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Abstract. Hel ioseismology bas proved to be a powerful t o o l t o probe 
the i n t e r n a l s t r u c t u r e of the sun. Wi th a new adapted o p t i c a l 
resonance spectrophotometer, an extension has been attempted to two 
b r i g h t s t a r s , namely oc Centaur i A and Procyon. Resul ts obtained from 
two observing runs cm oc Centaur i A i n bay 1983 and bay 1984 a t La 
Si11a, and one observing run on Procyon i n February 1984 a t Hawai i 
a r e presented. I n both cases, s o l a r - l i k e pressure o s c i l l a t i o n s have 
been detec ted . The complete a n a l y s i s i s presented, A i c h leads t o 
determine e s s e n t i a l l y f i v e parameters : the frequency range, the 
ampl i tudes, the mean equidistance Δ ι / , the departure around t h i s 
equidistance (curvature of the echel le -d iagram) and the f i n e 
frequency spacing between modes of degree 0 and 2. For Procyon, a l l 
r e s u l t s a r e consistent w i t h t h e o r e t i c a l p r e d i c t i o n s , inc lud ing 
e x c i t a t i o n of o s c i l l a t i o n s , mass, r a d i u s , and age of the s t a r . For oc 
C e n t a u r i , a l l the r e s u l t s a re consistent together and a r e confirmed 
by the 1984 observat ions. They suggest t h a t oc Cen might be younger 
than est imated, consistent w i t h a zero age main sequence s t a r . 

Th is i s the a b s t r a c t of a paper r e c e n t l y publ ished i n Astronomy and 
Astrophysics. Ye have se lected here under some p a r t s of t h i s paper. 
For more d e t a i l , i t i s recommended to r e f e r t o t h i s j o u r n a l . 

1 . Step by step description of the data analysis. 

a - Low frequency f i l t e r i n g of the d a t a , w i t h a c u t - o f f a t 
about 0 .3 to 0 .5 mHz, to reduce the atmospheric and inst rumenta l 
noise . 

b - FFT spectrum Ρ (I/) of t h i s f i l t e r e d d a t a , taken as one 
s i n g l e t ime s e r i e s , f i l l e d w i t h zeroes when observat ion i s not 
a v a i l a b l e . 

c - Search, i n t h i s Ρ ( I / ) , of a frequency range whose Four ie r 
a n a l y s i s provides a cha - func t ion , m u l t i p l i e d by the window f u n c t i o n 
a u t o c o r r e l a t i o n . 

d - C a l c u l a t i o n of the Four ie r t ransform of the frequency range 
found i n c. Th is i s the squared a u t o c o r r e l a t i o n f u n c t i o n of the 
s t e l l a r s i g n a l f i l t e r e d i n t h i s frequency range. 

e - Determinat ion , along the a u t o c o r r e l a t i o n t ime a x i s , of 
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narrow bands conta in ing the cha- funct ion def ined i n c. 
f - Four ie r t ransform of the complete power spectrum P ( l O , and 

r e s t r i c t i o n of t h i s Four ie r t ransform to the narrow bands def ined i n 
c by rep lac ing the complex ampli tudes by zeroes between these bands. 

g - Inverse Four ie r t ransform, of the f u n c t i o n de f ined i n f , 
showing the d i s c r e t e p a t t e r n searched i n P(l>). 

h - From g , de terminat ion of the power envelope of the assumed 
p-mode set of d i c r e t e f requencies 

i - Echel le -d iagram of the f i l t e r e d power spectrum obtained i n 
g , and measurement of the eventual curvature of the set of modes on 
t h i s diagram. 

j - S t ra ighten ing of the echel le -d iagram by a polynomial 
f i t t i n g of the curvature . 

k - V e r t i c a l sum on the echel le -d iagram of the u n f i l t e r e d power 
spectrum, to search f o r the eventual frequency separa t ion of modes of 
degree 0 and 2 (separa t ion impossible on the f i l t e r e d spectrum). 
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Figure 1 . Poeer spectrua 
of the 1 .17 -1 .65 aHz range 
of the power spec true of 
four nights of Procyon 
dat a. The out ocorreI at ιon 
of the eindoi function is 
clearly visible, as veil 
as a regular pattern of 
equ i d i st ant peaks. The 
period of the fundamental 
defines the spacing Δ Ι / / 2 
= 39 .7 μΗζ. 

Figure 2 . Save for the 2 . 3 
- 3 . 8 mHz range of the 
poeer spectrua of 3 nights 
of gc ten data. In this 
case j the period of the 
fundamental defines a 
spacing of Δ ι / - 82 .7 μΗζ. 

2. D i s c u s s i o n o f r e s u l t s . 

Two recent s tudies (Christensen-Dalsgaard & Frandsen, 1983 
and Chr istensen-Dalsgaard, 1984) g ive us i n t e r e s t i n g p o i n t s of 
comparison between our r e s u l t s and the t h e o r e t i c a l p r e d i c t i o n s . The 
three main r e s u l t s of these studies a r e based upon the expected 
measurements of the two parameters Δ ι / and D 0 i n the asymptotic 
equat ion. F i r s t i t i s found t h a t f o r any zero age main sequence model 
of s t a r (ZAHS), RAl /^constant , S being the radius of the s t a r . Then, 
dur ing i t s e v o l u t i o n i n the main sequence, the s t a r fo l lows the 
homologuous sca l ing law Κ^Δΐ/ ^ constant. These laws can be 
c a l i b r a t e d aga ins t the so lar va lues . 

The t h i r d r e s u l t i s the d iagnost ic va lue of the parameter D Q , 
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which depends s t rong ly on the grad ien t of the sound speed near the 
center . As the s t a r burns i t s hydrogen, the c e n t r a l molecular weight 
increases, consequently the c e n t r a l sound speed and D c decrease w i t h 
age. 

For Procyon, asssuning a mass of 1 .5 ( i n so la r mass u n i t ) 
(Démarque e t a l , 1985 ) , the Δ ν computed f o r the ZAUS model i s ^ 95 

As R increases along the main sequence e v o l u t i o n of the s t a r . 
Au has to decrease and our va lue of 79 .4 μΗζ i s then consistent w i t h 
a s t a r q u i t e much evolved. From the c a l i b r a t i o n w i t h the so lar v a l u e , 
the ZAH5 sequence of model must v e r i f y ΚΔΐ/ = 145. Th is g ives f o r 
Procyon an i n i t i a l rad ius of 1 .67. The law Ρ 2 / 2 Δΐ/ » es t g ives then a 
present radius of i . 8 7 . I f some c r e d i t can be g i v e n to the non 
r e s o l u t i o n of the 1=0 ,1=2 spacing, then DQ < 0 . 6 . Th is va lue seems to 
i n d i c a t e t h a t Procyon i s more evolved than the sun, consistent w i t h 
the best model computed by Démarque who f i n d s a s t a r c lose to the end 
of i t s hydrogen burning main sequence l i f e (Démarque e t a l . , 1 9 8 5 ) . 

Regarding the frequency range and the ampl i tudes, two 
d i f f e r e n t p o s s i b i l i t i e s of e x c i t a t i o n have been suggested, namely the 
Κ-mechanism (Uhno e t a l . , 1 9 7 9 ) , or the s tochast ic e x c i t a t i o n by 
i n t e r a c t i o n w i t h the convect ion (Goldre ich and I e e l e y , i 9 7 7 ) . The two 
suggestions can h a r d l y be d is t ingu ished on the sun, because they both 
p r e d i c t q u i t e w e l l the observat ions. I n the case of Procyon, however, 
they a r e q u i t e d iverg ing and our r e s u l t i s s t rong ly favour ing the 
s tochast ic e x c i t a t i o n (Christensen-Dalsgaard & Frandsen,1983) , 
agreeing both w i t h the frequency range and the expected ampl i tudes. 

How, i f the genera l agreement between theory and observat ion , 
i s q u i t e s a t i s f a c t o r y on Procyon, the r e s u l t s obtained on « Centaur i 
A a r e r e a l l y p u z z l i n g . Being a member of the c losest m u l t i p l e s t a r 
system i n our neighbourhood, t h i s s t a r has a w e l l measured mass of 
1 .09 . Given the prec ise measurement of i t s temperature and of i t s 
d i s t a n c e , i t has an estimated rad ius of 1.23 ± 0 .04 (B lackwel l and 
S b a I i i s , 1977) . According to Christensen-Dalsgaard & Frandsen (1983) 
and as a l r e a d y not iced by Gough ( 1 9 8 5 ) , Δ ν should have been 142 μΗζ 
when such a s t a r was a t zero age on the main sequence, i t s radius 
should have been 1 .03. Y i t h the measured va lue of 165.5 μΗζ, one can 
deduce from homologuous sca l ing a present rad ius of 0 .93 . There i s 
an evident c o n t r a d i c t i o n as our r e s u l t seems to imply t h a t the s t a r 
has shrunk since i t s zero age. Even assuming t h a t t h i s s t a r could be 
much younger than the sun, down to zero age, we have to assume a mass 
of 1 .0 to f i t w i t h the theory. There i s indeed a genera l disagreement 
about the age of « Centaur i (Démarque, 1985; F lannery and Ayr es , 1978; 
Hore l and Bag l in ,1983 ) and the idea t h a t t h a t the s t a r i s a t i t s zero 
age e v o l u t i o n stage can perhaps not be r e j e c t e d . But can the 
knowledge of the mass be wrong by 9% ? I t must be noted h e r e , t h a t i f 
once aga in some c r e d i t i s g iven to the measurement of the spacing 
1=0 ,1=2, then DQ ^ 2 .65 and the whole f i g u r e becomes e x a c t l y 
consistent w i t h a zero age solar mass s t a r (Chr istensen-Dalsgaard, 
1984, F i g . 1 0 ) . 

The frequency range, centered around 3 mHz, i s the only 
q u a n t i t y which agrees q u i t e w e l l w i t h p r e d i c t i o n s . The ampl i tudes, 5 
to 10 times too l a r g e a r e a l s o puzz l ing . Now i f we want to e x p l a i n 
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a l l the r e s u l t s , the s t r u c t u r e of oc Centaur i has r e a l l y to be q u i t e 
d i f f e r e n t from expecta t ions , and then a mi snatch of o s c i l l a t i o n s 
ampli tude by such a f a c t o r i s not too surpr is ing . 

3. C o n c l u s i o n . 

I n cont ras t to " c l a s s i c a l " v a r i a b l e s t a r s , where one or a t 
most two d i f f é r e n t s eigenmodes a r e t y p i c a l l y found, Chr is tensen-
Dalsgaard proposes to use the term seismology only when a f a i r l y 
l a r g e number of modes a r e observed (Chr istensen-Dalsgaard, 1984) . I n 
t h i s respect , one can say t h a t the r e s u l t s presented h e r e , together 
w i t h those of Noyes e t a l . on € E r i d a n i (1984) and those of Kur tz e t 
a l . on Ap s t a r s (1983) mark the r e a l b i r t h of s t e l l a r seismology. I t 
i s obvious t h a t the observat ion i s extremely more d i f f i c u l t i n t h i s 
case than i t i s on the sun. The present r e s u l t s a r e a t the l i m i t of 
the noise l e v e l , and one cannot completely exclude the p o s s i b i l i t y of 
a m i s i n t e r p r e t a t i o n , i n s p i t e of the care of the a n a l y s i s . 

Now comes the quest ion: How w i l l i t be poss ib le to do much 
b e t t e r i n the the nearest poss ib le f u t u r e . Th is quest ion has a l r e a d y 
be debated i n severa l recent meetings or workshops ( f o r example 
Heudon 1984, San Diego 1984, Cambridge 1985) . A l l these debates lead 
us to have the fo l low ing f e e l i n g , A i c h w i l l be our conclusion of 
t h i s short p resen ta t ion . 

Ye d e f i n i t e l y have the o p t i m i s t i c hope t h a t t rough t h i s open 
door of s t e l l a r seismology, many r e s u l t s w i l l come out i n the next 
few y e a r s , p rov id ing a r e a l new dimension to the t e s t s of s t e l l a r 
e v o l u t i o n theory. And the perhaps less enthousiast ic p o i n t of view 
t h a t even i f i n p r i n c i p l e , s t e l l a r observations can be as p rec ise (or 
even more p r e c i s e ) than so la r observat ions, i t w i l l take some t ime 
before t h a t becomes a r e a l i t y . 
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