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A B S T R A C T . Solar irradiance data from the A C RIM solar constant experiment 
on board the Solar Maximum Mission satellite ( S M M ) have been used to 
search for solar gravity modes. The power spectra of the time series of 
270 days in 1980 and of 240 days in 1984 are analysed using a statisti-
cal method for the determination of the basic g-mode period separation 
T 0 and the rotational frequency v* . in the view of the proposal of 
weakly interacting massive particles (WIMP) in the solar core and their 
impact on T 0 the search has been extended down to 25 minutes. The 
results of the analysis of both time series in the frequency range from 
10 to 40 μΗζ are best fitted by a T 0 of 29.85 minutes. This is close to 
the expected value for the W I M P model. The angular velocity in the 
center of the Sun inferred from the rotational splitting of the g-modes 
amounts to 6.6-10"6 per sec, which is 2.3 times the photospheric rate. 

1. S M M - A C RIM D A T A S E T S A N D P O W E R S P E C T R A 

The visibility of internal gravity modes in total irradiance measure-
ments is predicted for frequencies below about 60 μΗζ (Berthomieu, 
1983). Thus, time series of orbital means of the A C R I M data taken on 
board the S M M spacecraft (Nyquist frequency: 86 μΗζ) are well suited for 
the search of g-modes. First attempts to detect internal g-modes in the 
S M M / A C R I M data of 1980 have been performed by Fröhlich and Delache 
(1984a and 1984b, in the following referred to as F&D). The present 
analysis includes also A C R I M data from 1984 and extends the range of g-
mode determination to basic g-mode period spacing T 0 down to 25 minutes. 
The A C R I M solar irradiance measurements consist of individual readings 
at intervals of 132.071 seconds. For 1980 a complete set of data is 
available for day 49 through 325 when the pointing system of the S M M 
spacecraft failed. After the repair of S M M in spring 1984, good data are 
again available after day 125, 1984. In the present analysis 1980 (days 
49-325) and 1984 (days 125-366) data are used. In order to minimize 
aliasing due to modulation by the orbital eclipses of 30 minutes every 
95 minutes, orbital means are calculated in a similar way as described 
by F&D. Before calculating the periodograms the time series are detrend-
ed by fitting a 5th order polynomial. 
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T h e p e r i o d o g r a m s a r e c a l c u l a t e d b y s q u a r i n g t h e a m p l i t u d e s o f s t a n d a r d 
F F T o f t h e d e t r e n d e d t i m e s e r i e s . T h e n a t u r a l r e s o l u t i o n o f t h e s p e c t r a 
i s a b o u t 0 . 0 4 μ Η ζ . A t y p i c a l f e a t u r e o f t h e s p e c t r a i s t h e 1 / v 2 i n c r e a s e 
o f p o w e r t o w a r d s l o w e r f r e q u e n c i e s . A t v e r y l o w f r e q u e n c i e s ( < 2 / / H z ) t h e 
p o w e r d e n s i t y o f t h e 1 9 8 0 s p e c t r u m i s h i g h e r t h a n t h e o n e o f t h e 1 9 8 4 
s p e c t r u m d u e t o t h e d i f f e r e n t l e v e l o f s o l a r a c t i v i t y . M o r e o v e r , t h e 
1 9 8 4 s p e c t r u m s h o w s m o r e p o w e r i n t h e r a n g e f r o m 2 t o 3 0 μ Η ζ t h a n t h e 
1 9 8 0 s p e c t r u m ( u p t o o n e o r d e r o f m a g n i t u d e ) , w h i c h h a s s t i l l n o o b v i o u s 
e x p l a n a t i o n . 

2 . M E T H O D T O D E T E R M I N E T 0 A N D V R A N D R E S U L T S 

A t f r e q u e n c i e s w h e r e t h e g - m o d e s a r e e x p e c t e d t o b e s e e n ( < 6 0 μ Η ζ ) t h e i r 
d e n s i t y i s a l r e a d y h i g h b e c a u s e o f t h e e q u i d i s t a n t s p a c i n g in p e r i o d . 
T h e s p e c t r u m i s f u r t h e r c o m p l i c a t e d b y r o t a t i o n a l s p l i t t i n g , w h i c h i s a 
f i x e d a m o u n t i n f r e q u e n c y . T h e r e f o r e , i t s e e m s i m p o s s i b l e t o i d e n t i f y 
t h e p e a k s in t h e p o w e r s p e c t r u m i n d i v i d u a l l y a n d s o m e s t a t i s t i c a l m e t h o d 
h a s t o b e u s e d a s d e v e l o p e d b y F & D . I t c o n s i s t s o f c o m p a r i n g c o m p u t e d g -
m o d e s p e c t r a w i t h t h e r e a l o n e s a n d s e a r c h i n g f o r t h e g - m o d e s p e c t r u m 
w h i c h b e s t f i t t h e r e a l o n e a s a w h o l e . T h e c a l c u l a t i o n o f t h e f r e q u e n -
c i e s o f t h e g - m o d e s c o u l d b e b a s e d o n e . g . a s s y m p t o t i c t h e o r y ( T a s s o u l , 
1 9 8 0 ) w i t h a g i v e n b a s i c g - m o d e p e r i o d s p a c i n g T 0 a n d a g i v e n r o t a t i o n a l 
r a t e r e p r e s e n t e d b y t h e r o t a t i o n a l f r e q u e n c y v R . B e c a u s e o f t h e i n t e r n a l 
r o t a t i o n w i t h a f r e q u e n c y w h i c h i s o n l y a b o u t a f a c t o r o f t e n s m a l l e r 
t h a n t h e g - m o d e f r e q u e n c i e s u n d e r c o n s i d e r a t i o n , c o u p l i n g b e t w e e n t h e 
m o d e s d u e t o C o r i o l i s f o r c e s h a s t o b e t a k e n i n t o a c c o u n t . B e r t h o m i e u e t 
a l ( 1 9 7 8 ) h a v e d e v e l o p e d t h e n e c e s s a r y f o r m a l i s m t o c a l c u l a t e t h e f r e -
q u e n c y s h i f t s d u e t o t h i s e f f e c t . A s in F & D t h i s f o r m a l i s m i s u s e d t o 
c a l c u l a t e t h e g - m o d e f r e q u e n c i e s y ( , „ , a f o r a g i v e n T 0 a n d v R . T h e 
s e a r c h f o r t h e r e a l T 0 a n d v* i s p e r f o r m e d b y t h e f o l l o w i n g s t e p s : 

( 1 ) f o r a g i v e n T 0 a n d v R a l l v% 9 l t , . o f g - m o d e s i n t h e r a n g e 1 0 - 4 0 
μ Η ζ a r e c a l c u l a t e d f o r 5 II , m c o m b i n a t i o n s (J0 = 1 , m = ± 1 ; ΰ = 2 , m = ± 2 , 0 ) 
u s i n g t h e s c h e m e d e s c r i b e d a b o v e , 

( 2 ) f o r e a c h o f t h e 5 m o d e s t h e p o w e r o f t h e a n a l y s e d s p e c t r u m 
w i t h i n t h e w i d t h o f t h e n a t u r a l r e s o l u t i o n ( 0 . 0 4 μ Η ζ ) a n d c e n t e r e d a t 
f t , η · · i s s u m m e d o v e r t h e o r d e r s η a n d a m e a n p o w e r p e r m o d e c a l c u l a t e d 
f o r t h e f r e q u e n c y r a n g e u n d e r c o n s i d e r a t i o n ( 1 0 t o 4 0 μ Η ζ ) , 

( 3 ) s t e p 1 a n d 2 i s r e p e a t e d f o r 2 5 0 T 0 b e t w e e n 2 5 a n d 4 0 m i n u t e s 
( s t e p 0 . 0 6 m i n u t e s ) a n d 4 0 v R b e t w e e n 0 . 4 a n d 2 . 0 μ Η ζ ( s t e p 0 . 0 4 μ Η ζ ) , 
y i e l d i n g a 2 5 0 * 4 0 a r r a y o f m e a n p o w e r f o r e a c h m o d e J 0 = 1 , m = ± 1 a n d 0 = 2 , 
m = 0 , ±2 a n d e a c h s p e c t r u m a n a l y s e d . 

( 4 ) s e a r c h f o r t h e m a x i m u m p o w e r i n a l l 5 a r r a y s s i m u l t a n e o u s l y , 
y i e l d i n g t h e T 0 a n d v R o f t h e S u n . 
B e c a u s e n o a p r i o r i i n f o r m a t i o n a b o u t t h e r e l a t i v e a m p l i t u d e s o f t h e 
d i f f e r e n t m o d e s i s a v a i l a b l e , o n l y o n e m o d e a t t h e t i m e i s a n a l y s e d , 
h e n c e 5 a r r a y s f o r e a c h a n a l y s e d s p e c t r u m . T h i s m e a n s , h o w e v e r , t h a t t h e 
i n f o r m a t i o n i n t h e a r r a y s i s s o m e w h a t f a l s i f i e d b y t h e p o w e r o f t h e 
m o d e s n o t c o n s i d e r e d a n d t h e p o w e r p e a k s in t h e a r r a y s n e e d n o t n e c e s -
s a r i l y b e f o u n d a t t h e s a m e p l a c e in t h e d i f f e r e n t a r r a y s . T h u s , o n l y 
t h e c o m p a r i s o n o f t h e s t r u c t u r e o f t h e a r r a y s w i t h t h e s t r u c t u r e o f 
a r r a y s c a l c u l a t e d f r o m s y n t h e t i c s p e c t r a a l l o w s t o f i n d t h e r e a l T 0 a n d 

https://doi.org/10.1017/S0074180900157791 Published online by Cambridge University Press

https://doi.org/10.1017/S0074180900157791


SOLAR GRAVITY MODES FROM ACRIM/SMMIRRADIANCE DATA 85 

V R . T h e s e a r c h i s p e r f o r m e d b y c a l c u l a t i n g s y n t h e t i c s p e c t r a w i t h a T 0 

a n d V * c l o s e t o t h e o n e e x p e c t e d f r o m a f i r s t v i s u a l i n s p e c t i o n o f t h e 
a r r a y s a n d f i n e t u n e t h e p a r a m e t e r s b y m o v i n g t h e s i m u l a t e d a r r a y s 
r e l a t i v e t o t h e r e a l o n e s u n t i l a g o o d f i t i s a c h i e v e d f o r a l l 5 a r r a y s 
a n d fo r b o t h S M M / A C R I M s p e c t r a s i m u l t a n e o u s l y . F u r t h e r i t e r a t i o n s m a y b e 
n e e d e d t o d e t e r m i n e t h e f i n a l v a l u e s . 
T h e b e s t f i t i s f o u n d f o r T 0 = 2 9 . 8 5 m i n u t e s a n d vn = 1 . 0 5 / / H z . I t i s 
i n t e r e s t i n g t o n o t e t h a t t h e f i t i s b e t t e r f o r J 0 = 1 i n t h e A C R I M 1 9 8 0 
d a t a a n d f o r 1 = 2 i n t h e A C R I M 8 4 d a t a . I t i s d i f f i c u l t t o j u d g e t h e 
s i g n i f i c a n c e o f t h e r e s u l t . D u r i n g t h e a d j u s t m e n t o f t h e p a r a m e t e r s t h e 
f i t i s s e n s i t i v e t o v e r y s m a l l c h a n g e s o f T 0 a n d V * : c h a n g e s o f a f e w 
h u n d r e d t h s o f a m i n u t e o r / / H z a r e e a s i l y d i s t i n g u i s h e d . T h i s d o e s n o t 
m e a n t h a t t h e r e s u l t i s a c c u r a t e t o t h i s l e v e l d u e t o t h e a n a l y s i s 
a d o p t e d . A n i m p o r t a n t q u a l i t a t i v e s t a t e m e n t i s t h a t f o r n o o t h e r T o - y * 
c o m b i n a t i o n t e s t e d i n t h e w h o l e r a n g e o f T 0 f r o m 2 5 t o 5 5 m i n u t e s a 
b e t t e r v i s u a l f i t w a s f o u n d . 

3 . C O M P A R I S O N W I T H O T H E R O B S E R V A T I O N S 

O t h e r o b s e r v a t i o n s o f g - m o d e s h a v e b e e n p u b l i s h e d ( e x c l u d i n g t h e 1 6 0 -
m i n u t e o s c i l l a t i o n ) b y e . g . D e l a c h e a n d S c h e r r e r ( 1 9 8 3 ) , I s a a k e t a l 
( 1 9 8 4 ) , K o t o v e t a l ( 1 9 8 4 ) a n d P a l l è e t a l ( 1 9 8 6 ) . T h e p u b l i s h e d f r e -
q u e n c i e s o f D e l a c h e a n d S c h e r r e r h a v e b e e n q u e s t i o n e d b y S c h e r r e r ( 1 9 8 6 ) 
a s t h e l o c a t i o n o f p e a k s i n t h e s p e c t r u m s e e m t o d e p e n d o n t h e m e t h o d o f 
d e t r e n d i n g o f t h e d a i l y d a t a ; t h u s h e n o l o n g e r r e g a r d s t h e p u b l i s h e d 
v a l u e s a s c o r r e c t . I s a a k e t a l d o n o t p u b l i s h t a b u l a t e d v a l u e s o f t h e i r 
f r e q u e n c i e s . A d i r e c t c o m p a r i s o n o f g - m o d e f r e q u e n c i e s c o m p u t e d w i t h 
T 0 = 2 9 . 8 5 m i n u t e s a n d v * = 1 . 0 5 / / H z w i t h o b s e r v e d f r e q u e n c i e s c a n o n l y b e 
d o n e f o r t h e d a t a o f K o t o v e t a l a n d o f P a l l è e t a l . T h i s c o m p a r i s o n 
t o g e t h e r w i t h t h e c l a s s i f i c a t i o n o f t h e m o d e s i s p r e s e n t e d i n T a b l e I . 

TABLE I : C o m p a r i s o n o f g - m o d e f r e q u e n c i e s o b s e r v e d b y K o t o v e t a l ( l e f t ) 
a n d P a l l è e t a l ( r i g h t ) w i t h c o m p u t e d o n e s f o r T 0 = 2 9 . 8 5 m i n . a n d v R = 1 . 0 5 
/ / H z a s f o u n d f r o m t h e A C R I M i r r a d i a n c e d a t a . O n l y t h e J 0 = 1 a n d 2 c l a s -
s i f i e d l i n e s a r e l i s t e d . 

P a l l é e t a l ( 1 9 8 6 ) 
F r e q u e n c y (μΗζ) I d e n t . 
o b s . y e a r c a l e . η , ί , m 

K o t o v e t a l ( 1 9 8 4 ) 
F r e q u e n c y (.μΗζ) I d e n t . 3 3 1 5 8 4 3 3 4 3 6 2 3 , 1 , - 1 

o b s . c a l e . n , f , m 3 3 4 5 8 5 3 3 4 3 6 2 3 , 1 , - 1 
3 5 3 5 8 4 3 5 3 2 1 3 8 , 2 , 0 

8 3 . 3 3 8 3 . 4 3 1 1 6 , 2 , + 2 3 4 2 5 8 5 3 4 5 1 6 2 3 , 1 , - M 
8 4 . 9 0 8 4 . 8 0 8 9 , 1 , - 1 3 9 7 5 8 4 3 9 5 4 8 2 0 , 1 , + 1 
8 5 . 7 8 8 5 . 9 3 3 8 , 1 , - M 5 8 9 0 8 5 5 9 0 5 1 1 3 , 1 , - 1 
9 0 . 8 3 9 0 . 9 4 9 1 4 , 2 , - 2 4 0 4 0 8 4 4 0 4 8 8 1 9 , 1 , - 1 
9 3 . 0 1 9 2 . 7 3 3 1 4 , 2 , 0 7 6 6 0 8 5 7 6 4 8 4 1 0 , 1 . - 1 
9 4 . 7 0 9 4 . 5 0 5 1 4 , 2 , + 2 4 1 9 5 8 4 4 1 5 7 4 1 9 , 1 , - M 
9 4 . 9 1 9 5 . 1 4 9 8 , 1 , - 1 7 7 3 0 8 5 7 7 0 6 4 1 7 , 2 , 0 
9 7 . 5 8 9 7 . 6 9 0 1 3 , 2 , - 2 4 7 9 0 8 4 4 7 5 9 1 2 8 , 2 , 0 
9 9 . 0 3 9 9 . 4 7 5 1 3 , 2 , 0 7 9 7 0 8 5 7 9 8 8 1 1 6 , 2 , - 2 

1 0 8 . 7 2 1 0 8 . 3 4 4 7 , 1 , - 1 9 3 2 0 8 5 9 2 7 3 3 1 4 , 2 , 0 
1 0 9 . 0 0 1 0 9 . 4 9 0 7 , 1 , « M 5 5 2 0 8 4 5 5 2 7 6 2 4 , 2 , 0 
1 1 6 . 3 9 1 1 6 . 4 0 5 1 1 , 2 , 0 5 8 5 0 8 4 5 8 3 5 5 2 2 , 2 , - 2 
1 2 6 . 7 4 1 2 6 . 9 2 5 6 , 1 , + 1 6 6 3 0 8 4 6 5 9 2 6 2 0 , 2 , 0 
1 2 8 . 9 0 1 2 9 . 0 1 7 1 0 , 2 , + 2 6 7 2 0 8 4 6 7 4 8 3 1 9 , 2 , - 2 
1 3 8 . 4 3 1 3 8 . 4 8 4 9 , 2 , - 2 7 0 5 5 8 4 7 0 7 5 2 1 1 , 1 , + 1 

8 1 1 5 8 4 8 1 6 6 4 1 6 , 2 , 0 
9 2 0 0 8 4 9 2 7 3 3 1 4 , 2 , 0 

1 0 8 4 5 8 4 1 0 8 3 4 4 7 , 1 , - 1 
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T h e a g r e e m e n t w i t h t h e d a t a o f P a l l è e t a l i s a l m o s t p e r f e c t : o n l y 3 
l i n e s c a n n o t b e i d e n t i f i e d a s m o d e s w i t h J 0 = 1 o r 2 . T h e c o r r e l a t i o n 
c o e f f i c i e n t o f t h e r e g r e s s i o n b e t w e e n t h e o b s e r v e d a n d c a l c u l a t e d f r e -
q u e n c i e s o f t h e 2 1 l i n e s i s 0 . 9 9 9 9 1 a n d t h e m e a n r a t i o y o b « / y c « i c e q u a l s 
0 . 9 9 8 7 . F r o m t h e d a t a s e t o f K o t o v e t a l o n l y 1 5 l i n e s o u t o f 3 2 a r e 
c l a s s i f i e d a s m o d e s w i t h 1 = 1 a n d 2 . T h e r e g r e s s i o n c o e f f i c i e n t o f 
0 . 9 9 9 9 4 f o r t h e 1 5 c l a s s i f i e d l i n e s i s a l s o v e r y h i g h a n d t h e r a t i o 
Ve b s / V c « i c = 0 . 9 9 9 0 i s v e r y s i m i l a r . T h e r e s u l t o f t h e r a t i o c o u l d i n d i -
c a t e t h a t T 0 i s s l i g h l y h i g h e r ( 2 9 . 8 8 m i n . ) . T h e m a i n r e a s o n f o r t h e 
u n c l a s s i f i e d l i n e s i s t h e s e n s i t i v i t y o f t h e i n s t r u m e n t s t o h i g h e r Ü : 
t h e o b s e r v a t i o n s o f P a l l é e t a l a r e s e n s i t i v e t o m o d e s w i t h J 0 < 4 , t h o s e 
o f K o t o v e t a l t o m o d e s w i t h ü < 7 . A l l t h e r e m a i n i n g l i n e s c a n i n d e e d b e 
c l a s s i f i e d a s m o d e s w i t h 1 = 3 a n d 1 = 3 t o 6 r e s p e c t i v e l y . 

4. C O N C L U S I O N S 

A b a s i c g - m o d e p e r i o d s p a c i n g o f T 0 = 2 9 . 8 5 m i n u t e s d e t e r m i n e d f r o m A C R I M 
i r r a d i a n c e d a t a o f 1 9 8 0 a n d 1 9 8 4 a n d s u p p o r t e d b y t h e o b s e r v a t i o n s o f 
P a l l é e t a l ( 1 9 8 6 ) a n d o f K o t o v e t a l ( 1 9 8 4 ) , i n d i c a t e s , t h a t t h e s t a t e 
o f t h e s o l a r c o r e d o e s n o t c o r r e s p o n d t o t h e o n e e x p e c t e d f r o m a s t a n d -
a r d s o l a r m o d e l w i t h T 0 = 3 5 m i n u t e s . T h e l o w e r T 0 i s a l s o s u p p o r t e d b y 
t h e o b s e r v e d f r e q u e n c y s e p a r a t i o n o f t h e o d d o r e v e n l o w d e g r e e , h i g h 
o r d e r p - m o d e s . F o r t h e W I M P m o d e l F a u l k n e r e t a l ( 1 9 8 6 ) a n d Däppen e t a l 
( 1 9 8 6 ) p r e d i c t 2 9 a n d 3 2 m i n u t e s r e s p e c t i v e l y . T h u s t h e r e s u l t o f t h e 
p r e s e n t a n a l y s i s s u p p o r t s t h e W I M P h y p o t h e s i s o r a n o t h e r m e c h a n i s m 
y i e l d i n g a r e d u c e d c e n t r a l t e m p e r a t u r e . 
T h e s p l i t t i n g d u e t o t h e r o t a t i o n o f t h e c o r e c l o s e t o t h e c e n t e r w h e r e 
t h e g - m o d e s a r e c o n c e n t r a t e d i s d e t e r m i n e d a s 1 . 0 5 μ Η ζ w h i c h i s 2 . 3 
t i m e s t h e s u r f a c e r a t e . T h i s v a l u e i s in g o o d a g r e e m e n t w i t h t h e r o t a -
t i o n r a t e a t 0 . 1 5 s o l a r r a d i u s o f 0 . 9 μ Η ζ , i n v e r t e d f r o m p - m o d e o b s e r v a -
t i o n s o f D u v a l a n d H a r v e y ( 1 9 8 4 ) . 
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