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ABSTRACT 

Micro-Scale S t r u c t u r e s  i n  t h e  I n t e r p l a n e t a r y  Medium 

Th i s  r e p o r t  desc r ibes  and analyses  t h e  fol lowing micro-sca le  

(( .01  AU) s t r u c t u r e s  which were found i n  combined i n t e r p l a n e t a r y  magnetic 

f i e l d  and plasma d a t a  obtained by the  deep space probe, P ioneer  6 :  

1) Seve ra l  types  of simultaneous d i s c o n t i n u i t i e s  i n  t h e  magnetic f i e l d  

and plasma parameters ;  2) a t  least one clear example of a t r a n s i t i o n a l  

reg ion  (D-sheet) a s soc ia t ed  wi th  a plasma d i s c o n t i n u i t y ;  3) o t h e r  D-sheets 

which g i v e  evidence of magnetic f i e l d  a n n i h i l a t i o n ;  4) inhomogeneous 

i so thermal  r eg ions  i n  which the  square of t h e  magnetic f i e l d  i n t e n s i t y  

i s  p ropor t iona l  t o  t h e  dens i ty ;  5 )  per iod ic  v a r i a t i o n s  i n  t h e  magnetic 

f i e l d  i n t e n s i t y  which a r e  a s soc ia t ed  wi th  d i s c o n t i n u i t i e s  i n  t h e  bulk  

speed. I t  i s  suggested t h a t  s m a l l  v e l o c i t y  d i s c o n t i n u i t i e s  p l ay  a 

iuidamental  r o l e  i n  reducing s t r e s s e s  i n  t h e  i n t e r p l a n e t a r y  medium, and 

t h a t  l a r g e  v e l o c i t y  d i s c o n t i n u i t i e s  may g ive  r ise t o  waves and turbulence .  



Micro-Scale S t r u c t u r e s  i n  t h e  I n t e r p l a n e t a r y  Medium 

A. In t roduc t ion  

Recent ly  experimental  r e s u l t s  were publ ished which suggest  t h a t  

s e v e r a l  types  of s t r u c t u r e s  pred ic ted  by hydromagnetic theory (see Landau 

and L i f s h i t z ,  1960) are p resen t  i n  the  i n t e r p l a n e t a r y  medium. I n d i r e c t  

,evidence f o r  t h e  ex i s t ence  of tangentia1,discontinuities i n  t h e  i n t e r p l a n e t a r y  

medium, based on magnetic f i e l d  d a t a  a lone ,  w a s  presented by Ness e t  a l .  

(1966) ,  Burlaga and-Ness (1966) and by S i scoe  e t  a l .  (1966) .  I n d i r e c t  

evidence f o r  the ex i s t ence  of t angen t i a l  d i s c o n t i n u i t i e s ,  based only 

on  p lasma d a t a  w a s  g iven  by Gosling e t  a l .  (1967) .  Mihalov e t  a l .  (1967) 

have shown t h a t  temperature peaks are sometimes a s soc ia t ed  wi th  magnetic 

f i e l d  d i s c o n t i n u i t i e s  and have suggested t h a t  such hea t ing  may be produced 

by magnetic f i e l d  a n n i h i l a t i o n .  

Th i s  r e p o r t  p re sen t s  simultaneous,  h i g h  r e s o l u t i o n  p la sma  and magnetic 

f i e l d  data,  obtained by instruments  on t h e  deep space probe Pioneer  6 ,  which 

demonstrate  t h e  ex i s t ence  of s eve ra l  d i s t i n c t  types of micro-scale  (< - .01 
AU) s t r u c t u r e s  i n  the  in t e rp l ane ta ry  medium. These s t r u c t u r e s  w i l l  be 

d iscussed  from t h e  po in t  of view of hydromagnetic theory  and w i l l  be 

shown t o  s a t i s f y  c e r t a i n  necessary condi t ions  f o r  hydromagnetic s t r u c t u r e s .  
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B. Orb i t  and Instruments  

The Pioneer 6 spacec ra f t  was launched toward the  sun i n t o  h e l i o c e n t r i c  

o r b i t  on December 16, 1965. I t  pene t r a t ed  t o  z .81  AU i n  mid-May 1966, 

when it w a s  25O ahead of the  e a r t h  r e l a t i v e  t o  t h e  sun, and l a t e r  i t  moved 

away from the sun and s t i l l  f a r t h e r  ahead of t he  e a r t h .  The i n t e r p l a n e t a r y  

medium w a s  monitored e s s e n t i a l l y  cont inuously from the  d a t e  of launch 

through Apr i l  1966. The rea f t e r ,  d a t a  were t r ansmi t t ed  only i n t e r m i t t e n t l y .  

The magnetometer which provided the  magnetic f i e l d  d a t a  t h a t  w i l l  

be discussed below has been descr ibed  by Ness, Scearce and Cantarano (1966).  

B r i e f l y ,  i t  i s  a u n i a x i a l  f l uxga te  magnetometer, mounted a t  an angle  of 

5 4 O  45' t o  t he  spacec ra f t  s p i n  a x i s  which i s  nea r ly  perpendicular  t o  t h e  

e c l i p t i c  plane.  The instrument ze ro - l eve l  w a s  c a l i b r a t e d  i n  f l i g h t  by 

p h y s i c a l l y  revers ing  the d i r e c t i o n  of  t he  sensor  by 180: Each or thogonal  

component of t he  magnetic f i e l d  vec to r  i s  known t o  f. .24 gamma. A 

complete vec ta r  measurement, c o n s i s t i n g  of  t h r e e  a x i a l  measurements per  

s p a c e c r a f t  r o t a t i o n ,  i s  t r ansmi t t ed  on average every 1 .5  sec .  a t  t h e  h ighes t  

b i t  ra te .  
-+ 

The d a t a  were reduced t o  g ive  [ B I  5 B ,  0 and @ as a func t ion  

of  t i m e ,  where these  q u a n t i t i e s  were computed from th i r ty-second averages 

of t he  measured components. Here 9 and @ g ive  t h e  d i r e c t i o n  of B i n  s o l a r  
4 

e c l i p t i c  coordinates  , i .e.  , 6 i s  t h e  l a t i t u d e  angle  measured wi th  r e s p e c t  

t o  t h e  e c l i p t i c  plane (+ above t h e  p l ane ) ,  and @ i s  t h e  azimuth angle  

r e l a t i v e  t o  t h e  spacec ra f t  sun l i n e  ( @  = 0 when B i s  along the  l i n e  and 
+ 

+ 
toward the  sun ,  and inc reases  as B moves toward the  e a s t e r n  hemisphere of 

t he  sun) ,  
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The plasma f l u i d  parameters  which are presented  below were obtained 

by means of a probe t h a t  has been descr ibed by Lazarus,  Bridge and Davis 

(1966). 

which g ives  f l u x e s  i n  fou r t een  contiguous energy i n t e r v a l s .  An ion  

f l u x  spectrum w a s  measured every th i r ty- two seconds,  and t r ansmi t t ed  

a t  t h e  ra te  of approximately one every seventy-one seconds,  a t  t he  

h ighes t  b i t  ra te .  The f l u i d  parameters f o r  t h e  pro tons  were obtained 

by f i t t i n g  t h e  measured s p e c t r a  t o  a convected i s o t r o p i c ,  Maxwell-Boltzman 

d i s t r i b u t i o n .  This  reduct ion,which was c a r r i e d  out  by t h e  experimenters  

w i t h  t h e  support  of D r .  V, Formisano, w i l l  be descr ibed  i n  a f u t u r e  

p u b l i c a t i o n  of t h e  MIT group. U n t i l  t h e s e  d e t a i l s  are ava i l ab le ,  t h e  d a t a  

are t o  be regarded as pre l iminary .  For t h i s  r eason  t h e  emphasis i n  t h i s  

paper i s  o n  s i g n i f i c a n t  q u a l i t a t i v e  results. Values f o r  the d e n s i t i e s  

w i l l  be presented  as i n t e g e r s ,  and are considered t o  be  accu ra t e  t o  t h i s  

approximation. Bulk speeds and thermal speeds w i l l  be quoted wi th  

pre l iminary  estimates of t h e i r  e r ro r s .  

The d e t e c t o r  i s  a Faraday cup w i t h  an energy-determining g r i d  
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C. Equi l ibr iumRegions  

Theory. 

By d e f i n i t i o n ,  t h e  mic ros t ruc tu re  of t h e  i n t e r p l a n e t a r y  medium i s  

seen  by viewing a t h r e e  dimensional reg ion  of the  medium on a s c a l e  of 

o rde r  .01 AU. The f l u i d  state of such a reg ion  i s  s p e c i f i e d  a t  any 

i n s t a n t  by g iv ing  t h e  magnetic f i e l d  and the  f i r s t  t h r e e  moments of the  

d i s t r i b u t i o n  func t ions  f o r  t he  protons,  e l e c t r o n s  and heav ie r  p a r t i c l e s  

a t  p o i n t s  throughout t h e  reg ion .  I f  t he  curva ture  of t h e  l i n e s  of f o r c e  

is s m a l l  i n  a reg ion ,so  t h a t  ( B s v )  B can be  neglec ted ,  t hen  t h e  motion 

perpendicular  t o  t h e  l i n e s  of f o r c e  is governed by t h e  equat ion  

+ +  4 

dvl. = - Vl(P,  + - B2 1 
8rr 

P- 
d t  

+ 

where v i s  t h e  v e l o c i t y ,  p i s  the  k i n e t i c  p re s su re ,  and B i s  the  magnetic 

f i e l d  i n t e n s i t y  (see Parker ,  1963, page 1 5 7 ) .  

I f  t h e  d i s t r i b u t i o n  func t ions  of t h e  p a r t i c l e s  i n  a r eg ion  a r e  

bi-maxwellian,  then  the  region i s  i n  equ i l ib r ium i n  t h e  sense  t h a t  t h e r e  

is no a c c e l e r a t i o n  perpendicular  t o  B i f  and only i f  
-P 

+ n kT, + nekT; +nolkTI = p = cons tan t  B2 - 
837 P cy 

where T,, TI and T,, are t h e  perpendicular  temperatures  of t h e  p ro tons ,  

e l e c t r o n s  and cy p a r t i c l e s ,  r e spec t ive ly ,  and “p, ne, and nor are t h e  

corresponding d e n s i t i e s .  I f  CY p a r t i c l e s  are neglected as a ze ro th  

approximation and i f  charge n e u t r a l i t y  i s  assumed so t h a t  ne=n En, then 
P 
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B2 - 
817 

+ nk (TI + T i )  = p = cons tan t .  

For  an i so the rma l ,  equ i l ib r ium reg ion ,  t h i s  may be w r i t t e n  i n  

t h e  form 

B' = a - Sn (2) 

where a = 8rrp and S = 8nk (T,+TI'). The l a s t  equat ion  g ives  

Hundhausen e t  a1 (1966) have found t h a t  t h e  i n t e r p l a n e t a r y  medium i s  

a n i s o t r o p i c  wi th  t h e  temperature g r e a t e s t  i n  t h e  d i r e c t i o n  of B and 

smallest perpendicular  t o  B ;  on t h e  average they  found Tmax/T 

The d a t a  which w i l l  be used below does not g ive  TI, bu t  r a t h e r  t h e  

tzmperature T i n  t h e  d i r e c t i o n  of t h e  ea r th - sun  l i n e .  I n  view of t h e  

r e s u l t  of Hundhausen e t  a l . ,  T > TI. 

reg ion  

4 

-+ 
~ 1 . 4 .  

av 

Thus, for an i so thermal  equ i l ib r ium 

where S i s  determined by ( 2 ) .  I f  cy p a r t i c l e s  are not  neg lec t ed ,  and 

i f  i t  i s  assumed t h a t  na = .04 n 

then  ( 3 )  i s  replaced by 

and TIa x 4TLP (Hundhausen e t  a l .  , 1966), 
P 
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This  obviously does not d i f f e r  appreciably from ( 3 )  i f  T;/T,> > 1. 

Observat ions.  

S ince  t h e  i n t e r p l a n e t a r y  medium is convected nea r ly  r a d i a l l y  outward 

from t h e  sun a t  a speed of approximately 400 km/sec, which i s  much g r e a t e r  

than  t h e  s p a c e c r a f t  speed, a one-hour sample of t h e  measured magnetic 

f i e l d  d e s c r i b e s  a one dimensional "segment" of a reg ion  whose e x t e n t  i s  

of o rde r  .01 AU. Data f o r  "thermal" e l e c t r o n s  and heavy par t ic les  a r e  

not  a v a i l a b l e  so a segment can only  be incompletely descr ibed  a t  p re sen t .  

I n  t h i s  paper a segment w i l l  be  spec i f i ed  as i n  F igure  1 by p l o t t i n g  

B (magnetic f i e l d ) ,  n (pro ton  d e n s i t y ) ,  vT (p ro ton  thermal speed) ,  and 

u ( b u l k  speed) ve r sus  un ive r sa l  t ime f o r  an i n t e r v a l  on t h e  order  of 

one hour.  

-4 

Figure  1 shows a segment of t h e  i n t e r p l a n e t a r y  medium t h a t  passed 

the  s p a c e c r a f t  between 0630 and 0730 on December 22 ,  1965. 

i s  obviously inhomogeneous: B decreases  from 8y t o  2y while  n increases  

from 12  cm-3 t o  29 ~ m - ~ .  F igure  2 shows t h a t  B and n are a n t i c o r r e l a t e d  

such t h a t  (2)  is  s a t i s f i e d .  The segment i s  a l s o  isothermal  i n  the  sense 

t h a t  vT e cons tan t .  

which s a t i s f i e s  two necessary condi t ions f o r  a segment of an equ i l ib r ium 

reg ion .  I f  it is assumed t h a t  the  e l e c t r o n  temperature  i s  a l s o  cons t an t ,  

then  T i  can be ca l cu la t ed  from (3)  using S from Figure  2 and T = I I W T ~ / ~ ~  

from F igure  1. 

i t  i s  found t h a t  TL/TLz 6.4 and T& lo5 OK. 

r eg ions  t h e  e l e c t r o n s  may be considerably h o t t e r  than the  protons.  

i s  c o n s i s t e n t  w i t h  t h e  theory of S tur rock  and Hartle (1966). 

The segment 

(vT M 20 & 2 km/sec). Thus, Figure 1 shows a segment 

With S = (4.2 2 .3) x 10- lO(e rg  "/m3) and T = 1.6  x lo" OK 

Thus it  appears t h a t  i n  some 

This  
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Figure  3 shows a segment which is  t h e  complement of t h e  one j u s t  

descr ibed .  

December 2 2 ,  1965. 

inhomogeneous, where now B tends t o  inc rease  whi le  n dec reases ;  and aga in  

B2 i s  propor t iona l  t o  n ( s e e  F igure  4 ) ,  The s lope  of t he  l i n e  i n  F igu re  4 

i s  S = (4.2 5 .3) x 1 0 - l O ( e r z  / c d )  from which i t  i s  found t h a t  T’z Id O K ,  

T;/TI 2 6 . 5 ,  as  before .  

This  segment passed the  s p a c e c r a f t  between 0350 and 0500 on 

It is isothermal  wi th  v T %  21 2 3 km/sec; it is  

It w a s  j u s t  shown that a t  t i m e s  the  e l e c t r o n s  may be cons iderably  

h o t t e r  than  t h e  pro tons  i n  t h e  i n t e r p l a n e t a r y  medium. 

the  k i n e t i c  p re s su re  is p r imar i ly  due t o  the  e l e c t r o n s ,  s i n c e  p,= n kT,+ 

nekT; and ne = n . Moreover, if n kT, = 0 (B” /8rr), as is  g e n e r a l l y  

observed,  i t  is  ev ident  t h a t  a t  t i m e s  t h e  e l e c t r o n s  may produce the  

dominant term on t h e  RHS of (1). Thus e l e c t r o n s  may sometimes p l a y  a 

dominant r o l e  i n  t h e  dynamics of t h e  i n t e r p l a n e t a r y  medium. 

When T,’ > > T,, 

P 

P P 
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D.  D i scon t inu i t i e s  

Theory. 

The theory of d i s c o n t i n u i t i e s  i n  an i d e a l  magnetic f l u i d  has been 

summarized by Landau and L i f s h i t z  (1960) , Colburn and Sonet t  (1966) , 

and o t h e r s .  Among the  pred ic ted  types of d i s c o n t i n u i t i e s  are 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  which have th ree  c h a r a c t e r i s t i c s :  1) t h e r e  is no f l u x  

of m a t t e r  through t h e  su r face  of the d i s c o n t i n u i t y ,  2) t h e r e  i s  no 

component of B normal t o  the  su r face  of t h e  d i s c o n t i n u i t y ,  and 3) t h e  

t o t a l  p re s su re  i s  continuous ac ross  t h e  d i s c o n t i n u i t y .  

-+ 

It  is  convenient t o  p i c t u r e  a t a n g e n t i a l  d i s c o n t i n u i t y  i n  terms of 

two adjacent  e lementa l ,  r ec t angu la r ,  f l u x  tubes which l i e  para l le l  t o  

t h e  su r face  of t h e  d i s c o n t i n u i t y .  This i s  i l l u s t r a t e d  i n  F igure  5 f o r  

a s p e c i a l  case  when the  f l u x  tubes a re  mutually perpendicular .  The 

d e n s i t y  temperature and magnetic f i e l d  i n t e n s i t y  may d i f f e r  i n  each 

of t h e  elemental  f l u x  tubes sub jec t  t o  the  c o n s t r a i n t  

2 2 
- B1 + nIk(T1+T;) = 3 + nlk(T2+T;) , 
8n 817 (5) 

where t h e  s u b s c r i p t s  1 and 2 r e f e r  r e s p e c t i v e l y  t o  t h e  f l u x  tubes t h a t  

a r r i v e  be fo re  and a f t e r  t h e  sur face  of t h e  d i s c o n t i n u i t y ,  as shown i n  

F igu re  5. The r ibbon of vec to r s  i n  F igu re  5 i l l u s t r a t e s  t he  f a c t  t h a t  

sometimes t h e  f i e l d  changes d i r e c t i o n s  between the  ad jacent  f l u x  tubes 

by means of a r o t a t i o n  f an .  

by S i scoe  e t  a l .  (1966) i n  the  ana lys i s  of Mariner 4 magnetometer d a t a .  

Ro ta t ion  fans  were found i n  a f e w  of t h e  d i s c o n t i n u i t i e s  which w i l l  

be  considered below, but  they  w i l l  not be d iscussed  f u r t h e r  because they  

Such r o t a t i o n  f ans  have been discussed 
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occur on a s c a l e  on the  order  of one minute,which i s  below the  

r e s o l u t i o n  of the  plasma d a t a .  

Severa l  c l a s s e s  of 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  can be d i s t ingu i shed  

on the  b a s i s  of (5) .  L e t  the  symbol ( s i g n  A B ,  s i g n  An, s i g n  AT) 

desc r ibe  t h e  q u a l i t a t i v e  changes i n  the  magnetic f i e l d  i n t e n s i t y ,  d e n s i t y ,  

and pro ton  temperature,  r e s p e c t i v e l y ,  ac ross  a d i s c o n t i n u i t y .  Thus, 

t h e  symbol (t-- ) denotes  a d i s c o n t i n u i t y  ac ross  which B i nc reases  

(B2 >B1) while n and T decrease  (n  

denotes  a t angen t i a l  d i s c o n t i n u i t y  sepa ra t ing  two i d e n t i c a l ,  non-pa ra l l e l  

f l u x  tubes  (B1= B 2  , nl = n 2  , T 1  = 

From cons idera t ion  of  the  changes i n  B ,  n and T which are c o n s i s t e n t  

w i t h  ( 5 ) ,  one f i n d s  t h a t  t h r e e  classes of 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  

can be d i s t ingu i shed :  1) Class TO, conta in ing  only  (0  0 0 ) ;  2) c l a s s  

T 2 ,  containing (+ - 0) and a l l  t he  permutat ions and r e f l e c t i o n s  of 

t h i s  se t  ( see  T a b l e  1) ; 3) c l a s s  T3, conta in ing  (+ - +) and a l l  of t h e  

permutat ions and r e f l e c t i o n s  o f  t h i s  set ,  shown i n  Table 1. Addi t iona l  

classes are poss ib l e  if one inc ludes  parameters  f o r  bulk v e l o c i t y  

e l e c t r o n s ,  and o t h e r  p a r t i c l e s .  

< n 
2 1’ T2 < T1) ; t he  symbol ( O , O , O )  

-.. --$ 

T 2 ,  bu t  Bl  /Bl#B2/B2);  and so  on. 

To i d e n t i f y  a t a n g e n t i a l  d i s c o n t i n u i t y  unequ ivoca l ly , i t  must be  

shown t h a t  (5) is  s a t i s f i e d  f o r  t h e  ad jacen t  f l u x  tubes.  

p o s s i b l e  at t h e  present  t i m e  because unambigious measurements of t h e  

e l e c t r o n  temperature are not  a v a i l a b l e .  However, t h e  e x i s t e n c e  of  

d i s c o n t i n u i t i e s  wi th  s i g n a t u r e s  which are g iven  i n  Table  1 w i l l  be 

demonstrated below. 

cond i t ion  for the ex i s t ence  of a t a n g e n t i a l  d i s c o n t i n u i t y .  On the  o t h e r  hand, 

if w e  assume t h a t  the  hydromagnetic theory of d i s c o n t i n u i t i e s  i s  app l i cab le ,  

This  is  not  

Such a s i g n a t u r e  i s  a necessary  bu t  not  a s u f f i c i e n t  
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then a l l  of the  s igna tu res  i n  Table 1 except ( 0  0 0) , ( - +  +) and (+ - -) 

uniquely d e s c r i b e  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 ,  i . e . ,  a d i s c o n t i n u i t y  

wi th  such a s i g n a t u r e  can only be a t angen t i a l  d i s c o n t i n u i t y .  The 

s i g n a t u r e  (0  0 0 )  may desc r ibe  a t angen t i a l  d i s c o n t i n u i t y  o r  a 

r o t a t i o n a l  d i s c o n t i n u i t y .  The s igna tu res ( -+  +) a n d ( + - - )  could desc r ibe  

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  a slow forward shock and a slow r eve r se  

shock, r e s p e c t i v e l y .  

According t o  the  d e f i n i t i o n  of  a t a n g e n t i a l  d i s c o n t i n u i t y ,  the  

f l u x  tubes  i n  F igu re  5 may move r e l a t i v e  t o  one another  a long t h e  su r face  

of t h e  d i s c o n t i n u i t y .  Thus le t  u s  use t h e  t e r m  " g l i d e  plane" t o  r e f e r  t o  

an  element of a su r face  of a t angen t i a l  d i s c o n t i n u i t y .  R e l a t i v e  motion of 

e lemental  f l u x  tubes along a g l i d e  plane should be observed as a d i s c o n t i n u i t y  

i n  t h e  bulk  speed. To see t h i s ,  r e f e r  t o  F igure  6 which shows a g l i d e  

p lane  moving away from the  sun w i t h  speed u , s ay .  Let  t he  v e l o c i t i e s  

of t h e  f l u x  tubes r e l a t i v e  t o  the  g l ide  plane be v and v2 . The 

r a d i a l  component of t he  p l a s m a  v e l o c i t y  on s i d e  1 i s  u + v1 cos cy1 

cos  @ + v1 s i n  IY cos s s i n  and t h a t  on s i d e  2 i s  u - v cos cy2 

cos  @-I- v2 s i n  a2cos 8 s i n  @ .  

v e l o c i t y  i s  nea r ly  equal  t o  the bulk speed i f  Iv2 - vll /ul  

t h i s  c a s e ,  neglec t ing  abbera t ion ,  the d i f f e r e n c e  i n  t h e  bulk speed Au 

1 

+ -+ 

1 
1 

1 - 
1 2 - - - 

The r a d i a l  component of t he  p l a s m a  
4 -+ 

<I. I n  

ac ross  a g l i d e  p lane  i s  approximately 

- - - - 
A U  = v i  (cos  a1 cos @ - s i n  a1 s i n  @ cos 8) +v2 ( c o s  cy2 cos @ - s i n  cy2 

This  reduces t o  A U  = 0 i f  t he  plane of  t h e  d i s c o n t i n u i t y  i s  perpendicular  

t o  t h e  r a d i a l  d i r e c t i o n ,  i . e . ,  8 = @ = n f 2 .  I f  v = 0 ,  cy2 = n f 2 ,  
1 
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I 

- 
($ = n/2 ,  then [nul = v2  cos I n  t h i s  case the  component v2 s i n  3 
c a r r i e s  a plasma element above t h e  e c l i p t i c  p lane  a d  thus  away from 

t h e  g l i d e  p lane  whi le  the component v2 cos 8 c a r r i e s  i t  toward the  

d i s c o n t i n u i t y  a t  such a ra te  t h a t  i t s  d i s t a n c e  from t h e  d i s c o n t i n u i t y  

remains unchanged. It is ev ident  from Figure  6 t h a t  t h e  l a r g e s t  lAul 

occurs  when cy1 = a  2 

A U  i s  j u s t  t he  r a d i a l  component of t he  p r o j e c t i o n  of t h e  v e c t o r  v2-v1 

on t h e  e c l i p t i c  p l ane ,  i t  fo l lows  t h a t  

- 

- -  
= @ = 8 = 0 ,  i n  which case  I A u ~  = v1 + v2.  S ince  

+ +  

Observat ions of T2 D i s c o n t i n u i t i e s .  

Table 1 shows t h a t  t h e r e  are s i x  p o s s i b l e  types  of T2 d i s c o n t i n u i t i e s  - 

t h r e e  complementary p a i r s .  Hydromagnetic theory  p r e d i c t s  t h a t  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  and only 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  can  have such s i g n a t u r e s .  

The fol lowing r e s u l t s  demonstrate t h e  e x i s t e n c e  of f i v e  types  of T2 d i s -  

c o n t i n u i t i e s  i n  t h e  i n t e r p l a n e t a r y  medium. 

Each of the  segments i n  F igure  1 and F igure  3 con ta ins  a remarkable 

cascade" of T2 d i s c o n t i n u i t i e s .  Moreover, t h e s e  are complementary cascades I 1  

i n  the  sense t h a t  one c o n s i s t s  of t h r e e  ( -  + 0) d i s c o n t i n u i t i e s  whi le  t he  

o t h e r  c o n s i s t s  o f  t h r e e  (+ - 0) d i s c o n t i n u i t i e s .  The i n t e r p r e t a t i o n  t h a t  

t h e s e  a r e  t angen t i a l  d i s c o n t i n u i t i e s  i s  supported by t h e  r e s u l t s  i n  t h e  

previous sec t ion  which suggest  t h a t  t hese  d i s c o n t i n u i t i e s  are embedded i n  

i so thermal ,  equi l ibr ium regions .  Note t h a t  t h e  magnetic f i e l d  d i rec . t ion  

does not  change apprec iab ly  ac ross  the  d i s c o n t i n u i t i e s ,  i n d i c a t i n g  t h a t  t h e  

adjacent  f l u x  tubes a r e  nea r ly  a l igned  even though t h e i r  con ten t s  d i f f e r  
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g r e a t l y .  

d i s c o n t i n u i t i e s ,  but  it does inc rease  toge the r  w i t h  t h e  inc rease  i n  dens i ty  

i n  two o f  t h e  t h r e e  ( -  + 0 )  d i s c o n t i n u i t i e s .  

due t o  re la t ive motions of t he  adjacent  e lemental  f l u x  tubes;  i t  does not  

imply a f l u x  of  matter normal t o  the  plane of t h e  d i s c o n t i n u i t y .  

The bulk  speed u does not change apprec iab ly  across  t h e  (+ - 0) 

The l a t t e r  e f f e c t  may be 

F igure  7 shows a second se t  of T2 d i s c o n t i n u i t i e s ,  embedded i n  a 

segment of  t h e  i n t e r p l a n e t a r y  medium which passed t h e  s p a c e c r a f t  between 

0750 and 0850 on December 20, 1965. 

d i s c o n t i n u i t y  and i t s  complement, a (+ 0 -) d i s c o n t i n u i t y .  Note t h a t  

t he  d i s c o n t i n u i t i e s  combine i n  seve ra l  ways wi th  a t h i r d  d i s c o n t i n u i t y  a t  

0829 which cannot be c l a s s i f i e d  because of t h e  l imi t ed  r e s o l u t i o n  of t h e  

plasma d a t a .  

of h igh  B and low T from a region w i t h  low B and high T o  The ( -  0 +) 

and (+ 0 -) d i s c o n t i n u i t i e s  def ine  a "f i lament"  c o n s i s t i n g  of a r a t h e r  

complicated " f l u x  tube" which is somewhat h o t t e r  and has a predominantly 

lower B than  t h e  surrounding f l u x  tube. The (+ 0 -) d i s c o n t i n u i t y  and t h e  

u n i d e n t i f i e d  d i s c o n t i n u i t y  a t  0829 form t h e  boundaries  of a f i lament  t h a t  i s  

marked by i t s  bulk  speed,which is  higher than  i n  t h e  surrounding reg ions ,  

and by i t s  magnetic f i e l d  d i r e c t i o n  @,which is  180° o u t  of phase w i t h  

the  d i r e c t i o n  of t h e  f i e l d  i n  t h e  sourrounding r eg ions .  

This s e t  c o n s i s t s  of a ( -  0 +) 

For example, the  ( -  0 +) d i s c o n t i n u i t y  separates a r eg ion  

.. 

A t h i r d  type of T2 d i s c o n t i n u i t y ,  a (0  + -) d i s c o n t i n u i t y ,  i s  shown 

on the  r i g h t  h a l f  of F igure  8. This  passed t h e  spacec ra f t  a t  x 0321 on 

January  28, 1966. It separates t w o  r a t h e r  uniform reg ions  wi th  d i f f e r e n t  

n ,  u ,  vT,  8 and @, bu t  w i th  the  same  B .  I t  can be v i s u a l i z e d  as two non- 

a l igned  f l u x  tubes  w i t h  the  s a m e  B y  b u t  d i f f e r e n t  n and T ,  which move r e l a t i v e  

t o  one another  a long t h e  plane of d i scon t inu i ty .  No c l e a r  example of 
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t he  complementary d i s c o n t i n u i t y  ( 0  - +) w a s  found, bu t  of course t h i s  

does not  mean t h a t  it does not  e x i s t .  

T3 D i s c o n t i n u i t i e s .  

Table 1 shows t h a t  s i x  types o f  T3 d i s c o n t i n u i t i e s  are poss ib l e -aga in ,  

t h r e e  complementary p a i r s .  The ( -  - +) , ( -  + +) and t h e  (+ - -) were not  

observed i n  the sample  of 2000 hours of d a t a  which w a s  examined. The 

ex i s t ence  of the remaining t h r e e  types  of T3 d i s c o n t i n u i t i e s  i s  demonstrated 

below. 

F igure  9 shows an  outs tanding  T3 d i s c o n t i n u i t y  which w a s  d e t e c t e d  

a t =  0139 on March 28, 1966. The d i s c o n t i n u i t y  has t h e  s i g n a t u r e  (+ + -) 

which i d e n t i f i e s  i t  as a t a n g e n t i a l  d i s c o n t i n u i t y  i f  we aga in  assume t h a t  

hydromagnetic theory app l i e s .  The con ten t s  i n  each of t h e  ad jacen t  f l u x  

tubes are markedly d i f f e r e n t  i n  t h i s  case, b u t  t h e  tubes  are nea r ly  a l igned .  

A complementary p a i r  of T3 d i s c o n t i n u i t i e s  w i th  t h e  s i g n a t u r e s  

( -  + -) and (+ - +) i s  shown i n  F igure  10. These were observed a t  1522 

and 1536, r e spec t ive ly ,  on January 20, 1966. The abso lu te  numerical va lues  

of t h e  p l a sma  da t a  i n  F igure  10 are s u b j e c t  t o  r a t h e r  l a r g e  u n c e r t a i n t i e s ,  

not  i nd ica t ed  by t he  e r r o r  b a r s ,  because t h e  peak of t he  d i s t r i b u t i o n  

func t ion  happened t o  f a l l  nea r ly  between two channels  i n  t h e  plasma probe. 

But t he  q u a l i t a t i v e  changes a r e  real .  Note t h a t  t h e s e  d i s c o n t i n u i t i e s  

form t h e  boundaries o f  a f i lament  which con ta ins  a cool ,  dense plasma andwhich 

i s  embedded i n  a h o t ,  low-density plasma. The d e n s i t y  on e i t h e r  s i d e  of 

t h e  f i lament  i s  roughly t h e  s a m e ;  t h e  magnetic f i e l d  i n t e n s i t y  behind the  

f i lament  i s  higher  than ahead, and t h e  temperature  shows t h e  oppos i t e  

behavior .  
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TO D i s c o n t i n u i t i e s .  

Only one type of  TO d i scon t inu i ty  i s  p o s s i b l e  v i z ,  (000).  From 

t h e  p o i n t  of view of hydromagnetics, such a s i g n a t u r e  could desc r ibe  

e i t h e r  a r o t a t i o n a l  d i s c o n t i n u i t y  or a t a n g e n t i a l  d i s c o n t i n u i t y .  I f  i t  i s  

a t a n g e n t i a l  d i s c o n t i n u i t y , i t  cons i s t s  of two elemental  f l u x  tubes which are 

i d e n t i c a l  bu t  no t  p a r a l l e l .  A TO d i s c o n t i n u i t y  i s  shown on t h e  l e f t  i n  

F igure  8. 

I n  an earlier paper Burlaga and Ness (1966), who were working wi th  

magnetic f i e l d  d a t a  a lone,  i d e n t i f i e d  a class of  d i s c o n t i n u i t i e s  which 

they  c a l l e d  d i r e c t i o n a l  d i s c o n t i n u i t i e s .  Loosely speaking,  t h i s  means 

a d i s c o n t i n u i t y  i n  t h e  magnetic f i e l d  d i r e c t i o n  without  regard t o  the  

magnitude of t h e  magnetic f i e l d .  Two d i r e c t i o n a l  d i s c o n t i n u i t i e s  a r e  

shown i n  F igure  8. F igure  11, which is based on t h e  d a t a  used by Burlaga 

and Ness, shows the  d i s t r i b u t i o n  o f  the number of  d i r e c t i o n a l  d i s c o n t i n u i t i e s  

as a func t ion  of  t he  f r a c t i o n a l  change i n  B ac ross  a d i s c o n t i n u i t y .  

C l e a r l y ,  B i s  nea r ly  continuous across  most d i r e c t i o n a l  d i s c o n t i n u i t i e s .  

An examination of t h e  plasma d a t a  which were a v a i l a b l e  f o r  nea r ly  ha l f  of 

t hese  d i r e c t i o n a l  d i s c o n t i n u i t i e s  showed no apprec iab le  change i n  n ,  u, o r  

vT i n  most cases. 

the  s i g n a t u r e  (0 0 0 ) .  This  leads  t o  t h e  important hypothesis  t h a t  

d i s c o n t i n u i t i e s  i n  the  magnetic f i e l d  d i r e c t i o n  are usua l ly  not a s soc ia t ed  

wi th  d i s c o n t i n u i t i e s  i n  the  o t h e r  f l u i d  parameters ,  i . e .  , most i n t e r p l a n e t a r y  

d i s c o n t i n u i t i e s  are TO d i s c o n t i n u i t i e s .  

Thus, most of these d i r e c t i o n a l  d i s c o n t i n u i t i e s  have 

Remarks 

1. The r e s u l t s  which were j u s t  presented were s e l e c t e d  t o  g ive  t h e  

c l e a r e s t  p o s s i b l e  examples which demonstrate t h e  ex i s t ence  of  s e v e r a l  

types of d i s c o n t i n u i t i e s .  No at tempt  was made i n  t h i s  s tudy  t o  determine 



- 15 - 

t h e  d i s t r i b u t i o n  of t hese  d i s c o n t i n u i t i e s .  However, i t  seems worth 

no t ing  t h a t  un l ike  D-sheets and waves which w i l l  be d iscussed  below, 

d i s c o n t i n u i t i e s  are f r equen t ly  observed and are c l e a r l y  fundamental t o  

t h e  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. 

p l ay  an important r o l e  i n  the  s c a t t e r i n g  of cosmic r a y s :  

Such d i s c o n t i n u i t i e s  probably 

2. Figures  i n  s e c t i o n  D suggest  t h e  fol lowing hypotheses which are 

r e l e v a n t  t o  t h e  s tudy  of t he  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: 

a) F l u c t u a t i o n s  of the magnetic f i e l d  are g r e a t e s t  i n  reg ions  

where t h e  magnetic f i e l d  i n t e n s i t y  i s  smallest; conversely,  

t he  unperturbed medium tends t o  be most uniform i n  reg ions  

where t h e  magnetic t ens ion  i s  l a r g e .  This  hypothesis  is  

suggested by Figures  1, 3 ,  7 and 10. 

b) Gl ide  p lanes  p l ay  an important r o l e  i n  reducing stresses 

i n  t h e  i n t e r p l a n e t a r y  medium by al lowing d i s tu rbances  t o  

propagate  as g l i d i n g  f l u x  tubes a t  speeds up t o  t h e  Alfven 

speed. This  i s  suggested by a l l  of t he  segments i n  

s e c t i o n  D which show t h a t  t h e  f i e l d  i s  u s u a l l y  r a t h e r  uniform 

near a d i s c o n t i n u i t y .  The l a r g e s t  d i s c o n t i n u i t y  i n  bulk  speed 

observed i n  these  d i s c o n t i n u i t i e s  i s  Au = 40 km/sec, shown 

i n  F igure  9 .  

Alfven speed. 

I n  every case the  observed AU i s  less than  t h e  
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E .  D -Shee ts  

Theory. 

Landau and L i f s h i t z  (1960) show t h a t  i n  a medium wi th  f i n i t e  

conduc t iv i ty  and f i n i t e  v i s c o s i t y ,  a sharp,  t a n g e n t i a l  o r  r o t a t i o n a l  

d i s c o n t i n u i t y  should be replaced by a g radua l ly  widening t r a n s i t i o n a l  

r e g i o n  i n  which the  v e l o c i t y  and magnetic f i e l d  change smoothly from 

one va lue  t o  another. To i l l u s t r a t e  the processes  which may be involved 

i n  t h e  formatim of a t r a n s i t i o n a l  region,  consider  a t a n g e n t i a l  

d i s c o n t i n u i t y  formed by two a n t i p a r a l l e l  e lemental  f l u x  tubes .  

t h a t  some phys ica l  process  ope ra t e s  a t  t h e  d i s c o n t i n u i t y  which 

a n n i h i l a t e s  t h e  a n t i p a r a l l e l  f i e l d  l i n e s .  Then t h e  f i e l d . i n t e n s i t y  

w i l l  be ze ro  or  ve ry  s m a l l  a t  the  d i s c o n t i n u i t y ,  and the  temperature  

w i l l  presumably tend t o  increase  as t h e  r e s u l t  of a n n i h i l a t i o n  ( i . e .  

conversion) of magnetic f i e l d  energy. Addi t iona l  magnetic f i e l d  l i n e s  

may d r i f t  toward t h e  d i s c o n t i n u i t y  car ry ing  some matter wi th  them. 

Th i s  matter w i l l  be deposi ted a t  t h e  d i s c o n t i n u i t y  and w i l l  c o n t r i b u t e  

t o  t h e  p r e s s u r e  i n  t h e  t r a n s i t i o n a l  region. I f  t h e  thermal conduct iv i ty  

i s  ve ry  h igh  , t h e  temperature inc rease  i n  t h e  t r a n s i t i o n a l  r eg ion  may 

be s m a l l . o r  n e g l i g i b l e ,  but  t he  dens i ty  may be high. A s  t h e  process  

cont inues  t h e  mass which is deposi ted would tend t o  be accumulated, 

un le s s  i t  is e j e c t e d .  Thus a j e t  of  matter may be squeezed ou t  by 

Suppose 

the  incoming f l u x  tubes .  

I f  t h e  f l u x  tubes are not  a n t i p a r a l l e l ,  but  are separa ted  by an 

angle  w, an a n n i h i l a t i o n  process  would reduce t h e  f i e l d  i n t e n s i t y  a t  

t h e  d i s c o n t i n u i t y  t o  some va lue  B m i n #  0 ,  where Bmin depends on 

B 1 ,  B2 and IJ~.  A simple vec to r  diagram (see Figure  12) shows t h a t  i f  
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B1 = B 2 ,  then 

1 + B2 
Figure 12  shows t h a t  when B 

Bmin 2 = B1 ' + B 2 + 2 B 1 B 2  2 c o s w  ( 9 )  

Burlaga and Ness (1966) found a number of s t r u c t u r e s ,  which they c a l l e d  

D-sheets,  t h a t  are charac te r ized  by. a d i p  i n  B a t  a d i s c o n t i n u i t y  i n  

0 and $,which s a t i s f y  ( 8 ) .  We s h a l l  now re-examine t h e s e  D-sheets,  using 

t h e  plasma da ta  which are now a v a i l a b l e .  

Observations.  

F igure  13 shows a D-sheet which i s  assoc ia ted  wi th  a wel l -def ined 

plasma d i s c o n t i n u i t y  t h a t  was de tec ted  a t  0819 on A p r i l  3 ,  1966. The 

s i g n a t u r e  of t h e  d i s c o n t i n u i t y  may be (+ - 0) o r  (+ - +), but  i n  e i t h e r  

case  it i s  a t a n g e n t i a l  d i s c o n t i n u i t y  according t o  MHD theory.  There 

i s  a s i g n i f i c a n t  change i n  bulk  speed a c r o s s  t h e  d i s c o n t i n u i t y .  

i s  a l s o  some evidence f o r  hea t ing  and f o r  a low bulk speed (u FS 388 km/sec) 

a t  t h e  d i s c o n t i n u i t y  but  t h i s  rests on only  one p o i n t .  

minimum f i e l d  i n t e n s i t y  i n  t h e  D-sheet,Bmin = ( 1 . 3  

wi th  t h a t  ca lcu la ted  from t h e  a n n i h i l a t i o n  hypothes is ,  Equat ion ( 9 ) ,  

which g i v e s  Bmin=(l.5 5 .5)y. 

t r a n s i t i o n a l  r e g i o n  assoc ia ted  w i t h  a t a n g e n t i a l  d i s c o n t i n u i t y ,  as descr ibed  

There 

The observed 

.3)y ,agrees  w e l l  

Thus, F igure  13 apparent ly  shows a 

by Landau and L i f s h i t z  (1960).  

F igure  14 shows a remarkab 

near 0915 on January 21, 1966. 

amount of magnetic f i e l d  exergy 

e D-sheet which passed t h e  s p a c e c r a f t  

This i s  d i s t i n g u i s h e d  by t h e  l a r g e  

which vanishes  a t  t h e  d i r e c t i o n a l  
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d i s c o n t i n u i t y ,  ( ~7 x 10-l' ergs/cm 3 ) .  Unfor tuna te ly ,  t h e  plasma 

d a t a  a r e  r a t h e r  spa rce ,  and they  a r e  somewhat d i f f i c u l t  t o  i n t e r p r e t  

because the  bulk speed (urn 515 km/sec) happened t o  be ve ry  near t he  

edges of ad jacent  energy channels of the p l a sma  probe; t h i s  las t  f a c t  

may account f o r  t h e  p e c u l i a r  po in t  a t  0851. The p l a s m a  d a t a  show t h a t  

the  temperature ,  d e n s i t y  and bulk speed are h ighes t  where the  magnetic 

f i e l d  i n t e n s i t y  i s  lowest .  The minimum magnetic f i e l d  i n t e n s i t y  which 

was ca l cu la t ed  from the  a n n i h i l a t i o n  hypothesis  (Equat ion 8) using 

B, = B, = (14.0 & .2)Y and w= 166' i s  Bmin = ( 1 . 7  & 2 . 0 ) ~  which compares 

favorably  w i t h  t h e  measured B 

c o n s i s t e n t  wi th  the  model which w a s  described above. It is  i n t e r e s t i n g  

t o  no te  t h a t  aga in  t h e  f i e l d  d i r e c t i o n  is  r a t h e r  uniform i n  t h i s  reg ion ,  

where t h e  magnetic f i e l d  p re s su re  i s  dominant. 

= (3 .5  2 1 . 0 ) ~ .  These r e s u l t s  are min 

Burlaga and Ness (1966) showed s i x  o t h e r  D-sheets w i t h  va r ious  

va iues  of w .  Piasrnii da ta  ai-e wai?&.L,?c f o r  fcur cf these- The magnetic  

f i e l d  d a t a  may be found i n  t h e  paper j u s t  c i t e d ,  and t h e  p la sma  d a t a  

are summarized i n  Table  2 ,  which gives  t h e  averages u ,  n ,  and vT f o r  

t h e  p o i n t s  t e n  minutes before  and ten minutes a f t e r  t he  d i r e c t i o n a l  

d i s c o n t i n u i t i e s  as we l l  as t h e  values  of u ,  n ,  and vT a t  t he  d i s c o n t i n u i t i e s .  

There i s  no s i g n i f i c a n t  change i n  3 ,  n o r  v across  any of t hese  D-sheets ,  

but  a s i g n i f i c a n t  change i n  u i s  found i n  two cases. 

the  d e n s i t y  i s  s i g n i f i c a n t l y  enchanced a t  the  d i s c o n t i n u i t y  i n  every 

case  except  one,and t h a t  case  i s  charac te r ized  by a s m a l l  w ( w 8 5 O )  and 

T 
On the  o the r  hand, 

a correspondingly s m a l l  d i p  i n  B .  No s t a t i s t i c a l l y  s i g n i f i c a n t  enhancement 

i n  temperature  i s  observed, bu t  t h e  e r r o r s  are r a t h e r  l a rge  and may mask 

a s m a l l  temperature increase .  Neither t hese  d a t a  nor those  which were 

presented  i n  t h e  e a r l i e r  p a r t s  of t h i s  paper show s t rong  temperature sp ikes  

a s s o c i a t e d  wi th  d i s c o n t i n u i t i e s ,  as Mihalov e t  a l .  (1967) have suggested.  
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F .  Waves 

Observat ions.  

F igure  15 shows what appears t o  be a p e r i o d i c  wave i n  t h e  i n t e r p l a n e t a r y  

magnetic f i e l d  i n t e n s i t y .  It i s  e i g h t  cyc le s  long and has an "apparent" 

per iod of 4.5 minutes.  Since t h i s  wave i s  d i s t o r t e d  by a g radua l ly  

changing background f i e l d  on which i t  is superimposed, t h e  background 

f i e l d  was ca l cu la t ed  by tak ing  running averages of B over t h e  apparent  

wave per iod  and w a s  sub t r ac t ed  from the  measured B t o  o b t a i n  t h e  r e s u l t  

shown i n  Figure 16. 

F igure  1 6  c l e a r l y  demonstrates t he  e x i s t e n c e  of a p e r i o d i c  wave i n  

t h e  in t e rp l ane ta ry  magnetic f i e l d  i n t e n s i t y .  The amplitude of t h e  wave 

i s  r a t h e r  s m a l l  (% . 3 y ) ,  but  t h e  ind iv idua l  p o i n t s  i n  F igu re  16 should be 
, 

accura t e  t o  5 < . l y  i f  t h e  f i e l d  v a r i e s  smoothly through t h e  wave, because 

each of t he  po in t s  is computed from an average of twenty (20)  vec to r  

measurements of B .  
-+ 

Note t h a t  t h e  l a r g e  minimum a t  0526 co inc ides  w i t h  a 

d i s c o n t i n u i t y  i n  the  magnetic f i e l d  d i r e c t i o n .  

P e r i o d i c  v a r i a t i o n s  cannot be seen i n  t h e  plasma d a t a  i n  F igure  15. 

The d e n s i t y  appears t o  remain cons tan t  a t  3/cm3 , but  reca l l  t h a t  t h e  

nea res t  i n t e g r a l  va lue  f o r  t h e  d e n s i t y  i s  used, s o  we can only s a y  t h a t  

t h e  v a r i a t i o n  i n  d e n s i t y  i n  t h e  wave is  l e s s  than  approximately 20%. 

There i s  some i n d i c a t i o n  t h a t  t h e  temperature  i s  h ighes t  near t h e  minima 

of t h e  wave, but the  e r r o r s  are l a r g e  so t h e  evidence i s  inconclusive.  

Likewise,  no pe r iod ic  change i n  t h e  bulk  speed i s  observed,  bu t  agr.in the  

e r r o r s  are la rge .  I n  s h o r t ,  t h e  p l a s m a  d a t a  presented  he re  are not 

s u f f i c i e n t l y  r e f ined  t o  e s t a b l i s h  t h a t  t h e  wave i n  F igu re  15 i s  a 

hydromagnetic wave. 
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Note how t h e  wave f i t s  among the d i s c o n t i n u i t i e s  which are shown 

i n  t h e  segment i n  F igure  15. 

( -  + 0) which i d e n t i f i e s  it as a t angen t i a l  d i s c o n t i n u i t y  i f  hydromagnetic 

theory  a p p l i e s .  

i n  t h e  magnetic f i e l d  d i r e c t i o n ,  appear t o  have the  s i g n a t u r e  ( 0  0 0 ) .  

A l l  t h r e e  d i s c o n t i n u i t i e s  s e e m  to be assoc ia ted  wi th  d i s c o n t i n u i t i e s  i n  

t h e  bulk  speed, bu t  no te  t h e  s i z e  of t h e  e r r o r  ba r s  as ind ica t ed  by t h e  

po in t  a t  0507. 

The d i s c o n t i n u i t y  a t  0513 has t h e  s igna tu re  

The o t h e r  d i s c o n t i n u i t i e s ,  which are marked by changes 

Another i n t e r s t i n g  compressional wave nested among t h r e e  d i s c o n t i n u i t i e s  

i s  shown i n  F igure  17. 

minutes ( a c t u a l l y  t h r e e  minutes i n  t h i s  case) ,  bu t  now it  seems t o  

c o n s i s t  of two p a r t s .  

f l u c t u a t i o n  i n  @ and 0; i t i s n e s t e d i n  a f i lament  between 0125 and 0140, and 

fo l lows  a l a r g e  bulk speed d i scon t inu i ty .  

f i l ament  and is cha rac t e r i zed  by la rge  amplitude pe r iod ic  changes i n  both 

t h e  magnitude and d i r e c t i o n  of B.  

Again t h e  apparent per iod i s  on t h e  o rde r  of f i v e  

P a r t  I shows only a s m a l l  v a r i a t i o n  i n  B and no 

P a r t  I1 is  nested i n  an ad jacent  

4 

Figure 18, which g ives  t h e  0 ,  @ 

coord ina tes  of success ive  thir ty-second averages of magnetic f i e l d  ~ r e c t n r c  

from 0142.5. ( p o i n t  1) t o  0151 ( p o i n t  1 7 ) ,  shows t h a t  p a r t  I1 of t h e  wave 

is  po la r i zed ,  i . e . ,  t h e  magnetic f i e l d  v e c t o r  r o t a t e s  about t h e  mean d i r e c t i o n  

of B w i t h  the  s a m e  frequency as the compressional o s c i l l a t i o n .  F igure  1 7  
-4 

shows t h a t  t h e r e  are s t a t i s t i c a l l y  s i g n i f i c a n t  peaks i n  t h e  bu lk  speed 

a t  minima i n  B o  

Figure  19.shows a segment of the i n t e r p l a n e t a r y  medium t h a t  passed 

t h e  s p a c e c r a f t  between 0300 and 0350 on December 22, 1965. 

w i t h  i t s  a s soc ia t ed  d i r e c t i o n a l  d i scon t inu i ty  and a d i s c o n t i n u i t y  i n  t h e  

bulk  speed are imbedded i n  the  center  of t he  segment and are followed 

by a damped wave i n  t h e  magnetic f i e l d  i n t e n s i t y .  The observed jump i n  

bulk  speed i s  r a t h e r  small (X 10 km/sec), but  t h e  g l i d e  p lane  (assuming 

t h a t  w e  a r e  dea l ing  wi th  a t angen t i a l  d i s c o n t i n u i t y )  i s  nea r ly  normal t o  

A D-sheet 
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t h e  bulk v e l o c i t y ,  so  a r a t h e r  l a r g e  v e l o c i t y  shear  i s  implied by ( 6 ) .  

The d e n s i t y  and temperature do not change s i g n i f i c a n t l y  ac ross  t h e  

d i s c o n t i n u i t y ,  but  they are f l u c t u a t i n g  incoherent ly  throughout t h e  

r eg ion  ( n  B (29 f: 2) cm-3 and vT 

near  19 km/sec ahead of t he  d i s c o n t i n u i t y ) ,  

t h e  magnetic f i e l d  d i r e c t i o n  can be seen. 

( 2 1  f: 3 )  km/sec, but  vT tended t o  be 

N o  p e r i o d i c  v a r i a t i o n s  i n  

F i n a l l y ,  cons ider  t he  p e c u l i a r ,  bu t  not uncommon, s o r t  of wave 

which i s  presented i n  F igure  20. The term wave i s  not r e a l l y  appropr i a t e  

because t h e  period i s  not  cons t an t ,  a l though i t  i s  aga in  on the  o rde r  o f  

f i v e  minutes '  

i s  r a t h e r  la rge  (> - 1)'). 

f i lament  which i s  marked by i t s  h igh  u and i t s  low vT. 

d i r e c t i o n  does notchange apprec iab ly  ac ross  the  d i s c o n t i n u i t i e s  which 

de f ine  t h e  f i lament  and it does not  o s c i l l a t e  i n  t h e  f i l amen t .  The d e n s i t y  

and magnetic f i e l d  i n t e n s i t y  are a n t i c o r r e l a t e d  i n  t h e  f i l amen t ,  bu t  t h e  

d a t a  a r e  not s u f f i c i e n t l y  p r e c i s e  t o  e s t a b l i s h  the  q u a n t i t a t i v e  

r e l a t i o n s h i p .  

Unlike t h e  waves d iscussed  above, t he  amplitude of t h e  wave 

These " g i a n t  undulations' '  are nested i n  a 

The f i e l d  

Theory 

Waves were found a s soc ia t ed  w i t h  bulk  speed d i s c o n t i n u i t i e s  i n  

each of t h e  f o u r  reg ions  descr ibed  above. 

t h e  waves t o  a kind of Kelvin-Helmholtz i n s t a b i l i t y  r e s u l t i n g  from t h e  

r e l a t i v e  motion o f  f l u x  tubes along a g l i d e  plane analagous t o  t h e  motion 

of the  wind on the  sea .  The s t a b i l i t y  cond i t ions  f o r  such a s i t u a t i o n  

i n  an incompressible medium a r e  (Landau and L i f s h i t z ,  1960) 

It i s  n a t u r a l  t o  a t t r i b u t e  



- 22 - 

These condi t ions  show t h a t  t he  magnetic f i e l d  tends t o  s t a b i l i z e  the  

flow when t h e  ad jacent  f l u x  tubes a re  not  paral le1,which exp la ins  w h y  

v e l o c i t y  d i s c o n t i n u i t i e s  can exist .  Equation (10) shows t h a t  t h e  medium 

becomes uns t ab le  when f l u x  tubes t r y  t o  t r a n s p o r t  matter a t  a re la t ive  

speed which is  g r e a t e r  than a quan t i ty  which i s  on the  order  of t he  Alfven 

speed. 

& M 3yand n m30 cm-3 

develop 

which is  near  t he  l i m i t  of s t a b i l i t y ,  i f  incompressible hydromagnetic 

theory  is appl icable .  This  sugges ts  t h a t  t he  i n t e r p l a n e t a r y  medium i s  

on t h e  verge  of i n s t a b i l i t y  when B i s  low and n i s  high. Under t h e s e  condi t ions  

t h e  medium may become tu rbu len t .  It is clear t h a t  t h e r e  is a need f o r  a 

b e t t e r  t h e o r e t i c a l  understanding o f  t he  phys ics  of g l i d i n g  f l u x  tubes  

and complete v e c t o r  measurements of the bulk v e l o c i t y .  

For t h e  wave on December 22,  1965, it i s  found t h a t  q m  2 . 5 ~ ~  

, s o  (10) p r e d i c t s  t h a t  an i n s t a b i l i t y  should 

i f  v >20 km/sec. Equat ion 7 and t h e  measured A U  g ive  v > l o  km/sec 
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G. SUMMARY 

This  r epor t  analyzes  micro-sca le  (( .01 AU) s t r u c t u r e s  which were 

found i n  combined i n t e r p l a n e t a r y  magnetic f i e l d  and p la sma  d a t a  obta ined  

by t h e  deep space probe Pioneer  6. The major new r e s u l t s  are as fol lows:  

1) Regions e x i s t  i n  t he  i n t e r p l a n e t a r y  medium i n  which t h e  pro ton  

temperature,  T ,  i s  cons tan t  and B 2 a  n. 

i so thermal ,  equ i l ib r iumreg ions .  

These are i n t e r p r e t e d  as 

From t h e  s lope  of t h e  B2 vs n l i n e  

f o r  each of two regions, i t  is c a l c u l a t e d  t h a t  t h e  r a t i o  of t h e  e l e c t r o n  

temperature t o  t h e  pro ton  temperature  i s  T;/TIe 6.5. Th i s  h igh  e l e c t r o n  

temperature i s  c o n s i s t e n t  wi th  t h e  theory  of S tu r rock  and Hartle (1966) 

and implies  t h a t  e l e c t r o n s  may a t  t i m e s  p l ay  a dominant r o l e  i n  t h e  

dynamics of t h e  i n t e r p l a n e t a r y  p lasma.  

2) Simultaneous d i s c o n t i n u i t i e s  i n  t h e  plasma parameters  and 

magnetic f i e l d  parameters  do e x i s t  i n  t h e  i n t e r p l a n e t a r y  medium. A 

c l a s s i f i c a t i o n  scheme i s  presented  which i d e n t i f i e s  t h i r t e e n  (13) 

p o s s i b l e  types of 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  i n  terms of s i g n a t u r e s  

which desc r ibe  the  changes i n  B ,  n and T ac ross  a d i s c o n t i n u i t y .  Nine 

of t h e s e  s i g n a t u r e s  were found among t h e  hydromagnetic d i s c o n t i n u i t i e s  

i n  t h e  Pioneer 6 da t a .  

3) S m a l l  d i s c o n t i n u i t i e s  i n  t h e  bu lk  speed, u ,  o f t e n  occur 
+ 

simultaneously w i t h  d i s c o n t i n u i t i e s  i n  n ,  T and B. I t  i s  shown t h a t  

t h i s  e f f e c t  would be produced a t  t h e  s p a c e c r a f t  by t h e  passage of two 

f l u x  tubes which move r e l a t i v e  t o  one another  a long a " g l i d e  plane" t h a t  

moves r a d i a l l y  from t h e  sun. It i s  noted t h a t  B is ve ry  uniform near  

d i s c o n t i n u i t i e s  i n  u. This  shows t h a t  t h e  i n t e r p l a n e t a r y  medium i s  not 

everywhere tu rbu len t  and i t  sugges ts  t h a t  g l i d e  p l anes  may p lay  a 

fundamental r o l e  i n  reducing stresses i n  t h e  i n t e r p l a n e t a r y  medium. 
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4) The magnitude of is near ly  cons t an t  ac ross  most of t h e  

d i r e c t i o n a l  d i s c o n t i n u i t i e s  discussed by Burlaga and Ness (1967). It 

i s  hypothesized t h a t  most d i s c o n t i n u i t i e s  i n  t h e  i n t e r p l a n e t a r y  medium 

are (000) d i s c o n t i n u i t i e s .  

5) A D-sheet is  shown a t  a d i s c o n t i n u i t y  i n  n ,  u ,  and T. This  

i s  i n t e r p r e t e d  as a t r a n s i t i o n a l  region a t  a t a n g e n t i a l  d i s c o n t i n u i t y  

as descr ibed  by Landau and L i f s h i t z  (1960). P l a s m a  d a t a  f o r  t h e  D-sheets 

d i scussed  by Burlaga and Ness (1967) shows t h a t  t h e  d e n s i t y  is 

enhanced a t  t h e  d i p  i n  IBI i n  a D-sheet, except  when t h e  d i p  is v e r y  

s m a l l .  A s i g n i f i c a n t  temperature peak w a s  observed a t  t he  d i p  i n  1B1 

4 

4 

i n  only one c a s e ; t h a t  case was except ional  because of t he  l a rge  amount 

of magnetic f i e l d  energy which w a s  "annihi la ted".  

6) Sometimes t h e  i n t e r p l a n e t a r y  magnetic f i e l d  o s c i l l a t e s  s i n u s o i d a l l y  

wi th  an  apparent  per iod  of approximately f i v e  minutes. One case i s  

shown f o r  which t h e  magnetic . f i e l d  vec tor  a l s o  r o t a t e s ,  i n d i c a t i n g  

a po la r i zed  wave. A l l  of t h e  observed waves are a t tached  t o  a 

d i s c o n t i n u i t y  i n  t h e  bulk  speed. It is  suggested t h a t  these waves are 

produced by a Kelvin-Helmholtz i n s t a b i l i t y  which r e s u l t s  when ad jacen t  

f l u x  tubes  move along a g l i d e  p lane  a t  a r e l a t i v e  speed which i s  g r e a t e r  

t han  t h e  Alfveh speed. This  l eads  t o  t h e  hypothesis  t h a t  tu rbulence  

may be observed near  l a r g e  d i s c o n t i n u i t e s  i n  t h e  bulk  speed, p a r t i c u l a r l y  

i n  r eg ions  of low IBI 
4 

and high n. 
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TABLE 1 This  g ives  13 poss ib l e  s igna tu res  of a t a n g e n t s  d i s c o n t i n u i t y  

and ar ranges  them i n  t h r e e  c l a s s e s .  Class TO con ta ins  only  

a d i r e c t i o n a l  d i s c o n t i n u i t y .  Classes T2 and T3 con ta in  

the  permutat ions and r e f l e c t i o n s  of (+ - 0) and (+ - +) 

r e spec t ive ly .  

TABLE 2 Plasma parameters f o r  four  D-sheets.  "Before" and "After" 

r e f e r  t o  averages of t h e  parameters t e n  minutes be fo re  and 

t e n  minutes a f t e r  the  d i r e c t i o n a l  d i s c o n t i n u i t y .  "At" g ives  

the  va lue  of  t h e  parameters a t  a t i m e  ve ry  near  t o  t h e  time 

of t h e  d i s c o n t i n u i t y .  The angle  w is  the  angle  between the  

magnetic f i e l d  vec to r s  on e i t h e r  s i d e  of t h e  d i s c o n t i n u i t y .  
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FIGURE CAPTIONS 

Figure  1 

F igure  2 

Figure  3 

Figure  4 

Figure  5 

F i g u r e  6 

F igu re  7 

A cascade of ( -  + 0) d i s c o n t i n u i t i e s  i n  an equ i l ib r ium region .  

(see tex t ) .  

This  shows t h a t  B2 a n i n  t h e  segment shown i n  F igure  1. 

the  segment s a t i s f i e s  one necessary cond i t ion  f o r  an equ i l ib r ium 

region .  It is poss ib l e  t o  estimate t h e  e l e c t r o n  temperature  

from the  s lope  of this l i n e  i f  t he  reg ion  is  isothermal .  

A cascade of (+ - 0) d i s c o n t i n u i t i e s  i n  an equ i l ib r ium region.  

This  i s  the  complement of t he  segment shown i n  F igure  1. 

A p l o t  showing t h a t  B2 a n i n  t h e  segment descr ibed  i n  F igure  3.  

A schematic i l l u s t r a t i o n  which desc r ibes  a t a n g e n t i a l  

Thus, 

d i s c o n t i n u i t y  i n  terms of two hypo the t i ca l ,  i n f i n i t e s i m a l ,  

r ec t angu la r ,  magnetic f lux  tubes .  The f i g u r e  shows t h e  

special  case when t h e  f lux  tubes  are mutual ly  perpendicular  

and a r e  i n c l l n d  a t  dii iiiigle 6 w i t h  r e spec t  t o  t h e  e c l i p t i c  

plane.  

Another i l l u s t r a t i o n  of a t a n g e n t i a l  d i s c o n t i n u i t y .  This  i s  

complementary t o  F igure  5 i n  t h a t  an element of t h e  s u r f a c e  of 

t h e  d i s c o n t i n u i t y  ( t h e  g l i d e  plane) i s  shown (assuming a real  

d i s c o n t i n u i t y  - no r o t a t i o n  fan) bu t  t h e  f l u x  tubes are n o t  

shown. The arrows ind ica t e  t h a t  t h e  f l u x  tubes are moving 

r e l a t i v e  t o  t h e  g l i d e  plane w i t h  v e l o c i t i e s  and v2. The 

g l i d e  plane moves away from t h e  sun wi th  the  plasma bulk  v e l o c i t y  

-+ 

4 

U. 

A segment o f  a reg ion  containing a ( -  0 +) d i s c o n t i n u i t y  and i t s  

c o m D I e r n e n t  a (+ 0 -). Two d i s c o n t i n u i t y  f i l amen t s  a r e  a l s o  shown. 



Figure  8 

Figure  9 

F igure  10 

Figure  11 

Figure  12 

Figure  13  

F igure  14 

Figure 15 

Figure  16 

Two d i r e c t i o n a l  d i s c o n t i n u i t i e s .  The one on t h e  l e f t  has t h e  

s igna tu re  ( 0  0 0 ) .  The o t h e r  has the  s i g n a t u r e  ( 0  + -). 
A (+ + -) d i s c o n t i n u i t y .  

A ( -  + -) d i s c o n t i n u i t y  and i t s  complement, a (+ - +) d i s c o n t i n u i t y .  

They combine t o  form a f i lament  t h a t  separates two d i s t i n c t  

reg ions .  

This his togram shows t h a t  t he  f r a c t i o n a l  change of the  magnitude 

of the i n t e r p l a n e t a r y  magnetic f i e l d  ac ross  a d i r e c t i o n a l  

d i s c o n t i n u i t y  i s  usua l ly  near  zero.  

I l l u s t r a t i o n s  of t h e  magnetic f i e l d  a n n i h i l a t i o n  hypothes is .  

The v e c t o r s  B, and & s p e c i f y  the  magnetic f i e l d  on t h e  two 
+ --3 

s ides  of a d i r e c t i o n a l  d i s c o n t i n u i t y .  Each v e c t o r  i s  resolved 

i n t o  t h e  components A + B . A t  t h e  d iscont inui ty ,B1 and 
4 -.) 

min 

B, a r e  superimposed so the  A components cance l  leav ing  Bmin 

continuous across  t h e  d i s c o n t i n u i t y .  

A D-sheet a t  a p l a sma  d i s c o n t i n u i t y .  It i s  suggested t h a t  t he  

d ip  i n  1 B [marks a t r a n s i t i o n a l  r eg ion  a s soc ia t ed  wi th  a 
4 

t a n g e n t i a l  d i s c o n t i n u i t y  as descr ibed  by Landau and L i f s h i t z  

( 1960) . 
A D-sheet f o r  which t h e  decrease  i n  magnetic p re s su re  i s  

accompanied by an increased p la sma  d e n s i t y  and temperature .  

Per iodic  v a r i a t i o n s  i n  t h e  i n t e r p l a n e t a r y  magnetic f i e l d  i n t e n s i t y .  

Note t h a t  t he  wave i s  nested among a s e r i e s  of d i s c o n t i n u i t i e s  

i n  t h e  bulk speed and magnetic f i e l d  d i r e c t i o n .  

Another view of t h e  wave i n  the  i n t e r p l a n e t a r y  magnetic f i e l d  

i n t e n s i t y  which w a s  observed on 1 /5 /66  (see t e x t ) .  



Figure  1 7  Another wave i n  the  in t e rp l ane ta ry  magnetic f i e l d  i n t e n s i t y .  

Note t h e  o s c i l l a t i o n s  of  the magnetic f i e l d  d i r e c t i o n  i n  the  

f i lament  between 0140 and 0151. 

F igure  18 This  shows t h a t  t h e  magnetic f i e l d  vec to r  i n  the  f i lament  

i n  F igure  1 7  was r o t a t i n g  sys t ema t i ca l ly  about t h e  

observa t ion  po in t  between 0142 and 0151, i n d i c a t i n g  t h a t  

t h e  wave was polar ized .  

F igure  19 A D-sheet a t  a d i scon t inu i ty  i n  bulk speed which is followed 

by a l a r g e  amplitude,  near ly  pe r iod ic  v a r i a t i o n  i n  t h e  magnetic 

f i e l d  i n t e n s i t y .  

F igure  20 Large amplitude,  non-periodic v a r i a t i o n s  i n  magnetic f i e l d  

i n t e n s i t y  and pro ton  dens i ty ,  nested i n  a f i lament  which i s  

cha rac t e r i zed  by a lower thermal speed and a higher  bulk speed 

than  surrounding reg ions .  
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