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ABSTRACT. Responses o f t h e s o l a r atmosphere and i n t e r p l a n e t a r y medium t o 
s i m u l a t e d s o l a r d i s t u r b a n c e s were s t u d i e d by t i m e - d e p e n d e n t , MHD n u m e r i c a l 
s i m u l a t i o n s . T h i s d e t e r m i n i s t i c i n i t i a l - b o u n d a r y v a l u e problem was a t -
t a c k e d i n t h e c l a s s i c a l way: a r e p r e s e n t a t i v e s t e a d y s t a t e i s f i r s t e s t a b -
l i s h e d , then i n p u t parameters a t t h e lower near-Sun boundary a r e p e r -
t u r b e d . We d i s c u s s a number o f 2- and 3 - d i m e n s i o n a l examples o f c o r o n a l 
mass e j e c t i o n (CME) s i m u l a t i o n s and some c u r r e n t c o n t r o v e r s i e s c o n c e r n i n g 
t h e b a s i c p r o c e s s o f CME i n i t i a t i o n . F o o t p o i n t s h e a r i n g mot ion i s t e s t e d 
t o s e e whether i t can p r o v i d e a r e a s o n a b l e mechanism f o r CME deve lopment 
from arch f i l a m e n t c o n f i g u r a t i o n s . 

We a l s o d e m o n s t r a t e p o s s i b l e i n t e r p l a n e t a r y c o n s e q u e n c e s t o CME-like 
d i s t u r b a n c e s by u s i n g 3-D s i m u l a t i o n s t o d e t e r m i n e t h e dynamic r e s p o n s e o f 
t h e s o l a r wind t o a p l a s m o i d i n j e c t i o n from an e r u p t i v e f i l a m e n t or promi-
n e n c e . We a l s o d i s c u s s t h e s e p a r a t e p o s s i b i l i t y whereby a p l a s m o i d may be 
g e n e r a t e d i n t h e i n t e r p l a n e t a r y medium by a s o l a r - g e n e r a t e d shock t h a t 
p r o p a g a t e s through a h e l i o s p h e r i c c u r r e n t s h e e t . A p p l i c a t i o n o f t h e 3-D 
model f o r t h e i n t e r p r e t a t i o n of i n t e r p l a n e t a r y s c i n t i l l a t i o n o b s e r v a t i o n s 
i s a l s o d i s c u s s e d . 

1 . INTRODUCTION 

1 . 1 Near-Sun A c t i v i t y 

The o r i g i n of c o r o n a l mass e j e c t i o n s (CMEs) i s one o f t h e major t o p i c s 
c u r r e n t l y under a c t i v e d e b a t e . O b s e r v a t i o n s by w h i t e - l i g h t coronagraphs 
l e d t o t h e f i r s t i d e a s and models f o r CMEs. Coronagraph images a r e p r o -
duced by Thomson s c a t t e r i n g o f p h o t o s p h e r i c photons by c o r o n a l e l e c t r o n s . 
In a d d i t i o n t o t h e problem of CME o r i g i n , t h e problems o f CME p r o p a g a t i o n 
and e v o l u t i o n i n i n t e r p l a n e t a r y space are a l s o important t o p i c s which p r o -
v i d e t h e backdrop f o r t h i s paper . 

A v a r i e t y o f phenomeno log i ca l d e s c r i p t i o n s have been a p p l i e d t o t h e 
t r a n s i e n t w h i t e - l i g h t images d e t e c t e d by c o r o n a g r a p h s . F i r s t 0 S 0 - 7 and 
then S k y l a b , P 7 8 - 1 , and SMM have c o n t r i b u t e d t o t h e o b s e r v a t i o n s . As ob-
s e r v e d i n t h e s o l a r - o c c u l t e d p l a n e of sky (Howard e t a l . , 1 9 8 5 ) , t h e s e 
t r a v e l i n g images have been c a l l e d curved f r o n t s , s p i k e s , b u b b l e s , l o o p s , 
b l o b s , e t c . Some workers c o n s i d e r e d them t o be m o r e - o r - l e s s p l a n a r s t r u c -
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t u r e s or h e l i c a l , m a g n e t i c a l l y bound l o o p s t h a t e s c a p e d t h e S u n ' s g r a v i t a -
t i o n a l a t t r a c t i o n ; o t h e r workers c o n s i d e r e d them t o be c o m p r e s s i o n s ( f o l -
lowed by r a r e f a c t i o n s ) i n t h e c o r o n a , produced by n e a r - s u r f a c e e n e r g y 
c o n v e r s i o n t h a t expanded q u a s i - s p h e r i c a l l y . T h e i r r a t e o f o c c u r r e n c e and 
s o l a r - c y c l e dependence a r e i n s t a t i s t i c a l d i s p u t e , w i t h d i f f e r e n c e s (one 
per day v i s - a - v i s two per day) most l i k e l y c a u s e d by v a r i a t i o n s i n 
coronagraph d e s i g n , r e s o l u t i o n , and duty c y c l e . About h a l f o f t h e CMEs a r e 
a s s o c i a t e d w i t h f i l a m e n t e r u p t i o n s ( e a s i l y d e t e c t e d a t t h e s o l a r l i m b s ) ; 
some a r e a s s o c i a t e d w i t h s o l a r f l a r e s (not e a s i l y d e t e c t e d near t h e l i m b s 
b e c a u s e o f t h e awkward r e m o t e - s e n s i n g l i n e o f s i g h t from E a r t h ) ; some a r e 
a s s o c i a t e d w i t h both o f t h e above; and sometimes t h e r e a r e no o p t i c a l , r a -
d i o , or x - r a y o b s e r v a t i o n s t e m p o r a l l y and s p a t i a l l y a s s o c i a t e d w i t h CMEs 
(Munro and Sime, 1985; Webb and Hundhausen, 1 9 8 7 ) . 

Three t h e o r e t i c a l d e s c r i p t i o n s ( r e v i e w e d by Dryer , 1982) have been 
o f f e r e d : (a) W h i t e - l i g h t " loops" are m a g n e t i c a l l y d r i v e n by s t r e s s e s i n 
t h e c u r v e d , moving plasma column; (b) W h i t e - l i g h t " l o o p s , " f o l l o w e d by d e -
p l e t e d b r i g h t n e s s , a r e q u a s i - s p h e r i c a l s h e l l s o f compressed c o r o n a l p lasma 
f o l l o w e d by r a r e f a c t i o n s ; t h e s e " loops" a r e produced by a l o c a l i z e d , n e a r -
s u r f a c e change o f p r o p e r t i e s i n or near a c t i v e r e g i o n s ; ( c ) V e r y - l a r g e -
s c a l e c o r o n a l magnet i c t o p o l o g i e s become u n s t a b l e and t r i g g e r CMEs i n some 
way. 

Klimchuk (1989) has d i s c u s s e d t h e o r e t i c a l i d e a s f o r p h y s i c a l mecha-
n i sms o f CME i n i t i a t i o n . He f i r s t i d e n t i f i e s t h r e e b a s i c q u e s t i o n s : 

"1) What c a u s e s t h e d i s r u p t i o n o f t h e l a r g e - s c a l e magne t i c f i e l d / p l a s m a 
conf i g u r a t i on? 

2) How d o e s t h e sys t em e v o l v e once t h e d i s r u p t i o n b e g i n s ? 
3) How does t h e d i s r u p t i o n t r i g g e r s o l a r f l a r e s ? " 

Klimchuk a d d r e s s e s t h e f i r s t q u e s t i o n w i t h i n t h e framework o f q u a s i - s t a t i c 
e v o l u t i o n a r y m o d e l s . The s e c o n d , he s u g g e s t s , " w i l l r e q u i r e a f u l l y t i m e -
dependent MHD t r e a t m e n t . " As n o t e d by Dryer and Wu ( 1 9 8 5 ) . t h i s p o i n t has 
been s t u d i e d e x t e n s i v e l y . The t h i r d q u e s t i o n i s " l i k e l y [he n o t e d f u r t h e r ] 
t o i n v o l v e non-MHD plasma p r o c e s s e s . " N e i t h e r Klimchuk nor we d i s c u s s t h i s 
t h i r d q u e s t i o n . I n SECTION 2 be low, we d i s c u s s a n u m e r i c a l l y d e m o n s t r a t e d 
MHD t r e a t m e n t t h a t , i n our o p i n i o n , i s r e l e v a n t t o bo th t h e f i r s t and s e c -
ond q u e s t i o n s . 

1 . 2 I n t e r p l a n e t a r y A c t i v i t y 

S e v e r a l r a d i o as tronomers (Hewish and D u f f e t t - S m i t h , 1987; and Hewish and 
Bravo, 1986) have i n t e r p r e t e d t h e i r o b s e r v a t i o n s o f i n t e r p l a n e t a r y s c i n -
t i l l a t i o n (IPS) t o be a s s o c i a t e d w i t h geomagnet i c a c t i v i t y . S c i n t i l l a t i o n s 
o f d i s t a n t r a d i o g a l a x i e s ' r a d i a t i o n a r e c a u s e d by d e n s i t y f l u c t u a t i o n s i n 
t h e i n t e r v e n i n g s o l a r wind. These f l u c t u a t i o n s can be used t o g e n e r a t e 
maps o f enhanced and d e p l e t e d s o l a r wind d e n s i t y . These workers ( s e e , 
a l s o , Tappin e t a l . , 1988) i n t r o d u c e d an a b i l i t y t o g e n e r a t e " i n t e r p l a n e -
t a r y images" o f compressed and r a r i f i e d s o l a r wind p lasmas once ea ch day. 

A c o n t r o v e r s y s tems from t h e r a d i o i n t e r p r e t a t i o n o f t h e s e maps when 
t h e d e n s i t y - e n h a n c e d r e g i o n s a r e b a c k - p r o j e c t e d t o t h e Sun. The p o i n t o f 
e j e c t i o n i s ( a c c o r d i n g t o Hewish, 1988) w i t h i n (or w i t h i n a 45° c i r c l e 
surrounding) a c o r o n a l h o l e . Hewish (1986) t h e r e f o r e i n f e r r e d t h a t an 
e r u p t i n g s tream w i t h i n a c o r o n a l h o l e e m i t s very-high-momentum f l u x t h a t 
expands i n t o a l a r g e (~ 90° ) h e l i o l o n g i t u d i n a l expanse and p e r s i s t s f o r 
s e v e r a l d a y s . T h i s h i g h e f f l u x o f e n e r g y , he c l a i m s , i s t h e s o u r c e o f g e o -
magnet i c s t o r m s . He a s s e r t s t h a t s o l a r f l a r e s a r e p e r i p h e r a l e v e n t s . 

The a l t e r n a t i v e v i e w , a s e x p r e s s e d by most o f t h e s o l a r p h y s i c s com-
muni ty , i s t h a t t h e e n e r g y i n f l u x t o t h e i n t e r p l a n e t a r y medium i s due t o 
magnet i c e r u p t i o n s which produce a c o m p l i c a t e d i n t e r a c t i o n o f s h o c k s , com-
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p r e s s i o n s , and r a r e f a c t i o n s . The n e t r e s u l t [ s u g g e s t e d by t h e 2-D and 3-D 
n u m e r i c a l MHD s i m u l a t i o n s by Dryer , Smith, and Wu ( 1 9 8 8 ) ] i s t h e h i g h dy-
namic p r e s s u r e and IMF a m p l i t u d e , n e g a t i v e B z t h a t a r e r e q u i r e d f o r g e o -
m a g n e t i c a c t i v i t y . 

A number o f t r a n s i e n t i n t e r p l a n e t a r y e v e n t s ( o f t e n p r e c e d e d by 
s h o c k s ) have been d e s c r i b e d by s p a c e c r a f t i n v e s t i g a t o r s a s "magnet ic 
c l o u d s , " or "plasmoids" ( s e e t h e r e v i e w by Bur laga , 1 9 8 9 ) . These m a g n e t i c 
c l o u d s a r e c h a r a c t e r i z e d by: (1) a r o t a t i o n o f t h e IMF p o l a r i t y through a 
l a r g e a n g l e d u r i n g a temporal i n t e r v a l o f about a day, (2) an IMF magni-
t u d e which i s h i g h e r than a v e r a g e , and (3) a s o l a r wind t e m p e r a t u r e which 
i s l ower than a v e r a g e . I t i s n o t known i f t h e g l o b a l t o p o l o g y i s d i s c o n -
n e c t e d from t h e Sun ( i . e . , a p l a s m o i d ) ; i f t h e IMF i s s t i l l c o n n e c t e d t o 
t h e Sun a t b o t h ends ( i . e . , e x t e n s i o n o f a s o l a r l o o p a r c a d e a s s u g g e s t e d 
by Gold , 1 9 5 9 ) ; or i f t h e p r o p a g a t i n g shocks i n t r o d u c e l a r g e - a m p l i t u d e MHD 
waves i n t h e i r wake t h a t c a u s e t h e IMF t o t w i s t , then unwind, w i t h one end 
r o o t e d i n t h e Sun and t h e o t h e r i n i n t e r s t e l l a r s p a c e (Dryer , Wu, and 
G i s l a s o n , 1 9 8 3 ) . The p l a s m o i d and e x t e n d e d l o o p a r e c u r r e n t l y a t t r a c t i n g 
much a t t e n t i o n t o g e t h e r w i t h t h e n o t i o n o f t w i s t e d , n e a r l y - f o r c e - f r e e , IMF 
" f l u x r o p e s . " 

Another i n t e r e s t i n g o b s e r v a t i o n a l i n f e r e n c e (based on i n s i t u o b s e r -
v a t i o n s ) i s c o n c e r n e d w i t h t h e IMF e x t e r n a l t o t h e magnet i c c l o u d . G o s l i n g 
(1989) has r e v i e w e d work t h a t s u g g e s t s t h a t IMF d r a p i n g around t h e o b j e c t 
o c c u r s i n t h e s h e a t h r e g i o n between a bow shock and t h e presumed boundary 
o f t h e "CME." Al though t h e r e i s no o b j e c t i v e c r i t e r i o n f o r i d e n t i f y i n g t h e 
boundary o f a "magnet ic c l o u d " (Burlaga , 1 9 8 9 ) , t h i s i n f e r e n c e i s r e a s o n -
a b l e , p a r t i c u l a r l y i f t h e o b j e c t (CME, magnet ic c l o u d , e t c . ) moves r e l a -
t i v e t o t h e background s o l a r wind w i t h a v e l o c i t y g r e a t e r than t h e l o c a l 
m a g n e t o s o n i c s p e e d . 

2 . RESULTS 

2 . 1 Shear - Induced I n s t a b i l i t y 

F i g u r e 1 shows t h e s c h e m a t i c r e p r e s e n t a t i o n o f a d i p o l e m a g n e t i c 
f i e l d i n an i n i t i a l s t a t e o f e q u i l i b r i u m i n a s t r a t i f i e d a tmosphere . A 
2 Vfc-D ( i . e . , n o n - p l a n a r ) MHD model i s used t o s i m u l a t e t h e r e s p o n s e o f t h e 
e x p o n e n t i a l l y s t r a t i f i e d atmosphere t o a p h o t o s p h e r i c s h e a r i n g mot ion a s 
i n d i c a t e d by t h e s i n u s o i d a l v e l o c i t y p r o f i l e i n F i g u r e 1 . I t was found 
t h a t upward plasma f l o w v e l o c i t i e s are g e n e r a t e d i n t h e v e r t i c a l d i r e c -
t i o n . The v e l o c i t i e s grow e x p o n e n t i a l l y a t f i r s t , w i t h a growth r a t e e q u a l 

t o V r 8 " ( V A a ) , where V A i s t h e average A l f v e n speed and a"1 i s t h e c h a r -
a c t e r i s t i c l e n g t h s c a l e . The growth r a t e i s s a t u r a t e d by t h e Lorentz 
f o r c e , but growth c o n t i n u e s u n t i l i t r e a c h e s t h e same o r d e r o f magnitude 
a s t h e A l f v e n s p e e d . MHD i n s t a b i l i t y , which we s u g g e s t may be c a l l e d 
" s h e a r i n g - i n d u c e d i n s t a b i l i t y " ( S I I ) , o c c u r s s h o r t l y t h e r e a f t e r . P h y s i c a l -
l y , t h e s i m u l a t i o n s u g g e s t s t h a t t h e c e n t r a l magnet i c f i e l d l i n e s a r e 
p i n c h e d , and t h e o u t e r l o o p s s t r e t c h upward w i t h a t e n d e n c y t o open . T h i s 
p r o c e s s may be c o n s i d e r e d a s one o f t h e fundamental mechanisms f o r CME 
i n i t i a t i o n (Wu, Song, Martens , and Dryer , 1 9 9 0 ) . 

The SI I was s t u d i e d f o r t h r e e v a l u e s o f plasma b e t a , 0 = 1 5 . 4 , 1 . 5 4 , 
and 0 . 0 6 . The c h a r a c t e r i s t i c A l f v e n v e l o c i t i e s f o r t h e s e t h r e e c a s e s a r e , 
r e s p e c t i v e l y : 4 . 6 7 , 4 6 . 7 , and 232 km s" 1 . F i g u r e 2 shows t h e maximum up-
ward v e l o c i t y w i t h i n t h e c o m p u t a t i o n a l domain a s a f u n c t i o n o f t i m e . The 
peak s h e a r i n g v e l o c i t y ( F i g u r e 1) was 5 km s" 1 f o r t h e two h i g h v a l u e s o f $ 
and 15 km s" 1 f o r t h e (more r e a l i s t i c ) l o w e s t v a l u e . The growth r a t e f o r 
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y 

F i g u r e 1 . Schemat ic r e p r e s e n t a t i o n o f an i n i t i a l magnet i c f i e l d ( d i p o l e ) 
arcade which i s s u b s e q u e n t l y sheared a t t h e p h o t o s p h e r e by t h e i n d i c a t e d 
v e l o c i t y p r o f i l e . The c o m p u t a t i o n a l domain i s : x = ± 8 . 4 x 1 0 3 km, and 
y = 8 X 1 0 3 k m . ( W u , Song, Martens , and Dryer , 1 9 9 0 . ) 

t h e s e upward v e l o c i t i e s became u n s t a b l e when t h e maximum d e v i a t i o n o f t h e 
f i e l d a t t h e c o r o n a l b a s e reached shear a n g l e s o f 6 3 ° , 4 8 ° , and 21° f o r 0 
= 1 5 . 4 , 1 . 5 4 , and 0 . 0 6 , r e s p e c t i v e l y . Thus, i n s t a b i l i t y i s i n d i c a t e d f o r 
moderate s h e a r i n g a n g l e s when t h e plasma b e t a s a r e low, a s e x p e c t e d i n t h e 
lower c o r o n a . 

I t i s important t o n o t e t h a t t h e f o r c i n g f u n c t i o n i s a f i n i t e -
a m p l i t u d e p e r t u r b a t i o n upon a s t a b l e c o n f i g u r a t i o n t h a t e v e n t u a l l y becomes 
u n s t a b l e . Reduc t ion o f t h e peak s h e a r i n g v e l o c i t y o f 15 km s" 1 t o a more 
g e n t l e v a l u e , say 0 . 1 5 km s" 1 , c o u l d be a c c o m p l i s h e d v i a t h e p r i n c i p l e o f 
dynamic s i m i l i t u d e ( c f . , Wu e t a l . , 1 9 8 8 ) . The c o m p u t a t i o n a l run t i m e 
must then be l o n g e r . In t h e p r e s e n t c a s e o f 0 = 0 . 0 6 ( t h e " p r o t o t y p e " ) , 
t h e same r e a l i s t i c b e t a c o u l d be m a i n t a i n e d f o r t h e "model ," t o g e t h e r w i t h 
t h e same S t r u h a l , E u l e r , and Froude numbers a s w e l l a s t h e same r a t i o o f 
magnet i c t o k i n e t i c energy f o r a d i s s i p a t i o n l e s s f l u i d . 

As s u g g e s t e d above , however, t h e r e i s a problem i n t h i s p a r t i c u l a r 
c a s e . The p r o t o t y p e ran f o r 7 A l f v e n p e r i o d s , where t h e A l f v e n t ime was 35 
s e c o n d s . Because o f t h e d e s i r e d h u n d r e d - f o l d d e c r e a s e o f s h e a r i n g v e l o c -
i t y , t h e m o d e l ' s r a t h e r e x c e s s i v e temporal r e q u i r e m e n t , T M > would b e : 

T M = 7 X 35 X 10* = 2 4 , 5 0 0 S. 

2 . 2 S o l a r - I n j e c t e d Plasmoid i n t o t h e S o l a r Wind 

U s i n g t h e 3-D code o f Han, Wu, and Dryer ( 1 9 8 8 ) , Detman e t a l . (1990) have 
s i m u l a t e d t h e i n j e c t i o n o f an i n i t i a l l y s p h e r i c a l p lasmoid i n t o t h e s o l a r 
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F i g u r e 2 . Maximum upward v e l o c i t y i n the c o m p u t a t i o n a l domain ( F i g u r e 1) 
when p h o t o s p h e r i c s h e a r i n g of a d i p o l e magnet ic f i e l d t a k e s p l a c e . Note 
t h a t " s h e a r i n g - i n d u c e d i n s t a b i l i t y " t a k e s p l a c e a t t « 200 s , f o r 0 = 
0 . 0 6 , a f t e r a p p r o x i m a t e l y s e v e n A l fven t i m e s . (From Wu, Song, Martens , 
and Dryer , 1 9 9 0 . ) 

w ind . The p l a s m o i d p o s s e s s e d both t o r o i d a l and p o l o i d a l magnet i c f i e l d 
components , l i k e a s e t o f c o n c e n t r i c " s l i n k y t o y s " p l a c e d end t o end . The 
p l a s m o i d s u r v i v e d t h e i n j e c t i o n and c o n t i n u e d t o p r o p a g a t e through t h e s o -
l a r wind , even p r o d u c i n g a s u b s t a n t i a l shock wave when i n j e c t e d a t a speed 
g r e a t e r ( r e l a t i v e t o t h e background s o l a r wind v e l o c i t y ) than t h e magneto-
s o n i c s p e e d . The approximate p o s i t i o n s of t h e p la smoid and i t s shock wave, 
and t h e drap ing o f t h e IMF around t h e p l a s m o i d , were d e t e r m i n e d . F i g u r e 3 
shows a 3-D v i ew of some r e p r e s e n t a t i v e IMF l i n e s and t h e i r drap ing around 
t h e p l a s m o i d . A r e p r e s e n t a t i v e magnet ic f i e l d l i n e w i t h i n t h e p l a s m o i d i s 
a l s o shown. 

I t i s i n t e r e s t i n g t o n o t e t h a t some r e c o n n e c t i o n (due t o n u m e r i c a l 
d i f f u s i o n ) t a k e s p l a c e between some of t h e p l a s m o i d f i e l d l i n e s and IMF 
l i n e s t h a t come i n t o c l o s e p r o x i m i t y t o t h e n e u t r a l p o i n t s on t h e f r o n t 
and r e a r p o s i t i o n s of t h e p l a s m o i d . 

2 . 3 P lasmoid Created a t H e l i o s p h e r i c Current Shee t 

In a s e p a r a t e numer ica l exper iment , Dryer e t a l . (1989) showed how a c i -
g a r - s h a p e d p la smoid might be g e n e r a t e d by a shock wave t h a t p r o p a g a t e s 
through a f l a t h e l i o s p h e r i c c u r r e n t s h e e t . The h i g h t o t a l p r e s s u r e , formed 
by t h e 3-D shock wave j u s t w i t h i n i t s outermost e n v e l o p e , d e c r e a s e s t o low 
v a l u e s w i t h i n t h e c e n t r a l p o r t i o n , i . e . , near t h e IMF r e v e r s a l z o n e . The 
h i g h p r e s s u r e g r a d i e n t , g e n e r a t e d by t h e outward-moving, l a r g e - s c a l e 
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(.) (b) 

72 hours 

(c) 

F i g u r e 3 . A 3-D v i e w of t h e IMF a s i t i s d e f l e c t e d by t h e bow shock , i t s 
d r a p i n g around t h e s o l a r - g e n e r a t e d p l a s m o i d , and a s i n g l e h e l i c a l m a g n e t i c 
f i e l d l i n e w i t h i n t h e p l a s m o i d . I n i t i a l l y e q u a t o r i a l IMF l i n e s a r e shown 
a t t - 2 4 , 4 8 , and 72 hours i n p a n e l s ( a ) , ( b ) , and ( c ) , r e s p e c t i v e l y . The 
v i e w i n g p e r s p e c t i v e i s from 8 AU, 6 = 6 0 ° , <1> - 2 0 ° , where 0 i s t h e h e l i o -
c o l a t i t u d e and <t> i s t h e h e l i o l o n g i t u d i n a l a n g l e measured from t h e lower 
l e f t o f t h e 1 A U - s i z e d box . (Detman e t a l . , 1 9 9 0 . ) 
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h e l i o s p h e r i c shock wave, f o r c e s t h e o p p o s i t e - d i r e c t e d IMF f i e l d l i n e s t o -
g e t h e r and c a u s e s them t o r e c o n n e c t . 

F i g u r e 4 shows t h e i n i t i a l s t a g e o f r e c o n n e c t i o n a t what w i l l be t h e 
l e a d i n g edge o f t h e c i g a r - s h a p e d p l a s m o i d . R e c o n n e c t i o n a l s o t a k e s p l a c e 
a t t h e r e a r , p i n c h i n g o f f t h e o p p o s i t e - d i r e c t e d IMF a s t h e e n t i r e s t r u c -
t u r e p r o p a g a t e s through t h e s o l a r wind. The " c i g a r " would be o r i e n t e d i n a 
d i r e c t i o n t r a n s v e r s e t o t h e outward mot ion o f t h e l a r g e - s c a l e g l o b a l d i s -
t u r b a n c e . 

4 . CONCLUDING REMARKS 

We have b r i e f l y summarized some o f our ongo ing work i n t h e f i e l d o f non-
p l a n a r and 3-D n u m e r i c a l s i m u l a t i o n s o f s o l a r d i s t u r b a n c e s and t h e i r p o s -
s i b l e i n t e r p l a n e t a r y c o n s e q u e n c e s . The c l a s s i c a l i n i t i a l b o u n d a r y - v a l u e 
approach i s s c r u p u l o u s l y f o l l o w e d t o e n s u r e a d e t e r m i n i s t i c r e s p o n s e when-
e v e r a s t a b l e i n i t i a l s t a t e i s p e r t u r b e d by a s e t o f o b s e r v a t i o n a l l y i n -

F i g u r e 4 . I n i t i a l s t a g e o f a c i g a r - s h a p e d p la smoid t h a t i s formed i n t h e 
i n t e r p l a n e t a r y medium by t h e p r o p a g a t i o n o f a shock wave through a f l a t 
h e l i o s p h e r i c c u r r e n t s h e e t . (Dryer e t a l . , 1989; S.M. Han, p r i v a t e comm., 
1 9 8 9 . ) 
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f e r r e d parameter c h a n g e s . Numerical e x p e r i m e n t s o f t h i s k ind a r e a n e c e s -
s a r y s t e p beyond t h e "cartoon" s t a g e , and must be undertaken w i t h t h e 
s o l u t i o n o f t h e mathemat ica l e x p r e s s i o n s f o r we l l -known p h y s i c a l laws t o -
g e t h e r w i t h r e a s o n a b l y c h o s e n a s s u m p t i o n s . The i n s i g h t d e r i v e d from s imu-
l a t i o n s such a s t h e t h r e e d e s c r i b e d h e r e a r e e s s e n t i a l f o r u n d e r s t a n d i n g 
l a r g e - s c a l e g l o b a l p r o c e s s e s . Only i n v e s t i g a t i o n by m u l t i p l e , i n s i t u , 
s p a c e c r a f t m i s s i o n s can conf irm or r e f u t e t h e g l o b a l p r e d i c t i o n s o f such 
3-D n u m e r i c a l e x p e r i m e n t s . Such m i s s i o n s have y e t t o be u n d e r t a k e n . 
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DISCUSSION 

FORBES: Was the initial state in your sheared arcade example potential or force-free? If 
so, it seems to me that your result completely contradicts the work of J. J. Aly which shows 
that such a disruption, which opens the field, by shearing should be impossible. 

DRYER: The initial state is, indeed, a potential force-free magnetic arcade. When the 
footpoints are moved, they are moved rather rapidly. For example, the lowest beta case (p 
= 0.06) had a peak shearing velocity of 15 km/sec Consequently, the system quickly 
evolves into a non-force-free system with pressure gradients. Thus, the force-free results 
of Aly do not apply. Also, the instability only results in a rapid expansion of loops and 
locally fast mass flows after the mean Alfven speed is exceeded. This instability, 
moreover, does not necessarily open the magnetic field. You will recall that there is no 
resistivity in this model, nor are there any anti-directed fields where numerical reconnection 
could, in principle, take place. Thus, this model does not address the question of field-line-
opening. 

KUNDU: I am a little confused by your referring to flares as the cause of IPS-producing 
shocks rather than high-speed streams from coronal holes, which Tony Hewish believes. 
Since you showed Hewish's data, when you talked about IP shocks, I would like to know 
what the present status is with regard to flares versus coronal holes as the cause of IP 
shocks. 

DRYER: Our use of Hewish's IPS data is decoupled from his interpretation that high 
speed streams from coronal holes are responsible for geomagnetic storms. If a transiently-
developing coronal hole suddenly (say, on a few-hour time scale) develops, a shock could 
certainly develop. I have a constructive and friendly disagreement with Tony who believes 
that flares are peripheral events vis-d-vis geomagnetic storms. I believe otherwise. You 
will recall that IPS data contains no information about the IMF (which, if southerly-directed, 
is important for storm triggering); hence my comment above about decoupling. Of course, 
even a steady-state hole could develop a shock that develops in the corotating frame. My 
point is that any temporal and/or spatial solar inhomogeneity (cf., flare, eruptive 
prominence, or hole) could produce a shock. Hewish's point, however, about a transient 
event, followed by a long-lasting energy output (be it a flare or whatever) is an important 
point that is worth investigation. To this purpose, Zdenka Smith and I have recently 
completed a 2D MHD parametric study that is relevant to this point. A final point is worth 
making: there are no observables of erupting streams from coronal holes. Transient 
coronal hole area changes are not sufficient, in my opinion, to claim that a shock will 
propagate from such an event. The case for flares is well-established. 

S WARUP: How does the intensity of shocks vary with solar distance in your models? 

DRYER: When the temporal duration of an input pulse is short, say less than a few hours, 
the strongest part of the shock will decay similarly to a classical blast wave with shock 
speed - R " 1 / 2 where R is the heliocentric radius. If the energy input is long-lasting, say 
some 5-15 hours (as suggested by long duration X-ray flares) the shock could move out at a 
constant velocity (i.e., as a piston-driven shock) for some tenths of an AU before 
decelerating as noted above in the frame of the background, moving solar wind. 

PRIEST: (i) Is the plasma beta much smaller than unity in magnetic clouds and in your 
magnetic bubble? 
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(ii) If so, why should the plasma density changes be directly proportional to the initial 
density? 

DRYER: (i) Your first question relates to our "magnetic bubble" numerical experiment. 
We were interested in examining the dynamics of a particular configuration and the response 
(c./., field draping) of the ambient solar wind and its interplanetary magnetic field to its 
projectile-like motion. Although we were not interested at this exploratory stage to make 
any comparisons with spacecraft-observed "magnetic clouds" the particular choice of the 
parameters (n,T,B,) within our input bubble produced plasma betas greater than unity. We 
would expect that other, judiciously-chosen, parameter combinations could produce betas 
less than one - as found in the observations. It is not clear, incidentally that the latter are 
bubbles - or whether they are gigantic loops with both ends rooted in the Sun. 
(ii) The density fluctuations that give rise to IPS are experimentally correlated with in situ 
density measurements by Tappin (1986) and more rigorously, recently, by Zwickl et al 
(AGU abstract,1988). 

UBEROI: In your analogy of magnetic bubble to Hill's vortex did you take care of the fact 
that some conservation theorems valid for vortices do not hold good for MHD theory? 

DRYER: Thank you for bringing this possibility to my attention. No, we did not take this 
point into consideration. 
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