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ABSTRACT 

The evidence f o r the anisotropy of cosmic rays from 
10 1 1eV t o 10 2 0eV i s considered i n d e t a i l from both a G a l a c t i c 
and e x t r a g a l a c t i c v i e w p o i n t and placed i n a s t r o p h y s i c a l 
c o n t e x t . The importance o f recent measurements of the l o c a l 
i n t e r s t e l l a r wind ( c o n s i s t e n t w i t h a d i r e c t i o n from 
(a,6) = (252°, -16°) and v e l o c i t y 21 - 23 kms" 1) i s noted. 
Cosmic ray streaming along the l i n e s o f the l o c a l G a l a c t i c 
magnetic f i e l d appears t o account f o r t h e constant observed 
a n i s o t r o p y of 0.05% a t (1 - 2)hrs R.A. below 10 1 4eV. 
However, the d i s t r i b u t i o n o f cosmic rays does not appear 
t o conform t o the expectations of a x i a l symmetry. 

Obser v a t i o n a l and s t a t i s t i c a l aspects of a n i s o t r o p y 
are considered w i t h p a r t i c u l a r reference t o harmonic a n a l y s i s . 
The r e s u l t s are used f o r a n a l y s i s o f t h e c o l l e c t i o n of data 
by L i n s l e y and Watson which are shown t o be i n c o n c l u s i v e f o r 

14 17 
a n i s o t r o p y measurements i n the range 10 eV t o 10 eV. The 
power of using only phase or only amplitude i n f o r m a t i o n from 
c o l l e c t i o n s o f measurements i s noted. 

An i s o t r o p y measurements from l O^eV t o 10^°eV are 
considered and seen t o favour a mixed o r i g i n model i n which 

" I "7 

p a r t i c l e s above ^ 10 eV are of e x t r a g a l a c t i c o r i g i n . The 
18 

cosmic ray spectrum above 10 eV can then be i n t e r p r e t e d 
p u r e l y i n terms o f an e f f e c t of e x t r a g a l a c t i c p a r t i c l e s . 

Three models t o account f o r the u p t u r n i n the cosmic ray 
spectrum a t high energies are considered. A simple model 
i n which neutrons escape from c l u s t e r s of galaxies before 
decaying i n t o protons i s found t o account f o r the observed 

— 2 25 
spectrum i f a source spectrum of the form j(E)<*E * i s adopted. 
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A model based on d i f f u s i o n of p a r t i c l e s from the V i r g o 
Supercluster i s seen t o give a s a t i s f a c t o r y f i t t o the data 
i f a d i f f u s i o n c o e f f i c i e n t of D(E) = 5 x 1 0 3 3 E^Q cm 2s~ 1 

i s taken. The model a l s o accounts f o r the observed amplitude 
17 

of the a n i s o t r o p y above 10 eV. 
A model assuming pr o d u c t i o n of high energy p a r t i c l e s 

i n r a d i o g a l a x i e s i s shown t o be less s a t i s f a c t o r y than the 
neutron or d i f f u s i o n models. 
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CHAPTER 1 
GENERAL INTRODUCTION 

The f i r s t extensive air-shower anisotropy experiment was 
performed by Hodson (1951) and since then many measurements 
at d i f f e r e n t energies have been made t o e l u c i d a t e the problems 
of the o r i g i n and propagation of cosmic rays, problems which 
have remained unsolved since the discovery of cosmic rays by 
Hess i n 1912. The establishment of the existence of a large 
scale G a l a c t i c magnetic f i e l d of about 2-3 yGauss s t r e n g t h 
has added t o the complexities since p a r t i c l e s w i l l be 
d e f l e c t e d by the f i e l d and t h e i r a r r i v a l d i r e c t i o n s w i l l 
hence bear l i t t l e r e l a t i o n s h i p t o t h e d i r e c t i o n o f t h e i r 

18 
sources, a t l e a s t up t o energies o f 10 eV or so. Thus, 
i n d i r e c t measurements have t o be made t o solve the o r i g i n 
problem. 

The o r i g i n problem i s so severe t h a t i t i s s t i l l un­
c e r t a i n i f the bu l k of l o c a l l y observed p a r t i c l e s are of 
Gal a c t i c or e x t r a g a l a c t i c o r i g i n although the evidence and 
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 i n d i c a t e t h a t G a l a c t i c sources 
provide most o f the l o c a l f l u x , at t h e lowest energies, below 
10"̂ ° eV. At these energies, observations o f the d i s t r i b u t i o n 
of gamma rays (which are presumably produced by i n t e r a c t i o n s 
of cosmic rays w i t h the i n t e r s t e l l a r medium) have been used 
t o show t h a t t h e r e i s a gra d i e n t o f cosmic rays i n the Galaxy, 
which provides c o r r o b o r a t i v e support f o r the Ga l a c t i c o r i g i n 
hypothesis (Dodds e t a l . 1975, Strong e t a l . 1978), At 

12 
higher energies, and p a r t i c u l a r l y above 10 eV, where s o l a r 
modulation e f f e c t s are minimal, i t i s measurements of the 
anisotropy o f a r r i v a l d i r e c t i o n s which provide i n f o r m a t i o n 
about propagation e f f e c t s and th u s , h o p e f u l l y , about . t h e ^ - — ^ ^ 

M UN: 
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o r i g i n and sources o f cosmic rays. I f the p a r t i c l e s revealed 
only a small a n i s o t r o p y c o n s i s t e n t w i t h the cosmic rays being 
"at r e s t " i n the frame of the Galaxy, then we would not 
expect the p a r t i c l e s t o be o f Ga l a c t i c o r i g i n . Any e x t r a -
g a l a c t i c anisotropy would have been smeared out and reduced 
by long G a l a c t i c residence times. On the other hand a 
s i g n i f i c a n t a n i s o t r o p y , changing i n phase and i n c r e a s i n g i n 
amplitude w i t h i n c r e a s i n g energy, would s t r o n g l y i n d i c a t e 
t h a t the p a r t i c l e s o r i g i n a t e d from w i t h i n the Galaxy. 

P r i o r t o 1951, r e l a t i v e l y few anis o t r o p y measurements 
had been made and these few were f o r primary energies of 

14 
below 10 eV and were based on e i t h e r sea l e v e l i o n i s a t i o n 
(Hogg,1950) or muon (then "meson") i n t e n s i t y a t various depths 
(e.g. Duperier, 1946). The r e s u l t s showed l i t t l e or no 
s i d e r e a l v a r i a t i o n which c o u l d n ot be accounted f o r as 
s t a t i s t i c a l f l u c t u a t i o n s . A f t e r 1951, however, small 
e x t e n s i v e air-shower (EAS) arrays began t o d e t e c t s i g n i f i c a n t 
a n i s o t r o p i e s which showed a good agreement i n phase. Hodson, 

14 
f o r a mean primary energy of 5 x 10 eV, measured a f i r s t 
harmonic amplitude of 1.15 ± 0.61% w i t h a phase of 2 3.5 hrs., 
R.A. Daudin and Daudin (1952) found an amplitude of 
0.39 ± 0.13% w i t h phase 22.0 hrs w h i l e Farley and Storey 
(1954) obtained the most s i g n i f i c a n t r e s u l t y e t measured of 
1.1 ± 0.26% and phase 19.8 hrs f o r E = 10 1 5eV. U n f o r t u n a t e l y , 

P 
l a t e r measurements o f greater p r e c i s i o n f a i l e d t o co n f i r m 
the o r i g i n a l r e s u l t s , showing l i t t l e or no s i g n o f the hoped 
f o r a n i s o t r o p y . Nevertheless, the measurements were u s e f u l 
i n s e t t i n g upper l i m i t s t o r e s t r i c t some types o f propagation 
and o r i g i n models. 
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The f i r s t r e a l l y s t r o n g evidence f o r a n i s o t r o p y , f r e e 
from e f f e c t s o f t h e s o l a r f i e l d , d i d n ot appear u n t i l 1975 
when improved experimental techniques were used by the 
Budapest-Sofia c o l l a b o r a t i o n a t Peak Musala t o show the 

13 
existence of a d e f i n i t e anisotropy a t around 6 x 10 eV 
(Gombosi e t a l . 1975). I n 1977 the measurements of Nagashima 

13 
e t a l . (1977) a t 2 x 10 eV were found i n good phase and 
amplitude agreement w i t h those of Peak Musala. D e t a i l e d 
t e s t s t o r e v e a l spurious e f f e c t s were performed by both these 
groups (Gombosi e t a l . 1977, Nagashima e t a l . 1977) which 
served t o strengthen the evidence f o r anisotropy and a t the 
same time made i t d i f f i c u l t t o t h i n k o f explanations i n 
terms o t h e r than genuine e f f e c t s . 

A recent paper by L i n s l e y and Watson (1977) based on 
the c o l l a t i o n o f data published between 1951 and 1965, f o r 
the range 10"*"4 "to 3 x 10 eV, has given not i n c o n s i d e r a b l e 
support t o the existence o f a n i s o t r o p i e s i n t h i s r e g i o n . 
This paper i s considered i n more d e t a i l l a t e r . At s t i l l 
higher energies a recent review (Edge e t a l . 1978) o f the 
Haverah Park data has summarised the r e s u l t s on anisotropy 
above 6 x 10"^ eV and drawn support from measurements o f 
other groups. The cla i m i s again f o r strong evidence of a 

17 
genuine a n i s o t r o p y , p a r t i c u l a r l y a t 10 eV. 

13 
Below 10 eV, the existence o f S i d e r e a l v a r i a t i o n s i s 

w e l l e s t a b l i s h e d , but problems a r i s e i n d i s e n t a n g l i n g the 
e f f e c t s of t h e s o l a r i n t e r p l a n e t a r y f i e l d from genuine 
G a l a c t i c (or e x t r a g a l a c t i c ) e f f e c t s . Below 10'*"''" eV the 
r e s u l t s must be t r e a t e d w i t h c a u t i o n since the Larmor r a d i i 
of such p a r t i c l e s i n the i n t e r p l a n e t a r y f i e l d are so small 
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t h a t modulation e f f e c t s are overwhelming. Just above 10 eV, 
where underground muon telescopes are most e f f e c t i v e i n 
supplying data, the e f f e c t s are s t i l l hard t o di s e n t a n g l e : 
protons a t t h i s energy have a Larmor rad i u s of less than 
10 AU i n a 3 yG f i e l d and the s o l a r f i e l d has cdsefCfc t h i s 
value a t a h e l i o c e n t r i c distance of ̂  11 AU and r i s e s t o 
about 30 yG a t the e a r t h (Sakurai 1974). The f i r m e s t c l a i m 
so f a r f o r a n i s o t r o p y i n t h i s energy range has come from the 
Holborn I m p e r i a l College group using a model of; the Solar 
f i e l d t o o b t a i n ' t r u e ' viewing d i r e c t i o n s (Marsden e t a l . 1976, 
Davies e t a l . 1978). I n the Southern hemisphere, and somewhat 

12 
higher i n energy, a t 10 eV, the Poatina r e s u l t s , though less 
s t a t i s t i c a l l y s i g n i f i c a n t , are compatible w i t h those obtained 

13 14 
between 10 and 10 eV. However, Fenton e t a l . (19 77) 
have shown t h a t the i n t e r p l a n e t a r y f i e l d may have some e f f e c t 
even a t t h i s energy which, i f t r u e , would i n v a l i d a t e a l l 

12 
measurements below 10 eV and cast some doubt on the o r i g i n 
of the anis o t r o p y observed a t Poatina. 

I t i s worth n o t i n g here t h a t the amplitude of the claimed 
a n i s o t r o p i e s increase w i t h energy as about E w h i l e the number 
of events detected decreases a t about E \ Therefore, assuming 
t h a t the a n i s o t r o p i e s are genuine, the s t a t i s t i c a l e r r o r s 
would increase i n d i r e c t p r o p o r t i o n t o the genuine s i g n a l so 
t h a t e s t a b l i s h i n g a genuine anisotropy would be e q u a l l y 
d i f f i c u l t a t every decade i n energy. 

The p o s s i b i l i t y o f 'narrow angle a n i s o t r o p i e s ' has been 
suggested i n recen t years. Wolfendale (1977) has i n v e s t i g a t e d 
t h i s t o p i c b u t found no conclusive evidence f o r such a 
phenomenon. They w i l l not be considered here. 
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Summarising b r i e f l y , claims f o r a genuine anisotropy 
have been made f o r each energy r e g i o n from 10"^ eV t o 1 0 2 0 eV 
though there have been many negative r e s u l t s i n each decade 

13 14 
als o . Only those measurements a t 10 - 10 eV using small 
EAS arrays are r e a l l y c onvincing and can be taken as e s t a b l i s h e d . 
I n the f o l l o w i n g chapters the anis o t r o p y question w i l l be 
considered i n d e t a i l and the experimental r e s u l t s i n each 
decade examined. A s t r o p h y s i c a l observations and expectations 
w i l l be used t o l i n k a n i s o t r o p y measurements t o the 
c h a r a c t e r i s t i c s and p r o p e r t i e s of the Galaxy, and t o the 
propagation o f cosmic r a y s . Consideration t o both G a l a c t i c 
and E x t r a g a l a c t i c o r i g i n w i l l be given. 
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CHAPTER 2 
INTRODUCTORY CONCEPTS 

2.1 Mathematical N o t a t i o n 
Anisotropy measurements hope t o r e v e a l the l o c a l 

( e x t r a s o l a r c a v i t y ) behaviour of cosmic rays w i t h regard 
t o t h e i r d i s t r i b u t i o n i n phase space. The d i s t r i b u t i o n of 
cosmic rays may be considered t o be represented as a smooth 
f u n c t i o n f(x,£,t) except i n the v i c i n i t y of some "exceptional" 
regions such as s t a r s which occupy only a minute f r a c t i o n of 
the volume of the Galaxy. I t i s u s u a l l y assumed t h a t the 
dimension f o r s p a t i a l v a r i a t i o n of f ( 3£,t) i s considerably 
greater than the dimensions of the zone o f i n f l u e n c e of the 
sun and i t i s hoped t h a t the time scale f o r change i s 
considerably longer than the 30 years or so i n which measure­
ments have been made ( i t i s known t h a t the i n t e n s i t y of cosmic 
rays has not changed s i g n i f i c a n t l y i n the l a s t 10 5-10 6 years , 

8 9 
and probably n o t over the l a s t 10 -10 years) so t h a t the 
time dependence o f f(_x,£,t) may be neglected. 

With these assumptions we may regard f(_x,p_,t) as 
dependent only on momentum £ so t h a t f(_x,£,t) = f(£). 
I n t r o d u c i n g s p h e r i c a l p o l a r co-ordinates p,a,6 (where p = 
|l£| and a and 6 are r i g h t ascension and d e c l i n a t i o n ) and 

£ 
the u n i t v ector e = —/we may express the change of f (£) 
w i t h d i r e c t i o n by expanding i n t o a s e r i e s of m u l t i p o l e type 
terms such t h a t 

where { i , j , . . . n } = {1,2,3} and the usual summation convention 
a p p l i e s . We have f o r e: 

Jo) 2 f (p) f ( e , p ) (p) + f ^ p l e , + f ; 7 ( p ) e , e . + 
(p) e.e n. n 

2.1.1 

CosaCosS SmaCosS Sin 6 1 2.1.2 



f (°) f f ( 1 ) ̂ a r e s c a i a r f vector and tensor components 

r e s p e c t i v e l y . To uniquely d e f i n e the tensors i n the above 
equation we r e q u i r e f i r s t l y t h a t they are symmetric i n 
each p a i r of in d i c e s since the antisymmetric p a r t s would 

(2) (21 (2) give no c o n t r i b u t i o n ( f o r f . . , f . . = f ; . ) . Secondly, we 
r e q u i r e t h a t higher order terms should not c o n t r i b u t e t o any 
v a r i a t i o n t h a t can be w r i t t e n i n terms of lower order terms. 
Obviously f ^ and f ^ are not a f f e c t e d by these c o n d i t i o n s 

(2) 
and are u n r e s t r i c t e d ; f ' i s r e q u i r e d t o be t r a c e l e s s and 
symmetric. A requirement t h a t tensors of any order be 
symmetric i n any p a i r of i n d i c e s f o r a l l combinations of 
the r e s t i s e q u i v a l e n t t o t h e second c o n d i t i o n . Consequently 
(2) 

f has f i v e independent components which correspond t o the 
f i v e independent second s p h e r i c a l harmonics and i n general 
(k) 

f v depends on 2k + 1 s c a l a r s . 
I f we consider an i d e a l i s e d cosmic ray de t e c t o r of good 

angular and momentum r e s o l u t i o n , then the d i f f e r e n t i a l cosmic 
ray i n t e n s i t y p o i n t i n g towards e i s p r o p o r t i o n a l t o the d e n s i t y 
i n phase space i n the opposite d i r e c t i o n so t h a t 

I ( e , p ) = v p 2 f ( - e , p ) 2.1.3 
At the energies we are concerned w i t h , v ^ c, so we may 

w r i t e I ( k ) ( p ) = ( - l ) k c p 2 f ( k ) and express I ( e , p ) as: 
I(e , p ) = I ( o ) ( p ) + l | 1 ) ( p ) e i + I ^ ^ p j e - e . . + ... 2.1.4 
The anisotropy f u n c t i o n f o r a given momentum or energy 

can be defined as 
X(e) = (1(e) - I ( o ) ) / I ( o ) = ( f ( - e ) - f ( o ) ) / f ( o ) 2.1.5 
The m u l t i p o l e expansion f o r X(e) i s then X(e) = X (^e. + X ( 2 ).e.e. + ... + X . ( k ) ... n e i e j ... e — x 1 i j 1 j l j J n 

2.1.6 
where 
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e) / nf°l The a n i s o t r o p y f u n c t i o n of order k 
w i l l then be the k ^ term i n the expansion of X (e) , d e s c r i b i n g 
more and more complex angular d i s t r i b u t i o n s as k increases. 
2.2 The Simple Vector-type Anisotropy 

I n the simplest case we may consider only a v e c t o r - t y p e 
anisotropy and neglect a l l higher terms so t h a t the anisotropy 
i s 

X (e) = X ^ i = X_.e 2.1.7 
I n t h i s case the measure of a n i s o t r o p y w i l l be d e f i n e d 

as |xj or a l t e r n a t i v e l y as 

_ Imax - Imin 2.1.8 
Imax + Imin 

which i s the normally accepted d e f i n i t i o n of a v e c t o r - t y p e 
a n i s o t r o p y . This could also be a p p l i e d t o the general case 
f o r the anisotropy o f order k, b u t t h i s encounters d i f f i c u l t i e s 
s i n c e d e t e c t o r s have a f i n i t e angular r e s o l u t i o n so t h a t 
weak but sharp i n t e n s i t y peaks would be smoothed out. A more 
u s e f u l d e f i n i t i o n i s the absolute maximum value o f the 
anisotropy f u n c t i o n (equation 2,L.6 ) of order k, which f o r 
the simple v e c t o r case i s the same as equation 2.1.8. 

However complicated the angular d i s t r i b u t i o n and anisotropy 
of cosmic rays i s , i t i s u n f o r t u n a t e t h a t experimental 
techniques are not y e t adequate t o r e v e a l any 3rd or higher 
harmonics - experiments have not caught up w i t h theory - and 
t h i s provides the j u s t i f i c a t i o n f o r using expansions o f the 
above type. Since the angular r e s o l u t i o n of d e t e c t o r s i s 
poor and the d i r e c t i o n of measurements depends l a r g e l y on the 
r o t a t i o n of the e a r t h and the atmosphere, only the f i r s t two 
terms normally c o n t r i b u t e t o the a n i s o t r o p y f u n c t i o n , and 
are measured. At the h i g h e s t e n e r g i e s , where p o i n t sources 
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may be detected, t h e r e i s , of course, no p o i n t i n using 
expansions o f t h i s type. However, the expansion i s u s e f u l 
i n multiple s c a t t e r i n g models o f propagation where higher 
order a n i s o t r o p i e s are expected t o decay f a s t e r . 

There are two other points worth n o t i n g . F i r s t l y , each 
component o f the cosmic ray f l u x may have a d i f f e r e n t angular 
d i s t r i b u t i o n w i t h a d i f f e r e n t a n i s o t r o p y f u n c t i o n t o describe 
i t . Since a t present i t i s r e l a t i v e l y complicated t o 
a s c e r t a i n the nature of the p r i m a r i e s i n c i d e n t on the atmos­
phere, the measured anisotropy may only be considered as a 
k i n d of average. Secondly, f o r n e a r l y i s o t r o p i c d i s t r i b u t i o n s 
the vector anisotropy X i s r e l a t e d t o t h e cosmic ray streaming 
s by 

X = ^ 2.1.9 
uc 

where u i s the cosmic ray d e n s i t y . A n i s o t r o p i e s o f higher 
order do not c o n t r i b u t e t o s. 
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CHAPTER 3 
ASTROPHYSICAL ASPECTS : 

THE MAGNETIC FIELD AND INTERSTELLAR MEDIUM 

3.1 I n t r o d u c t i o n 
Magnetic f i e l d s are of obvious importance f o r cosmic ray 

propagation and aniso t r o p y measurements since the p a r t i c l e s 
are not only d e f l e c t e d by f i e l d s but may, i n c e r t a i n energy 
regimes, be expected t o f o l l o w f i e l d l i n e s c l o s e l y . A 
knowledge o f the magnetic f i e l d i s , t h e r e f o r e , u s e f u l i n 
attempting t o p r e d i c t a n i s o t r o p i e s . I f p a r t i c l e s are mainly 
of G a l a c t i c o r i g i n then i t i s the Galacti c f i e l d only t h a t 
need be considered. I f e x t r a g a l a c t i c p a r t i c l e s make a 
s i g n i f i c a n t c o n t r i b u t i o n then the e f f e c t of e x t r a g a l a c t i c 
f i e l d s must a l s o be taken i n t o account. I n t h i s s e c t i o n our 
knowledge o f magnetic f i e l d i s summarised, and i n view of the 
relevance t o cosmic ray propagation, the data have been 
examined i n some d e t a i l . 
3.2 The G a l a c t i c Magnetic F i e l d 

3.2.1 Methods o f Analysis Various methods have been 
devised t o examine the Gal a c t i c Magnetic F i e l d and i t i s 
now w e l l e s t a b l i s h e d t h a t a large scale f i e l d e x i s t s , though 
the d e t a i l s are s t i l l u n c e r t a i n . The f o l l o w i n g methods have 
been roost used,of which the f i r s t f our are r a d i o based and 
the f i f t h o p t i c a l l y based. 

1. Faraday r o t a t i o n o f e x t r a g a l a c t i c p o l a r i s e d r a d i a t i o n . 
2. Faraday r o t a t i o n o f r a d i a t i o n from p u l s a r s . 
3. P o l a r i s a t i o n of Synchrotron r a d i a t i o n from t h e 

G a l a c t i c background and r a d i o synchrotron surveys. 
4. Zeeman S p l i t t i n g . 
5. P o l a r i s a t i o n o f S t a r l i g h t . 
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3.2.2 Faraday Ro t a t i o n The f i r s t method r e l i e s on the 
r o t a t i o n of p o l a r i s e d r a d i a t i o n from e x t r a g a l a c t i c r a d i o 
sources i n a magnetic f i e l d , and was f i r s t used by Gardner 
and Whiteoak (1963). The Faraday r o t a t i o n i n a l i n e o f 
s i g h t f i e l d o f s t r e n g t h B i s p r o p o r t i o n a l t o the product of 
B^g w i t h the thermal e l e c t r o n d e n s i t y n g i n t e g r a t e d along 
the l i n e of s i g h t : 

n B 
G = . 8 1 ( A ) 2 / _ 1 _ 3 LS d 4 / p c 

cm 
Measurements are u s u a l l y c a r r i e d out a t t h r e e wavelengths 

( i f possible) t o avoid p o s s i b l e a m b i g u i t i e s caused by 
r o t a t i o n s of more than 360°. Several problems are i n h e r e n t 
i n t h i s method. There e x i s t s the p o s s i b i l i t y t h a t sources have 
t h e i r own i n t r i n s i c r o t a t i o n and i n a d d i t i o n each observation 
involves a l i n e o f s i g h t throughout the whole of our own 
Galaxy so t h a t n o n - l o c a l f i e l d s can a f f e c t the measurements. 
Using G a l a c t i c p u l s a r s , on the ot h e r hand, reduces these 
problems. The distance o f a p u l s a r can be derived from the 
dispe r s i o n o f i t s pulses and t h e r e f o r e the " l o c a l " f i e l d may 
be studied r e l a t i v e l y f r e e from d i s t a n t f i e l d e f f e c t s . 
Moreover, by combining the d i s p e r s i o n measure (D.M.) w i t h 
the r o t a t i o n measure (R.M.) the mean value of the f i e l d B 

Lit? 
can be derived d i r e c t l y 

<B L S> = / n e B L S d £ 3.2.2. 

There i s no evidence of any i n t r i n s i c p ulsar r o t a t i o n 
(Manchester 19 72) and i n general t h i s method may w e l l be the 
best. 

The Zeeman S p l i t t i n g o f s p e c t r a l l i n e s also provides 

i n f o r m a t i o n on the l i n e of s i g h t component of the f i e I d , b u t 
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the r e s u l t s have n o t come up t o t h e i r i n i t i a l expectations 
since the e r r o r s of measurements obtained by t h i s technique 
have been comparable t o t h e measurements themselves, long 
i n t e g r a t i o n times being needed. 

3.2.3 O p t i c a l P o l a r i s a t i o n The o p t i c a l p o l a r i s a t i o n o f 
s t a r l i g h t , f i r s t observed by Hiltner (1949) and H a l l (1949) 
gives i n f o r m a t i o n on the d i r e c t i o n of the magnetic f i e l d b ut 
not i t s magnitude. The technique r e l i e s on the accepted 
method of Davies and Greenstein (1951) i n which dust grains 
a l i g n p e r p e n d i c u l a r t o a magnetic f i e l d . The grains s c a t t e r 
l i g h t l e a v i n g a t r a n s m i t t e d component p o l a r i s e d p a r a l l e l 
t o the f i e l d . F i e l d s o f a few pG are r e q u i r e d t o a l i g n 
the i c e / g r a p h i t e g r a i n s . The measurements are u s e f u l i n 
determining the l a r g e - s c a l e d i r e c t i o n a l p r o p e r t i e s of the 
Galactic f i e l d . 

Synchrotron data are of use t o o b t a i n a g l o b a l p i c t u r e 
of the s p a t i a l v a r i a t i o n of the energy den s i t y of magnetic 
f i e l d s i n the d i s c . The e m i s s i v i t y depends both on the f i e l d 
s t r e n g t h and on the r e l a t i v i s t i c e l e c t r o n d e n s i t y . Synchrotron 
background p o l a r i s a t i o n data provides s i m i l a r i n f o r m a t i o n t o 
o p t i c a l p o l a r i s a t i o n data, except t h a t the f i e l d i s per­
pendicular t o the p o l a r i s a t i o n v e c t o r s normally p l o t t e d . 
Synchrotron p o l a r i s a t i o n has been most used i n examining 
the s t r u c t u r e o f the v a r i o u s G a l a c t i c loops, and has been 
used t o i n v e s t i g a t e magnetic f i e l d i r r e g u l a r i t i e s 
(Wilkinson and Smith, 1974). 

3.2.4 P o s s i b l e F i e l d Reversal above and below the Galactic 
Plane The i n i t i a l surveys of e x t r a g a l a c t i c r o t a t i o n measures 
i n d i c a t e d a decreasing f i e l d w i t h i n c r e a s i n g l a t i t u d e (as 
expected) and also i n d i c a t e d changes i n f i e l d d i r e c t i o n 



1 3 

above and below the G a l a c t i c plane (Gardner and Whiteoak 
1963). However, as more r o t a t i o n measures were added (e.g. 
M i t t o n , 1972) i t became apparent t h a t there were many 
anomalies which no simple f i e l d c o n f i g u r a t i o n could e x p l a i n 0 

Recent measurements (Simard-Normandin and Kronberg, 19 79) 
s t i l l i n d i c a t e a l o n g i t u d i n a l f i e l d from a = 270° t o 
£ = 90° South of the G a l a c t i c plane, w h i l e suggesting t h a t 
the confusing northern hemisphere measurements may be accounted 
f o r by a looped f i e l d n o r t h of the plane which may w e l l be 
associated w i t h Loop I , the n o r t h p o l a r spur. 

3.2,5 Valee and Krongburg Model Valee and Krongburg 
(1975) have found reasonable consistency o f t h e i r measurements 
w i t h a model i n which the sun i s lo c a t e d on the edge o f an 
egg-shaped anomaly centred on U 1 1 , b 1 1 ) = (330°, 40°) which 
perturbs the more extensive l o n g i t u d i n a l f i e l d * . I n the 
Southern G a l a c t i c hemisphere the average f i e l d d i r e c t i o n i s 
U 1 1 , b 1 1) = (90° ± 10°, 5° ± 10°) , whi l e f o r b 1 1 > 0° , 
40° < H 1 1 < 270° the f i e l d was found t o be towards ( a 1 1 , b 1 1 ) 
= (90° ± 20°, 10° ± 20°). The d i s t o r t i o n was hypothesised 
t o p e r t u r b the l o c a l d i r e c t i o n o f f i e l d towards a 1 1 = 55° 
(see f i g u r e 3J. ) . The most l i k e l y e x planation of the anomaly 
i s t h a t i t i s the r e s u l t of a supernova explosion and connected 
w i t h the NPS. F i e l d s o f about 2yG have been derived f o r 

_ 3 
t y p i c a l e l e c t r o n d e n s i t i e s o f 0.05 cm , 

* This i s the general d i r e c t i o n o f the North Polar Spur, which 
i s centred on U 1 1 , b 1 1 ) = (329°, 17.5°). 
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3.2.6 Large scale f i e l d S t a r l i g h t p o l a r i s a t i o n and 
pulsar r o t a t i o n measures give i n f o r m a t i o n on the r e g u l a r 
component o f the f i e l d i n the l o c a l few hundred t o few 
thousand parsecs, p r i m a r i l y i n the region o f the g a l a c t i c 
plane. Both o f these techniques give somewhat d i f f e r e n t 
d i r e c t i o n s f o r the magnetic f i e l d so t h a t u n c e r t a i n t y remains 
about the exact geometry of the f i e l d . Gardner e t a l . (1969) 
concluded t h a t from t h e o p t i c a l data J, 1 1 = 50° from the r a d i o 
data a 1 1 = 85°. 

Axon and E l l i s (1976) and E l l i s and Axon (1978) have 
compiled and examined a catalogue of s t e l l a r p o l a r i s a t i o n 
measurements and concluded t h a t o v e r a l l the f i e l d p o i n t s towards 
£ 1 1 = 60°± 15° w h i l e w i t h i n 500 pc i t s d i r e c t i o n i s nearer 
ft11 = 45°. Some evidence f o r an i n c l i n a t i o n t o the plane 
was also found. Mathewson (1968) was i n favour o f i n t e r ­
p r e t i n g the o p t i c a l data i n terms o f a l o c a l h e l i c a l f i e l d 
w i t h an a x i s along J l 1 1 = 2 70° - 90°, an idea t h a t was supported 
by the r a d i o data a t t h a t time showing a f i e l d r e v e r s a l above 
and below the Ga l a c t i c plane. I n a review o f these observations 
Vershuur (1972) concluded t h a t the r e s u l t s were c o n s i s t e n t 
w i t h a l o n g i t u d i n a l f i e l d towards l11 = 50. Examining the 
Axon and E l l i s data a t d i f f e r e n t distance ranges from the sun 
an estimate o f the f i e l d d i r e c t i o n can be obtained by com-" 
p a r i n g w i t h a l o n g i t u d i n a l f i e l d model and performing a 
l e a s t squares type o f a n a l y s i s . A p r e l i m i n a r y v e r s i o n of 
t h i s a n a l y s i s has been given by Wolfendale (1977). Points 
B l ~ B 3 o n ^ i g u r e 3.2 show the change i n d i r e c t i o n o f f i e l d 
f o r distances from < 250 pc t o < 1 Kpc, 
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varying d i s t a n c e s from the s u n , being 200, 500,1000, and 2000 pc re spect ively .The las t 
measurement is that of He i les , 1976 , d e r i v e d from p u l s a r r o t a t i o n measurements. B 1 , 
B3 a r e from the s t e l l a r polar isat ion m e a s u r e m e n t s of E l l i s and A x o n ,1978, as 
in terpre ted by K i r a l y et al. , 1 9 7 9 . G C : The G a l a c t i c cen t re . G A C : The 
G a l a c t i c a n t i c e n t r e . 
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Pulsar measurements have been reviewed by Heiles (1976) 
who gives the f i e l d d i r e c t i o n as £ 1 1 = 94° and a f i e l d 
s t r e n g t h o f 2.5 pG. The most recent measurements by 
Manchester and Taylor (1977) give ( f o r a l e a s t squares f i t ) 
l11 = 9o° ± 14°and B = 1.7 ±0.3 uG. The re g i o n out t o 2 Kpc 
where both p u l s a r and p o l a r i s a t i o n data are a v a i l a b l e 
t h e r e f o r e shows some considerable disagreement between the 
two methods. As p o i n t e d out by Heiles t h i s anomaly i s 
presumably due t o the two techniques sampling d i f f e r e n t 
regions occupied by dust and non-thermal e l e c t r o n s , where the 
d i s t r i b u t i o n i s n o t the same f o r both components. The p u l s a r 
measurements are not always i n agreement w i t h the V a l l e and 
Kronburg model e i t h e r . 

3.2.7 I n f o r m a t i o n from Synchrotron r a d i a t i o n The 
p o l a r i s a t i o n o f the Synchrotron background r e s u l t s have found 
most use i n i n v e s t i g a t i n g t he f i n e s t r u c t u r e o f the magnetic 
f i e l d (e.g. Spoelstra 1972). Other r e s u l t s have been con­
s i s t e n t w i t h a l o n g i t u d i n a l f i e l d i n the re g i o n fi,11 = 50° - 70°. 
Note t h a t the d i s t r i b u t i o n of non-thermal e l e c t r o n s r e s ­
ponsible f o r Faraday r o t a t i o n need not be the same as t h a t 

f o r the r e l a t i v i s t i c e l e c t r o n s producing synchrotron 
r a d i a t i o n (Whiteoak 1974). 

3.2.8 Mean f i e l d as a f u n c t i o n of distance from the sun 
In g e n e ral, then, there does appear t o be a t r e n d of f i e l d 
d i r e c t i o n w i t h i n c r e a s i n g distance from J, 1 1 = 45° t o 

J l 1 1 = 90°. I t appears l i k e l y t h a t the North p o l a r Spur has 
had a p e r t u r b i n g i n f l u e n c e on the l o c a l f i e l d and t h a t i t 
i s t h i s t h a t has caused the observed change i n f i e l d d i r e c t i o n . 
C e r t a i n l y the structures o f the f i e l d s i n Loops I and I I are 
complex and appear t o be c o n s i s t e n t w i t h the e f f e c t o f super-
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nova explosions (Spoelstra 1972)„ The r e g u l a r l o c a l f i e l d 
i s c e r t a i n l y o f 1.5 - 3.5 yG s t r e n g t h and most probably i n 
the range 2-3 yG. I r r e g u l a r i t i e s o f comparable s t r e n g t h t o 
the r e g u l a r f i e l d are also present, and probably have 
dimensions 10-50 pc (Wilkinsonand Smith 1974). 

Synchrotron r a d i o emission i s u s e f u l 
i n t h a t not o n l y does i t give i n f o r m a t i o n about the l a r g e 
scale s t r u c t u r e of the Galaxy but the p o l a r i s a t i o n from the 
Galactic background can be used t o t r a c e the l o c a l magnetic 
f i e l d . The r a d i a t i o n i s s u b s t a n t i a l l y p o l a r i s e d between 
400-1400 MHz and i s b e l i e v e d t o have an o r i g i n l i m i t e d by 
Faraday d e p o l a r i s a t i o n t o distances o f a few hundred pc. 
Spoelstra (1972) has performed the most d e t a i l e d a n a l y s i s 
of p o l a r i s a t i o n , w i t h reference t o the North Polar Spur. His 
r e s u l t s are c o n s i s t e n t w i t h a f i e l d running along the r i d g e s 
of enhanced r a d i o emission. I f loop I i s about 75 pc away 
he f i n d s consistency w i t h an e l e c t r o n d e n s i t y o f .06 cm and 
w i t h the low r o t a t i o n measures he derives a f i e l d o f 1-2 yG. 

Berkhuijson (1971) and Mathewson e t a l . (1966) have both 
i n t e r p r e t e d t h e p o l a r i s a t i o n d i r e c t i o n s and Faraday 
r o t a t i o n s i n terms of a f i e l d running p a r a l l e l t o the plane. 
They f i n d the best d i r e c t i o n towards J. 1 1 = 60° and 70° 
r e s p e c t i v e l y . The discrepancy w i t h t h e pulsar r e s u l t s may 
a r i s e from a d i f f e r i n g f i e l d d i r e c t i o n w i t h i n the l o c a l 
few 100 pes or a l t e r n a t i v e l y from d i f f e r i n g d i s t r i b u t i o n s 
of the r e l a t i v i s t i c e l e c t r o n s (Synchrotron rad—) compared 
w i t h the thermal e l e c t r o n s (Faraday r o t a t i o n ) . 

3.2.9 S p i r a l Arm Enhancement The Galactic magnetic 
f i e l d i s expected t o be enhanced i n s p i r a l arms as a r e s u l t 
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of compression of the i n t e r s t e l l a r gas when i t overtakes a 
density wave. Osborne e t a l . (1977) have found a good f i t t o 
the observations assuming t h a t the sun i s i n an i n t e r a r m 
p o s i t i o n and the s p i r a l arms have f i e l d s o f about 10 yG 
(stronger than those observed l o c a l l y ) . W i lkinson and 
Smith (1974) found t h a t the energy d e n s i t y o f i r r e g u l a r 
f i e l d s i s s i m i l a r t o t h a t of the r e g u l a r f i e l d ; i n other 
words, the f l u c t u a t i n g component r e q u i r e d by synchrotron 
observations i s comparable t o the reasonably smooth component 
found by other methods. 

3.2.10 Halo F i e l d Ginzburg and P t u s k i n (1976) present 
good evidence using synchrotron surveys f o r the existence of 
extensive h a l o f i e l d s . These f i e l d s are s t i l l the cause of 
some d i s p u t e , but i t i s e v i d e n t t h a t the halo f i e l d f a l l s 
o f f much slower w i t h Z^than the gas d e n s i t y . Parker (1976) 
suggests t h a t dense gas clouds h o l d the f i e l d t o the d i s c . 
I n between these clouds the disc f i e l d can escape, bulg i n g 
out so t h a t the f i e l d i n an extended halo i s probably small. 
White (1977) has performed c a l c u l a t i o n s on a number of Galactic 
dynamo models and these too tend t o favour weak halo f i e l d s . 

3.2.11 F i e l d F l u c t u a t i o n s I n s t a b i l i t i e s i n the i n t e r ­
s t e l l a r gas, the decay of l a r g e - s c a l e t u r b u l e n c e , and 
propagating shock waves are a l l expected t o g i v e r i s e t o 
small scale f i e l d f l u c t u a t i o n s . S k i l l i n g (1975) notes t h a t 
turbulence can lead t o a f a s t separation o f magnetic f i e l d 
l i n e s and can also cause s c a t t e r i n g o f cosmic rays w i t h 
g y r o r a d i i o f the same order as t h e i r wavelength. Damping 
may not be s u f f i c i e n t l y s t r o n g t o reduce the i n t e n s i t y of 
waves below l p c except f o r cosmic ray s e l f - e x c i t e d waves. 
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However, i f t h i s b a r r i e r can be passed the wave spectrum 
may extend down t o 10 ^ pc (Mclvor, 1975) . The only o b s e r v a t i o n a l 
evidence comes i n d i r e c t l y from p u l s a r s c i n t i l l a t i o n measure­
ments which suggest t h a t turbulence e x i s t s on scales as 

— 8 

small as 10 pc. Assuming a Kolmogorov spectrum (equation 
— 8 

4.5.3 ) between 10 - 3 pc, even the lowest energy cosmic 
rays would be s u b j e c t t o Fermi a c c e l e r a t i o n , and as a r e s u l t 
f a r - r e a c h i n g changes i n our p i c t u r e o f a s t r o p h y s i c a l 
processes would be needed. A l t e r n a t i v e l y , the damping of 

- 3 
turbulence below 10 pc r e s t r i c t s Fermi a c c e l e r a t i o n t o 

12 
energies of 10 eV and above. C l e a r l y p u l s a r s c i n t i l l a t i o n s 
should be examined w i t h a view t o f i n d i n g a l t e r n a t i v e 
explanations before t h e d r a s t i c assumption of a continuous 
wave spectrum i s accepted. 
3.3 The E x t r a g a l a c t i c Magnetic F i e l d 

Piddington (1969) has argued the case f o r an i n t e r -
g a l a c t i c magnetic f i e l d o f p r i m o r d i a l o r i g i n of about 1 0 - 1 0 

gauss, demonstrating i t s importance f o r the magnetic theory 
of g a l a c t i c forms, s p i r a l arms /and i t s dynamical e f f e c t s i n 
determining the o r i e n t a t i o n o f g a l a c t i c d i s c s . Brecher and 
Blumenthal (1970) consider t h a t p r i m o r d i a l f i e l d s , i f they 

— 9 
e x i s t , cannot be much more than 10 G i f the gas d e n s i t y i s 

-5 - 3 

= 10 cm . In t h i s p i c t u r e , G a l a c t i c f i e l d s are derived 
from compressed and d i s t o r t e d i n t e r g a l a c t i c f i e l d s and might 
have a f a i r l y open c o n f i g u r a t i o n . However, t h i s view has 
very l i t t l e t h e o r e t i c a l or o b s e r v a t i o n a l support and i t 
appears more l i k e l y t h a t Galactic f i e l d s are generated by a 
dynamo mechanism (Parker 1955) on v a r i o u s scales. I n t h i s 
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case any e x t r a g a l a c t i c f i e l d r e s u l t s from f i e l d s 'escaping' 
from galaxies along w i t h gas and cosmic rays, p o s s i b l y being 
a m p l i f i e d by turbulence r a t h e r than being o f p r i m o r d i a l 
o r i g i n . Parker (1976) has t h e o r i s e d t h a t cosmic rays cause 
"bubbles" i n the G a l a c t i c f i e l d which " b u r s t " and carry 
t h e i r f i e l d o u t s i d e the Galaxy. These f i e l d s may not be 
strong enough t o i n f l u e n c e the bulk motion o f most cosmic 
rays so t h a t e x t r a g a l a c t i c cosmic rays should be at r e s t w i t h 
respect t o the frame d e f i n e d by t h e Universal black body 
r a d i a t i o n . With c l u s t e r models, though, the proposed 
i n t r a c l u s t e r magnetic f i e l d plays an important p a r t i n the 
anisotropy and propagation o f cosmic rays (chapter 8 ) . 
3.4 Anisotropy and the I n t e r s t e l l a r Medium 

The motion and nature o f the l o c a l i n t e r s t e l l a r medium 
(LISM), surrounding the c a v i t y dominated by the s o l a r wind, 
i s o f importance f o r anisotropy s t u d i e s . I t i s l i k e l y t h a t 
the magnetic f i e l d of the Galaxy i s frozen i n t o the 
p a r t i a l l y i o n i s e d gas which c o n s t i t u t e s the LISM so t h a t an 
a x i a l l y symmetric d i s t r i b u t i o n o f cosmic rays ( w i t h 
respect t o the magnetic f i e l d ) would preserve i t s symmetry 
i n the frame comoving w i t h the gas. Changes i n the magnetic 
f i e l d then a f f e c t the gas and hence the cosmic ray d i s t r i b u t i o n 
and v i c e versa. Transformed t o t h e s o l a r frame, the f i r s t 
(vector) harmonic of the d i s t r i b u t i o n w i l l change considerably 
because of the Compton-Getting e f f e c t ( s e c t i o n 4.5 ) but 
higher harmonics w i l l remain almost u n a l t e r e d , so t h a t any 
t e s t f o r a x i a l symmetry must a l l o w f o r r e l a t i v e motion. 
Note t h a t the Compton-Getting c o r r e c t i o n should be a p p l i e d 
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r e l a t i v e t o the frame of the gas, and not the l o c a l standard 
o f r e s t , since i t i s i n the gas frame i n which cosmic rays 
are expected t o be a t r e s t . 

The LISM i s a l s o important i n t h a t the constancy of 
i t s v a r i ous parameters (such as v e l o c i t y , d e n s i t y , temperature) 
i n the l o c a l few pc i n d i c a t e t h a t the magnetic f i e l d i s also 
constant i n t h i s r e g i o n . Linked t o anisotropy measurements, 
the wind v e l o c i t y and d i r e c t i o n gives us a probable d i r e c t i o n 
f o r the very l o c a l magnetic f i e l d . U n t i l r e c e n t l y , the p a u c i t y 
of data precluded any conclusions but new data are proving t o 
be o f g r e a t i n t e r e s t (see l a t e r ) . 
3.5 Measurements o f the LISM 

3.5.1 Techniques of study Measurements of the i n t e r ­
s t e l l a r wind and i t s p r o p e r t i e s have come p r i m a r i l y from 
S a t e l l i t e observations of backscattered UV l i g h t from n e u t r a l 
Helium and Hydrogen atoms; a summary o f such r e s u l t s i s 
given i n t a b l e 3.1. Fahr (1974) has given an e x c e l l e n t 
review o f the observations and t h e o r i e s r e l e v a n t t o the 
problem, and a summary of the measurements p r i o r t o 1974. 

As hydrogen atoms approach the s o l a r c a v i t y they experience 
both a g r a v i t a t i o n a l a t t r a c t i o n and a r e p u l s i o n from Solar 
H Lya r a d i a t i o n . With moderate s o l a r a c t i v i t y the r a d i a t i o n 
pressure i s s u f f i c i e n t t o push away the incoming hydrogen. 
Atoms are l o s t by charge-exchange and p h o t o - i o n i s a t i o n , the 
net r e s u l t o f these processes being a "Snowplough" e f f e c t 
w i t h a much l a r g e r c o n c e n t r a t i o n i n t h e "upwind" d i r e c t i o n . 

I n the case o f helium, the g r e a t e r mass of the helium 
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atom and the much lower Solar He 584 A f l u x (compared t o 
L y a ) means t h a t r a d i a t i o n pressure i n t h i s case i s i n s i g n i ­
f i c a n t . H e l i u m f t h e r e f o r e , penetrates deeper i n t o the s o l a r 
c a v i t y - p h o t o i o n i s a t i o n i s the only loss process. The 
helium atoms are t h e r e f o r e g r a v i t a t i o n a l l y f o c u s s e d , r e s u l t i n g 
i n a maximum b u i l d u p i n the downwind d i r e c t i o n . For both H 
and He the densest r e g i o n backscatters more s o l a r r a d i a t i o n , 
and i t i s t h i s maximum which i s looked f o r . The helium 
r e s u l t s are expected t o be somewhat more accurate since t h e r e 
i s some u n c e r t a i n t y about the p o s s i b l e c o n t r i b u t i o n from 
the background Lya (see, however, A r j e l l o , 1978). The i n t e r -

o 
s t e l l a r e x t i n c t i o n o f the 584 A r a d i a t i o n i s thought s u f f i c i e n t 
t o prevent G a l a c t i c i n t e r f e r e n c e . 

3.5.2 Results from t h e measurements on the l o c a l wind 
The e a r l y H measurements were found t o be c o n s i s t e n t w i t h a 
reasonably w e l l d e f i n e d upwind d i r e c t i o n of ( a,6) = 
(263° ± 5°, -22°± 5°) (Fahr 1974) but the model dependence i n 
i n t e r p r e t i n g the r e s u l t s l e f t the v e l o c i t y o f approach 
r a t h e r u n c e r t a i n , from 5 - 20 km s~^. I n i t i a l helium 
measurements (Weller and Meier, 1974) were s l i g h t l y i n d i s ­
agreement w i t h the H d i r e c t i o n , g i v i n g a= 2 5 O ° + 3 0 , 6 = - i 5 ° + 3°, 

but recent improved L y a r e s u l t s have confirmed the d i r e c t i o n 
( A r j e l l o , 1978). Adams and F r i s c h (1977) have measured th e 
v e l o c i t y of the wind d i r e c t l y (using the high r e s o l u t i o n 
Ul spectrometer from the Copernicus s a t e l l i t e ) by scanning 
the L y a l i n e p r o f i l e close t o the upwind d i r e c t i o n . They 
also e l i m i n a t e d most o f the background from the geocoronal 
L y a l i n e by making use of the s p e c t r a l s h i f t caused by the 
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o r b i t a l motion o f the e a r t h . The wind speed derived was 
v = 22.1 ± 2.8 km s ^. O v e r a l l , examination o f the r e s u l t s 
g ive a c o n s i s t e n t set of parameters as ( o, 6) = (252°, - 16°) 
w i t h a wind speed o f 21 - 23 km s" 1. 

Data on the dens i t y and temperature o f the LISM are 
also derived i n d i r e c t l y i n ba c k s c a t t e r measurements and are 
co n s i s t e n t w i t h T = 104K°and 0.05 < < 0.1 cm - 3 (Weller 
and Meier, 1979) w i t h a v e l o c i t y d i s p e r s i o n of 13 km s" 1 f o r 
H. For He the values are .002 < n„ < 0.03 and T = 10 4 K° 

He 
These l o c a l measurements a c t u a l l y only probe a distance 

-5 
o f about 2 x 10 pc but the consistency of the r e s u l t s over 

- 3 
a number o f years i n d i c a t e constancy over 10 pc because of 
the v e l o c i t y o f the wind. 

3.5.3. Wind d i r e c t i o n out t o several parsecs. Further 
i n f o r m a t i o n about the i n t e r s t e l l a r wind has come from the 
d e t a i l e d examination of s p e c t r a l l i n e s coming from nearby 
c o o l s t a r s (McClintock e t a l . , 1978, Moos e t a l . , 1974, 
Dupree e t a l . , 1977). The i / s gas along the l i n e of s i g h t 
absorbs some o f the UV l i g h t , t he absorption being s t r o n g e s t 
nearer the l i n e c enters. By measuring the Doppler s h i f t the 
motion of the gas can be detected. The l i n e shape a l s o 
depends on the v e l o c i t y d i s p e r s i o n (which may be p a r t l y 
t h e r m a l , p a r t l y of t u r b u l e n t o r i g i n ) and the average l i n e - o f -
s i g h t d e n s i t y , but separating these e f f e c t s can be d i f f i c u l t . 
McClintock e t a l . have examined the Copernicus observations 
of the i / s hydrogen and deuterium Lya l i n e s towards f o u r 
nearby c o o l s t a r s and t a b l e d measurements f o r another e i g h t . 
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The r e s u l t s are compatible w i t h gas d e n s i t i e s of n„ = 
n 

— 3 0.02 - 0.2 cm , i n agreement with l o c a l v a l u e s . When 
s u i t a b l e allowance has been made for the d i r e c t i o n of 

o b s e r v a t i o n , the l i n e - o f - s i g h t v e l o c i t i e s are a l s o compatible 

with the l o c a l b a c k s c a t t e r v e l o c i t i e s , even f o r s t a r s as 
I I I I 

f a r away as 20 pc. From measurements of e - e r i (£ , b ) 

= (195° - 48°) a h e l i o c e n t r i c l i n e - o f - s i g h t v e l o c i t y of 

15.4 ± 7.8 km s""̂ " was obtained, e q u i v a l e n t to a v e l o c i t y of 

18 km s 1 along (a,6) = (252° - 16°). Derived temperatures 
3 

by t h i s method have given T = 5 x 10 K. These values are 

s u g g e s t i v e l y c l o s e to the l o c a l l y d e r i v e d v a l u e s , so t h a t 

the l o c a l values, probably extend over a few pc from the sun. 

The l o c a l magnetic f i e l d i s , t h e r e f o r e , a l s o constant over 

t h i s r e g i o n , or a t most s l o w l y v a r y i n g . T h i s view i s supported 

s i n c e the energy d e n s i t y a s s o c i a t e d w i t h the bulk motion of 

the LISM i s of the order of 0.2 eV cm" 3 ( f o r n u =0.1 cm"3) 

which i s comparable to t h a t of a 3uG f i e l d . Any strong 

v a r i a t i o n i n the f i e l d would a f f e c t the d i r e c t i o n of flow. 

Other evidence, f o r d i s t a n c e s beyond a few p a r s e c s , 

i s r a t h e r s c a r c e , but t h e r e i s a suggestion of a d r a s t i c 

r e d u c t i o n i n gas d e n s i t y beyond 3.5 pc (McClintock e t a l . 

1978, Anderson and W e l l e r , 1978) i n some p a r t i c u l a r 

d i r e c t i o n s . Even f u r t h e r away f l u c t u a t i o n s on the s c a l e of 

tens of p a r s e c s are expected because of f i e l d i r r e g u l a r i t i e s 

( S e c t i o n 4.5 ) . 

3.5.4 Relevance to propagation of low energy cosmic rays 

As f a r as propagation i s concerned, the LISM data lead us to 

expect t h a t the l o c a l propagation of cosmic r a y s w i l l be 
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r e l a t i v e l y smooth, a t l e a s t over a few p c . Small s c a l e 
i r r e g u l a r i t i e s i n the magnetic f i e l d a r e , of course, 

expected and w i l l cause some p i t c h angle s c a t t e r i n g , but the 

energy d e n s i t y a s s o c i a t e d w i t h such i r r e g u l a r i t i e s i s expected 

to be a s m a l l f r a c t i o n of the r e g u l a r f i e l d . The l o c a l f i e l d 

d i r e c t i o n i s a l s o expected to f i x the d i r e c t i o n of anisotropy. 

The Larmor r a d i u s of protons with energy E i n a 3 yG f i e l d 
E (eV) 

i s r ( p c ) = — s o t h a t cosmic r a y s with e n e r g i e s up 
2.7 x 10 

to about 3 x l O 1 ^ eV ( r = 1 pc) should f o l l o w the f i e l d l i n e s 

c l o s e l y up t o about t h i s energy. The s i m p l e s t and most 

e a s i l y measurable anisotropy (simple f i r s t harmonic v e c t o r ) 

should be e i t h e r p a r a l l e l or a n t i p a r a l l e l to the magnetic 

f i e l d i f the f i e l d i s slowly v a r y i n g and the p a r t i c l e d e n s i t y 

i s c o n s t a n t , i n the frame comoving with the gas. Table 3.2 

shows a l i s t of the f i r s t s i d e r e a l harmonics f o r the most 
11 14 

r e l i a b l e data w i t h 5.10 eV < E < 10 eV (see s e c t i o n s 6.1 & 6,2 

for a d e t a i l e d d i s c u s s i o n ) . To allow a v a l i d comparison to 

be made t h e s e v a l u e s have been c o r r e c t e d by d i v i d i n g by 

cos 6, a l l o w f o r the d e c l i n a t i o n of viewing. The r e s u l t s are 

shown transformed t o the LISM frame. The data show a 

s t r i k i n g agreement i n phase and s i m i l a r amplitudes - only 

the Holbom r e s u l t has a somewhat lower amplitude but t h i s 

i s a t an energy where i n t e r p l a n e t a r y d e f l e c t i o n s are expected 

to cause a r e d u c t i o n . Hence the upstream d i r e c t i o n of the 

l o c a l cosmic ray streaming i s c l o s e to 3 hours i n the LISM 

frame, which value should be e i t h e r p a r a l l e l or a n t i -

p a r a l l e l t o the l o c a l magnetic f i e l d . However, the d i s c r e p a n c i e s 

between the f i r s t and second harmonics must be r e s o l v e d 
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before the r e s u l t i s considered f i n a l . Attempts to 

determine the d e c l i n a t i o n of anisotropy have led to con­

f l i c t i n g c o n c l u s i o n s . 
14 

The u n i f o r m i t y of phase and amplitude up to 10 eV 

not only support the i d e a of a smooth l o c a l f i e l d c o n f i g u r a t i o n , 

but a l s o lead us to i n f e r t h a t t h e r e i s not much d i f f e r e n c e 
11 14 

i n propagation between 10 eV and 10 eV. Consequently the 

age of cosmic r a y s should not be d i s s i m i l a r a t the two 

en e r g i e s . 

I t should be noted t h a t only i n the gas frame are the 

cosmic r a y s expected t o f o l l o w the f i e l d l i n e s . I n other 

frames there w i l l be a s m a l l e l e c t r i c f i e l d p r e s e n t due t o 

the motion of the magnetised gas, of order — B, which a l s o 

changes the motion of the p a r t i c l e s . The magnetic f i e l d w i l l 

be reduced by a s i m i l a r amount (^B) but i t s d i r e c t i o n w i l l 

not change s i g n i f i c a n t l y . At higher e n e r g i e s , of course, 

the d i r e c t i o n of a n i s o t r o p y w i l l correspond t o the average 

f i e l d d i r e c t i o n over bigger d i s t a n c e s than r e f e r r e d to here 

and changes are expected. 
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CHAPTER 4 

ORIGIN OF COSMIC RAYS 

4.1 Sources and Propagation 

When c o n s i d e r i n g the o r i g i n o f cosmic r a y s , a d i s t i n c t i o n 

must be made between the v a r i o u s components. R e f e r r i n g to 

the major nucleon and e l e c t r o n components, although a case 

can be made f o r at l e a s t p a r t of the nucleon component being 

of e x t r a g a l a c t i c o r i g i n , the e l e c t r o n component i s c e r t a i n l y 

of G a l a c t i c o r i g i n . I n order t o see t h i s , the e n e r g e t i c s of 

production and propagation must be considered. 

Dealing w i t h the e l e c t r o n component f i r s t , and con s i d e r i n g 

the i n v e r s e compton e f f e c t (ICE) o f e l e c t r o n s on the U n i v e r s a l 

2.7 K r a d i a t i o n f i e l d , the maximum di s t a n c e an e l e c t r o n can 

t r a v e l (assuming j r e c t i l l n e a r motion) i n the photon f i e l d i s 

4 7 v i o ^ ̂  
R(cm) = —- (Ginzburg & Syrovatskii 196 4) 

( W p h + H / 8 , ) E ( e V ) 4 ' 1 - 1 

where i s the energy d e n s i t y of the black-body r a d i a t i o n 
-13 

and s t a r l i g h t . Taking the lower term to be 4 x 10 
— 3 

ergs cm and assuming an energy o f 30 GeV, then 

R - 4 Mpc - the d i s t a n c e of Cen A. E l e c t r o n s of energy below 

30 GeV could j u s t reach us from nearby a c t i v e g a l a x i e s . That 

the e l e c t r o n spectrum shows no break a t t h i s energy leads 

us to suppose t h a t few, i f any, e l e c t r o n s a r e of e x t r a g a l a c t i c 

o r i g i n . 

The t o t a l G a l a c t i c r a d i o emission i s of the order of 
38 -1 39 -1 10 ergs s so,assuming a power input of 10 ergs s 

7 8 
and a l i f e t i m e of 10 - 10 years, the t o t a l energy i n 

54 

e l e c t r o n s i s ^ 10 e r g s . 

The Synchrotron data a l s o s t r o n g l y favour a G a l a c t i c 

o r i g i n . 
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Turning to t h e main n u c l e o n i c component, i t i s s t i l l 

p o s s i b l e to argue i n terms of e i t h e r a G a l a c t i c or an 

e x t r a g a l a c t i c o r i g i n , and each has d i f f e r e n t i m p l i c a t i o n s 

for anisotropy. I f i t i s f i r s t assumed t h a t at l e a s t some 

p a r t i c l e s of every energy are e x t r a g a l a c t i c , then some 

i n d i c a t i o n of the r e l a t i v e c o n t r i b u t i o n s (the r a t i o e x t r a -

g a l a c t i c / G a l a c t i c ) may be expected from e s t i m a t e s of the 

r e l a t i v e importance of G a l a c t i c and e x t r a g a l a c t i c components 

of the e l e c t r o m a g n e t i c spectrum i n g e n e r a l . T a b l e 4.1 

shows the r a t i o f o r d i f f e r e n t f r e q u e n c i e s , though i n most 

cases the two components are hard to separate and the v a l u e s 

must be regarded as approximate. On t h i s b a s i s , w ith the 

exception of s t a r l i g h t , i t appears as though e x t r a g a l a c t i c 

sources should c o n t r i b u t e a not i n c o n s i d e r a b l e amount of the 

l o c a l cosmic r a d i a t i o n . T h i s i s a l s o t r u e i f g a l a x i e s 

c o n t r i b u t e according to t h e i r mass. However, the e f f e c t 

of the G a l a c t i c magnetic f i e l d (unimportant for photons) has 

been neglected. G a l a c t i c p a r t i c l e s w i l l , t o some e x t e n t , be 

trapped by the f i e l d so t h a t t h e i r c o n t r i b u t i o n w i l l be 
7 

correspondingly enhanced. Assuming a l i f e t i m e of 2 x 10 y e a r s 
9 

(at < 10 eV - S e c t i o n 4.7 ) and a G a l a c t i c l i f e t i m e of f r e e 
4 

escape of 10 y e a r s (the l i g h t t r a v e l time for a reasonable 

G a l a c t i c halo) then we expect an enhancement of G a l a c t i c 

p a r t i c l e s by a f a c t o r of about 2,000 and G a l a c t i c sources 

should predominate. At higher energies,however, the trapping 

f a c t o r presumably f a l l s so t h a t the e x t r a g a l a c t i c component 

could become more important. Having s a i d t h i s , i t i s s t i l l 

p o s s i b l e t h a t e x t r a g a l a c t i c p a r t i c l e s predominate at a l l 

energies i f Galactic sources are unusually inefficient at production. 



Component R a t i o 
E x t r a g a l a c t i c t o G a l a c t i c 

Synchrotron R a d i a t i o n Q , 
(at 150 MHz) 

S t a r l i g h t 0.02 

X-ray 2 . 
(at (2-10(KeV) ' 

Y-ray 5 

( f o r > 100 MeV) 

Mass Q 1 

( y i e l d a M/r*) ° 

Table 4.1 Approximate r a t i o of energy d e n s i t i e s f o r 
e x t r a g a l a c t i c and G a l a c t i c Components. The v a l u e s a r e 
of n e c e s s i t y approximate. 
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4.2 The E n e r g e t i c s of O r i g i n 

To s u s t a i n the l o c a l l y observed energy d e n s i t y of 
-3 -12 -3 cosmic r a y s (about 1 eV cm * 10 ergs cm ) the power 

Q re q u i r e d i s 

Q = g 4.2.1 

where M i s the mass of the i n t e r s t e l l a r gas and X i s the 
g -2 42 •grammage', about equal to 5 g cm . Taking = 3 x 10 

43 40 -1 40 - 10 grams we have 2.8 x 10 < Q ergs s < 9 x 10 . The 

G a l a c t i c o r i g i n hypothesis favours supernova e x p l o s i o n s as 

the most l i k e l y s o u r c e s , p a r t i c u l a r l y of higher energy 

p a r t i c l e s . Determining the r a t e of G a l a c t i c supernova 

explosions i s t h e r e f o r e important and 'best e s t i m a t e s ' of 
+ 14 

t h i s f a c t o r range from 1 per 11_ ^ y e a r s (Tamman 1977) to 
1 per 150 y e a r s ( C l a r k and C a s w e l l , 1976) , w h i l e data on 

+ 20 
e x t e r n a l g a l a x i e s suggests 1 per 20_ ^ Q y e a r s . To maintain 
W, the energy r e l e a s e d i n cosmic rays must, t h e r e f o r e , be 

4 8 49 
about 7 x 1 0 - 6 x 1 0 ergs per Supernova. The t o t a l 

50 51 
energy i n a Supernova b l a s t i s of the order of 10 - 10 

ergs so an e f f i c i e n t conversion of energy i s needed. Con­

s i d e r a t i o n of the composition of cosmic rays favours type I I 

Supernova as the more important source. G a l a c t i c Supernovae 

are j u s t a b l e , then, to supply the n e c e s s a r y energy to maintain 

the l o c a l l y observed energy d e n s i t y . 

Other l i k e l y G a l a c t i c sources i n c l u d e supernova 

remnants, p u l s a r s , f l a r e s t a r s and white dwarfs, a l l of which 

have a s p a t i a l d i s t r i b u t i o n t h a t c o r r e l a t e s w i t h the G a l a c t i c 
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d i s c - the number of sources i n c r e a s e s towards the G a l a c t i c 
c e n t e r and f a l l s f u r t h e r away from the plane. In t h i s r e s p e c t 
o b s e r v a t i o n s of gamma ray s (from cosmic ray protons and n u c l e i 

of a few GeV energy) are very much i n favour of a G a l a c t i c 

o r i g i n (Strong e t a l . , 1977). One may a l s o argue on a e s t h e t i c 

grounds t h a t the sources of cosmic ray e l e c t r o n s should be the 

same as those f o r nucleons. Note t h a t i t i s u n l i k e l y t h a t 

second order Fermi a c c e l e r a t i o n i n the i n t e r s t e l l a r medium 

(as opposed to operating i n supernova remnants) w i l l make a 

s i g n i f i c a n t c o n t r i b u t i o n to the e n e r g e t i c s . 

The main problem with an e x t r a g a l a c t i c U n i v e r s a l o r i g i n 

model l i e s i n maintaining the l o c a l energy d e n s i t y throughout 

the U n i v e r s e . The v i s i b l e mass of g a l a x i e s corresponds to 
-31 -3 

some 3 x 10 g cm when spread over the e n t i r e U n i v e r s e , 
_ 3 

so t h a t to s u s t a i n 1 eV cm a very e f f i c i e n t mechanism of 

production (0.5%) would be r e q u i r e d . L i k e l y sources i n t h i s 

scheme are r a d i o g a l a x i e s , S e y f e r t g a l a x i e s , Quasars and r i c h 

c l u s t e r s of g a l a x i e s (such as Coma or V i r g o ) . 

One p o s s i b i l i t y to counter the energy argument and y e t 

i n c l u d e e x t r a g a l a c t i c o r i g i n i s to demand t h a t G a l a c t i c 

sources provide p a r t i c l e s up t o a given energy but are absent 

above t h i s energy. I f we demand t h a t G a l a c t i c sources do 

not c o n t r i b u t e above 10"*"° eV, then the energy d e n s i t y to be 
_ ~i 

maintained can be reduced to ^ 0.1 eV cm throughout the 

Universe (see l a t e r ) . However, t h i s energy de n s i t y i s 

s t i l l 20 t o 100 times the average energy d e n s i t y of S t a r l i g h t 

and would s t i l l need q u i t e an e f f i c i e n t energy conversion 

mechanism. I f e x t r a g a l a c t i c s o u r c e s generated only p a r t i c l e s 
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above - 10 eV then only ^ 10 eV cm need be maintained, 

which may not be beyond the realms of the p o s s i b l e on a 

U n i v e r s a l s c a l e . 

I t appears from the above arguments t h a t , on balance, 

i t i s not easy to c o n s t r u c t models i n which the bulk of the 

observed r a d i a t i o n i s e x t r a g a l a c t i c . However, purely 

G a l a c t i c o r i g i n models a l s o encounter d i f f i c u l t i e s , i n 

e x p l a i n i n g a l l the f e a t u r e s of the observed data and the o r i g i n 

problem i s s t i l l not f u l l y r e s o l v e d , even a t low e n e r g i e s . 

4.3 High Energy G a l a c t i c O r i g i n 

At the h i g h e s t e n e r g i e s a G a l a c t i c o r i g i n would be 

i n d i c a t e d by a marked anisotropy w i t h a peak i n the d i r e c t i o n 

of the G a l a c t i c plane, whereas the evidence suggests t h a t 

p a r t i c l e s a t these e n e r g i e s a r r i v e a t high G a l a c t i c l a t i t u d e s 

(Edge et a l . , 1978). C e r t a i n l y , i f the p r i m a r i e s are protons 

and halo f i e l d s are weak then a G a l a c t i c o r i g i n must be 

r u l e d out. A G a l a c t i c o r i g i n may s t i l l be p o s s i b l e i f the 

p a r t i c l e s a r e of high mass but Watson and Wilson (1974) have 

provided evidence that many of the p r i m a r i e s are indeed 

protons, though t h i s i s by no means a b s o l u t e l y c e r t a i n . The 

radio synchrotron data are suggestive of a s i g n i f i c a n t 

magnetic f i e l d , but i t seems u n l i k e l y to be of s u f f i c i e n t 

strength to prevent high energy p a r t i c l e s from escaping. 

Parker (1976) has suggested t h a t the G a l a c t i c f i e l d i s 

e f f e c t i v e l y f i x e d to the d i s c by gas clouds. I f t h i s i s true 

then not only should halo f i e l d s be small b u t , i n a d d i t i o n , 

one may expect f i e l d c a n c e l l a t i o n over s c a l e s large enough to 
18 

ensure t h a t p a r t i c l e s above 10 eV are not d e f l e c t e d back 
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i n t o the Galaxy. 

A stronger argument a g a i n s t G a l a c t i c o r i g i n comes with 
19 

the f l a t t e n i n g of the primary energy spectrum near 10 eV; 

which forms the t o p i c of a l a t e r chapter. T h i s i s hard to 

e x p l a i n on a G a l a c t i c b a s i s s i n c e containment should, i f 

anything, decrease with i n c r e a s i n g energy^as appears to be 

the case with the steepening of the energy spectrum a t 
% 1 0 1 5 eV (see F i g u r e 4 . 1 ) . 

There are a l s o problems with producing the h i g h e s t energy 

p a r t i c l e s i n G a l a c t i c s o u r c e s : t h e o r e t i c a l models of 

Supernova e x p l o s i o n s , the most favoured source of G a l a c t i c 

p a r t i c l e s , have d i f f i c u l t y i n e x p l a i n i n g how p a r t i c l e s may be 
I 7 

a c c e l e r a t e d to e n e r g i e s above 10 ( C h e v a l i e r 1977). 
On the whole, though not e n t i r e l y r u l e d out> G a l a c t i c 

"o 17 
o r i g i n models a t high e n e r g i e s (E > 10 eV) are considered 

u n s a t i s f a c t o r y : the evidence i s f i r m l y i n favour of e x t r a ­

g a l a c t i c o r i g i n . 

4.4 High Energy E x t r a g a l a c t i c O r i g i n 

The energy d e n s i t y problem p r e s e n t s no d i f f i c u l t i e s 

i f only the h i g h e s t energy p a r t i c l e s are regarded as e x t r a -
17 

g a l a c t i c . Above 10 eV i t i s p o s s i b l e t h a t cosmic r a y s 

are produced i n extremely r a r e , e n e r g e t i c e x p l o s i o n s and 

t h a t i n our Galaxy t h e r e has been no such event i n the l i f e t i m e 

of the p a r t i c l e s . I n t h i s c a s e the observed high energy 

p a r t i c l e s w i l l be e x c l u s i v e l y of e x t r a g a l a c t i c o r i g i n . 

A l t e r n a t i v e l y , p a r t i c l e s may be confined i n G a l a c t i c 

systems such as the l o c a l S u p e r c l u s t e r (centred on the VIRGO 

c l u s t e r ) . Models of t h i s type w i l l be considered l a t e r . 
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The primary d i f f e r e n t i a l energy s p e c t r u m of cosmic 

rays ( f rom Wol f e n d a l e , 1 975 ) as measured by a var ie ty 

of t echn iques and c o r r e c t e d for geomagnet ic e f f e c t s . 

C loser examinat ion of the region near 10 l 8eV shows 

a change in the value o f the spec t ra l index 

of about 0-6 . 
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Note that by i t s e l f , confinement to c l u s t e r s does not 
n e c e s s a r i l y a l l o w a l l the l o c a l p a r t i c l e s to be e x t r a g a l a c t i c . 

I T I T 
I f the l o c a l s u p e r c l u s t e r (co-ordinates of cen t r e s i ,b 
= 2 84°, 74°, d = 19 Mpc) i s considered t o be the source of 

— 3 
cosmic r a y s , then 1 eV cm must be maintained over some 

77 3 

^-10 cm e The number of ( v i s i b l e ) g a l a x i e s i n Virgo has 

been estimated a t 2,500 ( A l l e n 1973) so each galaxy should 

have to provide ^ 4 x 10^^ ergs : i . e . be of radiogalaxy 

s t r e n g t h . 

An a c c e p t a b l e p i c t u r e , then, i s one i n which the ma j o r i t y 
of p a r t i c l e s a r e G a l a c t i c i n o r i g i n w h i l e the high energy 

% 17 
p a r t i c l e s (E > 10 eV) are co n t r i b u t e d by e x t e r n a l s o u r c e s . 

In the r e s t of what follows we examine the o b s e r v a t i o n a l 

evidence f a v o u r i n g t h i s h y p o t h e s i s . 

4.5 P r o p a g a t i o n s ! Aspects and Anisotropy 

The i n t e r s t e l l a r magnetic f i e l d ensures t h a t cosmic 

rays (whether of G a l a c t i c or e x t r a g a l a c t i c o r i g i n ) reach us 

only a f t e r c o n s i d e r a b l e d e f l e c t i o n s from t h e i r o r i g i n a l paths, 

and i n both i n s t a n c e s i n t e r n a l G a l a c t i c propagation e f f e c t s 

are important. The gyroradius of a r e l a t i v i s t i c p a r t i c l e 

with charge Z, energy E i n a f i e l d of s t r e n g t h B (yG) i s given 

by 
E (eV) 

r L ( P C ) = Z x 9 x 1 0 ^ x B 4 ' 5 - 1 

Over the range we are concerned with ( l O ^ - 10^°eV) 
-5 

t h i s means t h a t r L v a r i e s from about 3 x 10 pc - 30 Kpc 

i n a t y p i c a l 3 yG f i e l d . More s i g n i f i c a n t , p a r t i c l e s with 

E a, 5 x lO^^eV have a Larmor r a d i u s which exceeds that of the 

t h i c k n e s s of the G a l a c t i c d i s c (̂  100 - 400 pc) wh i l e p a r t i c l e s 
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< 14 with E ^ 10 eV should be c l o s e l y bound to f i e l d l i n e s , a t 
l e a s t over s e v e r a l r o t a t i o n s . The d i s c appears t o be a t 
l e a s t 10 6 g y r o r a d i i for 1 0 1 1 - 1 0 1 2 eV p a r t i c l e s , so t h a t 
v i r t u a l l y a l l the information about the i n d i v i d u a l sources 
i s l o s t a t these e n e r g i e s . Hence, p a r t i c u l a r l y f o r E < 10 1 4eV, 
we are more l i k e l y to d etect an "anisotropy of propagation", 
and i t i s only a t the higher e n e r g i e s or i f n e u t r a l p a r t i c l e s 
are i n v o l v e d t h a t we may expect t o see an "anisotropy of 
s o u r c e s " . For most of the energy range, then, we expect 
propagation c o n d i t i o n s to determine the d i r e c t i o n a l d i s t r i ­
b ution, together with only some genera l f e a t u r e s of the 
source d i s t r i b u t i o n . 

Large and s m a l l s c a l e v a r i a t i o n s of the magnetic f i e l d 

are important i n propagation. Low energy p a r t i c l e s w i l l 

not 'see' the f i e l d change s i g n i f i c a n t l y over a few r o t a t i o n s , 

but f o r p a r t i c l e s i n the upper energy range the paths t r a v e r s e d 

w i l l h a r d l y be h e l i c a l , and may not complete even a s i n g l e 

r e v o l u t i o n i n the r e g u l a r f i e l d . A gradual changeover 
14 17 

should take p l a c e somewhere between 10 - 10 eV. With 
f i e l d i r r e g u l a r i t i e s on the s c a l e of 10 - 50 pc (Wilkinson 

and Smith 1974) we might expect a change a t around 1 0 1 6 eV. 
14 

Below 10 eV, where p a r t i c l e s are t r a c i n g f i e l d l i n e s , 

p i t c h angle s c a t t e r i n g w i l l r e s u l t from i n t e r a c t i o n s of 

p a r t i c l e s w ith the f l u c t u a t i n g component of the f i e l d as 

w i l l s m a l l displacements of the center of g y r a t i o n . At 

these e n e r g i e s the d i s t r i b u t i o n should be a x i a l l y symmetric 

about the f i e l d , i n other words depending only on the p i t c h 

angle. A x i a l symmetry w i l l s t r i c t l y only be v a l i d i n the 
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frame of r e f e r e n c e comoving with the gas ( i n t o which the 

f i e l d l i n e s w i l l be f r o z e n ) . For an observer moving w i t h 

v e l o c i t y v w i t h r e s p e c t to t h i s frame, the second and higher 

harmonics w i l l appear almost u n a l t e r e d , but the f i r s t 

( v e c t o r ) harmonic X w i l l be modified by a Compton-
~ r e s t 

G e t t i n g v e c t o r 

_?v C G = ( 2 + Y ) = _ 4.5.2. 

where y (- 2.6) i s the index of the d i f f e r e n t i a l energy 

spectrum. X = X + X_,_ w i l l not i n general be p a r a l l e l — — r e s t —CG 

to the magnetic f i e l d . Consequently a x i a l symmetry w i l l not 

be preserved i f 2nd or higher harmonics are p r e s e n t . However, 

by c o r r e c t i n g f o r X^ G (our motion w i t h r e s p e c t t o the gas i s 

known) we can r e s t o r e the symmetry. 

The spectrum of s m a l l s c a l e magnetic f i e l d f l u c t u a t i o n s 
i s c r i t i c a l f o r the energy dependence of propagation below 

14 
10 eV. I f t h e r e were no such f l u c t u a t i o n s then p a r t i c l e s 
would probably f o l l o w the f i e l d l i n e s a d i a b a t i c a l l y such t h a t 

2 
S i n 0/B = const where 0 i s the p i t c h angle (Pacholczyk, 

2 

1970), and e i t h e r be r e f l e c t e d ( S i n 0 = 1) or escape. Even 

here the s e p a r a t i o n of the f i e l d l i n e s w i l l be f a s t enough 

to e x e r c i s e a smoothing e f f e c t s i n c e l o c a l p a r t i c l e s would 

have t r a v e l l e d widely d i f f e r e n t paths i n the p a s t . I n t h i s case 

p a r t i c l e s which are c l o s e l y f o l l o w i n g f i e l d l i n e s should have 

a g r e a t e r chance of escape s i n c e they are l e s s e a s i l y 

s c a t t e r e d a t boundaries. Hence viewing along the f i e l d l i n e , 

the d i r e c t i o n of easy escape, fewer p a r t i c l e s would be 

detected. T h i s " l o s s cone" e f f e c t (Nagashima e t a l . , 1977) 

would produce both f i r s t and second harmonics. I f the s c a l e 
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of the mean free path were very much l e s s than t h e " s c a l e 
of divergence" (say the s c a l e f o r the f i e l d to halve) 
then only f i r s t and second harmonics should c o n t r i b u t e 
g r e a t l y . I f , however, the s c a l e s are approximately the 
same, higher harmonics w i l l be s i g n i f i c a n t . 

I t i s , however, u n l i k e l y t h a t f l u c t u a t i o n s are missing 

to the e x t e n t above where the p i t c h angle determines the 

escape p r o b a b i l i t y . Rather, i t i s probable t h a t Alfven 

waves (electromagnetic plasma waves) p l a y a p a r t i n s c a t t e r i n g 

p a r t i c l e s even though t h e i r energy d e n s i t y may be s m a l l 

compared to the main component. For low energy p a r t i c l e s , 

s c a t t e r i n g r e s u l t s i n the cosmic rays resembling a high 
2 TT 

energy gas. The spectrum of wavenumbers k = / x ( n e g l e c t i n g 

sources and d i s s i p a t i o n of turbulence) i s expected t o be given 

by a power law 

F(k) dk oc k _ Y dk 4.5.3 
5 3 where y. may equal — (Kolmogorov spectrum) or (Kraichen 

spectrum) . Resonant s c a t t e r i n g occurs when waves of wavelength 

comparable to 2irr T a r e p r e s e n t - the mean f r e e path between 
2-Y 

s c a t t e r i n g s i s then p r o p o r t i o n a l to E 1 . T h i s leads to a 

d e c r e a s i n g l i f e t i m e and hence t o a p r o p o r t i o n a l l y i n c r e a s i n g 

anisotropy, but a t present the u n c e r t a i n t i e s i n the amplitude 

of the wave spectrum /and the e x a c t wavenumber when d i s s i p a t i o n 

of turbulence becomes important prevent any r e a l c onclusions 

being drawn. At the moment, then, anisotropy measurements 

above 1 0 1 1 eV and data on the i n t e r s t e l l a r medium provide 

much b e t t e r information on propagation e f f e c t s than t h e o r e t i c a l 

p r e d i c t i o n s . 
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4 . 6 P r o p a g a t i o n Models 

P r o p a g a t i o n p a r a m e t e r s d e r i v e d from a n i s o t r o p y s t u d i e s 

may be compared w i t h o t h e r p a r a m e t e r s i f a p p r o p r i a t e models 

f o r p r o p a g a t i o n a r e a v a i l a b l e . D a n i e l (1977) h a s c l a s s i f i e d 

t h e s e models i n t o t h r e e main t y p e s , t h e D i s c H a l o model, t h e 

Leaky Box and t h e C l o s e d G a l a x y model. 

I n the D i s c H a l o model ( s e e e.g. G i n z b u r g and P t u s k i n , 

1 9 7 6 ) t t h e c o s m i c r a y s o u r c e s a r e assumed t o be 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 t h e G a l a c t i c d i s c . P a r t i c l e s d i f f u s e 

out o f t h e d i s c and i n t o a h a l o o f d i a m e t e r 10-20 Kpc and 

e s s e n t i a l l y random wa l k by s c a t t e r i n g o f f f i e l d f l u c t u a t i o n s 

i n t h e (weak) h a l o f i e l d . On r e a c h i n g t h e h a l o boundary t h e 

p a r t i c l e s a r e assumed l o s t . I f t h e h a l o gas d e n s i t y i s 

assumed t o be ^ 100 t i m e s l o w e r t h a n t h e d i s c d e n s i t y t h e n 
o 

t h e age o f c o s m i c r a y s s h o u l d be a b o u t 10 y e a r s . Low 

a n i s o t r o p i c s ' (< 0.1%) a r e p r e d i c t e d on t h i s model, and t h e 

grammage c a n be e x p l a i n e d i n t h e GeV r e g i o n . 

The L e a k y Box model l e a d s t o c o s m i c r a y l i f e t i m e s o f 
6 —2 10 y e a r s and 5 gm cm o f m a t t e r t r a v e r s e d . I t g i v e s 

h i g h e r a n i s o t r o p i e s (>0.7%) t h a n t h e D i s c h a l o model w h i c h 

a r e n o t c o n s i s t e n t w i t h t h e low a n i s o t r o p i e s o b s e r v e d below 
14 

10 eV. However, a s w i l l be s e e n l a t e r , s u c h l a r g e a n i s o t r o p i e s 

may n o t be t o t a l l y u n e x p e c t e d (Ma.rsden e t a l . 1976) . 

F i n a l l y , i n t h e c l o s e d G a l a x y model (Rasmussen and 

P e t e r s , 1 9 7 5 ) , i t i s assumed t h a t s o u r c e s a r e d i s t r i b u t e d 

i n t h e S p i r a l arms b u t p a r t i c l e s may d r i f t r e a d i l y a l o n g t h e 

arms. I n a d d i t i o n f p a r t i c l e s e s c a p e i n t o t h e h a l o where t h e y 

may n o t e s c a p e b u t l o s e e n e r g y by i n t e r a c t i o n w i t h t h e ISM. 
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T h i s l e a d s t o an " o l d " i s o t r o p i c component t h r o u g h o u t the G a l a x y 
and a "young" component, w h i c h dominates a t lower e n e r g i e s 
and i s c o n f i n e d t o t h e arms. The a n i s o t r o p y o f t h e young 
component r i s e s w i t h e n e r g y , a s i s o b s e r v e d . 

T h e s e models w i l l be d i s t i n g u i s h a b l e a s more a c c u r a t e 

measurements a r e made. I n p a r t i c u l a r , t h e age o f c o s m i c 

r a y s as deduced by d i f f e r e n t methods must be r e c o n c i l e d . The 

Be^° measurements f a v o u r t h e D i s c - H a l o model w h i l e t h e com­

p o s i t i o n age f a v o u r s t h e L e a k y Box model. 

4 .7 Cosmic Rays Below 1 0 ^ 1 eV 

Below 10"1"1 eV, e x a m i n a t i o n o f t h e c h e m i c a l c o m p o s i t i o n 

o f c o s m i c r a y s c a n g i v e i n f o r m a t i o n on two i m p o r t a n t 

c h a r a c t e r i s t i c s - t h e l i f e t i m e and t h e e n e r g y dependence 

o f grammage (x) o r p a t h l e n g t h t r a v e r s e d by t h e p a r t i c l e s . 
. 3 4 5 

E x a m i n a t i o n o f t h e f r a c t i o n o f l i g h t e l e m e n t s ( L i ,Be ,B ) 
i n t h e f l u x r e v e a l s t h e amount o f i n t e r s t e l l a r m a t t e r 

t r a v e r s e d w h i l e t h e p r o p o r t i o n o f r a d i o a c t i v e n u c l e i i n t h e 
10 5 3 2 37 

f l u x (Be ,Mn ,Np ) e n a b l e s t h e l i f e t i m e o f t h e p a r t i c l e s 

t o be d e r i v e d . 

C o s mic r a y s a r e known t o be e x t r e m e l y o v e r a b u n d a n t i n 

the l i g h t e l e m e n t s , L i , Be and B, compared w i t h t h e measured 

s o l a r and m e t e o r i c abundances (Rasmussen, 1 9 7 5 ) . T h e s e n u c l e i 

a r e u n l i k e l y t o b e p r o d u c e d d i r e c t l y i n s o u r c e s s i n c e t h e y 

would be " b u r n t up" i n n u c l e a r r e a c t i o n s . However, c a r b o n , 

n i t r o q e n and oxygen, by i n t e r a c t i o n s w i t h t h e i n t e r s t e l l a r 

medium, c a n p r o d u c e t h e s e l i g h t e l e m e n t s , t h e p r o p o r t i o n s o f 

wh i c h g i v e t h e amount o f s p a l l a t i o n o f t h e p a r e n t n u c l e i . 

The measurements a r e c o n s i s t e n t w i t h a mean grammage o f 
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-2 -2 5 - 10 g cm a t 1 GeV/nucleon, d e c r e a s i n g t o about 1.5 g cm 

a t 100 GeV/nucleon ( J u l i u s s o n , 1974, C a l d w e l l and Meyer, 

1977, L e z n i a k e t a l . , 1 9 7 7 ) . The grammage may be r e p r e s e n t e d 
ft 

by a power law < x > o c E p , 0.3 < 6 < 0 . 6 , i n t h i s range b u t 

t h i s r e m a i n s i n some doubt ( F o n t e s e t a l . , 1 9 7 7 ) . The p a t h 

l e n g t h d i s t r i b u t i o n a t a few GeV i s a p p a r a n t l y e x p o n e n t i a l 

a l t h o u g h t h e r e a p p e a r t o be d e f i c i t s o f p a r t i c l e s w i t h s h o r t 
-2 

p a t h l e n g t h s x < 1 g cm (Garcia-Munoz e t a l . , 1977, S h a p i r o 

and S i l v e r b e r g , 1 9 7 1 ) . T h i s i m p l i e s t h a t 'young* p a r t i c l e s 

d e r i v e d from l o c a l s o u r c e s may be r e l a t i v e l y s c a r c e , a con­

s e q u e n c e w h i c h i s examined l a t e r . R e c e n t c a l c u l a t i o n s 

( F o n t e s e t a l . , 1977) s u g g e s t t h e r e may be two d i s t i n c t 

p r o p a g a t i o n r e g i o n s , one below 5 GeV/n ( w i t h l e a k a g e mean 
_2 

f r e e p a t h = 5.5 g cm ) and one between 20 - 100 GeV/n 
-2 

(lmfp - 1.7 g cm ) , a g a i n i n d i c a t i o n o f a l a c k o f l o c a l 

s o u r c e s . C o m p o s i t i o n measurements would be d i f f i c u l t , b u t 

u s e f u l , a t h i g h e r e n e r g i e s . 

The c o m p o s i t i o n measurements g i v e an e s t i m a t e o f t h e 

l i f e t i m e s i n c e x = p c T C R . U s i n g a t y p i c a l d i s c d e n s i t y o f 
- 3 6 P = 1 cm we o b t a i n a l i f e t i m e o f T C R = (1-4) x 10 y e a r s . 

With a s u b s t a n t i a l h a l o , however, and a s s u m i n g t h a t t h e 
p a r t i c l e s s p end most o f t h e i r l i f e i n t h e h a l o , t h e n a b e t t e r 

_2 _ 3 o 
e s t i m a t e f o r p i s % 10 cm so t h a t T C R - (1-3) x 10 y e a r s . 

The l i f e t i m e may be c h e c k e d d i r e c t l y by u s i n g r a d i o a c t i v e 

n u c l e i a s a ' c l o c k ' . Data b a s e d on Be"'"0 s u r v i v a l a t about 
+2 7 

100 MeV/n g i v e T = 1 . 6 Q x 10 y e a r s (Garcia-Munoz e t a l . , 
1 9 7 7 ) . A t h i g h e r e n e r g i e s , t h e Be/B r a t i o g i v e s a l o w e r 

7 
l i m i t o f 10 y e a r s (Webber e t a l . , 1977) w h i l e more r e c e n t 

+2 2 7 
measurements (Webber & K i s h , 1979) g i v e 2.7 „ x 10 y e a r s . 
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7 
Combined, the most p r o b a b l e l i f e t i m e i s about 2.1 x 10 
y e a r s . I t s h o u l d be n o t e d t h a t t h e s e ages may w e l l be under­
e s t i m a t e s s i n c e t h e y a r e d e r i v e d u s i n g p a r t i c u l a r models o f 
p r o p a g a t i o n - what i s o f r e a l i m p o r t a n c e i s t h e s u r v i v i n g 
f r a c t i o n o f B e 1 0 w h i c h c a n t h e n be u s e d t o p r e d i c t t h e age 
f o r a g i v e n model. T h i s i s o f t h e o r d e r o f 0.15 between 
200 and 300 MeV/nucleon. 

I t a p p e a r s , t h e n , t h a t t h e low e n e r g y c o s m i c r a y s spend 

a c o n s i d e r a b l e t i m e i n r e g i o n s o f l o w e r gas d e n s i t y t h a n t h e 

d i s c , b u t n o t a s g r e a t a t i m e a s a s p h e r i c a l halo/grammage 

model would s u g g e s t . T h i s h y p o t h e s i s i s s u p p o r t e d by e v i d e n c e 

from t h e r e l a t i v e l y h i g h S y n c h r o t r o n r a d i a t i o n i n t e n s i t i e s 

o b s e r v e d a t h i g h G a l a c t i c l a t i t u d e s w h i c h s u g g e s t s t h a t c o s m i c 

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

These e l e c t r o n s a r e c e r t a i n l y o f G a l a c t i c o r i g i n ( s e c t i o n 4.1). 

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

d i s t r i b u t i o n o f 1 - 10 GeV c o s m i c r a y s . Combined w i t h d a t a on 

t h e gas d e n s i t y , t h e o b s e r v a t i o n s s u g g e s t a f a l l o f f i n t h e 

c o s m i c r a y d e n s i t y i n t h e d i r e c t i o n o f t h e G a l a c t i c a n t i ­

c e n t e r ( S t r o n g e t a l . , 1977, S t r o n g e t a l . , 1 9 7 8 ) . The 

Supernova remnant d i s t r i b u t i o n c l o s e l y f o l l o w s t h a t o f t h e 

i m p l i e d c o s m i c r a y d e n s i t y ( a s do t h e d i s t r i b u t i o n s o f o t h e r 

p o s s i b l e s o u r c e s ) s o t h a t i t i s assumed t h a t low e n e r g y 

c o s m i c r a y s p r o p a g a t e o n l y a s m a l l d i s t a n c e (< 2 Kpc) i n 

t h e G a l a c t i c p l a n e . An asymmetry i s a l s o shown i n the 

o b s e r v a t i o n s ; t h e i n t e g r a t e d cosmic r a y d e n s i t y a l o n g t h e 

l i n e o f s i g h t t o w a r d s l*J= 2 70° ( V e l a d i r e c t i o n ) i s 2.3 

t i m e s h i g h e r t h a n t o w a r d s S, I J= 90°. 
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These d a t a , a l t h o u g h c o n c e r n e d w i t h e n e r g i e s < 10"^ eV 

have some r e l e v a n c e f o r p r o p a g a t i o n a t h i g h e r e n e r g i e s . The 

c o n s t a n c y o f t h e LISM wind d i r e c t i o n and v e l o c i t y ( s e c t i o n 3.5.2) 

and the c o n s t a n t s p e c t r a l s l o p e o f t h e d i f f e r e n t i a l energy 
9 14 

s p e c t r u m ( f r o m 10 - 10 e V ) i m p l y a smooth change o f p r o p ­

a g a t i o n p a r a m e t e r s w i t h e n e r g y . I t i s by no means c e r t a i n , 

however, t h a t t h e p a t h l e n g t h ( a n d hence age) d e c r e a s e s a t 

t h e same r a t e above 10"^ eV o r changes more s l o w l y w h i l e 

s o u r c e i n t e n s i t i e s d e c r e a s e . A d e c r e a s i n g l i f e t i m e , a s a 

r e s u l t o f r e s o n a n t s c a t t e r i n g , does n o t o c c u r below ^ 1 0 ^ eV 

s i n c e damping becomes p r o g r e s s i v e l y s t r o n g e r a s k i n c r e a s e s . 

Any t u r b u l e n c e s h o u l d be the r e s u l t o f e x c i t a t i o n s i n d u c e d by 

the s t r e a m i n g o f t h e c o s m i c r a y s t h e m s e l v e s - s u c h s e l f - e x c i t e d 

waves might r e s t r i c t e s c a p e f a r from t h e p l a n e w h i l e 

s c a t t e r i n g n e a r e r t h e p l a n e m i ght be l e s s i m p o r t a n t . 

4.8 A n i s o t r o p y f o r a G a l a c t i c O r i g i n 

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

a n i s o t r o p y i s g i v e n by 
X = T / T r 4.8.1 de conf, 

where T, i s t h e d i r e c t e x i t t i m e ( f o r a r e l a t i v i s t i c de 
n e u t r a l p a r t i c l e s u c h as a photon) f o r a p a r t i c l e t o l e a v e 

the Galaxy and T
c o n £ i s t n e c o n f i n e m e n t t i m e . T h i s e q u a t i o n 

i s b ased on t h e a s s u m p t i o n t h a t t h e r e i s n o t much more s t r e a m i n g 

t h a n n e c e s s a r y f o r t r a n s p o r t i n g c o s m i c r a y s from t h e i n n e r 

( s o u r c e ) r e g i o n s t o t h e boundary where t h e y e s c a p e . 

F o r a h a l o o f 5 - 10 Kpc , T , w i l l be o f t h e o r d e r o f 
* / de 

4 few x 10 y e a r s . T c w i l l d e c r e a s e w i t h e n e r g y i f J c o n f y j 

a 
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<x> a E~~? Between 1 0 1 1 and 1 0 1 4 eV t h e 

l i f e t i m e i s l i k e l y t o v a r y as E ° - E ~ 0 * ^ . The a n i s o t r o p y 

w i l l t h e n be p r o p o r t i o n a l t o E° - E 0 * 5 . A t 1 0 9 eV t h e l i f e t i m e 
7 6 14 i s 2 x 10 y e a r s and t h u s i t may f a l l t o 10 y e a r s a t 10 eV. 

The a n i s o t r o p y e x p e c t e d i s t h e n o f t h e o r d e r o f 1 0 ~ 4 t o 
- 3 

10 though t h i s w i l l v a r y c o n s i d e r a b l y w i t h p o s i t i o n i n t h e 

G a l a x y , depending on t h e s o u r c e d i s t r i b u t i o n and f i e l d s t r u c t u r e 

I n o r n e a r t h e G a l a c t i c p l a n e s m a l l e r a n i s o t r o p i e s a r e 

e x p e c t e d due t o t h e symmetry o f t h e s t r e a m i n g . T h i s w i l l i n 

p a r t be compensated by t h e e f f e c t s o f any n e a r b y s o u r c e s o r 

f i e l d i r r e g u l a r i t i e s , which a c t t o i n c r e a s e t h e a n i s t r o p y . 

T h e r e i s a l s o a n e f f e c t s p e c i f i c t o t h e m a g n e t i c f i e l d 

and u n r e l a t e d t o e s c a p e : t h e r e w i l l be an a n i s o t r o p y 

( s t r e a m i n g ) i n t h e d i r e c t i o n B x VU where U i s t h e c o s m i c r a y 

d e n s i t y . The e q u i v a l e n t component o f X w i l l be i n t h e 

d i r e c t i o n VU x B and o f a p p r o x i m a t e magnitude r l-^UI where 
L U 

r L i s t h e Larmor r a d i u s . 
14 17 

A t h i g h e r e n e r g i e s , between 10 - 10 eV, h i g h e r 

a n i s o t r o p i e s a r e e x p e c t e d as f i e l d e f f e c t s become l e s s 

dominant. B e l l e t a l . (1974) h a v e p r e d i c t e d a n i s o t r o p i e s by 

e x a m i n i n g t h e e n e r g y dependence o f t h e s c a t t e r i n g on m a g n e t i s e d 

i n t e r s t e l l a r c l o u d s . From t h i s , t h e e n e r g y dependence o f 

the l i f e t i m e was p r e d i c t e d and w i t h i t t h e c o r r e s p o n d i n g 

a n i s o t r o p y . T h e s e p r e d i c t i o n s were o n l y s l i g h t ] y i n e x c e s s 

of t h e e x p e r i m e n t a l o b s e r v a t i o n s . 

Above 1 0 ^ eV i n d i v i d u a l G a l a c t i c s o u r c e s c o u l d p o s s i b l y 

be d e t e c t e d and m i g h t e v e n g i v e a l a r g e c o n t r i b u t i o n t o t h e 
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o b s e r v e d f l u x . However, above t h i s e n e r g y e v e n t s become 

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

T h e r e a r e no r e l i a b l e p r e d i c t i o n s f o r t h e e x p e c t e d a n i s o t r o p y 

i n t h i s regime and i t i s h e r e where, a s remarked e a r l i e r , an 

e x t r a g a l a c t i c o r i g i n seems more l i k e l y . 

4.9 E x t r a g a l a c t i c A n i s o t r o p y 

With an e x t r a g a l a c t i c o r i g i n s m a l l e r a n i s o t r o p i e s a r e 

e x p e c t e d e v e n i n t h e ' l o c a l c l u s t e r models' i n w h i c h n e a r b y 

c l u s t e r s o r groups o f G a l a x i e s a r e e x p e c t e d t o be t h e 

dominant c o n t r i b u t o r t o t h e l o c a l f l u x . T h e r e may be a 

s i g n i f i c a n t s t r e a m i n g o f p a r t i c l e s between G a l a x i e s b u t 

s c a t t e r i n g by G a l a c t i c f i e l d s w i l l r e d u c e the G a l a c t i c 

a n i s o t r o p y c o n s i d e r a b l y , e x c e p t a t t h e h i g h e s t e n e r g i e s where 

s c a t t e r i n g may be n e g l e c t e d . The r e d u c t i o n e x p e c t e d i s g i v e n 

b Y K 4.9.1 
T r e s where T,. i s t h e d i r e c t t r a n s i t t i m e d t 

( c . f . T, i n s e c t i o n 4.8 ) and T i s t h e G a l a c t i c r e s i d e n c e de r e s 
t i m e ( c . f . T

c o n f ) • K depends on t h e f i e l d geometry b u t i s 

o f o r d e r u n i t y . 

As mentioned p r e v i o u s l y , a t r u e u n i v e r s a l f l u x may be 

e x p e c t e d t o be i s o t r o p i c w i t h r e s p e c t t o t h e frame o f t h e 

u n i v e r s a l microwave b a c k g r o u n d r a d i a t i o n . Smoot e t a l . (1977) 

have measured t h e v e l o c i t y o f t h e G a l a x y r e l a t i v e t o t h i s 

frame d i r e c t l y , and found a v e l o c i t y of 603 hm s~^~ .towards 

U 1 1 , ^ 1 1 ) = (261°, 3 3 ° ) . T h i s would g i v e , from t h e Compton-

G e t t i n g e f f e c t , an a n i s o t r o p y o f 0.9% e x t e r n a l t o t h e G a l a x y . 
3 11 

T h i s v a l u e w i l l be r e d u c e d by a f a c t o r o f about 10 a t 10 eV 
3 14 

and by 30 - 10 a t 10 eV u s i n g t h e e q u a t i o n above. A 
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f u r t h e r r e d u c t i o n i s e x p e c t e d s i n c e a l l o w i n g f o r G a l a c t i c 

r o t a t i o n t h e s o l a r v e l o c i t y i s o n l y 390 ± 60 hm s ~ ^ (towards 

(Si11, b11) = (248°, 56°)) r e l a t i v e t o t h e u n i v e r s a l f r a me. 

F o r t h e h i g h e s t e n e r g y p a r t i c l e s , a s s u m i n g t h e y a r e n o t 

d e f l e c t e d s i g n i f i c a n t l y by t h e G a l a c t i c f i e l d , t h e a n i s o t r o p y 
- 3 

w i l l t h e r e f o r e be o f t h e o r d e r o f 5 x 10 , but l o c a l 
-4 14 

a n i s o t r o p i c s w i l l p r o b a b l y n o t e x c e e d 10 a t 10 eV and 
-5 11 

10 a t 10 eV, a r e s u l t o f t h e l o n g measured r e s i d e n c e t i m e s . 
11 14 

The o b s e r v e d a n i s o t r o p y v a l u e s i n t h e r a n g e 5 x 10 - 10 eV 
-4 

a r e , a s w i l l be s e e n l a t e r , a p p r o x i m a t e l y 5 x 10 o v e r t h e 

r a n g e : t h i s c o n s t a n c y g i v e s a s t r o n g argument a g a i n s t an 

e x t r a g a l a c t i c o r i g i n . E v e n i f an e x t r a g a l a c t i c component 
14 

were i m p o r t a n t f o r E > 10 eV i t would be u n l i k e l y t o c a u s e 
18 

an o b s e r v a b l e a n i s o t r o p y up t o 10 eV where t h e G a l a c t i c f i e l d 

i s i n e f f e c t t r a n s p a r e n t t o p r o t o n s . 

One f i n a l n o t e h e r e ; t h e G a l a c t i c m o t i o n a s measured 

by Smoot e t a l . i s n o t i n agreement w i t h t h e measurements 

of R u b i n e t a l . , (1976 ) c o n c e r n i n g G a l a c t i c m o t i o n w i t h 

r e s p e c t t o t h e l o c a l group o f g a l a x i e s . The o b v i o u s i n t e r ­

p r e t a t i o n i s t h a t t h e l o c a l group i s n o t s t a t i o n a r y w i t h 

r e s p e c t t o t h e b l a c k - b o d y f i e l d . 

4.10 G e n e r a l D i r e c t i o n f o r A n i s o t r o p y 

F i g u r e 3.2 shows t h e i m p o r t a n t d i r e c t i o n s r e l e v a n t t o 

a n i s o t r o p y work f o r b o t h a G a l a c t i c and M e t a g a l a c t i c o r i g i n . 

Assuming a G a l a c t i c o r i g i n , l o w e r e n e r g y p a r t i c l e s a r e 

e x p e c t e d t o follow f i e l d l i n e s and s t r e a m from more t o l e s s 

d e n s e r e g i o n s . T h i s would make t h e i n w a r d s p i r a l arm 

d i r e c t i o n SPdN) t h e b e s t g e n e r a l d i r e c t i o n f o r t h e maximum 
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and p r e s u m a b l y t h e l o c a l f i e l d d i r e c t i o n a s s o c i a t e d w i t h t h i s 

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

of f i e l d d i r e c t i o n w i t h d i s t a n c e s u g g e s t s t h a t t h e r e s h o u l d 

a l s o be a change of s t r e a m i n g d i r e c t i o n w i t h e n e r g y . I n 

a d d i t i o n , t h e s t r e a m i n g c o u l d be a t 180° from t h e SPCIN) 

d i r e c t i o n ( t o w a r d s SP(0UT)) i f a l o c a l r e v e r s e g r a d i e n t were 

e s t a b l i s h e d a s a r e s u l t o f t h e s t r o n g e s t s o u r c e b e i n g i n 

t h a t d i r e c t i o n . A l t e r n a t i v e l y , i f t h e r e were a r a d i a l inward 

d e n s i t y g r a d i e n t t h e n a B x VU t y p e o f a n i s o t r o p y would be 

e x p e c t e d w i t h a maximum t o w a r d s b 1 1 = 90° ( f o r a f i e l d 

p o i n t i n g t o w a r d s = 90°) . T h i s component may be i m p o r t a n t 
14 17 

from 10 t o 10 eV where p a r t i c l e s a r e n o t so c o n f i n e d t o 

th e s p i r a l arm f i e l d s . F o r p a r t i c l e s > l O ^ e V t h e G a l a c t i c 

c e n t e r (GC) would be a good d i r e c t i o n t o e x p e c t a maximum, 

and i n a d d i t i o n t h e r e would be an enhancement t o w a r d s t h e 

G a l a c t i c p l a n e . 

With a mixed o r p u r e l y e x t r a g a l a c t i c o r i g i n , i f t h e 

h i g h energy p a r t i c l e s a r e p r o d u c e d i n G a l a x i e s a s s o c i a t e d 

w i t h t h e l o c a l s u p e r c l u s t e r , t h e n a maximum i n t h a t 

d i r e c t i o n (SGC) would be e v i d e n t . With a p u r e l y U n i v e r s a l 

o r i g i n and a t lower e n e r g i e s , t h e d i r e c t i o n o f motion o f 

t h e Sun (SBB) r e l a t i v e t o t h e b l a c k body r a d i a t i o n would g i v e 

t h e d i r e c t i o n o f maximum, though G a l a c t i c f i e l d s would a l t e r 

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

The d e f l e c t i o n of e x t r a g a l a c t i c p a r t i c l e s i n t h e G a l a c t i c 

f i e l d c a n be e s t i m a t e d f o r t h e most i m p o r t a n t c a s e o f i n c i d e n c e 

a t h i g h G a l a c t i c l a t i t u d e s . F o r a p a r t i c l e of c h a r g e Z, and 

e n e r g y E ( e V ) t h e d e f l e c t i o n i s 
6 = ( 0 . 5 - 5 ) Z l O ^ V E ( e V ) d e g r e e s . 4.10.1 
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19 I n t h e b e s t i n s t a n c e , f o r p r o t o n s o f e n e r g y > 10 eV, 
i t t h e r e f o r e a p p e a r s p o s s i b l e t o i d e n t i f y s p e c i f i c e x t r a -
g a l a c t i c s o u r c e s - as s u m i n g t h a t e x t r a g a l a c t i c f i e l d s a r e 
n e g l i g i b l e . With an e x t r a g a l a c t i c f i e l d o f (nG) and 
f o r a s o u r c e r(Mpc) d i s t a n t , t h e n t h e d e f l e c t i o n of a p a r t i c l e 
o f c h a r g e Z and e n e r g y E ( e V ) w i l l be 

6 D * 3 x 1 0 1 9 Z B E ( n G ) r / E 4.10.2 

as s u m i n g m o t i o n p e r p e n d i c u l a r t o t h e f i e l d . I f t h e f i e l d 

h a s n e q u a l " c e l l s " o v e r r w i t h a random o r i e n t a t i o n i n 

e a c h , however, t h e n 8 D i s r e d u c e d by a f a c t o r fn ( K i r a l y 

e t a l . , 1 9 7 5 ) . 

The t h e o r e t i c a l e v i d e n c e s u g g e s t s B„ £ 1 nG w h i l e 

K r o n b e r g , ( 1 9 7 7 ) , u s i n g d a t a from t h e r o t a t i o n m e a s u r e s o f 
k k 

Q u a s a r s , found t h a t B E r2 < 9 nGMpc ( w i t h H Q = 50, ft = 1 
and a c o m p l e t e l y i o n i s e d i n t e r g a l a c t i c medium). I f t h i s were 

to 

t o h o l d ^ a l i k e l y n e a r b y s o u r c e , M87 ( r = 20 Mpc), and t h e r e 

were no f i e l d i r r e g u l a r i t i e s t h e n t h e d e f l e c t i o n would n o t 

be g r e a t e r t h a n 15° f o r p r o t o n s o f 1 0 2 0 e V . T h i s i s o f c o u r s e 

an o v e r e s t i m a t e s i n c e t h e f i e l d w o u ld c o n t a i n some i r r e g u l a r i t i e s 

and i s u n l i k e l y t o r u n p e r p e n d i c u l a r t o t h e l i n e o f s i g h t . 

I t a p p e a r s , t h e n , a s though e x t r a g a l a c t i c s o u r c e s s h o u l d a l s o 

be d e t e c t a b l e . 

However, t h e m a g n e t i c f i e l d i n c l u s t e r s o f G a l a x i e s i s 

a l m o s t c e r t a i n l y much l a r g e r t h a n t h a t s u g g e s t e d by t h e 

K r o n b e r g r e l a t i o n . X - r a y d a t a i m p l y i n t e r g a l a c t i c gas 
d e n s i t i e s o f 10 ^ atoms cm ^, and i n some c l u s t e r s d e n s i t i e s 

-2 3 

as h i g h a s 10 atoms/cm . I f e q u i p a r t i t i o n o f e n e r g y 

h e l d , t h e n f i e l d s o f 0.1 yG would be e x p e c t e d . I f f i e l d s 

a s h i g h a s t h i s were p r e s e n t t h r o u g h o u t t h e L o c a l S u p e r -

c l u s t e r t h e n i d e n t i f i c a t i o n o f i n d i v i d u a l s o u r c e s would be 
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i m p o s s i b l e . 

4.11 I m p l i c a t i o n s o f H i g h e r Harmonics 

I t i s u s u a l w i t h p r o p a g a t i o n models, p a r t i c u l a r l y a t 

low e n e r g i e s , t o c o n s i d e r o n l y t h e f i r s t v e c t o r h a r m o n i c , 
13 14 

however b o t h t h e Musala and N o r i h u r a e x p e r i m e n t s (10 -10 eV) 

o b s e r v e d s i g n i f i c a n t s e c o n d h a r m o n i c s ( s u p p o r t e d by t e s t s ) 

w h i c h s h o u l d be i n c o r p o r a t e d i n t o a n i s o t r o p y t h e o r y . The 

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

c a r r i e s i n f o r m a t i o n on t h e s c a t t e r i n g p r o c e s s e s i n t h e 

i n t e r s t e l l a r f i e l d . K o t a and Somogyi (1977) have c o n s i d e r e d 

s e v e r a l mechanisms w h i c h may be r e s p o n s i b l e f o r g e n e r a t i n g 

h i g h e r h a r m o n i c s . Note t h a t t h e l o c a l c h a r a c t e r i s t i c s o f 

t h e i n t e r s t e l l a r f i e l d may have maximum i n f l u e n c e i n 

d e t e r m i n i n g t h e h i g h e r h a r m o n i c s . 

The s e c o n d o r d e r a n i s o t r o p y may be c a l c u l a t e d u s i n g a 

s i m p l e d i f f u s i o n model e x t e n d e d t o i n c l u d e t h e s e c o n d o r d e r 

moments o f t h e u s u a l t r a n s p o r t e q u a t i o n . I f A i s t h e 

s c a t t e r i n g mean f r e e p a t h and r t h e c h a r a c t e r i s t i c l e n g t h 

o v e r w h i c h t h e c o s m i c r a y d e n s i t y v a r i e s t h e n t h e a m p l i t u d e 

o f t h e n t h h a r m o n i c w i l l - b e o f t h e o r d e r ( ^ ^ r ) 1 1 . H i g h e r 

h a r m o n i c s c o n s e q u e n t l y r a p i d l y become n e g l i g a b l e . 

E a r l (19 75) h a s , however, shown t h a t h i g h e r h a r m o n i c s 

w i t h a m p l i t u d e s o f t h e same o r d e r a s f i r s t h a r m o n i c s a r i s e 

i f an a n i s o t r o p i c p i t c h a n g l e d i f f u s i o n model i s a d o pted. 

H e r e , t h e a m p l i t u d e o f h i g h e r h a r m o n i c s depends on s c a t t e r i n g 

d e v i a t i o n s from t h e i s o t r o p i c norm and on t h e f i e l d changes 

o v e r t h e d i s t a n c e X. I s o t r o p i c s c a t t e r i n g g e n e r a t e s h a r m o n i c s 

i n a s i m i l a r manner t o d i f f u s i o n models ( f o r a c o n s t a n t 

background f i e l d ) w h i l e a n i s o t r o p i c s c a t t e r i n g ( w i t h a 

u n i f o r m m a g n e t i c f i e l d ) g e n e r a t e s l a r g e a m p l i t u d e odd 



h a r m o n i c s , w h i c h c o n t r i b u t e t o l o w e r ( s p e c i a l ) h a r m o n i c s 

L a s t l y , i f t h e s c a l e o f v a r i a t i o n o f background f i e l d i s 

c o n s i d e r a b l y s m a l l e r t h a n t h e s c a l e f o r s c a t t e r i n g , l a r g 

e ven h a r m o n i c s may be g e n e r a t e d by a d i a b a t i c focussing„ 

a r e s u l t , t h e measurements o f s e c o n d h a r m o n i c s , though 

d i f f i c u l t , a r e u s e f u l i n l i m i t i n g t h e p r o p a g a t i o n modes 

and may r e v e a l a s p e c t s o f t h e d e t a i l e d s t r u c t u r e of t h e 

Very l o c a l m a g n e t i c f i e l d . 
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CHAPTER 5 
OBSERVATIONAL AND S T A T I S T I C A L ASPECTS 

5.1 O b s e r v a t i o n a l A s p e c t s 

5.1.1 The v a r i o u s t y p e s o f measurement I d e a l l y t h e 

a n g u l a r d i s t r i b u t i o n o f c o s m i c r a y s s h o u l d be measured o u t s i d e 

the s p h e r e o f s o l a r i n f l u e n c e - b u t a t p r e s e n t t h i s i s c l e a r l y 

i m p o s s i b l e and s u i t a b l e d e t e c t o r s a r e too s m a l l t o g a i n 

s u f f i c i e n t s t a t i s t i c s t o d e t e c t a n i s o t r o p i c s above l O ^ e V . 

The b a c k g r o u n d o f lo w e r e n e r g y p a r t i c l e s i s d i f f i c u l t t o 

remove and t h e c o u n t i n g r a t e s t o o low t o g i v e any m e a n i n g f u l 

r e s u l t s . 

Ground b a s e d d e t e c t o r s c o l l e c t many more e v e n t s b u t 

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

s i n c e o n l y t h e s e c o n d a r y decay p r o d u c t s , p r o d u c e d i n t h e 

atmosphere, c a n be measured. I n p a r t i c u l a r t h e s e p r o d u c t s 

c o n s i s t o f t h r e e main components, t h e n u c l e o n , meson and 

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

of t h e p r i m a r y , models o f shower development must be employed 

and a t m o s p h e r i c / i n s t r u m e n t a l e f f e c t s a l l o w e d f o r . I t i s 

t h i s t h a t l e a d s t o u n c e r t a i n t y i n t h e measurements. 
12 

Underground muon d e t e c t o r s a r e u s e d below ^ 10 eV 

and p r o v i d e v a l u a b l e i n f o r m a t i o n . The background from l o w e r 

energy p r i m a r i e s i s e l i m i n a t e d by a b s o r b t i o n o f t h e e q u i v a l e n t 

low e n e r g y muons i n t h e r o c k above t h e a p p a r a t u s . T y p i c a l 
_ o 

depths a r e 10 t o 100 hg cm . Un f o r t u n a t e l y ; above a few 
12 

10 eV t h e muon i n t e n s i t y i s n o t s u f f i c i e n t l y h i g h f o r 

adequate s t a t i s t i c s s i n c e t h e h i g h e r e n e r g y s e c o n d a r y p i o n s 

produced i n t e r a c t i n t h e h i g h e r atmosphere i n s t e a d o f d e c a y i n g 

t o muons. 



4 8 

S m a l l a i r shower a r r a y s a t mountain a l t i t u d e s a r e u s e d 
12 15 

t o o b s e r v e p a r t i c l e s o f p r i m a r y e n e r g y 10 - 10 eV. 

High c o u n t i n g r a t e s a r e p o s s i b l e w h i c h makes t h i s a u s e f u l 

range i n w h i c h t o a c c u r a t e l y d e t e r m i n e a n i s o t r o p i e s . 

However, n o t much i n f o r m a t i o n c a n be g a i n e d about i n d i v i d u a l 

e v e n t s e x c e p t a t s l i g h t l y h i g h e r e n e r g i e s where t h e c o u n t 

r a t e i s l o w e r . The a r r a y s r e l y on s i m p l e c o i n c i d e n c e 
t e c h n i q u e s and a r e n o r m a l l y r u n f o r s e v e r a l y e a r s . Beyond 

17 

10 eV, complex g i a n t a i r shower a r r a y s a r e r e q u i r e d . They 

y i e l d good d i r e c t i o n a l and p r i m a r y e n e r g y i n f o r m a t i o n f o r 

i n d i v i d u a l s h o w e r s . A t s u c h h i g h e n e r g i e s , i f a t m o s p h e r i c 

e f f e c t s a r e c o r r e c t e d f o r , t h e d e t e c t i o n o f a n i s o t r o p i c s i s 

o n l y l i m i t e d by t h e s t a t i s t i c s o f a r r i v a l t i m e s . 

S i n c e t h e c o s m i c r a d i a t i o n i s n e a r l y i s o t r o p i c , s t a b l e 

equipment i s needed i n a n i s o t r o p y work. T h e r e f o r e , 

d e t e c t o r s a r e s t a t i o n a r y w i t h r e s p e c t t o t h e e a r t h , r e l y i n g 

on t h e e a r t h ' s r o t a t i o n t o s c a n i n R.A. a t c o n s t a n t 

d e c l i n a t i o n . I n t e r c a l i b r a t i o n of d e t e c t o r s a t d i f f e r e n t 

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

I n e s s e n c e , t h e n , o n l y t h e e q u a t o r i a l components o f t h e 

a n i s o t r o p y can be m e a s u r e d from the s i d e r e a l i n t e n s i t y 

v a r i a t i o n . The p o l a r component c a n n o t , o f c o u r s e , be measured 

(but s e e S e c t i o n 6.1) • 

5.1.2 Harmonic a n a l y s i s o f a n i s o t r o p i e s Nagashima e t 

a l . (1972) have n o t e d t h e i m p o r t a n c e o f s p h e r i c a l h a r m o n i c s 

P ^ m ( 6 , a ) i n a n i s o t r o p y work, and t h e i r r e l a t i o n t o m u l t i p o l e 

e x p a n s i o n s s i m i l a r t o e q u a t i o n 2.1.6. M u l t i p o l e t e r m s o f o r d e r 
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g i v e s p h e r i c a l h a r m o n i c s P ^ t " 5 ^ ) w i t h |m|<k, P k m c o n t r i b u t i n g 

t o the m s i d e r e a l h a r m o n i c . 

For m = o t h e r e i s hence no v a r i a t i o n ( t h e s e t e r m s 

c o n t r i b u t i n g t o t h e u n o b s e r v a b l e p o l a r component). Note 

t h a t i f t h e r e i s o n l y a s i m p l e v e c t o r a n i s o t r o p y t h e n a 

measurement a t j u s t one d e c l i n a t i o n i s a l l t h a t i s r e q u i r e d 

t o measure t h e e q u a t o r i a l component, w h i l e i f s e c o n d o r d e r 

t e r m s a r e a l s o p r e s e n t , t h e n two measurements a t d i f f e r i n g 

d e c l i n a t i o n s a r e r e q u i r e d t o s e p a r a t e t h e c o n t r i b u t i o n t o t h e 

v e c t o r harmonic from t h e t e n s o r term, c a l l e d t h e f i r s t 

s p e c i a l h a r m o n i c . Th e s e c o n d h a r m o n i c s a t e q u a l b u t 

o p p o s i t e d e c l i n a t i o n s s h o u l d then be t h e same. 

A complete s p a t i a l d e s c r i p t i o n o f t h e a n i s o t r o p y i s 

n o t p o s s i b l e e v e n w i t h measurements a t a l l d e c l i n a t i o n s - the 

p o l a r component a t t h e l e a s t r e m a i n s unknown. I f we may 

assume a x i a l symmetry, f o r w h i c h we have a f i r m t h e o r e t i c a l 

b a s i s below 1 0 ^ eV^ t h e n t h e r e i s some 

improvement i n t h e s i t u a t i o n . The symmetry a x i s o f t h e 

d i s t r i b u t i o n s h o u l d t h e n be a l o n g t h e d i r e c t i o n o f t h e l o c a l 

m a g n e t i c f i e l d . We t h e n h a v e , from e q u a t i o n 2.1.6 t h e 

a n i s o t r o p y f u n c t i o n r e d u c e d t o 

A(e) = X ( 1 ) COS 6 + | X ( 2 ) ( C o s 2 6 ~ 3) + §A ( 3 )(coS 3e-jG>Sg^ 
5.1.1 

B 

where Cos 8 = (e . =•) . The f u n c t i o n i s c o m p l e t e l y s p e c i f i e d 

by a knowledge o f t h e f i e l d d i r e c t i o n and t h e X ^ v a l u e s . 

The c o n s t a n t s a r e c h o s e n so t h a t w i t h Cos 6 = 1 (maximum 

v a l u e ) # t h e X ^ v a l u e s g i v e t h e ' a m p l i t u d e ' o r maximum 



51 

d e v i a t i o n from z e r o . I g n o r i n g t e r m s o f o r d e r v>.3 and 

w r i t i n g ( i n e q u a t o r i a l c o - o r d i n a t e s ) e i n terms o f a,6 

and B i n term s o f <*Q,&0 ( a s i n e q u a t i o n 2.1.2 )we have 

X(e) = { X ( 1 ) Cos a (Cos 6 Cos a Q Cos &Q) + |- X ( 2 ) Cos a 

(2 Cos 5 Cos a Cos 6 S i n 6 S i n 6 ) + X ( 1* S i n a o o o 
(Cos 6 S i n a Cos 6 ) + -| X ( 2 ) S i n a (2 Cos 6 S i n a o o z o 
Cos 6^ S i n 6 S i n 6 ) } o o 

3 2 (2^ 2 ? 2 3 (2) 7 + {4 Cos a \K ' (Cos 6 Cos a Cos 6 ) + 4 * S i n a 
O O Z 

( C o s 2 6 S i n 2 a C o s 2 6 ) + -| X ( 2 ) Cos a S i n a o o z 

(2 C o s 2 6 Cos a C o s 2 8 S i n a ) } o o o 
+ ( X ( 1 ) S i n 6 S i n & + \ X ( 2 ) ) 5.1.2 

o 
C o n s i d e r i n g f i r s t o r d e r t e r m s i n a w i t h A = Cos 6 Cos 6 

x ( 2 ) 
B = 3 S i n 6 S i n 6 — r * - r - and d i f f e r e n t i a t i n g w i t h 

o 
r e s p e c t t o a we have 

- S i n a X ( 1 ) A Cos a (1+B) + Cos a X ( 1 ) A S i n a (1+B) 
o o 

5.1.3 
w h i c h h a s a maximum ( o r minimum) when t a n a = t a n a o r 

o 
when a = a + ir n. o 

S i m i l a r l y , by c o n s i d e r i n g s e c o n d o r d e r terms i n a t h e 

secon d harmonic c a n be shown t o have a maximum when a = 

a Q + nn o r a = a Q + nu - I n d e e d , a l l h a r m o n i c s o f an 

a x i a l l y s y m m e t r i c d i s t r i b u t i o n h ave maxima a t a = a Q so t h a t 

i n p r i n c i p l e a s i n g l e measurement a t a g i v e n d e c l i n a t i o n 

would r e v e a l i f t h e d i s t r i b u t i o n were a x i a l l y s y m m e t r i c . 

T h i s p h a s e r e l a t i o n a p p l i e s o n l y t o t h e " r e s t frame" f o r 

cos m i c r a y s ( t h e frame o f t h e l o c a l i n t e r s t e l l a r medium) s o 

the o b s e r v e d f i r s t h a r m o n i c s h o u l d be c o r r e c t e d f o r s o l a r 

motion r e l a t i v e t o t h a t f r a m e . Note t h a t t h e s e c o n d harmonic 
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(tensor) term i n equation 5 . 1 . 2 c o n t r i b u t e s two terms to 

the f i r s t harmonic and these we c a l l the s p e c i a l f i r s t 

harmonic. I f we c o n s i d e r a d e c l i n a t i o n - 6 then these terms 

change sicrn s i n c e S i n ( - 6 ) = - S i n ( 6 ) . I f , t h e r e f o r e , we 

measure a f i r s t harmonip A + B i n the Northern hemisphere 

and i n the South A - B, the f i r s t s p e c i a l harmonic, B, i s 

e a s i l y found by s u b t r a c t i o n . Some t y p i c a l angular d i s t ­

r i b u t i o n s are shown i n F i g u r e 5 . 1 . 

Higher order s p a t i a l a n i s o t r o p i e s are harder to e s t a b l i s h 

e x p e r i m e n t a l l y f o r a v a r i e t y of reasons and even i f the 

A ^ v a l u e s are comparable to A ^ . F i r s t , f o r a x i a l l y 
th 

symmetric d i s t r i b u t i o n s , the v S i d e r e a l harmonic w i l l be 

reduced by a f a c t o r C o s V 6 C O S V 6 Q for p u r e l y geometrical reasons, 

as seen i n equation 5 . 1 . 2 I f e i t h e r d e c l i n a t i o n i s w e l l 

above the G a l a c t i c plane the r e d u c t i o n i n amplitude w i l l be 

s u b s t a n t i a l and w i l l a f f e c t higher harmonics to a g r e a t e r 

e x t e n t . Second, some r e d u c t i o n w i l l r e s u l t from the f i n i t e 

time and energy r e s o l u t i o n of the equipment i f the anisotropy 

i s dependent on e i t h e r time or energy. I t i s of course, im­

probable t h a t the anisotropy i s s t r o n g l y time dependent 

over time s c a l e s of 1 0 - 2 0 y e a r s , but one remote p o s s i b i l i t y 

i s t h a t f l u c t u a t i o n s could be caused by the a r r i v a l of l a r g e 

numbers of n e u t r a l p a r t i c l e s (perhaps n e u t r i n o s ) produced 

i n a supernova e x p l o s i o n . These would a r r i v e i n a s h o r t 

b u r s t p o s s i b l y over a few months. A l a r g e number of high 

energy n e u t r i n o s would be needed. However, i t i s known that 

the c r o s s - s e c t i o n for i n t e r a c t i o n of n e u t r i n o s i n c r e a s e s 

with energy up to about 1 0 0 GeV. I f t h i s were to continue, 
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e x t r a p o l a t i o n g i v e s a c r o s s - s e c t i o n t h a t c r o s s e s t h a t for 
17 

nucleons a t about 5 x 10 eV. With regard to energy, most 

de t e c t o r s have a f a i r l y broad response so t h a t p r i m a r i e s 

outside the decade centered on the median v a l u e c o n t r i b u t e 

to the counting r a t e . About 20% of the t o t a l for muon 

de t e c t o r s and 40% f o r s m a l l a i r shower a r r a y s i s gained i n 

t h i s way, and may w e l l a c t to reduce the measured anisotropy. 

Most a r r a y s w i l l accept p a r t i c l e s from a l a r g e angular 

range r e s u l t i n g i n a smoothing out of the angular d i s t r i b u t i o n , 

p a r t i c u l a r l y f o r higher harmonics. T h i s e f f e c t can be con­

s i d e r a b l e i n reducing the amplitude of measured harmonics. 

I f the angular acceptance i s p r o p o r t i o n a l to C o s % , where 

tjj i s the angle from the detector a x i s , then the amplitude 

reduction i s (y + l ) / ( y + 2) for ordinary f i r s t harmonics, 

y/(y + 3) f o r f i r s t s p e c i a l and second harmonics, and 

(y - 1) (y + l ) / ( y + 2) (y + 4) f o r f i r s t and second s p e c i a l j 

and t h i r d harmonics. y i s g e n e r a l l y about 6 f o r s m a l l EAS 

det e c t o r s and about 2 f o r underground muon t e l e s c o p e s . For 

higher harmonics t h i s r e d u c t i o n i s c o n s i d e r a b l e . 

5.2 S t a t i s t i c a l Aspects of Anisotropy 

The i n i t i a l aim of anisotropy measurements i s to r e ­

co n s t r u c t the l o c a l angular d i s t r i b u t i o n of cosmic r a y s . I n 

most experiments, and p a r t i c u l a r l y a t higher e n e r g i e s , the 

data gathered a r e not of s u f f i c i e n t s t a t i s t i c a l accuracy to 

permit t h i s . Consequently a more modest aim i s to examine 

the data f o r the presence of a genuine S i d e r e a l v a r i a t i o n i n 

a given energy range. Any p o s i t i v e i n d i c a t i o n of anisotropy 

can then be co n s i d e r e d a g a i n s t the e x p e c t a t i o n s derived from 
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a s t r o p h y s i c a l c o n s i d e r a t i o n s such as the s t r u c t u r e of the 

l o c a l G a l a c t i c f i e l d . K i r a l y and White (1975) have drawn 

a t t e n t i o n to three p o s s i b l e methods of a n a l y s i s ; harmonic, 
2 

X t e s t d e v i a t i o n s from averages and comparison w i t h 

t h e o r e t i c a l e x p e c t a t i o n . Only the f i r s t method i s con­

s i d e r e d here, s i n c e not only i s i t the most commonly used 

but i n a d d i t i o n appears b e s t s u i t e d f o r anisotropy a n a l y s i s , 

except at u l t r a - h i g h e n e r g i e s where data are s c a r c e . The 

s t a t i s t i c a l a s p e c t s connected with anisotropy have r e c e n t l y 

been analysed i n d e t a i l by L i n s l e y (1975a). Here, a b r i e f 

review of the main r e s u l t s i s given f o r the a n a l y s i s of a 

s i n g l e data measurement. T h i s i s followed by an a n a l y s i s of 

the e f f e c t of combining s e v e r a l measurements a t comparable 

energies i n order to f i n d the best energy dependence of 

amplitude from a s e r i e s of m a r g i n a l l y or n o n - s i g n i f i c a n t 

data. I n t h i s c a s e the c o n c l u s i o n s drawn w i l l be somewhat 

d i f f e r e n t from those of L i n s l e y . 

5.3 S i n g l e Measurement A n a l y s i s 

I n an experiment at a given energy performed with a 

detector p o i n t i n g towards d e c l i n a t i o n 6 , the raw data 

c o l l e c t e d are the n i n d i v i d u a l a r r i v a l d i r e c t i o n s (phases) 

of the detected events. I t i s here i n i t i a l l y assumed t h a t the 

number of events detected i n a given i n t e r v a l of s i d e r e a l 

time obeys P o i s s o n i a n s t a t i s t i c s . I t i s a l s o assumed t h a t the 

exposure of each time i n t e r v a l to events i s equal and t h a t 

spurious s i d e r e a l v a r i a t i o n s caused by atmospheric e f f e c t s 

or instrumental i n s t a b i l i t i e s have been removed or are i n ­

s i g n i f i c a n t . F u r t h e r , i t i s assumed t h a t the data s e t of n 
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phases \J>̂ , ty^ , . . . ̂ n (o <i|>< 2TT) have n e g l i g i b l e e r r o r and 
equal weight. 

The problem, then, i s t o determine a best estimate from 

the phases of the two dimensional v e c t o r s_ (composed of 

amplitude s and phase a) which r e p r e s e n t s the genuine f i r s t 

s i d e r e a l harmonic. (Note t h a t i n ge n e r a l a l l the harmonics 

can be handled independently provided a l l are s m a l l compared 

with the co n s t a n t term). At the l e a s t i t should be determined 

i f s_ i s s i g n i f i c a n t l y d i f f e r e n t from zero. In general we 

estimate the p e r p e n d i c u l a r components of the f i r s t harmonic 

s t o be 

2 n „ n 
a = - I C O S I J J b = - Z Sin\li 5.3.1 n , T v n , v v=l v=l 

which combine to d e f i n e a f i r s t s i d e r e a l amplitude r and 

phase ij> of a v e c t o r r such t h a t 

r = ><a2 + b 2), R = n r and = (\j/ i f b>o, a>o 
+ TT i f a<o 5.3.2 

( i j / + 2ir i f b<o, a>o 

where R i s the t o t a l amplitude, and ip/ = a r c t a n (—), 

~\ ^ / ^ \ • T ^ e e s t i m a t e s a and b are unbiased (a s t a t i s t i c 

t , used to est i m a t e a parameter s, i s b i a s e d i f the mean 

value of t over a l l p o s s i b l e samples i s not equa l to s) and 

hence r forms an unbiased estimate of s_. L i n s l e y has 

pointed out t h a t an exact analogy e x i s t s to the problem of 

a random walk i n two dimensions (with equal step length) i f 

the data s e t are drawn from a population i n which the 

phases are uniformly d i s t r i b u t e d over o - 2 I T , i n other words 

when s i s zero. E x a c t s o l u t i o n s t o t h i s problem e x i s t 
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(e.g. Kluyver 1906) but a l l t h a t need concern us here i s 

the Rayleigh formula (Rayleigh, 1880) g i v i n g the p r o b a b i l i t y 

of o btaining, i n the l i m i t for l a r g e n / an 

amplitude g r e a t e r than r 
- n r 2 

w(>r) = exp — ^ — = exp - k Q or a l t e r n a t i v e l y 

T h i s formula has been shown to be a c c u r a t e for v a l u e s 

of n as s m a l l as 5 ( L i n s l e y , 1 9 7 5 ( b ) ) . 

For l a r g e n, the e s t i m a t e s of a and b i n equation 5.3.1. are 

independent though they are of course l i n k e d f o r i n d i v i d u a l 

I J K . The c e n t r a l l i m i t theorem ensures t h a t a and b have 

normal d i s t r i b u t i o n s so t h a t the d i s t r i b u t i o n of r i s given 

by the two-dimensional Gaussian 
r - s 2 

f ( £ } = ho* g x p - { = I 2 5 ^ - ) 5 - 3 - 5 

with o 2 = 2 . 

n 

This corresponds to the s i t u a t i o n i n which data were 

drawn a t random from a population c h a r a c t e r i s e d by phase a 

and amplitude s", r e l a x i n g the f i r s t assumption mentioned above. 
2 2 

The f a c t o r (r - s) /a = t may be i d e n t i f i e d w i t h the 
2 

X d i s t r i b u t i o n w ith two degrees of freedom so t h a t 
6 (t) = k exp - -J and 

• 5.3.6 
p ( t ' > t ) = exp - i 

We may then c o n s t r u c t a confidence c i r c l e around the 

endpoint of r so t h a t i f the o r i g i n l i e s o utside of the 

c i r c l e we can r e j e c t the hypothesis t h a t the genuine 

anisotropy v e c t o r s i s equal t o zero t o the given l e v e l of 

confidence. Normally, though, we t e s t the zero hypothesis 
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by a p p l i c a t i o n of equation (5.3.4) to determine the chance 

p r o b a b i l i t y of o b t a i n i n g r . I f exp - k Q < 0.05 #(k 3) ; we 

have l e s s than a 5% chance t h a t the d i s t r i b u t i o n was i n i t i a l l y 

random. 

From equation (5.3.5) we may d e r i v e the p r o b a b i l i t y of 

r i n dr and ij/ i n dty as 

P r ^ dr di|) = ^ exp - ( r
2 + s

2 -2xs cos r dr di|) 

5. 3.7 

By i n t e g r a t i n g w i t h r e s p e c t t o r or ^ the d i f f e r e n t i a l 

p r o b a b i l i t y d i s t r i b u t i o n of amplitude or phase may be obtained. 
2 2 2 2 2 2 P u t t i n g r + s 2rs Cos ^ = (r - s Cos ip) - s Cos + s 
2 

and k = s 0/4 we have 
00 

2TT P = ^ exp(-k) exp (k C O S 2 I | J ) J r e x p ( - -̂) ( r - s Cos iM dr 
* o 

CO 

or 2IT P^ = A J r exp - j ( r - s Cos ij/) dr 5.3.8 
o 

with x = r - s C O S I J J we have 

°° 2 00 2 
2TT P̂ , = A J x exp - ^ j - dx + A / s Cos exp -Q^- dx 

- s Cosi j ; - s C O S I J J 

5.3.9 

S u b s t i t u t i n g y = we get 
00 2 2 2 2 2ir P = A ( - exp (-k Cos + f, exp (-y ) s Cos^ dy) 

I X ^ - k ' C o s * 

= exp-k {1 + s A Cos <j/ exp (k Cos i|<) £ exp - y dy} 
-k 2Cos\j) 

5.3.10 

Now 

J; 
^ k^Cos i|i 2 

J exp - y z d y = J exp - y^dy 1 + / exp - y dy, i f Cos\{i i s p o s i t i v e 
-k^Cos* ° \ o 

-k^Cos 2 

- J exp -y dy, i f Cos^ i s negative 
O 

5.3.11 
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and e r f ( x ) = — J exp - u 2du, / exp - y 2 d y = — 5.3.12 
/ I T o o 2 

so 

2TT = exp - k { l + /(Trk)Cos $ exp (k C o s 2 * ) [ 1 + L erf(Ufc*C«lf9l 

5.3.13 

The s i g n of L depends on the s i g n of C o s ( * - a). 

I n t e g r a t i n g equation ( 5.3.13) w i t h r e s p e c t to r we have 

2TT 

- £ exp - £ ( r 2
 + s 2 , / exp d\|> 

- exp - £ <r 2
 + s 2> exp fl* 

- f& exp - & ( r 2
 + s 2 ) I D 

or p dk = e " ( k + ko> I (2 >EK" ) dk 5.3.14 
• K - Q *-> O O 

where I i s the zero order modified B e s s e l f u n c t i o n . 

By using equation (5.3.14) and expanding u s i n g 

I o < z ) \ i 0 $ 

to i n t e g r a t e term by term, the e x p e c t a t i o n value of k Q can 

e a s i l y be shown to be (appendix 1) 

< k Q > = k + 1 5.3.16 

A l t e r n a t i v e l y equation (543.5) may be d i r e c t l y used to 
show 

2 2 2 

< r * > = s z + 2o^ 5.3.17 

when s>>fY^, P^ and P r approximate normal d i s t r i b u t i o n s w ith 

standard d e v i a t i o n equal to a = (2k and o = /- 5.3.18 

r e s p e c t i v e l y . I t should be s t r e s s e d t h a t corresponds to 

the standard d e v i a t i o n of j u s t one component of the v e c t o r 

amplitude and i s correspondingly s m a l l e r than the d e v i a t i o n 

of the s c a l a r amplitude u n l e s s the amplitude i s very much 

gre a t e r than the e r r o r , and f u r t h e r that i t i s only a v a l i d 
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measure of the standard d e v i a t i o n under the c o n d i t i o n s t a t e d . 

I t i s apparant t h a t from a s i n g l e measurement the best 
2 

e s t i m a t e we can make for a i s I)J , but f o r s or s t h e r e i s no 

such obvious c h o i c e . L i n s l e y , by t a k i n g the s i m p l e s t 

p o s s i b l e case of assuming a p r i o r i a uniform d i s t r i b u t i o n 

for s and a i n which a l l possible values of s are e q u a l l y 

r e p r e s e n t e d , d e r i v e d the p r o b a b i l i t y of s i n ds, a i n da to 

be 
k . , k 

P s , a = E ( 7 r ) 71 r I Q ( 0 / 2 ) ] [ e x p - fV(s 2 + \x2 - 2rS Cose)/4] 
5.3.19 

from which the a and s d i s t r i b u t i o n s can be d e r i v e d i n a 

s i m i l a r manner to the r and $ d i s t r i b u t i o n s : 
2TiPa = [ l o ( o / 2 ) 3 " 1 e x p [ k o ( C o s 2 e - ? 5 ) l C l + L e r f (L k Q ^ Cos 6) 

5.3.20 
k k 

and = [2( o / T T ) ^ / I o ( o / 2 ) ] exp L - k ^ ^ + h ) } V 2 1^ 
where E = — s r 

However, i t i s not a l t o g e t h e r reasonable t o assume, for 

example, t h a t the p r o b a b i l i t y t h a t ,2<s<.21 i s the same as e.g. 

the p r o b a b i l i t y t h a t 1.5<s<1.51. Moreover, the estimate of 

s formed i n t h i s way i s b i a s e d - s ;can only be p o s i t i v e and 
2 

w i l l tend to i n c r e a s e as energy i n c r e a s e s because o w i l l 
2 

i n c r e a s e . From equation (503.17) an unbiased estimate of S 

i s seen to be r 2 - 2o 2 but c a r e must be taken not to r e j e c t 

n e g a t i v e v a l u e s as 'non p h y s i c a l " or t h i s too w i l l become 

b i a s e d . 

5.4 M u l t i p l e Measurements 

When s e v e r a l measurements have been made a t comparable 

e n e r g i e s and d e c l i n a t i o n s the problem a r i s e s of how best to 
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combine the d a t a . We assume t h a t t h e r e are N measurements 

of n^ events ( e q u i v a l e n t t o one experiment repeated N times) 

y i e l d i n g amplitudes r ^ , ^ , . . . * ^ . C l e a r l y more weight should 

be given to the measurements w i t h the g r e a t e s t number of 

events so the t o t a l amplitudes should be used: 

1 J 1 

I t can be shown t h a t x has the s m a l l e s t standard d e v i a t i o n 

of a l l unbiased e s t i m a t e s of s and i n t h i s sense i s the 

best combination of the N measurements. x i s a l s o a 

s u f f i c i e n t s t a t i s t i c - the j o i n t d i s t r i b u t i o n of the r. 

va l u e s can be expressed as a product of two f a c t o r s , one 

independent of s and the other g i v i n g the d i s t r i b u t i o n of 

x f o r a given s. 

However, i f e x t r a f l u c t u a t i o n s are present such as 

a r i s e from f a i l u r e to c o r r e c t p r o p e r l y f o r atmospheric 

f l u c t u a t i o n s , i n s t r u m e n t a l i n s t a b i l i t i e s , or we combine 

measurements a t d i f f e r e n t e n e r g i e s , the simple v e c t o r i a l 

combination may not be s a f e to use. I n such c a s e s i t may be 

b e t t e r to combine only the phases of the experiments. 

A l t e r n a t i v e l y , and e s p e c i a l l y a t higher e n e r g i e s , we may 

suspect the phases to vary r a p i d l y with both energy and the 

d e c l i n a t i o n of viewing, i n which case a combination of the 

s c a l a r amplitude data (such as the sum of the squares of 

the amplitudes) would be a p p r o p r i a t e . The amplitude f l u c t u a t i o n s 

at high e n e r g i e s are u n l i k e l y t o be s u b s t a n t i a l . 

Of c o u r s e , by u s i n g e i t h e r of these a l t e r n a t i v e s we are 

r e j e c t i n g h a l f of the a v a i l a b l e information so i t i s of 

i n t e r e s t to t e s t the r e l a t i v e e f f i c i e n c y of u s i n g only 
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amplitude or phase data. 

To t h i s end the f o l l o w i n g four methods of combination 

were compared by computing the 'power* of each t e s t : 

1. Using the v e c t o r i a l (amplitude and phase) amplitudes 

(This i s simply f o r use as a r e f e r e n c e ) . 

2. Using the sum of the squared s c a l a r amplitudes. 

3. Using only phase information. 

4. Using only the maximum amplitude of each measurement. 

The e f f e c t of combining, f o r example, j u s t two or f i v e or 

N experimental r e s u l t s was a l s o c o n s i d e r e d . 

The second method completely r e j e c t s the phase of each 

measurement and d e a l s only w i t h the sum of the squares of 

amplitudes, w h i l e the t h i r d t e s t adds N u n i t v e c t o r s with 

the phases as observed. Method 4 i s expected to be the 

"weakest" o v e r a l l , s i n c e only 1/2N of the information i s 

being used, although i t must be remembered t h a t i t i s the most 

s i g n i f i c a n t amplitudes t h a t a r e being considered. 

To compute the l o s s of i n f o r m a t i o n , N random ( i . e . 

w i t h X = s/o = 0) s e t s of amplitude and phase were n u m e r i c a l l y 

generated many times and combined according to methods 2-4 

above. T h i s was done i n order t o e s t a b l i s h the a b s o l u t e value 

f o r each t e s t a t which i t would be assumed, to 95% confidence, 

t h a t t h e r e was a genuine s i g n a l . For the v e c t o r i a l 

combination this value i s simply /6N. We then compute the 

p r o b a b i l i t y t h a t a genuine s i g n a l x i s shown to be genuine 

a t the 95% confidence l e v e l , when the combination r e l a t e s to 

1-4 above, by s i m u l a t i n g data drawn from a population 

c h a r a c t e r i s e d by * and r e j e c t i n g the x = o case whenever 
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the v a l u e of the combined amplitudes (or sum of the squares) 
exceeds t h e absolute v a l u e . x i s allowed to vary from 
zero to i n f i n i t y . The cas e s where N = 2,5 and 10 are shown 
on f i g u r e s (5.2 - 5.4). The y a x i s r e p r e s e n t s the p r o b a b i l i t y 
of a r r i v i n g a t the c o n c l u s i o n t h a t s i s genuine to 95% 
confidence. 

Having found the power of the t e s t s f o r N measurements 

each w i t h t h e same u n d e r l y i n g s/a, the case f o r N v a l u e s 

with d i f f e r e n t v a l u e s of X was evaluated assuming a "spectrum" 

of the form s = a V S where a i s a c o n s t a n t and o<s <°°. 
v o o 

T h i s corresponds t o the combination of r e s u l t s of d i f f e r e n t 

energy. Two v a l u e s of a were chosen, a = 1.15 t o correspond 

to the v a l u e i m p l i e d by the L i n s l e y and Watson (1977) data 

(see s e c t i o n 6.7) and a somewhat l a r g e r v a l u e , a = 1.5, to 

t e s t the e f f e c t of a steep spectrum. The r e s u l t s a r e shown 

fo r N = 10 on f i g u r e s 5.5 and 5.6. 

Note t h a t f o r N<5 using amplitude i n f o r m a t i o n i s as good 

as or b e t t e r than u s i n g only the phase i n f o r m a t i o n . However, 

for N>5 the phase information proves p r o g r e s s i v e l y b e t t e r than 

amplitudes alone. I n a l l c a s e s the v e c t o r combination i s 

the most powerful method of combining s e r i e s of d a t a , as 

one would expect, w h i l e use of j u s t the maximum amplitude 

proves p r o g r e s s i v e l y worse as N i n c r e a s e s . 
l a r g e s t 

With the s p e c t r a l assumption only t h e ^ ( s m a l l v) v a l u e s 

have a g r e a t e f f e c t on the f i n a l r e s u l t . The sharper the 

spectrum becomes, the l e s s e f f i c i e n t each t e s t becomes. 

5.5 Maximum l i k e l i h o o d 

The technique of maximum l i k e l i h o o d i s of use i n 

obt a i n i n g b e s t f i t s t o anisotropy data. I f we have reason 

to suspect from a s e r i e s of anisotropy r e s u l t s a t d i f f e r i n g 

e nergies t h a t s = a E L , where a and b a r e c o n s t a n t s , then a 
and b may be estimated as f o l l o w s : 
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The e f f e c t of combining anisotropy measurements 

P is the p r o b a b i l i t y of a r r i v i ng a t the c o n c l u s i o n 

that s is genu ine to 9 5 % c o n f i d e n c e . X is 

the r a t i o o f the genuine s iderea l ampl i tude ( s ) 

to the s tandard e r r o r / (2/n) . N is t h e number 



o f e x p e r i m e n t s , which each de fec ted n p a r t i c l e s , 

to be combined . 

The various types of combination are 

V Vector combination 

Ph : Phase in format ion only , assuming u n i t ampl i tude 

A The sum of the squared scalar ampl i tudes 

MA : Using only the maximum ampli tude 
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From e q u a t i o n 5.3.14 t h e p r o b a b i l i t y d e n s i t y f o r k Q i s 

p ( k o ) d k Q = I o ( 2 / ~ k k o ) e " ( k + k o } d k Q 5.5.1 

F o r n e q u a l l y s p a c e d measurements ( i n e n e r g y ) w i t h t h e 

l o w e s t e n e r g y e q u a l t o E we mav w r i t e 

s v = a 2 (v = o , l . . .n) o r 

k v = a 2Vh/2oxl 5.5.2 
The p r o b a b i l i t y d e n s i t y o f t h e o b s e r v e d a m p l i t u d e s i s 

t h e n s i m p l y 
- ( k , +k ) P ( k o o ' k o l ' " - k o n > v=4 ^ 0 ( 2 / - T T T T v ) e ^ W V ] 5.5.3 

The k^ v a l u e s c a n be w r i t t e n i n terms o f a and b and t h e 

known a v a l u e s . T h i s g i v e s a l i k e l i h o o d f u n c t i o n 

L ( a ' b l k o o ' k o l - " k o n > S=8CI o<2 ^ o v k v ( a , b ) ) e - ( k v ( a ' b ) + k o v ) ] 
5.5.4 

n —k 

The f a c t o r s i r _ ^ e ov a r e i n d e p e n d e n t o f a and b s o t h a t t h e r e 

i s a p r o d u c t L Q ( a , b ) t h a t i s n o r m a l i s e d ( u n i t y ) f o r a = o: 
L o ( a ' b ) ^ o ^ o ^ A o v ^ C a . b ) ) e x p " k ^ b b 5.5.5 
By v a r y i n g t h e p a r a m e t e r s a,b t o f i n d t h e maximum v a l u e 

o f L Q t h e maximum l i k e l i h o o d e s t i m a t e s of a,b a r e found and 
2 

hence t h e e s t i m a t e o f s . T h i s t e c h n i q u e i s u s e d i n s e c t i o n 

7.2. 

5.6 S p u r i o u s s i d e r e a l v a r i a t i o n s 

Any a n i s o t r o p y d a t a , b u t p a r t i c u l a r l y t h a t g a i n e d a t 

low e r e n e r g i e s , may be s u b j e c t t o a number o f e f f e c t s t h a t 

i n t r o d u c e s p u r i o u s s i d e r e a l o r s o l a r v a r i a t i o n s . S p e c i f i c a l l y 

t h e s e may a r i s e f r o m a t m o s p h e r i c , i n s t r u m e n t a l o r e x t r a ­

t e r r e s t r i a l e f f e c t s . 

S i n c e t h e p e r i o d o f t h e s i d e r e a l day d i f f e r s o n l y by 

4 m i n u t e s from t h e s o l a r day d a t a a r e needed f o r a t l e a s t one 

compl e t e y e a r t o s e p a r a t e t h e e f f e c t s . The p r o b l e m a r i s e s 
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b e c a u s e an e f f e c t o f p e r i o d i c i t y one s o l a r day may be 

modulated by a y e a r l y v a r i a t i o n t o p r o d u c e two s i d e b a n d s 

w i t h p e r i o d s o f 2 3 h r s 56 mins ( s i d e r e a l day) and 24 h r s 

04 mins ( a n t i s i d e r e a l - d a y ) . C o n s e q u e n t l y a t m o s p h e r i c 

p r e s s u r e and t e m p e r a t u r e v a r i a t i o n s must be c a r e f u l l y 

m o n i t o r e d t o a l l o w a p p r o p r i a t e c o r r e c t i o n s t o be made. 

Te m p e r a t u r e i n d u c e d h a r m o n i c s a r e l e s s e a s i l y s e p a r a t e d 

from t h e d a t a . 

I n s t r u m e n t a l e f f e c t s a r e h o p e f u l l y s m a l l i n modern 

e x p e r i m e n t s . S y s t e m a t i c e r r o r s c a n p r o b a b l y be r e d u c e d t o 

a b o u t 0.01%. 

E x t r a t e r r e s t r i a l e f f e c t s c a n g e n e r a t e h a r m o n i c s i n 

b o t h s i d e r e a l and s o l a r t i m e . S i n c e t h e e a r t h s p i n s i n t h e 

same s e n s e a s i t o r b i t s t h e sun a C o m p t o n - G e t t i n g t y p e 

a n i s o t r o p y r e s u l t s of a b o u t .5% a t 6 h r s s o l a r t i m e . The 

e c c e n t r i c i t y o f t h e o r b i t r e s u l t s i n an a n n u a l m o d u l a t i o n 

o f some 1% w h i c h f o r t u n a t e l y c a u s e s n e g l i g i b l e s i d e r e a l 

a n i s o t r o p y . Below 3 x 10^"'"eV a s o - c a l l e d ' c o r o t a t i o n 

a n i s o t r o p y ' i s e x p e c t e d t o become s i g n i f i c a n t w i t h a p h a s e 

o f 18 h r s s o l a r t i m e / a r i s i n g from t h e b a l a n c e o f o u t w a r d 

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

H e l i o s p h e r e . I n a d d i t i o n , i f c o s m i c r a y s a r e i s o t r o p i c 

w i t h r e s p e c t t o t h e G a l a x y ( w h i c h i s q u e s t i o n a b l e ) t h e n a 

s t r a i g h t f o r w a r d C ompton-Getting a n i s o t r o p y r e s u l t s a t 18 h r s 
_2 

s i d e r e a l t i m e w i t h a m p l i t u d e 3 x 10 %. 

5.7 A s p e c t s o f S o l a r M o d u l a t i o n 

S o l a r m o d u l a t i o n i s a d i r e c t r e s u l t o f s o l a r m a g n e t i c 

f i e l d s b e i n g c a r r i e d o u t w i t h t h e h i g h l y i o n i s e d i n t e r -
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s t e l l a r w i n d . A t some p o i n t e q u i l i b r i u m w i l l be r e a c h e d 

w i t h t h e i n t e r s t e l l a r p l a s m a and t h e m a g n e t i c f i e l d beyond 

t h e e a r t h o r b i t . A c o m p l i c a t i o n a r i s e s however, s i n c e t h e 

UV e m i s s i o n from t h e sun c a n i o n i s e t h e i n t e r s t e l l a r g a s . 

C o n s e q u e n t l y b o t h s o l a r w i n d a n d i o n i s i n g UV a r e i m p o r t a n t i n 

d e t e r m i n i n g t h e boundary o f t h e s o l a r i n f l u e n c e ( h e l i o s p h e r e ) . 

The s i z e o f t h e H I I r e g i o n t h u s g e n e r a t e d i s > 100 AU 

(Oba^oshi 1970) . The s o l a r w i n d , w i t h v e l o c i t y o f a b o u t 

300-500 km s \ e s t a b l i s h e s an i n t e r p l a n e t a r y f i e l d o f t h e 

form ( i n h e l i o c e n t r i c c o - o r d i n a t e s ) 
r r 

i = B ( — ) , B r t = B (-r o r ' 0 o r - v 
r „ r 0 y, - rfi 

B r = 13 ( ~ ) , B r t = 13 ( - V ) s i n 6 5.7.1 
r 

where r Q = S o l a r r a d i u s , i s t h e a n g u l a r v e l o c i t y o f t h e sun, 

v i s t h e s o l a r wind v e l o c i t y , and B i s t h e f i e l d a t r = r 
J o o 

( S a k u r a i , 1974) . The t o t a l f i e l d i s a p p r o x i m a t e l y 

B = B o ( I ° ) 2 ' / l + ( r f i / v r ) 2 5.7.2 

T h e o r e t i c a l l y t h e e q u a t i o n s may be u s e d t o c a l c u l a t e 

cosmic r a y t r a j e c t o r i e s a t t h e low e n e r g i e s and t h i s h a s 

i n d e e d been done (Marsden e t a l . 1 9 7 6 ) . The d i f f i c u l t y w i t h 

t h i s a p p r o a c h i s t h a t t h e boundary i s s u s p e c t e d t o be un­

s t a b l e and i n a d d i t i o n t h e h e l i o s p h e r e may n o t be s p h e r i c a l . 

I t i s i n t e r e s t i n g t o examine t h e e q u i l i b r i u m p o i n t f o r 

s o l a r c o s m i c r a y s and r a d i a t i o n w i t h t h e i n t e r s t e l l a r 
33 

norm. The r a d i a t i o n from t h e whole sun i s some 3.8 x 10 
e r g s The e n e r g y d e n s i t y a t t h e e a r t h i s t h e n a b o u t 

8 — 3 
3.6 x 10 eV cm . T a k i n g t h e CR ener g y d e n s i t y t h r o u g h o u t 
t h e G a l a x y a s 1 eV cm e q u i l i b r i u m i s r e a c h e d a t a b o u t 

4 
1.8 x 10 AU. The s o l a r w i n d h a s an e n e r g y d e n s i t y o f about 
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5.3 x 10 eV cm a t t h e earth» T h i s b a l a n c e s w i t h t h e 

a v e r a g e G a l a c t i c m a g n e t i c e n e r g y d e n s i t y a t a d i s t a n c e o f 

ab o u t 130 AU. T h e s e s h o u l d be compared w i t h t h e e q u i l i b r i u m 

o f i n t e r p l a n e t a r y m a g n e t i c f i e l d / i n t e r s t e l l a r f i e l d a t 

^ 11 AU. 
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CHAPTER 6 

EXPERIMENTAL OBSERVATIONS 

6.1 E x p e r i m e n t a l D a t a 1 0 1 1 - I P 1 2 eV 

Measurements h e r e a r e made p r i m a r i l y w i t h underground 

muon t e l e s c o p e s a t s h a l l o w d e p t h s , b u t w h i l e l a r g e numbers 

of e v e n t s a r e d e t e c t e d ( e n a b l i n g v a r i a t i o n s a s s m a l l a s 

0. 01. t o be me a s u r e d - t h e l i m i t t o w h i c h s y s t e m a t i c 

i n s t r u m e n t a l e r r o r s c a n be r e d u c e d ) t h i s r e g i o n r e m a i n s t h e 

most c o n f u s i n g and c o n t r o v e r s i a l . The p r o b l e m s a r i s e from 

d e f l e c t i o n s i n t r o d u c e d by t h e i n t e r p l a n e t a r y f i e l d w h i c h 

must be a l l o w e d f o r i n i n t e r p r e t i n g t h e d a t a . T h e r e a r e 

two a s p e c t s o f i m p o r t a n c e s 

1. The i n t e r p l a n e t a r y f i e l d c a n change t h e d i r e c t i o n and 

r e d u c e t h e a m p l i t u d e w h i c h would be o b s e r v e d i f t h e r e were 

no d i s t o r t i n g f i e l d . I n p r i n c i p l e by knowing t h e d e t a i l e d 

s t r u c t u r e o f t h e f i e l d a nd c a l c u l a t i n g t h e t r a j e c t o r i e s o f 

p a r t i c l e s t h r o u g h t h e f i e l d t h i s c a n be a l l o w e d f o r . 

2. I n c o m i n g p a r t i c l e s may g a i n o r l o s e e n e r g y a s a r e s u l t 

of t h e e l e c t r i c f i e l d a s s o c i a t e d w i t h t h e S o l a r w i n d . T h i s 

p r o d u c e s an a n i s o t r o p y o f t h e form 

A I ( t ) = I ( Y + 2) A E ( T ) / E 6.1.1 

where E i s t h e p r i m a r y e n e r g y , A E ( t ) t h e e n e r g y l o s s ( o r 

g a i n ) o f a p a r t i c l e a l o n g i t s p a t h and a r r i v i n g a t t i m e t , 

and y i s t h e e x p o n e n t o f t h e d i f f e r e n t i a l e n e r g y s p e c t r u m . 

AE w i l l be t h e same a l o n g any t r a j e c t o r y i n a p o t e n t i a l f i e l d 

(and hence A I / I = o ) , b u t i t i s a p p a r e n t t h a t t h e s e c t o r 

s t r u c t u r e o f t h e i n t e r p l a n e t a r y f i e l d w i l l i n t r o d u c e 

d i s t o r t i o n s s i n c e a c h a n g i n g m a g n e t i c f i e l d r e s u l t s i n a 

n o n - p o t e n t i a l e l e c t r i c f i e l d . 
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We have n o t e d a l r e a d y t h a t an a n i s o t r o p y a r i s i n g from 
S o l a r i n d u c e d s i d e r e a l v a r i a t i o n i s e x p e c t e d w i t h p h a s e a t 
6 h r s , s o t h a t any e x p e r i m e n t t h a t r e v e a l s a p h a s e n e a r t h i s 
may be t h e r e s u l t o f S o l a r i n f l u e n c e . However, a d i f f e r e n t 
phase c a n be e x p e c t e d i f we a d m i t t h e p o s s i b i l i t y o f a non-
s p h e r i c a l s o l a r c a v i t y . T h e r e i s a s y e t no e v i d e n c e on t h e 
shape o f t h e s o l a r m o d u l a t i o n r e g i o n . I t a p p e a r s from t h e 
S o c o r r o measurements ( S w i n s o n 1976) t h a t i n c r e a s i n g s o l a r 
a c t i v i t y i n c r e a s e s t h e f i e l d dependent component, s u g g e s t i n g 
a s o l a r o r i g i n . 

P r i o r t o 1970 measurements i n t h e N o r t h e r n h e m i s p h e r e 
3 -2 

a t London (60 m.w.e. = 6 x 10 g cm ) , Bu d a p e s t (40 m.w.e.), 

S o c o r r o (80 m.w.e.) and T o r i n o (80 m.w.e.) were a l l c o n s i s t e n t 

w i t h an a m p l i t u d e o f ^ 0.03% a t 18 h r s R.A. a s e x p e c t e d by 

a Compton-Getting S o l a r m o tion w i t h r e s p e c t t o t h e l o c a l 

s t a n d a r d o f r e s t . A r e c e n t B u d a p e s t r e s u l t (Kecskemet!, 1978) 

u s i n g Hobart and B u d a p e s t d a t a from 1958 - 63 s i m i l a r l y g i v e s 

an a m p l i t u d e and p h a s e o f 0.02% a t 5 h r s R.A. f o r t h e f i r s t 

h a r m o n i c . Y e t i n t h e S o u t h e r n h e m i s p h e r e a l o n g s t a n d i n g 

r e s u l t a t Hobar t ( F e n t o n , 19 7 6 ) , though showing a dependence 

on t h e p o l a r i t y o f t h e i n t e r p l a n e t a r y f i e l d (Humble and 

Fent o n 1977) , measured an a n i s o t r o p y o f 0.031% ±0.001 a t 

5.73 h r s . Note, though, t h a t c o r r e c t i o n s f o r I / P d e f l e c t i o n s 

would p r o b a b l y change t h e p h a s e and r e s u l t i n l a r g e r a m p l i t u d e s 

f o r e x t r a - s o l a r c a v i t y a n i s o t r o p i c s . 

T h i s N o r t h - S o u t h d i s p a r i t y was i n t e r p r e t e d i n t e r m s o f 

a two-way a n i s o t r o p y ( S e k i d o 1 9 7 1 ) . However, a f t e r 1970 

the N o r t h e r n Hemisphere s t a t i o n s r e p o r t e d a r e m a r k a b l e change 

i n p hase from ^ 18 h r s t o 6 h r s w h i l e t h e S o u t h e r n S t a t i o n s 
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o b s e r v e d no su c h change ( F e n t o n 1975, C i n i - C a s t a g n o l i e t 
a l . 1 9 7 5 ) . T h i s change h a s been a t t r i b u t e d t o t h e change 
o f p o l a r i t y o f t h e l a r g e s c a l e s o l a r p h o t o s p h e r i c f i e l d 
(Howard 1974) and a p p e a r s t o have o c c u r r e d g r a d u a l l y o v e r 
s e v e r a l y e a r s . As a r e s u l t o f t h e s e c h a n g e s , p r e s u m a b l y 
c o n n e c t e d w i t h a change i n t h e i n t e r p l a n e t a r y f i e l d w h i c h 
i s r e l a t e d t o t h e p h o t o s p h e r i c f i e l d , t h e London group have 
a t t e m p t e d t o d e r i v e t h e l o c a l i n t e r s t e l l a r a n i s o t r o p y from 
t h e o b s e r v e d s i d e r e a l v a r i a t i o n on t h e b a s i s o f c a l c u l a t i n g 
t r a j e c t o r i e s from a p l a u s i b l e model o f t h e m a g n e t i c f i e l d 
(Marsden e t a l . , 1976, D a v i e s e t a l . , 1977, D a v i e s e t a l . , 
1 9 7 8 ) . I n t h e f i r s t o f t h e s e p a p e r s d a t a from t h e Holborn 
v e r t i c l e t e l e s c o p e s was combined w i t h t h e r e s u l t s a t Hobart 
t o p r o d u c e an i n t e n s i t y d i s t r i b u t i o n a c r o s s t h e whole s ky 
( F i g u r e 6.1). I n t h e s e c o n d p a p e r t h e a n a l y s i s was r e p e a t e d , 
t h i s t i m e c o m b i n i n g r e s u l t s o b t a i n e d a t g r e a t e r d e p t h from 
the H o l b o r n i n c l i n e d t e l e s c o p e s (92 m.w.e.) and P o a t i n a 
(365 m.w.e. F i g u r e 6.2) . B o t h c o m b i n a t i o n s were c o r r e c t e d 
f o r s o l a r motion. 

A l t h o u g h t h e s e measurements were made a t d i f f e r e n t 

e n e r g i e s , b o t h a r e i n r e m a r k a b l e agreement showing an 

( I max - I min) assymmetry o f a b o u t 0.34%. T o g e t h e r t h e y 

g i v e an a n i s o t r o p y o f ^ 0.17% from t h e g e n e r a l d i r e c t i o n 

U 1 1 , ! ) 1 1 ) = (285°, - 35°) (a , 6 ) = (71°, - 7 3 ° ) . I t s h o u l d be 

not e d t h a t t h i s a n i s o t r o p y i s n e a r l y an o r d e r o f magnitude 

g r e a t e r t h a n t h e i n d i v i d u a l l y o b s e r v e d s i d e r e a l v a r i a t i o n s 

( e . g . 0.02% and 0.04% f o r H o l b o r n and H o b a r t ) . T h i s i s 

a d i r e c t r e s u l t o f t h e n e a r a l i g n m e n t o f t h e a n i s o t r o p y 
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w i t h t h e p o l a r d i r e c t i o n . I n d i v i d u a l l y t h e t e l e s c o p e s s c a n 

o n l y p a r t o f t h e i n t e n s i t y v a r i a t i o n . As Marsden e t a l . 

p o i n t o u t , t h e i n t e r p l a n e t a r y f i e l d may be u s e f u l i n o f f e r i n g 

t h e p o s s i b i l i t y of d e t e c t i n g and m e a s u r i n g t h e p o l a r component 

of t h e a n i s o t r o p y , s i n c e a t h i g h e r e n e r g i e s t h i s i s u n o b s e r v a b l e . 

T h e i r r e s u l t s t h e r e f o r e , s u g g e s t e d t h a t t h e v e c t o r a n i s o t r o p y 

was c o n s i d e r a b l y l a r g e r t h a n had p r e v i o u s l y been t h o u g h t . 

T h i s s i t u a t i o n h a s , though, r e c e n t l y changed somewhat. 

The l a t e s t measurements ( D a v i e s e t a l . , 1978) d e r i v e d 

from t h e i n c l i n e d H o l born t e l e s c o p e s a t E p = 5 x 10^ eV, 

a r e shown i n F i g u r e 6.3. O b t a i n e d from 1972 - 1977 the r e s u l t s 

g i v e a b e s t f i t d i r e c t i o n of J t 1 1 = 2 50° b 1 1 = - 60° 

(a = 45°, 6 = -42) w i t h a m p l i t u d e 0.09% ( i n t h e l o c a l s t a n d a r d 

o f r e s t ) . T h i s new r e s u l t does n o t s u g g e s t t h a t t h e r e i s 

an e x c e s s i v e p o l a r component. T r a n s f o r m e d t o t h e s o l a r 

f r ame, t h e d i r e c t i o n changes t o a = 2 3°, 6 = -40° w i t h 

a m p l i t u d e 0.07%, w h i l e i n t h e gas frame t h e s e become 
„II m^o ,11 r .o , .,o P ^^o. 
I = 214 , b = -64 (a = 41 , 6 = -25 ) 

I t s h o u l d be remembered t h r o u g h o u t t h a t t h e s e measurements 

a r e dependent on the adopted model o f t h e m a g n e t i c f i e l d . 

Nagashima and Mori (1976) have examined t h i s r e g i o n i n 

some d e t a i l and drawn s e v e r a l c o n c l u s i o n s . F i r s t l y , i t 

now a p p e a r s t h a t though t h e p h a s e o f t h e f i r s t h a r m o n i c can 

v a r y s u b s t a n t i a l l y i n i n d i v i d u a l measurements, combined 

d a t a from " c o n j u g a t e p a i r s " o f s t a t i o n s g i v e p h a s e s 

c e n t r e d a r o u n d 0 - 3 h r s . T h i s i s c o m p a r a b l e t o t h e p h a s e s 

o b t a i n e d a t s l i g h t l y h i g h e r e n e r g i e s (10 - 10 eV) where 

s o l a r e f f e c t s a r e n e g l i g i b l e . I n a d d i t i o n t h e s e c o n d h a r m o n i c s 

seem r e a s o n a b l y s t a b l e a t a b o u t 6 . h r s R.A. 
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S u m m a r i s i n g t h e n , measurements a t t h e s e e n e r g i e s t e n d 

t o s u p p o r t t h e e x i s t a n c e o f an a n i s o t r o p y p e r h a p s of 

a m p l i t u d e 0.04% (measured a t an i n d i v i d u a l s t a t i o n ) w h i l e 

t h e ' t r u e ' G a l a c t i c a m p l i t u d e may be an o r d e r o f magnitude 

h i g h e r . The r e s u l t s a r e u n d o u b t e d l y u s e f u l , b u t t h e i r r e a l 

s i g n i f i c a n c e may n o t become a p p a r e n t u n t i l more i n f o r m a t i o n 

i s o b t a i n e d a b o u t t h e d e t a i l e d s t r u c t u r e o f t h e i n t e r p l a n e t a r y 

m a g n e t i c f i e l d . Measurements i n t h e S o u t h e r n h e m i s p h e r e 

do n o t a p p e a r t o be a f f e c t e d by changes i n t h e S o l a r 

p h o t o s p h e r i c f i e l d . 

6.2 1 0 1 2 - 1 0 1 4 eV ; R e s u l t s 

The most c o n v i n c i n g e v i d e n c e t o d a t e f o r an a n i s o t r o p y 

has been p r o v i d e d by t h r e e r e c e n t measurements i n t h i s 

energy r e g i o n : t h o s e a t P o a t i n a ( F e n t o n e t a l . 1977, 

Fenton and F e n t o n , 1976) and i n t h e N o r t h e r n h e m i s p h e r e a t 

Peak M u s a l a (Gombosi e t a l . 1977) and Mount N o r i k u r a 

(Nagashima e t a l . 1 9 7 7 ) - s e e T a b l e 6.1. The l a t t e r two 
— 13 13 measurements ( a t = 6 x 10 and 2 x 10 eV r e s p e c t i v e l y ) 

a r e u n d o u b t e d l y f r e e from s o l a r e f f e c t s and f u r t h e r m o r e b o t h 

a m p l i t u d e s and p h a s e s o f t h e f i r s t and s e c o n d h a r m o n i c s a r e 

i n c l o s e a greement. D e s p i t e t h e somewhat l o w e r e n e r g y t h e 

f i r s t h a r m o n i c a t P o a t i n a i s a l s o i n good agreement a l t h o u g h 

t h e s e c o n d h a r m o n i c i s n o t s t a t i s t i c a l l y s i g n i f i c a n t . The 

Musala a m p l i t u d e s a r e r a t h e r l a r g e r t h a n t h o s e o f P o a t i n a or 

N o r i k u r a , b u t a r e s t i l l c o m p a t i b l e ( t h e p r o b a b i l i t y of 

l a r g e r d i f f e r e n c e s i s about 5 0 % ) . Combining t h e N o r i k u r a 

and M u s a l a r e s u l t s ( t h e y a r e a t s i m i l a r l a t i t u d e s ) g i v e s 

v a l u e s c l o s e t o t h o s e o f N o r i k u r a , s i n c e t h e c o u n t r a t e i s 

c o n s i d e r a b l y h i g h e r t h e r e . 
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B o t h t h e M u s a l a and N o r i k u r a r e s u l t s have been a n a l y s e d 

i n d e t a i l . S a k a k i b a r a e t a l . (1976) h a v e e v a l u a t e d t h e i r 

r e s u l t s by c o n s i d e r i n g f o u r d a t a s e t s c o r r e s p o n d i n g t o 3 and 

4 - f o l d c o i n c i d e n c e s d i r e c t i o n a l and l o c a l a i r s h o w e r s . The 

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

t h e a n i s o t r o p y i s g e n u i n e and i s v a r y i n g s l o w l y ( i f a t a l l ) 

from ( 1 - 4 ) x 1 0 1 3 eV. Gombosi e t a l . , (1977) have 

a n a l y s e d t h e Musala f i r s t and s e c o n d h a r m o n i c s a t p e r i o d i c i t i e s 

d e v i a t i n g from t h e s i d e r e a l day by up t o two m i n u t e s . The 

r e s u l t s s u p p o r t t h e s i g n i f i c a n c e o f b o t h h a r m o n i c s t o 

b e t t e r t h a n 2a. 

I t s h o u l d be n o t e d t h a t a r a t h e r d i s t u r b i n g dependence 

on t h e p o l a r i t y o f t h e i n t e r p l a n e t a r y m a g n e t i c f i e l d has been 

o b s e r v e d a t P o a t i n a , though t h i s h a s n o t y e t been c o n f i r m e d . 

The H o b a r t r e s u l t s a t l o w e r e n e r g y (E * 2 x 1 0 1 1 eV) have 

a l s o g i v e n s i g n s o f a f i e l d dependence. I f t h i s i s l a t e r 

f ound t o be t r u e , t h e n n o t o n l y t h e P o a t i n a r e s u l t s but a l l 
12 

measurements below 10 eV must be r e g a r d e d w i t h s u s p i c i o n 

u n t i l d e t a i l e d knowledge o f t h e s o l a r f i e l d i s a v a i l a b l e . 

6.3 P i t c h A n g l e D i s t r i b u t i o n and R e c e n t Measurements 

The t h r e e measurements n o t e d above may be combined t o 

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

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

i s most p r o b a b l y e x p l a i n e d i n t e r m s o f an a x i a l l y s y m m e t r i c 

p i t c h a n g l e d i s t r i b u t i o n a b o u t t h e l o c a l d i r e c t i o n of t h e 

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

from Compton-Getting s t r e a m i n g r e s u l t i n g from s o l a r motion 

w i t h r e s p e c t t o t h e i n t e r s t e l l a r gas frame. However, p h a s e 
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agreement between t h e f i r s t and s e c o n d h a r m o n i c s c a n n o t be 
o b t a i n e d by c o r r e c t i n g f o r t h e i n t e r s t e l l a r w i n d a s g i v e n i n 
s e c t i o n 3.5,2. Nagashima e t a l . f i t t h e i r measurements w i t h 
a p i t c h a n g l e d i s t r i b u t i o n around ( A 1 1 , b 1 1 ) * (115°, -50°) 
u s i n g a wind d i r e c t i o n o f U 1 1 , b 1 1 ) * (155°, 0°) and a 
v e l o c i t y o f 2 5 kms \ However t h i s m o t i o n i s n o t c o m p a t i b l e 
w i t h t h e i n t e r s t e l l a r wind i n f o r m a t i o n w h i c h h a s now become 
a v a i l a b l e . 

The d i f f i c u l t i e s o f r e s o l v i n g t h e " t r u e " Compton-

G e t t i n g c o r r e c t i o n f o r s o l a r motion w i t h r e s p e c t t o t h e 

m a g n e t i c f i e l d c a n be a v o i d e d by u s i n g o n l y t h e s e c o n d 

h a r m o n i c s and t h e s p e c i a l f i r s t h a r m o n i c , b o t h o f w h i c h a r e 

r e l a t i v e l y u n a f f e c t e d by s o l a r m o t i o n . Combining t h e 

N o r i k u r a and P o a t i n a f i r s t h a r m o n i c s g i v e s a s p e c i a l f i r s t 

h a r m o n i c of 0.004 ± 0.012% a t 20.3 h r s R.A. and an o r d i n a r y 

f i r s t h a rmonic o f 0.05 ± 0.012% a t 1.2 ± 0.9 h r s . The p h a s e 

of t h e s p e c i a l f i r s t h a r m o n i c i s o b v i o u s l y u n d e f i n e d , b u t 

i f t h e s e c o n d h a r m o n i c s a r e a x i a l l y s y m m e t r i c t h e n t h e s m a l l 

a m p l i t u d e d e r i v e d i n d i c a t e s t h a t t h e symmetry a x i s i s c l o s e 

t o t h e e q u a t o r i a l p l a n e . I f we assume t h a t t h i r d and h i g h e r 

h a r m o n i c s a r e a b s e n t , and t h a t t h e d i f f e r e n c e i n energy h a s 

no e f f e c t , t h e n t h e s e c o n d h a r m o n i c s h o u l d be t h e same i n 

b o t h t h e N o r t h e r n and S o u t h e r n h e m i s p h e r e ( a t an e q u a l -

o p p o s i t e d e c l i n a t i o n ) . On t h i s b a s i s we have s i x p a r a m e t e r s 

th e p h a s e , a m p l i t u d e , a n d e r r o r o f t h e N o r t h and S o u t h s e c o n d 

h a r m o n i c s ( £ 2 N
 r 2 S ^ a n d t h e f i r s t s p e c i a l h a r m o n i c (£^ Sp)° 

F o r a f i x e d (assumed) d i r e c t i o n a b e s t f i t aan be g i v e n f o r 

t h e magnitude o f t h e s e c o n d s p h e r i c a l h a r m o n i c . D e f i n i n g 

t h e s e t h r e e p a r a m e t e r s , and v a r y i n g them, t h e f i r s t s p e c i a l 
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and two s e c o n d h a r m o n i c s may be c a l c u l a t e d . The sum o f t h e 

s q u a r e s o f t h e d e v i a t i o n s of t h e o b s e r v e d minus c a l c u l a t e d 

h a r m o n i c s 
^ 2 * 2 /N 2 

r , - r . _ % .• r_„ - r „ '. .r - r . 

V °lsp ' ^ °2N ' * °2S ' 

2 

t h e n f o l l o w s a x d i s t r i b u t i o n w i t h 3 d e g r e e s o f freedom. 

By c o n t i n u o u s l y c h a n g i n g t h e a x i s d i r e c t i o n t h e 5% and .1% 

e r r o r e l l i p s e s may be drawn a b o u t t h e ' b e s t ' a x i s d i r e c t i o n 

( s e e f i g u r e 6.4 ) . The r e g i o n ( s ) c e n t r e d a r o u n d a = 353° 

(172°) c o r r e s p o n d t o a two-way minimum i n t h e i n t e n s i t y 

d i s t r i b u t i o n from t h e d i r e c t i o n o f t h e symmetry a x i s and 

h i g h e r i n t e n s i t i e s a t l a r g e r p i t c h a n g l e s . 90° away from 

t h e s e a r e r e g i o n s o f two may maxima from t h e a x i s d i r e c t i o n . 

The p h a s e s o f t h e P o a t i n a ( P ) , M u s a l a (M) and N o r i k u r a (N) 

e x p e r i m e n t s a r e a l s o shown on t h e d i a g r a m ( t r a n s f o r m e d t o 

t h e gas f r a m e ) . The d i f f e r e n c e s between t h e s e r e s u l t s and 

t h e a x i s d i r e c t i o n a r e u n f o r t u n a t e b u t s i g n i f i c a n t i f t h e 

e r r o r b a r s shown a r e c o r r e c t . I f , however, t h e H o l b o r n 

r e s u l t i s a l s o t r a n s f o r m e d t o t h e g a s frame ( s h a d e d box) 

t h e n somewhat b e t t e r agreement i s found. N o n e t h e l e s s , t h e 

r e s u l t s do n o t j u s t i f y t h e a s s u m p t i o n o f a x i a l symmetry w h i c h 

i n e v i t a b l y l e a d s t o a complex s i t u a t i o n w h i c h i s n o t w e l l 

u n d e r s t o o d . 

6.4 T e n s o r D e s c r i p t i o n o f t h e A n i s o t r o p y 

On t h e a s s u m p t i o n s t h a t o n l y f i r s t and s e c o n d h a r m o n i c s 

a r e p r e s e n t and t h a t t h e a x e s o f t h e t e n s o r a n i s o t r o p y p o i n t 

a l o n g s p e c i f i c d i r e c t i o n s ( t h e G a l a c t i c c e n t e r and s p i r a l 

arms f o r exmaple) o f a s t r o p h y s i c a l i n t e r e s t , Somogyi(1976 ) 

n o t e s t h a t a l l components o f t h e t e n s o r and v e c t o r a n i s o t r o p y 
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can be d e r i v e d , b a r r i n g the polar v e c t o r component, from 

j u s t one measurement. The Musala data, t r e a t e d i n t h i s way, 

give a f i r s t s p e c i a l harmonic of .192% • T h i s i s not 

compatible with the s m a l l f i r s t s p e c i a l harmonic d e r i v e d 

from P o a t i n a and Norikura. The problem w i t h an approach of 

t h i s type i s t h a t adopting an a r b i t r a r y s e t of axes, two way 

maxima and minima can s t i l l appear for almost any d i r e c t i o n 

one c a r e s to adopt. I n p a r t i c u l a r the data can show a 

streaming from the G a l a c t i c center or from e i t h e r the SPIN 

or SPOUT d i r e c t i o n s of F i g u r e 3.2 

There i s no experimental evidence a t p r e s e n t concerning 

t h i r d or higher harmonics, nor, i n view of the d i f f i c u l t i e s 

of d e t e c t i o n of such harmonics, i s i t l i k e l y t h a t such 

harmonics w i l l be sought i n the near f u t u r e . Kota and 

-'Sotnogyi (1977) suggests t h a t a n i s o t r o p i c p i t c h angle d i f f u s i o n 

should produce an antisymmetric p i t c h angle d i s t r i b u t i o n 

where only odd harmonics are present. Odd harmonics would 

then be equal i n both hemispheres w h i l e even harmonics would 

be opposite. I n a d d i t i o n , the a x i s of symmetry should point 

to a moderate d e c l i n a t i o n s i n c e a near p o l a r a x i s would give 

only a f i r s t harmonic w h i l e a near e q u a t o r i a l d i r e c t i o n would 

give v i r t u a l l y no even harmonics. The Holborn data would 

a l s o be r e c o n c i l e d somewhat with a moderate a x i s d e c l i n a t i o n . 

A x i a l symmetry would s t i l l not be supported s i n c e the f i r s t 

and second harmonic phase discrepancy noted above would not 

disappear. However, such a theory i s obviously beyond 

checking a t p r e s e n t . 
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14 6.5 I n t e r p r e t a t i o n f o r < 10 eV 

In s p i t e of the d i s s a p o i n t i n g absence of a x i a l symmetry, 

the s u r p r i s i n g agreement of the phase /and constant.amplitude 
14 

up to 10 eV^ i s s i g n i f i c a n t and provides some u s e f u l 

i n f o r m a t i o n . 

Combined with the i n t e r s t e l l a r wind d a t a , we have 

evidence t h a t t h e r e i s a constant propagation mechanism 

c o n t r o l l i n g the simple streaming over nearby d i s t a n c e s . 

Propagation c h a r a c t e r i s t i c s and sour c e s are not d i s s i m i l a r 
11 14 

f o r the whole i n t e r v a l 10 - 10 eV; d i f f e r e n t sources 

(which would presumably produce p a r t i c l e s of d i f f e r e n t 

e n e r g i e s and energy s p e c t r a ) might be expected t o introduce 

sudden phase r e v e r s a l s i f some sources c o n t r i b u t e d p a r t i c l e s 

p a r a l l e l t o the f i e l d , and others a n t i p a r a l l e l . Consequently 

i t i s p o s s i b l e t h a t we observe mainly the o l d and hence very 

d i f f u s e component - the ani s o t r o p y i s then determined by 

propagation along the d i r e c t i o n of e a s i e s t escape and not by 

the source c o n f i g u r a t i o n . The long l i f e t i m e observed f i t s 

i n w i t h t h i s p o s s i b i l i t y . I n a d d i t i o n , the p o s s i b l e d e f i c i t 

of s h o r t path lengths f o r cosmic r a y s of 1 - 10 GeV r e f e r r e d 

to e a r l i e r a l s o i n d i c a t e s t h a t we observe o l d p a r t i c l e s i n the 

main. 

F i n a l l y , the observed near c o n s t a n t amplitude suggests 

a near constant l i f e t i m e of cosmic r a y s over the range. 

Consequently the exponent B i n the grammage energy dependence 

equation i s probably s m a l l e r -above l O ^ e V than the va l u e 

^ 0 . 4 found below l O ^ e V , Together with the y ~ r a y data, the 

whole provides good evidence f o r a G a l a c t i c o r i g i n below 

1 0 1 4 e V . 
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6.6 A n i s o t r o p l e s from 10 - 10 eV 

Here s m a l l c o i n c i d e n c e a r r a y s are used to d e t e c t 

e x t e n s i v e a i r showers generated i n the atmosphere. In 

theory t h i s i s an i d e a l region to examine the anisotropy 

s i n c e simple equipment i s needed and the count r a t e i s not 

i n s u b s t a n t i a l . I n p a r t i c u l a r the change of slope of the 

primary energy spectrum i s worth i n v e s t i g a t i n g . However, 

the a n i s o t r o p y was found t o be s m a l l e r than o r i g i n a l l y 

a n t i c i p a t e d and the c o n t r a d i c t o r y r e s u l t s which were 

obtained i n the l a t e 1950*s and e a r l y 1960's have r e s u l t e d 

in a c o n c e n t r a t i o n of e f f o r t a t lower and higher e n e r g i e s . 

6.7 Compilations of Data 

I t would appear l o g i c a l to attempt t o e x t r a c t information 

about the n a t u r e of a n i s o t r o p y by examining whole s e r i e s 

of measurements, and t h i s has indeed been done (Sakakibara, 

1965). R e c e n t l y , L i n s l e y and Watson (1977) have examined a l l 
p u b l i s h e d r e s u l t s i n the y e a r s 1951 - 1965 i n the range 

14 17 
10 - 3 x 10 eV. The lower energy l i m i t e x cludes j u s t 

— 13 

one a i r shower r e s u l t a t E = 2 x 10 eV (Cachon, 1962) while 

the upper l i m i t excludes the Volcano ranch data and the 

l a r g e s t energy events from the C o r n e l l experiment. 

From the f i n a l t o t a l of 2 3 experiments f50 f i r s t and 41 

second harmonics were obtained together w i t h 47 and 31 

f i r s t and second harmonic phases r e s p e c t i v e l y . (The 

s m a l l e r number of phases i s a r e s u l t of some phases being 

indeterminate when amplitudes are s m a l l , the s m a l l e r number 

of second harmonic amplitudes a r e s u l t of omission i n the 

o r i g i n a l p a p e r s ) . For the most p a r t the data were considered 
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to be s t a t i s t i c a l l y independent i n the Linsley/Watson 
a n a l y s i s , though t h i s i s c e r t a i n l y not the c a s e . I t should 
a l s o be noted here t h a t t h e r e may be a ' p u b l i c a t i o n e f f e c t ' 
i n operation„ R e s u l t s which agree i n phase with e a r l i e r 
measurements or which have l a r g e amplitudes or which 
c o i n c i d e w i t h an important d i r e c t i o n may be more r e a d i l y 
published than p u r e l y negative r e s u l t s , and t h i s may b i a s 
r e s u l t s gained from s e r i e s of experiments. Hopefully t h i s 
e f f e c t i s n e g l i g i b l e . 

In t h i s s e c t i o n L i n s l e y and Watson's main r e s u l t s are 

given and examined, followed by a r e a n a l y s i s of t h e i r data. 

1. I t was found t h a t i n experiments where s u f f i c i e n t d a t a 

was a v a i l a b l e t o reduce s t a t i s t i c a l e r r o r s , a d d i t i o n a l 

f l u c t u a t i o n s which could not be explained i n terms of 

the R a y l e i g h - P o i s s o n f l u c t u a t i o n were p r e s e n t . The 

a c t u a l random e r r o r s i n amplitude and phases (determined 

e m p i r i c a l l y ) when < 1% were g r e a t e r than expected by 

a f a c t o r ^ 1.3 over and above the RP e r r o r s . T h i s must 

be due t o a s y s t e m a t i c e r r o r or a d d i t i o n a l f l u c t u a t i o n , 

but the u n c e r t a i n t i e s prevent any d e f i n a t e c o n c l u s i o n s 

about the nature of the a n i s o t r o p y t o be drawn from 

amplitude data alone. 

2. The measured a n t i s i d e r e a l v a r i a t i o n s were found to be 

l e s s s i g n i f i c a n t than had p r e v i o u s l y been thought. 

3. Spurious s i d e r e a l waves (from S o l a r and a n t i s i d e r e a l 

harmonics) were apparently non-uniform at the 6% chance 

l e v e l - the phases tending to c l u s t e r at 6 h r s R.A. 

I f t h i s were a genuine e f f e c t then a s y s t e m a t i c e r r o r 
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of about 0.1 - 0.2% i n amplitude would be p r e s e n t . 
4. A d d i t i o n a l f l u c t u a t i o n s are l i k e l y to a f f e c t the 

phase d i s t r i b u t i o n of s i d e r e a l waves l e s s than the 

amplitudes so t h a t information can be gained by t r e a t i n g 

the d a t a as a s e t of e q u a l l y weighted phases. Using 

the 47 f i r s t harmonic phases i n t h i s way, L i n s l e y and 

Watson c a l c u l a t e a s i g n i f i c a n c e of 0.7% for the 

r e s u l t i n g amplitude with a phase of 17.4 hrs R.A. I f 

the spurious amplitude a t 6 h r s were genuine, t h i s would 

strengthen the evidence for a n i s o t r o p y . 

5. The second harmonic phases were random with 33% chance. 

Subdividing the r e s u l t s i n t o four energy b i o s each of 

1 decade, "best e s t i m a t e s ' of the f i r s t harmonic amplitude 

and phase were found using the standard e r r o r e s t i m a t e s 

(equations 5.3.18) , but n e g l e c t i n g any e x t r a f l u c t u a t i o n s . 

These were used t o i n f e r an e m p i r i c a l formula f o r the energy 

dependence of s, the genuine anisotropy v e c t o r : 

s = 0.4E 2exp 1(15.3 - 3.8 log E) 6.7.1 

or S ( % ) = 0.4^, a ( h r s ) = 15.3 - 3.8 log E with E i n u n i t s 

of l O ^ e V . T h i s equation i s n e c e s s a r i l y a kind of average 

s i n c e i t i s based on measurements obtained a t many d i f f e r e n t 

l a t i t u d e s . For e q u a t o r i a l viewing d i r e c t i o n s the amplitudes 

should be r a i s e d by a f a c t o r 1.31, the r e c i p r o c a l average 

c o s i n e of the s e t of d e c l i n a t i o n s . For energ i e s g r e a t e r 
17 

than 10 eV the r e l a t i o n breaks down because of the l a c k of 

data. The formula i s c l o s e to the maximum l i k e l i h o o d 

estimate which can be c a l c u l a t e d from the same r e s u l t s . 

K i r a l y e t a l . , (1979) have performed a d d i t i o n a l t e s t s 
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to the LW measurements i n view of t h e i r p o t e n t i a l importance. 

The r e s u l t s of t h i s a n a l y s i s are here s t a t e d , much of which 

concerns the behaviour of the r e s i d u a l phases and amplitudes 

obtained a f t e r ' c o r r e c t i n g ' f o r the e m p i r i c a l genuine 

c o n t r i b u t i o n . The t e s t s supply support f o r a genuine 

anisotropy c o n s i s t e n t w i t h equation 6.7.1 and a l s o f o r the 

presence of a d d i t i o n a l f l u c t u a t i o n s . 

6.8 A n a l y s i s 
be 

The e x t r a p o l a t i o n of equation 6.7.1 can compared w i t h r e c e n t 
measurements a t lower and higher e n e r g i e s . Comparing w i t h the 

13 
lower energy Norikura and Musala experiments a t 2.10 and 

13 

6.10 eV r e s p e c t i v e l y , the e x t r a p o l a t e d v a l u e s agree w e l l 

i n phase (1.6 h r s and 23.7 h r s c f t a b l e 6.1) but a r e lower 

i n amplitude than the measured v a l u e s . At higher e n e r g i e s 

the formula i s i n good agreement w i t h the r e c e n t Haverah Park 

results in amplitude, but the phase agreement i s poor, d i s a g r e e i n g 
17 

by about 6 h r s R.A. a t 10 eV. I t should be noted t h a t w h i l e 

the second harmonic phases are e s s e n t i a l l y random, the 

two lowest energy r e s u l t s which are s i g n i f i c a n t both have 

phases between 5 and 6 hrs R.A., i n remarkable agreement 

w i t h the Norikura and Musala second harmonics. There 

appears, then, to be good support f o r the c o n s i s t e n c y of the 

genuine s i g n a l w i t h the equation. 

The LW data may be t r e a t e d i n a number of ways to 

e v a l u a t e the s i g n i f i c a n c e of the f i r s t and second harmonic 

phase and amplitudes. F i r s t , i f no a d d i t i o n a l or genuine 

s i g n a l were p r e s e n t the P(>r) d i s t r i b u t i o n of the e x p ( - k Q ) 

v a l u e s f o r the measurements would be uniform, a l l o w i n g f o r 
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random f l u c t u a t i o n s . I f on the other hand a genuine s i g n a l 

were present then the d i s t r i b u t i o n should be peaked towards 

the more s i g n i f i c a n t s m a l l e r v a l u e s of exp-k Q. The d e v i a t i o n 

of the measured amplitude d i s t r i b u t i o n from the random, 

l i n e a r , d i s t r i b u t i o n expected by chance can be seen i n 

F i g u r e 6.5 a, where p(>r) v a l u e s f o r the f i f t y f i r s t harmonics 

have been binned. A l s o shown (as on a l l the f i g u r e s ) i s 
2 

the x v a l u e f o r 9 degrees of freedom and the corresponding 
_ 3 

p r o b a b i l i t y of a random s e t , 3.4 x 10 %. At f i r s t s i g h t , 

t h i s sharp peak at s m a l l chance p r o b a b i l i t i e s suggests 

strong evidence for a n i s o t r o p y . The d i s t r i b u t i o n of the 47 
2 

f i r s t harmonic phases, w i t h chance x p r o b a b i l i t y 0.39% ( c . f . 

L..W. 0.4%), a l s o supports the presence of a genuine anisotropy. 

Much of t h i s may, however, be due t o a d d i t i o n a l f l u c t u a t i o n s . 

I n view of t h i s the second harmonic amplitudes ( F i g u r e 6.5 ) 

appear to show a too uniform d i s t r i b u t i o n ; the r e l a t i v e l y 

low chance p r o b a b i l i t y of 1.7% f o r amplitudes i s not i n d i c a t i v e 

of a c l u s t e r i n g around low exp-k o v a l u e s . P o s s i b l y f i r s t 

harmonics are a f f e c t e d to a g r e a t e r extent by f l u c t u a t i o n s . 

The second harmonic phases are random with 22% c h i - s q u a r e 

p r o b a b i l i t y . 
2 

The x p r o b a b i l i t i e s f o r phases, then, are s i m i l a r to 

those c a l c u l a t e d by L i n s l e y and Watson t r e a t e d as e q u a l l y 

weighted d i r e c t i o n a l d a t a . Both methods suggest strong 

support f o r a genuine f i r s t harmonic. 

I t should be noted t h a t f o r a t r u l y random d i s t r i b u t i o n 

we would expect the second harmonic amplitude t o be g r e a t e r 

than the f i r s t harmonic i n 50% of the c a s e s . With the 
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r e p r e s e n t s the f requency , the abcissa the 

p robab i l i t y of observ ing an ampl i tude g rea te r 



than r , and the measured phase y . The c i rc led 

numbers are the numbers of exper imental resu l ts 

inc luded in the f i g u r e . A lso shown are the 

values and the corresponding p r o b a b i l i t y • of each 

histogram resulting f rom chance . 

a ) Simple b i n n i n g of the f i r s t h a r m o n i c s . 

b ) The residual d i s t r i b u t i o n of phase and ampl i tudes 

a f te r sub t rac t ion of the " g e n u i n e " s ignal 

of equa t ion 6 7 1 

c ) Truly independent data assuming the measurements 

contain i n t eg ra l , not d i f f e r e n t i a l , c o u n t s . The 

dashed line represents the frequency assuming 

f l u c t u a t i o n s 3 0 % greater than random er ro rs , 

d ) Simple b i n n i n g of the second harmonics . 
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Linsley and Watson data t h i s s i t u a t i o n occurs i n 15 of the 41 
measurements. The chance p r o b a b i l i t y of 15 or l e s s occurrences 
i s 4.3%. 

F i g u r e 6.5 shows the r e s i d u a l d i s t r i b u t i o n of phase and 

amplitude a f t e r s u b t r a c t i o n of the s i g n a l i n equation 6.7.1. 

The u n i f o r m i t y of the r e s u l t i n g phase d i s t r i b u t i o n (p = 52%) 

supports t h e presence of a genuine s i g n a l w h i l e enhanced 

f l u c t u a t i o n s can account f o r the amplitude d i s t r i b u t i o n 

(p = 1.6%) . 

There are two c o n s i d e r a t i o n s to be remembered here. 

F i r s t , t h e r e may be spurious waves introduced i n t o data 

c o l l e c t e d a t d i f f e r e n t e n e r g i e s i n a s i n g l e experiment by 

incomplete atmospheric or i n s t r u m e n t a l c o r r e c t i o n s . A more 

important c o n s i d e r a t i o n concerns the s t a t i s t i c a l independence 

of the data - can the 50 measurements be considered t r u l y 

independent? I n many experiments i n v o l v i n g c o i n c i d e n c e a r r a y s 

four or f i v e f o l d c o i n c i d e n c e s would a l s o be included as 3 

f o l d c o i n c i d e n c e s . I t i s b e t t e r to assume t h a t counts a t 

lower e n e r g i e s i n c l u d e the counts a t higher e n e r g i e s as w e l l -

i n other words to co n s i d e r the energy b i n s as c o n t a i n i n g 

i n t e g r a l r a t h e r than d i f f e r e n t i a l counts. Only those measure­

ments w i t h more than one energy b i n are a f f e c t e d by t h i s 

procedure, and moreover the data may be considered t r u l y 

independent. S u b t r a c t i n g the higher energy phase and 

amplitudes from the lower energy 'cuts* the r e s u l t a n t h i s t o ­

grams are shown i n F i g u r e 6.5°. The modified amplitude 

d i s t r i b u t i o n (p = 0.2%) may be explained i n terms of a d d i t i o n a l 

f l u c t u a t i o n s , and t o t h i s end the dashed l i n e s of F i g u r e 6.5° 

re p r e s e n t s the expected d i s t r i b u t i o n i f the f l u c t u a t i o n s were 
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g r e a t e r by a f a c t o r 1.3 over the standard -\/n v a l u e s . 

The phase d i s t r i b u t i o n of F i g u r e 6.5 i s much more l i n e a r 

than F i g u r e 6.5 abut s t i l l shows some c l u s t e r i n g between 180° 

and 360° ( x 2 p r o b a b i l i t y 4 9 % ) . Using only the phases, the 

r e s u l t a n t v e c t o r amplitude has a chance p r o b a b i l i t y of 4.7% 

as opposed to the 0.7% when t r e a t e d as d i f f e r e n t i a l . 

I t should be noted t h a t the dashed l i n e s of F i g u r e 6.5 
2 

g i v e a chance x p r o b a b i l i t y of 78% and t h a t they are 

compatible with both the amplitude histograms of f i g u r e s 6.5^ and 

o.b . However, i t i s hard t o see why the e x t r a f l u c t u a t i o n s 

should be t h i s l a r g e . Consequently, though the combined data 

does not c o n c l u s i v e l y show the presence of anisotropy i n t h i s 

range, i t would be d i f f i c u l t t o i n t e r p r e t the data as other 

than a genuine anisotropy / at l e a s t over p a r t of the energy 

range considered. I f we accept the L i n s l e y and Watson best 

f i t l i n e of amplitude v e r s u s energy then t h e r e i s evidence 
15 

for an upturn at the or around 10 eV. As seen e a r l i e r , t h e r e 

i s known to be a change i n the energy spectrum a t t h i s energy 

and t h i s f e a t u r e and the upturn i s s t r o n g l y i n d i c a t i v e of a 

G a l a c t i c o r i g i n . 

6.9 I n t e r p r e t a t i o n ; T O 1 4 - 1 0 1 7 e V 

I f we are prepared to accept the Linsley/Watson b e s t -

f i t l i n e of amplitude vs energy (which i n a c t u a l f a c t i s 

c l o s e to the maximum l i k e l i h o o d e s t i m a t e for the data) then 

t h e r e i s evidence f o r an upturn i n the spectrum at an energy 

near l O ^ e V . S i n c e the energy spectrum a l s o breaks at t h i s 

energy we have good evidence f o r a G a l a c t i c o r i g i n . 
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I n an e a r l i e r s e c t i o n the evidence f o r i r r e g u l a r i t i e s 

i n the LISM on s c a l e s above a few pc was noted. T h i s should 

lead to corresponding changes i n phase. I n a d d i t i o n ^ a s 

energy i n c r e a s e s the p a r t i c l e s produced i n the G a l a c t i c 

plane w i l l f o l l o w paths t h a t take them f u r t h e r away from 

the plane; the observed phase of these p a r t i c l e s depend 

i n c r e a s i n g l y on the magnetic f i e l d i n the h a l o . The expected 

asymmetry about the d i s c should then cause a s l o w l y v a r y i n g 

phase change, which i s observed i n the measurements. 
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CHAPTER 7 

ANISOTROPIES ABOVE 1 0 1 7 e V 

7.1 I n t r o d u c t i o n 

Data a t these e n e r g i e s come from g i a n t EAS a r r a y s , l a r g e l y 

f r e e from i n s t r u m e n t a l i n s t a b i l i t i e s . A n i s o t r o p i c s a r e 

expected t o be much l a r g e r here, but the r e l a t i v e l y low 

c o l l e c t i o n r a t e g i v e s l a r g e r a n i s o t r o p i e s on s t a t i s t i c a l grounds 

alone. D i r e c t i o n a l measurements a r e p r e c i s e to a few degrees, 

but energy measurements are only a c c u r a t e t o about 30% s i n c e 

the determination depends on the model chosen t o convert the 

measured parameters t o the a c t u a l primary energy. The low 

count r a t e means t h a t experiments a r e run f o r s e v e r a l y e a r s 

ensuring good s e p a r a t i o n of s i d e r e a l and s o l a r harmonics. 

An a d d i t i o n a l c o m p l i c a t i o n i s t h a t here p a r t i c l e s may be 

of e x t r a g a l a c t i c o r i g i n , but the t r a n s i t i o n energy i s d i f f i c u l t 

t o l o c a t e e x a c t l y s i n c e protons of a given energy have a 

larmor r a d i u s some 26 times t h a t of an I r o n nucleus of the same 

energy per nucleon. We may, t h e r e f o r e , be d e t e c t i n g two 

separate components each w i t h a d i f f e r e n t a n i s o t r o p y . The 

p a r t i c l e s cannot be i d e n t i f i e d from a i r shower experiments. 

P r e v i o u s l y , t h e r e had been s e v e r a l c l a i m s f o r l a r g e a n i s -
17 

o t r o p i e s above 10 eV but l a t e r measurements had f a i l e d to 

confirm the r e s u l t s . 

Recent claims f o r an i s o t r o p y a r e , however, promising; i n 
17 

p a r t i c u l a r the Haverah Park data a t 10 eV i s very strong, and 
i t appears t h a t there i s optimism f o r b e l i e f i n a s i g n i f i c a n t 

18 
anisotropy a t 10 eV as w e l l . 

7.2 Haverah Park Data 

The most exact and e x t e n s i v e r e s u l t s have come r e c e n t l y 

from the Haverah Park experiment (Edge e t a l . 1978). Over 

70,000 events have been recorded from 6 x 1 0 1 6 - 1 0 2 0 e V and 

c a r e f u l l y measured i n energy and d i r e c t i o n . The r e s u l t s were 
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binned i n energy i n t e r v a l s separated by f a c t o r s of two, 
18 

a r b i t r a r i l y centered on 10 eV, and the u s u a l harmonic 

a n a l y s i s performed. I n a d d i t i o n an attempt was made to gain 

information on the d e c l i n a t i o n dependence of a n i s o t r o p y . 

Two p o i n t s are worth noting here. F i r s t l y , although 

an obvious c h o i c e , harmonic a n a l y s i s i s not n e c e s s a r i l y the 

best approach a t these e n e r g i e s . Rather, one of the methods 

suggested by K i r a l y and White (1975) may be b e t t e r s u i t e d ^ 

p a r t i c u l a r l y f o r the h i g h e s t e n e r g i e s . Second, the d e c l i n a t i o n 

information i s l e s s r e l i a b l e than t h a t gained by scanning 

i n R.A. s i n c e the e f f e c t i v e a r e a of an EAS a r r a y depends i n 

an u n c e r t a i n way on the z e n i t h angle. 

F i g u r e 7.1 shows the l a t e s t HP data f o r f i r s t harmonics. 

Als o shown are the exp-k Q p r o b a b i l i t i e s (Watson 1979). The 

most s t r i k i n g f e a t u r e i s t h a t of an amplitude of 4.2% a t 
17 

18 hrs R.A. f o r Ep = 10 eV. T h i s has a formal chance 
-4 

p r o b a b i l i t y of 8 x 10 . The adjacent b i n (exp - k = 
-2 

1.5 x 10 ) strengthens the evidence here, p a r t i c u l a r l y s i n c e 

the phases of the two measurements are i n such good agreement. 

At higher e n e r g i e s the measurements a r e c o n s i s t e n t 

with a gradual r i s e i n r on s t a t i s t i c a l grounds alone. The 
phases are d i s p a r a t e i f not indeterminate. However f o r 

19 
7»3 x 10 eV t h e r e i s a f u r t h e r s i g n i f i c a n t r e s u l t (r = 67%, 

i\> - 10 h r s , p = 0,027) which would be strengthened i f the 

preceding b i n were not n e a r l y 180° out of phase. 

Taken as a whole the t e n measurements have a s i g n i f i c a n c e 

of 3% a c c o r d i n g t o Edge e t al„ I t should be noted, however, 

t h a t i f the f i r s t two b i n s a r e neglected t h i s s i g n i f i c a n c e 

f a l l s d r a s t i c a l l y t o n e a r l y 50%. I f i t i s demanded t h a t the 
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genuine anisotropy, s, v a r i e s as s a E/ where a i s constant 

from l O 1 ^ - 1 0 2 0 e V / t h e n the maximum l i k e l i h o o d technique 

may be used to determine a. The be s t f i t v a l u e i s a = -1.29, 
17 

w i t h S = 0.04 a t 10 eV. T h i s s u r p r i s i n g r e s u l t (a negative 

v a l u e of a) a r i s e s from t h e overpowering s t a t i s t i c a l weight 

of the lowest energy b i n s , combined with the low amplitude 

of the subsequent b i n . Consequently, only the anisotropy 

at l O ^ e V may be taken as r e a l l y w e l l e s t a b l i s h e d . The 

maximum l i k e l i h o o d f i t f o r the upper e i g h t r e s u l t s g i v e s 
0 75 

a = 0.86. T h i s i s reasonably c l o s e to the E * dependence 

suggested by Wolfendale (1977) above 1.25 x 10 1 7eV. 

The second harmonics d e r i v e d by the HP experiment 

are not, i n g e n e r a l , s i g n i f i c a n t . However, a t t e n t i o n should 
be drawn to the 2.77% amplitude a t 3.8 hrs R.A. f o r Ep = 

17 
1.5 x 10 eV (Edge e t a l . ) . T h i s i s the most s i g n i f i c a n t 

measurement de r i v e d by the experiment ( k Q = 6.00) and i s 

based on n e a r l y h a l f of the HP da t a . Such a l a r g e second 

harmonic i s d i f f i c u l t t o e x p l a i n away and must, t h e r e f o r e , 

be considered as genuine. 

One minor c r i t i c i s m of the Haverah Park experiment 

which should be mentioned concerns t h e i r e v a l u a t i o n of the 

t r u e amplitude, s and the e r r o r b ars f o r amplitude and phase 

p l o t s . The v a l u e s of s a r e v a l i d only i f the assumption e.g. 

t h a t 0.01 < s < 0.02 has the same p r o b a b i l i t y as 0.5 < s < 0.51 

i s v a l i d ( S e c t i o n 5.3 )„ I n a d d i t i o n the e r r o r bars p l o t t e d 

w i l l be too small u n l e s s the assumption i s c o r r e c t . However, 

fo r s i g n i f i c a n t v a l u e s (which we a r e i n t e r e s t e d i n ) , the 

e r r o r s converge to those given i n equation 5.3.18 and only the 

i n s i g n i f i c a n t harmonics (of l e s s i n t e r e s t ) a r e a f f e c t e d . 
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7 . 3 Other R e s u l t s above 1 0 1 7 e V 

No other r e s u l t s have approached t h a t of Haverah Park 

for a c c u r a c y . N e v e r t h e l e s s they are u s e f u l i n s u b s t a n t i a t i n g 

or d i s p r o v i n g the HP r e s u l t s . P o l l o c k e t a l . (1977) have 
16 17 

examined data from 6 x 10 - 3 x 10 eV and found good 
c o r r o b o r a t i v e evidence f o r the claimed anisotropy a t 15.6 

— 5 
hrs R.A. (with formal chance p r o b a b i l i t y 5 x 10 ) . 

18 
Edge e t a l . have examined data c l o s e to 10 eV and 

claimed support f o r an a n i s o t r o p y t h e r e . Wolfendale (1977) 
18 

has a l s o summarised the e a r l i e r measurements from (0..5-4)xlO eV 

and using t h i s data the b e s t combination g i v e s an amplitude 

of 4.1% a t 1.4 h r s R.A. w i t h formal chance p r o b a b i l i t y 2.3%. 

However, the most r e c e n t r e s u l t s from Haverah Park (as 

examined above) have weakened the evidence here - k Q for the 
18 

four energy b i n s c l o s e s t to 10 eV i s now 3.6 as opposed to 

4.6 p r e v i o u s l y ; < k Q > = 4. 

I t i s of i n t e r e s t t o note t h a t one of themost s i g n i f i c a n t 

a n i s o t r o p i e s ( k Q = 5.99) ever recorded has been made i n t h i s 
1 8 

range by D e l v a i l l e e t a l . (1962) a t 1.4 x 10 °eV who found 

an amplitude of 38% at 23 h r s R.A. The modern d a t a are not 

compatible w i t h t h i s measurement. 

I n r e c e n t y e a r s the Sydney group have claimed s i g n i f i c a n t 

a n i s o t r o p i e s ( B e l l e t a l . , 1973). K i r a l y and White (1975) 

have a n a l y s e d the c l a i m i n d e t a i l and found no evidence f o r 

a s i g n i f i c a n t grouping. 



8 9 

7.4 R e s u l t s above l Q 1 9 e V 

These are c o n s i d e r e d s e p a r a t e l y here i n view of the 

e s t a b l i s h e d change i n the slope of the energy spectrum 

near t h i s energy which forms the t o p i c of a l a t e r c h a p t e r . 

The data here i s very s c a r c e i n view of the v e r y low 

shower r a t e . Watson has estimated the c o l l e c t i o n r a t e to be 

l e s s than 10 showers per year per experiment. At these 

energies i t becomes meaningful to examine i n d i v i d u a l shower 

a r r i v a l d i r e c t i o n s s i n c e i t i s p o s s i b l e t h a t i n d i v i d u a l source 

regions could r e v e a l themselves. 

A u s e f u l r e v i e w by K r a s i l n i k o v (1978) has summarised 

a l l the a v a i l a b l e information g i v i n g an amplitude of 
19 

^ 50% for e n e r g i e s above 2 x 10 eV. T h i s r e s u l t i s 
19 

compatible w i t h the s i g n i f i c a n t HP r e s u l t a t 10 eV (Edge e t 

a l . , 1978). T h i s r e s u l t appears s u r p r i s i n g i f viewed 

i n the l i g h t of the q u i c k l y v a r y i n g phase angle w i t h energy 

of the HP d a t a , however, the K r a s i l n i k o v data does i n c l u d e 

a l l of the HP events which form the bulk of the d a t a . 
19 

At the h i g h e s t e n e r g i e s > 5 x 10 eV the HP group has 

presented evidence suggestive of the h i g h e s t energy p a r t i c l e s 

a r r i v i n g from d i r e c t i o n s c l o s e t o t h a t of the V i r g o super-

c l u s t e r , n e a r l y p e r p e n d i c u l a r t o the G a l a c t i c p l a n e . 
T h i s i s somewhat a t v a r i a n c e w i t h the Yakutsk 

19 
data > 10 eV (with s i m i l a r d e c l i n a t i o n coverage t o HP) which 

tends to c l u s t e r from the e q u a t o r i a l plane of the Galaxy 

(Berezinsky 1977). The favoured d i r e c t i o n i s i n the d i r e c t i o n 

of the G a l a c t i c a n t i c e n t e r . The Sydney r e s u l t s w i l l be u s e f u l 

when r e a n a l y s i s has been completed f o r the Southern hemisphere. 

C l e a r l y f u r t h e r events must be awaited before the c u r r e n t 
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s i t u a t i o n i s c l a r i f i e d . 

7.5 I n t e r p r e t a t i o n f o r E p > 1 0 1 7 e V 

Two p o s s i b i l i t i e s immediately p r e s e n t themselves. The 

s i m p l e s t i n t e r p r e t a t i o n i s i n terms of a G a l a c t i c o r i g i n 

w i t h the i n c r e a s e i n r w i t h energy a r e s u l t of p r o g r e s s i v e l y 

l e s s e f f i c i e n t G a l a c t i c t r a p p i n g . F i g u r e 7.2 shows a summary 

of the a n i s o t r o p y amplitudes and phases f o r the whole range 

c o n s i d e r e d . The l i n e marked GD corresponds t o t h i s simple 

G a l a c t i c d r i f t h y p o t h e s i s . There a r e p o i n t s i n favour of 

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

1. There appears to be a change i n slope on the amplitude 

v s energy p l o t of F i g u r e 7.2a a t about lO^^eV which i s a l s o 

where the energy spectrum changes shape. I n terms of G a l a c t i c 

escape the change i n s p e c t r a l index from a to a+Aa on the 

amplitude/energy p l o t should be e q u i v a l e n t to the change i n 

the primary energy spectrum from y t o y+ky. From F i g u r e 7.2a 

the change Aot - 0.75 which i s c l o s e to the v a l u e of 

Ay =0.6 found i n the primary spectrum. 

2. The t r e n d i n phase above l 0 1 7 e V (F i g u r e 7.2 b) i s i n the 

same sense as t h a t of the magnetic f i e l d d i r e c t i o n r e f e r r e d 

to i n s e c t i o n 3.2. . T h i s suggests a simple streaming along 

the l i n e s of the f i e l d . Agreement i s not good, but t h i s i s 

to be expected as the magnetic f i e l d i s poorly known and i t s 

asymmetry about the plane w i l l undoubtedly introduce 

c o m p l i c a t i o n s . 

The r a p i d l y v a r y i n g phase w i t h energy above 10 eV 

and the change i n slope of the amplitude-energy p l o t a t 

^ l O ^ e V has consequences concerning the mass composition of 

the p r i m a r i e s . I f we assume t h a t the chemical composition of 
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the p r i m a r i e s below the change i n slope of the primary spectrum 

i s the same as t h a t measured a t lower e n e r g i e s (the slow 
15 

r i s e i n amplitude w i t h energy < 10 eV supports s i m i l a r 

sources) and t h a t the break i s due t o reduced e f f i c i e n c y of 

tra p p i n g , then h e a v i e r n u c l e i would make up an i n c r e a s i n g 
15 

f r a c t i o n of the p r i m a r i e s > 10 „ T h i s would tend to reduce 

the amplitude as d i f f e r e n t mass p a r t i c l e s a t a given energy 

have d i f f e r e n t g y r o r a d i i and consequently d i f f e r e n t phases 

would be expected. 

The s i m p l e s t argument i s t h a t the composition c o n s i s t s 

mainly of protons so t h a t phase changes a r e the r e s u l t of 

'anisotropy of propagation'. T h i s i s c o n s i s t e n t w i t h t h e 

hypothesis of Wdowczyk and Wolfendale (1976) 

and S t a p l e y e t a l . (1977) t h a t h e a v i e r n u c l e i are fragmented 

escaping from t h e i r sources and w i t h the s t u d i e s of 

Cunningham e t a l . (1977), Lapihens e t a l . (1977) and 

B a r r e t t e t a l . (1977) on the b a s i s of f l u c t u a t i o n s t u d i e s . 

The d i f f i c u l t y w i t h t h i s i n t e r p r e t a t i o n i s the HP 
17 

l a r g e s i g n i f i c a n t anisotropy observed a t 10 eV; indeed the 
measured amplitude a t t h a t energy i s l a r g e r than those 

18 
measured up t o 10 eV. The model p r e d i c t s a slow i n c r e a s e 

w ith energy. 

7.6 Mixed O r i g i n Model 
17 

Here we assume t h a t the p a r t i c l e s above 10 eV are 
both G a l a c t i c and E x t r a g a l a c t i c i n o r i g i n . The E x t r a g a l a c t i c 
component dominates as higher e n e r g i e s a r e reached so t h a t 

17 

the 10 eV peak corresponds t o the l a s t r e g i o n where G a l a c t i c 

p a r t i c l e s make up the bulk of the r a d i a t i o n . A spectrum 
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s i m i l a r to t h a t shown of F i g u r e 7.2 (denoted MO) would 

be expected. I n t h i s model a change i n slope of the primary 
17 

energy spectrum at ^ i o eV would not be unexpected, and i t 

appears t h a t t h i s change does e x i s t (Kempa e t a l . 1974). 

F u r t h e r , the change of slope a t % 3 x 1 0 1 5 e V f o r the spectrum 

of G a l a c t i c p a r t i c l e s would now appear s t e e p e r , Ay = 1, 

compared with the v a l u e 0.6 f o r the o v e r a l l spectrum ( fig 7- 3 ) . 
18 

Any anisotropy observed above 10 eV on t h i s model i s a 

r e s u l t of p u r e l y E x t r a g a l a c t i c e f f e c t s . Assuming t h a t the 

l o c a l s u p e r c l u s t e r p r o v i d e s these p a r t i c l e s then the l o c a l l y 

measured amplitude and phase w i l l be a r e s u l t of the i n t e r n a l 

magnetic f i e l d s of the S u p e r c l u s t e r . K i r a l y and White 

(19 75) have examined t h i s aspect i n g r e a t e r d e t a i l and 

attempted c o r r e l a t i o n s of the observed f l u x w i t h a v a r i e t y 

of e x t r a g a l a c t i c source c a n d i d a t e s . No s i g n i f i c a n t c o r r e l a t i o n 
19 

was found f o r p a r t i c l e s > 10 eV while only a marginal 
c o r r e l a t i o n (with Quasars) was found f o r e n e r g i e s j u s t 

19 
below 10 eV. However K r a s i l n i k o v (1978) p r e s e n t s evidence 

19 
for i n t e n s i t y peaks above 10 eV and the HP data suggest t h a t 
more p a r t i c l e s a r r i v e from high g a l a c t i c l a t i t u d e s . Con­
sequently an e x t r a g a l a c t i c o r i g i n i s suggested. I n t h i s 

19 

c a s e , above 10 eV, p a r t i c l e s are presumably t r a v e l l i n g from 

only a f r a c t i o n of the g a l a x i e s i n the c l u s t e r . 
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CHAPTER 8 

THE COSMIC RAY SPECTRUM FOR 

ENERGIES GREATER THAN !Q 1 8eV 

8.1 I n t r o d u c t i o n 

I t now appears c e r t a i n t h a t a t very high e n e r g i e s there 

i s a break i n the primary d i f f e r e n t i a l energy spectrum 

( j (E) etE~ °) , changing from o* 3.0 below 1 0 1 9 e V t o o- 2.0 
19 

above 10 eV. I n p a r t i c u l a r , there i s c l e a r evidence f o r 
20 

p a r t i c l e s of energy as high as 10 eV and probably even higher, 

and a t t h i s energy t h e r e i s no i n c r e a s e d s p e c t r a l steepening. 

T h i s r e s u l t i s extremely s u r p r i s i n g i n view of the expected 

e f f e c t s of the U n i v e r s a l b l a c k body r a d i a t i o n f i e l d , which 

w i l l be c onsidered below. 

F i g u r e 8.1 shows the measured s p e c t r a from the Haverah 

Park (mainly muon data) and Volcano Ranch (mainly e l e c t r o n s ) 

experiments. Both are i n reasonable agreement and i n d i c a t e 
19 

a f l a t t e n i n g of the spectrum near 10 eV. K r a s i l n i k o v e t a l . 

(1977) have given r e s u l t s i n the same energy region f o r the 

Yakutsk EAS a r r a y , and these a l s o i n d i c a t e a change i n 

slope a t 1 0 1 9 e V ( f i g u r e 8.2). 
Arguments a g a i n s t a G a l a c t i c o r i g i n f o r p a r t i c l e s 

18 
> 10 eV have already been given i n a previous s e c t i o n . 

P r i m a r i l y , l a r g e a n i s o t r o p i e s from the g e n e r a l d i r e c t i o n 

of the G a l a c t i c plane would be expected w i t h G a l a c t i c o r i g i n , 

and, i n a d d i t i o n , a f l a t t e n i n g of the spectrum would be un­

expected s i n c e as energy i n c r e a s e s p a r t i c l e s are l e s s l i k e l y 

to be confined. N e v e r t h e l e s s , a U n i v e r s a l o r i g i n model may 

be o b j e c t e d t o on grounds of the high energy d e n s i t y of 



10 
27 

10 

* r u 10 

> ai 

m 
U J 

10 
24 

10 
.23 

+ Haverah Park 

o Volcano Ranch 

—Strong et al.1974 

+ + i f 
+ 

\ 
\ 

,T7 10 

F ig 8-1 

Measured 

Haverah 

Haverah 

defect ion 

from e lec t rons 

1018 1019 

Primary Energy (eV) 
U 

20 

d i f f e ren t i a l energy spect ra f rom 

Park and Volcano Ranch e x p e r i m e n t s 

Park data are d e r i v e d mainly f rom 

of muons, while that of Volcano 

l ine shows The dashed 

the 

The 

the 

Ranch are 

the p red i c t i on 
of Strong ef a l . 1974 



10 
25 

est 

QJ 

10 23 

4" Krosilnikov 1975 

<j> Krosilnikov 1977 

++ 

1017 

Fig 8-2 

i 

t ) 1 6 101 9 

Energy (eV) 
10 20 

Measured d i f fe ren t ia l energy spectrum f rom 

the Yakutsk EAS array. Note the s im i l a r i t y 

to figure 8 - 1 . The essent ia l feature is the 

change in slope at 1 0 1 9 eV . 



84 

cosmic r a y s i n the u n i v e r s e whiah would r e s u l t from a uniform 

d i s t r i b u t i o n of s o u r c e s . T h i s may be overcome by assuming 

t h a t only the high energy p a r t i c l e s are e x t r a g a l a c t i c . 

An even stronger argument a g a i n s t a U n i v e r s a l o r i g i n 

seems to a r i s e from the l a c k of a c u t o f f i n the observed 
19 

cosmic ray spectrum above 6 x 10 eV, such a c u t - o f f being 

expected from the i n t e r a c t i o n of protons w i t h b l a c k body 

photons. Strong e t a l . (1974) have d e r i v e d the expected high 

energy s p e c t r a l shape assuming U n i v e r s a l o r i g i n and the 

a t t e n u a t i o n caused by these i n t e r a c t i o n s (see f i g u r e s 8.1 and 8.3). 
17 

The r e d u c t i o n f i r s t m a n i f e s t s i t s e l f a t 7 x 10 eV as a r e s u l t + - 19 of r e a c t i o n s of the form p + y p + e + e . Above 6 x 10 eV 
the a t t e n u a t i o n i s heightened as a r e s u l t of r e a c t i o n s of 

the form p + -y-»-p + T T 0 . Consequently, the observed 

spectrum should r e p r e s e n t the dotted l i n e o f f i g u r e 8.1, 

assuming a c o n s t a n t production spectrum w i t h a = 3.0. 

The f i r s t of the problems noted above may be overcome 

by e i t h e r assuming t h a t only the h i g h e s t energy p a r t i c l e s 

are e x t r a g a l a c t i c or by assuming t h a t the m a j o r i t y of p a r t i c l e s 

are trapped w i t h i n the systems t h a t produce them. Wolfendale 

(1977) notes t h a t i f the 2.7 K° f i e l d were absent a n a t u r a l 

e x p l a n a t i o n would be t h a t of an e x t r a g a l a c t i c component w i t h 
19 

a s m a l l e r s p e c t r a l index i n t e r v e n i n g a t 10 eV. A l t e r n a t i v e l y , 

the p a r t i c l e s may d e r i v e from r e l a t i v e l y nearby sources such 

as the l o c a l s u p e r c l u s t e r ( of which the Galaxy may be a member) . 

I t i s i n attempting t o e x p l a i n the high energy end 

of the cosmic ray spectrum i n terms of e x t r a g a l a c t i c o r i g i n 
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t h a t the ensuing s e c t i o n s are concerned, but f i r s t i t must be 

noted t h a t some doubt must remain t h a t the energy spe c t r a 

of f i g u r e s 8.1 and 8.2 are i n f a c t c o r r e c t . To d e r i v e the 

primary energy a t such high r i g i d i t i e s the assumption i s 

made t h a t n u c l e a r r e a c t i o n s do not s u b s t a n t i a l l y change 

c h a r a c t e r from lower to higher e n e r g i e s . The change i n 

slope could, i n p r i n c i p l e , be the r e s u l t of a change i n 

the i n t e r a c t i o n c r o s s s e c t i o n s so t h a t the d e r i v e d energy i s 

wrongly l o c a t e d . T h i s p o s s i b i l i t y was considered by Wolfendale 

(1977) who concluded t h a t i n the absence of any p o s i t i v e 

evidence to the c o n t r a r y , the measured spectrum should be 

sound; i t i s s u r e l y most u n l i k e l y t h a t a s u b s t a n t i a l change 

i n the c h a r a c t e r of the i n t e r a c t i o n should occur a t j u s t an 

energy where G a l a c t i c a n i s o t r o p i e s are to be e:xpected /and 

thereby to mask them. 

8.2 Neutron c l u s t e r Model of High Energy Cosmic Rays 

8.2.1 O r i g i n a l form of the model A number of models 

have been proposed t o e x p l a i n the apparant anomaly of the high 

energy spectrum. Wdowczyk and Wolfendale (1976) have con­

s i d e r e d a model i n which cosmic r a y s are e s s e n t i a l l y trapped 

w i t h i n c l u s t e r s of g a l a x i e s f o l l o w i n g the suggestion of 

Brecher and Burbridge (1972). In the proposed model, an 

i n t r a c l u s t e r magnetic f i e l d e f f e c t i v e l y t r a p s a l l but the 

h i g h e s t energy neutrons, which are formed by fragmentation 

of h e a v i e r n u c l e i , p r i n c i p a l l y i r o n , on the o p t i c a l , 

i n f r a - r e d and black-body f i e l d s w i t h i n the c l u s t e r . Even 
20 

charged p a r t i c l e s of 10 eV are assumed to be l a r g e l y trapped. 
20 

Only c e r t a i n g a l a x i e s need provide n u c l e i of 10 eV/nucleon 

which can then fragment. 
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18 Neutrons above ^ 10 eV are i n c r e a s i n g l y a b le t o escape 

the c l u s t e r before decaying i n t o protons because of r e l a t i v i s t i c 

time d i l a t i o n . The s u c c e s s o f the model l i e s i n the a b i l i t y 

of the escaping neutrons to provide an e x t r a source of 
19 20 

p a r t i c l e s i n the r e q u i r e d range 1 0 - 1 0 eV, l e a v i n g lower 

energies to be s u p p l i e d by G a l a c t i c s o u r c e s . An approximate 

treatment was given assuming sources concentrated a t the 

center of a c l u s t e r , and f o r a uniform d i s t r i b u t i o n of 

sources - which y i e l d e d a somewhat b e t t e r , broader spectrum. 
17 18 

At lower e n e r g i e s , between 10 and 10 eV, i t was found 

d e s i r a b l e to assume an energy independent leakage of protons 

e q u i v a l e n t t o 2% of the neutron f l u x t o obtain the d e s i r e d 

s p e c t r a l shape. I n the f o l l o w i n g , t h i s model i s extended 

to give a more r e a l i s t i c p i c t u r e of the neutron h y p o t h e s i s . 

Extended Neutron Model ; C l u s t e r s of G a l a x i e s 

8.2.2 More r e a l i s t i c form o f the neutron model Accurate 

c a l c u l a t i o n s demand a knowledge of both the d i s t r i b u t i o n of 

sources w i t h i n a c l u s t e r and the d i s t r i b u t i o n of c l u s t e r 

r a d i i . I n a d d i t i o n , the types of c l u s t e r most l i k e l y t o 

produce high energy p a r t i c l e s and t h e i r p r oportion should be 

known. Un f o r t u n a t e l y there are numerous c o m p l i c a t i o n s i n 

both measuring and i n d e f i n i n g the 'radius of a c l u s t e r ' ; i t 

may even be meaningless to attempt to do so s i n c e even 

c l e a r l y i s o l a t e d g a l a x i e s may be regarded as the lower end 

of a spectrum of c l u s t e r s i z e s . The background d e n s i t y of 

i s o l a t e d g a l a x i e s i s a l s o d i f f i c u l t to determine b e a r i n g i n 

mind the above comments. However, Oemler (1974) has 

obtained some ac c u r a t e data f o r a l i m i t e d sample of c l u s t e r s 
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and types of c l u s t e r i n terms of the g r a v i t a t i o n a l r a d i u s R„ 
2 G 

d e f i n e d by E = — — . I n a d d i t i o n he has obtained the J grav 
three-dimensional mass d i s t r i b u t i o n of the c l u s t e r s examined. 

I n t h i s r e s p e c t c l u s t e r s o f the type CD a r e of p a r t i c u l a r 

i n t e r e s t . These c l u s t e r s have been a s s o c i a t e d w i t h "strong" 
40 -1 

r a d i o sources ( l u m i n o s i t y >10 ergs s ) s u g g e s t i v e of a 

high e l e c t r o n d e n s i t y or magnetic f i e l d (Matthews, Morgan 

and Schmidt, 1964, Morgan and L e s h , 1965) . Many CD 

c l u s t e r s are a l s o known t o be X-ray s o u r c e s . O p t i c a l l y 

they have the f o l l o w i n g c h a r a c t e r i s t i c s : 

(a) They c o n s i s t of a g i a n t , o u t s t a n d i n g l y b r i g h t , 

c e n t r a l l y l o c a t e d CD galaxy (or g a l a x i e s i n the case of 

c l u s t e r s resembling Coma). They are e a s i l y r e c o g n i s a b l e . 

(b) They are r e g u l a r , being r a t h e r c i r c u l a r i n appearance, 

resembling globular s t a r c l u s t e r s w i t h a w e l l defined 

c e n t r e towards which the mass i s concentrated. 

(c) They are r i c h i n e l l i p t i c a l s and are g e n e r a l l y 

compact; Oemler gives the mean g r a v i t a t i o n a l r a d i u s as 

3.55 Mpc. 

The c e n t r a l CD g a l a x i e s are themselves of i n t e r e s t . 

They have b r i g h t e l l i p t i c a l - l i k e n u c l e i surrounded by 

e x t e n s i v e h a l o s . The r e s u l t s of C a r t e r (1977) and Oemler 

(1973) suggest t h a t the envelope 'halo* may extend as f a r 

as 1 Mpc and may c o n s i s t of a d i f f u s e 'cloud* of s t a r s which 

extends to f i l l the whole c l u s t e r . A t y p i c a l r i c h c l u s t e r 

may have a v i r i a l mass of 1 0 1 4 - 1 0 1 5 M (Abe11, 1964). I t 

i s t h i s c e n t r a l galaxy t h a t i s l a r g e l y r e s p o n s i b l e f o r r a d i o 
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emission when i t o c c u r s . The X-ray emission r e f e r r e d to 

e a r l i e r i s expected to be caused by thermal bremsstrahlung 
Q 

from hot i n t r a c l u s t e r gas (^10 K ) . T h i s gas has been 

detected by a r e d u c t i o n or 'coolin g ' of the black-body 

background r a d i a t i o n caused by Compton s c a t t e r i n g of the 

microwave photons by the hot i n t e r g a l a c t i c gas. The 
measurements have e s t a b l i s h e d t h a t proton d e n s i t i e s of some 

_ 3 

5 - 12 cm over the c l u s t e r s a r e p r e s e n t (Lake and P a r t r i d g e 

1977, Birkenshaw e t a l . 1978). 

In view of the p a r t i c u l a r l y favourable c h a r a c t e r i s t i c s 

of CD c l u s t e r s as candidates f o r high energy sources of cosmic 

r a y s noted above, i t i s h e r e a f t e r assumed t h a t only CD and 

r e l a t e d B type c l u s t e r s of g a l a x i e s are r e s p o n s i b l e f o r 

production of p a r t i c l e s a t the h i g h e s t e n e r g i e s . 

8.2.3. The p r e d i c t e d Cosmic r a y Spectrum For our own 

Galaxy the primary spectrum of I r o n n u c l e i has been measured 
by J u l i u s s o n (1975) and o t h e r s , and i s c o n s i s t e n t with 

-2 5 

the form E * . However, i t i s not unreasonable to expect a 

d i f f e r e n t s p e c t r a l index for production w i t h i n c l u s t e r s 

(and indeed w i t h i n our own Galaxy because the value 2.5 may 

r e s u l t from a production exponent of, say 2.0 coupled with an 
-0 5 

energy-dependent l i f e t i m e of the form <T> o E " ) . F u r t h e r ­
more our own Galaxy i s u n l i k e l y to produce p a r t i c l e s much 

17 
above 10 eV, y e t c l e a r l y some e x t r a g a l a c t i c sources are 

20 
able to produce p a r t i c l e s of 10 eV, p o s s i b l y by a c c e l e r a t i o n 

i n dense massive o b j e c t s . Consequently, a v a r i e t y of production 

s p e c t r a have been assumed for purposes of c a l c u l a t i o n , but 

only three are represented here f o r comparison, a = 2.0, 
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2.25, 2.5. I n a d d i t i o n t h e p r o d u c t i o n of c o s m i c r a y s w i t h i n 

a CD c l u s t e r w i l l be assumed p r o p o r t i o n a l t o t h e d e n s i t y o f 

m a t t e r a s o b t a i n e d from t h e mass d i s t r i b u t i o n p r o f i l e o f 

Oemler. 

The p r o b a b i l i t y o f a n e u t r o n o f e n e r g y E ^ q ( E i n u n i t s 
20 

o f 10 eV) t r a v e r s i n g a d i s t a n c e £ Mpc b e f o r e d e c a y i s 

s i m p l y 

. F ( E ) = e x p - ( k j t / E _ N ) = exp - ( b t ) 8.2.1 
\AfW^ ft. is | Z U 

I f t h e c l u s t e r r a d i u s i s r and a s p e c i f i c s o u r c e i s a t Q, 

d i s t a n c e a from t h e c e n t r e , t h e n t h e p r o p o r t i o n o f p a r t i c l e s 

w h i c h a r e e m i t t e d i n t h e i n t e r v a l o f a n g l e ( a , a + da) w i l l 

be ( F i g u r e 8.4) . 
2TT &2 s i n a da = s i n g , 

4TT H 2 
The p r o p o r t i o n w h i c h e s c a p e from t h e c l u s t e r w i t h energy \ 

y , from Q i s s i m p l y 
TT . 

, . r sxn a „ . , , P(y,a) = / — = — exp - y M a ) da 
o z ' 

s u b s t i t u t i n g f o r 1 ( a ) u s i n g t h e c o s i n e r u l e we have 

p ( y , a ) = / s l n a exp-y (-a Cos(a)± >/r2- a 2 s i n 2 o ) da 8.2.3 
o * 

With a = o t h i s r e d u c e s t o p(y ,o) = exp - y r , a s r e q u i r e d f o r 

c e n t r a l s o u r c e s . W r i t i n g a = r , r e p r e s e n t i n g a s o u r c e a t 

t h e edge o f a c l u s t e r t h e e x p r e s s i o n r e d u c e s t o 

p ( y , a ) = + ^ j i - £l - exp - 2 y r ] ) 8.2.4 

E q u a t i o n B.2.3 has been e v a l u a t e d f o r d i f f e r e n t c l u s t e r 
17 21 

r a d i i a t e n e r g i e s o f 10 - 10 eV„ Some s p e c i f i c examples 

a r e g i v e n i n f i g u r e 8.5 . F o r i n c r e a s i n g y t h e l i m i t i n g v a l u e 

o f 0.5 i s r e a c h e d a t a = r , a s e x p e c t e d . 

i± s/r2-



da 

Geometry of the n e u t r o n model f o r 

a source d i s t a n c e a f r o m the cen te r 

° f an assumed spher ical c lus ter of 

radi us r . 

Fig 8 - 4 
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The p r o p o r t i o n o f n e u t r o n s o f g i v e n e n e r g y w h i c h 

e s c a p e from t h e whole c l u s t e r i s s i m p l y g i v e n by 

P ( E ) = / 4 p (a) P(a,y ) da / / 4 IT a p (a) da IT a 8.2.5 

where p ( a ) i s the mass d e n s i t y . The p r o d u c t P ( E ) w i t h an 
-2 2 5 

assumed s p e c t r u m j (E)ocE * and t h e b l a c k body a t t e n u a t i o n 

c u r v e B ( E ) y i e l d s t h e h i g h e n e r g y l o c a l c o s m i c r a y s p e c t r u m . 

P ( E ) has been e v a l u a t e d f o r a mean r a d i u s R = 3.55 Mpc 

as o b s e r v e d by Oemler. F i g u r e 8.6 shows t h e r e s u l t s ; t h e 

c a l c u l a t e d s p e c t r u m i s d e n o t e d S p ( E ) . The d o t t e d l i n e 

r e p r e s e n t s an assumed 0.6% l e a k a g e p r o t o n s i n s e r t e d i n r a t h e r 

a r b i t r a r y f a s h i o n t o smooth t h e t r a n s i t i o n t o G a l a c t i c 

p a r t i c l e s a t lower e n e r g i e s . A l s o shown i s t h e e x p e c t e d 

s p e c t r u m assuming o n l y c e n t r a l s o u r c e s (S ( E ) ) w h i l e t h e 
c 

dashed l i n e s r e p r e s e n t t h e l i m i t s o f t h e measured s p e c t r u m . 
19 

As can be s e e n , t h e p r e d i c t i o n p e a k s somewhat n e a r 6 x 10 eV 

b e f o r e t a i l i n g o f f . The f i t i s s e e n t o be c l o s e t o t h e 

o b s e r v e d s p e c t r u m . F i g u r e 8.7 shows t h e c o r r e s p o n d i n g r e s u l t s i f 
— 2 0 _ o c 

p r o d u c t i o n s p e c t r a o f t h e form E ' and E * a r e assumed. ^ 18 19 With a = 2.5 t h e s p e c t r a i s r e a s o n a b l y f l a t from 10 - 10 eV 
and no c l u s t e r l e a k a g e p r o t o n s a r e needed t o f i t t h e o b s e r v e d 
s p e c t r u m . With a s p e c t r u m cc E * the p r e d i c t i o n i s n o t so 

19 

a c c u r a t e , w i t h a s h a r p peak n e a r 6 x 10 eV. Sane 0.7% of c l u s t e r 

l e a k a g e p r o t o n s a r e r e q u i r e d on t h i s model. On t h i s b a s i s 

a l o n e t h e b e s t f i t i s o b t a i n e d w i t h a = 2.5. 

8.2.4. The E n e r g y D e n s i t y and gamma-ray F l u x The n e u t r o n 

h y p o t h e s i s c an l e a d t o u n r e a s o n a b l y l a r g e p r o d u c t i o n r a t e s 

and e n e r g y d e n s i t i e s w i t h i n a c l u s t e r . The a n a l y s i s o f 

A b e l l ' s C a t a l o g u e ( A b e l l 1958) by Rood and S a s t r y (1971) 

e n a b l e s a rough e s t i m a t e o f t h e number o f c o n t r i b u t i n g c l u s t e r s 
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t o be made. 33 CD and r e l a t e d B t y p e c l u s t e r s a r e found 

w i t h i n A b e l l d i s t a n c e group 3 (about 377 Mpc w i t h Ho = 6 0 ) . 

A l l o w i n g f o r o b s c u r a t i o n , u n o b s e r v e d c l u s t e r s and t h e f a c t 

t h a t t h e s u r v e y c o v e r s o n l y h a l f t h e s k y , t h e d e n s i t y o f 
— 7 — T 

c o n t r i b u t i n g c l u s t e r s i s e s t i m a t e d a s N = 5.9 x 10 Mpc , 
5 

o r some 2 x 10 w i t h i n t h e U n i v e r s e . Assuming a = 2.25 

f o r t h e r a n g e 1 0 1 0 - 1 0 2 0 e V and a l l o w i n g f o r t h e so f a r 

n e g l e c t e d p r o t o n component and t h e r e d u c t i o n i n i n t e n s i t y 

from t h e b l a c k body component, t h e c l u s t e r p r o d u c t i o n s p e c t r u m 

may be e s t i m a t e d a s 

j ( E ) = 5.0 x 1 0 1 2 E " 2 * 2 5 m~2 s " 1 s r " 1 e V " 1 8.2.6 

W i t h o u t t r a p p i n g , the p a r t i c l e d e n s i t y t h a t w o u l d occupy t h e 

u n i v e r s e i s t h e n 
oo 

N(> 1 0 1 0 e V ) = i ^ J j ( E ) dE = 5.3 x l O - 8 m~ 3 8.2.7 
* 1 0 1 0 

I f V i s t h e "volume" o f t h e U n i v e r s e and a s s u m i n g c l u s t e r s 
p r o d u c e a t a r a t e R p a r t i c l e s s - 1 f o r a Hubble t i m e o f 

9 
t = 13 x 10 y e a r s , t h e n we can e q u a t e 

_ « < > ^ 1 0 > 8.2.8 
V 2 x 1 0 5 

4 8 - 1 

w h i c h g i v e s R = 5 x 10 s 

The e n e r g y d e n s i t y o f t h e p a r t i c l e s w i t h no t r a p p i n g 

i s o b t a i n e d u s i n g 
00 

CR ' c i . (E - mc/) J ( E ) dE « 2.6 x 1 0 _ J eV cm~ J 

1 0 ± U 8.2.9 

C o n s e q u e n t l y , w i t h i n a c l u s t e r we must s c a l e by v / v
c 2 

where V ^ i s t h e volume o c c u p i e d by t h e c l u s t e r s . The ene r g y 

d e n s i t y w i t h i n a c l u s t e r w i l l t h e n be some 20 eV cm 
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The e x p e c t e d gamma r a y p r o d u c t i o n r a t e (> 100 MeV) from 

a c l u s t e r may be c a l c u l a t e d u s i n g t h e r e s u l t s o f S t e c k e r 
_3 

(19 75) who g i v e s f o r l o c a l (1 eV cm ) c o n d i t i o n s 
, , , -25 -3 -1 g = 1.3 x 10 n„ cm s 

n 
-4 -3 

Assuming n H = 10 cm t h r o u g h o u t a t y p i c a l 3.55 Mpc c l u s t e r , 
48 —1 

the gamma r a y e m i s s i o n w i l l be about 1.3 x 10 y s . The 
Coma c l u s t e r a t a d i s t a n c e o f ^ 113 Mpc ( A l l e n 1973) w o u l d , 

t h e r e f o r e , be e x p e c t e d t o g i v e a f l u x o f some 9 x 10 y 

-2 -1 

cm s . The back g r o u n d f l u x from a u n i f o r m d i s t r i b u t i o n 

of c l u s t e r s i s g i v e n by 
] = ^ e d r dfi 8.2.10 

° -5 where e i s t h e e m i s s i v i t y . C o n s e q u e n t l y j = 2.7 x 10 
-2 - i - i 

ycm s s t . 

The gamma r a y f l u x a nd background has been measured by 

the SAS I I S a t e l l i t e . T h e r e a r e no d a t a f o r t h e Coma c l u s t e r , 

but SAS I I d a t a f o r M87 o u t s an upper l i m i t o f l O - 6 y c m - 2 

S e c " 1 (>100 MeV) , and i t i s u n l i k e l y t h a t t h e Coma f l u x i s 

h i g h e r t h a n t h i s . Thus, t h e p r e d i c t e d f l u x i s p r o b a b l y j u s t 

a l l o w e d by t h e o b s e r v a t i o n s . The ba c k g r o u n d f l u x h a s been 

measured a s 0.9 ± 0.2 x 1 0 ~ 5 c m - 2 s " 1 s t - 1 ( F i c h t e l e t a l . , 

1978) and i s t h u s a l i t t l e l o w e r t h a n p r e d i c t e d . However, 

th e d i s c r e p a n c y i s n o t t o o s e r i o u s . 

C a l c u l a t i o n s s i m i l a r t o t h o s e above f o r a = 2.0 g i v e 

W C R = °°5 e V c m ~ 3 r j = 6 x 1 0 ~ 7 Y cm" 2 s " 1 s t _ 1 ; f o r 
3 — 3 

o = 2.5 t h e c o r r e s p o n d i n g v a l u e s a r e W = 3.7 x 10 eV cm , 
-3 -2 -1 -1 

j = 3.8 x 10 Y cm s s t . The l a s t m e n t i o n e d s i t u a t i o n 
i s c l e a r l y n o t a l l o w e d . 
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8.2.5. D i s c u s s i o n s o f t h e N e u t r o n Model. The r e s u l t s 

o b t a i n e d a r e s t r o n g l y dependent on t h e e x a c t p r o d u c t i o n 

s p e c t r u m a d o p t e d f o r I r o n . W h i l e a = 2.5 g i v e s t h e b e s t f i t 

t o t h e o b s e r v e d s p e c t r u m t h e e n e r g y d e n s i t y w i t h i n a c l u s t e r 

would need t o be u n r e a l i s t i c a l l y h i g h and t h e gamma r a y 

background p r e d i c t e d i s n e a r l y two o r d e r s o f magnitude t o o 

h i g h . W i t h o = 2.0 t h e b a c k g r o u n d p r e d i c t e d i s about two 

o r d e r s o f magnitude l o w e r t h a n o b s e r v a t i o n ( a n d t h u s a l l o w e d , 

b u t l o c a l p r o t o n s p e c t r u m i s n o t a s s a t i s f a c t o r y a s w i t h t h e 

o t h e r m o d e l s ) . On b a l a n c e t h e o v e r a l l b e s t f i t comes from 
-2 25 

as s u m i n g j ( E ) ccE * w h i c h g i v e s r e a s o n a b l e v a l u e s f o r both 
t h e background f l u x and t h e l o c a l s p e c t r u m , a l t h o u g h t h e 

_ 3 

e n e r g y d e n s i t y (^ 20 eV cm ) may s t i l l be c o n s i d e r e d r a t h e r 

h i g h . 
As n o t e d by Wdowczyk and W o l f e n d a l e a p o t e n t i a l p roblem 

w i t h models o f t h i s t y p e i s t h e need f o r mean c l u s t e r f i e l d s 

o f t h e o r d e r o f 1 y G i n o r d e r t o e n s u r e adequate t r a p p i n g 
20 

( a 10 eV p a r t i c l e h a s a Larmor r a d i u s o f 'v. 0.1 Mpc i n 

s u c h a f i e l d ) . O b s e r v a t i o n s o f t h e r a d i o s y n c h r o t r o n e m i s s i o n 

from t h e P e r s e u s and Coma c l u s t e r s o f g a l a x i e s ( W i l l s o n 1970) 

h a v e g i v e n i n d i r e c t measurements o f t h e f i e l d - W i l l s o n 

q u o t e s an u n c e r t a i n v a l u e o f 10 ^ g a u s s f o r t h e e x t e n d e d 

r a d i o s o u r c e s . 

F i e l d ( 1 9 7 4 ) , i n a r e v i e w o f i n t e r g a l a c t i c g a s , n o t e s 

t h a t i f t h e r m a l b r e m s s t r a h l u n g i s i n d e e d r e s p o n s i b l e f o r t h e 

X - r a y e m i s s i o n from r i c h c l u s t e r s o f g a l a x i e s t h e n a mass o f 

gas e q u a l t o a few p e r c e n t o f t h e v i r i a l mass w i t h T * 10 K 
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may be p r e s e n t . I n t h e c a s e o f t h e Coma c l u s t e r t h e b e s t 

f i t i s p r o v i d e d by a s s u m i n g c e n t r a l gas d e n s i t i e s o f 

^ 4 x 10 cm w i t h T = 10 K, and o t h e r c l u s t e r s y i e l d 

s i m i l a r r e s u l t s . I n t h e c a s e o f Coma t h e r e a l s o a p p e a r s t o 

be a d i f f u s e o p t i c a l e m i s s i o n between ( 4-5) x 10^ R w h i c h 

may be due t o a c o o l e r component o f t h e i n t r a - c l u s t e r gas 

(Welch and S a s t r y 1 9 7 2 ) . These measurements a r e i n a c c o r d 

w i t h t h e d e r i v e d d e n s i t i e s o f L a k e and P a r t r i d g e and 

B i r k e n s h a w e t a l . from microwave b a c k g r o u n d c o o l i n g 

e x p e r i m e n t s . 

F i e l d g i v e s t h e one d i m e n s i o n a l rms v e l o c i t y o f a p a r t i c l e 

i n a f u l l y i o n i s e d gas w i t h He/H = 0.1 a s 1100 km s " 1 . I f 

we assume e q u i p a r t i t i o n o f e n e r g y s u c h t h a t 
W C R = h = * p ̂  8'2-11 

-2 9 - 3 
t h e n w i t h gas d e n s i t i e s o f 10 g cm t h r o u g h o u t t h e whole 
c l u s t e r , f i e l d s o f a b o u t 1 uG w o u l d be e x p e c t e d . W i t h c e n t r a l 

— 3 - 3 

gas d e n s i t i e s o f ^ 10 cm f i e l d s an o r d e r o f magnitude 

g r e a t e r c o u l d i n t h e o r y be s u s t a i n e d . I t i s o f c o u r s e , 

d i f f i c u l t t o e n v i s a g e mechanisms by w h i c h f i e l d s even o f 1 vG 

c o u l d be g e n e r a t e d a n d m a i n t a i n e d o v e r s u c h an e x t e n d e d r a n g e . 

T u r b u l e n c e o f i n t e r g a l a c t i c gas may p r o v i d e some a m p l i f i c a t i o n 

o f t h e m a g n e t i c f i e l d between g a l a x i e s b u t n o t t o t h e e x t e n t 

s u g g e s t e d by t h e above c a l c u l a t i o n s . B r e c h e r and B u r b r i d g e 

(1972) c o n c l u d e t h a t f i e l d s a s h i g h as 1 pG c o u l d c o n c e i v a b l y 

be p r e s e n t b u t t h e e v i d e n c e i s a t b e s t s c a n t y . However, 

i t i s q u i t e p o s s i b l e t h a t t h e m a g n e t i c f i e l d s i n i n d i v i d u a l 

g a l a x i e s w i t h i n a c l u s t e r a r e much g r e a t e r t h a n t h e 3 u G 

measured i n o u r own G a l a x y so t h a t s u b s t a n t i a l t r a p p i n g c o u l d 

o c c u r w i t h i n t h e g a l a x i e s t h e m s e l v e s . 
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L a s t l y , we n o t e t h e argument o f Biermann and D a v i s 

(1960) t h a t i t i s u n l i k e l y t h a t c o s m i c r a y s c a n be c o n f i n e d 

i f t h e i r e n e r g y d e n s i t y e x c e e d s t h a t o f the m a g n e t i c e n e r g y 

d e n s i t y , a t l e a s t i f n o t much m a t t e r i s p r e s e n t . An e n e r g y 
_ 3 

d e n s i t y i n c o s m i c r a y s o f 20 eV cm w o u l d , t h e r e f o r e , r e q u i r e 

a f i e l d o f 2.8 x 10 5 g a u s s t o c o n f i n e t h e c o s m i c r a y s . 

A g a i n , t h e f i e l d s i n i n d i v i d u a l g a l a x i e s c o u l d a l l e v i a t e 

t h i s p r o b l e m t o some e x t e n t , a l t h o u g h f o r t h e whole c l u s t e r 
we have l i t t l e r e a s o n t o e x p e c t f i e l d s much g r e a t e r t h a n 

~8 

10 g a u s s . F u r t h e r d a t a on i n t e r g a l a c t i c m a g n e t i c f i e l d s 

would g r e a t l y c l a r i f y t h e s i t u a t i o n . 

8.3 G e n e r a l r e m a r k s 

D e s p i t e what has j u s t been s t a t e d , t h e n e u t r o n h y p o t h e s i s 

does l e a d t o a f e a s i b l e e x p l a n a t i o n o f t h e h i g h e n e r g y 

c o s m i c r a y s p e c t r u m . Two p o i n t s a r e w o r t h n o t i n g . F i r s t l y , 

i f l a r g e numbers o f c l u s t e r s w i t h r a d i i s m a l l e r t h a n 

^ 3 Mpc were s o u r c e s o f h i g h e n e r g y p a r t i c l e s , t h e n t h e s e 

would dominate and a somewhat more p e a k e d s p e c t r u m would 

r e s u l t . The r e q u i r e d e n e r g y d e n s i t y w i t h i n a c l u s t e r w o uld 

d e c r e a s e w h i l e t h e amount o f c l u s t e r l e a k a g e p r o t o n s n e c e s s a r y 

t o e x p l a i n t h e o b s e r v e d s p e c t r a l s h a p e would i n c r e a s e . 

F i n a l l y , i f t h e G a l a x y were i t s e l f a member o f t h e l o c a l 

s u p e r c l u s t e r t h e n a s i m i l a r model may s t i l l be u s e d i f s l o w 

d i f f u s i o n o f p r o t o n s w i t h c o n s e q u e n t e n e r g y l o s s i s t h e c a s e 

(Wdowczyk and W o l f e n d a l e 1 9 7 6 ) . 

I n t h e n e x t s e c t i o n a d i f f u s i o n model w i t h e x t r a g a l a c t i c 

o r i g i n w i l l be c o n s i d e r e d a s an a l t e r n a t i v e t o t h e n e u t r o n 

model. 
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8.4 D i f f u s i o n Model o f U l t r a High E n e r g y Cosmic Rays 

8.4.1 P r i n c i p l e o f t h e model. W i t h t h e n e u t r o n h y p o t h e s 

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

the g e n e r a t e d s p e c t r u m was s u f f i c i e n t l y f l a t t o d e r i v e t h e 

o b s e r v e d s p e c t r u m e v e n a l l o w i n g f o r b l a c k body a t t e n u a t i o n . 

I n t h i s s e c t i o n t h e p o s s i b i l i t y o f d i f f u s i o n , r a t h e r t h a n 

r e c t i l i n e a r m o t i o n , a s t h e means o f p r o p a g a t i o n o f h i g h 

e n e r g y p a r t i c l e s w i l l be c o n s i d e r e d . With d i f f u s i o n , t h e 

e x p e r i m e n t a l s p e c t r u m c a n be m o d e l l e d r a t h e r e a s i l y i f t h e 

b u l k o f t h e h i g h e n e r g y p a r t i c l e s p r o p a g a t e from t h e c e n t r e 

of t h e l o c a l s u p e r c l u s t e r . 

The b l a c k body a t t e n u a t i o n c u r v e o f f i g u r e 8.3 shows 
20 

t h a t p a r t i c l e s o f e n e r g y >10 eV c a n o n l y be e f f e c t i v e l y 

p r o v i d e d by s o u r c e s w i t h i n a d i s t a n c e o f some 200 Mpc, i f 

t h e y a r e e x t r a g a l a c t i c i n o r i g i n . Above 3 x 1 0 2 0 e V t h e 

a t t e n u a t i o n l e n g t h f o r p r o t o n s i s l e s s t h a n 20 Mpc s o t h a t 

o n l y t h e n e a r e s t r i c h c l u s t e r ( V i r g o ) i s r e a d i l y a c c e s s i b l e 

t o p r o v i d e p a r t i c l e s . The n e x t l a r g e c l u s t e r , P e g a s u s I , 

i s a b o u t 65 Mpc ( A l l e n 1973) d i s t a n t w i t h a c o r r e s p o n d i n g 
20 

e n e r g y of ^ 1.3 x 10 eV. C l e a r l y , i f s c a t t e r i n g o r 

d e f l e c t i o n s r e s u l t i n any n o n - l i n e a r p r o p a g a t i o n w h a t s o e v e r , 

and i f t h e main s o u r c e s o f cosmic r a y s a r e s i t u a t e d a t t h e 
20 

c l u s t e r c e n t r e s , p a r t i c l e s o f e n e r g y > 10 eV w i l l o n l y 

a r r i v e from V i r g o . 

F o r d i f f u s i o n , a c r i t i c a l p a r a m e t e r i s t h e l e n g t h o v e r 

w h i c h t h e m a g n e t i c f i e l d may be c o n s i d e r e d a s r e g u l a r ; 

p e r h a p s t h e d i s t a n c e o v e r w h i c h t h e f i e l d d o u b l e s o r h a l v e s 
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i t s s t r e n g t h or c h a n g e s d i r e c t i o n c o n s i d e r a b l y . F o r c l u s t e r s , 

a n o t u n r e a s o n a b l e e s t i m a t e o f t h i s " c e l l s i z e " may be a few 

t e n t h s o f a Mpc, s a y 0.1 Mpc ( a few G a l a c t i c d i a m e t e r s ) . 
— 8 

I n a c l u s t e r f i e l d o f 10 g a u s s , t h i s d i m e n s i o n i s e q u a l 
18 

t o t h e Larmor r a d i u s o f a p r o t o n o f 10 eV. Thus, f o r e n e r g i e 
below t h i s v a l u e d i f f u s i o n may be c o n s i d e r e d i m p o r t a n t f o r 

p a r t i c l e s from a l l e x t r a g a l a c t i c s o u r c e s . F o r p a r t i c l e s 
20 

below 10 eV ( r L = 10 Mpc) d i f f u s i o n w i l l be i m p o r t a n t f o r 

p a r t i c l e s o r i g i n a t i n g w i t h i n a few t e n s o f Mpc's. 

A con s e q u e n c e o f d i f f u s i o n i s t h a t t h e i n t e n s i t y o f 

low e n e r g y p a r t i c l e s t e n d s t o be s u p p r e s s e d w h i l e h i g h e n e r g y 

p a r t i c l e s a r e a b l e t o t r a v e l r e l a t i v e l y r a p i d l y , and e v e n f o r 

l o n g d i s t a n c e s a r r i v e w i t h i n t h e i r l i f e t i m e . I n t h i s r e s p e c t 

t h e d i f f u s i o n model l e a d s n a t u r a l l y t o t h e r e q u i r e d s p e c t r a l 

shape and i s n o t c r i t i c a l l y dependent on t h e d i f f u s i o n c o ­

e f f i c i e n t adopted. 

8.4.2 C h a r a c t e r i s t i c o f D i f f u s i o n We a r e c o n c e r n e d 

w i t h t h e t h r e e - d i m e n s i o n a l d i f f u s i o n e q u a t i o n 

v 2 f ( x , t ) = ^ a | ( X f t | ) 8.4.1 

where D i s t h e d i f f u s i o n c o e f f i c i e n t . F o r a c o n t i n u o u s l y 

e m i t t i n g s o u r c e a d i s t a n c e x away, and i f we n e g l e c t t h e 

l o s s e s i n h e r e n t i n p r o p a g a t i o n ( n o t t h e b l a c k body l o s s e s ) , 

t h e s o l u t i o n i s 
q x 2 

f ( X ' t } = T 4 T t D l V ' 4Dt 8 ' 4 ' 2 

where q i s t h e o u t p u t o f t h e s o u r c e p e r u n i t t i m e . 

The f l u x o f c o s m i c r a y s a r r i v i n g a t d i s t a n c e x i s con­

s e q u e n t l y g i v e n by 
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2 
T 

o <-

Where T i s t h e e f f e c t i v e l i f e t i m e o f t h e p a r t i c l e s as d e r i v e d 

from f i g u r e 8,3. 

The above e q u a t i o n i s more r e a d i l y c a l c u l a t e d by making 
2 2 

t h e s u b s t i t u t i o n y = x /4Dt t o g i v e 
n ( x ) = -23 I ( / — ) 8.4.4 

8ir Dx A/ 2DT 
where I ( z ) = / exp - y /2 dy 

/2ir z 

o r , p u t t i n g w = x ^ D T , 

n ( x ) = 2 i r 2 x 3 I (^2w) 8.4.5 

The a n i s o t r o p y c a n be c a l c u l a t e d from 

3 =12 _ i _ (*) 
Q n ( x ) dx 

N o t i n g t h a t dn (x) = -exp (-w)//4irDT we have 
dx 

6 = 2S [ i + e x p j ^ / ) - , 8 b 4 > 6 

cX ^ l / 2 w 

T h e r e i s l i t t l e o r no i n f o r m a t i o n a v a i l a b l e a b o u t t h e 

e n e r g y dependence o f D. F o r c o s m i c r a y s i n o u r own G a l a x y 
15 

t h e b r e a k i n e n e r g y s p e c t r u m n e a r 10 eV can be i n t e r p r e t e d 
i n t e r m s o f a change i n the f u n c t i o n a l dependence o f D(E) 

from D(E) a c o n s t a n t below 1 0 1 5 e V t o D(E) ocE% above 1 0 1 5 e V , 

bu t t h e r e i s no r e a s o n why t h i s form s h o u l d h o l d i n c l u s t e r s 

a t t h e e n e r g i e s we a r e d e a l i n g w i t h . E q u a t i o n 8.4.5 has 

c o n s e q u e n t l y been e v a l u a t e d f o r a range o f d i f f e r e n t c h o i c e s 

of 6 and c o n s t a n t s o f p r o p o r t i o n a l i t y . The v a l u e s o f D c h o s e n 

a r e s u c h t h a t t h e mean f r e e p a t h between s c a t t e r i n g s , i 
s 

19 1 1 a t 10 eV, v a r i e s from ^ 100 Kpc t o 10 Kpc (D = i I c) C 3 s 

assuming D(E)= A E i g c m 2 / s ; E 1 9 i n units of l 0 1 9 e V 
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( a s i n d i c a t e d e a r l i e r ) . The form o f D i s assumed t o h o l d 
17 20 f o r t h e w h o l e range 10 - > 10 eV. 

F i g u r e s 8.0 - 8.11 show t h e shape o f t h e e x p e c t e d energy 

s p e c t r u m i n d e p e n d e n t o f t h e form o f t h e p r o d u c t i o n s p e c t r u m 

( i n o t h e r words m u l t i p l i e d by E Y where y i s t h e i n d e x o f 

t h e p r o d u c t i o n s p e c t r u m ) . I n g e n e r a l a s l o w e r v a r i a t i o n of 

D ( E ) g i v e s a b e t t e r e f f e c t w h e r e a s w i t h h i g h e r v a l u e s o f 6 

t h e s p e c t r u m e x h i b i t s a p e a k i n g w i t h a q u i t e s h a r p l o w e r 

e n e r g y c u t o f f . W i t h t h e s m a l l v a l u e s o f 6 t h e c a l c u l a t e d 
18 

r e s u l t s r e p r o d u c e t h e s p e c t r u m w e l l above 10 eV. Below 
18 

IO eV, u n l e s s a h i g h v a l u e o f d i f f u s i o n c o e f f i c i e n t i s used, 
t h e r e i s an i n c r e a s i n g d i s c r e p a n c y w i t h t h e e x p e r i m e n t a l 

17 
r e s u l t s and a f i t c a n n o t be a c h i e v e d a t 10 eV, However, i t 
i s l i k e l y t h a t G a l a c t i c p a r t i c l e s dominate a t l o w e r e n e r g i e s 

and t h e r e i s t h u s no i n s u r m o u n t a b l e p r o b l e m h e r e . 
20 

Above 10 eV a l l t h e c a l c u l a t e d s p e c t r a show a f a i r l y 

r a p i d t r a i l i n g o f f . The u l t r a h i g h e n e r g y end of t h e 

s p e c t r u m w i l l , however, be e x t e n d e d when a l l o w a n c e i s made 
21 

f o r t h e f a c t t h a t a t e n e r g i e s n e a r and above 10 eV p a r t i c l e s 

a r e e f f e c t i v e l y p u r s u i n g r e c t i l i n e a r p a t h s , i . e . t h a t 

d i f f u s i o n i s u n i m p o r t a n t b e c a u s e t h e Larmor r a d i i a r e s o 
20 

l a r g e . Above 10 eV d i f f u s i o n becomes p r o g r e s s i v e l y l e s s 

i m p o r t a n t so t h a t between 1 0 2 0 - 1 0 2 3 "eV an i n t e r m e d i a t e 

s i t u a t i o n may be t a k e n . 

8.4.3 Virgo' P r o d u c t i o n S p e c t r u m The e x p e r i m e n t a l l y 

o b s e r v e d f l u x a l l o w s an e s t i m a t e o f t h e t o t a l o u t p u t i n cosmic 
19 

r a y s from V i r g o t o be made. Near 10 eV t h e e s t i m a t e i s n o t 

c r i t i c a l l y dependent on t h e e x a c t v a l u e s o r form o f t h e 
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d i f f u s i o n c o e f f i c i e n t . From f i g u r e 8.1 t h e measured 

i n t e n s i t y a t l 0 1 9 e V i s * 3 x 1 0 " 3 3 e V ~ 1 m ~ 2 s " ^ s r " " 1 . A d o p t i n g 

a d i f f u s i o n c o e f f i c i e n t o f 5 x 1 0 3 3 ( E ( G e V ) ) cm 2 s ~ 1 ( t h e 
1 0 r o 

p r e f e r r e d c h o i c e , f i g u r e 8.8) t h e p r o d u c t i o n i n t e n s i t y a t 

1 0 l 9 e V w i l l be 7. 4 x 1 0 2 4 s ^ G e v " " 1 . 

The p r o d u c t i o n s p e c t r u m w h i c h g i v e s a r e a s o n a b l e f i t 

t o the a c t u a l s p e c t r u m i s t h e n 
q ( E ) = 7.4 x 1 0 2 4

 ( H G e V ) r 2 . 4 4 g - l ^ - 1 
10 1 0 

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

A l t h o u g h t h e r e i s no i n f o r m a t i o n on t h e a c t u a l e n e r g y 

dependence o f q ( E ) , t h e e l e c t r o n s p e c t r u m o f r a d i o g a l a x i e s 
i s o f t e n somewhat f l a t t e r t h a n t h a t o f t h e G a l a c t i c p r o t o n 

— 2 6 

component (- E * ) , s o t h e c h o i c e i s n o t u n r e a s o n a b l e . 

I f t h i s p r o d u c t i o n s p e c t r u m h o l d s b a c k t o 1 GeV, t h e 

t o t a l e n e r g y o u t p u t o f t h e c l u s t e r w i l l be 
CO 

/ E q ( E ) dE = 7 x 1 0 4 6 e r g s s " 1 

1 
Osborne e t a l . , (1977) g i v e t h e t o t a l f o r o u r G a l a x y a s about 
6 x 1 0 4 0 e r g s s ^ s o V i r g o would need t o be about 10^ t i m e s 

4 
as a c t i v e . C o n s i d e r i n g t h a t V i r g o i s some 10 t i m e s as m a s s i v e 

t h i s i s n o t an i n h i b i t i n g r e q u i r e m e n t . 
19 

The c l u s t e r o u t p u t n e a r 10 eV c a n a l s o be compared w i t h 

t h e e q u i v a l e n t G a l a c t i c o u t p u t t h a t would be r e q u i r e d t o 

m a i n t a i n t h e e x p e r i m e n t a l i n t e n s i t y , p r o v i d e d a s u i t a b l e 

p r o p a g a t i o n model i s adopted. I f we assume t h e d i s c 
19 

r e s i d e n c e t i m e f o r 10 eV p a r t i c l e s t o be o f t h e o r d e r o f 
2 3 

5 x 10 - 5 x 10 y r s t h e n f o r a d i s c t h i c k n e s s of ^ 200 p c 
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( c o r r e s p o n d i n g t o a d i s c volume o f ^ 4 x 10^°m 3) t h e r e q u i r e d 

G a l a c t i c o u t p u t i s some 3 x ( 1 0 1 8 - 1 0 1 9 ) G e v " 1 s ~ 1 . T h i s 

i s a g a i n a f a c t o r o f some 10 5 - 1 0 6 down on t h e V i r g o 

r e q u i r e m e n t . 

We may f u r t h e r compare t h e G a l a x y and V i r g o i n term s 

o f t h e d i f f u s e X - r a y e m i s s i o n . Wdowczyk (1979) h a s e s t i m a t e d 
38 

the d i f f u s e l u m i n o s i t y o f t h e G a l a x y i n X - r a y s as about 10 

e r g s s ^. A t t h e G a l a c t i c c e n t e r t h i s w i l l p r e s u m a b l y be a t 

l e a s t an o r d e r o f magnitude g r e a t e r . Forman e t a l . , (1978) 
4 3 -1 

g i v e t h e V i r g o l u m i n o s i t y a s = 3.1 x 10 e r g s s o f w h i c h 

t h e y e s t i m a t e h a l f s h o u l d be t h e d i f f u s e component. T h i s 

g i v e s a f a c t o r o f 10^ f o r t h e V i r g o / G a l a x y r a t i o . I t 

s h o u l d be n o t e d t h a t t h i s , and t h e above, c a l c u l a t i o n s a r e 

s e n s i t i v e t o t h e p r e c i s e p r o d u c t i o n s p e c t r u m o f V i r g o 

adopted. I f a s l i g h t l y f l a t t e r form f o r q ( E ) i s c h o s e n , 

t h e e n e r g y r e q u i r e m e n t f o r V i r g o i s e a s e d c o n s i d e r a b l y . 

8.4.4 The P r e d i c t e d H i g h E n e r g y Spectrum The p r e d i c t e d 

h i g h e n e r g y s p e c t r u m i s o b t a i n e d by t h e p r o d u c t o f e q u a t i o n s 

8.4.5 and 8.4.7. The f i t w i t h D (E) = 5 x 1 0 3 3 / E , Q cm 2/s is 

shown i n f i g u r e 8.12 a g a i n s t t h e v o l c a n o r a n c h / H a v e r a h P a r k 

d a t a , though o t h e r v a l u e s o f D can be made t o f i t a l m o s t a s 

w e l l . The da s h e d l i n e i n t h e f i g u r e r e p r e s e n t s t h e s i t u a t i o n 
21 

i f d i f f u s i o n i s assumed n e g l i g i b l e a t 10 eV, w i t h a t r a n s i t i o n 
20 21 3 7 between 10 and 10 eV. Below 3 x 10 eV t h e f i t i s n o t good, 

bu t i n t h i s r e g i o n G a l a c t i c p a r t i c l e s a r e assumed t o g i v e 
t h e r e q u i r e d s h a p e . 
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8.4.5 The p r e d i c t e d a n i s o t r o p y F i g u r e 8.13 shows the 

p r e d i c t e d v a l u e s f o r a n i s o t r o p y c a l c u l a t e d from e q u a t i o n 

8.4.6 w i t h t h e p r e f e r r e d v a l u e o f D ( E ) . As w i t h t h e 

i n t e n s i t y measurements t h e a n i s o t r o p y f i t i s n o t p a r t i c u l a r l y 

s e n s i t i v e t o c h o i c e o f d i f f u s i o n c o e f f i c i e n t . The c r i t i c a l 

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

b l a c k body a t t e n u a t i o n . F o r c o m p a r i s o n f i g u r e s 8.14 and 8.15 
33 0 75 J2 

show t h e s p e c t r a l s h a p e and a n i s o t r o p y c u r v e f o r D(E)=5xlO E " cm/s 
and D(E) = 2 x 1 0 3 4 E 1 , 0 cm 2/ s . 

As n o t e d p r e v i o u s l y t h e a n i s o t r o p y p h a s e s a t t h e h i g h 
18 

energy end (E > 10 eV) a r e n o t i n good agreement w i t h t h e 

V i r g o d i r e c t i o n . However, t h e G a l a c t i c m a g n e t i c f i e l d 

and i r r e g u l a r i t i e s i n t h e e x t r a g a l a c t i c f i e l d make i t 

u n l i k e l y t h a t t h e p h a s e s s h o u l d c o r r e s p o n d t o t h e V i r g o 
19 

d i r e c t i o n u n t i l a t l e a s t 3 x 10 eV and i n d e e d i t i s above 

t h i s e n e r g y t h a t t h e H a v e r a h P a r k group c l a i m an e x c e s s o f 

p a r t i c l e s from h i g h G a l a c t i c l a t i t u d e s . The d a t a a v a i l a b l e 

a r e , o f c o u r s e , l i m i t e d , and f u r t h e r i n f o r m a t i o n must be 

a w a i t e d b e f o r e t h e h y p o t h e s i s i s c o n f i r m e d . 

8.5 R a d i o G a l a x y S p e c t r a l Model 

8.5.1 P h i l o s o p h y of t h e Model A t h i r d a l t e r n a t i v e f o r 

the h i g h e n e r g y c o s m i c r a y s p e c t r u m a r i s e s from c o n s i d e r a t i o n 

o f t h e d i s t r i b u t i o n o f s p e c t r a l i n d i c e s o f r a d i o g a l a x i e s . 

From t h e r a d i o f r e q u e n c y s p e c t r u m o f a t y p i c a l g a l a x y , t h e 

s o u r c e e l e c t r o n s p e c t r u m may be e a s i l y o b t a i n e d , making the 

u s u a l a s s u m p t i o n t h a t s y n c h r o t r o n l o s s e s a r e r e s p o n s i b l e f o r 

t h e o b s e r v e d e m i s s i o n . I f t h e c o s m i c r a y s p e c t r u m c a n be 

o b t a i n e d from t h e e l e c t r o n s p e c t r u m by a s s u m i n g t h a t t h e 



1O0 

P r e d i c t i o n f o r 
33 O 5 D CEJ=5 10 E cm / s 19 

I 10 

Co 
ON 

17 19 18 10 20 10 10 10 

E N E R G Y C e V ) 

The d i f f us ion model an iso t ropy p red ic t i on f o r a d i f f us ion 

c o e f f i c i e n t D(E) = 5 x 1 0 3 3 / E i e cm 2 / s . The measurements are those 

of Haverah Park . E 1 9 is in un i ts of 1 0 1 9 e V . 

F ig 8-13 

i 



ro 
cm 

ro 
oo 

n 

ra 

ro CU 
CD OO 
ra 

cn 
QJ E 

CU 8 ! i 
cu 4 -

CU 

ra 
CD 

LU 00 
- r cu 

<u 
CD 

to 05 CU 00 

QJ CM 0) 
CD 

in 
CU 

L U U J 
Q) fa ^ m + 

00 L n CM 
4- to II II 00 

<C CO oo ID 
in CM 

00 oo 

oo 

cu 
oo 

i x l 
en 
u_ 



10 
Prediction for 

33 „ 0 75 A: D= 5x10 E cm / s 19 
3 4 ^ 1 0 

B: D=2x10^E cm / s B 19 

I 10 

at 

1 

0-1 
1017 

1018 10 1 9 10 2 0 

Energy (eV) 

The d i f fus ion model anisotropy p red i c t i on w i th d i f f us i on 

c o e f f i c i e n t s as s h o w n . The measurements are f rom 

Haverah Pa rk . E 1 9 is in u n i t s of 10™ eV. 

F ig 8-15 



1 1 3 

s p e c t r a l i n d e x i s t h e same f o r b o t h , t h e n knowledge o f the 

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

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

a t v e r y h i g h e n e r g i e s a l s o . A s i m i l a r model has been 

proposed by B e r e z i n s k y e t a l . ( 1 9 7 3 ) . 

8.5.2 R a d i o G a l a x y S p e c t r a A number o f p r o b l e m s a r i s e 

w i t h t h i s model o f w h i c h t h e f i r s t i s t h e need t o o b t a i n 

complete s a m p l e s o f s o u r c e s t o a g i v e n f l u x l i m i t , a s n o t e d 

by W i l l i a m s and B r i d l e (1967) and o t h e r s . The p r o b l e m a r i s e s 

s i n c e o b s e r v a t i o n s a t a g i v e n f r e q u e n c y b i a s t h e c o m p o s i t i o n 

of s a m p l e s c o m p l e t e t o a p a r t i c u l a r f l u x d e n s i t y , : o b s e r v a t i o n 

a t a d i f f e r e n t f r e q u e n c y t o a c e r t a i n f l u x l i m i t w o u ld g i v e 

a d i f f e r e n t sample o f o b j e c t s . 

The most a p p r o p r i a t e f o r t h e p r e s e n t a n a l y s i s a p p e a r s t o 

be t h e c a t a l o g u e o f s o u r c e s a t 1400 MHz o f B r i d l e , D a v i s , 

Fomalont and Lequeux ( 1 9 7 2 ) . The C a t a l o g u e i s e s t i m a t e d 

by t h e a u t h o r s t o be 9 8 ± 2% c o m p l e t e f o r o b j e c t s w i t h f l u x 

d e n s i t i e s g r e a t e r t h a n 4.0 f l u x u n i t s (1 f . u . = 10 W M Mz~ 

i n t h e r e g i o n |bj > 15°, -5° < 6 < 70°. A c c o r d i n g t o t h e 

r e v i s e d f l u x d e n s i t y s c a l e o f Roger, B r i d l e and C o s t a i n (1973) 

s i x t y - s e v e n s o u r c e s c o n s t i t u t e a c o m p l e t e sample i n t h e 

s p e c i f i e d r e g i o n t o t h e g i v e n l i m i t s . Of t h e s e , 52 have 

been o b s e r v e d a t f i v e o r s i x f r e q u e n c i e s from 10 - 1400 MHz, 

w h i l e t h e r e m a i n i n g 15 have been o b s e r v e d a t f o u r h i g h e r 

f r e q u e n c i e s (70 - 1800 MHz) o n l y . The s p e c t r a o f e a c h of 

the 6 7 o b j e c t s , and t h e s p e c t r a l i n d e x o f e a c h s o u r c e a t 

p r e s e l e c t e d f r e q u e n c i e s , h a s been g i v e n by Roger e t a l . 

and i n a d d i t i o n , w h e r e v e r p o s s i b l e , an o p t i c a l i d e n t i f i c a t i o n 
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of e a c h s o u r c e h a s been made. F o r t h e s a m p l e i n q u e s t i o n , 

10 s o u r c e s have been i d e n t i f i e d a s Q u a s a r s w h i l e 2 s o u r c e s do 

n o t c o r r e s p o n d t o any i d e n t i f i a b l e s o u r c e . T h e s e a r e 

r e j e c t e d , n o t i n g t h a t t h e Q u a s a r s have s i g n i f i c a n t l y f l a t t e r 

s p e c t r a t h a n o t h e r groups o f s o u r c e s . 

The 52 r e m a i n i n g g a l a x i e s a r e i d e n t i f i a b l e a s Normal, 

Double, o r S e y f e r t g a l a x i e s . Only 24 o f t h e s e , however, 

have s p e c t r a w h i c h a r e w e l l r e p r e s e n t e d by power l a w s , a t 

l e a s t from 600 - 1800 MHz. The r e s t have more complex s p e c t r a 

w h i c h g i v e l i t t l e i n d i c a t i o n o f t h e h i g h f r e q u e n c y end o f t h e 

s p e c t r a a p a r t from g e n e r a l t r e n d s . 

8.5.3. The e n s u i n g Cosmic Ray S p e c t r u m The 2 4 

' r e g u l a r ' g a l a x i e s may r o u g h l y be r e p r e s e n t e d by a G a u s s i a n 

d i s t r i b u t i o n w i t h mean s p e c t r a l i n d e x a = .775 and a = .12. 
a 

T h i s a g r e e s w e l l w i t h t h e r e s u l t s o f K e l l e r m a n e t a l . (1969) 

who f i n d , f o r an i n c o m p l e t e sample o f g a l a x i e s a t (40 - 750) 

MHz, a d i s t r i b u t i o n w i t h o= .75 3 and o = .15, and w i t h t h e 
a 

c o n c l u s i o n s o f B e r e z i n s k y e t a l . who g i v e a = 0.8, a
a
 = ° « 2 . The 

a s s u m p t i o n o f a G a u s s i a n d i s t r i b u t i o n i s , however, o n l y 

a p p r o x i m a t e , s i n c e i t i s known t h a t t h e d i s t r i b u t i o n o f 

s p e c t r a l i n d i c e s e x h i b i t s some skewness t o h i g h e r (more 

n e g a t i v e ) v a l u e s o f a a t lo w e r f r e q u e n c i e s < 100 MHz, 

w h i l e a t h i g h e r f r e q u e n c i e s t h e d i s t r i b u t i o n a p p e a r s skewed 

w i t h a low i n d e x t a i l . 

A d o p t i n g t h e u s u a l r e l a t i o n s h i p between t h e e l e c t r o n 

s p e c t r u m and r a d i o f r e q u e n c y s p e c t r u m , y = 2 a + 1, t h e 

d i s t r i b u t i o n o f y may c o n s e q u e n t l y be r e p r e s e n t e d by a G a u s s i a n 

w i t h y = 2.55, o = . 2 4 . Note t h a t a t 1400 MHz t h e r e s h o u l d 
a 
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be l i t t l e i n t e r f e r e n c e i n t h e measurements from b l a c k body 

e f f e c t s , w h i l e t h e f r e q u e n c y i s n o t so low t h a t t h e 

o b s e r v a t i o n s may be a t a r e g i o n o f t u r n - o v e r i n the e l e c t r o n 

s p e c t r u m ( t h e e n e r g y o f a n e l e c t r o n e m i t t i n g a t 1400 MHz 

i s * 10 GeV). 

Two a s s u m p t i o n s a r e now made. F i r s t l y , i t i s assumed 

f o r s i m p l i c i t y t h a t e a c h s o u r c e h a s about t h e same c o s m i c 

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

f o l l o w s t h e e l e c t r o n s p e c t r u m . F o r our own G a l a x y t h i s 

s e c o n d a s s u m p t i o n i s n o t q u i t e v a l i d , s i n c e t h e e l e c t r o n 

s p e c t r u m h a s a = 2.8 w h i l e t h e c o s m i c r a y s p e c t r u m h a s 
15 

a = 2.6 above 10 eV ( a l t h o u g h t h e r e may be good r e a s o n s 

f o r t h e d i f f e r e n c e i n t e r m s o f e n e r g y - d e p e n d e n t l i f e t i m e 

e f f e c t s and e n e r g y l o s s e s f o r e l e c t r o n s ) . The e x p e c t e d 

c o s m i c r a y s p e c t r u m ( a s s u m i n g a u n i f o r m d i s t r i b u t i o n o f r a d i o 

g a l a x i e s and no d i f f u s i o n ) i s t h e n found by e x t r a p o l a t i n g 

t h e e l e c t r o n s p e c t r a t o t h e h i g h e s t e n e r g i e s and w e i g h t i n g 

a c c o r d i n g t o t h e G a u s s i a n d i s t r i b u t i o n . The r e s u l t a n t 

s p e c t r u m i s shown i n f i g u r e 8.16, w i t h due a l l o w a n c e f o r b l a c k 

body c u t - o f f . 

As e x p e c t e d , t h e s h a l l o w e r s p e c t r a c o n t r i b u t e more a t 

t h e h i g h e n e r g y end, b u t t h e g r e a t e r number o f s o u r c e s w i t h 

s p e c t r a l i n d e x n e a r t h e mean v a l u e o f f s e t s t h i s t o some 

e x t e n t . A l t h o u g h from t h e G a u s s i a n d i s t r i b u t i o n a p r o p o r t i o n 

of s o u r c e s have p o s i t i v e s l o p e s p e c t r a ( i . e . t h e c o s m i c r a y 

i n t e n s i t y i n c r e a s e s with e n e r g y ) t h e s e makd l e s s t h a n a 0.1% 
21 

c o n t r i b u t i o n t o t h e c o s m i c r a y i n t e n s i t y a t 10 eV s i n c e t h e 
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l i e 

p r o p o r t i o n o f s u c h s o u r c e s i s so s m a l l . Some 50% o f t h e 
21 

cosmic r a y i n t e n s i t y a t 10 eV i s c o n t r i b u t e d by s o u r c e s w i t h 

Y < 1.0; l e s s t h a n 1% i s c o n t r i b u t e d by s o u r c e s w i t h y > Y. 

8.5.4 D i s c u s s i o n o f t h e model The model h a s o b v i o u s 

i n h e r e n t d i s a d v a n t a g e s , n o t l e a s t o f w h i c h i s t h e o v e r r i d i n g 

c o n t r i b u t i o n made by s o u r c e s w i t h s m a l l y. Nor i s t h e 

p r e d i c t e d s p e c t r u m a s s a t i s f a c t o r y a s w i t h t h e o t h e r models 

c o n s i d e r e d e a r l i e r - g a l a c t i c s o u r c e s would need t o p r o v i d e 
19 

p a r t i c l e s up t o 10 eV f o r t h e model t o work p r o p e r l y . I n 

a d d i t i o n , t h e l a c k o f d a t a on complete s a m p l e s o f g a l a x i e s 

and t h e d i f f i c u l t i e s i n a s s i g n i n g and e v a l u a t i n g t h e 

measured s p e c t r a do n o t g i v e g r e a t c o n f i d e n c e ; f u r t h e r m o r e , 

the n eed t o e x t r a p o l a t e t h e s p e c t r a o v e r many o r d e r s o f 

magnitude c a u s e s w o r r y . N e v e r t h e l e s s i t r e m a i n s a p o s s i b i l i t y 

f o r e x p l a i n i n g t h e h i g h e n e r g y end o f t h e c o s m i c r a y s p e c t r u m . 
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CHAPTER 9 

CONCLUSIONS 

D e s p i t e t h e many d i f f i c u l t i e s o f o b t a i n i n g p r e c i s e 

measurements o f a n i s o t r o p i e s w h i c h have been m e n t i o n e d , t h e 

c o n c e n s u s o f e x p e r i m e n t a l r e s u l t s i n r e c e n t y e a r s does 

i n d i c a t e t h a t g e n u i n e a n i s o t r o p i e s a r e p r e s e n t i n some, i f 
12 

no t a l l , d e c a d e s o f e n e r g y . Below 10 eV r e s u l t s must be 

t r e a t e d w i t h c a r e , and a l l o w a n c e made f o r t h e i n t e r p l a n e t a r y 

f i e l d . However, e x p e r i m e n t s a r e w o r t h w h i l e a t t h e s e e n e r g i e s 

s i n c e t h e y c a n a l l o w measurement o f t h e p o l a r component o f 

t h e a n i s o t r o p y , a l t h o u g h i f t h e l a t e s t H o l b o r n r e s u l t i s 

c o r r e c t t h i s i s n o t e x c e s s i v e . I n t h i s l i g h t , t h e agreement 

i n phase of t h e H o l b o r n e x p e r i m e n t w i t h t h o s e o f N o r i k u r a , 

P o a t i n a and Pk. M u s a l a , and t h e c o n c l u s i o n s o f Nagashima and 

Mori (1976) i s s e e n a s f i r m e v i d e n c e f o r a n i s o t r o p y . 

At t h e e n e r g i e s o f t h e s e l a t t e r t h r e e e x p e r i m e n t s , 

i n t e r p l a n e t a r y f i e l d e f f e c t s a r e n e g l i g i b l e and i t i s h e r e 

t h a t t h e r e l i a b i l i t y o f t h e d e t e c t o r s and t h e h i g h c o u n t 

r a t e s i n v o l v e d combine t o g i v e t h e most r e l i a b l e measurements. 

The agreement i n a m p l i t u d e and p h a s e o f about 0,05% a t 

(1 - 2) h r s R.A. must be r e g a r d e d a s a g e n u i n e a n i s o t r o p y 
12 14 

e f f e c t , and e v i d e n c e t h a t i n t h e r a n g e 10 - 10 eV t h e r e 

i s o n l y a s l o w change o f a n i s o t r o p y w i t h e n e r g y . T h e r e i s 

a l s o f i r m e v i d e n c e o f a s e c o n d h a r m o n i c w i t h p h a s e n e a r 

5.5 h r s R.A. H o p e f u l l y , t h e s e and f u t u r e measurements c a n 

produc e some much needed c o n c l u s i o n on t h e t h r e e d i m e n s i o n a l 

a s p e c t o f a n i s o t r o p y , p a r t i c u l a r l y s i n c e a t p r e s e n t t h e r e 

does n o t appear t o be a w e l l d e f i n e d a x i s o f symmetry e v e n 

when a l l o w a n c e h a s been made f o r , and r e s u l t s t r a n s f o r m e d t o , 
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t h e frame of t h e l o c a l i n t e r s t e l l a r medium and hence t h e 

frame o f t h e l o c a l m a g n e t i c f i e l d . The c o n s i s t e n c y o f t h e 

measurements o f t h e p a r a m e t e r s o f t h e i n t e r s t e l l a r wind i s 

of o b v i o u s i m p o r t a n c e t o t h e p r o p a g a t i o n and a n i s o t r o p y o f 

c o s m i c r a y s . 
14 

W h i l e t h e c o n s t a n c y o f phase b e l o w 10 eV becomes h a r d e r 

t o e x p l a i n i n t h e a b s e n c e o f a x i a l symmetry, t h e c o n s t a n c y of 

a m p l i t u d e p o i n t s t o a c o n s t a n t l i f e t i m e o f c o s m i c r a y s and 

hence a g a i n s t an e x t r a g a l a c t i c o r i g i n . I n a d d i t i o n , t h e 

a n i s o t r o p y measurements t o g e t h e r w i t h t h e measurements o f 

t h e i n t e r s t e l l a r medium p o i n t t o smooth p r o p a g a t i o n i n ­

dependent of l o c a l s o u r c e s . The p a r t i c l e s c a n hence be 

c o n s i d e r e d a s somewhat " o l d " , w i t h p r o p a g a t i o n and s o u r c e s 

of t h e p a r t i c l e s n e a r l y i d e n t i c a l o v e r t h e e n e r g y band. 
1 j 1*7 

The r e g i o n 10 eV - 10 eV i s more c o n f u s e d . The b r e a k 
15 

m t h e c o s m i c r a y s p e c t r u m n e a r 10 eV i s i n d i c a t i v e o f a 

r e g i o n o f t r a n s i t i o n w h i c h s h o u l d be a p p a r e n t i n t h e a n i s o t r o p y 

measurements. I n t h e r e g r e t t a b l e a b s e n c e o f r e l i a b l e r e c e n t 

m e a s urements, t h e a n a l y s i s o f c o m p u t a t i o n s o f d a t a , a s 

p e r f o r m e d h e r e , o f f e r s t h e b e s t p r o s p e c t s a t p r e s e n t . When 

t r e a t e d a s t r u l y i n d e p e n d e n t d a t a , t h e a n a l y s i s o f t h e 

L i n s l e y - W a t s o n d a t a does n o t l e a d t o p a r t i c u l a r l y p r o m i s i n g 

r e s u l t s , and t he s c e p t i c would be j u s t i f i e d i n d i s i n c l i n i n g 

t o b e l i e v e t h e e v i d e n c e . W h i l e s u p p o r t i n g a change i n ph a s e 

of t h e form a = (15.3 - 3.8 l o g E - ^ J h r s , t h e d a t a a l s o shows 

s i g n s o f f l u c t u a t i o n s a d d i t i o n a l t o t h e R a y l e i g h - P o i s s o n . 

I n d e e d , t h e i n d e p e n d e n t a m p l i t u d e d a t a c a n be w e l l f i t t e d by 

a s s u m i n g 30% a d d i t i o n a l f l u c t u a t i o n s . O v e r a l l t h e e v i d e n c e 

i n t h i s e n e r g y r e g i m e i s n o t c o n c l u s i v e t h o u g h a r e a s o n a b l e 
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c a s e f o r s t e a d i l y i n c r e a s i n g a m p l i t u d e s and s t e a d i l y a l t e r i n g 

phase c a n be made. I t would be s u r p r i s i n g i f c o s m i c r a y s 

were t r u l y i s o t r o p i c i n t h i s r a n g e . 
17 

At and above 10 eV t h e e v i d e n c e i s more c o n v i n c i n g . The 

e x i s t e n c e o f a maximum a n i s o t r o p y a m p l i t u d e a t lO^^eV (of 

some «4%) m u s t be c o n s i d e r e d e s t a b l i s h e d i n v i e w o f t h e 

Haverah P a r k r e s u l t s . However, t h i s measurement b r i n g s 

problems i n t h a t t h e r e a s o n f o r s o l a r g e an a m p l i t u d e i s 
d i f f i c u l t t o e x p l a i n , p a r t i c u l a r l y when t h e a m p l i t u d e s n e a r 

18 
10 eV a r e c o n s i d e r e d . F u r t h e r measurements i n t h i s regime 
and p a r t i c u l a r l y f o r 1 0 1 6 - 1 0 1 7 e V would be of g r e a t v a l u e . 

19 

Near 5 x 10 eV t h e r e i s a g a i n good e v i d e n c e f o r a 

s i g n i f i c a n t a n i s o t r o p y , b u t t h e a p p a r e n t r a p i d l y v a r y i n g phase 

a n g l e w i t h e n e r g y w o u l d l e a d one t o s u s p e c t low a m p l i t u d e s 

o v e r a wide e n e r g y r a n g e . 

C o n s e q u e n t l y , t h e r e s u l t s from 1 0 ^ - 1 0 2 0 e V f a v o u r a 
17 

mixed o r i g i n model i n w h i c h t h e peak i n a m p l i t u d e a t 10 eV 
i s s e e n a s t h e t a i l o f t h e predominance o f G a l a c t i c p a r t i c l e s . 

18 
Above 10 eV, e x t r a g a l a c t i c e f f e c t s a r e o b s e r v e d w i t h 

19 

a n i s o t r o p i c s above 10 eV t h e r e s u l t o f p a r t i c l e s a r r i v i n g 

from p a r t i c u l a r e x t r a g a l a c t i c s o u r c e s , w h i c h w ould e x p l a i n 

t h e r a p i d l y c h a n g i n g phase and t h e predominance o f h i g h e n e r g y 

p a r t i c l e s from h i g h G a l a c t i c l a t i t u d e s i n t h e d i r e c t i o n of 

V i r g o o b s e r v e d by t h e H a v e r a h P a r k e x p e r i m e n t . 
19 

The ' a n k l e ' i n t h e c o s m i c r a y s p e c t r u m above 10 eV 

i s a l s o t h e n more r e a d i l y i n t e r p r e t e d a s an e f f e c t o f e x t r a ­

g a l a c t i c o r i g i n w i t h s e v e r a l p o s s i b l e e x p l a n a t i o n s . 

The f i r s t o f t h o s e c o n s i d e r e d h e r e - t h e n e u t r o n model -

a l l o w s a s i m p l e e x p l a n a t i o n i n t e r m s of n e u t r o n s e s c a p i n g 

from c l u s t e r s o f g a l a x i e s b e f o r e d e c a y i n g i n t o p r o t o n s . 
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The need f o r h i g h t r a p p i n g f i e l d s w i t h i n t h e c l u s t e r i s t h e 

most s e r i o u s drawback w i t h t h i s model, a s h a s been n o t e d . 

To be e f f e c t i v e , t h e model r e q u i r e s t h a t i n d i v i d u a l c l u s t e r 

members a r e c a p a b l e o f a much h i g h e r d e g r e e o f t r a p p i n g 

t h a n our own G a l a x y or a l t e r n a t i v e l y t h a t t h e r e i s s u f f i c i e n t 

i n t r a c l u s t e r m a t e r i a l t o m a i n t a i n t h e h i g h m a g n e t i c f i e l d 

n e c e s s a r y . 

The s p e c t r a l shape d e r i v e d w i t h t h e n e u t r o n model does, 

however, p r o v i d e a good f i t t o t h e e x p e r i m e n t a l o b s e r v a t i o n s 

o f t h e Y a k u t s k and H a v e r a h P a r k a r r a y s , p r o v i d e d a s m a l l 

p e r c e n t a g e o f c l u s t e r l e a k a g e p r o t o n s a r e a c c e p t a b l e . On 

b a l a n c e t h e b e s t f i t i s p r o v i d e d a s s u m i n g a s p e c t r a l shape of 
-2 25 

j(E)«E ' f o r t h e s o u r c e p a r t i c l e s . 

The s e c o n d model ad o p t e d assumes d i f f u s i o n r a t h e r t h a n 

r e c t i l i n e a r motion a s a means o f p r o p a g a t i o n . A l l o w i n g f o r 

b l a c k body a t t e n u a t i o n , d i f f u s i o n l i m i t s t h e s o u r c e of h i g h 

e n e r g y p a r t i c l e s t o w i t h i n some 200 Mpc. Onl y t h e V i r g o 
s u p e r c l u s t e r i s seen a s e f f e c t i v e l y p r o v i d i n g p a r t i c l e s o f 

20 
^ 10 eV. A v a r i e t y o f d i f f u s i o n c o e f f i c i e n t s b a s e d on a 2 1 19 mean f r e e p a t h of 10 - 10 Kpc a t 10 eV a r e a b l e t o g i v e a 
s a t i s f a c t o r y h i g h e n e r g y s p e c t r u m . A c h o i c e o f D(E) = 

33 r* •— 2 -1 

5 x 10 ^ E x 9 c m s g i v e s a r e a s o n a b l e s p e c t r a l shape a s w e l l 

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

Undoubtedly t h e d i f f u s i o n model o f f e r s b o t h a more 

r e a l i s t i c model and a b e t t e r o v e r a l l f i t t o t h e e x p e r i m e n t a l 

d a t a t h a n t h e Neutron model. I n a d d i t i o n t h e model has some 

s u p p o r t i n t h e c l a i m by H a v e r a h P a r k t h a t h i g h e n e r g y p a r t i c l e s 

t e n d t o a r r i v e from h i g h G a l a c t i c l a t i t u d e s , and a p p r o x i m a t e l y 

from t h e d i r e c t i o n of V i r g o . 
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I n c o n t r a s t t o t h e d i f f u s i o n model, t h e r a d i o g a l a x y 

model must be c o n s i d e r e d a s t h e w e a k e s t o f t h e models 

c o n s i d e r e d . I t s w e a k n e s s l i e s i n t h e l a c k o f d a t a , t h e need 

t o e x t r a p o l a t e t h e measured s p e c t r a , and above a l l t h e 

c r i t i c a l e f f e c t o f s o u r c e s w i t h s h a l l o w s p e c t r a . The 

p r e d i c t e d c o s m i c r a y s p e c t r u m i s a l s o n o t a s s a t i s f a c t o r y a s 

t h e p r e d i c t i o n s of t h e n e u t r o n and d i f f u s i o n models. On 

b a l a n c e , t h e r a d i o g a l a x y model s h o u l d be d i s c o u n t e d a s a 

s e r i o u s c o n t e n d e r t o e x p l a i n t h e h i g h e n e r g y end o f t h e 

c o s m i c r a y s p e c t r u m . 

I n c o n c l u s i o n , however, i f one a c c e p t s t h a t t h e h i g h e s t 

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

e v i d e n c e i s c o n s i d e r a b l e ) t h e n models o f t h e t y p e c o n s i d e r e d 

above must c o n t a i n a t l e a s t p a r t o f t h e answer t o t h e q u e s t i o n 

o f t h e o r i g i n o f c o s m i c r a y s . 



APPENDIX 1 

From e q u a t i o n 5.3.14 we have 

P. dk = e " ( k + k o ) I ( 2/kk )dk ko o o o o 
The e x p e c t a t i o n v a l u e o f k Q i s t h u s : 

°° - ( k + k ) 
<k > = / e ° k I (2/kk )dk o ; o o o o o 

Now 

i e ( . ) - I <^> 
n=o (nl)z 

So we have 
oo k k 2 k k n 

<k o> = e " k J e ' k o k [ 1 + kk + ( 2) + ... + ( °-) ] d k 
~ ° - 2 1 ~ n

n I 

= e " k { J e - k O k o d k o + f k 2 k e ~ k o d k o + . . . + / ( J l ) k Q
n + 1 e ' ^ d k ^ 

o o o n ! 
oo 

Now f k n e~ k°dk = C - e ~ k ° ( k n + n k n _ 1 + ( n - l ) n k n ~ 2 + ... i o o o o o O oo 
+ n l k + n l ] = n l 

o o 
Hence 

<k > = e ~ k { l + k21 + k - ^ i + ... + — n l k ! 1 1
0 } 

° ( 2 1 ) 2 C ( n - l ) i r 
= e - k { l + 2k + 1 ^ + ... + Jn±i)J^ } 

2. nl 

= e~k I ( n + 1 ) k n 

n=o n l 
0 0 n °° n 

= e " k I + e " k I *~ 
n=o n i n=o n! 

00 Jfl 
- k f , k , k, x v * = e { k e + e } s i n c e e = I — 

m=o ml 

So t h a t 

<k> = k + 1 a s r e q u i r e d . 
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