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A B S T R A C T . Veloc i t ies of e l ec trons , i ons a n d neutra l s are c o m p u t e d in t h e three-
fluid a p p r o x i m a t i o n for an a x i s y m m e t r i c a l m a g n e t i c field. B y prescr ib ing a radial 
d e p e n d e n c e of t h e ve loc i ty of neutra l s in a g r e e m e n t w i t h a downf low, t h e radial 
d e p e n d e n c e of t h e m a g n e t i c field energy dens i ty is der ived for a g iven set of values 
of t h e m a g n e t i c field at t h e central a n d ex terna l b o u n d a r i e s . F l u x - t u b e coo l ing by 
a d v e c t i o n of i o n i z a t i o n energy is found t o b e s ignif icant . Vort ices in t h e low p h o t o -
sphere cou ld p r o d u c e s ignif icant e lectr ic power a n d D C current in tens i ty a long t h e 
coronal m a g n e t i c l ines of forces. T h e ve loc i t i es of n e u t r a l s , t h e s ize a n d t h e n u m b e r 
of flux-tubes required t o power flares in p lage reg ions , are e s t i m a t e d . 

1 . I n t r o d u c t i o n 

S o m e a u t h o r s s u g g e s t e d tha t s u n s p o t s a n d ac t ive reg ions c o u l d b e superficial phe-
n o m e n a or ig ina t ing in the p h o t o s p h e r e a n d at t h e t o p of t h e convec t ive zone ( B u m b a 
( 1 9 8 7 a , b ) , Akasofu ( 1 9 8 4 a , b , c ) . Inward a n d d o w n w a r d m o t i o n s b e l o w t h e p h o t o -
sphere have b e e n cons idered as a m e a n of coo l ing a n d p o w e r i n g t h e s u n s p o t dy-
n a m i c s by S c h a t t e n a n d M a y r ( 1 9 8 5 ) . A m b r o z ( 1 9 8 7 ) f o u n d t h a t A c t i v e R e g i o n s 
are formed in p laces where t h e g loba l c irculat ion d i sp lay vort ic i ty . A n d Martres et 
al. ( 1 9 7 3 ) re la ted s u n s p o t f o r m a t i o n a n d d i s a p p e a r a n c e t o t h e d irec t ion of ro ta t ion 
of t h e vort i ces . A s s h o w n b e l o w , a m b i p o l a r diffusion in t h e w e a k l y ion ized p h o t o -
sphere creates e lectric D C currents a n d t h e k inet ic energy of t h e neutra l c o m p o n e n t 
c o u l d b e c o n v e r t e d in to e lectrical a n d m a g n e t i c energy as l o n g as c o n v e c t i o n m a i n -
ta ins t h e flow (Spicer , 1 9 8 2 ) . 

2 . P a r t i c l e s v e l o c i t i e s in an a x i s y m e t r i c m a g n e t i c field 

A s s u m i n g s t e a d y s t a t e , t h e ba lance of t h e forces t h a t act per un i t v o l u m e o n par-
t i cu les k of charge qk is expres sed as 

nkmkVk.VVk =nkJ2 F i | f c + qknk(E + Vk Λ Β ) - VPk + nkmkg. (1 ) 

F/fc is t h e fr ict ion force ac t ing on part icu le k d u e t o par t i cu le s Ζ, a n d Fitk = 
^fc^w(V/ — Vfc). Β a n d Ε are t h e m a g n e t i c a n d electr ic field vec tors . V^, nk 

a n d mk are t h e veloci ty , dens i ty a n d m a s s of part ic le k. vk\ is t h e coefficient of 
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E q u a t i o n (2) l e a d s t o a s y s t e m of 6 l i n e a r e q u a t i o n s t h a t c a n b e so lved for t h e 
r a d i a l a n d a z i m u t h a l c o m p o n e n t s of t h e ve loc i t i e s of i o n s , e l e c t r o n s , a n d n e u t r a l s 
r e f e r ed b y t h e s u b s c r i p t s r a n d Θ. T h e s e c o m p o n e n t s c a n b e e x p r e s s e d a s a f u n c t i o n 
of V£) Vf, F z e , VZti, t h e r a d i a l p r e s s u r e g r a d i e n t s a n d t h e r a d i a l a n d a z i m u t h a l 
c o m p o n e n t s of t h e i n e r t i a l t e r m η ^ τ η ^ ν ^ . ν ν ^ . F o r m u l a e a r e g i v e n i n H é n o u x a n d 
S o m o v ( 1 9 8 8 , 1 9 8 9 ) . I n w h a t fo l lows , w e k e p t i n t h e i n e r t i a l t e r m s o n l y t h e d o m i n a n t 
c o n t r i b u t i o n of n e u t r a l s a n d a s s u m e d BT = 0 . D e r i v e d f r o m t h e e x p r e s s i o n of t h e 
i o n a n d e l e c t r o n v e l o c i t i e s , t h e a z i m u t h a l a n d r a d i a l c u r r e n t d e n s i t i e s a r e 

(2) 

R e s t r a i n i n g e q u a t i o n (1 ) t o t h e h o r i z o n t a l c o m p o n e n t s of t h e forces a n d u s i n g t h e 
r e l a t i o n b e t w e e n t h e v e l o c i t y i n t h e c o n v e c t i o n z o n e a n d t h e e l e c t r i c field w e w r i t e 

f r i c t ion b e t w e e n p a r t i c l e s fcand I. I n t h e c a s e w h e r e o n e of t h e s p e c i e s is a n e u t r a l 
a t o m t h e s u b s c r i p t η is o m i t t e d i n t h e f r i c t ion coeff icient . A v e l o c i t y field V e i n 
t h e c o n v e c t i v e z o n e c a n c r e a t e b y c o n t i n u i t y a n e l e c t r i c field Ε i n t h e p h o t o s p h e r e 
( H é n o u x a n d S o m o v , 1 9 8 7 ) . A s s u m i n g t h e m a g n e t i c field t o b e v e r t i c a l i n t h e con -
v e c t i v e z o n e , t h e e l e c t r i c field a n d p l a s m a ve loc i t y i n t h e c o n v e c t i v e z o n e a r e r e l a t e d 
b y Ε = - V e Λ Β . 

(3) 

(4) 

(5) 

w h e r e j z is t h e v e r t i c a l c u r r e n t d e n s i t y a n d is de f ined b y 

A s s u m i n g t h a t , t h e r a d i a l ve loc i t i e s of n e u t r a l s a n d i o n s c a n b e w r i t t e n a s 

(6) 

(7) 

(8 ) 

H e r e σ is t h e e l e c t r i c c o n d u c t i v i t y p a r a l l e l t o B, as = ne(rriiUi + rneue) a n d 

I n e q u a t i o n (3 ) jzB$ > 0 a n d a p o s i t i v e p r e s s u r e g r a d i e n t a l w a y s g e n e r a t e a n az-
i m u t h a l c u r r e n t a n d a r a d i a l m a g n e t i c field g r a d i e n t . T h e a z i m u t h a l c u r r e n t is 
a s s o c i a t e d w i t h a r a d i a l m o t i o n of i o n s , a n d w i t h t h e n e u t r a l s m o v i n g i n w a r d s re l -
a t i v e l y t o i o n s . E q u a t i o n (4 ) s h o w s t h a t t h e loss of a n g u l a r m o m e n t u m of n e u t r a l s 
l e a d s t o t h e c i r c u l a t i o n of r a d i a l c u r r e n t s . T h e s e r a d i a l c u r r e n t s w o u l d g e n e r a t e 
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vert ica l currents . It is o u t s i d e t h e s c o p e of th i s p a p e r t o c o m p u t e self cons i s t en t ly 
t h e radial d e p e n d e n c e of t h e angular m o m e n t u m . F r o m t h e e x p r e s s i o n of V$tn it 
can b e s h o w n t h a t , e x c e p t for c o n s t a n t J3, drV$tn/dr = 0 is n o t a s o l u t i o n . W e 
shal l ju s t a s s u m e t h a t r l ^ n decreases t o zero ins ide t h e flux-tube rad ius . In t h e 
n e x t s e c t i o n w e re late t h e ve loc i ty of neutra l s t o t h e m a g n e t i c field gradient a n d 
t o t h e creat ion of s t rong m a g n e t i c fields f rom a preex i s t ing weak field. T h e n we 
s t u d y h o w vort ices can l ead t o t h e c ircu lat ion of radial a n d vert ica l e lectr ic currents . 

3 . M a g n e t i c field c o n c e n t r a t i o n 

F r o m A m p è r e law a n d e q u a t i o n (3) w e derive: 

Def in ing ca as jzBe/(dP/dr) a n d u s i n g ( 6 ) , ( 7 ) , (8 ) a n d (9 ) w e o b t a i n 

+ _ ' < 1 2 ^ f i + _ ' " ί , , ( 1 0 , 
xo>t r Or 2μ σ Or a , ( l + c a ) or 

w h e r e ωί is t h e ion gyrofrequency, pni = rnn/mi a n d χ = ne/nn. B y prescr ib ing 
t h e radial d e p e n d e n c e of t h e ve loc i ty field of n e u t r a l s , t h e radial d e p e n d e n c e of t h e 
m a g n e t i c field can b e der ived . W e a s s u m e d t h a t , at r < r0 , K > n = Vor/r0. T h i s , 
t o g e t h e r w i t h t h e requirement of m a s s conservat ion (divpV = 0 ) , i m p l y a downf low 
ins ide t h e cy l inder of rad ius r0 w i t h a ve loc i ty V 2 > n = 2Vo/r0H(l — ez^H) (z < 0 ) . 
T h e radial d e p e n d e n c e of t h e m a g n e t i c field ins ide t h e flux-tube is g iven by: 

„κ.„,[ΐ+.] - + i * w - *m. ο υ 

w h e r e ε = 2Ω/χω{ a n d Ω = V$%n/r. In pract i ce £ < 1 . A s s u m i n g a m a g n e t i c field of 
1000 G a u s s at t h e center of t h e flux-tube a n d u s i n g t h e va lues of t h e c o n d u c t i v i t y 
a n d col l i s ional frequencies c o m p u t e d by K u b a t a n d Karl icky ( 1 9 8 6 ) , t h e radial de-
p e n d e n c e of Bz in t h e p h o t o s p h e r e , at t h e opt i ca l d e p t h r 5 0 oo = 1 can b e c o m p u t e d . 
Def in ing t h e radius r0 of t h e flux-tube as t h e radial d i s t a n c e w h e r e Β = 5 G a u s s 
l e a d s t o V0r0 = 1.2 1 0 5 m 2 s _ 1 . W e m u s t po in t out t h a t r 0 is m o r e an e s t i m a t e 
of t h e s ca l e - l eng th , for t h e radial d e p e n d e n c e of t h e m a g n e t i c field, t h a n t h e exact 
va lue of t h e flux-tube radius rt. 

T h e inward radial flow of neutra l s requires t h e e x i s t e n c e of a pressure gradient tha t 
can b e s tab i l i zed or ampli f ied by a d v e c t i o n of i o n i z a t i o n energy. A s s u m i n g rt = r0 

, t h e e x t r a power required t o ion ize t h e flux of neutra l s fal l ing ins ide t h e flux-tube 
per uni t area is 

^ = ^(r0V0)HnX, (12 ) 

w h e r e χ is t h e i o n i z a t i o n po ten t ia l of H y d r o g e n a n d Η is t h e l e n g t h of t h e t u b e in 
t h e p h o t o s p h e r e . U s i n g the value of Vor0 f ound precedent ly . a s s u m i n g r 0 = 40 k m , 
Η = 500 k m , η = 2 1 0 1 7 c m " 3 w e o b t a i n dE/dt = 2 . 5 1 0 ï d ergs c m " 2 s " 1 tha t is 
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a b o u t o n e t h i r d of t h e r a d i a t i o n e m i t t a n c e of t h e s o l a r s u r f a c e . C o n s e q u e n t l y t h e 
r e s u l t i n g c o o l i n g is i m p o r t a n t a n d c o u l d m a i n t a i n a s ign i f i can t p r e s s u r e g r a d i e n t . 

4 . R a d i a l D C e l e c t r i c c u r r e n t s 

A s s u m i n g n o c h a r g e a c c u m u l a t i o n t h e v e r t i c a l e l e c t r i c c u r r e n t d e n s i t y j z is r e l a t e d 
t o t h e r a d i a l c u r r e n t d e n s i t y j r b y djz/dz = —2jr/r. U s i n g e q u a t i o n ( 4 ) , t h e 
i n t e g r a t i o n of t h i s e q u a t i o n ove r t h e f l u x - t u b e c r o s s - s e c t i o n a n d h e i g h t H, l e a d s t o 
t h e fo l lowing e x p r e s s i o n of t h e t o t a l v e r t i c a l c u r r e n t i n t e n s i t y Jz 

r* fH Vrn drVßn 

Jz = Jo + 4πηητηη / / —^ , n dr dz. ( 13 ) 
Jo Jo Bzr Or 

A s s u m i n g rt = r0 a n d VTt1% = V0r/r0 w e d e r i v e 

71 7 7 1 

Jz ~ J0 + Απ^-^Η Ve,n(r = rt)VT,n(r = rt). ( 1 4 ) 

S i m i l a r r e s u l t is o b t a i n e d b y a s s u m i n g t h a t r 0 < rt a n d t h a t V$tTl g o e s t o z e r o ove r a 
d i s t a n c e < r 0 . T o t a l c u r r e n t i n t e n s i t i e s f r o m 1 0 1 0 t o 1 0 1 1 A m p e r e s a r e g e n e r a t e d for 
p h o t o s p h e r i c ve loc i t i e s of 2 . 1 0 2 m s " 1 a n d 6 . 1 0 2 m s " 1 a s s o c i a t e d w i t h h o r i z o n t a l 
m a g n e t i c field s ca l e l e n g t h s of r e s p e c t i v e l y a k m t o a few h u n d r e d of m (Bz =100 
G a u s s ) . H o w e v e r d u e t o t h e h i g h c o n d u c t i v i t y of t h e s u b p h o t o s p h e r i c l a y e r s , m o s t 
of t h e c u r r e n t s h a l l flow i n t h e s e l a y e r s . A s s u m i n g t h a t t h e flux-tube e x t e n d s 
v e r t i c a l l y f r o m t h e c o r o n a t o t h e s u b p h o t o s p h e r i c l a y e r s t h e c u r r e n t Jc flowing i n t o 
t h e c o r o n a is ^ 

Jc = Jm (15) 
Ka 

w h e r e Jm is t h e m a x i m u m i n t e n s i t y t h a t w o u l d flow i n t o t h e c o r o n a i n t h e a b s e n c e 
of a n y s u b p h o t o s p h e r i c s h u n t a n d Ra a n d Rf, a r e r e s p e c t i v e l y t h e r e s i s t a n c e s of t h e 
flux-tube a b o v e a n d b e l o w t h e p h o t o s p h e r e . F r o m K u b a t a n d K a r l i c k y w e e s t i m a t e 
Rb/Ra t o b e c lose t o 0 . 1 . T h i s r e d u c e s Jc t o 1 0 9 - 1 0 1 0 A m p e r e s . 

T h e a z i m u t h a l force a c t i n g o n n e u t r a l s is Fe = —jrBz. T h e w o r k m a d e b y t h i s force 
p e r u n i t of t i m e is dW/dt = —jrBzVe)n. F r o m t h i s e x p r e s s i o n a n d f r o m e q u a t i o n (4) 
t h e t o t a l p o w e r t h a t is t a k e n o u t of t h e k i n e t i c e n e r g y of n e u t r a l s i n t h e d y n a m o 
r e g i o n t o g e n e r a t e e l e c t r i c c u r r e n t s c a n b e d e r i v e d a n d is 

Ρυ = -πηητηη / ~ dr dz. (16) 
Jo Jo r or 

T h e s a m e a s s u m p t i o n s a s for d e r i v i n g e q u a t i o n (14 ) l e a d t o 

Pv = -nnnmnHrtVrin(r = rt)Ve

2

n(r = rt). ( 17 ) 

D u e t o t h e s h u n t of t h e s u b p h o t o s p h e r i c l a y e r s t h e p o w e r a v a i l a b l e i n t h e c o r o n a 
Pc is o n l y o n e t e n t h of Pv. 

T h e t o t a l i n t e n s i t i e s o b s e r v e d i n a c t i v e r e g i o n s a n d t h e t o t a l p o w e r r e q u i r e d i n o r d e r 
t o p o w e r o n e p o w e r f u l flare ( 1 0 2 4 J o u l e s ) p e r w e e k , i n a n a r e a of 1 0 8 k m 2 ( r a d i u s R 
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= 5 6 0 0 k m ) , are of a b o u t 1 0 1 1 A m p e r e s a n d 1 0 1 8 w a t t s . T h e s e va lues can b e reached 
in p l a g e s if m a n y c o n c e n t r a t e d flux-tubes are present in t h e flaring area. A b o u t 
10 flux-tubes of cross s ec t ion « 1 k m 2 , surrounded b y vort ices w i t h ve loc i t i es c lose 
t o 2 . t o 5. 1 0 2 m s - 1 , are required t o g ive a p o w e r of 1 0 1 8 w a t t s . T h i s i m p l y a 
filling factor of o n l y 1 0 ~ 2 . T h e net to ta l D . C . Current i n t e n s i t y Jc d e p e n d s of t h e 
s ign of Vß a n d , if there is a net loss of angular m o m e n t u m over t h e ac t ive reg ion , it 
c o u l d eas i ly b e as h i g h as reques ted . T h e requ irements o n t h e fill ing factor w o u l d 
b e re laxed in quiet s u n area. 

5. C o n c l u s i o n 

W e h a v e s h o w n t h a t , in the h y p o t h e s i s of axia l s y m m e t r y , any m e c h a n i s m tha t 
c o u l d create a radial pressure grad ient , in a reg ion w i t h a l ow preex i s t ing m a g n e t i c 
field, w o u l d increase t h e m a g n e t i c energy d e n s i t y by creat ing a z i m u t h a l currents . 
B y a coo l ing of t h e flux-tube by a d v e c t i o n of i o n i s a t i o n energy , t h e ini t ia l radial 
pressure gradient cou ld b e increased . T h i s effect m a y l ead t o t h e f o r m a t i o n of con-
c e n t r a t e d m a g n e t i c flux-tubes. T h e ann ih i la t i on of t h e k inet ic energy of vort ices in 
t h e l ow p h o t o s p h e r e cou ld p r o d u c e s ignif icant e lectr ic p o w e r a n d current in tens i ty 
in t h e corona . 
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