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A B S T R A C T . According to observational data solar magnetic fields have a pronounced filamentary 
structure. Theoretical investigations of plasmas containing structured magnetic fields, including 
the study of the properties of these structures and their interactions with associated gas flows, are 
of great importance for our understanding of the basic processes in the solar atmosphere, whose 
structure and dynamics are dominated by magnetic fields. In the present review theoretical models 
of thin magnetic fluxtubes and their behaviour in the ambient plasma are discussed. 

1. I N T R O D U C T I O N 

A s i tuat ion when the magnet ic field is concentrated in to randomly dis t r ibuted bundles of 
field lines is often met in l abora tory and space p lasmas . It is well known t h a t all t he solar 
magnet ic fields, from the convection zone t o t he heliosphere, have a pronounced filamentary 
s t ruc tu re (cf. Stenflo, 1989 [1] and References there in) . In t he photosphere t h e magne t ic field 
is concent ra ted in almost vertical , t h in (about 300 k m ) fluxtubes, usually widely separa ted 
from each other , with field s t rengths of t he order of 1-2 k G . In sunspots intense (3-4 k G ) 
fluxtubes are assumed to be t ightly packed. T h e isolated fluxtubes are as a rule localized 
at t he supergranular cell boundar ies , extending from the subsurface regions th rough the 
photosphere and chromosphere , where they form a great variety of magnet ic s t ruc tures . 
These s t ruc tures generally have longitudinal dimensions much larger t h a n the t ransverse 
ones , and are exposed t o t he action of a constant ly "booming" a tmosphere , which results in 
t h e genera t ion of different kinds of waves and oscillations. For a be t t e r insight in to t h e active 
processes in t he solar a tmosphere , such as field concentrat ion, t h e processes of energy transfer 
from the lower t o t h e upper layers of t he a tmosphere , t he processes of energy s torage and 
release, preflare and flare processes, e tc . , t he propert ies of b o t h isolated tubes and ensembles 
of t h e m should be analysed. Besides i ts significance for astrophysical objects , such a s tudy is 
also of interest from the point of view of general physics, due t o t he weal th of wave processes 
in such s t ruc tures . 
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In g e n e r a l , t h e s t u d i e s of t h e prob lem show a r a p i d p r o g r e s s . 
There s h o u l d be m e n t i o n e d t h e e s s e n t i a l c o n t r i b u t i o n s by P . R . W i l s o n , 
L.E.Cram, E . P a r k e r , W.Unno, E . R . P r i e s t , N . W e i s s , J . H o l l w e g , H . S p r u i t , 
B . R o b e r t s , M . S c h ü s s l e r and o t h e r s ( s e e [ 2 ] and R e f e r e n c e s t h e r e i n ) . But 
main p r o b l e m s r a i s e d by o b s e r v a t i o n a l e v i d e n c e a r e n o t y e t u n d e r s t o o d , 
though numerous t h e o r i e s t h a t a d d r e s s t h e s e p r o b l e m s have b e e n p r o p o s e d . 
The p h y s i c s of m a g n e t i c f l u x t u b e s r e m a i n s t o d a y of g r e a t i n t e r e s t . In 
t h e p r e s e n t paper I w i l l g i v e a s u r v e y of some works w h i c h a r e d e v o t e d 
t o t h e s t u d i e s of o s c i l l a t i o n s o f m a g n e t i c f l u x t u b e s . I w i l l n o t t r y 
t o a p p l y t h e s e r e s u l t s t o e x p l a i n any p a r t i c u l a r o b s e r v a t i o n a l d a t a but 
t h e r e i s a hope t h a t t h e t h e o r e t i c a l r e s u l t s w h i c h w i l l be p r e s e n t e d 
can g i v e a t l e a s t some r e a s o n a b l e frame f o r t h e a n a l y s i s of p a r t i c u l a r 
s i t u a t i o n s a t t h e Sun. 

As i t was m e n t i o n e d a b o v e , t h e p e r m a n e n t l y booming a t m o s p h e r e , i n 
p a r t i c u l a r , m o t i o n s i n c o n v e c t i v e z o n e e x c i t e s e v e r a l t y p e s of o s c i l l a -
t i o n s o f f l u x t u b e s . We s h a l l c o n s i d e r l o n g - w a v e o s c i l l a t i o n s whose 
w a v e l e n g t h λ = 1/k i s much l a r g e r than t h e r a d i u s of m a g n e t i c f l u x t u b e 
R: kR « I . J u s t t h e s e o s c i l l a t i o n s a r e most r e a d i l y e x c i t e d by l a r g e -
- s c a l e p lasma m o t i o n s and have a r e l a t i v e l y low damping r a t e . Among 
t h e s e o s c i l l a t i o n s t h e most i m p o r t a n t modes a r e t h e two shown i n F i g . l : 
a ) t h e b e n d i n g ( k i n k ) o s c i l l a t i o n s w h i c h a r e a c t u a l l y t h e d i p o l e mode 
c o r r e s p o n d i n g t o t h e a z i m u t h a l wavenumber m = ± 1 , and b) a x i s y m m e t r i c 
s a u s a g e mode (m = 0 ) . 

F i g . 1 F i g . 2 

For b o t h t y p e s of o s c i l l a t i o n s t h e f r e q u e n c y s c a l e s l i n e a r l y w i t h w a v e -
number. 

The b e n d i n g o s c i l l a t i o n s a r e some a n a l o g u e of A l f v é n w a v e s . As t h e 
e x t e r n a l p lasma p a r t i c i p a t e s i n t h e m o t i o n i n t h e v i c i n i t y of a t u b e 
v i a t h e "added m a s s " e f f e c t i t s d e n s i t y e n t e r s t h e i r d i s p e r s i o n r e l a -
t i o n (Ryutov & R y u t o v a , 1 9 7 6 ) : 
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k / l + ρ / p . 
ζ e ι 

( D 

Here s u b s c r i p t " i " r e f e r s t o t h e tube i n t e r i o r , w h i l e "e" - t o t h e 
e x t e r n a l p l a s m a ; ρ i s t h e p lasma d e n s i t y , a = Β / /4ττρΤ i s t h e A l f v e n 
v e l o c i t y . 

The s a u s a g e mode i s s p e c i f i c q u a s i - l o n g i t u d i n a l o s c i l l a t i o n of 
f l u x t u b e i n w h i c h a c o m p r e s s i o n ( e x p a n s i o n ) of a p lasma i n s i d e t h e 
t u b e i s compensa ted by t h e d e c r e a s e ( i n c r e a s e ) i n t h e l o n g i t u d i n a l 
m a g n e t i c f i e l d due t o a c o r r e s p o n d i n g change i n t h e c r o s s s e c t i o n of 
f l u x t u b e , s o t h a t t h e sum of g a s - k i n e t i c and m a g n e t i c p r e s s u r e s i s a l -
most n o t p e r t u r b e d . Thus t h e p lasma p a r a m e t e r s o u t s i d e t h e t u b e have 
l i t t l e i n f l u e n c e on t h e i r d i s p e r s i o n r e l a t i o n ( g i v i n g t h e c o r r e c t i o n s 
of t h e o r d e r of ( k R ) 2 ) (Defouw, 1 9 7 6 ) : 

ω 

k + s2. 
1 

(2 ) 

Here s = γ Ρ / ρ i s a sound s p e e d ( γ i s a s p e c i f i c h e a t r a t i o ) . 
Some l e s s i m p o r t a n t modes a r e shown i n F i g . 2 . There a r e h i g h 

f r e q u e n c y f a s t o s c i l l a t i o n s which a r e a n a l o g u e of f a s t m a g n e t o s o n i c 
w a v e s . As t h e i r f r e q u e n c y i s e x t r e m e l y h i g h (o f t h e o r d e r of a /R) t h e y 
can h a r d l y be e x c i t e d and e x p e r i e n c e f a s t r a d i a t i v e damping. The m = 0 
t o r s i o n a l o s c i l l a t i o n s a r e j u s t A l f v é n w a v e , but t h e i r a m p l i t u d e i s 
v e r y s m a l l (o f t h e o r d e r of V *R/L, where L i s c o n v e c t i v e c e l l s i z e 

c o n v . 
and V i s c h a r a c t e r i s t i c v e l o c i t y i n c o n v e c t i v e z o n e ) and a l s o a r e 

c o n v . 
of l e s s i n t e r e s t . The o s c i l l a t i o n s w i t h t h e h i g h e r a z i m u t h a l mode num-

b e r s m = 2 ; 3 , . . . a r e v e r y w e a k l y c o u p l e d w i t h t h e l a r g e s c a l e m o t i o n s 

of medium s i n c e t h e m a t r i x e l e m e n t s w h i c h d e t e r m i n e t h i s c o u p l i n g c o n -

t a i n a s m a l l p a r a m e t e r (kR) ^mL 

I t s h o u l d be n o t e d t h a t f o r t h e o r e t i c a l i n v e s t i g a t i o n of t h e p r o -
p e r t i e s of f l u x t u b e s and t h e i r e n s e m b l e s ( i n c l u d i n g t h e model of a 
s p o t a s a c l u s t e r of i n t e n s e f l u x t u b e s ) t h e c o n c e p t of a t h i n f l u x t u b e 
h a s p r o v e d t o be v e r y f r u i t f u l and j u s t i f i e d . A l l m e n t i o n e d above r e -
l a t e s t o t h e t h i n f l u x t u b e m o d e l . Even i n t h i s c o n c e p t t h e p h y s i c s of 
p lasma c o n t a i n i n g f l u x t u b e s i s v e r y r i c h . 

There e x i s t s p e c i f i c damping mechanisms c o n s i s t i n g i n t h e r a d i a -
t i o n of s e c o n d a r y a c o u s t i c waves i n t o e x t e r n a l p lasma by o s c i l l a t i n g 
f l u x t u b e (Ryutov and R y u t o v a , 1 9 7 6 ) , and i n r e s o n a n c e e x c i t a t i o n of 
A l f v e n waves w i t h c o n t i n u o u s s p e c t r u m i n t h e r e g i o n where t h e p h a s e 
v e l o c i t y of o s c i l l a t i o n s i s c l o s e t o l o c a l A l f v ë n v e l o c i t y ( R y u t o v a , 
1 9 7 7 , I o n s o n , 1 9 7 8 ) . These e f f e c t s c o n t r i b u t e t o t h e h e a t i n g of upper 
l a y e r s of a t m o s p h e r e . The g r a v i t y l e a d s t o t h e c h a n g i n g of t h e c h a r a c -
t e r of w a v e s , w h i c h become d i s p e r s i v e . Another e f f e c t i s t h a t i n t h e 
s i m p l e c a s e o f i s o t h e r m a l a t m o s p h e r e a m p l i t u d e of o s c i l l a t i o n s i n c r e a s e s 
e x p o n e n t i a l l y w i t h h e i g h t wh ich l e a d s t o t h e d e v e l o p m e n t o f s t r o n g 
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n o n l i n e a r e f f e c t s i n t u b e e n v i r o n m e n t ( S p r u i t , 1 9 8 1 ) . In s t r a t i f i e d a t -
mosphere t h e r e appears t h e f r e q u e n c y c u t o f f wh ich l e a d s t o t h e e x i s t e n c e 
of p r o p a g a t i n g (above c u t o f f f r e q u e n c y ) and e v a n e s c e n t ( b e l o w c u t o f f 
f r e q u e n c y ) waves ( D e f o u w , 1 9 7 6 ; R o b e r t s and Webb, 1 9 7 8 , 1 9 7 9 ) . An e v a n e -
s c e n t wave can be r e g a r d e d a s t h e q u a s i s t a t i c r e s p o n s e of a t u b e t o 
t h e s l o w c h a n g e s i n t h e r e g i o n of wave e x c i t a t i o n . I f t h e wave i s g e n e -
r a t e d i m p u l s i v e l y a t t h e b a s e of a t u b e i t p r o p a g a t e s w i t h h e i g h t i n 
t h e form of a wave f r o n t w i t h v e l o c i t y of c o r r e s p o n d i n g wave mode. B e -
h i n d t h e wave f r o n t i s t r a i l e d a wake o s c i l l a t i n g a t t h e c u t o f f f r e -
quency (Rae and R o b e r t s , 1 9 8 2 ) . For t h e c o m p r e s s i v e c a s e t h e f o r m a t i o n 
of s h o c k s b o t h from t h e wave f r o n t and from t h e o s c i l l a t i n g wake t a k e s 
p l a c e ( H o l l w e g , 1 9 8 2 ) . 

When f l u x t u b e p a r a m e t e r s have smooth r a d i a l d e p e n d e n c e t h e r e a p -
p e a r v e r y p e c u l i a r e v o l u t i o n of t h e r a d i a l mode s t r u c t u r e of t u b e 
w a v e s : i t becomes more and more s p i k y a t h i g h e r a l t i t u d e s and r e s p e c -
t i v e l y t h e d i s s i p a t i v e p r o c e s s e s become i m p o r t a n t , w h i c h r e s u l t s i n a 
f a s t e r damping of t h e wave . The l o n g i t u d i n a l d e p e n d e n c e of t h e e n e r g y 
f l u x becomes n o n e x p o n e n t i a l . S t a t i s t i c a l a n a l y s i s of t h e c a s e when 
t u b e e x p e r i e n c e s random o s c i l l a t i o n s c a u s e d by p h o t o s p h e r i c c o n v e c t i v e 
m o t i o n s shows t h a t e v e n " w h i t e n o i s e " of c o n v e c t i v e zone can r e s u l t i n 
a t e m p o r a l b r i g h t e n i n g of t h e t u b e r e g i o n a t d e f i n i t e h e i g h t ( R y u t o v a , 
1 9 8 9 ) . 

Very i n t e r e s t i n g p h y s i c s i s b r o u g h t about by t a k i n g i n t o a c c o u n t 
t h e p r e s e n c e of s h e a r f l o w a l o n g t h e f l u x t u b e s . The p lasma f l o w s w i t h 
d i f f e r e n t v e l o c i t i e s i n s i d e and o u t s i d e f l u x t u b e g i v e s r i s e t o t h e 
q u a l i t a t i v e l y new e f f e c t s : t h e a p p e a r a n c e of n e g a t i v e e n e r g y w a v e s , r e -
v e r s a l of t h e s i g n of r a d i a t i v e damping , t h e d e v e l o p m e n t of e x p l o s i v e 
i n s t a b i l i t y a t n o n l i n e a r s t a g e , and t h e d e v e l o p m e n t of l i n e a r h y d r o -
dynamic i n s t a b i l i t y s i m i l a r t o i n s t a b i l i t y of t a n g e n t i a l d i s c o n t i n u i t y 
( R y u t o v a , 1 9 8 8 ) . 

The p i c t u r e of n o n l i n e a r e f f e c t s i n s t r u c t u r e d m a g n e t i c f i e l d s 
e v e n a t t h e s t a g e w h i c h we have t o d a y ( w i t h a g r e a t work y e t t o be done) 
i s v e r y r i c h . R o b e r t s and Mangeney ( 1 9 8 2 ) have shown t h a t when g r a v i t y 
i s i g n o r e d i n a s l a b g e o m e t r y t h e Benjamin-Ono t y p e s o l i t o n s can a p -
p e a r . A f t e r t h i s p a p e r , s o l i t a r y waves i n a s l a b and c y l i n d r i c a l t u b e 
a r e e x t e n s i v e l y s t u d i e d . R o b e r t s ( 1 9 8 5 ) showed t h a t s l o w s u r f a c e waves 
a r e g o v e r n e d by n o n l i n e a r i n t e g r o d i f f e r e n t i a l e q u a t i o n which p o s s e s s e s 
t h e s o l i t o n s o l u t i o n . Edwin and R o b e r t s s t u d i e d B e n j a m i n - O n o - B u r g e r s 
t y p e e q u a t i o n and c o n c l u d e d t h a t t h e e s t i m a t i o n o f t h e damping r a t e of 
c o r r e s p o n d i n g s o l i t a r y wave e n a b l e s t h e s e waves t o p r o p a g a t e from l o w e r 
l a y e r s t o upper chromosphere unharmed. M o l o t o v s h c h i k o v and Ruderman 
( 1 9 8 7 ) o b t a i n e d t h e e q u a t i o n s d e s c r i b i n g t h e l o n g n o n l i n e a r s a u s a g e 
waves ( b o t h s l o w and body) i n f l u x t u b e i n m a g n e t i c e n v i r o n m e n t . Note 
t h a t under t h e c o n d i t i o n s when n e g a t i v e e n e r g y waves a r e e x c i t e d i n t h e 
s y s t e m t h e s o l i t a r y waves w i t h e x p l o s i v e l y growing a m p l i t u d e can a p p e a r . 

Another c l a s s o f n o n l i n e a r e f f e c t s i s c o n n e c t e d w i t h t h e backward 
e f f e c t of l ongwave o s c i l l a t i o n s on p lasma w h i c h c o n s i s t s i n t h e g e n e r a -
t i o n of s e c o n d a r y p lasma f l o w s and e l e c t r i c c u r r e n t s . These phenomena 
l e a d t o m a c r o s c o p i c e f f e c t s w h i c h can p l a y an e s s e n t i a l r o l e i n t h e 
dynamics o f s t r u c t u r e d m a g n e t i c f i e l d s and w h i c h , i n p r i n c i p l e , can be 
o b s e r v e d . The e f f e c t of s e c o n d a r y p lasma f l o w s ( R y u t o v a , 1986) i s s i -
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m i l a r t o t h e e f f e c t of " a c o u s t i c " or " q u a r t z wind" i n u s u a l h y d r o d y n a -
m i c s but i t s p i c t u r e i n MHD i s more c o m p l i c a t e d . A t t h e p r o p a g a t i o n of 
l ongwave o s c i l l a t i o n s a l o n g t h e f l u x t u b e t h e r e a r i s e s t a t i o n a r y v o r t e x 
f l o w s i n t h e p l a n e p e r p e n d i c u l a r t o t h e m a g n e t i c f i e l d and upward mass 
f l o w s a l o n g t h e f i e l d . The main e f f e c t of t h e " m a g n e t o s o n i c wind" i s 
t h a t t h e f l u x t u b e i s v a n i s h i n g " d i f f u s i v e l y " or i s s p l i t t i n g i n t o t h i n -
n e r i n d e p e n d e n t t u b e s . I f t h e a b s o r p t i o n of o s c i l l a t i o n e n e r g y i s d e -
t e r m i n e d m o s t l y by one of t h e p lasma components t h e n b e s i d e s t h e g e n e -
r a t i o n of " m a g n e t o s o n i c wind" i t i s accompanied by t h e e x c i t a t i o n o f 
c u r r e n t s . The e f f e c t s m e n t i o n e d above a r e c o n n e c t e d w i t h t h e o s c i l l a -
t i o n s of f l u x t u b e s . I t i s wor th m e n t i o n i n g t h a t t h e r e e x i s t s a n o t h e r 
mechanism of c u r r e n t d r i v e and , r e s p e c t i v e l y , of a g e n e r a t i o n o f mag-
n e t i c f i e l d s which i s n o t n e c e s s a r i l y c o n n e c t e d w i t h f l u x t u b e o s c i l l a -
t i o n s . G e n e r a l l y s p e a k i n g t h e a b s o r p t i o n of t h e momentum of u s u a l 
a c o u s t i c waves g e n e r a t e d i n s o l a r a t m o s p h e r e r e s u l t s i n a t r a n s f e r of 
t h e momentum t o p lasma e l e c t r o n s and i o n s . I t i s shown t h a t i n a c o l l i -
s i o n a l c a s e of s o l a r chromosphere where damping of a c o u s t i c waves i s 
c a u s e d by t h e n o n l i n e a r e f f e c t s ( f o r m a t i o n of weak s h o c k s ) q u i t e 
s t r o n g c u r r e n t s and m a g n e t i c f i e l d s a r e g e n e r a t e d (Ryutov & R y u t o v a , 
1 9 8 9 ) . 

The problem c o n n e c t e d w i t h t h e p r o p e r t i e s of e n s e m b l e of m a g n e t i c 
f l u x t u b e s i s e x p l o r e d much l e s s than t h e p r o p e r t i e s o f s e p a r a t e f l u x -
t u b e . Ryutov and Ryutova ( 1 9 7 6 ) s t u d i e d t h e p r o p a g a t i o n of sound waves 
i n a p lasma c o n t a i n i n g an e n s e m b l e of randomly d i s t r i b u t e d m a g n e t i c 
f l u x t u b e s and found t h a t e v e n i n t h e a b s e n c e of any d i s s i p a t i v e e f f e c t s 
( v i s c o s i t y , t h e r m a l c o n d u c t i v i t y , Ohmic l o s s e s ) sound waves a r e a b -
s o r b e d due t o t h e e f f e c t s i m i l a r t o Landau damping and c o n s i s t i n g i n 
t h e r e s o n a n c e e x c i t a t i o n of f l u x t u b e o s c i l l a t i o n s . In a much l o n g e r 
t i m e t h a n t h e t i m e d u r i n g w h i c h t h e e n e r g y of o u t e r m o t i o n s i s t r a n s -
f e r r e d i n t o t h e e n e r g y of f l u x t u b e o s c i l l a t i o n s m a g n e t i c t u b e s r e l e a s e 
t h e i r e n e r g y i n t h e form of s e c o n d a r y sound waves i n t o t h e upper l a y e r s 
of a t m o s p h e r e . The c o n t r i b u t i o n of n o n c o l l i n e a r i t y of f l u x t u b e s i n t o 
t h e r e s o n a n t a b s o r p t i o n and r e s o n a n t s c a t t e r i n g of sound waves i s found. 
Q u i t e r e c e n t l y Bogdan ( 1 9 8 9 ) s t u d i e d t h e r e s o n a n c e s c a t t e r i n g of sound 
waves by f l u x t u b e s p a y i n g t h e most a t t e n t i o n t o t h e i n t e r a c t i o n of 
s o l a r p-mode w i t h f l u x t u b e s and i n d i c a t i n g t h e i m p o r t a n c e o f t h i s e f -
f e c t a s a d i a g n o s t i c probe of t h e s t r u c t u r e of s o l a r m a g n e t i c f l u x c o n -
c e n t r a t i o n s ( s e e a l s o Bogdan & Z w e i b e l , 1 9 8 5 , 1987; Bogdan & C a t a n e o , 
1 9 8 9 ) . Ryutova & P e r s s o n ( 1 9 8 4 ) s t u d i e d d i s p e r s i o n p r o p e r t i e s of a 
p lasma c o n t a i n i n g s m a l l s c a l e random i n h o m o g e n e i t i e s when d e n s i t y and 
m a g n e t i c f i e l d change by t h e o r d e r of u n i t y a t a l e n g t h s m a l l compared 
t o t h e w a v e l e n g t h ( t h e model o f a s p o t a s a c l u s t e r of i n t e n s e f l u x -
t u b e s ) . U n l i k e t h e c a s e of homogeneous p lasma t h e wave p r o p a g a t i o n i n 
such s y s t e m i s accompanied by v o r t e x m o t i o n of p lasma h a v i n g t h e same 
s c a l e a s t h a t of t h e n o n h o m o g e n e i t i e s . The main e f f e c t which t a k e s 
p l a c e i n such a c l u s t e r s of f l u x t u b e s i s t h e enhanced d i s s i p a t i o n of 
MHD waves c a u s e d by l a r g e l o c a l g r a d i e n t s of t e m p e r a t u r e , v e l o c i t y 9 e t c . 

Of c o u r s e , t h e p r e s e n t r e v i e w i s f a r from c o m p l e t e and i n a d d i t i o n 
t o R e f e r e n c e s p r e s e n t e d h e r e I end t h e I n t r o d u c t i o n w i t h some more of 
them. Namely , t h e p a p e r s of N . O . W e i s s ( 1 9 8 1 ) , Hasan & S c h ü s s l e r ( 1 9 8 5 ) , 
F e r r i z - M a s ( 1 9 8 8 ) , H o l l w e g ( 1 9 8 7 ) , H o l l w e g e t a l . ( 1 9 8 9 ) , S e e h a f e r 
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( 1 9 8 8 ) , Henoux & Somov ( 1 9 8 7 ) , and e a r l i e r r e v i e w s by S p r u i t ( 1 9 8 1 ) , 
Thomas ( 1 9 8 5 ) and P r i e s t ( 1 9 8 8 ) . 

2 . LINEAR EFFECTS 

2 . 1 . Some b a s i c p r o p e r t i e s of f l u x t u b e o s c i l l a t i o n s 

The s t u d y of f u n d a m e n t a l modes of f l u x t u b e o s c i l l a t i o n s i s b a s e d on 
t h e l i n e a r i z e d MHD-equat ions complemented by t h e e q u i l i b r i u m c o n d i t i o n 
of f l u x t u b e i n u n p e r t u r b e d s t a t e 

V r ; 8π e ' ( 3 ) 

Here P^ and P £ a r e g a s - k i n e t i c p r e s s u r e s i n s i d e and o u t s i d e t h e t u b e 

and Β i s t h e m a g n e t i c f i e l d i n s i d e t h e t u b e . The c o n d i t i o n ( 3 ) i s 
w r i t t e n f o r c y l i n d r i c a l f l u x t u b e embedded i n a f i e l d f r e e medium. For 
t h e p e r t u r b a t i o n s p r o p o r t i o n a l t o e x p ( - i a ) t + i k z + inup) (we u s e t h e c y -
l i n d r i c a l c o o r d i n a t e s w i t h z - a x i s c o i n c i d i n g w i t h t u b e a x i s ) i n t h e 
a b s e n c e of g r a v i t y t h e p h a s e v e l o c i t i e s of two f u n d a m e n t a l m o d e s , k i n k 
(m = 1) and s a u s a g e (m = 0 ) , have a form ( 1 ) and ( 2 ) , r e s p e c t i v e l y . 

When g r a v i t y i s i n c l u d e d t h e r e a p p e a r s a buoyancy f o r c e wh ich 
c h a n g e s t h e c h a r a c t e r of t u b e o s c i l l a t i o n . 

For i s o t h e r m a l c a s e n e g l e c t i n g t h e c o m p r e s s i b i l i t y of medium t h e 
e q u a t i o n f o r k i n k o s c i l l a t i o n s can be w r i t t e n a s ( S p r u i t , 1 9 8 1 a , b ) : 

Ali 
3 t 2 3 z 2 

p . + ρ 3 z 

K i e 

( 4 ) 

ξ i s t h e t r a n s v e r s e d i s p l a c e m e n t of t h e t u b e ( w h i c h i s much l a r g e r 
f o r t h e s e o s c i l l a t i o n s t h a n t h e v e r t i c a l d i s p l a c e m e n t of t h e p la sma 
i n s i d e t h e t u b e ) . The s o l u t i o n of Eq. ( 4 ) g i v e s f o r t h e a m p l i t u d e 

2 
_ - i o ) t + i k z + 7 7 7 /,->> 
ξ ^ e 4H ( 5 ) 

and f o r t h e f r e q u e n c y 

c * 
2 , 2 

ω = °b = 4ÏÏ ( 6 ) 

b °b 
where Η i s a p r e s s u r e s c a l e h e i g h t and = ^ i s t h e c u t o f f f r e q u e n -
c y . C 

The same h o l d s f o r t h e s a u s a g e o s c i l l a t i o n s . The c o r r e s p o n d i n g 
e q u a t i o n s w r i t t e n f o r t h e v e r t i c a l component of v e l o c i t y w h i c h f o r 
t h e s e o s c i l l a t i o n s i n c o n t r a s t w i t h t h e k i n k mode i s much l a r g e r t h a n 
t h e t r a n s v e r s e o n e , have a form ( D e f o u w ) : 
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T h e s e e q u a t i o n s t o g e t h e r w i t h t h e e q u i l i b r i u m c o n d i t i o n of a t h i n 
f l u x t u b e ( 3 ) g i v e f o r t h e i s o t h e r m a l a t m o s p h e r e t h e f o l l o w i n g d i s p e r -
s i o n r e l a t i o n : 

As t o s o l u t i o n f o r t h e v e l o c i t y a m p l i t u d e i t h a s t h e same form a s ( 5 ) . 
( A p p r o p r i a t e s t u d i e s f o r t h e a r b i t r a r y t e m p e r a t u r e p r o f i l e T ( z ) s e e 
R o b e r t s and Webb ( 1 9 7 8 ) ; f o r t h e c a s e of v a r i a b l e s p e c i f i c h e a t r a t i o 
and t h e mean m o l e c u l a r w e i g h t s e e S p r u i t and Z w e i b e l ( 1 9 7 9 ) . 

Thus , t h e d i s p e r s i v e n a t u r e of b o t h modes i n i s o t h e r m a l a t m o s -
p h e r e i s a n a l o g o u s t o t h a t of an a c o u s t i c wave p r o p a g a t i n g v e r t i c a l l y 
upward. The waves w i t h t h e f r e q u e n c i e s ω < ω ο a r e e v a n e s c e n t . For p r o -
p a g a t i n g waves t h e f r e q u e n c y c u t o f f works a s a f i l t e r wh ich l e t s 
t h r o u g h t h e t h i c k n e s s of a t m o s p h e r e o n l y t h o s e waves among t h e g r e a t 
v a r i e t y of waves e x c i t e d i n c o n v e c t i v e zone whose f r e q u e n c y i s l a r g e r 
than u ) c . S i n c e f o r b e n d i n g o s c i l l a t i o n s t h e c u t o f f i s q u i t e low t h e s e 
waves a r e e x p e c t e d t o r e a c h chromosphere w i t h growing a m p l i t u d e s ( i n 
a c c o r d a n c e w i t h Eq. ( 5 ) ) ( S p r u i t , 1 9 8 1 a ) . Rae and R o b e r t s have shown 
t h a t i f d i s t u r b a n c e s of f l u x t u b e a r e i m p u l s i v e l y g e n e r a t e d a t i t s b a s e , 
t h e n t h e wave p r o p a g a t i o n o c c u r s and t h e e x i s t e n c e of c u t o f f m a n i f e s t s 
i t s e l f i n t h e f o r m a t i o n of an o s c i l l a t i n g wake . The wake i s o s c i l l a t i n g 
w i t h t h e t u b e f r e q u e n c y . 

The above c o n c l u s i o n s a r e v a l i d f o r i s o t h e r m a l a t m o s p h e r e . In a 
n o n - i s o t h e r m a l a t m o s p h e r e f l u x t u b e o s c i l l a t i o n s may become u n s t a b l e . 
For a t h i n t u b e embedded i n a c o n v e c t i v e zone t h e i n s t a b i l i t y i s d r i v e n 
by t h e buoyancy f o r c e i n much t h e same way a s i n o r d i n a r y c o n v e c t i o n 
(Webb & R o b e r t s , 1 9 7 8 ; S p r u i t , 1 9 7 9 ; S p r u i t & Z w e i b e l , 1 9 7 9 ) . The s t a -
b i l i t y c r i t e r i o n ( a c t u a l l y S c h w a r z s c h i l d 1 s c r i t e r i o n ) i s m o d i f i e d by 
t h e p r e s e n c e of m a g n e t i c f i e l d . Namely , t h e m a g n e t i c f i e l d e x e r t s t h e 
s t a b i l i z i n g i n f l u e n c e and c o n s t r a i n s , t h e u n s t a b l e m o t i o n t o a f l o w 
a l o n g t h e t u b e . I f t h e i n s t a b i l i t y s e t s i n a s a downdraf t i t l e a d s t o a 
new e q u i l i b r i u m s t a t e of h i g h e r f i e l d s t r e n g t h , but a l o w e r t o t a l 
e n e r g y . The m a g n e t i c e n e r g y i s i n c r e a s e d a t t h e e x p e n s e of t h e g r a v i t a -
t i o n a l e n e r g y of p lasma w i t h i n t h e t u b e . 

One more example of c h a n g i n g t h e c h a r a c t e r of t u b e o s c i l l a t i o n s i s 
t h a t when t h e r e i s a s h a r p d i s c o n t i n u i t y i n t h e v e r t i c a l t e m p e r a t u r e 
d i s t r i b u t i o n - t h e s i t u a t i o n t y p i c a l f o r chromosphere and t h e t r a n s i t i o n 

( 7 ) 

( 8 ) 

w i t h t h e c u t o f f f r e q u e n c y 
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z o n e . The p r e s s u r e b a l a n c e c o n d i t i o n means t h a t i n t h i s r e g i o n a s t e e p 
drop of p lasma d e n s i t y i n s i d e t h e t u b e o c c u r s p r o v i d i n g t h e c o n d i t i o n 
f o r t h e wave r e f l e c t i o n and f o r t h e f o r m a t i o n o f r e s o n a n c e s t r u c t u r e i n 
t h e open f l u x t u b e . T h i s means t h a t i n t h e r e g i o n of t h e t e m p e r a t u r e 
jump one can e x p e c t q u i t e a l a r g e o s c i l l a t i o n l e v e l . S i n c e t h e l o w e r 
p o i n t of f l u x t u b e e x p e r i e n c e s random o s c i l l a t i o n s c a u s e d by t h e c o n v e c -
t i v e m o t i o n s , b e s i d e s t h e s t u d y of boundary v a l u e problem one n e e d s t o 
a n a l y s e t h e b e h a v i o u r of t h e s p e c t r a l d e n s i t y of t u b e o s c i l l a t i o n s . The 
a p p r o p r i a t e a n a l y s i s shows t h a t w i t h a c o n s i d e r a b l e p r o b a b i l i t y t h e 
a m p l i t u d e of t u b e o s c i l l a t i o n s can be 3 or 4 t i m e s l a r g e r than i t s 
a v e r a g e v a l u e wh ich by i t s e l f , i n t h e r e g i o n of t e m p e r a t u r e jump becomes 
much l a r g e r than t h e a m p l i t u d e of m o t i o n s i n c o n v e c t i v e zone ( R y u t o v a , 
1 9 8 9 ) . In t h e o b s e r v a t i o n a l d a t a s u c h e v e n t s can m a n i f e s t t h e m s e l v e s 
a s a t e m p o r a l b r i g h t e n i n g of t u b e r e g i o n . The same h o l d s f o r a n o t h e r 
mechanism of t h e f o r m a t i o n of 1-D r e s o n a t o r i n open f l u x t u b e w h i c h i s 
c o n n e c t e d w i t h t h e r a p i d r a d i a l b r o a d e n i n g of t h e t u b e a t some a l t i t u d e 
c a u s e d by t h e l o s s of r a d i a l e q u i l i b r i u m . As i s w e l l known, s u c h p h e n o -
menon o c c u r s when t h e p lasma t e m p e r a t u r e o u t s i d e t h e t u b e i s l e s s t h a n 
t h a t i n s i d e . The r a p i d b r o a d e n i n g g i v e s r i s e t o a g r o w i n g t u b e i n e r t i a 
w h i c h r e s u l t s i n t h e " p i n n i n g 1 1 of t h e t u b e a t t h e a l t i t u d e of t h e l o s s 
of e q u i l i b r i u m . 

Up t o now, we c o n s i d e r e d t h e f l u x t u b e s homogeneous i n t h e i r c r o s s 
s e c t i o n . In t h e n e x t s e c t i o n we w i l l s e e t h a t t h e r a d i a l d e p e n d e n c e of 
t u b e p a r a m e t e r s l e a d s t o a number of new e f f e c t s . In t h e same s e c t i o n 
we c o n s i d e r t h e i n f l u e n c e of c o m p r e s s i b i l i t y of medium. 

2 . 1 . Anomalous and r a d i a t i v e damping of f l u x t u b e o s c i l l a t i o n s 

The a l l o w a n c e f o r a smooth p r o f i l e of p lasma p a r a m e t e r s o v e r t h e t u b e 
r a d i u s b r i n g s about t h e s p e c i f i c (and s t r o n g ) damping of o s c i l l a t i o n s 
wh ich i s c a u s e d by t h e r e s o n a n c e b e t w e e n t h e p h a s e v e l o c i t y of o s c i l l a -
t i o n s and t h e l o c a l A l f v é n v e l o c i t y . M a t h e m a t i c a l form of c o r r e s p o n d i n g 
e q u a t i o n i s of t h e t y p e of R a y l e i g h e q u a t i o n i n u s u a l h y d r o d y n a m i c s 
w i t h t h e c o e f f i c i e n t of t h e h i g h e r d e r i v a t i v e a p p r o a c h i n g z e r o i n 
s i n g u l a r p o i n t . B e g i n n i n g w i t h t h e paper of T i m o f e e v ( 1 9 7 0 ) s u c h t y p e 
of e q u a t i o n and c o r r e s p o n d i n g e f f e c t s , i n p a r t i c u l a r A l f v é n r e s o n a n c e , 
i n l a b o r a t o r y p lasma i s s t u d i e d i n d e t a i l . The e f f e c t of A l f v é n r e s o -
nance a p p e a r e d t o be v e r y i m p o r t a n t i n p h y s i c s of c o r o n a l l o o p s and 
h e a t i n g p r o c e s s e s ( I o n s o n , 1 9 7 8 ; H o l l w e g , 1 9 7 9 ; H e y v a e r t s and P r i e s t , 
1 9 8 3 ; s e e a l s o Sudan and S i m i l o n , 1 9 8 8 ) . J u s t f o r m a g n e t i c f l u x t u b e o s -
c i l l a t i o n s t h i s e f f e c t was s t u d i e d by Ryutova ( 1 9 7 7 ) who c o n s i d e r e d 
longwave b e n d i n g ( k i n k ) o s c i l l a t i o n s i n an i n c o m p r e s s i b l e l i m i t . In 
t h i s c a s e t h e MHD-equations come t o a s i n g l e e q u a t i o n f o r c u r r e n t 
f u n c t i o n ψ : 

( c u r r e n t f u n c t i o n r e l a t e s t o t h e v e l o c i t y components by and 

( 9 ) 
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ν φ = "fr ^* F ° r t h e a r ^ i t r a r y r a d i a l p r o f i l e s of d e n s i t y and m a g n e t i c 
f i e l d t h e q u a n t i t a t i v e e v a l u a t i o n of t h e damping r a t e i s n o t q u i t e 
s i m p l e . The e i g e n v a l u e prob lem can e v i d e n t l y be s o l v e d f o r t h e model 
of a t u b e w h i c h i s homogeneous e v e r y w h e r e e x c e p t t h e narrow (but f i n i t e ) 
boundary l a y e r o f t h e w i d t h eR, where t h e A l f v é n and sound s p e e d s a r e 
l i n e a r f u n c t i o n s o f r a d i u s ( ε i s a s m a l l p a r a m e t e r . For t h i s model t h e 
damping r a t e i s p r o p o r t i o n a l t o ε ( q u a l i t a t i v e l y , i f ε i s o f t h e o r d e r 
of R, t h e damping r a t e becomes comparab le w i t h t h e f r e q u e n c y ) : 

v ( 1 0 ) 

r e s 4 p . + ρ K i K e 

Note t h a t t h e anomalous damping , by i t s e l f , d o e s n o t t r a n s f o r m t h e 
e n e r g y of o s c i l l a t i o n s t o t h e p lasma h e a t i n g . I t j u s t r e s u l t s i n t h e 
c o n c e n t r a t i o n of t h e i n i t i a l l y smooth e i g e n f u n c t i o n n e a r t h e r e s o n a n t 
p o i n t , o r , i n o t h e r w o r d s , t o a c o n v e r s i o n of o s c i l l a t i o n e n e r g y t o t h e 
A l f v é n cont inuum. But t h e n , of c o u r s e , t h e u s u a l d i s s i p a -
t i o n m e c h a n i s m s , l i k e v i s c o s i t y and o t h e r s , t u r n o n , and t h i s s t r o n g l y 
o s c i l l a t i n g d i s t r i b u t i o n damps o u t . 

R e t u r n i n g t o t h e c a s e of a r e a l l y smooth r a d i a l d e p e n d e n c e of 
f l u x t u b e * s p a r a m e t e r s n o t e t h a t t h e w e a k l y damped wave w h i c h c o u l d be 
d e s c r i b e d i n t erms of a s m o o t h l y v a r y i n g r a d i a l e i g e n f u n c t i o n d o e s n o t 
e x i s t any more . As i n a r e a l s i t u a t i o n t h e r a d i a l d i s t r i b u t i o n s i n most 
c a s e s s h o u l d be s m o o t h , t h e q u e s t i o n a r i s e s of w h e t h e r under s u c h c o n -
d i t i o n s t h e b e n d i n g o s c i l l a t i o n s of f l u x t u b e can s t i l l be an a g e n t 
r e s p o n s i b l e f o r t h e e n e r g y t r a n s f e r from t h e u n d e r l y i n g s u r f a c e t o u p -
p e r c h r o m o s p h e r e . To answer t h i s q u e s t i o n one s h o u l d s t u d y a boundary 
v a l u e prob lem f o r t h e t u b e e x c i t e d i n i t s f o o t p o i n t . The a p p r o p r i a t e 
a n a l y s i s i n a most g e n e r a l c a s e of a p r o f i l e w i t h o u t any s m a l l parame-
t e r shows ( R y u t o v a , 1989) t h a t a t h i g h e r a l t i t u d e s t h e r a d i a l s t r u c t u r e 
of t h e p e r t u r b a t i o n w h i c h was smooth n e a r t h e e x c i t a t i o n p o i n t , becomes 
more and more s p i k y a t h i g h e r a l t i t u d e s . The c h a r a c t e r i s t i c r a d i a l 
s c a l e l e n g t h Ar d i m i n i s h e s i n v e r s e l y p r o p o r t i o n a l t o z : 

Ar 'Xi Ra/ωζ . 

R e s p e c t i v e l y , due t o t h e p r e s e n c e of t h e s e s m a l l s c a l e s t r u c t u r e s t h e 
d i s s i p a t i v e p r o c e s s e s ( v i s c o s i t y , t h e r m a l c o n d u c t i v i t y , e t c . ) become 
more and more i m p o r t a n t a t l a r g e r z . The l o n g i t u d i n a l d e p e n d e n c e of 
t h e e n e r g y f l u x o f t h e o s c i l l a t i o n s becomes n o n e x p o n e n t i a l . The c o r r e s -
p o n d i n g e s t i m a t e s g i v e 

( A r ) 2 

where Q i s a vo lume d e n s i t y o f a power r e l e a s e d by v i s c o u s d i s s i p a t i o n 
( v i s a k i n e m a t i c v i s c o s i t y c o e f f i c i e n t ) . As Ar d i m i n i s h e s w i t h h e i g h t , 

https://doi.org/10.1017/S007418090004417X Published online by Cambridge University Press

https://doi.org/10.1017/S007418090004417X


238 

Q i s g r o w i n g w i t h z . At some a l t i t u d e z * r e a c h e s maximum, and t h e n 
r a p i d l y d e c r e a s e s - j u s t b e c a u s e t h e a m p l i t u d e of o s c i l l a t i o n d e c r e a s e s . 
Thus , t h e h e a t i n g power h a s a v e r y c h a r a c t e r i s t i c shape w i t h a p r o -
nounced maximum a t some a l t i t u d e z * . For c o m p a r i s o n t h e d o t t e d l i n e i n 
F i g , 4 shows Q f o r u s u a l e x p o n e n t i a l l y damping w a v e . The e s t i m a t e o f 
t h e a l t i t u d e z * i s 

Thus , one can c o n c l u d e t h a t e v e n i n t h e c a s e of a smooth r a d i a l p r o f i l e 
of p lasma d e n s i t y and m a g n e t i c f i e l d t h e b e n d i n g waves can t r a n s f e r 
e n e r g y from u n d e r l y i n g s u r f a c e t o upper c h r o m o s p h e r e . 

Let u s p r o c e e d now t o a n o t h e r i m p o r t a n t f e a t u r e of f l u x t u b e o s -
c i l l a t i o n s c o n n e c t e d w i t h t h e c o m p r e s s i b i l i t y of medium. Ryutov and 
Ryutova ( 1 9 7 6 ) h a v e shown t h a t i n c o m p r e s s i b l e medium o s c i l l a t i n g 
f l u x t u b e can be a s o u r c e of s e c o n d a r y a c o u s t i c w a v e s . The f r e q u e n c y of 
t h e r a d i a t e d a c o u s t i c wave i s o b v i o u s l y e q u a l t o t h a t of t h e f l u x t u b e 
o s c i l l a t i o n s . The same h o l d s f o r t h e l o n g i t u d i n a l wavenumber k. The 
r a d i a l wavenumber of a c o u s t i c wave i s d e t e r m i n e d from t h e d i s p e r s i o n 
r e l a t i o n and i s e q u a l t o : 

Here s e i s t h e sound s p e e d i n t h e e x t e r n a l p l a s m a . 
The r a d i a t i o n o c c u r s i f k r i s r e a l , t h a t i s i f t h e p h a s e v e l o c i t y 

ω/k of f l u x t u b e o s c i l l a t i o n s i s l a r g e r t h a t s e . In t h e o p p o s i t e c a s e 
t h e a c o u s t i c waves a r e e v a n e s c e n t , and t h e i r p r e s e n c e d o e s c a u s e o n l y 
a s m a l l change of p h a s e v e l o c i t y of t u b e o s c i l l a t i o n s . S o , f o r t h e 
c a s e when k r i s r e a l r a d i a t i v e damping r a t e of an a r b i t r a r y mode ( e x -
c e p t t h e a x i s y m m e t r i c a l o n e ) i s a s f o l l o w s (Ryutov and R y u t o v a , 1 9 7 6 ) : 

For s a u s a g e o s c i l l a t i o n s ( R y u t o v a , 1 9 8 1 ) : 

R e s p e c t i v e l y f o r b e n d i n g o s c i l l a t i o n s we have 
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The damping r a t e c o n t a i n s i n a l l t h e c a s e s a s m a l l p a r a m e t e r ( k R ) 2 and 
t h u s i s r e l a t i v e l y s m a l l . T h i s s m a l l n e s s i s a r e f l e c t i o n of t h e f a c t 
t h a t t h e f r e q u e n c y of t u b e o s c i l l a t i o n s i s s m a l l a s compared t o t h e 
e i g e n f r e q u e n c y of i t s r a d i a l a c o u s t i c o s c i l l a t i o n s . For s h o r t w a v e -
l e n g t h s t h e damping r a t e becomes l a r g e , o f t h e o r d e r of f r e q u e n c y . 
T h i s i s a n o t h e r r e a s o n why j u s t t h e longwave o s c i l l a t i o n s a r e of t h e 
most i n t e r e s t . 

S o , a p p r o a c h i n g t h e r e a l c o n d i t i o n s of s o l a r a t m o s p h e r e we have 
t a k e n i n t o a c c o u n t t h e g r a v i t y e f f e c t , t h e r a d i a l i n h o m o g e n e i t y of 
f l u x t u b e and t h e c o m p r e s s i b i l i t y of medium. The n e x t s t e p i s t a k i n g i n -
t o a c c o u n t t h e p r e s e n s e of l o n g i t u d i n a l mass f l o w s a l o n g t h e m a g n e t i c 
s t r u c t u r e s . 

1 . 3 . E f f e c t of s h e a r e d f l o w s 

As i t was m e n t i o n e d i n I n t r o d u c t i o n , t h e p r e s e n c e of l o n g i t u d i n a l f l o w 
of a p lasma i n t h e v i c i n i t y of f l u x t u b e g i v e s r i s e t o q u a l i t a t i v e l y new 
e f f e c t s ( R y u t o v a , 1 9 8 8 ) . F i r s t of a l l , when t h e v e l o c i t y of s h e a r f l o w 
e x c e e d s a c e r t a i n t h r e s h o l d v a l u e t h e r e a r i s e n e g a t i v e e n e r g y waves i n 
t h e s y s t e m which can become u n s t a b l e due t o v a r i o u s e n e r g y a b s o r p t i o n 
p r o c e s s e s i n c l u d i n g n o n d i s s i p a t i v e mechanisms of damping . In t h e c a s e 
of f l u x t u b e s j u s t b e c a u s e of t h e i r s p e c i f i c f e a t u r e d e s c r i b e d a b o v e 
t h e i n s t a b i l i t y can o c c u r due t o t h e r a d i a t i o n of s e c o n d a r y sound 
waves and due t o anomalous damping i n A l f v é n r e s o n a n c e r e g i o n . When 
t h e v e l o c i t y e x c e e d s t h e s e c o n d t h r e s h o l d t h e r e a r i s e s t h e l i n e a r h y -
drodynamic i n s t a b i l i t y s i m i l a r t o t h e i n s t a b i l i t y o f t h e t a n g e n t i a l 
d i s c o n t i n u i t y (TD) i n MHD or K e l v i n - H e l m h o l z i n s t a b i l i t y i n h y d r o d y n a -
m i c s . N o t e , t h a t a c c o r d i n g t o o b s e r v a t i o n a l d a t a t h e p lasma f l o w s 
u s u a l l y w i t h d i f f e r e n t v e l o c i t i e s i n s i d e and o u t s i d e t h e m a g n e t i c 
s t r u c t u r e s a r e o b s e r v e d i n a l l t h e m a g n e t i z e d r e g i o n s i n s o l a r a t m o s -
p h e r e . 

In t h e c o o r d i n a t e s y s t e m where t h e s u b s t a n c e i n s i d e t h e t u b e i s 
a t r e s t , w h i l e t h e f l o w v e l o c i t y o u t s i d e i t e q u a l s u and i s d i r e c t e d 
a l o n g t h e z - a x i s , t h e l i n e a r i z e d MHD-equat ions t o g e t h e r w i t h t h e e q u i -
l i b r i u m c o n d i t i o n ( 3 ) l e a d t o t h e f o l l o w i n g s e t of e q u a t i o n s f o r s m a l l 
o s c i l l a t i o n s of m a g n e t i c f l u x t u b e i n t h e p r e s e n c e of s h e a r f l o w : 

, N f l 2 ( r ) ( s 2 + a 2 ) - k 2 s 2 a 2

r 1 d V r , im Υ φ Ί 

ι δ Φ = p ( r ) r> - k V [ 7 ä 7 r ü ( r - ) + 7 " Ω 0 0 ] 

ν 

i p ( r ) [ Ω 2( Γ) - k 2 a 2 k 4 3r ^ V W L dù w ~ β
 Ω ( Γ ) ( 1 1 ) 

^ 6ff>- i p ( r ) [ Ω 2( Γ) - k 2 a 2 Ö -
r ~

 K V / L üü v w ~ " Ω(r) · 

Here δ(Ρ = δρ + b z B / 4 ï ï i s t h e t o t a l p r e s s u r e p e r t u r b a t i o n ( a l l p e r t u r b e d 
q u a n t i t i e s a r e assumed t o be p r o p o r t i o n a l exp (- icot + i k z + imcp) ) , and 

Ω(Γ) = ω - k u ( r ) , 
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The s e t ( 1 1 ) d e s c r i b e s a l l t h e t y p e s of l i n e a r o s c i l l a t i o n s of 
m a g n e t i c f l u x t u b e . (For u = 0 t h e y were d e s c r i b e d a b o v e ) . To i l l u s t r a t e 
t h e p r o p e r t i e s of n e g a t i v e e n e r g y waves we c o n s i d e r t h e b e n d i n g o s c i l l a -
t i o n s . In t h i s c a s e t h e s e t ( 1 1 ) i s r e d u c e d t o t h e f o l l o w i n g e q u a t i o n 
f o r t h e d i s p l a c e m e n t v e c t o r ( c f . Eq. ( 4 ) ) : 

p i" lP"" " p e ( äF + ä7 } ζ + 4 ί " ^ · ( 1 2 ) 

The d i s p e r s i o n r e l a t i o n f o l l o w i n g from ( 1 2 ) h a s a form: 

ω 2 + - ( ω - k u ) 2 - k 2 a 2 = 0 ( 1 3 ) 
η 

where Χ)=ρ^/ρ&. From ( 1 3 ) we have 

ω 
k 1 + η 

{ u ± / n [ a 2 ( l + η) - u 2 ] } . ( 1 4 ) 

B e f o r e d e s c r i b i n g t h e i n s t a b i l i t y of n e g a t i v e e n e r g y waves l e t u s 
examine t h e r e g i o n , where 

u > a / l + η . ( 1 5 ) 

T h i s i s a r e g i o n of T D - i n s t a b i l i t y w h i c h can be r e f e r r e d a s a " c o a r s e " 
one s i n c e i t s growth r a t e i s comparab le w i t h t h e f r e q u e n c y when u 
e x c e e d s t h e t h r e s h o l d by a f a c t o r of t w o . T h i s i n s t a b i l i t y must p l a y 
an e s s e n t i a l r o l e i n d i f f e r e n t a s t r o p h y s i c a l o b j e c t s where t h e r e a r e 
h i g h s p e e d s t r e a m s a l o n g t h e m a g n e t i c f i e l d . In p a r t i c u l a r , t h e e x c i -
t a t i o n of s o l a r f l u x t u b e o s c i l l a t i o n s i s t h o u g h t t o be c a u s e d by 
s h a k i n g of t u b e ' s f o o t p o i n t i n c o n v e c t i v e z o n e . The f r e q u e n c y of t h e s e 
o s c i l l a t i o n s i s v e r y l o w , w h i c h p r e s e n t s t h e problem i n an a t t e m p t t o 
e x p l a i n t h e e n e r g y t r a n s f e r from p h o t o s p h e r e t o upper l a y e r s . The 
T D - i n s t a b i l i t y l e a d s t o e x i s t e n c e of a n o t h e r mechanism of e x c i t a t i o n 
of o s c i l l a t i o n s m a g n e t i c a l l y s t r u c t u r e d media wh ich i s i n d e p e n d e n t of 
t h e m o t i o n s i n t h e b a s e of f l u x t u b e and which can work f a r from c o n v e c -
t i v e zone and m o r e o v e r , i n any r e g i o n w i t h t h e s t r o n g mass f l o w . S o , i f 
i n some r e g i o n a f l u x t u b e i s "blown o u t " by t h e upward f l o w t h e o s c i l -
l a t i o n s e x c i t e d h e r e p r o p a g a t e f u r t h e r upwards . The f r e q u e n c y of t h e s e 
o s c i l l a t i o n s can be much h i g h e r than t h e i n v e r s e t i m e of r e - a r r a n g e m e n t 
of g r a n u l a t i o n p i c t u r e . 

In t h e r e g i o n u > a / 1 + η when s y s t e m i s s t i l l s t a b l e w i t h r e s -
p e c t t o T D - i n s t a b i l i t y t h e i n s t a b i l i t y of n e s a t i v e e n e r g y waves can 
o c c u r . For t h e l o w e r b r a n c h ( s i g n "minus") i n d i s p e r s i o n r e l a t i o n ( 1 4 ) 
t h e e n e r g y d e n s i t y h a s a form 

W - W R 2 k 2 p e Ç 2 ( n a 2 - u 2 ) ( 1 6 ) 

where χ = A i [ a 2 ( l + η) - u 2 ] . 
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I t i s s e e n t h a t t h e wave e n e r g y becomes n e g a t i v e a t 

u > a /FT ( 1 7 ) 

T h e r e f o r e , w i t h i n t h e i n t e r v a l 

a/r\ < u < a / 1 + η ( 1 8 ) 

t h e r e can e x i s t t h e i n s t a b i l i t y of NEW c a u s e d by any of d i s s i p a t i v e 
p r o c e s s e s . In o t h e r w o r d s , d i s s i p a t i v e e f f e c t s l e a d t o l o o s i n g t h e 
e n e r g y of NEW and , h e n c e , t o t h e growth of t h e i r a m p l i t u d e . N o t e , t h a t 
t h e p o s s i b i l i t y of t h e e x i s t e n c e of n e g a t i v e e n e r g y waves i n n o n e q u i -
l i b r i u m p lasma f o r t h e f i r s t t i m e was p o i n t e d o u t by Kadomtsev e t a l . 
( 1 9 6 4 ) ; on t h e n e g a t i v e e n e r g y waves i n hydrodynamics s e e , f o r e x a m p l e , 
O s t r o v s k y e t a l . ( 1 9 8 6 ) . 

I t i s r e m a r k a b l e , t h a t f o r m a g n e t i c f l u x t u b e s t h i s i n s t a b i l i t y 
can o c c u r e v e n i n t h e a b s e n c e of any u s u a l d i s s i p a t i v e p r o c e s s e s due 
t o t h e i r s p e c i f i c f e a t u r e s m e n t i o n e d a b o v e . F i r s t , t h e i n s t a b i l i t y 
t a k e s p l a c e due t o t h e damping i n t h e A l f v é n r e s o n a n c e l a y e r . R e c e n t l y , 
s i m i l a r r e s u l t s have b e e n o b t a i n e d by H o l l w e g e t a l . ( 1 9 8 9 ) , who 
s t u d i e d t h e e f f e c t s of v e l o c i t y s h e a r on t h e r e s o n a n c e a b s o r p t i o n of 
i n c o m p r e s s i b l e MHD s u r f a c e waves and i n d i c a t e d t h e i m p o r t a n c e of t h i s 
e f f e c t f o r t h e d e v e l o p m e n t of t u r b u l e n c e i n r e g i o n s o f s t r o n g v e l o c i t y 
s h e a r . I would l i k e t o e m p h a s i z e t h a t t h e s t r o n g i n s t a b i l i t y t a k e s 
p l a c e n o t o n l y f o r a x i s y m m e t r i c a l waves but a l s o f o r b e n d i n g waves ( s e e 
b e l o w ) . S e c o n d , i n t h e c a s e of c o m p r e s s i b l e medium t h e i n s t a b i l i t y 
o c c u r s due t o t h e r a d i a t i o n of s e c o n d a r y sound w a v e s . N o t e a g a i n , t h a t 
t h e d e v e l o p m e n t of N E W - i n s t a b i l i t y l e a d s t o t h e r e v e r s a l of t h e s i g n 
of r a d i a t i v e damping and t o t h e growth of t h e f l u x t u b e o s c i l l a t i o n s 
a m p l i t u d e . T h i s i s p o s s i b l e i n two c a s e s : when f l u x t u b e o s c i l l a t i o n 
h a s a n e g a t i v e e n e r g y , w h i l e a r a d i a t e d sound wave h a s a p o s i t i v e o n e , 
or when former h a s a p o s i t i v e e n e r g y , w h i l e a r a d i a t e d wave h a s a p o -
s i t i v e o n e . For e x a m p l e , t h e c o n d i t i o n s under w h i c h b e n d i n g o s c i l l a -
t i o n s of p o s i t i v e e n e r g y r a d i a t e n e g a t i v e e n e r g y sound waves a r e a s 
f o l l o w s : 

a > s / / η , u > s + / a 2 - — s 2 . ( 1 9 ) 
e e η e v ' 

As t o s a u s a g e o s c i l l a t i o n s t h e o u t e r f l o w h a s a weak i n f l u e n c e on them; 
i n p a r t i c u l a r , t h e i r e n e r g y r e m a i n s p o s i t i v e i n t h e p r e s e n c e of f l o w . 
So t h a t t h e i n s t a b i l i t y i n t h i s c a s e can be c a u s e d by t h e r a d i a t i o n of 
n e g a t i v e e n e r g y sound w a v e s . The n e c e s s a r y c o n d i t i o n h a s t h e form: 

c = u - s A + k 2 / k > 0 

w h i c h i s p o s s i b l e when f u l f i l l i n g t h e r e q u i r e m e n t 

u > c T + s e 

The most i m p o r t a n t f e a t u r e of n e g a t i v e e n e r g y waves i s t h a t t h e i r p r e -
s e n c e l e a d s t o e n l a r g e m e n t of c l a s s e s of i n s t a b i l i t i e s and one can 
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e x p e c t a v e r y v i g o r o u s n o n l i n e a r a c t i v i t y i n a s y s t e m . A few of them we 
d e s c r i b e i n t h e n e x t s e c t i o n . 

2 . NONLINEAR EFFECTS 

2 . 1 . E x p l o s i v e i n s t a b i l i t y 

In t h e s y s t e m where t h e waves w i t h o p p o s i t e s i g n s of e n e r g y a r e s i m u l -
t a n e o u s l y p r e s e n t t h e n o n l i n e a r e x p l o s i v e i n s t a b i l i t y can d e v e l o p . 
T h i s i n s t a b i l i t y was f i r s t c o n s i d e r e d by D i k a s o v e t a l . ( 1 9 6 5 ) and i l -
l u s t r a t e d by t h e waves w i t h random p h a s e s . L a t e r o n , i t was a n a l y s e d by 
Coppi e t a l . ( 1 9 6 9 ) f o r a t r i p l e t of c o h e r e n t w a v e s . 

As i s w e l l known, t h e main f e a t u r e of t h i s i n s t a b i l i t y i s t h a t t h e 
a m p l i t u d e s o f i n t e r a c t i n g waves a c h i e v e i n f i n i t e l y l a r g e v a l u e s f o r a 
f i n i t e p e r i o d of t i m e . As an example l e t u s c o n s i d e r an e x p l o s i v e i n -
s t a b i l i t y f o r a t r i p l e t of waves p r o p a g a t i n g a l o n g t h e f l u x t u b e . 

Let wave 1 be of a s a u s a g e t y p e , t h u s h a v i n g a p o s i t i v e e n e r g y , 
( a s was m e n t i o n e d a b o v e , e x t e r n a l f l o w s have a weak i n f l u e n c e on t h i s 
m o d e ) , wave 2 - o f b e n d i n g t y p e w i t h n e g a t i v e e n e r g y , t h a t i s p r o p a g a t -
i n g a g a i n s t t h e f l o w and h a v i n g k 2 n e g a t i v e , and wave 3 - o f b e n d i n g 
t y p e w i t h p o s i t i v e e n e r g y ( k 3 > 0 ) . The b e n d i n g wave can be e i t h e r 
l i n e a r l y p o l a r i z e d , t h a t i s be a m i x t u r e of waves w i t h m = 1 and m = - l , 
or c i r c u l a r l y p o l a r i z e d i n o p p o s i t e d i r e c t i o n s . 

The m a t c h i n g c o n d i t i o n s can be s a t i s f i e d i f s h e a r f l o w v e l o c i t y 
e x c e e d s some c r i t i c a l v a l u e e q u a l t o 

u e x p = h + r a 2 n _ c 2 n(n 2 + 3η + 3 ) , h 

u c 1 + η + L a η ° T P H ? J - ( 2 0 ) 

I t i s e a s y t o v e r i f y t h a t t h e v a l u e ( 2 0 ) i s b e l o w t h e l i m i t of h y d r o -
dynamic i n s t a b i l i t y and j u s t g e t s i n t o t h e i n t e r v a l c o r r e s p o n d i n g t o 
t h e e x i s t e n c e of n e g a t i v e e n e r g y waves d e t e r m i n e d by ( 1 8 ) . S o , under 
t h e c o n d i t i o n 

a / η < u < u e x p 

c 

one can e x p e c t a v e r y v i g o r o u s n o n l i n e a r a c t i v i t y i n s y s t e m . S o , i f 
o n l y one wave ( s a y wave l ) i s e x c i t e d i n t h e s y s t e m a t t h e i n i t i a l mo-
ment o f t i m e and t h e a m p l i t u d e s of two o t h e r waves a r e d e t e r m i n e d by 
t h e r m a l n o i s e , t h e n a t t h e i n i t i a l s t a g e of d e v e l o p m e n t of t h e e x p l o -
s i v e i n s t a b i l i t y t h e s e a m p l i t u d e s i n c r e a s e e x p o n e n t i a l l y . The c h a r a c -
t e r i s t i c growth r a t e by t h e o r d e r of m a g n i t u d e i s e q u a l t o k i v i ^ , where 
V ! _ i s t h e v e l o c i t y a m p l i t u d e of t u b e ' s boundary i n s l o w o s c i l l a t i o n s . 
In a t i m e o f t h e o r d e r of s e v e r a l i n v e r s e growth r a t e s when t h e a m p l i -
t u d e s of a l l t h r e e waves become t h e q u a n t i t i e s of t h e same o r d e r , t h e r e 
b e g i n s t h e power growth of t h e a m p l i t u d e s of a l l i n t e r a c t i n g waves a c -
c o r d i n g t o t h e law 

1 
ν ^ 

~ t - t 0 

and t h e a m p l i t u d e s of a l l t h r e e waves a c h i e v e i n f i n i t e l y l a r g e v a l u e s 
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i n a t i m e t 0 , which i n our c a s e i s a l s o of t h e o r d e r of ( k j V j ) *. Of 
c o u r s e t h e a s s e r t i o n made above i s f o r m a l t o some e x t e n t : h i g h e r - o r d e r 
n o n l i n e a r p r o c e s s e s can l i m i t t h e growth of a m p l i t u d e s a t a f i n i t e l e -
v e l . S o , t h e f u r t h e r d e v e l o p m e n t of e x p l o s i v e i n s t a b i l i t y d e p e n d s on 
t h e c h a r a c t e r of t h e s e n o n l i n e a r p r o c e s s e s a s w e l l a s t h e d i s p e r s i v e 
p r o p e r t i e s of s y s t e m . There can b e , f o r e x a m p l e , " r e a l e x p l o s i o n " , t h a t 
i s f a s t ( ~ t 0 ) r e l e a s e of e n e r g y s t o r e d i n a s y s t e m ; t h e s t a b i l i z a t i o n 
of i n s t a b i l i t y w i t h a p p e a r a n c e of s o l i t a r y wave; g a s of s o l i t o n s ; s o l i -
t o n s w i t h e x p l o s i v e l y growing a m p l i t u d e s ; s h o c k s ; t u r b u l e n c e , e t c . The 
d e t a i l e d a n a l y s i s of t h e s e p r o c e s s e s i s t h e f u t u r e p r o b l e m . What i s w e l l 
known t o d a y i s t h a t n o n l i n e a r e q u a t i o n s d e s c r i b i n g f l u x t u b e o s c i l l a t i o n s 
p o s s e s s s o l i t o n - t y p e s o l u t i o n s wh ich w i l l be s h o r t l y p r e s e n t e d i n t h e 
n e x t s e c t i o n . 

2 . 2 . S o l i t o n s i n m a g n e t i c f l u x t u b e s 

Eq . ( 7 ) f o r s a u s a g e t o g e t h e r w i t h t h e e q u i l i b r i u m c o n d i t i o n ( 3 ) form 
h y p e r b o l i c e q u a t i o n s w h i c h p o s s e s s t h e s h o c k s o l u t i o n . The a l l o w a n c e 
of t h e c o m p r e s s i b i l i t y of medium l e a d s t o d i s p e r s i o n of t h e w a v e . I f 
t h e n o n l i n e a r i t i e s 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 of s h o c k s a r e c o u n t e r -
b a l a n c e d by t h e d i s p e r s i v e e f f e c t s t h e s o l i t o n s can a p p e a r . R o b e r t s 
( 1 9 8 5 ) h a s shown t h a t s a u s a g e waves i n a t h i n c y l i n d r i c a l f l u x t u b e s a -
t i s f y t h e n o n l i n e a r i n t e g r o d i f f e r e n t i a l e q u a t i o n w h i c h i s a n a l o g o u s t o 
t h e e q u a t i o n which was g o t by L e i b o v i c h ( 1 9 7 0 ) f o r t h e d e s c r i p t i o n of 
w a t e r waves on a v o r t e x and which h a s a s o l i t a r y s o l u t i o n . E a r l i e r s u c h 
an e q u a t i o n f o r a s l a b geometry was o b t a i n e d by R o b e r t s and Mangeney 
( 1 9 8 2 ) : 

3v 8v 8v ^2 0 0 v ( s , t ) 

+ C T Τ"5" + α * ν ~ΊΓ + a * 7 T / — ds = 0 ( 2 1 ) dt Τ dz ζ dz π dz s - ζ 
—οο 

where [ ( γ + 1) a 2 + 3 s e

2 ] a 2

 P g c T 

α ι = 2 ( s e

2 + a * ) 2 5 α 2 = 2 ^7 ( Τ ) 3 X o C T · 

Here 2 χ i s t h e w i d t h of t h e m a g n e t i c s l a b . 
Eq. ( 2 1 ) i s t h e Benjamin-Ono t y p e and t h e c o r r e s p o n d i n g s o l u t i o n 

i s 

v z ( z , t ) = ^ 
Z 1 + (z - s t ) 2 / l 2 

where t h e a m p l i t u d e v 0 , s p e e d s and s c a l e of s o l i t o n a r e r e l a t e d by 

s = c T + ^ , 1 = 4 α 2 / ν 0 α ι . 

T h i s s o l u t i o n c o r r e s p o n d s t o a s w e l l i n g i n t h e s l a b w h i c h p r o p a g a t e s 
w i t h a s p e e d s . The c r o s s s e c t i o n of a s l a b depends on ν a s 
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C T 
A = A 0 ( l + — v z ) . 

N o n l i n e a r a n a l y s i s i n c l u d i n g d i s s i p a t i v e e f f e c t s l e a d t o e q u a t i o n of 
t h e B e n j a m i n - O n o - B u r g e r s t y p e (Edwin and R o b e r t s , 1 9 8 6 ) . The e s t i m a t e s 
of t h e d e c a y r a t e of c o r r e s p o n d i n g s o l u t i o n show t h a t s o l i t o n s can 
p r o p a g a t e t h r o u g h t h e n o n a d i a b a t i c a t m o s p h e r e and t o emerge a t h i g h e r 
a l t i t u d e s . 

2 . 3 . " M a g n e t o s o n i c f l o w s " 

As was d e s c r i b e d a b o v e , i n p lasma c o n t a i n i n g s t r u c t u r e d m a g n e t i c f i e l d s 
a g r e a t v a r i e t y of wave p r o c e s s e s t a k e p l a c e . T h i s l e a d s t o v e r y i n -
t e r e s t i n g n o n l i n e a r e f f e c t s a n a l o g o u s t o t h e e f f e c t of " a c o u s t i c f l o w s " 
or " q u a r t z wind" i n u s u a l g a s d y n a m i c s ( s e e , f o r e x a m p l e , Nyborg , 1965 
and R e f e r e n c e s t h e r e i n ) . But i n magnetohydrodynamics t h e p i c t u r e of 
t h e s e e f f e c t s i s much more r i c h ( R y u t o v a , 1 9 8 6 ) . Namely , a t t h e p r o p a -
g a t i o n of o s c i l l a t i o n s a l o n g t h e f l u x t u b e s s e c o n d a r y p lasma f l o w s and 
c u r r e n t s a r e e x c i t e d i n s i d e t h e t u b e a s w e l l a s o u t s i d e i t . There a r e 
two main r e a s o n s l e a d i n g t o t h e s e e f f e c t s : t h e a c t i o n of p o n d e r o m o t i v e 
f o r c e on p lasma ( t h i s mechanism i s n o t c o n n e c t e d w i t h t h e a b s o r p t i o n of 
o s c i l l a t i o n s and w i t h any d i s s i p a t i v e p r o c e s s e s ) and a b s o r p t i o n of mo-
mentum and a n g u l a r momentum of o s c i l l a t i o n s p r o p a g a t i n g a l o n g t h e t u b e s 
( n o n z e r o a n g u l a r momentum can be t r a n s f e r r e d by t h e c i r c u l a r l y p o l a -
r i z e d b e n d i n g o s c i l l a t i o n s ) . The a b s o r p t i o n of a n g u l a r momentum c a u s e s 
t h e r o t a t i o n a l mass f l o w around t h e f l u x t u b e and t h e a b s o r p t i o n of 
l o n g i t u d i n a l momentum can l e a d t o t h e upward mass f l o w . I f t h e a b s o r p -
t i o n i s p r o v i d e d m o s t l y w i t h one of t h e p lasma components ( t h e s p e c i f i c 
of s i t u a t i o n depends on t h e damping m e c h a n i s m ) , t h e n i t i s accompanied 
by t h e e x c i t a t i o n of c u r r e n t s wh ich can d i s t o r t t h e i n i t i a l m a g n e t i c 
f i e l d . 

The v e l o c i t y f i e l d of g e n e r a t e d s e c o n d a r y f l o w s i s d e s c r i b e d by 
t h e f o l l o w i n g e q u a t i o n 

ρ | γ + p v V 2 5 = -v (p + |1 ) + f ( 2 2 ) 

where ν i s k i n e m a t i c v i s c o s i t y and f i s p o n d e r o m o t i v e f o r c e a c t i n g on 
t h e u n i t vo lume of p l a s m a , f h a s a f o l l o w i n g form: 

? = - < > + t 35] > . ( 2 3 ) 

Here t i l d e marks p e r t u r b e d q u a n t i t i e s d e f i n e d by l i n e a r i z e d MHD-equa-
t i o n s c o r r e s p o n d i n g t o one of t h e modes ( b e n d i n g or s a u s a g e ) . One can 
s e e from e q u a t i o n ( 1 2 ) t h a t c o n v e c t i v e m o t i o n s can a r i s e o n l y i f 

r o t f φ 0 . 

O t h e r w i s e , t h e p o n d e r o m o t i v e f o r c e l e a d s o n l y t o an i n s i g n i f i c a n t r e -
d i s t r i b u t i o n of p lasma d e n s i t y and m a g n e t i c f i e l d . The m a g n i t u d e of f 
becomes e s p e c i a l l y l a r g e i n A l f v é n r e s o n a n c e l a y e r where q u i t e s t r o n g 
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c o n v e c t i v e m o t i o n s can a r i s e . 
T h e s e s e c o n d a r y ( " m a g n e t o a c o u s t i c " ) f l o w s can b r i n g about d i f f e -

r e n t e v o l u t i o n r e g i m e s of m a g n e t i c f l u x t u b e s w h i c h d e p e n d s on t h e 
c o r r e l a t i o n p r o p e r t i e s of t h e wave t r a i n s p r o p a g a t i n g i n t h e t u b e and 
on t h e p a r a m e t e r s of f l u x t u b e i t s e l f . I f we c o n s i d e r a c a s e of l o n g 
c o h e r e n t t r a i n w i t h t h e d u r a t i o n Τ much i n e x c e s s o f t h e t i m e o f e s -
t a b l i s h i n g of v i s c o u s f l o w (τ ν ^ R 2/v), t h e d e n s i t y and m a g n e t i c f i e l d 
become c o n s t a n t a l o n g t h e l i n e s of g e n e r a t e d m o t i o n , and t h e f l u x t u b e 
i s " s p l i t t i n g " i n t o f o u r i n d e p e n d e n t t u b e s . In t h e o p p o s i t e 
c a s e of a s e q u e n c e of m u t u a l l y i n c o h e r e n t ( i n c l u d i n g t h e p l a n e of p o l a -
r i z a t i o n ) s h o r t (Τ << τ ν ) wave t r a i n s , a k i n d of s t o c h a s t i c m o t i o n i s 
i n d u c e d , w h i c h r e s u l t s i n a d i f f u s i v e b r o a d e n i n g of a t u b e and e n d s up 
i n a c o m p l e t e " d i s s o l v i n g " of f l u x t u b e i n t h e ambient p lasma . 

As i t was m e n t i o n e d t h e e f f e c t s d e s c r i b e d above e x i s t e v e n i n t h e 
a b s e n c e of any mechanism of a b s o r p t i o n . In t h e p r e s e n c e of a b s o r p t i o n 
z - c o m p o n e n t of p o n d e r o m o t i v e f o r c e d i r e c t e d a l o n g t h e m a g n e t i c f i e l d 
a p p e a r . 

Other mechanism of g e n e r a t i o n of m a g n e t o s o n i c f l o w s and i n t h i s 
c a s e a l s o t h e c u r r e n t d r i v e s i s c o n n e c t e d j u s t w i t h t h e a b s o r p t i o n o f 
t h e o s c i l l a t i o n e n e r g y . F o r m a l l y , t h e e x p r e s s i o n f o r f h a s t h e same 
form a s Eq. ( 2 3 ) , but now t h e t erms d i r e c t l y c o n n e c t e d w i t h t h e a b s o r p -
t i o n a r e t a k e n i n t o a c c o u n t . B e s i d e s t h e a b s o r p t i o n due t o t h e u s u a l 
d i s s i p a t i v e p r o c e s s e s f o r f l u x t u b e s n o n d i s s i p a t i v e mechanisms of a b -
s o r p t i o n d e s c r i b e d above a r e q u i t e e f f i c i e n t . For e x a m p l e , i n t h e c a s e 
of r e s o n a n c e damping w i t h t h e damping r a t e ( 1 0 ) t h e e n e r g y of b e n d i n g 
o s c i l l a t i o n s i s pumping i n t o t h e r e s o n a n t l a y e r where t h e d i s s i p a t i o n 
o c c u r s . R e s p e c t i v e l y , t h e w h o l e momentum of o s c i l l a t i o n s i s t r a n s f e r r e d 
t o p la sma i n t h e narrow l a y e r , c a u s i n g t h e s t r o n g upward mass f l o w 
a l o n g t h e m a g n e t i c f i e l d . The c o r r e s p o n d i n g f o r c e can be e s t i m a t e d a s 
f o l l o w s 

B 2 I^J 2 

Now, i f t h e a b s o r p t i o n i s p r o v i d e d m o s t l y i n e l e c t r o n ( o r i o n ) 
component of p lasma t h e g e n e r a t i o n of c u r r e n t s i n s i d e t h e t u b e a s w e l l 
a s o u t s i d e o c c u r s . As i n t h e c a s e of s e c o n d a r y f l o w s , t h e a b s o r p t i o n 
of momentum l e a d s t o t h e c u r r e n t d r i v e s a l o n g t h e f l u x t u b e s and t h e 
a b s o r p t i o n of a n g u l a r momentum l e a d s t o t h e g e n e r a t i o n of a z i m u t h a l 
c u r r e n t s . 

3 . THE ENSEMBLES OF FLUXTUBES 

T h i s p a r t of paper d e a l s w i t h t h e e f f e c t s accompanying t h e p r o p a g a t i o n 
of l o n g - w a v e M H D - o s c i l l a t i o n s i n a p lasma c o n t a i n i n g s m a l l - s c a l e i n h o -
m o g e n e i t i e s , n a m e l y , t h e e n s e m b l e s of m a g n e t i c f l u x t u b e s . In t h e f i r s t 
two s e c t i o n s we c o n s i d e r t h e e n s e m b l e of f l u x t u b e s f a r removed from 
e a c h o t h e r , w h i l e i n t h e t h i r d s e c t i o n we d i s c u s s b r i e f l y t h e t i g h t l y 
s e t t l e d f l u x t u b e s . 
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3 . 1 . Resonance damping of sound waves i n s y s t e m of f l u x t u b e s 

The s y s t e m of f l u x t u b e s h a s an i n t e r e s t i n g f e a t u r e : t h e l ongwave a c o u s -
t i c o s c i l l a t i o n s i n t h e s y s t e m a r e damped due t o t h e e f f e c t s i m i l a r t o 
Landau damping w h i c h c o n s i s t s i n t h e r e s o n a n c e e x c i t a t i o n of b e n d i n g 
waves p r o p a g a t i n g a l o n g t h e f l u x t u b e s (Ryutov and R y u t o v a , 1 9 7 6 ) . The 
b e n d i n g o s c i l l a t i o n s p r o p a g a t e a l o n g t h e f l u x t u b e s e p a r a t e w i t h t h e 
p h a s e v e l o c i t y d e f i n e d by Eq. ( 1 ) and i f t h e a n g l e θ b e t w e e n t h e d i r e c -
t i o n of sound p r o p a g a t i o n and f l u x t u b e d i r e c t i o n s a t i s f i e s t h e c o n d i -
t i o n 

( 2 7 ) 

t h e n t h e r e s o n a n t t r a n s f e r of sound wave e n e r g y t o t h e e n e r g y of f l u x -
t u b e o s c i l l a t i o n s t a k e s p l a c e . 

S i n c e i n g e n e r a l t h e d e n s i t y and t h e m a g n e t i c f i e l d i n s i d e t h e 
d i f f e r e n t f l u x t u b e s a r e d i f f e r e n t , s o t h e v e l o c i t y c h a n g e s from one 
f l u x t u b e t o a n o t h e r , and h e n c e , a t e a c h p r o p a g a t i o n a n g l e t h e r e a r e 
t u b e s f o r w h i c h t h e c o n d i t i o n ( 2 7 ) i s s a t i s f i e d and w h i c h a b s o r b t h e 
e n e r g y of sound w a v e s . 

We d e f i n e t h e d i s t r i b u t i o n f u n c t i o n of f l u x t u b e s f ( r , r | ) o v e r t h e i r 

r a d i u s R and p a r a m e t e r (we c o n s i d e r t h a t R i s much l e s s t h a n t h e 

a v e r a g e d i s t a n c e b e t w e e n f l u x t u b e s L w h i c h i s much l e s s than w a v e l e n g t h : 

where σ i s t h e t o t a l f r a c t i o n of vo lume o c c u p i e d w i t h f l u x t u b e s (σ ^ 

The damping r a t e of sound o s c i l l a t i o n s h a s a form: 

( 2 8 ) 

where we i n t r o d u c e t h e f u n c t i o n 

I f we make t h e n a t u r a l a s s u m p t i o n t h a t ρΊ· c h a n g e s w i t h r e s p e c t t o p e 

n o t more t h a n by s e v e r a l t i m e s from one t u b e t o a n o t h e r , t h e n g ( n 0 ) ^ a , 
and f o r damping r a t e we can w r i t e t h e f o l l o w i n g e s t i m a t e : 

w h i c h h o l d s o n l y f o r t h o s e v a l u e s of θ , where η 0 > 0 , i . e . where 

c o s 8 For monatonâc g a s t h e c o r r e s p o n d i n g r e g i o n i s q u i t e n a r -

row, s o t h a t i t i s e s s e n t i a l t o t a k e i n t o a c c o u n t t h e n o n c o l l i -
n e a r i t y of s e p a r a t e f l u x t u b e s . Let h ( n ) be t h e d i s t r i b u t i o n f u n c t i o n of 

dR 
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f l u x t u b e s o v e r t h e d i r e c t i o n s , η i s t h e u n i t v e c t o r d i r e c t e d a l o n g t h e 
t u b e 1 s a x i s . We can n o r m a l i z e h ( n ) a s f o l l o w s : 

σ = fh(n) da , 

da i s t h e e l e m e n t of s o l i d a n g l e . Then f o r i s o t r o p i c d i s t r i b u t i o n of 
f l u x t u b e s t h e damping r a t e of sound o s c i l l a t i o n s h a s a form 

^ s s 1 cry [2 - γ ( 1 + η)] 
k s 4 / 2 / γ ( 1 + η) 

So m a g n e t i c f l u x t u b e s a b s o r b t h e e n e r g y of o u t e r m o t i o n s a t t h e p h o -
t o s p h e r e l e v e l d u r i n g t h e t i m e of t h e o r d e r of V s

- 1 . Then t h e p r o c e s s 
o f e n e r g y a c c u m u l a t i o n g o e s o n , a n d i n a t i m e ϋ*τάά~ι which i s much g r e a t -
e r ( a r a d > > V s X* f l u x t u b e s r e l e a s e t h e i r e n e r g y due t o r a d i a t i o n 
of s e c o n d a r y a c o u s t i c waves a t t h e h i g h e r l a y e r s o f a t m o s p h e r e . 

3 . 2 . S c a t t e r i n g of sound waves by f l u x t u b e s 

The d e t a i l e d t h e o r y of s c a t t e r i n g of sound waves by m a g n e t i c f l u x t u b e s 
(Ryutov and R y u t o v a , 1976) shows t h a t t h e r e a r e r e s o n a n c e s i n s c a t t e r -
i n g due t o t h e e x i s t e n c e of w e a k l y damped n a t u r a l o s c i l l a t i o n s of f l u x -
t u b e . The main c o n t r i b u t i o n t o damping i s of d i p o l e mode, i . e . t h e bend-
i n g o s c i l l a t i o n s . The damping r a t e o f a c o u s t i c wave w i t h f r e q u e n c y ω 
h a s a form 

v = / f f p 2 n ) ß(n»R>ü>) dndo)dR ( 2 9 ) 
S C â t t TTK-

where 3 i s some f u n c t i o n c o n t a i n i n g t h e r e s o n a n c e d e n o m i n a t o r s 

β " (ω - Ω ) 2 + a ^ d

 S / Y ( l +n ) 

For t h e narrow r e g i o n of = one can per form i n t e g r a t i o n o v e r η and 
R r e s u l t i n g 

V s c a t t = π δ 1 < : s i n 2 e # 8 ( n o ) 

w h i c h f o r m a l l y c o i n c i d e s w i t h ( 2 8 ) . We imply t h a t ηο > 0 ; i n t h e o p p o -
s i t e c a s e t h e s c a t t e r i n g becomes n o n r e s o n a n t and damping r a t e becomes 
much s m a l l e r : ν .... ^ a k s ( k R ) 2 . 

s c a t t 
Note t h a t i f t h e c o n d i t i o n ( k R ) 2 < α i s s a t i s f i e d t h e s c a t t e r i n g i s 
n e g l i g i b l e . 

In t h e c a s e o f c o m p a r a t i v e l y s h o r t waves (R << λ << L) t h e damp-
i n g i s c o m p l e t e l y d e t e r m i n e d by s c a t t e r i n g . In t h i s c a s e t h e damping 
r a t e v s a p p e a r s t o be s m a l l e r than et ^ and t h i s means t h a t d i r e c t 

s c a t t e r i n g of pr imary a c o u s t i c wave i n t o t h e s e c o n d a r y sound waves 
w i t h o u t t h e p r e l i m i n a r y a c c u m u l a t i o n of e n e r g y i n n a t u r a l o s c i l l a t i o n s 
of f l u x t u b e s t a k e s p l a c e . In o t h e r words f o r s h o r t waves one h a s v s = 
= V where ν ^ i s d e f i n e d by Eq. ( 2 9 ) . 

s c a t t s c a t t J n ' 
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Recently resonant scattering of sound waves by slender fluxtubes was studied by Bogdan 
(1989), who emphasized the importance of this effect for the diagnostics of the structure of 
magnetic flux concentrations across the solar surface. This may be possible because near the 
resonance the elastic scattering cross section (per unit length of the fluxtube) is comparable 
to the wavelength of the incident solar ρ mode, which for slender fluxtubes may exceed both 
the geometrical and non-resonant scattering cross sections by several orders of magnitude. 

3.3 Enhanced dissipation by tightly packed fluxtubes 

Until now we have discussed the problems connected with isolated fluxtubes and ensembles 
of fluxtubes widely separated from each other. In the solar atmosphere the situation when 
fluxtubes are tightly packed seems quite realistic, so the question arises what the effects are 
that accompany the propagation of long-wave MHD oscillations in a plasma with random 
inhomogeneities, when the density, temperature, and magnetic field change by a large amount 
over a distance small as compared with the wavelength. Intuitively it seems that the large-
scale perturbations will propagate in quite the same way as in a homogeneous plasma, with 
the difference that the density, velocity, etc., will be replaced by some averaged quantities, 
and that intuitive conclusions should turn out to be more or less correct. It is however far 
from easy to find an explicit procedure for even the derivation of the averaged equations, 
especially for a real 3-D problem. 

There are a few cases in which one can write*the averaged equations in explicit form 
(Ryutova and Persson, 1984). It is interesting that such systems reveal some less obvious 
properties. One is that unlike the case of a homogeneous plasma, the wave propagation 
in a plasma with random (and strong) inhomogeneities is accompanied by a vortex motion 
of the plasma. These motions have the same scale as the fluxtube cross sections. Besides, 
because of the large gradients of velocity and temperature that are associated with tightly 
packed fluxtubes, enhanced dissipation of MHD waves can take place. The dissipation rates 
associated with both the viscosity and thermal conductivity are ( λ / Ε ) 2 (with λ > R) 
times larger as compared with the homogeneous case. Ohmic dissipation gives only a minor 
contribution to this effect. Thus although dissipative effects are believed to be small in 
the solar atmosphere, these effects may strongly influence the dynamics of inhomogeneous 
regions. 
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