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A B S T R A C T 

A current-free approximation to the coronal magnetic field is calculated from measured photo
spheric magnetic fields (Mt. Wilson) and traced by computer. The calculated field structure is then 
compared to a white-light photograph of the November 12, 1966 eclipse. 

I t is genera l ly ag reed t h a t so la r m a g n e t i c fields p lay a d o m i n a n t ro le in d e t e r m i n i n g 
t h e gross s t r u c t u r e of t h e c o r o n a . H o w e v e r , t h e n a t u r e of t h e spa t i a l co r r e l a t i on 
be tween t h e m a g n e t i c fields w h i c h p e n e t r a t e t h e c o r o n a a n d such obse rved c o r o n a l 
fea tu res as s t r e a m e r s a n d r a y s is u n c e r t a i n . T h e p u r p o s e of o u r still i n c o m p l e t e 
inves t iga t ion is t o d e t e r m i n e t h e c o r r e s p o n d e n c e be tween t h e magnet ic- f ie ld configu
r a t i o n a n d the dens i ty s t r u c t u r e o f t h e so l a r c o r o n a . 

T h e bas ic d a t a for o u r c a l c u l a t i o n were t h e da i ly M t . W i l s o n m a p s of t h e line-of-
s ight m a g n e t i c field a t t h e so l a r sur face for t he p e r i o d O c t o b e r 29 - N o v e m b e r 26 , 
1966. W e d iv ided t h e so l a r sur face i n t o 24 l a t i t u d e z o n e s (A sin X = 0-0833 in l a t i t ude X) 
a n d 27 l o n g i t u d e sec to rs (J</>=13-3° in l o n g i t u d e 0 ) , t h e r e b y c r e a t i n g 648 surface 
e l e m e n t s of e q u a l a r e a . F r o m t h e M t . Wi l son d a t a we e s t i m a t e d t h e a v e r a g e (line-of-
s igh t ) m a g n e t i c field in e ach of t h e surface e l emen t s . W h e n m a g n e t i c m e a s u r e m e n t s 
for a given e l emen t w e r e ava i l ab l e over several d a y s , t h e ass igned field w a s t a k e n t o 
be t h e m e a n of t h e i nd iv idua l da i ly o b s e r v a t i o n s we igh ted a c c o r d i n g t o t h e fol lowing 
s c h e m e : 

T h e ne t m a g n e t i c flux t h r o u g h t h e so la r sur face , as d e t e r m i n e d by t h e d a t a , is n o t 
necessar i ly ze ro b e c a u s e (1) t h e m e a s u r e m e n t s were t a k e n ove r a so l a r r o t a t i o n r a t h e r 
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t h a n i n s t a n t a n e o u s l y , (2) o n l y t h e l ine-of-s ight c o m p o n e n t was m e a s u r e d , a n d (3) t h e 
a c c u r a c y was l imi ted t o ~ 0 - 5 g a u s s . T h i s difficulty m a y be o v e r c o m e by a s imple 
c a l i b r a t i o n . Le t Du r e p r e s e n t t h e a s s igned l ine-of-sight m a g n e t i c field o b t a i n e d f rom 
t h e M t . Wi l son d a t a for r eg ion w h e r e / = 1 , 2 4 specifies t h e l a t i t ude z o n e a n d 
7 = 1 , 2 7 specifies t h e l o n g i t u d e sec tor . Since we r equ i r e t h a t t h e ne t m a g n e t i c flux 
<2> t h r o u g h the so la r sur face be z e r o , we let 

4> = AA^ I ( D l 7 - a ) s e c / f = 0 , (1) 
1 = 1 7 = 1 

w h e r e AA is t h e a r e a of t h e su r face e l emen t , kt is t he l a t i t u d e of t h e m i d p o i n t of t h e 
e l e m e n t , a n d S is t he c o r r e c t i o n t e r m . T h u s , 

I ( £ / > , , ) sec A, 

S = l = l J = l

2 * , (2) 

27 x ]T sec/ . , 
i= 1 

w h i c h we find t o be ~ 5 x 1 0 " 2 g a u s s for t he d a t a used . T h e c o r r e c t e d l ine-of-s ight 
m a g n e t i c field in each reg ion is t h e n 

D',j = D I J - S . (3) 

U n d e r t he a s s u m p t i o n t h a t t h e c o r o n a is cur ren t - f ree , t h e m a g n e t i c field a b o v e t h e 
s o l a r sur face is c o m p l e t e l y specified by t h e d i s t r i b u t i o n of t h e n o r m a l c o m p o n e n t of 
t h e p h o t o s p h e r i c field a n d t h e r e q u i r e m e n t t h a t t h e field v a n i s h a t infinity. S ince on ly 
t h e l ine-of-s ight fields a r e k n o w n , we a s s u m e t h a t t he t o t a l field Btj is normal t o t he 
p h o t o s p h e r e a n d t h u s is r e l a t ed t o t h e co r r ec t ed l ine-of-s ight field D'tj by 

Bij = D'ijs^Xi. (4) 

M o r e o v e r , s ince V x B = 0 a b o v e t h e p h o t o s p h e r e , we c a n r e p r e s e n t B as t h e g r a d i e n t 
of a sca la r po ten t i a l i//, so t h a t B = - Vi//. A l s o V - B = 0, so t h a t V 2 ^ = 0. T h e so lu t ion 
of t h i s L a p l a c i a n e q u a t i o n in t h e r eg ion r^ RQ is ( C h a p m a n a n d Bar te l s , 1940) 

oo n 

+ (r, 0, 4) = RQ £ £ (g: cos + hm

n sin m<j>) Pn

m (0)J, (5) 

n=1m=0 

w h e r e t h e P™ a r e t h e a s soc i a t ed L e g e n d r e P o l y n o m i a l s , 6 is t h e c o l a t i t u d e , a n d g™ 
a n d h™ a r e c o n s t a n t s t o be d e t e r m i n e d f r o m the d a t a . 

A t t h e so la r surface , t h e r ad i a l c o m p o n e n t of m a g n e t i c field 

flr(r = K 0 , 0 , 0 ) = - - = X Z (n + \)(g: cos mt + hZs'mm^PfiO) 
dr r — K 0 N = L M = 0 

( 6 ) 
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c o r r e s p o n d s t o B T J o f E q u a t i o n (4) a n d is t he r e fo re k n o w n . T h e coefficients g™ a n d 
h™ c an t h e n be ca l cu l a t ed f rom 

(A, J 47r(n 4- 1)J J (sinm<£J 
o o 

in wh ich we h a v e used t h e S c h m i d t n o r m a l i z a t i o n ( C h a p m a n a n d Bar t e l s , 1940). fn 
p rac t i ce , t h e d o u b l e i n t e g r a t i o n of E q u a t i o n (7) is r ep l aced by a s u m m a t i o n ove r t h e 
648 e l e m e n t a r y r eg ions , a n d B R ( R Q , 6, (j>) s i n 0 in t h e i n t e g r a n d is r e p l a c e d by D ' U of 
E q u a t i o n (3) . T h e coefficients g™, h™ t o g e t h e r wi th E q u a t i o n (5) , t h e n d e t e r m i n e t h e 
field a t a n y p o i n t ( r , 0, (j>) w h e r e r^RQ by m e a n s of 

# 1 # 1 # 
B R = 1 BQ = — ; I L = — . (8) 

dr r dO rsinOdq) 

Since E q u a t i o n (5) is a r a p i d l y c o n v e r g i n g p o l y n o m i a l e x p a n s i o n , t h e series m a y be 
res t r i c ted t o o r d e r « = 5 w i t h l i t t le c o m p r o m i s e in a c c u r a c y . 

U s i n g th i s t e c h n i q u e , we h a v e t r a c e d t h o s e magnet ic-f ie ld l ines wh ich o r ig ina t e a t 
t h e cen t re s of t h e e l e m e n t a r y sur face a r e a s . T h e m a g n e t i c field o u t t o a d i s t ance of 
3RQ f r o m t h e c e n t r e o f t h e S u n w a s ca l cu l a t ed in th i s m a n n e r . F o r c o m p a r i s o n wi th 
t h e o b s e r v e d c o r o n a , t h e c a l c u l a t e d field l ines were t h e n p ro j ec t ed a g a i n s t t h e p l a n e 
of t h e sky ( F i g u r e l a ) for a g iven l o n g i t u d e 4>o ° f t n e c e n t r e o f t h e s o l a r d i sk . 

Severa l c o m m e n t s r e g a r d i n g th i s p r e s e n t a t i o n of t h e magnet ic - f ie ld l ines in t h e 
c o r o n a a r e in o r d e r . F i r s t , t h e dens i ty of field l ines is in n o w a y r e l a t ed t o t h e s t r eng th 
of t h e m a g n e t i c field (as in t h e u s u a l r e p r e s e n t a t i o n ) , s ince t h e f o o t p o i n t s h a v e been 
c h o s e n geometrically. S e c o n d , t h e t h r e e - d i m e n s i o n a l s t r u c t u r e of t h e c o r o n a l m a g n e t i c 
field c a n n o t be d e t e r m i n e d f rom a s imple p ro j ec t i on of t h e field l ines , say for s o m e 
s ingle cen t ra l l o n g i t u d e (j>0. T o ach ieve t r i -d imens iona l i t y , we m a y e x a m i n e t h e 
p ro jec t ions for t w o different c e n t r a l l o n g i t u d e s in a s t e reo-v iewer o r m a y p r o d u c e a 
m o t i o n p ic tu re in wh ich t h e cen t r a l l o n g i t u d e c h a n g e s wi th t i m e . A s d i sp layed a t th i s 
m e e t i n g , t h e r e su l t an t c o m p u t e r - d r a w n m o t i o n p i c tu re p r o v i d e s t h e t h r e e - d i m e n s i o n a l 
s t r u c t u r e of t h e field a n d reveals t h e p resence of h i t h e r t o u n n o t i c e d a r c a d e s of m a g n e t i c 
l o o p s e l o n g a t e d ove r 60° t o 100° of t h e so l a r sur face . Las t , t h e p r e s e n c e of a so la r 
w i n d of veloci ty v a n d dens i ty p i nva l ida te s o u r a s s u m p t i o n of z e r o c u r r e n t in t h e 
o u t e r c o r o n a , so t h a t t h e m a g n e t i c field t h e r e c a n n o t be ca l cu l a t ed f r o m po ten t i a l 
t h e o r y , fn o u r s imple m o d e l we a s s u m e t h a t whe reve r B ^ B C , w h e r e 

| = W , (9) 

t h e m a g n e t i c l ines a r e a c c u r a t e l y a p p r o x i m a t e d b y p o t en t i a l fields, a n d we d r a w t h e 
l ines ( F i g u r e l a ) as sol id . W h e r e v e r B < B c v / e d r a w t h e field l ines a s d a s h e d t o ind ica te 
t h a t t hey a re p r o b a b l y c o m p l e t e l y d i s to r t ed by t h e so l a r w ind . T h e va lue of B C w a s 

https://doi.org/10.1017/S007418090002177X Published online by Cambridge University Press

https://doi.org/10.1017/S007418090002177X


382 G. N E W K I R K E T A L . 

F I G . l b . The solar corona of November 12, 1966 photographed with a radially symmetric, neutral 
density filter in the focal plane of the camera to compensate for the steep decline of coronal radiance 
with increasing distance. The latitude of the print is further extended by use of the Fluor-o-dodge process. 
The overposed image of Venus appears in the NE quadrant. 

c h o s e n empi r ica l ly by c o m p a r i n g the ca lcu la ted m a g n e t i c - l o o p c o n f i g u r a t i o n s wi th 
s imi l a r l o o p s ac tua l ly visible in t h e c o r o n a a t t he s a m e l o c a t i o n (a t t he bases of t he 
S E a n d S W s t r e a m e r s ) . T o p r o d u c e t h e t r ans i t i on f rom c losed ( so l id ) t o d i s t o r t e d 
( d a s h e d ) s t ruc tu re s a t t h e o b s e r v e d he igh t of a b o u t o n e so l a r r a d i u s a b o v e t h e l i m b 
r e q u i r e s 

£ c ~ 4 - 7 x 1 0 " 2 g a u s s . 

W i t h a s t r e a m e r dens i ty i V e ~ 1 0 7 c m ~ 3 a t 2Re ( M a l i t s o n a n d E r i c k s o n , 1966) 
E q u a t i o n (9) gives for t h e ve loc i ty of t h e so la r w ind 

v ~ 28 k m / s e c . 

S u c h a veloci ty r o u g h l y agrees wi th t h e few empi r i ca l e s t i m a t e s ava i l ab l e ( N e w k i r k , 
1967), b u t is c o n s i d e r a b l y h i g h e r t h a n t h a t p red ic ted by t h e t heo re t i ca l m o d e l s (e.g. 
M e y e r a n d S c h m i d t , 1966; W h a n g et al., 1966). 
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Since o u r d e t e r m i n a t i o n of t h e t h r e e - d i m e n s i o n a l l o c a t i o n s of t h e v a r i o u s c o r o n a l 
s t r u c t u r e s is i n c o m p l e t e , we c a n , for t h e p resen t , c o m p a r e on ly t h e a p p e a r a n c e of t h e 
p ro jec t ed magnet ic - f ie ld l ines a n d t h e c o r o n a . S u c h a c o m p a r i s o n is , howeve r , sug 
gest ive. O f p a r t i c u l a r n o t e a r e t h e fo l lowing c o r r e s p o n d e n c e s : 

(1) T h e S W a n d S E s t r e a m e r s a p p e a r t o b e l oca t ed o v e r a r c a d e s of m a g n e t i c l o o p s . 
(2) T h e bush- l ike s t r u c t u r e a t t h e N E l i m b a p p e a r s t o be a s soc i a t ed wi th m a g n e t i c 

l o o p s pas s ing over t h e l i m b . S imi l a r l o o p s a p p e a r w i th in t h e c o r o n a . 
(3) T h e o u t e r c o r o n a a b o v e t h e N o r t h e r n h e m i s p h e r e d i sp l ays a c o m p l e x of gent ly 

c u r v e d r a y s w h o s e s h a p e s m a t c h t h o s e of t h e magnet ic- f ie ld l ines . 
(4) T h e c o r o n a l c o n d e n s a t i o n in t h e N W q u a d r a n t a p p e a r s a t a l o c a t i o n w h e r e 

m a n y field l ines c o n v e r g e , a l t h o u g h o t h e r s imi la r c o n v e r g e n c e s s h o w n o t h i n g re 
m a r k a b l e in t h e c o r o n a . 

O u r p r e l i m i n a r y ana lys i s sugges t s t h a t t h e p o t e n t i a l m a g n e t i c fields be low 2RQ 

yield a r e a s o n a b l e a p p r o x i m a t i o n t o t h e t r u e fields p r e s e n t in t h e c o r o n a a n d t h a t 
s u c h fields a r e , in fact , a m o s t i m p o r t a n t a g e n t for d e t e r m i n i n g t h e s t r u c t u r e of t h e 
l o w e r c o r o n a . 
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Note added in proof: In t h e m e t h o d p re sen ted he re , t he L e g e n d r e coefficients a r e 
ca lcu la ted in E q u a t i o n (7) o n t h e a s s u m p t i o n of a comple t e ly r ad i a l surface field. 
Since th is t a lk w a s p r e s e n t e d , t h e Legend re coefficients h a v e been reca lcu la ted by a 
l e a s t - m e a n - s q u a r e fit wi th respec t t o t h e l ine-of-sight m a g n e t i c field. T h i s new m e t h o d 
ca lcu la tes t he best poss ib le p o t e n t i a l m a g n e t i c field for t h e d a t a ava i l ab l e . T h e qua l i 
t a t ive resul ts for n = 5, h o w e v e r , a r e essent ia l ly t h e s a m e as p r e s e n t e d he r e in F igu re 
l a . W h e n the L e g e n d r e P o l y n o m i a l is e x p a n d e d t o n = 9 o r h i g h e r o r d e r , even m o r e 
s t r ik ing s imilar i t ies a r i se be tween t h e ca l cu la t ed m a g n e t i c field a n d t h e obse rved 
c o r o n a l s t ruc tu re . T h e s e n e w resu l t s will be t h e bas i s of a f o r t h c o m i n g p a p e r . 

References 

Chapman, S., Bartels, J. (1940) Geomagnetism, Oxford University Press, London. 
Malitson, H. H., Erickson, W . C . (1966) Astrophys. J., 144, 337. 
Meyer, F., Schmidt, H (1966) Mitt. Astron. Geos., 21 . 
Newkirk, G. (1967) Annual Rev. Ast. and Ap., 5, 213. 
Whang, Y . C . , Liu, C.K. , Chang, C . C . (1966) Astrophys. 145, 255. 

https://doi.org/10.1017/S007418090002177X Published online by Cambridge University Press

https://doi.org/10.1017/S007418090002177X


384 G. N E W K I R K E T A L . 

D I S C U S S I O N 

H. U. Schmidt: Why do you choose the ratio between undisturbed magnetic and total material 
energy density as a parameter to describe the break-up point of fieldlines, i.e. the lower end of 
current sheets separating zones of opposite polarity in the solar wind and overlying such zones in 
the solar photosphere? I think one should rather choose the ratio between magnetic and solar wind 
energy density only. This parameter has quite a different dependence on the height than your para
meter, and I think it can be determined from the Parker model with a sufficient accuracy. 

Newkirk: I agree that the comparison with the energy density of the solar wind would have been 
a better criterion. However, we wished to use a condition which could also tell us whether the field 
could support low-elevation density structures as well. (Note added in proof: The final manuscript 
makes just this comparison.) 

Davis: Your very beautifully presented calculations omit one factor which I feel to be important. 
It is a reasonable approximation to use potential fields, but not to apply boundary conditions on the 
flux at the solar surface only. Over the equatorial regions at least, and presumably over the entire 
Sun, the solar wind sweeps a substantial fraction of the total flux out to infinity. This will sub
stantially modify the calculated field and, in particular, is likely to substantially reduce the number 
of large arches. 

Newkirk: Our criterion of comparing the energy density of the material and in the magnetic field 
is admittedly only a crude way of indicating what portions of the field lines are valid. Our pictures 
of the dashed lines indicate field lines which are probably strung out by the solar wind. At present 
we cannot solve the complete problem and calculate the form of the lower portion of the lines as 
modified by the flow above. 
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