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A B S T R A C T 

A n observational study of the fine structure in a sunspot region led to the following results: (a) The 
photosphere around a sunspot is covered with the so-called Magnetic Knots . These features have a 
diameter of 800 km and a magnetic field of up to 1400 gauss. Although they coincide with dark, 
intergranular spaces, they are distinctly different from pores. We estimate some 300 to surround the 
sunspot. The magnetic field of the smallest pores were found to be 1500 gauss, (b) For the Umbral 
D o t s we find a lifetime of 25 min. Their colour, as derived from simultaneous observations at 4700 A 
and 6400 A, was found to be identical to that of the photosphere. Assuming their brightness to be 
photospheric we derive a diameter of 160 km. 

1. Observations 

W i t h t h e s e t u p s h o w n in F i g u r e 1 we obse rved a n u m b e r of la rge , fairly s y m m e t r i c a l 
s u n s p o t s d u r i n g the i r pas sage a c r o s s t h e so la r d isc in o r d e r t o m a k e a de ta i l ed s tudy 
of t h e in tens i ty , veloci ty , a n d m a g n e t i c field s t r u c t u r e in a n d a r o u n d a s u n s p o t . W e 
used s i m u l t a n e o u s l y t he 4 0 - c m c o r o n a g r a p h a n d t h e 30-cm c o e l o s t a t t e l e scopes of 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 . T h e o b s e r v a t i o n s o b t a i n e d a t t h e W e s t b e n c h cons i s t of 
h igh d i spe r s ion , s i m u l t a n e o u s s p e c t r a (7 mm/A) of t h e F e l ines X 5576 ( 0 = 0 ) a n d 
X 6173 (# = 2-5) exposed 10 sec a t a r a t e of 15 sec. T h e Z e e m a n - l i n e s p ec t r a were 
o b t a i n e d t h r o u g h a X/4 p l a t e a n d a W o l l a s t o n p r i sm . Sli t - jaw p h o t o g r a p h s exposed 
s i m u l t a n e o u s l y wi th t h e s p e c t r a a l l o w a very precise d e t e r m i n a t i o n of t h e slit pos i t i on 
w i th respec t t o t h e s u n s p o t fine s t r u c t u r e s . W e p l aced t h e slit in m a n y different p o s i t i o n s 
a c r o s s t h e s p o t cover ing a l so ex tens ive ly t h e r eg ion a r o u n d t h e spo t . 

T h e coe lo s t a t t e lescope fed t h e E a s t b e n c h c a m e r a wh ich - t h r o u g h t h e use of a 
d i c h r o i c m i r r o r - a l lows t h e s i m u l t a n e o u s p h o t o g r a p h y of t w o s p o t i m a g e s in e i the r 
red a n d b lue c o n t i n u u m r a d i a t i o n (X 6400 A a n d X 4700 A resp . ) o r in H a a n d b lue 
l ight . T h e E a s t b e n c h o b s e r v a t i o n s m a d e a t a 5-sec r a t e c o v e r s o m e t i m e s 1 t o \ \ h o u r s 
of i n t e r m i t t e n t g o o d seeing. F r o m these we a r e ab le t o s t u d y b o t h m o t i o n s a n d c h a n g e s 
of t h e s p o t fine s t ruc tu re s . By c o m p a r i s o n w i th t h e sl i t- jaw p i c tu r e s we a r e m o r e o v e r ab le 
t o r e l a t e t h e fine s t r u c t u r e s vis ible in t h e spec t r a wi th de ta i l s in t h e whi te - l igh t images . 

* Presented by J. M. Beckers. 

Kiepenheuer fed.), Structure and Development of Solar Active Regions, 178-186. v I.A.U. 
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CORONAGRAPH 

F I G . 1 . Diagram of the observational setup. - West bench: 40-cm coronograph with solar image 
25 cm; LSG = Lit trow spectrograph; F and OG 4 = colour filters; CGP = glass plate to correct for 
instrumental polarisation; SL = slit with reflecting jaws; NG 4 = neutral density filter; first surface is 
used to form an image of the solar region for visual monitoring; WP — Wollaston prism to separate the 
two opposite circular polarised spectra. - East bench: 30-cm coelostat with final solar image 25 cm; 
Ap = aperture defining the solar region to photograph; DM = dichroic mirror; IFb and IFr = blue and 
red interference filters; Ha F = Ha-Lyot filter with 0*5 A bandwidth. 

A tes t of t h e p e r f o r m a n c e of o u r p h o t o g r a p h i c m e t h o d for t h e m a g n e t i c field 
d e t e r m i n a t i o n was m a d e by inves t iga t ion of t h e m a g n e t i c field in t h e qu i e scen t p h o t o 
s p h e r e . T h i s s h o w e d t h e no i se for o u r m e t h o d to be 5 gaus s r . m . s . for a n effective 
s c a n n i n g a p e r t u r e of (0*8 sec of a r c ) 2 . A r e c o r d i n g t ime of 10 sec is n e e d e d for 600 of 
t h e s e r e so lu t ion e l emen t s . C o m p a r i s o n wi th t h e no ise cha rac t e r i s t i c s of t h e B a b c o c k 
m a g n e t o g r a p h s h o w s t h e no i se o f t h e p h o t o g r a p h i c m e t h o d t o be less by a b o u t 1 o r d e r 
of m a g n i t u d e . I t t a k e s a b o u t 30 t imes less t i m e t o c o m p i l e a m a g n e t i c a n d velocity 
m a p for an act ive r eg ion w i t h t h e p h o t o g r a p h i c m e t h o d . 

T h e spec t r a of t h e u n d i s t u r b e d p h o t o s p h e r e give after c o r r e c t i o n for no i se a n r . m . s . 
m a g n e t i c field of 7-5 g a u s s . T h i s r . m . s . m a g n e t i c field is m a i n l y d u e t o a n u m b e r of 
i so l a t ed r eg ions a few s e c o n d s of a r c in d i a m e t e r in w h i c h t h e m a g n e t i c field is o f 
o r d e r of 50 gauss . W e find n o signif icant c o r r e l a t i o n s be tween t h e m a g n e t i c field a n d 
e i t he r c o n t i n u u m b r i g h t n e s s o r ve loc i ty . 

F i g u r e 2 shows a h igh - r e so lu t i on p h o t o g r a p h of the s u n s p o t w h i c h we selected for 
o u r s tudy . 

2 . Magnet ic Knots 

In the vicini ty of s p o t s we de tec t ed m a n y i so la ted p o i n t s ( < 1500 k m ) wi th s t r o n g 

W E S T B E N C H (L SG) E A S T B E N C H 
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F I G . 2. White-light photograph of the sunspot selected for the study: July 25th 1966, exposure time 
15 milliseconds on Kodak High Contrast Copy emulsion, X = 4700 ± 60 A. 

m a g n e t i c fields (see F i g u r e 3) . T h e s e ' m a g n e t i c k n o t s ' co inc ide wi th n o r m a l d a r k 
i n t e r g r a n u l a r spaces a n d a r e c lear ly d i s t inc t f r o m p o r e s . T h e y s h o w a s t r ik ing 
dec r ea se in l ine d e p t h ; t h e e q u i v a l e n t w i d t h r e m a i n i n g u n c h a n g e d . 

A n i n t e r p r e t a t i o n of t h e l ine profi le m e a s u r e d in t h e m a g n e t i c k n o t s in t e r m s of t h e 
S t e p a n o v - U n n o t h e o r y (see M a t t i g , 1966) resu l t s in m a g n e t i c fields o f a b o u t 1300 
g a u s s . T h e inc l ina t ion o f t h e field w i t h respec t t o t h e l ine o f s igh t a m o u n t s t o y ~ 7 5 ° 
w h e n n o co r r ec t i on is a p p l i e d for l ight n o t o r i g ina t i ng in these m a g n e t i c k n o t s . 
H o w e v e r , t h e inc l ina t ion a n g l e d e p e n d s s t rong ly o n s u c h a c o r r e c t i o n . Since t h e 
spa t i a l r e so lu t i on of o u r s p e c t r a is p r o b a b l y less t h a n t h e a c t u a l size of t h e m a g n e t i c 
k n o t s we expec t t h e a m o u n t o f t h i s ' n o n - m a g n e t i c l igh t ' t o b e h igh . A ver t ica l field 
(y = 0°) in all m a g n e t i c k n o t s is o b t a i n e d for ~ 6 0 % of t h e o b s e r v e d l igh t t o b e b l u r r e d 
i n t o t h e m a g n e t i c k n o t s . T h i s gives 800 k m for t he t r u e d i a m e t e r of t h e m a g n e t i c 
k n o t s a n d 1400 gauss for t h e field. 

T h e m a g n e t i c k n o t s de sc r ibed h e r e a r e p r o b a b l y iden t ica l t o t h e so-ca l led ' invis ible 
s u n s p o t s ' obse rved by H a l e a n d N i c h o l s o n (1938), t o t h e ' g a p s ' wi th a p p a r e n t field 
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F I G . 3 . Clockwise and anticlockwise circular polarised spectra around the Fe line X 6173 (Lande-
factor 2.5 with the slit intersecting the penumbra. The arrows indicate a number of magnetic knots. 
Note: magnetic field produces a line shift of opposite direction, whereas Doppler effect gives a line shift 
of the same direction in both spectra. 

s t r eng th of 350 gaus s o b s e r v e d by Sheeley (1967) a n d t h e 1000 g a u s s n o n - s p o t r eg ions 
recen t ly d i scussed b y S t e s h e n k o (1967) . W e find t h e m a g n e t i c k n o t s t o h a v e m a i n l y 
a red shift in t h e n o n - m a g n e t i c l ine i nd i ca t i ng a d o w n w a r d m o t i o n , a n d t o be loca t ed 
in t h e H a - p l a g e r eg ions . T h e n o n - m a g n e t i c l ine s h o w s genera l ly n o w e a k e n i n g , 
con f i rming aga in t h a t t h e c h a n g e of t h e Z e e m a n l ine is of m a g n e t i c o r ig in . T h e p o l a r i t y 
of t h e k n o t s var ies a t r a n d o m , i t c a n be b o t h e q u a l o r o p p o s i t e t h e s p o t po la r i ty . W e 
d o n o t k n o w yet t h e k n o t l i fe t ime. W e e s t i m a t e o u r s p o t t o be s u r r o u n d e d by 300 k n o t s . 

F o r s o m e p o r e s s u r r o u n d i n g t h e s p o t we f o u n d a field s t r e n g t h o f a b o u t 1500 gauss , 
s o t h a t a b o u t 1400 g a u s s a p p e a r s t o b e t h e cr i t ical va lue for p o r e a n d s p o t f o r m a t i o n . 

3 . Umbral Dots 

W e o b t a i n e d s o m e very g o o d t i m e s e q u e n c e s of u m b r a l s t r u c t u r e s s i m u l t a n e o u s l y a t 
X 6400 A a n d X 4700 A c o v e r i n g 1^ h o u r s in t i m e a t a r a t e of o n e p h o t o g r a p h pe r 5 
sec. O n these p h o t o g r a p h s (see F i g u r e 4) t h e u m b r a s h o w s i so la ted b r igh t p o i n t s 
( < 6 0 0 k m ) . T h e s e u m b r a l d o t s (cal led so by D a n i e l s o n , 1964) f o r m a p a t t e r n very 
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F I G . 4 . Photograph of umbral dots at 4700 A; July 20th 1966; exposure time 50 milliseconds on 
Kodak HCC-emulsion. Average observed diameter of the dots: 500 km. 

different f rom the p h o t o s p h e r i c g r a n u l a t i o n ; we the re fo re d i sag ree wi th t h e t e r m 
' u m b r a l g r a n u l a t i o n ' as u s e d b y B r a y a n d L o u g h h e a d (1964) . 

I n t h e p a r t i c u l a r spo t u n d e r s t u d y t h e u m b r a l d o t s w e r e all l oca t ed in t h e o u t e r 
p a r t s o f t h e u m b r a . I t is n o t su re ye t if th i s is t h e case for all s p o t s o f th is t y p e . W e d id 
o b s e r v e a n u m b e r of s u n s p o t u m b r a e in wh ich t h e u m b r a l d o t s a r e s u p p r e s s e d in p a r t s 
of t h e u m b r a . Th i s a r e a o f t h e u m b r a was genera l ly t h e d a r k e s t . 

W e h a v e d e t e r m i n e d a l i fe t ime o f 25 m i n for t h e s t r u c t u r e s f r o m a g o o d t i m e 
s e q u e n c e 1^ h o u r s l ong . Af te r 25 m i n n o d o t s c a n be r ecogn ized excep t for s ta t is t ica l 
co inc idences . T h i s is a f ac to r 2 sma l l e r t h a n t h a t f o u n d by Bray a n d L o u g h h e a d (1964) 
for t he i r u m b r a l g r a n u l a t i o n . B u t i t falls wi th in t h e l imi ts of 4 a n d 50 m i n given by 
D a n i e l s o n (1964) . W e f o u n d t h e visibi l i ty cu rves of t h e i nd iv idua l d o t s t o be a s y m 
m e t r i c a l in t h e sense t h a t t h e y s h o w a fas ter inc rease t o m a x i m u m b r i g h t n e s s t h a n t h e 
dec r ea se thereaf ter . 
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F o r 10 u m b r a l d o t s we m e a s u r e d a n ave rage d i a m e t e r (ha l fwid th of t h e in tens i ty 
p e a k ) of 500 k m , wh ich is an u p p e r l imit for t he t r u e d i a m e t e r o f t h e fea tures . T h e 
c o n t r a s t wi th t h e u m b r a l b a c k g r o u n d is 4 4 % a t 4700 A a n d 2 6 % a t 6400 A , so t h a t 
u m b r a l d o t s a re b lue r t h a n t h e u m b r a . T h e excess in tens i ty expres sed in t e r m s of t h e 
p h o t o s p h e r e is r e sp . 7 -8% a n d 7-9%, m e a n i n g t h a t t h e u m b r a l d o t s h a v e t he s a m e 
c o l o u r as the p h o t o s p h e r e . In o r d e r t o m a k e t h e d o t in tens i ty e q u a l t o t h e p h o t o s p h e r e 
in tens i ty o n e w o u l d need a t r u e d i a m e t e r of 160 k m . T h e r e is n o w a y t o s e p a r a t e t h e 
d o t in tens i ty of i ts d i a m e t e r ; we c a n give Only l imi ts . T h e t r u e d i a m e t e r lies be tween 
160 k m a n d 500 k m , if o n e t a k e s t h e p h o t o s p h e r i c b r i g h t n e s s as t h e u p p e r l imi t for t he 
t r u e d o t in tens i ty . N o l o w e r b r i gh tne s s l imi t c a n be g iven b e c a u s e we obse rved a 
n u m b e r of d o t s wi th ve ry l o w c o n t r a s t . 

W e d o n o t exc lude t h e poss ib i l i ty t h a t a t least s o m e of t h e u m b r a l d o t s a r e of 
p h o t o s p h e r i c in tens i ty a n d the re fo re 160 k m in d i a m e t e r s ince t h e b l u r r i n g o n o u r 
p h o t o g r a p h s cou ld be as m u c h as 500 k m . In fact t h e whi te c o l o u r of t h e b r i gh t e r d o t s 
is ve ry sugges t ive for th i s poss ib i l i ty . 

4. Magnet ic - and Velocity-Field Measurements in a Sunspot 

F r o m each of t h e 9 d a y s a t w h i c h we obse rved t h e s p o t in F i g u r e 2 we selected f rom 
~ 600 spec t r a t h e bes t 15 -17 s p e c t r a , cove r ing t h e en t i r e s p o t a r e a a n d t h e s u r r o u n d i n g 
p h o t o s p h e r e . After a l e n g t h y inves t iga t ion we f o u n d t h a t t h e r e w a s n o sa t i s fac tory 
s h o r t cu t for t h e r e d u c t i o n of t h e m a g n e t i c s p ec t r a w i t h o u t l o s ing a significant 
a m o u n t of i n f o r m a t i o n . W e the re fo re u n d e r t o o k a de ta i l ed p h o t o m e t r i c r e d u c t i o n of 
t h e l ine profile of X 6173 in e a c h c i rcu la r p o l a r i s a t i o n a t e a c h p o i n t a l o n g the slit 
(every 600 k m o n t h e S u n ) . T h i s r e d u c t i o n is n o t yet c o m p l e t e d . 

F i g u r e 5 s h o w s a flow d i a g r a m of o u r r e d u c t i o n p r o c e d u r e . 
F i r s t t he line cen te r is d e t e r m i n e d by t h e e l imina t ion of t h e D o p p l e r shift. T h e 

D o p p l e r shift is o b t a i n e d b y shif t ing a m i r r o r i m a g e of t h e o n e s p e c t r u m over t he 
o t h e r s p e c t r u m , unt i l t h e m a x i m u m c o r r e l a t i o n be tween t h e t w o s p e c t r a is o b t a i n e d . 
T h e difference cu rve ( t he in tens i ty difference be tween s p e c t r u m 1 a n d s p e c t r u m 2) is 
t h e n fitted by least s q u a r e s wi th t h e difference of t w o f u n c t i o n s / . T h e s e func t ions h a v e 
t h e s a m e s h a p e as t h e p h o t o s p h e r i c profile b u t a r e d i sp laced b y a n a m o u n t A ( sep
a r a t i o n of t h e ( r - c o m p o n e n t s ) . T h e q u a n t i t y A is a p p r o x i m a t e l y e q u a l t o t h e Z e e m a n 
sp l i t t ing of t h e l ine. T h e a m p l i t u d e A o f t h e func t ion is d e t e r m i n e d b y t h e field ang le 
y ( t he re la t ive s t r e n g t h of b o t h a - c o m p o n e n t s ) . W e used t h e S t e p a n o v - U n n o t h e o r y 
for l ine f o r m a t i o n in m a g n e t i c field t o ca l i b r a t e t h e A a n d A i n t e r m s of H a n d y by 
fitting t h e difference o f t h e o r e t i c a l l ine profiles of A 6173 in t h e s a m e w a y . 

W i t h t h e / / - v a l u e f o u n d f r o m t h e difference c u r v e t h e profi les of t h e i nd iv idua l 
spec t r a a r e ana lysed . By leas t s q u a r e s we find t h e a m p l i t u d e s of t h e t w o a- a n d t h e 
^ - c o m p o n e n t s . T h e s e in t u r n give a m o r e precise va lue for t h e field d i r ec t ion . 

F i g u r e 6 gives t h e resu l t of such a r e d u c t i o n for o n e of o u r spec t r a . 
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UNNO-

STEPANOV 

THEORY 

DIFFERENCE 
Y = A ( F ( X - A ) 

- F ( X + A ) ) 

A X V / 

A ( H , X ) 

A ( H , Y ) 

H AND X 

DATA 

i7 = d / ( l - d ) AVERAGE 

DATA V DATA V 
y = A , f ( x - H ) + A, (H, X) 

A 2 f ( x ) + A 3 f ( x + H ) 
• A 2 ( H , X) 

A , ( H , X) 

1 

• O B S E R V A T I O N S 
T H E O R Y 

F I G . 5. Flow diagram of the interpretation of the Zeeman-line profiles in terms of the Stepanov-
Unno theory. 

I t is o u r i n t e n t i o n t o m a k e r e d u c t i o n s l ike t h e o n e given in F i g u r e 6 for all m a g n e t i c 
a n d veloci ty spec t r a we selected f r o m th i s s p o t a n d w h i c h we h a v e t r a c e d a l r eady . 
O u r o b s e r v a t i o n a l d a t a a r e of sufficient qua l i t y t o re la te t h e m a g n e t i c a n d veloci ty 
field a n d i ts f luc tua t ion t o t h e p e n u m b r a l in tens i ty s t r u c t u r e s . 

T h e de ta i l ed p u b l i c a t i o n s will be s u b m i t t e d t o Solar Physics. 
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m e n t o P e a k b ig d o m e o b s e r v i n g p e r s o n n e l . 
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F I G . 6. Reduction of a Zeeman and Doppler spectrum obtained on 25th July 1966 (spot near disc 
center). I' = continuum intensity across the slit; Akv = Doppler shifts across the slit (Ever shed effect); 
J/max = the maximum amplitude of the difference curve (see Figure 5) across the slit (Alm&x is very 
close to / / c o s y): H = magnetic field across the slit: for small Zeeman splitting or for transversal field 
the position of the o-components becomes very unreliable. This results in the large noise of the H-values 
outside the penumbra. Note the local fluctuations of I, Akv and H cosy. At points where the last curve 
intersects the zero line (H x Ah ^0) we have transversal magnetic field. Looking for these points in 
spectra exposed at different disc positions of the spot, we obtain the field configuration free from any 
theoretical assumptions. 

D I S C U S S I O N 

Rosch: About umbral dots (French: 'points maculaires'): I agree that they should not be called 
'granules' because they differ in nature from the photospheric ones. As for the distribution of these 
dots , there are at least cases where the whole umbra is filled with bright dots with different average 
level of brightness in different parts of the umbra. Before deciding that no dots appear, one should 
be sure that the exposure time puts them in the high-contrast part of the emulsion-characteristic 
curve. A n d of course, the stray-light plays an important role. 

Beckers: W e have exposures of various densities of the umbra of the spot in discussion, some of 
these give the high-contrast part of the emulsion in the darkest part of the umbra. These do not show 
umbral dots in this part of the umbra. Scattered light would indeed diminish the contrast of the 
umbral dots, we took this into account. 
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Howard: Can you from your counts of the number of 'gaps' in a plage estimate the fraction of 
the magnetic flux in the plage which exists in the form of these 'gaps'? 

Beckers: We can estimate the magnetic flux contained in these knots. We have not made a com
parison of this with the average magnetic flux of the plage region. We do not exclude the possibility 
that the magnetic knots ( = g a p s ) are the basic elements of the plage magnetic fields. 

H. U. Schmidt: You spoke about downward motion in the small magnetic knots outside the 
penumbra. Would it be consistent with your observations to assume that the downward motion 
surrounds the magnetic field or does it have to be exactly at the peak of the magnetic field? 

Beckers: Because the magnetic knots are probably smaller than our resolution disk we cannot 
decide whether the downflow surrounds or coincides with the magnetic knots. 

Sheeley (answer to Howard's question): One can see where the fields are by looking at spectro
heliograms. The fields are not all in points, but sometimes lines and other complicated patterns. 
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