
F I N E S T R U C T U R E O F B R I G H T N E S S , V E L O C I T Y A N D M A G N E T I C 

F I E L D I N T H E P E N U M B R A 

W . M A T T I G a n d J. P . M E H L T R E T T E R 

( Fraunhofer-Institut, Ffeiburg i.Br., Germany) 

A s a p r e p a r a t i o n for t h e o b s e r v a t i o n a l p r o g r a m of t h e first flight of t h e ' S p e c t r o -
S t r a t o s c o p e ' b a l l o o n - b o r n e so la r te lescope , a n a t t e m p t w a s m a d e wi th t he 35-cm 
a p e r t u r e dome le s s C o u d e re f rac to r of t h e C a p r i S t a t i o n of F r a u n h o f e r Ins t i tu t e t o 
o b t a i n spec t r a of p e n u m b r a l fine s t r u c t u r e . 

A po la r i z ing image-sp l i t t i ng device ( q u a r t e r - w a v e p l a t e a n d W o l l a s t o n p r i sm in 
f ron t of t he s p e c t r o g r a p h slit) w a s used in o r d e r t o o b t a i n s i m u l t a n e o u s spec t r a of the 
t w o s ta tes of c i r cu la r p o l a r i z a t i o n , c o n t a i n i n g t h e mag n e t i c a l l y sensi t ive l ine X 
6302-499 of F e i ( L a n d e f ac to r 5/2). T h i s l ine h a s t w o s h a r p te l lur ic l ines (X 6 3 0 2 0 0 0 
a n d X 6302-764 of 0 2 ) a s i m m e d i a t e n e i g h b o r s serv ing as w a v e l e n g t h reference . 

T h e e x p o s u r e t i m e of t h e d o u b l e s p e c t r a w a s 15 sec o n K o d a k 103a-E film. T h e 
i m a g e scale o n t h e slit is 5'.'9 p e r m m , a n d t h e r ec ip roca l d i spe r s ion 6-92 m m / A . 

A series of spec t ra w a s t a k e n u n d e r ve ry g o o d see ing c o n d i t i o n s , M a y 29, 1967 of 
t h e spo t 17°S, 44°W, classif icat ion J l . T h e slit was set o n t o t h e p e n u m b r a a t t he l imb ' s 
d i s t a n t s ide, nea r ly t a n g e n t i a l ( dev i a t i on 20°) t o t h e so la r l i m b . T h e e x p o s u r e s w e r e 
t r igge red by c o n s t a n t l y w a t c h i n g t h e s ignal of t h e seeing m o n i t o r a n d t h u s select ing 
t h e pe r iods of bes t see ing . Neve r the l e s s , t h e i nd iv idua l spec t r a of th is series h a v e 
different r e so lu t ion . So far, on ly t h e bes t s p e c t r u m , s h o w n in F i g u r e 1, h a s been 
a n a l y z e d . 

M e a s u r e m e n t s of t he spa t i a l v a r i a t i o n ( a l o n g the slit he igh t ) were m a d e of: 
(a ) t h e in tens i ty I(x) of t h e local c o n t i n u u m , 
(b) t h e r ad ia l veloci ty v(x), 
(c) t h e c o m p o n e n t H'{x) = H(x) cos y(x) of t h e m a g n e t i c field, 
(d ) t h e l ine a s y m m e t r y a(x), 

b y t h e fo l lowing t w o m e t h o d s : 
F i r s t ly , f r o m a t o t a l o f 200 m i c r o d e n s i t o m e t e r t r ac ings c o v e r i n g t h e t w o spec t r a in 

s t eps 0'.'45 a p a r t , t h e in tens i ty of t h e loca l c o n t i n u u m , t h e w a v e l e n g t h of t h e l ine cen te r , 
a n d t h e l ine a s y m m e t r y h a v e been d e t e r m i n e d . 

Second ly , an e q u i d e n s i t o g r a m ( F i g u r e 2) h a s been m a d e by p h o t o g r a p h i c p r o c e d 
u r e s ( S a b a t t i e r effect), a n d t h e l ine pos i t i on a n d l ine w i d t h h a v e been m e a s u r e d in 
s teps 0"35 a p a r t . In th i s case , t h e a p p a r e n t w id th of t h e te l lur ic l ines was t a k e n as an 
equ iva l en t t o t h e in tens i ty of t h e local c o n t i n u u m . 

Kiepenheuer fed.), Structure and Development of Solar Active Regions, 187 192. c I.A.U. 
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F I G . 1 . Spectrogram showing penumbral fine structure, May 29, 1967, Spot 17° S, 44° W. 

T h e exac t s u p e r p o s i t i o n of t h e t w o spec t r a a n d the m e a s u r e d va lues (wave leng th ) 
w a s a c c o m p l i s h e d by fit t ing t h e in t ens i ty cu rves (o r l ine-wid th cu rves of t h e te l lur ic 
l ines) t oge the r . 

F i g u r e 3a s u m m a r i z e s t h e resu l t s o b t a i n e d f rom t h e m i c r o d e n s i t o m e t e r t r ac ings , 
F i g u r e 3b t h o s e f rom t h e e q u i d e n s i t o g r a m . 

A l t h o u g h in F i g u r e 3a t h e ve loc i ty a n d in tens i ty f luc tua t ions a r e n o t well p r o 
n o u n c e d over t he w h o l e sec t ion of t h e p e n u m b r a , a g o o d c o r r e l a t i o n a p p e a r s be tween 
b r i g h t e l emen t s , smal le r t h a n a v e r a g e veloci ty , a n d s t r o n g e r t h a n a v e r a g e m a g n e t i c 
field. 

I n F igure 3b , t h e f luc tua t ion o f t h e m a g n e t i c field is smal l , b u t f luc tua t ions o f 
ve loci ty a n d ' in tens i ty ' s h o w t h e s a m e co r r e l a t i on as in F igu re 3a. 
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F I G . 2. Equidensitogram of the spectrum shown in Figure 1. 

W e w o u l d c o n c l u d e , t he re fo re , t h a t t he re is a real c o r r e l a t i o n in t h e p e n u m b r a of 
(1) b r igh t e l emen t s , s t r o n g magnet ic-f ie ld c o m p o n e n t , smal l r ad i a l veloci ty , 
(2) d a r k e l emen t s , w e a k magnet ic-f ie ld c o m p o n e n t , h igh r ad i a l veloci ty . 
F u r t h e r resu l t s c a n b e s u m m a r i z e d as fo l lows : 
T h e m e a n p e n u m b r a l in tens i ty is 0-75 of t h e p h o t o s p h e r i c in tens i ty . T h e m e a s u r e d 

p e a k - t o - p e a k f luc tua t ion of in t ens i ty is a b o u t 10%. 
T h e ave rage r ad i a l ve loc i ty o b s e r v e d is 1 k m / s e c . T h e p e a k - t o - p e a k f luc tua t ion is 

different d e p e n d i n g o n t h e h e i g h t in t h e l ine c o n t o u r . A t t h e l ine cen t e r , J v ( M a x . -
M i n . ) is 7 0 0 - 8 0 0 m / s e c , s o m e w h a t h ighe r in t h e c o n t o u r (whe re t h e l ine w i d t h is a b o u t 
2 0 0 m A ) , we find J v « 5 0 0 m / s e c , h e n c e Av/v = 0-2 t o 0-4, d e p e n d i n g on t h e l ine 
c o n t o u r . 

T h e ave rage magnet ic- f ie ld c o m p o n e n t H' is a b o u t 700 gauss , t h e f luc tua t ion AH' 
a b o u t 2 0 0 - 3 0 0 gauss , h e n c e A H'\H' = 0-3. 

Clear ly , s ince t h e c o m p o n e n t H(x) c o s y ( * ) is obse rved , a n y f luc tua t ion m a y be 
d u e t o e i ther H(x) i tself o r d u e t o va r i a t i on of t h e inc l ina t ion ang le y(x). M o r e o v e r , 
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w 1-300 
F I G . 3. (a) Results of analysis of microdensitometer tracings, (b) Results of analysis obtained from 

the equidensitograms. 

s ince t h e l ine is far f rom be ing c o m p l e t e l y split , t h e va lues given m a y be l o w e r t h a n the 
a c t u a l H'. 

T h e a s y m m e t r y of the i r o n l ine w a s f o u n d t o be essent ia l ly t h e s a m e in b o t h spec t ra , 
s o w e a r e a l l owed t o c o n c l u d e t h a t t h e a s y m m e t r y is p r o d u c e d by u n r e s o l v e d veloci ty 
f luc tua t ions r a t h e r t h a n magnet ic- f ie ld f luc tua t ions . T h e s a m e fol lows f r o m t h e 
c o n t o u r d e p e n d e n c e of t h e m e a s u r e d v, a n d f r o m t h e fact t h a t t h e f luc tua t ions in l ine 
w i d t h m e a s u r e d o n t h e e q u i d e n s i t o g r a m a r e a p p r o x i m a t e l y t h e s a m e for b o t h spec t ra . 

I n d i scuss ing t h e o b s e r v a t i o n r e p o r t e d a b o v e , it s h o u l d be s t a t ed t h a t t h e spa t ia l 
r e s o l u t i o n ( 1 " t o 2") of t h e s p e c t r u m is far f rom be ing sufficient for de t ec t ing i n d i v i d u a t 
p e n u m b r a l f i laments ( d i a m e t e r <0 / . , 4 , d i s t ance 2" o r less). M o s t l ikely, t h e br ighl 
e l e m e n t s in t h e s p e c t r u m r ep re sen t a c c u m u l a t i o n s of p e n u m b r a l f i laments . T h i s fact 
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is s u p p o r t e d by the b e h a v i o u r of t h e cen te r - l ine of t he l ine c o n t o u r , w h i c h occas iona l ly 

s h o w s dis t inct s teps . 
A s far as t h e c o r r e l a t i o n be tween b r igh tnes s a n d veloci ty is c o n c e r n e d , t h e resul t s 

a r e in a g r e e m e n t with ear l ie r f indings of Beckers (1966) , a n d in c o n t r a d i c t i o n wi th t he 
h y p o t h e s i s p u t f o r w a r d by S c h r o t e r (1965) . Clear ly , m o r e a n d even b e t t e r o b s e r v a t i o n s 
a r e needed in o r d e r t o m a k e a s o u n d s t u d y of t h e p h e n o m e n a poss ib le . 
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F I G . 4. Sunspot filtergrams A 6569-2 ± 118 A at radius vector 0.7. Limb direction is vertically 
upward (Sacramento Peak Observatory). 
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D I S C U S S I O N 

Beckers: From the preliminary results reported in an earlier paper Schroter and myself found the 
dark penumbral regions to show a magnetic-field enhancement. This disagrees with your measure
ments. W e want to investigate this further, however, before being definite. [See Figure 4.] 

Observations which I made of the Evershed velocities with a Zeiss 1 /4 A filter shows the Evershed 
velocities to be located in the dark penumbral regions. This agrees with Dr . Mattig's measurements. 

Severny: It is a pleasure to realize that the fine structures inside sunspots we found in 1959 {Astr. Zu 
36, 208) are now confirmed in the work of Dr . Beckers and Dr. Mattig. That time we found that the 
magnetic field even inside the umbra shows small peaks (or points, as calls them Dr. Beckers) about 
3 0 % of mean value and concentrated in regions comparable with the resolution of our magneto-
graphic records ( ~ 2 " 5 ) . [See Figure 5.] Magnetographic records have the advantage that they 

F I G 

are not influenced by stray light, while spectrographic data are influenced by stray light to higher 
extent. Since then we have made several times the records of the fine structure and the last ones were 
made in 1965-66 and they are shown at the slide (these last results are delivered also at the conference 
o n magnetohydrodynamics in Sopot , Poland, Sept. 1966). The slide illustrates the repeated scans 
through the sunspot showing the same peaks of about 2" in extension. (It is important to repeat the 
scan to avoid the influence of trembling of images at the slit which may produce false peaks.) 
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