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ABSTRACT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
An extens ive s tudy  of the  dynamic, non-shock p roper t i es  of  t h e  

micro-scale f l u c t u a t i o n s  (scale lengths of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.01 a.u.  and 1 e s s ) i n  the  i n t e r -  

p lane ta ry  medium has been made using plasma and magnetic f i e l d  da ta  from 

Mariner V (Venus 1967). The observa t iona l  r e s u l t s  o f  t he  s tudy  are :  

(1) l a r g e  amplitude, non-sinusoidal  Alfv&n waves propagat ing outward Erom 

the  sun w i th  a broad wavelength range from lo3 t o  5 x lo6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAkm dominate the  

microscale s t r u c t u r e  a t  l e a s t  50 percent  o f  t he  t i m e ;  the waves f requent ly  

have energy d e n s i t i e s  comparable both t o  t h e  unperturbed magnetic f i e l d  

energy d e n s i t y  and t o  t h e  thermal energy dens i ty ;  

of these outwardly propagat ing Alfvhn waves occur i n  high v e l o c i t y  s o l a r  

wind streams and on t h e i r  t r a i l i n g  edges (where the  v e l o c i t y  decreases 

slowly wi th  t i m e ) .  

propagating, bu t  usua l l y  have smal le r  ampli tudes than i n  the  f a s t  streams, 

and tend t o  be less pure i n  the  sense t h a t  they a r e  more s t r o n g l y  intermixed 

wi th  s t r u c t u r e s  of  a non-Alfv6nic and poss ib ly  s t a t i c  na ture ;  

ges t  ampli tude Alfvdnic f l uc tua t i ons  a r e  found i n  t h e  compression reg ions a t  

t h e  lead ing  edges of h igh v e l o c i t y  streams where the  v e l o c i t y  inc reases  

r a p i d l y  wi th  t i m e ;  

propagat ing o r  non-AlfvGnic wave modes; 

t a r y  magnetic f i e l d  i n  the  frequency range from 1/(507 min.) t o  1 / (25.2 sec.) 

have frequency dependencies of f - I - 5  t o  f -2d2 ;  

o f f s  tend t o  be assoc ia ted  with h igher  temperature reg ions;  (5) t he  

rnLcrosctilc magnetic r i e l d  f l uc tua t i ons  have on the  average a 5:4:1 power 

an iso t ropy  Fn an orthogonal  

s x ( g x % ) ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs), where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 i s  a u n i t  vec tor  i n  the  average f i e l d  d i r e c t i o n  

(2) t h e  pu res t  examples 

I n  low v e l o c i t y  reg ions Alfv6n waves a r e  also outwardly 

(3 )  t h e  la r -  

t hese  reg ions  may conta in  s i g n i f i c a n t  amounts of inwardly zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( 4 )  power spec t ra  of  the  in te rp lane-  

the  spec t ra  w i th  slower f a l l -  

coord inate system whose axes a r e  ( 9 x 3 ,  
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and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe+ is a unit vector radially away from the sun; this anisotropy tends 

to be strongest zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(6:3:1) in the compression regions at the leading edges of 

high velocity streams; (6) presumably magnetoacoustic wave modes occur, but 

they have not been identified, and, if present, have a small average power of 

the order of 10 percent or less of that in the Alfven mode. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/ 

These observations are organized on the basis of a model of the solar 

wind velocity structure. 

medium seem likely to be the undamped remnants of waves generated at or near 

the sun. The high level of wave activity in high velocity, high temperature 

streams can be interpreted as evidence for the extensive heating of these 

streams by wave damping near the sun. The highest level of Alfvgnic wave 

activity in the compression regions at the leading edges of high velocity 

streams may be due either to the amplification of ambient Alfven waves in 

high velocity streams as they are swept into the compression regions or to 

the fresh generation of waves in these regions by the stream-stream collisions. 

The observed absence of the magnetoacoustic modes is evidence for their 

strong damping. 

version of the Alfven waves to the damped magnetoacoustic modes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas they are 

convected away from the sun; this process continually transfers energy from 

the microscale field fluctuations to the thermalized solar wind plasma, 

Most of the Alfvgn waves in the interplanetary 

/ 

The E ~ ~ E ~  anisotropy is viewed as due to the partial con- 

/ 
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INTRODUCTION 

The i n t e r p l a n e t a r y  medium i s  a h igh ly  conducting, e s s e n t i a l l y  

c o l l i s i o n l e s s  plasma wi th  approximate e q u i p a r t i t i o n  between thermal and 

magnetic f i e l d  energy d e n s i t i e s .  Spacecraf t  measurements of t h e  f i n e  s c a l e  

s t r u c t u r e  of the  medium (sca le  lengths of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.01 a.u. and less) o f f e r  a unique 

oppor tun i ty  t o  s tudy t h e  physics of such plasmas observa t iona l l y .  O f  par- 

t i c u l a r  as t rophys ica l  i n t e r e s t  a r e  t h e i r  wave and turbulence p roper t i es .  

When spacecra f t  da ta  from i n t e r p l a n e t a r y  space were f i r s t  obta ined e igh t  o r  

more years ago, the  f i n e  o r  microscale s t r u c t u r e  of t he  medium was found t o  

be q u i t e  i r r e g u l a r ,  and i t  seemed extremely p laus ib le  t h a t  many of t h e  

fea tu res  would propagate a s  AlfvGn o r  magnetoacoustic waves. From s t a t i s -  

t i c a l  analyses of t h e  Mariner 2 magnetometer and plasma data,  Coleman 

concluded t h a t  f l uc tua t i ons  w i th  per iods i n  the  spacecra f t  

frame from 10 t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlo4 sec. were l a r g e l y  due t o  Al fv in  waves. However, t he  

on ly  example i n  which such waves were s p e c i f i c a l l y  i d e n t i f i e d  was i n  a two 

hour segment of Mariner 2 da ta  where Unti  and Neugebauer 

t h e  ex is tence of a quas i -s inuso ida l  Al fvenic waveform wi th  a per iod i n  the  

demonstrated 

spacecra f t  frame of about 30 minutes. It was no t  poss ib le  from t h e  s t a t i s -  

t i c a l  analyses t o  d i s t i ngu ish  per iods  i n  which .Alfv& waves dominated the  

f l uc tua t i ons  from per iods when they  did not,  and Coleman 

a model f o r  t he  i n t e r p l a n e t a r y  medium t h a t  d i f f e r s  s i g n i f i c a n t l y  from t h a t  

proposed below zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 

More recent  s tud ies  of the microscale s t r u c t u r e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. ,1968 ; 

Burlaga, 1968,1969 have not emphasized t h e  ex is tence of wave-l ike f luc -  

t ua t i ons  i n  t h e  s o l a r  wind. They a r e  p r imar i l y  concerned w i th  the  p r o p e r t i e s  

of  abrupt  d i s c o n t i n u i t i e s  i n  the  d i r e c t i o n  of t he  i n te rp lane ta ry  magnetic zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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f i e l d ;  such discont inuous changes a r e  t e n t a t i v e l y  a t t r i b u t e d  t o  the  

presence of convected s t a t i c  structures which do not propagate i n  the 

rest frame of t h e  wind. It has been argued S a r i  and Ness, 1969; N e s s ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAL 
19691 t h a t  most of t h e  i n te rp lane ta ry  microscale f l uc tua t i ons  a r e  no t  due 

t o  the  ex is tence of plasma waves, but r a t h e r  t o  t h e  convection pas t  t he  

spacecra f t  o f  equ i l ib r ium s o l a r  wind reg ions separated by tangen t ia l  d i s -  

c o n t i n u i t i e s  . 

Data re tu rned from Mariner 5 (Venus 1967) conclus ive ly  demonstrate 

t h a t  plasma waves a r e  a major source of i n te rp lane ta ry  microscale f luc -  

t ua t i ons .  Pre l iminary ana lys i s  o f  simultaneous Nariner 5 magnetometer and 

plasma data  ind ica ted  t h a t  much of the t i m e  dur ing June-November 1967 la rge  

ampli tude Alfv6n waves propagat ing outward from the  sun dominated t h e  micro- 
#- 

sca le  s t r u c t u r e  of t he  i n t e r p l a n e t a r y  medium ? 

1969, h e r e a f t e r  r e f e r r e d  t o  a s  I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe The purpose of  the  present  paper i s  t o  

p resent  a more ex tens ive  ana lys i s  of t he  microscale f l uc tua t i ons ,  inc lud ing 

vec tor  ( r a t h e r  than merely s i n g l e  components) co r re la t i ons  between t h e  

magnetic f i e l d  and t h e  bulk ve loc i t y ,  which s t rong ly  suppor ts  t h i s  i n i t i a l  

conclusion. Various a d d i t i o n a l  p roper t i es  of t h e  Alfven waves, such a s  

s p e c t r a l  dependence and c h a r a c t e r i s t i c  p a t t e r n s  of occurrence, a r e  considered. 

Also, w e  s tudy  an iso t rop ies  i n  the  magnetic f i e l d  microscale f l uc tua t i ons  

us ing t h e  var iance tensor  method, an approach which i s  e s s e n t i a l l y  inde- 

pendent o f  t h e  coord inate system. The two major sec t ions  of t h e  paper are,  

f i r s t ,  p r imar i l y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa q u a n t i t a t i v e  d iscuss ion  o f  t h e  observa t iona l  p roper t i es  

O F  the ALfven waves, and, second, a q u a l i t a t i v e  d iscuss ion  of  pose ib le  phy- 

s i c a l  mechanisms which may produce these p roper t i es .  

Mariner 5 was i n  opera t ion  from June 14, 1967 t o  November 21, 1967. 

Magnetic measurements were made by a low-f ie ld,  vector ,  hel ium magnetometer zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4 



; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt h r e e  vec tor  f i e l d  readings were obtained every 12-6 

seconds u n t i l  J u l y  24 (day 205) and every zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA50.4 seconds a f t e r  t h a t  t i m e .  

The vec to r  B has been resolved i n t o  s o l a r  po la r  coord inates.  The p o s i t i v e  

R d i r e c t i o n  i s  r a d i a l l y  outward from t h e  sun; t h e  T d i r e c t i o n  i s  p a r a l l e l  

t o  the s o l a r  equa to r ia l  p lane and p o s i t i v e  i n  t h e  d i r e c t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof p lanetary  

motion; 

The plasma de tec to r ,  a modulated g r i d  Faraday cup Lazarus e t  al. ,  1967 

po in ts  a t  the  sun and measures p o s i t i v e  i o n  cu r ren ts  i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA32 energy l e v e l s  

from 40 t o  9400 ev, wi th  a sampling per iod of 5.04 minutes a t  t h e  h igh da ta  

N 

the  M d i r e c t i o n  i s  northward along l$x so t h a t  RTN i s  r ight-handed. 

c 

r a t e  and 20,16 minutes a t  t he  low r a t e .  

The spacecra f t  f i e l d  was determined by the  var iance method Davis b 
e t  a l . ,  19681. Abrupt changes i n  the  spacecra f t  f i e l d  estimate occurred 

a t  t he  midcourse co r rec t i on  (#3, 1.4y),  a t  t h e  s h i f t  from t h e  c a v i t y  

amp l i f i e r  t o  the  TWT ampl i f ie r  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(BS - .5y), and a t  t h r e e  o the r  s im i la r  

events  (AB, 3 .5y). 

es t imate  was never changed more than .06y from one day to  t h e  next, 

on ly  one spacecra f t  f i e l d  co r rec t i on  each day. The spacecra f t  f i e l d  was 

constant  f o r  long per iods of  t i m e ,  wi th  occas iona l  slow l i n e a r  d r i f t s  

Other than a t  these f i v e  po ints ,  the  spacecra f t  f i e l d  

wi th  

account ing f o r  a t  most .06y/day cor rec t ions .  

The h ighest  f requencies which have been s tud ied  using t h e  Mariner 5 

data  a r e  low compared t o  the  i n te rp lane ta ry  p ro ton  gyro frequency (-1 cps) .  

Thus the  re levant  plasma physics is  t h a t  o f  a f u l l y  ion ized c o l l i s i o n l e s s  

gas a t  f requencies low compared t o  gyro f requencies and a t  scale lengths 

long compared t o  gyro r a d i i .  We s h a l l  make the  standard MHD assumption i n  

i n t e r p r e t i n g  t h e  observat ions,  a s  i t  seems q u i t e  adequate f o r  a desc r ip t i on  
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of  the  observed wave p roper t i es  o f  the medium. 

term wave i n  a broad sense.  

lence o r  r o t a t i o n a l  d i scon t inu i t y  might be more appropr ia te,  a l though 

n e i t h e r  i s  f u l l y  desc r ip t i ve  of t he  phenomenon. I n  a l l  cases,  the  t e r m  

wave i s  used t o  apply t o  dynamic, non-shock s t ruc tu res ,  almost always non- 

s inuso ida l  and nonperiodic, which propagate i n  the  r e s t  frame of  the  s o l a r  

wind. 

Throughout, w e  use the  

I n  many ins tances  t h e  terms Alfvenic turbu- 

F i r s t ,  l e t  u s  summarize some of t h e  well-known d i f f i c u l t i e s  i n  the  

i n t e r p r e t a t i o n  of  spacecra f t  da ta .  The plasma i s  convected p a s t  t h e  

spacecra f t  w i th  a v e l o c i t y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA400 km/sec) t h a t  i s  high compared t o  t h e  

c h a r a c t e r i s t i c  MHD propagat ion speeds (- 50 km/sec). Thus, a l l  MHD d i s t u r -  

bances a r e  convected outward whatever t h e i r  t r u e  d i r e c t i o n  of propagat ion 

i n  the  r e s t  frame of t h e  plasma. 

t h e  convect ion p a s t  t h e  spacecra f t  of s p a t i a l  s t r u c t u r e s  which may be e i t h e r  

s t a t i c  and "frozen-in" o r  dynamic and slowly propagat ing.  I n  t h e  frame of  

the  wind, the  two c l a s s e s  of  structures have s u b s t a n t i a l l y  d i f f e r e n t  pro- 

p e r t i e s ,  d i f f e r e n t  o r i g ins ,  and d i f f e r e n t  phys ica l  na tures ;  i n  the  space- 

c r a f t  frame, they may be q u i t e  d i f f i c u l t  t o  d i s t i ngu ish  on t h e  b a s i s  of  e i t h e r  

magnetometer o r  plasma da ta  alone. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs w e  s h a l l  see, an i d e n t i f i c a t i o n  can 

usua l l y  be  made on the  b a s i s  of a ca re fu l  s tudy  o f  both magnetic f i e l d  and 

plasma da ta .  Unless otherwise spec i f ied ,  t i m e  and f requencies given here- 

a f t e r  r e f e r  t o  t h e  spacecra f t  frame; 

wavelengths and f r e q u e n c i e s i n t h e  rest  frame of t h e  wind. 

wave s t r u c t u r e  propagat ing outward from t h e  sun w i th  the  Alfvhn v e l o c i t y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAVa 

superposed on t h e  wind v e l o c i t y  VW and having an apparent per iod T i n t h e  

spacecra f t  frame has a wavelength of T(Vw + Va) and per iod of  T 

i n  t he  rest frame of the  wind. 

Observed v a r i a t i o n s  a r e  p r imar i l y  due t o  

these must be Doppler s h i f t e d  t o  y ie ld  

For example, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 
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ANALYSIS OF OBSERVATIONS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Vector Cor re la t ions  

Consider a wave propagat ing i n  an homogeneous plasma t h a t  i s  moving 

wi th  an average bulk v e l o c i t y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1. 

due t o  t h e  wave, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& be the s t a t i c  background magnetic f i e l d ,  

tua t ions ,  N t h e  proton number dens i ty ,  Na t h e  alpha number dens i ty ,  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmp 

t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmass of the  proton, a l l  i n  cps and Gaussian u n i t s  un less o ther  u n i t s  

a r e  e x p l i c i t l y  s t a t e d .  Then, f o r  an Alfven wave 

Let be t h e  per tu rba t ions  i n  v e l o c i t y  

i ts  f luc -  

1/2 gauss - (N+4%) ga- - 
@A C X s e c - l  21.8 OAk, sec -1 491% (N + 4Nu) 

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 i s  a co r rec t i on  f a c t o r  A 

-1/2 

t o  be used i n  case one i s  dea l ing  w i th  an an iso t rop i c  plasma where PI!, t he  

pressure p a r a l l e l  t o  Bo, i s  l a r g e r  than pL, t h e  pressure  normal t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgo 

Parker 1957; I . If zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 i s  t h e  propagat ion vector ,  t h e  s ign  i n  (1) i s  t h e  

cy zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I 

s ign  of  -&*%; i .e . ,  when k has a p o s i t i v e  (negat ive)  component along 

b i s  a n t i - p a r a l l e l  ( p a r a l l e l )  t o  xe 
vided by t h e  MIT plasma group were combined w i th  magnetometer da ta  i n  

Pre l iminary r a d i a l  v e l o c i t y  da ta  pro- 
n., 

paper I t o  demonstrate t h a t  much of the t i m e  i n  t h e  solar wind the R com- 

ponent of (1) was s a t i s f i e d .  This c o r r e l a t i o n  was in te rp re ted  a s  i n d i c a t i n  

t h a t  (1) was s a t i s f i e d  a s  a vector  r e l a t i o n ,  and t h a t  Alfv6n wave8 were 

respons ib le  f o r  t he  f l uc tua t i ons .  The MIT group has now completed a more 
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extens ive  reduct ion of  t h e i r  data,  inc lud ing es t imates  of proton thermal 

v e l o c i t i e s ,  a lpha p a r t i c l e  d e n s i t i e s ,  and pre l iminary estimates of a l l  

t h ree  components of t he  proton bulk v e l o c i t i e s .  Examination of t he  va r ia -  

t i o n s  i n  the  t a n g e n t i a l  and normal components o f  t h e  wind v e l o c i t y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(VT and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
VN, respec t ive ly ,  i n  s o l a r  p o l a r  coord ina tes)  dur ing per iods o f  p rev ious ly  

i d e n t i f i e d  Alfven waves e s t a b l i s h e s  t h a t  (1) is  i n  f a c t  a v a l i d  vector  

r e l a t i o n .  F igure 1 shows the  v a r i a t i o n s  i n  the  plasma probe and magneto- 

meter da ta  f o r  a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA24 hour per iod s t a r t i n g  a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0400 on day 166. For each 

component, t h e  average of t h a t  component over the  24 hour per iod  has been 

subt rac ted ;  thus,  t h e  p l o t s  show t h e  f l uc tua t i ons  about the  average zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(< BR > = -1,9y, < BT > = 1,4y, < BN > = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 . 2 ~ ~  < VR > = 427 km/sec; 

< VT > and < V, > have not ye t  been corrected f o r  abe r ra t i on  due t o  t h e  

spacecra f t  motion). The two lower curves on t h e  p l o t  a r e  p ro ton  number 

dens i t y  and magnetic f i e l d  s t reng th  (< B > = 5.3y, < N > = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5.4 ~ m - ~ ) .  

This per iod  i s  one of the b e t t e r  examples o f  t h e  waves and i l l u s t r a t e s  t h e i r  

most c h a r a c t e r i s t i c  f ea tu res  -- c lose  c o r r e l a t i o n  between b, and R, v a r i a t i o n s  

i n  b comparable t o  t h e  f i e l d  s t rength ,  and r e l a t i v e l y  l i t t l e  v a r i a t i o n  i n  

f i e l d  s t reng th  or  dens i ty .  I n  t h i s  case, t h e  average magnetic f i e l d  i s  

inward along the  s p i r a l  and the c o r r e l a t i o n  between and i s  pos i t i ve ;  

when t h e  magnetic f i e l d  i s  outward, t he  corre la t ion i n  per iods of good waves 

i s  negat ive.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
rv 

This  i n d i c a t e s  outward propagat ion (see equat ion (1)). 

The s c a l e  r a t i o  used f o r  p l o t t i n g  t h e  magnetic f i e l d  and v e l o c i t y  

-1 -1 of  6 . 4  krn sec v a r i a t i o n s  i n  F igure 1 correspond t o  a va lue of  DA 

This was determined by the  cond i t ion  tha t  when t h i s  r a t i o  is  used f o r  a 

ELxed area p l o t  o f  vR versus bR f o r  a l l  the data,  the  sum of t h e  squares 

of the perpendicu lar  d i s tances  from the po in ts  t o  a l i n e  of u n i t  s lope i s  

/gamma. 

minimized. (Mathematical ly t h i s  g ives  DA-' = ov /ob t he  r a t i o  o f  t h e  
R R  
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standard dev ia t ions . )  

a r e  5.4 cme3 and 0.4 cmm3, respec t i ve l y ;  

g ives DA-' zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 8.2 km sec-'/gamma. 

t h i s  p red ic ted  va lue and the  observed va lue of  6.4 i s  s i g n i f i c a n t  and 

probably i s  due t o  t h e  anisot ropy i n  the  pressure .  This requ i res  t h a t  

The average values of  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN ,  dur ing t h i s  per iod 

thus equat ion (1) wi th  @A = 1 

We f e e l  t h a t  t h e  discrepancy between 

4a(pj,-pL)/Bo2 be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.40. The average dur ing t h i s  per iod of (2kTp/mp) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1/2 

t he  most probable proton ve loc i ty ,  was observed t o  be 47 km/sec, which 

corresponds t o  4.r(pp/Bo2 = 0.5, where pp i s  t he  mean proton pressure .  

reasonable va lues of t h e  e l e c t r o n  and alpha pressures  and o f  t he  pressure  

With 

an iso t ropy  Hundhausen e t  a l . ,  1967 

e n t i r e l y  reasonable.  

t h e  requ i red  va lue of  @A seems t 
On o the r  occasions when zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfl = 8fipp/Bo2 i s  smaller, 

values of  @A c l o s e r  t o  uni ty would be expected. 

Waves Versus D iscon t inu i t i es  

F igure 2 i s  an expanded p l o t  of t h ree  p a r t i c u l a r  t e n  minute per iods 

ind ica ted  on F igure 1, where t h e  c rosses  are the  bas i c  magnetometer da ta  

(one reading i n  approximately four  seconds) and the  l i n e s  a r e  the  plasma 

data  (one pe r  5.04 min), sca led i n  t h e  same r a t i o  a s  i n  F igure 1. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOn t h i s  

t i m e  sca le ,  t he  waves may be e i t h e r  gradual  (2b) o r  discont inuous (2a,2c),  

w i th  abrupt  changes w i th in  4 seconds. A s  discussed below, w e  f e e l  t h a t  a l l  

t h ree  examples a r e  Alfvenic, w i th  continuous magnetic f i e l d  l i n e s ,  bur  w i th  

a d i scon t inu i t y  i n  d i r e c t i o n  i n  cases 2a and 2c. Such abrupt  changes occur 

a t  a r a t e  of about one per  hour, and a r e  enmeshed i n  more gradual  changes. 

The v i s u a l  appearance of  the  f i e l d  f l u c t u a t i o n s  i s  q u a l i t a t i v e l y  

d i f f e r e n t  o n t h e  time s c a l e s  of  Figures 1 and 2. With the s c a l e  used i n  

F igure 2, the most prominent s t r u c t u r e s  a r e  the abrupt  changes which tend 

t o  be preceded and followed by f i e l d  va lues t h a t  appear nea r l y  cons tan t ,  

For example, the  s t r u c t u r e  i n  Figure 2a i s  more s t r i k i n g  than t h a t  i n  2b 
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even though both have about the  same t o t a l  change over the  t e n  minute 

per iod,  and both appear very s im i la r  i n  Figure 1. On the  t i m e  s c a l e  of 

Figure 1, the  genuine high frequency abrupt changes do not s tand out  because 

they a r e  ind is t ingu ishab le  from la rge  smooth changes when the  da ta  are aver-  

aged over zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5.04 minute i n te rva l s ,  and because the  f i e l d  no longer appears t o  

remain s teady  before and a f t e r  the  jumps. Because the abrupt  changes a r e  

the  most v i s u a l l y  s t r i k i n g  fea tu res  when f i e l d  da ta  a r e  p l o t t e d  a t  a high 

time reso lu t i on ,  even though they  a r e  r e l a t i v e l y  in f requent  and not necess- 

a r i l y  i n t r i n s i c a l l y  d i f f e r e n t  from the  smoother va r ia t i ons ,  numerous s t u d i e s  

have been made of t h e i r  s t r u c t u r e  and frequency o f  occurrence Siscoe e t  a l .  

1968, Burlaga 1968, 1969 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. These au thorshave t e n t a t i v e l y  concluded t h a t  

most of the  d i s c o n t i n u i t i e s  i n  the s o l a r  wind a r e  tangen t ia l  (non-propagating). zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 
I n  f a c t ,  i t  has been suggested t h a t  t he  f l uc tua t i ons  i n  F igure 1 

a r e  not dynamic s t r u c t u r e s  propagat ing i n  the  rest frame of t h e  s o l a r  wind, 

but  r a t h e r  a r e  an ensemble of s p a t i a l l y  convected s t a t i c  MHD d i s c o n t i n u i t i e s  

i n  equi l ibr ium.  Since t h i s  po in t  is  of major importance i n  t h e  i n te rp re ta -  

t i o n  of  i n t e r p l a n e t a r y  magnetic f i e l d  f l uc tua t i ons ,  w e  d iscuss  i t  i n  some 

d e t a i l .  

Consider t h e  two non-propagating d i s c o n t i n u i t i e s  i n  t h e  i s o t r o p i c  

MHD approximation, t he  contact  and t h e  tangen t ia l  Landau and L i f sh i t z ,  1960 

The magnetic f i e l d  i s  continuous across  the  contac t  sur face,  which i s  of  

no i n t e r e s t  t o  us, bu t  both plasma and f i e l d  parameters can change across  

the  tangen t ia l  d i scon t inu i t y .  L e t  n and t be subsc r ip t s  denot ing components 

normal and tangen t ia l ,  respec t ive ly ,  t o  the  d i scon t inu i t y  sur face  and l e t  

denote the  change i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA across  the  sur face .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA t angen t ia l  d i scon t inu i t y  

i s  charac ter ized  by Bn = 0, Vn = 0, a r b i t r a r y  and unre lated 

and any change i n  p ressure  and f i e l d  s t reng th  sub jec t  t o  the  condi t ion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
10 



= zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABy cons t ruc t ing  a series o f  spec ia l  t angen t ia l  d i s -  

c o n t i n u i t i e s ,  a l l  having continuous dens i t y  and f i e l d  strerkgth, wi th the 

p lane of  the  d i scon t inu i t y  so chosen t h a t  Bn = 0 on both s ides ,  and wi th  

and[Yt] r e l a t e d  by equat ion (1) wi th  8A = 1 (where the  s ign  i s  

cons is ten t  from d i scon t inu i t y  t o  d i scon t inu i t y  and changes w i th  t h e  p o l a r i t y ) ,  

w e  can i n  f a c t  make a s t r u c t u r e  such a s  i n  F igure 1 which is  s t a t i c .  None 

of t hese  s p e c i a l  condi t ions a r e  requi red,  bu t  they a r e  allowed by the tan- 

g e n t i a l  d i scon t inu i t y  equat ions.  However, it i s  not c l e a r  what phys ica l  

mechanism would cause such a conf igura t ion  i n  the  f i r s t  p lace, and whi le 

i t  i s  poss ib le  t o  exp la in  any one d i scon t inu i t y  i n  t h i s  way, i t  i s  hard t o  

f i t  toge ther  a l a r g e  number un less t h e i r  shear p lanes a r e  a l l  para l le l .  On 

the  o the r  hand, the  Alfv6n wave hypothes is  accounts f o r  a l l  o f  t he  observed 

p roper t i es  i n  a s t r a i g h t  forward manner. When s u f f i c i e n t l y  sharp c res ted ,  

an Alfvgn wave can be  termed a r o t a t i o n a l  d i scon t inu i t y .  Such a d i scon t inu i t y  

has continuous d e n s i t y  and f i e l d  s t rength ,  Bn i s  non-zero and continuous, and 

[%t] and [It] a r e  r e l a t e d  by equat ion (1) with 8 A  = 1. The only  s p e c i a l  

condi t ions needed t o  produce a da ta  sequence a s  i n  F igure 1 i s  t h a t  a l l  t h e  

Alfvgn waves propagate outward. 

The f l uc tua t i ons  i n  F igure 1 a r e  thus viewed a s  pure ly  Alfvgnic, wi th  

occasional  sharp ly  c res ted  Alfv6n waves enmeshed i n  more gradual  v a r i a t i o n s .  

This i n t e r p r e t a t i o n  i s  i n  sharp c o n t r a s t  t o  the  non-propagating, f i l amentary  

model of t he  microscale s t r u c t u r e  cons is t i ng  of equi l ibr ium regions of 

d i f f e r i n g  p roper t i es  separated by t angen t ia l  d i s c o n t i n u i t i e s  and convected 

outwzird from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe sun by the  s o l a r  wind. Per iods such a s  i n  F igure 1 a r e  

u s u a l l y  found i n  high v e l o c i t y  streams and on t h e i r  t r a i l i n g  edges; they  

can l a s t  a s  long a s  th ree  days ( - -7  a.u. of gas) ,  and almost every discon- 

t i n u i t y  i n  t h a t  t ime appears t o  be a sharp ly  c res ted  Alfv&n wave. We do zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
11 



not  mean t o  imply t h a t  a l l  d i s c o n t i n u i t i e s  i n  the  s o l a r  wind a r e  Alfvgmic, 

a s  t h i s  i s  obviously not  Lhe zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcasc, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbut  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAit appears t h a t  a h igh percentage of  

thcm are, p a r t i c u l a r l y  i n  ce r ta in  reg ions (as discussed below), S imi lar ly ,  

we f e e l  t h a t  t he  f i lamentary o r  discont inuous model of the  microscale 

s t r u c t u r e  i s  v a l i d  i n  many circumstances, bu t  t h a t  i t  must be appl ied w i th  

care.  Even a t e n t a t i v e  i d e n t i f i c a t i o n  of s t r u c t u r e s  a s  dynamic o r  s t a t i c  

Bust inc lude a c a r e f u l  s tudy of bo th  magnetic f i e l d  and plasma data.  

Frequency of Occurrence and D i rec t ion  o f  Propagat ion 

It should be emphasized t h a t  the  presence of the waves i s  very  common, 

and tends t o  dominate the  mic ros t ruc ture  of  t he  i n te rp lane ta ry  medium. There 

a r e  a t o t a l  of about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA25 days (a  day being zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA24 consecut ive hours) from the  160 

day mission dur ing which t h e  Alfv6n waves a r e  a s  'lpure'l a s  those i n  F igure 1; 

such per iods  tend t o  occur i n  h igh v e l o c i t y  streams and on t h e i r  t r a i l i n g  

edges where t y p i c a l l y  t he  dens i t y  i s  low and the  temperature high. Other 

examples of the  waves, i n  t h e  presence of l a rge  s c a l e  v e l o c i t y  g rad ien ts ,  

s t a t i c  s t ruc tu res ,  shocks, p o l a r i t y  reve rsa l s ,  e t c . ,  are less clean, bu t  

s t i l l  recognizably  present .  The i d e n t i f i c a t i o n  of t h e  waves dur ing such 

per iods i s  based on a v i s u a l  inspec t ion  of p l o t s  of simultaneous plasma 

and f i e l d  da ta  a t  h igh t i m e  reso lu t i on .  

p resent  i f  t he re  i s  s u b s t a n t i a l  h igh frequency f l u c t u a t i o n  i n  t h e  magnetic 

f i e l d ,  a good h igh frequency c o r r e l a t i o n  between BR and VR (low frequency 

co r re la t i ons  a r e  in f luenced by slow l i n e a r  t rends) ,  and r e l a t i v e l y  l i t t l e  

high frequency f l u c t u a t i o n  i n  dens i t y  and f i e l d  s t rength .  I n  t h e  fol lowing, 

w e  w i l l  s t a t e  whether Alfvgn waves a r e  present  o r  not on the  b a s i s  of such 

comparisons of plasma and f i e l d  da ta ,  a l though such da ta  w i l l  no t  always 

be reproduced. 

AlfvGn waves a r e  adjudged t o  be 
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To ob ta in  a rough s t a t i s t i c a l  measure o f  t h e  prevalence o f  t h e  

waves, w e  have examined the  d i s t r i b u t i o n  of  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp, t h e  c o r r e l a t i o n  coe f f i c i en t  

between BR and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAVR computed over s i x  hour i n t e r v a l s  throughout t h e  e n t i r e  

mission. S ix  hour i n t e r v a l s  dominated by outwardly propagat ing Alfv6n waves 

w i l l  have h igh va lues of (p1,and p w i l l  have t h e  same s ign  a s  -P, where P i s  

t h e  p o l a r i t y  of t h e  average f i e l d  d i r e c t i o n  (+I f o r  < > outward along t h e  

s p i r a l  and -1 f o r  < zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE > inward a long the  s p i r a l ) .  

i n t e r v a l s  i n  the  f l i g h t  wi th  more than zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA66 percent  da ta  re tu rn ,  33 percent  

of the  i n t e r v a l s  had zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl p l  >, .8 and 55  percent  had I p I  >, .6. The s ign  of p 

c o r r e l a t e s  extremely w e l l  with t h e  p o l a r i t y  of t h e  f i e l d .  

t he  percentage o f  the six-hour i n t e r v a l s  w i th  l p I  i n  t h e  ind ica ted  ranges 

for  which p? i s  negat ive.  Those six-hour i n t e r v a l s  (112 out o f  4 1 6 )  f o r  

which < B > 

because of  t h e i r  poor ly  def ined p o l a r i t y .  

s ix-hour i n t e r v a l s  wi th  Ip I  >, .8 have pP < 0, i nd i ca t i ng  outwardly propagat ing 

waves. Inspec t ion  o f  the  t h r e e  six-hour i n t e r v a l s  which a r e  except ions 

revea ls  t h a t  t h e  h igh c o r r e l a t i o n  and p o s i t i v e  pP a r e  no t  caused by inwardly 

propagat ing waves, bu t  by slow l i n e a r  t rends  dur ing q u i e t  t i m e s ;  such 

t rends  can cause a spur ious ly  h igh va lue of 1p1 even when t h e r e  are no 

wave-l ike o r  h igher  frequency f l uc tua t i ons  present .  Thus, Alfvhn waves i n  

per iods of h igh l p  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI a r e  e s s e n t i a l l y  always outwardly propagat ing.  

For the  416 six-hour 

Table 1 l i s ts  

was not  w i th in  45' of  a 45O s p i r a l  angle a r e  not included zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Iu 

All but  t h r e e  of t h e  remaining 

Per iods f o r  which I p I i s  not  a s  h igh ( Ip 1 < .8) have pP < 0 a l a r g e  

percentage of  t he  t i m e  (see Table l), but  not a s  cons is ten t l y  as do per iods 

of  higher  c o r r e l a t i o n .  

presence o f  a t a t i c  ~ t r u c t u r e s ,  shocks, slow l i n e a r  t rends,  e t c . ,  which can 

mask the  e f f e c t  of t h e  c o r r e l a t i o n  due t o  the  waves. The i n t e r v a l s  wi th  

p? > 0 could be due t o  l i n e a r  t rends  t h a t  cause a h igh va lue of  IpI even 

The smal ler  values O F  1pI could be caused by the  
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TABLE 1 

Range of  I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApi No. and percent  
i n t e r v a l s  i n  
t h i s  range zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

.0/.2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

.2 /  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.4 

.4/.6 

.6/ .8 

.8/1.0 

44 (14 )  

41 (14 )  

47 ( 1 5 )  

76 (25) 

96 ( 3 2 )  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
.0/1 m 0 304 (100) 

Percent i n t e r v a l s  
wi th  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp P 4 0  

66 

68 

83 

83 

97 
- 

83 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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when no waves a r e  present .  

inwardly propagat ing Alfvgn waves. 

They could a l s o  be due t o  the  presence of 

Suppose t h a t  w e  a r e  studying microscale 

f l uc tua t i ons  which a r e  exc lus ive ly  due t o  an outwardly propagat ing Alfvgn 

wave of ampli tude zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA+ and an inwardly propagat ing Alfvhn wave of amplieude 

A,, w i th  no c ross  c o r r e l a t i o n  between the  two waveforms; then i t  is  e a s i l y  

shown t h a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= (A-2 - kt2)/(L2 4- b2). For zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA- 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/A+2 = 1/9,  pP = - .8 ,  

f o r  A- 2 2  /A+ = 1/3,  pP = -.5, and f o r  A- 2 2  /A+ = 1, pP = 0 .  Thus, t h e  presence 

of  inwardly propagat ing Alfv;\n waves can s i g n i f i c a n t l y  reduce l p  1 dur ing 

per iods of pu re l y  AlfvGnic f l uc tua t i ons ,  and i t  i s  poss ib le  t h a t  six-hour 

i n t e r v a l s  f o r  which 1p1 < .8 have inwardly propagat ing A l f v h i c  components, 

perhaps even w i th  A-2/A+2 > 1 i n  many of t he  cases  wi th  pP > 0.  The impor- 

t a n t  po in t  i s  t h a t  a l though inwardly propagat ing Alfv6n waves may a t  times 

occur, they  ev iden t l y  never occur i n  an extremely pure form, s ince  1pI >, .8 

impl ies pP < 0. Even though the re  may be per iods i n  which t h e r e  a r e  both 

inward and outward Alfvgn waves, t h e r e  are no per iods wi th  exc lus ive ly  

inward propagation, whereas per iods  wi th  exc lus ive ly  outward propagat ion 

ev iden t l y  occur on t h e  order  of 30 percent  o f  t h e  t i m e .  

It i s  c l e a r  from Table 1 t h a t  Alfv6n waves propagat ing outward have 

a s t rong  in f luence on the  s i g n  of p, even down t o  1pl = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 4 .  This c lose  

correspondence between the  s ign  o f  p and t h e  po la r i t y ,  together  w i th  the  

high percentage of t i m e s  with l p l  >, . 6 ,  s t rong ly  i nd i ca tes  t h a t  outwardly 

propagat ing AlfvGn waves dominate t h e  mircoscale s t r u c t u r e  about 50 percent  

of the t ime. Coleman 19673 found p r e c i s e l y  t h e  same t ype  of c o r r e l a t i o n  

shown i n  Table 1 i n  a s tudy of c ross  spec t ra  between plasma and magnetic 

f i e l d  da ta  from Mariner I1 (Venus 19621, and a l s o  noted t h a t  t h i s  type of 

correspondence between p and P would be expected f o r  outwardly propagat ing 

Alfv&n waves. 

i n  the  i n te rp lane ta ry  medium i n  1962. 
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Pat te rns  of Occurrence zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
As noted above, Alfvgn waves i n  t h e  i n te rp lane ta ry  medium have 

c h a r a c t e r i s t i c  p a t t e r n s  of assoc ia t i on  w i th  t h e  l a rge  sca le  ve loc i t y  

s t r u c t u r e  of t he  s o l a r  wind. The macroscale p roper t i es  of  t h i s  stream 

s t r u c t u r e  were f i r s t  discovered i n  the  Mariner I1 data  Neugebauer and 

Snyder, 1966; Snyder e t  a l . ,  19631, and subsequent probes have confirmed 

these i n i t i a l  r e s u l t s  Wilcox and Ness, 1965 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. Although the  h igh velo- 

c i t y  streams observed by Mariner V a r e  no t  a s  long l i ved  as those found 

[ 

r- 
previously,  the  streaming p a t t e r n s  i n  t h e  Mariner V da ta  a r e  very  s im i la r  

t o  those observed by e a r l i e r  spacecra f t ,  and exh ib i t  the  bas i c  charac- 

t e r i s t i c s  of f a s t  and slow streams and t h e i r  i n te rac t i ons .  F igure 3 i s  a 

p l o t  of t h ree  hour averages of var ious q u a n t i t i e s  over a 35 day per iod  

of t h e  f l i g h t ;  Vw i s  t he  wind ve loc i t y ,  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB i s  the  magnetic f i e l d ,  N i s  

the  proton number densi ty ,  and VT i s  t h e  most probable proton thermal 

v e l o c i t y  ( 2kTp/mp) High v e l o c i t y  reg ions i n  the  s o l a r  wind tend t o  

be h o t t e r  and less dense and low v e l o c i t y  reg ions co lder  and more dense. 

The l e v e l  of h igh frequency magnetic f i e l d  a c t i v i t y  a l s o  tends t o  be  

h igher  i n  high v e l o c i t y  streams, al though t h i s  e f f e c t  i s  not  a s  pronounced 

a s  the  c o r r e l a t i o n  between v e l o c i t y  and temperature. Magnetic f i e l d  

s t reng ths  tend t o  be the same i n  both h igh and low v e l o c i t y  regions, 

except f o r  t he  high f i e l d  reg ions found a t  t he  leading edges o f  f a s t  

streams where t h e  v e l o c i t y  inc reases  r a p i d l y  wi th  t i m e .  I n  these reg ions,  

high v e l o c i t y  streams a r e  over tak ing and c o l l i d i n g  wi th  low v e l o c i t y  ones, 

causing l oca l  compression and consequent high magnetic f i e l d s  and d e n s i t i e s ;  

t he re  a r e  usua l ly  enhanced temperatures and very  high l e v e l s  of magnetic 

f i e l d  a c t i v i t y  i n  these c o l l i d i n g  stream regions ., 1966; Davis, 

19661. The b e s t  examples ( a s  i n  F igure 1) of t he  pure ly  A l f v h i c ,  outwardly 
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propagat ing magnetic f i e l d  f l uc tua t i ons  a r e  found i n  h igh v e l o c i t y  streams 

and on t h e i r  t r a i l i n g  edges (where the v e l o c i t y  decreases slowly wi th  t i m e ) .  

Regions with waves of t h i s  na ture  a r e  ind ica ted  by t h e  l i g h t  bars  i n  

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 .  

propagating, but  tend t o  be  of lower ampli tude than those i n  the  f a s t  

streams, and tend t o  be less pure i n  t h e  sense t h a t  they  a r e  more s t rong ly  

intermixed w i th  s t r u c t u r e s  of  d e f i n i t e l y  non-Alfv6nic cha rac te r  (such a s  

tangen t ia l  d i s c o n t i n u i t i e s ) .  

a r e  found i n  t h e  c o l l i d i n g  stream regions.  However, waves i n  t hese  reg ions 

may have s i g n i f i c a n t  amounts of inwardly propagat ing o r  non-Alfvinic com- 

ponents. Regions wi th  very l a rge  ampli tude waves a r e  ind ica ted  by the 

heavy bars  i n  F igure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 .  

Al fv in  waves found i n  low v e l o c i t y  streams a r e  a l s o  outwardly 

The l a r g e s t  ampli tude Alfvgnic f l uc tua t i ons  

F igure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 i s  a d e t a i l e d  s p e c i f i c  example of l a rge  sca le  streaming 

p r o p e r t i e s  using 40.3 minute averages p l o t t e d  over zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa seven day per iod from 

day 189 t o  195. i s  t h e  square roo t  o f  the  4 0 . 3  minute average of  t h e  

t o t a l  var iance i n  t h e  magnetic f i e l d  components, i n  gamma, where the  

var iances a r e  computed over t h e  plasma probe sampling per iod of 5.04 

minutes, and the  t o t a l  var iance i s  the sum of  t h e  var iances on the i nd i v i -  

dua l  axes. Gaps i n  the  curves occur dur ing per iods  when da ta  were not  

taken. The reg ion  of  rap id  v e l o c i t y  inc rease a t  t he  lead ing  edge of  t h e  

h igh v e l o c i t y  stream extends from approximately the  beginning t o  t h e  end 

of  day 192.  It i s  preceded by r e l a t i v e l y  high dens i t i es ,  and i s  accom- 

panied by enhanced temperatures and magnetic f i e l d  f l uc tua t i ons .  The pro- 

ton temperature and the  standard dev ia t ions  i n  f i e l d  components a r e  low i n  

the  low v e l o c i t y  stream,are a t  a maximum i n t h e  reg ion of rap id v e l o c i t y  

increase,  and decrease wi th  v e l o c i t y  on the t r a i l i n g  edge of t h e  stream. 

os zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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The proton number dens i t y  f a l l s  t o  very low va lues i ns ide  t h e  high 

v e l o c i t y  stream proper (on day 193, f o r  example) as  compared t o  va lues 

i n  the  low v e l o c i t y  stream (day 189). The dens i t y  increase from day 189 t o  

the  end of day 190 i s  probably not assoc ia ted  wi th  the  compression o r  p i l e -  

up of  ambient slow gas ahead of the  high v e l o c i t y  stream, since it i s  not 

accompanied by a f i e l d  s t reng th  inc rease.  The dens i t y  inc rease i s  more 

l i k e l y  a r e f l e c t i o n  of the  observed f a c t  t h a t  lower v e l o c i t y  streams have 

higher d e n s i t i e s  (note t h a t  the v e l o c i t y  i s  decreasing dur ing t h i s  per iod) .  

The dens i t y  inc rease a t  t he  end of  day 191 i s  accompanied by h igh f i e l d  

s t rengths ,  and thus i s  probably assoc ia ted  wi th  compression of  t he  slow 

gas ahead of t he  f a s t  stream. The r e l a t i v e l y  higher f i e l d  s t reng ths  and 

d e n s i t i e s  i n  the  l a t t e r  h a l f  of day 192 (as compared with day 193) a r e  

s i m i l a r l y  t h e  probable r e s u l t  of t he  dece le ra t i on  and compression o f  t he  

f a s t  gas a s  it runs i n t o  t h e  more dense slow gas.  (Day 192, hours 15 t o  18, 

has an  average dens i t y  and f i e l d  s t reng th  o f  2.6 cmV3 and 12.9 gamma, 

respec t ive ly ,  a s  opposed t o  average va lues o f  1.3 cm-3 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5.9 gamma on 

day 193, hours 0 t o  3; although the  f i e l d  s t reng th  decrease i n  F igure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 

i n  t he  l a t t e r  p a r t  o f  day 192 appears much l a r g e r  than the dens i t y  

decrease, t he  r e l a t i v e  change i n  t h e  two q u a n t i t i e s  i s  t h e  same.) 

l a t e r  sec t i on  w e  d iscuss  f u r t h e r  the  dynamics of  c o l l i d i n g  s t ream s t ruc -  

t u r e s .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIn a 

Consider now t h e  microscale f l uc tua t i ons  dur ing t h i s  per iod.  Thei r  

genera l  l e v e l  is  i nd ica ted  by the  va lues of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAos i n  F igure 4 ;  

ter i s  i nd ica ted  by comparisons of x and s im i la r  t o  F igure 1. These 

a r e  shown f o r  the  most i n t e r e s t i n g  p a r t  of t h e  i n t e r v a l  i n  F igure 5, i n  

which lower frequency v a r i a t i o n s  have been e l iminated from a l l  bu t  t h e  

lower curve by sub t rac t i ng  from each po in t  a smoothed low frequency mean 

t h e i r  charac- 

18 



obta ined by averaging over two hours about the  po in t .  

a r e  thus  high frequency v a r i a t i o n s  about running two hour means. W e  

emphasize t h a t  t he  vec tor  v e l o c i t y  da ta  given here  a r e  prel iminary,  and 

w e  present  them on ly  t o  demonstrate q u a l i t a t i v e  behavior. The va r ia t i ons  

i n  v e l o c i t y  have been mul t ip l ied  by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 4 ~ <  N zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA> mp)l l2  

where < N > i s  t he  smoothed proton number d e n s i t y  fo r  each po in t ,  i n  o rder  

t o  normalize them t o  the magnetic f i e l d  va r ia t i ons .  B i s  t h e  magnitude of  

the  average magnetic f i e l d  before low frequency averages are subtracted.  

Days 189 through 191 a r e  very qu ie t  magnet ical ly,  w i th  l i t t l e  wave-l ike 

f l uc tua t i ons  a t  h igh f requencies;  however, a f t e r  the  beginning of day 192 

t he re  i s  a h igh l e v e l  of wave a c t i v i t y  t h a t  is  seen i n  F igure 5 t o  become 

obviously Aflvhnic wi th  good co r re la t i ons  on a l l  t h ree  axes a f t e r  hour 15. 

The c o r r e l a t i o n  between 

f a c t  t h a t  t h e  plasma data is  almost c e r t a i n l y  h igh ly  a l i a s e d  (changes i n  

t h e  plasma p roper t i es  dur ing the measurement o f  the energy spectrum) a s  

the re  i s  a la rge  amount of v a r i a t i o n  i n  t h e  magnetic f i e l d  wi th  per iods 

of less than f i v e  minutes, t he  plasma sampling per iod.  For comparison 

F igure 6 is  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa po in t  p l o t  o f  168.75 sec.  averages of the  magnetic f i e l d  

The upper curves 

(see equat ion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(l)), 

and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAx i s  p a r t i c u l a r l y  impressive i n  view of t h e  

dur ing days 192 and 193, showing more c l e a r l y  the  l a r g e  amount of s c a t t e r  

i n  the  f i e l d  readings.  The magnetic f i e l d  va r ia t i ons  i n  the  compression 

reg ion  (before hour 21 i n  F igure 6) cannot be pure ly  Alfv&ic, s ince  the re  

a r e  comparatively l a r g e  f l uc tua t i ons  i n  B a t  higher f requencies.  Even so, 

the power i n  the  f i e l d  magnitude a t  h igher f requencies i s  s m a l l  compared t o  

the  power i n  the f i e l d  components, and the  Alfv& mode i s  obviously s t i l l  

t h e  dominant one. The p o l a r i t y  dur ing t h i s  per iod i s  negat ive,  and thus 

the  ve ry  l a rge  ampli tude h igher  frequency f l uc tua t i ons  (per iods less than  

2 hours) i n  the  i n t e r a c t i o n  reg ion a f t e r  hour 15 of day 192 a r e  predominantly 
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propagat ing outward. Before hour 15, i n  t he  most a c t i v e  p a r t  o f  the  

compression region, t he  co r re la t i ons  a r e  c l e a r l y  not a s  good; t h i s  could 

be  caused e i t h e r  by h igh ly  a l i a s e d  plasma data,  o r  by inwardly propagat ing 

Al fvenic o r  magnetoacoustic wave modes. On days zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA193 and 194, the ampli tude 

of  t he  f i e l a  f l uc tua t i ons  has decreased ( t h i s  per iod  i s  i n  t he  high velo- 

c i t y  s t ream proper) ,  and the  c o r r e l a t i o n  between and is extremely 

good (as i n  F igure 1). The s t reng th  of the  magnetic f i e l d  f l uc tua t i ons  

inc reases  on a l l  t h ree  axes a s  w e  move from the h igh  v e l o c i t y  stream proper 

i n t o  t h e  compression reg ion a t  i t s  l ead ing  edge; note, however, t h a t  t he  

normal component of t h e  f i e l d  has more power than the  r a d i a l  o r  the  tangen- 

t i a l  i n  the compression reg ion  i t s e l f  (see Figure 6 ) .  This  behavior appears 

t o  be a genera l  proper ty  of f i e l d  f l uc tua t i ons  i n  c o l l i d i n g  stream regions.  

Other examples of stream s t r u c t u r e  i n  the  s o l a r  wind have charac- 

t e r i s t i c s  s im i la r  t o  the  above. F igure 7 i s  a p l o t  of days 233 through 239 

i n  t h e  same format a s  F igure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 ,  except t h a t  now zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAos i s  the  square r o o t  of t h e  

average t o t a l  var iance of the  f i e l d  components over 20.16 minute i n t e r v a l s  

( the  plasma sampling per iod a t  the  low data  r a t e  used here) .  I n  t h i s  

example, the  leading edge of  t he  high v e l o c i t y  stream beginning on day 236 

i s  preceded by  dense low v e l o c i t y  gas and t h e  t r a i l i n g  edge o f  another 

high v e l o c i t y  stream. 

days 234 and 235 i s  almost c e r t a i n l y  not assoc ia ted  w i th  t h e  p i le-up of  

low v e l o c i t y  gas ahead of t he  high v e l o c i t y  stream, bu t  ins tead i s  simply 

a r e f l e c t i o n  of the f a c t  t h a t  lower v e l o c i t i e s  a r e  assoc ia ted  with h igher  

d e n s i t i e s  i n  the  s o l a r  wind. This  assoc ia t i on  i s  presumably because of  

condi t ions i n  the  corona and t h e  r a d i a l  d i s t r i b u t i o n  of  t he  energy supply 

of the  s o l a r  wind. The increase i n  dens i t y  and f i e l d  s t reng th  from the  

beginning t o  the middle of  day 236 i s  probably the  r e s u l t  of a dynamic zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

4 

Again w e  po in t  out  t h a t  t h e  dens i t y  inc rease across  
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compression of slow stream gas ahead of t h e  f a s t  stream, and t h e  inc rease 

i n  f i e l d  s t reng th  and dens i t y  i n  going Erom day zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA237 t o  the  l a s t  h a l f  of day 

236 i s  probably due t o  the dece le ra t i on  and compression of t he  f a s t  gas zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas 

it runs i n t o  the  slower, more dense gas ahead. Days 233 and 237 through 239 

conta in  exce l l en t  examples o f  the  pure outwardly propagat ing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA f  lv6n wave 

mode. Days 234,  235 ,  and the f i r s t  h a l f  o f  236 conta in  Alfvi?n waves, but  

they  a r e  intermixed w i th  more slowly varying s t r u c t u r e s  which are assoc ia ted  

wi th  changes i n  d e n s i t y  and f i e l d  s t rength ,  and which may be s t a t i c  (note 

the  l a rge  changes i n  f i e l d  s t reng th  and dens i t y  on these two and a h a l f  days 

i n  F igure 7 a s  compared t o  t h e  four days mentioned above). The l a s t  ha l f  of 

day 236 ( the  compressed f a s t  gas) conta ins  very l a rge  ampli tude f l uc tua t i ons  

which a r e  p r imar i l y  A l fv in ic .  

f i e l d  v a r i a t i o n s  i n  t h i s  per iod,  showing i n  d e t a i l  the  enhanced f i e l d  f luc -  

t ua t i ons  i n  the  compression reg ion.  The normal component o f  t h e  magnetic f i e l d  

has more power than the  o the r  components i n  t h e  l a t t e r  ha l f  of day 2 3 6 .  

Figure 8 i s  a h igh t i m e  reso lu t i on  p l o t  of t he  

F igure 9 i s  a t h i r d  example of l a rge  s c a l e  stream s t r u c t u r e  al though i n  

t h i s  case the s i t u a t i o n  ahead of  t h e  f a s t  stream i s  somewhat chaot ic .  Day 285 

a f t e r  hour 6 ,  and day 286 through the  middle of  day 287 conta in  good examples 

of pure ly  Alfvgnic, outwardly propagat ing waves. 

outwardly propagat ing Alfvgn waves of  smal ler  amplitude, but  t hese  a r e  s t rong ly  

intermixed wi th  l a r g e  sca le  changes i n  f i e l d  strength and dens i t y  which may be  

t a n g e n t i a l  d i s c o n t i n u i t i e s  o r  weak shocks. F igure 10 shows t h e  change i n  the 

microscale f l uc tua t i ons  i n  the  h igh v e l o c i t y  stream proper a s  they a r e  swept 

i n t o  the compression reg ion a t  t he  lead ing  edge of the stream. Running back- 

ward i n  spacecra f t  t ime a t  hour 4 of  day 285,  one goes from unmodified h igh 

v e l o c i t y  gas to  more d is tu rbed gas t h a t  has a l ready  entered the  compression 

reg ion.  The ampli tude of t he  f l uc tua t i ons  inc reases ,  and aga in  the normal 

component of t h e  f i e l d  v a r i a t i o n s  i s  s t ronger .  Figure 11 i s  another example 

Days 282 through 284 conta in  
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of l a rge  sca le  stream s t ruc tu re ,  and Figure 12 i l l u s t r a t e s  the  charac ter  

of the  microscale magnetic f i e l d  f l uc tua t i ons  i n  th ree  d i s t i n c t  regions: 

t he  low v e l o c i t y  stream proper (day 227), the  compressed leading edge of 

the high ve loc i t y  stream (day 228), and the  high ve loc i t y  stream proper 

(day 231). 

wi th  l a rge  s c a l e  s t a t i c  s t ruc tu res ,  day 228 has very l a rge  ampli tude waves 

which a r e  predominantly Alfvgnic (and which have more power i n  t h e  normal 

d i r e c t i o n ) ,  and day 231 has good examples of outwardly propagat ing Alfvgn 

Day 227 has some high frequency AlfvGnic a c t i v i t y  intermixed 

waves. Figure 13 i s  a p lo t  s im i l a r  t o  Figure 5, and demonstrates t h a t  t h e  

f l uc tua t i ons  on days 231 and 232 a r e  extremely pure, outwardly propagat ing 

Alfv&n waves. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
hour per iods of day 228 was .5 (as opposed t o  an average of .88 f o r  day 231), 

The average c o r r e l a t i o n  between BR and VR f o r  t h e  four s ix-  

and the  high frequency var iance i n  the  f i e l d  s t reng th  i s  r e l a t i v e l y  high (as  

compared with day 231), so t h a t  t h e  waves on day 228 i n  t h e  compression 

reg ion  cannot be s a i d  t o  be pure ly  Alfvgnic o r  outwardly propagating, a l though 

they  appear t o  be predominantly so. 

Corre la t ions between Three Hour Parameters 

The character  of these genera l  pa t te rns  i n  the stream s t r u c t u r e  of 

the s o l a r  wind can be seen i n  c o r r e l a t i o n  c o e f f i c i e n t s  computed between 

var ious th ree  hour average parameters over a s o l a r  r o t a t i o n .  Correlatxon 

coe f f i c i en ts ,  means, and standard dev ia t ions  have been ca lcu la ted  f o r  each 

of t he  s i x  r o t a t i o n s  1832 through zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1837, and Table 2 gives t h e  average of  

these q u a n t i t i e s  over the s i x  ro ta t i ons ,  weighted according t o  t h e  number 

of t h ree  hour da ta  i n  a r o t a t i o n .  

per  s o l a r  r o t a t i o n  var ied  from 95 (1835) t o  195 (1834), w i th  an average 

of 160 per  r o t a t i o n ,  

The number o f  th ree  hour da ta  averages 

Vw, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN, VT, and B a r e  a s  def ined above, and @ i s  P 
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Table 2. Weighted averages of correlation coefficients computed over zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
the six solar rotations of the Mariner V flight. AVE and STD are weighted 

averages of the average zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand standard deviation of the various parameters 

over a solar rotation. 

v W  

N 

vT 

B 

PP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
\p  1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
O s  1 

Os 2 

s3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAO 

AVE 

vW N VT 

1.00 -.51 .66 

- .51 1.00 -.36 

.66 -.36 1.00 

e 16 .08 .22 

- . l o  .31 .18 

.07 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA-.14 .03 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

.44 -.02 .55 

* 37 .10 e 48 

.23 .24 * 32 

410 e 8.5 42.8 

STD 75. 5.4 14.8 

PP 
B 

-16 - . lo  

.08 .31 

e 22 .18 

1.00 -.52 

-.52 1.00 

-.06 - . lo  

.52 -.12 

.55 - . l o  

.56 -.11 

8.5 .60 

3.0 .51 

Ip I O S 1  OS2 053 

.07 e 44 e 37 23 

-.14 -.02 .10 e 24 

.03 55 - 48 .32 

- .06 .52 a 55 .56 

"-10 -.12 - . l o  -.11 

1.00 .09 - 06 .06 

.09 1.0 .93 e 76 

.06 .93 1.0 .87 

.06 .76 .87 1.0 

.63 1.46 2.68 4.23 

27 .65 1.25 2.09 
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the  r a t i o  o f  a proton thermal energy dens i t y  t o  magnetic f i e l d  energy 

dens i t y  (4mpNV~ 2 2  /B zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) computed using the  th ree  hour averages of  N, VI-, 

and B ;  

between BR and VR computed over t h r e e  hour i n t e r v a l s .  

the  square r o o t s  of t he  th ree  hour average of t h e  168.75 sec and 22.5 

minute t o t a l  var iances  i n  f i e l d  components, respec t i ve l y ;  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAos3 i s  t he  

square roo t  of the  th ree  hour t o t a l  var iance i n  components. 

rep resen ta t i ve  of t he  amount of power i n  the  very  high frequency magnetic 

f i e l d  f l uc tua t i ons  dur ing each t h r e e  hour i n t e r v a l ;  as2 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas3 a r e  repre-  

sen ta t i ve  of  the  power a t  lower f requencies.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

l p I  i s  t h e  abso lu te  va lue of t he  c o r r e l a t i o n  c o e f f i c i e n t  p zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
as1 and as2 a r e  

Thus crS1 i s  

From Table 2 w e  see t h a t  Vw i s  wel l  co r re la ted  both wi th  VT and wi th  

oS1. These h igh c o r r e l a t i o n s  occur because high v e l o c i t y  streams a r e  

genera l l y  h o t t e r ,  w i th  more power i n  h igh frequency f i e l d  f l uc tua t i ons .  

The good a n t i - c o r r e l a t i o n  between Vw and N r e f l e c t s  t h e  genera l l y  lower 

d e n s i t i e s  of h igher v e l o c i t y  reg ions.  

and osl occurs both because each i s  higher i n  h igh  v e l o c i t y  streams and 

because loca l  "hot" spo ts  i n  temperature a r e  usua l l y  assoc ia ted  wi th  

stream-stream c o l l i s i o n  regions, which conta in  very l a rge  amounts of  h igh 

frequency magnetic f i e l d  f l uc tua t i on .  B c o r r e l a t e s  w e l l  wi th  os1 because 

B i s  genera l l y  h igh dur ing the  stream-stream c o l l i s i o n s ,  where O s 1  is 

The h igh  c o r r e l a t i o n  between VT 

high. 

a lso  c o r r e l a t e  w e l l ,  B and Vw a r e  poor ly  co r re la ted ;  

both osl and B a r e  enhanced i n  t h e  c o l l i d i n g  stream reg ions  (where Vw i s  

low and increas ing) ,  whereas B f a l l s  o f f  and s tays  a t  r e l a t i v e l y  high 

va lues  dur ing the  h igh  v e l o c i t y  stream i t s e l f .  

Note t h a t  even though B and os1 c o r r e l a t e  w e l l ,  and Vw and 

t h i s  comes about because 
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The standard dev ia t ions  i n  f i e l d  components c h a r a c t e r i s t i c  o f  lower 

frequency v a r i a t i o n s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(as2 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 ~ 3 )  a r e  not a s  w e l l  co r re la ted  w i th  VT and 

Vw as i s  asl. 

s t rong ly  inf luenced by the  presence of long t e r m  t rends  and large sca le ,  

non-wavelike s t r u c t u r e s  (such a s  p o l a r i t y  reve rsa l s ,  compression regions, 

t angen t ia l  d i s c o n t i n u i t i e s ,  etc. ) .  

f r e e  of  such low frequency e f f e c t s ,  and w e  f e e l  t h a t  it i s  t h e  bes t  index 

t o  the  r e l a t i v e  s t reng th  of the  dynamic, wave-l ike f l uc tua t i ons  i n  the  

magnetic f i e l d .  

We asc r ibe  t h i s  t o  the  f a c t  t h a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5S2 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAoS3 are more 

The parameter os. i s  comparatively 

There i s  a good a n t i - c o r r e l a t i o n  of pp wi th  B, but  poor co r re la t i ons  

wi th  N and VT, even though these q u a n t i t i e s  a r e  used i n  i t s  computation; 

t h i s  i nd i ca tes  t h a t  t h e  magnetic f i e l d  s t reng th  i s  t h e  dominant f a c t o r  

producing v a r i a t i o n  i n  pp. fip c o r r e l a t e s  very  poor ly  w i th  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAVw and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAaS1. 

High v e l o c i t y  streams, even though they  a r e  h o t t e r ,  a r e  not necessa r i l y  

h igh pp reg ions,  because i n  genera l  t he  d e n s i t y  i s  lower. Also, the i n t e r -  

a c t i o n  reg ions between h igh and low v e l o c i t y  streams (where osl i s  h ighes t )  

are not  necessa r i l y  h igh p reg ions,  even though these reg ions a r e  l o c a l  

"hot" spots ,  because usua l ly  t he  magnetic f i e l d  s t reng th  i s  a l s o  ve ry  

high. 

frequency magnetic f i e l d  f l uc tua t i ons ,  and thus  we conclude t h a t  t hese  

f l uc tua t i ons  a r e  not governed by the  l o c a l  balance between proton thermal 

energy dens i t y  and magnetic f i e l d  energy d e n s i t y  ( i n  con t ras t  t o  t h e  con- 

c lus ions  of  Burlaga, Ogi lv ie  and F a i r f i e l d ,  1969). Rather t h e  s t reng th  of 

the  microscale f l uc tua t i ons  i s  predominantly governed by the  non- local  

( i o e e ,  macroscale) p roper t i es  of the  s o l a r  wind, such a s  stream s t r u c t u r e  

P 

I n  general ,  pp i s  a very poor index f o r  the s t reng th  o f  t h e  high 

and generat ion 

the  bes t  index 

t u r e  VT. 

o r  ampl i f i ca t ion  of waves i n  c o l l i d i n g  stream regions, and 

t o  the  s t reng th  of these f l uc tua t i ons  i s  t h e  proton tempera- 
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Table 2 shows t h a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI p \ ,  which i s  an ind i ca t i on  of the  presence of t h e  

waves, c o r r e l a t e s  very  poor ly  w i th  a l l  o ther  q u a n t i t i e s ;  t h i s  f a c t  was t h e  

b a s i s  fo r  t he  statement i n  Paper I t h a t  t he  Alfvgn waves have "...no d i s -  

ce rn ib le  p a t t e r n  of assoc ia t i on  w i th  l a r g e  s c a l e  s t r u c t u r e s  such a s  high 

v e l o c i t y  streams...".  A s  f a r  a s  the  presence of t he  waves i s  concerned, 

t h i s  statement i s  s t r i c t l y  t r u e ;  

found under almost any macroscale condi t ion.  

index t o  t h e  presence of t he  waves, it gives no i nd i ca t i on  a s  t o  t h e i r  

ampli tudes, and t h i s  i s  the proper ty  of the  waves which c o r r e l a t e s  w i th  t h e  

macroscale v e l o c i t y  s t ruc tu re .  

examples of t he  Alfvhn waves can be 

However, a l though IpI i s  an 

I n  summary, w e  f i nd  t h a t  Alfven waves i n  the s o l a r  wind a r e  q u i t e  

common, and may occur under most condi t ions.  The pures t  examples of t he  

outwardly propagat ing Alfv6nic f l uc tua t i ons  a r e  found i n  high v e l o c i t y  

streams and on t h e i r  t r a i l i n g  edges 

a r e  a l s o  found i n  low v e l o c i t y  reg ions,  but they  tend t o  be of smal ler  

ampli tude and l e s s  pure i n  the  sense t h a t  they  a r e  more s t rong ly  intermixed 

wi th  s t r u c t u r e s  which a r e  not wavelike and poss ib l y  s t a t i c .  The l a r g e s t  

ampli tude Alfvgn waves i n  the  s o l a r  wind a r e  found i n  the  compression 

reg ions  a t  t h e  leading edges o f  h igh v e l o c i t y  streams; these  reg ions may 

have inwardly propagat ing o r  non-A l fvh ic  wave modes. 

o f  Alfv6n wave p roper t i es  a s  r e l a t e d  t o  s t ream s t r u c t u r e  i s  a genera l ized 

desc r ip t i on  on ly  and notable except ions e x i s t .  The macroscale p roper t i es  

of stream s t r u c t u r e  can be q u i t e  d i f f e r e n t  from the  examples we have given zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(i.e., shocks, e t c . ) ,  and very l a rge  amplttude Alfv6n waves can be found 

away from c o l l i d i n g  stream regions (and even i n  low v e l o c i t y  streams, f o r  

example). However, the  p a t t e r n  descr ibed above occurs repeated ly  throughout 

the  f i v e  months of da ta  f romMariner V, and appears t o  be a bas i c  p roper ty  

of stream s t r u c t u r e  i n  the  i n t e r p l a n e t a r y  medium. 

Outwardly propagat ing Alfvhn waves 

This cha rac te r i za t i on  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Wave Spectra and Energy Dens i t ies  

The frequency range over which the waves extend i s  extremely broad. 

F igure 14 i s  a p l o t  o f  the  c ross  spectrum between zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABR and V, f o r  a two day 

per iod of good waves, computed wi th  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA30 degrees of  freedom and g iv ing  est i -  

mates f o r  coherency and phase a t  f requencies from 1/ (4.2 hours) up t o  the  

Nyquist frequency of  1/(10.08 minutes).  High coherencies and 0" phase a r e  

i nd i ca t i ve  of t he  presence of the  waves; they extend from a low frequency 

cu to f f  o f  about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 / (2  hours) up t o  t h e  h ighes t  frequency measurable by the  

plasma probe, 1/(10.08 minutes).  Cross-spectra of o the r  segments of t h e  

da ta  when waves a r e  present  show the  same q u a l i t a t i v e  behavior.  Taking 

i n t o  account the  convect ive motion of t he  wind, these frequencies corres-  

pond t o  waves i n  the  rest  frame of  the  wind w i t h  per iods from roughly 80 

minutes (o r  less) t o  16 hours, and wavelengths from .25 x lo6 km (o r  less) 

t o  5 x lo6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAkm. 

It i s  l i k e l y  t h a t  v e l o c i t y  f l uc tua t i ons  a r e  w e l l  co r re la ted  w i th  the  

magnetic f i e l d  f l uc tua t i ons  a t  much h igher  f requencies than w e  can exper i -  

menta l ly  measure (1/(10.08 min.)). The v e l o c i t y  can e a s i l y  fol low the  abrupt  

t r a n s i t i o n s  shown i n  F igure 2, and the  p roper t i es  o f  the magnetic f i e l d  f l uc -  

t ua t i ons  above f requencies of 1/(10 min.) a r e  s im i la r  t o  those below 1/(10 

min.) (as discussed i n  t h e  next sec t i on ) .  

t ua t i ons  i n  per iods of  good Alfve'n waves a r e  probably a l s o  Alfvgnic. 

t h e r e  i s  some v a r i a t i o n  a t  even the  h ighes t  measurable frequency (see 

Figure 2), w e  would argue t h a t  the  Alfven wave number spectrum t y p i c a l l y  

extends from 10 km t o  5 x 10 km. 

Hence the  higher frequency f l uc -  

Since 

3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 

Prel iminary power spec t ra  and c ross  spec t ra  of t h e  i n te rp lane ta ry  

magnetic f i e l d  i n  the frequency range from 1/(107.5 min.) t o  1/(25.2 sec.) 

have been ca lcu la ted  over most o f  the  high da ta  r a t e  p a r t  o f  t h e  mission, 
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using the f a s t  Four ier  transform Hinich and Clay, 1968 Each spec t ra  

i s  computed wi th  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA32 degrees of freedom, using 4096 averages, each 12.6 

c 
seconds i n  length zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( - 1 4 . 3  hours o f  da ta ) ;  t he  r e s u l t i n g  power s p e c t r a l  

es t imates  a r e  d isp layed on log- log p l o t s ,  assuming a frequency dependence 

of f-". 

[Siscoe, e t  a l ,  1968; Coleman, 19661,except f o r  those of S a r i  and Ness 

[1969], whose es t imates  dur ing days of comparable magnetic f i e l d  a c t i v i t y  

a r e  i n  e r r o r  by a f a c t o r  o f  10 t o  100. I n  t h e  range from approximately 

The power l e v e l s  obtained agree with those of e a r l i e r  s tud ies  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1/(10 min.) t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1/(25.2 sec.), the  spec t ra  q u i t e  genera l l y  e x h i b i t  va lues  

of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa c lose  t o  1.6 o r  1 . 7 ;  i n  the range from 1/(107.5 min.) t o  1/(10 min.), 

t he re  i s  a much broader spread i n  va lues  of a,  from a s  low as 1-5 t o  a s  

high a s  2 - 2 .  There i s  some ind i ca t i on  t h a t  h igh va lues of a (a - 2 . )  i n  

t h i s  frequency range a r e  assoc ia ted  w i th  cold plasma regions,  where the re  

i s  l i t t l e  high frequency f i e l d  f luc tua t ion ,  and t h a t  low va lues of a 

(a - 1.5) a r e  assoc ia ted  w i th  ho t  plasma regions,where the re  i s  a high 

l e v e l  o f  high frequency f i e l d  f l uc tua t i on  (Table 2) .  A d e t a i l e d  s tudy  of  

l e a s t  squares f i t s  o f  a a s  a funct ion of var ious  plasma parameters i s  

being made t o  test such poss ib le  co r re la t i ons .  

Slopes of spectra dur ing per iods of ve ry  good waves (high co r re la t i on ,  

l i t t l e  var iance i n  f i e l d  s t reng th  and dens i t y )  tend t o  c l u s t e r  about 1.7,  

but  can be as high a s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2.  i n  t he  low frequency range mentioned above. It 

should be noted t h a t  an f -2  s p e c t r a l  dependence i s  completely cons is ten t  

wi th  the  observed p roper t i es  of  t h e  waves; such a spectrum can r e s u l t  

both F'rom a success ion of  d i s c o n t i n u i t i e s  Siscoe, e t  a 1  1968 

i r r e g u l a r  waveforms having no d i s c o n t i n u i t i e s .  As w e  have seen, t he  waves 

6 

can appear e i t h e r  a s  very i r r e g u l a r  w i th  gradual  changes o r  a s  discont inuous, 

both on the  t i m e  s c a l e  of F igure 1 and a t  the  h ighes t  t i m e  reso lu t i on  

28 



(F igure 2 and F igure 16) .  I n  con t ras t  t o  S a r i  and Ness 11969 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA~ w e  s t rong ly  

support  t he  conclusions of Coleman [1967] t h a t  t h e  observed f l uc tua t i ons  

of t he  i n te rp lane ta ry  magnetic f i e l d  a s  measured by power spec t ra  and 

e s p e c i a l l y  a s  co r re la ted  w i th  plasma measurements, i nd i ca tes  the  ex is tence 

of waves i n  the i n te rp lane ta ry  medium. 

When the  waves are prominent, the energy d e n s i t i e s  assoc ia ted  wi th  

them a r e  comparable t o  magnetic f i e l d  and k i n e t i c  energy d e n s i t i e s  

Eoleman, 1967, 1968 . For var ious  t h r e e  hour i n t e r v a l s  which a r e  dominated 

by wave a c t i v i t y  w e  take  t h e  t o t a l  wave energy dens i t y  

n e t i c  and h a l f  k i n e t i c  energy of plasma motion, and t o  be equal  t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA633 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/4.x, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAWE t o  be h a l f  mag- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 

where 6 B L  i s  t he  t o t a l  var iance i n  f i e l d  components over the  th ree  hour 

per iod.  We compare t h i s  q u a n t i t y  t o  B2/8n and NKTp i n  Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 .  The th ree  

reg ions  designated a s  per iods of  extreme f i e l d  a c t i v i t y  a r e  a l l  located a t  

t h e  leading edges o f  h igh v e l o c i t y  streams; those designated a s  moderate 

t o  q u i e t  occur i n  the  main bodies of streams o r  on t h e i r  t r a i l i n g  edges. 

I n  a l l  of t hese  reg ions,  WE i s  comparable t o  f i e l d  o r  thermal energy 

d e n s i t i e s .  

Anisotropy i n  the  Microscale F luc tua t ions  

I n  the  prev ious sec t i on  dea l ing  wi th  the  wave spect ra,  w e  made no 

re fe rence t o  o r  use o f  t he  vec tor  na ture  of  t h e  magnetic f i e l d  f l uc tua t i ons .  

Power l e v e l s  and s lopes  were est imated on the  b a s i s  of spec t ra  computed on 

each of the  t h r e e  RTN Cartes ian axes, t r e a t i n g  v a r i a t i o n s  i n  each d i r e c t i o n  

a s  independent va r iab les  and neg lec t ing  t h e i r  vec tor  p roper t i es .  We now 

consLder d i rec t i ons  of maximum and minimum power i n  a p re fe r red  coord inate 

system, us ing a method employed by Sonnerup and Cah i l l  1967 and by Siscoe zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ I  
9681 which al lows one t o  deduce power l e v e l s  a long any given 
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TABLE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Period 

167 12/15 

192 15/18 

195 12/15 

228 12/15 

231 12/15 

236 15/18 

.53 .95 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
,42 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe 88 

a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOS .13 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
.64 2.67 

1.27 1.45 

.42 1.28 

Field Activity 

moderate 

ext r erne 

quiet 

extr eme 

moderate 

extreme 
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d i rec t i on .  We f i rst  discuss zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtlic general  p roper t i es  of the  microscale 

v a r i a t i o n s  i n  magnctic f i e l d ,  and then examine i n  d e t a i l  s p e c i f i c  per iods 

of  dynamical i n t e r e s t .  

The var iance tensor  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS i s  def ined by S i j  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= < B . B . >  -' < Bi> < zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAB.> , zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
N 1 J  J 

where i, j r e f e r  t o  the  RTN components of t h e  magnetic f i e l d  B, and < > ~ 

denotes averaging over a spec i f i ed  t i m e  i n t e r v a l .  

i n  any o ther  system a r e  given by t h e  usual  tensor  t ransformat ion fo r  r o t a t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN 

The tensor  components 

of axes. 

t i o n  of axes and i s  t he  sum of t he  eigenvalues of t h e  matr ix.  

i s  t he  average f i e l d ,  then 

The trace of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 i s  a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa s  def ined above; it i s  i nva r ian t  t o  r o t a -  
S 

I f  < B  > 
,u 

a II 2 
C < B;> S. .< B . >  f 

1 J  J 

a r e  the  var iances i n  the f i e l d  p a r a l l e l  and perpendicular,  respec t ive ly ,  t o  

the  average f i e l d  d i r e c t i o n .  Hence they measure, respec t ive ly ,  t he  f luc tua-  

t i o n s  t h a t  p r imar i l y  change the  f i e l d  s t reng th  and those t h a t  p r imar i l y  

change t h e  f i e l d  d i r e c t i o n .  

The matr ix  S can be diagonal ized, y ie ld ing  the  eigenvalues PI> p2> p3, 
N 

and t h e  corresponding e igenvectors  SI, E2, and S 3 .  

t h e  p r i n c i p l e  axes of the  "variance" e l l i p s o i d ;  

maximum v a r i a t i o n  and 5 3  i s  the d i r e c t i o n  of minimum v a r i a t i o n .  

t i v e  magnitudes o f  t he  e igenvalues provide informat ion about t h e  an iso t ropy  

tha t  is  independent o f  coord inate system used. For example, i f  PI, P2' and 

P3 a r e  of  approximately equal  magnitudes, the f l uc tua t i ons  a r e  approximately 

i s o t r o p i c  i n  t h r e e  dimensions and the  d i rec t i ons  of  the  e igenvectors  have 

l i t t l e  s ign i f i cance .  

The e igenvectors  form zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
cy N zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

zl is  the  d i r e c t i o n  of 

The rela- 

I f  P1 and P2 a r e  of comparable magnitude and much 
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- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
l a r g e r  than zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP3, t he  f l uc tua t i ons  a r e  i s o t r o p i c  i n  t h e  p lane whose normal 

i s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS3. 

i n  the d i r e c t i o n  SI. 

l a rge  f l uc tua t i ons  i n  f i e l d  components w i th  l i t t l e  change i n  f i e l d  s t reng th .  

For v a r i a t i o n s  of  t h i s  nature,  w e  should expect SI and S2 

d i c u l a r  t o  < 

I f  PI is much l a r g e r  than P2 o r  P3, t h e  f l uc tua t i ons  a r e  p r imar i l y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
cy 

I n  the  Mariner V data,  w e  c h a r a c t e r i s t i c a l l y  see 
'v 

t o  be perpen- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
N N - 

> , and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA53 t o  be p a r a l l e l  t o  < B > 
N 

I n  o rder  t o  s tudy the  genera l  na ture  of  t h e  f i e l d  va r ia t i ons  using 

t h i s  formalism, w e  have ca lcu la ted  var iance matr ices and the  corresponding 

eigenvalues and e igenvectors  from the  bas i c  magnetometer da ta  f o r  t he  e n t i r e  

Mariner V mission. Three d i f f e r e n t  averaging times have been used i n  comput- 

ing t h e  S matr ices - -  168.75 sec (2-' day), 22.5 min (2-6 day), and 3 h r s .  

( 2 - 3  day).  Each per iod i s  longer than the  preceding by a f a c t o r  o f  e igh t .  

The p roper t i es  of t he  168.75 second var iance matr ices a r e  c h a r a c t e r i s t i c  

of ve ry  high frequency f l uc tua t i ons ,  whereas t h e  3 hour var iance matrices 

provide in format ion about much lower frequency va r ia t i ons .  O f  course, w e  

inc lude the  e f f e c t s  of  t h e  h igher  frequency f l uc tua t i ons  i n  t h e  ca l cu la t i on  

of  3 hour var iances,  but s ince  t h e  spectrum o f themagne t i c  f l uc tua t i ons  obeys 

a power law, we expect t he  lower f requencies t o  dominate i n  any g iven per iod ,  

For each of these i n t e r v a l s  w e  have a l s o  ca l cu la ted  B, t h e  average magnitude 

of t he  f i e l d ,  and P4, t he  var iance i n  t h e  f i e l d  s t rength .  Table 4 then  g ives  

averages over the  e n t i r e  miss ion of var ious  q u a n t i t i e s  based on these i n t e r v a l  

averages. No attempt has been made t o  separa te  dynamic from s t a t i c  (pure ly  

convected) s t r u c t u r e s  -- a l l  da ta  has been included. The l o w  average 

va lues of P2/P1 

and S3 a r e  w e l l  def ined d i rec t i ons ,  and thus a s tudy of  t h e i r  d i r e c t i o n a l  

d i s t r i b u t i o n s  i s  meaningful and of some i n t e r e s t .  

- 

and P3/P2 imply t h a t  i n  genera l  t h e  e igenvectors  S S zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
W1' N2 

l" 

The RTN system i s  a poor one i n  which t o  s tudy  t h e  e igenvectors ,s ince 

< B  > i s  obviously a p re fe r red  d i r e c t i o n  (va lues of P4/P1 a r e  very smal l ) .  
cu 
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A 

w zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
64 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
V zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe4 

\ 
rl 

A 
rl 

PI 
\ 

2 
V 

A 

o c  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
al .d 
m a  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Since the  f low d i r c c t i o n  of the s o l a r  wind a l s o  has phys ica l  s ign i f i cance  

and is  approximately along zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs.’ w e  reso lve  the  e igenvectors  from each 

i n t e r v a l  

a s  fol lows: 

f o r  t h a t  i n te rva l ,  X i s  t he  d i r e c t i o n  of egxe& and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAY i s  i n  the  d i r e c t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
~ X S .  

Thus, f l uc tua t i ons  along X a r e  perpendicular both t o  the average 

f i e l d  f o r  t h a t  i n t e r v a l  and the r a d i a l  d i rec t i on .  Note t h a t  t he  f i e l d - v e l o c i t y  

coord inate system changes from i n t e r v a l  t o  i n t e r v a l ,  s ince  t h e  d i r e c t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA< B > 

changes. For long averaging times, < B >  tends t o  be along t h e  s p i r a l  f i e l d  

d i r e c t i o n  and i n  the  s o l a r  equa to r ia l  p lane, and hence X tends t o  be along 

the N d i r e c t i o n .  For sho r te r  averaging t i m e s ,  however,<B> f requent ly  has 

a s i g n i f i c a n t  component out  of t h e  equa to r ia l  plane, and X no longer bears  

a s  c lose  a r e l a t i o n s h i p  t o  the  N d i rec t i on .  The u l t imate  j u s t i f i c a t i o n  f o r  

the  u s e  of  these coord inate axes i s  t h a t  e igenvector d i s t r i b u t i o n s  a r e  

symmetric i n  t h i s  system. 

i n  a f i e l d - v e l o c i t y  coordinate system shown i n  Figure 15 and def ined 

Z i s  t he  d i r e c t i o n  of  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3, t h e  u n i t  vec tor  p a r a l l e l  t o  < B > zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
CU 

cv - 

N zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
N 

ly 

Table 5 gives the  d i r e c t i o n a l  d i s t r i b u t i o n s  i n  t h e  f i e l d - v e l o c i t y  

system of the e igenvectors  assoc ia ted  wi th  the  22.5 min. var iance matrices; 

d i s t r i b u t i o n s  f o r  t he  168.75 sec.  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 hour matr ices a r e  s im i la r .  D i rec t ions  

a r e  

the  

the  

spec i f i ed  by the usual  spher i ca l  po la r  coord inates 0 and cp, where 0 i s  

po la r  angle from the  Z-axis and cp i s  an  azimuthal ang le  measured from 

X-axis. The range of 0 i s  divided i n t o  equal  increments of  0 

co r rec t  f o r  s o l i d  angle e f f e c t s .  Thus t h e  var ious  b ins  i n  t h e  d i s t r i b u t i o n  

tab les  represent  equal  s o l i d  angles on the  u n i t  sphere, and a s p a t i a l l y  

i s o t r o p i c  d i s t r i b u t i o n  o f  vec tors  would have equal  percentages i n  each b i n ,  

Tlw Cu l t  d l s t r i b u t i o n  i n  all e i g h t  oc tan ts  o f  the u n i t  sphere i s  not given 

fo r  the  fo l lowing reasons: 1) the e igenvectors  a r e  a r b i t r a r y  t o  a 

f ac to r  o f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf 1, s o  t h a t  w e  may give a l l  vec to rs  p o s i t i v e  components along Z; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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TABLE 5 Eigenvector D is t r i bu t i ons  22.5 minute i n t e r v a l s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
O /  18 

0141 .6 

41/60 1.1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 60/76 3.8 

76/90 22.5 

0 t o  90 28.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
SI: Direct ion of Maximum Var ia t ion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
cv 

cp 

18/36 36/54 54/72 72/90 

.6 .5 .4 A4 

1.1 1.0 1 .o zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.5 

3.8 3.3 2.4 1.6 ~ 

19.6 16.7 11.1 8.2 

25.1 21.5 14.9 10.7 

S2: Di rect ion of In termediate Var ia t ion 
rv 

cp 

0118 18 136 36 /54 54/72 72/90 

0/41 2.5 2.9 2.8 2.8 3,E 

41/60 1.5 1.9 2.3 2.3 2.5 

0 60/76 1.8 2.6 3.8 4.1 4.8 

76/90 7.5 9.2 1 2 . 1  14.3 15.3 

0 t o  90 13.3 16.6 21.0 23.5 25.7 

0/18 

0141 12 .o 
41/60 .7 

0 60176 .4 

76/90 .6 

0 t o  90 13.7 

0 t o  90 

2.5 

4.7 

14.9 

78.1 

0 t o  90 

14.1 

10.5 

1 7 . 1  

58.4 

S3: D i rec t i on  of Minimum Var ia t i on  
cv 

cp 
18/36 36/54 54/72 72/90 0 t o  90 

13.5 14.6 1 7  -4  19.4 76.9 

1 .I 1.3  2.3 2.4 7 -8 

" 7  1.4 1.7  1 , 9  6.1 

1.4 2.0 2,5 2.7 9.2 

16.7 19.3 23.9 26.4 
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2) examination of  t he  d i s t r i b u t i o n s  thus obtained revea ls  t h a t  they  

a r e  symmetric both about the  XZ plane and the  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAYZ plane. Thus by r e f l e c t i o n  

i n  these two planes w e  ob ta in  a rep resen ta t i ve  d i s t r i b u t i o n  i n  the  f i rst 

oc tan t  only;  d i s t r i b u t i o n s  i n  o the r  oc tan ts  a r e  symmetri’c r e f l e c t i o n s  of 

the  f i r s t  oc tan t .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- 

The d i s t r i b u t i o n s  presented demonstrate t h a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc 3  has a s t rong tendency 

t o  be p a r a l l e l  t o  < g> 

c u l a r  t o  < B> 

nearer  the  X-axis zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(cp  = 0’) than the  Y-axis (cp = 90’) ;  

of maximum power tends t o  be i n  the  9 x 3  d i rec t i on .  

of  the th ree  d i f f e r e n t  averaging t i m e s ,  and thus is c h a r a c t e r i s t i c  of t he  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( e  = O o ) ,  whereas SI and S2 a r e  genera l l y  perpendi- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

cv zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( 0  = 90’) a s  w e  would expect.  I n  addi t ion,  tends t o  be 

ry 

i .e., the d i r e c t i o n  

This is  t r ue  f o r  each 

microscale f l uc tua t i ons  over a broad frequency range. It should be remem- 

bered t h a t  t he  h igher  frequency f l uc tua t i ons  are superimposed on lower f r e -  

quency f l uc tua t i ons  wi th  l a r g e r  ampli tudes. The higher frequency f l uc tua t i ons  

hence appear t o  a d j u s t  themselves t o  t h e  average “background” f i e l d  t h a t  t hey  

see, even though t h i s  f i e l d  i s  changing a s  p a r t  o f  a lower frequency va r ia -  

t ion.  

Having es tab l i shed  t h a t  t h i s  non-stat ionary f i e l d - v e l o c i t y  coord inate 

system i s  pre fer red  f o r  the  microscale f l uc tua t i ons ,  we compute var iances 

of t h e  f i e l d  along the  XYZ axes. The var iance o f  the magnetic f i e l d  i n  a 

d i r e c t i o n  3 is  given by 

g ives the  average f r a c t i o n a l  var lances f o r  both the  XYZ and the  RTN systems; 

Ps = PX + Py -I- Pz = Trace (S) and i s  thus independent o f  any p a r t i c u l a r  

coord inate system. < > denotes long term averages of t h e  p roper t i es  of 

var iance matr ices f o r  a given t i m e  i n t e r v a l ;  i n  Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 t h e  averages are 

taken over the e n t i r e  Mariner V mission. 

the  average f r a c t i o n a l  var iance i n  the  X d i rec t i on ,  i s  cons is ten t l y  l a r g e r  

~ e ~ n ~ F  where S i s  t h e  var iance matr ix .  Table 6 
w 

w 

I n  the  XYZ system, < P x / P p  
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than zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA< Py/Ps > , which i s  i n  t u r n  l a rge r  than < Pz/Ps >, a s  w e  would 

expect from the  e igenvector  d i s t r i b u t i o n s .  

i s  l a r g e r  than < PT/P, > f o r  a l l  averaging times, a s  w e  

would expect from t h e  o r i e n t a t i o n  of  t he  XYZ system w i th  respec t  t o  the  

RTN system. 

d i rec t i on ,  a s  i s  shown by t h e  f a c t  t h a t  < zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPx/Ps \ i s  25$ l a r g e r  than 

<PN/Ps > We note t h a t  R and T do not  d i s p l a y  equal  amounts of power 

(as w e  might na ive ly  assume from t h e  average o r i e n t a t i o n  of t h e  XYZ system) 

because the  d i r e c t i o n  of maximum power, 

t o  the  R d i rec t i on ,  whereas it can have a l a r g e  component a long the  T 

d i r e c t i o n  i f  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 has a s i g n i f i c a n t  N component. Table 6 a l s o  i nd i ca tes  

t h a t  the average f r a c t i o n a l  var iance along the  f i e l d  d i r e c t i o n  i s  l a r g e r  

for  the  th ree  hour i n t e r v a l s  than f o r  the  22.5 min. o r  168.75 sec. i n t e r -  

va ls ,  even though Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 shows t h a t  t h e  r a t i o  of var iance i n  f i e l d  s t reng th  

t o  t h e  maximum component var iance i s  smaller f o r  t h e  th ree  hour i n t e r v a l s .  

These resu l ts  a t  f i r s t  appear incons is ten t ,  bu t  i t  must be remembered t h a t  

f o r  long averaging t imes t h e  s tandard dev ia t ions  i n  components become com- 

parable t o  t h e  background f i e l d  s t reng th  (Table 4 )  and consequently t h e  

concept of an "average" background f i e l d  d i r e c t i o n  i s  not a s  w e l l  def ined 

f o r  t he  th ree  hour i n t e r v a l s  i n  Table zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 as it i s  f o r  t h e  sho r te r  averaging 

times. Thus w e  can cha rac te r i ze  t h e  genera l  s t a t i s t i c a l  na ture  of  the micro- 

sca le  f l uc tua t i ons  a s  cons is t i ng  p r imar i l y  of v a r i a t i o n s  perpendicular t o  

the  average f i e l d  d i r e c t i o n  ("averagep' r e f e r r i n g  t o  t h e  t i m e  s c a l e  of i n t e r e s t ) ,  

I n  the  RTN system, < PN/Ps > 

and < PR/Ps > 

The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA%x% d i r e c t i o n  i s  of more s ign i f i cance  than the  % 
1 

( ~ x e ~ ) ,  i s  always perpendicu lar  

wi th  more power along the  9 x 9  d i r e c t i o n  over a wide range of f requencies.  

In thc! lZTM biystem these p roper t i es  produce on t h e  average more power i n  the  

M d i rec t i on ,  wi th  minimal power along t h e  R d i rec t i on .  
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For completeness, we mention t h a t  one can a l s o  apply the  bas ic  ideas  

used above i n  a more soph is t i ca ted  power s p e c t r a l  ana lys is .  

hour i n t e r v a l  i n  t h e  Mariner zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV mission w i t h  s u f f i c i e n t  da ta  re tu rn ,  w e  

have computed au to  and c ross  s p e c t r a l  estimates wich 32 degrees o f  freedom, 

using 168.75 second averages of t he  magnetic f i e l d .  

( f o r  each 6 hour i n t e r v a l )  e igh t  power s p e c t r a l  tensors  (each w i th  six 

independent elements, t h ree  auto powers and t h r e e  c ross  powers) a t  e igh t  

uniformly spaced frequencies i n  the  frequency range from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1/(45 min) t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1/(5.625 min). 

d i rec t i ons  o f  maximum ana minimum power, e t c . ,  f o r  each frequency; proper- 

t i e s  of the  power matr ices ( fo r  each ind iv idua l  frequency) averaged over 

the  e n t i r e  mission a r e  similar t o  the p roper t i es  of t he  var iance matrices 

descr ibed above, over t h e  e n t i r e  frequency range. The advantage of the  

power s p e c t r a l  method l i es  i n  t h e  f a c t  t h a t  i t  can descr ibe an iso t rop ies  

c h a r a c t e r i s t i c  of a s p e c i f i c  frequency, whereas t h e  var iance matr ix  approach 

gives resul ts t h a t  are i n  some sense rep resen ta t i ve  of a l l  f requencies above 

a c e r t a i n  minimum frequency. The drawback of t h e  power s p e c t r a l  method i s  

t h a t  i t  i s  d i f f i c u l t  t o  de f i ne  an  average f i e l d  d i r e c t i o n  f o r  t h e  h igher  

frequency f l uc tua t i ons ,  s ince  they a r e  superimposed on la rge r  ampli tude l o w  

frequency v a r i a t i o n s ;  thus,  d i s t r i b u t i o n s  s im i la r  t o  those i n  Table 5 f o r  

t he  h igher  frequency s p e c t r a l  es t imates  (using t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 hour averaged magnetic 

f i e l d  a s  the d i r e c t i o n  of 3) a r e  not a s  s t rong ly  peaked a s  those i n  Table 5. 

The var iance matr ix  approach, on the  o t h e r  hand, provides an  obvious and 

phys i ca l l y  appropr ia te  average "background" f i e l d  fo r  each i n t e r v a l ,  and 

hence provides the  most sharp ly  peaked d i s t r i b u t i o n s .  I n  any event, t he  two 

methods g ive b a s i c a l l y  t he  same r e s u l t ,  conclus ive ly  demonstrat ing t h a t  t h e  

an iso t rop ies  descr ibed above a r e  c h a r a c t e r i s t i c  of t he  microscale f luc tua-  

t i ons  over zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa wide Ircqucncy range. 

For every s i x  

This process y ie lds  

These matr ices were diagonal ized t o  ob ta in  c h a r a c t e r i s t i c  
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I n  t h e  above considerat ions w e  have made no at tempt t o  select data  on 

any b a s i s ;  every i n t e r v a l  o f  t he  Mariner V mission wi th  s u f f i c i e n t  da ta  

r e t u r n  has been included. 

Tables 4 through 6 f o r  ind iv idua l  s o l a r  r o t a t i o n s  ins tead of  f o r  the  e n t i r e  

mission (as above), w e  o b t a i n  e s s e n t i a l l y  t he  same r e s u l t s  except f o r  the  

inc rease i n  power l e v e l  (Ps) a s  Mariner V approaches the sun. 

f r a c t i o n a l  var iances  and eigenvector d i s t r i b u t i o n s  remain approximately t h e  

same from one s o l a r  r o t a t i o n  t o  the next,  even though the  average power 

l e v e l  o f  t h e  f l uc tua t i ons  increases,  and it appears t h a t  t h e  3 x %  f rac-  

t i o n a l  power excess averaged over a s o l a r  r o t a t i o n  i s  independent of d i s -  

tance from t h e  sun i n  t h e  range zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.7 t o  1 a.u.  

I f  w e  compute d i s t r i b u t i o n s  such a s  given i n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
- 

Average 

Since a l l  da ta  a r e  included i n  these analyses,  w i th  no at tempt  t o  

d i s t i ngu ish  dynamic from s t a t i c  e f f e c t s ,  t he  observed ~ x %  an iso t ropy  

might be caused e i t h e r  by a dynamical process assoc ia ted  w i th  f l uc tua t i ons  

propagat ing i n  the r e s t  frame of the wind, o r ,  perhaps, by some pre fer red  

o r i e n t a t i o n  of  s t a t i c  i r r e g u l a r i t i e s  convected by the  s o l a r  wind. To reso lve  

t h i s  ambiguity, w e  have computed d i s t r i b u t i o n s  s im i la r  t o  those i n  Tables zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 

through 6 f o r  each day of t h e  mission, us ing  22.5 minute var iance matrices 

(64 per  day) and 168.75 second var iance matrices (512 per day) .  The 168.75 

second var iances i nva r iab l y  show values of  

day) l a r g e r  than < Py/Ps > o r  < PZ/PS >. 

< P /P > approximately equal  t o  < Py/P, > ; on more a c t i v e  days (moderate 

power a t  h igh f requencies)  va lues f o r  t he  d i f f e r e n t  parameters averaged over 

the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAday arc closely s lm i la r  t o  those given i n  Table 6 .  The proper t i es  of 

the  22.5 minute var iances,  considered on a day t o  day bas is ,  a l s o  e x h i b i t  

the  expected an iso t rop ies ,  a l though not a s  c o n s i s t e n t l y  a s  do the  168.75 

second var iances  (139 days out  of 150 have < Px/Ps > > < P /P More 

< Px/Ps > 

Only on ve ry  q u i e t  days i s  

(averaging over one zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
x s  

>). Y S  
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s i g n i f i c a n t l y ,  t he  

i n t e r a c t i o n  reg ions  between high and low v e l o c i t y  streams, f o r  both 

averaging times. For example, Table 7 gives the d i s t r i b u t i o n  of  eigen- 

vec tors  assoc ia ted  w i th  maximum v a r i a t i o n  f o r  both 168.75 second and 

22.5 minute i n t e r v a l s  on day 192. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs prev ious ly  mentioned, t h i s  is a 

per iod of rap id  v e l o c i t y  inc rease ana l a r g e  magnetic f i e l d  v a r i a t i o n s  (see 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 ) .  Table 7 i nd i ca tes  t h a t  both t h e  22.5 minute and 168.75 second 

i n t e r v a l s  have a s t rong ly  enhanced 

average va lues (Tables 4 through 6 ) .  F igure 6 i s  a po in t  p lo t  of 168.75 

second f i e l d  averages on t h i s  day, c l e a r l y  showing l a r g e r  f l u c t u a t i o n s  i n  

t h e  normal component of t he  f i e l d  a t  low f requencies,  F igure 16 i s  a p l o t  

of one hour of b a s i c  magnetometer da ta  (one reading i n  approximately zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 

seconds) on t h i s  same day, showing roughly the  same e f f e c t  a t  higher  f re -  

quencies.  On the  fol lowing day (193) t he  wind v e l o c i t y  l e v e l s  o f f  and t h e  

power i n  the  f i e l d  f l uc tua t i ons  decreases (see F igure 6 ) ;  t h e  an iso t ropy  

i n  the 168.75 second var iances decreases almost exac t l y  t o  the  va lues given 

i n  Table 6,  and t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA%x% an iso t ropy  i n  t h e  22.5 minute var iances  essen- 

t i a l l y  d isappears.  F igures 8 and 12 i l l u s t r a t e  t h i s  same e f f e c t  i n  the  

microscale f l u c t u a t i o n s  of day 228 and 236, which are t he  i n t e r a c t i o n  

reg ions  f o r  t h e  streams shown i n  Figures 7and 11. Since the  most prominent 

3 x 3  anisot ropy tends t o  be  most pronounced i n  the  

~ X S  an iso t ropy  a s  compared t o  t h e  

an iso t rop ies  tend t o  occur dur ing reg ions  of  d e f i n i t e l y  non -s ta t i c  3x% 
charac ter ,  it i s  c l e a r  t h a t  t he  e f f e c t  i s  a dynamic one, and no t  due t o  

some pecu l i a r  o r i e n t a t i o n  o f  s t a t i c ,  convected d i s c o n t i n u i t i e s .  This  i s  

not meant t o  imply t h a t  t h e  an iso t ropy  occurs on l y  i n  stream-stream i n t e r -  

a c t i o n  regions, a s  i t  i s  e s s e n t i a l l y  always present  a t  h igh f requencies,  

and usua l l y  p resent  at: lower f requencies.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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:l zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA: 
Direction of Maximum Variation zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(168.75 sec intervals), Day 192 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

cp 

0118 18/36 36 154 54/72 72/90 0 to 90 

0/41 - 0  e o  .o - 0  .o- .o 

41/60 .o .o .o .o .o .o 

60/76 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 . 3  2.2 2.2 . 3  .9 6.9 

76/90 31 .O 26.9 16.5 7.9 10.8 93.1 

0 to 90 32.3 29.1 18,7 8.2 11.7 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 

168.75 sec, 316 matrices: 

< zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAps > = 6 . 9 ~  2 , < Px/Ps > = .59, < Py/Px > =  -36, < Pz/Ps > =  -05 

SI : Direction of Maximum Variation (22.5 min intervals), Day 192 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
hr 

9 

0/18 18/36 36/54 54/72 72/90 0 to 90 

0/41 .o .o .o .o zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.o .o 

41/60 .o 2,5 .o .o .o 5 .O 

6 60/76 7.5 5 .O 2.5 .o 2.5 17.5 

76190 35 .O 17.5 12.5 7.5 5.0 77.5 

0 to 90 42.5 25.0 15.0 7.5 7.5 

22.5 min, 40 matrices: 

2 < Ps > = 18.2~ < Px/Ps > = .60, < P /P > =  .30y < P /P > =  . lo  
Y S  z s  
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DISCUSSION zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Possible.  Or ig ins 

A s  w e  have seen, AlfvGn waves occur q u i t e  o f t e n  i n  t h e  s o l a r  wind, and 

t h e i r  energy d e n s i t i e s  a r e  f requent ly  comparable both t o  unperturbed mag- 

n e t i c  f i e l d s  energy d e n s i t i e s  and t o  thermal energy densit ies-. The o r i g i n s  

and energy sources f o r  these waves a r e  thus  o f  considerable i n t e r e s t ,  a s  i s  

t h e i r  con t r i bu t i on  t o  the  dynamics and heat ing  of t he  s o l a r  wind. We consi-  

der  th ree  p o s s i b i l i t i e s :  (1) the waves a r e  produced l o c a l l y  i n  the s o l a r  

wind ( i n  t h e  same genera l  reg ion where they  a r e  observed) by i n t e r n a l  plasma 

i n s t a b i l i t i e s ;  

d i f fe rences  i n  t h e  s o l a r  wind; zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(3) t he  waves are remnants of processes 

occurr ing i n  t h e  s o l a r  photosphere, chromosphere, o r  corona. We d iscuss  

these po in ts  i n  some d e t a i l ,  e s p e c i a l l y  a s  they  r e l a t e  t o  t h e  heat ing  of  

the s o l a r  wind by means o t h e r  than thermal conduction. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
(2) t h e  waves a r e  produced l o c a l l y  by l a rge  s c a l e  v e l o c i t y  

(1) Parker [1963 has pointed out t h a t  l o c a l  thermal an i so t rop ies  due 

t o  the  r a d i a l  expansion of  t he  s o l a r  wind should lead t o  " in ternals '  plasma 

i n s t a b i l i t i e s  and subsequent wave generat ion.  It i s  no t  immediately 

apparent t h a t  waves generated by such i n s t a b i l i t i e s  would propagate pre- 

dominantly outward a long f i e l d  l i nes ,  a l though such p r e f e r e n t i a l  generat ion 

might, f o r  example, s t e m  from t h e  high energy t a i l  o f  t h e  thermal proton 

d i s t r i b u t i o n  (which i s  outward a long f i e l d  l i n e s  

However, plasma i n s t a b i l i t i e s  such a s  t h e  

1963; Scarf ,  Wolfe, and S i lva ,  1967 

with wavelengths many orders  of magnitude 

f i r ehose  i n s t a b i l i t y  

not  e f f i c i e n t l y  generate waves 

longer than t h e  i on  cyc lo t ron  

rad ius  (-100 km). A s  the dominant wavelengths a t  i ssue  a r e  on the order  

of 10 km, wi th  decreaeing power a t  shor te r  wavelengths, it seems un l i ke l y  

t h a t  i n t e r n a l  plasma i n s t a b i l i t i e s  a r e  of  importance i n  t h e i r  generat ion.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 
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(2) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASevera l  models have been proposed i n  which l a rge  scale v e l o c i t y  

d i f fe rences  i n  the  s o l a r  wind provide the  b a s i c  energy source f o r  t h e  

microscale f l uc tua t i ons .  

suggested Neugebauer and Snyder, 1966; Davis, e t  a l ,  19661 t h a t  t h e  hea t ing  

and h igh mavgnetic f i e l d  a c t i v i t y  found i n  the  compression reg ions a t  t h e  

leading edges of  h igh v e l o c i t y  streams were generated locally -by the  f a s t e r  

streams over tak ing and c o l l i d i n g  wi th  slower streams. 

[1969] po inted ou t  t h e  importance o f  such stream-stream c o l l i s i o n s  a s  a 

source of wave and thermal e n e r g y i n t h e  s o l a r  wind. They noted t h a t  i f  

I n  the  ana lys i s  of t h e  Mariner I1 data,  i t  was zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
[ 

J o k i p i i  and Davis 

the  c o l l i s i o n s  a r e  predominantly between clouds moving r a d i a l l y ,  the 

compression w i l l  be mainly i n  t h e  r a d i a l  d i rec t i on ,  and t h i s  w i l l  produce 

more f l u c t u a t i o n  i n  the t ransve rse  than the  r a d i a l  component of t he  magnetic 

f i e l d ,  i n  accord w i th  observat ions (Table 6) , 1966; Siscoe e t  a l ,  

. It seems q u i t e  p laus ib le  t h a t  t h e  high l eve l  o f  magnetic f i e l d  

a c t i v i t y  i n  c o l l i d i n g  stream reg ions i s  f r e s h l y  generated, bu t  t he re  is no 

obvious reason t o  expect waves produced i n  t h i s  manner t o  propagate pre- 

dominantly outward i n  the rest frame of t he  wind. 

The r e l a t i v e l y  smaller amplitude f l uc tua t i ons  away from such reg ions  

might a l s o  be r e l a t e d  t o  t h i s  type of  genera t ion  process, al though the re  

a r e  major d i f f i c u l t i e s  w i th  t h i s  view. As Burlaga and Ogi lv ie  [1970] p o i n t  

out ,  c o l l i d i n g  s t ream regions occur i n f requen t l y  and a r e  of r e l a t i v e l y  

l im i ted  s p a t i a l  ex ten t  a t  1 a.u. (c f .  F igure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 ) .  

i n  t hese  reg ions cannot leave them f a s t e r  than the  Alfv&n ve loc i t y ,  and hence 

can propagate a t  most of the  o rde r  of .1 a.u .  away from t h e i r  po in t  of genera- 

t i o n  by the  time the  s o l a r  wind reaches l a.u.. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs w i l l  be seen below, f i e l d  

Lines tend t o  make a r a t h e r  smal l  angle wi th  the  i n t e r f a c e  between high and 

low v e l o c i t y  reg ions,  and hence waves t h a t  propagate along f i e l d  l i n e s  

leave t h e  i n t e r f a c e  a t  a normal v e l o c i t y  t h a t  is  much less than  the  Alfv&n 

Alfvgn waves generated 
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ve loc i t y .  

reg ions of rap id  v e l o c i t y  inc rease (g rea te r  than 1 2  hours away i n  t h e  

spacecra f t  frame) cannot be associated w i th  waves generated i n  those 

reg ions.  This is  e s p e c i a l l y  t r u e  of Alfvdn waves i n  h igh v e l o c i t y  streams, 

s ince  these waves a r e  propagat ing toward the  c o l l i s i o n  reg ion r a t h e r  than 

away from it. Observat ional ly,  the  l e v e l  of t he  f i e l d  f l uc tua t i ons  

u s u a l l y  drops ab rup t l y  immediately ou ts ide  the  c o l l i d i n g  stream regions, 

a s  can be seen i n  F igures zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 ,  8, and 10, f o r  example. It thus  appears 

Thus Alfvdn waves in t h e  main body o f  a stream w e l l  away from 

[Burlaga e t  a l ,  1970 t h a t  t h e  l a r g e  ampli tude f l uc tua t i ons  found i n  t h e  

c o l l i d i n g  stream reg ions  cannot e f f e c t i v e l y  propagate away from them. 

It could be argued t h a t  f i n e  s c a l e  v e l o c i t y  d i f fe rences  near t h e  sun 

might produce waves bu t  be completely e l iminated by t h e  t i m e  t h e  s o l a r  wind 

has reached 1 a.u. ,  leav ing behind Alfven waves and enhanced temperatures 

i n  the  main body of  t h e  streams. It i s  un l ike ly ,  however, t h a t  such a pro- 

cess w i l l  have occurred on t h e  t r a i l i n g  edges o f  the  h igh v e l o c i t y  streams 

where t h e  v e l o c i t y  i s  decreasing wi th  t i m e ,  even though w e  observe reason- 

ab l y  pure Alfven waves i n  these reg ions.  There i s  a l s o  no convincing reason 

t o  expect such c o l l i s i o n s  t o  generate AlfvGn waves propagat ing exc lus ive ly  

outward i n  t h e  rest frame of  the  wind. Thus al though the re  i s  l i t t l e  ques- 

t i o n  t h a t  stream-stream c o l l i s i o n s  a r e  an important energy source f o r  the  

l a rge  ampli tude waves a c t u a l l y  found i n  the  c o l l i d i n g  stream regions, it 

seems implausible t h a t  they a r e  a l s o  respons ib le  fo r  t he  r e l a t i v e l y  

smal ler  ampli tude AlfvGn waves found i n  the main body of v e l o c i t y  streams. 

I n  a somewhat d i f f e r e n t  approach t h a t  does not emphasize c o l l i d i n g  

stream regions,  Coleman zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[1968] has proposed a tu rbu len t  model of t he  s o l a r  

wind i n  which a l l  l a r g e  s c a l e  d i f f e r e n t i a l  v e l o c i t i e s  feed energy i n t o  a 

h ie rarchy  of tu rbu len t  eddies through i n s t a b i l i t i e s  assoc ia ted  wi th  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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shear and compression o f  t he  plasma. The f l u i d  is  t r e a t e d  as uniformly 

tu rbu len t  wi th  a non- l inear  cascade of  energy through AlfvGnic turbulence 

of in termediate wavelengths, where the re  i s  l i t t l e  d iss ipa t i on ,  t o  very  

sho r t  wavelengths, where cyc lo t ron  damping conver ts  the  wave energy i n t o  

thermal energy, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAs above, the major ob jec t i on  t o  such a model i s  the  l ack  

of  an explanat ion f o r  t he  predominantly outward propagat ion o f  t he  observed 

f l uc tua t i ons .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAlso, i n  a c o l l i s i o n l e s s  magnetized plasma, the  coupling 

between waves of d i f f e r e n t  wave numbers seems l i k e l y  t o  be q u i t e  d i f f e r e n t  

from t h a t  f o r  t h e  waves i n  f l u i d s  where convent ional  turbulence theory 

app l i es  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 

I n  summary, it appears t h a t  un less a p laus ib le  explanat ion fo r  pre -  

f e r e n t i a l l y  outward wave generat ion i s  advanced (and t h i s  seems un l ike ly ) ,  

la rge  sca le  v e l o c i t y  d i f f e rences  i n  the  s o l a r  wind cannot be considered a 

primary energy source fo r  the Alfven waves observed a t  1 a.u. However, 

such v e l o c i t y  d i f f e rences  i n  the  s o l a r  wind streams do represent  a poten- 

t i a l l y  major source o f  energy f o r  the microscale f l uc tua t i ons ,  and may 

eventua l l y  become the  dominant energy source beyond 1 a.u. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( 3 )  It i s  commonly accepted t h a t  t h e  s o l a r  corona i s  heated by t h e  

d i s s i p a t i o n  of magnetoacoustic wave energy generated a t  t h e  photosphere 

[Van de Hulst ,  19531 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(I Est imates of t he  energy requirements f o r  hea t ing  

27 t he  s o l a r  chromosphere and lower corona are 5 x lo2’ ergs /sec  and 5 x 10 

ergs lsec ,  respec t i ve l y  The Alfven waves observed a t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
24 1 a.u. represent  a net outward e f f l u x  of energy on t h e  order  o f  3 x 10 

ergs/sec,  and can reasonably be viewed a s  the  undamped remnants of waves 

produced a t  o r  near the sun, Recent t h e o r e t i c a l  work , 1966 

i nd i ca tes  t h a t  l i n e a r  magnetoacouetic MHD waves a r e  s t rong ly  damped i n  

c o l l i s i o n l e s s  plasmas such a s  t h e  s o l a r  wind (moderate t o  h igh p), and 

t h a t  t he  Alfv& mode i s  undamped, Thus, by t he  t i m e  the  s o l a r  wind 
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reaches zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.7 t o  1 a.u.  w e  would expect t o  observe on ly  the  AlfvAnic remnants 

of what i s  perhaps a much broader spectrum of  p1w) waves generated c l o s e r  t o  

the  sun. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA s  long a s  the  waves a r e  produced a t  d is tances  from t h e  sun of 

l e s s  than Blfvgnic c r i t i c a l  po in t  (15 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA50 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR,) [Weber and Dqvis, 19671 

only  those A l f v h  waves propagat ing away from the  sun w i l l  eventua l l y  appear 

i n  the  supera l fv6nic  s o l a r  wind. Generation of the  observed Alfvgn waves 

ins ide  the  Alfv6nic c r i t i c a l  po in t  thus e a s i l y  accounts f o r  t h e i r  preferen-  

t i a l  d i r e c t i o n  of propagat ion i n  the i n te rp lane ta ry  medium. The waves can 

e a s i l y  surv ive u n t i l  they reach 1 a.u.  s ince  they  a r e  convected about t e n  

times a s  f a s t  a s  they  propagate and hence make only  on the order  of 1 a.u./ zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
10h o s c i l l a t i o n s  f o r  a wavelength of h. For a wave o f  wavelength .01 a.u. 

t h i s  i s  only  10 o s c i l l a t i o n s .  

The hypothesis t h a t  t he  i n te rp lane ta ry  Alfven waves a r e  the  remnants 

of "noise" introduced i n t o  t h e  s o l a r  corona near the sun i s  an  i n t e r e s t i n g  

one, s ince  it suggests  t h e  p o s s i b i l i t y  of monitor ing small-scale s o l a r  

a c t i v i t y  from t h e  o r b i t  of t h e  e a r t h  [Parker, 19651. This p o s s i b i l i t y  has 

importapt imp l ica t ions  wi th  regard t o  cur ren t  t heo r ies  of  t h e  heat ing  o f  t h e  

s o l a r  wind by mechanisms o the r  than thermal conduction. It i s  genera l l y  

agreed t h a t  the  s o l a r  wind requ i res  an extended hea t  source above the  base 

of  t he  corona; i f  t h e  only  energy t ranspor t  from the base of the corona 

i s  conduction and convection, t h e  ca lcu la ted  dens i t y  a t  t he  o r b i t  of t h e  

ea r th  i n  the  two f l u i d  model i s  too high, and both the  v e l o c i t y  and proton 

temperature too  low, a s  compared wi th  observat ions Sturrock and Har t le ,  

19661 . It has been suggested t h a t  the energy equat ion of 

energy by waves. Barnes 1968, 19691 has 

proton heat ing  by eventual  d i s s i p a t i o n  of 

the  s o l a r  wind i s  dominated near t h e  sun by the t ranspor t  and depos i t ion  of  

proposed a model of s o l a r  wind 

MHD waves generated a t  less than 



1.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAR,, and Hart le and Barnes [1970] have shown t h a t  a heat  source f o r  pro- 

tons added t o  the  two f l u i d  s o l a r  wind model can inc rease both the  proton 

temperature and the  wind speed and lower t h e  dens i t y  a t  1 a.u. i f  t he  energy 

d i spos i t i on  takes  p lace  over an extended range (2R0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 r zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 25 Ro).  

model, more a c t i v e  reg ions of  t he  sun wi th  a h igher  l e v e l  of wave generat ion 

I n  t h i s  

could cause extens ive heat ing of the corona by wave damping near  the  sun, 

t.hus producing s o l a r  wind streams wi th  h igher  v e l o c i t i e s  and proton tempera- 

t u r e s  and lower d e n s i t i e s  a s  compared t o  streams without such heat ing.  The 

higher l e v e l  of pure, outwardly propagat ing Alfvgnic wave energy observed 

i n  the h igh v e l o c i t y  streams can e a s i l y  be i n te rp re ted  a s  a s ignature  of  

t h i s  process, s ince  the  pure ly  outwardly propagat ing waves i n  t h e  main body 

of the streams a r e  ve ry  probably a d i r e c t  consequence of  " turbulent"  condi- 

F 

t i ons  near the sun. The observa t iona l  f a c t  t h a t  t h e  l a r g e s t  ampli tude waves 

occur a t  t he  leading edges of the  high v e l o c i t y  streams where the  v e l o c i t y  

i s  inc reas ing  r a p i d l y  (but  before i t  is a t  a maximum) a t  f i r s t  seems incon- 

s i s t e n t  wi th  t h i s  model, s ince  we would na ive ly  expect t h e  h ighes t  wave 

ampli tudes t o  be assoc ia ted  wi th  the  h ighest  v e l o c i t i e s .  However, l o c a l  wave 

generat ion and ampl i f i ca t ion  due t o  compression a t  the  leading edges of t h e  

high v e l o c i t y  streams can account f o r  t h i s ,  a s  w e  s h a l l  see i n  the  next 

sec t ion .  It seems most probable t h a t  the  exc lus ive ly  outwardly propagat ing 

Alfvgn waves found i n  the main bodies of  s o l a r  wind streams, away from 

sharp v e l o c i t y  changes, a r e  generated i n  the  v i c i n i t y  o f  the sun. 

waves which cannot be d e f i n i t e l y  s a i d  t o  propagate exc lus ive ly  outward, such 

a s  those found i n  c o l l i d i n g  stream regions, may be generated l o c a l l y  t o  a 

l a rge  ex ten t .  

Blfvkn zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Quasi-Stat ionary Stream St ruc ture  i n  the  Solar  Wind 

On the  b a s i s  of  t he  d iscuss ion  i n  po in ts  (2)  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(3) above, and tak ing  

i n t o  account observed p a t t e r n s  i n  the  s o l a r  wind stream s t ruc tu re ,  w e  would 

l i k e  t o  suggest a q u a l i t a t i v e  model f o r  the observed p roper t i es  of  t he  

i n te rp lane ta ry  Alfve'n waves and t h e i r  r e l a t i o n  t o  the  l a rge  scale s t r u c t u r e  

of t he  i n t e r p l a n e t a r y  medium. F i r s t ,  w e  i n t e r p r e t  t he  presence of h igh 

ve loc i t y ,  h igh proton temperature, low dens i t y  streams i n  t h e  s o l a r  wind as 

a probable r e s u l t  o f  extens ive proton heat ing  by wave damping near  t h e  sun; 

streams i n  which t h e r e  has been a smal ler  amount of such heat ing  have lower 

v e l o c i t i e s  and proton temperatures, h igher  dens i t i es ,  and less e a s i l y  

de tec tab le  AlfvGn waves. 

wardly propagat ing Alfvhn waves i n  the  main bodies of  t h e  high v e l o c i t y  

streams i s  presumed t o  be a consequence of  t h i s  heat ing  process.  The stream- 

i ng  p a t t e r n  o f  a non-rotat ing sun would be  q u i t e  simple, cons i s t i ng  of a 

number of (non-c i rcu lar )  cones conta in ing h igh ve loc i ty ,  low densi ty ,  ho t  

gas (wi th a h igh  l e v e l  of outward A l f v h  wave a c t i v i t y )  separated by  low 

ve loc i t y ,  low temperature, dense gas (wi th  a lower l e v e l  of Al fv in  wave 

a c t i v i t y ) .  The r o t a t i o n  of t he  sun compl icates th i s  p i c t u r e  considerably.  

Solar  r o t a t i o n  causes slow gas t o  be fol lowed by f a s t ,  and f a s t  by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAslow on 

the  same r a d i a l  l i n e .  The fas t  streams over take the  slow streams ahead, 

causing compression, and draw away from the  slower streams behind, caus ing 

r a r e f a c t i o n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe 

The occurrence of  l a r g e r  amplitude, pure ly  out-  

Figure 1 7  i l l u s t r a t e s  what w e  consider t o  be the  major f ea tu res  of  the  

i n t e r a c t i o n  between h igh and low v e l o c i t y  streams, assuming t h a t  t he  

s t r u c t u r e s  a r e  long l i ved  enough t o  be considered a s  quas i -s ta t ionary  and 

coro ta t ing .  The labe led  reg ions i n  t h e  upper ha l f  o f  Figure 1 7  have 

d i f f e r e n t  phys ica l  c h a r a c t e r i s t i c s .  I n  t h e  o lder ,  convent ional  double 

shock models zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA, 1963; Davis, 19661 they  would be separated - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
49 



by shocks o r  contact  sur faces ;  

mat ter  whether the  l i n e s  i n  the  f i gu re  represent  d i scon t inu i t i es ,  extended 

c o l l i s i o n l e s s  shock s t ruc tu res ,  o r  more o r  l e s s  continuous t r a n s i t i o n  zones. 

Region S i s  t he  unperturbed slow stream and reg ion  F t h e  f a s t  stream followed 

f o r  the  present  d iscuss ion  it does not  

by another  slow stream. 

acce le ra ted  by  t h e  c o l l i s i o n  and reg ion  F' i s  t h e  compressed and dece le ra ted  

f a s t  stream gas. The v e l o c i t y  vec tors  shown a r e  those i n  an i n e r t i a l  frame; 

Region zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS 8  i s  the  slow st ream gas compressed and 

i n  t h i s  frame, the f i g u r e  r o t a t e s  wi th  the  sun. 

It i s  i n s t r u c t i v e  t o  consider  t h i s  s teady s t a t e  flow i n  a r o t a t i n g  

coord inate system. The s t r u c t u r e  i n  t h e  upper ha l f  of Figure 1 7  now does 

no t  r o t a t e ;  instead,  t he  spacecra f t  moves clockwise i n  a c i rc le  and makes 

observat ions which, when p l o t t e d  a s  funct ions of  t i m e ,  y i e ld  t h e  i dea l i zed  

curves shown i n  the  bottom h a l f  of t h e  f i gu re .  I n  t h i s  co ro ta t i ng  frame, 

t h e  v e l o c i t y  i s  everywhere p a r a l l e l  t o  the smoothed magnetic f i e l d  l i n e s ,  

and hence the  flow i s  i n  a s p i r a l  whose p i t c h  changes a s  i t  passes i n t o  the  

reg ions of compression because of t h e  pressure  grad ien t  (o r  d i scon t inu i t y )  

across  t h e  t r a n s i t i o n .  The d e f l e c t i o n  provides a n a t u r a l  explanat ion f o r  t he  

observat ions Lazarus, 1970; Wolfe, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 1970 t h a t  i n  a reg ion such a s  Si  t he  

s o l a r  wind appears t o  come from e a s t  of t h e  sun whi le i n  a reg ion  such a s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
F *  i t  appears t o  come from the  west. 

s i m i l a r  t o  t h a t  of S iscoe,  Goldste in  and Lazarus [1969 except t h a t  they  do 

This aspec t  of the  model i s  very  

no t  emphasize the  d i s t i n c t i o n  between the  compressed i n t e r a c t i o n  reg ions 

and the remainder of  the  f a s t  and slow streams. 

The flow along t h e  magnetic s p i r a l s  is  from F t o  F' and from S t o  S ' .  

I n  each case, the  gas i s  compressed i n  the t r a n s i t i o n ,  and i n  the  simple 

double shock model bo th  t r a n s i t i o n s  a r e  ord inary  f a s t  shocks whi le  t h e  

S'F'  i n t e r f a c e  i s  a t a n g e n t i a l  d i scon t inu i t y .  The F t o  F' shock appears 
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t o  be running backward toward the  sun i n t o  a low dens i t y  region, and hence 

i s  o f t e n  c a l l e d  a reverse  shock. Because of the  compression, both primed 

regions w i l l  have h igher  temperatures, d e n s i t i e s ,  and f i e l d  s t reng ths  than 

do the adjacent  unperturbed gases i n  t h e i r  respec t ive  streams. Typical ly,  

the  f a s t  stream i s  dece lera ted  more i n  going from F t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF' than  the  slow 

stream i s  acce lera ted  i n  going from S t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS ' ,  s ince  the  slow sticeam i s  more 

dense 

Although the  s implest  t h e o r e t i c a l  model i s  t h a t  o f  the  i d e a l  double 

shock, the  observat ions r a r e l y  i f  ever show the  expected d i s c o n t i n u i t i e s  i n  

ve loc i ty ,  densi ty ,  and magnetic f i e l d .  E i ther  t h i s  rep resen ts  a th i cke r  than 

expected shock s t r u c t u r e  o r  t he re  a r e  no shocks and ins tead a continuous 

t r a n s i t i o n  produced by some a s  ye t  unexplained mechanism. I n  e i t h e r  case, 

the  Rankine-Hugonoit conservat ion theorems must hold across  the  t r a n s i t i o n ,  

and most of t he  r e s u l t s  of t he  simple shock ana lys i s  should he good approx- 

imat ions.  Idea l l y ,  S' and F' a r e  separated by a tangen t ia l  d i s c o n t i n u i t y  

which n e i t h e r  plasma nor f i e l d  l i n e s  cross,  and i n  p r a c t i c e  t h i s  can o f t e n  

be  recognized a s  an abrupt change i n  densi ty ,  temperature, and wave ampli tude 

( fo r  example see Figure 7, day zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA236, hour 12) .  The f a c t  t h a t  t he  l a rge r  

ampli tude Alfvgn waves from the  f a s t  stream appear t o  be conf ined t o  the  f a s t  

stream s i d e  of  t h i s  boundary ( c f .  F igure 8)  i s  a s t rong ind i ca t i on  t h a t  t he  

f i e l d  l i n e s  do not  c ross  the  boundary between t h e  f a s t  and slow streams. 

I n  reg ion R of F igure 17 t h e r e  should be a ra re fac t i on ,  causing a 

r e l a t i v e  decrease i n  dens i t y  i n  t h e  lead ing  p a r t  of t h e  slow and t h e  t r a i l i n g  

p a r t  o f  the  f a s t  stream. The ne t  r e s u l t  o f  the  compression and r a r e f a c t i o n  

i c i  the product ion of an asymmetry i n  the  shape of the streams, as i nd ica ted  

i n  the  lower p a r t  o i  Figure 17,  t h a t  inc reases  wi th  the d i s tance  from t h e  

sun. This  asymmetry i n  the  streaming pa t te rns ,  a s  w e l l  a s  many o ther  fea tu res  
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of the  model, can be seen both i n  t h e  observa t iona l  da ta  presented above 

( c f .  F igures zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 ,  7, 9, and 11) and i n  the  e a r l i e r  Mariner 2 da ta  

[Neugebauer and Snyder, 19661 We emphasize t h a t  i n  t h i s  model t h e  

increased dens i t y  usua l l y  observed ahead of f a s t  streams (Regions S and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS ' )  

i s  f o r  t he  most p a r t  no t  t he  r e s u l t  of t h e  p i leup  of ambient gas ahead of 

t h e  f a s t  stream. Rather, it i s  pr imar i l y  due t o  the f a c t  t h a f  t he  energy 

supply a t  the  base of the s o l a r  wind f o r  t he  slow gas which precedes t h e  

f a s t  i s  such a s  t o  produce h igher  d e n s i t i e s  i n  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAslow gas (as w e l l  as 

lower v e l o c i t i e s  and temperatures a t  1 a.u. 

Imp I data,  organized by Wilcox and Ness [1965] on the  b a s i s  of the 

magnetic sec to r  s t ruc tu re ,  i . e . ,  t h e  magnetic p o l a r i t y ,  r a t h e r  than t h e  

stream s t ruc tu re ,  a l s o  exh ib i t  p a t t e r n s  s im i la r  t o  the curves i n  t h e  lower 

ha l f  of F igure 17.  

i n  the  case of  t he  Imp I data ,  p o l a r i t y  r e v e r s a l s  occur near t h e  center  of 

the  prominent low v e l o c i t y  reg ions  and the re  i s  a s t rong tendency f o r  each 

h igh v e l o c i t y  stream t o  occupy i t s  own s e c t o r .  A t  the  t i m e s  of Mariners 2 

and 5 t h i s  was not  t h e  case, s ince  two or  more adjacent  high v e l o c i t y  

streams have the  same magnetic p o l a r i t y .  

s o l a r  wind v e l o c i t y  c h a r a c t e r i s t i c s  g ives c l e a r e r  p a t t e r n s  than does the  

The two methods of ana lys i s  give s im i la r  resu l t s  because, 

I n  these  cases ana lys i s  based on 

use of magnetic p o l a r i t y .  Th is  i s  p l a u s i b l e  s ince  the  v a r i a t i o n s  i n  energy 

supply assoc ia ted  w i th  ve loc i t y  v a r i a t i o n s  are l i k e l y  t o  be more bas i c  than 

a r e  changes i n  magnetic p o l a r i t y .  An explanat ion i s  needed f o r  t h e  obser-  

va t i on  t h a t  r e v e r s a l s  of p o l a r i t y  apparent ly  occur predominantly i n  l o w  

v e l o c i t y  reg ions.  Perhaps the magnetic conf igura t ion  i n  the  lower corona 

near p o l a r i t y  r e v e r s a l s  a f f e c t s  t h e  energy supply t o  t h e  s o l a r  wind i n  such 

a way a s  t o  favor  low v e l o c i t i e s .  
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Pat te rns  i n  the  Nicroscale F luctuat ions 

The e f f e c t  on t h e  microscale f l uc tua t i ons  of the compressed reg ions 

i n  t h i s  quas i -s ta t ionary  l a rge  sca le  streaming s t r u c t u r e  w i l l  be both t o  

ampl i fy e x i s t i n g  waves and t o  generate f r e s h  waves loca l l y .  

tude, outwardly propagat ing A l f v h  waves i n  reg ion F propagate and a r e  

convected i n t o  reg ion  F ' .  I f  t he  Alfv&n waves a r e  i n i t i a l l y  po la r ized  

Large ampli- 

i n  the  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa d i rec t i on ,  then they  w i l l  remain pure ly  Alfvgnic a s  they a r e  

swept i n t o  Fs  s ince  t h e i r  magnetic f i e l d  f l uc tua t i ons  remain perpendicu lar  

t o  the  average f i e l d  d i rec t i on .  I f  they  are po lar ized  i n  t h e  s o l a r  equa- 

t o r i a l  plane, they w i l l  be p a r t i a l l y  converted i n t o  magnetoacoustic waves 

because of t h e  abrupt tu rn ing  of t he  f i e l d  l i n e s  i n  t h i s  p lane across  the  

t r a n s i t i o n  (see Figure 1 7 ) .  

I n  any case, t h e  ampli tude o f  the  waves w i l l  i nc rease across  t h e  

t r a n s i t i o n  because o f  the  compression. 

day 192  (Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 ) ,  f o r  example, w e  see a considerable inc rease i n  the  

ampli tude of  t h e  waves a s  t h e  compression reg ion  i s  entered (around hour 21 

i n  F igure 6) ,  although they  remain predominantly outwardly propagat ing 

across  the  t r a n s i t i o n  (Figure 5). I f  t he  t r a n s i t i o n  between F and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF f  i s  

smooth compared t o  a wavelength, w e  would expect the  waves convected i n t o  

I n  t h e  c o l l i d i n g  stream region on 

Fa t o  s t i l l  be outwardly propagating. 

shock, an outwardly propagat ing wave w i l l  produce both outwardly and 

inwardly propagat ing waves a s  i t  passes the  d i scon t inu i t y .  However,the 

l a t t e r  wave remains i n  F' and i s  not r e f l e c t e d  back i n t o  reg ion  F, a s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
would be t h e  case Tor a d i scon t inu i t y  i n  a non-streaming medium, s ince  

the  streaming v e l o c i t y  i n  a system i n  which t h e  i n t e r f a c e  i s  s t a t i o n a r y  i s  

f a s t e r  than the  wave v e l o c i t y  on the  F s i d e  of  t he  i n t e r f a c e .  Thus the  

I f  t he  t r a n s i t i o n  i s  an  i d e a l  t h i n  
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waves cannot escape from zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAF s  t o  F and Alfvgn waves cannot escape i n t o  S' 

because the  f i e l d  l i n e s  do no t  c ross  the  tangen t ia l  d i scon t inu i t y  a t  t he  

i n t e r f a c e .  

of t he  f i n i t e  dimensions of the  reg ion  normal t o  the  f i e l d  l i n e s  o r  by t h e  

p a r t i a l  conversion of the  Alfv&n mode i n t o  t h e  magnetoacoustic modes. 

Alfvgn waves from F w i l l  be swept i n t o  F', ampl i f ied by compression, and 

channeled outward a long the  compressed leading edge of the  h igh v e l o c i t y  

stream. We should expect t h i s  same genera l  e f f e c t  f o r  waves swept from S 

i n to  S', although i t  should not be a s  pronounced s ince  the  waves convected 

from S i n t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS '  a r e  t y p i c a l l y  of smal ler  ampli tude than those i n  F. 

Leakage ou t  of t he  reg ion F P  i s  perhaps poss ib le  on ly  because zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
\ -  

Thus 

A t  each t r a n s i t i o n  w e  expect t h a t  t h e  c o l l i s i o n  w i l l ,  i n  add i t i on  t o  

ampl i fy ing the  convected Alfvgn waves, generate add i t i ona l  f l uc tua t i ons .  

These w i l l  presumably be a mixture of Alfvgn and magnetoacoustic modes pro- 

pagat ing both inward and outward. Again, these f r e s h l y  generated waves w i l l  

be p r imar i l y  confined t o  t h e  c o l l i d i n g  s t ream region.  Thus t h e  t o t a l  wave 

s t r u c t u r e  i n  t h e  c o l l i d i n g  stream regions w i l l  cons is t  of h igher  ampli tude 

f l uc tua t i ons  which a r e  not a s  pure ly  AlfvGnic o r  outwardly propagat ing as 

a r e  waves i n  the  neighbor ing reg ions.  

It appears t h a t  a l l  o f  the  observed p roper t i es  o f  waves i n  the  s o l a r  

wind fol low n a t u r a l l y  from t h i s  model. Most o f  t h e  waves i n  the in te rp lane-  

t a r y  medium a r e  outwardly propagat ing Alfven waves from near the  sun, and 

a r e  remnants of  t h e  processes t h a t  supply energy t o  d r i ve  t h e  d i f f e r e n t  

s o l a r  wind streams. Higher v e l o c i t y  streams undergo the  most extens ive 

heat ing,  and thus conta in  the  bes t  examples of such waves. Compression of  

these waves and f r e s h  generat ion of  new f l uc tua t i ons  i n  c o l l i d i n g  stream 

reg ions account f o r  the waves w i th  the  l a r g e s t  observed ampli tudes. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMlcroscnle zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAnisotropies 

The ana lys i s  of the  observat ional  da ta  has revealed a number of  

an i so t rop ies  i n  t h e  microscale magnetic f l uc tua t i ons  whose phys ica l  b a s i s  

w e  now consider .  The main po in ts  t o  be expla ined a r e  t h a t , t h e  minimum 

component of t he  f l uc tua t i ons  i s  p a r a l l e l  t o  3, the  d i r e c t i o n  of t he  average 

magnetic f i e l d ,  and t h a t  t he  maximum component i s  i n  t h e  9 x 3  d i rec t i on ,  

where e may be regarded a s  t h e  d i r e c t i o n  of  t h e  s o l a r  wind flow. The f i r s t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3 

o f  the  an iso t rop ies  i s  explained by  t h e  predominantly Al fvenic na ture  of t h e  

f l uc tua t i ons .  

magnetoacoustic modes, and why they are p a r t i a l l y  po la r ized  i n  the 3 x 3  

d i r e c t i o n .  Such p roper t i es  may be due e i t h e r  t o  the mechanisms which 

generate t h e  waves o r  t o  decay mechanisms. 

Thus w e  wish t o  understand why t h e  Alfven waves dominate the  

It i s  un l i ke l y  t h a t  Alfv&n waves a r e  dominant s o l e l y  because the  

magnetoacoustic modes a r e  no t  generated s t rong ly .  I n  c o l l i d i n g  stream 

regions, f o r  example, w e  expect t o  see a l l  types of hydromagnetic waves 

produced, but  t he  f l uc tua t i ons  a r e  p r imar i l y  A l f d n i c  ( l i t t l e  var iance i n  

f i e l d  s t reng th  compared t o  l a rge  var iance i n  components). Even i f  Alfven 

waves a r e  p r e f e r e n t i a l l y  generated, w e  would expect them t o  e x c i t e  magneto- 

acous t i c  modes e i t h e r  because of n o n - l i n e a r i t i e s  i n  t h e  equat ions of  motion 

o r  because of geometr ical  cons idera t ions  (a  pure Alfvhn wave must extend t o  

i n f i n i t y  i n  t h e  p lane of po la r i za t i on ) .  Thus the  observat ions suggest that 

magnetoacoustic modes must be  damped a t  a r a t e  s u f f i c i e n t  f o r  t h e i r  reason- 

a b l y  complete removal from waves convected from near the  sun and f o r  p a r t i a l  

removal from more l o c a l l y  generated waves zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa Barnes [1966 has shown theore- 

t i c a l l y  t h a t  l i n e a r  magnetoacoustic MHD waves a r e  s t rong ly  damped i n  

c o l l i s i o n l e s s  plasmas of moderate t o  high zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAp (f3 > .5) and t h a t  t h e  Al fv in  

55 



mode i s  undamped. Thus t h i s  theory both exp la ins  and i s  confirmed by 

t he  observat ions.  

There appears t o  be no p laus ib le  an iso t ropy  i n  t h e  generat ion o f  t he  

Alfv6n waves which would favor t h e  e xe d i r e c t i o n .  

anisms which couple the  undamped A l f v h  waves i n t o  the  s t rong ly  damped 

Thus we examine mech- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa 3  

magnetoacoustic modes 

.sun 

For example, consider the  convection away from the  

of A l f v h  waves which a r e  i n i t i a l l y  unpolar ized. Assume t h a t  t h e  

magnetic f i e l d  f l uc tua t i ons  a r e  i s o t r o p i c  i n  t h e  plane perpendicu lar  t o  an 

average magnetic f i e l d  along the  c l a s s i c  s p i r a l .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA s  t he  waves a r e  convected 

outward, the r o t a t i o n  of t h e  sun causes the  average f i e l d  t o  t u r n  i n  t h e  

p lane normal t o  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 

waves o r i g i n a l l y  po la r ized  along 3 i s  unaf fected by t h i s  tu rn ing  s ince  it 

a s  the s p i r a l  is  generated. The component of t h e  Alfvhn 

always remains normal t o  3; 

develops a component along B, and hence i s  coupled i n t o  magnetoacoustic 

modes. Thus the  gradual  s p i r a l i n g  of the  f i e l d  combined w i th  the  damping 

however, the  component o r i g i n a l l y  a long 9 x 3  

rv 

of t h e  magnetoacoustic modes converts an  i n i t i a l l y  i s o t r o p i c  d i s t r i b u t i o n  

of Alfv6n waves i n t o  one having more power along zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3. 

I f  the  average magnetic f i e l d  i s  not a long the  i d e a l  s p i r a l  then t h e  

expansion of the s o l a r  wind i n  t he  d i r e c t i o n  normal t o  3 as it f lows out-  

ward w i l l  t u rn  t h e  f i e l d  vec to r  i n  a p lane whose normal i s  3 x 3 .  

mechanism j u s t  descr ibed then produces an an iso t ropy  i n  the 9 x 3  d i r e c t i o n .  

The 

The e xe and t h e  e d i r e c t i o n s  a r e  i n  genera l  c lose  t o  each o the r  un less  J J  2 
9 has a l a rge  component out  of t he  s o l a r  equa to r ia l  p lane; i n  t h i s  case, 

I t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.q t l ic !  c xc 

t i o n .  The f a c t  t h a t  the  average f i e l d  d i r e c t i o n  f requent ly  has s i g n i f i c a n t  

dlrc lct ion t h a t  i s  thc  p re fe r red  one, and not t he  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA% d i rec-  3 J 

components out of t he  equa to r ia l  p lane exp la ins  why t h e  R component o f  t h e  

f l uc tua t i ons  on the  average has less power than the T component (Table 6 ) ,  
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s ince  the  GBxê , d i r e c t i o n  never has a component along zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAe ~ ,  whereas i t  can 

e a s i l y  have a component along i f  e~ has a component along E a r l i e r  

s t u d i e s  of Mariner zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 and Mariner zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 data Coleman, 1967; Siscoe, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA19681 have 

shown t h a t  the  microscale f i e l d  f l uc tua t i ons  a r e  t ransverse  t o  the  average 

f i e l d  d i r e c t i o n  w i th  minimum power along 9. 

by t h e  Mariner 5 data ,  and are  seen t o  be a n a t u r a l  consequence of the 

f 

These r e s u l t s  are confirmed 

.frequent occurrence of  t ransverse  Alfv'en waves p a r t i a l l y  po la r ized  i n  the  

~ X S  d i rec t i on .  

Alfv6n waves convected i n t o  c o l l i d i n g  stream regions w i l l  see a rap id  

change i n  the  average f i e l d  d i r e c t i o n  across  t h e  t r a n s i t i o n  i n t o  t h e  com- 

pressed plasma (see F igure 17) .  

(as  compared t o  t h e  gradual  s p i r a l i n g  descr ibed above) should r e s u l t  i n  

This  more abrupt  change i n  f i e l d  d i r e c t i o n  

enhanced an iso t rop ies  and a higher l e v e l  of ( rap id l y  damped) magnetoacoustic 

o s c i l l a t i o n s ,  a s  observed. Another process suggested by J. R. J o k i p i i  

( p r i va te  communication) t h a t  could con t r i bu te  t o  the  3 x 3  

these reg ions i s  the  p r o b a b i l i t y  t h a t  r a d i a l l y  c o l l i d i n g  streams produce 

an iso t ropy  i n  

p r imar i l y  r a d i a l  compressions and hence ampl i fy magnetic f l uc tua t i ons  p r i -  

mar i l y  normal t o  e a r e  pure Alfven waves 

whi le  thase  along e x ( e  xe zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA) must  become mixed A l f v h i c  and magnetoacoustic 

modes. The l a t t e r  a r e  rap id l y  damped, leav ing  t h e  an iso t ropy  and a h igher  

Those f l uc tua t i ons  along e xe J' 2 ,R 

J J J  

plasma temperature. 

The i n t e r p r e t a t i o n  o f  t h e  e xe an iso t ropy  a s  a resu l t  of  magneto- * -R 

acous t i c  wave damping has i n t e r e s t i n g  imp l ica t ions  w i th  respect t o  t h e  

heat ing  of t h e  s o l a r  wind. The observa t iona l  f a c t  that t h e  anisot ropy 

extends over t h e  e n t i r e  microscale frequency range suppor ts  the  conclusions 

of J o k i p i i  and Davis t h a t  turbulence i n  t h e  s o l a r  wind (such a s  i n  

c o l l i d i n g  stream reg ions)  has no equi l ibr ium subrange of wave numbers, i n  
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con t ras t  t o  o rd inary  turbulence.  

and sho r te r  wave numbers [Coleman, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA19681, it appears t h a t  a l l  wavelengths 

damp by d i r e c t  i n t e r a c t i o n  wi th  the  thermal plasma. 

an iso t ropy  i s  e s s e n t i a l l y  always present  impl ies t h a t  t h e r e  i s  a continuous 

coupl ing between the  dynamic microscale f l uc tua t i ons  and t h e  thermal plasma 

which feeds energy ou t  of wave motion and i n t o  thermal energy; 

t h a t  the  type of  damping descr ibed above i s  e s s e n t i a l l y  a geometr ical  coupl ing 

Instead of  a cascade of energy t o  s h o r t e r  

The f a c t  t h a t  t h i s  

We note  a l s o  

of  Alfvgn waves t o  t h e  f a s t  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMHD mode propagat ing a t  a small angle wi th  respec t  

t o  the  magnetic f i e l d  (assuming 8 <l). Damping of t he  f a s t  MHD mode a t  t h i s  

angle inc reases  the  proton temperature p a r a l l e l  t o  the  magnetic f i e l d  by 

resonant  Landau damping between the thermal protons and the  wave Barnes, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
19661. Since the  observed A l f v h  waves propagate predominantly outward, 

we would expect damping of t h e  waves t o  hea t  thermal protons moving outward 

along the  f i e l d  l i n e s ,  s ince  it i s  these protons which resonate  s t rong ly  

wi th  the  waves. 

w i l l  con t r i bu te  t o  the  high energy t a i l  of  the  proton thermal d i s t r i b u t i o n  

I 

Thus, damping of the  outwardly propagat ing Alfv&n waves 

, 19671 . I n  t h e  rest  frame of t h e  wind, t he  A l fv in  waves t rans -  

p o r t  energy outward a t  t he  r a t e  

and VA i s  t h e  Alfv&n ve loc i t y .  

commonly observed a t  1 a.u. means t h a t  10 percent  of t h e  energy i n  t h e  

Alfvgn waves a t  1 a.u.  has a l ready  been t r a n s f e r r e d  by damping t o  the 

VA(6B)L/8fl, where 6B is  t he  wave ampli tude 

I f  w e  assume t h a t  t he  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5:4:1 e xe anisot ropy zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAJ ,R 

protons,  w e  would expect t o  see an  energy t ranspor t  r a t e  due t o  t h e  high 

energy t a i l  o f  t h e  proton d i s t r i b u t i o n  of about ergs/cm2 sec. f o r  an 

Alfv6n v e l o c i t y  of 50 km/sec and a wave ampli tude of 2y. 

r a t e  f o r  the proton d i s t r i b u t i o n  found by Kundhausen 

This  i s  j u s t  t h e  
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Figure 15. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
field d i rec t i on ,  and X zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  along 2 x % .  
TM plane. 

The f i e l d - v e l o c i t y  coord inate system, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 is along t he  average 
The X-axis thus always lies i n  the  



.. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure 16. High frequency magnetic f i e l d  f l uc tua t i ons  dur ing a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA6 
hour per iod of day 192 showing c l e a r l y  the  l a rge  amount of power i n  t h e  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
N d i r e c t i o n ,  The data shown i s  bas ic  magnetometer data,  wi th  one read- 
ing  i n  approximately zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 seconds. 



Figure 17. Top half, two high velocity streams and adjacent low velocity streams 
shown at one instant for the steady state case. Dotted lines represent ideal spiral 
kgnetic field lines and are also the flow lines for the steady state flow in the 
corotating frame, Bottom half, curves showing as functions of time the changes in 
solar wind parameters which will be observed by a spacecraft as the streaming pattern, 
sweeps past. 
the solar wind velocity. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUT, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAVT:, VwJ M, and B are as defined above,and Vv is the T component of 


