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FAINT GALAXY PHOTOMETRY AND COSMOLOGY

P.R.F. Stevenson

ABSTRACT

Deep galaxy catalogues have been constructed from automatic
measurements of photographic plates by the COSMOS machine at the Royal
Observatory Edinburgh. The plates were taken by the 1.2m UK Schmidt
telescope (UKST) and 4m Anglo-Australian telescope (AAT), in both blue
and red passbands. The UKST plates cover an area of sky of ~170 square
degrees, some four times larger than any previous study to these
depths (B~21, R~20mag).

By comparing the UKST and AAT galaxy number-magnitude counts and
colour distributions with those predicted using computer models,
evidence for luminosity evolution has been obtained. The red passband
counts require less luminosity evolution than in the blue passband and
at the faintest magnitudes reached here (R~22mag) the cosmological
parameter, q,, has as large an effect. The red count models are well
enough determined to reject world models with gq,21. In order *to
further separate the effects of luminosity evolution and q,, the
possibility of using a well determined Hubble diagram or faint galaxy
redshift surveys is considered.

The galaxy two-point angular correlation function, w(f#), has been
estimated from the UKST catalogues and shows evidence of a feature at
larg? angular scales, cgﬁresgﬂnding to a spatial separation of
~3h "Mpc (H, = 100h kms "Mpc 7). In a study of the correlation
function scaling relation it is found that the observed clustering
amplitudes at AAT depths are lower than those predicted using well
determined models that assume no clustering evolution. However,
sampling errors are large and more 4m data is required in order to
test the reality of this result. Also discussed is the possibility of
discriminating between recent theories of pgalaxy formation using the
w(@) observations.

The method of Turner and Gott has been used to automatically
detect groups and clusters of galaxies in the UKST catalogues. It is
found that the cluster-cluster w(f#) is several times higher than the
galaxy-galaxy w(8) when scaled to the same depth. The implications of
this result for galaxy formation theories are discussed. By using the
average magnitude, m, of a cluster as a distance estimator the
redshift distribution of the clusters has been obtained. Features
present in these distributions, may correspond to the effects of
superclustering on scales $150h ~Mpc. The modelled fM:distance relation
has been used to set constraints on the galaxy luminosity function and
hence help to more tightly constrain the number count and clustering
models.

The orientations of galaxies within clusters and the orientations
and ellipticity distributions of the clusters themselves have been
used in order to obtain further constraints on the theories of galaxy
formation.
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"A11l nature then, as it exists, by itself, ts founded on two
things: there are bodies and there 1s a void in which these

bodies are placed and through which they move about.'

Lucretius, De rerum natura
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CHAPTER ONE

INTRODUCTION

1.1 GENERAL

One of the outstanding problems of modern cosmology 1is to
understand the formation and evolution of galaxies. Since galaxies are
the main visible constituents of the universe this problem is directly
related to the origin of the large scale structure of the universe
itself.

Important clues about the processes of galaxy formation and
evolution can be derived from studies of galaxy counts and clustering.
An integral part of such studies are catalogues of galaxies which
contain the positions of galaxies on the sky and are complete to some
objective criterion such as limiting magnitude or angular diameter.
Furthermore, these catalogues should constitute a representative or
'fair' sample of galaxies in order that the results obtained apply to
the universe in general. Early galaxy catalogues such as those of
Zwicky et al (1961-8), the Lick Catalogue (Shane and Wirtanen, 1967;
Seldner et al, 1977) and the Jagellonian Catalogue (Rudnicki et al,
1973) were constructed from photographic plates by purely visual
inspection and so immediately suffered from problems such as bias in
the observer's selection criteria. The main difficulty 1lies in
deciding on the limiting magnitude to which the eye is sensitive since
this may vary depending on the surface brightness and size of the
image under study. Much attention has therefore recently been devoted
to the construction of galaxy catalogues using automatic machine

measurements of deep photographic plates, which due to the objective




nature of the measurements can avoid the above problem. This thesis
describes a study of some particular aspects of observational
cosmology undertaken by analysing new galaxy catalogues obtained from
COSMOS (Stobie et al, 1979) automatic machine measurements of 1.2m UK
Schmidt telescopé (UKST) and 4m Anglo-Australian telescope (AAT)
photographs.

Schmidt telescopes are still unrivalled in their power to record
the images of tens of thousands of galaxies and stars simultaneously
on large field ( 36 square degree} photographs. Even though modern
detectors such as the electronographic camera and charge coupled
devices {(CCDs) have vastly improved quantum efficiency over that of
the photographic plate, their small size and hence field of view
(typically € .1 square degrees at Schmidt telescope plate scale)
restrict their data acquisition power. The UKST has recently completed
a photographic survey of the southern skies (§<-20 degrees), in a blue
passband, to a limiting magnitude of ~ 2lmag. This survey complements
those of the Palomar Schmidt, which surveyed the northern skies to a
brighter limit of ~ 19-20mag and that of the ESO Schmidt, which has
surveyed the southern sky in a red passband. The 606 plates in the
UKST southern sky survey represent a vast source of data containing
the images of-108 galaxies and stars. An analysis of this data would
be an extremely arduous and time-consuming task to carry out by eye
even if the observer's bias described above could be eliminated.
However, with the advent of fast measuring machines such as COSMOS
(Stobie et al, 1979), APM (Kibblewhite, 1980) and the PDS 1010 (at the
Royal Greenwich Observatory) each plate can be scanned automatically

providing a catalogue of 1image coordinates, sizes, shapes and



magnitudes in only a matter of hours.

The AAT produces photographs of larger scale than the UKST
plates, but of smaller fields ( 0.7 square degrees). However, due to
their faint limiting magnitudes, reaching to ~ 24 mag, an AAT plate
actually contains as many images as there are on a UKST plate. These
faint limiting magnitudes enable the galaxy distribution to be probed
to very great depths. The average redshift of galaxies on an AAT plate
is typically Z~0.5, compared to Z~0.2 for a UKST plate. Such large
redshifts correspond to 'look-back times' which are a significant
fraction of the age of the galaxies under study and hence by comparing
observations from UKST and AAT plates the evolution of galaxies may be
studied.

The first main objective of this thesis will be to carry out a
study of the galaxy number-magnitude distribution, n{(m). Using the
UKST data to define the n{m) relation at bright magnitudes,
~17-21mag, and AAT data at faint magnitudes, ~ 21-24mag, constraints
will be obtained in chapter three on the range of possible world
models (ie, the cosmological deceleration parameter, q,) and galaxy
luminosity evolution. It should be noted here that the framework used
for an interpretation of the results will be the 'standard big-bang'
cosmology, assuming a zero cosmological constant (see for example
Weinberg, 1972). Any of the results obtained here which are dependent

on the Hubble constant, H,, will be written in terms of h, where

H,=100h kms ™ Mpc =, unless otherwise stated. The value of h is
presently thought to lie in the range, %<h<1 (see Hodge, 1981, for a
review).

The second main objective of this thesis will be to use the



COSMOS galaxy catalogues 1in studies of galaxy clustering. These
studies form the basis of chapters four, five and six. At the
relatively bright limits of the UKST plates the data will be used to
map the distribution of galaxies out to depths of‘~500h_1 Mpc, as well
as being used in statistical clustering analyses. The AAT data will
also be used in statistical clustering analyses and due to its great
depth (-(3000h_l Mpc) will be used to obtain constraints on clustering
evolution. All of these complementary studies of galaxy clustering
will be used to obtain constraints on theories of galaxy formation,
The first main objective outlined above will be discussed in more
detail in section 1.2. Since most of the clustering analyses will be
used to constrain galaxy formation theories the most recent theories
will be briefly described in section 1.3. The clustering analyses
themselves will then be discussed in more detéil, with referencé to

these theories, in section 1.4.

1.2 GALAXY NUMBER-MAGNITUDE COUNTS

It was realized soon after the discovery of the extragalactic
nature of galaxies that valuable cosmological information might be
obtained by simply counting their number as a function of magnitude.
For example, it can easily be shown that if the luminosity function of
galaxies remained unchanged and galaxies were distributed uniformly
throughout Euclidean space, then the form of the n(m) relation is a
power—law of index O0.6. Departures from this power-law form can
therefore, in principle, be used to test for the homogeneity of the

universe. By obtaining counts in different directions the isotropy of



the universe may also be tested. The n(m) relation may therefore be
used to test for the consistency of the cosmological principle with
observation.

Hubble (1926, 1934) first used the form of the n(m) relation to
test for the homogeneity of the galaxy distribution and indeed found a
0.6 power-law for his B¢ 19mag galaxy sample. When counts became
available to fainter limiting magnitudes it was hoped that by looking
for departures from the 0.6 power-law the n(m) relation might be able
to constrain the value of q, (Hubble and Tolman, 1935; Hubble, 1936).
However, at these intermediate magnitudes (B<20mag) the n(m) relation
has only a second order dependence on q, (Sandage, 1961) and here n(m)
is more sensitive to the rate of galaxy luminosity evolution (Brown
and Tinsley, 1974). At the very faint magnitudes that can be reached
using deep AAT plates (B~24mag) the g, dependence of n(m) does become
considerable and the n(m) relation may be able to place limits on the
range of possible world models, as well as galaxy luminosity
evolution. In chapter three of this thesis the observed n(m) relations
obtained from the cosmos galaxy catalogues will be compared to
modelled counts in order to obtain constraints on these two important
cosmological parameters. The modelled n(m) relation is additionally
sensitive to many other galaxian properties such as K-corrections (the
change in magnitude of a galaxy as a function of distance due to its
spectrum being shifted through the passband of observation),
luminosity function (the spread in intrinsic luminosities of galaxies)
and mix of galaxy types. It will be shown in chapter three that these

properties are now sufficiently well determined to make a detailed



analysis of the n(m) relation worthwhile.

Recently, several other workers have obtained n(m) counts to deep
limits (Kron, 1978, 1980; Peterson et al, 1979; Tyson and Jarvis,
1979; Koo, 198la). These authors used automatic measuring techniques
similar to those used here, but their results were often in
contradiction. In chapter three these results are compared to those
obtained in the present work in order to try and resolve some of the
differences found and to establish the true form of the n(m) relation
at faint magnitudes. The COSMOS data will alsc be used to investigate
the galaxy colour-magnitude relation. It will be shown in chapter
three that an analysis of the colour-magnitude relation allows tighter
constraints to be placed on models of luminosity evolution than those
obtained using the n(m) counts alone.

In order to untangle the effects of luminosity evolution and ¢,
the expected amount of evolution may be predicted a priori using the
theoretical models developed by Tinsley (1980a) and Bruzual (1981).
Unfortunately these models are not yet well determined and so in
chapter three two further possibilities of separating the effects of
luminosity evolution and q,, using constraints obtained from the
Hubble diagram and galaxy number-redshift, n(z), distributions, are

also considered.

1.3 GALAXY CLUSTERING AND COSMOLOGY

We begin this section by discussing theories of galaxy formation
with a special emphasis on their predictions which may be tested by

carrying out studies of galaxy clustering using the COSMOS galaxy



catalogues. The galaxy formation theories which have been given most
consideration in recent times have been based on the gravitational
instability mechanism in a baryon dominated universe (Peebles, 1980).
Here galaxies are thought to have arisen out of small density
fluctuations in the early universe, which have subsequently grown by
gravitational 'clumping'. Two physically distinct types of fluctuation
are generally considered; firstly adiabatic fluctuations, where both
radiation and matter are perturbed and secondly isothermal
fluctuations, where only the matter 1is perturbed. These two
possibilities give rise to the adiabatic and isothermal theories of
galaxy formation respectively.

In the isothermal theory the baryon fluctuations appeared by some
unspecified process. Before decoupling, in the radiation era, the
perturbations do not grow because of Thompson drag (Peebles, 1965).
After the decoupling of matter from +the radiation, baryon
perturbations of mass greater than the Jeans mass scale oleO5 M,,
are free to grow. Objects of this mass were therefore the first
objects to form in the early universe according to this theory
(Peebles, 1974a). The mutual gravitational attraction of these objects
may then have formed galaxies, which subsequently clustered on larger
scales into a hierarchical (scale-free) clustering pattern.

In the adiabatic theory (Sunyaev and Zeldovich, 1972),
fluctuations in both radiation and matter on scales smaller than a

13 015

characteristic mass of ~ 10 -1 M, were damped due +to photon

viscosity (Silk, 1968) and hence after decoupling there were no

perturbations on smaller scales. Therefore, in this scenario structure



on very large scales formed first in the early universe with galaxies
fragmenting out at a later stage (Doroskevich et al, 1978). These
large scale structures were referred to as 'pancakes' in the original
theory (Zeldovich, 1970) due to their predicted elongated shapes. The
'pancakes' may correspond to the superclusters and the spaces between
them to the voids possibly seen in the present day galaxy distribution
(Zeldovich et al, 1982). The distribution of galaxies today may
therefore show a preferred scale of clustering corresponding to these
'pancakes’.

There is, however, a serious problem with the original adiabatic
theory described above. In order to form galaxies by the present
epoch, the primordial density fluctuations needed to be of such a
large amplitude, that the anisotropy of the microwave background would
be at least an order of magnitude greater than the presently observed
upper limits (Wilson, 1983). This problem may be solved if the
universe is very dense {1 > 1, but this large value of f1, is certainly
excluded by nucleosynthesis calculations for the early universe which
predict I\@h2< .05 (Yang et al, 1984) in the form of baryons.

The objections raised against the original isothermal theory have
been mainly theofetical in nature. Grand Unified Theories (GUT}s)
suggest that adiabatic perturbations are more likely to be produced in
the early universe (Press and Vishniac, 1980). Indeed, the isothermal
theory was actually constructed in an ad-hoc fashion in order to avoid
problems with the isotropy of the microwave background and cannot
naturally explain why fluctuations are only present in baryons in the

early universe.



In view of the above problems much attention has recently been
devoted to adiabatic theories involving non-baryonic dark matter in
the form of massive neutrinos, axions, gravitinos and a host of other
exotic particles (Peebles, 1984). By assuming that the universe is
dominated by weakly interacting particles of non-zerco mass the
microwave background problem of the original adiabatic theory
described above may be solved. The dark matter perturbations grow
prior to recombination and this induces a rapid growth in baryon
perturbations shortly after recombination, allowing non-linear
structure to form now from smaller initial baryon fluctuations. These
models are still consistent with the nucleosynthesis calculations
since the dark matter is non-baryonic. These models are particularly
attractive because they also solve the 'missing mass' problem
(Peebles, 1979a).

In the massive neutrino (m;v30eV) model the neutrinos are still
relativistic when galaxy-size masses first come within the horizon.
They therefore freely stream away (being non-interacting) and smooth
out fluctuations smaller than the horizon size. When they first become
non-relativistic the mass within the horizon iS4v1015M., the mass of a
typical supercluster and so these are the first structures to form in
a neutrino dominated universe. Because the neutrinos are in thermal
equilibrium with the primaeval plasma they are referred to as 'hot'
particles (Bond et al, 1984). The neutrino or 'hot' dark matter models
therefore retain the basic prediction of the original adiabatic
theory, that clusters form before galaxies (Frenk, White and Davis,

1983). There are, however, problems with the neutrino model. Detailed
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computations have shown that supercluster collapse, in which galaxies
formed, must have occurred very recently (z<1) (White, Frenk and
Davis, 1983) and also that a large scale galaxy clustering coherence
length is produced that is not observed (Peebles, 1983). This problem
could be avoided by postulating the existence of heavier 1lkeV
particles such as gravitinos, or lighter axions whose velocity
dispersions in the early universe are so small (so called 'cold'
particles) that fluctuations of galactic size or larger can grow from
very early times (Blumenthal et al, 1984)., In either case galaxies
form before large scale clustering occurs and hence these theories
retain the basic prediction of the original baryon isothermal theory.
In view of the above discussion it seems that all theories of
galaxy formation can be divided into two main classes. Those in which
galaxies form before clusters and those in which clusters form before
galaxies. A very important observational constraint on the theories of
galaxy formation could therefore be obtained by carrying out tests
which may be able to discriminate between these two different
scenarios. This will be the approach adopted in the present work and
the various tests used will be described in the following section.
Irrespective of whether galaxies or clusters formed first in the
early universe, 1t is also of great interest to determine the nature
of the distribution of galaxies at very large scales (10—100h_1Mpc).
Here gravity may not have had time to greatly affect the matter
distribution in the lifetime of the universe and therefore the galaxy
distribution may still reflect its initial conditions. At the largest

-1 .
scales (>»100h “Mpc) the universe is expected to become homogeneous in
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line with the cosmological principle. The study of the large scale
distribution of galaxies may therefore be used to set some limits on
the largest scale of inhomogeneity in the universe and hence test the
consistency of the cosmological principle with observation. In the
following section a method of mapping both the twoc and three-
dimensional distribution of galaxy clusters using the COSMOS galaxy

catalogues will be described.

1.4 STUDIES OF GALAXY CLUSTERING USING COSMOS

There are two complementary approaches to the observational study
of galaxy clustering. In the first, statistical approach, the aim is
to obtain a description of galaxy clustering which applies to the
universe in general and as such requires no a priori cluster
selection. In the second approach clusters are identified as
enhancements in the surface density of galaxies on the photographic
plate and studied as objects of individual interest. In the present
work the COSMOS galaxy catalogues will be used to investigate the
clustering of galaxies using both of these approaches.

The most widely used clustering statistics are the n-point
correlation functions (Peebles, 1980 and refs. therein). The simplest
and most easily applicable; the two-point angular correlation
function, w(#), will be applied to the COSMOS data in chapter four.
This statistic simply measures the excess probability of finding a
galaxy at a certain angular distance from another. In the early galaxy
catalogues described in section 1.1 the form of w(#) was found to be a

power-law of index -0.8, with a departure from this power-law at large



(~5-9h—lMpc) scales. The theories of galaxy formation discussed in the
previous section make predictions for the power-law index and scale of
this 'break' feature; for example in the baryon isothermal theory the
break corresponds to the transition between the linear and non-linear
clustering regimes and this break scale is consistent with a highf{l X1
universe (Davis et al, 1977). It is therefore important to determine
the form of w (#) in the UKST data obtained here, since it covers a
large area of sky (~170 square degrees) to relatively deep B~2lmag
limits and contains a very large objectively selected galaxy sample
ideal for statistical studies of this type. Scaling tests will also be
carried out in chapter four which involve the comparison of clustering
amplitudes obtained for galaxy samples of different depths. These
tests also enable constraints to be placed on the theories of galaxy
formation. For example, adiabatic theories predict that both the slope
and amplitude of w(#) are a function of time (Dekel and Aarseth,
1984). On the other hand the isothermal theory predicts a stable slope
and amplitude to very large look-back times (Peebles, 1973). The
detection of clustering evolution in either slope or amplitude of w(@)
at the depths of the AAT data (z~1), could therefore be interpreted as
evidence against the isothermal theory of galaxy formation. It will
also be shown that in modelling the scaling relation, tighter
constraints will be able to be placed on the galaxy n(m) models
described in section 1.2.

In chapter five the second approach to the study of galaxy
clustering described above is considered. Catalogues of galaxy groups

and clusters are constructed in an objective and unbiased way using
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the cluster detection algorithm of Gott and Turner (1977a). The
distribution of these groups and clusters in both two and three
dimensions are used to map the large scale structure of the universe.
These maps can then be used to test for the statistical significance
of superclusters and voids in the galaxy distribution recently
reported by many authors (eg, Gregory and Thompson, 1978; Einasto et
al, 1980; Kirshner et al, 1981; Bahcall and Soneira, 1982; and
reviewed by Oort, 1983) and hence set limits on the largest scale of
inhomogeneities in the universe. The third dimension can be explored
by using the cluster distance estimator used by Schechter and Press
(1976). Their technique uses the relation between the average
magnitude of galaxies within a cluster down to a specified limiting
magnitude and its distance. In chapter five this relationship is
determined both empirically using clusters of known distance and also
theoretically via computer models. By comparing the models to the
observed relation constraints will be placed on the galaxy luminosity
function which may then be used to better constrain both the galaxy
number count models and scaling relation models described above.
Observations of the internal structure of clusters may be used to
discriminate between the two main classes of galaxy formation theories
described in section 1.3, ie, those in which galaxies form before
clusters and those in which clusters form before galaxies. In the
former case, due to the hierarchical nature of the clustering there,
the distribution of galaxy orientations may be expected to be quite
random., On the other hand if clusters formed first then, due to the

conservation of primordial angular momentum, some preferred alignment



of galaxies may be expected within clusters. The aim of chapter six is
to study the orientations of galaxies within the clusters obtained in
chapter five, as well as the orientations of the clusters themselves,
in order to obtain some further constraints on galaxy formation
theories.

To conclude this thesis, chapter seven contains a summary of the
main results of chapters three, four, five and six and brings together

these results with those of other workers.
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CHAPTER TWO

DATA AND PHOTOMETRY

2.1 INTRODUCTION

In the present chapter the construction of galaxy catalogues
using COSMOS machine measurements of 1.2m UK Schmidt telescope (UKST)
and 4m Anglo-Australian telescope (AAT) photographic plates is
described. These catalogues will be used in the subsequent chapters as
a basis for the cosmological studies described in chapter one.

Particular emphasis will be placed on the calibration of the
machine measured magnitudes, which is carried out by comparing COSMOS
machine magnitudes with those of standard photoelectric and CCD
sequences (section 2.5). It is crucial that the photometric zero-
points are known as accurately as possible so that a reliable
interpretation of cosmological tests, such as those based on galaxy
number-magnitude counts, can be made.

An important preliminary stage in the construction of galaxy
catalogues using automatic methods is that of separatingbthe images of
stars from those of galaxies. All of the methods used here exploit the
difference in the intensity profiles of stellar and galaxian images.
For a particular integrated magnitude a galaxy will have a larger area
and a lower central intensity (if unsaturated) than a star of the same
magnitude. Plots of area and central intensity versus magnitude for
all images can therefore be used to discriminate between stars and

galaxies. This procedure is described in detail in section 2.6.



- 16 -

The extended nature of galaxy images does create problems in
measuring the galaxy magnitudes themselves. There are two main methods
of faint galaxy photometry; the 'isophotal' technique, where only the
light above a certain threshold of detection 1is measured, and the
'total' technique, where all of the light- present in an image is
measured. It will be shown that the AAT magnitudes measured here,
although being strictly isophotal, are very close to total magnitudes

due to the very low detection thresholds applied toc the COSMOS

[v]

datasets (section 2.7). This important result means that in th
following analyseé the observations can be compared to computer models
based on total magnitudes, which reduces the number of unknown
parameters in the models (ie, there is no need for galaxy profile
information), making the interpretation of the results far simpler.
Several of the areas of sky studied here have had plates taken in
both blue and red passbands. Galaxy colours can therefore be obtained
by automatically matching images from each plate (section 2.8). Colour
information is extremely useful since the apparent colours of galaxies
are related to their intrinsic colour and redshift and hence by
utilizing this information it may be possible to learn much about the
evolution of galaxies and their redshift distribution. This chapter is

concluded with a brief summary in section 2.9.

2.2 PHOTOGRAPHIC MATERIAL

The photographic material used in this work consists of ten 1.2m
UK Schmidt telescope (UKST) plates and five 4m Anglo-Australian

telescope (AAT) plates. Details of all of these plates are given in
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Table 2.1. Eight of the UKST plates were taken in a blue passband
determined by the hypersensitized IIIaJ emulsion plus a Schott GG39%
filter. Because this is not the standard B passband it will be denoted

by b The other two plates were taken 1n a red passband, determined

g
by the IIlaF emulsion (or similar 127-04) plus the RG630 filter, which

is denoted by r The AAT plates were taken in similar passbands as

.
indicated in Table 2.1. The slightly different Schott filter (GG385)
used with the AAT plates J1888 and J1634, to that used with the UKST J
plates (GG39%), is expected to introduce a negligible colour
difference (< O.1lmag), which is well within the errors in the present
data.

The bJ and FF passbands are shown diagrammatically in figure 2.1
relative to the familiar Johnson (1966) B, V and R passbands. It can
be seen from the figure that the bJ and re passbands are well
separated in wavelength.

Most of the UKST plates form a network centred on the South
Galactic Pole (SGP), as can be seen from the first six entries in
Table 2.1, and their configuration on the sky is shown in figure 2.2.
The galactic pole is chosen since here the effects of variable
galactic obscuration should be negligible (see McFadzean, Hilditch and
Hill, 1983) and therefore have little effect on the observed galaxy
distribution.

The four remaining UKST plates come from widely separated areas
of sky and they allow a test of the large scale isotropy of the

galaxy distribution to be made. Plates J3192 and R4021 cover the same

area of sky and are centred on the globular cluster Mb. This field



Table 2.1

Plate

J3721

R2775

J4606

J1920

J1916

J1681

J3192

R4021

J3390

J5701

J1888

R1996

R1790

J1634

R1635

* The emulsion/filter combination used here gives a passband clcoser to F than r

Field Centre

RA:
Dec:

00
-28
00
-28

00
~30
01
-~30
01
-25
00
-35

15
+02
15
+02
22
-20
12
+00

00
=27
00
=27
00
-27
21
-68
21
-68

h
deg

53
03
53
03

46
00
09
00
06
00
48
00

13
16
19
16
03
00
30
23

54
54
54
54
54
54
10
00
10
ol¢;

m s
minutes

48
45
48
03
48
03
01
01
01
01

Tele-
scope

UKST

UKST

UKST

UKST

UKST

UKST

UKST

UKST

UKST

UKST

AAT

AAT

AAT

AAT

AAT

Emulsion

Iltad

127-04

IITad

ITIaJd

I11aJ

ITIad

I11aJ

II1aF

IITad

I11aJ

I1TaJ

IllaF

IIlaF

ITIad

ITtaF

Plate Material

Filter

GG395

RG630

GG395
GG395
GG395

GG395

GG395
RG630
GG395

GG395

GG385
RG630
RG630
GG385

G495*

significantly affect any of the results presented here.

Exposure
min

80

90

70
60
60

50

60
90
70

65

70
70
70
80

45

Date
taken

4.11.

19.12.

25.10.

25.11.

24.11.

16. 7.

21. 5.

16. 3.

17. 7.

21. 2.

16. 7.

23.12.

23.12.

30. 7.

30. 7.

77

76

78

75

75

75

77

78

77

80

80

79

79

78

78

F

Area
deg

12

12

15
22
22

28

22
22
22

22

0.38
0.38
0.38
0.58

0.58

Seeing,o
arcsec

@]
w

but this will not



SENSITIVITY

Figure 2.1:

WAVELENGTH

The bJ and rF passbands shown relative to the familiar B, V and R passbands of the

Johnson photometric system. The wavelength scale is in &/1000.
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Figure 2.2: The configuration of UKST bJ plates around the SGP.
The shaded areas were used to compare photometry from
plate-plate and hence obtain a consistent magnitude

scale zero-point for the whole region.
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lies in the northern galactic hemisphere as does plate J5701, unlike
all other plates which lie to the south of the galactic equator (see
Table 2.1).

The UKST plate R2775 was taken without a correcting achromat, but
it will be shown later (section 2.6) that this should have 1little
effect on the results.

The AAT plates used here come from two widely separated fields.
One field is centred at the SGP (J1888/R1996/R1790) and the other is
centred in the constellation Pavo, in which the plates J1634/R1635
were obtained by Dr Paul Murdin of the Royal Greenwich Observatory
(RGO). The Pavo field plates have been previously analysed by Shanks
(1982) but have been remeasured for the present work in order to
obtain deeper threshold datasets (see section 2.3).

All plates were taken in good seeing (Table 2.1) and in general
the plate quality is very good. This is particularly true for the AAT
plates J1888 and R1996 on which we shall be depending for the faintest
galaxy photometry. The AAT plate R1790 does have emulsion flaws but
also has some usable areas which has allowed an error analysis to be
made, since it covers the same area of sky as plate R1996 (see

section 2.8).

2.3 THE COSMOS MACHINE

The COSMOS measuring machine (Stobie et al, 1979; Stobie, 1982)
is a computer controlled high speed microdensitometer designed for the
automatic measurement of photographic plates. Its main advantage is
the ability to measure rapidly large areas of photographic plate
quantitatively to produce large statistical samples in a uniform and

unbiased manner.
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The basic principle of all microdensitometers is to focus a
microspot onto the photographic emulsion and measure the fractional
amount of transmitted light. This information is then digitised by the
machine hardware into one of 256 'T' values. COSMOS gains its speed by
using a flying spot scanner in contrast to the PDS microdensitometer
which uses a fixed spot. The machine can measure an area of 250x250mm’
in 16 hours at 8 micron resolution or 5% hours at 16 micron
resolution.

There are presently two main modes of operation of the COSMOS
machine; Mapping Mode (MM) and Threshold Mapping (TM) mode. The MM
mode stores the information about every pixel in the measured area,
and is primarily designed for studying small areas that are generally
crowded fields or other areas where normal image analysis 1is not
applicable, eg, objective prism plates. The MM mode has been used in
the measurement of all of the AAT plates used here for reasons to be
discussed in section 2.4.2.

Threshold Mapping or TM mode is similar to MM mode but instead of
outputting the transmission of every pixel the machine determines a
smoothed local sky background and then applies a limiting threshold of
detection at a fixed percentage level above this background. Only
pixels that lie above the threshold intensity are passed through Image
Analysis Mode (IAM) processing which determines which pixels are
connected together to form an image. If an image is composed of less
than ten pixels it is regarded as a noise image and discarded. It will
be shown in section 2.7 that this procedure will not remove real data
from the final galaxy catalogues. All of the UKST plates have been

measured using the TM mode.
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2.4 INTENSITY CALIBRATION AND RELATIVE MAGNITUDES

2.4.1 UKST Data

In the measurement of all photographic plates COSMOS first
measures the step-wedge or sensitometer spots in order to obtain the
transmission to relative intensity calibration or characteristic

curve. A Baker (1957) density formulation is used here defined by the

relation;
log I =Ylog <TC_Tb —1) +C (2.1)
T-—Tb
where 1 is the incident intensity, TC - chemical fog transmission,
Tb - transmission for =zero light {(non-zero due to offsets in the

electronics), 1/Y is the slope of the characteristic curve, and C is a

constant. In practice Tc and T, are free parameters which are varied

b
to give the best fit over the usable part of the characteristic curve.
This relation enables a relative intensity to be assigned to every
pixel in the measured area enabling the sky intensity to be estimated
and then a threshold of detection to be applied in the following
manner,

The background transmission of the photographic plate, Tsky’ is

) =

defined by the median of the transmission histogram, ie, N(T>TSky

N(T<Tsky)' The raw background points are then passed through a
filtering process in order +to smooth the background. Once the
background has been determined thresholding can be applied in order to
separate image from background pixels. There are two ways of defining

the threshold, i) an arithmetic cut, AI = constant or,

Ithresh_Isky
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ii) a fractional cut, f = Ithresh - Isky {2.2). The percentage cut

Isky
is therefore given by 100f. For a perfectly flat background it makes

no difference which procedure is followed. However, if it is believed
that background variations are caused mainly by emulsion sensitivity
variations and vignetting then the fractional cut 1is the correct
procedure and this has been adopted in the present work. The
percentage cut applied to the UKST plates lies in the range 7-10% (see
Table 2.2).

The magnitude of an image 1is computed according to the

definition;

— = sky

Isky/Apix

m=-2.5 logE:(Ii - Isky) + m (2.3)
i

where Apix is the pixel size in square arcseconds, Ii is the relative
intensity of each pixel detected above the isophotal threshold, Isky
is the fitted background intensity calculated as described above and
m is an unknown estimate of the sky brightness. m is determined
sky sky

from star or galaxy sequences of known magnitudes (section 2.5) and
once known the relative magnitudes can be put on an absolute scale.

The relative magnitude, m-m , 1s one of the image parameters written

sky
to magnetic tape during IAM processing. This and the other image
parameters are summarized in Table 2.3. The orientation and major and
minor axes of each image are calculated using the moments of the image
pixel distribution (Stobie, 1980).

For typically four or five bright stars and galaxies on each

plate the image analysis software breaks down and the image is split

into many small pieces. Holes are therefore 'drilled' out of the data
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Table 2.2 COSMOS datasets
Plate Cosmos Y Percentage jﬁ;; mSky /uth (mag/arcsec’
Mode threshold cut (micron )

J3721 ™ .45 7 8 22.65 25.5
R2775 T™ .51 7 8 21.40 24.3
JAa606 ™ .29 7 8 22.40 25.3
J1920 ™ .32 7 8 22.00 24.9
J1916 T™ .35 6 8 22.00 25.1
J1681 ™ .30 7 16 22.05 24.9
J3192 T™ .33 10 8 22.30 24.8
R4021 ™ .40 10 8 20.80 23.3
J3390 ™ .28 7 8 22.15 25.0
J5701 T™ .25 7 8 22.20 25.1
J1888(1) MM .25 2 16 21.40 25.6
J1888(2) MM .25 2 16 21.90 26.2
J1888(3) MM .25 1.5 16 21.95 26.5
R1996(1) MM .25 2 16 20.00 24.3
R1996(2) MM .29 2 16 20.70 25.0
R1996(3) MM .29 1.5 16 20.70 25.3
R1790(1) MM .36 1.5 16 20.20 24.8
J1634(1) MM .52 2 16 22.70 27.0
R1635(1) MM .47 2 16 21.20 25.4
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Table 2.3 COSMOS Image Parameters
1. X - unweighted position
2. Y - " "
3. X min
4. X max
5. Y min
6. Y max
7. Area - in pixels
8. Tmin - minimum transmission
9. Magnitude - defined in equation 2.3
10. ISky - background sky intensity
11. X intensity weighted
12. Y}' position
13. Semi-major axis
14. Semi-minor axis unweighted
15. & - orientation
16. Semi-major axis
17. Semi- minor axis intensity
18 § - orientation weighted
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Figure 2.3:

d Ji916

Maps of the COSMOS bJ datasets, showing only galaxy
images (see section 2.6). The boxes represent areas
ignored in the analysis because of the presence of

very bright images and emulsion flaws.

a) - h) have a magnitude limit of b _=20.2mag

J
i) - j) have a limiting magnitude of bJ= 23mag
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around these images and the resulting decrease in area is taken into
account in all of the following analyses. These holes are shown in

figures 2.3 a-j where maps of the COSMOS b. datasets are presented.

J
The maps are plotted to the magnitude limits noted in the figure
caption. It should also be noted that only galaxy images are shown
(see section 2.6), since these distributions will also be referred to
in a discussion of the large scale distribution of galaxies in
chapters four and five.

The linearity of the relative magnitude scale obtained by COSMOS
can be checked by comparing the COSMOS machine magnitudes with those
of standard sequences. For the UKST data standards exist to the

limiting magnitudes of the photographic plates and will be discussed

in detail in section 2.5.

2.4.2 AAT Data

All of the AAT plates analysed here have been measured using the
COSMOS Mapping Mode (MM). This mode was used so that the raw pixel
data could be smoothed, wusing off-line software developed by
MacGillivray and Dodd (1982), in order to obtain very low thresholds
(corresponding to percentage cuts of 1-2% above sky). After this
procedure has been carried out the data reduction is identical to that
of the UKST data described above.

The smoothing process enables lower thresholds to be obtained by
narrowing the width of the histogram of TSky values which means that
can be lowered without increasing the relative contribution of

Tthresh

noise in the final image. The raw MM data can be passed through the
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software any number of times in order to obtain datasets at several
thresholds. Datasets at three different thresholds were obtained for

plates J1888 and R1996, while only single threshold datasets were

nhtainad far nlateces JT1A34 R1ARF and RI174Q0 Tha A4
Cr ne n~i/2v. ine G

O vRaddiCl o AR vTCS v aTT5H, NALTIO

datasets will be termed J1888(1), J1888(2) etc., from the highest to
lowest threshold. Full details of all of the AAT COSMOS datasets are
given in Table 2.2.

For the AAT plates there are no faint enough (bJ>21.5mag) galaxy
standards with which to check their relative magnitude scales to the
plate limits. However, a test of the above procedures has been carried
out on another area of sky where deep photographic (PDS) isophotal
photometry of galaxies exists due to Carter (1980). This comparison
was made using COSMOS»measurements of the same AAT photograph as used
by Carter with a similar isophotal threshold applied. The comparison
(see MacGillivray and Dodd, 1982) shows excellent agreement between
the two magnitude scales, with no scale errors over the range
b = 19-23mag.

J

2.5 ABSOLUTE CALIBRATION

The absolute calibration of each of +the photographic plates
listed in Table 2.1 involves the estimation of the constant mSky in
equation 2.3. This is determined by comparing COSMOS relative
magnitudes with those of faint star and galaxy sequences which have
accurate photometry, ideally to the 1limiting magnitude of the

observations. This comparison also gives a check on the relative

magnitude scale obtained from COSMOS, as noted above.
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For the UKST data faint enough standards do exist, however no
standards exist fainter than bJ=21.5mag or re = 20mag 1in order to
calibrate the AAT plates to their limiting magnitude. However, since
the comparison of MacGillivray and Dodd (1982) showed that the
relative magnitude scales are linear then the zéro—point calculated at
relatively bright AAT magnitudes can be used to place the magnitudes
on an absolute scale down to faint limits (bJ~23.5mag, ro22mag).

There is a difficulty in using stars for calibration purposes in
that COSMOS magnitudes for stars brighter than bj~20mag (on UKST
plates) are saturated. This causes a serious scale error in the final
magnitudes. Fainter than bJ~20mag isophotal effects begin to become
important and so corrections to total magnitudes should be made, (see
section 2.7 for a discussion of isophotal and total magnitudes). This
procedure is discussed in detail with respect to the SGP plate J3721
by Fong et al (1983). Furthermore, there is some evidence that even
after corrections have been made to total magnitudes the =zero-point
calculated using stars could be up to 0.3mag different from that
obtained using galaxies (Fong et al, 1984). For an as yet unknown
reason this effect has only been found to occur on IIIaJ plates.
Because of the effects noted above it 1is vital that photographic
galaxy magnitudes are calibrated using only galaxy photometry,
preferably obtained by a high quality linear detector such as a CCD.
Galaxies with 16<bJ<20mag are therefore 1ideally suited for the
calibration of both UKST and AAT plates since they are unsaturated and
isophotal effects should be small (<0.lmag). The calibration of each

of the COSMOS datasets listed in Table 2.2 is now discussed in some

detail.
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2.5.1 UKST Plates

a) The SGP region (J3721, R2775, J4606, J1920, J1916, J1681)

There exist three photoelectric (Cannon, 1974; Graham, private
communication; Peterson, private communication) and two electrono-
graphic sequences {(Hawkins, 1981) on the SGP UKST photographs J3721
and R2775, which may be used to place the relative magnitudes on a

zero-pointed scale, in bJ and r_ respectively.

F

The SGPG2 sequence of Hawkins (1981) contains both stars and
galaxies to B~21.5 mag and R~20.5 mag. This sequence is based on
photoelectric observations of stars, to B = 18.4mag, by J. Graham
(Cerro Tololo). Using the photographic UKST data as an intermediary
the photoelectric zero-point has been shown to be consistent with the
SGP1 photoelectric sequence of Cannon (1974). For the SGP1l sequence
photoelectric photometry confirms the accuracy of these magnitudes to
B = 20mag, R = 19mag (Peterson, private communication ). Furthermore,
Fong et al (1983) have given evidence based on photographic PDS
photometry that the SGPGZ2 galaxy and star magnitudes are linear to at
least bj~20.5mag.

The SGPG2 sequence magnitudes seem to have been zero-pointed in
the standard Johnson B, V, R photometric system (Johnson and Morgan,
1953, Kron and Smith, 1951), even though Hawkins does not explicitly
state this. The main problem was trying to decide which R band he had
used since there are so many similar R bands in common use. However,
from the B-V:V-R colour of the stars present in the sequence it was
found that the Johnson R band was most consistent with their colours.

The SGPG2 magnitudes must therefore be transformed to the b\J and re
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photographic passbands for the present work.
The SGPG2 B magnitudes can be transformed to bJ using the
relation;
bJ = B-.23 (B-V) (2.4).

This was found to hold for stars by Kron (1978) who also uses the bJ
passband. Although no relation is available at the present time for
galaxies, in which we are interested, it will be assumed that equation
2.4 is a good enough approximation (totO.lmag).

The SGPG2 R magnitudes are first converted into the RC band of

Cousins {(1976) using the relation;

RC =V - 0.71(V-R) (2.95)
To convert these magnitudes into the ro band a relation derived by
Couch (1981) for a similar photoelectric passband is used;

r. = R, - 0.06 (B-R ) (2.6)

In figures 2.4 and 2.5 the SGPG2 sequence magnitudes are plotted
against COSMOS magnitudes for the SGP plates J3721 and R2775,
respectively. The saturation of stellar images is immediately apparent
for bJ<20mag and PF<18mag. The stellar magnitudes have been corrected
to total magnitudes using the method of Fong et al (1983) for the
reason described above. These figures demonstrate (at least on J3721)
that the =zero-point estimated using stars may be different to that
obtained using galaxies.

The galaxies lie on a 45° straight line with no indication of
scale errors to the 1limit of the sequence. The values of msky

estimated using only the galaxies in figs. 2.4 and 2.5 are listed in

Table 2.2. The value of mSky found here for plate J3721 agrees with
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bJ magnitudes for the SGPG2 sequence plotted against

COSMOS J3721 magnitudes. Crosses-stars, circles-

galaxies, filled circles-compact objects. The COSMOS

star magnitudes have been corrected to total

magnitudes using the method of Fong et al (1983).
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Figure 2.5:

PF magnitudes for the SGPG2 sequence plotted against
COSMOS R2775 magnitudes. Crosses-stars, circles—
galaxies. The COSMOS star magnitudes have ©Dbeen
corrected to total magnitudes using the method Fong et

al (1983).
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that found by Fong et al (1983) and confirms that the zero-point used
in an earlier analysis of this plate by Phillipps et al (1981) was in
error by 0.3 mag (too faint). This zero-point change is caused by the
calibration sequence stars available at that time having been found to
have erroneously faint magnitudes. From figures 2.4 and 2.5 the
present zero-points are estimated to be accurate to within*0.1lmag.

From the values of mSky and isophotal fractional cut, f, (of
equation 2.2) the isophotal threshold can be determined using the
relation;

Hen = msky - 2.5 1log f (2.7)
Values of /%h are also listed in Table 2.2.

Three of the other SGP region UKST plates (J4606, J1916, J1920)
overlap small areas of the plate J3721 (see figure 2.2). By comparing
the COSMOS magnitudes of common galaxies we <c¢an use the J3721
photometry to calibrate the magnitude scales of the other plates, with
only a small increase (<0.lmag) in the zero-point error. These
comparisons are shown for plates J4606, J1916 and J1920 in figures
2,6, 2.7 and 2.8 respectively. It can be seen that J4606 exhibits a
slight scale error in comparison with the J3721 magnitudes. This
effect is caused by the measurement of a copy plate of J4606 which had
a very dense background. This meant that the characteristic curve had
to be extrapolated beyond the step-wedge points and hence its slope is
uncertain. This could then lead to the scale error found in the
comparison. A comparison of the galaxy number counts between J3721 and

J4606 on just their area of overlap, using the zero-points of figure

2.6, shows that the effect of the scale error is negligible for
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Figure 2.6: Comparison of COSMOS magnitudes measured on plate
J3721 with magnitudes measured on plate J4606 for a

sample of galaxies.
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Figure 2.7: Comparison of COSMOS magnitudes measured on plate
J3721 with magnitudes measured on plate J1916 for a

sample of galaxies.
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Figure 2.8: Comparison of COSMOS magnitudes measured on plate J3721 with
magnitudes measured on plate J1920 for a sample of galaxies.
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bJ)18mag, and will therefore not greatly affect any of the following
analyses.

The remaining SGP UKST plate J1681, although not overlapping
J3721,does overlap a small area of plate J1920. This small area of
overlap can therefore be used as above to determine the zero-point for
J1681 and the comparison is shown in figure 2.9. J1681 also has a
faint stellar sequence (Kunkel and Demers, 1977), in the Sculptor
dwarf galaxy, which has been used as an alternative method of
determining the =zero-point. This gives a check of the errors
introduced inte the zero-point by the plate-to-plate comparisons
carried out above. Since the sequence 1is stellar the problems
discussed in section 2.5 apply and thus the technique of Fong et al
(1983) has been adopted. The final sequence plot is shown in figure
2.10 where COSMOS measurements, corrected to total magnitudes, are
plotted against the sequence B magnitudes corrected to bJ using
equation 2.4. The zero-point obtained from the sequence was found to
be consistent with that obtained from the above comparison between
plates to within *0.lmag. Considering the possible problems of
zero-pointing a Schmidt IIIaJ plate described above this may seem
fortuitous. However, by bJVZOmag where saturation.is negligible there
is a larger spread in the sequence than expected due to the merging of
objects in the dwarf galaxy by COSMOS. This result can therefore only
be regarded as an approximate consistency check.

The above comparisons (figures 2.6, 2.7, 2.8 and 2.9) can be used
to estimate the r.m.s. error of the UKST galaxy magnitudes. The

comparison of J1920/J1681 gives an r.m.s. error of f0.1lmag to 20mag.
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sample of galaxies.
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Figure 2.10: bJ magnitudes for the stellar sequence of Kunkel and Demers (1977) plotted
against COSMOS J1681 magnitudes corrected to total magnitudes using the

method of Fong et al (1983).
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The other comparisons suggest that the errors are roughly constant
from plate to plate and increase to approximately Y 0.25mag at
b. = 21.0mag (see also section 2.8).

J

b) Other UKST fields (J3192, R4021, J3390, J5701)

As described in section 2.2 plates J3192 and R4021 are centred on
the globular cluster M5. This has been the subject of detailed
photoelectric and photographic photometry to very faint magnitudes in
both B and V passbands (Arp, 1962). The photoelectric sequence extends
to B~22mag and V~21.5mag. Although being part of the globular cluster
the sequence is situated far enough from its centre to enable the
background following routine of COSMOS to perform correctly. There is
a slight problem of merged images due to the high surface density of
stars in the sequence area. However, these stars can be discarded by
comparing the sequence photograph in Arp (1962) with maps of the
COSMOS data and they also stand out as very discrepant points in the
sequence plot.

Unfortunately, no R photometry exists for the M5 sequence and so
the B-V:V-R diagram for standard stars from Johnson (1966) was used in
order to estimate the R magnitudes from the kﬁown B and V magnitudes
of the sequence stars. Since this diagram exhibits a tight relation-
ship for sub-giant and main sequence stars the error in magnitude
should not be more than~ ¥ 0.2mag. The resulting B and R magnitudes

were then transformed to bJ and r_ using equations 2.4, 2.5 and 2.6.

F

The COSMOS magnitudes were again corrected for isophotal effects using

the methods of Fong et al (1983), since the sequence is entirely
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stellar. The resulting sequence plots are shown in figures 2.1lla and

2.11b for the bJ and r_ passbands respectively. The accuracy of the

F
empirically determined R magnitudes can be assessed from the
dispersion in the sequence plot by comparing figures 2.l11la and 2.11b.
If the errors were in fact greater than that quoted above then the FF
sequence should have considerably greater dispersion than that seen in
the bJ passband. The estimated value of msky should therefore still be
accurate to t0.1mag, as found for the other datasets.

In view of the 1lack of accurate R photometry on this field,
several stars in an area far from the globular cluster were photo-
metered using the auxiliary photometer on the AAT. The resulting
points are plotted in figure 2.1l1b and give an msky which 1is
consistent with that found from the sequence.

Due to the uncertainties noted above in calibrating galaxy
magnitudes using stellar sequences the galaxy magnitude zero-point
estimated on the M5 field may, in fact, be in error by greater than
O0.1lmag. However, recently CCD frames of a galaxy cluster on the M5
field have been obtained in both blue and red passbands (Metcalfe,
private communication) using the 40" telescope at SAAO. The resulting
CCD deep isophotal (26mag arcsec ° ) galaxy magnitudes, which should be
close to 'total' magnitudes (see section 2.7),‘are compared to COSMOS
magnitudes in figures 2.11la and b. It can be seen that the msky's
determined using these galaxies are consistent with those obtained
from the corrected-to-total star magnitudes to within the error quoted
above. The best fit 45° line to the CCD data has been used to define
msky’ since in the present work we wish +to calibrate galaxy

magnitudes.

Plate J3390 was calibrated using two CCD frames taken in the blue
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bJ magnitudes for the stellar sequence of Arp (1962) and CCD
observations of galaxies (crosses) plotted against COSMOS J3192
magnitudes. The COSMOS magnitudes of stars have been corrected to total

magnitudes using the method of Fong et al (1983).
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passband by Metcalfe (private communication). The resulting galaxy
sequence plot is shown in figure 2.12. The comparison shows no scale
error over the magnitude range, 16<bj<19, and the mSky obtained 1is
listed in Table 2.2. Again the deep isophotal magnitudes obtained from
the CCD data should be comparable to 'total' magnitudes (section 2.7).

The UKST plate J5701 was measured by COSMOS as part of an
extension to the UVX star survey programme of Shanks et al (1983a) and
the calibration of this plate is discussed in detail by Boyle et al

(1985). The procedure is essentially identical to that described above

for the other UKST plates and details are given in Table 2.2.

2.5.2 AAT Plates

a) The SGP field

Plates J1888, R1996 and R1790 all cover the same area of sky and
lie at the centre of the UKST plate J3721. The SGPG2 sequence (see
section 2.5.1) was therefore used to obtain the mSky values for all of
the SGP AAT daﬁasets listed in Table 2.2.

Figures 2.13 a-g show the galaxy sequence plots for each of the

SGP AAT datasets and the resulting m and /%h values are given in

sky
Table 2.2. The =zero-point error is estimated to be % O.lmag in all
cases. These comparisons show no indications of scale errors over a
range of three magnitudes for any of the datasets.

A further check of the linearity of the magnitude scales can be
made by comparing the COSMOS UKST photometry with the COSMOS AAT

photometry. Comparisons for a sample of galaxies in the J1888(3)/J3721

and R1996(3)/R2775 datasets are shown 1in figures 2.14 and 2.15
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Figure 2.12: CCD bJ total magnitudes plotted against COSMOS J339C
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Figure 2.13b): As for figure 2.13a) but for the J1888(2) dataset.
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Figure 2.13c): As for figure 2.13a) but for the J1888(3) dataset.
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Figure 2.13d): Galaxy r_ magnitudes for the SGPG2 sequence plotted

F
against COSMOS dataset R1996(1) magnitudes.
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Figure 2.13f): As for figure 2.13d) but for the R1996(3) dataset.
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Figure 2.13g): As for figure 2.13d) but for the R1790(1) dataset.
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Figure 2.14: Comparison of COSMOS magnitudes measured on UKST
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photograph J1888(3) for a sample of galaxies.
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respectively. At bright magnitudes the agreement in magnitude scales
is excellent showing the consistency of the zero-points adopted for
each dataset. At very faint magnitudes, especially for the R1996(3])
dataset, a systematic departure from linearity is seen. This is easily
explained as being due to isophotal effects, since the R1996(3)
limiting isophote is~1lmag fainter than that of R2775 (see section
2.7). A similar effect is seen in the bJ comparison of figure 2.14.

As a final test of the relative values Of/uth given 1in Table 2.2
the relation between sequence magnitude and isophotal area for the
SGPG2 stars can be plotted at each of the limiting isophotes. These
relations are shown for J1888 (1), (2) and (3) in figure 2.16 and
R1996 (1), (2} and (3) in figure 2.17. Assuming that the star profile
on the plate is independent of magnitude, the difference in magnitude
offsets between the lines in figures 2.16 and 2.17 should correspond
to the differences in thresholds in Table 2.2. To within the error
quoted above the offsets are consistent with the calculated values of
Men’

Recently CCD observations of the SGP have been made in both blue
and red passbands. Comparisons between CCD magnitudes and the
COSMOS/AAT photographic magnitudes show good agreement with no scale
error to r_, = 22mag and bJ = 24 mag (see Shanks et al, 1984 and

F

section 2.7).

b) The Pavo field

The Pavo field plates were calibrated using a CCD sequence of
stars and galaxies obtained by Dr Paul Murdin of the RGO, using the
RGO CCD on the AAT, in both bJ and FF passbands. The sequence plots
are shown in figures 2.18 a and b for plates J1634 (bJ) and R163%5
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Figure 2.17: Isophotal area A (arcsec’) measured by COSMOS in the
R1996(1), R1996(2) and R1996(3) datasets versus SGPG2
magnitudes of sequence stars. The offsets between the 1lines
correspond to the differences between the isophotal

thresholds in mag. arcsec ° .
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(rp) respectively. The resulting m values are given 1in Table 2.2.

sky
The saturation of stellar images is again apparent in the sequence
plots. Unfortunately, only four galaxies are present in the seguence,
denoted by crosses in figure 2.18, which means thal the zero-points on

these plates are probably only accurate to~10.2mag. The extra

uncertainty here will be taken into account in the following analyses.

2.6 STAR/GALAXY SEPARATION

It is possible to discriminate automatically between stars and
galaxies using several combinations of the COSMOS IAM parameters (see
section 2.4). The methods used here are based on the earlier work of
MacGillivray et al (1976) and the subsequent work of Shanks et al
(1980). The possible combinations of image parameters include the
magnitude, m, combined with either the isophotal area, A, or the image
central intensity, /40 , or the image width, o . The parameter o is
defined to be the standard deviation of a Gaussian profile fitted to
the central and threshold intensities. The plots shown in figure 2.19
were produced for the COSMOS dataset J1888(1). The star/galaxy
separation procedures are essentially identical for all other datasets
listed in Table 2.2. The locus of stars is clearly visible in each of
the figures for bJ~< 23 mag. This is caused by the similarity of
stellar profiles at all magnitudes. The galaxies, however, exhibit a
much larger dispersion due to their more varied and more extended
profiles and generally lie in a broad band away from the stars. At
bright magnitudes (bJ < 20.2 mag in figure 2.19) the 1log A

discriminator was employed for all datasets because the effects of
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Figure 2.19a):
Isophotal magnitude versus 1so-
photal area (arcsec’) in the
J1888(1) dataset for a complete
sample of images. The solid
line was used to discriminate
between stars and galaxies for
< 20.2mag. Stars lie below

Figure 2.19b):

Isophotal magnitude vVersus
central intensity, M, , (mag.
arcsec °) in the J1888(1) data-
set for a complete sample of
images. The solid line was used
to discriminate between stars
and galaxies 1in the region
faintwards of the dashed line
(b >20.2mag). Stars lie above
this line and galaxies below.
Image central intensities
brighter than 20.7 mag. arc-
sec ° are affected by satur-
ation. The arrow marks the
threshold isophote of 25.6mag.
arcsec ° for J1888(1).

Figure 2.19c):
Isophotal magnitude
image Gaussian
C(arcsec), for a complete
sample of images in the
J1888(1) dataset. Here stars
lie below the line and galaxies
above. The stellar locus asym-
ptotes tod =0.6 arcsec at faint
magnitudes as the effects of
saturation lessen.

versus
arameter,
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saturation are less (section 2.5). At fainter magnitudes either the/(b
oro v m methods were employed,depending on which seemed to give the
better discrimination.

Discriminating curves are shown 1n figure 2.19. These curves were
checked to be applicable in up to nine sub-areas for each of the
plates used here. Variations across the plates due to seeing effects
and other non-uniformities, for example in the photographic emulsion,
can cause the star locus to vary position due to the changing star
profile. This was not seen to be the case for any of the datasets in
Table 2.2 except that of R2775. The effect on R2775 is most probably
caused by the plate being taken without a correcting achromat (see
section 2.2). However, the effect is small and is worst at bright

magnitudes. At r_>18mag, which is the range in which we will be most

F
interested, the effect can be neglected.

If two methods of discrimination are wused then the same
star/galaxy ratio must be obtained in the overlap region. At faint
limits the separation in figure 2.19b is only clear to ij22.5mag.
However, at these depths there are so many galaxies compared to stars
that the discrimination curve can be safely extrapolated to fainter
magnitudes. The merging of star and galaxy images in the/u.0 v m and
ov m planes is more of a problem with the UKST datasets since here
this effect becomes apparent at brighter magnitudes. However, in
'eyeball' checks of the star/galaxy separation only a 10%
misclassification was found at the faintest UKST magnitudes (bj*Zlmag,
rF~20mag).

For the AAT plates the automatic classifications were compared to



those made by eye on small areas of each plate. The percentages of
galaxies which were found to be misclassified stars for each of the
AAT plates are shown in Table 2.4. The proportion of misclassification
is seen to be generally higher in the low (-38°) galactic latitude
Pavo field than at the SGP, where the classification is particularly
good (<6% contamination). The higher misclassification in the Pavo
field is caused by the number of stars being far greater there than at
the SGP and so automatic star/galaxy separation is more difficult to
carry out. This is especially so at bright magnitudes due to the many
double star images being classified as galaxies. At fainter magnitudes
the decrease in the number of galactic stars decreases the amount of
stellar contamination and so the percentage misclassification 1is
smaller (see Table 2.4). The effects of stellar contamination will be
taken into account in all of the following analyses 1if thought to

affect any of the results.

2.7 ISOPHOTAL VERSUS 'TOTAL' MAGNITUDES

In section 2.1 the two main methods of faint galaxy photometry
used in conjunction with automatic plate measurement were briefly
described. These were firstly the isophotal technique which measures
the amount of light above a certain isophote or threshold of detection
and secondly, the total magnitude method, which attempts to measure
all of the light present in a galaxy image. In practice due to the
extended profiles of galaxy images {(which are a convolution of the
intrinsic galaxy profile and the atmospheric seeing profile) the

magnitude of a galaxy will not necessarily be the same when measured



Table 2.4

Plate

J1888
J1634*

R1996
R1635*

Percentage of Galaxies Found by Eye
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Magnitude

Limit, b,

Magnitude

Limit, re

20

22

4.5

20

20

20

21

20

no

15

22

* Magnitudes uncorrected for absorption (see Section 3.2.3b)
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using each of the two methods. Indeed, using the isophotal technique
the magnitude will depend crucially on the applied threshold, and
truly total magnitudes can never be obtained in practice, since the
galaxy intensity profile cannot be 1integrated to infinity. In the
interpretation of any of the cosmological tests discussed in chapter
one, which utilize faint galaxy photometry, it is essential that we
understand how the magnitudes are measured and how much of the total
light of a galaxy this measurement contains.

Kron (1978, 1980) has been the main advocate for the use of
'total' magnitudes in the +type of work carried out here. These
magnitudes are calculated by summing the 1light distribution to a
limiting radius chosen to be where the logarithmic derivative of the
light growth curve, 1l{r), (the integral of the profile times the area
of each annulus, ie, 1l(r) = I(r)*2trdr) is smaller than some given
value. This method guarantees, according to Kron, that approximately
the same fraction of light (~90%) is measured at all magnitudes and is
independent of profiles, redshift, and cosmology. Kron magnitudes are
therefore not really truly total but should be to within ~0.lmag. For
this reason they are referred to as 'total' magnitudes.

Kron also discusses three principles on which the technique for
measuring faint images should be based. These are: (1) the method
should extract as much information as possible from the image; (2) the
method should yield an integrated flux which 1is as insensitive as
possible to both random and systematic errors; (3) the operation
should be easy to model, in order to allow a straightforward

interpretation of the results. These are referred to as the



information, precision, and interpretation principles respectively.

In considering the isophotal technique it is argued that the
information principle cannot be fulfilled because for faint images =a
smaller fraction of the total light will be measured. We do not there-
fore extract the same amount of information from each image. However,
the isophote is chosen such that below this level the information is
seriously contaminated by noise and so random errors will become very
large if the isophote is taken too deep. The 'total' scheme therefore
has much larger random errors at the faintest levels which may amount
to ~2.0mag at bJ = 24mag,approximately four times larger than those of
isophotal magnitudes at this limit (see section 2.8). It is therefore
difficult to see how 'total' magnitudes satisfy the precision
principle!

The main disadvantage of the 1isophotal scheme 1i1s that the
resulting magnitude will be dependent upon profiles and will thus be
very complicated to model, hence violating the interpretation
principle. However, arguments will be presented below which show that
the isophotal magnitudes measured on the deep AAT plates are very
close to Kron type 'total' magnitudes.

In discussing the isophotal nature of COSMOS magnitudes, it is
important that the demand for images to have an isophotal area of at
least ten pixels does not affect the completeness of the resulting
galaxy catalogues. It can be seen from figure 2.19a that even at
bJ = 24mag a stellar image has an area of 50 pixels., Since for a
particular magnitude a stellar image will be smaller than that of a
galaxy, the small 1limiting area applied will not affect the

completeness of the galaxy catalogues produced, unless galaxies exist
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with very low surface brightness. However, in figure 2.19b it can be
seen that a clear gap exists between the threshold level and the
lowest galaxy central intensity at bJ = 24mag, and therefore the
distribution ot galaxy central 1intensities would have to Dbe
discontinuous to leave an undetected population lying wholly below the
threshold isophote. This demonstrates that the 1image detection
criteria do not affect the completeness of the galaxy catalogues
produced by the COSMOS machine.

It will now be argued that the isophotal magnitudes obtained for
the AAT datasets J1888(3) and R1996(3) have such 1low limiting
isophotes that only at very faint limits does the difference between
these and 'total' magnitudes become substantial. From the arguments
presented above, any galaxy magnitude which is measured over a larger
area than that of a Kron type 'total' magnitude should be even closer
to a true total magnitude. It 1is therefore interesting to compare
Kron's average area of measurement at a particular magnitude with the
isophotal areas obtained for images in the COSMOS datasets at the same
magnitude. Fortunately, direct comparisons can be made with Kron's
data since the seeing widths of stars on his plates (~0.8 arcsec) are
very similar to those used here (~0.6 arcsec). From figure 11 of Kron
(1978) it can be seen that the average image area measured for
galaxies is reasonably constant, between 20 mag and 24 mag, at ~15%5
arcsec’ . At b. = 22mag the average isophotal area of galaxies in the

J
J1888(3) dataset is ~20 arcsec’ and at bJ = 23mag the average area is
close to 15 arcsec’. Thus by the above arguments the J1888(3}
magnitudes should be close to 'total' magnitudes over the major part

of the magnitude range. By similar arguments the magnitudes of

R1996(3) images should also be close to 'total'.



- 66 -

A direct test that the faint isophotal magnitudes used here are
close to 'total' magnitudes has been made using data obtained for a
representative sample of galaxies measured by the APM machine
{Kibblewhite, 1980). Pixel by pixel measurements of plate J1888 were
obtained by Couch (private communication), and Kron type magnitudes
were then constructed. The comparison of these magnitudes with the
J1888(3) COSMOS magnitudes is shown in figure 2.20 and shows excellent

agreement in the range 20<b <23mag with no evidence of isophotal

J
effects in the COSMOS magnitude system. This comparison together with
the CCD magnitude comparison of Shanks et al (1984; see section 2.95),
which are also based on 'total' magnitudes, shows that the J1888(3)
and R1996(3) isophotal magnitudes are directly comparable to ‘'total’
magnitudes for rF<22mag and bJ<23.5mag.

By similar arguments to those presented above the single
threshold datasets for plates R1790 and the Pavo field can be shown to
be at a sufficiently low threshold for these magnitudes to alsc be
close to 'total’'.

Finally, it should be noted that all of the UKST datasets can be
regarded as measuring total magnitudes because they were zero-pointed
using sequences based on total magnitudes. Since no differential
isophotal effects are seen in the comparisons of figures 2.4-12, and
figures 2.14-15, the UKST COSMOS magnitudes can therefore be regarded

as being total, at least to the magnitude limits of interest in the

present work (bJ<20mag, PF<19mag).
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bJ COUCH

Figure 2.20: J1888(3) isophotal magnitudes plotted against
Kron-type 'total' magnitudes,derived by Couch (1981),
from APM measurements of the J1888 photograph.
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2.8 PLATE MATCHING AND GALAXY COLOURS

In order to calculate the colour of a galaxy we simply require
the difference in 'total' magnitudes as measured in two separate
passbands. Since we are dealing with large statistical samples of
thousands of galaxies an automatic procedure has been adopted.
Firstly, a transformation was found for converting the COSMOS X and Y

coordinates of images on the b, plate to those on the Lo plate. The

J
blue and red images of similar objects are then paired if their
coordinates coincide to within 1.5 arcseconds. If more than one image
satisfied this criteria then the closest pair were matched. Double
matches only accounted for <«.1% of all images. The criteria was
somewhat larger (~2arcseconds) for the matched UKST datasets,
J3721/R2775 and J3192/R4021, since the UKST plate scale is smaller.
For the UKST datasets matching is successful for 95% of images to
bJVZl.Omag, with the success rate diminishing for fainter images. In
the case of the AAT plates the success rate is 1lower at ~ 85% for
ij23.0mag, or rﬁv2l.0mag. At the faintest re limit of 22mag the
proportion of matched images drops to 65% because the reddesf images
are less reliably detected in the blue dataset at these levels. For

example, if a 22mag r_ image has bJ—rF=3, which is possible for a

F
moderate redshift elliptical galaxy, then the bJ magnitude is 25mag
which is beyond the limit of the blue plate. The completeness of the
colour distributions will therefore be affected at faint limits and so
colour distributions for rF>2O.5mag will not be considered here.

Using the same techniques each of the two deepest isophote AAT bJ

datasets J1888(2) and J1888(3) were matched with J1888(1) as a master
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catalogue. To b_ = 23mag the percentage of images with three b

J J

isophotal magnitudes was ~ 95%. The loss of images is primarily caused
by the merging of objects in the lowest isophote datasets, which
changes the position of the centroid of an 1mage relative to 1tTs
position in the higher isophote datasets. These matched datasets can
be used to investigate the differences between magnitudes measured atv
different isophotes. The J1888(1) magnitudes are plotted against
J1888(3) magnitudes for a complete sample of galaxies in figure 2.21.
Brighter than bJVZI,Smag no difference in magnitude scales can be
seen, but at bJ = 24mag the deepest isophotal magnitudes are 0O.5mag
brighter. This means that if only the J1888(1) dataset were available
the magnitudes could only be treated as 'total' for bJ< 21.5mag.

The same procedure was carried out for the AAT FF datasets
R1996(2) and R1996(3) using R1996(1) as the master catalogue, and it
was found that 'total' magnitudes were only applicable for rF<
19.5mag in the R1996(1) dataset. By matching the R1996(3) and R1790(1)
datasets the errors associated with the AAT re magnitude can be
estimated since both datasets are at a similar threshold. Figure 2.27
shows the R1996(3) - R1790(1) magnitude residual plotted against the
R1996(3) magnitude. The sharp 45° lower bound to the diagram is caused
by the limit of FF = 23mag being applied to the R1790(1) dataset in
the matching process. Brighter than re = 22mag the r.m.s. error on the
magnitude difference remains roughly constant at ~0.3mag. Fainter tnan
this the r.m.s. appears to increase quite sharply and therefore PF =
22mag is regarded as the limit of the R1996(3) dataset's reliability.

The average difference between galaxy central intensity and sky at

this point is ~3mag. If it is assumed that it is at a similar ratio of
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central to sky intensity that errors become large on the J1888(3)
dataset then bJVZS.Smag is the 1limit of reliable photometry there.
These limits correspond to those of the reliability of the magnitudes

being 'total' found in the previous section.

2.9 SUMMARY

Although being 1less biased and time consuming than the
construction of the early galaxy catalogues discussed in section 1.1,
automatic techniques are not without their own problems. Galaxy
photometry and star/galaxy separation are rather difficult to perform
at faint 1limits due to the brightness of the night sky and the
extended images of galaxies and stars. Nevertheless, it has been shown
in the present chapter that it is possible to construct objectively
selected galaxy catalogues using deep photographic plates and
automatic measurement techniques.

Using COSMOS machine measurements of UKST and AAT photographs
well calibrated galaxy catalogues in both blue and red passbands have
been constructed to bJ = 23.5mag and rp = 22mag. The UKST plates cover
an area of sky of ~170 square degrees, some four times larger than any
previous study to these depths (bj~21mag), and therefore offer an
excellent dataset with which to carry out the cosmological studies
described in chapter one.

It has been argued that by measuring to very low isophotes the
AAT plate magnitudes are very close to Kron type 'total' magnitudes,
to the limits quoted above. This will greatly simplify the

interpretation of the results presented in the following chapters.
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CHAPTER THREE

GALAXY NUMBER-MAGNITUDE COUNTS

3.1 INTRODUCTION

Since the pioneering work of Hubble (see chapter one) the form of
the galaxy number-magnitude, n(m), relation has been recognized as a
powerful cosmological probe. Initially it was hoped that the n(m}
relation may be used to obtain constraints on world models (Hubble and
Tolman, 1935). However, at the relatively bright limiting magnitudes
available at the time (B<19mag), n(m) only has a second order
dependence on the cosmological deceleration parameter, q {3andage,
1961). Furthermore, it was shown by Brown and Tinsley (1974) that
galaxy luminosity evolution may be the largest uncertain factor in the
determination of the form of the n{m) relation at these magnitudes. An
interpretation of the observed n(m) relation was held up further by a
lack of information about the properties of local galaxies, such as
their 1luminosity function, K-corrections and mix of galaxy types,
which also affect the form of the n(m) relation at bright magnitudes.

The main observational difficulty encountered in these early
studies was that of visually extracting unbiased galaxy counts from
photographic plates (see section 2.1). HoweQer, with the advent of
automatic plate measuring machines unbiased galaxy catalogues can now
be constructed to very faint limits (B~24mag) (see chapter two)}. At
these 1limits the n(m) relation does become sensitive to g, and

together with recent, more accurate, determinations of the properties
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of local galaxies the n(m) relation can be modelled with greater
confidence than ever before.

The n(m) relations obtained from the galaxy catalogues of chapter
tws are presented in section 3.2, [or both the UKST and AAT datasets
in the b\J and rF pasébands. Also presented are the galaxy colour
distributions which will be shown later to allow tighter constraints
to be placed on the models than those obtained using the counts alone.
Recently a number of other authors have also obtained number counts to
deep limits (B>»22mag) using photographic data (Kron, 1978, 1980:
Peterson et al, 1979; Tyson and Jarvis, 1979; Koo, 198la). In section
3.2.4 a comparison is made between their results and those presented
here, in order to assess the uncertainty in the observed n{m) relation
and to try and establish the true form of the n{(m) relation at faint
magnitudes.

In section 3.3 the modelling of the n(m) relation is discussed in
detail with particular emphasis on the uncertainties in the various
model parameters. The approach adopted here will be to fit simple
empirical models for galaxy luminosity evolution assuming various
values of q,, which together produce agreement with the observed n(m)
relation. As argued in section 2.7 it is only at magnitude limits of
bJVZS and r§v22 that the difference between the isophotal magnitudes
used in the present work and 'total' magnitudes becomes non-negligible
(>.1lmag). This means that models based on total magnitudes may be used
to interpret the counts, to these limits, making modelling simpler,
since no profile information is then required. The models can be

further constrained by assuming,a priori,a model for galaxy luminosity
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evolution, such as those produced by Tinsley (1980a, and refs therein)
and Bruzual (1981). Evolutionary models will be discussed briefly in

section 3.3.4. The comparison of the models with observations is

or bothh b, and r_ counis and the n{b -r_)

J F J F

cariried out in section 3.4
colour distributions.

In section 3.5 the possibility of using a well determined Hubble
diagram to obtain additional constraints on luminosity evolution and
q, is discussed. It will be shown that by using both the Hubble

Fal

diagram and the n(m) relation together a self-consistent solution for
evolution and q, may be obtained. However, in each test we are
observing a different mix of galaxy types in different environments
and hence the evolutionary behaviour may be quite different in each
case. This problem could be avoided by observing the redshift
distribution, n(z), for the same sample of galaxies that are used in
the n(m) analysis. It will be shown in section 3.6 that if the form of
the n(z) relation were known at faint limits (rF~21mag) then this,
combined with constraints obtained from the n(m) models, could alsc be
used to obtain a self consistent solution for both evolution and q,.

A discussion of the results obtained and conclusions of the

present chapter are given in section 3.7.

3.2 THE OBSERVED n(m) RELATION

3.2.1 UKST Results in the bJ Passband

a) The SGP region

The galaxy number-magnitude counts for all of the SGP UKST bJ
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plates are shown in figure 3.la. The figure is plotted in the form of
differential counts per 0.5mag interval per square degree, as will all
other n(m) relations. Every SGP region plate studied here exhibits =z
similar number count relation, to within the possible zero-point
errors discussed in section 2.5, with only slight differences caused
by statistical fluctuations at bright magnitudes and isophotal effects
at faint magnitudes. The highest threshold datasets (see Table 2.2)
fall off at faint magnitudes at a faster rate than the deeper
threshold datasets as expected if this is caused by isophotal effects.
These effects will be discussed in more detail with reference tc the
AAT counts in the following section. The UKST bJ counts are therefore
most reliable in the range l7<bj<20.5mag where both statistical and
isophotal effects are small.

The similarity of the n{m) relations for all of the SGP fields is
encouraging and demonstrates that this particular area of gsky may
represent a fair sample of the universe, unless a very large scale
inhomogeneity is present there (of the order 100h-lMpc across and

SOOh—lMpc deep) .

b) Other fields

The galaxy number-magnitude counts for the other UKST b_ plates

J
are shown in figure 3,1b. It can be seen that plate J5701 exhibits a
similar form to the SGP fields which is an encouraging agreement
considering that it has been completely independently calibrated and

lies in the northern galactic hemisphere.

Plates J3192 and J3390, however, exhibit quite different n(m)
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relations at bright (bJ<19mag) magnitudes. Eyeball checks have shown
that these differences are not caused by errors 1in star/galaxy
separation.

A-be i o -
Lili > <

It was at first thought that nust e caused Dy a
zero-point error in the magnitude scale, due to the use of a stellar
sequence in calibration, but later CCD observations of galaxies in

these fields only made m fainter by ~0.2mag (see section 2.5.2 for

sky
a full discussion), by no means enough to remove the observed excess.
On plate J3192 part of this excess may be caused by the presence of
the Serpens-Virgo cloud of galaxies lying at an approximate distance
of 28Oh_1Mpc (Humason, Mayall and Sandage, 1956). Assuming a
characteristic magnitude, M*, of the galaxy (bJ) luminosity function
of -19.7 (assuming_H0=100kms—lMpc_l, see section 3.3.2) then at this
distance M* will correspond to an m* of ~17.5mag which coincides with
the peak of the galaxy excess. The plate J3390 shows a very similar
distribution of bright galaxies, although no supercluster has ever
been reported in this area. It would therefore be of interest to
obtain redshifts for some of the galaxies in this field. A method of
doing so, which does not require actual spectroscopic observations,
will be described in chapter five.

As a further check on the galaxy excesses observed on plates
J3192 and J3390 the COSMOS data may be compared to that of the Lick
catalogue (Shane and Wirtanen, 1967; Seldner et al, 1977). Assuming
that the SGP region 1s representative in its galaxy count
characteristics, as demonstrated above, then the limiting magnitude of

the Lick survey in the b, system used here is ~18.4mag. This limit was

J



- 80 -

~

chosen since it gives an average galaxy surface density of 53deg~é at
the SGP, which is the same as that of the Lick catalogue. To thais
limit plate J5701 gives good agreement with the Lick data, which
further supports the adoption of this magnitude limit. However, plates
J3192 and J3390 both show considerable excesses (~50%) over the Lick
counts, suggesting a possible zero-point error, either in the Lick
data or our own. There is some evidence that the magnitude limit of
the Lick catalogue does vary with galactic latitude (Shane, 19795)
which may explain some of the discrepancy since both fields are at s
lower latitude than J5701. It is unlikely that the CCD zero-points

could be in error by the ~ O.4mag required to remove this discrepancy.

3.2.2 UKST Results.in the FF Passband

As discussed in chapter two only two UKST plates have been
measured in the rF passband; R2775 and R4021. Both plates show
identical n(m) relations to their bJ counterparts, J3721 and J3192
respectively, and are shown in figure 3.1lc. Slight differences in the
number count characteristics of plate R2775 were found over
sub-sections of the plate. These are thought to be caused by the lack
of a correcting achromat when the plate was taken (since similar
effects are not seen on J3721). However, in the range 18<rﬁ<20mag the

effects were only slight and therefore should not affect any of the

following results (see section 2.6 for a more detailed discussion}.
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3.2.3 AAT Results

a) The SGP region

The number-magnitude counts for the AAT bJ plate J1888 are
lotted in figure 3.2, feor each of the J1888 limiting isophotes,
together with the corresponding UKST J3721 counts for comparison at
brighter magnitudes. The UKST and AAT counts are in good agreement in
the range 19<bJ<2O.5mag where all datasets should be comparable to
total magnitudes (section 2.7). This agreement implies that the small
area of J1888 may be reasonably representative in 1its galaxy count
characteristics since J3721 has already been shown to be in the
previous section. Differences 1in the counts caused by different
limiting isophotes being applied to the AAT data are very apparent at
faint magnitudes. The brighter isophote data, J1888(1), is seen to
fall off more quickly than that of the fainter isophotes, J1888(2) and
J1888(3). From the discussion of section 2.7 we know that these
differences are caused by the underestimation of individual galaxy
magnitudes (at the brighter isophotes) rather than to galaxies being
left undetected. It was also shown in section 2.7 that the J1888(3)
magnitudes are within O.lmag of being Kron type 'total' magnitudes to
bj“23.5mag and so this.n(m) relation can be directly compared tc those
of other authors which are also based on 'total' magnitudes. It is
therefore this n(m) relation that must be considered when modelling
the n(m) relation using models based on total magnitudes.

These results again emphasize the importance of knowing the
limiting threshold,/ﬁj“ when comparing 1isophotal magnitude counts

produced from different photographs using different measurement
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techniques. It also indicates another reason for having accurate
magnitude zero-point determination (see section 2.5) since an error in
the zero-point converts directly into the same error in/“th“

Ihe stability of the n(m) relations were tested using a variely
of techniques. Firstly, counts were obtained for several sub-samples
of the total J1888 catalogue. Over four quarters of the measured area
of the plate (each 0.ldeg’®) fluctuations of ~20% were found between
2lst and 24th magnitude. Secondly, the n(m) relation for the J1888(3)
dataset was estimated using J1888(3) magnitudes, but with image
identification and star/galaxy separation based on the J1888(1)
dataset. This test was carried out in order to check that the steeper
slope of J1888(3) was not caused by spurious images in the deepest
threshold dataset. The same n{(m) relation was found here as
previously, proving that the differences in slope seen in figure 3.7
between the datasets at different limiting isophotes are caused by
isophotal effects, as discussed above. The same result was obtained
using J1888(2) magnitudes with J1888(1) positions.

The re number counts for all of the SGP AAT datasets are shown in
figure 3.3, together with the counts of the corresponding UKST plate
R2775. In this case the differences between counts at different

isophotes are smaller than in the b_ band for a reason possibly to do

J

with galaxy profile differences in bJ and r_. As found in the b

F ]

passband the agreement of the UKST and AAT data in their overlap

region is good. The tests carried out on the b data were also applied

J

to the ro data at the various limiting isophotes. These tests shcwed

the stability of the counts for small sub-areas, as well as showing
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that the differences between counts at different thresholds were
caused by 1isophotal effects. Counts made at similar isophotes on
plates R1996 and R1790, both centred at the SGP, can be seen to give
fairly good agreement which demonstrates the reproducibility of the
results for different plate measurements. The counts on plate R1790
are noisier because of the small area of this plate (~.05deg’) used in

the analysis (see section 2.2).

b) The Pavo field

The observed n(m) counts for the Pavo field are lower than those
of the deepest threshold datasets at the SGP by 0.7f0O.lmag in bJ and

0.4 * O.lmag in the re passband. The bJ and re counts are shown in
figures 3.4a and b respectively, corrected for the effects of star/
galaxy separation errors (see section 2.6) according to the mis-
classifications quoted in Table 2.4. Since in figure 3.4 counts are
compared at similar isophotes this discrepancy could not be caused by
isophotal effects. Furthermore, since the SGP zero-points have been
checked against CCD photometry (Shanks et al, 1984) and since the Pavoc
field zero-points are also based on CCD photometry (section 2.5) a
discrepancy this large is unlikely to be caused by errors in the
zero-points.

There are two other possible reasons for this discrepancy; one is
possible fluctuations caused by galaxy clustering and the other is
absorption by dust in our own galaxy. Since at b\J = 23mag we are

seeing galaxies projected over several thousands of megaparsecs the

first reason is unlikely. This leaves absorption as the more likely
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explanation for the discrepancy. The fact that~ 0.7mag absorption 1is
required in the bJ passband and ~ O0.4mag 1is required in the FF
passband, is consistent with this idea. The implied absorption is much
larger than that expected from the usual galactic extinction law, bul
it is interesting to note that Couch (1981) has measured a significant
amount of absorption, AB = 0.5%0.1mag, in a neighbouring field to Pavc
(RA, 20h 53m, Dec., -65°), by comparing the field galaxy colour
distribution there with that near the poles. Since this field is only
4 degrees away from the Pavo field it is reasonable to suppose that
there may be absorption here as well. The assumption from now on will
therefore be that absorption in the Pavo field is the cause of this
discrepancy. Thus, elsewhere in this thesis, where magnitude limits in
the Pavo field are quoted, they will implicitly contain a correction
unless otherwise

for absorption of O.7mag in b_ and O.4dmag in r

J F’
stated.

In the following sections where the counts are modelled in some
detail, the zero-point and form of the n{m) relation need to be known
as accurately as possible. Since the Pavo field zero-point is less
accurate than that of the SGP (section 2.5) and the counts are more
uncertain, due to the poésibility of absorption and larger errors 1in
star/galaxy separation (section 2.6), they will not be considered
further in the present chapter. The important result from the point of
view of this chapter is that the slope of the n(m) relations are the
same on each field (in both the bJ and re passbands). We will return
to the Pavo field in chapter four where it will be shown that the

errors mentioned above can be more accurately allowed for in the

particular type of analysis carried out there.
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3.2.4 Comparisons with Previous Results

Several other workers have recently produced galaxy n(m) counts
using deep 4m plates and automatic methods of photographic plate
ts, whicn were
obtained using different photographs and photometric techniques, with
those presented in the previous section. This comparison will allow

the uncertainty in the observed n{(m) relation to be assessed.

a) The b‘J passband

In figure 3.5 the bJ counts of the deepest isophote J1888(3)
dataset are presented along with the counts of other authors, as well
as the UKST J3721 counts at brighter magnitudes. All of these counts

have been plotted on a single b_ scale and no attempt has been made to

J
correct to a common isophote or aperture. The justification for this
procedure will be discussed below.

At bright magnitudes the J3721 counts are in excellent agreement
with those presented in Phillipps et al (1981), which 1is to be
expected since the same plate was used in their analysis, except that
the zero-point has been shifted brightwards by 0.3mag. This is in line
with the conclusions of Fong et al (1983) and section 2.5.

At fainter magnitudes the J1888(3) counts are firstly compared to
those of Kron {1978) and Koo (198la) who has produced, using the Kron
'total' magnitude system, a new reduction of Kron's original data cver
a smaller area of sky. Kron's original sample covers two fields each
of ~ 0.3deg® (in the SAS57 and SA68 areas) and the n(m) counts were

found to be similar in each. The Koo sample covers only a 0.ldeg’ area

of sky at the centre of SA57 (CATS7B). As discussed in the previous
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section Kron's and Koo's counts can be directly compared to those
presented here for magnitudes brighter than bJ~23.5mag.Fbr ZXbJ<22mag
the J1888(3) counts agree better with Koo's than with the original
Kron counts. However, this agreement may be fortuitous since the small
area of CATS7B contains a rich cluster at a redshift of 0.27. At this
distance GV9OOh—1MpC for q,=0.02) the characteristic magnitude of the
galaxy luminosity function, M¥*, corresponds to ij20mag and so an
excess in the counts may be expected for bJ<22mag. If this effect was
taken into account the counts of Koo and Kron would more closely
agree. The number of galaxies with bj<22mag sampled on a 4m plate are
not large and the difference between the J1888(3) counts and those of
Kron (1978) may only represent fluctuations caused by galaxy
clustering. At bJ>22mag these fluctuations are expected to be less and
the counts do agree more closely (to within 30%). However, this may
not be the whole truth, since it was shown in the previous section
that the fluctuations at faint limits on areas of ~ 0.ldeg’ of plate
J1888, are approximately constant at 20%. Both datasets must, however,
have some zero-point errors (¥0.1lmag) and so the possible variations
in actual counts are therefore expected to be greater. This level of
agreement is therefore encouraging considering that the area of sky
surveyed and the calibration and reduction procedures of Kron and Koo
are completely independent to those used here.

The counts of Peterson et al (1979) were made using 1sophotai
magnitudes claimed to be at a limiting isophote of 26.5mag arcsec °,
the same as that of J1888(3). From the arguments presented above these

counts should therefore be directly comparable to the J1888(3) counts,
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but as can be seen from figure 3.5 this is evidently not the case.
There are several possible reasons for this discrepancy. Firstly, the
zero-point of their magnitude scale has been checked and shown to be
~).lmag too faint (Shanks, private communication). However, this is
too small a change to fully account for the ~ 0.5mag discrepancy.
Secondly, as discussed above, fluctuations caused by clustering could
have some effect but most probably they could only be this large at
brighter magnitudes. Thirdly, and most plausibly, the discrepancy may
be caused by patchy absorption by galactic dust in the Peterson et al
field. Evidence for the existence of large variations around the
average extinction law has recently been presented by Couch and Newell
(1984) and these could be large enough to explain the discrepancy.
Further evidence for this discrepancy being caused by absorption has
recently been obtained from a study of the UKST plate centred on the
Peterson et al field. It was found that the n{(m) counts for the whole
UKST plate agree with those presented in figure 3.la, whereas for just
the small area of the AAT field the counts are found to be
consistently low (Boyle, private communication), although to UKST
depths clustering could have a larger effect.

The counts of Couch and Newell (1984) were obtained from fourteen
small fields (each~0.02deg’ ) in order to estimate the contamination of
rich clusters by field galaxies. Their magnitudes are Kron type
'total' magnitudes in the BJ passband which can be converted to by

using equation 2.4 and the relation, BJ = B~.,12(B-V) derived by
Peterson (private communication). Each field had an accurately

determined zero-point and estimates of the absorption by dust in each

field were made by Couch (1981). Their average counts are plotted in
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figure 3.5 and can be seen to be in good agreement with those of Koc
and J1888(3) for bJ<22.5mag.

The counts of Tyson and Jarvis (1979) are based on isophotal
magnitudes at a threshold of 26.5mag arcsec °, so again they should be
comparable to the counts presented here. Their counts come from twelve
fields each of ~0.4deg’® and hence cover a relatively large area of
sky. Their 1979 counts have a substantially flatter slope than those
of J1888(3) and a large excess of bright galaxies, claimed to be
caused by the local supercluster, was found. In a subsequent paper
{(Jarvis and Tyson, 1981) this excess disappeared due *to improvements
in their star/galaxy separation procedures and photometry. It is these
counts (summed over all fields) that are shown in figure 3.5. These
more recent counts are still a factor of two 1lower than those of
J1888(3) at faint magnitudes. The cause of this discrepancy is still
unknown, however zero-point and absorption effects may make some
contribution.

The agreement between the independently derived and well
calibrated counts of Kron, Koo, Couch and Newell, and those presented
here, at faint magnitudes (bJ>22mag), suggests that the n(m) counts of
J1888(3) are a reasonable representation of the true form of the

galaxy n{(m) relation in the b_ passband.

J
b) The r_ passband

In figure 3.6 the deepest isophote r_ counts of R1996(3), are

F
presented along with the counts of other authors. Also shown are the
UKST R2775 counts at brighter magnitudes. These have been shifted
brightwards by 0.3mag from those of Phillipps et al (1981) for the

same reasons that the J3721 bJ counts were. At fainter magnitudes Kron
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(1978) and Koo (198la) have presented counts in the F magnitude
system. This can be transformed into the Te band using the relation;
FF = F—O.32(bJ—F) (3.1)

as suggested by Couch and Newell (1984). The counts presented in
figure 3.6 are from Koo's (198la) CATS7B catalogue (again a
re-reduction of Kron's original data) transformed using equation 3.1,
and assuming an average bJ—F colour of 1.1. At faint limits
(rF>20mag, beyond the effect of the rich cluster noted in the previous
section) Koo's counts are again very similar to Kron's (1978) counts
and also show very good agreement with those of R1996(3). Slight
differences may be caused by the F K-corrections being different from
those in the re band, hence changing the observed slope of the n(m)
relation (see sections 3.1 and 3.3). Couch and Newell (1984) have also
obtained counts 1in the FF passband and their averaged field counts
agree very well with those of R1996(3) in the range 18<rﬁ<21mag and

also with those of Koo (198la).

The agreement between all of the observations in the r. band

discussed above, suggests that the counts of R1996(3) are a good

representation of the true form of the galaxy n(m) relation in the r

F
passband.
3.2.5 The Colour-Magnitude Relation
Distributions of galaxy colours, n(b_-r_), in various magnitude

J F

ranges are shown in figure 3.7. The histograms for 17,5<bJ<18.5mag and

16.5<rF<17.5mag were obtained from the J3721/R2775 matched dataset

(see section 2.8). The deeper red histogram (19.5<FF<20.5mag) was
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UKST field for 17.56bJ$18.5mag. The dashed lines and
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evolving models described in section 3.4.3.
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constructed using the matched J1888(3) and R1996(3) datasets. It was
shown in section 2.7 that these bJ and FF magnitudes are close to
‘total' and therefore isophotal effects causing errors in the colours
should be small in Lhis range. The errorr in colour 1is therefore
determined by the errors in each magnitude {~0.3mag in this case, see
section 2.8). Colour histograms at fainter magnitudes will not be
considered here because of systematic effects caused by incompleteness
and isophotal effects.

The average colour of galaxies in the red histograms can be seen
to vary between ~1.6 in the brighter range to ~1.2 in the fainter
range, ie, the fainter galaxies tend towards bluer colours. This
effect was also observed by Phillipps et al (1981) in their UKST
galaxy sample. Although not sampling to as great depths as the galaxy
samples used here, the amount of bluening observed by Phillipps et al
is consistent with the above result.

Colour distributions at faint limits have been previously
published by Kron (1978) and Koo (198la). If equation 3.1 is again
used to transform their F to re magnitudes then the peaks of their
colour distributions agree with those obtained here. The results of
Kron (1978) are. shown in figure 3.7d which agree with the new
reduction of the SA57 field by Koo (198l1a). Their spread in colours is
somewhat different to that obtained here. However, random errors in
the adopted magnitude system can have a large effect in the observed
spread and in a more detailed comparison these errors would have to be
taken into account. Furthermore for galaxies of extreme colour the
transformation equation gives large corrections to the magnitudes and

this may distort the ‘'wings' of the colour distributions. The
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reddening corrected colour histograms of Couch and Newell (1984) are
also in reasonable agreement with those obtained here, and are also
shown in figure 3.7d. The important result from the point of view of
the present chapter is that the colour distributions ot ali authors
peak at a similar colour. The actual shapes of the colour
distributions should not be compared because of the effects noted

above.

3.3 MODELLING THE COUNTS

It was mentioned in section 3.1 that as well as cosmology many
properties of galaxies themselves affect the observed form of the n(m)
relation. These include the galaxy luminosity function {LF},
K-corrections (both defined in section 1.2) and the relative
proportions of each type of galaxy in the sample.

Computer models of the n(m) relation are constructed as follows:-
From the assumed LF of a particular galaxy type, corrected for
K-dimming, the number of galaxies that can be seen in some apparent
magnitude interval in the volume associated with a particular redshift
shell can be calculated. By summing over all redshift shells and
galaxy types the total n(m) count can be computed. The cosmological
model (q,) defines the luminosity distance and the volume associated
with a particular redshift shell. The only other galaxy property that
may affect the form of the n(m) relation is that of luminosity
evolution (see section 3.1).

Recent improvements in our knowledge of the galaxy LF,
K-corrections and mix mean that it is now possible to set tighter
constraints on luminosity evolution and g, than in earlier studies of

this type (eg, Tinsley, 1980b; Bruzual and Kron, 1980; Peterson et al,
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1979; Phillipps et al, 1981; Koo, 198la). The various components of
the n{m) count models will now be reviewed before comparing the model

predictions with the observations presented in section 3.2.

3.3.1 K-Corrections

The K-corrections used in the present work were taken from the
polynomial fits of Ellis (1982) and are shown in Table 3.1. There are
some uncertainties in the K-corrections caused by the requirement for
observations of the ultra-violet (UV) spectra of nearby galaxies. This
need arises since the UV will be redshifted into the bJ passband at
z>.3 and into the FF passband at z>1. One of the main problems is that
the UV spectra of early type galaxies show a certain amount of
variation from galaxy to galaxy. For late-type galaxies the situation
is even worse with very few UV observations and indications that the
UV flux can vary by significant amounts even within a single
morphological type {(see Ellis, 1984, for a review). As noted above,
the UV does not enter the rF passband until redshifts of unity and
hence the r K-corrections required here are based on optical

F

observations. The re K—-corrections are therefore better determined
than those in the bJ passband. There are two other reasons why this is
so:

i) At bright magnitudes the red counts are dominated by early
type galaxies (shown later in section 3.4.2). Their K-corrections have
been studied in detail because of the use of giant ellipticals as

standard candles in the Hubble diagram.

ii) All galaxy types have very similar K-corrections in the FF



Table 3.1

Model Parameters

Galaxy bJ—rF K-corrections Observed Predicted Predicted
Morphological Proportions Proportions Proportions
Type bJ<16 .75mag rF< 16mag rF< 21.5mag
E 1.5 K = 4.14z + .44Z° .04 .06 .05
K = 1.36z + 1.072
S0 1.5 K; A.14z + .442 .39 .52 .41
K 1.362 + 1.072°
Sab 1.3 Kg 3.45z - .567° .14 .14 .13
K. =1.50z + .382°
Sbc 1.1 K, = 2.352 + .082° .25 .20 .26
K- =0.42z + .717
Scd 0.8 KE = 1.95z2 - .255%° .11 .06 .10
K' = .169z+ .616Z
Sdm 0.7 xg = 1.22z - .24%° .07 .02 .05
K = .053z+ .787°

o]

- vOT -
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band. This means that the modelled n{(m) relation in the ro band will
be less affected by possible variations in the mix of galaxy types,
than in the bJ band.

3.3.2 The Galaxy Luminosity Function, Mix and Colours of Morphological

Types
In all of the models presented here the Schechter (1976) form of
the galaxy luminosity function (LF) is assumed. The differential LF,
¢(M), for galaxies of morphological type i can be written as;
%
P(M)dm = gi__ exp{—exp[—0.92(M—M*ﬂ —0.92(M—M*)(“+1?}dM (3.2)
2.09
where M*¥ is the characteristic absolute magnitude,™ is the slope para-
meter and ¢E* is a normalization constant. Assuming values for M¥* and
«, ?91 is set equal to gi¢* and values of g, are chosen such that the
models reproduce the correct counts for each type at bJ = 16.75mag.
This magnitude is chosen since it 1s the limiting total magnitude of
the Durham/AAT redshift survey (DARS), where the local galaxy mix has
been well determined (Bean, 1983). The proportions of morphological
types in this redshift survey were determined visually by H.G. Corwin
and are in reasonable agreement with those found by Pence (1976) in
the Second Reference Catalogue (de Vaucouleurs et al, 1976) and
Kirshner et al (1979) in their galaxy redshift survey. The DARS mix is
shown in Table 3.1. The overall value of ¢* is determined by the
condition that the models produce the correct total count at bright bJ
magnitudes and need not therefore be known a priori.

There is at present some controversy over the true universal

values of M* and & as determined from nearby galaxies. An analysis of
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the DARS survey gives for galaxies 1n the b band;

J

b*.J = - 19.8 + 5logh, Xx= -1.0 (3.3)

This is b*J as observed at the pole after a 0.3mag correction has been
applied to account for the difference 1n 1sophote between the DARS
magnitudes and those used here. Although this LF 1is in reasonable
agreement with those obtained by Godwin (1976) from studies of rich
clusters it is in disagreement with the parameters found in the
Reference Catalogue. Felten (1977) summarized the results of various
estimates of M* and & from the Reference Catalogue and gave (again
corrected to bJ and as observed at the pole);
bJ* = -19.7 + Slogh, x= -1.25 (3.4)

The Kirshner et al (1979) redshift survey (KOS) found a LF in
reasonable agreement with +this result which suggests that the
Reference Catalogue LF is probably not subject to a bias caused by its
relatively shallow depth. However, in a recent extension to the
original KOS survey by Kirshner et al (1983), an M* in close agreement
to the DARS LF was found (bJ*V—19.84, for anx=-1).

The fitted values of M* and &« are highly correlated, in that if &«
is made larger and M* fainter by the same amount a similar fit to the
LF is obtained (Felten, 1977). The effective difference in M* between
the LF's of equations 3.3 and 3.4 is therefore ~0.4 mag. The main
effect of this change in M* on thé modelled n(m) relation is to move
the counts bodily by this amount. But due to the normalization
procedure outlined above the value of ?* must be readjusted to give
the correct count at bright magnitudes, thus taking out much of the

dependence of the counts on the LF. In fact if the counts had a simple
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power-law form, lognem, then interchanging LF's would have virtually
nc effect. However, because of K-corrections and cosmology the models
do not have a simple power-law form and so renormalizing ¢* does not
compietely cancel the effect of changing M*. Therefore,assuming that
all other model parameters were known, the n(m) relation could be used
to distinguish between LFs. Since this is not the case both LFs will
be considered in the following models; that of equation 3.4 being
termed the 'standard' LF, that of equation 3.3 being the DARS LF.

As the rF LF is as yet undetermined (however, see chapter five
where a possible method of discriminating between LF's in both
passbands is discussed), the re counts are normalized by assuming that
the LF for a particular galaxy type in bJ can be converted to re by
adjusting M* by the average (bJ—r ) colour for that type and then

F

using the same ¢F's as used in b It will be seen in the following

iz
section that this procedure produces excellent agreement with the UKST

n{m) counts at bright r_ magnitudes, and also with the bright n(b -r

F ;TR

colour distribution. The colours for each morphological type were
taken from Tinsley (1977) and are shown in Table 3.1 These were

corrected from (B,V,R) to (bJ, r_) colours using the transforms given

F
in section 2.5. Although only a single colour has been used for each
galaxy type the intrinsic spread in colour of a particular type is
only of the order of a bin width in figure 3.7. Since the effects of
redshift, K- corrections and indeed errors are larger than this amount
the adoption of a single colour for each type 1is a reasonable

approximation for calculating the colour distributions 1in the

following sections.
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3.3.3 Absorption and Photometric Errors

The present uncertainty concerning the amount of absorption at
the poles {(see de Vaucouleurs and Buta, 1983), in general, will not
affect any of the following results. This is because the n(m) counts
and colour distributions are observed at the pole and interpreted in
terms of LF's and colours also as observed at the pole. In any case
the amount of reddening at both of the galactic poles has recently
been measured tc be extremely small (MacFadzean, Hilditch and Hill,
1983, and refs therein) and this therefore implies that the absorption
is also negligible (K0.lmag). Absorption would also affect the
K-corrections (since absorption is a function of wavelength), those of
Ellis (1982) being derived on the assumption of zero absorption at the
poles. The amount of absorption would have to be considerably greater
than the presently accepted 1limit quoted above in order to have a
significant effect on the K-corrections and so may also be neglected
in this context.

The effect of photometric errors on the counts and colour
distributions has been investigated since, at faint magnitudes, large
random errors can cause a considerable steepening of the n(m) slope by
the Eddington (1913) effect. Errors may therefore mimic the effect of
luminosity evolution and hence must be known in order that a correct
interpretation of the n(m) relation can be made. As shown in section
2.8 the deepest isophote r.m.s. errors in r_ and bJ only rise slowly

F

to~ 0.35mag in the ranges 19<bJ<23mag and 17<r_<21.5mag. This error

F

was convolved into the no-evolution models for both the counts and
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colour distributions. The effect on the counts was found to be hardly
noticeable. However, for the colour distributions a significant effect
is seen. Thus all of the colour distribution models will be presented
convolved with the appropriate Gaussian error distribution. Care will
also be taken to present only colour distributions to limits where

these errors apply.

3.3.4 Models of Galaxy Evolution

In section 3.4 the observed galaxy counts presented in section
3.2 will be compared to 'mo evolution' models assuming that the
parameters discussed in the previous sections are now well determined.
Any differences between the observed and modelled relations can then
be interpreted as either the effects of cosmology, ie, q,, or the
luminosity evolution of galaxies (see section 3.1). The approach
adopted here will be to fit simple empirical models for the
evolutionary change 1in galaxy brightness (in terms of absolute
magnitude), A M, as a function of redshift. AM(z) will be expressed as
a simple linear or quadratic equation in z, which will then be treated
as a modification to the K-corrections given in Table 3.1. If an
independent estimate of galaxy luminosity evolution could be obtained
then the counts may be used to place constraints on g, itself.

Models of the spectral evolution of galaxies have been
constructed by Tinsley (1980a, and refs therein) and more recently by
Bruzual (1984, and refs therein). These models are constructed using a
knowledge of the individual evolutionary tracks for stars of different

mass in the Hertzsprung-Russell (H-R) diagram. These theoretical
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isochrones are then used to compute the stellar population that would
arise at a given age from a given star formation rate (SFR) and
initial mass function (IMF). The integrated magnitude and colour of

130 s
the n:n'l':xvy can then be calculated not onl But

v for the oresent davy
vvvvvv L J FUpEY L3 !JL D 4 it

th i ay,
also for any time in its past history. This approach has obvious
advantages over the population synthesis method of Faber (1972, 1973)
since using her method the past history of the galaxy could not be
predicted. The evolutionary synthesis models are therefore determined
by only two parameters, the IMF and SFR. The IMF is usually expressed
as a power law of the form ¢(m,xkxm_(l+x), where x = 1.35 in the solar
neighbourhood (Salpeter, 1955) and m is mass. The preferred range of x
is 0<x<2. Using models of this type the Hubble sequence of galaxies
has been shown to be simply caused by a variation in SFR history for
each type of galaxy (eg, Tinsley, 1980a). Another important conclusion
of the above work is that younger galaxies should emit more flux in
the UV relative to redder wavelengths due to the presence of hot young
stars. The effects of luminosity evolution would therefore be expected
to be larger and hence more easily observed in the blue passband.
However, in the bJ band there are many uncertainties in these models
due to an insufficient knowledge of the UV flux of galaxies (section
3.3.1), which may arise from horizontal branch stars, whose
evolutionary tracks in the H-R diagram are not well known. Therefcre
for the bJ counts an empiricalAM(z) relation will be determined which
may be fitted to theoretical evolution models when the bJ K-

corrections have been better determined.

For the PF counts the situation is much better. Up to z~1,
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evolutionary models with only an initial burst of star formation,
which are thought to apply to early type galaxies, only depend on the
evolution of the flux in the rest B, V and R bands {ie, not the UV).
In these bands most of the integrated light is produced by stars on
the giant branch just above the main sequence turn off. Tinsley (1978)
showed that the rate of luminosity evolution here depended only on the
well known lifetimes of stars on the main sequence and the IMF slope
x. She derived;
dM = 1.2 - .25x=f(x) (3.5)
din¥

where dMV is the change in the absolute V magnitude of a galaxy due to
evolution over time t. These models predict only a small evolution in
colour in the optical bands so this relation should apply
approximately in the rest B and R bands as well. It should be noted

here that equation 3.5 assumes a redshift of galaxy formation, Zr:3

and models with zf>3 give similar results.

As noted above models with only an initial burst of star
formation are usually discussed in terms of the evolution of E/SO
galaxies. However, models for the evolution of Sab and Sbc galaxies,
where star formation continues to later times, show little difference
in their evolutionary behaviour (see Tinsley, 1980b, figure 2), and
also have little colour evolution. The evolutionary histories of Sad
and Sdm's are quite different and must have had delayed star formation
in order to produce their present colours. Fortunately, as discussed

in section 3.3.1, there are few late type galaxies in the - limited

samples and therefore equation 3.5 will be wused as a first
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approximation for the evolution of all galaxy types in the Te models.
For three values of q, (0.02, 0.5, 1.6)AM has been calculated as

a function of redshift. This was carried out by inserting the

O
]
40}

ach q,,(see, ep,
Weinberg, 1972) into equation 3.5 and then fitting the resulting
relationship for AM with simple quadratic functions. The results are

insensitive to H, and are given by;

AMV = f(x) (1.4z - .252°), q, = 0.02 (3.6)
AMV = f(x) (1.7z -.62°), g, = 0.5 (3.7)
AM = f(x) (2.2z - .65z° ), q, = 1.6 (3.8)

The range 0<x<2 gives a range for f(x) of 1.2>f(x)>0.7. Hence if x is
smaller, f(x) is larger and luminosity evolution will be more rapid.
These equations can now be used in the models as the a priori

predicted rates of luminosity evolution in the r_ passband.

F

3.4 OBSERVED AND MODELLED COUNTS

3.4.1 Comparison of bJ Models with Observations

In this section the no-evolution models based on the parameters
discussed in section 3.3 (listed in Table 3.1) are compared to the
observed number counts in the bJ passband. As discussed in detail in
the previous sections these models are based on total magnitudes and
so are compared to the UKST J3721 data for l7<bJ<20.5mag and the deep-
est isophote AAT data, J1888(3), for 20.5<bJ<23.5mag (figure 3.8). The

UKST data was taken from plate J3721, since this data has very well
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Figure 3.8: Observed galaxy counts from b =14-24mag compared to modelled
counts. The models shown are des¢ribed in detail in section 3.4.1
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calibrated photometry (see section 2.5) and has been shown to be
representative in its galaxy count characteristics (see figure 3.1).
Direct comparisons of the photometry in J3721 and J1888 have been made
(section 2.5.2) and so these particular plates comprise a completely
homogeneous dataset with consistent zero-points.

As discussed in section 3.3.2 the normalization of the n(m)
counts is carried out by adjusting ¢* to reproduce the observed count
at bright magnitudes. It is therefore important that the bright bJ
counts are accurately known since a slight change in normalization
could cause a discrepancy at fainter magnitudes and hence cause a
misinterpretation of the results. Therefore also shown in figure 3.8
are the counts of Zwicky et al (1961-68), corrected using the
transform from BZ to bJ magnitudes given by Kirshner et al (1979);

b, =B, - 0.45 (3.9)

Also plotted are the counts of the DARS and KOS redshift surveys
mentioned earlier (section 3.3.2) transformed to bJ using equation 2.4
and equation 1 of Kirshner et al (1979) respectively and corrected to
'total' magnitudes.

It can be seen from figure 3.8 that at bright magnitudes the
counts are subject to large sampling errors, most probably caused by
clustering inhomogeneities and it is therefore difficult to use these
counts to normalize accurately the bJ models. Fortunately, the UKST
counts allow the determination of ¢* in an intermediate magnitude
range, 18<bj<18.5mag, where there are large numbers of galaxies at

distances large enough to be unaffected by clustering inhomogeneities

(z~.2) yet small enough to be unaffected by reasonable changes in the
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luminosity evolution models and q, . It is interesting to note that the
fainter counts of the UKST SGP region produce better agreement with
the Zwicky counts at the NGP rather than the southern weighted DARS
counis (see [igure 3.8). The value of ¢“ obtained using the standard
LF model turned out to be :5{:* = 2.2 x 107° Mp: {the similarly
obtained value of ¢* for the DARS LF was ¢* = 1;85 x 107° Mpc“3). The
modelled count with the standard LF, the above normalization, no
evolution and q,=0.02 is shown as the solid line in figure 3.8,

The comparison of this 'standard' model with the observed counts
shows strong evidence for evolution. At bJ = 23.5mag four times as
many galaxies are observed than are predicted by the no-evolution
model. Even if the Sdm late type galaxy K-correction is assumed for
all galaxy types (dashed line in figure 3.8) evolution is still
required to fit the counts. Therefore, the evolution inferred by the
bJ counts cannot be explained away by uncertainties in the K-
corrections. Neither c¢an the effect be explained by assuming a
different form of galaxy LF (within the observed range described in
section 3.3.2). If the DARS LF were assumed then even more evolution
would be required to fit the counts. Furthermore the smaller the value
of q, the higher the predicted count (since for higher q,'s the volume
of a particular redshift shell decreases, the effect of which wins out
over the luminosity distance's dependence on ¢q, and hence the
predicted count decreases) therefore if q, were larger than 0.02 the
amount of evolution required to fit the observations would have toc be

larger still (by~ -1z for a change of 0.5 in q,). The effects of the

r.m.s. error in the photometry have been discussed previously (section
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3.3.3) and could not account for this effect.

Brighter than DJ = 20mag the counts are consistent with nc
evolution and they constrain the evolution to an empirical upper limit
of AM~-2z. This model, however, still does not reproduce the observed
counts at faint limits, so this suggests that the evolution may
brighten galaxies faster at higher redshifts. The above standard LF,
q,=0.02, model gives a good fit to the observed counts with an
empirical evolution for all galaxies earlier than Scd of;

AM=~1z , (0£z<£0.25)

AM=-12-6(z-.25)+2(z-.25)%, (2>.25) (3.10)

It must be emphasized that the aim here is to provide simple,
empirical, order-of-magnitude estimates for the luminosity evolution
required to fit the bJ counts. The coefficients of equation 3.10 are
by no means unique, but are at least representative of those that gave
good simultaneous fits to the counts and colour distributions (see
section 3.4.3). Due to the uncertainties in the bJ K-corrections
mentioned above and the large empirical evolutions required here, no
meaningful constraints on g, can yet be made using the bJ counts.

These model results can now be compared to those of Koo (1981a).
His no-evolution model predicts more galaxies at faint limits than the
no-evolution model shown in figure 3.8 and lies close to the Sdm model
shown there. Koo assumed fainter M*'s for Scd and Sdm galaxies than
for earlier types, which were taken from the KOS (1978) redshift
survey LF fits, unlike in the models discussed above where the same M*
was assumed in all types. Although, as discussed in section 3.3.2, the

actual form of the LF has 1little effect on the counts, the M*
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associated with each galaxy type does (after allowing for the WM*/x
correlation described above). If M*¥ is made fainter then the average
redshift of the galaxies in the model is decreased and so the nim)
relation remains closer to Euclidean (0.5 sliope) to fainter apparent
magnitudes. This effect is important since it steepens the n(m) slope
and hence mimics that of luminosity evclution. Models were therefore
tried which assume fainter M*'s for the later types (Scd, Sdm) and
less evolution was indeed required to fit the counts, in line with the
conclusions of Koo. Some evolution was however still required and in
terms of the empirical functions derived here;

AM =-1z - 3(z-0.1) + 0.62° ,(z>.1) (3.11)

A test of the reality of the models given by equations 3.10 and
3.11 can be carried out by predicting the redshift distribution of
galaxies at bright magnitudes and comparing this with the observed
(DARS) redshift distribution (figure 3.9a). The standard and Koo type
evolutionary models described above both give good fits to this
distribution.

A further model is now considered which has the parameters shown
in the table below, chosen such that the counts could be fitted with

no evolution.

bJ - e mix (%) K-correction LF:M* h=1 x
1.5 28.5 E/SO -19.4 -1.25
1.33 12.0 Sab -19.4 -1.25
1.25 21.2 Sbc -19.4 -1.75

0.92 38.3 Scd/dm -18.5/-18.0 -2.00
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Figure 3.9a): Observed redshift distribution of bright (bj

16.75mag) galaxies in the DARS survey compared

to the model predictions described in section

3.4.1.
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Figure 3.9b): Observed galaxy n(bJ—rF) distribution (as shown 1in
figure 3.7a)) compared to the same models as shown

in figure 3.9a).
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Figure 3.9c): As for figure 3.9b) but in the e passband.
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Comparing this ‘'extreme' model prediction to the observations in
figure 3.9a it can be seen that the average galaxy redshift of the
model is almost 50% smaller than that observed. This can be taken as a
clear indication that this model 1s welghted too tar towards the
intrinsically faint blue galaxies. The colour distributions of this
'extreme' model are also ~0.4mag too blue confirming this result (see
figures 3.9b and c; colour distributions will be discussed in more
detail in section 3.4.3). Thus, although the galaxy LF may add further
difficulties for any detailed interpretation of the counts the
observational constraints seem strong enough to exclude any

non-evolving model in the b_. passband.

J

3.4.2 Comparison of r_ Models with Observations
In this section n{m) models in the re passband are compared to

the UKST data of R2775 for rF<18.5mag and the deepest isophote AAT

data of R1996(3) for 18.5<r <22.0mag. In figure 3.10 the standard LF,

F
no-evolution model described in the previous section is compared to
these counts and it can be seen to lie much closer to the observations
than it did in the bJ band. The normalizing constants ¢g* of the bJ

counts gave good fits to the r_ counts at bright magnitudes after

F
going through the procedure outlined in section 3.3.2. In Table 3.1
the predicted fractions of galaxy types at rF<16.5mag are shown. Here
70% of the galaxies are predicted to be of type Sab and earlier and
even at rF<21.5mag there are still expected to be 60% of these galaxy

types present. These proportions do not significantly change 1if the

Koo model described in the previous section is assumed.
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Figure 3.10:

r

Observed galaxy counts from r =15-22mag, compared to modelted
counts that assume the standard LF and various values of g, (as
indicated). The dot-dashed line represents a q,=.02 model with
early-type luminosity evolution of Tinsley (1978) with the
stellar IMF slope x=0. The dashed line represents a Q,=.5 model
with an x=1.5 evolution.
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The predominance of early-type galaxies in the FF counts
simplifies their interpretation since the uncertainties in the LF of
late types will now make little difference to the model predictions.
Also, as discussed in section 3.3.1, the PF K—corrections are well
known and differences between the K-corrections of various galaxy
types are small. Hence the n(m) models in the re band are very well
determined. The re counts may therefore be able to distinguish between
quite detailed evolutionary models. Furthermore, whereas in the blue
band the q_, dependence of the models was swamped by the large amounts
of luminosity evolution required to fit the data, in the red band the
effects of q, and luminosity evolution seem to be of a comparable
size. The standard no-evolution model with q, = 1.6 is shown in figure
3.10 and gives a significantly different prediction to that of the low
q, model.

The colours which are used to transfer the LF from bJ to rp are
determined to t0.lmag and changes of this order have negligible effect
on the predicted counts. This leaves the only uncertainty in the Lo
models (apart from evolution and q,) to be that of the galaxy LF.

Figure 3.11 shows the red counts together with the same models
that were shown in figure 3.10 except in this case the DARS LF is
assumed. These models, in general, require slightly more luminosity
evolution (~¥-0.5z for any q,) than the standard LF models. The amount
of luminosity evolution required in order for the model to fit the
observations for various values of q, and each LF is shown in Table

3.2. Also shown are the predicted evolutions of the Tinsley models

(section 3.3.4) calculated using equations 3.6-3.8, some of which are
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Figure 3.11: As for figure 3.10 but here the models are based on
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Table 3.2
Luminosity Evolution Inferred by the r'e Counts
4, Standard LF DARS LF Tinsley Model Prediction
x =0 1 z
0.02 -lz -1.5z -1.7 -1.3 -1.0
0.5 -1.52 -2.0z -2.0 -1.6 -1.2

1.6 ~-2.5z -3.0z -2.6 -2.1 ~-1.5
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also shown in figures 3.10 and 3.11. In the case of the standard LF it
can be seen from Table 3.2 that, in general, for any reasonable value
of q,, some Tinsley model can be found which predicts an amount of
evolution in agreement with that inferred from the counts. The q, =
1.6 model requires the maximum possible (x = 0) evolution and hence
can be regarded as a limiting case. The standard LF models therefore
argue for q,<1.5 with reasonable evolutionary models. If the solar
neighbourhood value of x is assumed (x = 1.35) then q0.5. By similar
arguments the DARS LF models argue for q <0.5, and if x = 1.35, qu0.
Further studies of nearby galaxies are required in order to settle the
controversy between the two alternative LF's. In chapter five a method
which may be able to do this will be described.

The rF model results have also been compared with those of Koco
(1981a) and it was found that his no evolution g, = 0.02 model is
negligibly different from that presented here for the standard LF.
Thus his conclusion, that a model with q, = 0.02 and a small amount of
evolution (as predicted by Bruzual's (1981) models) fits the r

F

counts, is confirmed.

3.4.3 Observed and Modelled Galaxy Colour Distributions

The bJ—rF colour distribution predicted by the standard LF,
no-evolution model (q, = 0.02) is shown in figure 3.7 as & dashed
line. This model has had the r.m.s. error of ~0.3mag in each passband
convolved with the predicted error-free distribution (see section

3.3.3). This model gives a good fit to the data in the bright

magnitude ranges in both bJ and re (figures 3.7a and b) and is a good
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demonstration that the mix of galaxy types and their colours used in
the models are reasonable (see also section 3.4.1 and figure 3.9).

In the 19.5<rF<2O.5mag range the colour histograms are shifted
towards the blue with respect to the bright magnitude data and the
no—evolution prediction (figure 3.7c¢). No reasonable combination of
d,, LF, or mix can explain this shift without needing to invoke some
luminosity evolution or very different bJ K-corrections. This tendency
for faint galaxies in red limited samples to become bluer can be
easily explained as being due to the same evolutionary brightening as
was seen in the bJ counts. Models where galaxy colours evolve with
redshift are therefore adequate to explain the effects seen in the
galaxy colour distributions and the counts (see section 3.3.4).

The standard LF, q, = 0.02 model with a - 1z evolution in L and
evolution given by eguation 3.10 in bJ gives an excellent fit to the
colour distribution at faint magnitudes and is shown in figures 3.7c¢
and d. This is expected since it was the colour distribution that
actually required the large evolution of equation 3.10 to be input
into the models. This arose because when modelling the colour
distributions at bright magnitudes the luminosity evolution has to be
the same in both passbands. If only the bJ counts themselves had been
considered a somewhat smaller evolutionary term (AM~-3z + 0.32z° ) could
fit the bJ counts, after the normalization procedure described in
section 3.4.1 had been carried out. However, since the red counts only

require a -1z evolution at all redshifts this b;J model would give the

wrong (too blue)} colour distribution at bright magnitudes. The b

J



evolution therefore has to be even larger at high redshifts, hence
equation 3.10. Generally, any model which has a larger luminosity

evolution in bI than in r

P for z>.2, so that the bJ and r_ counts are

F
simultaneously fitted, tends also to fit reasonably fthe colour dis-
tributions. The Koo model described in the previous sections alsc
gives a good fit to the colour distributions at all magnitudes.

Using the colour distribution it 1is possible to exclude models
which tit the bJ counts by evolving only a single galaxy type. This
arises because the large amount of evolution required would severely
distort the predicted colour distribution. However, a more detailed
modelling of the <colour distribution is restricted by the
uncertainties in the b, K-corrections mentioned above.

J

3.5 THE HUBBLE DIAGRAM

The Hubble diagram has been used for many years to obtain
constraints on q, and the evolution of early-type galaxies (see eg,
Tinsley, 1979). The dependence of the Hubble diagram on q, and
luminosity evolution is different from that of the n(m) relation; in
the Hubble diagram evolutionary brightening implies apparently higher
q, values whereas in n(m) the opposite is true (see figures 3.8 and
3.11). The red counts have been shown in the previous section tc¢ be
dominated by early-type galaxies (section 3.4.2), which are similar
(at least in colour) to those used as 'standard candles' in the Hubble
diagram. Therefore, assuming that the galaxies used in +the Hubble
diagram and the n(m) relation undergo similar evolutions, then the

different dependencies on q, in each test implies that there can only
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be one unique solution for evolution and q, that simultaneously
satisfies both tests.

Unfortunately, a conflict exists over the observed form of the
****** ‘rections applied to,
and the different techniques used in measuring, the magnitudes of the
first ranked cluster galaxies (see Kron, 1984 for a critical review of
this work). The Hubble diagram of Kristian, Sandage and Westphal
(1978) is shown in figure 3.12 and yields a value of g, = 1.6%0.4 with
no evolution. On the other hand the work of Gunn and Oke (1975},
updated by Hoessel, Gunn and Thuan (1980), derived q, = -0.55%0.45,
More observational work is required to clarify the reasons for this
discrepancy. For the purposes of illustration it can be seen that :f
the q, =1.6 value of Kristian et al is assumed with no evolution, then
as seen in figures 3.10 and 3.11, a very bad fit to the n(m) counts is

obtained. Consistent solutions that can be obtained using the Kristian

et al Hubble diagram and the standard and DARS LF's are as follows;

]

Standard LF, q, 0.5, Evolution = -1.5z
DARS LF, q, = 0.25, Evolution = -1.75z

Using the‘Gunn and Oke Hubble diagram the value of q, still has
to be negative in order to obtain consistent solutions for either LF.

Constraining q, and luminosity evolution using the Hubble diagram
is made more difficult since the 'standard candle' ellipticals may
have very different evolutionary histories from field galaxies due to
their rich cluster environments. The most likely extra evolutionary

effect is caused by the dynamical merging of cluster galaxies (see for

example, Richstone, 1976; Ostriker and Hausman, 1977; Silk and Norman,
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Figure 3.12: The Hubble diagram of Kristian, Sandage and Westphal
(1978). Two models assuming no evolution but different q,'s are
indicated. The R magnitudes have ©been corrected for the

K-correction, absorption, Bautz-Morgan cluster type and richness.
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1981; Dressler, 1979; Carter et al, 1981) which would make galaxies
brighter now than in the past and hence decrease the value of q,
deduced from the Hubble diagram. This means that the value of g, which
is consistent with both the counts and Hubble diagram could be higher
than that quoted above. However, the Hubble diagram can still offer
lower limits on the rate of luminosity evolution for a particular

assumed value of q,.

3.6 n(z) DIAGRAMS

Figure 3.13 shows the predicted redshift distributions in the b

J
and re bands for some of the models described in the previous
sections. In the bJ passband (figure 3.13aj the standard LF,
q, = 0.02, no-evolution model is shown (dashed 1line), together with
the evolutionary model given by equation 3.10 (solid line), for two

different ranges of apparent magnitude. In the bright magnitude range
both evolving and non-evolving models give identical distributions.
However, at faint magnitudes the redshift distributions are very
different, with the evolutionary model predicting that galaxies should
be present with 2z>1. The alternative Koo type model discussed in
section 3.4.1, that also fits the bJ counts and colour distributions,
peaks at a lower redshift (2z~0.2) than the standard LF model, as
expected. In principle therefore, if the n(z) distribution could be
observed directly for a faint galaxy sample then the bJ evolutionary
models could be much more tightly constrained. A start has been made
on such a project by Shanks and Ellis who have obtained the spectra
for a complete sample of galaxies between 20.5<bJ<21.5mag using the

AAT.
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Number-redshift, n(z), relations predicted for two
bJ magnitude limited galaxy samples. The dashed
lines represent the no evolution prediction, the
solid lines are based on an evolutionary model

described in the text.



- 133 -

100

n(Z)

10

! [
205 sres 210

-

0y =002, AM=-1z
Q=16 &M =-252
160 srp<165
ALL MODBELS

N

l

Gy =002, NO EVOLUTION

—

Figure 3.13b):

2:5

As for figure 3.13a) but for two red magnitude
limited samples. The q,=.02, AM=-1z and q,=1.6,
AM=-2 .5z both gave good fits to the red counts but
can be seen to predict quite different n(z)

distributions.



- 134 -

In figure 3.13b the redshift distributions for several of the
standard LF re models that gave good fits to the e counts are shown.
It can be seen that the redshift distributions for the twc
evolutionary models that both tit the counts (since <they assume
different evolution/q, combinations) are quite different. This result
again suggests that if 1t were observationally feasible ¢to make
complete redshift surveys in the range 20.5<rﬁ<2lmag then the n{z)

distributions could be used together with the r_ counts to untangle

F
the effects of galaxy luminosity evolution and cosmology.

This approach has the added advantage that it is self consistent;
the same galaxies that define the n(m) relation are used tc define
n(z) and therefore the evolutionary processes will be the same in each
test. Since the red models are so well determined (see section 3.4.2),
with an accurately determined n(z) it should be possible to
discriminate between the q, = 0.02 and q, = 0.5 models. A start has
been made on such a project by Koo and Kron at Kitt Peak. Theretfore,
in principle, 1if a well determined Hubble diagram could alsc be

obtained the effects of q,, dynamical and luminosity evolution could

all be disentangled.

3.7 CONCLUSIONS

In the present chapter the galaxy number-magnitude count relation
has been well determined to b:~24mag and rﬁ~22mag using COSMOS
measurements of UKST and AAT plates. The conclusions of the present

chapter may be summarized as follows:

a) Six out of a total of eight blue passband UKST plates at
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magnitudes fainter than bJ~l7mag show very similar n{(m) relations. The
other two plates exhibit an excess of galaxies at bright (tb<19mag)
magnitudes which may be attributed to superclusters present in these
fields at distances of ~300h—lMpc. However, since Lthese plates cover
only 20% of the total area of sky surveyed the counts on the five SGPF
fields and that of J5701 are thought to be the best representation of
the n(m) relation for bJ<21mag‘ These results may be taken as =&
demonstration of the approximate homogeneity and isotropy of the
galaxy distribution at depthsl)300h_1Mpc.

b) The bJ and PF counts obtained from the deepest threshold AAT
data are 1in good agreement with those found by Kron (1978), Koo
(1981a) and Couch and Newell (1984). Considering the problems in
photometry and calibration discussed in section 3.2.4 fluctuations in
the n(m) relation of the order seen in the above comparisons
(~0.25mag) are to be expected. These comparisons therefore further
demonstrate the general isotropy of the galaxy distribution at faint
limits, since the counts come from both the north and south galactic
poles.

c) By comparing the bJ counts to no-evolution models strong
evidence for luminosity evolution is obtained. Even assuming extreme
observed values for the model parameters some luminosity evolution is
still required in order for the model to fit the observations. The
constraints seem strong enough to rule out any non-evolving model.
More detailed constraints cannot be obtained due to the uncertainties

in the bJ K-corrections and luminosity function (LF).

d) The PF counts also show evidence for luminosity evolution but
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it is far less than that required in order to explain the bJ counts. A
more detailed interpretation of the red counts is possible because of
the domination of early-type galaxies whose K-corrections are well
known and the virtual independence of the models on the galaxy mix,
since the K-corrections for all galaxy types are similar in the Te
band. Useful constraints can therefore be set on combinations of
luminosity evolution and g, that fit the observed counts, assuming a
form of the galaxy LF. For any reasonable LF if early-type galaxies
undergo no luminosity evolution then g €0.1. Evolution improves the
fit for any reasonable choice of q, . If early type galaxies evolve
according to Tinsley's (1978) single burst models, which are mainly
dependent on the slope of the initial mass function, x, then for x>o,
qs€1. Further constraints could be made if the LF were more accurately
determined (see chapter five).

e) The observed galaxy colour distributions are consistent with

the above models as determined from the bJ and r_ counts, in that

F

galaxies need to evolve much more rapidly in the bJ than in the Ce
band. This evolution in colour is expected to occur at some look-back
time by any evolutionary model because young stars are blue and hence
young galaxies will also be blue.

Other evidence that some (mainly cluster) galaxies at redshifts
>0.25 have colours bluer than expected has been recently reported by
many authors (Kristian et al, 1978; Lilly and Longair, 1982; Butcher
and Oemler, 1978, 1984; Couch, 1981; Couch et al, 1983). The amount of

luminosity evolution required here 1is of the same order as that of

equation 3.11. It 1is interesting to note the similarity of the



evolution observed in both cluster and field populations. However, a
direct comparison is not completely justifiable here, since in the
clusters observed so far the inferred evolution does not apply to the

1

general cluster population and also not all high redsh

£ 4
1 U

S

show an excess of blue galaxies compared to those nearby (eg, Koo,
1981b). These observations will be discussed in more detail in chapter
seven.

f) The luminosity evolution/q, combination has only one unigue
value which satisfies both the Hubble diagram and n(m) counts
simultaneously. The two most recent estimates of the Hubble diagram
(Kristian et al, 1978; Hoessel et al, 1980) suggest an upper limit for
g, of ~0.5, if a reasonable range of LF's are assumed in the models.
If dynamical evolution also affects the Hubble diagram then ¢, could
be higher than this limit. Very much tighter constraints could be
obtained if the Hubble diagram itself were better determined; the
apparent value of q, ranging from -.55 to +1.6 in the twc recent
estimates of the Hubble diagram mentioned above. A faint rFrVleag
galaxy redshift survey could also be used in this way to untangle the

effects of luminosity evolution and q,, if used in conjunction with

the PF counts.
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CHAPTER FOUR

GALAXY CORRELATION ANALYSES

4.1 INTRODUCTICN

In chapter one two complementary approaches to the study of
galaxy clustering were described. They were firstly, the statistical
approach, in which the aim is to obtain a description of galaxy
clustering which applies to the universe 1in general and secondly,
clusters of galaxies are identified and studied as objects of
individual interest. It was shown how both approaches can be used to
obtain important clues to the origin and evolution of galaxies. The
galaxy catalogues described in chapter two, which contain samples of
thousands of galaxies offer an excellent opportunity for studying the
statistical distribution of galaxies and this is the subject of the
present chapter.

The most widely used statistics which express in quantitative
terms the tendency for galaxies to cluster are the n-point correlation
functions (see Peebles, 1980; Fall, 1979, for reviews of the subject).
The spatial two-point correlation function is defined such that;

§P(r) = n’ (1 + E(r)) §V, 8V, (4.1)
where §P(r) is the joint probability of finding objects within the
volume elements SVl and §V2 separated by a distance r, and n is the
mean volume number density of objects. If galaxies were distributed at
random then §P(r) would be equal to nZSVlSVZ, thus E(r) = 0. The fact

that galaxies are non-randomly distributed means that for certain



- 139 -

values of r, £€(r) may be positive or negative depending on whether
galaxies are clustered or anti-clustered. E(r) can therefore be
interpreted as an 'excess probability' of finding one galaxy at a
distance r from another. In order to estimate t(r) distances are
required for every galaxy in the sample, which for our samples of over
104 galaxies per field is, at present, a practical impossibility,

In the case of projected catalogues the angular two-point
correlation function can be estimated, which is defined in the same
way as its spatial counterpart, ie;

SP(#) =N° (1 + w(®n,Sn, (4.2)

Here SP(#) is the joint probability of finding two galaxies 1in
the solid angles &[),, §fl, separated by an angle £, and N is the mean
surface densit& of galaxies in the catalogue. w(#) can therefore be
interpreted as the 'excess probability' of finding one galaxy at =
certain angular separation,&, from another.

One of the main advantages of the two-point correlation functioﬁ
is that the angular and spatial functions can be related via a linear
integral equation first derived by Limber (1953). Limber's equation
was later modified to include relativistic effects (Groth and Peebles,

1977; hereafter GP77 and Phillipps et al, 1978) and is given by;

:f dz lz) diz) H z)(hz)‘_z dy {{[f(z)é)’ gyl 7}

wi(f) = Tt a—T ‘a

[[dzfagn D) (4.3
where f(z) 1is the angular diameter distance and ¢g(z) is the
derivative of proper distance with respect to =z. ¢(z) is the

selection function; the probability that a galaxy at a redshift =
will be included in the sample. This equation enables information
about the spatial correlation function to be derived from

observations of the angular correlation function by allowing for the



effects of projection and geometry.

Two important results follow from Limber's equation. Firstly, if
¥ r) is a power-law with index -Y¥ then w(&) will also be a power-law
with index - § + 1. This 1is simply the result of a distribution in
space being projected onto the sky. The second consequence of Limber's
equation 1s a scaling relation (Peebles, 1973) which, if £€r) is a
power—law, enables estimates of w(#) to be compared from samples of
different average depths. This relation demonstrates that the apparent
strength or amplitude of clustering will decrease with depth and is
dependent only on the galaxy selection function (see equation 4.3), or
equivalently the redshift distribution of galaxies, n{z).

Observationally, studies of the galaxy correlation function began
with an analysis of the Zwicky (1961-68), Lick (Shane and Wirtanen,
1967; Seldner et al, 1977) and Jagellonian (Rudnicki et al, 1973}
galaxy catalogues by Peebles and his co-workers at Princeton (see
Peebles, 1980 for a detailed review of these earlier studies}. Twc
important results were obtained from this work. Firstly, all estimates
of w(#) were found to exhibit a -0.8 power-law slope at small scales.
This implies from Limber's equation that §(r) is also a power-law. In
particular it was found that for the Lick Catalogue (GP77), &(r) = 15
(hr) —1'77, forx‘{gh_lMpc. At r>9h_lMpc the power-law no longer held
and w(#) rapidly decreased. Secondly, it was found that the clustering
amplitudes found in these catalogues scaled at least approximately as
expected with depth (Peebles, 1974b). This result demonstrated that
the clustering of galaxies is intrinsic to the galaxies themselves and

not due to local effects such as obscuration by dust. The scaling of
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w(#) also demonstrates that E(r) is universally applicable to these
depths (~500h™ “Mpc ) .

The work carried out in the present chapter 1is an extension of
Lhal carcied out by Phillipps el al (1978) and Shanks et al {1980;
hereafter SFEM) who obtained estimates of w(#) from an analysis of
COSMOS measurements of UKST plates. In SFEM it was shown that the
observed amplitude of galaxy clustering was close to that expected
from a scaling of local results, to depths of ~700 h_lMpc. It was alsc
shown that at large angular scales, corresponding to a spatial
separation of 3h_lMpc, a feature was present in w(&). This feature was
similar to that found at a larger scale of 9h_lMpc in the w(#) of the
Lick catalogue (GP77). There was therefore, a discrepancy in that the
position of this 'break' feature did not scale as expected between
catalogues.

The existence of a break is very important for theories of galaxy
formation since it defines a characteristic scale of clustering ({see
Fall, 1979 for a review) and this scale 1is sensitive to the cosmo-
logical density parameter,flo. For example, in theories where galaxies
form before clusters (see section 1.3), the break represents the
transition between the linear and non-linear clustering regimes and it
was shown by Davis et al (1977) that the break scale found in the Lick
catalogue could only arise in a high density!10~l universe. The break
in w(#) also has an interpretation in theories in which clusters form
before galaxies. Here the break corresponds to a preferred scale of
clustering (Doroshkevich and Shandarin, 1978) and the SFEM break scale

in the original baryonic adiabatic theory 1is consistent with low
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values of f1_~ .2 (Shanks, 1979).

A completely different interpretation of the break has recently
been suggested in which the form of w(f#), assumed to be a power-law at
all scales, is modified by dust in our own galaxy {(al leasl when
considering areas of sky as large as those covered by the Zwicky and
Lick catalogues; Seldner and Uson, 1982, 1983). It is therefore
important to test whether the position of the break scales as expected
between catalogues of different depths, since if it does then the dust
hypothesis is more difficult to accommodate.

In the present chapter the clustering of galaxies 1is firstly
analysed using the large number of UKST plates described in chapter
two. These plates comprise both new reductions of the original SFEM
areas and also several new areas. Altogether these plates cover
~170deg’ , an area four times larger than thét of SFEM. With such a
large area of sky now surveyed the correlation functions to 2imag in
the blue passband and 20mag in the red passband are extremely well
determined. A main objective will be to test for the reality of the
break observed in the w(#)'s of previous authors (see above). With the
much larger amount of UKST data now available the reality of this
important feature can be tested with much greater confidence.

Secondly, the clustering of galaxies will be analysed using the
4m AAT plates described in chapter two. At the very faint magnitudes
reached on these plates (~24mag in the blue passband and ~22mag in the
red passband) the amplitude scaling test may be carried out to depths
of'VBOOOh—lMpc. With the AAT data reaching to such great depths and

hence much greater look-back times than the UKST data, we may have a
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better chance of observing departures from the expected scaling
relation. If observed they would imply that §(r) changes with time and
hence may be interpreted as evidence of clustering evolution.

An outline of the chapter follows. Ln section 4.2 the method of
estimating w{f#) from the COSMOS datasets is described and the results
obtained by applying these estimators to the UKST and AAT data
presented. The reality and scale of the break observed at large scales
is assessed. The observed and modelled scaling relations are presented
and compared in sSection 4.3. Section 4.4 presents a summary and the

conclusions of this chapter.

4.2 CORRELATION FUNCTION RESULTS

4.2.1 Estimators

The method. of estimation of w(#) used here is identical to that
used by SFEM. At small angular scales (#<.1 degree) the Monte-Carlc
estimator;

w(l) = (6) - 1 (4.4)

N, _(8)
Np (6)

is used where, Np(@) is the number of actual pairs between separations
of £ and 8+A8, and NR(E) is the number of pairs found in a random
distribution of the same total number of galaxies over the same area.
In practice an as large as is possible number of random positions are
generated and then NR(ﬁ) is scaled to have the same total number of
galaxies as in the actual catalogue. This has the effect of decreasing

the noise present in NR(0) and hence w(#). At larger scales (8> .1
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degree) the galaxies were first binned into 64 x 64 bins of size ~12

arcmin® . The correlation function can then be estimated using;
w@) =N _(8) -1 (4.5)
“p 2
(v, (6)7)
Yo 3

where Np(&) is the total number of pairs computed in the separation

range (#-468/2, 8+46/2), Nb(é‘) is the number of bins used to find Np
and n is the average number of galaxies per bin. This procedure was
carried out in order to reduce computation time. These estimators
remove edge effects caused by 'holes' in the data (see chapter twoil,
since in the first case the random positions are distributed over
exactly the same area as the real catalogue (ie, plate minus holes]

and in the second case bins which overlap holes are excluded from the

calculation.

4.2.2 UKST Results
In figure 4.la the resulting w(&)'s are shown for each of the bJ

UKST plates at a magnitude limit of b_ = 20mag. It can be seen that

J
the w(#)'s are of mostly the same form exhibiting an approximately
power—law behaviour at small angular scales ( #< .1 degree) and
departing from this at larger angular scales. There are some
exceptions however, notably the w{(# ) of J1920 and J3390. J1920
exhibits the small scale power-law slope to much larger angular scales
than in general {(a result also found by SFEM). This was at first
thought to be due to a gradient in the data caused by a dust lane

obscuring part of the field. However, the hypothesis that this form of

w(#) could be intrinsic to the galaxy distribution cannot be ruled out



- 145 -

at present. A similarly extended power-law 1is seen on.plate J3390.
Because the unusual w(#) found on these plates could be caused by real
galaxy clustering the data has not been filtered, as was done earlier
by SFEM, since this amounts to an implicit assumption that all large
scale gradients are artefacts of the detection procedure. Whatever the
cause of the different behaviour of w(f) in these fields the fact that
only two out of eight show this behaviour means that they will nort
significantly affect the overall results. It should be noted here that
the w(#) of the UKST re plates gave the same results as found on their
bJ counterparts, at comparable magnitude limits, and these results are
shown in figure 4.1b.

The w(#)'s for all UKST plates have been ensemble averaged in
order to reduce statistical noise. This procedure was carried out at

three different magnitude limits in both the b\J and r_ passbands and

F
the resulting w(#) are shown in figures 4.2 and 4.3 respectively. The
error bars were calculated from field-to-field variations. A power-law
slope of~-0.8, at small angular scales, is consistent with all of the
w(#) shown in figures 4.2 and 4.3 and the break is reproduced at large
scales at all magnitude limits.

In general the ensembled UKST w(€ ) presented here are in good
agreement with those of SFEM except that less flattening of the slope
is seen at the faintest magnitude limit than was seen by SFEM at bJ =
21.5mag (by comparing figure 4.2 with figure Ya of SFEM). However, it
should be noted that if the present analysis is carried out on just

the area of sky studied by SFEM then the same results are obtained.

This suggests that, given that the individual observations comprising
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a w(#) are not completely independent, the slightly flatter slopes
found by SFEM are most probably caused by statistical fluctuations.
The measured amplitude of w(#) at the faintest UKST limit is also
slightly lower than that of SFEM (see section 4.3). 'The higher
amplitude may have been caused by the break up of large bright images
in the original COSMOS datasets of SFEM, causing spurious faint images
to be present, that were then apparently clustered on small scales.
This effect is much reduced here due to 1image analysis software
improvements made since the original measurements, but any remaining
possible problem areas such as those around bright stars have been
deleted from the final dataset (see section 2.4).

As noted above the break is a very obvious feature in the w(# )
shown in figures 4.2 and 4.3. For the bJ = 20 mag ensemble, the points
at6>0.3 degrees must be raised by ~ 30 in order to maintain the power-
law behaviour. The break occurs in the UKST ensemble w{@# ) at all

magnitude limits in both the bJ and r_ passbands.

F

Since the break has very important consequences for theories of
galaxy formation (see chapter one and section 4.1) it is important tc
test for its reality and to check for possible systematic errors in
the estimation of w(#). The estimate of w(f) used here is based on the
ratio of the observed count of pairs to that expected for a random
distribution with density N = No/Afl , where N_ is the number of
galaxies in the solid angle Afl of the sample. If a typical galaxy in
the catalogue has rh—l galaxies in excess of random clustered about it

then the mean density of uncorrelated galaxies is (NO—nC)AAII, not

Noﬂlﬂ. This forces the condition gwdfl: 0, which would not apply 1f
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we could evaluate an ensemble average density, thus introducing a small
systematic error which makes w smaller than the true value by a

constant additive factor. This factor can be calculated from the

definition of w{f) given in eqguation 4.2 and is given by,
2-$
Aw =2m Bo (4.6)
(2-§)A0)

for an angular scale @ assuming that w(@) is a power-law given by;

07
w(@) = A9_S (4.7)

The effect of this 'integral constraint' at all scales considered here
is negligible. For example, at an angular scale of Q) = 0.5 degrees a
maximum difference of ~0.001 is caused in the w{#) of the bJ<19mag
sample. A similarly negligible effect was obtained when considering
all other w{#) shown in figures 4.2 and 4.3, and thus the integral
constraint cannot be responsible for the appearance of the break at
the scale observed here. Furthermore, contamination by stars which may
reduce the clustering amplitude will not affect the actual shape of
w(@).

The best test for the reality of the break is to see if its
position scales as expected with depth. The method of GP77 was used to
scale the w(f) of figures 4.2 and 4.3 to the depth of the 2Zwicky
(1961-1968) catalogue. The results are shown in figures 4.4 and 4.5,
for the bJ and Co passbands respectively. From an inspection of
figures 4.4 and 4.5 it can be seen that the break's position scales
reasonably well, although not perfectly, between the three magnitude
limits considered in both passbands. It should be remembered that all

of the w(&#)'s presented here are unfiltered and any large scale
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gradients extrinsic to the galaxy distribution will tend to reduce the
scaling agreement. The break occurs here at an angular scale
corresponding to a linear separation of ~3h_lMpc, estimated using the
models described in section 4.3, in agreement with the result obtained
by SFEM.

Also shown in figure 4.4 are the w(f#) obtained from the Zwicky
catalogue itself (Peebles and Hauser, 1974) and the Lick catalogue
(GP77). Although both appear to exhibit break features there is no
agreement over the spatial separation at which the break occurs. The
break in the Zwicky catalogue w(f) occurs at ~5h—1MpC and here the
discrepancy c¢ould be explained by sampling problems 1in the Zwicky
catalogue. In the Lick catalogue the break appears at an even larger
scale of'vgh—lMpc, gsome three times greater than that found here; a
discrepancy also noted by SFEM. The reason for this large discrepancy
remains unknown but may be caused by galaxy detection gradients within
individual plates, or an artifact caused by residual systematic
variations in the limiting magnitude from plate-to-plate, in the Lick
catalogue (Geller et al, 1984). It should be noted that either of
these effects should not greatly affect the estimation of w(@) made in
the present work.

Further evidence for the reality of the break has recently been
obtained from a direct estimate of the spatial correlation
function §(r), from the Durham/AAT redshift survey (DARS), (Bean, 1983;
Shanks et al, 1983b). Any features present in the correlation function
will be more easily seen in §(r) than in w(8) since w(#) is smoothed

by the effects of projection. It is an encouraging result that the
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projected §(r) found in the DARS survey agrees very well with the w(#)
found here when scaled to the same depth (Bean, 1983; Stevenson et al,
1984). This observation together with the above results suggests that
the break 1is a real feature and occurs at a scale in the range

3—5h'1Mpc.

4.2.3 AAT Results
The ensemble w(fl) for the AAT plates are shown in figures 4.6 and

4.7 for the §J< 23mag and r_< 22mag samples respectively. The errors

F
were again calculated from field-to-field fluctuations. It can be seen
that a ~0.8 power-law slope is consistent with w(#) at these deep
limits. The error bars shown in figures 4.6 and 4.7 demonstrate the
large uncertainty in the AAT w(#) at large scales (f >.05degree) and
hence an analysis of the break using 4m data requires that many more
plates are measured before meaningful results can be obtained.

It is important to know the extent of stellar contamination in
the AAT galaxy datasets since the inclusion of randomly distributed
stars has the effect of reducing the correlation function amplitude.
The amount of stellar contamination in the COSMOS AAT datasets is
shown in Table 2.4. If w is the observed correlation function for =2
sample composed of fractions fg and fS of galaxies and stars then;

w o= fgzwgg + fszwss (4.8)
where wgg and wSS are the true correlation functions for the galaxiesg
and stars respectively (see SFEM). Therefore, if, for example, wss~ Q,
as expected, and fg = .94 and fs = .06, as found for plate R1996 (see

Table 2.4) then ng = 1.13 w,ie, the true amplitude is ~13% higher
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than that observed. This will be an important consideration in the
following section when discussing the amplitude scaling relation at
faint limits.

It will be shown in section 4.3 that the amplitude ot w(f ) at
faint re limits provides the most important constraints on
evolutionary models. The effects of stellar contamination have
therefore been further investigated in the Tp galaxy samples by
recording the numbers of objects automatically classified as galaxies
on the R plate but as stars on the J plate. The results are shown in
Table 4.1 and generally confirm the misclassification rates found by

eye in Table 2.4

Table 4.1 Percentage of R galaxies classified as stars on the J plate

Plate Magnitude Limit, ro
20 21 22

R1996 6.7 5.0 6.7

R1635* 28 23 13

* Magnitudes uncorrected for absorption (see section 3.2.3b)

Another direct check of the effects on w(f# ) of misclassifying
stars as galaxies was carried out on plates R1996 and R1635 by using
extreme star/galaxy separation parameters which were certain to
exclude some real galaxies from the galaxy dataset but would include

no stars. On the SGP field this raised the amplitude of w(&) by ~15%



consistent, within the errors, with the 11% expected change 1if the
stellar contamination is as shown in Table 2.4. For the Pavo field a
larger effect was found with an increase in amplitude of ~ 30%,
consistent with the larger stellar contamination of 13% found on this
field at rp = 22mag. The checks described above firmly support the
levels of stellar contamination shown in Table 2.4. These values will,
therefore, be used to correct the w(#) amplitudes used in the observed
scaling relation for the effects of stellar contamination.

The possibility that the amplitude of w(f#) is also affected by
the presence of spurious images was checked by restricting the SGP and
Pavo PF$22mag samples to those galaxies which had also been detected
on the J plate. Approximately 5% of objects were removed by this
procedure at both the SGP and in the Pavo field with most of these
being objects which had been merged on one plate but not on the other.
The correlation function for the reduced sample at FF = 22mag was
computed and the amplitudes in both fields were found to be, within
the noise, very similar to those obtained for the complete samples.
This result suggests that the presence of possible spurious images can
only be having a small effect on the correlation function amplitudes.

Two other authors have produced angular correlation functions to
the depth of 4m AAT plates. Ellis (1980) analysed the clustering of
galaxies on a single blue passband AAT plate and stressed the
difficulty of interpreting the results from such a small area (~ 0.2

square degrees in his case) due to the small numbers of galaxies

observed. However, his w(&#) was still consistent with a -0.8 power-law



- 161 -

slope at small scales. Since no obvious departures from the power-law
behaviour are seen,a representative w(#) of Ellis is plotted as a
dashed line in figure 4.6. It can be seen that this w(#) estimate has

a similar amplitude to that of the b <23mag sample obtained here and

J
was estimated at the same number density of galaxies.

Koo and Szalay (1984) have estimated w(f ) using two deep 4m
plates in a blue passband (each covering ~ 0.2 square degrees). Again
all of the estimated w(f#) were consistent with a -0.8 power-law slope.
The w(f#) of Koo and Szalay, at the same number density as the bJ$23mag
sample, is also shown in figure 4.6 where the amplitude is seen to be
some 60% higher than that obtained here (see section 4.3). Koo and
Szalay estimate their w(@ ) using an estimator which incorporates a
filter to remove artificial density gradients in their data (see their
equation 2). Since they do not present unfiltered versions of their
correlation functions it 1is not clear how much of this discrepancy
between their results and those presented here can be explained by
this difference in estimation procedure. Otherwise the reason for the

discrepancy 1is not known, although the error bars in figure 4.6

suggest that sampling fluctuations could explain it, at least in part.

4.3 THE SCALING RELATION

The scaling relation is the relation between clustering amplitude
and depth of sample, measured here by the surface density of galaxies.
The clustering amplitude (CA) is defined by the coefficient A in

equation 4.7. The scaling relation can be modelled by assuming a form
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of the spatial correlation function and inserting this intc =&
relativistic version of Limber's (1953) projection equation (equation
4.3). Limber's equation takes into account the effects of geometry and
projection and is dependent only on the galaxy selection function ﬁ(z)
or equivalently the galaxy redshift distribution, n(z) (see section
4.1). The selection function itself is dependent on the galaxy
luminosity function, K-corrections and luminosity evolution, as well
as the mix of types and cosmological model. Although there appears toc
be many parameters here, strong constraints on ﬁ(z) were obtained in
chapter three by fitting models to the galaxy n{m) counts and colour
distributions of the SGP AAT data. The best fit model parameters of
chapter three can therefore be used here in order to model the CA
scaling relation.

Figures 4.8 and 4.9 show the observed scaling relation in the bJ
and rF passbands respectively, as well as various model predictions.
The error bars were calculated from field-to-field variations. Table
4.2 shows the fitted amplitudes of w(f) for all of the UKST and AAT
data used in the present analysis for both individual plates and the
ensembled data. They were calculated using a log-log least squares
technique assuming equation 4.7 and a fixed -0.8 power-law slope at
small scales corresponding to a fixed spatial separation (~0.3-
3h_1Mpc) at all magnitude limits. These amplitudes were corrected for
stellar contamination using equation 4.8 before being plotted in

figures 4.8 and 4.9, assuming a 10% contamination for the UKST data

(section 2.6) and the values of Table 2.4 for the AAT data.
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Table 4.2 Correlation Function Amplitudes

Plate No. Magnitude N N/deg’
Limit

UKST bT PLATES

Jar721 21 13053 1114
20 4677 395
19 1513 126
JA606 21 22372 1469
20 8812 579
19 2773 182
J1920 21 22363 1019
20 9485 432
19 3188 145
J1916 21 22347 1030
20 8842 407
19 2669 123
J1681 21 23660 843
20 9591 342
19 2785 99
J3192 21 16575 1089
20 9041 594
19° 4167 274
J3390 21 28306 1309
20 13501 624
19 5755 266
J5701 21 19126 875
20 7653 350
19 2577 118
UKST ro PLATES
R2775 20 16685 1424
19 7171 612
18 2566 219
R4021 20 22754 1495
19 14125 928
18 7229 a75

UKST bJ ENSEMBLE

bJ, 21 - 1129
20 - 482
19 - 176

1.59 x
2.97 x

8.07 x
1.94 x
3.21 x

6.86 x
1.03 x
1.77 x

=

.23 X
.06 x

N

.93 x
.56 x
.23 X

= 0 U

[

.17
2.47 x

x

.84 x
.16
22 X

L o
x

8.0 (*
1.4 (*
2.1 (%

10°°
10°°
10

107?
10 °
10°°

10°°
10 ¢

0.7)x10 °
0.1)x10*
0.3¥x10 %
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Table 4.2 (continued)

Plate No. Magnitude N N/deg’ A
Limit

UKST ro ENSEMBLE

re 20 - 1459 6.4 (£0.6)x10°
19 - 770 9.3 (t2,1)x10°
18 - 346 1.8 (}0.7)%x10 °©
AAT PLATES
J1888 bJ 24 15768 38569 1.25(¢0.1)x10°?
23 5394 13194 1.81(*0.5)x10 *
22 1729 4550 2.44(31.O)x10:3
21 566 1491 5.34(1.5)x10 °
R1996 re 22 4216 11095 1.69(io.2)x10:3
21 2109 5552 1.99(10.5)x10_3
20 942 2481 3.77{¢1.0)x10 °
J1634% b, 24 16631 34349 8.0 x 10’:
23 7053 14567 9.5 x 10
22 3389 6999 1.8 x 1~ °
21 1589 3282 2.5 x 10 °
R1635* re 22 5968 12000 5.6 x 10
21 3352 6983 8.5 x 10
20 1875 3906 i.0 x 10°°
AAT b ENSEMBLE
b, 24 - 36459 8.5 (*1.0)x10 "
23 - 14300 1.3 ($0.5)x10 °
22 - 5774 2.2 (*0.4)x10°?
21 - 2400 3.2 (*1.4)x10°
ATT r. ENSEMBLE
rp 22 - 11547 1.3 (*0.5)x10 °
21 - 6267 1.42 (to.e)xl-_’
20 - 3193 2.20 (*1.0)x10°°

* Magnitudes corrected for 0.7 mag absorption in bJ, and 0.4 mag absorprion in

re (see section 3.2.3b).

All amplitudes are given uncorrected for the effects of stellar contamination.
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The most striking result from figures 4.8 and 4.9 is that the

observed CA scaling relation in both the b and r passbands are

J F
almost identical. For ease of comparison both the bJ and re scaling
relationg are cshown together in figure 4.10. This result was not bound

to occur and it suggests that at similar number densities the n(z)
distributions may also be similar in both passbands. Other explan-
ations are possible. For instance, the selection of galaxies in b‘J and
re at similar number densities could be very different but the
clustering evolution of redder and bluer galaxies conspire to produce
the same CA's at the same number densities. However, this explanation

is somewhat contrived and so the first explanation will be assumed

from now on. It should be noted that this result was obtained for the

1]

J

b_ and re scaling relatidns in both of the AAT fields studied here.
This result means that there is no new information to be gained about
clustering evolution from the blue scaling relation over that obtained
in the red passband, but it does mean that we have an additional
strong constraint on the blue number-count and scaling relation
models, ie, the models must predict similar n(z)'s in both passbands
to similar galaxy number densities.

It was shown in chapter three that the n(m) models are much
better constrained in the FF passband than in the bJ passband for
several reasons. Firstly, less luminosity evolution was required to
fit the red n(m) counts than in the blue passband. The blue counts
could not be fitted by a simple evolutionary model where galaxy
magnitudes brightened linearly with redshift and required a model

including higher order terms (see chapter three equation 3.10). In
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contrast an excellent fit to the red counts was obtained with a singl

[t8

AM = -1z evolutionary correction.

Secondly, K-corrections have been well determined for the early-
type galaxies {which dominate the red counts) due to their use in the
Hubble diagram. Generally the red K-corrections are reliable for
redshifts of up to unity, as to this limit only optical observations
of nearby galaxies are required for their determination. The FF
K-corrections are also similar for all galaxy types which therefore
makes the red counts less sensitive to the mix of galaxy types.

Thirdly, uncertainties in the luminosity function of intrin-
sically blue late-type galaxies cause large uncertainties in the blue
models. For example, if their characteristic magnitude M* is made
fainter this decreases the average redshift of galaxies in the model,
hence changing the luminosity evolution required to fit the observed
n{m) relation. Due to the very small number of late types seen in red
limited samples this uncertainty is correspondingly less for the red
no-evolution models.

Two 'extreme' models will therefore be considered in the
following section. Firstly, model A assumes the best fitting model
parameters found in chapter three and assumes the same standard
Schechter (1976) LF for all galaxy types and q, = 0.02. Secondly,
model B assumes the same parameters except that the M* for late (Scd,
Sdm) galaxy types are fainter by 1.5mag. This model is similar to that
used by Koo (1981a). Both models require -1z evolution in the re band

to fit the n(m) counts. In the blue passband the evolution is

described by equation 3.10 of chapter three for model A. For model B,
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for the reasons described above, a smaller empirical evolution {(AM =
~3(z-0.1) + 0.62°- 1z for 2>0.1) is required in order to fit the
observed n(m) relation.

in view of the requirement, that the n{(z) distribution for
galaxies 1in both passbands at similar number densities should be
similar, it is interesting to look at the n(z)'s predicted by models A
and B. The predicted n(z) distributions for both models in the bJ and
FF passbands are shown in figures 4.1la and b respectively. The
magnitude ranges over which the n(z)'s were calculated correspond to
similar galaxy number densities in each passband as required. 1t can
be seen from figure 4.11 that model A predicts very different n(z)'s
in each passband (see also chapter three, figure 3.13) whereas model B
predicts more similar n{z)'s in each passband. This result therefore
implies that model B is probably nearer to the truth than model A.

We now go on to consider how the modelled scaling relation can
help to discriminate between the two models. It can be seen from an
inspection of figures 4.8 and 4.9 that to the limit of the UKST data
all models give good agreement with the observed scaling relation and
generally agree with the results of SFEM. However, the amplitude for
the deepest bJ = 2lmag UKST sample obtained here fits the models
better than the amplitude of the bJ = 21.5mag sample did in SFEM, for
the reasons discussed in section 4.2.2. For the deeper AAT bJ data
model A gives a good fit to the observed scaling relation while model

B seems to predict higher CA's than are observed. This result seems to

imply that model A is more correct than model B and is therefore in
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Figure 4.11a): Galaxy redshift distributions for models A and R
described in section 4.3 and shown in figures 4.8 and

4.9, in the bJ passband.
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Figure 4.11b): As for figure 4.1la) but in the r_ passband.
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contradiction with the above result obtained from the n(z)'s. However,
because of the wide variation in models which fit the bJ number counts
this agreement should not be taken to imply immediately the
correctness of model A and firstly we must 1look at the scaling
relations predicted for the red passband, where the models are more
tightly constrained. From the predicted scaling relations shown in
figures 4.8 and 4.9 it can firstly be seen that model B, much more
than model A, has the required property of producing the same scaling
relation in both passbands, which supports the above result that the
n(z)'s are also similar in each passband at similar number densities.
Also figure 4.9 shows that, as expected, models A and B give much more
similar scaling relations 1in the re band than in bJ. However, at faint
re limits both models A and B are higher than the observations. The
only way that this discrepancy could be removed in the red passband
was by introducing values of q, larger than unity and excessive
amounts of luminosity evolution. In general it was found that models
with reasonable values of q, (0<q,<0.5) and evolutions which gave
agreement with the red counts could not be made to fit the observed
scaling relation. Therefore, if our red AAT w(#) amplitudes at faint
limits are to be believed then the model comparisons would suggest
that clustering evolution may have to be introduced, in order ¢to
obtain a reasonable model that fits the observations. In this case the
implication would be that the good fit of model A, which assumes no
clustering evolution, to the bJ scaling relation, was indeed for-
tuitous and that a model with clustering evolution is also required
there.

The dotted line in figure 4.9 represents a simple empirical model
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for clustering evolution where the amplitude of the galaxy correlation
function was lower in the past by a factor, 1/1+z. In the terminology
of SFEM this is theJﬁ =-1 model. This model still lies above the data
at intermediate depths but gives a better overall fit.

The other less dramatic explanation of the discrepancy between
the observed and modelled scaling relations is the possibility of
systematic or statistical errors in our data. The best empirical
estimate of these errors may be obtained by comparing the scaling
relation obtained here with those of Ellis (1980) and Koo and Szalay
(1984), who only estimated w(#) on 4m plates in the blue passband.
These comparisons are shown in figure 4.12. The results of Ellis seem
to agree reasonably well with those obtained here, whereas Koo and
Szalay's w(f) amplitudes are a factor of 1.6 higher. If the dispersion
in the observed scaling relations seen at faint limits in the blue
passband is also representative of the dispersion in the red passband,
then the conclusion that clustering evolution is required in order for
the models to fit the observed scaling relation must remain tentative.
More 4m plates need to be analysed in order to obtain unambiguous

estimates of the clustering amplitudes at these depths.

4.4 CONCLUSIONS

The UKST galaxy catalogues described in chapter two have enabled
the two-point angular correlation function, w(f), to be estimated over
an area of ~ 165 square degrees, an area four times larger than any
other study to these depths. (bJ<2lmag, rF<20mag). The AAT galaxy

catalogues have enabled the correlation analyses to be extended tc
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24mag in bJ and 22mag in L corresponding to depths of/VBOOOh_1Mpc‘

The conclusions of the present chapter may be summarized as
follows:

(a) Using this large sample of UKST plates the form of w{f) shows
the characteristic -0.8 power-law at small angular scales and a break
from the power-law at large scales corresponding to a spatial
separation of~3h_lMpc. The position of the break scales roughly as
expected from samples of different depths within our own datasets.
Together with the break scale of"3—5h_1 Mpc found in the DARS survey
this observation gives strong evidence for the reality of the break
and its occurrence at this scale. The discrepancy with the break scale
of‘vghﬁlMpc found in the w(#) of the Lick catalogue, first noted by
SFEM, therefore remains. The cause of this discrepancy is still un-
known, however galaxy detection gradients within individual plates and
systematic variations in the limiting magnitude from plate-to-plate in
the Lick catalogue (Geller et al, 1984) may have some effect.

(b) To the 1limit of the AAT plates it is observed that the
correlation function amplitude scaling relation is very similar 1in

both the bJ and r_ passbands implying that the redshift distribution

F
of galaxies is also similar in both passbands to 4m plate depths. This
observation adds an additional strong constraint to both the modelled
scaling relation and the galaxy number-magnitude counts, ie, if the
most uncontrived models are assumed then similar n(z)'s must be
predicted in both passbands at similar galaxy number densities. This

result can only be obtained by making the M*'s of later galaxy types

fainter, which decreases the average redshift of galaxies in the blue
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models, giving agreement with that obtained in the red passband.
(c) The AAT scaling relation in the Cp passband argues for some

form of clustering evolution since the observed clustering amplitudes

are lower than Uhose predicted using well determined models which
assume no clustering evolution. This suggests that the amplitude of
galaxy clustering was smaller in the past, corresponding to 2z~0.5.
However, a comparison with the results of Ellis (1980) and Koo and
Szalay (1984) demonstrates that sampling errors are still large even
at the deepest 4m plate depths. Therefore, any conclusions drawn from
the scaling relations presented here must remain tentative until more
4m data becomes available.

If the observation of clustering evolution at these relatively
small redshifts is confirmed by new observations then this would
represent strong evidence towards theories 1in which clusters form
before galaxies in the early universe (Frenk, White and Davis, 1983;
Rivolo and Yahil, 1983). In theories in which galaxies form before
clusters very little clustering evolution would be expected to very
large look-back times due to their scale-free hierarchical clustering
(Peebles, 1973, 1974a). Constraints on the theories of galaxy

formation obtained from the results of this chapter will be discussed

in more detail in chapter seven.
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CHAPTER FIVE

THE LARGE SCALE DISTRIBUTION OF GALAXY CLUSTERS

5.1 INTRODUCTION

In chapter one two complementary approaches to the observational
study of galaxy clustering were described. The first of these,the
statistical approach, has been described in detail in the previous
chapter, where the COSMOS galaxy catalogues were used to investigate
the galaxy two-point angular correlation function. The second
approach, in which individual clusters of galaxies and their
distribution 1is studied, will be considered in the present chapter.

The group detection algorithm of Turner and Gott (1976) will be
applied tc the UKST galaxy catalogues obtained in chapter two, in
order to construct automatically unbiased catalogues of galaxy groups
and clusters. Briefly, this algorithm picks out agglomerations of
galaxies which satisfy a surface density enhancement criterion, sucn
that the mean surface density of galaxies within a group is a certaln
factor,Jﬂ , times the average surface density of galaxies on the sky
{a more detailed description of the group detection algorithm will be
given in section 5.2).

The resulting distribution of group memberships, n(n), defines
the galaxy multiplicity function (Gott and Turner, 1977a; hereafter
GT77), the form of which will be a function of both the magnitude

limit of the sample andjp . GT77 calculated the multiplicity function
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of the group catalogue of Turner and Gott (1976), which was
constructed from the Zwicky et al (1961-68) catalogue of galaxies. A
smoothly wvarying multiplicity function was obtained showing no
preferred group membership size. This smooth muitiplicity function was
at first thought to demonstrate the scale-free nature of galaxy
clustering and hence 1lend support to a hierarchical clustering
scenario. However, Shanks (1979) showed that both scale-free
hierarchical models and discrete power-law cluster models gave very
similar smooth multiplicity functions. This result was caused by the
poor projection properties of the multiplicity function and therefore
the hope of discriminating between different clustering scenarios and
hence theories of galaxy formation, using the multiplicity function in
two dimensions, was abandoned. In three dimensions the projection
effects are removed and the multiplicity function may then offer &
more sensitive test of galaxy formation theories (Einasto et al,
1984). In the present work where only two-dimensional information 1s
available no attempt will therefore be made to obtain constraints on
theories of galaxy formation using the multiplicity function itself.
However, the multiplicity function obtained from the UKST galaxy
catalogues will be compared to that obtained from simple simulations,
in order to try and assess the physical reality of the groups detected
by the Turner and Gott algorithm. A criterion may then be set for the
minimum group membership that can be regarded as a real physical
assocliation (for a particular‘f and limiting magnitude). Only groups
with memberships greater than or equal to this criterion will be used

in the final group catalogues.
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The two-dimensional distribution of clusters in the final
catalogues will be used to calculate fthe cluster-cluster two-point
angular correlation function,which will be shown in section 5.3 to
contain interesting information about the large scale clustering
properties of galaxies.

Cluster distances will be estimated in section 5.4 by using a
photometric technique which was first used by Schechter and Press
(1976). This method utilizes the photometry of all cluster galaxies
and requires no spectroscopic observations. Furthermore, it will be
shown 1in section 5.4 that this method of cluster distance estimation
enables constraints to be placed on the form of the galaxy luminosity
function. These constraints, in conjunction with the results of
chapter three, enable tighter constraints to be placed on the galaxy
number-magnitude count models and hence galaxy luminosity evolution
and q,. Having estimated cluster distances their three-dimensional
distribution may be studied (section 5.5). Features present in the
redshift distribution of groups may represent the presence of
superclusters and voids in the galaxy distribution. If it can be shown
that they are a general property of the galaxy distribution then their
characteristic scale may be used to set limits on the largest scale of
inhomogeneity in the universe (see section 1.3).

This chapter 1is concluded with a summary of the results 1in

section 5.6.
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5.2 CONSTRUCTION OF GROUP CATALOGUES

The group catalogues are constructed as follows:
Firstly the mean surface density of palaxies,d , is calculated
for a particular magnitude limited sample. Then around each galaxy in
the sample the largest possible circle is drawn of radius QC such
that,
T4 >/95 (5.1)
where; 0(#) = NK&#) (5.2)
2n(1-cosf)

is the surface density of galaxies in a circular region of radius f
centred on the galaxy (ie, N(¢€)-1 is the number of galaxies within an
angle & of the particular galaxy considered) and)ﬂ is the surface
density enhancement criterion. A circle of radius Bc is then drawn
around each galaxy. Each distinct clump of overlapping circles is
identified as a separate group and the mean surface density of
galaxies within <the boundary defined by the perimeter of the
overlapping circles will be:ﬂ?.

The actual distribution of group memberships, ie,the multiplicity
function, will, of course, depend on the value of/ﬂ . If/ﬂ is very
large then very few groups at all will be detected, whereas if)ﬂ =
then the extreme case is obtained in which all galaxies belong to one
large group, covering the whole area under consideration. For single
galaxies (defined as the field population) there 1is a simple

relationship between 62 andvd; from equation 5.2,

g =A0G = 1 (5.3)
/A 21{(1—0059(:)



and if 0( is small, as is the case for the present data, then,

, Y .
(2 = (fra‘/e) 2 (5.4)

Ql

and
ana

q is the minimum possible value of # for a givenlf
C
a

Each group may therefore be approximated by single circle of

angular radius,

A :(%_)

5
% (5.5)

for a group of membership N. Of course all groups may not be circular
but this equation gives a rough guide to the angular size of groups.
In the present section only the multiplicity function for plate
J3721 will be presented and discussed, those for other UKST plates
being very similar. The multiplicity function for J3721 at a magnitude
limit of bJ = 20.2mag and two/ﬁ values of 8 and 15 is shown in figure
5.1. This magnitude limit was chosen since at bJ>20mag the UKST galaxy
catalogues can be considered to contain a representative sample of
galaxies (see chapters three and four). The somewhat ad hoc value of
the magnitude limit came about because of the 0.3mag brightwards shift
in the magnitude scale zero-point, as discussed in chapters two and
three. The multiplicity function 1is plotted as the fraction of
galaxies in groups of membership n as a function of n. The higher
density enhancement factor f = 15 can be seen to produce a steeper
multiplicity function than that obtained using /3 = 8. This is caused
by only the cores of the richest clusters being at such a high density

contrast, hence reducing the apparent group memberships. The optimum

choice for/ﬂ must therefore be found such that it is high enough to



- 183 -

|
X p=8 DATA
ISJazzls "
o J’:!B RANDOM
[
a
| ° —
X
a ¥
X x
(n) °
n
§ s X
Ol = ° X, . —
X
a
0
X X X
A A A
a X
A
o
0
-001 I~ 7
]
- 000! 1
| o] n 100 1000
Figure 5.1: The multiplicity function for the UKST bJ plate J3721 av a

magnitude limit of bJ:ZO.Zmag for surface density
enhancements of /ﬂ = 8 and 15 .fg is the fraction of
galaxies involved in clusters of size n. Also shown is the
multiplicity function of a randomly distributed galaxy

sample.



- 184~

identify real physical associations, but low enough so that not only
the cores of the richest clusters are detected.

Gott and Turner (1977b)} have shown thatlﬁ = 8 1s a high enough
density enhancement to identify real associations 1in most cases, as
shown by actual velocity data. This value of>/ will be adopted in the
present work. It was found in a detailed study of plate J3721 that by
varying/ﬁ over the range 6-10 the membership of groups did not change
by a significant amount, providing that the same limiting magnitude
was applied to the catalogue. It should be noted here, as shown by
GT77, that even a modest surface density enhancement in a magnitude
limited sample implies a large volume density enhancement,x . However,
Y is a function of cluster distance, both nearby and distant groups
having larger X's than those at intermediate distances. This is
because nearby groups must have a small volume in order to yield an
appreciable number of members and satisfy the'/ criterion, whereas at
larger distances only a few bright galaxies are seen above the
magnitude limit. Forf = 8 and a group at characteristic distance d*,Y
is of the order of several hundred, which is consistent with the
overdensities found in rich clusters (Dressler, 1980).

In order to test further for the reality of the groups detected
by the Turner and Gott algorithm and in particular set a criterion for
the minimum group membership that can be regarded as a real physical
association, the multiplicity functions of some simple simulations of
the galaxy distribution were calculated. The simplest, albeit
unrealistic, simulation 1s that of a random distribution. Shown 1n

figure 5.1 is the multiplicity function (/5:: 8) for such a simulation
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in which the same number of galaxies as in the data catalogue were
randomly distributed across the same area of sky. The main difference
between the simulated and real multiplicity functions occurs at large
group memberships. A disconbinuily 1s seen in the data at group
memberships of n = 14, which is caused by the presence of single large
membership c¢lusters. Such a discontinuity 1s not present in the
simulation. At smaller memberships the two functions are similar
demonstrating that small groups could quite possibly be caused by
chance alignments along the line of sight; although if there is
intrinsic clustering then less galaxies are 1left tc ‘randomly’
cluster. For n2 7 only one third as many groups are present in the
simulation as there are in the real catalogue, and no groups at all
with n»10 are present in the simulation. This result suggests that as
a first-order approximation a mimimum group membership size of 7 could
be chosen for the final group catalogues. However, groups of larger
membership may suffer from contamination by foreground and background
galaxies and could also be composed of overlapping smaller groups. On
the other hand some of the smaller groups could in fact be real
physical associations. A further simulation was therefore carried out
in order to try and estimate the contamination by foreground and
background galaxies. Groups of a variety of memberships were randomly
distributed over the same area of sky as wused in the previous
simulation and a field population added in order to give the same
total number of galaxies. It was found that on average only one 1n ten
galaxies in the groups subsequently detected were not physically

associated with the group, but there by coincidence. The problem of
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contamination should therefore not be a significant effect in the
groups considered here (see also section 5.4.5). Although this
simulation 1is still not a realistic representation of the true
hree dimensions 1t is thought to be a
reasonable representation of the situation encountered in two-
dimensions, 1ie, it has a similar multiplicity function to the true
two-dimensional galaxy distribution. Also, considering the
insensitivity of the multiplicity function to different clustering
scenarios (see section 5.1) more realistic simulations were not
considered to be worthwhile. As a final empirical check on the effects
of possible spurious groups and projection, some results will be
presented in the following section using twc minimum group memberships
of n2 5 and 7.

A related problem tc those described above, which can also affect
the apparent membership of groups, is that of the merging of close
pairs of galaxies by the COSMOS machine (see chapter two). However, it
was found in an eyeball check of a representative sample of groups
that € 10% of galaxies were merged. This effect does depend on the
cluster richness to some extent, with the denser cores of rich
clusters being more badly affected, as is to be expected. The merging
problem will be discussed further in the following sections if thought
to affect any of the results presented there.

From the arguments presented above it has been shown that by
using a density enhancement criterion offl: 8 and the group membership
restriction n» 7, most of the groups detected by the Turner and Gott

algorithm should be real physical associations. The distribution of
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groups and clusters of galaxies in the UKST galaxy catalogues will now

be mapped.

5.3 THE ANGULAR DISTRIBULTION OF GRUUPS AND CLUSTERS OF GALAXIES

5.3.1 The SGP Region

Since five out of the eight UKST bJ plates lie at the SGP we have
an excellent opportunity of mapping the cluster distribution over a
very large area of sky (~100deg’). As described in chapter two the
photometry on each plate was zero-pointed using J3721 as a master and
comparing galaxy photometry in the overlap regions, ftogether with an
additional sequence on J1681. This mosaic therefore constitutes a
completely homogeneous dataset and hence if the same magnitude 1limit
is applied to each plate then the resulting group catalogues will
sample to the same depth. The applied magnitude limit of bJ = 20.2mag
was chosen for the reason discussed in the previous section as well as
for several other reasons:

a) Star/galaxy separation is very successful at this magnitude
{section 2.6). Although it is somewhat better at brighter magnitudes a
compromise must be made between star/galaxy separation and a faint
enough magnitude 1limit, such that a large enough volume of the
universe is sampled.

b) Isophotal effects in the galaxy magnitudes are negligible at
this limit (see chapter two). This will be an important criteria in
the following section where cluster distances are estimated using

galaxy photometry and to a certain extent models based on total



- 188 -

4 ._"9 ‘6' v ‘, -] ‘.
- * T g
¢ - ’ »
D ' ‘ D . T .
s . ‘s N tre
‘. e ¢ :
- P hd o ° ‘
- P & » R %I
S I
O Lol
‘a 4 '4’ "g
e N a & o o - -
, o bd ° ;x‘ ° E]v- °
c: ©
‘ @
« ® v
* 4 Y F ]
! O
N
.0
- « o » L)) " e ‘ »
o & s ™ P [ 4 -
L ]
t». &~ *
j . -
¥ T
" ( ' ’ ¢ - ’ [ 4 f
- . ) r ©
N ] " [ [ 14 L4 b
[} ¢ , L - h‘
- r ' ¢? L0
A e N 4 . £
v Te pr oy ), @ [
¢ . .‘ - ® * LA 7 ’ A
OD I'd .| - < " ~ »
Y 3 Pos «* ’ (X, ‘4 .‘ “s
:\ L4 " 3 - o ’ ek - X Tt
P ., q - s Py ® p'Q - o
[ 4 L4 LGRS v/ o - S wy
t .y S 'o-"-r.a' A
. : [ Plor o . . ‘ v
‘n‘s;t M D ’ s - ]
*
v&' L] * [N
L] ] - [ ] " L d . IS L]
ST = RN =
[
’ - €
. » ¢ .
! +.- L o\ .
) 9 <
[ s\ d o ¢
’ s o . el
s
L \ . ¥
. N . Y z . v P
“ .
~ L] L ]
» . pJ [ v
. . . . .:~ ‘. -
Figure 5.2a): Distribution - ',
. . o
> - o N
of groups and clusters on ¥ v . -
& L B2
. L ]
Y b
the five SGP b\J plates, X -, . 'R .
. ) - . @ L]
showing all groups with2 5 . . s’ ot s 7
AR >,
. - h ]
members. The applied . N > * . KE
.
magnitude limit is b =20.2ma » flt. A 5
J . £ 4 Qe ”~ . « ¥ Y - a
e® o - .
." - : RS
‘~ -
s o o*
a DT L
Py 8
r , ¢
‘ - "‘ . a ¢
¢ . s ® . - n‘
’ - ‘ ¢
’ * ~! -} - »
Ry . P S ) | a




N - 189 -~
P‘ ‘I 8 s < K s
o - O A . _
a
. <Al37
* e o ® 1A' $
L 4
~[1 ®AIO -
”»
-
- <" o WAWI
L4 lv“‘ Uv °
AiIS5 o N
< ®
s .
D) * s |}
YT
N £ D ® = #AQ
. A2 Y
L[]
= Ly - -
S 1
o e @
f '
- . [ - ’ D
» 1 ° »
¢ » ‘ v
Lol 7} ” ] ¢ * ,.y' ;\ -
¢ ° Y ® Wy g
D - ) Y '.‘d
¢ A & > 4 .8
XN “ t 3 P ~
‘:’ T . v,y D N2 ’ D)
E A ] R ¢ e » » -
‘ -
] [ 4] D . ® Nafy -
w ) > ¢ .
v [ ]
» E] A..( ﬁ f~
~' , ! st . D .
1} \ Q' -« * "
. 0O
. " ) v ‘: v 3
e
[ ] F ¢ L4
- . v
Figure 5.2b): As for * .
¥ ¢ e * -
figure 5.2a) but only N
groups with 2 7 members rl S f
‘ ¢
are shown. Abell clusters} < ”~
- ¢ - % L v 3
are indicated. ’ e Y
¢ Ly b Py
: » < an
4 : 4 *
: 'Y - I *
L 4
e ‘\. r o .




- 190 -

magnitudes.

Figure 5.2 shows the cluster distributions of the five DJ plates
at the SGP. As discussed 1in the previous section the density
enhancement criterion used wasﬁ = 8. In {igure 5.2a group memberships
of n» 5 are shown, in figure 5.2b only n # 7 memberships are shown.
Figure 5.3 shows the distribution for the only GSGP UKST Ce plate
R277%, to a magnitude limit of re = 18.6mag (n2 7). This distribution
can be seen to be very similar to that of J3721. This result is to be
expected, since the blue and red magnitude limits chosen gave similar
galaxy number densities and hence from the results of chapter four the
redshift distributions in bJ and Co should also be similar.

Several unusual features are present in figures 5.2a and b. For
example, large chains of groups (filaments?) can be seen stretching
from east to west and from north to west in both figures. The
similarity of figures 5.2a and b demonstrates that the possible
presence of spurious groups of small memberships (n = 5 or 6) should
not have a significant effect on the qualitative analysis carried out
in the present section. In the analyses carried out in sections 5.4
and 5.5, where the three-~-dimensional distribution of groups is
calculated, only n2» 7 groups will be considered. The number of
spurious groups will thus be minimized and the cluster distances can
be estimated more accurately (see section 5.4). This distance
information may enable the reality of the filamentary structure noted
above to be tested.

It is interesting to compare figure 5.2 with the dotplots of the

galaxy distributions to the same magnitude limit shown in figure 2.3.
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The larger clusters (of which several are Abell (1958) clusters, see
section 5.4) are easily seen in the dotplots, as well as many of the

smaller, less rich, groups which have been detected by the Turner and

P, TP - S
GULL alggoul i,

5.3.2 J5701

Figure 5.4 shows the cluster distribution of plate J5701 (n2 7).
Visually the distribution appears to be more random than those at the
SGP, however a large chain of groups can be seen in the 8SW quarter of

the plate.

5.3.3 J3390

Figure 5.5 shows the distribution of galaxy groups on plate
J3390, for n 2 7. It was shown in chapter three that this field
exhibits a large excess of galaxies between 17 < tb < 19mag, in

comparison to most other UKST b, galaxy counts. There are two possible

J
reasons for this excess. Either there is a zero-point error in the
photometry or the excess is real and is caused by a supercluster
present in this field.

In section 2.5 it was shown that with recent CCD data the
magnitude scale =zero-point on this field should be accurate to
*0.1mag. The galaxy excess 1is therefore most probably caused by &
supercluster of galaxies. This hypothesis is supported to some extent
by the fact that the faint galaxy counts on this field do line up with

those at the SGP (see figure 3.1b). Also in figure 5.5 several very

large clusters and groups of clusters can be seen, although the actual
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Figure 5.4: Distribution of groups and clusters on the UKST plate 15701,

a limiting magnitude of bJ:ZOESmag.
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a limiting magnitude of bJ=20.2mag.
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number of groups per square degree is only 11% greater than that found
at the SGP. The effect of a supercluster may however be reduced here

since the group detection algorithm normalizes to the average galaxy

ic o=
11Cn 1L 1185 C

density acrogss th

1]

e plate which in th
‘normal'. The presence of a supercluster may cause a gradient in
galaxy density across the plate and hence also explain the unusual
form of w(#) at large scales on this field (see chapter four). A
gradient can indeed be seen in figures 2.3 and 5.5

Although there are several pieces of evidence supporting the
supercluster hypothesis only measurements of actual cluster redshifts

will be able to conclusively prove the existence of a supercluster. It

will be possible to investigate the redshift distribution of cluster

0]

in this field using the methods to be described in sections 5.4 and

5.5

5.3.4 J3192/R4021

Figure 5.6a shows the distribution of groups (n2» 7) for plate
J3192. The distribution for the PF plate of the same area of sky,
R4021, is shown in figure 5.6b. The galaxy number-counts obtained from
this field show a very similar excess to those of J3390 (see chapter
three). This excess is again most probably caused by superclustering
effects since the magnitude scale zero-point is known to be accurate
to %0.1lmag (section 2.5.1). In this case we know that the Serpens-
Virgo cloud of galaxies, lying at a distance of ~'280h—1Mpc, does
indeed extend across part of this field (a very dense clump of groups

is seen in this area, towards the west side of the plate), providing a
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Figure 5.6a): Distribution of groups and clusters on the UKST plate
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natural explanation for the galaxy count excess. However, the w(#) of
J3192 exhibits no unusual characteristics at angular scales of Z !
degree that may be attributed to gradients in the galaxy density
r four). The fact that there is
an inhomogeneity apparent in the distribution of groups therefore
presents a problem, however, its angular diameter is only of the order

of 1 degree and so it may not be expected to have a significant effect

on the form of w(#) at larger scales.

5.3.5 Angular Correlation of Clusters

It has been known for many years that rich clusters of galaxies
are more strongly clustered amongst themselves than individual
galaxies (Bahcall and Soneira, 1983 and references therein). This is
an interesting observation since it is one argument against a purely
hierarchical clustering model for the large scale structure of the
universe (Shanks, 1982). An alternative viewpoint has been put forward
by Kaiser (1984) in which he suggests that the cluster-cluster
correlation function is 'boosted' by a factor that depends on the
height of the Abell cluster density detection threshold above some
universal threshold, relative to the variance in the density
fluctuations. However, Jones and Jones (1985) argue that this boosting
is not enough to explain the phenomenon and they attribute the
difference in amplitudes of the galaxy-galaxy and cluster-cluster
correlation functions to the fact that superclusters occupy a
relatively small volume of space, in which most rich clusters are

found, and most galaxies lie outside the supercluster volume (again a



non-hierarchical viewpolnt}.

The work of Bahcall and Soneira (1983) demonstrated that the
strong clustering of Abell clusters was intrinsic to the clusters
themselves by obtaining estimates of the spatial correlation function
8(r), using cluster redshifts and carrying out scaling tests (see
chapter four). It was found that the amplitude of clustering scaled as
expected between different cluster distance classes and that the
richest clusters were the most strongly clustered. More recently a
study of groups and clusters in the Lick catalogue (Seldner et al,
1977) by Schectman (1985) reveals a similar excess in the cluster-
cluster correlation function. In this case the discrepancy with the
galaxy-galaxy function is not as large as was found for the richer
Abell clusters, again suggesting that the strength of clustering is =2
function of richness.

In order to try and confirm these previous results, the angular
correlation function, w(&#), of the cluster samples obtained from the
COSMOS galaxy catalogues has been calculated. In figure 5.7a the
resulting ensemble averaged w(#) obtained (using equation 4.4) from
the five SGP UKST bJ fields is shown, for the bJ € 20.2 magnitude
limited samples. Also indicated in the figure are the w(§#) obtained
from the Abell catalogue by Bahcall and Soneira (1983) for the two
distance classes, D€ 4 and D = 5+6 and richness classes R = 1 and R2 72
for the D = 5+6 sample. It can immediately be seen that the w(&) of
the clusters obtained here is of a smaller amplitude than that of the

Abell clusters (a factor of~ 60 for the D€ 4 Abell clusters).

The mean measured redshift of the D< 4 Abell clusters used by
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function, w(@#), for the five SGP region UKST group
catalogues. The amplitude can be seen to lie between
those of individual galaxies (see chapter four) and rich
Abell clusters (Bahcall and Soneira, 1983). Error bars

were calculated from field to field variations.
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Bahcall and Soneira was Z = .069 t .025. However, it will be shown

(ox

later that the mean redshift of the cluster samples used here is Z=.1
.03 and therefore by a simple scaling argument (chapter four) their
amplliude would be expected to be ~ 0.25 times that of the D€ 4 Abell
clusters, or ~ 1.1 times that of the D = 5+6 Abell clusters whose
7 ~.16. The amplitude of the UKST cluster w(f#) is however, a factor of~
4.5 times greater than the bJ = 20mag galaxy-galaxy w(§). Using the
standard model described in chapters three and four the average
redshift of this galaxy sample is estimated to be T ~.17. Hence, by
scaling the amplitude of the galaxy w(f) to the depth of the cluster
sample the amplitude of the cluster w(f) is still a factor of ~ 3.6
greater than that of the galaxy w(f#).

Since five of the UKST plates lie in a network centred at the SGP
and form a completely homogeneous dataset (see chapter two) the
clusters in this area can be used to investigate the cluster-cluster
w(#) to very large scales. This was carried out by transforming the
coordinates of the cluster centres in each field into a single
coordinate system and w(#) was then calculated as before. The
resulting w(#) is shown in figure 5.7b. It can be seen that in this
case the amplitude of w(f#) is even higher than found previously which
is most probably caused by the fact that in the ensembled w(#) each
field was normalized to the 1local background density which has the
effect of filtering out structure on scales gféater than the field
size. This result suggests that the lower amplitude of the group
catalogue w(#) found above, as compared to the Abell cluster w(@), may

not be simply an effect of richness. Even so, the amplitude of the
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w(#) shown in figure S5.7b is still a factor of four lower than the
Abell w(f) and by similar arguments a factor of fifteen greater than
the galaxy-galaxy w(f) (also shown in figure 5.7b) when scaled to the
same depths.

The w(f) shown in figure 5.7b is again close to a power—law on
scales smaller than ~ 1 degree but at larger scales 1t apparently
breaks from the power-law form. In fact the w{f) goes negative before
another positive feature appears at scales of ~ 9 degrees which
corresponds to a spatial separation of ~ 5Oh—1Mpc at the average
distance of the cluster sample (see above). Although the reality of
this feature is difficult to establish at present, it is interesting
to note that a feature is also present at a similar scale in the Abell
cluster w(#) found by.Bahéall and Soneira (1983),

In summary, the cluster-cluster w(f) estimated here confirms the
previous results described above; that stronger correlations exist for

richer galaxy systems.

5.4 ESTIMATION OF CLUSTER DISTANCES

In this section a method of determining the approximate distance
to galaxy clusters when only photometric information is available is
described. Most distance estimators rely on an accurate knowledge of
some intrinsic property of the objects for which we wish to estimate
the distance, eg, absolute magnitude. If this property is assumed to
be the same for all objects of this type at all distances, ie, a

'standard candle', then by simply measuring the apparent value of this



property the distance to any object of this type can be estimated.
Classic examples of standard candles are the cepheid variables,
used for obtaining the distance +to nearby galaxies (Sandage and

alaxy in rich clusters (Sandage,

Tammann, 1971} and the bri
1961, 1973 ), used in studies of the Hubble diagram (see section 3.5).
Properties of the galaxy luminosity function have also been used to
estimate cluster distances, which utilize the change in slope observed
at a characteristic absoclute magnitude, M*, (Abell, 1962, Bautz and
Abell, 1973). More recently Schechter and Press (1976; hereafter SP)
have shown that the average apparent magnitude, @i, of a galaxy cluster
to some known limiting magnitude can be used as a distance estimator
and is more accurate than the single brightest galaxy method in the
case of 1less rich clustérS, They showed using a maximum likelihood
technique that as the number of cluster members increased so the
accuracy of the estimated distance also increased. They compared their
predicted redshifts with the measured redshifts of Oemlers (1974) rich
clusters and the groups of Turner and Gott described in the previous
section and found a good agreement (see section 5.4.1). Since in the
present work we are dealing with groups of the same type as Turner and
Gott and have complete photometry, this seems a useful approach to
adopt here.

The method works as follows:

Firstly, a Schechter (1976) form of the universal galaxy
luminosity function is assumed. This is defined by two parameters, the

characteristic magnitude M* and slope parameter (see chapter

three). Then for any redshift, =z, and limiting apparent magnitude,



ml. , the corresponding luminosity distance, d,_, can be calculated
im

(this is a function of cosmological model, 1ie,q, and H,j and hence

the limiting absolute magnitude M from the usual expression,

lim

M o R ) = (e o
L S, — it = 210gQ - «J {0.0)
lim lim B

where d_ is measured in megaparsecs (Mpc).
By knowing the form of the luminosity function the average
absolute magnitude, M, can then be calculated, for the galaxies

brighter than M , using two alternative expressions. Either,

lim
N
M = ( )
Mo=17% M, (5.7)
N i«
for an arithmetic mean magnitude; or
— L 7
= =2. d (~0.4M, .
M= -2 Sloglo[%\l Z ex (-0 AMl)J (5.8)

for a luminosity weighted average.

Mi < Mlim in each case and the differential LF is assumed to be
in histogram form. Once M has been calculated the apparent average
magnitude m follows from equation 5.6 (replacing M1im with M and M i
with m). If this procedure is carried out for a range of redshifts a
look-up table of @ against z can be constructed. This will be referred
to as the M(z) relation from now on. Hence by calculating @ for any
cluster in a magnitude limited sample (using equations 5.7 or 5.8, but
with Mi for the 1ith galaxy replaced by 1its observed apparent
magnitude, mi) its redshift can be simply found from the look-up
table.

It should be noted that the luminosity weighted average magnitude
is weighted towards the brighter cluster members. This method will

therefore be closer to the single brightest cluster galaxy method. In

the following sections tests will be carried out in order to determine



which method will give the most accurate redshift estimate for the

groups considered here.

5.4.1 Calibration and Accuracy of the Cluster Distances

—ats LD

The W(z) method described above is of course, model dependent. As
well as the luminosity function and cosmological model, other
parameters such as the galaxy K-corrections and their luminosity
evolution have to be considered, since both can vary M as a function
of z and hence alter the theoretical Ti(z) relation. Cosmological
effects will be small toc the 1limit of the UKST galaxy samples
considered here and so are not a c¢ritical parameter. Galaxy
.K~corrections are also well determined at the redshifts of interest
here (Z ~.15) and evolutionary effects are also thought to be small at
these redshifts (see chapter three for a detailed discussion).
Assuming that these parameters are well enough determined and have
only a small effect on the modelled f(z) relation, then the luminosity
function 1is the only remaining unknown. Hence, by comparing the
modelled m(z) relation to an observed W(z) relation it should be
possible to discriminate between various types of luminosity function.
In chapters three and four two ‘'extreme' luminosity functions, which
reasonably cover the range of observed 1luminosity functions, were
considered 1in modelling the galaxy number counts and correlation
function scaling relation. These were the luminosity function of the
Second Reference Catalogue (the standard luminosity function) and that
estimated from the DARS survey. If the TWW(z) relation could

discriminate between these two 1luminosity functions then the



number-magnitude counts could be used to place much tighter
constraints on galaxy luminosity evolution and q, (see chapter three).
This analysis is carried out in sections 5.4.2-5.

For simply estimating a cluster's redshift an empirical m(z}
relation, obtained by fitting a curve to the observed fi(z) relation of
several clusters of known redshift, could be used. This empirical
relation may then be converted into a look-up table in a similar
manner to that of the modelled ®M(z) relation. One disadvantage of this
method is that clusters of known redshift are required that cover the
entire range of redshifts that may be encountered in the group
catalogues. Fortunately, several cluster studies have been made at all
redshifts of interest here and are discussed in sections 5.4.2-5
below.

The accuracy of the TW(z) method can be estimated from the
dispersion of the observations around the fitted line for both the
empirical and modelled fi(z) relations. SP showed that for the Turner
and Gott (1976) groups the dispersion around their prediction for
radial velocity was found to be"~"750kms_l (Az€£.01) up to a redshift of
0.2 (~9000kms—1). The accuracy for Oemler's rich clusters was somewhat
better, as expected, due to their larger memberships.

In their study SP used all of the available photometry for each
cluster (so long as it was complete) in order to define T, applying a
different m, . to each cluster. However, in the present work a single

lim

m1im has to be set in order for the Turner and Gott algorithm to be

applied to the galaxy catalogue and hence only photometry to this ™

may be used to calculate Wm. This means that to obtain a meaningful
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estimate of the uncertainty in redshift of the groups detected here

the calibrating clusters should also have the same m_

. applied to
lim PP

each one. This procedure 1is carried out in the following sections
where observations from several cluster studies are used to test the
accuracy of the fi(z) method, calibrate the MM(z) relation and obtain
constraints on the form of the galaxy luminosity function (LF). In
some of these studies both cluster photometry and redshifts are
available (sections 5.4.2-4) whereas in others COSMOS photometry of
clusters of known redshift, which have also been detected by the
Turner and Gott algorithm in the COSMOS datasets, is used (section
5.4.5). The second method will give a better estimate of the accuracy
in redshift of the groups studied here, since the calibrating clusters
have been detected by using the same method as those comprising the
group catalogues and the resulting m will be uncorrected for the
effects of projection, merging and star/galaxy separation errors. The
first method will be of greater use in obtaining constraints on the

galaxy LF as discussed above.

5.4.2 The Durham/Anglo-Australian Redshift Survey (DARS)

This complete redshift survey (to bJS 16.75mag) has been
undertaken by astronomers at the University of Durham and the
Anglo-Australian observatory. Observations were made in five well
separated, high galactic latitude, fields in both the northern and
southern sky, in order to obtain as fair a sample of galaxies as

possible (see Bean, 1983 for a complete description of this analysis).

Cone-plots in redshift space reveal many groups and clusters in the
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galaxy distribution. Since complete photometry and redshift
information is available to the magnitude limit shown above these
clusters offer an excellent opportunity of testing the @M(z) method.

Figures 5.8a, b and ¢ demonstrate the three alternative methods
of redshift estimation discussed in the previous two sections, using
the DARS galaxy photometry. Firstly, in figure 5.8a the apparent
magnitude of the brightest galaxy in each cluster 1is plotted against
its measured redshift. Also shown is a model relation based on an
absolute magnitude Mbr = -22.4 for the brightest cluster membher.
Although showing a steep slope (and hence good redshift discrim-
ination) there is a large scatter, most probably due to the clusters
here being very loose and irregular (unlike the rich clusters used in
the Hubble diagram where a much tighter relation is seen). The richest
DARS clusters indicated in figure 6.8a do indeed show a tighter
relation. From figure 5.8a the standard deviation of the differences
between the observed and estimated values of log cz is found to be
0.142 corresponding to an uncertainty of ~39% in the predicted value
of z at these redshifts.

In figure 5.8b the arithmetic mean magnitude, m, of each cluster
is plotted against its measured redshift. This can be seen to be a
tighter relation than figure 5.8a although it has a less steep slope.
This is to be expected since at large redshifts all galaxies in the
cluster will be close to the magnitude limit of the sample, hence as

, m-»>m . . In this case the standard deviation calculated as

Z —» 00
lim

above is found to be 0.148 corresponding to an uncertainty of ~ 41% in

the predicted redshift (using the DARS model described below). This is
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very close to the error of the brightest galaxy estimator. However,
most of this error is caused by the flat slope of the f(z) relation au
large redshifts (ie, where a small change in ® produces a large change

he scatter is smaller and

in estimated redshift). At small redshi
here the redshifts can be more accurately determined than by using the
single brightest galaxy.

Finally, in figure 5.8c the luminosity weighted average magnitude
is plotted against each cluster's measured redshift. In this case the
scatter is seen to be similar to that of figure 5.8b. The standard
deviation calculated as above is found to be 0,125, corresponding to s
redshift uncertainty of~33% (again using the DARS model described
below).

The above tests demonstrate that for the DARS clusters the
luminosity weighted average magnitude gives a slightly more accurate
estimate of cluster redshifts than either the single brightest or
cluster mean magnitude methods. However, due to the similarity of the
observed fM(z) relations in figures 5.8b and ¢ further tests will be
carried out in the following sections in order to determine which
method will give the best estimate of redshift for the groups detected
in the COSMOS datasets.

Also shown in figures 5.8b and ¢ are two models obtained using
the standard and DARS LF's discussed in detail in chapter three and
above. In both models the same LF was assumed for each galaxy type,
the mix of types being taken from the DARS itself. It was found that

compared to the differences caused by changing LF's in the models

reasonable changes in the galaxy mix had little effect. From figures
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5.8b and ¢ it can be seen that the DARS LF model produces the best fit
to the observed Mm{z) relation. This result is to be expected since the
galaxy sample used to estimate the DARS LF contained all of the
galaxies present in the DARS c¢lusters. However, this result does
indicate that the field and cluster LF's, at least in the DARS survey,

are similar and demonstrates the power of the TwW(z) relation in

discriminating between various forms of the galaxy LF.

5.4.3 Dressler's Rich Cluster Sample

Photographic photometry of twelve very rich clusters of galaxies
was carried out by Dressler (1978a, b) at the Lick Observatory, in za
study of their luminosity functions and dynamics. Photometry was
carried out in an F péssband which can be converted to re using
equation 3.1. This enables the m(z) relation to be calibrated in the
FF passband. Dressler's clusters have measured redshifts in the range
0.04< 2z <0.18, which is of a similar range to the expected cluster
redshifts of a UKST T sample limited at 18.0Omag. The arithmetic mean
magnitude and luminosity weighted m for each of Dressler's clusters
will therefore be calculated to this magnitude limit. In fact, as was
found in the previous section, the resulting m(z) relations using the
mean m and luminosity weighted m were very similar. Therefore only the
luminosity weighted m(z) relation will be presented in this section
and is shown in figure 5.9. Again, two model predictions are shown
which assume the same parameters as those in figures 5.8b and c. Since
Dressler measures total magnitudes his photometry should be comparable

to these model predictions which also assume total magnitudes.
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section 5.4.



An inspection of figure 5.9 shows that the standard LF gives the
best fit tc the observed m(z) relation. The mix of galaxy types usea
here was that derived from the DARS survey (see chapter three) which
is not strictly applicavle here, since we know that these clusters are
mainly composed of E/SO galaxy types (Dressler, 1978a). Therefore, two
further models are shown which assume only E/SC type galaxies, but
otherwise the same parameters as before. The effect of this change in
mix is to lower the predicted M(z) relation, which brings the standardg
LF model into better agreement at small redshifts and slightly worse
at high redshifts. The standard deviation of the differences between
the observed and estimated values of log cz 1is found t©o be .05
corresponding to an uncertainty of ~15% in the predicted values ol z.
By wusing the arithmetic mean TW(z) relation a somewhat larger
uncertainty of ~20% was obtained. This result demonstrates that the
luminosity weighted m(z) relation gives a more accurate redshift
estimation, mainly due to its steeper slope, than the arithmetic m(z)
relation (see also section 5.4.2). The greater accuracy of the
estimated redshifts found here compared to those of section 5.4.2 is
caused by the clusters here being richer than those of the DARS
survey. The larger number of galaxies present 1in these clusters
therefore represents a much fairer sample of the LF and hence W is
calculated with greater accuracy. Unfortunately, no bJ photometry is
availlable for Dressler's clusters, but other clusters have been
observed 1in the bJ passband in this redshift range and will bpe
described in section 5.4.5.

The m(z) relation shown in figure 5.9 gives a graphic demon-

stration that most of these clusters have similar luminosity
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functions. However, two clusters, at redshifts of 0.077 and 0.129, do
lie well away from the mean trend. These clusters were indeed found by
Dressler to have deviations from a universal M* in the 3-4¢ range.
he clus ' can deviale Dby this amount from a universai

Fyvon
Lven

if the
form, the small error in the predicted redshifts quoted above

demonstrates that the use of the M(z) relation as a distance estimator

is worth pursuing.

5.4.4 Couch's Distant Cluster Sample

A study of distant rich clusters has been undertaken by Couch
{1981). This includes a sample of fourteen clusters with a range 1in

redshift,; 0.2<z<0.4. Complete photometry is availabie in both bI and

re and so these clusters allow the calibration of the m(z) relation in
both passbands to high redshifts where the models calibrated using the
low redshift samples become uncertain. Couch measures Kron type
'total' magnitudes (see section 2.7) and so his #M(z) relation is
directly comparable to the model predictions. He has made accurate
reddening corrections by observing the field galaxy colour
distributions around each of the clusters and therefore hisgs results
should be absorption free. Again the Ti(z) relations calculated using
the mean magnitude and luminosity weighted average magnitude were very
similar and so only the latter will be discussed here. The resulting
m(z) relation to a limit of re = 20.5mag is shown in figure 5.10. Due
to these clusters' high redshifts a fainter magnitude limit than that
applied to the Dressler sample was chosen in order to bring these

clusters onto the steeper part of the W(z) relation and hence make

discrimination between the two alternative LF's possible. The Dressler
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clusters are not shown here since his data 1is incomplete at this
fainter magnitude limit.

Also shown 1in figure 5.10 are the models described 1in the
pirrevious Lwu sections. In this case, however, they are shown with and
without evolution, since evolution has a considerable effect at these
redshifts. The amount of evolution assumed in the models is that which
gave the best fit to the n{m) counts discussed in chapter three. This

amounts to a luminosity evolution of AM~ -1z in the r_ passband and

F

the evolution of equation 3.10 in the bJ passband {(see below). It can

)

be seen from an inspection of figure 5.10 that the spread in the dat:

¢

is really too large to allow very tight constraints to be made. Th

0]

best fitting models are either. the DARS LF with no evolution or the
standard LF assuming evolution. This later model would be more
consistent with the results of the previous section.

The Couch cluster sample will now be used to calibrate the m(z)
relation in the bJ passband. Here a magnitude limit of bJ = 22.5mag
has been applied and the resulting fi(z) relation is shown in figure
5.11. At this deep magnitude limit (as was also the case at brighter
limits, for the reasons discussed above) it is again difficult to pin
down the best fitting model. However, it can be seen that the b./T miz)

relation is consistent with that obtained in the PF passband and

also apply in b .

therefore the best fitting models found in re J

It should be noted here that whatever LF is assumed in the bI
passband, if no evolution is assumed then the highest redshift

clusters lie systematically below the model predictions. This result

may therefore be consistent with the observation of luminosity
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evolution in these clusters made by Couch (1981) and that observed in
the n(m) counts (chapter three). Since <clusters at these high
redshifts will not be encountered in the UKST group catalogues this
amcunt of cvolution reguired in the models will not
affect any of the following results.

The redshift errors estimated, as in sections 5.4.2 and 3 for the
Couch cluster sample, are as follows:

For the Cp € 20.5mag limit the uncertainty is «~ 17% for the
luminosity weighted m, compared to ~21% uncertainty for the arithmetic
mean method. For the bJ$ 22.5mag limit the uncertainty is ~18% for the
luminosity weighted @ method, but in this case the arithmetic mean
method gives a slightly better uncertainty of ~15%. From the point of
view of the Couch clustef sample there is therefore little advantage
in using either the arithmetic mean magnitude or luminosity weighted
mean magnitude as the redshift estimator. However, together with the
results of the previous two sections there is a tendency for the
luminosity weighted M method to give slightly more accurate redshift
estimates due to the steeper slope of the M(z) relation in this case

(ie, a small error in m produces only a relatively small error in

redshift).

5.4.5 COSMOS Photometry of Clusters of Known Redshift

a) Rich Clusters

The above observations presented in sections 5.4.2-4 test the
M(z) relation assuming that the cluster membership is known a priora:.
These clusters have also been corrected by the authors for con-

tamination (statistically, by subtracting the field counts from
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adjacent areas of sky), merged images and star/galaxy separation
errors. In the present work the application of the Turner and Gott
group detection algorithm in order to detect clusters means that none

of *the

f the a n be corrected {or a priori and so the true
error in the estimated redshifts may be larger than those found above.
Fortunately, several rich clusters are present on the UKST fields
studied here which have had their redshifts measured, either by other
authors or especially for the present work. These clusters will allow
the accuracy of the group detection and redshift estimation to be
directly tested. This cluster sample is listed in Table 5.1.

0f the six clusters observed especially for the present work,
three are Abell clusters (A118, A2066 and A2082), the other three
being rich clusters present on the SGP plates J3721 and J4606. The
observation of A2066 was made during the AAT observing run of Boyle et
al (1985). The reduced spectrum for this new Abell cluster observation
is presented in Appendix A. The cluster redshift was calculated simply
by measuring the observed wavelengths of the characteristic 4000 Kk (at
rest) H and K break and several other prominent lines in the galaxy
spectrum (see Appendix A). This method already enables the redshift tc
be calculated to far greater accuracy {(A4z~.005) than the f(z) relation
allows, so the more sophisticated cross-correlation techniques were
not thought to be worthwhile in this case.

The other five rich clusters were observed during the observing
run of Metcalfe et al (1985) on the 74 inch reflector at the South
African Astronomical Observatory (SAAO). The reduced galaxy spectra
are presented in Appendix A. In this case the galaxy redshifts were

estimated by Metcalfe et al using a cross-correlation technique.



—(lum.

M yeighted) mlarithmetic) z Eobjectiv?
Field Cluster Number (mlim = %O.Z) (mlim = 20.2) observed z(m) z(ﬁL) z( prism RA (19%0.0) Dec. Reference
s OP h m s o} i "
SGP 1 All8 18.306 19.005% 111 .110 087 00 53 03 -26 39 48 PWb
2 Al22 18.404 19.093 .113 .118 092 .10% - .145 00 55 -26 33 DARS
3 0049-288 18.451 18.780 .111 .086 096 .12 - .17 00 48 58 -28 46 26 PWb
4  0050-297 18,378 19.136 .113 .125 .091 .152 00 50 33 -29 39 01 PWb
J1916 5 Al140 18.904 19.191 .159 .134 .135 01 02 -24 14 SGH
J4606 6 0047-295 18.517 19.058 .110 .115 .100 .105 00 46 42 -29 46 00 MGD(op),PWb
J3192 7 A2048 18.260 18.732 .095 .082 .085 15 13 04 34 HMS
8 A2050 19.133 19.279 .118 .146 .160 15 14 oc 17 SRS
9 A2066 19.017 19.267 .118 .145 .14% 15 21 30 01 16 02 PWa
10 A2082 18.113 18.876 .086 .094 .077 15 28 09 03 39 53 PWb
References
SGH: Schneider, D.P., Gunn, J.E., and Hoessel, J.G., 1983. Astrophys. J.,264, 337
MGD: MacGillivray, H.T., and Dodd, R.J., 1979. Mon. Not. R. astr. Soc., 186, 743
HMS: Humason. M.L., Mayall, N.U., and Sandage, A., 1956. Astron. J., 61, !
SRS: Sarazin, C.L., Rood, H.J., and Struble, M.F., 1982. Astron. Astrophys.., 108, L7 x
DARS: Brightest cluster galaxy is present in the Durham/AAT redshift survey (Bean, 1983) ©
PW: Present work, a = AAT, b = SAAO, see section 5.4.5. '
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The M(z) relation for this cluster sample (to a magnitude limit
of b_ = 20.2mag; chosen for the reasons discussed in section 5.3.1) is
shown in figures 5.12 and 5.13, for the luminosity weighted m and
neain m respectively. Also shown are modelled m(z) relations
which assume the same parameters as those discussed in the previous
sections. For this particular cluster sample it can be seen that the
different methods of constructing M do not give very similar observed
M(z) relations. In particular it can be seen that the rich clusters on
the SGP region seem tc be brighter than any of the model predictions
in figure 5.12, but lie on the DARS model in figure 5.13. It 1is
important to find the cause of this discrepancy since it will affect
the estimation of the error in redshift of the m technique. It should
firstly be noted that the effect cannot be caused by zero-point errors
in the SGP magnitude scale since this would affect both figures 5.12
and 5.13 in the same way. The fact that the luminosity weighted T is
biased towards the brightest cluster members and that these m's are
too bright, suggests that for these clusters the bright end of the LF
may not be approximated by a Schechter form. This was indeed found to
be the case in a study of the cluster LF's, where it was found that
all of the discrepant clusters had an apparent excess of bright
galaxies. Indeed, if the brightest member in each cluster was removed

then their WM's moved onto the standard LF model in figure 5.12.

However, this effect cannot be simply due to rich clusters having a

non-Schechter LF since the Dressler and Couch clusters are of =a
similar richness to those observed here and they fit the modelled #(z}

relations very well. In a closer investigation of the brightest
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cluster members of the SGP clusters all of them were bright galaxies
that had been merged together by the COSMOS machine software (see
chapter two). The problem of merged images will be much greater
here than in the more cummon, less rich, clusters present 1in
the group catalogues because of the high surface density of galaxies
in the rich cluster cores. Taking into account merged objects made the
luminosity weighted m fainter by ~ 0.1 - 0.2 magnitudes, which 1is
glmost enough to put the SGP clusters onto the DARS model relation.
Some residual effect may be caused by the COSMOS magnitudes of merged
images being even brighter than the sum of the individual objects.
Since the arithmetic mean magnitude is biased towards fainter galaxies
none of the above effects will greatly affect this m and hence this
explains why the clusters lie on the DARS model in figure 5.13. Since
this model also fits the other clusters in the rich cluster sample
rather well it will be adopted as the ‘'empirical' f{z) relation in the
bJ passband. It was also found that even though this did not give the
best fit to the Dressler data, it did give a consistent fit to the
observed m(z) relation for this rich cluster sample in the re
passband. For consistency this model will therefore also be adopted as
the ‘'empirical' #(z) relation in the re passband. Further
justification for this assumption will be given in section 5.5.

The redshift errors estimated for this rich cluster sample are
~20% for the luminosity weighted M (figure 5.12) and ~17% for the
arithmetic mean ™ (figure 5.13). These results suggest that the

arithmetic m may be a slightly better estimator of cluster redshifts

in this case. However, since most of the error in figure 5.12 1s
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introduced by the rich SGP clusters, the luminosity weighted m may
still be a better estimator of redshift for the mainly small groups
studied here, since the predicted M(z) relation is steeper in this
case. Thig is in fact found tc be the case in parl b)) where the miz)
relation for a more representative sample of groups is investigated.

As well as the above rich clusters, three galaxies from the DARS
survey are present on the UKST plates J3721 and J4606 and lie within
the area of a detected cluster on these fields. Assuming that these
galaxies are cluster members the DARS redshift can be used as an
estimate of the cluster redshift. The three galaxies have redshifts of
.059, .040 and .058 and their ™ redshifts are .077, .066 and .046
respectively. These clusters are plotted as triangles in figure S.12.
0f course these relatively bright galaxies may be projection accidents
which will then have redshifts very different from the W redshift.
This effect is indeed noticeable in figure 5.12. It should be noted
here that one of the rich clusters discussed above {(Al122) has also had
its redshift estimated from that of a DARS galaxy. However, due to the
central position of this ¢D galaxy in the cluster it 1is almost
certainly a member and has thus been included in the rich cluster
sample. The large uncertainty of ~40% in the @ redshifts obtained
using the other DARS galaxies supports the projection hypothesis and
so this result should not be regarded as representing the true
uricertainty in the M(z) method.

Finally, the m estimated redshifts for several of the rich

clusters may be compared with those estimated from objective prism
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spectra by H.T. MacGillivray (see Cooke et al, 1983 for a review of
the objective prism technique). These redshifts are listed in Table
5.1. Unfortunately, only four clusters in the rich cluster sample have
had their redshifts estimated in this manner. The estimated redsnifit
uncertainty of the objective prism technique for these four clusters
is~16%. This is slightly more accurate than the 20% quoted above for
the rich cluster sample using the m(z) method. However, if only the
four clusters are considered that have objective prism redshifts then
the m(z) uncertainty is only ~10% and may therefore, in fact, be more
accurate than the objective prism technique. More of the clusters
listed in Table 5.1 need to have their objective prism redshifts

estimated in order to confirm this result.

b) Calibration of Cluster Distances on J3192

In order to obtain a larger sample of more representative clusters
of known redshift which have also been detected by the Turner and Gott
group detection algorithm in the UKST galaxy catalogues, twelve
clusters present on the UKST plate J3192 have been observed. These
observations were made at the same time as those of the rich clusters
discussed in part a) and exactly the same techniques of observation
and data reduction were applied in this Casé. The reduced spectra for
these newly observed galaxies are presented in Appendix A. The
observed clusters were chosen to have as large a range in redshift and
richness as possible so that the W(z) relation could be calibrated in
the bJ passband and a meaningful estimate of the accuracy of the

method could be obtained. Together with the four Abell clusters of



known redshift (Table 5.1) a total cluster sample of sixteen clusters
is present on this field. Details of this cluster sample are given in
Table 5.2.

The resulting luminosity weighted Wm{z) relation
clusters is shown in figures 5.12 and 5.14, to limiting magnitudes of
20.2 and 20.8 in bJ respectively. Figure 5.14 contains the whole
sample of sixteen clusters since the limiting magnitude of 20.8 in b‘J

was the original limit chosen for this sample. For a comparison with

the results of the previous section a magnitude limit of 20.2 in b

<

;
has also been applied to the J3192 dataset, however, as can be seen
from figure 5.12 and 13, five of the original clusters were not
detected at this brighter limit (at least with 27 members).

It can be seen from an inspection of figures 5.12-14 that the
observed m(z) relation of the J3192 clusters is in close agreement
with the DARS model at low redshift and the standard model at higher
redshifts. This comparison implies that a LF somewhere between these
two 'extreme' cases would probably be more appropriate. In fact, such
a LF could not be ruled out by any of the W(z) relations presented in
sections 5.4.2-5 and is therefore probably the most realistic model.
However, the DARS LF model, assuming no evolution, gives the best
overall fit to the bJ = 20.2mag limited sample and so, since all of
the group catalogues have also been limited at this magnitude, this
will be adopted as the empirical fi(z) relation in the bJ passband (a
result also found in part a).

The redshift uncertainty for the J3192 cluster sample (all sixteen

clusters to a limit of bI = 20.8mag) was found to be ~ 37%. This

v
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No. m (b, = 20.8) Telescope z(observed) z(m, DARS) R.A. Dec.

limit model

1 18.437 AAT .076 .08 15 24 46 +01 38
2 18.982 " .088 .113 15 19 02 +02 44
3 17.427 " .087 .049 15 18 48 +02 42
4 19.127 " .110 .124 15 24 20 +01 01
5 19.035 " .103 .116 15 15 15 +03 16
6 18.606 " .050 .089 | 15 17 53 +01 22
7 19.627 " .159 .175% 17 23 39 +01 57
8 18.712 " .126 .096 15 26 10 +01 30
9 20.250 " .187 .280 15 15 09 +03 36
10 19.745% " .136 .193 15 23 22 +01 52
11 19.408 " .126 .150 15 22 06 +02 36
12 18.523 74"SAAQ .084 .084 15 25 26 +03 32
13 A2066 19.436 See Table 5.1 .118 L1545 See Table 5.1

14 A2082 18.525 " .086 . 085 "

15 A2048 18.379 B .095 .078 "

16 A2050 19.404 ' .118 150 "

6cc
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estimate may, however, be pessimistic since if only the twc most
discrepant points are removed from figure 5.14 the error is reduced to
only ~ 25%. For this cluster sample the luminosity weighted @ gave a
smaller redshift error than the arithmetic mean method, for the
reasons discussed in the previous sections. The luminosity weighted
will therefore be adopted as the group redshift estimator for the
groups detected here, since the cluster sample considered in this
section is representative of those in the group catalogues. The error
quoted above is still a somewhat larger error than that found in the
previous sections which is most probably caused by the clusters here
being less rich.

The redshift uncertainty found above corresponds to a luminosity
distance of'4100—150h—lMpc, at the redshifts of interest here (Z~.15),
which is close to the measured dimensions of most superclusters (Oort,
1983). Structure on smaller scales will therefore be difficult to
detect using the present method. The main aim of this chapter was,
however, to obtain constraints on the largest scale of inhomogeneity
in the universe and structures on scales 100h_lMpc should be
detectable. We shall therefore continue in the following section by
looking at the redshift distributions of the UKST cluster catalogues

shown in figures 5.2-5.6 in section 5.3.

5.5 THE SPATIAL DISTRIBUTION OF GROUPS AND CLUSTERS OF GALAXIES

Using the calibrated w(z) relation described in the previous

section {(to a limiting magnitude of bJ = 20.2mag) redshifts may be
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estimated for all of the groups and clusters present in the UKST group
catalogues constructed in section 5.3. The resulting redshift
distribution, n(z), of <clusters can then be used tc 1look for
large-scale structure in the galaxy distribution and hence set some
constraints on the largest scale of inhomogeneity in the universe.
Since the average magnitude, M, is used as the redshift estimator then
the distribution of cluster m's should directly reflect the actual
redshift distributions. The n(f) distribution for each group catalogue
will therefore alsc be presented in the following sections. By
comparing these with the m{z) distributions the errors caused by
converting m te z using the model m(z) relation and the consequent
binning of the data can be estimated. In order to have a clearer idea
of the actual distribution of galaxies in redshift space the n(z) and
n(fM) histograms can be weighted by the group memberships. In the

following sections four histograms will therefore be plotted for each

group catalogue (for group memberships n 2 7); the distribution of
cluster angular diameter distances, n(d), (calculated from n(z)}), the
distribution of cluster W's, n(f), and each of these weighted by the

group memberships.

5.5.1 The SGP Region

Figures 5.15 to 5.19 show the distributions described above for
each of the SGP region plates J1920, J1916, J3721 (and R2775), J4606
and J1681 respectively. For J3721 which overlaps several of the other
plates to some extent (see figure 5.2) only the distributions obtained

for the non-overlapping area are shown. All of the distributions are
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seen to exhibit peaks and troughs which may be indicative of large
-1 . .
scale structure on scales of ~100-200h Mpc, but the statistical

significance of these features is hard to establish. However, since at
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a projected diameter of'VlOOh—lMpc, structure on scales larger than
this would be expected to overlap several of the SGP plates. The five
plates in the SGP region can therefore be ensemble averaged in order
to reduce the statistical noise present on one field. The resulting
distributions are shown in figure 5.,20. This procedure may of course
be an oversimplification, since we may be seeing the edge of =z
supercluster in one field that is not present on the others. The truth
of this hypothesis 1is tested to some extent by considering the
sampling errors (also shown in figure 5.20) calculated from field-to-
field variations. Although these are rather large, they are probably
not large enough to explain the features seen in the distributions as
statistical fluctuations. 1t can also be seen that several of the five
distributions shown in figures 5.15-5.19 are gqualitatively similar to
figure 5.20. The persistence of the peaks in these summed
distributions can therefore be regarded as tentative evidence for
their reality.

By similar arguments to those presented above a single UKST plarte
has a projected diameter (at Z~.15) of ~ 30h~lMpc. Unfortunately,
therefore, the error of the Mm(z) redshift estimator is too large to
resolve structure on scales smaller than the plate size and hence the
reality of the interesting linear features noted in section 5.3 cannot,

at present, be tested.
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A test of the methods employed here can be obtained by comparing
the n(Mm) distributions (weighted by group memberships) of UKST plate
R2775 with those of J3721 which cover the same area of sky. Since the
n{m}

dis tions are constructed using only the measured mM's they

=1

11

will be independent of the uncertainties in the models used to convert
i to distance. The two n(fM) distributions shown in figure 5.21 are
seen to be qualitatively very similar. This result was to be expected
since the magnitude limit of each sample was chosen such that each
should be sampling to the same depth. This comparison does, however,
demonstrate that the results are reproducible for measurements of
plates taken in different passbands and shows that the peaks in the
distributions are not just artefacts of the data reduction procedures.

The consistency of the fi(z) models in the b and re passbands can

J
be tested by considering clusters that have been detected on both
J3721 and R2775 and comparing their predicted redshifts found using
the best fit ‘'empirical' models described in section 5.4.5. This
comparison is shown in figure 5.22. The agreement between the b‘J and
re estimated redshifts is good evidence towards the applicability of

the models at least over the range of redshifts of interest here.

5.5.2 J5701

3

Shown in figure 5.23 are the distributions in distance and @ for
the groups detected on plate J5701. In this case the distribution
appears to be smoother than those of the SGP region. A similar effect
was noted in the two-dimensional distribution of this group catalogue

described in section 5.3.2. However, it is interesting to note that
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the n(d) distribution is qualitatively similar to that of the SGP

-1
region, showing five peaks separated by ~ 100-200h "Mpc.

£.5.3 J3390

This field was noted in chapters three and four and section 5.3.3
possibly to contain a supercluster of galaxies. The distributions
shown in figure 5.24 (obtained from a sample at the same magnitude
limit as the SGP samples) do in fact have a smaller median angular
diameter distance (~260h—lMpC) than those of figure 5.20 (~340h—lMpc)
which have been shown to be a representative sample of the universe
(see chapters three and four). This result may therefore be
interpreted as further evidence of a large scale inhomogeneity in the

galaxy distribution of this field.

5.5.4 J3192/R4021

This field was noted previously to contain part of the Serpens-
Virgo supercluster. The distance and @™ distributions are shown in
figure 5.25a. It is interesting to note that the distributions for
this field are qualitatively very similar to those of J3390,
exhibiting a closer median distance than the SGP and J5701 areas (this
result is also obtained from the R4021 distributions shown in figure
2.25b). The fact that a supercluster is known to exist on J3192 there-
fore lends support to the hypothesis that a similar supercluster 1is
also present on J3390, due to their similar n{z) distributions and

number counts (chapter three).
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5.6 CONCLUSIONS

The conclusions of the present chapter may be summarized s

ol lawa:
1CLi0WS !

a) By applying the Turner and Gott (1976) group detection algorithm
to the UKST galaxy catalogues of chapter two unbiased catalogues of
galaxy groups and clusters have been constructed. It has been shown
that by applying a surface density enhancement,‘f = 8, and group
membership restriction n27 at least 80% of all groups should be real

physical associations.

b) The two—dimensional distribution of groups reveals large
agglomerations of groups (superclusters?) and chains of groups. These
chains are reminiscent of the filamentary structure noticed in the
large-scale distribution of galaxies in the Lick catalogue (Moody et
al, 1983). Unfortunately, the group distance estimator (see f) below)
is not accurate enough to resolve structures on scales smaller than
the plate size, at the redshifts of interest here, and so the reality

of these features is hard to establish.

c¢) The angular correlation function of groups has an amplitude
approximately ten times larger than that of the galaxy-galaxy w(#) of
the same average depth. The amplitude is, however, smaller than that
of the Abell cluster correlation function scaled to similar depths.

This result is therefore consistent with the results of Bahcall and
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Soneira (1983), who showed in a study of Abell clusters that stronger
correlations existed for richer galaxy systems. Since most of the
groups studied here are less rich than Abell clusters the amplitude
would therefore be expected to be smaller than even the least rich

Abell clusters, as is indeed seen to be the case.

d) The luminosity weighted average magnitude, M, has been shown to be
a useful approximate distance estimator for groups of galaxies, giving
a typical error of ~30%. This error is a function of group richness,

the distance to richer groups being more accurately determined.

e) In modelling the m(z) relation it has been shown that the galaxy
cluster LF most probably lies somewhere between the two 'extremes'
considered in chapters three and four, ie, between the standard
reference catalogue LF and the DARS LF. This result is therefore
consistent with those of chapters three and four, and also suggests
that the cluster and field LF's may be similar. If the LF does in fact
lie between the standard and DARS LF's then the results of chapter
three suggest that q €1 and galaxies have undergone a mild luminosity

evolution, AM€ -2.0z in the re passband.

f) The group redshift distributions seem to reflect the properties of
the n(m) relations obtained for the various fields studied here.
Fields with excess counts at intermediate magnitudes (J3192, J3390)
have a slightly closer median redshift than more ‘'normal’ fields, to

the same magnitudes limit. Unfortunately, the accuracy of the cluster
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distance estimator is not good enough to resolve structure on scales

SlOOh—lMpc. However, tentative evidence tfor structures on scales of
-1 . )

~100-200h "Mpc have been observed at the SGP where the statistical

PO W J S I T o - R '
1, uile Jis Ll Lbubl()llb n trive adjacernt

errors nave peen reduced by summii
fields. The peaks present on other individual fields are difficult to

interpret since the statistical fluctuations are difficult to

estimate.



- 252 -~

CHAPTER SIX

THE ORIENTATIONS OF GALAXIES AND CLUSTERS

6.1 INTRODUCTION

In chapter one the most recent theories of galaxy formation were
discussed and it was noted there that the orientations of galaxies
within clusters may reflect in some way the conditions present at the
time of galaxy formation. To recap briefly; if galaxies formed before
clusters in the early universe then the orientations of galaxies are
expected to be quite random. However, if clusters formed before
galaxies then the ﬁprmation mechanism may well have given rise to
preferred alignments, both of galaxies within clusters and of clusters
themselves within superclusters (cf, Sunyaev and Zeldovich, 1972; and
section 1.3).

In this chapter the distribution of galaxy and cluster orien-
tations in the .UKST group catalogues obtained in chapter five are
analysed. The main advantage of these cluster samples over those used
in previous studies is that they were selected in an objective and
unbiased way. It is hoped that in studying both the distribution of
galaxy orientations within these clusters and the distribution of
cluster orientations themselves, we may be able to distinguish between
the two scenarios mentioned above. This approach to the study of
galaxy formation complements that of chapter five and the statisticai

analysis of chapter four by considering the internal structure of



- 253 -

clusters rather than their spatial distributions. It will be
interesting to see if the results obtained here are consistent with
those obtained in these other quite independent tests.

An outline of the chapter [ollows. In section 6.2 the method ot
measuring the orientation of a galaxy with the COSMOS machine 1s
discussed. The resulting distributions of orientations for the UKST
galaxy catalogues are then presented and discussed with reference to
previous estimates of the field-galaxy orientation distribution
obtained by visual measurements. In section 6.3 the statistical tests
carried out on the galaxy orientation distributions within the
clusters present in the UKST group catalogues are discussed and the
results obtained presented. In section 6.4 the ellipticrty
distribution of the.clusters is analysed. Finally, in section 6.5 the
statistical analyses are continued with a study of the orientations of

the clusters themselves, both on large and small scales. This chapter

is concluded with a summary of the results in section 6.6.

6.2 THE MEASUREMENT OF GALAXY ORIENTATIONS

Before automatic machine measurements became available various
workers had found preferred alignments of galaxy position angles over
large areas of sky (Brown, 1964, 1968; Nilson, 1974). Brown's data,
especially, has been the subject of much re-analysis (Reinhardt, 1972;
Hawley and Peebles, 1975; Edalati, 1976) and the results indicate that
the original supposedly statistically significant peaks 1in the

distributions were the results of systematic errors and psychological



- 254 -

effects (Opik, 1968; Holmberg, 1946). It has therefore been concluded
that the distribution of field-galaxy orientations over large areas of
sky shows no tendency towards preferred angles.

By using automatic measuring techniques not only are vast numbers
of galaxy orientations obtained relatively quickly but most of the
errors caused by visual measurement are eliminated. With the COSMOS
measuring machine the orientation, ¢, and major and minor axes, a and
b, of every image on the plate are output as three of the eighteen
Image Analysis Mode (IAM) parameters (see section 2.3). &, a and b are
calculated using the method of moments on the image pixel distribution
(Stobie, 1980). Both intensity weighted and unweighted parameters are
obtained. However, only the intensity weighted parameters are used in
the present analysis. These will be the most accurate since they are
less affected by noise in the outer image pixels. The ellipticity and
orientation of galaxies measured by COSMOS gives excellent qualitative
agreement with those estimated visually. This is demonstrated in the
COSMOS user manual (Stobie, 1982), where a map of some typical COSMOS
output has been compared to the actual UKST photograph of the same
area. The accuracy of the orientation thus calculated is a function of
both the object's magnitude and ellipticity, e = 1 - b/a. For objects
brighter than .bJ = 20mag it has been found in plate-to-plate
comparisons that the error is <5° for e>0.2 (Stobie, 1982).

Another problem relevant to the present work is caused by the
possible merging of objects by COSMOS due to the applied threshold of
detection (see chapter two and section 5.2). This will be especially

so in the environment of rich clusters where the density of 1mages is
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high. However, it was found in an eyeball check of a representative
sample of clusters that less than 10% of cluster galaxies were
contaminated in this way (see also section 5.4.5). This effect should

~ cariniialy affan~ 4 P L S T
therefore not ser Luuoly affect tne resulits presentea in tne

=

ollowing
sections.

With reference to the previous work on the distribution of field
galaxy position angles mentioned above, it is reasonable to assume
that the distribution of the automatically measured position angles
over a whole UKST photographic plate (to a magnitude limit of bJ =
20mag) should be random. This distribution is shown for plates J3721,
J1916 and J1920 in figure 6.1, for both stars and galaxies. These
three distributions are representative of all of the UKST datasets and
so to save space the distributionis for the other plates have not been
shown. Plates J4606, J5701 and J3390 had very similar distributions to
J3721, whilst J1681, J3192, R4021 and R2775 were found to be similar
to the J1920 distribution. The form of these distributions were found
to be essentially the same in the magnitude range, 16<bJ<20mag. Tt can
immediately be seen that the distributions for stars are very
non-random which is most probably due to the uncertainty in measuring
the position angle for a circular object and the effects of
diffraction spikes in stellar images. The distribution of axial ratios
for stars and galaxies is shown in figure 6.2, for plate J3721,and it
can be seen thaf the stellar images are indeed mostly circular, as
expected, with a peak at a/b~0.95 (this distribution is essentially
identical for all of the other UKST fields studied here). The peaks

seen 1in figure 6.1 at 0°, 90° and 180° are quite easily explained as
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Figure 6.1: The distribution of position angles for objects on plates

J3721, J1916 and J1920. The dashed line 1s for stars, the

solid line for galaxies.
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Figure 6.2: The distribution of ellipticities for objects on plate
J3721. The dashed line is for stars, the solid 1line for

galaxies.
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being due to diffraction spikes. However, J3721 shows a peak at 45°
and a corresponding dip at 135¢ which do not correspond to any obvious
features in a stellar image. This effect seems to be present only in
the oldest COSMUS datasets and so may be an effect caused by the IAM
software used at that time having a bias towards multiples of 45° for
the orientation of circular images (MacGillivray, private com-
munication). Due to improvements 1in the COSMOS software the more
recent distributions are consistent with those expected to arise from
stellar images with diffraction spikes. At faint magnitudes (ij21mag>
the peaks tend to disappear with a 1less significant peak then
appearing at 90°. This result again suggests that the former effects
are caused by diffraction spikes,rsince they also 'disappear' at faint
magnitudes.

Corresponding but less significant features to those described
above are seen in the distributions for galaxies (see figure 6.1).
These features may therefore be caused by stellar contamination and/or
circular galaxy images. When considering only galaxies with e>».2,
shown as the solid lines in figure 6.3, the effects are still present,
but much reduced, suggesting that circular images, most probably
misclassified stars, are indeed responsible. The possible amount of
stellar contamination is consistent with the star/galaxy separation
success rate discussed in section 2.6. In general, the distributions
of galaxy orientations for the e>.2 galaxies were much flatter than
both the stellar distributions and the e>0 galaxy distributions shown
in figure 6.1.

It is interesting now to 1look at the distribution of galaxy
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orientations for only the galaxies in the UKST group catalogues. This
is shown for plate J3721 as the dotted line in figure 6.3 and can be
seen to be quite flat with no indication of any preferred alignments
{the distributions of cluster galaxy orientations in all of the other
UKST datasets were found to be similar). The removal of the stellar
component may be caused by the higher galaxy/star ratio inside the
area of a cluster and so the effect of misclassification will be less.
Even so, only galaxies with e>.2 will be used in the following
analysis so that the biases towards preferred angles described above

are kept to a minimum.

6.3 THE ORIENTATIONS OF GALAXIES WITHIN CLUSTERS

In this section the statistical tests carried out on the galaxy
orientation distributions of the UKST bJ group catalogues will be
described and the results obtained presented. For the reasons
discussed in chapter five only groups of seven or greater members will
be used in this analysis. The resulting group catalogues are
summarized in Table 6.1.

Three tests were carried out on each group catalogue in order tc
test for any non-randomness in the orientations of galaxies within

clusters. These are discussed in sections 6.3.1-6.3.3 below.

6.3.1 The Position Angle Distribution of Galaxies within Clusters

This first test was carried out to simply test for the

non-randomness of the distribution of orientations within a cluster.



Table 6.1

Plate No. Magnitude limit No of Clusters No of galaxies Mean No of significant P
of catalogue (2 7 members) in clusters member- %X’ clusters
(2 7 members) ship

J3721 20.2 38 508 13.37 10 .5x10 "
Ja606 20.2 83 1020 12.29 19 .0x1074
J1916 20.2 79 851 10.77 12 .0x10~

J1920 20.2 84 777 9.25 22 .4x10°

J1681 20.2 90 916 10.18 18 ox107°
J3192 20.8 82 879 10.72 17 .7x10

J5701 20.5 57 575 10.09 10 L0x10™ °©
J3390 20.9 127 1261 9.93 29 .2x10°

- 19¢ -
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The position angles for all of the galaxies with e>.2 1in a cluster
were binned into a histogram of six, thirty degree bins. A chi-squared
(%% ) test was then carried out on this distribution for each cluster
in each catalogue. Il a certain number, n, out of the total number of
clusters, N, have a X‘ probability, P<O0.1, which is a small enough
probability to be statistically significant, then the probability of
this many significant K’s occurring by chance can be calculated by

using the Binomial distribution and is given by;

N-n
P=_ N! p," (1-P,) (6.1)
n!(N-n)!
where P, is the probability criterion set (0.1 in this case). If P is

also less than 0.1 then there is reason to believe that in general the
cluster galaxies are showing a non-randomness in their orientations.
The results of this test are summarized in Table 6.1 and at first
sight it appears that the values of P found in all catalogues suggest
a very significantly non-random result. However, most of the clusters
observed here have small memberships, typically less than 10, and due
to the ellipticity criterion there may be even less than the minimum
group membership of 7. The %? test may not be a good test for such
small numbers. This hypothesis was tested by simulating a random
distribution of orientations between 0° and 180° for all cluster
memberships between 5 and 100 and carrying out the same test on these
distributions. It was indeed found that at the cluster memberships
observed here a similar number of significant %? values were found,

giving a value of P similar to those of the actual group catalogues.
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This result therefore demonstrates that the cluster galaxy position
angle distributions can be considered to have arisen from a purely
random population. This test was also carried out on only the largest

clusters {210 members) wiih similar results.

6.3.2 Galaxy Alignments with Respect to Cluster Major Axes

The above test is interesting in itself, but a better test from
the point of view of testing theories of galaxy formation would be to
look at the orientations of cluster galaxies with respect to the major
axis of the cluster. If preferred alignments of galaxies along the
cluster axis were found then this would be difficult to explain as
being due to anything other than the conditions within the cluster at
the time of its formation (section 1.3). Preferred alignments along
cluster major axes have been previously found only in linear (L)} type
clusters, eg, A2197, A999 and A426 (Persus), (Adams et al, 1980; Strom
and Strom, 1978; Thompson, 1976). It should be stressed, however, that
these examples of preferred alignments have only been found in a few
clusters out of the total number so far studied and that these effects
may not be an obvious or common feature of clusters in general.

The major axis of a cluster can be defined in exactly the same
way that COSMOS defines the major axis of an image, except here we use
the positions of galaxies instead of image pixels. This is done by
calculating the centroid of the cluster and then applying the method
of moments (see Stobie, 1980) to the distribution of galaxies around

it. Figure 6.4 shows the position angle vectors for each of the
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clusters, in each of the group catalogues, and they can be seen to
agree well with eye estimates (the distribution of the cluster axes
themselves will be discussed in detail in section 6.5). After the
position angle of the cluster major axis has been determined the
individual galaxy orientations can be subtracted and the resulting
difference in angle binned into a histogram of six, fifteen degree
bins (N.B. the difference between a cluster and galaxy position angles
can never exceed 90°). In order to improve the statistics for this
test the distributions obtained from individual clusters may be
summed. This procedure has been carried out for each group catalogue
and the resulting distributions are shown in figure 6.5. A grand total
has also been obtained by summing the distributions of figure 6.5 and
is shown in figure 6.6.

Since preferred alignments along cluster major axes have only
been found previously in linear clusters, figures 6.5 and 6.6 have
been drawn in three 'layers'. The first (chain link) includes clusters
of ellipticity e>.7, the second (dashed line) e2>.5 and finally (solid
line) all clusters are included. Chi-squared analyses of figures 6.5
and 6.6 show significant results for plates J1920 and J1681 (see Table
6.2).

On further inspection of the significantly non-random clusters on
plate J1920 the most significant turned out to be part of a satellite
trail broken up by COSMOS into separate images. Since these images

were elongated they were consequently classified as galaxies and hence
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Table 6.2 Statistical Tests

Plate %’ of summed distribution of galaxy (probabilities in X? of summed distribution X? of cluster
No. position angles with respect to the brackets) of galaxy position angles position angle dis-
cluster major axis (Fig 6.5) with respect to radius tribution (Fig 6.10)
vector (Figé7)

e > 7 e >.5 e>0 n 210 n 2 7 e > .6 e>o0
J3721 5.01 (.3) 3.89 (.4) 3.17 (.6) . 7.76 (.03) 4.28 (.12) 8.82 (.2) 5.51 (.5)
JA4606 1.33 (.8) 4,07 (.4) 5.2 (.3) 3.0 (.15) 2.8 (.25) 6.36 (.4) 6.48 (.4)
J1916 6.36 (.2) 3.46 (.5) 2.83 (.6) 0.14 (93) 2.48 (.3) 3.54 (.85) 10.53(.1)
J1920 29.04 (<01) 11.63 (.02) 6.02 (.15) Including
satellite trail
8.8 (.1) 8.5 (.1) 15.8 (.01) Removing sate-0.05 (.99) 1.12 (.6) 4.5 (06.5) 6.2 (.4)

1lite trail

Jiesl  16.78 (.01) 10.9 (.05) 7.82 (.1) 2.06 (.3) 2.18 (.38) 3.5 (.8) 3.4 (.8)
J3192 2.52  (.7) 5.73 (.25) 1.87 (.8) 14.75 (.001)2.62 (.3) 18.39 (.01)16.34 {.02)
Js701 8.7 (.1) 6.1 (.2) 7.9 (.1) 9.5 (.01) 7.4 (.03) 6.05 (.4) 2.65 (.8)
13390 5.2 (.3) 5.1 (.3) 4.0 (.4) 5.84 (.06)11.54(.01) 10.89 (.1) 3.58 (.7)

- TLe —

Total without J1920
14.64 (.01) 11.49 (.03) 5.78 (.25) 1.8 (.4) 1.28 (.6)
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some very linear clusters resulted with a very significant alignment
of galaxies within them! This result was a good test of the methods

employed here and demonstrated that 1f such obvious preferred

-

nnnnnn 4+ Il o

= FER
Qi1ENMENTE WEre presene i

they would be easlly detected. 1f the spurious
clusters caused by the satellite trail are excluded from the analysis
then the distributions become less significantly non-random (these are
the distributions shown in figure 6.5). However, a significant effect
is still obtained for the e2o clusters.

Since the distributions for plate J1681 also have significant X’s
it was at first thought to suffer from a similar problem to 11920,
After checking the significant X* clusters by eye no spurious effects
were found in this case. However, the non-repeatability of this result
on the other six fields makes it only a tentative result. In general,

therefore, cluster galaxies appear to be randomly distributed with

respect to the cluster major axes.

6.3.3 Radial Alignments of Cluster Galaxies

The third test applied to the cluster galaxy position angle
distributions involves testing for preferred alignments with respect
to the radius vector from each galaxy to the centroid of the cluster.
Radial alignments of galaxies have been previously reported in some
very rich Coma-type clusters including the Coma cluster itself (Hawley
and Peebles, 1975; Thompson, 1976; MacGillivray and Dodd, 1979).
However, again positive results have only been obtained for a few
clusters out of the total number studied. In the case of cD galaxies

in rich clusters it does seem to be a general property that they are
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aligned with the cluster major axis (Rood and Sastry, 1968, 1971;
Dressler, 1978a, b, 1981; Carter and Metcalfe, 1980). This particular
type of alignment with the cluster major axis has been included in
this scetion since, in the case of only a single galaxy, it can also
be regarded as a radial alignment and 1is thought to be more
appropriate to this discussion of alignments within rich clusters.

The observed radial alignments in rich clusters may be caused by
tidal torques, due to the massive central galaxies, or be an effect of
general cluster evolution (Thompson, 1976; MacGillivray and Dcdd,
1979; Binney, 1977; Aarseth and Binney, 1978). However, Farouki and
Shapiro (1981) have shown that the present day distribution of the
orientations of disk galaxies will bear a close resemblance to the
primordial distribution. This result is, however, model dependent and
hence tidal effects cannot be completely discounted in very rich
clusters. Since the small groups and clusters present in the UKST
catalogues are generally much less rich than the clusters described
above (see chapter five) and tidal effects are thought to be slight
even in rich clusters, then if any preferred alignments are found here
they may be interpreted as a relic of the primordial conditions within
the cluster (see section 6.1).

For each cluster galaxy the angle between its major axis and the
radius vector was calculated and binned into a histogram of four,
twenty two and a half degree bins. As in the previous test the
resulting histograms for all of the clusters in a group catalogue can
be summed and the results are shown in figure 6.7. These histograms

have been added to form a grand total which is shown in figure 6.8.



80

T T L
F\MGOG
I
e ,
it -
- 1160
L N 1

— o - — ——

I 1 -
== | I,
T T T 0 . X J5701
i — % 45 90
. . A P (deg)
[~ Tt N 3>7 members
J1920 ‘ N i »10 members
) ¥ 14

=

=

J1916

P e e e e - —————

160

- —— e — -

Figure 6.7: Distributions of the
difference in position angle
between galaxies and their radius
vector to the cluster centre,él¢ .
summed for all clusters in eacn

group catalogue,



1400

1200

400

- 275 -

= - — =1

L SRR |

1 A

Figure 6.8: Summed radius vector alignment histograms

catalogues.

45
Af deg)

37 members
310 members

of all group



- 276 -

For this test the histograms have been drawn in two 'layers'. The

first (dashed line) includes the largest clusters (210 members} and

the second (solid 1line) includes all clusters. If gravitational
perturbations are responsible for any preferred orientations then we
would expect to see a larger effect in the largest clusters. The

results of %° analyses of figures 6.7 and 6.8 are listed in:Table 6.2.
It can be seen that four group catalogues have significant X°? values
for the » 10 membership histograms (J3721, J3192, J5701 and .J3390),
while only two have significant X? values for the »7 membership groups
(J5701, J3390). However, for the summed distribution of all catalogues
no significant results are obtained, which suggests that the
significantly non-random distributions are the result of statistical
fluctuations. In general, therefore, cluster galaxies appear to be

randomly distributed with respect to the cluster centres.

6.4 CLUSTER ELLIPTICITY DISTRIBUTIONS

An advantage of the moments method of determining the c¢luster
major axes 1is that we can simultaneously obtain the cluster
ellipticities. In figure 6.9 the ensemble averaged distribution of
cluster ellipticities for all group catalogues 1is presented. Errors
are calculated from plate-to-plate variations. It can be seen that
many elongated groups are observed with a mean ellipticity of ~ 0.51.
If all clusters were spherically symmetric then we would expect most

clusters to have ellipticities close to zero.
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One explanation of this result is that the Turner and Gott
cluster detection algorithm (section 5.2) may produce spurious
elongations. Simulations were therefore carried out in which the
Turner and Gott algorithm was applied to circular simulated clusters
(this simulation was discussed 1in section 5.2). The resulting
ellipticity distribution is also shown 1in figure 6.9 and it can be
seen that considerably less elongated clusters are observed here than
in the group catalogues. In the simulated cluster catalogue the mean
ellipticity is~ 0.35 and no clusters at all have an ellipticity2 ¢.8.

Carter and Metcalfe (1980) and Binggeli (1982) have obtained
similar cluster ellipticity distributions to that obtained here 1in
independent studies of rich clusters. Their results are plotted in
figure 6.9. They showed by comparing the cluster distribution to that
of elliptical galaxies that, in general, clusters were as elongated as
elliptical pgalaxies. The above result therefore extends this
conclusion to include clusters of all richness. This result is more
compatible with theories of galaxy formation in which clusters form
before galaxies, since 1if galaxies formed first then the mutual
gravitational attraction of galaxies to form clusters would result in
mainly spherical clusters. This effect can in fact be seen by
comparing figure 6.4 with the ’isothermal (galaxies form first)
simulations of Aarseth et al (1979). Many more elongated clusters are

apparent in the data than in the simulations.



6.5 THE DISTRIBUTION OF CLUSTER ORIENTATIONS

Previous studies of the large scale distribution of cluster axes
have revealed several interesting cases of preferred alignments. In
the Perseus supercluster an alignment of cluster major axes along Lhe
main supercluster filament has been observed, as well as a peak in the
galaxy position angle distribution corresponding to that of the
filament (Gregory et al, 1981). This effect has also been seen in the
clusters comprising the Coma supercluster (Gregory and Thompson, 1978
and a weak alignment of galaxies parallel to the axis of the loccal
supercluster has been reported (MacGillivray et al, 1982). Tifft
{1980} has studied the distribution of double galaxies in the northern
galactic hemisphere and found that their position angles were aligned
regionally and much filamentary structure was evident.

The detection of anisotropies in the distribution of cluster axes
may be interpreted as evidence of large-scale superclustering. The
alignment of clusters within superclusters could then be the result of
a scenario in which superclusters formed before their constituent
clusters in the same way that galaxy alignments within clusters are
suggestive of clusters forming before galaxies (section 6.3.2).

In the present section two main tests will be carried out in
order to test for preferred alignments of cluster axes. Firstly, in
section 6.5.1, the overall distribution of major axis position angles
for each of the UKST group catalogues will be presented and discussed.
Secondly, in section 6.5.2,a test of the type developed by Binggeli
{1982), which tests for the alignments of nearest-neighbour clusters,

will be applied to each of the group catalogues.
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6.5.1 Position Angle Distributions of Cluster Major Axes

9]
=
=

The cluster major axis position angle distributions for eac
the group catalogues are shown in figure 6.10. The results of af?
test on figure 6.10 are shown in Tabhle 6.2. Most of the histograms arc
seen to be consistent with a random distribution. However, there 1is
one notable exception; that of J3192. This field is known to lie at
the eastern extremity of the Serpens-Virgo supercluster of galaxies
(see chapter five) and it is therefore very interesting that the
position angles of clusters on this field have a significantly non-
random distribution. The dashed histograms in figure 6.10 were drawn
for clusters of ellipticity 2 0.6, since their axes are much better
determined, and again the effect is present. It can be seen from this
histogram and figure 6.4 that the peak at -90° does originate in the
more linear clusters and indeed most of these have their axes parailel
to the main supercluster filament. This result 1s most consistent
with theories in which clusters. form before galaxies in the early
universe (sections1l.3 and 6.1) and it would therefore be interesting
to see if the galaxies present in the filament are preferentially
aligned along it, since this is also a prediction of these theories.

On J3192 the distribution of galaxy orientations within the
filament shows two similar peaks at angles of 45° and 135°%, the latter
peak being at roughly the same angle as the filament. However, since a
second peak is present in the distribution and no other significant
results at all are found in other fields with prominent filaments
(indicated in figure 6.4), the agreement of the galaxy position angle

peak with that of +the filament 1is most probably fortuitous. The



12} J3721 .
2.0
| —-= 026 s
8t g
N -y
I
4l —— ]
! |
= | l-——1 '_._._4 -
O 1 | 1 1 i i A
-Q0 -45 o 45 Q0
12 1 T 1 L | ¥ L 1
J 5701 )
8r __J——_‘
N r -y
4+r === - ' .
~—- e — o
I == 1
l...-....l
) i A i A i ]
'80 -45 0 45 90
20 Y T Y T T T T
J3192
16 | T
I veee.... membership 310
12+ 4
N i i
8°r __L—_' il
_‘I—"“I |
TnooLL
4t | grreet e §
. i seceem
e ... | I r-=---- 1 E
..... L |

Figure 6.10: The distribution of cluster position angles for all group

catalogues.



S0

J1916
J1681

45

-45

LB L L v
=
-

16
112
-90

- 282 ~

J4606

45
J3390

-45

16
12}
8r
-90
20
16

T &+ 7 L L O
i (0)]
L__.
f
“1.-_:_ Lﬁ
L, ]
_ ? 8
L-4 40 2 m
( S N m
4 1 ©
| S
40 .
A °
t
)
L
1 -
1 1 ' O [
. @ < 8
Zz
L ] L A ] LR L] w | | § ¥ 1 I I L]
l o {
-_ -l L
r~ - i
" g 1
5
|
e | - - r||._
_ u _
-l 4o} L
1
————-— -J - N S
! I
L_—, {o | L
_ ' !
_ - o F'J
i {
) L 1 a4 1 1 AQU.. ) 1 1 1 1 FY |
o © < oV A 00 <

90

iu%)«s

-45

2Y



- 283 -

results of this test are therefore alsoc consistent with the random
distributions of galaxies within clusters found in the previous

sections.

6.5.2 Alignments of Close Cluster Pairs

a) Binggeli's Test

As a test of the small-scale alignments of cluster axes,
Binggeli's (1982) test has been applied to each of the UKST group
catalogues. Binggeli found, in a study of Abell clusters, that at
small separations, d £ 3Oh-1Mpc, clusters preferentially pointed
towards their nearest neighbours. In the present work the test is
carried out as follows: firstly, each cluster is taken as a centre and
the distance (in the present work only the angular separation can be
measured) to this cluster's nearest neighbour is calculated. Then, the
difterence in angle,é}ﬂ, between the central cluster's major axis and
the line joining this cluster to its nearest neighbour is computed.
Only groups with memberships n27 and ellipticities e>.2 were used in
the analysis. In fact, the latter restriction will not have =a
significant effect on the results since most clusters have e>.2 anyway
(see section 6.4), If the results of Binggeli are to be confirmed then
a preference for small values of AF at small separations is expected;
except that projection effects mean that apparently small angular
separations do not necessarily mean that the true cluster separation
is small. However, this effect will only add noise to the test and
hence, if real, some effect should still be noticeable. In fact, since

the largest angular separations calculated here correspond to a 'true'
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separation of < BOh_lMpc, at the mean redshift of the cluster samples
{see chapter five) the d:H88 plot can be summed over d and the
resulting histogram will still correspond to a Binggeli test. This
procedure has the effect of making it easier tc notice any pirefercen
orientations and estimate the significance of the results. The
histograms for each of the UKST fields are shown in figure 6.11 (for
groups of 27 (solid line) and » 10 (dashed line) members) and a grand
total is shown in figure 6.12. It can be seen from these figures that
no group catalogue shows convincing evidence for a preference towards
small &f and indeed, in most cases, the opposite effect is seen. This
result 1s also obtained 1in the summed histogram over all group
catalogues with a significant x? probability of ~2% for n27 groups and
~1% if the group membership is restricted to n 2 10. The effect is
therefore even stronger for the richer groups. There is therefore =
discrepancy with the results of Binggeli; in our case
nearest—neighbour clusters seem to be preferentially oriented at 90°
to the line joining them, whereas Binggeli found that the opposite was
true. In the following section another Binggeli-type test will be
applied to the group catalogues in order to check this result and try

to find the reasons for this discrepancy.

b) Parallel Alignments of Nearest-Neighbour Cluster Pairs

In this section a similar test to that carried out in the
previous section will be applied to the group catalogues. Here,

however, instead of calculating the difference between the central
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cluster position angle and the line joining it to 1its nearest
neighbour, the difference in position angles of both clusters in each
pair will be calculated. Otherwise, the tests are identical. The
resuliing nhistograms for each group catalogue are shown in figure 6.173
and a grand total in figure 6.14. It can be seen that for plates
J3192, J1681 and J4606 there is a preference for nearest-neighbour
clusters to be aligned in a similar direction, ie, the histograms have
a maximum at A@<45°. The alignments of clusters on J3192 noted in part
a) is therefore confirmed using this independent test. The eftect is
particularly strong in the supercluster filament (chain link in {igure
6.13), a result also noted in section 6.5.1. The X? significance for
the summed distributions of figgre 6.14 corresponds to a probability
of P~.3 for the n»7 histogram and is more significant, P~.06, for the
n210 histograms, with the maximum again occurring at BB < 45°. These
results are therefore again more significant for the richer groups.
This effect may either be caused by the removal of spurious groups
possibly present in the n27 catalogue, an effect of the major axes
being less well determined for smaller groups, or be a real effect of
cluster richness.

If this test had been carried out alone then the above result may
have been interpreted as a confirmation of Binggeli's results; if both
clusters in each pair point towards each other then both this test and
Binggeli's test would show a maximum in/AA# at 0°. However, the results
of this test, together with the Binggeli test carried out in part a),
imply, for the group catalogues studied here, that the clusters 1in

each pair are parallel and at~90° to the line joining their centres.
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This type of alignment can, in fact, be appreciated by visually
inspecting figure 6.4 where many close cluster pairs can be seen to be

parallel.

c) An Extension to include all Pairs of Clusters

To further improve the statistics for the test carried out in
part b), instead of only considering the nearest neighbours, all
cluster pairs can be considered. If the effects noted above are due tc
primordial preferred alignments then there is no reason to expect that
if the nearest neighbours are preferentially aligned in some way, then
the second nearest neighbour will not be. Eventually, at very large
separations there are expected to be no correlations, as found ir
section 6.5.1, and this test has therefore been carried out as a
function of pair separation. Two histograms of the type constructed in
part b) have been constructed for all pairs at separations of £ 3xlOa
microns (33.6 arcmin) and € 6)(lOL1 microns(1.12 degrees) separations. A
third histogram for pairs at separations > 1.12 degrees was also
constructed in order to check that the test does produce a null result
at very large separations. Since the nearest-neighbour separations
measured above were in gener‘al<63x104 microns the significant effects
found there may be expected to be present in the first histogram, with
the significance decreasing for larger separations.

The results of this test are shown in figures 6.1%a and b for n)»7
and n210 membership groups respectively. These results have already
been summed over all group catalogues. A 'grand total' histogram has

been calculated by summing the three separate histograms and is alsc
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shown in figure 6.15. Error bars have been calculated from the field-
to-field fluctuations normalizing to the same total number of pairs in
each field. In this version of the Binggeli test a X’ analysis cannot
be applied, since all of the pairs are nect indepcndent, and su wn
order to assess the significance of the results the ratio of the mean
number of pairs in the first and last two bins in each histogram has
been calculated. If the distributions are consistent with isotropy
then this ratio will be equal to unity. The error in the ratios has

again been calculated from field-to-field fluctuations. The results of

this analysis are summarized in Table 6.3.

Table 6.3

Group membership > 7 2 10

criteria

Histogram mean ratio and s.e. o mean ratio and s.e. o
< 4 - -
& 3x10 um 1.26 , .1% 1.7 2.13 , 0.47 2

4 . L

€ 6x10 pm 0.99 , .06 0.2 1.67 , 0.38 1.8
>6x10%m 1.04 , .03 1.3 1.19 , 0.11 1.7

Grand total 1.03 , 0.3 1.0 1.23 , 0.12 1.9

It can be seen from Table 6.3 that the only really significant
result (22.50) is found for the n21l0 membership groups at small

4 . . .
(d€3x10 umm) separations. This result can also be appreciated by
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considering the error bars shown in figure 6.15,

The results of this test are therefore consistent with the
results obtained for nearest neighbours in part b) above, since the
nearest neighbours correspond to the smallest separation histogram and
also more significant results were obtained for the larger group
memberships. At large separations the distributions are consistent
with isotropy (as expected) and hence also with the results of section
6.5.1. In general, therefore, n2l0 cluster pairs at small separations
(€35 arcmins, which corresponds to'~5h_1Mpc at the mean redshift of
the present cluster sample; see section 5.5) seem to be preferentially
aligned.

The reasons for the difference between Binggeli's results and
those found here aré still difficult to establish, although it may be
that the original Binggeli result was a statistical effect caused by
poor sampling. This was the conclusion of Struble and Peebles (198%)
who applied the Binggeli test to a larger sample of 237 Abell
clusters known to lie within superclusters. They obtained only a very
marginal confirmation of the Binggeli result and showed that their
distributions were almost consistent with isotropy. The results
obtained here are therefore of interest since we have a very large
unbiased statistical sample of ~640 (n}7) clusters and the results are
therefore 1less likely to be affected by statistical fluctuations.
However, the error bars shown in figure 6.15 suggest that field-to-
field fluctuations are large, even in the present cluster sample, and
more data is required to unambiguously confirm the results found here.

If they were confirmed then the results found in sections 6.5.1 and
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6.5.2 may be interpreted as evidence towards theories in which

clusters formed before galaxies in the early universe (section 6.1).

6.6 CONCLUSIONS

The results of the present chapter may be summarized as follows:
a) It appears that in general the clusters of all richness observed
here show no significant non-randomness in their galaxy position angle
distributions. However, the tests described here only place lower
limits since any weak effects may be lost due to errors caused ULy
star/galaxy separation and the merging of images by the COSMOS
machine.
b) In observing the distributions of galaxy position angies with
respect to the cluster major axis there appears to be no overall
significant alignments.
c) In observing the distribution of galaxy position angles with
respect tc the clusters centre there appears to be no overall
significant radial alignments.
d) The ellipticity distribution of the clusters observed here suggests
that in general <clusters of all richness are as elongated as
elliptical galaxies. This result is a natural consequence of the
collapse of 'pancakes' in the early universe, ie, theories in which
clusters form before galaxies, and would not be expected in theories
in which galaxies form first and then hierarchically cluster.
e) The cluster position angle distributions for most of the fields

surveyed here were found to be random. However, in the case of J3192



where the Serpens-Virgo cloud of galaxies 1s known tc lie &
significant alignment of cluster axes was observed.
f) The results of a Binggeli (1982) test on the UKST group catalogues
suggest that, in general, clusters tend to be at position angles > 45°
relative to the line joining them to their nearest neighbours. This
result is in the opposite sense to that obtained by Binggeli who found
that clusters preferentially point towards their nearest neighbours.
The result obtained here was confirmed in a further test that 1looks
for preferred alignments of cluster axes relative tc the cluster axes
of their nearest neighbour. It was found that there was a tendency for
cluster pairs (not necessarily just nearest neighbours) at small (£ 3%
arcmin) separations to be preferentially aligned, with a difference in
major axis position‘angles of<145°. This result is consistent with the
Binggeli test carried out here 1if the axes of clusters 1in pairs are
not only close to parallel (on average) but also close to 90° relative
to the line joining them. Some reasons for the difference between
these results and those of Binggeli have been suggested in section
6.5.2. These results, together with the results of part e) and the
previous studies discussed in section 6.5, suggest that large-scale
cluster alignment within superclusters may be a fairly common
occurrence and provides some tentative evidence towards theories in
which clusters form before galaxies in the early universe.

In summary, the results of small-scale tests (alignments of
galaxies within clusters; results a), b) and c)) are more consistent
with theories in which galaxies form before clusters, whereas the

results of large-scale tests (alignments of clusters; results d), e)
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and f)), give stronger evidence 1in favour of theories in which

clusters formed first in the early universe (see sections 6.1 and
1.3). It is difficult, however, te obtain a very meaningful
interpretation of the null results in a), b) and c¢), since the

statistical noise and errors present in the tests carried out there
are difficult to estimate and may well be large enough to 'wash out'
any weak effects that may otherwise be present. It will be interesting
to see if the tentative results in d), e) and f) are confirmed by

future observations (see chapter seven).
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CHAPTER SEVEN

CONCLUSIONS

7.1 INTRODUCTION

In this chapter the observational results obtained in the
previous chapters will be summarized and compared with the most recent
theoretical predictions of world models and galaxy formation. We begin
in section 7.2 by discussing the implications of the galaxy
number-count results for cosmological theories. The results in the bJ
passband will be used to set constraints on the amount of galaxy

luminosity evolution and we discuss the consequences of this evolution

for galaxy formation. The re pdssband results will be used fto obtain

3

constraints on both luminosity evolution and world models (ie, g,).
The consistency of the results obtained in this analysis will be
tested against the results of other authors, whc have used both
similar and quite independent tests to those used here.

In section 1.3 the most recent theories of galaxy formation were
described and it was shown there that they can be divided into two
main scenarios. In the first, which will now be called scenario A,
galaxies form before clusters in the early universe and in the second,
now called scenario B, clusters form before galaxies. Scenaric A 1s
the prediction of the original baryonic isothermal theory, with its
associated scale-free hierarchical clustering, and also more recent
theories in which the universe is dominated by 'cold' dark matter, eg,

axions. Scenario B is the prediction of other adiabatic theories,
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including the original baryonic theory and the more recent 'hot’' dark
matter, eg, neutrino, particle theories. 1In scenaric B the galaxy
distribution 1is expected to show a preferred scale of clustering, ieft
over as a relic ol Lhe ciusier-slize ‘pancakes’ which were the first
objects to form in the early universe. In section 7.3 we shall discuss
how the results obtained here might be used to discriminate between
these two opposing scenarios.

This chapter is concluded in section 7.4 with a discussion of the

future prospects of this type of work.

7.2 CONSTRAINTS ON COSMOLOGICAL MODELS AND  GALAXY LUMINOSITY

EVOLUTION

In the detailed study of the galaxy number-magnitude, n(m)},
relation in the bJ passband, carried out 1in chapter three, good
evidence for galaxy luminosity evolution has been obtained. A detailed
understanding of the form of this evolution is, however, held up by
some uncertainties 1in the properties of local galaxies used as
parameters in the n(m) models; for example, the bJK—corrections, the
luminosity function (LF) and its dependence on galaxy type. Some
headway towards obtaining tighter constraints on the galaxy LF has
been made in studies of the correlation functi§n scaling relation
{(section 4.3) and the galaxy cluster average magnitude v redshift,
m(z), relation (section 5.4). Using these results, the constraints
obtained from the n(m) models now seem strong enough to rule out any
non-evolving model.

This observation of galaxy evolution 1in the b} passband 1is.
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consistent with the observed galaxy colour distribution which becomes
bluer at fainter magnitudes. A similar effect has also been observed
by Phillipps et al (1981) and Kron (1978). Other evidence that some
galaxies, in rich clusters, at redshifts greater <than 0.25 have
colours bluer than expected has been reported by Butcher and Oemler
(1984, and references therein), Couch and Newell (1984) and Couch et
al (1983, 1985), although Koo (1981b) found no such effects in a high
redshift (z~0.5) cluster. Bluer than expected colours have alsc been
observed in galaxy colour-redshift diagrams. Lilly and Longair (1982)
observed this effect in a sample of distant 3C radio galaxies,
Kristian, Sandage and Westphal (1978) saw the effect in a variety of
galaxy types, which they used in a construction of the Hubble diagram
and Ellis and Allen (1983) have obtained similar results for giant
ellipticals. Whether these effects are due tc the same evolutionary
behaviour as that seen in the counts 1is not certain due *tc the
different environment and galaxy types observed in each case. However,
Butcher and Oemler (1984) claim that a parallel evolution is observed
in loose irregular, as well as rich clusters. This result supports the
hypothesis that the observed luminosity evolution 1is not greatly
affected by the environment but affects all galaxies in the same way.
This implies that the evolution discussed above is the same phenomenon
as that observed in the number counts and colour distributions.

It is interesting to note that if this observation of evolution
in thé bJ counts is confirmed by future observations, then it could be
regarded as evidence for a rather small redshift of galaxy formation,

since the n(m) models predict that the blue (young) galaxies present
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in these samples are at redshifts of £ 1. A small redshift of galaxy
formation may also be consistent with the observed decrease in the
number density of QSO's at redshifts greater than two (eg, Osmer,
forming at these redshifts. Howéverv

19132)

1, QS0O's and galaxies are
as noted above, there are still some uncertainties in the bJ models
and the evolution inferred from the bJ counts may still be explicable
in terms of the normal processes of stellar evolution rather than an
initial burst of star formation (eg, Koo, 198la). It should also be
noted that recent searches for truly primeval galaxies have sc far

produced null results (Koo, 1985).

Because of the large amount of evolution required in the models

L

the bJ counts are relatively insensitive tc the value of g_ an
reasonable wvariations in the mix of galaxy types. No strong
constraints on g, can therefore be obtained from the b\J counts.

The FF n{m) counts also show evidence for luminosity evolution

but 1t is less than that required in the b  passband. In the r_ band

J F

galaxies have very well determined K-corrections and the models are
insensitive to reasonable variations in the mix of galaxy types.
Constraints have therefore been placed on combinations of evolution
and g, which enable the models to fit the observed n(m) relation.
Differences in the PF models caused by uncertainties 1in the type
dependence of the LF are now considerably smaller than those caused by
uncertainties in the form of the LF itself, due to the domination of
the re counts by E/SO type galaxies. In chapter three ftwo LF's were

considered which reasonably covered the range of observed galaxy LF's

(see section 3.3.2). This uncertainty in the form of the LF is
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lessened to some extent by the results of chapter five, where it was

found that the galaxy cluster average magnitude v redshift, MmMtzi,

relation was most consistent with a form of the galaxy LF which lies

belween Lhese Lwo ‘'extremes’. Therefore, assuming an intermediate

luminosity function in the FF passband, the evolution /g, combination

that fits the observed PF counts is given by the approximate relation;
q, + 1.1 E = -1.43 (7.1)

where E is the linear coefficient in the redshift polynomial for the

N

evolutionary brightening of galaxy absolute magnitudes, ie, AM = E
It can be seen from equation 7.1 that for a reasonable range of

a,, 0<q, 0.5, the evolution implied by the r_ counts lies in the range

F
~-1.3”E>-1.7%. This range is very close to that predicted by the
single-burst evolutionary models of Tinsley (1978) for the same values
of q, (see section 3.3.4) and is thus not an unreasonable amount of
evolution.

It was shown in section 3.5 that by wusing the I'e counts and
Hubble diagram together a self-consistent solution for evolution and
g, could be obtained. Assuming equation 7.1 and the Kristian, Sandage
and Westphal (1978) Hubble diagram implies that q, = 0.4%0.3 with an
amount of evolution given by AM~-(1.7%0.3)z. It should be noted that
the above procedures assume that as well as galaxy 1luminosity
evolution, the luminosity function is similar in both field and
cluster populations. Some evidence supporting this assumption has been
obtained in chapter five where it was found that the MW(z) relation of

both groups and rich clusters were similar, suggesting that their LF's

are also similar and consistent within the observed range with that of
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the field.

Finally, as an example of the applications of this work, we wil}
consider the consistency of the results obtained above with the
ion of recent iLnflationary models of the early universe ({see

Guth, 1984, for a review). These models actually predict a zerc

curvature universe with g,= 0.5 in a Friedmann world model. From
egquation 7.1 it can be seen that a value of q, = 0.5 1is indeed
consistent with the FF counts assuming a AM~-1.75z evolution. This

combination of evolution and q, is alsc consistent, to within the
errors, with the Kristian et al (1978) Hubble diagram and the Tinsley
(1978) evolutionary models (see above). If the alternative Gunn and
Oke (1975) form of the Hubble diagram were assumed (section 3.5) then
if g, = 0.5, the amount of evolution required to obtain a good fit to
their data would beAM~+1.3z. A considerable amount of dynamical
evolution would then have to be assumed in the Hubble diagram in order
to reconcile this result with the rF count results. Clearly it is very
important to more tightly constrain the observed form of the Hubble
diagram. The future prospects for carrying out this and other
cosmological tests, in order to obtain tighter limits on the amount of
galaxy luminosity evolution and the value of q_,, will be discussed in

section 7.4.

7.3 CONSTRAINTS ON THE THEORIES OF GALAXY FORMATION

Much of the work in chapters four, five and six was carried out
in order to try and discriminate between the two scenarios of galaxy

formation outlined in section 7.1. It has been found difficult to
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obtain a definitive answer to the question of whether galaxies or
clusters formed first in the early universe (scenarios A and §R
respectively) but some interesting constraints have been obtained.
These will now be summarized.

In a detailed study of the two-point angular correlation function
of galaxies, w(#), carried out in chapter four it was found that, in
general, the form of w(f#) was consistent with an approximately -0.8&
power-law at small scales at all magnitude 1limits. A power-law
correlation function was suggested by Peebles (1974a) to be a natural
outcome of the original isothermal theory of galaxy formation, which
produces a hierarchical distribution of galaxies. This conclusion alsc
holds for 'cold' dark matter models and so the observed power-law in
w(@) could be interpreted generally as evidence for scenario A.
However, scenario B can also lead to a power-law correlation function,
at least over a restricted range of epochs, as shown recently in
N-body simulations of the adiabatic theory in a neutrinc dominated
;niverse (Frenk, White and Davis, 1983; Klypin and Shandarin, 1983;
Centrella and Melott, 1983; Melott, 1983).

In considering the evolution of the slope of w(#), the N-body
scenario B simulations predict a steepening of the slope with time
(Frenk, White and Davis, 1983). In order to produce agreement with the
presently observed slope of w(f) the implied redshift of walaxy
formation in the neutrino dominated model is very small, z;( 2 (White,
Frenk and Davis, 1983; see also section 7.2). Generally, in scenario A
models, since galaxies form before clusters at high redshifts, little

evolution in the slope of w(#) is expected. However, because of the
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noise present in the observed w(f), even at the deepest AAT limits, 1t
is not possible, at present, to obtain any strong constraints on these
scenarios by studying either the form, or evolution in the slope of
w(8).

At large angular scales, corresponding to a linear separation of
3h_lMpc a departure from the power—-law form of w(f#) has been found.
This result confirms that of Shanks et al (1980) and agrees with the
break scale of‘~3—5h_lMpc found in the DARS survey (Bean, 1983). The
discrepancy with the Lick catalogue's break scale of ~9h_lMpc, first
noted by Shanks et al (1980) therefore remains (some possible reasons
for the discrepancy have been suggested in chapter four). It was noted
in section 4.1 that the position of the break is sensitive to the
cosmological densityf\o (hence q,) in both scenarios A and B. Here the
break represents the transition between the linear and non-linear
clustering regimes (Davis, Groth and Peebles, 1977) and its position
found here is consistent with flJV.B. However, it has been shown that
the position of the break is also sensitive to the initial spectrum of
perturbations in the early universe (eg, Gott and Rees, 1975) and sc
it is difficult to obtain a very precise constraint on f1° from this
type of analysis.

An alternative explanation of the break in scenario B, in a high
f&universe, might be a primordial preferred scale, eg, the Silk scale
at decoupling. It must therefore be concluded that it is =also
difficult, at present, to discriminate between scenarios A and k ov
studying the break observed in w(&).

In a study of the correlation function amplitude scaling relation
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in chapter four some evidence for clustering evolution has been
obtained. This result could most naturally be explained in terms of
theories in which clusters are collapsing at relatively recent times,
corresponding to z~1 (Frenk, White and Davis, 1983; Kivolo and Yahil,
1983) and hence evidence for scenario B (see above). However, sampling
errors are still large, even at the deepest AAT limits and sc¢ this
result must remain tentative until more data is obtained.

In chapter five catalogues of galaxy groups and clusters were
constructed by applying the Turner and Gott cluster detection
algorithm to the COSMOS galaxy catalogues. The cluster-cluster w{§:
amplitude for these groups was found to lie between those of {field
galaxies and rich Abell clusters when scaled to the same depths. This
result confirms those of Bahicall and Soneira (1983) and Schectman
(1985) who found that stronger correlations exist for richer galaxy
systems (in studies of the spatial correlation functions of Abell
clusters and clusters detected in the Lick catalogue respectively). In
the simplest version of scenario A the cluster-cluster correlation
function amplitude would be expected to be similar for all richnesseof
galaxy systems due to the hierarchical nature of the clustering there
(eg, Shanks, 1982). However, this result may have an interpretation in
scenario A if galaxy formation is 'biased' towards regions of high
density (Davis et al, 1985). This result has several possible
interpretations in scenario B. For example, the strong cluster-cluster
correlations may be caused by a similar 'biasing' effect to that noted
above, perhaps enhancing the effect of oscillations between the Silk

and Jeans mass scales at decoupling in a baryon dominated universe



(Shanks, 1985), or may be caused by non-Gaussian initial conditions.
Thus, the cluster-cluster w(f#) can, at present, only rule out the
simplest (hierarchical) version of scenario A.

Tentative support for scenario B has been obtained in a study of
galaxy and cluster orientations (chapter six). Firstly, a significant
alignment of cluster axes was found in the supercluster {ilament
present on the UKST plate J3192. This result was confirmed by carrying
out a test which looks for preferred alignments of cluster pairs. As
well as confirming the results for J3192 it was found that, in
general, pairs of clusters at small (£1 degree) separations tended to
have their axes parallel (A¢€45°). Secondly, it was found in a study
of the distribution of cluster ellipticities that, in general, this
distribution was .consistent with clusters being as elliptical as
elliptical galaxies are themselves. Both results are consistent with
theories 1in which galaxies form in the collapse of proto-clusters,
which as discussed above, would be a natural consequence of scenario
B. As in the case of the cluster-cluster w(#), the simplest version of

scenario A seems to be ruled out by these observations, sincs a

hierarchical clustering of clusters would be expected to lead to

m

random distribution of orientations.

Finally, we return to the problem of the largest scale of
inhomogeneity in the universe (see section 1.3). The three-dimensional
distribution of groups obtained using the Turner and Gott cluster
detection algorithm 1is consistent with homogeneity on scales nf

-1
2100-200h "Mpc. Unfortunately, the large uncertainty in the cluster
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average magnitude distance estimator would not allow tighter
constraints to be made. If the tentative features seen 1n the cluster
redshift distributions at these scales are shown by future redshift
surveys (section 7.4) Lo be real, then they would have 1important
consequences for theories of galaxy formation. It is difficult to see
how such large structures could have formed by the present time in
either scenarios A or B, unless such large-scale perturbations were
already present at decoupling. Such structure could be associated with
the Jeans scale length predicted in adiabatic theories in a baryon

dominated universe (ie, scenario B, Peebles, 1981).

7.4 PROSPECTS FOR THE FUTURE

In order to. unambiguously determine the wvalue of g, and the
amount of galaxy luminosity evolution the observed n(m) relation, at
bright (bJ<18mag) and faint (bJ>23mag) magnitudes, needs to be more
tightly constrained. This would be possible if more photographic
plates were analysed using the methods described in chapters two and
three. Models could then be fitted to the observations with greater
confidence and hence enable tighter constraints to be placed on these
important cosmological parameters. More well calibrated deep counts

are needed, especially in the b _ passband where there are still large

J
discrepancies between the results of different authors (section 3.2).
This data would also allow the important observation of clustering
evolution, obtained from the correlation function amplitude scaling

relation, to be confirmed.

Unfortunately, the properties of local galaxies used as
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parameters in the models are still subject to some uncertainties,
especially in the bJ passband. The main problems lie with the b;
K-corrections and the form of the luminosity function (LF) for
different galaxy types (see section 3.3). In order to obtain better
estimates of the field galaxy LF and the mix of galaxy types, the
redshift surveys of DARS, KOS and CfA (Bean, 1983; Kirshner, et al,
1981; Davis et al, 1982) need to be extended to deeper limits and
cover larger areas of sky. Extensions of these surveys are in fact
being carried out at the present time. These surveys could alsc be
used to determine the form of the r_ LF and hence more tightly

F

constrain luminosity evolution and q, through the rp n(m) models.

A further development that would be of great use from the point
of view of constraining world models would be to obtain well
calibrated counts in the near infrared (I) passband. This would have
the advantage of being able to probe to very high redshift (and hence
better determine q_) without having to worry about uncertainties in
K-corrections and evolution. This is ©possible because the 1l1
determined UV part of a galaxy spectrum would not enter the passband
of observation until redshifts greater than ~2. This would alsc be an
ideal passband in which to observe brightest cluster galaxies in order
to try and obtain a better determined Hubble diagram than is available
at the present time (section 3.5).

As noted in chapter three (section 3.6). if galaxy redshift
surveys were carried out to deep enough limits (bJ~21mag, rF~20mag)
much tighter constraints could be placed on the models by requiring

them to also fit the observed n(z) distributions at faint magnitudes.
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Projects of this kind are presently being undertaken by T. 5Snanks
using the AAT and R. Kron and D. Koo using the Kitt Peak 4am telescope.
The recent development of the optical fibre coupling system on the AAT
enables up to fifty spectra toc be obLlained simultaneously which
greatly reduces the required amount of observing time and hence makes
such a faint redshift survey feasible. The n(z) test has a great
advantage over the Hubble diagram, in that the same galaxies are used
in both n{(m) and n(z) and hence exactly the same evolutionary
processes are operating in each case. This eliminates the uncertainty
caused by the possibility that different rates of evolution occur in
different galaxy environments.

Regarding the observations of large-scale structure discussed in
chapter five, ithwould be of’éreat interest to obtain the redshifts of
many more of the groups and clusters detected by the Turner and Gott
alpgorithm than are presently available. This would enable a more
accurate calibration of the mM(z) relation and hence better deter-—
mination of the redshift distribution of galaxy groups, as well as a
better determination of the galaxy 1luminosity function through a
modelling of the m(z) relation.

If a complete sample of ~200 cluster redshifts could be obtained
then the reality of the strong cluster-cluster spatial correlations,
found by Bahcall and Soneira (1983) for rich Abell clusters, could be

tested on a more representative sample of groups and clusters.,

ot

Preliminary results found here (section 5.3) suggest that the effec
may be real, but the present uncertainties in the W(z) relation mean

that the average depth of the present samples are somewhat uncertain.
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Larger and deeper redshift surveys of both galaxies and clusters
at bright and faint limits will therefore undoubtedly improve the
prospects for discriminating between cosmological models. However, 1in
terms of 1improving the important constraints obtainable from galaxy
counts and clustering studies (in particular the cluster orientation
studies carried out in chapter six and deriving approximate redshift
distributions via the f(z) relation in chapter five) there 1is still
important progress to be made by increasing the angular coverage of
machine measured photographic surveys. Both redshift and photographic
surveys together thus hold great promise for future observational

advances in cosmology.



- 311 -

Appendix A

Observations of Cluster Galaxies

a) Spectra of Rich Cluster Galaxies (see Table 5.1)

In this section the reduced galaxy spectra for the new
cbservations described in section 5.4.5 part a) are presented. The
Abell cluster number or other designation from Table 5.1 is indicated
in the top left hand corner of each plot. The wavelength scale is in
Angstroms and some of the most prominent lines used in the estimation
of each galaxies redshift are also indicated in the figures. The RA
and Dec listed in Table 5.1 cérresponds to these galaxies.

As noted in chapter five, Abell cluster A2066 was observed using
the AAT, and the long slit of the RGO spectrograph enabled two galaxy
spectra tc be obtained simultaneously. Both spectra are shown here.
The spectrum with most counts corresponds to the brightest cluster
member whose RA and Dec 1is listed in Table 5.1. The second galaxy lies
30 arcsec away from the brightest member at a position angle of 173°

(measured N—E).
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b) Spectra of Cluster Galaxies on UKST Plate J3192 (see Table 5.2}

In this section the reduced galaxy spectra for the new
observations described in section 5.4.%5 part b) are presented. The
cluster number, taken from Table £.2, is indicated in the top left
hand corner of each plot. The wavelength scale is in Angstroms and
some of the most prominent lines used in the estimation of each
galaxies redshift are indicated. The long slit of the RGO spectrograph
enabled several galaxies in each cluster to be observed simultaneously
and hence most clusters have more than one spectrum. Since the
integration time was the same for each galaxy in each cluster the
spectrum with most counts corresponds to the brightest cluster member
whose RA and Dec is listed in Table 5.,2. Offsets from this galaxy to
other cluster members whose spéctra have been obtained are indicated
in the figures in the format; distance in arcseconds, position angle

in degrees measured N—E,.



315 -

§L1 . — . - ~ — -
;i /WN W |
H Mg
g- WMW o i
i
° + + +- 1 + + A—W 1
]
3500 oo 2000 o) o 560 700 ey
LB
‘ T T T T T — T T
g 623,2629
L ]
TR
] all
2
ggr ’ X i )
g
)i H I
{
l" |ljt d‘ i + o —
© F';l l ' H A —— +
Al R
SO . N N 4 N _
3o ) 60D 6500 [T 8600 7800 7500
LG
3 — v - v — - s
+ + M"%M
]
ATI;O 8300 70‘00 7500
i b
SR A |
PO "W “‘j il
‘I.i!‘| ¥ AT J“I.M\.‘
o 2300 000 506




gl

T - ¥ T e ¥
381,262
W W
H
—t— —— + —+ 4 + e ——
, . . . \ ; o
3500 4500 5000 as00 L]t} BBO0 000 TH0D
WA LENGTH
T~ - — T T — T T e
3
G
Mg
KH

-y t
+ + " + + +
3000 00 8000 8800 eoco L. 4] 2000 7500
SAELINGTH
—r T —r L T Yo e e

1800
t

T v v Lame v -~ e e e
5
il !
i b LA |
, b IadliN e i ;
i !x ‘}i ;
9 i : I
Nl \ i
r oy
i
Y f i i ) AR h |
i yyli g )
i ! T
B+ —— —~+— ' + \ |
+ . . “ . . 4 N
3800 4000 6000 8800 8000 8600 7000 1500



- 317 -

gl» RS ! T T Bl —
27 431,2921 )
g I il i ' | A §
v IV IMT] VD T

4 ! W Bl )

g P N

NI WO 4 (L LT Mg T

f ":] 1 '  LIVIa—e 1 + -4
§t . 4 . . , ]
3acu +a0 4800 2000 5800 8000 640 000 T
wELNGTH

" ——— — — — — - - _]

[2]
k 4
(]
\.
3
&4
B it S DY PPN UG

. . . S
. - . - e
3600 00 4500 5000 8500 0 8300 700¢ ac
eLOm
o — - - e e T
[_ 730,23.6
|
Y I T
3600 o3 4300 2000 8550 s0u0 8500 006 1800
ELONGTH
- - — — S —




- 318 -

il 4340085 ~ o
h "'““"l “‘ ““ M“ “I‘M.lh” n“,“‘,‘m T |
o

3200 200 4000 noAm ) - " L
BELDNGTH
g . 1 ) o
553420

4 + + + —_— — )
3800 400 4400 5000 5500 L 1] 80 00 R
WA LENGT
—— o — ——r—— —_—— e — ———

+ . . ‘
B 8000 B0

1500



- 319 -

N 4+ . ‘ .
3500 8500 sa00 300 L) 7800
CAZLENGTH
) |
i i \
! i | |
‘ ! w ' '
WIRLE w‘l i [ :
11 RY i X
Y W) (6, I
|
L ¥
T r ‘ LA I | M
N ; N
3600 /500 amo ™o 7000 00




- 320 -

v v T t T v ey

- -
i G \.& 1
, ‘wM
NM + i + " + 4 Loy + 3
T T T L T T 1 T T T
. — . " . . . . . N e
000 4000 4800 Bboo 6o 8000 6500 00 74300 AO00 8500

A LENGTH




- 321 -

REFERENCES
Aarseth, S.J., and Binney, J.J., 1978, Mon. Not. R. astr. Soc., 185,
227
Aarseth, S.J., Gott, J.R., and Turner, E.L., 1979, Astrophys. J., 228,
664.

Abell, G.0., 1958, Astrophys. J. Suppl., 3, 211.

Abell, G.O., 1962, IAU No.15, in 'Problems of Extragalactic Research’,
ed. McVittie, G.C., New York: McMillan, p.213.

Adams, M.T., Strom, K.M. and Strom, S.E., 1980, Astrophys. J., 238, 445.
Arp, H., 1962, Astrophys. J., 135, 311.

Bahcall, N.A., and Soneira, R.M., 1982, Astrophys. J. Letters, 258, L17.

N

Bahcall, N.A., and Soneira, R.M., 1983, Astrophys. J., 0, 20.

Baker, E.A., 1957, J. Phot. Sci., 5, 94.

Bautz, L.P., and Abell, G.O., 1973, Astrophys. J., 184, 709.
Bean, A.J., 1983, PhD thesis,;University of Durham.
Binggeli, B., 1982, Astron. Astrophys., 107, 338.

Binney, J.J., 1977, Mon. Not. R. astr. Soc., 181, 735.

Blumenthal, G.R., Faber, S.M., Primack, J.R., and Rees, M.J., 1984,
Nature, 311, 517.

Bond, J.R., Centrella, J., Szalay, A.S., and Wilson, J.R., 1984, 1in
'Formation and Evolution of Galaxies and Large Structures in
the Universe', ed. Audouze, J.A., and Tran Thanh Van, J.,

Reidel, Dordrecht, Holland.

Boyle, B.J., Fong, R., Shanks, T., and Clowes, R.G., 1985, Mon. Not. R.
astr. Soc., submitted.

Brown, F.G., 1964, Mon. Not. R. astr. Soc., 127, 517,
Brown, F.G., 1968, Mon. Not. R. astr. Soc., 138, 527.
Brown, G.S., and Tinsley, B.M., 1974, Astrophys. J., 194, 555.

Bruzual, A.G., 1981, PhD thesis, University of California, Berkeley.



- 322 -

Bruzual, A.G., and Kron, R.G., 1980, Astrophys. J., 241, 25.

Bruzual, A.G., 1984, in 'Spectral Evolution of Galaxies', RAL workshop
on Astron and Astrophys., ed. Gondhalekar, P.M., p.67.

Butcher, H., and Oemlier, A., 1978, Astrophys. J., 219, 18.

Butcher, H., and Oemler, A., 1984, Astrophys. J., 285, 426.

Cannon, R.D., 1974, Mon. Not. R. astr. Soc., 167, 551.

Carter, D., 1980, Mon,Not. R. astr. Soc., 190, 307.

Carter, D., and Metcalfe, N., 1980, Mon. Not. R. astr. Soc., 191, 325.

Carter, D., Efstathiou, G., Ellis, R.S., Inglis, I.A., and Godwin, J.,
1981, Mon. Not. R. astr. Soc., 195, 15P.

Centrella, J., and Melott, A.L., 1983, Nature, 305, 196.

Cooke, J.A., Emerson, D., Beard, S.M., Kelly, B.D., 1983, Occ. Reports
of ROE, Edinburgh, No.10, p.209.

Couch, W.J., 1981, PhD thesis, Australian National University.

Couch, W.J., Ellis, R.S. Godwin, J., and Carter, D., 1983, Mon. Not. R.
astr. Soc., 205, 1287.

Couch, W.J., and Newell, B., 1984, Astrophys. J. Suppl., 56, 143.

Couch, W.J., Shanks, T., and Pence, W.D., 1985, Mon. Not. R. astr. Soc.,
213, 215.

Cousins, A.W.J., 1976, Mem. R. astr. Soc., 81, 25.

Davis, M., Groth, E.J., and Peebles, P.J.E., 1977, Astrophys. J., 212,
£L107.

bavis, M., Huchra, J., Latham, D.W., and Tonry, J., 1982, Astrophys. .J.,
253, 423.

Davis, M., Efstathiou, G., Frenk, C.S., White, S.D.M., 1985, Astrophys.
J., 290, 1111.

Dekel, A., and Aarseth, S.J., 1984, Astrophys. J., 283, 1.

Doroshkevich, A.G., Shandarin, S.F., and Saar, E., 1978, Mon. Not. R.
astr. Soc., 184, 643.

Doroshkevich, A.G., and Shandarin, S.F., 1978, Mon. Not. R. astr. Soc.,
182, 27.



- 323 -

Dressler, A.» 1978a, Astrophys. J., ggg, 765.

Dressler, A., 1978b, Astrophys J., 226, 55.

Dressler, A., 1979, Astrophys. J., 231, 659.

Dressler, A., 1980, Astrophys. J., 236, 35l.

Dressler, A., 1981, Astrophys. J., 243, 26.

Edalati, B., 1976, MSc thesis, University of Durham.
Eddington, A.S., 1913, Mon. Not. R. astr. Soc., 73, 359.

Einasto, J., Joeveer, M., and Saar, E., 1980, Mon. Not. R. astr. Soc.
193, 353.

Einasto, J., Klypin, A.A., Saar, E., and Shandarin, S.F., 1984, bdon.
Not. R. astr. Soc., 206, 529.

Ellis, R.S., 1980, Phil. Trans. R. Soc. Lond. A296, 355.

Ellis, R.5., 1982, in 'The Origin and Evolution of Galaxies',K eds.
Jones, B.J.T., and Jones, J.E., Reidel, Dordrecht, Holland.

Ellis, R.S., 1984, in 'Spectral Evolution of Galaxies', RAL workshop on

Astron. and Astrophys., ed. Gondhalekar, P.M., p.122.
Ellis, R.S., and Allen, D.A., 1983, Mon. Not. R. astr. Soc., 203, 685,
Faber, 5.M., 1972, Astron. Astrophys., 20, 361.
Faber, S.M., 1973, Astrophys. J., 179, 731,
Fall, S.M., 1979, Rev. Mod. Phys., 51, 21.
Farouki, R., and Shapiro, S.L., 1981, Astrophys. J., 243, 3Z2.
Felten, J.E., 1977, Astron. J., 82, 861.

Fong, R., Godwin, J.G., Green, M.R., and Shanks, T., 1983, Occ. Reports
of ROE, Edinburgh, No.10, p.61.

Fong, R., Godwin, J.G., and Metcalfe, N., 1984, Occ. Reports of ROE,
Edinburgh, No. 14, p.207

Frenk, C.S., White, S.D.M., and Davis, M., 1983, Astrophys. J., 271,
417.

Geller, M.J., de Lapparent, V., and Kurtz, M.J., 1984, Astrophys. J.,
287, L55.

Godwin, J.G., 1976, PhD Thesis, University of Qxford.



- 324 -

Gott, J.R., and Rees, M.J., 1975, Astron. Astrophys., 45, 365.

Gott, J.R., and Turner, E.L., 1977a. Astrophys. J., 216, 357, (GT77).
Gott, J.R., and Turner, E.L., 1977b. Astrophys. J., 213, 309.
Gregory, S.A., and Thompson, L.A., 1978, Astrophys. J., 222, 784.

Gregory, S.A., Thompson, L.A., and Tifft, W.G., 1981. Astrophys. J.,
243, 411l.

Groth, E.J., and Peebles, P.J.E., 1977, Astrophys. J., 217, 385, {(GP77).

Gunn, J.E., and Oke, J.B., 1975, Astrophys. J., 195, 255,

Guth, A.H., 1984, in 'Eleventhh Texas Symposium on Relativistic
Astrophysics', ed. Evans, D.S., pp.l1-14, The New York Academy
of Sciences, New York.

Hawkins, M.R.S., 1981, Mon. Not. R. astr. Soc., 194, 1013.

Hawley, D.L., and Peebles, P.J.E., 1975, Astron. J., 80, 477.

Hodge, P.W., 1981, Ann. Rev. Astron. Astrophys., 19, 357.

Hoessel, J.G., Gunn, J.E., and Thuan, T.X., 1980, Astrophys. J., 241,
486. :

Holmberg, E., 1946, Lund. Medd. Ser., 2, No.1l17.

Hubble, E.P., 1926, Astrophys. J., 64, 321.

Hubble, E.P., 1929, Proc. Nat. Acad. Sci., 15, 168.

Hubble, E.P., 1934, Astrophys. J., 79, 8.

Hubble, E.P., 1936, Astrophys. J., 84, 517.

Hubble, E.P., and Tolman, R.C., 1935, Astrophys. J., 82, 302.

Humason, M.L., Mayall, N.U., and Sandage, A., 1956, Astron. J., 61, 97.
Jarvis, J.F., and Tyson, J.A., 1981, Astron. J., 86, 476.

Johnson, H.L., 1966, Ann. Rev. Astron. Astrophys., 3, 193.

Johnson, H.L., and Morgan, W.W., 1953, Astrophys. J., 117, 313.

Jones, B.J.T., and Jones, J.E., 1985, Nordita preprint.

Kaiser, N., 1984, Astrophys. J., Letters., 284, L9.



~ 325 -

Kibblewhite, E.J., 1980, A.P.M. Manual, Institute of Astron. Cambridge.

Kirshner, R.P., Oemler, A., and Schechter, P.L. 1978, Astron. J., 83,
1549.

Kirshner, R.P., Oemler, A., and Schechter, P.L., 1979, Astron. .J., 84,
951.

Kirshner, R.P., Oemler, A., Schechter, P.L., and Shectman, S.A., 1981,

Astrophys. J. Letters, 248, L57.

Kirshner, R.P., Oemler, A., Schechter, P.L., and Shectman, S.A., 1983,
Astron. J., 88, 1285.

Klypin, A.A., and Shandarin, S.F., 1983, Mon. Not. R. astr. Soc., 204,
891.

Koo, D.C. 198la, PhD thesis, University of California, Berkeley.
Koo, D.C. 1981b, Astrophys. J. Letters, 251, L75.

Koo, D.C., 1985, in 'Workshop on OSpectral Evolution of Galaxies',K ed.
Chiosi, C., Reidel, Dordrecht, Holland.

Koo, D.C., and Szalay, A.S5., 1984, Astrophys. J., 282, 390.

Kristian, J., Sandage, A., and-Westphal, J.A., 1978, Astrophys. J., 221,
383.

Kron, R.G., 1978, PhD thesis, University of California, Berkeley.

Kron, R.G., 1980, Physica Scripta, 21, 652.

Kron, R.G., 1984, 1in 'Spectral Evolution of Galaxies', RAL worksnop

proceedings, ed. Gondhalekar, P.M., p.190.
Kron, G.E., and Smith, J.L., 1951, Astrophys. J., 113, 324,
Kunkel, W.E., and Demers, S., 1977, Astrophys. J., 214, 21,

Lilly, S.J., and Longair, M.5., 1982, Mon. Not. R. astr. Soc., 199,
1053,

Limber, D.N., 1953, Astrophys. J., 117, 134.

MacGillivray, H.T., and Dodd, R.J., 1979, Mon. Not. R. astr. Soc., 186,
69 and 743.

MacGillivray, H.T., and Dodd, R.J., 1982, The Observatory, 102, 141.
MacGillivray, H.T., Martin, R., Pratt, N.M., Reddish, V.C., Seddon, H.,

Alexander, L.W., Walker, G.S5., and Williams, P.R., 1976, Mon.
Not. R. astr. Soc., 176, 265.



- 326 -

MacGillivray, H.T., Dodd, R.J., McNally, B.V., and Corwin, H.G., 1982,
Mon. Not. R. astr. Soc., 198, 605.

McFadzean, A.D., Hilditch, R.W., and Hill, G., 1983, Mon. Not. K. astr.
Soc., 205, 525.

Melott, A.L., 1983, Astrophys. J. Letters, 273, L21.

Metcalte, N., Fong, R., Shanks, T., and Kilkenny, D., 1985, in
preparation.

Moody, J.E., Turner, E.L., and Gott, J.R., 1983, Astrophys. J., 273, 16.
Nilson; P., 1974, Uppsala Astron. Obs. Report, No.3.

Oemler, A., 1974, Astrophys. J., 194, 1.

Oort, J.H., 1983, Ann. Rev. Astron. Astrophys., Vol.21l, pp.373-428.
Opik, E.J., 1868, Irish Astron. J., 8, 229.

Osmer, P.5., 1982, Astrophys. J., 253, 28.

Ostriker, J.P., and Hausman, M.A., 1977, Astrophys. J. Letters., 217,
L125.

Peebles, P.J.E., 1965, Astrophys. J., 142, 1317.

Peebles, P.J.E., 1973, Astrophys. J., 185, 413.

Peebles, P.J.E., 1974a, Astrophys. J. Letters, 189, Lb5l.

Peebles, P.J.E., 1974b, Astron. Astrophys., 32, 197.

Peebles, P.J.E., 1979a, in 'Les Houches, Session XXXII, Physical
Cosmology', ed. Balian, R., Audouze, J., Schramm, D.N., North

Holland Publishing Company, p.213.

Peebles, P.J.E., 1980, 'The Large Scale Structure of the Universe',
Princeton University Press, Princeton, New Jersey.

Peebles, P.J.E., 1981, Astrophys. J., 248, 885.

Peebles, P.J.E., 1983, Astrophys. J., 274, 1.

Peebles, P.J.E., 1984, in 'Formation and Evolution of Galaxies and Large
Structures in the Universe', ed. Audouze, J.A., and Tran Thanh
Van, J., Reidel, Dordrecht, Holland, p.135.

Peebles, P.J.E., and Hauser, M.G., 1974, Astrophys. J. Suppl., 28, 9.

Pence, W.D., 1976, Astrophys. J., 203, 39.

Peterson, B.A., Ellis, R.S., Kibblewhite, E.J., Bridgeland, M., Hooley,
T., and Horne, D., 1979, Astrophys. J. Letters, 233, L109.



- 327 -

Phillipps, S., Fong, R., Ellis, R.5., Fall, S.M., and MacGillivray,
H.T., 1978, Mon. Not. R. astr. Soc., 182, 673.

Phillipps, S., Fong, R., and Shanks, T., 1981, Mon. Not. R. astr. Soc.,
194, 49.

Press, W.H., and Vishniac, E.T., 1980, Astrophys. J., 236, 323.
Reinhardt, M., 1972, Mon. Not. R. astr. Soc., 156, 151.

Richstone, D.0., 1976, Astrophys, J., 204, 642.

Rivolo, A.R., and Yahil, A. 1983, Astrophys. J., 274, 474.

Rood, H.J., and Sastry, G.N., 1968, Pub. Astron. Soc. Pacific, 80, 252.
Rood, H.J., and Sastry, G.N., 1971, Pub. Astron. Soc. Pacific, 83, 313.

Rudnicki, K., Divorak, T.Z., Flin, P., Baranowski, B., and Sandrakowski,
A., 1973, Acta Cosmologica, 1, 7.

Salpeter, E.E., 1955, Astrophys. J., 121, 161.

Sandage, A., 1961, Astrophys. J., 133, 355.

Sandage, A., 1973, Astrophys.‘Jf, 183, 731.

Sandage, A., and %ammann, 1971, Astrophys. J., 167, 293.

Schechter, P.L., 1976, Astrophys, J., 203, 297.

Schechter, P., and Press, W.H., 1976, Astrophys. J., 203, 557, (SP).
Schectman, S.A., 1985, Astrophys. J. Suppl., 57, 77.

Seldner, M., and Peebles, P.J.E., 1977, Astrophys. J., 215, 703.

Seldner, M,, Seibers, B., Groth, E.J., and Peebles, P.J.E., 1977,
Astron. J., 82, 249.

Seldner, M., and Uson, J.M., 1982, Astrophys. J., 261, L65.
Seldner, M., and Uson, J.M., 1983, Astrohpys. J., 264, 1.

Shane, C.D., 1975, in 'Galaxies and the Universe', Vol IX, pp.647-663,
Chicago Univ. Press.

Shane, C.D., and Wirtanen, C.A., 1967, Pub. Lick. Obs., Vol. 22, Part 1.

Shanks, T., 1979, Mon. Not. R. astr. Soc., 186, 583.



- 328 -

Shanks, T., 1982, in ‘Progress in Cosmology', ed. Wolfendaie, a.w.,
Reidel, Dordrecht, Holland, p.335.

Shanks, T., 1985, Vistas in Astronomy, in press.

Shanks, T., Bean, A.J., Efstathiou, G., Ellis, R.5., Fong, K., and
Peterson, B.A., 1983b, Astrophys. J., 274, 529.
Shanks, T., Fong, R., Ellis, R.S., and MacGillivray, H.T., 1980, Mon.

Not. R. astr. Soc., 192, 209, (SFEM).

Shanks, T., Fong, R., Green, M.R., Clowes, R.G., and Savage, A., 1983a,
Mon. Not. R. astr. Soc., 203, 181.

Shanks, T., Stevenson, P.R.F., Fong, R., and MacGillivray, H.T., 1984,
in 'Astronomy with Schmidt Type Telescopes', IAU Colloquium
No.78, ed. Capaccioli, M., pp.499-505, Reidel, Dordrecht,
Holland.

Silk, J., 1968, Astrophys. J., 151, 459.

Silk, J., and Norman, C., 1981, Astrophys. J., 247, 59.

Stevenson, P.R.F., Shanks, T., and Fong, R., 1984, in ’'Clusters and
Groups of Galaxies', ed. Mardirossian, K., Giurisin, G., and
Mezzetti, M., Reidel, Dordrecht, Holland.

Stobie, R.S., Smith, G.M., Luitz, R.K., and Martin, R., 1979, in ‘Image
Processing in Astronomy', ed. Sedmak, G., Capaccioli, M., and
Allen, R. J., Osservatorio di Trieste, Italy, p.48.

Stobie, R.S., 1980, J. Inter Planetary Society, 33, 323.

Stobie, R.S., 1982, COSMOS User Manual, Royal Observatory Edinburgh.

Strom, K.M., and Strom, S.E., 1978, Astron. J., 83, 732.

Stuble, M.F., and Peebles, P.J.E., 1985, Astron. J., in press.

Sunyaev, R.A., and Zeldovich, Ya, B., 1972, Astron. Astrophys., 20, 189.

Thompson, L.A., 1976, Astrophys. J., 209, 22.

Tifft, W.G., 1980, Astrophys. J., 239, 445,

Tinsley, B.M., 1977, Astrophys. J., 211, 621,

Tinsley, B.M., 1978, Astrophys. J., 222, 14.

Tinsley, B.M., 1979, in 'Le Houches, Session XXXII, Physical Cosmology',

ed. Balian, R., Audouze, J., Schramm, D.N., North Holland
Publishing Company, p.161.



Tinsley, B.M., 1980a, Fundamentals of Cosmic Phys., 5, 287.

Tinsley, B.M., 1980b, Astrophys. J., 241, 41.

Turner, E.L., and Gott, J.R., 1976, Astrophys. J. Suppl., 32, 409.
Tyson, J.A., and Jarvis, J.F., 1979, Astrophys. J. Letters, 230, L153.

de Vaucouleurs, G., and Buta, R., 1983, Astron. J., 83, 939.

de Vaucouleurs, G., de Vaucouleurs, A., and Corwin, H.G., 1976, 'Second
Reference Catalogue of Bright Galaxies', University of Texas,
Austin.

Weinberg, S., 1972, 'Gravitation and Cosmology', Wiley, New York.

White, S.D.M., Frenk, C.S., and Davis, M., 1983, Astrophys. J. Letters,
274, L1,

Wilson, M.L., 1983, Astrophys. J., 273, 2.

Yang, J., Turner, M.S., Steigman, G., Schramm, D.N., and Olive, K.A.,
1984, Astrophys. J., 281, 493.

Zeldovich, Ya. B., 1970, Astron. Astrophys., 5, 84.

Zeldovich, Ya. B., Einésto, J., and Shandarin, S.F., 1982, Nature, 300,
407 .

Zwicky, F., Herzog, E., Wild, P., Karpowicz, M., Kowal, C.T., 1961-68,
'Catalogue of Galaxies and Clusters of Galaxies', (& volsg),
Calif. Inst. of Technology, Pasadena.




