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ABSTRACT. The two firmly established cases of many-mode observations, 
the Sun and Kurtz's Ap stars, suggest that in stars extremely small 
pulsation amplitudes are to be expected. If spectroscopic Doppler 
techniques are used to measure the velocity pattern, then it is obvious 
that with better resolution and higher S/N ratio of the spectral lines 
the sensitivity to detect velocity amplitudes increases. Observed 
pulsation frequencies of any star will put new constraints on the theory 
of stellar evolution. Besides addressing the two most important issues, 
namely determination of age and chemical composition, observed periods 
will also help resolve open questions in the physics of stellar 
interiors. 

1. INTRODUCTION 

Stellar acoustic oscillation frequencies will likely be observed 
accurately in the near future, in analogy to the well-known solar five-
minute oscillation frequencies. Of course we will never expect the 
wealth of the solar data, which is a result of the high spatial 
resolution of the Sun. Therefore we will not be able to solve the 
inverse problem, that is to probe physical quantities as functions of 
depth. Furthermore, in the case of the Sun, the large number of observed 
frequencies allows a unique mode identification (see, for instance, 
Deubner and Gough 1984). This will not be true for the small number of 
expected stellar frequencies. As has been emphasized by Däppen et al. 
(1988), asteroseismology should therefore not simply be understood as 
the stellar analogue of helioseismology (which it is not and cannot be), 
but rather as a method of testing stellar structure and evolution 
theory, using al I available pulsation data, and not just oscillation 
frequencies. 

Despite the lack of analogy with the solar case, prospects for 
asteroseismology are excellent. Given the fundamental importance of the 
theory of stellar evolution in astrophysics (for instance in the 
determination of age and chemical composition), it is clear that any 
observed quantity besides temperature and luminosity can be used to 
reduce existing uncertainties in the physics of stellar interiors 
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(e.g. convection, opacity, equation of state, nuclear reaction, etc.). 
While this is intuitively clear, one is of course also interested to 
know how much observational errors propagate into the answers that 
asteroseismology promises to deliver, even if the theory were perfectly 
known. Only then one will be able to asses the gain from high S/N, high 
resolution spectroscopy. 

2. SIMPLE (ASYMPTOTIC) THEORY OF OSCILLATION FREQUENCIES 

Assuming a perfectly spherical star (that is with no distortion of 
the equilibrium state by rotation, magnetic fields or something else), 
the (linear) oscillation modes about the equilibrium can be classified 
by the angular degree 4 of the spherical harmonic associated with the 
spatial variation of the surface velocity field, and by the number η of 
radial nodes of the velocity pattern inside the star. The radial 
number η can of course not be seen; it has to be deduced theoretically. 
The simplest theoretical analysis of oscillation frequencies is 
asymptotic theory (Tassoul 1980), which - to second order - yields the 
following expression for the frequencies ν . 

η, χ 

ν Λ = (η + 4/2 + σ) ν Λ + ε Λ (2.1) 
η,-£ 0 η,4 

Here, σ is a constant of order unity, and ε ̂  ^ is small compared with 

vn 4 ' n' 
' At this point it is useful to introduce two definitions pertaining 

to the structure in the periodogram of high order pulsators. 

2.1. Large and small frequency separations 

(i) Large Separation: 

V « 5 V M · Ψη.4' ( 2 · 2 ) 

To first order asymptotic theory it is well known that 

R 

D ~Λ

Λ * y'A = 2 (1/c) dr . (2.3) 
n,-C 0 J 

0 

In simplified stellar models it is easy to show that 

yQ «e (g/R)* = (GM/R 3)* (2.4) 

https://doi.org/10.1017/S007418090003504X Published online by Cambridge University Press

https://doi.org/10.1017/S007418090003504X


213 

( i i ) Small Separa t ion : 

d n , « Ξ ( v n , 4 + l " v n , ^ " * ( V l , 4 " vn,V 
( 2 . 5 ) 

The small s e p a r a t i o n serves to cancel the f i r s t - o r d e r term of ( 2 . 1 ) , and 

thus r e v e a l s second-order d e t a i l s , which p e r t a i n to the centra l reg ions 

of the s t a r ( s ee b e l o w ) . The r a t i o between small and large s e p a r a t i o n 

i s , to second-order asymptot ic theory , given by (Tassoul 1980) 

R 

' dc dr 

( 2 . 6 ) 

J dr r 

0 

n.4 

n , 4 

4+1 

2π 2 

Since sound speed increases s t e e p l y from the s u r f a c e to the cen tre 

of a s t a r , D probes more the sur face reg ions and d . more the 

ral r e g i o n s . 

3 . DETERMINATION OF STELLAR AGES FROM SEISMOLOGY 

The small s e p a r a t i o n c a r r i e s an important s i g n a t u r e of s t e l l a r age , 

because as hydrogen i s converted in to helium in the s t e l l a r c o r e , the 

mean molecular weight μ i n c r e a s e s , which causes a decrease of sound 

speed, thus reducing the small s e p a r a t i o n . An e x c e l l e n t d i a g n o s t i c 

diagram that e x t r a c t s the informat ion contained in the small and large 

s e p a r a t i o n has been invented by Chr i s t ensen-Da)sgaard ( 1 9 8 4 ) ( f o r a more 

d e t a i l e d c a l c u l a t i o n see Chr i s t ensen-Da l sgaard 1 9 8 8 ) . In t h i s diagram, 

contours of cons tant s t e l l a r mass and age are p l o t t e d a g a i n s t the 

t h e o r e t i c a l l y computed large and small s e p a r a t i o n s . Since the mass and 

age contours are rather perpendicular than p a r a l l e l to each o ther , they 

reveal the c o n s i d e r a b l e d i a g n o s t i c p o t e n t i a l of these diagrams 

( h e r e i n a f t e r c a l l e d JCD d iagrams) . 

Going a s t e p f u r t h e r , Gough ( 1 9 8 7 ) d i s cus sed the accuracy of 

s e i s m o l o g i c a l mass and age de terminat ion , us ing JCD diagrams and 

c a l c u l a t i o n s by U l r i c h ( 1 9 8 6 , 1 9 8 8 ) . His d i s c u s s i o n i s pure ly formal : 

taking the t h e o r e t i c a l model for granted, he computes the u n c e r t a i n t y in 

the mass and age de terminat ion , assuming given e r r o r s for the observed 

s t e l l a r parameters ( e f f e c t i v e temperature, luminos i ty , heavy-element 

abundance, large and small frequency s e p a r a t i o n ) . Gough's ( 1 9 8 7 ) r e s u l t 

i s that mass and age determinat ion are so s e n s i t i v e to the heavy-element 

abundance that they cannot be c a r r i e d out in t h i s way, un le s s other 

s t e l l a r parameters are known by independent means. I f , for in s tance , in 

the case of a b inary system we can determine mass, or i f we can e s t imate 

i t from s u r f a c e g r a v i t y (whose o b s e r v a t i o n o b v i o u s l y p r o f i t s from high 
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S / N a n d h i g h - r e s o l u t i o n s p e c t r o s c o p y ) , t h e n t h e l a r g e s e p a r a t i o n c a n 
r e v e a l t h e e v o l u t i o n a r y i n f o r m a t i o n c o n t a i n e d i n t h e d e v i a t i o n f r o m t h e 
s i n g l e r e l a t i o n ( 2 . 5 ) ( o t h e r w i s e t h e l a r g e s e p a r a t i o n m a i n l y f i x e s 
M / R ) . T h u s a m o r e a c c u r a t e a g e d e t e r m i n a t i o n c o u l d b e c o m e p o s s i b l e 
( s e e G o u g h 1 9 8 7 ) . 

4 . T H E P R O B L E M OF T H E E Q U A T I O N OF S T A T E 

A n i m p o r t a n t p h y s i c a l i s s u e t o b e a d d r e s s e d b y s o l a r a n d s t e l l a r 
o s c i l l a t i o n s i s t h e e q u a t i o n o f s t a t e . T h e p r i n c i p a l o p e n p r o b l e m i s t h e 
n u m b e r o f e x c i t e d s t a t e s o f h y d r o g e n a n d h e l i u m i n t h e z o n e s o f p a r t i a l 
i o n i z a t i o n . W h i l e f o r m a n y a s t r o p h y s i c a l a p p l i c a t i o n s s i m p l e e q u a t i o n - o f -
s t a t e r e c i p e s c a n b e s u f f i c i e n t , i t h a s b e e n s h o w n ( D ä p p e n 1 9 8 7 ) t h a t 
f o r f i n e r h e l i o s e i s m o 1 o g i c a 1 a p p l i c a t i o n s ( e . g . h e l i u m a b u n d a n c e 
d e t e r m i n a t i o n ) s u c h s i m p l e f o r m a l i s m s a r e n o t a d e q u a t e . I n c o n t r a s t t o 
v a r i o u s o t h e r i m p r o v e m e n t s o v e r t h e s i m p l e S a h a e q u a t i o n , a b o u t w h i c h n o 
d i s a g r e e m e n t e x i s t , t h e r e a r e w i d e l y d i v e r g e n t o p i n i o n s o n t h e i n t e r n a l 
p a r t i t i o n f u n c t i o n o f b o u n d s y s t e m s . T h e r e h a s b e e n a r e c e n t c o n t r o v e r s y 
a b o u t t h e s o - c a l l e d Ρ l a n c k - L a r k i n p a r t i t i o n f u n c t i o n ( R o u s e 1 9 8 3 , 
E b e l i n g e t a l . 1 9 8 5 ) . T h e Ρ l a n c k - L a r k i n p a r t i t i o n f u n c t i o n e s s e n t i a l l y 
l i m i t s t h e n u m b e r o f e x c i t e d s t a t e s t o t h o s e h a v i n g a b i n d i n g 
e n e r g y ·> k T . O p t i c a l h y d r o g e n s p e c t r a , h o w e v e r , s h o w m o r e l i n e s t h a n 
p r e d i c t e d b y t h e Ρ l a n c k - L a r k i n p a r t i t i o n f u n c t i o n ( D ä p p e n e t a l . 1 9 8 7 a ) . 
R o g e r s ( 1 9 8 6 ) e x p l a i n s t h i s f a c t b y a l l o w i n g r e s o n a n c e s t h a t a r e n o t 
c o u n t e d i n t h e p a r t i t i o n f u n c t i o n b u t c o u l d b e s e e n i n o p t i c a l s p e c t r a . 
T h u s t h e P l a n c k - L a r k i n c o n t r o v e r s y c a n n o t b e r e s o l v e d w i t h o p t i c a l 
e x p e r i m e n t s , b u t t h e r m o d y n a m i c a l p r o p e r t i e s w i l l h a v e t o b e k n o w n . 
S t e l l a r m o d e l s w i t h a n d w i t h o u t P l a n c k - L a r k i n p a r t i t i o n f u n c t i o n w i l l 
h a v e t o b e c o m p a r e d . W h i l e t h e r m o d y n a m i c a l q u a n t i t i e s b a s e d o n t h e 
P l a n c k - L a r k i n p a r t i t i o n f u n c t i o n w i l l s o o n b e c o m e a v a i l a b l e ( R o g e r s , 
p r i v a t e c o m m u n i c a t i o n ) , a n a d v a n c e d a n d v e r y s m o o t h v e r s i o n o f a m o r e 
c o n v e n t i o n a l e q u a t i o n o f s t a t e h a s b e e n d e v e l o p e d i n t h e f r a m e w o r k o f a n 
o n g o i n g o p a c i t y r e - c o m p u t a t i o n ( H u m m e r a n d M i h a l a s 1 9 8 7 , M i h a l a s e t a l . 
1 9 8 7 , D ä p p e n e t a l . 1 9 8 7 b ) . I f o b s e r v a t i o n a l c o n s t r a i n t s o n t h e 
p a r t i t i o n f u n c t i o n s c a n b e o b t a i n e d , h e l i o - a n d a s t e r o s e i s m o l o g y c o u l d 
h e l p a n s w e r t h i s q u e s t i o n f r o m m i c r o p h y s i c s . 

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

I t i s c l e a r t h a t h i g h S / N a n d h i g h - r e s o l u t i o n s p e c t r o s c o p y w i l l 
i m p r o v e t h e q u a l i t y o f r e s u l t s f r o m a s t e r o s e i s m o l o g y . F i r s t l y , t h e 
d e t e r m i n a t i o n o f s t e l l a r p a r a m e t e r s ( a g e , m a s s , c h e m i c a l c o m p o s i t i o n ) , 
u s i n g g i v e n t h e o r e t i c a l m o d e l s o f s t e l l a r e v o l u t i o n , w i l l b e c o m e m o r e 
p r e c i s e . S e c o n d l y , t h e o b s e r v a t i o n a l d a t a w i l l e n a b l e u s t o d e v e l o p 
b e t t e r p h y s i c a l m o d e l s f o r t h e t h e o r y o f s t e l l a r e v o l u t i o n ( e q u a t i o n o f 
s t a t e , c o n v e c t i o n , o p a c i t y , n u c l e a r r e a c t i o n s , e t c . ) . S i n c e f i r s t 
( r a t h e r c r u d e ) o b s e r v a t i o n s o f s t e l l a r o s c i l l a t i o n f r e q u e n c i e s h a v e 
a l r e a d y h a v e l e d t o t h e o r e t i c a l p r o b l e m s [ s e e , e . g . t h e c a s e o f ι 

E r i d a n i ( N o y é s e t a l . 1 9 8 4 , G u e n t h e r a n d D é m a r q u e 1 9 8 6 , S o d e r b l o m a n d 
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Däppen 1 9 8 7 ) ] , improvements of the o b s e r v a t i o n s w i l l be most welcome. 

Acknowledgments : I thank D.O. Gough and W. Dziembowski. for s t i m u l a t i n g 
d i s c u s s i o n s . 
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