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A B S T R A C T 

We present a coronal propagation model for fast chromospheric disturbances following flares that 
were first observed by Moreton and Ramsey, and deduce estimates of average coronal magnetic fields 
(6 gauss) and disturbance energies 1 0 2 9 erg). 

F l a r e - p r o d u c e d h y d r o m a g n e t i c waves were first obse rved by M o r e t o n (1960, 1965) 
a n d R a m s e y as c h r o m o s p h e r i c d i s t u r b a n c e s o n t h e wings of t h e H a l ine . T h e y t rave l 
ac ross the so la r disk w i th speeds of t h e o r d e r of 1000 km/sec , c a n excite f i laments t o 
osc i l la t ions a n d t r igger o t h e r flares. 

In t he event of S e p t e m b e r 20 , 1963 obse rved by M o r e t o n a n d R a m s e y ( M o r e t o n , 
1965 ; cf. a l so Z i r in , 1966, p . 400ff.), such a w a v e a p p a r e n t l y was c a u s e d by t h e s u d d e n 
b r i g h t e n i n g of t h e flare. I t p r o p a g a t e d a w a y f rom its or ig in wi th a nea r ly c o n s t a n t 
speed of 750 k m / s e c i n t o a n a n g u l a r sec tor of a b o u t 60° c o v e r i n g a d i s t a n c e of several 
h u n d r e d t h o u s a n d k i l o m e t e r s . T h e w i d t h s of t h e d i s t u r b a n c e w a s a b o u t 100000 k m , 
a n d t h e H a D o p p l e r shift i nd ica t ed a m a t e r i a l m o t i o n of a b o u t 10 k m / s e c a w a y f rom 
t h e obse rve r fo l lowed by a r ecove ry in t he o p p o s i t e d i r ec t ion . 

T h e h igh c o n s t a n t p r o p a g a t i o n speed a n d t h e low w a v e a m p l i t u d e of t h i s even t a re 
i n c o m p a t i b l e wi th a c h r o m o s p h e r i c p r o p a g a t i o n . F o r a t e m p e r a t u r e of 1-6 x 1 0 4 o K 
t h e c h r o m o s p h e r i c s o u n d veloci ty is 18 k m / s e c a n d for a dens i ty of 3 x 1 0 1 0 / c m 3 a n d 
a 5 gauss m a g n e t i c field t h e c h r o m o s p h e r i c Alfven veloci ty is a b o u t 55 k m / s e c . T h e 
750 k m / s e c wave t h e n w o u l d h a v e m o v e d wi th a M a c h n u m b e r of t he o r d e r of 10. 
A s h o c k wave of such s t r eng th w o u l d have s h o w n large w a v e a m p l i t u d e s (of the o r d e r 
of t h e p r o p a g a t i o n speed) a n d s t r o n g d i s s ipa t ion , i.e. s lowing d o w n . B o t h such effects 
a r e n o t obse rved . 

T h e s e difficulties d i s a p p e a r if a c o r o n a l p r o p a g a t i o n is c o n s i d e r e d . * I n t h e c o r o n a 
t h e s o u n d a n d Alfven speeds b o t h a r e a b o u t a fac tor of 10 h ighe r t h a n in t h e c h r o m o s ­
p h e r e . Th i s resul ts f r o m a c o r o n a l t e m p e r a t u r e r o u g h l y 100 t imes l a rge r a n d a c o r o n a l 
dens i ty 100 t imes smal le r t h a n the i r c o r r e s p o n d i n g c h r o m o s p h e r i c va lues . 

In the c o r o n a t h e l a rge r a t i o of t h e m a g n e t i c t o t h e i n t e rna l gas -energy dens i ty 
c lear ly sepa ra t e s t h e 3 h y d r o m a g n e t i c m o d e s . T h i s r a t i o is 10 a t t h e b o t t o m of t h e 
c o r o n a a n d increases u p w a r d s (for a m a g n e t i c field B = 5 gauss , a t e m p e r a t u r e of 

* The coronal propagation of such disturbances was independently suggested by H. U. Schmidt 
(private communication). 
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1-6 mi l l ion degrees a n d a pa r t i c l e dens i ty of 3 x 1 0 8 / c m 3 ) . T h e s low m o d e is r educed 
t o a s o u n d - w a v e t r ave l ing a l o n g t h e gu id ing m a g n e t i c field. T h e incompres s ib l e 
Alfven m o d e m o v e s wi th Alfven speed VA=BI(4np)l/2 (whe re p is t h e m a s s dens i ty) 
b u t is a l so confined t o p r o p a g a t i o n a l o n g the fieldlines. T h e fast h y d r o m a g n e t i c m o d e 
m o v e s a lso a t Alfven speed (sl ightly modif ied by t h e s o u n d veloci ty) bu t c a n p r o p a g a t e 
in all d i rec t ions wi th respec t t o t h e m a g n e t i c field. It is th is l a t t e r m o d e t h a t h a s to be 
m a d e respons ib le for t he fast d i s t u r b a n c e s s p r e a d i n g ac ross t he so la r d isk . 

T h e p r o p a g a t i o n of th is m o d e in t h e c o r o n a is s t rong ly inf luenced by d o w n w a r d 
re f rac t ion in t h e c o r o n a l dens i ty g r a d i e n t a n d u p w a r d reflection a t t h e c h r o m o s p h e r i c 
in te r face . T h e ref rac t ion is c aused b y t h e d e n s i t y - d e p e n d e n t inc rease of t h e Alfven 
speed wi th he igh t a n d p r even t s t h e e n e r g y f r o m escap ing u p w a r d s . T h e s u d d e n dens i ty 
inc rease be tween c o r o n a a n d c h r o m o s p h e r e p r o d u c e s t he a l m o s t c o m p l e t e reflection. 
O n l y a smal l f rac t ion of t h e ene rgy p e n e t r a t e s i n t o t h e c h r o m o s p h e r e a n d causes t h e 
obse rved H a - m o t i o n s . T h e p r o p a g a t i o n is fur ther inf luenced by d i spe r s ion wh ich 
m u s t finally d i s in tegra te a n y d i s t u r b a n c e i n t o w a v e t r a i n s of different speed . W a v e s 
of l o n g h o r i z o n t a l ex ten t r e a c h h ighe r u p w h e r e t he Alfven speed is larger . T h e y 
the re fo re t rave l faster t h a n smal l -sca le waves . 

F o r a q u a n t i t a t i v e c o m p a r i s o n w e simplify t he c o r o n a t o a n i s o t h e r m a l gas of 1-6 
mi l l ion degrees lying a b o v e a c h r o m o s p h e r e a h u n d r e d t imes coo le r a n d dense r . F o r 
s impl ic i ty we first inves t iga te t h e case w h e n the m a g n e t i c field is ver t ical a n d c o n s t a n t 
( F i g u r e 1). T h e first a p p r o x i m a t i o n cons is t s in neglec t ing t h e smal l c h r o m o s p h e r i c 
p e n e t r a t i o n a l toge the r a n d a s s u m i n g a perfect ly reflecting in ter face . 

A s is suggested by the d i spe r s ion we cons ide r t h e ind iv idua l h a r m o n i c waves which 
t o g e t h e r m a k e u p a wave p a c k e t . 

F o r each va lue of t he h o r i z o n t a l w a v e n u m b e r k t he re exists a d iscre te set of he ight -
d e p e n d e n t e igenfunct ions w i th n=Q, 1, 2 , . . . n o d e s ( the ver t ical set is d i scre te r a t h e r 
t h a n c o n t i n u o u s because of t h e e x p o n e n t i a l increase of t h e s ignal veloci ty KA w i th 
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F I G . 1. The corona - chromosphere model. 
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he igh t ) . T o each wave (k,n) b e longs a n e igenf requency a) = con(k). F r o m this o n e 
de t e rmines the p h a s e veloci ty Vph=oj/k a n d the g r o u p veloci ty Vgr = doj/dk. F igure 2 
gives t he resul t of such a n e v a l u a t i o n in fo rm of a d i spers ion d i a g r a m . I t s h o w s the 
n ine lowest e igenfrequencies as a funct ion of k. T h e six h o r i z o n t a l l ines be long to 
Alfven m o d e s . The i r g r o u p veloci ty is zero since they c a n n o t p r o p a g a t e ac ross the 
m a g n e t i c field. T h e t h r ee s lop ing lines be long to t he fast m o d e wi th a r e m a r k a b l y 

0' ~" ' ' 5 ' ' ' ' 10 — k 

F I G . 2. Angular frequency co over horizontal wave number k in the corona. The magnetic field is 
vertical. Unit of length is twice the coronal density-scale height. Unit of time is the unit of length divided 
by the Alfven speed at the bottom of the corona. 

c o n s t a n t g r o u p veloci ty. In F igu re 3 we p lo t p h a s e a n d g r o u p veloci ty as a funct ion 
of \/k. T h e smal l v a r i a t i o n of t h e g r o u p velocity in t h e r a n g e of t h e obse rved d i ­
m e n s i o n s ( « 3 ^ / : < 1 0 ) will a c c o u n t for t h e l ong d i s t ance ac ro s s t h e S u n over wh ich 
t h e d i s t u r b a n c e on t h e S e p t e m b e r 20 , 1963 event co u l d be fo l lowed. 

E q u a t i n g t h e obse rved veloci ty of th is d i s t u r b a n c e t o t h e g r o u p veloci ty for t h e 
cha rac te r i s t i c wave n u m b e r (k&7) o n e can d e t e r m i n e t h e phys ica l va lue of t he un i t 
veloci ty , i.e. t h e Alfven speed a t t h e b o t t o m of t he c o r o n a . W i t h a dens i ty of 
3 x 1 0 8 / c m 3 th is leads t o a c o r o n a l m a g n e t i c field of 6 gauss . I t is a n ave rage field 
ove r t he d i m e n s i o n of t h e w a v e . T h e va lue d e p e n d s only o n t h e s q u a r e r o o t of the 
a s s u m e d c o r o n a l dens i ty . T h o u g h ear l ie r d e t e r m i n a t i o n s of u n d i s t u r b e d p h o t o s p h e r i c 
fields suggested lower va lues of t h e c o r o n a l field, t he 6 gauss m a y be r e a s o n a b l e in 
v iew of recen t o b s e r v a t i o n s . T h e y f o u n d s t r o n g p h o t o s p h e r i c flux c o n c e n t r a t i o n s t h a t 
s h o u l d a t least pa r t i a l ly sp r ead o u t i n t o the c o r o n a . 

T h e influence of a n inc l ined m a g n e t i c field on t h e p r o p a g a t i o n of such c o r o n a l 
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FIG. 4. Dispersion diagram for a magnetic field inclined 30° to the vertical. Direction of horizontal 
wave vector at 45° to the horizontal magnetic-field component. Units as in Figure 2. 
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d i s t u r b a n c e s w a s inves t iga ted t o g e t h e r wi th E. M e y e r - H o f m e i s t e r o n a recen t visit t o 
t h e S a c r a m e n t o P e a k O b s e r v a t o r y . W e f o u n d t h a t fast m o d e s a r e n o t c h a n g e d if they 
p r o p a g a t e in t h e d i r ec t ion of t h e h o r i z o n t a l field c o m p o n e n t . Alfven m o d e s for this 
case have lowered e igenva lues . Th i s is d u e t o a n inc reased ' op t i ca l p a t h ' a l o n g the 
inc l ined fieldlines. 

F o r o t h e r d i rec t ions of th is h o r i z o n t a l p r o p a g a t i o n fast a n d Alfven m o d e s a re 
s u p e r p o s e d t o give t h e e igenfunc t ions . T h i s is caused by t h e lower b o u n d a r y a t wh ich 
fast m o d e s o n reflection a l so exci te Alfven m o d e s , a n d vice versa . T h e resul t ing 
m i x t u r e of fast a n d Alfven m o d e s in e ach e igenfunc t ion c h a n g e s w i th t he w a v e 
n u m b e r k. Th i s leads t o t h e cha rac te r i s t i c f requency va r i a t i on for t h e e i g e n m o d e s in 
F i g u r e 4 . T h a t d i spe r s ion d i a g r a m is a n e x a m p l e for genera l p r o p a g a t i o n in an in­
c l ined magne t i c field. T h e c h a n g e of c h a r a c t e r expresses itself in t h e g r o u p velocity 
wh ich for a pa r t i cu l a r e igenva lue var ies f r o m n e a r ze ro va lues of t h e Alfven m o d e 
t o h igh va lues of t he fast m o d e . T h u s in incl ined fields t h e d i spe r s ion b e c o m e s very 
s t r o n g for all d i rec t ions except t h o s e close t o t h e d i rec t ion of i nc l ina t ion . F r o m th is 
effect we expec t a n a p p a r e n t c o n c e n t r a t i o n of obse rved d i s t u r b a n c e s a l o n g t h a t 
p refer red d i rec t ion . F o r t h e S e p t e m b e r 20, 1963 event such a r e l a t ion is ind ica ted . 
A surge p reced ing t h e w a v e p h e n o m e n o n p o i n t e d in p ro jec t ion aga in s t t h e disk in a 
d i r ec t ion wh ich co inc ided w i th t h a t of t he la ter wave p r o p a g a t i o n . Since t he surge 
h a d t o follow the m a g n e t i c field we c o n c l u d e t h a t it a l so w a s t i l ted in t h e s a m e 
d i rec t ion . 

O n e c a n d e t e r m i n e a m p l i t u d e s of t he c o r o n a l waves f r o m t h e obse rved c h r o m o s ­
p h e r i c m o t i o n s . T o d o th i s o n e h a s t o re lax t h e c o n d i t i o n of perfec t reflection a t t he 
in ter face a n d t o s u p p l e m e n t t h e c o r o n a l p a t t e r n by a c h r o m o s p h e r i c p a r t . Th i s 
c h a n g e s t he c o r o n a l p r o p a g a t i o n very l i t t le. A smal l i m a g i n a r y p a r t of t he eigen­
va lues of a b o u t 1% is i n t r o d u c e d by t h e d a m p i n g wh ich is c aused b y t h e energy loss 
i n t o t he c h r o m o s p h e r e . T h e a m p l i t u d e s of t h e c o r o n a a r e n o w c o n n e c t e d wi th t h o s e 
in t he c h r o m o s p h e r e . F o r t h e case of a ver t ical m a g n e t i c field th is nex t o r d e r a p p r o x i ­
m a t i o n has been p e r f o r m e d . F o r t h e S e p t e m b e r 20, 1963 event w e infer a c o r o n a l 
a m p l i t u d e m a x i m u m of a b o u t 200 k m / s e c . I t is a b o u t £ of t h e loca l Alfven speed. 
A check o n th is e s t i m a t e c o m e s f rom filament osc i l la t ions caused by such c o r o n a l 
waves . T h e theore t i ca l p r e d i c t i o n agrees in t h e o r d e r of m a g n i t u d e w i t h t h e observed 
osci l la t ion a m p l i t u d e s . T h e ene rgy c o n t a i n e d in t h e obse rved d i s t u r b a n c e is e s t ima ted 
f rom this a m p l i t u d e as ^ 1 0 2 9 e rg wh ich is a smal l f rac t ion of t h e t o t a l flare energy . 
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