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A B S T R A C T 

A model of solar flares is proposed in which the preflare state comprises a bipolar magnetic-field 
structure associated with a bipolar photospheric magnetic region. At low heights, the magnetic-field 
lines are closed but, at sufficiently great heights, the lines are drawn out into an open structure com
prising a bipolar flux tube containing a 'neutral sheet' or 'sheet pinch'. Such a sheet pinch is probably 
related to a coronal streamer. The energy stored in the closed-field region is derived from photo
spheric motion whereas energy stored in the open-field region is derived from the non-thermal energy 
flux which heats the corona and drives the solar wind. 

The flare itself is identified with reconnection of magnetic field by the tearing-mode resistive 
instability. If the thickness of the sheet pinch is determined by resistive diffusion and a growth time 
of the bipolar region of order 1 day, the transverse dimension will be about 10 4 cm. The rise time of 
the tearing-mode instability is then a few seconds, compatible with the characteristic time of Type-Il l 
radio bursts. One can understand that the time-scale of the reconnection process is of order 1 0 M 0 3 sec 
if reconnection proceeds by the Petscheck mechanism, with the modification that resistive diffusion 
is replaced by the more rapid Bohm diffusion. 

The evolution of a flare, according to this model, appears to fit a number of the observational 
characteristics of flares. 

It seems unl ikely t h a t it will ever be poss ib le t o d e d u c e t h e m e c h a n i s m of solar 

flares di rect ly a n d u n a m b i g u o u s l y f rom obse rva t i ons . P r o g r e s s in u n d e r s t a n d i n g th is 

c o m p l e x p h e n o m e n o n can p r o b a b l y c o m e only by a l ong p rocess of t r ia l a n d e r ro r . 

In a t t e m p t i n g t o u n d e r s t a n d such a p h e n o m e n o n as it is exp la ined to h im by observers , 

a theor i s t will ske tch a n i n t e r p r e t a t i o n which m a y deve lop i n t o a full-fledged theory . 

Such a t h e o r y w o u l d be subjec ted t o t w o types of t e s t s : t h a t of i n t e r n a l physica l a n d 

m a t h e m a t i c a l cons i s tency , a n d t h a t of a g r e e m e n t be tween c o m p o n e n t s of t he t h e o r y 

a n d obse rva t i ona l facts . S ince t he d e v e l o p m e n t of a de ta i led t h e o r y of such a p h e 

n o m e n o n cou ld well use u p m a n y m a n - y e a r s of theore t i ca l l a b o r , it is sensible t o first 

e x a m i n e a t h e o r y in o u t l i n e f o r m . Th i s is r o u g h l y w h a t is m e a n t by c o n s t r u c t i n g a 

' m o d e l ' of t h e p h e n o m e n o n . M y p u r p o s e he re is t o p r e sen t a m o d e l of so la r flares 

a n d I h o p e t o l ea rn f r o m y o u r r e s p o n s e t he ex ten t t o w h i c h charac te r i s t i c s of th is 

m o d e l fit t h e cha rac te r i s t i c s of t h e real p h e n o m e n o n . 

A so lar flare is a n exp los ion w h i c h , as far as we c a n tell , usua l ly occu r s s p o n t a n e 

ously . Th i s impl ies t h a t t h e bas ic m e c h a n i s m of a so lar flare is s o m e k ind of ins tabi l i ty . 

I t ha s been agreed for s o m e t i m e t h a t a solar flare is an e l e c t r o m a g n e t i c p rocess 

(Cowl ing , 1953), a n d th i s impl ies t h a t t h e ins tab i l i ty is a p l a s m a ins tabi l i ty . F u r t h e r 

m o r e , it is genera l ly bel ieved t h a t the ene rgy released in t he flare is s to red in m a g n e t i c 
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f o r m ( G o l d a n d H o y l e , 1960). Since a flare seems t o o c c u r in t h e c h r o m o s p h e r e a n d 
c o r o n a , a n d has n o a p p a r e n t inf luence u p o n t h e p h o t o s p h e r e , t h e m a g n e t i c field of a 
pref lare s ta te c a n n o t be in its lowes t -energy s ta te , cons i s t en t w i th t he b o u n d a r y 
c o n d i t i o n s of given n o r m a l m a g n e t i c field a t t h e p h o t o s p h e r e . T h i s m e a n s t h a t t he re 
m u s t be cu r r en t s in t h e pref lare magnet ic-f ie ld p a t t e r n . H o w e v e r , s ince t h e c o r o n a 
h a s a low gas dens i ty a n d p re s su re , o n e m i g h t i m a g i n e t h a t t h e m a g n e t i c field m u s t 
be v i r tua l ly force-free, a n d S c h m i d t (1968) , fo l lowing a s imi lar sugges t ion by G o l d 
(1964) h a s p r o p o s e d t h a t t h e pref lare energy is s t o r ed in a force-free m a g n e t i c field. 

O n e objec t ion t o th i s p r o p o s a l is t h a t such a force-free field will be c o m p o s e d of 
c losed magnet ic-f ie ld l ines . I t is t h e n h a r d to u n d e r s t a n d h o w e l ec t rons acce lera ted 
a t t h e very beg inn ing of a flare c a n t rave l a l m o s t r ad ia l ly o u t w a r d a n d p r o d u c e a 
T y p e - I l l r a d i o bu r s t (Wi ld et al, 1963). T h e idea p r o p o s e d by S c h m i d t a n d G o l d also 
t r aces t h e sou rce of flare ene rgy t o m o v e m e n t of magnet ic- f ie ld l ines a t t h e p h o t o s 
p h e r e . B u t th i s aspec t of t h e i dea is h a r d t o reconci le w i th t h e o c c u r r e n c e of h o m o 
l o g o u s flares (El l ison, 1963) w h i c h in the i r ideal ized fo rm r e p e a t exact ly , w i t h o u t 
significant c h a n g e in t h e p h o t o s p h e r i c m a g n e t i c field. F o r these r e a s o n s , o n e is 
p e r s u a d e d t o l o o k for a n a l t e rna t ive m e t h o d for s t o r i ng m a g n e t i c ene rgy a n d a n 
a l t e rna t ive m e t h o d for p r o v i d i n g th i s energy . 

I t is a t th i s p o i n t r e l evan t t o d i rec t o n e ' s a t t e n t i o n to t h e so la r w i n d (Dess ler , 1967), 
t h e exis tence of wh ich i n su re s t h a t s o m e f rac t ion of t h e magnet ic- f ie ld l ines emerg ing 
f r o m t h e p h o t o s p h e r e h a v e a n o p e n conf igura t ion . If w e n o w c o n s i d e r a s imple 
b i p o l a r m a g n e t i c r eg ion a n d c o n s t r u c t a field p a t t e r n wh ich h a s b o t h c losed a n d o p e n 
magnet ic-f ie ld l ines, we a r r ive a t a p a t t e r n of t h e t ype s h o w n in F i g u r e 1. T h i s p a t t e r n 
c o n t a i n s a Y - t y p e n e u t r a l p o i n t (or , m o r e cor rec t ly , a ' n e u t r a l l ine ' ) . T h e conf igu ra t ion 
of t h e m a g n e t i c field in t h e n e i g h b o r h o o d of t h e n e u t r a l p o i n t is qu i t e sensi t ive t o t he 

FIG. 1 . Schematic representation of magnetic-field pattern above a bipolar magnetic region, showing 
the transition from closed field lines at low heights to open field lines at great heights, involving Y-type 
neutral line and sheet pinch. 
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equa l i ty o r i nequa l i t y of gas p ressu res in t he closed-field r eg ion a n d t h e open-field 
reg ion . T h e d i a g r a m is d r a w n for t he case t h a t t he gas p re s su re in t h e closed-field 
r eg ion is g rea te r t h a n t h a t in t h e ad jacen t open-field reg ion . T h e magnet ic-f ie ld l ines 
t h e n t a k e the fo rm of a c u s p , w h i c h is s t rong ly r emin i scen t of t h e h e l m e t s h a p e often 
seen in c o r o n a l s t r u c t u r e s (Bil l ings, 1966). If t he gas p r e s su re in t h e closed-field reg ion 
w e r e less t h a n t h a t in t h e ad jacen t open-field r eg ion , t he field conf igura t ion in t h e 
n e i g h b o r h o o d of t he n e u t r a l p o i n t w o u l d be t h a t of a n inve r t ed ' T ' . If t h e r e were a 
filament (quiescent p r o m i n e n c e ) in th is s t ruc tu re , it w o u l d be c o m p a r a t i v e l y low d o w n 
a b o v e the l ine d iv id ing r eg ions of o p p o s i t e m a g n e t i c p o l a r i t y a t t h e p h o t o s p h e r e . 

T h e i m p o r t a n t p o i n t a b o u t th is conf igura t ion is t h e exis tence of a ' n e u t r a l shee t ' 
o r , as it is cal led in p l a s m a phys ics , a ' shee t p i n c h ' ( F u r t h et al, 1963), in wh ich t h e r e 
is a th in reg ion of h igh -dens i ty p l a s m a , t he p re s su re of wh ich b a l a n c e s the ad jacen t 
m a g n e t i c p ressure . (Such a s t r u c t u r e exists a lso in t h e m a g n e t i c ta i l of t he e a r t h 
(Ness , 1965).) A sheet p i n c h a p p e a r s to be m e t a s t a b l e , yet t h e a s soc ia ted m a g n e t i c 
field cer ta in ly c o n t a i n s ' free ene rgy ' , wh ich c a n be re leased if t h e m a g n e t i c field c a n 
be ' r e connec t ed ' . In t h e p re sen t m o d e l , such energy can be re leased w i t h o u t c h a n g i n g 
t h e c o n n e c t i o n of magnet ic- f ie ld l ines a t t h e p h o t o s p h e r e . T h e s h a p e a n d loca t ion of 
t h e sheet p i n c h a b o v e a b i p o l a r m a g n e t i c reg ion a r e s imi lar t o t h a t of a c o r o n a l 
s t r e a m e r w h e n a s t r e a m e r is a s soc ia t ed w i t h a b i p o l a r m a g n e t i c r eg ion . Th i s sugges ts 
t h a t a c o r o n a l s t r e a m e r is in fact t he visible m a n i f e s t a t i o n of such a sheet p inch . 
D r . S h e l d o n S m i t h of t h e N A S A - A m e s R e s e a r c h L a b o r a t o r y h a s a very fine eclipse 
p h o t o g r a p h wh ich b e a r s o u t t h i s sugges t ion , a n d an ar t ic le o n th i s o b s e r v a t i o n a n d 
i n t e r p r e t a t i o n will be p u b l i s h e d in t h e n e a r fu ture . 

W i t h th i s m o d e l of t h e pref lare s ta te we m a y n o w inqu i r e i n t o t h e d e v e l o p m e n t of 
t h e flare itself. Ene rgy m a y be re leased by r e c o n n e c t i o n of the m a g n e t i c field, a n d such 
r econnec t i on m a y be effected by the t e a r i n g - m o d e resist ive ins tab i l i ty ana lyzed in t he 
l inear a p p r o x i m a t i o n by F u r t h et al. (1963). T h e g r o w t h r a t e o f t h i s ins tab i l i ty d e p e n d s 
cri t ically on t he t h i c k n e s s of t h e sheet p inch , a d i m e n s i o n of wh ich we have n o direct 
k n o w l e d g e . H o w e v e r , w e c a n p r o b a b l y assign a lower l imi t t o t he th ickness of t he 
sheet p i n c h by c o n s i d e r i n g t h e l ifet ime of t h e conf igu ra t ion a n d t h e re la t ive diffusion 
r a t e of p l a s m a a n d m a g n e t i c field. Spi tzer (1962) gives a c o n v e n i e n t f o r m u l a for 
re la t ing t h e diffusion t i m e T d , t h e t e m p e r a t u r e T of a fully ion ized p l a s m a , a n d t h e 
charac te r i s t i c l eng th scale L: 

T d * 1 0 - 1 2 7 7 3 / 2 L 2 . (1) 

If t he t e m p e r a t u r e of t h e c o r o n a is t a k e n to be 1 0 6 4 o K , a n d if T d is identified wi th t h e 
l ifet ime of a c o r o n a l s t r e a m e r w h i c h is p e r h a p s of o r d e r 1 d a y in a n act ive reg ion , 
i.e. 1 0 5 sec, we find t h a t L , w h i c h m e a s u r e s t h e th i ckness of t h e sheet p inch , is of 
o r d e r 1 0 4 c m , i.e. 0 1 k m . T h i s e s t i m a t e of t h e t h i cknes s is m u c h smal le r t h a n o n e 
m i g h t have s u p p o s e d w i t h o u t cons ide r ing t h e h igh conduc t iv i t y a n d smal l diffusivity 
of t h e c o r o n a l p l a s m a . 
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T h e t ime-scale T, of t h e m o s t r a p i d l y g rowing wave of t h e t e a r i n g - m o d e ins tabi l i ty 

is given ( F u r t h et al, 1963) by 

Ti = 44 (2) 
whe re 

* A = 1 , (3) 

vA be ing the Alfven veloci ty g iven by 

vA = B(4nPy*, (4) 

w h e r e B is t he m e a n magnet ic- f ie ld s t r eng th a n d p t he m e a n gas dens i ty . Since t he 

m a g n e t i c p ressure ins ide t h e sheet is be ing b a l a n c e d by gas p r e s su re o n the ou t s ide , 

t h e Alfven velocity will in fact be d e t e r m i n e d by the p l a s m a t e m p e r a t u r e a n d be 

c o m p a r a b l e wi th t he speed of s o u n d . F o r T= 1 0 6 4 °K , w e find t h a t vA = 1 0 7 5 c m s e c " 1 . 

T h i s m e a n s t ha t , for t h e sheet w e a r e cons ide r ing , T a = 1 0 " 3 5 sec, so t h a t T, = 1 0 ' 7 sec. 

T h e a b o v e t ime-sca le of 5 sec for t he g r o w t h r a t e of t h e t e a r i n g - m o d e ins tabi l i ty 

m a y seem to be t o o s h o r t t o be r e l evan t t o so la r flares. H o w e v e r , th i s is p r o b a b l y 

n o t t h e case . T y p e - I l l r a d i o b u r s t s f requent ly occu r a t t h e b e g i n n i n g of a so lar flare. 

T h e fine s t ruc tu re of a T y p e - I l l r a d i o bu r s t can h a v e a t ime-sca le of a b o u t 1 sec. 

H e n c e , t he g r o w t h ra te wh ich we h a v e c o m p u t e d is n o n e t o o sho r t . I n d e e d , we shou ld 

poss ib ly conc lude t h a t t h e g r o w t h r a t e s h o u l d be even m o r e r a p i d so t h a t t h e th ickness 

of t h e sheet p inch is typ ica l ly even less t h a n w e h a v e a s s u m e d . 

T h e p reced ing c o n s i d e r a t i o n s i nd i ca t e t h a t t h e onse t of ins tab i l i ty is very r a p i d , 

a n d fur ther ca l cu la t ions of th i s s tage of t he flare p roces s i nd i ca t e t h a t sufficient 

e l ec t rons will be acce le ra ted t o h i g h e n o u g h ene rgy t o exp la in t h e p r inc ipa l cha rac t e r 

istics o f T y p e - I l l r a d i o bu r s t s . H o w e v e r , t he m a i n e n e r g y re lease of a flare m u s t be 

effected by a p rocess wi th very different p a r a m e t e r s . T h e t ime-sca le for re lease of t h e 

bu lk of the energy of a very la rge flare (Smi th a n d S m i t h , 1963) is of o r d e r 1 0 3 sec. 

Since t h e t r ansverse d i m e n s i o n s of a very large flare a re typ ica l ly 1 0 1 0 cm , th i s impl ies 

t h a t t he m e a n re la t ive diffusion ve loc i ty of m a g n e t i c field a n d p l a s m a is a b o u t 1 0 7 c m 

s e c - 1 . Pe t schek (1964) h a s c o n s i d e r e d t h e poss ib i l i ty t h a t th i s very r a p i d r e c o n n e c t i o n 

t a k e s p lace in a very t h i n layer ( the m a g n e t o h y d r o d y n a m i c t r e a t m e n t of his m e c h a n i s m 

leads t o a sheet t h i ckness of o r d e r 1 0 " 4 c m ) . H o w e v e r , t h e m a g n e t o h y d r o d y n a m i c 

e q u a t i o n s m a y n o t be a p p l i e d t o t h e c o r o n a l p l a s m a w h e n t h e r e l evan t length-sca le 

is so very smal l . 

I f t he T y p e - I l l p h e n o m e n o n r ep re sen t s t he ini t ia l b u i l d - u p of t h e t e a r i n g - m o d e 

ins tabi l i ty , t h e n t h e 'f lash p h a s e ' o f a flare p r e s u m a b l y r e p r e s e n t s a p r o c e s s which 

t a k e s p lace after t he ins tab i l i ty h a s deve loped t o t he h igh ly n o n - l i n e a r level of a m p l i 

t u d e a t wh ich the p l a s m a is bes t desc r ibed as ' t u r b u l e n t ' . If th i s is so , t he r a p i d 

r e c o n n e c t i o n of t h e magnet ic-f ie ld l ines m a y be ascr ibed to a n o m a l o u s diffusion in 

a t u r b u l e n t p l a s m a . In o r d e r to d e t e r m i n e w h e t h e r t h e r e c o n n e c t i o n r a t e c an be 

sufficiently r ap id , we fol low Spi tzer (1962) in a d o p t i n g the B o h m diffusion coefficient 
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as t h a t which cha rac te r i zes a highly t u r b u l e n t p l a s m a : 

1 ckT , 
DB= a \02 6B~lT. (5) 16 eB 

This m e a n s t h a t t he re la t ive diffusion veloci ty is given by 

vD^Db~l « 1 0 2 6 £ " V ' T , (6) 

where 6 is the length-sca le cha rac t e r i z ing m a g n e t i c a n d p l a s m a f luc tua t ions t ransverse 
t o the m a g n e t i c field. If b is identified wi th t he smal l -scale s t r u c t u r e deve loped by the 
t e a r i n g - m o d e ins tabi l i ty , we find f rom t h e ar t icle by F u r t h et al. (1963) t h a t we shou ld 
a d o p t 

F o r t he pa r t i cu l a r va lues we a d o p t e d , th i s gives b& 1 0 2 c m . Since we a r e cons ide r ing 
the s ta te resu l t ing f rom t h e onse t of ins tabi l i ty , we need to eva lua t e the p l a s m a t e m p e r 
a t u r e after the o c c u r r e n c e o f ins tabi l i ty r a t h e r t h a n before it. T h i s t e m p e r a t u r e m a y 
be e s t ima ted by e q u a t i n g t h e magne t i c - ene rgy dens i ty ( l / 8 7 i ) B2 before t h e flare t o t h e 
p l a s m a energy dens i ty 2 x \nkT after t he flare (where n is t h e n u m b e r dens i ty of 
e lec t rons a n d of i ons ou t s ide t h e init ial sheet p i n c h ) . If we t a k e i ? ^ 1 0 2 gauss and 
rt^lO10 c m - 3 , we find t h a t t h e p l a s m a is h e a t e d t o a t e m p e r a t u r e of 1 0 8 o K . W h e n 
these va lues a re s u b s t i t u t e d i n t o E q u a t i o n (6) , w e find t h e a n o m a l o u s diffusion veloci ty 
to be 1 0 6 " 6 c m s e c " *, w h i c h is very close t o t he r equ i r ed va lue of 1 0 7 c m s e c " 1 q u o t e d 
a b o v e . It seems, t he re fo re , t h a t t h e very r ap id r i se- t ime of t h e l ight cu rve of a flare 
m a y be asc r ibed t o a n o m a l o u s diffusion, o f t h e B o h m t y p e , wh ich fol lows the deve lop
m e n t of very smal l -scale t u r b u l e n c e resu l t ing f rom t h e t e a r i n g - m o d e ins tabi l i ty . 

T h e a b o v e c o n s i d e r a t i o n s m a y p e r h a p s best be in t e rp re t ed as a modi f i ca t ion of the 
Pe t schek (1964) m o d e l of t he r e c o n n e c t i o n of t he magnet ic-f ie ld lines in a so la r flare, 
in which t h e resist ive layer is r ep laced by a t u r b u l e n t layer , a n d resis t ive diffusion by 
B o h m diffusion. T h e th i ckness of t he layer is t h e n e s t ima ted to be 1 0 2 c m (which is 
in fact t he t r ansve r se leng th-sca le of the m o s t r ap id ly g r o w i n g wave of the t ea r ing-
m o d e ins tabi l i ty , in t h e m o d e l d i scussed ear l ier) r a t h e r t h a n t h e 1 0 " 4 c m , as e s t ima ted 
by Pe tschek . 

T h e decay t i m e of t h e l ight cu rve of a flare is typical ly a b o u t t en t imes t h e rise t i m e 
(Smi th a n d Smi th , 1963), a n d th is p a r t of t h e curve has a n e x p o n e n t i a l f o rm . I t a p p e a r s , 
the re fore , t h a t t h e s low decay is l ikely t o be caused by t h e s low diffusion of h e a t a n d 
energe t i c par t ic les o u t of t h e ins tab i l i ty reg ion d o w n t o t h e c h r o m o s p h e r e , whe re t h e 
H a a n d o t h e r p r o m i n e n t emis s ion l ines a r e p r o d u c e d . 

T h e gross charac te r i s t i c s of t h e evo lu t ion of a flare a c c o r d i n g t o t h e a b o v e m o d e l 
is s h o w n schemat ica l ly in F i g u r e 2. W e see t h a t t h e s t r eam of h e a t a n d par t ic les , a s 
g u i d e d a l o n g magnet ic-f ie ld l ines t o t h e c h r o m o s p h e r e , will give rise t o a p a i r of b r igh t 
filaments, as is typical ly obse rved (El l ison, 1963). A s t h e p rocess c o n t i n u e s , the t w o 
reg ions at which h e a t i n g o c c u r s will m o v e progress ively a w a y f rom t h e l ine d iv id ing 

b ~ 0D/*A) (7 ) 

https://doi.org/10.1017/S0074180900021926 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900021926


4 7 6 P. A. S T U R R O C K 

HIGH-ENERGY 
PARTICLE 
STREAMS , 

EJECTED 
PLASMA 

L- BRIGHT FILAMENTS 
IN CHROMOSPHERE 

RECONNECTION 

F I G . 2. Schematic representation of reconnection of magnetic-field lines during a flare, showing 
ejection of plasma and heating of chromosphere by particle streams to form two bright filaments. 

o p p o s i t e m a g n e t i c po la r i t i e s , a t t h e p h o t o s p h e r e , giving t h e a p p e a r a n c e t h a t t he t w o 
b r i g h t filaments a r e m o v i n g s lowly a w a y f rom each o the r . Since t he p l a s m a effected 
b y t h e r econnec t ion p rocess is bel ieved t o be h ighly t u r b u l e n t , t h e r e will be s tochas t ic 
acce le ra t ion (S tu r rock , 1966a ; H a l l a n d S t u r r o c k , 1968) of b o t h e l ec t rons a n d p r o t o n s , 
b u t these will e scape on ly slowly f r o m t h e ' m a g n e t i c b a g ' f o r m e d by t h e d i so rde red 
m a g n e t i c field. Such a m o v i n g c loud of e lec t rons m i g h t give r ise t o w h a t is cal led a 
m o v i n g Type - IV r a d i o b u r s t (Wi ld et al, 1963). F u r t h e r m o r e , t h e col l is ionless shock 
w a v e wh ich p r o b a b l y f o r m s a h e a d of t h e o u t w a r d - m o v i n g p l a s m a c l o u d m a y be t he 
o r ig in of a Type - I I r a d i o bu r s t (Wi ld et al., 1963). O n e m a y a lso n o t e t h a t th i s m a g n e t i c 
c l o u d will u l t ima te ly be ejected comple t e ly f rom the S u n . O n a r r iva l in t h e vicinity 
of t h e E a r t h , th is c loud w o u l d give r ise t o a g e o m a g n e t i c s t o r m . 

T h e p a p e r p resen ted a t th i s m e e t i n g b y R u s t (1968) asc r ibes su rges a n d E l l e r m a n 
b o m b s t o smal l m a g n e t i c r eg ions s u r r o u n d e d b y la rger r eg ions of o p p o s i t e m a g n e t i c 
po la r i t y , such as ' sa tel l i te s u n s p o t s ' . I t a p p e a r s t h a t t h e flare p r o c e s s desc r ibed in th is 
ar t ic le m a y be app l ied a l so t o a r i ng - type sheet p inch , such as m a y f o r m a b o v e t h e 
b o u n d a r y of a satell i te s u n s p o t . If t h e Y - t y p e n e u t r a l l ine of th i s con f igu ra t ion is low 
in t h e a t m o s p h e r e , p e r h a p s a t c h r o m o s p h e r i c he igh ts , t h e emis s ion l ine m a y well be 
a b s o r b e d a t t h e cen t re of t h e l ine, as is cha rac te r i s t i c of t h e ' m o u s t a c h e ' s h a p e of t h e 
emis s ion fea tures of E l l e r m a n b o m b s (Severny, 1964). T h e ejected p l a s m a w o u l d t h e n 
be m u c h m o r e dense t h a n is typ ica l of flares of t h e t y p e w e h a v e d iscussed earl ier , 
w h i c h lead t o t he eject ion o f c o r o n a l p l a s m a . T h e eject ion of a c o l u m n of c h r o m o s 
p h e r i c p l a s m a m a y well be t h e p r o p e r i n t e rp re t a t i on of surges . 
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In conc lus ion , we shal l i n q u i r e briefly i n t o t h e or ig in of t h e e n e r g y w h i c h is s to red 
in t he o p e n magnet ic-f ie ld p a t t e r n s h o w n in F igu re 1. Th i s is bel ieved t o be der ived 
f r o m the n o n - t h e r m a l ene rgy flux w h i c h goes t o h e a t t h e c o r o n a a n d dr ive t h e so la r 
w i n d . Th i s , a c c o r d i n g t o O s t e r b r o c k (1961) is typical ly 1 0 7 e rg c m " 2 s e c " 1 , b u t m a y 
be h igher by a fac to r of 10 in ac t ive reg ions . Since t h e a r ea cove red by a large flare 
is 1 0 2 0 c m 2 a n d t h e r ecove ry t i m e be tween a series of in tense h o m o l o g o u s flares 
(El l ison, 1963) is a b o u t 1 d a y ( 1 0 5 sec), we see t h a t t h e t o t a l n o n - t h e r m a l energy 
ejected in th i s t i m e , i n t o th i s r eg ion , is* 1 0 3 3 erg. H e n c e we c a n expla in t he energy 
re leased d u r i n g a flare if on ly a few p e r c e n t of th i s ene rgy is c o n v e r t e d i n t o t h e Tree 
e n e r g y ' a s soc ia ted w i th t h e o p e n magnet ic-f ie ld s t ruc tu r e of F i g u r e 1. 

Since a c c o u n t s of th i s m o d e l w e r e first pub l i shed ( S t u r r o c k , 1966ft, 1968), it h a s 
c o m e to t h e a u t h o r ' s a t t e n t i o n t h a t very s imilar ideas h a v e p rev ious ly been expressed 
by C a r m i c h a e l (1964). 
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D I S C U S S I O N 

De Jager: Any theory of flares should explain that the greater part of the energy of the larger types 
of flares is contained in particles accelerated to energies of the order of 1 0 - 1 0 0 KeV. In Sturrock's 
flare theory the optical flare is explained as caused by the collisions of chromospheric matter with 
downward-moving energetic particles. With a view to the fairly great energy which these particles 
presumably have it looks very difficult to produce anything like the optical flare by this interaction. 
The energy will mainly be emitted at shorter wavelength, not in Ha and other l ines. 

Sturrock: The primary energy-release mechanism is the tearing-mode instability which gives rise 
to strong electric fields associated with intense filamentary currents. When such an electric field 
develops in an open-field region in a low-density part of the corona, one expects that a large part of 
the energy released by the instability will appear as high-energy electrons and protons. However, 
the electric field associated with the closed-field region is developed at smaller heights and therefore 
in regions of higher density. The main result of the electric field is likely to be a conduction current 
rather than a runaway current, so that the resulting heating of the chromosphere is better interpreted 
as being due to thermal conduction from coronal heights, rather than a stream of high-energy 
particles. 

De Feiter: An additional difficulty is that the downward motion of these energetic particles should 
last as long as the optical flare (hence 1 0 min to 1 or more hours). Since a plasma excited to high 
energies ( 1 0 - 1 0 0 KeV) will lose its energy in a few minutes, Sturrock's theory makes necessary the 
assumption of a continuous acceleration of energetic particles, during a time as long as the period 
of visibility of the optical flare. 

Sturrock: Suppose a large flare releases 1 0 3 2 erg in a closed-field region of height 1 0 1 0 c m and 
area 1 0 2 0 c m 2 . If this energy is radiated in 1 0 3 sec, the downward heat flux will be 1 0 9 erg c m " 2 s e c - 1 , 
compatible with a maximum temperature of 1 0 7 « 3 ° K . To meet the total energy requirement, the 
mean density must be 1 0 1 0 c m - 3 . The time-scale for cooling of this hot gas by bremsstrahlung radi
ation is in excess of 1 0 5 sec, much longer than the time-scale for cool ing by conduction. The time-
scale for cooling by gyro-radiation is about 1 0 6 sec. Hence the present theory does not require accele
ration after the flash phase of a flare. 

Newkirk: Your model requires the existence of open magnetic-field lines above the active region. 
H o w do these lines become opened initially? 

Sturrock: There have been open field lines as long as there has been a solar wind. The boundary 
between closed and open field lines is sensitive to the pressure differential between the plasma in these 
two regions. Since plasma in the closed field region cannot escape, it tends to have a higher temper
ature, density and pressure than that in the adjacent open field region. It seems that this allows a 
progressive ejection of closed field lines along the sheet pinch so that the bipolar flux tube grows 
from the inside out. 

Wilcox: When energetic solar flare particles are detected by spacecraft near the Earth, does your 
model give any prediction for the configuration to be expected in the interplanetary magnetic field? 

Sturrock: I have not investigated this question. My initial reaction is that the first high-energy 
particles would arrive along field lines with the normal spiral angle, but the main cloud of plasma 
would arrive with a magnetic field oriented transverse to the Sun-Earth line. 

Davis: I have several questions on your interesting model; but most of them are related to the 
following feature. The tearing instability that produces the energy results in an increase in the flux 
of the arch region, i.e., the flux of the tubes both of whose ends pass into the photosphere. There is a 
corresponding decrease in the flux of the tubes that lead from the solar surface out into interplanetary 
space. After the flare is over and the energy supply is to be replenished, the original flux configuration 
must be restored. I do not understand how this can be done by heating the gas in the arches and 
pushing them up higher. Instead, it will be necessary to cut and reconnect lines of force. 

Sturrock: The process which I just mentioned, in my reply to Dr. Newkirk, results in the ejection 
of closed field lines out along the sheet pinch into interplanetary space. A s far as the flare region is 
concerned, these field lines are then effectively open. There is therefore a s low conversion of closed 
to open field lines without a bona fide reconnection by a resistive process. 

Winckler: We note that the direct verification that Type-I l l bursts are actually caused by streams 
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of relativistic electrons, by space measurements or X-ray bursts, is lacking at present. One should 
be cautious in using this idea to support a flare theory in a critical way. 

Sturrock: There seems no doubt that Type-Il l bursts comprise electromagnetic radiation from a 
moving 'wake' of plasma oscillations in the corona. The only effective mechanism for exciting plasma 
oscillations is by an electron stream, and this supposition is supported by the high brightness temper
atures of Type-Il l bursts which may be attributed to the two-stream instability. The additional fact 
that the radial velocity of the moving source is compatible with that of an electron stream results in 
a very strong case for the view that Type-I l l bursts are caused by electron streams. 
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