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A B S T R A C T 

During 1963-67 observations of the magnetic fields in sunspots have been obtained at the Oslo 
Solar Observatory. For the largest spots the detailed distribution of the magnetic-field strength is 
found. Based on calculations of line profiles made by the author (Kjeldseth Moe, 1967) also the 
direction of the magnetic field is derived. Observations of the magnetic field of the same spot at 
several positions on the solar disk give further information regarding the magnetic-field configu­
ration. Our results are in fair agreement with those of Bumba (1962). 

1. Introduction 

D u r i n g t h e years 1963-67 o b s e r v a t i o n s of t he m a g n e t i c field in s u n s p o t s h a v e been 
o b t a i n e d a t t h e O s l o S o l a r O b s e r v a t o r y . F o r o u r o b s e r v a t i o n s w e h a v e used t h e 
Z e e m a n t r ip le t X 5250 wi th a L a n d e f ac to r g — 3 . T h e e n t r a n c e slit of t h e s p e c t r o g r a p h 
is p l aced a t t h e off axis f o c u s , / = 3 0 m , of t h e so la r te lescope , g iv ing a 27 -cm i m a g e of 
the so l a r d isk . T h e s p e c t r o g r a p h h a s a focal l eng th of 21 m a n d is e q u i p p e d wi th a 
b lazed B a b c o c k g r a t i n g wi th 600 ru l ings pe r m m . A m o r e de ta i l ed de sc r ip t i on is given 
by B r a h d e (1967) . T h e o b s e r v a t i o n s a r e m a d e in t h e 5th o r d e r . T h i s gives us a l inear 
d i spe r s ion of 10-1 m m per A n g s t r o m a n d a resolv ing p o w e r of a p p r o x i m a t e l y 1/100 
A n g s t r o m . In t he d i rec t ion p e r p e n d i c u l a r t o t he d i spe rs ion 1 m m in t he focus of the 
s p e c t r o g r a p h c o r r e s p o n d s t o 4*7 sec of a r c on the so la r d isk . T h e e x p o s u r e t i m e was 
less t h a n 15 sec. 

A q u a r t e r - w a v e ana lyze r is p laced in f ron t of t h e s p e c t r o g r a p h i c slit. T h e q u a r t e r -
w a v e a n a l y z e r cons is t s of a gr id of m i c a s t r ips fo l lowed by a G l a n - T h o m p s o n p r i sm. 
T h e p r inc ipa l axes of n e i g h b o u r i n g m i c a s t r ips a r e a t r igh t ang les t o e a c h o t h e r , whi le 
t h e ax is o f t h e G l a n - T h o m p s o n p r i s m m a k e s a n ang le of 45° t o t h e axes of t h e m i c a s t r ips . 
T h i s a r r a n g e m e n t enab le s us t o d e t e r m i n e t h e inc l ina t ion , y, of t h e magnet ic- f ie ld vec to r 
t o t h e l ine of s ight . T h e d i r ec t ion of t h e a z i m u t h a l field c o m p o n e n t h a s , h o w e v e r , n o t 
been m e a s u r e d . 

2 . Sources of Error 

Before we discuss the resul ts of t h e o b s e r v a t i o n s we w o u l d l ike t o m e n t i o n s o m e of 

* Presented by P. Maltby. 
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/ ^ 3 0 ° y ^ 6 0 ° 

Instrumental polarization in the telescope 5 . 0 ! 13 °. 0 
Imperfections in the quarter-wave analyzer {- 2 ° 0 [ 4 ° 5 
Imperfections in the quarter-wave analyzer together with I 2 °. 5 5 5 
instrumental polarization in the spectrograph 
Scattered light (1 %) from the penumbra 5 ? 0 6 . 0 

T h e line profile of a Z e e m a n t r ip le t m a y be ser ious ly d i s t o r t e d by i n s t r u m e n t a l 
p o l a r i z a t i o n . It is, h o w e v e r , poss ib le t o find a co r r ec t va lue of t h e magnetic-f ield 
s t r e n g t h w h e n t h e sp l i t t ing of t h e c o m p o n e n t s is c o m p l e t e , even w i t h o u t t h e use of a 
q u a r t e r - w a v e ana lyze r in f ron t of t h e s p e c t r o g r a p h . ( F o r X 5250 t h e c o m p o n e n t s a re 
s e p a r a t e d if t h e field is s t r o n g e r t h a n 2000 gauss . ) T h e i nc l i na t i on , y, o f t h e m a g n e t i c -
field vec to r t o t h e l ine of s ight m a y o n t h e o t h e r h a n d on ly be m e a s u r e d f r o m e x p o s u r e s 
m a d e wi th a q u a r t e r - w a v e a n a l y z e r in f ron t of t h e s p e c t r o g r a p h i c slit. B u t even in th is 
case we m u s t cons ide r t h e effect o f i n s t r u m e n t a l p o l a r i z a t i o n in t h e t e l e scope . 

O t h e r sources of e r r o r , l ike impe r f ec t i ons in t h e p o l a r i z a t i o n op t i c s a n d sca t te red 
l ight , h a v e a l so been c o n s i d e r e d . Poss ib le imper fec t ions in t h e r e t a r d a t i o n as well as 
t h e m o u n t i n g of t h e q u a r t e r - w a v e p l a t e m a y i n t r o d u c e i naccu rac i e s in t h e o b s e r v a t i o n s . 
I t is fu r the r poss ib le t h a t t h e G l a n - T h o m p s o n p r i s m is n o t a perfect po l a r i ze r . A smal l 
a m o u n t of l ight p o l a r i z e d p e r p e n d i c u l a r t o t h e op t i ca l axis of t h e p r i s m m a y be 
t r a n s m i t t e d . T h e inaccu rac i e s in t he d e t e r m i n a t i o n of t h e ang le y a r e l isted in T a b l e 1. 

t h e sources of e r ro r , p a r t i c u l a r l y t h e i n s t r u m e n t a l p o l a r i z a t i o n . T h e l ight will be 
p o l a r i z e d in the t e lescope because of reflections f rom me ta l surfaces , in o u r case f rom 
t h e coe los t a t - a n d off-axis m i r r o r s . T h e a m o u n t of p o l a r i z a t i o n in t h e t e lescope h a s 
been ca l cu la t ed for s o m e typ ica l se t t ings of t h e coe los t a t , u s ing d a t a for t h e refract ive 
i n d e x a n d the a b s o r p t i o n coefficient for th in a l u m i n i u m films. 

T h e grea tes t c o n t r i b u t i o n t o t h e i n s t r u m e n t a l po l a r i z a t i on c o m e s f r o m t h e spec t ro ­
g r a p h , especial ly f rom t h e ref lect ion of l ight f rom t h e g r a t i ng . T h e i n s t r u m e n t a l 
p o l a r i z a t i o n in t h e s p e c t r o g r a p h h a s been t h o r o u g h l y m e a s u r e d b y D r . M a l t b y a n d the 
a u t h o r for different spec t ra l o r d e r s . T h e effect o f i n s t r u m e n t a l p o l a r i z a t i o n in t he 
s p e c t r o g r a p h m a y , h o w e v e r , be a l m o s t c o m p l e t e l y e l i m i n a t ed b y p l a c i n g a q u a r t e r -
w a v e a n a l y z e r in f ron t of t h e s p e c t r o g r a p h i c slit. ( T h e very smal l effect o f i n s t r u m e n t a l 
p o l a r i z a t i o n in t he s p e c t r o g r a p h in th i s case is seen f rom a c o m p a r i s o n of t h e second a n d 
t h i r d r o w in T a b l e 1.) 

Table 1 

Inaccuracy in the inclination of the magnetic field to the line of sight, Ay9 due 
to instrumental polarization and scattered light for inclinations in the neighbourhood 

of 30° and 60°, respectively 

Ay 
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T h e va lues a r e f o u n d f r o m m e a s u r e m e n t s of t h e q u a r t e r - w a v e a n a l y z e r used a t t h e 
Os lo S o l a r O b s e r v a t o r y . 

T o c o r r e c t for s ca t t e red l igh t is a n ex t remely t e d i o u s t a sk . W e h a v e t o t a k e i n t o 
a c c o u n t t h e different s ta tes of p o l a r i z a t i o n of t he l ight s ca t t e red f rom different p a r t s of 
t h e s p o t a n d f rom t h e p h o t o s p h e r e . T h e va lues in T a b l e 1 a r e t he resu l t s of a r o u g h 
e s t i m a t e , w h e r e we h a v e a s s u m e d 1% sca t t e red l ight f r o m t h e p e n u m b r a . T h e m a g n e t i c 
field s t r e n g t h in t h e u m b r a a n d t h e p e n u m b r a was set e q u a l t o 2400 a n d 800 g a u s s , 
r e spec t ive ly ; whi le t he i nc l i na t i on of t h e m a g n e t i c field t o t h e l ine of s ight was a s s u m e d 
t o be t h e s a m e in t h e u m b r a a n d t h e p e n u m b r a . 

T h e inf luence of i n s t r u m e n t a l p o l a r i z a t i o n o n the i nc l ina t ion m e a s u r e m e n t s will 
be g rea t e s t for n e a r - t r a n s v e r s e fields. T h i s is s h o w n in T a b l e 1, w h e r e we h a v e l is ted t he 
m a x i m u m difference, A y9 b e t w e e n t h e m e a s u r e d a n d the real va lue of t h e magnet ic-f ie ld 
i nc l ina t ion t o t he line of s ight for t w o va lues of t he i n c l i n a t i o n : 30° a n d 60°. T h e 
va lues in T a b l e 1 a r e m a x i m u m va lues , a n d in m o s t cases t h e difference be tween t h e 
m e a s u r e d a n d the real i nc l ina t ion will be less t h a n Ay. 

3 . The Strength of the Magnet ic Field 

R e g a r d i n g t h e resul ts of t h e magnet ic- f ie ld s t r eng th m e a s u r e m e n t s we will s tress in 
p a r t i c u l a r these p o i n t s : W e h a v e f o u n d t h e magnet ic-f ie ld s t r eng th t o be c o n s t a n t over 
a g r e a t e r p a r t of t he s u n s p o t u m b r a . T h i s a r e a of m a x i m u m field s t r e n g t h is n o t 
necessar i ly s i tua ted a t the cen t e r of t h e spo t . F u r t h e r t h e r a t e of dec r ea se of t he field 
s t r e n g t h is g rea tes t well o u t s i d e t h e u m b r a / p e n u m b r a b o u n d a r y . I t is t he re fo re 
ce r t a in ly a difference be tween t h e v a r i a t i o n of t h e in tens i ty a n d t h e v a r i a t i o n of t he 
magnet ic-f ie ld s t r eng th ac ro s s t h e spo t . T h e genera l ou t l ine o f t h e i sogaus s l ines seem, 
h o w e v e r , t o follow the u m b r a / p e n u m b r a b o u n d a r y fairly well . T h e s e resul ts a r e 
d e m o n s t r a t e d in F igures 1 a n d 2. T h e on ly excep t ions t o these ru les a r e smal l spo t s 
w i th a n u m b r a d i a m e t e r less t h a n 5 sec of a r c a n d spo t s obse rved u n d e r p o o r o b s e r v i n g 
c o n d i t i o n s . In these cases it is l ikely t h a t t h e o b s e r v a t i o n s will be s t rong ly inf luenced by 
s ca t t e r ed l ight . 

I n F i g u r e s 1 a n d 2 a r e s h o w n t w o e x a m p l e s of i sogauss m a p s p r e p a r e d for t h e g rea t 
s p o t of M a r c h 21 a n d 2 2 , 1 9 6 6 . T h e ou t l i nes of t h e u m b r a a n d t h e p e n u m b r a a r e m a r k e d 
w i th a h e a v y l ine . T h e field s t r e n g t h s a n t h e i sogauss l ines a r e g iven in h u n d r e d s of gaus s . 

I n F i g u r e 3 t h e m e a s u r e d va lue of (H/HMax)2 is s h o w n as a func t ion of t h e d i s t ance 
f r o m t h e s p o t cen te r . Th i s c u r v e r e p r e s e n t s a n ave rage of t h e o b s e r v a t i o n s a t M a r c h 21 
a n d 22 for a n u m b e r of different p o s i t i o n angles in t h e spo t . T h e magnet ic- f ie ld s t r eng th 
is c o n s t a n t o u t t o a d i s t ance of 0-4r u f r o m t h e s p o t cen t e r ( r u is t h e u m b r a r a d i u s ) . 
O u t s i d e th is d i s t ance t he h o r i z o n t a l g r a d i e n t of t h e m a g n e t i c p r e s su re , H2/%n, m a y b e 
r e g a r d e d as nea r ly c o n s t a n t . T h e m a g n e t i c p re s su re a t t h e cen t e r of t h e s p o t is a p ­
p r o x i m a t e l y 3-3 x 1 0 5 d y n / c m 2 c o m p a r e d wi th a b o u t 1 0 5 d y n / c m 2 for t h e gas p r e s su re 
(if t h e m a g n e t i c field is n o t force-free) . 
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F I G . 2 . Isogauss map for the spot of March 22, 1966 (see also text Figure 1). 

https://doi.org/10.1017/S0074180900021525 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900021525


206 O . K J E L D S E T H M O E 

UMBRA PENUMBRA 

F I G . 3. The measured value of (H/HM&X)2 as function of the position in the spot. The values are 
the mean of the two days March 21 and 22, 1966, for a number of different position angles in the spot. 

4 . The Direction of the Magnet ic Field 

T h e m e a s u r e m e n t s of t h e i nc l i na t i on of t h e magnet ic-f ie ld vec to r t o t h e l ine of s ight 
a r e b a s e d on line-profile c a l c u l a t i o n s m a d e by the a u t h o r (Kje ldse th M o e , 1967). These 
c a l c u l a t i o n s a r e p e r f o r m e d u s i n g a n e w m e t h o d for so lv ing U n n o ' s t r ans fe r e q u a t i o n s 
for po la r i zed l ight . U n n o (1956) h a s der ived the t r ans fe r e q u a t i o n s for t h e S tokes 
p a r a m e t e r s 

dl 
= (1 + tit) ( I - B ) + rjQQ + n v V 9 

60 

A , - = 0 +*i)G + M/-fl), 0) 

. ~ ^ ( i + n i ) v + t i v ( i - B ) . 

dx/fi 
H e r e / , Q a n d V a r e t h e S t o k e s p a r a m e t e r s , T is t he op t i ca l d e p t h in t h e c o n t i n u u m , 

B t h e s o u r c e func t ion h e r e set e q u a l t o t h e P l a n c k func t ion , a n d p = cosO, w h e r e 0 is 
t h e ang le be tween the so l a r r a d i u s a n d the b e a m of l ight . T h e q u a n t i t i e s rjl9 rjQ a n d 

https://doi.org/10.1017/S0074180900021525 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900021525


O N T H E M A G N E T I C - F I E L D C O N F I G U R A T I O N I N S U N S P O T S 207 

Y]V a r e defined a s : _ 

[ > i n 2 7 + * ' + * ' ( ! + c o s * y) 

1 |"/C P K, + KR~| . 

1 KR - K, 
fyK = — c o s y , 

K 0 2 

w h e r e /c p , a n d KR a r e t h e select ive a b s o r p t i o n coefficients for l inea r ly po l a r i z ed l ight 
a n d for l e f t -handed a n d r i g h t - h a n d e d c i rcu la r ly po la r i zed l ight , r e spec t ive ly ; K0 is t h e 
c o n t i n u o u s a b s o r p t i o n coefficient a n d y is t h e ang le be tween t h e magnet ic-f ie ld vec to r 
a n d the line of s ight . 

In o u r so lu t ion t h e v a r i a t i o n of rj0 wi th d e p t h h a s been t a k e n i n t o a c c o u n t . H e r e 
n0 is t h e r a t i o of t h e l i n e - a b s o r p t i o n coefficient in t he l ine cen t e r t o t h e c o n t i n u o u s 
a b s o r p t i o n coefficient. W e find 

/ = Z l + Z l 

2 

F o r Z j a n d Z 2 we h a v e t h e exp re s s ions 

00 T 

2 , , 2 = j Xu2BQ\p[- jXlt2dz'lii] dx/fi, (4) 

0 0 

w h e r e Xu 2 = 1 + , / / ± ( , / Q + , /v-) i - E q u a t i o n s (3) a n d (4) a r e special cases of a m o r e 
gene ra l so lu t ion (Kje ldse th M o e , 1967). T h e m a g n e t i c field was s u p p o s e d t o be 
h o m o g e n e o u s a n d t h e c o n t r i b u t i o n t o t he l ine f o r m a t i o n f r o m s c a t t e r i n g w a s i gno red . 

N u m e r i c a l ca l cu l a t i ons h a v e been m a d e for t h e Z e e m a n t r ip le t X 5250 us ing a 
p h o t o s p h e r i c m o d e l a t m o s p h e r e . T h e v a r i a t i o n of rj0 w i th d e p t h w a s f o u n d t o be 
p r o n o u n c e d . C o m p a r i n g different l ayers c o n t r i b u t i n g t o t h e l ine we find t h a t t h e va lue 
of rj0 m a y c h a n g e by a f ac to r o f t h e o r d e r of 1 0 2 . 

F r o m t h e c a l c u l a t i o n s of t h e l ine profile t h e r a t i o rjr0i a r e f o u n d as a func t ion of t h e 
i nc l ina t ion , y, for X 5250 in t h e case of c o m p l e t e sp l i t t ing ( / / > 2 0 0 0 gauss ) . H e r e rn a n d 
ray a r e t he l ine c o n t r a s t s in t h e 7 i - a n d al-components respect ive ly . T h e ^ - c o m p o n e n t 
is t h e s t ronges t of t h e ^ - c o m p o n e n t s w h e n t h e l ine is o b s e r v e d u s i n g a q u a r t e r - w a v e 
ana lyze r . T h e resu l t is s h o w n in F i g u r e 4 , w h e r e Sea re s ' va lues rjr0l=i s i n 2 y / i 
( 1 + c o s y ) 2 h a v e b e e n p l o t t e d for c o m p a r i s o n . C o m p a r i n g t h e o r e t i c a l a n d obse rved 
va lues of rjrai t h e i nc l i na t i on , y , i s f o u n d . I t s h o u l d , h o w e v e r , b e e m p h a s i z e d t h a t t h e 
va lues of rjrax in F i g u r e 4 a r e c o m p u t e d for a special m o d e l a t m o s p h e r e (see Kjeld­
se th M o e , 1967). 
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2.0 

1.0 

30° 60° 90°y — 

F I G . 4. The ratio between the line depths in the n-component and the oi-component, rnlrax, as a 
function of the inclination, y, of the magnetic-field vector to the line of sight. The oi-component is the 
strongest of the two a-components when the line is viewed through a quarter-wave analyzer. For com­
parison we have plotted the ratio rnlrcv computed from Seares'formula (dashed curve). 

F o r h igh va lues of y9 y^!5°, t h e weakes t of the ^ - c o m p o n e n t s , t h e c r 2 - c o m p o n e n t , 
will a p p e a r . In th is case a l so t h e r a t i o raJrai m a y be used for t h e m e a s u r e m e n t of y. 

T h e resul t s of t h e i n c l i n a t i o n m e a s u r e m e n t s a re s h o w n in T a b l e 2 a n d F i g u r e 5. In 
T a b l e 2 t h e i nc l ina t ion , y, is l i s ted as a func t ion of t h e he l iocen t r i c ang le , 9. T h e 
m a g n e t i c field is nea r ly t r a n s v e r s a l , y ^ 7 7 ° , fo r all p o s i t i o n s o f t h e s p o t o n t h e so l a r 
d i sk . T h e v a r i a t i o n in y w i th t h e he l iocen t r i c ang le , 0, is very smal l . T h i s resul t is in 
a g r e e m e n t w i th B u m b a ' s (1962) o b s e r v a t i o n s . T h e va lues in T a b l e 2 a r e ba sed o n 
i n c l i n a t i o n m e a s u r e m e n t s for 10 s p o t s i n 30 different p o s i t i o n s o n t h e so l a r d isk . In 
F i g u r e 5 is s h o w n a typ ica l e x a m p l e o f t h e v a r i a t i o n in t h e i n c l i n a t i o n , y, a l o n g a sec t ion 
t h r o u g h t h e s p o t cen te r . T h e v a r i a t i o n s ac ro s s t h e s p o t a r e w i t h i n t h e l imi ts o f o u r 
a c c u r a c y . 

Table 2 

The inclination, y9 o f the magnetic field vector to the line of 
sight as a function of the distance of the spot from the center of 
the solar disk, 9. Ten spots in thirty different positions on the 

solar disk have been inspected 

Heliographic angle 0 0°-35° 35°-65° 65°-90° 

Inclination y 75° 79° 75° 
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F I G . 5 . Variation of the inclination, y, along a section through the spot center for the spot of March 
22, 1966. 

5. S o m e Peculiar Spectra 

I n Sect ion 4 t h e re la t ive l ine c o n t r a s t s in t h e 7r- a n d t h e d - c o m p o n e n t s h a v e b e e n 
i n t e rp r e t ed in t e r m s of t h e i nc l ina t ion , y, of t h e field l ines t o t h e l ine of s ight . T h i s 
i n t e r p r e t a t i o n s h o u l d be used wi th c a u t i o n . F i g u r e 6 is a r e p r o d u c t i o n of a s p e c t r u m 
t a k e n J u n e 9, 1967, us ing a q u a r t e r - w a v e a n a l y z e r in f ron t o f t h e s p e c t r o g r a p h i c slit. 
T h e s p o t was s i t ua t ed c lose t o t h e so la r l i m b . D u r i n g th i s e x p o s u r e t h e s p e c t r o g r a p h i c 
slit was p l aced ac ro s s t h e c e n t r a l p a r t of t h e u m b r a . In t h e s a m e r e g i o n the re seemed 
t o be a l ight b r i dge ac ro s s t h e u m b r a . 

I n t he u m b r a all t h e t h r e e Z e e m a n c o m p o n e n t s a r e c lear ly visible a n d t h e t w o 
a - c o m p o n e n t s a r e o f a b o u t e q u a l s t r eng th , c o r r e s p o n d i n g t o a m a g n e t i c field p e r ­
p e n d i c u l a r t o t h e l ine of s ight . A l s o t h e m a g n e t i c field in t h e u m b r a o n each side of th i s 
sec t ion t h r o u g h t h e u m b r a cen t e r w a s of o p p o s i t e po l a r i t y . 

In t he p e n u m b r a , h o w e v e r , t h e 7r -component is in s o m e p l aces a b s e n t whi le b o t h 
t h e a - c o m p o n e n t s a r e p r e sen t . T h i s effect is o b s e r v e d on ly in th i s p a r t i c u l a r r eg ion of 
t h e spo t a n d is c o n s p i c u o u s o n l y o n 2 of t h e a b o u t 50 s p e c t r a t a k e n of t h e s p o t t h a t 
d a y . T h i s ind ica tes t h a t t h e effect is n o t i n s t r u m e n t a l . T h e s a m e effect o f a l a ck ing 
7r -component whi le b o t h t h e <x-components a r e p r e s e n t h a v e a l so b e e n obse rved o n 
o t h e r occas ions , a l t h o u g h n o t ve ry f requent ly . ( T h e effect is o b s e r v e d in less t h a n 1 
s p o t o u t of 10.) T h e r e a s o n for th is m a y be t h a t t h e effect in all cases s eems t o be 
l imi ted t o a r a t h e r sma l l r eg ion in t h e spo t . T h e o t h e r s p o t s w h e r e t h e effect w a s 
obse rved were m e m b e r s of very c o m p l e x g r o u p s w i t h m a n y sma l l u m b r a e ins ide t h e 
s a m e p e n u m b r a . 
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F I G . 6. A spectrum of k 5250 taken June 9,1967, using a quarter-wave analyzer in front of the spectro­
graphic slit. The spectrographic slit was placed across the central part of the umbra. The spot was situated 
close to the solar limb. 
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