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T h e d y n a m i c s of t h e m a g n e t i c fields which a re i m b e d d e d i n t o t h e n o n - s t a t i o n a r y 
o u t e r layers of t h e S u n s h o w m a n y facets of in teres t t o obse rve r s a n d theore t i c i ans 
a l ike . In a s h o r t review I c a n only deal with a smal l n u m b e r of t h e m a n d occas iona l ly 
g lance a t s o m e o t h e r s . I h a t e t o call these m a g n e t i c fields f rozen in to a m a t t e r wh ich is 
r a t h e r in a bo i l ing s t a t e , b u t t h e electr ical conduc t iv i t y in these layers is h igh e n o u g h 
to k e e p m a t t e r a n d m a g n e t i c flux t o g e t h e r for r a t h e r long t imes , so t h a t we c a n discuss 
t h e m o s t i m p o r t a n t q u e s t i o n s w i th in t h e f r a m e w o r k of m a g n e t o h y d r o d y n a m i c s wi th 
infinite conduc t iv i ty . I will first t a lk ma in ly a b o u t t h e layers be low t h e p h o t o s p h e r e , 
w h e r e t h e m a t t e r c o n t r o l s t h e m o t i o n of t h e field, secondly a b o u t t h e i n t e r m e d i a t e 
s ta te nea r t h e p h o t o s p h e r e , w h e r e m a t t e r a n d field have c o m p a r a b l e energy , a n d 
finally a b o u t t he u p p e r layers w h e r e t h e field c o n t r o l s t h e ma te r i a l m o t i o n . 

1. Dynamotheory of the Solar Cycle 

T h e cycle of so la r act ivi ty o u g h t t o be exp la ined as a n osc i l la t ing d y n a m o wi th a 
p e r i o d of 22 years . S o m e t h e o r i e s r e l evan t t o th is p r o b l e m h a v e b e e n p u t fo rward 
a l r eady m a n y yea r s a g o by C o w l i n g (1946) , Elsasser (1950, 1956), Bu l la rd (1955), a n d 
P a r k e r (1955) . T h e m o s t de ta i l ed m o d e l for a t h e o r y of t h e so la r cycle w a s der ived by 
B a b c o c k (1961) f rom o b s e r v a t i o n s wi th t h e use of t h e ear l ier t heo r i e s . It w a s deve loped 
fu r the r by L e i g h t o n (1964) , a n d a lso by K o p e c k y (1966), a n d G o d o l i (1966) . Let m e 
briefly d i scuss s o m e a spec t s of t h e B a b c o c k m o d e l a n d s o m e of its t heore t i ca l p r o b 
l ems a n d impl i ca t ions . I will a l so occas iona l ly t o u c h u p o n o t h e r t heo r i e s . 

B a b c o c k cal ls t h e so la r cycle a f r ee - runn ing osc i l la tor , l ack ing s t ab i l i za t ion a n d 
d r i v e n by t h e differential r o t a t i o n . L e i g h t o n visual izes it as a r e l a x a t i o n osci l la t ion. 
T h e fast r o t a t i o n n e a r t h e so la r e q u a t o r s t re tches a n y m e r i d i o n a l flux w i th in a few 
y e a r s in to a n a l m o s t t o r o i d a l t o p o l o g y , in w h i c h t h e fieldlines t r a i l b e h i n d the i r 
e q u a t o r i a l ver tex . Th i s imp l i e s a s t r o n g ampl i f i ca t ion of t h e field, w h i c h e n d s w h e n a 
h y p o t h e t i c a l twis t ins tabi l i ty o r t h e m a g n e t i c b u o y a n c y b r i n g s s u b s t a n t i a l p a r t s of t he 
flux t o t h e so lar surface t h e r e w i t h p r o d u c i n g t h e ac t ive r eg ions of a n e w cycle. T h e 
fo l lower spo t in a b i p o l a r g r o u p a p p e a r s usua l ly a t a h ighe r l a t i t u d e t h a n the cor 
r e s p o n d i n g p r e c e d i n g s p o t a n d th i s t i l t of a b o u t 6° w i t h r e spec t t o t h e e q u a t o r is 
m u c h larger t h a n t h e a v e r a g e tilt of t h e a l m o s t t o r o i d a l field be low t h e p h o t o s p h e r e 
c a n be after yea r s of differential r o t a t i o n . T h e e n h a n c e d t i l t m a y be d u e to Cor io l i s 
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forces , a s w a s supposed b y C o w l i n g (1966). W h a t e v e r i ts r e a s o n , t h i s ti l t is essent ial 
for t h e d y n a m o ac t ion in th i s m o d e l . If t he s t re tches of fieldlines a b o v e the surface a re 
t i l ted in o n e d i rec t ion , t h e s t re tches be low t h e surface m u s t b e c o m e t i l ted t h e o t h e r 
w a y by the s ame t o k e n . I n t h e r a p i d f o r m a t i o n of ac t ive r e g i o n s a t t h e p e a k of t he 
cycle th i s p rocess will p iecewise a n d locally t u r n over t h e s u b p h o t o s p h e r i c field i n to a 
t i l t w h i c h is aga ins t t he g r a in of t h e differential r o t a t i o n . W h e n th i s is a c c o m p l i s h e d 
t h e l a t t e r will r o t a t e t h e field fu r the r by a l m o s t 180°. T h e r o t a t i n g field a t first re laxes 
i n t o a r o u g h l y p o l a r field a n d t h e n it is aga in w o u n d u p i n t o a n a l m o s t t o r o i d a l field 
o p p o s i t e t o t h e or ig ina l o n e a n d r e a d y for t h e s econd half-cycle. I t is by n o m e a n s c lear 
w h e t h e r t h e i n t e rmed ia t e n e w p o l a r field h a s c o n n e c t e d fieldlines all t h e w a y f rom po le 
t o p o l e o r n o t . 

T h i s m o d e l is so closely c o n n e c t e d t o s o m e basic facts of t h e so la r cycle which a re 
well es tab l i shed by o b s e r v a t i o n t h a t it ha rd ly c a n be comple t e ly w r o n g . Bu t bes ides 
t h e p r o b l e m s p o s e d by t h e s p e c t a c u l a r la rge scale fea tures d i scussed t h i s m o r n i n g by 
D r . H o w a r d a n d D r . D o d s o n - P r i n c e , th i s m o d e l e n c o u n t e r s s o m e theore t i ca l p r o b 
l ems , wh ich I w a n t t o c o m m e n t o n . 

(1) Obv ious ly t h e flux is very b u o y a n t only d u r i n g t h e p h a s e of ampl i f ica t ion . 
B a b c o c k (1961) a rgues t h a t t h e differential r o t a t i o n ac t s l ike a ro l ler bea r ing o n the 
flux a n d f o r m s flux ropes . Excess ive local twis t ing t h e n causes a n ins tabi l i ty wh ich 
b r i n g s a s t i tch of t h i s r o p e u p i n t o t h e surface t o f o r m a new ac t ive cen ter . T h i s p r o p o s 
al h a s t w o difficulties. T h e twis ted field in t he N o r t h e r n h e m i s p h e r e h a s a r i g h t - h a n d 
t h r e a d wh ich s h o u l d s h o w u p in all N o r t h e r n spo t s . But t h i s is n o t o b s e r v e d . F u r t h e r 
m o r e t h e r is ing s t i tch in t h e ove r twis t ed r o p e m u s t re lax t h e twist a n d the re fo re r o t a t e 
an t i c lockwise in t h e N o r t h e r n h e m i s p h e r e . T h i s is i ncons i s t en t w i t h t h e observed 
c lockwise til t of t h e axis be tween newly fo rmed b ipo la r spo t s . C o n t r a r y t o t h e obse rved 
t i l t a s t r o n g twist w o u l d t e n d t o p rese rve t h e or ig ina l po lo ida l c o m p o n e n t a n d the reby 
c o u n t e r a c t t he solar cycle qu i t e severely. 

B u t if t h e ro l l e r -bea r ing m e c h a n i s m is ru l ed o u t w h a t cause s t h e f o r m a t i o n of a 
fairly u n i f o r m b u o y a n t flux u n i t of s o m e 1 0 2 1 maxwe l l r e spons ib l e for t h e ave rage 
ac t ive reg ion? Th i s q u e s t i o n w a s answered by Weiss (1964a , b , 1966). H e s h o w s t h a t 
t h r o u g h o u t t he c o n v e c t i o n z o n e t h e c o n v e c t i o n m u s t expel t h e flux f rom t h e cells. 
T h e amplif ied t o r o i d a l flux b e n e a t h t h e s u n s p o t z o n e is c o n c e n t r a t e d i n t o t o r o i d a l 
t u b e s of s o m e 1 0 2 1 maxwe l l . T h e flux will be c o m p r e s s e d by t h e c o n v e c t i o n un t i l t he 
field in tens i ty suppresses t h e c o n v e c t i o n ins ide t h e t u b e a l m o s t ent i re ly , wh ich affords 
a b o u t 5000 gauss in t h e d e e p c o n v e c t i o n z o n e . T h e b u o y a n c y of t hese t u b e s is p r o v e d 
for all p a r t s wh ich have a r a d i u s o f c u r v a t u r e la rger t h a n 0*17 of t h e so lar r a d i u s . 
N e a r t h e surface t h e b u o y a n t t u b e s m u s t d iverge to in tens i t ies o f a few h u n d r e d gauss , 
s ince ne i the r convect ive n o r t h e r m a l energ ies c a n ba l ance m o r e . 

(2) T h e til t of t h e axis of a n ac t ive r eg ion shou ld be c a u s e d by Cor io l i s forces. I n t he 
s u n s p o t zone t he h o r i z o n t a l Co r io l i s force needs a d a y of u n i m p e d e d u n i f o r m m o t i o n 
t o r o t a t e t he resul t ing d i s p l a c e m e n t by 6° . Such m o t i o n s c a n be f o u n d in a super -

https://doi.org/10.1017/S0074180900021379 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900021379


M A G N E T O H Y D R O D Y N A M I C S O F A N A C T I V E R E G I O N 97 

g r a n u l a t i o n cell wh ich seems t o las t for 1 d a y (cf. S i m o n a n d L e i g h t o n , 1964). T h e s a m e 
t imesca le h o l d s for t h e a p p e a r a n c e of a n e w act ive cen ter . T h e c i r cu l a t i on in a super -
g r a n u l e bu i ld s u p t h e t i l t o f t h e axis be tween o p p o s i t e base p o i n t s of fieldlines in t w o 
s teps . T h e u p w a r d m o t i o n in t h e cen te r of t h e cell b r ings a s t i tch of t h e t o r o i d a l flux 
t u b e t o t h e surface a n d s u b s e q u e n t l y t h e h o r i z o n t a l flow a t t h e t o p of t h e cell m o v e s 
t h e b a s e p o i n t s of t h e fieldlines a p a r t t o w a r d t h e vert ices of t h e cell . I n b o t h s teps t he 
r o t a t i o n is c lockwise in t h e N o r t h e r n h e m i s p h e r e a n d t h e t o t a l m o t i o n t a k e s a b o u t 
1 d a y . 

(3) A n osci l la t ing d y n a m o c a n h a r d l y o p e r a t e w i t h o u t s o m e k i n d of d i s s ipa t ion t o 
d i spose of t h e fields w h i c h a r e n o t in p h a s e . Bu t t h e u sua l d i ss ipa t ive p rocesses wh ich 
a r e d u e t o par t ic le i n t e r a c t i o n a r e p r o b a b l y n o t of p r i m a r y i m p o r t a n c e in th is con tex t . 
T h e descr ibed d y n a m o s h o u l d w o r k for s o m e p e r i o d s even w i t h o u t these processes , 
i.e. for infinite c o n d u c t i v i t y because it c a n act o n finite s t re tches of s u b p h o t o s p h e r i c 
fieldlines in act ive l a t i t udes j u s t a s well a s o n fieldlines ex t end ing all t h e w a y f rom po le 
t o po le . I t is r a t h e r t h e finite l eng th of these s t r e t ches t h a n t h e d i s s ipa t ion of flux 
wh ich a l lows the i r p e r m a n e n t r o t a t i o n . W e m a y say t h a t t h e rise of flux in to the a t m o s 
p h e r e p r o v i d e s t he d iss ipa t ive m e c h a n i s m for t h e so lar d y n a m o . 

O f cou r se t h e p h a s e s o f a c t i v a t i o n of all t h e field s t re tches in t h e different l a t i t udes 
w o u l d s o o n be p u t off the i r s t r oke if t he re o c c u r s n o r e c o n n e c t i o n b e t w e e n t h e m . B u t 
so la r cycles a re ce r ta in ly n o t comple t e ly in s tep for all l a t i t udes , as G n e v y s h e v (1967) 
h a s j u s t s h o w n for t h e r ecen t cyc les . T h e m a n y i r regular i t ies wh ich so lar act ivi ty 
exhib i t s , e.g. t h e so-cal led l o n g - t e r m cycles, o r t h e very in te res t ing fine-scale po l a r i t y 
c h a n g e s in t h e p o l a r c a p s a s s tud i ed by Severny (1965), o r even in m o d e r a t e l a t i t udes 
b y Liv ings ton (1967) a r e very e n c o u r a g i n g for t heo re t i c i ans b e c a u s e all these facts a r e 
ev idence in favor of a l o n g t imesca le for t h e final d i s s ipa t ion of so la r m a g n e t i c flux 
c ross ing t h e p h o t o s p h e r e . T h e r e is n o r e a s o n w h y th i s t imesca le c a n n o t be as long as 
s o m e t ens of yea r s , j u s t w h a t it s h o u l d be a c c o u n t i n g for t he diffusion a n d d i s s ipa t ion 
of flux by t h e surface c o n v e c t i o n . Diffusion t imesca les of t h i s o r d e r were der ived by 
Le igh ton (1964). If th i s c o n c e p t is app l i cab le , each so lar l a t i t u d e cou ld ac t o n its o w n 
for a t imesca le of yea r s o r so , a n d th i s seems to be in g o o d a g r e e m e n t w i t h obse rva 
t i ona l findings. 

(4) T h e flux c ross ing t h e surface is subject t o t h e g r a n u l a r a n d s u p e r g r a n u l a r con -
vect ive m o t i o n s . L e i g h t o n (1964) h a s s h o w n t h a t t hey ac t l ike a t w o - d i m e n s i o n a l dif-
fusivity o n t h e f o o t p o i n t s of t h e fieldlines, a t leas t if we c o n s i d e r scales large c o m 
p a r e d to a single cell. T h i s r a n d o m w a l k of t h e f o o t p o i n t s c o m b i n e d w i t h the i r dif
ferent ial r o t a t i o n c a u s e s t h e wel l -observed e x p a n s i o n , s t r e t ch ing a n d w e a k e n i n g of 
t h e aged b i p o l a r m a g n e t i c r eg ions , t h e cance l l a t ion of t h e p o l a r c a p field, a n d t h e 
e q u a t o r i a l lef tovers ca l led U M reg ions (cf. B u m b a et al.91966). 

B u t t he r a n d o m w a l k a lso mixes fields of o p p o s i t e po l a r i t y , so t h a t t hey c a n be 
d i ss ipa ted in smal l b i t s by local c u r r e n t s nea r to t he p h o t o s p h e r e w h e r e t h e c o n d u c t i 
vi ty h a s i ts m i n i m u m . I n a g r e e m e n t wi th t he local C o w l i n g t imesca le th is d i ss ipa t ion 
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will r econnec t t he s u b p h o t o s p h e r i c fields slowly bu t sufficiently t o p r o v i d e a w e a k 
c o u p l i n g be tween t h e different l a t i t udes a n d t h e r e b y a w e a k c o h e r e n c y of t h e p h a s e s 
in t h e so lar cycle. T h e u p p e r b r a n c h e s of t h e r econnec t ed fieldlines will m o v e in to t he 
c o r o n a a n d poss ib ly in to t h e so la r w ind . 

(5) I n B a b c o c k ' s m o d e l so la r ac t iv i ty t a k e s its ene rgy f r o m t h e differential r o t a t i o n , 
a n d th i s pose s t h e p r o b l e m w h e r e t h e la t te r gets i ts energy f rom. K i p p e n h a h n (1963) 
h a s a r g u e d t h a t th is energy c a n be suppl ied f rom m e r i d i o n a l c i r cu l a t i ons , wh ich m a y 
be c a u s e d b y a n i s o t r o p i c e d d y viscos i ty in t h e convec t i on z o n e . P l a s k e t t (1959, 1962) 
a n d Weiss (1965) have d i scussed m e r i d i o n a l differences of t h e s u p e r a d i a b a t i c g r ad i en t 
in t h e convec t ion zone d u e t o r o t a t i o n a s a poss ib le d r iv ing m e c h a n i s m for c i r cu la t ion 
a n d differential r o t a t i o n . T h e s e a u t h o r s a r g u e t h a t t h e so lar m a g n e t i c field is t o o w e a k to 
in terfere wi th the differential r o t a t i o n , wh ich o the rwise s h o u l d d e p e n d o n the so la r cycle. 

(6) A n o t h e r p r o b l e m is p o s e d by t h e a m p l i t u d e of t h e osci l la t ing m a g n e t i c act ivi ty 
w h i c h m u s t be d e t e r m i n e d by a n o n - l i n e a r effect. T h e bas ic p roces s wh ich t u r n s the 
t i l t o f t h e s u b p h o t o s p h e r i c field ove r w h e n p a r t of t h e field r ises a b o v e t h e surface 
w o u l d n o t c o n t r a d i c t a n e v e r - g r o w i n g a m p l i t u d e , since t h e newly fo rmed reversed 
m e r i d i o n a l flux c a n be p r o d u c e d f rom t h e s t rongly e n h a n c e d t o r o i d a l flux. T h e flux 
of t h e o ld cycle t h r o u g h t h e p o l a r c a p a n d the r e m n a n t U M reg ions a r e n o m a t c h for 
t h i s flux a n d they themse lves m u s t be p r o p o r t i o n a l t o t h e a m p l i t u d e . 

T h e m o s t p r o b a b l e l imi t ing m e c h a n i s m is t h e fo l lowing : T h e b u o y a n c y of t h e flux-
t u b e s m u s t w o r k aga ins t d rag fo rces so t h a t t h e u p w a r d drif t b e c o m e s m o r e r ap id for 
t h e l a rger fluxtubes. Since t h e fluxtubes will g r o w by m e r g e r of n e i g h b o u r e d t u b e s 
d u r i n g t h e ampl i f ica t ion , m a j o r ac t iv i ty a t t he surface will s t a r t , w h e n t h e to t a l in tens i 
ty of s u b p h o t o s p h e r i c flux h a s r e a c h e d a ce r t a in cri t ical level. O n c e th is cr i t ical level is 
r e a c h e d t h e fur ther ampl i f ica t ion of t h e m e r i d i o n a l flux c a n be s t o p p e d by a reversal 
in t h e po lo ida l flux. Such a m e c h a n i s m w o u l d be cons i s t en t wi th t h e fact t h a t s t r o n g 
cycles h a v e a sho r t rise t i m e . 

(7) T h e m o s t cha l leng ing p r o b l e m for the B a b c o c k m o d e l a n d for a n y d y n a m o 
t h e o r y of t h e so lar cycle seems n o w to be posed by t h e r e c u r r e n c e t e n d e n c y of act ive 
r eg ions a n d by t h e s i m u l t a n e o u s a p p e a r e n c e of s imi lar ac t ive cen te r s a t oppos i t e 
l o n g i t u d e s wh ich w a s d e m o n s t r a t e d so pe rcep tua l ly by D r . D o d s o n t h i s m o r n i n g . 
She p o i n t e d o u t t h a t t h e r e is a sy s t ema t i c difference be tween t h e shifts in long i tude 
for t h e ind iv idua l act ive r eg ions a n d for t h e l oca t i on of r e c u r r e n c e itself. Obv ious ly 
t h e ind iv idua l ac t ive r eg ions p a r t i c i p a t e in t h e differential r o t a t i o n , w h e r e a s t h e loca
t i o n of t h e recur rence d o e s n o t . T h i s difference p o i n t s t o very d e e p layers of t h e 
convec t i on z o n e a s for t h e c a u s e of t h e r ecu r r ence . W e m a y wi tness t h e s t ruc tu re of 
c o n v e c t i o n a t t h e b o t t o n of t h e z o n e in t h e l a rge d i m e n s i o n s , in t h e r e c u r r e n c e pe r iods , 
a n d in t h e very long l ifet imes of t h e sys tem of r e c u r r e n t cen t e r s , o r ' g i a n t g r a n u l e s ' a s 
D r . B u m b a calls t h e m . B u t we a l so wi tness a n o r d e r e d m a g n e t i c s t r u c t u r e , p r o b a b l y a 
c i rcu la r fluxtube, wh ich seems t o h a v e a pa r t i cu la r ly u n s t a b l e m o d e for t w o a z i m u t h a l 
n o d e s . T h i s shou ld h a v e a s imple e x p l a n a t i o n , b u t does n o t h a v e it yet . 
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Before I leave t he subjec t I shou ld m e n t i o n a few o t h e r d y n a m o m o d e l s . T h e s toch
as t ic d y n a m o ac t i on of t h e Cor io l i s forces in t h e so la r c o n v e c t i o n z o n e w a s s tudied in 
de ta i l by S teenbeck a n d K r a u s e (1966) a n d K r a u s e (1965) , w h o deve loped a very p r o m 
ising l inear t h e o r y for a pu re ly osc i l la tory d y n a m o dr iven by t h e differential r o t a t i o n . 
I n th i s t h e o r y t h e necessary d i s s ipa t ion is a s s u m e d to be h o m o g e n e o u s t h r o u g h o u t 
t h e convec t ion z o n e wh ich m a y need modi f i ca t ion , s ince t h e m o s t i m p o r t a n t dissi
p a t i o n is p r o v i d e d by t h e r ise of m a g n e t i c flux i n t o t h e a t m o s p h e r e a n d by r econnec -
t i o n of fieldlines in t h e p h o t o s p h e r e . I r o s h n i k o v (1965) h a s p u t f o r w a r d a n invest iga
t i o n o n t h e ins tab i l i ty of a p reg iven s t a t i o n a r y s u b p h o t o s p h e r i c field a l igned in a 
surface of c o n s t a n t a n g u l a r veloci ty . H e finds ins tabi l i t ies in m o d e s s o m e w h a t s imi lar 
t o t he obse rved b e h a v i o u r d u r i n g t h e first ha l f of a cycle, b u t of cou r se for small 
a m p l i t u d e s , so t h a t n o field reversa l c a n be descr ibed . F ina l ly I s h o u l d m e n t i o n in th i s 
con tex t t h e w o r k of L o r t z (1967) , w h o h a s c o n s t r u c t e d a n exac t s t a t i o n a r y so lu t ion of 
t h e d y n a m o e q u a t i o n s in helical s y m m e t r y , which fulfills r e a s o n a b l e b o u n d a r y 
c o n d i t i o n s . 

2 . Formation of Plages and Spots 

W h a t h a p p e n s t o t h e m a g n e t i c flux w h e n i ts o w n b u o y a n c y a n d t h e convec t ion 
b r i ng it u p in to t h e p h o t o s p h e r e t o f o rm a new act ive reg ion? N a t u r a l l y it m u s t ar r ive 
a t th i s in terface a s a h o r i z o n t a l field s t r e t ch ing over a l imi ted r eg ion for wh ich u p 
w a r d m o t i o n preva i l s . W e expec t t h a t t h e flux of a n act ive r eg ion , usua l ly s o m e 1 0 2 1 

maxwel l , will a p p e a r d i s t r i bu t ed over a n a rea of a very few s u p e r g r a n u l e s wi th in a 
few lifetimes of t h e l a t t e r , i.e. w i th in a few days . 

T h e first p h e n o m e n o n of a n e w act ive r eg ion is a p lage a n d it h a s rough ly t he 
descr ibed fea tures . S t e p a n o v a n d G r i g o r e v (1966) w i t h t h e new S i b i z m i r - M a g n e t o -
g r a p h found t r ansve r sa l a n d long i tud ina l fields of a b o u t 200 g a u s s in b r igh t p lages , 
a n d D r . B a p p u p re sen t ed s imi la r resul ts in his pape r . T h e s e o b s e r v a t i o n s a re cons i s ten t 
wi th an e q u i p a r t i t i o n of ene rgy be tween t h e p h o t o s p h e r i c convec t ive m o t i o n s a n d the 
m a g n e t i c field a s e s t i m a t e d by Wei s s (1964b) a n d D e J a g e r (1964). T h e y a lso imply 
t h a t t h e flux of a s izable s p o t c a n be found in o n e s u p e r g r a n u l a t i o n cell. T h o u g h a n y 
n e w flux e l emen t s o r fieldlines shou ld a r r ive first in t h e r i s ing m i d d l e p a r t of t h e 
c o n v e c t i o n e l emen t s , t he i r b a s e p o i n t s will i m m e d i a t e l y be d r iven t o t h e b o r d e r of 
these e lements , w h e r e t h e convec t ion c u r r e n t s s ink in to t h e S u n a n d leave the flux 
beh ind . T h e o b s e r v a t i o n a l ev idence for t h i s p rocess is o v e r w h e l m i n g for t he super -
g r a n u l a t i o n a n d t o a lesser degree for t h e g r a n u l a t i o n , as is well k n o w n f rom t h e 
w o r k of S i m o n a n d L e i g h t o n (1964) , B u m b a a n d H o w a r d (1965) , Sheeley (1966), a n d 
m a n y o t h e r s . T h e o r e t i c a l w o r k o n t h e e x p u l s i o n of m a g n e t i c flux f r o m eddies w a s 
d o n e by P a r k e r (1963a) a n d in de ta i led a n d t h o r o u g h c o m p u t a t i o n s by Weiss (1964a, 
1966), w h o p re sen t ed p a r t o f h is spec t acu l a r resu l t s in a m o s t beaut i fu l m o v y . H e as 
well as S i m o n a n d L e i g h t o n (1964) po in t ed o u t t h a t in nea r ly p o l y g o n a l convec t ion 
cells t he flux b e c o m e s even m o r e c o n c e n t r a t e d in t he p o l y g o n ver t ices t h a n s imply a t 
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t h e bo rde r l i ne s of t h e cells. T h e fieldlines wh ich connec t these b a s e p o i n t s t h r o u g h t h e 
c h r o m o s p h e r e a n d c o r o n a will t he re fo re cover t he cells w i t h a near ly h o r i z o n t a l field, 
w h i c h m u s t b e r e spons ib le for t h e obv ious ly a l igned fine-structure in H a , wh ich c a n 
be o b s e r v e d o n h igh r e s o l u t i o n filtergrams. I t is a lso n o t su rp r i s ing t h a t B u m b a a n d 
H o w a r d (1965) found t h a t t h e p lages a s well as t he s p o t s of a n act ive r eg ion begin t o 
a p p e a r j u s t a t t h e c o r n e r s of s u p e r g r a n u l a t i o n cells a n d p r o b a b l y in i n t e r g r a n u l a r 
space . B u m b a (1966) even f o u n d t h a t ac t ive r eg ions ar ise in t h e c o r n e r s of still l a rger 
e l emen t s , w h i c h he calls ' g i a n t g r a n u l e s ' . I t is in te res t ing t o n o t e t h a t t h e d i a m e t e r of 
these s t r u c t u r e s of 4 0 0 0 0 0 k m c o r r e s p o n d s nicely t o t h e d e p t h of t h e c o n v e c t i o n zone 
of a b o u t 100000 k m if o n e app l i e s t h e r a t i o for d i a m e t e r a n d d e p t h der ived by Weiss 
(1966) . Bu t it is h a r d t o i m a g i n e h o w so l a rge a n e l emen t c a n f o r m a n e d d y . 

T h e e q u i p a r t i t i o n fields in t h e p h o t o s p h e r e of a b o u t 200 g a u s s a r e n o t sufficient t o 
r e d u c e t h e convec t i on in t h e d e e p e r layers . But t hey a r e ab le t o inc rease t h e ex i t a t ion 
of s o u n d a n d h y d r o m a g n e t i c w a v e s n e a r t o t h e p h o t o s p h e r e (cf. K u l s r u d , 1955 ; 
P ike lne r , 1960; P a r k e r , 1964). I n t h i s w a y t h e e n h a n c e m e n t of t h e n o n - r a d i a t i v e flux 
in a n act ive r eg ion by a n o r d e r of m a g n i t u d e m a y be u n d e r s t o o d (cf. L ivsh i tz , 1965). 

T h e m o s t o b v i o u s p h e n o m e n o n in a n act ive r eg ion is t h e s u n s p o t . I t is a local 
deficiency of t e m p e r a t u r e , r ad i a t i ve flux a n d p ressure . T h e la t t e r is b a l a n c e d by t h e 
c o m p r e s s e d m a g n e t i c field w h i c h m a y r e a c h 5000 gauss . V a r i o u s m o d e l s by De inze r 
(1965) , Weis s (1964b) , D e J a g e r (1964) , a n d Y u n (1967) desc r ibe t h e obse rved spo t s 
qu i t e well a n d exp la in t h e deficiency of r ad i a t ive flow a t t h e sur face by a sys temat ic 
r e d u c t i o n of t h e convec t ive ene rgy flow in t h e u n d e r l y i n g c o n v e c t i o n z o n e . Mod i fy ing 
a n ear ly sugges t ion by B i e r m a n n (1941) they a s sume t h a t such a r e d u c t i o n is caused 
by t h e m a g n e t i c field. A c c o r d i n g t o these m o d e l s t he re la t ive t e m p e r a t u r e o r p r e s su re 
deficiency b e c o m e s negligible a t a d e p t h of s o m e 1 0 3 k m , so t h a t t h e s p o t is a r a t h e r 
sha l low ent i ty . T h e only t h i n g w h i c h m u s t pers is t be low th i s d e p t h is t h e m a g n e t i c 
flux w h i c h , r a t h e r t h a n be ing d i s o r d e r e d by t h e convec t ion , will be c o m p r e s s e d by it 
i n t o a flux t u b e c o n t a i n i n g all t h e pa ra l l e l flux of t he ac t ive r eg ion , a s Wei s s (1964b) 
h a s sugges ted . 

T h e energy flux wh ich is mis s ing in t h e rad ia t ive flux e scap ing f rom the s u n s p o t 
m u s t get o u t s o m e h o w a n d s o m e w h e r e . D a n i e l s o n (1965) a r g u e s t h a t t h i s flux, w h i c h 
a m o u n t s t o a b o u t | of t he t o t a l flux ove r t h e s u n s p o t a r ea , c a n h a r d l y b e n o n - r a d i a t i v e 
flux i n t o t h e local c h r o m o s p h e r e over ly ing t h e spo t , because t h e mis s ing flux of o n e 
b ig s p o t w o u l d a l r eady a c c o u n t for £ of t h e non - r ad i a t i ve flux supp l i ed i n t o t h e w h o l e 
c h r o m o s p h e r e . The re fo re m o s t of t h i s miss ing flux will p r o b a b l y b e d i s t r i b u t e d over 
such a l a rge a r e a t h a t it c a n e scape a s r a d i a t i o n f rom t h e p h o t o s p h e r e w i t h o u t be ing 
de t ec t ab le a s a su rp lus . W h e t h e r th is energy c a n be t r a n s p o r t e d a w a y f r o m t h e s p o t 
b y m a g n e t o h y d r o d y n a m i c w a v e s is a n in te res t ing p r o b l e m w h i c h is in t r ins ica l ly c o n 
nec ted w i t h t h e p r o b l e m of t h e m o d e s of convec t ion in a s t r o n g m a g n e t i c field, a s 
b e c a m e c lear f rom the w o r k of D a n i e l s o n (1965, 1966). B u t c o n v e c t i o n itself m a y 
a l r e a d y diver t t he energy flow sufficiently. 
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T h e m e c h a n i s m by wh ich t h e miss ing flux is t r a n s p o r t e d a w a y f r o m t h e magne t i zed 
u p p e r layer of t h e convec t i on z o n e u n d e r l y i n g t h e u m b r a of a s u n s p o t is r a t h e r effi
c ient a n d selective, s ince t h e magnet ic-f ie ld s t r eng th in a n u m b r a falls i n t o a n a r r o w 
r a n g e be tween 1000 a n d 5000 g a u s s . A s Z w a a n (1965) h a s p o i n t e d o u t t h e coo l ing 
p rocess seems t o be sufficient for j u s t t h i s r a n g e b u t over ly effective for i n t e r m e d i a t e 
field s t r eng ths , so t h a t t h e field s t r eng th m a y flip flop be tween th i s r a n g e a n d t h e r a n g e 
b e l o w 200 gauss , wh ich p r o v i d e s on ly a m i n o r e n h a n c e m e n t of t h e ene rgy losses of t h e 
qu ie t p h o t o s p h e r e (cf. L ivsh i tz , 1965). Z w a a n (1967) a r g u e s t h a t t h e t iny m a g n e t i c 
r eg ions wi th r o u g h l y 1 0 3 g a u s s a n d d i a m e t e r s of a b o u t 1" f o u n d by Sheeley (1966, 
1967) a n d Beckers a n d S c h r o t e r (1966) shou ld be cons ide r ed ' invis ible s u n s p o t s ' 
(cf. H a l e a n d N i c h o l s o n , 1938) w h i c h a re s tabi l ized by t h e s a m e m e c h a n i s m b u t d o n o t 
h a v e a n u m b r a d u e t o t h e inflow of r a d i a t i o n a b o v e t h e layer a t w h i c h t h e coo l ing 
m e c h a n i s m is effective. 

T o s u m m a r i z e , it s e e m s t o be conce ivab le t h a t s u n s p o t s a r e f o r m e d by t h e super -
g r a n u l a t i o n wh ich c o n c e n t r a t e s t h e flux in i ts ver t ices , w h e r e t h e m a g n e t i z e d m a t t e r 
a t t h e t o p of t h e c o n v e c t i o n z o n e is coo led by the r ad ia t ive losses un t i l t he r educed 
c o n v e c t i o n c a n b a l a n c e t h e losses . Obv ious ly a s izable t e m p e r a t u r e difference is 
n e e d e d , wh ich impl ies a l so a c o m p r e s s i o n a n d a s izable inc rease in t h e m a g n e t i c 
in tens i ty u p t o t h e typica l s u n s p o t va lues . I n t h i s sense it is poss ib le t o say t h a t s u n s p o t s 
a r e n o t b r o u g h t u p f r o m be low b u t a r e f o r m e d a t t h e t o p of t h e c o n v e c t i o n z o n e by 
t h e s u p e r g r a n u l a r m o t i o n w h i c h c a n p r o d u c e local d e t o u r s in t h e flow of energy . S u n -
s p o t s s eem t o be s e c o n d a r y p h e n o m e n a wh ich a p p e a r if t h e necessa ry u n c o n c e n t r a t e d 
flux t h r o u g h t h e so la r surface is p r o v i d e d in a n act ive r eg i o n by t h e b u o y a n c y of a 
la rger flux t u b e . Bu t t h e y d o n o t f o r m unt i l so m u c h flux is c o n c e n t r a t e d a t o n e p o i n t 
t h a t t h e coo l ing m e c h a n i s m c a n o v e r c o m e t h e r ad i a t ive flux f r o m t h e n e i g h b o u r e d 
s u b p h o t o s p h e r e . 

Before I leave t h e subjec t of s u n s p o t s I shou ld say a few w o r d s a b o u t the i r l ifetime. 
F o r t h i s l ifet ime w e h a v e t h r e e o p t i o n s : 

F i r s t t h e C o w l i n g t imesca le , wh ich is very l o n g a n d the re fo re s h o u l d be ru led ou t . 
I d a r e t o m a k e th i s s t a t e m e n t desp i t e t h e resul ts of K o p e c k y a n d K u k l i n (1966) a n d 
S c h r o t e r (1966) , w h o h a v e c o m p u t e d c o m p a r a t i v e l y low t imesca les f r o m t h e local 
c o n d u c t i v i t y in t h e u m b r a . I d o n o t t h i n k t h a t such a local t imesca le is app l i cab le for 
t h e d e c a y o f t h e w h o l e s u n s p o t field. E v e n if t h e local c u r r e n t s in t h e u m b r a decay , t h e 
resu l t w o u l d s imply b e a smal l bu lge in t h e field a t t h a t level, b u t ce r t a in ly all t h e flux 
deepe r d o w n o r h i g h u p in t h e c o r o n a c a n n o t c o n t r a c t t o w a r d s t h a t t i ny r ing , it will 
r a t h e r i nduce s o m e a d d i t i o n a l c u r r e n t s in t h e h igh conduc t iv i t y of i ts s u r r o u n d i n g s 
a n d t h e n s t o p w o r r y i n g a b o u t t h e conduc t iv i ty a t t h e u m b r a . B u t I s h o u l d e m p h a s i z e 
t h a t never the less these low conduc t iv i t i e s in t h e u m b r a a n d a l so in t he p h o t o s p h e r e 
a r e of i m p o r t a n c e for t h e w h o l e so la r cycle, because in j u s t t h i s level occu r s t h e 
d i s s ipa t ion a n d r e c o n n e c t i o n o f o p p o s i t e fluxtubes, wh ich m e e t s tochas t ica l ly a t t h e 
bo rde r l i ne s of s u p e r g r a n u l e s a n d g ranu les . 
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T h e nex t choice for a s u n s p o t l ifetime is t h e r ad ia t ive r e l axa t ion t i m e w h i c h h a s t h e 
r igh t o r d e r of m a g n i t u d e , a s Wei s s (1964b) h a s e s t ima ted . Bu t a n u m b r a d o e s n o t 
seem t o sh r ink s m o o t h l y , a n d t h e coo l i ng m e c h a n i s m w h i c h h o l d s t h e spo t s tab le will 
n o t s t o p unless sufficient flux h a s b e e n t r a n s p o r t e d a w a y f rom t h e u m b r a . 

T h e t h i r d possibi l i ty seems t o be t h e t imesca le for d e s t r u c t i o n of t h e spo t t h r o u g h 
t h e a c t i o n of t he s u p e r g r a n u l a t i o n wh ich m a y c h i p off t h e flux in smal l pieces, as 
S i m o n a n d L e i g h t o n (1964) have p r o p o s e d . Bu t th i s l ifet ime is h a r d t o e s t ima te , 
t h o u g h t h e m e c h a n i s m seems t o be r e a s o n a b l y conf i rmed by o b s e r v a t i o n s . 

3 . Alignment, Energy Storage, and Release 

W e n o w have t o deal w i th t h e ac t ive m a g n e t i c fields a b o v e the so lar p h o t o s p h e r e . 
H e r e t h e m a g n e t i c energy is p r e d o m i n a n t f rom the low c h r o m o s p h e r e o u t in to t he 
so la r w i n d for m a n y so lar r ad i i . S ince t he r e is n o se r ious c o m p e t i t o r t h e m a g n e t i c 
field will be near ly ' force-free ' in t h e sense t h a t any s izable electr ical c u r r e n t s wh ich 
a r e ab le t o c h a n g e t h e m a g n e t i c field will flow a l o n g t h e field. Bu t it w o u l d n o t be 
co r r ec t t o say t h a t t h e L o r e n t z force van i shes . T h i s force is on ly smal l c o m p a r e d to 
w h a t it cou ld be if t he re w o u l d be c o m p a r a b l e m a t e r i a l energ ies p re sen t . T h e L o r e n t z 
force c a n be qu i t e s t r o n g , h o w e v e r , in t e r m s of t h e h y d r o s t a t i c p r e s s u r e g r a d i e n t o r 
g rav i ty force. There fo re w e will find m a n y a l igned s t ruc tu re s in t h e so la r a t m o s p h e r e . 
T h e c h r o m o s p h e r e is ac tua l ly o v e r c r o w d e d wi th such a l igned s t ruc tu re s , as t h e excel
lent m o d e r n H a f i l te rgrams d e m o n s t r a t e . 

I n p r inc ip le t he force-free c u r r e n t s a l o n g the field c a n be d e d u c e d f r o m the h o r i 
z o n t a l der iva t ives of m e a s u r e m e n t s of t h e t r ansverse field c o m p o n e n t s , b u t such 
m e a s u r e m e n t s d o n o t of ten h a v e sufficient accu racy . In m a n y cases it seems t o be 
m o r e re l iable t o use t h e i n f o r m a t i o n ava i l ab le f rom fine-scale l o n g i t u d i n a l m a g n e t o 
g r a m s t oge the r w i th f i l tergrams. Especia l ly for th is p u r p o s e s o m e yea r s a g o I de 
scr ibed a m e t h o d (Schmid t , 1964, 1965) t o c o m p u t e t h e full t h r ee -d imens iona l 
m a g n e t i c field f rom a long i tud ina l m a g n e t o g r a m u n d e r t h e f ict i t ious a s s u m p t i o n of 
van i sh ing cu r r en t s . Such c o m p u t e d t r ansve r se fields c a n be d i rec t ly c o m p a r e d wi th 
f i l te rgrams. F r o m t h e d i r ec t iona l d e v i a t i o n s o n e c a n infer e lectr ical c u r r e n t s . T h e 
m e t h o d h a s been used for a l igned s t r u c t u r e s l ike p r o m i n e n c e s by R u s t (1966) , H y d e r 
(1967) , a n d Semel (1967) , w h o o n a l a rge scale genera l ly f o u n d g o o d a g r e e m e n t 
b e t w e e n p red ic t ed field d i r e c t i o n a n d a l igned s t ruc tu re , wh ich seems t o imply t h a t 
t h e r e a r e n o la rge electr ical c u r r e n t s of such scales. Bu t it s h o u l d be b o r n e in m i n d 
t h a t t h e dev ia t ions be tween p r ed i c t ed a n d obse rved d i rec t ions a r e useful i n f o r m a t i o n 
a b o u t electr ical cu r r en t s . I s h o u l d a d d o n e c o m m e n t . W e h a v e n o t yet a n y obse rva 
t i ona l p r o o f of t he nea r ly force-free n a t u r e of t he field in t h e so la r a t m o s p h e r e . T h i s 
is difficult t o get because local ly it c a n on ly be d o n e if all t h r ee c o m p o n e n t s a r e m e a s 
u red in a v o l u m e wi th sufficient a ccu racy t h a t t he d a t a c a n be different ia ted wi th 
respec t t o all t h r ee d i m e n s i o n s . Such a t ask seems to be a l m o s t hope less a n d useless, 
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t o o , because n e a r t h e p h o t o s p h e r i c level of o b s e r v a t i o n t h e field s imply will n o t be 
force-free. A sensible tes t w o u l d the re fo re involve t he in tegra l s t r u c t u r e over a large 
a rea , bu t t h a t is difficult, t o o . On ly if we a re ab le t o identify t h e t w o p h o t o s p h e r i c 
b a s e p o i n t s of a n ind iv idua l fieldline, we cou ld test w h e t h e r all t h e c u r r e n t leaving a t 
o n e ba sepo in t is a r r iv ing a t t h e o t h e r end . S imple tests for t h e twis ted n a t u r e of t he 
field d o n o t p r o v e t h a t t h e c u r r e n t is ac tua l ly para l le l t o t h e field. 

If t h e a t m o s p h e r i c fields a r e nea r ly force-free, w h a t a re t h e p r o p e r b o u n d a r y 
cond i t i ons? Since o n t h e fieldlines t h e r a t i o of c u r r e n t a n d field in tens i ty s tays c o n s t a n t , 
w e have o n e rea l cha rac te r i s t i c . T h e o t h e r t w o a re i m a g i n a r y a s for cur ren t - f ree fields. 
W e there fore h a v e t o p resc r ibe t h e flux eve rywhere a t t h e b o u n d a r y a n d add i t iona l ly 
t h e c u r r e n t e i ther in t h a t p a r t o f t h e b o u n d a r y whe re t h e flux is pos i t ive o r where it is 
nega t ive . If we exc lude c losed flux t u b e s in t he a t m o s p h e r e , t h e r e will be only o n e 
so lu t i on . U n f o r t u n a t e l y t h e rea l s i t u a t i o n is m u c h m o r e c o m p l i c a t e d a n d t h e n a t u r a l 
b o u n d a r y c o n d i t i o n s a r e qu i t e different. O n c e a fieldline h a s c rossed t h e surface it h a s 
t w o b a s e p o i n t s a n d these a r e i n d e p e n d e n t l y t r a n s p o r t e d by h o r i z o n t a l convec t ion , 
b u t so t h a t the re la t ive t o p o l o g y of t h e fieldlines c o n n e c t i n g t he b a s e p o i n t s is preserved 
if we forget a b o u t t h e ex t r eme ly s low d i s s ipa t ion processes in t h e h igh t e m p e r a t u r e s of 
c h r o m o s p h e r e a n d c o r o n a . T h e s o m e w h a t fas ter d i s s ipa t ion in t h e p h o t o s p h e r e mere ly 
c a u s e s a slow slip of t h e b a s e p o i n t s re lat ive t o t he convec t ive c i r cu l a t i on a n d occas ion
al ly a r e c o n n e c t i o n by a n n i h i l a t i o n of t w o e n c o u n t e r i n g b a s e p o i n t s of o p p o s i t e 
po l a r i t y . If t he field is t o be force-free n o fur ther c o n d i t i o n c a n be p u t o n t he d i r ec t ion 
of t h e fieldlines, a t t h e b o u n d a r y . These b o u n d a r y c o n d i t i o n s will leave e n o u g h 
f r e e d o m so t h a t t h e s o l u t i o n is n o t d e t e r m i n e d unequ ivoca l ly . T h e r e a r i ses a s tabi l i ty 
p r o b l e m which m a y be i m p o r t a n t for the flare p r o b l e m , a s G o l d (1964) h a s po in ted 
o u t . T h e convec t i on will s teadi ly p u t energy in to t h e field by m o v i n g t h e basepo in t s 
a r o u n d . T h e r e b y it will i n d u c e c u r r e n t s a l o n g t h e field a n d w o r k aga ins t L o r e n t z 
forces ac t ing in t h e surface . This energy s to rage will be t h e sou rce of t h e flare energy, 
a s m a n y w o u l d agree u p o n . N o w the r e m a y be m o r e t h a n o n e s o l u t i o n t o a given 
b o u n d a r y c o n d i t i o n a n d g r a d u a l c h a n g e of t he b o u n d a r y c o n d i t i o n s by convec t ion 
m a y p u t t he m a g n e t i c field in to a m e t a s t a b l e so lu t ion different f r o m t h e o n e wi th t h e 
lowes t energy . T h e n by a finite d i s t u r b a n c e a s u d d e n c h a n g e in to t h e l a t t e r so lu t ion 
m a y be t r iggered off, so t h a t t h e ene rgy difference be tween t h e t w o so lu t ions is re 
leased w i t h o u t a n y d i s s ipa t i on of m a g n e t i c flux. T h e la t t e r p o i n t is o f i m p o r t a n c e , 
s ince t h e t imesca les for d i s s ipa t i on of flux a r e so long t h a t P a r k e r (1963b) a rgues 
aga in s t a n y flare m e c h a n i s m invo lv ing such processes . In th i s c o n t e x t it is a l so im
p o r t a n t t o n o t e t h a t a la rge p a r t o f t he flare energy is re leased a t t h e very beg inn ing 
o f t h e flare i n t o n o n - t h e r m a l m o t i o n s . 

In M u n i c h we have t r ied t o find a s imple m o d e l t o p r o v e t he exis tence of such m e 
t a s t ab l e force-free fields wh ich af ter a finite d i s t u r b a n c e c a n re lease energy wi th in the 
t imesca le of a n Alfven w a v e , because t he re is a s ta te of lower energy accessible. T h e 
t ype of so lar convec t ion which m o s t readi ly t ransfers energy in to force-free cu r r en t s 
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a l o n g t h e a t m o s p h e r i c fields, is p r o b a b l y f o u n d in t he p e n u m b r a l f i laments , wh ich 
m i g h t be convec t ion rol ls a l igned by t h e field, a s D a n i e l s o n (1961) h a s a r g u e d . F l a r e 
ac t iv i ty s t a r t s w i t h t h e f o r m a t i o n of t h e p e n u m b r a , so it s eems t o be r e a s o n a b l e t o 
inves t iga te m o d e l s wh ich m i g h t s i m u l a t e t h e flux t ubes b e t w e e n p e n u m b r a l c o n v e c t i o n 
rol ls of o p p o s i t e spo t s . M e y e r (1965) h a s s h o w n t h a t for a force-free field of cy l indr ica l 
s y m m e t r y b o u n d e d by a cy l inder of finite l eng th so t h a t t h e b a s e p o i n t s of t h e field a r e 
f rozen i n t o t h e t w o p l a n e d i sks a t t h e e n d s of t h e cyl inder , t h e r e exis ts a s t a t e of l ower 
ene rgy if t h e p i t ch angle o f t h e o r ig ina l field is of o r d e r un i ty . T h i s s t a t e of lower 
ene rgy is of cou r se a s y m m e t r i c a n d h a s a coun te rhe l i x t o t h e s ide . S ince it is n o t 
force-free, t h e energy difference for a c o r r e s p o n d i n g force-free s o l u t i o n is even la rger . 
T h i s l o o k e d very p r o m i s i n g , b u t o n e h a s t o p r o v e a lso t h e s tab i l i ty o f t h e o r ig ina l 
s o l u t i o n for infinitely smal l d i s t u r b a n c e s because o the rwise t h e c o n v e c t i o n of t he 
b a s e p o i n t s r ep re sen ted a s a r o t a t i o n of o n e of t h e l imi t ing d i sks w o u l d neve r p u t t he 
field i n t o t h e s y m m e t r i c s o l u t i o n t o beg in wi th . I guess eve ryone he re w o u l d expec t 
th i s s o l u t i o n t o be s tab le in th i s sense for very smal l p i t ch ang les . A t least we d id . Bu t 
t h e o p p o s i t e w a s p r o v e n recen t ly by A n z e r (1968). T o h is o w n su rp r i se h e w a s ab le t o 
s h o w t h a t a n y force-free field of cy l indr ica l s y m m e t r y is u n s t a b l e for infinitely smal l 
d i s t u r b a n c e s of a hel ical s y m m e t r y w h e r e t h e helix r u n s wi th t h e p i t ch of t h e or ig ina l 
field. T h i s s imply m e a n s t h a t in r ea l n a t u r e t h e r e a r e n o t a n y force-free fields of 
cy l indr ica l s y m m e t r y . N o w w e a r e t r y i n g t o find t h e m for a r o t a t i o n a l s y m m e t r i c 
m o d e l w h i c h m i g h t b e a m o r e rea l i s t ic a p p r o a c h t o t h e flare p r o b l e m a n y h o w . By the 
way , if w e cons ide r p e n u m b r a l filaments t o be c o n v e c t i o n ro l l s a n d if we cons ide r a 
flare t o be caused by t h e twis t i n d u c e d in t h e field by these rol ls , t h e n it m i g h t be w o r t h 
whi le t o l o o k in to t h e Eve r shed effect d u r i n g a flare. 

Le t m e a d d a few r e m a r k s o n l o o p p r o m i n e n c e s a n d l o o p s t r u c t u r e s in genera l . 
T h e s e m o s t beaut i ful s t r u c t u r e s p o s e very difficult a n d f u n d a m e n t a l p r o b l e m s . W i t h 
th i s r e m a r k I d o n o t refer t o t h e i n t r i ca t e r ad i a t i ve a n d m a s s b a l a n c e w h i c h Jefferies 
a n d Or ra l l (1964) a n d K leczek (1964a) h a v e s tud ied s o m e y e a r s a g o . T h e r e is a n o t h e r 
difficulty involved in these i n n o c e n t - l o o k i n g s imple s t ruc tu re s , w h i c h occu r d u r i n g t h e 
c o u r s e of a flare even t a n d wh ich o b v i o u s l y m u s t be a l igned by t h e field. B u m b a a n d 
Kleczek (1961) a n d Kleczek (1964b) h a v e s h o w n t h a t these filaments d o n o t s h o w a n y 
significant c h a n g e in d i a m e t e r if o n e fo l lows t h e m f rom b a s e t o ba se . B ruzek (1964) 
h a s s h o w n t h a t they a r e a n essent ia l p h e n o m e n o n in t h e c o u r s e of m a n y flare even t s , 
especial ly so because t hey a r e b a s e d in t h e flare filaments t hemse lve s w h i c h overl ie a 
r e g i o n of e n h a n c e d field in tens i ty . H o w c a n these s t r uc tu r e s exist in a n a l m o s t force-
free m a g n e t i c conf igura t ion? E .g . a c losed force-free l o o p c a n n o t exis t b e c a u s e it 
c o n t r a d i c t s t h e virial t h e o r e m , a s C o w l i n g (1965) h a s n o t e d . If o n e a s s u m e s a s a n 
ini t ia l conf igura t ion a t o r o i d a l l o o p i m b e d d e d in po lo ida l fields t h e l o o p m u s t e x p a n d 
indefinitely a n d wi th Alfven veloci ty because it c a n n o t be b a l a n c e d w i t h o u t L o r e n t z 
forces , a r i s ing e.g. f rom p r e s s u r e g r a d i e n t s . Of cou r se a t t h e b a s e of a so la r l o o p 
s t r u c t u r e t he r e a re L o r e n t z forces ava i lab le which jus t ho ld t h e base in p lace o r m o v e 
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it s l ightly wi th t h e h o r i z o n t a l convec t i on . Bu t I d o n o t see h o w th i s c a n p reven t t he 

l o o p itself f rom r a p i d e x p a n s i o n i n t o t h e c o r o n a which s h o u l d t a k e p l ace w i t h Alfven 

veloci ty . Since th is d o e s n o t h a p p e n t h e l o o p m a y be c o m p r e s s e d by s o m e n o n - m a g 

ne t ic energy . If we a s s u m e only 100 g a u s s for t h e l o o p th is energy m u s t h a v e a dens i ty 

of a b o u t 400 d y n / c m 2 o r a t o t a l a m o u n t of a b o u t 1 0 3 2 e rg in a r e a s o n a b l e v o l u m e 

s u r r o u n d i n g the l oops . Th i s seems t o be a bit large even for flare c o n d i t i o n s . If it were 

t h e r e it m u s t e x p a n d a lso w i t h h igh speed . So it wou ld be ex t remely v a l u a b l e t o have 

re l iab le m e a s u r e m e n t s of t h e t o r o i d a l m a g n e t i c field in a l o o p , because such m e a s u r e 

m e n t s w o u l d in fo rm us a b o u t t h e l o o p as well a s a b o u t t h e pos t - f lare c o n d i t i o n s in 

t h e c o r o n a . 
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D I S C U S S I O N 

De Jager: Why do you rule out a sunspot life time in accordance to the low-conductivity values 
found by Kopecky and Schroter? 

Schmidt: I do not think that such a local timescale is applicable for the decay of the whole sunspot 
field. Even if the local currents in the umbra decay, the result w o u l d simply be a small bulge in the 
field at that level, but certainly all the flux deeper down or high up in the corona cannot contract 
towards that tiny ring, it will rather induce some additional currents in the high conductivity of its 
surroundings and then stop worrying about the conductivity at the umbra. But I should emphasize 
that nevertheless these low conductivities in the umbra and also in the photosphere are of importance 
for the whole solar cycle, because in just this level occurs the dissipation and reconnection of opposite 
flux tubes which met stochastically at the borderlines of supergranules and granules. 

Davis: It seems to me to be worthwhile to extend your brief remark on the possible mechanisms 
that might drive the solar differential rotation. Recent discussions show that the magnetic field in the 
solar wind exerts a substantial decelerating torque across the photosphere. If this decreases the 
angular momentum of the entire Sun, n o spectacular effects are produced; but if it acts only o n the 
convection zone, the rotation of the surface will be essentially completely stopped in a fraction of the 
life of the Sun. Thus the rotation of the surface must be driven by friction or magnetic coupling with 
a presumably slightly, or perhaps substantially, more rapidly rotating interior. The rotation rate of 
the surface layers is determined by a balance between the exterior torques exerted by the magnetic 
field and the interior torques. Since at present there seems no way to determine how either set of 
torques varies with latitude and with the surface-angular velocity, there is no way to predict what the 
surface-angular velocity should be. Consequently, no exotic mechanism is needed to produce differ
ential rotation; and, if exotic mechanisms are present, there is no reason at present to expect that 
they can not be dominated by the torques mentioned above. 
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Sturrock: Since the solar wind must flow along magnetic-field lines, some field lines must be open. 
The boundary of two open flux tubes of opposite sense comprises a sheet pinch, at which the field 
will not be force-free. 

Schmidt: I completely agree that there are exceptions to the general rule that the atmospheric 
fields are force-free. The most important examples are the current sheets in the quiescent prominences 
and these sheets are often underlying the sheets you were referring to, as one can see from the work 
of Dr. Newkirk's group. 

https://doi.org/10.1017/S0074180900021379 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900021379



