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ABSTRACT 

This t h e s i s contains a review of our present 
knowledge about the cosmic ray f l u x and about supernovae 
and t h e i r - remnants. I t contains an attempt t o examine the w i d e l y 
h e l d b e l i e f " t h a t cosmic raj^s are produced p r i n c i p a l l y i n 
supernova remnants by work on e s s e n t i a l l y f o u r t o p i c s - connected 
w i t h the p r o d u c t i o n of cosmic rays i n supernova' remnants;-

a) The l i k e l y surface d e n s i t y of supernova remnants i n the 
\ju,j.o.y.j o.i3 a. i u i j i y u j . u l i U-L u. a. o oa. i i v.- c j_ii.Mii o n e u a x c i u i ; c i i o i C c 

"It i s shown t h a t the general shape of the surface d e n s i t y 
curve c o n s i s t s of a l a r g e peak near the G a l a c t i c centre 
f o l l o w e d by a f a i r l y , r a p i d f a l l t o a low value a t the 
edge of the Galaxy. The a c t u a l values of surface density-
are v ery dependent on the distances of the observed 
supernova remnants, which i n t i i r n depend on the adopted 
surface b r i g h t n e s s - diameter r e l a t i o n s h i p . 

b) The p r e d i c t e d slope of the e l e c t r o n spectrum between 
8 * 0 

energies of 4 x 1 0 andIO 1 eV, assuming i t r e s u l t s from 
the a d d i t i o n of the energy spectra of a l l the supernova 
remnants i n the Galaxy. The observed e l e c t r o n energy 
spectrum i n t h i s range i s a t present too u n c e r t a i n t o be 
able t o say whether or not i t disagrees w i t h t h a t p r e d i c t e d . 

http://oa.ii
http://j_ii.Mii


c) The time of prod-action of cosmic rays i n supernova 
remnants, i f they are t o t r a v e r s e no more matter than t h a t 
which i s i n f e r r e d from the r a t i o of abundances of the L t o 
M groups i n the cosmic r a y s . I t i s found t h a t i f the cosmic 
rays are produced i n s i d e the expanding remnant, then the 
matter t r a v e r s a l c o n s t r a i n t means t h a t they must be produced 
2 years or so a f t e r the e x p l o s i o n . 

d) The expected d i s t r i b u t i o n of gamma rays i n the Galaxy 
from supernova remnants.of diameters l e s s than 50 parsecs. 
I t i s shown t h a t i n a l l p r o b a b i l i t y the gamma ray r e s u l t s 
give d i r e c t evidence of the presence of cosmic rays i n 
supernova remnants but t h a t supernova remnants alone 
cannot be re s p o n s i b l e f o r the whole c f the gamma ray f l u x , 
a t l e a s t on present gamma ray p r o d u c t i o n models. 



PREFACE 

The work, presented i n t h i s t h e s i s was c a r r i e d out 
d u r i n g the p e r i o d October 1973 t o September 1975, w h i l e the 
author was a research student under the s u p e r v i s i o n of 
Doctor J . I . Osborne» i n the Department of Physics of the 
U n i v e r s i t y of Durham. 
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CHAPTER 1 INTRODUCTION 
1•1 General remarks 

I f the h u l k of the cosmic ray f l u x i s t o be G a l a c t i c 
i n o r i g i n then i t seems to have become generalise accepted 
t h a t cosmic rays- are ; i n some way associated w i t h supernova. 
explosions,,. The s y n c h r o t r o n r a d i a t i o n observed to come from 
known supernova remnants t such as the Crab Nebula, i s a d i r e c t 
i n d i c a t i o n of the presence of r e l a t i v . i . s t i c - e l e c t r o n s i n such 
remnants, and i t t h e r e f o r e seems l i k e l y that, r e l a t i v i s t i c 
n u c l e i are also p r e s e n t . Since t h e i r d i s c o v e r y i n 1968 p u l s a r s 
have, also be:en considered t o be l i k e l y producers of cosmic r a y s , 
but since they themselves are almost c e r t a i n l y formed i n 
supernova explosions they are r e a l l y j u s t an e x t r a cause 
(indeed p o s s i b l y the main cause) of p a r t i c l e a c c e l e r a t i o n 
i n supernova remnants.-

Normal s t a r s l i k e the sun are sources of cosmic rays of energ 
11 

up t o about 10 eV but the mean f l u x of cosmic rays a r r i v i n g 
d i r e c t l y from the sun i n the r e l a t i v i s t i c energy range (>10° eV) 
does not exceed, i n order of magnitude, 0.1 percent of the t o t a l 
cosmic r a y f l u x . O r d i n a r y nova explosions could p o s s i b l y 

1A 
generate p a r t i c l e s of energy up t o about 10 eV, whereas- the 

20 
cosmic ray energy spectrum extends up t o a t l e a s t 10 eV. 

Assuming t h a t an e x p l o s i o n of the G a l a c t i c core gives out 
> x 10"" erg i n cosmic rays (Burbidge and. Hoyle,1963), 

r-r 

then an e x p l o s i o n of the G a l a c t i c core about once every 5x1 o' 
years could give the cosmic ray energy d e n s i t y observed. 
I f however r e l a t i v i s t i c p a r t i c l e s are ass o c i a t e d w i t h normal 
s t a r s , novae and' exploding G a l a c t i c cores, then t h e y must 
c e r t a i n l y be associated' with, supernova' e x p l o s i o n s . 
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Since the energy output and. frequency of supernovae i s s u f f i c i e n t 
t o provide the observed cosmic ray energy d e n s i t y and since i t 
i s known t h a t r e l a t i v i s t i c e l e c t r o n s e x i s t i n supernova 
remnants then i t would seem t h a t supernovae may w e l l be the 
main c o n t r i b u t o r s - t o the cosmic ray f l u x on a G a l a c t i c o r i g i n 
t heory o f cosmic ra y s . 

The aim of t h i s t h e s i s i s t o look, f o r d i r e c t ••evidence t h a t 
cosmic ray n u c l e i come from supernovae. 
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1.2 Energy "balance and requirements 
f o r cosmic r a y sources 

The r a d i u s of the Galaxy R 1 5kpc and the th i c k n e s s of 
the Galaxy d Cz. 600 pc. The volume of a s p h e r i c a l r e g i o n of 
t h i s r a d i u s i s : 

\ = _L_ 7T R 3 " 
n 3 

= 4 x 1 0 6 8 cm 3 

This volume i s the volume which the cosmic rays f i l l i f 
one assumes- t h e y are confined t o a s p h e r i c a l halo around the 
Galax3'-. 

j . u irjul.i. o J. a. j o d i e i / u r u i i i c u u i u . j 1/U w i c u i o C U J . oiit; \xa.s.<i.Ji.yt 

then they f i l l a volume: 

= 1.25 x 1 0 6 7 cm.3 

The mean energy d e n s i t y of cosmic rays i n the Galaxy I s 
u s u a l l y taken t o "be the same as t h a t near the e a r t h , 
i e . W = 10"° 1 2 erg cm""3 

Cosmic rays are b e l i e v e d t o be trapped i n the Galaxy f o r 
times of the order of 10° t o 10' years i f confined t o the. 
G a l a c t i c d i s c , and f o r approximately 3 x 10^ years i f confined 
t o a G a l a c t i c h a l o . 

One can- therefore, estimate the r a t e a t which cosmic rays 
must be s u p p l i e d t o the Galaxy i n order- t o m a i n t a i n the. observe 
energy d e n s i t y assuming d i s c or halo confinement. 

a.) Disc confinement 

The t o t a l energy of cosmic rays i n the d i s c 
= V x W ==• 1,25 x TO 5 5 erg., u.. ^ 

The confinement, time i n the d i s c i s T, 10^ t o 10^ years, 
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sc t h a t the r a t e a t which energy must be s u p p l i e d i s 
U = Y d x W =• 4 x 1 0 4 0 t o 4 x 1 0 4 1 erg s~ 1 

T d 
b.) Halo confinement 

The t o t a l energy of cosmic rays i n the halo 
=V h x \T 4 x 1 0 5 6 erg. 

The confinement time i n the halo i s T, = 3 x. 10^ ye3.rs, 
S 

so that, the r a t e a t which p a r t i c l e s must be s u p p l i e d i s : 
U = V x W = 4 x 1 0 4 0 erg s" 1 

-Zt b 
h 

The energy converted i n t o cosmic rays i n a supernova 
e x p l o s i o n i s l i k e l y t o be of the order of 1 t o 1 0 ^ erg. 
The a c t u a l f i g u r e depends on the assumed r a t i o of ions t o 
e l e c t r o n s i n supernova remnants. Only the t o t a l " energy' O'f 
e l e c t r o n s i n supernova re runants i s known from t h e i r s y n c h r o t r o n 
r a d i a t i o n , and i s g e n e r a l l y of the order of 10 4^ erg. 
I t i s g e n e r a l l y assumed t h a t the r a t i o of ions t o e l e c t r o n s 
i n a supernova remnant i s 100, though t h i s f i g u r e i s simply 
an assumption based on the observed r a t i o i n the cosmic ray 
f l u x and on general c o n s i d e r a t i o n s and observations r e l a t i n g 
t o the Galaxy as a whole. I t should however be noted t h a t i n 
the most w e l l known supernova remnant, namely the Crab Nebula, 
t h i s r a t i o i s b e l i e v e d t o be 1. 

The frequency o f supernova explosions i n the Galaxy i s 
b e l i e v e d t o be about 1 every 30 years ( Tammann, 1970). 
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Theref'ore the r a t e a t which energy i n . the form of r e l a t i v i s t i c 
p a r t i c l e s - may be s u p p l i e d by supernovae i s simply the cosmic 
ray energy output per supernova m u l t i p l i e d by the frequency 
of supernovae g i v i n g 
Usn.. 10 4° t o TO 4 1 erg s"*1 . 

One can. 3ee t h a t the energy output, i n r e l a t i v i s t i c 
p a r t i c l e s by supernovae i s s u f f i c i e n t t o m a i n t a i n the observed 
cosmic ray energy d e n s i t y on e i t h e r a d i s c or halo confinement 

model. 
For comparison one can do the same c a l c u l a t i o n f o r nova 

ex p l o s i o n s . The t o t a l energy of cosmic rays generated i n nova 
explosions i s probably about 10 4^ t o 10 4 t ) erg-. 
The frequency of nova explosions i s very u n c e r t a i n and l i e s 
i n the. range 50 t o 200 per year. Hence: the energy output in. 
r e l a t i v i s t i c p a r t i c l e s by novae i s . TJ a 10^" t o 1 0 4 1 erg s'~^ . 

Thus novae could j u s t about supply the r e q u i r e d energy-
d e n s i t y of cosmic r a y s . However since novae could not 
a c c e l e r a t e p a r t i c l e s t o as high an energy as supernovae and since, 
supernovae can more e a s i l y s a t i s f y the r e q u i r e d energy d e n s i t y , 
t h e i r c o n t r i b u t i o n of r e l a t i v i s t i c p a r t i c l e s t o the cosmic ray 
f l u x i s probably i n s i g n i f i c a n t compared t o t h a t of supernovae. 

Discussions of the v a r i o u s p o s s i b l e G a l a c t i c sources of 
cosmic rays and the above type of arqurnents can be found 
i n chapter JX of Ginzburg- and S y r o v a t s k i i (1964). 

1.3. Extraga 1 ac t i c; Cosmic Ray s 
V.'hile most people concerned w i t h the o r i g i n of cosmic rays 

would agree t h a t siipernova explosions are the main source of 
cosmic rays produced i n the Galaxy, there i s a school of 



thought which maintains t h a t the b u l k of the cosmic r a y . f l u x 
i s e x t r a g a l a c t i c i n o r i g i n . A det a i l e d , a n a l y s i s of the arguments 
i n favour of e x t r a g a l a c t i c cosmic rays can-! be found i n 
Brecher and Burbidge (1972). The reason .extr&^alac'tie-
sources have been sought i s i n an attempt t o explain, the f a c t 

11 14 
t h a t h i g h energy protons of energies between 10 and 10 eV 
are e x t r e m e l y i s o t r o p i c w i t h (I-max — I rnin) / ( I . max +• I min ) 

-4- -"5 
=10 t o 10 , where I max and I min are the maximum and 
minimum secondary p a r t i c l e i n t e n s i t i e s i n one cyc l e of o b s e r v a t i o 
( one. s i d e r e a l day). Brecher and Burbidge ( 1972. ) c l a i m t h a t 
when the low a n i s o t r o p y i s considered i n c o n j u n c t i o n w i t h the 
sh o r t stora.ge or g a l a c t i c t r a v e r s a l time of cosmic ray heavy 
n u c l e i d e r i v e d from the ( L i , Be, B ) / (C, K", 0 ) r a t i o 
( Shapiro, 1970 ) and the e q u a l l y s h o r t p r o t o n l i f e t i m e i n the 
Galaxy d e r i v e d from the secondary p o s i t r o n / e l e c t r o n r a t i o 

(Eanselow e t a l . , 1969 ) , the p r o d u c t i o n and storage of 
cosmic rays w i t h i n the G a l a c t i c d i s c appears h i g h l y u n l i k e l y . 

Brecher and Burbidge (1972 ) admit t h a t the e l e c t r o n -
p o s i t r o n component of cosmic rays w i t h energy above 500 KeV 
cannot be u n i v e r s a l because of the microwave background 
r a d i a t i o n . The maximum l i n e a r d istance Umax t r a v e l l e d by an 
e l e c t r o n from a d i s t a n t source to the e a r t h i s given by: 

/ *1 

Rmax - 1.57 x 10"'" (/0E)~ parsecs whereto ' i s : the d e n s i t y ' 
of background r a d i a t i o n and. magnetic f i e l d i n erg cm , 
and E i s the i n i t i a l e l e c t r o n energy i n GeV. Using t h i s expressic 
i t can e a s i l y be shown t h a t the bulk of the e l e c t r o n s i n 
primary cosmic rays could not have reached us from e x t e r n a l 
g a l a x i e s . 



I f however the nucleonic component of cosmic rays i s t o "be 
u n i v e r s a l , then the r a t i o of the cosmic ray energy d e n s i t y 
( 10 erg cm" ) t o the r e s t energy d e n s i t y i n v i s i b l e 
condensed matter ( 3 x 10"" g cm™"') must be about 4 x 10 . 

11 
This i m p l i e s t h a t each galaxy of mass 10 Mo ( M© = 1 s o l a r 

c ̂  
mass) must on average emit n e a r l y 10 erg of r e l a t i v i s t i c 

1 
p a r t i c l e s i n a time of approximately Ho" , where Ho i s the 
Hubble constant ( Ko" 1 2? 1 0 1 0 years ) . The evidence f o r the 
hypothesis t h a t the cosmic rays can be u n i v e r s a l comes from 
the p r o p e r t i e s o f s t r o n g r a d i o g a l a x i e s where the minimum 
energy c a c u l a t i o n s lead t o the view t h a t the t o t a l energy per 

c 1 

galaxy exceeds 10 erg (approximately e q u a l l y d i v i d e d between 
p a r t i c l e s and magnetic f l u x w i t h a nucleon - e l e c t r o n r a t i o 
assumed t o be about 100 ) , and t h a t these cosmic rays have 
been generated on a s h o r t timescale ( 10 t o 10 years )* 

Since g a l a x i e s appear t o form c l u s t e r s and s u p o r c l u s t e r s , 
the cosmic ray energy d e n s i t y which we observe may simply 
be c h a r a c t e r i s t i c of our own c l u s t e r of g a l a x i e s and need not 
f i l l the whole of the u n i v e r s e . This i m p l i e s a me t a g a l a c t i c 
containment volume f o r the l o c a l cosmic rays. I t i s p o s s i b l e 
t o deduce the si z e of t h i s containment volume as described f o r 
example i n L i n g e n f e l t e r (1973 ) . 

The most severe l i m i t on the s i z e of a p o s s i b l e m e t a g a l a c t i c 
containment volume f o r the l o c a l cosmic rays comes from the uppe 
l i m i t s on the background gamma ray i n t e n s i t y a t energies of 
100 MeV and above ( Clark e t a l . , 1970 ) . 
Since the cosmic ray nucleons i n t e r a c t i n g w i t h i n t e r g a l a c t i c 
gas would produce n e u t r a l p i - mesons which decay t o gamma rays 
i n t h i s energy range, the measured upper l i m i t t o the gamma ray 
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i n t e n s i t y places a bound on the product of the. cosmic ray 
energy density, the i n t e r g a l a c t i c gas density and the l i n e a r 
dimension of the containment volume. Using the l o c a l cosmic 

—12 —3 
ray density of about 10 erg cm and assuming an i n t e r g a l a c t i c 
gas density of about 10"^' hydrogen atoms per cubic centimetre, 
then the measured upper l i m i t on the gamma ray i n t e n s i t y requires 
that the dimensions of the containment volume be l e s s than 
or equal to 30Mpc.Ihis i s of the same s c a l e as the Virgo 
supercluster of galaxies, which Brecher and Burbidge (197.2 ) 
suggest as a metagalctic containment volume for the bulk of 
the l o c a l cosmic rays. 

The minimum metagalactic cosmic ray power density needed to 
f i l l such, a volume, taking a maximum cosmic ray l i f e equal to 
the Hubble time 1 0 1 0 years ) i s : Bng; ^ 5 x 10"" 3 0 erg cm"-5 

Ehis i s three orders of magnitude l e s s than the reqiiired 
g a l a c t i c power density, where the confinement time i n the 

7 
Galaxy i s expected to be about 10 years. 

Efte t o t a l cosmic ray power i n t h i s containment volume of 
about 3 x 1 0 7 8 cm3 i s : Ufflg ̂ . 1 0 4 9 erg s ~ 1 * 

This i s more than 10 times greater than the required g a l a c t i c 
power, and since there are l e s s than 10^ galaxies i n the 
supercluster i t i s obvious that galaxies such as our own are not 
t y p i c a l sources, a t le a s t , at the present t i m e . 

Brecher and "Burbidge (1972 ) suggest t h a t i f a l l of. the 
g a l a x i e s go through a S e y f e r t phase d u r i n g v/hich they emit about 
10 erg i n nonthermal emission from r e l a t i v i s t i c e l e c t r o n s , 
and i f t h e i r source power i n cosmic ray nucleons i s about 100 
times that, i n e l e c t r o n s , then the t o t a l cosmic ray power i n xhe 
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supercluster could average bet t e r than the required 1Cr y -1 
erg s 

Though one cannot r u l e out the p o s s i b i l i t y that the cosmic 
ray density i n the Galaxy extends throughout the whole universe 
or a r e s t r i c t e d part of i t such as the l o c a l supercluster, 
the extragalactic cosmic ray o r i g i n theory r e l i e s on even more;-, 
uncertain parameters: than the. Galactic theory. The i n t e r g a l a c t i c 
gas density and magnetic f i e l d are c e r t a i n l y not known as w e l l 
as the Galactic gas density and magnetic f i e l d . There i s l i t t l e 
doubt th a t c e r t a i n e x t r a g a l a c t i c objects must produce high energy 
p a r t i c l e s ( eg:, radio galaxies, Seyfert galaxies, quasars J 
and no doubt some of these p a r t i c l e s reach our Galaxy, but there 
i s also l i t t l e dombt that supernova explosions produce high 
energy p a r t i c l e s which reach the earth. The argument i s r e a l l y 
about whether the main c o n t r i b u t i o n to the cosmic ray f l u x at the 
earth comes from Galactic or ex t r a g a l a c t i c sources. I n the 
absence: of d e f i n i t e evidence: f o r or against e i t h e r o r i g i n theory 
i t w i l l be assumed i n the r e s t of. t h i s t hesis that cosmic rays i n 
the main r e s u l t from Galactic sources, i n p a r t i c u l a r supernova 
remnants* 

1.4 Recent evidence i n favour of a Galactic o r i g i n 
of cosmic rays. 

A recent paper by Dickel (1974 ) describes some work which 
suggests t h a t supernova remnants provide the.cosmic ray electrons 
i n . the Galaxy. By means of an analysis of recently improved 
parameters of the radio structure and evolution of supernova 
remnants he determined the t o t a l radio luminosity of the 

i 
r e l a t i v i s t i c electrons from a l l the SNR s i n the Galaxy. 
Although'tfts? r e s u l t s are uncertain to w i t h i n a f a c t o r of 10, 
the radio luminosity of a l l the electrons-which have escaped 
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from. the old supernova remnants appears to be equal to tha t of 
the general g a l a c t i c background. 

According to data analysed by Baldwin (1967), the integrated 
luminosity of the Galaxy at. 4:00 MHz. (assuming a radius 15 Kpc) 

21 — 1 
i s 5.8 x 10 I Hz . This estimate should not be uncertain by 
more than a f a c t o r of 2 or 3. Taking account of the way the 
luminosity of a t y p i c a l supernova remnant would vary w i t h time 
during the three main phases of i t s evolution, and assuming a 
rate of supernova explosions of 1 every 50 years, Dickel 
obtains a value of 

Ly = 8,0 x 10 2 1 W Hz " 1 

as the integrated luminosity at 400 MHz from a l l of the 
r e l a t i v i s t i c electrons produced i n supernova remnants. 
This value i s uncertain to w i t h i n a f a c t o r of 13. 

Since supernova remnants appear to be able to supply the 
cosmic ray electrons i n the Galaxy, i t lends more credence 
to the idea that they can also supply cosmic ray n u c l e i . 



CHAPTER 2 OBSERVED PROPERTIES 
OF SUPERNOVAE 

2..1. General remarks on observed 
properties of supernovae 

i 
Hova and supernova explosions have been observed by 

astronomers f o r many centuries being recorded as very b r i g h t 
s t a r s , often, v i s i b l e i n ; d a y l i g h t , which had suddenly appeared 
£XL the sky i n places where only f a i n t stars or no stars at a l l 
were previously/ v i s i b l e . A l l such phenomena were c a l l e d novae 
u n t i l 1933 when W. Baade: and E. Zwicky proposed t h a t there was 
a more powerful group of nova explosions, which they designated 
supernovae. This became apparent from studies of nova 
explosions in external galaxies, since novae in a p a r t i c u l a r 
galaxy are a l l e s s e n t i a l l y at the same distance from the earth. 
Supernova and nova explosions at the same distance can d i f f e r 
by ten magnitudes. 

Zwicky c l a s s i f i e d supernovae i n t o f i v e types based on t h e i r 
l i g h t curves and spectra. About 36% of observed supernovae i n 
s p i r a l galaxies belong to typeJC> 54% to type Tf and 10% to the 
other three types. Type^C supernovae are observed in a l l types 
of galaxies, whereas type TP occur predominantly, i n s p i r a l galaxie; 
and never i n e l l i p t i c a l galaxies. The spectra of type X 
jBupernovae are characterised by the absence of hydrogen, which 
has led to b e l i e f t h a t they are the r e s u l t of the explosion 

10 
of old stars approximately 10 years o l d . Such old stars 
would have a narrow :asi'sa range 1.16 Mo £. M ><£ 2Mo, and t h i s 
could account f o r the uniformity of the type^C l i g h t curve. 
Pig. (2.1) shows a.comparison of t y p i c a l l i g h t curves of types 

IT ̂  jj_ and 777 supernovae. 
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Supernova l i g h t curves are characterised "by the very steep r i s e 
to maximum and the period of maximum brightness l a s t i n g 
t y p i c a l l y 40 to 50 days. I t can be seen that the types d i f f e r 
mainly i n the length of time taken f o r the l i g h t i n t e n s i t y to 
die away, the type^£ supernova taking the longest time to decay 
I n brightness. 

Type TT supernovae are. believed to r e s u l t from the collapse 
p 

of comparitively young stars approximately 10 years o l d , 
having large masses, i e . greater than 2 M© and possibly as much 
as 20 to 30 Mo. The wide range of possible masses o f type 77 
supernovae could account f o r the wide v a r i a t i o n i n t h e i r l i g h t 
curves. Type *TJT supernovae are simply very b i g type JZ 
explosions i n which a mass equal to several tens of solar 
masses, must be ejected. Fig (2.2) summarises i n tabular form 
the t y p i c a l parameters of novae, type X a n <* "type TL supernovae 
The sources of information f o r t h i s table and the l i g h t , curves 
i n f i g . (2.1) are Weekes (1969) and Shklovsky (1968). 

2.2 Notes on i n d i v i d u a l remnants 
The most w e l l known supernova remnant i n the Galaxy i s 

the Crab Nebula. The supernova explosion responsible f o r i t was 
c a r e f u l l y observed and recorded by Chinese astronomers i n 1054. 
I t s high radio brightness and the f a c t t h a t i t l i e s i n a 
convenient p o s i t i o n i n the sky f o r observation means that i t i s 
probably also the most w e l l studied supernova remnant. 
The discovery of a pulsar i n the Crab Nebular i n 1968 by St a e l i n 
and Reifenstein has made i t of even more i n t e r e s t . The Crab 
Nebula l i e s at a distance from the earth of about 2 Kpc and 
i t s diameter i s about 2 or 3 pc. I t s mass may be anywhere 
between 1 and 10 Mo. 



NOVAE TYPE I TYPE' I I 
SUPERNOVAE SUPERNOVAE 

MASS ( M j 10" 6 -» 10~ 3 0.1 ̂  1 1 -» 10 o 
EJECTED 

VELOCITY OP 300 -» 1000 10,000-*20,000 5000 -> 10,000 
SHELL (km s" 1) 

KINETIC ENERGY 9x104'1 -*1O*6 1 0 5 0 -* 4x10 5 1 2.5x10 5 0-*10 5 2 

OF SHELL (erg) 

ABSOLUTE MAGNITUDE -& -» -9' -19.0 + 0.3- -IT.?' * 0.3 
AT MAXIMUM 

CHANGE IN 11 15 13 - 14 
MAGNITUDE 

RATE PER YEAR 50 -» 200 1/60 1/40 
IN GALAXY" 

ASSOCIATED STELLAR Population I I , Population I I , Population I , 
TYPE hot sub-dwarfs, age = 1 0 1 0 y r s . age = 10 8yrs, 

binary p a i r of 1.16M0< M<2MQ M >2MQ 

red star and 
U.V. dwarf. 

Fig. 2.2. TYPICAL NOVAE AND SUPERNOVAE PARAMETERS. 
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The expansion, v e l o c i t y of the remnant- i s 1700 Km.. s"~1' along 
the major axis and 1100 Km., s along the: minor a x i s . 
The expansion of the. nebula i s i n f a c t accelerating at a rate 

—2 
of about 0.0014 cm.. s ".. Swept up i n t e r s t e l l a r matter accounts 
f o r only a few percent of the mass of the nebula. 

The pulsar which ex i s t s at. the centre of the Crab Nebula 
i s the youngest on record and has the shortest, period, which 
i s i n . f a c t 0, 035 seconds. O p t i c a l , i n f r a r e d , X - ray, and Y*- ray 
emission emanates from the pulsar. The: Crab nebula does not 
seem to be t y p i c a l of e i t h e r of supernova types X o r jT because 
o f i t s - low expansion v e l o c i t y and i t s . i r r e g u l a r shape, showing 
no signs of s h e l l s t r u c t u r e . I t probably belongs to the 10% or 
so of strange supernovae forming types 777 J\7 a n d X o n "fcne 

Zwicky c l a s s i f i c a t i o n . 
A t y p i c a l type £ supernova i s Tycho rs supernova. The 

supernova outburst g i v i n g r i s e to the present remnant occurred 
i n 157:2 and was c a r e f u l l y observed by Tycho Brahe as w e l l as 
others. I t i s believed to l i e at a distance of about 3 Kpc 
from the earth. I t s present diameter i s about 6 pc, and i t i s 
expanding at a v e l o c i t y of approximately 1-3000 Km. s~ 1. 
Another type T supernova was Kepler's supernova, which was 
observed i n 1604 and l e f t a remnant which l i e s at a distance 
of 8 Kpc. I t s diameter i s about 7 pc, and i t s expansion v e l o c i t y 
i s approximately 18000 Km. s 

The strongest radio source i n the sky apart from the sun 
i s also believed to be a supernova remnant. This i s the remnant 
Cassiopeia A. This remnant l i e s at a distance of about 2.8 Kpc 
and i t s diameter i s 3.2 pc. The supernova outburst which gave 
r i s e to t h i s remnant was not observed o p t i c a l l y , but a study 
of proper motions i n the remnant indi c a t e that i t exploded 
in. 1667 ± 8 A.D.. 
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The reason i t was not observed i s probably because i t exploded 
i n a region of the Galaxy where strong o p t i c a l obscuration 
occurred. The expansion v e l o c i t y i s about 10,000 Km. s 

The Cygnus Eilaments i s a very old remnant probably of a 
type JT. supernova, according to Shklovsky (1968), which occurred 

- about 70 000 years ago. d i s t i n g u i s h i n g between the remnants of 
types HQ and I T supernovae when the remnants are very old i s not 
very easy. I n general the remnants containing a large amount 
of matter and of very old age are believed to be of type ~jf 
Only when one has records of the l i g h t curve of the observed 
supernova i t s e l f , can one be sure of the type. I n general more 
energy i s imparted to the s h e l l ( which i s also of larger mass) 
i n a type J£ supernova explosion, than i n a type X. 
One would therefore expect remnants of type JL supernovae to 
l a s t longer. The present diameter of the Cygnus filaments i s 
about. 40 pc and i t l i e s at a distance of about 800 pc. tTne 
expansion v e l o c i t y at the outer boundary of the filaments i s 
115'Km. s~^. This remnant i s an example of a supernova remnant 
i n i t s f i n a l stages of ev o l u t i o n . 

XC 443 i s another old remnant of a type 3L supernova, 
l y i n g at a distance of about 1.5 Kpc. I t i s about 60,000 years 
ol d , has a diameter of 20 pc and a v e l o c i t y of expansion of 
65 Kin. s"~̂  . The s h e l l structure of t h i s remnant i s w e l l defined 
at both o p t i c a l and radio wavelengths. 

The other supernova remnant worth mentioning i s the Vela 
supernova remnant. This remnant l i e s only 500 pc away, i s 30 pc 
i n diameter and has an age of about 10^ years. The notable th i n g 
about t h i s remnant i s that i t contains a pulsar PSR 0833, 
which has a period of about 0.0892 seconds. 
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Only the Crab Nebula and Vela are known to be d e f i n i t e l y 
associated w i t h pulsars, though several other associations are 
suspected. 

2.3 Evolution of a supernova remnant 
A supernova explosion i s e s s e n t i a l l y the r e s u l t of a 

catastrophic process occurring i n a star which r e s u l t s i n the 
e j e c t i o n af the outer layers of the s t a r . The ejected s h e l l of 
matter would possess a frozen-in magnetic f i e l d which would help 
to hold the s h e l l together. This expanding s h e l l acts l i k e a 
snowplow sweeping up the i n t e r s t e l l a r medium i n t o which i t i s 
progressing. J..ff. Oort (1946) used these simple ideas and the 
law of conservation of momentum to pred i c t a r e l a t i o n between 
radius and time f o r supernova remnants. 

I f one imagines the s h e l l to be a p e r f e c t l y spherical 
continuous object which i s Increasing i n radius, then as i t . sweeps 
up the i n t e r s t e l l a r medium i t w i l l also increase i n mass. 
The law of conservation of momentum, thus gives 

( 2.1 ) 

where : H.= mass of s h a l l at. e j e c t i o n , v Q, = i n i t i a l v e l o c i t y 
of s h e l l , R. =•• radius of s h e l l , - density of surrounding 
medium. 

I t . has been assumed here th a t the s h e l l i s free from a l l 
forces. 



-16-

v = diR so that equ. ( 2.1 ) becomes 
dt 

M~ dR + _4__TT yO R? jlR_ = M v 
ctjt 3 dt 

I n t e g r a t i n g gives 
I T T yO + M R- M v n t 
3 

(2.2 ) 

Uie motion, of the s h e l l i s e n t i r e l y determined, by equations 
C2-..1) and (2.2)'. I n the. case o f a strongly decelerated s h e l l , 
where 4 7T R 5 A / l£> M, one gets from equations (2.-1) and (2.2) 

471 R3,f 

R = /3 M v b t \ V * y 

U ^ ) 
* = 4 ^ t (2.3) 

The above equations derived by Oort give a rough idea of 
the radius of a supernova remnant at a given time or the v e l o c i t y 
at. a given radius etc. A rather more exact treatment, of the 
problem taking i n t o account the shock wave associated w i t h the 
explosion has been worked out by Shklovsky (1962) using the •• 
treatment of an adiabatic explosion i n a gas of constant heat 
capacity given by Sedov (1959). The r e s u l t s obtained by t h i s 
treatment of the problem w i l l be described below. 

The phenomenon of a supernova outburst i n i n t e r s t e l l a r 
matter must be treated as a powerful explosion i n a gas w i t h 
constant s p e c i f i c heat. 
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The s p e c i f i c heat i s constant because the i o n i s a t i o n energy of 
the gas i s much smaller than the Kin e t i c energy of the i o n i s i n g 
p a r t i c l e s . Assuming the i n t e r s t e l l a r medium i s homogeneous 
w i t h a p a r t i c l e concentration n^ } mainly consisting of 
hydrogen atoms one can considerthe explosion of a supernova as 
a sudden release of thermal energy at a point i d e n t i c a l w i t h 
the o r i g i n of the coordinate frame, occurring at time t. = 0. 

One then f i n d s the f o l l o w i n g r e l a t i o n s h i p s using the 
Sedov treatment. « 

T 2 =1.44 * 1°21 (A\ ?/5 . -6/5 

(2.5 ) 
(2.6 ) 

where i s n^ x mass of a proton, R2 i s the radius of the 
shock f r o n t (cm), i s the ion temperature behind the f r o n t 

7? i s t n e density behind the f r o n t ( g cm ) and S 
i s the energy of the explosion ( e r g ) . E 0 = o.75 x 10^ 1

 e r g , 
which i s taken as the standard amount of energy, released i n the 
explosion, being t y p i c a l f o r a type X supernova w i t h an ejected 

mass of 1 M The s p e c i f i c heat r a t i o C / C = 5;/3 f o r 
P • 

the i n t e r s t e l l a r gas. 
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Equation (2.6) represents the w e l l known d i s c o n t i n u i t y of 
density behind the f r o n t of a strong shock wave. Equation (2.5) 

indicates that the explosion energy ( under adiabatic conditions) 
i s converted i n t o thermal energy of a l l the p a r t i c l e s present 
w i t h i n a sphere of radius R 2 < Equation (2.4) describes the rate 
of expansion of the hot gas inside the sphere of radius R 2 . 
Formulae (2.4) and (2.6) have been v e r i f i e d experimentally i n 
nuclear explosions i n the atmosphere. 

The gas i s concentrated i n a r e l a t i v e l y t h i n s h e l l , 
measuring approximately R 2 / 10 behind the f r o n t , whereas the 
gas density i n the: c e n t r a l region i s i n s i g n i f i c a n t . D i f f e r e n t i a t i n g 
equation (2.4) w i t h respect to time gives the v e l o c i t y of the 
wave f r o n t . 

v = dR0 = 2 /2 12E\ 1 / 5 t " 3 / 5 

d-r 5 l"̂ rj 
(2.7) 

Equation (2.7) describes the deceleration of the shock wave. 
From equations (2.4) and (2.7) one can derive the f o l l o w i n g 
simple r e l a t i o n R2 = 5 v t (2.8) 

T 

This can. be: "compared w i t h the. formula derived from Oorts 
equations, namely equation (2.3). A. comparison of the two 
equations shows that neglect of the adiabatic behaviour- of "the 
shock wave leads to an underestimate of the ages of the 
remnants by a f a c t o r of 1.6. 
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I t i s i n t e r e s t i n g to p l o t supernovae of known diameter 
and age on a graph showing the Oort equation and the Sedov 
equation r e l a t i n g diameter and age. This i s done i n f i g . (2.3). 
I t can be seen that Kepler's and Tycho's supernova remnants f i t 
q uite reasonably on the l i n e defined by equation (2.4), i e . the 
Sedov equation. Cassiopeia A l i e s closer to the l i n e defined 
by the Oort equation, namely equ. (2.2). The Crab remnant being 
a rather unusual supernova remnant does not l i e p a r t i c u l a r l y 
close to e i t h e r l i n e . Two other h i s t o r i c a l l y recorded supernovae 
can be correlated reasonably w e l l w i t h catalogued supernova 
remnants. PKS 1459 - .4.1 i s the l i k e l y remnant of a supernova 
remnant which occurred i n 1006, and was recorded by European, 
Arabic and Far Eastern observers. The present remnant has a 
radius of about 15 pc. The supernova remnant 3C58 i s the probable 
remnant of a supernova observed i n 1181. I t s radius i s 6.9 pc. 
3C58 has also been p l o t t e d on f i g (2,3) and l i e s not f a r away 
from the l i n e corresponding to the Sedov equation. PKS 1459 - 41 
l i e s o f f the graph, but would obviously be somewhat d i s t a n t 
from t h i s l i n e . I n t e r e s t i n g work and comments on the c o r r e l a t i o n 
of h i s t o r i c a l l y observed supernovae w i t h :carfealogiaed supernova 
remnants can be found i n Stephenson (1975). 

Woltjer (1972) has distinguished four phases i n the 
expansion of a supernova remnant:-
Phase X This i s the free expansion phase when the mass of 
the ejected s h e l l i s very much greater than the mass of swept 
up matter. Everything w i l l depend on the d e t a i l s of the 
explosive process. 



equ.(2.4) 

3C58 i + o 
» 0.8 
a, 

KEPLER. + 
TYCHO 

©.4 
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Fig 2.,5. RADIUS VERSUS TIME FOR A TYPICAL SUPERNOVA REMNANT 
ACCORDING TO TV/0 EQUATIONS (SEE SECTION 2.3). 
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Phase JL_ This i s the adiabatic phase when the mass of the 
ejected s h e l l i s very much less than the mass of the. swept up 
matter. I n t h i s phase radiative' losses are n e g l i g i b l e and energy 
i s conserved. This i s the phase i n which the Sedov Equation (2.4) 
i s v a l i d . As the s h e l l slows down, r a d i a t i v e losses become . 

6 
important. Above a temperature of 5 X 10 K the rate of cooling 
i s p r o portional to T , / < 3 - t being due to bremsstrahlung r a d i a t i o n , 
while: the energy per u n i t mass i s p r o p o r t i o n a l to T. 
Consequently the cooling i s unimportant as long as the shock 
v e l o c i t y i s high. As the expansion slows down the cooling time 
becomes smaller and u l t i m a t e l y the s i t u a t i o n i s one where the 
shock heated gas cools almost immediately.. Cooling e f f e c t s are 
of p r a c t i c a l importance only at temperatures below 5 x 10^ K. 
Woltjer (.1972) shows that the v e l o c i t y at which r a d i a t i o n loss 
begins to be of dominant importance i s about 200 Km: s_ f o r 
t y p i c a l parameters and i s only very weakly dependent upon 
those parameters. 
Phase U L I n t h i s phase the r a d i a t i v e cooling time has become 
short and the matter behind the shock cools qu i c k l y . As a 
consequence, pressure forces are no longer important and the 
s h e l l moves at constant r a d i a l momentum, that i s (4 7T/ 3) R^/f V 

=•• constant. 
fhase j y ^ This i s the phase when the expansion v e l o c i t y of the 
remnanst becomes . comparable to the random v e l o c i t i e s of the 

i n t e r s t e l l a r medium ( about 10 Km s"~1 ) and the remnant loses 
i t s i d e n t i t y . 

Woljer gives a table showing the age t. , radius R , v e l o c i t y 
V , and mass M at the t r a n s i t i o n points between the four 
evolutionary phases f o r a supernova remnant having an i n i t i a l 
expansion v e l o c i t y of 10,000 Km s""1 and an ejected mass of 0.1 M_ 
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taking the number density of the i n t e r s t e l l a r medium to be 
1 cm ""5 as usual. The table , from Woltjer (1972), i s 
reproduced below. 

TABLE 2.1 SCHEMATIC EVOLUTION OF A 
SUPERNOVA REMNANT. 

PHASE t ( y r ) R (pc) V (Km s~1 > M (. M© ) 
X - TL 90 0.9 1.0,000 0»2 
JL - EL 22,000 11! 200 180 
E X _ j £ 750,000 50 10 3600 

(For a supernova w i t h Eo. = 1 0 erg ) 

Most, observed supernova remnants are i n the adiabatic 
phase, i e . phase JT . 

2.4 Magnetic f i e l d s i n supernova remnants 
The theories presented i n the previous section have 

not taken account of the presence of. a magnetic f i e l d i n the 
matter swept up by the s h e l l , or the pressure of cosmic rays 
w i t h i n the s h e l l . I t i s known tha t an i n t e r s t e l l a r magnetic f i e l d 
of about 3X10"^ gauss e x i s t s and since the density behind a 
strong shock v/ave i s increased by a f a c t o r of four, the swept 
up i n t e r s t e l l a r matter w i l l have a magnetic, f i e l d of about 
1.2 X 10"^ gauss ( since i n a h i g h l y conducting medium the 
magnetic f i e l d i s e s s e n t i a l l y frozen to the medium ).Since 
the r e l a t i v i s t i c p a r t i c l e s move along h e l i c a l paths around the 
magnetic l i n e s of force, any compression of the magnetic f i e l d 
w i l l involve an increase i n concentration of the . r e l a t i v i ' s t i c 
p a r t i c l e s . I f the magnetic f i e l d i s s u f f i c i e n t l y entangled, 
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the raised concentration of 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 be 
maintained f o r a longer time. The l o c a l i n t e n s i f i c a t i o n of the 
f i e l d w i l l , by v i r t u e of the conservation of the adiabatic 
i n v a r i a n t , e n t a i l an increase i n energy of each r e l a t i v i s t i c 
p a r t i c l e and thus an increase i n power of the synchrotron 
r a d i a t i o n . 

I t i s possible th a t a noticeable part of the synchrotron 
r a d i a t i o n from a supernova remnant may be a t t r i b u t e d to the 
compression of i n t e r s t e l l a r matter by the shock wave and tl i e 
r e s u l t i n g i n t e n s i f i c a t i o n of the magnetic f i e l d . T h i s could 
c e r t a i n l y be a very s i g n i f i c a n t cause of synchrotron r a d i a t i o n 
i n . o l d supernova remnants such as x C 443,' or the Cygnus 
Filaments. The theory i s described i n d e t a i l i n Van der Laan (1962) 

I t i s generally assumed th a t the magnetic f i e l d energy i n 
the supernova remnant and the energy of the r e l a t i v i s t i c p a r t i c l e s 
have the same order of magnitude. This corresponds to the 
minimum t o t a l energy of the system of the f i e l d and the p a r t i c l e s 
f o r a given magnetic bremsstrahlung emission power. 
A magnetic f i e l d v/ith an energy density considerably less than 
the r e l a t i v i s t i c p a r t i c l e energy density would not be able to 
keep the r e l a t i v i s t i c p a r t i c l e s i n the l i m i t e d volume of the 
remnant, and as a r e s u l t of t h e i r leakage the system i t s e l f would 

between the magnetic f i e l d and the r e l a t i v i s . t i c p a r t i c l e s . 
Therefore to a f i r s t approximation i t i s reasonable to w r i t e 

"Eg c= E c r } where E R ( / 8 7T) x (volume of remnant)" 
i s the t o t a l energy of the magnetic f i e l d . i s the energy 
of the r e l a t i v i s t i c p a r t i c l e s (ions and electrons) i n the radio 
em i t t i n g nebula. 

come to a »tate close to a state of quasi — equilib r i u m of ener~" 
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The data obtained from radio observations allows one to estimate 
only the number- and. energy of the electrons i n the remnant, 
so that: im order to measure the. t o t a l energy of a l l the p a r t i c l e s 
i n the remnant one needs to e s t a b l i s h the connection between 
t h i s quantity and the energy of the electrons. I t i s generally 
assumed, i n the absence of any b e t t e r assumption, that the 
energy of a l l the cosmic rays i n the supernova remnant i s 
simply p r o p o r t i o n a l to the energy of the r e l a t i v i s t i c electrons. 

E. c pi = IL E. e 
where K i s the c o e f f i c i e n t of p r o p o r t i o n a l i t y usually put 
equal to 100, as mentioned i n Chapter 1. 

The observed radio f l u x from a supernova remnant can 
("using the above assumptions) be. used to make a d i r e c t 
determination of the magnetic f i e l d strength and the t o t a l energy 
of the cosmic rays and electrons i n the remnant, i f the remnant's 
radio spectrum, angular size and distance away are known. 
The equations needed to do t h i s can be found i n chapter 
I f one assumes no continuous accelerating source f o r the electrons 
i n a supernova remnant, then the expansion of the remnant w i l l 
be accompanied by a decrease i n the r e l a t i v i s t i c p a r t i c l e 
energy and a decrease i n the magnetic f i e l d strength. I n t h i s 
case the r e l a t i v i s t i c p a r t i c l e energy varies a d i a b a t i c a l l y 

-• 1/*3 —1 
i n accordance w i t h the law E ec V „ ' <x, R , where. 
Y" i s the volume of the nebula and R i s i t s radius. From the. 
maintenance of the t o t a l magnetic f l u x i n the nebula, which 
must occur since the c o d u c t i v i t y of the medium i s very high, 
i t must be that H co R at l e a s t to a f i r s t approximation. 

Y/hen r e l a t i v i s t i c p a r t i c l e s are present inside the s h e l l 
w i t h t o t a l energy comparable to th a t of the k i n e t i c energy 
of the s h e l l , t h e i r pressure w i l l tend to decrease the 
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deceleration of the s h e l l . During the adlabatic phase of the 

expansion of a supernova remnant, the k i n e t i c energy of the s h e l l 
t s constant, while the r e l a t i v i s t i c p a r t i c l e energy decreases 

—1 
as R. , assuming escape and acceleration of new p a r t i c l e s i s 
n e g l i g i b l e . Consequently the cosmic ray pressure i s probably 
not very important during t h i s phase, except perhaps a t the 

« 

beginning. During phase *i77"_ o f "the expansion, the k i n e t i c 
-1 -3 

energy varies as V. or R. , and l a t e r i n t h i s phase the 
cosmic ray energy may become comparable to the k i n e t i c energy 
of the s h e l l . A s o l u t i o n f o r t h i s case was given by Kahn and 
YToltjer (1967), who showed that a f t e r the cosmic rays became 

1/3 
dynamically important one had R. oc t and a cosmic ray 
energy equal to twice the k i n e t i c energy of the s h e l l . Under 
these circumstances D = (E D ) x cr cr'-

1 / 6 n H " 1 / 6 t 1 ' 3 , (2.9) 

where D cr i s the diameter at which the t o t a l cosmic ray 
energy was E cr (see Woltjer, 1970). 



CHAPTER 3 DISTRIBUTION AND FREQUENCY 

OF SUPERNOVAE IN THE GALAXY 

3.1 General remarks 
A recent, catalogue of Galactic nonthermal radio sources 

such as the one produced by I l o v a i s k y and Lequeux (1972) l i s t s 
112 objects which are believed to be the remnants of supernova 
explosions. Obviously not a l l the supernova remnants which e x i s t 
i n the Galaxy can be seen.Whether or not a supernova remnant 
( henceforth abbreviated to SNR ) can be detected w i l l depend 
upon i t s radio power, i t s distance from the earth, i t s diameter, 
and the s e n s i t i v i t y of the detecting equipment. I t i s 
possible to get a very rough idea of the probable number of 
SNRs i n the Galaxy from the f o l l o w i n g simple argument. 
I l o v a i s k y and Lequeux's catalogue (henceforth abbreviated to IL 
l i s t s 28 SNRs w i t h i n 3 Kpc of the sun. This gives a surface 
density of SNRs: of 28/' 9 77 SNR Kpc"" . The Galaxy has a radius 
of about 15 Kpc. Therefore i f t h i s surface density i s . 
maintained over the whole of the Galaxy, one would expect to 
f i n d about 225' TT x 28/9 TJ = 700 SNRs i n the e n t i r e Galaxy. 
Clearly s e l e c t i o n e f f e c t s mean that only a small f r a c t i o n of 
the SNRs known to e x i s t i n the Galaxy can be observed. 

By co r r e c t i n g f o r the main s e l e c t i o n e f f e c t s i t ought to 
be possible to use the d i s t r i b u t i o n of observed SNRa i n the 
Galaxy to pr e d i c t the r e a l d i s t r i b u t i o n of SNRs i n the Galaxy. 

Observations of SNR.S i n external galaxies ( which are free of 
the sel e c t i o n e f f e c t s operating i n our Galaxy) indicate that 
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f o r most galaxies the surface density of SNRs decreases 
approximately exponentially w i t h distance from the Galactic centre 

The paper already ref e r r e d to by I l o v a i s k y and Lequeux 
contains an attempt to correct f o r selection e f f e c t s which w i l l 
be b r i e f l y described below. 

3.2. The corr e c t i o n f o r s e l e c t i o n e f f e c t s 
used by I l o v a i s k y and Lequeux 

Using SNRs whose distance i s reasonably w e l l known i t 
i s possible to est a b l i s h a r e l a t i o n s h i p between surface 
brightness and l i n e a r diameter of the form 

£ 1 GHZ = 3..6 x 10- 1 5 Pp C " 4*° ± °' 2 W m-Z Hz"1 s r " 1 

(3.1) 

where Z^1 GHZ = surface brightness of 
the SNR at a frequency of 1GHz 

Dp C = diameter of the SNR. 
i n parsecs. 

A l l of the distances to the SNRs i n IL72 were obtained 
using t h i s r e l a t i o n , except f o r the distances to Cassiopeia A 
and the Crab Nebula. 

E l GHZ = 1.19 So x 10~ 1 9 w m"2 Hz"1 s r ' 1 

< 4 > > * 
by t h e i r d e f i n i t i o n of surface brightness,where 

So = f l u x density of the radio emission 
i n f l u x u n i t s (. l f .u. = 1 0 2 6 W m"2 H z " 1 ) . . I 
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^<J> ̂  = mean angular diameter i n minutes of arc. 
I f d = distance of the SNR from the earth then 

^ $ = - I L radians = 3440 D mins. 
dl d 

1-19 So y 10~ 1 9 = 3..6X10"15 B"4"*0 

< 4 > > a 

The catalogue i s "believed to be complete, only f o r those 
remnants whose f l u x density at TGHa i s greater than 10 f . u . , 
and whose angular diameter i s greater than 2 arc-mins. Hence 
using t h i s f a c t and expressing • <<j>> i n terms of D and d leads 
to 

Equation (3.2) thus sets an upper l i m i t to the distance at 
which a SNR of given diameter can be observed, eg. a SNR of 
diameter 30pc can be detected up to a maximum distance of 6.3 
Kpc from the earth. Equation: (3.2) i s based simply on the inverse 
square law f o r i n t e n s i t y of r a d i a t i o n and the detection l i m i t 
of 10 f . u . 

I f one plots: a graph of the number of sources having 
diameters smaller than a given diameter as a fun c t i o n of diameter, 

* 

then one obtains approximately a s t r a i g h t l i n e up to a diameter 
of about 30pc» This p l o t of (n<D) versus D i s called a 
luminosity f u n c t i o n . I n the range of diameters 10-30 pc 
and w i t h i n 6.3 Kpc of the sun (v/here no selecti o n e f f e c t s should 
be operative) then a s t a t i s t i c a l l y correct approximation to the 
luminosity f u n c t i o n i s 

n«D) = const. D 2' 4 0 ± °- 6 0 

O . P J 
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the slope of the luminosity f u n c t i o n decreases beyond D=30 pc 
probably due to another s e l e c t i o n e f f e c t such as a l i m i t i n g 
surface brightness e f f e c t . However f o r SNRs of diameters up to 
30 pc one can use equations (3.3) and (3.2) to determine the 
r e a l d i s t r i b u t i o n of SNRs i n the Galaxy xn. the f o l l o w i n g way. 

At a given distance d one observes SNRs w i t h diameters less 
than a maximum diameter given by equation (3.2). At t h i s 
distance d the f r a c t i o n of SNRs seen i s n( <D(d)) / n(<30) 
where the luminosity functions are given by equation (3.3). 

One may thus s t a t i s t i c a l l y determine f o r each distance and 
d i r e c t i o n i n the Galaxy the t o t a l density of remnants up to 
D=30 pc by m u l t i p l y i n g the observed number of objects by 
n( < 30)/ n(<D(d)). 

The only assumption made here i s that the shape of the 
luminosity f u c t i o n i s the same throughout the Galaxy. I l o v a i s k y & 
Lequeux r e s t r i c t t h e i r analysis to objects w i t h distances 
smaller than 11 Kpc i n order to avoid excessive corrections, 
and by the above method were able to p l o t out the" surface density 
of SNRs as a fu n c t i o n of distance R from the Galactic centre, 
assuming symmetry around the centre. The r e s u l t i s shown i n 
f i g (3.1). 
3.3 Theoretical d e r i v a t i o n of d i s t r i b u t i o n of SNRs 
Below i s described an a l t e r n a t i v e way of der i v i n g the r a d i a l ' 
d i s t r i b u t i o n of SNRs, which also uses equation (3.2) but involves 
a t h e o r e t i c a l equation f o r the expansion .of a SNR. 

The Sedov equation f o r the adiabatic expansion of a 
supernova remnant i s given by 
- D p c = 4.0 x 10- 1 1 (Eo/ n H ) 1 / 5 t 2 / 5 (3.4) 
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where t:. (years) = time a f t e r explosion., E 0(erg) = i n i t i a l 
energy of the explosion, n H(cm ) = hydrogen number density. 

This equation should hold u n t i l D 60pc, ie~. equation 
(3.4) should describe- the expansion of a SNR throughout i t s 
observable: l i f e . 

Thus we can. assume that: the s h e l l diameter D depends on-; 
2/5 

time according to D = At ' where A i s a constant. The number 
of SNRs w i t h diameters" between D and. D + dD i s equal to the: 
number of supernovae. which occurred between times: t and t + d t . 
Therefore; the f r a c t i o n of SNRs w i t h diameters- i n the range 
D to D + dD i s the f r a c t i o n w i t h ages t to t- + d t , where t = 
r-n/*\5/2 , _ c-n3/2 / 0.5/2. 

Thus f o r a uniform- rate of b i r t h of SMls, the f r a c t i o n of 
SNRs w i t h diameters between D and D + dD i s pr o p o r t i o n a l to d t . 

F(D) dD oc dt 
F(D) dD « D 3 / / 2 

I max 

Denoting the observed number of SNR. by M and the r e a l 
number by N, then, by r e f e r r i n g to f i g (3.2) i t can be seen tha t 
the observed number of SNRs between angle $ and + d<(> i s 

H CW « N(R) dR Rdfr f D = 1 9°£?i^ ™ 
2 TTR J 0 

M (f)dj> = N(R)dR Rdfr f D = 1 9 0 / d
] D 3 / 2 flD 

2 TTR JO 1 

I 
D 
max - /<-) : 

D ^ dD 

% * T M (f)Ap = N(R) dR d.4> I " __1 
2 IT L d ^maxj 

O 
"5/2 90 

d D_ 
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Fig. 3.2. DIAGRAM ILLUSTRATING RELATIONS BETWEEN 
PARAMETERS USED IN THE THEORY PRESENTED 
IN SECTION 3.3. 
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From f i g . ( 3 . 2 ) we can see that d = (100 + R2 - 20R c o s i ) 1 / 2 

using the cosine r u l e . 

The t o t a l number of SNRs seen between R and R + dR f o r 
d : > 1 9 0/ Dmax i s 

M (R)dR - = N (R)dK- f ^ 1 9 0 A d$_ 
1 7 I * P m a x J (100+R2-20R cos£) 5 / 4 

For. d -< 1 9 ° / D
m a x the t o t a l number of SNRs observed i s 

M (R)dR = N (R) dR (im df 

since one should see a l l the SNRs i n the f i e l d of view when 
1.90/ "°max. 

I f d < 190 then i t follows t h a t 
D 
max 

cos <{, > 100 + R2- ( 1 9 0 / D m a x V 

2 OR.' 

This defines ^>m = cos""1/ 100 + R - (190/ I > m a x ) 
20R ( -

( 3 . 5 ) 

d < _J90 i f ^ < <))m 

Therefore the t o t a l number of SNR seen between R and R + dR i s 
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M(R)dR =-- N(R)'dK:x 
TT \vma.xJ J<Pm (100 +Rd - 20R c o s ^ ) 5 / 4 

(3.6) 

Therefore M(R)dR = N'(R')dR. A(R) 

Where A(R) = JL V m + /190-V / 2 

\Dmax/ J$m (100 + R
2 - 20R c o s < f ) 5 / 4 

One can imagine the Galaxy divided i n t o two halves by a 
l i n e through, the Galactic centre, perpendicular to the l i n e 
j o i n i n g the earth to the Galactic centre. 
The hemisphere containing the earth w i l l be- ca l l e d the near h a l f 
(subscript N) and the other hemisphere w i l l be called the f a r 
h a l f (subscript E). One can then w r i t e equation. (3.6) as 

MJJ. ( R ) dR. + M E (R) dR = 33T (R) dU [Ajg- (R) + A p (R)] 

This gives two equations f o r N(R) v i z : 

N (R) dR. = CR) dH 

h (a) 
•(3.7). 

where A K (R) - 1 
180 

dp 
00 + R- - cos^) 5/4 

N. (R) dR. = M E (R) dR 
A F (R) 

•(3.8) 

where A w (R.) = 1 
180 

190 
D 
max 

5/2 (180 

J 90 (100 + R2 - 20R cos|) 5 / /'' 
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3*4: Predicted d i s t r i b u t i o n of SNRs 
fra the. Galaxy. 

Below i s an; attempt to use the theory developed i n section 
3.3 and the data contained i n I I 72 to pr e d i c t the r e a l 
d i s t r i b u t i o n of SNRs i n the Galaxy;.. 

Only the. SNRs known to l i e i n the near h a l f of the Galaxy 
w i l l be. considered, since s t a t i s t i c s are very poor f o r SNRs 
i n the f a r h a l f of the Galaxy. Equation (3.7) r e l a t i n g the r e a l 
number of SNRs between R and R + dR to the observed number i n 
t h a t distance i n t e r v a l w i l l be used to pre d i c t the r e a l 
d i s t r i b u t i o n (R being distance from the Galactic centre). 
Since another s e l e c t i o n e f f e c t seems to be operative f o r 
D > 30 pc as stated e a r l i e r , and since i t would be i n t e r e s t i n g 
to compare the above: r e s u l t s w i t h those of I L 72, B m a x was 
taken to be 30pc. Using t h i s value graphs of <i> m i n

 a n d hence 
AJJ. (R) were p l o t t e d . The r e s u l t i n g curves are shown i n f i g s . 
(3.3) and (3.4). Por comparison the curve which was obtained 
f o r Ay (R) i s also shown i n graph (3.4). 

I L 72 gives the positions and diameters of 112' observed SNRs. 
Their, positions , as seen by an observer looking dov/n on the 
plane of the Galaxy, are shown i n f i g . (3.5). Only SNRs of 
diameters less than 30pc are indicated i n f i g . (3.5). 

Using t h i s p l o t of observed supernovae i t was possible to 
count the number of SNRs of diameter less than or equal to 30pc 
w i t h i n i n t e r v a l s of 2Kpc from the Galactic centre. Taking a 
mean value of A^ (R) from f i g . (3.4) over the distance i n t e r v a l 
i t was thus possible to calculate N: (R) = (R) / A^ (R) 
f o r each 2Kpc distance i n t e r v a l . This ought to be the actual 
number of SNRs i n th a t distance i n t e r v a l . 
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-33-

The suface density of SNRs between distances R̂  and R2 

would be defined as 
/5 (R) = N (R) 

( R 2
2 - R t

2) 

Since ( R 2
2 - R.,2) = (R 2 + R 1) (R 2 - R t) 

and within, annuli of thickness 2 Kpc, (R 2 — R.,,) = 2, then 
/3(R) =» B (R) 

:2 TT (R t + R2 ) 
l e t R ~ mean radius of annulus-

^ (R 1 + Rz> /2 
Therefore /3 (R) «• F (R) 

4:TTR 

- VR> / VR> - (3.8) 
4TTR 

I t was. thus possible to pr e d i c t the r e a l suface density 
of SiTRs as a f u n c t i o n of distance from the Galactic centre. 
The r e s u l t i n g bar chart i s shown i n f i g . ( 3 . 6 ) . 

The errors i n p (R) shown i n f i g . ( 3 . 6 ) were caculated by 
combining the s t a t i s t i c a l e r r o r i n and the uncertainty i n 
the mean A„ over the distance i n t e r v a l . = ^ a n d 

<f AJJ- = h a l f the difference between the maximum and minimum 
values of A „ over the distance i n t e r v a l . The v e r t i c a l l i n e s on 
each bar of f i g . ( 3 . 6 ) thus define one standard deviation i n 
the height of each bar. 

Taking i n t o account the large errors i n f i g . ( 3 . 6 ) and the 
fa c t that errors are not shown i n f i g . ( 3 . 1 ) i t can be seen 
that e i t h e r the method used here or the method used i n I L 7 2 
give 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 of SNRs i n the Galaxy. 
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3*5 E f f e c t of v a r i a t i o n s i n the 
density of the i n t e r s t e l l a r medium 
on s e l e c t i o n e f f e c t s . 

I t : i s possible to t h i n k of other factors which perhaps 
ought to he taken i n t o account when t r y i n g to correct f o r 
s e l e c t i o n e f f e c t s . Clearly the time f o r a supernova to reach a 
given, diameter w i l l depend on the density of the surrounding 
medium i n t o which i t i s expanding. Since: the average- i n t e r s t e l l a r 
gas density decreases w i t h distance from the Galactic plane i n a 
manner somewhere between an exponential and a Gaussian, then 
supernovas appearing at large distances' freer the'- Galactic plane 
w i l l give r i s e to remnants that w i l l expand s l i g h t l y f a s t e r 
and consequently fade i n radio brightness f a s t e r than remnants 
near the plane. Hence at f i r s t sight there ought to be a 
selectio n e f f e c t against detection of SNRs at high l a t i t u d e s . 
This e f f e c t would be mitigated to some extent by the. f a c t t h a t 
the radio background tends to decrease w i t h l a t i t u d e f a c i l i t a t i n g 
the detection of weak extended objects. 

Table 3 i n I L 72 gives the mean height < | Z l > above 
the Galactic plane f o r SNRs i n various ranges of distance from 
the Galactic centre. The relevant part of the table i s reproduced 
below. 
Table (3.1) 

DISTANCE: PROM GALACTIC CENTRE (Kpc) 
0-4 4-6 6-8 8-10 10-16 

NUMBER OE 
SNRs 11 11 15 13 12 

< | Z f i > 153 33 33 67' 175 
(pc) 
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The density of hydrogen gas f a l l s o f f w i t h height above the 
Galactic plane according to 

Using.- information on the: Galactic h a l f thickness of HI, 
such as given by Jackson and Kellman. (1974), one can" f i n d the 
corresponding mean: scale, height above the Galactic plane of 
hydrogen gas i n the above distance i n t e r v a l s . The r e s u l t i s as 
below. 
TABLE. (5.2) 

DISTANCE FROM GALACTIC CENTRE" (Kpc) 
0-4 , 4-6. 6-8 8-10 10-16 

h A (pc) 252 . 502 557 4.16 ?51 
Using an accepted d i s t r i b u t i o n of mean gas density i n the 

Galactic plane such as given: by piaget and Stacker- (1974) and 
Westerhout: (1970), one has values f o r the ne u t r a l hydrogen 
density as a funct i o n of r a d i a l distance from the Galactic centre, 

i e . one has values of n I t . i s thus possible to calculate the 
o. 

average hydrogen density at heights corresponding to the mean 
height of SNRs over the distance i n t e r v a l s . This gives some idea 
of the mean density of the i n t e r s t e l l a r medium i n the region of 
the Galaxy occupied by the SNRs i n each distance i n t e r v a l . 
Using the above information the f o l l o w i n g table was constructed. 

n (h) 
R 

A scale, height of gas 
= 1.4!4 h 1 / 2 
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TABLE (3.3) 

R h A. < 1Z1 > n Q n H ( < 1 Z 1 > ) n H
l / 2 

(Kpc) (pc) (pc) cm" cm 

0-4 232 153 0.30 0.155 0.39 

4-6 302 33 0.70 0.63 0.79 

6-8 357 33 0.80 0.73 0.85 

8-10 416, 67 0.70 0.60 0.77 

10-16; 751 175 0.40 0.32 0.57 

Since the diameter of a SNR depends on time according to 

2/5 
D oC t ' ( see equation: (3.4)) 

a'TV 
nH 

then t; oC *" 3%'*" 

i e . the time f o r a SNR to reach a given diameter depends on the 
square root of the density of the surrounding medium. From the 
l a s t column of table (3.3) i t can De seen that n^'' does not 
vary by more than a f a c t o r of 2 over the distances under 
consideration, thus the time f o r a SNR to reach a given diameter 
would also not vary by more than a f a c t o r of 2, due to l o c a l 
v a r i a t i o n s i n the n e u t r a l hydrogen density. Since the energy outpu 
of a supernova explosion i s uncertain by at least a f a c t o r of 
ten, t h i s e f f e c t i s c l e a r l y not p a r t i c u l a r l y s i g n i f i c a n t i n 
determining the diameter of a.SNR at a given time, and i s 
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therefore not important i n considering sele c t i o n e f f e c t s . 

3.6 Frequency of supernova explosions 
Using f i g . (3.6) and equation(3.4) i t i s possible to 

work out the expected frequency of supernova explosions i n the 
Galaxy. Using f i g . (3.6) one can reconvert the surface densities 
back i n t o numbers, and i t i s then found that there are 260 SNRs 
w i t h diameters less than 30 pc. 

The t y p i c a l time f o r a SNR to reach a diameter of 30 pc 
can be got from equation (.3.4) 

V Dpc 
4.0 x 10~ 1 1 

5/2 fnE 

A ::.mean value f o r the hydrogen number density can be got from 
table (3.3), n R = 0.49 cm"5. 
A t y p i c a l value f o r the I n i t i a l energy involved i n the explosion 
i s E Q c=. 1 0 5 0 erg. 

A 

... t: = 3.41 x 10^ years 
I f there are 260 remnants of diameter less than 30 pc, then 
t h i s gives a rate f o r the e n t i r e Galaxy of 

R = 260 events per year 
3.41x104 

i e . about 1 supernova every 130 years. 
Because E Q i s uncertain by about a f a c t o r of 10, the rate 

derived i s uncertain by a f a c t o r of at least 3. 
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3.7 Eff e c t of a change i n the 
• c L . " - B r e l a t i o n 

Recently the r e l a t i o n between surface brightness and 
distance, obtained i n I L 72' has been cal l e d i n t o question. 
This r e l a t i o n s h i p (equation (3.1)) was used by them to derive 
a l l the. distances of the supernovae i n t h e i r catalogue except 
f o r the Crab Nebula and Cassiopeia A. Mathewson. and Clarke (1975) 
obtained a d i f f e r e n t r e l a t i o n s h i p using fourteen supernova 
remnants detected i n the Magellanic Clouds. Their, r e l a t i o n s h i p 
was 

5̂ 408 = 10~ 1 5 D p e" 5 W. m"2 Hz"1 Sr""1 

(5.10) 

This- r e l a t i o n s h i p has^ the. advantage tha t the distance of 
a l l the c a l i b r a t o r s i s r e l i a b l y known, whereas f o r many of the 
Galactic c a l i b r a t o r s u n c e r t a i n t i e s i n t h e i r distances of up to 
50% exist.. However as noted by Mathews on and Clarke (1975) 
the Magellanic Cloud SNRs seem to be inh e r e n t l y b r i g h t e r objects 
than Galactic SNRs of the same l i n e a r diameter.. 

Clark, Casv/ell and Green (1975) rederived the 2E— D 
re l a t i o n s h i p using the class 1 and class 2 c a l i b r a t o r s l i s t e d 

-21 
i n I L 72 w i t h surface brightness values i n the range 3 x 10 
to 3 X 10" 1^ W m"2 Hz"1 Sr"1» t h i s being the range over 
which they wished to apply the r e l a t i o n f o r distance determinatior 
This range excludes Cassiopeia A, the Crab Nebula and the Cygnus 
Loop. The data were w e l l f i t t e d by e i t h e r of the expressions 

2 4 0 8 = °-7 V " ° 1 0 " 1 5 W m " 2 * " 1 *" 1 

(3.11) 

(3.12) 
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Equation (3-11) was a r b i t r a r i l y adopted by/ Clark et. a l . i n 
t h e i r subsequent calculations . Wote that, t h i s expression r e t a i n s 
the Mathewson and Clarke exponent, i n equation (3.1G). The 
difference i n c o e f f i c i e n t , then indicates a mean i n i t i a l energy 
f o r the Magellanic Cloud SNRs about 25% greater than f o r the 
Galactic SNRs. 

Clark et a l . (1973) l i s t 27 new supernova remnants obtained 
by comparing 408 MHz observations from the Molonglo radio 
telescope and 5000 MHz observations of comparable r e s o l u t i o n 
from the Parkes 64 metre radio telescope. 

Several supernova remnants ( i n f a c t 15 more, besides the 4 
mentioned i n a post s c r i p t ) i n I L 72 have been subsequently 
found to be H I regions as pointed out. by Caswell (l972),Dickel 
and Milne (1972), and DIckel et a l . (.1973). 

In, order to investigate the s e n s i t i v i t y of the derived 
supernova d i s t r i b u t i o n to a change i n the Z—D r e l a t i o n the 
analysis of section 3.3 was repeated using equation (3.-11) 
extrapolated to 1000 MHz. At the same time the HIX regions were 
deleted and the new remnants of Clark et a l . were added. 

Once again only supernovae w i t h f l u x densities greater than 
10 f . u . and angular diameter greater than 2 arc minutes were, 
used i n the analysis. I n f a c t only 6 of the 27 new supernova 
remnants l i s t e d by Clark et a l . s a t i s f i e d these c r i t e r i a . 

Assuming a mean spectral index of - 0.5, equation (3.11) 
can be extrapolated to 1000 MHz to give 

XlOOO - 4.5. x. 10~ 1 6 D p c" 5 WnT 2 Hz"1 Sr~ 1 

(3.13) 

This equation was used to r e c a l i b r a t e the distances i n I L 72, 
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Surface brightness i n t h i s equation has the usual 
d e f i n i t i o n 

S = 4 ̂ Q^JX^^y where' SQ I s the f l u x density; 

( a t 1000 >MH ) and I s the mean angular diameter. 

I t should be. noted that I n IL. 72 and I n section 3.2, a 
d i f f e r e n t , d e f i n i t i o n T̂ = SQ J K.^^> ? i s ' c o n s i s t a n t l y 
used. The; distance of a remnant, i s then 

d = 49.4 [ S o ^ T ^ > 3 " 1 / 3 Kpc (3.14) 

where SQ and <^f^> are expressed i n f l u x u n i t s and minutes 
of arc respectively. Also the diameter of the remnant i s given 
by 

D =14.4 2 / 3 S 0- 1 / 3 pc. -(3.15) 

Equations (3.14) and (3.15) were, therefore used to work 
out the distances and diameters of supernova remnants i n I L 72. 

The equivalent r e l a t i o n to equation (3.2) i s now, using 
the~ new ^ — D r e l a t i o n 

d k p c < JZP^ '. (3.16) 
r 1 / 2 

pc 

This i s the distance out to which one should see a l l 
supernova remnants of diameter D. 

Previously- I t was found that, a p l o t of number of SNRs less 
than diameter D versus D gave a l i n e of constant slope on a 
log-log p l o t up to a diameter of 30 pc. I t was suspected t h a t 
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other sele c t i o n e f f e c t s operate at diameters above 30pc and the 
analysis; was done only f o r SNRs below t h i s diameter. 

This c r i t i c a l diameter w i l l be. d i f f e r e n t f o r a d i f f e r e n t 
^ — D r e l a t i o n , so i t was necessary to draw (n<D) versus D 

graphs to f i n d the new c r i t i c a l diameter. Such graphs v/ere drawn 
f o r SNRs of distances d < 7.9 Kpc which meant one should see a l l 
SNRs of D<80pc and f o r d < 6.5 Kpc where one should see a l l 
SNRs of D < 118 pc. I n both graphs the luminosity f u n c t i o n 
began to change slope at a diameter of about 50pc (see f i g s . 
(.3.-7a) and (3.7b) Hence t h i s was taken as the c r i t i c a l diameter 
above which other selec t i o n e f f e c t s operate. 

The equations derived i n section 3.3 had to be appropriately 
a l t e r e d because of the replacement of equation (3.2) by 
equation (3.16), but otherwise the analysis was the same. The 
t o t a l number of SNRs seen between R and R + dR i s now 

M(R)dR = N(R)dR 1 
TT 

L i 7 0 . \ 5 / 2 rZ_ dj_ 
Dmaxy Jj>m (100 + RJ R2 - 20R cos<J>)5/2 

-(3.17) 
so that. 

$(R)dR = M N(R) dR 
" A T T R T 

.£•11' " -

where A N(R) = 1 
180 

t * A970 Y^f90 

j>m ' (\tiO + R — 20R cosi>) 
(3.18) 

5/2 

or -

N(R)dR M F(R) dR 
A p(R) 



100 

V 
*—-* 

n 

10 

. . . . . . -:' z ': ~ ~ : : : . ; --
-11 \\ i : Ml 

i . - . - --- : - : : 

.-. l : : : : : : : A 
f 

::LzZ.:.~. z i z r : : r\ir\[:[l .-. l : : : : : : : I : . " . .. . A 
f 

. ; : : : : : : : : *: 
• . I ' : . . - - . . : : : : : : r : : : : : : : : : : : : : : : : : : r : : !! -: 

! i r : : : : : -
- 1 ! • ! ; ' ' • ' 
— 1 — l f - j - l - r - -1 

pT— 
. . . . ._. . . . . . . . . z 

pT— 

- T-' t-t 

. . . . . . . . z 
; 

T-' t-t 

. . . . . . . . z 

- - :r. 
vf^f Iii.ni : : : r : : : : - : : : : zV.~ . - l i : r : l _ -

:.J_i i . ':..[ r " : 1 i •-/•'•-V 

• i i l l t H ; ! :: :- i : : . -:-

l-'-i—:'- . . . . /, l : : r ! : i : . ~ : 

-t—•— 
:: .T" 

. . . . 

'--
-- 1 ::::::: E~ ~-

-"-_ l — , ' • • i . : i 
.1 ' > • ' 1 1 , • 
| ' 1 : • i - U -

: : .T" 

. . . . 

'--
-- 1 ::::::: E~ ~-

-"-

1 10 100 
D (pc.) 

Fig. 5.7a. NUMBER OF SNRs LESS THAN A GIVEN DIAMETER D 
VERSUS D FOR OBSERVED SNRs WITHIN 6.5 kpc 
OF THE EARTH, AFTER RECALIBRATION OF THE 
DISTANCES IN IL72 (ALL SNRs OF D<118 pc 
SHOULD BE SEEN). 

http://Iii.ni


100. 

10 

-. ..: : 
.. 

: i' / / 
T-:-F-: : : 1 t ~ T ~ _ L z11.':1.':: ' 

Ml!! !H! * 
+' .y 

: : : i : L : I I :: r:z rz: • •V • 

. :*•-:: : : : :: - : — _ r 
:: r:z rz: • •V • 

. ' I- . : ' :::: . ' I- . : ' :::: 
— 

- ! • ' I J • LH'iE: — : : r . ~ : T — -, 
• ~ r ~ ' ~ ~ ' , ~ ' ~ — : " LH'iE: 

z: :::: 
: : r . ~ : T — 

* 
::~ 

-- — 
~ : 

-t ' i ; i 
: ; 1 1 1 1 1 ' 

z: :::: 

-- - - t - -
— ^ 

::~ 
-- — 

~ : 

• _ t l 1 j. • 

z: :::: 

-- - - t - -

• r 7 -: : :. 
T ~ = : I : - : 

: - : — 

-- - :~j—- • - - : ': - ' 1 : / : ~ ~ '.
 : : : : 

: : ~ 
z 

T feUi! / : , : ! : : : ii-i: 

=-5= / / :V =-5= / / : : : - : : ' : ! :V 
: r _ - r " : . : : :::- / / : : : - : : ' : ! :V 

— : — j - - r r r f r r r r i : 
:TL::::: / 1 :: : : [::• 

— :TL::::: / 1 
, . . — -

:: : : [::• 
—: • | ; 1 i 

'~~[': 

:TL::::: / 1 

. — *— — . . . 
:-- r '~~[': 

:TL::::: / 1 

: T " : : T " :-- r 

—~-

.:: EH. :~ 

;-; 
—~-

.:: EH. :~ 1 i * i ! ; ' : 
;-; 

—~-

.:: 
— : — . — EH. :~ 

! ! 1 '<•'', 

;-; 
—~-

.:: 
— : — . — EH. — - 1 '. i 1 ; ! : ! ;-; 

—~-

.:: EH. — - 1 
; : : i : ;-; 

—~-

.:: EH. — - 1 
T • i • i , i 

;-; 
—~-

.:: 
•- _ r i _ . . .... — r1 

i i i ! i 
f t 

—~-
— ... •- _ r i _ . . .... — —~-
— 

1 10 100 
D (pc.) 

Fig. 3.7b. NUMBER OF SNRs LESS THAN A GIVEN DIAMETER D 
VERSUS D FOR OBSERVED SNRs WITHIN 7.9 kpc 
OF THE EARTH, AFTER RECALIBRATION OF THE 
DISTANCES IN IL72 (ALL SNRs OF D<80 pc 
SHOULD BE SEEN). 



-42-

where A^CR) =•- 1 /4970 V / 2 f 8 0 

\ Dmax/ J 90 C100 + 
'4970 Y / 2 f 1 8 0 d * 

R 2 - 20R c o s ^ ) ) 5 / 2 

(3.19) 

L - cos- 1/ 100 + R - (4970/3^) 
•(3.20) 

2 O R 

Using the new equations and only observed supernova 
remnants i n the near, h a l f of the Galaxy the. same analysis as 
in. section 3.4 was again ca r r i e d out. This time of course D 

max 
was taken to be. 50 pc. Fig.(3.8) shows the d i s t r i b u t i o n of the 
SNRs used. The corresponding graph of versus R and Â , versus 
R i s shown I n f i g . ( 3 . 9 ) . 

As- before the number of SNRs of diameter ^ 50 pc were 
counted w i t h i n i n t e r v a l s of 2 Kpc from the Galactic centre 
using f i g . ( 3 . 8 ) , The surface density of SNRs i n each i n t e r v a l 
was then calculated using equation (3.8). The r e s u l t i n g bar 
chart i s shown i n f i g . ( 3 . 1 0 ) . The errors on each bar represent 
one standard deviation as before. 

The surface densities i n fig.(3.10) are somewhat lower 
than i n f i g . (3.6). This i s partly, because several, of the 
previously included SNRs have been excluded because they are 
H TT regions, but mainly because the new 21 - D r e l a t i o n 
s i g n i f i c a n t l y increases the distance of a l l SNR. The shapes 
of the d i s t r i b u t i o n s i n fig.(3.10) and f i g . ( 3 . 6 ) are not however 
very d i f f e r e n t when one takes account of the e r r o r s . I n 
conclusion' i t can be seen that the new £ - D r e l a t i o n does 
not d r a s t i c a l l y a l t e r the predicted r e a l d i s t r i b u t i o n of SNRs i n 
the Galaxy. 



Fig. 3.8. SNRs IN IL72 WITH DIAMETER D<50 pc, AFTER 
RECALIBRATION OF THE DISTANCES. AS BEFORE 
ONLY" SNRs WITH FLUX DENSITY >10 f. u . , ANGULAR 
DIAMETER > 2 1 , AND -10°< D I : C < 10° ARE SHOWN. 
THE DIAGRAM SHOWS THE DISTRIBUTION OF THESE 
OBSERVED SNRs AS SEEN BY AN OBSERVER LOOKING 
DOWN ON THE PLANS OF THE GALAXY. 
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It.: does however a l t e r the frequency of supernova explosions 
derived' i n the manner described i n section 3.6. A s i m i l a r 
c a l c u l a t i o n gives 248 SNRs of diameter less than 50 pc i n the 
Galaxy and a rate of 1 SNR every 490 years. 

3.8. An a l t e r n a t i v e d e r i v a t i o n of the 
r a d i a l d i s t r i b u t i o n of SNRs. 

1 recent paper by Kodaira (1974) attempts to take account 
of the confusion of supernova remnants w i t h radio noise, i n 
pr e d i c t i n g the r e a l d i s t r i b u t i o n of SNRs i n the Galaxy from 
the observed d i s t r i b u t i o n . The degree of the confusion i s 
emp i r i c a l l y determined as a f u n c t i o n of the distance from the 
observer, independent of the d i r e c t i o n . 

The observed apparent surface density N(R,r) depends upon 
the distance to the Galactic centre R and the distance between 
the centre of the surface element i n question and the solar 
system r . 

Kodaira shows a p l o t of N(R,r) versus R f o r d i f f e r e n t 
values of r . N(R,r) i s the number of observed SNRs w i t h 
diameter smaller than 30 pc, f o r a surface element of a c i r c l e 
w i t h diameter of 4 Kpc centred on ( R , r ) . I n p r i n c i p l e the 
surface density should depend only on distance from the Galactic 
centre and not on distance from the solar system. Hence the f a c t 
that the curves f o r r ̂  6Kpc are systematically lower than 
those f o r r ̂  4 Kpc i s a t t r i b u t e d to loss of remnants due to 
confusion w i t h noise. 

Curves are drawn f o r r = 0, 2,4,6,8,10 Kpc and so Kodaira 
s h i f t s the curves f o r 6, 8, 10 Kpc to coincide w i t h the curves 
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f o r Of 2, 4 Kpc thus e m p i r i c a l l y increasing the observed 
surface density f o r r ̂  6 Kpc. Using t h i s method Kodaira i s 
able to correct the observed d i s t r i b u t i o n of SNRs assuming the 
f a l l o f f i n number of sources w i t h distance from the earth i s 
due p r i m a r i l y to confusion w i t h noise, the confusion being 
independent of d i r e c t i o n . 

Kodaira compares his surface density curve w i t h I L 72 and 
a curve i n Johnson and Macleod (1963) showing the surface density 
of the supernovae i n s p i r a l galaxies as a funct i o n of the 
normalised r a d i a l distance from the centre (which i s 1 at the 
outer edge of the v i s i b l e disks of the galaxies). This 
comparison i s shown i n f i g . ( 3 . 1 1 ) . Kodaira's curve shows a 
pronounced peak at R ̂  5 Kpc i n contrast to the curve i n I L 72 
and i s very s i m i l a r to the surface density curve f o r supernovae 
i n s p i r a l galaxies by Johnson and Macleod (1963). 

The method used by Kodaira i s c e r t a i n l y of i n t e r e s t , but 
i t seems that the s t a t i s t i c a l errors which are .riot shown: on the 
r a d i a l d i s t r i b u t i o n curve are too large to place great reliance 
on the r e s u l t s . Also i t seems u n r e a l i s t i c to assume that 
confusion w i t h noise depends only on distance. The background 
radio brightness i s a fun c t i o n of d i r e c t i o n and so one i n t u i t i v e l 
expects the confusion to depend on d i r e c t i o n as w e l l . I n 
p r i n c i p l e the detection: p r o b a b i l i t y of SNRs as a funct i o n of 
both distance and d i r e c t i o n could be determined empirically, 
but the small number of observed remnants leads to 
unacceptably large s t a t i s t i c a l errors., 
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Fig. 5.11. COMPARISON OF SUPERNOVA REMNANT SURFACE 
DENSITY CURVES FROM KODAIRA (1974). 

(smooth curve) KODAIRA (1974). 
(har chart) ILOVAISKY AND LEQUSUX (1972). 
JOHNSON AND MACLEOD (1963), FOR SNRs 
OBSERVED IN SPIRAL GALAXIES. 



-45-

CHAPTER 4 COSMIC RAYS AND SUPERNOVAE 
4.1 The cosmic ray energy spectrum 

A recent: discussion' of the cosmic ray energy spectrum 
can be found i n V/olfendale (1973). Fig.4.1 i s taken from t h i s 
book and shows the primary cosmic ray spectrum f o r protons and 
nucl e i corrected f o r geomagnetic e f f e c t s . The main methods of 
measurement i n the various energy ranges are also included i n 
t h i s f i g u r e . 

I n the region below about 10^eV/nucleon the i n t e r p l a n e t a r y 
magnetic f i e l d reduces the primary i n t e n s i t y below i t s - value 
f a r from the sun. The gal a c t i c spectrum i s probably more nearly 
a l i n e a r e x t r a p o l a t i o n to lower energies of the spectrum above 
10 GeV, at least f o r energies down to about 100 MeV / nucleon. 
Information on cosmic rays i n t h i s region comes mainly from 
s a t e l l i t e measurements and the use of geomagnetic e f f e c t s . 

Q 1 1 / 
Between 10 and 5 x 10 eV / nucleon information i s derived 

mainly from balloon detectors. I n t h i s region the slope of the 
d i f f e r e n t i a l energy spectrum i s approximately constant f o r protons 
at about 2.7 + 0.1, the heavier nuclei having a s i m i l a r though 
less precisely measured slope. 

In - t h i s region of the spectrum there i s evidence from very 
recent work ( eg. Juliusson et a l , 1972) which suggests that the 
slopes of the d i f f e r e n t components of the cosmic ray f l u x are 
beginning to diverge.•There appears to be a reduction of 
r e l a t i v e i n t e n s i t y of the secondary component w i t h respect to 
that of pr i m o r d i a l o r i g i n . This appears to imply th a t the higher 
energy p a r t i c l e s have passed through a smaller thickness of 
matter. More about t h i s s i g n i f i c a n t r e s u l t and about the cosmic 
ray composition w i l l be discussed i n l a t e r sections of t h i s t h e s i 
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COSMIC RAYS CORRECTED FOR GEOMAGNETIC EFFECTS, 
FROM V/OLFENDALE (1973). 
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However the mass composition of cosmic rays i s only known wi t h 
10 

c e r t a i n t y at energies below about 10 eV. 
11 

At energies above 5x10 eV / nucleon there i s v i r t u a l l y 
no d i r e c t information about p a r t i c l e s w ith Z > 1 although a few 
i n d i v i d u a l n u c l e i have been detected i n balloon borne nuclear 
emulsions. Direct, measurements on protons extend to about 

12 
3 x: 10 eV and above t h i s i n d i r e c t measurements take over. Up 
to about 10^.eV the cosmic ray primary spectrum i s i n f e r r e d from 
the sea l e v e l muon f l u x and above t h i s energy i t i s i n f e r r e d from 
extensive a i r shower data. 

There i s some evidence provided by the proton s a t e l l i t e 
measurements ( see Grigorov et a l . 1971) which suggests that 
the slope of the proton spectrum increases rather r a p i d l y at 

12 
10 eV. These measurements appear to indicate t h a t heavier 
n u c l e i predominate above t h i s energy. Because of t h i s the proton 
i n t e n s i t y i s shown as being uncertain i n the range 10 - 10 eV, 

A steepening of the cosmic ray energy spectrum occurs at 
1 5 

about 3 x 10 eV. The energy spectrum follows a power law of 
the form quoted below, where E i s the energy per nucleus 

J(E) ** A1 E~*V f o r 1 0 1 1 < E < 3 x 1 0 1 5 eV 

where A1 t* 3.1 x 1 0 1 8 m"2 s~ 1 Sr" 1 eV - 1 

Yr -2= 2.6 
J(E) = Ar> E"*2 for. 3 x 1 0 1 5 eV <E: < 1 0 2 0 eV 

where A 2 = 1.0 x 1 0 2 8 m~2 s~1 s r " 1 eV"1 

* 2 = 3.2 
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The energy density of the primary r a d i a t i o n i s given by: 

C T ( > E ) = 4JT./ E, j ( E ) dE 
C J E 

The t o t a l energy i s about 0 .6 ev" cm , a value which i s 
close to the energy c a r r i e d by s t a r l i g h t at the Earth. 

The spectrum of cosmic ray electrons between 20 and 800 GeV 
i s now known reasonably w e l l . The slope of the d i f f e r e n t a l energy 
spectrum i s again about 2.7. A recent summary of measurements 
of the electron spectrum has been made by Meyer (1971). The 
e / e r a t i o i n the cosmic ray electron f l u x drops from a value 

8 Q less than u n i t y at about. 5 x 10 eY to only some 5% above 10 eV. 
q 

This reduction implies t h a t above 10 eV, at least,, the electrons 
are not due to secondary i n t e r a c t i o n s produced i n the i n t e r s t e l l a r 
matter. This conclusion arises because these i n t e r a c t i o n s would 
produce TT mesons from which o — r a y s and i n t u r n e e pairs 
would r e s u l t . I f the primary electrons are produced i n supernova 
remnants as Dickel (1974) seems to i n d i c a t e , then a study of the 
electron spectrum could throw some l i g h t on the nucleon spectrum, 
since the acceleration processes are presumably s i m i l a r . 

4.2 Addition of the energy spectra of 
known supernova remnants 

About a hundred discrete objects known to l i e i n the Galaxy 
are observed to be emitters of synchrotron r a d i a t i o n . These 
objects are believed to be supernova remnants. Several recent 
catalogues of them have been formed l i s t i n g the essential 
parameters of the remnants i n c l u d i n g the f l u x density and spectral 
index of the synchrotron r a d i a t i o n from each remnant. 
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The synchrotron r a d i a t i o n i s due to the presence of r e l a t i v i s t i c 
electrons s p i r a l l i n g around the magnetic f i e l d i n each remnant. 
Hence one has information on the spectral index of the electron 
d i f f e r e n t i a l energy spectrum i n about one hundred SNRs. One has 
no d i r e c t information on the energy spectrum of r e l a t i v i s t i c 
ions i n the SNRs, but- i t i s not unreasonable to assume that i t 
i s s i m i l a r to the electron energy spectrum i n slope. Certainly 
the slopes of the primary cosmic ray electron and i o n spectra 
at: the Earth are approximately the same. 

At f i r s t sight anyway i t seems reasonable to use the 
d i s t r i b u t i o n of spectral indices among the observed SNRs to 
pred i c t the l i k e l y d i s t r i b u t i o n of spectral slopes of SNRs i n the 
Galaxy, and then to add up a l l the spectra and see i f the 
r e s u l t i n g slope i s the same as the observed slope i n a p a r t i c u l a r 
energy range. This i s what has been attempted i n t h i s section. 

There does not appear to "be any- r e l a t i o n s h i p between the 
surface brightness of a SNR and the spectral index c< . Surface 
brightness i s proportional to f l u x density vaver angular diameter 
squared. This means there i s no r e l a t i o n between spectral index 
and diameter, i e . no r e l a t i o n between spectral index and age 
( Milne(l970), Downes (1971)). Since t h i s i s so one does not need 
to worry about sele c t i o n e f f e c t s when taking the observed SNRs 
as a representative sample of the spectral indices of SNRs i n 
the Galaxy. 

I t was decided to use the SNR catalogue of Downes(l97l) f o r 
the a d d i t i o n of the spectral indices, since t h i s l i s t s the f l u x 
density of the r a d i a t i o n at 400, 1400 and 5000 T4Hb aswell as 
the spectral index c< over that frequency range f o r each remnant. 
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I n i t i a l l y a - t e s t was done to see i f the d i s t r i b u t i o n 
of spectral indices i n Downes' catalogue was Gaussian or not. 
Some of the SNRs i n Downes» catalogue are considered by him to be 
suspect and are indicated as such (eg. they may be extragalactic 
o b j e c t s ) . Excluding SNRs i n the Local Magellanic Clouds and the 
ones marked as suspect, he l i s t s 67 Galactic SN-R"s> whose spectral 
indices are known. I f the suspect Galactic SNRs are included 
there, are; S&. The d i s t r i b u t i o n was considered i n c l u d i n g and' 
excluding the suspect SNRs. The regults= are given below. 

a. ) Excluding suspect SNRs 

Mean spectral index of energy spectrum of electrons i n the 67. 
SNRs i s :-

^ = 2 5 + 1 - = 1^96 
Standard deviation CT «= 0.38 
b. ) Including suspect SNRs 
Mean spectral index Y = 1.89 
Standard deviation cT = 0..44 
A bar 1 chart showing the numbers i n each class i n t e r v a l i s shown 
i n f i g . ( 4 . 2 ) f o r both cases. The normal frequency curve f o r each 
case i s also p l o t t e d i n t h i s f i g u r e . 

Provided one neglects the two SNRs having abnormally high 
spectral indices of 3.2 and 3.6 then a 4?C t e s t shows that the 
data i s Gaussian. I t thus seems reasonable to assume that the 
spectral indices of SNRs. i n the Galaxy are d i s t r i b u t e d normally 
about a mean value = 1.96. 

(y- y ) 2 

T>(r,)ax = _ i _ e
 2o"" a y ( 4 . i ) 
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gives the f r a c t i o n of Galactic SNRs whose spectral indices l i e 
i n the range 2T to Y + d Y 

The electron energy spectrum i n a SNR i s of the form 

v 
n(E)dE = K v E dE (4.2) 

This equation gives the number of electrons w i t h energy between 
E and E + dE i n the source. 

The c o e f f i c i e n t Kycan be obtained from the f l u x density 
of the synchrotron r a d i a t i o n received from the source at a 
p a r t i c u l a r frequency, E^, 

K w =- 7.4 x 10 2 1 j r 2 p, ————————— J> 

a(ar) H L6.26 x 1 0 1 8 H 0 
(4.3) 

where R = distance to source i n centimetres 
E = magnetic f i e l d i n source i n gauss 
}/ = frequency of r a d i a t i o n i n cycles per second, 
V = 2 oc + 1 

The magnetic f i e l d H i s given by 

48 K A (*\V) _JV 2/7 
(4.4) 

where = angular diameter of the source 
K = assumed r a t i o of ions to electrons i n the source 

( usually taken to be 100) 

Equation (4.4) r e s u l t s from equating the magnetic energy to the 
p a r t i c l e energy i n the source, which one would expect to be 
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approximately t r u e . A(Yt y) and a(^) are constants defined 
at a p a r t i c u l a r spectral index and frequency, which come from 
the theory of synchrotron r a d i a t i o n . 

^2.96 x 1 0 1 2 2/ 1 / 2 

(r-2) a(2T) 
y., (ir)v 2T-2 2 1 

j?i (20 y 2 _ 

A(ar,y) = /1.44 x 1 0 1 3 2 / 1 / 2 log. 
y 2(2f) ^ 

( i f 2T> 2) 
( i f 2T = 2) 

v ^ 1 2 ^ 1 / 2 
j n * ° 'J* 

^-2 
2 1 _ 2 - y " 

a(2T) y< (ar) V*. 
- 1 

( i f ar<2) 

— - ( 4 . 5 ) 

and >^ are the frequency extremes of the observed radio 
band i n which the spectral index <x- = ( y - l ) / 2 has a constant 
value V < Vz). 

A graph shov/ing how the constants a ( # ) , y^ (20 and y2(^ r) 
vary/with #"is shown i n fi g - . (4.3). The dependence of A(^,v) 
on yusing the above equations and f i g . ( 4 . 3 ) i s shown i n 
f i g , ( 4 . 4 ) f o r two d i f f e r e n t frequencies. 

I t was possible therefore to work out H f o r each of the 
SNRs i n Downesr catalogue using the data given i n the table 
and equation (4.4). Once the values of H were known i t was then 
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possible to work out Ky-from equation (4.3) f o r each of the 
SNRs i n the catalogue. 

The Revalues were grouped according to t h e i r corresponding 
V - value and an arithmetic mean Kyfound f o r each group. 
This was done using values of Ky-worked out at 400 MHz and 
1400 MHz. At 400 MHz only non- suspect SNRs i n Downes'catalogue 
were used, and at 1400 MHz a l l SNRs i n the catalogue except f o r 
the four i n the Local Magellanic Clouds were used. A graph of 
log Kyversus V was drawn as shown i n f i g . (4.5). The points at 
400 and 1400 MHz coincided q u i t e - w e l l and a best s t r a i g h t l i n e 
was drawn through them. The r e s u l t s indicate that to a good 
approximation log K ^ i s l i n e a r l y dependent on 2f" 

— TV Y 
Therefore K y = A e (4.(5) 

where A and B are constants. 

Therefore n(E) dE = Ae ~ B ̂  E"~ dE •(4.7) 

( s u b s t i t u t i n g equation (4.6) i n equation ( 4 . 2 ) ) . 

Using the f a c t that the d i s t r i b u t i o n of ̂  - values f o r 
the sample of SNRs observed i n the Galaxy i s Gaussian i t was 
therefore possible to add up the spectra of a l l the various SNRs 
i n the Galaxy by i n t e g r a t i n g equation (4.7) a f t e r weighting i t 
wi t h the normal d i s t r i b u t i o n f u n c t i o n , equation (4.1). 



50 

49 
48 

IM 47 

46 
45 

44 

43 

42 
41 

40 ! ! 
1.0 1.4 1.8 2.2 2.6. 3.0 3.4 3.8 4.2 

SPECTRAL INDEX Y 

Fig. 4.5. DEPENDENCE OF lv (AS DEFINED IN SECTION 4.2) 
ON SPECTRAL INDEX. THE POINTS PLOTTED WERE 
WORKED OUT FROM MEASUREMENTS OF FLUX DENSITY 
AT 400 AND 1400 KHZ. 



-53-

L e t t i n g the t o t a l number of SNRs i n the Galaxy be M then 
the t o t a l number of e l e c t r o n s , obtained from a l l the SNRs i n 
the Galaxy-, w i t h energy between E and E + dE i s give n by 

N'( E) dE = MA f y m a x exp 

mm 2 e r z 

(4.8) 

Adopting values f o r ̂ max, Y min, A, B, (Tj and M, 
equati o n (4.8) could be i n t e g r a t e d n u m e r i c a l l y . A and B were 
obtained from f i g . (4.5) and & and CT from the e a r l i e r r e s u l t s 
quoted i n t h i s chapter f o r the non - suspect SNR i n Downes' 
catalogue, fc'max and & min were obtained by t a k i n g the 
maximum and minimum values o f ^ f o r non - suspect SNRs i n Downes' 
catalogue. The t o t a l number of SNRs i n the Galaxy was taken t o 
be about 1000. The parameters used were t h e r e f o r e 

M = 1 0 0 0 
A =t 3.07 x 1 0 5 2 

B; =• 6.47 

^max = 5.6 
Ymin - 1':»4 
K = 1.96 
OT = 0.38 

The numerical i n t e g r a t i o n was done f o r s u i t a b l e values of 
E, f i g . ( 4 . 6 ) shows a p l o t of l o g N(E) versus E. 

The energy range over which the r a d i o emission d i r e c t l y 
gives i n f o r m a t i o n on the e l e c t r o n energy spectrum i s giv e n by 
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1 /? 

2.5 x 1 0 2 f H E f e v<:2.5 x 1 0 2 / ^ 2 ^ 1 / 2 

(4.9) 

I n Downes' catalogue 7^= 400 KHz and = 5000 MHz. 
An average value f o r H i s 10"^ gauss. 

Using these values then the energy range depends on Y as 

f o l l o w s (energy i n eV). 

TABLE 4.1. 
SPECTRAL SLOPE ENERGY RANGE 

V /10 8 eV E /10 9 eV 
11 5.6 83 
1.5 4.4 17 
2.0 3.7 10 
2.5 3.4 5.1 
3.0 3.1 4.2 
4.0 2.7 2.2 

The maximum and minimum values o f V u s e d i n the numerical 
i n t e g r a t i o n were 3.6 and 1.4 r e s p e c t i v e l y . The mean )f - value 
was about 2.0 and f o r t h i s value d i r e c t evidence on the slope 
of the e l e c t r o n spectrum i s a v a i l a b l e f o r energies between 

8 10 
4 x 10 and 10 eV only* Hence i t seems reasonable t o assume 

Q 

t h a t the a n a l y t i c a l a d d i t i o n i s only v a l i d between 4x10 and 
10^° eV. The slope o f f i g . ( 4 . 6 ) i n t h i s energy range i s 2.1. 
The observed slope of the cosmic ray e l e c t r o n spectrum between 
2 and 10 GeV seems t o be somewhat steeper than t h i s , more l i k e 
2.3 or 2.5 according t o most experimental r e s u l t s ( eg. M u l l e r 
and Meyer (1973). The e l e c t r o n spectrum appears t o have a 
constant slope of 2.66 + 0.10 betv/een 20 and 250 GeV. I t begins 
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t o f l a t t e n out c o n s i d e r a b l y "below 2 GeV. 
I f one e x t r a p o l a t e s the s p e c t r a l i n d i c e s t o h i g h e r energies 

the p r e d i c t e d slope decreases,, t o about 2.6 t o give an even 
g r e a t e r d i s c r e p a n c y . I f measurements became a v a i l a b l e o f the 
s p e c t r a l i n d i c e s of SNRs a t frequencies above the maximum of 
5 GHz i n Downes? catologue (1971), then i f the cosmic ray 
spectrum i s t o be reproduced, the s p e c t r a l index of the a n a l y t i c a l 
a d d i t i o n should i n c r e a s e . I f the discrepancy s t i l l remained, a 
confinement time i n the Galaxy decreasing w i t h energy would be 
needed. This could then be t i e d i n w i t h the observed energy 
dependence of the matter t r a v e r s e d by cosmic r a y s . However 
a t the moment i t would seem t h a t the a n a l y t i c a l a d d i t i o n does 
not give s u f f i c i e n t i n f o r m a t i o n on the slope of the spectrum 
a t a h i g h enough energy t o enable one t o make a d e f i n i t e statement 
as t o whether or not the a n a l y t i c a l a d d i t i o n agrees w i t h the 
observed e l e c t r o n spectrum. 

4.3 Composition o f cosmic r a d i a t i o n 
The chemical composition of the cosmic r a d i a t i o n i s q u i t e 

w e l l known up t o about 1 GeV/nucleon. I t i s i n t e r e s t i n g t o compare 
the r e l a t i v e abundances of elements i n cosmic rays w i t h the 
r e l a t i v e abundances i n the universe as a whole. Below i s an e x t r a c t 
from a. t a b l e i n Shklovsky (1968) which b r i n g s out the e s s e n t i a l 
r e s u l t s . More up t o date i n f o r m a t i o n on the cosmic r a y composition 
can be found i n Rasmussen (1975) and Reeves (1975), but the t a b l e 
below i s p a r t i c u l a r l y convenient and b r i n g s out the im p o r t a n t p o i n t 
TABLE 4.2. 

GROUP OF RANGE OF 
NUCLEI ATOMIC NOS 

IN GROUP 

JL 
N. H C.R, 

N 
N. H UNIV, 
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p 1 680 6830 

at 2 46 1040 
L 3 - 5- 1.0 10~5 

M 6 - 9 3.0 10 
H 10: 1.0 1 
YW ^ 20 0.28 0.05 

Column 3 gives the r e l a t i v e c o n c e n t r a t i o n o f the n u c l e i i n 
cosmic r a d i a t i o n r e f e r r e d t o group H. Column 4 gives the r e l a t i v e 
c o n c e n t r a t i o n o f the n u c l e i i n the universe r e f e r r e d t o group H 
according t o Cameron (1959). 

The most s t r i k i n g d i f f e r e n c e s between these abundances are 
t h a t the cosmic r a d i a t i o n i s r e l a t i v e l y r i c h i n n u c l e i of groups 
L, whereas these n u c l e i are a c t u a l l y r a r e i n the u n i v e r s e , and 
a l s o the r e l a t i v e l y h i g h abundance of n u c l e i o f the groups M,H 
and VH compared t o the protons and oc - p a r t i c l e s . The l i g h t 
group of elements i n the cosmic r a y s , i e . the L - group i s 
b e l i e v e d t o be produced mainly by the f r a g m e n t a t i o n o f he a v i e r 
elements. The elements of the M - groups mainly carbon, n i t r o g e n 
and oxygen undergo f r a g m e n t a t i o n d u r i n g t r a v e r s a l of matter and 
form the elements of the L - group, l i t h i u m , B e r y l l i u m and Boron. 
The r a t i o of L i , Be, B: t o C, N, 0. i n the cosmic r a d i a t i o n i s 
g e n e r a l l y taken as an i n d i c a t i o n of the amount of matter t r a v e r s e d 
by the cosmic r a y s . The observed r a t i o i n d i c a t e s a t r a v e r s a l of 
matter o f 3 t o 5 gm cm a t l e a s t f o r cosmic rays up t o about 
1 G'eV/nucleon i n energy. The g r e a t e r abundance of heavy elements 
i n cosmic raj^s i s g e n e r a l l y taken t o i n d i c a t e the h i g h l y evolved 
nature o f the sources or some s o r t of p r e f e r e n t i a l a c c e l e r a t i o n 
process f a v o u r i n g elements of h i g h e r atomic number. 



Reeves (1973) shows graphs of the abundances of u n i v e r s a l 
matter as a f u n c t i o n of atomic number and a l s o of abundances 
i n cosmic rays as a f u n c t i o n o f atomic number a f t e r c o r r e c t i o n 
f o r s p a l l a t i o n i n space. He; r e f e r s t o matter v/ i t h the former 

it it-
abundance r a t i o s as POP I m a t t e r , and t h a t w i t h the l a t t e r 

ii' 11 

abundance r a t i o as POP 0 m a t t e r . The abundance curves of POP I 
and POP 0 m a t t e r are very s i m i l a r . The r e l a t i v e abundance of 
elements i n each curve v a r i e s by t e n orders of magnitude but 

( a f t e r c o r r e c t i o n f o r i n t e r s t e l l a r s p a l l a t i o n ) the d i f f e r e n c e s 
between the two curves never d i f f e r by more than one order of 
magnitude• 

The r e c e n t analyses by Casse' and Goret (1973) and by Havnes 
/ \ it I I 

(1973) have shown t h a t the so c a l l e d source overabundances 
of the G a l a c t i c cosmic rays e x h i b i t a f a i r degree of c o r r e l a t i o n 
w i t h the f i r s t i o n i s a t i o n p o t e n t i a l ( p r e f e r e n t i a l a c c e l e r a t i o n ?) 
of the element under c o n s i d e r a t i o n , the overabundance being 
d e f i n e d as the r a t i o of POP 0 t o POP I m a t t e r . The general t r e n d 
i s f o r the overabundance t o decrease as the i o n i s a t i o n p o t e n t i a l 
i n c reases. 

Recent data on s o l a r cosmic rays by Mogro - Campero and 
Simpson (1972) gives evidence t h a t s o l a r cosmic rays do not have 
the s o l a r photospheric abundances. Hence i t seems l i k e l y t h a t 
p r e f e r e n t i a l a c c e l e r a t i o n takes place i n the sun and so could 
occur elsewhere i n the u n i v e r s e . 

The close but not exact s i m i l a r i t y between POP I and POP 0 
matter suggests t h a t the cosmic rays are a c c e l e r a t e d i n matter 
which has undergone a f a i r amount of mixing w i t h the i n t e r s t e l l a r 
m a t t e r . The most l i k e l y v/ay i n which t h i s could happen i s t o 
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assume t h a t the cosmic rays are a c c e l e r a t e d i n supernova remnants. 
As a supernova remnant expands i t mixes w i t h the i n t e r s t e l l a r 
m a tter which i s swept up and, "by choosing the c o r r e c t time 
d u r i n g the expansion f o r a c c e l e r a t i o n t o begin, one could get 
the c o r r e c t composition f o r POP 0 m a t t e r . The time a t which 
a c c e l e r a t i o n begins would have t o be somewhere between the time 
o f the e x p l o s i o n and the time a t which the remnant merges i n t o 
the i n t e r s t e l l a r medium, i e . betv/een 0 and 10 years. On t h i s 
model t h e r e f o r e the G a l a c t i c cosmic ray abundances w i l l be made 
of two components: one component e j e c t e d from the supernova 
(which may not have the same composition f o r a l l supernovae) and 
one component of i n t e r s t e l l a r m a t t e r ( i e . POP I m a t t e r ) . 

Reeves considers h y p o t h e t i c a l supernova mass compositions 
and concludes t h a t i f the a c c e l e r a t i o n of cosmic rays from a 
t y p i c a l supernova takes place on the average a f t e r the e j e c t a 
has been mixed w i t h a few s o l a r masses,then the cosmic rays w i l l 
c o n t a i n abundances i n good agreement w i t h o b s e r v a t i o n . The 

corresponding time delay before a c c e l e r a t i o n i s about 100 years. 
As p o i n t e d out i n Reeves? paper i t i s of i n t e r e s t t o note t h a t 
the i n t r i n s i c r a d i o l u m i n o s i t y of very young supernovae of type T[ 
l i k e the supernovae i n M 101 and NGC 1058, v/hich have exploded 
t h r e e or f o u r years ago i s much sm a l l e r than i n the r a d i o source 
Cassiopeia A, a supernova remnant which exploded over 200 years 
ago. The r a d i o emission i s produced by r e l a t i v i s t i c e l e c t r o n s 
and so the age d i f f e r e n c e between these sources may represent 
the time delay f o r the onset o f the a c c e l e r a t i o n mechanisms; f o r 
example i n the f i r s t few years the d e n s i t i e s may be too h i g h 
f o r any a c c e l e r a t i o n t o take p l a c e . 
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Some recent measurements on the energy dependance of the 
cosmic r a y charge composition obtained from b a l l o o n borne 
in s t r u m e n t s have provided some i n t e r e s t i n g new f a c t s . Results 
discussed i n Balasubrahmanyan and Ormes (1973) show t h a t the 
spectrum of the i r o n n u c l e i i s f l a t t e r than t h a t o f the carbon 
and oxygen n u c l e i by p.5 of a power. Below a few GeV previous 
experimental r e s u l t s were c o n s i s t e n t w i t h an energy independent 
composition of the cosmic ray f l u x . Recent r e s u l t s however have 
i n d i c a t e d t h a t composition v a r i e s w i t h energy above f GeV/ nucleonu 
Results described i n the above paper are also c o s i s t a n t w i t h those 
of Smith e t a l . (1973) and J u l i u s o n et. a l . (1972) i n t h a t they 
i n d i c a t e t h a t the spectra of secondary n u c l e i are steeper than 
those of p r i m a r i e s i n the range 1 t o 50 GeV. The decrease i n the 
L/M r a t i o w i t h i n c r e a s i n g energy would seem t o i n d i c a t e t h a t the 
matter t r a v e r s e d by the cosmic rays i s energy dependent, since 
the L.— group of n u c l e i i s b e l i e v e d t o be formed mainly by 
s p a l l a t i o n of the M - group.. A paper by Ramaty e t a l . (1973) 
shows a graph of matter t r a v e r s e d versus energy u s i n g t h i s 
i n t e r p r e t a t i o n . The i n d i c a t e d energy dependence of the matter 
t r a v e r s a l i s 

(4.10) 

(between 1 and 50 GeV / nucleon) where X i s the matter t r a v e r s e d 
i n g cm" and E i s the energy i n GeV/nucleon. 

This matter t r a v e r s a l dependence probably r e s u l t s e i t h e r 
from an energy dependent confinement time i n the sources or i n 
the Galaxy. 

The f l a t n e s s of the i r o n spectrum compared t o the energy 
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spectrura of o t h e r charge groups i n the range 3 t o 50 GeV/nucleon, 
as shown a l s o i n Ramaty e t a l . (1973), seems t o i n d i c a t e e i t h e r 
a p r e f e r e n t i a l a c c e l e r a t i o n mechanism i n the source or a d i f f e r e n t 
source f o r the Pe - component of the cosmic r a y s . Ramaty e t a l . 
(1973) favour t h i s l a t t e r h ypothesis and suggest the i r o n n u c l e i 
are a c c e l e r a t e d i n p u l s a r s , since the surfaces of the neutron 
s t a r s b e l i e v e d t o form p u l s a r s are l i k e l y t o c o n s i s t p r i n c i p a l l y 
of i r o n . They then suggest a common o r i g i n f o r the ot h e r primary 
n u c l e i (which seem t o have the same spectrum) such as i n 
supernova envelopes or supernova remnants. 

4.4 T r a v e r s a l o f ma t t e r by cosmic 
rays in., supernova remnants 

The amount of m a t t e r t r a v e r s e d by cosmic rays i n a 
supernova remnants i s g i v e n by 

x « / > ( t > o d t ( 4 < 1 1 ) 

_2 
where X i s the amount of ma t t e r t r a v e r s e d i n g cm . t,_ i s the 
time a t which the cosmic rays are produced i n the remnant, t e 

i s the time a t which cosmic rays escape from the remnant, c i s 
the v e l o c i t y of the cosmic rays (assumed t o be t h a t of l i g h t ) , 
and yO ( t ) i s the f u n c t i o n d e s c r i b i n g the v a r i a t i o n i n d e n s i t y 
of the supernova remnant w i t h t i m e . 

The d e n s i t y of the remnant a t time t w i l l be approximately 
yO(t) =_2M-R- 3 _ (4.12) 

4TT 

( i e . mass M e j e c t e d d i v i d e d by the volume of a sphere of 
r a d i u s R )'. 
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The s i m p l e s t expression f o r R v a l i d i n the i n i t i a l stages 
of the e x p l o s i o n a t l e a s t i s 

R = v- t o 
Therefore ^£>(t) = 3 M t " 5 

4 7Tv.5: 
(4.13) 

(V I s : the i n i t i a l v e l o c i t y of the e j e c t e d s h e l l ) . 
S u b s t i t u t i n g equation (4.13) i n t o equation (4.11) and 

pe r f o r m i n g the i n t e g r a t i o n gives; 
X = 3 M c f 1 1 

8 7T v 5 I ̂  t e 
(4.14) 

There are two l i m i t i n g forms o f equation ( 4 . 1 4 ) . I f one 
b e l i e v e s t h a t the cosmic rays are formed i n the out e r envelope 
of a h i g h l y evolved s t a r by an outward moving shock wave r e s u l t i n g 
from such a star; undergoing a supernova e x p l o s i o n , as envisaged 
by Colgate and Johnson (1960), then the t r a p p i n g time t - t — 0 

e. y 

and t h e r e f o r e equation (4.14) i s equal t o zero. The cosmic rays 
i n t h i s model are formed i n the outer l a y e r s o f the s t a r and 
would not be expected t o t r a v e r s e much matt e r on escaping, i n f a c t 
one would expect them t o precede the e j e c t e d s h e l l of m a t t e r . 

On the oth e r hand i f one assumes the cosmic rays are 
a c c e l e r a t e d i n the a c t u a l supernova remnant i t s e l f and furthermore 
become trapped f o r l o n g p e r i o d s i n the s h e l l by the s h e l l magnetic 
f i e l d then t g t ^ . One can then o b t a i n an expression f o r the 
time a f t e r the e x p l o s i o n a t which the cosmic rays are produced 
from e q u a t i o n ( 4 . 1 4 ) . 

1/2 3, M c •(4.15) 
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Assuming a value f o r the amount of matter t r a v e r s e d and 
p u t t i n g i n t y p i c a l values f o r M and v n . one can p r e d i c t the time 
a f t e r the e x p l o s i o n a t which cosmic rays must be formed u s i n g 
equation ( 4 . 1 5 ) . The v e l o c i t y a t which the mass M i s i n i t i a l l y 
e j e c t e d i s u n l i k e l y t o v a r y by more than a f a c t o r of two from 
7000 Km s" whether the supernova i s type T o r H , and would 
c e r t a i n l y be w i t h i n a f a c t o r of 3 of t h i s f i g u r e . Using equation 
(4.15) f i g u r e (4.7.) was produced„ This graph shows the dependence 
of m a t t e r t r a v e r s e d i n the supernova remnant versus the time a f t e r 
the e x p l o s i o n a t which the cosmic rays are produced, f o r v a r i o u s 
s h e l l masses e j e c t e d . I t has been assumed i n t h i s graph t h a t 
v 0 = 7000 Km s~ 1 and t h a t the cosmic rays are trapped f o r times 
much g r e a t e r than the p r o d u c t i o n t i m e . 

The r a t i o of l i g h t t o medium n u c l e i i n the cosmic r a y f l u x 
n 

i n d i c a t e s the t r a v e r s a l o f no more than about 5 g cm o f m a t e r i a l . 
What, p r o p o r t i o n of t h i s matter i s t r a v e r s e d i n the i n t e r s t e l l a r 
medium and what p r o p o r t i o n i s t r a v e r s e d i n the source i t s e l f i s not 
r e a l l y known. However whether one assumes p r a c t i c a l l y a l l of i t 
i s t r a v e r s e d i n the source or i n the i n t e r s t e l l a r medium one can 
see from f i g . ( 4 . 7 ) t h a t the cosmic rays must be produced some 
time a f t e r the supernova e x p l o s i o n , indeed s e v e r a l years a f t e r i f 

-2 
one assumes o n l y about 1 g cm of matter t r a v e r s a l i n the source 
r e g i o n . This type of argument can be found i n Peters (1959). 

Since the work of Reeves (1973) discussed e a r l i e r (and some 
gamma - ray work by Higdon (1975), t o be discussed l a t e r ) suggests 
t h a t a f a i r p r o p o r t i o n of the matt e r t r a v e r s a l by cosmic rays 
could occur i n the source r e g i o n , i t i s of i n t e r e s t t o see i f the 
observed energy dependence of the matter t r a v e r s a l given by 
equation (4.10) could be expl a i n e d i n t h i s way. 
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At f i r s t s i g h t an energy dependent t r a p p i n g time of cosmic 
rays i n supernova remnants would he expected. As the supernova 
remnant expands i t s magnetic f i e l d w i l l decrease due t o 
co n s e r v a t i o n of magnetic f l u x and so the maximum energy o f 
p a r t i c l e s which i t can t r a p w i l l decrease w i t h t i m e . The SNR 
cannot c o n t a i n a p a r t i c l e whose Larmor r a d i u s i s g r e a t e r than 
the r a d i u s of the remnant i t s e l f , and t h i s enables one t o 
p r e d i c t a very simple p a t h l e n g t h dependence on energy, as 
described below. 

The maximum p o s s i b l e energy o f an i o n contained i n a SNR 
i s g i v e n by 

E m o v = 300 Z H R eV/nucleon 

(4.16) 
where Z i s the atomic number of the i o n , A i s the atomic mass 
number of the i o n , H i s the magnetic f i e l d i n the remnant i n gauss 
and R i s the r a d i u s of the remnant i n c e n t i m e t r e s . 

Conservation, of magnetic f l u x as the SNR. expands means 
t h a t a t times t„ and t 0 

2 2. R 1 = H 2 R 2 U.W) 

S u b s t i t u t i n g f o r R 1 from equation (4.17) i n equation 
(4.16) leads t o 

E 2 max = E 1 max R 1 (4.18) 

R 2 

Therefore i f R 2 > R1 ̂  then E 2 m a x ^ :E| max. Equation (4.14) 

g i v e s a f t e r p u t t i n g R = v Q t . 
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X = 3 M c 
8TT 

JL 
R„ 

(4.19) 

S u b s t i t u t i o n f o r R 2 from (4.18) gives 

X = 3 M C 1!-
8TTv n R, 

E 2 max 
E 1 max 

(4.20) 

As R2 —s> i n f i n i t y , E 2 m a x — s » 0 and equation (4.20) becomes 

3 M c- 1 
8 TT v. R 1 (4.21) 

where X Q i s the amount of matter t r a v e r s e d by p a r t i c l e s trapped 
f o r i n f i n i t e times* One can thus s u b s t i t u t e f o r R̂  i n equ a t i o n 
(4.20) t o give 

E 2 max 
E 1 max 

(4.22) 

E 4 i s u e i i n e a uy equation v.4. i o ; wnere n,. \ max • 
equation ( 4 . 2 1 ) . 

Choosing M = 1 s o l a r mass 
= 2 x. 1 0 5 5 g 

v„ = 7 x 1 0 8 cm s~ 1 

X = 5 g cm -2 

gives 16 R1 = 4.52 x 10 cm 



Taking Z/A Os: 1/2 and u s i n g H 10" 5 gauss when R s r i 
as observed i n the Crab Nebula , c o n s e r v a t i o n of magnetic f l u x 
( i e . equation ( 4 . 1 7 ) ) g i v e s = 4.7 gauss. Therefore equation 
(4.16) gives E 1 m a x = 3.2 x 1 0 1 0 GeV. 

S u b s t i t u t i o n f o r E„ „ i n equation (4.22) gives 
1 max 

X = 1 - E 2 

1 0 2 1 

-2 
g cm 

(4.23) 

Equation (4.23) thus gives the matter t r a v e r s a l dependence 
on energy ( i n GeV) assuming t h a t a p a r t i c l e escapes from a SNR 
when i t s Larmor r a d i u s exceeds the s i z e of the remnant. I t can b 
seen immediately t h a t e quation (4.23) would p r e d i c t a n e g l i b l e 
dependence i n the range 1 t o 50 GeV i n c o n t r a s t t o the steep 
dependence observed. I n f a c t e quation (4.23) would only p r e d i c t 
a n o t i c e a b l e dependence a t energies o f a few times 10^° GeV. 

I t i s of i n t e r e s t t o see what dependence of escape time on 
energy i s r e q u i r e d t o e x p l a i n the observed X(E) dependence 
described by equation ( 4 . 1 0 ) . S u b s t i t u t i n g equation (4.10) i n 
equation (4.14) gives 

J L = _ L . - 2 - 5 x 1 0 (4.24) 
% Z 2 E0.22 
e p 

u s i n g the p r e v i o u s l y adopted supernova parameters. D e f i n i n g t 
by: equation (4.15) a graph of t versus energy was p l o t t e d and i 
shown i n f i g . ( 4 . 8 ) . This graph shows t h a t one can e x p l a i n the 
dependence by p o s t u l a t i n g t h a t a l l the cosmic rays are produced 

q 
about 2 years a f t e r the e x p l o s i o n but a l l of those above 5 x 10 
eV escape w i t h i n 2 years o f being produced w h i l e the p a r t i c l e s o 
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energy below about 10^ eV remain trapped f o r e f f e c t i v e l y i n f i n i t e 
t i mes. This appears t o r e q u i r e a v e r y energy s e n s i t i v e t r a p p i n g 
mechanism which seems somewhat u n l i k e l y . 

An a l t e r n a t i v e way of e x p l a i n i n g the observed dependence 
i s t o assume t h a t the cosmic rays are trapped i n the supernova 
remnant f o r very long times but t h a t the time a t which they 
begin t o t r a v e r s e the main s h e l l matter i s energy dependent. 
I n e f f e c t t h i s means l e t t i n g the escape tim e , t —** i n f i n i t y , 
and v a r y i n g the p r o d u c t i o n t i m e , t i n e q u a t i o n ( 4 . 2 4 ) . 
Therefore t = 6.3 x 10 7 E 0 , 1 1 seconds 

=• 2 E 0* 1 1 years, 
(4.25) 

Pig.(4.9) shows how t p would depend on energy t o s a t i s f y t h i s 
r e l a t i o n s h i p . 

A p o s s i b l e p h y s i c a l model which could q u a l i t a t i v e l y account 
f o r t h i s behaviour i s t o imagine t h a t the cosmic rays are 
a c c e l e r a t e d i n a c a v i t y e s s e n t i a l l y devoid of m a t t e r between the 
remnant s t a r l e f t a f t e r the supernova e x p l o s i o n and the e j e c t e d 
s h e l l . I f one assumes they have a c e r t a i n p r o b a b i l i t y of escape 
from the c a v i t y , but t h a t the l o n g e r they remain i n i t the higher 
the energy they a t t a i n , then since the remnant i s expanding w i t h 
time the h i g h e r energy p a r t i c l e s (having been i n the c a v i t y longe 
w i l l t r a v e r s e l e s s matter on g e t t i n g out. Note t h a t t on t h i s 
model i s the time of escape from the c a v i t y , since i t i s then 
t h a t the m a t t e r t r a v e r s a l begins. 

E ST 0.002 t j j &eV ( 4 e 2 6 ) 

where t i s i n years. 
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This equation i m p l i e s t h a t p a r t i c l e s escaping from the 
q 

c a v i t y 2 years a f t e r the e x p l o s i o n have energy of about 10 eV 
and t r a v e r s e about 5 g cm i n the s h e l l , whereas: those escaping 
about 12 years a f t e r the e x p l o s i o n have energy of about 1 0 ^ eV 
and t r a v e r s e about 2 g cm i n the s h e l l . This idea i s 
q u a l i t a t i v e l y s i m i l a r t o ideas on p u l s a r a c c e l e r a t i o n mechanisms 
but l i t t l e i s known about the e a r l y stages o f p u l s a r f o r m a t i o n . 
The youngest p u l s a r observed i s the one i n the Crab Nebula which 
i s about 920 years o l d . A l l c u r r e n t t h e o r i e s of p u l s a r a c c e l e r a t i o r 
mechanisms p r e d i c t t h a t the v e r y h i g h energy p a r t i c l e s are 
produced i n the e a r l y stages of p u l s a r e v o l u t i o n , when i t i s 
s p i n n i n g r a p i d l y , and p a r t i c l e s o f lower and lov/er energy are 
produced as the p u l s a r slows down. This means t h a t the lower 
energy p a r t i c l e s ought t o t r a v e r s e l e s s matter than the h i g h e r 
energy p a r t i c l e s , since they are produced a t l a t e r t imes, v/hich 
i s c o n t r a r y t o o.bservation. Since p u l s a r s are observed t o be 
slowing" down., then i f the c u r r e n t t h e o r i e s of p a r t i c l e a c c e l e r a t i o n 
are c o r r e c t observations would r e q u i r e t h e r e t o be a speeding 
up phase of p u l s a r e v o l u t i o n l a s t i n g a few years i n the very 
e a r l y stages of the supernova remnant. This o n l y f o l l o w s of course 
i f one t r i e s t o e x p l a i n the energy dependence of the matter 
t r a v e r s a l by processes i n the supernova remnant i t s e l f r a t h e r 
than by energy dependent escape from the Galaxy. 

I n c o n c l u s i o n t h e r e f o r e i t can be seen t h a t i f one does 
attempt t o e x p l a i n the observed energy dependence of the cosmic 
r a y m a t t e r t r a v e r s a l by mechanisms w i t h i n a supernova remnant, 
then an e x p l a n a t i o n e f f e c t i v e l y v a r y i n g the p r o d u c t i o n time of 
the cosmic rays i n the remnant, r a t h e r than the escape time from 
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the remnant, would o f f e r the "best hope:, of success. Theories 

and d i s c u s s i o n of p u l s a r a c c e l e r a t i o n can be found i n papers 

such as K u l s r u d , O s t r i k e r and 6unn(l972) or P a c i n i ( 1 9 7 5 ) . 

One of the e a r l i e s t d e t a i l e d t h e o r i e s of p u l s a r s can he found 

i n Gunn(19691 



CHAPTER 5 DIRECT EVIDENCE OF COSMIC 
RAY NUCLEI IN SUPERNOVA 
REMNANTS FROM GAMMA 
RAY DATA 

5.1. General remarks on gamma r a y r e s u l t s 
As s t a t e d e a r l i e r i n t h i s t h e s i s s y n c h r o t r o n 

r a d i a t i o n from SNRs only gives d i r e c t i n f o r m a t i o n on the presence 
of r e l a t i v i s t i c e l e c t r o n s i n the remnants, the r a d i a t i o n from 
r e l a t i v i s t i c i ons being n e g l i g i b l e i n comparison. However one 
would expect t h a t c o l l i s i o n s between cosmic ray protons and gas 
i n a SNR would r e s u l t i n .the. p r o d u c t i o n of gamma rays from the 
decay of n e u t r a l pions produced i n the c o l l i s i o n s . The p o s s i b i l i t 
of d e t e c t i n g these gamma rays has become more of a r e a l i t y i n 
recent years due t o s a t e l l i t e born experiments such as SAS - 2, 
and such experiments' appear t o be the means whereby one can 
observe cosmic ray n u c l e i i n t h e i r sources d i r e c t l y . 

A p l o t of gamma ray i n t e n s i t y versus G a l a c t i c l o n g i t u d e 
obtained from the SAS - 2 experiment i s shown i n f i g . ( 5 . 1 ) . 
This graph i s taken from a f i g u r e i n F i c h t e l e t a l . ( l 9 7 5 ) , the 
f i g u r e having been redrawn on semi-log paper. The graph shows 
d i s t i n c t peaks a t the p o s i t i o n s of the Crab Nebula , Vela X and 
the Cygnus Filaments, a l l w e l l known SNRs. Hence the r e s u l t s 
seem t o show enhancement of gamma rays a t the p o s i t i o n s of some 
known SNRs. However th e r e i s no n o t i c e a b l e peak a t the p o s i t i o n 
of Cassiopeia A, the youngest and most p o w e r f u l r a d i o e m i t t e r 
of the SNRs known t o e x i s t i n the Galaxy. The l a r g e peak a t the 
G a l a c t i c centre may be due t o SNRs which we do not observe 
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because of s e l e c t i o n e f f e c t s as discussed i n chapter 3. 
The G a l a c t i c d i s t r i b u t i o n of gamma rays may be due predominantly 
t o c o n t r i b u t i o n s from' SNRs or i t may be due. mainly t o cosmic ray-
i n t e r a c t i o n s i n the i n t e r s t e l l a r medium, w i t h a few peaks 
superimposed on the d i s t r i b u t i o n by SNRs. I t i s not y e t c l e a r 
j u s t how s i g n i f i c a n t "the supernova c o n t r i b u t i o n i s . 

5.2. Models of gamma ray 
p r o d u c t i o n i n supernova remnants . 

According t o De F r e i t a s Pacheco(l973) i t i s ver y 
d i f f i c u l t t o e x p l a i n the gamma - r a y G a l a c t i c background f l u x 
by the p i o n decay mechanism i n SNRs, unless v/e d r a s t i c a l l y change 
our c u r r e n t ideas on the e n e r g e t i c s of supernovae. I n order t o 
compute the gamma ray f l u x from a remnant one must know the 
v a r i a t i o n : o f the r e l a t i v i s t i c p a r t i c l e energy w i t h the s h e l l 
r a d i u s . Pacheco b e l i e v e s t h a t the SNR model proposed by O s t r i k e r 
and Gunn (1971) provides the most fa v o u r a b l e s i t u a t i o n f o r gamma 
ray p r o d u c t i o n by n e u t r a l p i o n decay. This model assumes t h a t the 
en e r g e t i c output of a p u l s a r i s the main f a c t o r c o n t r o l l i n g the 
e a r l y stages of a supernova and the e v o l u t i o n o f the remnant. 
Taking i n t o account the r e l a t i v i s t i c p a r t i c l e pressure and the 
ram pressure of the i n t e r s t e l l a r medium ( which d e c e l e r a t e s the 
remnant), Pacheco obtains the equation o f motion of the s h e l l 
and i s able t o c a l c u l a t e n u m e r i c a l l y the t o t a l r e l a t i v i s t i c 
p a r t i c l e energy as a f u n c t i o n of r a d i u s u s i n g t y p i c a l SNR 
parameters. 

Assuming the gamma rays r e s u l t from 7T° decays produced 
i n p r o t o n - pr o t o n c o l l i s i o n s , he c a l c u l a t e s the t o t a l gamma 
ray l u m i n o s i t y f o r a t y p i c a l SNR as a function', of s h e l l r a d i u s . 
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He then uses t h i s r e s u l t t o o b t a i n the e q u i v a l e n t l i n e source 
s t r e n g t h i n the G a l a c t i c plane caused hy a l l the remnants, 
assuming one supernova event every 70 years and also assuming 
t h a t p a r t i c l e s are trapped i n the remnant u n t i l i t a t t a i n s a 
r a d i u s of 35 parsecs. 

The r e s u l t obtained f o r the gamma ray l i n e source s t r e n g t h 
i n the G a l a c t i c plane i s about 100 times smaller than the value 
r e p o r t e d by Clar k e t a l . ( l 9 6 8 ) . According t o Browning e t a l . ( l 9 7 2 ) 
t h r e e gamma ray sources may be i n d e n t i f i e d v/ith SNRs. These sources 
are the Cygnus Loop, Cassiopeia A and Tycho's remnant. Pacheco 
compares the computed gamma ray l u m i n o s i t y from the measured f l u x 
d e n s i t y g i v e n i n Browning e t a l . ( l 9 7 2 ) w i t h the t h e o r e t i c a l 
gamma ray l u m i n o s i t y f o r a SNR of the a p p r o p r i a t e r a d i u s on h i s 
model, f o r each of the t h r e e remnants. The t h e o r e t i c a l l u m i n o s i t i e s 
based on the simple model are one t o three orders of magnitude 
smaller than the computed l u m i n o s i t i e s . He claims t h a t since h i s 
model maximises the gamma ray p r o d u c t i o n by p i o n decay and i s s t i l l 
not able t o reproduce the observed l u m i n o s i t i e s then the gamma 
ray emission mechanism i s not t h a t o f pi o n decay. On h i s model to 
o b t a i n agreement w i t h these observations one has t o suppose t h a t 

54-
the t o t a l energy released by the p u l s a r i s about 10 e r g , which 

51 
i s a r a t h e r h i g h value ( model assumed 6.6 x 10 erg ) . I f one 
assumes t h i s h i g h value then t h e r e i s no longer agreement between 
the observed parameters of the remnants such as radius,expansion 
v e l o c i t y and age. 

The r e s u l t s f o r the SAS - 2 s a t e l l i t e ( F i c h t e l e t a l . 
1975) however s t r o n g l y c o n t r a d i c t the b a l l o o n f l i g h t measurements 
of Browning et a l . They are able t o give upper l i m i t s o n l y t o the 
K ray f l u x ( > 100 MeV ) but these are much lower than the 
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p o s i t i v e values claimed by Browning e t a l . The SAS-2 upper l i m i t s 
( a t the 95% confidence l e v e l ) are given i n the f o l l o w i n g t a b l e 
t o g e t h e r w i t h the p r e d i c t i o n s of Pacheco. 

TABLE 5.1. 
OBJECT UPPER LIMIT 

TO MEASURED 
^ — RAY FLUX 

( > 100 MeV) 
FROM SAS-2 

COMPUTED THEORETICAL 

LUMINOSITY LUMINOSITY 

(photons s" ) (photons s ~ 1 ) 

ACCORDING 
TO PACHECO(19730 

—2 —1 (photons cm"* s*" ) 

CYGNUS LOOP 

CASSIOPEIA A 

1.4 x 10 -6 9.2 x 10 37 

1.1 x 10" 6 9.8 x 1 0 5 8 

1.6 x 10 37 

1.0 x 10 39 

TYCHO 1.1 x 10 -6 4.3 x 10 39 5.0 x 10 37 

I t can be seen from t a b l e 5.1 t h a t the p r e d i c t e d l u m i n o s i t i e s 
f a l l below the o b s e r v a t i o n a l upper l i m i t s although f o r Cassiopeia 
A the computed and t h e o r e t i c a l l u m i n o s i t i e s are very close indeed. 
The SAS-2 r e s u l t s give a p o s i t i v e f l u x f o r the Vela SNR ( > 1 0 0 MeV) 
of (5.0 + 1.2) x 10" photons cm" s*~ . Assuming a d i s t a n c e of 
460 pc. f o r the remnant, t h i s g i ves a computed l u m i n o s i t y of 

38 —1 
1.27 x 10 photons s . The p r e d i c t e d l u m i n o s i t y f o r the Vela 

37 -1 
SNR of r a d i u s 15 pc i s 2 x 10 photons s usi n g the l u m i n o s i t y -
r a d i u s graph g i v e n by Pacheco. 

Apart from t h i s f a c t o r of s i x excess of observed f l u x over 
the p r e d i c t i o n f o r Vela the Pacheco model i s c o n s i s t e n t w i t h 
observations and i t i s not necessary t o invoke a V - ray 
emission mechanism i n a d d i t i o n t o pi o n decay. Using the Pacheco 
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p r e d i c t i o n s and the d i s t r i b u t i o n of SNRs i n the Galaxy d e r i v e d 
i n chapter 3, the G a l a c t i c d i s t r i b u t i o n of V - rays from SNRs 
i s c a l c u l a t e d i n s e c t i o n 5.3. 

The i m p l i c a t i o n s of the measured f l u x from the Vela SNR 
have been considered i n some d e t a i l by Higdon (1975). He claims 
t h a t the observed gamma ray excess from Vela (from the SAS-2 
r e s u l t s ) provides the most d i r e c t evidence so f a r t h a t supernovae 
do i n f a c t produce s u f f i c i e n t energy i n r e l a t i v i s t i c protons 
and heavier n u c l e i t o be the p r i n c i p a l source of cosmic r a y s . 
The gamma ray emission from the r e g i o n around the Vela SNR has 
an i n t e n s i t y which i s a f a c t o r of tv/o g r e a t e r than the surrounding 
background i n t e n s i t y and i s seven standard d e v i a t i o n s above 
t h a t background. Timing analyses o f the emission show t h a t the 
Vela p u l s a r PSR 0833 c o n t r i b u t e s l e s s than 15% of the gamma ray 

i i i r 

excess. The V* - rays could r e s u l t from a cloud o f cosmic rays 
surrounding the Vela supernova, as suggested by Pinkau (1970). 
The f l u x of gamma rays from the decay of pions produced by cosmic 
ray i n t e r a c t i o n s w i t h the i n t e r s t e l l a r gas can be w r i t t e n 

F = W S N <1 -
— T — (5.1) 

A TT a 

where d i s the distance of the cosmic ray cloud from the e a r t h , 
".hjj i s the average hydrogen d e n s i t y seen by the cosmic r a y s , V,'SN 

i s the t o t a l energy of protons and heavier n u c l e i i n the cosmic 
ray cloud produced by the supernova, and "q i s the y i e l d of p i o n 
decay gamma rays per second per erg of cosmic ray protons and 
heavier n u c l e i . 
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Using h i s own estimates and others Higdon takes as a mean 
gamma r a y y i e l d f o r the Vela r e g i o n a value of 

q = 1.4 x 10"" 1 3 Y ( > 100 MeV) e r g " 1 s""1 

The observed f l u x then r e q u i r e s t h a t the product of i n t e r s t e l l a r 
gas d e n s i t y and the t o t a l cosmic r a y energy released by the 
supernova be 

n H WSN = 0 , 9 x 1 ° 5 1 e r g c m ~ 5 * 
Adopting a value of n R = 0.6 cm i n the Vela r e g i o n f o r which 
t h e r e i s some o b s e r v a t i o n a l evidence, the t o t a l energy i n cosmic 
r a y protons and heav i e r n u c l e i of energy g r e a t e r than 500 MeV/ 

K 1 
nucleon produced by the Vela supernova i s Wnvr = 1.5 x 10 er g . 
Higdon takes i n t o account the gamma ray y i e l d from e l e c t r o n 
bremsstrahlung and concludes t h a t i t s maximum c o n t r i b u t i o n t o 
the gamma ray excess i s about 20%. 

51 
A t o t a l energy release i n the Vela supernova of about 10 

erg i n cosmic r a y protons i s an order of magnitude l a r g e r than 
t h a t r e q u i r e d from each supernova i f a l l G a l a c t i c supernovae 
are cosmic r a y sources ( see chapter 1 ) . The observed gamma r a y 
excess from Vela, w i t h an energy release of on l y 3 x 10 t o 

50 
10 erg, would r e q u i r e an anomalously h i g h mean gas d e n s i t y seen 
by the cosmic rays around Vela, o f 9 t o 30 cm . 

51 
The apparent release of about 10 erg o f cosmic rays from 

the Vela supernova t h e r e f o r e suggests t o Kigdon two possible, 
i n t e r p r e t a t i o n s . One i s t h a t only a small f r a c t i o n of a l l 
supernovae produce the b u l k o f the cosmic r a y s . Such sources must 
have a frequency i n the Galaxy of one every 500 t o 1500 years, 
thus making up only 3 t o 10 percent of a l l G a l a c t i c supernovae. 
The a l t e r n a t i v e p o s s i b i l i t y i s t h a t the bu l k of the matter 
t r a v e r s e d by the cosmic rays i s i n t h e i r sources. The mean amount 
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of matter X, and the a n i s o t r o p y can "be r e l a t e d as f o l l o w s 
( L i n g e n f e l t e r , 1973). 

h ^ (5.2) 

where h and ^ 9 are the scale h e i g h t and d e n s i t y of the gas i n the 
G a l a c t i c d i s c . 

13 
For cosmic rays of energy g r e a t e r than 10 ' eV the lowest 

l i m i t on the a n i s o t r o p y i s £ ^ 1.3 x 10"^ (Gombosi e t al.,197=5) 
This l i m i t on the a n i s o t r o p y r e q u i r e s t h a t 0.5 g cm or o n l y 
10% of the t o t a l amount of m a t t e r be t r a v e r s e d i n the i n t e r s t e l l a r 
medium. This l i m i t on X means t h a t the cosmic ray source power 
may be as much as 2 x 1 0 ^ t o 6 x 1 0 ^ erg s"~̂  (as opposed t o 
2 x 10^° t o 6 x 10̂ "° erg s~ 1, assuming a l l matter t r a v e r s a l i s 
i n the i n t e r s t e l l a r medium). To m a i n t a i n t h i s cosmic ray source 

51 
power, supernovae which produce about 10' erg should occur once 
every 50 t o 150 years i n the Galaxy. This i s r o u g h l y c o n s i s t e n t 
w i t h the estimated r a t e o f a l l supernovae i n the Galaxy. I t I s 
i n t e r e s t i n g t h a t Higdon's l a t t e r i n t e r p r e t a t i o n t i e s i n w i t h 
some of the ideas, about the b u l k of the m a t t e r being t r a v e r s e d 
by cosmic rays i n the sources, described i n chapter 4. 

A p o i n t which Higdon overlooks i n h i s c a l c u l a t i o n of the 
t o t a l energy released by the Vela supernova i s t h a t i f the cosmic 
rays are trapped i n the SNR f o r considerable periods before being 
released then they would undergo a d i a b a t i c energy losses as the 
SNR expands. The t o t a l p a r t i c l e energy v a r i e s as the i n v e r s e of 
the r a d i u s o f the SIJR. Assuming t h a t the pre-supernova o b j e c t has 

13 
a r a d i u s of about 10 cm, and t h a t the supernova releases i t s 
cosmic rays i n t o the i n t e r s t e l l a r medium when i t s r a d i u s i s 30 pc, 
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then i f the cosmic ray energy a t a p a r t i c u l a r r a d i u s i s known, 
simple p r o p o r t i o n a l i t y arguments give the energy o f the cosmic 
rays a t any oth e r r a d i u s . Higdon estimates the cosmic r a y energy 

51 
i n Vela a t the present r a d i u s of 15 pc t o be 1.5 x 10 e r g . 
I f the cosmic rays are contained i n the SNR u n t i l i t reaches a 
r a d i u s of 30 pc then .the energy o f the cosmic rays on rele a s e 

50 
i s 7.5 x 10 e r g . This i s s t i l l somewhat l a r g e r than the r e q u i r e d 
energy release per supernova i f a l l supernovae are t o be cosmic 
ray sources. However i t could be reduced t o some e x t e n t by making 

i i it 

the cosmic ray release r a d i u s somewhat l a r g e r . For example 
Pacheco (1973) estimates the maximum r a d i u s o f a supernova, i e . 

I I i t 

the cosmic ray release r a d i u s by assuming a value f o r the 
energy output per supernova which would give the observed cosmic 
ray energy d e n s i t y , assuming a supernova frequency o f 1 every 
70 years. He gets the maximum r a d i u s t o be 35 pc. However t o 

50 
reduce the cosmic ray energy of the Vela supernova t o about 10 

it I I 

erg, the release r a d i u s would have t o be about 200 pc, which 
i s r a t h e r u n l i k e l y . Therefore Higdon.'s general conclusions are 
not r e a l l y a l t e r e d by n e g l e c t i n g the a d i a b a t i c expansion of the 
remnant. 
5.3 G a l a c t i c d i s t r i b u t i o n o f gamma 

rays from SNRs assuming Pac'neco?s 
model o f gamma ray p r o d u c t i o n . 

A c a l c u l a t i o n was made of the G a l a c t i c d i s t r i b u t i o n of 
gamma rays produced i n supernova remnants i n the manner envisaged 
by Pacheco (1973). This could then be compared w i t h the gamma 
ray d i s t r i b u t i o n obtained from SAS-2 and shown i n f i g . ( 5 . 1 ) . 
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I n order t o do t h i s i t was necessary t o know the dis t a n c e and 
ra d i u s of each of the observed SKRs i n our Galaxy, and also how 
the r e a l surface d e n s i t y o f SNRs depended on d i s t a n c e , i n order 
t o take account of SNRs which cannot be seen because of s e l e c t i o n 
e f f e c t s . 

I t was decided t o adopt the new surface b r i g h t n e s s — 
diameter r e l a t i o n d e f i n e d by equation (3.13), and t o r e c a l c u l a t e 
the d i s t ances and diameters of a l l the G a l a c t i c SNRs i n the 
catalogue of I l o v a i s k y and Lequeux (1972). F i g . (3.10) gives 
the r e a l surface d e n s i t y o f SNRs of diameter l e s s than 50 pc, 
as a f u n c t i o n of distance from the G a l a c t i c c e n t r e , according 
t o the t h e o r y developed i n s e c t i o n 3.7. According t o equation 
(3.16) one should see a l l SNRs o f diameter l e s s than 50 pc,. 
w i t h i n 10 Kpc of the e a r t h . Hence w i t h i n the 10 Kpc c i r c l e the 
gamma r a y f l u x from each observed SNR of diameter l e s s than 
50 pc was worked out using Pacheco's theory, and the c o n t r i b u t i o n 
t o the gamma r a y f l u x from SNRs out s i d e the c i r c l e was estimated 
u s i n g the surface d e n s i t y graph shown i n f i g . ( 3 . 1 0 ) . I n doing 
t h i s one was e s s e n t i a l l y assuming t h a t SNRs of diameters g r e a t e r 
than 50 pc. do not produce any gamma ra y s . This i s probably not 
q u i t e true: but one has t o impose a gamma ray c u t - o f f a t some 
a r b i t r a r y diameter i n order t o do the a n a l y s i s . There i s some 
a r b i t r a r i n e s s as t o when one considers a SNR t o have merged i n t o 
the i n t e r s t e l l a r medium. C l e a r l y when the cosmic rays have 
escaped from the SNR they w i l l continue t o produce gamma rays 
due t o c o l l i s i o n s i n the i n t e r s t e l l a r medium, so e v e n t u a l l y 
the gamma ray c o n t r i b u t i o n from s u f f i c i e n t l y l a r g e SNRs w i l l be 
of the same order of magnitude as t h a t from the i n t e r s t e l l a r 
medium. Pacheco assumes a cut - o f f diameter of 70 pc based 
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siraply on the observed cosmic ray energy d e n s i t y a t the e a r t h 
and on an assumed frequency of SNRs of 1 every 70 years. 
The c u t - o f f diameter o f 50 pc adopted here i s based simply on 
the change i n slope of the l u m i n o s i t y f u n c t i o n s i n f i g s (3.7 a) 
and (3.7 b) as described i n chapter 3. I t should be noted t h a t the 
w e l l known Cygnus SNR i s not i n c l u d e d , having a r e c a l i b r a t e d 

diameter o f 84.1 pc. I f i t were i n c l u d e d i t would c o n t r i b u t e a 
—7 —2 —1 —1 l i n e f l u x o f 3.25 x 10 photons cm rad s . 

Using Pacheco's graph r e l a t i n g gamma ray l u m i n o s i t y 
(photons s~" ) t o SNR r a d i u s the f l u x a t the e a r t h from observed 
SNRs w i t h i n 10 Kpc of the e a r t h could be worked out simply by 

2 
d i v i d i n g the l u m i n o s i t y by 4-TTd (where d = distance from the 
e a r t h of the SNR). A l l the observed SNRs w i t h i n 10 Kpc of the 
e a r t h were then grouped i n t o 5 degree G a l a c t i c l o n g i t u d e i n t e r v a l s 
t o correspond t o the way i n which the SAS-2 data are presented. 
The f l u x e s from the SNRs i n each i n t e r v a l were then added t o g e t h e r 
t o give a t o t a l f o r t h a t i n t e r v a l . D i v i d i n g t h i s t o t a l by 5 degrees 
expressed i n radians gave a' total.gamma r a y l i n e -flux-from t h e 

observed SNRs f o r t h a t l o n g i t u d e i n t e r v a l i n u n i t s of photons 
—? —1 

cm~ r a d " 'These are the same u n i t s as i n . f i g . ( 5 . 1 ) . 
I t was then necessary t o take account of the c o n t r i b u t i o n 

t o the gamma ray f l u x from a l l the SNRs i n the Galaxy o u t s i d e of 
the 10 Kpc c i r c l e . This was done i n the f o l l o w i n g v/ay. Consider 
a surface element of the Galaxy of dist a n c e d from the e a r t h 
and a t an angle 8 from the G a l a c t i c centre as shown i n f i g . ( 5 . 2 ) . 
The element has dimensions dd and dd© and a surface d e n s i t y 
/ 3 ( 6 , d ) . I f F ( r ) i s the f r a c t i o n of SNRs having r a d i i between 
r and r + d r , then f o l l o w i n g the same reasoning as i n s e c t i o n 3.3 
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i t f o l l o w s from the Sedov equation t h a t 

F ( r ) = r 3 / 2 

r "max r3/2 d r 

(5.3) 

Since Dmax = 5 0 p c , W e m u s t U S e rmax = 2 5 p c i n e Q u a t i o n 

(5.3) 
The number of SNRs w i t h r a d i i between r and r+dr a t 

dis t a n c e d from the e a r t h i s equal t o d x dG x dd x y ^ ( e , d ) x F ( r ) 
The t o t a l number of gamma ray photons per second e m i t t e d from 
a suface element of the Galaxy a t distance d from the e a r t h i s 
t h e r e f o r e equal t o 

d x d0 x dd x ̂ ( 0 ^ ) J 2 5
 F ( r ) L y ( r ) dr 

where L y ( r ) i s the gamma ray l u m i n o s i t y f o r a SNR of r a d i u s 
r a c c o r d i n g t o Pacheco. 

I t t h e r e f o r e f o l l o w s t h a t a t G a l a c t i c l o n g i t u d e © the t o t a l 
gamma ray l i n e f l u x from SNRs more than 10 Kpc from the e a r t h 
i s g i v e n by 

Q * ( > 1 0 ) = f 2 5 F ( r ) L y ( r ) dr f y ( 6 ) /3 (Q.d) dd 
Jo J i O . 4 TT d 

(5.4) 
where y ( 6 ) i s the di s t a n c e from the e a r t h t o the edge o f the 
Galaxy i n Kpc. a t G a l a c t i c l o n g i t u d e 0, Note t h a t the u n i t s of 

—2 —1 —1 equation (5.4) are photons Kpc" r a d " s~" . 
Equation (5.4) was evaluated n u m e r i c a l l y as a f u n c t i o n of 

0. The i n t e g r a t i o n l i m i t y ( 0 ) was obtained f o r a p a r t i c u l a r 9 
from' a scale drawing of the Galaxy, assuming a r a d i u s o f 15 Kpc 
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and a distance from the E a r t h t o the G a l a c t i c centre o f 10 Kpc. 
For a given 0 and d the surface d e n s i t y /D(G fd) was read o f f 

from f i g . ( 3 . 1 0 ) using the r e l a t i o n 
R = (100 + d 2 - 20d cos 0 ) 1 ^ 2 which can be seen from 

f i g . ( 5 . 2 ) . 
For each 5 degree l o n g i t u d e i n t e r v a l i t was thus p o s s i b l e 

t o add the gamma ray f l u x from the observed SNRs i n the. 10 Kpc 
c i r c l e t o the gamma ray f l u x from the oth e r i n f e r r e d SNRs out s i d e 
the c i r c l e and produce a t o t a l gamma r a y l i n e f l u x i n photons 
—2 —1 —1 

cm rad s f o r t h a t l o n g i t u d e i n t e r v a l . 
The r e s u l t i n g d i s t r i b u t i o n of gamma rays i n the Galaxy i s shown 
i n f i g . ( 5 . 3 ) . The d o t t e d l i n e i s the c o n t r i b u t i o n from SNRs 
f u r t h e r than 10 Kpc from the e a r t h . As i s obvious from f i g . (5.2) 
these l a t t e r SNRs make no c o n t r i b u t i o n t o the f l u x between 
approximately 90 and 270 degrees ( s i n c e y ( 8 ) i s l e s s than 10 Kpc 
a t these longitudes)'. 

A comparison of f i g (5.1) and f i g . ( 5 . 3 ) immediately shows 
t h a t SNRs cannot be the main c o n t r i b u t o r s t o the gamma - ray f l u x 
i f the Pacheco model o f p r o d u c t i o n i s c o r r e c t . The c o n t r i b u t i o n 
t o the f l u x from the G a l a c t i c centre i s two orders o f magnitude 
lower than the r e s u l t s obtained from SAS-2. 
According t o f i g (5.3) however Cassiopeia A should have been 
detected by SAS-2 g i v i n g a l i n e f l u x of 3.43 x 10 ' photons 

—2 —1 —1 
cm rad s . No peak appears a t t h i s p o s i t i o n however i n 
f i g . ( 5 . 1 ) . The peaks a t the p o s i t i o n s of the Crab and Vela SNRs 
are about an order of magnitude lower i n f i g . ( 5 . 3 ) than i n i 
f i g . ( 5 . l ) . . 

I t should be remembered however t h a t a l l the di s t a n c e s and 

r a d i i used i n the c a l c u l a t i o n s were based on the new surface 
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5.3. DISTRIBUTION OP HIGH ENERGY ( > 100 KeV) GAI'̂ -IA 
RAYS ALONG TH3 GALACTIC PLANE, ASSUMING THEY 
ARE PRODUCED IN SNRs ACCORDING TO TEE PACHECO 
(1973) IiODEL AND ASSUKING THE SURFACE DENSITY 
OP SNRs IN THE GALAXY IS AS SHOWN IN FIG. 3 .10. 

(FOR Sims OF DIALiETZSRS < 50 pc ONLY). 
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b r i g h t n e s s — diameter r e l a t i o n . I f one uses the distances and 
r a d i i quoted i n I L 72 f o r the Crab, Vela, Cassiopeia A and Cygnus 

-2 -1 
SNRs then one gets gamma ray l i n e f l u x e s i n photons cm rad 
s r 1 b f r e s p e c t i v e l y 7.6: x 10"? 7.6 x 10**6, 7.7 x 10~ 6 and 
1 .5 x 10"" . I n t h i s case Cassiopeia A v/ould not be v i s i b l e i n 
the SAS-2 r e s u l t s , nor would Vela but the Crab would show up 
s i g n i f i c a n t l y . 

I n c o n c l u s i o n i t can be seen th a t , the peaks i n the SAS-2 
r e s u l t s a t the p o s i t i o n s o f the Crab and Vela SNRs may w e l l be 
d i r e c t l y a t t r i b u t a b l e t o those SNRs. The gamma ray l u m i n o s i t y 
i s d i r e c t l y p r o p o r t i o n a l t o the l o c a l gas d e n s i t y i n which the 
supernova occurs, and t h i s can vary w i d e l y from one supernova 
p o s i t i o n t o another. For example the gas d e n s i t y can be as l i t t l e 
as 0.1 cm i n i n t e r c l o u d r e g i o n s and 10 cm i n gas clouds 
themselves, i e . a v a r i a t i o n of 100. 

This t o g e t h e r w i t h u n c e r t a i n t i e s i n the distances and 
diameters of SNRs and i n Pacheco's theory i t s e l f could account 
f o r the p r e d i c t e d f l u x from the Vela SNR being an order of 
magnitude lower than what i s observed, f o r example„ For these 
reasons i t i s also q u i t e conceivable t h a t Cassiopeia A would 
not show up as a gamma ray peak i n the SAS-2 r e s u l t s . 
However though c e r t a i n prominent peaks i n the G a l a c t i c gamma ray 
d i s t r i b u t i o n may be d i r e c t l y a t t r i b u t a b l e t o SNRs i t would seem 
t h a t the general background l e v e l o f gamma r a d i a t i o n , p a r t i c u l a r l 
the l a r g e f l u x from the G a l a c t i c c e n t r e , cannot be explained by 
it- » 
unseen .SNRs alone.. 



CHAPTER 6 GENERAL CONCLUSIONS AND DISCUSSION 

The purpose of t h i s chapter i s t o summarise the 
r e s u l t s and conclusions a r r i v e d a t i n the v a r i o u s chapters 
of t h i s t h e s i s and t o t r y and f i t them t o g e t h e r t o see what 
l i g h t they throw on the p r o d u c t i o n o f cosmic rays i n supernova 
remnants. 

The method used t o d e r i v e the dependance of the surface 
d e n s i t y of SNRs on dist a n c e from the G a l a c t i c centre ( c h a p t e r 3) 
d i d not produce a r e s u l t r a d i c a l l y d i f f e r e n t from t h a t of 
e a r l i e r workers such as I l o v a i s k y and Lequeux (1972), once 
the s t a t i s t i c a l e r r o r s were taken i n t o account. However 
r e c a l i b r a t i o n o f the observed SNR dist a n c e s d i d reduce the 
a c t u a l surface d e n s i t y values by as much as a f a c t o r of two 
i n some d i s t a n c e i n t e r v a l s as can be seen by comparing 
f i g . (3.10) w i t h f i g . (3.6) or f i g . ( 3 . 1 ) . The sharp peak 
i n the surface d e n s i t y curve f o r s p i r a l g a l a x i e s d e r i v e d by 
Johnson and Macleod (1963) (shown i n f i g . ( 3 . 1 1 ) ) , between 
3 and 6 kpc. from the g a l a c t i c c e n t r e , i s not q u i t e so 
prominent i n the curve f o r our galaxy. Fig.(3.10) does show 
a peak a t about t h i s p o s i t i o n and the shape of the curve i s 
very s i m i l a r , though the magnitudes are down by a f a c t o r of 
+ i . r # % 4/ ¥¥ \J . 

The supernova frequency d e r i v e d from the surface d e n s i t y 
graphs v/as 1 every 130 years u s i n g the surface b r i g h t n e s s -
diameter r e l a t i o n i n IL72 and 1 every 490 years u s i n g the 
corresponding r e l a t i o n i n Mathewson and Clarke (1973). Both 
these f r e q u e n c i e s are u n c e r t a i n by a t l e a s t a f a c t o r of 3. 
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The commonly quoted frequency of supernova explosions i s 1 
every 30 years. I f the frequency of 1 every 490 years i s 
c o r r e c t , then supernovae could not m a i n t a i n the cosmic ray 
energy d e n s i t y unless t h e i r energy output i n cosmic rays i s 
higher than i s thought by a t l e a s t a f a c t o r of 10 (chapter 1 ) . 
However i f the energy output i n cosmic rays of the Vela SNR, 

51 
suggested by i t s gamma ray emission t o be about 10 ergs, i s 
t y p i c a l o f SNRs i n gen e r a l , then supernovae could s t i l l 
m a i n t a i n the observed energy d e n s i t y of cosmic rays even w i t h 
a frequency as low as 1 every 500 years. 

The a n a l y t i c a l a d d i t i o n of the SNR e l e c t r o n energy spectra 
shown i n f i g . ( 4 . 6 ) gave a slope o f 2.1, between energies of 

8 10 

4 *10 and 10 eV., which was the energy range over which 
the r a d i o emission d i r e c t l y gave i n f o r m a t i o n on the SNR 
e l e c t r o n s p e c t r a . This a d d i t i o n was done because a t f i r s t 
s i g h t , i t seemed t o o f f e r a p o s s i b l e way- of d e c i d i n g whether 
energy dependent confinement time of cosmic rays operated 
i n the Galaxy,which would lead t o energy dependent mat t e r 
t r a v e r s a l , as i s observed. 

Since there appears t o be no c o r r e l a t i o n between 
supernova remnant s p e c t r a l i n d i c e s and remnant ages, then i t 
seems reasonable t o assume t h a t the slope of the energy 
spectrum o f e l e c t r o n s i n a remnant remains the same u n t i l 
a l l the p a r t i c l e s are released i n t o the Galaxy. By adding up 
the energy spectra of a l l the G a l a c t i c SNRs, then t h i s gives 
a mean value f o r the s p e c t r a l slope of e l e c t r o n s being 
i n j e c t e d i n t o the Galaxy. I f t h i s were shown t o be s i g n i f i c a n t l y 
f l a t t e r than the observed slope then i t would imply an energy 
dependent confinement time f o r cosmic ray e l e c t r o n s i n the 
Galaxy. This would then lend some support f o r an energy 
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dependent confinement time f o r cosmic ray n u c l e i i n the Galaxy, 
which would he r e f l e c t e d i n an observed dependence of matter 
t r a v e r s a l on energy. However the energy range over which the 
a n a l y t i c a d d i t i o n had t o be done was one i n which the slope 
of the observed e l e c t r o n spectrum i s very u n c e r t a i n . I t could 

q i n 

be a n y t h i n g from 2.1 t o 2.4, between 2X10 and 10 eV. Hence 
a l l t h a t one can say i s t h a t the a n a l y t i c a d d i t i o n i s not 
i n c o n s i s t e n t w i t h an energy dependent confinement time of 
cosmic rays i n the Galaxy. Since i t i s c e r t a i n t h a t the cosmic 
ray e l e c t r o n s are of G a l a c t i c o r i g i n , then improved 
measurements of the e l e c t r o n spectrum i n t h i s energy range 
could throw some l i g h t on t h i s problem, i f i t i s accepted 
t h a t they o r i g i n a t e i n SNRs. 

By c o n s i d e r i n g t y p i c a l parameters of supernova remnants 
such as expansion v e l o c i t y and mass of s h e l l , i t was shown t h a t 
i f cosmic rays are produced behind the e j e c t e d s h e l l m a t t e r , 
then they must be produced a t l e a s t 2 years a f t e r the e x p l o s i o n 
( f o r an e j e c t e d mass of1 W 0), i f they are t o t r a v e r s e no more 
than 5 g cm of matter, as suggested by the r a t i o of L to M 
groups of n u c l e i i n cosmic r a y s . I t should be noted however 
t h a t on the Colgate shock wave p r o d u c t i o n model of cosmic 
rays i n supernovae the cosmic rays would be formed a t the 
outer edge of the exploding s t a r and would precede the b u l k 
of the s h e l l m a t t e r . One would then expect the matter t r a v e r s a l 
t o occur predominantly i n the i n t e r s t e l l a r medium. L a t e r 
developments of Colgate's f i r s t paper on t h i s t o p i c (1960) 
are described i n Colgate (1975). The c o n s i d e r a t i o n s about 
matter t r a v e r s a l apply only t o models i n which the cosmic 
rays are a c c e l e r a t e d i n the e j e c t e d s h e l l m a t t er, such as 
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pu l s a r 1 a c c e l e r a t i o n models or s t a t i s t i c a l a c c e l e r a t i o n models. 
The c o n s i d e r a t i o n s apply of course only t o complex n u c l e i , 
one o b v i o u s l y cannot t e l l how much matter a cosmic ray p r o t o n 
has passed through, since i t cannot fragment. 

I f one attempts t o e x p l a i n the observed dependence of 
matter t r a v e r s a l on energy by p o s t u l a t i n g energy dependent-
t r a p p i n g times i n the remnant i t s e l f , then i t was shown t h a t 
t h i s was very d i f f i c u l t t o achieve by simply v a r y i n g the 
escape time of p a r t i c l e s from the remnant according t o t h e i r 
energy. I t . was shown t h a t one was more l i k e l y t o succeed by 
v a r y i n g the p r o d u c t i o n time of cosmic rays of d i f f e r e n t energies 
i n the remnant. However on present t h e o r i e s of p u l s a r 
a c c e l e r a t i o n i n SNRs, the p r o d u c t i o n of h i g h e r energy p a r t i c l e s 
l a t e r i n time would seem t o r e q u i r e the p u l s a r t o speed up i n 
i t s e a r l y stages of e v o l u t i o n d u r i n g the f i r s t few years. For 
t h i s t o occur i t would be necessary to p o s t u l a t e p u l s a r 
f o r m a t i o n i n a system where angular momentum t r a n s f e r was 
p o s s i b l e , from some other body. I t should be noted however 
t h a t i n producing f i g . ( 4 . 9 ) no accout has been taken of 
a d i a b a t i c energy losses d u r i n g expansion of the remnant. 
I f one assumes t h a t the p a r t i c l e s are s t o r e d i n the SNR. u n t i l 
i t reaches a r a d i u s of 30 pc. and t h a t t h e i r energy i s 
i n v e r s e l y p r o p o r t i o n a l t o the r a d i u s o f the SNR, then p a r t i c l e s 

q 
of energy 10 eV, produced 2 years a f t e r the e x p l o s i o n , would 
be released w i t h an energy of 5 x 1 0 eV, and p a r t i c l e s of 

11 
energy 10 eV, produced 3 years a f t e r the e x p l o s i o n , would 

7 
be released v/ith an energy of 7 x 1 0 eV. However a paper by 
Wentzel (1973) shows t h a t the cosmic ray d e c e l e r a t i o n by 3 a d i a b a t i c expansion can be reduced from a f a c t o r of about 10 
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p r e d l c t e d by the simple ideas described above, t o a f a c t o r 
of 2 on a somewhat extreme t h e o r e t i c a l model a t t e m p t i n g t o 
minimise the co u p l i n g between cosmic rays and the i n t e r s t e l l a r 
gas, which normally occurs i n the presence of an ambient 
magnetic f i e l d , due t o the growth o f resonant hydromagnetic 
waves which s c a t t e r .the cosmic r a y s . 

The SAS-2 gamma ray r e s u l t s have perhaps given the f i r s t 
good d i r e c t evidence t h a t SNRs do c o n t a i n cosmic ray protons 
a t l e a s t , i n the same way t h a t synchrotron r a d i a t i o n gave 
the f i r s t d i r e c t evidence of the presence of cosmic ray 
e l e c t r o n s i n SNRs. I t was shown however t h a t u s i n g Pacheco's 
model of gamma ray p r o d u c t i o n i n SNRs then the whole o f the 
gamma ray f l u x cannot be a t t r i b u t e d t o SNRs, even a l l o w i n g 
f o r ones which are not seen due t o s e l e c t i o n e f f e c t s . Some 
of the peaks i n the d i s t r i b u t i o n are almost c e r t a i n l y due t o 
gamma rays from SNRs such as the Crab and Vela. 

I n c o n c l u s i o n , perhaps th e r e i s now more evidence, f o r 
the presence of r e l a t i v i s t i c n u c l e i and e l e c t r o n s i n 
supernova remnants, though t h e i r mode of a c c e l e r a t i o n i s 
c e r t a i n l y s t i l l u n c l e a r . Though i t i s now over s i x t y years 
since Hess i n 1912 f i r s t e s t a b l i s h e d t h a t the cosmic r a d i a t i o n 
was coming from outs i d e the E a r t h , from measurements o f 
i o n i s a t i o n i n an ascending b a l l o o n , i t i s s t i l l not p o s s i b l e 
t o l o c a t e t h e i r main s i t e of p r o d u c t i o n p r e c i s e l y . I t seems 
very l i k e l y t h a t supernova remnants are one s i t e of cosmic ray 
p r o d u c t i o n , but what f r a c t i o n of the f l u x r e c e i v e d a t the 
e a r t h can be a t t r i b u t e d t o them s t i l l remains u n c e r t a i n . 
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