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A B S T R A C T 

The model of the magnetic field of sunspots, taking account of fine structure of magnetic field 
in solar plasma, is considered. Small-scale subgranules with their own field form magnetic filaments 
in the external current-free field. The filaments are vertical in the umbra, while in the penumbra they 
run along the surface with sharp bends. In a number of spot umbra the relation between Doppler 
velocity and the field is established on polarized spectrograms. The 7r-component splitting in 
umbra is interpreted as a result of a weak background magnetic-field existence together with a large 
field of magnetic filaments. Spectrographic definition of the magnetic field in spot umbra is ac­
complished on the effect of magnetic-lines intensification and directly on spectrograms of low-
excitation (Fe i, Ti i) and high-excitation (Fe n) lines. Magnetic field measured in low-excitation lines 
exceeds twice the field value obtained in high-excitation lines. This result has been considered in the 
light of the proposed model of sunspot field. 

By s t u d y i n g t h e m a g n e t i c field of a s u n s p o t o n e c a n o b t a i n t h e m o s t c o m p r e ­

hens ive i n f o r m a t i o n o n t h e smal l - sca le s t r u c t u r e of t h e so l a r m a g n e t o p l a s m a . T h i s is 

p r i m a r i l y d u e t o t h e fact t h a t t h e p h o t o g r a p h i c m e t h o d is t h e m o s t efficient in m e a s u r i n g 

s u n s p o t fields, s ince it y ie lds a h igh r e so lu t i on a n d g o o d gu id ing . O n t h e o t h e r h a n d , 

inves t iga t ion of t h e magnet ic- f ie ld d i s t r i b u t i o n sepa ra t e ly in t h e u m b r a a n d p e n u m b r a 

o f a s u n s p o t m a k e s it poss ib le t o s t u d y t h e s t r u c t u r a l e l emen t s in t w o p ro j ec t ions , a s 

it were , i.e. f rom a b o v e in t h e u m b r a , w h e r e t h e field is p r e d o m i n a n t l y ver t ica l , a n d 

f r o m t h e s ide in t h e p e n u m b r a , w h e r e t h e field is n e a r h o r i z o n t a l . F ina l ly , t h e s u n s p o t 

field deve lops r a t h e r r a p i d l y a n d ev iden t ly r e m a i n s largely unaffec ted by the m a g n e t i c 

fields of n e i g h b o u r i n g ac t iv i ty p h e n o m e n a . A w o r k i n g m o d e l of a m a g n e t i c field of a 

s u n s p o t , wh ich t a k e s i n t o a c c o u n t t h e smal l - sca le s t r u c t u r e o f t h e m a g n e t o p l a s m a a n d 

s o m e spec t ra l o b s e r v a t i o n s s h e d d i n g l igh t u p o n t h e fine s t r u c t u r e of t h e m a g n e t i c 

field of a s u n s p o t wil l be c o n s i d e r e d be low. 

T h e m o d e l of t h e m a g n e t o p l a s m a s t r u c t u r e c o n s i d e r e d by Mog i l evsky a n d 
She l t ing (1968) impl i e s t h e exis tence of smal l - sca le ( ~ 1 0 7 c m ) e l e m e n t s (so-cal led 
sub -g ranu le s ) wi th a c losed m a g n e t i c field s u r r o u n d e d b y a q u a s i - h o m o g e n e o u s 
cur ren t - f ree m a g n e t i c field H=H0 + YJtHh w h e r e H0 is t h e h o m o g e n e o u s m a g n e t i c 
field a n d £ / / , is t h e t o t a l field (a t t h e given p o i n t ) of t h e en t i r e e n s e m b l e of s u b -
g r a n u l e s . 

D u e to the i n t e r a c t i o n be tween the i r m a g n e t i c m o m e n t s , s u b - g r a n u l e s t end to l ine 
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u p in l o n g cha in s ( m a g n e t i c filaments) w h o s e space d i s t r i b u t i o n d e t e r m i n e s t h e 
o b s e r v e d large-scale field of t h e spo t . In t he u m b r a we s h o u l d o b s e r v e a r eced ing 
e n s e m b l e of ver t ica l m a g n e t i c filaments w h i c h c a n g r o u p t o g e t h e r i n t o convec t i on 
cells o w i n g t o convec t ive s u b - p h o t o s p h e r i c m o t i o n s (wh ich o b v i o u s l y t a k e t he fo rm 
of osc i l l a to ry c o n v e c t i o n ) . T h e first a p p e a r a n c e of a p o r e c o r r e s p o n d s t o t he 
e x t e n d i n g of a m a g n e t i c filament cell wi th a m e a n in tens i ty of > 1200-1500 oe . 
N e g l e c t i n g t h e p r o b l e m of t h e g e n e r a t i o n of s u b - g r a n u l e s wi th a force-free m a g n e t i c 
field*, o n e m a y a s s u m e t h a t t h e s u b s e q u e n t g r o w t h of t h e p o r e is a p roces s of t h e 
successive e x t e n d i n g o f ver t i ca l c h a i n s of s u b - g r a n u l e s g r o u p e d t o g e t h e r i n t o c o n v e c t i o n 
cells . I t fo l lows f rom o b s e r v a t i o n s (Vasi l ieva, 1963) t h a t th is p r o c e s s of t h e in i t ia l 
g r o w t h of t h e s p o t is p r e c e d e d b y t h e egress of t h e g a s - d y n a m i c s h o c k - w a v e to t he 
p h o t o s p h e r e . * * T h e w a v e , p r o p a g a t i n g p a r t l y u p w a r d s , ca r r i e s t h e ini t ia l w e a k 
m a g n e t i c field of t h e fu tu re s p o t o u t i n t o t h e c h r o m o s p h e r e . E x t e n d i n g ver t ica l m a g ­
ne t i c t u b e s c a n ex t end i n t o t h e c h r o m o s p h e r e a n d c o r o n a t h r o u g h t h e in i t ia l field, 
b e c a u s e t h e diffusion o f s u b - g r a n u l e s over t h e g r a d i e n t field is m u c h m o r e r a p i d (by 
a f a c t o r of t h e o r d e r o f t h e R e y n o l d s ' m a g n e t i c n u m b e r ) t h a n o r d i n a r y m a g n e t i c -
field diffusion ( S y r o v a t s k y a n d Z h u g z h d a , 1967). 

T h e u m b r a will c o n t i n u e g r o w i n g un t i l p a r t of t h e o u t e r m a g n e t i c t u b e s beg in t o 
dev ia t e f r o m t h e ver t ica l , d u e t o r e f rac t ion w h e n t h e field p r o p a g a t e s i n t o t h e c h r o m o s ­
p h e r e w h e r e t h e c o n d u c t i v i t y inc reases . Th i s dev i a t i on will r e su l t in t h e b e n d i n g of 
t h e o u t e r filaments a n d l a t e r in t h e i r r e t u r n i n t o t h e p h o t o s p h e r e ( the o u t e r b o u n d a r y 
of t h e p e n u m b r a ) . T h e s e m a g n e t i c filaments, c r eep ing t h r o u g h t h e p h o t o s p h e r e , f o rm 
a re la t ive ly t h in ( ~ 5 x l 0 7 c m ) t r a n s l u c e n t m a g n e t i c sur face , t h e p e n u m b r a . T h e 
q u a l i t a t i v e r e p r e s e n t a t i o n of th i s s c h e m e is g iven in F i g u r e 1. In th is w o r k i n g m o d e l , 
t h e u m b r a of t h e s p o t is a n i n h o m o g e n e o u s (du e t o convec t ive p e r t u r b a t i o n s ) b a n d 
cons i s t i ng of s u b - g r a n u l e filaments w h o s e ver t ica l field m a y r ecede i n t o t h e r eg ion of 
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 l a t e r c lose u p o n t h e u m b r a (o r u m b r a s ) of o t h e r 
s p o t s of t h e g r o u p , whi le t h e p e n u m b r a is a re la t ively t h i n l aye r of m a g n e t i c t u b e s 
d e t a c h e d f r o m t h e u m b r a w h i c h yie ld a n e a r h o r i z o n t a l field a n d c lose e i the r u n d e r 
t h e p h o t o s p h e r e o r u p o n t h e d a r k i n t e r g r a n u l a r a r e a s o f t h e p h o t o s p h e r e . T h e es­
sen t ia l p o i n t in th is ' m u s h r o o m - l i k e ' s c h e m a t i c m o d e l of t h e s p o t is t h a t t h e f o r m a t i o n 
o f t h e p e n u m b r a d u e t o t h e b e n d i n g of t h e m a g n e t i c t u b e s s h o u l d b e a c c o m p a n i e d b y 
s u b s t a n t i a l c h a n g e s in t h e m a g n e t i c flux a n d b y t h e g e n e r a t i o n of a r i n g c u r r e n t in t h e 
sur face l aye r o f t h e p h o t o s p h e r e w i t h a finite conduc t i v i t y . T h e field o f th is t o r o i d a l 
c u r r e n t , l oca t ed u n d e r t h e p e n u m b r a a r o u n d t h e u m b r a , d e t e r m i n e s t h e s tab i l i ty of 
t h e s u n s p o t u m b r a a t t h e p h o t o s p h e r e level . T h e r i n g - c u r r e n t ene rgy , w h i c h is e q u a l 
t o o r less t h a n t h e ene rgy o f t h e p e n u m b r a field, m a y be e s t i m a t e d b y ca l cu l a t i ng t h e 

* That the field in sub-granules tends to become force-free follows from the condition of magnetic-
energy extremum in the sub-granule. 

** This is accompanied by the appearance of a bright-point floccule and then of a small ringlike 
one. 
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F I G . 1 . Structural scheme of the magnetic field of a sunspot: I = photosphere; 2 = penumbra field; 
3 = induced ring current restraining the umbra field; 4 = umbra field; 5 = sub-granules in various 
convection cells; 6 = current-free background magnetic field. 

field of t h e r i n g a t t h e cha rac t e r i s t i c va lues given in F i g u r e 2. I t w a s a s s u m e d t h a t 
t h e m e a n field v a l u e in t h e p e n u m b r a w a s < 0 - 2 5 Hmax, a n d t he r e fo r e t h e r ing w a s 
loca ted a t a d e p t h of a b o u t 0-2 u m b r a r a d i u s ( K o l p a k o v , 1966). T h e a d d i t i o n of t he 
' t a b l e - s h a p e d ' u m b r a field, t h e p e n u m b r a field a n d t h a t o f t h e ' h o l d i n g ' r i ng o p p o s i t e 
in sign yie lds a s u n s p o t field s imi la r t o t h e o b s e r v e d d i s t r i b u t i o n ( F i g u r e 2) . H e r e we 
on ly c o n s i d e r t h e magnet ic - f ie ld in tens i ty d i s t r i bu t i on . I t is k n o w n , h o w e v e r (Severny , 
1964) t h a t t h e o b s e r v e d d i s t r i b u t i o n of t h e sunspot- f ie ld vec to r is n o t a p p r o x i m a t e d 
by t h e d i p o l e field, n o r is i t a p o t e n t i a l o n e , b e c a u s e t h e o b s e r v a t i o n s p o i n t t o t h e 
exis tence of a n a z i m u t h a l c o m p o n e n t . Res t r i c t i ng ourse lves t o t h e genera l s t ruc tu ra l 
s c h e m e o f t h e s p o t a n d w i t h o u t g o i n g i n t o t h e n a t u r e of t h e field-vector d i s t r i bu t ion , 
we will n o t e t h a t t h e set of ver t ica l m a g n e t i c t u b e s o f t h e u m b r a s h o u l d a c q u i r e t h e 
gene ra l a z i m u t h a l c o m p o n e n t d u e t o t h e hel ical ins tab i l i ty of t h e p l a s m a wi th t h e 
field ( K a d o m t z e v , 1962). I n th i s case t h e genera l m a g n e t i c field of t h e u m b r a (especial­
ly in t h e c h r o m o s p h e r e ) will a l so be force-free (Mog i l evsky a n d She l t ing , 1966). W i t h 
t h e g r o w t h of t h e u m b r a a r e a ( ' su r fac ing ' o r ' s i n k i n g ' o f iden t i ca l - type m a g n e t i c 
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F I G . 2. Distribution of magnetic field H in sunspot: Hu = umbra field, H n m = penumbra field, 
H k = ring-current field, H m a x = maximum intensity in sunspot umbra. 

filaments of t h e sub -g ranu le s ) t h e specific t ens ion (s t ress pe r un i t l eng th ) of t he r ing 
is r e t a i n e d , w h i c h is in a c c o r d w i t h its s tabi l i ty . T h e d i s s i pa t i on t i m e of t h e r ing 
c u r r e n t , p r imar i l y d u e t o J o u l e losses ( t a k i n g i n t o a c c o u n t t h e c o n d u c t i v i t y a c c o r d i n g 
t o K u k l i n , 1966, in p a r t l y ion ized s u b - p h o t o s p h e r i c layers) will be of t h e o r d e r of 
5 x 1 0 6 - 1 0 7 sec, w h i c h c o r r e s p o n d s t o t h e l ifet ime of t h e s p o t . T h e o b v i o u s imp l i ca t ion 
of th i s s u n s p o t m o d e l is t h e poss ib i l i ty of a c o n s i d e r a b l e p e n e t r a t i o n of t h e u m b r a 
field i n t o t h e c h r o m o s p h e r e a n d t h e smal l he igh t of t h e p e n u m b r a . T h e relat ively 
sma l l (< , 1 0 8 c m ) th i ckness of t h e p e n u m b r a n a t u r a l l y exp la ins i ts s h a r p l y defined 
b o u n d a r i e s ( p h o t o s p h e r e - p e n u m b r a , p e n u m b r a - u m b r a ) , w h o s e c o n t r a s t d o e s n o t 
v a r y w i t h t h e shif t ing of t h e s p o t f r o m t h e cen t r e t o w a r d s t h e l i m b . T h e filamentary 
s t r u c t u r e of t h e p e n u m b r a a l igned a l o n g t h e field a n d t h e n e a r - r o u n d g r a n u l e s in t h e 
u m b r a , t h e n a t u r e of t he gas m o t i o n w i th in t he u m b r a a n d p e n u m b r a , a n d finally t h e 
poss ib i l i ty of exp la in ing t h e s p o t e v o l u t i o n , a s well a s s o m e m o r p h o l o g i c a l f ea tu res 
of c o m p l e x (mul t i -nuc leus ) s p o t s wi th in t h e f r a m e w o r k of t h i s m o d e s p e a k in f a v o u r 
of t h e w o r k i n g m o d e l u n d e r rev iew. 

T o o b t a i n a d d i t i o n a l i n f o r m a t i o n o n t h e s t r u c t u r e of t h e s u n s p o t m a g n e t i c field, 
de t a i l ed p h o t o g r a p h i c m e a s u r e m e n t s of t he magnet ic-f ie ld d i s t r i b u t i o n in a g rea t 
n u m b e r ( a b o u t 50) of l a rge ( S p > 2 5 0 un i t s ) , p r e d o m i n a n t l y qu ie t s p o t s were ca r r ied 
o u t w i th t h e t o w e r so lar t e l e scope I Z M I R A N in 1966-67 (Z h u l i n et a/., 1966). F o r 
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th i s p u r p o s e pa i r ed p o l a r i z a t i o n s p e c t r o g r a m s n e a r l ine F e I k 6302-508 A were o b ­
t a i n e d by t r ave r s ing the s p o t 15-25 t imes with t h e spec t ra l slit. S i m u l t a n e o u s l y wi th 
t a k i n g t h e s p e c t r o g r a m s , a series of p ic tu res of t he s p o t o n t h e s p e c t r o g r a p h slit were 
t a k e n , a n d th i s e n a b l e d u n a m b i g u o u s ' gu id ing ' . T h e o b s e r v a t i o n s were ca r r i ed o u t in 
t h e Cas seg ra in focus of t h e t e lescope ( F = 2 7 m ) . O n each pa i r of s p e c t r o g r a m s of a 
g iven cross-sec t ion of t h e s p o t , m e a s u r e m e n t s of t h e l oca t i on o f t h e n- a n d a - c o m -
p o n e n t s re la t ive t o t he te l lur ic l ine were m a d e in 2 0 - 2 5 different p o i n t s a l o n g the 
he igh t of t he slit. T h u s , for e a c h s p o t t h e m a g n e t i c fields a n d l ine-of-s ight veloci t ies 
w e r e m e a s u r e d in severa l h u n d r e d p o i n t s of t h e spo t , wh ich c h a r a c t e r i z e d t he d is t r i ­
b u t i o n of t he H a n d VD va lues c o m p r e h e n s i v e l y e n o u g h a n d w i th a h igh r e so lu t ion . 
T h e resul ts of t he d e t e r m i n a t i o n of l ine-of-sight veloci t ies a re as f o l l o w s : 

(a) F o r m o s t of t h e u m b r a s m e a s u r e d , wi th a field of 2 0 0 0 - 3 5 0 0 oe , t h e veloci ty 
of gas ' s i nk ing ' a t t he p h o t o s p h e r e level w a s a b o u t 1 k m / s e c * ( F i g u r e 3). Such 
veloci t ies were obse rved b o t h for t h e a (0)- a n d n ( V ) - c o m p o n e n t s . 

3000 

-0 5 1 

-10 

-ic 

-2.0 

F I G . 3. Dependence of line-of-sight velocities VD in sunspots defined from a (0)- and n (V') -com­
ponents, on magnetic field H (taking account of polarity 4- S, —N). 

* The sign of the velocity (descent or ascent) may depend on the phase of sunspot development. 
Since we used only spots of large area, we were able to observe mainly the descent of the gas which 
is characteristic of the period of the post-maximum development of the group. 
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(b) T h e feasibil i ty of def ining t h e l ine-of-s ight velocit ies by t h e a- a n d ^ - c o m p o n e n t s 
is i l lus t ra ted in F igu re 4 . A l inea r r e l a t i onsh ip of t h e t y p e Va = Vn — 0-26 k m / s e c was 
f o u n d be tween these veloci t ies (Va a n d Vn). T h e r a y shift o f t h e l ines i nd ica t e s t h a t , 
a t l eas t in t h e u m b r a , t h e ro le of t h e sca t t e red l ight wh ich w o u l d yield unsh i f t ed l ines 
is n o t g rea t . 
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F I G . 4. Comparison of line-of-sight velocities in sunspot umbra obtained by measurements in n ( V.-t) 
and a (Va) -components. 

(c) T h e exis tence of re la t ive ly h i g h ver t ical veloci t ies in t h e u m b r a , o b t a i n e d by 
p h o t o g r a p h i n g , w a s conf i rmed by p h o t o e l e c t r i c m e a s u r e m e n t s of t h e s a m e s p o t w i th 
a m a g n e t o g r a p h (for a l a rge s p o t o f Ju ly 19, 1966, w h i c h w a s l oca t ed n e a r t h e cen t r a l 
m e r i d i a n of t h e Sun) . 

A n o t h e r i m p o r t a n t resul t p r o m o t i n g t h e u n d e r s t a n d i n g of t h e sunspot- f ie ld s t ruc tu re 
a n d o b t a i n e d f rom the s a m e m a t e r i a l s , w a s t he effect of t h e 7r -component spl i t t ing i n t o 
t w o s u b - c o m p o n e n t s d i sp laced re la t ive t o t h e cen t re of t h e l ine ( F i g u r e 5). A s imi lar 
effect wi th a c o m p l e t e sp l i t t ing o f t h e l ine in t h e u m b r a w a s o b s e r v e d by a n u m b e r of 
a u t h o r s (for example , Severny, 1959; B u m b a , 1962; Ch i s t j akov , 1967; a n d o the r s ) . I t 
is a l so revealed by e x a m i n i n g p h o t o c o p i e s of s p e c t r o g r a m s of l a rge s p o t s f rom the 
M o n t e M a r i o O b s e r v a t o r y . T h i s effect c a n n o t be a t t r i b u t e d t o i n s t r u m e n t a l po l a r ­
i za t ion , it r e m a i n s a t a c o n s i d e r a b l e t u rn of t he s p e c t r o g r a p h g ra t i ng , for ins tance 
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u p o n t ransfer f rom the f o u r t h r ight spect ra l o r d e r to t he second left o n e (Chis t j akov , 

1967). C o n s i d e r a t i o n of th i s effect o f t he rc-component sp l i t t ing in t h e u m b r a s for 34 

S o u t h e r n - p o l a r i t y a n d 10 N o r t h e r n - p o l a r i t y spo t s ( o b s e r v a t i o n s of 1966-67) leads t o 

t h e fo l lowing c o n c l u s i o n s : 

(a) T h e va lue of sp l i t t ing , o b t a i n e d f rom a g rea t n u m b e r of p o i n t s , is 0-008-0-020 A, 

t h u s c o n s i d e r a b l y e x c e e d i n g t h e poss ib le m e a s u r e m e n t e r r o r ( r .m . s . e r r o r is 0-003 A 

± 10%). 
(b) T h e d i s p l a c e m e n t o f t h e spl i t 7 i - c o m p o n e n t re la t ive t o t h e c e n t r e of t he l ine in 

e a c h s p e c t r u m is i n d e p e n d e n t o f t h e field sign a n d a p p e a r s t o be o p p o s i t e t o t h e 
d i s p l a c e m e n t o f t h e c - c o m p o n e n t ( F i g u r e 6) . T h e va lue o f t h e 7r -component sp l i t t ing 
i n t o t w o s u b - c o m p o n e n t s w a s f o u n d t o b e a b o u t o n e o r d e r less t h a n t h e d i s t ance 
be tween t h e ^ - c o m p o n e n t s . 

A s w a s s h o w n in R a c h k o v s k y ' s (1962) p a p e r , s u c h a n effect o f t h e 7r -component 
sp l i t t ing c o u l d h a v e b e e n o b s e r v e d d u e t o t h e r o t a t i o n o f t h e p o l a r i z a t i o n p l a n e in a n 
i n h o m o g e n e o u s m a g n e t i c field. O n e m u s t a s s u m e t h a t t h e sense of t h e r o t a t i o n of t h e 
p o l a r i z a t i o n p l a n e a n d , a cco rd ing ly , t h e s ign of t h e r o t a t i o n of t h e field's t angen t i a l 
c o m p o n e n t , reverse w i t h d e p t h s i m u l t a n e o u s l y wi th t h e c h a n g e of t h e sunspot-f ie ld 
po la r i t y . Besides , s u c h a n effect s h o u l d b e e q u a l in va lue a n d sign for all u m b r a 
p o i n t s , wh ich often b e l o n g t o a m a r k e d l y i n h o m o g e n e o u s field of t h e u m b r a . A t t h e 
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s a m e t ime , Severny ' s (1964, 1965) o b s e r v a t i o n s revealed a subs t an t i a l i n h o m o g e n e i t y 
of t h e r o t a t i o n effect of t h e p o l a r i z a t i o n p l a n e . 

A n o t h e r i n t e r p r e t a t i o n of th i s effect p r o c e e d i n g f r o m m o r e genera l poss ib le c o n ­
c e p t i o n s of t h e s t r u c t u r e of t h e m a g n e t o p l a s m a field ( M o g i l e v s k y a n d She l t ing , 1968) 
is t h a t t h e 7 t - c o m p o n e n t sp l i t t ing s h o u l d be a t t r i b u t e d t o t h e real b a c k g r o u n d m a g n e t i c 
field, w h o s e sign s h o u l d be o p p o s i t e t o t h a t of t he s u b - g r a n u l e field a n d whose 
in tens i ty is m u c h lower ( d e p e n d i n g o n t h e g e o m e t r y of t h e s u b - g r a n u l e s , the i r sizes, 
e tc . ) t h a n t h e m a x i m u m in tens i ty o f t h e field ins ide t h e s u b - g r a n u l e s . H e r e , s o m e 
r e l a t i o n s h i p s h o u l d exist b e t w e e n t h e field of t h e s u b - g r a n u l e s {Ha) a n d t h e b a c k ­
g r o u n d (Hn) m a g n e t i c fields, in a c c o r d a n c e wi th o b s e r v a t i o n s ( F i g u r e 6) , w h e r e a s in 
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F I G . 6. Splitting of n-component of line Fe i 6302-5 A as a function of sunspot umbra field H. 

t h e gene ra l case t he r o t a t i o n of t h e p o l a r i z a t i o n p l a n e is i n d e p e n d e n t of t h e va lue a n d 
d i r ec t i on of t h e field. 

O n e c o u l d t ry t o c lear u p t h e q u e s t i o n of t h e real i ty of t h e b a c k g r o u n d field by 
c o n s i d e r i n g t h e effect of t h e 7 r -component sp l i t t ing for t h e u m b r a s of s p o t s l oca t ed a t 
different d i s t ances f rom t h e cen t r a l m e r i d i a n of the Sun . U n l i k e all o t h e r poss ib le 
effects, t h e va lue of t h e b a c k g r o u n d field s h o u l d d e p e n d on ly sl ightly o n t h e l o n g i t u d e 
of t h e spo t . M e a s u r e m e n t s in 44 s p o t s ( w i t h o u t d i s t inc t ion of po la r i t i e s ) were used . 

https://doi.org/10.1017/S0074180900021550 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900021550


S T R U C T U R E O F T H E M A G N E T I C F I E L D O F S U N S P O T S 223 

T h e resul t o f t he s ta t is t ical ana lys i s is p r e sen t ed in F i g u r e 7. T h e c u r v e o b t a i n e d by 
t h e l eas t - squares m e t h o d h a s t h e fo rm Akn = 0-64 c o s 0 + 0-03 sin 0 + 0-44. I n spi te of 
t h e c o n s i d e r a b l e sca t t e r of t h e p o i n t s o n e can see t h a t , a l o n g w i th c o s 0 t e r m s , near ly 
ha l f of t h e m e a n va lue of sp l i t t ing is i n d e p e n d e n t of t h e l o n g i t u d e . 

-90 - JO - 7 0 - 6 0 SO -40 "30 - 2 0 -i0 0 W 10 30 td SO 60 10 fa 90 - e n 

F I G . 7. Dependence of n-component (AXn) splitting in line Fe I X 6302-5 A on location of spots in 
the disc. 

N o t e t h a t t he de t ec t i on of such a relat ively weak b a c k g r o u n d field is poss ib le on ly 

b y t h e p h o t o g r a p h i c m e t h o d because of t h e a v e r a g i n g of these fields by t h e m a g n e t o ­

g r a p h . * Since t h e effect of t h e 7r -component sp l i t t ing is of g rea t i m p o r t a n c e for defining 

t h e sunspot-f ie ld s t r u c t u r e , it is necessary t o c o n t i n u e de ta i l ed inves t iga t ion such as 

m e a s u r e m e n t s wi th in v a r i o u s l ines a n d a t v a r i o u s he igh t s , t h e use of a pho toe l ec t r i c 

m a g n e t o g r a p h for d e t e r m i n i n g t h e v a r i a t i o n of p o l a r i z a t i o n a l o n g t h e c o n t o u r o f 

l ines wi th in t h e u m b r a of s p o t s wi th a m a x i m u m in tens i ty , e t c . 

Inves t iga t ions o f t h e m a g n e t i c field wi th in t h e s u n s p o t u m b r a u s i n g ' h i g h - t e m p e r ­

a t u r e ' ( F e I I , Sr I I , C r n , e tc . ) a n d ' l o w - t e m p e r a t u r e ' (Ti I , F e I , e t c . )** l ines m a y b e 

a n o t h e r p o i n t in f a v o u r o f t h e i nhomogeneous - f i e ld m o d e l . T o m a k e s u r e t h a t l ines 

F e I I in t h e s u n s p o t u m b r a a r e n o t a s soc i a t ed w i th t h e s ca t t e r ed l igh t f r o m t h e p h o t o s ­

p h e r e as c l a imed b y Z w a a n (1965) , a n u m b e r of p o l a r i z a t i o n s p e c t r o g r a m s in a l a rge 

* The systematic understating of the field value on a magnetograph as compared with photo­
graphic determinations and which cannot be prevented by calibration may possibly be explained by 
the effect of averaging the fields Hn and Ha in the magnetosphere. 

** 'High-temperature' lines need practically photospheric conditions for excitation, whereas 'low-
temperature' ones, 1500-2000 °K less. 
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' q u i e t ' s p o t were o b t a i n e d wi th t h e I Z M I R A N so la r t o w e r t e l e scope ( J u l y - A u g u s t 

1967) in l ines F e n ( / U 5 0 1 8 - 4 5 a n d 4924 A), F e I (15016-86 A), a n d Ti i (^5020-03 A) 
s i m u l t a n e o u s l y . I t w a s f o u n d t h a t t h e m a g n e t i c field in l ines F e i a n d Ti i a n d F e H 
a r e s imi la r in t h e n a t u r e of sp l i t t ing , s h o w i n g m a x i m u m field va lue s a t t h e s a m e p o i n t s 

of t h e s u n s p o t u m b r a . T h i s i nd ica t e s t h a t , w i th in t h e r a n g e of poss ib l e spa t ia l r e s o ­

l u t i o n , l ines wi th different exc i t a t i on t e m p e r a t u r e s d o coex i s t in t h e u m b r a , a n d t h e 

t w o - c o m p o n e n t m o d e l o f t h e s p o t is q u i t e p r o m i s i n g ( M a k i t a , 1963). The re fo r e , o n e 

c o u l d expec t t h a t t h e m a g n e t i c fields d e t e r m i n e d by t h e l ines Ti i a n d F e i w o u l d b e 

different as well . T h i s q u e s t i o n c o u l d b e c o n s i d e r e d b y inves t iga t ing t h e m a g n e t i c 

in tens i f ica t ion effect in t h e s u n s p o t l ines . A c c o r d i n g t o B o j a r c h u k et al. ( I 960 ) , t h e 

l o g a r i t h m of m a g n e t i c in tens i f ica t ion lg W*/WQ i nc reases l inear ly w i th nAg, t h e s lope 

be ing p r o p o r t i o n a l t o t h e magnet ic-f ie ld s t r e n g t h . H e r e n = n u m b e r of a - s u b - c o m -

p o n e n t s , a n d A g = difference of t h e L a n d e f ac to r s o f t h e u p p e r a n d l o w e r levels. U s i n g 

t h e d a t a of F r i c k e a n d Elsasser (1965) we p l o t t e d such a r e l a t i o n s h i p for log W*/WQ 

( w h e r e W a r e e q u i v a l e n t w i d t h s ) for a n u m b e r of l ines Ti i, Ti n , F e i, a n d F e n . 

F o r t he p u r p o s e of c o n t r o l , a s imi la r r e l a t i o n s h i p w a s p l o t t e d fo r t h e u m b r a a n d 

p e n u m b r a for l ines Ti i f r o m t h e d a t a of M a k i t a (1963) . T h e re la t ive ly l a rge sca t t e r ing 

of t h e p o i n t s is obv ious ly d u e n o t on ly t o e x p e r i m e n t a l e r r o r s o r t h e difficulty of t a k i n g 

i n t o a c c o u n t t h e s c a t t e r e d l ight , b u t a l so t o t h e d e p e n d e n c e o f lg W*/WQ o n t h e space 

o r i e n t a t i o n of t h e field, l ine s t r e n g t h , t u r b u l e n t veloci ty , t e m p e r a t u r e a n d p re s su re 

r e l a t ions in t h e u m b r a a n d t h e p h o t o s p h e r e . A ce r t a in dec rease in th i s sca t t e r w a s 

ach ieved b y se lec t ing m e a n - i n t e n s i t y l ines l oca t ed in t h e m i d d l e p a r t of t h e g r o w t h 

c u r v e for s p o t s . * 

F igu re 8 dep ic t s t h e r e l a t i o n s h i p s t h u s o b t a i n e d , a n d T a b l e 1 gives t h e n u m b e r of 

Table 1 

Fricke and Elsasser 1965 Makita 1963 

Ti i Ti II Fe i Fe n Ti i, umbra Ti i, penumbra 

N 32 20 17 11 11 21 
a 0-086 ± 0-045 0-031 ± 0-027 0-067 ± 0 - 0 1 2 0-041 ± 0-032 0-077 ± 0-035 0-024 ± 0-020 
b 0-553 ± 0-077 - 0-050 ± 0-030 0-218 ± 0 - 0 1 9 - 0-210 ± 0-043 0-395 ± 0-041 0-144 ± 0-024 

p o i n t s used (N) a n d t h e coefficients a a n d b for expres s ing \gW*/W0=anAg+ b, 
w h i c h were o b t a i n e d by t h e l e a s t - s q u a r e m e t h o d . T h e coefficient a cha rac te r i zes t h e 
m a g n e t i c in tens i f ica t ion , a n d is p r o p o r t i o n a l t o t h e magnet ic- f ie ld s t r e n g t h in t h e l ine-
f o r m a t i o n reg ion , whi le b defines t h e increase ( o r decrease) of t h e l ine s t r eng th neg­
lect ing t h e m a g n e t i c in tensi f ica t ion. T h e intensi f icat ion in l ines T i l is close t o t h a t 
expec ted in a field of a b o u t 2 5 0 0 - 3 0 0 0 oe ( B o j a r c h u k et al., 1960). In t h e p e n u m b r a 

* For such lines magnetic intensification is determined with a high certainty and changes little with 
small changes in the line strength. 
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t he in tensi f icat ion is a p p r o x i m a t e l y one - th i rd t h a t in t he u m b r a , as c o u l d be expec ted . 
F r o m t h e p o i n t of view of t h e p r e s e n t w o r k , a c o m p a r i s o n of t h e m a g n e t i c intensifi­
c a t i o n s a n d t h e m a g n e t i c fields o b t a i n e d f r o m ' co ld ' (T i l , F e i ) a n d ' h o t ' ( T i n , F e n ) 
l ines, is of special in teres t . I t c a n be seen f rom T a b l e 1 t h a t in ' h o t ' r eg ions t h e m a g ­
ne t ic field is a p p r o x i m a t e l y ha l f t h a t in ' c o l d ' ones . I g n o r i n g s o m e w e a k p h o t o s p h e r i c 
l ines T i l (wi th a n equ iva len t w i d t h of < 1 0 m A ) , wh ich c a n n o t be m e a s u r e d wi th 
sufficient conf idence , we o b t a i n a n even g rea te r m a g n e t i c in tens i f ica t ion for l ines T i l , 
a n d t h e field r a t i o will b e c o m e a b o u t 3 . * A n a n a l o g o u s r e l a t i o n s h i p ( F i g u r e 9) is 
o b s e r v e d in 9 l ines of mu l t i p l e t N o . 38 T i l (a = 0 .085, £ = 0-35) a n d , w i th less ce r t a in ty , 
in 5 l ines of mul t ip l e t N o . 49 F e n (a = 0 0 2 0 , b= - 0 - 3 1 ) . 

i I i k s-

Tl I (Mult Hit) 

F I G . 9. Magnetic intensification from multiplets Ti i and Fe II according to Fricke and Elsasser. 

T h e s a m e difference in t h e va lues of t h e m a g n e t i c fields in ' h o t ' a n d ' c o l d ' l ines 
was o b t a i n e d b y d i rec t m e a s u r e m e n t s o f t h e m a g n e t i c field s epa ra t e ly in l ines F e n 
^ 5 0 1 8 - 4 5 A a n d 4923-93 A, F e i >U5016-86 a n d 4927-78 A, a n d T i l ;U5020-03 a n d 
5016-17 A. F o r th i s p u r p o s e , p o l a r i z a t i o n s p e c t r o g r a m s were o b t a i n e d w i th t h e 
I Z M I R A N t o w e r so la r t e lescope for a n u m b e r of sec t ions in l a rge s p o t s ( A u g u s t 1, 2 , 
a n d 7, 1967). 

* A n identical ratio is obtained (naturally, with a large scatter) by taking into account all the 
lines measured in the work (Fricke and Elsasser, 1965), as well as when using data uncorrected for 
scattered light. 
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All t he se l ines were o b t a i n e d in o n e s p e c t r o g r a m , t h u s p e r m i t t i n g a c o m p a r i s o n of 
m a g n e t i c fields m e a s u r e d f r o m different l ines a t t h e s a m e site. M e a s u r e m e n t s were 
c a r r i e d o u t in 4 0 i n d e p e n d e n t p o i n t s of t h e s u n s p o t u m b r a a n d p e n u m b r a . F ig . 10a 
d i sp lays t h e resu l t s of t h e s e m e a s u r e m e n t s . I t a l so s h o w s t h e h i s t o g r a m s for t h e 
o c c u r r e n c e of v a r i o u s va lue s of t h e r a t i o HFcll/HTll. O n l y in 4 o f t h e 4 0 cases w a s 
HFell^HTll, w h e r e a s in 7 0 % of t h e cases t h e resu l t was 0 - 4 ^ HFe u/HTil^0'6. T h e m e a n 

li­

ft 

iZ\ 

i0< 

01 

06 

0k 

02 

0 

Hr.z 

1000 

a 5 

^ 5 N 
Hr.t 

F I G . 1 0 . Variation in magnetic-field ratio from lines Fe N, Til, Fe I in sunspots of August 1, 2, and 
7, 1967. 

va lue of this r a t i o is 0-55. T h u s , a s well a s in t h e case of d e t e r m i n i n g t h e field f rom 
t h e difference in m a g n e t i c in tens i f ica t ion , t h e m a g n e t i c field in ' h o t ' r e g i o n s is, o n t he 
a v e r a g e , hal f t h a t in ' c o l d ' o n e s . W e m a y a l so n o t e t h a t , de sp i t e t h e sma l l n u m b e r 
o f p o i n t s used , t h e r a t i o HFell/HTil a l so exh ib i t s a t r e n d t o w a r d s t h e g r o u p i n g of p o i n t s 
a r o u n d a va lue of t h e o r d e r of 0-25, w h i c h m e a n s a four - fo ld excess of t h e field of 
' c o l d ' r eg ions over t h a t of ' h o t ' o n e s . T h i s is c lose (wi th s o m e sca t t e r ) t o t h e a b o v e -
m e n t i o n e d va lues of t h e m a g n e t i c field m e a s u r e d b y u s f r o m n- a n d c - c o m p o n e n t s 
in l ine F e i X 6302-5 A. T h e r a t i o s of t h e m a g n e t i c fields m e a s u r e d in t h e s a m e spec t ro ­
g r a m s f rom l ines F e i a n d T i l a r e p r e s e n t e d in F i g u r e 10b. A l t h o u g h in t h i s case t h e 
s ca t t e r of p o i n t s is c o n s i d e r a b l e , in 7 0 % of t h e cases H F e I / j F / T i I ^ 1-0, a n d t h e m e a n 
v a l u e is 0-83. H e r e , t o o , t h e h i s t o g r a m reveals t h a t t h e p r e d o m i n a n t va lues a re 
HFel/HTil& \ a n d HFel/HTil^0-6. F r o m all t hese s p e c t r o p h o t o m e t r i c d a t a it fol lows 
t h a t t h e r e is a n a p p r e c i a b l e i n h o m o g e n e i t y in t h e va lues of t h e m a g n e t i c fields, wh ich 
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h a v e different va lues a t t he s a m e p o i n t s of t h e s p o t ( m a i n l y in t h e u m b r a ) , if t h e field 
is def ined f r o m ' c o l d ' a n d ' h o t ' l ines . 

I n t h e l ight of t h e m o d e l b e i n g c o n s i d e r e d , th is resu l t of s p e c t r o p h o t o m e t r i c obse r ­
v a t i o n s p o i n t s t o t h e exis tence of a s p a c e g r o u p i n g of s u b - g r a n u l e c h a i n s w i th in which 
t e m p e r a t u r e c o n d i t i o n s a re different . S u c h a difference in t e m p e r a t u r e s a n d dens i t ies 
( a t e q u a l ga s p ressu re ) m a y ar i se , for e x a m p l e , d u e t o t h e osc i l l a to ry c o n v e c t i o n in 
s u b - p h o t o s p h e r i c layers ( S y r o v a t s k y a n d Z h u g z h d a , 1967). I n such c o n v e c t i o n cells 
t h e sizes a n d , p e r h a p s , s h a p e s of t h e s u b g r a n u l e s will be different .* T h e n , even if t h e 
t o t a l e n e r g y of t h e s u b - g r a n u l e m a g n e t i c field is c o n s e r v e d * * , t h e m a x i m u m va lues of 
t h e field in tens i ty in t h e s u b - g r a n u l e s o f ' h o t ' cells will b e less t h a n t h o s e in ' c o l d ' ones . 
A p p a r e n t l y , in o b t a i n i n g a s p e c t r o g r a m in t h e s u n s p o t u m b r a , a ce r t a in space aver­
a g i n g of t h e effects, i n t r o d u c e d by t r a n s l u c e n t ' h o t ' a n d ' c o l d ' cells, t a k e s p lace . 
A l t h o u g h n o t yet sufficiently c o m p l e t e , t h e a c c o m p l i s h e d inves t iga t ions s h o w t h a t in 
t h e s u n s p o t field t h e r e m a y exist s o m e smal l -scale m a g n e t i c e l e m e n t s ( sub -g ranu le s ) 
w i th a l a rge field a n d wi th a n i n t e r m e d i a t e b a c k g r o u n d ( smal l ) field of o p p o s i t e sign 
b e t w e e n t h e m . T h e d i s t r i b u t i o n of t h e s u b - g r a n u l e c h a i n s , a s well a s t h e g e o m e t r y of 
i n d i v i d u a l sub -g ranu l e s (i .e. t h e t o t a l ene rgy a n d m a x i m u m in tens i ty of t h e field), 
w h i c h d e t e r m i n e t h e ave raged field o b s e r v e d , is d u e t o t h e s u b - p h o t o s p h e r i c m o t i o n s 
( p r i m a r i l y convec t i on ) in t h e p a r t i c u l a r site of t h e s u n s p o t . 
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