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Summary 

This f i n a l  r e p o r t  cove r s  work conducted by Brigham Young Unive r s i ty  

pe r sonne l  i n  t h e  a n a l y s i s  and i n t e r p r e t a t i o n  o f  magnetic f i c l d  d a t a  ob ta ined  

by t h e  v e c t o r  h e l i u n  magnetometer (VHM) d u r i n g  t h e  encoun te r s  of J u p i t e r  

(Pioneer  1 0  and 11) and  S t u r n  (P ionee r  11). We have p r i n c i p a l l y . d i r e c t e d  o u r  

e f f o r t s  i n  a n  a t t empt  t o ' u n d e r s t a n d  t h e  p u z z l i n g  c h a r a c t e r i s t i c s  o f  t h e  J o v i a n  

and Sa tu rn ian  magnetospheric magnetic f i e l d s .  An appa ren t  substorm ( inc lud ing  

t h i n n i n g  of t h e  d a y s i d e  " t a i l "  c u r r e n t  sheet)  h a s  been observed a t  J u p i t e r ,  as  

w e l l  a s  evidence s q g e s t i n g  t h a t  a t  t h e  magnetopause t h e  c u s p  i s  a t  a n  abnor- 

mally l o w  l a t i t u d e .  The c h a r a c t e r i s t i c s  o f  Saturn's r i n g  c u r r e n t  a s  observed 

by Pioneer 11  were d r a m a t i c a l l y  d i f f e r e n t  from t h o s e  s s g e s t e d  by t h e  Voyager 

observat ions.  b s t  impor t an t ly ,  ve ry  s t r o n g  p e r t u r b a t i o n s  i n  t h e  a z i v t h a l  

r i n g  c u r r e n t  magnetic f i e l d  s q g e s t  t h a t  t h e  plane o f  t h e  r i n g  was n o t  i n  t h e  

d i p o l e  e q u a t o r i a l  plane,  be ing  t i l t e d  5 - loo r e l a t i v e  t o  t h e  d i p o l e  and 

undergoing s i g n i f i c a n t  changes d u r i n g  t h e  encounter.  When t h e s e  changing 

c u r r e n t s  were c o r r e c t e d  f o r ,  a n  improved p l a n e t a r y  f i e l d  de t e rmina t ions  w a s  

obtained.  In  a d d i t i o n ,  t h e  r i n g  and a z i r m t h a l  c u r r e n t s  a t  % t u r n  d i s p l a y e d  

s i g n i f i c a n t l y  d i f f e r e n t  t i m e  dependences. Ihe t i m e  dependent c h a r a c t e r i s t i c s  

observed i n  t h e  r a d i a l  c u r r e n t  sys tem s q g e s t  t h a t  a t  l ea s t  a p o r t i o n  o f  t h e  

magnetospheric c u r r e n t s  may behave i n  a manner s i m i l a r  t o  t h e  p r e d i c t e d  p e r -  

t u r b a t i o n s  of  a r a p i d l y  r o t a t i n g  plasma-field conf igu ra t ion .  ' l heo re t i ca l  

s t u d i e s  of t h e  i n t e r a c t i o n  o f  Sa turn's c o r o t a t i o n g  magnetospheric plasma w i t h  

Titan's atmosphere have been s t a r t e d .  Such a s t u d y  may l e a d  t o  a b e t t e r  

understanding of t h e  anomalous behavior observed i n  t h e  f i e l d  a s  P ionee r  11 

passed c o r o t a t i o n a l l y  downstream, and above t h e  o r b i t ,  o f  Titan. 

A l i s t  of  p u b l i c a t i o n s  and pape r s  p re sen ted  r e s u l t i n g  from t h i s  g r a n t  a r e  

l i s t e d  a t  t h e  end o f  t h i s  report. Four a d d i t i o n a l  papers  a re  i n  p r e p a r a t i o n ,  

p o r t i o n s  of  which a r e  inc luded  i n  t h i s  r e p o r t .  Th i s  g r a n t  covered t h e  pe r iod  

January 1 ,  1982 t h r u  September 30, 1986, and funds  were rece ived  s u f f i c i e n t  t o  

s u p p o r t  t h e  e q u i v a l e n t  of  abou t  1 1/2 f a c u l t y  man years.  



2.  

The J o v i a n  Magnetosphere and Magnetospheric Cur ren t s  

Douglas E. J o n e s  (and Barry T. Thomas, JPL) 

I n  o u r  e a r l y  s t d i e s  o f  t h e  Jovian  magnetosphere and magnetospheric  

c u r r e n t s  w e  concent ra ted  p r imar i ly  on t h e  p commponent of t h e  f i e l d ,  and 

u t i l i z e d  o n l y  t h e  outbound Pioneer 10 d a t a  (Jones e t  a l . ,  1975, 1976,  

1980a). Subsequent attempts t o  i n t e r p r e t  t h e  z and 4 c o w o n e n t  sugges ted  t h a t  

i n  t h o s e  p o r t i o n s  observed by Pioneers  10 and  11 ,  e i t h e r  a " t a i l - l i k e "  c u r r e n t  

s h e e t  o r  a l o c a l  t i m e  dependent r a d i a l  c u r r e n t  s h e e t  w a s  p r e s e n t  i n  t h e  day- 

s i d e  magnetosphere (Goertz e t  a l . ,  1976, Pa r i sh  e t  a l . ,  1980, Cbnnerney, 1981, 

J o n e s  e t  a l . ,  19811. A c r i t i ca l  t e s t  t o  d i s t i n g u i s h  between t h e s e  two possi-  

b i l i t i e s  i s  n o t  p o s s i b l e  a t  t h e  p re sen t  t i m e  because  o b s e r v a t i o n s  o f  t h e  

magnetosphere i n  t h e  r equ i r ed  noon t o  dusk quadrant  have n o t  been  made. 

In a more comprehensive s t u d y ,  a model combining a d i s c  c u r r e n t ,  a dusk- 

dawn c u r r e n t  s h e e t  i n  b o t h  t h e  t a i l  and d a y s i d e  r eg ions ,  and a n  image d i p o l e  

( t o  simulate magnetopause c u r r e n t s )  was u t i l i z e d  (Fig.  1). For b o t h  t h e  t a i l  

and days ide  s h e e t  c u r r e n t s ,  a semi - in f in i t e  c u r r e n t  s h e e t  w a s  assuned t o  

ex tend  t o  i n f i n i t y  i n  t h e  dawn-dusk d i r e c t i o n ,  be ing  r e s t r i c t e d  o n l y  i n  t h e  

sunward and t a i l w a r d  dimensions. Although t h i s  model i s  n o t  r ea l i s t i c  f o r  

e i t h e r  t h e  d a y s i d e  o r  t a i l  r e g i o n s ,  n e v e r t h e l e s s  i t  w a s  r e l a t i v e l y  e a s y  t o  

work w i t h  and q u a l i t a t i v e l y  provided an i n d i c a t i o n  of t h e  t y p e  of  c u r r e n t s  

l i k e l y  needed t o  e x p l a i n  t h e  d a t a  i n  t h e  developnent  o f  a more s o p h i s t i c a t e d  

model. 

Pre l iminary  s t u d i e s  of t h i s  model used a v i s u a l  f i t  t o  t h e  t h r e e  v e c t o r  

) r a t h e r  t h a n  a components o f  t h e  p e r t u r b a t i o n  f i e l d  (Btotal 

c0npute.r a lgori thm. F ie ld  l i n e  p l o t s  of  t h e  magnetospheric f i e l d  due  t o  t h e  

d e r i v e d  c u r r e n t s  p l u s  t h a t  o f  a p lane tary  d i p o l e  d i s p l a y e d  a tendency € o r  t h e  

cusp  t o  be a t  a r e l a t i v e l y  l a w  l a t i t u d e  of 25-40' a s  conpared t o  a v a l u e  

n e a r e r  80' f o r  e a r t h  (Jones e t  a l . ,  1983). This low l a t i t ude  f e a t u r e  w a s  most 

appa ren t  when t h e  c u r r e n t s  r equ i r ed  t o  f i t  t h e  outbound Pioneer  10  d a t a  were 

used. lhe Pioneer  1 1  outbound d a t a  (Figure 2) a r e  c l e a r l y  s e e n  t o  b e  cons i s -  

t e n t  w i t h  t h e  p o s s i b l e  e x i s t e n c e  of a l ow- la t i t ude  cusp. In f i t t i n g  t h e  

Pioneer  10  outbound d a t a  segment i t  w a s  n o t  necessa ry  t o  have  t h e  t a i l - l i k e  

s h e e t  ex tend  i n t o  t h e  days ide  more than  s e v e r a l  J o v i a n  r a d i i  because most o f  

t h i s  p a s s  occur red  behind t h e  dawn l i n e .  When t h e  t a i l - l i k e  d a y s i d e  c u r r e n t  

4 A - 
Bplane t a r y 
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s h e e t  was al lowed t o  ex tend  i n t o  t h e  days ide  r e g i o n  only enough t o  p rov ide  a 

good f i t  t o  t h i s  d a t a  segment a l o n e ,  t h e  r e s u l t i n g  cusp  l a t i t u d e  w a s  much more 

e a r t k l i k e .  Hence, i t  w a s  concluded t h a t  t h e  l o w  l a t i t u d e  c u s p  may simply 

result from t h e  format ion  o f  a t a i l - l i k e  c u r r e n t  s h e e t  i n  t h e  d a y s i d e  magneto- 

sphere.  

The l o c a t i o n  of a p l ane ta ry  cusp  i s  dependent upon t h e  f i e l d  s o u r c e s  

i n s i d e  t h e  magnetosphere and t h e  solar wind p r e s s u r e  a t  t h e  magnetopause 

boundary. For a s imple  d i p o l e  f i e l d  source,  a uniform e x t e r n a l  f i e l d  o r i e n t e d  

o p p o s i t e  t h e  d i r e c t i o n  o f  t h e  p l ane ta ry  d i p o l e  results i n  two cusps ,  o n e  a t  

e a c h  pole. If t h e  uniform f i e l d  i s  p a r a l l e l  t o  t h e  d i p o l e  moment, t h e  cusp  i s  

a c i rc le  i n  t h e  e q u a t o r i a l  plane. Studies o f  t h e  case o f  a d i p o l e  f i e l d  i n  

t h e  p re sence  of  a r e c t i l i n e a r  p r e s s u r e  d u e  t o  t h e  impinging s o l a r  wind show 

t h a t  t h e  r e s u l t i n g  cusp  i s  similar t o  t h e  case o f  t h e  d i p o l e  i n  a uniform 

f i e l d  t h a t  is a n t i  p a r a l l e l  t o  t h e  d i p o l e  moment, b u t  s h i f t e d  10 - 20° from 

t h e  p o l e  i n  t h e  d i r e c t i o n  towards t h e  s o l a r  wind source.  It c a n  b e  shown t h a t  

a d i p o l e  f i e l d  i n  t h e  presence  of  a uniform f i e l d  o r i e n t e d  or thogonal  t o  t h e  

d i p o l e  moment, and r e v e r s i n g  d i r e c t i o n  w i t h  r e s p e c t  t o  t h e  d i p o l e  e q u a t o r  

(i.e.,  a s h e e t  or t a i l  l i k e  f i e l d )  l o c a t e s  t h e  magnetopause cusp  a t  a c o l a t i -  

t u d e  a n g l e  8 g i v e n  by tan-' = 1'T , or a l a t i t u d e  o f  about  35' (Fig.  3). 

Addi t ion  of a r i n g  o r  d i s c  c u r r e n t  w i l l  t end  t o  ex tend  t h e  e q u a t o r i a l  magneto- 

pause and probably i n c r e a s e  t h e  l a t i t u d e  o f  t h e  cusp  ( inve r se  r dependent 

c u r r e n t  d e n s i t y ) ,  whereas a s o l a r  wind approaching t h e  p l a n e t  o n  t h e  same s i d e  

o f  t h e  magnetosphere a s  t h e  cusp ,  should ,  a s  i n  t h e  case o f  t h e  s i m p l e  d i p o l e  

( i - e . ,  t h e  e a r t h ) ,  lower t h e  l a t i t u d e  of t h e  cusp. The presence  of o t h e r  

f i e l d s  ( n o r t h  ward, s o u t h  ward) w i l l  cor respondingly  s h i f t  t h e  cusp  t o  lower  

o r  h i g h e r  l a t i t u d e s ,  r e s p e c t i v e l y .  

Cons iderable  r e s e a r c h  h a s  been  done i n  sea rch ing  f o r  IMF c o n t r o l  of t h e  

l a t i t u d i n a l  p o s i t i o n  o f  t h e  magnetospheric cusp. ( See rev iews  by Burch [1979 1 
and Shepherd [1979].) .  Recent ly ,  Carbury and Meng (1986a, 1986b) have found 

t h a t  IMF B, and A E  b o t h  a f f e c t  t h e  low a l t i t u d e  cusp  l a t i t u d e ,  t h e  l a t i t u d e  

vary ing  between 67 and 78  degrees.  'Ihe behav io r  of t h e  l a t i t u d e  of  t h e  c u s p  

a t  t h e  magnetopause boundary was unknown a t  t h i s  t i m e ,  however. S r i n g  q u i e t  

t i m e s  no apparent  c o r r e l a t i o n  between t h e s e  parameters and c u s p  l a t i t u d e  was 

observed ( G r b u r y  and Mng,  1986a). No mention i s  made i n  terms o f  a p o s s i b l e  

s o l a r  wind p r e s s u r e  dependence of  t h e  c u s p  l a i t u d e ,  however. It i s  a l s o  
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7 .  

p o s s i b l e  t h a t  some o t h e r  parameter, d i r e c t l y  r e l a t e d  t o  e q u a t o r i a l  magneto- 

s p h e r i c  c u r r e n t s  (dawn-dusk?) might b e  important. We shou ld  n o t e  t h a t  immedi- 

a t e l y  a f t e r  t h e  f i n a l  outbound p e n e t r a t i o n  o f  t h e  magnetopause by Pioneer  11 

t h e  i n t e r p l a n e t a r y  f i e l d  had a southward component, and t h e r e f o r e  t h i s  f a c t o r  

may a l s o  have con t r ibu ted  t o  t h e  observed l o w  l a t i t u d e  cusp ,  a l though t h e  

magnitude o f  t h e  f i e l d  was low (- 0.3 - .5 nT). 

J o v i a n  model magnetospheres based upon a more comprehensive f i t t i n g  o f  

t h e  P ioneer  d a t a  se t s  a l s o  scgggest low c u s p  magnet ic  l a t i t u d e s  (Fig.  4). A s  

noted  above, a major  f e a t u r e  o f  t h e s e  model magnetospheres,  i n  a d d i t i o n  t o  t h e  

warped c u r r e n t  d i s c  (Jones e t  a l . ,  1980a),  h a s  been  a t a i l - l i k e  dawn dusk 

s h e e t  c u r r e n t  r equ i r ed  in t h e  s u n l i t  p o r t i o n  of  t h e  magnetosphere ( Jones  e t  

a l . ,  1981). ?his c u r r e n t  f lows  i n  o p p o s i t i o n  t o  t h e  d i s c  c u r r e n t  i n  t h e  

d a y s i d e  magnetosphere, and p a r a l l e l  t o  i t  in t h e  t a i l  region. Such a c u r r e n t  

adds  a uniform f i e l d  o f  t h e  t y p e  noted above and t h e r e f o r e  should  lower  t h e  

l a t i t u d e  o f  t h e  cusp ,  t h e  lowering being f u r t h e r  enhanced"by t h e  p o s i t i v e  z 
component o f  a r ea l i s t i c ,  d ive rgence le s s  s h e e t  f i e l d .  

A l a r g e  number of  models f i t t i n g  t h e  P ioneer  10 and 11 d a t a  have been 

s t u d i e d  u s i n g  a computer a lgo r i thm t o  minimize t h e  da'ta-model f i e l d  resi- 

duals .  One such  se t  of model magnetopause and cor responding  cusp  c o n f i g u r  

a t i o n s  a re  d i s p l a y e d  i n  Figure 4 (Thomas and Jones ,  1984). h o t h e r  model 

s t u d i e d  added h igh  l a t i t u d e  " re turn"  c u r r e n t s ,  a s  such  a model i s  a more 

rea l i s t ic  r e p r e s e n t a t i o n  of t h e  actual  c u r r e n t  c o n f i g u r a t i o n  l i k e l y  t o  

e x i s t .  A cusp  l a t i t u d e  of 23' f o r  such a model h a s  been  determined. Note 

t h a t  t h i s  i s  t h e  l a t i t u d e  a t  t h e  magnetopause and n o t  where b i f u r c a t i o n  o f  t h e  

f i e l d  l i n e s  occur  a t  t h e  p l ane ta ry  s u r f a c e  (which i s  n e a r e r  80'). A number of 

o t h e r  models o f  t h i s  g e n e r a l  t y p e  have a l s o  been s t u d i e d .  

Seve ra l  comments about  t h e  f i t t i n g  procedure  and model c u r r e n t s  should  be  

made as  t h e y  cou ld  c r i t i c a l l y  a f f e c t  t h e  r e s u l t i n g  l o c a t i o n  o f  t h e  magneto- 

pause cusp. In t h e  development of  t h e  model f i t s  from which t h e  magnetopause 

shapes  were d e r i v e d ,  t h e  n o i s y  d a t a  c l o s e  t o  t h e  outbound magnetopause w a s  

excluded, i .e.,  no a t tempt  w a s  made t o  f i t  t h e  d a t a  r i g h t  up  t o  t h e  p o i n t  

ev iden t  i n  t h e  d a t a  where t h e  s p a c e c r a f t  e n t e r e d  t h e  magnetosheath. B n s e -  

quen t ly ,  t h e  l o c a t i o n  of t h e  cusp ,  as  determined by t h e  l a t i t u d e  where t h e  

model f i e l d  l i n e s  b i f u r c a t e ,  i s  based upon f i e l d  l i n e s  e x t r a p o l a t e d  some 15-20 

J o v i a n  r a d i i  beyond t h e  f i t t i n g  region, and a s  a r e s u l t ,  t h e  l o c a t i o n  of  t h e  
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c u s p  might b e  cons ide red  t o  b e  model dependent. Another u n r e a l i s t i c  f e a t u r e  

o f  t h e s e  models i s  t h e  obvious ex tens ion  o f  b o t h  t h e  t a i l  and d a y s i d e  c u r r e n t  

s h e e t s  beyond t h e  e q u a t o r i a l  magnetopause. The shape  of  t h e  magnetoFpause 

(and t h e r e f o r e  t h e  l a t i t u d e  o f  t h e  cusp) w i l l  b e  dependent upon where t h e  

image d i p o l e  i s  placed i n  t h e  minimization process.  Although o t h e r  model l ing 

s t u d i e s  o f  magnetopause shapes  u s i n g  image d i p o l e s  have  s e t  t h e  image d i p o l e  

d i s t a n c e  a t  approximately 4-6 times t h e  planet-magnetopause d i s t a n c e  (Hones, 

19631, w e  'did n o t  t o  c o n s t r a i n  t h e  model i n  t h i s  manner ' i n  t h e  preceding 

s t u d i e s .  

We have cont inued o u r  model s t u d i e s  o f  t h e s e  d a t a  w i t h  a more rea l i s t ic  

d a y s i d e  dusk-to-dawn c u r r e n t  s h e e t ,  r e p l a c i n g  t h e  s e m i - i n f i n i t e  r i b b o n  cur-  

r e n t s  by one confined t o  a p a r a b o l i c  envelope, and  u s i n g  a f i n i t e  w i d t h  t a i l  

c u r r e n t  s h e e t .  A f u n c t i o n  minimization r o u t i n e  was used as  b e f o r e  (lhomas and 

Jones ,  1984). For t h i s  model t h e  image d i s t a n c e  and  days'ide s h e e t  e x t e n t  are 

allowed t o  b e  v a r i a b l e s .  The dawn-dusk e x t e n t  o f  t h e  c u r r e n t  s h e e t  was 

assuned t o , b e  e i t h e r  3 o r  4 t i m e s  t h e  s u b s o l a r  d i s t ance .  Runs f o r  which t h i s  

r a t i o  w a s  3 provided a s l i g h t l y  poorer f i t ,  b u t  w e  d o  n o t  b e l i e v e  t h a t  o u r  

model s t u d i e s  a re  a b l e  t o  p rov ide  a unique d e t e r m i n a t i o n  of  t h e  shape  of  t h e  

magnetosphere i n  t h e  magnetic e q u a t o r i a l  plane. Such parameters. a s  t h e  d i s c  

t i l t ,  t h i c k n e s s ,  and t w i s t  parameters  were observed t o  opt imize r a p i d l y  and 

remain r e l a t i v e l y  f i x e d  d u r i n g  t h e  runs r e s u l t i n g  i n  t h e  fol lowing:  t i l t  = 

- 

l l . l jo,  Disc c u r r e n t  t h i c k n e s s  = 2.5 * 0.9. R j  (assuned Gaussian v a r i a t i o n ) ,  

qn  = 12.66, s t a r t  l o n g i t u d e  f o r  t w i s t i n g  = 39.61°, M s t - r a t e  = 0.96'/RJ. 

The t a i l  l e n g t h  w a s  a r b i t r a r i l y  s e t  a t  1.5 t i m e s  Rout. 'Ihe r e l e v a n t  para- 

meters f o r  combined Pioneer 11 inbound and outbound d a t a  s e t  a r e  d i s p l a y e d  i n  

Table  1, and t h e  d e r i v e d  f i e l d  l i n e s  of o n e  model a r e  shown i n  F i g u r e  5. 

The corresponding cusp  l a t i t u d e  i s  found t o  b e  a t  a b o u t  27O, o r  abou t  t h e  

same as  t h a t  found u s i n g  t h e  s e m i - i n f i n i t e  c u r r e n t  s h e e t  r e p o r t e d  by Thomas 

and Jones (1984) (compare Figures 4 and 5). Ibwever, i t  i s  noted t h a t  i f  t h e  

image d i s t a n c e  i s  f i x e d  a t  300 RJ,  i.e., 4 t o  5 times t h e  observed s u b s o l a r  

d i s t a n c e  f o r  t h e  J o v i a n  magnetosphere o r  c o n s i s t e n t  w i t h  t h e  ass uned l o c a t i o n  

of  t h e  image d i p o l e  i n  t h e  early t e r r e s t i a l  model l ing r epor t ed  by Hones 

(1963),  t h e  cusp  moves u p  t o  n e a r l y  32'. A t  t h e  same t i m e ,  t h e  r m s  e r r o r  o f  

t h e  f i t  f o r  t h e  f i x e d  image d i s t a n c e  c a s e  i s  degraded by less  t h a n  1 p a r t  i n  

s e v e r a l  thousand. Some change i n  cusp  l a t i t ude  on t h e  o r d e r  o f  1 o r  2 d e g r e e s  
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Table 1 

A 

Pioneer 1 1  inbound/outbound (15-4 5 RJ) 

. ( v a r i a b l e  image d i s t a n c e  and s h e e t  e x t e n t ;  p a r a b o l i c  r a t i o  = 3.0) 

ratio dist j s h e e t  s h e e t  Rout B r m s  

MI/MJ RJ nT R J  R J  nT 

a 

0.741 2.03 6.1 144.7 1.96 125.2 64.8 0.250 2.26 

* 
t imes  3 :65  X 

' k b l e  2 

Pioneer 1 1  inbound/outbound: 20-4 5 RJ 

(image d i s t a n c e  300 RJ,  s h e e t  e x t e n t  = Rout;  p a r a b o l i c  r a t i o  = 4 )  

nT 

a ratio j s h e e t  % u t  

MI/MJ nT RJ 

B r m s  

nT 

~ .767 1.930 120.6 2.423 55.9 0.202 1.70 
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Figure 5 
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4Q 

Figure 6 
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i s  a l s o  no ted  i f  t h e  d a y s i d e  s h e e t  e x t e n t  i s  a l l w e d  t o  b e  a va r i ab le .  A 

comparison o f  t h e  v a r i a b l e  v e r s u s  f i x e d  image d i s t a n c e  and d a y s i d e  s h e e t  

e x t e n t  c a n  b e  s e e n  by comparing T a b l e s  1 and 2 ,  and F i g u r e s  5 and 6 ( n o t e  t h a t  

t h e  d a t a  i n t e r v a l s  d i f f e r  a l s o ) .  

I n  a d d i t i o n  t o  f i t t i n g  t h e  d a t a  p r i o r  t o  t h e  f i r s t  outbound magnetopause 

c r o s s i n g ,  we have  f i t  t h e  magnetosphere d a t a  i n t e r v a l  j u s t  p r i o r  t o  t h e  f i n a l  

outbound p e n e t r a t i o n  o f  t h e  magnetopause, i.e.-; t h e  outbound i n t e r v a l  between 

6 2  and 80 RJ. This i n t e r v a l  was o f  i n t e r e s t  because c o n t r a r y  t o  t h e  s q g e s t e d  

t r e n d  of t h e  f i e l d  w i t h i n  57 Rj, where a clear s e p a r a t i o n  of  t h e  f i e l d  l i n e s  

c o n s i s t e n t  w i t h  a c l e f t  r e g i o n  i n  t h e  magnetosphere i s  observed,  t h e  f i e l d  

l i n e s  i n  t h e  l a s t  magnetosphere i n t e r v a l  a l l  s h w  a d e f i n i t e  southward 

t r end .  Combining t h e s e  d a t a  w i t h  t h a t  o b t a i n e d  c l o s e r  s q g e s t s  a p o s s i b l e  

f i e l d  c o n f i g u r a t i o n  c o n s i s t e n t  w i t h  t h e  r e s u l t s  suggested of t h e  3-d MHD 

studies o f  Wu (1983, 1985) and Wu and Walker (1985), wherein a c o u n t e r  flowing 

c u r r e n t  segment i s  p r e d i c t e d  t o  occur  j u s t  beyond t h e  l o c a t i o n  of a nominal 

cusp. However, t h e  n a t u r e  o f  t h e  d a t a  beyond 6 2  RJ o u t  t o  t h e  l a s t  outbound 

magnetopause c r o s s i n g  are a l s o  c o n s i s t e n t  w i t h  a d i f f e r e n t  i n t e r i o r  c u r r e n t  

conf igu ra t ion .  Applying no c o n s t r a i n t s  t o  t h e  model, w e  h a v e  at tempted t o  

determine t h e  c u r r e n t  parameters b e s t  f i t t i n g  t h e  o u t e r  i n t e r v a l .  The cusp  i s  

l o c a t e d  a t  a much h i g h e r  l a t i tude  (i .e. ,  more "ear th- l ike")  and a p p e a r s  t o  b e  

d u e  t o  t h e  a p p a r e n t  disappearance o f  t h e  d a y s i d e  t a i l - l i k e  c u r r e n t  s h e e t  as 

t h e  s o l a r  wind p r e s s u r e  decreased.  

The manner i n  which t h e  r e q u i r e d  model parameters change i n  f i t t i n g  t h e  

Pioneer  10  inbound d a t a  b e f o r e  and a f t e r  t h e  magnetosphere w a s  pushed c l o s e r  

t o  t h e  p l a n e t  t h a n  Pioneer  10 i s  sugges t ive  of  t h e  manner i n  which t h e  t a i l  

changes d u r i n g  a substorm a t  e a r t h .  'his i s  s e e n  i n  t h e  v e r y  s t r o n g  i n c r e a s e  

i n  d a y s i d e  s h e e t  c u r r e n t  a t  t h e  same t i m e  t h a t  a s i g n i f i c a n t  t h i n n i n g  of  t h i s  

s h e e t  by a f a c t o r  o f  a t  l eas t  10  t o  1 o c c u r s  ( ' Ihble 3 and Figures 7 and 8). 

One n o t e s  t h a t  t h e  c u r r e n t  d e n s i t y  i n  t h e  s h e e t  i s  i n c r e a s i n g  by a f a c t o r  of 

some 6 X 1 1  = 6 6  as  a result o f  a n  i n c r e a s e  i n  c u r r e n t  p e r  u n i t  R j  width by a 

f a c t o r  of about  6 ,  and a d e c r e a s e  i n  s h e e t  t h i c k n e s s  by a f a c t o r  of abou t  

11. ?his i s  i n  response t o  t h e  e f f e c t i v e  i n c r e a s e  i n  s o l a r  wind p r e s s u r e  

e q u i v a l e n t  t o  a n  image d i p o l e  r a t i o  i n c r e a s e  by a f a c t o r  o f  abou t  4 .  It would 

appear  t h a t  n o t  o n l y  i s  t h e r e  a need f o r  a t a i l - l i k e  s h e e t  i n  t h e  d a y s i d e  

magnetosphere, b u t  t h e  manner i n  which i t  changes i n  response t o  a n  i n c r e a s e  



Distance in terva l  A 

beyond 60-85 R j  0 -375 1.21 

with in  20-45 Rj 0 . 3 4 4  2 .85  

1 4 .  

Table 3 

a image r a t i o  j cs t h i k  

@ 3 0 0  R j  nT RJ 

1 5 7 . 6  0.883 1.35 

663.3 4 .94  .1 14 
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Figure 7 
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Figure 8 
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s o l a r  wind p r e s s u r e  i s  somewhat s imi la r  t o  t h e  changes o c c u r r i n g  i n  t h e  

terrestr ia l  t a i l  c u r r e n t  s h e e t .  A t  t h e  same time, t h e  i n v e r s e  power l aw  

dependence of t h e  Jov ian  r i n g  c u r r e n t  sharp ly  i n c r e a s e s  r e s u l t i n g  i n  a n  o v e r  

a l l  d e c r e a s e  i n  t h e  c u r r e n t  i n  t h e  r i n g  r a t h e r  t han  a n  i n c r e a s e  a s  observed a t  

ea r th .  
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Polynomial B Model S t u d i e s  

(Dotglas  E. Jones w i t h  Barry T. Thomas and M c h a e l  R ig le r ,  J P L )  

Another model magnetosphere t h a t  was s t u d i e d  u t i l i z e d  polynomial expres- 

s i o n s  f o r  t h e  r e c t a n g u l a r  (Bx,  By, Bz)  components o f  t h e  p e r t u r b a t i o n  magnet ic  

f i e l d  r e q u i r e d  i n  a d d i t i o n  t o  t he  twis ted  a z i n u t h a l  d i s c  c u r r e n t ,  i n s t e a d  of 

one i n  which t h i s  a d d i t i o n  magnetospheric c u r r e n t  c o n f i g u r a t i o n  w a s  ass uned 

and optimized. ne model i s  s u f f i c i e n t l y  d i f f e r e n t  t h a t  i t  w a s  f e l t  t h a t  such  

a n  approach might h e l p  answer t h e  ques t ion  r ega rd ing  a p o s s i b l e  model depen- 

d e n t  c u s p  l a t i t u d e .  
d 

Each c o q o n e n t  of t h e  corresponding B i s  r equ i r ed  t o  b e  d ive rgence le s s ,  

and c e r t a i n  synmetries are imposed c o n s i s t e n t  w i t h  t h e  geometry a t  J u p i t e r .  

For  example, t h e  g e n e r a l  3 r d  d e g r e e  polynomial e x p r e s s i o n  f o r  B, i s  

B, = A 0  + A 1 x  + A 2 y  + A 3 z  + A 4 x 2  + 

'2nd deg=l A s  y2 + Ag Z 2  + A, ~y A8 xz + A g  Y Z  + 

3rd deg. 

4 
and s i m i l a r l y  f o r  B 

s h e e t  c o n f i g u r a t i o n s  were s tud ied .  

and B,. Af t e r  a p p l i c a t i o n  of  V ' B  = 0, s e v e r a l  t y p e s  o f  e f f e c t i v e  Y 
These inc lude :  

Dusk-dawn s h e e t  t y p e  c o n s t r a i n t  (even/odd f u n c t i o n a l  dependence o n  coord ina te s )  

1 .  Bx even y ,  odd z; By odd y ,z ;  B, even  y , z  (no c o n s t r a i n t  o n  t a i l )  

2. B, even x,y,  odd z; B odd y , z ;  B, even y , z  Y 

Radia l  s h e e t  t y p e  c o n s t r a i n t  

B, even x, odd y ,  odd z; By odd x, even  y ,  odd z; R, even  x, y ,  z 
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For  example, a dusk-dawn shee t - l i ke  polynomial f u n c t i o n  t h a t  w a s  used  had t h e  form: 

3rd deg ree  

2nd d e g r e e  

Bx = A ~ z  + A ~ X Z  

n n 

Bz = A4 + A5x A6xL + A7yL 

F b d i f i c a t i o n s  o f  t h e  above expres s ion  a r e  a l s o  p o s s i b l e ,  i .e.,  o n e  c a n  s e t  A2 

= 0 i n  t h e  Bx express ion ,  which f o r c e s  o t h e r  changes i n  o r d e r  t o  s a t i s f y  t h e  

z e r o  d ivergenc e requirement  . 
The results f o r  s e v e r a l  t y p e s  of  polynomial models a r e  d i s p l a y e d  i n  Table  

4 (Thomas e t  a l . ,  1984). For purposes o f  comparison f o u r  o f  t h e  prev ious  

magnetosphere c u r r e n t  models s t u d i e d  a r e  a l s o  l i s t e d  ( f i r s t  f o u r  e n t r i e s )  . 
Magnetopause/cusp c o n f i g u r a t i o n s  pred ic ted  by t h e  polynomial models a r e  d i s -  

played i n  F i g u r e s  9-13. F igures  9 and 1 0  a r e  t h e  results f o r  2-degree sheet-  

l i k e  models,  where Fig. 9 i s  f o r  A2 = 0 ,  and  Fig. 10 f o r  A2 = 0. Figure 11  

results from a 2-degree r a d i a l - l i k e  d i s c  cu r ren t .  F igu res  12-15 a re  d e r i v e d  

from 3-degree  polynomial f i t s .  Figures 1 2  and 1 3  a re  s h e e t - l i k e ,  and d i f f e r  

i n  t h a t  Fig. 13  r e s u l t s  i f  t h e  c o e f f i c i e n t  o f  z3 term i s  fo rced  t o  be nega- 

t i v e .  The cor responding  r m s  f i t  va lues  a re  1.62 and 1.69 nT. Figures  1 4  and 

15  d i s p l a y  t h e  3-degree r e s u l t s  f o r  r a d i a l - l i k e  c u r r e n t  s h e e t s ,  t h e  l a t t e r  

f o r c i n g  o n e  o f  t h e  c o e f f i c i e n t s .  

An i n s p e c t i o n  of  t h e  magnetopause s h a p e s  i n  t h e s e  f i g u r e s  make i t  c lear  

t h a t  r m s  f i t t i n g  i n  t h e  d a t a  r e g i o n  should n o t  b e  t h e  major  c r i t e r i o n  used t o  

d e c i d e  which of  t h e  models i s  most r e a l i s t i c ,  p a r t i c u l a r l y  when cons ide r ing  

t h e  3-degree  polynomial func t ions .  I n  f a c t ,  i t  i s  s u r p r i s i n g  t h a t  none o f  t h e  

3-degree magnetopause shapes  appear  reasonable  i f  o u r  knowledge of t h e  shape  

of  t h e  ea r th ' s  magnetopause i s  co r rec t .  W d i t i o n a l  c o n s i d e r a t i o n  ms t  be  

g i v e n  t o  t h e  abnormal c h a r a c t e r  of t h e  cor responding  V X B cu r ren t s .  ?h i s  

p o r t i o n  o f  t h e  s t u d y  stggests t h a t  t h e  t y p e  o f  model a f f e c t s  t h e  l a t i t u d e  o f  

t h e  cusp ,  b u t  t h o s e  models p r e d i c t i n g  a r easonab le  magnetopause shape  g e n e r  

a l l y  have cusps  a t  l a t i t d e s  cons iderably  lower  t h a n  f o r  e a r t h .  
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Table  4 

Polynomial m d e l  bsul ts  

Model U 

nT 

Cusp L a t i t u d e  

d e g r e e s  

Model Magnetosphere Cur ren t s  

T a i l ,  Shee t  

S p m e t r i c  s h e e t  (no t  t a i l )  

T a i l ,  s h e e t  p l u s  r e t u r n  s h e e t  c u r r e n t s  

%il, no s h e e t  (u = [ (Abr2 + Abz2)/211/2 ) 

T a i l ,  2nd Degree Polynomial: duskdawn shee t - l i ke  

B, even y ,  odd z; By odd y , z ;  Bz even y , z  

B, even x, y ,  odd z; By odd y ,  z; Bz even  y ,  z 

? ' a i l ,  3rd Degree Polynomial: s h e e t - l i k e  

B, even y ,  odd z; B odd y ,  z; B, even  y ,  z 
Y 

B, even x, y t  odd z; By odd y ,  z; B, even y ,  z 

T a i l ,  3rd Degree Polynomial: r a d i a l - l i k e  

1.84 

1.74 

1.73 

2.29 

1.82 

1.83 

1.62 

1.61 

2.31 

26 

23  

23 

2 2  

39 

49. 5 

32 

3 3  

77 
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Figure 10 
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Figure 11 
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Figure 12 
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Figure  15 
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P r e s s u r e  Balance 

(Dotglas E. J o n e s )  

I n  developing t h e  model magnetospheres d i s c u s s e d  above no c o n s t r a i n t  E 

p r e s s u r e  b a l a n c e  a t  t h e  magnetopause was imposed. Ehgle and Beard (1980) 

a p p l i e d  s u c h  a c o n s t r a i n t  i n  developing a model magnetosphere f o r  J u p i t e r  u s i n g  

t echn iques  s i m i l a r - t o  t h o s e  a p p l i e d  t o  t h e  e a r t h  (Beard, 1960). I n  t h e  Ehgle 

and Beard s tudy a n  a z i m t h a l l y  symmetric c u r r e n t  d i s c  s imi la r  t o  t h a t  ob ta ined  

by Jones  e t  al .(  1975, 1976) and G o e r t z  e t  a l .  (1976) was added t o  t h e  plane- 

t a r y  f i e l d  and t h e  r e s u l t i n g  f i e l d  terminated by a uniform s o l a r  wind. Zhe 

model d i s c  c u r r e n t  used  was t h a t  obtained f i t t i n g  t h e  outbound Pioneer 10 d a t a ,  

and i t  may b e  t h e  a s s u n p t i o n  of  a z i m t h a l  symmetry o f  t h e  d i s c  t h a t  results i n  

t h e  e a r t h - l i k e  h i g h  l a t i t u d e  c u s p  t h a t  was found. b w e v e r ,  t h e i r  model pro- 

v i d e s  a poor  f i t  t o  t h e  outbound Pioneer 1 1  d a t a  n e a r  t h e  magnetopause as  c a n  

be  s e e n  i n  Figure 16 i n  which t h e  Pioneer 1 1  f i e l d  d i r e c t i o n s  a r e  a l s o  d i s -  

played. Requir ing p r e s s u r e  b a l a n c e  a t  t h e  magnetopause would seem t o  be a 

l o g i c a l  means o f  de te rmining  t h e  most c o r r e c t  magnetopause c o n f i g u r a t i o n  and 

t h e r e f o r e  l o c a t i o n  of  t h e  cusp,  b u t  i t  should b e  remembered t h a t  t h e  s o l a r  wind 

i s  o n l y  uniform j u s t  i n  f r o n t  o f  t h e  bow shock  a s  t h e r m a l i z a t i o n  and a non- 

uni formi ty  o f .  t h e  f l aw  develops i n  t h e  magnetosheath. In a d d i t i o n ,  where t h e  

f i e l d  l i n e s  n e a r  t h e  cusp  a re  p a r a l l e l  t o  t h e  flow, t h e  o n l y  s o u r c e  o f  p r e s s u r e  

a v a i l a b l e  t o  s t a n d  o f f  t h e  magnetosheath plasma would be high t e n p e r a t u r e  

plasma conf ined  t o  t h e  c u s p  ' k l l s "  which must a l s o  b e  added t o  t h e  model. 

1 -  

I n  a n  attempt t o  assess t h e  reasonableness  of  t h e  model magnetopause con- 

f i g u r a t i o n s  d e r i v e d  from t h e  f i e l d / c u r r e n t s  f i t  t o  t h e  d a t a  w e  have computed 

t h e  r a t i o  P(a)/Po v e r s u s  a (a = MS l a t i t u d e ) ,  where 

o r ,  w i th  s u b s t i t u t i o n ,  

[B: + B:] / B2 Z 

z s u b s o l a r  

- - 
P / P s u b s o l a r  

[(B: + Bz> 2 2  / B 2 ]  
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The manner i n  which t h e  P/Psubsolar r a t i o  v a r i e s  w i t h  MS l a t i t u d e  f o r  t h e  

s e v e r a l  o f  t h e  s e m i - i n f i n i t e  s h e e t  and  polynomial models s t u d i e d  is d i s p l a y e d  

i n  F i g u r e  17. Considerable  v a r i a b i l i t y  i n  t h e  r a t i o  is observed f o r  a l l  

models,  a l though t h e  s h e e t  and M e r  ( S t e r n ,  1966; Goertz ,  1976; Jones ,  1976, 

1976) . models c l e a r l y  d i s p l a y  t h e  s m a l l e s t  p r e s s u r e  va r i a t ion .  Figure 18 

d i s p l a y s  t h e  results f o r  t h e  p a r a b o l i c  d a y s i d e  c u r r e n t  s h e e t  models. b t e ,  

1 however, t h a t  t h e  v a l u e s  p l o t t e d  are not  normalized t o  t h e  s u b s o l a r  v a l u e  as 

t h e y  a r e  i n  Figure 17. Of t h e  v a r i o u s  image d i s t a n c e s  used  i n  t h e  p a r a b o l i c  

c u r r e n t  s h e e t  models, t h a t  n e a r  185 RJ a p p e a r s  t o  p rov ide  reasonably s imi la r  

p r e s s u r e  r a t i o s  e i t h e r  s i d e  o f  t h e  cusp minimum. All o f  t h e  models s t u d i e d  

d i s p l a y  a s i g n i f i c a n t  d r o p  i n  t h e  magnetic f i e l d  p r e s s u r e  a t  and n e a r  t h e  cusp,  

and i t  is assuned t h a t  t he rma l  nkT p r e s s u r e  i s  needed t o  a t  l ea s t  p a r t i a l l y  

p r o v i d e  t h e  a d d i t i o n a l  amount needed. 

A c r i t i c a l  study t h a t  is c l e a r l y  needed i n v o l v e s  a p r e s s u r e  ba l ance  c o w  

s t r a i n e d  f i t  t o  t h e  Pioneer 1 1  outbound d a t a .  We have begun s u c h  a program. 
I Our approach w i l l  s t a r t  w i t h  a f i t  t o  t h e  d a t a  combining a symmetric d i s c  

c u r r e n t ,  a p a r a b o l i c  d a y s i d e  c u r r e n t  s h e e t ,  e a r t h - l i k e  t a i l  c o n f i g u r a t i o n ,  and 

a n  image dipole .  We w i l l  t h e n  modify t h e  Beard p r e s s u r e  ba l ance  computer code 

p r e v i o u s l y  developed f o r  t h e  e a r t h  f o r  u s e  a t  J u p i t e r ,  remove t h e  image d i p o l e ,  

and a l l m  t h e  conpu te r  t o  e s t a b l i s h  t h e  magnetopause shape and c u r r e n t  d i s t r i -  

b u t i o n  r e q u i r e d  t o  s a t i s f y  t h e  c o n s t r a i n t  o f  p r e s s u r e  balance.  The c o r r e s -  

ponding magnetospheric f i e l d  c o n f i g u r a t i o n  shou ld  p rov ide  a b e t t e r  answer t o  

where t h e  Jov ian  c u s p  is l o c a t e d ,  and i n  par t icu lar  answer t h e  q u e s t i o n  a s  t o  

whether  i t  i s  e a r t k l i k e ,  o r  a t  a much lower magnet ic  l a t i t u d e .  In t h e  p r o c e s s  

of  developing t h i s  s t u d y  e f f o r t ,  we w i l l  a l s o  a t t e m p t  t o  assess t h e  e x t e n t  t o  

, 

I 

j 
I 

which h o t  thermal  plasma i s  p r e s e n t  i n  and around t h e  cusp ,  and i n  p a r t i c u l a r ,  

de te rmine  i f  i t s  presence s i g n i f i c a n t l y  s h i f t s  t h e  l a t i t d e  o f  t h e  cusp. 
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Energe t i c  P a r t i c l e  C o r r e l a t i o n s  

(Lbtglas E. Jones)  

During i t s  outbound passage, Pioneer  11 encountered p e r i o d i c  high f l u x e s  

of e n e r g e t i c  p a r t i c l e s  a t  t h e  low- la t i tude  excur s ions  of  t h e  t r a j e c t o r y  

(Simpson and McKibben, 1976; F i l i u s ,  1976; Van Allen,  1976; McDonald and 

Tra ino r ,  1976). 7hese obse rva t ions  have been  i n t e r p r e t e d  a s  a c lock - l ike  g lo-  

b a l  release of p a r t i c l e s  (Simpson and McKibben, 1976). W e  have sugges ted  a n  

a l ternate  e x p l a n a t i o n  f o r  t h e s e  results (Jones  and Ihomas, 1983; nomas and 

Jones ,  1984) . (h t h e  outbound t r a j e c t o r y  P ionee r  11 w a s  p r imar i ly  above t h e  

cusp  o n  open f i e l d  l i n e s ,  and o n l y  a t  lowes t  l a t i t u d e  excur s ions  d i d  i t  pene- 

t r a t e  t h e  c u s p  or p a s s  o n t o  c losed  days ide  f i e l d  l i n e s .  Thus, t h e  observed 

h i g h  f l u x e s  cou ld  have  been  e i t h e r  p a r t i c l e s  e scap ing  from t h e  magnetosphere 

a l o n g  t h e  cusp ,  o r ,  a l t e r n a t i v e l y ,  a t rapped  popu la t ion  o n  t h e  lawer l a t i t u d e  

c l o s e d  f i e l d  l i n e s .  Sentman e t  a1 (1975, 1978) have  s q g e s t e d  t h a t  e n e r g e t i c  

p a r t i c l e s  undergo trans-L d i f f u s i o n  t o  high l a t i t u d e s  n e a r  t h e  p lane t .  We have 

r e c e n t l y  r ece ived  t h e  Pioneer 11  e n e r g e t i c  p a r t i c l e  d a t a  from W. F i l i u s  o f  K S D  

e n a b l i n g  u s  t o  t e s t  t h i s  impor tan t  hypothesis.  Goertz e t  al. (1976) concluded 

from a n  a n a l y s i s  o f  t h e  outbound Pioneer 10 d a t a  t h a t  p e r i o d i c  d e c r e a s e s  i n  t h e  

e n e r g e t i c  p a r t i c l e  f l u x  occurred when t h e  s p a c e c r a f t  encountered open f i e l d  

l i n e s  w i t h i n  t h e  magnetosphere a t  magnetic l a t i t d e s  below 20'. Ihe e x i s t e n c e  

o f  a l w  l a t i t u d e  s e p a r a t r i x  between open and c losed  f i e l d  l i n e s  i n  t h e  n e a r  

t a i l  i s  c o n s i s t e n t  w i t h  a low- la t i t ude  cusp i n  t h e  noon meridian.  k f e r r i n g  t o  

o u r  model s t u d i e s  u s i n g  only t h e  outbound Pioneer  10  d a t a  a s  noted  above, t h e  

Goertz e t  a1. (1976) a n a l y s i s  s t g g e s t s  t h a t  a t  t h i s  t i m e  a t a i l l i k e  c u r r e n t  

s h e e t  must have extended w e l l  i n t o  t h e  d a y s i d e  because such  a c o n f i g u r a t i o n  

produces t h e  t y p e  o f  low l a t i t u d e  cusp o f  t h a t  t h e y  need. W d i t i o n a l  sup- 

p o r t i n g  ev idence  concerning a poss ib ly  abnormal c u s p  a t  J u p i t e r  i s  provided i n  

a r e c e n t l y  publ i shed  report o f  a n  a n a l y s i s  o f  t h e  p e r i o d i c  ampli tude v a r i a t i o n s  

i n  t h e  J o v i a n  continuun r a d i a t i o n ,  Kurth e t  al. (1986). ?hey n o t e  t h a t  t h i s  

r a d i a t i o n  show s t r u c t u r e  s q g e s t i n g  p r e f e r r e d  o r i e n t a t i o n s  o f  System 111 long- 

i t u d e  w i t h  r e s p e c t  t o  t h e  d i r e c t i o n  t o  t h e  sun. Further ,  t h e  importance of t h e  

d i p o l e  l o n g i t  u d e s o l a r  wind alignment t o  t h e  amplit  ude of t h i s  r a d i a t i o n  

i m p l i e s  t h a t  t h e  s o u r c e  r eg ion  i s  n e a r  t h e  magnetopause, and may t i e  t h e  g e n e r  

a t i o n  of  t h e  r a d i o  waves t o  t h e  c lock - l ike  modula t ion  o f  e n e r g e t i c  e l e c t r o n  

f l u x e s  from J u p i t e r .  This t y p e  o f  mechanism would appea r  t o  b e  c o n s i s t e n t  w i t h  
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our suggest ion of a l o w  l a t i t u d e  cusp, wherein t h e  e n e r g e t i c  particles a r e  

escaping from the  Jovian magnetosphere. In order t o  quant i fy  t h i s  s q g e s t i o n  

w e  have begun an e f f o r t  t o  corre la te  t h e  occurance o f  Pioneer 1 1  energe t i c  

particle  count maxima with trends observed in t h e  measured f i e l d  l i n e  direc- 

t ions.  
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Model Independent S t u d i e s  of t h e  J o v i a n  Cusp Locat ion 

(Douglas E . Jones) 

W e  have  n e a r l y  concluded a s t u d y  concern ing  t h e  l o c a t i o n  o f  t h e  Jov ian  

c u s p  t h a t  i s  somewhat model independent. In t h i s  study t h e  f i e l d  v e c t o r s  are 

t ransformed i n t o  a magnetospheric (MS) system t h a t  i s  based upon M, t h e  d i p o l e  

moment and t h e  primary vec to r ,  and S, t h e  d i r e c t i o n  t o  t h e  s u n  (assuned t o  b e  

a n t i - p a r a l l e l  t o  t h e  s o l a r  wind v e l o c i t y  d i r e c t i o n ) .  I n  t h i s  system, Z i s  

p a r a l l e l  t o  M ,  Y i s  formed by normalizing M X S, and X i s  ob ta ined  from Y X 

M. The magnetic f i e l d  and p o s i t i o n  v e c t o r  o f  t h e  s p a c e c r a f t  a re  transformed 

i n t o  t h i s  MS system. The outward normal, n, t o  a pa rabo la  of r e v o l u t i o n  about  

t h e  x-axis o f  t h i s  sys tem (corresponding t o  a n  assuned semi- la tus  r e c t d v e r t e x  

d i s t a n c e  r a t i o ,  Ak, as input)  and passing through t h e  MS c o o r d i n a t e s  of t h e  

s p a c e c r a f t  a s sun ing  t h e  s p a c e c r a f t  i s  t h e n  determined and e a c h  p o i n t  a l o n g  t h e  

s p a c e c r a f t  i s  assuned t o  be  on a magnetopause s u r f a c e  whose s u r f a c e  c u r r e n t ,  

js, We have normalized t h i s  p roduc t ,  and 

assune t h a t  t h e  c u s p  i s  l o c a t e d  a t  p o i n t s  where t h e  y component of t h i s  "sur- 

f a c e  c u r r e n t "  r e v e r e s e s  p o l a r i t y  f o r  Pioneer 1 0  inbound and Pioneer 11 inbound 

and outbound, and where t h e  x component r e v e r s e s  p o l a r i t y  f o r  P ionee r  10 out- 

bound. The model dependence o f  t h i s  s tudy  results from t h e  assumption t h a t  t h e  

shape  of t h e  magnetopause i s  t h a t  o f  a pa rabo lo id  of  r e v o l u t i o n  about  t h e  x 

a x i s  o f  t h e  magnetospheric c o o r d i n a t e  s y s t e m .  ?his  s t u d y  s u p p o r t s  t h e  sugges- 

t i o n  o f  a l o w  l a t i t u d e  c u s p  a t  J u p i t e r .  

c a n  t h e n  b e  determined from n X B. 

F i g u r e s  19 through 21 d i s p l a y  a sequence of s p a c e c r a f t  MS l a t i t u d e  and 

l o n g i t u d e  a n g l e  v e r s u s  j /[js] p l o t s  f o r  Pioneer 1 1  outbound and f o r  t h e  d i s -  

t a n c e  i n t e r v a l  of .15-40 RJ corresponding t o  pa rabo la  c o e f f i c i e n t s ,  (Ak) , 1.2, 

1.5, and 2.0. Ihe i n f e r r e d  s u b s o l a r  cusp l a t i t u i e  a p p e a r s  t o  b e  b e t w e n  40 and 

50 d e g r e e s  f o r  a pa rabo la  index  of  1.2, 32-48 d e g r e e s  f o r  Ak = 1.5, and 25 - 35 

f o r  Ak = 2.0. Although t h e  d a t a  a r e  n o i s i e r ,  w e  have n e v e r t h e l e s s  a p p l i e d  t h i s  

t echn ique  t o  t h e  d a t a  i n t e r v a l s  nea re r  t h e  magnetopause. Figures  22 and 2 3  

d i s p l a y  t h e  results f o r  t h e  50-57 RJ and 62.2-68.9 RJ i n t e r v a l s  corresponding 

t o  Ak v a l u e  of 1.5. 'Ihe former sugges t s  a c u s p  a t  between 25 and 45", and t h e  

l a t t e r  b e t e e n  35  and 40°. Applying t h i s  t echn ique  t o  t h e  Pioneer 11  inbound, 

and b o t h  P ionee r  10 d a t a  se ts  p rov ide  r e s u l t s  c o n i s i s t e n t  w i t h  t h e  c o n f i g u r  

a t i o n  i n f e r r e d  from t h e  Pioneer 1 1  outbound d a t a  se t .  

S Y  
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Our s t u d i e s  a l s o  s u g g e s t  t h a t  t h e  i n f e r r e d  l a t i t u d e  of  t h e  c u s p  a s  deduced 

u s i n g  t h i s  method d e c r e a s e s  w i t h  angu la r  d i s t a n c e  from t h e  M S  plane i n  a manner 

which i s  c o n s i s t e n t  w i t h  t h e  10-15 degrees  i n f e r r e d  from t h e  v a l u e s  of Goertz 

e t  al. (1976). 'his i s  s e e n  when i n d i v i d u a l  p o i n t s  i n  t h e  l a t i tude  c u r v e s  ( t h e  

(a) curves) are conpared w i t h  t h e  corresponding p o i n t s  i n  t h e  l o n g i t u d e  

curve. Although none o f  t h e  d a t a  p o i n t s  c a n  b e  uniquely e s t a b l i s h e d  a s  b e i n g  

p r e c i s e l y  a t  t h e  magnetopause, and t h e  s p a c e c r a f t  moves slowly away from t h e  

p l a n e t  ( i .e . ,  t h e  c u r v e s  o f  Figures 19-23 d o  n o t  r e f e r  t o  s i m p l e  motion o f  t h e  

s p a c e c r a f t  a l o n g  a magnetopause boundary), n e v e r t h e l e s s  t h e s e  results l e n d  

s u p p o r t  t o  t h e  p rev ious  i n t e r p r e t a t i o n  o f  t h e  magnetometer d a t a  i n  terms o f  a 

law l a t i t u d e  cusp. 

The c h a r a c t e r i s t i c s  of  F i g u r e  24, which d i s p l a y s  t h e  f i e l d  v e c t o r s  pro- 

j e c t e d  i n t o  a t w i s t e d  MR system (M i s  t h e  primary v e c t o r ,  R ,  o r  s p a c e c r a f t  

p o s t i o n  v e c t o r ,  i s  t h e  secondary vector)  s u g g e s t  t h a t  t h e  J o v i a n  magnetosphere 

was undergoing n m e r o u s  changes a s  Pioneer 11 proceeded outbound. Fbr example, 

t h e  magnetopause is p e n e t r a t e d  i n i t i a l l y  a t  abou t  5 2  RJ ( appa ren t ly  moving i n  

p a s t  t h e  s p a c e c r a f t ) ,  t h e  s p a c e c r a f t  i s  i n  t h e  magnetosheath o u t  t o  57  RJ,  back 

in t o  t h e  magnetosphere a t  57 RJ, t h e n  o u t  through t h e  magnetopause a t  about  76 

RJ. h e  n o t e s  t h a t  j u s t  p r i o r  t o  t h e  5 2  R J  p e n e t r a t i o n ,  t h e  f i e l d  l i n e s  grad-  

u a l l y  t u r n  s i g n i f i c a n t l y  northward. I-bwever, s h o r t l y  t h e r e a f t e r  t h e  f i e l d  i s  

s t r o n g l y  southward. 'here i s  c o n s i d e r a b l e  dynamical e v o l u t i o n  ( s p a t i a l  o r  

temporal?)  o v e r  t h e  57-76 i n t e r v a l ,  and a g a i n  s t r o n g l y  southward beyond. If 

t h e  cusp  were s i m p l e ,  a s  s t g g e s t e d  i n  t h e  model f i e l d  l i n e s  o f  N g u r e s  3 and 5, 
etc., t h e n  j u s t  a t  t h e  magnetopause, when n o r t h  o f  t h e  cusp ,  o n e  would e x p e c t  

t h a t  t h e  f i e l d  l i n e s  shou ld  i n c r e a s e  t h e i r  northward t r end .  However, i n  eve ry  

case, t h e  f i e l d  tends t o  b e  southward. W e  n o t e  t h e  p o s s i b l e  s i m i l a r i t y  between 

t h e  i n c r e a s i n g  northward, t h e n  s t r o n g  southward t r e n d  o f  t h e  f i e l d  t h a t  i s  

d i s p l a y e d  i n  F i g u r e  2 4  w i t h  t h e  c u s p  c o n f i g u r a t i o n  r e s u l t i n g  from t h e  g l o b a l  

MHD model o f  Wu (1983, 1984). He f i n d s  t h a t  a c u s p  c u r r e n t  s h e e t  deve lops  

which produces a f i e l d  c o n f i g u r a t i o n  t h a t  d i s p l a y s  a s t r o n g  f i e l d  r e v e r s a l  

beyond t h e  cusp. b v i n g  outward from t h e  c u s p ,  t h e  s t a n d a r d  d i v e r g i n g  o f  t h e  

f i e l d  l i n e s  i s  observed, and f o r  J u p i t e r ,  t h e  f i e l d  a t  h i g h e r  l a t i t u d e s  t h a n  

t h e  cusp  shou ld  p o i n t  northward, and southward a t  l o w e r  l a t i t d e s .  However, 

r a d i a l l y  con t inu ing  beyond t h e  magnetopause t h e  results of Wu (1983, 1984) 

s t g g e s t  t h a t  a f t e r  p a s s i n g  through t h e  c u s p  c u r r e n t  s h e e t  t h e  f i e l d  l i n e s  

should t u r n  sou'thward. F igu re  24 s t r o n g l y  s u g g e s t s  t h a t  t h i s  may be  
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happening. Of course,  t h e  s t a t e  of t h e  magnetosphere h a s  changed between t h e  

two magnetopause p e n e t r a t i o n s ,  and o u r  model l ing p r e d i c t s  t h a t  i f  t h e  d a y s i d e  

c u r r e n t  s h e e t  weakens ( i n  r e sponse  t o  a weakening of s o l a r  wind p res su re )  t h e n  

t h e  magnetopause t e n d s  t o  b e  more e a r t h - l i k e ,  and t h e  l a t i tude  o f  t h e  cusp  

should  increase .  Hence, t h e  more f r e q e n t l y  observed southward f i e l d  n a t u r e  

beyond 6 0  RJ i s  c o n s i s t e n t  w i th  s u c h  a change, and does  n o t  n e c e s s a r i l y  r e q u i r e  

a cusp  c u r r e n t  s h e e t  l i k e  t h a t  r e s u l t i n g  from t h e  MHD g l o b a l  model l ing of Wu 

(1983, 1984). ALlowing t h e  o u t e r  i n t e r v a l  t o  b e  a l a r g e  f r a c t i o n  o f  t h e  d a t a  

s e t  used i n  t h e  model l ing shows a d e f i n i t e  t r e n d  towards a h i g h e r  l a t i t u d e  

cusp. With t h e  cusp  a t  a h i g h e r  l a t i t u d e ,  t h e  l i k e l i h o o d  of  encounter ing  

southward f i e l d s  n e a r  t h e  magnetopause as t h e  s p a c e c r a f t  moves r a d i a l l y  outward 

i s  g r e a t e r .  While some c o n s i s t e n c y  wi th  t h e  Wu model may e x i s t  i n  t h e  Pioneer  

11 outbound d a t a ,  t h e  dynamically n a t u r e  of t h e  s o l a r  wind and hence t h e  m a r  

ne tosphe re  s e g e s t  a s imple  model wherein t h e  cusp  l a t i t u d e  responds  t o  t h e  

s o l a r  wind pressure.  
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S a t u r d s  V a r i a b l e  Magnetospheric Cur ren t s  and The P l a n e t a r y  Dipole  

(Gordon R. Wilson and Douglas E.  Jones) 

l n t  roduc t i o n 

The r i n g  c u r r e n t  surrounding Saturn, f i r s t  observed in t h e  P ionee r  11 

magnet ic  f i e l d  d a t a  ( M t h  e t  al . ,  1980),  h a s  been  modelled by Bnnerney  e t  

a l . ,  (1981, 1982, 1983) on t h e  b a s i s  of  t h e  Voyager 1 and 2 data. The p l a n e  of  

t h e  model r i n g  c u r r e n t  was assuned t o  c o i n c i d e  w i t h  t h e  magnet ic  e q u a t o r  and ,  

based p r i m a r i l y  upon t h e  V 1  da t a ,  t h e  r i n g  c u r r e n t  w a s  found t o  ex tend  from 8.0 

t o  15.5 Rs. Some d i f f e r e n c e s  in t h e  V 1  and V2 c u r r e n t  r i n g  parameters  =re 

observed al though t h e  l a t i t u d e  o f  V2 was t o o  h igh  t o  uniquely determine t h e  

r i n g  c u r r e n t  parameters. No time dependence i n  t h e  Voyager r i n g  c u r r e n t  model 

was r e p o r t e d  excep t  f o r  a t r a n s i e n t  even t  t h a t  occu r red  inbound by V1. 

However, t h e  c u r r e n t  r i n g  c o n f i g u r a t i o n  was c l e a r l y  d i f f e r e n t  d u r i n g  t h e  

encounter  of  S a t u r n  by Pioneer. k v i s  and Smith (1986) found t h a t  t h e  b e s t  f i t  

e x t e r n a l  uniform f i e l d  (assuned t o  b e  t h e  f i r s t  o r d e r  f i e l d  o f  t h e  r i n g )  i s  n o t  

o r i e n t e d  p a r a l l e l  t o  t h e  d i p o l e  axis, b u t  t i l t e d  some 5 t o  10' degrees.  

Second, t h e  i n n e r  edge o f  t h e  r i n g  i s  c l e a r l y  l e s s  t h a n  8 Rs a t  t h i s  time. 

T h i s  is suggested by t h e  i n t e r i o r  c o e f f i c i e n t  s t u d i e s  of  Davis and Smith (1986) 

by t h e  manner in which t h e  r e s i d u a l s  of t h e  f i t  d e t e r i o r a t e  s o  r a p i d l y  beyond 

4.5 Rs. 

In a d d i t i o n ,  t h e r e  have been a number of  s t u d i e s  o f  o t h e r  S a t u r n  phenomena 

r e p o r t i n g  p e r i o d i c i t i e s  a t  o r  v e r y  n e a r  t h e  p l a n e t a r y  r o t a t i o n  per iod.  These 

i n c l u d e  spoke a c t i v i t y  (Porco  and Danielson, 1982: 621 f 22 min) , r i n g  elec- 

t r o s t a t i c  d i s c h a r g e s  ( k r w i c k  e t  a1. , 1981, 19821, Saturn k i l o m e t r i c  r a d i a t i o n  

(SKR)  (Desch and Kaiser, 1981: 10 h r  39 min 24 lt7 sec), l o w  frequency r a d i o  

emission (Chrr e t  a l . ,  1981) ,  and charged pa r t i c l e s  ( Q r b u r y  and Krimigis ,  

1982: e l e c t r o n s 1  Oh2 1%48m; i o n ~ 9 ~ 4 9 ~ f 5 9 ~ ) .  

On t h e  o t h e r  hand, Bnnerney  e t  a 1  (1981, 1982, 1983) f i n d  t h a t  t h e  Saturn 

magnetic a x i s  must l i e  w i t h i n  1' of t h e  r o t a t i o n  a x i s ,  and t h e r e  i s  no  ev idence  

i n  t h e  .Voyager d a t a  f o r  a d e p a r t u r e  from axisynmetry o f  t h e  p l a n e t a r y  f i e l d  a t  

a l e v e l  of - 2nT (0.2% of t h e  t o t a l  f i e l d  measured a t  c l o s e s t  approach) .  S ince  

Pioneer 11 passed much c l o s e r  t o  t h e  p l ane t  (1.35 Rs vs  3.07 Rs f o r  Voyager 1 
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and 2.69 Rs f o r  Voyager 2) i t  provided a more s e n s i t i v e  means o f  determining 

t h e  h i g h e r  o r d e r  mul t ipo le  terms t h a n  e i t h e r  o f  t h e  two Voyagers by a t  l e a s t  a 

f a c t o r  of 8. However, in s u p p o r t  o f  t h e  Voyager i n t e r i o r  models, Davis and 

Smith (1986) conclude t h a t  t h e  r o l e s  of  t h e  i n t e r i o r  c o e f f i c i e n t s  gnm and hnm 

w i t h  m + 0 p l a y  no s i g n i f i c a n t  r o l e  in any model of  t h e  i n t e r i o r  source. Hence 

t h e  p u z z l i n g  e x i s t e n c e  o f  p e r i o d i c  phenomena i s  v e r y  d i f f i c u l t  t o  e x p l a i n  i n  

view of  t h e  extreme symmetry o f  t h e  p l ane ta ry  f i e l d  source. 

The results o f  two e f f o r t s  t o  model t h e  Sa tu rn ian  magnetospheric c u r r e n t s  

w i l l  b e  discussed.  In t h e  f i r s t ,  t h e  r i n g  c u r r e n t  parameters  were ob ta ined  a s  

a result o f  a combined i n t e r i o r  s o u r c e  s p h e r i c a l  harmonic a n a l y s i s  (SHA) p l u s  

e x t e r i o r  r i n g  s tudy of t h e  P ionee r  1 1  d a t a  o t a i n e d  i n s i d e  8 Rs, i n  a manner 

s imi la r  t o  t h a t  used by Bnnerney e t  al .  (1981, 1982, 1983) i n  t h e i r  s t u d y  o f  

t h e  S a t u r n  i n t e r i o r  f i e l d  w i t h  t h e  Voyager data.  The second method models t h e  

r i n g  c u r r e n t  u s i n g  d a t a  beyond about  5 Rs and based upon t h e  p e r t u r b a t i o n  f i e l d  

observed by Pioneer 11, i n  a manner similar t o  t h a t  re- ( * t o t a l  - B i n t e r i o r  
po r t ed  f o r  J u p i t e r  (Jones and lhomas, 1983; 'lhomas and Jones ,  1984). Since 

P ioneer  1 1  passed S a t u r n  n e a r  t h e  e q u a t o r i a l  plane,  t h e  magnet ic  f i e l d  o b s e r  

v a t i o n s  were i d e a l l y  s u i t e d  t o  s e a r c h  f o r  e f f e c t s  due t o  n o n s p m e t r i c a l  char- 

acter is t ics  of  t h e  i n t e r i o r  f i e l d  c h a r a c t e r i s t i c s ,  or t o  o t h e r  causes. In 

a d d i t i o n  t o  model l ing t h e  Saturnian r i n g  c u r r e n t  under magnetospheric and s o l a r  

wind c o n d i t i o n s  d i f f e r e n t  f rom t h o s e  p r e s e n t  d u r i n g  t h e  two Voyager encounters ,  

i t  w a s  o u r  o b j e c t i v e  t o  de te rmine  t h e  e x t e n t  t o  which t h e  p e r t u r b a t i o n  f i e l d  

e x h i b i t e d  p e r i o d i c  c h a r a c t e r i s t i c s .  The results of  a p re l imina ry  a n a l y s i s  and 

model r i n g  c u r r e n t  s t u d y  f o r  Saturn has  a l r e a d y  been r e p o r t e d  (Wilson e t  a l . ,  

I 1983). A p o s i t i v e  result h a s  f u r t h e r  s t i r m l a t e d  t h e  s tudy of  a r e l a t i v e l y  

s imple  c y l i n d r i c a l l y  s p m e t r i c  r e p r e s e n t a t i o n  f o r  Saturn's magnetosphere f i e l d -  

A 4 

I 

~ 

I plasma c o n f i g u r a t i o n  and i t s  response t o  a sudden impulse i n  pressure.  Some 

f e a t u r e s  o f  s u c h  a model might o f f e r  an e x p l a n a t i o n  t o  t h e  observed magnetic 

f i e l d  v a r i a t i o n s ,  which i n  t u r n  might e x p l a i n  t h e  observed p e r i o d i c i t i e s  i n  

o t h e r  phenomena. 'Ihe s t u d y  o f  a more r ea l i s t i c  model c o n f i g u r a t i o n  i s  p r e -  

s e n t l y  underway. 

I 

I I 
I 

I 

Ring Cur ren t  Modelling and Resu l t an t  I n t e r i o r  F i e l d  Source C o r r e c t i o n s  I 

Considerable  in fo rma t ion  abou t  t h e  l a r g e  scale c h a r a c t e r i s t i c s  o f  t h e  r i n g  

c u r r e n t  f i r s t  r e s u l t e d  from a n  e f f o r t  t o  o b t a i n  a n  improved model o f  Saturn's 

i n t e r i o r  f i e l d .  This program combined a s p h e r i c a l  harmonic a n a l y s i s  (SHA) 

i 
I 
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r e p r e s e n t a t i o n  o f  t h e  i n t e r i o r  f i e l d  with a Biot-Savart r e p r e s e n t a t i o n  f o r  t h e  

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

combined magnetopause and t a i l  f i e l d s .  , 

I n  t h i s  s tudy  f i e l d s  due t o  e x t e r i o r  c u r r e n t s  were modelled d i r e c t l y  and 

t h e n  removed from t h e  d a t a ,  a l l owing  a h i g h e r  o r d e r  removal o f  t h e  contamin- 

a t i n g  e f f e c t s  o f  t h e s e  c u r r e n t s  i n  o r d e r  t o  produce a d a t a  se t  

from which a more a c c u r a t e  model of  t h e  i n t e r i o r  s o u r c e  c o e f f i c i e n t s  cou ld  b e  

derived. Zhe major  d i f f e r e n c e  between o u r  method and t h a t  of  Connerney e t  a l .  

(1981, 1982, 1983) is t h a t  i n  t h e i r  a n a l y s i s  a n  e x p l i c i t  e x p r e s s i o n  f o r  t h e  

c u r r e n t  r i n g  f i e l d  w a s  used i n  t h e  i n v e r s i o n  p rocess ,  whereas i n  o u r  s tudy i t  

was not .  Our approach was n e c e s s a r y  because t h e  d a t a  showed c l e a r l y  t h a t  t h e  

inbound and outbound r i n g  c u r r e n t  c o n f i g u r a t i o n s  d i f f e r e d  s i g n i f i c a n t l y ,  and 

f o r c i n g  a n  i n v e r s i o n  p r o c e s s  t o  u s e  a s i n g l e  se t  o f  r i n g  c u r r e n t  parameters  i n  

t h i s  case would have r e s u l t e d  in i naccura t ed  i n f o r m a t i o n  r e g a r d i n g  t h e  i n t e r i o r  

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

p l a n e t a r y  f i e l d  by P ionee r  11 w h i l e  w i t h i n  8 Rs r e q u i r e d  b o t h  t h e  inbound and 

outbound d a t a  b e  used  a s  o n e  d a t a  s e t  f o r  t h e  SHA a n a l y s i s .  

I 

i 

The f i r s t  s t e p  i n  modelling t h e  e x t e r i o r  c u r r e n t s  w a s  t o  s u b t r a c t  t h e  
-L A - ) d a t a  se t .  i n t e r i o r  f i e l d  from t h e  d a t a ,  i.e., forming a (Btotal Bplane t a  r y ~ 

S i n c e  t h e  i n t e r i o r  f i e l d  models d i f f e r e d ,  t h e  c h o i c e  o f  which o n e  t o  u s e  could 

have been a problem. This w a s  avoided by r e s t r i c t i n g  t h e  i n n e r  edge  o f  t h e  

f i t t i n g  r e g i o n  t o  5 Rs. Beyond t h i s  r a d i a l  d i s t a n c e  t h e  v a r i o u s  r e l i a b l e  in- 

t e r i o r  models (2-2, 2-1, o r  a x i s p m e t r i c  model, 3-0,) showed l i t t l e  

d i f f e rence .  'Ihe most l i k e l y  cand ida te s  f o r  t h e  e x t e r i o r  c u r r e n t s  are: a cur-  

r e n t  r i n g ,  magnetopause c u r r e n t s ,  and t a i l  c u r r e n t s .  We modelled t h e  c u r r e n t  

r i n g  us ing  t h e  two l a y e r  c o n c e n t r i c  r i n g  model o u t l i n e d  i n  Jones  e t  a1 

(1980a). To simulate t h e  magnetopause and t a i l  c u r r e n t s  w e  i nc luded  i n  t h e  

f i t t i n g  a c o n s t a n t  t h e t a  conponent of t h e  f i e l d .  In t h i s  f i r s t  model l ing 

e f f o r t  no a t t e m p t  w a s  made t o  f i t  t h e  p h i  component o f  t h e  f i e l d .  Tnbound and  

outbound p o r t i o n s  of t h e  t r a j e c t o r y  were f i t  s e p a r a t e l y .  Actual  r i n g  pa ra -  

meters and t h e t a  components were determined by a f u n c t i o n  minimizat ion 

a lgo r i thm which v a r i e d  t h e s e  q u a n t i t i e s  u n t i l  a minimm r e s i d u a l  w a s  found. 

As c a n  b e  s e e n  i n  t h e  r e s i d u a l  p l o t s  o f  N g u r e s  2 5  and 2 6 ,  and i n  t h e  

results d i s p l a y e d  i n  Table  5, t h e  f i e l d  a l o n g  t h e  inbound and t h e  outbound 

c r a j e c t o r i e s  d i f f e r e d  s i g n i f i c a n t i y .  %e  modei c o n s t a n t  t h e t a  f i e l d  component 

. 
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Ring Parameters: 

Inner Radius (R,) 

CXlter Radius (R,) 

Thickness ( R ~ ) *  

Total current (1 06A) 

Power Law a 

‘Nl t ang le  

Lo ngi  tude 

Theta FYeld (nT) 1 
Residuals  (nT) 
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Table 5 

Inbound 

6.9 

11.9 

1.5 

4 .3  

0.76 

2 .o 

100.2 

1.6 

2.50 

h t boun d 

6.7 

17.3 

2.3 

7 .O 

0.77 

7 .9  

337.3 

-2 -3  

3.45 
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I 

s h i f t e d  from +1.6 t o  - 2.3, s u g g e s t i n g  a d e c r e a s e  i n  t h e  r e l a t i v e  c o n t r i b u t i o n  

o f  magnetopause ( p o s i t i v e  t h e t a  component) v e r s u s  t a i l  c u r r e n t s  ( n e g a t i v e  t h e t a  

cornponent). ' Ihis may have been  d u e  t o  t h e  expansion o f  t h e  magnetosphere from 

i t s  compressed s t a t e d  i n f e r r e d  form t h e  inbound magnetopause c r o s s i n g  a t  17.3 

RS 

The inbound and outbound rings a l s o  d i f f e r e d ,  mainly i n  o u t e r  r a d i u s ,  t i l t  

a n g l e ,  and t o t a l  cu r ren t .  'Ihe o u t e r  edge o f  t h e  inbound r i n g  was v e r y  

d i s t i n c t .  h r i n g  t h e  f i t t i n g  p r o c e s s  t h e  o u t e r  edge w a s  v a r i e d  o v e r  a l a r g e  

r a d i u s  (6  Rs) w i t h  l i t t l e  change i n  t h e  r e s i d u a l ,  s t g g e s t i n g  t h a t  t h e  outbound 

r i n g  blends i n t o  some o t h e r  c u r r e n t  system which ex tends  t o  t h e  magnetopause 

(Smith e t  a l . ,  1980). The t i l t s  d e r i v e d  f o r  t h e  two r i n g s  a re  n o t  i n t e r p r e t e d  

as a t i l t  o f  t h e  i n t e r i o r  d i p o l e ,  b u t  as  v a r i a t i o n s  of t h e  r i n g  p l a n e  caused by 

changes i n  t h e  s o l a r  wind. 'Ihe change in t o t a l  r i n g  c u r r e n t  from inbound t o  

outbound may a l s o  have been caused by a changing s o l a r  wind. 

Since t h e  c u r r e n t  r i n g  is a var iable  f e a t u r e  i t  is no s u r p r i s e  t h a t  o u r  

results d i f f e r  from t h o s e  determined by Connerney e t  al. (1981, 1983). 'Ihe 

c u r r e n t  i n  t h e i r  r i n g  model w a s  assuned t o  n o t  v a r y  i n  t h e  ax ia l  ( z )  d i r e c t i o n  

w i t h  a r i n g  t h i c k n e s s  of 5 t o  6 Rs. Our model u s e s  a Gaussian dependence on 

d i s t a n c e  from t h e  r i n g  p l ane ,  r e s u l t i n g  i n  r i n g  h a l f - p e a k  t h i c k n e s s e s  of  1.5 

and 2.3 Rs. Ihe corresponding uniform f u l l  w i d t h  t h i c k n e s s  would be  about  2.3 

t i m e s  t h e s e  va luses .  

Of t h e o r e t i c a l  s i g n i f i c a n c e  i s  t h e  i n n e r  edge o f  t h e  c u r r e n t  r ing.  W e  

determined a v a l u e  f o r  t h e  i n n e r  edge  by two d i f f e r e n t  methods. Ihe f i r s t  was 

t h e  f u n c t i o n  minimizat ion p r o c e s s  a p p l i e d  t o  t h e  s imple  r i n g  c u r r e n t  configur- 

a t i o n  d e s c r i b e d  above,  which gave  6. 9 and 6.7 Rs f o r  t h e  inbound and outbound 

r i n g s ,  r e s p e c t i v e l y .  Ihe second method u t i l i z e d  t h e  r e s u l t s  of  i n t e r i o r  model- 

l i n g .  I n  do ing  t h e  i n t e r i o r  f i e l d  sou rce  model l ing w e  t r i e d  d i f f e r e n t  weights 

( rn ,  where n = 1, 2, 3, 4) and d i f f e r e n t  d a t a  s e t  s i z e s .  When u s i n g  t h e  r3 and 

r4 w i g h t s  w e  noted t h a t  t h e  gl0 c o e f f i c i e n t  decreased  s h a r p l y  when t h e  d a t a  

s e t  i n c r e a s e d  i n  r a d i a l  e x t e n t  beyond 7 Rs. Figure  27 shows a p l o t  of t h e  

magnitode o f  t h e  gl0 c o e f f i c i e n t  v e r s u s  d a t a  s e t  s i z e .  The p o i n t  a t  which t h e  

sudden down t u r n  o c c u r s  marks t h e  i n n e r  edge o f  t h e  r i n g  (because  of  t h e  .de- 

g r a d i n g  e f f e c t s  o f  c u r r e n t s  i n  any SHA a n a l y s i s )  and places i t  a t  j u s t  i n s i d e  

o f  7 Rs. Hence t h e  results o f  bo th  a n a l y s i s  a g r e e  ve ry  w e l l  i n  t h i s  regard. 

Hence, c o n t r a r y  t o  t h e  results of  Bnnerney e t  a 1  (1981) and t o  t h e  s q g e s t i o n  

of  S i t t l e r  e t  a1  (1981) ,  t h e  i n n e r  edge c a n  a t  times ex tend  i n s i d e  t h e  o u t e r  
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edge of t h e  E r ing.  For c o n p l e t e n e s s  we i n c l u d e  i n  Table  6 t h e  SHA (3-2) f i e l d  

model d e r i v e d  from two d a t a  sets from which t h e  f i e l d s  o f  t h e  " r i n g  c u r r e n t  

p l u s  c o n s t a n t  t h e t a  conponent model" have been removed, 'Ihe dominance of t h e  

g l  0 , g2 0 , and g3O terms c l e a r l y  support  a model c o n s i s t i n g  o n l y  of t h e s e  

terms. Ihe rms r e s i d u a l s  f o r  t h e s e  t w o  cases a re  g r e a t e r  t h a n  t h o s e  r e p o r t e d  

r e c e n t l y  by Davis and W t h  (1986) p r i m a r i l y  because o f  a r o l l  a t t i t u d e  e r r o r  

n o t  i nc luded  i n  o u r  d a t a  set. 

Fur the r  Saturn Magnetospheric Current b d e l l i n g  St d i e s  

A more complete  model l ing o f  t h e  r i n g ,  t a i l  and magnetopause c u r r e n t  con- 

f i g u r a t i o n s  w a s  conducted u s i n g  t h e  method used p rev ious ly  f o r  J u p i t e r  ( J o n e s  

e ta l . ,  1983; %omas and Jones ,  1984) i n  which t h e  p ,  + and z components were 

a l s o  modelled (Wilson e t  al.,  1983). Elowever, one  major  d i f f e r e n c e  w a s  i n  t h e  

u s e  o f  a r a d i a l  c u r r e n t  s h e e t  t h a t  w a s  r e q u i r e d  i n  o r d e r  t o  e x p l a i n  t h e  char-  

ac te r  of t h e  + couponent o f  t h e  inbound data.  For t h e  outbound d a t a ,  models 

u t i l i z i n g  e i t h e r  a r a d i a l  c u r r e n t  sheet o r  a d a y s i d e  s e m i - i n f i n i t e  t a i l - l i k e  

c u r r e n t  s h e e t  c o n f i g u r a t i o n  similar t o  t h a t  used f o r  J u p i t e r  were s tudied.  In 

app ly ing  t h i s  method, v a r i o u s  combinations o f  t h e  model parameters  b e i n g  d e t e r  

mined were u t i l i z e d  a s  w e l l  a s  v a r i o u s  da ta  sets. For example, o n e  r u n  s e t  t h e  

i n n e r  edge  o f  t h e  r i n g  c u r r e n t  ,a t  6.7 Rs, t h e r e b y  d e c r e a s i n g  t h e  nunber o f  

parameters  r e q u i r e d  i n  t h e  minimization. The v a r y i o u s  d a t a  se ts  permit ted u s  

t o  de te rmine  which o f  t h e  parameters  might b e  t i m e  dependent ,  a s  t h e  c u r r e n t  

r i n g  c l e a r l y  changed between t h e  inbound and outbound p o r t i o n s  of t h e  tra- 

j e c t o r y .  However, based upon o u r  a n a l y s i s  we  s c g g e s t  t h a t  t h i s  i n t e r p r e t a t i o n  

i s  n o t  always co r rec t .  In view of t h e  f a c t  t h a t  S a t u r n ' s  magnetosphere w a s  

compressed throughout most of  t h e  Pioneer 1 1  magnetospheric d a t a  i n t e r v a l ,  

whereas d u r i n g  t h e  Voyager 1 i n t e r v a l  i t  w a s  n o t ,  i .e.,  probably be ing  w i t h i n  

t h e  J o v i a n  magne to ta i l  ( S c a r f ,  1979; Scarf e t  a l . ,  19Sl), t h i s  might o f f e r  a n  

e x p l a n a t i o n  f o r  t h e  d i f f e r i n g  c u r r e n t  r i n g  c o n f i g u r a t i o n  We p l a n  t o  apply o u r  

model t echn iques  t o  t h e  Voyager 1 and 2 d a t a  i n  o r d e r  t o  o b t a i n  a n  independent 

d e t e n n i n a t i n  of  t h e  i n n e r  r a d i u s  o f  t h e  ring. 

' 5 b l e  7 l i s t s  t h e  parameters  o f  t h e  model f o r  t h e  inbound ( a z i n u t h a l  and  

r a d i a l  r i n g  c u r r e n t s )  d a t a  set. N g u r e  28 conpares  t h e  inbound d a t a  and COP 

responding model r ,  6, and 0 components. Over t h e  d i s t a n c e  i n t e r v a l  6-12 Rs 
t h e  inbound r and 6 conponents are  similar and appa ren t ly  s i n u s o i d a l  i n  char-  

a c t e r ,  b u t  a d i s t i n c t  phase d i f f e r e n c e  between them i s  observed. Inbound t h e  

r equ i r ed  t i l t  f o r  t h e  r a d i a l  c u r r e n t  i s  a seemingly u n r e a l i s t i c  4 2 O ,  but  

e q u a l l y  o f  i n t e r e s t  i s  t h e  t h i c k n e s s  o f  t h i s  c u r r e n t  s y s t e m ,  2 6  Rs! 'the t i l t  
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Tab le  6 
T n t e r i o r  (3-2) SHA model coe f f i c i en t s  ( r i n g ,  t a i l  and magnetopai 

Data S e t  

se f i e l d s  removed) 

Qef f i c i e n t  5 min 1 min 

go1 2132 1 21252 

gl1  -106 -187 

hl 1 97  -5 

go2 2 087 2116 

g l 2  -42 1 -67 6 

h12 -522 -608 

82 2 -7 8 -363 

h2 2 392 -233 

go3 3083 3374 

g l 3  261 5 13 

h13 -659 -576 

g2 3 -278 -404 

h23 -7 7 -84 

83 3 148  174 

h33 364 -163 

Condi t ion  Number: 

RMS (nT) 

RMS % 

9 1.2 

3 -87 

1.80 

82. 3 

3.72 

2.04 
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T a b l e  7 

Inbound (rad ia l  and az inuthal  current d i s c s ,  image, t a i l  s h e e t )  

f i t t i n g  reg ion  

inner radius  

outer  radius 

B I  

Power I a w ,  a 

HTHIK 

TILT 

TILT RATE (DEG/RS) 

TWIST RATE 

BO 

HO 

T a i l  s h e e t  power law, 8 
IMAGE 

DISTANCE 

JTS 

T a i l  Length 

RMS (PER COMPONENT) 

6-12 RS 

6.98 
12.1 

25. 3 
0 -74 

4.5 
2.8 

0.0 
0 .o 
15.06 
5 .o 
0.88 

24.1 

50.0 
0.5 

50.0 

0.60 

* Total  r i n g  current 
Total r a d i a l  current 1 
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of t h e  r i n g  axis, though much smaller a t  4.6O, is s t i l l  a t  l ea s t  a n  o r d e r  of 

magnitude g r e a t e r  t h a n  t h e  t i l t  i n f e r r e d  from t h e  i n t e r i o r  s o u r c e  c o e f f i c i e n t s  

a l o n e  (Connerney e t  al. , 1982, 1984; Davis and Smith, 1986). This is t o  b e  c o w  

pared  t o  t h e  t i l t  o f  t h e  uniform f i e l d  c o n t r i b u t i o n  ( f i r s t  t e r m  i n  t h e  r i n g  cur- 

r e n t  f i e l d  expansion) r e p o r t e d  by Davis and Smith (1986). 

"he c h a r a c t e r  o f  t h e  inbound r and 4 waveforms a r e  c o n s i s t e n t  w i th  a s imple  

s i n u s o i d a l  v e r t i c a l  movement of  t h e  c u r r e n t  d i s c  (perhaps  caused by a f i n i t e  t i l t  

of t h e  d i s c  c u r r e n t  axis r e l a t i v e  t o  t h e  Kronographic s p i n  axis). Figure 29 

d i s p l a y s  t h e  v a r i a t i o n  i n  d i s t a n c e  from t h e  e q u a t o r i a l  p l a n e  of  t h e  c e n t r o i d s  of 

t h e  a z i r m t h a l  and r a d i a l  c u r r e n t  d i s c s .  Ihe cons ide rab le  d i f f e r e n c e  i n  t h e  move- 

ment of t h e s e  c u r r e n t  systems may b e  an a r t i f a c t  caused by t h e  l a r g e  t h i c k n e s s  

parameter o f  t h e  r a d i a l  d i s c  determined i n  t h e  minimizat ion procedure ,  and sug- 

g e s t s  t h a t  perhaps t h e  t h i c k n e s s  f u n c t i o n  of  t h e  model f o r  t h i s  c u r r e n t  may be  

t o o  simple.  Ihe r a d i a l  and a z i r m t h a l  c u r r e n t  sys tems d o  a p p e a r  t o  b e  coupled ,  

b u t  appa ren t ly  as a result of a conplex r e o r i e n t a t i o n  w i t h  t i m e  o f  t h e  r a d i a l  and 

a z i n u t h a l  c u r r e n t  d r i v e r s ,  t h e s e  c u r r e n t s  g e t  o u t  o f  phase. 

Tab le  8 d i s p l a y s  t h e  parameters  f o r  t h e  a z i n u t h a l  r i n g  p l u s  r a d i a l  d i s c  

c u r r e n t  model b e s t  f i t t i n g  t h e  outbound d a t a  and Figure 30 d i s p l a y s  t h e  c o r r e s -  

ponding outbound model and d a t a  components. For t h i s  model, a l though t h e  rad ia l  

component s q g e s t e d  r e l a t i v e l y  s i m p l e  s i n u s o i d a l  movement f o r  t h e  a z i n u t h a l  r i n g  

c u r r e n t ,  t h e  c h a r a c t e r  of t h e  4 conponent d a t a  v a r i a t i o n  sugges ted  t h a t  f o r  t h i s  

c u r r e n t  s y s t e m  was more complex, and a "ramp" t y p e  o f  movement f o r  t h i s  d i s c  was 

inc luded  i n  t h e  model. F igu re  31 d i s p l a y s  t h e  manner i n  which t h e  c e n t r o i d  d i s -  

t a n c e s  of  t h e  model a z i u u t h a l  and r a d i a l  d i s c  c u r r e n t s  v a r y  r e l a t i v e  t o  t h e  mag- 

n e t i c  e q u a t o r  d u r i n g  t h e  8-18 Rs d a t a  i n t e r v a l .  The s tudy  and i n t e r p r e t a t i o n  of 

t h e  l a t t e r  p a r t  o f  t h e  second i n t e r v a l  was complicated by t h e  p o s s i b i l i t y  t h a t  a t  

least  a p o r t i o n  of  t h e  p e r t u r b a t i o n  f i e l d  ( p r i n c i p i a l l y  t h e  6 conponent) may have 

r e s u l t e d  from a p o s s i b l e  extended wake of  T i t an  ( Jones  e t  a l . ,  1980b) p o s s i b l y  

r e s u l t i n g  from a n  i n t e r a c t i o n  of t h e  s a t e l l i t e  w i t h  a l o c a l i z e d  heavy i o n  plume 

whose s o u r c e  is t h e  s a t e l l i t e  i t s e l f .  However, a l though  i t  is tempting t o  i n f e r  

t h a t  t h e  B4 s i g n a t u r e s  i n  t h e  19-23 Rs range a re  caused by a n  i n t e r a c t i o n  between 

t h e  magnetospheric  c u r r e n t s  and " t an ,  i t  is important  t o  remember t h a t  changes 

were occur ing  i n  a l l  of t h e  conponents, probably i n  r e sponse  t o  changes in t h e  

s o l a r  wind, t h e  v a r i a b i l i t y  o f  t h e  components becoming more marked a s  t h e  mag- 

netopause was approached. A c r i t i c a l  i n p u t  t o  a n  i n t e r p r e t a t i o n  i n  t e r m  of t h e  

p o s s i b l e  e x i s t e n c e  o f  a n  extended wake 
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Table 8 

Pioneer 11 (ktbound 

(fmage, M s c ,  and 'hi1 Sheet) 

FYtting Region (Rs) 8-1 8 18-28 

-1.62 0.37 Image Rat io  ( @  50. Rs) 

Azinuthal Jo (nT) 5 -97 3 099 

Eower law,  a 1.52 0.95 

* 
%in (Rs) 

Ro, t (Rs) 

Disc Thickness (Rs) 

6 -74 

24.07 

2 -34 

6.74 

. 
27.19 

3 -52 

D i  sc T i  1 t (degrees) 17.97 10.8 

T i l t  r a t e  (degrees/Rs) 2.13 0.26 

23.35 23.35 
* Long, ( t w i s t  s t a r t )  

4.4 4.4 * Twist r a t e  (degrees/Rs) 

j r a d i a l  (nT) 

Radial Thickness 

7.37 

2.5 

14.32 

8.15 

Radial a 0.30 0.60 

* 
- I t a i l  

T a i l  Thick (Rs)* 

0 -50 

7.8 

0.50 

7.8 

RMS (nT) -7 3 -9 5 

(Ramp parameters: T1 = 0.844, Period = .560, Slope = 25.124, R R B  = -8.11 



PlO#EER 11 M W W  

BR VI R '3 CERTURMllON ClELD 

90 

r D -  

e -  

2 :: 
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 

R (SATURN RADII) 

q , ,  , : ,  , , , , , , , , . ,  
' 0 2 4 6 8 10 12 14 ,16 18 20 23 24 28 28 

R (SATURN Moll) 

Figure  30 



60 

PIONEER 11 OUTBOUND 
SPACECRAFT-CENTROID DISTANCE 

AZIMUTHAL, RADIAL DISCS 

DISC 

2.&- I I I I I I I I I 1 I I I I 

' 0 2 4 6 8 10 1 2  1 4  16 18 20 22 24 28 28 
R (SATURN RADI I 1 

Figure 31 



61 

o f  T i t a n  a t  t h i s  t i m e  must come from s t u d i e s  of  t h e  i n t e r a c t i o n  of  heavy i o n  

magnetospheric  plasma w i t h  t h e  s a t e l l i t e .  Some m r k  i n  t h i s  d i r e c t i o n  h a s  been  

acconpl i shed  and i s  r epor t ed  i n  a n o t h e r  s e c t i o n  o f  t h i s  f i n a l  r epor t .  

The ramp f u n c t i o n  s t d i e d  was o f  t h e  form: 

ZDIST (R,) = ZO + r a t e  X ( t  - TO - n X per iod)  

where t i s  dec imal  day. The t r apezo id  f u n c t i o n  parameter  v a l u e s  f o r  t h e  t w o  

outbound d a t a  se ts  a re  d i sp layed  i n  Table  9. D i s t i n c t  d i f f e r e n c e s  a r e  observed 

i n  t h e  parameters. Of i n t e r e s t  i s  t h e  f a c t  t h a t  t h e  a z i r m t h a l  cur ren t -qua tor  

d i s t a n c e  v a r i e d  s i n u s o i d a l l y  a t  t he  p lane ta ry  r o t a t i o n  per iod,  and i n  a manner 

c o n s i s t e n t  w i th  a s imple ,  b u t  unexpectedly la rge ,  t i l t  r e l a t i v e  t o  t h e  s p i n  o r  

p l a n e t a r y  d i p o l e  axis. However, t h e  f u n c t i o n  p e r i o d  f o r  t h e  r a d i a l  ( o r  c r o s s  

s h e e t )  z v a r i a t i o n  i s  much l o n g e r  a t  13h 37* llm. 'Ihese inferred periods are 

suppor ted  i n  subsequent  s p e c t r a l  s t u d i e s  o f  t h e  d a t a  d i s c u s s e d  i n  a l a t e r  s e e  

t i o n  o f  t h i s  r e p o r t .  

Deconpositon of  t h e  observed waveform t o  e x p r e s s  t h e  movement of  t h e  azi-  

rmtha l  and r a d i a l  d i s c  c u r r e n t s  i n t o  complex wave s /phase  c o n f i g u r a t i o n  u s i n g  

F o u r i e r  a n a l y s i s  may prove h e l p f u l  i n  unders tanding  t h e  manner i n  which t h e  

s e v e r a l  c u r r e n t  sys tems a r e  coupled ,  and how t h e y  respond i n d i v i d u a l l y  o r  to-  

g e t h e r  t o  a n  e x t e r n a l  p r e s s u r e  enhancement and  release. The a z i r m t h a l  c u r r e n t  

system seems t o  b e  more t i g h t l y  coupled t o  t h e  p l a n e t a r y  r o t a t i o n ,  w i th  t h e  

abmormally large t i l t  of  t h i s  system r e s u l t i n g  from a s o l a r  wind impulse t h a t  

i s  n o t  a l i g n e d  p a r a l l e l  t o  t h e  p l ane ta ry  equator .  'he presence  o f  a small b u t  

non z e r o  t i l t ,  o r  a d e p a r t u r e  from p e r f e c t  symmetry, might p rov ide  t h e  s t imu lus  

f o r  t h e  growth o f  a p e r t u r b a t i o n  a t  o r  n e a r  t h e  p l a n e t a r y  s p i n  per iod .  In a 

s i m i l a r y  manner, t h e  p l ane ta ry  r o t a t i o n  p e r i o d  must b e  impor tan t  i n  t h e  i n i t i a l  

f l u c t u a t i o n  o f  t h e  r a d i a l  ( o r  c r o s s  s h e e t )  c u r r e n t  b u t  i t s  

movement i s  f a r  more conplex, and a much l o o s e r  coup l ing  t o  t h e  p l ane ta ry  ro ta -  

t i o n  pe r iod  i s  scggested.  & h e r  f a c t o r s  o f  t h e  magnetosphere sys tem nust be  

caus ing  a s i g n i f i c a n t  d e p a r t u r e  from t h e  s p i n  pe r iod  w i t h  t i m e .  

Power S p e c t r a l  Studies 

W e  have a l s o  conducted a power s p e c t r a l  a n a l y s i s  o f  t h e  inbound and out- 

bound magnetometer da t a .  'he results a r e  d i s p l a y e d  i n  Figures  32 and 3 3 .  

S e v e r a l  f e a t u r e s  o f  t h e s e  p l o t s  should  b e  po in t ed  out.  For t h e  inbound d a t a ,  
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Table 9 

Radial M s c  Current Bapezoidal  Z-distance Function Parameters 

F i t t i n g  Region (R,) 8-18 8-28 

ZO (R,) -3 384 -8.11 

r a t e  (Rs/day) 11.25 25.12 

TO (day) 0 8 3 4  0.844 

period (day) 0.575 (13h 26.4m) 0.560 (13h 48m) 
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maxima f o r  Br and Bg appear  t o  a lmost  coincide,  and t h e  c h a r a c t e r  of t h e  s p e c  

t r a  are q u i t e  similar, s u g g e s t i n g  t ha t  o n  t h e  d a y s i d e ,  o r ,  f o r  s e v e r a l  hour s  

a f t e r  t h e  release of  s o l a r  wind pressure,  t h e  v a r i a b i l i t y  of t h e  two corres- 

ponding c u r r e n t  systems w a s  q u i t e  c l o s e l y  coupled. Qltbound, o n  t h e  o t h e r  

hand, i t  is noted t h a t  t h e  peak in Br is r e l a t i v e l y  s h a r p  and o c c u r s  a t  a 

h i g h e r  f requency o r  s h o r t e r  p e r i o d ,  whereas t h e  B peak is much b r o a d e r ,  o f  

lawer amplitude,  and occur s  a t  a lower frequency,  o r  l o n g e r  period. 'Ihese 

results a re  c o n s i s t e n t  w i t h  t h e  model results. We conclude  t h a t  t h e  coup l ing  

o f  t h e  r a d i a l  and azinu t h a l  c u r r e n t  systems d i m i n i s h e s  s i g n i f i c a n t l y ,  and t h e  

r a d i a l  c u r r e n t  ( t a i l l i k e  f o r  outbound?) s i g n i f i c a n t l y  changes o v e r  t h e  time 

scale o f  one  day ( s e v e r a l  S a t u r n  r o t a t i o n s  (inbound start  a t  0.0007 day @ 16.02 

and end 0.5757 d a y  @ 5.00 Rs; outbound s t a r t  0.9667 d a y  @ 6.02 RS and end 

2.3729 day @ 29.99 Rs). In a d d i t i o n  t o  s u g g e s t i n g  t h a t  t h e  pe r iod  of  t h e  

r a d i a l  c u r r e n t  is g r e a t e r  t h a n  t h a t  of t h e  a z i n u t h a l  o r  d i s c  c u r r e n t ,  t h e  B$ 
outbound cu rve  a l s o  s u g g e s t s  t h a t  t h e  v a r i a b i l i t y  is much more conplex (we 

i n t e r p r e t  t h e  b r  and b p h i  f i e l d  changes p r i m a r i l y  in terms o f  changing posi-  

t i o n s  r a t h e r  t h a n  magnitude changes). 'Ihe outbound B r  curve a l s o  shows some 

d e p a r t u r e  from simple s i n u s o i d a l  n a t u r e ,  some f i r s t  harmonic c o n t e n t  b e i n g  

present .  Some v a r i a t i o n  i n  t h e  c u r r e n t  magnitude might account  f o r  t h i s .  'Ihe 

f requency o f  t h e  v a r i a t i o n  i n  B r  is probably a t  t h e  s p i n  p e r i o d  (based more on 

t h e  model comparisons t h a n  t h e  s p e c t r a l  results because t h e  l a t t e r  a re  n o t  as  

a c c u r a t e )  b o t h  inbound and outbound, whereas t h a t  o f  B i s  o n l y  d u r i n g  t h e  

inbound. Any model f o r  t h e  r e sponse  of t h e  magnetosphere t o  a s h a r p  i n c r e a s e  

0 

0 

i n  s o l a r  wind p r e s s u r e ,  o r  i n  change in t h e  d i r e c t i o n  o f  t h e  s o l a r  wind f low,  

must p r e d i c t  t h e  k i n d  of changes t h a t  has  been  observed. 

'Ihe p e r i o d i c i t i e s  i n  charged p a r t i c l e  r a t i o  observed on Voyager 2 began i n  

t h e  v i c i n i t y  o f  t h e  nominal, c e n t e r e d  d i p o l e  L-shel l  of  T i t a n  and p e r s i s t e d  t o  

t h e  v i c i n i t y  o f  t h e  magnetopause, w i th  two a d d i t i o n a l  minima b e i n g  observed 

w i t h i n  Titan's L-shell. However, a s  can b e  s e e n  i n  t h e  P ionee r  11  d a t a ,  t h e  

"per iodic"  p e n e t r a t i o n  o f  b o t h  t h e  a z i n u t h a l  and r a d i a l  c u r r e n t  s h e e t s  occur red  

thoughout t h e  magnetosphere. They f i t  pa rabo la s  t o  t h e  r a t e  r a t i o s ,  whereas w e  

have f i t  e i t h e r  a s i n e  wave o r  ramp t y p e  f u n c t i o n  t o  t h e  b r  and b p h i  d a t a .  

They e x t r a p o l a t e d  backwards in t i m e  from Voyager 2 t o  Voyager 1, o b t a i n i n g  

c o n s i s t e n t  prends i n  t h e  r a t i o s  observed i n  t h e  Voyager 1 d a t a  u s i n g  b o t h  t h e  
CVD -..A ccn . .n . -+e~  
c)l\LL auu c)uy v G L - L V U ~ .  ??e shculd z c t e  thst altheugh these periods are ob ta ined  

i n  t h e  moving s p a c e c r a f t  f r a m e ,  t h e  c o r r e c t i o n  f a c t o r  beyond 5 RJ i s  small 

enough t o  n o t  s i g n i f i c a n t l y  a f f e c t  t h e s e  r e s u l t s .  
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Sa t u r n  P e r i o d i c i t i e s  

(Dotglas  E. Jones )  

Natural  p e r i o d  o f  t h e  Sa tu rn ian  magnetosphere 

If a sudden s o l a r  wind p r e s s u r e  enhancement were t o  impinge on t h e  magnet- 

osphere,  how might i t  respond? b s t  l i k e l y  l i k e  a damped o s c i l l a t o r ,  t h e  

damping c o n s t a n t s  depending upon r e s i s t i v i t y  o r  i n v e r s e  c o n d u c t i v i t y ,  s e l f  

inductance,  capac i t ance ,  etc. The study of  t h e  s t a b i l i t y  of  a r o t a t i n g  cyl in-  

d r i c a l  plasma might a l s o  prove f r u i t f u l  a s  t o  o b t a i n i n g  a n  understanding o f  t h e  

manner in which t h e  p e r i o d i c i t i e s  observed in t h e  Jr and J4 c u r r e n t s  vary.  

What is needed is some dependence o f  t h e  p e r i o d  on changing dimensions o f  t h e  

magnetosphere. 

We c o n s i d e r  f i r s t  a s imple  L, C model f o r  t h e  magnetosphere (Smith,  F i l i u s  

and k l f e ,  1978) we have 

L = r v b  

where b is t h e  r a d i u s  o f  t h e  r i n g  c u r r e n t ,  and 

estimates t h e  c a p a c i t a n c e  ( h e r e  a is t h e  p-anetary r a d i u s ,  o r  some o t h e r  rat i u s  

[ o u t e r  edge  o f  v i s i b l e  r i n g s ? ] ) .  Since TI = t h e n  t h e  p e r i o d  o f  s u c h  a 

Periods i n  t h e  b a l l  park of  

t h e  Saturnian s p i n  pe r iod  a re  e a s y  t o  o b t a i n ,  and t h e  d ( b / a )  f a c t o r  c a n  b e  used 

device," i s  approximately T = h 2 R s  d(b /a )  /Va. 
I 

I 

11 , 

t o  a s s o c i a t e  t h e  i n c r e a s e i n g  pe r iod  of c u r r e n t  wobble w i t h  t i m e  as  t h e  r i n g  

r a d i u s  i n c r e a s e s  when t h e  s o l a r  wind p r e s s u r e  dec reases .  

The d i f f e r i n g  n a t u r e  of t h e  movement of t h e  r a d i a l  and a z i m t h a l  equa- 

t o r i a l  c u r r e n t s  c a n  b e  i n t e r p r e t e d  e i t h e r  i n  terms o f  s p a t i a l  o r  temporal  var- 

i a t i o n s .  'Ihe wobbly motion of  b o t h  t h e  a z i n u t h a l  and r a d i a l  c u r r e n t s  d u r i n g  

t h e  inbound passage is s e e n  t o  b e  more n e a r l y  s i n u s o i d a l l y ,  i .e.,  d e s c r i b a b l e  

i n  term of a t i l t  of t h e  symmetry a x i s  i n  b o t h  cases r e l a t i v e  t o  t h e  s p i n  

a x i s .  However, i n s p e c t i o n  o f  t h e  R r  and B4 waveforms d u r i n g  t h e  outbound pas- 

s a g e  s u g g e s t s  t h a t  t h e  motions a r e  n o  longe r  simply s i n u s o i d a l ,  d e s c r i b a b l e  i n  

terms of  a t i l t  o f  t h e  r e s p e c t i v e  axes  r e l a t i v i e  t o  t h e  s p i n  axis, b u t  a r e  

I 

I , 
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c l e a r l y  more complex. In f a c t ,  t h e  motion o f  t h e  r a d i a l  ( o r  c r o s s  t a i l - l i k e )  

c u r r e n t  system is more t r a p a z o i d a l  i n  na tu re .  The changing p a t t e r n  o f  t h e  

wobble a p p e a r s  t o  b e  q u a l i t a t i v e l y  c o n s i s t e n t  w i t h  t h a t  p r e d i c t e d  on t h e  b a s i s  

o f  a s i m p l e  r o t a t i n g  c y l i n d r i c a l  plasma co lunn ,  which develops  a n  i n s t a b i l i t y  

(Rosenbluth e t  a l . ,  1961; Taylor,  1962). 'Ihe changing wobble p e r i o d  of t h e  

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

c o n f i g u r a t i o n s .  Assuning a n  i n n e r  boundary t o  which t h e  plasma is a t t a c h e d ,  

t h e r e  results t h e  e x p r e s s i o n  f o r  t h e  m b b l e  frequency in terms o f  t h e  r o t a t i o n  

frequency t h e  form (Spencer, 1985) 

b2 b2 1 +- + 2 7 1  [ f 2; 2 
w 1 b 
Q 

- r :  

a b2 a 1 - -  9 
L a 

vHere, b i s  t h e  r a d i u s  o f  Saturn,  o r  t h e  i n n e r  boundary of  t h e  plasma, which by 

d e f i n i t i o n  is a "hard" boundary, and a i s  t h e  magnetopause boundary. If t h e  

i n n e r  boundary is t h e  p l a n e t ,  t h e n  u s e  of l i k e l y  magnetopause boundaries  

results i n  o/S2 v a l u e s  t h a t  are  f a r  t o o  small. I f  t h e  o u t e r  edge  o f  t h e  v i s i b l e  

r i n g  (which one? )  is used t o  d e f i n e  t h e  i n n e r  r a d i u s ,  t h e n  r easonab le  v a l u e s  

a re  obtained.  '&e results above are f o r  t h e  l o w e s t ,  o r  m = 1 ,  modes. Higher 

modes are  p o s s i b l e  a t  t h e  same t i m e  f o r  t h e  same b/a  r a t i o .  'Ihese w i l l  have 

d i f f e r e n t  phases. As a result ,  complex wave forms s u c h  a s  t h o s e  observed may 

be  poss ib ly  r e l a t e d  t o  t h i s  mechanism. A p u z z l i n g  f e a t u r e  of  t h e  t i m e  d e p e r r  

dence  o f  t h e  c u r r e n t s  i s  t h e  f a c t  t h a t  t h e  r i n g  m b b l e  seems t o  remain a t  t h e  

s p i n  pe r iod ,  w h i l e  t h e  up/down motion of t h e  r a d i a l  or f r o n t  s i d e  s h e e t  c u r r e n t  

i s  t h e  one  t h a t  changes w i t h  time. Although t h i s  result d e f i n i t e l y  i s  consis- 

t e n t  w i t h  t h e  p o s s i b l e  s u g g e s t i o n  t h a t  t h e  system i s  r o t a t i o n a l l y  u n s t a b l e  a l a  

Taylor. One a l s o  n o t e s  t h a t  t h e  r i n g  c u r r e n t  t h i c k n e s s  d e c r e a s e s ,  which i s  

, c o n s i s t e n t  w i t h  t h e  manner i n  which t h e  ear th 's  t a i l  c u r r e n t  s h e e t  changes 

d u r i n g  a substorm,  and t h a t  t h e  image d i p o l e  s t r e n g t h  i s  much s t r o n g e r  inbound 

( r e q u i r i n g  t h e  r i n g  c u r r e n t  t o  a l s o  b e  much s t r o n g e r ) .  'Ihis i s  c o n s i s t e n t  w i t h  

t h e  manner i n  which magnetopause c u r r e n t s  i n c r e a s e  i n  reponse t o  a s o l a r  wind 

p r e s s u r e  increase.  
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Prel iminary S t u d i e s  o f  t h e  T i  t a n  Plasma I n t e r a c t i o n  

(Gordon R. Wilson and Michael T. Johnson) 

At 0540:20 UT, on 12 k v e n b e r  1980, t h e  Voyager 1 i n t e r p l a n e t a r y  probe 

passed w i t h i n  6969 Km of t h e  c e n t e r  of T i t an ,  t h e  l a r g e s t  s a t e l l i t e  of 

Saturn. A t  t h a t  t i m e ,  t h e  plasma and  magnetic f i e l d  s i g n a t u r e s  s t g g e s t e d  t h a t  

t h e  t y p e  i n t e r a c t i o n  between t h e  c o r o t a t i n g  magnetized plasma i n  t h e  S a t u r n i a n  

magnetosphere cou ld  b e  b e s t  d e s c r i b e d  a s  sub-Alfvenic. Pioneer 11 had pre- 

v ious ly  c r o s s e d  j u s t  above t h e  T i t a d s  o r b i t  some 140 downstream ( J o n e s  e t  

a l . ,  1980b). A t  t h a t  time, anomalous f i e l d  and e n e r g e t i c  p a r t i c l e  s i g n a t u r e s  

were observed. However, t h e  c r i t i ca l  plasma o b s e r v a t i o n s  w e r e  n o t  made, p r i -  

m a r i l y  because t h e  d e t e c t o r  s e n s o r  axis w a s  o r i e n t e d  approximately 180' rela- 

t i v e  t o  t h e  c o r o t a t i n g  flow. If t h e  observed anomalous s i g n a t u r e s  were due  t o  

a plasma-llttan i n t e r a c t i o n ,  t h e n  a super-Alvfenic i n t e r a c t i o n  i s  r equ i r ed .  

E v i a t a r  e t  a1 (1982) have suggested t h a t  a t  times l o n g - l i v e d  plumes of heavy 

atom/molecules from Titan e x i s t  s u c h  t h a t  n t a n  i n t e r a c t s  w i t h  some o f  t h e  

atmosphereic  molecules t h a t  escape d u r i n g  t h e  plasma-Ti t a n  i n t e r a c t i o n .  

Heavier i o n s  m u l d  lower t h e  Alfven v e l o c i t y  making t h e  i n t e r a c t i o n  super- 

Alfvenic. For purposes of  p l a c i n g  t h e  Voyager 1 and P ionee r  1 1  obse rva t ions  

r e l a t i v e  t o  T t t a n  i n  p rope r  c o n t e x t ,  a t h e o r e t i c a l  program t o  s t u d y  t h e  p lasma-  

T i t a n  problem w a s  s t a r t e d  (see a l s o  T i t a n  review pape r  t o  be  publ ished i n  

f i c y c l i a  a t t a c h e d  a s  Appendix A). 

T i t a n  is e s s e n t i a l l y  a p l a n e t  i n  i t s  own r i g h t ,  having mass and p h y s i c a l  

dimensions l a r g e r  t h a n  t h e  p l a n e t  k r c u r y  and  a more e x t e n s i v e  ahnosphere t h a n  

Earth. Ihe 

atmosphere is v e r y  much extended and forms a unique t y p e  o f  o b s t a c l e  t o  t h e  

p lasma f l aw  abou t  it. The study o f  haw t h e  upper  atmosphere and t h e  ionosphere 

e f f e c t  t h e  plasma f low h a s  subsequent ly  become o f  g r e a t  i n t e r e s t  t o  p l a n e t a r y  

and plasma p h y s i c i s t s .  Ihe T i  t a n  plasma i n t e r a c t i o n  i s  s u b s t a n t i a l l y  d i f f e r e n t  

from t h e  f o u r  o t h e r  main classes o f  space plasma i n t e r a c t i o n ,  and i s  substan-  

t i a l l y  d i f f e r e n t  from t h e  f o u r  o t h e r  main classes o f  s p a c e  plasma i n t e r a c t i o n s  

which are  t y p i f i e d  by t h e  cases o f  Earth, Venus, comets,  and t h e  Earth's %on. 

Voyager d i scove red  t h a t  Titan's  atmosphere is mostly (82%) N 2  gas. 

I n  t h e  case of  t h e  E a r t h ,  and o t h e r  magnetized p l a n e t s  s u c h  a s  J u p i t e r ,  

Saturn,  Uranus, and p o s s i b l y  Neptune, t h e  p l a n e t a r y  magnet ic  f i e l d  i s  t h e  p r i -  

mary s o u r c e  of  d i s t o r t i o n s  t o  t h e  plasma f l m .  Secondly, because t h e  s o l a r  



wind is SUpeL-AlfVEiC (MA=8) t h e  i n t e r p l a n e t a r y  magnet ic  f i e l d  is e s s e n t i a l l y  

f r o z e n  i n t o  t h e  i o n s  and moves w i t h  them (i.e., most o f  t h e  e n e r g y  is k i n e t i c  

energy i n  t h e  plasma and n o t  magnet ic  energy s t o r e d  i n  t h e  i n t e r p l a n e t a r y  m a g  

n e t i c  f i e l d . )  l h e r e f o r e ,  a k i n e t i c  p lasma s i m u l a t i o n  o f  t h e  i o n  flow i n  a 

p l a n e t a r y  magnetic f i e l d  is what is needed t o  o b t a i n  a working model of t h i s  

class o f  i n t e r a c t i o n .  

The n e x t  class of  i n t e r a c t i o n ,  epitomized by Venus and Mars, is somewhat 

similar. These p l a n e t s  have n o  measurable magnetic f i e l d s ,  b u t  t h e  ionospheres  

are  s u f f i c i e n t l y  w e l l  developed form c u r r e n t s  s t r o n g  enough t o  d i v e r t  t h e  flow 

b e f o r e  i t  e n t e r s  t h e  r e g i o n  where c o l l s i o n s  w i t h  t h e  n e u t r a l s  i n  t h e  ahnosphere 

become important. I h e  main d i f f e r e n c e  between t h i s  c lass  and t h e  former i s  

t h a t  i t  is t h e  plasma f low i t s e l f  t h a t  is r e s p o n s i b l e  f o r  t h e  c r e a t i o n  o f  t h e  

i o n o p h e r i c  c u r r e n t s  which i n  t u r n  d i v e r t s  t h e  f l m .  Fgain, most o f  t h e  energy 

i s  k i n e t i c  and n o t  magnetic s o  t h a t  t h e  i n t e r p l a n e t a r y  magnet ic  f i e l d  remains 

f r o z e n  i n  t h e  flow. 

The t h i r d  class i s  t h a t  of comets. Large outward f lows o f  n e u t r a l s  from 

t h e  comet serve a s  t h e  means i n  which t h e  f l o w  is d i v e r t e d .  The i n t e r a c t i o n  i s  

t h e r e f o r e  c o l l i s i o w d o m i n a t e d  and n o t  f ield-dominated. S ince  comets i n h a b i t  

i n t e r p l a n e t a r y  s p a c e  t h e  plasma f low envolved is t h e  super-Alfvenic s o l a r  wind 

and t h u s  i t  is more important  t o  model haw t h e  i o n s  react t h a n  t h e  i n t e r  

p l a n e t a r y  magnet ic  f i e l d ,  a s  t h i s  will s t i l l  b e  f r o z e n  t o  t h e  charged p a r -  

t icles. 

The f o u r t h  class i s  perhaps t h e  s i m p l e s t  t o  model. Large s o l i d  o b j e c t s ,  

with no atmospheres,  s imply b l o c k  t h e  f low,  which w i l l  e v e n t u a l l y  recombine 

behind t h e  impediment. The p a r t i c l e s  aren’t d i v e r t e d  by t h e  f i e l d s  o r  scat- 

t e r e d  by c o l l i s i o n s ,  bu t  are s imply absorbed. V i r t u a l l y  e v e r y  a s t e r o i d  o r  

s a t e l l i t e  i n  t h e  s o l a r  system is a member o f  t h i s  class. k l y  T i t a n ,  and pos- 

s i b l y  Jupi ter’s  moon, Io ,  and Neptune’s moon, P i t o n ,  shou ld  b e  e x c l d e d .  

T i t a n  is a very unique s i t u a t i o n  because o f  t h e  v a r i a b i l i t y  of  t h e  con- 

d i t i o n s  o f  t h e  plasma f low around i t .  P a r t  o f  t h e  t i m e  i t  i s  in t h e  s o l a r  

wind, p a r t  i n s i d e  t h e  S a t u r n i a n  magnetosphere, and p a r t  i n  t r a n s i t i o n .  Voyager 

1 encountered TLtan i n s i d e  t h e  magnetosphere. A t  TLtan’s p o s i t i o n  (about 2 0  

S a t u r n  r a d i i )  t h e  Alfven mach number of t h e  S a t u r n i a n  magnetospheric flow is 

c l o s e  t o  1 and is t h e r e f o r e  trans-Alfvenic. ‘his s i g n i f i e s  t h a t  t h e  energy i n  

t h e  flaw is d i v i d e d  roughly evenly between k i n e t i c  and magnet ic  and the e f f e c t  
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of  T i t a n  on t h e  magnetic f i e l d  ( o f  Saturn) must a l s o  b e  considered. Secondly, 

t h e  c u r r e n t s  i n  Titan's ionosphere are  n o t  s u f f i c i e n t l y  s t r o n g  enough t o  pre- 

v e n t  t h e  f low from e n t e r i n g  t h e  c o l l i s i o w d o m i n a t e d  r e g i o n s  and t h u s  mixing of 

t h e  ionosphere  and t h e  flow plasma occurs. Ihis i s  s i g n i f i c a n t  f o r  two 

reasons.  First, t h e  r e a c t i o n  is n e i t h e r  f ield-dominated no r  c o l l i s i o r r  

dominated, b u t  b o t h  are important. Secondly, heavy i o n s  (charge=&, mass-28 

am) from t h e  atmosphere e n t e r  t h e  flow and have a n  e f f e c c  o n  it. Voyager 

d e t e c t e d  s u c h  p a r t i c l e s  i n  t h e  t a i l ,  which a re  most l i k e l y  N2+ o r  H*CN+. A l l  

t h e s e  f a c t o r s  combine t o  make t h e  T i t a n  problem a more i n t e r e s t i n g  and d i f -  

f i c u l t  o n e  t o  model. 

The adopted model u t i l i z e s  a two-dimensional r e g i o n  of  i n t e r a c t i o n  roughly 

c e n t e r e d  o n  T i t a n ,  b u t  e longa ted  behind ( ie.  i n  t h e  d i r e c t i o n  o f  t h e  flow) i t  

s o  t h a t  t h e  development of  t h e  t a i l  can be seen 'Ihe s t a n d a r d  u n i t  of l e n g t h  

adopted i s  4000 km which i s  approximately t h e  r a d i u s  of  t h e  exobase (Re). The 

i n t e r a c t i o n  r e g i o n  i s  d i v i d e d  i n t o  a n  45 by 40 a r r a y  o f  cel ls ,  w i t h  each  c e l l  

having l e n g t h  and width e q u a l  t o  400km. Ihe r e g i o n  t h u s  e x t e n d s  25  c e l l s  

behind T i t a n  and 20 cells  i n  f r o n t  and t o  e a c h  s ide .  The x-axis  p o i n t s  i n  t h e  

d i r e c t i o n  a n t i - p a r a l l e l  t o  t h e  plasma f l o w  w h i l e  t h e  y a x i s  p o i n t s  d i r e c t l y  

away from Saturn. Ihe S a t u r n i a n  magnetic f i e l d  p o i n t s  i n  t h e  nega t ive  Z- 

d i r e c t i o n  and a t  Titan's o r b i t a l  r a d i u s  h a s  a magnitude of r o t g h l y  5 nano- 

Tesla. Away from Titan,  t h e  magnet ic  f i e l d  moves w i t h  t h e  flow a s  i f  i t  were 

f r o z e n  i n t o  it. Ihe moving magnetic f i e l d  t h u s  creates ( i n  t h e  res t  frame o f  

T i t an )  a n  a p p a r a n t  e l e c t r i c  f i e l d  i n  t h e  Y-direct ion having a magnitude of 600 

microvol ts /meter .  The f i e l d s  change s i g n i f i c a n t l y  c l o s e  t o  l l i t an  and how t h e y  

change i s  a n  a n t i c i p a t e d  r e s u l t  o f  t h i s  p r o j e c t .  

'Ihe plasma f low c o n s i s t s  p r i m a r i l y  o f  p r o t o n s  and e l e c t r o n .  A t  "tan's 

o r b i t a l  d i s t a n c e  i t  h a s  a d e n s i t y  o f  roughly .2 ~ m - ~ .  Its ave rage  v e l o c i t y  i s  

120 km/sec and i t  h a s  a temperature  of a b o u t  200 ev. Away from % t a n  t h e s e  

p r o t o n s  and e l e c t r o n s  e s s e n t i a l l y  carry t h e  S a t u r n i a n  magnetic f i e l d  w i t h  

them. l k a v i e r  i o n s ,  o r i g i n a t i n g . f r o m  TLtan on a p rev ious  p a s s ,  c o u l d  a l s o  b e  

i n  t h e  f low,  b u t  are b e l i e v e d  t o  b e  i n s i g n i f i c a n t  i n  t h i s  s tudy and t h e r e f o r e  

n o t  i nc luded  i n  t h e  model. When t h e  model i s  extended t o  s t u d y  "deep t a i l "  

i n t e r a c t i o n s  such  as  suggested by t h e  P ionee r  11 measurements, such  w i l l  need 

t o  b e  incll lded. 

The i o n s  a re  d i v i d e d  i n t o  two groups based o n  mass. F i r s t ,  s i n g l e  p ro tons  
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are  considered. These p r imar i ly  o r i g i n a t e  i n  t h e  c o - r o t a t i n g  plasma f low,  b u t  

some a l s o  come from i o n i z a t i o n  i n  t h e  upper abnosphere. ' lheir  g y r o r a d i i  a re  o n  

t h e  same o r d e r  as a c e l l  s i z e  and s o  must b e  moved a s  i n d i v i d u a l  p a r t i c l e s .  

Ihe o t h e r  group i s  t h a t  o f  heavy 28 amu i o n s ,  which Voyager found i n  t h e  t a i l  

behind Titan. Since t h e  atmosphere i s  about  82% N2 gas, most of  t h e s e  would b e  

N2+, b u t  c o u l d  a l s o  b e  o t h e r  combinations of  n i t r o g e n ,  hydrogen, and carbon. 

These come mainly from i o n i z a t i o n  i n  t h e  upper  atmosphere. These heavy i o n s  

have g y r o r a d i i  many times t h e  s i z e  of a c e l l  s o  t h a t  t h e y  mst  a l s o  b e  t r e a t e d  

as  i n d i v i d u a l  ions. E lec t rons ,  having g y r o r a d i i  many o r d e r s  of magnitude 

smaller t h a n  a c e l l  s i z e ,  c a n  t h e n  b e  t r e a t e d  w i t h  t h e  f l u i d  equa t ions .  

One o f  t h e  f i r s t  s t e p s  o f  t h i s  p r o j e c t s  w a s  t o  o b t a i n  o r  develop a working 

model of  ZYtan's upper  abnosphere and ionosphere.  'lhe upper  atmosphere and 

ionosphere i s  considered t o  have t w o  main elements ,  N2 and H. me  n i t r o g e n s  

were found t o  have a scale h e i g h t  o f  r o % h l y  100 km and a d e n s i t y  a t  1 R e  of  1 

x lo8 c m  3,  and t h e  a tomic  hydrogen had a scale h e i g h t  o f  abou t  2500 km and a 

d e n s i t y  a t  Re o f  4 x l o 4  ~ m - ~ .  Ihe d e n s i t y  d i s t r i b u t i o n  f o r  b o t h  was assuned 

t o  have t h e  fo l lowing  form: 

- 

N = noe - r / H  

where H i s  t h e  scale h e i g h t  and n o  i s  determined by t h e  g i v e n  d e n s i t y  a t  ~ 4 0 0 0  

km (at  r=Re) [ H a r t l e ,  19811. Although o t h e r  gases a r e  p r e s e n t  i n  t h e  upper  

atmosphere, such  as  CH4, more complex hydrocarbons, and H2,  t hey  a r e  cons ide red  

t o  b e  i n  i n s i g n i f i c a n t  d e n s i t i e s  t o  have a n  important  e f f e c t  o n  t h e  model. 

A f t e r  o b t a i n i n g  a model upper  atmosphere, t h e  nex t  s t e p  w a s  t o  model t h e  

ionosphere.  Nitrogen g a s  i s  i o n i z e d  p r i m a r i l y  by e l e c t r o m a g n e t i c  r a d i a t i o n  i n  

t h e  500 t o  800 A range, w h i l e  hydrogen i s  i o n i z e d  by wavelengths i n  t h e  500 t o  

912 A region.  ?he i n t e n s i t y  o f  s o l a r  r a d i a t i o n  a t  T i t an  i n  t h i s  r a n g e  i s  7.9 

x 10 7 p h o t ~ n s - c m - ~ - s e c  - 1  . ne i o n  product ion ra te  i s  g i v e n  by 

and 
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where \Y is t h e  s o l a r  f l u x ,  q is t h e  ion product ion  rate, c is t h e  a b s o r p t i o n  

and i o n i z a t i o n  c r o s s - s e c t i o n s  e a c h  about 2 x c m 2 ,  n is t h e  n e u t r a l  den- 

s i t y  and z is t h e  l i n e a r  d i s t a n c e  of t h e  l i g h t  [Bauer, 1973 pp. 46, 531. 

Radia t ion  from t h e  s u n  is e s s e n t i a l l y  para l le l  and t h e  i o n i z a t i o n  r a t e  a t  e a c h  

p o i n t  i n  t h e  r e a c t i o n  r e g i o n  w a s  found by numerical ly  i n t e g r a t i n g  from i n f i n i t y  

a l o n g  a l i n e  pa ra l l e l  w i t h  t h e  s u n  l i n e  (ie. t h e  l i n e  c o n t a i n i n g  t h e  s u n  and 

c e n t e r  o f  T i t a n )  and determined by a n  impact parameter  b away from t h a t  l i n e .  

Seve ra l  i n t e r e s t i n g  results were obtained.  First, t h e  a tomic  hydrogen 

d o e s  n o t  e f f e c t i v e l y  abso rb  t h e  l i g h t .  This w a s  found by u s i n g  n o t h i n g  b u t  a 

c loud  o f  a tomic  hydrogen w i t h  t h e  above parameters  and i g n o r i n g  e v e r t h i n g  e lse  

i n c l u d i n g  t h e  p l ane t .  Even a l o n g  t h e  s u n  l i n e  i t s e l f  t h e  i o n i z a t i o n  ra te  w a s  

found t o  b e  t h e  same, t o  two s i g n i f i c a n t  f i g u r e s ,  a t  t h e  same r a d i a l  

d i s t ance .  Therefore, l i g h t  t r a v e l l i n g  through such  a hydrogen cloud would 

s t i l l  have e f f e c t i v e l y  99.8% o f  i t s  i n i t i a l  i n t e n s i t y  a f t e r  l e a v i n g  t h e  

cloud. The n i t r o g e n  and t h e  s o l i d  p l a n e t  i t s e l f  were t h e n  determined t o  b e  

what e f f e c t i v e l y  r educes  t h e  s o l a r  r a d i a t i o n  f o r  i o n i z a t i o n .  Since t h e  scale 

h e i g h t  of t h e  hydrogen i s  abou t  6 cel l  l e n g t h s  h igh ,  t h e  ce l l s  as  used above 

=re cons ide red  adequate  f o r  u s e  w i t h  t h e  i o n i z e d  hylrogen. The n m b e r  o f  i o n s  

t h a t  shou ld  be  produced d u r i n g  e a c h  t imes tep  in e a c h  c e l l  was determined from 

t h e  i o n i z a t i o n  rate and  t h e n  e a c h  s u c h  i o n  m u l d  t h e n  b e  g i v e n  a n  i n i t i a l  ran- 

dom l o c a t i o n  in i t s  p a r t i c u l a r  cell. Assuning a Maxwellian v e l o c i t y  d i s t r i -  

b u t i o n  f o r  t h e  atmospheric  molecules ,  t h e  temperature  o f  160'K o f  t h e  upper  

atmosphere w a s  used t o  randomly determine t h e  i n i t i a l  v e l o c i t y  of t h e  newly 

i o n i z e d  par t ic les  . 
S i n c e  t h e  adopted c e l l  s i z e  is about f o u r  n i t r o g e n  sca le  h e i g h t s ,  s i g n i f i -  

c a n t l y  smaller c e l l  s i z e s  were used  t o  g e n e r a t e  t h e  new n i t r o g e n  ions .  the t o  

t h e  r a p i d  r e d u c t i o n  i n  t h e  d e n s i t y  o f  n i t r o g e n  g a s ,  no important  i o n i z a t i o n  

o c c u r s  o u t s i d e  o f  about  1.6 Re. I i k e  t h e  hydrogen, t h e  temperature  o f  160'K 

was used t o  f i n d  t h e  i n i t i a l  v e l o c i t y  of t h e  i o n i z e d  ni t rogen,  Euring each  

t i m e s t e p  e a c h  newly c r e a t e d  i o n  was moved immediately a f t e r  c r e a t i o n  through a 

random f r a c t i o n  of t h e  t i m e s t e p  t o  s i m l a t e  con t inuous  i o n  c rea t ion .  

h o t h e r  important element of  t h e  Tl tan problem is t h e  g r e a t l y  extended 

atmosphere. 'Ihe incoming i o n s  have a l a r g e  p r o b a b i l i t y  of  c o l l i d i n g  w i t h  t h e  

n e u t r a l s  in t h e  afmosphere b e f o r e  t h e  a l t e r e d  f i e l d s  c a n  completely d e f l e c t  

them, And t h e r e f o r e  a mechanism f o r  handl ing t h e s e  c o l l i s i o n s  w a s  developed. 
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t h e  p r o b a b i l i t y  of  c o l l i s i o n  i s  c a l c u l a t e d  from a conpar i son  of t h e  i o n s  mean 

f r e e  p a t h  a t  t h e  p o i n t  i n  q u e s t i o n  and t h e  d i s t a n c e  t h e  i o n  m u l d  have tra- 

v e l l e d  should t h e r e  be no c o l l i s i o n  C o l l i s i o n s  w i t h  b o t h  N2 and H are 

t r e a t e d ,  b u t  c o l l i s i o n s  w i t h  N 2  were seen  t o  b e  t h e  more impor t an t ,  w i t h  c o l -  

l i s i o n s  w i t h  atomic hydrogen be ing  q u i t e  rare. C o l l i s i o n s  w i t h  b o t h  were 

t r e a t e d  s i m i l a r l y .  Rom t h e  160'K temperature  of  t h e  upper  atmosphere a random 

v e l o c i t y  w a s  chosen f o r  t h e  n e u t r a l .  % e n  t h e  i o n  and t h e  n e u t r a l  c o l l i d e  

e l a s t i c a l l y  and a new v e l o c i t y  i s  ob ta ined  f o r  t h e  i o n  by t h e  c o n s e r v a t i o n  o f  

energy and momentun. 'Ihe new v e l o c i t y  o f  t h e  n e u t r a l  i s  ignored. W e  assune 

t h a t  t h e  d e n s i t i e s  o f  N2 and H a r e  unaffected by t h e  i n t e r a c t i o n .  

Perhaps t h e  most important  procedure i n  t h i s  p r o j e c t  i s  t h a t  of e f f i -  

c i e n t l y  and a c c u r a t e l y  moving t h e  r e s p e c t i v e  p a r t i c l e s .  ?he procedure adopted 

u s e s  a l e a p f r o g  t y p e  approach where t h e  p o s i t i o n  components a r e  known a t  in- 

t e g e r  i n t e r v a l s  (ie. a t  t h e  beginning and end  o f  e a c h  t i m e s t e p )  w h i l e  t h e  ve l -  

o c i t y  components are known a t  h a l f - i n t e g r a l  i n t e r c a l s  (ie. a t  t h e  midpoint  of 

e a c h  t imes tep ) .  Using t h e  v e l o c i t y  a t  t h e  midpoint o f  e a c h  t i m e s t e p  t o  move 

t h e  par t ice l s  t o  t h e  end of t h e  t i m e s t e p  p rov ides  a second o r d e r  movement tech- 

n i q u e  a t  t h e  same computing t i m e  as a s imple  f i r s t  o r d e r  technique. 'Ihe v e l -  

o c i t i e s  are  s i m i l a r l y  s tepped from time t-1/2 t o  t+1/2 by u s i n g  t h e  e lec t r ic  

and magnetic f i e l d s  a t  t h e  p a r t i c l e ' s  p o s i t i o n  a t  t i m e  t. This f i n d s  a n  aver- 

a g e  a c c e l e r a t i o n  d u r i n g  t h e  t i m e s t e p  [Lawrence Livermore l a b o r a t o r y  P r e p r i n t  

Since t h e  acceler- 

a t i o n  i s  p a r t l y  dependent o n  v x B, w i s  needed a t  t i m e  t ,  b u t  only known a t  t- 

1/2. v ( t >  w a s  replaced h e r e  by the approximately e q u i v e l e n t  term (v ( t -  

1/2)+v(t+1/2) ) /2 ,  y i e l d i n g  a n  e q u a t i o n  of t h e  form. 

.UCRL-84293 on "How t o  g e t  s t a r t e d  i n  p a r t i c l e  s imulat ion"] .  

v(t+1/2) = f (v ( t -1 /2 )  , ~ ( t + 1 / 2 )  , N t )  , E ( t ) )  

 where.^, B, and E a re  t h e  u s u a l  v e l o c i t y ,  magnet ic  f i e l d ,  and e l e c t r i c  f i e l d  

vec to r s .  S ince  only t h e  x and y components of  v a r e  needed, t h i s  r educes  t o  a 

s e t  o f  two e q u a t i o n s  and two unknowns, which w a s  t h e n  s o l v e d  f o r  t h e  x and y 

components o f  v( t+1/2) .  A s imi l a r  method of  s t e p p i n g  t h e  magnet ic  and e lec t r ic  

f i e l d s  i s  s t i l l  be ing  worked o n  and should be  s o l v e d  soon. 

'Ihe s i m u l a t i o n  w a s  accomplished i n  t h e  y e t  uncomplete form o f  n o t  s t e p p i n g  

t h e  f i e l d s .  'Ihe f i e l d s  were considered c o n s t a n t  b o t h  s p a c i a l l y  and temporally 

throughout  t h e  s imulat ion.  ?his t h e n  g i v e s  a n  i d e a  o f  what t h e  f i n a l  form o f  
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t h e  c u r r e n t s  and t h e  flow should be  l i k e  and shou ld  g i v e  a n  i n d i c a t i o n  of what 

t h e  f i n a l  form o f  t h e  f i e l d s  shou ld  l o o k  l i k e .  

F i g u r e  34 d i s p l a y s  t h e  i n t e r a c t i o n  r e g i o n  w i t h  t-he s u r f a c e  o f  t h e  p l a n e t  

as a s o l i d  c i rc le  and t h e  exobase a s  a dashed circle.  ?he d i r e c t i o n s  t o  t h e  

s u n  and S a t u r n . a t  t h e  t i m e  of encounter  a r e  sham. Also, t h e  p a t h  o f  Voyager 1 

p a t h  through t h e  t a i l  i s  dep ic t ed .  The s o l i d  l i n e  shows t h e  s p a c e c r a f t  tra- 

j e c t o r y  when i t  w a s  abo  e t h e  e q u a t o r i a l  p l ane ,  and t h e  dashed l i n e  when i t  w a s  

below t h i s  plane. Figure 35 shows t h e  d e n s i t y  o f  heavy i o n s  a f t e r  t h e y  reached 

e q u i l i b r i u n .  This i s  h igh ly  dependent o n  t h e  d i r e c t i o n  t o  t h e  s u n  s i n c e  iom- 

i z a t i o n  o f  N 2  o c c u r s  a lmost  e n t i r e l y  n e a r  t h e  exobase and around t h e  s u b s o l a r  

point .  For t h e  c o n f i g u r a t i o n  appropr i a t ed  f o r  Voyager 1, a wide j e t  of  heavy 

ions e n t e r i n g  t h e  f low n e a r  t h e  s u b s o l a r  p o i n t  i s  s e e n  t o  s p i r a l  o u t  o f  t h e  

i n t e r a c t i o n  region. Each p r i n t e d  d o t  r e p r e s e n t s  4.8 x r e g 1  ions and i s  

e q u i v a l e n t  t o  32 d o t s  i n  t h e  hydrogen plot.  W a r  TLtan t h e  f i e l d s  change s i g -  

n i f i c a n t l y  i n  t h e  r e g i o n  where most of  t h e  i o n i z a t i o n  of n i t r o g e n  occur s ,  and 

t h e  a c t u a l  s t r u c t u r e  o f  t h e  n i t r o g e n  f low i s  expec ted  t o  b e  q u i t e  d i f f e r e n t  

from t h a t  depicted.  . 
F i g u r e  36 shaws t h e  heavy i o n  flow vec to r s .  It can  b e  s e e n  t h a t  t h e  i o n s  

are c r e a t e d  w i t h  l i t t l e  v e l o c i t y  n e a r  t h e  exobase o n  t h e  sunward s i d e ,  and 

subsequently expe r i ence  many c o l l i s i o n s  which t end  t o  keep t h e i r  v e l o c i t i e s  l o w  

in t h i s  region.  ?he d e n s i t y  in t h i s  r e g i o n  b u i l d s  u p  t o  a few o r d e r s  o f  magni- 

t u d e  above t h a t  of t h e  co - ro t a t ing  plasma f l m  away from Titan.  When t h e  i o n s  

e s c a p e ,  t h e y  g r a d u a l l y  accelerate i n  t h e  y and e v e n t u a l l y  t h e  -x d i r e c t i o n s , -  

and even tua l ly  s p i r a l  o u t  w i t h  a r a d i u s  o f  3 o r  4 Re.  

Figure 3 7  d i s p l a y s  t h e  d e n s i t y  o f  hqdrogen i o n s  t h a t  p r i m a r i l y  o r i g i n a t e  

from t h e  c o - r o t a t i n g  plasma, b u t  a l s o  i o n i z e d  p r o t o n s  from'  t h e  ionosphere a re  

a l s o  included. A l a r g e  d e n s i t y  bui ld-up c a n  b e  s e e n  a l o n g  t h e  l e a d i n g  edge of  

t h e  atmosphere t h a t  sp reads  toward t h e  surward s i d e  o f  T i t a n  and thence  towards 

t h e  back,  c r e a t i n g  a plasma j e t  behind t h e  sunward s i d e  and n o t  t h e  o the r .  A 

n e a r  vacuun of p ro tons  f o r m  behind t h e  p l a n e t ,  f i l l e d  only w i t h  occas iona l ,  

r e c e n t l y  i o n i z e d  h)rlrogen. 

F i g u r e  38 provides  a d d i t i o n a l  information abou t  t h e  p ro ton  i n t e r a c t i o n  

p i c t u r e  by showing t h e  p ro ton  f low d i r e c t i o n s .  ?he l i n e  from t h e  d o t  i n  t h e  

c e n t e r  of each  c e l l  shows b o t h  t h e  magnitude and d i r e c t i o n  of  t h e  ave rge  vel- 
U C L L ~  --;&-- V I  - =  *L- L L I C  ---.J-'..- ~ ~ L L A L A ~ ~  4.. & & a  t h e  respecrive c e l l  these c l , e z r l y  shew a g r e a t  
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Voyager I Trajectory 
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slowing down of t h e  flow p r o t o n s  as  they c o l l i d e  w i t h  t h e  atmosphere. They 

t h e n  s lowly  begin  t o  move around toward t h e  sunward s i d e  and e v e n t u a l l y  move i n  

a concen t r a t ed  j e t  on t h a t  s i d e  behind t h e  p l a n e t ,  i n  conf i rma t ion  of what 

appeared i n  Figure 3 4  

The results d i s p l a y e d  i n  F i g u r e s  34-38 are p re l imina ry  s i n c e  t h e  ions i n  

e a c h  p l o t  w i l l  e f f e c t  t h e  magnet ic  and e lec t r ic  f i e l d s  around themselves ,  and 

t h e  a l t e r e d  f i e l d s  could t h e n  s i g n i f i c a n t l y  change t h e  results g i v e n  above. 

Allowing t h e  f i e l d s  t o  change, b o t h  s p a c i a l l y  and t empora l ly ,  i s  o n e  o f  t h e  

most impor t an t  p a r t s  o f  t h i s  p r o j e c t .  A h y b r i d  model f o r  moving i o n s  as p a r  

t i c l e s  and e l e c t r o n s  as  f l u i d s  which m u l d  t h e n  a l l o w  t h e  f i e l d s  t o  b e  s tepped 

a t  each  t i m e s t e p  and i n  e a c h  c e l l  based on work by M. M. Leroy, et. a l . ,  

[ k r o y ,  19821 i s  b e i n g  w r k e d  on. h e  of  t h e  major d i f f i c u l t i e s  i s  keeping t h e  

nunber of p a r t i c l e s  i n  t h e  s i u u l a t i o n  manageable, w h i l e  having a s u f f i c i e n t  

nunber t o  y i e l d  smooth enough i o n  d e n s i t i e s  and f low v e l o c i t i e s  t o  o b t a i n  t h e  

n m e r i c a l  d e r i v a t i v e s  r e q u i r e d  t o  f i n d  t h e  e l e c t r o n  and magnet ic  f i e l d s ,  and 

t h e r e f o r e  t o  s t e p  t h e  f i e l d s .  

From t h e  results ob ta ined  t o  d a t e  a number o f  p r e d i c t i o n s  a b o u t  t h e  f i n a l  

form o f  t h e  f i e l d s  a r e  poss ib l e .  F i r s t ,  a s t r o n g  c u r r e n t  b u i l d u p  o n  t h e  f r o n t  

f a c e  of  T i t a n  should y i e l d  a n  i n c r e a s e d  magnet ic  f i e l d  i n  f r o n t  and a decreased 

f i e l d  behind. ’Ihe heavy i o n s  may n o t  be  p u l l e d  o f f  i n  t h e  p o s i t i v e  y - d i r e c t i o n  

as  quickly a s  i n d i c a t e d  and more may end up i n  t h e  p a r t  of  t h e  t a i l  l o c a t e d  i n  

t h e  i n t e r a c t i o n  r eg ion .  A L S O ,  i n  t h e  t a i l  t h e  e l ec t i c  f i e l d  which normally 

p o i n t s  i n  t h e  y - d i r e c t i o n  may be  g r e a t l y  reduced, and i n  some places,  p a r t i c  

u l a r l y  n e a r  t h e  main p r o t o n  j e t ,  may even b e  r e v e r s e d ,  and t h u s  t h e  main p ro ton  

j e t  may be p u l l e d  i n  t h e  y - d i r e c t i o n  and s p r e a d  o u t  i n  t h e  t a i l .  Continued 

s t u d i e s  o f  t h i s  problem shou ld  e s t a b l i s h  p r e c i s e l y  what happens. 

The l o n g e r  t e r m  study w i l l  involve de te rmining  a s  completely as  p o s s i b l e  

t h e  c h a r a c t e r i s t i c s  o f  t h e  t rans-& f v e n i c , t r a n s o n i c  i n t e r a c t i o n .  When t h i s  i s  

s u f f i c i e n t l y  solved, t h e  p o s s i b l e  t r a n s ,  super-  i n t e r a c t i o n s  w i l l  be 

s tud ied .  ?his  w i l l  b e  i n  p r e p a r a t i o n  f o r  de te rmining  t h a t  t y p e  o f  i n t e r a c t i o n  

t h a t  would have been r e q u i r e d  t o  explain t h e  anomalous d a t a  observed a s  P ionee r  

11 c rossed  above ‘Etan’s o r b i t .  
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In t r odu c t i on 

A s  a r e s u l t  of a number of f a c t o r s ,  t h e  flowing plasma-satellite 

i n t e r a c t i o n  a t  T i t an  is expected t o  be t h e  most va r i ed  of any o b j e c t  i n  t h e  

s o l a r  system. This is pr imar i ly  due t o  the  f a c t  t h a t  f o r  a l i t t l e  over ha l f  

of t he  t i m e  i t s  o r b i t  l ies  o u t s i d e  Saturn’s subsolar  magnetopause, exposing i t  

t o  e i t h e r  t he  f r e e  streaming s o l a r  wind, where the  i n t e r a c t i o n  i s  usua l ly  

descr ibed  as being both supersonic  and supe ra l fven ic ,  o r  t o  the  thermalized 

s o l a r  wind or  magnetosheath plasma, where the  i n t e r a c t i o n  is u s u a l l y  subsonic  

and supe ra l fven ic .  h r i n g  the  remainder of t h e  t i m e ,  T i t an  is loca ted  wi th in  

Sa turn’s  magnetosphere and i s  subsequently exposed t o  the  near ly  c o r o t a t i n g  

magnetospheric p lasma,  The temperature,  composition and d e n s i t y  of the  l a t te r  

undergoes both temporal and s p a t i a l  v a r i a t i o n s  and as a r e s u l t ,  t he  

i n t e r a c t i o n  can be any combination of the sub/ t r ans / supe r son ic  and 

sub/ t r a n s / s u p e r a l f v e n i c  p o s s i b i l i t i e s .  

In t h i s  paper we w i l l  review a number of aspects of t he  i n t e r a c t i o n  of 

T i t a n  with the  s o l a r  wind and Saturn‘s  magnetospheric plasma and r epor t  t h e  

r e s u l t s  of a number of r e l evan t  s t u d i e s .  We w i l l  f i r s t  cons ider  t he  

l i k e l i h o o d  of T i t an  being exposed t o  the f r e e  --streaming s o l a r  wind, t h e  

shocked solar wind o r  magnetosheath plasma, and the  c o r o t a t i n g  magnetospheric 

plasma. W e  then r epor t  the  r e s u l t s  of c a l c u l a t i o n s  of t he  charge exchange 

a b s o r p t i o n  and mass loading of both the  solar wind and magnetospheric p lasma 

by two model T i t a n  atmospheres t h a t  have been proposed, and d i scuss  t h e  

i m p l i c a t i o n s  of these  r e s u l t s  i n  terms of a T i t a n  bow shock and a poss ib l e  

cometary type of i n t e r a c t i o n .  We then d iscuss  t h e  Voyager 1 and Pioneer  11 

magnetic f i e l d  r e s u l t s  i n  terms of T i t a n ‘ s  magnetic t a i l  and wake. 

S o l a r  Wind Pressure  Var i a t ions  -- and t h e  Plasma Environment - at Ti tan .  -- 

Acuna and Ness (1980) f i r s t  noted t h a t  T i t an ’ s  o r b i t  (20.2 RS; % = 

Saturn  r a d i u s )  is  near the  nominal l oca t ion  of t h e  subso la r  magnetopause of 

Sa tu rn ,  Wolf and Neubauer (1982) subsequently ou t l ined  the  v a r i a b l e  

magnetoplasma cond i t ions  t h a t  T i t a n  could be exposed t o  whiie i n  i t ’ s  o r b i t ,  
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cons ide r ing  varying s o l a r  wind condi t ions  and the  r e s u l t i n g  conf igu ra t ions  of 

Sa turns  magnetosphere. Ngure  1 [Slav in  e t  al., (1983)J d i s p l a y s  a histogram 

of the  number of hours out  of a t o t a l  of 1275 t h a t  Saturn 's  sub-solar  

magnetopause w a s  at any given d i s t ance .  

o r  wi th in  T i t an ' s  o r b i t .  Hence, when near t h e  noon meridian plane,  T i t a n  w i l l  

be beyond Sa turn ' s  magnetopause more than 50% of the  t i m e .  Using 1.33 as the  

r a t i o  of t h e  subsolar  shock-to-magnetopause d i s t a n c e  r a t i o ,  a 20.2 RS shock 

d i s t a n c e  corresponds t o  a magnetopause d i s t ance  of 15.2 R,=.. 
Figure 1, we see t h a t  T i t an  w i l l  be at  or beyond t h e  shock l o c a t i o n  about 10% 

of the  t i m e .  The s o l a r  wind p res su re  corresponding t o  T i t a n  a t  o r  beyond 

Sa turn ' s  magnetopause is about 2.3 X 10 -lo dynes/cm2, and t o  be beyond t h e  

bow shock r e q u i r e s  a pressure  g r e a t e r  than about 1 X 10'' dynes/cm . 
Inspec t ion  of Figure 1 suggests  t h a t  while i n  t h e  te rmina tor  plane,  t h e r e  i s  

even a small (2 - 3%) chance of T i t an  being i n  t h e  supersonic  po r t ion  of the  

magnetosheath. 

The mean is  observed t o  be 18.8 R,=., 

Refer r ing  t o  

2 

Based upon an earlier estimate of Ti tan 's  magnetic moment by Neubauer 

(1978) ,  t he  ex i s t ance  of a Mercury-like magnetic f i e l d  s tandoff  c o n f i g u r a t i o n  

w a s  considered poss ib l e  because t h e  est imated s u r f a c e  f i e l d  of 100 nT provided 

s u f f i c i e n t  pressure  t o  hold off a s o l a r  wind p res su re  of 4 X 10'' dynes/cm , 
i.e., such a f i e l d  would be a b l e  t o  withstand the  > 1 X LO" dyne/cm 

needed t o  push the  bow shock t o  wi th in  the o r b i t  of Ti tan .  However, using 

Voyager 1 magnetic f i e l d  da t a  obtained very near  T i t an  and downstream of the  

near ly  c o r o t a t i n g  magnetospheric plasma, Ness e t  a l .  (1982) have shown t h a t  

t h e  observed magnetic f i e l d  is p r imar i ly  induced, r e s u l t i n g  from the  p i l i n g  up 

and subsequent draping of Sa turn ' s  magnetospheric f i e l d .  

2 

p re s su re  2 

As a r e s u l t  of t he  foregoing d i scuss ion  i t  i s  p o s s i b l e  t o  exclude a 

t e r r e s t i a l - l i k e ,  o r  p lane tary  magnetic f i e l d  dominated type of i n t e r a c t i o n .  

Also, T i t a n  has been known f o r  some time t o  have an ex tens ive  atmosphere 

(Kuiper 1944), and t h e r e f o r e  a luna r  type of i n t e r a c t i o n  can a l s o  be 

excluded. It i s  t h e r e f o r e  only necessary t o  cons ide r  t he  t h r e e  t y p e s  of 

atmospheric i n t e r a c t i o n s  ou t l ined  i n  Figure 2 due t o  Michel (1971a). h t h e  

f i r s t  (2a) t he  flowing plasma has  a shallow component t h a t  sweeps i n t o  the  

ionosphere and modif ies  the  vertical p r o f i l e  of t h e  photo ioniza t ion  e l e c t r o n  

d e n s i t y .  This f i g u r e  FJould be modified f o r  T i t a n  t o  inc lude  the  s i g n i f i c a n t l y  

l a r g e r  c o l l i s i o n a l l y  induced i o n i z a t i o n  component t h a t  r e s u l t s  when 

i n t e r a c t i n g  with t h e  m i l l l i o n  degree e l e c t r o n s  i n  Sa turn ' s  magnetosphere. in 
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t h i s  " so f t "  type of i n t e r a c t i o n  t h e r e  w i l l  be charge exchange abso rp t ion  as 

w e l l  as mass loading of t he  impinging s o l a r  wind o r  magnetospheric plasma. 

The e f f e c t s  of t h e s e  two processes on the s t r e n g t h  and conf igu ra t ion  of t h e  

T i t a n  bow shock w i l l  be discussed.  

In t h e  second (2b) the  ionospheric  pressure is g r e a t  enough t o  s tand off 

t he  impinging plasma high i n  t h e  ionosphere, and the  r e s u l t i n g  t a n g e n t i a l  

d i s o n t i n u i t y  excludes any i n t e r a c t i o n  with the  ionosphere,  causing n e g l i g i b l e  

abso rp t ion  and mass loading. h t h e  t h i r d  type of i n t e r a c t i o n  ( 2 c ) ,  i n  which 

a magnetized plasma i s  assumed, t he  highly conducting ionosphere excludes t h e  

magnetic f i e l d  r e s u l t i n g  i n  a p i l eup  of magnetic f i e l d  l i n e s  and formation of 

a n  induced t a i l  f i e l d .  Based upon the r e s u l t s  of Ness e t  a l .  (1982), t h e  

i n t e r a c t i o n - a t  T i t a n  must have at least some of the  c h a r a c t e r i s t i c s  similar t o  

t h a t  displayed i n  Figure 2c. However, when t h e  observed e f f e c t s  of mass 

loading,  etc., are included it is clear t h a t  while i n  Saturn's  magnetosphere, 

and probably i n  Saturn's  magnetosheath and i n  the  s o l a r  wind as w e l l ,  t h e  

c h a r a c t e r i s t i c s  of a l l  t h r e e  types of ionosphere-atmoshere i n t e r a c t i o n s  can  

occur .  

plasma a t  t h e  time of Voyager 1 see Neubauer e t  a l . ,  1984).  

(For a d i s c u s s i o n  of T i t an ' s  i n t e r a c t i o n  with Saturn 's  magnetospheric 

Another important f e a t u r e  of t he  s o l a r  wind i n t e r a c t i o n  with T i t a n  occurs  

when the l a t t e r  i s  within Saturn's  magnetosheath and concerns the r e l a t i v e  

s i z e s  of T i t a n  and the  proton Iarmor radius.  Frequently t h e  magnetic f i e l d  

magnitude i n  the sheath can be as low as 0.1 nT. Because- of a h ighe r  

temperature plasma t h e r e ,  and t h e r e f o r e  high v e l o c i t y  component perpendicular  

t o  the f i e l d ,  t h e  proton Larmor radius can b e - l a r g e r  than T i t an ' s  r ad ius ,  t h e  

r e s u l t i n g  i n t e r a c t i o n  conf igu ra t ion  d i f f e r i n g  cons ide rab ly  from t h e  nominal. 

Atmospheric Absorption -- and kss h a d i n g  

When a plasma impinges on an atmosphere, abso rp t ion  of t h e  p lasma occurs  

through charge exchange, and t h a t  po r t ion  t h a t  flows p a s t  is "mass loaded" 

through the pickup of coo l ,  heavy ions.  The degree with which t h e  impinging 

plasma s u f f e r s  abso rp t ion  has a d i r e c t  effect on the  s t r e n g t h  and sub-solar 

d i s t a n c e  to  the shock t h a t  I s  l i k e l y  formed. Mass loading p r i m a r i l y  a f f e c t s  

t he  shape of the shock, g r e a t e r  mass p i c k u p  causing a b l u n t e r  shock s u r f a c e .  

Wallis (1971) has pointed out t h a t  charge excange and pho to ion iza t ion ,  ~ 

L U ~ ~ L L L ~ L  W I L I I  ~iir tesuitiiig m a s s  loading of tiie flow, may smoothly d e c e l e r a t e  -----ae- .--&a -a- 
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the  s o l a r  wind from supersonic  t o  subsonic v e l o c i t i e s  e i t h e r  without a 

gene ra t ing  a shock at  a l l ,  o r  c r e a t i n g  j u s t  a weak shock ( M -  2) .  

Computation of both the minimum ionopause d i s t a n c e  and the  100% 

a b s o r p t i o n  flow l i n e ,  below which no s o l a r  wind can p e n e t r a t e  as a r e s u l t  of 

charge exchange, r e q u i r e s  a knowledge of t he  composition and s t r u c t u r e  of 

T i t a n ' s  upper atmosphere. 

p r i m a r i l y  of molecular n i t rogen  p lus  e i t h e r  atomic o r  molecular  hydrogen. 

Using the  exospher ic  d i s t r i b u t i o n  f o r  N2 repor ted  by Broadfoot et al .  (19811, 

Hartle et a l .  (1982) have est imated the  minimun ionopause d i s t a n c e  t o  be about 

4400 km, a t  which l e v e l  t he  N2 d e n s i t y  i s  4.5 X 10 /cm3. For t h i s  they 

assumed the  ionopause t o  be the  a l t i t u d e  where the  ion-neut ra l  mean f r e e  pa th ,  

l / m ,  equa l s  t h e  scale l eng th  f o r  ho r i zon ta l  flow (E 1 Ti t an  r ad ius ,  o r  %), 
and a va lue  f o r  t he  ion-neutral  c ross  s e c t i o n ,  a, of 5 X 

n e u t r a l  d e n s i t y ,  n, is assumed t o  be pr imar i ly  N2 below 5000 km ( s e e  Figure 

3a) .  

The atmosphere has been found t o  be composed 

cm2. The 

In o rde r  t o  estimate the  maximum depth of p e n e t r a t i o n  of the  impinging 

plasma, we have computed the  r ad ius  of tha t  flow l i n e  at which the  plasma i s  

t o t a l l y  absorbed. Following t h e  method out l ined  by Gombosi et al .  (1980, 

1981) appl ied  previous ly  t o  Venus, and by Russel et  a l .  (1983) appl ied  t o  Mars 

and Venus, we have 

where s (h )  is  the  p r o b a b i l i t y  per  u n i t  length along a flow l i n e  of a charge 

exchange i n t e r a c t i o n  a t  an a l t i t u d e  h, ni(h) is the  d e n s i t y  of t he  i - t h  

n e u t r a l  species, and ai is  the  charge t r a n s f e r  c ros s  s e c t i o n  between a proton 

and the  i - t h  n e u t r a l  species. The number p e r  u n i t  area of f a s t  s o l a r  wind 

i o n s  p a r t i c i p a t i n g  i n  a charge exchange process while  moving a d i s t a n c e  As, is 

The t o t a l  f r a c t i o n a l  absorp t ion  along a flow l i n e  is  then 
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L i s  p l o t t e d  i n  Figures 4 and 6. 

f low l i n e ,  normalized t o  the  amount of unperturbed s o l a r  wind flow t h a t  t he  

p lane t  of o b s t a c l e  r ad ius  fh would absorb, can be w r i t t e n  as: 

The t o t a l  dayside abso rp t ion  above a given 

d(&)is p l o t t e d  i n  Figures 5 and 7. In t h e s e  c a l c u l a t i o n s  the  s imple 

c i r c u l a r  geometr ic  conf igu ra t ion  similar t o  that of Gombosi et al. (1980) has 

been used. The more accu ra t e  r e s u l t s  obtained using flow l i n e s  der ived  from 

the  work of S p r e i t e r  et  al. (1978) i s  c u r r e n t l y  i n  progress ,  but t hese  r e s u l t s  

are not expected t o  change s i g n i f i c a n t l y ,  as is apparent  when the  Gombosi et  

a l .  (1980) and (1981) r e s u l t s  a r e  compared. Figures  4 (percent  a b s o r p t i o n  

a long  a f low l i n e  versus  flow l i n e  rad ius)  and 5 ( t o t a l  percent  absorpion 

versus  sin) d i s p l a y  the  r e s u l t s  obtained using t h e  165' K molecular n i t rogen  

and atomic hydrogen atmospheric model of Strobe1 and Shemansky (1982) with 

s o l a r  wind cond i t ions ,  and Figures 6 and 7 d i sp l ay  t h e  r e s u l t s  f o r  t he  same 

atmospheric  model assuming magnetospheric plasma compositions and nea r ly  

c o r o t a t i o n a l  v e l o c i t i e s ,  etc., cons i s t en t  with Voyager obse rva t ions .  The 100% 

abso rp t ion  flow l i n e s  are seen t o  occur a t  a r a d i a l  d i s t a n c e  of 4240 km under 

s o l a r  wind cond i t ions  and 4100 under magnetospheric plasma cond i t ions .  The 

corresponding abso rp t ion  percentages are, r e s p e c t i v e l y  20% and 25%. The 

v e l o c i t y  dependent charge exchange cross  s e c t i o n s  have been obtained from Rose 

, and Clark (1961).  For purposes of comparison, we a l s o  show as i n s e r t s  i n  
, t hese  f i g u r e s  the  corresponding r e s u l t s  from the  two p a p e r s  of Gombosi et a l .  

(1980, 1981). The e f f e c t s  of magnetic f l u c t u a t i o n s  [See Gombosi et  a l . ,  
I (1980)] have not been included.  If the  ionosphere has a n  e lec t ron- ion  d e n s i t y  

of s u f f i c i e n t  temperature t o  s tand off t h e  s o l a r  wind a t  a g r e a t e r  r a d i u s ,  the  

net plasma abso rp t ion  w i l l  decrease accordingly . 
i 
I 

I 

Recent ly ,  Bertaux and Kockarts (1983) have proposed a model exosphere 

c o n s i s t i n g  of both molecular n i t rogen  and molecular hydrogen i n  which t h e  

d e n s i t y  of molecular hydrogen is much g r e a t e r  than t h a t  i n  the  S t robe l  and 

Shemansky model, i.e., more than a f ac to r  of lo4 a t  t he  4000 lan l e v e l  (see 

Figures  3b) . However, a l though there  is  s i g n i f i c a n t l y  more molecular hydrogen 

i n  the  reg ion  above t h e  100% abso rp t ion  flow l i n e ,  when account is taken of 

. 
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t h e  f a c t  t h a t  atomic hydrogen undergoes a resonant  charge exchange wi th  

pro tons  whereas molecular hydrogen does not,  and the  e f f e c t s  of t he  v e l o c i t y  

dependence of t he  c ross -sec t ions  are inc luded ,  t he  i n c r e a s e  i n  absorp t ion  of 

t h e  (N2,H2) model is not as g r e a t  as one might expect .  Using t h e i r  model 

atmosphere ( inc lud ing  a two s t e p  temperature p r o f i l e  of 165% and 186%), t h e  

100% abso rp t ion  r a d i i  and net  absorpion under s o l a r  wind and magnetospheric 

cond i t ions  have been computed as before ,  r e s u l t i n g  i n  t h e - v a l u e s  (4140 km, 

37%) and (4000 km, 19%) r e spec t ive ly .  Hence, under a l l  cond i t ions  we f i n d  

t h a t  solar wind and magnetospheric p l a s m  abso rp t ion  a t  T i t an  are g r e a t e r  t han  

a t  Venus. 

In o rde r  t o  determine the  condi t ions  under which the  ionosphere pressure  

s tandoff  r a d i u s  is g r e a t e r  than the  100% abso rp t ion  flow l i n e  rad ius  as w e l l  

as the  corresponding mass loading ,  we have used t h e  method of Har t le  et  a l .  

(1982) and computed the  dens i ty  of ions  and e l e c t r o n s  produced by 

pho to ion iza t ion  and by c o l l i s i o n s  between atmospheric  n e u t r a l s  and the  

impinging plasma. This has been done under varying cond i t ions  of pressure  i n  

terms of both the  d e n s i t y  and v e l o c i t y  appropr i a t e  f o r  t he  s o l a r  wind 

( inc lud ing  the  shocked s o l a r  wind o r  magnetosheath plasma) and t h e  

magnetospheric plasma. A de te rmina t ion  of t he  degree of mass loading i s  

necessary  i n  order  t o  determine the  type ( i f  any) of shock that w i l l  l i k e l y  

r e s u l t .  Using the  v e l o c i t y  dependent i o n i z a t i o n  c ross -sec t ions  (protons or  

e l e c t r o n s )  f o r  molecular n i t rogen  and fo r  e i t h e r  atomic o r  molecular hydrogen 

(Rose and Clark,  1961); Banks and Kockarts, 1973) we have determined the  

ionopause r a d i u s  assuming e i t h e r  186'K or 8600°K e l e c t r o n s  and ions ,  t he  

corresponding Saturn magnetopause d i s t ance ,  and the  degree of mass loading.  

The m a x i m u m  va lues  of S/pv below which there  should be no shock have been 

computed from Mche l ,  (1971b), i.e., 

S = [ Ne Ve ae + Ni Vi ai + 

and 

1 s =  k p  

where Ne, Ve, a,, and Ni, Vi, ai are the  number d e n s i t y  v e l o c i t y  and 

c o l l i s i o n a l  i o n i z a t i o n  c ros s  s e c t i o n s  for  e l e c t r o n s  and i o n s ,  r e s p e c t i v e l y ,  J 
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r e s p r e s e n t s  the  photoionizing f l u x  from the sun ,  No, H, mo are the number 

d e n s i t y ,  s c a l e  he ight  and mass of the  atmospheric atom o r  molecule i n  ques t ion  

at the  exobase,  k is  a p r o p o r t i o n a l i t y  cons t an t ,  and pl, V1 are the  mass 

d e n s i t y  and v e l o c i t y  of t he  plasma. 

1978) 
If %ax, def ined by (C lou t i e r  e t '  al . ,  

is exceeded a shock must form. Here M is t h e  b c h  number of the flow, and y 

i s  the  r a t i o  of s p e c i f i c  hea ts .  For y = 5/3 and M + QD, then %ax = 0.56 and 

f o r  M = 2, Lx = 0.18. 

The ionopause s tandoff  d i s t a n c e  and S/pv r a t i o  have been computed f o r  

d i f f e r e n t  s o l a r  wind d e n s i t i e s  and speeds with t h e  c o n s t r a i n t  t h a t  t he  bow 

shock be loca ted  wi th in  Ti tan ' s  o r b i t a l  r ad ius ,  o r  %ow shock < 20.2 %, and 

f o r  magnetospheric plasma cond i t ions .  The r e s u l t s  f o r  t he  former are 

d i sp layed  i n  Figures 8a and b f o r  (N2,H) and (N2,H2) atmospheres,  

r e s p e c t i v e l y .  Also shown are the  regions where S/pv > .56 ,  t he  high Wch 

number minumum value  of the mass loading  ratio f o r  which a shock w i l l  form. 

For low k c h  number ( a  major po r t ion  of the t i m e  i n  t he  magnetosphere),  t h e  

corresponding va lue  of S/pv is 0.18 (M = 2). Recal l ing  the  100% abso rp t ion  

flow l i n e  results, m see that only over a very  l i m i t e d  range of s o l a r  wind 

d e n s i t y  and v e l o c i t y  w i l l  t h e r e  be an ionopause above the  c r i t i ca l  abso rp t ion  

r a d i u s ,  and t h a t  t he  (N2,H) and (N2,H2) models d i f f e r  as t o  whether a shock 

w i l l  form,- shock formation more l i k e l y  occurr ing only f o r  t he  l a t te r  model. 

1 'In l i k e  manner we have computed the  same q u a n t i t i e s  corresponding t o  

1 
I T i t a n  i n t e r a c t i n g  with magnetospheric plasma and thereby being inf luenced  by 

I t h e  200 ev e l e c t r o n  gas and (a lmost )  r i g id  c o r o t a t i n g  protons (heavy i o n s  
I 

neg lec t ed ) .  

shock. Figures 9a and b d i s p l a y  the  v a r i a t i o n  i n  ionopause d i s t a n c e  wi th  

proton d e n s i t y  corresponding t o  d i f f e r e n t  plasma v e l o c i t i e s  f o r  t he  (N2,H) and 

(N2,H2) models. 

Figures  10a and b d i s p l a y  the  e l e c t r o n  density-plasma proton density-ionopause 

r ad ius  r e s u l t s  f o r  186 and 8600°K electron-ion tempera tures .  

Both the  (N2,H) and (N2,H2> models p r e d i c t ,  at  most, a very  weak I 
I 

I 

For comparison with t h e  Voyager 1 measurements near T i t a n ,  

In the  foregoing a n a l y s i s ,  t he  cons iderable  v a r i a b i l i t y  i n  the  

c h a r a c t e r i s t i c s  of the magnetospheric plasma (Goertz ,  1983) has been 
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neglec ted .  The magnetoplasma cond i t ions  while T i t an  is i n  the  t a i l  reg ion  

should d i f f e r  cons iderably  from those anywhere else s i n c e  outf low down t h e  

t a i l  of Sa turn ' s  magnetospheric plasma should occur here ,  and t h e  f i e l d  

d i r e c t i o n  may undergo r e l a t i v e l y  r ap id  d i r e c t i o n a l  changes t h e r e  as the t a i l  

c u r r e n t  shee t  f l a p s  up and down i n  response t o  s o l a r  wind p res su re  and 

d i r e c t i o n  changes. 

T i t an  Observations 

There have been th ree  o p p o r t u n i t i e s  t o  observe T i t an  plasma i n t e r a c t i o n s ,  

but of t hese ,  only Voyager 1 and P i o n e e r  11 were e i t h e r  near T i t an  o r  at least  

passed near i ts  o r b i t .  In both of these  cases  T i t an  w a s  i n  Sa turn ' s  

magnetosphere. (31 t he  o ther  hand, occurr ing while T i t an  w a s  i n  Sa turn ' s  

magnetosheath,  Voyager 2's f lyby  w a s  at a much g r e a t e r  d i s t a n c e  and occurred 

w e l l  out  of T i t an ' s  o r b i t a l  plane. Only Voyager 1 passed c l o s e  enough t o  

T i t a n  t o  conduct d i r e c t  measurements of the i n t e r a c t i o n .  The next bes t  

oppor tuni ty  w a s  a f forded  Pioneer  11, which passed roughly 20 RT (T i t an  r a d i u s  

= 2575 km) above Ti tan ' s  o r b i t  some 145 % downstream. 

Figure 11, from Ness e t  al. (1982) ,  d i sp l ays  two views of t he  Voyager 1 

t r a j e c t o r y  near  T i t an  along with magnet ical ly  important  event i n t e r v a l s  and a 

corresponding f i e l d  magnitude p l o t .  Figure 12 [from Hartle et al.,  (198211 

d i s p l a y s  t h e  sun, Saturn,  and c o r o t a t i o n  d i r e c t i o n s ,  a T i t an  o r b i t a l  plane 

p r o j e c t i o n  of t he  plasma s teaml ines ,  and important  plasma and f i e l d  event  

i n t e r v a l s  (compare Figures 11 and 12). Figure 12 sugges ts  e i t h e r  t h a t  t h e  

flow around T i t an  is  d i s s i m i l a r  on e i t h e r  s i d e  of t he  plasma flow axis,  o r  

else the  flow d i r e c t i o n  changed during t h e  sho r t  t i m e  t h a t  Voyager 1 passed 

through T i t an ' s  wake . 
In t h e i r  s t u d i e s  of the  s o l a r  wind i n t e r a c t i o n  wi th  p l ane t s  having 

atmospheres ,  S p r e i t e r  et a l .  (1980) descr ibe  t h e  bow shock and magnetopause 

contours  i n  terms of the  parameter H / r o ,  where H i s  t h e  i o n i z a t i o n  scale 

he ight  and ro i s  the  ionopause d i s t a n c e .  

magnetopause and bow wave curves based upon t h e i r  r e s u l t s  t h a t  have been 

sca l ed  f o r  Ti tan .  Their s t u d i e s ,  however, assume a t a n g e n t i a l  d i s c o n t i n u i t y  

(see Figure 2b) which may. not e x i s t  because of the  cons ide rab le  abso rp t ion  

noted above. It should be poss ib l e  t o  obta in  an estimate of t he  value of t h e  

Figure 13 d i s p l a y s  s c a l e d  

K / r o  porametsr frem data relate:! to the s i ze  nf the Qhstacle presented hy 
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T i t a n  t o  t h e  flow. The r e l evan t  d a t a  a r e  the  e n e r g e t i c  particle obse rva t ions  

as w e l l  as those  of t he  magnetic f i e l d  by Ness et al. (1982). Figures  15a 

(from Vogt et  al., 1981) and b (from kcLennan e t  al., 1982) d i s p l a y  t w o  

e n e r g e t i c  p a r t i c l e  p r o f i l e s ,  The obs t ac l e  r ad ius  due t o  T i t an  is seen t o  

average about  3830 km, which is roughly 5-10% less than  t h e  computed 100% 
a b s o r p t i o n  r ad ius ,  is  c o n s i s t e n t  with a small va lue  of H/Ro (see Figure 13), 
and sugges ts  t h a t  t he  ionopause rad ius  i s  not g r e a t e r  than  t h e  100% a b s o r p t i o n  

r ad ius .  

Kivelson and Russe l l  (1983) have ex t r apo la t ed  t h e  f i e l d  v e c t o r  d i r e c t i o n s  

obta ined  i n  the  t a i l  lobes by Voyager 1 back t o  a p lane  o r i e n t e d  perpendicular  

t o  the  flow d i r e c t i o n ,  and found t h a t  the plasma flow needed t o  be abe r ra t ed  

an average of 27' toward Saturn a t  the  t i m e .  

mod i f i ca t ion  of t h e i r  Figure 7, shows the exobase circle (3800 km r a d i u s ) ,  a 

4240 km 100% abso rp t ion  r ad ius  circle due t o  charge exchange, and an H/r0=0.02 

flow-normal plane circle rad ius  assuming the  method of S p r e i t e r  e t  a1 (1980) 
can be a p p l i e d ,  Although the  ex t rapola ted  lobe  f i e l d  l i n e s  ( X ' s  contained i n  

t h e  contours )  i n  the  f i g u r e  should l i e  outs ide  the  ionopause circle, one f i n d s  

t h a t  most of them can be found between t h i s  boundary and t h a t  of t h e  

exobase.  This sugges ts  t h a t  t he  flow and f i e l d  l i n e s  are not excluded from 

T i t an ' s  ionosphere,  and t h a t  the  i n t e r a c t i o n  l i k e l y  is  q u i t e  " s o f t  ." 
C e r t a i n l y ,  ( r e f e r i n g  t o  Figures 2b and c) t h e r e  appears  t o  be no evidence f o r  

e i t h e r  a t a n g e n t i a l  d i s c o n t i n u i t y  o r  s t rong  exc lus ion  of t h e  magnetic f i e l d  

embedded i n  the  impinging p lasma by the  ionospher ic  conduct i ty .  The plasma 

atmsophere i n t e r a c t i o n  a t  T i t an  i n  ex i s t ence  dur ing  t h e  Voyager 1 f lybe  would 

appea r  t o  be one combining the  c h a r a c t e r i s t i c s  d i sp layed  i n  Figures  2a and c,  

a l though i f  t he  plasma flow d i r e c t i o n  was changing a t  the  t i m e  a l l  t h ree  types  

of i n t e r a c t i o n s  could occur.  

Figure 14, which is  a 

The implied small value of H / r o  (assuming the  e x i s t e n c e  of t he  requi red  

t a n g e n t i a l  d i s c o n t i n u i t y )  sugges ts  t h a t  H must be s m a l l  and t h e r e f o r e ,  wi th  

low mass d e n s i t y  due t o  ion ized  hydrogen above the  exobase,  a low tempera ture  

ionosphere a t  the  i n t e r a c t i o n  region is required.  If t he  e l e c t r o n s  are i n  

equ i l ib r ium with the  cool  n e u t r a l s ,  use of t he  computed c o l l i s i o n a l  and 

pho to ion iza t ion  induced e lec t ron- ion  dens i ty  sugges ts  t h a t  t h e r e  w i l l  be no 

ionopause.  A higher  temperature  e l e c t r o n  component, t h a t  is not i n  

equ i l ib r ium with the  n e u t r a l s ,  is  required i n  order  f o r  t h e  ionopause t o  be 

loca ted  outside  he 100% abaorpiior; radius . H ~ w n , ~ e r ,  c h i s  is net- cnnsistcnt 
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with t h e  d a t a  un le s s  v a r i a t i o n s  i n  the  flow d i r e c t i o n  of t h e  plasma are 

assumed t o  have l e d  t o  i n c o r r e c t  es t imates  of t he  o b s t a c l e  s i z e ,  i.e., H/ro* 

e x i s t e n c e  of hot (2 X lo5 OK) secondary e l e c t r o n s  i n  the  atmosphere a t  and 

below the  exobase, i.e., c h a r a c t e r i s t i c  of a u r o r a l  e l e c t r o n s .  In a d d i t i o n ,  

some of the  emission f e a t u r e s  appear  t o  come from narrow a l t i t u d e  reg ions  

(i.e., 250 lan a t  5000 km) and from both high and low temperature  reg ions .  

They conclude t h a t  t he  energy depos i t i on  requirements  needed t o  exp la in  the  

AN emission exceeds the  E W  depos i t i on  rate by about a f a c t o r  of 10, i.e., 

pho toe lec t rons  a lone  cannot provide the required amount of energy. The AN 

r e s u l t s  would tend t o  s t rong ly  favor  the  porous i n t e r a c t i o n  model i n s t e a d  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  type of boundary. They a l s o  estimate t h a t  i f  

c o l l i s i o n a l  i o n i z a t i o n  occurs over t he  a l t i t u d e  range 3600-4000 km, t h e  

Analysis  of t he  h'UV emission by Strobe1 and Shemansky (1982) r e q u i r e s  t h e  

es t imated  product ion of N2+ and N+ of -9-X lO?-and 1.8 X lo8 / c m 2  y i e l d s  an 

average e l e c t r o n  dens i ty  of about 3 X 10 /cm3 f o r  a n  assumed recombination 

c o e f f i c i e n t  of 3 X cm /sec. This value f o r  t he  e l e c t r o n  d e n s i t y  is 

c o n s i s t e n t  with the  upper l i m i t  suggested by the  r ad io  o c c u l t a t i o n  d a t a  of 

Linda1 et a l .  (1983). 

3 

3 

It is i n s t r u c t i v e  t o  compare the preceding e l e c t r o n  dens i ty  with t h a t  

ob ta ined  using the  formula suggested by Hartle e t  a l .  (1982) ,  where t h e  

product ion rate, P, is  given by 

P = (Ne Ve al + J )  n 

where Ne, Ve are the  number d e n s i t y  and speed, r e s p e c t i v e l y ,  of t he  

magnetospheric o r  s o l a r  wind e l e c t r o n s ,  u = 1-2 X 

i o n i z a t i o n  c ross -sec t ion ,  J is the  photo ioniza t ion  f l u x  nominally about 5 X 

10" sec'', and n is  the number dens i ty  of t he  n e u t r a l  atom o r  molecule 

p a r t i c i p a t i n g  i n  the  charge exchange r eac t ion ,  In t h i s  c a l c u l a t i o n  we are 

neg lec t ing  secondary e l e c t r o n  or magnetic f i e l d  e f f e c t s .  For a magnetospheric 

c o n f i g u r a t i o n ,  and neglec t ing  the much slower protons o r  i o n s  ( t h e  s e v e r a l  

million degree e l e c t r o n s  have Ve about 9000 km/sec), use of t h i s  formula 

r e s u l t s  i n  an average e l e c t r o n  d e n s i t y  over t he  3800-4000 km height  i n t e r v a l  

of about 1.8 X lo3 ~ m ' ~ .  

sugges ts  t h a t  roughly 80% of t he  ion iza t ion  i s  a r e s u l t  of c o l l i s i o n s ,  i.e.,  

cm2  is the  c o l l i s i o n a l  

S u b s t i t u t i o n  of t y p i c a l  magnetosphere plasma va lues  
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c o l l i s i o n a l  i o n i z a t i o n  dominates over pho t ion iza t ion ,  e s s e n t i a l l y  r eve r se  t h e  

s i t u a t i o n  a t  Venus. Comparison of t h i s  with the  e l e c t r o n  d e n s i t y  estimate of 

S t robe1  and Shemansky (1982) sugges ts  t ha t  about 40% of t h e  e l e c t r o n s  may have 

been depos i t ed  near  t he  exobase d i r e c t l y  from t h e  magnetospheric plasma 

e l e c t r o n  component r a t h e r  than r e s u l t i n g  from any i o n i z a t i o n  process .  S t robe1  

and Shemansky (1982) have i n t e r p r e t e d  some of t he  f e a t u r e s  of t h e  HIV emission 

i n  terms of very hot e l e c t r o n s  that exist  i n t e r m i t a n t l y  i n  the  exosphere,  and 

i t  is perhaps cu r ious ,  then t h a t  es t imates  of Ti tan ' s  e n e r g e t i c  particle 

o b s t a c l e  r a d i u s ,  etc., suggest a va lue  of H / r o  t h a t  i s  c o n s i s t e n t  with very  

low temperatures .  Perhaps e l e c t r o n s  produced by c o l l i s i o n a l  impact i o n i z a t i o n  

with cold (160OK) molecules of n i t rogen  are  a b l e  t o  coo l  very r a p i d l y .  

Refer r ing  aga in  t o  Figures 10a and b, i t  is seen t h a t  t he  smaller i n f e r r e d  

o b s t a c l e  s i z e  is c o n s i s t e n t  with a low temperature,  s e v e r a l  X 10 3 3  / c m  d e n s i t y ,  

ionosphere.  A high temperature ,  lo3/,, 3 ionosphere should have r e s u l t e d  i n  a 

l a r g e r  o b s t a c l e  f o r  Ti tan.  If the  d i r e c t i o n  of flow of t h e  magnetoplasma 

changed dur ing  the  Voyager 1 f lyby  of Ti tan such as t o  cause the  e f f e c t i v e  

o b s t a c l e  s i ze  t o  be underest imated,  and the ionopause r ad ius  w a s  a c t u a l l y  

g r e a t e r  than the  100% absorp t ion  flow l i n e  r a d i u s ,  then a h igher  temperature  

ionosphere is  implied.  W e  w i l l  r e t u r n  t o  t h i s  po in t  when d i s c u s s i n g  

measurements of Ti tan ' s  magnetic ta i l .  

Assuming the  higher  temperature  ionosphere and t h e r e f  o re  an ionopause 

t h a t  lies o u t s i d e  the  100% absorp t ion  rad ius ,  and neg lec t ing  any draped 

magnetic f i e l d ,  we have followed the  method o u t l i n e d  i n  Wolff et a l .  (1979) 

and found t h e  v a r i a b i l i t y  i n  the  T i t an  ionopause a l t i t u d e  due t o  changes i n  

s o l a r  EXJV f l u x  t o  be only of t he  order  of 1 - 2%. Var ia t ions  i n  t h e  

magnetospheric plasma w i l l  be the  dominant f a c t o r  c o n t r o l l i n g  the  a l t i t u d e  of 

T i t an ' s  ionopause because photo ioniza t ion  is only about 25% t h a t  due t o  

c o l l i s i o n s .  The r e l a t i v e  importance of both changes i n  t h e  s o l a r  wind plasma 

and the  s o l a r  photo ioniza t ion  f l u x  at Titan should be only about 1% what they  

a r e  Venus, a l though s i g n i f i c a n t  enhancements i n  the  former can occur when 

stream-stream i n t e r a c t i o n s  persists a l l  t he  way t o  10 AU (Burlaga e t  a l . ,  

1983) . We should note ,  however, that under c i rcumstances where the  magnetic 

f i e l d  p i l ed  up near t he  ionopause is grea t  enough t o  s i g n i f i c a n t l y  decrease  

the  a b i l i t y  of t he  s o l a r  wind o r  magnetospheric plasma t o  c o l l i s i o n a l l y  i o n i z e  

T i t an ' s  upper atomsphere, then ionopause d i s t a n c e  v a r i a t i o n s  may be c o n t r o l l e d  

more g r e a t l y  by v a r i a t i o n s  i n  the  s o l a r  EUV. 
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Specula t ions  - on Ti tan 's  -- Bow Shock 

It has been suggested above t h a t  both the  s o l a r  wind and magneto-pheric 

plasma undergo s i g n i f i c a n t l y  more charge exchange a b s o r p t i o n  i n  the  atmosphere 

of T i t an  than i n  t h a t  of Venus. As a r e s u l t ,  t he  shock should be weaker and 

the  nose of the  shock c l o s e r  t o  T i t an  than a t  Venus. There may have been 

occas ions  a t  Venus when a weak subso la r  shock s u r f a c e  may have moved i n s i d e  

t h e  p l ane t  (Russe l l ,  1977) and wi th  a g r e a t e r  abso rp t ion  p red ic t ed  f o r  T i t a n ,  

one would expec t  such a phenomenon to  occur more f r e q u e n t l y  the re .  

mod i f i ca t ion  of t he  shock shape occurs  when mass loading  of t he  f i e l d  l i n e s  by 

co ld  ions  occurs ,  which r e s u l t s  i n  a displacement of t h e  shock s u r f a c e  away 

from t h e  o b j e c t  i n  the  flow-normal plane. Figure 8 sugges ts  t h a t  under t h e  

u s u a l  high Wch number s o l a r  wind cond i t ions ,  f o r  which S/pv must be > 0.56 i n  

order  f o r  a shock t o  form, even i f  t h e  solar wind p res su re  is  g r e a t  enough t o  

push Sa turn ' s  bow shock i n s i d e  T i t an ' s  o r b i t ,  t h e  T i t an  shock may s t i l l  be 

very weak o r  even non-existent a t  t i m e s  of r e l a t i v e l y  h igh  d e n s i t y  [ i.e., 

>0.3/cm 

cond i t ions  occurr ing  i n  the  magnetosphere, t he  minimum value  of S/pv f o r  a 

shock t o  form is only 0.18 ( M  = 2 ) ,  and r e fe rence  t o  Figure 9 sugges ts  t h a t  

under high d e n s i t y  condi t ions  (i.e., .6 - l./cm3) the  shock may not form even 

i f  the  v a l u e  of M would normally suggest t h a t  i t  should.  That is, a shock may 

form a t  the  lower values  of M > 1 only i f  t he  d e n s i t y  is  low enough. For 

purposes of comparison, Figure 16 d isp lays  both the  T i t an  and Saturn bow shock 

( n e g l e c t i n g  mass loading i n  the  case of t he  former,  i nc lud ing  the magnetopause 

in t he  case of the  l a t t e r )  t h a t  are cons i s t en t  with a p a r t i c u l a r l y  e n e r g e t i c  

s o l a r  wind event  [ Burlaga et a l . ,  19831. 

Another 

3 f o r  t he  (N2,H) model] . Under the t y p i c a l l y  low Wch number 

P o s s i b l e  Comet-Like Titan-Solar Wind I n t e r a c t i o n  

Some of t he  c h a r a c t e r i s t i c s  of comets t h a t  produce a s i g n i f i c a n t l y  

d i f f e r e n t  type of i n t e r a c t i o n  with the  s o l a r  wind than t h a t  of a t y p i c a l  

p l ane t  i nc lude  the  considerably larger sca l e  he ight  and t h e r e f o r e  slower rate 

of abso rp t ion  of t he  s o l a r  wind, and outflow v e l o c i t i e s  t h a t  a r e  high enough 

t o  produce an  i n t e r n a l  shock ( p a r t l y  because the  sound speed decreases  wi th  

d i s t a n c e  i n  response t o  decreas ing  temperature) .  Hence, both an e x t e r n a l  and 
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i n t e r n a l  shock su r face  can develop, either o r  both being f a i r l y  weak. As 

noted previous ly ,  high v e l o c i t y  plasma absorp t ion  i n  T i t an ' s  atmosphere is 

l i k e l y  s i g n i f i c a n t l y  g r e a t e r  than t h a t  predicted f o r  Venus, and the  weak 

g r a v i t y - l i g h t  molecule exosphere conf igura t ion  w i l l  a l low f o r  a g r e a t e r  gas 

out f low a t  T i t a n  as w e l l .  Bertaux and Kockarts (1983) have computed t h e  

ou t f low rate f o r  t h e i r  (N2,H2) model and sugges t  a value of 5.22 X 10 

molecules / sec  a t  4100 km, i.e., about an order  of magnitude g r e a t e r  than t h e  

upper l i m i t  estimate f o r  Venus by Brace et  al. (1982),  but s t i l l  about 40 

t i m e s  less than that f o r  Comet West at  0.7 AU by Feldman and Brune (1976).  

The T i t a n  va lue  corresponds t o  a ve loc i ty  of about 80 m/sec a t  4100 km. In 

g e n e r a l ,  

27 

0 
4 r  rL  n 

where K i s  t h e  outflow rate. 

f o r  ro of 4100 km, we f i n d  v( ro)  

i s  about 1.13 km/sec. Since the  outflow v e l o c i t y  should b a s i c a l l y  decrease as 

l / r  , the only way supersonic  condi t ions  could occur i s  f o r  t he  upper 

a tmospheric  temperature  above 4100 lan t o  r a p i d l y  decrease  with a l t i t u d e  t o  an  

u n r e a l i s t i c a l l y  low value o r  1 o r  2 K. In some comet models, i t  has been 

proposed t h a t  t he  temperature decreases  some two o r d e r s  of magnitude over 100 

lan (Mendis and Houpis, 1982). A s imi l a r  type of temperature  decrease  with 

a l t i t u d e  i n  the  upper atmosphere of Titan is  requi red  f o r  an i n t e r n a l  shock t o  

occur .  

For molecular hydrogen a t  186'K, using a va lue  

= 80 m/sec. The corresponding sound speed 

2 

0 

We have considered o the r  parameters ( t h e  i n n e r  and o u t e r  r a d i i  of the 

c o n t a c t  zone, t he  i o n i z a t i o n  r ad ius ,  etc.) u s e f u l  i n  d i scuss ing  the  s o l a r  

wind-Titan i n t e r a c t i o n  i n  cometary terms and a l s o  f i n d  t h a t  t hese  parameters 

d i f f e r  cons iderably  from those of t yp ica l  comets. We conclude t h a t  only i n  

terms of s o l a r  wind absorp t ion  and mass loading  ( inc lud ing  the  formation of a 

magnetic t a i l )  w i l l  some degree of s i m i l a r i t y  be observed. 

T i t an ' s  Wgnet ic  T a i l  and Wake --- 

T i t a n ' s  i n t r i n s i c  magnetic moment h a s  been found t o  be so s m a l l  t h a t  on ly  

a n  induced bi-lobe t a i l  conf igu ra t ion  has been observed (Ness e t  a l . ,  1982). 
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While beyond Saturn 's  bow shock, T i t an  w i l l  u s u a l l y  be exposed t o  a solar wind 

i n  which is f rozen  a s p i r a l  magnetic f i e l d  t h a t  is u s u a l l y  confined t o  the  

o r b i t a l  plane of Saturn.  On t he  average, t h e  t i g h t  s p i r a l  angle  of t h e  

i n t e r p l a n e t a r y  magnetic f i e l d  plus  s u f f i c i e n t  c o n d u c t h i t y  i n  the  ionosphere 

w i l l  r e s u l t  i n  the  type of conf igu ra t ion  d isp layed  i n  Figure 17a t h a t  is  due 

t o  Alfven (1957) (from Verigin et  al . ,  1983) The n e u t r a l  shee t  s e p a r a t i n g  the  

T i t a n  toward and away t a i l  f i e l d  lobes  is then o r i e n t e d  e s s e n t i a l l y  normal t o  

Sa turn ' s  o r b i t a l  plane. When T i t an  is wi th in  Saturn 's  magnetosphere, t he  

"external" f i e l d  w i l l  u sua l ly  be or ien ted  perpendicular  t o  T i t an ' s  o r b i t a l  

p lane ,  and t h e  n e u t r a l  plane of the induced bi-lobe t a i l  w i l l  l i e  i n  T i t an ' s  

o r b i t a l  p lane ,  o r  somewhat perpendicular  t o  the  solar-wind c o n f i g u r a t i o n  

[F igu res  17b and c, from Verigin et al., (1983)] . However, because of t he  

weakened d i p o l a r  f i e l d  a t  20.2 RS and r e l a t i v e l y  s t r o n g  azimuthal  and ta i l -  

l i k e  o r  r a d i a l  shee t  c u r r e n t s  t h a t  are f r e q u e n t l y  observed i n  Saturn 's  

magnetosphere (Wilson et  al., 1983), cons iderable  angular  r o t a t i o n  of T i t a n ' s  

induced t a i l  n e u t r a l  plane about t he  c o r o t a t i o n a l  d i r e c t i o n  should occur a t  

t i m e s  when these  c u r r e n t s  move p a s t  Ti tan.  

Some p red ic t ions  can be made assuming that some of geometric f e a t u r e s ,  

etc., of t he  i n t e r a c t i o n  a t  Venus can be s ca l ed  t o  Ti tan .  For example, 

r e f e r r i n g  t o  Gombosi et  a l .  (1980) ( t h e i r  Fig. 1) , one might expect a magnetic 

f i e l d  versus  d i s t a n c e  along the  subsolar  l i n e  f o r  T i t an  t h a t  is similar t o  

t h a t  d i sp layed  i n  Figure 18. That is, a nominal 0.3 nT i n t e r p l a n e t a r y  f i e l d ,  

o r i en ted  predominately i n  the  azimuthal d i r e c t i o n  because of t i gh ten ing  of t h e  

s p i r a l ,  models t o  a f i e l d  of about 2 nT a t  the  bow shock, and 3 nT a t  the  

ionopause. In order  t o  estimate the  sca l ing  f a c t o r  r e l a t i n g  the  nominal l o b e  

s t r e n g t h  i n  the  induced t a i l  f i e l d  t o  t h a t  i n  t h e  magnetopause we r e f e r  t o  the  

measurements of ACUM and Ness (1982) . 
Ness et al .  (1982) found t h a t  t h e  inbound lobe w a s  weaker but broader 

than the  outbound lobe ,  i ,e.,  (w = 3230 km,B = 3.25 nT) and (w = 1440 km,B = 

6.7 nT) , r e spec t ive ly .  These data have been i n t e r p r e t e d  i n  terms of t a i l  

lobes  t h a t  a r e  much taller than they are  wide (Ness et al . ,  1982). For 

example, one notes  t h a t  the  two w-B products agree  t o  wi th in  lo%, and f o r  

purposes of geometric s i m p l i c i t y  i t  is tempting to assume t h a t  t he  v e r t i c a l  

e x t e n t s  of t he  t w o  t a i l  lobes are the  same, Conservation of f l u x  assuming a 

f l u x  r ing  of r ad ius  

sugges ts  t h a t  t h e  v e r t i c a l  e x t e n t ,  h, of t he  lobes must be about 4800 km i f  it 

and width AR = H = 0.02 Ro i n  t he  flow-normal p lane  
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is assumed t h a t  l i t t l e  f l u x  is "lost"  as a result of f i e l d  l i n e s  c l o s i n g  

c r o s s i n g  t h e  n e u t r a l  shee t  w i th in  2.6 % behind Titan.  

no te  t h a t  4 wh = R,. 
It is  i n t e r e s t i n g  t o  

On t h e  o t h e r  hand, i t  is tempting t o  assume t h a t - t h e  d i f f e r e n c e  i n  t h e  

lobe  width may, i n  l a r g e  p a r t ,  have been t h e  r e s u l t  of a change i n  d i r e c t i o n  

of t he  flow t h a t  occurred as Voyager 1 passed through T i t an ' s  magnetic t a i l .  

That is, i f  one assumes a c i r c u l a r  tai l ,  conse rva t ion  of f l u x ,  and t h e  f i e l d  

p r o f i l e  of Figure 20, then i f  Ro i s  4000 lan and AR = H (= 0.02 Ro) t h e  s i z e  of 

t h e  f i r s t  lobe suggests  a t a i l  f i e l d  of about 3.1 nT, while the second l o b e  

sugges t s  a lobe  f i e l d  of about 15.4 nT, i.e., good agreement with measurements 

of t he  f i e l d  of the f i r s t  lobe but  poor agreement with that of t he  second. I€ 
one assumes t h a t  t h e  flow d i r e c t i o n  changed during t h e  Voyager 1 encounter  of 

T i t a n  i n  such a way t h a t  the lobe widths were underestimated (i.e., t h a t  t h e  

r a d i a l l y  inward component of t he  flow decreased during t h e  f l y b y ) ,  then a 50% 

i n c r e a s e  i n  t h e  width of the second lobe r e s u l t s  i n  t h e  p red ic t ed  t a i l  f i e l d  

of both ag ree  c l o s e l y  with t h e  data .  Allowance f o r  a p o s s i b l e  flow d i r e c t i o n  

change t h a t  caused both lobe widths t o  appear smaller than they a c t u a l l y  were 

could r e s u l t  i n  a c t u a l  lobe r a d i i  more c o n s i s t e n t  with paral le l  lobe f i e l d  

l i n e s  and a l a r g e  flow-normal r ing  th i ckness ,  AR. Differences i n  the two 

lobes  could r e s u l t  e n t i r e l y  from the  e f f e c t s  of d i f f e r i n g  mass loading e f f e c t s  

caused by the  i n t e r a c t i o n  of the magnetized plasma with an a s s y m e t r i c a l l y  

ion ized  atmosphere [Neubauer e t  a l .  (1984)l. However, while i n  t h e  

magnetosphere most of the i o n i z a t i o n  of T i t an ' s  atmosphere is  c o l l i s i o n a l  

( roughly 80%) r a t h e r  than electromagnetic and hence, t h e  d i f f e r e n c e  between 

t h e  day and night  ionospheres may not be very l a r g e .  Regardless of t h e  

d e t a i l s  of t h e  i n t e r a c t i o n ,  the average t a i l  f i e l d  observed by Voyager 1 is 

very near ly  t h e  same s t r e n g t h  as the f i e l d  of t h e  magnetized p lasma,  and 

t h e r e f o r e ,  under t h e  s o l a r  wind condi t ions o u t l i n e d  above, t he  t a i l  f i e l d  near 

T i t an  is  l i k e l y  t o  be roughly the same as the f i e l d  f rozen i n t o  the  s o l a r  

wind, o r  about 0.3 nT. 

Pioneer  11 passed near Ti tan 's  o r b i t  some 145 % downstream at  a t i m e  

when r e l a t i v e l y  s t rong  azimuthal and r a d i a l  o r  dayside t a i l - l i k e  c u r r e n t s  were 

flowing i n  t h e  v i c i n i t y  of Saturn's  e q u a t o r i a l  plane. These c u r r e n t  systems 

moved somewhat independently,  but both seemed t o  be moving up and down 

perpendicular  t o  T i t an ' s  o r b i t  and were t h e r e f o r e  sweeping p a s t  T i t a n  and the  

s p a c e c r a f t  p r i o r  t o ,  during,  and a f t e r  Pioneer  11 crossed T i t an ' s  o r b i t .  
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Consequently, it has been d i f f i c u l t  t o  s e p a r a t e  e f f e c t s  t h a t  are s t r i c t l y  due 

t o  these  cu r ren t  shee t s  from purely Ti tan e f f e c t s ,  and even from poss ib l e  

conductance e f f e c t s  on these  c u r r e n t s  due t o  Ti tan ' s  t a i l  o r  some of i ts  

remanent plume material. Jones et a l .  (1980) have suggested t h a t  t he  da t a  

near t he  T i t a n  o r b i t  c ros s ing  were cons i s t en t  with passage of Pioneer  11 

through a p o s s i b l e  T i t an  wake. This i n t e r p r e t a t i o n  was based upon a 

comparison of some of t he  f e a t u r e s  of the T i t an  i n t e r v a l  with s e v e r a l  

cand ida te  f l u c u t a t i o n s  i n  the  f i e l d  tha t  occurred p r i o r  t o  and a f t e r  t h e  event 

i n  ques t ion .  It w a s  pointed out t h a t  prel iminary estimates of t he  composition 

of t h e  magnetoplasma a t  the  t i m e  were cons i s t en t  wi th  the  p o s s i b l e  d e t e c t i o n  

of a weak shock based upon changes i n  f i e l d  d i r e c t i o n s ,  whereas the  sugges ted  

p o s s i b i l i y  of passage through the  wake uas based on the  somewhat unique 

c h a r a c t e r  of t h e  f i e l d  v a r i a b i l i t y  of t h e  i n t e r v a l  i n  ques t ion ,  It should 

a l s o  be mentioned that a t  t h e  t i m e  of t h e  Pioneer  11 measurements very l i t t l e  

pho to ion iza t ion  was occurr ing  i n  the  same hemisphere as t h a t  i n  which most of 

t he  c o l l i s i o n a l  i o n i z a t i o n  was occurr ing.  However, the  geometry w a s  such t h a t  

more photo ioniza t ion  and subsequent mass loading ,  etc. e f f e c t s  should have 

been observed before  Pioneer 11 passed T i t an ' s  o r b i t ,  which is c o n s i s t e n t  with 

t h e  d a t a  ( Jones ,  1980). 

Comparison of t he  magnetic f i e l d  observed during the  Pioneer  11 T i t an  

i n t e r v a l  wi th  pred ic ted  f i e l d  changes due t o  azimuthal  and t a i l - l i k e  c u r r e n t s  

t h a t  s u c c e s s f u l l y  model the  remaining port ion of t he  outbound p e r t u r b a t i o n  
f i e l d  (Btotal - Bplanetary) a l s o  suggest t h a t  t h e  Ti tan  i n t e r v a l  is unique,  

p a r t i c u l a r l y  i n  terms of the  Q component of t he  f i e l d .  Figures  19a and b 

(from Wilson e t  al . ,  1983) compare r and C$ components p red ic t ed  by a computer 

de r ived  model cu r ren t  system with that of the  data. The manner i n  which t h e  

f i e l d  v a r i e s  during the  Ti tan  i n t e r v a l  is seen t o  be p a r t i c u l a r l y  anomalous 

when compared t o  the  preceding i n t e r v a l  ( t h e  fol lowing i n t e r v a l  d i s p l a y s  

e f f e c t s  t h a t  may be the r e s u l t  of approaching the  magnetopause boundary 

l a y e r ) .  Since Pioneer 11 passed above T i t an ' s  o r b i t a l  p l ane ,  and the  " input  

f i e l d "  is  p r i m a r i l y  due t o  the  planetary d i p o l e  f i e l d ,  ( i . e , ,  a v e r t i c a l  

f i e l d ) ,  Pioneer 11 should observe pr imari ly  a lobe  f i e l d  t h a t  shows up as an  

azimuthal ,  o r  + p e r t u r b a t i o n ,  

Eviatar e t  al., (1982) have suggested t h a t  t he  Voyager d a t a  are 

c o n s i s t e n t  with the  ex i s t ence  of plumes con ta in ing  s i g n i f a n t  amounts of heavy 

i o n s  gas from Ti tan  t h a t  have s u f f i c i e n t l y  long l i f e t i m e s  t o  a l low f o r  them t o  
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wrap around the  p lane t  and thereby p a r t i c i p a t e  i n  t h e  magnetospheric plasma- 

T i t a n  i n t e r a c t i o n .  However, an a l t e r n a t e  i n t e r p r e t a t i o n  of these  d a t a  has 

been proposed by Goertz (1983). If such long-lived plumes do e x i s t ,  t hen  

T i t a n  could i n t e r a c t  with t h i s  heavy ion materal and when account i s  taken of 

va r ious  p o s s i b i l i t i e s  i n  terms of composition, number d e n s i t y  and tempera ture ,  

i t  is clear that a t  times it  is  poss ib le  t h a t  t he  Titan-mangetospheric plasma 

i n t e r a c t i o n  can be descr ibed i n  terms of Mach numbers g r e a t e r  than 1. Also, 

a t  t i m e s  when the  f i e l d  is weakest ( a t  the c e n t e r  of t he  s e v e r a l  c u r r e n t  

s h e e t s  mentioned above) and T i t an  is  immersed i n  one of i t s  high d e n s i t y  

plumes, t h e  flow could also be described as supe ra l fven ic .  Under such 

I 

I 
I coinc ident  with t h e  passage of Pioneer  11 near  Ti tan ' s  o r b i t .  
1 

c o n d i t i o n s ,  t he  observa t ion  of w a k e  phenomena a t  l a r g e  d i s t a n c e s  downstream 

from Ti tan  would appear  t o  be a d i s t i n c t  p o s s i b i l i t y .  Such may have occurred 
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Figure Captions 

F igure  1: Histogram of the  frequency of occurrance o f - a  s p e c i f i c  va lue  of t he  

Sa turn  magnetopause d i s t a n c e ,  RN, based upon 1275 obse rva t ions  of t he  s o l a r  

wind ex t r apo la t ed  t o  the  v i c i n i t y  of Saturn ( a f t e r  S lav in  et al., 1983). 

Figure 2: Solar  wind flow p a t t e r n s  i n  the v i c i n i t y  of non-magnetic p l a n e t s  

having atmospheres i n  terms of a )  d i r e c t  i n t e r a c t i o n ;  b) t a n g e n t i a l  

d i s c o n t i n u i t y ;  and c )  magnetic b a r r i e r  ( a f t e r  Mche l ,  1971a). 

Figure 3: a) b d e l  atmospheric d i s t r i b u t i o n s  of N2 and H f o r  T i t a n  ( a f t e r  

Hartle et  a l . ,  1982); b) Model atmospheric d i s t r i b u t i o n s  of N2 and H2 f o r  

T i t a n  ( a f t e r  Bertaux and Kockarts,  1983). 

Figure 4: Absorption of s o l a r  wind plasma i n  t h e  atmosphere of T i t a n  due t o  

charge  exchange along a c i r c u l a r  flow l i n e  as a func t ion  of flow l i n e  r a d i u s  

due t o  t h e  (N2,H) model used by Hartle e t  a l .  (1982). 

t h e  r e s u l t s  f o r  Venus obtained by Gombosi et al .  (1981). 

The i n s e t  f i g u r e  shows 

Figure 5: To ta l  abso rp t ion  of s o l a r  wind plasma i n  t h e  atmosphere of T i t a n  

due t o  charge exchange abso rp t ion  by the  (N2,H) model used by Hartle et a l .  

(1982). The i n s e t  f i g u r e  shows the  results f o r  Venus obta ined  by Gombosi e t  

a l .  (1980). 

Figure 6: Same as f o r  Figure 4 except  t h a t  t he  abso rp t ion  i s  of 

magnetospheric plasma. 

Figure 7:  Same as f o r  Figure 5 except  t ha t  the  abso rp t ion  is  of 

magnetospheric p lasma.  

Figure 8: a )  Contours of ionopause d i s t ance  versus  i n c i d e n t  proton d e n s i t y  a t  

cons t an t  solar wind v e l o c i t y  using the  (N2,H) atmosphere of Hartle e t  a l .  

(1982).  

corresponding t o  a l a r g e  ' k c h  number flow. 

t h e  f r e e  s t reaming s o l a r  wind ( l e f t  d iagonal )  and where a shock must form 

( r i g h t  d iagonal )  are a l s o  shown. 

Also shown are t h e  corresponding va lues  of t he  mass loading  r a t i o  

Regions where T i t a n  is loca ted  i n  

An ionospher ic  temperature  of 8600% has 
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been assumed. 

Bertaux and Kockarts (1983) is  used. 

Figure 8b is the  same as 8a, except t h e  (N2,H2) atmosphere of 

Figure 9: Simi lar  t o  Figures 8a and 8b, except magnetosphere plasma 

cond i t ions  and the  region of shock region is not formed, a l though the  100% 

abso rp t ion  r ad ius  has .  

Figure 10: Lonopause e l e c t r o n  d e n s i t y  versus  magnetospheric plasma proton 

d e n s i t y  a t  cons tan t  flow v e l o c i t y  f o r  high (8600OK) and low (186'K) 

ionospheres  . Also shown a r e  the  corresponding ionopause r a d i i  . Voyager 1 

obse rva t ions  near  Ti tan  would tend t o  favor the  low temperature  - high  

e l e c t r o n  d e n s i t y  model. 

Figure 11: Magnitude of magnetic f i e l d  observed near T i t an  c l o s e s t  

approach. Upper panels  d i sp l ay  the  t r a j e c t o r y  i n  Titan-centered coord ina te s  

wi th  the  Y axis d i r e c t e d  r a d i a l l y  outward from Saturn,  Z p a r a l l e l  t o  Saturn 's  

r o t a t i o n  axis ,  and X "upstream" from the c o r o t a t i n g  magnetosphere. $ and '2 
r e f e r  t o  t h e  nor thern  and southern magnetic t a i l  lobes.  A may be a f e a t u r e  

r e l a t e d  t o  the  dayside hydrogen corona, B and D t o  t h e  inbound and outbound 

c ross ings  of the  t a i l  boundaries,  and C t o  the  c u r r e n t  shee t  s epa ra t ing  the  

nor thern  and southern  t a i l  lobes.  

Figure 12: Idea l ized  plasma flow around Ti tan .  4 and 5 r e f e r  t o  the  

nor thern  and southern  magnetic t a i l  lobes.  The shaded ba r s  r e f e r  t o  minima 

corresponding t o  magnetopause and neut ra l  shee t  c ros s ings .  The t r a j e c t o r y  of 

a proton is  approximately to  scale i n  t h e  observed magnetic f i e l d  ( a f t e r  

Hartle et a l . ,  1982). 

Figure 13: Scaled ionopause and bow wave contours  f o r  T i t a n  corresponding t o  

s e v e r a l  va lues  of the  H/Ro parameter (based upon S p r e i t e r  e t  a l . ,  1980). 

FIgure 14: (Top) P ro jec t ion  of Voyager 1 t r a j e c t o r y  near  T i t a n  i n t o  a plane 

o r i en ted  t r a n s v e r s e  t o  the  flow (27' inward from c o r o t a t i o n a l ) .  T i t an  i s  

represented  by a circle,  and d i s t a n c e s  a re  l abe led  i n  k i lometers .  Pos i t i ons  

along the  t r a j e c t o r y  a r e  ass igned numbers from -55 t o  39. (Bottom) Mappings of 

p o i n t s  along the  Voyager 1 t r a j e c t o r y  in to  the same plane as i n  t h e  upper  
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f i g u r e  along t h e  measured magnetic f i e l d  d i r e c t i o n s .  Numbers given t o  mapped 

po in t s  correspond t o  t h e i r  source loca t ion  along the  t r a j e c t o r y  [from Kivelson 

and Russe l l  (1983), t h e i r  Figure 71 . Also shown are the  exobase, ionopause 

r a d i u s  assuming only charge exchange f o r  an (H2,H) atmosphere, and the  

corresponding ionopause circle i n  t h i s  f low-normal p lane  as i n f e r r e d  from 

Figure 13. 

Figure 15: a )  Counting rate versus  t i m e  curves  f o r  f l u x  of > 0.43 b k V  pro tons  

measured by Voyager 1 along its t r a j e c t o r y  as disp layed  i n  t h e  upper curve  

( a f t e r  Vogt et  al., 19811, and b) v e l o c i t y  versus  t i m e  contours  f o r  s e v e r a l  

i o n  energy ranges and the  corresponding p o s i t i o n  of Voyager 1 r e l a t i v e  t o  

T i t a n  ( a f t e r  b c k n n a n  et al., 1982). 

A f i g u r e  comparing the  Ti tan  and Saturn bow shocks under s o l a r  

wind cond i t ions  t h a t  are s u f f i c i e n t  to push t h e  lat ter wi th in  Ti tan’s  o r b i t .  

The Ti tan  bow shock corresponds t o  high b c h  number cond i t ions ,  and t h e  Saturn 

boudaries  are c o n s i s t e n t  with the bow shock and magnetopause s t u d i e s  of S l av in  

e t  a l .  (1983) 

Figure 17: Sketches of magnetic l i n e s  of f o r c e  and c u r r e n t  systems a s s o c i a t e d  

with solar wind i n t e r a c t i o n  with ( a )  comets (Alfven, 1957), (b) Venus 

(Yeroshenko, 1979) and ( c )  Venus (Gringauz, 1981) [ a f t e r  Verigin et al . ,  

198311. 

Figure 18: Scaled magnetic f i e l d  p r o f i l e  i n  the  shock-ionopause, etc., region 

along the  noon meridian f o r  T i t an  as scaled from the  corresponding f i g u r e  f o r  

Venus by Gombosi et a l . ,  1980 . 
Figure 19: a )  h d e l l e d  (dashed) and measured ( s o l i d )  r a d i a l  and b) azimuthal 

p e r t u r b a t i o n  f i e l d  v a r i a t i o n s  due t o  a dayside tail-like shee t  cu r ren t  t h a t  

moved up and down past Pioneer 11 as it t r ave r sed  t h e  outbound magnetosphere 

of Saturn near Ti tan .  The apparent ly  anomalous i n t e r v a l  i s  contained i n  t h e  

s e v e r a l  % region spanning 20 % and appears mostly i n  t h e  azimuthal  

component. 



113 

0 

N 

x3 
N 

U 
N 

3 
3 J  

ro 
4 

N 
4 

00 

TI 

0 

t t  == 
0 
Y 

7 
'0 
cx 
w- a. 

- r-$ 
I 1  

> 
I 

a 

e 7 

00 
5 
N 

7 a 
z W 

r- 
r-J ' 

I 

I 

U 
L L  4 

c 0 I C - 
L n 

Z 
W > 

v) 

W < c3 
n 2- W 

OL 
d. 
6 
v) 

c3 
7 

> 
f 
v) 

W W 

d 0 
0 
-3 

0 
0 

0 
0 cv 

0 
0 

0 
P) 
& 
1 
M 
rl 
L 



114. 
dhAkirh I - t h i  . 5 ' )  SOLAR WIND INTERACTION WITH PLAidETARY ATMOSPHERES W POOR OUALlTl - 

MICEIEL, REV. GEOPHYS. SPACE PHYSICS, 2, 427, 1971 
( Enter at  Shallow Angle 1 

\ 
(A) DIRECT INTERACTION: 

INFLOW RESTRICTED BY 

PHOTOION PRODUCTION, 

SOLAR WIND HAS SHALLOW 

COMPONENT THAT SWEEPS 

I N T O  THE IONOSPHERE. 

I , 

(B) TANGENTIAL DISCONTINUITY: 

IONOSPHERIC PLASXA EXCLUDES 

SOLAR WIND PLASMA, AN 

IMPENETRABLE INTERFACE 

(IONOSPHERE NKT PRESSURE 
EQUALS SOUR WIND PRESSURE) 

(C)  MAGNETIC BARRIER: MAGNETIC 

F I n D  LINES ACCUMULATE ABOVE 

HIGHLY CONDUCTING IONOSPHERE, 

NO DIRECT ACTION BETWEEN 

SOLAR WIND AND ATMOSPHERE 

b 

1 
1 

Figure 2 .  
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