two main parts, the first of which uses the number
magnitude and redshift counts, along witﬁ models estimated from Chapter 4,
to examine the radial density fluctuations in the AARS volumes and thus
test how representative they may be of the universe. The number magnitude
counts also provide an absolute normalisation of the luminosity function
and luminosity density for Chapter 4, while the number redshift models
provide a measure of the mean 'background' density of galaxies needed for
the later statistical studies. The second half of the chapter is concerned
with carrying out (2) above, which provides subjective but important informa-
tion on the clustering and peculiar velocities of galaxies, which may be
missed in the correlation analyses.

Perhaps the most interesting and valuable application of the sample
comes from the statistical clustering and dynamical studies in Chapter 6
(3 and 4 above). The depth of the fields are large enough to examine
reliably, perhaps for the first time, the two poin£ correlation function on
scales of tens of MPCS to test for the existence of any large scale in-
homogeneities in the universe. At smaller separations three dimensional
correlation functions provide information on the small scale clustering of
galaxies which, in turn, provides a measure of the cluster potential energy
for the Cosmic Virial Theorem. At these scales the cor;elation functions
also allow a statistical estimate bf <V2> for use in the virial theorem.

As discussed later, most previous estimates here have come from samples that
have been either biased, poorly controlled, or too small to provide believable
results.

Since the main motivation for the sur?ey was to measure high quality
redshifts for the dynamical studies, much of‘Chapter 7 is spent in discuss-
ing the Cosmic Virial Theorem application and comparing the results from other
dynémical studies, which together may be starting to provide more definite

information on the distribution of 'dark matter'. At the end of the chapter
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the results from the clustering and dynamical studies are used to strongly
constrain the present theories of galaxy and cluster formation, in turn,
suggesting we might look for new scenarios.

Chapter 8 concludes the discussion with a summary of the basic
conclusions, pointing the need for further redshift samples. Also dis-
cussed are present and future studies in other related areas of cosmology.

The appendix gives details of the transfocrms between the AARS B_ magnitude

J
system and other systems and also lists the complete redshift catalogue.

In a thesis of this type, studying several diverse and involved
subjects, it is natural that a considerable amount of space is occupied
in review and discussion of the theory and observations. Thus, before
following the program above, the next chapter is devoted to reviewing further

the clustering and dynamical studies of the galaxy distribution that are too

involved to discuss fully in a brief introductory chapter.



14

CHAPTER TWO

REVIEW OF STATISTICS TO INVESTIGATE THE

DISTRIBUTION AND MASSES OF GALAXIES

2.1 CLUSTERING CORRELATION FUNCTIONS

In the last chapter we discussed the importance of statistical
studies in understanding both the clustering of galaxies and overall
homogeneity of the universe and, in particular, noted the powerful role
correlation functions have had to play in the analysis of projected
catalogues.

In this section we first consider in morevdetail the observational
data on the two and three point angular correlation functions and discuss
how they can constrain models for galaxy clustering and galaxy formation.
Since the angular correlation functions are inevitably smoothed versions
of the real spatial functions, we also discuss how correlation functions
estimated with redshift and angular information can provide a more direct
estimate of the spatial clustering, especially at large scales, where we
may expect any clustering features to be especially weak in projection.

2.1.1 Angular Studies

Many statistics have been used to analyse the distribution of
galaxies on the sky but perhaps the most useful has been the two point
angulaxr correlation function w(0). This is defined through the probability
dp of finding a galaxy in an element of solid angle dff at an angular
separation O from a randomly chosen galaxy in an apparent magnitude limited
sample. The relation is dp = N (1 + w(©)dR (2.1), where N is the mean
galaxy surface density.

Peebles and his collaborators in Princeton have analysed several

catalogues with this statistic and have found from both the Zwicky and deeper
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Lick samples (Peebles and Groth 75, Groth and Peebles, 77) that to good

. . A .
approximation, w(Q) = —5-w1th ¢ =0.8, (2.2),at small angular scales.
C]

Furthermore, the amplitude A varies between catalogues in the way expected
for their different characteristic depths, suggesting the estimates are
not seriously affected by variable obscuration and true clustering is being
measured. As w(0O) is related to the three dimensional statistic £(r) by a
simple linear integral relation, £ (r) itself may be expected to have a power-
law form, but with powerlaw index o+ 1, so that £(r) = (f%->y * with

vy 1.8 (2.3). The amplitude r, here is related to A by a factor that
requires the distribution of distances of galaxies in the sample. Using

an assumed luminosity function to calculate the latter, Groth and Peebles
(77), find averaging over both catalogues, r = 4,7 MPC with 'reasonable'
errors in the luminosity function making this uncertain by a factor two

or so.

As discussed in the introduction, at large angular separations
estimates of w(0) vary because the clustering density contrast is so low
seen in projection, making the behaviour of £ (x) at scales greater than
about 3 MPC uncertain. While the scaling between catalogues of different
depths suggests over scales of about 50 MPC and greater the universe is
.close to homogeneous,the angular studies provide little reliable informa-
tion on the behaviour of £ (r) over the large range of intermediate scales.

Although the two point correlation function provides some information
on the clustering of galaxies at small scales, more comes from the angular
three point correlation function that is defined in an analagous manner

to w(0) and measures the excess probability that a galaxy chosen at random

has two close neighbours.

1. . . ..
* The amplitude of ¢ (xr), r 8 used in this thesis is often denoted as B.
o
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From the same angular catalogues as were used to estimate w(0),
Peebles and Groth (75) have found the three point spatial correlation

function is well modelled by
S (r,z, [r-z]) = Q(E(x) €(2) + e(r) gr-z| + E(|r-z]) £(2) ) (2.4)

over the scales 0.05 < r < 5 MPC, where E(r) comes from eqgn. 2.3 and

r, z, and |r—z are distances separating three galaxies in space.

The estimate of the amplitude Q here, like ro,requires an assumed
luminosity function, the average value from the catalogues giving Q= 1.29
(Groth and Peebles,77).

The simple forms of the two and three point angular correlation
functions implied from these catalogues suggest the underlying distribution
of galaxies may also have a simple explanation, fhe usual and most straight-
forward is that galaxies are generally clustered in a scale invariant
hierachy extending from scales of tens of KPCS to several MPCS. However,
studies of projected samples using other statistics, such as those con-
sidered by Shanks (79) and more recently Kuhn and Uson (82), have shown
this interpretation cannot account for all features of the distribution and
other models for galaxy clustering may give equally good representations of
the data.

"While the correlagion functions at smail scales do provide important
constraints for models of the galaxy distribution perhaps their main interest
at present is that their simple forms provide an elegant measure of the
potential energy associated with the clustering pattern needed for an
application of the Cosmic Vvirial Theorem.

2.1.2 Prxobing Theories of Galaxy Formation

As well as being relatively simple to estimate, &(x) (and
S(r,r,r) } is a useful tool to test models of galaxy clustering and in turn
how it may have developed in the expanding universe. Two such theories of

galaxy and cluster formation have been extensively discussed,both based on
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'Gravitational Instability', which we consider now.
{a) The Isothermal Theory

Since, intuitively we might expect the smallest scale structure to
form first and as gravity is scale free, an atfractive explanation for the
powerlaw correlation functions is that galaxies formed early on and clustered
hierarchically to form small groups that formed supergroups and so on
(Peebles,74) . The correlation functions can be understood more quantitatively'
in this light by simple linear perturbation theory in the following picture
described in Peebles (74).

It is assumed at recombination that fluctuations on mass scales
larger than individual galaxies are isothermal and have a power spectrum of
the form ; < IS'KIZS o« Kn ( -3sn<4), the inicial condensations that fragment
out of the fireball having masses 105—106 M@. These are assumed to cluster
gravitationally by linear thsory, the perturbations fragmenting out of the
expansion at density contrasts of around unity to form bound, stable systems.

If no relaxation takes place these will have characteristic densities on scale

9 + 3n

*
5+ n > + Since g¢(r) is a measure of this density

r of p(r) n r-_Y where Y==<
on scale r, we find that with n = O,corresponding to a simple white noise
spectrum at recombination, we can explain the observed powerlaw slope of

-1.8 quite naturally; As well as being good support for the isothermal theory
with white noise initial conditions, the form of g(r) has also been inter-
preted as evidence for a high density universe. If Q is close to unity more
detailed theory (Davis and Peebles,77) suggest that a shoulder should occur

in £(r) at a similar scale to observed in projected catalogues, where the
perturbations are around unity. If instead <<l,a break away from a powerlaw
is expected at much smaller scales (where §>>1) because linear perturbations
stop growing at an early epoch and a powerlaw cannot be maintained for long
(Davis et al,77). However possible alternatives have been discussed by

* Although numerical N body simulations (Gott et al,79) roughly bear out these

Predictions, thermodynamic arguments (Saslaw,80) and studies of relaxation
Processes (Press and Lightman,78) suggest a slope of £(r) similar to observed

can evolve from gravitational interactions, independant of initial conditions.
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Gott and Rees (75) and others who argue that an initial spectrum with
n< O may allow an approximate powerlaw, similar to observed, in a low
density universe. Thus, while the gravitational clustering picture
appears to be able to account for a powerlaw correlation function, the use
of ‘g(r) as a probe to § and the index n is less satisfactory. As discussed
later in this chapter, a more reliable probe of  using the correlation
functions is likely to come from the dynamical studies which, within the
assﬁmptions, do not depend on the process by which galaxies and clusters
formed.
{b) The Adiabatic Theory

Although the isothermal picture is still, perhaps, the most popular
theory for galaxy formation and the easiest to bring to observational test,
an alternative scenario has been discussed extensively by some Soviet
astronomers. In this 'pancake theory' of the Moscow group, f£luctuations are

1 5
assumed to be adiabatic with no structure on scales less than 10 3—lOl M

0]
{(Doroshkevich et al, 74), comparable to the tvpical masses of present day
superclusters. Larger structures then grow by gravity, collapsing in a
gaseous state to form pancakes out of which galaxies fragment due to cooling
behind the shocks produced.

Although harder to identify with the obéerved correlation functions
than the isothermal theory, one might associate the preferred mass scales
with features seen in &(r). Theory (e.g. Doroshkevich and Shandarin, 78,
Peebles, 80a, p.386) suggests that if Q@ is close to unity, the preferred
length scale should correspond to around 2 MPC, while for a low density
universe the scalé may be tens of MPCS. At present the only special scale
suggested by the angular observations is the 'break' in w(0). However other
features may possibly exist at smaller scales in &(x) that are not seen in
w(0) due to projection effects. At larger scales if this picture is correct,

one might also expect &(r) to show statistical evidence for the holes that
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may be expected to form around pancakes where no galaxies .are able to form.

In Chapter 7 we rediscuss this picture and the isothermal theory
in the light of new data on the correlation functions from redshift samples
and discﬁss how other observations from such surveys can further constrain
the theories.

2.1.3 Correlation Functions with Redshift Information

We have seen that, while the angular correlation functions give
information on the spatial correlation function at scales of a few MPCS,
at larger scales, that are of particular interest for constraining theories
of galaxy formation, the estimates are uncertain.

As discussed in Chapter 1, complete redshift samples are of importance
_here,Since at large separations the redshift separation 's' between pairs
should be an almost direct measure of distance, the two point correlation
function Es(s) estimated with redshifts should be almost equivalent to the
spatial function e(x).

In a faifly recent analyses of the KOS catalogue KOS(79) have claimed
that, instead of exhibiting a shoulder on scales qf several MPCS, 55(5) for
this survey has a long tail with correlations of order unity on separations
of 30 MPC. However, as noted in Chapter 1, the sample is small and possibly
unrepresentative so the results are only preliminary.

Although peculiar velocities affect using direct redshift separation
as a distance indicator at the smallest separations, information on the small
scale form of £(r) can come from the redshift two point correlation function
gv(c,n), (Peebles,79) split into redshift separation coordinates ¢ and w
perpendicular and parallel to the line of sight. While the distribution of
velocity differences along the line of sight provides an estimate of the
peculiar velocities between pairs, the integral of Ev(o,ﬂ) along the line
of sight provides a projected estimate of £(x), similar to that obtained from

w(B) , but less smoothed. In addition the statistic allows a more direct
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estimate of ro than from w(0) because the distances to galaxies in the
sample are known through their redshifts.

Estimates of g (xr) from gv(o,n) from the KOS sample by Peebles (79)
give ro = 4.1 with a similar value coming from the Rood catalogue (Peebles,
81) ; both rather smaller than found for the Zwicky and Lick catalogues.

‘Such samples can also provide an estimate of the three point correlation
function and its amplitude Q which, like roe can be estimated through
projected separations using redshift as a distance indicator. Preliminary
analysis from the Rood catalogue (Peebles, 8l) gives Q < 0.7, considerably
smaller than from projected estimates but, since the sample is small and
probébly unrepresentative, the difference is not unexpected.

In Chapter 6 we estimate the shape and amplitude of & (r) for the
AARS by means of Es(s) and SV(G,ﬂ) and repeat the analysis on the KOS survey.
Since the AARS fields are deep and sample larger than the KOS or Rood
catalogues it is more likely to provide a reliable estimate of £(r). We
also compare the findings with the newly published results of the CfA
catalogue given in Davis and Peebles (82). 1In the same chapter we also
estimate Q for both the AARS and KOS sample which,with r, and <V2>, allow
a consistent application of the Cosmic Virial Theorem.

Finally, it may be noted that, although &(x) and g(r,r,r) are
useful for the‘dynamical studies, (as discussed earlier) they provide only
limited information of the clustering distribution. With redshifts other
statistics that have complicated projection properties (e.g. Gott and Turner -
77a) may be useful when measured in three dimensions, although the effects
of peculiar velocities still need to be controlled.

2.2 STATISTICAL DYNAMICAL THEOREMS

As outlined in the last chapter, although dynamical studies of the
general galaxy distribution have an important role in estimating @, the

study of individual bound systems is hampered by projection problems.
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In this section we consider these and other difficulties in more
detail and point the need for a stétistical solution to the problem. Two
such approaches are discussed, based on the powerlaw correlation functions
in section 1, the first being a 'cosmic energy eqn' and the second the
'Cosmic Virial Theorem', mentioned in Chapter 1. The latter is discussed
in some detail and tests on N body simulations are reported on. As well
as their role as an estimate of the potential in the clustering, the use of
correlation functions for estimating the velocity dispersions is described,
with particular emphasis on the role that the AARS has to play here.

2.2,1 virial Studies of Groups

The problems with applying the virial theorem to galaxy groups were
briefly mentioned in Chapter 1.3 and have been discussed by many authors
(see Faber and Gallaghexr, 79, for a review). In these studies one has
first to assign galaxies to groups, normally with just redshifts and angular
coordinates on the sky, and then assume they act as isolated dynamical units
of point particles satisfying the virial theorem.

Probably the biggest danger in this procedure is due to projection
effects. Groups picked out by just redshifts and positions on the sky may
be easily contaminated by foreground or background galaxies or worse still
by two or more separate groups at different distances seen overlapping in
projection. In these cases Hubble velocities can grossly inflate the
velocity dispersions leading to spuriously high virial masses. On the
otherhand rejecting all high velocity galaxies in groups as accidentals
can artificially truncate the velocity dispersions and cause the masses to
be underestimated. Similarly, the fact one can split a wide group quite
naturally into subgroups both on the sky and in redshiftvneed not deny
the reality of the whole system as a bound entity (Rood apd Dickel, 78).
Even when membership has been well defined one still has %o use correction
factors to convert projected separations and line of sight velocity dis-

persions to three dimensions. In a small group at a given instant these
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factors along with the time average needed in the virial theorem can be
incorrect by an order of magnitude.

Apart from these projection effects there is still the possibility
some low density systems, although associated in spaée, may be unstable and
unbound ; in these cases the kinetic energy is due to Hubble velocities and
the Qirial masses spurious (Turner and Sargent, 74). On the otherhand for
bound groups beginning their collapse most of the total energy may be in
the form of potential so the virial theorem may actually underestimate the
mass (Tully,80). In loose groups too, where we may expect low velocity
dispersions, redshift errors can masquerade as high peculiar velocities
again leading to meaningless results (Sandage,78). Indeed it requires only
a small proportion of poor redshifts in a group study to seriously compromise
the results. While these uncertainties may not be too serious in rich
clusters and compact groups, in the more common, looser groups they can
make the virial masses vary by several orders of magnitude even if the
real mass per bright galaxy is constant.

There are two main approaches to this problem. The first is to use
a well defined group detection algorithm to select systems and to calibrate
systematic errors in the %'values by repeating the analysis on catalogues
prepared from N body simulations of galaxy motions and clustering in an
expanding universe. This line has been followed by Gott and Turner (77b)
and more recently by Press and Davis (82) but still has the problem of
relying on the models describing the real universe in details important for
the estimate of %-. The alternative is to abapdon even nominal identification -
of specific groups and treat the projection and stability problems stat-
istically.

2.2.2 The Cosmic Energy Equation

In 1973 Geller and Peebles (73) developed a statistical virial

theorem to deal with the problems of picjection in group studies. Using
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the incomplete Shapley Ames catalogue these authors compiled a relative
velocity histogram between all pairs within a certain angular separation

of each other. Then, subtracting off a histogram of background uncorrelated
pair, they estimated the total rms relative velocity dispersion <V2T> between
all correlated pairs of galaxies in the sample. To measure the total cor-
relation potential energy of these pairs, they calculated a similar corrected
histogram of projected angular separations on the sky. Assuming that §-<V T>
was a measure of the mean kinetic energy (T) of a typical group galaxy and
the correlation energy (W) was a measure of the average total potential, Geller
and Peebles balanced the two, assuming stability T = %—W, to obtain a mean
mass per galaxy for the sample.

As pointed out by Fall (76) though, the fact that two galaxies are
correlated does not make them part of the same stable group, even in a stat-
istical sense, since not all inhomogeneities are stable or even bound. This
affects the analysis in two ways, both of which will cause the masses to be
over—-estimated. Firstly, the relative peculiar velocity dispersion will be
over—estimated as it includes pairs expanding with the universe, and secondly,

1

sinceAthe clusters are not all bound, T > E-W.

Noting that the excess potential energy in the clustering can be
~given by an integral over S(r), Fall (76) modified the original approach and

’ 2
related this potential to the absolute rms peculiar velocity <Vb > of a random

galaxy. The relation is
o2

2 & dr
r

E(r) 4mx (2.5)

L
2
[

Since this equation does not assume statistical stability it has
been referred to as the 'Cosmic Energy Equation' ; the factor of %
replacing the usual %—of the vifial theorem. ( As Fali notes, although this
factor is estimated from linear perturbation theory, it appears to roughly

hold in some nonlinear situations as well)
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With egqn. 1.2 we see eqn . 2.5 can be used to determiné b with
just an estimate of <Vp2> and E(r), without involving either the mean
luminosity density or the assumption that the clustering be stable. In
addition, unlike the usual studies in part 1, egn. 2.5 does not require

assigning individual galaxies to particular groups.

However, there is the practical problem of having to estimate the
absolute velocities of galaxies <Vp2> from the observable relative pair
weighted dispersion <V2> . While on the one hand the small scale contrikution
to <Vp2>may be overestimated from <V2>(which is weighted to denser xegions) ;
on the other, <V2> dAes not include the contribution to <Vp2> from large
scale motions which, at present, are poorly understood. Related to the
latter is the uncertainty of the potential in eqn. 2;5 due to the uncertain
behaviour of ¢(r) at scales beyond a few MPCS.

Although redshift sampleé can help determine £ (r) at large scales,

a more hopeful approach using correlation functions is the Cosmic Virial
Theorem of Peebles which relates <V2> directly to the potential in the
clustering through the three point correlaticn function.

2.2.3 The Cosmic Virial Theorem (CVT)

As discussed in Peebles (76a), although the two point correlation
.5function measures the mean number of neighbours <N> around a random galeaxy,
we require the mean square of this number (given by the three point functio)
to esﬁimate the'botential associated wifh the grouping. This can be seen as
follows : if a galaxy has a velocity V, because of Ni neighbours within a
N.M

. 2 .
clustering length R then Vi ~v G "§—~ and since <V > is weilghted by the

number of pairs we get

2
< N > GM
Pareae R (Peebles, 80b),

2
<V > =

A more rigorous relation comes from balancing the 'pressure gradient' of the

pair suppoxtcd velocity dispersion with the gravitational acceleratiov of ol
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neighbouring galaxies of each pair whose average abundance is measured by
the three point mass correlation function § p(r,r,r). This can be expressed

in po\mr coordinates (Peebles, 76b) as

? 2 g2 2 2 2em§ _ 260 | 3 T2 ¢
— <V > Z - = - e — -
P (& <v'>) + SR v, > 5 - dz 3 p(r, z ,|r-z|)
r z
(2.6)
where p = nm is the mean mass density with n the mean number density of

galaxies of mass m. <Vt2> here refers to the one dimensional transverse
dispersion. In a fuller treatment there are also time dependent lineaf
terms that are excluded because it is assumed the clustering is statistically
stable. Using the assumptions discussed shortly one can also exc¢lude the

second term on the left-hand side and the first texrm on the right-hand side

which leaves the relation

> = 28 L | P B2,z ey @)
' z

r
Taking”S(r,r,r) from egn.2.4 estimated from angular studies of galaxies,
we find after a complicated integral?<V2> = CyQB r2_Y Q (2.8) where Cvy
is a constant. Thus taking vy = 1.8 we expect to find <V2> N ro'2 over
the region where the clustering is stable.
Al though tﬁe theory appears complicated it can be understood easily
in terms of the uéual virial theorem V2(r) n G % in the clustering

hierarchy picture (Peebles,76a). Since the mass on scale r here is given

by M(x) « p §w)r3, the typical mean square velocity of the sublumps within

2 3 .
a cluster is <V >~ p gi;)r , in agreement with eqn (2.8). The main
-
contribution to <V > here comes from clusters on scale r. Of course

individual subclusters do not really act as point particles (they are
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extended and overlap each other) but Peebles (78) has shown that adjusting
the velocities according to egn (2.8) in the sublevels of a dynamical
hierarchy simulation, can give rise to a stable clustering pattern.
As mentioned above the theory is based on a number of assumptions
and requirements that are listed and discussed briefly below (Peebles,76b).
The scale r needs to be small enough that
(1) <V2> > > (H r)2
(2) The peculiar velocity is isotropic : <Vt2> = <V2>
(3) g(r,r,r) > > g(xr) > >1
The scale is large enough that
(4) n £ r3 >> 1
(5) The clustering correlation functions trace out the matter
distribﬁtions, so gp(r,r,r) ~ $(r,r,r).
vAssumptions (1-3) suggest a stability criterion similar to assumed
in individual group studies, in which the characteristic time for evolution

of structure on scale r is much longer than the dynamical times. This is

reasonable at small scales where the crossing times ~ f_% are much
smaller than the Hubble time %— (point 1) and the density<25;trast is high
(point 3). Assumption (2) 1is necessary to remove the second term on the
left~hand side of egn 2.6 but also seems physically reasonable if the
clustering is in equilibr ium.

Assumptions (4-5) are concerned with the distribution of matter.
Implicit in (5) is the assumption that brigﬁt galaxies visible in magnitude
limited samples trace out the fainter galaxies and other matter. If galaxies
masses instead depend on clustering environment systematic effects may occur.

Assumption (5) also requires that the mass is localised in galaxies
of mass m. va instead galaxies have massive isothermal halos so m « r

1.2

2 .
we would expect from eqn 2.8 that <V > v r (2.9), *f assumptions (1-4)

hold. If though most of the mass is localised in the brightest galaxies
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(which have a small space density n) the ‘discreteness' interaction term
on the right-hand side of eqn 2.6 may dominate the collective term in
which case we would expect (in which case (4) does not hold) .

2 Gm
<V > n ~ (2.10) at small scales. ( Turner, 76)

As we discuss in Chapter 7, tests of the stability of the distribution can
come from the typical observed crossing times at small scales, while tests
of the distribution of matter can, in principle, come from the observed
scaling Df <V2> with scale r.

Although this statistical approach requires stability and is quite
sensitive to the distribution of matter at small scales, it is much less
sensitive to both the large scale clustering and velocity of galaxies than
the cosmic energy equation in eqn 2.5 above. While the approach has also
the advantage over the traditional group studies in that one does not have
to physically assign éarticular galaxies to groups, to estimate <V2>,
one still has the problem of deciding what proportion of pairs on the sky
are physically associated. 1In part 5 we consider how correlation functions
with redshift information can also provide a statistical estimate of this
quantity.

2,2.,4 Tests on N Body Simulations

As a test of the Cosmic Virial Theorem and the assumptions it
requires, it is interesting and instructive to see how well it applies to
numerical N body simulations of the expanding universe that are dynamically
self consistent and which allow a direct estimate of the kinetic and
potential energies associated with the clustering in three dimensions.

Such simulations have been carried out by several authors but here
we consider those described in Efsthathiou and Eastwood (8l) (Henceforth EE)

who have presented results from simulations using both 1000 and 20000
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particles. Although the observed results for <V2> and &(r) are fairly
similar in both sets to test the theory it is preferable to consider the
ensemble estimates from six of the smaller simulations since these use a
higher accuracy code and a smaller softening parameter in the potential
which (unlike the larger simulations) is independent of time.

As EE discuss, for these simulations (with @ = 1 and poisson
initial conditions) the three point correlation function is adequately
given by eqn 2.4, that was used for the CVT in part 3. Eowever, as these
authors note, a test of the latter is complicated because %(r) does not

have a simple powerlaw behaviour. In order to allow for this, &(r) was

modelled by the author from fig 2a of EE by a softened powerlaw of the form

B .
gE(r) = — (2.11)
+
(x +x )
where the coordinates are in proper distance. The resultant least squares

fit yielded the three parameters,B = 2.88, rc = 0.044, and y = 2.78 ; which
gives as good a fit to the observed £ (r) as the four parameter fit used by
EE. This model was then substituted into S(r,r,r) of egqn 2.4 withQ = 1.2,
which was then used in the integral in.eqn 2.7. Since the simulations also
used a softened potential of the form ;

b(x) = S MiMs

this was also incorporated into egn 2.7 using the mean softening of the
‘énsemble o£ Eo'ﬁ 6.017.

The results of <V2§;as a function of r from the numerical integration
of the triple integral in egn 2.7, with these:particular models for g(r,r,r),
€(x) and the force, aré given as the solid line in Fig 2.1. The filled
circles are the observed estimates of <V2> 1/l(radial dispersion) taken at
small scales from fig 3.a of EE (ensemble 1), with the crosses referrinag

2 % ) .
to the one dimensional transverse component <vt > . The dashed line 1s
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FIGURE 2,1:

Olseparation

vVelocities as a function ¢f separation for the ensémble
1000 N body(gimulatiqns of Efsﬁhathiou and Eastwood.
The observed rms radial Aisnersion <V2>(solid circles)
and the transverse components (crossesg) are shown
against a model based on collective interactions (solid
curve} and including the pair interaction term (dashed
curve) ., The obsexrved mean relative velocity <Vr>‘(open

circles) is shown against purc Hubble flow (dotted line).
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the result of adding the interaction texm in eqn 2.¢€ to the collective
force given by the solid line. Also at the foot of the figure are the
observed estimates of <Vr> (open circles) taken from the same figure of EE ;
the dotted curve here corresponding to the velocity <Hr> expected if the
clustering were in free expansion.

We see from this figure that the results from the integration are in
good agreement with that observed. Of course this is fo be expected if
our model for g(r,r,r) is reasonable and the assumptions discussed in Part 3
hold. At the scales of interest (0.2 >r > 0.l) the agreement between the
solid and dashed curves show the velocity dispersions are supported by many
pairs so assumption 4 holds. At small scales we see the observed velceity
dispersions are also close to isotropy (assumption 2) and the solid curve
lies weli above the dotted line (assumption 1) and at those scales £(r)>>1
(assumption 3) ; all suggesting the clustering is close to equilibrium.
Further support for this comes from the observed estimates of <Vr>, which
at small scales cancels the Hubble flow.

While the CVT is applicable at small scales, at larger separations
(r >0.2) the velocity dispersions are larger in the radial than tangential
directions suggesting the clusters are collapsing. This can be seen directly
from the estimate at <Vr>, which rises significantly above the Hubble flow
line in Pig 2.1, consistent with slowly forming clusters. As EE discuss,
this behaviour as consistent with the observed shape of £ (r) assuming it
evolves in the expected way in a self similar universe.

Although this study has shown the assumptions are reasonable and the
CVT could be accurately applied to the simulations to estimate the input
mean density, we have no guarantee this need be the case for the real
universe. Here too we still need to be able to estimate <V2> (and £ (r)
ana ${r,r,r) ) from just redshift and angular positions on the sky ; an

issue we now turn to.
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2.2.,5 Estimating <V2>

As well as being intimately related on dynamical grounds, the
peculiar velocities and clustering of galaxies are connected on observational
grounds. For example, a clue to the reality of dynamical systems comes from
an examination of the galaxy distribution in redshift space where peculiar
velocities should make virialised groups appear elongated along the line of
sight (Jackson, 72). Although not very useful for distinguishing individual
systems it does suggest a statistical method for estimating <V2> by measuring
the elongation of the clustering pattern along the line of sight.

mo do this for complete redshift samples, Peeble (79) has used the
two point correlation function gv(c,w) which, as mentioned in section 1.3
has components ¢ and m perpendicular and parallel to the line of sight. The
advantage of this statistic over the original Geller and Peebles approach is
that the'background correction' for uncorrelated pairs is more stable and the
statistic allows a visual demonstration of the effects of peculiar Qelocities
in distorting the clustering along the T relative to the ¢ direction. To
estimate <V2> as a function of projected separation one can then exploit
knowledge of the spatial clustering, by convolving &€ (r) with model distribution
functions to match the observed velocity broadening in Ev(c,ﬂ) at different o.
Alternatively the second moment of EV(O,W) along the line of sight provides
a direct estimate of <V2> which can be corrected for Hubble velocities
statistically by means of ¢(x). From the theory in Part 3 we expect <V2>

to scale as © like the scaling with spatial separation in egn 2.8.
In fhe statistical virial theorem analysis discussed in Part 2, Geller
and Peebles (73) found <V2>11 = 290 km/sec at pfojected separations< IMPC
from the Shapley Ames catalogue. A very similar valuc was found hy Davis
et al, (78) from the Huchra catalogue using a similar method; ailthough these

authors did correct the velocity dispersions for the Hubble expansion contri-

bution. More recently Peebles has found considerably higher values of
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<V2>;E N 500 km/sec usinggV (0,m) from the KOS (Peebles (79) and Rood
catalogues (Peebles, 8l) and also the southern Huchra sample (Peebles, 80b).
With rO N 4.0 inreach case (also estimated frmngv Ujfnﬁ and Q around unity
these give a CVT estimate of Q ~ 0.5.

However, these values, especially for <V2> , can only be regarded
as preliminary. The KOS sample is small and so is subject to large
statistical fluctuations and the other two are based on the SRC which is
certainly a biased catalogue. Also the latter is incomplete and, being a
compilation of many sources, probably contains some quite inaccurate red-
shifts. For the estimate of <V2> an important requirement is that the red-
shifts should have accuracies smallexr than the expected peculiar velocities
of galaxies. In nearby loose groups these are typically‘SO—lOO km/sec
(Tully,82) but since <V2> is pair weighted to the denser regions, where
velocities should be higher, accuracies of this order are probably tolerable.

In Chapter 6 we consider an estimate of <V2> and rg using Ev(c,ﬂ)
from the AARS. Since this sample consists of several deep and well separated
fields and contains over three hundred redshifts with accuracies comparable
to those dicussed above, it should provide more reliable results than previously
found. A reanalysis of the previéus data is also presented and a
comparison made with the newly published results from the CfA catalogue.
In Chapter 7 the estimates.of <V2> N and Q afe used to estimate §§ by the
CVT.

For the present we now turn to the compilation of the catalogue, in

particular focusing attention on the velocity error analysis, needed for a

full understandingbof the dynamical results.
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CHAPTER THREE

THE ANGLO AUSTRALIAN REDSHIFT SAMPLE

3.1 INTRODUCTION

The first two chapters have outlined the important and powerful
role that complete redshift samples have to play in‘mOdern cosmology and,
in particular, have pointed the need for a new, deep survey to provide a
reliable estimate of the peculiar velocities between pairs and to study
the large scale form of the correlation function.

In this chapter is given a detailed account of the compilation of
the AARS catalogue along with a brief discussion of its general features.
The next section gives a brief background to the survey and how the fields
were chosen with section 3 giving more details on the present status of
the data. Sections 4 and 5 give details of the measurements of the magni-
tudes and redshifts with particular attention given to the assessment of the
errors. In section 6 basic features of the survey are presented and briefly
discussed before the more detailed analysis in subsequent chapters. Finally
the last section describes the preparation of simulated catalogues which
are used throughout this thesis to test the methods of analyses for random
and systematic errors. As noted in Chapter 1.5, the full redshift catalogue
is presented in the appendix at the end of this thesis.

3.2 BACKGROUND TO THE SURVEY

The AARS was started in 1979 with the view of providing a large
number of redshifts (spanning a fair volume of the universe) by sampling
galaxies in several deep, well separated fields, unbiased by local in-
homogeneities. Since the survey was primarily intended for correlation and
luminosity studies the basic requirement for realistic analysis (which was
also a practical possibility) was to obtain complete photometry and redshifts

for at least two hundred galaxies. For the luminosity function estimates ,
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accurate photometry and strict completeness were important although fairly
large errors in the velocities were tolerable. As discussed in Chapter 2.2,
for the dynamical studies the accuracy of the redshifts needed to be below
the expected peculiar velocities of galaxies so that rms errors around
50 km/sec seemed desirable.

Apart from these requirements the following choices were still left
open.

(a) The limiting magnitude of thevsurvey.

(b) The angular size and shape of each field.

(c) The number of fields.

(d) The final choice of fields on the sky.

The choice a, b and ¢ together naturally fix the‘total number of
galaxies in the survey whichwas the biggest constraint.due to the shortage
éf observing time for measuring high quality redshifts. The main other
constraint was the availabiliﬁy of plate material for preparing the sample
prior to measuring redshifts.

Since the Durham group at the time were examining the galaxy distri-
butioh around the south galactic pole by means of catalogues prepared from
U.K. Schﬁidt plates, it seemed appropriate to start by focusing attention
on this fegion aﬁd to use the 2anglo Australian Telescope (AAT) for the
spectroscopic work.

With these constraints (a) -~ (¢) were chosen as follows

Since the Zwicky and KOS number magnitude counts still showed
evidence for inhomogeneities at B = 15.5 it seemed desirable to go deeper
than a limiting magnitude 16.0. As the unvignetted region of a UKST plate
is typically 4O X 4o and CO‘BJ = 16.5 one expects to find around fifty
galaXieé it appeared that a reasonably fair sample could be formed with
four or more weliiseparated_plates. Thus the choice (a)-(c) seemed quite

natural. Furthermore, with an optimal observing setup on the AAT, it was
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estimated one could measure the redshift of a typical sample galaxy to

an accuracy of better than 50 km/sec in 15 to 20 minutes. Thus,measuring
redshifts for a minimum sample of 200 galaxies would occupy seven or eight
nights ; a reasonable demand on the AAT.

Going to much deeper magnitudes would have considerably increased
the exposure time needed for the redshifts and at increasing depths K dimming
and curvature effects increasingly complicate the analyses. Similarly,
reducing the angular size of the fields, although allowing more fields to
be studied, would have reduced the number of pairs contributing to the
correlation functions and increased the observational work for the photometry.
Also ( as discussed later in the thesis) if the_width across a field of its
characteristic depth had been smaller than the correlation length rom 5 MPC,
statistical fluctuations in the redshift distribution would have been
considerably increased.

Lastly, there was still the problem (point d) of choosing the fields
to be surveyed. To test for any possible north-south differences still
present at the depth of the sample it was aimed to study some fields in the
north as well as the southern galaxtic cap, parts of which are accessible
from the AAT.

Beyond this the fields were chosen to satisfy several basic criteria
to ensure the maximum chance of obtaining a fair sample of the universe.
Firstly the .areas were to be free from small scale (v 1 deg) galactic
absorption as delineated by the distribution of very faint galaxies (BJ< 22)

and secondly the preliminary number counts (if available) should be represent-

ative of the entire sky at that limit. Also the fields needed to be sufficiently

well separated to reduce the chance of large scale inhomogeneities biasing
the total sample.
In Fig 3.1 are shown the positions of the five chosen AARS fields

as boxes (not to scale). Also shown are the eight original KOS fields (circles)
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and the clusters Virgo and Coma in the north and Fornax in the south
(triangles). The remaining symbol (filled circle) refers to field NP8
which, along with small subregions of the fields NP5 and NP7 (see Key
on Fig 3.1) of KOS, make up the KO0SS survey mentioned in Chapter 1.5.

We see the AARS fields are all at high galactic latitude to avoid,
at least, the known band of galactic obscuration (enciosed by solid line).
In the south each of the fields are separated by at least 20O so galaxies
in different fields at the characteristic depth of the sample are always
greater than 70 MPC apart. In the north the corresponding distance is
around twice that.

Since both the characteristic depth and separations of the fields
are larger than the usually accepted clustering length of galaxies, the AARS
may be a reasonable approximation to a fair sample of the universe.

In this context it may be finally noted that, apart from avoiding
obvioﬁs nearby rich clusters such as those shown in Fig 3.1 (where faint
galaxies would dominate the counts), the fields were not deliberately chosen
to exclude any rich areas which should be fairly represented in a 'random'
sample of the universe. Although in a large sample the 'fairness' of the
clustering sampled could be tested by a comparison of w(0) for the sample
with deeper catalogues (see Chapter 2.1) the AARS is too small for such a
Fstudy ( However see Chapter 6.4).

A further desqription of the gross properties of the survey is given
in seqtion 6 of thié chapter with some of the points discussed above, being
taken up again in Chapter 5.

3.3 OUTLINE OF THE DATA

The observations for the AARS considered in this thesis were taken
in the three years 79-81 during which interval sufficient observing time
on the AAT was available to measure over three hundrea velocities, providing
complete redshift information in some of the fields to BJ = 16.75.

Details of the present data for the survey are given in Table 3.1.



TABLE 3.1: The Anglo Australian Redshift Sample

Field Field Centres Adopted Numbers to

.. s s Area
limit limit
& 8 B, B, Total | With deg?
Redshifts
~GSA 00 57 ~-28 02 -90 16.74 76 74 14.06
GSD 02 o1 =49 42 ~63 16.75 64 62 13.95
GSF 03 44 -45 06 -56 16.50 50 50 14.44
GNA 13 41 + 0 00 60 16.61 70 68 13,95
GNB 10 40 + 0 00 49 16.76 69 68 13.91
|
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We summarize now, more fully, the available (a) magnitude and (b) redshift
data for the survey used to follow the program discussed in Chapter 1.5,
briefly indicating other observations and other possible uses of the data.
(a) As shown in Table 3.1, complete magnitude information exists at the
time of writing in all fields to at least 16.50 (the actual limit varying
from field to field) with reliable magnitude data in some fields existing
to beyond the limits shown. The magnitudes have all been measured photo-
graphically from short exposure U.K.Schmidt plates (III a J) of the fields
taken through a GG 395 filter, corresponding to what we call a photoelectric
BJ band lying between 4000 and 5500 8. The plates were all scanned by the
Epping PDS machine, the isophote chosen corresponding to a surface brightness
of around 24 mag/(arcsec)2 with rms errors on the magnitudes estimated to be
around 0.05.

Further details of.the photometry and comparisons with other systems
are given in the next section.

(b) As shown in Table 3.1, the redshift data is complete, apart from

seven galaxies, to the magnitude limits adopted for the sample. Although
a further sixteen redshifts exist for fainter éalaxies, due to incompleteness
they are not included in the survey. The spectra were all taken at the AAT
and cross correlated with the spectra of template objects with known or
inferred velocities to give absorption velocities. ‘Normally working at high
dispersion (33 2 /mm) this gave errors generally less than 50 km/sec.
However, a small proportion of spectra (20%) were taken at lower dispersion
giving erroré nearer .00 km/sec, the rms error for the total sample being
50-100 km/sec. More detgils of the velocity measurements and, in particular
the error analysis, are given in section 3.5.

n addition to measuring magnitudes and redshifts, classifying
galaxies according to morphological type is important for luminosity functio:
studies since at the depth of the sample K dimming is nonénegligible‘and

varies between galaxy types. A full de Vaucouleurs classification for four
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fields was done by eye from blue plates in Durham by H. Corwin with the
poorer plate for field GNB typed by several members of the Durham group.
Abbreviated'typeS'for the whole survey are given in the appendix.

‘Apart from the studies gn this thesis the data discussed above has
other important uses. Most of the speétra, for example,'have been reduced
té absolute fluxes using Okes (745 observations of white dwarvés, thereby
providing a catalogue of absolute energy distributions, within a certain
waveband, of a magnitude limited sample of gélaxies. The spectra could also
(in principle) have been used to provide information on the internal velocity
dispersioﬁkof the galaxies which provide velocity inaependence distance
indicators for early type gélaxies, as has been done for the CfaA byiTonry
and Dévis (81);I | | ﬂ

With other data availabie there are further poésibilities.

FOne project underway at p?esent is the measurement of infrared
magnitudes for fhe northern galaxies at the U.K.Infrared Telescope on Hawaii
for colour magnitude and infrared luminosity étudiés. It is also hoped to
obtain photographic magnitudes in other passbands with the Epping PDS for
similar'purposes. Finally the sample, as well as providing information bn
;ordinary galaxies' has revealed sévéial unusual objects including strong

}émission iine galaxies, abnormally bright field.galaxies and so on that may
5e of interest for further individual study.

3.4 THE PHOTOMETRY

This section on the photometry is~“split into two parts, the first

| giving details of the photometric measurements for the AARS and the second

A

- comparing with other magnitude systems.

3.4.1 The AARS Photometry

Since the final photometry for the AARS was done by B.A.Peterson
and Z, L,Zou and as full details are given'in Peterson et al (83), we

consider only a brief description now.
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Provisipnal lists for the survey for three of the chosen fields
were prepared from an eye examination of U.K.S.T. plates while in two of
the southern fields provisional photometry was prepared from automated
scans of long exposure U.K.S.T.‘plaﬁes using the COSMOS measuring machine
(see Pratt et al, 75). Working down to a surface brightness of about 25.7
mag/(arcsec)z,isophotal magnitudes here were measured for all objects to
around seventeenth magnitude which were later examined by eye to separate
galaxies from stars. Photographic saturation on these plates made magnitudes
brighter than 16.0 unreliable.

To avoid saturation effects in the final photometry short exposure
plates (10 mins) hypersensitized plates of all five fields were taken in
good seeing at the Schmidt which were subsequently photometered by the
Epping PDS. The magnitﬁdes were measured by scanning an area around each
galaxy on a PD§ microdensitometer using a 10 x 10 micron scanning aperture,
the final data sets being 120 x 120 arrays. A background sky intensity |
map was produced from local frequency histograms of pixel transmissions and
the isophotal image of a galaxy was taken to be all pixels that were above
the local sky density by a set density threshold which was set to correspond
to a surface brightness of about 24 mag/(arcsec)z.

The calibration of the transmissioh measurements into intensity was
done by measuring spot wedges on each phogograph, the wedge steﬁs in Baker
density against loglO (intensity) being fitted by a polynomial.

The magnitude of each galaxy was then computed according to the
definition (e.g. Shanks et al, 83a)

(I, - T_..)

———— +
- Apix mSky ‘(3.1)

[
n
3

]

m = =2.5 logloz

Here A i is the pixel size in square arcseconds, I, the relative intensity
bix : » i
of each pixel above the isophotal threshold, Isky the fitted background
intensity and msky the sky intensity still to be found. The I Ky in the
: S

T
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denominator is intended to allow for sensitivity variations over the
plate due to variations in emulsion sensitivity.

In order to determine mSky and hence put the magnitude on an
absolute scale, photoelectric sequences were used. While in some fields
standard stars were available,for others sequences were measured on a
small 40" telescope or Siding Spring Observatory. When the photographic
images of bright standard stars were saturated secondary images, nroduced
by a Pickering (Subbeam) prism, were measured and the magnitudes of the
primaries then calculated.

To estimate fhe random errors, 24 galaxies were photometered on three
separate plates of the same field with each plate reduced using the same
calibration curve to connect relative intensity to density. The mean rms
error between three plates was found to be 0.06.

The magnitudes for all the redshift galaxies to the field limits in
Table 3.1 are in the catalogue in Appendix B. Galaxy images that were
contaminated by stars and have corrected magnitudes are marked by the symbol
Y,

3.4.2 Comparisons with Other Systems

It is naturally of importance to compare the BJ»magnitudes with other
syst;ms both to compare resﬁlts of the later analysis and as a test of the
PDS measurements.

Table 3.2 gives a summary of the expected theoretical transforms
between the BJ system and several other systems, the calculations of which
are given in the first part of the appendix to this thesis. However some
data is also available for a direct comparison of the PDS magnitudeé with
the provisional cosmos magnitudes and with total J system of the KOS survey.

The first of these comparisons is plotted in Fig 3.2 which shows

0Q.15.

J again +
gainst J Jecosho?

. ' v OFit 1i . _
PDS with an 'eye' fi ine corresponding to JPDS

COSMOS

We see the line is a reasonable fit to the data suggesting little evidence

for either saturation in the cosmos magnitudes at bright magnitudes or



TABLE 3.2: Transforms of BJ Magnitudes to Other Systems
References
24.1 _ 25.7 ' E
B, (JPDS) = BJ (JCOSMOS) 0.27 (1) Fong gt al (83)
25. _ )
= B, >7 4 0.15 (2) fig 3.2
= + . i
JKOS 0.49 (3) Kirshner et al (78)
= JKOS + 0.45 (4) fig 3.3
= BZ - 0.21 (5) Zwicky et al (61-68)
= B(0)~ 0.21 (6) de Vaucouleurs
et al (64)
] = BT + 0.07 (7) de Vaucouleurs
et al (76)
= B TOTAL | 0.2.5 (8)

Appendix A.
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pdeeieie eysteﬁatic_effects.due to the h;gh isophote used for the'JPDS
measurements.5 However the offset isvsligﬁtly emaller than expected =
theoretically (eéﬁ. 1, table 3.2) when the different isephotes and slightly
different peSsbende arevcor;ectea for.
In ofdef-to cempare with the different J system used by KOS severa;
—plates.of the‘KOé fields have been taken to scan with the PDE, although at

magnitudes were available for one field, SP6.

t i £ writi _ .

he time o wrltlng only JPDS ‘ )

The results of JPDS against J o5 for this field are shown in Fig 3.3. The
line here eorresponds_to JfDS = JKos + 0.45 which we see describes the
transform reasonably to JPDS = 16.5,

The large offset:here (Which agrees xeaeonébly with eqﬁ:B;fTaﬁlef3.2)’
comes from the eonsiderebly redder'passbana_used by KOS and because these
authors attempted to measure totai rather than isophotal magnitudes.

At fainte; than JPDS = 16.5,Frig 3.3 shows:censiderable deviations
from a 45° slope suggesting a systemaﬁic error in one or either system.
Aithbugh,the~directien of the(éeviation could be consistent with an'effect
due to the high'ieophote used in- the PDS measurements, the agreement with
the coemos magnitudee taken at'lowegvisophote in Fig 3.2 suggests this is
not haﬁpening and_errore in the KOS magnitudes may be to blame. However

N - .
- further data for comparison is needed for firmer conclusions to be drawn.

These two empirical transforms are given in Table 3.2 along with

the theoretical ones. We see both comparisone differ by a small amount, -
the same sense suggesting either a small systematic error in the BJ magnitues
or perhaps an error in the uncertain transformation between isophotes of

egqn. 3 in Appendix A.

Eqns (6) and (7) in Table 3.2 also eﬁééeet‘ah iﬁconsistency since
‘together they imply B B(0) - 0.27; rather smaller than usually

accepted. However eqn (6) is calculated in.the appendix via the KOS and

Zwicky systems and the latter is known to euffer from systemaﬁic errors,
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especially at faint magnitudes (Huchra, 76) where comparison with the KOS
magnitudes was made.

The two empirical transforms along with others in Table 3.2 are
used in the next chapter to compare the results of the luminosity function
studies and in Chapter 5 to compare number magnitude counts from several
surveys. The transform of BJ to total magnitudes (eqn.g . ) 1s recuired in
Chapter 4 to estimate the total luminosity density for the AARS in the total

B;'band.

3.5 THE REDSHIFT MEASUREMENTS

To give details of the redshift measurements this section is split
into three parts. The first gives brief information on the observations
and the basic data reduction and the second how the spectra are used to
estimate the final velocities, including a brief mention of how the errors
are calculated. The final part gives a more detailed description of the
error analysis needed for a full understanding of the relative velocity
studies for the Cosmic Virial Theorem.

A further account of the measurements is given in Peterson et al
(83).

3.5.1 Observations and Preliminary Data Analysis

" The galaxy spectra were all measured in nine observing 'quarters'
spaced over around two years at the 3.8m AAT using the RGO spectrograph
and normally the image photon counting system (IPCS: Boksenberg, 72).

A summary of these observations is given in Table 3.3. Although

the total number of spectra quoted here is 350, of these 28 were either
duplicated for one reason or other or the galaxy was later found to lie
beyond the magnitude limit for the field. The spectra were normally measured
at 33 g/mm apart from two observing runs. In quarfer 80:4 the dispersion
was lowered to 66 %/mm to allow a rapid completion of fields GSA and GSD

between 16.5 and the limit 16.75. 1In 81:1 the same dispersion was also



TABLE 3.3: Summary of Redshift Observations

Year Quarter i Nos of ;Starting Nos at Nos at
P ' Detector . . . .
i Nights ;AO(X) dispersion dispersion
| ! 33 8/mm 66 R/mm
|
!
79 = 2 3 | 3600 IPCS 23 : -
; ! |
79 3 03 ~ 3700 IPCS 44 ! -
79 : 4 3 3700 IPCS 26 ! -
| |
80 : 1 | 1 3700 IPCS 36 i -
t
;‘
80 : 2 b2 . 3700 IPCS | 5 i -
| ‘
80 : 3 3 3700 IPCS 53 % -
! ;
80 : 4 L3 - 3700 | IPCS 22 : 46 o
H : ; i
! f ! !
81 : 1 P2 3700 . IDS - | 21 {

8L : 2 2 3700 . IPCS 74 j -




TABLE 3.4: Typical Observing Set Up (High Dispersion)

Wavelength range 3700 - 4724 R

RGO Spectrograph 25 cm camera
Grating 1200 B
o)
Blaze (O collimator gives 33 A /mm

Slit width 600 m = 4 arc seconds

IPCS x gain of 5" per increment (high gain)
Slit length 2 arc minutes
Scan Format 34 x 2048

Data window 24 x 2044.
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used when the IPCS was unavailable. These 'low dispersion' velocities
and their errors are discussed more specifically in section 5.3.

Table 3.4 gives further details of a typical observing setup for
the usual high dispersion measurements.

In this wavelength range the IPCS was very efficient and in this
region were many strong absorption features, including the two Ca II lines,
H and K, needed to obtain high accuracy absorption redshifts. In addition
many galaxies showed the oxygen 3727 2 emission doublet with provided a
stralghtforward but lower accuracy redshift with exror around 100 km/sec.

To achieve the desired 50 km/sec for the absorption velocities the
galaxies were exposed for between 15-30 minutes depending on the magnitude
and surface brightness of the oblect. The twilight time was used to take
several stars and nearby 21 cm galaxies to be used as templates, the latter
also providing a 'zero point' for the velocities.

Most of the preliminary data reduction was done at the Anglo
Aﬁstralian Observatory in Sydney on standard packages glthough some of the
latter stages were completed at Durham with corresponding programmes. The
reduction involved flat fielding and wavelength calibrating the full two
dimensional data, the outer specta in each scan being then used to subtract
the mean skies. At this point the centre of any emission lines present were
located and used to prowvide an emission line velocity for nearly half the
galaxies. After removing the emission lines the spectra were subsequently
rebinned onto a logarithmic scale, sky subtracted and zero meaned.

Fig 3.4a shows the wavelength calibrated spectrum (consisting of
2048 channels) of a typical survey galaxy with ahsorption lines H and K
marked. Fig 3.4b shows the same galaxy after the reduction above, with
Fig 3.4c showing the equivalent spectrum for a template K¢ star. The spectra

in both cases have been moved above their means of zero for display purposes.
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Further details of the reduction stages discussed above are given
in Efsthathiou (79).

3.5.2 Estimation of Velocities

To estimate absorption velocities from the galaxy spectra, the
fourier cross correlation method of Tonry and Davis (79) (TD) was adopted
which was straightforward and allowed an elegant determination of the
measurement errors. Since the technique is fully described in TD and also
in Efsthathiou (79) the technique is described only briefly now.

Before cross correlating a galaxy and template spectrum to obtain
a relative velocity, both spectra were fqurier transformed to allow the
removal (via a linear filter! of unwanted large and small frequency comp-
onents associated with noise and residual continuum trends. The cross
correlation function was then rapidly computed from the transformed galaxy
and template spectra and the maximum peak of the function located and fitted
by a low order polynomial to give a position of its centre and height. The
relative shift of the centre then gave the relative velocity between the
galaxy and template, with the ratio 'R' of the height of the m«in peak
relative to a typical noise peak giving a measure of the velocity error

through the expression

Av = L (3.2)
where C is a constant.

Fig 3.4d shows the cross correlation function of the galaxy and star spectra
shown in Figs 3.4b and 3.4c. The relative velocity in this case is 19540
km/sec and the R ratio is 6.1 which, with C calibrated to be around 170 km/sec/
channel (see Part 3) ,implies an error of 24 km/sec.

In oxder to turn the velocities calculated in this way to absolute
velocities relative to the sun, two corrections had to be made. First each

relative velocity had to be corrected for the helocentric rotion of the
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object and templatea&thatime of observation and then, this in turn, had

to be corrected for the absolute motion of the template with respect to

the sun. Unless the latter had a published velocity, the relative velocities
of the templates and 21 cm galaxies were compared and the absolute velocity
of each template inferred consistently using the published accurate 21 cm
velocities. |

To decide the 'best' velocity for a given galaxy, after each observing
run the galaxiés observed were cross correlated with all the templates, each
relative velocity corrected for the two effects above. The table of corrected
velocities were subsequently examined and the template with the highest average
R ratio adopted 45 ‘'standard'. The velocity from this template was then
normally adopted for each galaxy although, if in a particular case it was un-
representative of the other template velocities, one of the other velocities
woﬁld be chosen.

The final absorption velocities and available emission velocities for
the sample galaxies are given in the Appendix B along with the R ratios,
adopted templates, observing quarters and photon counts per spectrum. It
should be noted the velocities are 'representative' velocities in km/sec
(V =¢c2z ) and have not been corrected for motion in the galaxy or local
supercluster which should,by comparison, be small at these depths.

3.5.3 Velocity Error Analysis

Although errors in the velociites will arise from uncertainties in
the velocity of the templates (zero point error) and intrinsic differences
between the template and object spectra (template mismatch error), consistency
studies suggested these errors are generally less than 20 km/sec. The biggest
source of error, instead appears to come from noise in the galaxy spectra.
This can lead to spurious peaks in the cross correlation function that can
sit under the true peak and distort the position of its centre. As discussed

in part 2, this 'random' error can be estimated from the relative heights of
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the true and noise peaks if the constant C in egn 3.2 is known. For
the AARS this quantity could have been calibrated externally if sufficient
sample galaxies had 21 cm velocities published. However, since few have
any alternative redshifts the following experiment was conducted.

White noise was added to a high quali£y galaxy spectrum which was
then cross correlated with the original, undergraded spectrum of the same
galaxy. This was repeated for varying amounts of noise on several galaxies
and the relative velocities were plotted against R ratios for each measure-
ment, as shown in Fig 3.5. Since the relative velocity in each case was due
to the noise added, C was calibrated by fitting egn 3.2 to these points.

We see that this curve with

C = 170 km/sec/channel | (3.3)
glves a reasonable fit to the results from the experiment which also suggests
that the theoretical form of eqn 3.2 is indeed a reliable representation of
the errors due to noise.

Adopting this calibration, fig 3.6 shows the distribution of random
redshift errors for all galaxies measured at high dispersion. The total
rms error is 37 km/sec in agreement witﬁ that found by TD for the Cfa
catalogue where the errors were calibrated from both internal and external
measurements.

Fig 3.7 shows a scatter plot of random redshift error against
spectrum photon counts for the same sample of galaxies.

We see a fairly strong trend of increasing error with decreasing
counts, which is to be expected if random noise dominates the value of R.
Similar plots early in the project allowed the exposure times for redshift
quality to be optimised. While there is little apparent correlation between
redshift error and velocity or apparent magnitude we may expect a correlation
with surface brightness since for low surface brightness objects the signal-

to-noise will be low despite high photon counts.
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Although the overall rms exrror for the high dispersion sample
estimated from egn 3.2 appears comfortably small, there is some indication
that for the occasional poor velocity spectra, the error estimates are too
low. 1In field GNA, for example, there are twelve galaxies (see Table 3.5)
that were accidentally measured twice in different observing quarters that
can be used to provide a rough alternative estimate of C. Ignoring firstly
the three of the galaxies in Table 3.5 which have one or either R ratio
r < 2.5, we get Cc = 210 km/sec/channel { using egn 3.2 . ) ) in reason-
able agreement with eqgn 3.3. However, if these three poorer measurements
are included, the value of C rises to 360 km/sec/channel.

Since even a small proportion of poor velocities could strongly
affect the final rms error and compromise the dynamical studies, it is
important to consider such galaxies in more detail.

Going through the table of high dispersion redshifts estimated with
different templates, 32 6 galaxies were picked out that had general poor
agreement between templates. The R ratios for these objects were found to
be generally lower than average and in many cases the galaxies were low
surface brightness spirals. A clue to the absorption redshift accuracy of
these galaxies comes from comparison of the redshifts with the emission
line redshifts which (from the high quality data) have rms errors around
100 km/sec. The rms difference between the two redshifts (corrected for
the emission line error), for 25 of these galaxies was found to be 250 km/sec.
However removing the five most discrepant absorption line objects this was
reduced to 130 km/sec ; suggesting in most cases the»errors here are
comparable to those from the emission line measurements.

Iﬁ the catalogue at the end of this thesis these galaxies are marked,
along with the low dispersion objects, as having errors > 50 km/sec. 1n
the worst cases, where the true correlation peak has obviously been lost by
noise peaks, the R ratio has been set to zero and the emission line adopted as

the best velocity.



TABLE 3.5:

Double Velocity Measurements
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Before leaving this section we still need to consider the errors
associated with the galaxies whose spectra were measured at low dispersion
in the quarters 80:4 and 81:1. Although working at lower dispersion
allowed a larger range of spectral features to be included, the poorer
resolution generally led to poorer velocities. For ezample, repeating the
noise experiment on several galaxies measured in 80:4 indicated errors of
around 100 km/sec for R ratios in the range 4> R > 3 ; these being quite
typical R values for galaxies measured in this quarter. sSimilar values
came from comparing redshifts between the two best templates (chosen
individually from galaxy to galaxy) in this quarter, the rms difference
being 130 km/sec.

Although these absorption velocities are poorer than fér the high
dispersion sample, the larger wavelength range often allowed additional
emission line velocities to be measured. Out of the 46 galaxies taken in
80:4, 9 had multiple emission lines giving several redshift estimates for
each galaxy, the overall rms error between the lines being 70 km/sec.

As mentioned in Part 1,in 81:1 21 galaxies were‘measured at low
dispersion using the IDS. Since this detector (unlike the IPCS) had 1o
facility for removing cosmic rays from the spectra, in some cases the latter
were severely degraded. Since the noise experiment gave poor results on
these galaxies, the only clue to the errors of these velocities came from
comparison of the velocities between different templates. For all but four
of the worst spectra the rms difference gave 138 km/sec, similar to that
found in 80:4 above, using the IPCS.
| Prom the analyses discussed above we can conclude that, for all but
around one hundred or so galaxies, the rms error is Oerr x 50 km/sec
(including zero point and mismatch error). For the remaining galaxies the
figure is larger and more uncertain but apparently lies in the range
100-150 km/sec. This makes the total rms for the whole sample between 70

and 100 km/sec with perhaps the lower figure preferred.
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In Chapter 6 we analyse the velocity dispersions betwean pairs
using both the full sample and the smaller sample with grx 50 km/sec.
Al though smaller for statistical studies, the latter allows a welcome
check with the results from the full sample.

3.6 SOME PRELIMINARY FEATURES OF THE CATALOGUE

The redshift catalogue in Appendix B gives the velocities, magnitudes
and morphological types for the sample galaxies down to the limiting magni-
tudes for the fields given in Table 3.1. Complete magnitude information
also exists to BJ = 17.0 in fields GSA, GSD and GNB, which is to be
published in Peterson et al (83) ; however as this data is used only briefly
in Chapter 5, it has not been included in the catalogue in this thesis.

As noted in Section 5, the velocities quoted refer to representative velocities
(V = Cz km/sec)_with respect to the sun and which, in the remainder of the
thesis, are divided by the assumed Hubble constant of 100 km/sec/IMPC to give
representative distances in MPCS.

To give a brief 'feel' for the sample before the detailed analyses
later, the number magnitude, distance and morphological type distributions
are presented in Figs 3.8, 3.9, 3.10.

Figs 3.8 (a-e) shows all the magnitude data to BJ = 17.0 in all
five fields separately. The arrow in each case shows the adopted limit for
the redshift survey with galaxies without redshifts shown as shaded squares.
The histograms for GSF and GNA clearly show the magnitude data is incomplete
in these fields beyond the adopted limit.

Although these counts give limited information on the distribution
of galaxies in the fields, a much clearer view comes from the redshift counts
for the five fields in Figs 3.9 (&-€) ., Here all galaxies in the survey
with distances less than 280 MPCS are shown with the shaded squares correspond-
ing to the galaxies discussed in section 3.5 with velocity errors > 50 km/sec.

The clustering of the sample galaxies on scales of v 10 MPC is quite

clear from these counts with clusters typically separated by 20 or 30 MPC voids.
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In field GSF a prominent void is visible between 20 and 180 MPC which is
not seen in any of the two other southern fields. Indeed there is no
obvious tendency for inhomogeneities in different fields to appear at the
same distance as has recently been found to occur in the north for the
KOSS redshift fields in fig 3.1. Finally, it may be noticed that there

is - some tendency for the apparent richness of clusters to fall off with
increasing distance despite the larger volumes sampled. This effect is
due to the selection of galaxies by apparent magnitude and vividly demon-
strates the extensive range of galaxy luminosities.

Finally, Fig 3.10 shows the distribution of morphological types
for the whole suxrvey together, The histogram is split into six basic
galaxy types with column seven referring to unclassified spirals or peculiar
galaxies and column eight referring to galaxies whose type is uncertain.

The general proportion of types in the figure is in reasonable agreement with
the proportions found in the KOS survey and by Pence (76) in the Reference
catalogue.

Further, more detailed discussion of the number magnitude and red-
shift counts are given in Chapter 5 where they are, amongst other things,
used to judge the fairness of the AARS. The morphological information is
used in the next chapter to correct galaxy absolute magnitudes for K dimming
in the luminosity function estimates.

3.7 SIMULATIONS OF THE CATALOGUE

In order to test the methods used on the data in the luminosity
function and correlation studies in Chapters 4 and 6, it was useful to
repeat the analyses on simulated catalogues designed to match the observed
sample as closely as possible.

For this purpose the numerical N body simulations of Efsthathiou
and Eastwood (81) could have been used, which are both dynamically con-

sistent and have sufficient particles per typical cluster to allow the



50

compilation of catalogues that appear to roughly match the real universe.
While such catalogues have been produced to simulate the CfA survey

(Davis et al, 82), to match the finer details of the observed clustering
that were needed to test the correlation analysis in Chapter 6 thoroughly,
it seemed preferable to set up static simulations.

To compile such a redshift catalogue with spatial two and three
point correlation functions similar to observed in the AARS, a clustering
hierarchy was laid down in a manner similar to that described in Soneira
and Peebles (78) (SP) for projected skies, to which the reader is referred
for full details. Briefly, clump centres were first placed randomly in
fields of similar dimensions to the AARS and around each was constructed
a nine level hierarchy with two sub-clusters per level and a maximum clump
radius of 6 MPC. To match the amplitude of the obgerved clustering, points
were removed at random from each clump until only thirty remained in each
and to those that lay within the fields an absolute magnitude drawn from a
Schecter iuminosity function (with M* = -20.0 and & = -1.0) was assicned.
Apparent magnitudes were then estimated assuming a K corrxection of 3z and
particles beyond the limiting magnitude of 16,75 were removed. Finally to
those that still remained, a line of sight peculiar velocity was assigned ,
which was added to the cosmological redshift estimated from the particle's
spatial position in the field.

Following this prescription two sets of 36 simulated catalogues
were produced, each with five fields and an average of sixty galaxies per
field and with number redshift distributions similar to those discussed in
Part 6 for the AARS. Although cruder than the simulations of SP, as
discussed in Chapter 6, they do reasonably match the amplitudes of both
the observed two and three point correlation functions.

To test the methods used to estimate <V2> in Chapter 6, the peculiar
velocities were adjusted so that the catalogues in the first set had on

2% 25
average, <V > = 200 km/sec and the second set <V > . = 500 km/sec, the
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peculiar velocities in each case drawn at random from a velocity distri-
bution function discussed in Chapter 6.5.

Although the discussion above refers specifically to simulations
used in Chapter 6, (and discussed further in Chaptexr 5), forty other
catalogues for use in Chapter 4, were compiled in a similar fashion. Since
for luminosity function tests less detailed simulations were adequate, no
peculiar velocities were assigned in these cases and the number of levels
per clump was reduced from nine to six to reduce computational time; Also
for these luminosity studies, an 'unclustered' set of forty catalogues was
produced, in which 'galaxies' rather than clumps were placed at random in
the volumes and an apparent magnitude limited sample formed in a similar
fashion.

As noted above, more details of the clustering model is given in SP
and in Chapter 5 redshift plots of some of the simulated catalogues are

presented, for comparison with the observed fields.
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CHAPTER FOUR

THE LUMINOSITY FUNCTION OF GALAXIES

4,1 INTRODUCTION

Fundamental in any attempt to understand the origin of galaxies is
the study of the distribution of their luminosities and how this luminosity
function (LF) may differ for isolated 'field' galaxies, small groups and
rich clusters. ﬁaturally, much attention has been focused on the latter
where all that is required for a simple study i$ the distribution of magni-
tudes of member galaxies and the mean distance to the cluster. However,
as the typical galaxy types here are significantly different from thosein
more normal environments, there is no reason to suppose that these LFs are
representative of the general distribution. Since to measure the LF for
the latter one requires a complete redshift sample, naturally most work in
this area has come from nearby catalogues that are based on the same data.
As we discussed in Chapter 1.4 though, the analyses here is complicated by
the presence of larce inhomogeneities, non-Hubble velocities, galactic
obscuration and possiblé¢ uncertainties in the magnitude scale. Although
the deeper CfA will provide more consistent data these difficulties still
apply so other studies from deeper samples are still needed for more definite.
conclusions to be drawn.

In the next section the LF is estimated for the AARS using three
different methods, two of which do not require spatial homogeneity, and
which are tested on simulated catalogues. In section 3 the same analyses
is applied to the KOS catalogue, the fitted forms from these two surveys
compared with other estimates in section 4. The luminosity density is
determined in section 5 and the results for the chapter are summarised in

the final section where a few applications of the LF are briefly mentioned.
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4.2 ANALYSES OF THE AARS

To estimate the luminosity function for the AARS this sample is
split into seven parts. In the first we consider a 'basic estimator’

in which it is assumed galaxies are distributed homogeneously in the

vV

field volumes. A " test for the sample provides a test for this,

which leads on gquite 22§urally in Part 3 to discuss a new 'maximum likeli-
hood estimator' that does not require spatial homogeneity. These results
are then fitted to a standard Schecter function and in Part 5 another
maximum likelihood method l& applied, which can f£it the data directly to

an analytic form without any binning necessary. Conclusions of the analyses
are discussed in the final part after tests on the simulated catalogues are

presented.

4.2.1 Basic Estimator (B.E)

The differential luminosity function (LF) is defined as ¢ (M)dM; the
average numbeyr of galaxies of absolute magnitude in the range M to M + dM
per MPC_3. In principle this is easy to estimate for a fair magnitude
limited sample with complete redshift information. Assuming spatial homo-
geneity one estimates absolute magnitudes for each object using redshifts
as distance indicators and then, binning the data in M, ohe calculates
the average distance for each bin that galaxies can be seen to at the
limiting magnitude of the survey. Dividing through the number absolute
magnitude distribution dNo(M) by the respective volumes of space V(M) gives
the differential luminosity function for the sample. In practiceythough,
apart from the problem of inhomogeneities, there are a number of complica-
tions in applying this 'basic' estimator (BE) to the AARS.

(1) The sample is deep enough for K dimming and curvature to be

significant.

(2) Since the magnitudes are binned finitely, the volume at which

a galaxy can be seen varies considerably over the width of the

magnitude bin.
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(3) The limiting magnitude m varies slightly between fields.

1im
Problem (1) is complicated by the fact that K corrections vary
for different galaxy types and the volume corrections in (2) also depends
on the morphology of galaxies through the K correction.
To deal with (1) and (2) we may proceed as follows

We first calculate the absolute magnitude for a given galaxy of

apparent magnitude M by the formula

M = m- 5.0 loglo ( 95‘) - 25 - (K + 1.086(1l-g,))z (4.1)

which includes first oxrder K and . curvabture corrections. This equation

is then inverted by a simple iterative procedure to estimate, for this

particular galaxy, the redshift z to which it is visible at m_,
max lim

The corresponding volume V ax is given to first order in g as
m o]

3 3 :
)y (1 - 3-(1 +q) z ) (4.2)

<
1

Wi o
a

max

where @ is the solid angle of the field.

The quantity is then taken as the contribution from that

v
max

galaxy to the total differential luminosity function in the bin M, M + dM.
Since the galaxies in the fields with brighter magnitude limits (point 3)
would contribute proportionately moxe to the luminosity function, because
the volumes are smaller, each contribution is weighted by the factor
1029 Miim

To estimate eqn 4.1 and eqn 4.2 for each galaxy, the following
K corrections are adopted from Pence (76) - E/S¢ : 4.3 and from Ellis (81)
- SAB: 3.5 SBC: 2.35 SCD: 1.95 SDM/IM: l.2. For any remaining galaxies
a mean of 3.0 is adopted. The deceleration parameter qo is highly uncertain
but a figure of 9, = 0.05 is adopted, which with A= O corrcsponds to

= 0.14 perhaps the most popular value in recent years, (e.g. Cott and

Turner, 76).



Fig. 4.1 shows the estimates of ¢ (M) (in bins of 0.2 in M) as
filled circles. The histogram at the foot of the figure shows the
observed counts dNO(M) that contribute to ¢(M). Galaxies fainter than
around -17.0 are not shown because both dNO(M) and Vmax are small here
making ¢ (M) unstable. At bright magnitudes ¢ (M) falls off sharply apart
from two very bright objects (not shown) with M < -22.0. Schecter (76)
has noted in rich clusters that such discrepant objects are often massive
CD galaxies that may deviate from the general distribution because of
dynamical processes acting in clusters (Ostriker and Tremaine, 76). In
our case one of the galaxies (GSF¢$¢5 with M = -22.5) is an SC with a peculiar
arm and the other (GSA¢¢4 with M = -23.7) is an S¢ which, from visual exam-
ination, looks suspiciously small for its apparent magnitude of 14.41.

Both are ignored in the subsequent analyses in this section.

Finally, Fig 4.2 shows ¢ (M) estimated separately from the two
fields in the north and three fields in the south (shown as filled squares
and circles respectively). We see the agreement between the two sub-
samples is surprisingiy good, especially at bright magnitudes.

The other estimates on this figure and Figure 4.1 are discussed

in part 3.

4.2.2 The VV Test
max
The v v test has been discussed by several authors (e.g. Schmidt,68)
max

and provides an elegant alternative to the number magnitude counts to test
a redshift sample for sampling fluctuations due to inhomogeneities or test
for possible observational errors in the catalogue.

Defining V as the volume enclosed by_a given galaxy at redshift z

can be estimated

and z as before (eqns. 4.1 and 4.2), the mean
max nax
for the AARS and compared to the value of 0.5 expected if galaxies are

homogeneously distributed.
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. \
Figures 4.3a, and b show the mean 7 for each of the three
max

southern dand two northern fields separately as a function of limiting

magnitude.

We see that fouf of the five fields at BJ > 16.0 have

max
systematically > 0.5, the total for the sample being 0.53 at the

limiting macgnitude ; all rather larger than the expected value of 0.5.
However, similar deviations have recently been found in the larger CfA
catalogue where Davis and Huchra (82) find A 0.55 from galaxies in

v max
the north and v in the south.

max
As a test for the expected fluctuations due to clustering, the set

of 40 clustered simulated catalogues discussed in Chapter 3.7 were analysed

in the same manner as the data, the mean and standard deviations being
v

= 0.5 + 0.05.
max

Although the simulations suggest the observed %—— results from

max
the AARS is not unreasonable, we still need to consider the possibility

that observational errors in the catalogue are responsible for the system-

atically high values of seen in four of the fields. One possibility

nax
is that random errors in the magnitudes at the limiting magnitude tend to

bring in faint galaxies into the survey, these objects having high v

. max
However, for this to be responsible for the observed effect the random

errors would have to be much larger than impligd from the discussion in
Chapter 3.4. Similarly, the most plausible systematic eirors such as in-
completeness at the \imit or an isophotal effect at faint magnitudes
would tend to lower §Y-, since the fainter galaxies with high v

max max
would tend to be missed.

The remaining possibility is that the K corrections have been
substantially over-estimated or else are partly cancelled by luminosity
\4 .
evolution. Some evidence for this may come from the —— estimates for
max

around the hundred E and S¢ galaxies whose mean is 0.57, suggesting these

galaxies were brighter in the past. However, larger samples are necessary
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to test whether this result is significant or not.,

Some evidence, though, that such effects are not significantly

responsible for the high Vy»- estimates for the total sample comes
max °

from the fact that the values of in Figs 4.3a and 4.3b are high

v
max

at B = 16.0 where K corrections etc. have much less influence. Also

L
the effect of raising qo (as might be the casge if Q@ ~ 1) would tend to
cancel an over-estimate of K corrections or under-estimate of evolutionary

effects.

Thus, for the present, we may conclude the %—- test probably
' max
indicates some evidence for slight departures from overall homogeneity

in the AARS that may affect the LF estimate in ?art 1 above.

4.2,3 Maximum Likelihcod Estimator (MLE)

The redshift histograms presented in Chapter 3.6 for the AARS
fields provide strong evidence for the clustering of galaxies at small
scales. Evidence for slight departures from homogeneity at larger scales

found for the

come from the systematically high estimates of
max
sample in Part 2. As KOS (79) point out, if homogeneity is assumed in the
estimate .of -the luminosity function, the presence of clustering will dis-
tort its true shape, especially at the faint end, because faint galaxies
féfe only visible in small volumes where the fluctuations from homogeneity
are larger. To allow for this and dropping the absolute normalisation of
the luminosity fﬁgction, these authors considered a method that can still
determine the overall shape of the function in the preéence of inhomogeneities.
Beélow is discussed a vériant of this method suggested to the author
by P.J.E.Peebles,
| Galaxies in the sample are binned into a fine two dimensional mesh
nij in absgolute magnitude i ana redshift J; The mean nunbe? of galaxies
n expected in a given bin is <nij> = ¢i pJ ¢ where ¢i is the diffexrential

IF and p., is the absolute number density of galaxies at that redshift bin
J

multiplied by the appropriate volume element across the field.
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From poisson statistics we get the probability of seeing the
~ -fi

. . n - ne
observed number n, , in a bin as P = n -—
iJ n

n!
Multiplying the probabilities from all the bins together one

can form a likelihood function

\ s C 1 9L 1 3L
Taking the natural logarithm L = ln . and maximising :0 = — —= = = 24
9 g 9 TR T
gives two equations
"y
A "1
s T/ n, (4.3)
i
e ¢i
i
and n
J n
. Y (4.4)
SRR
g /
L. ) pJ
J

where the sums ni and nJ (because of the selection of galaxies by apparent
magnitude) are functions of J and 1 respectively.

To solve for ¢i one puts in a trial function ¢io in egn. 4.3 and
estimates OJO' which is then inserted in eqn. 4.4 to get the first solution

the iteration continuing until a stable solution is found.

¢il ;
This method can be understood by thinking of pJO as the first

estimate of the absolute mass within a redshift bin which tries to allow

for inhomogeneities in the next estimate of ¢i, the procedure continuing

until a consistent balance is reached. Alternatively for a given redshift

bin J, niJ can be considered as the LF of a group at that redshift which is
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then ensembled with all the other LFs in an optimal way (Turner and
Gott, 76) ; taking into account the variation in magnitude range at
different redshifts.

To estimate ¢i for the AARS by egns. 4.3 and 4.4 we still have
problems 1-3 discussed in Part 1.

To reduce the effect of (2), small 0.1 bins in M are considered
with the redshift bins chosen to correspond to the distances at which
the various magnitude bins are complete to (i.e. a one to one correspondence).
To estimate the magnitudes and completeness distances egn. 4.1 is used,
however as the volumes are not specificauﬁ_ calculated egn. 4.2 is not
required.

Since the K corrections vary from type to type and the field limits
also vary one ends up with different arrays in i and J for different morph-
ological types and fields. Although the J bins in the respective arrays
correspond to different distances, provided the limits ni and nJ are chosen
to agree, one can combine them to solve for ¢i for the total sample. The
only assumptions here are that the forms of the LF and clustering properties
are identical for different galaxy types (both of which are not true in
detail).

Once the total matrix niJ is calculated, the estimate ¢i0 from the
basic method in Part 1 is used to start the iteration in egns. 4.3 and 4.4,
which converges to give ¢i in four or five cycles. Putting in very different
starting forms ¢iO give exactly the same results suggesting the iteration
procedure is quite stable.

The results for ¢i binned in 0.2 magnitude intervals are plotted
as crosses in Fig 4.1. For comparison with the basic method, the normalisa--
tion (which is arbitrary here) has been adjusted so the results agree -around
-19.5, where the LF is probably best defined.

We see that, although both agree fairly well, there is some systematic

disagreement especially at the bright end where it may be expected the agree-
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ment should be at its best. One possible reason for the discrepancy is
that, although the iteration itself is stable when ¢i is small, pJ at
large distances may become unstable,’making the bright end of ¢i uncertain.
On the otherhand the §y- studies in Part 2 suggest that at small red-
shifts the sample mightmgz slightly underdense relative to the deeper
volumes* so that we might expect the basic estimator would overestimate
the proportion of bright galaxies to faint, as appears to be the case here.
This suggests the MLE gives a more reliable estimate of the LF than the BE.

The results for the north and south subsamples (open squares and
circles respectively) are shown in Fig 4.2. As with the full sample we
see some systematic deviations between the estimators at bright magnitudes.
Comparison with the two MLE estimates, though are in good agreement at these
magnitudes.

Finally, before going on to fit the two estimates in Fig 4.1 with
functional forms, it is interesting to compare this MLE with the algorithm
discussed by KOS (79). These authors compared the ratio of the number of

galaxies dN in an interval dM with the total number of galaxies brighter

than M (N & M) within the volume that M is visible to. The ratio is

dN

Wew d (#n § (M) ) ; i.e. the derivative of the logarithm

of the integral LF. Since at faint M the volumes are small and at bright

M the numbers brighter become small, the results are likely to be more
unstable at either end than the MLE which makes better use of the dafa,
using all galaxies within all volumes to provide information on the shape of

the LF at a given M.

* In the next chapter we discuss the density fluctuations QJ in the sample

together with the number redshift distributions in more detail.
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4.2.4 Pitting to the Binned Estimates

It has been customary to represent observed LFs by analytic forms
both for comparison purposes and applications in various branches of
cosmology. Abell (62) considered fitting cluster integral LFs by a two
powerlaw model that joined at M;., the differential form thus having a
sharp 'spike' at M; that may actually be avreal feature in ¢(M) in some
clusters. More recently Schecter (76) has fitted a smoother form both
in clusters and the 'field' that he claims give a fairly good representa-
tion to both.

The usual differential Schecter form is given in terms of

luminosities
T
L * LT L L .
b Hpa ) =4 et &) a®) (4.5)
S * x
L L L L
In terms of magnitudes this is
Ts
% L OQ'I‘ 1 - Ew
¢_(mam = ¢ (0.4 1nlo) (=) e am (4.6)
L)i

where L - 1
L*

*
OO.4(M' ~M)

As with the Bbell form this function involves a characteristic
magnitude M* and at faint magnitudes corresponds to a powerlaw slope,
however at bright magnitudes the fall off is exponential rather than power-
law. Also the two slopes, unlike the Abell function, cannot be fixed
separately but are adjusted to fit through ‘¢*,_M* and «. As these para-
meters are highly correlated it is important to understand the errors
associated with any best fit.

Since in an apparent magnitude limited sample the observed numbers

contributing to ¢ (M) are the number magnitude counts dNO(M) it seems
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reasonable to fit these rather than the volume corrected function ¢(M).
This procedure was followed by Schecter (76) to fit a nearby survey of

field galaxies. Calculating dNO(M) for the sample he fitted

an_ (M) = ¢S(M) Vo (M) dM (4.7)
where ¢S(M) is egn.4.5 and VF(M) is the analytic form of the mean volume
correction for a given M. Since Schecter was using large bin sizes
(dM = 1) he then corrected Vf(M) by a factor calculated from its second
derivative with M. As discussed in Part 1, the problem here is that V(M)
itself varies over a finite bin in M and in the AARS this depends on qo
and K corrections that depend on galaxy morphology. Since the correction to
VF(M) involves a second dexivative of vV(M', qO, K), an easier approach is
adopted.

The two estimates of ¢ (M) in Fig 4.1 are divided through by the
observed solid histogram dNO(M), to give what is a smooth estimate of
V(M) for each in which is éontained the mix of types etc. The functions
are then used in eqn. 4.7 with egn. 4.6 (ignoring the correction for bin
size), the best fitting A and M* (and ¢*), for each estimate of ¢ (M)

being then calculated by minimising the quantity

2
(aN . ~ an_.) .
¢2 =7 oi FL (4.8)
1 0?
i

. 2 \
The errors here are assumed to be poisson zo that Oi = dNFi, which seems

reasonable under the assumption of spatial homogeneity. While in the case
of the MLE the points in the estimate of @(M) arenot independent, since
most of the noise probably comes from the observed counts dNo(M)(which

should be independent), this weighting scheme may not be a bad approximation.
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The results are shown in Fig 4.4 which shows the two estimates and
fits with the filled circles and solid line corresponding to the BE and the
crosses and dashed curve to the MILE. The bins in M here are 0.4 to ensure
sufficient counts (n > 5) for the w;in fits, which have been calculated
between -22 < M < -17.2,

Changing the bin size makes little difference to the best fits
which are M¥ = ~20.34, &« = -1.26 for the basic and -20.02, K = - 1.18 for
the MLEf |

In oxder to calculate the errors and illustrate the interdependence
of parameter estimates, the quantity AS2 = wz - wzmin has been calculated
in A and M* space around the best fitting values above. As Lampton et al (76)
discuss,g’_\s2 can be used to estimate errors for nonlinear fits with highly
correlated parameters. In this case if we perturb one of the parameters
A, M and 4? away from its ¢2 . value, Z§52 is distributed like a ?2

min
with three degrees of freedom.

Taking AS2 = ¢§ (Lo) = 3.5, Fig 4.5 shows what should be a
reasonable approximation to the one sigma error contour in M*, A  space
for both the BE (solid contour) and the MLE (dashed contour). The best
fitting values are shown as a filled circle and a cross respectively. The
1 ¢ erroxs d M*int and d dint for M* and A from Fig 4.5 are in Table 4.;
along with the best fitting parameters above for the two estimators. Also
shown are the best fitting values of M* for the north and south subsamples
in Fig. 4.2 with oA constrained to be -1.0.

In Part 6 we check these error estimates are reasonable using
simulated catalogues. Discussion of Fig 4.5 and Table 4.1 is postponed

until after discussing the final estimator, plotted as the dotted contour

on Fig. 4.5.
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TABLE 4.1;_

AARS Schecter Fits

* x *
Method | -M - am .. ad . - (A=-1.0)] P(3) |-M Noxth —y  South
| int A=-1.0 A= -1.0
BE . 20.34 1.26 0.18 0.12 20.03 40 19.94 --20.08
MLE | 20.02 1.18 0.13 0.12 19.86 80 19.90 19.78
MLF | 19.78 1.04 0.14 0.17 19.74 96 19.76 19.76
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4.2.5 Maximum Likelihood Fitting Method (MLF)

At this point we consider another maximum likelihood method
discussed by Sandage et al (79) that can be used to provide a further
estimate of M* and # for the sample without the need for binning the
data or the requirement of spatial homogeneity. Like the MLE, though it
does assume the LF, clustering and morphology of galaxies are uncorrelated.

Assuming galaxies are drawn from a Schectexr LF, ¢S(M) one can ask
what is the probability Pi that a particular galaxy i at redshift'zi has

on absolute magnitude M. One can write this probability as

¢ (M)
1

S

i Mi(zi)
J ¢S(M) dm

—00

where Mi is the observed absolute magnitude and M(zi) is the faintest
absolute magnitude visible at zi atmlim° Multiplying the probabilities,
as in the MLE in Part 3, but over all galaxies;, we can construct a likeli-

hood function t)» = m P,.
; 1
Taking the natural log we get in & = I n (Pi)
i

*
0.4(M -M(Z.,))
1

=I (&+ 1) &L - XL -1 nlTK+1,10 )
. | i
1

*
JA(M -
where Li = 10o ( Mi)

'

*

The objective here is to find the value for A and M for which ¢nd is a
maximum.

To apply to the AARS Mi and M(zi) have been calculated from eqn.4.l
which, maximising for galaxies between -22< M <-17 gives the best Schecter

*

parameters M = -19.78, o= -1.04.

Following Lampton et al (76) again, the quantity AL = Qné\max—zn.év

for n free parameters should be distributed like a wz with n degrees of
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freedom such that AL = %-wzn(B), where B 1is the confidence level. Since
in this case there are two degrees of freedom the one sigma error is
given by AL = %—w22 (lg) = 1.15. The errors from this are in Table 4.1
(along with &\ and M*) and plotted as the remaining contour (dotted) in
Fig 4.5 with the best fits shown as an open circle. Also in Table 4.1
are the results of M* with A = 41.0 for the northern and southern sub-

samples using the MLF method.

4,2.6 Numerical Simulation Tests

In order to test the three estimators and to test the internal
errors from each, the analyses have been repeated on simulated catalogues
in which the real input parameters are known. To do this two sets of
simulations described in Chapter 3.7 were used, each set consisting of 40
catalogues. In the first set the galaxies were homogeneously distributed.
and in the second, clustered about as strongly as seen in the data. The
first set were designed to test the effects of poisson noise on the methodé
and the second to test if the MLE and MLF really have any advantages for
samples with clustering properties like the AARS.

Table 4.2 shows the mean and standard deviations of M* and o
for the basic and MIE for the two sets of simulations. Bins in 0.4 M
were used and like the data the results were not sensitive to this choice.
Also shown are the mean errors 4 Mznt and d'dini calculated individually
from each simulation in the same way as the internal error estimates for
the data.

We see from this table that these latter errors are roughly half
that from the standard deviations dM* and A suggesting the internal errors
are underestimates of the true errors. We also see fér the first set, the
basic estimator gives an unbiased estimate of M* and A with smaller errors

than the MLE. For the clustered set the MLE gives smaller errors, however,

*
in both sets this estimator seems to give slightly bright values of M ,

- L, . . . -



 TARLE 4.2: Simulation Schecter Fits

—% - %* —
Set Method - - am 3
© M 4 dd aM e | A int
Unclustered BE 20.02 1.01 0.18 ©.18 0.08 0.14
Simulations MLE 20.10 0.97 0.25 0.22 0.09 Cc.14
sinput
MLF(M =-19.9) | 19.91 i.0L 0.16 C.16 - -
Clustered BE 20.05 0.99 0.27 0.3C 0.08 0.13
Simulations MLE 20.15 1.0l 0.26 0.23 0.09 0.13
_#input
MLF (M =-19.9) | 19.89 0.98 0.14 0.17 - -
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Efsthathiou (see Efsthathiou et al, 83) has also used similar
simulations to test the MLF. From 40 . clustered catalogues he finds the
method gives an unbiased estimate of M and & with dM = 0.14 and
d& = 0,17, smaller than those from the BE and MLE and in agreement with
the internal error estimates from the data. We may expect the method to
give low errors since the data daes not require binning and the form fitted
is known to have the functional form assigned to the simulations.

4,2.7 Discussion of the Results

Having considerxed the three different estimators of the LF for the
AARS and tested the methods on simulated catalogues we are now in the
position to compare the estimates more fully and decide which is the most
reliable.

Turning back to examine fig 4.5 we see that each of the three contours
from the three estimators are elongated at roughly 45° in the M*,ck plane
showing that M and A are highly correlated. Although the MLE and MLF
best fits just lie within each other 1¢° contour, both differ considerably
from the BE. To compare the estimatoxs more cloSely and because M* and
are so correlated, o4 has been constrained to be & = -1.0 and the best
fitting M* found from the M*, % array of wz values for each method. These
are in Table 4.1 under the column M*o(= —l.O,aloﬁg with the confidence level
(P) on the transformed M* awray from the best fit for each method.

It might be noted at this point that the slope of the contours in

* %
fig 4.5 means the change in M o from the best fitting M is almost

= ~-1.0

identical to the change in < suggesting a simple rule of thumb transform ;

* * .

M =M ~ (o + 1) (4.9)
Although this is used in section 4 to compare the LFs between samples, for
transforms in J as large as for the BE, it appéars to work only moderately

well.
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From Table 4.1 we see the MLE gives an M:=§?Te 0.1 magnitudes
brighter than for the MLF whereas for the BE the difference rises to 0.3.

As noted in Part 3 this discrepancy with the BE can apparently be explained
guite naturally by the slight relative abundance of (bright) galaxies in
the AARS fields at large redshifts.

Turning to the'results in Part 6 we saw that of the three methods,
the MLF gives the most reliable estimate of M* and « (with the smallest
errors) in simulated catalogues clustered about as strongly as the AARS.

One potential source of worry in this method though for the real data is

its sensitivity to the steep bright end slope of the LF. If the bright
galaxies in the ABRS do not fit a schecter function the whole fit may be
upset even though it overall fits the data well. While the goodness of

fit cannot be tested for this method, the MLE allows an examination of the
binned forxrm, unbiased by inhomogeneities, and we see from fig 4.4 the fit to
a schecter form is good at both bright and faint magnitudes. Thus, in this
way, the MLE and MLF are a good compliment to each other.

From this discussion it seems reasonable to take the MLF as the most

*
reliable estimate of M and A for the AARS which for simplicity is taken to

be

A = 1.0 M =-19.75 + 0.17 ‘ | (4.10)

Although this M* is fainter than the MLE by 0.1 the simulations
suggest the fit to the latter estimator is biased to bright magnitudes by
about this factor. Similarly the 0.3 difference between the MLF and BE is
about the same as the 1 ¢ error calculated from the simulations for the
latter. As concluded in Part 2, this suggests the deviations from overall
homogeneity seen in the AARS are not an unlikely fluctuation.

Finally it may be noted the estimates §f M* and A for the North
and South subsamples given in Table 4.1 lie within the errors for each

method, the agreement for the MLF between the two subsamples being remarkable.
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4.3 ANALYSES OF THE KOS CATALOGUE

This section briefly reports on some of the techniques of the last
section applied to the KOS catalogue. This was reanalysed to compare the
results from the two samples using consistent methods and to compare with
the previous analysis by KOS (79).

Although these authors used their data complete to 14.9 for the
luminosity studies, since redshift data exists to fainter magnitudes the
limits used later in their analysis were adopted. These are given in Table
4.3. Using these deeper limits includes another twenty redshift galaxies
at the expense of including another three without redshifts. As before
obscuration was ignored and qO = 0.05 assumed, however the following K
corrections were adopted as more suitable for the KOS J band -

Els¢ : 3.3 SA - SC : 2.2 SCD - 1M : 1.1 and aﬁy others 2.2.
Since the sample is shallower than the AARS, the results are less

dependent on these corrections.

Fig 4.6 shows the mean VV
max
taken together up to 14.9, the total mean for the whole sample being 0.55.

for the northern and southern fields

Particularly striking is the curve for the north with 0.7 > > 0.6,

showing evidence for considerable inhomogeneities at large depﬁﬁxin these
fields.
Fig 4.7 shows the BE (filled circles) and MLE (crosses) fitted with
Schecter forms (solid and dashed curves respectively) between —l7.6< M <-21.6.
Although at bright magnitudes the estimates agree well, at fainter

than -19.0 the MLE is considerably enhanced, consistent with the method

compensating for the relative underdensity of galaxies at small redshifts

suggested by the study. However it should be noted from the dNO(M)

v
max

histogram at the foot of the figure that relatively few galaxies contribute
to the LF at these magnitudes so it is not clear how well the faint end

slope is determined from this sample.



TABLE 4.3:

The KOS Survey

Field

Field Centres |Adopted Numbers to limit Area
limit

A § WBII J o8 Total With Redshifts (deg)*
NP4 112 6 26 47 81 14.9 35 35 14.90
NP5 |13 37 26 56 79 15.2 26 23 13.79
NP6 | 8 27 65 40 35 15.1 30 29 19.58
NP7 | 16 00 41 56 49 14.9 22 19 13.93
SP3 | O 31-29 56 -85 15.0 14 14 13.93
SP4 | O 45-22 00 -84 14.9 15 14 15.76
SP5 | 22 32-20 58 -32 14.8 12 12 15.88
Sp6| 2 59-10 9 ~55 14,95 25 25 15.50
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TABLE 4.4:

KOS Schecter Fits

—M74==—1.66)

| Method % ~-M - d aM ;oo do&nt P (%)
BE 19.88 0.96 0.13 0.19 20.30 << 1
MLE 20.04 1.48 0.22 0.20 20.22 90
MLF ; 20.12 1.66 0.26 0.28 20.12 -
KOS (79) '—19.85 1.34 0.2 0.29 20.17 -

)
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Fig 4.8 corresponds to Fig 4.5 of the AARS with the best fits
and error estimates in Table 4.4 corresponding to the results in Table 4.1.
In this case though, for comparison, the results have been fixed
with 4 = -1.66 which corresponds to the MLF best estimate of K . We see

that, as for the ARARS, M* for the MLE and MLF vary by about 0.1 while the
BE appears to be within 0.2 of M* . However, a glance at Fig 4.8 shows
the BE lies well outside the 1 ¢ contour for the MLF and the significance
levels in Table 4.4 shows the fit is a very poor approximation to the
original basic estimate fit. Transforming M*BE instead by eqn. 4.9 increases
the difference to 0.43.

Also shown in Table 4.4 is the KOS (79) estimate and quoted errors
transformed by eqn. 4.9 to A = ~1.66. Although the transformation agrees
well with M*MLF' when the obscuration correction factor of 0.17 cosec b.
assumed by KOS is allowed for, the difference amounts to 0.2. However,
allowing for the K corrections assumed in the MLF will reduce this to about
0.1, bringing the two estimates in reasonable agreement.

In the remainder of this thesis it will be normally assumed, like

the AARS, the best estimate of the LF for the KOS survey comes from the

MLF Schecter parameters

*
A =-1.66 M = -20.12 (4.11)

in the JKOS system.

4.4 COMPARISON OF LUMINOSITY FUNCTIONS

It is of interest to compare the Schecter representations fitted to
the AAT and KOS data in this chapter with Schecter fits to galaxy luminosity
functions estimated from other samples.

The resultant fits from several such estimates are given in Table 4.5

along with appropriate references and brief information on the catalogue.



TABLE 4.5:

Comparison of Schecter Fits.

Survey Comments - -M*PUB; _M*PDS ! —M*CORR OBSC Survey Referances
. Size

1 AARS INHOM CORR 1.0 19.75 19.75 19.75 - 300 Chapter 4.2

2 XCS INHOM CORR 1.66 20.12 19.674 i9.01 - 170 Chapter 4.3

3 HUCHRA | SOUTHERN 1.0 19.0 19.216 19.21 - 120 Davis et al (78)

4 RSA INHOM CORR 1.03 19.2 19.137 19.10 - 1200 Tammann et al (79)

5 SRC INHOM CORR 1.02 19.5 19.477 19.25 0.2 400 KOS (79)

6 RC B(0)<11.75 1.25 19.1 19.316 18.94 0.12 185 Schecter (76)

7 cfAa NO INFALL 1.5 19.5 l9.7l5 19.21 - 2400 Davis & Huchra (82)

8 cfa iINFALL 1.3 719.4 l9.6l5 19.31 - 2400 Davis & Huchra (82)

S CfA %INHOM CORR 0.9 19.2 19.415 19.51 - 1846 Davis & Huchra (82)
10 GROUPS . 1.0 19.35 19.565 19.56 - 63 groups . Turner & Gott (76)
?ll CLUSTERSiOEMLER (74) 1.25 19.1 19.316 18.94 0.12 13 clusters Schecter (76)

I
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*
The published & and Meoye (for H = 100 km/sec/MPC) for each are given

*

*
with M PDS referring to M transformed into the JPDS (BJ) system by the

corresponding transforms in Table 3.2, the numbers alongside referring to

the corresponding transforms in that table. Moxe details of the transforms
. . . . * . *

are given in Appendix A. Since K and M are highly correlated M PDS has

*
been converted to M corr by the simple transform of egqn. 4.9, in each case

*
A being fixed to =-1, Also included in M c is a transform to zero

orr
obscuration that subtracts the observers assumed obscuration (if any) at
the galactic poles. Since a cosec B law is normally assumed this will be
a slight underestimate of the true correction.

*

Comparing M corr for the eleven estimates in Table 4.5 one quickly

*
sees that the value M corr found for the AARS in Section 2 is the brightest

of all the estimates and in all but two cases the difference amounts to a
factor of 0.4 magnitudes or larger.

The most obvious explanation for this discrepancy is that the AARS
result is due to a statistical fluctuation in the sample or else some bias
has occurred in the estimation or fitting procedure. However, the thorough
discussion in section 2 has shown that, although the estimate does depend
on the technique used, the two most sophisticated methods that do not require
the assumption of spatial homogeneity give very similar Schecter forms despite
different weighting schemes in the fitting procedﬁre. ‘Also the results from
the simulations show the adopted method should give an unbiased estimate of
the LF in the presence of inhomogeneities with.the expected errors in M* and

°<-, much lower than the half magnitude or so needed to account for the
discrepancy with other samples. This is borne out by the good agreement in

*

M for the northern and southern subsamples studied separately.

A= -1.0
The remaining possible reasons for uncertainties in the AARS estimate
are serious errors in the magnitudes (or transforms) or at the large depth

of the sample luminosity evolution or some other effect may 'brighten' galaxies

at large redshifts, cancelling the efféct of K dimming. The first possibility
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may be suggested by the comparison of the AAT and KOS systems in Chapter

3.4 where a systematic error appears to be occurring at magnitudes fainter
than JPDS = 16.5 in the sense of the Jst magnitudes being too faint.
However, as well as this effect being in the wrong sense to account for

the discrepancy, as discussed in Section 4 support for the JPDS measurements
at these magnitudes come from the reasonable agreement with the cosmos
magnitudes. In this case and the KOS comparison the observed offset between
the systems are also in reasonable agreement with that expected theoretically

suggesting the transforms used between the systems are consistent.

The second possibility of luminosity evolution was discussed in

)

Section 2 as a possible explanation for the high for the sample.

Although this may be suggested by the particularlymiigh v for the early
* max

type galaxies, to make M even 0.3 fainter would require that the luminosity

evolution cancel the K correction q} 3Z for all galaxies, which seems un-

reasonable.

Although these latter two possibilities discussed above appear an
unlikely explanation for the discrepancy, as a test the magnitude limit for
the sample was cut to 16.0. At this limit the JPDS magnitudes agree (within
a constant) with the comparison with the KOS system and at these magnitudes
. the effect of K corrections is much reduced. Repeating the LF estimates
in Section 2 it is found the Schecter fits are essentially unchanged although
the fluctuations are larger in the much reduced sample.

Having discussed the possible sources of error in the AARS studies
it seems reasonable now to discuss the other entries in Table 4.5 one by one.

Starting at entry 2 we see that almost the largest discrepancy with
the AARS comes from the most comparable sample, the KOS survey. The difference
(0.7% magnitudes) is all the more surprising sinée the Schecter fit here was
estimated in Section 3 in the same way as the AARS and also because the

transform between the magnitude systems was calculated empirically in

Chapter 3.4. As noted in Section 3 though, the comparisons between the
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samples is not simple because the value of A for the KOS sample is so

negative and transforming to ol = -1 gives a poor fit to the data.

Indeed from Table 4.5 we see K Ffor this sample is lower than all the

other entries and is responsible for the particularly faint M*corr here.

As discussed in Section 3, the faint end slope is determined by very few
galaxies and it may take only a modest increase in sample size to dramatically
change & . Ignoring the effects of inhomogeneities and using M* from the

basic method in Section 3 (which gives a similar fit at bright magnitudes

to the MLF) we find the fitted slope & quite close to -l. and M*corr= ~19.47" ;
in much better agreement with the AARS.

Turning to magnitudes, we saw in Chapter 3.4 that at JKOS < 15.5
the available magnitudes are in reasonable agreement with the expected trans-
formed JfDS measurements. However, not discussed by KOS (78) is the possibility
that the brighter magnitudes are saturated, leading to magnitudes that are
too faint.

Entries 3-6 are several estimates of the LF from local catalogues using
often incomplete velocity information. Since the catalogues are based on
similar data the estimates cannot be considered independent.

Although these studies have normally removed the area around the
Virgo centre, local inhomogeneities may still tend to enhance the faint end
of the LF, relative to the bright end, making A too low and MZorr too faint. -
While the estimates from the RSA and SRC do allow for this, none of the stﬁdies
have used a correction for Virgocentric flow which may considerably 'brighteh'
the galaxies around Virgo by increasing the calculated distances. Indeed
recent work by Efsthathiou (private communication) suggest an infall velocity
of 300 km/sec towards Virgo will brighten M*corr by about 0.2 for B < 12.5.

Entries 7-9 refer to preliminary estimates of ¢ and M* from the

deeper and better controlled CfA that goes to BZ = 14,5, The first two entries

here were estimated assuming spatial homogeneity but with a Virgo infall
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velocity of O and 300 km/sec respectively. We see the latter correction

*
at this depth brightens M corr by about 0.1. The small values of «  from

or
these two estimates indicate the effect of local inhomogeneities on the

faint end of the LF which can also be seen in North/South variations in

their data. The effect of inhomogeneities was allowed for in entry 9 and,
although no infall was included, this is perhaps the most representative
value of MZorr for this sample. We see that this estimate is just 0.24%
magnitudes fainter than for the AARS and if an infall of 300 km/sec were
included the discrepancy would probably be reduced to~0.15. If the infall

was higher still or obscuration was significantly affecting the CfA at low
galactic latitudes, the entire difference could be removed between the CfA
and AARS estimates. Although this appears good support for the bright values
of M* for the AARS it should be remembered that at the fainter magnitudes

the CfA rests on the Zwicky system that may contain large random or systematic
errors (Huchra, 76).

fhe final two entries in Table 4.5 come from studies of groups and
clusters. The first is based on a group detection study using incomplete
redshift information which, as the authors discuss, may suffer from unknown
biases. In particular, as Felten (77) discusses, the selection process may
tend to pick up groups with the brightest galaxy considerably brighter than
.the fainter membersf Thus the reasonable agreement of M*corr here witﬁ that
from the AARS should not be given much weight.

The other sample comes from a composite luminosity distribution
constructed from 13 of Oemler's cluster distributions, transformed by'Schecfer
from the J0§r¥§tem to B(0) magnitudes, and fitted by a Schecter function.

We see that M*corr for the clusters is in good agreement with the results
from the local samples which Scﬁecter (76) argues is good evidence for both
being drawn from the same distribution. However, 'by eye' comparisons of
the 1FS from Godwin's clusters (Godwin, 76) with the AARS estimates in

Section 2, suggest this data at least (although not fitted with Schecter forms)
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is consistent with the 'field' estimates from the AARS. 1In any case,
it should be remembered that any differences implied by the present
observations may Jjust reflect differences in the mix of morphological
types found in and outside rich clusters.

Despite the large amount of data from clusters there are still un-
certainties associated with these studies where, unless redshifts are
available, the faint end slope can be enhanced by background galaxies.
Although their contribution is normally subtracted statistically, for
clusters at faint magnitudes the correction factor is large. While the
faint end slope for field samples may also be uncertain because of the
small volumes sampled and the cluster studies do not require such a volume
correction, the cluster distributions still need to be ensembled in a way
that allows for the different magnitude range sampled at different redshifts.
Having to ensemble the data taking this into account tends to reduce the
advantage gained by the large numbers of individual galaxies contributing
to these studies.

4.5 THE MEAN LUMINOSITY DENSITY

One further luminosity study is to estimate the mean luminosity
density pL of the universe. As Felten (77) discusses the calculation of
total spectral luminosities is a noﬁ—trivial problem that requires total
magnitudes, the absolute normalisation and shape of the LF as well as allowance
for other corrections. Thus a sample like the AARS based on an isophotal
magnitude system is not ideal for such studies. Nevertheless, it is still
instructive to é%timate pL'PDS and examine the relative contributions to

it from galaxies of different luminosities.

Assuming spatial homogeneity in the AARS one can follow a method
L,

similar to that in Section 2.1 and calculate pL = I over all

,PDS . V
O @

galaxies where Li = 1 and M and Vhéx are calculated from eqns.
4.1 and 4.2. Here J@ is the absolute magnitude of the sun in the BJ band
which, from egn. 1 in Appendix A and <B ~V> = 0.6 and B@ = 5,48, Allen(73),

is J = 5.34.
V]
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Fig 4.9 shows the contribution to pL from different magnitude
bins for galaxies brighter than -16.4. We see the function is bellshaped
with v 80% of the light coming from galaxies with M< -18.5 that have a
space density of ~ 0.0l MPC~3.

Table 4.6 shows the estimates of pL,PDS for individual fields with
M< -16.4,the total for the sample being 1.06 + 0.1 x 108 L@ MPC"3. Also in
the table are estimates that include the fainter galaxies, the larger total :.
1.38 + 0.25 x 108 L@ MPC—3 suggesting these galaxies may make a non-negligible
contribution to the luminosity density. However the larger error here
reflects the uncertain behaviour of the LF at faint magnitudes discussed in
Section 2.1,

Dropping the assumption of spatial homogeneity one can estimate
pL,PDS using the LF parameters o« and M* adopted in Section 2.7. The
luminosity density of galaxies, integrating to infinitely faint galaxies,
is then given by the integral over the LF

oo

1
S
*
N
+
'_.I

*
¢ L T(dA+2) (4.12)
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In the next chapter from the deep counts to BJ = 17.0 we find ¢ = 0.012

, . * _ , L xx 8 -3
which with M = -19.75 and o = -1.0 gives Py, ppS =¢ L = 1.3 x 10" L_MPC .
Since these figures'refer to the luminosity density from sources within the
isophotes they are likely to be underestimates of the total pL in the BJ band.

Transforming to total BJ by egqn. 8, Table 3.2 we find,

1 8 - 3 .
pL,BJ = 1.65 x 10 LO MPC (4.13)

. 8 .
This value is rather lower than the figure 1.9 x 10 LO MPC 3 found

: 8

by KOS (79) for their sample but considerably larger than LB =1,1 x 10
found recently from the CfA catalogue (Davis and Huchra, 82) . However, since

the latter is not based on a total magnitude system, the difference is not

unexpected.
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TABLE 4.6: Luminosity Density for the AARS

Field For M < - 16.4 All Magnitudes
8 3 8 3.0
o (10" 1. /MPCT) Numbers o (lo” 1, /MPCT) Numbers
L ® L ©

S R,
GSA 1.10 72 - 1.20 74
GSD 1.04 62 1.04 62
GSF 0.70 40 2.49 50
GNA 1.36 68 1.36 68
GNB f 1.12 67 1.18 68
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In addition to correction for the isophote, corrections should
also be made for internal absorption and inclination in spirals (Tinsley
and Donly, 80) and absorption in oﬁr own galaxy. As discussed later in
Chapter 5, there is also some indication that ¢* " . (even to BJ = 17.0)
in the AARS fields is rather lower than for the universe as a whole.

Finally it should be noted that if o were to be g -2 the integral
in egn. 4.12 diverges. Although the discussion in the Section 4 suggests

A= -1.0 fits most of the data including the RAARS, we still need to consider

the possibility that much of the light comes from the very faintest galaxies
that are poorly represented in magnitude limited samples and hard to dist-
inguish from background galaxies in normal cluster studies.

A clue to the behaviour at the faint end of the LF comes from the
work of Jones and Jones (80) who measured redshifts of faint galaxies in
the nearby Fornax cluster to determine the distribution in absolute magni-
tude of member galaxies. They found that down to magnitudes of about -15.0
a slope of A > ~1.0, the numbers of galaxies per bin at the faintest limits
actually falling with increasing magnitude. Similar conclusions have come
from the studies of Tammann and Kran (77) who have shown that the large numbers
of detectable faint galaxies in the local group and other nearby groups
contribute little to their total luminosity. Thus it seems likely that most
of the light is contained in bright galaxies sélectéd in apparent magﬁitude
limited samples and fig 4.9 is a reasonable representation of the total contri-
bution to Py, for the AARS. | '

4.6 SUMMARY AND CONCLUSIONS

The analyses in this chapter has indicated that considerable care is
needed with the estimate of the LF from redshift samples and in the fitting
of the rather inflexible Schecter function.

The poor agreement of M* from the AARS with previous studies of shallow
catalogues may be partly due to the fact that these studies have often ignored

the effects of inhomogeneities that can strongly distort the shape of the
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luminosity function, as demonstrated by the analysis of the KOS sample in
Section 3. Indeed comparison with the preliminary estimates from the large
CfA, when inhomeogeneities and Virgo infall is accounted for, indicate better
agreement with the AARS than with other samples.

Although not touched on in this thesis, the AARS is nearly large
enocugh to make reliable estimates of the LF for galaxies of different
morphological types. The larger CfA will be more usefult%ere, the estimates
perhaps allowing a fairer comparison of the LF found in rich clusters with
field samples containing early type galaxies,

As indicated in the next chapter, and Chapter 8, the shape of the
LF has important applications forthe interpretation of deep number counters
that can be used to put constraints on models for galaxy evolution and
estimates of qo. Knowledge of its form can also provide non-redshift distance
indicators in clusters and groups (e.g. Schecter and Press,76) for cosmological
studies and to map out the large scale distribution (Cf Kiang and Saslaw, 69)-.
Nearby the LF for the general distribution with redshift information can provide

*
constraints on local non Hubble velocities and the local group infall veloéity
towards Virgo (Yahil et al, 80).

In Chapter 7 we also consider how the number density of bright galaxies
may affect the interpretation of the cosmic virial theorem studies and how
the form of the LF can provide insight into theories of galaxy and cluster

formation.

*
* In this context, the difference between M from the local catalogues and
that found from the AARS and CFA may, by the arguments in section 4, imply
a considerable infall velocity ( > 300 km/sec) of the galaxy towards Virgo.
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CHAPTER FIVE

THE DISTRIBUTION OF GALAXIES

5.1 INTRODUCTION

As well as providing information on the peculiar velocities of
galaxies, redshift samples provide a much more detailed picture of the
distribution of galaxies than from projected catalogues, both in the
projected and radial directions. |

At scales of around 10 MPC and smaller we have already been from

the number distance counts for each field in Chapter 3.6, clear evidence

for the existence of galaxy clusters. The and luminosity studies

in the last chapter also suggest slight deV12:§ons from homogeneity on
scales comparable to the sample depth. In the next chapter we look at
the clustering of galaxies at small and large scales by means of correla-
tion functions estimated using the redshift and angular coordinates.
However, before doing so, in this chapter we discuss other available data
on the distribution of galaxies in the redshift volumes with particular
attention focussed on how representative they may be of the universe.

The first of the two main sections in this chapter looks at the large
scale radial density distributions of galaxies from the observed number
magnitude and redshift counts for the AARS and other catalogues compared
with models. The first of these counts provide a test of the homogeneity
of the sample and comparisons with deeper observations allow a test of the
fairness of the redshift volumes and an absolute normalisation of the LF.
More details of the den'sity gradients come from model number redshift counts
based on the LF estimates in the last chapter. These model counts also
provide a measure of the background density of galaxies needed to estimate
the correlation functions in the next chapter.

In the second half of this chapter are presented plots of the galaxy

distributions in projection and redshift space that allow a clearer view
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of the details of the clustering at small scales and also provide a
gualitative impression of the magnitudes of the typical peculiar velocities
of galaxies.

Finally, the results for the chapter are summarised in section 4.

5.2 THE MAGNITUDE AND REDSHIFT DISTRIBUTIONS

To discuss the binned data this section is split into four parts.
In the first two are presented and discussed models for the number magnitude
and redshift data, the results of which are further discussed in part 3 where
conclusions are presented on how representative the AARS fields may be of
the universe as a whole. In the final part we look at an alternative model
for the number redshift distributions that can be used as an alternative
measure of the background number density of galaxies needed to estimate the
correlation functions in the next chapter.

5.2.1 The Number Magnitude Counts

Galaxy counts have long been used to provide information on the radial
density distribution of galaxies and test the overall homogeneity of the
universe (Hubble, 34) without the need for measuring redshifts. More recently
very deep counts (Kron, 78, Tyson and Jarvis, 79) have been used to constréin ’
models of ‘galaxy evolution for galaxies of different morphological type.

For our purposes the counts provide a test of how representative the AARS
volumes are compared with dceper surveys and allow a normalisation of the LF.

As is well known, if galaxies are homogeneously distributed in a
euclidean universe both the differential and integral magnitude counts are

6m, independent of the form of the LF if K corrections

expected to scale as loo'
and evolution are ignored.

Fig 5.1 shows the differential counts per square degree for galaxies
brighter than BJ = 15.0 with the AARS counts shown (with Ffield to field

errors) as crosses. The data beyond 16.5 here comes from the three fields

mentioned in Chapter 3.6 that have complete photometry to BJ = 17.0. The
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model curve (solid line) on the figure, described more fully later, has
been normalised to the integral counts at the limit of the data at 17.0

and has a slope slightly flatter than the scaling discussed above due
mainly to the allowance made for K corrections at these magnitudes. The
filled circles and dashed line on the figure refe; to the recent UKST counts
and associated models discussed in Shanks et al (83a) that have been trans-
formed into the JPDS system by the empirical transform of eqn 2, table 3.2.

We see from figure 5.1 that the agreement between the model and
observations for .the AARS is quite reasonable apart from the data being
slightly under the model at bright magnitudes. This suggests that the
galaxies are reasonably homogeneously distributed in the sampled volumes.
Turning to the UKST counts we see the first two points join on well to the
model for the AARS. However, it is probable that photographic saturation
here makes the data lie below the dashed line which fits the counts beyond
BJ = 18.0 and also fits deeper AAT data presented in Shanks et al (83a).

If these deep counts (which appear to be in reasonable agreement
with other data) are representative of the universe the implication from
fig 5.1 is that the AARS volumes are underdense by a factor of 30% if the
two models are compared at araund BJ = 17.0. However the discrepancy is
reduced slightly if we use the expected theoretical transform between ‘the
two magnitude systems of egn 1 in table 3.2.

A further indication that the galaxy density in the AARS volumes
is lower than average appears to come from the KOS counts, shown on fig 5.1
as open circles, that have been transformed to BJ by the empirical trans-
form eqgqn 4, table 3.2. However, as KOS (79) discuss, considerable enhance-
ments in the four northern fields compared to tﬁe four southern are visible
in their survey that are also seen at BT (n BJ) < 16.0 in the Zwicky counts,
suggesting there may be a large overdensity of galaxies extending over a

large solid angle in the north.



o © x

———

LOG(dN(M)/DEG0-25MAG)

Q

7/
[ ]

AARS /
UKST . s
KOS

AARS MODEL ,

UKST MODEL

FIGURE 5.1:

the AARS and other surveys.

T =

16 B
7

17 18 9

Differential number magnitude counts and model for

The errors on the -

AARS counts come from field to field fluctuations.



] NORTH AARS
o} S0UTH AARS.
m  NORTH KOS o
o SOUTH KOS
— AARS MODEL .0 °
O
U]
<
2
0N
a
o
©
11}
Q
Z
4
z
02
O
t
—-e
[
Q
o
Q
(o]
: 16 17
15 E33
FIGURE 5.2: Differential number macnitude counts and model for

the northern and southern AARS and KOS survey.




81

This can be seen in fig 5.2 which shows the same solid line model
as fig 5.1 along with the AARS and KOS counts (circles and squares), the
filled and open symbols referring to north and south subsamples respectively.

We see from this figure that the north/south difference is particularly
prominent at around BJ = 15.0 in the KOS counts suggesting a supercluster
spanning the northern fields at this depth. Taking M* from egn. 4.10 the
characteristic . distance corresponds to D*¥ = 90 MPC, well beyond the V&rgo
supercluster. Despite considerable fluctuations in the AARS counts between
north and south at these magnitudes, there is no obvious overdensity in the.
north suggesting this feature, if real, is not included in the AARS. In
the next part of this section we discuss how the number redshift counts with
- models can give us a considerably clearer view of the rédial density fluct-
unations in the AARS and KOS volumes.

Before doing so we still need to discuss details of the solid line
model in figs 5.1 and 5.2 that, as well as providing a test for the homo-
geneity of the sample, also allows a normalisation of the LF.

The relation between the integral number counts and galaxy number

density is given by an integral over the LF.
N(gm) = 0 J o(M) V(M) dAM _ (5.1)

vhere V(M) is the volume of space sampled by galaxies brighter than M and
£ is the solid angle of the survey area. Ignoring K corrections and
curvature and using the Schecter function (egn 4.5) this becomes (e.q.
KOS (79))

N(g m) = %— Q p*3 o* F(g— +ol) (5.2)

. +
vhere D* = lOO 2 (-n 25).

Since K corrections are important at BJ =-17.0, a mean K correction
“of 32 was adopted along with qo = 0.05 and V(M) calculated using egns 4.1

and 4.2. Taking the Schecter function with M* and o« from 4.10, egn. 5.1
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was numerically integrated in 0.2 magnitude interxvals in order to provide
a model for the differential counts.

Normalising the observed integral counts at BJ = 17.0 to the model
gave

¢ = 0.012 + 0.00057 (5.3)

the error coming from field to field fluctuations. This value for ¢* was used
to normalise the corresponding model curves for the differential counts

per degm2 in figs 5.1 and 5.2, and was also used in Chapter 4.5 to estimate
the mean luminosity density.

5.2.2 The Number Redshift Counté

A much clearer view of the galaxy distributions in the AARS fields
comes from the number redshift counts rather than the magnitude counts
because redshift is a much better distance indicator than apparent magnitude.
However, to examine the actual density gradients, and in the next chapter the
clustering and velocity statistics, we need an estimate of wi(r) ; that is
the number density of galaxies visible in a particular volume element at
a particular distance in a particular field.

As KOS (79) and Davis and Huchra (82) discuss, in a sample with large
inhomogeneities‘a measure of wi(r) comes from the luminosity function ¢(M)
if, like two of the estimates in Chapter 4, it is calculated by a method
unbiased by clustering.

Following KOS (79), wi(r) can be estimated by introducing a faint
magnitude cutoff MLOW to the integral .LF to allow for the selection of

galaxies by apparent magnitude. This gives
MLOW
wi(r) = ¢ (M) AM

J

-~ 00

*
To compute this for each field of AARS, M and A from egqn 4.10

were assumed, with MLIM calculated from eqgn 4.1. As with the eqn 5.1
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in Part 1, a mean K correction of 3.0 z and q, = 0.05 were adopted in egn
4.1 but the estimate was restricted to the distance range 20-280 MPC. This
is because at small and large redshifts . wi(r) depends on the uncertain
behaviour of ¢(M) at the faint and bright ends respectively.

Like the model curves for dN(m) in Part 1, we still require an
estimate of ¢* to normalise wi(r). One possibility is to use the value in
egqn 5.3 from the integral magnitude counts to BJ = 17.0. However, as
discussed later in Chapter 6.3, to reduce statistical fluctuations in the
correlation functions it is preferable to assume the sampled volumes under
analysis are representative and calculate ¢* accordingly. As Davis and
Huchra (82) discuss though, in an apparent magnitude limited sample there
are several ways to estimate ¢* within a given volume that should all give
equivalent results in a perfectly fair sample but, in practice after varying
degrees of bias versus stability. As these authors discuss, in theory the
most consistent approach is to give equal volumes of space equal weight
when calculating ¢*, rather than weighting to the observed numbers in a
volume. However in practice this gives much more weight to information
from galaxies in distant clusters whose density contrasts are sensitive to

the bright end of the LF. Instead, the more stable approach adopted here,

with that

is to equate the total observed number of redshift galaxies NT

expected in an homogeneous universe assuming a given shape for wi(r). If
homogeneity is assumed the expected number of galaxies visible in a volume-

dv(r) in a given field i is given by

dNiH(r) = Qi wi(r) av(xr) ' (5.4)

where Qi is the solid angle of the field and the volume segments dV(r) are

calculated from egn. 4.2 with 94, = 0.05.

Adding up the contributions in 10 MPC bins between 20 and 280 MPC
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from all fields and equating to NT we get

¢ = 0.0L057 + 0.00074 (5.5)

The slight difference between this value for ¢* and egn 5.3 is due to the
slightly different volumes sampled by the counts at BJ = 17.0 and those
considered here.

Although this normalisation procedure is not really consistent with
the estimation of the shape of ¢(M) (since homogeneity is assumed for the
former) and could be biased by the presence of nearby inhomogeneities
(where faint galaxies dominate ), the general agreement between the observed
counts and the model suggest the procedure is reasonably self consistent .

This can be seen from fig 5.3a which shows the observed ensemble
number distance histogram dlﬂo(r) binned in 20 | MPC intervals together
with the ensemble model curves dNH(r) (egn 5.4) normalised with ¢* from
eqn 5.5. The dashed histogram on the same figure refers to the quantity

*
S(r) = f—fgff?, which is the absolute density in that volume compared with

d NH(r)
the mean for the sample (scale to the right).

We see from this figure that at distances < 200 MPC the data and
model agree well, consistent with overall homogeneity on scales of around
20 MPC. At distances > 200 MPC there appears to be a systematic rise
- of density with distance that is also seen in 3(r) for both the north and
south subsamples shown in figs 5.3b and 5.3c.

This effect was noted in Chaptér 4.2.3 as an explanation of the-
slightly different estimates of ¢ (M) from the basic and MLE methods and
suggest either a real density gradient in the sample (as assumed there) or

a systematic error in the selection function. Some evidence for the former

explanation (for fig ¢ at least) comes from the contributory number counts

* This could also be estimated from the analysis in Chapter 4.2.3 using the
pJ estimates at the appropriate distances divided by the appropriate volume

segments 4dv(xr).
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Figure (a) shows the observed number distance counts
(solid histogram) for the AARS along with a model
based on the integral luminosity function. The

dashed histogram (with scale to the right) is the .
density compared to the mean calculated from the model.

The corresponding densities for the northern and southern

subsamples are in Figs (b) and (c).
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Fig (a) shows the observed number distance counts for the
KOS survey along with models based on the integral luminosity
function from the AARS Schecter fits (solid curve) and the
KOS fits (dashed curve). The cofresgonding densities from
these two models (solid and dashed) compared to the mean

for the northern and southern éubsamples are in Figs (b) and

(c).
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for field GSF shown in fig 3.9c where a large void is quite apparent at

< 180 MPC. The same effect is implied in the V!_ study in Chapter 4.2.2
which does not depend on an assumed LF but only Szguires that the photometry
and K corrections etc. be reliable. It might be noﬁed here that this slight
density gradient would be much enhanced if a more conventional, fainter M* were
were used in the calculation of wi(r) since it would lead to the model d'VH(r)
éurve peaking at smaller redshifts.

In this context it ié interesting to consider corresponding models
for the KOS sample and study the effect on the density distributions of
changes in the assumed LF. Fig 5.4a shows the results of calculating d 1H(z)
(solid curve) in the same way as for the AARS but using M* and &  from

eqn. 4.10 transformed into the J system by egqn. 4 of table 3.2 and

PDS
assuming a mean K correction of 2.2 z. The dashed curve uses the LF para-
meters from the MLF (egn 4.11l) estimated consistently from the sample in
Chapter 4.3. Figs 5.4b and ¢ show estimates of S(r) for the northern and
southern subsamples respectively with the solid and d;shed curves correspond-
ing the selection functions in fig a. |

We see the dashed line in fig a implies large scale inhomogeneities
on scales of the depth of the sample, particularly in the north (fig b)
where the results for §(x) agree well with the corresponding quantity ¢*(R)
shown ih fig 3 of KOS (79). In the south (fig c¢) too there is evidence
for a considerable density gradient that rises with increasing distance.
However, we see that using wi(r) calculated from the AARS .LF . (solid curve)
the fit to the data in fig a is much better and gives rise to a much more
even density field in the south. In the north a considerable overdensity is
still present between 60 and 120 MPC (as implied by the magnitude counts

in fig 5.2) but is considerably reduced from the dashed histogram and the

supercluster here discussed by KOS (79).
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Although this discussion does not imply the soiid curve in fig a
is necessarily nearer the truth, the dashed histograms-in figs b and c¢
do suggest the MLF method discussed in Chapter 4.3 for the KOS sample may,
in certain cases, give unstable results.

5.2.3 The Homogeneity of the AARS

Having presented and discussed models for the number magnitude and
redshift distributions for the AARS and other catalogues, we can ask what
they tell us about the typical scale of density fluctuations in the universe
and ,in turn how representative the AARS may be of a fair sample. As indicated
below though, with the present fairly small samples we can only attempt to
argue from consistency arguments.

Obviously on scales less than 10 MPC prominent galaxy clusters make
the distribution inhomogeneous, however averaged. over larger scales and all
fields the number magnitude counts in fig 5.1 for the AARS suggest galaxies
are fairly homogeneously distributed in these volumes. Indeed from the number
of redshift models in figs 5.3 a-c the scale at which the distribution is
homogeneous may be as low as 20 or 30 MPC. Although here we see some
systematic deviations from homogeneity at distances > 200 MPC, even if the
sample does allow a reliable estimate of Y(r), we might expect statistical
fluctuations to cause the observed counts to deviate from the model at
some level,.

As well as sampling fluctuations causing deviations away from the
shape of the expected number redshift distributions we may also expect the
overall normalisation ¢* to vary from that of a completely representative
sample. Since galaxies are clustered, the uncertainties in ¢* in the sample
will be greater than the square root of the number of galaxies and will
depend more closely on the number of independent clusters in the sample.

The expected fluctuations in the normalisation gg- can be calculated

theoretically (Davis and Huchra, 82) but this involves a complicated integral
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over the selection function and the two point correlation function. A
simpler way is to calculate deviations in N from the simulated catalogues
that were designed to approximately match the observed selection function
and clustering statistics for the sample.

Using the first set of simulations‘described in Chapter 3.7 we find
gg-m 0.15 (5.6), considerably larger than the interfield errors in egn 5.5
but probably a more realistic figure.

Similar values (gg-m 0.1 to 0.2) have recently been proposed for
the northern CfA sample by Davis and Peebles (82) (DP). However, as this
sample has some four times the galaxies and volumes of the AARS it may be
wondered why the expected fluctuations are so similar. One reason is that
DP assumed the clustering of galaxies extends to 20 MPC whereas in the
éimulations of the AARS at scales) I0MPC the distributions are close to
pdisson. Another contributing factor is the roughly spherical and relatively
shallow limits of the CfA . will tend to increase the statistical fluct-
uations in the number of clusters present especially if coherent structures
exists on scales comparable to the sample depth (as DP assumed in their
calculation). Indeed, as noted in Chapter 1.4, considerable large scale
structure is evident in the projected Zwicky catalogue at these magnitudes'
and in the observed number redshifts distributions for the CfA that are poorer
fits to the model counts (Davis and Huchra, 82) than seen in fig 5.3 for the -
AARS. In turn this may mean at large scales the deep AARS fields are more
representative of the universe than the larger but shallower CfA.

Of course if real structure does exist on scales >> 10 MPC the
estimates of ég— in (5.6) for the AARS may be gross underestimates, in which
case we come back to the problem of how representative the sampie is. Indedd

we might even expect to see parts of the same coherent structure appearing

in different well separated fields.
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Some evidence for this appears to come from the number magnitude
and rédshift counts for the KOS survey that show evidence for a huge in-
homogeneity (of which the Coma supercluster seen in the CfA is just a part)
that extends over much of the northern galactic cap. As discussed in
Part 2 though, the density field is very sensitive to the assumed selection
function and we might expect considerable chance fluctuations in such a
small sample.

Further evidence for large correlations between widely spaced fields
has been claimed by KOSS(81) from their extension of the original survey
in three northern fields in smaller but deeper patches. Finding that each
field exhibits a prominent void between 120 and 180 MPC and since each field
is separated by 35° from each other field, these authors have suggested that
this may indicate a real hole in the galaxy distribution in Bdotes of the
order lO6 MPC3 in volume. While some support for considerable overdensities
surrounding this proposed void come from the work of Bahcall and Soneira (82),
recent studies of chosen areas between the fields by seﬁeral observers (e.g.
Sanduleak and Pesch, 82) suggest the void contains siénificant numbers of
galaxies. Also the effect may at least be partly caused by the very narrow
fields considered by KOSS that have widths at their characteristic depth
similar to the correlation length (row 5 MPC)of galaxies. In this way
one tends, in a given distance range, to either sample a cluster or not,
creating the apparent. large voids and sharp clusters seen in each field.
Since there are only three fields there is then a fairly high probability
by chance of these voids appearing at the same place in-each field.

Turning back to the AARS counts, we see from fig 3.1 that the two
northern AARS fields are as near NP4 and NP5 of the KOS sample as these

are to the two other KOS fields, and yet the redshift counts in fig 5.3b

show no evidence for the large density excess between 60 and 120 MPC seen
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in the KOS data (fig 5.4b). Similarly, there is no evidence for the void
between 120 and 180 MPC seen in the KOSS fields that are quite close to
the field GNA. Although in the southern fields, GSF shows a large void
between 20 and 180 MPC, as noted in Chapter 3.6, there is no evidence for
it in the other two southern fields, so that it is evidently not as wide
in angqular extent as it is along the redshift direction.

We see from the data discussed abové, the evidence regarding in-
homogeneities on scales of tens *+ of MPCS is still uncertain. Indeed
there may even exist deviations from homogeneity on still larger scales
that would be hard to detect by comparing small samples as done here. One
might argue that fig 5.1 provides evidence that the nearer volumes of space
may be underdense relative to deeper volumes. However, as discussed in
Part 1, systematic errors in the transforms may be responsible and}'as noted
above, we may expect considerable fluctuations in ¢* for the AARS due to its
small size.

In Chapter 6.3 we discuss how correlation functions for the AARS can
provide more obfdective information on the clustering of galaxies on scales
of tens of MPCS but discuss.how fluctuations in small samples could lead to
small systematic effects at larger scales.

5.2.4 An Alternative Selection Function

In the last part of this section it was argued that the galaxy distri-
bution in the AARS averaged over scales of tens of MPCS appears homogeneous
-and the survey might be reasonably representative of the universe. Although
real structure may exist on these scales and the sample is relatively small,
by going deep in well separated fields one has the maximum chance of fair
sampling. While the CfA has the advantage of sampling larger volumes, the
relative shallowness can increase the chance of statistical fluctuétions as
suggested by the poor fit of the model to the observed number redshift counts.
A similar poor fit is found for the deep KOSS sample where the narrowness of

the fields increase the chance of statistical fluctuations in the redshift counts.
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If the AARS is a good approximation to a fair sample, as suggested
by fig 5.3a, a straightforward estimate of wi(r) comes‘from the observed
counts binned up and fitted by a low order polynomial to reduce fluctuations
from individual clusters.

Since the magnitude limits vary slightly from field to field to
calculate this estimate of wi(r) one should strictly fit all the data complete
to a given magnitude limit separately, combining the results to give smooth
polynomial fits for each field separately. However, an adequate simplifica-
tion is to fit the total AARS counts in 30 MPC bins to a.fourth order poly-
nomial, accommodating the changes in background number density expected in the
different fields by weighting the normalisation of the polynomial by the
factor loo'6 niim’ where mpim is the limiting magnitude of a given field.

The results of this procedure are in fig 5.5 which shows the
observed counts are reasonably smooth when averaged over 30 MPC scales and
the polynomial gives a reasonable and stable fit.

This type of estimator of wi(r) has the possible advantage over that
based on the LF in Part 2 that it would not be affected by errors in-the
magnitudes (such as saturation at bright magnitudes) or K corrections provided
selection is consistent from field to field and spatial homogeneity applies.
The obvious disadvantage is that it throws away information on any large
scale inhomogeneities that the LF provides, so that by fitting the obser?ed
counts one may be eliminating large scale clustering.

In the statistical analyses reported in the next chapter correlation
functions have been estimated from selection functions based on the curves
in fig 5.3a and fig 5.5 between 20 and 280 MPC, divided by the appronriate
volume elements across each field. Since a full relativistic study there
was too complicated to be worthwhile, the actual wi(r) corresponding ﬁo the
curve in fig 5.3 a was re-estimated ignoring curvature in the calculation

of MLOW and the volume elements. Although this is not quite consistent and
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the resulting selection function is slightly different at large distances,
since the resultant corxrelation functions are virtuallyvindistinguishable
from those calculated from fig 5.5 this does not seem to be a worry. Also
discussed in Chapter 6 is a selection function used for a statistical
study of the Huchra catalogue where inhomogeneities on the scale of the
catalogue can strongly affect and possibly invalidate the estimation of
correlation functions.

5.3 PLOTS OF THE GALAXY DISTRIBUTIONS

Although the correlation studies in the next chapter provide
objective measures of the clustering and peculiar velocities of galaxies,
since they are not sensitive to all features that may be preéent in the
data it is instructive to examine the visual appearance of the distribution.
In Part 1 are presented plots of the redshift fields with prominent clusters
picked out by redshift with particular attention devoted to the typicél
peculiar velocities in these regions. In Part 2 plots in redshift space
are discussed and compared with several fields taken from the simulated
catalogues.

5.3.1 Plots in Projection

As with the apparent magnitude counts in each field presented in
fig 3.8, the positions on the sky at fixed apparent magnitude for the AARS
provide little information on the distribution of galaxies in the fields,
this time because the depth means that clusters at different distances are
superimposed on each other. However, with the redshift information we can
eliminate obvious projection effects if we assume at larée redshift separa-
tions peculiar velocities are negligible.

Figs 5.6(a-f) show the five AARS fields and the richest KOS field
NP4 seen on the sky with the redshift distances to the.galaxies marked
(those nearer than 280 MPC) and the most prominent clusters marked with
different symbols. The velocities judged in Chapter 3.5 to have errors

> 50 km/sec are enclosed with circles and the angular scale is in radians
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for easy conversion to projected distances.

The general impression looking at these plots is that the redshift
galaxies are mainly situated in loose groups that themsélves are clustered,
sometimes forming 'stringlike' structures such as seen in GSD in the cluster
at 140 MPC. Even taking into account the selection of gélaxies by apparent
magnitude we see very few well defined and condensed groups with several
bright members of the type detected by Gott and Turner (77b), suitable for
individual virial analysis. In GNB we see a cluster of 30 or so galaxies
in a radius of v 3 MPC which in turn could be split into three or so sub-
groups of four or five galaxies that are surrounded byvthe remaining galaxies.
Although this is the richest association in the sample it is much less
prominent on the sgky than even a poor Abell cluster would appear at a similar
distance in the fie.lds.

This can be crudely seen by using the Abell galaxy cross correlation
statistics considered by Seldner and Peebles (77a) and the selection functioh
estimated for the AARS in section 2.2, In this way one finds that if a
typical Abell cluster lay at a distance of~100 MPC in one of the fields one
would expect to see thirty* or so galaxies within a radius of 1 MPC, well
above that seen in the cluster in GNB. Taking the mean number density of

3 (Peebles, 80a p.300) we find that

such clusters to be nc =4.8 x 10_6 MPC

the average number of such clusters expected in the volumes is around one.
While the plots provide some information on the projected appearance

of the clusters, the redshift difference between close galaxies is likely to

reflect the typical peculiar velocities. Calculating the velocity dispersion

. 2%
for the cluster in GNB discussed above we find <V°>* A~ 400 km/sec, however

Radius

T
<v2>2

as the crossing time (tc N ) is around the age of the universe this

* Due to uncertainties in the assumptions this figure may be uncertain by

a factor of two or more.
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figure is likely to include Hubble expansion velocities. Splitting the
cluster into the three subgroups mentioned above, we find two have

<V2>12 n o 100 km/sec while the third has <V2>% n o 540 km/sec. In GSD one
can split the cluster at 60 MPC into three groups with four or so members
that have an average relative velocity dispersion <V2>1/2 v 220 km/sec, a
similar figure to that found from the dozen or so isolated close pairs of
galaxies seen in the five fields.

In this context is also of interest finally to discuss field NP4
of the KOS sample (Fig 5.6 f) since this field is mainly responsible for
the high velocity dispersion <V2>li v 500 km/sec found statistically for
the sample by Peebles (79). As KOS (78) discuss, this field includes
galaxies in the Coma/Al367 supercluster and contains three or so groups
of galaxies at the supercluster velocity. Particularly prominent in fig £
is a fairly isolated cluster of early type galaxies at 70 MPC that contains
15 possible members within a projected radius of 1 MPC and within 1000 km/sec
of the mean cluster velocity. From the same analysis applied to this cluster
as the one in &GIB, we would expect a typical Abell cluster at this josition
in the KOS fields to show around 25 members within a radius of 1 MPC,
comparable to that seen.

Since the cluster is well isolated on the sky it is interesting to
apply the virial theorem to estiﬁate its mass. Using its observed velocity
dispersion ch 360 km/sec a crude analysis yieids a total mass of
v1,5x1 L4 M@ . Correcting for fainter members by assuming the usual
LF, this yields a % " 500 in the B_ total system, typical to that found
in rich clusters. However the estimate is very sensitive to the inclusion
of the two most deviant velocities which, if removed as interlopers, reduces
the mass by a factor of 4 or so. A similar membership ambiguity comes from

the group in NP4 marked on the sky with triangles which appears a tight

group on the sky but which may consist of two well separated groups seen in
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chance projection. This vividly illustrates the membership problem
associated with these studies discussed in Chapter 2.2 and points the
need for statistical methods which add all the data from groups together
and deal with projection problems statistically.

5.3.2 Plots in Redshift Space

A more vivid picture of the clustering of galaxies comes from
plots of the galaxy distributions in redshift space and indeed several
observers (e.g. Einasto et al, 80) have obtained large numbers of redshifts
mainly for this purpose. Like the plots in projection though, when examining
the distributions one has to bear in mind the ability of the eye to pick
out certain structures when none may exist. Therefore, to test objectively
for any features that appear significant statistics of some sort are necessary.

Figs 5.7(a-f) show 'cone' plots of the five fields along the red-
shift direction for distances <280 MPC. Here I and II in each field refer
to projections 6n to right ascension and declination respectively with the
subtending angles calculated using the small angle approximation © << 1,

As before the velocities with probable errors :->50 km/sec are marked with
circles and field NP4 of the KOS survey is shown, but at twice the scale of
the AARS.

Iooking at these plots we see the clustering is very prominent in
each field and of various degrees of richness and compactness although
comparison at different redshifts is complicated by selection by apparent
magnitudes. Apart from field GSF being devoid of galaxies at intermediate
redshifts, in general galaxies are clustered strongly on scales 5 to 10 MPC
with voids often immediately adjacent, the clusters typically separated by.
20 to 40 MPC gaps. In some cases the clusters appear non-spherical and
particularly striking here are two clusters in GSA and GSD that appear to
be flattened along the line of sight. Similarly orientated bands have been

noticed by Tifft and Gregory (77) in the Coma and Perseus supefclusters, the
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classical interpretation being that the clusters are collapsing so that
the redshift difference along the line of sight is reduced from pure
Hubble flow (Jackson, 72).

Of more interest for our later purposes is the existence of structure
preferentially elongated along the line of sight due to small scale motion
in virialised groups. No such effect is very apparent in the AARS fields
although some elongation is seen in the rich NP4 field of the KOS sample
discussed in Part 1. The cluster in GNB, also discussed there, shows
slight fingering but since this is the richest association in the sample,
higher velocity dispersions may be expected. However, it should be noted
that many of the galaxies in this cluster have poor velocities so the effect
may be at least partly spurious.

This lack of fingering could be used as further evidence that the
sample does not contain any prominent clusters where the velocity dis-~
persions are known to be large. It may be noted too, that in a given
instance, we do not know if the fingers (or flattening) are due to peculiar
velocities or structure physically cigar-shaped and expanding along the line
of sight. The correlation functions discussed in the next chapter allow
for this by averaging overall orientations of clusters to give an estimate
- of <V2> averaged over all galaxy pairs. |

Turning from the real data, Figs 5.8 (a-§) shows plots of six
independent fields from the hierarchy simulations described in Chapter 3.7
that are primarily intended to test the statistical estimators used in the
next chapter. The first three fields have included on the Hubble velocities
random peculiar velocities of <V2>1/2 = 200 km/sec the second three having a
higher dispersion <V2>1‘2 = 500 km/sec.

Naturally the simulations do bear some resemblance to the observations
since the three dimensional correlation functions are similar. Some sharp

holes similar to the real data are seen, however this effect is probably
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due to the discrete way that very similar model clusters were placed in

the field volumes. Indeed it is doubtful such crude models are a fair

match to the expected distribution from the gravitational clustering

process that they are normally assumed to represent. ° . Catalogues prepared
from N body simulations may be a fairer representation (see below) but as
noted in Chapter 3.7 these give a poorer match to the overall correlation
statistics.

Perhaps the most useful comment that can be made from Fig 5.8 is
that clusters in the last three plots look much more elongated in the red-
shift direction than either the first three plots or‘the observations,;
suggesting <V2j:is, in reality, closer to 200 km/sec then 500 km/sec:

In the next chapter correlation functions are used to test for such
elongation in the data and simulations.

As noted above, the discussion in this section should be taken in
a qualitative sﬁirit, especially in a sample so small. In the larger CfA
catalogue there are More independent clusters to examine and the large
angle allows much of the large scale structure to be followed for its
entire extent. Alsc the sample is large enough to partially volume limit
the catalogue to dilute the affect of apparent magnitude selection.

As Davis et al (82) discuss, the general appearance of the cluster-
ing distribution in the CfA is 'frothy' and filamentary with prominent |
voids around clusters. Only a few large scale clusters appear significantly
bflattenéd along the line of sight and only in the three richest clusters are
there strong fingers pointing away from the observer suggesting, like the
AARS, the peculiar velocities are generally quite low.

These authors have also compared plots of the observations with
catalogues prepared from the large N body simulations of Efsthathiou and
Eastwood (81) that were evolved by gravity from poisson initial conditions.

Although the overall amplitude of the clustering was made to match the CIfA
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as closely as possible, neither in the details of the clustering
statistics or the overall 'texture' did the simulations resemble the
CfA suggesting the initial conditions were different in.the real universe
or some 'secret ingredient' is missing in the simulations. One possibility
here are processes included in the 'pancake' theory discussed in Chapter
2.1.2 in which large scale dissipative forces play an important role in
forming large scale structure. Although harder to simulate than the gravi-
tational clustering scenario simulations of the adiabatic picture (Melott,
83) suggest pancakes should collapse and form a cellular network structure
with voids between, the cells expanding along one a#is but collapsing along
another. While these simulations are crude they do appear to match ﬁhe
visual distribution as well as or better than N body simulations perhaps
suggesting these processes are involved in the real universe.

In Chapter 7 the theories are discussed again.in the light of the
clusterihg and velocity studies in the next chapter.

5.4 SUMMARY AND CONCLUSIONS

Although there is some evidence from the number magnitude and
redshift counts of several catalogues for significant inhémogeneities on
scales of tens of MPCS or larger, consistency studies on the AARS suggest
the galaxy distribution in thié sample, averaged over these scales} is close
to homogeneity. This feature of the AARS, despite its relatively small
volumes, may be_due to the choice of fields whose depth and separation
have certain advantages over the shallower surveys such as the KOS sample
and even the much larger CfA. The width of the AARS fields compared.to
the depth is also large enough to reduce fluctuations that could occur in
narrower but deep fields like thoée of the KOSS (8l) sample.

While the sample may be reasonably representative of the universe
as far as the overall homogeneity of the sample is concerned, examination

of plots of the distributions in projection and redshift space suggest
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occasional rich clusters present in large volumes of the universe have

not been sampled in the AARS. Nevertheless the clustering at scales

less than 10 MPC is very prominent, galaxies often situated in non-spherical
clusters immediately surrounded by quite prominent voids. Rough estimates
of <V2> from small groups picked out in projection and from comparison of

redshift plots of the observations with simulated catalogues suggest

1
PN

is closer to 200 km/sec than the figure of 500 km/sec found statist-
ically by Peebles from several redshift samples (Chapter 2.2.5).
We now turn to more objective studies of the clustering and relative

velocities of galaxies by means of such statistical techniques applied to

the newly compiled AARS.
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CHAPTER SIX

CORRELATION FUNCTIONS IN POSITION

AND VELOCITY

6.1 INTRODUCTION

One of the main motivations for the AARS was to measure reliably,
perhaps for the first time, <V2> , the relative peculiar velocity between
galaxy pairs at small separations. With this, along with the amplitudes
of the two and three point spatial correlation functions for the sample,
we can use the Cosmic Virial Theorem to make an estimate of Q. Deep
samples, such as the AARS, are also ideal for examining the actual form
of the three dimensiénal correlation function g(r), especially at scales
> 10 MPC where there has been much uncertainty.

As we discussed in Chapter 2, information on these statistics
come from correlé.tion functions estimated from the angular and velocity
information in complete redshift samples. Although previous catalogues
have been unrepresentative, the overall homogeneity of the AARS demonstrated

+in the last chapter suggests it shouid be meaningful to estimate correlation
funétions for this sample.

In the next section we define and discuss the estimation of the
two point corxrelation functions gv(o,ﬂ) and Es(s) mentioned in Chapter 2.
The results of the estimates for both the AARS and simulated catalogues
are presented and briefly discussed, indicating how they are to be used in
the spatial and velocity studies.

Sections 3 and 4 are devoted to an estimate of E(r). The first of
these concentrates on the behaviour of Es(s) at scaleé > 10 MPC, the
discussion involving a reanalysis of the KOS survey and comparison with

the recently published CfA results. Section 4 examines the small scale
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form and amplitude of E(r) in considerable detail, on which gs(s) and
EV(G,F) provide complimentary information. Comparison is made again
with the CfA results and with the well established projected studies.
The peculiar velocity dispersions are studied in Section 5, where
Ev(c,n) is used to determine <V2> at several projected scales. A similar
analyses of the KOS and Huchra catélogues is reported on and the results
from the CfA discussed. Section 6vmoves from the tw§ to the three point
correlation function and describes the estimation of Q for the AARS and
KOS samples, which are compared with other results. Finally in Chapter 7,
we briefly discuss aspects of the analysis that have been left out of
section 4 and which rely, to some extent, on the results of sections 5.

6.2 ESTIMATION OF Es(s) AND.EV(c,n)

After defining the correlation functions in Part 1, the estimation
of Ev(o,ﬂ) and Es(s) for the observations and simulations are described
together since the computation of both follows similar lines. Some of the
results are presented in the final part which are briefly discussed before
the more detailed analyses in the subsequent secﬁions.

6.2.1 Definitions

To estimate the two point correlation function with the redshifts
and angular coordinates of galaxies we consider a coordinate system in
which ¢ and = are distances in redshift separation perpendicular and
parallel to the line of sight between a galaxy i and a neighbour j. If
these have an angular separation O in radians and_O << 1, these can simply
be defined as 0 = ViO and © = Vi-VJ.

Following the discussion in Chapter 2.1, Ev(o,n) is defined through,'
the probability dp of finding a neighbouring Qalaxy in volume elemenﬁ

dvc'ﬁ at separation (¢,m) from a random galaxy

dp = ¢ (1+ g (o,m ) AV (6.1)
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where ¢(r) is the number density of galaxies at distance r in the sample.
Since at large scales the direct redshift separation between pairs
is likely to be a good measure of distance one can estimate E(r) directly

3
2 + ﬂz)i. This estimator,

as a function of redshift separation, S8 = (o
denoted as Es(s), can be given by an expression similar to ean (6.1),
involving the probability of finding a neighbour at distance s in any

direction in. a shell dVs

dp = ¢ ( 1+ E(s) ) av . (6.2)

6.2.2  Computation

As in‘the projected studies of &(r) from w(©), one can think of
several alternative methods of estimating correlation functions withtred-
shift information which would all give equivalent results in a perfectly
fair sample of the universe but which in a finite sample méy be expected

to give slightly differing results. In w(0), for example, as well as having

to allow for edge effects in some way, one has the chofée 6f counting un-
clustered pair counts from around real galaxies in the sample or from around
roints randomly distributed in the survey area. One also has to decide if
to normalise these counts to the observed background surface density of
galaxies or take the normélisation from a largér sample. To estimate
correlation functions with complete redshift information we also require

an estimate of ¢(r), the selection function as a function of distance for
the sample. As discussed in Chapter 5.2 even with the shape assumed, the
selection of galaxies by apparent magnitude allows several ways to normalise
it withih the sampled volumes. The same arguments in Chapter 5 that applied:

to the normalisation also applies to the weighting of pairs ; to weight

§.9;

volumes of space equally one should weight each pair by the quantity

rather than equally.
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Taking these andother points into consideration the following
estimates of the correlation functions was adopted, the choice of
procedure being justified as the techniques is described now.

The sum of all observed pairs DD in a given interval (do,dm) or d$
were formed by counting the observed neighbours around each galaxy in the
sample at separation (o,m) or S and summing the counts from all galaxies.
Fox Ev(a,ﬂ) the bin sizes were do = dmr = 0.5 MPC with pairs around
each galaxy calculated for ¢ < 8.0 MPC and 17 < 20 MPC. For Es(s) bin
sizes of Alog(.§ MPC) = 0.l were taken with only separations less than
200 MPC included. 1In neither gv(o,w)or gs(s) were pairs counted between
different fields and in both only galaxies with distancgs from 20 to 280
MPC were included, over which range the selection function is well refined.

Since the latter, estimated from rig 5.3a0f Chapter 5, varies by a
large factor over this distance range, each pair was weighted equally since
the weighting scheme $%$—- would cause relatively few distant pairs to
dominate the counts, ;lihough this means that an unfair excess or deficit
of nearby clusters could bias the results, the'agfeement in Fig 5.3a between
the data and the model suggest the sample is fair enough for this not to bé
a problem.

To éalculate the pairs expected if galaxies were not clustered,
'background counts' were estimated around each observed galaxy by the
relations DR(o,m) = ¢(x) dVo,“and DR(s) = ¢(x) dVS, which were summed over
all galaxies in the sample. The selective function was taken from Fig 5.3a
which is normalised to the observed numbers‘in the sample. Although
departures from the true number density will be present, as we discuss in
the next section, normalising in this manner one can reduce associated
fluctuations in the correlation functions.

Since the details of the estimate of DR differs between Ev(o,n) and

Es(s) at this stage they are discussed separately now.
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To estimate DR(0,w) the prescription in Peeble (79) was followed
and the volume dvo, = dr* dA (o) estimated by a Monte Carlo integration
in which points were placed at random in o around each galaxy and the
fraction that fell in the AARS fields counted. To calculate ¢(r) at (o,m)
around each galaxy Peebles used the observed galaxy counts at distance
r = Vi + 7 in all the fields apart from the one containing the galaxy.
Althoqgh this gave a straightforward estimate of ¢(Vi + ﬂ)} it introduces
unnecessary noise into DR(c¢,7w). Instead, to obtain @ smooth background
counts, the form of ¢(rx) from Fig 5.3a was calculated in 0.5 MPC bins
which were stored in a look up table during the computation.

Finally combining the counts DD and DR at + 7 and -1 , (since gv
should be even in ) gv(o,w) was estimated from

DD (o,w)

R (o 1 (6.3)

EV (o,m)

To estimate DR(s),‘Nr points were placed at random in the redshift
volumes with density at distance Vi proportional to ¢(xr) from Fig 5.3a.
Counts of these random points were then made around eéch observed galaxy,
this procedure dealing automatically with substantial and awkward edge
effects and the selection of galaxies by apparent magnitude. To reduce
the noise a factor of one hundred more points wére placed down in each
field than the numbers n expected to be visible in that field and Es(s)

calculated from

Nr DD(s) _ .
SS(S) n  DR(3) (6.4)

As a test of this method for gs(s), a 'cells' estimator was con-
sidered by Shanks et al (83b) for the AARS. This involved dividing each
field volume into 8 (MPC)3 cubic cells and then forming the pair counts in
bins of separation s. The advantage here is that random numbers are not

needed because no awkward edge effects are involved and ¢(r) can be
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calculated analytically in the same manner as for EV(G,ﬂ). The disadvantace
is that the method loses (10%) pairs from bins that overlap the edge of the
volumes and at small scales the binning in cells causes resolution to be lost.
Apart from estimating the correlation functions for the complete
sample, they were also estimated for individual fields and for the sample
split into north and south subsamples. In these cases, ¢(r) was normalised
as usual, to the numbers in the sample under consideration. Aalthough in-
dividual field estimates do provide some insight into the errors on the total
sample, a better understanding of these can be obtained by repeating the
analysis on the first two sets of simulated catalogues described in Chapter
3.7. 7In this case one logically uses the input luminosity function and
mean K correction to obtain ¢(r), but with the normalisation estimated, as.
usual, from the total observed numbers in each catalogue. The only difference
with the observations in the estimates of the correlation functions came in

r
Es(s), where the ratio En-was reduced to 50 for computational speed.

Before discussing the results from the data and simulations it should
be noted that all estimates of the corxrelation functioﬁ were very insensitive
to reasonable changes in the shape used for ¢(r). For example the counts
DR(c,m) changed only by two orxr three per cent if the selection function from
the polynomial fits in Fig 5.5 was adoptéd rather than taken from the
luminosity function in Fig 5.3a. Similarly on scales much larger than the
cell size in the 'cell' astimator of Es(s) the results were in good agreemént
with the adopted method above despite the different weighting used in the
estimation of the random pairs. This lack of sensitivity to the procgdures
adopted may be further evidence that the sample has no large biases and is |
fairly representative.

6.2.3. Presentation of the Results

The results for gv(o,ﬂ) and gs(s) for the data are presented and

discussed in (a) and (b) below. The ensemble estimates of Es(s) for the
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simulations are presented in (c) along with models described later in
this chapter.

(a) £ _(o,m)

The results for Ev(c,w) are plotted in Figs 6.1 (a-c) which have
been binned up in ¢ and w. The dashed lines correspond to fixed o and =
varying and the solid to fixed I and ¢ varying. The fixed variable in
(a-c) corresponds to separations 0-0.5, 0.5-1.0 and 1;0—2¢O MPC, respectively.

Since the projected separation ¢ between pairs corresponds to a
characteristic separation in space, comparison of the dashed and solid
histograms in Fig 6.1 gives some idea of the peculiar velocities at different
spatial scales. Although not apparent in the cone plots discussed in
Chapter 5.3, the expected elongation along the w direction is very prominent
in Fig (a) at o < 0.5 MPC and considerably larger than the same effect‘
expected due to measuring error. In Figs (b-c) the 'anisotropy' is hardly
detectable, though at these scales we do expect it to appear less as the
Hubble expansion velocities will be more dominant here. In fact in these
two figs the solid histograms cross the dashed at scales > 4.0 MPC suggest-
ing the clustering is actually flattened along the line of sight, A hint of
this is visible in the redshift plots, at least those for fields GSA and
GSD, and could be due to clusters forming at these scales. However, the
sample is too small to tell whether the flattening is statistically signifi-
cant. |

The curves drawvn on Figs 6.1 come from.modelsvof Ev(o,w) calculated
by convolving the model spatial function with a velocity distribution with
<V2>;i = 200 km/sec, detailé of which are given in Section 5.

At scales larger than those shown in Figs 6.1, Ev(o,ﬂ) becomes
significantly anticorrelated out to scales of 20 or 30 MPC. At these

scales though a clearer view of the spatial function comes from £ (s).
- s
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(b) ES(S)

Fig 6.2 shows E.S(s) against log s for scales 200>S> 1 MPC. The"
errors are taken from the analysis of the simulated catalogues, which
are presented shortly, and agree well with fluctuations calculated from
field to field estimates (not shown).

We see at scales > 20 MPC that Es(s) is mildly negative with
Es N~ -0.1, while in fhe range 10 <S <20 MPC it is significantly anti-
correlated (& mim -0.35). The latter result and the strong clustering
at smaller scales is.suggested by examination of the redshift plots of
Chapter 5, where we see prominent clusters‘immediately surrounded by quite
empty regions. As discussed in Chapter 5.3, similar voids have been noted
visually by other observers and Es(s) plotted here may be the first con-
vincing statistical evidence for their reality.

One other prominent feature in Fig 6.2 is the 'bump' at 55 MPC which
also appears statistically significant. This may indicate a lattice net-
work of structure on these scales which is perhaps consistent with the
findings of K0SS (8l). Although obviously such a real feature could have
vast implications for our understanding of the large scale structure of
the universe and galaxy formation, further samples are necessary before
any further discussion of it seems worthwhile.

In the next section we discuss Fig 6.2 more fully after comparing
the results with those from other redshift samples.

A clearer view of the small scale clustering is given in Fig 6.3
where log (gé(s)) is plotted against log s to test the powerlaw behaviour
of the two point correlation function. The crosses refér to the total
sample with the filled and open circle; on the end of the érror bars
referring to estimates from the northern and southern subsamples respectively.
The solid and dashed lines both represent -1.8 powérlaw models for Elr) with
amplitudes that vary by a factor of two and which are discussed in detail

in Section 4.
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For the present we can note that over the range 2-6 MPC the
dashed line gives a reasonable representation of the behaviour of £S(s)
(in both subsamples), but at smaller scales the solid line is more rep-
resentative. Although peculiar velocities can reduce the clustering at
these scales, the effect of convolving the solid line with a peculiar

2.5

velocity dispersion <V >° = 200 km/sec (dotted curve), shows the effect
to be slight.

At scales greater than.6.0 MPC where Es(s) < l, Es(s) steepens
away from the dashéd line to a slope that, between 6 and 10 MPC, is closer
to -4.0. BAs discussed in Chapter 2.1, the angular catalogues show a
similar shoulder or 'break;, the scale of which varies between 3 and 9
MPC.

Full details of the shape of E(r) at these scales are given in
Section 4, with Ev(c,ﬂ) providing information on the shape of £(x) at the

smallest scales, independent of peculiar velocities.

(c) Es(s) for the simulations

Fig 6.4 shows the ensemble Es(s) from the first and second set of
simulations which are marked as filled circles and crosses respectively.
The assuméd spatial correlation function in both cases (dotted lines) is
represented crudely by two powerlaw éections Qith élopes -1.8 and -4.0
joining at 6 MPC, the amplitude,‘slope aﬁd break of the small scale slope
- having been adjusted by the procedure in Chapter 3.7 to agree roughly with

the results of Es(s) for1the data in Fig 6.3. The dashed and solid curves
are based on models for Es(s) estimated using this model for the spatial
correlation function convolved with a velocity distribution function with
 dispersion corresponding to <V2>;2 = 200 and 500 km/sec respectively.
We see the two model curves reasonably fit the ensemble Es(s) from

the two sets of simulations and while the dashed curve is close to the

spatial function at scales beyond one MPC, the high velocity model and
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FIGURE 6.2: Estimated Es(s) for the AARS with errors taken from

the simulated catalogues.
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spatial function differ out to scales of 20 MPC. At larger scales though,
the ensemble €s(s) for both sets are very close to zero; as expected.

Some of the results from the simulations are used in the following
two sections to discuss £(r) for the observations. Since the models here
and in Fig 6.3 are similar to those for Ev(o,ﬂ) fully described in Section 5,
in which the peculiar velocities for the sample are fully discussed, more
detailed discussion of them is postponed until Section 7 of this chapter.

6.3 THE LARGE SCALE FORM OF £(r)

As discussed in Chapter 1, even modest redshift samples can provide
considerably more information on the large scale form of E(r) at scales
greater than 10 MPC than (@) because the signal to noise is higher and
because estimates are less affected by systematic errors that may occur
at large angular scales. In Part 1 the results of a reanalysis of Es(s) for
the KOS survey are described and in Part 2 the recently published estimates
from the CfA are discussed. The results from the samplés are discussed |
further in the final part where conclusions are presented.

6.3.1 Es(s) for the KOS Survey

The results fof Es(s) in Fig 6.2 for the AARS are in sharp dis-
agreement with the published results of Kirshner et al (79) (KQS) who
claimed to have found corfelations of order unity on scales ~ 30 MPC.

To check their rssults, Es(s) was re—estimated‘for the KOS survey by the
method in Section 2.2,vusing galaxies between 20.and 180 MPC and with
¢(xr) taken from the solid curve in Fig 5.4a.

The results of the computation are shown in Fig 6.5 as crosses with
the origihal KOS estimate marked as filled circles, We see the re—gsfimate
is in much better'agreement with Es(s) for the AARS than the originél KOs
estimate.

In an attempt to understand the different results the differénces

between the estimators were examined. In all there are three main points:
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(a) The selection function used by KOS was closer to.the dashed curve in
¥ig 5.4a than the solid curve.

(b) To normalise ¢(r), KOS estimated ¢* from deeper number magnitude counts
and normalised the dense northern fields with the less dense southern
fields and vice versa.

(c) Rather than counting the pairs DD(s) and DR(s) cumulatively, KOS
counted the factor ( %% - 1) for each galaxy, weighted by %-, so the

outer volumes of the survey are given more weight than the estimator in
Section 2.2,

Since from Fig 5.4 we see considerable inhomogeneities in the outex
KOvaolumes in the north compared to the rest of the Sample, and, as
differences (a-c) would ftend to give a greater weight tq these regions
in Es(s), it might be thought these differences in the estimators may
account for the seemingly larger clustering correlatioﬁs found by XOS.
However, adopting these changes to the estimator in Section 2.2 it was
found that (a) and (b) made little difference to gs(s), while (c¢) prodﬁcéd
results that bear no fesemblance to either estimate, since Es(s) is then
so strongly biased to pairs at lérger distances in the fields.

Perhaps one of thevreasons why large scale correlations were not
induced by the change in (a) is that many of the pairs in the sample come
from the stroﬁgAélustering in field NP4 at aroﬁnd 60 MPC Where the two
selection functions in Fig 5.4eagree, the overdensity at large distances
implied by the dashed curve being mainly cmacelled by the underdensity in
the nearer volumes.

Although the re-analysis is unsatisfactory in that it was unable to
reproduce the original KOS results, Efstathiou (private communicatiou) has
found very similar resul£s to the re-analysis estimates in Fig 6.5 with an
independent program using a similar estimator to that used in Section 2.2.

While this does not help account for the discrepancy it does indicate that
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the results from the re-analysis of the sample are not due to an error

in the computation. From this we can only conclude that the estimate of
gs(s) given by the crosses in Fig.6.5 is the more reasonable one, as every
care was taken to choose an unbiased an estimator as possible, considering
the particular sampling problems of the KOS catalogue.

6.3.2 Es(s) for the CFA

It is also of interest to compare Fig 6.2 for the AARS with the newly
published results of Es(s) from the CFA catalogue at large scales. This
correlation function has been estimated for this sample by Davis and
Peebles (83) (DP) who used galaxies with B" > 40°, § > 0 and b, s 14.5.
Eliminating the intrinsically faint galaxies to judiciously dilute the
éffect of Virgo and removing the galaxies at distances greater than

- 100 MPC, the remaining sample had some 1200 galaxies.
The computation used was similar to that in Section 2.2 but in this

case the counts DD(s) and DR(s) were weighted by the factor As DP

S
. ¢i¢J
discuss, since the sample is so large and partially volume limited the
weighting should not bring in too much noise at the 1érger scales.

Althiough the results (DP,Fig 1) from the nortliern sample ( and.ffom
270 galaxies in the south) agree with the results in Fig 6.2 in that no
large correlations are seen on tens of MPCS, in detail the estimates of
Es(s) differ between the two samples. DP find for the CFA positive cluster-
ing between 10 and 20 MPC with Es(s) steadily falling from 0.5 to zero in
contrast to the quite strong anticorrelation found in the ARRS at these
scales. Over the range 30 <s < 50 MPC the agréement is better with Es(s)
averaging -0.05 for the CFA, similar to the AZRS.

Since fhe northern CFA sample contaihs roughly four times thergalaxies
and volumes sampled as the AARS it might be supposed that the results from
this sample are considerably more reliable. However, as discussed in Chaptér

5.2, this need not be the case for several reasons.



111

Although the CFA volumes are large the characteristic depth
v 60 MPC is quite shallow so we only expect a few spatial groupings on
the scales discussed above. Another related problem is that the model
number redshifts relation used to estimate ¢(x) is a poor fit to the
observed data (Davis and Huchra, 82)Iand clearly shows clustering on
scales comparable to the depth of the survey. Whiie DP used a selection
function estimated in a manner unbiased by inhomogenéities, $(r) still
depends on the accuracy of the Zwicky magnitude system and on the assumed
model for Vﬁrgo infall, Also systematic effects such as galactic obscuration
could make ¢(x) depend on projected position as well as redshift. Since
these could all affect ¢(r), the estimate of gs(s) could also be systemat-
ically altered at large scale through systematic effects both in the back-~
ground counts and weighting of the observed counts. Unfortunately, these
authors have not discussed the dependence of their results on reasonable>
changes in ¢(x).

Of course simlilar effects may occur in the AARS but here the depth-
of v 200 MPC reduces the effect of such coherence pr&blems and makes
Es(s) insensitive to reasonable changes in ¢(r).so long as it is é reason-
able fit to the observed number redshift counts, as we have seen in Fig 5;3.

6.3.3 Discussion of the Results

Perhaps éhe most important results from the discussion in this
section is that the AARS, CFA‘and KOS samplés éllbappear to be consistent
with £(r) close to zero on scales > 20 MPC. Although Es(s) is slightly 
negative at these scales, small systematic effects are likely to occur on
the maximum scales of the samples due to errors in the model for ¢(r),
the integral constraint discussed by Groth and Peeble (77) and the relatively
few independent clusters that contribute to the pair counts.

As discussed in Chapter 5.2, the small numbers of independent clusters

means there can also be considerable errors in the normalisation, which

dN
"from the simulations of the AARS amount to —E- v 0.15. However as DP
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discuss, this need not imply gs(s) is uncertain by'this factor, since

if the normalisation is taken from the sample itself, fluctuations in
DD(s) and DR(s) due to errors in the normalisation will tend to cancel
leaving £(r) unaffected. While there is . the possibility that the
behaviour of &£(r) > 20 MPC reflects real anticlustering, it is equally
likely that for the present samples systematic errors are responsible for
the effects.

However, much harder to explain in this way is the strong anti-
correlation at scales 10-20 MPC seen invthé AARS. While this is not seen
in either of the two other samples, since fhe ARRS is largér than the KOS
survey and deeper than the CFA it may as yet be the most reliable estimate

of E(r) at these scales, providing the first convincing statistical evidence
for the holes noted by many observe;s recently.

Scme external evidence for anticlustering over some range of scales
comes from the recent, very low estimates of the quadrapole anisotropy cf
the microwavé background (Lubin,82) that provides constfaints on the cluster:-
ing of the matter distribution. In particular a vanishing quadrapole

r
moment, similar to obsexrved, implies the integral J3(rc) = [ ¢ E(x)r dr
o

(Peebles, 82) goes to zero if integrated to infinite scale, requiring that
£(r) must become negative over some of its range. Taking £(r) from Fig 6.2
.and adding a constant 0.1 to bring.Es(s) close ‘to zero beyong > 20 MPC,

we find the positive and negative contributions tO'JF on scales less than

3
20 MPC agree to within 70%, not inconsistent with J3 v 0,
While this appears aftractive support for the observed anticorrelation
seen in the AARS, it should be remembered the?éfatiS£ical significance of
the feature is still quite low and it would take only a slight anti-
correlation at larger values of r to produce tﬁe result J3 & 0.
At present, taking the redshift samples together, it is probably fair

to say that at scales greater than 10 MPC galaxies are roughly homogeneously
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distributed. Of course this does not exclude occasional structure
occurring at larger scales ; indeed, as DP discuss, it takes only weak
clustering in £(r) at r > 10 MPC to produce considerable fluctuations in
density on much larger scales that are so evident in plots of the galaxy
distribution in the CFA.

As discussed in Chapter 1.2, there is some strong statistical
evidence for structure present on scales > 10 MPC, with clustering
correlations of order unity existing between Abell clusters on scales of
30 MPC (Hauser and Peebles, 73) and the enveldpes of these clusters exist-
ing to 40 MPC (Seldner and Peebles, 77a). Howéver, as Peebles (B0Oa, p.299)
no;gs, the Abell clusters need not be good tracers of the general galaxy
distribution and their contribution to £(r) on the scales of interest may
be quite small.

In Chapter 7 we consider how knowledge of the large scale form 6f
g(i) can, with dynamical information, provide constraints on the‘large
scale distribution of matter and @, and insight into the processes involved
in galaxy formation.

6.4 THE SMALL SCALE FORM OF £(r)

In order to investigate the unusual form of £(r) at scales less than
10 MPC found fo;_the AARS, this section is split into four parts. The
first gives details of the shape of £(x) derived from £v(o,ﬂ) and Es(s) for
the AARS, the second using similar estimates of these functions from the
CFA and simulated catalogues to test the findings of the AARS. The third
part coﬁpares the AARS results with w(0) from projected catalogués, the
analyses being summarised and concluded in the final part.

6.4.1 Analyses of Ev(o,ﬂ) and Es(s)

As outlined in Chapter 2.1, the redshift correlation functions can
be used to examine the shape and amplitude of E(r) at small scales,

Independent of the effects of peculiar velocities.
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This can be done by means of an integral of év(a,n) defined as

Tcut

W (o) = £ (o,m) dam 3 (6.5)
v v

By conservation of pailrs along the line of sight it can be seen that

(Peebles, 79)

mcut

Wv(o) = g((or2 + ﬂz)!, ) am (6.6)

0

<v2>lz
provided that we choose mcut >> —

(6.7)
at which scale we expect Ev ~ g,

If we model E(xr)by a powerlaw out to large scales (eqn. 2.3) then

egn. (6.6) gives

W G) = B r(0.5) ' (y-1)

(6.8) -
o r (32’—>

provided eqn (6.7) holds and. wcut >> o ,‘so as to include all correlated
pairs and peculiar velocities.
Fig 6.6 shows the result of plotting log (WV (o) ) as a function of

log 0 . (crosses) with gv(o,n) from the data calculatedvat‘six valués‘of o)

‘and with, mcut = 20.0 MPC in egn 6.5. The solid line comes from the

powerlaw model in eqn 6.8 fitted by eye with B = 11.5 and ¥y = 1.8.

| _We éee that the data is in remarkable agreement with the powerlaw
slope of -0.8 found for w(O) at small angular scales from several projected ‘
catalogues (see Chapter 2.1). However, as shown below, this need not imply

that £(r) is well approximated by a simple -1.8 powerlaw over the correspond-

ing spatial scales.
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TABLE 6.1:

B as-a Function of Separation for the AARS -

¢ (MPC) B B (NORTH) B (SOUTH)
0.125 15.8 20.0 10.7
0.375 10.9 9.2 14.9
0.75 12.2 13.5 10.1
1.5 16.9 22.3 13.9
3.0 25.8 36.6 19.4
6.0 25.9 29.0 18.0




115

™. From Fig 6.2 we see at 20 > r >6 MPC Eé(s) appears to exhibit
sErong non-powerlaw behaviour and, as this is not allowed for in the
model in eqn 6.8, this can significantly affect the estimates of B and
Y. To check the conéistenby of the model with data, NMcut was reduced to
6.0 MPC and the right—hand.side of eqn 6.6 with the powerlaw model for-
£(x) in egn 2.3 was numeFically integrated to obtain B at different valucs
of O(feebles, 79). Although wcut is now considerably reduced, the models
for gv(c,ﬂ) in the next éection suggest the requirement in eqn 6.7 still
holds so most péculiap vélocities are inéluded.

‘The results are iﬁ Table 6.1, along with estimates from the sample
split.into north and south subsamples. To show the effect'of this correction
in Fig 6.6, the filled circles refer to points calculated from egn 6.6 with.
_ amplitudes B corresponding to those given in Table 6.1.

Although the estimates on Fig 6.6 are little changed at ﬁhe smallest
scalgs, at ¢ > 1 MPC there is a steady rise above the solid line out to
6 MPC that is also seen in the subsamples in Table 6.1,

It might be thought that this behaviour is due to fluctuationsbfrom
the relatively few distant clusters that contribute to wv(o) at these sc;les.
However similar behaviour is seen in €s(sf.in Fig 6.3, where pairs prefer-
.entially come from the  rather than the o directions. In this figure.
we seé the solid;line (whiéh corresgonds to a -1.8 powerlaw with B = 13
which fits WV(O) at 0 < 1,0 MPC) IS a po@r fit to £s(s) at scales > 2.0
'MPC. At this and larger scaleé the dashgd line with B = 26 fits reasonably

and agreeé with B found at these scales from Table 6.1,

* It should be noted that large stréaming motion could be partly re5ponsiblev
for the overall flatter'slépe in Es(sf thén expected, since close pairs
would be drawn together more in the redshift direction at small- than laxrge
scales. However it seeis unlikely that this could significantly affect the

conclusions from'wv(o).
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The most obvious explanation for the behaviour in Es(s) is that
peculiar velocities; move pairs from smaller to larger scales raising
the apparent clustering there. However, as noted in Section 2.3, the
dotted curve in Fig 6.3 is a model for gs(s)based on £(r) from the solid
line convolved with a peculia; velocity distribution function with
<V2>!'2 = 200 km/sec. Although this fits the obserQed Es(s) at s <2.0 MPC,
at larger scales we see peculiar velocities are not able to account for
the rise above the solid line. This can also be seen in the models and
ensemble estimates of Es(s) for both sets of simulafed catalogues in
_ Fig 6.4.

That this should be the case can also easily be seen from a con-

servation of pairs condition for Es(s) similar to that used for Wv(o) above.

The relation involves J3(r)(mentioned in Section 3.3) so that

Scut Scut
' 2 ’ 2
J3(scut) = r E(r) dr = s YES(S) ds (6.9)
o o
2>%
which holds for Scut >> a .

Taking gcut = 6.0 MPC we find the right-hand side of egn 6.9 from the data
gives J3 (6.0 MPC) = 186,>which equating to the left-hand side model
implies that if Z(r) is a:—l.8‘power1aw it must have an amplitude B = 26,
This co;responds to the dashed rather than the‘solid 1ine.in Fig 6.3.

From this aiscussion we must conclude that the‘rise of £(x) above
a-1.8 powerlaw at separations greater than 1 MPC is a real feature of
the spatial clustering correlation function for the AARS. Whether it is
a true feature of the universal £(x) is a topic we discuss in the next two,
parts of this section.

For the present though,we have to decide what is the most charaéter—
istic amplitude of B to use in the CVT. Since the latter can only be

applied reliably at small scales and as £(x) (through Wv(o) ) appears to
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converge quite well to a - 1.8 powerlaw at scales smaller than 1 MPC, it
seems appropriate to use B at these scales.

Taking the mean of the first three values Df\B\in Table 6.1 we find

B= 13.0 +4.0 | - (6.10)
which is adopfed as characteristic for the sample in most future discussions.
The exrror here comes from Wv(o) calculated from the simﬁlations at these
scales which is discussed in the next éart. If, instead we were to take
the standard error of the six values from the north and south subsamples
in Table 6.1 we get a lower error for B of + 1.4.

Finally, it is interesting to note the value in eqn 6.10 is close to
the amplitude B = 12.8 + 1.4 found by Peebles (79) for the KOS sample using
the same method but averaged over scales ¢ < 4.0 MPC. Although it is con-
siderably lower than B = 21.5 quoted for the CFA at ¢ < 2.0 MPC (Davis and
Peebles, 82) it is quite close to B = 16.0 found from W (0) for the Zwicky
and Lick catalogues estimated using an assumed luminosity function (see
Chapter 2.1). These latter two values are discussed in the two subsections
that follow now.

6.4.2 Comparison with the Simulations and the CFA

In orxder to test the significance of the non-powerlaw behaviour found
in £(xr) in Part 1 the results from Wv(o) and ggs) for the AARS have been
compared with estimates from simulated catalogueé and the CFA.

The quantity'WV(o) given by eqn 6.5 was calcuiated with mcut = 6.0 MPC v
for the CFA using the published diagraﬁs of Ev(c,ﬂ) given in Davis and
Peebles (82) (IP), the latter having been estimated by a procedure similar
to that described in Section 2.2. for the AARS, The-correéponding estimate
of Wv(o) for the simulations was computed' from Ev(o,n) with mcut = 6.0 from
each simulation, from which an ensemble Wv(c) and standard deviations were
estimated. Assuming a powerlaw model for &(r) with y = 1.é in eqn 6.6,

these estimates of Wv(o) were used to provide an amplitude B as function of
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separation ¢ in the same way as for the AARS in Table 6.1.

The amplitude B as a function of separation is shown in Fig 6.7
for the AARS, CFA and simulations which are represented as circles,
triangles and squares respectively. The open symbols in each case refer
to B from Wv(c) while the filled symbols come from binned up estimates of
gs(s) taken from Fig 6.3 for the AARS, Fig 6.4 (filled circles) for the
simulations, with the CFA results coming from Fig 1 of DP. ' For these
filled symbols the value B refers to the amplitude a -1.8 powerlaw would
need to have to pass through €s(s) at the separation concerned which, to
avoid the effects of peculiar velocities, are taken at scales S > 2.0 MPC.
The errors on the AARS results come from fluctuations in B from Wv(o) and
Es(s) estimated from the simulated catalogues at the corresponding separa-
tions.

We see from this figure that, while the AARS shows a strong rise
of B with scale, the simulations are roughly consistent with a -1.8 powér
law out to v 5 MPC ; although there is some indication that the slope
assumed in the estimate of B is somewhat steeper than 1.8 probably due
to the finite nature of the hierarchy put down in Chapter 3.7. It might
be expected that increasing statistical fluctuations at scales > 1 MPC can
account for the behaviour seen for the AARS. However, the errors from the
simulations show that the rise between 1 and 5 MPC is significant at over
the two sigma level and the effect is seen in both subsamples in Fig 6.3.
furthermore, a similar, although weaker, trend is seen in the CFA where B
from wv(o) rises by 50% over the same scale rahge, the triangles in most
cases lying within the error bounds for the AARS,

Since the CFA is considerably larger than the AARS we would expect,
at least at scales < 5 MPC, that the fluctuations in B for this sample
should be smallexr than given by the simulations.. This gives strong support
for a real rise above a -1.8 powerlaw in £(r), at the scales of interest in

Fig 6.7.
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Although the data from the‘velocity smoothed Wv(o)in Fig 6.7 for
the AARS and CFA indicate a fairiy continuous rise above a powerlaw beyond
1 MPC (the data for the CFA fitting a ~1.5 slope reasonably), Fig 6.3
shows that the direct estimate of Es(s) for the AARS has a quite prominent

feature at 2 MPC (that is seen in both subsamples) that is unlikely to be
due to peculiar velocities. While no corresponding 'hump' is seen in Es(s)
for the CFA, as DP discuss, weighting the pairs by the selection function,
as was done forthe CFA, will tend to increase the noise at small scales
which may cause features to be missed. Naturally larger redshift samples
are necessary both to test the general non-powerlaw behaviour further and
search for any particular features that may be present.

It may be wondered at this stage, why the non-powerlaw behaviour
found for £(r) in the CFA here, was not noted by Davis andAPeébies (82)*.
The reason for this can be seen as follows : |

To calculate B for the CFA, DP estimated WV(G) for g < 16.0 MPC
with wcut = 25 MPC. The resultant curve (Fig 2 of DP), like Fig 6.5 for
the AARS, is well approximated by a ~0.8 powerlaw slbpe over the range 1 to.
6 MPC in 0, the fit to Wv(o) at ¢ < 2,0 MPC giving B = 19.5, with a
similar value being found by inverting Wv(c) to give &(r) directly. However,
as discussed in Part 1 ofjthis section, the assumption here is that the
simple powerlaw holds ouﬁ to 25 MPC 'in the integral over Ev(c,n) (egn 6.5).
As DP discuss, at scales s > 10 MPC Es(s) falls quite rapidly, while at

s = 6.5 (where &= 1) we see from Fig 6.7 that B = 30 ; hardly consistent

* The present discussion is based on an early prepriﬁt in which the authoré
claimed that models:for Ev(d,ﬂ)‘were well fitted at ¢ < 6.4 MPC by a -1.8
powerlaw for £(r) with B = 18. However a privéte communication estabilished
that this claim was in erxor, as can be seen by modelé of Ev(o,n) for the

CFA sample presented in Section 5.6.
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with simple powerlaw behaviour. Although this latter behaviour is signi-
ficantly different from that seen in Fig 6.3 for the AARS, apparently
the smoothing in wvelocity over large scales in each sample makes Wv(o)
approximate a powerlaw at o < 6.0 MPC.

We now turn to discuss the behaviour of £(r) at scales > 6.0 MPC
and projections of £(r) in more detail.

6.4.3 Comparison with Projected Catalogues

In Part 1 we saw that Wv(o), when smoothed over large separations,
gave rise to a simple powerlaw, close to the observed form seen in w(0)
from several projected catalogues. Since the latter are considerably
larger than the AARS and generally regarded as fair samples, it is important
to test if w(0) for the AARS is consistent both in form and overall amplitude,
with these observations.

Although the AARS is too small for a direct estimate, by projecting
£(r) for the sample through limbers egn (Limber, 54) one can predict the

form of w(0) one would expect to see. The transformation is given by

. [ )
[x2¢2(‘x)dx (dy E((y2+ (ex)%)
w(@ = = == (6.11)

™M . 00 2
{ J x2dx¢(x)}
o

where ¢.(x) is the selection function. Although this particular form assumes

%

0 << 1 and (y2 + (Gx)z)%<f< X it should give a reasonable approximation to‘
the behaviour of w(0) at small angular scales,

To apply to the AARS, £ (r) was modelled with the two powerlaw
sections shown in Fig 6.3 (solid at s £ 2 MPC, dashed at s > 2 MPC) with
a powerlaw slope of -4.0 between 6.0 and 10.0 MPC. To model the obserQed
behaviour at > 10 MPC, E(r) = ;0.11 was set for r < 26 M?C, with £(r)= 0.0
beyond. This value was chosén to roughly model the anticorrelation seen

in Fig 6.2, but give J, = 0, consistent with the discussion in Section 3.3.

3
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Using the selection function based on the curve for the AARS in
Fig 5.3a transformed into Zwicky magnitudes by eqn 5 in Table 3.2, eqn.
6.1l was numerically integrated to estimate how w(0) would appear at
B2 = 15.0. At these depths one degree corresponds to a characteristic
projected distance of slightly over 1 MPC.

The results of log (w(0) ) against log (O degrees) are shown in
"Fig 6.8 as a solid line, along with the observed Zwicky (crosses) and
scaled Lick (circles) estimates, disqussed in Chapter 2.l1. The filled
squares are a mean of the two scaled estimates given in Fig 12.b of Shanks
et al (80), where p(0) was estimated from deep machine measured catalogues
taken from U.K. Schmidt plates. Also shown are the model results (dashed
line) of extending the first (solid) powerxrlaw in Fig 6.3 to 6.0 MPC,
steepening the slope to -4.0 out to 10 MPC with £(x) = 0.0 beyond.

Considering first q$®) at small scales, we see from Fig 6.8 that,
like the estimateé of wV(O) in part 1, the smoothing of &(r) along the
line of sight for the AARS gives a slope and amplitude that is in reasonable
agreement with the scaled observations of w(0). This suggests that the AARS
may be a reasonable approximation ot a fair sample. Conversely one might say
that the agreement of the observations of w(0) with £(r) projected from the
ABRRS, suggest that the observed slope and amplitude of w(8) from projected
catalogues is noﬁ signifiéantly affected by patchy obscuration, as has
recently been proposed by Seldner and Uson (83)..

Although the details of the model for £(r) used in the solid curve
is not intended to be a realistic representation of the real behaviour of
E(r) at r < 6.0 MPC, it does‘demonstrate that for a powérlaw to persist in
w(0) in the presence of a break in g‘r) at larger scales, &(r) must rise -
abave the corresponding spatial powerlaw at smaller scales ; otherwisevw(O)
will start to 'droop’away from a powerlaw at small angular scalesf{ as seen
in the dashed curve), This requirement has been noted by Soneira and Peebles

-(77) in their clustering simulations of the Lick catalogue and is demonstrated
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by the instability of egn 6.11 to inversion (Fall and Tremaine, 77). It
might be argued in this case that such a large rise above a powerlaw at
"< 6 MPC can be mainly hidden in w(®), only by the presence éf the sharp
break in &£(r) at relatively high density contrast and the anticorrelation
at larger scales, neither of which may be real features of the galaxy
distribution. While this might be the case, (although, as discussed in
Section 3 and below, there are reasons to believe both may be real) from
the discussion in Part 2, we saw that, despite the very different behaviour
in &(r) for the CFA at scales > 6.0 MPC, non-powerlaw behaviour at smaller
scales was still hidden in wV(O) by velocity smoothing at large separations.
Turning to more of the details of the modelsvahd data in Fig 6.8,
we see some evidence of the non powerlaw rise in £(r) is still visible in
projection in the solid curve. However this could be eliminated by lowering
the rise in &£(r) in the model to match the results from the CFA in Fig 6.7.
Another possibility is that the clustering at the smallest scales could be
filled in by pair counts from rich regions that are poorly sampled in the
AARS. This would bring the amplituae and shape of the model and observa-
tions into closer agreement. Alternatively, the slightly lower amplitude
of the model at the smaller scales (0 < lo), may just reflect uncertainties
in the selection function used to project E(r)i For example, making M* in
¢(x) fainter by 0.3 magniﬁudes would bring the model and observations into
agreement. By the discussion in Chapter 4.4 this would also make M* from
the AARS agree better with conventional estimates from other samples.
While the angular correlation functions agree at small scales in

Fig. 6.8, the observations vary beyond ~ 30. As discussed in Chapter 1.2) 
.the shape of w(0O) (gnd hence £(x) ) here is of great interest for theories
éf galaxy formation,:however the main problem is that the signal to noise

at these scales in projection is so low.
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From Fig 6.8 we see that, although the projected curve for the
AARS differs strongly from the Lick results at 0 > 30, it lies between
and reasonably close to the Zwicky and Schmidt* observations. Further-
more, recent estimates of w(0) at several different depths by Shanks et al
(83c), have shown evidence for a break at a similar angular scale to the
original estimate (squares) in Fig 6.8 ; the break scaling in the expected
way with depth. This is strong support that the feature at this scale is
neither due to systematic errors in the catalogue pfeparation or the
_estimator, or due to galactic obscuration. |

Although these machine measured catalogues are better controlled
than the Lick survey and the scaled estimates of w(0) perhaps more believable,
some support for the break at larger scales seen in the Lick, comes from |
€S(s) for the CFA. As noted in Part 2, the results of Davis and Peebles (82)
differ strongly from the AARS at scales > 6.0 MPC, Es(s) only eventually
exhibiting a steepening at scales of 10 MPC. Despite ‘being much larger
than the AARS, by the arguments in Section 3.3, it is not clear that at
these and larger scales these results are more reliable than those for the
AARS, where the break occurs at v 6.0 MPC in both subsamples (Fig 6.3). |
Indeed plots of Ev(o,ﬂ) at between 6.4 < 0 < 12.8 MPC given in Fig 5.9 of‘
"DP, suggest that -large statistical fluctuations are affecting £(r) in the

- CFA at these scales.

* Ie a re-estimate using a similarly prepared catalogue to that used by
Shanks et al (80a), Hewett (82) has claimed ﬁhet the shoulder in w(0) eccure
at an angular scale closer to that seen in the Lick catalogue. However, as |
Shanks (1983) notes, if plotted logarithmically, Hewétt's estimates agree -

with the squares in Fig 6.8.
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From this discussion we must conclude that the uncertainties,
discussed in Chapter 1.2, of the position of the break in £(r) remain,
and larger redshift samples are needed to provide a more reliable estimate.

6.4.4 Summary and Conclusions

Initially the main interest in studying E(r) for the ARRS at small
scales was to determine the overall amplitude and true position of the
break away from powerlaw behaviour, suggested in studies of the projected
catalogues. However, as the extensive analyses discussed in this section
has shown, there may be evidence for considerable non-powerlaw behaviour
apart from the break.

Although at the smallest scales £(r) for the AARS appears to
approximate a -1.8 powerlaw with amplitude similar to projected estimates
of w(0®), both the analyses of Ev(o,w) and Es(s) over the range 1 to 6 MPC
show &£ (r) exhibits a strong rise above a -1.8 powerlaw. Models show the
effect is unlikely to be due to peculiar velocities and the analysis of
the simulated catalogues suggest the rise is statistically significant.

External support for the behaviour comes from an examination of the
correlation functions for the CFA where a smaller but still strong effect
is evident over the same scale range where the statistics in each sample
should be good. ' Furthermore, projection of £(¥) from the AARS in both
WV(O) and w(O) show the sfrong rise above powerlaw behaviour is essentially |
compensated for by smoothing over the fall away from powerlaw at large scales.
In the CFA a similar smoothing over the line of sight occurs in WV(O), which
also shows the expected powerlaw behaviour, although in this case the
behaviour of £(xr) at larger scales is different.

From these arguments one must conclude that either £(x) from the
two samples are unrepresentative at scales < 5 MPC and the agreement with
projected catalogues fortuitous or, that at scales 1 - 5 MPC £(x) is con-

siderably flatter than a - 1.8 powerlaw.
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At scales larger than 6.0 MPC, Es(s) in the two catalogues differ
strongly. In the CFA a break occurs at a scale similar to that seen in
w(0) for the Lick catalogue whereas the break in Es(s):for the AARS is
cioser to that found in the Zwicky and Schmidt catalogues. Thus, at these
and smaller scales, larger redshift samples are needed for a fuller under-
standing of the galaxy distribution, as measured by &(r).

For the present though, it is interesting to note that analyses of
projected catalcogues by Shanks (79) and Hewdtt et al (8l) using the statistic
'meads analysis', have shown evidence for a feature in the clustering
distribution at scales 2~3 MPC. This would contradict the claim by Groth
and Peebles (77) that &(r) exhibits pure powerlaw behaviour to scales of
9 MPC. A similar 'hump' at 2 MPC, as seen in‘ES(s) for the AARS in Fig 6.3,
has been seen in the radial couﬂts of several clusters studied by Oemler (74).
While no such rich clusters are present in the AARS, if both features are
real they may be connected and correspond to some preferred scale that
exists both in compact clusters and in the general galaxy distribution.

In Chapter 7 we discuss possible implications of the shape of £(r)
and such features for theories of cluster and galaxy formation.

Although there does appear to be good evidence for some sort of
departure from a -1.8 powerlaw slope in &(r), even at guite small scales,
in the remainder of this'bhapter it is generally assumed a conwventional
pure powerlaw applies. Where appropriate though, the affect on the results
of using a different model are discussed.

2 .
6.5  ESTIMATES OF <V > FROM Ev(o,Tr)

In order to discuss fully the estimates of <V2> from Ev(o,ﬂ), this
section is split into seven parts. The first gives details of a model fbr
EV(O,W) and the two that follow use this to provide two alternative
estimates of <V2> which are tested in each case on the simulated catalogues.

Possible uncertainties in the model are discussed in the fourth part and the
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results for the AARS are summarised in the fifth. The sixth gives
results from a reanalysis of several other redshift surveys and a
summary of the conclusions for the section are presented in the last
part.

6.5.1 A Model for Ev(c,ﬁ)

In Fig 6.2 a model for Es(s) was presented which, assuming a model
for &(xr) and the distribution function of peculiar velocities, can provide
some information on <V2> , averaged over all spatial scales. A much more
sensitive estimate of the velocity dispersions at différent spatial scales
comes from considering a similar model for EV(G,H) at different values of
o.

To do this we can follow Peebles (79) and assume the redshift
difference m between galaxy pairs at separation o is the sum of a cosmological
part Hy and a line of sight peculiar part W. If W is drawn from a distri-
bution function F(W, <W2>%) such that <W2(0) > = I F W2 aw (6.12)

we can get a model for EV(O,W):

00

1.
gv(c,n) = P (W <W2>2) E( (02 +y2);i aw (6.13)

=00

where y = 7~W

One approach using this model is to assume a form for F and &(r) and
adjust <W2> to give the best fit to the observed &V (0,m) histograms at
different 0. An alternative numerical estimate based on egn 6.12 and eqn

6.13 is
7 cut

2.y
(£, (oM = & (6% + 197 ) 1% gn

<w2> = (6.14)
Teut

gv(O"'JT) am
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Although this does not require a form for F it is sensitive to
noise in Ev(c,w) and the assumed form of £(r) at large scales.

Like the theory of the CVT discussed in Chapter 2.2, estimates of
<V2> based on egn 6.13 are based on a number of assumptions concerning
the peculiar velocities and clustering of galaxies.  Firstly they assume
that both <W2> and the form for F are roughly independent of separation
and are isotropic in the three dimensional relative velocity W. This is
consistent with the stability assumptions in Chapter 2.2.3 where <V2> is
isotropic and a slowly varying function of separation.

The second assumption is that the clustering is expanding with Hubble
velocities at all scales. Although this says that the clusters are not
bound at any scale, this should not affect estimates much at small o where,

2 2
by the gtability assumption, we expect <W >;i >> (Ho) . At larger scales

though, where <W2>lz N HO , estimates based on eqn 6.13 will cause <W2> to be
underestimated if the clustering on these scales is stable or the expansion .
is significantly slowed by streaming motions.

The model in eqn 6.13 also requires a form for £(r) which, from the
discussion in the last section, at present appears uncertain. Assuming
a -1.8 powerlaw in the next two subsections at scales < 6.0 MPC will tend
to overestimate <W2> , especially at laxge ¢ , if &E(x) rises significantlyv
above this powerlaw. However this effect may ‘be cancelled at large scales
by the ppssibility of streaming motions, mentioned above. These possible
uncertainties in the model for EV(G,H) and hence systematic errors in the
estimates of <W2> are discussed in Section 4.

Finally it should be noted that the moael in eqn'6.13 is consistent

with the assumptions used in setting up the simulated catalogues in

Chapter 3.7 where the clustering was assumed to be in free expansion and
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the peculiar velocities were randomly drawn from the same* distribution
function to be used in egn 6.13 in Part 3. Thus the analysis of these
catalogues, where <V2> is known, should be a fair test of the statistical
uncertainties in <W2> from the methods used on the data.

6.5.2 A Second Moments Estimate of <V2>

Estimates from the data and simulations are in (a) and (b) below.

(a) For the AARS

The first term on the right-handside of egqn 6.14, which we will
denote as 0&82(0», corresponds to the full relative velocity dispersion
of all pairs at separation o. As in the traditional group studies this
second moment integral is very sensitive to the choice at which true
peculiar velocities are distinguished from line of sight Hubble velocities.
However, in this case we can statistically subtract out this latter contri-
bution by the integral over E(r), denoted as <H2Y2>. Taking the usual
powerlaw model for &£(r) with slope -1.8 and eguating the denominator of
egn. 6.14 with egn. 6.6 of section 4.1, we find that for wcut >> ¢ ,
<H2Y2> N 00'8 ﬂcutl'z. Although this is a divergent integral, if we
choose mqgut so that EG“E (as with mv(c) ) + egn 6.14 should converge to
give <W2 (o) >.
Figs 6.9(a—¢) shows <WO2 (o) > * ( crosses ) and <w2 (c)>% (filied

circles) as a function of ncut for the three separations in Figs 6.1(a-c).

To model the sharp fall in £(x) seen in the data, the powerlaw slope beyond

* Since the form of the distribution function to>be used in the model for
£V(O,ﬂ) and used to assign individual peculiar velocities in the simulations
differs slightly from a gaussian, the relative peculiar velocity distribution
for the simulations has a slightly different form. However, it is unlikely
this at all affects the overall conclusions from the results of the simulations

prresented after the data in the next two subsections.
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TABLE 6.2: Second Moments Estimates of <W > (in km/sec)
T (MPC) <W 2,% <w2>12 <w2>%
o max y= 1.4
0.25 260 220 195
0.75 270 160 125
1.5 280 120 65

2 % 2
TABLE 6.3: Fitted Estimates of <W > (in km/sec) with *Jmin(in brackets)

~ 2% 2 % 2.5 2% 2 %
o‘ ~
(MPC) <W > <W > exp <W > gauss <W > v= 1.4 <W<> infall
0.25 260 ( 9.1) 310 (10.6) 250 ( 9.9) 230 ( 9.2) 280
0.75 180 ( 2.8) 210 ( 4.0) 170 ( 2.6) 145 ( 4.0) 240
1.5 195 (20.4) 205 (23.6) 170 (17.6) 155 (22.8) 285
TABLE 6.4: Fitted Estimates of <W2> (in km/sec) from the Simulations
o (MPC) 1lst Set (200 km/sec) 2nd Set (500 km/sec)
0.25 220 + 50 575 + 100
0.75 230 + 73 600 + 160
1.5 200 + 80 540 + 200
All Three 215 + 60 570 + 135
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6.0 MPC was steepened to -4.0 in calculating <H2Y2 >.

We see that <W2>% converges to 220 km/sec at ¢ < 0.5 MPC but in
Figs b and ¢ falls to around 160 and 120 km/sec respectively. These and
the maximum estimates of <W02>% are recorded in Table 6.2.

In principle this method does not require a form for F and an
asymptotic value of <W2>% should be reached if the shape of &(r) is known
at large scales. In practice though, we may expect the convergence to be
slow, especially at large ¢, and here we may lose any long tail contribution
of Ev(c,ﬂ) to <W02> due to background errors in gv(o,ﬂ), which have a largef
effect at low density contrasts. Also the estimates are increasinaly
sensitive to the Hubble flow models a$ ¢ and Tmcut rise. For example at
g = 1.5 MPC and wcut = 7.0 MPC, <H2Y2>% N 240 km/sec so that <W2>li becomes
the small difference between two comparable numbers.

Since together these effects may be responsible for the apparent
fall of <W2>li with scale, the method has been tested on the two sets of
simulated catalogues where the true <W2> is known and is independent of

separation.

(b) Tests on the Simulations

2.5
Figures 640 (a-c) shows the ensemble mean of <Wo > {crosses) and

2.5

<W > (filled circles) as a function of ncut for the first set of simula-
tions in Chapter 3.7/, using the same model for <H2Y2>as the data. The
error bars come from the standard deviations in <W02>1/2 and the smooth curves
are based on eqn. 6.13 using the model for £V(0,w) appropriate to the
simulations.

We see at ¢ < 0.5 MPC the mean <W2>;’2 conwerges to 200 km/sec with
quite small errors but the ensemble in Figs (b) and (¢) fall below the
model curve. Although this may in part be due to inadequacies in the
model for <H2Y2> , the effect is also seen in the second set of simulations

2%

where the Hubble correction is small compared with the expected <W >~ of

500 km/sec.
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If instead of taking the mean of <W20> : we take the root of the
mean of <W02> for the ensemble we see from Figures 6.1l (a~c) for the
second set, that <W2>;j converges quite reasonably. This suggests that most
of the contribution to the ensemble <W02>% at larger o, come from a small
proportion of samples, so in general a sample taken at random will under-
estimate the true <W2>%.

We may conclude from the simulations that at ¢ > 0.5 MPC, the
second moments of Ev(c,ﬂ) will underestimate <W2>% for small data sets like

the AARS.

2
6.5.3 <V > Prom Fits to EV(O,ﬂ)

Estimates from the data and simulations are in (a) and (b) below.

(a) For the AARS

The alternative approach using egn. 6.13 to estimate <W2>, is to
assume a functional form for F and model the observed broadening in Ev(o,ﬂ).

One clue to the form of F for the real universe comes from the N
body simulations of Efsthathiou and Eastwood (8l) mentioned in Chapter 2.2.
Using the three dimensional positions and velocities for all particles one
can examine F for different pair separations and values of (. Analysis from
both an open and closed universe for the simulations with 20,000 particles,

give a smooth form, approximately independent of separation and usefully

fitted by
2
1 2. =% W
F(W,(W2> %y = 0.476 (W) ? exp| -0.797 -L—]-—3—— (6.15)
<W2>4

3
The results of using this 'W2 ' form in egn. 6.13 and assuming
a -1.8 powerlaw for £(x) with B given by eqn.’6.lo, are shown on Figs 6.1
2%

(a-c). The dispersion here is <W >~ = 200 km/sec with the dashed and solid

curves corresponding to the dashed and solid histograms.
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The models show that the observed elongation is expected to
become progressively less as 0 rises, as seen in the data. 1In Fig (a)
we see the dashed curve fits the data at small T but misses the observed
tail at larger scales, the reverse being true in Fig (b). 1In Fig (c¢)
comparison is hard>because the amplitude of the model is too low. This
is also seen in the comparison of all the solid curves and histograms
which give more information on the shape of E(x) than <w2>. We see the
data here all lie well above the models at o > 1.0 MPC, reminding us of
the rise of £(r) above a ~1.8 powerlaw discussed in detail in the last
section,

In order to quantify the method to give more definite estimates
of <W2>, least square fits were performed on the dashed histograms. To
accommodate the observed non-powerlaw behaviour, the amplitude B was:
adjusted to correspond to the integral pair counts for each histogram which
are given in Fig 6.7 (open circles) of section 4.2.

2 . .
The best fitting <W >li came from minimising the quantity

n max model
) (€ (0,m ~ & (a,m)
P = 2. 2
A
n=o
D model model
where d o (EV (o,m) + 1) ; Ev (0,m) being estimated from
2%

egn. 6.13 for different values of <W >°, The weighting scheme assumes root
N fluctuations in the number of pairs contributing to gv(c,w) So p2 corresponds
to a wiin statistic. Although the points in each bin are not really independ-
ent, the results-do not change appreciably 1f other weighting schemes are
adopted.

The results of wiiﬁ4estimated between o’< M < 6 MPC are shown as
solid curves in Figs 12 (a—c), where the data (solid histograms) has been
binned up from the dashed histograms in Figs 6.1 (a-c¢). The best fits for

the three separations are 260, 180 and 195 km/sec respectively, which are
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recorded in Table 6.3 along with their corresponding wiin values. Also
on the figures are curves with 100 km/sec (dashed lines) and 500 km/sec
(dotted lines) dispersions and the dotted histograms refer to a subsample
of the data discussed in part 5.

We see the solid curves in Figs (a) and (b) give good fits to the
data while the fit in (c¢) is poorer. Although the difference between the
curves is less at this separation the other two cmnrves give much worse fits.

From Tables 6.2 and 6.3 we see that the results from this fitting
analysis give closer values of <W2é at the different separations compared

with the second moments estimates in part 3.

(b) Tests on the Simulations

To test the fitting method a similar wz analysis was performed on
each of the two sets of simulated catalogues, and the best fitting velocity
was recorded for each simulation. As for the data, the fits were insensitive
to the adopted weighting scheme.

Figs 6.13 (a-c) show the resulting histograms at the three separations
for the first set of simulations, the means and standard deviations being in
Table 6.4.

We see the distributions are all fairly symmetric about 200 km/sec
and there is only a slight bias that may just be a statistical fluctuation.

As expected, the errors of <W2>;’2 are larger as 0 rises. The results from
all three separations were also combined by calculating the mean of <W2>L2

for each simulation. The mean and standard deviations for the resulting

distribution are -

1
w?>? = 215 + 60 knm/sec. (6.16)

Figures 6.14 (a~c) shows the histograms for the second set of
simulations which were fitted between 0< I'' < 10 MPC. The results in Table 6.4

show the means are more biased to high velocity dispersions than the first set.
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Taking the mean and standard deviations averaged over all three separations

as before gives

2. %
<W > = 570 + 135 km/sec ‘ (6.17)

2
From the simulations we may conclude that the wmin analysis give
2
reasonably unbiased estimates of <w >% at the scales of interest (at
least for the first set of simulations that match the data best). Of course

this assumes the correct model for F of the real universe has been chosen.

6.5.4 Changes in the Model for &V(G,w)‘

In the last two subsections we have discussed random and systematic
errors in the estimates of <W2> from EV(G,H) using the simulated catalogues.
However, the analyses can still be criticised on the grounds that ﬁeither the
model for Ev(c,ﬂ)or the simulations match the clustering and dynamics of the
real universe.

Below we discuss the dependence of the estimates of <W2>li on the
models for F, E(r) and the expansion velocities.

5

(a) Other Forms for F (W,<W2> )

Although the solid curves in Figs 6.12 (a-c) are reasonable
representations of the data, and indeed at ¢ < 0.5 MPC we may expect
Ev(o,n) n F, it is still importént to test the.effect on <W2>1‘5 of
considering other reasonable distribution functions in the model fits
analysis in Part 3.

Peebles (79,81l) has advocated an exponential form,

2

F N oexp <j"|W|(,2_ ) li> , from several complete}redshift samples whereas
<W > .

Yahil and vidal (77), Rood and Dickel (78), have fitted velocity distri-

l 2
butions from clusters and group studies with gaussians (Fv exp <’ - W£ ) ) .
2<WH >

o , 2 %
Table 6.3 shows the best fitting estimates of <W > and the
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winvalues from the analysis in part 3 using these two other functional
forms. 3
Since the adopted 'W2 ' form from egn. 6.15 lies between an
exponential and a gaussian, not surprisingly, the best fits for this
function lie between the latter two.

We see at small separations the wz methodi?s quite sensitive to
the model foxm chosen although the gaussian and W2 forms give gquite close
results and generally better fits than the exponential. As the W§nindicate,
at ¢ < 0.5 MPC the exponential gives about as good fits as the other two
forms but is less reasonable since the model for Ev(c,n) has a long tail at
n > 6,0 MPC that is completely lacking in the data. This demonstrates the
fitting method relies on the accuracy of the chosen model for F in describing
the behaviour of the real velocity distribution both at small velocities
fwhere it may be affected by measuring error) and in any long tail ; in this
sense it is as sensitive at large scales as using the second moments of
g, (0/m .

However the problem can be eased if the choice of F can be justified
in some way. Physical justification for adopting egn. 6.15 comes from the
N body simulations which give crude agreements with thé clustering pfoperties
of the observed universe. In compact, relaxed groups and clusters and in the
possible extended isothermal halos around bright galaxies we may expect a
gaussian to be appropriate (e.g. Yahil, 77), perhaps with a veloeity truncation
at the systemé escape velocity. 3

From this we may conclude that using the W2 form or a gaussian give
better fits to the observed Ev(c,n) than an exponential and are probably more
realistic functions to use in eqn. 6.13.

(b) Other Models for £ (r)

In view of the general poor fits to a -1.8 powerlaw discussed in section 4

~and seen in the models for Ev(o,ﬂ) in Figs 6.1 (a-c), it seems reasonable to
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test the effect on <W2>lz of using a more representative model of £(r) for
the sample.

To do this the analyses of the last two subsections has been
repeated using a flatter powerlaw slope at r < 6.0 MPC of -1.4, which
gives a more consistent fit to WV(O) and Es(s) than using the usual slope
of ~1.8.

1
The modified results, marked as <W2>1Y - 1.4 in tables 6.2 and

2_1.
6.3, show this different model for E(rxr) reduces <W > by between only
20-30 km/sec at ¢ < 0.5 MPC but 30-60 km/sec at the outer separations.

(¢) Correction for Streaming Motion

Another possibility, mentioned in part 1, is that the assumption of
2
pure Hubble flow in egn. 6.13 can cause <W > to be underestimated. For

5

example, in the extreme case of no Hubble velocities, <W§%wx in Table 6.2

should give the best estimate of <V2> from the second moments of Ev(c,ﬂ).
A more realistic correction for non-Hubble motion in the model for

E\’b /) has recently been considered by Davis and Peebles (82) in their

statistical study of the CFA. These authors adopted a model for the stfeam—

ing velocity relative to the Hubble flow of .

¢

Y 2 -1
hir) = [1 + <-r-9 ] (6.18)

which was incorporated into egn. 6.13 by replacing the right-hand side of

v = {1 -W with the solution to

W= n-H (L=h ( (62 +yD7))

Efsthathiou (seen Bean and Efsthathiou et al, 83) has used the same
correction to EV(G,H) for the AARS, and using egn. 6.15 for F has followed
2
a P analysis similar to that described in part 3 but allowing the amplitude

B to be another free parameter in the fit at each separation. The result
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of adding the difference of his fits, with and without this infall, to the
best fits in Table 6.3 (that agree within 20 km/sec with his fits without
infall) are given in column 6 of the same table. Since we see the corrections
with this model are substantial at the outer separations, amounting to nearly
100 km/sec at o =1.5 MPC, it is important to discuss them in more detail.
The model h(r) in egn. 6.18 is based on the similarity solution
( &= 1) of the BB GKY equations (Davis and Peebles, 77) in which the cluster-
ing is only dominated by the expansion at scales rH > ro. However if @ << ;
we would expect clusters at scales smaller than ro to have mean densities less
-than the critical density and so be unbound and in approximate free expansion.
Taking Q = 0.1 for example, we might expect this scale rH to occur at roughly
a mean over-density of é%- % 10. Since a measure of the mean over-density

at scale r around a random galaxy comes from the relation

dp __ 3 '
== 3o (6.19)

1
(White and Rees, 78, egn. 2.14), we find rH = 5— ro N2 MPC.

Some support for a small infall correction on scales rO comes from
studies Jf the local galaxy distribution within ~ 5 MPC which suggest that
beyond the local group, galaxies are expanding at a rate roughly proportional
to their distance (Sandage and Tamman, 75). Although in this case the picture
may be complicated by the tidal field of the Virgo cluster, it does suggest
the model for h(r) used in eqgn. 6.l8kprobably overestimates the correction
to <W2>L2 due to streaming motion.

It should alsc be noted that the streaming term h(rx) is based on a
particular model for cluster formation. If clusters instead collapse
according to the sperical model (Gott and Rees, 75), any flattening in

EV(OIW) could refilect the scale at which clusters are now fragmenting out

of the Hubble flow, which in turn could reflect @ (Sargent and Turner, 77).
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Taking Q~0.1 again we expect clusters in this picture to turn

around at'gg ~ 30, which from egn. 6.19 above corresponds to a scale of
p

r
O

&Towlmpc.,

Interestingly we do see Ev(c,ﬂ) at 0 < 0.5 MPC in Fig 6.1(a) is
flattened compared with Fig 6.1 (b) (as seen in fits in Table 6.3) but the
sample is too small to distinguish it from sampling fluctuations. In a much
larger sample one might be able to simultaneously fit <W >1/2 and, with
certain constraints, discriminate between models for cluster collapse through
the shape of EV(G,w) at different scales.

The infall correction is discussed further in part 6 in considering
the results from the CFA and in Chapter 7.2 we discuss estimates of { based
on streaming motion at scales considerably larger than rO MPC around rich

clusters.

6.5.5 Final Choice of <V2> for the AARS

In (a) below we discuss the most reliable estimates of <V2> for the
AARS and in (b) the correction for measurement error is considered.

(a) <> as a Function of Separation

Fig. 6.15 shows estimates of <W2>1/2 as a function of o from some of
the analyses in this section. Also on the figure are some additional estimates
for the AARS, which are discusggd below, and the open triangles refer to
estimates from the CFA that are reported in part 6.

At 0 < 0.5 MPC the entries for the BAARS all refer to second moments
estimates, which do not require a model form for F and which the simulations
suggest should give an unbiased estimate of <W2>%, The error bar at ¢ = 0.25
comes from Fig 6.10 (a) of the simulations and the open and filled squares
refer to estimates that were made from the northern and southern subsamples
respectively. We see that both lie within the error bounds which are
comparable to the upper and lower bounds (filled and open circles) that come
from corrections to the Hubble flow and from changes in £(x), discussed in

part 5 and given in Table 6.2. Splitting the data from this separation into
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two (solid. triangles) also agrees well with the overall estimate at these
scales.

At ¢ > 0.5 MPC the entries (crosses) come from the wz analysis in
part 3 with the errors from the first set of simulations, given in Table
6.4. Although at these scales the estimates are not too sensitive to the
exact form of F chosen, they do depend more sensitively on the corrections
mentioned above (circles), in particular due to streaming motion (filled
circles). However, as both are likely to be upper bounds to the corrections
we can realistically expect in each case, the crosses may be reasonable
estimates of <w2>li at these scales (i.e. the corrections tend to cancel).‘

In general we see that Fig 6.15 is as we might expect with <W2>Lz
roughly independent of separation and with erfors due to fluctuations rising
at larger separations. Taking the mean of the three main estimates to be
200 km/sec, we can ask at what significance 500 km/sec is excluded. If we
assume the value of 60 km/sec from egn. 6.16 encompasses the expected
statistical fluctuations averaged over the three separations, we find
500 km/sec excluded at the five sigma level. If instead we take the error
of 135 km/sec from egn. 6.17 from the second set of simulations we find
200 km/sec excluded at the two to three sigma level. Thus we can say with
confidence the AARS is inconsistent with <W2>1/2 NV 500 km/sec.

Finally, as with B in section 4.1, we still have to decide what is

2.5

the most representative value of <W >° for the sample. Although from the

o 2 % . 0.1
theory in Chapter 2.2 we expect <W > to scale as o and the present
analysis is not inconsistent with this, there seems little point in represent-
ing the variation with ¢ in Fig 6.15 by an analytic form.

Since the most reliable and model independent estimate in Fig 6.15
comes from ¢ < 0.5 MPC and the CVT can only reliably be applied at the

2 2

smallest scales anyway (where <W >  >> (H o) ),it seems appropriate to

2 %4 '
take <W >° = 220 km/sec at ¢ = 0.25 MPC, a value which is also quite

representative of all the other measurements in Fig 6.15.
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(b) Correction for Measurement Error

* 2
one final important correction to <W > 1is to remove the contri-

bution due to measurement error. Taking the rms error for the sample
from Chapter 3.5 as Gerr = 70 km/sec and subtracting according to the
) 2 2 -2 , 2%
relation <W > = <@ > -~ 2 0 ;, we find <w 7> = 196 km/sec. However,
c ery C :
if Gérr is nearer 100 km/sec, as seems possible from the analysis in

Chapter 3.5, we get (W02>% = 170 km/sec.

Since it would reguire only a modest increase in Oe . to make a
r

1 .
* , the selection function ¢(r)

furthef, more appreciable:reduction in <Wé2>
(with appropriate magnitudé limits) and then gv(o,ﬂ) vas re-estimated fo;
the subéample of high quglity redshifts, discussed in-Chapter 3.5.

The results for EV(G,W) for this subsample are shown as the dotted
histograms on Figs 6.12 (a-c), along with the histograms and model curves
for the total sample. Although around 6ne hundred galaxies have been removed
the two histograms at ¢ < 0.5 MPC are quite‘similar, the second moments
estimate, corrected for Hubble.flow and Gerr = 50 km/sec,giving <W2>% = 190
km/sec. In the two outer separations the amplitudes agree but we do sec somo
reduction in the broadening, the dashed curves with 100 km/sec fitting the
dotted histograms better than the best fitting curves for the total sample.
This difference may be due to statistical fluctuations in the smaller sample
sr indicate broadening due to redshift errors in the total sample.

_We may conclude that the value <W2>li = 220 km/sec at ¢ < 0.5 MPC
for the full sample is probably nﬁt conpromised by large measurement errors
and adopt .

1

<v2>7 = 200 km/sec (6.20)

* It may be noted that, since the velocities here are based ol pseudo-

velocities v= CZ km/sec, <y?>% will be slightly over-cstimated. However,

as wve expect the correction 1o he <V2>%~2 <v2sh (e.qg. Darrison and Nooua,79)
and 2 v 0.05 for the sample, corx }1‘;735 ' o o o
it hag been ignored.
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as the most reliable estimate of the rms relative peculiar velocity
dispersion between pairs in the ABARS at an average projected separation
of 0.25 MPC.

2
6.5.6 <V > from other Redshift Catalogues

The results from the AARS seem to be in direct conflict with the
estimates <V2>% v 500 knm/sec found by Peebles (79,8l) from the KOS and
Huchra/Rood catalogues. This disagreement seems especially puzzling as
these samples were also analysed using Ev(c,ﬂ) and in both cases the ampli-
tude B of &£(r) is in quite close agreement with egqn. 6.10 for the AARS.

To attempt to account for the discrepancy, EV(G,W) has been re-estimated for
the KOS and Huchra catalogues and the former has been combined with the AARS
2%

to form an ensemble estimate of <V > .

This analysis is described below and the results for Ev(o,ﬂ) are
3

>

presented along with simple model curves calculated using the usual W

distribution function. The newly published diagrams of Ev(o,ﬂ)from the CFA
catalogue are presented along with the models an part €, and the results

2
compared with the published estimates of <V >,

(a) Analyses of the KOS Catalogue

To estimate &v(o,ﬂ) the prescription in section 2.2 was followed with
¢(r) calculated from the solid curve in Fig. 5.4 (a) of Chapter 5. &as in
the estimate of Es(s) for this sample in section 3.1, the results are not
sensitive to the form of ¢(r) chosen. As the sample is small and the
correlation functions noisy, the pairs have been combined to form one hiéto—
gram for ¢ < 1.0 MPC.

The results are in Fig 6.16 along with model curves with B = 12,
the latter in agreement with the value found by Peebles (79). Since we
see EV(O,H) has a long tail and as Peebles estimate of <W2> came from the
second moments of Ev(o,n) with ncut = 15 MPC, the reason he found a large

velocity dispersion for the sample is quite apparent. Although some elongation
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is apparent in the plots of field NP4 (Chapter 5.3) and the dashed curve
with 500 km/sec approximately fits the data at 7< N< 15 MPC, the solid
curve with 200 km/sec gives a much better fit at i< 7.0 MPC. Since at the

smaller scales we expect the statistics to be best, this suggests that,unless
3
2 23

the W2 form 1s completely unrepresentative, <W > for this sample is
closer to 200 than 500 km/sec and the tail in Ev(o,ﬂ) is merely due to
statistical fluctuations in the small sample. As Peebles notes, removing
the richest field NP4 from the sample reduces the second moments estimate
of <W2>li by a factor of two or so.

Since the main problem with this catalogue seems to be its small
size and as it is similar in nature to the AARS, it is interesting to
" combine them to produce a sample of v 500 galaxies. A crude way to do this
is to merely combine the total pair counts BD(o,7) and DR(o,m) for each
sample together and recalculate &V(o,w) using eqn. 6;3 of section 2.2.

Figs 6.17 (a-b) show E;v(c,ﬂ) for the two usual separations in o
with the cufves taken from the best fits in Figs 6.12 (a~b) for the AARS.

We see at 0 < 0.5 MPC the histograms in both figures are quite
similar while at 0.5 < ¢ < 1.0 MPC the agreement is remarkable. It might
be thought this resemblance is due to the fact that the AARS completely
dominates the pair counts. Although this is true at ¢ > 1.0 MPC, at the
separations discussed here the pair counts DD(o,w) for 7 < 15 MPC are in
the proportion AAT : KOS, 10 : 7.3 and 10 : 9.3 for Figs a and b respectively.

Since the measuring erxror for the KOS sample is quoted by Rqod (82)
qnd Kirshner et al (78) as 100 km/sec and this is little larger than for the
AARS, we may conclude that the combined samples agree with the estimate of
<V2> for the AARS in part 5.

(b) Analyses of the Huchra Catalogue

In another study, Peebles (80b) has estimated £ (o,m) from the
. v

bright southern galaxies withrﬁB < 13.0 in the SRC and noted that models



142

with 500 km/sec fit the data reasonably well,

To test this, the method outlined in Peebles (80b) has been followed,
and EV(O,W) estimated in the similar Huchra catalogue (Davis et al, 78) for
galaxies with m%s 13.0, B" < - 30O and with measuring error quoted as less
than 100 km/sec. Following Peebles, to estimate ¢(x) the observed number
redshift counts (solid histogram in Fig 6.18) for all galaxies between 10
and 30 MPCwas used, divided by the appropriate volume elements, as in
Chapter 5.2. Since the sample only contains 170 galaxies, the pairs at
0 < 1 MPC were combined to form one bin (as was done for the KOS sample),
the results being in Fig 6.19.

We see the model curve shown with 500 km/sec ande = 12.5 crudely
fits the data at 7 <7.0 MPC, although misses the long tail at larger scales.

As Peebles notes, the high dispersion implied may in part be due to
measuring error or to the possibility that redshifts have preferentially
been measured in small patches of the sky, such as in rich selected groups.
However, as galaxies with large redshift errors were excluded and as the
catalogue is nearly complete tornb = 13,0 neither seems an attractive
explanation.

Another, more likely bias in the catalogue comes from clustering on
the scale of the sample. Although the volumes do not include the Virgo
cluster, the mean %ﬁ;k (Chapter 4.2) for the sample is 0.4 to 0.45
(Davis et al, 78), suggesting considerable inhomogeneities in the nearer
volumes. To allow for this ¢(r) was re—estimated for the sample (ignoring
Virgo infall) using the method in Chapter 5.2 with the Schecter parameters
from the AARS transformed into the Huchra system by eqn. 6 of Table 3.2.

The results in Fig 6.20(a) show EV(G,H) (solid histogram) is now
reasonably fitted by a model with 200 km/sec and B = 18. Furthermore, the
fit is improved (dashed histogram) if galaxies within 12° of the core of

the Fornax cluster are removed where the relative rms velocity dispersion
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is known to be <V2>% n 450 km/sec (Jones and Jones, 80).

This behaviour of Ev(o,ﬂ) éan be understood from an examination
of Fig 6.18 which shows that the observed counts around the distance of
the Fornax cluster (dashed histogram is Fornax core out) are considerably
larger than the smooth model curve from the luminosity function. Since
most of the pairs DD(o,m) come from this region, estimating DR{c,m) from
the observed background density here (as in Fig 6.19.) will underestimate
EV(O,N) at small 7 and overestimate it at larger w, giving rise to a low
apparent amplitude of B and large estimate of <W2>%. Naturally the results in
F{gl&lobwdepend on the .smooth model in Fig 6.18 being.a reasonable‘estimate
of ¢(r)Afor the sample. Of course conversely one might use the agreement
between <W2>% here and that for the AARS to be evidence that this model

for ¢(r) is reasonable.

A similar effect to thise occurs in the northern galaxies from the
catalogue discussed by Peebles (80a, p.285). These galaxies, with distances
between 15 and 40 MPC, have an observed number redshift histogram that peaks
near 15 MPC, Whereas the same LF model as used for ¢(r) above, peaks at
larger distances.

The results of Ev(c,w) using the smooth curve for ¢{r) for this
}sample are plotted in Fig 6.20(b) as a solid histogram albng with a model
curve with B = 21 and <w2>11 = 200 km/<ec. Although the lower bound 15 MrC
mostly eliminates the Virgo core there is still the possibility some high
velocity pairs are included that could dominate <W2> . Also Tully (82) has
noted considerable prolate structure radiating and expanding frombwﬁrgo
that could also elongate Ev(c,ﬂ). Excluding the region within 12o of the
Vitgo core, to help eliminate these possibilities, we see the dashed histogram
gives a reasonable fit to the model.

It should be emphasised that the discussion here is only intended to

. . 2% .
show the local. catalogues may be consistent with <V '>° = 200 km/sec found
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for the AARS. Cince we see the samples are strongly biased by inhomo-
geneities and the results are very sensitive to the form of ¢(r) assumed,
it méy not be very meaningful even attempting to estimate correlation
functions.,

(c) The CfA Catalogue

The analysis in (b) above leads on quite naturally to discuss the
. newly published results of Ev(o,ﬂ) for the CfA (Davis and Peebles, 82, DP),
which by its shear size should be taken more seriously than the KOS and
Huchra catalogues. Although the northern sample contains nearly four times
the number of galaxies as the AARS, as discussed in Section 3.2,»the
relatively shallow depth has certain disadvantages. While systematic errors
may only affect estimates of EV(o,w) on scales >> 10 MPC, since the CfA is
only a factor of two or so deeper than the Hﬁchra catalogue discussed above
and the model curves used by DP are a poor fit to the observed number red-
shift distribution, there is still the possibility of systematic effects
occurring at small scales. As with Es(s) though, DP do not discuss the
dependence of Ev(o,ﬂ) on the form of the selection function.

Turning to the results from Ev(o,ﬂ), DP have fitted estimates of
<W2>% as a function separation O with a powerlaw over the range 10 KPC
< g < 1.6 MPC, the data at the smallest scales coming from new accuratel
'redshift measurements of Turner's close binary galaxies (Turner, 76). They
- find over this range a reasonably fit to the data is |

2 %

0.13
™7 = 340 + 40 ( )

— km/sec 6.
IMPC / (6.21)
the scaling in close agreement with that expected in the theory. Since the

o] .
tehcniques used to estimate <V > from the relative velocity data often differ
from those used on the AARS earlier in this section, it is important to

‘discuss them in some detail.
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At 0 < 0.2 MPC five out of the seven estimates are based on second
moments estimates of <V2>;2 , two of which come from Evkd,ﬂ) for the éfA and
so are fadirly comparable to the AARS analysis. Taking mcut = 7.5 MPC, DP
find <W2>1/2 = 194 km/sec at ¢ < 100 KPC and 265 km/sec at 100 <o< 200 KPC.
Since these refer to estimétes of <W02>lz , they have been corrected for
Hubble flow according to eqn. 6.14. The corrected results are 182 and 245
km/sec, the latter figure shown as an open triangle at ¢ = 0,15 MPC in
Fig 6.15, along with the AARS results. A similar value of 220 km/sec comeé
from the binary data averaged over the three separations in o, at o = 10,

30 and 20 KPC.

At ¢ > 0.2 MPC the estimates are all based on a fitting analySis of
Ev(o,w) for the Cfa similar to that described in part 3 but with the models
using an exponential distribution function and the correction for streaming -
motion given in egn. 6.18. To compare these results consistently with those
of the AARS, EV(G,W) hag.been taken from their diagrams and fitted by eye
with models using the W2 form and no streaming motion,as used on the AARS_
in part 3.

Figs 6.21 (a~b) show the histograms for Ev(o,ﬂ) (binngd up to 1 MPC
in 7) between 0.2 < g < 0.4 MPC and 0.4 < ¢ < 0.8 MPC respectively, along
with curves 250 km/sec (dashed) and 300 km/sec (solid) with B in both.caSes
taken as 17.2 from Fig 6.7 of secté?n 4.2.

In both cases we see the W2 form with 250 km/sec fits better than
the solid curve. The corresponding best fits found by DP for Fig a and b _
were 317 and 358 km/sec respectively, which were reduced to 290 and 300 km/sec
when the infall correction was reduced by 90%. These results and those for
the AARS in Table 6.3 for the different models suggest that in Fig a the
difference between the dashed curve value and the value prgferred by DP is
mainly due to theixr using an expongntial rathér than the W2 form. In Fig b

the difference of v 100 km/sec comes about equally from the differences in

the distribution function and the infall model.
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‘i'As disEussed in part 4, the problem with thé fitting method,
eséecially at large. o, is the uncertainty in the model g?r Ev(o,ﬂ).
Although it was éuggestéd in part 4 that a gaussian or W are probably
more physically reasonable Fhan an exponential,there is the possibility
that the spread in cluster richness in the CfA could make the distribution
broader than a géussian or even an exponential. For example we may expeét
a very 1ong tail in E (0,m) due to the known high velocxties in rich
clusters, which seems to have been mlssed in the fits of DP because these
authors found-the estimates of <V2> (unlike Q for the Zwicky catalogue)
insensitive to the removal of prominent clusters in the sag?le. In this
general context though,. some justification for using the W2 form of
eqn. 6.15 may come from the N body simulations which, like the CFA, have a
considerable spread in cluster richness.

.Another uncertainty in the DP model for Ev(c,ﬂ)vcomes from their
unrealistically large streaming motion (Part 4) which may, in any case,

be compensated by the apparent rise in £(r) above a-1.8 powerlaw (section 4).

An-insight into these last two effects comes from considering
Ev(o,ﬂ) for 3.2 < g < 6.4 MPC, which is shown in Fig 6.21 (c). The model
. corresponds to 250 km/sec and B comes from FPig 6.7 of section 4.2.

We see this model with B = 26 gives the correct overall amplitude
at these scaleé,/a factor of 50% larger than in Figs (a) and (b), and
demonstrates the non~poﬁerlaw behaviour discussed for this sample in
sectionv4.2. The sharper peak seen in the data than the model may reflect '
thé.need for infall in the latter, however using the full infall model DP .

find <w2>;2

= 510 km/sec,which is lowered to 290 km/sec when removed. Making.
the reasonable physical constraint that <V > is little larger at this scale
than at ¢ < 1.0 MPC, in turn could suggest the full infall model used by

DP is too high. BAs noted in part 4, firm constraints on the infall (and

shape.of E(xr) ) along this line will require laxger redshift samples.
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Putting the two values of <V2>;2 from the dashed curves in
Fig 5.21 (a~b) on Fig 6.15, we see the three estimates (open triangles)
considered here from the CfA are in reasonable agreement with those found
by a similar analysis of the AARS. Correcting these values for a measure-

2%

*
ment error of 50 km/sec , we may take <V >° = 240 km/sec at ¢ = 1 MPC as

a possible alterxrnative to the figure 340 km/sec found by DP for the CfA at
o =1 MPC.

6.5.7 Summary and Conclusions

The great importance of the statistical methods used for estimating
velocity dispersions in this section is that they do not require subjective:
decisions about how galaxies should be assigned to groups. The statistic
Ev(o,ﬂ) estimated for the AARS is insensitive to the model used for the
selection function and gives a convincing demonstration at projected
separations ¢ < 0.5 MPC of the effects of peculiar velocities in distorting
the clustering along the line of sight. This effect is considerably larger
than we would expect from measuring error. At these scales the simulations
show the second moments of gv(o,ﬂ) should give an unbiased estimate of <V2>
with the Hubble flow contribution statistically subtracted. Although the
latter correction does require a model for £(r), at these scales the contri-
bution is small énd the value <V2>12 = 200 km/sec found here is quite stable.
At the larger preojected scales the model fits to EV(G,W) give more reliable
estimates of <V2>. Here the histograms are quite well fitted by models
calculated using physically rgésonable velocity distribution functions;
these fitting a gaussian or W2 form better than an exponential. While the

estimates here have larger statistical fluctuations and are more dependent

* 60% of the CfA sample comes from the measurements of Tonry and Davis (79)
that have o = 35 km/sec, the remaining 40% having a mean error of

70 km/sec. err If the rms value for the latter 40% of the galaxies is
equal to the mean we get a total rms of ~ 50 km/sec. If instead the rms
is larger than the mean, the total rms error may be comparable to the figure
of 70 km/sec adopted for the AARS in Chapter 3.5.
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on models for £(r) and streaming motion, at ¢ < 2.0 MPC the data is not
inconsistent with ..¢. slow variation of <V2> with separation expected
physically.

Although from previous analyses of the KOS and Huchra catalogues
using gv(o,ﬂ), Peebles has found <V2;§’” 500 km/sec, studies in this
section have shown these samples may be equally compatible with the figure
found for the AARS. The main problem with the KOS survey appears to be
its small size, however when combined with the AARS the considerably larger
combined sample is consistent with the results from the AARS alone. As
well as being small, the Huchra catalogue has the problem it is biased by
local inhomogeneities which, if not accounted for, have the effect of over-A
estimating <V2> from systematic errors in the selection function used to
calculate gv(o,w)o

Values that lie between the figures 200 and 500 km/sec above have
recently been found by Davis and Peebles from gv(o,ﬁ) estimated from the
CfA catalogue. However, a reanalysis of Ev(c,ﬂ) for this sample in part 6,
in the same way as for the AARS, shows the estimates from the two samples may
be very similar, with <V2>% in the range 200-250 km/sec. The main difference
this time between the published results and those discussed in this section -
is differences in the model for Ev(c,ﬂ).

It is interesting to compare these velocity dispersions with those
from other studies, which are discussed in more detail in Chapter 7.2.
Assuming the peculiar velocities for the AARS are randomly assigned, the

2%

individual rms velocity dispersion is typically 3%;1 v 140 km/sec.
Although this is much lower than the typical figure of ~ 1000 km/sec found
in rich clusters, it is rather higher than the typical dispersion 50-100.
km/sec in nearby loose groups of galaxies. This latter difference is
probably due to the fact <V2> is a pair weighted statistic and depends

quite sensitively on the richness of the clustering sampled. If <V2> between

Pairs depends on the abundance of neighbours, as assumed in the CVT, we need
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a measure of Q as well as B for the sampled volumes of the AARS, an

issue we now turn to.

6.6 THE THREE POINT CORRELATION FUNCTION

Since the quantity Q needed for the Cosmic Virial Theorem depends
sensitively on the richness of the clustering sampled, it is important to
make an estimate of it for the AARS. This is all the more important since
all but one of the previous estimates have come from projected catalogues
where Q, like B, depends on an integral over an assumed luminosity function.
In part 1 the estimate from the AARS is discussed with par£ 2 compariﬁg
with the results from other catalogues.

6.6.1 Estimation of Q for the AARS

To determine Q for the AARS an estimator was used that was based 6n
a program applied to the Rood catalogue, which P.J.E,Peebles kindly made |
available.

Since peculiar velocities affect distances along the line of sight,
the method estimates an analogue of the angular three point correlation
function but uses the redshift information to calculate projected separations
along three sides of each triangle defined by galaxy triplets. ' The shortest
side of each triangle r = Ov is defined iike o in section 2.1, with | |

1

r2 = uo the intermediate side and r3 = (u + v) Gv the longest side, where
v

u and v are the shape parameters discussed in Groth and Peebles (77) (GP).

This function 2 (rl,rz,rB) gives an estimate of Q by a relation similar to

v :

egn. 2.4 in Chapter 2.1 for the spatial function ;

ZV (rl, r2,r3) = Q(Wz(rl) Wz(rz) + 2 x cyclic) v (6.22)

where Wi(r) is an analogue of the angular two point correlation function.
The computation of ZV and WZ is similar to the prescriptionboutlined
in GP for projected catalogues. To reduce noise in ZV and Wz the redshift

information was used to cut out all galaxies with line of sight velocity



150

separations > 5 MPC along the two shorter edges of each triplet. The

background counts of triplets and pairs were estimated by putting down

many random points in the redshift volumes, according to the method used

in section 2.2. for Es(s), and then scaling to the overall numbers expected

in each field. ILike the estimates of Ev(d,n) and Es(s) the results for Q

presented -t nobt. 'sensitive to the form of the selection function adopted.
Table 6.5 shows the values found for Q for different triangle sizes

¢ and shape parameters u and v. The mean for all twelve is
v

Q = 0.55+ 0.06 (6.23)

Fig 6.22 shows zv(Gv, u, v) as a function of ov(crosses) along with
the scaling expected from the model for the spatial three point function in
egn. 2.4, Chapter 2.1,

We see the data is fairly consistent with the model, although it
does rise above at the two outer separations, which is perhaps connected
with the rise of &£(xr) above a -~1.8 powerlaw discussed in the section 4.

In a larger sample one should be able to test thé model more thoroughly, as
has been done for projected samples by GP. 1In particular, at large separations
it may be possible to test more sensitively for linear sturcture evident in

the plots of the galaxy distribution by testing the dependence of Q on shape
parameter V.

Since the error on egn. 6.23 is internal and the values of Q in
Table 6.5 are not independent, the estimator was tésted on some of the
simulated catalogues discussed in Chapter 3.7.. As Peebles (80a, p.241)
discusses, if each clump in the simulations has a fixed number of leveis
and subclusters per level (as is the case here), we expect Q x 0.5, which -
is about as low as it can be.

The analyses of ten of the first set of gsimulations with <V2>%= 200

km/sec gives a mean é = 0.49 + 0.73, suggesting the method gives an



TABLE 6.5: Q for the AARS

G, (MPC) l <u<22 2 <u<3 3 <uc<4
0<V<k 0.60 0.63 1.32
0.125
L<y<l 0.26 0.28 0.02
0<V< 0.14 0.54 0.71
0.375
3<v<l 0.64 0.51 _ 0.44
0O<v<k ~ 0.30 0.66 0.72
0.75
Ley<l 0.56 0.95 0.86
o<v<ls 0.49 0.54 0.19
1.5 v
L<v<l 0.81 0.66 ) 0.22
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surveys along with expected scaling.
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unbiased estimate of Q with internal errors giving a reasonable estimate
of the true errors on Q within the sampled volumes.

As an additional test of the fluctuations, Q was estimated in the
north and southern subsamples separately. The corresponding values were
Q = 0.64 + 0.13 and Q = 0652 i_0.09; the higher value in the north being
expected since field GNB has a few groups that appear quite compact when
seen in projection (Chapter 5.3).

We see that the estiﬁate in eqn. 6.23 for the total sample lies
within the errors for the two subsamples again suggesting the internal
errors are reasonable for the sampled volumes.

6.6.2 Comparison with Other Samples

Although Q found for the AARS is about as low as it can be for the

model for'gﬂr,r,r) in Chapter 2.1 and is considerably smaller than Q = 1.29
from the Zwicky and Lick estimates discussed there, the low value is not
unexpected because the sample does not contain any rich clusters or many
vight groups and so samples only a small spread in cluster richness.
Indeed the sensitivity of Q to rich areas can be seen from the dependence
of Q on whether Coma is included in the Zwicky catalogue. With Coma
included GP found Q = 1.4, but when eleven galaxies in the centre were
excluded this value fell to Q = 0.85.

This sensitivity is also demonstrated by the value of Q found for
the KOS sample which was estimated in the same way as for the AARS in part 1.
Although ZV as a function cv in Fig 6.22 (filled circles) 'is quite close to-
that fouﬁd for the AARS, the KOS survey giQes Q = 1.50 + 0.23, well above
egn. 6.23. However, as with B and <V2>, most of the contribution to Q in
the sample comes from the rich and highly clustered NP4 field, which if
removed makes Q fall by neariy a factor of two.

The value Q = 0.68 + 0.05 found by Peebles (8l) for the Rood
catalogue is more comparable to the AARS result. However here there is the

possibility systematic effects may affect the estimate of Q, although
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perhaps to a lesser extent than that found for B and <V2> in section 5.6.

We may conclude that, while the estimate of Q in egn. 6.23 is
representative of the sampled volumes of the AARS, one would expect con-
siderably larger values from samples with more prominent groups and
clusters.

6.7 A MODEL FOR Es(s) AND THE SIMULATIONS

Before concluding this chapter we still need to discuss details
of the models used for Es(s), presented in sections 2 and 4, particularly
those compared with the results of the simulations in Fig 6.4,

The model foxr Es(s) is similar to that described in section 5.1
for Ev(o,ﬂ) and is given by a double integral of §(r) from egqn. 2.3 convolved

with the Same peculiar velocity distribution function (egn. 6.15). Thé

model is
S 00
E(s) = 200 (&0 +yH™) Fu, <> )dy) do (6.23)
J
0 -
where W in F (W, <W2>%) is replaced by W = v (52-02) - V.

Since the function is singular at y = 0 = O with. a powerlaw model
for £(r), to integrate egqn. 6.23 small cuts yC and cc were introduced and
the inner part integrated analytically assuming F constant,. .. .

Another complication is that, since the fields are narrow, there willkbe
generally fewer pairs at large scales contributing from the transverse
direction than from along the line of sight. To crudely allow for this
the integration in ¢ was restricted to o £ 5.0 MPC.

A test of the model, and especially the latter approximation, comes
from Fig 6.4 for the simulations which was briefly discussed in section 2.3;
" Here the overall model for §(rx) was deduced from the results of gs(s) from
the low velocity simulations (filled circles) with the small scale amplitude

set at B = 15.5. This was set from the estimates of Wv(c) from the four
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separations in 0 shown in Fig 6.7 and discussed in section 4.2. As
noted there, a slightly steeper slope than -1.8 is suggested, which maf
explain the poorer fit of the dashed curve to the filled circles in

Fig 6.4 at small separations. While for a real test of the model one
would want to estimate and model &(r) for simulated catalogues without
peculiar velocities, the general agreement between the models and the
results of Es(s) suggest both are consistent with each other.

Finally it might be noted that this model for Es(s) is quite
crude, Although the model form for F from the studiés in section 5 appears
édequate at small scales, at larger separations it may be a poorer approx-
imation to the real distribution function and here streaming motion may be
important. Thus, for larger redshift samples more sophisticated models

for Es(s) may be worthwhile.
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CHAPTER SEVEN

DISCUSSION

7.1 INTRODUCTION

The purpose of this chapter is to bring together the results from
the last few chapters to provide information on mass and clustering of
galaxies and to discuss how the present distribution of matter may have
come about in the expanding universe.

Since the motivation for estimating accurate redshifts in the AARS
was for dynamical studies, Section 2 is devoted to a detailed discussion
on the mass of galaxies and measurement of {§ on which the statistical data
holds valuable information. As well as an application of the Cosmic Virial
Theorem and comparison with the more traditional dynamical studies, the data
on <V2> for both the AARS and the CfA is used to provide some of the first
possible clues to the way mass is distributed arocund galaxies.

The distribution of matter is naturally of importance for theories
of galaxy formation. In Section 3 the present information here is used
along with the forms of the correlation functions found in Chapter 6 to put
constraints on the two most popularvtheories. The second half of the
section looks at more general astrophysical constraints on these theories.
and discusses some new scenarios that may be able to account more naturally
for some of the observations discussed earlier in the chapter.

7.2 THE MASS OF GALAXIES AND DISTRIBUTION OF MATTER

Having made an estimate of <V2> , B and Q for the AARS wé are now in
the position to make a statistical virial estimate of Q. 1In the first part
of this section we briefly review the data again and apply the 'Cosmic Virial
Theorem' :to estimate GFL ;~. Since uncertainties in Q will come from both
statistical fluctuations in the sample and uncertainties in the CVT these, -

especially the latter, are discussed in some detail in the two parts that



155

follow. 1In part 4 the results are comparéd with some more traditional
studies and in the final part the relevant data is brought together to
discuss possible scenarious for the distribution of matter on small
scales and briefly how these may relate to theories of galaxy formation.

7.2.1 Application of the Cosmic Virial Theorem

The important advantage of the statistical virial approach over
the usual group studies is that the estimation of the peculiar velocities
and potential energies do not require assigning galaxies to particular
dynamical units.

From the redshift correlation functions of the AARS in the last
chapter a value of <V2>% % 200 km/sec was found at projected separations
less than 0.5 MPC, an estimate insensitive to any model assumptions.
Although at larger scales the estimates are more uncertain and model depend-
ent the data is not inconsistent with the scaling <V2>;zi " oo'l expected in
the theory. The two and three point redshift correlation functions also
show the form of §(x) and the available data on S(r,r,r) for the AARS are
consistent at the smallest scales with the simple powerlaws implied from
projected studies and assumed in the statistical virial estimates of the
clustering potential energy.

Following the discussion in Chapter 2.2 there are two such dynamicali
estimates of Q based‘on the correlation functions. The first, the cosmic
energy equation discussed in Chapter 2.2.2 neither requires the assumption ‘
of stability or a model for’S(r,r,r) but is sensitive to both the form of
£(r) and peculiar velocity motions at large scales. As discussed in the'
last chapter both of these are uncertain even on scales comparable to 1 MPC. .

The Cosmic Virial Theorem (discussed in Chapter 2.2.'3) on the étherv

hand, although requiring stability, should be insensitive to these factors

if applied at small enough scales where the clustering is most likely to be

: .. . ) o
in statistical equilibrium. Indeed the characteristic crossing time~ — 73
. <V >
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'at scales ¢ < 0.5 MPC is roughly one tenth of the Hubble time, so by the
discussion in Chapter 2.2 this should be consistent with stability. |
To apply the CVT to the AARS, egn. 2.8 of Chapter 2.2.3 is taken
with <V2>li ;YZOO km/sec from eqn. 6.20, B = 13 from egn. 6.10 (with v = 1.8)
and Q = 0.55 from edn. 6.23, all estimated consistently from the data.
0.2 0.2

Taking CW = 1.8 ° 3.125 and r = 1.3 ¢ from Davis and Peebles (83) this

gives
Q@ =0.18+ 0.05, (7.1)

lThe error here come from differences in Q estimated separately from
the northern and southern subsamples, the fluctuations of which agree quité
well with uncertainties in <V2> , B, and Q found from the simulated catqlogues.
Taking the luminosity density, pL for the sample from eqn. 4.13

with egn. 7.1 gives an overall %' in the BJ band of

M~ 300 ' ' ' (7.2)
L _

As noted in Chapter 4.5, the estimate of pL for the AARS ray be
too small for several reasons, making the value in eqn. 7.2 an overestimate.

7.2.2 Comparison with Other Redshift Samples

Although the simulations and internal errors suggest the values of
<V2>,, B and Q used in egn. 7.1 are reasonable for the sampled volumes of
the AARS, they need not be representative of the universe as a whole.
Indeed the amplitude df B and certainly the amplitude of Q found for the
sample appear to be rather lower than found from much larger projected
‘catalogues suggestiﬁg the AARS has undersampled dense regions.
While othe; estimates of <V2> from the KOS and Huchra catalogues
discussed in Chapter 6.5 may be roughly consistent with the AARS result,
these samples are either too small or too biased for a convincing comparison;'

However, combining the AARS and KOS catalogues gives a sample of around 500

galaxies and results similar to the AARS.
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A more convincing comparison comes from the large CfA catalogue
which may be a more representative sample since it contains three quite
prominent clusters at well sampled depths, although the relative shallow-
ness may still 1eaa to biases. Using methods similar to those in Chapﬁer
6.5, Davis and Peebles (82) (DP) have claimed <V2>12 = 340 km/sec at
¢ =1 MPC and B = 21.5 which, with Q = 0.7 taken from the Rood catalogue,
gives from egn. 2.°.8, v 0.2, very close to the estimate in egn. 7.1.

It might be thought that the largér values of <V2> and B from the
CfA come from the inclusion of the rich clusters ; however DP find the
model fits for <V2> are insensitive to their exclusion. As discussed in
Chapter 6.5.6 the biggest reason for the discrepancy of <V2> with the AARS
appears to be the different models used for Ev(o,ﬂ). DP used an exponential
velocity distribution function and corrected for large streaming motions both
of which seem less physically reasonable than the models used for the AARS.
Taking instead <V2>li = 240 km/sec at ¢ = 1.0 MPC from the discussion in
Chapter 6.5.6 and B = 17 from Fig.6.7 we find & v 0.1, rather lower than
above. Since the Rood catalogue is certainly unrepresentative, the value
Q0 = 0.85 assumed here was taken from the Zwicky catalogue excluding Coma
(Groth and Peebles, 77), although obviously for a more definite value of Q
one re%ires a consistent estimate of Q from the CfA.

Taken together the present data suggest a value of <V2>11 between 200
and 300 km/sec and a CVT estimate of Q@ between 0.1 and 0.2. However the

application itself relies on a number of assumptions which we now discuss.

7.2.3 Discussion of the Assumptions

Although the CVT does not depend on group membership assignments it
does rest on a number of assumptions. Following the discussion in Chapter
2.2.3 one can summarise these as requiremeats, (1) the cluStering is
statistically stable and the velocity dispersions isotropic and (2) the

galaxy correlation functions accurately trace out the matter distribution.
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One might argue that because the crossing times are short and

, 21 . , . . 0.l
the scaling of <V > is not inconsistent with the slow rise ¢ expected,
both seem reasonable by eqn. 2.8 and the discussion following. However
as the precise scaling with separation is uncertain they are discussed
separately in some detail in (a) and (b) below. In (c) a correction to
the usual CVT is also discussed in some detail, that is required if the
two body force in egn 2.6 dominates <V2> rather than the collective intexr-

actions assumed in the CVT.

(a) Stability Assumption

As mentioned above the short crossing times are perhaps the best
evidence for the overall stability of the clustering pattern at scales
< 0.5 MPC. This is in turn suggested by the anisotropy of Ev(c,ﬂ) in Fig 6.la
where virialised groups make the clustering appear elongated along the line
of sight. One might also axrgue that the fact the dashed.histogram'is also
quite well fitted by a gaussian (Table 6.3) may imply the observed cluster-
ing is in a bound and relaxed state (qf“.Rood and Dickel, 78).

At scales > 0.5 MPC where the crossing times are longer we need to
considervmore seriously the possibility the clustering is expanding or
collapsing. For example, some authors have argued that quite high density
groups may be freely expanding (Turner and Sargent, 74) if the density
in parameter (£ £ 0.03) is low enough. However, as Peebles (80a,p84) notes, -
if this is the case it seems hard to understand how théy formed at all if
‘gravitational instability is responsible for their existence. Aléo, if the .
crossing times are still quite short at say v 1 MPC (as found for the AARS)
the clustering would dissolve quite quickly if it was not gravitationally
bound. If Q is more comparable to 0.1, as seems reasonable from eqn. 7.i,
we might expect from the discussion in Chapter 6.5.4, that the clustering is
freely expanding at > 2 " MPC but perhaps collapsing at v 1 MPC if the

spherical model applies.
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Even if the clustering is statistically stable there is still the
possibility of anisotropy in the velocity dispersions. If the velocity
dispersions are predominantly radial, for example, the gravitational
acceleration in eqgn. 2.6 is reduced through the second term on the left-
hand side making the estimate of § in egn. 7.1 too large (see Bean et al,

. 83).

Although hard to test for observationally, strong anisotropy
seems unreasonable from several theoretical considerations. 1In the spherical
model for cluster formation mentioned above, initial radial orbits will
become non-radial to allow clusters to relax to their smaller equilibrium
radii. In the alternative models of Davis and Peebles (77) transverse
velocities are produced through tidal interactions between forming clusters
that may 'virialise' the clustering at low density contrast without any
physical collapse necessary. PFinally, the velocity dispersions are isotropic
at small scales in the N body simulations discussed in Chapter 2.2.4.

From the considerations above it seéms reasonable to conclude that
at scales < 0.5 MPC the clustering is probably stable and the velocity
dispersions isotropic so the CVT applies. At slightly larger scales the

distribution may be stable or perhaps slowly collapsing on radial orbits,

' 2
while beyond 2 -. MPC (whexe <V _>li < Hr) we expect general expansion
unlegss Q >> O.l.
(b) Assumptions on Mass Distribution

The accuracy of the models for the correlatign functions in tracing |
out the mass distribution is perhaps a bigger uncertainty than the stability
assumption at scales < 0.5 MPC. Although the integral in egn. 2.7 is in-
sensitive to the form of the correlation functions at large separations the
potential depends very sensitively on the form of S(r,r,r) and &(r) at the
smallest scales and how well these trace out the matter around galaxy pairs..
‘While the avallable data suggests the powérlaw form of £(r) holds down to

the optical size of galaxies (Gott and Turner, 79) the behaviour of-%(r,r,r)

at scales smaller than 50 KPC is unknown.



160

Since N 40% of the integral (Davis and Peebles, 77) in egn. 2.7
(assuming pure powerlaws) comes from the clustering on scales less than
50 xpC, following Davis and Peebles {82) (DP),  in egqn. 7.1 was estimated
by replacing the third term in ,Sjr,r,r) of eqn. 2.4 with the second in
the integral. As DP discuss, this reduces the large {unrealistic) contri-
bution to <V2> from the singular nature of g(r,r,r) at small z. Although
this may appear an artificial correction to egn. 2.7, even if the powerlaws
using the usual form for S{r,r,r) in eqn. 2.4 hold down to infinitely small
scale, we know that because galaxies have a finite size the inverse square
force law must break down at some point.
To show that the correction is, indeed,reasonable the force law

Z

in eqgn. 2.7 at z < 50 KPC has been replaced by —5-,thereby assuming

Z
that the mass in galaxies rises linearly with scale to 50 KPC (consistent

NN
w

with isothermal galaxy halos). Assuming the usual model for %Xr,r,r) in
eqn. 2.4 but replacing £(r) by ¢ (x + rc) in egqn. 2.3, with rc = 10 KpPC, the
left-handside of egn. 2.7 was numerically integrated to give <V2> as a
function of r.

Fig. 7.1 shows the results of the integration as a dashed curve
with B, QO and Q for the AARS taken from Part 1. Also shown is <V2$ (solid
line) estimated using the modified form of S(r,r,r) adopted in egn. 7.1 and
using the usual powerlaw model for %(r,r,r) and point mass model for
galaxies (dotted line) given by egn. 2.8 with CY= 1.8 = 7.9 (Peebles,76b).

We see over ‘the scales of interest (100 KPC-1 MPC) the dashed
curve and solid line agree well and both are considerably reduced from the
dotted line. As noted in Chapter 6.5 this slow rise with scale is not
inconsistent with the observations from Fig 6.15 for the AARS or the CfA.

The solid curve on Fig 7.1 shows the result of increasing the
galaxy size of 50 KPC in the dashed curve to 1 MPC which, if applicable

for the AARS, would raise 2 to v 0.4. The scaling from 100 KPC to 1 MPC

23 0.4
though, is roughly <V >ty (CEf egqn. 2.9), apparently fairly well
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excluded by the present observations  (But see Fig 4, Davis, 82).

Another picture excluded by the present data is the idea that
bright galaxies and their halos fit into a continuous spectrum of clustering
extended from their optical regions out. As Peebles (76a) notés, this can be
modelled by assuming a pure inverse powerlaw force in egn. 2.7, but replacing
the powerlaw form of £(x) in %(r,r,r) by &(x + rc) to allow for the distri-
bution of matter within galaxies. In this way one finds that typical-mass .

elements within galaxies should have relative velocities !

2

<V2> - 2—r
= 3 Ta ’

Yroaq (7.3)

2 .
However for <V >._ to be consistent with the typical internal velocities
within galaxies of v 200 km/sec, with rc = 10 XPC and B and Q from Part 1
we require Q v 2 in eqn. 7.3, well excluded by the data.

(c) Binary Interactions

In (b) it was argued that very extended galactic halos (>> 50 KPC)
appear to be excluded by the present velocity data. However the assumption
up until now has been that galaxy pairs at scale r move in collective force -
of all other galaxies and material clustered similarly, so that the number
of 'discrete' objects is very high. As mentioned in Chapter 2,2.3, if
instead the mass is mainly associated with the brightest galaxies that are
selected in an apparent magnitude limited sample (as assumed in the usual
virial group studies) the interaction term in egn. 2.6 may dominate. However
to asseés the importance of this we first need an estimate of n, the mean
number density of these objects per MPC_3.

From the luminosity studies in Chapter 4 we see from eqn. 4.12 that
the luminosity density for the AARS (since A = -1) is given by pL% ¢*L*.
From Fig 4.9 we see further that 80% of this light comes from galaxies
‘brighter than -18.5 which have a number density of ¢* N 0.01 MPC—3. As

Schecter (74) notes, for some dynamical purpogses, galaxies drawn from a
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g . M ‘
schecter function with « = -1 and a constant I, can be considered as

. . * . * M
consisting of ¢ equal points of mass L X(E-). Thus it seems reasonable
to assume the mass is in galaxies of mass mMwith number density n = 0.0l

mpc 3.

Following Davis and Peebles (82) now, the ensemble average number
of neighbours in a sphere of radius ?r,_centred on a pair of separation r

is
| B(pr) > "
N = 87 On ,_E%%:F___ | (7.4)

Taking B and Q from Part 1, we find a pair at separation 0.5 MPC
in the AARS will, on average, have bnly 0.65 bright neighbours within a
radius the size of their separation, so that at thesé and smaller scales
their collective contributién to <V2> should be quite small. *© ~ i =
This behaviour seems intuitively reasonable from plots éf the galaxy distri-
bution in Chapter 5.3 where the typical loose gréups on scalesvof 0.5 MPC
generally‘consist of only two or three bright galaxies.

To make more qualitative estimates of the effect of this interaction
term on the CVT, eqn. 2.6 was integrated assuming the modified form of
\S(r,r,r) discussed in (b) above. Ignoring the second term on the left-hand
side and taking p= nm we find

2

2,02 60 1 L 0.4B 0 2% - (7.5)

<Yy 2 2=
3 r

Taking B and Q from section 2.1 as usual, we see the discreteness

term on the right-handside dominates at scales < 300 KPC at which scales

2.k 1

wé would expect <V >" I e
ha 2 .
Since the available data suggests <V >ig independent of scale here
one might conclude egn. 7.5 does not apply. However if the mass m rises

linearly with radius to 300 KPC, as DP discuss, we could get a more acceptablev

. 2 . "
scaling of <V > with separation. More specifically, if this mass is
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considered to be an extension of the halos needed to account foi the
flat rotation curves of bright spirals, from the discussion in Chapter
l.3jwe see a halo of extent 300 KPC with n = 0.0l MPC—3 corresponds to
Q= 0.1.

To assess in more detail the form of <V2> with scale expected
in this picture, the collective force in the right-handside of eqgn. 2.6 was
calculated numerically by extending the halo of the dashed curve in Fig.
7.1 to 300 KPC for Q = 0O.1l. In addition, the solid curve‘ with 1 MPC
halos was set to correspond to a density parameter of Q = 0.35. The

interaction term in egn. 2.6 was then calculated assuming

1.0
1

S __R
m = —_— . .
10 Mg ( 10 KPC ) (7 &

where the halo scale is given in MPC's, truncéted at the two radii
above.

The results of these two integrations 'added to the corresponding
interaction terms are shown in Fig.7.2 as solid’ and dashed curves respect-
ively. We see the solid curve with { = 0.1 gives good agreement with
the observations for the AARS (Fig. 6.15), although the dashed aurve lies
about within the errors at larger scales.

While the present data from the AARS cannot discriminate between
these models for the mass distribution and those in Fig.7.1 in (b) earlier,
some suppbrt for the scenario here may come from the CfA data. As noted
in section 6.5.6, if the same procedure as used for the AARS is followed,
the estimates of <V2> are very similar from the two samples despite the
product B Q being probably a factor of two larger than for the AARS. 1In
turn this may suggest that.at scales.of one or two hundred KPC's the
relativernotions of galaxy pairs are not strongly influenced by collective

interactions ( o5 n eqn 7.5),



164

This can be seen by the dotted curve in Fig 7.2, which correéponds'
to the solid curve for the AARS with @ = 0.1 but with B = 17 and Q = 0.85
for the CfA taken from the discussion in part 2. Here we see that the model
estimates of <V2>;i are in ja(ﬁ agreement with thosevfor the sample in Fig.
6.15 (open triangles) and at scales smaller than 100 KPC the expected
relative motions are in reasonable agreement with the estimates from Turners
binaries discussed with the CfA in Chapter 6.5.6. Indeed, since the
selection of the binary sample was biased to lower denser* regions than a
fair sample,we might also use the agreement between <V2> for it and the CfA:
at the same scales to support the idea that binary'interactions dominate
here.

Although the present data and models discussed here are still too
crude for any firm conclusions to be drawn, it is suggestive that the
observed relative velocities at small scales are about consistent with
those expected if bright galaxies have extended halos ; if <V2>% had been
much less than 150 km/sec or greater than 250 km/sec this picture would
have been unacceptable. At larger scales the observed .estimates of <V2>are
more uncertain and model dependent and at these scales the stability criterion
in (a) above might not apply. For tﬁese reasons'we cénnbt exclude the
possibility that these halos are very extended (e.g. the dnshed curvé in
Fig. 7.2) and @ > > 0.1 ; most of the mass being less clustered than the
visible galaxies on scales of MPC's. Indeed, in this case we would expect
£he large correction for streaming motion in the estimates of <V2> discussed

in Chapter 6.5.4 to be appropriate, making <V2>lé in Fig 6.15 rise at large o

(filled circles) as expected in the theory.

* Although DP argue that at small scales ( ~ 25 KPC) the Turner pairs should
‘be a fairly representative sample of close bright pairs, due to the selection
criterion, pairs at larger separations ( v 100 KPC) will have fewer bright
neighbours than a fair sample so that B Q is lower here than for the CfA.
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In Part 5 we consider further relevant data that may put
constraints on the distribution of matter on small scales and discuss
several particular scenarioS. suggesting briefly how each may relate
to theories of galaxy formation.

7.2.4 Comparison with Other Dynamical Studies

It is naturally of importance to compare fhe cosmic density measure-
ments from the CVT with other mass estimates. Below are discussed recent
results from three different types of studies : galaxy groups,.rich clusters
and estimates of O from large scale motions.

(a) Galaxy Group Studies

It is particularly relevant to compare the statistical estimates of
Q in port | with more direct group virial studies, since loose groups seem
to be a typical environment for galaxies_in the general distribution. As
discussed in Chapter 2.,2.1 one approach to calibrate out systematic effects
in these analyses is to repeat fhe group analysis on catalogues prepared
from N body simulations.

One recent study has come from the CfA catalogue where Press and
Davis (82) (PD) have used an elaborate procedure to find groups with short
crossing times. Although a direct summation of the masses yield Q= 0.15,'
noting a strong linear trend of mass per'galaxy with radius of groﬁp from
tens of KPC's to 6.0 MPC, these éuthors have suggested that all bright
galaxies be embedded in isothermal halos to the upper radius ; in which -
case Q = 0.6.

While this appears to support the idea of bright galaxies (with mean
density n x 0.01 MPC;3) having extended halos, discussed in section 2.3 ébove,
the halo densities implied by this study and given by

)l.Ol.

10 R
M= 3.24 x 10 M® ( —— (PD eqn.33) are a factor of three or .

10 KpC

so lower than that assumed in egn. 7.6, that was chosen to account for the

observed flat rotation curves at scales < 50 KpC.



166

Although similar correlations of mass with scale have been noted
by several authors (e.g. Rood and Dickel, 78), most should be treated
with caution since they may just reflect the way galaxy groups are selected
and the results plotted (Burbridge, 75). 1In the PD algorithm the larger
groups all require high velocity dispersions to satisfy the crossing time
criterion so the high %- here may not be surxprising. If the trend is real,
as Dawis (82) notes, it may partly just reflect the long suspected, high
%-of early type galaxies in large clusters. However the trend (especially
at large scales) could be artificial because, although no strong artificial
trend in %- is seen in a similar analysis of the simulated catalogues, the
N body simulations used here are much less clustered at large scales than in
the real universe. For this reason we may expect contamination from Hubble
velocities in the real groups to be much worse at large radii than in the
simulations, leading ﬁo spuriously high velocity dispersions and %-.

In another recent study, Huchra and Géller (82) have defined groups"
in the Huchra catalogue (to B = 13.2) by means of a proﬁected dénsity criterion
with a relative velocity cutoff ihtended to remove interlopping galaxies.
These authors have found at large density conﬁrasts the %- estimates from
the groups were insensitive to both the actual contrast limit chosen and the '
velocity cutoff, suggesting contamination may not be a problem. The median
rms velocity of 92 Qroups detected in this way was o v 140 km/sec, in good

agreement with the AARS results if it assumed that peculiar velocities are

2
<> A
v v 140 km/sec. The mean ¥ was
z | R
%~ 170 which with a luminosity density for the sample of 1.1 x 10 LO MPC

. . -
randomly assigned so that AAT
(Davis et al, 78) gives § v 0.07.
It should be noted that comparison of the CVT with the individual
group approach is not straightforward since the former gives weight to
galaxies in dense patches whereas in the latter, groups tends to be given

equal weight, so galaxies in loose groups contribute more to the results.
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As discussed in Chapter 2.2.1, the problem here is that it is these

systems where problems of contamination, small numbers, instability and
measurement error are most prevalent. Also, as Bahcall and Tremaine (81)

(BT) have shown recently, even if membership appears well defined, projection
effects in a group along with the point mass model for galaxies can lead to
the ordinary virial theorem overestimating the potential and thus under-
estimating the group mass by, in some cases, a factor of two or three.

Some mass estimates that get around this bias and other problems come
from studies of the relative motions of the numerous faint galaxies distri-
buted around nearby brightbspirals. Here independent distant indicators
are also becoming availableto help distinguish real satellites from accidentals
(de Vaucouleurs, 78). Preliminary estimates from the galaxy, M3l,'M81, MLOL
(Hartwick and Sargent- 78, BT), all of which have at least four or five
probable satellites, yield masses of around 1-2 X lO12 M@ within 1-200 KPC,
not inconsistent with a continuation of the steady rise of mass with scale
from the rotation curves. Similaf masses for the galaxy and M31l are found
from local group timing arguments using their present relativé velocities
and distances and also from the dynamics of outlying members of the group
(Lynden-Bell, 81).

We see that the typical masses of bright galaxies implied from these
studies are In good overall agreement with the conclusions from the CVT,
despite the different daté and techniques used. This gives support for
the values of { between about 0.1 and 0.2 in part 3 from the small scale
dynamics. |

(b) Rich Clusters

The most reliable mass estimates are still, perhaps, those found from
the application of the virial theorem to the corés of rich clusters whose
short crossing times and smooth profiles are strong support for an'equilibrium

. . . . . . M
situation. The large velocity dispersions responsible for the high E-are



168

almost certainly real because the clusters are so prominent both on the sky
and in redshift space, so contamination (or redshift error) cannot be to
blame. A clue to membership in these en&ironments can also come from

the morphology of the galaxies and Yahil and vidal (77) have also used

a velocity criterion to eliminate non-members on the reasonable physical
assumption that the velocity distributions are gaussian. As mentioned in
Chapter 1.3)typically we find %-,d 650 for these systems, considerably larger
than eqn. 7.2 for the AARS or the group studies in (a) above. Independent
evidence.for these high %-comes from measurements of the X-ray temperature
of cluster gas assumed to be heated from the gravitational potential of the
clusters (see Faber and Gallagher, 79).

A possible clue to this discrepancy with group galaxies comes from
the observed predominance of early type galaxies in these dense environments,
a correlation which also appears to hold outside rich clusters (Davis and
Geller, 76). Of course if galaxy masses are correlated with morphology and
abundance of neighbours this implies the number correlation functions are
not strictly mass functions, which in tutn could affect tiie CVT application
in Part 1. 1In this case  would be overestimated since <V2> is weighted
to richer areas where the mass per bright galaxy is higher. |

Apart from improving the group and stasistical studies, a test of
this correlation will bg to'see how the velocity dispersions and %-vvary
at 2-3 MPC from rich cluster cores where the distribufion should still'be
close to equilibrium énd.the galaxy types more representative of the field,
Statistical wvirial tests similar to the CVT and those applied to the cores
of Abell clusters (Seldner and Peebles, 77b) may be useful here 'when more
redshift data around clusters becomes available. An observational pxojeCt
of this type is at present underway at the AAT by R.S.Ellis and others using

multi-object spectroscopic techniques of several fairly distant clustexs.
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(¢) Large Scale Estimates

It seems appropriate to finally discuss estimates of Q based 6n
large scale distortions of the Hubble flow because this is the only
dynamical way of estimating the mean mass density of any component more
weakly clustered than galaxies on scales greater than several MPC's.

Most studies here are based on an estimate of the infall velocity
of the galaxy towards Virgo which is related to the mean overdensity
within the radius of the local group, through linear berturbation theory,
to provide an estimate of Q. Recent determinations by several observers
(e.g. Davis and Huchra, 82, Yahil et al, 80) lie in the range 0.1 < Q< 0.7.
The lower bound is consistent with the previous estimates discussed in this
chapter from small scale stable systems, but the range of larger values
implies considerable weakly clustered mass around Virgo.

While the large infall velocity implied by the‘dipole anisotropy in
the microwave background (Smoot and ILubin, 79) tends to support the higher
values of € from this Virgo Supercluster test, using a small redshift samplé
of Abell clusters Ford et al (81) have found little VOBVWQHS diétortion
of the Hubble flow in several external supgrclusters of high density contrasﬁ,
in turn implying Q << 1.

Other constraints on @ at still larger scales can be made by
relating estimates of~large anisotropies in the Hubble flow with the
potential associated with density fluctuations on these scales as measured

from w(0©)

3

o]
* 2 :
by the integral J3 = I E(r) ¥ dr (Chapter 6.3). Calculating J

taken from projected catalogues, Clutton-Brock and Peebles (82) have recently"

* This relation involving J_ is similar to the cosmic energy equation in’
Chapter - 2.2.2., egn. 2.5. "Although the latter is less sensitive to the form
of £(r) at large scales than J_, the velocity <V 25 in egn. 2.5 is more
sensitive to contributions from complicated non-Yinear motions at small
scales and so is harder to apply.
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concluded that the large motion currents on scales of 60 " MPC

claimed by Rubin et al (76) are not unreasonable if the universe has
high density. While the low value of J3 above implied by Fig 6.2 of the
AARS could be used as support for their conclusions, the reality of the
Rubin velocity has been questioned (Fall and Jones, 76). It should also
be noted that the anticorrelation in Fig 6.2, if a general feature of the
galaxy distribution, may suggest peculiar velocities on these scales.may
be, at least in part, non-gravitational in origin. Aithough, by the
stability criterion, this possibility should not affect the virial estimates
of § at small scales, all the estimates of { described above from large
scale measurements will be spurious.

If the velocities are in fact gravitational in origin, when much
larger redshift samples of both galaxies and Abell clusters become available
it should be possible to greatly improve these estimates of the potential at
the largest scales. Also, these samples should provide.statistical estimates
of the peculiar motions through the expected flattening in the relative
velocity distributions along the line of sight;as hinted at large ¢ in
iv(o,w) for the AARS in Figs 6.1 (a-c) (see Peebles, 80a, p.289).

7.2.5 The Distribution of Matter at Small Scales

The virial arguments discussed in the last ”Farts. have shown the
evidence is increasing that the amount of dark matter per typical bright
galaxy is at least a factor of tens times more than thevconventional.masses
and consistent with an extension of the halos needed to account for the
flat rotation curves around spirals. Indeed the masses are comparable to
those needed to bind rich clusters, with the cosmi¢ dénsity parameter
typically in the range 0.1 to 0.2,

Of course similar conclusions have been presented by many authors
(e.g. Ostriker et al, 74) using different data.and techniques. However, the
statistical methods applied to the AARS and CfA have shown fairly conclusively’

that the peculiar velocities responsible for these large masses are not the
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result of contamination by Hubble velocities or measuring error that have
been blamed for some of the high masses reported in the past. Also the
crossing times are short enough that the clustering at the smallest scales
should be in a bound and probably, on average, stable state so the cosmic
virial theorem should apply.

While the need for at least some dark matter is now generally
accepted amongst astronomers it should be still regarded as a hypothesis
since there is, as yet, no convincing independent evidence apart from gravity
of its existence. The possibility of new physics has occasionally been
invoked as an alternative explanation for the virial mass discrepancy. For
example Tifft (80) and others have persistently argued that the observed red-
shift difference between close galaxy pairs may not reflect their true
relative velocities. Alternatively, the relative velocities may be real but
induced by the gravitational attraction of neighbouring matter by a force
that departs from the usual inverse square law on greater than galactic scalesf
Although hard to test for obserxrvationally, both the flat rotation curves of
spirals and the observed profiles and velocity distributions in rich clusters 
are, within the present observations, consistent with the isothermal distrif
bution of matter expected if matter has relaxed and virialised under the
usual Newtonian gravity. Also, as we discuss below, the data from the
statistical studies is consistent with physically reasonable dynamics and
distribution of matter. Thus it seems reasonable to assume the usual physicévl
and cosmology and consider possible alternatives only as a last resort.

Assuming the usual physics, if there is much more mass implied by
the dynamics as seen in the visible galaxies, we can ask if the galaxy
distribution is actually a good tracer of the majority of the mass. While
on the one hand there is an indication that the mass per galaxy may bé larger
in rich, compact clusters,‘the Virgo flow studies suggest most of the mass

may be less clustered than the galaxies on scales of many MPC's. As. Davis
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and Peebles 83 (DP) discuss and as Part 3 demonstrated, the present data

from the statistical studies is about good enough to allow consistency

tests that provide constraints on how mass is distributed around galaxies

at small scales. Below we list four possible scenarios considefed by

Peebles (78) and discuss how the present and future data can constrain each

and discuss finally how they may relate to theories of galaxy formation.

The mass may be

(a) In the visible parts of galaxies, with mass proportional to light.

(b) In many lumps, with individual mass less than that of a galaxy,
distributed around gala#ies.

(c) Associated with galaxies faint and bright.

(d) In smoothly distributed halos around bright galaxies.

EQ As discussed above, the conventional masses of galaxies are excluded
by the rotation curves and relative veiocities of close galaxy pairs if the
conventional physics apply. Furthermore the rotation curvés and the amplitude
and scaling of <V2> for c;ose Turner galaxy pairs (see DP and Chapter 6.5)
both imply the dark matter is distributéd beyond the optical radii of bright
galaxies with mass rising about as fast as radius.

(b) This picture is based on the attractive idea by Peebles (78) that
Lumpy halos around bright galaxies form a natural extension of the clustering:
hierarchy to scales of galactic scale. Superficial support for this may appear
to come from the remarkable powerlaw form of w(0) to projected scales of
KPC's (Gott and Turnexr, 79) and the good agreement between the internal
velocities of galaxies and the relative velocities of the close galaxy

pairs. However as Peebles (74) discusses, to get reasonable continuity
between £(r) and the observed densities in galaxies and between <V2>and the
star velocity dispersions (see Peebles, 76a and Part 3c¢c) ' we require § to

be at least unity. Furthermore, the smooth rotation curxves in some bright
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spirals suggest the mass around these galaxies is in fairly smooth halos

out to (in some cases) 50 KPC, even in quite isolated galaxies. 1In this
picture though we would expect the matter distribution to be lumpy and

the hnlo density to be related to the abundance of neighbourihg galaxies
(Peebleé, 80a, p.392).

igl Although bright galaxies do appear to have halos at least to

several tens of KPC's, DP have recently argued that most of the mass may
still be associated with faint galaxies. Some support for this, they

argue, comes from a more detailed statistical study of the Turner binary
sample by White et al (83). These authors have found the masses from the
relative velocities of pairs are only weakly related to their luminosities
and the masses are reduced if pairs with fainter neighbouxrs are culled from
the sample. Although this suggests light and mass are only weakly correlated
for these fairly bright pairs, this study provides no real evidence that this
also applies to much fainter galaxies. Aas White et al (83) discuss, the
culling often removes galaxies that are iittle fainter than the pair and so
may be expected to have comparable mass. Even if the masses appear to fall
when much fainter galaxies are removed, it may just reflect that more massive
pairs tend to have satellite galaxies.

Other support, claimed by DP, comes from the observed scaling of <V2>
for the CfA and binary sample (discussed in Cﬁapter 6.5.6) that is close td
that expected in the CVT in egn. 2.8 and which extends to the optical radii Qf
galaxies. However, as mentioned in (¢) of Part 3, the fact that the binary .
sample (at the larger separations at least) is likely to be underdense
relative to the CfA may actually support the idea that most of the mass is
‘associafedbwith the bright galaxies whose relative velocities are due to
théir motién around each other. Also, at the larger separations the data in
the fit to <V2> with separation comes from the CfA where the fitting estimates

are sensitive to the model assumptions. ¥For these reasons it seems likely
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the qgreement of the observed scaling with theory is fortuitous. Also

it is possible that features in <V2 (r)> may exist that could be smoothed
out in <W2 (0)> in a similar fashion to that discussed for £(r) in Chapter
6.4.

If most of the mass ig associated with faint galaxies it might be
wondered wheré most of the matter lies. From the discussion of the luminosity
density in Chapter 4.5, the optical parts of faint galaxies contribute little
to the overall luminosity and presumably mass density of the universe. If
these galaxies have halos to 50 KPC like bright galaxies, as suggested by DP,
we require by the arguments in Chapter 1.3 that if N~ 0.2, their mean number
density is at least 0.1 MPC-3. However extrapolating the Schecter luminosity
function found for the AARS in Chapter 4.2, we find that only down to
luminosities comparable to dwarf spheroidal galaxies is the galaxy density
as large as this. Although observations by Faber and Lin (83) have recently
suggested such galaxies may have larger than conventional masses, there is as
vet no evidence that the total-% here are much higher than for bright
galaxies, which is required if they are to contribute significantly to the
mean density. An alternative possibility is that the mass is in dead galaxies
that may have little or no detectable luminostiy. Condensed objects like
massive black holes are a possibility although these cannot be too massivé
or else they would probably have been detected by their tidal and accretioh
e ffects on the visible parts of galaxies.

Sgl The remaining possibility is that the mass is in the extended and
smooth isothermal_halos that extend beyond the scales spanned by the present
rotation curves. This has been the normal assumption in most virial studies
and is the usual interpretation of the rise of mass with scale around nearby
spirals (Ostriker et al (74)). 1In the local group study mentioﬁed»in Part 4a
for example, it is assumed that the mass is in and around the galaxy and M31 |

rather than the twenty or so much fainter galaxies in the group.
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Although DP argue that this interpretation is a more artificial
explanation of the observed scaling of <V2> for the CfA than that in
(c) above, the discussion in (c) above and in (¢) of Part 3, suggests
the amplitude and scaling of <V2> for the AARS and CfA and Turner samples
are compatible with a simple extension of the halos needed to support the
flat rotation curves of bright spirals. Indeed the present data may be
consistent with halos extending beyond the usual individual galaxy halos
postulated, with most of the matter lying beyond (or infalling into) the
visible confines of small groups and so undetectable in the small scale
dynamics. As Davis et al (80) discuss,_this very extended halo hypothesis
may be consistent with the large scale \ﬁrgo flow measurements, the masses
of galaxies only eventually converging on scales of many MPC's, allowing
. > % 0.1. Alternatively halos may truncate at smaller scales and the
dark matter on larger scales may be smoothly distributed in envelopes around

clusters like Virgo rather than around bright galaxies.

Although we see the present data strongly exclﬁde {(a) and the
particular scenarid discussed in (b), the position as regards (c) and (4d)
is uncertain ; here further statistical analyses are necessary as well as
dynamical studies of individual objects.

it is also possible that some combination of (b)-(d) is, in realiﬁy ‘
closer to the truth. Indeed one might expect tidal effects in tight groups
may have disrupted any original extended halos and the éalaxies may be moviﬁg‘
in some common envelope as is probably the case in rich clusters (White,76).
If dynamical drag wiﬁh the dark material then causes galaxies to spiral
together one may have a natural mechanism for decoupling most ofbthe mass
and ligh£ in small groups (Hoffman et al, 82). One problem here though is
how close pairs of galaxies can persist in their observed numbers where the -

drag force should cause galaxies to quickly coalesce (White and Shaxp, 77).
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Perhaps these galaxies have small halos or are on circular orbits
{(White et al, 83) or relaxation is slowed by a lumpy distribution as
envisaged by Peebles, (78) in (b) above.

Some tests of these effects will be to see how Ev(c,w) véries
between galaxies of different luminosity (and morphology) since bright
galaxies should be more tightly bound than fainter ones if significant
relaxation is operating. A further clue to the distribution of matter
may come from a better undexrstanding of the form of the veiocity distri-
butién function between galaxy pairs. The present data, at least for the
AARS, fits a gaussian quite well, perhaps suggesting the presence of iso-
thermal halos around galaxies and groups and clusters of galaxies as dis-
cussed by Yahil (77).

Understanding the distribution further may, as well as providing
information on the nature of the dark matter, provide insights into the
processes by which galaxies and clustexs form.

In the usual isothermal theory discussed in Chapter 2.1 the dark
matter is assumed to cluster to form galactic halos and galaxy clusters with
an? residual gas forming the visible galaxies. If gas dynamics and relaxation v
only occurs on scales of galactic size and smaller, as Groth and Peebles (76)
discuss, one can form galaxies and clusters as a continuous process as
envisaged in (b) above. However, as noted above, this requires Q to be of
order unity and also that galaxies closely trace out the mass distribution
which together are strongly excluded by the present dataf

An alternative discussed by White and Rees (78) is that disruption
and dissipation occurs on larger scales ; the formation of galaxy halos
and groups following a continuous clustering and disruption sequence in
which the visible galaxies survive disruption because dissipation has
inqreased their binding energy. In this picture one might expect the more
luminous galaxies to form in the deeper gravitational potential wells, so

that most of the mass would be associated with the brighter galaxies as in
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(d) above. However if the gas processes that determine the rate of star
formation and hence luminosities are not coupled to the large scale
dynamics on séales much greater than 10 KPC the luminosity and mass of
galaxies need not be strongly correlated (Yahil, 77), as in (c¢).

One problem with the White and Rees picture is that relaxation and
disruption tend to give rise to profiles much steeper than those needed
to support flat spiral rotation curves. One possibility for creating a
slower fall off is a tidal shearing mechanism occurring between forming
galaxy halos (Dekel et al, 80). In a different picture (Gunn, 77) galaxies
form first and accrete their halos later. This can give rise to a roughly
vcorrect profile but demands rather special initial conditions if the model
is to be realistic.

In the very different adiabatic scenario discussed in Chapter 2.1
large scale dissipation is expected to occur on scales of supercluster size,
the pancakesg fragmenting to form objects of subgalactic mass. The gravit-
ational clustering of these objects to form galaxy halos and galaxies could
then follow in a similar fashion to the White and Rees picture above. If
the pancake scale is instead comparable to a galaxy halo consisting of non-
interacting fermion particles (as we discuss later), the baryonic gaseous
material can fall into the potential of the halo and dissipate its ener@y
providing a natural process of segregating visible galaxies from'their dark
halos as in (c¢) and (d) above.

We now discuss some of these scenarios in more detail using other
results from the redshift data.

7.3 THEORIES OF GALAXY FORMATION

In Chapter 2.1 we considered how the observations of the angular .
correlation functions have been used to discriminate between theories of
galaxy formation and used as a probe of . In the first part of this

section we consider how both the more direct estimates of £(r) at small
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and large scales in Chapter 6 and the dynamical studies discussed in section 2
may provide stronger constraints on the two most popular theories. BAlso

of relevance here are plots of the galaxy distributions in Chapter 5 and

the form of the luminosity function in Chapter 4. The second half of the’
section is still more speculative and points to the possible role that
massive non-interacting particles may have in explaining both the small

and large scale distributions of galaxies and matter,.

7.3.1 Constraints from Redshift Samples

Of all the present observations, perhaps the most important feature
still to'explain is why the angular correlation functions are good approxi-
mations to powerlaws at small angular scales, even down to galactic size in
the case of w(0). The usual interpretation is that £(r) itself is a good
approximation to a ~1.8 powerlaw out to scales of several MPC and galaxies
are distributed in a clustering hierarchy that has developed by gravitationai
clustering. At larger scales projected catalogues -and the AARS and CfA
redshift samples indicate a break away from a powerlaw at scales 3-10 MPC.

As discussed in Chapter 2.1.2, since this feature occurs at around the
transition between characteristically linear and non—linear fluctuations,

the traditional interpretation is that the universe has high density.v This
scenario is especially attractive because of its simplicity in that it assumes
that the galaxy distribution is a result of simple gravitational clustering‘
of subgalactic seed masses that are randomly distributed at recombination.

If Q is close to unity one may also be able to form galaxies as a natural
part of the clustering process, as envisaged in scenario b, of thé last part
of section 2.

The obvious difficulty though, that almost certainly excludes this
picture, is that the dynamics of bound galaxy systems discussed in the
last section, all imply § << 1 unless matter is considerably less clustered
than galaxies in which case the usual theory doesn't apply anyway. 1f insteaa

0.1 % @ < 0.2, one can be consistent with the small scale dynamics but in this
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'case one would haﬁe expected tﬁe shoulder in £(x)  to éccur_at considerably
smaller scales than observed. As noted ih'Chapter 2.1.2 one way‘out of |
this is to adjust the initial powerlaw spectrum to have a break upwards

in slope to compensate the tendéncy of £(r) to break downwards too soon.
As Davis et al (77) discuss, though, thié appears artificial in that &(x)

- would only then approximate a powerlaw at this epoch. However, deviations
from the powerlaw behaviouf ﬁay be present.that are hidden by projection
effects in. w(0) (Chapter 6.4.3).

While the angular correlation functions are étill most easily
interpreted as evidence for a qlustering hierarchy and the isothermal theory,
othef statistics applied to proﬁected qatalogues and projected clustering |
.hieraichy simulations shéw poor agreement;- Shanks (79)( for example, has
sho&n that 'Meads analysis' applied to simulated catalégues in which galaxies
lie in symmefric Abell—like qluéterstgivé better agreement with the real data
than hierarchyvsimulationé. In contfast, Kuhn and Uson (82) have recently
found a new statistic i éensitive to linear structure, shows evidence for
filamentary strdéture pfesent in the Lick catalogue but not in the hiérarchy
' simulations.

As discussed in Chapter 5.3.2, chain-like structure is seen quite
>fvividly in plots of the galaxy distributions in redshift séacé, the general
'appearance,quite different from N4body simalations suggestihg the real
“universe may.haéé an'uﬂknowﬁ ingredient' not present in the simple graﬁitaf
tional clustering process. More statistical evidence for this structure

comes from a recent study of a shallow redshift sample by Zeldovich et al (82)
using a 'cluster analysis', reminiscent of the multiplicity function of Gott
-and Turner (77a). The authors find the results frqm the real uﬁiverse métch
‘more closely catalogues based on numerical simulations of the 'pancake fheory‘
than clﬁstering_hierarchy simﬁiations suggesting, among éther_thinés,.the

presence of significant cellular features in the real galaxy distribution.
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Since the pancake theory discussed in Chapter 2.1.2 predicts a
preferred mass and length scale one would expect to find some corresponding
feature in £(r) that in turn reflects . The most obvious candidate is
the shoulder in £(r) discussed above which, if occurring at 5-10 MPC implieé
0.2 < ) < 0.4,just about consistent with small scale estimates. One serious
problem here though is that at these scales and smaller the clustering at
present appears to be still in expansion (Chapter 6.5.4) and it is hard to
see how galaxies could have formed from the recent collapse of pancakes on
this scale. One possible way to reduce this difficulty is lower the length
scale and consider the possibility of some feature in £(xr) that is hidden in
@(0) by projection effects. As discussed in Chapter 6.4 there do appear to
be significant deviations from simple powerlaw behaviour over scales i to 5
MPC both in &(x) from the AARS and CfA ; in the former case a 'wiggle' at
2 }”: MPC being visible. The problem here is that, although the ccllapse
time problem above is reduced, a feature at say 2 MPC requires a cosmic
density parameter of near unity, excluded by the small scale relative
velocities.

We see that the available clustering data provides strong constraints
on both the standard isothermal and adiabatic theories, especially for the.
case of a low density universe implied by the virial studies. If further
we take seriously the possibility of a high infall velocity(of the local
group towards Nﬁrgo, as discussed in section 2.4, we may have to abandon
the usual assumption that galaxies trace out the matter distribution. In
this case we require a theory that can account for the mechanism by which
large scale segregation of light and mass occurred, perhaps on scales of
tens of MPC. Of course the testing of such theories is complicated by the
factvthat the correlation functions can no longer be regarded as good traces

of the mass distribution.
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Alternatively there is the possibility that such large scale
motions may be non-gravitational in origin as envisaged by Ostriker and
Cowie (81). These authors have proposed that explosions of first genera-
tion objects have formed the large scale structure we see, crude calcula-
tions suggesting galaxies should lie on sheets and in filaments of typical
widths 2 MPC, surrounded by large holes. Since such features do appear
prominent in plots of the galaxy distribution in redshift space, this
picture appears from these observations to be as plausible as the standard
theories. Although (as discussed later) the presence of anti-correlation
in £(r) for the AARS need not require dissipation, such non-gravitational
forces may have been needed to create some of the particular holes discussed
by several observers, since the present observed large scale motions do not
appear to be large enough to have cleared them in the age of the universe
(Davis et al, 82).

The discussion up until now has been concerned with providing
constraints on the standard theories of galaxy formation from clustering
and dynamical studies of projected and redshift catalogues. However,
luminosity function studies of redshift catalogues and clusters on the
sky can provide some information on the processes at work early on in the
universe. For example, preliminary comparison of the LF with the multi-~
plicity function (based on group qatalogues at high density contrast :

Gott and Turner, 77a), suggests considerable small scale dissipation is
needed to explain the compact nature of galaxies compared with the overall
clustering distribution.

In ancther study, Sandage et al (76) has noted that as one proceeds
from sparse groups dominated by an E or S@ to rich clusters the variation |
in the absolute magnitude of the dominant galaxy is very small, suggesting
these dynamic systems are built around a more or less standard object with

a‘highly variable number of fainter companions that may have fragmented
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out of the same gas cloud. However, in the alternative 'statistical hypo-
thesis' (Schecter and Peebles (76) ) galaxy luminosities are assumed to be
drawn from a universal distribution,. independent of environment, with the
small dispersion in magnitude merely reflecting the steep slope of the LF,
as seen in fits to the Schecter function in Chapter 4.

Finally comparison of the LF of the general distribution with that
found in rich clusters may provide insight into any different formation or
evolutionary processes operating in the different en&ironments. However,
as discussed in Chapter 4, more data is needéd before such comparisons can
be believed. |

7.3.2 Other Astrophysical Constraints

We have seen that the observations discussed in part 1 strongly
constrain the two most popular theories of galaxy formation. The isothermal
theory, although apparently able to explain the powerlaw form bf £(r) at the
small scales, seems less naturally to account for the nature of the large
scale structure. The pancake picture on the other hand explains the latter
moxe easily but is hard pressed to explain the small scale structure, in |
particular the formation of galaxies in regions where the clustering is
generally expanding.

Apart from these dilemmas, the confrontation of other theoretical
aspects of the two scenarios~ with observations provide furthér constraints
and possible clues to more all embracing theories.

Recent theoretical work on GUTS (Grand Unified Theories) by Weinberg:
(79) suggest adiabatic are more natural than isothermal perturbations, (see
Press and Vishniac, 80). However, in the adiabatic case the density
fluctuations needed at recombination to account for the present large scale
structure are orders of magnitude larger than allowed by the observed

fluctuations in the microwave background (Sily, 82).
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Further clues to the most plausible theory comes from a knowledge
of the redshift epoch zZ. at which galaxies formed. Arguements based on
the present binding energy and mean densities of galaxies imply in the
isothermal theory zf > 10, whereas Binney (77) has given arguments to
suggest massive galaxies formed at smaller redshifts. In the pancake
theory one might expect that galaxy formation is an ongoing process so
there should be clusters of young galaxies forming today. However we

require generally z_. 3z 3 or else galaxies would be evolving too fast

£
today.

The indication from these cbnstraints is that we look for a
compromise theory whose characteristic mass scale ié that of individual
galaxies and perhaps their halos rather than much sma;ler or larger units.
Iﬁ, for example, galaxies have typical radii of 50 KPC, implied by the outer
rotation curves seen in some spirals, comparison of the outer halo density
with the mean density at their formation suggest 3 N Z; < 6, which is
interestingly close to the maximum abundance of quasars (Peebles, 80a, p.391).
As discussed in sectibn 2, though, the characteristic mass (and radii) per
galaxy is still highly uncertain with any masses in the range'lb;-?lo13 %3‘
possible, the higher values requiring that much of the mass is much more
broadly clustered than visible galaxies. Of course in such a theory one
requires a mechanism for segregating the visible components of galaxies from
the dark material.

Perhaps the most plausible idea at present is that the mean méss
density is dominated by some species of weakly interacting particles
(Tremaine and Gunn, 79) that, as well as providing an ideal candidate for
- the yet undetected dark matter, being non—baryénic allow @ 2 0.1 without
violating constraints from the observed deuterium abundance (Wagoner, 73).

A further attractive feature of such matter within the adiabatic scenario

is the ability of perturbations to grow early in the universe without
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interacting with the radiation and violating the microwave constraints
mentioned above. Also, when the perturbation fragments out of the
universe, since the particles cannot dissipate energy but baryons can,

one can guite naturally segregate the visible baryonic galaxies from their
dark halos.

Of the most likely particle candidates, the most obvious are the
neutrinos left over from the big bang that recent experiments in high energ§
physics (Lyubimov et al, 80) suggest may have a small mass. However, estimates
with neutrino masses in the required range of 30 - 100 eV predict character-
istic mass scales 1015—1016 M® {(voroshkevich et al, 80) similar to the pan-
cake masses from the standard theory, but well above the masses of individual
galaxies.

A more plausible candidate aﬁ present is the postulated gravatino
(Weinberg, 82), a supersymmetric partner of the graviton, which, if it
exists, has been shown to have a mass < 1 Xev. Since these particles (or
any others with v 1 KeV) are more massive than the neutrinos akove, they
have the advantage that they become non-relativistic earlier so the
characteristic masses are comparable to galaxy masses of lO12 MO (Blumenthal
et al, 82). Furthermore, since they do not dominate the mean density until
\long after they have become non-relativistic, the méss scales can extend to
scales of supercluster mass. Finally these higher mass particles are more
consistent with phase constraint arguments in fermionic halos around dwarf
galaxies implied by the recent observations of Lin and Faber (83).

In one particular scenario, Peebles (82) has considered a 1 KeV
particle in a closed universe assuming adiabatic fluctuations with scale
invariant spectrum P~K, Apart from the attractive features discussed above,
the choice of this initial spectrum produces anticorrelation at large

separations which is congistent with the low quadrupole measurements for the

background radiation and & (r) for the AARS, both discussed in Chapter 6.3,
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At smaller scales gravitational clustering on scales greater than
&1012 M0 is expected to give rise to the observed clustering distri-
bution, similar to that predicted by the isothermal theory with white
noise initial spéctrum.

Naturally theories such as the particular one discussed above
will eventually have to explain all features of the observed universe.
However, it is interesting that the picture described above can, without
undue contrivance, naturally explain the masses of galaxies and some of
the observed details of the clustering distribution. Further constraints

will come when we understand better the mass and galaxy distribution

through larger complete redshift samples.
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CHAPTER EIGHT

CONCLUSIONS

8.1 INTRODUCTION

It seems appropriate at this stage to present conclusions of the
present work and indicate further areas for study. 1In the first section
of this chapter are summarised the most important findings from the analyses
of the AARS, indicating how well the results are reéroduced in other samples.
In Section 2 we consider other areas of study, apart from redshift catalogues,
that may be used to provide independent information on some of the findings
of the redshift data. Included here is some work by the author on related
topics and recent studies of cosmology from deep observations, where again,
complete redshift samples have a role.

8.2 CONCLUSIONS FROM THE REDSHIFT DATA

As we discussed in Chapter 1, up until recently estimates of the
galaxy field luminosity function and‘statistical three dimensional cluster—
ing and velocity studies have all come from shallow catalogues that have
béen both unrepresentative and podrly controlled. Although the deeper KOS
sample was the first attempt to get around these problems, more believable
results are likély to come from the recently compiled and larger CfA and
AARS catalogues, the large size of the former and.depth of the latter
together providing useful complimentary information on different aspects
of the topics above.

In this thesis the main aim has been to report on the compilation
and analyses of the AARS and repeat, where possible, the analyses on other
catalogues in order to understand possible discrepancies in the results.

In addition, studies using the simulated catalogues have tested the methods

for random and systematic errors.
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Although the results from the analyses of the program discussed
in Chapter 1.5 have been extensively discussed in previous chapters, below
are presented the main conclusions and findings frombthe studies of the
AARS that are discussed after.
(1) The luminosity function is well fitted by a Schecter function with
faint end slope ~1.0. The characteristic magnitude M = -19.75though, is
around one half magnitude brighter than found from most previous studies
when transformed into the appropriate systems.
(2) Both the number magnitude and redshift counts are consistent with
galaxies in the volumes being homogeneously distributed on scales comparable
to the sample depth.
(3) The clustering of galaxies is very apparent in redshift plots of
the fields on scales of 10 MPC or so and smaller with non-spherical structure
and some prominent voids visible. No rich Abell~type clusters are visible
in the fields and no visual evidence for large’virial motions is present.
(4) The two point correlation function gs(s) at scales greater than
10 MPC is roughly consistent with galaxies being distributed homogeneously,
although over the region 10 to 20 MPC there is evidence for some anti-
coxrelation.
(5) The three dimensional two point correlation function projected into-
angular coordinates agrees well in amplitude and form with the observed
powerlaw behaviour of ‘ -~ w(0) from projected catalogues. However there
is strong evidence for a considerable rise above the usual -1.8 powerlaw in
the spatial function between scales 1 and 6 MPC. At the latter scale a sharp
break in &(r) occurs, consistent with the feature found in projected
catalogues.
(6) At small scales peculiar velocities are detectable in Ev(o,ﬂ) and

are significantly larger than the measuring error. The models of gv(o,ﬂ)
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are well fitted with reasonable velocity distribution functions with
dispersion <V2>;5 & 200 km/sec,roughly independent of separation for
projected separations less than 2.0 MPC.

(7 The three point correlation function at the smallest scales is,
within the uncertainties, consistent with the model in eqn. 2.4, Chapter 2.1
with Q = 0.55.

(8) Application of the Cosmic Virial Theorem with <V2> , Band Q
estimated consistently from the sample yields @ = 0.2. The biggest
uncertainty in this figure is probably our ignorance»of how well galaxies
trace out the mass distribution.

The question of how representative these results are of the universe
of a whole of course depends on how representative the sample is. Although
examination of the plots (3) and the low value for Q in (7) suggest the
AARSlunder-samples rich regions of the universe, the overall homogeneity (2)
and agreement of w(0) with piojected catalogues in (5) suggest the survey
should be adequate for most purposes.

While some of the results in (1-8) are reasonably consistent with
previous analyses, several are in strong disaéreement with previous con-
clusions. However, the new results are hard to explain away by statistical
errors.

For example, the bright value of M* for the AARS (1) is closely
reproduced in both subsamples and the discrepancy is well outside the randqm‘
.errors for the éample estimated from the simulations, and outside expected
errors on the magnitudes. Furthermore similar results appear to come from
a preliminary analyses of the Cfa, if infall and clustering is accouhted
for (Chapter 4.4).

The other main, unconventional finding is the rise of £(r) abo&e‘the

usual powerlaw (5). Here again the behaviour is reproduced in both sub-
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samples, appears significant from the simulations and is seen to a lesser
extent in the CfA catalogue. As discussed in Chapter 6.4, if the sharp
break at n 6.0 MPC (5) and anticorrelation in £(r) (4) are real features
of the galaxy distribution, a considerable rise above a powerlaw in £(rx)
is necessary to maintain the ébserved powerlaw slope of w(0®) from projected.
catalogues (5).

As well as helping our understanding of the small scale form of
E(r) in this way, the behaviour of £(x) at large scales is of interest
in itself and here, the AARS, due to its depth, may provide as yet the most
reliable estimate. Independent evidence for a break aﬁ around this
scale (5) comes from the various scaled estimates of w(O) from‘Schmidt
catalogues discussed in Chapter 6,4, while at larger scales the overall
amount of anticorrelation (4) is consistent with that needed to explain
the recent observations of the microwave background, discussed in Chapter
6.3. At these scales the correlations of 6rder unity claimed to be present
in the KOS survey are strongly excluded by (4), the results from the CfA
and by a reanalysis of the KOS survey in Chapter 6.3f
| Turning to the dynamical studies, the estimates of <V2> for the -
AARS (6) are much lower than found previously from the KOS and Huchra
catalogues. However the reanalyses of these surveys in Chapter 6.5 suggest
the discrepancy can be satisfactorily explained by large sampling fluctuations
in these two small catalogues. Again supporit for the AARS results come from.
the CfA which, if analysetiby the same procedure as the AARS‘(Chapter 6.5),v
gives very similar results.

Although we may at last be obtaining believable.and consistent
estimates of <V2> , B and Q from redshift samples, the value of ‘fqund
from the CVT (8) is still highly uncertain due to several uncertainties

about the way matter is distributed. For example, at the smallest scales
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‘where the data on <V2> is most reliable and the clustering is most likely
to be stable, it is not clear if the relative velocities of pairs is due
to the collective force of neighbouring faint galaxies or due simply to
their motion around each other. Also there could be a bias in the CVT
if the mass of galaxies is correlated with'abuﬁdance of neighbours, as
suggested by comparison of the results with rich clusteré. Perhaps the
biggest uncertainty though comes from the possibility mést of the mass
may be considerably less clustered than the visiblevgalaxies and so un-
detected from small scale dynamics. As discussed in Chapter 7.2, the
present data on <V2> is not inconsistent with galaxies having large halos
that are a natural extension of those needed to account for the flat rotation
curves of spirals at smaller scales. If very extended, Q could be comparable
to unity as suggested by estimates of the large scale motion of the galaky
towards Virgo. As discussed in Chapter 7.3 such a distribution of matter
may be consistent with the dark matter being in the form of non-baryonic
material which may proviae alternative theories of galaxy formation to the
standard isothermal and adiabatic scenarious which éppear to be severely
constrained by the recent data.
8.3 CcobA

Throughout this thesis we have seen the need for larger redshift
vsamples, in particular to provide a better‘understanding of the clustering
and peculiar velocities of galaxies; In turn consistency tests can provide :
better constraints on the distribution of matter and how it has evolved in
the expanding univerée. From the discuséion in Chapter 5.2 samples simiiar:
to the AARS are well suited for such studies with well separated and deep
but‘fairly small fields providing the best chance of sampling a faif volume

of the universe. For the luminosity function accurate photometry is essential

and for future dynamical studies velocities with errors generally lower than

50 km/sec are still required.
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Although complete redshift samples have an important role in these
fields other studies are relewant to some of the topics discussed in this
thesis. For example, deep projected catalogues can provide information
on the clustering of galaxies at earlier epochs (Phlllips et al, 78)
provided the selection function (including the LF) is well understood.
Recent analysis by Shanks et al, (83c) suggest a model in which clusters
have collapsed at a fairly recent epoch.

In this context studies of the lyman alpha absorption lines in
quasars may provide information on the clustering of galaxies at a still
earlier epoch if the lines are due to hydrogen clouds distributed along
the line of sight in a similar fashion to galaxies. Although Sargent et
al (80) have concluded the lines from several quasars are consistent with
clouds being homogeneously distributed, work by the author using the same
data suggests the lines are weakly clustered in a manner expected if the
clustering has been stable since that epoch with q, = 0.5. However, the
sample of lines is too small and the resolution too poor for any firm
conclusions to be drawn.

A very different study is that of searching for independent evidencé
and candidates for the hidden mass implied by the rotation curves and
relative velocities of galaxies. The most traditional candidate here has.
been low mass stars assumed to be distributed around bright galaxies in low
luminosity halos of profile EE'.

Although the deep st;r counts of Shanks et al (80b) could be con-
sistent with a star density of similar fall off to this around the galaxy,
models by the author on these and other counts bear out the conclusions of
Bahcall and Sonera (80) that considerably deeper surveys at different
galactic latitudes, and pass bands and probably requiring the space telescope
are needed to distinguish between the usual star populations and a dark halo
population. Other possibile tests of the low mass star hypoéthesis in our

own galaxy could come from better measurements in the near infra red or by
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searching for high proper motion faint objects in the galaxy. For external
galaxies sitting in front of quasars, observations ovér several years could
put constraints on the existence of low mass stars through gravitational
lensing effects (Gott, 81).

Since light element synthesis in the big bang (Schramm and Steigman,
8l) puts strong constraints on the amount of mass distributed in such stars,
the main remaining possibility is the dark matter is non-baryonic and in
the form of primaeval blackholes or elementary particles. As discussed in
Chapﬁer 7.3.2 the latter possibility has some attractive aspects and there
are several theoretical candidates but the possibility of actual experimental
confirmation of their existence is highly uncertain. If such a candidate |
Qere found experimentally or theoretically various constraints, such as
phase space constfaints in fermionic galaxy halos, (Tremaine and Gunn, 79),
could put limits on the mean density which could bé‘compared witﬁ the density
implied from dynamical arguments.

The actual amount of dark matter and hence @ is naturally of funda-
mental interest in discriminating between Friedmann models. The just closed
model is especially attractive fof a number of essentially non-observational
rasons however, although not inconsistent with the data on @ discussed in
section 2, it does require that mass is less clustered than light on scales
of many MPC's. Perhaps a bigger constraint though comes from observations ,
of the Hubble constant and the age of the universe, the preferred range of
the forxrmer 50-100 km/sec/MPC (see Hodge, 8l, for a review ) being inconéisteﬁt‘
with the age t, = 1.5 x lolgm(Demarque, 80) found for globular cluster stars
if Q1. Indeed if Ho 2 100 km/sec/MPC, as repeatedly claimed by
De Vaucouleurs (é.g. De Vaucouleurs & Bollinger, 79), and t, is as above,

we require a positive cosmological constant for any value of Q.
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Another consisténcy test comes from comparing estimates of qo with
the value g-, equality being expected if the cosmological constant is zero.
Estimates here generally come from studies of the Hubble diagram using
bright galaxies in rich clusters as standard candles, and from models of
deep number counts. However in recent years qo estimated in these and other
ways vary from values of 2 to negative values (see Fang et al, 82), this
vast range partly indicating our lack of understanding of galaxy evolution
and the properties of galaxies in hearby volumes of the universe.

These studies lead us back to complete redshift samples and the
role they have to play in our understanding of fundamental aspects of cos-
mology. As noted in Chapter 5.2, interpretation of deep counts to provide
information on galaxy evolution and qo requires an accurate understanding
of the LF of the general galaxy distribution which, by the discussion in
Chapter 5.4, is still remarkably uncertain. Clearly larger samples-of red-
shifts are needed if we are to be able to interpret still deeper data
available when the space telescope becomes available.

Very deep complete redshift surveys, such as the multi-object
spectroscopic study at present underway by R.S.Ellis and others at the AAT,
may be useful in p?oviding constraints on galaxy evolution and qo; Possibiiities
herevinclude a deep application'of the redshift magnitude test of Soneira (79)
or testing the qo dependence of models of the number iedshift distribution
curve with the observed distribution. Such studies have the advantage over
the usual Hubble diagram in that they do not rely on standard candles in rich
clusters which may be affected by special evolutionary processes operating..

Apart from the possibility of a non-zero cosmological constant, the
assumption up until now has been the standard Friedmann models describe the .
universe. However other possible cosmoloéies have been discussed by several
authors.

One idea advocated by Segal (76)is that the Hubble law is fitted better

by a square than a linear law. However Soneira (79) has shown from local
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redshift catalogues that the redshift magnitude tést mentioned above
supports the Hubble law and indeed the expected relation also holds
well for the CfA (Peebles-~ private communication) and the AARS, if the
usual K corrections are accounted for.

Other possibilities for non~-conventional physics and cosmologies
include non-velocity redshifts between close pairs of galaxies (Tifft, 80)
and non-Newtonian gravity on scales of galactic scale and larger that
.could even eliminate the need for dark matter. Although no external
evidence for the dark matter does exist and these possibilities have not
yet fully been tested, the present results from the dyﬂamics do appear to be
physically reasonable and self-consistent.

Apartbfrom further consistency tests of the small scale dynamics,
once the form of the missing mass has been isolated it may be hoped that
independent constraints on Q may become available (aé noted above) that can
be compared with the mean density from the dynamics. These along with better
constraints on qo, HO and to should eventually lead to a consistent cos-
mological model for the universe.

Of course this is the long term expectation of cosmology and it
may be maﬁy years befoie any believable estimates of any of these basic
cosmological parameters become available. In the short term it is hoped
thét the reéults from both the AARS and CfA redshift surveys may éncourage
astronomers to start the task of measuring accurate redshifts in still larger
volumes of the universe to allow more detailéd studies of some of the fopicS-

discussed in this thesis.
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APPENDIX A

TRANSFORM OF BJ TO OTHER SYSTEMS

" The final JP magnitudes for the’'AARS discussed in Chapter 3.4

DS

are measured in an isophotal photoelectric J band which we will denote -

24, . i
as BJ l. This is related to the UBV system by
B - By = 0.23 (B-V) . ' (1)
‘Provisional J magnitudes were measured in an isophotal

"COSMOS
. 25.7 .
photographic J band bJ given by

B-by;=0.12 BV) (2)

which was found to hold for stars by Kron (78) who used the same pass band.
To transform between the two systems a correction for the difference
between the two isophoﬁes is required. From Metcalfe (private communication)

-

we shall adopt

\_\ . . . : )
- J24.1 " J24.25 n J25.7 + 0.18 v , (3)
. '\’ r\J .
and
J25.7 x JTotal + 0.05 A ; (4)

Taking eqgn. (3) and assumiﬂg typically

<B-V> = 0.8 - ' . (5)
we get from egqns. (1) and (2)
B =D +. 0.27 \ (6)

This is fairly close to the empirical transform found in Chapter 3.4:

24,1 25.7 . o '
B T =b """+ 0.5 | | | (7).
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As described in KOS (78), the J system used in the KOS survey

is related to the UBV system by

B~-J . = 0.65 (B-V) (8)

KOs (78) find that through a comparison af a sample of their

magnitudes with Zwicky magnitudes and via the B_r system of the SRC that

Total
= J + 0.1 : 9
JKOS KOS ° : (9

Adopting this equation with the transformation to total BJ, taken from

egns. (3) and (4) as

24,1 Total : ' :
B = B} + 0.25 | (10)

we find with egns (1), (5) and (8)

24.1 ,
B = Tog * 049 (11)

This is reasonably close to the empirical transform found in Chapter 3.4

24.1
By = Jgos * 9?45 (12)

Adopting this latter relation with the empirical transform found by "
KOS (78)

JKOS = BZ'— 0.66 » . (13)

gives a transformation between the Zwicky and PDS system of

B 24.1 = B -~ 0.21 (14)
J z

Following the assumption of Davis et al (78) that Bz = B(0) we get the
same relation between the B(0) system of the Reference Catalogue (de
Vaucouleurs et al, 64).

B = B(0) - 0.21 (15)
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Egns (1},(5) and (10) finally give a relation between the JfDS system

and the total BT system of the SRC

B24'l = BT + 0.07 (16)

J

These transforms are summarised in Table 3.2 and discussed briefly

in Chapter 3.4.
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APPENDIX B

THE CATALOGUE

(LEFT TO RIGHT)

GALAXY NAME

RIGHT ASCENSION (EPOCH 1950.0)

DECLINATION (EPOCH 1950.0)

J MAGNITUDE = 111 A-J PLUS SCHOTT GG395

* INDICATES CONTAMINATION CORRECTED

REPRESENTATIVE ABSORPTION VELOCITY IN km/sec (HELIO CORRECTED)
g INDICAfES VELOCITY WAS DETERMINED FROM A LOW DISPERSION SPECTRUM
£ INDICATES VELOCITY ERROR ASSUMED 10 BE > 50 km/sec

R FACTOR AS IN TONRY AND DAVIS (79)

TEMPLATE USED (SEE TABLE BELOW)

OBSERVING QUARTER IN FORMAT 792 = 1972 Q2.

COUNTS IN UNITS OF 1. E+4 PHOTONS PER SPECTRUM

EMISSION LINE VELOCITY IN km/sec.

ERROR BAR IN BRACKETS PROVIDED FOR MANY-LINED SPECTRA

ABBREVIATED MORPHOLOGICAL TYPES FROM H CORWIN (EXCEPT.GNB)

TEMPLATES AND ADOPTED VELOCITIES WITH ERRORS .(Z = INFERRED)

1 NGC 253 (794) 249 ( 7)
2 NGC 24 (794) 561 ( 10)
3 SRS 3523 (793) -57 .4
4 sno 192972 (793) 15 ¢
5 K (HR 353) (792) 55 ¢
6  SRO 254650 (792) 55 4
7 NGC 253 (792) 249 ( 7)
8  NGC 157 (793) 1657 ( 12)
9  SAO 143673 (80L) i34
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SAO 246853 (802)
NGC 1532 (794)
SAO 143673 (803)
SRS 3523 (803)
SAO 192972 (803)
NGC 24 (803)

NGC 1291 (803)
NGC 253 (803

HD 6655 (804)
SRS 3523 (804)
NGC 253 (804)
NGC 1291 (804)
SAO 143673 (804)
HD 34510 (804)
HD 25570 (804)
HD 199213 (804)
HD 101266 (811)
HD 114762 (8l1)
HD 171391 (812)

EMISSION LINE VELOCITY PREFERRED

31
1212(10)

-3
~57

15
561 (10)
829( 7)
249( 7)

16
-85
249( 7)
829( 7)

-3

21

36

33
-16

50

7

R T TN S T SO
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