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ABSTRACT 

Recent t h e o r e t i c a l s t u d i e s on T r a v e l i n g I n t e r p l a n e t a r y Phenomena 
(TIP) and t h e i r r e l a t i o n or presumed r e l a t i o n to t h e i r s o l a r o r i g i n s 
w i l l be r e v i e we d . An at tempt i s made to o u t l i n e the t h e o r e t i c a l 
s t u d i e s i n the c o n t e x t of mathematical methods and p h y s i c a l p r o c e s s e s . 
The f o l l o w i n g a l t e r n a t i v e approaches are examined: a n a l y t i c a l v s . 
numerical methods; magnetohydrodynamics v s . hydrodynamics; p r o c e s s e s 
w i t h or wi thout d i s s i p a t i o n ; continuum (macroscopic ) v s . the k i n e t i c 
( m i c r o s c o p i c ) approach. In p a r t i c u l a r , the f l a r e - g e n e r a t e d i n t e r ­
p l a n e t a r y shocks are used as examples to i l l u s t r a t e t h e s e t h e o r e t i c a l 
s t u d i e s w i t h i n the c o n t e x t of TIP. Some emphasis w i l l be p laced on MHD 
wave propagat ion through the inner corona and i t s matur i ty to a f u l l y -
developed i n t e r p l a n e t a r y shock. Further , t h e i r propagat ion and the d i s ­
turbing e f f e c t s on the s o l a r wind w i l l be c o n s i d e r e d . Cases concerning 
the c l a s s i f i c a t i o n and c h a r a c t e r i s t i c s of b l a s t - p r o d u c e d shocks and l o n g -
l a s t i n g e j e c t a are a l s o d i s c u s s e d i n the c o n t e x t of numerical s i m u l a t i o n s . 

In t h i s r e v i e w , i t has been r e v e a l e d t h a t : ( i ) s o p h i s t i c a t e d 
numerical s i m u l a t i o n s are s i g n i f i c a n t for the p r o g r e s s of hydrodynamical 
and magnetohydrodynamical s t u d i e s ; ( i i ) t h e s e numerica l s i m u l a t i o n 
s t u d i e s have improved s i g n i f i c a n t l y the unders tanding of n o n - l i n e a r mode-
coupled wave i n t e r a c t i o n s from the lower corona t o i n t e r p l a n e t a r y s p a c e ; 
and ( i i i ) l a c k of emphasis on the k i n e t i c ( m i c r o s c o p i c ) approach l i m i t s 
our unders tanding on m i c r o s c o p i c i n t e r a c t i o n s . We s u g g e s t , t h e r e f o r e , 
t h a t f u t u r e d i r e c t i o n s should emphasize the p h y s i c a l p r o c e s s e s of the 
continuum approach ( i . e . , hydrodynamics and MHD theory) and the k i n e t i c 
approach to r e v e a l f u r t h e r understanding of m i c r o s c o p i c i n t e r a c t i o n s . 

I . INTRODUCTION 

A l a r g e amount of data about t r a n s i e n t phenomena i n the corona and 
i t s e x t e n s i o n i n t o i n t e r p l a n e t a r y space has been accumulated by the 
space program during the p a s t d e c a d e s . In order t o ga in b a s i c p h y s i c a l 
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i n s i g h t from t h e s e d a t a , t h e o r e t i c a l i n t e r p r e t a t i o n of them has become a 
n e c e s s i t y . An attempt i s made i n t h i s paper to summarize the t h e o r e t i c a l 
s t u d i e s i n the c o n t e x t of mathematical methods and p h y s i c a l p r o c e s s e s . 

S i g n i f i c a n t p r o g r e s s i n our understanding of t r a v e l i n g i n t e r ­
p l a n e t a r y phenomena has been made. In p a r t i c u l a r , the s tudy concerning 
s o l a r f l a r e generated i n t e r p l a n e t a r y shocks has been repor ted in s e v e r a l 
r e c e n t rev iews by Hundhausen ( 1 9 7 2 a , b ) , Burlaga ( 1 9 7 4 ) , Dryer (1974 , 
1975) and Wu e t a l . ( 1 9 7 7 ) . Although the presen t d i s c u s s i o n w i l l r e f e r 
to t h e s e e a r l i e r p a p e r s , c o n s i d e r a t i o n of the t h e o r e t i c a l i n t e r p r e t a t i o n 
s i n c e t h a t time w i l l be emphasized. The purpose of t h i s paper , then i s 
to o u t l i n e some fundamental developments i n the l a s t few y e a r s . Accord­
i n g l y , i t w i l l be assumed t h a t the reader has some f a m i l i a r i t y w i th 
e a r l i e r works which are r e f e r r e d to i n the rev i ews noted above . An 
attempt w i l l be made t o c a t e g o r i z e t h e s e recent deve lopments . Thus, the 
f o l l o w i n g approaches are examined: a n a l y t i c a l v i s - a - v i s numerical method 
magnetohydrodynamic (MHD) v i s - a - v i s hydrodynamic d e s c r i p t i o n ; macroscopi 
(continuum) v i s - a - v i s m i c r o s c o p i c ( k i n e t i c ) approach. Thus, we s h a l l 
beg in our d i s c u s s i o n w i t h the macroscopic theory ( i . e . , the MHD and 
hydrodynamic d e s c r i p t i o n s ) i n S e c t i o n I I w i th t h o s e models us ing 
a n a l y t i c a l methods in which the d i s c u s s i o n of p h y s i c a l r e g i o n s ( i . e . , 
c o r o n a / c o r o n a - i n t e r p l a n e t a r y ) are i n c l u d e d . In S e c t i o n I I I , we s h a l l 
d i s c u s s the r e c e n t developments of m i c r o s c o p i c theory i n t h i s a r e a . In 
the f i n a l S e c t i o n IV, current r e s e a r c h and f u t u r e d i r e c t i o n s of t h i s 
l i n e of r e s e a r c h are d i s c u s s e d . 

I I . MACROSCOPIC (CONTINUUM) THEORY 

In t h i s approach, the corona l and the c o r o n a - i n t e r p l a n e t a r y media 
have been r e p r e s e n t e d by f l u i d mode l s . Thus, the hydrodynamical and 
magnetohydrodynamical formal isms are a p p l i e d . The problems can be 
c l a s s i f i e d i n t o two c a t e g o r i e s : ( i ) corona and ( i i ) c o r o n a - i n t e r ­
p l a n e t a r y space in order to d i s t i n g u i s h two c a s e s of b a s i c p h y s i c a l 
b e h a v i o r . For example, i n the corona, the i n i t i a l s t e a d y - s t a t e can be 
approximate ly r e p r e s e n t e d by an i s o t h e r m a l and h y d r o s t a t i c e q u i l i b r i u m 
atmosphere where the low s u b s o n i c and s u b - A l f v e n i c v e l o c i t i e s may be 
n e g l e c t e d . However, i n the c o r o n a - i n t e r p l a n e t a r y c a s e , the i n i t i a l 
s t e a d y - s t a t e atmosphere must i n c l u d e the c h a r a c t e r i s t i c s of the s o l a r 
wind t o g e t h e r wi th i t s imbedded magnet ic f i e l d . That i s , the i n i t i a l 
s t a t e i s an atmosphere in hydrodynamic e q u i l i b r i u m i n s t e a d of i n i s o ­
thermal and h y d r o s t a t i c e q u i l i b r i u m as i n the c a s e of the corona . The 
mathemat ica l methods used to s o l v e t h e s e problems are e i t h e r a n a l y t i c a l 
or numerical in n a t u r e , w i th each approach complimentary to the o t h e r . 

I I . 1 . A n a l y t i c a l A n a l y s i s 

I I . 1 . A Corona. I t i s w e l l known that the most s p e c t a c u l a r l y -
observed t r a v e l i n g phenomenon i n the corona i s the s o - c a l l e d "Coronal 
T r a n s i e n t . " These t r a n s i e n t phenomena are seen i n w h i t e l i g h t and, i n 
some c a s e s , in X-ray and rad io wave lengths (MacQueen e t a l . , 1 9 7 4 ) ; 
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Stewart e t a l . , 1974; Rust and H i l d n e r , 1 9 7 6 ) . Some p r o g r e s s has been 
made toward the t h e o r e t i c a l i n t e r p r e t a t i o n of t h e s e phenomena. In 
e s s e n c e , t h e s e t h e o r e t i c a l s t u d i e s can be summarized i n t o two c a t e g o r i e s . 
The f i r s t t h e o r e t i c a l approach v iews corona l t r a n s i e n t s as a g l o b a l wave 
phenomenon (Nakagawa, Wu and Han, 1978; Wu e t a l . , 1978; S t e i n o l f s o n 
e t a l . , 1978; Dryer e t a l . , 1 9 7 9 ) . The method used for t h i s approach 
u t i l i z e s numerical a n a l y s i s of the complete n o n l i n e a r MHD equat ionsand 
w i l l be d i s c u s s e d l a t e r . An a l t e r n a t i v e i n t e r p r e t a t i o n su g g es t ed by 
Mouschovias and Poland (1978) v i ews corona l t r a n s i e n t s as expanding f l u x 
tubes i n the corona ( 1 . 6 ~ 6 R@; RQ be ing the s o l a r r a d i u s ) . In t h e i r 

model, the l a t t e r workers assume t h a t a w h i t e - l i g h t l o o p - l i k e t r a n s i e n t 
d e n s i t y enhancement s een by the coronograph i s a magnet ic f l u x tube 
which o r i g i n a t e s below the o c c u l t i n g d i s k of the coronograph ( 1 . 6 R @ ) • 

The f l u x tube i s assumed to expand through a background coronal plasma 
and magnet ic f i e l d . This g l o b a l background atmosphere remains u n a f f e c t e d 
by the t r a n s i e n t . In t h i s model, shown i n Figure 1 , the m a t e r i a l and 
f i e l d w i t h i n the loop does not bear any r e l a t i o n to the surrounding 
corona l m a t e r i a l and f i e l d . The f o r c e r e s p o n s i b l e for the outward 
expans ion of the loop i s the magnet ic buoyancy f o r c e which i s l o c a l i n 

Figure 1 . Schematic r e p r e s e n t a t i o n of a corona l loop t r a n s i e n t a t two 
d i f f e r e n t t i m e s , t.. and t (Mouchovias and Poland, 1 9 7 8 ) . 
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n a t u r e . Mouchovias and Poland (1978) made a comparison between the 
observed 1973 August 10 corona l t r a n s i e n t event and t h e i r model , wi th 
some reasonably good phenomenologica l agreement . The main d e f i c i e n c y of 
t h i s model i s i t s l a c k of i n t e r a c t i o n between the loop and corona l back­
ground. N e v e r t h e l e s s , i t w i l l be i n t e r e s t i n g to pursue models such as 
t h i s one f u r t h e r (Anzer and Poland, 1 9 7 9 ) . Another example of a model of 
t r a v e l i n g corona l phenomena which d e s e r v e s a t t e n t i o n i s the magnet ic 
r e c o n n e c t i o n model g i v e n by Kopp and Pneuman ( 1 9 7 6 ) . In t h i s model , they 
examined the t h e o r e t i c a l consequences during the extended r e l a x a t i o n 
phase which must f o l l o w e v e n t s such as f l a r e s , f l a r e s p r a y s , and e r u p t i v e 
prominences . This phase i s c h a r a c t e r i z e d by a gradual r e c o n n e c t i o n of the 
outward-d i s t ended f i e l d l i n e s . I t i s f u r t h e r shown t h a t the enhanced 
corona l expans ion which occurs on open f i e l d l i n e s j u s t b e f o r e they 
reconn e c t appears adequate to supply the l a r g e downward mass f low observed in 
the l oop prominence sys tems during the p o s t - t r a n s i e n t r e l a x a t i o n 

phase . In a d d i t i o n , t h i s enhanced f low may produce nonrecurrent high 
speed streams in the s o l a r wind a f t e r such e v e n t s . Again , the d i s ­
advantage of t h i s model i s t h a t the l ack of s y s t e m a t i c approach prevent s 
a complete d e s c r i p t i o n of dynamics of the problem which i s expec ted by 
an a n a l y t i c a l method. In f a c t , a more s y s t e m a t i c numerical s tudy has 
been c a r r i e d out r e c e n t l y by S t e i n o l f s o n and Wu ( 1 9 7 9 ) , which i s be ing 
p r e s e n t e d i n t h i s symposium. The reader i s r e f e r r e d to t h a t paper in 
t h i s P r o c e e d i n g s . The works of Anzer ( 1 9 7 9 ) , S y r o v a t s k i i and Somov 
(1979) and Somov and S y r o v a t s k i i ( 1 9 7 9 ) , as repor ted i n t h i s symposium, 
should a l s o be n o t e d . They have d i s c u s s e d the d r i v i n g f o r c e s for 
p h y s i c a l l y - m e a n i n g f u l corona l r e sponse mode ls . 

I I . l . B . Corona — I n t e r p l a n e t a r y Space. The requ ired governing 
e q u a t i o n s to d e s c r i b e the p h y s i c s of t h e s e problems are h i g h l y non­
l i n e a r . Thus, the most a p p r o p r i a t e method used to seek an a n a l y t i c a l 
s o l u t i o n i s the s i m i l a r i t y a n a l y s i s . A s e l f - s i m i l a r treatment of a 
s p h e r i c a l magnetohydrodynamic d i s t u r b a n c e for the propagat ion of i n t e r ­
p l a n e t a r y shocks l i m i t e d to the v i c i n i t y of the e q u a t o r i a l p lane of an 
ax isymmetr ic geometry i s p r e s e n t e d by Lee and Chen ( 1 9 6 8 ) , for the 
s p e c i a l c a s e where the upstream d e n s i t y behaves as r"2; r be ing the 
r a d i a l d i s t a n c e . R e c e n t l y , s i g n i f i c a n t p r o g r e s s i n t h i s area has been 
made by Rosenau and Frankenthal (1976 , 1978) and Rosenau (1977 , 1 9 7 8 ) . 
They extended the treatment of Lee and Chen (1968) to c a s e s where the 
ambient d e n s i t y behaves as r ~ w , w i t h 0 <_ w < 3 . This e x t e n s i o n i s 
s i g n i f i c a n t . I t r e v e a l s t h a t the c a s e w = 2 i s i s o l a t e d i n the s e n s e 
t h a t the i n f i n i t e s i m a l d e p a r t u r e s from t h i s v a l u e r e s u l t i n q u a l i t a t i v e 
changes i n the nature of the f l o w , thereby r e v e a l i n g s i g n i f i c a n t p h y s i c a l 
meaning for 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 shock s t r u c t u r e s . Rosenau 
and Frankenthal (1978) s t u d i e d the same problems f u r t h e r by c o n s i d e r i n g 
a thermal ly conduct ing medium. They showed tha t the motion c o n s i s t s of 
a thermal precursor f o l l o w e d by an i s o t h e r m a l shock. The magnet ic f i e l d 
p l a y s a fundamental r o l e . These workers showed t h a t a very modest 
t r a n s v e r s e magnet ic f i e l d d e p r e s s e s the peak d e n s i t y , b l o c k s the heat 
f low, and widens the perturbed domain. Figure 2 (plasma parameters) and 
3 (magnet ic f i e l d ) show a comparison of observed data (Heos-1 data on 
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March 25 , 1969) w i t h t h e o r e t i c a l p r e d i c t i o n s based on an a d i a b a t i c 
magnetohydrodynamic model (Dryer, 1974) and an MHD model which i n c o r ­
p o r a t e s heat c o n d u c t i o n . In t h e s e r e s u l t s , a s i g n i f i c a n t improvement of 
the t h e o r e t i c a l p r e d i c t i o n s i s demonstrated by i n c l u d i n g heat conduct ion . 
Rosenau and Frankenthal ( 1 9 7 8 ) , a l s o noted that the heat conduct ion i s 
a v a r i a b l e parameter which can be used t o g e t h e r wi th a v a r i a b l e l e n g t h 
of the thermal precursor to improve the p r e d i c t i o n of the shock s t r u c t u r e . 

O 
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Figure 2 . A comparison of observed data (Heos-1 on March 25 , 1969) w i t h 
t h e o r e t i c a l p r e d i c t i o n s based on a d i a b a t i c magnetohydrodynamic 
model and on the model which i n c o r p o r a t e s heat conduct ion , A , 
as a v a r i a b l e parameter t o g e t h e r w i t h a v a r i a b l e l e n g t h of the 
thermal p r e c u r s o r £ (Rosenau and Frankentha l , 1 9 7 8 ) . 
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Figure 3 . D i sp lay of observed magnet ic f i e l d v e r s u s t h e o r e t i c a l 
p r e d i c t i o n s w i t h same parameters as i n Figure 2 (Rosenau 
and Frankentha l , 1 9 7 8 ) . 

In summary, we conclude t h a t t h e s e i n v e s t i g a t i o n s r e p r e s e n t s u b s t a n t i a l 
p r o g r e s s on the s e l f - s i m i l a r theory by i t s a p p l i c a t i o n to the s tudy of 
the propagat ion of an ax i symmetr ic magnetohydrodynamic shock i n a 
thermal ly conduct ing medium. A l l t h e s e s o l u t i o n s are c l a s s i f i e d as 
p i s t o n - d r i v e n shock s o l u t i o n s , and double p a i r shocks are r e v e a l e d . 

On the o ther hand, Summer (1975) i n v e s t i g a t e d an MHD b l a s t - w a v e 
type s o l u t i o n a p p l i e d to a f l a r e - p r o d u c e d shock i n the s o l a r wind by 
us ing s i m i l a r i t y a n a l y s i s . S i m i l a r a n a l y s i s w i t h o u t the magnet ic f i e l d 
but w i t h a g r a v i t a t i o n a l f i e l d was done by Rao and Purohi t ( 1 9 7 3 ) . A 
pure gasdynamic model u s i n g L a g r a n g e - f u n c t i o n approach to i n v e s t i g a t e 
the geometr ic c h a r a c t e r i s t i c s of propagat ion of the i n t e r p l a n e t a r y 
shocks was presented by Krimsky and Transky ( 1 9 7 3 ) . Dryer (1970) a l s o 
used t h e s i m i l a r i t y a n a l y s i s t o s tudy the e l e c t r i c a l f i e l d e f f e c t 
(wi th f i n i t e r e s i s t i v i t y ) on the propagat ion of s o l a r f l a r e - i n d u c e d 
i n t e r p l a n e t a r y shock waves . He found the l a r g e s t e f f e c t s of j o u l e 
h e a t i n g (with impl ied l o c a t i o n of t u r b u l e n c e ) to be c o n c e n t r a t e d w i t h ­
i n the p i s t o n r e g i o n . However, t h i s c l a s s of s o l u t i o n i s r e s t r i c t e d 
t o sma l l magnet ic R e y n o l d 1 s number f l ow . Dryer (1972) has extended 
t h i s work w i th f i n i t e magnet ic Reyno ld ' s number f low w i t h anomalous 
e l e c t r i c c o n d u c t i v i t y t o s tudy i n t e r p l a n e t a r y doub le - shock ensembles . 
He has shown t h a t even s u b s t a n t i a l j o u l e h e a t i n g has l i t t l e e f f e c t on 
the g r o s s f e a t u r e s of t h e doub le - shock ensemble . 

I I . 2 . Numerical A n a l y s i s 

Because of the l i m i t a t i o n s of s i m i l a r i t y a n a l y s i s on m u l t i ­
d i m e n s i o n a l , t ime-dependent problems wherein a r b i t r a r y input c o n d i t i o n s 
are p r e s c r i b e d a t the boundary, numerica l a n a l y s i s has become an impor­
t a n t t o o l t o i n t e r p r e t e and understand the p h y s i c s of the observed 

https://doi.org/10.1017/S0074180900067966 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900067966


TRAVELING INTERPLANETARY PHENOMENA 449 

coronal and c o r o n a - i n t e r p l a n e t a r y t r a n s i e n t phenomena. Again, we s h a l l 
d i v i d e our d i s c u s s i o n s i n t o two p a r t s : corona and c o r o n a - i n t e r p l a n e t a r y 
s p a c e . 

I I . 2 . A . Corona. A r e c e n t rev iew concern ing numerica l modeling of 
coronal and i n t e r p l a n e t a r y r e s p o n s e s to s o l a r e v e n t s has been g i v e n by 
Wu, Nakagawa and Dryer ( 1 9 7 7 ) . In t h i s work, a d e t a i l e d account of the 
development of numerica l model ing of t r a n s i e n t phenomena i n t h e s e two 
r e g i o n s has been p r e s e n t e d . Hence, t h i s work w i l l not be r e p e a t e d . 

In a r e c e n t deve lopment , S t e i n o l f s o n e t a l . (1978) presented a 
boundary p e r t u r b a t i o n type MHD model i n the m e r i d i o n a l p lane i n c o n t r a s t 
to the e q u a t o r i a l p lane model g i v e n by Nakagawa e t a l . (1978) and Wu 
e t a l . ( 1 9 7 8 ) , w i t h the l a t e r two works having been done i n the c o n t e x t 
of the b l a s t - w a v e - t y p e s o l u t i o n . S t e i n o l f s o n and Wu (1979) r e c e n t l y 
a p p l i e d t h i s model w i t h Helmet s treamer magnet ic f i e l d c o n f i g u r a t i o n to 
study the corona l r e s p o n s e . In the s t u d i e s mentioned above, the 
p e r t u r b a t i o n s are c o n s i d e r e d to be i n the nature of a thermodynamic p u l s e 
( i . e . , changes i n temperature , d e n s i t y or b o t h ) . R e c e n t l y , S t e i n o l f s o n 
e t a l . (1979) p r e s e n t e d a s o l u t i o n w i t h an emerging magnet ic f l u x 
p e r t u r b a t i o n . This work shows a d i s t i n c t r e s u l t i n comparison w i t h a 
thermodynamic p u l s e . They found tha t t h e r e e x i s t s a h igh ( i . e . , 3 
g r e a t e r than one) r e g i o n between the shock and c o n t a c t s u r f a c e and a 
low 3 ( l e s s than one) r e g i o n behind the c o n t a c t s u r f a c e (3 be ing the 
r a t i o of plasma p r e s s u r e to magnet ic p r e s s u r e ) . Dryer e t a l . (1979) 
used t h i s model t o s i m u l a t e the 1973 August 21 corona l t r a n s i e n t event 
by us ing observed plasma parameters ( i . e . , employing data from S-056 
s o f t X-ray experiment by NASA/MSFC and Aerospace Corporat ion on board 
Skylab) as an i n i t i a l and long l a s t i n g p u l s e . They demonstrated very 
good agreement w i t h observed d a t a . The outcome of each of t h e s e 
c a l c u l a t i o n s depends s t r o n g l y on the v a l u e of 3 . F igure 4 shows the 3 
d i s t r i b u t i o n b e f o r e and a f t e r the 1973 August 21 e v e n t . The e s s e n c e of 
the numerica l method for t h e s e c a l c u l a t i o n s can be found i n the works 
of Nakagawa and S t e i n o l f s o n (1976) and Han, Wu and Nakagawa ( 1 9 7 9 ) . 

As the reader may n o t e , t h i s p lane model e x h i b i t s the n o n - l i n e a r 
i n t e r a c t i o n between f a s t and s low mode MHD waves; however, the Al fven 
mode ( t r a n s v e r s e wave) i s e x c l u d e d . In order t o r e l a x t h i s d e f i c i e n c y , 
a t w o - d i m e n s i o n a l , t ime dependent , n o n - p l a n e , MHD model has been 
p r e s e n t e d r e c e n t l y by Nakagawa e t a l . ( 1 9 7 9 ) , and Wu e t a l . (1979b). In 
the work of Nakagawa e t a l . ( 1 9 7 9 ) , a new way of i n t e r p r e t i n g the energy 
s t o r a g e and r e l e a s e i n r e p e a t e d f l a r e s was s u g g e s t e d . 

I I . 2 . B . C o r o n a - I n t e r p l a n e t a r y Space . In the p r e v i o u s s e c t i o n , we 
have summarized b r i e f l y the r e c e n t development of numerica l models f o r 
the corona. We w i l l now d i s c u s s the current s t a t u s of modeling i n the 
c o r o n a - i n t e r p l a n e t a r y c a s e . Typica l r e s u l t s f o r t h i s problem can be 
found i n the work of Dryer e t a l . (1976 , 1978) and Zakaidakov and 
Synakh ( 1 9 7 7 ) . These workers used a o n e - d i m e n s i o n a l , t ime-dependent MHD 
model to study the e v o l u t i o n of the s t r u c t u r e s of the i n t e r p l a n e t a r y 
s h o c k s . A l s o , Dryer e t a l . (1978) u t i l i z e d t h i s model to s i m u l a t e 
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Figure 4 . The d i s t r i b u t i o n of 3 ( t h e r a t i o of plasma p r e s s u r e to 
magnet ic p r e s s u r e ) through the s o l a r atmosphere b e f o r e 
and a f t e r the 1973 August 21 e v e n t . 

e s s e n t i a l f e a t u r e s of space -probe d a t a . In p a r t i c u l a r , the shock pa ir 
ensembles are reproduced by t h e s e numerical s o l u t i o n s . Wu e t a l . (1979a) 
extended t h e i r model (Wu e t a l . , 1978) to the c o r o n a - i n t e r p l a n e t a r y 
c a s e by i n c l u d i n g the s o l a r wind c h a r a c t e r i s t i c s i n the i n i t i a l s t a t e . 
In t h i s work, they c o n s i d e r e d the c a s e of s t ream-s tream i n t e r a c t i o n s . 
Typ ica l r e s u l t s for the d i s t u r b e d d e n s i t y and temperature contours from 
the lower corona (18 R g b e i n g s o l a r r a d i u s ) to 1 A.U. (Astronomical 

U n i t s ) are d e p i c t e d i n F igure 5 . This f i g u r e shows development of MHD 
shocks i n two d imens ions . In a subsequent paper by D'Uston e t a l . (1979) , 
they u t i l i z e d t h i s model to s tudy the nonsymmetric p r o p e r t i e s of the 
propagat ion of f l a r e i n t e r p l a n e t a r y s h o c k s . F igure 6 shows t h e i r numerical 
r e s u l t s for the e v o l u t i o n of the p o s i t i o n of the forward shock and the 
r e v e r s e shock. The n o n - s p h e r i c a l na ture of the shock f r o n t i s c l e a r l y 
e x h i b i t e d . 

I I I . MICROSCOPIC (KINETIC) THEORY 

In t h i s c o n t e x t , one t r e a t s the problem from a p a r t i c l e p o i n t of 
v iew, i n which the Boltzmann t r a n s p o r t equat ion i s used as the b a s i s 
of the f o r m u l a t i o n . P r a c t i c a l l y very l i t t l e work has been done i n the 

https://doi.org/10.1017/S0074180900067966 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900067966


TRAVELING INTERPLANETARY PHENOMENA 451 

Figure 5 . Dis turbed temperature enhancement contours (TJT1) and d e n s i t y 
Ap ° enhancement contours (—) i n the s o l a r e q u a t o r i a l p lane a t 
Po 

(a) 20 hr and (b) 70 hr a f t e r the i n t r o d u c t i o n of d i s t u r b a n c e . 
In the d e n s i t y c o n t o u r s , the s o l i d l i n e r e p r e s e n t s p o s i t i v e 
enhancement ( i . e . , c o m p r e s s i o n ) , and the broken l i n e represents 
n e g a t i v e enhancement ( i . e . , r a r e f a c t i o n ) (Wu e t a l . , 1 9 7 9 ) . 

s tudy of t r a n s i e n t phenomena i n the corona and c o r o n a - i n t e r p l a n e t a r y 
space by us ing k i n e t i c t h e o r y . However, s i g n i f i c a n t advancement of 
plasma k i n e t i c theory has been made i n f u s i o n r e s e a r c h i n r e c e n t y e a r s . 
For example, Liewer and Kra l l ( 1 9 7 3 ) , have used such a method to study 
the e l e c t r o m a g n e t i c t u r b u l e n c e i n f u s i o n p lasmas . In the area of s o l a r 
and i n t e r p l a n e t a r y dynamics , Jockers (1970) p r e s e n t e d a s o l a r wind 
s o l u t i o n by us ing k i n e t i c theory v i a the moment method; Fahr, Bird and 
Ripken (1977) used the moment e q u a t i o n s from the c o l l i s i o n l e s s Boltzmann 
equat ion to s tudy the s o l a r wind expans ion wi th s p h e r i c a l l y symmetric 
magnet ic f i e l d s . Smith ( 1 9 7 1 , 1972a ,b) used the k i n e t i c theory to 
study the plasma r a d i a t i o n from c o l l i s i o n l e s s MHD shock waves in the 
corona and i t s a p p l i c a t i o n to Type I I rad io b u r s t s . A l l t h e s e r e s u l t s 
r e f e r to s t eady s t a t e s o l u t i o n s . I t i s understood t h a t , the c l a s s i c a l 
approach ( i . e . , Chapman-Enskog method) to seek s o l u t i o n of Boltzmann 
equat ion i s on ly l i m i t e d to the case in which the g r a d i e n t s of the 
thermodynamical property are smal l and on ly p a r t i c l e - p a r t i c l e c o l l i s i o n 
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I I I I I I I I I I I 0.4 AU | 

Figure 6. Contour maps of Log(n) showing the development and the 
e x t e n s i o n of the shock f r o n t s from the Sun's s u r f a c e to 
1 A.U. (D'Uston e t a l . , 1 9 7 9 ) . 

i s accounted f o r . In the h e l i o s p h e r i c r e g i o n , the c o l l e c t i v e behavior 
of the medium depends not on ly on the p a r t i c l e - p a r t i c l e c o l l i s i o n p, 
but a l s o on the w a v e - p a r t i c l e i n t e r a c t i o n . There fore , a new approach 
i s needed to understand the more r e a l i s t i c p h y s i c a l behav ior of the 
TIP i n the corona and c o r o n a - i n t e r p l a n e t a r y medium. In t h i s symposium, 
Cuperman (1979) has s u g g e s t e d such a t h e o r e t i c a l s t u d y . In h i s s t u d y , 
h igher order moments e q u a t i o n s ( i . e . , f l u i d d e s c r i p t i o n ) are deve loped 
w i th more r e a l i s t i c c l o s u r e c o n d i t i o n s and t r a n s p o r t c o e f f i c i e n t s ; t h e s e 
t r a n s p o r t c o e f f i c i e n t s are o b t a i n e d from q u a s i - l i n e a r k i n e t i c t h e o r y . 

Concerning numerical a n a l y s e s of the Boltzmann t r a n s p o r t e q u a t i o n 
for t r a n s i e n t phenomena i n the corona and c o r o n a - i n t e r p l a n e t a r y 
env ironments , l i t t l e work has been done because of the mathemat ica l 
c o m p l e x i t y i n v o l v e d . Aga in , s i g n i f i c a n t p r o g r e s s can be found i n 
f u s i o n r e s e a r c h . A l s o , Wu and Dryer (1972) used a t ime dependent 
Boltzmann equat ion to s tudy the s o l a r wind i n t e r a c t i o n w i t h c e l e s t i a l 
o b j e c t s v i a numerical methods, however, o n l y p a r t i c l e - p a r t i c l e i n t e r ­
a c t i o n i s taken i n t o account i n t h e i r c o l l i s i o n i n t e g r a l s and a 
Maxwell ian d i s t r i b u t i o n f u n c t i o n i s a l s o assumed i n t h e i r computat ion . 
R e c e n t l y a more advanced numerical a n a l y s i s of k i n e t i c theory has been 
done by Scudder and Olbert (1978) to e x p l a i n the observed c h a r a c t e r ­
i s t i c s of the e l e c t r o n d i s t r i b u t i o n f u n c t i o n i n the s o l a r wind. Their 
r e s u l t s are i n agreement w i th o b s e r v a t i o n s . A l l t h e s e works i n d i c a t e 
t h a t t h i s approach i s a promis ing o n e . 
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The i n t e r - r e l a t i o n s h i p between the macroscopic ( f l u i d s ) theory and 
m i c r o s c o p i c ( k i n e t i c ) theory i s shown i n Table I , i n which the v a r i o u s 
l e v e l s of s o p h i s t i c a t i o n of both approaches w i t h t h e i r corresponding 
p h y s i c a l i n t e r p r e t a t i o n are o u t l i n e d . I t should be noted that the 
current s t a t u s of the macroscopic approach i s f a r more advanced than 
the m i c r o s c o p i c approach. However, we n o t e the advantages of us ing the 
m i c r o s c o p i c approach to i n t e r p r e t a t e the p h y s i c a l behav ior of the TIP. 

IV. CONCLUDING REMARKS 

In summary, t h i s s tudy has r e v e a l e d t h a t : 
( i ) S o p h i s t i c a t e d numerical a n a l y s e s are s i g n i f i c a n t for the 

progres s of hydrodynamical and magnetohydrodynamical s t u d i e s wi thout 
d i s s i p a t i v e p r o c e s s e s . 

( i i ) These numerica l s t u d i e s have improved s i g n i f i c a n t l y the under­
s tand ing of n o n - l i n e a r mode-coupled wave i n t e r a c t i o n s from the corona 
to i n t e r p l a n e t a r y s p a c e . 

( i i i ) The s i m i l a r i t y a n a l y s i s brought s i g n i f i c a n t p r o g r e s s to the 
understanding of the MHD s h o c k - d i s t u r b e d f l o w . However, due to i t s 
l i m i t a t i o n to a s i n g l e s p a t i a l d imens ional c o n f i g u r a t i o n and i n a b i l i t y 
to t r e a t r e a l i s t i c boundary c o n d i t i o n s , on ly s imple geometry and 
asymptot i c s o l u t i o n s can be s t u d i e d . N e v e r t h e l e s s , s i m i l a r i t y theory 
i s complementary to the numerica l s t u d i e s . 

( i v ) Lack of emphasis on the m i c r o s c o p i c approach l i m i t s our under­
s tand ing of d e t a i l e d m i c r o s c o p i c i n t e r a c t i o n s which have e s s e n t i a l 
e f f e c t s on macroscopic dynamics, such as the plasma t u r b u l e n t s t r u c t u r e s 
observed i n the corona and h e l i o s p h e r i c s p a c e . 

In c o n c l u s i o n , we s u g g e s t that f u t u r e r e s e a r c h d i r e c t i o n s should 
emphasize the p h y s i c a l p r o c e s s e s of the macroscopic (continuum) 
approach t o g e t h e r w i t h the k i n e t i c approach to r e v e a l f u r t h e r under­
s t a n d i n g of the m i c r o s c o p i c i n t e r a c t i o n s . Consequent ly , a hybrid model 
for the TIP i n the corona and c o r o n a - i n t e r p l a n e t a r y space should be 
c o n s t r u c t e d . 
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DISCUSSION 

Somov: Magnetic f i e l d i n the i n t e r n a l ( low) corona i s a very 
important e n e r g e t i c f a c t o r . Magnetic f o r c e can dominate over a l l o ther 
f o r c e s . What do you th ink about the p o s s i b i l i t y t h a t magnet ic f i e l d 
i s a primary reason for f a s t plasma mot ions i n corona? 

Wu: Magnetic f i e l d i s an important f o r c e to c o n t r o l the dynamical 
behav ior of the corona. However, the o t h e r f a c t o r b e i n g e q u a l l y 
important i s the dynamics i t s e l f which has been shown i n t h e s e numerica l 
c a l c u l a t i o n s . These c a l c u l a t i o n s , however, do not c o n s i d e r the initial 
c o n v e r s i o n of magnet ic energy i n t o k i n e t i c and thermal forms a s , for 
example, you and Prof . S y r o v a t s k i i have d i s c u s s e d i n v a r i o u s works. 
Once such c o n v e r s i o n t a k e s p l a c e , the subsequent mass motion must r e ­
spond ( n o n - l i n e a r l y ) t o the t ime-dependent i n t e r p l a y of the r e l a t i v e 
magnitudes of i n e r t i a l , thermal and magnet ic f o r c e s . Thus, we may c o n ­
c lude t h a t the e s s e n t i a l f a c t o r to c o n t r o l the dynamical behavior in 
the p o s t - f l a r e corona i s the plasma motion and magnet ic f i e l d inter­
action. C o n s i d e r a t i o n of $ ( t ) i m p l i e s the importance of the modulating 
e f f e c t of the magnet ic f i e l d . 

Ivanov: What do you t h i n k about i n c l u d i n g e l e c t r o m a g n e t i c turbu lence 
i n hydromagnetic theory? 

Wu: To i n c l u d e t u r b u l e n c e i n hydromagnetic c a l c u l a t i o n i s a 
n e c e s s a r y s t e p t o be taken to improve our p h y s i c a l i n t e r p r e t a t i o n of 
the o b s e r v a t i o n s . However, we have no s e l f - c o n s i s t a n t theory to 
d e s c r i b e hydromagnetic t u r b u l e n c e . This i s why I am s u g g e s t i n g the 
c o n s t r u c t i o n of a hybrid model . Using k i n e t i c theory t o o b t a i n such 
m i c r o s c o p i c t u r b u l e n t s t r u c t u r e i s the f i r s t e s s e n t i a l s t e p . Having 
done s o , one may then put t h e s e r e s u l t s i n t o macroscopic theory to 
c o n s t r u c t new models . See Liewer and K r a l l (1973) f or some work along 
t h i s l i n e . 

https://doi.org/10.1017/S0074180900067966 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900067966


458 S.T. WU 

Unidentified: (Comment) The f a c t t h a t we s e e a type I I rad io b u r s t 
a s s o c i a t e d wi th i n t e r p l a n e t a r y shocks i n e v i t a b l y p o i n t s to a non-
Maxwell ian e l e c t r o n d i s t r i b u t i o n . The p r e s e n c e of Langmuir waves in 
such s o u r c e s cannot be e x p l a i n e d o t h e r w i s e . 

Lemaire: I b e l i e v e t h e r e i s much more work done in the k i n e t i c 
approach than mentioned i n your rev iew. For i n s t a n c e : Lemaire and 
S c h e r e r , JGR> 1971 and Rev. Geophys., 1974; Hol lweg , JGR> 1971; Lemaire 
(Proceed ings of Toulouse Meet ing) , 1978 March; and Scudder and O l b e r t , 
JGR, 1979. I c o n s i d e r , f o r i n s t a n c e , t h a t the r e c e n t work by. Scudder 
and O l b e r t , i n c l u d i n g c o l l i s i o n s as a p o s t - e x o s p h e r i c approximation i s 
the r i g h t way t o go i n f u t u r e s o l a r wind mode l ing! 

Wu: I th ink you would agree tha t i t i s d i f f i c u l t (nor i s i t my 
i n t e n t i o n to a t tempt) to l i s t a l l p u b l i c a t i o n s i n t h i s rev i ew. I 
c o m p l e t e l y agree w i t h you , a s I have mentioned i n my p r e s e n t a t i o n , 
t h a t the k i n e t i c approach i s one of the ways t o improve our modeling 
e f f o r t . The work by Scudder and Olbert i s one of s e v e r a l approaches 
( r e f e r e n c e d in the t e x t ) c u r r e n t l y under c o n s i d e r a t i o n . Whether i t 
i s , as you s a y , "the r i g h t way t o go" i s a matter of s u b j e c t i v e 
o p i n i o n . I t should be c o n s i d e r e d ( i n my o p i n i o n ) to be an open q u e s t i o n 
and not one which e x c l u d e s a l t e r n a t i v e c o n s i d e r a t i o n s ( s e e , for 
example, Prof . Cuperman's r e v i e w , t h i s P r o c e e d i n g s ) . 
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