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viscosity and the rotating magnetic field of the sun appear to explain the 

transition from a nearly static corona to the supersonic solar wind, how- 

ever the conventional fluid equations are not valid when the mean free paths 

become large. 

less ziagnetized plasma, and various plasma instabilities become significant 

as wave-particle interactions replace particle-particle scattering. 

extent to which the interplanetary plasma can be considered a fluid is assessed 

In interplanetary space the solar wind represents a collision- 

The 

using recent experimental data, the possible forms of local acceleration pro- 

cesses are discussed, and some classes of experiments which might help to 

understand these phenomena are described. 

1 
i Presented at the D.G.R.R. Symposium "Exploration of the Moon and Interplanetary 

Space," Munich, April 22, 1966. ~ To be published in Raumfahrtforschung. 
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I. INTRODUCTION 

About f i f t e e n  yea r s  ago, Biermann (1951) argued t h a t  i n t e r -  

p l ane ta ry  space must be f i l l e d  a t  a l l  t i m e s  w i th  corpusc les  streaming from 

t h e  sun. Several  yea r s  l a te r ,  Chapman (1957) demonstrated t h a t  the hot  

s o l a r  corona should extend throughout t h e  inner  s o l a r  system, and i n  1958, 

Parker  combined these  ideas  wi th  t h e  p o s t u l a t e  t h a t  t h e  s o l a r  wind and the 

extended s o l a r  corona are t h e  same e n t i t y .  Parker  showed how a nons ta t ionary  

corona would be decelerated t o  supersonic speeds,  and a l l  cf t h e s e  i n d i r e c t  

arguments i n  favor  of a continuous wind from t h e  sun were f i n a l l y  confirmed 

by t h e  e l e c t r o s t a t i c  ana lyzer  measurements on Mariner 2 (Snyder and 

Neugebauer, 1964; earlier experiments on t he  Luniks and Explorer 10 had de- 

t e c t e d  s o l a r  plasma, bu t  the measurements were not  ex tens ive  enough t o  

v e r i f y  t h e  hypothesis  of continuous s t reaming) .  

I n  t h i s  paper we r e v i e w  some of t he  r ecen t  experimental  and 

t h e o r e t i c a l  advances i n  the  s tudy o f  t h e  s o l a r  wind. It is argued t h a t  

a n a l y s i s  of t h e  g ross  o r  macroscopic c h a r a c t e r i s t i c s  of t h e  s o l a r  wind and 

i t s  as soc ia t ed  magnetic f i e l d  will not  s u f f i c e  i n  the  f u t u r e ,  and t h a t  de- 

t a i l e d  s tudy of microscopic p a r t i c l e  d i s t r i b u t i o n  func t ions ,  plasma insta- 

b i l i t i e s  and wave-particle i n t e r a c t i o n s  w i l l  be requi red .  Experiments t o  

explore  these  phenomena p l ace  severe c o n s t r a i n t s  on requirements  f o r  tele- 

metry, plasma probe look angles ,  e tc . ,  and it  can be a n t i c i p a t e d  t h a t  f u t u r e  

experimenters w i l l  d e s i r e  soph i s t i ca t ed  i n t e r p l a n e t a r y  spacec ra f t  capable  of 

explor ing  t h e  microscopic plasma processes.  
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11. THE FLUID MODELS OF THE WIND 

Parker's original model (1958) of the non-static corona was 

based on several simplifying assumptions. 

as determined from ne(r) measurements, indicated no appreciable decrease in 

coronal temperature out to (10-20) R8, although the uncertainties become sig- 

nificant beyond about 8 R,. 

isothermal with temperature T 

radius r=b (8 R8 < b < 20 R ), with an adiabatic temperature distribution 

(T 

it sufficed to consider the continuity and momentum equations for the col- 

lisional coronal fluid; for steady radial flow these are 

The observed coronal scale heights, 

Accordingly, it was assumed that the corona is 
b 

in a region between the base (r=a) and a 
0 

0 

n2'3) beyond r=b. Since T ( r )  was completely specified in terms of n(r), 

(1) 2 nur = C = constant 

d 
mudU+-+-nkT = 0 2 dr dr r 

and in the isothermal region, Parker demonstrated that the solutions behave 

as shown in Fig. 1. The solar wind solution is accelerated through the sonic 

transition by the pressure gradient term, while the solar gravitational attraction 

acts as the "throat" of a nozzle making the transition possible. 

subsonic solutions cannot actually occur, because for these cases the rotating 

magnetic field of the sun produces large magnetic forces which invalidate 

Eq. (2) (Axford, Dessler and Gottlieb, 1963). 

The slow or 



C i 

-4- 

A s  an example of the consequences of this theory, consider 

8 -3 u(a) = 30 km/sec, n(a) = 2 ne(a) 2 3 x 10 cm , T(a) = 1.5 x lo6 OK with 

a = 1.06 Iig, 3 = 13 Re; then Eqs. (I), (2) predict u(l A.U.) = 550 h/sec 

and n (1 A . U . )  = 50 cm . The velocity is in remarkably close agreement 

with experiment, although the observed density at one A.U.  appears to be 

nore nearly 5 cm . However, considering the great simplifications and 
idealizations inherent in the use of Eqs. (l), (21, it nust be acknowledged 

that the simple hydrodynamic model provides the basic explanation for the 

existence of the solar wind. 

-3 
e 

-3 

In the years since 1958, a great deal of theoretical effort 

has been devoted to analysis of the flow patterns and characteristics of 

the wind, using fluid models of increasing sophistication. 

original static theory revealed that energy transport by thermal conduction 

must be of great importance throughout the extended corona, and the ap- 

propriate generalization for a streaming fluid involves the Navier-Stokes 

equations. For spherically symmetric flow, the energy-momentum equations are 

Chapman's 

1 d  3 mnu - + - (nkT) + - = - - (r T) 
r 

WMQm du d 
dr dr 2 3 dr r 

and 

( 3 )  

where 

dT 
q = - - K -  dr 
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2 C = nix . Here K ,  p represent 

9 (6) 

the coefficie2ts of conduction 2nd viscosity, 

respectively, and for an ionized hydrogen gas we use (Spitzer, 1962) 

-7 T5/2 
K E 7.2 X 10 ergs/cm sec O K  

-16 p 2  0.9 x 10 qmjcm sec. 1.1 = 

(7) 

Thermal energy can be transported to great distances from the 

sun via the mechanisms indicated in Eq. ( 4 ) ,  and therefore Parker carried out 

extensive analytical studies of the flow patterns associated with a smooth 

decrease in temperature. 

an effective equation of state, p -L, n , with the polytrope index varying 

between unity (isothermal flow) and 5/3 (adiabatic flow). 

is summarized in "Interplanetary Dynamical Processes (Parker, 1963).] Analytical 

investigations of the full Navier-Stokes equations have also been carried out 

[see the comprehensive review, "Dynamical Theory of the Solar Wind" (Parker, 

1965a)l but these calculations can generally be performed only for hypothetical 

coronal densities which differ greatly from those of the sun. 

For instance, the momentum equation was solved for 

a 

[Much of this work 

A definitive test of the hydrodynamic model of the actual solar 

wind requires numerical integration of the coupled set, Eqs. (3) - ( 8 ) s  and 

this has now been performed. 

Scarf (1963) and (singular) solutions of the most general variety (finite 

conduction out to infinity) were obtained with neglect of viscosity. 

The first numerical analysis was that of Noble and 

Scarf 
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and Noble (1965) also considered the full Navier-Stokes equations and des- 

cribed (singular) solutions with finite conduction and viscous stress as 

r -+ 0 3 .  Numerical studies of the special well-behaved solutions (purely con- 

vective energy at infinity) were obtained by Whang and Chang (1965, no vis- 

cosity) and Whang, Lit and Chang (1966, viscous). 

heat source was inserted, a one-fluid model was considered, and the para- 

meters were adjusted to fit the observed density and temperature near the 

coronal base. 

In all cases, no external 

One test of the success of such a computation as an "explanation" 

for the solar wind involves comparison of the theoretical ne(r)-curve (derived 

from nur2 = C and E q s .  (3 )  - (8)) with observation. 

Fig. (2) (taken from Whang, Liu and Chang). It can be seen that in the entire 

lower corona (r < 10-20 R ), with the possible exception of the base region 

below (2-2.5) R8, the predicted densities are in very good agreement with 

observation. 

these solutions, it appears that the ultimate source of energy for the solar 

wind is simply transport of thermal energy from the base region via conduction 

(viscosity is completely negligible within 10 R and no external energy source 

has been used). 

The results are shown in 

B 

Since the transition to supersonic flow occurs near 7 R for 0 

0 

For the solutions shown in Fig. (21, the predicted speeds near 

the earth are on the order of (200-300) km/sec, the densities are on the order 

of (1-10) cm3, and the anticipated temperatures are on the order of (1-2) x 

IO5 OK. 

measurements of the solar wind near 1 A . U . ,  and one might therefore conclude 

that the fluid model provides an adequate description of the corona and the 

wind, all the way to the earth. However, more detailed inspection of these 

These numbers are all In fair agreemerit with the results of early 
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results reveals significant internal inconsistencies and, indeed, it turns 

out that the predictions of E q s .  (3) - (8) become invalid long before the 

earth is reached. 
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111. BREAKDOWN OF THE MACROSCOPIC EQUATIONS 

The continum fluid equations are only meaningful when the 

plasma is in strict (collisional) thermal equilibrium, and Sturrock and 

Hartle (1966) recently observed that even close to the sun, particle- 

particle collisions do not provide a mechanism €or maintaining thermal 

equilibrium between electrons and protons. 

lision frequency 

Using the electron-proton col- 

-2 -3/2 v = 8.5 x 10 nT E 

and separate coefficients of thermal conduction 

5/2 -7 5/2 
Te K = 1.4 x T , K 2 6 x 10 P P e 

they considered a non-viscous two-fluid model. 

the protons was taken to be 

The energy balance equation for 

and a similar expression described the energy balance for the electron fluid. 

Approximate numerical solutions to these coupled equations were obtained 

assuming equal tenperatures near the base, with separate slowly varying poly- 

trope indices for the electrons and protons. The best fit solutions near the 

base region were associated with the following parameters near 1 A . U . :  

280 km/sec, n = 10 cm 

u =- 

= (3-4) x lo3 OK, Te = 6 x lo5  OK. -3 
’ TP 
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The ca lcu la ted  v e l o c i t y  and d e n s i t y  p r o f i l e s  are, as before ,  

i n  f a i r  agreement with observations,  and t o  d a t e  no a c c u r a t e  measurements 

of t h e  in te rp lanecary  e l e c t r o n  temperature are a v a i l a b l e  f o r  comparison. 

However, t h e  observed proton temperatures i n  t h e  s o l a r  wind are g e n e r a l l y  

considerably h igher  than t h e s e  computed values ,  f r e q u e n t l y  ranging up t o  

lo6  OK, and r a r e l y  f a l l i n g  much below 3 x lo4  OK (Neugebauer and Snyder, 

1966; Strong, e t  a l ,  1966). This discrepancy s t r o n g l y  sugges ts  t h a t  t h e  

f l u i d  model should be abandoned much c l o s e r  t o  t h e  sun than 1 A.U. 

A related conclusion can be der ived by i n s p e c t i o n  of t h e  one- 

f l u i d  Navier-Stokes equat ions.  A s  noted above, t h e  genera l  s o l u t i o n s  t o  t h e  

coupled equat ions a r e  s i n g u l a r  in t h a t  they can be r e w r i t t e n  i n  t h e  forms 

dT/dr = G / K ( T ) ,  du/dr = F/u(T) w h e r e  G and F are f u n c t i o n s  of u, n,  r,  T,  

etc.  This shows e x p l i c i t l y  t h a t  no t  a l l  s o l u t i o n s  with f i n i t e  K ,  u can b e  

obtained by per turba t ion  techniques s t a r t i n g  with K = = 0. Indeed, i n  t h e  

supersonic  region formal so lu t ions  e x i s t  f o r  which T -+ 0, u -+ m a t  some f i n i t e  

r a d i u s ,  and thus meaningless flow p a t t e r n s  can be obtained.  However, t h e s e  

apparent ly  meaningless pred ic t ions  a r e  q u i t e  s i g n i f i c a n t  phys ica l ly ;  they can 

b e  used t o  i l l u s t r a t e  t h e  f a c t  tha t  t h e  Navier-Stokes equat ions a r e  i n v a l i d  

w e l l  before  t h e  s i n g u l a r i t y  is reached. 

The Navier-Stokes equat ions are der ived from t h e  Boltzmann 

equat ions by t h e  Chapman-Enskog technique and they a r e  v a l i d  wherever t h e  

Knudsen number ( r a t i o  of mean f r e e  pa th  L, t o  s c a l e  l e n g t h  L) i s  s m a l l  com- 

pared t o  uni ty .  The t r a n s p o r t  c o e f f i c i e n t s  a r e  evaluated by expanding a l l  
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functions in powers of (k/L), and the conventional definitions (Eqs. (5), (6)) 

are then correct to first order in k/L. For instance, the successive approxi- 

mations to the viscous stress are 

+ - +  2 
Q - u  + .... P + -  (2) - 

- ‘ij nkT ‘ij T ij 

etc., where 

(Schaaf and ChambrC, 1961) and 

(Eqs. (8), ( 9 ) .  This yields Eq. (6) if the second term in T (2) can be ij 

neglected with respect to the first term. Thus, Eq. (6) is correct only if 

and the appropriate scale lenath turns out to be the one associated with the 

streaming velocity. (This is not a statement of general validity. The complete 
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(2) contains temperature gradients as well. The Navier- ij expression for T 

Stokes equations become questionable whenever one of these terms is signifi- 

cantly large. 

the sonic crossover while the thermal gradients remain moderate.) 

tion of the numerical solution, Scarf and Noble ( 1964) pointed out that the 

above ineqaditg is not satisfied beyond r = 20 R,. 

In the solar wind case, the velocity gradients are steep beyond 

By inspec- 

W 

In the language of aerodynamics, we pass from the continuum 

region to the "slip flow" region when the approprlate !budsen number ap- 

proaches unity. 

region of continuum flow ( k  << L) and free molecular flow (II >> L ) .  

because the solar wind is a magnetized plasma, there is no region in which 

free flow occurs in the classical gasdynamics sense. Nevertheless, we can 

define three regions. For (pV-u/nkT) << 1, the full Kavier-Stokes equations 

are valid. For u(V=u)/nkT 

are not valid, but there are enough collisions to maintain a statistical 

distribution function with a well-defined temperature. For IIldT/dr 1, T, 

ordinary two-body collisions are unimportant and the characteristics of the 

particle distribution functions are determined by other phenomena. 

For a neutral gas, the slip flow regime is bounded by the 

Actually, 

-+ -+  

+ +  
1, but RldT/dr << T, the Navier-Stokes equations 

In ordinary gasdynamics no rigorous formulation of the equations 

of motion is available for slip flow. 

(the Burnett equations, the Thirteen Moment equations) have been proposed to 

replace the Navier-Stokes equations for moderate Knudsen numbers, but these 

replacements introduce severe difficulties, and considerable doubt exists 

about their physical validity. (Schaaf and Chambrd, 1961, pp. 31-34.) 

Various complex systems of equations 
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It seems l i k e l y  t h a t  no moment equations w i l l  r e a l l y  be of use here ,  so  t h a t  

t h e  flow p a t t e r n s  have t o  be obtained by so lv ing  t h e  Boltzmann equat ion i t s e l f .  

However, it appears t h a t  t h e  Navier-Stokes equat ions,with some modi f ica t ions ,  

provide a b e t t e r  d e s c r i p t i o n  of the gas  i n  t h e  s l i p  flow regime than t h e  h igher  

n r d e r  systems. 

This d i scuss ion  i n d i c a t e s  t h a t  a t  present  no r igorous  t reatment  

05 Ehz s o l a r  wind f lok;  i s  p c s s i b l e  Seyond (15-20) Rg. 

some bound t o  t h e  range of flow p a t t e r n s ,  Scarf and Noble (1964) a r b i t r a r i l y  

assumed t h a t  t h e  Navier-Stokes equations a r e  s t r i c t l y  v a l i d  up t o  17 R 

a d i a b a t i c  continuum flow beyond 1 7  R 

are shown i n  Table I. 

s i d e r a b l e  r e v i s i o n  as more r e a l i s t i c  t reatments  of t h e  reg ion  beyond (15-20) R 

a re  cocsidered,  t h e  e n t r i e s  can be used t o  eva lua te  roughly t h e  range of i m -  

por tance of two-body c o l l i s i o n s .  

and two-body c o l l i s i o n s  cannot serve t o  maintain t h e  Boltzmann d i s t r i b u t i o n  

f u n c t i o n  beyond t h i s  rad ius .  Thus, t h e  c l o s e  agreement between t h e  d i s t r i -  

bu t ions  f requent ly  observed a t  t h e  e a r t h  and a Boltzmann d i s t r i b u t i o n  i n d i c a t e s  

t h a t  some mechanism other  than two-part ic le  s c a t t e r i n g  binds t h e  s o l a r  wind 

i n t o  a f l u i d  and maintains  t h e  s t a t i s t i c a l  spectrum beyond (70-100) R 

11.. order  t o  o b t a i n  

w i t h  0' 

The r e s u l t s  f o r  a q u i e t  s o l a r  wind Q' 
Although these numbers obviously are s u b j e c t  t o  con- 

0 

We f i n d  L(T,n) dT/dr = T f o r  r 75 Ro, 

8' 
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<2 

Table 1. Model Quiet Solar Wind 

) prot . (A = 100, To = 1.5 x lo6 OK, m = 0.62 m 

6 18.4 2.03 x lo6  1.47 x 10 
6 72.4 1.02 x 10 1.03 x 10 

5 E.E? v 10 4 105 3.39 x 10 

(sonic transition near r / R  = 7) 
5 I 7.2 110 2.62 x 10 4O 8.73 x 10 

I 

5 j 10 146 1.02 x 10 7.92 x 10 

190 4.95 x 10 7.55 x 10 

246 2.70 x 10 7.35 x 10 

I 5 

5 I lZe6 
/ 15 

! 

I 
! 
I 
I 
I 

I 

i 
i 
! 
i 
I 
! 
i 

I 

! Uninhibited con- i 

duction and viscosity1 
I 

! 

1.40 x 10 4.8 x 10 5 ;  1 20 267 
I 

286 

287 
I 40 ; 50 

5 ! Adiabatic 
i continuum flow 3.27 x 10 1.8 x 10 

5 i  2.09 x 10 1.35 x 10 
I 

I 
1 f 

i f 

i 290 81.5 I 8o 

120 290 

200 290 

215 290 

35.8 

12.9 

11.2 

i Coll is ionless 
flow dominated by 

! scattering from ! 
, magnetic and electric 

I I fluctuations 
i 
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IV. WAVE-PARTICLE INTERACTIONS 

The available evidence strongly suggests that some mechanism 

provides a means for maintaining a kind of statistical equilibriuin in the wind 

well into the collisionless region. That is, the distributions are generally 

fairly "Maxwellian" near the earth, although the mean free path is huge 

[k(l AU) = 1 A.U.]. This possibility was anticipated by Parker (1958) in his 

original paper. It was suggested that various plasma instabilities would 

develop and that single particles would then interact strongly with organized 

groups of particles, or waves. If these wave-particle interactions involved 

turbulent scattering, they could then serve to maintain a fluid-like behavior 

well into the collisionless region. 

acceleration by a collisionless wave-particle interaction has been examined 

(Parker, 1965b). In laboratory beam-plasma experiments, X-rays associated 

with locally produced superthermal electrons are readily detected [see 

references in Parker's article (1965b)l. 

ternate explanation for the s l o w  decrease of the isotropic soft component 

following a great flare. 

of solar cosmic rays by a disordered magnetic shell beyond the earth (Meyers, 

Parker and Simpson, 1956). we might consider the possibility that the storm 

produces waves which accelerate particles as the oscillations damp away. 

More recently, the concept of interplanetary 

This process could provide an al- 

Instead of attributing all of this to scattering 

The collisionless magnetized interplanetary plasma admits a 
-+ + great variety of wave motions. 

with B = 5 gamma, n 

amplitudes are generally determined by the net balance between Cerenkov 

radiation and Landau or cyclotron damping, or, in other words, by the details 

For k nearly parallel to B ,  a hydrogen plasma 

5/cm3 has modes listed in Table 11. The ambient wave 
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. I n t e r D l a n e t a r y  Wave Modes 

For K parallel to B, I? = 5/cm3, B = 5 gamma, and no alpha particles, the 

modes are 

Frequency 
Classification Range 

Magnet os oni c 0 < f < fc z 140 c / s  
Waves 

Electron Plasm 
Oscillations 

F 2 f- - 20 kc/s 

f - (f: fi)lI2 = 10.6 c / s  

f - (fi2+fi2)1’2 2: 20 kc/s 

0 < f < f+ - 465 c / s  
p -  

P -  

Lower %ybrid 
Resonance 

Upper Hybrid 
Resonance 

Ion Waves 
+ 
C 

Cyclotron nf, n 1 
Harmonics 

Ion I 
Resonant I These are the 

Whistler I fast modes+ 
Mode 

Electrostatic 

\ Alfven and 

i for << C 

i 

\ Non-propagating Electrostatic in a cold plasma 

Electrostatic 
~ 

\ I 

i not present in 

I 

Electrostatic These waves are 

Quasi- a cold plasma 
Electrostatic 

The wave amplitudes are determined by the net balance between Cerenkov 

radiation and Landau or cyclotron absorption. 

Large amplitudes are associated with non-Maxwellian tails, supertheml 
particles, unequal ion-electron temperatures, electron-proton drifts, or 

velocity space anisotropies 
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of t h e  p a r t i c l e  d i s t r i b u t i o n  func t ions .  For t h e  e l e c t r o s t a t i c  modes, t h e  

a b s o l u t e  minimum background l e v e l s  are determined by a form of e q u i p a r t i -  

t i o n  between mechanical  and electrical  energy.  I n  p a r t i c u l a r ,  f o r  t h e  

e l e c t r o n  piasina o s c i l l a t i o n  branch, Rosroker (1961) has  shown t h a t  a n  

e q u i l i b r i u m  plasma h a s  

where 

minimum e l e c t r o n  plasma o s c i l l a t i o n  f i e l d  ampl i tude  i s  then  on t h e  o r d e r  of 

5 microvo l t s /me te r  f o r  t h o s e  o s c i l l a t i o n s  w i t h  X > L More g e n e r a l l y ,  t h i s  

background ampl i tude  is s t r o n g l y  dependent o n  t h e  r e l a t i v e  f r a c t i o n  of par -  

t i c les  having  speeds  e q u a l  t o  o r  g r e a t e r  t h a n  t h e  wave speed ,  s i n c e  t h e s e  are  

t h e  p a r t i c l e s  which g i v e  up energy t o  t h e  wave. Thus, Eq.  (16) a p p l i e s  i f  

t h e  d i s t r i b u t i o n  is  Maxwellian, but i f  a super thermal  h i g h  energy t a i l  i s  

p r e s e n t ,  t h e  background f i e l d  can  be o r d e r s  of magnitude h i g h e r  t h a n  t h e  v a l u e  

quoted (Tidman, 1965). 

= L i s  t h e  Debye l eng th ;  T = lo5  OK, g i v e s  L D D = 10 meters and t h e  

- D’ 

The thermal  background levels f o r  t h e  o t h e r  wave modes are ob- 

t a i n e d  by s i m i l a r  methods. Crudely speak ing ,  t h e  e q u i l i b r i u m  background level 

f o r  a g iven  mode i s  on t h e  o r d e r  of 
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For electrostatic (longitudinal) modes, Lmin 2 the Debye length and for 

electromagnetic (transverse) modes, Lmin (kT/m)1/2/fc where f = eB/27r mc. 
C 

Estimates of the equilibrium background levels are only of limited 

importance because, as indicated above, a variety of deviations from equili- 

brium lower the damping and increase the Cerenkov radiation, yielding field 

enhancements. These include the presence of non-Maxwellian tails, unequal 

electron-proton temperatures, currents, superthermal particles and velocity 

space anisotropies. Indeed, these phenomena may be sufficiently important 

to overwhelm the damping so that an instability sets in and waves grow 

spontaneously. 

Parker (1957, 1958) first proposed that in the solar wind 

particle scattering from waves associated with plasma instabilities could re- 

place particle-particle scattering and maintain the fluid-like behavior in 

the collisionless region. Parker considered the long wavelength (mhd) limit 

and examined the consequences of magnetically aligned thermal anisotropies, 

such as a difference in parallel and perpendicular temperatures associated 

with a rest frame distribution function of the form 
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It was shown that transverse (magnetosonic) waves would grow 

spontaneously if 

B2 nk(T -T ) > - l l  1. 4s 

This "firehose" instability occurs because the centrifugal 

acceleration around the curving (i.e. perturbed)' magnetic field gives rise 

to a current which enhances the irregularity. 

"mirror" instability sets in and Alfvkn waves grow. 

is unstable with respect to interchange if 

In the other extreme the 

That is, the system 

and the plasma flows into those parts of the wave where the field is weak, 

increasing P 

the field and the waves grow. 

and forcing the field lines farther apart. This further weakens I 

These restrictions lead to a relatively small range of values 

for TI,, T. which are stable against mhd perturbations and the appropriate 

limits are shown in Fig. (3) .  Even so, the mhd calculations which are only 

valid for low wave frequencies (f << fc+, fc-) are unduly optimistic. 

if the stability conditions for finite frequencies are examined, it can be 

ascertained that any thermal anisotropy leads to growing electromagnetic waves. 

For instance, it has been shown (Stix, 1962; Noerdlinger, 1964; Kennel and 

1- 

Indeed, 
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Petschek, 1966) using the Boltzmann equation with f given by Eq. (18) that 

magnetosonic waves with angular frequency w decay as exp (-yt), with a 

damping rate given by 

where nc+ = 2rfc+, and VR = (B2/4anm)1/2 (nc+/u)1’2 (l+w/+~~+)~/~. If T ii > T I’ 

y can change sign and waves with w/n + + 1 < T,,/T will grow spontaneously. 

This generalized form of the firehose instability arises because protons 
C .. 1 

with parallel velocities greater than or equal to VR can feed energy into 

an (electron resonant) whistler mode wave traveling in the opposite direction. 

If TI# z TI , there is a net excess of protons going fast enough so that they 

radiate energy, and growth results. 
I L  

The analog of the mirror instability occurs for any finite T > T i i I  
+ (Kennel and Petschek, 1966). If 3 > T,,+ ion cyclotron (Alfvh) waves grow 

I 1  - - 
and if T > T , magnetosonic (whistler) modes grow, near the ion and elec- I I1 

tron cyclotron frequencies respectively. If T > T electrostatic instabili- 

ties also arise. 

and the ion cyclotron harmonics grow, but if f 

to the Rosenbluth-Post instability (1965) and ion acoustic waves with 

I I 1  

For fc+ >> f + the Harris instability (1961) is relevant 

P 

P + + 
> fc , this is transformed 

f = f + appear. 
P 

All of these velocity space plasma icstabilities are meaningful 

when the properties of some uniform element of the solar wind are considered. 

Additional possibilities are present in interaction regions associated with 

changing solar wind parameters. When fast solar wind streams overtake slow 
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ones, collisonless instabilities of the classical two-stream variety can arise. 

AS one example, consider a hypothetical situation with B parallel to u; then 
+ -+ 

in the rest frame of the slow wind, an incoming beam of protons with velocity 
-+ + 
Au can feed energy into the electron whistler mode at frequencies near f 

[see Eq. (21)] and these waves will have k vectors along -(Au). 

C 
+ + 

Since the 

group and phase velocities in the magnetosonic mode can be quite high at these 

low frequencies (Kennel and Petschek, 1966) it is conceivable that the waves 

zay ?rop"gate upstream. 

The electrostatic two-stream instability can also be relevant. 

If we consider a relative electron-proton drift speed, u then the system 

will be unstable with respect to longitudinal plasma oscillations if u 

exceeds a critical speed u (c) = 

is large if T = T , but it falls rapdily as T /T increases, as shown in 

Fig. (4) (taken from Bernstein, et al., 1964). The fastest growing waves are 

ion acoustic oscillations with f f -k A 

the critical drift speed is about 300 kmlsec. 

P Y  

P 
(C> (Te ,Tp) . This threshold for instability 

P P 

e ?  e P  

LD and if T = lo5 OK, Te/Tp >>  1, 
P Y  P 

Since the solar wind speed is 

on this order, any perturbation which peels the electrons from the protons car: 

possibly trigger the ion acoustic wave instability. 

A simple mechanism exists vhich can indeed produce both high 

electron temperatures and large electron-proton drift speeds when the solar 

wind direction and/or magnitude change. 

inclined interplanetary magnetic field because in a inertial frame an inter- 

planetary electric field is present with 

The solar wind flows through the 
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This field is very large and its fluctuations could produce currents which 

trigger ion wave instabilities. For u = 400 km/sec, B = 5 gamma, E = 

2 x lf5 volts/cro. The criterion of large size involves comparison with the 

runaway field 

I 

-8 volts 
2 2 x 1 0  T cm 

+ 
R’ where v is given by Eq. (9). If a field applied parallel to B exceeds E 

then the electron current increases as eEt/m (Spitzer) until the relative 

electron-proton speed exceeds the plasma oscillation speed. 

large amplitude plasma oscillations are radiated by the Cerenkov mechanism, 

the electrons are scattered, and this scattering produces warm electrons and 

a finite conductivity parallel to the magnetic field. 

E 

When this happens 

For n = 10 cm-3y T 2 x lo5 OK, E volts/cm and EI R 
7 -+ ER, but the quiescent interplanetary electric field is normal to B I 

and hence this does not produce runaway. However, it is clear that customary 

fluctuations in By u and cos (B,u) can produce localized interface regions in 

which (E ) 

2 x 10 

+ +  + +  

+ 
exceeds ER; we can expect very rapid growth of plasma oscillations I i I  

at such fnterfaces. 
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The possible excitation of large amplitude oscillations in the 

interplanetary medium has several important consequences. 

these modes have phase and group velocities which exceed 300-400 km/sec 

(i.e., electron plasma oscillations and cyclotron harmonics, the electron 

whistler mode with 0.5 - 1.0 c/s < f << fc , etc.) and if these waves are 
u generated, they can propagate upstream as well as downstream. This de- 

grades the analysis of any local "shock" jump relations and makes determina- 

tion of the wave source position difficult. Second, the modes which are 

slow (ion acoustic waves, proton whistlers, electron whistlers with f < 0.5 - 
1.0 c/s, etc.) can readily be made to grow to large amplitudes by the 

Cerenkov mechanism, and particles with various thermal velocities may "see" 

wave frequencies which are significantly Doppler shifted. 

First, many of 

- 

This last point is particularly significant because some particles 

will see wave frequencies Doppler shifted to local cyclotron frequencies 

and a very efficient cyclotron acceleration can then take place. For 

electrostatic waves the equations of motion are 

+ . +  
rxB + +  0 

-+ 
mr = eE(r,t) + e c 

-+ + 3 E = -Po, Q $0 \ F(2,t) cos &-:-ut) d k 

and a very likely source of electron acceleration (f- 1- 140 c/s) involves 

the ion acoustic branch (0 < € < 465 c/s) which actually overlaps the 
C 
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gyrofrequency. Stix (1964)  originally discussed such wave-particle inter- 

actions for laboratory experiments. Scarf, et al. (1965) and Fredricks et 

al. (1965) examined numerical solutions to equations ( 2 4 ) ,  ( 2 5 )  and applied 

the results to the disturbed solar wind. 

decoherence and showed how waves with e+ E 

can produce 65 keV electrons in several milliseconds via the non-linear 

Doppler-shifted cyclotron resonance described by Eqs. ( 2 4 ) ,  ( 2 5 ) .  A related 

investigation by Sturrock (1966) involved completely stochastic acceleration 

so that study of Eq. (24 )  alone w a s  sufficient. It was shown that smaller 

electric fields acting over longer times could produce comparable final 

energies. 

They introduced a stochastic phase 

% 40 millivolts/meter, 
500 ev* EPeak 0 
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V. RECENT OBSERVATIONS 

Until recently experiments on interplanetary spacecraft were 

designed to examine only the gross, quasi-static characteristics of the 

solar wind and the interplanetary field. 

traps on the Luniks, Explorers 10, 18, etc., obviously could not investigate 

?e,t=i.ls nf the p r t i r l e  x.d~cj .+ -y  distrib~tio~s m d  the Earrow aperattire 

electrostatic analyzer on Mariner '2 was constrained to look only at the 

sun. 

angular distributions (i.e., three sectors in spacecraft longitude, 

essentially no resolution in spacecraft latitude). 

VELA 2A, 2B, 3A, 3B had much better longitudinal resolution, but again the 

observed current represents an integral over the solar plasma direction of 

arrival with respect to the spacecraft latitude. The first experiment 

capable of obtaining the complete angular distribution of the solar wind 

is the NASAfAmes Research Center experiment on Pioneer 6. 

Thus, the wide aperature ion 

Similarly, the analyzer on Explorer 18 yielded only very crude 

The analyzers on OGO-1, 

The results of this experiment are remarkable. In general, 

it is found (Wolfe, et al., 1966) that the direction of arrival f o r  solar 

protons depends strongly on the energy (or velocity) window under examina- 

tion. The ARC group has shown that this phenomenon is a simple consequence 

of a rather extreme thermal anisotropy, as illustrated in Fig. (5). In the 

plasma rest frame T,, >> TI, where the subscripts refer to direction with 

respect to the skewed interplanetary magnetic field [Fig. (5a)l. In Fig. 

(5b) the same distribution is depicted, but the frame of reference is now 

one in which the mean solar wind velocity is u. A natural consequence of 

TI, >> T 

-f 

is then a skewing of the vector distribution as illustrated. I 
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Wolfe et al. (1966) found that the solar wind distribution in 

the rest frame is very nearly a bi-Maxwellian [Eq. (18)] with variable but 

large K = T,i/TI 

this anisotropy 

(K > 5 is a common 

would appear to be 

situation). 

conservation of the magnetic moment, 

The most likely origin of 

in the relatively quiet interplanetary magnetic field. 

proceeds away from the sun the imbedded magnetic field declines with 

That is, as the wind 

1 1 B % - , B  2 -  r 2 8 r  r 

and hence m (x2>/2 'L kTL decreases accordingly. 

T A 

Since this decrease in 

must be conservative, Ti, has t o  increase. 

The observed K-values clearly place the solar wind in the fire- 

hose unstable region, as indicated in Fig. ( 3 ) .  However, the long wavelength 

mhd waves are not the fastest growing ones. 

inserted the observed distributions into Eq. (21) and showed that the fastest 

growing waves have frequencies near (1-2) f +. 
Eq. (21) indicates that whistler mode waves with f % 0.07 c/s - 0.16 c/s (in 
the plasma rest frame) should be unstable with significant growth rates. 

Thus, as a consequence of the anisotropic thermal distribution observed by 

Wolfe, et al. (see also Hundhausen, et al., 1966), it may be anticipated that 

significant 'Ibackgroundll wave levels near f 

Scarf, Wolfe and Silva (1966) 

In the neighborhood of 1 A.U., 
C 

+ are present, and cne can also 
C 
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expect that large amplitude waves at these frequencies are readily generated 

whenever the plasma is disturbed. 

The wave data available are quite incomplete, but the measure- 

ments which have been made are very suggestive. Fig. (6) shows the composite 

i n t e r p l z ~ t z r y  pr?ver spectral d e n s i t y  of (dB/dt) based on Mariner 2 fluxgate 

measurements (Coleman, 1965) and search coil data from OGO-1 (Holzer, et al., 

1966). 

directly and this has been converted by multiplying by f2 to obtain an equi- 

valent search coil power spectrum. However, the rising power density as 

f -+ fc+ is certainly significant since the day 278 curve is an order of mag- 

It should be noted that Mariner 2 measured the power spectrum of B 

nitude higher than the day 272 results, and hence well above the fluxgate 

threshold sensitivity. The OGO-1 interplanetary signals, on the other hand, 

are quite weak and fairly near threshold (M. G. McLeod, private communica- 

tion) so that further verification is desirable. However, additional evidence 

exists suggesting that large amplitude waves with periodicities on the order 

of 10 seconds are readily generated when the wind is disturbed. Indeed, the 

first spacecraft magnetometer to penetrate the transition region aboard 

Pioneer 1 detected short intense noise bursts with f 2. 0.1 c/s (Sonett, et al., 

1959). Recent observations on the third launch VELA spacecraft (Greenstadt, 

et al., 1966) suggest that such oscillations can be triggered in what would 

appear to be interplanetary space, as shown in Fig. (71, although these mea- 

surements were taken close to the transition region and they may not be truly 

interplanetary. 
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In summary, the evidence suggests that the interplanetary 

medium is actually unstable with respect to the proton-driven electron- 

whistler mode interaction described by Eq. (21). Indeed, it is conceivable 

that some interplanetary "shock" interactions associated with fast streams 

overtaking slow ones may simply represent changes in the growth rates 

associated with an increase in the number of high energy protons which 

produce the Cerenkov radiation. 

storm of October 7, 1962 (Sonett, et al., 1964). The fast protons could 

have triggered large amplitude whistler mode waves which propagated up- 

stream, accounting for the extensive magnetic disorder detected well 

after onset of the velocity change. 

A case in point involves the Mariner 2 

The above instability or the electrostatic ones can give rise 

to interplanetary stochastic particle acceleration. However, study of 

acceleration processes obviously requires analysis of electric fields, 

and to date no direct measurements have been performed in interplanetary 

space, sa that any discussion must be rather speculative. 

hand, the IMP-1 observations of superthennal electron spikes in and well 

beyond the earth's transition now point to an interplanetary acceleration 

process (Fan, et al., 1966), and greater than 40 kev electrons have been 

observed on Mariner 4 at great distances from the earth (Van Allen and 

Krimigis, 1965). Although impulsive emission from the sun, or Fermi ac- 

celeration are conceivable sources of high energy particles, wave-particle 

interactions are also plausible. 

On the other 
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Some indirect evidence suggests that large amplitude plasma 

Meecham (1964) has shown that waves are present in interplanetary space. 

density oscillations disturb the forward scattering of RF waves having 

comparable wavelengths. If 

then the forward propagation equation for an RF wave with k = 2a/h is 

2 2 2  w 
- =  c k  1 - L +  

2 
w 

2 w 

where c2k = (w2-w 2, and 
0 P 

( 2 8 )  

h(k) is the Fourier transform of h(R). Thus, 

if h(k) has significant components near 2k 

fied and the RF wave may undergo scintillation. 

lations can produce severe scintillation if the scale sizes are on the 

order of A(R.F.)/2 (Scarf, 1966), and large amplitude low frequency inter- 

planetary scintillation at 178 Mc/s (Hewish, et al., 1964), 195 Mc/s, 

430 Mc/s and 611 Mc/s (Cohen, et al., 1966) has actually been observed. 

the index is strongly modi- 
0' 

Coherent plasma oscil- 

If we assume that disturbed portions of interplanetary space 

are "similar" to the geomagnetic transition region, then the arguments in 

favor of stochastic acceleration associated with plasma instabilities become 

strengthened. Fig. ( 8 )  shows a typical transition region proton spectrum 

from OGO-1 on a day when the solar wind speed and temperature were 712 km/sec 

and 2 x lo5 OK respectively (Wolfe, Silva and Myers, 1965) .  Simultaneous 
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observations on IMP-2 and VELA-2 revealed that the transition region plasma 

spectrum had the same peak energy, non-thermal tail, and general shape at 

widely separated observation points. 

piasma has undergone a transition to a definite new state; Fredrisks and 

Scarf (1965) proposed that the new state is simply one of marginal stability 

with respect to ion acoustic waves, as shown in Fig. ( 4 ) ,  with T,/T 

The VELA observations (Coon, 1965) reveal that hot electrons (E % 100-500 eV) 

are present in the transition region, in addition to the localized spikes of 

energetic electrons (E > 40 keV), and since the proton distribution also has 

a significant non-thermal tail, it can be shown that the background plasma 

oscillation fields must be large throughout the transition region (Eviatar, 

1966). However, a local acceleration process must have operated to produce 

both the hot electrons and the high energy protons, since neither group was 

present in the incident solar wind. 

efficient stochastic acceleration process is significant even far from the 

earth when the solar wind is disturbed. 

This would indicate that the incident 

>> 1. 
P 

One may anticipate that a similar 
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VI. CONCLUSIONS 

It is now apparent that the interplanetary medium can serve as 

a valuable plasma laboratory in which instabilities, non-linear processes and 

fundamental acceleration mechanisms may be explored without many of the 

degrading phenomena encountered in the laboratory, such as non-containment, 

wall effects, distortion of the plasma by the probes, etc. However, the 

necessary measurements are not easily obtained, and some effort must be 

devoted to design a spacecraft as a plasma laboratory. 

skewed interplanetary proton distributions can not be analyzed without com- 

plete, high resolution angular and energy scans; indeed, a probe looking 

only at the sun would generally detect a peak at the wrong energy and a 

wide aperature instrument might obtain a false angular distribution, even 

on a spinning spacecraft. 

reveals that the solar wind flow direction has significant deviation from 

the m e a n  (i.e., from radial flow in the ecliptic plane), it is clear that 

the aberration angle can fluctuate even when the speed remains constant and 

integrals over spacecraft latitude may give completely non-representative 

currents. 

For instance, the 

Furthermore, since the ARC Pioneer 6 experiment 

In order to operate a plasma laboratory in interplanetary 

space, it must be possible to detect all of the wave modes listed in Table 1. 

For the higher frequencies this is readily accomplished using E and B sensors 

with bandpass filters, but at the lowest frequencies various "aliasing" 

problems associated with multirate sampling, spin folding, etc., enter and 

great care must Se exercised in designing the sampling and telemetry sequences. 
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[These same problems may contaminate attempts to measure the D.C. magnetic 

field in the presence of large amplitude magnetic fluctuations.] Finally, 

it is extremely difficult to distinguish between local electromagnetic or 

electrostatic disturbances and those which have propagated to the spacecraft. 

If a high telemetry rate is available it might be possible to measure dis- 

persions (changing frequencies with timej which would indicate iiliit the wave 

has propagated, but even so Doppler broadening can completely obscure this 

effect. It is most important that high sensitivity plasma probes be de- 

veloped so that one can examine the actual fast local fluctuations in the 

densities and currents for electrons and protons separately. 
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FIGURE CAPTIONS 

Figure 1. 

Figure 2. 

Figure 3. 

Figure 4 .  

The steady state velocity profile for the Parker model of the 
solar corona. 
associated with pressure gradients which accelerate the corona 
to supersonic speeds. 

The high temperature in the base region is 

Experimental observations of Ne(r) in the solar corona, and 
calculated density profiles obtained by numerical integration 
of the Navier-Stokes equations [curve taken from Whang, Liu, 
and Chang (1966); see this article for experimental references]. 

Stable and unstable regions for long wavelength (mhd) Alfvh 
and “fast” waves. 

Stable and unstable regions for the Lor, acoustic wave drift 
instability. 

Figure 5a. A field-aligned anisotropic distribution with T >> T as I t  I’ viewed in the plasma rest frame. 

Figure 5b. The same distributi2n, as viewed in a frame for which the mean 
plasma velocity is u. 

Figure 6. 

Figure 7. 

Figure 8. 

Interplanetary power spectra. The Mariner 2 results (Coleman, 
1965) have been converted to an equivalent search coil spectral 
density as discussed in the text. 

Magnetic fluctuations with T 
earth-sun line on VELA. 

13 seconds recorded near the 

An OGO-A transition region spectrum showing rapid streaming and 
significant particle acceleration, as indicated by the appearance 
of a large non-Maxwellian high energy tail which was not present 
in the incident solar wind. 
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Figure 5. 
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A PLASMA INSTABILITY IN THE SOLAR WIND 
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ABSTRACT 

Recent solar wind measurements on the Pioneer 6 spacecraft reveal 

that, in general, the protan velacity distribution is highly anisotropic 
with T >> T 
the interplanetary magnetic field. A mechanism which can produce such an 

anisotropy is considered, and the consequences of this particle distribu- 

tion with respect to stabillty of the plasma are analyzed. 
that a generalized form of the firehose instability must occur, with 
growth of magnetosonic (whistler mode) waves near the ion cyclotron fre- 

quency. 

distances from the sun, and these predictions are compared with available 

interplanetary power spectra. 

where the subscripts refer to direction with respect to II i' 

It is shown 

Growth rates are computed for a range of wave frequencies and 


