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ABSTRACT. We model t h e e v o l u t i o n o f p h o t o s p h e r i c f i e l d e l e m e n t s by 
t r e a t i n g them as mean f i e l d s t r u c t u r e s u n d e r g o i n g a n o n l i n e a r s e l f -
i n t e r a c t i o n m e d i a t e d by much s m a l l e r - s c a l e , c o n v e c t i v e l y d r i v e n plasma 
t u r b u l e n c e . D i s t r i b u t e d f i e l d s can g a t h e r i n t o d i s c r e t e , s t r o n g e l e m e n t s 
of a minimum p e r m i t t e d s c a l e . A l s o s t u d i e d a r e t h e t r a n s p o r t o f f l u x 
from d i s s o l v i n g e l e m e n t s and t o growing e l e m e n t s v i a weak i n t e r m e d i a t e 
f i e l d s and t h e c a n c e l l a t i o n o f a d j a c e n t emements o f o p p o s i t e p o l a r i t y . 

1 . THE FIELD EVOLUTION EQUATION 

The p h o t o s p h e r i c R e y n o l d s number R e ~ 1 0 1 2 and k i n e m a t i c v i s c o s i t y 
V ~ l c m 2 / s i n d i c a t e t h a t t h e c o n v e c t i v e l y d r i v e n p lasma m o t i o n s a r e 
t u r b u l e n t down t o ~ 1 m. The m a g n e t i c R e y n o l d s number Rm ~ 1 0 6 and 
plasma m a g n e t i c d i f f u s i v i t y η ~ 1 0 7 c m 2 / s i n d i c a t e a s t r o n g i n f l u e n c e o f 
t h e t u r b u l e n c e on t h e m a g n e t i c f i e l d . B e c a u s e t h e r e a r e no r i g o r o u s 
d e r i v a t i o n s o f i n t e r a c t i o n s o f t h e m a g n e t i c f i e l d w i t h t h e t u r b u l e n c e 
under t h e s e s o l a r c o n d i t i o n s , we must combine d e r i v a t i o n s v a l i d under 
o t h e r c o n d i t i o n s , n u m e r i c a l s i m u l a t i o n s , and o b s e r v a t i o n a l 
phenomeno logy . 

Acknowledg ing t h a t t h e r e a r e u n r e s o l v e d t h e o r e t i c a l q u e s t i o n s about 
t h i s p r o c e d u r e , we f o l l o w S t e e n b e c k , e t a l . (Krause and Räd ler 1980) and 
s p l i t t h e m a g n e t i c f i e l d i n t o a v e r t i c a l , l a r g e - s c a l e , s l o w l y - v a r y i n g 
"mean f i e l d " < B > = z B ( x , y , t ) , i d e n t i f i e d w i t h o b s e r v e d p h o t o s p h e r i c 
f i e l d s , and a " t u r b u l e n t " p a r t , c a r r i e d about by t h e r a p i d , s m a l l - s c a l e 
e d d i e s ( S t e n f l o 1 9 8 8 ) . We assume v a n i s h i n g h e l i c i t y and mean v e l o c i t y , 
and t h a t s t a t i s t i c a l p r o p e r t i e s o f t h e t u r b u l e n c e v a r y on mean f i e l d 
s c a l e s . 

We adopt a m a g n e t i c " t u r b u l e n t d i f f u s i v i t y " ß ~ < u 2 > / T , where u i s 
t h e t u r b u l e n t v e l o c i t y and Τ t h e eddy c o r r e l a t i o n t i m e . See d i s c u s s i o n s 
by Parker ( 1 9 7 9 ) , Krause and R ä d l e r ( 1 9 8 0 ) , M o f f a t t ( 1 9 8 3 ) , and 
e s p e c i a l l y n u m e r i c a l s i m u l a t i o n s by Drummond and Horgan ( 1 9 8 6 ) . In t h e 
p h o t o s p h e r e β ~ 1 0 1 3 c m 2 / s . 

A t u r b u l e n t , c o n d u c t i n g f l u i d b e h a v e s d i a m a g n e t i c a l l y w i t h r e s p e c t 
t o t h e mean f i e l d , l e a d i n g t o an e q u a t i o n , v a l i d f o r R m » l , which 
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r e d u c e s t o 

3 B / 3 t = V-[ß"2 V(ß^2 Β ) ] = V-[g^2 VC] ( 1 ) 

( V a i n s h t e i n and Z e l ' d o v i c h 1 9 7 2 ) . See o t h e r d i s c u s s i o n s by Z e l ' d o v i c h 
( 1 9 5 6 ) , R ä d l e r ( 1 9 6 8 ) , and M o f f a t t ( 1 9 8 3 ) . 

N o n l i n e a r i t y a r i s e s from t h e i n h i b i t i o n o f t u r b u l e n c e by s t r o n g 
mean f i e l d s . T h i s i d e a forms t h e b a s i s o f t h e r m a l p l u g mode l s o f s u n s p o t 
c o o l i n g . For R m « l , Krause and Rädler ( 1 9 8 0 ) show t h a t , a s suming t h e 
e n e r g y s o u r c e i s u n a f f e c t e d , most t u r b u l e n t modes a r e s u p p r e s s e d by a 
s t r o n g mean f i e l d as l /B 1 * . Peckover and Weiss ( 1 9 7 8 ) found by n u m e r i c a l 
s i m u l a t i o n t h a t o v e r t u r n i n g c o n v e c t i v e e d d i e s a r e u n a f f e c t e d by weak 
f i e l d s , but a r e s u p p r e s s e d a s 1/B1* i n s t r o n g f i e l d s , t h u s r e d u c i n g t h e 
t u r b u l e n t e n e r g y s u p p l y . B e c k e r s 1 s ( 1 9 7 6 ) o b s e r v a t i o n s o f m i c r o t u r b u l e n t 
v e l o c i t i e s i n s u n s p o t s i n d i c a t e a t u r b u l e n t d i f f u s i v i t y about 0 . 0 1 t h a t 
o f t h e p h o t o s p h e r i c v a l u e . We adopt a p h e n o m e n o l o g i c a l d i f f u s i v i t y t o 
model t h i s b e h a v i o r : $ ( B ) = ß 0 / ( 1 + | B / B c | n ) . B c i s t h e c r i t i c a l f i e l d 
s e p a r a t i n g t h e k i n e m a t i c and d y n a m i c a l r e g i m e s o f eddy s u p p r e s s i o n , 
wh ich we e s t i m a t e a t ~100 G. 

2 . SOLUTIONS AND COMPARISON TO OBSERVATIONS 

The f u n c t i o n a l C [ B ] = B [ ß 0 / ( 1 + | B / B c | n ) ] 2 a c t s a s a p o t e n t i a l g o v e r n i n g 
t h e t w o - d i m e n s i o n a l f l o w o f B. When n > 2 , B[C] i s d o u b l e v a l u e d , so Β can 
v a r y d i s c o n t i n u o u s l y b e t w e e n B i < B m and B2>B m , where B m = B c [ 2 / ( n - 2 ) ] , 
w h i l e C remains c o n t i n u o u s . When n>2 and B>Bm t h e f u n c t i o n a l d e r i v a t i v e 

m 
δΟ/δΒ<0, and l o c a l maxima and minima o f Β and C a n t i c o i n c i d e . Then 
f l u c t u a t i o n s o f Β w i l l grow. When B < B m o r n<2 f l u c t u a t i o n s a r e damped. 

The s m a l l e s t - s c a l e f l u c t u a t i o n s grow or d e c a y f i r s t . A s c a l e c u t -
o f f i s imposed by r e q u i r i n g Β t o v a r y o n l y o v e r d i s t a n c e s l a r g e r than 
t h e t u r b u l e n t e d d i e s . For n u m e r i c a l s o l u t i o n s t h e minimum s c a l e w i l l be 
a s s o c i a t e d w i t h t h e g r i d s p a c i n g , which we i d e n t i f y w i t h t h e g r a n u l a r 
s c a l e ~1 Mm. We p r e s e n t a o n e - d i m e n s i o n a l c a s e u s i n g t h r e e p o i n t s p a t i a l 
d e r i v a t i v e s , an e x p l i c i t , t r a p e z o i d a l t ime i n t e g r a t i o n , and m o d e l l e d 
random f l u c t u a t i o n s . We c h o o s e n=A and c l o s e d boundary c o n d i t i o n s . An 
i n i t i a l l y u n i f o r m f i e l d B 0 < B m = l w i l l remain u n i f o r m ; F i g u r e 1 shows t h e 
e v o l u t i o n f o r t h e m a x i m a l l y u n s t a b l e c a s e Β = 1 . 3 . B=B i s m e t a s t a b l e f o r 

o o 
a few h o u r s and t h e n b r e a k s up on t h e s c a l e o f t h e g r i d a s e x p e c t e d . 
S e p a r a t e peaks u n d e r g o i n g a n e g a t i v e f l u c t u a t i o n d e v e l o p l o c a l maxima o f 
C and d e c a y by t r a n s p o r t i n g f l u x through t h e i n t e r v e n i n g weak f i e l d t o 
t h e s t r o n g e r peaks w h i c h , b e i n g l o c a l minima o f C, grow. A s t a b l e s t a t e 
i s r e a c h e d a f t e r about 200 hours w i t h o n l y one s t r o n g peak B^>Bm and 
B 2 = B C 2 / B ^ b e t w e e n ; C i s u n i f o r m . For B Q =3000 G, t h e i n i t i a l u n i f o r m 
s t a t e l a s t s about 10 d a y s . 

The p r e s e n t i n v e s t i g a t i o n d i f f e r s from e a r l i e r o n e s by Kra ichnan 
( 1 9 7 6 ) and Knobloch ( 1 9 7 8 ) . These i n v o l v e a l i n e a r d i f f u s i o n e q u a t i o n 
w i t h n e g a t i v e d i f f u s i v i t y . Such a s y s t e m h a s no s t a b l e s t a t i c s o l u t i o n . 

We f i n d t h a t , under c e r t a i n c o n d i t i o n s , t h e f i e l d g a t h e r s i t s e l f 
i n t o i s o l a t e d , s t r o n g e l e m e n t s w i t h weak f i e l d b e t w e e n . I t e v o l v e s t o an 
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o r d e r e d s t a t e n o t i n a minimum f i e l d e n e r g y c o n f i g u r a t i o n , t h u s e v o k i n g 
t h e " d i s s i p a t i v e s t r u c t u r e s " d i s c u s s e d by N i c o l i s and P r i g o g i n e ( 1 9 7 7 ) 
i n c o n n e c t i o n w i t h n o n l i n e a r c h e m i c a l r e a c t i o n s . T h i s p r o c e s s a l s o 
s u g g e s t s t h e sudden breakup o f s u n s p o t umbrae a f t e r t h e a p p e a r a n c e o f 
b r i g h t umbral d o t s (Zwaan 1 9 8 7 ) . In a d d i t i o n , such s o l u t i o n s i n c l u d e t h e 
growth and d e c a y i n p l a c e o f a p p a r e n t l y i s o l a t e d f l u x e l e m e n t s , a s 
o b s e r v e d by Simon and W i l s o n ( 1 9 8 5 ) and by Topka, e t a l . ( 1 9 8 6 ) . 

TIME (HOURS) 

F i g u r e 1 . Magnet i c f i e l d d i s t r i b u t i o n v e r s u s t i m e . 

-β-μ , I 
O 2 4 6 8 10 

TIME (HOURS) 

F i g u r e 2 . Peak f i e l d s t r e n g t h and r a t e o f f l u x l o s s v e r s u s t ime f o r 
n=4 ( l o n g l i v e d ) and n=2 ( s h o r t l i v e d ) c a s e s . 

M a r t i n , e t a l . ( 1 9 8 5 ) have o b s e r v e d t h e c a n c e l l a t i o n i n a c t i v e 
r e g i o n s , o v e r a few hours t i m e , o f a d j a c e n t b u t s e e m i n g l y u n c o n n e c t e d 
f l u x e l e m e n t s o f o p p o s i t e p o l a r i t y . We have c a r r i e d o u t a t w o - d i m e n s i o n a l 
c a l c u l a t i o n f o r such e l e m e n t s o f i n i t i a l s t r e n g t h 1000 G and one 
i n t e r m e d i a t e g r i d p o i n t h e l d a t B=0. F i g u r e 2 i l l u s t r a t e s t h e e l e m e n t 
peak f i e l d v a l u e and t h e f l u x l o s s r a t e i n one p o l a r i t y a s a f u n c t i o n o f 
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t i m e f o r n=4 and n = 2 . The n=4 c a s e e x t e n d s t h e l i f e t i m e o f t h e peaks t o 
~8 hr compared t o about 1 .5 hr f o r t h e d i f f u s i v e n=2 c a s e . For p u r e l y 
a t o m i c d i f f u s i o n t h i s would t a k e ~10 y e a r s . The f l u x l o s s r a t e i s a few 
t i m e s 1 0 1 8 Mx/hr , i n good agreement w i t h o b s e r v a t i o n s . A s i n g l e f l u x 
e l e m e n t w i t h s u r r o u n d i n g f i e l d h e l d t o z e r o w i l l l i k e w i s e s u r v i v e f o r 
s e v e r a l h o u r s ; w i t h s u r r o u n d i n g f i e l d B c

2 / B i t w i l l be s t a b l e . 

3 . CONCLUSIONS 

Our t r e a t m e n t i s f a r from r i g o r o u s . F u r t h e r , i t i g n o r e s much o f t h e 
p h y s i c s a f f e c t i n g p h o t o s p h e r i c f i e l d s , such a s t h e b a l a n c i n g o f m a g n e t i c 
and g a s p r e s s u r e s wh ich must l i m i t t h e i n t e n s i t y o f f l u x e l e m e n t s , and 
t h e l a r g e - s c a l e v e l o c i t y f l o w s which can produce r e g i o n s o f B>Bm l e a d i n g 
t o f r a g m e n t a t i o n . A l l t h e same, our s o l u t i o n s r e s e m b l e some f i e l d 
phenomena which have proven d i f f i c u l t t o e x p l a i n s a t i s f a c t o r i l y . We 
b e l i e v e we have made a p l a u s i b l e c a s e t h a t a f i e l d - t u r b u l e n c e 
i n t e r a c t i o n such a s t h i s i s r e l e v a n t t o t h e b e h a v i o r o f p h o t o s p h e r i c 
f i e l d s . Such a v i e w p o i n t p r o v i d e s a d i f f e r e n t way t o t h i n k about 
m a g n e t i c f l u x e l e m e n t s : r a t h e r than e q u i l i b r i u m s t r u c t u r e s r e p r e s e n t i n g 
a b a l a n c e among v a r i o u s f o r c e s , t h e y more r e s e m b l e shock w a v e s , 
m a i n t a i n e d by a s e l f - i n t e r a c t i o n o f t h e mean f i e l d which i s m e d i a t e d by 
t h e s m a l l - s c a l e t u r b u l e n c e . 
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