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ABSTRACT 

The question of the o r i g i n of the cosmic r a d i a ­
t i o n i s a fundamental problem i n high energy a s t r o ­
physics, t h i s t h e s i s i s concerned w i t h one p a r t i c u l a r 
aspect of t h i s question namely, whether or not the 
cosmic ray sources are Galactic or E x t r a g a l a c t i c . 
This problem i s i n v e s t i g a t e d through the r e s u l t s of 
Galactic Gamma-ray astronomy. 

The main mechanism f o r gamma ray production are 
discussed. The observational r e s u l t s of Galactic Gamma 
ray astronomy are described. Theories about the G a l a c t i c 
cosmic ray sources and the d i s t r i b u t i o n of these sources 
are described and r e l a t e d t o the r e s u l t i n g d i s t r i b u t i o n 
of cosmic rays i n various propagation models. The 
d i s t r i b u t i o n of gas i n the galaxy i s described. 

C a l c u l a t i o n s are presented which i n d i c a t e t h a t the 
r o l e of Inverse Compton S c a t t e r i n g i n producing the 
observed Galactic Gamma ray i n t e n s i t y i s small. The 
reason f o r the disagreement of t h i s r e s u l t w i t h earlier 
r e s u l t s i s analysed. 

The d i s t r i b u t i o n of cosmic rays i n the inner Galaxy 
(0-10 kpc from the Galactic Centre) i s determined from a 
comparison of the d i s t r i b u t i o n of Gamma ray e m i s s i v i t y and 
the hydrogen d i s t r i b u t i o n , t h i s i s found t o f o l l o w the 
d i s t r i b u t i o n of sources between 6 - 10 kpc. The pene­
t r a t i o n of dense molecular clouds by cosmic rays i s 
in v e s t i g a t e d . I t i s concluded t h a t the u n c e r t a i n t i e s 
i n the hydrogen d i s t r i b u t i o n do not permit us t o r u l e 
out an E x t r a g a l a c t i c o r i g i n , from the inner Galaxy data . 



The d i s t r i b u t i o n of gamma ray i n t e n s i t y i n the 
Galactic a n t i c e n t r e i s modelled on Galactic and Extra-
g a l a c t i c theories and the p r e d i c t i o n s of the Galac t i c 
model are found t o be i n e x c e l l e n t agreement w i t h obser­
v a t i o n . The cosmic ray d i s t r i b u t i o n i s found t o be 
consistent w i t h the o r i g i n i n Supernovae or t h e i r remnants. 

I t i s concluded t h a t there i s r a t h e r strong evidence 
f o r the m a j o r i t y of cosmic ray n u c l e i between 1 and 10 

GeV having been produced w i t h i n the Galaxy. 
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CHAPTER ONE 
INTRODUCTION 

The question of the o r i g i n of the cosmic r a d i a t i o n 
i s a fundamental problem i n high energy astrophysics. 
This t h e s i s i s concerned w i t h the c o n t r i b u t i o n to the 
s o l u t i o n of t h i s problem which may be gained from a 
study of the Galactic gamma ray emission. 

There are two schools of thought regarding the 
o r i g i n of the cosmic rays. According to the f i r s t , 
the cosmic rays which are observed a t Earth are Galactic 
i n o r i g i n , possibly the r e s u l t of.cosmic ray a c c e l e r a t i o n 
i n supernova explosions. One of the basic arguments i n 
favour of t h i s hypothesis i s based on the energy i n j e c t i o n 
required to maintain the present d e n s i t y . The observed 
energy de n s i t y of cosmic rays w i t h energy ^>lGeV i s 
about 0.5eV cm"^ (see f o r example, Wolfendale, 1973)• 

I f t h i s density i s constant throughout a di s k confine­
ment region of 15 kpc radius and 1 kpc thickness, then 

54 
the t o t a l energy content i s y 5 10 ergs. I f now 
e q u i l i b r i u m i s assumed and the observed mean path length 
of 5 g cm" (Shapiro et a l , 1971) i s i n t e r p r e t e d as ? 
mean l i f e t i m e of 3 10 years, t h i s would imply an 40 - 41 -1 energy i n j e c t i o n r a t e of 10 ergs s . A s i m i l a r 
value i s obtained i f a halo confinement region i s 
assumed (Ginzburg and S y r o v a t s k i i , 1964). For compari­
son a supernova r a t e of 1 per 26 years and a t y p i c a l 

50-51 
supernova energy release of 10^ ^ ergs gives an energy 

41-42 -1 

release r a t e of 10 ergs s . However, there are 
some problems w i t h t h i s p i c t u r e . There i s no d i r e c t 
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eviclence f o r the a c c e l e r a t i o n of cosmic rays i n super-
novae and there are d i f f i c u l t i e s i n r e c o n c i l i n g the 
observed low anisotropy of the cosmic rays w i t h the 
short l i f e t i m e , (see Osborne, 1975)• 

According t o the second school, the cosmic rays 
are e x t r a g a l a c t i c i n o r i g i n . I n t h i s case the cosmic 
ray density outside the Galaxy w i l l be equal t o the 
density i n s i d e . While there i s no doubt t h a t there 
do e x i s t powerful e x t r a g a l a c t i c cosmic ray sources 
capable of f i l l i n g considerable volumes of i n t e r g a l a c t i c 
space w i t h r e l a t i v i s t i c p a r t i c l e s ( W i l l i s et a l , 1974), 

the p r i n c i p a l d i f f i c u l t y i s one of p r o v i d i n g enough 
energy. The energy requirement t o populate the e n t i r e 
universe w i t h a cosmic ray density of 0.5 eV cm~^ 
represents about 0.5$ of the t o t a l r e s t mass of the 
v i s i b l e matter. This d i f f i c u l t y i s reduced somewhat 
i n the modified e x t r a g a l a c t i c model of Brecher and 
Burbidge (1972). These authors suggest t h a t at 
1 GeV the confinement volume may be r e s t r i c t e d t o the 
regions of space which contain galaxy c l u s t e r s . I n 

p a r t i c u l a r they envisage confinement to the supercluster 
Q 16 

f o r cosmic rays w i t h energies of 10^ - 10 eV. I n t h i s 
case the energy requirements are r a t h e r less severe. 

There i s general agreement between these schools 
t h a t energy losses f o r electrons preclude an e x t r a ­
g a l a c t i c o r i g i n f o r these p a r t i c l e s . S i m i l a r l y there 

17 
i s agreement t h a t the high i s o t r o p y at 10 ' eV requires 
cosmic rays of t h i s energy t o be mainly e x t r a g a l a c t i c . 
The area of controversy i s confined t o n u c l e i w i t h 
energy between lo9 and 10 1? eV. 
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Ginzburg (1972) has proposed a t e s t f o r these 
models which consists of searching f o r gamma-ray 
emission from the d i r e c t i o n of the Magellanic Clouds. 
The argument being, t h a t e x t r a g a l a c t i c cosmic rays 
i n t e r a c t i n g w i t h the hydrogen of the Clouds w i l l pro­
duce TT° mesons which decay to give gamma rays. Thus 
observation (or non-observation) of gamma rays w i l l 
i n d i c a t e the presence (or absence) of cosmic rays. 
However, the present observational l i m i t s are not good 
enough t o resolve t h i s debate. 

This t h e s i s i s concerned w i t h the problem of i d e n t i f ­
y i n g which of the above models i s the more s a t i s f a c t o r y 
at the cosmic ray energies responsible f o r gamma ray 
production. Secondarily i t i s aimed at the r e l a t e d 
problem of i n v e s t i g a t i n g the cosmic ray d i s t r i b u t i o n i n 
the Galaxy using the a v a i l a b l e Gamma-ray astronomical 
data. 

With these aims i n mind Chapter 2 describes the 
important gamma ray production mechanisms. Chapter 3 
reviews the observational r e s u l t s of Galactic gamma-ray 
astronomy. Chapter 4 describes the candidates f o r 
the Galactic cosmic ray sources, t h e i r d i s t r i b u t i o n and 
the d i s t r i b u t i o n of cosmic rays which may be expected. 
I n Chapter 5 some of the important features of the 
I n t e r s t e l l a r gas are described. I n Chapter 6 a model 
i s constructed f o r the d i s t r i b u t i o n of gamma ray 
i n t e n s i t y due to Inverse Compton S c a t t e r i n g . The 
c o n t r i b u t i o n to gamma ray production from TT° decay and 
bremsstrahlung are c a l c u l a t e d i n Chapter 7 and used t o 
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f i n d the Galactic d i s t r i b u t i o n of cosmic rays. I n 
Chapter 8 the gamma ray emission from the Galactic 
a n t i c e n t r e i s modelled using the r e s u l t s from Chaptei 
6 and J. F i n a l l y Chapter 9 discusses some of the 
conclusions reached. 
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CHAPTER TWO 
GAMMA-RAY PRODUCTION.MECHANISMS 

2.1 I n t r o d u c t i o n 
Gamma ray production i n the Galaxy i s dominated 

by three processes; TT °decay, bremsstrahlung and inverse 
Compton s c a t t e r i n g . This chapter w i l l describe some 
of the important features of these processes, t h e i r 
cross-sections and spectrum of gamma rays which 
r e s u l t s . 

I n the sections which f o l l o w and l a t e r chapters the 

f o l l o w i n g n o t a t i o n i s used. ^ x ( % ' ^ " ) -*-s ̂ he n u m D e r of 
gamma rays of . energy >Ey per cm^ per second produced 
by process 'x' at v and i s c a l l e d the volume e m i s s i v l t y . 
Q. (Ey.) i s the volume e m i s s i v i t y due t o process 'x' a t x ' 
the s o l a r system. I n a d d i t i o n t o these we w i l l also 
use q x (Ey, r ) as the gamma production r a t e per 
hydrogen atom. 

Thus, the i n t e n s i t y of gamma r a d i a t i o n at the 
Earth, I ( >E Y) due t o 1 ° production i s 

I (>E y) = Qn»(Ey, v) dr 

or 
q To (Ey, r-) nH ( r ) dr 1. 

o 

2.2 Gamma-ray production from cosmic ray nucleus -
i n t e r s t e l l a r gas nucleus c o l l i s i o n s . 

2.2.1 C o l l i s i o n s of protons w i t h hydrogen 
I t w i l l be seen l a t e r t h a t the most p r o l i f i c source 

of 100 MeV gamma rays i s the decay o f IT ° mesons produced 
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i n i n e l a s t i c c o l l i s i o n s of cosmic ray prol.ons w i t h 
i n t e r s t e l l a r hydrogen. The main channels f o r meson 
production are 

- p + ^ -̂*J> + (K (-fr+ + i r " ) + hr\° 

—* ft+*\ + 2TT + -+ e ( H + + T T) -v-^TT° 

— > >̂ -v i r + cx(iC +-VT") +V\T° 
0 2. 

where i n equation 2, a to h are p o s i t i v e constants and 
p, n, D are protons, neutrons and Deuterons r e s p e c t i v e l y . 

The minimum k i n e t i c energy T . f o r production 
° mm 1 

of n mesons i s approximately given by the r e l a t i o n T . 3s n (280 + lOn) MeV 3-mm 
Thus, f o r s i n g l e meson production the threshold 

i s «z 290 MeV. At the threshold the reactions are 
p + p —=> p + n + T"1" 4. 

P + p — P + P + *n 0 5. 

p + p — > D + T + 6'. 

From the point of view of gamma ray production 
the r e a c t i o n of equation 5 i s the most important, since 
i n almost 100$ of cases the n e u t r a l pion decays to two 
gamma rays. 

The t o t a l Y-ray y i e l d , Q^o ( r ) , from ~rv° decay i s 
given by 
Q T o ( r ) = 2. n H (?) I n ( T , ? ) c r 0 (T)m„. (T)dT 7-

where I (T, r ) dT i s the cosmic ray proton i n t e n s i t y at 
r w i t h k i n e t i c energy T, n f i i s the density of i n t e r s t e l l a r 
hydrogen, o -^^ (T) i s the cross-section f o r production of 
TT° mesons i n proton hydrogen c o l l i s i o n and mir° pp ( T ) i s 
the average m u l t i p l i c i t y of T ° mesons i n proton-hydrogen 

c o l l i s i o n s . 
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Measurements of the product Cr^ ^ (T)m ^ (T) are 
now a v a i l a b l e from a c c e l e r a t o r experiments up t o k i n e t i c 
energies of 1000 GeV. Figure 1 i s a compilation of 
recent measurements from Stecker (1973)• The product 
of cross-section and m u l t i p l i c i t y , c ^ T ) mT„(T) are 
shown i n f i g u r e 2 f o r a l l three n mesons. Since the 
charged Tf mesons eventually decay to form secondary 
cosmic ray electrons i t i s obvious t h a t regions of 
high gamma ray emmissivity w i l l also be regions of 
copious secondary e l e c t r o n production. 

The r e l a t i v e importance of d i f f e r e n t proton energies 
f o r Tf° production i s i l l u s t r a t e d i n f i g u r e 3 which shows 
the product I p ( T ) ff^Cr) m v ? y ( T ) . 

2.2.2 The c o n t r i b u t i o n from i n t e r s t e l l a r Helium 
The y i e l d from t h i s process i s given by 

Q^o (?) = 8TV n H e(f)l p(T,r ) o- l P ) ) c(:T)m^ T > o c(T)dT 8. 

The threshold k i n e t i c energy f o r the production of 
n pions i n an e n e l s t i c c o l l i s i o n between a cosmic ray 
proton and a Helium nucleus i s given approximately by 
equation 9-

T.. ^ 17 On + 2 . 5n 2 MeV 9-t n p- c< 
Where T i s the proton k i n e t i c energy i n MeV. Thus 

f o r n = 1 the threshold energy i s ^ 172 MeV. 
There e x i s t few experimental measurements of the 

cross section o"̂  (T) and m u l t i p l i c i t y m-p- ..(T) f o r TT° 
production i n proton-alpha p a r t i c l e c o l l i s i o n s . The 
cross-section p l o t t e d i n f i g u r e 1 i s based at low 
energies on an e m p i r i c a l model f o r the cross-section 
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F i g u r e 1. The product of c r o s s - s e c t i o n , Cr, and m u l t i p l i c i t y , 
m f o r Tr°production i n proton-proton c o l l i s i o n s p l o t t e d 
a g a i n s t proton k i n e t i c energy, T. 
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m, i n proton-proton c o l l i s i o n s f o r a l l three » mesons. 
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enci-fry, T, for n 0 pro-j'.<jU.on in proton-proton, protori-
hKliuin unci alpha-hytl rorjon collir-.i one. 



f o r which the parameters are determined from e x p e r i ­

mental r e s u l t s on p - D and p - L i ^ c o l l i s i o n s ( P o l l a c k 

and Fazio 1963). At h i g h e n e r g i e s t he c r o s s - s e c t i o n 

i s g i v e n by 

0~„k, = s (Z<r + Zcr ) 10. pW PP pn' 
where s i s a parameter t o i n c l u d e t he e f f e c t s o f shadowing 

and i s assumed t o be 0.5 ( C a v a l l o and Gould 1971)-

Thusj a t h i g h e n e r g i e s 

°"poc - ^°"pp 11. 

The p r o d u c t ( n H e / n H ) I p ( T ) o > p j T ) m ^ ^ ( T ) i s 

shown i n f i g u r e 3-

2-2.3 The C o n t r i b u t i o n from cosmic ray t x p a r t i c l e - i n t e r ­

s t e l l a r hydrogen c o l l i s i o n s 

T h i s process i s i d e n t i c a l w i t h t h e p - He c o l l i s i o n s 

d i s c u s s e d above. The t o t a l c r o s s - s e c t i o n Cv (T r f) i s 

equal t o o\„ (T„) a t t h e same c e n t r e o f mass (cms) energy. 
" pot p 

The r e l a t i o n between t h e l a b o r a t o r y k i n e t i c e n e r g i e s T 

and T f o r which t h e cms e n e r g i e s are equal i s g i v e n 

by e q u a t i o n 12. 
m < T p = m p T « 1 2 ' 

Since m <v 4m t h i s g i v e s « p 
T ~ T ot P Tf 

and t h e c r o s s - s e c t i o n s C5V p o t and ^ " ^ p a r e 

the same f o r p r o t o n s and alphas h a v i n g t h e same k i n e t i c 

energy per nuc l e o n . 

F i g u r e 3 shows t h e pr o d u c t I - ( T j o v . (T)m T» (T) 
Dtp K-P 

where T i s now t h e k i n e t i c energy p e r ' n u c l e o n . I t can 

be seen from f i g u r e 3 t h a t t h e t o t a l c o n t r i b u t i o n from 

OC-H and p - He c o l l i s i o n s i s a p p r o x i m a t e l y equal t o 
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t h e c o n t r i b u t i o n from p - H. 

2.2.4 The Spectrum o f gamma-rays from TT° decay 

T h i s problem has been t h o r o u g h l y d i s c u s s e d by 

s e v e r a l a u t h o r s , f o r example S t e c k e r (1970, 1975)* 

C a v a l l o and Gould (1971) and Tkaczyk (1975). The 

d i f f e r e n t i a l s p e c t r a or? 1 ° gamma rays from these a u t h o r s ' 

work a r e i n good agreement. 

The most s t r i k i n g f e a t u r e o f the gamma ray spectrum 

from T ° decay i s i t s symmetry about l o g -j- on a l o g a r i t h ­

mic p l o t . T h i s a r i s e s because t h e p i o n decays t o two 

i d e n t i c a l p a r t i c l e s . A TT° meson d e c a y i n g a t r e s t p r o -

duces two gammas o f i d e n t i c a l energy - . I f the p i o n 

decays i n f l i g h t t h e n t h e two gamma rays w i l l have 

d i f f e r e n t e n e r g i e s . For a p i o n w i t h energy E ^ o = Y^o 

ffVflo C the maximum and minimum p o s s i b l e gamma-ray 

e n e r g i e s a r e 

'Umax Ev___. = "bL'C2 ( I + | V ) 15-

E * m i n = ^ Vt- ( l - H 1 4 ' 

where |3-jo =• "^v/c . The n o r m a l i z e d d i s t r i b u t i o n 

f u n c t i o n f o r i n f l i g h t decay i s 
f ( E j ) dE, = _ctev_ 15. 

F i g u r e 4 shows t h i s d i s t r i b u t i o n f u n c t i o n f o r s e v e r a l 

d i f f e r e n t p i o n e n e r g i e s . A consequence o f th e symmetry 

seen i n f i g u r e 4 i s t h a t any spectrum o f pions w i l l always 

g i v e a d i f f e r e n t i a l spectrum o f gamma ray s which i s symm-

e t r i c about l o g on a l o g a r i t h m i c p l o t . 

F i g u r e 5 shows t h e i n t e g r a l gamma ray s p e c t r a 

c a l c u l a t e d by S t e c k e r (1973) and C a v a l l o and Gould (1971)* 
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Th e minor d i f f e r e n c e s between the two s p e c t r a are 

a r t e f a c t s o f the d i f f e r e n t models used by these a u t h o r s . 

2.3. Gamma-ray p r o d u c t i o n i n e l e c t r o n b r e m s s t r a h l u n g 

I n t h i s process gamma-rays a r e produced i n c o l l i s i o n s 

between cosmic ray e l e c t r o n s and t h e n u c l e i o f i n t e r s t e l l a r 

gas. I n t h e c o l l i s i o n t h e e l e c t r o n i s d e c c e l e r a t e d 

and r a d i a t e s a photon o f energy E^ ^. EQ where E g i s 

th e e l e c t r o n energy. The d e t a i l s o f t h e d e r i v a t i o n 

o f t h e c r o s s - s e c t i o n are g i v e n i n H e i t l e r (1954). 

The c r o s s - s e c t i o n G^(Er,F ) f o r p r o d u c t i o n o f a 

photon o f energy between Ey and E Y + dEy by an e x t r e m e l y 

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

charge Z i s 
\ 
\ 

where E = E - E^ i s t h e energy o f t h e e l e c t r o n e 0 

a f t e r t h e c o l l i s i o n , r i s the c l a s s i c a l e l e c t r o n r a d i u s 

and ^~ i s t h e e l e c t r o n r e s t mass. I n t h e l i m i t o f low 

energy photons ( i . e . Ey — ^ O ) t h e i n t e n s i t y E y o~̂  

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

The c r o s s - s e c t i o n g i v e n i n e q u a t i o n 16 corresponds 

t o s c a t t e r i n g by a pure Coulomb f i e l d . At t h e ve r y 

l a r g e impact parameters which correspond t o p r o d u c t i o n 

o f photons o f very low energy t h e c r o s s - s e c t i o n i s 

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

atomic e l e c t r o n s . I n t h i s case t h e c r o s s - s e c t i o n 

becomes 

E e » ) j L * ^ » ai z" , / 3 17. 
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H e l t l e r (1934). 
C>QR 

The d i f f e r e n t i a l e m i s s i v i t y i s g i v e n by 

e q u a t i o n 18. 

18. 

where n . ( f ) i s t h e volume d e n s i t y o f atoms o f t y p e 
J 

j ; I (E , f ) i s t h e e l e c t r o n spectrum and C5~ ^E-^E^) e e Of j t? 
i s t h e c r o s s - s e c t i o n f o r b r e r n s s t r a h l u n g o f e l e c t r o n s on 

atoms o f ty p e j w i t h n u c l e a r charge z.. 
J 

Since t h e screened c r o s s - s e c t i o n o f eq. 17 shows 

very l i t t l e energy dependence the f o l l o w i n g a p p r o x i m a t i o n 

i s o f t e n made. 

where H i s the mass o f the t a r g e t atom i n grammes 

and X. i s t h e r a d i a t i o n l e n g t h i n gm cm . For hydrogen 
J 

X R = 62.8 gm cm" 2 (Lang 1974). 

U s i n g the a p p r o x i m a t i o n g i v e n i n eq. 19 i n eq.. 18 

g i v e s 

A power-law d i f f e r e n t i a l e l e c t r o n spectrum I e ( E e r ) ~ 

A
e ^ ) E e " n > ( P > Z - ) v l e l d s 

21. 
n Thus a d i f f e r e n t i a l e l e c t r o n spectrum o f s l o p e , 

g i v e s a b r e m s s t r a h l u n g spectrum w i t h t he same s l o p e . 

The c o n t r i b u t i o n o f t h i s process t o t h e G a l a c t i c 

e m i s s i o n and th e energy spectrum a r e c o n s i d e r e d i n more 

d e t a i l i n a l a t e r c h a p t e r . 
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2.4. Gamma Ray p r o d u c t i o n i n I n v e r s e Compton S c a t t e r i n g 

T h i s i s one o f the most i m p o r t a n t energy l o s s 

mechanisms f o r r e l a t i v i s t i c e l e c t r o n s i n t h e i n t e r s t e l l a r 

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

view by Peenberg and P r i m a k o f f (1948). Since t h e n t h e 

I n v e r s e Compton ( I C ) process has been e x t e n s i v e l y 

d i s c u s s e d as a mechanism f o r c r e a t i n g h i g h energy 

gamma rays (see, f o r example F e l t e n and M o r r i s o n , 1966). 

E s s e n t i a l l y t h e process i n v o l v e s a low energy photon 

s c a t t e r i n g o f f a r e l a t i v i s t i c e l e c t r o n and c a r r y i n g o f f 

some o f the e l e c t r o n ' s energy. F i g u r e 6a i l l u s t r a t e s 

t h i s s c a t t e r i n g process, f o r t he case o f an e l e c t r o n 

o f energy, E =)(m C 2 moving t o t h e r i g h t and s c a t t e r i n g 

a photon o f energy £ , c r e a t i n g a gamma r a y o f energy E y. 

F i g u r e 6b shows t h e geometry o f t h e same process 

when viewed from t h e e l e c t r o n r e s t frame- ( i n t h i s 

f i g u r e and below q u a n t i t i e s measured i n t h e r e s t frame 

frame w i l l be denoted by a prime, t h u s E 7 ) . E q u a t i o n 

22 g i v e s t h e r e l a t i o n s h i p between t he l a b . and r e s t 

frame e n e r g i e s . 

£ = Ye' (1 - f$ cos oc) 

E y = E Y (1 + A cos £*.,') 

' 22. 

e' Ye. (1 + p COS ) 

Ey = ^E r (1 -/3 COS DC,) 

I n t h e e l e c t r o n r e s t frame t h e s c a t t e r i n g process 

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

w e l l known r e l a t i o n between the i n i t i a l and f i n a l 

e n e r g i e s o f t h e photons may be used. Thus 

23 
£ ' ( 1 - C o s O ' ) + 
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Subst.it.ut i n r i f o r Ey ;ind £ i n e q u a t i o n 2~j> u s i n g 

the r e l a t i o n s i n e q u a t i o n 22 g i v e s 

£ e 1 ( |+ pco^ecy I - cos © ' ) 
24. 

Ex a m i n a t i o n o f e q u a t i o n 24 shows t h a t t h e r e a re two 

i n t e r e s t i n g extreme cases; f i r s t l y f o r Y e r « M e C 2 t h e n 

and secondly t h a t forYe>>M c 2 t h e n EV ̂  E 

I n f a c t t h e form e r i s s i m p l y e q u i v a l e n t t o 6 ^eC a n d i n 

t h i s l i m i t t h e process i n the r e s t frame becomes ' c l a s s ­

i c a l ' Thomson s c a t t e r i n g . 

Now, i n t h e i n t e r s t e l l a r medium t h e i m p o r t a n t 

photon e n e r g i e s l i e between leV f o r s t a r l i g h t and 5 10 

eV f o r t h e 2.7° blackbody r a d i a t i o n . For these photons 

t o produce 100 MeV gamma rays by t h i s process r e q u i r e s 

e l e c t r o n s w i t h Vs such t h a t t h e f i r s t c o n d i t i o n 

js s a t i s f i e d . C l e a r l y , d e s c r i b i n g t h i s process as 

I n v e r s e Compton S c a t t e r i n g i s i n c o r r e c t s i n c e s t r i c t l y 

t h e process i s I n v e r s e Thomson S c a t t e r i n g . 

. The d i f f e r e n t i a l e m i s s i v i t y ^^{C-/~b£Y i s g i v e n by 

e q u a t i o n 25. 

3E» e 
25-

Where I e ( E e , f " ) i s the spectrum o f r e l a v i s t i c 

e l e c t r o n s , n p h ^ E j ^ ^ i s t h e n u m b e r d e n s i t y o f photons 

w i t h energy between £ and e + d€ and CT l L(E^ , E g ) 

i s t h e c r o s s - s e c t i o n f o r gamma ray p r o d u c t i o n by an 

e l e c t r o n o f energy EQ s c a t t e r i n g o f f t h e photon o f 

energy 6 . 

The d e r i v a t i o n o f t h e c r o s s - s e c t i o n cryc(E^, £ , E e ) 

http://Subst.it
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from t h e K l e l n - N l s h i n a c r o s s - s e c t i o n i s f a i r l y s i m p l e 

and i s g i v e n by Ginzburg and S y r o v a t s k i i ( 1 9 6 4 ) . The 

r e s u l t i n g e x p r e s s i o n f o r t h e c r o s s - s e c t i o n i s 

2-rrr: 
n e B > m 4 

e~J 
2 el 2rA . _ _ .. UeE i 

e e e e e 
The c r o s s - s e c t i o n may a l s o be used t o f i n d < E r> 

26. 

t h e mean gamma ray energy which r e s u l t s from t h e c o l l i s i o n , 

T h i s i s g i v e n by 0 

<*r> = ± 
T 

Ji y<T I 0(3 r i£,£ e)'lEy 27-
0 

where 

0 
= Thomson c r o s s - s e c t i o n 

Upon i n t e g r a t i o n e q u a t i o n 27 g i v e s 

< v = 4 y2e 28. 

A f r e q u e n t l y used a p p r o x i m a t i o n f o r t h e c r o s s - s e c t i o n 

uses 28 t h u s 

29-
r 

0 " I ( J ( 3 y f t f E e ) = <T T S(E r- 4 f ^ ) 

F o r a power law e l e c t r o n spectrum o f t h e t y p e A e E £ 

t h e spectrum o f gamma r a y s w h i c h r e s u l t s from s o l v i n g 

e q u a t i o n 25 by u s i n g e i t h e r 26 o r t h e a p p r o x i m a t i o n 29 

i s a l s o a power law, b u t o f exponent - ( P + l ) / 2 . 

Thus t h e s o l u t i o n t o 25 has t h e form 

The spectrum o f gamma r a y s from t h i s process w i l l 

be c o n s i d e r e d i n d e t a i l i n Chapter 6. 
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CHAPTER THREE 

THE GALACTIC GAMMA-RAY OBSERVATIONS 

3 .1. I n t r o d u c t i o n 

Gamma ray astronomy began w i t h the moon-probe Ranger 

I I I which c a r r i e d a s c i n t i l l a t o r s e n s i t i v e t o photons o f 

about 1 MeV. Since t h a t f i r s t experiment many o t h e r 

i n s t r u m e n t s have been f l o w n t o d e t e c t cosmic gamma r a y s . 

However, the m a j o r i t y o f these i n s t r u m e n t s were, l i k e 

t h e f i r s t , o m n i d i r e c t i o n a l d e t e c t o r s designed t o d e t e c t 

t h e d i f f u s e gamma r a y background; o n l y a few have been 

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

s e n s i t i v i t y necessary t o be a b l e t o observe gamma ray s 

s p e c i f i c a l l y from t h e Galaxy. I n the s e c t i o n s which 

f o l l o w , t h e main o b s e r v a t i o n a l r e s u l t s o f these e x p e r i ­

ments are d e s c r i b e d . A t t e n t i o n w i l l be c o n f i n e d t o 

o b s e r v a t i o n s o f gamma ray s w i t h e n e r g i e s > lMeV. 

3-2. Low Energy Gamma Rays from t h e G a l a c t i c Plane 

(1 £ E T < lOMeV) 

The d e t e c t i o n o f gamma rays which a r i s e i n t h e 

Galaxy r e q u i r e s i n s t r u m e n t s w i t h q u i t e a h i g h degree o f 

d i r e c t i o n a l i t y . U n f o r t u n a t e l y o f t h e many experiments 

o p e r a t e d i n t h i s energy i n t e r v a l few have had s u f f i c i e n t l y 

good d i r e c t i o n a l s e n s i t i v i t y t o i n v e s t i g a t e t h e f l u x from 

t h e G a l a c t i c plane. 

A most i m p o r t a n t r e s u l t was o b t a i n e d by S c h o n f e l d e r 

and L i c h t i (197*0 u s i n g a double Compton t e l e s c o p e w i t h 

an a n g u l a r r e s o l u t i o n o f 3 0 ° . T h i s t e l e s c o p e wi.- used 

i n d r i f t scans across t h e G a l a c t i c plane and hence 

observed b o t h t h e G a l a c t i c and d i f f u s e gamma ray compon-



e n t s . These a u t h o r s deduce from t h e a n g u l a r d i s t r i b ­

u t i o n o f th e gamma ray i n t e n s i t y thai- a t l e a s t 80$ 

o f the f l u x they observed between 1 - 1 0 MeV belongs 

t o t h e i s o t r o p i c component and hence t h a t upper l i m i t s 

o n l y may be s e t f o r t h e G a l a c t i c plane. 

Thus i t appears t h a t a t about 10 MeV t h e e m i s s i o n 

from the G a l a c t i c plane begins t o d i s a p p e a r i n t o t h e 

gamma ray background. F i g u r e 1 shows a summary o f t h e 

background from S t r o n g e t al . ( 1 9 7 6 ) . 

3.3 High Energy Gamma ray s from t h e G a l a c t i c Centre 

( E Y > 10 MeV) 

The f i r s t experiment t o demonstrate t h e e x i s t e n c e 

o f a g a l a c t i c component was th e t e l e s c o p e f l o w n on 

the s a t e l l i t e 0S0 I I I i n 1967 - 68 (Kraushaar e t a l . 

1972). T h i s experiment measured a f i n i t e f l u x o f 

gammas ( w i t h energy E > 100 MeV) from t h e G a l a c t i c 

plane and d e s p i t e h a v i n g o n l y moderate (^l^0) a n g u l a r 

r e s o l u t i o n t h e t e l e s c o p e was a b l e t o map out most o f 

the main f e a t u r e s o f t h e G a l a c t i c p l a n e . 

T h i s experiment was f o l l o w e d by a s e r i e s o f 

b a l l o o n - b o r n e experiments ( f o r example, F i c h t e l e t a l . 

1972, Helmken and Hoffman 1973, Frye e t a l . 1974, Share 

e t a l . 1974, Sood e t a l . 1974). These exp e r i m e n t s were 

designed t o observe t h e gamma ray e m i s s i o n from the 

G a l a c t i c Centre, s u b s e q u e n t l y , a second s a t e l l i t e e x p e r i 

ment was launched (on SAS I I , F i c h t e l e t a l 1975) and 

t h i s a l s o has p r o v i d e d a map and spectrum o f t h e G a l a c t i 

Plane. 
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F i g u r e 1. The d i f f u s e gamma-ray background. A summary of 
da t a from Strong et a l ( 1 9 7 6 ) . 
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F i g u r e 2 shows a summary o f t h e r e s u l t s from these 

experiments f o r the G a l a c t i c Centre spectrum i n the r e g i o n 

between 1= 330°and 1 = 30° • 

I t s hould be noted t h a t a l t h o u g h i n g e n e r a l these 

experiments measure t h e i n t e g r a l f l u x a t some energy, 

t h e p u b l i s h e d r e s u l t s o f Helmken and Hoffman and Share 

e t a l . a c t u a l l y r e f e r t o t h e d i f f e r e n t i a l spectrum. 

For t h i s reason the i n t e g r a l f l u x c a l c u l a t e d f o r these 

experiments and shown i n f i g u r e 2 a r e dependent on t h e 

s p e c t r a l shape assumed a t h i g h e r e n e r g i e s . The upper 

and l o w e r v a l u e s shown f o r t h e Share e t a l . p o i n t c o r r e s ­

pond t o t h e extreme assumptions o f an e n t i r e l y ir° deca; 
_p 

spectrum o r an E power law r e s p e c t i v e l y . The evidence 

o f t h e h i g h e r energy o b s e r v a t i o n s i n f i g u r e 2 suggests t h a t 

a hard spectrum such as t h e TT ° spectrum dominates. 

The Share e t a l . o b s e r v a t i o n s have p r o v i d e d evidence 

f o r a s o f t component o f th e G a l a c t i c Centre f l u x which 

may become dominant a t low e n e r g i e s . F i g u r e 3 shows 

t h e d i f f e r e n t i a l s p e c t r a f o r b o t h t h e G a l a c t i c Centre 

and atmospheric albedo gamma ray f l u x e s . Comparison 

o f t h e G a l a c t i c c e n t r e spectrum w i t h t h e -rr° decay spectrum 

o f St-ecker (1973) i n d i c a t e s t h e presence o f a steep 

component a t low e n e r g i e s . Such an i n t e r p r e t a t i o n i s 

supported by comparison w i t h t h e d i f f e r e n t i a l spectrum 

o f atmospheric gamma ra y s which shows s i m i l a r s t r u c t u r e 

and i s known t o have such a two component o r i g i n . 

3.4 The G a l a c t i c I n t e n s i t y vs L o n g i t u d e d i s t r i b u t i o n 

As commented above t h i s was f i r s t d e t e r m i ned by t h e 

gamma ray t e l e s c o p e on 0S0 I I I (^raushaar e t a l 1972) and 
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l a t e r s t u d i e d w i t h g r e a t e r s e n s i t i v i t y and a n g u l a r 
r e s o l u t i o n by SAS I I . T h e i r r e s u l t s a r e shown i n 
f i g u r e s 4 and 5« 

T h e r e a r e two main r e a s o n s f o r t he d i f f e r e n c e s 

between f i g u r e s 4 and 5- F i r s t l y , the 15° a n g u l a r 

r e s o l u t i o n o f the 0S0 I I I t e l e s c o p e was very much 

w i d e r than t h e 3° a n g u l a r r e s o l u t i o n o f the SAS I I 

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

was s u c h t h a t about t h r e e t i m e s t h e number o f photons 

were d e t e c t e d by the SAS I I e x p e r i m e n t t h a n were 

d e t e c t e d by 0S0 I I I . 

T h e r e i s however, good g e n e r a l agreement between 

t h e r e s u l t s from t h e two s a t e l l i t e . I n p a r t i c u l a r , 

SAS I I c o n f i r m s t h e e x i s t e n c e o f a broad r e g i o n o f 

enhanced i n t e n s i t y n e a r t h e G a l a c t i c c e n t r e . Away 

from t h e G a l a c t i c c e n t r e a r e c e n t b a l l o o n t e l e s c o p e 

e x p e r i m e n t (McKechnie e t a l , 1976) h a s measured a 

l i n e s t r e n g t h from t h e Cygnus r e g i o n i n good agreement 

w i t h SAS I I r e s u l t s . 

F o u r p o i n t s o u r c e s have been i d e n t i f i e d by SAS I I 

group, t h r e e a s s o c i a t e d w i t h t h e p u l s a r s , 08^3 - ^5* 

0531 + 21, 1747 - 46 (Thompson e t a l 1974b,1975, 1976) 

and a f o u r t h u n i d e n t i f i e d s o u r c e a t 1 = 193° b = + 3°« 

( K n i f f e n e t a l 1975). Browning e t a l (1972) p r e v i o u s l y 

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

c e n t r e w i t h a b a l l o o n - b o r n e t e l e s c o p e and s u g g e s t e d 

t h a t t h e e x c e s s from thir s r e g i o n a r i s e s from t h e s u p e r ­

p o s i t i o n o f a number o f f a i n t s o u r c e s . However, 

Thompson e t a l (1974a) r e p o r t s t h a t t h e SAS I I d a t a 

does n o t i n d i c a t e any p o i n t s o u r c e s i n t h i s r e g i o n and 
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t h a t t h e r e I s no change I n t h e s p e c t r a l shape w i t h 
p o s i t i o n i n t h e G a l a c t i c p l a n e . T h i s i s v e r y 
s u g g e s t i v e o f a s i n g l e p r o c e s s r e s p o n s i b l e f o r gamma 
r a y p r o d u c t i o n a t a l l l o n g i t u d e s . 

i.5. The D i s t r i b u t i o n o f Gamma-ray I n t e n s i t y w i t h L a t i t u d e 

The i n t e n s i t y v s l a t i t u d e d i s t r i b u t i o n o b t a i n e d 

by t h e 0S0 I I I t e l e s c o p e had an a n g u l a r w i d t h o f about 

15°; however, a s t h i s was t he a n g u l a r r e s o l u t i o n o f 

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

l e s s t h a n t h i s v a l u e . 

T h i s r e s u l t was c o n s i d e r a b l y improved upon by t h e 

b a l l o o n - b o r n e t e l e s c o p e o f S h a r e e t - a l . (1974). T h e i r 

t e l e s c o p e had an a n g u l a r r e s o l u t i o n of 1-|° a t 15 MeV and 

r e c o r d e d a w i d t h o f 3° i n l a t i t u d e f o r t h e G a l a c t i c p l a n e 

towards t h e G a l a c t i c c e n t r e . T h i s r e s u l t h i g h l i g h t s 

one d i s t i n c t a dvantage t h a t b a l l o o n borne t e l e s c o p e s 

p o s s e s s o v e r s a t e l l i t e s , namely t h a t t h e t e l e s c o p e i s 

r e c o v e r a b l e . As a r e s u l t n u c l e a r emulsions may be 

used and t h i s g i v e s a v e r y r e m a r k a b l e improvement i n t h e 

a n g u l a r r e s o l u t i o n o v e r t h e r e s o l u t i o n o f , say, a s p a r k 

chamber a t t h e same energy. 

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

be used t o g i v e a mean d i s t a n c e t o t h e e m i t t i n g r e g i o n , 

when t h e w i d t h o f t he e m i t t i n g l a y e r i s known. I f t h e 

main p r o c e s s i s TT° decay, t h e n t h e w i d t h o f t h e e m i t t i n g 

l a y e r w i l l be t h e w i d t h o f t h e gas l a y e r which i s ~ 2 0 0 p c . 

U s i n g t h i s v a l u e ,then t h e S h a r e e t a l . r e s u l t i m p l i e s a 

d i s t a n c e t o t h e s o u r c e r e g i o n o f 3 t o 4 kpc. 
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The more comprehensive d a t a from t h e SAS I I 

t e l e s c o p e c o n f i r m s t h e e x i s t e n c e o f a narrow e m i t t i n g 

r e g i o n . T h e i r r e s u l t s a r e shown i n f i g u r e 6. I n 

t h i s f i g u r e t h e d i s t r i b u t i o n s a r e shown f o r two r e g i o n s ; 

t h e G a l a c t i c c e n t r e (from 1 = 330° t o 1 = 30°) and 

f o r a broad r e g i o n around t h e G a l a c t i c a n t i c e n t r e 

c o m p r i s i n g 1 = 90° - 150°, 160° - 170° and 200° - 260°. 

I n f i g u r e 6 t h e w i d t h i n l a t i t u d e of t h e G a l a c t i c 

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

pure i n s t r u m e n t a l b r o a d e n i n g . At t h e s e e n e r g i e s 

( >100 MeV) t h e SAS I I t e l e s c o p e a n g u l a r r e s o l u t i o n i s 

< a ° . 

At h i g h e r l a t i t u d e s , t h e s l i g h t enhancement a t +20° 

towards the G a l a c t i c C e n t r e and -20° towards t h e a n t i ­

c e n t r e h a s been t e n t a t i v e l y i d e n t i f i e d ( F i c h t e l e t a l 

1975) a s b e i n g due t o t h e l o c a l hydrogen f e a t u r e 

a s s o c i a t e d w i t h Gould's b e l t ( D a v i e s 1960). 

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

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

o f t h e gas l a y e r t h i c k n e s s w h i c h o c c u r s a t t he edge o f 

t h e G a l a x y . However, t h i s w i l l be d i s c u s s e d i n more 

d e t a i l i n c h a p t e r 9* 
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CHAPTER FOUR 

ON THE ORIGINS AND DISTRIBUTION OF COSMIC RAYS. 

IN THE GALAXY 

4.1. I n t r o d u c t i o n 

I f t h e main s o u r c e of cosmic r a y s do i n f a c t l i e 

w i t h i n our g a l a x y t h e r e a r e t h r e e i m p o r t a n t q u e s t i o n s 

w h i c h n a t u r a l l y a r i s e : -

1. What a r e t h e s e s o u r c e s ? 

2. How a r e t h e y d i s t r i b u t e d ? 

3. What i s t h e d i s t r i b u t i o n o f cosmic r a y s 

w h i c h r e s u l t s ? 

I n t h i s c h a p t e r t h e aim i s t o d e s c r i b e t h e main 

c a n d i d a t e s f o r t h e s o u r c e s o f cosmic r a y s and t h e i r 

d i s t r i b u t i o n i n t h e G a l a x y . H a v i n g t h u s answered 

(1) and (2) above, t h e answer t o (3) i s approached 

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

p r o p a g a t i o n . 

4.2. The n a t u r e o f t h e CR s o u r c e s 

The t o t a l energy i n j e c t i o n r a t e t o m a i n t a i n t h e 

p r e s e n t energy d e n s i t y i n cosmic r a y s s e v e r e l y l i m i t s 

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

energy d e n s i t y o f 0.5 eV/cm^ i s assumed c o n s t a n t o v e r 

t h e whole g a l a x y , t h e n f o r a d i s k o f r a d i u s 15 kpc 

and t h i c k n e s s 1 kpc t h e t o t a l energy c o n t e n t i n cosmic 

r a y s i s 5 10^ e r g s . T h e r e i s e v i d e n c e ( L a i 1974) 

t h a t t h e cosmic r a y f l u x h a s remained c o n s t a n t f o r a t 

l e a s t t h e l a s t 10^ y r . E q u i l i b r i u m between t h e energy 

i n p u t from t h e s o u r c e s and the energy l o s s by e s c a p e 
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must t h e r e f o r e have been a c h i e v e d and t h i s e n a b l e s 

an e s t i m a t e o f t he t o t a l power of t h e s o u r c e s to be made. 

The measured e s c a p e time o f 5 10 y r i m p l i e s a t o t a l 
40-41 -1 power f o r the s o u r c e s of 10 e r g s , s e c . 

The o b s e r v a t i o n o f s y n c h r o t r o n r a d i a t i o n from 

cosmic r a y e l e c t r o n s i n the s h e l l s o f sup e r n o v a remnants 

make su p e r n o v a e s t r o n g c a n d i d a t e s . An o f t e n quoted 

f i g u r e f o r t h e mean r a t e o f supernovae i n our g a l a x y 

i s 1 p e r 26 y r . I n o r d e r t o s u p p l y a l l t h e cosmic r a y s 

i n t h e G a l a x y each s u p e r n o v a must t h e r e f o r e r e l e a s e ~*> 
50 

10 e r g s i n cosmic r a y s out o f a t o t a l energy r e l e a s e 
50 52 

of 10-^ t o 10 e r g s . Thus the energy a v a i l a b l e i n 

SNe e x p l o s i o n s i s q u i t e adequate t o p r o v i d e t h e whole 

o f t h e cosmic r a y f l u x o b s e r v e d . 

The mechanism by w h i c h the energy r e l e a s e of a s u p e r 

nova may be c h a n n e l l e d i n t o cosmic r a y s r e m ains u n c e r t a i n 

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

i t s e l f , o r a t some l a t e r stage* e i t h e r i n t h e s h e l l o f 

e j e c t a and swept up i n t e r s t e l l a r matter, o r n e a r t h e 

s u r f a c e o f a p u l s a r w h i c h forms from t h e supernova. 

The f i r s t o f t h e s e a l t e r n a t i v e s , namely t h a t cosmic 

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

nova e x p l o s i o n h a s been d e s c r i b e d i n d e t a i l by C o l g a t e 

(1.975). I n t h i s model the cosmic r a y s a r e a c c e l e r a t e d 

by a shock wave w h i c h i n p r o p a g a t i n g through t h e o u t e r 

l a y e r s o f t h e s t a r becomes r e l a t i v i s t i c a s i t r e a c h e s 

th e atmosphere o f t h e s t a r . F o r a 1.4 Me s t a r C o l g a t e 
- f t 

c a l c u l a t e s t h a t ^ 10~ Vl9 o f r e l a t i v i s t i c e j e c t a w i l l 
50 

be produced t a k i n g j5 10 e r g s out o f a t o t a l a v a i l a b l e 
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energy o f 7 10J e r g s . The spectrum o f r e l a t i v i s t i c 

p a r t i c l e s produced i s i n good agreement w i t h t h e 

ob s e r v e d cosmic r a y spectrum. However, t h e G a l a c t i c 

cosmic r a y c o m p o s i t i o n does n o t appear t o be c o n s i s t e n t 

w i t h the e x p e c t e d c o m p o s i t i o n o f supernovae e j e c t a . 

Reeves (1975) has summarized r e c e n t work on t h e cosmic 

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

s t r o n g e v i d e n c e f o r an a c c e l e r a t i o n mechanism which 

becomes o p e r a t i v e a f t e r t h e e j e c t e d m a t t e r h a s mixed 

w i t h a few t i m e s i t s own mass i n i n t e r s t e l l a r m a t t e r and 

hence by i m p l i c a t i o n t h a t a c c e l e r a t i o n o c c u r s some time 

a f t e r t h e supernova. 

Mechanisms f o r t h e a c c e l e r a t i o n o f cosmic r a y s i n 

sup e r n o v a remnants have been d i s c u s s e d by G u l l (1973) 

and S c o t t and C h e v a l i e r (1975). The f i r s t a u t h o r 

e n v i s a g e s t h e a c c e l e r a t i o n t a k i n g p l a c e a t t h e boundary 

between t h e e j e c t a and t he i n t e r s t e l l a r m a t t e r when 

t h e amount o f i n t e r s t e l l a r gas swept up becomes e q u a l 

t o t h e e j e c t e d mass. I n t h i s s i t u a t i o n a R a y l e i g h -

T a y l o r i n s t a b i l i t y o c c u r s and t h e dense m a t t e r o f 

t h e s h e l l p e n e t r a t e s t h e i n t e r s t e l l a r gas, t h e r e s u l t i n g 

t u r b u l e n c e g e n e r a t e d a m p l i f i e s t h e magnetic f i e l d and 

t h e r e b y a c c e l e r a t e s t h e cosmic r a y s . S c o t t and 

C h e v a l i e r propose a s i m i l a r mechanism i n t h e i r model 

of cosmic r a y a c c e l e r a t i o n i n t h e Supernova remnant 

Cas A. These a u t h o r s s u g g e s t t h a t t h e f a s t moving 

k n o t s i n Cas A a r e r e s p o n s i b l e f o r g e n e r a t i n g magnetic 

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

k n o t s t h e m s e l v e s . A c c e l e r a t i o n i s due t o t h e F e r m i 
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p r o c e s s , t h e p a r t i c l e s g a i n energy a s they a r e r e f l e c t e d 

from t h e f a s t moving t u r b u l e n t e d d i e s . B o t h models 

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

imposed by o b s e r v a t i o n s . 

An a l t e r n a t i v e s o u r c e o f cosmic r a y p a r t i c l e s and 

y e t a n o t h e r p o s s i b l e way of t r a n s f e r r i n g t h e energy 

r e l e a s e of a supernova e x p l o s i o n c o u l d be p u l s a r s . 

I n t h e Crab n e b u l a t h e o b s e r v e d X r a y spectrum i s r a d i a t e d 

by e l e c t r o n s whose l i f e t i m e i s much l e s s t h a n the known 

age o f t h e remnant, i m p l y i n g t h a t w i t h i n t h e n e b u l a 

p a r t i c l e a c c e l e r a t i o n s t i l l t a k e s p l a c e . The Crab 

n e b u l a p u l s a r c o u l d w e l l be t h e s o u r c e o f t h e s e e l e c t r o n s 

but t h e mechanism i s u n c e r t a i n . Gunn and O s t r i k e r (1969) 

have proposed a model i n which t h e a c c e l e r a t i o n i s due 

t o t h e low f r e q u e n c y e l e c t r o m a g n e t i c waves produced 

by a magnetized n e u t r o n s t a r w i t h t h e a x i s o f r o t a t i o n 

and magnetic a x i s non p a r a l l e l . They have i n v e s t i g a t e d 

t h e h i s t o r y o f a charged t e s t p a r t i c l e i n t h e s e waves 
21 

and showed t h a t e n e r g i e s up t o 10 eV were p o s s i b l e 

by t h i s mechanism. I n t h i s model t h e c o m p o s i t i o n 

o f t h e cosmic r a y s w h i c h r e s u l t w i l l depend on 

where t h e p a r t i c l e o r i g i n a t e s . I f t h e n u c l e i come 

from t h e s u r f a c e o f t h e n e u t r o n s t a r m a i n l y i r o n n u c l e i 

a r e t o be e x p e c t e d , a l t e r n a t i v e l y , i f t h e p u l s a r a c c e l e r ­

a t e s m a t e r i a l i n a sup e r n o v a remnant s h e l l i t i s q u i t e 

e a s y t o o b t a i n t h e c o m p o s i t i o n r e q u i r e d by e x p e r i m e n t , 

p r o v i d e d a c c e l e r a t i o n t a k e s p l a c e a f t e r t h e e j e c t a h a s 

t h o r o u g h l y mixed w i t h m a t t e r from t h e ISM. 
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4.3 The G a l a c t i c D i s t r i b u t i o n o f Supernovae and P u l s a r s 

4.3.1 The d i s t r i b u t i o n o f supernovae 

The low r a t e o f o c c u r e n c e of supernovae and t h e 

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

t h e t a s k o f d e t e r m i n i n g the time a v e r a g e d d i s t r i b u t i o n 

of supernovae i n our own G a l a x y i m p o s s i b l e . S t u d i e s 

o f e x t r a - g a l a c t i c supernovae i n s p i r a l g a l a x i e s have 

been used t o g i v e t h e g e n e r a l f e a t u r e s o f t h e s u p e r ­

novae d i s t r i b u t i o n . Barbon e t a l . (1975) have r e c e n t l y 

p u b l i s h e d a s t u d y o f t he r a d i a l d i s t r i b u t i o n o f s u p e r ­

novae w i t h i n t h e i r p a r e n t g a l a x i e s . These a u t h o r s 

d e r i v e t h e s u r f a c e d e n s i t y d i s t r i b u t i o n shown i n 

f i g u r e 1. I n f i g u r e 1, 0 = r / R where r i s t h e d i s t a n c e 

o f t h e s u p e r n o v a from t h e c e n t r e o f t h e g a l a x y and R 

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

an e x p o n e n t i a l f i t t e d t o t h e d a t a and, a d o p t i n g a mean 

G a l a c t i c r a d i u s o f 8 kpc a s s u g g e s t e d by Barbon e t a l . 

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

o = exp (-<*r) where <x~ = 3.66 kpc. T h i s d i s t r i b ­

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

n e s s i n s p i r a l g a l a x i e s f o r which oc~^ = 1 t o 5kpc ( F r e e ­

man 1970). I f the a v e r a g e Mass t o l u m i n o s i t y r a t i o 

i s assumed c o n s t a n t o v e r t h e g a l a x i e s , t h e n i n t h e 

absence o f s i g n i f i c a n t amounts o f a b s o r p t i o n t h e 

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

u t i o n o f s t e l l a r s u r f a c e mass d e n s i t y . F i g u r e 1 must 

t h e r e f o r e i m p l y a p r o p o r t i o n a l i t y between t h e s u p e i 1 -

nova r a t e and mass d e n s i t y and hence t h a t i n our G a l a x y 

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

f t p 
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F i g u r e J., The s u r f a c e d e n s i t y d i s t r i b u t i o n of supernovae a s a 
f u n c t i o n of g a l a c t i c r a d i u s as deduced by Barbon 
e t a l (1975) from e x t r a g a l a c t i c supernovae. 
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the time averaged r a d i a l d i s t r i b u t i o n of supernovae. 
The problem of the Galactic supernova r a t e has 

been examined by Tammann (1973) using the s t a t i s t i c s 
of e x t r a - g a l a c t i c supernovae. He has analysed the 
data f o r the various galaxy types and deduces a r a t e 

+40 
f o r supernovae i n our galaxy of 1 per 31 - Q V R * 
i f the Galaxy i s a type Sb. 

4 . 3 . 2 The D i s t r i b u t i o n of Galactic Supernova Remnants 
The remnant of a supernova expands i n t o the 

surrounding i n t e r s t e l l a r gas at a r a t e which depends 
on the t o t a l energy released and the den s i t y of i n t e r ­
s t e l l a r gas (see f o r example Shklovsky, 1 9 6 8 ) . I t 
remains i n t a c t f o r up t o 10 years a f t e r the o r i g i n a l 
explosion. Since every known supernova remnant 
r a d i a t e s a non-thermal radio spectrum these remnants 
are observable by radio telescopes over the whole of 
the Galaxy. A number of catalogues of supernova 
remnants have been compiled which give the p o s i t i o n s 
of these objects ( f o r example I l o v a i s k y and Lequeux, 1972, 

Downes 1 9 7 1 ) . 

However, there are various s e l e c t i o n e f f e c t s which 
l i m i t the number of detectable supernova remnants and 
t h i s means t h a t the Galactic d i s t r i b u t i o n o f remnants 
cannot be derived from the catalogues i n any simple 
manner, (see Ilovaisky and Lequeux 1 9 7 2 ) . A number 
of authors have attacked t h i s problem and deduced the 
r a d i a l d i s t r i b u t i o n of supernova remnants from the 
catalogues a f t e r c o r r e c t i o n s f o r the various s e l e c t i o n 

e f f e c t s have been incl u d e d . Figure 2 shows the 
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r a d i a l d i s t r i b u t i o n of supernova remnants from Kodaira 
(1974) and Pimley (1975) and, f o r comparison, the 
surface density of st a r s i s included. I t i s i n t e r e s t ­
i n g t o compare the d i s t r i b u t i o n of supernova remnants 
w i t h the time averaged supernova d i s t r i b u t i o n which i s 
predicted i n 4 .3]^ t o f o l l o w the s t e l l a r mass de n s i t y . 
Good agreement i s obtained except i n the innermost 
regions of the Galaxy where there i s a d e f i c i t of SNR's 
and i t i s possible t h a t remnants are being missed i n 
rad i o surveys due t o the high background f l u x . V e t t o l -
ani and Zamorani (1976) have i n v e s t i g a t e d the apparent 
d i s t r i b u t i o n of SNR's which would r e s u l t from a time-
averaged supernova d i s t r i b u t i o n which f o l l o w s the s t e l l a r 
mass d e n i s t y . They f i n d a d i s t r i b u t i o n of remnants i n 
good agreement w i t h the observed d i s t r i b u t i o n of remnants 
and argue t h a t the d i s t r i b u t i o n of supernovae i n the 
Galaxy has the same form as i s deduced f o r other g a l a x i e s . 
I l o v a i s k y and Lequeux (1972) have deduced the SNe r a t e 
f o r our galaxy based on the s t a t i s t i c s of supernova 
remnants. They deduce a r a t e 1 per 50 + 25 y r which 
agrees w e l l w i t h the estimate above. 

4 . 3 . 3 The Galactic D i s t r i b u t i o n of Pulsars 
As w i t h supernova remnants the deduction of the 

pulsar d i s t r i b u t i o n from the catalogues of known pulsars 
requires i n c l u s i o n of various c o r r e c t i o n s t o cancel out 
the s e l e c t i o n e f f e c t s . I n t h i s p a r t i c u l a r case t h i s 
i s best achieved by using the r e s u l t s of a pulsar search 
made by a s i n g l e instrument t o provide a complete sample. 
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F i g u r e 2. The r a d i a l d i s t r i b u t i o n of supernova .remnants i n 
the Galaxy a s deduced by K o d a i r a (197^) and Pimley 
(1975). 
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Two sky surveys have now been c a r r i e d out ̂ by the 
J o d r e l l Bank (Lyne, 1974) and the Arecibo groups 
(Hulse and Taylor 1 9 7 5 ) . Figure 3 shows the r a d i a l 
d i s t r i b u t i o n obtained using the J o d r e l l Bank data (Lyne , 
Pr i v a t e Communication). Comparison w i t h the SNR d i s t r i b ­
u t i o n of Kodaira i n d i c a t e s t h a t the pulsars are peaked 
somewhat higher at 6 kpc than the SNR's. Once again 
there i s a suggestion of a d e f i c i t of pulsars near the 
Galactic centre although the u n c e r t a i n t y becomes l a r g e , 
Hulse and Taylor f i n d evidence f o r a cut o f f i n the 
r a d i a l d i s t r i b u t i o n of pulsars at r a d i i 10 kpc, a 
r e s u l t which i s i n general agreement w i t h the r a d i a l 
d i s t r i b u t i o n of figure 3 . 

The pulsar b i r t h r a t e has been estimated using 
the data of f i g u r e 3 Seiradakis (1976) gives a r a t e of 
1 per 25 years which i s i n good agreement w i t h the SNe 
r a t e deduced by I l o v a i s k y and Lequeux and i s t h e r e f o r e 
q u i t e consistent w i t h the hypothesis of a supernova 
b i r t h f o r a l l pulsars. 

4 . 4 Cosmic ray Propagation 
The propagation o f cosmic rays i n the Galaxy i s 

a very d i f f i c u l t problem. The aim of a propagation 
model i s t o r e c o n c i l e the observational p r o p e r t i e s of 
the cosmic rays w i t h the hypothesis of o r i g i n i n d i s c r e t e 
sources. I n the s e c t i o n which f o l l o w s some of the 
important features of the cosmic ray propagation models 
w i l l be o u t l i n e d w i t h the object of p r e d i c t i n g the 
d i s t r i b u t i o n of Cosmic rays which may r e s u l t from a 

source d i s t r i b u t i o n s u c n a s those described above. 
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F i g u r e J . The r a d i a l d i s t r i b u t i o n of p u l s a r s i n t h e Galaxy 
d e r i v e d from the J o d r e l l Bank survey 
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4 . 4 . 1 D i f f u s i o n Models 
The simplest approach i s t o assume t h a t the cosmic 

ray motion i s random and t h a t the d e n s i t y s a t i s f i e s a 
d i f f u s i o n equation. For the case of 3 dimensional 
d i f f u s i o n one obtains a general equation f o r the d e n s i t y 
of cosmic rays N(r, t,E) as a f u n c t i o n of space time and 
energy of the form 

where D i s the d i f f u s i o n c o e f f i c i e n t , bE i s the energy 

cata s t r o p h i c processes and Q ( f , t , E ) i s the source per 
u n i t time and per u n i t energy at r and t . The d i f f u s i o n 
c o e f f i c i e n t f o r i s o t r o p i c d i f f u s i o n i s D = ^ c / 3 where k. 
i s the mean f r e e path and may be a f u n c t i o n of energy. 
For protons the energy loss term i s ignored but f o r 
e l e c t r o n s t h i s i s important. The. catastrophic l i f e ­
time T c i s co f o r both e l e c t r o n s and protons and i s 
important only f o r n u c l e i . 

Consider the case of a d i s k confinement region 280 

pc t h i c k and 15 kpc i n radius w i t h a source f u n c t i o n 
Q(r, E). Since the escape time of the p a r t i c l e s i s 
<^ the loss time by c o l l i s i o n s , the e q u i l i b r i u m d e n s i t y 

of cosmic rays, i s governed only by the l o c a l value o f 
the source f u n c t i o n and the escape time. Thus by 
assuming an escape time T e independent of p o s i t i o n 
the e q u i l i b r i u m density N ( r , E) i s given by 

- V . (DVN) 
Tt 

Q(f,t,E) N + N 
Tc 3E 

1 

loss r a t e , T c i s the l i f e time of the p a r t i c l e s due t o 

N ( r , E) Q(r, E) T e 

This e q u i l i b r i u m s o l u t i o n may be derived from 
equation 1 by s e t t i n g and N 5 t ' dE Tc 

0 
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and by r e p l a i n g the d i f f u s i o n term by which 

corresponds t o p o s t u l a t i n g an energy independent escape 
p r o b a b i l i t y (Ramaty 1 9 7 4 ) . 

The general s o l u t i o n to equation 1 has been 
discussed i n d e t a i l by Ginzburg and S y r o v a t s k l i ( 1 9 6 4 ) . 

I n the s o l u t i o n the choice of parameters are governed 
by the observables of the cosmic r a d i a t i o n i . e . the 
anisotropy, mean age and constancy. 

The n a t u r a l choice f o r the d i f f u s i o n mean free 
path, X. i s the observed scale l e n g t h of i r r e g u l a r i t i e s 
i n the magnetic f i e l d which i s 10 t o J>0 pc. Unfortun­
a t e l y , however, f o r the d i s k confinement region described 
above the choice of V. = 10 pc leads t o an escape time 
i n c l e a r disagreement w i t h observation. Even more 
severe d i f f i c u l t i e s are encountered w i t h the anisotropy. 
The p r o b a b i l i t y of o b t a i n i n g an anisotropy i n the observed 
range f o r a supernova r a t e such as t h a t discussed above 
i s extremely low f o r t h i s choice of ^ . 

The assumption of i s o t r o p i c ^-dimensional d i f f u s i o n 
may not be v a l i d . The protons i n the cosmic r a d i a t i o n 

14 
w i t h E < 1 0 eV the gyroradius i s < 1 0 p c . Hence the 
cosmic rays w i l l behave as though bound t o the f i e l d 
l i n e s and experiments at the Earth sample only those 
cosmic rays bound t o f i e l d l i n e s passing w i t h i n one 
gyroradius of the Earth. The problem thus becomes one-
dimensional d i f f u s i o n and even gr e a t e r d i f f i c u l t i e s are 
encountered i n t r y i n g t o r e c o n c i l e the observed aniscfropy 
w i t h a set of d i s c r e t e sources randomly d i s t r i b u t e d i n space 
and time (Dickinson and Osborne 1 9 7 4 ) . 
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4.4 .2 S e l f Confinement of Cosmic Rays 
One type of model f r e q u e n t l y discussed can 

achieve consistency w i t h observation. This i s the 
'leaky-box' model, i n which cosmic rays are p i c t u r e d 
as propagating almost f r e e l y i n s i d e a box w i t h p a r t i a l l y 
r e f l e c t i n g w a l l s . A v e r s i o n of t h i s mou'el has been 
proposed by S k i l l i n g (1971) and Holmes ( 1974) i n which 
the p a r t i a l l y r e f l e c t i n g boundaries are formed by the 
s c a t t e r i n g of cosmic rays on Alfven waves. 

Resonant s c a t t e r i n g of cosmic rays by A l f v e n waves 
occurs when the wavelength i s a few times the gyroradlus 
(Wentzel 1 9 7 4 ) . I n t h i s process the mean f r e e path f o r 
r e v e r s i n g the cosmic ray d i r e c t i o n i s approximately the 
gyroradius m u l t i p l i e d by the r a t i o of the energy 
d e n s i t i e s , i n the g a l a c t i c magnetic f i e l d and the A l f v e n 
waves. These waves are set up whenever cosmic rays stream 
down a density gradient w i t h a streaming v e l o c i t y V_ > 
V A , where V A i s the A l f v e n v e l o c i t y . Such a s i t u a t i o n 
would a r i s e a t , say, the surface of a d i s k confinement 
region or near a cosmic ray producing supernova. Thus 
on t h i s model the cosmic rays are s e l f - c o n f i n e d i . e . 
the A l f v e n waves which s c a t t e r the cosmic rays are 
generated by the cosmic rays themselves. 

I n passing i t i s i n t e r e s t i n g t o note t h a t when 
t h i s model i s applied t o the propagation of cosmic 
rays away from a source such as a supernova the pre­
d i c t e d a d i a b a t i c energy losses f o r the cosmic rays 
become p r o h i b i t i v e l y l a r g e . (Kulsrud 1 9 7 5 ) . The 
problem then becomes one of understanding how a source 
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can I n j e c t enough energy t o overcome t h i s problem. 
I n the Skilling-Holmes model the region close t o 

the Galactic plane i s l a b e l l e d the ' f r e e ' zone and 
the region of strong s c a t t e r i n g by Alfven waves i s 
the 'wave' zone. The boundary between these zones 
i s the z height from the G a l a c t i c plane at which the 
growth r a t e rQ and damping r a t e r of the A l f v e n 
waves are equal and f o r any p a r t i c u l a r energy and 
spectrum of cosmic ray p a r t i c l e s i s s p e c i f i e d by the 
z d i s t r i b u t i o n s of the i o n i z e d and n e u t r a l gas. Thus, 
f o r a3GeV p a r t i c l e and a cosmic ray spectrum of ex­
ponent 2 .5 the boundary occurs at 286 pc. 

The basic version of t h i s model p i c t u r e s cosmic 
rays propagating at almost the v e l o c i t y of l i g h t 
w i t h i n the f r e e zone being f r e q u e n t l y r e f l e c t e d i n c o l l ­
i s i o n s w i t h the wave zone. 

Dickinson (1975) has modified t h i s basic model t o 
include a r e a l i s t i c model of the propagation of the 
p a r t i c l e s i n the f r e e zone and examines i n d e t a i l the 
consequences f o r the G a l a c t i c d i s t r i b u t i o n of cosmic 
rays. His models E and F are of p a r t i c u l a r i n t e r e s t 
here since he uses a source d i s t r i b u t i o n p r o p o r t i o n a l 
t o the s t e l l a r mass dens i t y which i s the same source 
d i s t r i b u t i o n as i s i m p l i e d by the observations of 
e x t r a g a l a c t i c supernovae. His r e s u l t s are s u r p r i s i n g . 
Despite having a source d i s t r i b u t i o n which peaks at 
the Galactic centre at 6 0 xthe l o c a l value he f i n d s 
v a r i a t i o n s i n cosmic ray concentration across the 
G a l a c t i c d i s k which are very much smaller thon t h i s . 
At lGeV he f i n d s i n model E an increase of only 30$ at 
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the Galactic Centre and i n model F, which includes 
the e f f e c t s of propagation i n s p i r a l arms, he f i n d s an 
increase of 15$ at 5 kpc and a decrease of 15$ at 14 
kpc r e l a t i v e to the concentration at 10 kpc. For 
source d i s t r i b u t i o n s which are constant i n R he f i n d s 
v a r i a t i o n s i n concentration between 0 and 10 kpc of < 
1%. 
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CHAFTER FIVE 
THE INTERSTELLAR GAS 

5.1 I n t r o d u c t i o n 
This chapter reviews the main observational r e s u l t s 

on the i n t e r s t e l l a r medium (ISM) which are relevant t o 
the problem discussed l a t e r . I n p a r t i c u l a r i n t e r e s t 
i s concentrated on the observed d i s t r i b u t i o n of the 
i n t e r s t e l l a r gas on a g a l a c t i c scale. Since the 
dominant component o f the ISM i s hydrogen, studies of 
t h i s atom are obviously of paramount importance. 

5.2 The Galact i c D i s t r i b u t i o n of N e u t r a l Atomic Hydrogen 
5.2.1 2Lcm Observations 

The hyperfine t r a n s i t i o n of n e u t r a l hydrogen 
produces a s p e c t r a l l i n e of wavelength 21 cm which has 
been observed i n emission i n every d i r e c t i o n on the 
sky. As a r e s u l t , emission studies i n t h i s l i n e have 
become one o f the major t o o l s i n the study of the larg e 
scale s t r u c t u r e of our Galaxy. This importance i s 
enhanced by the f a c t t h a t the 21 cm emission regions are 
'completely resolvable i n both v e l o c i t y s t r u c t u r e and 
angle by the t y p i c a l r a d i o telescope. 

A t y p i c a l p r o f i l e i n t h i s l i n e gives the i n t e n s i t y 
as a f u n c t i o n o f frequency, I V J D o p p l e r s h i f t e d from the 
l i n e ' s n a t u r a l frequency of 1420.406 MHz. I n radio 
astronomy i t i s common p r a c t i c e t o express i n t e n s i t y 
i n terms of a brightness temperature, T D, where 

T. = c*" I (Rayleigh-Jeans approximation) 
2A . V 
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The c o n d i t i o n f o r t h i s approximation i s th a t 
n v / k T « l . Since f o r the 21 cm l i n e h^A = 0 .07K, 

t h i s c o n d i t i o n i s always s a t i s f i e d i n 21 cm studies. 
I n studies of the Galactic plane the measured 

frequencies are converted to r a d i a l v e l o c i t i e s r e l a t i v e 
t o the l o c a l standard of r e s t which has been determined 
from the motions of the nearby s t a r s . The Galactic 
r o t a t i o n curve may then be obtained from p r o f i l e s i n 
the Galactic longitude i n t e r v a l 2 7 0 < 1 < 9 0 . This 
involves the measurement of the t e r m i n a l v e l o c i t i e s 
c o n t r i b u t e d by m a t e r i a l on the locus of subcentral 
points f o r which the Galactocentric radius i s R = Ro 
|s i n l j . The r o t a t i o n curve so determined f o r R<R 0 

can be extended t o R = 13 kpc by observations of Cepheid 
va r i a b l e s and i s extrapolated beyond t h i s distance by 
using a model of the Galactic mass d i s t r i b u t i o n which 
i s constructed t o f i t the g a l a c t i c r o t a t i o n curve f o r 
R<R 0. Figure 1 shows the r o t a t i o n curve and surface 
density of matter on the Mass model which i s derived 
from the r o t a t i o n curve (innanen 1 9 7 3 ) . 

The primary goal of 21 cm astronomy has always 
been the tr a n s f o r m a t i o n of the observed i n t e n s i t y -
v e l o c i t y p r o f i l e s i n t o a map of the s p a t i a l d i s t r i b u t i o n 
of hydrogen. I n p a r t i c u l a r i t was hoped t h a t the 
s p i r a l s t r u c t u r e would become evident i n the HI maps. 
Burton (1976) has discussed i n d e t a i l the major problems 
encountered i n achieving t h i s goal. He stresses t h a t a 
grand design o f a s p i r a l s t r u c t u r e i n the o v e r a l l HI 
d i s t r i b u t i o n i s not established and there i s l i t t l e 
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F i g u r e 1. The G a l a c t i c r o t a t i o n curve and s u r f a c e mass 
d e n s i t y d i s t r i b u t i o n from the mass-model of 
Innanen (1973). 
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evidence at a l l f o r s p i r a l s t r u c t u r e features i n the 
r a d i a l d i s t r i b u t i o n of atomic n e u t r a l hydrogen from 
these s t u d i e s . 

5.2.2.1 The R and Z d i s t r i b u t i o n s of atomic hydrogen 
The column density of atomic hydrogen i n a 

p a r t i c u l a r d i r e c t i o n i s given by 
a8 N H I = 1.823 x 10J T k t ( v ) dv 

_2 
cm v i s the v e l o c i t y 

where T^ i s the e x c i t a t i o n temperature of the l i n e , 
and ~C i s the o p t i c a l depth. As mentioned above, the 
observations give Tg(v) where 

T B ( v ) = Tk C 1" e x p ( " r ( v ) ) ] 
I f the l i n e i s o p t i c a l l y t h i n i . e . T « 1 then Tg(v) 
T^ TJ (v) and the column density i s given by 

N T T T = 1.823 10 l 8 J T B ( v ) dv 'HI 
which i s e a s i l y obtained by i n t e g r a t i o n of the observed 
p r o f i l e . 

I n the g a l a c t i c plane T^ & 120 K and the l i n e 
i s u s u a l l y o p t i c a l l y t h i c k ; i f the l i n e i s completely 
saturated,Tg(v) = T^. 

Figure 2 shows the r a d i a l v a r i a t i o n of atomic 
hydrogen density i n the g a l a c t i c plane from Gordon and 
Burton (1976). The average hydrogen density along a 
l i n e of l e n g t h ^ r i s c a l c u l a t e d from 

when the l i n e i s o p t i c a l l y t h i n . Figure 2 includes 
c o r r e c t i o n s f o r the p a r t i a l s a t u r a t i o n of the l i n e . 

— V I I « ~* 

"H "IS 
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come from Qordon and Burton (1976), f o r R < 2 kpc 
•the model of Sanders and Wrixon has been used. 
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The d e n s i t i e s near the g a l a c t i c centre were taken 
from the model of Sanders and Wrixon ( 1 9 7 3 ) • 

A f u r t h e r important observation i n 21 cm astronomy 
i s the thickness of the atomic hydrogen l a y e r . This 
has been determined f o r a range of p o s i t i o n s i n the 
Galaxy by Jackson and Kellman (1974) from the p o r t i o n s , 
of p r o f i l e s corresponding t o the locus of subcentral 
p o i n t s , where the distance i s unambiguous. Figure 3 

shows t h a t t h e i r r e s u l t s f o r the v a r i a t i o n of Zi w i t h 
2 

R.Burton ( l 9 7 6)has also determined the v a r i a t i o n of Zi 
2 

w i t h R, he gives the expressions 
Zi = 200 pc , R < 9 .5 kpc 2 

Zi = 200 + 38 (R - 9 - 5 ) pc; R > 9-5 kpc 2 
This i s p l o t t e d i n f i g u r e 3 f o r comparison w i t h the r e s u l t s 
of Jackson and Kellman. 

Gordon and Burton (1976) u t i l i z e these data on the 
scale height t o c a l c u l a t e the surface density of atomic 
hydrogen which i s shown i n f i g u r e 4 . Once again the 
model of Sanders and Wrixon i s used to c a l c u l a t e the 
surface density of gas i n the nucleus. 

5 . 2 . 2 . 2 The f i n e scale s t r u c t u r e of the atomic hydrogen 
Although 21 cm emission i n the g a l a c t i c plane can 

provide an accurate d e s c r i p t i o n of the large scale d i s t r i b ­
u t i o n of atomic hydrogen i n the Galaxy, f o r d e t a i l s of the f i n e 
scale s t r u c t u r e observations of the emission p r o f i l e s at 
high l a t i t u d e are used. An a l t e r n a t i v e technique i n t h i s 
k i n d of study i s t o observe the absorption p r o f i l e o f the 
2 1 cm l i n e i n f r o n t o f b r i g h t r a d i o continuum sources. 
Comparison w i t h a nearby emission p r o f i l e enables 
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the column density, spin temperature and v e l o c i t y s t r u c t u r e 
of the e m i t t i n g gas t o be determined unambiguously. 

A general p i c t u r e which emerges from these studies 
i s of a ' r a i s i n pudding' i n t e r s t e l l a r medium c o n s i s t i n g 
of c old, dense clouds i n a hot tenuous i n t e r c l o u d medium. 
The p r o p e r t i e s of the cold clouds have been i n v e s t i g a t e d i n 
absorption studies (Radhakrishnan and Goss 1972, Hughes et 
a l . 1971) and an average HI cloud i s found t o have a column 

20 — p 
density of 3 10 cm and a temperature of 60 K, which i s 
s i g n i f i c a n t l y less than the 120 K quoted above. I f t h i s 
lower temperature i s c o r r e c t the use of 120 K would lead 
t o the under-estimation of column d e n s i t i e s . This may be 
important f o r the work of section 9 where the ^-ray f l u x 
i n the a n t i c e n t r e i s c a l c u l a t e d from the measured hydrogen 
column d e n s i t i e s i n t h i s region. 

5 . 2 . 3 Far UV Observations 
This involves the observation of the resonance 

absorption l i n e s (e.g. Lyman oc at 1216$) i n the l i n e o f 
s i g h t t o hot s t a r s which are used t o provide continuum 
background l i g h t sources. 

Since the technique r e l i e s upon rocket or s a t e l l i t e 
borne instruments t h i s i s an even younger branch of astronomy 
than 21 cm radio astronomy. I t i s , however, a very powerful 
method of i n v e s t i g a t i n g the s p a t i a l d i s t r i b u t i o n o f atomic 
hydrogen out to 1 kpc from the Sun. 

Jenkins and Savage (1974) use data from rocket f l i g h t s 
and OAO-2 observations t o determine the l o c a l d i s t r i b u t i o n of 
gas. They f i n d an average density of 0 . 6 atoms cm w i t h a 

l a r g e range i n the observations (from < 0 . 1 t o > 1.0 atoms 
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cm~J). Near t o the sun they suggest a d e n s i t y of 
n H = 0 .25 atoms cm ^ may be re p r e s e n t a t i v e . More 
re c e n t l y Bohlin (1975) has reanalysed the a v a i l a b l e 
data on Ly - absorption and attempts t o c o r r e c t 
f o r the observational b i a s . This author f i n d s a 
mean atomic hydrogen density near the sun of 0 . 9 atoms 
cm . I n a d d i t i o n these authors f i n d a c o r r e l a t i o n 
between the hydrogen column density to a s t a r and the 
s t e l l a r colour excess E(B-V), y i e l d i n g 

21 - 2 - 1 NJJ 5 10 atoms cm mag 
E(B-V) 
This c o r r e l a t i o n has important i m p l i c a t i o n s f o r 

gamma ray astronomy. Adopting an A V/E(B-V) r a t i o of 
3 i t i s found t h a t i n dense dust clouds f o r which A y 

may be > 6 t h i s suggests column d e n s i t i e s > 10 atoms 
- 2 

cm . However, 21 cm studies of dark clouds give 
much lower column d e n s i t i e s (Heiles, 1969). The 
i m p l i c a t i o n of t h i s r e s u l t , which i s t h a t the atoms 
have been converted t o molecules i s examined i n the 
next s e c t i o n . 

5 .5 The Galactic D i s t r i b u t i o n of Molecular Hydrogen 
I n the l a s t s e c t i o n i t was mentioned t h a t the 

c o r r e l a t i o n of hydrogen column den s i t y w i t h i n t e r ­
s t e l l a r e x t i n c t i o n appears t o break down when applied 
t o regions i n which the i n t e r s t e l l a r absorption i s 
l a r g e , such as i n large dust clouds. The i n t e r p r e t ­
a t i o n of t h i s r e s u l t i s t h a t i n the centre o f these 
clouds the atomic hydrogen i s converted t o molecular 
hydrogen w i t h almost 100$ e f f i c i e n c y . I n the general 
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i n t e r s t e l l a r medium hydrogen molecules are r a p i d l y 
d i s s o c i a t e d by UV photons i n s t a r l i g h t ; however, i n 
dust clouds molecular hydrogen i s shielded from UV 
photons and hydrogen atoms r a p i d l y combine t o form 
molecules. The next two subsections w i l l describe 
the d i s t r i b u t i o n of molecular hydrogen as deduced 
from observations. 

5-3*1 D i r e c t Observations 
Unfortunately, molecular hydrogen has no observable 

t r a n s i t i o n i n the o p t i c a l and radio wavebands. I n 
f a c t , under i n t e r s t e l l a r c o n d i t i o n s i t i s observable 
only v i a the absorption l i n e s i n the f a r u l t r a v i o l e t 
and i s thus accessible t o d i r e c t observation only from 
rockets and s a t e l l i t e s . 

The r i c h e s t source of data came from the studies 
using the Copernicus s a t e l l i t e ( S p i t z e r et a l . 1973) 

which has been used t o measure the column den s i t y o f 
molecular hydrogen i n the l i n e of s i g h t t o nearby hot 
s t a r s . They f i n d t h a t f o r s t a r s f o r which the l i n e 
of s i g h t i n t e r s e c t s an i n t e r s t e l l a r gas cloud ( i . e . 
those f o r which E(B-V ) > 0 . 1 ) the f r a c t i o n of hydrogen 
i n molecular form exceeds 0 . 1 . On the other hand, f o r 
s t a r s w i t h E(B-V ) < 0 . 0 5 there i s no tr a c e of the absorp­
t i o n i m p l y i n g < 10^ of the hydrogen i n molecular form. 
Thus, they confirm the hypothesis t h a t H w i l l form at 
the centre of clouds f o r which the e x t i n c t i o n i s la r g e 
enough t o s h i e l d the molecules. Their r e s u l t s imply 
t h a t some 50$ of the l o c a l i n t e r s t e l l a r hydrogen i s i n 
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molecular form. 

I n a recent review paper Jenkins (1976) gives 
an average molecular hydrogen density near t o the 
s o l a r syste of 0 . 2 atoms cm ^ which together w i t h the 
atomic hydrogen density gives a t o t a l d e n s i t y of 1 .1 

atoms cm ^. 
Unfortunately these techniques are l i m i t e d t o the 

space w i t h i n 1 kpc o f the sun. The u n r a v e l l i n g of the 
Galactic d i s t r i b u t i o n of molecular hydrogen requires 
recourse t o i n d i r e c t methods. 

5 . 3 . 2 I n d i r e c t Observations of the d i s t r i b u t i o n of Galactic 

A f t e r molecular hydrogen, carbon monoxide i s expected 
to be the most abundant molecule i n the i n t e r s t e l l a r 
medium. This i s due, not only t o the r e l a t i v e 
abundance of i t s c o n s t i t u e n t s and the ease by which 
i t can form, but mainly to the f a c t t h a t i t i s the 
most stab l e diatomic molecule known, w i t h a d i s s o c i a t i o n 
energy of > 1 1 e v . The f a r UV observations by Jenkins 
et a l . (1973) have confirmed i t s abundance e s p e c i a l l y 
i n the spectra of reddened s t a r s which also show H 2 

l i n e s . Jenkins et a l . f i n d a N (C0)/N(H 2) r a t i o of 
- 8 

" 10" f o r the fo u r s t a r s they observed. 
Large column d e n s i t i e s of CO have also been 

detected i n dense dust clouds by observing the J ( l -* 0 ) 
12 

r o t a t i o n a l t r a n s i t i i o n of CO at 2 . 6 mm, (Penzias et a l 
1 9 7 2 ) . Since i t i s the same dust clouds which have a 
dense core of molecular hydrogen the 2 . 6 l i n e presents 
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i t s e l f as a powerful t o o l f o r the examination of the 
Galactic D i s t r i b u t i o n of molecular clouds. 

The a c t u a l brightness temperature-velocity 
p r o f i l e s i n t h i s l i n e have provided f u r t h e r confirm­
a t i o n of the existence of high d e n s i t i e s of n e u t r a l 
molecules alongside the CO. The t y p i c a l e x c i t a t i o n 
temperature i n t h i s l i n e i s 20 K, i t can be shown, 
(Robinson 1973)«) t h a t to achieve t h i s s o r t of temp­
erature e x c i t a t i o n must be due t o c o l l i s i o n s w i t h 
n e u t r a l s and tha t the den s i t y of n e u t r a l s must be 

3 4 - 3 
of order H r - 10 cm . Thus i m p l y i n g the existence 
of molecular hydrogen i n high d e n s i t i e s . 

Several surveys of the g a l a c t i c plane have now 
been made i n t h i s l i n e ( S c o v i l l e and Soloman 1975* 

Burton et a l . 1975* Gordon and Burton 1976) and there 
i s now some concensus on the general features of the 
Galactic d i s t r i b u t i o n of CO and hence by inference 
the d i s t r i b u t i o n of molecular Hydrogen.' Figure. 5 shows 
the d i s t r i b u t i o n of CO i n R as determined by Gordon 
and Burton. I n o b t a i n i n g f i g u r e 5 the average de n s i t y 
of CO molecules along a l i n e of s i g h t distance A r i s 
ca l c u l a t e d from r 

(Gordon and Burton 1 9 7 6 ) . I n t h i s expression 
C 1 2C J / C 1 ^ 3 i s the r e l a t i v e abundance of the 

12 13 

C and -T isotopes. I n c a l c u l a t i n g N(CO^Gordon and 
Burton assume a C12C 3 / {_ 3 r a t i o of 40 f o r the ISM 
compared t o a t e r r e s t i a l abundance r a t i o of 8 9 . 

Figure 5 also shows the surface density of CO 

14 L 1 2 c J T„H2 BC1 C0)dv 
(co) 3 .43 10 n L 1 3 c ] 
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which i s calculated from n(CO) and the t o t a l l a y e r 
thickness, which was measured by Burton and Gordon 
(1976) at 1 = 21°and found t o be 1 1 7pc S c o v i l l e 
and Solomon also quote a l a y e r thickness, which at 
lOOpc i s i n q u i t e good agreement w i t h the Burton and 

Gordon f i g u r e . 
The volume and surface density of molecular 

hydrogen can be c a l c u l a t e d using the data i n f i g u r e 5 

from the r e l a t i v e abundance o f carbon and hydrogen i n 
the ISM i f the f r a c t i o n of carbon i n CO i s known. 
Gordon and Burton quote a f i g u r e of 10$ f o r the l a t t e r 
q u a n t i t y leading t o an n(C0)/n(H 2) r a t i o of 6 lO'^. 
Figure 6 shows the d i s t r i b u t i o n of molecular hydrogen 
i n the g a l a c t i c plane c a l c u l a t e d from the data i n 
f i g u r e 5 and using t h i s r a t i o . I n a d d i t i o n , t o the 
molecular hydrogen n(H 2) f i g u r e 6 also shows the 
d i s t r i b u t i o n of atomic hydrogen, n ( H l ) and the t o t a l 
hydrogen density 2 n(H 2) + n ( H l ) . E s s e n t i a l l y the same 
d i s t r i b u t i o n was found by S c o v i l l e and Solomon except 
t h a t these authors quote a density of 5 » 0 molecules 

-"5 
cm • at the peak near 5*5 kpc., compared to Gordon 
and Burton's peak value o f 1.9 molecules/cm-^. 

Figure 7 shows the surface density of molecules, 
atoms and the t o t a l hydrogen. The molecular surface 
den s i t y i s c a l c u l a t e d from the data i n f i g u r e 6 

using the l a y e r thickness quoted above. The data 
presented i n f i g u r e 7 s t r o n g l y i m p l i e s t h a t the 
p i c t u r e of the inner galaxy derived from 21 cm 
astronomy g r e a t l y underestimates the t o t a l gas content. 



!n(H)=2n(H2)+n(HI) 

Figure 6. The r a d i a l d i s t r i b u t i o n of the t o t a l hydrogen density, 
n(H) = 2n (H 2) + n(Hl). 



18 • 
(b 

r 

a(H 
12 ^y 10 

8 <r H 

i 
i i 

a HI) 
I i 

6 8 10 12 14 T6 
R(kpc) 

Figure 7. The r a d i a l d i s t r i b u t i o n of the surface density of 
hydrogen according to Gordon and Burton (1976). 
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I n f a c t Burton (1976) estimates t h a t as much as 93$ 

of the hydrogen gas i n the inner galaxy may be i n 
molecular form. However, the d i f f i c u l t i e s i n 
c a l c u l a t i n g the molecular hydrogen density from the 
CO observations : mean th a t there must remain considerable 
u n c e r t a i n t y i n t h i s estimate. I n a d d i t i o n there remains 
an u n c e r t a i n t y i n the density of molecular hydrogen i n 
lower density clouds. The Gordon and Burton r e s u l t s 
p e r t a i n only t o the d i s t r i b u t i o n of dense clouds, the 
large f r a c t i o n of H^ discovered by S p i t z e r et a l . 1973 

i s simply not included i n t h e i r r e s u l t s . Clearly, the 
possible u n c e r t a i n t y i n the published f i g u r e s i s la r g e . 

5-4 The Density and D i s t r i b u t i o n of other Atoms 
I n l a t e r chapters the i n t e r s t e l l a r gas w i l l be regarded 

mainly as a t a r g e t m a t e r i a l f o r i n t e r a c t i o n s of the i n t e r ­
s t e l l a r cosmic ray f l u x . Thus, i n a d d i t i o n t o the hydrogen 
i t i s important t o include the m a t e r i a l i n the i n t e r s t e l l a r 
medium w i t h atomic number above 1 . This i s best achieved 
through a m u l t i p l y i n g f a c t o r M such t h a t 

where MA i s the mass of the atom of atomic number A and 
f ( M A ) i s the r e l a t i v e abundance of t h i s atom compared t o 
hydrogen. 

Trimble (1975) i n a recent survey gives abundances f o r 
three regions: the s o l a r atmosphere, the Orion nebula and f o r 
planetary nebulae. Using these abundances M i s found t o be 
1.34, 1.46 and 1 . 7 1 . A l l e n (1973) quotes 1 .36 but both 
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Pagel ( p r i v a t e communication 1976) and Trimble ( p r i v a t e 
communication 1976) propose higher values, 1.42 and 
1.46 r e s p e c t i v e l y . Therefore f o r the best estimate 
f o r M p e r t a i n i n g t o the l o c a l i t y of the sun a value 
M = 1.42 i s adopted. 

However, i t i s l i k e l y t h a t the composition of the 
i n t e r s t e l l a r gas w i l l vary w i t h p o s i t i o n i n the galaxy. 
Measurements on other galaxies support t h i s view and 
there i s evidence from our own galaxy too (see D'Odorico 
et a l . 1 9 7 6 ) . Peimbert ( P r i v a t e Communication 1976) 

considers t h a t M may increase from 1.42 near the sun 
t o 1.8 or 1.9 near the Galactic centre. 

I n the region near 5 -6 kpc where the peak of the 
hydrogen density occurs M might only be l a r g e r by 1C#-
than the s o l a r value. A 10$ v a r i a t i o n i n the C/H r a t i o 
between 10 and 5 kpc might have t o be taken i n t o account, 
i n d e r i v i n g the molecular hydrogen d e n s i t i e s when b e t t e r 
data are a v a i l a b l e . 
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CHAPTER SIX 

THE CONTRIBUTION TO GALACTIC GAMMA-RAYS FROM INTER­
ACTIONS BETWEEN COSMIC RAYS AND THE INTERSTELLAR 

RADIATION 

6 . 1 . I n t r o d u c t i o n 

The aim of t h i s chapter i s t o c a l c u l a t e the c o n t r i b ­
u t i o n t o the gamma r a d i a t i o n which a r i s e s from the 
Inverse Compton E f f e c t (ICE) and t o i n v e s t i g a t e the 
longitude d i s t r i b u t i o n o f gamma r a d i a t i o n which a r i s e 
from t h i s process. 

This problem has received the a t t e n t i o n of several 
authors (Cowslk and Hutcheon 1971 , Dodds et a l . 1974, 

Beuermann 1974) but the a c t u a l f r a c t i o n of the observable 
gamma f l u x which i s produced i n t h i s process remains the 
subject of debate. Cowsik and Voges (1975) argue t h a t 
the c o n t r i b u t i o n from the Galactic centre i s at l e a s t 
60$ ICE, whereas i n e a r l i e r work we obtained a maximum 
of 10$. (Dodds et a l . 1 9 7 4 ) . Needless t o say i t i s 
important f o r our understanding of the o r i g i n and 
d i s t r i b u t i o n of CRs t h a t narrower l i m i t s be set. 

6.2 A Model f o r the Gamma-ray emission due t o ICE. 
6.2.1 The ICE Mechanism and Cross-section 

The kinematics of t h i s process were described i n 
chapter 2 . I n the c a l c u l a t i o n the cross-section used 
i s t h a t given i n equation 1 

m| + m
e
4E Y - me

6EY2 + m^gy ln/m^s/ 
€ E ? ~ 4 e V 8 c V ? 2£ 2 E!! U e E ? , 

<5(EY,£,Ee)dE =2^1 
e e e e e' 

dE, 

1 . 
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6.2.2 The I n t e n s i t y of the I n t e r s t e l l a r r a d i a t i o n f i e l d . 
This i s an important problem f o r several areas of 

Astrophysics and as a r e s u l t has received the a t t e n t i o n 
of a number of authors (Zimmermann 1964, W i t t and 
Johnson 1975, Habing 1968, Gondhalekar and Wilson 1976) 

I n p a r t i c u l a r i n t e r e s t has been focussed on the wave­
length region between 9 1 2 and 3000 S which i s of importance 
i n understanding the i o n i z a t i o n e q u i l i b r i u m of the i n t e r ­
s t e l l a r medium. Figure 1 shows the r a d i a t i o n i n t e n s i t y 
as a f u n c t i o n of frequency from the r e s u l t s of several 
d i f f e r e n t c a l c u l a t i o n s . 

I t i s immediately obvious from an examination of 
the l u m i n o s i t y f u n c t i o n of s t a r s as a f u n c t i o n of t h e i r 
s p e c t r a l type t h a t the i n t e n s i t y of s t a r l i g h t i s dominated 
by the r a d i a t i o n from G-type s t a r s w i t h surface tempera­
t u r e of 6000 K ( f o r example see Mihalas 1 9 6 8 ) . To a 
good approximation the i n t e r s t e l l a r r a d i a t i o n . can be 
represented by a 'greybody 1 spectrum ( i . e . a d i l u t e d 
black-body spectrum) w i t h temperature 6000 K. Figure 
1 shows the spectrum adopted here, the d i l u t i o n f a c t o r 
was obtained by adopting a t o t a l energy den s i t y f o r 
s t a r l i g h t of 0 . 45 eV cm"-5( A l l e n 1 9 7 3 ) . This spectrum . 
i s i n good agreement w i t h r e s u l t s of the other c a l c u l a ­
t i o n s . 

I n a d d i t i o n t o the l o c a l energy den s i t y and spectrum 
of s t a r l i g h t the s p a t i a l v a r i a t i o n of energy density 
w i t h p o s i t i o n i s requ i r e d . I n these c a l c u l a t i o n s i t 
i s assumed t h a t the energy density o f s t a r l i g h t f o l l o w s 
the t o t a l mass densi t y i n the galaxy and the Innanen 
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Z - Zimmerman (1964) 
H - Habing (1968) 

W&J - Witt and Johnson (1975) 
J - J u r a (1975) , ^ 

CMfcW - Oondhalekar and Wilson (1976). 
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(1973) mass model has been adopted. Confirmation 
of the v a l i d i t y of t h i s approach comes from studies 
of other s p i r a l galaxies (de Vaucouleur 1959* Freeman 
1970 > Simkin 1975) which show t h a t the surface b r i g h t ­
ness d i s t r i b u t i o n of s p i r a l galaxies have the general 
form I ( R ) = I0exp(-«R). This i s also the form of 
the d i s t r i b u t i o n of the surface density of matter as 
obtained by Innanen. Furthermore i t i s assumed 
t h a t there i s no change i n the s p e c t r a l d i s t r i b u t i o n o f 
the l i g h t as a f u n c t i o n of p o s i t i o n , i n agreement w i t h 
the recent observations by Simkin ( 1 9 7 5 ) . 

The other component of the i n t e r s t e l l a r r a d i a t i o n 
f i e l d which i s included i n the c a l c u l a t i o n s i s the 
u n i v e r s a l blackbody r a d i a t i o n . The thermal nature 
and (near p e r f e c t ) i s o t r o p y of t h i s r a d i a t i o n i s w e l l 
e s t a b l i s h e d , i n these c a l c u l a t i o n s a temperature of 
2 .7 K i s adopted. 

6.2.3 The E l e c t r o n Spectrum 
Figure 2 shows a compilation of observations o f 

the cosmic ray e l e c t r o n spectrum from Meyer (1975)» Above 
lOGeV the experimental points probably represent 
accurately the l o c a l i n t e r s t e l l a r e l e c t r o n spectrum, 
however, below t h i s energy the spectrum i s modulated 
by i n t e r a c t i o n w i t h the s o l a r wind and the c o r r e c t 
i n t e r s t e l l a r spectrum i s somewhat u n c e r t a i n . 

The energies of the e l e c t r o n s required t o produce 
Compton gamma rays may be estimated from equation 2^ 

o f chapter 2 . . The mean photon energies of the two 
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r a d i a t i o n f i e l d s described above are 1.39 and 6 .3 1 0 

eV r e s p e c t i v e l y . Upon using equation 2<?> i t i s found 
t h a t the e l e c t r o n energies required t o produce /-rays 
w i t h a mean energy of 100 MeV are 3 .5 10^ eV and 1.8 10™ 1 1 

eV r e s p e c t i v e l y . R e f e r r i n g again t o f i g u r e 2 i t i s noted 
t h a t the former energy l i e s i n the region where the 
spectrum i s modulated by the s o l a r wind. I n a d d i t i o n 
i t i s t o be noted t h a t t h i s i m p l i e s t h a t f o r 

£ = 1.4 eV and E^ = 100 MeV the minimum e l e c t r o n 
q 

energy required i s 2 10^ eV. 
Although the i n t e r s t e l l a r e l e c t r o n spectrum i n t h i s 

energy region i s not d i r e c t l y observable because of s o l a r 
modulation the main features of the spectrum can be 
i d e n t i f i e d from an examination of the g a l a c t i c non­
thermal radio emission; f o r example, Cummings et a l . (1973) 

have used the a v a i l a b l e observations of the g a l a c t i c r a d i o 
spectrum t o derive an i n t e r s t e l l a r e l e c t r o n spectrum 
under the assumption t h a t the r a d i a t i o n process i s 
synchroton r a d i a t i o n i n an i n t e r s t e l l a r magnetic f i e l d . 
Figure 3 shows the derived e l e c t r o n spectra which are 
compatible w i t h the r a d i o observations. The lar g e 
range i n the spectra which they deduce i s due t o the 
u n c e r t a i n t y i n the important a s t r o p h y s i c a l parameters; 
nevertheless, the medial spectrum i s i n very good agree­
ment w i t h the demodulated spectrum of B e d i j n et a l . ( 1 9 7 3 ) -

The most important point about the electrum spectrum 
t o emerge from studies of the radio emission i s t h a t 
the r a d i o spectrum requires an e l e c t r o n spectrum which 
i s f l a t t e r below about 2 GeV than the. high energy e l e c t r o n 
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s'pectrum. Meyer (1975) points out th a t t h i s f l a t t e n i n g 
i s confirmed by the measurements of the e l e c t r o n p o s i t r o n 
r a t i o . This increaseswith decreasing energy below about 
1 GeV, implying t h a t the slope of the spectrum of positrons 
i s steeper than t h a t of the e l e c t r o n s . The former can 
be c a l c u l a t e d from the kinematics of IT* decay and turns 
out t o be of order 2 . 0 . Therefore the slope of the low 
energy ( £ 2 GeV) e l e c t r o n spectrum must be considerably 
less than the slope of the high energy spectrum which i s 
y. 3 . 0 . 

The nominal spectrum of f i g u r e 3 adopted i n the 
c a l c u l a t i o n s i s : -

I 1 ( E e ) = 1.34 1 0 5 E e " 1 , 8 7 -0 1 0 7 ^ E e < 2 1 0 9 eV 
-2 - 1 - 1 - 1 cm * s x s r eV 2 . 

I 2 ( E e ) = 4 .35 1 0 1 1 E e " 2 , 5 2 1 0 9 < E e 

At high energies the spectrum adopted i s t h a t 
proposed by Webber (1973) as the best f i t t o the 
measurements above 10 GeV; I (E) = 2 10 E

e • 

6 .2 .4 The S p a t i a l V a r i a t i o n of the Electrons 
I n the c a l c u l a t i o n the s p e c t r a l shape and composition 

o f the cosmic ray e l e c t r o n s are assumed constant over the 
whole galaxy. These s i m p l i f y i n g assumptions are i n 
agreement w i t h the r e s u l t s of a study of the Galactic 
non-thermal radio spectrum by Stephens (1969) who found 
t h a t the spectrum of radio emission was independent of 
p o s i t i o n . However, these assumptions are probably not 
tr u e f o r the high energy e l e c t r o n s which i n t e r a c t w i t h 
the microwave r a d i a t i o n . The reason i s s t r a i g h t f o r w a r d 
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I t i s w e l l known t h a t at the very highest energies 
the e q u i l i b r i u m e l e c t r o n spectrum i s steeper than the 
i n j e c t i o n spectrum by one power, due t o the electrons 
l o s i n g energy by synchroton r a d i a t i o n and Inverse Compton 
S c a t t e r i n g . Approximately, the energy at which the 
steepening begins i s the energy at which the escape and 
energy loss l i f e t i m e s are equal. Thus: 

E c r = 1 5 b T e (P - 1) 
where T g i s the escape l i f e t i m e , ^ i s the exponent 

of the i n j e c t e d energy spectrum and b i s defined by 
the energy loss r a t e dE : -

dt 
_dE_ = - bE 2 = - (4 x 1 0 " 6 B 2 + 1 0 " l 6 w p h ) E 2 4 . 

Near the sun the break energy, E i s expected t o 
be 200 GeV. I f the escape l i f e t i m e i s constant over 
the whole galaxy then i n the Galactic Centre where the 
s t a r l i g h t energy density i s some 60x higher, the value 
of E becomes 6 - 1 0 GeV. C l e a r l y the assumption cr 
of the same high energy spectrum over the whole galaxy 
i s not v a l i d . However, i t w i l l be seen l a t e r t h a t 
the emission from the Galactic Centre i s so completely 
dominated by the s c a t t e r i n g o f f s t a r l i g h t t h a t the 
e f f e c t s of t h i s assumption w i l l be minor. 

For the s p a t i a l v a r i a t i o n of the cosmic ray density 
the two most extreme cases are the most i n t e r e s t i n g . 
These are a) the cosmic ray density constant over the 
whole galaxy, and b) the cosmic ray density v a r y i n g 
as the s t e l l a r mass d i s t r i b u t i o n . I n chapter 4 some 
of the current ideas on cosmic ray propagation were 
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discussed and the cosmic ray density d i s t r i b u t i o n which 
would r e s u l t were described. Thus case a) would be 
the r e s u l t of the cosmic ray propagation model of 
Holmes (1975) were c o r r e c t and case b) would be the 
r e s u l t , i f the cosmic ray escape time, T , were 
constant over the g a l a c t i c d i s k and the cosmic ray 
sources were d i s t r i b u t e d as the s t a r s . Case b 
probably represents the most extreme large scale 
v a r i a t i o n of the cosmic ray density which i s consistent 
w i t h the r a d i o observations of the synchroton r a d i a t i o n . 
French and Osborne ( 1976) have modelled the observed 
longitude d i s t r i b u t i o n of brightness temperature at 
150 MHz i n terms of emission by electrons i n the random 
and ordered magnetic f i e l d s of the Galactic s p i r a l arms. 
These authors f i n d the r a t i o of e m i s s i v i t i e s between 5 

kpc and 10 kpc t o be about 3 : 1 . 

The z d i s t r i b u t i o n of cosmic ray electrons i s also 
studied v i a t h e i r r a d i o emission. Figure 4 snows the 
observed brightness temperature versus l a t i t u d e d i s t r i b u t i o n 
at 150 MHz at a galactic l o n gitude of 60 . The data f o r 
f i g u r e 4 were taken from the compilation of Landecker 
and Weilebinski ( 1 9 7 0 ) . I l o v a i s k y and Lequeux (1972) 

used t h i s same data w i t h the observed longitude d i s t r i b ­
u t i o n t o derive the z d i s t r i b u t i o n of the r a d i o emission 
which i s shown i n f i g u r e 5- Baldwin (1976) has used 
a s i m i l a r approach w i t h the 400 MHz observations and 
obtains a z d i s t r i b u t i o n i n good agreement w i t h t h a t 
of f i g u r e 5« I n both cases the z d i s t r i b u t i o n i m p l i e s 
the existence of cosmic rays and magnetic f i e l d s at 
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Landecker and W i e l e b i n s k i (1970).. 
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Lequeux (1972). 
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large distances from the Galactic plane. 
I n the c a l c u l a t i o n s the z d i s t r i b u t i o n of f i g u r e 

5 was used to represent the el e c t r o n s . The r e s u l t s 
are not s e n s i t i v e t o the form of the z - d i s t r i b u t i o n 
but t o the equivalent width which i s 1 kpc. For 
comparison c a l c u l a t i o n s were performed using a Gaussion 
w i t h the same equivalent width. These gave r e s u l t s 
i n good agreement w i t h those described above. 

The s t a r l i g h t d e n s i t y has a very broad d i s t r i b u t i o n 
i n z (Shukla and Paul 1976) since the scale height of 
the most important s t e l l a r component, the G s t a r s , i s 
700 pc. Here the s t a r l i g h t d ensity i s assumed t o be 
constant i n z at l e a s t over the region occupied by the 
ele c t r o n s . Thus the z - d i s t r i b u t i o n used f o r the electrons 
i s used t o represent t h a t of the gamma-ray e m i s s i v i t y . 

As described i n chapter 3 the i n t e n s i t y versus longitude 
data of F i c h t e l et a l . (1975) I s presented as the 
str e n g t h of a l i n e source i . e . as i's cm" s~ rad" . 
I n the c a l c u l a t i o n , the f l u x , F y ( l ) , from a b i n of 
wid t h 5 ° I n 1 extending t o + 1 0 ° i n b i s f i r s t c a l c u l a t e d , 
where 

-1+2.5 
q I C ( r , z) d r db d l 

1-2.5> 

and the l i n e s t r e n g t h I y ( l ) averaged over 5 i n 1 i s 
given by 

i T ( 0 - 3* F,(e) 6 

The i n t e g r a t i o n s i n equation 5 were performed 
numerically using the R, and z dependences of the gamma 
ray emission f u n c t i o n which were described above. The 
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r e s u l t i n g I n t e n s i t y vs longitude p l o t s are described 

below 

6 .3 - R e s u l t s 

Near the s o l a r system the c a l c u l a t e d e m i s s i v i t i e s 

f o r i n t e r a c t i o n s with a) s t a r l i g h t and b) the 2.7K 

blackbody are 

a) q I C ( >100 MeV) = 2 .75 1 0 ~ 2 7 Y 1 s cm"3 s " 1 

b) q I C ( > 100 MeV) = 8 . 5 1 0 " 2 8 7's cm"5 s " 1 

The i n t e g r a l s p e c t r a from these two processes are 

shown i n f i g u r e 6 with the upper and lower l i m i t s to 

both s p e c t r a c a l c u l a t e d using the upper and lower 

l i m i t s on the e l e c t r o n s p e c t r a i n the r e l e v a n t energy 

i n t e r v a l s . 

F igure 7 shows the longitude d i s t r i b u t i o n of the 

gamma-ray i n t e n s i t i e s from the c a l c u l a t i o n s described 

above compared with the 100 MeV data of F i c h t e l et a l . 

( 1 9 7 5 ) . I n f i g u r e 8 these data are combined to give 

the predicted g a l a c t i c centre s p e c t r a from both the 

s t a r l i g h t and 2-7 K f o r each of the cosmic ray d i s t r i b ­

u t i o n s described above. Figure 8 a l s o shows the 

observed s p e c t r a of F i c h t e l et a l . 

6 . 4 . D i s c u s s i o n 

Comparison of the observed i n t e n s i t y longitude d i s t r i b ­

u t i o n with the p r e d i c t i o n s of the model ( f i g u r e 7 ) 

i n d i c a t e s that the maximum c o n t r i b u t i o n which r e s u l t s 

from the IC process f o r the case i n which the cosmic 

ray d e n s i t y i s constant i s a few percent. T h i s i s 



r 1 

JO 
UJ 

in a> 
>,x! 
cd - P <o 
U CD xj 
1 t) h p <H > cd 
e - H o 
cd o 
M tO -H CO 

<u a -u 
c c a - H 
O -rH g 
JJ H Id r l 
a u iH 
G B P 
o <u a fn 
U OJ HI 

w a s 
D id 111 O 
CO T) rH 
k 01 
> - P C 
C EH nj 
•H O 
Cw CD 
O • W ft 

E P ft 
IS « H 3 • 
f<P E 

4J 10 -H <U 
O >irH £ cu 
o> co 4J u 
ft f-i 
10 h CD U) §, «d 5 C - H 

r l r l O r l < H 
id O i-t CO 
f.| 10 3 a bO T3 
11) CD C 13 
•p .C <d a) id 
C 4J C 
•H h d P 

U 4) it) O 
Q) cd ftp 0) 
£ 0) ft XI ft P G 3 O 10 

4) 



8 E O 
<M O CP 
E • . 
e w cd d to <n •a 

> 
i d P c jc ro 

o 
^ « <II 
<d X ! HH4J o 4) i d <a c mm 

o a> -H ON 
• H •> X3 -P -O 
+J « ( 4J t , d) 

3 o -a 
• H U 3 O r H i d u o o u o 
. p Q . G -P 
V> faO TH ft) 

• H faO 3 OT •o G o t», o ,-u i u oj w a> 
! £ .-I 4-> «< .c 

o 
• H 

. ^ E 
01 O 
-P h 

0 f n J3 •a a> -P 3 -P o 
• H id C E to a a tn C U) -P o O wo 
. - I c c 
•a -P o o i d 
0) o. E C 

4-i E B h O • CJ O >i-P Vl tH 
• H O Id - H O 4J 
• d u in 3 
0) d) c >>.a 
f n M O 0) -P i H 
fthrCOrl <u E ia -P ai > io a) c w i ! c o x: a> -ri 

o -P -a "CI 

41 

3 
60 

fa 



I 

/=s30° 

•A 10 

B 

V) 
u 10 

20 50 100 200 500 
o Ray energy (MeV) 

F i g u r e 8. The p r e d i c t e d gamma ray spectrum from the G a l a c t i c 
c e n t r e f o r c a s e s A and B a s i n f i g u r e 7« The 
hatched region i s the G a l a c t i c c e n t r e spectrum 
from F i c h t e l e t a i (1975). 
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i n c l e a r disagreement with the work of Cowsik and 

Voges (197^) who p r e d i c t a 60$ c o n t r i b u t i o n . The 

reasons f o r the disagreement are t h r e e f o l d . 

F i r s t l y , Cowsik and Voges have used a s t a r l i g h t 
4 

spectrum with a temperature of 10 K and a mean photon 

d e n s i t y near the sun of 0 .8 photons cm"-̂ . Together, 

these assumptions imply an energy de n s i t y which i s 

1.86 eV/cft? or approximately 4X the energy d e n s i t y used 

i n the c a l c u l a t i o n s here. The o b s e r v a t i o n a l evidence 

i s s t r o n g l y i n favour of a s m a l l e r value, say, 0 .4 - 0 .5 

eV/crn^ as quoted by A l l e n (1973) or perhaps an even 

lower value (Stecher and M i l l i g a n , 1962) . 

Secondly, these authors have used a t h i c k n e s s of 

2 kpc f o r the e l e c t r o n d i s k which w i l l give an i n c r e a s e 

of a f a c t o r of two over the i n t e n s i t i e s c a l c u l a t e d above. 

F i n a l l y , over a larg e part of the Galaxy ( 2 £ R ^ 8 ) 

the s t e l l a r mass d i s t r i b u t i o n used by Cowsik and Voges 

i s 4X the densi t y given by the model of Innanen (1973) 

which probably represents the best a v a i l a b l e work on 

the d i s t r i b u t i o n of mass i n the Galaxy. 

One method of checking the above c a l c u l a t i o n s i s 

to compare the r e s u l t s with the Compton gamma ray f l u x 

c a l c u l a t e d from the observed radio i n t e n s i t i e s (see f o r 

example F e l t e n and Morrison 1966) . T h i s method 

used the f a c t that the same e l e c t r o n s which produce 

i n v e r s e Compton gamma rays w i l l a l s o produce radio 

frequency synchrotron r a d i a t i o n with the same s p e c t r a l 

slope. 

Using the 150 MHz data from Landecker and W i e l e b i n s k i 
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(1970) and assuming a uniform magnetic f i e l d of 3 10 
o 

gauss, t h i s method p r e d i c t s a f l u x of 1.0 x 10" photons 
-2 -1 -1 -1 cm s s t e r MeV from the G a l a c t i c pole. The 

_n _ p 
above model gives a value of 8 . 6 x 10 7 photons cm 

s~^~ ster"^" MeV~\ T h i s e x c e l l e n t agreement supports 

the choice of parameters above and suggests that the 

r e s u l t s of Cowsik and Voges represents an overestimate 

of the c o n t r i b u t i o n from t h i s process. 

I t i s n o t i c e a b l e from f i g u r e 7 that the most 

important f e a t u r e s of the observed i n t e n s i t y vs longitude 

p l o t , v i z the broad f l a t c e n t r a l maximum, cannot be 

reproduced by having a cosmic ray d i s t r i b u t i o n i n which 

the density i s proportional to the d e n s i t y of sources. 

The models considered here c l e a r l y p r e d i c t s that the 

gr e a t e s t c o n t r i b u t i o n to the G a l a c t i c f l u x w i l l occur 

i n narrow region around the G a l a c t i c c e n t r e . The 

magnitude of the observed peak a t the G a l a c t i c Centre 

may be used to s e t l i m i t s on the G a l a c t i c centre cosmic 

ray f l u x (Wolfendale and Worrall, 1976) . 

F i n a l l y , i t must be remarked that i n these c a l c u l ­

a t i o n s i t has been assumed that the r a t i o of primary to 

secondary e l e c t r o n s i s constant over the whole d i s k . 

The e f f e c t of t h i s varying w i l l be sma l l s i n c e the 

r a t i o i s 10 to 1 i n the S o l a r System. I t w i l l however 

be considered i n the c a l c u l a t i o n s of the next Chapter. 
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CHAPTER SEVEN 

THE GALACTIC DISTRIBUTION OF GAMMA RAY EMISSION FROM 

COSMIC RAY-MATTER INTERACTIONS 

7.1 E m l s s l v l t y near the S o l a r System due to n° Production 

The d e t a i l s of t h i s mechnism were di s c u s s e d i n 

Chapter 2 . I n t h i s s e c t i o n the aim i s to determine 

the e m i s s i v i t y of gamma r a d i a t i o n i n nearby i n t e r s t e l l a r 

space u s i n g the observed spectrum of cosmic r a y s . 

The threshold f o r TT° production i n p-H, p-He. 

r e a c t i o n s i s a few hundred MeV. Unfortunately the 

cosmic ray spectrum above t h i s energy and up to a few 

GeV i s not a c c u r a t e l y known, the measured energy spectrum 

at the top of the atmosphere v a r i e s over the s o l a r c y c l e 

due to the time dependent modulation of the s o l a r wind. 

Thus the l o c a l i n t e r s t e l l a r spectrum near 1 GeV has to 

be deduced from the observed modulated spectrum u s i n g a 

theory f o r the i n t e r a c t i o n of the s o l a r wind and cosmic 

r a y s . 

Comstock et . a l . (1972) have performed a demodulation 

of the energy s p e c t r a measured a t s o l a r minimum i n 1965-

These authors fi n d that the best f i t to the data i s 

obtained f o r an i n t e r s t e l l a r spectrum which i s a power 

law i n t o t a l energy, W, with a constant exponent P = 2 . 6 . 

T h e i r s p e c t r a of protons and <* p a r t i c l e s are shown i n 

fi g u r e 1. The a c t u a l form of these s p e c t r a are f o r 

protons J ( T p ) = 5-9 1 0 8 (T + E Q ) " 2 , 6 m"2 s r - 1 s " 1 (MeV/ 

n u c l e o n ) " 1 and f o r oc-particles J f T * ) = 6 .5 1 0 7 (T + E Q ) ~ 2 

- 2 - 1 - 1 1 m s r s (MeV/nucleon)~ where T i s the k i n e t i c energy 
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The i n t e r s t e l l a r s p e c t r a of protons and a l p h a F i g u r e 1 or d i n g to Comstock e t a l (1972 p a r t i c l e s acc 
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and E Q i s the r e s t energy per nucleon. 

Figure 2 shows the product of J C R ( T ) and q^T) m ̂  (T) 

fo r both p - H and ot - H c o l l i s i o n s . The t o t a l y i e l d of 

gamma rays from Tr° decay i s given by the equation 

Qti-> = 8tt J k ( T ) ( r V T )
 M I T V ( T ) D T 

I k Jo 

where the summations extend over the gas n u c l e i , 1; and the 

cosmic ray n u c l e i , k. 

Considering p - H c o l l i s i o n s only, the y i e l d i s given by 

i n t e g r a t i o n under the d i s t r i b u t i o n i n f i g u r e 2 . F i g u r e 3 i s 

a plot of the cumulative d i s t r i b u t i o n given by 

Q T.(<T) = CVT) ̂ yfrW^fr) ^ 
[ E T ? ( T ) ^ . f , ( T ) m ^ % u ( T ) d T 

From an examination of f i g u r e 3 the median energy f o r 

gamma ray production can be determined. For protons on 

hydrogen t h i s i s 2.7 GeV. I n a d d i t i o n , i t can be seen from 

f i g u r e 3 that 80$ of the emission a r i s e s from protons between 

900 MeV and 15 GeV. Table I l i s t s the median ener g i e s f o r 

the three most important processes v i z . p - H , p - He and 

* - H c o l l i s i o n s . 

Now, although the dominant c o n t r i b u t i o n to tt° production 

w i l l a r i s e from the c o l l i s i o n processes already d e s c r i b e d and 

l i s t e d i n Table I , i t i s important to consider the p o s s i b l e 

c o n t r i b u t i o n from cosmic ray n u c l e i with Z>2, which i n p r a c t i 

i n v o l v e s mainly the n u c l e i C, 0, Ne, Mg and S i . The observ­

a t i o n a l r e s u l t s on the r e l a t i v e abundances of these elements 

i n cosmic ray has r e c e n t l y been reviewed by Waddington (1974) 

T h i s author g i v e s the r a t i o of the number of the n u c l e i to 

the t o t a l C + 0 n u c l e i as 25 :1 , with approximately equal 

f l u x e s of each nucleus. 

Unfortunately, there are no measurements of the c r o s s -



_ J I • 

103 104 

T Kinetic energy (MeV) 

F i g u r e 2. The product of J n ( T ) w i t h 0^(T) m ̂ ( T ) f o r c o l l i s i o n b 
between: protons pand hydrogen (p-H;,protons and helium, 
(p-He); a l p h a p a r t i c l e s and hydrogen, ( oc - H). The 
s p e c t r a of protons and a l p h a ' s i n f i g u r e 1 was used. 
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F i g u r e J . The cumulative d i s t r i b u t i o n of the gamma-ray e m i s s i v i t y 
i n p-H c o l l i s i o n s . 
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s e c t i o n s °Vp_ c* 0 r n o p _ o
 e t c * Following P o l l a c k and F a z i o 

(1963) the r a t i o of the c r o s s - s e c t i o n s 0itp_jj '. °^p-^ a r e 

assumed to be i n the r a t i o of t h e i r atomic numbers. Using 

t h i s assumption the t o t a l c o n t r i b u t i o n was estimated from 

the data on the abundance r e l a t i v e to Helium and t h i s comes to 

25$ of the c o n t r i b u t i o n from cosmic ray alpha p a r t i c l e -

hydrogen c o l l i s i o n s . 

Table I I summarises the r e s u l t s of these c a l c u l a t i o n s 

and give s both the t o t a l y i e l d and the i n t e g r a l f l u x at 100 

MeV (see Chapter 2 ) . 

TABLE I 

Contri b u t i n g 
C o l l i s i o n Process 

Median 
Energy (GeV) 

proton - hydrogen 
alpha - hydrogen 
proton - helium 

2.7 
2 .6 

2 .5 

TABLE I I 

Contr i b u t i n g 
C o l l i s i o n Processes 

E m i s s i v i t y i n gamma's 
(hydrogen a t o m ^ s " " 1 

T o t a l 
Y i e l d 

protons on hydrogen 

alphas on hydrogen 

Z >2 n u c l e i on hydrogen 

A l l CR on hydrogen 

A l l CR on ISM 

0.84 1 0 " 2 5 

0.38 1 0 " 2 5 

0.09 1 0 " 2 5 

1.31 1 0 " 2 5 

1.84 1 0 " 2 5 

Above 
100 MeV 

A l l CR on ISM 1.25 1 0 " 2 5 
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The f i n a l input parameter f o r t h i s c a l c u l a t i o n i s 

the hydrogen d e n s i t y i n nea r l y i n t e r s t e l l a r space. 

This was di s c u s s e d i n chapter 4. Here, i t i s important 

to s t r e s s t h a t there i s apparent disagreement between 

the l o c a l hydrogen density from the UV absorption measure­

ments and the r e s u l t s of the radio astronomical observations. 

Thus, Jenkins (1976) g i v e s a t o t a l d e n s i t y of 1.1 atoms 
-"3 -"5 cm , comprising 0 .9 atoms cm ^ of atomic hydrogen and 

_3 

0 .2 atoms cm ^ of molecular hydrogen, whereas Gordon and 

Burton (1976) give a t o t a l d e n s i t y of 0 .8 atoms crn--^ 

made up equally of atomic and molecular hydrogen. How­

ever, the disagreement may not be r e a l because the UV 

observations are r e s t r i c t e d to space w i t h i n 1 kpc of the 

sun whereas the Gordon and Burton r e s u l t r e f e r s to the 

average d e n s i t y i n an annulus of 10 kpc rad i u s and hence 

the two values may not be d i r e c t l y comparable. 

The gamma r a t e production r a t e f o r a hydrogen 

de n s i t y of 0 . 8 atoms crn--^ i s 1 10~ 2 ^ photons cm~^s _ 1. 

Thus the I C c o n t r i b u t i o n c a l c u l a t e d i n the l a s t chapter 

i s only 3$ of the tt° c o n t r i b u t i o n . C l e a r l y the 

majority of the G a l a c t i c emission w i l l a r i s e from the 

Tf° mechanism. I n the l a t e r part of t h i s chapter these 

c a l c u l a t i o n s w i l l be used i n conjunction with the 

observations of Gordon and Burton and the c a l c u l a t i o n s 

of the next s e c t i o n , to determine the d i s t r i b u t i o n of 

cosmic r a y s . 

7 . 2 Gamma Rays from E l e c t r o n Bremsstrahlung 

As described i n chapter 2 cosmic ray e l e c t r o n of 

energy E involved i n a c o l l i s i o n with a nucleus of 
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the i n t e r s t e l l a r gas r a d i a t e a spectrum of gamma rays 

with energy between 0 and E e , the t o t a l k i n e t i c energy 

of the e l e c t r o n . Thus, i n order to determine the 

i n t e g r a l spectrum of gamma rays I ^ E j - ) produced by Br e i n s s -

trahlung of a cosmic ray e l e c t r o n spectrum l(EQ)dE i t 

i s necessary to know the form of the e l e c t r o n spectrum 

down to the e l e c t r o n energy E = E y . As a consequence 

the important energy region of the cosmic ray spectrum 

f o r producing bremsstrahlung gamma rays of 100 MeV i s 

poorly known because of the e f f e c t s of the s o l a r modul­

a t i o n . Figure 4 shows the d i f f e r e n t i a l e l e c t r o n spectrum 

of Cummings et a l . (1973) which was used i n the l a s t 

chapter f o r the c a l c u l a t i o n of the i n v e r s e Compton gamma 

ray production r a t e and which extends down to 70 MeV. 

I t i s t h i s e l e c t r o n spectrum which i s adopted i n the 

following c a l c u l a t i o n . 

The e m i s s i v i t y of bremsstrahlung gamma rays i s 

Qj^Ey) = £ 4-irnj dE< J d E
e

I e ( E e ) ^ B , j ( E / ' E e ) 2 

J ' Ey JE-I 
where n. i s the volume de n s i t y of atoms of type j , 

J c U 

dE i s the l o c a l i n t e r s t e l l a r e l e c t r o n spectrum and e 
CT . ( E Y ' , E ) i s the c r o s s - s e c t i o n . 

I n t h i s c a l c u l a t i o n the u n c e r t a i n t y i n the e l e c t r o n 

spectrum at 100 MeV j u s t i f i e s the adoption of the extreme 

r e l a t i v i s t i c , screened, c r o s s - s e c t i o n even a t 50-100 MeV. 

Thus the c r o s s - s e c t i o n used was that given by equation 

17 Chapter 2 . 

Figure 5 shows the i n t e g r a l energy spectrum (expressed 

as the y i e l d per hydrogen atom) f o r the above assumptions 
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dashed p o r t i o n r e p r e s e n t s an e s t i m a t e of the c o n t r i b ­
u t i o n a t low e n e r g i e s . 



and an i n t e r s t e l l a r medium w i t h M = 1 . 4 ( s e e 
- ? 6 c h a p t e r 4 ) . The e r n i s s i v i t y a t 100 MeV i s 1.$ 10 

Y's (H atom, s ) " 1 and i s 12% of the y i e l d from K° 
p r o d u c t i o n . The upper l i m i t to the b r e m s s t r a h l u n g 
r a t e was o b t a i n e d u s i n g t h e Cummings e t a l . upper 
l i m i t to the e l e c t r o n spectrum and c o r r e s p o n d s t o 20$ 
o f t h e TT° y i e l d . The r e s u l t i s i n v e r y good agreement 
w i t h t h e c a l c u l a t i o n s o f K n i f f e n e t a l . (1975) who u s e 
a s i m i l a r e l e c t r o n s p e c t r u m . These a u t h o r s a l s o quote 
an e m i s s i v i t y between 10 and 50 MeV of 1.17 10~2^ Jf's 
atom-"'" s - 1 . S t r i c t l y t h e r e i s no e v i d e n c e f o r a 
spectrum which c o n t i n u e s w i t h t h e same exponent down, 
t o t h e s e low e n e r g i e s (Cummings e t a l . 1973). However, 
i f t h e i n t e g r a l spectrum o f f i g u r e 3 i s e x t r a p o l a t e d 
t o 10 MeV a p r o d u c t i o n r a t e f o r 10 - 30 MeV gamma r a y s 
can be e s t i m a t e d and t h i s i s found t o g i v e q B(lO-30MeV) 
= 7-9 10" 2 6 K's atom" 1 s " 1 . 

7.3 The D i s t r i b u t i o n o f Gamma Ray E m i s s i o n i n the G a l a x y 

The r a d i a l d i s t r i b u t i o n o f gamma-ray e m i s s i v i t y 

i n G a l a x y h a s been d e r i v e d by S t r o n g and W o r r a l l (1976) 

from t h e i n t e n s i t y v s l o n g i t u d e r e s u l t s o f F i c h t e l e t a l . 

(1975). T h e i r r e s u l t s a r e p l o t t e d i n f i g u r e 6 a s the 

r e l a t i v e e m i s s i v i t y , W(R) a s a f u n c t i o n o f G a l a c t i c 

r a d i u s where t h e e m i s s i v i t y a t 10 kpc i s t a k e n a s t he 

datum. 

F i g u r e 6 c l e a r l y shows t h a t t h e broad r e g i o n o f 

h i g h gamma r a y i n t e n s i t y s e e n w i t h i n 30° of t h e G a l a c t i c 

c e n t r e o r i g i n a t e s i n a r i n g o f enhanced e m i s s i v i t y l y i n g 

w i t h i n 5 and 6.5 kpc o f t h e c e n t r e . The o b s e r v a t i o n s 
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F i g u r e 6. The r a d i a l d i s t r i b u t i o n of the r e l a t i v e e m i s s l v i t y 
of gamma-rays as d e r i v e d from the SAS I I o b s e r v a t i o n s . 
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p r e s e n t e d i n t h i s way a r e i n a p a r t i c u l a r l y c o n v e n i e n t 

form f o r comparison w i t h the s u r f a c e d e n s i t y of gas 

i n o r d e r t o d e t e r m i n e the r a d i a l d i s t r i b u t i o n o f cosmic 

ray d e n s i t y . 

7.4 The D i s t r i b u t i o n o f Cosmic Rays 

The r e s u l t s d i s p l a y e d i n f i g u r e 6 a r e a c t u a l l y t h e 

d i s t r i b u t i o n o f s u r f a c e e m i s s i v i t y , H y ( R ) , a s a f u n c t i o n 

o f G a l a c t i c r a d i u s . Thus i f Q y ( R , z ) i s t h e volume 
-3 -1 

e m i s s i v i t y i n gamma r a y s cm ^ s a t d i s t a n c e R from 

t h e G a l a c t i c c e n t r e and h e i g h t z from t h e G a l a c t i c p l a n e , 

then ^ ^ ( R ) i s g i v e n by 

Near t h e s o l a r system the s u r f a c e e m i s s i v i t y i s 6.67 

(+2.3) x 10 gamma r a y s cm" s ~ . 

The b e s t e v i d e n c e r e g a r d i n g t h e z d i s t r i b u t i o n 

o f Qf s u g g e s t s t h a t i t i s dominated by the s p r e a d o f 

the gas i n z. F i r s t l y the o b s e r v e d shape of t he 

g a l a c t i c c e n t r e i n t e n s i t y vs l a t i t u d e r e s u l t s of 

F i c h t e l e t a l . (1975) i s dominated by a v e r y narrow 

component only 1 - 2° i n w i d t h . T h i s i s t h e same 

a n g u l a r w i d t h a s the gas l a y e r a t 5 - 6 kpc from the sun 

and s t r o n g l y s u g g e s t s t h a t the w i d t h o f t h i s f e a t u r e 

i s d e t e r m i n e d by t h e t h i c k n e s s o f the gas l a y e r and 

not by the cosmic r a y l a y e r . S e c o n d l y , t h e observed 

d i s t r i b u t i o n i n l a t i t u d e o f t h e non t h e r m a l r a d i o 

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

and the G a l a c t i c magnetic f i e l d e x t e n d t o l a r ^ e d i s t a n c e s 

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

L y ( R ) 
00 

Q Y ( R , z ) d z 
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the cosmic ray e l e c t r o n s which produce the radio 

emission ( E e - 1 GeV) and the protons res p o n s i b l e f o r 

gamma ray emission (E * 3 GeV) w i l l have the same z 

d i s t r i b u t i o n . I f so, then the cosmic ray nucleons 

w i l l have a constant d e n s i t y i n the region occupied by 

the gas, and the z -dependence of the emission function 

Q Y(R, z ) f o r Bremsstrahlung and pion production w i l l be 

determined by the z - dependence of the gas. 

Considering pion production alone, then, the su r f a c e 

,f(R) becomes 

qJ(R) n H (R, z) dz 4 

I f the s i m p l i f y i n g assumption of a p o s i t i o n indepen­

dent proton spectrum i s made then q 1 (R) made be expressed 

as 

q Y(R) = w{Rl q£ 

Where w(R>/w i s a functi o n d e s c r i b i n g the de n s i t y of 

cosmic rays at d i s t a n c e R from the G a l a c t i c centre r e l a t i v e 

to the s o l a r value, and q ^ i s the l o c a l gamma ray production 

r a t e per hydrogen atom which was c a l c u l a t e d above. 

I n t h i s case then the surf a c e e m i s s l v i t y may be ex­

pressed as 

© 

Where °"H(R) i s the s u r f a c e d e n s i t y of hydrogen. A s i m i l a r 

expression may be w r i t t e n f o r the surf a c e e m i s s i v i t y due to 

bremsstrahlung 
w e(R) we© 

Where now — — - d e s c r i b e s the v a r i a t i o n of the cosmic 
we© 

ray e l e c t r o n d e n s i t y a c r o s s the Galaxy, and as i n the 

previous chapter the e l e c t r o n spectrum i s assumed to 

have the same form throughout the Galaxy. 
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I f now i t i s assumed that 

w e(R) = w(R) 
w e© 

then w(R)/w o w i l l be given by 

w(R) = 3.474 
H 

where ^ ( R ) i s i n M /pc . 

However,in w r i t i n g down an expression f o r w(R)/w^ i n 8 

two c o n t r i b u t i o n s have been neglected. F i r s t l y the c o n t r i ­

bution from the in v e r s e Compton e f f e c t has to be added. 

T h i s gives a c o n t r i b u t i o n 

i s taken as 1 kpc, and q i s the e m i s s i v i t y of I C gamma 
-3 -1 

rays near the sun expressed as photons cm ^ s 

A second c o n t r i b u t i o n which must be included covers 

the v a r i a t i o n of the r a t i o of primary e l e c t r o n s to seondary 

e l e c t r o n s a c r o s s the Galaxy. I n Chapter 2 i t was pointed 

out that the same process which produces gamma ray s through 

T 0 decay a l s o produces secondary e l e c t r o n s and posi t r o n s 

through I I * decay. As a r e s u l t the secondary e l e c t r o n 

.production Q(r, t , E ) of equation 3.1 has the same 

s p a t i a l dependence as the gamma ray e m i s s i v i t y . I t i s 

c l e a r t hat the seoondary part of the e l e c t r o n source 

fu n c t i o n w i l l have the same general s t r u c t u r e as the 

gamma ray emission f u n c t i o n i n f i g u r e 4 i . e . a maximum 

between 5.0 and 6.5 kpc. 

The d i s t r i b u t i o n of secondary e l e c t r o n s i s given by 

w (R) cr^(R) I C s t I C r ; (R) St® eo 
9 

Where t i s the t h i c k n e s s of the e l e c t r o n d i s k which 
I C 

w^(R) n o H(R) w(R) 10 
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here the double prime w i l l be used to denote the 

secondary e l e c t r o n part of the e l e c t r o n f l u x and the 

s i n g l e prime w i l l denote the primary p a r t . I n 

obtaining 10 a constant value of T , the escape l i f e -

time, was assumed over the whole galaxy. Equations 

6 and 8 may now be r e w r i t t e n as 

<x.= f r a c t i o n of bremsstrahlung gamma rays produced by 

primary e l e c t r o n s near the s o l a r system 

fX= f r a c t i o n of i n v e r s e Compton gamma ray produced 

by primary e l e c t r o n s near the s o l a r system 

V= d i t t o ... by secondary e l e c t r o n s . 

I n order to determine ot, , and v" the energy spect 

of the primary and secondary e l e c t r o n s are required. 

These may be determined from the observations of f l u x of 

positrons r e l a t i v e to the t o t a l f l u x of e l e c t r o n s and 

from the phy s i c s of the T production process. F i g u r e 

7 shows the experimental r e s u l t s (Meyer 1975) on the f r a c 

t i b n N /(N t * N ) as a functi o n of energy. I t can 

be seen from f i g u r e 7 that the secondary e l e c t r o n s 

have an energy spectrum between 100 MeV and 1 GeV which 

i s steeper than that of the pr i m a r i e s . As a r e s u l t c* 

has a value <0.3 the f r a c t i o n of the e l e c t r o n f l u x a t 

100 MeV which i s of secondary o r i g i n . The values of oc 

w„(H) w^(R) B B 
L?<*> <UR) jj(R) + ft H w eo e© 

w (R) ̂  o\.x(R) w„(R) IG IC s t e ? " ( H ) 
r w sto ee eo 

11 

12 

where 

= d i t t o by secondary e l e c t r o n s 
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and p> were found to be 0.84 and 0.16 r e s p e c t i v e l y . 

The problem of the I C c o n t r i b u t i o n i s much 

simpler s i n c e the secondary spectrum has approximately 

the same slope as the primary spectrum above 1 GeV. 

The values of yJL and V are t h e r e f o r e 0.9 and 0.1. 

Combining together the v a r i o u s terms fo r the 

s u r f a c e e m i s s i v i t y given i n equations 5* 10, 11 and 12, 

the values of oc, p , j*- k V c a l c u l a t e d above and the 

assumption w^(R)/w^ = w(R)/w Q together gives w(R)/w 0. 

T h i s i s shown i n f i g u r e 8. The e r r o r bars represent 

the e r r o r s i n the unfolding alone and do not include the 

u n c e r t a i n t y i n the gas d e n s i t y . 

The cosmic ray d i s t r i b u t i o n of f i g u r e 8 i s very 

s i m i l a r to both the p u l s a r and supernova remnant 

d i s t r i b u t i o n s and i n the region 5<R <10 kpc i s c o n s i s t e n t 

with the cosmic ray d e n s i t y being proportional to the 

s t e l l a r mass d e n s i t y . 

The r a t i o of the energy d e n s i t i e s i n primaries and 

secondaries w~(R)/fo^ (R) i s determined by the d e n s i t y of e e 
hydrogen. Thus . , , . 

w
e ( R ) w e o q H ( R ) 

Since at 5 - 6 kpc ff
TT(B.)/or, i s ± 2, the primary 
H Ho 

e l e c t r o n s dominate a t 1 GeV and the spectrum 01' radio 

emission w i l l be the same as the l o c a l spectrum, i n 

agreement with the r e s u l t s of Stephens (1969). 

7.5 The S e n s i t i v i t y of the Conclusions to the cloud 

penetration p r o b a b i l i t y 

I n the above c a l c u l a t i o n s i t was assumed, though 
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F i g u r e 8. The r a d i a l d i s t r i b u t i o n o f cosmic r a y i n t e n s i t y , 
w(R)/w e as deduced from the gamma-ray o b s e r v a t i o n s . 
A l s o i n c l u d e d f o r comparison a r e the r a d i a l d i s t r i b ­
u t i o n s of p u l s a r s and supernova. rewv\a.«\ti. 
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not e x p l i c i t l y s t a t e d , that the atoms of the hydrogen 

were d i s t r i b u t e d uniformly over the i n t e r s t e l l a r medium. 

However, t h i s i s not the case, s i n c e the molecular 

hydrogen i s concentrated i n clouds with t y p i c a l diameters 

of 5 - 10 pc and d e n s i t i e s of ~ 3000 atoms cm"^. The 

question which n a t u r a l l y a r i s e s i s whether or not the 

cosmic rays are f r e e to penetrate deep i n t o the clouds. 

T h i s problem w i l l be d i s c u s s e d i n t h i s s e c t i o n . 

The t y p i c a l column d e n s i t y of a molecular hydrogen 
22 -2 cloud i s ** 10 atoms cm . T h i s makes the cloud 

o p t i c a l l y t h i n to cosmic rays and i m p l i e s that u n l e s s 

some other mechanism screens the cloud centre then the 

density of cosmic rays at the cloud centre, :n , and the 

d e n s i t y i n the space outside the cloud, n° are approxima­

t e l y equal. However, the small anisotropy i n the cosmic 

ray f l u x at the cloud s u r f a c e can produce Alfven waves 

which may, i n the manner described i n Chapter 3, s c a t t e r 

the cosmic r a y s , producing a cosmic ray m i r r o r at the 

edge of the. cloud. I t i s p o s s i b l e that t h i s may screen 

the centre from the cosmic rays outside the cloud. 

Consider the c y l i n d r i c a l cloud of f i g u r e 9* A t 

the s u r f a c e A the f l u x e s of coasmic rays i n and out 

of the cloud are n°c and n°(l-'C) c r e s p e c t i v e l y .where 

T " 4 

c i s the cosmic ray v e l o c i t y , n° the cosmic ray d e n s i t y 

outside the cloud and t i s the average o p t i c a l depth 

f o r cosmic r a y s . Since the average v e l o c i t y of the 
C' 

cosmic rays i n the d i r e c t i o n BA i s /2, Z i s given by 
T =r 2R O ^ n e i a s t i c nH 

At the cloud s u r f a c e A, cosmic rays stream- i n t o 
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the c l o u d w i t h v e l o c i t y v , where, 
S u 

v = - I f 

At A, A l f v e n waves w i l l be c r e a t e d and the energy 

d e n s i t y i n the waves w i l l grow i f t he growth r a t e due 

to the cosmic r a y s t r e a m i n g e x c e e d s the damping r a t e 

due t o i o n - n e u t r a l c o l l i s i o n s . F o l l o w i n g D i c k i n s o n 

(1975) t h e growth r a t e P and damping r a t e T1 a r e g i v e n 
(j !J 

by 
T = 1-69 10~"10 [ V 3 t _ 1 

r T , = 1.12 10 - ' 
-Vz 

where v^ = A l f v e n v e l o c i t y 

I n s i d e the c l o u d t h e s i t u a t i o n i s s u c h t h a t n^ = 

3000, T = 10K and waves a r e r a p i d l y damped. On t h e 

o t h e r hand o u t s i d e t h e c l o u d n H = 1, T = 100K and t h e 

c o n d i t i o n f o r '"q^^ becomes v
s ^ v ^ » I n o t h e r words 

t h i s r e q u i r e s t h e o p t i c a l depth of t he c l o u d t o be a 

few t i m e s v ^ / c . I n t h e g e n e r a l ISM t he v a l u e o f v^ 

i s 30 km s~^" (thus v f t / c = 1 0 ~ \ whereas the p a r a m e t e r s o f 

th e c l o u d i n f i g u r e 7 g i v e T = 2 10"^. Thus t h e 

c o n d i t i o n s a t A (and B) a r e such t h a t t h e A l f v e n waves 

grow, and the s t r e a m i n g v e l o c i t y becomes v^. 

As a r e s u l t of t h i s p r o c e s s t h e d e n s i t y of cos m i c r a y 
c c 

n u c l e i i n s i d e the c l o u d d r o p s t o a v a l u e n , where n 

i s governed by t he e q u i l i b r i u m between t h e r a t e a t w h i c h 

cosmic r a y s a r e c a r r i e d i n through the s u r f a c e and t h e 

r a t e a t which they d i s a p p e a r i n s i d e t h e c l o u d due t o 

i n e l a s t i c c o l l i s i o n s w i t h t h e gas atoms. Thus 
Â Rate of cosmic r a y r e p l a c e m e n t = n° v f l *Area 

= D e a t h r a t e = n c n u °1 C * Volume 
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c n v A o -<TCR n n. H 
f o r t h e pa r a m e t e r s g i v e n above 

Such a r e d u c t i o n means a l a r g e r e d u c t i o n i n t h e 

A more d e t a i l e d a n a l y s i s ( S k i l l i n g and S t r o n g 

1976) has shown t h a t t h i s p r o c e s s i s v e r y e f f i c i e n t 

below 1 GeV but t h a t a t h i g h e r e n e r g i e s t h e r e d u c t i o n 

i s s m a l l . At 10 MeV t h e r e d u c t i o n i s a f a c t o r o f 80. 

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

when the column d e n s i t y o f t h e c l o u d and/or t h e cosmic 

ray d e n s i t y a r e a f a c t o r o f 10 l a r g e r . Thus t h i s p r o c e s s 

works f o r p r o t o n s f o r o n l y the most m a s s i v e c l o u d s . 

I n t h e i r a n a l y s i s , S k i l l i n g and S t r o n g d i d not 

i n c l u d e the e l e c t r o n c o n t r i b u t i o n to t h e gamma r a y 

f l u x . At f i r s t s i g h t t h e problem i s a s i m p l e one. 

The e l e c t r o n s w i l l be r e s o n a n t l y s c a t t e r e d by waves 

s e t up by the n o n - r e l a t i v i s t i c p r o t o n s . F o r example 

a 100 MeV e l e c t r o n and a 4 MeV pro t o n have t h e same 

Larmor r a d i u s . As a r e s u l t t h e d e p l e t i o n of cosmic 

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

However, the a n a l y s i s assumed no s o u r c e s o f cosmic r a y s 

w i t h i n the c l o u d . I n p r a c t i c e t h e cosmic r a y n u c l e i 

w i t h k i n e t i c e n e r g i e s > 1 GeV/nucleon a r e not e x c l u d e d 

v e r y e f f i c i e n t l y and se c o n d a r y e l e c t r o n s a r e produced 

i n s i d e the c l o u d . These a r e p r e v e n t e d from e s c a p e 

by t h e waves s e t up by the low energy p r o t o n s and 

c o n s e q u e n t l y t h e s e c o n d a r i e s b u i l d up i n s i d e . The 

e q u i l i b r i u m l e v e l i s governed by a b a l a n c e between 

gamma r a y y i e l d from u decay. 
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l o s s e s due t o b r e m s s t r a h l u n g o r i o n i z a t i o n and c r e a t i o n 

i n n u c l e o n - n u c l e o n c o l l i s i o n s . 

Thus e q u i b r i u m i m p l i e s ! 

c r e a t i o n r a t e = d e s t r u c t i o n r a t e 

— Q = n_ 
2 T d 

Where Q i s the sec o n d a r y e l e c t r o n p r o d u c t i o n r a t e 

o u t s i d e t h e c l o u d ; n^ and n 2 a r e the gas d e n s i t i e s 

i n t h e c l o u d and o u t s i d e the c l o u d r e s p e c t i v e l y ; n° i s 

now the d e n s i t y o f s e c o n d a r i e s i n s i d e t h e c l o u d and T^ i s 

the l i f e t i m e of s e c o n d a r i e s on the i n s i d e due m a i n l y t o 

i o n i z a t i o n and b r e m s s t r a h l u n g l o s s e s . 

The e q u i l i b r i u m l e v e l o u t s i d e t h e c l o u d i s 

n° = Q T e 

where T g i s the e s c a p e l i f e t i m e . 

T h e r e f o r e 

n_ = 
n 2 T e 

I f t h e t y p i c a l p a r a m t e r s quoted above a r e s u b s t i t ­

u t e d t h e r a t i o i s found t o have t h e v a l u e n°/n° or 4. 

C l e a r l y t h i s i s an i m p o r t a n t problem s i n c e i t 

i m p l i e s t h a t a l a r g e p a r t of t h e gamma r a y e m i s s i o n may 

be due t o b r e m s s t r a h l u n g by the sec o n d a r y e l e c t r o n s . A 

more d e t a i l e d c a l c u l a t i o n S t r o n g ( P r i v a t e Communication) 

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

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

and s e c o n d a r i e s ) o u t s i d e . I n t h e c a l c u l a t i o n by K n i f f e n 

e t a l . (1975) t h e e l e c t r o n s were assumed t o have fv-.ie 

a c c e s s t o t h e hydrogen. A more complete c a l c u l a t i o n 

of t h e gamma r a y y i e l d r e q u i r e s more i n f o r m a t i o n on t h e 
d i s t r i b u t i o n o f c l o u d m a s s e s . 
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7.6 C o n c l u s i o n s 

The a v a i l a b l e e v i d e n c e i s i n f a v o u r of a cosmic 

ray d e n s i t y g r a d i e n t between 5 and 10 kpc w i t h approx­

i m a t e l y t h e same d i s t r i b u t i o n a s t h a t o f t h e main cosmic 

ray s o u r c e c a n d i d a t e s . From t h i s i t may be c o n c l u d e d 

t h a t t h e l i f e t i m e of cosmic r a y s i n the g a l a x y i s not 

a s t r o n g f u n c t i o n o f R and t h a t t h e cosmic r a y s do not 

d i f f u s e f a r from t h e i r s o u r c e s . I t i s n e c e s s a r y , how­

e v e r , t o examine a g a i n t h e p o s s i b i l i t y t h a t the 0 R d e n s i t y 

i s u n i f o r m (in E x t r a g a l a c t i c o r i g i n o r G a l a c t i c p l u s lon,^ 

d i f f u s i o n p a t h s ) and t o see under what c o n d i t i o n s t h i s 

s i t u a t i o n would p e r t a i n . 

I n o r d e r to repr o d u c e t h e gamma r a y o b s e r v a t i o n s 

u s i n g a u n i f o r m cosmic r a y d e n s i t y d i s t r i b u t i o n i t i s 

r e q u i r e d t h a t t h e hydrogen s u r f a c e d e n s i t y a t 6 kpc i s 

51%r/M / p c ^ . Gordon and B u r t o n (1976) g i v e a d e n s i t y 

a t 6 kpc o f 13 M Q/pc and S c o v i l l e and Solomon (1975) 
, 2 

g i v e a d e n s i t y of 21 M 0/pc . T h e r e i s a l a r g e u n c e r t ­

a i n t y a t t a c h e d to t h e quoted f i g u r e s of t h e hydrogen 

d e n s i t y . T h i s a r i s e s b e c a u s e o f t he d i f f i c u l t i e s i n 

c o n v e r t i n g from t h e CO e m i s s i o n d a t a to the column 

d e n s i t y of m o l e c u l a r hydrogen and a l s o because the l a y e r 

t h i c k n e s s i s not known; both the Gordon and B u r t o n and 

th e S c o v i l l e and Solomon r e s u l t s a r e based on onl y a 

v e r y l i m i t e d number of o b s e r v a t i o n s of t h e l a y e r t h i c k n e s s . 

As a consequence of t h e s e problems t h e u n c e r t a i n t y i n t h e 

quoted f i g u r e s f o r may be a s l a r g e a s a f a c t o r o f 2. 

T h i s f a c t s u g g e s t s t h a t t h e p o s s i b i l i t y of a u n i f o r m 

cosmic r a y d e n s i t y cannot be r u l e d out c o m p l e t e l y . 

However, i t w i l l be s e e n i n t h e n e x t c h a p t e r t h a t t h e 

o b s e r v a t i o n s o f t h e G a l a c t i c a n t i c e n t r e do not imply s u c h 

a u n i f o r m d i s t r i b u t i o n . 
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CHAPTER EIGHT 
GAMMA RAY EMISSION FROM THE GALACTIC ANTICENTRE. 

8.1 I n t r o d u c t i o n 
I n the l a s t chapter i t was shown t h a t the evidence 

from gamma ray emission and gas d i s t r i b u t i o n s i n d i c a t e d 
t h a t there was a gradient i n the cosmic ray dens i t y 
between 5 and 10 kpc from the Galactic centre. However, 
no strong conclusion was possible because of many 
problems associated w i t h molecular hydrogen. I n t h i s 
chapter a t t e n t i o n i s switched t o a broad region centred 
on the Galactic a n t i c e n t r e extending from 9 0 ° t o 2 7 0 ° 

i n l o n g i t u d e . 
I n the a n t i c e n t r e d i r e c t i o n the l i n e of s i g h t crosses 

•regions more d i s t a n t from the Galactic centre than the 
sun i t s e l f . Since the r e s u l t s o f the CO emission 
surveys of Gordon and Burton (1976) and S c o v i l l e and 
Solomon (1975) showed t h a t the dense molecular clouds 
were concentrated t o the region w i t h i n 8 kpc of the 
Galactic centre, t h e i r c o n t r i b u t i o n t o the hydrogen 
column d e n s i t i e s w i l l g enerally be small. Hence the 
atomic hydrogen column density may be used to give a 
lower l i m i t to the f l u x of gamma-rays to be expected as 
a r e s u l t of i n t e r a c t i o n s between the cosmic rays and gas 
and w i l l allow comparison between p r e d i c t i o n s o f 
Galactic and E x t r a g a l a c t i c models f o r cosmic ray o r i g i n . 

I n a sense the method proposed here i s somewhat 
s i m i l a r t o tha t put forward by Ginzburg (1972) f o r 
the Magellanic Clouds. Ginzburg suggested using these 
objects to t e s t f o r the existence of e x t r a g a l a c t i c 

cosmic rays by searching f o r the gamma rays which would 
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be produced by cosmic rays i n t e r a c t i n g w i t h the hydrogen 
i n the Clouds. 

I f no gamma rays are observed, then t h i s would be 
d e f i n i t e proof of the Galactic o r i g i n of cosmic rays. 
Unfortunately, t h i s proposal s u f f e r s from the disadvantage 
t h a t the observation of gamma rays does not i n f a c t r u l e 
out a Galactic o r i g i n . The present method i s i n p r i n ­
c i p l e much more s e n s i t i v e than Ginzburg's because the 
d i f f e r e n c e i n i n t e n s i t i e s between the Galactic and 
E x t r a g a l a c t i c models should be greater than f o r the 
small s i g n a l t o be expected from Magellanic Clouds. 
I n a d d i t i o n t h i s method should a f f o r d more p o s s i b i l i t i e s 
f o r analysis through the 1 and b d i s t r i b u t i o n of the 
gamma ray i n t e n s i t i e s . The method i s also unambiguous, 
u n l i k e Ginzburg's. 

I n the sections which f o l l o w two models f o r the 
d i s t r i b u t i o n of cosmic rays are used t o p r e d i c t the 
l a t i t u d e and longitude d i s t r i b u t i o n of garnma rays 
around the a n t i c e n t r e d i r e c t i o n . The a v a i l a b l e 
measurements are then used to attempt to i d e n t i f y the 
b e t t e r model. 

8.2 The Cosmic Ray D i s t r i b u t i o n 
8 . 2 . 1 Galactic Sources 

The r a d i a l dependence of the density of the cosmic 
ray source candidates was discussed i n Chapter j5j a n <3 
i t was shown how the r a d i a l dependence of the cosmic 
ray density might be r e l a t e d t o the source d i s t r i b u t i o n . 
Here i t i s assumed t h a t the escape l i f e t i m e f o r cosmic 
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rays i s R independent and hence tha t on a Galactic 
model f o r cosmic ray o r i g i n t h a t the density of cosmic 
rays i s p r o p o r t i o n a l to the density of sources. 

I n the outer regions of the Galaxy ( i . e . R>10 kpc) 
the d i s t r i b u t i o n of sources i s close t o the d i s t r i b u t i o n 
of the surface mass den s i t y . This i s represented i n 
the c a l c u l a t i o n s by an exponenial f u n c t i o n W( r)= exp 
( ( l O - R ) / 2 . 4 4 ) which approximately represents the 
surface mass d i s t r i b u t i o n given by Innanen (1973) 

f o r the ou.er regions of the Galaxy. 
I n t h i s c a l c u l a t i o n i t i s assumed t h a t the z 

d i s t r i b u t i o n of the cosmic ray is rather wide so th a t 
the cosmic ray i n t e n s i t y can be considered to be 
constant over the region occupied by the hydrogen (a 
few hundred pc). Thus, the surface density of the 
sources i s taken to give the r e l a t i v e cosmic ray 
i n t e n s i t y . J u s t i f i c a t i o n f o r t h i s assumption may be 
derived from the d i s t r i b u t i o n of synchrotron r a d i a t i o n 
w i t h Galactic l a t i t u d e . Figure 1 shows the average b 
d i s t r i b u t i o n at 150 MHz towards the anti c e n t r e • t a k e n 
from the compilation by Landecker & Wielebinski ( 1970) . 

I t s width i n d i c a t e s a wide z d i s t r i b u t i o n f o r both the 
magnetic f i e l d and the cosmic e l e c t r o n s . I t i s reason­
able t o assume that the z d i s t r i b u t i o n s of the GeV el e c t r o n s 
which produce the radio and the GeV protons which produce 
the gamma rays are s i m i l a r . 

8 . 2 . 2 E x t r a g a l a t i c Sources 
The model adopted here i s of the Galaxy bathed 

i n a uniform f l u x of cosmic rays. Some propagation 
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models e.g. Dickinson 1975 p r e d i c t a uniform cosmic 
r.i.V (Umil-.I 1 y di:-.l ribut.ion ovon Tor G.i 1 r\c.\i.i- o r i g i n 
( : ; c i i (Mi;i pt. i > r ')). Tim:.;, e v e n i l " .•lr.i'i'rmi.Mit beiween 

the prediction:; of the ' e x t m ^ a l a c t i o 1 model and the 
gamma-ray observations i s found, a Galactic o r i g i n 
w i l l s t i l l not be ruled out. 

8 .3 The D i s t r i b u t i o n of Atomic Hydrogen 
A convenient survey of the atomic hydrogen 

d i s t r i b u t i o n i n t h i s region i s given by Lindblad (1966) , 

i n the form of contour maps of the 21-cm o p t i c a l depth 
i n v e l o c i t y - l a t i t u d e planes at 5 ° i n t e r v a l s of lon g i t u d e . 
The o p t i c a l depth maps were constructed from the b r i g h t ­
ness temperature maps ( a f t e r c o r r e c t i o n f o r the various 
instrumental e f f e c t s such as antenna e f f i c i e n c y ) by 
assuming a spin temperature, T S p i n of 125 K. 

The o p t i c a l d e p t h - v e l o c i t y p r o f i l e s a t various 
l a t i t u d e s were read from the contour maps given by 
Lindblad. Figure 2 shows a t y p i c a l o p t i c a l depth-
v e l o c i t y p r o f i l e f o r 1 = 117.3 and b = 0 . 0 . The 
column density of atomic hydrogen i s obtained from the 
o p t i c a l d e p t h - v e l o c i t y p r o f i l e , thus 

N = 1.823 x 1 0 l 8 T 4 T ( v ) d v 1 H spin 
-1 J 

where v i s i n km s 
Using the Galactic r o t a t i o n v e l o c i t y - r a d i u s r e l a t i o n , 

and simple geometry the density of hydrogen as a f u n c t i o n 
of p o s i t i o n may be derived from the o p t i c a l depth. 

n H = 1 . 8 2 3 1 0 1 8 T s p i n r ( v ) d v 2 
dr 

atoms cm 
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The r o t a t i o n curve used was t h a t of Contopoulos and 
Stromgren (1965) and f o r computation t h i s was represented 
by the i n t e r p o l a t i o n formula given by Minalas and 
Routly (1968) : 

(R) = 67.76 4- 50.06R - 4.0448R2 + 0.0861 
kms""*" R i n kpc 

Comparison of the column d e n s i t i e s obtained by 
i n t e g r a t i o n under the p r o f i l e s of T(v) w i t h those given 
i n the compilation of column d e n s i t i e s by D a l t a b u i t and 
Meyer (1972) shows t h a t the Lindblad data gives lower 
values at b = 0 . 0 . There are a number of observational 
d i f f i c u l t i e s which could have lead t o t h i s disagreement. 
I n p a r t i c u l a r , when comparing two surveys made by 
d i f f e r e n t instruments i t i s not always c e r t a i n t h a t 
a common zero l e v e l and temperature scale have been 
used. This l a s t problem has r e c e n t l y been tackled 
by Harten et a l . (1975) who have compared the temperature 
scales of the main 21 cm survey instruments and give 
conversion f a c t o r s f o r some surveys. For the earl y 
Leiden Survey used here the agreement of the temperature 
scale w i t h t h a t of the most modern instruments i s t o 
w i t h i n 1%. 

I n t h i s case the Lindblad data presumably represents a 
lower l i m i t t o the amount of hydrogen and t h i s w i l l be 
shown l a t e r to be adequate f o r the conclusions reached. 

The z d i s t r i b u t i o n of the hydrogen has been 
determined from 21 cm brightness temperature - v e l o c i t y 
p r o f i l e s by Jackson and Kellmari (197^) . These authors 
f i n d t h a t the thickness z i (defined as the distance 
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bi'i.Wi-on 1 i>i LI" ili'n:-i1..v poinl:;) i v n ^ im I l.y iin: ro:i:.o:.; 
wil.li increasing; H i n the longitude i n t e r v a l 200 ^1*000 

but that f o r 110 '̂1 ^ 160 the thickness remains f a i r l y 
constant. These r e s u l t s are shown i n f i g u r e 3« This 
departure from a x i a l symmetry i s the reason f o r employing 
an e m p i r i c a l hydrogen d i s t r i b u t i o n r a t h e r than the 
averaged hydrogen density given by Gordon and Burton 
(1976). 

8.4 The D i s t r i b u t i o n of Gamma-ray I n t e n s i t y around 
the Galactic A n t i c e n t r e 
Using the atomic hydrogen d i s t r i b u t i o n derived 

from the 21 cm data as described i n section 3* the 
values of the gamma-ray i n t e n s i t y j ( l , b ) can be 
calc u l a t e d f o r those regions where experimental data 
e x i s t . The SAS I I data r e l a t e s t o the regions 9 ° ^ 

1<150, 160^1^170 and 200^1^260, and the events 
above 100 MeV have been summed to give the o v e r a l l 
b d i s t r i b u t i o n ( F i c h t e l et a l . 1975). 

The gamma ray i n t e n s i t y i s given by 
,00 

gammas cm~^ s ster"'*' 

Where Qy(r, 1, b) i s the e m i s s i v i t y of gamma rays w i t h 
E > 100 MeV i n the d i r e c t i o n (1, b) as a f u n c t i o n of 
r. This i s given by 

Q ( r , l , b ; = q ^ + B M h ; n H l r t I , l 3 ; 5 

TT + "B 

Where q ' i s the l o c a l gamma ray e m i s s i v i t y f o r both 
bremsstrahlung and pion production combined, which was 
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c a l c u l a t e d i n the l a s t chapter, n„ ( r , 1, b) i s the 
n 

hydrogen density d i s t r i b u t i o n and W(R) represents 
the r e l a t i v e i n t e n s i t y of the CR f l u x at distance 
R from the Galactic centre w i t h respect t o the i n t e n s i t y 
near t o the Earth. 

W(R) = I c r ( R ) 6 

I 7 r T I ° ) 

I n the c a l c u l a t i o n s two forms of W(R) are used, 
representing Galactic and E x t r a g a l a c t i c o r i g i n respect­
i v e l y . 

For Galactic o r i g i n 
W(R) = exp 7 

and f o r E x t r a g a l a c t i c o r i g i n 
W(R) = 1.0 8 

Figure 4 shows the predicted mean l a t i t u d e d i s t r i b ­
u t i o n s f o r 90 <i 1 <-l80 and 180 <- 1 < 270. I t i s i n t e r ­
e s t i n g t o note the asymmetry w i t h respect t o b = 0, i n 
opposite senses f o r the two d i r e c t i o n s . This e f f e c t 
should be detectable when eventually the gamma ray 
observations are presented i n t h i s form. Figure 5 

shows the l a t i t u d e d i s t r i b u t i o n f o r the E x t r a g a l a c t i c 
and Galactic models, the predicted i n t e n s i t i e s i n 5 

being averaged over the same longitude i n t e r v a l s as 
the data. I n 5 the dete c t o r response f u n c t i o n was 
assumed to be a gaussian of width Figure 6 

compares the longitude d i s t r i b u t i o n of the gamma ray 
l i n e f l u x predicted by the models w i t h the observations. 

I n f i g u r e s 4, 5 and 6 the e f f e c t of the Galactic 
model i s to reduce the fl u x e s below the p r e d i c t i o n s of 
the E x t r a g a l a c t i c model by a f a c t o r which i n f i g u r e s 
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h and 5 i s v i r t u a l l y l a t i t u d e independent; i t does 
not f l a t t e n the l a t i t u d e d i s t r i b u t i o n , as would be 
a n t i c i p a t e d f o r a Galaxy which i s a f l a t slab. The 
rapid increase i n the width of the Galactic gas shown 
i n f i g u r e 3 i s responsible f o r t h i s e f f e c t , which means 
th a t even at b =10 gamma rays are reaching us from 
distances of a few kpc. 

8.5 Discussion on the CR and gas d i s t r i b u t i o n i n the 
A n t i c e n t r e 
The most s t r i k i n g feature a r i s i n g from the comparison 

of the observations w i t h the two models i s t h a t the Extra-
Galactic hypothesis p r e d i c t s a f l u x about a f a c t o r of 
two i n excess of what i s observed, while the Galactic 
model does seem to give a good representation of the 
observed d i s t r i b u t i o n i n l a t i t u d e and also agreement 
i n the absolute f l u x l e v e l s . 

I t i s important to examine the sources of e r r o r s 
i n these c a l c u l a t i o n s . For the hydrogen d i s t r i b u t i o n 
there are two main areas of u n c e r t a i n t y (excluding the 
instrumental problems). 

F i r s t l y , the spin temperature of the gas has been 
taken to be 125 K. T n e evidence of 21 cm absorption 
studies by Hughes et a l . (1971) and Radhakrishnan et 
a l (1972) i s f o r a temperature which i s <125 K. Hughes 
et a l . quote a mean value of 71 K and f o r 90$ of the 
clouds observed f i n d temperatures <1J>0 K. The e f f e c t 
of choosing 125 K as the temperature i s to c o n s i s t e n t l y 
underestimate the o p t i c a l depth of o p t i c a l l y t h i c k 
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features and hence to underestimate t h e i r column 
d e n s i t i e s . 

Secondly;, no allowance has been made f o r the 
presence of molecular hydrogen i n the i n t e r s t e l l a r 
medium. The evidence from the UV absorption measure­
ments ( S p i t z e r 1973) i s f o r considerable q u a n t i t i e s of 
molecular hydrogen i n the denser clouds. Jenkins (1976) 

-3 
suggests a l o c a l density of hydrogen of 1.1 atoms cm 

_"3 

of which 0.2 atoms cm i s molecular. 
Both these f a c t o r s act t o increase the column 

density. Thus the above c a l c u l a t i o n s have tended t o 
underestimate the hydrogen density implying greater 
disagreement between the observations and the p r e d i c t i o n s 
of the E x t r a g a l a c t i c model. 

The remaining u n c e r t a i n t y i s i n the Cosmic ray f l u x 
near the Earth. I t i s u n l i k e l y t h a t the e r r o r i n the 
experimentally measured f l u x a t 3GeV can be as large 
as a f a c t o r of two, since the e f f e c t s of sol a r modulation 
at these energies are small. Another explanation i s t h a t 
the l o c a l cosmic ray f l u x i s not representative of the 
average f l u x at t h i s distance from the Galactic centre; 
the average f l u x being at l e a s t a f a c t o r of two lower t o 
reach agreement w i t h the gamma-ray observations. This 
i s also u n l i k e l y since the very high i s o t r o p y at 10^ 

eV makes the p r o b a b i l i t y of being i n a small l o c a l 
excess very small (Dickinson and Osborne 1974). Such 
a l o c a l excess would i n any case imply a Galactic o r i g i n 
f o r cosmic rays. 

A l l these f a c t o r s weigh h e a v i l y against the Extra-
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g a l a c t i c model e s p e c i a l l y since the Galactic model 
adopted here agrees w i t h the observations to w i t h i n the 
experimental e r r o r s . This i s consistent w i t h cosmic 
ray o r i g i n i n supernovae, supernova remnants, pulsars or 
any other source whose density f a l l s o f f l i k e the d i s t r i b ­
u t i o n of mass i n the outer Galaxy; a l t e r n a t i v e l y , t h i s 
may be considered as i n d i c a t i n g the existence of a 
cosmic ray disk which i s of smaller r a d i a l extent than 
the hydrogen dis k . 
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CHAPTER NINE 
ON THE EVIDENCE FOR A GALACTIC ORIGIN FOR THE COSMIC RAY 

NUCLEI BETWEEN 1 - 10 GeV 
The observations.- of 100 MeV gamma rays from the Galaxy 

give us a u s e f u l way of studying the Galactic d i s t r i b u t i o n of 
the 1 t o 10 GeV cosmic ray nuclear component. This i s 
because the gamma rays appear t o predominantly o r i g i n a t e i n 
c o l l i s i o n s between the cosmic ray n u c l e i and the i n t e r s t e l l a r 
gas. Comparison of the measured spectrum of gamma-rays 
between 10 - 1000 MeV from the Galactic centre ( f i g u r e 3 
Chapter 3) and the t h e o r e t i c a l spectrum f o r t h i s process 
( f i g u r e Chapter 2) i n d i c a t e s t h a t t h i s i s indeed the case 
and enables one t o r u l e out a large c o n t r i b u t i o n from e l e c t r o n 
Bremsstrahlung a t , say, 100 MeV. Furthermore, i n Chapters 
6 and 7 i t was shown t h a t the c o n t r i b u t i o n from the cosmic 
ray electrons i n Bremsstrahlung and inverse Compton s c a t t e r i n g 
was considerably smaller than t h a t from the cosmic ray n u c l e i . 
The f a c t t h a t the I T 0 production and decay process apparently 
dominates i s of great importance i n s i m p l i f y i n g the i n t e r p ­
r e t a t i o n , e s p e c i a l l y since the e l e c t r o n s are already known 
t o be of Galactic o r i g i n . 

Assuming t h i s f a c t , the Galactic d i s t r i b u t i o n of the 
i n t e n s i t y of the cosmic ray n u c l e i may be deduced from the 
gamma ray observations using a map of the Galatic gas 
d i s t r i b u t i o n . This was c a r r i e d out i n Chapter 7 where i t 
was shown tha t the f l u x of gamma rays from the broad region 
of enhancement around the Galactic Centre implied an increase 
i n the cosmic ray i n t e n s i t y near the Galactic centre. A 
comparison between the deduced cosmic ray and the source 
candidate d i s t r i b u t i o n was made and some t e n t a t i v e conclusions 
were drawn about cosmic ray propagation. Thus i t was found 
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t h a t the d i s t r i b u t i o n of the cosmic rays and the source 
candidates were very s i m i l a r supporting the hypothesis of 
cosmic ray o r i g i n i n supernovae, t h e i r remnants or pulsars 
and suggesting t h a t cosmic rays d i f f u s e no more than 1 - 2 

kpc before escaping. 
However, there are some d i f f i c u l t i e s w i t h t h i s i n t e r p r e t a t i o n 

of the Galactic centre observations. B a s i c a l l y , t h e r e are 
two major problems which introduce considerable u n c e r t a i n t y 
i n t o the i n t e r p r e t a t i o n . 

F i r s t l y , as discussed i n Chapter 7 , the absolute 
d e n s i t i e s of molecular hydrogen are not known w i t h any 
confidence. I n Chapter 7 i t was shown t h a t t o achieve 
agreement w i t h the observations using the atomic and 
molecular hydrogen d i s t r i b u t i o n s of Gordon and Burton (1976) 

the cosmic ray i n t e n s i t i e s at 5 - 6 kpc must be a f a c t o r 
of 4 greater than the s o l a r system values. The form of 
S c o v i l l e & Solomon (1975) molecular hydrogen d i s t r i b u t i o n 
i s b a s i c a l l y i n agreement w i t h t h a t of Gordon & Burton; 
yet using these authors' n o r m a l i z a t i o n , i t i s found t h a t 
the cosmic ray i n t e n s i t y required t o e x p l a i n the observed 
gamma ray f l u x i s only a f a c t o r of 2 up on the s o l a r system 
value. Since i t i s generally agreed t h a t the u n c e r t a i n t y 
i n converting from the carbon monoxide observations t o the 
molecular hydrogen density i s the order of a f a c t o r of 2 

t h i s leaves open the p o s s i b i l i t y of e x p l a i n i n g the 
observations by a constant cosmic ray i n t e n s i t y . 

The second problem i s t h a t of the c o n t r i b u t i o n from 
pulsars. 

The simplest procedure t o estimate the pulsar 

c o n t r i b u t i o n , given the Crab and Vela pulsars as examples 
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of gamma ray sources i s to assume t h a t the ra t e of gamma 
ray production i s p r o p o r t i o n a l t o the r a t e of t o t a l energy 
loss, (obtained from the spin down r a t e ) , and use the Crab 
or Vela pulsars as nor m a l i z a t i o n . This method was used 
by Dahanayake et a l (1976) using the pulsar catalogue of 
Taylor and Manchester ( 1 9 7 5 ) . The c o n t r i b u t i o n was found 
t o be n e g l i g i b l e except f o r the Crab and Vela pulsars. 
Higdon and L i n g e n f e l t e r (1976),however, have used much the 
same method but concentrate on the c o n t r i b u t i o n from as 
yet unobserved young pulsars and t h e i r r e s u l t s suggest 
t h a t the gamma ray observations may be explainable by a 
uniform cosmic ray i n t e n s i t y over the whole Galaxy plus 
a c o n t r i b u t i o n from 40 or 50 or so young pulsars. 

C l e a r l y , i t i s not possible t o decide between the 
Galactic and E x t r a g a l a c t i c o r i g i n s f o r cosmic rays by 
using the Galactic centre observations, simply because 
of the u n c e r t a i n t i e s i n the i n t e r p r e t a t i o n . F o r t u n a t e l y , 
these problems do not complicate the i n t e r p r e t a t i o n of the 
Galactic a n t i c e n t r e to the same degree. Thus, i n chapter 
8 where the gamma ray f l u x from the Galactic a n t i c e n t r e 
was examined i n some d e t a i l , i t was possible t o r u l e out, 
w i t h some confidence, a uniform cosmic ray f l u x and hence 
r e j e c t an E x t r a g a l a c t i c o r i g i n f o r the m a j o r i t y of the 
cosmic ray n u c l e i w i t h energies around 1 - 1 0 GeV. At 
the same time a p l a u s i b l e model f o r the cosmic ray d i s t r i b ­
u t i o n based on the d i s t r i b u t i o n of population I obje c t s i n 
outer part of the Galaxy was found t o give good agreement 
w i t h the observations. Furthermore, i t i s important t o 
note t h a t the existence of a s i g n i f i c a n t q u a n t i t y of 
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molecular hydrogen or a c o n t r i b u t i o n from pulsars merely 
requires t h a t the cosmic ray gradient be steeper and 
strengthens the conclusions. 

There remain a number of questions t o be resolved. 
For example, i n Chapter 7 i t was shown t h a t the i n t e n s i t y 
of cosmic rays w i t h i n dense molecular bearing clouds may 
not necessarily be uniform across the cloud. The screening 
process proposed may be very important f o r the gamma ray 
y i e l d from the Galactic centre but t o include i t i n the 
c a l c u l a t i o n s requires more t h e o r e t i c a l work on the process 
and a d d i t i o n a l l y an improved knowledge of the spectrum of 
cloud sizes. Further, the problem of the thickness of 
the molecular hydrogen l a y e r requires more observations since 
the present observations of the l a y e r thickness are r e s t r i c t e d 
t o very few d i r e c t i o n s . I t i s possible t h a t the l a y e r 
thickness may vary across the Galaxy and hence the present 
estimated molecular hydrogen content may be g r e a t l y i n 
e r r o r . 

F i n a l l y , i t i s to be hoped t h a t f u t u r e observations 
of the f l u x e s of the gamma rays from the Galactic plane 
may help t o resolve the question of the point source c o n t r i ­
butions and enable the controversy of Galactic or Ex t r a -
g a l a c t i c o r i g i n f o r cosmic ray n u c l e i to be q u i t e 
d e f i n i t e l y resolved. 
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