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ABSTRACT 

2. 

The fundamental  mode of r a d i a l  p u l s a t i o n  h a s  been c a l c u l a t e d  

for  convec t ive  envelopes  i n  a d i a b a t i c  e q u i l i b r i u m  i n c l u d i n g  

r a d i a t i o n  pressure. The theoretical  Q v a l u e s  a r e  compared w i t h  

the o b s e r v a t i o n a l  Q v a l u e s  of v a r i a b l e  M s u p e r g i a n t s  i n  g a l a c t i c  

a s s o c i a t i o n s .  The v a r i a b i l i t y  of these massive red s u p e r g i a n t s  

can  be exp la ined  on  t h e  p u l s a t i o n  hypothesis i f  a s u i t a b l e  

r ead jus tmen t  of some of the  observed p e r i o d s  i s  made. P u l s a t i o n  

seems to  be suggested by (1) the c y c l i c a l  v a r i a t i o n s  i n  magnitude, 

spectrum, and r a d i u s  i n  i n d i v i d u a l  s t a r e ,  and (2) a per iod-  

l u m i n o s i t y  r e l a t i o n  and (3) a period-.spectrum r e l a t i o n  for 

the group of s t a r s .  



3 .  

1. INTRODUCTION 

It h a s  long  been assumed t h a t  t he  v a r i a b i l i t y  of br ight  red 

s u p e r g i a n t s  a s s o c i a t e d  w i t h  young p o p u l a t i o n s  is  d u e  t o  r a d i a l  

p u l s a t i o n ,  Some pho tomet r i c  and s p e c t r o s c o p i c  s t u d i e s  have 

s t r o n g l y  suppor ted  the h y p o t h e s i s .  I n  t h e  i n t e r e s t  of b r i n g i n g  

f u r t h e r  ev idence  ta b e a r  oh t h e  p o i n t ,  t h i s  pape r  p r e s e n t s  a 

t h e o r e t i c a l  and o b s e r v a t i o n a l  d e t e r m i n a t i o n  of the  period-root-mean- 

d e n s i t y  q u a n t i t y  

, 

Q = P e r  ( ? j f i @ )  ki 
* \  

fo r  masLive s t a r s .  The t h e o r e t i c a l  Bec t ion  XI c o n t a i n s  a b r i e f ,  

b u t  complete ,  d i s c u s s i o n  o,f the  fundamental  pu l sa t iona l .  p roper t ies  

of convec t ive  envelopes  i n  a d i a b a t i c  e q u i l i b r i u m ,  whi le  S e c t i o n  

I11 compares these r e s u l t s  with the  o b s e r v a t i o n s  pf v a r i a b l e  M 

s u p e r g i a n t s  i n  g a l a c t i c  a s s o c i a t i o n s ,  whose d i s t a n c e s  a r e  known, 

The str\ 
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cture and p u l s a t i o n a l  c h a r a c t e r i s t i c s  of con e c t i  e 

s t e l l a r  envelopes  a r e  v e r y  d i f f i c u l t  t o  c a l c u l a t e  i n  d e t a i l .  I 

However, the  s u p e r a d i a b a t i c  r e g i o n  nea r  the s u r f a c e  i s ,  i n  g e n e r e l ,  

ra ther  small and t h e  s o l u t i o n s  converge r a p i d l y  toward an  a d i a b a t i c  

s o l u t i o n  i n  the i n t e r i o r ,  The p a r t i c u l a r  a d i a b a t  which is  a t t a i n e d  

depends o n  t h e  p r o p e r t i e s  of the s u p e r a d i a b a t i c  r e g i o n  and may be 

c h a r a c t e r i z e d  by a parameter  K (Hayashi,  Ho"shi ,  and Sugimoto 1962) a 



I n  t h e  f o l l o w i n g ,  w e  make t w o  s i m p l i f y i n g  approximations.  

F i r s t ,  w e  assume a d i a b a t i c i t y  throughout  t h e  envelope and l e a v e  

K a parameter  t o  be s p e c i f i e d .  second,  we conlsidar t h e  e q u e t i o n  

of s t a t e  to be r e p r e s e n t e d  s imply  by a mixture  o f  p e r f e c t  g a s  end 

r a d i a t i o n .  The h t t e r  approximation is c e r t a i n l y  v a l i d  i n  t h e  

i n t e r i o r .  P r e v i o u s  work on  t h e  p u l s a t i o n a l  c h a r a c t e r i s t i c s  of 

comple te ly  a d i a b a t i c  envelopes  neg lec t ed  r a d i a t i o n  p r e s s u r q  a It 

is necessa ry  t o  i n c l u d e  it h e r e  e x p l i c i t l y  because o f  i t s  importance 

a t  t h e  h i g h  masses which a r e  t y p i c a l  of red  s u p e r g i a n t s .  S ince  

the few e q u a t i o n s  r e q u i r e d  h e r e  a r e  s c a t t e r e d  i n  f i v e  d i f f e r e n t  

p u b l i c a t i o n s ,  it i s  u s e f u l  and convenient  t o  assemble and d i s c u s s  

them b r i e f l y  t o g e t h e r .  Def in ing  l-P a s  t h e  r a t i o  o f  r a d i a t i o n  

p r e s s u r e  t o  t o t a l  p r e s s u r e ,  we may d e s c r i b e  t h e  s t a t e  of  t h e  g a s  

by  t h e  t w o  a d i a b a t i c  exponents  (Chandrasekhar 1939) 

4 c  

The b a s i c  d i f f e r e n t i a l  e q u a t i o n q  d e s c r i b i n g  t h e  s t r u c t u r e  of 

a convec t ive  envelope i n  a d i a b a t i c  e q u i l i b r i u m  may be expressed  i n  

non-dimensional form, 

t4 1-8 = A  p' 



where w e  have adopted the u s u a l  Schwarzschi ld  v a r i a b l e s  and have 

inc luded  r a d i a t i o n  pressure ( e , g . ,  Hayeshi $-. 1962) e We s h a l l  

assume zero boundary c o n d i t i o n s  a t  t h e  Burface,  p ' =  t = 0 a t  

q = x = 1. S u b s t i t u t i n g  t h e  e x p r e s s i o n  f o r  t h e  secohd a d i a b a t i c  

exponent ,  w e  i n t e g r a t e  t h e  l a s t  e q u a t i o n  t o  o b t a i n  

I 

where E is  t h e  c o n s t a n t  of  i n t e g r a t i o n ,  Near t h e  s u r f a c e  we have 

approximate ly  

v = n t l .  (4) q = 1, t = &+l) ) I;x 

A convec t ive  envelope  is  s p e c i f i e d  by t h e  parameters  E and 

A ,  where 

E = 4nG"'(&k) 5/2M%5R3/2K , 

A s o l u t i o n  l o o p s  i n  the  U-V 

1 '  

(5) 
3 4 2  

A = ( 4 ~ / 3 ) G  (uH/k) M 

p l a n e  toward t h e  p o i n t  U = 0 ,  

V = (n-tl) , ,  where (h+ l ) ,  = 2 . 5  i f  A = 0 and ( n + l ) ,  = 4 o t h e r w i s e .  

I n  t h e  l a t t e r  c a s e ,  t h e  r e l a t i v e  r a d i a t i o n  p r e s s u r e  1 - B  i n c r e a s e s  

monotonical ly .  from z e r o  a t  t h e  surfac;. t o  u n i t y  a t  the  asymptot ic  

l i m i t  of  mass f r a c t i o n ,  q For t h i s  r e a s o n ,  w e  d e f i n e  a mean 

v a l u e ,  1-B = [ ( l -B)dx,  which i n d i c a t e s  t h e  r e l a t i v e  importance of 

a 

r a d i a t i o n  p r e s s u r e .  As E i n c r e a s e s  w i t h  A h e l d  f i x e d ,  the mass of 

t h e  envelope  i n c r e a s e s .  U l t i m a t e l y ,  a maximum v a l u e  of E is 

a t t a i n e d ,  beyond which no s o l u t i o n s  e x i s t  

The e q u a t i o n  d e s c r i b i n g  s m a l l ,  r a d i a l  a d i a b a t i c  p u l s a t i o n s  i s  



where . 

i '  
t 

and 5 i s  the r a d i a l  d i sp l acemen t  ( S t o t h e r s  1965) . VThe per iod-  

root-mean-density r e l a t i o n  i s  simply 

P e r  p5 = ( ~ ~ G / I J J ~ ) + ~  1 (8) 

A t  t h e  s u r f a c e  V = m , so w e  r e q u i r e  t h e  fo l lowing  r e g u l a r i t y  

c o n d i t i o n ,  a f t e r  normal iz ing  t h e  d i sp lacemen t ,  

x = 1, 5 = 1, d{/dx = (w2+4) / r l - 2 .  (9)  

An e igenva lue  w 2  i s  determined whenever t h e  s o l u t i o n  converges 

t o  5 = 0 a t  t h e  c e n t e r  (or  i n n e r  boundary) Rabinowits  (1957) 

h a s  d i s c u s s e d  methods of s o l u t i o n  ahd t h e  r a p i d i t y  of convergence. 

R e s u l t s  of  i n t e g r a t i o n s  of t h e  s t r u c t u r e  and p u l s a t i o n  

e q u a t i o n s  a r e  p re sen ted  i n  Tab le  1 over  the p e r m i s s i b l e  ranges  of 

E and A .  P u l s a t i o n a l  e i g e n f r e q u e n c i e s  a r e  g i v e n  f o r  t h e  fundamental 

mode of p u l s a t i o n  o n l y .  The s t r u c t u r e s  w i t h  no r a d i a t i o n  p r e s s u r e  

( A  = 0)  have a l r e a d y  been t r e a t e d  by  s e v e r a l  a u t h o r s  (Osterbrock  

1953; H a r m  and Schwarzschi ld  1955) I n  a f e w  c a s e s  t h e i r  

p u l s a t i o n a l  p r o p e r t i e s  have a l s o  been c a l c u l a t e d  (Cowling 1934; 

Rabinowitz 1957) It may be noted  t h a t  t h e  c a s e  E = 45.5 i s  

s imply t h e  p o l y t r o p e  of index 3/2 w i t h  T' = 5/3. 

E = 0 cor responds  t o  an  atmosphere of no mass, i n  which e q u a t i o n s  

The c a s e  

(4) a r e  e x a c t  everywhere; however, the p u l s a t i o n  e q u a t i o n  ( 6 )  may 

-. 
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s t i l l  be solved i n  t h i s  ca se .  

A f e w  s t r u c t u r e s  i n c l u d i n g  r a d i a t i o n  p r e s s u r e  have been 

c a l c u l a t e d  by  o t h e r  a u t h o r s .  

( A  = m) is  simply the  p o l y t r o p e  of index 3 wi th  r = 4/3, The 

The s t ruc ture  w i t h  i n f i n i t e  mass 

c a s e  E = 0 cor responds  t o  an atmosphere of no mass wi th  I7 = 4/3, 

A f e w  non-degenerate structures have been c a l c u l a t e d  by Hayashi 

Iu_- e t  a l .  (1962) However, most of Table  1 is  new. The maximum 

va lue  of  w 2  anywhere occur s  i n  t h e  c a s e  A = 0 ,  E: = 0. 

The effect  of r a d i a t i o n  p r e s m r e  is  t o  deepen the convec t ive  

envelope and t o  reduce the p u l s a t i o n a l  e igenf requency .  Therefore, 

f o r  t h e  same envelope dep th  i n  mass f r a c t i o n ,  more massive s t a r s  

t e n d  t o  have p u l s a t i o n a l  e igen f requenc ie s  q u i t e  comparable w i t h  

those of less massive s t a r s .  Massive s t a r s ,  however, can posses s  

v e r y  deep convec t ive  envelopes  d u r i n g  advanced s t a g e s  of  e v o l u t i o n  

(cf .  r e f e r e n c e s  i n  B t o t h e r s  1968) .  The p h y s i c a l l y  r e a l i z a b l e  

p a r t i o n  of Table  1 f o r  massive s t a r s  l ies  ba t  
_ _  3 u u u .  'L'nese ~ i m X  

_ _ -  
with  an age-zero chemical composition and 60% w i t h  a h e a v i l y  

T h e  p o s s i b l e  v a l u e s  of Q a r e  metal-enriched chemical composition. 

therefore confined t o  t h e  range 

0.05 5 Q 5 0.10 day.  

It is  somewhat s u r p r i s i n g  t h a t  t h e  de r ived  upper l i m i t  f o r  Q i s  

n o t  cons ide rab ly  l a r g e r ,  i n  view of t h e  l a r g e  r a d i a t i o n  p r e s s u r e  

a t  h igh  masses,  
e 

b* 
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I111 VARIABLE RED SUPERGIANTS 

The known v a r i a b l e  N s u p e r g i a n t s  i n  ga lac t ic !  a s s o c i a t i o n s  

nre! l i s t e d  in Table 2 .  The epaclcrerl type@ and magnitude8 a r e  

those adopted i n  the accompanying paper  (S to thers  1968, Table  1). 

The magnitudes s e l e c t e d  a s  a p p l i c a b l e  a r e  median magnitudes,  The 

e f f e c t i v e  t empera tu res  and bolometric c o r r e c t i o n s  ( f o r  the v a r i o u s  

s p e c t r a l  s u b d i v i s i o n s )  have  been  taken  from Johnson (1966) .I The 

r a d i i  can  t h e n  be d e r i v e d  i n  the  u s u a l  way from t h e  e f fec t ive  

t empera tu res  and bolometric magnitudes.  The p e r i o d s  a r e  t h e  ones  

l i s t e d  i n  t h e  G.enera1 Cata logue  of V a r i a b l e  S t a r s  ( K u k a r k h ,  

Parenago,  Efremov, and Kholopov 1958) .  The mass of a n  i n d i v i d u a l  

red s u p e r g i a n t  h a s  been  assumed e q u a l  t o  t h e  average  (or ,  in ' some 

c a s e s ,  the most f r e q u e n t )  mass of b l u e  s u p e r g i a n t s  i n  t h e  same 

a s s o c i a t i o n  ( S t o t h e r s  1968) For  each  v a r i a b l e  w e  have formed an 

o b s e r v a t i o n a l  Q v a l u e ,  

According t o  the p u l s a t i o n  theo ry  of S e c t i o n  11, t h e s e  

v a r i a b l e s  should have Q v a l u e s  i n  the ' . range 0.05 5 Q 0 .07  day 

if they a r e  undergoing  r a d i a l  p u l s a t i o n  i n  the fundamental  mode. 

T h i s  range cor responds  t o  t h e  p o r t i o n  of Tab le  1 covered by t h e  

r e l e v a n t  A v a l u e s  fo r  14 t o  2 5  Mg. Since  t h e  convec t ive  envelopes  

i n  publ i shed  models of red  s u p e r g i a n t s  (cf. r e f e r e n c e s  i n  Stothers  

1968) a r e  of i n t e r m e d i a t e  d e p t h ,  we can s a f e l y  assume a uniform 

Q v a l u e ,  
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Q = 0.06 day.  

F i v e  of the t e n  v a r i a b l e s  w i t h  l i s ted p e r i o d s  i n  Table  2 

have Q v a l u e s  i n  r easonab le  accord  w i t h  t h e  p u l s a t i o n  h y p o t h e s i s .  

I 

Only one of the t e n ,  RS P e r ,  h a s  a Q v a l u e  which is s i g n i f i c a n t l y  

s m a l l e r  (cor responding  approximate ly  t o  a f i f t h  ove r tone ! ) .  T h e  

other f o u r  have incompat ib ly  l a r g e  Q v a l u e s .  I f  it i s  assumed 

t h a t  the l i g h t  v a r i a t i o n  i n  a l l  c a s e s  is  due t o  p u l s a t i o n , ,  t h e n  

w e  must seek s o u r c e s  of p o s s i b l e  error i n  o u r  e v a l u a t i o n  of Q fo r  

t h e s e  s t a r s .  

I n  terms of q u a n t i t i e s  d i r e c t l y  used t o  de termine  Q ,  w e  have  

The u n c e r t a i n t y  a s s o c i a t e d  w i t h  each  of t h e s e  q u a n t i t i e s  w i l l  be 

d i s c u s s e d  i n  t u r n .  

Luminosi ty .  The errors i n  t h e  d e r i v e d  b o l o m e t r i c  magnitudes 

a r e  due t o  (1) o b s e r v a t i o n a l  errors and ( 2 )  a s s o c i a t i o n  back-to- 

f r o n t  d i f f e r e n c e s  and p o s s i b l e  a s s o c i a t i o n  non-membership. The 

o b s e r v a t i o n a l  error ( S t o t h e r s  1968) is 20.3 to k0.7 mag., which 
, 

corresponds  t o  an error  i n  Q of o n l y  20 t o  50 p e r  c e n t .  

un impor tan t .  I n  the o u t e r  I P e r  a g g r e g a t e ,  T P e r  and S P e r  a r e  

T h i s  i s  

v e r y  l i k e l y  t o  be m e m b e r s  of t h e  background P e r s e u s  arm, l y i n g  a t  

(m-M), = 1 2 . 7  ( S c h i l d  1967) a 

probab ly  a foreground m e m b e r  w i t h  

J e n k i n s  1963) b 

I n  t h e  I O r i  a s s o c i a t i o n ,  a O r i  i s  

-5.7 t o  -6.1 (Wilson 1959; 

For T Per, S Per, and a O r i ,  w e  have used t h e  



10.  

a d j u s t e d  l u m i n o s i t i e s  t o  o b t a i n  t h e  Q v a l u e s  l i s t e d  i n  Table  2 ,  

r a t h e r  t han  t h e  l u m i n o s i t i e s  i n  S t o t h e r s  (1968) The o t h e r  s t a r s  

ques t ioned  by S t o t h e r s  - TV G e m ,  a Gco, elld RS P e r  - a r e  probably 

normally a s s o c i a t e d  'with t h e i r  r e s p e c t i v e  aggrega te s .  Although 

t h e  r e l a t i v e l y  l a t e  s p e c t r a l  t y p e  (M4.5) and t h e r e f o r e  p o s s i b l y  

l o w  l u m i n o s i t y  of RS P e r  s u g g e s t  t h a t  it may be a, foreground 

s t a r  ( l a r g e r  Q v a l u e ) ,  t h e  s t a r  l i e s  i h  t h e  center of x P e y  

a g a i n s t  t h e  sky and is a lmost  s u r e l y  a cluster member. 

Mass. I n  o r d e r  t o  b r i n g  the iobse rved  v a l u e s  of Q f o r  a Sco, 

a O r i ,  T P e r ,  and S P e r  i n t o  l i n e  w i t h  t h e  p u l s a t i o n  h y p o t h e s i s ,  

t h e  masses of t h e s e  s t a r s  would have t o  be reduced t o  v a l u e s  3 

t o  100 t i m e s  s m a l l e r  t h a n  t h o s e  l i s t e d  i n  Table  2,  Such a l a r g e  

amount of implied mass loss  i s  i n a d m i s s i b l e .  M o s t  of t h e  s t a r s  

would have r a d i a t i v e  envelopes  and appear  b l u e  i n  color, n o t  r e d ,  

a p a r t  from t h e  u n l i k e l i h o o d  t h a t  mass l o s s  would a f f e c t  c e r t a i n  

s t a r s  of a g iven  s p e c t r a l  t ype  so much more t h a n  o t h e r  s t a r s  of 

the same s p e c t r a l  t ype .  Moreover, t he ,obse rved  mass- loss  r a t e  

fo r  a O r i  (Weymann 1962) i s  q u i t e  i ncapab le  of caus ing  such a 

d r a s t i c  amount of mass loss .  I n  t h e  anomalous c a s e  of  R S  P e r ,  

i t s  p r e s e n t  mass would have t o  be 25  times g r e a t e r  t h a n  i t s  

adopted mass t o  e x p l a i n  t h e  d i sc repancy .  T h i s  i s  a l s o  inadmiss ib l e .  

E f f e c t i v e  tempera ture .  The s c a l e  of e f f e c t i v e  tempera ture  

a s  a f u n c t i o n  of s p e c t r a l  t y p e  i s  no t  known v e r y  w e l l  f o r  M 

s u p e r g i a n t s .  However, by in te rcompar ing  the v a r i o u s  determin- 
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a t i o n s  of  e f f e c t i v e  t empera tu re  f o r  a Sco, a O r i ,  and 

(Johnson 19661, W e  f i n d  t h a t  the error i n  t h e  adopted 

a’ H e r  

v a l u e  i s  

probably  less t h a n  f300°K. This causes  a p o s s i b l e  error i n  Q 

of on ly  30 p e r  c e n t .  I n  any c a s e ,  t h e  p u l s a t i o n a l l y  d i s c r e p a n t  

s t a r s  a r e  even ly  d i s t r i b u t e d  among t h e  same s p e c t r a l  s u b d i v i s i o n s  

a s  t h e  concordant  s t a r s .  

Per iod .  It is  l i k e l y  t h a t  v i r t u a l l y  a l l  t h e  d i s c r e p a n c i e s  

i n  Q i n  Table  2 a r e  d u e  t o  errors i n  t h e  l i s t e d  p e r i o d s ,  The 

long  c y c l e s  and r e l a t i v e l y  sma l l  ampl i tudes  ( t y p i c a l l y  1 mag. 

photographic)  of v a r i a b l e  M s u p e r g i a n t s  a r e  v e r y  d i f f i c u l t  t o  

de te rmine  and a r e  u s u a l l y  s e m i r e g u l a r  i n  n a t u r e .  M u l t i p e r i o d i c i t y  

(or  simply i r r e g u l a r i t y )  is  n o t  unknown: f o r  example, Palmgr (1939) 

l i s t s  pe r iods  of 1 1 ,  250 ,  and 2070 days  f o r  a O r i  and 840, 1 1 2 0 ,  

and 3360  days  fo r  S P e r .  

With o u r  adopted p e r i o d s  , no per iod- luminos i ty  nor  per iod-  

spectrum r e l a t i o n  emerges from the  d a t a .  Cons ider ing ,  however, 

o n l y  the  f i v e  s t a r s  w i t h  8 v a l u e s  c o n s i s t e n t  w i t h  t h e  p u l s a t i o n  

h y p o t h e s i s ,  w e  f i n d  both such r e l a t i o n s h i p s  emerging ( i f  YZ P e r  

i s  assumed t o  be s l i g h t l y  i n  the foreground of t h e  o u t e r  I P e r  

aggrega te )  S ince  the  Q v a l u e  i s  determined p r i n c i p a l l y  by 

the p e r i o d  and l u m i n o s i t y ,  the  d i s c o v e r y  of a pe r iod - luminos i ty  

r e l a t i o n  f o r  s t a r s  selected b y  Q v a l u e  is n o t  s u r p r i s i n g .  However, 

s i n c e  o u r  Q v a l u e s  a r e  a l s o  dependent  on s p e c t r a l  s u b d i v i s i o n  

( through t h e  e f f e c t i v e  t e m p e r a t u r e ) ,  t h e  d i s c o v e r y  of a per iod-  
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spectrum r e l a t i o n  could be f u r t h e r  ev idence  i n  f a v o r  of t h e  

p u l s a t i o n  hypo thesis  

The r e a l i t y  of such 8 r e l a t i o n  may be t e a t e d  'by a d j u s t i n g  

t h e  p e r i o d s  of a l l  s t a r s  w i t h  " d i s c r e p a n t "  Q v a l u e s  t o  fit an 

adopted Q = 0.06 day. The r e s u l t i n g  " r e v i s e d "  p e r i o d s  a r e  l i s t e d  
I 

i n  t h e  n i n t h  column of Tab le  2, It is  immediately c l e a r  t h a t  a 

per iod-spectrum r e l a t i o n  i s  now suppor ted  by t h e  d a t a .  T h i s  i s  

b a s i c a l l y  a consequence of t h e  luminosi ty-spectrum r e l a t i o n  among 

t h e  v a r i a b l e s ,  t h e  b r i g h t e r  b e i n g  l a t e r  i n  s p e c t r a l  type .  It remains 
6 

t o  be s e e n ,  of courBe, whether t h e  o b s e r v a t i o n s  pe rmi t  such a 

r ead jus tmen t  of t h e  p e r i o d s  to  be made. I n ' t h e  c a s e  of  a O r i ,  

t h e  r e v i s e d  p e r i o d  a g r e e s  w e l l  w i t h  one of t h e  p e r i o d s  l i s t e d  b y  

Palmgr (1939) I n  the o t h e r  c a s e s  ( e x c e p t  for  T P e r ) ,  t h e  r e v i s e d  

p e r i o d s  a r e  n e a r l y  i n t e g r a l  m u l t i p l e s  o r  d i v i s o r s  of  t h e  o r i g i n a l  

p e r i o d s .  Concerning t h e  d i s t a n c e s  of a O r i ,  T P e r ,  S P e r ,  and 

YZ P e r ,  o u r  s u s p i c i o n s  now seem t o  have been w e l l  founded s i n c e  

t h e  r e v i s e d  d i s t a n c e s  conform w e l l  w i t h  t h e  p u l s a t i o n  h y p o t h e s i s .  

F i n a l l y ,  w e  mention t h e  i n t e r f e r o m e t r i c  and r a d i a l - v e l o c i t y  

s t u d i e s  o f  a O r i  (Pease  1931: Sanford 1 9 3 3 )  which sugges t  t h a t  

t h i s  s t a r  undergoes a c y c l i c a l  v a r i a t i o n  i n  r a d i u s .  

The r e l a t i o n  between l u m i n o s i t y ,  spectrum; and pe r iod  f o r  t h e  

semi regu la r  r ed  v a r i a b l e s  is shown i n  F i g u r e  1. It should be 

remarked t h a t  the v i s u a l  absolute magnitudes of t h e s e  s t a r s  a r e  

v e r y  s i m i l a r  (because  of the effect of the bolometric c o r r e c t i o n ) ,  
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ave rag ing  <M,> = -5.4. Since  more than  h a l f  t h e  s t a r s  l i s t e d  

i n  S t o t h e r s  (1968, Table  1) w i t h  s p e c t r a l  t ype  M1 and l a t e r  &re 
J 

known v a r i a b l e s ,  i k  is possible, Rnd w e n  l i k e l y ,  that; the 

remaining s t a r s  a r e  a l s o  v a r i a b l e s  of sma l l  ampl i tude .  

W e  conclude t h a t  t h e  h y p o t h e s i s  o f  r a d i a l  p u l s a t i o n  ( i n  t h e  

fundamental  mode) i n  t h e  v a r i a b l e  M s u p e r g i a n t s  t e n d s  t o  be 

suppor ted  by t h e  a v a i l a b l e  o b s e r v a t i o n a l  d a t a .  . 
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F I G U R E  CAPTION 

F i g .  1. - Bolometr ic  H-R diagram f o r  t h e  known v a r t a b l e  M super- 

g i a n t s  i n  g a l a c t i c  a s s o c i a t i o n s .  The v a r i a b l e s  a r e  

l a b e l e d  w i t h  t h e i r  pe r iod  i n  d a y s ,  if known. P e r i o d s  

' ' r ev i sed"  i n  accordance w i t h  t h e  t ex t  a r e  g iven  i n  

p a r e n t h e s e s .  

t 



00 
P 
M 

, 

lt-3 

I 


