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ABSTRACT 

The two-f lu id  solar-wind model p r e d i c t e d  v a l u e s  f o r  wind 
speed and p ro ton  tempera ture  t h a t  a r e  lower t h a n  average  ob- 
se rved  v a l u e s ;  however, t h e  p r e d i c t i o n s  a r e  c o n s i s t e n t  w i t h  
t h e  e m p i r i c a l  r e l a t i o n  of Burlaga and O g i l v i e  i n  which t h e  
squa re  root  of t h e  p ro ton  tempera ture  is p r o p o r t i o n a l  t o  t h e  
wind speed.  S ince  observed v a l u e s  of wind speed and p ro ton  
tempera ture  a r e  t y p i c a l l y  h ighe r  t h a n  t h o s e  of t h e  two-f lu id  
model, i t  is concluded t h a t  energy  must be s u p p l i e d  by d i s s i p a -  
t i o n  of nonthermal energy from an  e x t e r n a l  sou rce .  The two- 
f l u i d  model is t h e r e f o r e  extended by i n c l u d i n g  ad hoc a n  energy  
source  i n  t h e  p ro ton  h e a t  e q u a t i o n  whose s t r e n g t h  and s p a t i a l  
d i s t r i b u t i o n  is v a r i e d  t o  de te rmine  t h e  g e n e r a l  r equ i r emen t s  
of such a sou rce .  The main f e a t u r e s  of our r e s u l t s  a r e :  
Heat d e p o s i t e d  i n s i d e  t h e  h e l i o c e n t r i c  r a d i u s  r - 4 Rg r e s u l t s  
i n  a s i g n i f i c a n t  i n c r e a s e  i n  wind speed w i t h  n e g l i g i b l e  i n -  
c r e a s e  i n  p ro ton  tempera ture .  Depos i t i ng  h e a t  over  t h e  range 
r 2 25 Ro r e s u l t s  i n  a l a r g e  i n c r e a s e  i n  p ro ton  tempera ture  and 
n e g l i g i b l e  i n c r e a s e  i n  wind speed .  By d e p o s i t i n g  h e a t  over the 

-- 

N 

> 

4 extended range  2 Ro - < <  r - 25 R a t  solar-wind speeds  and p ro ton  
t empera tu res  can be n d i rec t  correspondence w i t h  t h e  

--_ - -- 
and O g i l v i e .  Based on t h i s  model -_ e m p i r i c a l  r e s u l t s  of ~- 

ude t h a t  pr imary energy  d e p o s i t i o n  should  t a k e  p l a c e  
i n s i d e  r 25 Rae 



1. INTRODUCTION 

n t h i s  paper w e  d e s c r i b e  a s imple two-f lu id  model of so  

wind f low whic i n c l u d e s  d i s s i p a t i o n  of nont  energy a s  w e 1  

a s  thermal  conduct ion.  From its beginning ,  t h e  t h e o r y  of t h e  

s o l a r  wind h a s  been concerned w i t h  t h e  problem of energy t r a n s -  

L p o r t  i n  the  s o l a r  corona [see rev iews  by Pa rke r ,  1969, 1965a, 

19631. The co rona l  gas  is f a i r l y  t i g h t l y  bound i n  t h e  s u n ' s  

g r a v i t a t i o n a l  f i e l d ,  s o  t h a t  i f  t h e r e  is a s o l a r  wind, there 

must e x i s t  a h e a t  sou rce  s t r o n g  enough t o  l i f t  t h e  g a s  ou t  of 

s o l a r  g r a v i t y .  T h i s  h e a t i n g  must extend o u t  from the  sun a t  

l e a s t  a s  f a r  a s  t h e  c r i t i c a l  d i s t a n c e  ( t h e  d i s t a n c e  a t  which t h e  

solar-wind f low becomes s u p e r s o n i c ) .  

The mechanisms which provide  t h e  necessa ry  h e a t i n g  a r e  n o t  

y e t  understood i n  q u a n t i t a t i v e  d e t a i l .  Parker  c1963, 196 

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

of t h e  wind is e n t i r e l y  due t o  thermal  conduct ion.  H e  found 

t h a t  p u r e l y  conduct ive  models imply lower wind v e l o c i t y  and 

h ighe r  d e n s i t y  than  a r e  observed a t  t h e  o r b i t  of e a r t h  ( i n  f a c t ,  

f o r  a base  tempera ture  of 2 x 10601C, t h e  observed co rona l  d e n s i t y  

of -10 9 cmm3 i m p l i e s  subson ic  expans ion ) ,  a conclus ion  suppor ted  

by t h e  numerical  c a l c u l a t i o n s  of Noble and Scarf  c19631 and 

Whang and Chang c19651. 

o t h e r  e f f e c t s  may be impor tan t  i n  solar-wind e n e r g e t i c s :  non- 

Parker  sugges ted  t h a t  a t  l e a s t  two 

conduct ive h e a t i n g ,  probably due t o  wave d i s s i p a t i o n ,  and c u t o f f  

of thermal  conduct ion ,  due e i t h e r  t o  s p i r a l i n g  of t h e  i n t e r p l a n e t a r y  

magnetic f i e l d  or t o  some c o l l i s i o n l e s s  mechanism. Extended h e a t i n g  
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i n  one - f lu id  models h a s  been d i s c u s s e d  i n  t h e  po ly t rope  ap- 

proximation by Parker  [1963]. A n a l y t i c a l  d i s c u s s i o n s  of 

one - f lu id  h e a t i n g  f r o m  s e v e r a l  v iewpoin ts  have been g iven  by 

Konyukov [1967a, b ,  19681. Konyukov's arguments a r e  n o t  

completely convinc ing ,  however, e s p e c i a l l y  a s  he i n c o r r e c t l y  

concludes  t h a t  a p u r e l y  conduct ive  one - f lu id  model is u n s t a b l e  

[Konyukov, 19681. 

A more r e f i n e d  solar-wind model, where t h e  on ly  h e a t  

t r a n s p o r t  is c l a s s i c a l  h e a t  conduct ion ,  is t h e  two-f lu id  model 

[S tur rock  and H a r t l e ,  1966, H a r t l e  and S t u r r o c k ,  19681, i n  

which t h e  d i s t i n c t  ' t r a n s p o r t  p r o p e r t i e s  of e l e c t r o n s  and pro-  

t o n s  a r e  cons idered .  T h i s  model p r e d i c t s  a f low speed of 

-250 km/sec and a pro ton  tempera ture  of -4 x lo3  OK.at t h e  

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

s e rved  v a l u e s  of 2 350 km/sec and 2 5:k2f04 OK [Neugebauer and 

@Y&S, I!%X&; Wolfe e t  a l ,  19RG; Axford,  1968, Hundhausen, 19681; 

i n  a d d i t i o n ,  t h e  two-f lu id  model p r e d i c t s  an e l e c t r o n  tempera ture  
5 0  of -3.5 x 10 K a t  1 AU, l a r g e r  t han  t h e  observed v a l u e  of 

-2 x 10 K. I t  h a s  been proposed t h a t  t h e s e  d e f i c i e n c i e s  might 5 0  

be remedied by modifying t h i s  p u r e l y  conduct ive  model t o  i n c l u d e  

t h e  p o s s i b i l i t y  of h e a t i n g  by t h e ' d i s s i p a t i o n  of some nonthermal 

energy  supp ly ;  s e v e r a l  p o s s i b l e  mechanisms have been d i s c u s s e d  

i n  t h e  l i t e r a t u r e  [Coleman, 1968;  Barnes ,  1969; F r e d r i c k s ,  1969; 

J o k i p i i  and Davis ,  19691. Recen t ly ,  Hundhausen c19691 h a s  sug- 

g e s t e d  t h a t  i n h i b i t i o n  of thermal  conduct ion ,  r a t h e r  t h a n  d i s -  

s i p a t i o n  of nonthermal energy  from some e x t e r n a l  s o u r c e ,  may 
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account  f o r  t h e  d i s c r e p a n c i e s  between quie t -day  o b s e r v a t i o n s  

and t h e  p r e d i c t i o n s  of t h e  two-f lu id  model. Such i n h i b i t i o n  

of thermal  conduct ion might be e i t h e r  a p u r e l y  geomet r i ca l  

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

magnetic f i e l d  [Brandt , _.- e t  a l ,  1969; G e n t r y  and Hundhausen, 

1969; __. Urch, 19691, or a c o l l i s i o n l e s s  plasma e f f e c t ,  perhaps  I 

of t h e  s o r t  d i s c u s s e d  by Forslund [19?0]. 

N e v e r t h e l e s s ,  t h e  observed s o l a r  wind o f t e n  blows much 

f a s t e r  t h a n  t h e  quie t -day  wind f o r  p e r i o d s  of s e v e r a l  days  

( e . g . ,  see Neugebauer and S n y d e r , l  ; ) 9  s o  t h a t  t h e  wind 

convec ts  much more energy  a t  some t i m e s  t h a n  a t  o t h e r s .  Th i s  

v a r i a b i l i t y  of t h e  energy  f l u x  is almost  c e r t a i n l y  a s s o c i a t e d  

wi th  t h e  d i s s i p a t i o n  of va ry ing  amounts of nonthermal energy  

[Pa rke r ,  1969, 1965aI .  T h i s  viewpoint  is c o n s i s t e n t  w i t h  t h e  

s t r o n g  o b s e r v a t i o n a l  c o r r e l a t i o n  between t h e  f low speed vE and 

pro ton  tempera ture  T of t h e  wind a t  1 AU [Burlaga and Q g i l v i e ,  

1970;Robbins e t  a1,1970] .  In  p a r t i c u l a r ,  Bur laga  and  Q g i l v i e  f i n d  
m 

-- 
t h e  e m p i r i c a l  r e l a t i o n  

where t h e  p ro ton  t empera tu re  T 

f low speed v is i n  km/sec. ( s u b s c r i p t  E r e f e r s  t o  E a r t h ' s  o r b i t  

= ( .036  * .003) vE - (5 .54 1 . 5 0 ) ,  PE 
is i n  u n i t s  of l o3  OK and t h e  

PE 

E 
th roughou t ) .  T h i s  remarkable  r e l a t i o n  is v a l i d  f o r  a wide v a r i e t y  

of solar-wind condi t ions ' ,  r ang ing  from qui .e t  t o  h i g h l y  d i s t u r b e d  

t i m e s .  There is a l s o  ev idence  f o r  a weaker c o r r e l a t i o n  between 

d e n s i t y  and t empera tu re  [Robbins e t  a1,19?0]  , e s p e c i a l l y  f o r  temp- 

eratures lower t h a n  5 x lo4  OK [Hundhausen, p r i v a t e  communication]. 

-_. 

'This r e l a t i o n  is  based on Explorer  34 plasma measurements made 
between June and December of 1967,  b u t  seems t o  ag ree  w i t h  o t h e r  
o b s e r v a t i o n s  made a t  o t h e r  t i m e s  i n  t h e  s o l a r  c y c l e .  
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c o r r e l a t i o n  is much s t r o n g e r  [Robbins e t  a 1  , However,  t h e  TpE-v -- 
19701 , and probably a more fundamental  c h a r a c t e r i s t i c  of s o l a r -  

wind flow a t  t h e  o r b i t  of e a r t h .  

S ince  d i s t u r b e d  wind c o n d i t i o n s  o f t e n  p e r s i s t  f o r  s e v e r a l  

days  ( a  t i m e  comparable t o  t h e  t i m e  of f low between t h e  sun  

and t h e  o r b i t  of e a r t h ) ,  it seems l i k e l y  t h a t  t h e  Burlaga-  a 

O g i l v i e  TpE-vE r e l a t i o n  d e f i n e s  a continuum of average  macroscopic 

s t a t e s  of t h e  s o l a r  wind,' r a t h e r  t h a n  m e r e  c o r r e l a t i o n s  i n  t h e  

m i c r o s t r u c t u r e  of t h e  wind; presumably,  h i g h  v e l o c i t i e s  (and 

t empera tu res )  i n d i c a t e  a s t a t e  of t h e  win@ t h a t  h a s  undergone 

extended h e a t i n g .  I f  t h i s  i n t e r p r e t a t i o n  of t h e  TpE-vE r e l a t i o n  

is c o r r e c t ,  it h a s  impor tan t  i m p l i c a t i o n s  f o r  t h e o r e t i c a l  models 

of t h e  wind. For example, m o s t  one - f lu id  models [Noble and S c a r f ,  

1963; Whang and Chang, 1965; Gent ry  and Hundhausen, 1969, Urch, 

19691 g i v e  values of f low speed and t empera tu re  - t h a t  s e p a r a t e l y  

l i e  i n  t h e  observed r ange ,  b u t  d o  no t  s a t i s f y  t h e  T p E - ~ E  r e l a t i o n ;  

a c c o r d i n g l y ,  w e  conclude t h a t  none of t h e s e  models d e s c r i b e s  an 

observed average  s t a t e  of t h e  wind. On t h e  o t h e r  hand, t h e  two- 

f l u i d  model is c o n s i s t e n t  w i t h  e x t r a p o l a t i o n  of t h e  TpE-vE r e l a -  

t i o n  t o  l o w  tempera ture  and f low speed.  

I f  t h e  Burlaga-Ogilvie  TpE-vE r e l a t i o n  is a fundamental  

p r o p e r t y  of macroscopic  solar-wind f low,  it must be e x p l a i n a b l e  

by a s u f f i c i e n t l y  r e a l i s t i c  model of t h e  wind. Obviously,  such 
r 

a model must n o t  s imply  p r e d i c t  a f low speed and p ro ton  tempera- 

t u r e  a t  ( s ay )  a h e l i o c e n t r i c  d i s t a n c e  of 1 AU b u t  r a t h e r  i t  should  

p r e d i c t  a cont inuous  range  of T and v c o n s i s t e n t  w i t h  t h e  PE E 
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r e l a t i o n .  I n  t h e  p r e s e n t  pape r ,  w e  d i s c u s s  e m p i r i c a l  T 

a s imple  model which is c o n s i s t e n t  w i t h  t h e  e m p i r i c a l  TpE-vE 

r e l a t i o n ;  a l though t h i s  model does  n o t  a c t u a l l y  p r e d i c t  t h e  

~ E - ~ E  

r e l a t i o n ,  w e  b e l i e v e  t h a t  it i n d i c a t e s  some of t h e  T p ~ - V ~  
f e a t u r e s  t h a t  a p r e d i c t i v e  model must have.  Our p r e s e n t  model 

is s i m i l a r  t o  t h e  two-f lu id  model i n  t h e  form p resen ted  by 

Hartle and S t u r r o c k  c19681, bu t  i n c l u d e s  h e a t i n g  of t h e  ions  

(but  no t  e l e c t r o n s )  by d i s s i p a t i o n  of nonthermal energy from 

an external  source.’ We do not  s p e c i f y  t h e  mechanism t h a t  

s u p p l i e s  t h i s  nonthermal ene rgy ,  bu t  assume -- ad hoc an energy 

d i s s i p a t i o n  f u n c t i o n  which pe rmi t s  us  t o  v a r y  t h e  s t r e n g t h  and 

s p a t i a l  d i s t r i b u t i o n  of t h e  h e a t i n g  i n  a g e n e r a l  way. 

We s o l v e  t h e  dynamical e q u a t i o n s  of solar-wind f low €or 

v a r i o u s  shapes  and s t r e n g t h s  of t h e  energy  d e p o s i t i o n  f u n c t i o n .  

W e  f i n d  t h a t  h e a t  d e p o s i t e d  i n  t h e  r e g i o n  of subson ic  f low 

mainly r a i s e s  t h e  f low speed v a t  1 AU, and h e a t  d e p o s i t e d  i n  E 

t h e  r e g i o n  of s u p e r s o n i c  f low mainly r a i s e s  t h e  p ro ton  tempera- 

t u r e  T By d i s c a r d i n g  s o l u t i o n s  n o t  c o n s i s t e n t  w i t h  

t h e  Burlaga-Ogilvie  TpE-vE r e l a t i o n ,  w e  obta3n a series of s o l u -  

t i o n s  which i n d i c a t e  t h a t  t h e  e x t e r n a l  h e a t  sou rce  h a s  t h e  fo l lowing  

p rope r ty :  t h e  pr imary h e a t i n g  occur s  over an extended r e g i o n ,  

a t  1 A U . 3  
PE 

p o s s i b l y  a s  f a r  a s  25 R, from t h e  s u n ;  a l s o ,  weaker h e a t i n g  may 

2This  model is f l u i d  t h e o r y ,  a s  opposed t o  exosphe r i c  t h e o r i e s  
( e . g . ,  Hollweg L19701, E v i a t a r  and Schulz  b 9 7 0  1 ,  J o c k e r s  Ci9691). 

3This e f f e c t  is no t  s u r p r i s i n g ,  s i n c e  t h e  a d d i t i o n  of h e a t  t o  
subson ic  f low i n c r e a s e s  Mach number, wh i l e  a d d i t i o n  of h e a t  t o  
s u p e r s o n i c  f low reduces  Mach number [Shap’iro, 19531. 
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occur much f a r t h e r  o u t  (- 1 AU), b u t  h a s  on ly  a secondary 

i n f l u e n c e ,  a f f e c t i n g  t h e  tempera ture  b u t  n o t  t h e  flow speed.  

I n  t h e  l i m i t  of z e r o  energy  d e p o s i t i o n  our s o l u t i o n s  reduce  

t o  t h e  b a s i c  two-f lu id  model.4 Although t h i s  l i m i t  may no t  be 

an a t t a i n a b l e  s t a t e  of s o l a r  wind f l o w ,  because t h e  l a r g e  r a t i o  

of e l e c t r o n  t o  p ro ton  tempera ture  may cause i n s t a b i l i t y  [ F r e d r i c k s ,  

1969,  Fo r s lund ,  19701, i t  is reasonab le  t o  use  t h e  two- f lu id ’  

e q u a t i o n s  t o  i n v e s t i g a t e  t h e  e f f e c t s  of nonthermal energy  depos i -  

t i o n  f o r  two r e a s o n s :  f i r s t ,  t h e  a d d i t i o n  of modest amounts of 

h e a t  r a i s e s  t h e  p ro ton  tempera ture  h igh  enough t h a t  t h e  s t r o n g e s t  

i n s t a b i l i t i e s  cons ide red  by F r e d r i c k s  and Fors lund  do n o t  o c c u r ;  

second,  a s  mentioned b e f o r e ,  e x t r a p o l a t i o n  of t h e  e m p i r i c a l  

r e l a t i o n  t o  low v e l o c i t y  and tempera ture  is c o n s i s t e n t  T p ~ - V ~  
wi th  t h e  b a s i c  two-f lu id  model, s u g g e s t i n g  t h a t  it is a reason-  

a b l e  mathematical  ze ro -hea t ing  l i m i t  of t h e  models w i th  f i n i t e  

h e a t i n g  . 
Hundhausen [1969] h a s  emphasized t h a t  t h e  two-f lu id  model 

i m p l i e s  a thermal  conduct ion f l u x  cons ide rab ly  h ighe r  t han  t h a t  

deduced from e l e c t r o n  measurement a t  1 AU [Montgomery e t  a l . ,  

19681. H e  sugges ted  t h a t  t h i s  may mean t h a t  t h e  t r a n s p o r t  co- 

e f f i c i e n t s  of t h e  two-f lu id  model ‘become- i n v a l i d  a t  some p o i n t  

i n  t h e  f low;  t h i s  p o s s i b i l i t y  had a l r e a d y  been mentioned b r i e f l y  

by H a r t l e  and S t u r r o c k  [19681 and h a s  been d i s c u s s e d  i n  cons ide r -  

a b l e  d e t a i l  by Fors lund  L19701. I t  is c l e a r  t h a t  i n h i b i t i o n  of 

P 

40ne cannot  produce t h e  T -v r e l a t i o n  by v a r i a t i o n  of t h e  base  
T h i s  was shown by numerical  parameters  of t h e  two-flggd g o d e l .  

computat ion,  and a l s o  may b e - s e e n  from t h e  approximate 43quaticSns 
fs,A)l ~ f ~ - H ~ ~ ~ l ~ - ~ n ~ o g ~ u r r o c g  C1968l 
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thermal  conduct ion ,  by whatever mechanism, is an  e f f e c t  which 

should  be t aken  i n t o  account  i n  a r e a l i s t i c  model of t h e  minimum 

s o l a r  wind. However, it is doub t fu l  t h a t  i n h i b i t i o n  of thermal  

conduct ion  is r e l a t e d  t o  t h e  w i d e  v a r i a t i o n  i n  energy  f l u x  

a s s o c i a t e d  w i t h  v a r i o u s  macroscopic  s t a t e s  of t h e  s o l a r  wind. 

Th i s  k i n d  of e f f e c t  h a s  been omi t ted  from t h e  p r e s e n t  model, 

and probably  does no t  modify our q u a l i t a t i v e  conc lus ions  i n  a 

s i g n i f i c a n t  way. 

Hundhausen c19691 has  a l s o  r a i s e d  t h e  p o i n t  t h a t  t h e  t w o -  

f l u i d  model p r e d i c t s  a t o t a l  energy  f l u x  a t  1 AU which is l a r g e r  

t han  t h e  observed quie t -day  f l u x  by a f a c t o r  -2 .  T h i s  may n o t  

be a fundamental  d i f f i c u l t y  of t h e  two-f lu id  model, f o r  t h e  

t o t a l  e f f l u x  of energy  i n  t h e  quie t -day  wind is a f a i r l y  sma l l  

f r a c t i o n  (- 10%) of t h e  h e a t  r e q u i r e d  t o  d r i v e  t h e  wind (most 

of t h i s  h e a t  goes  i n t o  work of l i f t i n g  t h e  plasma o u t  of s o l a r  

g r a v i t y ) ,  so  t h a t  a sma l l  e r r o r  i n  d e s c r i b i n g  t h e  h e a t i n g  p rocess  

may cause  a r a t h e r  l a r g e  e r r o r  i n  t h e  n e t  energy  f l u x  i n  t h e  

d i s t a n t  f low.  F u r t h e r ,  t h e  o b s e r v a t i o n a l  c o r r e l a t i o n  between 

tempera ture  and f low speed is much s t r o n g e r  than  t h a t  between 

e i t h e r  of t h e s e  q u a n t i t i e s  and d e n s i t y ,  so t h a t  d e n s i t y  (and 

hence energy  f l u x ,  whose convec t ive  p a r t  is p r o p o r t i o n a l  t o  

d e n s i t y )  may n o t  be a c r i t i c a l  t e s t  of a solar-wind model t c f .  

a l s o  Parker  1965a1. 
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2 .  BASIC EQUATIONS AND THEIR SOLUTION 

To make t h e  c a l c u l a t i o n s  t r a c t a b l e  w e  assume t h a t  t h e  

s o l a r  wind c o n s i s t s  of p ro tons  and e l e c t r o n s  and undergoes 

s t e a d y ,  r a d i a l ,  s p h e r i c a l l y  symmetric expans ion  c h a r a c t e r i z e d  

by a p ro ton  number d e n s i t y  n and f l o w  speed v ( equa l  t o  t h e  

e l e c t r o n  d e n s i t y  and f low s p e e d ) ,  p ro ton  tempera ture  T and 

e l e c t r o n  tempera ture  Te. E f f e c t s  of s o l a r  r o t a t i o n ,  magnet ic  

f i e l d ,  t empera ture  a n i s o t r o p y  and v i s c o s i t y  a r e  ignored .  The 

e q u a t i o n s  t h a t  govern t h e  f low a r e  t h e  c o n t i n u i t y  e q u a t i o n  

P 

n v r2 = J = c o n s t a n t  

( r  is t h e  h e l i o c e n t r i c  d i s t a n c e ) ,  t h e  momentum equa t ion  

G M , m  n 

r 
n m  v - - - -  dv - d [nk(Te + Tp) l  - P 

P d r  d r  

and t h e  e l e c t r o n  and pro ton  energy  e q u a t i o n s  

v k Te dr - - - 2 d r  r 
Z n v k - -  3 dTe 

d r  

- - 3 v nk(T, - TP) + 63, 
2 E  

Y - u 2 E  n k(Te - TP) + pp 

( t h e  6"s  a r e  u n s p e c i f i e d  c o l l i s i o n l e s s ,  h e a t i n g  t e rms) .  

(3) 

(4)  
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Here m and m a r e ,  r e s p e c t i v e l y ,  t h e  p ro ton  and e l e c t r o n  

masses,  G is the  g r a v i t a t i o n a l  c o n s t a n t ,  is  t h e  mass of 

t h e  sun ,  k is Boltzmann's c o n s t a n t ,  

P e 

and 

a r e  t h e  e l e c t r o n  and pro ton  c o l l i s i o n a l  thermal  c o n d u c t i v i t i e s ,  

2me v =  - v  m e  P E 

is t h e  c o l l i s i o n a l  e l e c t r o n - p r o t o n  energy  exchange r a t e ,  

4(2n)li2 n e 4 x 
(k TeI3I2  

- - 
'e 1 /2  

me 

and 
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are t h e  e l e c t r o n  and pro ton  c o l l i s i o n  f r e q u e n c i e s ,  and 

is t h e  Coulomb loga r i thm.  ,The e x p r e s s i o n s  f o r  t h e  c o l l i s i o n a l  

t r a n s p o r t  terms are t aken  from t h e  r e v i e w  a r t i c l e  by B r a g i n s k i i  

e1965 'J . 
Equat ions  (1-10) are t h e  same as  t h e  b a s i c  e q u a t i o n s  used 

by Hartle and S t u r r o c k  b 9 6 8 ;  h e r e a f t e r  c a l l e d  HS'3 except  f o r  

t h e  c o l l i s i o n l e s s  h e a t i n g  terms Pe and 63 i n  e q u a t i o n s  (3-4). 

I t  is  proper  t o  t r ea t  t h e  c o l l i s i o n l e s s  h e a t i n g  by a d d i t i v e  
P 

terms, as c o r r e c t i o n s  t o  t h e  p a r t i c l e  k i n e t i c  e q u a t i o n s  due t o  

c o l l i s i o n l e s s  e f f e c t s  (wave-par t ic le  i n t e r a c t i o n s )  .are  a d d i t i v e  

( e . g . ,  see R o g i s t e r  and Oberman, [1968 3 ) .  I n  p r i n c i p l e  t h e  

momentum e q u a t i o n  (2) ( b u t ,  obv ious ly ,  n o t  t h e  c o n t i n u i t y  

equa t ion  ( 1 ) ) h a s  an a d d i t i o n a l  term due t o  c o l l i s i o n l e s s  e f f e c t s ,  

a p r e s s u r e - l i k e  term analogous t o  r a d i a t i o n  p r e s s u r e .  How- 

ever ,  one may a rgue  on p h y s i c a l  grounds t h a t  t h i s  c o l l i s i o n l e s s  

a c c e l e r a t i o n  is not  a major e f fec t ,  and t h a t  t h e  c o l l i s i o n l e s s  

p rocesses  i n f l u e n c e  a c c e l e r a t i o n  only  through modifying pro ton  

and e l e c t r o n  t empera tu res  accord ing  t o  t h e  h e a t  e q u a t i o n .  For 

suppose t h a t  t h e  c o l l i s i o n l e s s  h e a t i n g  is due t o  some kind of 

d i s s i p a t i o n  of f l u c t u a t i o n s  of energy d e n s i t y  f, which move 

wi th  speed u re la t ive  t o  t h e  wind, and t h a t  u is comparable t o  

t h e  p ro ton  the rma l  speed o r  Alfvdn speed;  t h e  momentum d e n s i t y  

of t h e  f l u c t u a t i o n s  i B  of o r d e r  C ( u + v ) .  The cor responding  

g a s  energy d e n s i t y  appea r ing  i n  t h e  heat e q u a t i o n s  is of t h e  

10 



o r d e r  of t h e  p r e s s u r e  P = nk(Te + T p ) ,  and t h e  related gas 

momentum d e n s i t y  is of order P/v + m nv .  W e  estimate t h e  

importance of t h e  c o l l i s i o n l e s s  terms i n  t h e  heat equa t ions  

by t h e  r a t i o  q of t h e  energy f l u x  of t h e  f l u c t u a t i o n s  t o  t h e  

gas energy f l u x  appear ing  i n  t h e  heat e q u a t i o n s ,  

P 

r -  @p = f (1 + u / v ) .  

If is of o r d e r  0 . 1  o r  larger ,  w e  expec t  c o l l i s i o n l e s s  h e a t i n g  

t o  be important  i n  t h e  dynamics of t h e  wind. S i m i l a r l y  w e  

estimate t h e  importance of c o l l i s i o n l e s s  terms i n  t h e  momentum 

equa t ion  by t h e  r a t i o  

N 
1 

P P 

(u+v) r 
p - m  P+m nv’ ( l+u/v)  ( l + m  nv2/P) 

I t  is clear  t h a t  

2 u >> v and m nv 
2 u <=< v and m nv 

less s i g n i f i c a n t  

P 

P 

p c< 7 both i n  t h e  subsonic-f low r e g i o n ,  where 

<c P, and i n  t h e  supersonic- f low r e g i o n ,  where 

>> P. Hence c o l l i s i o n l e s s  p r o c e s s e s  are much 

f o r  a c c e l e r a t i o n  t h a n  for h e a t i n g  (except  

p o s s i b l y  i n  t h e  small r eg ion  of subsonic-supersonic  t r a n s i t i o n )  , 
and terms d e s c r i b i n g  c o l l i s i o n l e s s  a c c e l e r a t i o n  need no t  appear  

i n  equa t ion  ( 2 ) .  

The s o l u t i o n s  of he dynamical e q u a t i o n s  (1-4) depend on 

t h e  forms of t h e  c o l l i s i o n l e s s  h e a t i n g  terms ,Pe and p . 
p r e s e n t  work w e  assume t h a t  pe = 0 and 

I n  t h e  
P 

n P = Do exp 
0 P 



Do is a measure of t h e  s t r e n g t h  of c o l l i s i o n l e s s  h e a t i n g  

(Do = 0 co r re sponds  t o  t h e  b a r e  two- f lu id  e q u a t i o n s  of HS) , 
a is t h e  h e l i o c e n t r i c  d i s t a n c e  ( i n  Ro) of maximum energy 

d e p o s i t i o n ,  b is t h e  sp read  of t h e  energy d e p o s i t i o n ,  and 

In is t h e  pro ton  number d e n s i t y  a t  t h e  b a s e  of t h e  model 

r = r . The t o t a l  energy d e p o s i t i o n  ra te  by c o l l i s i o n l e s s  

p rocesses  i n  t h e  wind between t h e  base  of t h e  corona and 

h e l i o c e n t r i c  d i s t a n c e  r is 

0 

0 

, - 11 
I ^  0 - 1  L 

which must be computed numer ica l ly  from t h e  s o l u t i o n s  of t h e  

dynamical e q u a t i o n s .  We emphasize t h a t  e q u a t i o n s  (11) and (12) 

are not  r ea l i s t i c  d e s c r i p t i o n s  of t h e  energy d e p o s i t i o n ;  t h e  

form (11) w a s  chosen because t h e  e x p o n e n t i a l  t e r m  pe rmi t s  

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

sources of v a r i o u s  s t r e n g t h s ,  l o c a t i o n s  and s p r e a d s ,  and t h e  

f a c t o r  (n/no) p e r m i t s  a s imple  dependence of t h e  h e a t i n g  on t h e  

amount of matter p r e s e n t .  

Except f o r  t h e  s p e c i f i c a t i o n  of t h e  h e a t i n g  s t r e n g t h  Do, 

its p o s i t i o n  a ,  and its sp read  b ,  t h e  boundary c o n d i t i o n s  are 

t h e  same as i n  H S .  We s p e c i f y  t h e  base  d e n s i t y  and t empera tu res  

T r e q u i r e  t h a t  Te and T t e n d  t o  zero as r goes  t o  
no,  T e O ,  PO' P 
i n f i n i t y  , and t h a t  t h e  solar-wind v e l o c i t y  should  p a s s  con t inuous ly  jl 

through a subsonic-supersonic  t r a n s i t i o n .  

The dynamical e q u a t i o n s  (1-4) are -so lved  numer ica l ly  by t h e  

i t e r a t i v e  t echn ique  of H S .  We begin  by g u e s s i n g  t h e  t empera tu re  
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(r), and u s e  them t o  so lve  t h e  momentum 

equa t ion  (2)  (from which t h e  d e n s i t y  has  been e l i m i n a t e d  v i a  

( I ) ) .  There is a unique s o l u t i o n  of equa t ion  (2) which e x h i b i t s  

P 

t h e  r e q u i r e d  subsonic-supersonic  t r a n s i t i o n ;  t h i s  v e l o c i t y  pro- 

f i l e  v ( r )  , t o g e t h e r  w i t h  t h e  base  d e n s i t y  no,  g i v e  t h e  d e n s i t y  

p r o f i l e  n ( r )  acco rd ing  t o  e q u a t i o n  (1). 

We t h e n  u s e  t h e  v a l u e s  of v ( r )  so computed, t o g e t h e r  w i th  

t h e  assumed T (r), t o  so lve  t h e  electron h e a t  equa t ion  (3) f o r  

T e ( r ) 9  s u b j e c t  t o  t h e  boundary c o n d i t i o n s  on Te a t  r = Po and 

r = d ~ .  The o u t e r  boundary c o n d i t i o n  is handled by r e q u i r i n g  

t h a t  T e ( r )  e x h i b i t  t h e  asymptot ic  dependence T e ( r )  a r 

a t  l a r g e  r; t h i s  asymptot ic  form o b t a i n s  because t h e  conduct ion  

P 

-2/? 

t e r m  dominates t h e  e l e c t r o n  heat e q u a t i o n  a t  l a r g e  r .  Having 

c a l c u l a t e d  n ( r ) ,  v ( r )  and T e ( r ) ,  w e  u s e  t h e s e  d a t a  t o  s o l v e  

t h e  p ro ton  heat equa t ion  (4) f o r  T (r), s u b j e c t  t o  t h e  boundary 

c o n d i t i o n  on T a t  r = i- T h i s  e q u a t i o n  is e s s e n t i a l l y  a f i r s t -  

o r d e r  e q u a t i o n  beyond a few so lar  r a d i i ,  because t h e  heat exchange 

P 

P 0’ 

term dominates t h e  p ro ton  conduct ion  t e r m .  I n  t h i s  case, 

T D ( r )  a r -6’7 as r -, 03 because of t h e  dominance of t h e  energy 

exchange term and t h e  r -2’7 dependence of Te. 

T h i s  sequence of c a l c u l a t i o n s ,  which began wi th  assumed 

v a l u e s  of Te (r) 

s a t i s f y i n g  t h e  boundary c o n d i t i o n s ,  These may be  used t o  so lve  

(r), has  y i e l d e d  new f u n c t i o n s  Te and T 
P P 

t h e  e q u a t i o n  of motion a g a i n  and s o  r e p e a t  t h e  p rev ious  cycle.  

T h i s  cyc l i c  p r o c e s s  is r e p e a t e d  u n t i l  t h e  changes i n  t h e  v a r i a b l e s  

from one cycle t o  t h e  next  are s o  small  as t o  be judged in-  
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s i g n i f i c a n t  To t h i s  approximation,  a l l  equitt ions and boundary 

c o n d i t i o n s  are s a t i s f i e d .  ]Further d e t a i l s  01 t h e  s o l u t i o n  pro- 

cedure  are d i s c u s s e d  i n  MS. 

The i n t r o d u c t i o n  of t h e  h e a t i n g  t e r m  (11) i n t o  t h e  two-f lu id  

model c a l c u l a t i o n  i n t r o d u c e s  e s s e n t i a l l y  no new element i n t o  t h e  

computat ion procedure .  However, i n  o r d e r  t o  g e t  good f i rs t  

f fguesses??  of t h e  t empera tu re  p r o f i l e s  it is convenient  t o  g e n e r a t e  

a series of models,  beginning  w i t h  a b a r e  two-f lu id  model 

(Do = 0) t h e n  g r a d u a l l y  r a i s i n g  Do i n  s t e p s ,  u s i n g  i n  each 

s t e p  t h e  t empera tu re  p r o f i l e s  computed i n  t h e  p rev ious  s t e p  

as t h e  b a s i s  f o r  choosing t h e  f i r s t  t r a i l  t empera tu re  p r o f i l e s  

for t h e  i t e r a t i v e  s o l u t i o n  of t h e  dynamical e q u a t i o n s .  
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3. ANALYTICAL RESULTS 

The p r i n c i p l e  model of HS, chosen on t h e  b a s i s  of a 

c l o s e  f i t  t o  the  observed co rona l  d e n s i t y  p r o f i l e  of Blackwell  

c19561, r e q u i r e d  no = 3 x 1 0  c m  

a t  a base  r a d i u s  ro = Re. We have used t h i s  model a s  a p o i n t  

of d e p a r t u r e  t o  determine t h e  e f f e c t s  of c o l l i s i o n l e s s  p ro ton  

h e a t i n g .  

avoid t h e  n e c e s s i t y  of i n c l u d i n g  t h e  compl i ca t ions  due t o  

s t r o n g  sma l l  s c a l e  magnet ic  f i e l d s  and a t t e n d a n t  non-rad ia l  

7 -3 and Teo = T = 2 x lo6  OK 
PO 

However, w e  have taken  a base  r a d i u s  ro  of 2Ro t o  

expansion expec ted  t o  be impor tan t  i n s i d e  t h i s  p o i n t .  Then, 

f o r  t h i s  c a s e ,  t h e  de r ived  base  v a l u e s  of HS w e  have used a r e :  

= 1 . 5  x l o 6  cmm3, Teo = 1.5  x l o6  OK, and T = 1.2 x l o 6  OK. 
PO 

W e  have d i v i d e d  t h e  a n a l y s i s  i n t o  two c l a s s e s  based on t h e  

parameters  of t h e  assumed d e n s i t y  weighted gauss i an  h e a t  sou rce  

given by equa t ion  (11 ) .  I n  t h e  f i r s t  c l a s s ,  t h e  h a l f  width b 

is h e l d  f i x e d  wh i l e  t h e  c e n t r a l  p o s i t i o n  of t h e  gauss i an  

a ( a  > 5) and t h e  ampli tude f a c t o r  Do a r e  allowed t o  vary .  

t h e  second c l a s s ,  a is f i x e d  a t  2 w h i l e  b and Do a r e  v a r i e d .  

The f i r s t  c l a s s  of models cor responds  t o  energy d e p o s i t i o n  

almost a l l  of which t a k e s  p l a c e  w e l l  above t h e  base  whi le  t h e  

second c l a s s  cor responds  t o  h e a t i n g  over a f i n i t e  range  ex tending  

from t h e  base .  To determine t h e  s i g n i f i c a n c e  of each model i n  a 

given c l a s s ,  w i t h  h e a t  sou rce  c h a r a c t e r i z e d  by ( a ,b ,DO)?  w e  compare 

t h e  corresponding pro ton  tempera ture  T and wind speed v a t  

E a r t h ' s  o r b i t  w i t h  t h e  e m p i r i c a l  r e l a t i o n  of Burlaga and O g i l v i e  

d i s c u s s e d  above. 

I n  

PE E 
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The a n a l y t i c a l  r e s u l t s  of t h e  f i r s t  c l a s s  of models a r e  

shown p a r a m e t r i c a l l y  by t h e  s o l i d  l i n e s  (and t h e i r  e x t e n s i o n s  

shown by d o t t e d  l i n e s )  i n  F i g u r e  1 where t h e  squa re  root of 

t h e  p ro ton  t empera tu re  a t  1 AU i n  k i l o - d e g r e e s  Kelv in  is 

p l o t t e d  a g a i n s t  t h e  cor responding  wind speed i n  km/sec. The 

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

curve .  The dashed l i n e s  a r e  t h e  e m p i r i c a l  r e s u l t s  of Burlaga 

J 'I /2 
PE 

and O g i l v i e ,  where t h e  c e n t r a l  dashed l i n e ,  g iven  by T 

0 . 0 3 6 ~ ~  - 5.54 ,  r e p r e s e n t s  t h e  average  v a l u e s  and t h e  o u t e r  

'I2 = (0 .036 + - 0.003) vE -(5.54 + - 
PE 

dashed l i n e s ,  g iven  by T 

r e p r e s e n t  t h e i r  v a r i a n c e .  I n  t h i s  series, t h e  h a l f  wid th  b 

is f i x e d  a t  5 wh i l e  each  i n d i v i d u a l  curve  cor responds  t o  a 

- - 

1 . 5 0 ) ,  

f i x e d  c e n t r a l  p o s i t i o n  a ,  Then, upon i n c r e a s i n g  t h e  r a t e  of 

energy d e p o s i t i o n  by i n c r e a s i n g  Do from z e r o ,  f o r  a g iven  a 

and b ,  t h e  s o l u t i o n  p o i n t s  move upward from t h e  b a s i c  s o l u t i o n  

of HS i n d i c a t e d  a t  t h e  apex of t h e  cu rves .  

For comple teness ,  t h e  v a l u e s  of t h e  ampl i tude  f a c t o r  Do 

corresponding  t o  s o l u t i o n  p o i n t s  d e s i g n a t e d  by t h e  d e n s i t y  v a l u e s  

and l i s t e d  i n  an  o r d e r  s t a r t i n g  w i t h  t h e  b a s i c  HS s o l u t i o n  a r e :  

f o r  a = 6,  Do x 1 0  
8 2 . 5 ;  for a = 1 2 ,  Do x 10 

Do x 10' = 0 . 3 ,  0 . 7 ,  1, 1.3; for a = 2 0 ,  Do x 10 

0 .97 ,  1 . 2 ;  for a = 30,  Do x lo8 = 0 . 2 4 ,  0 . 5 8 .  

when a = 12  and vE = 340 km/sec w e  n o t e  t h a t  Do = 1 . 5  x loe8. 
The t o t a l  energy d e p o s i t i o n  r a t e  AE (a) of equa t ion  (12) 

can be determined t o  a good approximation by 

8 
= 1, 1 . 5 ;  f o r  a = 9 ,  Do x l o 8 =  0.5,  1, 1 . 5 ,  

= 0 . 2 ,  0 . 6 ,  1, 1 . 5 ,  2 ;  for a = 1 6 ,  
8 

= 0 . 4 4 ,  

For example, 
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t a k i n g  t h e  d i f f e r e n c e  between t h e  s t r eaming  energy  r a t e  

( a t  1 AU) and t h e  cor responding  r a t e  of t h e  HS model wi thou t  

h e a t i n g  e 

Some of t h e  r e s u l t s  shown i n  F i g u r e  1 a r e  not  c o n s i s t e n t '  

w i t h  t h e  assumption of a l o c a l  maxwellian v e l o c i t y  d i s t r i b u t i o n  

i m p l i c i t l y  r e q u i r e d  by t h e  b a s i c  e q u a t i o n s  (2) th rough ( 4 ) .  

Local  thermodynamic e q u i l i b r i u m  is main ta ined  when t h e  p ro ton  

momentum and energy  r e l a x a t i o n  r a t e s  v g iven  b y  e q u a t i o n  

( 9 ) ,  a r e  g r e a t e r  t h a n  t h e  c h a r a c t e r i s t i c  expans ion  r a t e  

V = - (v /n) (dn/dr ) .  The a n a l y t i c a l  r e s u l t s  l y i n g  i n  the 

r e g i o n  where e q u i l i b r i u m  is n o t  expec ted  t o  be main ta ined  by 

Coulomb c o l l i s i o n s ,  i . e .  v C: v a r e  i n d i c a t e d  by d o t t e d  P exp  ' 
l i n e s .  Then, t h e  r e s u l t s  l y i n g  i n  t h e  range  of o b s e r v a t i o n  

P'  

exP 

w i t h  wind speeds  g r e a t e r  t h a n  about  320 km/sec and p ro ton  

t empera tu res  g r e a t e r  t han  3 x l o 4  OK a r e  n o t  t o  be relied upon 

i n  t h e  s t r ic tes t  s e n s e .  The r e s u l t s  l y i n g  i n  t h e  observed range  

w i t h  vE somewhat g r e a t e r  t h a n  320 km/sec and T 

than  3 x l o 4  OK a r e  t o  be r ega rded  a s  p r e l i m i n a r y  e s t i m a t e s  

somewhat g r e a t e r  
PE 

t o  s o l u t i o n s  of an  a p p r o p r i a t e  k i n e t i c  e q u a t i o n  r e q u i r e d  i n  t h i s  

r eg ion .  

I n  e v e r y  c a s e  shown i n  F i g u r e . 1 ,  f o r  s o u r c e s  of f i x e d  sp read  

b and p o s i t i o n  a ,  t h e  s o l a r  wind speed v ' ~  and p ro ton  tempera ture  

i n c r e a s e  wh i l e  t h e  d e n s i t y  nE d e c r e a s e s  when t h e  h e a t i n g  r a t e  
TPE 
is i n c r e a s e d  (by  i n c r e a s i n g  Do). 

v a r i a t i o n  is noted  f o r  t h o s e  s o l u t i o n  p o i n t s  c o n s i s t e n t  w i t h  

More i m p o r t a n t l y ,  t h i s  same 

t h e  e m p i r i c a l  r e l a t i o n  of Burlaga and O g i l v i e .  I n  t h i s  c a s e ,  

t h e  c e n t r a l  p o s i t i o n  a is c o n s t r a i n e d  t o  move inward toward t h e  
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sun w h i l e  t h e  h e a t i n g  r a t e  is  i n c r e a s e d .  

i n c r e a s e d  and a is dec reased  i n  a s p e c i f i e d  manner so  t h a t  

That is, i f  Do is 

s o l u t i o n  p o i n t s  l i e  on t h e  c e n t r a l  dashed l i n e  then  vE and 

T i n c r e a s e  w h i l e  n d e c r e a s e s .  I n  t h i s  c a s e ,  w e  f i n d  t h a t  

t h e  ampl i tude  Do v a r i e s  a s  t h e  i n v e r s e  squa re  of t h e  c e n t r a l  

p o s i t i o n  a over  the  range 275 km/sec < vE < 400 km/sec. The 

dec rease  i n  d e n s i t y  n is d e s i r a b l e  s i n c e  d e n s i t i e s  observed 

when v 

s u l t i n g  from t h e  model of HS wi thou t  h e a t i n g .  

PE E 

E 
> 250 km/sec a r e  u s u a l l y  lower t h a n  t h e  15 cmm3 re- E 

A t  t h i s  p o i n t  w e  conclude t h a t  t o  a t t a i n  s o l a r  wind 

speeds ,  s a y ,  g r e a t e r  t h a n  300 km/sec wh i l e  s imul t aneous ly  

ma in ta in ing  p ro ton  t empera tu res  l o w  enough t o  ag ree  w i t h  

o b s e r v a t i o n  t h e  pr imary energy  d e p o s i t i o n  must t a k e  p l a c e  

w i t h i n  a h e l e o c e n t r i c  r a d i u s  of about  25 Ro ( s e e  r e s u l t s  f o r  

a = 16,  1 2 ,  and 9 i n  F i g u r e  1 ) .  Heat ing ou t s ide  t h i s  range  

produces p r i m a r i l y  an  i n c r e a s e  i n  p ro ton  tempera ture  T wi th  

n e g l i g i b l e  i n c r e a s e  i n  wind speed v a s  i n d i c a t e d  i n  F i g u r e  1 

when a = 30. To f u r t h e r  e s t a b l i s h  t h i s  conc lus ion ,  w e  have 

PE 

E 

i n v e s t i g a t e d  t h e  e f f e c t s  of va ry ing  t h e  s p r e a d  b ,  t h e  base  

and t h e  base  d e n s i t y  no. 
PO 

tempera ture  T 

Upon va ry ing  t h e  h a l f  w i d t h  b over t h e  range 1 5 b 5 9 ,  

w h i l e  keeping  a and Do f i x e d ,  w e  f i n d  t h a t  s o l u t i o n  p o i n t s  i n  

t h e  o b s e r v a t i o n a l  range  move approximately a long  t h e  cor responding  

cu rves  of c o n s t a n t  a i n  F i g u r e  1. That is, i n c r e a s i n g  (dec reas ing )  

b cor responds  t o  an  i n c r e a s e  (dec rease )  i n  vE and TDE a s  t h e  - 
'I2, v ) moves a long  a curve of c o n s t a n t  a .  T h i s  PE E p o i n t  (T 
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r e s u l t  f o l l o w s  s i n c e  an i n c r e a s e  or d e c r e a s e  i n  b i m p l i e s  an 

i n c r e a s e o r  d e c r e a s e ,  r e s p e c t i v e l y ,  i n  t h e  r a t e  of energy  de- 

p o s i t i o n .  The cor responding  v a r i a t i o n  of d e n s i t y  n is 

n e g l i g i b l e  for t h e  range  of b cons ide red .  For example, when 

a = 12 and Do = 

an i n c r e a s e  i n  v from 320 km/sec t o  340 km/sec, an i n c r e a s e  i n  

T from 2 . 8  x l o 4  OK t o  5 .0  x l o 4  OK w h i l e  t h e  d e n s i t y  nE re- 

mains c o n s t a n t  a t  11 ~ m - ~ .  However, s i n c e  n remains e s s e n t i a l l y  

c o n s t a n t  wh i l e  vE and T i n c r e a s e  ( a s  b i n c r e a s e s ) : a l o n g ' : a  curve  
PE 

of c o n s t a n t  a ,  w e  n o t e  t h a t  a t  a g iven  p o i n t  (T 

F igu re  1 there w i l l  be  a s l i g h t  i n c r e a s e  i n  t h e  cor responding  

va lue  of nE. 

E 

an  i n c r e a s e  i n  b from 5 t o  9 r e s u l t s  i n  

E 

PE 

E 

9 vE) in 1 /2 
PE 

I n  many t r e a t m e n t s  of t h e  s o l a r  wind [Pa rke r ,  1963, 1965a, 

1969; Noble and S c a r f ,  1963; Brandt  e t  a l . ,  19651 i t  is u s u a l l y  

concluded t h a t  a h e a t  sou rce  is necessa ry  between 1 R  

i n  o r d e r  t h a t  d e r i v e d  co rona l  d e n s i t y  d i s t r i b u t i o n s  i n  t h i s  

-- 
and 2R0 

0 

r e g i o n  can be made t o  f i t  t h e  observed d i s t r i b u t i o n s .  I n  t h i s  

c a s e ,  t h e  base tempera ture  T K a t  ro = 2R,, used 

i n  t h e  above, may be t o o  l o w .  The t r u t h  of t h i s ,  of c o u r s e ,  is 

6 0  
= 1 . 2  x 1 0  

PO 

dependent upon t h e  base  tempera ture  a t  lR,  and t h e  degree  of 

h e a t i n g  r e q u i r e d  between lR,  and 2R,. 

fec t s  of i n c r e a s i n g  t h e  base  tempera ture  T 

of a ,  b ,  and Do corresponding  t o  s o l u t i o n  p o i n t s  of F i g u r e  1 i n  

t h e  range  of o b s e r v a t i o n .  I n  each c a s e ,  an  i n c r e a s e  i n  T from 

1 . 2  x 1 0  

i n c r e a s e  i n  t h e  d e n s i t y  n wh i l e  t h e  remaining parameters  v 

W e  have examined t h e  e f -  

a t  2R, fbf  v a l u e s  
PO 

PO 
6 0  K t o  1 .5  x l o 6  OK ( t h e  v a l u e  of Teo) r e s u l t e d  i n  an  

E '  E 
, and TeE remained e s s e n t i a l l y  unchanged. For example, 

TPE 
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i n c r e a s i n g  T 

b = 5, and Do = 1.5 x 10 

from 1 . 2  x lo6 OK t o  1 .5  x lo6 OK wi th  a = 1 2 ,  
PO 

-8 l e a d s  t o  an i n c r e a s e  i n  nE from 

11 cm-3 t o  1 6  cm-3 wh i l e  vE and T remain c o n s t a n t  a t  340 km/sec 
PE 

and 4 . 5  x l o 4  OK, r e s p e c t i v e l y ,  

r e q u i r e d  i n  F igu re  1 when t h e  base  tempera ture  is 1 .5  x lo6 OK 
i n s t e a d  of 1 .2  x 10' OK is an  i n c r e a s e  i n  t h e  i n d i c a t e d  v a l u e s  

The re fo re ,  t h e  e s s e n t i a l  change 

of t h e  d e n s i t y .  

W e  have t h u s  shown t h a t  t h e  conclus ion  above s t a t i n g  t h a t  a 

pr imary  h e a t  sou rce  must be p laced  w i t h i n  about  25R t o  a t t a i n  

wind speeds  g r e a t e r  t han  300 km/sec remains  unchanged when b and 
0 

a r e  a l lowed t o  va ry  over  t h e  above mentioned r anges .  The i n -  
TPo - 

1 /2 , v E ) ,  r e s u l t i n g  from 
PE 

c r e a s e  i n  d e n s i t y  nE a t  a g iven  p o i n t  (T 

can be reduced by dec reas ing  t h e  base  
PO ' an  i n c r e a s e  i n  b or T 

d e n s i t y  no. 

Do, r e s u l t s  i n  an  i n c r e a s e  i n  v 

dec rease  i n  n i n  t h e  range  of obse rva t ions .  A s  occured when b 

W e  f i n d  t h a t  a dec rease  i n  no, f o r  a g iven  a and 

w i t h  a cor responding  and T 
E PE 

E 
'I2, v approximately fo l low PE E was v a r i e d ,  t h e  s o l u t i o n  p o i n t s  (T 

curves  of c o n s t a n t  a .  The i n c r e a s e  i n  T a s  n is reduced is 

c o n t r a r y  t o  t h e  r e s u l t  ob ta ined  i n  t h e  model wi thout  h e a t i n g  

PE 0 

when a h e a t  sou rce  is (TpE dec reased ) .  

a p p l i e d ,  is  due t o  t h e  f a c t  t h a t  a,s no is decreased  ( and .con-  

c o m i t t e n t l y  d e c r e a s i n g  n ( r ) ,  f o r  r > 2R,) t h e r e  is e f f e c t i v e l y  

more energy  d e p o s i t e d  per  p ro ton ,  p a r t  of which appea r s  a s  a n  

i n c r e a s e  i n  t h e  p ro ton  tempera ture .  

PE j 

T h i s  i n c r e a s e  i n  T 

Having e s t a b l i s h e d  t h e  importance of h e a t i n g  i n s i d e  25R,, 

cons ide r  t h e  second c l a s s  of models d i sp layed  i n  F igu re  2 ,  where 

energy  d e p o s i t i o n  t a k e s  p l a c e  over  a f i n i t e  range  ex tending  from 
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t h e  base .  W e  have used t h e  same r e p r e s e n t a t i o n  a s  i n  F i g u r e  1, 

i n  which c a s e  t h e  s o l i d  l i n e s  a r e  t h e  t h e o r e t i c a l  r e s u l t s  and 

t h e  dashed l i n e s  a r e  t h e  e m p i r i c a l  r e s u l t s .  As b e f o r e ,  t h e  

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

p r e s s u r e  i s o t r o p y  is n o t  expec ted  t o  be main ta ined  by Coulomb 

c o l l i s i o n s .  I n  t h i s  series, s o l u t i o n  p o i n t s  move from t h e  b a s i c  

1’2 and vE a long  
PE 

s o l u t i o n  wi thou t  h e a t i n g  t o  h ighe r  v a l u e s  of T 

cu rves  of c o n s t a n t  b a s  t h e  h e a t i n g  r a t e  is i n c r e a s e d  by i n c r e a s i n g  

Do from zero. 

s o l u t i o n s  i n d i c a t e d  by t h e  d e n s i t y  v a l u e s  and l i s t e d  i n  an o r d e r  

s t a r t i n g  w i t h  t h e  HS s o l u t i o n  a r e :  b =. 2 ,  Do x lo7 = 0.3; 1.3; 

f o r  b = 10, Do x lo8  = 1, 1.5,  3;  f o r  b = 1 4 ,  Do x 10 

1.5,  2 ,  2 .5 ;  f o r  b = 18, Do x lo8  = 0 . 2 ,  0 .6 ,  1, 1.5;  f o r  b = 22,  

Do x lo9  = 1, 4 ,  6 ,  8 ,  10; f o r  b = 26, Do x lo9  = 1, 3,  4 ,  6. 

The v a l u e s  of t h e  ampl i tude  f a c t o r  Do for t h e  

8 
= 0 . 4 ,  

The e s s e n t i a l  conc lus ions  drawn from F i g u r e  1 can be ob ta ined  

from F i g u r e  2 excep t  i n  t h e  i n s t a n c e  where h e a t i n g  t a k e s  p l a c e  

close t o  the base  a s  i n d i c a t e d  by  t h e  s o l u t i o n  curve  f o r  b = 2 .  

I n  t h i s  c a s e ,  when t h e  e x t e n t  of  t h e  r e g i o n  of t h e  energy  d e p o s i t i o n  

is e f f e c t i v e l y  r e s t r i c t e d  t o  w i t h i n  2R0 from t h e  b a s e ,  w e  n o t e  t h a t  

n o t  on ly  a r e  t h e  p ro ton  t empera tu res  much lower than  observed b u t  

t h a t  there is an u n d e s i r a b l e  i n c r e a s e  i n  t h e  d e n s i t y  above t h a t  

of t h e  b a s i c  model w i thou t  h e a t i n g .  T h i s  d e n s i t y  i n c r e a s e  o c c u r s  

because t h e  h e a t i n g  is no t  g u f f i c i e n t l y  extended t o  y i e l d  t h e  

h ighe r  wind speeds  a s s o c i a t e d  w i t h  lower d e n s i t i e s .  

Then, i n c r e a s i n g  t h e  e x t e n t  of t h e  h e a t  sou rce  from t h e  b a s e ,  

depected by t h e  remaining s o l u t i o n s  i n  F i g u r e  2 ,  r e s u l t s  i n  a 
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d e c r e a s e  i n  n and an i n c r e a s e  i n  t h e  cor responding  v a l u e s  of 

v and T when Do is i n c r e a s e d .  A s  wi th  t h e  f i r s t  c l a s s  of 

models,  t h e r e  is a s imple  r e l a t i o n  between t h e  parameters  of t h e  

h e a t  sou rce  f o r  cor responding  s o l u t i o n  p o i n t s  f a l l i n g  on d a t a  

p o i n t s ;  namely, Do v a r i e s  a s  t h e  i n v e r s e  f o u r t h  power of b over  

t h e  range  275 km/sec < vE < 400 km/sec. 

E 

E PE 

D e n s i t i e s  nE cor responding  

t o  vE and T i n  t h e  range  of o b s e r v a t i o n  a r e  somewhat h ighe r  i n  PE 
t h e  second c l a s s  of models, p o i n t i n g  t o  t h e  r i c h n e s s  i n  t h e  number 

of p o s s i b l e  h e a t i n g  models. I n  a d d i t i o n ,  v a r i a t i o n s  i n  T 
PE ’ 

and nE r e s u l t i n g  from v a r i a t i o n s  i n  n and T a r e  
T e E 9  V E y  0 PO 
q u a l i t a t i v e l y  s i m i l a r  t o  t h o s e  occur ing  i n  t h e  f i r s t  c l a s s  of 

models 

To f u r t h e r  e l u c i d a t e  t h e  preceding  r e s u l t s ,  l e t  u s  cons ide r  

a few examples of t empera tu re ,  d e n s i t y ,  and speed p r o f i l e s  which 

a r e  c o n s i s t e n t  w i t h  t h e  e m p i r i c a l  r e s u l t s .  Due t o  obvious l i m i t -  

a t i o n s ,  w e  p r e s e n t  o n l y  a few t y p i c a l  c a s e s  of t h e  second c l a s s  

of models ( h e a t i n g  over  a f i n i t e  range  ex tend ing  from t h e  b a s e ) .  

The conc lus ions  drawn from t h i s  c l a s s  w i l l  be a p p l i c a b l e  t o  t h e  

f i r s t  c l a s s .  S p e c i f i c i a l l y ,  w e  cons ide r  t h e  t w o  c a s e s  i n  F i g u r e  
-9 

2 cor responding  to:  a = 2 ,  b = 26, Do = 3 x 10‘ , TPE = 2.7 x l o4  O K ,  

5 0  
TeE 

’ TpE Do = 6 x 10 

km/sec, nE = 13 c m  

= 3.4 x 1 0  K ,  vE = 300 km/sec, nE = 13 cm-$; a = 2, b = 22, 
5 0  

= 3 . 4  x 10 K, vE = 320 -9 4 0  
= 3.7 x 1 0  K ,  TeE 
-3 

e 

The e l e c t r o n  and p ro ton  t empera tu res  f o r  t h e s e  models, a s  

f u n c t i o n s  of h e l e o c e n t r i c  r a d i i ,  normalized t o  one s o l a r  r a d i u s ,  

a r e  shown by s o l i d  l i n e s  i n  F i g u r e  3. For comparison, t h e  r e s u l t s  
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of t h e  p r i n c i p l e  model of HS wi thou t  h e a t i n g  a r e  i n d i c a t e d  by 

dashed l i n e s  ( a s  w i l l  be done h e r e a f t e r ) .  The new r e s u l t s  f o r  

t h e  e l e c t r o n  tempera ture  Te have n o t  been shown s i n c e  t h e y  a r e  

on ly  s l i g h t l y  lower t h a n  found i n  t h e  p r i n c i p l e  model ( e . g . ,  

TeE 
due  t o  an  i n c r e a s e  i n  expans ive  coo l ing  above t h a t  o f  the  b a s i c  

model. 

5 0  
= 3.4 x 1 0  K i n  both  c a s e s ) ;  t h e  lower t empera tu res  a r e  

The p ro ton  t empera tu res  i n  bo th  +models a r e  e l e v a t e d  

above those of t h e  b a s i c  model, i n  direct  response  t o  t h e  h e a t  

s o u r c e s  ex tend ing  from t h e  base .  I n  each  c a s e ,  t h e  p ro ton  

tempera ture  d e c l i n e s  monotonica l ly ,  a l though  becoming almost  

i so the rma l  around 10RO. ( I n  t h e  models of t h e  f i r s t  c l a s s ,  

t h e  tempera ture  p r o f i l e s  a r e  n o t  always monotonic due  t o  t h e i r  

response  t o  t h e  p o s i t i o n  and shape of t h e  h e a t  s o u r c e s  Of 

t h e  two examples shown, t h a t  cor responding  t o  t h e  upper pro ton  

t empera tu re  curve  l e a d  t o  t h e  h ighe r  wind speed a t  1 AU due t o  

t h e  l a r g e r  o v e r a l l  p r e s s u r e  g r a d i e n t  ( t h e  cor responding  d e n s i t i e s  

a r e  about  t h e  same),  r e s u l t i n g  i n  g r e a t e r  a c c e l e r a t i o n .  These 

tempera ture  p r o f i l e s  s e r v e  t o  remind u s  t h a t  t h e  h ighe r  tempera- 

tures T 

t o  o v e r a l l  energy  d e p o s i t i o n  closer t o  t h e  s u n ;  i . e . ,  a s  T 

and v E 
i n c r e a s e s ) .  

and wind speeds  vE,  a g r e e i n g  w i t h  o b s e r v a t i o n ,  cor respond 
PE 

PE 
i n c r e a s e ,  t h e  h a l f  wid th  b d e c r e a s e s  (and co r re spond ing ly  Do 

d 

I n  the  b a s i c  model wi thou t  h e a t i n g ,  p ro ton  thermal  conduct ion  

was e s s e n t i a l l y  unimportant  beyond a few s o l a r  r a d i i  from t h e  

base .  However, when h e a t i n g  t a k e s  p l a c e ,  p ro ton  thermal  conduct ion  

is impor tan t  t o  g r e a t e r  d i s t a n c e s  from t h e  base  due t o  t h e  e l e v a t e d  



proton  tempera ture  a long  w i t h  t h e  s t r o n g  tempera ture  dependence 

of t h e  conduct ion  c o e f f i c i e n t .  I n  p a r t i c u l a r ,  f o r  t h e  examples 

shown i n  F i g u r e  3 ,  p ro ton  thermal  conduct ion  accounted f o r  about  

20% of t h e  p ro ton  energy  f l u x  ou t  t o  25-30Ra from t h e  base .  

Beyond t h i s  p o i n t  i t  becomes unimportant  and on ly  thermal  

convec t ion  and expans ive  c o o l i n g  a r e  impor t an t .  A t  s e v e r a l  

hundred a s t ronomica l  ' u n i t s  and beyond, thermal  convec t ion ,  ex- 

pans ion  c o o l i n g ,  and energy  exchange a r e  dominant p r o c e s s e s  and 

F i g u r e  4 g i v e s  t h e  d e n s i t y  and speed p r o f i l e s  f o r  t h e  two 

examples shown i n  F i g u r e  3. A s  noted p r e v i o u s l y ,  t h e  example 

w i t h  t h e  h i g h e s t  wind speed cor responds  t o  t h e  case  of h i g h e s t  

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

and a c c e l e r a t i o n  nea r  t h e  base .  The d e n s i t y  d i s t r i b u t i o n s  for 

both  c a s e s  a r e  about  t h e  same, a l though somewhat lower than  t h a t  

of t h e  b a s i c  model. I t  is worth n o t i n g  i n  F i g u r e s  1 and 2 t h a t  

t h e  d e n s i t i e s  n E j  l y i n g  i n  t h e  range  of o b s e r v a t i o n  wi th  

v - 300 km/sec, a r e  e s s e n t i a l l y  c o n s t a n t  for a g iven  c l a s s  of 

models. The d e n s i t y  d e c r e a s e  near  t h e  b a s e ,  r e l a t i v e  t o  t h e  

> 
E 

b a s i c  model, is p e r m i s s i b l e  a s  can be noted  i n  F i g u r e  5 where 

t h e  t h e o r e t i c a l  d e n s i t y  d i s t r i b u t i o n  is compared wi th  co rona l  

d e n s i t y  o b s e r v a t i o n s  a t  s o l a r  minimum r e p o r t e d  by Blackwell  .&19561 

Michard c19541, and Al l en  E19637 and t h e  r e p r e s e n t a t i v e  d i s -  

t r i b u t i o n  by Newkirk E19671 e 

The e f f e c t s  of r a i s i n g  t h e  base  p ro ton  tempera ture  T 
PO 

a r e  shown i n  F i g u r e  6 and 7,  where t h e  c a s e  cor responding  to 

24 



-9 
= 3 x 10  , a = 2 ,  and b = 26 is cons ide red .  The dot -  

DO 

dashed l i n e s  i n  t h e s e  f i g u r e s  r e s u l t  when T 

w h i l e ,  f o r  comparison, t h e  s o l i d  l i n e s  a r e  based on 

= 1 . 5  x l o 6  OK 
PO 

6 0  
= 1 . 2  x 10 K .  The i n c r e a s e  i n  p ro ton  tempera ture  a t  t h e  

TPo 
b a s e ,  r e s u l t i n g  i n  an  i n c r e a s e  i n  t h e  p r e s s u r e  g r a d i e n t  near  

t h e  b a s e ,  l e a d s  t o  a h ighe r  base  wind speed and cor responding  

l a r g e r  p a r t i c l e  f l u x .  However, a s  mentioned above, t h e  p ro ton  

and e l e c t r o n  t empera tu res  and wind speed a r e  e s s e n t i a l l y  un- 

changed a t  1 AU whi le  t h e  d e n s i t y  is i n c r e a s e d  t o  20 cm-3 ( t o  

ma in ta in  c o n s t a n t  p a r t i c l e  f l u x ) .  The model w i t h  h ighe r  p a r t i c l e  

f l u x  h a s  lower a c c e l e r a t i o n  near  t h e  base  s i n c e  more p a r t i c l e s  

m u s t  be a c c e l e r a t e d  w i t h  less energy  a v a i l a b l e  per  p a r t i c l e .  

The u n d e s i r a b l e  high d e n s i t y  a t  1 AU can be reduced by d e c r e a s i n g  

t h e  base  d e n s i t y .  

l e a d s  t o  nE = 1 0  ~ m - ~ ,  w i t h  v 

and TeE = 3.4  x l o 5  OK. 
base l e a d s  t o  poor f i t s  t o  t h e  observed co rona l  d e n s i t y  d is t r i -  

b u t i o n s  (2-20Ra). 

3 -3 c m  

= 4 .9  x l o 4  OK, 
For example, a base  d e n s i t y  no = 8.5 x 10 

= 330 km/sec, T 
E PE 

Much f a r t h e r  d e n s i t y  d e c r e a s e s  a t  t h e  

I n  t h e  p receed ing ,  t h e  effects  of v i s c o s i t y  were ignored .  

Due t o  l o w  pro ton  t e m p e r a t u r e s ,  v i s c o s i t y  is n e g l i g i b l e  i n  t h e  

HS model wi thout  h e a t i n g  . However, when h e a t i n g  takes p l a c e ,  

v i scous  terms become l a r g e r  a s  t h e  pro ton  t empera tu re  r i s e s - s i n c e  

t h e  c o e f f i c i e n t  of v i s c o s i t y  var ies  as T 5’2. 

t h e  e f f e c t s  of adding v i s c o u s  terms [see B r a g i n s k i i ,  19651 

t o  t h e  momentum and heat e q u a t i o n s  by t r e a t i n g  them a s  s m a l l  

W e  have e s t i m a t e d  
P 

c o r r e c t i o n s  and d e r i v i n g  t h e i r  v a l u e s  from corresponding  preceeding  

t empera tu re  and v e l o c i t y  p r o f i l e s  [n-th p r o f i l e s ;  see Hartle 
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and S t u r r o c k ,  19681 i n  t h e  i t e r a t i v e  sequence .  We f i n d  t h a t  

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

cases cor responding  t o  t h e  upper p o r t i o n s  of t h e  s o l i d  l i n e s  

> v ) i n  F i g u r e s  1 and 2 .  For example, c o n s i d e r i n g  

t h e  upper ends of t h e  s o l i d  l i n e s ,  w e  f i n d  t h a t  f o r  t h e  range  

- 275 km/sec t o  - 375 km/sec t h e  pro ton  t empera tu re  in-  

creases -10% t o  -15% and vE decreases s l i g h t l y  (5 2%) when 

t h e  v i s c o u s  terms are inc luded  ( a  consequence of t h e  fac t  

t h a t  v i s c o u s  h e a t i n g  is g r e a t e s t  f o r  r 2 30 R o ) .  

endpo in t s  of t h e  s o l i d  P i n e s  towards lower t e m p e r a t u r e s ,  t h e  

v i scous  c o r r e c t i o n s  d imin i sh  e For those s o l u t i o n  p o i n t s  w i t h  

v < v  

i ng  v i scous  c o r r e c t i o n s  are  somewhat l a r g e r  and r e s u l t  i n  an  

i n c r e a s e  i n  T 

350-375 km/sec. However, Parker  [1965a] h a s  noted t h a t  when 

c o l l i s i o n s  are  rare t h e  v i scous  c o e f f i c i e n t  shouxd be reduced 

by a f a c t o r  ( r / l ) ' ,  i n  terms of t h e  c o l l i s i o n  mean-free pa th  1; 

hence ,  t h e  above mentioned i n c r e a s e  i n  T by a fac tor  of about  

2-3 is an overestimate.  With these c o n s i d e r a t i o n s ,  w e  n o t e  

t h a t  v i scous  c o r r e c t i o n s  are no t  l a r g e  over  t h e  parameter  range  

of i n t e r e s t  and t h a t  conc lus ions  made above a r e  e s s e n t i a l l y  

(vP exP 

% 

Below t h e  

( d o t t e d  l i n e s )  i n  t h e  o b s e r v a t i o n a l  range  correspond-  
exP P 

by a f a c t o r  of about  2-3 when vE is h i g h ,  
PE 

PE 

u n a l t e r e d .  
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4 .  SUMMARY AND CONCLUSIONS 

We have a rgued ,  a s  o t h e r s  have ,  t h a t  observed s o l a r  wind 

speeds  and p ro ton  tempera tures  above those  of HS sugges t  t h e  

need f o r  a d d i t i o n a l  energy  t r a n s p o r t  a c r o s s  t h e  base  of t h e  model, 

p o s s i b l y  i n  t h e  form of waves which then  d e p o s i t  t h e i r  energy  i n  

t h e  sys tem by means of c o l l i s i o n l e s s  damping. To account  f o r  

such  nonthermal energy  d e p o s i t i o n ,  w e  have t aken  a phenomeno- 

l o g i c a l  approach by adding  ad hoc a h e a t  sou rce  t o  t h e  pro ton  

h e a t  e q u a t i o n  wi thou t  r e l a t i n g  it t o  any p a r t i c u l a r  mechanism. An 

electron h e a t  sou rce  was n o t  i nc luded .  For e a s e  of a n a l y s i s  and 

i n t e r p r e t a t i o n ,  t h e  form of t h e  pro ton  h e a t  sou rce  used was a 

-- 

d e n s i t y  weighted gauss i an  g iven  by e q u a t i o n  t a l )  L The’ babess f* the  

model was taken  a t  2R0 where cor responding  v a l u e s  of tempera ture  

and d e n s i t y  ob ta ined  by HS. were used a s  boundary cond i t ions .  

The e m p i r i c a l  r e l a t i o n  between v and T determined by Burlaga 
E PE 

and O g i l v i e  c19701 was used  a s  a c o n s t r a i n t  on t h e  parameters  

d e s c r i b i n g  t h e  h e a t  sou rce .  

I n  eve ry  c a s e  cons ide red ,  w e  found t h a t ,  when t h e  ampl i tude  

of t h e  h e a t  sou rce  wi th  a g iven  wid th  and p o s i t i o n  was inc reased  

from zero,  t h e  wind speed v and pro ton  tempera ture  T inc reased  

wh i l e  t h e  e l e c t r o n  tempera ture  TeE decreased  s l i g h t l y  from t h e i r  

r e s p e c t i v e  v a l u e s  ob ta ined  i n  t h e  HS model wi thout  h e a t i n g  ( t h e  

e s t i m a t e s  of vE and T i n  t h e  HS model a r e  i n  good accord  w i t h  

t h e  cor responding  v a l u e s  de te rmined  from t h e  e m p i r i c a l  r e l a t i o n  

of Bur laga  and O g i l v i e ) .  I n  m o s t  i n s t a n c e s ,  when t h e  i n t e n s i t y  

of t h e  h e a t  sou rce  was r a i s e d ,  t h e  d e n s i t y  nE was found t o  dec rease  

E PE 

PE 
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from 15 cmm3 ob ta ined  i n  t h e  HS model; however, when energy  

d e p o s i t i o n  took p l a c e  e s s e n t i a l l y  w i t h i n  2R, from t h e  b a s e ,  

t h e  d e n s i t y  inc reased  from 15 cmm3 when t h e  i n t e n s i t y  of t h e  

h e a t  sou rce  inc reased .  

More s p e c i f i c a l l y ,  upon comparing t h e  v a r i a a o n s  of v and E 

T w i t h  t h e  cor responding  r e s u l t s  from t h e  e m p i r i c a l  r e l a t i o n  

of Burlaga and O g i l v i e ,  w e  f i n d  t h a t  an  i n c r e a s e  i n  t h e  energy  

d e p o s i t i o n  r a t e ,  w i th  d e p o s i t i o n  t a k i n g  p l a c e  beyond about  3 0 R  

from t h e  b a s e ,  r e s u l t s  i n  a s i g n i f i c a n t  i n c r e a s e  i n  T from 

t h e  HS r e s u l t  and a n e g l i g i b l e  i n c r e a s e  i n  v 

upon i n c r e a s i n g  t h e  h e a t i n g  r a t e ,  n does n o t  dec rease  more than  

7% from t h e  15 cm-3 of HS. 

t o  t h e  r e s u l t s  of Burlaga and O g i l v i e ,  v i n c r e a s e s  s u b s t a n t i a l l y  

whi le  T rises s l i g h t l y  when t h e  h e a t i n g  r a t e  is  inc reased  i n  

sou rces  d e p o s i t i n g  energy  w i t h i n  2R0 from t h e  base .  With such  

an i n c r e a s e  i n  t h e  h e a t i n g  r a t e  t h e  cor responding  d e n s i t y  n 

i n c r e a s e s  more than  30% above 15 ~ m - ~ .  

energy  d e p o s i t i o n  t a k e s  p l a c e  w i t h i n  t h e  range  of approximately 

2R, t o  25R 

i n t o  direct  correspondence w i t h  t h e  e m p i r i c a l  r e s u l t s  of Burl.aga 

and O g i l v i e  (ove r  t h e  range  275 km/sec < vE < 400 km/sec,lO 

<8x10 K) when s u i t a b l e  v a r i a t i o n s  i n  t h e  parameters  of t h e  h e a t  

sou rce  a r e  made. I n  p a r t i c u l a r ,  r e f e r i n g  t o  t h e  h e a t  sou rce  of 

equa t ion  , (11) , such  correspondence o b t a i n s  when Do = b-4 w i t h  

a = 2 ,  and Do a a-2 w i t h  b = 5 ( of cour se ,  o t h e r  pa rame t r i c  

r e l a t i o n s  a r e  p o s s i b l e ) .  The cor responding  pro ton  d e n s i t y  a t  

PE 

0 

PE 
I n  t h i s  c a s e ,  E’  

E 

I n  t h e  o p p o s i t e  ex t reme,  r e l a t i v e  

. -- - E  . ~ -  . ” ~ 

PE 

E 
However, when t h e  pr imary 

from t h e  base  w e  showed t h a t  vE and T 
0 PE 

can be brought  

4 0  K < T PE 
4 0  
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a a r t h ' s  o r b i t  ranged from 11 t o  13 ~ m - ~ ,  a r e d u c t i o n  of 

12% t o  25% below t h e  va lue  ob ta ined  by HS. Such a r e d u c t i o n  is 

d e s i r a b l e  s i n c e  t h e  observed average  d e n s i t y  is about  5-6 ~ m - ~ ;  

however, t h e  observed d e n s i t y  is known t o  range  from 1 cm-3 t o  

30 c m  [Neugebauer and Snyder ,  1966b; Wolfe - e t  a l ,  1966; -3 

Lazarus  e t  a l ,  1966; Gringauz,  19661. 

Based on t h e s e  c o n s i d e r a t i o n s ,  w e  concluded,  i n  t h e  c o n t e x t  

of a two-f lu id ,  s p h e r i c a l l y  symmetric s o l a r  wind model, t h a t  

primary energy  d e p o s i t i o n  should  t a k e  p l a c e  i n s i d e  about  25Ra 

from t h e  base  t o  o b t a i n  t h e  more commonly observed wind speeds  

v - 275 km/sec wh i l e  s imul t aneous ly  ma in ta in ing  cor responding  2 
E 

v a l u e s  of T l o w  enough t o  a g r e e  wi th  d a t a .  Parker  c1963, 19691 
PE 

and Burlaga and O g i l v i e  [19701 have a l s o  sugges ted  t h e  need f o r  

an  energy source  i n  t h i s  r e g i o n .  T h i s  r e s u l t  is c o n s i s t e n t  w i th  

t h e  nonthermal h e a t i n g  models r e c e n t l y  proposed by Barnes 

b9691 ,and  F r e d r i c k s  C1969J. On t h e  one hand, Barnes h a s  proposed 

t h a t  t h e  c o l l i s i o n l e s s  damping of fast-mode hydromagnetic waves 

propagat ing  outward from below t h e  base  w i l l  d e p o s i t  m o s t  of t h e i r  

energy  i n t o  t h e  p ro ton  (and e l e c t r o n )  g a s  w i t h i n  25Ra. 

o t h e r  hand, t h e  t u r b u l e n t  i o n - a c o u s t i c  wave h e a t i n g  model proposed 

On t h e  

by F r e d r i c k s  is  o p e r a t i v e  over t h e  range 20R, t o  60Ra when t h e  

c o n d i t i o n s  of t h e  HS model p r e v a i l .  I n  t h e  F r e d r i c k s  model ion-  

a c o u s t i c  waves a r e  gene ra t ed  (becoming u n s t a b l e  when Te/T 

by compressive MHD p e r t u r b a t i o n s  which could  o r i g i n a t e  i n  p a r t  

below t h e  base  ( t h e r e b y  c o n s t i t u t i n g  an e x t e r n a l  s o u r c e ) .  Based 

2 7-10) 
P 

on t h e  p receed ing ,  t h e  p ro ton  h e a t i n g  mechanism proposed by Barnes 
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is expec ted  t o  be more s i g n i f i c a n t  s i n c e  it 43 operatkve over  more 

of t h e  impor t an t  range  2R, 5 r 5 25R 

is o n l y  o p e r a t i v e  over  t h e  o u t e r  end of t h i s  r e g i o n .  I n  a d d i t i o n ,  

wh i l e  t h a t  of F r e d r i c k s  
0 

a f t e r  some h e a t i n g  h a s  occur red ,  t h e  i n n e r  boundary of t h e  F r e d r i c k s  

model, r '=: 20R,, w i l l  move o u t  f u r t h e r  t o  s a t i s f y  Te/T 

wh i l e  p ro ton  h e a t i n g  i n  t h e  Barnes model over  t h e  range  2Ra - 
r - 25R, is expec ted  t o  be more e f f e c t i v e  when 8, = 8rr n k T /E3 

P 
is i n c r e a s e d .  

2 7-10 
P 

< 

< 2 

Even though w e  have shown t h a t  it is p o s s i b l e  t o  o b t a i n  ac-  

co rd  w i t h  t h e  e m p i r i c a l  r e l a t i o n  between v and T by a p p l i c a t i o n  

of energy  s o u r c e s  over  t h e  r e g i o n  2R, - r .- 25Ro, w e  wish t o  make 

it  c l e a r  t h a t  w e  do n o t  r u l e  o u t  t h e  p o s s i b l e  importance of h e a t i n g  

over t h e  range  r 25R,. For example, cons ide r  t h e  s o l i d  cu rves  

i n  F i g u r e s  1 and 2 l y i n g  w e l l  below t h e  e m p i r i c a l  r e s u l t s  of 

E PE 
< <  

> 

Burlaga and O g i l v i e .  I t  can be shown t h a t  s o l u t i o n  p o i n t s  on 

t h e s e  c u r v e s  can be r a i s e d  e s s e n t i a l l y  v e r t i c a l l y  t o  o b t a i n  

correspondence w i t h  o b s e r v a t i o n  by an a d d i t i o n a l  h e a t  sou rce  

d e p o s i t i n g  energy  anywhere over t h e  range  0.12 &.All - r 5 '1, AU. < 

Of c o u r s e ,  t h e  bulk  of t h e  h e a t i n g  still  t a k e s  p l a c e  i n s i d e  25R,. 

For such an  "extended" or "double-humped" h e a t i n g  model t h e  

cor responding  d e n s i t i e s  nE do  no t  change n o t i c a b l y  from t h e i r  

origina1,somewhat h igh  v a l u e s  a s  t h e  s o l u t i o n  p o i n t s  a r e  r a i s e d  

0' 
upward towards ! h e h e r  T ..?when a hea t -  s o u r c e - - i s  -appl ied  beyoad 25R 

-PE 
I f  a sma l l  amount of h e a t i n g  beyond 25R, (-1-50/0 of t o t a l  

t hen  t h e  t u r b u l e n t  
4 

PE ' energy)  is a c t u a l l y  r e q u i r e d  t o  r a i s e  T 

i o n - a c o u s t i c  h e a t i n g  model of F r e d r i c k s ,  a l s o  o p e r a t i v e  i n  t h i s  



r e g i o n ,  may be impor t an t .  I n  a d d i t i o n ,  t w o  o t h e r  p o s s i b l e  e x t e r n a l  

h e a t i n g  mechanisms i n  t h i s  r e g i o n  have been proposed by Coleman 

[1968] and J o k i p i i  and D a v i s  [1969]. J o k i p i i  and D a v i s  po in t ed  

o u t  t h a t  t h e  observed hydromagnetic wavelengths  5 10 

probably gene ra t ed  i n  t h e  s o l a r  wind by t h e  " c o l l i s i o n T p  of f a s t  

4 k m  a r e  

and slow s t r eams .  The hydromagnetic waves gene ra t ed  t h e n  h e a t  

t h e  p r o t o n s  l o c a l l y  through t h e  c o l l i s i o n l e s s  damping mechanism 

of Barnes [1966]. 

p rocess  i n  t h e  v e r y  low B s t r eams  of t h e  HS model would be re- 

W e  p o i n t  ou t  t h a t  such a hydromagnetic h e a t i n g  
+ 

l a t i v e l y  i n s u f f i c i e n t  and t h e r e f o r e  the c o o l e r  s t r eams  should  

a r r i v e  a p p r o p r i a t e l y  pre-heated a t  t h e  p o i n t  of t t c o l l i s i o n T 9  f o r  

t h e  J o k i p i i  and Davis  model t o  be of s i g n i f i c a n c e .  Coleman, on 

t h e  other  hand, h a s  sugges ted  t h a t  energy e x t r a c t e d  from d i f f e r e n t i a l  

s t r eaming  motion cascades  down through a h i e r a r c h y  of t u r b u l e n t  

eddies t o  t h o s e  approximate ly  the  dimensions of a p ro ton  Larmor 

r a d i u s  a t  which p o i n t  d i s s i p a t i o n  t a k e s  p l a c e  by p ro ton  c y c l o t r o n  

h e a t i n g .  However, Burlaga and O g i l v i e  [1970] have observed l o c a l  

h e a t i n g  or "hot s p o t s "  i n  t h e  v i c i n i t y  of p o s i t i v e  v e l o c i t y  g r a d i e n t s  

b u t  no t  n e g a t i v e  g r a d i e n t s  and therefore conclude t h a t  t h e  h e a t i n g  is 

no t  a r e s u l t  of v e l o c i t y  s h e a r  b u t  due t o  the c o l l i s i o n  of f a s t  

and s l o w  s t r eams .  They a l s o  noted  t h a t  the  v e l o c i t y  g r a d i e n t s  

and cor responding  "hot s p o t s "  occur  i n f r e q u e n t l y  and t h e r e f  ore 

t h e  a s s o c i a t e d  h e a t i n g  mechanism is  n o t  a dominant l a r g e  s c a l e  

phenomenon a 

Pro ton  h e a t i n g  i n  t h e  r e g i o n  r 25Ra by means of i n t e r n a l l y  

g e n e r a t e d  u n s t a b l e  waves h a s  been proposed by s e v e r a l  i n v e s t i g a t o r s  

3 1 



[Pa rke r ,  1958 a ,  b ,  1963; Scarf e t  a l .  

1968; Hundhausen, 1968; For s lund ,  19701. S ince  only a small 

f r a c t i o n  of t h e  t o t a l  energy is r e q u i r e d  t o  raise t h e  pro ton  

1967; Kennel and S c a r f ,  
-_. 

t empera tu re  i n  t h i s  r e g i o n ,  s o l u t i o n  p o i n t s  i n  F i g u r e s  1 and 2 

l y i n g  below t h e  e m p i r i c a l  r e s u l t s  can a l s o  be r a i s e d  approximate ly  

v e r t i c a l l y  by t h e  a p p l i c a t i o n  of an i n t e r n a l l y  gene ra t ed  h e a t  

s o u r c e ;  i . e . ,  t h e  cor responding  v n and T w i l l  n o t  change 

a p p r e c i a b l y  from t h e  case  when an e q u i v a l e n t  e x t e r n a l  h e a t  source 
E '  E PE 

is a p p l i e d .  I t  is c l e a r  t h a t  w e  can n o t  p o i n t  t o  any f a c t o r  or 

f a c t o r s  i n  t h e  p r e s e n t  a n a l y s i s  t h a t  would r u l e  ou t  t h e  need for 

h e a t i n g  beyond 25Ra or, i f  such h e a t i n g  is n e c e s s a r y ,  whether 

or n o t  i t  is d e r i v e d  from an  i n t e r n a l l y  or e x t e r n a l l y  gene ra t ed  

source  or bo th .  W e  on ly  a rgue  t h a t  it is p o s s i b l e  t o  account  

for  t h e  observed r e l a t i o n  between vE and T 

e x t e r n a l  energy  source  i n s i d e  the  h e l e o c e n t r i c  r a d i u s  of about  

by a p p l i c a t i o n  of an 
PE 

25Ra and t h a t  t h e  cor responding  d e n s i t i e s  nE a r e  d e s i r a b l y  lower 

than  t h o s e  r e s u l t i n g  from an  "extended" or f*double-humped" h e a t  

sou rce  . 
I n  a d d i t i o n  t o  t h e  above i n t e r n a l  s o u r c e s  o p e r a t i v e  over 

> r 

pro ton  h e a t  sou rce  is p o s s i b l e  i n s i d e  25Ra. 

the  expec ted  skewing of t h e  e l e c t r o n  d i s t r i b u t i o n ,  due t o  t h e  

h igh  r a t e  of thermal  conduct ion ,  can be r e s p o n s i b l e  f o r  e x c i t i n g  

25Ra, Fors lund  [19701 h a s  shown t h a t  an  i n t e r n a l l y  gene ra t ed  

H e  po in t ed  o u t  t h a t  

u n s t a b l e  i o n - a c o u s t i c  waves l e a d i n g  t o  t u r b u l e n c e  from which 

p r o t o n s  can be hea ted  through l i n e a r  and non- l inear  Landau damping 

and c o l l i s i o n a l  damping of t h e  waves OQ the  i o n s .  The i n n e r  

32 



boundary for t h i s  mechanism occur s  where Te/T 

t a k e  p l a c e  as close as r 

model p r e v a i l .  However, when h e a t i n g  occur s  , t h e  i n n e r  boundary 

w i l l  move outward t o  s a t i s f y  Te/T 

po in ted  o u t  t h a t  such  ion -acous t i c  t u r b u l e n c e  should  l e a d  t o  a 

r e d u c t  i on  i n  t h e  the rma l  conduct i o n  c o e f f i c i e n t  . 

2 7 ,  which can 

10R, when t h e  c o n d i t i o n s  of t h e  HS 
P 

2 7. Fors lund  has  a l so  
P 

We have argued t h a t  energy must be added t o  t h e  system t o  

account  f o r  t h e  observed h igh  speed s t r eams .  We do n o t  expec t  

t h a t  a r e d u c t i o n  i n  t h e  e l e c t r o n  thermal  conduct ion  c o e f f i c i e n t  

a t  r 1 0 R a ,  a s  sugges ted  by For s lund ,  can e f f e c t  an i n c r e a s e  

i n  t h e  t o t a l  energy  f l u x .  I t  seems u n l i k e l y  t h a t  more energy  

w i l l  be  drawn o u t  th rough the  b a s e ,  s a y ,  by a p o s s i b l e  i n c r e a s e  

~ i n  conduct ion f l u x  a t  t h e  b a s e ,  when t h e  conduct ive  c o e f f i c i e n t  

i is reduced a t  r 

> 

> 10Ra .  However, t h e  r e l a t i v e  m e r i t s  of e x t e r n a l  

and i n t e r n a l  energy  s o u r c e s  can no t  be c o n c l u s i v e l y  e v a l u a t e d  

u n t i l  t h e  macroscopic  e f f e c t s  of t h e  l a t t e r  have been q u a n t i t a -  

t i v e l y  i n v e s t i g a t e d .  
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F i g .  2 - The s q u a r e  r o o t  of p ro ton  t empera tu re  T E a t  1AU 
i n  k i lo -degrees  Kelvin v e r s u s  wind speeg  VE i n  
km/sec. A n a l y t i c a l  r e s u l t s  are g iven  by s o l i d  l i n e s  
(and cor responding  d o t t e d  l i n e s )  w i t h  cor responding  
v a l u e s  of d e n s i t y  nE i n  c m - 3  i n d i c a t e d  a t  selected 
p o i n t s .  For comparison, t h e  e m p i r i c a l  r e s u l t s  of 
Bur laga  and O g i l v i e  are shown by dashed l i n e s .  
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Fig. 3 - Proton temperature Tp and electron temperature Te 
versus radius r Temperature profiles resulting 
from heat sources characterized by a=2 b=22, 
Do=6 x lo-’, and a=2, b=26, D0=3 x 10-6 are given 
by so l id  l i n e s .  For comparison, corresponding re- 
su l t s  of HS model are shown by dashed l i n e s .  
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F i g .  4 - Wind speed  v and d e n s i t y  n v e r s u s  r a d i u s  r .  Densi ty  
and wind speed p r o f i l e s  r e s u l t i n g  from heat sources 
characterized by a=2,  b=22, Do=6 x 10-9, and a=2,  
b=26, Do=3 x 10-9 are g iven  by s o l i d  l i n e s .  
comparison, cor responding  r e s u l t s  of HS model are  
shown by dashed l i n e s .  
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F i g .  5 - D e n s i t y  n v e r s u s  r a d i u s  r .  The s o l i d  l i n e  corresponds  
t o  t h e  d e n s i t y  p r o f i l e  of F i g .  3 ,  g i v e n  by a s o l i d  
l i n e .  The o b s e r v a t i o n a l  results of B l a c k w e l l ,  Michard, 
A l l e n  and Newkirk are i n d i c a t e d  e For comparison,  
t h e  d e n s i t y  p r o f i l e s  of HS model are shown by dashed 
l i n e s .  



F i g .  6 - Proton t empera tu re  T and e l e c t r o n  t empera tu re  Te 
v e r s u s  radius r .  
t o  a h e a t  s o u r c e  c h a r a c t e r i z e d  by a=2,  b=26, and 
Do=3 x low9* 
and dot-dashed l i n e  t o  Tpo=1.5 x 106 OK.  
p a r i s o n ,  cor responding  r e s u l t s  of HS model are shown 
by dashed l i n e s .  

So T i d  and dot-dashed l i n e s  cor respond 

S o l i d  l i n e  cor responds  t o  'Epo =1.2 x lo6  OK 
For com- 
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F i g .  7 - Wind s p e e d  v and d e n s i t y  n v e r s u s  r a d i u s  r .  S o l i d  
and dot-dashed l i n e s  correspond t o  a h e a t  source 
c h a r a c t e r i z e d  by a = 2 ,  b=26,  and Do = 3 x 10-9. 
S o l i d  l i n e s  correspond t o  Tpo = 1 . 2  x 106 OK and 
dot-dashed l i n e s  t o  Tpo = 1 . 5  x 106 O K .  
p a r i s o n ,  corresponding  results of HS model are shown 
by dashed l i n e s .  
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