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ABSTRACT 

Methods are set out f o r the study of galaxy 
c o r r e l a t i o n s using deep Schmidt p l a t e s and an automatic 
measuring procedure. 

The covariance f u n c t i o n i s defined and shown 
to be an o b j e c t i v e measure of galaxy c l u s t e r i n g . The 
work of previous authors on the angular covariance 
f u n c t i o n and the conversion of t h i s t o the s p a t i a l 
covariance f u n c t i o n i s reviewed. The c l u s t e r i n g of 
c l u s t e r s i s discussed. 

The form of the data used i s described and the 
procedure f o r c a l c u l a t i n g the angular covariance 
f u n c t i o n i s set out. The form of the angular covariance 
f u n c t i o n i s found to be consistent w i t h a power law of 
index -u-8, i n agreement w i t h previous estimates. 

I n order to compare the amplitude of the angular 
covariance f u n c t i o n f o r the very deep samples w i t h t h a t 
obtained from the e a r l i e r shallow samples, a cosmological 
g e n e r a l i z a t i o n of Limber's formula i s derived. I n order 
to evaluate t h i s , the d i s t r i b u t i o n i n distance of the 
galaxies i n the sample i s required. 

This i s obtained v i a the d i s t r i b u t i o n of angular 
diameters of the galax i e s . A d e t a i l e d model of the 
galaxy p o p u l a t i o n i s used t o determine the expected 
d i s t r i b u t i o n of angular diameters and the best f i t to 



the observed counts gives the most i i k e i y parameters 
f o r the model. This i n t u r n gives the distance 
d i s t r i b u t i o n of the v i s i b l e g alaxies. 

I t i s found t h a t the amplitude i s lower than 
exjiected and i t i s judged t h a t t h i s i s due to the use 
of very small areas which may not t r u l y r e f l e c t the 
o v e r a l l c l u s t e r i n g p a t t e r n . Nonetheless, i t i s f e l t 
t h a t the methods described w i l l prove a valuable and 
powerful means of e x p l o r i n g the large scale d i s t r i b u t i o n 
of galaxies. 
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CHAPTER ONE 

INTRODUCTION 

'But i f the matter was evenly disposed 
throughout an i n f i n i t e space, i t could 
never convene i n t o one mass; but some 
of i t would convene i n t o one mass, and 
some i n t o another, so as to form an 
i n f i n i t e number of great masses, 
scattered a t great distances from one 
another throughout a l l t h a t i n f i n i t e 
space' . 

Isaac Newton. 
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1.1 HISTORICAL BACKGROUND TO THE STUDY OF GALAXY 
CLUSTERING 

In 1784 Messier published h i s famous catalogue 
of objects to be avoided '/hen hunting comets. Whether 
or not he remarked on the f a c t i s not recorded, as f a r 
as the present w r i t e r i s aware, but a remarkable number 
of these objects appear i n the c o n s t e l l a t i o n of Virgo 
and several more i n Coma Berenices. 

Concentrations of nebulae i n these areas were 
noted by Herschel (1811), however, and the cataloguing 
of nebulae during the f o l l o w i n g century, much of i t by 
the Herschels between about 1780 and 1860 (Herschel 1864) 
culminating i n the New General Catalogue of Dreyer (1888), 
revealed several concentrations of nebulae. Two of these, 
i n Coma and Perseus were described i n some d e t a i l by 
Wolf (1902, 1906). 

By 1918 progress i n the observation of s p i r a l 
nebulae e s p e c i a l l y by Sliph e r enabled Wirtz to suggest 
t h a t they were generally moving away from the s o l a r 
neighbourhood, and a f t e r Hubble (1924) proved t h a t the 
s p i r a l nebulae were e x t r a g a l a c t i c , W i r t z , Lundmark (1924) 
and Hubble (1927) himself, e s t a b l i s h e d t h a t the v e l o c i t y 
of recession (the r e d s h i f t ) increased l i n e a r l y w i t h 
distance, thus enabling astronomers to f i n d the distance 
of a galaxy and hence d i s t i n g u i s h between chance alignments 
and genuine c l u s t e r s of galaxies a t the same distance, 

Tfirtz (1924) had c a l l e d a t t e n t i o n to several 
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conspicuous centres of c l u s t e r i n g , and a t l e a s t f o u r 
c l u s t e r s - V i r g o , Ursa Major and two i n Fornax - are 
apparent among the b r i g h t galaxies i n the Shapley-Ames 
catalogue (1952) . 

Shapley (1955) described 25 i n d i v i d u a l c l u s t e r s 
and f u r t h e r Harvard surveys revealed more and more c l u s t e r i n g , 
which suggested from i t s uneven d i s t r i b u t i o n the p o s s i b i l i t y 
of s u p e r c l u s t e r i n g , i . e . the existence of c l u s t e r s of 
cluste r s . 

Hubble (1954) i n v e s t i g a t e d what he c a l l e d the 
great c l u s t e r s of about 500 members each- and estimated 
t h a t one per cent of a l l galaxies belong t o such a c l u s t e r , 
Hubble also studied the galaxy d i s t r i b u t i o n outside the 
great c l u s t e r s . He found t h a t these were also non-randomly 
d i s t r i b u t e d and i n f e r r e d the presence of small scale 
c l u s t e r i n g (Hubble 1956). 

As more c l u s t e r s were discovered, Zwicky (1958) 
was l e d to propose t h a t a l l galaxies belong to c l u s t e r s , 
and t h a t the universe was d i v i d e d i n t o c l u s t e r c e l l s of 
diameter around 75 Mpc (on the present estimate of the 
distance scale, H 0 » 50 km s"1 llpc"* , given by Sandage 
1975). 

From the Lick Astrographic Survey, Shane and h i s 
c o l l a b o r a t o r s were able t o p o i n t out many c l u s t e r s and 
apparent superclusters and these p l a t e s gave the f i r s t 
sample large enough f o r s t a t i s t i c a l analyses to be 
applied meaningfully t o the galaxy d i s t r i b u t i o n (see 
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section 1,4 below) . 
Abe l l (1958) catalogued 2712 r i c h c l u s t e r s v i s i b l e 

on the Palomar Sky Survey p r i n t s , and analysed the 
d i s t r i b u t i o n of 1682 of these which comprised a more or 
less homogeneous sample, while Zwicky and h i s associates 
prepared the f a r more comprehensive Catalogue of Galaxies 
and Clusters of Galaxies (Zwicky et a l I 9 6 I - I 9 6 8 ) . 

1.2 TYPES OF CLUSTERS 

There e x i s t s a wide v a r i e t y of forms of galaxy 
c l u s t e r , ranging from r i c h compact c l u s t e r s l i k e the 
Coma c l u s t e r containing several thousand members down 
to small groups l i k e the l o c a l group which has about 20 

members, only three of which are conspicuous g i a n t 
g a l a x i e s . 

De Vaucouleurs (1975) has studied the nearby small 
groups of galaxies and found 54 w i t h i n about 35 Mpc ( f o r 
Htf =• 50 km s~' Mpc ' ; t h i s value w i l l be assumed 
henceforth) of the l o c a l group. He also concluded t h a t 
a t most 10$ of the galaxies i n t h i s volume vrere not i n a 
group of some si z e , Holmberg (1962) however, claims t h a t 
only 50$ of galaxies are i n c l u s t e r s . 

Clusters can also be d i v i d e d i n t o r e g u l a r and 
i r r e g u l a r ; r e g u l a r c l u s t e r s having populations upward 
of 1000 and showing a c e n t r a l concentration and s p h e r i c a l 
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symiuetry, while i r r e g u l a r c l u s t e r s may have any number 
of members but have no c e n t r a l concentration or symmetry 
of shape. Regular c l u s t e r s are u s u a l l y found to be 
dominated by e l l i p t i c a l and l e n t i c u l a r g a l a x i e s , whereas 
a l l types are present i n the i r r e g u l a r c l u s t e r s ( A b e l l 1975). 

The Virgo c l u s t e r and other r i c h i r r e g u l a r c l u s t e r s 
such as Hercules have diameters around 3 to 5 Mpc w i t h 
some as large as 10 Mpc, while small groups l i k e the 
l o c a l group range from about 1 to 3 Mpc. The sizes of the 
regular c l u s t e r s are somewhat more d i f f i c u l t to judge, 
but A b e l l (1975) suggests t h a t they are also of the order 
of 3 to 5 Mpc, while Zwicky and Rudnicki (1963) claim 
t h a t the l a r g e s t c l u s t e r s have diameters of around 10 Mpc. 
Many i r r e g u l a r c l u s t e r s appear to possess sub-concentrations 
w i t h c h a r a c t e r i s t i c scales less than 1 Mpc ( A b e l l , Neyman 
and Scott 1964). 

1.3 SUPERCLUSTERING AND HIERARCHICAL MODELS 

Holmberg (1937) suggested the existence of a 
metagalactic cloud w i t h a centre i n the general d i r e c t i o n 
of the no r t h g a l a c t i c pole and about 18 Mpc from the 
Galaxy. The idea of a l o c a l s u percluster has been 
vigorously f o l lowed by de Vaucouleurs (1953, 1956, 1958, 
19711 1975a), who considers i t to have a diameter of about 
75 Mpc, centred on Virgo and to contain the l o c a l group 
the Ursa Major cloud and many smaller c l u s t e r s and groups , 
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Bahcall and Joss (I976) consider the •supercluster e f f e c t ' 
to be due merely to the chance p r o x i m i t y of the Virgo 
c l u s t e r . 

Shane (1956) noted several apparent aggregates of 
c l u s t e r s on the Lick Survey p l a t e s which have dimensions 
of 15 to 60 Mpc. A b e l l (19°1) also noted groupings among 
the c l u s t e r s I n h i s catalogue comprising about 10 members 
each. 

As long ago as 1908, C h a r l i e r proposed t h a t the 
s t r u c t u r e of the universe could be h i e r a r c h i c a l , t h a t i s , 
galaxies belong t o c l u s t e r s , which themselves aggregate 
i n s u p e r c l u s t e r s , the superclusters then being p a r t of 
higher order c l u s t e r s and so on. 

Support f o r t h i s view has been given by de Vaucouleurs 
(1970) and the p o s s i b i l i t y of h i e r a r c h i c a l models has also 
been considered by Peebles (1974a), but the m a j o r i t y of 
observers believe t h a t the l a r g e s t c l u s t e r i n g scale i s the 
supercluster of dimensions up to perhaps 100 Mpc, Thus on 
scales of several 100's of Mpc the universe may be 
considered to be s t a t i s t i c a l l y homogeneous and i s o t r o p i c , 
as i s required i n the d e r i v a t i o n of the usual Friedmann 
models and i n p a r t i c u l a r f o r the Robertson-Walker metric 
(see e.g. Weinberg 1972, chapter 14, and appendix A ) . 
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1.4 STATISTICAL METHODS FOR STUDYING GALAXY CLUSTERING 

When the Lick Astrographic Survey was made i t 
produced a wealth of data amenable t o s t a t i s t i c a l 
a n a l y s i s . 

Neyman and Scott (1952} and Neyman, Scott and 
Shane (1953, 1954) found s e r i a l c o r r e l a t i o n s i n the 
counts i n 1 x 1 c e l l s and derived parameters to 
describe the scale and degree of the c l u s t e r i n g . They 
then produced a r t i f i c i a l f i e l d s of galaxies w i t h these 
parameters, assuming t h a t a l l galaxies were i n c l u s t e r s , 
and found t h a t the s y n t h e t i c f i e l d s were extremely 
s i m i l a r t o the r e a l galaxy f i e l d s . T h e i r conclusions 
were t h a t most galaxies belong to c l u s t e r s a few Mpc i n 
diameter ( w i t h around 100 members). 

Umber (1953, 1954) also used the Lick Counts and 
by considering the density o f galaxies t o be a smoothly 
varying f u n c t i o n o f p o s i t i o n , comprising a mean density j> 
and f l u c t u a t i o n j» D(E) where r i s the distance from 
the observer i n some given d i r e c t i o n i n space, deduced a 
f u r t h e r estimate of the scale of c l u s t e r i n g which was i n 
general agreement w i t h Neyman and Scott's. Limber's 
technique was e s s e n t i a l l y s i m i l a r t o the covariance 
analysis l a t e r developed by Peebles which uses the 
numbers of p a i r s of objects separated by some angle 9, 
Limber f u r t h e r derived a formula f o r comparing the 
r e s u l t s found from surveys complete to d i f f e r e n t l i m i t i n g 
apparent magnitudes. 
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Rubin (1954) a l s o considered a f l u c t u a t i n g term 

D(r) and by d i v i d i n g the sky Into small areas computed 
— a / —. * 

the mean square f l u c t u a t i o n s W / N , where N i s the 

number of g a l a x i e s b r i g h t e r than some l i m i t i n g magnitude 

i n one of the small areas of the sky, f o r various assumed 

forms f o r the a u t o c o r r e l a t i o n of D(r) . 

The i n d e t e r m l n i s t i c approach of Neyman (1962) 

assumes the observable universe to be one r e a l i z a t i o n of a 

st a t i o n a r y s t o c h a s t i c process which determines whether a 

galaxy I s present a t any p a r t i c u l a r point and i f so what 

i t s l u m i n o s i t y , s i z e , mass e t c . , a r e . T h i s approach has 

a l s o been adopted by Peebles (1975) • but u n l i k e Neyman 

and Scott's attempt to derive as many parameters of the 

galaxy d i s t r i b u t i o n as p o s s i b l e , Peebles' aim was to 

evaluate the autocovariance of the two dimensional 

d i s t r i b u t i o n (the covariance function) and i t s F o u r i e r 

transform, the power spectrum, and hence to determine a 

l i m i t e d number of simple s t a t i s t i c a l measures of the 

c l u s t e r i n g process, 

T o t s u j i and Ki h a r a (1969) n a d already evaluated the 

angular covariance function f o r the L i c k Counts and 

deduced the form of the s p a t i a l covariance function, and 

Peebles and h i s c o l l a b o r a t o r s (Peebles 1975* Hauser and 

Peebles 1973* Peebles and Hauser 1974, Peebles 1974a, 

Peebles 1974b, Peebles 1975. Davis, Groth and Peebles 1977• 

Groth and Peebles 1977» Seldner and Peebles 1977) have s i n c e 

analysed the d i s t r i b u t i o n s of g a l a x i e s i n the Zwicky and 
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Shane-Wirtanen catalogues and i n the J a g e l l o n i a n f i e l d 

(Rudnicki et a l 1972) as we l l as the d i s t r i b u t i o n of 

c l u s t e r s i n the A b e l l catalogue and the c r o s s - c o r r e l a t i o n s 

between the c l u s t e r s and the Shane-Wirtanen g a l a x i e s . A 

f u r t h e r a n a l y s i s was the e v a l u a t i o n of the 3-polnt covariance 

func t i o n f o r the Shane-Wirtanen catalogue (Peebles and 

Groth 1975, Groth and Peebles 1977) and the J a g e l l o n i a n 

f i e l d (Peebles 1975). Even a somewhat obscure four-

point c o r r e l a t i o n function has been evaluated f o r p a r t of 

the Zwicky catalogue by Kalinkov, Kuneva and Gelovska 

(197 6) i n an attempt to f i n d s u p e r c l u s t e r i n g s t a t i s t i c a l l y , 

A b e l l (1958) used a simple ~% t e s t on the number 

of c l u s t e r s from h i s catalogue, i n small areas of the sky 

and deduced the existence of s u p e r c l u s t e r s of dimensions 

60 Mpc and containing ~ 10 c l u s t e r s each. The 

a p p l i c a b i l i t y of t h i s t e s t , e s p e c i a l l y f o r estimating 

s c a l e s was challenged by Yu and Peebles (19&9)» who, from 

a power-spectrum a n a l y s i s (Blackman and Tukey 1959) 1 
1 

concluded that although there was very s i g n i f i c a n t evidence 

fo r non-randomness i n the d i s t r i b u t i o n of c l u s t e r s , not 

more than 10% of c l u s t e r s could be i n the type of 

s u p e r c l u s t e r s envisaged by A b e l l , 

In a f u r t h e r a n a l y s i s of the d i s t r i b u t i o n of A b e l l 

c l u s t e r s u s i n g the power-spectrum, Hauser and Peebles (1973) 

found ' c l e a r and d i r e c t evidence* f o r s u p e r c l u s t e r s with 

small angular s c a l e s , i n agreement with the r e s u l t s of 

Bogard and Wagoner (1973) who used nearest neighbour 



-10-

d i s t r i b u t i o n s (Wagoner 1967). Using both the power-

spectrum and covariance f u n c t i o n , Hauser and Peebles deduced 

the e x i s t e n c e of s u p e r c l u s t e r s containing 2 or 5 c l u s t e r s 

each and of t y p i c a l s c a l e ~ 4o Mpc, Large s c a l e 

I r r e g u l a r i t y of the d i s t r i b u t i o n was a l s o noted, but 

most of the power a t small wavenumbers, i , e , l a r g e 

s e p a r a t i o n s , appeared to be due to a zone of depletion -

e i t h e r r e a l or due to obscuration. 



CHAPTER TWO 

THE COVARIANCE FUNCTION 

•The general s u b j e c t of study i n the 

theory of c l u s t e r i n g of g a l a x i e s may be 

described as the search f o r formulas 

connecting the various c h a r a c t e r i s t i c s of 

the model described, t h a t i s to say, the 

presumed happenings i n space, with the 

s t a t i s t i c a l c h a r a c t e r i s t i c s of the 

observations'. 

J e r z y Neyman. 
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2.1 DEFINITIONS AND LIMBER'S FORMULA 

In chapter 1 the angular covarlance f u n c t i o n or 

a u t o c o r r e l a t i o n function was introduced as an o b j e c t i v e 

measure of c l u s t e r i n g . I n t h i s chapter, the concepts 

involved i n t h i s form of c o r r e l a t i o n a n a l y s i s and the 

r e s u l t s obtained by previous authors are d e s c r i b e d . 

I n t e r p r e t a t i o n i s postponed u n t i l a l a t e r chapter 

when the r e l e v a n t p a r t s of the present a n a l y s i s can 

a l s o be incorporated. 

Following Peebles (1975) define the angular 

covarlance function w(Q) through the c o n d i t i o n a l 

p r o b a b i l i t y 

SP (G) = ?/ (1 + W(9)}$.SL (2.1) 

of observing another galaxy I n the s o l i d angle S-TL a t 

an angular separation Q from an a r b i t r a r y galaxy i n a 

sample with mean number d e n s i t y 7tf per u n i t s o l i d angle. 

S i m i l a r l y define the s p a t i a l covarlance f u n c t i o n 

a t cosmic time t , ^ ( y * * ) , through the c o n d i t i o n a l 

p r o b a b i l i t y 

S p, (y,t) = n(l.+ ?(y,t))£V (2.2) 

of there being another galaxy i n the comovlng volume SV 

a comoving d i s t a n c e y from an a r b i t r a r y galaxy a t the 

cosmic time t , where n i s the mean number density per 

u n i t comovlng volume ( a constant providing there i s no 

c r e a t i o n or a n n i h i l a t i o n of g a l a x i e s ) . I t i s assumed 
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t h a t the uni v e r s e i s i s o t r o p i c and homogeneous on l a r g e 

s c a l e s and can be described by the Robertson-Walker 

metric (see appendix A). 

Now i f the volume SV subtends a s o l i d angle S-ft- i t 

i s e a s i l y seen from the R-W metric that 

(1 - kr,» )*'» 

where r,, i s the comoving distance from the observer to £V. 

Hence 

8P,(y,t) = n (1 + H y , t ) ; r * It* (2.4) 
(1 - kru* 

L e t the p r o b a b i l i t y t h a t a galaxy a t di s t a n c e r I s 

included i n the sample be 4>(r). T h i s i s known as the 

s e l e c t i o n f u n c t i o n . 

Then the p r o b a b i l i t y that an a r b i t r a r y galaxy i n 

the sample i s a t a d i s t a n c e r € ( r , , r, + Sr,) from the 

observer i s 

(1 - kr* ) 
1 (2.5) 

<fr(r) r * Ar 

). (1 " to* )' X 

and the p r o b a b i l i t y that there i s a galaxy i n SV i n the 

sample i s 

S P 3 ( r a ) - n (1 + |(y,t)) j ( r t ) T \ g r > $SU ( 2 < 6 ) 

(1 - * r \ )'* 



-14-

Also 
oo 

= n l $ ( r ) r* dr 

I ^ 

Now i f the d i s t a n c e y subtends an angle 9 a t the observer 

(see f i g u r e 2 . 1 ) , then i t f o l l o w s , by i n t e g r a t i n g over 

a l l p o s s i b l e r, and r t , t h a t 

oP(6) = f f n(l + *<y,t)) «fr(r.) r,» dr, $ ) r * dr, (2.8) 

i . e . 

w(6) = \ fe(y,t) ft (r, ) r,1 dr, 4>(Q r J dr z (2.9) 
(1 - ̂  )''* (1 - kr,1 )'* 

«j>(r, ) r * dr, 

(1 - kr,1 ) S 

where y = y(9,r, , r 2 ) 

and t = t(£(r, + r z ) ) 

Since the observer sees the two g a l a x i e s as they were a t 

times t ( r , ) and t ( r 4 ) , the cosmic time a t which if should 

be taken s t r i c t l y depends on both. However, i n a l l cases 

t ( r , ) « t ( r 2 ) , s ince c o r r e l a t i o n s e x i s t only on s c a l e s 

small compared to the Hubble r a d i u s , so the time a t the 

mid-point of r v and TX i s a convenient choice. 

T h i s i s the cosmological g e n e r a l i z a t i o n of the 



\orvS Co O 
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formula f i r s t derived by Limber (1953) to r e l a t e w and "5 . 

A l t e r n a t i v e d e r i v a t i o n s of g e n e r a l i z e d v e r s i o n s of Limber's 

formula are given by F a l l (197°) and P h i l l i p p s e t a l (1977). 

I f c o r r e l a t i o n s e x i s t only on small s c a l e s , the E-W 

l i n e element may be used to give the approximation 

y - (r> - *») * » 
~ + r Q (2.10) 

1 - kr 

where the choice of r = f { r , -+• r 4 ) as the r a d i a l co­

ordinate i s a r b i t r a r y s i n c e x{ » xx when r i s s m a l l , 

and i t i s easy to see that equations (2 .9) and (2.10) 

reduce to the us u a l formula (Peebles 1973) i n the l i m i t 

of small r 4 , xz . 

I t i s now convenient to change from co-ordinate 

d i s t a n c e s to r e d s h i f t s , i n which case equation (2 .9) 

becomes 
•° CO 

2.)<KZ») f (»i)g(zi ) f(za)g(zi(l+z») dz, dz,. w(9) 
o e 

and 
( \ <|)(z) f'(z) g(z) ( H z / dz) (2.11) 

y l = [ g l W U . - z J + f ^ e ^ o + ^ H . " 1 (2.12) 

where 

= zq 0 + " 1)((2qcz + 1 j ' 1 - 1) cH~\l + z ) * q j * (2.13) 

i s the angular diameter distance , 

= cH ; ' ( 1 + (2q ez+ 1 ) > I (2.14) 

i s the d e r i v a t i v e of proper d i s t a n c e with respect to 
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r e d s h i f t , and H 0 , q_0 and R 0 are the Hubble parameter, 

d e c e l e r a t i o n parameter and cosmic s c a l e f a c t o r a t the 

present epoch ( c . f . Weinberg 1972, equations 15.5.4 

and 15.5.25), z, z, and z» being the r e d s h l f t s corresponding 

to r , r , and r a r e s p e c t i v e l y . 

I f the galaxy d i s t r i b u t i o n i s not time independent, 

i t i s convenient to repl a c e ^ ( y . t ) i n equation (2.12) 

by ^ ( s , z ) where s i s the proper s e p a r a t i o n a t the 

r e d s h i f t z, corresponding to co-ordinate s e p a r a t i o n y, 

s =» y R 0 (1 + z) * 

= ^g l(a) (z, - 7.S + f \ z ) 6 l] * (2.15) 

I n the s i m p l e s t approximation, take "f ( s , z ) to be 

separable i . e . of the form 

? ( s , z ) = *.(s) h(z) (2.16) 

(see s e c t i o n 2.5)» then 

\ \ h ( z ) | < ( s ) ^ ( z , ) < ) > ( z l ) f l ( z l ) f l ( z l ) g ( z 1 ) g ( z J ( l + z , ) 3 ( l + z J S d z , d z , w(e) = 
( [ 4(z) f*(z) g(z) (1 + z ) 3 dz) (2.17) 

Changing v a r i a b l e s from ( z , , z z ) to ( z , x ) where x = z, - z a 

and using the approximation z ( % z % - % z, we have 

\ ( H z ^ M z ) ^ ) f \ z ) g*(z)dz f ? a((g l(z)x* + f l ( z ) e l ) V i ) d i 
w(e) - J» J t 

( ] 4>(z) f*(z) g(z) (1 + z ) 3 d z ) (2.18) 
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and again using the assumption that i s zero except 

for small s e p a r a t i o n s , we can change the l i m i t s of the 

inner i n t e g r a l to (- oo ,+ »° ) s i n c e the added c o n t r i b u t i o n 

from l a r g e x i s n e g l i g i b l e . Then, with u = g x/fe 

j" (l+z) f e h(z) <}>%) f % ) g( z; e F(f(z) e) dz (2.19) 

w(e) 
( ft(B) f \ » ) «(• ) (1 + dz) 

with 

P ( v ) - f ? 0 ( v J1 + ) du (2.20) 

2.2 THE POWER LAW COVARIAHCE FUNCTION 

The angular covariance function has been p r e v i o u s l y 

evaluated f o r various samples of g a l a x i e s as mentioned i n 

Chapter 1. T o t s u j i and Ki h a r a (19&9) u s i n g the L i c k 

Counts (Shane and Wirtanen 1967), found t h a t w(0) was 

we l l represented by a power law of inaex - u*8. Peebles 

and co-workers (Peebles and Hauser 1974, Peebles 1975) 

subsequently analysed the Shane-Wirtanen and Zwicky 

Catalogues ^Zwicky e t a l I96I - I968) and the J a g e l l o n i a n 

Catalogue (Rudnickl e t a l 1972) , concluding that a power 

law of t h i s form was indeed a good f i t to a l l the estimates 

of the angular covariance f u n c t i o n (see a l s o Peebles 1974a), 

I f we put ^ ( s ) a e t s * ^ (2.21) 
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i n equation (2.20) then with K = 1 + 

P(v) = otl(S) v ~ (2.22) 

where 

ICS) = ] (i + u ) 
-0* 

>Tn- T ( " I ) / V ( 8"T) (2.23) 

w(9) = G S($j 6 (2.24) 

with G = «*I(S) (2.25) 

and } (1 + z) h(z) 4 (z) g(z) f .. (z) dz 

s<*> - ~ T r . : ' ix ~ — v ~ ( 2 , 2 6 ) 

^ 4(1 + a) «(*) f (0 dz ) 
Thus we see that a power law s p a t i a l covarianoe function 
gives r i s e to a power law angular covariance f u n c t i o n , 

with the index r a i s e d "by one. Note that f o r a given 8 , 

G i s Independent of the survey, while S i s determined 

s o l e l y by the s e l e c t i o n function f o r the sample, so to 

compare the angular covariance functions from d i f f e r e n t 

surveys i t i s only necessary to consider the f a c t o r S. 

F i r s t consider a simple case where $ ( z , s a m p l e ) 3 

j> ( z / z * ) where z* i s a r e p r e s e n t a t i v e r e d s h i f t f o r 

g a l a x i e s i n the survey, which f o r convenience can be 

taken to be the g r e a t e s t r e d s h i f t a t which a galaxy of 
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some p a r t i c u l a r absolute magnitude M* w i l l be v i s i b l e . 

I n a shallow magnitude l i m i t e d sample t h i s w i l l be a 

good approximation sinc e 0 ( z ) i s then simply the f r a c t i o n 

of g a l a x i e s b r i g h t e r than M = M - 5 log z/z ( a s the 

luminosity d i s t a n c e i s e s s e n t i a l l y l i n e a r i n z ) . and 

i s c l e a r l y only a f u n c t i o n of z/z , Thus 

s(i*) 
z dz 

o 

a da 
c z 
Ho > / r . * \ l 

k J 4>(a) a da) 
« 

w(ej - K (D*)~ , S e~* (2.27) 

where K i s a constant independent of the survey and 

D - cz /H„ i s a r e p r e s e n t i v e depth f o r the survey 

( c f . Peebles 1974a equation ( 2 ) ) . Equation (2.27) 

may a l s o be w r i t t e n i n the u s e f u l form 

w(9) K, 3 9 ( 2 - 2 8 ) 

si n c e TV oC ( D * ) * i n t h i s simple casOjK, being another 

constant. 

The determination of S f o r a deep sample i s 

considered i n chapter 6. T h i s i s a n o n - t r i v i a l 

extension of the above, because the luminosity d i s t a n c e 
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i s no longer l i n e a r in z and k - c o r r e c t i o n s (see footnote) 

and cosmological e f f e c t s become important i n determining j6. 

FOOTNOTE: 

The k - c o r r e c t i o n i s the change i n apparent 

luminosity of a source a t r e d s h i f t z, due to ( a ) . t h e 

f a c t that f o r a f i x e d bandpass i n the observed frame, 

the bandwidth i n the e m i t t e r ' s frame i s reduced by a 

f a c t o r (1 +• z) and (b) the p o s s i b l e d i f f e r e n c e i n f l u x 

betvreen the emitted wavelength and the observed wavelength 

i n the spectrum of the source. I t i s thus defined by 

k(z) = 2-5 logU + z) + 2-5 log( jF(^)S()Od ,xAF(V(l+z;)S(>)d\ 

where F( "X) i s the f l u x a t wavelength "X and S( )0 i s 

the d e t e c t o r response. T h i s may be approximated f o r a l l 

usual purposes by 

k(z) = 2-5 log(l + z) + 2-5 log^ P ( \ ) / F(X / ( l + z))"J 

where "X i s the wavelength a t the peak of the d e t e c t o r 

response. 
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2.3 A SIMPLE MODEL FOR CORRELATION EVOLUTION 

In s e c t i o n 2.1 a simple f u n c t i o n a l form to 

represent the evolution of the s p a t i a l covariance 

function was introduced. Using the power law form of 

s e c t i o n 2.2 t h i s g i v e s 

*(e f.) B s h(z) (2.29) 

Now consider a region of space where proper se p a r a t i o n s 

between g a l a x i e s vary with cosmic time according to 

s ( t ) s(t„) R(t) 

R(t*) 

P 
(2.30) 

where R( t ) i s the cosmic s c a l e f a c t o r . Note t h a t i f the 

g a l a x i e s expand with the un i v e r s e 13*11 i f they maintain 

constant proper separations g * 0 and i f they c o l l a p s e 

together < 0. The number of g a l a x i e s i n a volume 

which c o l l a p s e s according to equation (2.30) and i s a 

proper d i s t a n c e s ( t ) from an a r b i t r a r y galaxy i n the 

region i s 

n(t) V(t) [ l + * ( s ( t ) , t ) ] constant 

where n ( t ) i s the proper density a t time t , so 

' R(t) " _ R ( t ) ' 

. R ( t . ) . .R(M 
( 1 + B s ( t j * 'R(t)

 1 ' 

R(t r.) 
h( t ) J = 1 + B s(t. 
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R(t.) 
for t as t , 

or 

h(z) =s (1 + z) (2.31) 

Thus as a simple, one parameter model we may use 

h(z) = (1 + z) (2.32) 

with ^ =H i f a l l g a l a x i e s move with the expansion of 

the u n i v e r s e (the expanding model;, =. 3 I f a l l the 

g a l a x i e s remain a t f i x e d proper d i s t a n c e s from each 

other (the non-evolving model) and * (o-V i f c l u s t e r s 

c o n t r a c t with j& « 1 ( a r e p r e s e n t a t i v e c o l l a p s i n g model 

with a 'reasonable' c o l l a p s e r a t e ) . 

2.4 COMPARISON OF ANGULAR COVARIANCE FUNCTION ESTIMATES 

The f i r s t use of the covariance f u n c t i o n , as 

such, i n the study of galaxy c l u s t e r i n g , was made by 

T o t s u j i and K i h a r a (1969). They used the shane-Wirtanen 

counts and obtained a power law form f o r the c o r r e l a t i o n s , 

with an index - 0-8. 

I n t h e i r study of the Zwicky Catalogue, Peebles 

and Hauser (1974) used a sample with photographic 

magnitude l i m i t of 15*? 0. They randomly sampled p a i r s 
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of galaxies and used as t h e i r estimate of the angular 
covariance f u n c t i o n 

w ( i i i ^ ) = f - 1 (2.35) 

where f i s the f r a c t i o n of the chosen p a i r s of galaxies 
which have angular separations between Qx and 0 Z , 
and £-H- i s the average s o l i d angle w i t h i n the survey 
area A-TL. which i s between 9̂  and S t from a random 
galaxy i n the survey, $SL. being determined e m p i r i c a l l y . 
Here and elsewhere w i s used both f o r the covariance 
f u n c t i o n and f o r i t s estimates. 

i n oro.er to see the possible e f f e c t s of g a l a c t i c 
obscuration on the c o r r e l a t i o n s , the a n a l y s i s was 
repeated w i t h the galaxies chosen f o r the p a i r s w i t h a 
p r o b a b i l i t y which decreased from 1 a t the edge of the 
area used (b 40° ) t o 0-75 a t the n o r t h g a l a c t i c pole, 
to attempt to compensate f o r the apparent increase of 
density w i t h g a l a c t i c l a t i t u d e , assuming a cosecant law 
f o r the absorption. They found t h a t the large scale 
c o r r e l a t i o n s were reduced but t h a t w(8J was e s s e n t i a l l y 

o 
unchanged f o r Q £ 10 . 

Peebles (1974a; also considered a shallow subset 
of the Zwlcky catalogue, which had a magnitude l i m i t of 
1 5 ^ 0 . He found t h a t the d i s t r i b u t i o n was dominated by 
the nearby Virgo c l u s t e r and to remove i t s e f f e c t , he 
then r e s t r i c t e d the sample to include only those galaxies 
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more than 14 from the centre o f the Virgo c l u s t e r . 
With the i n c l u s i o n of the c e n t r a l region of 

Virgo the estimates of w f o r angles i n the range ~ 0°-4 
to ~> 10 are l a r g e r by f a c t o r s around 2 or 3. 

I n the Shane-Wirtanen catalogue the data i s 
given as counts o f galaxies i n 1° x 1° c e l l s , w i t h 
various c o r r e c t i o n f a c t o r s estimated "by the authors 
(Shane and Wlrtanen 1967) f o r emulsion v a r i a t i o n s , 
z e n i t h d i s t a n c e , atmospheric e f f e c t s and so on. I f the 
corrected number of galaxies i n c e l l 1 i s n u then 
Peebles and Hauser's estimator f o r the angular covariance 
f u n c t i o n i s 

where the averages are taken over a l l p a i r s of c e l l s k, j 
such t h a t the angular separation of t h e i r centres i s 
between 9, and Qx . 

The e f f e c t of g a l a c t i c absorption was then taken 
i n t o account by a c o r r e c t i o n f a c t o r f o r the c e l l counts 
appropriate f o r the cosecant model. As f o r the Zwicky 
catalogue the l a r g e scale c o r r e l a t i o n s were reduced but 

« 
f o r 9 :£ 4 the estimates of w(9) were unchanged, 

(ir o t h and Peebles (1977i also Davis, Groth and 
Peebles 1977) have re c e n t l y re-analysed the Shane-
Wirtanen data, using the o r i g i n a l observations i n c e l l s 
of size 10* x 10* , corrected by various f a c t o r s to 
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reduce them a l l to the same e f f e c t i v e depth as i n the 
e a r l i e r a n a l y s i s (Seldner e t a l 1977). I f the c o r r e c t i o n 
f a c t o r f o r c e l l 1, which contains n \_ g a l a x i e s , i s c i 
then t h e i r estimate of w i s ( n e g l e c t i n g errorB i n the 
estimates of the c L ) 

w ( f l ± * ) « W 5 ) f c i n j - n ) > 
V 2 ' n\c^c^ (2'55) 

where n i s the mean number per c e l l and the averages 
are as above. The f a c t o r \ c t cj ) i s used as 
a c o r r e c t i o n f o r the d i f f e r e n c e i n the angular covariance 
f u n c t i o n a t d i f f e r e n t depths, but i s based on the 
assumption t h a t the 'extra' galaxies seen on deeper 
p l a t e s are un c o r r e l a t e d w i t h the galaxies on the less 
deep p l a t e s , which i s only t r u e i f a l l galaxies have the 
same absolute magnitude and i s c l e a r l y not v a l i d i n 
p r a c t i c e , though the extent to which t h i s e f f e c t s the 
estimate i s not clear * Groth and Peebles estimate i t 
to be of the order of 15$* i n the sense of making the 
estimates of w too high, when the c e l l s i and j are on 
d i f f e r e n t p l a t e s . Note also t h a t i t depends on the 
assumed form w(<J)<*e and on the choice of S (Groth 
and Peebles use 0-75) . 

I n a d d i t i o n Groth and Peebles have analysed the 
counts i n f o u r separate zones i n order to q u a l i t a t i v e l y 
determine the e r r o r s which can be expected i n t h e i r 
estimates of w. One zone i s found to have estimates 
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which are s y s t e m a t i c a l l y higher than those i n the other 
zones and t h i s zone i s also found to have a large scale 
den s i t y gradient c o r r e l a t e d w i t h g a l a c t i c l o n g i t u d e , 
p o s s i b l y due t o inadequacies of the cosecant model of 
g a l a c t i c obscuration. A f u r t h e r c o r r e c t i o n was then 
made by removing large scale density v a r i a t i o n s by 
f i t t i n g a smooth f u n c t i o n t o them and m u l t i p l y i n g the 
counts by the r e c i p r o c a l of the smoothed density a t 
each po i n t (normalized t o keep the t o t a l counts c o n s t a n t ) , 
This was found to reduce the estimates of w on a l l 
scales, to a c e r t a i n e x t e n t , the e f f e c t being most 
noticeable where the covariance f u n c t i o n was small, 
a t 9 ,̂ 3 , where the form of w(Q) was considerably 
steepened, conforming more nearly to the shape found by 
Peebles and Hauser than d i d the unsmoothed estimates. 
At a distance corresponding to z f o r the Shane-Wirtanen 
catalogue the change of slope ( o r break) would be a t a 
l i n e a r separation ~* $h~X Mpc ( h » H o / l 0 0 km s"v Mpc ' ) . 
The shape of the w(e) curve i s considered f u r t h e r , 
s h o r t l y . 

The Jagellonian catalogue consists of counts of 
o o 

galaxies i n squares of side 3'75 arcmin on a 6 x 6 

p l a t e , the den s i t y being approximately one galaxy per 
square. Peebles (1975) used the estimator 

w ( * ± » . \ . <"*">> - i (2.36) 
V 2 ; <n k><n.> 
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f o r the angular covariance f u n c t i o n , where the averages 
are defined as i n equation ( 2 . 5 4 ) . 

I n each of the fou r surveys, i t was found t h a t a 
power law of index -0*8 was a reasonable f i t to the 
data, though i n the case of the Shane-Wirtanen catalogue 
the w(Q) estimates drop s y s t e m a t i c a l l y below t h i s form 

Q 

a t large 6 ( ̂  5 ) and there i s a h i n t of s i m i l a r 
behaviour f o r G ^ 10 * i n the Zwicky catalogue l i m i t e d 
at 15.0 . I f the angular covariance f u n c t i o n i s w r i t t e n 

w(e) - A e"°" 8 (2.37) 

w i t h Q i n degrees then f o r the various surveys we have 

A X =« 0-70 (2.58) 

f o r the Zwicky catalogue l i m i t e d a t I5T0 (Peebles 1974a, 

Peebles 1975 v a r i o u s l y give amplitudes of 0*69, 0«7i 

0 « 7 2 | I henceforth take 0*70 as the canonical v a l u e ) , 

A,, - 2-8 (2.59) 

f o r the Zwicky catalogue l i m i t e d a t 15^0 (taken from 
f i g u r e 1, Peebles (1974a), by eye estimate of the 
best f i t ) 

Asw " °'°68 (2.40) 

f o r the Shane-Wirtanen catalogue (Groth and Peebles 

1977: the e a r l i e r estimate by Peebles and Hauser 1974 
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and Peebles 1974a, also shown i n Peebles 1975, gave 
A S(aJ = 0' 08) and 

A,a<3 = 0-018 ( 2 > 4 1 ) 

f o r the Jagellonian catalogue (Peebles 1975). 

The amplitudes may be compared using the equations 
of s e c t i o n 2.2, i n p a r t i c u l a r , using the simple ' s c a l i n g 
law' given by equation (2.28) f o r a shallow, magnitude 
l i m i t e d sample 

A * ™ (2.42) 

assuming S = 0-8 
This should hold a t both depths considered i n the Zwicky 
an a l y s i s and should be a reasonable approximation i n the 
case of the Shane-Wirtanen catalogue, but may be s e r i o u s l y 
i n e r r o r f o r the Jagellonian f i e l d , as t h i s i s much 
deeper and i s u n l i k e l y to be s t r i c t l y magnitude l i m i t e d , 
though f o r completeness the Jag e l l o n i a n catalogue i s 
included i n ta b l e 2.1 which summarises the expected and 
observed s c a l i n g r a t i o s f o r the samples considered i n 
t h i s s e c t i o n , under the assumption t h a t w(e) v a r i e s as a 
power law of index -0*8. 

Groth and Peebles (1977) have considered 
cosmological c o r r e c t i o n s due to r e d s h l f t s and 
k-c o r r e c t i o n s and f i n d t h a t the agreement between the 
deeper samples and the Zwicky catalogue can be improved. 
Their corrected 'scaling law* based on the simple law 



Table 2 .1 

SURVEY 7f h IN \ °\ R ( y ' 
(per square ) *x a l l ^ 

degree) n * 
Z 3-9 ^ i o 2-8 3-6 0-78 

Z 6-2 * l c f * 7-0 * i o " 1 7-0 x lo~ * 1-00 
SW 5'4 * 10' 6-8 * 10* 4-8 * 10** l . 42 
Jag 3-3 x 10* 1-8 * 10** 1-6 x lo" 2" i - j 2 

NOTE: Peebles and Hauser (1974) quoted a dens i t y 
20$ lower than t h a t given by Groth and 
Peebles, t h i s would Increase the p r e d i c t e d 
amplitude i n column f o u r by about 12$ to 
5-4 x 10 f o r the Shane-Wirtanen 
catalogue. Their e a r l i e r estimate of ft 
was about 15$ higher than t h a t of Groth 
and Peebles. 
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of equation (2.27) i s 

A «* (y D* w) (x 

where D eTp i s obtained from the sample density hi and 

(2.43) 

x and y are the c o r r e c t i o n f a c t o r s , c a l c u l a t e d f o r the 
model considered ( i . e . l u m i n o s i t y f u n c t i o n - 'ty(M) i s 
the number of galaxies per Mpc b r i g h t e r than absolute 
magnitude M - k - c o r r e c t i o n s and cosmological parameters). 
Their r e s u l t s , assuming S = 0-75i are presented i n 
tab l e 2 .2 , where 

i s the amplitude found f o r the Zwicky catalogue scaled 
w i t h depth according to equation ( 2 . 4 3 ) . The p a r t i c u l a r 
model used f o r the c a l c u l a t i o n s quoted i n t a b l e 2.2 i s 
Groth and Peebles' "standard model" i . e . zero 
cosmological constant pressure free universe, w i t h an 
unevolvlng (proper) s p a t i a l covarlance f u n c t i o n ("^ •= 5 

i n equation 2,31, see se c t i o n 2 .3 ) ; a magnitude l i m i t e d 
survey; k - c o r r e c t i o n s given by k ( z ) s 3z | an A b e l l 
( i n t e g r a l ) l u m i n o s i t y f u n c t i o n ( A b e l l 1962), 

s 
z ( y » 7 y* B i ) ( X D 7 *Z.D* ) (2.44) 

\ (MB) <* 

>(M 6) * 

>(M.) = 

I (3(M a- M ) ] dex M A > M 8 
M > M»> M G \«(M. - H ) ] dex > (2.45) 

0 



Table 2.2 

SURVEY 
(Mpc) 

Z 47 2 7 0 

sw 209 6 8 

Jag 385 1- 8 

A y 

X 
-» 

10 1-000 1 •ooo 
X 

-2 
10 0-867 0 •912 

V 
- J L 

10 0-732 0 -887 

7-0 x i o l-oo 
6-3 x 10 1-08 

-x 
2 -6 * 10 0-72 
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w l t h * = 0-75, £ = 0- 25, M *= - 18- 6 •+• 5 i o g h, M„= 
- 21-3 -+• 5 l o g h (where h * Ho/lOO km s~l Mpc~') 5 no 
galaxy l u m i n o s i t y e v o l u t i o n . 

Using an extreme model w i t h no galaxies f a i n t e r 
than M , Groth and Peebles found t h a t the discrepancy 
between the expected and observed amplitudes f o r the 
Jagel l o n i a n catalogue could be reduced. The question 
of s c a l i n g very deep surveys which are not necessarily 
magnitude l i m i t w i l l be considered i n d e t a i l i n chapter 3. 

The p a r t i c u l a r form of the c o r r e c t i o n s used i n 
equation ( 2 , 4 4 ) , t h a t i s , the use of two f a c t o r s x and y, 
i s due t o the f i t made by Groth and Peebles t o t h e i r 
data f o r the Shane-Wirtanen catalogue. As the w(9) 
estimates f o r 9 & 2.5 drop s y s t e m a t i c a l l y below the 6 
form which i s found a t small angles, they adopted a 
b i l i n e a r f i t t o the l o g w - l o g 9 curve, w i t h slopes -0-75 

¥ 

and -1-75 . When scaled between d i f f e r e n t depths D, 
and D x the f a c t o r x z D a /x , D, determines the s h i f t 
i n 9 of the 'break' p o i n t , t h a t i s , the i n t e r s e c t i o n of 
the two s t r a i g h t l i n e p o r t i o n s of w(9), while 
y i D i / y » D * d e t e r m i n e s the change i n amplitude of 
w(9) a t the break p o i n t (see f i g u r e 2 . 2 ) . 

The s i g n i f i c a n c e of the break i s hard to judge. 
I t i s possible t h a t i t i s an a r t e f a c t of the method of 
analy s i s since i t i s g r e a t l y accentuated when the data 
i s f i l t e r e d and smoothed, but Groth and Peebles consider 
i t t o be an i n t r i n s i c property of the d i s t r i b u t i o n f o r 
the f o l l o w i n g reasons: ( i ) I t appears i n the estimates 
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of the covariance f u n c t i o n i n a l l f o u r sub areas, 
( i i ) The estimate of w(©) f o r 9 « 10 , f o r example, 
would need to be ra i s e d by more than f i v e times the 
i n t e r n a l standard d e v i a t i o n over the f o u r areas i n 
order to f a l l on the extrapolated Q power law. 
( i l l ) There i s no evidence f o r s t r u c t u r e on very large 
scales which could e f f e c t the small scale c o r r e l a t i o n s , 
and ( i v ) the e r r o r s which would be re q u i r e d i n order to 
maintain the power law on a l l scales are much l a r g e r than 
those estimated by considering the c e l l counts and t h e i r 
averages. 

2.5 ESTIMATION OP THE SPATIAL COVARIANCE FUNCTION 

From equations (2.21) to (2.25) i t i s immediate 
t h a t i f - f\© 
then the s p a t i a l covariance f u n c t i o n *?(s) i s given by 

— t 

* Bs ( 2 . 4 6 ) 

w i t h K r. % +1 

and B = P\ T1 I *^ (2.47) 

S being given by equation (2.26) f o r any given survey, 

v i a the s e l e c t i o n f u n c t i o n $ ( z ) . 
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Using the approximation 

S - (D ) JL (2.48) 
( J > ( a ) a* da)* 

from equation ( 2 , 2 7 ) , together w i t h an A b e l l i n t e g r a l 
l u m i n o s i t y f u n c t i o n (equation 2,45) to define $ 
through 

<fta) = $(M* - 5 log a) (2.49) 

( <3L(M) - "MM)/ "Mr (<* ) i s the f r a c t i o n of galaxies 
b r i g h t e r than M), Peebles and Hauser (1974) obtained 
from t h e i r estimates of A, "Y f o r the Shane-Wirtanen and 
Zwicky catalogues 

B = 20 h (2.50) 

where 
h - Ho/ 100 km s"*Mpc'J 

w i t h a possible e r r o r of a f a c t o r of 2 due to the 
un c e r t a i n t y i n the l u m i n o s i t y f u n c t i o n . The power law 
form was taken t o hold over the range 0*03V\ to 30 K Mpc. 
With t h e i r new estimates of the amplitude of w(e) f o r the 
Shane-Wirtanen catalogue and using the corrected form 
of the s e l e c t i o n f u n c t i o n t o take i n t o account r e d s h l f t 
and k - c o r r e c t i o n s 

+(*) - I K - . ^ - 25 - 5 log D u(z) - k(z)) (2.51) 

where D u (z) i s the l u m i n o s i t y distance i n Mpc a t 
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r e d s h i f t z and m V i m i s the l i m i t i n g magnitude of the 
survey, w i t h the "standard model" l u m i n o s i t y f u n c t i o n 
of equation ( 2 , 45 ) , Groth and Peebles obtained 

B = 15 h 

wi t h "V ^ l -77» f o r the range of separations 0-05 W~l to 9 V»"' 
Mpc 

2.6 INVERSION, OP LIMBER'S FORMULA 

Rather than assuming a pure power law form f o r w 
and hence f , i t i s possible to a n a l y t i c a l l y I n v e r t the 
r e l a t i o n s h i p between w and t , which may be u s e f u l 
under c e r t a i n c o n d i t i o n s i f the power law model i s found 
to be inadequate, even though the i n v e r s i o n process, as 
defined by F a l l and Tremalne (1977) i s found to be very 
unstable, i n t h a t small changes i n w can cause l a r g e 
v a r i a t i o n s i n f (w). 

Equations (2,19) and (2.20) may be r e w r i t t e n i n 
the case of shallow surveys as 

w(6) =» JV f ( r ) L(r9) dr 

where 
f f(v/u)dn 

- 2v J u * ( 1 _ u*)Vx 
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and 

o 

Now using the M e l l l n transform (see e.g. Titchmarsh 1948) 

CO 

m [ f ) = f ( B ) = f X s " 1 f(x) dx 

which has the p r o p e r t i e s 
OB ^ 

Trt £ S. * f y % f t o ) «(y) fly] - *(p + B) g(q - p + 1 - s) 

and «• ^ 
TTl [ Jex f y* f (x/y) g(y) dy] = f (p + a) g(q + p + 1 + a) 

we have 

w(s) = L(a)5(5 - ») 

L(s) = b(a)S (s + 1) 

where 
b(x) = 2 (1 - x 1 ) * 1 0 <x < 1 

= o otherwise 

Using the f u r t h e r property 

b(s - 1) = 2 IT/ (s - 1) b(s) 

i t f o l l o w s t h a t 

t ( s ) - (s - 1) b(a) P(s) w(s - 1) 
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where 
P(s) = [2-<r$(6 - a)}~ 

so using the i n v e r s i o n formula f o r the M e l l i n transform 

which i s the r e s u l t obtained "by F a l l and Tremaine. 
Using again the A b e l l i n t e g r a l l u m i n o s i t y f u n c t i o n , 
F a l l and Tremaine demonstrated the i n s t a b i l i t y of the 
i n v e r s i o n to features i n the form of w(6), and 
concluded t h a t s i g n i f i c a n t features i n f could be 
missed due t o the d i f f i c u l t y i n d i s t i n g u i s h i n g r e a l 
features from noise. Despite t h i s , they were confident 
t h a t from the Shane-Wirtanen data the behaviour of *? a t 

— i 
separations less than about 10 h Mpc could be w e l l 
f i t t e d by a power law of index -l-7» though they 
considered t h a t the behaviour of the angular covariance 

o 

f u n c t i o n beyond the break a t «•-» 2-5 might not r e f l e c t 
the t r u e form of *J a t large separations. 

2.7 THE ANGULAR COVARIANCE FUNCTION FOR DIFFERENT 
MORPHOLOGICAL TYPES 

I t has been claimed by several observers t h a t the 
c e n t r a l regions of some r i c h c l u s t e r s and some compact 
smaller c l u s t e r s are dominated by e l l i p t i c a l and 
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l e n t i c u l a r g a l a x i e s (Gunn and Gott 1972, Oemler 1974). 

I t might then be expected t h a t such f e a t u r e s w i l l be 

r e f l e c t e d i n the covariance function f o r the d i f f e r e n t 

morphological types. 

The Uppsala catalogue ( N i l s o n 1973) contains 

i d e n t i f i c a t i o n s by morphological type f o r about 2000 

g a l a x i e s north of b * 40 ( i t a c t u a l l y covers a 

considerably l a r g e r a r e a , but only the north p o l a r 

region i s r e l e v a n t here) and i s complete to photographic 

magnitude 1 4 . 5 -

G e l l e r and Davis (1976) have used t h i s data to 

determine the angular covariance function f o r s p i r a l , 

e l l i p t i c a l and l e n t i c u l a r g a l a x i e s s e p a r a t e l y , as w e l l 

as the o v e r a l l covariance f u n c t i o n . 

Using a l l the g a l a x i e s they obtained 

A N = 1-00 , r - 1-7 

i n good agreement with the r e s u l t s f o r the Zwicky 

catalogue obtained by Peebles and Hauser. When a 

subset of the Nilson catalogue, such that a l l g a l a x i e s 

w i t h i n 14 of the centre of the Virgo c l u s t e r or 
o 

w i t h i n 3 of the centre of the Coma c l u s t e r were removed, 

was analysed the slope was steepened s l i g h t l y and the 

amplitude was reduced by 25 

The s i n g l e type c o r r e l a t i o n s were found to have 

Y = 1-7 and A = 0-69 f o r s p i r a l s 

= 1-7 and A » 3• 2 f o r l e n t i c u l a r s 

and "7=2-1 and A * 2-8 f o r e l l i p t i c a l s . 
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In the case of s p i r a l g a l a x i e s , the r e s u l t s f o r the 

r e s t r i c t e d a r e a were the same as those f o r the f u l l 

catalogue, "but f o r the other two types the amplitudes 

f o r the s m a l l e r area were considerably lower and the 

slopes steeper. I t should be noted, though, that 

the numbers of l e n t i c u l a r s and e l l i p t i c a l s are very 

s m a l l , only 200 or 300, and hence the angular covariance 

function estimates are r a t h e r u n c e r t a i n . Another f a c e t 

of the l a r g e f r a c t i o n of s p i r a l s i n the sample i s t h a t 

the slope f o r the s p i r a l - s p i r a l c o r r e l a t i o n i s the same 

as t h a t f o r the o v e r a l l - f u n c t i o n , though i t i s seen t h a t 

the amplitude i s lower f o r the s p i r a l s . I n the s m a l l e r 

area the amplitudes f o r the s p i r a l s and the whole 

d i s t r i b u t i o n are almost equal, which i n d i c a t e s t h a t 

the major d i f f e r e n c e between the samples i s the presence 

of a number of highly c o r r e l a t e d E and SO g a l a x i e s i n 

the c e n t r a l regions of Virgo and Coma. 

Using a c r o s s - c o r r e l a t i o n f u n c t i o n wn\, defined 

such that 

i s the p r o b a b i l i t y of f i n d i n g g a l a x i e s of type a i n a 

s o l i d angle S-ft- a and type b i n £ S L \, , where ? J L a , %SL± 

are separated by an angle 9 and N a , 7*.\, are the 

d e n s i t i e s of g a l a x i e s of types a, b, G e l l e r and Davis 

obtained the c r o s s - c o r r e l a t i o n s between e l l i p t i c a l , 

l e n t i c u l a r , s p i r a l and a l l g a l a x i e s . Mote that I f w 4 , w b 
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are the i n d i v i d u a l covariance f u n c t i o n s then the t o t a l 

covariance f u n c t i o n wQ̂ .b i s such t h a t the p r o b a b i l i t y 

of f i n d i n g o b j e c t s i n areas SiL, t %SL^ i s 

x
 W < * (2.52) 

They found that there were r e l a t i v e l y twice as 

many 'excess' e l l i p t i c a l or l e n t i c u l a r g a l a x i e s near a 

randomly chosen galaxy, as there were s p i r a l s , and t h a t 

the c o r r e l a t i o n s between E and SO g a l a x i e s were twice 

as high as those between E and S or SO and S g a l a x i e s . 

For the region excluding Virgo and Coma the f i r s t 

of these e f f e c t s was only marginal f o r SO g a l a x i e s and 

was non-existent f o r e l l i p t i c a l s , the l a t t e r e f i e c t was 

s t i l l present though the s p i r a l l e n t i c u l a r c o r r e l a t i o n 

was r e l a t i v e l y higher, nearer to the e l l i p t i c a l 

l e n t i c u l a r c o r r e l a t i o n . 
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2.8 FIELD GALAXIES 

Turner ana tiott (1975) studied the d i s t r i b u t i o n 

on the sky of Zwicky catalogue g a l a x i e s b r i g h t e r than 

14* 0, and claimed t h a t there was evidence f o r two 

populations, a s s o c i a t e d g a l a x i e s and s i n g l e g a l a x i e s , 

d i s t i n g u i s h e d by the presence or absence of a neighbour 

galaxy l e s s than 0 . 75 degrees away. The covariance 

function of the 623 a s s o c i a t e d g a l a x i e s followed the 

expected power law form with a r a t h e r high amplitude ~ 3 

( c f . s e c t i o n 2 .4 ) but the 465 s i n g l e g a l a x i e s possessed 

a roughly constant (and p o s i t i v e ) covariance on a l l 
I o 

s c a l e s from 45 to ^ 15 . When the sample was r e s t r i c t e d 

to a 'western' subregion, avoiding a no t i c e a b l y d e f i c i e n t 

area of the whole sample, the s i n g l e galaxy covariance 

function was e s s e n t i a l l y zero on these s c a l e s , 

corresponding to a completely homogeneous d i s t r i b u t i o n . 

However p a l l e t a l (1976) point out th a t the 

f l a t n e s s of w f o r the s i n g l e s i s almost c e r t a i n l y a 

necessary mathematical r e s u l t of the s e l e c t i o n c r i t e r i a , 

i n p a r t i c u l a r the choice of 45* as the angular s c a l e 

determining s i n g l e s . They conclude t h a t the s i n g l e s 

population defined by Turner and Gott cannot n e c e s s a r i l y 

be regarded as a true f i e l d component of the galaxy 

population and th a t a s i m i l a r s e p a r a t i o n could have 

been achieved given any underlying form of galaxy 

c l u s t e r i n g with no p r e f e r r e d s c a l e . Soniera and Peebles 
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(1977) a l s o concluded that there was no d i s t i n c t 

population of f i e l d g a l a x i e s . 

2.9 CORRELATIONS OF CLUSTERS OF GALAXIES 

Hauser and Peebles (1973) analysed the d i s t r i b u t i o n 

of 139^ c l u s t e r s i n the A b e l l catalogue i n regions of 

g a l a c t i c l a t i t u d e ^ 40 covering 27$ of the sky. 

The northern region was divided into three zones i n 

l a t i t u d e s i n c e the varying d e n s i t y suggested the presence 

of l a r g e s c a l e obscuration. The ( s m a l l e r ) southern 

region gave a fourth zone. 

For each zone w was estimated by counting the 

number, n, of other o b j e c t s (whether i n the same region 
•o 

or not) that appear i n s u c c e s s i v e a n n u l i of width 0.2 

centred on each c l u s t e r i n the region i n turn, and 

using 

W ^ 6 ) = 7 7 7 7 ^ (2-53) 

where & ft (0) i s the area of the annulus centred on 

s e p a r a t i o n 6 and 7Ve i s the density of c l u s t e r s i n the 

zone. T h i s was repeated f o r three s e t s of c l u s t e r s ; 

those i n A b e l l distance c l a s s e s 1 to 4, 1 to 5 and 1 to 6, 

to obtain estimates of v to d i f f e r e n t depths. 

They found p o s i t i v e values of w a t small angles 
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I n a l l the zones, evidence of c l u s t e r i n g on s c a l e s of a 

few degrees. I n t e g r a t i n g w - or a l t e r n a t i v e l y using 

the power spectrum - they deduced s u p e r c l u s t e r s of 2 or 3 

members. The estimates of w f o r zone I I I , the lowest 

l a t i t u d e zone, were n o t i c e a b l y higher than f o r the 

other regions, while the density was lower, implying 

t h a t the catalogue was l e s s deep there than i n the 

other zones. 

Using the ' s c a l i n g law' 

w t(e) - §• w . t e l p ( 2 .54) 

( c f . Peebles 1973» equation 69? the eq u i v a l e n t of 

equation 2.27 f o r a general w, which i s simply obtained 

from equation 2.19 i n the case of small z by usi n g 

<^(r,D) ) with the dis t a n c e c l a s s l i m i t s of 

A b e l l , they showed t h a t the w estimates v a r i e d i n the 

way expected f o r true c l u s t e r i n g and were not merely 

due to varying obscuration or other such causes. 

They introduced the a n a l y t i c form 

T ( r ) = A e x p C - X ^ r * ) (2.55) 

f o r the s p a t i a l covariance f u n c t i o n and found l i k e l y 

l i m i t s 

30 £ £ 40 

7 < A ^ 1 6 
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where D 6 i s the l i m i t of A b e l l ' s d i s tance c l a s s 6, 

quoted as 638 h ' Mpc (h =H„/lOU km s"' Mpc"' ) . 

Peebles and Hauser (1974; r e f i t t e d the data with 

a power law of index -1, while i n a l a t e r paper, Seldner 

and Peebles (1977) assumed w <* & as f o r the galaxy 

a u t o c o r r e l a t i o n . 

2.10 CROSS CORRELATION OF CLUSTER CENTRES AND 

INDIVIDUAL GALAXIES 

The c r o s s c o r r e l a t i o n f u n c t i o n i s defined such 

that 

SP = 7^(1 + w3<.(9)) SJ l . 

i s the p r o b a b i l i t y of f i n d i n g a galaxy i n the area S-11-

di s t a n c e Q from a c l u s t e r c e n t re. T h i s i s , of course, 

e q u i v a l e n t to the d e f i n i t i o n given i n s e c t i o n 2,7• 

Note that n e c e s s a r i l y , w^e = w t^ . 

Peebles (1974b) used the g a l a x i e s i n the Shane-

Wirtanen catalogue along with the c l u s t e r c entres 

obtained from A b e l l ' s catalogue. They used the estimate 

w,c(9) =» - 1 (2.56) 

where <-n> i s the average number of g a l a x i e s i n a 1 * 1 

square of the Shane-Wirtanen catalogue and <n(©)> i s 

the average number i n the squares which have centres 



d i s t a n c e 9 - to 9 + A©/2 from a c l u s t e r centre 

where A 9 i s some s u i t a b l e bin s i z e (squares which are 

the same d i s t a n c e from more than one c l u s t e r are counted 

with the appropriate m u l t i p l i c i t y ) , 

The c r o s s c o r r e l a t i o n was c a l c u l a t e d f o r four 

zones s e p a r a t e l y , the zones being d e l i n e a t e d by 

g a l a c t i c l a t i t u d e , as i n the a n a l y s i s of the A b e l l 

catalogue d i s c u s s e d i n s e c t i o n 2.9 above, i n g e n e r a l , 

p o s i t i v e c o r r e l a t i o n s were found on small scales, i.e.. 

s c a l e s up to about 6 . The r e s u l t s f o r zone C the 

lowest l a t i t u d e zone, where there i s a low density of 

c l u s t e r s , were s u b s t a n t i a l l y lower than f o r the other 

three zones, but taking into account the u n c e r t a i n t i e s 

Peebles considered i t appropriate to use the mean over 

a l l four zones. 

The c l u s t e r s were f u r t h e r d i v i d e d int o A b e l l ' s 

r i c h n e s s c l a s s e s 1, 2 and >• 3 and di s t a n c e c l a s s e s 3 to 

Re s u l t s f o r r i c h n e s s c l a s s e s 1 and 2 were s i m i l a r f o r 

D - 3, 4 and 5» while those f o r R ^ 3 were lower i n 

each case. For di s t a n c e c l a s s 6 there was no evidence 

of c o r r e l a t i o n s f o r any of the r i c h n e s s c l a s s e s . 

For a l l the s u b d i v i s i o n s there e x i s t e d a 

lar g e s c a l e (6 to 10 ) c o r r e l a t i o n but whether t h i s 

was genuine or an a r t e f a c t of, f o r example, g a l a c t i c 

obscuration, causing a density v a r i a t i o n common to 

both c l u s t e r s and i n d i v i d u a l g a l a x i e s was u n c l e a r . 

Taking s u p e r c l u s t e r s to contain 2 c l u s t e r s as 
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before, they estimated t h a t around 12% of g a l a x i e s 

were c o r r e l a t e d with r i c h c l u s t e r s , those i n d i s t a n c e 

c l a s s 5 containing about 450 v i s i b l e members each, 

reducing to 70 f o r c l u s t e r s i n d i s t a n c e c l a s s 5. 

I t was noted t h a t t h i s was some 2 to 5 times as many 

as would be v i s i b l e i n a c l u s t e r l i k e the Coma c l u s t e r 

s i t u a t e d a t the appropriate d i s t a n c e s ; the c o r r e l a t i o n s 

were a l s o over much g r e a t e r l i n e a r s c a l e s than the 

diameters normally assigned to such c l u s t e r s . 

A power law covariance f u n c t i o n of index -0*7 

to -.1-0 ( g i v i n g a s p a t i a l covariance f u n c t i o n f ( r ) •< 

or r ) was found to f i t the data f o r R = 1 quite w e l l 

and to s c a l e c o r r e c t l y between the d i f f e r e n t d i s t a n c e 

c l a s s e s . T h i s s p a t i a l covariance f u n c t i o n had the same 

form as found by Peebles and Hauser (1974) f o r galaxy-

galaxy c o r r e l a t i o n s , but with a higher amplitude (by a 

f a c t o r — 4 ) . The c l u s t e r - c l u s t e r c o r r e l a t i o n of Hauser 

and Peebles (1973) r e f i t t e d by Peebles and Hauser had a 

higher amplitude s t i l l (by a f a c t o r ~2-5)# 

T h i s was explained as being due to the f a c t that 

the p o s i t i o n of the c l u s t e r g a l a x i e s (excepting those 

t i g h t l y concentrated a t the c l u s t e r centre) and the 

c l u s t e r s w i t h i n a s u p e r c l u s t e r are assigned according 

to a common s t a t i s t i c a l law. T h i s r e q u i r e s about 25$ 

of g a l a x i e s to be i n r i c h c l u s t e r s . 

As mentioned above, the very r i c h c l u s t e r s (R » 3) 

have lower c o r r e l a t i o n s , implying that there are fewer 
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t o t a l numbers of g a l a x i e s around the c l u s t e r s , or t h a t 

the luminosity f u n c t i o n depends on R. 

The a n a l y s i s was repeated by Seldner and Peebles 

(19'if7«j) using the 10* by lo' c e l l s f o r the Shane-

Wirtanen catalogue ( S e l d n e r e t a l 1 9 7 7 ) . The c r o s s 

covariance f u n c t i o n w gc was estimated i n e x a c t l y the 

same way as before (equation 2.56) but now with 

r e s o l u t i o n 2^5. Again a l l four zones gave comparable 

r e s u l t s and the average w^c was used subsequently. 

The r e s u l t s were considered to be c o n s i s t e n t with the 

previous ones, though, with the b e t t e r r e s o l u t i o n , 

c o r r e l a t i o n s were evident f o r the c l u s t e r s of di s t a n c e 

c l a s s 6 (note however t h a t an e n t i r e l y d i f f e r e n t form 

f o r w y was obtained). 

A s i n g l e power law model f o r w was considered 

unacceptable and the e m p i r i c a l form 

- A 0 + B 6 (2.57) 

was used. Requiring o , X to be the same f o r a l l 

R and D, the best f i t was found to be 

f - 1-4 X = 0-2 

At small Q, 9 dominates so t h i s was taken as the 

' i n t r i n s i c ' d e n s i t y run around a c l u s t e r ( i . e . d e n s i t y oi 

Assuming the c l u s t e r - c l u s t e r c o r r e l a t i o n to be of the 
-o-8 / 

form 0 l i k e the galaxy-galaxy c o r r e l a t i o n ( t h i s form 

was not used when the A b e l l catalogue was d i s c u s s e d 

p r e v i o u s l y , but i t i s a reasonable f i t ) then the 
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c o n t r l b u t i o n to w^c by neighbouring c l u s t e r s should 

vary as 9 with X * 0-8 + 1-4 - 2 » 0-2, i n agreement 

with the value found above. 

The d e n s i t y run, projected on the sky, f o r 

dist a n c e c l a s s D, r i c h n e s s c l a s s R, i s given by 

w*;*ve> * ?\r/W 0~ v u 8 * ©0 

= o 0 > 

where the amplitude A ̂ p. depends on d i s t a n c e and 

ri c h n e s s but the c u t - o f f 9 D i s presumed to depend only 
o 

on d i s t a n c e . I f i t i s chosen such t h a t 9^ * 5 ( i . e . 

s 15 h Mpc) then 8# of g a l a x i e s are i n Ab e l l 

c l u s t e r s , though t h i s i s very s e n s i t i v e to 9 b , whereas 

other f i t s are not. 

Note t h a t Peebles (1974a) used a model with 

density f a l l - o f f r with randomly d i s t r i b u t e d 

c l u s t e r c e n t r e s i n a model f o r e x p l a i n i n g the galaxy 
- o.g 

covariance f u n c t i o n w(9) «x 9 , 

(2.58) 

2.11 USES OF THE CROSS CORRELATION 

I f i t i s assumed that the s p a t i a l c o r r e l a t i o n 

functions are f i x e d time independent fun c t i o n s i n a l l 

p a r t s of the u n i v e r s e , then by comparing the s c a l e d 

r e s u l t s from d i f f e r e n t depths, the luminosity f u n c t i o n 
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which makes them most n e a r l y i n agreement might be 

sought. ( T h i s i s of course the opposite view to that 

taken elsewhere i n t h i s t h e s i s , where the c o r r e l a t i o n s 

a t d i f f e r e n t depths are compared assuming that the 

luminosity function i s known and f i x e d ) . 

I n s e c t i o n 2 .10 the a n a l y s i s by Seldner and 

Peebles (1977a) of the c r o s s - c o r r e l a t i o n between A b e l l 

c l u s t e r centres and i n d i v i d u a l Shane-Wirtanen g a l a x i e s 

was d i s c u s s e d . T h e i r r e s u l t s were c o n s i s t e n t with a 

densit y run i n the A b e l l c l u s t e r 

n(r) = <n> E« r 

where depends on the r i c h n e s s c l a s s R. Then f o r the 

magnitude l i m i t e d Shane-Wirtanen g a l a x i e s , and ignoring 

cosmological c o r r e c t i o n s , i n analogy with Limber's 

formula the surface density 

with 

J (1 + spy1'1 ax \ r 2' f e<Kr) dr (2. 
-«• o-

where the are the appropriate d i s t a n c e c l a s s l i m i t s 

and 

- $ ( rav - 25 - 5 log r - k ( r ) ) 

( c f . equations 2.21 to 2.26 and 2 . 5 1 ) . 
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By using t h e i r estimates of A D R f o r a l l (D.R) 

values they attempted to f i n d the luminosity f u n c t i o n 

which gave the best r e s u l t s . I n p a r t i c u l a r , using 

r i c h n e s s c l a s s 1 

A m / A 3 l * 0-73 

A 6 \ / A < J V " 0- 14 

A n / A ™ - 0-020 

The A b e l l luminosity function (equation 2 . 45 ) with<<« o«8 , 

0* 0 - 1 , M a - 18*3 - 5 log h was found to be the most 

s a t i s f a c t o r y but A b e l l ' s parameters were almost as good. 

The broader Schechter Function ( s c h e c h t e r 1976) was not 

as good a f i t , as A ^ / A 3 k c o u l d not be matched without 

making A 6 V / a 3 | too l a r g e . Using t h e i r best function 

n(r) - 165 F R <.n> (hr) hr « 15 Mpc (2.60) 

where F f c depends on r i c h n e s s R and i s unity for R - 1. 

With A b e l l ' s parameters the amplitude i s 20$ higher. 



CHAPTER THREE 

THE DATA 

'O b j e c t i v e l y e x i s t i n g t r u t h i s s e l e c t e d 

"by observations out of many s u b j e c t i v e 

proposals' 

Ya. B. Zeldovich. 
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3 .1 U K S T U PLATES 

A l l the new data which i s considered i n t h i s t h e s i s 

i s from the UK Schmidt Telescope Unit's 48" Schmidt a t 

Siding Spring, A u s t r a l i a . D e t a i l s of the tel e s c o p e , 

which i s of c l a s s i c a l Schmidt c o n f i g u r a t i o n , are given 

i n Table 3.1. 

The p l a t e s which have been used are non-survey, 

i . e . not part of the ESO Southern Hemisphere Sky Survey 

and of varying q u a l i t i e s . Two colours have been used, 

henceforth r e f e r r e d to as J and R. The J p l a t e s are 

obtained using Nitrogen s e n s i t i z e d I l l a J Kodak emulsion 

with Schott g l a s s GG395 f i l t e r , while the R p l a t e s were 

taken vrith Kodak 098 emulsion and a Schott g l a s s RG630 

f i l t e r . 

D e t a i l s of the p l a t e s used are given i n Table 3.2. 

The f i e l d number given i s the ESO sky survey f i e l d which 

the p l a t e covers. The exception i s p l a t e J1921 which i s 

centred on the South G a l a c t i c pole and i s not a survey 

f i e l d . P l a t e J149 i s imperfect as i t was taken during 

commissioning of the tel e s c o p e , while p l a t e J1921 was 

taken during a period of very poor atmospheric c o n d i t i o n s . 

3.2 COSMOS 

The COSMOS ( f o r CO-ordinate, s i z e , Magnitude, 

O r i e n t a t i o n and Shape) machine a t the Royal Observatory 



Table 3.1 

UK 48" Schmidt Telescope D e t a i l s 

Mirror Diameter l"83m 

Aper ture 1* 24m 

Fo c a l Length 3-07m 

Radius of curvature of 3-07m 
Focal Plane 

Unvignetted F i e l d Radius 2^73 

P l a t e Scale 67 " l per mm - 14 -9 per a r c sec 

P l a t e s i z e 356mm x 356mm ( o r l6o x l6o) 

P l a t e Thickness 1mm 



Tat>le 3 . 2 

P l a t e D e t a i l s 

P l a t e No. 149 1049 1920 1921 

C o l o u r J R J J 

E x p osure (rain) 120 60 60 60 

P l a t e C e n t r e Ii.A. 02h 4m 02h 4m Olh 09m OOh 55m 

Dec. -30 ° 0 0 ' -30° 00' -30° 00* -28° 05' 

Date Taken 3 . 9 . 7 3 8 . 1 2 . 7 4 2 5 . 1 1 . 7 5 2 5 . 1 1 . 7 5 

Grade I m p e r f e c t Ungraded B BS2 

F i e l d No. 416 416 412 SGP 

Note: BS2 i n d i c a t e s t h a t the p l a t e i s of B2 grade due 

to poor s e e i n g . 
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iJdinburgh I s an a u t o m a t i c p l a t e m e a s u r i n g machine 

d e v e l o p e d from the p h o t o d e n s i t o m e t e r t y p e machine 

GALAXY ( P r a t t e t a l 1 9 7 5 ) . 

I n i t s C o a r s e Mode form of o p e r a t i o n COSMOS 

measures a t r a n s m i s s i o n v a l u e for e v e r y 8 x 8 /«* 

s q u a r e o f t h e a r e a p r o c e s s e d . T h i s i s done by mea s u r i n g 

the i n t e n s i t y o f l i g h t t r a n s m i t t e d t hrough the p l a t e 

from a beam of d i a m e t e r 25yw* ( i n the c o n f i g u r a t i o n 

c u r r e n t a t the time of measurement of t he p l a t e s 

c o n s i d e r e d h e r e ) . T h i s i s i l l u s t r a t e d s c h e m a t i c a l l y 

i n f i g u r e 5 . 1 . The t r a n s m i s s i o n i s t h e n t r a n s l a t e d t o a 

s c a l e 0 t o 1 2 7 ; 0 r e p r e s e n t i n g b l a c k , 127 f o r c l e a r 

p l a t e . 

When the t r a n s m i s s i o n has been measured f o r 

e v e r y 8 s q u a r e c e l l i n the r e q u i r e d a r e a , t h e d a t a i s 

p r o c e s s e d by the p a t t e r n a n a l y s e r so t h a t a l l c o n t i g u o u s 

s q u a r e s w i t h t r a n s m i s s i o n below a g i v e n t h r e s h o l d l e v e l 

a r e j o i n e d t o form an image. The t h r e s h o l d i s de t e r m i n e d 

a t each p o i n t from the run of t r a n s m i s s i o n l e v e l s i n 

nearby c e l l s , a s shown i n f i g u r e 5 . 2 , Images a r e 

p r o c e s s e d on a t y p i c a l Schmidt p l a t e a t a r a t e of 10 

p e r hour. 

The d a t a on the images i s then output i n t h e 

form i n d i c a t e d i n T a b l e 5 . 5 . 
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T a b l e 3 . 3 

COSMOS d a t a o u t p u t f o r each Image 

1 X c o - o r d i n a t e of c e n t r o i d 

2 Y c o - o r d i n a t e of c e n t r o i d 

3 Minimum X c o - o r d i n a t e 

4 Maximum X c o - o r d i n a t e 

5 Minimum Y c o - o r d i n a t e 

6 Maximum Y c o - o r d i n a t e 

7 A r e a 

8 Minimum T r a n s m i s s i o n v a l u e 

9 T h r e s h o l d T r a n s m i s s i o n V a l u e 

10 Code ( s e e s e c t i o n 3 . 3 ) 

A l l p o s i t i o n s a r e quoted to 0 1j*«\, the a r e a i s q u a n t i 

i n 8 /m s q u a r e i n c r e m e n t s and the t r a n s m i s s i o n s a r e 

q u a n t i s e d i n u n i t s t e p s on the 0 -127 s c a l e . uode 

i n d i c a t e s t h e type o f the image and i s e n t e r e d 

s u b s e q u e n t l y to the o t h e r v a l u e s f o l l o w i n g f u r t h e r 

p r o c e s s i n g . 
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5 . 5 STAR/GALAXY SEPARATION 

I n o r d e r to be of any a s t r o n o m i c a l u s e , i t i s 

obvi o u s t h a t images must be s o r t e d i n t o ( a t l e a s t ) 

g a l a x y and s t a r c a t e g o r i e s . E x p e r i m e n t s w i t h v a r i o u s 

p a r a m e t e r s by M a c G i l l l v r a y ( 1 9 7 5 ) showed t h a t the b e s t 

d i s c r i m i n a t i o n was through the r e l a t i o n s h i p between 

a r e a and minimum t r a n s m i s s i o n ( h e n c e f o r t h r e f e r r e d to 

f o r c o n v e n i e n c e a s TMIN), 

S i n c e a s t a r s h o u l d have a G a u s s i a n p r o f i l e a t 

the p h o t o g r a p h i c p l a t e due to both s c a t t e r i n g i n t h e 

atmosphere ( s e e i n g ) and s c a t t e r i n g i n the e m u l s i o n , t h e n 

f o r a g i v e n t h r e s h o l d t h e a r e a o f the image i s a f u n c t i o n 

o n l y of c e n t r a l i n t e n s i t y and t he ( f i x e d ) w i d t h of the 

G a u s s i a n p r o f i l e ( t h i s may not be t r u e f o r v e r y s m a l l 

images when the e m u l s i o n t h i c k n e s s i s comparable w i t h 

the s i z e ) . I n the c a s e of l a r g e images t h e a r e a a l s o 

i n c l u d e s d i f f r a c t i o n s p i k e s , but t h e i r a r e a a l s o depends 

onl y on b r i g h t n e s s . Hence s t e l l a r images f a l l on a w e l l 

d e f i n e d l i n e i n the TMIN v AREA diagram. G a l a x i e s , a s 

extended o b j e c t s r a t h e r t h a n p o i n t s o u r c e s , have g r e a t e r 

a r e a s f o r t h e same c e n t r a l i n t e n s i t y and hence f a l l i n 

the r e g i o n to the r i g h t o f the s t a r l i n e ( f i g u r e 5 . 5 ) . 

The a c c u r a c y of t h i s method of d i s c r i m i n a t i o n was 

t e s t e d by M a c G I l l i v r a y e t a l ( 1 9 7 6 a ) who c l a i m e d - by 

c r o s s c o m p a r i s o n between COSMOS c l a s s i f i c a t i o n and 

v i s u a l i d e n t i f i c a t i o n - t h a t about 9 5 ^ of g a l a x y and 
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s t a r images l a r g e r t h a n a l i m i t o f 10 a r e a i n c r e m e n t s 

(640yuw\") were c o r r e c t l y c l a s s i f i e d by COSMOS, the u n c e r t a i n t y 

i n c r e a s i n g w i t h d e c r e a s i n g s i z e a s the image s i z e approached 

t h e s e e i n g d i s c . A l l s t a r / g a l a x y s e p a r a t i o n i s performed 

t o some such l i m i t , u s u a l l y 10 o r 15 a r e a i n c r e m e n t s , 

s m a l l e r images b e i n g l e f t u n c l a s s i f i e d . 

S i n c e t h e background v a r i e s o v e r t h e p l a t e due 

to v i g n e t t i n g n e a r the p l a t e edges and p a r t i c u l a r l y i n 

the c a s e of I l l a J p l a t e s , e m u l s i o n v a r i a t i o n s , both i n 

t h i c k n e s s and s e n s i t i v i t y , a d i f f e r e n t d i s c r i m i n a t o r y 

c u r v e i s r e q u i r e d f o r each background, o r e q u i v a l e n t l y 

t h r e s h o l d , l e v e l . T h i s has s u b s e q u e n t l y been found to 

cau s e t e c h n i c a l problems when l a r g e a r e a s of p l a t e w i t h 

r a p i d l y v a r y i n g t h r e s h o l d s a r e p r o c e s s e d . 

The t y p e of image - g a l a x y , s t a r o r o t h e r - i s 

e n t e r e d i n t o the COSMOS d a t a t a p e s by a s u i t a b l e code 

number e n t e r e d i n t o the p a r a m e t e r c a l l e d CODE i n t a b l e 3 . 3 . 

3 . 4 LARGE IMAGES 

F i g u r e s 3 . 4 and 3 . 5 show maps of t he images 

d e t e c t e d by COSMOS on measured r e g i o n s of a p p r o x i m a t e l y 

12cm x 12cm on the Schmidt p l a t e s J149 and R1049 which 

a r e o f t h e same a r e a o f t h e sky but i n d i f f e r e n t c o l o u r s . 

The measured a r e a s a r e a l s o v e r y n e a r l y c o i n c i d e n t and 

some b r i g h t o b j e c t s can be r e a d i l y i d e n t i f i e d i n each 

diagram. 
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The l o n g l i n e s s e e n on the J p l a t e a r e s a t e l l i t e 

t r a i l s and a r e not found to be a s e r i o u s problem a s 

they a r e broken up i n t o a s e r i e s o f v e r y t h i n images and 

a r e d i s c a r d e d d u r i n g s t a r / g a l a x y s e p a r a t i o n s because 

of t h e i r s m a l l a r e a s . 

The images of b r i g h t s t a r s and g a l a x i e s , f o r 

example t h o s e a t c o - o r d i n a t e s a p p r o x i m a t e l y ( 2 7 f 2 7 ) 

and 7 5 i l 5 ) on f i g u r e 5 . 4 , a r e somewhat more awkward 

however s i n c e t h e y ten d to be broken up i n t o s e v e r a l 

e x t e n d ed images. T h i s i s p a r t i c u l a r l y the c a s e w i t h 

b r i g h t s t a r s w i t h prominent d i f f r a c t i o n s p i k e s , such a s 

the one a t c o - o r d i n a t e s a p p r o x i m a t e l y ( 6 5,118) on 

f i g u r e 5 . 5 . 

As t h e s e images would s e r i o u s l y b i a s any e s t i m a t e s 

o f c l u s t e r i n g of g a l a x i e s on the p l a t e , they a r e removed 

from the d a t a by i n t r o d u c i n g r e c t a n g u l a r ' h o l e s ' , t h a t i s 

a r e a s where any images p r e s e n t a r e r e j e c t e d from the 

f i n a l d a t a . F o r t u n a t e l y t h e s e images occupy only a 

s m a l l f r a c t i o n of the measured a r e a s . I n no c a s e was 

more t h a n 1-5% o f the i n i t i a l measured a r e a removed. 

5 . 5 IMAGE DENSITY 

As mentioned i n s e c t i o n 5 . 2 , the t h r e s h o l d f o r 

image d e t e c t i o n v a r i e s c o n t i n u o u s l y o v e r the p l a t e due 

to the e m u l s i o n . As the t h r e s h o l d depends not only 

on the background but a l s o on the n o i s e which a l s o 
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v a r l e s , the t h r e s h o l d a t d i f f e r e n t p a r t s of the p l a t e 

may be a t d i f f e r e n t i s o p h o t a l i n t e n s i t i e s . I t f o l l o w s 

t h a t the d e n s i t y of images r e c o r d e d w i l l v a r y o v e r 

the p l a t e , i m p o s i n g l a r g e s c a l e ' c l u s t e r i n g ' on to 

the t r u e d i s t r i b u t i o n . A l s o due to the d i f f e r e n t 

p r o f i l e s t h e d e n s i t i e s of s t e l l a r and g a l a x i a n images 

w i l l v a r y d i f f e r e n t l y w i t h t h r e s h o l d . 

The a r e a i n the measured r e g i o n which has a 

p a r t i c u l a r t h r e s h o l d may be o b t a i n e d from t h e COSMOS 

output and the v a r i a t i o n s i n t h r e s h o l d may be mapped 

out; a s i l l u s t r a t e d i n f i g u r e s 3.6 and 3.8, f o r the 

measured a r e a s of p l a t e s R1049 and J 1 4 9 r e s p e c t i v e l y . 

The c o r r e s p o n d i n g v a r i a t i o n s i n t he s t a r and g a l a x y 

d e n s i t i e s a r e shown i n f i g u r e s 3 . 7 and 3.9. C l e a r l y 

f o r p l a t e E1049, the v a r i a t i o n s i n t h r e s h o l d a r e s m a l l 

and the d i f f e r e n c e s i n d e n s i t i e s a r e s u f f i c i e n t l y s m a l l to 

be a c c o u n t e d f o r by t h e t r u e v a r i a t i o n s from p o i n t to 

p o i n t . However, f o r p l a t e J 1 4 9 the e m u l s i o n non-

u n i f o r m i t i e s g i v e r i s e t o a l a r g e range of t h r e s h o l d 

v a l u e s and t h e r e i s an obvious c o r r e l a t i o n between t h r e s h o l d 

and number d e n s i t y , w i t h the l a t t e r c h a n g i n g by a f a c t o r 

of around 2 from one extreme to the o t h e r . I t may a l s o 

be noted from f i g u r e 3.8 t h a t the t h r e s h o l d v a r i a t i o n 

i s a p p r o x i m a t e l y monotonic from l e f t to r i g h t and t h i s 

i s mimicked by the d e n s i t y d i s t r i b u t i o n . 

Here i t i s c l e a r t h a t p l a t e e f f e c t s g r o s s l y 

d i s t o r t the d i s t r i b u t i o n of images r e c o r d e d . I f t h l G i 3 
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t h e c a s e , t h e n t o o b t a i n a good e s t i m a t e of the t r u e 

c l u s t e r i n g t h e d a t a must be ' f i l t e r e d ' to remove t h e s e 

g r o s s e f f e c t s . T h i s i s d i s c u s s e d i n the a p p r o p r i a t e 

s e c t i o n i n c h a p t e r 4. 

F i g u r e s 3.10 and 3.H i l l u s t r a t e a n o t h e r problem 

which can o c c u r . I n i t i a l l y a l a r g e a r e a about 5° x 5° 

o f p l a t e J1920 was measured. F i g u r e 3,12 shows t h e 

d i s t r i b u t i o n of t h r e s h o l d s o v e r t h i s a r e a and i t may 

be seen t h a t t h e r e a r e v e r y wide v a r i a t i o n s and, a t 

some p o i n t s 1 v e r y r a p i d v a r i a t i o n s . 

When s t a r / g a l a x y s e p a r a t i o n was a t t e m p t e d on 

t h i s l a r g e r e g i o n the computer a l g o r i t h m s were u n a b l e 

t o cope w i t h s u c h v a r i a t i o n s and the output r a t i o of 

s t a r images to g a l a x y images f l u c t u a t e d w i l d l y from 

one t h r e s h o l d to t h e n e x t . 

C o n s e q u e n t l y s t a r / g a l a x y s e p a r a t i o n was o n l y 

performed on s m a l l e r a r e a s w i t h l e s s a c u t e background 

v a r i a t i o n s , u n t i l improvements were made t o t h e COSMOS 

background f o l l o w i n g programmes. 

3.6 INTENSITY CALIBRATION 

Measurement by COSMOS of the s t e p wedge on a p l a t e 

a l l o w s a c a l i b r a t i o n of the TMIN s c a l e to be made. I t i s 

found ( Z e a l e y 1976) t h a t a good f i t t o t h e o b s e r v e d 

r e l a t i o n s h i p between i n t e n s i t y and t r a n s m i s s i o n i s the 
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u s u a l B a k e r form ( B a k e r 1949) 

I (3.1) 

where I 0 , T e and "3" a r e c o n s t a n t s , T„ and H b e i n g o b t a i n e d 

from t h e wedge c a l i b r a t i o n . 

S i n c e we a r e g e n e r a l l y i n t e r e s t e d i n the b r i g h t n e s s 

above the sky background i t i s u s e f u l to put T « T ^ ^ 

( c o r r e s p o n d i n g t o the sky l e v e l ) and T - i n e q u a t i o n 

( 5 . 1 ) . Then 

and 

T 
sku T 

T 

T 

(3.2) 

(3-3) 

Now f o r an a r b i t r a r y t r a n s m i s s i o n T < T ^.Wr 

Thus the i n t r i n s i c i n t e n s i t y of t he o b j e c t 
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T a k i n g the s p e c i f i c c a s e of p l a t e J1920, which obeys 

e q u a t i o n (3 .1) w i t h T D = 676, If » 0-533, t h e n f o r a 

t y p i c a l t h r e s h o l d t r a n s m i s s i o n ( i n t h e r e g i o n s e l e c t e d 

f o r s t a r / g a l a x y s e p a r a t i o n ) o f 43, and c o r r e s p o n d i n g 
T o f 55 

i . e . images can be d e t e c t e d i f t h e y a r e about 16$ 

above the sky background. 

I f we assume t h a t the sky b r i g h t n e s s a t S i d i n g 

S p r i n g i s a p p r o x i m a t e l y 23*0 J magnitudes p e r s q u a r e 

a r c s e c o n d (though t h i s i s i n some doubt) t h e n t h i s 

g i v e s 

T h i s g i v e s an i n d i c a t i o n of the depth t o which the COSMOS 

measured output c a n r e a c h . 



CHAPTER FOUR 

THE ANGULAR COVARIANCE FUNCTION FROM 

DEEP SCHMIDT PLATES 

'Perhaps i f we can see how to measure 

the g a l a x y d i s t r i b u t i o n i n the r i g h t 

way i t w i l l prove to be the ' R o s e t t a 

Stone' by which we l e a r n the u n d e r l y i n g 

s i g n i f i c a n c e of the c l u s t e r i n g o f 

m a t t e r ' . 

P, J t E, P e e b l e s . 
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4.1 ESTIMATION OP w(9) 

S i n c e the Schmidt p l a t e s a r e o n l y 6 x 6 i n e x t e n t 

and t h e a r e a s measured by COSMOS a r e c o n s i d e r a b l y s m a l l e r 

a g a i n , p l a n e geometry i s us e d i n t h i s a n a l y s i s w i t h no 

need f o r c o r r e c t i o n s due to the c u r v a t u r e of the s k y . 

An e s t i m a t o r of the a n g u l a r c o v a r i a n c e f u n c t i o n i s 

No(9W -i,9u) 
w ( 9 ) - i . < e M ,6,) - 1 (4.1) 

where N 0(eV t_ v ,© k) i s the mean number of g a l a x i e s o b s e r v e d 

a t a d i s t a n c e between 9 k . i and ©v. from a randomly chosen 

g a l a x y , N e ( 9 V l . l ,9*) i s the number t h a t would be e x p e c t e d 

between 6 u_ k and © u i n a randomly d i s t r i b u t e d sample o f 

the same d e n s i t y , and 9 y.,< 6 c f l j , . 

P r o v i d i n g the chosen g a l a x y i s not l e s s than ©^ 

from the edges o f the measured r e g i o n , t h e n t h e a r e a 

o f the a n n u l u s between l i m i t s © k _ v and © u i s 

&SL = T T(9 U* - Bw_? ) (4.2) 

so 

Ne(eK-» »0k) « ^ ( e * 1 - e*-.*) (4.3) 

where 7/ i s t h e mean d e n s i t y p e r u n i t s o l i d a n g l e . Now 

i f t h e r e a r e N t ( © u ) s u c h g a l a x i e s f u r t h e r t h a n 6v. from 

the edges o f t h e r e g i o n , and t h e r e i s a t o t a l number 

N T ( 9 k _ v ,© u ) g a l a x i e s between © u _ v and Qu away from them, 
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t h e n 

K 0 (e u . v , eo . M e ^ e Q 
N e(e„) 

w(e) NT(ek-.>,eKj 

However i t i s c l e a r t h a t f o r a l l the g a l a x i e s i n t h e 

c e n t r a l a r e a , f u r t h e r t h a n 9^ from the edges, each s e p a r a t i o n 

between a p a i r o f g a l a x i e s i s counted t w i c e , once w i t h 

each g a l a x y a s c e n t r e , so i t i s c o m p u t a t i o n a l l y c o n v e n i e n t 

to use onl y h a l f a n n u l ! c e n t r e d on each g a l a x y ( f i g u r e 4.1) 

i n w hich c a s e 

n ( & *- ' » 9«) , W W » — ~ — - i (4.6) 
n t ( e * ) V S ( e ^ - e,.* ) 

where n(e^_ ( ,QK ) i s the t o t a l number of g a l a x i e s i n 

h a l f a n n u l i c e n t r e d on the n c ( e k ) g a l a x i e s f o r which the 

h a l f a n n u l i l i e c o m p l e t e l y i n t h e measured r e g i o n . Note 

t h a t n e i s d i f f e r e n t from N t because o f t h e r e q u i r e m e n t 

t h a t only t h e h a l f a n n u l u s l i e s i n s i d e t h e a r e a , r a t h e r 

t h a n t h e whole a n n u l u s . 

4.2 COMPUTATION OF w(e) 

I n computing t h e a n g u l a r c o v a r i a n c e f u n c t i o n v i a 
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e q u a t i o n ( 4 , 6 ) , i t i s a p p a r e n t t h a t the c a l c u l a t i o n s 

depend p r i n c i p a l l y on t h e e v a l u a t i o n o f the s e p a r a t i o n 

between a l a r g e number of p a i r s of g a l a x i e s - a t y p i c a l 
7 

sample c o n t a i n s a t o t a l of around 10 p o s s i b l e p a i r s . 

When t h e p o s i t i o n s have been r e a d i n from the 

COSMOS d a t a tape f o r a s u i t a b l e s e t of images, e.g. t h o s e 

c l a s s i f i e d a s g a l a x i e s and w i t h a r e a s above some l i m i t i n g 

v a l u e , i n an a r e a bounded by the l i n e s x * XMIN, x « XMAX, 

y = YMIN, y = YMAX, t h e y a r e o r d e r e d i n i n c r e a s i n g 

y c o - o r d i n a t e s by a s o r t i n g r o u t i n e . T h i s g i v e s 

\ (xifYi ) : y ^ , Yi , i - 1, • • . , N,,, - 1 j 

where N & i s the number of g a l a x i e s i n the sample. Then 

the p o s i t i o n of the f i r s t g a l a x y i n the o r d e r i n g ( x x , y, ) 

i s u s e d a s t h e f i r s t c e n t r e and so on thr o u g h the o r d e r 

t o ^ N f c - i ' y N . i ) ^ e ^ a s - t c e i * t r e . 

C o n s i d e r i n g e n e r a l the c a s e where ( x ; , y-, ) i s the 

c e n t r e g a l a x y . The p o s i t i o n s of the subs e q u e n t images 

i n t h e o r d e r 

| (*i>yi) : j - i + l , . . . , N 6 " j 

a r e t h e n t a k e n and t h e s q u a r e of the s e p a r a t i o n 

9 (*j - x i ) + (y^ - y.J 

i s computed f o r each i n t u r n , p r o v i d i n g |x . - X;| « 9 WV«kX 
u n t i l t h e p o i n t i n the sequence i s r e a c h e d where y. - y- > 

J 

9 ^ b e i n g the maximum s e p a r a t i o n f o r which w(9) i s to be 

e s t i m a t e d • 
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X "2. 

A l l v a l u e s o f 9 > a r e thrown out and the 

r e m a i n i n g 9 v a l u e s a r e put i n t o e q u a l l e n g t h b i n s 

((k - i ; e , a , ke, 1) k - I , ... ,k 

where k M ^ 8, = 6tAc».*« i*qual s i z e d b i n s i n 9 a r e chosen 

so t h a t the e x p e c t e d number i n each a n n u l u s ( f o r a Poisson 

d i s t r i b u t i o n ) , 

iAfoflte/ - e ) 
i n e q u a t i o n ( 4 , 6 ) , w i l l be c o n s t a n t . 

Now i f ̂ x;, y ; ; i s n e a r t o the edges o f t he a r e a 

some of the a n n u l i w i l l n ot be comp l e t e , so d e f i n e 

QfAa*(i) = Min JxMAX - x ; , - XMIN , YMAX r y. , 

xhen d e f i n e an i n t e g e r k ^ i j so t h a t 

i n w h i c h c a s e o n l y the f i r s t k w a y ( i ) h a l f a n n u l i a r e 

c o m p l e t e l y i n the measured r e g i o n . 

I n o t h e r words ^x ; , y s j i s a c e n t r e g a l a x y f o r the 

f i r s t k ^ ^ i ) v a l u e s of 9 and n t ( 9 u ) i n e q u a t i o n ( 4 . 6 ) 

i s c o n s e q u e n t l y i n c r e m e n t e d by one f o r a l l k, k - 1, 

K M « . K ^ ) • The s e p a r a t i o n s which were i n b i n s w i t h 

k > k
M ( v y ^ i ) a r e d i s c a r d e d and n ( 9 u _ 4 , 9 U ) i s i n c r e m e n t e d 

by t h e number of s e p a r a t i o n s i n t h e b i n I ( k - 1 ) 9, , k9, ) 

f o r e a ch k * k M a > ^ l ) . 

By p r o c e e d i n g i n t h i s way through a l l c e n t r e 

g a l a x i e s , n ^ 9 k _ x , 9^) and n ^ 9 u ) a r e o b t a i n e d f o r the 
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sample and w i t h 

7/ -- N 
(4 .7) 

where = (XMAX-XMIN)*(YMAX-YMIN) , w(e) can be 

e v a l u a t e d by e q u a t i o n ( 4 . 6 ) . I n p r a c t i c e 9 i s cho s e n 

to be t he m i d p o i n t of the b i n 

though the v a l u e found i s s t r i c t l y the a v e r a g e o v e r t h e 

range 9 k_ 4 to Qw . Assuming a form 

w(8) « A 9 

whi c h , a s shown below, i s i n r e a s o n a b l e agreement w i t h t h e 

p r e s e n t r e s u l t s , the a v e r a g e w i s 

9 4(e. (4.8) 

I Air8 dft / £ T V 6 4 

9 9 
9 

(k - 1) A e 
0-6 

A e m ; , i f(k) (4.9) 

where 9 m i A = •§• ( J"k + J k - 1) 9, i s t h e m i d p o i n t of the 
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i n t e r v a l and 

f ( k ) 
>-z , ' 

Jk - J(k - 1) 
0-6 

J"k + J T k T i ) 
o g 

(k - 1) 
0-6 

Jk - J(k - 1) 
\-1 ) -

o-8 

1 + 
zJOc - i j 

2(k - 1) 
•fk - J(k - 1) 

](k - 1) \ 2](k - I J ' 

—> 1 as k — j r 0 0 

I n f a c t wte i s al m o s t e x a c t l y e q u a l to w(9 m . ; j l ) f o r a l l 

e x c e p t the f i r s t "bin, where w, = w(l - 0 5 6 9 ^.-.i) » f o r 

example wz = w ( l - 0 0 l 9 m v 4 ) , so a l l e s t i m a t e s o f w can be 

p l o t t e d a t the m i d p o i n t s of the b i n s 7rlth v e r y l i t t l e 

e r r o r . 

4.5 EFFECTS OF HOLES 

As mentioned i n s e c t i o n 5 .4, the removal of l a r g e 

images from the d a t a i n t r o d u c e s what may be d e s c r i b e d 

a s h o l e s i n t h e g a l a x y f i e l d . 

L e t t h e t o t a l a r e a of h o l e s be H » »» be the 

a c t u a l c o v a r l a n c e f u n c t i o n f o r the whole a r e a i f t h e r e 
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were no h o l e s and wc be the c a l c u l a t e d c o v a r i a n c e 

f u n c t i o n f o r the r e c o r d e d g a l a x i e s . 

The c a l c u l a t e d d e n s i t y 

- / St. (4.10) 

w h i l e the a c t u a l d e n s i t y 

- »*/ (SL- H) (4.11) 

Then t a k i n g the same sample o f g a l a x i e s a s c e n t r e s i n 

each c a s e ( t h i s assumes t h a t r e c o r d e d g a l a x i e s a r e a 

random s e l e c t i o n of t h o s e t h a t would a c t u a l l y he s e e n 

i f the h o l e s were not p r e s e n t ) 

1 + „ t( 8) - " l 9 * - * * ^ ! 

1 + w f l(0) 
"(6».v ,9„) + + w>(e))n c(9 k) (4.12) 

s i n c e the g a l a x i e s which a r e m i s s e d i n the c o u n t i n g 

of n(<J k_ x , ) a r e t h o s e i n an a r e a the mean 

a r e a of the h a l f a n n u l i , a r e a S i L , w h i c h l i e s i n a h o l e . 

•'• 1 + w^e) (i + W t ( e ) ) ( ^ H ) + + W a ( e ) ) u < 1 3 ) 

But 
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p r o v i d e d the h o l e s a r e randomly p l a c e d , so 

- W c ( 0 ) (4.15) 

T h a t i s , to f i r s t o r d e r t h e c o r r e c t i o n i n the c a l c u l a t i o n 

of the d e n s i t y c a n c e l s out w i t h the m i s s i n g c o u n t s i n the 

r i n g s , so t h e u n c o r r e c t e d w c a l c u l a t e d by the method 

d e s c r i b e d above can be u s e d a s an u n b i a s e d e s t i m a t e o f 

the t r u e a n g u l a r c o v a r i a n c e f u n c t i o n f o r the f i e l d . 

4.4 BINNED ANALYSIS OF THE ANGULAR COVAHIANCE FUNCTION 

The t e c h n i q u e s d e s c r i b e d i n s e c t i o n 4,2 do n o t , 

a t l a r g e a n g u l a r s e p a r a t i o n s , use the whole o f t h e 

a v a i l a b l e s t a t i s t i c a l i n f o r m a t i o n . This " i s due t o the 

method of a v o i d i n g edge c o r r e c t i o n s , i . e . the use of o n l y 

complete h a l f a n n u l ! . T a k i n g i n t o a c c o u n t edge e f f e c t s 

d i r e c t l y f o r e v e r y c e n t r e g a l a x y by t he c a l c u l a t i o n of t h e 

f r a c t i o n of each h a l f a n n u l u s which l i e s i n s i d e the 

measured a r e a , would be p r o h i b i t i v e l y time consuming 

c o m p u t a t i o n a l l y , but i n the c a s e of bin n e d d a t a , the 

problem i 3 c o n s i d e r a b l y e a s e d . 

I f the d a t a i s bin n e d i n t o an N, x N t a r r a y , s u c h 

t h a t n ( l , j ) i s t h e number of g a l a x i e s i n t he c e l l ( i , j ) 

o f the measured a r e a t h e n 

£ n ( i , j ) n(l,m) 
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(where the sum i s over a l l the I , , p a i r s o f c e l l s whose 

c e n t r e s are s e p a r a t e d by a d i s t a n c e between 9u-\ and 9i* ) 

i s a p p r o x i m a t e l y e q u a l t o t h e number o f g a l a x y p a i r s 

w i t h s e p a r a t i o n s between 9 K M and 9k . 

Thus 

I n ( i , j ) n(l,m) 
w(e) = ^ 1 ^4.16) 

where i s the area o f a s i n g l e c e l l . 

T h i s e s t i m a t e w i l l not be as a c c u r a t e f o r s m a l l 6 as 

the one based on the t r u e p o i n t p o s i t i o n s , b u t improves 

as 9 becomes much l a r g e r t h a n the c e l l s i z e . For v e r y 

l a r g e s e p a r a t i o n s i t i s more a c c u r a t e than the f o r m e r 

e s t i m a t e because o f the b e t t e r u t i l i z a t i o n o f the 

a v a i l a b l e i n f o r m a t i o n , and i t a l l o w s an e v a l u a t i o n 

o f w(e) a t ;. v e r y l a r g e 9 t o be made. Note t h a t the 

accuracy ( o v e r and above the l i m i t a t i o n b r o u g h t about by 

the b i n s themselves) i s b e s t where I k i s l a r g e s t . 

4.5 THE RESULTS FOR PLATE R1049 

The measured area on the p l a t e i s 75-728mra square, 

c o r r e s p o n d i n g t o 1 -889 square degrees. I t c o n t a i n s 4645 

g a l a x i e s and 2106 s t a r s above the area l i m i t f o r 

d i s c r i m i n a t i o n o f 960 /»«n\ Below t h i s t h e r e are a f u r t h e r 
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10042 sm a l l Images which were not c l a s s i f i e d . T h i s 

g i v e s a galaxy number density of 2458 per square degree. 

A d e n s i t y contour map of the galaxy d i s t r i b u t i o n i s 

given i n f i g u r e 4.2. 

The angular covariance f u n c t i o n f o r the 4650 

completely defined galaxy Images (the other 15 had a t 

l e a s t one of the parameters missing) was evaluated by 

the techniques of s e c t i o n 4.2 i n the ranges 

0 < © 2000/"* i n bins with ©, *» 200 ^ 

2000 < © « 10000 © v a 1000 

10000 < © * 30000 ©, b 5000 

where as i n s e c t i o n 4.2 the k th bin i n any range i s the 

i n t e r v a l (Jlc^i ©, , /k ©, ] . The r e s u l t s f o r the f i r s t of 

these ranges are shown i n f i g u r e 4.3. 

I f the g a l a x i e s were randomly d i s t r i b u t e d over 

the measured area the expeoted number n(d^. t , © u ) i n 

a l l the h a l f a n n u l i would be around 233 f o r a l l © te ( i t 

decreases slowly over the range of © values because there 

are l e s s centre g a l a x i e s f o r l a r g e r © ) . The standard 

d e v i a t i o n would be about /233 ~ 15 i so we would expect 

w(©) = 0 * 0 -07 f o r a l l © i n t h i s range. I t i s c l e a r 

t h a t t h i s i s not c o n s i s t e n t with the data presented i n 

f i g u r e 4.3 t where there are 15 values above 0-14, 39 above 

0 -07 and 7 below -0 *07 (out of a t o t a l of 100). 

Hence we may conclude t h a t the g a l a x i e s are not 

randomly d i s t r i b u t e d . However, i t i s a l s o c l e a r from 

fi g u r e 4,3 t h a t such f i n e binning w i l l obscure any 
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s t r u c t u r e t h a t i s p r e s e n t i n the a n g u l a r c o v a r i a n c e 

f u n c t i o n , because o f the l a r g e random e r r o r s i n v o l v e d . 

Thus i t i s necessary t o smooth the r e s u l t s by 

a v e r a g i n g o v e r a d j a c e n t b i n s j a l l subsequent r e s u l t s 

are p r e s e n t e d w i t h s u i t a b l y l a r g e r b i n w i d t h s . F i g u r e 4 . 4 

shows the r e s u l t s f o r p l a t e R1049 i n a l l the t h r e e ranges; 

f o r convenience the h o r i z o n t a l s c a l e i s c o n t r a c t e d f o r 

the l a r g e r s e p a r a t i o n s . The upper s c a l e g i v e s 6 i n 

a n g u l a r measure. 

A l t h o u g h the f l u c t u a t i o n s are s t i l l f a i r l y l a r g e 

i n the range 0 < 6 ^ 2000/*<*(the e r r o r bars i n d i c a t e a 

l e n g t h 2<y , the s t a n d a r d d e v i a t i o n b e i n g c a l c u l a t e d 

s i m p l y on t h e b a s i s o f Poisson s t a t i s t i c s f o r the observed 

numbers o f p a i r s n(e^_ x , 9^ ) as the expected e r r o r s f o r 

any p a r t i c u l a r d i s t r i b u t i o n are not known t h e o r e t i c a l l y ) 

the form o f the a n g u l a r c o v a r i a n c e f u n c t i o n can be c l e a r l y 

seen t o be a d e c r e a s i n g f u n c t i o n which f a l l s f a i r l y smoothly 

( a l l o w i n g f o r the f l u c t u a t i o n s ) t o zero a t about 8 = 7 0 0 0 . 

There then e x i s t s a r e g i o n o f s m a l l n e g a t i v e values f o l l o w e d 

by more pronounced n e g a t i v e c o r r e l a t i o n s . A l t h o u g h t h e 

e r r o r bar i n d i c a t e d f o r the l a r g e s t range o f s e p a r a t i o n s 

i s s m a l l , due t o the l a r g e numbers o f g a l a x i e s counted 

i n the very wide b i n s , the p o i n t s may n»ot r e f l e c t the 

t r u e form o f w a t l a r g e Q because the c e n t r e s used are 

v e r y few and may n o t g i v e a r e p r e s e n t a t i v e sample o f a l l 

p o s s i b l e p a i r s a t these s e p a r a t i o n s . The binned a n a l y s i s 

( s e c t i o n 4 . 4 ) a v o i d s these problems and the r e s u l t s f o r 



o o 
1 T o 

(A 

o CO 

1 o 
H o 01 

O 0/ 
O 

o 
(0 

ZL. UJ CD O CD H 

CD 

CO 

o CM 

O 
o 

o If) o o o o 
0 M 



- 7 1 -

l a r g e 9 o b t a i n e d by t h i s method are p r e s e n t e d below. 

I n o r d e r t o compare w i t h p r e v i o u s r e s u l t s , i t i s 
-S 

obvious t o t r y and f i t a power law 9 t o the r e s u l t s 

f o r 0< 9 £ 7 0 0 0 ^ . I t i s found t h a t a l l powers i n the 

range 0 6 * % < 1 0 g i v e t o l e r a b l y good f i t s , the best 

f i t t i n g power depending somewhat on the range of 9 f o r which 

the f i t i s made, but b e i n g a p p r o x i m a t e l y -0-8 i n agreement 

w i t h p r e v i o u s d e t e r m i n a t i o n s o f the shape o f w(9). The 

smooth curve on f i g u r e 4 .4 i s a power law o f index -0-8, 

I n o r d e r t o f u r t h e r s t u d y t he form o f the a n g u l a r 

c o v a r i a n c e f u n c t i o n c o n s i d e r t he c u m u l a t i v e f u n c t i o n 
e 

E(9) . 2itV|w(a) a da (4-17) 

which i s the expected excess number o f g a l a x i e s i n a 

c i r c l e o f r a d i u s Q c e n t r e d on an a r b i t r a r y g a l a x y i n the 

sample. 

T h i s i s p l o t t e d f o r p l a t e Rlo49 i n f i g u r e 4 . 5 i 

t o g e t h e r w i t h t h e s t r a i g h t l i n e which shows the expected 

r e l a t i o n s h i p assuming a power law o f i n d e x -0-8 f o r w 

( a r b i t r a r i l y n o r m a l i z e d ) . T h i s i s a good f i t out t o 

s e p a r a t i o n s o f about 4000/>•,* , t he observed p o i n t s 

s u b s e q u e n t l y f a l l i n g below the p r e d i c t e d l i n e , t hus 

c o n f i r m i n g t h e form 

w(e) =. a e 

i n t h e range 0 < 9 * 4 0 0 0 ^ ( a b o u t 5 a r c m i n ) . 

F i g u r e 4 . 6 shows the l o g w - l o g 9 p l o t f o r 

R1049, the s t r a i g h t l i n e shown i s t h e b e s t f i t t i n g -0-8 



1 .0 

© 0-5 

LLI 

0 2 

L 0-1 
500 1000 2000 5000 10000 

€M |j m ) 

CumuAativ/e f u r v c t i o a £-(&) For Samp\e. T K f c sVrou^WV \;r\e V.cx.2 

a . s\op«, o F 1 .2 . 



- 7 2 -

power law. Note t h a t t h e f i t i s made, by a wei g h t e d 

l e a s t squares method, t o the w - 0 p l o t , n o t the l o g 

p l o t , over t he range 0 t o 4 0 0 0 / ^ d e t e r m i n e d above. 

The measured area was d i v i d e d i n t o f o u r subregions 

and the c a l c u l a t i o n o f w(e) was made f o r each s e p a r a t e l y . 

The e m p i r i c a l s t a n d a r d d e v i a t i o n o f each c a l c u l a t e d w(e) 

v a l u e i s shown by the e r r o r bars i n f i g u r e 4 . 6 , 

The b e s t f i t a m p l i t u d e o b t a i n e d , and h e n c e f o r t h 

used i n a l l comparisons, i s 

A R = ( 2 - 2 1 2 - 3 0 ) x 10 f o r 8 i n degrees (4.18) 

I n o r d e r t o have a r e s u l t more d i r e c t l y comparable 

w i t h p r e v i o u s ones, a subset RS o f the g a l a x i e s on Rlo4°. 

has a l s o been s t u d i e d . T h i s c o n s i s t s o f a l l g a l a x i e s w i t h 

a n g u l a r d i a m e t e r s g r e a t e r than 115 yur/\(the d e t e r m i n a t i o n 

o f a n g u l a r d i a m e t e r s from t he i n f o r m a t i o n a v a i l a b l e from 

COSMOS i s d e a l t w i t h i n c h a p t e r 5 ) . The subsample has a 

t o t a l o f 606 g a l a x i e s i n i t , and has the same d e n s i t y - 335 

p e r square degree - as the J a g e l l o n i a , n f i e l d mentioned 

p r e v i o u s l y i n c h a p t e r 2 . 

F i g u r e 4 . 7 shows the c u m u l a t i v e f u n c t i o n lii(©) f o r 

t h i s s u b s e t , a g a i n showing agreement w i t h the expected 

r e l a t i o n s h i p f o r a S = 0 - 8 a n g u l a r c o v a r i a n c e f u n c t i o n 

o u t t o about 3000jmiv\ w h i l e f i g u r e 4 . 8 shows the l o g w-log 0 

p l o t t o g e t h e r w i t h t h e best f i t t i n g power law of i n d e x 

- 0 - 8 over t he a p p r o p r i a t e range. T h i s has an a m p l i t u d e 

-3 
A =• (7-8 1 1-5) x 10 (4.19) 
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The "binned a n a l y s i s o f the measured area o f R10-49, 
u s i n g b i n s o f 1152 jxt*- square, g i v e s the r e s u l t s i n d i c a t e d 
i n f i g u r e 4 . 9 , where i t can be seen t h a t t he b e h a v i o u r a t 
s m a l l Q f o l l o w s c l o s e l y t h a t found i n f i g u r e 4 . 4 . At 
l a r g e r s e p a r a t i o n s however t h i s new more a c c u r a t e 
r e p r e s e n t a t i o n shows t h a t t h e a n g u l a r c o v a r i a n c e f u n c t i o n 
i s e s s e n t i a l l y zero beyond 9 = lluOO yu** i m p l y i n g no 
c o r r e l a t i o n s on these s c a l e s . The reason f o r the 
i n a c c u r a c y o f the f o r m e r method a t very l a r g e s e p a r a t i o n s 
i s the v e r y prominent c l u s t e r near bottom c e n t r e o f the 
measured r e g i o n (see f i g u r e 4.2) which b i a s e s the choice 
o f c e n t r e g a l a x i e s . 

A s m a l l e r p a r t o f t h e measured area o f plate:Rlo49 

was a l s o c o n s i d e r e d , t h i s b e i n g such t h a t i t had no 'holes' 

i n i t . The c o v a r i a n c e f u n c t i o n was found t o be c o n s i s t e n t 

w i t h the o v e r a l l w(Q) from the whole o f the measured a r e a , 

c o n f i r m i n g t h e unimportance o f ' h o l e s * . 

A c o v a r i a n c e f u n c t i o n f o r the images c l a s s i f i e d 

as s t a r s was a l s o computed f o r R1049. I t was found t o 

be c o n s i s t e n t w i t h w(e) « 0 ( f i g u r e 4 . 1 0 ) , t h a t i s , the 

' s t a r s ' may be t a k e n t o be randomly d i s t r i b u t e d over 

the p l a t e . T h i s suggests t h a t these are a l l g e n u i n e l y 

s t a r s , c o r r e c t l y c l a s s i f i e d , b u t when a cross c o r r e l a t i o n 

was performed between ' s t a r s ' and ' g a l a x i e s ' a p o s i t i v e 

c o r r e l a t i o n was found on s m a l l s c a l e s , s u g g e s t i n g t h a t 

some ' s t a r s ' are r e a l l y g a l a x i e s ( i f i t i s assumed t h a t 
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the genuine s t a r s are un c o r r e l a t e d with each other and 

with the r e a l g a l a x i e s ) . Assuming t h i s , then from 

equation (2,52) 

Wc, 8l I G* w (4.20) 

w^s = (g + a ) ' / (G + S)* w (4 .21) 

where wq, , w^^are the covariance f u n c t i o n s c a l c u l a t e d 

f o r the G ' g a l a x i e s ' and G+S 'galaxies' and ' s t a r s ' and 

g, s are the numbers of r e a l g a l a x i e s i n G, S 

»% = (G + S)* (4.22) 

Since xj^ , w ^ ( f i g u r e 4,11), G and S are known t h i s 

gives g/(g+s) and i t i s found to be approximately *8, i . e . 

about 20# of g a l a x i e s may be l o s t i n t o the s t a r category. 

Since s t a r s are assumed u n c o r r e l a t e d the number 

of ' g a l a x i e s ' which are r e a l l y s t a r s can not be c a l c u l a t e d . 

I f a s i g n i f i c a n t number have been m i s c l a s e i f l e d the 

amplitude of the true w could be higher than that 

c a l c u l a t e d . I f the above reasoning holds, then the near 

zero w(.9) f o r ' s t a r s ' must be due to the m i s c l a s s i f l e d 

g a l a x i e s being randomly d i s t r i b u t e d (and therefore not a 

random s e l e c t i o n of a l l g a l a x i e s ) . 
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4.6 THE RESULTS FOR PLATE J149 

The COSMOS measured area on t h i s p l a t e i s 
72-704mia x 71"680mm, equivalent t o 1-811 square degree, 
and contains 3571 images i d e n t i f i e d as galaxies and 
2^03 s t a r images above the l i m i t i n g area of 960 , 
plus a f u r t h e r 7592 small images. This gives a 
galaxy density of 186l per square degree. The galaxy 
density contour map i s given i n f i g u r e 4.12. 

The angular covariance f u n c t i o n f o r the 5366 
completely defined galaxy images was evaluated as f o r 
the red sample described above, and i s shown i n f i g u r e 
4.13 as the dashed l i n e . 

However, as pointed out i n s e c t i o n 3.3» p l a t e J149 
s u f f e r s from serious emulsion v a r i a t i o n s , l e a d i n g t o 
thr e s h o l d c o r r e l a t e d d e n s i t y v a r i a t i o n s . 

To attempt t o compensate f o r t h i s a r t i f i c i a l 
c l u s t e r i n g , a c o r r e c t i o n f a c t o r f o r every p o i n t of the 
measured area i s introduced. 

Using f i g u r e 3.9» & smooth r e l a t i o n s h i p between 
galaxy image d e n s i t y n and thr e s h o l d transmission ? can 
be obtained. This can be put i n the form 

n(r) c ( t ) - 7V (4.23) 

where c(rr) i s the c o r r e c t i o n f a c t o r f o r t h r e s h o l d t, n( t ) 
i s the average density f o r areas w i t h t h r e s h o l d X and W 
i s the mean density over a l l the measured area, and 
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the f i t 

c(«) - 1/(0'029r- 0-529) ( 4 . 2 4 ) 

was considered t o be a good enough approximation. 
To c a l c u l a t e the ' f i l t e r e d * angular covariance 

f u n c t i o n , equation (4.6) i s replaced by 

L c« ci 
w(e) - j t ^ t I ' S j - 1 (4-25) 

where J k i s the set of a l l centre galaxies used p r e v i o u s l y 
f o r a n n u l i of outside radius © k and I j i s the set of 
galaxies between 9 u - l and 9„ from the j th centre galaxy 
and c-t i s the value of the c o r r e c t i o n f a c t o r c ( r ) a t 
the p o s i t i o n of galaxy i . C l e a r l y t h i s reduces t o 
equation (4.6) when cL - 1, f o r a l l i . 

This ' f i l t e r e d * v ersion of w(©) i s shown on f i g u r e 
4.13 as the s o l i d histogram. The smooth curve i s again a 
power law of index -0'8. The arrowhead e r r o r bars i n d i c a t e 
the d i f f e r e n c e t h a t can be made by a 'reasonable' change 
i n the slope of the f i t to n(w) (see f i g . 4 . 1 4 ) . The 
s t r a i g h t e r r o r bars i n d i c a t e two nominal standard d e v i a t i o n s 
as before. 

The general form of the f u n c t i o n i s as i n the case 
of R1049, the f i g u r e 4.15 shows the cumulative f u n c t i o n 
E(O) to be i n agreement w i t h a power law angular covariance 
f u n c t i o n w i t h S s 0-8 as before, out t o about 7000yu»*. 
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The l o g w - l o g Q p l o t I s given i n f i g u r e 4.16, 
where the s t r a i g h t l i n e i s the best f i t ' , obtained as before, 
which has an amplitude ( f o r 9 i n degrees) 

A T - (2-56 t 0-41) x 10~* (4.26) 

Figure 4.17 shows the f i l t e r e d density contour 
map f o r the measured region and i t can be seen t h a t most 
of the major features are reproduced from f i g u r e 4.2, 
which i s of nearly the same area of sky but i n a d i f f e r e n t 
c olour, which suggests t h a t the f i l t e r i n g process has 
been successful and t h a t only a r t i f i c i a l c l u s t e r i n g has 
been removed. Furthermore the • f i l t e r e d * : c o v a r i a n c e 
f u n c t i o n f o r s t a r s i s near zero a t a l l small separations, 
suggesting t h a t any remaining large scale inhomogeneity 
does not e f f e c t w(0) on small scales (since t h a t i s 
expected t o be z e r o ) . I t should be noted, though, t h a t 
t o o b tain an a c t u a l covariance f u n c t i o n f o r the s t a r s a 
d i f f e r e n t f i l t e r should be used, c a l c u l a t e d from the 
v a r i a t i o n of s t a r density w i t h background, since t h i s 
d i f f e r s from the v a r i a t i o n of galaxy d e n s i t y w i t h background. 
For t h i s reason a covariance f u n c t i o n f o r the whole set 
of images and a c r o s s - c o r r e l a t i o n between 'galaxies' and 
' s t a r s ' are less u s e f u l than i n the previous case, p l a t e 
R1049, because of the d i f f i c u l t y of i n t e r p r e t a t i o n . 

Note also from f i g u r e 4.15 the•amplitude of w(e) 
has been reduced by a f a c t o r of almost two by the 
• f i l t e r i n g ' process. 
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Th i s f i l t e r i n g process i s unphysical i n t h a t 
galaxies are e f f e c t i v e l y counted c; times, w i t h c; as 
defined p r e v i o u s l y , whatever t h e i r "brightness. Thus on a 
densely populated region of the p l a t e , b r i g h t (and 
presumably r e l a t i v e l y nearby) galaxies are only counted 
as say '£ a galaxy' while a f a i n t galaxy which would not 
even be recorded i f i t l a y elsewhere on the p l a t e i s 
given j u s t the same weight. 

This i m p l i e s t h a t the c o n t r i b u t i o n to w from 
r e l a t i v e l y nearby c l u s t e r s i s diminished i n these areas, 
while e x t r a d i s t a n t c l u s t e r s are added i n ( r e l a t i v e to a 
smooth p l a t e ) . However, on the areas w i t h low density 
the nearby galaxies are s t i l l l i k e l y to be observed and 
t h e i r c o n t r i b u t i o n w i l l be exaggerated by the f i l t e r i n g , 
while the smaller (more d i s t a n t ) galaxies are not Included 
i n the sample so do not c o n t r i b u t e . 

O v e r a l l i t i s hoped t h a t the f i l t e r e d w w i l l be 
s i m i l a r t o the ' r e a l ' w f o r a sample w i t h the same number 
density per u n i t s o l i d angle, since, a t l e a s t on small 
scales, the r e s u l t i s more or less equivalent to averaging 
the covariance f u n c t i o n f o r l o t s of small areas, each a t a 
s l i g h t l y d i f f e r e n t depth. 
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4.7 THE RESULT FOE AN EYE MEASURED SAMPLE OF 
GALAXIES ON PLATE J149 

P r i o r to the COSMOS measurement of the region of 
pl a t e J149 discussed i n the previous s e c t i o n , another 
region of the p l a t e was studied by eye, "by Dodd,Morgan, 
Handy, Reddish and Seddon (1975). They measured the 
p o s i t i o n s of 5055 objects which they could i d e n t i f y as 
gal a x i e s , i n an area of 2 square degrees, the smallest 
galaxies recorded having angular diameters about 3 3 arc 
sec (50/mw), From the presence of s t a r s claimed t o be 
of 23rd magnitude, they i n f e r r e d t h a t the l i m i t i n g 
isophote would be somewhat f a i n t e r than 24-2 magnitudes 
per square arc second. 

Using t h e i r measurements of the p o s i t i o n s a 
covarlance f u n c t i o n was ca l c u l a t e d f o r t h i s sample 
(Dodd e t a[l 1976) but since the p o s i t i o n s were quantised 
(due t o the measuring accuracy of 254/*-**) the basic equation 
(4.6) was modified t o 

w(e) - * * - 1 (4.27) 
n e ( 9 * ) ^ f ̂-n-w 

where &-R-k i s the t o t a l area of the 254 yu* squares which 
have t h e i r centres i n the h a l f annulus between Q and 
from a given c e l l centre, (see f i g u r e 4.18). 

The r e s u l t s are shown i n f i g u r e 4.19. displayed 
i n the same manner as f o r the previous two sections, 
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again w i t h a $ =0-8 power law superimposed. 
Again using E(0) ( f i g u r e 4.20), a power law i s 

seen t o be a reasonable f i t out to about 4000/a.«v, and 
the best f i t amplitude ( f o r S =0-8 and 0 i n degrees, as 
always) i s 

A 0 - (7-0 t 0-8) x 10"3 (4.28) 

This amplitude i s much higher than A t , even 
though the sample appears t o be almost as deep, 
judging by the number d e n s i t y , and i t can be conjectured 
t h a t t h i s may be due to a r e a l f l u c t u a t i o n i n the 
c l u s t e r i n g , a d i f f e r e n c e between eye measurement and 
machine measurement or large scale v a r i a t i o n s because of 
the uneven emulsion and so f o r t h , which can not be 
detected by the v i s u a l observer. 

Further reference t o t h i s d i f f e r e n c e w i l l be made 
i n a l a t e r chapter. 

4.8 THE RESULTS FOE PLATE J1920 

As mentioned i n chapter 3, the i n i t i a l star/galaxy 
separation attempted f o r almost the whole area of the 
pl a t e was unsuccessful due t o the v a r i a t i o n s i n 
thr e s h o l d over t h i s l a r g e region. However star/galaxy 
separation was performed su c c e s s f u l l y on a smaller area 
81-920 x 119-808mm, (which corresponds to 3 ' 4 l square degre 
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where t h r e s h o l d v a r i a t i o n s a r e s m a l l . Above an a r e a 

l i m i t f o r s e g r e g a t i o n of 6 4 0 t h e a r e a c o n t a i n s 6792 
g a l a x i e s and 5755 s t a r s . I t may be noted t h a t t h i s 

g i v e s a r a t i o o f s t a r s to g a l a x i e s o f 0»85 v e r y s i m i l a r 

to t h e v a l u e 0*80 found f o r p l a t e J l 4 9 , which s h o u l d be 

of a s i m i l a r depth s i n c e i t s d e n s i t y of g a l a x i e s p e r sq u a r e 

degree i s a l m o s t the same a s t he 1991 p e r square degree 

found f o r J1920. 

T h e r e i s no e v i d e n c e f o r any c o r r e l a t i o n between 

t h r e s h o l d and image d e n s i t y o r any o t h e r l a r g e s c a l e 

i n h o m o g e n e i t i e s , so no • f i l t e r i n g ' : w a s deemed n e c e s s a r y 

and t h e a n g u l a r c o v a r i a n c e f u n c t i o n was c a l c u l a t e d v i a 

e q u a t i o n 4.6 i n e x a c t l y the same way a s f o r t h e measured 

r e g i o n of R1049. 

P l o t s of w(e) and E(0) a r e g i v e n a s u s u a l i n 

f i g u r e s 4.21 and 4.22. The b e s t f i t a m p l i t u d e o v e r 

the range 0< Q « 5000^«* was found to be 

-1 
A t w - 3-6 x 10 (4.29) 

Subsamples l i m i t e d a t 50/»«*and lOOy** a n g u l a r d i a m e t e r s 

were a l s o c o n s i d e r e d , w(©) and E(e) b e i n g a s shown i n 

f i g u r e s 4.231 4.24, 4.25 and 4.26. B e s t f i t a m p l i t u d e s 

f o r t h e s e a r e 

Aiw>/ 5© * 4-5 x 10 ' f o r t h e range 0 < © # 3000/«*(4.30) 
-z 

A W 1 0/, 0 0 alO-5 x 10 f o r t h e range 0 •* Q & I0000y»*(4.31) 
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The g a l a x y number d e n s i t i e s above t h e s e l i m i t s a r e 1622 

and 469 p e r s q u a r e degree r e s p e c t i v e l y . 

4.9 THE RESULTS FOR PLATE J1921 

P l a t e J1921 was t a k e n d u r i n g a p e r i o d of poor 

a t m o s p h e r i c c o n d i t i o n s and c o n s e q u e n t l y the s e e i n g d i s c 

was v e r y l a r g e . An a r e a 122-880yu«« s q u a r e (5*249 s q u a r e 

d e g r e e s ) was measured by COSMOS, and down t o a l i m i t 

of 3840yuf**, 4345 g a l a x i e s and 4485 s t a r s were r e c o r d e d . 

The l a r g e a r e a l i m i t f o r d i s c r i m i n a t i o n i s a f u r t h e r 

consequence o f the poor s e e i n g , the s m a l l e r images 

b e i n g too b l u r r e d out t o d i s t i n g u i s h s t a r s from g a l a x i e s . 

I t a l s o c a u s e d the p l a t e t o be much l e s s deep t h a n the 

o t h e r s p r e v i o u s l y d i s c u s s e d , the d e n s i t y of t h e g a l a x i e s 

b e i n g o n l y 828 p e r s q u a r e d e g r e e . 

F u r t h e r m o r e t h e r e a r e e m u l s i o n v a r i a t i o n s which 

c a u s e the g a l a x y numbers to be c o r r e l a t e d w i t h t h r e s h o l d s 

and the p l a t e r e q u i r e s ' f i l t e r i n g ' i n e x a c t l y the same 

manner a s p l a t e J l 4 9 , D e s p i t e the problems the c o v a r i a n c e 

f u n c t i o n was c a l c u l a t e d and both f i l t e r e d ( s o l i d l i n e ) 

and u n f l l t e r e d ( d a s h e d l i n e ) v e r s i o n s a r e shown i n 

f i g u r e 4.27. The f i l t e r e d E(e) i s g i v e n i n f i g u r e 4.28. 

The b e s t f i t t i n g a m p l i t u d e o v e r the range 0 < G < 10000/*» 

was 

A I W = 6-1 x 10 (4.52) 
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4.10 SUMMARY OP RESULTS 

From the f o u r a v a i l a b l e Schmidt p l a t e s f o u r 

a r e a s were measured "by COSMOS and i n a d d i t i o n a 

f u r t h e r a r e a was measured by e y e . 

Two o f t h e COSMOS measured a r e a s - t h o s e on 

p l a t e s Rlo4° and Jl°20 s u f f e r from no o b v i o u s d e f e c t s 

and s h o u l d be t h e most r e l i a b l e s a m p l e s , the l a t t e r 

b e i n g t h e b e s t b e c a u se of i t s much l a r g e r a r e a . 

The o t h e r two COSMOS measured r e g i o n s s u f f e r 

from s e v e r e e m u l s i o n problems and hence r e q u i r e d the 

c a l c u l a t i o n o f c o r r e c t i o n f a c t o r s f o r e v e r y p o i n t o f 

the p l a t e i n o r d e r to f i l t e r out unwanted l a r g e s c a l e 

v a r i a t i o n s . D e s p i t e t h i s t h e p r o c e s s i n g o f t h e a r e a 

of p l a t e J149 seems to have been a l t o g e t h e r s a t i s f a c t o r y 

due t o t h e good agreement between i t and the measured 

a r e a o f Rlo4 Q which i s i n a d i f f e r e n t w a v e l e n g t h 

range but i s n e a r l y t h e same r e g i o n of the s k y . P l a t e 

J1921, however, i s of poor q u a l i t y and p o s s i b l y , not 

too much weight s h o u l d be a t t a c h e d t o the r e s u l t s 

o b t a i n e d from i t . 

I n a l l t h e samples c o n s i d e r e d , the a n g u l a r 

c o v a r i a n c e f u n c t i o n a g r e e s w i t h the form 

-5 
w(e) - A e 

w i t h S a p p r o x i m a t e l y 0-8, v e r i f i c a t i o n of which i s g i v e n 
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1-2. 

by the g r a p h s of E(e) which show t h a t E «*. 9 i s a good f i t 

i n g e n e r a l (though E i s of c o u r s e merely an i n t e g r a l of w). 

The number d e n s i t i e s and b e s t f i t t i n g a m p l i t u d e s , 

assuming % - 0-8 and 9 i n d e g r e e s , a r e summarised i n 

t a b l e 4.1 f o r the samples c o n s i d e r e d above. 

The comparison of t h e s e a m p l i t u d e s w i t h t h o s e o b t a i n e d 

by o t h e r w o r k e r s , ( s e e c h a p t e r 2) v i a L i m b e r ' s f o r m u l a , 

e q u a t i o n ( 2 , 2 4 ) , must be d e l a y e d u n t i l c h a p t e r 6 when the 

method of d e t e r m i n i n g the s e l e c t i o n f u n c t i o n f o r such deep 

samples has been d e s c r i b e d . 

There a r e a t l e a s t two s o u r c e s of e r r o r i n the e s t i m a t e 

of w u s e d . F i r s t l y , the mean d e n s i t y "N h a s , n e c e s s a r i l y , 

been c a l c u l a t e d from the samples t h e m s e l v e s . T h i s may not 

r e f l e c t t h e t r u e ensemble a v e r a g e . Such e r r o r s might 

be e x p e c t e d t o be of the o r d e r (1 + w ) / J T l ^ where i s the 

number of g a l a x i e s i n the sample and may be thought of a s a 

'zero e r r o r ' , s i n c e w i s a l w a y s s m a l l i n the p r e s e n t s a m p l e s , 

so t h a t the e r r o r i s a p p r o x i m a t e l y a c o n s t a n t , ̂ NQ,) 

Se c o n d l y the e d g e - c o r r e c t i o n s a p p l i e d ( s e c t i o n 4.4) 

b i a s the e s t i m a t e s , a s o n l y t h e c e n t r a l g a l a x i e s a r e used a s 

c e n t r e s when Q i s l a r g e . I f the c e n t r a l r e g i o n i s not a 

• f a i r sample* of the whole a r e a t h e n t h e e s t i m a t e s of w(9) 

a t l a r g e Q w i l l be s y s t e m a t i c a l l y i n e r r o r , ( a s was the c a s e 

f o r p l a t e R1049, s e c t i o n 4,5). However, t h i s w i l l not 

e f f e c t vi s e r i o u s l y a t s m a l l Q and t h e r e f o r e w i l l not cause 

an a p p r e c i a b l e e r r o r i n the c a l c u l a t e d a m p l i t u d e s . 



T a b l e 4.1 

Sample Number D e n s i t y Amplitude 
( p e r s q u a r e d e g r e e ) 

R 2458 2-2 -3 
x 10 

RS 555 7-8 -3 
x 10 

J 1861 2-9 
-3 

x 10 
D 1513 7-0 -3 

x 10 
1920 1991 5-6 -3 

x 10 
1920/50 1622 4-5 

-3 
x 10 

1920/100 469 1-0 x 10 
1921 828 6-1 -3 

x 10 

a b b r e v i a t i o n s f o r the samples a r e a s i n the t e x t 

R : p l a t e R1049 

RS t s u b s e t o f R1049 w i t h a n g u l a r d i a m e t e r s >115/**v 

J J p l a t e J 1 4 9 

D 1 eye measured sample, Dodd e t a l (1976) 
1920 t p l a t e J1920 

1920/50 1 s u b s e t o f 1920 w i t h a n g u l a r d i a m e t e r s > 50/*« 
1920/100 i s u b s e t o f 1920 w i t h a n g u l a r d i a m e t e r s >100yui* 

1921 1 p l a t e J1921 
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THE ANGULAR DIAMETER COUNTS OF GALAXIES 

'A m a t h e m a t i c a l model o f a c l a s s o f 

phenomena d e s i g n a t e s a s e t of 

m a t h e m a t i c a l l y e x p r e s s e d a s s u m p t i o n s 

r e g a r d i n g a sy s t e m o f h y p o t h e t i c a l 

e n t i t i e s , d e s i g n e d w i t h t h e hope t h a t , 

a f t e r an a p p r o p r i a t e a d j u s t m e n t o f 

s e v e r a l i n t e r v e n i n g p a r a m e t e r s , 

the c onsequences o f the a s s u m p t i o n s 

w i l l a g r e e w i t h the o b s e r v a b l e 

c h a r a c t e r i s t i c s of t h e phenomena'. 

J e r z y Neyman, 
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5.1 ANGULAR DIAMETER COUNTS AND THE DISTRIBUTION 
IN DISTANCE 

The d i s t r i b u t i o n i n depth of t h e samp l e s c o n s i d e r e d 

h e r e can n o t be o b s e r v e d d i r e c t l y , the r e d s h l f t s of the 

s m a l l f a i n t images would be i m p o s s i b l e t o o b t a i n , even 

i f i t were p r a c t i c a b l e to measure s e v e r a l thousand 

s e p a r a t e r e d s h i f t s . 

S i n c e the a p p a r e n t s i z e o f a g a l a x y w i l l d e c r e a s e 

a s i t s d i s t a n c e i n c r e a s e s , t h e n i f t h e r e were o n l y one 

s i z e and b r i g h t n e s s o f g a l a x y , the d i s t r i b u t i o n o f the 

g a l a x i e s i n d i s t a n c e would be e x a c t l y r e f l e c t e d by the 

d i s t r i b u t i o n of a n g u l a r d i a m e t e r s of the g a l a x i e s . 

O b v i o u s l y t h i s i s f a r from r e a l i s t i c , i n p r a c t i c e 

the a n g u l a r d i a m e t e r c o u n t s a r e the sum of the c o n t r i b u t i o n s 

from g a l a x i e s of a l l b r i g h t n e s s e s and s i z e s , but n e v e r t h e l e s s , 

t h e a n g u l a r d i a m e t e r c o u n t s and the d i s t r i b u t i o n i n 

d i s t a n c e a r e i n t i m a t e l y r e l a t e d . 

G i v e n the a c t u a l g a l a x i e s t h a t a r e p r e s e n t i n 

some p a r t i c u l a r a r e a o f the s k y , the two p a r a m e t e r s 

which d e t e r m i n e the d i s t r i b u t i o n of a n g u l a r d i a m e t e r s 

a r e t h e l i m i t i n g i s o p h o t e and t h e s e e i n g , and t h e s e 

c l e a r l y a l s o d e t e r m i n e which g a l a x i e s a r e a c t u a l l y s e e n . 

I f a p r e d i c t i o n i s made of the d i s t r i b u t i o n , b a s e d on a 

model f o r the b r i g h t n e s s e s and p r o f i l e s of g a l a x i e s , 

f o r v a r i o u s i s o p h o t e s and s e e i n g , t h e n the most l i k e l y 

i s o p h o t e and s e e i n g can be found by matching t o t he o b s e r v e d 
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a n g u l a r d i a m e t e r s . 

With t h e s e f i x e d , i t i s an e a s y m a t t e r to use the 

model a g a i n to p r e d i c t t h e d i s t r i b u t i o n i n d i s t a n c e , i n 

f a c t a l l t h a t i s r e q u i r e d i s the number of g a l a x i e s a t 

eac h d i s t a n c e which have a n g u l a r d i a m e t e r s above t h e c u t ­

o f f f o r the sample b e i n g c o n s i d e r e d . 

5.2 DETERMINATION OP ANGULAR DIAMETERS FROM COSMOS OUTPUT 

Gi v e n t h e p a r a m e t e r s l i s t e d i n T a b l e 5.5, i n 

p a r t i c u l a r the minimum x and y c o - o r d i n a t e s and the a r e a , 

i t i s p o s s i b l e , u n d e r the a s s u m p t i o n t h a t the image i s 

e l l i p t i c a l t o c a l c u l a t e the a n g u l a r d i a m e t e r . 

Suppose the image has major and minor a x e s of 

l e n g t h a and b r e s p e c t i v e l y a l i g n e d a l o n g the x', y ' 

d i r e c t i o n s , t h e n 

x' 1 y'* 

L e t P 3 ( x ' , y ' ) be the p o i n t on the e l l i p s e w i t h a 

t a n g e n t p a r a l l e l to the y - a x i s ( s e e f i g u r e 5 # l ) t t h e n the 

a n g l e 0 between the normal a t P ( i . e . the x - a x i s ) and t he 

x ' - a x i s i s g i v e n by 

7>f A f y' a* 
t a n 0 - - J " , = — - » (5-2) 

*y/ dx x b 
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Now l e t A x , AY be the COSMOS v a l u e s o f the x and y e x t e n t s 

of the linage, so 

AX = 2 r cos (^>-V) 

where r I s the d i s t a n c e from the c e n t r e to P and "Vr i s 

the a n g l e between the l i n e j o i n i n g the c e n t r e to P and 

the x' d i r e c t i o n . Then 

AX = 2 ( x ' c o s ^ + y' s i n ^ ) 

= 2 ( a 1 c o s l + + b l s i n l 4 > ) 7 * (5-3) 

and s i m i l a r l y 

AT = 2 ( a 1 s i n * * + b * cos** ) ( 5 . 4 ) 

Under the a s s u m p t i o n of an e l l i p t i c a l image the COSMOS 

v a l u e of t h e a r e a 

A - "fab (5-5) 

and u s i n g e q u a t i o n s ( 5 . 5 ) 1 ( 5 . 4 ) and ( 5 . 5 ) 

e S 2 a - ( Z + — ) + ( z - — ) (5.6) 

where Z - i ( A X X + AY*) (5 .7) 

Hence, p r o v i d e d Z > 2 A / T T , t h e a n g u l a r d i a m e t e r may be 

c a l c u l a t e d d i r e c t l y from the COSMOS A x , &Y and A . I f z ' - < 2 A/' 

an e l l i p t i c a l image can not be f i t t e d and the maximum o f A X 
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and i s used f o r ©. This i s u s u a l l y only necessary 
f o r very small Images where the 8/**\ square q u a n t i z a t i o n 
i s important. 

5 . 3 THE OBSERVED ANGULAR DIAMETER DISTRIBUTION 

Using the formulae derived i n the previous s e c t i o n 
the angular diameter of each galaxy above the area l i m i t 
f o r d e t e c t i o n can be obtained. 

I t i s u s e f u l t o use the f u n c t i o n f (©), defined to 
be the number of galaxies w i t h l o g (angular diameter) i n 
the range l o g 6 - Va t o l o g ©-v s / i . , where S" i s a f i x e d 
l o g a r i t h m i c b i n s i z e , t o describe the d i s t r i b u t i o n of 
angular s i z e s . 

C l e a r l y f(©)« ©n(©} where n(©) i s the usual 
d i f f e r e n t i a l count, so f o r a homogeneous d i s t r i b u t i o n i n 
Euclidean space w i t h no s e l e c t i o n e f f e c t s - and f o r the 
large © end o f the curve f o r any d i s t r i b u t i o n - f(©) «< © 
i . e . the l o g f - l o g © p l o t w i l l have a slope of - 5 . 

A d i f f e r e n t i a l p l o t , e i t h e r f ( d ) or n(©) i s much 
more e a s i l y i n t e r p r e t e d than the I n t e g r a l p l o t s N(> ©) 
which have been used by some authors, as f l u c t u a t i o n s 
i n the d i f f e r e n t i a l counts, whether r e a l or s t a t i s t i c a l 
i n o r i g i n can give r i s e t o a change i n slope i n the 
N(>©) p l o t which may be i n t e r p r e t e d as a l o c a l d ensity 
enhancement. This was the i n t e r p r e t a t i o n put upon the 
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form of the i n t e g r a l p l o t f o r the eye measured region 
of p l a t e J149 (see s e c t i o n 4 . 7 ) by Dodd e t a l ( 1 9 7 5 ) 

but E l l i s , Fong and P h i l l i p p s (1976) showed from the 
d i f f e r e n t i a l p l o t t h a t there was no s i g n i f i c a n t evidence 
f o r t h i s f e a t u r e . 

The observed counts f o r the COSMOS measured 
p l a t e s R1049, J 1 4 9 , J 1 9 2 0 and J1921 are shown i n 
f i g u r e s 5 . 2 , 5 . 5 , 5 . 4 and 5 . 5 ( i n a l l cases a b i n size S =-05 

has been used, the counts also being normalized t o those f o r 
1 square degree). 

5 .4 PRINCIPLES OF THE PREDICTION OF ANGULAR DIAMETER COUNTS 

Given the c e n t r a l brightness and the p r o f i l e of 
the galaxy l u m i n o s i t y d i s t r i b u t i o n , then f o r any given 
l i m i t i n g isophote, i t i s , i n the absence of seeing, a simple 
matter t o determine the i s o p h o t a l diameter of a galaxy, a t 
any distance and check i f i t i s g r e a t e r than some value ©. 
For any p a r t i c u l a r galaxy type, the shape of the p r o f i l e • i s 
f i x e d and i f i t i s assumed t h a t parameters of the p r o f i l e 
and the c e n t r a l brightness are determined s o l e l y by the 
absolute magnitude of the galaxy, then f o r any given 
distance the f a i n t e s t galaxy ( i n terms of absolute magnitude) 
which would have i s o p h o t a l diameter g r e a t e r than the value 0 

can simply be found. This f a i n t e s t absolute magnitude M, 
then determines the c o n t r i b u t i o n t o the number counts 
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from t h i s type of galaxy, simply through the f r a c t i o n of 
galaxies "brighter than M. 

When seeing needs t o be taken i n t o account, as i s 
the case here, because of the very small images included 
i n the sample, the c a l c u l a t i o n of the i s o p h o t a l diameters 
i s somewhat complicated as a convolved p r o f i l e must be 
used, but i n p r i n c i p l e the same method s t i l l a p p l i e s . 

5 . 5 DETAILED MODEL AND PROCEDURE FOR CALCULATION OF 
ANGULAR DIAMETER COUNTS 

Before any c a l c u l a t i o n s can be made on the angular 
diameter counts, i t i s necessary to adopt a model f o r 
each type of galaxy. 

Six d i f f e r e n t types of galaxy were used here, 
e l l i p t i c a l s i SO's, Sab's, Sbc's, Scd's and Sdm's i n 
pro p o r t i o n s s i m i l a r t o those estimated by Oemler from 
the data of schechter ( 1 9 7 6 ) and Chrlstensen ( 1 9 7 5 ) and 
given by Tlnsl e y ( 1 9 7 7 ) . They are g e n e r a l l y derived 
b a s i c a l l y from de Vaucouleurs and de Vaucouleurs Reference 
catalogue ( 1 9 6 4 ) . 

For the e l l i p t i c a l s a p r o f i l e of the form ( A b e l l 
and Mihalas 1966) 

I ( r ) - 1.(5 + l ) ~ l r $ 21-4 a 
(5.8) 

= 22-4 I . [ 5 + 1 ) r > 21-4 a 
^ a ' 
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was used. 
The radius parameter a, i s apparently w e l l 

c o r r e l a t e d w i t h absolute magnitude (Holmberg 19^9) and 
Gudehus ( 1 9 7 3 ) gives the r e l a t i o n s h i p as 

a - dex ( -0-167 M B - 6-813) (5.9) 

f o r a i n Mpc. I t f o l l o w s , by i n t e g r a t i n g over the whole 
image t h a t the c e n t r a l i n t e n s i t y , expressed i n magnitudes, 
i s 

/ * 0 - 0-167 M a + 20-93 (5.10) 

Hence, knowing M, a a n d m a y be determined. 
For a l l other types, an expo n e n t i a l p r o f i l e 

(Freeman 1970) 

I ( r ) - I , exp (-r/a) (5.11) 

was taken. 
According t o Freeman the c e n t r a l i n t e n s i t y of 

a l l s p i r a l s , t h a t i s the i n t e n s i t y of the disc 
extrapolated to the centre (not the a c t u a l c e n t r a l 
brightness as t h i s may be d i f f e r e n t because of the 
nucleus), i s constant, corresponding t o 21 • 65 arc sec 
i n the blue. (This i s supported by the work of Simkin 1 9 7 5 ) . 

Again by I n t e g r a t i n g over the whole image t h i s 
i m p l i e s 

a = dex ( -0-2 Mft - 6-386) (5-12) 
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w i t h a i n Mpc. So again M determines /<.«» ( t h i s time a 
constant) and a . I t should be noted t h a t the p r o f i l e 
does not take i n t o account any nucleus or s p i r a l arms 
which may be present, but the e f f e c t s of these w i l l be 
small i n most cases and the seeing w i l l tend to b l u r them 
i n t o the d i s c . Recent photometry (e.g. Benedict 1976) 

has shown t h a t the n u c l e i and arms u s u a l l y c o n t r i b u t e only a 
few per cent of the t o t a l l u m i n o s i t y , though some s p i r a l s 
l i k e NGC4459 have very prominent n u c l e i ( L i l l e r 1 9 6 0 ) . 

Freeman noted two: types of p r o f i l e s , one i n which the 
i n t e n s i t y r i s e s above the exponential near the centre, 
the other where there i s a region i n which the i n t e n s i t y 
i s lower than f o r the extrapolated exponential form. The 
existence of nuclear regions i n SO galaxies (Van Houten 
I 9 6 I , Johnson 1961) has also been ignored. Although the 
bar appears prominent i n barred galaxies there i s a c t u a l l y 
l i t t l e l u m i n o s i t y i n the bar (de Vaucouleurs 19^3) and t h i s 
e f f e c t has also been neglected. Some dwarf i r r e g u l a r s 
have lower surface brightnesses, but even many of these 
appear to f o l l o w Freeman's law, and i n any case they are 
too f a i n t to be important except i n the near neighbourhood 
of the Galaxy. 

The observed p r o f i l e f o r a galaxy a t a r e d s h i f t z, 
w i l l then be 

(5.13) 
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where Da i s the angular diameter distance. The f a c t o r 
( l + z) a r i s e s from the change i n surface brightness 

-i w i t h r e d s h i f t ; the surface area subtended varies as Da 
-* -a , m U 

while the i n t e n s i t y v a r i e s as D U - D* ( 1 + z ) , D L being 
the l u m i n o s i t y distance(see e.g. Weinberg 1 9 7 2 , e.q.. 1 4 . 4 . 2 8 

and appendix A ) . The f a c t o r 1 0 i s the change i n 
i n t e n s i t y due t o the k - c o r r e c t i o n , k ( z ) , which i s expressed 
i n magnitudes. 

These p r o f i l e s must then be convolved w i t h a two 
dimensional Gaussian seeing 

G(» =• exp 2r) /irccr7- (5.14) 

where a" i s the seeing parameter (see below). This gives 

(T TT(1 + z) 10 
(l + r — D " ) e x p ( - ( r l + V* -2r\cosfy2.T ,)r dr 

^ J 22-4 ( l + r - ? A j e3cp.(-(rl + V - 2rVcos<J> )/2o* 

This may be r e - w r i t t e n 

) r dr d^ (5.15) 

* ™ ' TT(1 + z ) * 1 0 ° ^ k W 

00 

•IV 

I N 

e x p ( - ( u l + X 1 - 2uX cos£)/2)u du d£ 

-1 
exp(-(u* + X 1 - 2uX cos4J/2)u du d«J> 

1 (5.16) 
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or 

I ( x ) - ( i • . " f r o - " n M ( 5- 1 7 ) 

where 

S i m i l a r l y f o r s p i r a l s 

Kv) • I o 

XT(1 + z)** 1 0 ° , 4 * U ( « 
lexp(-u/Y) exp(-(u* + X* -2uX cost ) / 2)u du 

(5.19) 
or 

1 0 0 " ( l + z ) * l O ^ * P S ( X ' Y ) (5.20) 

with X and Y as before. 

I t should be noted that these p r o f i l e s assume that 

the g a l a x i e s are e x a c t l y face on to the observer. I n a l l 

cases the c a l c u l a t i o n s neglect the p o s s i b l e e f f e c t s of 

i n c l i n a t i o n of the image, which are i n any case very 

u n c e r t a i n . Holmberg ( 1 9 7 5 ) s t a t e s that the e f f e c t of 

i n c l i n a t i o n on diameters i s a t most a few per cent and 

he neglects i t i n h i s work. 

The seeing parameter «~ i n equation (5.14) d e f i n e s 

the width of the Gaussian seeing, but i s not the u s u a l 

astronomical meaning of 'seeing'. This i s normally 

taken to be the ra d i u s s which contains ^0% of the 

l i g h t from a s t a r , and i s given by 

s « 2-146 a* (5.21) 
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With these p r e l i m i n a r i e s , the c a l c u l a t i o n of f(©) 
f o r a given seeing and l i m i t i n g isophote may now be 
undertaken. Choose a p a r t i c u l a r value of "4- and consider 
f i r s t j u s t one galaxy type, which has absolute magnitudes 
i n the range M - R to M + R. I f the range of a over 
which galaxies w i l l be v i s i b l e i s d i v i d e d I n t o a 
convenient number of equal bins Az, the comoving 
volume corresponding to the i th b i n i s 

&V; » D ^ ( z ; ) c Hp"' (1 + z0(2q„z; + l ) ~ V l A z fc-O- (5.22) 

where A-fU i s the s o l i d angle subtended, taken i n a l l 
c a l c u l a t i o n s to be one square degree, and z; i s taken 
to be the centre of the b i n . Although AV,- s t r i c t l y depends 
on q D , the r e s u l t s are insensative to q 0 and a value 0*02 

was used (Shapiro 1971) . Brown and Tinsley ( 1 9 7 4 ) noted 
t h a t number counts i n general were not very dependent on q,0 • 

How f o r t h i s z -„ , take the f a i n t e s t galaxy of the 
type being considered, i . e . the f a i n t end c u t - o f f i n the 
lu m i n o s i t y f u n c t i o n , M* + R. Given t h i s magnitude, yu e and 
a may be determined and 

yU(M-) * - 10 log(l •+ zO + k(z;) - 2-5 log F(X,Y) (5-23) 

c a l c u l a t e d . 
I f / ^ ( > ) < y U r f t n e l i m i t i n g Isophote, then the 

galaxy i s above the threshol d an angle \ from the centre 
of the image and hence has i s o p h o t a l angular diameter 
g r e a t e r than 2\ * 9. I f f\ ("H- ) > V t m , the galaxy i s 
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s m a l l e r than Q, so the c a l c u l a t i o n I s repeated f o r an 

absolute magnitude M + R - A M, where AH I s a small 

increment i n magnitude, and so on up the luminosity f u n c t i o 

u n t i l a magnitude i s reached f o r which i s l e s s 

than . L e t t h i s magnitude be Mt , then the number 

of g a l a x i e s l a r g e r than Q i n the volume A V l i s 

AVi f £ (PU) 

where f i s the space density of the type of galaxy being 

considered and 5 ( M i ) i s the f r a c t i o n of g a l a x i e s of 

t h i s type b r i g h t e r than Mj. 

Summing over a l l the bins i n z g i v e s the t o t a l 

number of g a l a x i e s of t h i s type with angular diameter 

g r e a t e r than Q, and then summing over types gives the 

t o t a l number of g a l a x i e s l a r g e r than Q. 

Repeating f o r various values of 0 , the d i f f e r e n t i a l 

numbers can then be found and f(Q) c a l c u l a t e d . 

In the determination of yn("H.) from equation (5.23) • 

k - c o r r e c t i o n s are required f o r the d i f f e r e n t morphological 

types. These were taken from Pence ( 1 9 7 6 ) , quadratic f i t s 

to the data being considered s u f f i c i e n t l y a c c u r a t e . 

As pointed out by Sandage ( 1 9 6 1 ) the k - c o r r e c t i o n s 

for the R band are much sm a l l e r than f o r the B and V bands 

thus making the R band more s u i t a b l e f o r observing very 

d i s t a n t o b j e c t s . T h i s i s borne out by the f a c t that 

the R p l a t e used here, of only one hour exposure and not 

sky l i m i t e d , has a density of galaxy images 30$ higher 
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than the two hour exposure sky l i m i t e d p l a t e J149, (the J 
band i s almost the same as the usual B band). 

The energy f l u x e s used by Pence i n the u l t r a v i o l e t 
are i n some doubt as they are from data c o l l e c t e d by 
the GAO-2 s a t e l l i t e (Code et a l 1 9 7 2 ) . This data i s i n 
c o n f l i c t w i t h t h a t from the TD1 s a t e l l i t e (Carnochan et a l 
1975) also t h a t from Skylab (Deharveng et a l 1 9 7 6 ) , and 
E l l i s , Fong and P h i l l i p p s ( 1 9 7 7 a ) have noted t h a t i f 
the TD1 data i s c o r r e c t , the k - c o r r e c t i o n s f o r the U band 
w i l l be small, making the U band s u i t a b l e f o r observing 
very d i s t a n t o b j e c t s . The discrepancy however w i l l not 
e f f e c t the k - c o r r e c t i o n s f o r the B ( o r j ) band except a t 
large r e d s h i f t s & 0>7 . 

Also, t o c a l c u l a t e £(M;) a lu m i n o s i t y f u n c t i o n 
i s r e q u i r e d , and t h a t of Schechter ( 1 9 7 6 ) was chosen. 
This has the d i f f e r e n t i a l form 

N(M) - f T(M - M*) M*+R>M>M*-R (5-24) 

3 

where £ i s the number den s i t y per Mpc , R defines the 
range of the l u m i n o s i t y f u n c t i o n and the f u n c t i o n F i s 
given by 

F(X) = • ° ' 9 2 mtp( -exp(-0-92 X) + 0*92 1) X) (5-25) 

where T i s an incomplete gamma f u n c t i o n and «< and (3 are 
parameters which vary between types. The values of j> , of , f& 
and M f o r each type used here are s i m i l a r to those given 
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by Tinsley (1977) from Oemler's estimates. They are 
summarised along w i t h the k-c o r r e c t i o n s and colours i n 
table 5 . 1 . Note t h a t the f u n c t i o n used i s an o v e r a l l 
l u m i n o s i t y f u n c t i o n , no attempt has been made t o use 
separate f i e l d and c l u s t e r l u m i n o s i t y f u n c t i o n s (e.g. 
Icke 1975i Press and SchecKter 1974, Oemler 1974, Turner 
and Gott 1976) . 

The B-R colours are required when f(©) i s c a l c u l a t e d 
f o r the R p l a t e , the l u m i n o s i t y f u n c t i o n i s simply 
t r a n s l a t e d by the value of B-R f o r each type and surface 
brightnesses are s i m i l a r l y s h i f t e d . The p r o f i l e s are 
assumed t o be the same i n a l l colours (de vaucouleurs 
1961, Holmberg 1975) t h a t i s , there i s no change i n B-R 
across the galaxy. This appears t o be supported by the 
work of Thuan and Oke (1976) and Benedict (1976) , though 
Shapley (1972) s t a t e s t h a t s p i r a l n u c l e i are redder than 
t h e i r d i s c s , and Holmberg states t h a t s p i r a l arms are bluer. 

A f u r t h e r e f f e c t which was taken i n t o account i n 
the c a l c u l a t i o n s was l u m i n o s i t y e v o l u t i o n of the galaxies 
which could be extremely important f o r any an a l y s i s which 
depends on the d i s t r i b u t i o n o f r e d s h i f t s i n a sample 
(T i n s l e y 1976b). This i s included i n e x a c t l y the same way 
as the k - c o r r e c t i o n s , and the k(z) i n equations (5#13) and 
(5 .25) may be considered as a composite of the a c t u a l 
k-corrections and the e v o l u t i o n . Three representative 
models, from a series derived by Tinsley ( 1 9 7 7 )1 were 
used, d i f f e r i n g only i n the r e d s h i f t of the epoch of galaxy 



Table 5 ,1 

Properties of Galaxies (H„ = 50 kms ' /wpc) 

Types Luminosity Function Parameters Colours 

* 
? P MR B - R 

E 0-0013 1-25 0-025 -20- 90 1 •85 

Sab 0-0020 1-25 0-025 - 2 1 - 00 1 •65 

Sbc 0-0020 1- 25 0-025 - 2 1 •15 1 • 30 

Scd 0-0025 2-00 0-025 -20 ' 50 1 •16 

Sdra 0-0025 2-00 0-025 -20- 55 1 •05 

SO 0-0027 1-25 0 -025 -20 •90 1 •85 

Types Evolutionary Corrections k - c o r r e c t i o n s 
EC = Az * Bz z K = Cz + Dz 

R J R J 
A B A B C D C D 

E -1-46 -0- 12 -1- 89 - 1-•02 1 09 1-28 5-00 -1- 4o 

Sab -3 98 1-42 -4- 38 1 •23 1 -02 o- 92 4-00 -1-50 

Sbc -3- 50 1-67 -3- 80 1 • •44 -0- 03 1- 23 5- 20 -1 -4o 

Scd -3*18 1-15 -3-54 1- 02 -0-21 1-11 3-00 -2 -00 

Sdm -3- 60 1-88 -3-59 1 •61 -0-63 1-05 2- 00 -1-50 

SO -1-46 -0-12 -1- 89 - 1 ' • 02 1-09 1-28 5 • 00 -l - 4 o 

Notes 1 1 . Luminosity f u n c t i o n parameters from Tinsley (1977) 
2. B-R colours computed by Tinsley (1977) 
3# Luminosity e v o l u t i o n , EC, f o r a 'conservative' 

model by Tinsley (1976a) 
4, k - c o r r e c t i o n s from Pence (1976) . 
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formation; a conservative model w i t h z F « 6-2, a l i b e r a l 
model w i t h Zp 5 5-5 and a r a d i c a l model wit h z fs 1 • 6 

( T i n s l e y 1976a). The parameters f o r the conservative 
model are included i n t a b l e 5 . 1 . The models take i n t o 
account both the e v o l u t i o n of t o t a l l u m i n o s i t y and of 
the shape of the spectrum, i . e . the colour i n d i c e s . 
Smoothed ( q u a d r a t i c ) f i t s have been taken, which should 
be good enough i n the range of i n t e r e s t z a 0-7 , 

5.6 RESULTS OP ANGULAR DIAMETER CALCULATIONS 

Using the method of the previous s e c t i o n the 
e f f e c t s on the number counts of the l i m i t i n g lsophote, 
seeing, l u m i n o s i t y e v o l u t i o n and the f a i n t end c u t - o f f 
of the l u m i n o s i t y f u n c t i o n can be i n v e s t i g a t e d , 

Tinsley (1977) suggests R » 4 f o r the range of 
the l u m i n o s i t y f u n c t i o n , g i v i n g a c u t - o f f around -17*0, 

but Christensen (1975) has presented evidence based on a 
few nearby g a l a x i e s , f o r the d i s t r i b u t i o n i n c r e a s i n g 
r i g h t up t o -14?0. The r e s u l t s of Arakelyan and 
Ka l l o g l y a n (1970) also i n d i c a t e s t h i s . The e f f e c t of 
changing R « 4 t o B = ?, i . e . the i n c l u s i o n of a large 
number of f a i n t g a l a x i e s , i s i l l u s t r a t e d i n f i g u r e 5 .6 , 

f o r reasonable t h r e s h o l d and seeing values. I t can be seen 
t h a t the changes are small, and i n f a c t the a c t u a l 
d i f f e r e n c e i s l i k e l y t o be less than t h a t shown as the 
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dwarf galaxies probably have lower surface brightnesses 
than the c a l c u l a t i o n s assume ( A b e l l 1977 p r i v a t e 
communication). For a l l subsequent c a l c u l a t i o n s R w i l l be 
assumed t o be 4 . 

The e f f e c t of using the d i f f e r e n t models f o r the 
l u m i n o s i t y e v o l u t i o n are shown i n f i g u r e 5 .7 , f o r a 
f i x e d t h r e s h o l d and seeing. The e v o l u t i o n brightens the 
d i s t a n t g a l a x i e s , hence making t h e i r i s o p h o t a l diameters 
l a r g e r . Also the more r a p i d the e v o l u t i o n , the greater 
i s the increase i n slope of the l a r g e Q end, due t o the 
c a n c e l l i n g of the e f f e c t of k - c o r r e c t i o n s . The competition 
between the k - c o r r e c t i o n s and the e v o l u t i o n determines 
whether the apparent size drops o f f f a s t e r or slower 
than the inverse of the co-ordinate distance and thus 
whether the slope a t large 6 i s above or below - 3 . 

For i l l u s t r a t i o n , f i g u r e 5.8 shows the combined 
k- c o r r e c t i o n s and e v o l u t i o n a r y c o r r e c t i o n s f o r the 
cases of no e v o l u t i o n and conservative e v o l u t i o n . 

Figure 5.9 shows the e f f e c t of a l t e r i n g the 
l i m i t i n g isophote. Obviously the galaxies appear l a r g e r 
the lower the l i m i t of d e t e c t i o n and l a r g e r numbers are 
seen because less galaxies are l o s t completely below 
the t h r e s h o l d . Mote t h a t the slope f o r large 9 and the 
p o i n t of turnaround ( i . e . the maximum) are l i t t l e 
a f f e c t e d by the change i n isophote. 

Figure 5.10 Bhows the e f f e c t s of changing the 
seeing. The numbers at l a r g e 0 are i n i t i a l l y increased 

/ / S > SCIENCE 0 
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as the seeing increases from zero due to the spreading 
out of the image, hut f o r s £ 2 arc sec the numbers tend to 
be constant. However the important change i s i n the 
turnround p o i n t which s h i f t s very s i g n i f i c a n t l y towards 
l a r g e r © as the seeing becomes l a r g e r , as more and more 
small images are l o s t due t o being smeared out t o low 
surface brightnesses. 

Due t o the q u a l i t a t i v e l y d i f f e r e n t e f f e c t s caused 
by changing the l u m i n o s i t y e v o l u t i o n , seeing or l i m i t i n g 
isophote, i t i s possible t o f i n d a best f i t f o r a l l 
three parameters when matching to an observed d i s t r i b u t i o n . 
This i s i l l u s t r a t e d i n f i g u r e 5.11 where the s o l i d curve 
shown superimposed on the observed d i s t r i b u t i o n ( f i l l e d 
c i r c l e s ) f o r R1049 i s f o r conservative e v o l u t i o n , seeing 
of 2W.5 and a l i m i t i n g isophote of 25-0 R magnitudes per 
square arc second. 

F i t s t o the observed data on p l a t e s J149 and J1920 

have also been made and confirm t h a t conservative 
e v o l u t i o n gives a good match. Values of 24*?75 per 
square arc second a nd 2'.'5 were taken to f i t J l 4 9 , 25*?25 
per square arc second and 3''5 to f i t J1920. I n the case 
of J149, the f i t was less good than f o r the others. This 
i s almost c e r t a i n l y due t o the t h r e s h o l d varying over the 
p l a t e - f i g u r e 5.12 shows t h a t the observations are 
bracketed by the expected r e s u l t s f o r 24-5 and 

yU4^ = 25?0 w i t h the same seeing and conservative e v o l u t i o n 
/*u«»* 24-75 gives a reasonable compromise. 
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For p l a t e J1921 the seeing was so bad t h a t i t 
could not be estimated d i r e c t l y by t h i s method and the 
background i s s i m i l a r l y u n c e r t a i n , as extremely poor 
seeing could move the large 9 p a r t of the curve • 
s i g n i f i c a n t l y to the r i g h t , i . e . to even l a r g e r 9 . 
However the f i t i s probably consistent w i t h a l i m i t i n g 
isophote s i m i l a r t o t h a t o f J1920; t h a t i s - 25?25. 

I t should be remembered here t h a t the seeing 
discussed i n t h i s s e c t i o n i s an e f f e c t i v e combination of 
atmospheric seeing and spread i n the photographic emulsion, 
as mentioned e a r l i e r , and also of the d e t e c t i o n process, 
since COSMOS surveys w i t h a non- n e g l i g i b l e spot s i z e . 

For the eye measured region of p l a t e J l 4 9 i i t w i l l 
be assumed t h a t the s e l e c t i o n f u n c t i o n i s the same as f o r 
the COSMOS measured area except t h a t the diameter c u t - o f f 
i s a t 3-3 arc sec. Thus we are able t o q u a n t i f y the 
parameters needed t o c a l c u l a t e the d i s t r i b u t i o n i n depth 
of any sample and t h i s c a l c u l a t i o n i s described i n the 
f o l l o w i n g chapter. 



CHAPTER SIX 

THE DISTRIBUTION IN DEPTH AND SCALING 

•The fo u r dimensional process of 
c l u s t e r i n g i s of course non-
observable' . 

Jerzy Neyman. 
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6.1 CALCULATION OF THE DISTRIBUTION IN DEPTH 

As pointed out i n sec t i o n 5 . 1 , given the a c t u a l 
galaxies which are present i n some area of the sky, 
the determining f a c t o r s as t o which ones are v i s i b l e i n any 
p a r t i c u l a r sample are the l i m i t i n g isophote and the 
seeing. 

From the r e s u l t s of chapter 5, i t can be assumed 
t h a t these are now known from the angular diameter 
counts, so given the model of the galaxy population 
presented i n s e c t i o n 5.5 the d i s t r i b u t i o n i n depth can be 
ca l c u l a t e d . 

Consider, f o r convenience, j u s t one galaxy type, 
and d i v i d e the range of r e d s h i f t i n which galaxies are 
expected to be v i s i b l e i n t o a number of equal b i n s , 
which have corresponding comoving volumes A.Vi ( c f . s e c tion 
5.5 equation 5.22) and f o r each bin i n t u r n the number 
of galaxies l a r g e r than the c u t - o f f f o r the sample being 
considered can be found. 

The c a l c u l a t i o n s t o f i n d the f a i n t e s t absolute 
magnitude VL\ which would give an image l a r g e r than the 
c u t - o f f f o r the sample are made i n e x a c t l y the same way 
as i n the c a l c u l a t i o n of f ( 9 ) , and the number of galaxies 
i n AV; t h a t w i l l be included i n the sample i s given 
simply by 
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where <£(M;) ie the f r a c t i o n of galaxies of the type 
considered which are b r i g h t e r than M\ and i s the 
(constant) coraoving density of t h a t type of galaxy. 

Summing over a l l types gives the t o t a l number 
of galaxies i n k v l f & N ; , Then the s e l e c t i o n f u n c t i o n 
j 6 ( z ; ) , i . e . the f r a c t i o n of galaxies a t z i Included 
i n the sample, i s given by 

, 4 , / \ 

where £ T i s the t o t a l comoving density of ga l a x i e s . 

The c a l c u l a t e d J#(z) curves f o r the parameters 
found t o f i t p l a t e s R1049 and J149 are shown i n f i g u r e 6.1 
and 6 .2 . The great importance of seeing i n the loss 
of galaxies below the threshol d i s seen c l e a r l y by 
comparing these w i t h the curves shown i n f i g u r e 6,5 

f o r the case of no seeing. 
Note t h a t a l l galaxies are v i s i b l e out to r e d s h i f t s 

around 0-08 to 0-10 and J0(z) subsequently decreases 
monotonlcally, For the R pl a t e galaxies are detected 
w i t h an e f f i c i e n c y b e t t e r than l o g o u t t o a r e d s h i f t z =• 0-56, 

corresponding to a lu m i n o s i t y distance of 2500 Mpc, i n 
the = 50 kme'V^pc, q,. » 0-02 model. For p l a t e J149 
10J5 of galaxies are detected out to z » 0-29 (D j_ - 2000 Mpc). 

The d i s t r i b u t i o n i n depth may be f u r t h e r i l l u s t r a t e d 
as the number of galaxies i n each r e d s h i f t range i n a 
s o l i d angle of 1 square degree 

£N; - n(B.,)Aa - <Mz;)&Vi£T ( 6 - l ) 
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where as before AV; I s the co-ordinate volume corresponding 
to the redshift range z - H z to z + ^Az,and a solid angle 
of 1 square degree, and ^T is the total comovlng density 
of galaxies. This is illustrated in figure 6.4 for the 
parameters derived for plate Jl49. 

At each distance and for each type, there is a 
faintest absolute magnitude M ; which gives rise to a 
galaxy image large enough to be included in the sample. 
The apparent magnitude of this galaxy can be calculated 
from 

ra; = Mi + 5 log D u(zv) + 25 + k(z»J -v e(z;) 

(e being the evolutionary correction) and this corresponds 
to a 'faintest magnitude* for that particular galaxy 
type and distance. For any particular type the 'faintest 
magnitude' is initially constant but then falls 
monotonically with increasing z so there is a maximum 
redshift z m for which galaxies with apparent magnitude m 
are included in the sample. This is illustrated for the 
J149 sample in table 6.1. 

The number of galaxies of this type in the 
magnitude range (m, m + Am) included in the sample is 
then simply 

£ N(m - 5 log Du(z-J - 25 - k(z;) - e(z; )) A m &Vi 

while the total number of galaxies in this range (included 
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Table 6.1 

V a r i a t i o n of L i m i t i n g Apparent Magnitude with Redshift 
and Type 

z E l l i p t i c a l s Sab 

•025 

•075 21- 4 

•125 21' 4 21- 8 

•175 21- 5 21- 6 

•225 21- 5 21- 6 

•275 21-5 21- 5 

•525 21-5 21-5 

•575 21« 2 21-4 

•425 21-2 21- 5 

•475 21-1 21-3 

•525 21-1 21-2 

•575 21- 0 21-1 

•625 21- 0 21- 0 

•675 21- 0 20-9 

•725 21-0 20-8 

•775 21-0 20-7 

•825 21-0 20- 6 

•875 21« 0 20-4 

•925 20-9 20-3 

•975 20-9 20- 2 
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l n the sample or not) i s 

J, N(m - 5 log D u(z ; ) - 25 - - e(z,)) AmAV; 

where H(M) I s the d i f f e r e n t i a l luminosity f u n c t i o n . 

Thus summing over a l l types, t h i s g i v e s the f r a c t i o n j0(m) 

of g a l a x i e s of apparent magnitude m which i s included 

i n the given sample. T h i s i s shown i n f i g u r e 6.5 f o r 

the R1049 and J l 4 9 samples. I t i s c l e a r that these are 

f a r from magnitude l i m i t e d ; i f they were then )0 would 

be a step f u n c t i o n . 

Mote that the behaviour of m a s a f u n c t i o n 

of z i s not always as i n the above case. I t can happen, 

f o r some area c u t - o f f s , that m H m a c t u a l l y r i s e s as z 

i n c r e a s e s , that i s f a i n t e r g a l a x i e s ( i n terms of apparent 

magnitude) are v i s i b l e a t l a r g e d i s t a n c e s . T h i s i s 

d i s c u s s e d f u r t h e r i n s e c t i o n 1,6. 

6.2 DISTRIBUTION IN DEPTH FOR DIFFERENT MORPHOLOGICAL 

TYPES 

I t i s of i n t e r e s t to compare the d i s t r i b u t i o n 

i n z f o r the d i f f e r e n t morphological types, as t h i s 

may be important i f d i f f e r e n t types are d i f f e r e n t l y 

c o r r e l a t e d ( G e l l e r and Davis 1976) . 

T y p i c a l d i s t r i b u t i o n s are shown i n f i g u r e 6 .6 

i n the n ( z ) form so t h a t the r e l a t i v e numbers of the 
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d i f f e r e n t types can be c l e a r l y seen. I t i s evident 

that the E and SO g a l a x i e s are r a p i d l y l o s t , so that a t 

the g r e a t e s t depths i . e . z ^ ,0 -4 the v i s i b l e g a l a x i e s 

are e s s e n t i a l l y a l l s p i r a l s , i n p a r t i c u l a r the l a r g e r 

Sab and Sbc's. 

I t i s a l s o of i n t e r e s t a t t h i s point, to compare 

the corresponding angular diameter counts f o r the 

d i f f e r e n t types of g a l a x i e s . These are shown i n f i g u r e 6. 

Obviously the main c o n t r i b u t i o n i s from Sab and sbc 

g a l a x i e s , and i t may be noted t h a t the slopes a t the 

l a r g e 9 end vary s l i g h t l y from type to type because of 

the d i f f e r e n t k - c o r r e c t i o n s and e v o l u t i o n . 

F o r t u n a t e l y though, the slopes are a l l f a i r l y 

s i m i l a r and a l s o the peak i n the d i s t r i b u t i o n i s very 

nearly at the same value of © f o r each type. This means 

that even i f the r e l a t i v e numbers of the d i f f e r e n t types, 

used i n the model, were quite s e r i o u s l y i n e r r o r , the 

o v e r a l l shape of the f ( 8 ) d i s t r i b u t i o n would be a l t e r e d 

l i t t l e . 

6.5 SCALING 

I n s e c t i o n 2 . 2 , i t was shown that f o r a pure power 

law s p a t i a l covariance f u n c t i o n , the angular covariance 

function i s a l s o a power law and the amplitude f o r any 

p a r t i c u l a r sample depends on i t s s e l e c t i o n function 
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through the f a c t o r 

\o(l + »)* h(z) g(z) f ** S ( a ) »*(z) dz ., 
S i i > ) * (£(l + . ) * g(z) f ' ( z ) * ( z ) dz)* 

Now by the methods of chapter 5 , c£ can be 

determined f o r any deep sample l i k e the ones under 

co n s i d e r a t i o n here, which are not simply magnitude 

l i m i t e d . 

C l e a r l y , <f> can a l s o be determined using the 

model of the galaxy d i s t r i b u t i o n d escribed i n s e c t i o n 5.5 

f o r a magnitude l i m i t e d survey, by using 

«$(z) = KmUin - 25 - 5 log D L(z) - k(z) - e(z)) (6.2) 
where ^ ( M ) i s the f r a c t i o n of g a l a x i e s of the type 

considered which are b r i g h t e r than M. 

The n a t u r a l point f o r comparison of the amplitudes 

found f o r the present deep samples with the amplitudes 

found f o r previous samples i s the Zwicky catalogue 

l i m i t e d a t 15*?0, as was done i n t a b l e s 2.1 and 2.2, 

Taking m Xim

 a 15*0 i n equation (6.2) and using 

the same model f o r the galaxy luminosity f u n c t i o n , 

k - c o r r e c t i o n s and e v o l u t i o n as i n s e c t i o n 5#5 f the 

s e l e c t i o n f u n c t i o n f o r the Zwicky sample was c a l c u l a t e d . 

The c a l c u l a t e d number per square degree was 0'6o i n good 

agreement with the observed d e n s i t y 0*62 per square 

degree. This agreement lends support to the form and 

absolute s c a l e of the luminosity f u n c t i o n used i n the 
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model, From the s e l e c t i o n f u n c t i o n the value of S 

appropriate f o r the Zwicky catalogue was then obtained, 

for three forms of M s } ; ^1 +• z) with" 1) - 1-B, 3 and 4-2 

(see equation ( 2 . 3 2 ) ) , 

The values of S f o r the samples from p l a t e s R1049, 

J149, J1920 and J1921 were a l s o c a l c u l a t e d using the 

s e l e c t i o n f u n c t i o n s derived i n the previous s e c t i o n s . 

I n the case of J1921 a f a i r l y a r b i t r a r y value of the 

seeing, a =• 5 , was chosen to give reasonable agreement 

with the t o t a l number of g a l a x i e s per square degree, 

assuming a l i m i t i n g isophote of 25-25 magnitudes per 

square a r c second. 

The values of the amplitudes and the sc a l e d Zvricky 

amplitudes, given by 

S S 
A, - — A X (6.3) 

where A x and S z are the amplitude and s c a l i n g f a c t o r 

f o r the Zwicky catalogue, are given i n t a b l e 6 ,2 f o r 

a l l the samples considered here as w e l l as the Shane-

Wirtanen and J a g e l l o n i a n samples, with s e l e c t i o n c r i t e r i a 

as d escribed i n the notes to the t a b l e . 

The amplitude f o r the Shane-Wirtanen catalogue 

i s seen to be too high by a s i g n i f i c a n t amount f o r each 

of the values of the evolutionary parameter . Note 

th a t the non-evolving ("̂  = 3) model gives e x a c t l y the 



Table 6.2 

A l A/AI 
Sample A 7) -1- 8 H *5- 0 -») =4 - 2 1*1-8 • 0 T*4«: 
Z 7 • 0xl0~' 7- 0x10*' 7- Oxl o"V 7 -Oxio"1 1-00 1- 00 1-00 
SW 6 •8x10 2 5-1x10** 4-8xl0~ l 

-2. 
4-7x10 1-55 1- 42 I-45 

Jag 1 1 •8xl0~* 2-4x10"* 2- 2xl0~* 
-Z 

2-0x10 0-75 0 • 82 o- 90 
Jag 2 1 • 8x10"* 1- QxlQ* 1-7xlO~* 1•5x10* 1-00 1- 07 1-20 

R 2 • 2xlo" 3 6-7xl0" 3 5- 5x1 0~* 
-•a 

4-2x10 0-55 0 • 42 0-52 

RS 7 •8xlO~* 1- 5xlo"* 1-
-2 

5x10 1-lxlo""* 0-52 0- 60 0 -71 
J 2 •9xlO - 3 9-OxlO*"3 7-

-3 
6x10 

-3 
6 -4x10 0 -52 0-58 0 -45 

D 7 
-1 • 0x10 9- 7 x l 0 - 3 8- l x i o " 3 6-9xlO~3 0 -72 0 • 86 1-01 

1920 5 •6x10 8- -a 
2x10 6- -3 

9x10 5-8x10 0-44 0-52 0-62 

1920/50 4 •5xl0" 3 9-
-3 2x10 7-7xlo" 3 6-6xlO _ ? 0-49 0-58 0 -68 

1920/100 1 •Oxio"* 1- 6xlo" Z 1-
-X 

4x10 
-1 

1-5x10 0-62 0 •71 0- 80 
1921 6 •1x10** 1-

-a. 
5x10 1-

—2, 
1x10 

-3 
9 -4x10 0-47 0-55 0-65 

Z i s the Zwicky catalogue with m{.m - 15-0. 

SW i s the Shane-Wirtanen catalogue, assumed to be magnitude 
l i m i t e d with ra ̂ w * 18-5 (to give the c o r r e c t density^. 

Jag 1 i s the J a g e l l o n l a n f i e l d , taken to have a diameter l i m i t e d 
s e l e c t i o n f u n c t i o n g i v i n g the c o r r e c t d e n s i t y . 

Jag 2 I s the J a g e l l o n i a n f i e l d , taken to be magnitude l i m i t e d 
with m̂ n̂ a 20-0 ( t o give the c o r r e c t d e n s i t y ) . 

A l l other samples are as i n t a b l e 4.1 with s e l e c t i o n c r i t e r i a 

as i n d i c a t e d i n chapter 5« 
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same p r e d i c t e d amplitude as the simple s c a l i n g law 

( t a b l e 2.1) showing that the more complicated models 

described i n the l a s t chapter do indeed reduce to the 

simple case f o r a r e l a t i v e l y shallow survey. The 

discrepancy i n t h i s case may be due to the d i s p a r i t y 

between the various p l a t e s and the a s s o r t e d 

c o r r e c t i o n f a c t o r s producing a r e l a t i v e l y l a r g e e r r o r 

i n the f i n a l estimate of the amplitude. Of course, i f 

the form of w does f a l l away from a p e r f e c t power law 

as claimed by Groth and Peebles (1977) f o r t h i s sample 

( s e c t i o n 2,4), t h i s discrepancy can be decreased ( t a b l e 2.2). 

The two ( o f many) p o s s i b l e s e l e c t i o n functions 

considered f o r the J a g e l l o n i a n f i e l d are probably f a i r l y 

extreme c a s e s , and the f a c t t h at t h e i r p r e d i c t e d 

amplitudes bracket the value expected from s c a l i n g the 

Zwicky amplitude may i n d i c a t e that the true s e l e c t i o n 

function f o r the sample could give very good agreement 

with the expected amplitude. 

The R and J samples can be seen to have amplitudes 

much lower than expected f o r any of the v a l u e s , with a 

discrepancy of about a f a c t o r 2-5 i n each case f o r D - 5. 

A value of "*) l a r g e enough to give reasonable agreement, 

would imply such a remarkably rapid c o l l a p s e of the 

c l u s t e r s as to be p h y s i c a l l y quite u n r e a l i s t i c . 

The r e s t r i c t e d RS sample a l s o has a lower than 

expected amplitude, though i t i s not d i s c r e p a n t by 

quite as l a r g e a f a c t o r as the deeper R sample. 
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Although the true s e l e c t i o n function f o r the 

Dodd et a l eye-measured sample i s not known i t i s 

noteworthy that the amplitude found i s considerably 

higher than f o r the presumably s i m i l a r J sample. Even 

though the s e l e c t i o n f u n c t i o n used f o r the c a l c u l a t i o n s 

i n t a b l e 6 .2 may be quite i n a c c u r a t e I t i s u n l i k e l y 

that the true s e l e c t i o n f u n c t i o n would give r i s e to a 

d i f f e r e n c e l a r g e enough to bring i t into agreement with 

the j sample, u n l e s s the s e l e c t i o n were not uniform 

a c r o s s the p l a t e . I f t h a t i s the case, the data should 

have been ' f i l t e r e d ' before the covariance function was 

c a l c u l a t e d , and as i n d i c a t e d by r e s u l t s f o r p l a t e s J149 

and J1921 f i l t e r i n g can reduce the c a l c u l a t e d amplitudes 

by a considerable f a c t o r . This i s a s e r i o u s p o s s i b i l i t y 

as the p l a t e was measured by s e v e r a l observers over a 

considerable period of time, and uniformity would be 

d i f f i c u l t to achieve. 

A l t e r n a t i v e l y the J sample may be contaminated 

by s t a r s , as was pointed out e a r l i e r f o r the R sample 

( s e c t i o n 4.5) and t h i s could decrease the amplitude from 

the 'true' value. A f u r t h e r complication may a r i s e 

through random e r r o r s i n the a r e a s assigned to the images 

by COSMOS 1 f o r small images which only contain a few 

p i x e l s , random e r r o r s could remove some g a l a x i e s which should 

be i n the sample and replace them with f a i n t e r g a l a x i e s 

which have been a c c i d e n t a l l y i n c r e a s e d i n s i z e . These 

f a i n t e r g a l a x i e s would, on average, be l e s s c o r r e l a t e d 
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t h a n t h o s e t h a t a r e l o s t - o r e q u i v a l e n t l y the t r u e 
s e l e c t i o n f u n c t i o n f o r the Images counted i s f l a t t e r 
but e x t e n d s t o d e e p e r d i s t a n c e s t h a n the c a l c u l a t e d one, 
hence d e c r e a s i n g the s c a l i n g f a c t o r . 

T h i s f a c t o r c o u l d , of c o u r s e , be i m p o r t a n t i n a l l 

the o t h e r s u r v e y s , not j u s t the J sample, and may a c c o u n t 

f o r the g r e a t e r d i s c r e p a n c y a t v e r y deep c u t s ( s m a l l 

a r e a s ) compared t o l e s s deep c u t s ( l a r g e r a r e a s ) a s noted 

above f o r the R and RS s a m p l e s , and a g a i n below f o r 

p l a t e J1920. 

P l a t e J1920, u s i n g a l l the g a l a x i e s , shows a 

d i s c r e p a n c y o f a f a c t o r of about 2, f o r t h e = 5 c a s e , 

the a m p l i t u d e b e i n g l o w e r than e x p e c t e d f o r a l l the 

quoted v a l u e s of >) , a s f o r R1049 and J 1 4 9 . 

The two r e s t r i c t e d samples a l s o have l o w e r 

a m p l i t u d e s t h a n e x p e c t e d , but i t i s of i n t e r e s t to note 

t h a t the d i s c r e p a n c y d e c r e a s e s a s t h e depth i s reduced, 

r e p e a t i n g the b e h a v i o u r found between the R and RS s a m p l e s . 

P l a t e J1921, a l t h o u g h u n c e r t a i n , g i v e s s i m i l a r 

r e s u l t s t o p l a t e J1920 c u t back t o the c o r r e s p o n d i n g 

d e n s i t y , b e i n g d i s c r e p a n t by a f a c t o r a r ound 2 from the 

e x p e c t e d v a l u e . 
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6.4 GENERAL SCALING FOP. DIFFERENT TYPES OF SELECTION 

CRITERIA 

The s c a l i n g f a c t o r S can be c a l c u l a t e d by the methods 

of the p r e v i o u s s e c t i o n s f o r any type of s e l e c t i o n c r i t e r i a . 

The ones t h a t a r e p r o b a b l y o f most i n t e r e s t a r e (1) magnitude 

l i m i t e d s a m p l e s , (2) d i a m e t e r ( o r a r e a ) l i m i t e d samples 

f o r a g i v e n t h r e s h o l d and (5) t h r e s h o l d l i m i t e d s a m p l e s 

f o r a g i v e n l i m i t i n g image s i z e . The f i r s t c l a s s i s 

o b v i o u s l y needed f o r s h a l l o w s u r v e y s where a l l magnitudes 

a r e know and have a l r e a d y been d i s c u s s e d i n c o n n e c t i o n 

w i t h the Zfricky c a t a l o g u e . D i f f e r e n t d e p t h s of s u r v e y 

a r e t h e n m e r e l y thos e w i t h d i f f e r e n t l i m i t i n g magnitudes, 

e.g. the Zwlcky c a t a l o g u e l i m i t e d a t ljTo o r 15!"o. The 

second i s n e c e s s a r y f o r s u r v e y s s i m i l a r to t h e ones u s e d 

i n t h i s t h e s i s , where machine measurements a r e used and 

i d e n t i f i c a t i o n s of o b j e c t s a r e made above some l i m i t i n g 

image a r e a f o r a f i x e d ( i n p e r f e c t c o n d i t i o n s ) i n t e n s i t y 

t h r e s h o l d , which may be known o r be e s t i m a t e d from o t h e r 

c o n s i d e r a t i o n s ( c h a p t e r 5 ) • D i f f e r e n t d e p t h s a r e o b t a i n e d 

by u s i n g d i f f e r e n t a r e a o r d i a m e t e r c u t - o f f s a s was the 

c a s e f o r p l a t e J1920, f o r i n s t a n c e , ( s e e s e c t i o n 4 . 8 ) . 

The t h i r d t y p e may be a p p l i c a b l e f o r d i f f e r e n t s a m p l e s , 

i . e . p l a t e s t o d i f f e r e n t d e p t h s , where t h e s i z e l i m i t o f a 

d e t e c t a b l e image i s f i x e d (by the o b s e r v e r or me a s u r i n g 

machine) but the i n t e n s i t y t h r e s h o l d a t which the image 

i s d e t e c t a b l e v a r i e s w i t h the e m u l s i o n , e x p o s u r e e t c . 
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S c a l i n g f a c t o r s f o r t h e s e t y p e s of s e l e c t i o n 

f u n c t i o n a r e I l l u s t r a t e d i n f i g u r e 6.8, p l o t t e d a g a i n s t 

the c o r r e s p o n d i n g d e n s i t y of sample g a l a x i e s . Note t h a t 

f o r a g i v e n d e n s i t y t h e r e may be a wide s p r e a d of 

p o s s i b l e v a l u e s f o r S. The t h r e e l i n e s a r e f o r the 

s e l e c t i o n f u n c t i o n s d e s c r i b e d i n t a b l e 6.3. 
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T a b l e 6.35 ( a ) 

Magnitude l i m i t e d , c o n s e r v a t i v e e v o l u t i o n , S - 0,B,'y)- 3 

; n < ( b l u e ) 7V(per square degree) S ( a r b i t r a r y u n i t s ) 

14-5 •31 1295 

15-0 •6o 942 

18-5 54 65 
19-0 97 45 

19-5 178 32 

20-0 322 22 

20-5 576 16-1 

21-0 1021 11-4 

21-5 1788 8-1 



T a b l e 6.3 ( b ) 

T h r e s h o l d l i m i t e d , a n g u l a r d i a m e t e r s c o n s e r v a t i v e 

e v o l u t i o n , S= O ' S.^s 3, s « 2'.'5. 

y u ^ b l u e ) T^Cper s q u a r e d e g r e e ) S ( a r b i t r a r y u n i t s ) 

23-0 78 69.7 

23.5 219 37-5 

23.75 354 28-7 

24,75 1703 10-5 



T a b l e 6.3 ( c ) 

A n g u l a r d i a m e t e r l i m i t e d , i n t e n s i t y t h r e s h o l d 24*?75 

( b l u e ) , c o n s e r v a t i v e e v o l u t i o n , g s 0-8,"^ s 3, s * 2*5. 

e (/*<*) TV(per s q u a r e d e g r e e ) S ( a r b i t r a r y u n i t s ) 

2-10 151 35-5 

2-00 256 25-7 

1-95 552 21-8 

1- 85 626 16- 8 

1-75 992 13 - 6 

1- 65 1360 11-6 

l -6o 1536 11- 0 

1-55 1703 10-5 
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7.1 ANGULAR DIAMETER OF STARS 

The a n g u l a r d i a m e t e r d i s t r i b u t i o n f o r s t a r s may 

be computed i n e x a c t l y the same way a s f o r g a l a x i e s 

( s e c t i o n 5.3). T h i s i s shown i n f i g u r e 7.1 f o r p l a t e R1049. 

I t i s s e e n t h a t t h e r e i s a q u i t e smooth d i s t r i b u t i o n f o r Q 2* 

but t h a t below t h a t v a l u e t h e r e i s a second peak n e a r t h e 

l o w e r l i m i t f o r c l a s s i f i c a t i o n of 35/«w . T h i s may be due 

to m i s c l a s s l f i c a t i o n of some f a i n t g a l a x i e s a s s t a r s , a s 

was p r e v i o u s l y s u s p e c t e d from the c r o s s c o r r e l a t i o n f u n c t i o n 

and the c o v a r i a n c e f u n c t i o n f o r a l l o b j e c t s ( s e c t i o n 4 . 6 ) . 

The same f e a t u r e a p p e a r s , though l e s s s i g n i f i c a n t l y , 

i n the c o r r e s p o n d i n g d i s t r i b u t i o n f o r the p l a t e J l 4 9 

( w h i c h i s of c o u r s e , of n e a r l y the same a r e a o f s k y , so 

i t may i n f a c t r e f l e c t a r e a l f e a t u r e , e.g. a c l u s t e r of 

f a i n t s t a r s ) .. This i s shown i n f i g u r e 7.2. 

F i g u r e 7.3 shows the d i s t r i b u t i o n f o r a n o t h e r b l u e 

p l a t e J1920 (J1921 was not c o n s i d e r e d due to the p o o r l y 

known s e e i n g ) . The s e c o n d a r y maximum a t s m a l l 9 i s not 

s e e n i n t h i s example, and the d i s t r i b u t i o n seems q u i t e 

smooth. 

7.2 MAGNITUDES OF STARS 

I t may be assumed t h a t the p r o f i l e of a s t a r on a 

p h o t o g r a p h i c p l a t e i s n e a r l y G a u s s i a n , o r s t r i c t l y a 
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p r o d u c t o f s e v e r a l G a u s s i a n s due to a t m o s p h e r i c s c a t t e r i n g , 

s c a t t e r i n g i n t h e t e l e s c o p e o p t i c s and s c a t t e r i n g i n the 

p h o t o g r a p h i c e m u l s i o n , p r o v i d e d t h a t t h e s t a r i s not too 

b r i g h t ( o r i n d e e d , too f a i n t ) . 

I n t h i s c a s e t a k e the p r o f i l e t o be 

I ( r ) = I # exp( - r * / 2<r) (7.1) 

where I 0 i s the c e n t r a l i n t e n s i t y ( p e r square a r c s e c ) 

and<r i s the s e e i n g i n seconds ( s e e s e c t i o n 5.5, e q u a t i o n 5.21). 

Then the t o t a l i n t e n s i t y 
oo 

I - I o [ exp( - r 1 / 2a-*) d ( r * ) 
o 

2 - n V l . (7.2) 

I f the r a d i u s of the s t a r (above the l i m i t i n g l s o p h o t e I k V x T ) 

i s R t h e n 

I . exp( / 2cr*) - I t W r 

I - I t w 2tr<ra'exp( R 1 / 2or 4) 

or m - JXXXm - 2-5 logio[2w<r*exp( R* / 2er* )] 

m " /Mim " 2 , 5 log, 0 (2-rr^) - 2-5 l o g t o e . A/27TO-2 (7-3) 

where M. i s the l i m i t i n g brightness expressed in magnitudes per arc 
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z 

sec , m i s the i n t e g r a t e d (.to i n f i n i t y ) magnitude and A 

i s the a r e a of the s t e l l a r image i n square a r c s e c o n d s . 

F o r a p o i n t image, i . e . R = 0 
m * - 2-5 log ( ) (7.4) 

so t h i s i s c l e a r l y the u l t i m a t e magnitude l i m i t f o r t he 

p l a t e . I f the l i m i t i s s e t by s t a r s of a g i v e n a r e a A v, m 

t h e n 

m u " y*i-,m - 2'5 loe( 2-rrcr- ) -.2-5 log e A ^ T T C T 1 (7.5) 

F o r p l a t e J149 u s i n g the v a l u e s of cr and A V i f t K from 

s e c t i o n s 4.6 and 5.6, t h i s becomes 

% « * (7.6) 

w h i l e f o r J1920 ire have 

m U U * 2 2 , 1 (7-7) 

Note t h a t t h i s l i m i t only a p p l i e s to s t a r s , t h e magnitude 

l i m i t f o r g a l a x i e s was d i s c u s s e d i n s e c t i o n 6.1. 

Remembering t h a t the d e n s i t y of s t a r s on each i s q u i t e 

s i m i l a r , around 1700 p e r s q u a r e degree on J 1 9 2 0 , around 

1400 on J 1 4 9 , t h i s a p p e a r s to be r e a s o n a b l e agreement on 

the depth of the p l a t e s , l e n d i n g s u p p o r t to the r e s p e c t i v e 

o ~ a n d y n K m v a l u e s . However, the v a l u e s quoted by A l l e n 

(1973) f o r the d e n s i t y of s t a r s t o v a r i o u s magnitude l i m i t s , 

g i v e 1400 to 1800 f o r m U w * 21*0 a t the North G a l a c t i c P o l e . 

The c o u n t s o n l y r i s e s l o w l y around 21"", though, and t h e r e may 
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be a d i f f e r e n c e from the NGP to the SGP o r a s m a l l amount 

of a b s o r p t i o n a t the g a l a c t i c l a t i t u d e of the p l a t e s , so 

t h i s a p p a r e n t d i s c r e p a n c y may not be a s s e r i o u s a s i t a p p e a r s . 

Note a l s o t h a t Dodd e t a l (1975) e s t i m a t e d the l i m i t i n g 

s t e l l a r magnitude f o r t h e i r eye measurements on p l a t e J149 

to be 22?0. 

The d i s t r i b u t i o n n(m) of the number of s t a r s p e r 

square degree b r i g h t e r t h a n ( b l u e ) magnitude m i s shown 

f o r J149 and J1920 i n f i g u r e s 7#4 and 7.5. F o r comparison 

f i g u r e 7.6 shows t h e d i s t r i b u t i o n o b t a i n e d from A l l e n . 

The shape of the cu r v e f o r J1920 i s q u i t e s i m i l a r , though 

t h e r e i s some d i f f e r e n c e i n a m p l i t u d e , which c o u l d be 

removed i f the l i m i t i n g i s o p h o t e were r a i s e d , though t h i s 

may not be n e c e s s a r y f o r the r e a s o n s mentioned above. The 

cur v e f o r J l 4 9 i s c o n s i d e r a b l y s h a l l o w e r . T h i s i s u n l i k e l y 

to be a r e a l e f f e c t and c o u l d be due to the e f f e c t of t h e 

v a r y i n g t h r e s h o l d s a c r o s s the p l a t e . I t c o u l d a l s o be 

caused by an u n d e r e s t i m a t i o n of the s e e i n g . 

7.3 CENTRAL SURFACE BRIGHTNESS OF GALAXIES 

The measurements g i v e n by COSMOS ( t a b l e 3.3) 

i n c l u d e t h e minimum t r a n s m i s s i o n and t h r e s h o l d t r a n s m i s s i o n 

and from t h e s e the r e l a t i v e c e n t r a l b r i g h t n e s s , t h r e s h o l d 

b r i g h t n e s s and sky b r i g h t n e s s can be o b t a i n e d , p r o v i d e d a 
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c a l i b r a t l o n I s a v a i l a b l e ( s e c t i o n 3.t>). Hence assuming 

t h a t the t h r e s h o l d y u V i C n i s known, the c e n t r a l b r i g h t n e s s S„ 

can be o b t a i n e d . Note t h a t the c a l c u l a t i o n o f S„ depends 

on the c o r r e c t c a l i b r a t i o n of t he p l a t e and the c o r r e c t 

sky s u b t r a c t i o n ( i . e . knowledge of the t r a n s m i s s i o n v/hich 

c o r r e s p o n d s to the sky l e v e l ) s i n c e from s e c t i o n 5.6 

2-5 log 

TMIN S*3 (7.8) 2- 5 log 

)" 
T 

T 

o r a l t e r n a t i v e l y 

T 
TWIN 

2-5 log S (7.9) 

i f the sky brightness ^ s l ^ i s known i n s t e a d of t he t h r e s h o l d . 

The d i s t r i b u t i o n of S« i s shown f o r p l a t e J1920 i n 

f i g u r e 7.7 where N ( S 0 ) AS i s t h e number of g a l a x i e s 

w i t h c e n t r a l b r i g h t n e s s i n the range ( S 0 - f A.S , S 0 +•§• AS ) . 
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The s o l i d c u r v e I s the e x p e c t e d d i s t r i b u t i o n fory*i;.=25?25 

p e r s q u a r e d e g r e e , s e e i n g of 5-5 and the model of the 

g a l a x y d i s t r i b u t i o n u s e d f o r the a n g u l a r d i a m e t e r 

c a l c u l a t i o n s ( s e c t i o n 5.5) • I t can be seen t h a t t h e r e i s 

good o v e r a l l agreement of the shape o f t he c u r v e but t h a t 

the o b s e r v e d c u r v e i s s l i g h t l y h i g h e r o v e r most of i t s 

range. ( T h i s i s a c c o u n t e d f o r by t h e f a c t t h a t n e a r t h e 

t h r e s h o l d the numbers o b s e r v e d a r e v e r y low, making up f o r 

the e x c e s s a t g r e a t e r b r i g h t n e s s e s - t h e t o t a l numbers 

o b v i o u s l y b e i n g the same, a s t h i s was one of t h e c r i t e r i a 

f o r f i x i n g t h e t h r e s h o l d and s e e i n g . I t a p p e a r s t h e r e f o r e 

t h a t some o b j e c t s w i t h S 0 n e a r the t h r e s h o l d may be l o s t , 

so the e f f e c t i v e t h r e s h o l d - i . e . where d e t e c t i o n i s 

roughly complete - may be somewhat b r i g h t e r . I f a h i g h e r 

t h r e s h o l d , s a y 24 .75 i s u s e d , the e x p e c t e d d i s t r i b u t i o n 

i s h i g h e r f o r t h e v a l u e s away from the t h r e s h o l d - ( d o t t e d 

c u r v e i n f i g u r e 7.7) a l t h o u g h t h e r e a r e l e s s o b j e c t s i n 

t o t a l ) , 

T h i s good agreement i n d i c a t e s t h a t t h e model of the 

g a l a x y d i s t r i b u t i o n used i s B e l f c o n s i s t e n t , i n as much 

a s i t g i v e s r e a s o n a b l e r e s u l t s f o r q u a n t i t i e s and 

d i s t r i b u t i o n s which were not use d i n the d e t e r m i n a t i o n 

of the p a r a m e t e r s of t he model. 

I n p a r t i c u l a r , the wide s p r e a d o f c a l c u l a t e d S 0 . 

v a l u e s i s noteworthy i n view of the f a c t t h a t the m a j o r i t y 

of the g a l a x i e s ( i . e . t h e s p i r a l s and l e n t i c u l a r s ) were 
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g i v e n the same i n t r i n s i c c e n t r a l i n t e n s i t y , c o r r e s p o n d i n g 

to 21?65 p e r s q u a r e a r c second, a c c o r d i n g t o Freeman's law. 

T h i s i s due i n the main to the range o f r e d s h i f t s of 

g a l a x i e s i n the sample (though the s e e i n g a l s o has an 

Im p o r t a n t e f f e c t "by d e c r e a s i n g the c e n t r a l i n t e n s i t y more 

f o r s m a l l e r i m a g e s ) . 

N e g l e c t i n g s e e i n g , S„ depends on z through the 

d i m i n u t i o n f a c t o r (1 + z) and through the k - c o r r e c t i o n s 

and e v o l u t i o n a r y c o r r e c t i o n s but not on the c o s m o l o g i c a l 

model. T h i s was noted by Hubble and Tolman (1955) who 

proposed - i n the a b s e n c e of k - c o r r e c t i o n s and e v o l u t i o n -

the use of p l o t s of S« a g a i n s t z to prove the e x p a n s i o n 

of the u n i v e r s e a s opposed to the ' t i r e d l i g h t ' t h e o r y of 

r e d s h i f t s • Gudehus (1975) proposed t h e i r use to de t e r m i n e 

e v o l u t i o n a r y p a r a m e t e r s . ( I n f a c t , P e t r o s i a n (1976) noted 

t h a t what was g e n e r a l l y measured was a mean b r i g h t n e s s 

i n s i d e some i s o p h o t e , and T i n s l e y (1977a) showed t h a t such 

a v e r a g e b r i g h t n e s s e s were dependent on the c o s m o l o g i c a l 

model a s much a s on the e v o l u t i o n ) . A l though the c e n t r a l 

b r i g h t n e s s measured by COSMOS i s a c t u a l l y an i n t e g r a l o v e r 

the c e n t r a l 12-5 of the image ( a n d hence depends on 

the w i d t h of the g a l a x y p r o f i l e ) , the measured S„'s f o r a 

sample w i t h no s e e i n g depend p r i m a r i l y on z. Hence ( f o r a 

s p i r a l . ) S 0 g i v e s an e s t i m a t e of the r e d s h i f t . The e f f e c t 

of s e e i n g i s d i s c u s s e d f u r t h e r i n s e c t i o n 1.5. 

The good agreement between the measured S. d i s t r i b u t i o n 

and t h a t p r e d i c t e d i s a l s o a p o i n t i n f a v o u r of Freeman's 

law, a s opposed t o D i s n e y ' s view t h a t i s merely due 

to the s e l e c t i o n c r i t e r i a f o r the g a l a x i e s s t u d i e d i n 
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o b t a i n i n g I t ( D i s n e y 1976). Of c o u r s e , a s u i t a b l e s p r e a d 

of i n t r i n s i c S„ v a l u e s c o u l d g i v e r i s e to a s i m i l a r 

o b s e r v e d d i s t r i b u t i o n , but i t seems u n l i k e l y t h a t a wide 

s p r e a d o f c e n t r a l i n t e n s i t i e s c o u l d l e a d t o s u c h a 

n a r r o w l y peaked o b s e r v e d c u r v e . 

D i s n e y ' s p o i n t i s t h a t i t seems a s t r a n g e c o i n c i d e n c e 

t h a t the o b s e r v e d v a l u e s of the c e n t r a l s u r f a c e b r i g h t n e s s 

of both s p i r a l s and g i a n t e l l i p t i c a l s a r e j u s t t h o s e t h a t 

would g i v e the maximum a r e a on a sky s u r v e y p r i n t ( i n the 

model use d i n t h i s t h e s i s the e l l i p t i c a l s • d o not a l l have 

the same s 0 but t h i s does not i n v a l i d a t e t h e p o i n t s i n c e 

g i a n t s w i t h r o u g h l y the same a b s o l u t e magnitude a r e the 

b e s t s t u d i e d ) , and i t may be i n t e r e s t i n g a t t h i s p o i n t to 

c o n s i d e r a n o t h e r s u c h c o i n c i d e n c e . 

The s i m p l e f o r m u l a 

M + 5 l o g © + 5 log© = c o n s t a n t (7.10) 

which i s o f t e n c i t e d to show t h a t m e a s u r i n g a n g u l a r 

d i a m e t e r s i s e s s e n t i a l l y t h e same a s m e a s u r i n g a p p a r e n t 

magnitudes (M + 5 l o g D +• c o n s t a n t ) ( s e e e.g. Weinberg 1972, 

c h a p t e r 14) o n l y o c c u r s i f S 0 i s c o n s t a n t o r the p r o f i l e 

i s i n v e r s e s q u a r e , which a r e assumed f o r s p i r a l s and 

e l l i p t i c a l s r e s p e c t i v e l y . 

F o r , i n g e n e r a l , I f 

I ( r ) - I e f ( r / a ) , ( c f . equations 5.8 and 5.1l) (7.11) 

then the total i n t e n s i t y 
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I * I » a (7.12) 

o r M a So - 5 l o g a + c o n s t a n t (7*13) 

and, f o r a 3 m a l l d i s t a n c e D 
S. - 2-5 l a g f (6D/a) = (7.14) 

where S U i s the l i m i t i n g l s o p h o t e and Q i s the obs e r v e d 

i s o p h o t a l r a d i u s . 

Hence 

©aS 0 -» £>•«• (s 0-Si.) » 
10 f (10 ) - 9 D 10 x constant 

o r , p u t t i n g ° - 2 ( S 0 - S L ) - l o g y 

M + 5 l o g € v 5 l o g b •* c o n s t a n t s 5 l o g ( y f ( y * ) ) (7.15) 

Thus (7.10) i s o n l y t r u e i f y f " l ( y * ) a c o n s t a n t 

i . e . i f y = c o n s t a n t ( i . e . S 0 - c o n s t a n t ; s p i r a l s ) 

o r i f t'\y) s l / y = ^ f ( y ) * l / y * ( i . e . l ( r ) oc r"**, e l l i p t i c a l s ) . 

I n o t h e r words has the assumed form of the p r o f i l e , which 

must be used to f i n d the e x t r a p o l a t e d a b s o l u t e magnitude, 

e.g. u s i n g e q u a t i o n ( 7 , l o ) , I n f l u e n c e d the laws o b t a i n e d 

r e l a t i n g the s u r f a c e b r i g h t n e s s and a b s o l u t e magnitude? 

7.4 INDIVIDUAL CLUSTERS OF GALAXIES 

When the e x p e c t e d d i s t r i b u t i o n of a n g u l a r 

d i a m e t e r s was c a l c u l a t e d ( s e c t i o n 5.5) the t o t a l numbers 

e x p e c t e d a t any Q were found by summing o v e r volume e l e m e n t s 

a t d i f f e r e n t r e d s h i f t s . Hence the c o n t r i b u t i o n from any 
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p a r t i c u l a r d i s t a n c e i s s i m p l y o b t a i n e d from the same 

c a l c u l a t i o n . 

T h i s g i v e s the shape of the d i s t r i b u t i o n f o r a 

s i n g l e c l u s t e r a t t h i s d i s t a n c e , a s s u m i n g t h a t the r a t i o s 

of each type of g a l a x y and the l u m i n o s i t y f u n c t i o n a r e 

the same i n c l u s t e r s a s i n the o v e r a l l d i s t r i b u t i o n . 

B'igure 7.8 i l l u s t r a t e s the shape of the c l u s t e r f ( 9 ) 

f o r s e v e r a l v a l u e s of r e d s h i f t z, and the p a r a m e t e r s u s e d 

f o r the f i t to the d a t a from p l a t e R1049. 

C l e a r l y the a m p l i t u d e of the c u r v e s depends on 

the volume of the c l u s t e r and the d e n s i t y c o n t r a s t 

r e l a t i v e t o the mean space d e n s i t y of g a l a x i e s - o r 

e q u i v a l e n t l y on t h e number o f o b j e c t s i n the c l u s t e r . 

F i g u r e 7,9 shows how the a d d i t i o n of a l a r g e 

c l u s t e r a t z - -1 can e f f e c t the f ( 0 ) d i s t r i b u t i o n . 

The d i s t r i b u t i o n s a r e f o r c l u s t e r s o f c o n t r a s t f a c t o r 10 

and 100 c o v e r i n g the whole a r e a - i . e . f o r an a r e a r e s t r i c t e d 

to t he a p p a r e n t e x t e n t of the c l u s t e r , and w i t h the t h i c k n e s s 

of one b i n i n z u s e d i n the c a l c u l a t i o n s i . e . Lz ~ -01 o r 

5 Oh"1 Mpc. 

On p l a t e R1049 t h e r e i s an a r e a of c o n s i d e r a b l y 

h i g h e r d e n s i t y t h a n the a v e r a g e . I t i s c l e a r l y d i f f i c u l t 

to i n t e r p r e t the d i f f e r e n c e between the two c u r v e s i n 

f i g u r e 7.10 f o r the r e g i o n of the ' c l u s t e r ' and f o r an 

a v e r a g e r e g i o n of the same a r e a e l s e w h e r e on the p l a t e , 

so a p l o t of the d i f f e r e n c e a l o n e i s g i v e n i n f i g u r e 7 i l l -
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t h i s has been smoothed o v e r a d j a c e n t b i n s because o f the 

poor s t a t i s t i c s . Superimposed on i t a r e the c u r v e s f o r 

c l u s t e r s a t z = -15 and z a • 20 a r b i t r a r i l y n o r m a l i z e d . 

I t can be s e e n t h a t t h e r e i s rough agreement f o r the z « • 15 

c a s e - the s l o p e of the d r o p - o f f f o r l o g 0 7* 1* 8 b e i n g 

s i m i l a r i n e a c h c a s e and t h i s i s the f e a t u r e which 

p r o b a b l y b e s t d e s c r i b e s t h e d i f f e r e n t e x p e c t e d c u r v e s 

( s e e f i g u r e 7 . 8 ) . I t may be t e n t a t i v e l y c o n c l u d e d t h e r e f o r e , 

t h a t the c l u s t e r v i s i b l e on the p l a t e has a r e d s h l f t of 

a p p r o x i m a t e l y 0-15. With b e t t e r d e f i n e d r i c h c l u s t e r s , 

t h i s method c o u l d be u s e d w i t h much more c e r t a i n t y , o r 

a l t e r n a t i v e l y f o r a c l u s t e r of known r e d s h l f t the shape of 

the f(©) c u r v e c o u l d be u s e d to check on t h e a c c u r a c y o f 

the model u s e d i n the a n g u l a r d i a m e t e r d e t e r m i n a t i o n s 

a n d/or the p a r a m e t e r s yu V V w v , cr of the b e s t f i t . 

T h i s method of d i s t a n c e e s t i m a t i o n i s a n a l a g o u s 

to t h a t of A b e l l (I962) who u s e d the a p p a r e n t l u m i n o s i t y 

f u n c t i o n , t h a t I s the d i s t r i b u t i o n o f a p p a r e n t magnitudes, 

and s i m i l a r to t h a t of P r e s s and S c h e c h t e r (1976) a l s o 

T u r n e r and G o t t 1976) though they u s e d a maximum l i k e l i h o o d 

t e s t on the b r i g h t e s t members, r a t h e r t h a n the o v e r a l l 

d i s t r i b u t i o n , - t h i s c o u l d p o s s i b l y be i m i t a t e d by u s i n g 

the l a r g e s t few g a l a x i e s - and t h a t of Sandage (1972, 

1975» a l s o Sandage and Hardy 1975) who u s e d t h e b r i g h t e s t 

c l u s t e r g a l a x y a s a s t a n d a r d c a n d l e . 

I t s h o u l d be noted t h a t t h e s e t e s t s r e q u i r e the 
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members of the c l u s t e r to be known ( s o t h a t the b r i g h t e s t 

can be measured e t c . , ) though g e n e r a l l y i t i s assumed t h a t 

a l l g a l a x i e s o b s e r v e d i n some s m a l l a r e a a r e c l u s t e r 

members, whereas the t e s t d e s c r i b e d above m e r e l y s u b t r a c t s 

mean d i a m e t e r d i s t r i b u t i o n from t h e d i s t r i b u t i o n f o r the 

c l u s t e r r e g i o n . 

7.5 JOINT DISTRIBUTION OF ANGULAR. DIAMETER AND 

CENTRAL BRIGHTNESS 

I n the c a l c u l a t i o n of the a n g u l a r d i a m e t e r c o u n t s 

i t i s e v i d e n t t h a t g i v e n the d i s t a n c e ( i . e . r e d s h i f t ) 

and a b s o l u t e magnitude o f a g a l a x y of any t y p e , the 

a n g u l a r d i a m e t e r and c e n t r a l s u r f a c e b r i g h t n e s s can both 

be o b t a i n e d . T h a t i s Q and s« a r e f u n c t i o n s o f M and z 

f o r a g i v e n model and i t f o l l o w s t h a t M and z a r e 

f u n c t i o n s of e and S„ f o r any p a r t i c u l a r type of g a l a x y 

(though not n e c e s s a r i l y s i n g l e v a l u e d f u n c t i o n s ) . 

T h e o r e t i c a l l y , g i v e n t h e a n g u l a r d i a m e t e r and c e n t r a l 

i n t e n s i t y of a g i v e n type of g a l a x y , the r e d s h i f t and 

a b s o l u t e magnitude can be d e t e r m i n e d . T h i s has to be 

done g r a p h i c a l l y s i n c e the s i m u l t a n e o u s e q u a t i o n s can 

not be s o l v e d a n a l y t i c a l l y . F i g u r e 7 t l 2 shows the l i n e s 

of S 0 - c o n s t a n t and Q 3 c o n s t a n t on the (M,z) p l a n e 

f o r e l l i p t i c a l s w i t h model p a r a m e t e r s a p p r o p r i a t e f o r 

p l a t e J 1 9 2 0 . U n f o r t u n a t e l y a s can be s e e n t h e s e a r e 
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q u i t e s i m i l a r , so i t i s d i f f i c u l t t o judge the c o r r e c t 

( M , z ) , t h a t i s many d i f f e r e n t (M,z) c o m b i n a t i o n s g i v e 

a p p r o x i m a t e l y the same (e,S„). T h i s i s l e s s so f o r 

s p i r a l s ( f i g u r e 7.15) s i n c e they a l l have the same 

i n t r i n s i c c e n t r a l b r i g h t n e s s , so S„ depends m a i n l y 

on z and on l y on M through the r a d i u s p a r a m e t e r a(M) 

e f f e c t i n g the d i l u t i o n due to s e e i n g . I n p r a c t i c e , t h e r e 

w i l l be v a r i a t i o n s from the s i m p l e r u l e s r e l a t i n g the 

r a d i u s p a r a m e t e r and i n t r i n s i c c e n t r a l i n t e n s i t y to the 

a b s o l u t e magnitude which were used i n s e c t i o n 5.4, so 

i n d i v i d u a l d e t e r m i n a t i o n s w i l l be u n c e r t a i n . 

The d i f f i c u l t i e s of s o l v i n g f o r (M,z) g i v e n ( 9 , S . ) 

w i l l be reduced when p l a t e s a r e o b t a i n e d from o u t s i d e the 

atmosphere t o remove s e e i n g - e s p e c i a l l y i n the c a s e of t he 

more numerous s p i r a l s - and i n t h i s c a s e , i t c o u l d prove a 

u s e f u l method. F i g u r e s 7.14 and 7.15 show the e x p e c t e d 

r e s u l t s f o r e l l i p t i c a l s and s p i r a l s f o r z e r o s e e i n g and the 

same l i m i t i n g i s o p h o t e a s i n f i g u r e s 7.12 and 7.15. 

F u r t h e r m o r e , i f the r e d s h i f t s a r e known, f u r t h e r c h e c k s 

on the models u s e d a r e p o s s i b l e . 

A l s o s i n c e Q and S„ a r e known f o r each M and z, 

i t f o l l o w s t h a t t h e i r j o i n t d i s t r i b u t i o n i s g i v e n by 

N(e,s„) Ae A s c * £ $ ( M ) AM J> A V ( z ) 

where AV i s g i v e n by e q u a t i o n ( 5 . 2 2 ) , <£(M) i s the 

i n t e g r a l l u m i n o s i t y f u n c t i o n and the sum i s o v e r a l l (M,z) 

c e l l s s uch t h a t G(M,z) and S 0 (M,z) a r e both i n t h e i r 
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r e s p e c t i v e r a n g e s (Q,Q 4 AG) , ( S o ( S „ * K ) . 

T h i s i s c l e a r l y r e l a t e d to the (TMIN,AREA) p l o t s 

u s e d i n the COSMOS so f t w a v e ( c h a p t e r 5) and might be used 

t o p r e d i c t the d i s t r i b u t i o n of p o i n t s i n t h i s p l a n e f o r 

d i f f e r e n t t y p e s of o b j e c t , f o r g i v e n s e e i n g and l i m i t i n g 

i s o p h o t e . 

7.6 VARIATION OF ANGULAR DIAMETERS OF GALAXIES WITH 

DISTANCE 

I t was shown i n c h a p t e r s i x t h a t t h e samples 

c o n s i d e r e d i n t h i s t h e s i s a r e n o t magnitude l i m i t e d and 

t h a t the 'ap p a r e n t magnitude l i m i t ' v a r i e s w i t h the 

r e d s h i f t and t y p e , due to the a r e a l i m i t imposed. 

I t i s e v i d e n t from t a b l e 6.1 t h a t , f o r the J149 

sample, m U r n d e c r e a s e s a s z i n c r e a s e s f o r each t y p e . T h i s 

was us e d i n the d e t e r m i n a t i o n o f the f u n c t i o n $(m) i n 

s e c t i o n 6.1 and i m p l i e s t h a t g a l a x i e s w i t h f a i n t a p p a r e n t 

magnitudes a r e on l y v i s i b l e out to some l i m i t i n g d i s t a n c e . 

However, t h i s s i m p l e b e h a v i o u r o f m V t t n i s not 

u n i v e r s a l . I t may be seen from f i g u r e 7.15 t h a t t h e 

shap e s of t h e Q = c o n s t a n t c u r v e s f o r s p i r a l s , on t h e 

(M,z) p l a n e , a r e v e r y s i m i l a r f o r a l l v a l u e s o f 9 and i t 

i s e a s i l y shown t h a t t h e l i n e s m(apparent magnitude) = 

c o n s t a n t f a l l o f f more s t e e p l y t h a n t h e s e . T h i s i m p l i e s 
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t h a t m d e c r e a s e s w i t h z a s above. T h i s i s shown 

s c h e m a t i c a l l y i n f i g u r e 1.16. 

On the o t h e r hand, f i g u r e 7.14 shows t h a t some 

o f the Q = c o n s t a n t c u r v e s f o r e l l i p t i c a l s a r e s t e e p e r 

t h a n o t h e r s and i t i s p o s s i b l e f o r them to be s t e e p e r 

t h a n the m = c o n s t a n t c u r v e s , i m p l y i n g t h a t m v,m i n c r e a s e s 

w i t h r e d s h i f t . T h i s i s shown s c h e m a t i c a l l y i n f i g u r e 7 . 1 7 . 

Note t h a t t h i s means t h a t v e r y f a i n t a p p a r e n t magnitude 

o b j e c t s must be a t a l a r g e r e d s h i f t . 

The v a r i a t i o n of a n g u l a r d i a m e t e r s w i t h d i s t a n c e 

may of c o u r s e be e a s i l y d e t e r m i n e d f o r any g i v e n type and 

a b s o l u t e magnitude, by the methods used i n c h a p t e r f i v e . 

T h i s i s shown f o r e l l i p t i c a l and Sab g a l a x i e s of v a r i o u s 

a b s o l u t e magnitudes i n f i g u r e s 7 . 1 8 and 7 . 1 9 » u s i n g the 

model parameters c o r r e s p o n d i n g to p l a t e J 1 9 2 0 a s i n 

s e c t i o n s 7 . 5 and 7 » 5 . F i g u r e 7 . 2 0 shows a comparison 

o f S ( z ) f o r an e l l i p t i c a l , a s p i r a l , a n a i v e Q 1/z law 

and a ' s t a r * . The s t a r c u r v e i s f o r a p o i n t s o u r c e whose 

a p p a r e n t magnitude d e c r e a s e s a s 5 l o g z ( i . e . i n t h i s 

c a s e z r e p r e s e n t s the d i s t a n c e ) , u s i n g e q u a t i o n ( 7 . 5 ) 

which g i v e s 

0 «• c o n s t a n t - m 

o r © r°< c o n s t a n t - 5 l o g z 

I t i s c l e a r t h a t both e l l i p t i c a l s and s p i r a l s d e c r e a s e 

i n s i z e l e s s r a p i d l y than the l/z law, and t h a t the e l l i p t i c a l s 

w hich a r e r e l a t i v e l y more c e n t r a l l y c o n c e n t r a t e d , have 
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a n g u l a r d i a m e t e r s which d e c r e a s e ( i n i t i a l l y ) more s l o w l y 

w i t h z than t h o s e o f s p i r a l s ; n e a r e r t o the b e h a v i o u r o f 

' s t a r s ' which a r e j u s t p o i n t s o u r c e s b l u r r e d by s e e i n g . 

I n a l l c a s e s the f a l l - o f f i s v e r y r a p i d f o r Q & 50^m , 

which i s of the o r d e r of the s e e i n g ( 5 * 5 ) . 

Without s e e i n g , both t y p e s d e c r e a s e i n a n g u l a r 

s i z e s l i g h t l y f a s t e r than l / z . T h i s i s because the 

k - c o r r e c t i o n s and the (1 • z)**" dependence of s u r f a c e 

b r i g h t n e s s on r e d s h i f t cause the l i m i t i n g i s o p h o t e to move 

up the g a l a x y p r o f i l e towards t h e c e n t r e of t h e g a l a x y , 

though t h i s i s p a r t l y compensated f o r by the e v o l u t i o n 

( w o r k i n g a g a i n s t the k - c o r r e c t i o n s ) and the f a c t t h a t the 

a n g u l a r d i a m e t e r d i s t a n c e D K does not i n c r e a s e a s f a s t 

a s z i n the c o s m o l o g i c a l models c o n s i d e r e d h e r e . 

T h i s a g a i n d e m o n s t r a t e s the i m p o r t a n c e o f s e e i n g 

on a n g u l a r d i a m e t e r s i n u n d e r s t a n d i n g and i n t e r p r e t i n g 

t h e a n g u l a r diameter counts. 



CHAPTER EIGHT 

INTERPRETATION OF THE COVARIANCE FUNCTION 

RESULTS 

'Those t h a t h o l d t h a t t h e r e a r e 

l i e s , damn l i e s and s t a t i s t i c s , 

must be d e l i g h t e d t h a t A b e l l 

c o u l d a c t u a l l y name a c l u s t e r 

t h a t amounts to more t h a n the 

f i g m e n t of someone's c o v a r i a n c e 

f u n c t i o n ' . 

John D a r i u s . 
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8 . 1 THE SPATIAL COVARIANCE FUNCTION 

P e e b l e s ' b a s i c a s s u m p t i o n , t h a t t h e space s u r v e y e d 

i n a c a t a l o g u e ( o r o t h e r s a m p l e ) , i s a f a i r sample of the 

u n i v e r s e - i n o t h e r words, t h a t i t would y i e l d the same 

s t a t i s t i c a l r e s u l t s i f o b t a i n e d i n the same f a s h i o n from 

any o t h e r p o i n t i n t h e u n i v e r s e - may be s t a t e d a s 

f o l l o w s ( P e e b l e s 1 9 7 3 ) ; ( 1 ) The d i s t r i b u t i o n of o b j e c t s 

( i . e . g a l a x i e s , c l u s t e r s of g a l a x i e s , s u p e r c l u s t e r s e t c . , 

i f t h e y e x i s t ) i s d e s c r i b e d by a random s t a t i o n a r y p r o c e s s . 

( 2 ) The en s e m b l e - a v e r a g e v a l u e s d e f i n e d by the p r o c e s s 

a r e good a p p r o x i m a t i o n s to the v a l u e s o b t a i n e d from our 

obs e r v e d sample of t he u n i v e r s e . 

The second may be r e v e r s e d t o s u g g e s t t h a t i f t h e 

i n d i v i d u a l r e s u l t s a g r e e t o w i t h i n s t a t i s t i c a l u n c e r t a i n t i e 

t h e n they a r e l i k e l y to be a good a p p r o x i m a t i o n t o the 

ensemble-average v a l u e s . P e e b l e s and c o - w o r k e r s ' own 

r e s u l t s ( s e e s e c t i o n 2 , 4 ) gave good agreement as to the 

form of t he a n g u l a r c o v a r i a n c e f u n c t i o n , and s i n c e the 

a m p l i t u d e s a l s o s c a l e d i n the way th e y were e x p e c t e d t o , 

t h i s i m p l i e d t h a t the same s p a t i a l c o v a r i a n c e f u n c t i o n 

was o b t a i n e d from e a c h . Hence i t was assumed t h a t t h i s 

was a good a p p r o x i m a t i o n t o the ' u n i v e r s a l ' s p a t i a l 

c o v a r i a n c e f u n c t i o n . 

From P e e b l e s and Hauser ( 1 9 7 4 ) and P e e b l e s ( 1 9 7 4 a ) 

t h i s was g i v e n by 

* ( r ) = B r ~ * (8.1) 
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w i t h "if » 1 - 7 71 B = 20h and 0 - 0 3 h < r < 30h Mpc 

and a p o s s i b l e e r r o r i n the a m p l i t u d e of a f a c t o r two 

e i t h e r way ( e s t i m a t e d by c a l c u l a t i o n s w i t h d i f f e r e n t 

l u m i n o s i t y f u n c t i o n s ) . The r e v i s e d c a l c u l a t i o n s of Groth 

and P e e b l e s ( 1 9 7 7 ) reduced the a m p l i t u d e to B ' 15h , 

Note t h a t f o r A b e l l c l u s t e r s a s i m i l a r r e s u l t was 

found but w i t h an a m p l i t u d e some t e n t i m e s a s l a r g e , 

w h i l e t h e c r o s s c o r r e l a t i o n was i n t e r m e d i a t e ( s e c t i o n s 

2 . 9 , 2 . 1 0 ) . 

8.2 DEVIATIONS FROM THE SIMPLE POWER LAW 

P e e b l e s ( 1 9 7 4 a ) showed t h a t the r e s u l t s f o r w(e) 

f o r the Shane-Wirtanen c a t a l o g u e , a p p e a r e d to f a l l below a 

power law a t a n g l e s of a few d e g r e e s . T h i s c o r r e s p o n d s 

to a ' t y p i c a l ' l i n e a r s e p a r a t i o n , 6D « lOh Mpc (where D 

i s the r e p r e s e n t a t i v e depth of the s u r v e y d e s c r i b e d i n 

s e c t i o n 2,2, t a k e n to be 220h Mpc f o r the Shane-Wirtanen 

c a t a l o g u e ) . U s i n g t h e i r r e v i s e d Shane-Wirtanen r e s u l t s 

G roth and P e e b l e s ( 1 9 7 7 ) o b t a i n e d 

f ( r ) - 15 thr) 

w i t h the power law h o l d i n g o v e r the range 0 « 0 5 * h r < 9 Mpc 

the upper l i m i t b e i n g the s e p a r a t i o n QB h where Q was 

the a n g l e a t which t h e new r e s u l t s were found t o break 

below t h e power l aw form f o r w ( G ) . 
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They noted t h a t t h e 'break* d e f i n e s a c h a r a c t e r i s t i c 

l e n g t h ~ 9h~' Mpc and hence a c h a r a c t e r i s t i c v a l u e o f 

1 ~ 0-3 ( t o w i t h i n a f a c t o r 2 ) . As t h i s i s of the o r d e r 

of u n i t y they s u g g e s t e d t h a t t h i s o c c u r s a t about the 

t r a n s i t i o n from n o n - l i n e a r to l i n e a r d e n s i t y f l u c t u a t i o n s 

( D a v i s , Groth and P e e b l e s 1977• see s e c t i o n 8 . 6 b e l o w ) , 

Groth and P e e b l e s f i t t e d two power l a w s to the 

c u r v e , i . e . 
-ons 0 

w(9) 9 9 * 2 . 5 

w(S) -c 9~"S 9 > 2?5 < 8 - 2 ) 

s u g g e s t i n g t h a t 7 ( r ) f a l l s away from r 1 7 5 to something 

l i k e r a t l a r g e r (though a two power law f ( r ) s u c h 

a s t h i s does n o t g i v e r i s e to e x a c t l y t h e w g i v e n above, 

s e e - s e c t i o n 3 . 6 ; i t does however g i v e q u i t e a good f i t 

to t h e o b s e r v a t i o n s ( E f s t a t h i o u 1976 u n p u b l i s h e d ) ) . 

P a l l ( 1 9 7 5 ) c o n s i d e r e d the c o r r e l a t i o n energy p e r 

p a r t i c l e of mass <m> 

'£ f I ~ G < m > $ ( r) 4'ir r l dr (8.3) W 
* r 

where j> i s t h e mean m a t t e r d e n s i t y . T h i s i s the e x c e s s 

p o t e n t i a l energy g a l a x i e s have when t h e y a r e c l u s t e r e d 

compared to when they have a random d i s t r i b u t i o n . With 
-if 

the power l aw c o v a r i a n c e f u n c t i o n B r w i t h V 6 2 t h i s i s 

W - 2 T T B _ G < M > P R
V * (8 .4) 

(ar- 2) 3 
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which c l e a r l y d i v e r g e s as H —» e» (and i f t > 2 i t d i v e r g e s 
a t s m a l l s e p a r a t i o n s ) . Hence i n o r d e r f o r the c o r r e l a t i o n 
energy t o be f i n i t e i f must be < 2 a t s m a l l s e p a r a t i o n s b u t 
change t o * > 2 a t l a r g e s e p a r a t i o n s , as was suggested 
above. 

8.3 ANTI-CORRELATIONS 

Though Peebles and Hauser noted t h a t t h e r e was no 

evidence o f new c l u s t e r i n g e f f e c t s when d i f f e r e n t s c a l e s 

were c o n s i d e r e d , the r e s u l t s ( i n c l u d i n g t h e 3 - p o i n t 

f u n c t i o n ; Peebles and Groth 1975t see note below) are 

c o n s i s t e n t w i t h the i n t e r p r e t a t i o n t h a t i n the range • 05h~' 

t o a t l e a s t 5 o r 10h"1 Mpc, t h e r e i s no p r e f e r r e d s c a l e o f 

c l u s t e r i n g and t h a t g a l a x i e s are o r g a n i s e d i n a c l u s t e r i n g 

h i e r a r c h y . T h i s may be c a l l e d t h e 'continuous c l u s t e r i n g * 

model, the most n o t i c e a b l e c h a r a c t e r i s t i c b e i n g t h a t the 

s p a t i a l c o v a r i a n c e f u n c t i o n i s p o s i t i v e on a l l measured 

s c a l e s . 

I f c l u s t e r s o f g a l a x i e s a r e thought o f as an 

a c c u m u l a t i o n from an i n i t i a l l y more o r l e s s homogeneous 

medium, a n t i - c l u s t e r i n g might be expected - t h a t i s 

s p a r s l e y p o p u l a t e d r e g i o n s around c l u s t e r s g i v i n g r i s e 

t o n e g a t i v e c o r r e l a t i o n s on t h e c o r r e s p o n d i n g s c a l e s . 

For example, i f space i s d i v i d e d i n t o c e l l s and a f r a c t i o n f 
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o f g a l a x i e s i n each c e l l i s c l u s t e r e d near i t s c e n t r e , 

t h e n ^ ( r ) = - . f * on s c a l e s between the c l u s t e r d i a m e t e r 

and the c e l l s i z e . A c c o r d i n g t o Peebles (1974a) 

w(9) » - R^f 8" / B* for R, <* 8L* « Rfc (8.5) 

where R, , R^ are the c l u s t e r and c e l l d i a m e t e r s . I f 

R x » 60h ' Mpc ( r o u g h l y the s e p a r a t i o n o f A b e l l c l u s t e r s ) 

t h e n f o r t h e Shane-Wirtanen c a t a l o g u e the c r i t e r i o n i s 

s a t i s f i e d a t 9D* ~ 30h~' Mpc o r 9 ~ 8°. Now w(8°) ~ «0l, 

so c o u l d n o t be c o n s i s t e n t w i t h f = 1 ( a l l g a l a x i e s i n 

the c e n t r a l c l u s t e r ) as t h i s would g i v e w -s -*2, though 

i f f s -2, w « - • 008, so c o u l d c o n c e i v a b l y be w i t h i n the 

s t a t i s t i c a l u n c e r t a i n t y o f the e s t i m a t e d w. One p o s s i b l e 

way t o remove t h i s d i s c r e p a n c y i s t o c l u s t e r the c l u s t e r s 

and p o s s i b l y a l s o t h e s u p e r c l u s t e r s and so on. 

NOTE 
The 5 - p o i n t c o v a r i a n c e f u n c t i o n i s d e f i n e d so t h a t t h e 

p r o b a b i l i t y o f f i n d i n g o b j e c t s i n s o l i d a n g l e s &JTL2, 

sep a r a t e d by angle Q n and d i s t a n c e 9 | S L ,9,, r e s p e c t i v e l y 

from a g i v e n g a l a x y i s 

Sp - + wce^) + w(e„) + w(e l () + z(e,* ,e„,e,i j j S J w S J L , 

I n p r a c t i c e i f the area t o be s t u d i e d i s d i v i d e d i n t o 

e qual c e l l s and the number o f o b j e c t s i n c e l l 1 i s n ; , then 

,«-u.8« ) - < n -« n i n u) - < n x n & fri""* . < w " n t > , 2 

J ' < n'.X ni)K7 <nl><ni> frjXnO <Pk><Pi> 
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Where the means are over t r i p l e s o f c e l l s i , j , k s e p a r a t e d 

by angles e-,j .©^ , 0 W . 

8.4 THE DENSITY DISTRIBUTION IN CLUSTERS 

A more I m p o r t a n t model proposed by Peebles i n the 

same paper, depends on the d e n s i t y d i s t r i b u t i o n i n s i d e 

i n d i v i d u a l c l u s t e r s and i s h e n c e f o r t h r e f e r r e d t o as t h e 

' c l u s t e r d e n s i t y d i s t r i b u t i o n ' model. Given t h a t a l l 

g a l a x i e s a re i n i d e n t i c a l c l u s t e r s which are randomly 

d i s t r i b u t e d (no s u p e r c l u s t e r s o r s u b c l u s t e r s ) and t h a t 

t h e d e n s i t y 

n ( r ) - n 9 E r " C r « R (8.6) 

where n i s t h e mean d e n s i t y o f g a l a x i e s , E i s a c o n s t a n t 

and R i s t h e c l u s t e r r a d i u s , t h e n 

t ( r ) - 4irE anc l ( R / r . € ) 
2.E-3 (6.7) 

where n c i s the number d e n s i t y o f c l u s t e r s and i f R i s 

l a r g e 

l(R/r,£ ) » l(oo ,C ) « TT1/ 4 f o r £ » 2 

Now comparing w i t h the o b s e r v a t i o n a l r e s u l t s Y a 2 £ - 5 

so w i t h Y - 1*8, €.= 2*4. Hence a c c o r d i n g t o t h i s model a 
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power law d e n s i t y f a l l - o f f n ( r ) o< r " can g i v e r i s e t o 

an a n g u l a r c o v a r i a n c e f u n c t i o n c l o s e t o t h a t observed, 

even w i t h random c l u s t e r c e n t r e s . T h i s form o f d e n s i t y 

f a l l - o f f i s a l s o c o n s i s t e n t w i t h the cr o s s c o r r e l a t i o n 

between g a l a x i e s and A b e l l c l u s t e r c e n t r e s ( s e c t i o n 2,10), 

and i t may be surmised t h a t t h e c o n t r i b u t i o n t o ^ ( r ) 

from i n d i v i d u a l A b e l l c l u s t e r s i s an a p p r e c i a b l e f r a c t i o n 

o f the t o t a l on s c a l e s ~ l h " 1 Mpc. 

Peebles however, noted t h a t as A b e l l c l u s t e r s are 

themselves c l u s t e r e d t h e c o r r e l a t i o n s on s c a l e s ~ l O h M p c 

shou l d be up by a f a c t o r o f 2 o r 3, and s i n c e t h e power 

law c o n t i n u e s , the d e n s i t y f a l l - o f f i n t h e c l u s t e r 
-2. if 

must f a l l below r j u s t enough t o compensate f o r t h e 

e x t r a c o r r e l a t i o n from s u p e r c l u s t e r s . F u r t h e r t he d e n s i t y 

appears t o l e v e l o f f near t he c e n t r e o f c l u s t e r s such as 

Coma a t a r a d i u s o f a few hundred kpc ( B a h c a l l 1973» 1975) i 

so the c o n t r i b u t i o n from A b e l l c l u s t e r s on these s c a l e s 

must a l s o l e v e l o f f and i n o r d e r t o m a i n t a i n *| as a power 

law an a d d i t i o n a l (and j u s t s u f f i c i e n t ) c o n t r i b u t i o n must 

be made by compact groups. A s p e c i f i c c o n t i n u o u s c l u s t e r i n g 

model of t h i s n a t u r e was c o n s i d e r e d by Peebles (1974e). 

I n a r e f i n e m e n t o f t h i s model, Seldner and Peebles 

(1977a) concluded t h a t the c o v a r i a n c e f u n c t i o n s f o r 

g a l a x i e s and c l u s t e r c e n t r e s and the c r o s s c o r r e l a t i o n 

between t h e two c o u l d a l l be as observed i f t h e g a l a x i e s 
-2.-<t 

had an r d e n s i t y f a l l - o f f i n s i d e c l u s t e r s w h i l e t h e 
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c l u s t e . r s are c l u s t e r e d a c c o r d i n g t o r ~ » w i t h the 

a m p l i t u d e E, i n e q u a t i o n 8.6 a p p r o x i m a t e l y 165 t o g i v e 

the c o r r e c t a m p l i t u d e B i n e q u a t i o n (8.1) u s i n g 

e q u a t i o n (8.7) . 

I t might be noted t h a t an i s o t h e r m a l sphere 

has a d e n s i t y f a l l - o f f f a i r l y s i m i l a r t o t h i s r law 

( e . g . Peebles 1971) and ap p a r e n t d e n s i t y d i s t r i b u t i o n s 

are o f t e n f i t t e d t o p r o j e c t e d i s o t h e r m a l type d i s t r i b u t i o n s 

( e . g . M a c G i l l i v r a y e t a l 1976b). A l s o most dynamical 

models o f c l u s t e r i n g seems t o have s i m i l a r f a l l - o f f s , r 

w i t h € »2«3 o r p o s s i b l y s l i g h t l y g r e a t e r ( e . g . White 1976, 

A a r s e t h and Binney 1978). 

8.5 GALAXY FORMATION 

The h y p o t h e s i s t h a t the c l u s t e r i n g phenomenon 

i s c o n t i n u o u s was shown by Peebles 1974c) t o f i t i n t o 

the g r a v i t a t i o n a l i n s t a b i l i t y p i c t u r e o f ga l a x y f o r m a t i o n , 

and t h e p a r t i c u l a r form t ( r ) «* r was shown t o i m p l y 

an i n i t i a l ' w h i t e n o i s e ' spectrum o f i n i t i a l p e r t u r b a t i o n s 

t h a t i s the F o u r i e r a m p l i t u d e o f the f r a c t i o n a l d e v i a t i o n 

from t h e mean d e n s i t y , o f p e r t u r b a t i o n s o f wavenumber k, $k 

i s such t h a t t h e power spectrum \ V»k\ •* k w i t h n = 0 

(Peebles 1974d). T h i s i s e q u i v a l e n t t o t o t a l l y random 

i n i t i a l p e r t u r b a t i o n s . 
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F a l l (1975) a l s o noted t h a t the l a c k of 
s i g n i f i c a n t f e a t u r e s ( i . e . peaks and d i p s ; the 'break* 
d i s c u s s e d above i s q u i t e smooth and i s n o t a f e a t u r e i n 
t h i s sense) and a n t i - c o r r e l a t i o n s and t h e l o n g range n a t u r e s 
of t he c o r r e l a t i o n s seemed t o be c o n s i s t e n t w i t h t h e 
g r a v i t a t i o n a l i n s t a b i l i t y t h e o r y i n v/hich a l l l a r g e 
s c a l e s t r u c t u r e i s assumed t o be the r e s u l t of g r a v i t a t i o n a l 
a t t r a c t i o n , which i s i t s e l f f e a t u r e l e s s and l o n g range, 

G o t t and Rees (1975) p o i n t e d out e x p l i c i t l y t h a t 

i f t h e spectrum was a power law t h e n t h e p e r t u r b a t i o n s 

had t o be i s o t h e r m a l . 

Peebles and Groth (1975) n o t e d t h e i r 2- and 3 - p o i n t 

f u n c t i o n s appeared t o be as p r e d i c t e d by a h i e r a r c h i c a l 

model of the t y p e proposed by de Vaucouleurs (1970),on 

s m a l l s c a l e s (< 5h Mpc), w i t h t h e i n d e x of the c o v a r i a n c e 

f u n c t i o n c o r r e s p o n d i n g t o de Vaucouleurs ' t h i n n i n g ' f a c t o r . 

T h i s i d e a of a f i n i t e h i e r a r c h y , t h a t i s a model 

where c l u s t e r s have h i e r a r c h i c a l s t r u c t u r e s , may c o r r e s p o n d 

to t h e way i n which c l u s t e r i n g i s b u i l t up i n the i s o t h e r m a l 

g r a v i t a t i o n a l i n s t a b i l i t y t h e o r y ( s i n c e i n t h i s t h e o r y , 

g a l a x i e s form f i r s t , t h e n c l u s t e r s ) . 

S o n e i r a and Peebles (1977) c o n s t r u c t e d the h i e r a r c h y 

as f o l l o w s : C l u s t e r c e n t r e s are d i s t r i b u t e d randomly i n 

space. I n a sphere of r a d i u s r, about each c e n t r e randomly 

p l a c e s u b c e n t r e s (where ^ i s a random v a r i a t e ) . I n a 

sphere of r a d i u s r t * r,/\ (where X i s a c o n s t a n t ) about 

each of these subcentres p l a c e *h f u r t h e r s u b c e n t r e s and so on 
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u n t i l t h e L th l e v e l where t h e r e a re on average p o i n t s 

i n ^ > spheres each of r a d i u s r , A 

I n t h i s model the p o i n t s a re d i s t r i b u t e d w i t h a 

maximum c o r r e l a t i o n l e n g t h 2r, and the t y p i c a l d e n s i t y 

w i t h i n a c l u s t e r of s i z e r v a r i e s as r w i t h "& » 3 - l o g <?}>/l 

Note t h a t the ' c l u s t e r s * a re not d i s t i n c t , they may o v e r l a p 

c o n s i d e r a b l y , making a " c o n t i n u o u s sea of c l u s t e r i n g " . 

Doreshkevich and Shandarin (1978) s t u d i e d the 

problem from t he p o i n t of view of the r i v a l a d i a b a t i c 

t h e o r y o f ga l a x y f o r m a t i o n ( e . g . D o r oshkevich, Sunyaev 

and Z e l d o v i c h 1974). As t h e i r i n i t i a l spectrum they 

used I k exp(-kR) where R i s the minimum sca l e 

of s u r v i v i n g p e r t u r b a t i o n s , b u t o n l y c o n s i d e r e d the 

d i s t r i b u t i o n o f A b e l l type c l u s t e r s - f i n d i n g t h a t t h e i r 

p r e d i c t i o n s agreed w i t h Hauser and Peebles* (1973) r e s u l t s . 

I n t h e i r t h e o r y the c o v a r i a n c e f u n c t i o n of i n d i v i d u a l 

g a l a x i e s on s m a l l s c a l e s i s due t o the r e l a x a t i o n of the 

r i c h c l u s t e r s and i s hence independent of the l a r g e s c a l e 

c o r r e l a t i o n s . They c o n s i d e r e d t h a t r c o u l d a r i s e 

i n t h i s way s i m i l a r l y t o t h e d i s t r i b u t i o n o f s t a r s i n 

an e l l i p t i c a l g a l a x y (Binney 1976). A d i a b a t i c t h e o r y a l s o 

p r e d i c t s a p r e f e r r e d s c a l e o f c l u s t e r s , i . e . a p r e f e r r e d 

c l u s t e r s i z e ~» 25h™1 Mpc and, i f _n_ ~ • 1 , a p r e f e r r e d 

mass « 2 x 10 M 0. 

The r e l e v a n c e o f t h e s t a t i s t i c a l measures of c l u s t e r i n 

t o g a l a x y f o r m a t i o n t h e o r i e s was reviewed by Jones (1976), 
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8.6 EVOLUTION OF CORRELATIONS 

The BBGKY (Bogolyubov, Born, Green, Klrkwood, Yvon) 

eq u a t i o n s o f t h e t h e o r y of n o n - I d e a l gases maybe used as a 

ba s i s f o r t h e o r e t i c a l c o n s i d e r a t i o n s o f the e v o l u t i o n of 

c o r r e l a t i o n s . 

The BBGKY e q u a t i o n s ( e . g . Montgomery and Tidman 

1964) a re a s e t o f coupled e q u a t i o n s 

V-it * " IX.- *• Jx, ^ V - J T j i U ; ^ - ™ 

r e l a t i n g a l l o r d e r s of the mass c o r r e l a t i o n f u n c t i o n , f <f° , 

and the g r a v i t a t i o n a l p o t e n t i a l jtf. The f < B ) are d i r e c t l y 

r e l a t e d t o the n - p o i n t c o r r e l a t i o n f u n c t i o n s . The sequence 

can be t r u n c a t e d i f the observed r e s u l t t h a t the 3-poirit 

correlation function "-f i s a simple quadratic i n ̂  , i . e . 

? l r , , r l f r t ) - Q ( * ( r , ) t ( r m ) + * ( r t ) * ( r , ) + $ ( r , ) * ( r , )) (8.6) 

i s assumed t o be g e n e r a l l y t r u e , 

I n t h e case of an E i n s t e i n - d e S i t t e r u n i v e r s e ( i . e . 

^ - 0, d e n s i t y parameter JLa 1 ( q o = •§•) , zero p r e s s u r e ) 

w i t h no p r e f e r r e d s c a l e s i n the i n i t i a l i r r e g u l a r i t i e s 

i n the m a t t e r d i s t r i b u t i o n and c e r t a i n o t h e r assumptions 

( n o n - g r a v i t a t i o n a l f o r c e s can be n e g l e c t e d , t h e e f f e c t of 

d i s c r e t e n e s s o f p a r t i c l e s can be i g n o r e d , t he g r o w i n g mode 

of the d e n s i t y i r r e g u l a r i t i e s a p proximates a random 

Gaussian process w i t h power spectrum k n , bound v i r i a l i z e d 

groups are s t a b l e over a Hubble t i m e ) t h e s p a t i a l two p o i n t 
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c o r r e l a t i o n f u n c t i o n i s 

S+-tx 

f(s»t) R(t) s at large proper distance s (8.9) 

*5(s,t) cL R(t) s at small proper distance s (8.10) 

(Peebles and Groth 1976, Davis and Peebles 1977) • 

Note t h a t t h i s l a t e r form i s e x a c t l y t h a t which was 

assumed f o r t h e e v o l u t i o n o f ^ i n s e c t i o n 2,3 i n the 

case ̂  = 3, 

Using computations w i t h n =* - 0*1 (so t h a t f = 1«77 6; 

i f t - 1-8 t h e n n * (9 - 5* ) / ( * - 3) - 0 so the spectrum 

corresponds t o ' w h i t e n o i s e ' (Peebles 1974c)), D a v i s , Groth 

and Peebles (1977) o b t a i n e d n u m e r i c a l l y the form of tCs) 

between the l i m i t s a t l a r g e and s m a l l s g i v e n above, and 

used these t o o b t a i n the expected shape o f w(©). Using 

d i f f e r e n t models o f the b e h a v i o u r of i n t h e ' t r a n s i t i o n 

r e g i o n ' where "5^1 curves were found a l l o f which agree 

w e l l w i t h Peebles* observed curves f o r the Zwlcky, Shane-

Wirtanen and J a g e l l o n i a n c a t a l o g u e s . The value of Q 

a r i s i n g from these models i s around 0*7» i n reasonable 

agreement w i t h the observed 1*0 t'2, b e a r i n g i n mind t h e 

u n c e r t a i n t i e s i n the o b s e r v a t i o n s and t h e models. The 

most i m p r e s s i v e f e a t u r e though i s the agreement of t h e 

break p o i n t , t h a t i s where w f a l l s below a © law. 

T h i s change o f slope of w i s a l s o s h a r p e r than f o r a two 

power law model 
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j ( r ) <* r r < Re (8.11) 

? ( r ) <* r r > R e (8.12) 

(c f . e q u a t i o n s 8.9, 8.10 w i t h n =» -0-1) where Rft i s the 

value o f r a t which the two s l o p e s i n t e r s e c t ( w h i c h i s 

very n e a r l y the same as the two power law " | ( r ) mentioned 

p r e v i o u s l y i n s e c t i o n 8.2). T n i s i s because w i t h i n c r e a s i n g 

r , j f i r s t r i s e s above the r asymptote t h e n f a l l s more 

r a p i d l y t h a n r f i n a l l y a p p r o a c h i n g t h i s second a s y m p t o t i c 

form from below. 

The d i s p e r s i o n o f v e l o c i t i e s can a l s o be o b t a i n e d 

from the c o m p u t a t i o n s , and they were found t o agree w i t h 

t h a t expected from Peebles' 'cosmic v i r i a l theorem' (Peebles 

1976a, 1976b). 
N-body experiments ( F a l l 1978) w i t h - f t - *1 have 

c o n f i r m e d t h a t f o r a 'white n o i s e ' spectrum, a power law 

c o v a r i a n c e f u n c t i o n 7?ith 1 = 1*8 i s o b t a i n e d on s m a l l s c a l e s , 

s t a r t i n g from v a r i o u s i n i t i a l c o n d i t i o n s . Other N-body 

experiments show t h a t d i f f e r e n t v a l u e s of n and -H_ a l s o 

g i v e r i s e t o povrer law c o r r e l a t i o n f u n c t i o n s ( E f s t a t h i o u 

1977i p r i v a t e communication). 

D a v i s , Groth and Peebles a l s o c o n s i d e r e d models 

w i t h q 0< I - . The computations were done as p e r t u r b a t i o n s 

t o t h e q.e- |- s o l u t i o n s . As q. 0decreases the break occurs 

a t h i g h e r T and w f a l l s away from the power law sooner and 
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f a s t e r making the agreement w i t h o b s e r v a t i o n l e s s 

s a t i s f a c t o r y . T h i s i s i n apparent disagreement w i t h F a l l 

(1975» 1976b) who used the c o r r e l a t i o n energy ( w h i c h 

s h o u l d be r o u g h l y equal t o the random k i n e t i c ) and Peebles' 

e s t i m a t e s of B and f t o show t h a t the observed v e l o c i t y 

d i s p e r s i o n - "»50 km s~' f o r f i e l d g a l a x i e s (sandage and 

Tammann 1975) 1 ~ 1000 km s"1 f o r g a l a x i e s i n l a r g e c l u s t e r s 

(Rood e t a l 1972) - was i n c o n s i s t e n t w i t h SL » 1 and F a l l 

c o n s i d e r e d t h e most l i k e l y v a l u e s t o be 0'01 £ & 0*05. 

G o t t and Rees (1975) a l s o f a v o u r e d s o l u t i o n s f o r -n-~-

r a t h e r t h a n SL. «* 1 s i n c e they c o n s i d e r e d t h a t over most o f 

the range of s e p a r a t i o n s where *f ( r ) was known the d e n s i t y 

enhancements would n o t be t r u l y v i r i a l i s e d . The e f f e c t i v e If 

c o r r e s p o n d i n g t o a g i v e n n would t h e n be s t e e p e r t h a n Peebles 

r e s u l t f o r t h e v i r i a l i s e d regime, so t h a t n - - 1 would be 

more a p p r o p r i a t e than n = o f and they claimed t h a t 

any model w i t h -0- ~ 1 s h o u l d have a ' s p i k e ' , o r a t l e a s t a 

d i s t i n c t f e a t u r e a t ~ 50 Mpc ( c o r r e s p o n d i n g t o a mass 

c o n t a i n e d of ~ 10 > 7 M e s i n c e t h e Jeans mass remains a t t h i s 

v alue between the time when t h e baryon and photon d e n s i t i e s 

were equal and the time of r e c o m b i n a t i o n , and p e r t u r b a t i o n s 

above t h i s mass grow r e l a t i v e t o those below i t ) which 

would make w f l a t t e r t h a n observed on l a r g e s c a l e s -

n u m e r i c a l c a l c u l a t i o n s on a ' s p i k y * 1? ( r ) show t h a t a 

wide hump i s produced i n the w(e) cur v e . 
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I t m ight be no t e d here t h a t S e l d n e r and Peebles 

(,1977b) a t t e m p t e d t o c a l c u l a t e JV. d i r e c t l y from t he 

covariance f u n c t i o n . I n s e c t i o n 2.11 the c a l c u l a t i o n by 

Seldner and Peebles (1977a) of the number d e n s i t y 

d i s t r i b u t i o n of g a l a x i e s i n A b e l l c l u s t e r s was d e s c r i b e d . 

They found 

n ( r ) - 165 P R<n> (hr) 

where F^ depended on the r i c h n e s s o f the c l u s t e r and was 

taken t o be 1 f o r R «• 1, and 1*6 f o r R = 2. 

Assuming t h a t the mass i n c l u s t e r s i s d i s t r i b u t e d 

i n the same way as g a l a x i e s 

n ( r ) /<n> - J ( r ) / <J> 

where £ i s the mass d e n s i t y . Also from t he d i s t r i b u t i o n 

o f v e l o c i t i e s i n the c l u s t e r 

j>(r) - (TV 2ITG r l 

where o"* i s t h e l i n e o f s i g h t v e l o c i t y d i s p e r s i o n . I t 

f o l l o w s t h a t 

1. o H 

J t " 3H,1 P a 165 h"1'" 

where r j ( t a k e n t o be 2h"' Mpc) i s a c o n v e n i e n t r a d i u s (wh 

bot h e q u a t i o n s f o r £ are v a l i d ) a t which t o e v a l u a t e <rx. 

Data f o r 12 c l u s t e r s w i t h R » 1 o r 2 gave a mean va l u e 

_n_ - 0-69 i . * 11 
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8.7 DISCRIMINATION BETWEEN ISOTHERMAL AND ADIABATIC 

THEORIES 

The r e s u l t f o r t h e t h r e e - p o i n t s p a t i a l c o v a r i a n c e 

f u n c t i o n ? o b t a i n e d by Peebles and Groth (1975) and 

Groth and Peebles (1977) from the Zwicky and Shane-

Wirtanen c a t a l o g u e s i . e . , 

• $ ( r , , r t f r a ) <*. * ( r , ) * ( r t ) + J ( r t ) ? ( r , ) + * ( r , ) * ( r j 

agrees w i t h the h i e r a r c h i c a l m a t t e r c l u s t e r i n g expected 

from t he i s o t h e r m a l g r a v i t a t i o n a l i n s t a b i l i t y p i c t u r e , 

s i n c e i t i m p l i e s 

* j ( r , r u f r v j <* f ( r ) *" (8-13) 

as r e q u i r e d (Peebles 1974c, Davis and Peebles 1977t Groth 

e t a l 1977) • Peebles and Groth (1975) used the o b s e r v a t i o n s 

t ( r ) * r f ^ ( r . r u . r v ) <* T" ' (8.14J 

t o r u l e o u t t h e ' c l u s t e r d e n s i t y d i s t r i b u t i o n ' model i n 

f a v o u r o f t h e i s o t h e r m a l g r a v i t a t i o n a l i n s t a b i l i t y model 

s i n c e the c a l c u l a t i o n s u s i n g the ' c l u s t e r ' model w i t h 

n ( r ) ad r ~ f c i m p l i e d 
- cze _ t i E - i ) 

*y 04 r ^ r 

which can n o t g i v e b o t h observed i n d i c e s f o r any choice 

o f £. The ' c l u s t e r d e n s i t y d i s t r i b u t i o n ' model may be 
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i d e n t i f i e d w i t h a d i a b a t i c p e r t u r b a t i o n t h e o r y of galaxy 

f o r m a t i o n ( s i n c e the c o n t r i b u t i o n a t s m a l l r i s m a i n l y 

from g a l a x y c l u s t e r s , as a b o v e ) , so t h i s would seem t o be 

d e f i n i t e o b s e r v a t i o n a l evidence i n f a v o u r o f the ' i s o t h e r m a l ' 

t h e o r y and a g a i n s t t h e ' a d i a b a t i c theory 1. However e q u a t i o n 

(8.14) i s n o t v a l i d when a r e a l i s t i c c u t - o f f f o r the c l u s t e r 

r a d i u s i s a p p l i e d . 

Consider a model i n which a l l g a l a x i e s are i n 

c l u s t e r s of d i a m e t e r D which are d i s t r i b u t e d u n i f o r m l y 

t h r o u g h o u t space, each c l u s t e r c o n t a i n i n g n^ g a l a x i e s 

d i s t r i b u t e d s p h e r i c a l l y s y m m e t r i c a l l y w i t h a power law 

f a l l - o f f o f i n d e x £. 

Using c a l c u l a t i o n s which s i m u l a t e d the Zwicky 

catalogue (see appendix f o r d e s c r i p t i o n of s i m u l a t i o n s ) , 

i t was found by Shanks (1978) t h a t r a t h e r than t h e £= 2*4 
-0-9 

g i v e n by Peebles, 2-25 g i v e s t h e c o r r e c t w «t 9 out 
o 

t o t h e r e q u i r e d s e p a r a t i o n , 9 = 6 ( i . e . the break) 

i f D • 25h"* Mpc - which i s comparable t o t h e p r e f e r r e d 

c l u s t e r s i z e on the a d i a b a t i c t h e o r y - and n^ » 500 - which 

g i v e s a mass •» 5 " 10 M 0, ag a i n comparable t o the expected 

p r e f e r r e d mass, i f -TL»^-1. 

S u p e r c l u s t e r i n g of s m a l l e r ( e . g . 9h~'Mpc) c l u s t e r s 

was n o t f o und t o be capable o f r e p r o d u c i n g the c o r r e c t 

b e h a v i o u r . The c o n c l u s i o n i s t h a t f o r a model of t h i s 

type , the c l u s t e r s must be of c o n v e n t i o n a l s u p e r c l u s t e r 

s i z e . The 5 - p o i n t c o r r e l a t i o n z « 9 ~ V t from the Zwicky 
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catalogue was reproduced almost e x a c t l y by the same model -

i n c l e a r disagreement w i t h e q u a t i o n (8.14) which would p r e d i c t 

z «. 9 when w 0 

Shanks noted t h a t t h e ease w i t h which t h e s i m u l a t i o n 

was made t o match the o b s e r v a t i o n s ( i . e . no s u p e r c l u s t e r i n g , 

e l l i p t i c i t y o f c l u s t e r s o r m i x t u r e s o f d i f f e r e n t c l u s t e r 

s i z e s were necessary) c o u l d even be taken as p o s i t i v e 

evidence f o r t he • a d i a b a t i c ' t h e o r y and t h e o b s e r v a t i o n a l 

r e s u l t s c e r t a i n l y do n o t r u l e i t out as Peebles c l a i m e d . 

Furthermore a h i e r a r c h i c a l model - i n the ' i s o t h e r m a l ' 

t h e o r y - as proposed by Soneira and Peebles (1977) and 

s i m u l a t e d by Groth e t a l ( l 9 7 7 ) - r e q u i r e s more parameters 

and d i f f e r e n t t y p e s o f c l u s t e r s t o o b t a i n t h e d e s i r e d 

r e s u l t s , u s i n g the same type o f s i m u l a t i o n s . Note t h a t 

t h i s h i e r a r c h i c a l model appears t o be a good a p p r o x i m a t i o n 

t o the d i s t r i b u t i o n a r i s i n g from N-body experiments 

( s e c t i o n 8,6). 

A new a n a l y s i s due t o Mead (Mead 1974, Besag and 

Di g g l e 1977) was a l s o a p p l i e d t o the same s i m u l a t i o n s and 

the r e a l d a t a by Shanks, T h i s appears t o g i v e f u r t h e r 

s u p p o r t f o r t he ' c l u s t e r d e n s i t y d i s t r i b u t i o n ' type o f 

model, and evidence a g a i n s t t he h i e r a r c h i c a l model. 

T h i s a n a l y s i s i s designed t o d e t e c t c l u s t e r i n g on v a r i o u s 

d i s c r e t e s c a l e s and i t was found t o show c l u s t e r i n g up 

t o s c a l e s o f 5-5 and 1 f o r the r e a l Zwicky and J a g e l l o n i a n 

d a t a , r e s p e c t i v e l y , c o r r e s p o n d i n g a p p r o x i m a t e l y t o the 
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'break' p o i n t s i n w(e) . 

The b e h a v i o u r of the Mead's s t a t i s t i c s f o r the 

c o r r e s p o n d i n g ' c l u s t e r model' s i m u l a t i o n s was found t o be 

much n e a r e r t o t h a t f o r the r e a l d a t a than was t h a t f o r 

h i e r a r c h i c a l s i m u l a t i o n s . The s t a t i s t i c s f o r the 

d i s t r i b u t i o n o f p o i n t s r e s u l t i n g from N-body e x p e r i m e n t s , 

however, agree w i t h those f o r the h i e r a r c h i c a l models, 

c o n f i r m i n g t h e correspondence noted e a r l i e r . 

I t appears t h e n t h a t the ' c l u s t e r d e n s i t y d i s t r i b u t i o n ' 

model - i d e n t i f i e d w i t h a d i a b a t i c g r a v i t a t i o n a l i n s t a b i l i t y 

t h e o r y - can n o t be d i s m i s s e d by the observed 2- and 3 - p o i n t 

c o r r e l a t i o n f u n c t i o n s . I n f a c t t h e s i m u l a t i o n s show t h a t 

i t i s e a s i e r t o match the o b s e r v a t i o n s t o t h a t model th a n 

t o a h i e r a r c h i c a l model - i d e n t i f i e d w i t h I s o t h e r m a l 

g r a v i t a t i o n a l i n s t a b i l i t y t h e o r y and, i n c i d e n t a l l y w i t h 

the r e s u l t s o f N-body experiments - and f u r t h e r m o r e t he 

r e s u l t s o f t h e Head's a n a l y s i s pose a s e r i o u s problem t o 

t h i s l a t t e r t h e o r y . 



CHAPTER NINE 

CONCLUSION 

'To d e s c r i b e t h e U n i v e r s e i n terms 

o f our p r e s e n t knowledge i s t o say 

almost n o t h i n g about e v e r y t h i n g ' . 

E. Schucklng. 
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9.1 THE SHAPE OF THE COVARIANCE FUNCTION 

The r e s u l t s l o r the co v a r i a n c e f u n c t i o n f o r t h e 

ver y deep samples c o n s i d e r e d i n t h i s t h e s i s are a l l 

found t o be c o n s i s t e n t w i t h a power law form 

-6 

a t s m a l l s e p a r a t i o n s •€ 0*1. 

Moreover t h e y a r e c o n s i s t e n t w i t h t h e assumption 

i = 0-8 

and w h i l e the w(©) curves may be reasonably w e l l f i t t e d 

by any i n d e x from 0«7 t o 0-9» the i n t e g r a t e d ( i . e . smoothed) 

curves E(©), d e s c r i b e d i n c h a p t e r 5» i n d i c a t e t h a t 0*8 i s 

pr o b a b l y t h e most s a t i s f a c t o r y } i n agreement w i t h p r e v i o u s 

o b s e r v a t i o n s (see s e c t i o n 2 . 4 ) , 

There i s no s i g n i f i c a n t evidence f o r any f e a t u r e s 

on these s m a l l s c a l e s , but i n each case t he curve f a l l s 

below the e x t r a p o l a t e d $ - 0-8 power law on s l i g h t l y 

l a r g e r s c a l e s ~ 0?1 t o 0?2. T h i s i s a l s o r e m i n i s c e n t 

of the b e h a v i o u r o f t h e w(9) curves o b t a i n e d by Peebles* 

group e s p e c i a l l y f o r t h e Shane-Wirtanen c a t a l o g u e 

(Peebles and Hauser 1974, Groth and Peebles 1977). 

Beyond about o!l5 o r 0°20 (depending on the sample) 

t h e r e i s a r e g i o n where the w(e) e s t i m a t e s are n e g a t i v e . 

T h i s f e a t u r e was n o t p r e s e n t i n the r e s u l t s p r e s e n t e d by 
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Peebles' group f o r any o f t h e i r samples, though i t s h o u l d 

appear as a consequence o f the o p e r a t i o n a l d e f i n i t i o n 

o f w used f o r the e s t i m a t e s as was noted by Jones (1976) . 

Mote t h a t f o r t h e l e s s deep samples 1920/100 and 

1921 the break and the onset o f n e g a t i v e values are 

moved t o l a r g e r s e p a r a t i o n s . T h i s i s n o t apparent f o r 

the o t h e r s h a l l o w e r subsample RS however. 

I n a t t e m p t i n g t o r e l a t e t h e break t o a p h y s i c a l 

s e p a r a t i o n i t i s n o t c l e a r what t o choose as a ' t y p i c a l ' 

d i s t a n c e i n the sense o f Peebles* D , Choosing t h e 

median r e d s h i f t z ^ ( i , e , h a l f the g a l a x i e s i n the sample 

have z < z one ' t y p i c a l ' a n g u l a r d i a m e t e r d i s t a n c e i s 

500 h~ l t o 600 'h'1 Mpc f o r t h e v e r y deep samples ( u s i n g 

the z d i s t r i b u t i o n o b t a i n e d i n c h a p t e r 6) g i v i n g a l i n e a r 

s c a l e ~ l h ' Mpc, I t s h o u l d be noted however t h a t t h i s i s 

not a maximum or even p r e f e r r e d s c a l e o f c l u s t e r i n g . 

T h i s i s shown, by s i m u l a t i o n s (see appendix) w i t h c l u s t e r s 

of f i x e d s i z e and power law f a i l - o f f s , as these show the 

same d e v i a t i o n below a power law w(9) on t h e s c a l e ~ 0.1 

f o r much l a r g e r c l u s t e r s of -* 25h~* Mpc d i a m e t e r . Hence 

the s c a l e — l-Oh"' Mpc can n o t be i n t e r p r e t e d as the s c a l e 

a t which ^ ( r ) drops below an r for m . T h i s i s a l s o a 

c r i t i c i s m o f Peebles and Groth's (1977) e s t i m a t i o n o f 9h~' Mpc 

as the maximum s e p a r a t i o n f o r which 5 «< r , found from 

the Shane-Wlrtanen c a t a l o g u e , as c a l c u l a t i o n s s i m u l a t i n g a 

survey t o t h i s depth show t h a t 25h Mpc di a m e t e r c l u s t e r s 
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a l s o mimic t h e w(G) "behaviour o f t h i s d a t a . Shanks (1978) 

has a l s o noted t h i s from h i s Mead's a n a l y s i s - where he f i n d s 

the same s c a l e s o f c l u s t e r i n g ~ 1* f o r the Shane-Wirtanen 
o 

c a t a l o g u e depth and ~ 0.1 f o r t h e v e r y deep s i m u l a t i o n s 

w h i l e u s i n g 25h""' Mpc d i a m e t e r c l u s t e r s - and notes t h a t 

these are the s c a l e s a t which t h e d e n s i t y c o n t r a s t remains 

s i g n i f i c a n t a g a i n s t t h e background. 

Al s o t h e f a c t t h a t the break does not g i v e a 

s e p a r a t i o n anywhere near 9h ^ Mpc seems t o i n v a l i d a t e Groth 

and Peebles' stat e m e n t t h a t the break occurs a t T o f the 

o r d e r u n i t y , s i n c e the p r e s e n t e s t i m a t e would g i v e f almost 

two o r d e r s o f magnitude h i g h e r . However i t should be noted 

t h a t a t th e ' r e p r e s e n t a t i v e ' d i s t a n c e f o r the deep samples, 
- i 

t h e t o t a l w i d t h of th e p l a t e s i s o n l y l ^ h Mpc so the 

b e h a v i o u r on sc a l e s — $h * can n o t be r e l i a b l y e s t i m a t e d . 

I t appears t h e n t h a t the p r e s e n t r e s u l t s do no t 

g i v e any cl u e as t o the maximum s c a l e a t which 

and i n f a c t , v a r i o u s c o n s i d e r a t i o n s suggest t h a t p r e v i o u s 

e s t i m a t e s may be somewhat sus p e c t . 

S i m u l a t i o n s show t h a t the data may be best compared 

w i t h a model i n which the most i m p o r t a n t c o n t r i b u t i o n t o 1 

i s from the d e n s i t y d i s t r i b u t i o n i n i n d i v i d u a l c l u s t e r s 

( o r s u p e r c l u s t e r s ) t which may be of e i t h e r 'power-law' o r 

h i e r a r c h i c a l n a t u r e . 
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9.2 AMPLITUDE OF THE COVARIANCE FUNCTION 

The amplitudes*A-, o f the a n g u l a r c o v a r i a n c e f u n c t i o n 

e s t i m a t e s f o r t h e v a r i o u s samples a r e i n a l l cases l o w e r 

t h a n would he expected "by s c a l i n g Peebles' e a r l i e r 

r e s u l t s t o the depth of t h e p r e s e n t ones u s i n g t he 

methods o f c h a p t e r 6 even i f a c e r t a i n amount o f e v o l u t i o n 

i s a l l o w e d f o r . The d i s c r e p a n c y i n c r e a s e s w i t h the depth 

when d i f f e r e n t depths are s t u d i e d on t h e same p l a t e , and 

f o r the deepest samples i s a f a c t o r o f about 2 t o 2-5 f o r a 

n o n - e v o l v i n g model = 3-0'.see t a b l e 6 . 2 ) . 

T h i s o b v i o u s l y i m p l i e s a c o r r e s p o n d i n g change i n the 

a m p l i t u d e o f the s p a t i a l c o v a r i a n c e f u n c t i o n , g i v e n by 

e q u a t i o n (2 . 4 7 ) 

B . Ay, T ( V a ^ 

where S; , g i v e n by e q u a t i o n ( 2 . 2 6 ) , i s the s c a l i n g f a c t o r . 

Now f o r t s 1-8 t h i s g i v e s 

B = 0-296 ±} (9-1) 

Note t h a t the s c a l i n g f a c t o r s c a l c u l a t e d i n c h a p t e r 6 f o r 

the Zwicky, Shane-Wirtanen and j a g e l l o n i a n samples w i l l 

be d i f f e r e n t from those o b t a i n e d by Peebles and co-workers 

si n c e the l u m i n o s i t y f u n c t i o n , k - c o r r e c t i o n s and e v o l u t i o n a r y 

e f f e c t s used are d i f f e r e n t . However t h e s c a l i n g f a c t o r 
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f o r t h e Zwicky c a t a l o g u e , f o r example, used i n t a b l e 6.2 , 

g i v e s B = l o h which agrees f a i r l y c l o s e l y w i t h Peebles 

and Mauser's (1974) e s t i m a t e 

B = 20h 

Note t h a t t he d i s c r e p a n c y i s i n the o p p o s i t e d i r e c t i o n 

when u s i n g the Shane-Wirtanen d a t a , s i n c e from t a b l e 6.2 

-\-« 
B = 22h 

w h i l e Groth and Peebles o b t a i n e d 

B = 15h~"8 

I n g e n e r a l the p r e s e n t data g i v e s 

B a l6h~'* A / k{ (9-2) 

w i t h A / a | from t a b l e 6 .2. For the deepest samples t h i s 

t hen g i v e s a p p r o x i m a t e l y 

-\.* 
B s 7h (9-3) 

where as noted above t h e d i f f e r e n c e between t h i s and 

p r e v i o u s e s t i m a t e s i s p a r t l y due t o changes i n t h e model 

o f the g a l a x y d i s t r i b u t i o n and p a r t l y t o the d i s c r e p a n c y 

i n the s c a l e d a m p l i t u d e s o f the a n g u l a r c o v a r i a n c e 

f u n c t i o n . I t a l s o depends t o a degree on the amount o f 

c o r r e l a t i o n e v o l u t i o n i r n c l u d e d , the p r e s e n t a m p l i t u d e B 

b e i n g h i g h e r the g r e a t e r the e v o l u t i o n a l l o w e d . 
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9.3 FINAL CONCLUSIONS AND THOUGHTS 

The shape o f w(Q) corresponds t o e a r l i e r e s t i m a t e s 

and hence s u p p o r t s arguments based on the p r e v i o u s r e s u l t s , 

except i n t h a t the new r e s u l t s break below a power law of 

ind e x - 0-8 e a r l i e r t h a n would have been e x p e c t e d , g i v i n g 

r i s e t o a rough l i n e a r s c a l e o f l h " ' Mpc. 

I t i s p o s s i b l e t h a t t h i s b e h a v i o u r may be p a r t l y 

t he r e s u l t o f the s m a l l area surveyed - e s t i m a t e s on the 

s c a l e of t h e p l a t e ( o n l y 15h~' Mpc a t a ' t y p i c a l • • d i s t a n c e ) 

c l e a r l y b e i n g u n c e r t a i n - but e q u a l l y s i m u l a t i o n s w i t h 

f i x e d c l u s t e r s i z e g i v e a break i n w(0) c o r r e s p o n d i n g t o 

s m a l l e r and s m a l l e r l i n e a r s e p a r a t i o n s as the depth i s 

i n c r e a s e d . 

The a m p l i t u d e o f w(9) i s lo w e r t h a n expected f o r a l l 

the p r e s e n t samples. I t was i n i t i a l l y hoped t h a t b e h a v i o u r 

o f t h i s k i n d c o u l d l e a d t o an e s t i m a t e o f the r a t e of the 

grow t h o f c l u s t e r i n g - b u t the d i s c r e p a n c y i s t o o l a r g e t o 

be accounted f o r by any reasonable c o r r e l a t i o n e v o l u t i o n . 

P o s s i b l e sources of e r r o r i n vi are the e s t i m a t e of 

the mean d e n s i t y . "TV from a l i m i t e d sample and the method 

o f edge c o r r e c t i o n , but these w i l l be s m a l l e s p e c i a l l y on 

the s m a l l s c a l e s where the a m p l i t u d e i s c a l c u l a t e d . 

Assuming t h a t t h e s c a l i n g of the deep samples has 

been s u c c e s s f u l l y c a r r i e d out - and t h e r e i s l i t t l e room f o r 

change o f £ 10# i f t h e agreement of t h e a n g u l a r d i a m e t e r 
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c o u n t s , d i s c u s s e d i n c h a p t e r f i v e , i s t o be m a i n t a i n e d -

t h e r e appear t o be t h r e e p o s s i b l e e x p l a n a t i o n s f o r the 

d i s c r e p a n c y ; ( l ) The space nearby o r the space a t a depth 

surveyed i n the p r e s e n t samples are not r e p r e s e n t a t i v e 

o f the o v e r a l l average d i s t r i b u t i o n t h r o u g h o u t t h e u n i v e r s e , 

(2) t h e nearby samples o r the d i s t a n t samples are not 

r e p r e s e n t a t i v e of t h e average d i s t r i b u t i o n s a t th e 

c o r r e s p o n d i n g d e p t h s , o r (5) t h e samples are contaminated 

e i t h e r by s t a r s o r random e r r o r s . The f i r s t e x p l a n a t i o n 

i s r a t h e r u n l i k e l y as i t r e q u i r e s i n h o m o g e n e i t i e s o f 

ext r e m e l y l a r g e s c a l e , l e a v i n g the second as the most 

l i k e l y cause, i . e . poor s a m p l i n g , a l t h o u g h the t h i r d 

i s a l s o a s e r i o u s p o s s i b i l i t y , as was d i s c u s s e d i n 

s e c t i o n s 4.5 and 6.5. 

Peebles (1974) has claimed t h a t the Zwicky, Shane-

Wirtanen and J a g e l l o n i a n samples are ' f a i r samples' o f 

the u n d e r l y i n g d i s t r i b u t i o n , m a i n l y on the evidence of 

the good s c a l i n g between the a m p l i t u d e e s t i m a t e s , and, 

d e s p i t e some p o s s i b l e c r i t i c i s m s l e v e l l e d a t the samples 

by P h i l l i p p s e t a l (1978), i t seems l i k e l y t h a t t h i s i s 

the case. 

Hence we are l e f t 7/ith the moat l i k e l y e x p l a n a t i o n ; 

t h a t the s m a l l areas surveyed are not o f s u f f i c i e n t s i z e -

d e s p i t e c o n t a i n i n g s e v e r a l thousand g a l a x i e s - t o be a 

f a i r sample of g a l a x i e s a t the depths sampled, and w h i l e 

i t i s o b v i o u s l y i m p o s s i b l e t o d i s c e r n th© f a i r n e s s o f a 

sample v r i t h o u t a s i m i l a r l y processed l a r g e r sample, t h e 

s u b j e c t i v e i m p r e s s i o n , when l o o k i n g a t the measured area 
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of the p l a t e , is^ t h a t i t i s r e l a t i v e l y d e f i c i e n t i n 

prominent c l u s t e r s . 

D e spite t h i s d i s a p p o i n t i n g c o n c l u s i o n , the methods 

di s c u s s e d i n t h i s t h e s i s , when a p p l i e d t o much l a r g e r 

areas o f the sky, e.g. s e v e r a l whole Schmidt p l a t e s , may 

indeed prove a v a l u a b l e and p o w e r f u l means o f e x p l o r i n g 

the l a r g e s c a l e d i s t r i b u t i o n o f m a t t e r i n the u n i v e r s e a t 

r e l a t i v e l y r e c e n t epochs. 
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APPEHDIX A 

The Robertson-Walker M e t r i c 

The Cosmological P r i n c i p l e , which i s c e n t r a l 

t o much of" c o s m o l o f j i c a l t h e o r y , s t a t e s t h a t the u n i v e r s e 

i s s p a t i a l l y homogeneous and i s o t r o p i c ( o r e q u i v a l e n t l y 

i s I s o t r o p i c about every p o i n t ) . 

M a t h e m a t i c a l l y t h i s i m p l i e s t h a t t he u n i v e r s e 

i s a f o u r - d i m e n s i o n a l space w i t h t h r e e - d i m e n s i o n a l 

maximally symmetric subspaces w i t h c o n s t a n t cosmic 

t i m e . 

Thus i t i s p o s s i b l e t o choose c o - o r d i n a t e s 

r , ©, fi, t such t h a t the m e t r i c t a k e s the form (see 

e.g. Weinberg chapters!?,14) 

ds* = c 1 d t Z - R*(t) \ ..dr7" . + r*- d6l + tX sin l e drf 1 f I (1 - kr*) J 
w i t h k = 0 o r - 1 , where R i s an u n s p e c i f i e d f u n c t i o n 

o f cosmic time, known as the cosmic s c a l e f a c t o r . 

Hence the i n f i n i t e s i m a l coaoving. ( c o - o r d i n a t e ) 

volume element 

dV = — . r dfi r sin ft Ad = r" d r ~ — i • , r d6 r sin 6 djZf = - ^ - ^ 6.SL ( A.2) 
( l - k r 1 ) ' * ( l - k r * ) 1 
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and t h e c o r r e s p o n d i n g pjcpper volume element I s 

dVp - R 3 ( t ) dv (A.3) 

At c o n s t a n t t and fi ( t h i s may he chosen t o be 

th e case f o r any p a i r o f n e i g h b o u r i n g p o i n t s ) the 

comoving s e p a r a t i o n a t a d i s t a n c e r which subtends an 

angle Q a t t h e o r i g i n i s c l e a r l y g i v e n by 

z 

and a g a i n t h e p r o p e r s e p a r a t i o n i s 

dy p - R(t) dy (A.5) 

Consider two photons e m i t t e d from a comoving d i s t a n c e r 

a t cosmic t i m e s t , M and t t M * St,,* and r e c e i v e d a t t h e 

o r i g i n a t t 0 and t 4- S t 0 . For each the p a t h i s a n u l l 

g eodesic,ds = 0 t so 

dr, \ c dt 
( l - k r « ) V \R(t) R(t) 

c dt 

%to It, 

H(t.) R(t,„) 

Thus the f r a c t i o n a l change i n wavelength o f the l i g h t 

1 ,e . the r e d s h i f t , 

2* - 1 - lb- _ i 
•\ I t 
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i . e . 

1 + , - ^± ( A . 6 ) 
R(t t l A) 

Since each photon has i t s energy (hc/"X) decreased 

"by a f a c t o r ( l * - z ) and t h e y a r r i v e a t i n t e r v a l s a f a c t o r 

( l + z ) l o n g e r t h a n those a t which t h e y were e m i t t e d , 

the l u m i n o s i t y of an o b j e c t a t c o - o r d i n a t e r as seen 

by an o b s e r v e r a t the o r i g i n i s 

(A-7) 
4 i r r R ( t B ) (1 + z) 

where L i s the e m i t t e d l u m i n o s i t y (as the photons are 

spread over the s u r f a c e of a sphere r a d i u s R(t„ ) r a t 

the t i m e the o b j e c t i s o b s e r v e d ) . 

Hence the " l u m i n o s i t y d i s t a n c e " i s d e f i n e d by 

D L = r R ( t „ ) ( I 4 z ) (A.8) 

S i m i l a r l y i f an o b j e c t of p r o p e r l e n g t h y subtends 

an angle %Q a t t h e o r i g i n 

y = r R(t) Se ( A . 9 ) 

ao d e f i n e t h e " a n g u l a r d i a m e t e r d i s t a n c e " by 

-\ 
D A = r R ( t . ) ( l + z ) (A.10) 

I f the Cosmological P r i n c i p l e i s supplemented 

by E i n s t e i n ' s e q u a t i o n s of g e n e r a l r e l a t i v i t y , then the 
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u n i v e r s e s so d e s c r i b e d are known as Friedmann u n i v e r s e s . 

I n t he m a t t e r dominated era ( i . e . when the energy 

d e n s i t y o f r a d i a t i o n i s n e g l i g i b l e compared t o t h e r e s t -

mass d e n s i t y o f m a t t e r ) i t may be shown t h a t (see e.g. 

Weinberg 1972, eqn. 15.5.25) 

r R ( t 0 ) = c H^qJ^zq. + ( q 0 - l)((2q„z + - l ) ) ( l + z ) " ' ( A.n) 

where Nubble's parameter H = R/R and t h e d e c e l e r a t i o n 

parameter q. = -RR/R*and t h e s u b s c r i p t o r e f e r s t o t h e 

p r e s e n t epoch. T h i s t h e n g i v e s D u and D/^as f u n c t i o n s o f z. 
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APPENDIX B 

S i m u l a t i o n s 

A u s e f u l way t o analyse the d a t a i s by way o f 

comparison w i t h t he r e s u l t s g e n e r a t e d by s i m u l a t i o n s . 

Since the p r e s e n t data are f o r s m a l l areas o f sky 

the s i m u l a t e d p o i n t s are gen e r a t e d d i r e c t l y onto a 

f l a t ' p l a t e * - no c u r v a t u r e o r p r o j e c t i o n b e i n g necessary. 

I n g e n e r a l c l u s t e r c e n t r e s (XC, YC) are generated 

randomly on a s l i g h t l y l a r g e r area t h a n t h a t of the 

f i n a l ' p l a t e ' s i n c e c l u s t e r c e n t r e s o u t s i d e the ' p l a t e ' 

can have g a l a x i e s i n s i d e ( i f r e q u i r e d s u p e r c l u s t e r i n g 

can be i n t r o d u c e d a t t h i s stage by g e n e r a t i n g a s u i t a b l e 

d i s t r i b u t i o n o f c l u s t e r c e n t r e s about superc.luster 

c e n t r e s ) . 

A c o - o r d i n a t e x = c"' H 0 R 0 r , (whore r, i s t h e 

c o - o r d i n a t e d i s t a n c e , see e.g. Weinberg 1972 c h a p t e r 14) 

i s then chosen f o r t he c e n t r e - i n some range s u f f i c i e n t l y 

l a r g e t o i n c l u d e a l l g a l a x i e s t h a t c o u l d p o s s i b l y be 

v i s i b l e - so t h a t the co-moving d e n s i t y was k e p t c o n s t a n t 

i . e . P(x) * x a (1 - (2q„- l j x " - ) " * 

( t h i s i s e q u i v a l e n t t o P ( r t ) u r 4 ( l - k r * ) * ) . 

The r e d s h i f t i s then g i v e n by 

z = [x - X* q* - 1 + q„ - ( q . - l ) ( l - X 1 - 2xXq.)V*- ( l - x q . f * 



-168-

and 

D L = c x HJ' (1 + z) 

and 

= c x H 0 U + z) 

are the l u m i n o s i t y and a n g u l a r d i a m e t e r d i s t a n c e s . 

Each c l u s t e r i s a s s i g n e d NG ( e i t h e r a c o n s t a n t 

o r a c c o r d i n g t o some d i s t r i b u t i o n ) g a l a x i e s as members 

and a b s o l u t e magnitudes M f o r them are ge n e r a t e d 

a c c o r d i n g t o some s u i t a b l e l u m i n o s i t y f u n c t i o n ( e . g . 

Schechter 1976) and the galaxy i s s a i d t o be v i s i b l e 

and hence on the ' p l a t e ' i f 

H < m f 1 M X - 2 5 - k(z) - 5 1 o g D u (B.l) 

where k ( z ) i s t h e k - c o r r e c t i o n ( p o s s i b l y i n c l u d i n g an 

e v o l u t i o n a r y term) and m v i s the l i m i t i n g magnitude. 

(Samples a r e f o r s i m p l i c i t y taken t o be magnitude l i m i t e d . 

T h i s i s o f course no problem when i d e n t i f y i n g w i t h 

e a r l i e r o b s e r v a t i o n s but does n ot f o l l o w the s e l e c t i o n 

c r i t e r i a f o r the p r e s e n t samples as s p e c i f i e d i n t h e 

t e x t . T h i s s h o u l d n o t be i m p o r t a n t f o r c o m p a r a t i v e , 

i n t e r p r e t i v e purposes however) . 

I f NV of t h e NG magnitudes g e n e r a t e d f o r t h e 

c l u s t e r s a t i s f y inequality (B.l) t h e n MV ga l a x y p o s i t i o n s 

i n the c l u s t e r a r e generated ( t h e magnitudes are 
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generated f i r s t t o save unnecessary g e n e r a t i o n o f 

p o s i t i o n s f o r ' i n v i s i b l e ' g a l a x i e s - t h i s does n o t , 

of c o u r s e , e f f e c t t h e randomness o f the p o s i t i o n s ) . 

For any p a r t i c u l a r model the d i s t r i b u t i o n of 

g a l a x i e s about t he c e n t r e can be d e t e r m i n e d and t h e NV 

p o s i t i o n s g e n e r a t e d a c c o r d i n g l y ( e . g . u n i f o r m l y i n a 

sphere r a d i u s RC or v r i t h an vTZ f a l l - o f f o u t t o RG e t c . ) . 

I n p r a c t i c e , s i n c e the d i a m e t e r o f the c l u s t e r i s n e g l i g i b l e 

as f a r as d e t e c t i n g members i s concerned ( t h i s would n o t 

be t r u e f o r a s h a l l o w sample), t he p r o j e c t e d d e n s i t i e s 

are used so t h a t the g e n e r a t i o n o f r ( a c c o r d i n g t o some 

law) and Q ( u n i f o r m l y ) g i v e the p o s i t i o n 

XG = XC - r cos Q 

XG = YC - r sin 6 

of the g a l a x y d i r e c t l y on the ' p l a t e ' . 

Thus we have a set of p o s i t i o n s XG, YG on the 

p l a t e which s i m u l a t e a magnitude l i m i t e d survey. 



-170-

REFERENCES 

Aarseth, S i J . and Binney, J . , 1978, Mon.Not.R.astr.Soc., 
1 8 5 . 2 2 7 . 

A b e l l , G.O., 1958, Astrophys.J.Suppl., 3_, 211 

A b e l l , G.O., 1 9 6 1 , Astron.J., 6 6 , 6 0 7 . 

A b e l l , G.O., 1 9 6 2 , i n problems of e x t r a g a l a c t i c r e s e a r c h , ed. 
G.C, McVittie (New York; McMillan). 

A b e l l , G.O., 1975 t i n S t a r s and s t e l l a r systems, Volume IX, 
ed. A, sandage, M. Sandage and J . K r i s t i a n (Chicago: 
U n i v e r s i t y of Chicago p r e s s ) . 

A b e l l , G.O., 19771 p r i v a t e communication. 

A b e l l , G.O. and Mihalas, D.M., 1 9 6 6 , Astron.J., 7JL, 6 5 5 , 

A l l e n , C.W., 1 9 7 3 , A s t r o p h y s i c a l q u a n t i t i e s , 3rd e d i t i o n 
(London', Athlone P r e s s ) . 

Arakelyan, M.A, and K a l l o g l y a n , A.T., 1 9 7 0 , s o v i e t p h y s i c s -
Astronomy, 13_, 9 5 3 . 

B a h c a l l , J.N. and J o s s , P.C., 1 9 7 6 , Astrophys.J. , 203, 2 3 , 

B a h c a l l , M.A., 1 9 7 3 , Astrophys.J., 1 8 0 , 6 9 9 . 

B a h c a l l , N.A., 1 9 7 5 i Astrophys.J. , 128 , 249. 

Baker, E.A. , 1 9 4 9 , Publ. R.O.E. 1 , No.2. 

Benedict, G.F., 1 9 7 6 , Astron.J., 8 1 , 8 9 . 

Besag, J . and Diggle, P.J., 1 9 7 7 , J.R.S.S.(C), 2 6 , 3 2 7 . 

Binney, J . , 1 9 7 6 , Mon.Not.R.astr.Soc., 17_7_, 19. 

Blackman, R . B . and Tukey, J.W., 1 9 5 8 , The measurement of 
power s p e c t r a (New York; Dover) . 

Bogart, R.S. and Wagoner, R.V., 1 9 7 3 , Astrophys.J. , 181 , 6o9 . 

Brown, G.S. and T l n s l e y , B.M., 1 9 7 4 , Astrophys.J., 1 9 4 , 5 5 5 . 

Carnochan, D.J., Navach, C. and Wilson, R., 1 9 7 5 , Mon.Not. 
R . a s t r . S o c , 17_2, 27P 

C h a r l i e r , C.V,.I., 1 9 0 8 , Arkiv Mat. As t r . F y s . , 4 , No.24. 



-171-

C h r i s t e n s e n , C.G., 1975 , Astron.J., 80, 282. 

Code, A.D., Welch, G.A. and Page, T.L,, 1972, i n The 
S c i e n t i f i c r e s u l t s from the o r b i t i n g astronomical 
observatory, ed. A.D. Code (Washington National 
Aeronautics and Space A d m i n i s t r a t i o n ) . 

Davis, M.f Groth, E.J. and Peebles, P.J.E., 1977, 
Astrophys.J. ( L e t t e r s ' ) , 212, L107. 

Davis, M. and Peebles, P.J.Hi., 1977 , Astrophys. J. Suppl. , 
5_4, 425 . 

Deharveng, J.M., Laget, M., Monnett, G. and V u i l l e m i n , A,, 
1976, Astron.Astrophys., !?0, 571. 

Disney, M.J., 1976, Nature, 263_, 575. 

Dodd, R.J., Morgan, D.H. , Nandy, K., Reddish, V.C. and 
Sedaon, H., 1975. Hon.Not.R.astr.Soc., 171, 529. 

Dodd, R.J., M a c G i l i l v r a y , H.T., E l l i s , R.S., Fong, R. 
and P h i l l i p p s , S., 197&, Mon.Not.R.astr.Soc, , 176, 55P. 

Doroshkevic, A.G. and Shandarin, S.F., 1978, Mon.Not.R.astr. 
Soc., 182, 27. 

Doroshkevic, A.G., Sunyaev, R.A.; and Zeldovich, Ya. B., 
1974, i n IAU symposium)Noi65 Confrontation of 
cosmological t h e o r i e s with o b s e r v a t i o n a l data, ed. 
M.S. Longair, (Dordrecht, R e i d e l ) . 

Dreyer, J.L.E., 1888, New general catalogue, Memoirs R.A.S., 
4 £ , 1. 

E f s t a t h i o u , G., 1976, unpublished. 

E f s t a t h i o u , G., 1977, p r i v a t e communication. 

E l l i s , U.S., Fong, R. and P h i l l l p p s , S., 1976, Mon.Not.R. 
a s t r . S o c . , 17_6, 591 

E l l i s , R.S., Fong, R. and P h i l l i p p s , S., 1977a, Nature, 
265. 515. 

E l l i s , R.S., Fong, R. and P h i l l i p p s , S., 1977^, Mon.Not.R. 
a s t r . S o c , 181, 163. 

F a l l . , S.M., 1975 , Mon.Not.R.astr.Soc. , lJ2_t 25P. 

F a l l , S.H., 1976a, D . P h i l . T h e s i s ( U n i v e r s i t y of Oxford). 

F a l l , S.M., 1976b, Mon.Not.R.astr.Soc. , L7_6, 181 



- 1 7 2 -

F a l l , S.M., 1 9 7 8 , Mon.Not.R.astr.Soc., 18J?, 165. 

F a l l , S.M., ;.Geller, M.J., Jones, B.J.T. and White, S.D.M., 
1 9 7 6 , A s t r o p h y s . J . ( L e t t e r s ) , 205_, L 1 2 1 . 

F a l l , S.M. and Tremaine, S., 1 9 7 7 , As"trophys. J . , 2 1 6 , 682. 

Freeman, K.C., 1 9 7 0 , Astrophys.J. , 160, 811 . 

G e l l e r , M.J. and Davis, M., 1 9 7 6 , Astrophys.J., 2 0 8 , 1 5 . 

Gott, J.R. and Rees, M., 1 9 7 5 , Astron.Astrophys. , 45 , 365. 

Groth, E . J , and Peebles, P.J.E., 1 9 7 5 , Astron.Astrophys., 
41 , 143 . 

Groth, E . J . and Peebles, P.J.E., 1 9 7 7 , Astrophys.J., 2 1 7 , 3 8 5 . 

Groth, E . J . , Peebles, P.J.ft., Seldner, H. and Soneira, R.M., 
1 9 7 7.Sci.Am., 221, 6 6» 

Gudehus, D.H., 1 9 7 3 , Astron.J., 18, 5 8 3 . 

Gudehus, B.H., 1 9 7 5 , Publ.Astr.Soc. P a c , 8J_t 7 6 3 . 

Gunn, J.E. and Got.t, J.R., 1 9 7 2 , Astrophys. J . , 17 6 . 1 . 

Hauser, M.G. and Peebles, P.J.E., 1 9 7 3 , Astrophys.J., 
1 8 5 . 7 5 7 . 

Herschel.W., 1811, Phil.Trans.Roy.Soc.Lond., 101, 269. 

Herschel, J . f 1864, General catalogue of nebulae. 

Holmberg, E,, 1 9 3 7 , Ann.Obs.Lund., No.6, 1 . 

Holmberg, E,, 1962, i n Problems i n e x t r a g a l a c t i c r e s e a r c h , 
ed. G.C. McVlttie (New York, McMillan). 

Holmberg, E., I 9 6 9 , A r k i v . A s t r . ,_5_, 3 0 5 . 

Holmberg, E,, 1 9 7 5 , i n S t a r s and S t e l l a r systems, Volume IX, 
ed. A. Sandage, M. Sandage and J . K r i s t i a n (Chicago; 
Chicago U n i v e r s i t y P r e s s ) . 

van Houten, G.J., 1961, B u l l . A s t r . I n s t . N e t h . , 1 6 , 1 , 

Hubble, E.P., 1924, Annual Reports of Mount Wilson 
Observatory. 

Hubble, E.P., 1 9 2 7 , Proc,Nat;Acad.Sci., 15_, 168. 

Hubble, E. P., 1 9 3 4 , Astrophys. J . , 7_?_, 8 . 



-173-

Hubble, E.P., 1 9 3 6 , The realm of the nebulae ^London} 
Oxford U n i v e r s i t y P r e s s ) , 

Hubble, E.P. and Tolman, R., 1 9 3 5 , Astrophys.J. , 82 , 302, 

I c k e , V., 1973 • Astron. Astrophys, , 2 £ , 1, 

Johnson, H.M., 1961, .AstrophyB. J.-, r£,. 314. 
Jones, B.J.T., 1 9 7 6 , Rev.Mod.Phys., 48 , 107-

Kaliiikov ,M., Kuneva, I . F , and Gelovska, E.G., 1 9 7 5 . 
Comptes rendues de l'accademie bulgare des 
s c i e n c e s , 28, 1 5 7 3 . 

L i l l e r , M.H., I 9 6 0 , Astrophys . J . , 13_2, 3 0 6 . 

Liraber, D.N., 1 9 5 3 f Astrophys.J. , 117, 134. 

Limber, D.N., 1 9 5 4 , Astrophys., 119• 6 5 5 . 

Lundmark, K.f 1924, Mon.Not.R.astr.Soc., 84 , 747. 

M a c G i l l i v r a y , H.T., 1 9 7 5 i PhD. T h e s i s ( U n i v e r s i t y of 
Edinburgh). 

M a c G i l l i v r a y , H.T., Martin, R., P r a t t , N.M., Reddish, 
V.C., Seddon, H., Alexander, L.W.G., Walker, U.S. 
and Williams, P.R., 1 9 7 6 a , Mon.Not.R.astr.Soc., 
1 7 6 , 2 6 5 . 

M a c G i l l i v r a y , H.T., Martin, R., P r a t t , N.M., Reddish, 
V.C., Seddon, H., Alexander, L.W.G., Walker, U.S.. 
and Williams, P.R., 1976b, Mon.Not.R.astr.Soc., 
1 7 6 , 649. 

Mead, R., 1 9 7 4 , Biometrica, 3_0, 2 9 5 . 

Messier, C , 1784, Catalogue des nebuleuses e t des amas 
d ' e t o i l e s ( P a r i s , l'Imprimerie Roya l e ) . 

Montgomery, D.C. and Tidman, ii.A., 1964, Plasma k i n e t i c 
theory (New York, McGraw H i l l ) . 

Neyman, J . , 1962, i n Problems of e x t r a g a l a c t l c r e s e a r c h , 
ed. G.C. McVittle (New York, McMillan). 

Neyman, J . and Sc o t t , E.J.» 1952, Astrophys.J. , 116, 444. 

Neyman, J , , S c o t t , E , j . and Shane, CD., 19531 Astrophys.J. 
1 1 7 . 9 2 . 

Nilson, P., 19731 Uppsala general catalogue of g a l a x i e s 
(Uppsala Astr.Obs.Ann. Vol, 6 ) , 



-174-

Oemler, A., 1 9 7 4 , Ast.rophys.J., 194, 1, 

Peebles, P.J.E., 1971, P h y s i c a l cosmology ( P r i n c e t o n , 
P rinceton U n i v e r s i t y P r e s s ) . 

Peebles, P.J.E., 1 9 7 3 , Astrophys.J. , 18_5_, 413. 

Peebles, P.J.E., 1 9 7 4 a , Astron.Astrophys., 3JL, 197. 

Peebles, P.J.Ev, 1 9 7 4 b , Astrophys.J.Suppl., 28, 3 7 . 

Peebles, P.J.E., 1 9 7 4 c , A s t r o p h y s . J . ( L e t t e r s ) , 189. L 5 L 

Peebles, P.J.E., 1 9 7 4 d , Astron. Astrophys., 3_2, 3 9 1 . 

Peebles, P.J.E., 1 9 7 4 e , Astrophys.Sp..Sci., J l , 4o3. 

Peebles, P.J.E., 1 9 7 5 , Astrophys.J., 196, 647. 

Peebles, P.J.E., 1 9 7 6 a , Asrtrophys. J . ( L e t t e r s ) , 212, L107. 

Peebles, P.J.E., 1 9 7 6 b , Astrophys.Sp.Sci., 4_5_, 3 . 

Peebles, P.J.E. and Groth, E . J . , 1 9 7 5 , Astrophys.J., 
1.96, 1. 

Peebles, P.J.E. and Hauser, M.G., 1 9 7 4 , Astrophys.J.Suppl., 
28, 19. 

pence, W., 1 9 7 6 , Astrophys.J., 203. 3 9 . 

P e t r o s i a n , V., 1 9 7 6 , A s t r o p h y s . J . ( L e t t e r s ) , 209, L I . 

P h i l l i p p s , S., Pong, R., E l l i s , R.S., P a l l , s.M. and 
M a c G i l l i v r a y , H.T., 1 9 7 8 , Mon.Not.R.astr.Soc., 
182, 6 7 3 . 

P r a t t , M.M., Martin, R., Alexander, L.W.G., Walker, G.S.. 
and 7 / i l l i a m s , P.R., 1 9 7 5 , i n Image pro c e s s i n g 
techniques i n astronomy (Dordrecht, R e i d e l ) . 

P r e s s , W.H. and Schechter, P., 1 9 7 4 , Astrophys. J . , 187_, 425 

Rood, H.J., Page, T.L., K i n t e r , E.C. and King, I.R., 
1 9 7 2 , Astrophys.J., 162, 411 

Rubin, V.C., 1 9 5 4 , Proc.Nat.Acad.Sci., 4_0, 541. 

Rudnickl, K,, Dworak, T.Z., F l i n , P., Baranowski, B. and 
Sandrakowski, A., 1 9 7 2 , Acta Cosmologlca ,_1 J L 7 . 

Sandage, A., 1961, Astrophys. J . , 13JJ, 3 5 5 . 

Sandage, A., 197 2, Astrophys.J., 178, 1. 



-175-

Sandage, A., 1975f Astrophys,J., 2 0 2 , 5 6 3 . 

Sandage, A. and Hardy, E., 1 9 7 3 , Astrophys.J., 1 8 3 , 7 4 3 . 

Sandage, A, and Tammann, G.A., 1975• Astrophys.J., 
126, 313. 

Schechter, P., 1976, Astrophys.J. , 203 . 297. 

Schechter, P. and P r e s s , W.H., 1976, Astrophys.J. 
203, 5 5 7 . 

Seldner, M. and Peebles, P.J.E., 1977a, Astrophys.J., 
215, 703 . 

Seldner, M. and Peebles, P.J.E., 1 9 7 7 b , Astrophys.J. 
( L e t t e r s ) , 214, L I . 

Seldner, H.f S l e b e r s , B.» Groth, E . J . and Peebles, P.J.E. 
1 9 7 7 , A s t r o n . j . , 82 , 249. 

Shane, CD., 1 9 5 6 , i n V i s t a s i n astronomy, Volume 2 , 
ed.A.Beer (London and New York, Pergamon P r e s s ) . 

Shane, C.D, and Wirtanen, C.A., 1 9 6 7 , Pub.Lick obs., 
2 2 , P a r t 1 . 

Shanks, T., 1 9 7 8 , Mon.Not.R.astr.Soc., p r e p r i n t . 

Shapiro, S., 1 9 7 1 , A s t r o n . j . , 7_6, 2 9 1 . 

Shapley, H., 1 9 3 3 , Proc.Nat.Acad.Sci. U.S., 1 £ , 5 9 L 

Shapley, H,, 1 9 7 2 , G a l a x i e s , 2nd e d i t i o n (Cambridge, Mass 
Harvard U n i v e r s i t y p r e s s ) . 

Shapley, H. and Ames, A., 1 9 3 2 , Ann.Harvard obs, 8 8 , 4 3 . 

Simkin, S.M., 1 9 7 5 , A s t r o n . j . , 8 0 , 4 1 5 . 

S l i p h e r , V.M., 1 9 1 5 , Popular.Astr. , 23_, 2 1 . 

S l i p h e r , V.M., 1 9 2 2 , Proc.Am.Phil.Soc., §_6, 4 0 3 . 

Soneira, R, and Peebles, P.J.E., 1 9 7 7 , Astrophys.J., 
2 1 1 . 1 . 

Thuan, T.X. and Oke, J.B., 1 9 7 6 , Astrophys.J., 2 0 5 , 3 6 0 . 

T i n s l e y , B.M., 1 9 7 6 a , p r i v a t e communication. 

T l n s l e y , B.M., 1976b, p r e p r i n t . 

T i n s l e y , B.M., 1 9 7 6 c , A s t r o p h y s . J . ( L e t t e r s ) , 209, L 7 . 



-176-

T i n s l e y , A.M., 1 9 7 7 , A s.trophy s. J ., 211, 621. 

T o t s u j l , H. and K i h a r a , T., 196"9, Publ.Astr.Soc. 
Japan, 2 1 , 221 

Turner, E.L. and .Gott, J.R., 1 9 7 5 , Astrophys.J. 
( L e t t e r s ) , I f i l , L 8 9 . 

Turner, E.L, and .Gott, J.R., 1976", Astrophys.J., 209• 6 . 

de Vaucouleurs, A. and de Vaucouleurs, G., 1 9 6 4 , 
Reference catalogue of b r i g h t g a l a x i e s 
( U n i v e r s i t y of Texas P r e s s ) . 

de Vaucouleurs, G., 1 9 5 3 , Astron.J., 5_8, 3 0 , 

de Vaucouleurs, G,, 1956", I n V i s t a s i n astronomy, 
Volume 2 , ed.A.Beer (London and New York 
Pergamon P r e s s ) . 

de Vaucouleurs, G., 1 9 5 8 , Astron.J,, 6 3 , 2 5 3 , 

de Vaucoule^urs, G,, 1 9 6 1 , Astrophys. j.Suppl, , _ 5 J L 233 . 

de Vaucouleurs, G,, 1 9 6 3 , Astrophys.J., 1 3 8 , 9 3 4 . 

de Vaucouleurs, G,, 1 9 7 0 , s c i e n c e , 1 6 7 , 1 2 0 3 . 

de Vaucouleurs, G. , 1 9 7 1 , Pub.Astr.Soc.Pac. , 8_3_, 1 1 3 . 

de Vaucouleurs, G., 1 9 7 5 , i n S t a r s and s t e l l a r systems, 
Volume IX, ed.A.Sandage, M. Sandage and J . K r i s t i a n 
(Chicago, Chicago U n i v e r s i t y P r e s s ) . 

de Vaucouleurs, G., 1 9 7 5 , Astrophys.J., 2 0 2 , 3 1 9 . 

Wagoner, R.V., 1 9 6 7 , Nature, 214, 7 6 6 . 

Weinberg, S., 1 9 7 2 , G r a v i t a t i o n and cosmology (New York, 
John Wiley and Sons). 

White, S.D.M., 1 9 7 6 , Mon.Hot.R.astr.Soc. , 17J . , 7 1 7 . 

Wlrtz, C , 1 9 1 8 , Astr.Nach., 20_6, 1 0 9 . 

Wirtz, c . , 1 9 2 4 , Astr.Nach., 2 2 2 , 2 2 . 

Wolf, M,, 1 9 0 2 , Heidelberg P u b , , ^ 1 2 5 . 

Wolf, M.f 1 9 0 6 , Astr.Nach, 17_0, 2 1 1 . 

Yu, J.T, and Peebles, P.J.E., 1 9 6 9 , Astrophys.J., 1 5 8 , 1 0 3 . 



-177-

Zealey, W., 1976, p r i v a t e communication. 
Zwicky, F. , 1958, P u b l . A s t r . S o c . P a c i f i c , 5_0, 218. 

Zvricky, F., Herzog, E., Wild, P., Karpowicz, M. and 
Kopal, C.T., 1961-68. Catalogue of g a l a x i e s and 
c l u s t e r s of g a l a x i e s (6 volumes). (Pasadena: 
C a l i f o r n i a I n s t i t u t e of Technology). 

Zwicky, F. and Rudnicki, K., 1965, Astrophys . J . , 15JL» 707. 



-178-

ACKNOWLEDGEMENTS 

I would l i k e to thank P r o f e s s o r A. W. Wol f e n d a l e 

f o r b e i n g my i n i t i a l s u p e r v i s o r and s e t t i n g me o f f i n 

t h i s f i e l d of r e s e a r c h , Qx R. Fong f o r s u p e r v i s i n g my 

r e s e a r c h a s i t de v e l o p e d and Dr. R, S. E l l i s f o r much 

a s s i s t a n c e e s p e c i a l l y w i t h the computing. 

I a l s o acknowledge v e r y u s e f u l d i s c u s s i o n s w i t h 

my c o l l e a g u e s Tom Shanks and George E f s t a t h i o u , a s w e l l 

a s many a s t r o n o m e r s i n E d i n b u r g h and Cambridge, e s p e c i a l l y 

D r s . H.T. M a c G l l l i v r a y , K . J . Dodd, S.M. F a l l and 

B.N. T i n s l e y . 

I would a l s o l i k e t o thank my mother f o r the 

c a r e f u l t y p i n g of t h i s t h e s i s . 

I was s u p p o r t e d by an SRC r e s e a r c h s t u d e n t s h i p 

d u r i n g the co u r s e of the r e s e a r c h and by a Durham 

U n i v e r s i t y s t u d e n t s h i p d u r i n g the f i n a l w r i t i n g of the 

t h e s i s . 

S C E N C E 

S E C T I O N 


