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INTERACTION OF THE MAGNETIZED SOLAR WIND WITH THE MOON 

Y. C .  Whang-k 
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NASA - Godda r d Space F 1 igh t Cen t e  r 
Greenbel t ,  Maryland 20771 U . S . A .  

Abst rac t  

In  J u l y  1967 the  Explorer 35 spacec ra f t  was launched i n t o  a lunar  

o r b i t  t o  s tudy the  i n t e r a c t i o n  of the magnetized s o l a r  wind plasma wi th  

the  moon. The experimental  r e s u l t s  i n d i c a t e  t h a t  a detached bow shock 

wave does not  e x i s t  i n  the v i c i n i t y  of the  moon. Thus the  flow condi- 

t i o n s  near the moon do not resemble those near  t he  e a r t h ' s  magnetosphere. 

I n  t h i s  paper t he  s o l a r  wind flow around the  moon i s  t r e a t e d  t h e o r e t i -  

c a l l y  as a f r e e  molecule flow of magnetized plasma. Ana ly t i ca l  r e s u l t s  

are obtained t o  desc r ibe  t h e  d i s t r i b u t i o n  of the  ion  d e n s i t y  and the  

ion  f l u x  i n  t h e  v i c i n i t y  of the moon. A s i z a b l e  empty c a v i t y  i s  pro- 

duced i n  t h e  near-downstream v i c i n i t y  of t he  moon; a c r o s s  t h e  boundary 

of  the c a v i t y  the  plasma flow changes r a p i d l y  from the  undis turbed con- 

d i t i o n  t o  t h e  void cond i t ion .  The d i s tu rbed  r eg ion  i n  the  downstream 

forms a long wake on the  dark  s ide  of the moon. The d i r e c t i o n  of the 

wake i s  d e f l e c t e d  s l i g h t l y  toward the  f i e l d  l i n e s .  The th ickness  of 

t h e  wake, measured perpendicular  t o  the  plane of  t he  s o l a r  wind v e l o c i t y  

and the  i n t e r p l a n e t a r y  magnetic f i e l d ,  i s  con.stant a t  one lunar  diameter .  

On t he  o the r  hand, t he  width of t he  wake, measured p a r a l l e l  t o  t h a t  

p lane ,  i nc reases  wi th  d i s t a n c e  from the  moon. The length  of  the  wake 

i s  of the  ordt,?r of 100 lunar  r a d i i .  
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1. In t roduc t ion  

The s o l a r  wind '2 ' flows approximately r a d i a l l y  outward 

from t h e  sun i n  a l l  d i r e c t i o n s  cont inuously.  It flows p a s t  t he  

e a r t h ' s  o r b i t  a t  a supersonic  ve loc i ty .  

o f  fo rce  are c a r r i e d  outward by the  s o l a r  wind and are twi s t ed  i n t o  

t h e  form of Archimedean s p i r a l s .  The e a r t h ' s  magnetosphere p re sen t s  

a blunt-nosed obs t ac l e  i n  t h e  course of  t h e  s o l a r  wind blocking the 

motion of both the  s o l a r  wind plasma and the  i n t e r p l a n e t a r y  magnetic 

f i e l d  l i n e s .  I n  the  v i c i n i t y  of  the  e a r t h ' s  magnetosphere, the  

s o l a r  wind plasma behaves a s  a continuum, and a detached bow shock 

wave i s  formed s tanding  on t h e  sunward s i d e  of t he  e a r t h ' s  magneto- 

sphere .  S a t e l l i t e  measurements 32 * have de tec t ed  the  presence of  

t h e  detached bow shock and t h e  magnetosheath reg ion  between the  mag- 

netosphere and t h e  bow shock. 

success fu l  i n  exp la in ing  the gross f e a t u r e s  and the  o v e r a l l  shape of 

t h e  i n t e r a c t i o n  reg ion .  A s  the supersonic  s o l a r  wind i n t e r a c t s  wi th  

The s o l a r  magnetic l i n e s  

Theore t i ca l  c a l c u l a t i o n s  5-7  have been 

t h e  moon, i t  might be expected t h a t  t h e  flow cond i t ions  near  t he  

moon would resemble those near  the e a r t h ' s  magnetosphere wi th  a de- 

tached bow shock s tanding  on the sunward s i d e  of t he  moon. On J u l y  

. 2 2 ,  1967 the  NASA Explorer  35 spacecraf t  was placed i n t o  a lunar  

o r b i t  t o  s tudy  the  i n t e r a c t i o n  of the s o l a r  wind wi th  the  moon, but  

no detached bow shock has  been observed The experimental  r e s u l t s  

i n d i c a t e  t h a t  the a c t u a l  i n t e r a c t i o n  of  the  s o l a r  wind wi th  the moon 

i s  q u i t e  d i f f e r e n t  from t h a t  of t h e  s o l a r  wind wi th  t h e  e a r t h .  

In  ord inary  f l u i d  mechanics, a d i v i s i o n  of f l u i d  flows i n t o  

va r ious  regimes i s  determined by the  r a t i o  of the c o l l i s i o n a l  rnean- 

f r ee -pa th  A t o  the. c h a r a c t e r i s t i c  length  of the  flow L. I n  the  
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continuum flow regime, where X << L,  p a r t i c l e - p a r t i c l e  i n t e r a c t i o n s  

dominate over  p a r t i c l e - s u r f a c e  i n t e r a c t i o n s .  

flow reg ime ,  where h >> L, p a r t i c l e - s u r f a c e  i n t e r a c t i o n s  dominate 

over  p a r t i c l e - p a r t i c l e  i n t e r a c t i o n s .  Between these  two l i m i t i n g  

regimes is the  t r a n s i t i o n  flow regime. 

counters  a blunt-nosed o b s t a c l e ,  i n  t h e  continuum flow regime a 

detached shock wave i s  generated upstream of t h e  o b s t a c l e ,  while  i n  

the  f r e e  molecule flow regime no shock wave can be formed i n  the  

v i c i n i t y  of the  o b s t a c l e .  

v i c i n i t y  of the moon i n d i c a t e s  t h a t  t h e  i n t e r a c t i o n  of  t he  s o l a r  

wind plasma wi th  the  moon behaves l i k e  a f r e e  molecule flow r a t h e r  

than a continuum flow. 

I n  the  f r e e  molecule 

When a supersonic  flow en- 

Absence of a detached bow shock i n  the  

The c o l l i s i o n a l  mean-free-path of  t h e  s o l a r  wind plasma 

near  the e a r t h ' s  o r b i t  i s  of t h e  o rde r  of 1 AU. I n  l i e u  of i n t e r -  

p a r t i c l e  c o l l i s i o n s  , the  i n t e r p l a n e t a r y  magnetic f i e l d  has  the  

important e f f e c t  of causing the  s o l a r  wind plasma t o  behave as a 

continuum f o r  t he  i n t e r a c t i o n  between t h e  s o l a r  wind and the  e a r t h ' s  

magnetosphere. Thus the  i n t e r a c t i o n  l eng th  must be smal l  i n  compar- 

i son  w i t h  t he  dimension of t he  e a r t h ' s  magnetosphere. 

s c a l e  o f  t h i s  i n t e r a c t i o n  length  i s  not  w e l l  understood y e t .  

diameter of the  e a r t h ' s  magnetosphere i s  about 50 times t h a t  of  t he  

moon, which sugges ts  t h a t  the  small s i z e  of the  o b s t a c l e  i s  r e spons ib l e  

f o r  t h e  absence of continuum phenomena near the  moon. 

t o  the  d i f f e rence  i n  t h e i r  s i z e s ,  t h e i r  con t r a ry  responses  t o  the  

impinging plasma and f i e l d  l i n e s  a l s o  a f f e c t  t h e  flow p a t t e r n s  around 

The e x a c t  

The 

I n  a d d i t i o n  
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t h e  moon and the  e a r t h ' s  magnetosphere. 

t h e  e a r t h ' s  magnetosphere i s  very e f f e c t i v e  

t r a t i o n  of t h e  i n t e r p l a n e t a r y  magnetic f i e l d  l ines .  On the  con t r a ry ,  

the  experimental  resu l t s '  obtained from Explorer 35 i n d i c a t e  t h a t  

t h e  moon does not  have an  i n t r i n s i c  magnetic f i e l d  and the  average 

e l e c t r i c a l  conduct iv i ty  o f  t h e  moon is  very low, the  impinging f i e l d  

l i n e s  appear t o  d i f f u s e  through t h e  lunar  body very r a p i d l y .  Secondly, 

a l l  the  charged p a r t i c l e s  s t r i k i n g  on the  moon a r e  captured  by the 

co ld  su r face  of t he  moon; they w i l l  be n e u t r a l i z e d  and then  re -emi t ted  

F i r s t l y ,  the  b lun t  nose of 

i n  blocking t h e  pene- 

a s  co ld  n e u t r a l  p a r t i c l e s .  Whereas the  b lunt  nose of  t h e  e a r t h ' s  

magnetosphere bounces o f f  all impinging s o l a r  wind p a r t i c l e s .  

I n  t h i s  paper ,  we w i l l  t r e a t  t h e  motion of ion  p a r t i c l e s  

of t h e  s o l a r  wind i n  the  v i c i n i t y  of  t h e  moon a s  a f r e e  molecule 

flow of  magnetized plasma. The moon's su r f ace  w i l l  be considered as 

p e r f e c t l y  absorb ing  wi th  respec t  t o  the impinging charged p a r t i c l e s .  

2 .  Analysis  

L e t  us  consider  t h a t  i n  t he  undis turbed upstream flow the  

s o l a r  wind moves wi th  a s teady  uniform v e l o c i t y  go with  r e spec t  t o  

t h e  c e n t e r  of  t he  moon, and a steady uniform i n t e r p l a n e t a r y  magnetic 

f i e l d  Bo i s  c a r r i e d  with the  so l a r  wind (Fig.  1 ) .  The v e l o c i t y  of  

a charged p a r t i c l e  i n  the upstream can be expressed a s  the  v e c t o r  

sum of a gu id ing-center  v e l o c i t y  V, and a Larmor motion v e l o c i t y  sl. 
The component of the guiding-center v e l o c i t y  normal t o  the  f i e l d  

l i n e s  i s  the  e l e c t r i c  d r i f t ,  which i s  exac t ly  the  component of Jlp 

normal t o  go. A l l  charged p a r t i c l e s  have the same e l e c t r i c  d r i f t  
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v e l o c i t y ,  which means t h a t  t he  guiding-centers  do n o t  have thermal 

motion t ransverse  t o  the  f i e l d  l i n e s .  The component of  the  guiding- 

c e n t e r  v e l o c i t y  p a r a l l e l  t o  the  f i e l d  can be expressed a s  t h e  sum 

o f  a thermal v e l o c i t y L l l  

equa l  t o  the component of lo p a r a l l e l  t o  Ro. 
the  guiding cen te r  v e l o c i t y  as  composed of two p a r t s :  t he  mean 

mass flow v e l o c i t y  uo and a thermal motion v e l o c i t y  a long  t h e  f i e l d  

l i n e s  L,, (F ig .  2 ) :  

and a mean mass flow v e l o c i t y  which i s  

Thus we can express  

Phys ica l ly ,  t h i s  equat ion  means t h a t  t h e  guiding c e n t e r  of a charged 

p a r t i c l e  i s  cons t ra ined  t o  move a long  a magnetic l i n e  which i s  i t s e l f  

moving with a v e l o c i t y  g o .  

The ion  p a r t i c l e s  a r e  r a p i d l y  gy ra t ing  about t he  guiding 

c e n t e r  with a Lamor r ad ius  of the  o rde r  of 80 km, which i s  only a 

smal l  f r a c t i o n  o f  t h e  moon’s r ad ius  (Rm = 1738 Icm). I n  o r d e r  t o  

f i n d  the  lowest o rde r  s o l u t i o n  f o r  t h e  ion  flow i n  t h e  v i c i n i t y  of 

the moon we approximate each ion  p a r t i c l e  by an  a r t i f i c i a l  guiding-  

c e n t e r  p a r t i c l e  ’’. A guiding-center  p a r t i c l e  i s  considered a s  

a charged par t ic le  located a t  i t s  guiding c e n t e r ,  moving with i t s  

guiding-center  v e l o c i t y ,  and wi th  the  o s c i l l a t i o n  about t h e  guiding 

c e n t e r  r ep resen t ing  i n t e r n a l  energy,  magnetic moment, and angular  

momentum of the  p a r t i c l e .  A c o l l e c t i o n  of a r t i f i c i a l  guiding-center  

p a r t i c l e s  behaves a s  a one-dimensional gas which has thermal motion 

only along the  f i e l d  l i n e s .  
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Next w e  assume t h a t  t he  d i s t r i b u t i o n  func t ion  of t h i s  one- - 
dimensional guiding-center  gas is Maxwellian i n  t h e  undis turbed 

upstream flow, namely, 

Here ai 
def ined  by 

= mi/(2k T,, ), with the p a r a l l e l  temperature  TII 

I n  the  f r e e  molecule flow i n  the  v i c i n i t y  of t h e  moon, t he  

p a r t  i c  le -sur f  ace i n t e r a c t  ion  dominates over  the p a r t  i c  l e  - p a r t i c l e  

i n t e r a c t i o n .  We make the  add i t iona l  assumption t h a t  when the  s o l a r  

wind plasma a r r i v e s  i n  the  v i c i n i t y  of the  moon, each guiding c e n t e r  

p a r t i c l e  cont inues  t o  move w i t h  i t s  i n i t i a l  guiding-center  v e l o c i t y  

a long  a s t r a i g h t - l i n e  pa th  unless i t  i s  captured by the  moon's co ld  

s u r f a c e .  The guiding-center  d i s t r i b u t i o n  func t ion  remains cons t an t  

on each s t r a i g h t  pa th .  Inev i t ab ly ,  t he  magnetic and t h e  e l e c t r i c  

f i e l d s  w i l l  be s l i g h t l y  d is turbed  i n  the  moon's wake reg ion .  The 

d r i f t s  due t o  non-uniformity of t he  d i s tu rbed  f i e l d s  a r e  small com- 

pared wi th  the  i n i t i a l  guiding-center  v e l o c i t y ,  and these  " f i r s t -  

o rde r "  d r i f t s  a r e  n e g l i g i b l e  i n  a "zero-order" s o l u t i o n .  

Based on the assumptions o u t l i n e d  above, we can now c a l c u l a t e  

t h e  ion  d e n s i t y  and the ion f l u x  i n  the  v i c i n i t y  of t he  moon. W e  

w i l l  choose a coord ina te  system moving wi th  the c e n t e r  of t he  moon, 

wi th  i t s  o r i g i n  loca ted  a t  the moon's c e n t e r ,  t he  X-axis p a r a l l e l  

t o  t h e  v e l o c i t y  vec tor  lo, and t h e  Z-axis a long  the  d i r e c t i o n  o f  
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Bo x lJo (Fig.  1 ) .  

by us ing  the  moon's r a d i u s  as a u n i t  l eng th .  

ang le  of t he  i n t e r p l a n e t a r y  magnetic f i e l d .  

u n i t  vec tors  a long  the  X-di rec t ion  and the  & - d i r e c t i o n  r e s p e c t i v e l y .  

The s c a l e  of  t he  coord ina te  system i s  normalized 

8 denotes  the  d i r e c t i o n  

,ex and 21 denote t h e  

The XY-plane which i s  p a r a l l e l  t o  both the s o l a r  wind v e l o c i t y  

lJo and the i n t e r p l a n e t a r y  magnetic f i e l d  Bo i s  a plane of symmetry 

f o r  t he  flow around the moon. The guiding-center  v e l o c i t y  has  no 

component a l o t g  the  Z-d i rec t ion .  

c e n t e r  p a r t i c l e  i s  r e s t r i c t e d  on a Z-onstant p lane .  

s u r f a c e  would no t  i n t e r c e p t  any guiding-center  p a r t i c l e ' s  t r a j e c t o r y  

i n  t h e  region I Z l  > 1, the  flow f i e l d  i s  undis turbed i n  t h i s  r eg ion .  

I n  t h e  region l Z l  5 1, we may f i r s t  draw a l i n e  on the  Z= cons tan t  

plane t angen t i a l  t o  the moon's s u r l a c e  on i t s  upstream s i d e  (Fig.  3 ) .  

A t  any point  on the  upstream s i d e  of t h i s  l i n e ,  we can f i n d  guiding- 

c e n t e r  p a r t i c l e s  d i s t r i b u t e d  over  the  whole spectrum of  thermal 

v e l o c i t y  ( i . e . ,  --oo < C < + a), the  flow f i e l d  i s  no t  d i s tu rbed  due 

t o  t h e  presence of the moon. 

i s  noLJo in  the undis turbed reg ion .  

of t he  f i r s t  t a n g e n t i a l  l i n e  i s  more o r  less d i s t u r b e d .  

Thus the  motion of each g u i d i n g -  

The moon's 

II 

The ion  d e n s i t y  i s  no and t h e  ion  f l u x  

The flow i n  the  downstream s i d e  

I f  w e  draw a second l i n e  on the Z=constant plane t a n g e n t i a l  

t o  the  moon on i t s  downstream s i d e ,  we can d iv ide  the  d i s t u r b e d  flow 

i n t o  the  three regions i d e n t i f i e d  as reg ion  I ,  I1 and IT1 i n  F ig .  3 .  

A t  any point P(r) i n  the d i s tu rbed  r eg ion ,  the  ion  d e n s i t y  and the  

ion  f l u x  can be c a l c u l a t e d  i f  the guiding c e n t e r  d i s t r i b u t i o n  

When an  un- func t ion  i s  known a t  t h a t  po in t  a s  a func t ion  of C 

i n t e rcep ted  p a r t i c l e  a r r i v e s  a t  P ,  i t  s t i l l  moves w i t h  i t s  i n i t i a l  

1 * 
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J o  and C,, , and carries the  same Maxwelliam d i s t r i b u t i o n  func t ion  

f G  w i th  i t .  Because t h e  moon’s s u r f a c e  behaves as a p e r f e c t l y  

absorbing s u r f a c e  wi th  r e spec t  t o  charged p a r t i c l e s ,  no p a r t i c l e  

can a r r i v e  a t  po in t  P i f  i ts  s t r a i g h t - l i n e  t r a j e c t o r y  has  been in -  

t e r cep ted  by the  moon’s sur face .  Therefore  a t  po in t  P t h e  guiding- 

c e n t e r  d i s t r i b u t i o n  func t ion  i s  Maxwellian i n  a c e r t a i n  i n t e r v a l  

i n  t h e  one-dimensional C -space, and is  zero  o u t s i d e  of t h i s  

i n t e r v a l .  

which t h e  d i s t r i b u t i o n  funct ion is  Maxwellian. 

I1 

Let  I j  denote  the  i n t e r v a l  of CII i n  reg ion  j wi th in  

We can express  

Now the guiding-center d i s t r i b u t i o n  func t ion  i n  the d i s tu rbed  

r eg ions  ( reg ions  I,  I1 and 111) can be expressed a s  

The ion  d e n s i t y ,  no, and the ion f l u x ,  n s ,  can be c a l c u l a t e d  from 
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L e t  S = U/(2kTll /mi)' denote the  so -ca l l ed  "speed r a t i o "  i n  the  

f r e e  molecule flow regime. The i n t e g r a t i o n ,  from (5) and ( 6 ) ,  

y i e l d s  the fol lowing forms : 

I n  reg ion  I ,  

I n  reg ion  11, 

Er fc (3 )  i s  the  complementary e r r o r  func t ion  of 3 def ined  as 

e r f c ( f )  = 1 - e r f  (3) 

3. Resul ts  

A t  the  e a r t h  I s  o r b i t ,  t he  t y p i c a l  i n t e r p l a n e t a r y  condi t ions  

of the past  few yea r s  d i r e c t l y  observed from space s a t e l l i t e s  a r e  

of the  order  of U - 400 km/sec, T - lo5 OK, n - 5 ions/cm, B - 6y 
and 8 - 135O o r  315O. 

f i e l d ,  TII , i s  about twice t h e  temperature t r a n s v e r s e  t o  the  mag- 

n e t i c  f i e l d ,  TI . Rased on these  va lues  some numerical  computations 

have been c a r r i e d  o u t .  

The temperature p a r a l l e l  t o  t he  magnetic 

1 3  
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We s h a l l  f i r s t  d i s c u s s  t h e  ion f l u x  d i s t r i b u t i o n .  F i g .  4 shows 

the  d i s t r i b u t i o n  of i on  f l u x  on the XY-coordinate plane f o r  S=5 and 

8 = 90°, 105O, 120°, 135O and 150'. The guid ng-center p a r t i c l e s  are 

i n s e n s i t i v e  t o  the  p o l a r i t y  of the f i e l d  l i n e  when 0 = 01 + 180° t h e  

flow p a t t e r n  i s  e x a c t l y  t h e  same a s  t h a t  wi th  0 = 01. 

i s  d i s t u r b e d  mainly downstream from t h e  moon. 

i s  produced i n  the  near-downstream v i c i n i t y  of the  moon; a c r o s s  t h e  

cons t an t  f l u x  contours around t h e  c a v i t y  the  ion  f l u x  changes r a p i d l y  

from the  undis turbed  cond i t ion  t o  the  void  cond i t ion .  A long wake i s  

formed on the  dark s i d e  of the  moon. These f e a t u r e s  ag ree  wi th  t h e  

obse rva t ions  r epor t ed  i n  re ferences  9 and 14. When t h e  f i e l d  l i n e s  a r e  

perpendicular  t o  t h e  d i r e c t i o n  of the  r e l a t i v e  v e l o c i t y  of t he  s o l a r  

wind, t h e  wake r eg ion  i s  r e l a t i v e l y  s h o r t ;  t he  length  of t h e  wake re- 

g ion  inc reases  as the  acu te  angle  between the  two d i r e c t i o n s  dec reases .  

A s  8 t ends  t o  180°, t he  shape o f  the empty c a v i t y  approaches a c i r c u l a r  

c y l i n d e r  with a r a d i u s  of 1 Rm; the ion  f l u x  and t h e  ion  d e n s i t y  a r e  

undis turbed  o u t s i d e  the  c y l i n d e r  and ze ro  i n s i d e .  F ig .  5 p l o t s  t he  

d i s t r i b u t i o n  o f  ion  f l u x  on the  XY-coordinates plane f o r  0 = 135' and 

S = 3 ,  7 and 10. 

longer  a s  t h e  speed r a t i o  S inc reases .  

The ion  f l u x  

A s i z a b l e  empty c a v i t y  

It i s  seen  t h a t  the moon's wake becomes narrower and 

L e t  8 denote the  angle  between the  d i r e c t i o n  of t h e  ion  f l u x  and 

t h a t  o f  the s o l a r  wind v e l o c i t y  with r e s p e c t  t o  the  moon, 

8 = a r c t a n  (uy/ux). 

The cons t an t  8 contours  a r e  p lo t t ed  i n  F i g .  6 t o  show t h e  change of i on  

f l u x  d i r e c t i o n  i n  the  moon's wake f o r  t y p i c a l  i n t e r p l a n e t a r y  c o n d i t i o n s ,  
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S=7 and 8=135'. 

a r e  measured from the  X-axis,  t h e  d i r e c t i o n  of the  r e l a t i v e  v e l o c i t y  of 

the  s o l a r  wind with r e spec t  t o  the  moon. In  genera l  t h e  X-di rec t ion  i s  

s l i g h t l y  def lec ted  from the sun-moon l i n e ;  t he  d e f l e c t i o n  angle  i s  

determined by the  fo l lowing  two f a c t o r s :  (1)  The d i r e c t i o n  of  t he  s o l a r  

wind i s  not  s t r i c t l y  a long  the  h e l i o c e n t r i c  r a d i a l  d i r e c t i o n ;  the  

d e v i a t i o n  from r a d i a l  d i r e c t i o n  may be a s  l a rge  a s  loo,  t he  average 

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

The moon i s  o r b i t i n g  around t h e  sun wi th  a v e l o c i t y  of 30 - + 1 km/sec, 

and must be included i n  c a l c u l a t i n g  the  r e l a t i v e  v e l o c i t y  of  t h e  s o l a r  

wind wi th  respec t  t o  t h e  moon. This  l a t t e r  e f f e c t  i s  the  a b e r r a t i o n  

of t he  so l a r  wind flow which i s  genera l ly  between 3-6'. 

It should be noted t h a t  throughout t h i s  paper ,  ang le s  

i s  from e a s t  of the  sun by 1.5'. (2)  

The d i r e c t i o n  of the wake is  "s teered"  by both the  s o l a r  wind 

v e l o c i t y  and t h e  imbedded f i e l d  l i n e s .  When 8 = 90' o r  180°, t he  flow 

i s  symmetrical about t he  XZ-plane, and the  d i r e c t i o n  of t he  wake co in-  

c i d e s  wi th  t h a t  of the upstream s o l a r  wind v e l o c i t y  wi th  r e spec t  t o  t h e  

moon. From F igs .  4 and 5 we can see t h a t  when 8 i s  between 90° and 

180' the  wake i s  d e f l e c t e d  s l i g h t l y  toward t h e  d i r e c t i o n  of t he  imbedded 

f i e l d  l i n e s .  A s  t he  speed r a t i o  S i nc reases  the s t e e r i n g  of the  wake 

d i r e c t i o n  becomes more dominantly c o n t r o l l e d  by t h e  s o l a r  wind v e l o c i t y .  

A perspec t ive  view of the  moon's wake i s  p l o t t e d  i n  F ig .  7 t o  

show the  ion f l u x  d i s t r i b u t i o n  over c r o s s - s e c t i o n s  X = 3,6 ,9 ,12  and 15. 

We can see  t h a t  the  flow i s  symmetrical about  t he  XY-plane which i s  

p a r a l l e l  t o  b o t h  the  s o l a r  wind v e l o c i t y ,  lJo, and the  i n t e r p l a n e t a r y  

magnetic f i e l d  Ba. 

t o  the plane of symmetry, remains cons t an t  a t  one lunar  diameter  every-  

where. The width of the  wake measured i n  the  plane of symmetry inc reases  

The th ickness  of  the  wake, measured perpendicular  
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as i t s  d i s t a n c e  from the  moon increases .  This  shows the  important r o l e  

t h e  i n t e r p l a n e t a r y  magnetic f i e l d  p lays  i n  a f f e c t i n g  t h e  flow cond i t ions  

i n  t h i s  wake r eg ion .  I n  the  absence of t he  magnetic f i e l d ,  we would see  

a wake flow symmetrical about the X-axis downstream of  a sphere r a t h e r  

t han  a d e f l e c t e d  wake symmetrical about t h e  XY-plane. 

The ' i o n  f l u x  i s  of primary importance, because t h i s  is the  quan- 

9 t i t y  t h a t  can be d i r e c t l y  measured from space s a t e l l i t e s .  The d i s t r i -  

bu t ion  of ion  d e n s i t y  i s  u s e f u l  in  computing the e l e c t r o n  flow and the  

magnetic f i e l d  i n  the moon's v i c i n i t y .  Since t h e  d i r e c t i o n  of  t he  

f o r c e s  between charged p a r t i c l e s  i s  such a s  t o  t r y  t o  r e s t o r e  n e u t r a l i t y ,  

i t  i s  c h a r a c t e r i s t i c  of plasma t o  t r y  t o  remain as e l e c t r i c a l l y  n e u t r a l  

a s  poss ib l e .  The ion  dens i ty  d i s t r i b u t i o n  a c t s  a s  a background f o r  the  

e l e c t r o n  flow i n  the  moon's wake, and the e l e c t r o n  dens i ty  can dev ia t e  

from the ion  d e n s i t y  only very s l i g h t l y .  

F i n a l l y  w e  s h a l l  d i scuss  the d i s t r i b u t i o n  of i on  dens i ty  i n  the  

v i c i n i t y  of the  moon. F igs .  8 and 9 show the  ion d e n s i t y  d i s t r i b u t i o n  

compared wi th  the ion f lux  d i s t r i b u t i o n .  The cons t an t  d e n s i t y  contours  

a r e  q u i t e  c lose  t o  the  cons tan t  f l ux  contours ,  and thus the  genera l  

f e a t u r e  of the  moon's wake does not change whether w e  a r e  d e a l i n g  with 

t h e  d e n s i t y  o r  t he  f l u x .  

A s  t o  t he  length  o f  the  wake, t h i s  au thor  does not  a t tempt  t o  de- 

f i n e  i t  p r e c i s e l y .  A t y p i c a l  v a r i a t i o n  of ion  dens i ty  and ion  f l u x  

a long  the  X-axis i s  given i n  Table 1. From t h i s  t a b l e  i t  may be s t a t e d  

t h a t  the  length  of  the moon's wake i s  of the o rde r  of  100 lunar  r a d i i .  
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Summary 

As the s o l a r  wind i n t e r a c t s  wi th  t h e  moon, the motion of ion  

p a r t i c l e s  i n  the  v i c i n i t y  of t he  moon i s  considered as a f r e e  molecule 

flow of guiding-center  p a r t i c l e s .  

desc r ibe  the d i s t r i b u t i o n  of t h e  ion  d e n s i t y  and the  i o n  f l u x  i n  the  

v i c i n i t y  of t he  moon. 

A n a l y t i c a l  r e su l t s  a r e  obta ined  t o  

The i n t e r p l a n e t a r y  magnetic f i e l d  has  a s t r o n g  e f f e c t  on the  flow 

of the magnetized s o l a r  wind plasma. 

about a plane pass ing  through the  c e n t e r  of  the moon and p a r a l l e l  t o  

both t h e  s o l a r  wind v e l o c i t y  and the  imbedded f i e l d  l i n e s .  A s i z a b l e  

empty cav i ty  i s  produced i n  the  near-downstream v i c i n i t y  of  t h e  moon. 

The d is turbed  flow forms a long s l i g h t l y  curved and d e f l e c t e d  wake on 

the  darkside of t h e  moon. The th ickness  of the wake, measured perpen- 

d i c u l a r  t o  the  plane of  syrmnetry, remains cons t an t  a t  one luna r  d iameter .  

The width of the  wake measured i n  the  plane of symmetry, i n c r e a s e s  wi th  

i t s  d is tance  from the  moon. The d i r e c t i o n  of  the wake e s s e n t i a l l y  

fol lows tha t  of  t he  s o l a r  wind v e l o c i t y  wi th  r e spec t  t o  the  moon; i t  

i s  a l s o  s t ee red  by the  f i e l d  l i n e s  t o  bend s l i g h t l y  toward the  d i r e c t i o n  

of the  f i e l d  l i n e s .  A s  t h e  speed r a t i o  inc reases  the  d e f l e c t i o n  angle  

decreases ,  and the  s t e e r i n g  of t he  wake d i r e c t i o n  becomes more dominantly 

c o n t r o l l e d  by the s o l a r  wind v e l o c i t y .  The length  of t h e  wake i s  of  

the order  of 100 lunar  r a d i i .  

The flow cond i t ion  is  syamet r i ca l  
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TABLE 1 

Variation of  ion dens i ty  and ion flux along X-Axis ( f o r  
S = 5 and = 135') 

25.0 0.68849 0.68801 

50.0 0.84139 0.84133 I 

75.0 0.89390 0.89 388 

100.0 0.92033 0.92032 

125.0 0.9 3623 0.93623 

150.0 0.94684 0.94684 

175.0 0.95443 0.95443 

200.0 0.96012 0.9 60 12 

225 0 0.9 6455 0.96455 

250.0 0.9 6809 0.9 6803 

275.0 0.9 7099 0.97099 

300.0 0.97341 0.97341 

325.0 0.9 7545 0.9 7545 

350.0 0.97721 0.97721 

375.0 0.9 7873 0.97873 

400 0 0.98005 0.9 8005 
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FIGURE CAPTIONS 

Figure  1 

Figure  2 

Figure  3 

Figure  4 

Figure  5 

Figure  6 

Figure  7 

F igure  8 

F igu re  9 

The coord ina te  system. 

The guid ing-center  v e l o c i t y  vec to r  and t h e  guid ing-center  

d i s t r i b u t i o n  func t ion .  

Three d i f f e r e n t  regions i n  t h e  d i s t u r b e d  flow. 

The d i s t r i b u t i o n  of ion f l u x  i n  the  XY-coordinate p lane  

f o r  vary ing  d i r e c t i o n  angle  8 .  

The d i s t r i b u t i o n  of ion f l u x  i n  the  XY-coordinate plane 

f o r  vary ing  speed r a t i o  S .  

"he d i r e c t i o n  of i o n  f l u x  i n  t h e  moon's wake. (The shaded 

a r e a s  i n d i c a t e  t h e  magnitude o f  ion  f l u x ) .  

A per spec t ive  view of t he  moon's wake ( f o r  S=5, 0 = 135O). 

A comparison of t h e  ion d e n s i t y  d i s t r i b u t i o n  and t h e  ion  

f l u x  d i s t r i b u t i o n .  

A comparison of t h e  ion d e n s i t y  d i s t r i b u t i o n  and t h e  i o n  

f l u x  d i s t r i b u t i o n .  
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