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TYPES OF STELLAR INSTABILITIES 

P . LEDOUX 
I n s t i t u t d ' Ast r o p h y s i q u e de l ' U n i v e r s i t e de L iege 

A s i d e from v i o l e n t phenomena, r e g u l a r forms of m o t i o n s 
o r i g i n a t e o f t e n in i n s t a b i l i t i e s and the l i n e a r t h e o r y wi th 
t e rms a exp (st) y i e l d s a l r e a d y s i g n i f i c a n t i n f o r m a t i o n . The 
sys t em, h e r e a s p h e r i c a l s t a r , w i l l be t h e sea t of an i n s t a ­
b i l i t y i f R( s )>0 . In g e n e r a l , s w i l l be complex a s bo th c o n ­
s e r v a t i v e ( a d i a b a t i c ) and non-c on s e r v a t i ve ( n o n - a d i a b a t i c) 
f a c t o r s a r e p r e s e n t . However if t h e l a t t e r (small) a r e n e g l e c ­
t e d , t h e e i g e n - v a l u e s s 2 o f t en deno ted - a 2 a r e r e a l . If a t 
l e a s t one a <0 , t hen t h e s t a r i s d y n a m i c a l l y u n s t a b l e . 

Rad i a l p e r t u r b a t i o n s . If an a p p r o p r i a t e ave rage v a l u e 
F i > 4 / 3 , t h e n a l l c* a r e p o s i t i v e . If T\<U/3 ( f o r m a t i o n p h a s e : 
i o n i z a t i o n ; l a t e e v o l u t i o n : n u c l e a r e q u i l i b r i u m ; degeneracy 
in whi te dwarfs and n e u t r o n s t a r s or r a d i a t i o n in very l a r g e 
masses p l u s g e n e r a l r e l a t i v i s t i c e f f e c t s ) t h e fundamen ta l 
e i g e n v a l u e O2 on ly becomes n e g a t i v e . 

The p o s i t i v e e i g e n v a l u e s a2.= 4 I T 2 / T 2 . a r e i n v e r s e l y p r o ­
p o r t i o n a l t o the sound t r a v e l t ime a c r o s s t h e r a d i u s or a 
f r a c t i o n t h e r e o f f o r h i g h e r modes . The fundamenta l p e r i o d 
v a r i e s from a few hundred days f o r red s u p e r g i a n t s th rough 
a few days f o r c e p h e i d s , one hour f o r t h e s u n , a few seconds 
for a wh i t e dwarf t o a few t h o u s a n d t h s of a second f o r a 
n e u t r o n s t a r . The q u a l i t a t i v e b e h a v i o u r of t h e fundamenta l 
eig enfunct ion i s i l l u s t r a t e d in F i g . 1. 

F i g . 1 - R a d i a l eigen_fu net i ons f o r v a r i o u s c e n t r a l c o n d e n ­
s a t i o n s p /p" and v a l u e s of F jbo th >4/3 and < 4 / 3 . 

433 
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434 P. LEDOUX 

Dynamical i n s t a b i l i t y may r e s u l t in v i o l e n t c o l l a p s e 
or e x p l o s i o n but i t may a l s o l ead t o r e l a x a t i o n o s c i l l a t i o n s 
or t o a new e q u i l i b r i u m s t a t e . 

m 1 rrt A 

In t h e N o n - r a d i a l p e r t u r b a t i o n s . 
a d i a b a t i c a p p r o x i m a t i o n , The p r o b l 

P „ (c o s 6)e ,-£<m< ft. 
em i s a l s o s e l f - a d j o in t , 

but O e n t e r i n g n o n - l i n ear ly , t h e spectrum b r e a k s i n t o two 
p a r t s , t h e a c o u s t i c p -modes wi th t h e Op-*00 and t h e g r a v i t y or 
g-modes w i th Og+Q, o f t e n s e p a r a t e d by an e x t e r n a l s u r f a c e 
/ -mode wi th no nodes i n s i d e . Dynamical i n s t a b i l i t y n e v e r 
e n t e r s th rough t h e / - and p-modes : Of and o~>0 , a lways . 

If A={{\ /p)dp/dr-(]/Tp)dp/dr] i s <0 everywhere then a l s o 
a l l t h e at become n e g a t i v e s imu I t aneous ly (cf . F i g . 

A>0 

2) 

9)9293 

Fig, E i g e n v a l u e s p e c t r a f o r n o n - r a d i a l o s c i l l a t i o n s . 

As f a r a s t h e p-modes a r e c o n c e r n e d , t h e c o r r e s p o n d i n g 
p e r i o d s a r e in t h e same range as t h o s e of r a d i a l o s c i l l a t i o n s 
and t h e i r b e h a v i o u r i s ve ry much a l i k e t o o . However, c o n t r a -
r i l y t o t h e r a d i a l c a s e , a l l t h e a m p l i t u d e s h e r e tend t o ­
wards z e r o a t t h e c e n t r e . 

The b e h a v i o u r of g'-modes depends s t r o n g l y on t h e d i s ­
t r i b u t i o n of A , s i gn i n c l u d e d , i n s i d e t h e s t a r . If A<0 
e v e r y w h e r e , t h e p e r i o d s a r e p r a c t i c a l l y a lways longer than 
t h o s e of p - m o d e s , t h e l o n g e r , t h e h i g h e r , t h e mode. The 
a m p l i t u d e do no t i n c r e a s e so r a p i d l y towards the s u r f a c e . 

For h igh £ v a l u e s , t h e a m p l i t u d e of t h e p-modes i s 
a p p r e c i a b l e only c l o s e t o the s u r f a c e ( s k i n e f f e c t ) wh i l e 
t h a t of t h e g'-modes can be l a r g e l y dominant in t h e i n t e r i o r . 

If A changes s ign once along t h e r a d i u s (one t u r n i n g 
p o i n t in J4*0) , t h e g spect rum s p l i t s i n t o two : one p o s i t i v e 
( s t a b l e ) o s c i l l a t i n g with a p p r e c i a b l e a m p l i t u d e s on ly in 
t h e r e g i o n A<0 and d e c r e a s i n g e x p o n e n t i a l l y in t h e o t h e r 
and one n e g a t i v e ( u n s t a b l e ) wi th e x a c t l y t h e o p p o s i t e 
b e h a v i o u r (cf . F i g . 3 ) . Note t h a t , however sma l l t h e r e g i o n 
wi th J4>0 , an u n s t a b l e g spect rum must r e s u l t . 

If two or more n e g a t i v e ( p o s i t i v e ) A zones e x i s t , one 
could expec t a s many p o s i t i v e ( n e g a t i v e ) ©£ s p e c t r a . However, 
t h e l a t t e r a r e not c o m p l e t e l y independen t as i n t e r r e s o n a n c e 
between r e g i o n s wi th t h e same s i g n of A may g i v e r i s e t o a 
u n i q u e e i g e n f u n c t i o n wi th l a r g e a m p l i t u d e s i m u l t a n e o u s l y in 

https://doi.org/10.1017/S1539299600004172 Published online by Cambridge University Press

https://doi.org/10.1017/S1539299600004172


TYPES OF STELLAR INSTABILITIES 435 

¥ 

:"\ 

i\ 
^ s . 

\ / \ : 
: • 

stable 

A 
• v ' 

\ 

N 
\ 

F i g . 3 . Eigenfun c t i ons for ij-modes when A changes s i g n . 

t h e s e r e g i o n s and remain ing a p p r e c i a b l e in between 
(cf . F i g . 4 ) . If A i s p o s i t i v e in t h e two r e g i o n s c o n s i d e r e d , 
t h i s may be s i g n i f i c a n t f o r an i n c r e a s e d mixing a c r o s s t h e 
i n t e r m e d i a t e s t a b l e zone when t h e l a t t e r becomes s u f f i c i e n t l y 
nar row ( t u n n e l e f f e c t ) . 

F i g . 4 - I n t e r r esonnance between two r e g i o n s wi th A>0. 
When a2 i s p o s i t i v e , t h e a d i a b a t i c o s c i l l a t i o n s d e s c r i ­

bed above , once e x c i t e d , would go on i n d e f i n i t e l y . But t h e 
n o n - a d i a b a t ic t e rms n e g l e c t e d up t o now w i l l e i t h e r damp or 
ampl i fy t h e s e o s c i l l a t i o n s a c c o r d i n g t o exp (iot) . exp ( -0 't) . 
In s t a r s , t h e r m o n u c l e a r energy g e n e r a t i o n and t h e energy 
t r a n s f e r , most o f ten by rad i a t ion , p lay t h e major r o l e . In 
t h a t c a s e , M 

c ' = ( 2 o * J ) " 1 fM(T3-\) ( 6 p / p l 6 ( e - ( l / p ) d i v f]dm and 
. . °. a 

6e has always a d i s t a b i l i z i n g i n f l u e n c e w h i l e ve ry o f t e n t h e 
f lux term i s s t a b i l i z i n g . The run of t h e a d i a b a t i c a m p l i t u d e s 
i s i m p o r t a n t s i n c e i t d e t e r m i n e s t h e " w e i g h t " of t h e v a r i o u s 
s t a b i l i z i n g or d i s t a b i l i z ing f a c t o r s . If t h e s t a r i s v i b r a -
t i o n a l l y (pu l s a t i o n a l l y ) u n s t a b l e ( o v e r s t a b l e ) (o '< 0T~, 
e i t h e r t h i s i n s t a b i l i t y i s ' s t r o n g enough t o lead f i n a l l y to 
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mass e j e c t i o n or n o n - l i n e a r damping e f f e c t s e n t e r l i m i t i n g 
t h e a m p l i t u d e t o some f i n i t e v a l u e which i s t he ca se of i n ­
t e r e s t fo r r e g u l a r v a r i a b l e s . 

The s i m p l e s t and b e s t known case i s t h a t of r a d i a l 
o s c i l l a t i o n s . On t h e main s e q u e n c e , t h e r e i s a l i m i t i n g mass 
above which s t a r s become v i b r a t i o n a l l y u n s t a b l e due t o t h e 
e term which then has a l a r g e w e i g h t . A few s p e c i a l g'-modes 
can a l s o be e n e r g i z e d by the rmonuc lea r r e a c t i o n s and t h e i r 
a m p l i f i c a t i o n t o f i n i t e a m p l i t u d e s must e x c i t e some kind of 
f o r c e d t u r b u l e n c e . White dwar fs a r e e a s i l y made v i b r a t i o n a l l y 
u n s t a b l e i n p r e s e n c e of t h e r m o n u c l e a r r e a c t i o n s e s p e c i a l l y in 
t h e e x t e r n a l l a y e r s ( a c c r e t i o n of H, f o r i n s t a n c e ) e i t h e r 
r a d i a l l y o r , more e f f i c i e n t l y , t owards ^-modes wh ich , as A-Q 
in t h e i n t e r i o r , a r e r e s t r i c t e d t o t h e ve ry e x t e r i o r ( r ap id 
b l u e v a r i a b l e p e r h a p s ) . The same i s p r o b a b l y t r u e of neu t ron 
st a r s . 

However, up to now, none of the c l a s s i c a l r e g u l a r v a r i a ­
b l e s can be accoun ted for on t h e b a s i s of v i b r a t i o n a l i n s t a ­
b i l i t y due t o t h e 6e term. In most c a s e s , t he sou rce of t h e 
e x c i t a t i o n and m a i n t e n a n c e i s the " v a l v e " mechanism which 
c o n s i s t in b l o c k i n g t h e energy in a t compress ion and l e t t i n g 
i t out at e x p a n s i o n . In s t a r s , t h i s can r e s u l t from t h e s o -
c a l l e d T ( reduced so t h a t | 6T/T | d e c r e a s e s ) or x ( o p a c i t y 
i n c r e a s e s a t c o m p r e s s i o n ) - mechanisms which a r e a t work in 
t h e i o n i z a t i o n zones of H and He i n s t a r s occupying t h e c e -
p h e i d s s t r i p and i t s e x t e n s i o n s and, p e r h a p s , a l s o in red 
s u p e r g i a n t s . But many of t h e f o l lowing papers w i l l d e a l wi th 
t h i s . 

Non r a d i a l p-modes coupled t o r o t a t i o n have been a d v o ­
c a t e d wi th some good r e a s o n s for t h e B Cephei s t a r s in which 
however a r e l i a b l e s o u r c e of v i b r a t i o n a l i n s t a b i l i t y i s s t i l l 
l a c k i n g . High p-modes of l a r g e Z a r e a l s o i nvo lved in the 
s o l a r f i v e m i n u t e o s c i l l a t i o n . 

Secu la r (sometimes c a l l e d t h e r m a l ) i n s t a b i l i t y c o r r e s ­
ponds t o the d i r e c t e f f e c t s of the non-con s e r v a t l v e t e r m s , 
t h e i n e r t i a l t e r m s be ing n e g l e c t e d . I t i s i m p o r t a n t for s t e l ­
l a r e v o l u t i o n and i t can be approached by methods such as 
t h a t of l i n e a r s e r i e s w i t h s u c c e s s . A paper w i l l d e a l wi th 
t h i s l a t e r . 
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