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P i t c  n g l e  s c a t t e r i n g  of  cosmic r a y s  by hydromagnetic waves 

h 
genera ted  by t h e  cosmic r a y s  themselves i s  i n e f f e c t i v e  f o r  

11 E 2 10 eV . S c a t t e r i n g  and t h e  a s s o c i a t e d  p a r a l l e l  d i f f u s -  
i o n  due t o  waves a l r e a d y  p re sen t  i s  d i s cus sed  w i th  p a r t i c u l a r  
r e f e r e n c e  td' t h e  model a@ Lingen fe l t e r  e t  a1 , (1971) .  The 
r equ i r ed  spectrum i s  de r ived  and t h e  presence of  t h e  r equ i r ed  
waves i s  d i scussed .  
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1. I n t roduc t i on .  Cosmic r a y s  can  be very  e f f e c t i v e l y  s c a t t e r e d  by hydro- 
magnetic waves w i t h  wavelengths comparable t o  t h e  cosmic- ray g y r o r a d i i .  An 
a n i s o t r o p i c  d i s t r i b u t i o n  of  cosmic r ays  w i th  degree  of an i so t ropy  6 2 vA/c , 
v  = Alfven v e l o c i t y ,  i s  s u b j e c t  t o  a n  i n s t a b i l i t y  i n  which t h e  a p p r o p r i a t e  

A 
hydromagnetic waves grow due t o  a  maser a c t i o n .  The t heo ry  of t h i s  i n s t a b i l i t y  
and t h e  a s s o c i a t e d  s c a t t e r i n g  i s  d i s cus sed  by Wentzel (1969a),  Kulsrud and 
Pearce (1969),  Tademaru (1969),  S k i l l i n g  (1970) and Melrose and Wentzel (1970).  
A s  app l i ed  t o  cosmic r ays  t h i s  t heo ry  f a i l s  i n  t h a t  h igher  energy cosmic r a y s  
a r e  i n e f f i c i e n t  i n  caus ing  t h e  i n s t a b i l i t y  t o  develop. Kulsrud and Cezarsk i  
(1971) show t h a t  t h e  maser does no t  t u r n  on a t  a l l  f o r  t h e  waves genera ted  by 

11 
cosmic r ays  w i th  E  2 10 eV . These au tho r s  emphasize t h a t  e i t h e r  t h e  r e l e v a n t  
waves need t o  be genera ted  by some source  o t h e r  t han  t h e  cosmic r a y s  themselves 
o r ,  i f  t h i s  can be shown not  t o  be t h e  case ,  some o t h e r  theory  i s  r equ i r ed  t o  
account f o r  t h e  low an i so t ropy  and long confinement t ime of  cosmic r ays .  

I n  t h i s  paper we deduce t h e  minimum spectrum of hydromagnetic waves r equ i r ed  
11 

t o  account  f o r  t h e  confinement o f  cosmic r a y s  w i th  E >_ 10 eV t o  t h e  g a l a c t i c  
d i s c .  The numerical  va lue s  quoted a r e  based on a  model f o r  cosmic r a y  d i f f u s i o n  

,: ,+ developed by Lingenf e l t e r  e t  a l .  (1971) fo l lowing  Ramaty e t  a l ,  (1970).  These 
au tho r s  cons ider  a  model i n  which cosmic r a y s  a r e  i n j e c t e d  a t  random even t s  
(supernova explos ions)  and d i f f u s e  independent ly  both a long  and perpendicu la r  
t o  t h e  mean magnetic f i e l d  d i r e c t i o n .  They f i n d  t h a t  t h e i r  model i s  c o n s i s t e n t  
w i th  t h e  observed abundances of cosmic r a y s  (which change$'due t o  s p a l l a t i o n )  

i and l i m i t s  on t h e  degree  of a n i s o t r o p q  f o r  s c a t t e r i n g  l eng ths  J 2  - 30 p .c .  
C' 

perpendicu la r  t o  t h e  f i e l d  l i n e s  and jl - 30 p .c .  a long  t h e  f i e l d  l i n e s .  

The perpendicu la r  d i f f u s i o n  invoked i s  t h e  random walk of  f i e l d  l i n e s  
( J o k i p i i  1966, J o k i p i i  and Paker 1969). Th i s  d i f f u s i o n  i s  a s s o c i a t e d  w i t h  hydro- 
magnetic waves w i t h  wavelengths k - l  - 30f' 300 p . c . ,  s e e  J o k i p i i  and Lerche 
(1969) f o r  example. We a r e  concerned w i t h  t h e  p a r a l l e l  d i f f u s i o n .  The wave- 
l eng ths  a r e  comparable t o  t h e  g y r o r a d i i  o f  t h e  cosmic r a y s  w i t h  which t h e  waves 

11 - 1  15  i n t e r a c t  (k- '  - 10A.U.  a t  E N  10 e V ,  k  - 0 . 3  p .c .  a t  E - 10 eV). 



2. Minimum Wave Spectrum. Pitch angle scattering of ultrarelativistic 
particles (charge q , momentum p , p = cos (pitch angle), distribution 
function f(p,p)) by hydromagnetic waves (wave number k along the field line, 
energy density W(k) in the range dk at k) is described by 

Equation (1) is valid provided that the waves propagate at moderate angles 
(_< 45') to the direction of the magnetic field, see Melrose and Wentzel (1970). 
Terms of the order vA/c are neglected in (1). The most important of these 
neglected terms is that leading to the neutral streaming velocity discussed by 
Wentzel (1969a). This term is in fact absent if, as seems plausible, one has 
W(-k) = W(k). The neutral streaming velocity 

V ~ $  
given by Wentzel is modified 

to 

Pitch angle scattering leads to diffusion along the field lines provided 
that the degree of anisotropy is small and provided that the scattering length 

a2 is much greater than the gyroradii, 

Apart from a numerical factor of order unity the scattering length is given by 

If we impose the condition J s 30 p.c., following Lingenfelter et a1 (1971), 2 - 
and assume that this condition is independent of cosmic-ray energy, equation (4) 
gives the minimum required spectrum of waves. This spectrum has the functiog at 
form 

W(k) o: k-2 
: .  . 

(5) 

- I , The energy
a 

W(k)Ak in a band width Ak x k - R required is 
g 

i 

1 m ' 



where 

i s  t h e  energy d e n s i t y  i n  t h e  background magnetic f i e l d .  

3. Are t h e  Required Waves Present?  With d l  5 30 p. c .  i n  equat ion  (6) t h e  
requi red  r .m.s .  f l u c t u a t i o n s  AB i n  t h e  magnetic f i e l d  i n  t h e  range Ak - k a t  

- 1 

with  

where we t a k e  t h e  background magnetic f i e l d  t o  be 3pg. 

S c i n t i l l a t i o n  of p u l s a r s ,  p r o v i d d  information on t h e  r . m .  s .  va lue  of t h e  
f l u c t u a t i o n s  An i n  t h e  e l e c t r o n  cohcent ra t ion  i n  t h e  i n t e r s t e l l a r  medium 

(Wentzel 1969b). Typical  c h a r a c t e r i s t i c  lengths  a r e  around 10' ' cm (R icke t t  1970) 
which i s  cons iderably  s h o r t e r  than  t h e  lengths  (8) of i n t e r e s t .  Downs and 
Reichley ( 197 1) suggest  t h a t  f l u c t u a t i o n s  wi th  c o r r e l a t i o n  l eng ths  - 1014cm and 

-7 - 3  
An - 5 X 10 cm may be present .  However we a r e  unaware of any d i scuss ion  of 

14 
obse rva t iona l  evidence f o r  f l u c t u a t i o n s  i n  t h e  range between 10 cm and a  few 
parsecs (which i s  t h e  range of  i n t e r e s t  he re ) .  

- 2 -3 
With an i n t e r s t e l l a r  e l e c t r o n  d e n s i t y  n  - 10 cm t h e  f l u c t u a t i o n s  

suggested by Downs and Reichley g ive  

This  sugges ts  t h a t  (7) may be margina l ly  s a t i s f i e d  f o r  t h e  waves r equ i r ed  t o  
s c a t t e r  cosmic rays  wi th  E - V . 

For t h e  longer wavelengths one can only  specu la t e  on t h e  presence of  t h e  waves. 
14 We o f f e r  two arguments i n  favour of t h e  presence of waves wi th  k-' 2 10 cm . 

- 1  
1 F i r s t l y ,  one expects  t h e  motion of s t a r s ,  a t  around 10 km-sec, , wi th  s t e l l a r -  

- 1 15 wind c a v a t i e s  s i m i l a r  t o  t h a t  of t h e  sun t o  gene ra t e  waves wi th  k - 10 cm . 
This  i s  so  i f  t h e  v e l o c i t y  of t h e  s t a r  r e l a t i v e  t o  t h e  i n t e r s t e l l a r  gas exceeds 

. $  t h e  Alfven v e l o c i t y .  Secondly we now argue t h a t  damping of t h e  waves i s  a  
- 1  14 maximum a t  k  - 10 cm . It i s  then  p l a u s i b l e  t h a t  t h e  spectrum of  waves has  a  
- 1 14 

minimum at  k  - 10 cm. 

Kulsrud and Pearce (1969) d i scuss  t h e  damping of hydromagnetic waves due t o  
c o l l i s i o n s  between ions  and n e u t r a l s .  Let n  be t h e  number d e n s i t y  of  i ons  o r  
e l ec t rons ,  n  be t h e  number d e n s i t y  of  n e u t r a l s  and 

H Vo 
t h e  c o l l i s i o n  frequency. 



1 

Wri te  E = n/% . For w >> Y E' t h e  waves propagate  only  i n  t h e  ion ized  gas 
0 

with a damping t ime V . For w << Yo t h e  n e u t r a l s  move wi th  t h e  ions  i n  t h e  
0 

wave and t h e  damping t ime i s  V w - ~  . I n  t h e s e  two cases  t h e  Alfven v e l o c i t y  i s  
0 given by 

r: 

and 

r e s p e c t i v e l y ,  f o r  a f i e l d  of 3pg . With (Kulsrud and Pearce 1969, Sche e r  and 
Tsytovich 1970) 

- 3 
and % = 1 cm t h e  maximum damping occurs  a t  

14 where both l i m i t i n g  cases  overlap.  For k-' > 3 x 10 cm t h e  damping t ime increas-  
e s  a s  k'2 . Furthermore t h e  r e l evan t  Alfven v e l o c i t y  (9b) i s  smaller  t han  
t y p i c a l  s t e l l a r  v e l o c i t i e s .  

t; 4. Discussion. I n  models f o r  cosmic-ray confinement and escape, based on 
p a r a l l e l  d i f f u s i o n  a lone  one r i q u i r e s  t h a t  t h e  streaming v e l o c i t y  be equal  t o  
( l eng th  of path t o  escape from t h e  d isc) / (conf inement  t ime).  The n e u t r a l  stream- 
ing  v e l o c i t y ,  f i r s t  recognized by Wentzel (1969a), i s  i n  reasonable agreement wi th  
t h i s  requirement.  Because s c a t t e r i n g  i n  which t h e  cosmic r ays  gene ra t e  t h e i r  own 
waves leads  t o  t h i s  n e u t r a l  s t reaming v e l o c i t y  a s  t h e  maser a c t i o n  approaches 
s a t u r a t i o n ,  models based on p a r a l l e l  d i f f u s i o n  a lone  a r e  t e n a b l e  i f  t h e  waves a r e  
generated by t h e  cosmic r ays .  The i n e f f i c i e n c y  of t h e  maser a c t i o n  f o r  

2 ,  E 2 10'' V undermines any model based on p a r a l l e l  d i f f u s i o n  alone.  It i s  unreason- 
a b l e  t o  r e q u i r e  t h a t  waves generated i n  o t h e r  ways be j u s t  a t  t h e  l e v e l ,  no more 
and no l e s s ,  t o  g ive  t h e  requi red  streaming v e l o c i t y .  

.- c I n  t h e  model developed by Lingenfe l te r  e t  a1,(1971) escape i s  due t o  per- 
pendicular  d i f f u s i o n .  A l l  t h a t  i s  r equ i r ed  of t h e  p a r a l l e l  d i f f u s i o n  i s  t h a t  it 
be e f f i c i e n t  enough t o  prevent  escape a t  a f a s t e r  r a t e  than  does perpendicular  
d i f fus ion .  This  r e q u i r e s  t h a t  t h e  waves be exc i t ed  above a minimum l e v e l ,  
determined above. The requirement on t h e  waves i n  t h i s  model i s  l e s s  s t r i n g e n t  
t han  i n  models based on p a r a l l e l  d i f f u s i o n  above. Furthermore t h e  waves need not  
be homogeneously d i s t r i b u t e d  throughout t h e  d i s c  t o  impede streaming adequately.  
(One expec ts  t h e s e  waves t o  be exc i t ed  i n  i s o l a t e d  reg ions  i f  they  a r e  generated 
by t h e  motion of s t e l l a r  c a v i t i e s . )  

Although we a r e  unable t o  draw any p o s i t i v e  conclusions regard ing  t h e  presence 
of waves a t  o r  above t h e  r equ i r ed  minimum l e v e l ,  p resent  knowledge does no t  fo rb id  



t h e i r  presence. I f  
not  a t t a i n e d  models 
f u r t h e r  r ev i s ion .  

subsequent i n v e s t i g a t i o n  shows t h a t  t h e  minimum l e v e l s  a r e  
f o r  t h e  confinement and escape of cosmic rays  w i l l  r e q u i r e  
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