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1. INTRODUCTION 

Although i t i s c l e a r that cosmic rays a re of c o n s i d e r a b l e a s t r o -
p h y s i c a l s i g n i f i c a n c e we know s u r p r i s i n g l y l i t t l e about t h e i r o r i g i n ( s ) , 
t h e i r mode(s ) o f p ropaga t ion and escape from the g a l a x y , and even of 
t h e i r gene ra l p r o p e r t i e s . P r a c t i c a l l y nothing i s known o f the composi­
t i o n and energy spec t ra of d i f f e r e n t spec i e s at e n e r g i e s below about 
200 MeV/nucleon as a consequence of s o l a r modula t ion , which has a s i g ­
n i f i c a n t e f f e c t on the observed spec t ra at e n e r g i e s up to about 10 GeV/ 
nuc leon . The energy spec t ra o f ions ( e s p e c i a l l y p r o t o n s ) appear to be 
w e l l approximated by a power law ( d i f f e r e n t i a l s p e c t r a l index y ~ 2 . 6 ) 
i n the range 1 0 ^ - 1 0 ^ eV/nuc leon . At h igher ene rg i e s (up t o ~ 10^0 eV/ 
nuc leon) both the spectrum and the composi t ion of the ion component are 
l e s s w e l l known, however i t i s s i g n i f i c a n t that the a n i s o t r o p y , as 
ev idenced from the s i d e r e a l d iu rna l v a r i a t i o n , i nc reases s u b s t a n t i a l l y , 
sugges t ing that perhaps an e x t r a g a l a c t i c o r i g i n must be cons idered 
( W o l f e n d a l e , 1977) . 

As f a r as the compos i t ion i s concerned, i t appears that the re i s a 
n o t i c e a b l e enhancement of the h e a v i e r primary ions r e l a t i v e to a lpha-
p a r t i c l e s and ( t o a g r e a t e r e x t e n t ) p ro tons , a l though the l a t t e r are 
s t i l l the dominant spec i e s a t , say, a g iven ene rgy /nuc leon . One should 
no te that r e l a t i v e abundances, ins tead of r e f e r r i n g t o the whole spec ­
trum, a re usua l ly expressed on the bas i s o f equal ene rgy /nuc l eon , t o t a l 
e n e r g y , ene rgy /cha rge o r r i g i d i t y and the c h o i c e among these i s l a r g e l y 
a mat te r o f t a s t e . As f a r as the h e a v i e r ions a re concerned , i t seems 
to be the case that the composi t ion i s more or l e s s cons i s t en t wi th 
what might be expected f o r the i n t e r s t e l l a r medium at the present epoch 
w i t h due a l lowance f o r p ropaga t ion of the primary beam through 3 g/cm 2 

a f t e r i n j e c t i o n . I g n o r i n g the e f f e c t s o f modula t ion , the t o t a l energy 
d e n s i t y o f cosmic r a d i a t i o n in the s o l a r neighbourhood i s of the order 
of 10~^e rgs / cm 3 which i s comparable to the energy dens i t y of the i n ­
t e r s t e l l a r magnetic f i e l d and the t o t a l ( thermal plus k i n e t i c ) energy 
dens i t y of the i n t e r s t e l l a r gas . This f a c t i s presumably a consequence 
of the nature of the mechanisms of containment and escape of cosmic rays 
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from the ga laxy ra the r than t o t h e i r sources and modes of a c c e l e r a t i o n . 
However, w i th t h i s r e s u l t and guessing the t o t a l volume occupied by ga ­
l a c t i c cosmic rays to be 2x10*" cm3 we can use the " a g e " of 2x10^ years 
deduced from the B e ^ f l u x observed at (modulated) e n e r g i e s o f ~ 100 
MeV/nucleon (Garcia-Munoz e t a l . , 1977) to o b t a i n a t o t a l source power 
of 3 x 1 0 4 0 e r g s / s e c . 

Measurements of cosmic ray induced r a d i o a c t i v i t y in m e t e o r i t e s i n ­
d i c a t e that the average i n t e n s i t y of the cosmic r a d i a t i o n in the v i c i ­
n i t y o f the sun has remained constant to w i t h i n a f a c t o r o f 2 or 3 ove r 
the l a s t 1 0 8 - 1 0 9 yea rs (Forman and S c h a e f f e r , 1979; Honda, 1979) . This 
r e s u l t does not exc lude the p o s s i b i l i t y of s h o r t - l i v e d v a r i a t i o n s , how­
e v e r , recen t measurements o f the amounts of B e ^ in deep sea sediments 
suggest that the re have been no s i g n i f i c a n t enhancements during the l a s t 
2x10^ years (Somayajulu, 1977) . This may be an e s p e c i a l l y important r e ­
s u l t i n v i e w of the f a c t that t h e r e i s some ev idence that the sun i s 
s i t u a t e d c l o s e t o , o r even i n s i d e , a v e r y l a r g e supernova remnant which 
i s o f the o rder of 10^ yea r s o l d ( F r i s c h , 1979, and p r i v a t e communica­
t i o n ) . 

The s i t u a t i o n w i th r e spec t to e l e c t r o n s i s r a the r l e s s c l e a r s ince 
t h e i r f l u x at a g i v e n energy i s cons ide rab ly l e s s ( ~ 100 t i m e s ) than 
tha t o f protons and e l e c t r o n s a r e expe r imen ta l l y more d i f f i c u l t to 
measure. The s p e c t r a l index in the range 1-10 GeV i s s i m i l a r t o that o f 
the protons and the bending tha t should r e s u l t from synchrot ron and i n ­
v e r s e Compton losses g i v e s an age which i s roughly c o n s i s t e n t wi th that 
ob ta ined from B e ^ in the cosmic r a d i a t i o n ( G i l e r and W o l f e n d a l e , 1979) . 
The p o s i t r o n s , which a r e c l e a r l y s econda r i e s , p r o v i d e in p r i n c i p l e a 
b e t t e r de te rmina t ion o f both path length and age but aga in due to e x ­
per imenta l d i f f i c u l t i e s the r e s u l t s a re s t i l l somewhat unce r t a in . 

Synchrotron emission a s s o c i a t e d wi th the i n t e r s t e l l a r magnetic 
f i e l d and i n v e r s e Compton s c a t t e r i n g o f s t a r l i g h t and microwave back­
ground r a d i a t i o n photons p r o v i d e means of i n v e s t i g a t i n g the i n t e n s i t i e s 
o f e l e c t r o n s throughout l a r g e r eg ions of i n t e r s t e l l a r space , e s p e c i a l l y , 
i n the case o f synchrotron r a d i a t i o n , at e n e r g i e s be low the range in 
which s o l a r modulat ion e f f e c t s become s e v e r e ( e . g . Webber e t a l . , 1979) . 
As the obse rva t ions r e f e r t o l i n e - o f - s i g h t averages and i n v o l v e s e v e r a l 
unknown f a c t o r s such as the s t r eng th o f the i n t e r s t e l l a r magnetic f i e l d 
and i t s v a r i a t i o n s , i t i s d i f f i c u l t t o reach any v e r y d e f i n i t i v e r e ­
s u l t s . However, i t i s c l e a r from the d i s t r i b u t i o n o f non-thermal r ad io 
emiss ions in the ga laxy tha t the cosmic ray e l e c t r o n f l u x i s f a r from 
uniform. There a re l a r g e v a r i a t i o n s , e s p e c i a l l y a s s o c i a t e d w i th super­
nova remnants and hence sources o f e n e r g e t i c e l e c t r o n s may e x i s t i n 
which the present i n t e n s i t y i s r e l a t i v e l y h i g h . S i m i l a r conc lus ions can 
be drawn from obse rva t i ons o f the gamma ray emissions induced by p r o ­
tons (Kanbach, 1979) . 
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2 . ACCELERATION MECHANISMS 

An e x c e l l e n t summary o f the current v i e w of va r ious p o s s i b l e cosmic 
ray a c c e l e r a t i o n mechanisms has been g iven by L i n g e n f e l t e r ( 1 9 7 9 ) , I t 
seems l i k e l y , on the bas i s of the ra ther scanty ev idence o u t l i n e d above , 
that the most important e n e r g i z i n g processes take p l ace in the i n t e r ­
s t e l l a r medium ra ther than in unusual o b j e c t s such as supernovae, pulsar 
magnetospheres, f l a r e s t a r s , and the l i k e . The mechanisms which are 
a v a i l a b l e i n i n t e r s t e l l a r space are a l l dependent on mass motions of the 
medium, no tab ly s m a l l - s c a l e motions o r waves (Fermi a c c e l e r a t i o n and 
magnet ic pumping), and l a r g e s c a l e motions i n v o l v i n g shocks which are 
a s s o c i a t e d w i th supernovae, novae , expanding H I I r e g i o n s , s t e l l a r winds , 
and so on . I n f a c t , these may a l l p l ay a r o l e but on e n e r g e t i c grounds 
a t l e a s t the mass motions due to supernovae a re l i k e l y t o be the most 
important source . Shock waves p rov ide the most d i r e c t and e f f e c t i v e way 
o f a c c e l e r a t i n g h igh energy p a r t i c l e s and most of t h i s r e v i e w i s con­
cerned wi th t h i s p a r t i c u l a r t o p i c . However, the q ther processes are not 
n e g l i g i b l e and may p lay a r o l e at l e a s t in p r o v i d i n g " seed" p a r t i c l e s . 

Of the p o s s i b i l i t i e s which w i l l not be discussed here in d e t a i l 
the supernova mechanism of C o l g a t e and Johnson (1960, see a l s o C o l g a t e , 
1979) i s perhaps the most i n t e r e s t i n g . Accord ing to t h i s idea the super­
nova shock wave , which tends t o speed up on reaching the outer enve lope 
of the s t a r , e v e n t u a l l y becomes r e l a t i v i s t i c . I f t h i s m a t e r i a l were ab le 
t o escape f r e e l y and d i f f u s e i n t o the i n t e r s t e l l a r medium without l o s ­
ing any s i g n i f i c a n t amount o f energy an energy spectrum could be 
ach ieved which i s a power law not v e r y d i f f e r e n t from that obse rved . 
There appears t o be an e s s e n t i a l d i f f i c u l t y , however : the p a r t i c l e s 
must l o s e energy by do ing work on the gas surrounding the s t a r ( e i t h e r 
the p r e - e x i s t i n g s t e l l a r wind or the i n t e r s t e l l a r medium) and the re i s 
no reason t o b e l i e v e that they r e t a i n t h e i r i n i t i a l spectrum or even r e ­
main r e l a t i v i s t i c . R a y l e i g h - T a y l o r type i n s t a b i l i t i e s might he lp o v e r ­
come t h i s d i f f i c u l t y t o some ex ten t but do not o b v i o u s l y save i t . 

A second process i n v o l v i n g supernova remnants, namely a c c e l e r a t i o n 
i n pulsar magnetospheres, has been cons idered i n some d e t a i l during the 
l a s t ten years ( s e e A r o n s , these P r o c e e d i n g s ) . Current ideas suggest 
however , tha t the p a r t i c l e s a c c e l e r a t e d in such r e g i o n s a re e s s e n t i a l l y 
a l l e l e c t r o n s and p o s i t r o n s and so i t i s c l e a r t h a t , as p r e s e n t l y en­
v i s a g e d , the mechanism has noth ing t o do wi th cosmic r a y s . Of course 
the power a s soc i a t ed w i t h s lowing down o f the pulsar r o t a t i o n should 
e v e n t u a l l y appear as k i n e t i c energy o f the a s s o c i a t e d supernova remnant 
and may i n turn be used t o a c c e l e r a t e cosmic rays but the mechanisms i n ­
v o l v e d would then be those d iscussed l a t e r i n t h i s paper . 

A t h i r d mechanism which i s sometimes invoked i n v o l v e s magnetic 
f i e l d l i n e r e c o n n e c t i o n , i . e . s t e l l a r and g a l a c t i c " f l a r e s " . I t i s not 
easy t o eva lua t e the e f f e c t i v e n e s s o f t h i s mechanism in v i e w o f our r e ­
l a t i v e l ack o f knowledge of f l a r e processes o ther than those occur r ing 
on the sun and in the e a r t h ' s magnetosphere. One can say , however , that 
the maximum energy o b t a i n a b l e i s determined by the v o l t a g e drop occu r r -
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ing a long a magnetic " n e u t r a l " l i n e which should e x i s t i n the f l a r e s i t e . 
This v o l t a g e drop i s o f the o rde r of V^BL, where and B are the 
c h a r a c t e r i s t i c A l f v e n speed and magnetic f i e l d s t r e n g t h , r e s p e c t i v e l y , 
and L i s the length o f the neu t r a l l i n e . With t y p i c a l va lues o f these 
q u a n t i t i e s app rop r i a t e t o the e a r t h ' s magnetosphere, the sun and the 
ga laxy as a who le , one f i nds maximum ene rg ie s o f the o rder o f 10^eV, 
1 0 ^ e V , and 1 0 ^ e V per cha rge , r e s p e c t i v e l y . I t seems doubtful that the 
t o t a l energy a v a i l a b l e i n s t e l l a r f l a r e s i s adequate t o account f o r the 
cosmic r a d i a t i o n and even though l a r g e s o l a r f l a r e s a r e q u i t e e f f i c i e n t 
i n producing h igh energy p a r t i c l e s , one must remember that i f the pa r ­
t i c l e s do not escape f r e e l y they l o o s e energy by doing work on the sur­
rounding medium. G a l a c t i c f l a r e s may not s u f f e r from these d isadvantages 
but on the o the r hand t h e i r e x i s t e n c e i s q u e s t i o n a b l e , s i nce the re i s no 
obvious reason why magnet ic f i e l d l i n e reconnec t ion on a g a l a c t i c s c a l e 
should take p l ace ab rup t ly i n a f l a r e - l i k e manner. 

I t i s i n s t r u c t i v e i n c o n s i d e r i n g p o s s i b l e cosmic ray a c c e l e r a t i o n 
mechanisms t o take account o f the "ground t ru th" p rov ided by in s i t u 
o bse rva t i ons o f p a r t i c l e a c c e l e r a t i o n made in the t e r r e s t r i a l and Jovian 
magnetospheres and in the i n t e r p l a n e t a r y medium. Shock a c c e l e r a t i o n i s 
commonly observed both in magnetospheric bow shocks and in i n t e r p l a n e ­
t a r y propaga t ing shocks; a c c e l e r a t i o n a s s o c i a t e d d i r e c t l y w i th magnetic 
f i e l d l i n e reconnec t ion i s observed in the t a i l o f the e a r t h ' s magneto­
sphere ( S a r r i s and A x f o r d , 1979, and r e f e r e nc e s t h e r e i n ) ; a d i a b a t i c a c ­
c e l e r a t i o n and d e c e l e r a t i o n occurs as a r e s u l t o f magnetospheric con­
v e c t i o n ( A x f o r d , 1969); s emi - ad i aba t i c a c c e l e r a t i o n i s a s s o c i a t e d wi th 
the break-down o f one but not a l l a d i a b a t i c i n v a r i a n t s o f p a r t i c l e 
motion in the presence o f l a r g e - s c a l e , t i m e - v a r y i n g e l e c t r i c f i e l d s 
(Schulz and L a n z e r o t t i , 1974) ; s t o c h a s t i c a c c e l e r a t i o n due t o i n t e r ­
a c t i o n s w i th waves appears t o occur throughout the magnetosphere and 
p o s s i b l y the magnetosheath; a c c e l e r a t i o n due t o the presence of e l e c t r i c 
f i e l d s p a r a l l e l t o the magnet ic f i e l d occurs i n the au ro ra l zone mag­
netosphere where e l e c t r i c cur ren t s become too l a r g e t o be c a r r i e d o t h e r ­
w i s e by the ambient plasma ( S w i f t , 1979; Johnson, 1979) ; and f i n a l l y , in 
the case o f J u p i t e r , magnetospheric r o t a t i o n and the e f f e c t s of neu t ra l 
p a r t i c l e pick-up a re not i n s i g n i f i c a n t a c c e l e r a t i o n mechanisms at l e a s t 
a t low e n e r g i e s . A l l o f these processes can be cons ide red as candidates 
f o r cosmic ray a c c e l e r a t i o n and, except perhaps f o r the s emi -ad iaba t i c 
mechanisms ment ioned, a l l may have a r o l e t o p l a y . P r o b a b l y , however , 
the processes which a r e most important a re shock a c c e l e r a t i o n t o g e t h e r 
w i t h a c c e l e r a t i o n / d e c e l e r a t i o n e f f e c t s due t o compress ions/expansions 
o f t he medium as a whole and a l s o s t o c h a s t i c a c c e l e r a t i o n due t o the 
presence o f tu rbu lence . In any c a s e , i t cannot be t o o s t r o n g l y empha­
s i z e d tha t the p rocesses a v a i l a b l e t o us should not be cons idered as 
be ing i n any sense s p e c u l a t i v e o r wi thout o b s e r v a t i o n a l foundat ion - i n ­
deed , any t h e o r e t i c a l schemes we may cons t ruc t should be t e s t e d aga ins t 
i n s i t u obse rva t i ons a v a i l a b l e i n i n t e r p l a n e t a r y space , i f they a re t o 
be taken a t a l l s e r i o u s l y . 

https://doi.org/10.1017/S0074180900074866 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900074866


T H E A C C E L E R A T I O N O F G A L A C T I C C O S M I C R A Y S 343 

3. STOCHASTIC ACCELERATION 

There are many p o s s i b i l i t i e s f o r p a r t i c l e a c c e l e r a t i o n i n v o l v i n g 
plasma/magnetohydrodynamic wave tu rbu lence . For modera te ly e n e r g e t i c 
p a r t i c l e s ( i . e . those wi th speeds l a r g e compared w i t h the c h a r a c t e r i s t i c 
A l f v e n and magnetoacoust ic speeds in the medium) the most i n t e r e s t i n g 
a re those i n v o l v i n g A l f v e n wave turbulence (second o rde r Fermi a c c e l e r a ­
t i o n . Fermi 1949, 1954; Hasselmann and Wibberenz, 1968) and magneto-
acous t i c turbulence (magnet ic "pumping", Thompson, 1955; F i s k , 1976). 
With s u i t a b l e assumptions the source s t reng th f o r these two mechanisms 
can be w r i t t e n 

Q = - g | r ( D ^ ) - ( D 2 U / T ) , ( 1 ) 

where U ( T ) i s the cosmic ray number dens i ty in the k i n e t i c energy range 
( T , T + d T ) . D j ( T ) and n 2 ( T ) a re the sum of two components D A « < V A

2 > / K 

and Dg a
 O f g 2 ^ / K , where < V A

2 ^ and (V$ 2) a re the mean square* speeds due 
t o A l f v e n and a c o u s t i c mode tu rbu lence , r e s p e c t i v e l y , and K i s the spa­
t i a l d i f f u s i o n c o e f f i c i e n t which i s a s soc i a t ed l a r g e l y w i t h p i t ch angle 
s c a t t e r i n g . Note tha t both processes are s t o c h a s t i c i n na tu re , i n v o l v i n g 
a second d e r i v a t i v e w i t h r e spec t to energy and t h e r e f o r e d i f f u s i o n in 
energy space . One may regard the Fermi a c c e l e r a t i o n mechanism as one in 
which l i g h t t e s t p a r t i c l e s ( i . e . cosmic r a y s ) t r y to come i n t o thermal 
e q u i l i b r i u m w i t h a f i e l d of randomly moving heavy p a r t i c l e s ( i . e . A l f v e n 
w a v e s ) . The magnetic pumping mechanism may be regarded as a process in 
which acous t i c waves a re damped by the equ iva l en t of heat conduction by 
cosmic r a y s . 

I t i s d i f f i c u l t t o eva lua t e the e f f e c t i v e n e s s of these mechanisms 
as f a r as a c c e l e r a t i n g cosmic rays i s concerned, as we have l i t t l e i n ­
format ion concerning the i n t e n s i t i e s of these modes of turbulence in 
the i n t e r s t e l l a r medium ( s e e J o k i p i i , 1977; Cesarsky, 1980) . Obv ious ly , 
most o f the energy a v a i l a b l e in the i n t e r s t e l l a r medium i s i n v o l v e d in 
l a r g e s c a l e mass motions which even i f they a re s u p e r f i c i a l l y chao t i c 
cannot be regarded as r ep re sen t i ng turbulence in the sense impl ied above . 
Of course , such l a r g e s c a l e motions may e v e n t u a l l y degenera te i n t o t u r ­
bu lence , so that on e n e r g e t i c grounds these s t o c h a s t i c processes should 
not be ru led ou t . However, i f a c c e l e r a t i o n in connec t ion wi th the l a r g e 
s c a l e motions i s v e r y e f f i c i e n t as we w i l l a rgue , one would expect that 
s t o c h a s t i c processes p l ay on ly a secondary r o l e . N e v e r t h e l e s s , s ince 
shock waves must i n e v i t a b l y be a s soc ia t ed w i t h l a r g e s c a l e mass motions 
and hydromagnetic shocks can genera te q u i t e in t ense wave turbulence (as 
observed in i n t e r p l a n e t a r y space) i t seems q u i t e l i k e l y tha t s t o c h a s t i c 
a c c e l e r a t i o n i s important i n producing " seed" p a r t i c l e s from the high 
energy t a i l o f the background plasma v e l o c i t y d i s t r i b u t i o n which could 
be u l t i m a t e l y a c c e l e r a t e d t o much h igher e n e r g i e s by the shock a c c e l e r a ­
t i o n mechanism. 

As randomly moving shock waves i n t e r a c t wi th each o ther and the i n -
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homogenie t ies that i n e v i t a b l y occur in the i n t e r s t e l l a r medium one would 
expect the s t rong shocks to degenera te i n t o a random assembly of weak 
shock waves w i th a s s o c i a t e d expansions and compressions of the medium. 
The e f f e c t o f such a s i t u a t i o n on e n e r g e t i c ' p a r t i c l e s has been con­
s i d e r e d by Bykov and T o p t y g i n (1979) who show that i t leads to a c c e l e r a ­
t i o n in a manner s i m i l a r t o that expressed in equat ion ( 1 ) above . This 
i s perhaps not su rp r i s i ng s i n c e weak shock waves a re in eve ry o ther 
sense e s s e n t i a l l y e q u i v a l e n t to sound waves . 

4 . GENERAL ASPECTS OF SHOCK ACCELERATION 

Shock a c c e l e r a t i o n w i t h regard to cosmic rays was f i r s t discussed 
t h e o r e t i c a l l y by Parker ( 1 9 5 8 ) , Hoyle ( 1 9 6 0 ) , and Schatzmann ( 1 9 6 3 ) . 
D i r e c t ev idence f o r the occurrence o f shock a c c e l e r a t i o n in i n t e r p l a n e ­
t a r y space was f i r s t found in the case of modera te ly e n e r g e t i c (1-100 
GeV) cosmic rays by Dorman and h i s co l l e agues ( s e e Dorman, 1963) in the 
form o f a small ( ^ 1%) i n c r e a s e in i n t e n s i t y o f cosmic rays observed by 
ground s t a t i o n s immediate ly b e f o r e the occurrence of a geomagnetic sud­
den commencement. The l a t t e r i s o f course the s igna tu re o f an i n t e r ­
p l ane ta ry shock wave i n t e r a c t i n g wi th the e a r t h ' s magnetosphere. Dorman 
and Freidman (1959) formulated a s i n g l e r e f l e c t i o n theory to account f o r 
these o b s e r v a t i o n s , which was the f i r s t o f a s e r i e s of papers t r e a t i n g 
t h i s t o p i c ( s e e s e c t i o n 5 ) . 

Much c l e a r e r ev idence f o r shock a c c e l e r a t i o n in i n t e r p l a n e t a r y 
space was obta ined by Axford and Reid (1962, 1963) from obse rva t ions of 
p o l a r cap absorpt ion even t s using r iomete r networks which respond t o the 
i n f l u e n c e of s o l a r e n e r g e t i c p a r t i c l e s wi th e n e r g i e s o f the order of 
10 MeV. They found a number o f cases in which l a r g e quas i - exponen t i a l 
i nc reases of the s o l a r e n e r g e t i c p a r t i c l e f l u x occurred p r i o r to geomag­
n e t i c storm sudden commencements. Since a s i n g l e r e f l e c t i o n would be i n ­
adequate to exp l a in the e f f e c t , these authors invoked m u l t i p l e r e f l e c ­
t i o n on looped magnetic f i e l d l i n e s which i n t e r s e c t a shock in two 
p l a c e s or between two approaching shocks to o b t a i n a many-fold inc rease 
i n ene rgy . 

These ground-based obse rva t i ons were confirmed by in s i t u space­
c r a f t o b s e r v a t i o n s , no t ab ly by Exp lo re r 12 (Bryant e t a l . , 1962) and 
l a t e r by numerous o the r US, S o v i e t , and German s p a c e c r a f t . The obse rva ­
t i o n s a re by now q u i t e d e t a i l e d in terms o f mass, e n e r g y , d i r e c t i o n a l 
and t ime r e s o l u t i o n and show that in a d d i t i o n t o the r e l a t i v e l y s low, 
quas i - exponen t i a l i nc reases mentioned above t he r e are a l s o s h o r t - l i v e d , 
h i g h l y a n i s o t r o p i c burs ts ("shock s p i k e s " ) which occur near the time of 
but not n e c e s s a r i l y c o i n c i d e n t w i th the shock passage ( S a r r i s and Van 
A l l e n , 1974) . Perhaps the most impress ive examples o f shock a c c e l e r a t i o n 
i n i n t e r p l a n e t a r y space a re those obta ined by H e l i o s ( R i c h t e r and 
K e p p l e r , 1977), and from P ionee r s 10 and 11 (Barnes and Simpson, 1976). 
The l a t t e r show d i s t i n c t double-peaked s t ruc tures a s s o c i a t e d with for­
ward - r e v e r s e shock pairs which occur as part of corotating interaction 
r e g i o n s in the s o l a r wind. The peaks are evidently the result of shock 
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a c c e l e r a t i o n but the c h a r a c t e r i s t i c depress ion i n the middle i s p r o ­
bably the r e s u l t o f a d i a b a t i c d e c e l e r a t i o n in the expanding r eg ion b e t ­
ween the two shocks (Skadron and A x f o r d , 1976; A x f o r d , 1977) . 

I s o l a t e d burs ts and a g e n e r a l l y s t ruc tured d i s t r i b u t i o n of ener ­
g e t i c e l e c t r o n s was observed by s e v e r a l of the f i r s t spacecra f t t o pass 
out of the ear th ' s<magnetosphere on the sunwards s i d e (Van A l l e n , 1959) . 
These e l e c t r o n f l u x e s were cons idered to be par t o f the ev idence f o r the 
e x i s t e n c e o f a bow shock i n f ron t of the magnetosphere and to be the r e ­
s u l t o f a c c e l e r a t i o n i n shock-assoc ia ted turbulence ( A x f o r d , 1962) . 
J o k i p i i and Davies (1964) i n t e r p r e t e d the e l e c t r o n s found upstream of 
the shock as be ing the r e s u l t of Fermi a c c e l e r a t i o n between the shock 
wave and s c a t t e r i n g f i e l d s c a r r i e d in the approaching s o l a r wind ( f o r 
a d e t a i l e d d i s c u s s i o n , see J o k i p i i , 1966) . This s u g g e s t i o n , which i s in 
p r i n c i p l e s i m i l a r to that o f Schatzmann (1963) could not be f u l l y worked 
out i n the absence of s u i t a b l e t r anspor t equat ions f o r the e n e r g e t i c 
e l e c t r o n s . However, i t i s e s s e n t i a l l y the concept i n v o l v e d in p re sen t -
day s c a t t e r i n g t h e o r i e s of shock a c c e l e r a t i o n as o u t l i n e d i n s e c t i o n 6 
of t h i s paper ( s e e a l s o Van A l l e n and Ness , 1967) . In f a c t , i t i s pos ­
s i b l e that a t h i r d q u i t e d i f f e r e n t mechanism may be r e s p o n s i b l e f o r 
many o f the e l e c t r o n burs ts seen upstream of the e a r t h ' s bow shock, 
namely an e l e c t r o s t a t i c f i e l d in r eg ions o f the bow shock which are ap­
p rox ima te ly t a n g e n t i a l t o the ex t e rna l i n t e r p l a n e t a r y magnetic f i e l d 
and which inc reases the e l e c t r o n energy by a f a c t o r of the order o f 10-
40 t imes the s o l a r wind proton energy o f about 1 keV ( e . g . Sonnerup, 
1969) . I t would r e q u i r e on ly modest s c a t t e r i n g in p i t c h angle f o r e l e c ­
t rons which have t r a n s i e n t l y achieved such ene rg i e s t o escape upstream 
across the curved shock su r f ace . 

5. ACCELERATION BY LAMINAR SHOCKS 

In the absence of p i t c h angle s c a t t e r i n g e n e r g e t i c p a r t i c l e s wi th 
l a r g e g y r o - r a d i i which t r a v e r s e abrupt d i s c o n t i n u i t i e s in magnetic f i e l d 
s t rength and/or d i r e c t i o n a re found to conserve t h e i r magnetic moment, 
a t l e a s t approximately ( P a r k e r , 1958; A l e x e y e v and Kropo tk in , 1970). 
Th i s has the immediate consequence f o r shocks propaga t ing perpendicular 
t o the upstream magnetic f i e l d that the i nc rease in perpendicular k i n e ­
t i c energy ( n o n - r e l a t i v i s t i c ) i s p r o p o r t i o n a l to the inc rease in mag­
n e t i c f i e l d s t r eng th and the p a r a l l e l k i n e t i c energy remains unchanged. 
The energy ga in can be v iewed as be ing the r e s u l t of d r i f t in the i n -
homogeneous magnetic f i e l d near the shock wave in the d i r e c t i o n p a r a l l e l 
o r a n t i - p a r a l l e l t o the ambient e l e c t r i c f i e l d and in the case of s t rong 
shocks, amounts t o a f a c t o r 4 f o r n o n - r e l a t i v i s t i c p a r t i c l e s . This i s 
s u f f i c i e n t to enhance the synchrotron e m i s s i v i t y per uni t volume o f the 
medium by a f a c t o r ^ 500-1000 so i t i s c l e a r that shocks are l i k e l y to 
produce s i g n i f i c a n t inhomogenie t i es in the g a l a c t i c non-thermal r ad io 
emission ( c f . H o y l e , 1960; C h e v a l i e r , 1977) . 

In cons ide r ing the r e f l e c t i o n of p a r t i c l e s from non-perpendicular 
shocks i t should be noted that a p a r t i c l e must have a c e r t a i n minimum 
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k i n e t i c energy T m i f i t i s r equ i r ed to move upstream: 

T m - 7 m V 1 * cot* 6 , ( 2 ) 

where the magnetic f i e l d l i n e makes an ang le 0 j w i t h r e spec t t o the 
shock surface and i s t he f l o w speed normal t o the shock. For example, 
i n the case o f the shock wave t e rmina t ing the supersonic s o l a r wind 
near the e c l i p t i c plane at a d i s t ance o f 100 AU, say , 9<| ~ 0 .5° and 
T m ^ 10 MeV/nucleon: g a l a c t i c p a r t i c l e s wi th lower e n e r g i e s a re unable 
t o pene t r a t e i n t o the supersonic r e g i o n . 

Assuming that p a r t i c l e s i n t e r a c t wi th an o b l i q u e shock in such way 
that t h e i r magnetic moments a r e conserved one f i nds tha t f o r r e f l e c t i o n 
t o occur the i nc iden t p a r t i c l e s must have a c e r t a i n minimum energy 
and the r e f l e c t e d p a r t i c l e s have a minimum energy T£ in the shock frame: 

where and B£ are the magnet ic f i e l d s t reng ths ahead and behind the 
shock r e s p e c t i v e l y . The t r ansmi t t ed p a r t i c l e s tend t o have a f l a t p i t c h 
ang le d i s t r i b u t i o n and t h e r e i s no r e s t r i c t i o n on t h e i r e n e r g i e s , where­
as r e f l e c t e d p a r t i c l e s tend t o be beamed a long the magnet ic f i e l d and 
must have e n e r g i e s g r e a t e r than T2. As in the case o f pe rpend icu la r 
shocks, the a c c e l e r a t i o n can be regarded as be ing the r e s u l t o f d r i f t 
i n the d i r e c t i o n of the e l e c t r i c f i e l d which occurs when p a r t i c l e s i n ­
t e r a c t w i t h the inhomogeneous magnetic f i e l d at the shock f r o n t . 

Numerous a n a l y t i c and numerical s tud ies have been made o f ene rge ­
t i c p a r t i c l e i n t e r a c t i o n s w i t h laminar shock waves (Dorman and Freidman, 
1959; Pa rker , 1958, 1963; Shabansky, 1962; W e n t z e l , 1963, 1964; Hudson, 
1965; Sonnerup, 1969; A l e x e y e v and, Kropo tk in , 1970; S a r r i s and Van 
A l l e n , 1974; Chen and Armstrong, 1975; P e s s e s , 1979; Terasawa, 1979a). 
The r e s u l t s obta ined must be c o r r e c t i f the p a r t i c l e gy ro rad ius Rg i s 
l a r g e compared w i t h the shock th ickness d, p rov ided on ly tha t the s c a t ­
t e r i n g mean f r e e path X i s v e r y much l a r g e r than Rg. These a r e c o n d i ­
t i o n s which should c e r t a i n l y p r e v a i l i n shock waves o c c u r r i n g in the 
i n t e r s t e l l a r medium and i n t he s o l a r wind , so tha t t h i s t y p e o f a c c e l e ­
r a t i o n must be taken i n t o account . I f Rg " d s i m i l a r a c c e l e r a t i o n 
e f f e c t s should occur but i n t h i s case the p a r t i c l e s a re l i k e l y to be 
a f f e c t e d by turbulent f i e l d s i n the shock i t s e l f , so that the a n a l y s i s 
would not be s t r i c t l y v a l i d . 

One should no te tha t a model based on pure ly laminar r e f l e c t i o n 
and t ransmiss ion o f p a r t i c l e s at shock waves cannot e x p l a i n fea tu res 
such as the q u a s i - e x p o n e n t i a l inc reases which occur ahead o f i n t e r p l a ­
ne t a ry shock waves . Such e f f e c t s r e q u i r e that s c a t t e r i n g be p re sen t , 
which i n turn produces a q u a l i t a t i v e change i n the a c c e l e r a t i o n mecha­
nism and can lead t o a c c e l e r a t i o n t o much h ighe r e n e r g i e s . Attempts have 
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been made t o inc lude s c a t t e r i n g in numerical s imula t ions o f the laminar 
r e f l e c t i o n process but in some cases the authors appear t o have done 
t h i s i n c o r r e c t l y ( s e e , however , Terasawa, 1979b). I t seems to be the 
c a s e , n e v e r t h e l e s s , that i n t e r p l a n e t a r y shock sp ike events can be e x ­
p l a ined e n t i r e l y on the bas i s o f d i r e c t a c c e l e r a t i o n at the shock f ront 
i t s e l f wi thout recourse t o p i t c h angle s c a t t e r i n g ( S a r r i s et a l . , 1976) . 

6 . ACCELERATION BY SHOCKS IN SCATTERING MEDIA 

In o rde r t o understand the e f f e c t s of s c a t t e r i n g on the a c c e l e r a ­
t i o n o f e n e r g e t i c p a r t i c l e s by shock waves i t i s necessary to have s u i t ­
a b l e t ranspor t equat ions d e s c r i b i n g the e f f e c t s of c o n v e c t i o n and d i f ­
fus ion of p a r t i c l e s in the s c a t t e r i n g medium as w e l l as energy changes 
due t o va r ious causes . The appropr i a t e Fokker-Planck equat ion 

was g i v e n independent ly by Parker ( 1 9 6 5 ) and Do lg inov and Toptyg in 
( 1 9 6 6 ) . Here V i s the speed of the s c a t t e r i n g medium, Q represen ts ene r ­
gy gains and l o s se s o the r than those due to compression and expansion, 
and a = ( T + 2 T 0 ) / ( T + T Q ) where T Q i s the p a r t i c l e r e s t ene rgy . The equa­
t i o n i s w r i t t e n in i t s one-dimensional form a pp rop r i a t e t o the treatment 
o f p l a i n shocks and a c c o r d i n g l y K i s to be regarded as the c o e f f i c i e n t 
f o r d i f f u s i o n normal t o the shock f r o n t . In o rder to make progress w i th 
the problem o f shock a c c e l e r a t i o n i t i s necessary to use a p a i r of f i r s t 
o rde r equat ions which a r e equ iva l en t to ( 4 ) 

I? + ll =4 V^ ( a T U ) +^ (5) 

S = V(U - 1-jL ( a T U ) ) - K | | , ( 6 ) 

ob ta ined o r i g i n a l l y by Gleeson and Axford ( 1 9 6 7 ) . Here S i s the p a r t i ­
c l e current i n ( T , T+dT) and C - ( 1 - ( 3 ( a T U ) / 3 T ) / 3 U ) i s the "Compton-
G e t t i n g " c o e f f i c i e n t . In d e r i v i n g these equat ions i t i s assumed that 
( 1 ) the d i s t r i b u t i o n func t ion i s n e a r l y i s o t r o p i c (S /U ^ 0 . 1 v , where 
v = p a r t i c l e s p e e d ) ; ( 2 ) the Compton-Getting t rans format ion i s l i n e a r 
(V « v ) ; and ( 3 ) i n e r t i a e f f e c t s a re n e g l i g i b l e (3S /3 t « v 2 S / 3 K ) . I t 
should be noted tha t these assumptions can e a s i l y be v i o l a t e d in shock 
a c c e l e r a t i o n problems and conclus ions should a c c o r d i n g l y be drawn only 
w i t h c a r e . The equat ions a r e r e a d i l y g e n e r a l i z e d t o take i n t o account 
a n i s o t r o p i c d i f f u s i o n , th ree -d imens iona l f l o w , e t c Furthermore, i t 
should be noted that the " a d i a b a t i c " a c c e l e r a t i o n / d e c e l e r a t i o n terms 
appearing in ( 4 ) and ( 5 ) a re f i r s t o rder Fermi e f f e c t s be ing in p r i n ­
c i p l e r e v e r s i b l e and n o n - s t a t i s t i c a l in na tu re . However , i f the v e l o c i t y 
o f the s c a t t e r i n g medium has a random component w i t h wave- leng ths l a r g e 
compared w i t h the s c a t t e r i n g mean f r e e path , i t i s p o s s i b l e , wi th s u i t -
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a b l e a v e r a g i n g , to d e r i v e the a c c e l e r a t i o n r a t e due to magnetic pumping 
g i v e n p r e v i o u s l y (Bykov and T o p t y g i n , 1979) . 

A n t i c i p a t i n g the use o f the above equat ions in shock a c c e l e r a t i o n 
problems Gleeson and Axford (1967) gave the f o l l o w i n g "jump" cond i t i ons 
f o r the e n e r g e t i c p a r t i c l e dens i t y and current f o r a shock wave d e ­
s c r i b e d as a rapid o r d iscont inuous change o f V w i th r e spec t to x : 

U 1 = U 2 , S 1 = S 2 , ( 7 ) 

where subscr ip t s 1 and 2 r e f e r t o cond i t i ons ahead o f and behind the 
d i s c o n t i n u i t y ( s h o c k ) , r e s p e c t i v e l y . These c o n d i t i o n s are obta ined by 
i n t e g r a t i n g equat ions ( 5 ) and ( 6 ) across the t r a n s i t i o n , assuming un i ­
form cond i t ions on e i t h e r s i d e , that V , U, S, C, Q and 3U/8t a re f i n i t e 
and tha t K > 0. Note that a l though ( 7 ) r e f e r s to s imple normal shock 
waves , a g e n e r a l i z a t i o n t o the case of o b l i q u e shocks w i th a n i s o t r o p i c 
d i f f u s i o n c o e f f i c i e n t s i s t r i v i a l . The procedure o u t l i n e d i s in f ac t i n ­
v a l i d f o r the genera l case o f o b l i q u e shock waves where the magnetic 
f i e l d l i n e s are sharply kinked s ince we expect tha t A » d and the above 
equat ions may be i n v a l i d i f used on such a s c a l e . Furthermore, the p o s ­
s i b i l i t y o f r e f l e c t i o n by the shock f ron t i t s e l f i s c o m p l e t e l y n e g l e c ­
t e d ; indeed , s ince p a r t i c l e i n e r t i a i s n e g l e c t e d in the t ranspor t equa­
t i o n s the requirement f o r a minimum energy f o r motion upstream and a l l 
the o the r c o n s i d e r a t i o n s d iscussed in s e c t i o n 5 are a l s o absent . Conse­
q u e n t l y , r e s u l t s ob ta ined on the bas i s o f the above equat ions and jump 
c o n d i t i o n s should be cons ide red as l ack ing an important phys i c a l element 
in a l l but the cases of pe rpend icu la r , p a r a l l e l , and v e r y weak o b l i q u e 
shocks where the magnetic f i e l d l i n e s remain s t r a i g h t . 

Consider a s i t u a t i o n in which a shock wave i s s i t u a t e d a t x = 0 
f a c i n g in the n e g a t i v e x - d i r e c t i o n so that V = Vj in x < 0 and V = V2 
i n x > 0, w i t h Vj ^ V£. We assume that U ( T ) U1 ( T ) as x + -«> and U r e ­
mains f i n i t e (U U 2 ( T ) ) as x + 0 0 . The a pp rop r i a t e s o l u t i o n s of equa­
t i o n s ( 5 ) and ( 6 ) are 

U ( x , T ) = I L ( T ) + [ u 9 ( T ) - U.CT)] exp / ( V / K ) d x , x < 0 , 
1 2 1 ° ( 8 ) 

U = U 2 ( T ) , x > 0 , 

where U ? ( T ) i s t o be determined by r e q u i r i n g c o n t i n u i t y o f S ( T ) at 
x = 0 : 

1 ( V 1 - V 2 ) ( a T U 2 ) + V 2 U 2 - . ( 9 ) 

Hence 
3V 

V T ) %(v t -v 2 ) * - ( A + 1 ) 1 X 

where A = 3 V 2 / a ( V 1 - V 2 ) . 

V T ) T d T > (10) 
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The f o l l o w i n g a re examples of the types o f a c c e l e r a t e d spect ra 
that can be ob t a ined : 

( a ) U ( T ) = I L 6 C T - T J , 

U 2 ( T ) = ( V 1 A / V 2 ) ( U 1 / T 1 ) H ( T - T 1 ) ( T / T 1 ) 

( b ) U ( T ) = U ^ T / T J ^ H d - T j , 
(12) 

U 2 ( T ) = B U 1 [ ( T / T ^ - ( T / T 1 ) " ( A + 1 ) ] H d - T ^ ; 

( c ) U ^ T ) = U 1 ( T / T 1 ) " ( A + l ) ( l o g e T / T 1 ) n H ( T - T l ) , 

U 0 ( T ) = ( V . X / V ^ U . d / T j U + 1 ; £—J~ J 9 ( T ) = C V 1 A / V 9 ) U 1 ( T / T 1 ) v ' 1 , , y - ! H ( T - T J ; 
1 / 1 1 (n+1) 1 

where H ( x ) i s the H e a v i s i d e s tep funct ion and 13 = 1 / (1-C^ (V1-V2)IV\). 
The bas ic r e s u l t ( 11 ) was obta ined independent ly by Axford et a l . 
( 1 9 7 7 ) , Krimsky ( 1 9 7 7 ) , Blandford and O s t r i k e r ( 1 9 7 8 ) , and B e l l ( 1 9 7 8 ) . 
The most no tab le f ea tu re s of these so lu t i ons are that the pre-shock in­
c rease i s exponen t i a l ( i f i s independent of x ) w i th a s c a l e length 
K < | / V < J and that a s p e c i a l power law appears w i th index ( X + 1 ) , which i s 
dependent on ly on the shock s t reng th and not on the form of the d i f ­
fus ion c o e f f i c i e n t . 

A number o f g e n e r a l i z a t i o n s of t h i s r e s u l t a re p o s s i b l e : 
( a ) The d i f f u s i o n c o e f f i c i e n t may be taken to be a n i s o t r o p i c and the 

shock o b l i q u e . One f inds that in the case where the magnetic f i e l d 
makes a small ang le w i t h the shock sur face the an i so t ropy can b e ­
come v e r y l a r g e and the t ranspor t equat ions may then cease t o be 
v a l i d . 

( b ) The e f f e c t s of sources and sinks can be taken i n t o account in c e r ­
t a i n s p e c i a l c a se s . For example, i f Q = - U / T ( T ) in x > 0 to simu­
l a t e i o n i z a t i o n and nuclear i n t e r a c t i o n lo s s f o r example, one f inds 
tha t the e f f e c t i v e n e s s o f the a c c e l e r a t i o n mechanism i s d r a s t i c a l l y 
reduced i f T ^ K 2 / V | ( V o l k e t a l . , 1979; Bulanov and D o g i e l , 1979) . 
The e f f e c t s of l o s s e s due to synchroton and i n v e r s e Compton emis ­
s ion have been cons ide red by Krimsky e t a l . (1979b) and the e f f e c t s 
o f a c c e l e r a t i o n by turbulence have been cons ide red by Tve r sko i 
(1978) and, i n a Monte-Car lo t rea tment , by Scholer and M o r f i l l 
( 1 9 7 5 ) . 

( c ) Time v a r i a t i o n s , namely the i n c l u s i o n of the term 8U/3t in ( 8 ) , 
have been t r e a t e d by F i sk ( 1 9 7 1 ) , Top tyg in (1978) and Forman and 
M o r f i l l ( 1 9 7 9 ) . I t i s found that the e q u i l i b r i u m spectrum i s 
achieved on ly a f t e r a t ime of order K<J l n ( T / T < j ) / V ^ , which, f o r the 
more e n e r g e t i c p a r t i c l e s , may be e x c e s s i v e l y long in comparison 
wi th o ther c h a r a c t e r i s t i c time sca le s so that the equ i l i b r ium spec­
trum is never achieved at high energies. 

https://doi.org/10.1017/S0074180900074866 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900074866


3 5 0 W . I . A X F O R D 

(d) Various solutions have been given for the case of flow with 
spherical symmetry. These include: the familiar solar modulation 
problem with a shock (Fisk, 1969; Axford, 1972; see also Jokipii, 
1968); a Forbush increase/decrease model with a shock wave 
moving outwards with constant speed (Fisk, 1969); a driven double 
shock/contact surface combination representing a corotating 
interaction region (Skadron and Axford, 1976); a Sedov blast 
wave solution (Krimsky et al., 1979a), and an accretion shock 
model (Cowsik and Lee, 1980). Some of the above results are in 
need of revision as part of the solution has been overlooked. 
A quite realistic model of a corotating interaction region has 
been treated by Fisk and Lee (1980) who have shown that the 
effects of adiabatic deceleration on both sides of an expanding 
shock wave in the solar wind are significant in shaping the 
spectrum, as is also the form of the diffusion coefficient, and 
that it is possible to account for the observed spectral form 
of an exponential in rigidity (see also Forman, 1980), 

The essential conclusion of this type of analysis is that, 
provided scattering occurs, energetic particles can be accelerated 
very efficiently by shock waves without recourse to the laminar 
reflection mechanism discussed in section 5. Power law spectra can 
be achieved fairly easily and in the case of strong shocks (V-̂  -> 4V 2) 
we obtain (X+l) •> 2 for relativistic particles (a •> 1) which is 
rather close to the value 2c6 found for protons at energies of the 
order of 10 GeV or more (Krimsky, 1977; Blandford and Ostriker, 
1978)o In fact, not too much should be made of this result since 
more general analyses show that the spectrum obtained can be affected 
by such factors as adiabatic acceleration/deceleration, energy 
sources and sinks, time-dependence and non-linear effects (see 
section 7 ) , all of which permit the diffusion coefficient (and 
especially its energy dependence) to have some influence on the 
spectrum of the accelerated particles. Perhaps the most important 
conclusion is that the acceleration is non-adiabatic (i.e. 
irreversible) in the sense that much more energy is given to 
energetic particles than would be achieved by adiabatic compression 
with the same compression ratio 0 This possibility, which was first 
noted by Hoyle (1960), contrasts with the common assumption that the 
energetic particles are simply compressed adiabatically (e.g Newman 
and Axford, 1968; Chevalier, 1977). 

7. THE SELF-CONSISTENT PROBLEM 

If one calculates the pressure p c 2 of cosmic rays behind a strong 
shock wave according to equation (11), it is found that it can 
become very large: 

P = r 4 <W,T)dT " [log T / T . r . c2 0 3 2 e l ^ 
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In r e a l i t y such a d i v e r g e n c e would be e a s i l y supressed by e f f e c t s such 
as t ime-dependence and energy l o s s e s , however i t suggests that we should 
s e r i o u s l y take i n t o account the e f f e c t s of cosmic ray pressure on the 
background plasma f l o w . Th i s problem has been cons idered by Axford e t 
a l . (1977) ( s e e a l s o L e e r e t a l . , 1976) f o r the case of a steady s t a t e 
one-dimensional f l o w , thus: 

pV = p l V 1 = A 1 , ( 15 ) 

p + p c + pV2 = ? 1 + p c l + P l V 2 = A 2 , (16) 

pV Li! V 2 + _ X . E L - v d p c (17) 
dxl2 v y-1 ft| v ^ • U 7 ) 

where p i s the plasma mass d e n s i t y , p and p c the plasma and cosmic ray 
p re s su res , r e s p e c t i v e l y , and V the speed of the plasma in the x d i r e c ­
t i o n . In a d d i t i o n we make use of the cosmic ray t ranspor t equat ion ( 4 ) , 
i n t e g r a t e d ove r energy and assuming K = K ( x ) f o r conven ience : 

dp 
V P - K ^ + ^ 

*c dx 3 

x 

—oo 

^ p dx = V l P i . (18) 
dx r c r c l 

I t i s e a s i l y shown, using ( 1 5 ) - ( 1 7 ) that the background plasma behaves 
i s e n t r o p i c a l l y i f t he r e a re no shock waves in the f l o w ( i . e . p /p^ = 
c o n s t a n t ) , and a l s o that the t o t a l energy f l u x i s cons tan t : 

PV(1 p V 2 ) + P V ( ^ p p / p ) S(T)TdT = F + F^ + F = A 0 . (19) 
K T C J 

Numerous s o l u t i o n s of the above se t o f equat ions f o r the case a = 2 
have been g i v e n by Lee r e t a l . (1976) and Axford e t a l . (1977) wi th 
va r i ous i n i t i a l c o n d i t i o n s . To understand the nature of the so lu t i ons 
i t i s s u f f i c i e n t t o cons ide r the v e r y s imple case in which the plasma 
pressure i s n e g l e c t e d everywhere (p = 0 ) , so that p and p can be e l i ­
minated t o y i e l d c 

K j { ~ = (1 + a / 6 ) (V 1 - V ) ( V 2 - V ) , (20) 

where V 2 = [ ( 1 + a / 3 ) A 2 / ( 1 + a / 6 ) A l ] - V u Note that f o r p c 1 = 0, V 2 + V ^ / 4 
i f a = 2 , V 2 V<|/7 i f a = 1. We see immediately that the only s o l u ­
t i o n s which a re f i n i t e o v e r the whole range of x and which beg in wi th 
V -> V<j as x -«> a re such that V decreases smoothly and a s y m p t o t i c a l l y 
t o V = V 2 as x °° , w i t h a c h a r a c t e r i s t i c l eng th s c a l e o f the order L = 
K / ( V < | - V 2 ) , p rov ided V^j ^ ( 1 + a / 3 ) p c ^ / p ^ ( i . e . the i n c i d e n t f l o w i s super 
supersonic , s ince 1+a/3 i s the s p e c i f i c heat r a t i o f o r the cosmic ray 
gas ) . 
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This r e s u l t shows q u i t e c l e a r l y that s h o c k - l i k e t r a n s i t i o n s are 
p o s s i b l e in which the pressure i s p rov ided e n t i r e l y by the cosmic ray 
component and cosmic ray d i f f u s i o n p lays a r o l e s i m i l a r to that of heat 
conduct ion in ord inary shock waves wi th van i sh ing Prand t l number ( s e e 
I l l i n g w o r t h , 1953, s e c t i o n 5 ) . In t h i s c a se , we f i n d that the change in 
cosmic ray energy f l u x as a f r a c t i o n of the i n i t i a l k i n e t i c energy f lux 
i s 

(F 0 - F J / F = 1 - ( a / ( 6 + a ) ) 2 = 0 .92-0.98 . (21) 
C Z C l K1 

That i s , the plasma k i n e t i c energy can be conve r t ed t o cosmic ray energy 
w i t h 92-98% e f f i c i e n c y . 

I t i s found that f o r h i g h l y supersonic shocks the t r a n s i t i o n i s 
smooth as in the above example. In g e n e r a l , however , a plasma shock 
must be included in the t r a n s i t i o n using the usual Rankine-Hugoniot con­
d i t i o n s and a l s o r e q u i r i n g tha t p c and F c a re continuous in accordance 
w i t h equat ion (17) (Drury and V o l k , these P r o c e e d i n g s ) . 

To ob ta in the cosmic ray spectrum and current and thereby c l o s e 
the loop s e l f - c o n s i s t e n t l y we must next s o l v e the t r anspor t equations 
( 4 ) and ( 5 ) using the form V ( x ) obta ined in the above manner. The r e s u l t 
i s presumably not v e r y s e n s i t i v e to the p r e c i s e form o f V ( x ) but only to 
the l eng th s c a l e of the t r a n s i t i o n ( L ) . Furthermore we may permit K to 
be energy dependent i n t h i s second s tep s ince the K which determines L 
must be de f ined by the p a r t i c l e s which p r o v i d e most o f the p res su re . 
A n a l y t i c so lu t i ons of the equat ions are unfo r tuna te ly d i f f i c u l t to ob ­
t a i n . However, the r e s u l t s t o be expected from a smooth t r a n s i t i o n , f o r 
example, a re obv ious : ( 1 ) low energy p a r t i c l e s ( K << ( V^-V2 ) L ) do not 
d i f f u s e r e a d i l y and a re s imply a d i a b a t i c a l l y compressed; ( 2 ) v e r y high 
energy p a r t i c l e s ( K >> ( V^-V2 ) L ) should see the t r a n s i t i o n as a d i s con ­
t i n u i t y i n f l o w speed and should a c c o r d i n g l y be a c c e l e r a t e d more or l e s s 
as i n the n o n - s e l f - c o n s i s t e n t case t r e a t e d in s e c t i o n 6; ( 3 ) a ' s p e c i a l * 
spectrum may deve lope and, s i n c e t he re i s a l eng th s c a l e i n the problem, 
i t s form w i l l depend on K as w e l l as V-j and V2. I t i s unfor tuna te ly not 
easy t o s o l v e the one-dimensional t ranspor t equat ion a n a l y t i c a l l y wi th 
V a func t ion o f x and K a func t ion of T (and x ) , however at tempts are 
i n p r o g r e s s . Blandford (1980) has c a r r i e d out a p e r t u r b a t i o n a n a l y s i s 
f o r the case p c « p<|Vj (presuming a shock wave to be p r e s e n t ) and f inds 
tha t the spectrum tends t o f l a t t e n at h igh e n e r g i e s , which i s not incon­
s i s t e n t w i t h the above remarks. E i c h l e r (1979) has argued that the i n ­
c i d e n t k i n e t i c energy f l u x i s d i v i d e d equa l l y between r e l a t i v i s t i c 
( ~ 1 GeV) p a r t i c l e s and plasma thermal ene rgy , however , t h i s i s in con­
t r a d i c t i o n t o the e x i s t e n c e of smooth t r a n s i t i o n s as shown above . 

8. CONCLUSIONS 

The e s s e n t i a l conc lus ion o f t h i s r e v i e w i s that p rov ided they are 
s c a t t e r e d e f f e c t i v e l y and p rov ided energy lo s ses are not too s e v e r e , 
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cosmic rays can be v e r y e f f i c i e n t l y a c c e l e r a t e d by shock waves in the 
i n t e r s t e l l a r medium. Indeed , in favourab le c i rcumstances , most of the 
k i n e t i c energy a s s o c i a t e d w i th the shock wave can be conver ted to cosmic 
ray energy . The p r o v i s o s a re s i g n i f i c a n t s ince the A l f v e n waves which 
are necessary t o s c a t t e r the p a r t i c l e s can on ly be produced e f f e c t i v e l y 
by the same shock waves and by s t rong a n i s o t r o p i c s in the cosmic rays 
themse lves . In the c o o l e r r eg ions of the i n t e r s t e l l a r medium (which in 
any case a re r e g i o n s ' w h i c h do not conta in s t rong shocks) s ince A l f v e n 
waves tend to be s t r o n g l y damped by i on -neu t r a l c o l l i s i o n s and cosmic 
ray energy losses due t o i o n i z i n g c o l l i s i o n s and nuc lear i n t e r a c t i o n s 
a re a l s o r e l a t i v e l y impor tan t , one would expect l i t t l e a c c e l e r a t i o n to 
occur . We are t h e r e f o r e d i r e c t e d towards the h o t , low d e n s i t y , f u l l y -
i o n i z e d r eg ions ( i . e . l a r g e H I I r eg ions and supernova remnants) which 
occupy most of the i n t e r s t e l l a r medium by volume. In such r e g i o n s , 
i o n i z a t i o n lo s ses a re v e r y low and A l f v e n waves a re e f f e c t i v e l y damped 
on ly by v i s c o s i t y , Landau damping, n o n - l i n e a r decay , expansion of the 
medium, and as a r e s u l t o f second order Fermi a c c e l e r a t i o n of cosmic 
r a y s . In p a r t i c u l a r , the v e r y low d e n s i t y , h igh temperature (10^-10^K) 
i n t e r s t e l l a r medium i s e s p e c i a l l y important s ince shock waves should 
tend t o speed up and s t rengthen in such r eg ions and, depending on the 
geometry o f the s i t u a t i o n , may propagate ove r l a r g e d i s t ances without 
too much a t t e n u a t i o n . [[.See Cesarsky (1980) f o r a r e v i e w of the problem 
of A l f v e n wave g e n e r a t i o n and damping in the i n t e r s t e l l a r medium.] 

In c o n s i d e r i n g the behaviour of cosmic rays i n the g a l a x y , one 
should no te tha t during the t ime T C ^ 2x10? y e a r s , which i s of i n t e r e s t , 
some 5x10^ supernova occur , each of which expands to a radius of the 
o rde r of 100 parsecs i n a p e r i o d of 10& years o r s o . This means that 
eve ry po in t in the i n t e r s t e l l a r medium i s passed by a r a the r s t rong 
shock wave ( ^ 1 0 0 km/sec) about ten times during the p e r i o d in q u e s t i o n , 
exc lud ing r e f l e c t i o n s . From the po in t of v i e w o f the cosmic rays t h e r e ­
f o r e , the i n t e r s t e l l a r medium i s a v i o l e n t p l a c e i n which they are con­
t i n u a l l y a c c e l e r a t e d o r d e c e l e r a t e d or a c c e l e r a t e d a g a i n , w i th of course 
a s t rong net a c c e l e r a t i o n because the e f f e c t i s s t a t i s t i c a l l y i r r e v e r ­
s i b l e ( O s t r i k e r , 1979) . One should a l s o no te that the cosmic r a y s , at 
l e a s t i n the low d e n s i t y medium, must c o n t i n u a l l y be t r anspor ted in one 
d i r e c t i o n o r another by mass motions and indeed produce these mass 
motions in par t as a r e s u l t o f t h e i r own c o n t r i b u t i o n t o the pressure of 
the medium. 

I f one adopts the above p i c t u r e of the i n t e r s t e l l a r medium, no t ing 
o f course that i t i s compl ica ted by the e x i s t e n c e of s t e l l a r winds and 
expanding H I I r e g i o n s , t h e r e appears to be no s t rong reason t o doubt 
tha t g a l a c t i c cosmic rays a r e a c c e l e r a t e d by shock waves w i th some a s ­
s i s t a n c e from second o rde r Fermi e f f e c t s and magnetic pumping. Fur ther ­
more, the cosmic rays p l a y a major r o l e i n the energy balance and 
dynamics o f the medium, and t o some ex ten t c o n t r o l t h e i r own d e s t i n y . 
That i s , cosmic rays a r e i n no sense to be regarded as p a s s i v e r i d e r s 
on a more or l e s s s t a t i c i n t e r s t e l l a r magnetic f i e l d which s c a t t e r s them 
o c c a s i o n a l l y so that they e v e n t u a l l y by chance f i n d t h e i r way out of 
the g a l a x y . I n s t e a d , the cosmic rays l e a v e the ga laxy because they are 
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f o r c e d out and because they f o r c e t h e i r own way ou t . As a r e s u l t o f t h i s 
p r o c e s s , a g a l a c t i c ha lo i s formed and e v e n t u a l l y a g a l a c t i c wind in 
which the cosmic rays a r e e n e r g e t i c a l l y dominant (Johnson and A x f o r d , 
1971) . Shock waves which pass i n t o the halo should tend t o s t rengthen as 
they move i n t o r eg ions c f r a p i d l y decreas ing d e n s i t y and in doing so 
fu r the r heat the ha lo gas and a c c e l e r a t e the cosmic rays in a manner 
analogous t o the process suggested by Biermann (1948) f o r hea t ing the 
s o l a r corona . 

I t has been argued o c c a s i o n a l l y that the d i f f u s i o n c o e f f i c i e n t in 
the i n t e r s t e l l a r medium, a t l e a s t i n the d i r e c t i o n normal to the plane 
o f the g a l a x y , should l i e in the range 1 ( ) 2 7 - i o 2 8 c m2 / s e c s ince the cosmic 
ray s c a l e he igh t i s o f the o rder of 10^-10-^ parsecs and the escape t ime 
2x10? y e a r s . Such l a r g e d i f f u s i o n c o e f f i c i e n t s , i f t y p i c a l , would tend 
t o make a l l but nea r ly pe rpend icu la r shocks i n e f f e c t i v e in a c c e l e r a t i n g 
cosmic rays s ince the t ime s c a l e f o r a c c e l e r a t i o n by shock waves wi th 
speeds o f the order of 100 km/sec would be at l e a s t 1 0 ^ - 1 O ^ s e c , which 
i s t o o l o n g . In f a c t , t h i s d i f f u s i o n c o e f f i c i e n t has l i t t l e p h y s i c a l 
s i g n i f i c a n c e beyond the two parameters used in d e r i v i n g i t as i t con­
t a i n s the i m p l i c i t assumption that the i n t e r s t e l l a r medium i s more or 
l e s s s t a t i c , n o n - c o n v e c t i v e , and l ack ing the h i g h l y dynamic mass motions 
which a re impl ied in the d e s c r i p t i o n g i v e n above . I f i t means anything 
at a l l , t h i s d i f f u s i o n c o e f f i c i e n t i s r e l a t e d t o the supersonic turbu­
l e n t d i f f u s i o n of the hot i n t e r s t e l l a r medium as a whole r a the r than to 
the d i f f u s i o n o f the cosmic ray gas i t c a r r i e s a long w i t h i t . Except i n 
the ou te r reg ions of the h a l o , where the cosmic rays tend t o separa te 
ou t , the d i f f u s i o n c o e f f i c i e n t f o r the cosmic ray gas r e l a t i v e to the 
plasma could be v e r y much s m a l l e r . 

The ques t ion of seed p a r t i c l e s i s an important but d i f f i c u l t ques­
t i o n i n v i e w o f our l ack o f knowledge of the mic roscop ic p r o p e r t i e s of 
the i n t e r s t e l l a r medium. A number o f sugges t ions f o r f avour ing the 
medium and heavy n u c l e i r e l a t i v e t o hydrogen and hel ium have been made 
but i t i s d i f f i c u l t t o f i n d c r i t i c a l t e s t s f o r any o f them except p e r ­
haps by obse rv ing what happens i n the i n t e r p l a n e t a r y medium. One sug­
g e s t i o n i s that the i o n i z a t i o n p o t e n t i a l i s the s i g n i f i c a n t parameter 
s i nce t h i s would c l e a r l y d i s c r i m i n a t e aga ins t hydrogen and helium 
(Casse e t a l . , 1975) . I f t h i s were the c a s e , however , one would have t o 
r e l y on the a c c e l e r a t i o n t ak ing p l a c e in r e l a t i v e l y c o o l and low dens i ty 
HI r e g i o n s which, on the bas i s o f the d i scuss ion g i v e n h e r e , i s most 
unfavourable s ince A l f v e n waves damp r a p i d l y , i o n i z a t i o n l o s s e s are r e ­
l a t i v e l y important and i f the shock waves a re s t rong they would f u l l y 
i o n i z e the medium i n any c a s e . A second sugges t ion uses the condensat ion 
of s o l i d s as the f i l t e r , namely by invoking s p u t t e r i n g from i n t e r s t e l l a r 
g r a i n s f o l l o w i n g passage by a shock wave (Meyer e t a l . , 1979; Cesarsky 
e t a l . , these P r o c e e d i n g s ) . The sput te red atoms would have speeds o f the 
o rde r o f the shock speed and hence , on becoming i o n i z e d , would have some 
chance o f be ing s e l e c t i v e l y a c c e l e r a t e d . An obvious d i f f i c u l t y wi th t h i s 
idea i s that helium and neon would be e s s e n t i a l l y absent . 

Since we have advocated the hot i n t e r c l o u d r e g i o n s of the i n t e r -
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s t e l l a r medium as be ing the most l i k e l y s i t e s f a r a c c e l e r a t i o n i t i s 
perhaps more reasonable t o seek a seeding mechanism which i s cons i s t en t 
w i t h the p r o p e r t i e s o f such a hot plasma. Thus we sugges t that the para­
meters mass ( A ) and mass per charge ( A / Z ) could l ead t o the favoured i n ­
j e c t i o n o f h e a v i e r s p e c i e s i n t o the cosmic r a d i a t i o n . Since i t i s l i k e ­
l y that in a c o l l i s i o n - f r e e shock ions tend i n i t i a l l y t o have the same 
energy per nucleon ra the r than the same t o t a l ene rgy , the heavy ions 
a re immediately f avoured . Ions w i th l a r g e A/Z r a t i o s r e c e i v e fur ther 
f avourab le t reatment s i n c e t h e i r g y r o - p e r i o d s are l a r g e r and they t h e r e ­
f o r e tend t o r e sonan t ly i n t e r a c t w i th lower frequency components of the 
shock-induced turbulence where more wave power i s a v a i l a b l e . This hypo­
t h e s i s , o r v a r i a n t s o f i t , could in p r i n c i p l e be put t o t e s t in the i n ­
t e r p l a n e t a r y medium ( e . g . Hamilton e t a l . , 1979) . The e x i s t e n c e of the 
anomalous component i s perhaps some ev idence in i t s favour s ince the 
p a r t i c l e s p o s s i b l y have l a r g e A/Z (F i sk e t a l . , 1974; K l e c k e r , 1977) and 
may r e s u l t from a combinat ion o f s t o c h a s t i c ( F i s k , 1976) and shock a c ­
c e l e r a t i o n (Axford e t a l . , 1977) . In a d d i t i o n o f course i t must be r e ­
cogn ized that the shock a c c e l e r a t i o n mechanism i s a l s o s e l e c t i v e to the 
ex t en t that the d i f f u s i o n c o e f f i c i e n t p lays a r o l e as i t must in the 
n o n - l i n e a r i n t e r a c t i o n desc r ibed in s e c t i o n 7. At a g i v e n energy per 
nucleon heavy ions tend to have h igher r i g i d i t i e s and l a r g e r d i f f u s i o n 
c o e f f i c i e n t s than p r o t o n s ; consequent ly , the heavy p a r t i c l e s tend to 
" s e e " the t r a n s i t i o n d i f f e r e n t l y and may be p r e f e r e n t i a l l y a c c e l e r a t e d 
( c f . E i c h l e r , 1979) . I t should of course be remembered that seed par­
t i c l e s produced by s t o c h a s t i c a c c e l e r a t i o n in a shock t r a n s i t i o n must 
have a t l e a s t the minimum energy T m ( equa t ion ( 2 ) ) i f they a re t o be 
subsequently a c c e l e r a t e d i n the upstream r e g i o n . 

As f a r as e l e c t r o n s a re concerned, once they are s u f f i c i e n t l y r e ­
l a t i v i s t i c they should behave more or l e s s l i k e protons and be almost 
as e a s i l y a c c e l e r a t e d . However, the seeding processes f o r e l e c t r o n s are 
q u i t e another mat ter s i n c e they respond to a q u i t e d i f f e r e n t frequency 
domain in shock-induced e l ec t romagne t i c turbulence and a l s o to e l e c t r o ­
s t a t i c f i e l d s in the shock, so that a separa te d i s cus s ion i s r e q u i r e d . 
However, i t i s c l e a r from obse rva t ions of e n e r g e t i c e l e c t r o n s a s soc i a t ed 
w i t h the i n t e r p l a n e t a r y shocks that the re i s no p r i n c i p l e d i f f i c u l t y in 
a c c e l e r a t i n g e l e c t r o n s (Armstrong and K r i m i g i s , 1976) . 

We have emphasized expanding supernova remnants as the most l i k e l y 
means o f a c c e l e r a t i n g cosmic r a y s , because more than enough energy i s 
a v a i l a b l e ( ^ 1 0 ^ e r g s / s e c ) and because they can i n t e r a c t w i t h the hot 
i n t e r c l o u d medium on a v e r y l a r g e s c a l e . However, t he r e a re o ther 
sources o f mass motion in the i n t e r s t e l l a r medium which a re not i n s i g n i ­
f i c a n t from the po in t o f v i e w o f e n e r g e t i c s , namely novae , expanding 
H I I r eg ions and s t e l l a r winds . Novae produce about 10^^ergs / sec . In the 
case o f H I I r e g i o n s , the energy a v a i l a b l e i s ~6x10^1n e r g s / s e c , where 
n i s the e f f i c i e n c y (about 1%) wi th which the energy o f i o n i z i n g photons 
i s conver ted t o k i n e t i c energy (Kahn and Dyson, 1965) . There are of 
course shock waves around H I I r eg ions and cosmic rays must be a f f e c t e d 
by them (Newman and A x f o r d , 1968); however the shock speeds are r e l a ­
t i v e l y low (10-50 km/sec) and they tend to occur in r e l a t i v e l y dense HI 
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r e g i o n s where the c o n d i t i o n s f o r e f f i c i e n t cosmic ray a c c e l e r a t i o n are 
unfavourab le . S t e l l a r winds would be n e g l i g i b l e c o n t r i b u t o r s o f k i n e t i c 
energy ( ~ 3x10^^ergs / sec ) i f the s o l a r wind were a t y p i c a l example; how­
e v e r , i t appears that the d i s t r i b u t i o n o f s t e l l a r wind energy f l u x e s i s 
v e r y non-uniform and i s dominated ( 1 0 ^ e r g s / s e c ? ) by the same 0 and B 
s t a r s which a re r e s p o n s i b l e f o r the l a r g e H I I r e g i o n s (Casse and Pau l , 
1979) . On e n e r g e t i c grounds a lone one could t h e r e f o r e not r u l e out 
s t e l l a r winds as a s i g n i f i c a n t cause of cosmic ray a c c e l e r a t i o n (Casse 
and Pau l , 1979) . Dorman (1979) has made t h i s po in t in a somewhat d i f f e ­
rent way by no t ing that s o l a r modulat ion i s in f a c t an a c c e l e r a t i o n 
mechanism s ince the s o l a r wind must do work aga ins t the cosmic ray p r e s ­
sure g r a d i e n t ; one can r e a d i l y show that i f the t y p i c a l s t e l l a r wind r e ­
g ion were on ly about ten t imes l a r g e r than the 100 AU expec ted in the 
case o f the sun the necessary power requ i red t o mainta in the g a l a c t i c 
cosmic r a d i a t i o n would be a v a i l a b l e . Dorman*s c a l c u l a t i o n i s i n f a c t 
c o n s e r v a t i v e s ince he n e g l e c t s the enhancement due to a c c e l e r a t i o n at 
the shock wave t e rmina t ing the supersonic wind. 

F i n a l l y , i t should be noted that i n t e r g a l a c t i c a c c e l e r a t i o n of 
cosmic rays by shocks i s a p e r f e c t l y f e a s i b l e p r o p o s i t i o n and may ac ­
count f o r the h ighes t energy cosmic rays we o b s e r v e . I n v e r s e Compton and 
a d i a b a t i c expansion l o s s e s must o f course be overcome but t he re i s no 
shor tage o f seed p a r t i c l e s and i n t e r g a l a c t i c shocks, a t l e a s t those a s ­
s o c i a t e d wi th r ad io g a l a x i e s , c e r t a i n l y e x i s t . On t h i s b a s i s , one i s en­
t i t l e d t o ask whether g a l a c t i c winds modulate the i n t e r g a l a c t i c cosmic 
r a d i a t i o n and a l so c o n t r i b u t e t o t h e i r a c c e l e r a t i o n . 
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