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ABSTRACT 

Poss ib le  mechanisms f o r  holding p r o t o s t a r s  i n  a 

s ta te  of suspended evolut ion f o r  time soales of the 

order  of l o l o  year8 a r e  disoussed. Rota t ion  seems t o  

be the  only v i a b l e  conventional mechanism. 

turbulence,  a new concept, may provide long term dis -  

Magneto- 

t e n t i o n  f o r c e s .  



I* 

I1 * 

I11 

IV 

TABLJE OF - CONTENTS 

Dormant Stars 

I s o l a t e d  Stars 

P r o t o c l u s t e r s  

1. G i a n t  Stars 

2. Star-Star I n t e r a c t i o n s  

3 .  Star-Gas I n t e r a c t i o n s  

4. C l u s t e r  Atmosphere 

Magnetot urbulence 

1 

2 

6 

6 

6 

10 

11 

19 



- .  . .  

ON - RETARDED EVOLUTION OF - PROTOSTARS 

I. DORMANT STARS - 
The Increas ing  number of d i f f i c u l t i e s  found t o  be 

a s s o c i a t e d  wi th  star formation by fragmentation has led  

Layzer (1954), (1963), Ambartsumian (1958) ,  and o t h e r s  t o  

begin i n v e s t i g a t i n g  a l t e r n a t i v e  methods, I n  p a r t i c u l a r  

they  f avor  the hypothesis tha t  stars a r e  formed i n  an 

expanding medium, Layzer pos tu l a t e s  that  t h i s  formation 

occurred at  the time of t h e  formation of the galaxy, 

while Ambartsumian t h i n k s  t h e  process may be c u r r e n t l y  

happenSng, I n  matter e j ec t ed  from g a l a c t i c  nuc le i .  Since 

observa t ions  show a whole spectrum of s te l lar  ages, 

Layzer supposes t h a t  s t a r s  formed t e n  b i l l i o n  years  ago 

have i n  many cases  had t h e i r  -early development arrested 

so they now appear young. 

We wish, t he re fo re ,  t o  d iacuss  some of t h e  f a c e t s  of 

a r r e s t e d  development. We w i l l  consider  stars as i n d i -  

v i d u a l s ,  and stars i n  c l u s t e r s .  I n  t he  l a t te r  case there 

e x i s t s  the p o s s i b i l i t y  of  many types of i n t e r a c t i o n s  

between stars, and between stars and gas. The time 

s c a l e s  we have i n  mind a r e  of t h e  order  of b i l l i o n s o f  

years  , 
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. ... 
LL .  ISOLATED STARS 
.I 

The f i r s t  ques t ion  to  i n v e s t i g a t e  I s  whether a star 

can remain i n  a dormant condi t ion,  o r  a cond i t ion  of 

great ly  retarded evolut ion,  by v i r t u e  of i t s  i n t r i n s i c  

propert ies ,  L e . ,  without e x t e r n a l  d i s tu rbances .  

If  t h e  dominant fo rces  w i t h i n  a star are gas o r  

r a d i a t i o n  p res su re  and g r a v i t a t i o n a l  a t t r a c t i o n  then  the  

convent ional  models of  t h e  c o n t r a c t i o n  of a star toward 

t h e  main sequence are relevant. However, i t  i s  well  known 

t h a t  t he  time s c a l e s  i n v o l v e d  i n  t h i s  s o r t  of process are 

a t  least as s h o r t  as t h e  Kelvin c o n t r a c t i o n  time tk: 

2 

LR tkS 107 x M- years 

where M and L are the mass and luminosi ty  (assumed con- 

s t a n t )  of t h e  star and R i s  i-ts f i n a l  radius, a l l  given 

i n  s o l a r  u n i t s .  I f  the r ecen t  models of Hyashi, e t  a1 

(1961), (1962) ,  are c o r r e c t ,  t hen  I n  t h e  Hertzsprung- 

R u s s e l l  diagram p r o t o s t a r s  w i l l  approach t h e  main sequence 

ve r t i ca l ly  from above, with much higher luminos i t i e s  than 

their  f i n a l  main sequence values .  Accordingly the  con- 

t r a c t i o n  times w i l l  be diminished considerably.  

Ro ta t ion  w i l l ,  of course,  cause a p r o t o s t a r  t o  f l a t t e n ,  

and p r e v e n t  i t s  co l lapse .  A r a p i d l y  r o t a t i n g  s tar  could 

remain i n  a pr imordia l  State f o r  any desired length  of time, 

n e g l e c t i n g  cons idera t ions  of dynamical s t a b i l i t y .  The 

usua l  problem as soc ia t ed  w i t h  t h i s  condi t ion  l i e s  i n  

f i n d i n g  the mechanism f o r  damping t h e  r o t a t i o n .  Magnetic 
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braking seems t o  be t h e  only reasonable so lu t ion ,  but i t  
does not represent a very well developed theory.  

A large s c a l e  magnetic f i e l d  bound i n  a n  ionized 

material may provlde s u f f i c i e n t  magnetic pressure t o  pre- 

vent collapse of a protostar.  Chandrasekhar and Fermi 

(1953) have obtained a form of t h e  v i r ia l  theorem f o r  a 

system containing thermal, g r a v i t a t i o n a l  and magnetic 

energy. For a bound, s t ab le ,  monatomic gas cloud 

2T + V + M = 0 (2) 

where M is t h e  magnetic energy, $E dV, V t h e  gravi-  

t a t i o n a l  p o t e n t i a l  energy, and T t h e  thermal and k i n e t i c  
8~ 

energy, Then, of course, t h e  t o t a l  energy i s  given by 

E = T + V + M .  ( 3 )  

If the  p r o t o s t a r  i s  t o  remain r e l a t i v e l y  unchanged, t h e n  

i t s  s i z e  and consequently V must remain constant .  I f  the 

magnetic f i e l d  i s  bound i n  the  star t h e n  M i s  constant.  

However, the p ro tos t a r  I s  bound t o  radiate, p a r t i c u l a r l y  

if hot enough t o  be ionized I n  order t o  t r a p  t h e  magnetic 

f i e l d .  The time s c a l e s  f o r  coollng of a t r a n s p a r e n t  
6 hydrogen cloud are much less than  10 years  f o r  proto- 

s te l la r  condi t ions.  Therefore i f  T I s  allowed t o  change, 

we conclude t h a t  i t  must be q u i t e  small, i n  order not t o  , 

u p s e t  condi t ion E q .  ( 2 ) .  Therefore t h e  e q u i l i b r i u m  of 

the  star must be determined primarily by magnetic and 

g r a v i t a t i o n a l  forces .  There are a few re levant  comments 
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t o  be made. 

(a)  If t he  magnetic f i e l d  i s  o r i en ted  more o r  less i n  

one d i r e c t i o n ,  say a long  the z-axis ,  t hen  co l l apse  along 

t h a t  axis w i l l  be relatively unimpeded, e s p e c i a l l y  i n  the 

absence of pressure  fo rces  r e su l t i ng  from t h e  vanishing of 

T. O f  course a f te r  co l lapse  has proceeded t o  a large 

extent i n  the z -d i rec t ion  pressure f o r c e s  must come i n t o  

play. T can no longer  be neglected i n  comparison w i t h  V 

and M, energy w i l l  be r ad ia t ed  away, and evolu t ion  w i l l  

proceed. 

(b) If T c53 0 than Eq, (2) I m p l i e s  t h a t  V and M must 

be  nearly of t he  same magnitude f o r  a stable s i t u a t i o n .  

Xf they are not p rec i se ly  t h e  same, which of course i s  

l i k e l y  t o  be t h e  case,  then we i n q u i r e ,  w i l l  t h e  s i t u a t i o n  

ad jus t  t o  equa l i ze  them? B o t h  V and M vary inversely as 

t h e  f i r s t  power of t h e  s t e l l a r  r ad ius .  Therefore t h e i r  

r a t i o  remains cons tan t  d u r i n g  a s c a l e  change. Therefore 

a uloud w i t h  a s l i g h t  i n i t i a l  unbalance of g rav i t a t iona l  

and magnetic energy w i l l  be u n s t a b l e  t o  co l l apse  or  t o  

d i s s i p a t i o n ,  depending on which form of energy dominates, 

I n  the case  of predominance of g r a v i t a t i o n a l  energy, and 

co l l apse ,  even tua l ly  the thermal energy term w i l l  s t ab i -  

l i z e  t h e  s i t u a t i o n ,  b u t  t h e n  r a d i a t i o n  and evolu t ion  w i l l  

I"cur. 

( c )  It i s  necessary t h a t  t h e  p r o t o s t a r  remain ionized 

..l' the  magnetic f i e l d  I s  t o  be bound and I n h i b i t  co l lapse .  

However, under c o n d i t i o n s  where pressure f o r c e s  s u p p l y  a 

s t a b i l i z i n g  i n f l u e n c e  there  w i l l  be a h igh  c o l l i s i o n  rate 
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and consequently a method f o r  recombination or  i o n i z a t i o n ,  

depending on t h e  temperature.  

If t h e  magnetic f i e l d  pattern i s  more o r  less random, 

then  a t  first glance (a) I s  no t  l i k e l y  t o  occur,  a l though 

comments (b) and ( c )  still hold.  However the  s i t u a t i o n  

may be somewhat more complicated, s i n c e  (a)  may hold 

l o c a l l y  over each reg ion  of reasonably c o r r e l a t e d  f i e l d  

d i r e c t i o n .  Then the p ro tos t a r  would s t i l l  c o l l a p s e  u n t i l  

thermal ( i . e , ,  pressure) e f f e c t s  prohib i ted  i t .  

We conclude, therefore, t ha t  magnetlc e f f e c t s  cannot 

matn ta in  a p r o t o s t a r  in a steady s ta te ,  even If there i s  n o  

f i e l d  s l ippage .  It tfl, however, q u i t e  poss ib le  that they 

would slow down t h e  evolu t ion  somewhat, by (limlnishing t h e  

c o l l a p s e  fo rces ,  and lowering t h e  temperature,  t h u s  

lowering the rate of r a d i a t i o n  loss .  
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111. PROTOCLUSTERS - 
1. Giant  Star. The s i m p l e s t  no t ion  of a p r o t o c l u s t e r  

would be t ha t  of a s t a t i c  giant  star, of hundreds o r  thou- 

sands of s o l a r  masses. 

are r e spons ib l e  f o r  i t s  maintenance, then  we have the 

convent iona l  massive s t a r  model. And i t  has been estab- 

l i shed  t h a t  f o r  stars heavier  t han  about s i x t y  s o l a r  masses 

(Schwarzschild and H a r m  (1959)) i n s t a b i l i t y  sets i n .  S t a r s  

of about ten t o  sixty solar masses w i l l  have a very shor t  

evo lu t iona ry  time compared t o  t h e  age of t h e  galaxy. 

a p res su re  distended giant star cannot provide a long 

per iod  of dormancy. Even i f  i t  c o l l a p s e s  and produces 

many stars i n  a subsequent explosion,  t h e i r  b i r t h  would 

have been delayed on ly  a s h o r t  while.  

- - 

B u t  i f  gas  and r a d i a t i o n  pressure  

So 

If magnetic pressure or- r o t a t i o n  are present i n  a 

s ing le  giant  star t h e n  t h e  preceding d i scuss ion  of t h e  

ordlnary s i n g l e  star I s  applicable. 

t h a t  r o t a t i o n a l  f o r c e s  are t h e  only  ones capable of p r e -  

vent ing  co l l apse .  However t h e  r e s u l t i n g  c l u s t e r  would 

have more of a d i s k  shape than  a s p h e r i c a l  shape. Also 

i t  should retain some of  t h e  r o t a t i o n a l  motion. The 

o b s e r v a t i o n a l  data on t h i s  point  are not conclusive:  sone 

c l u s t e r s  may have r o t a t i o n .  

It would again appear 

2. Star-star I n t e r a c t i o n s .  A p r o t o c l u s t e r  i s  more - 
l i k e l y  t o  c o n s i s t  of well  defined p r o t o s t a r s  and pe rhaps  a 

large amount of  gas. If a star can be surrounded by a 

s u f f i c i e n t l y  opaque wall so that i t s  r a d i a t i o n  cannot 
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escape, t hen  i t  w i l l  have i t s  con t r ac t ion  considerably 

slowed, 

An i d e a l i z e d  model would cons i s t  of a star I n  a 

Then t h e  con ta ine r  wi th  p e r f e c t l y  r e f l e c t i n g  walls, 

system would come i n t o  thermodynamic e q u i l i b r i u m  with t h e  

star becoming an  isothermal  gas sphere, The radius of a n  

i s o l a t e d ,  isothermal ,  gas sphere is i n f i n i t e  (Emden 

(1907)) so i n  t h e  present case there would be a non-zero 

pressure and dens i ty  a t  the wall of the conta iner ,  These 

condi t ions  would be met i n  a c l u s t e r  of many stars by 

having the r e f l e c t i n g  wall a t  t h e  point where a neigh- 

bor ing  star begins .  

L e t  us suppose t h a t  t h e  stars of a c l u s t e r  are packed 

s u f f i c i e n t l y  t i g h t l y  so t h a t  a star loca ted  d e e p ' w i t h i n  

the  c l u s t e r  sees only a sky f u l l  of s t e l l a r  su r face ,  a t  

t h e  same temperature as i t s  own su r face .  This  s i t u a t i o n  

i t  cannot d i s t i n g u i s h  from that of a r e f l e c t i n g  wall. 

The mean f ree  path of a photon t rave l l ing  through a 

c l u s t e r  c o n s i s t i n g  of stars and no gas w i l l  be 

A (4)  

where m and rs are t h e  mass and r ad ius  of a p r o t o s t a r  and 

M and Rc are the mass and radius of t he  c l u s t e r .  

c l e a r  t h a t  A,,  t h e  mean free p a t h  of a s ta r  before c o l l i -  

s ion ,  d i f fe rs  from by a f a c t o r  of order  u n i t y .  I n  

f a c t  xc can never exceed 1 
s u r v i v e  without c o l l i s i o n  i n  a c l u s t e r  i t  must have a mean 

It i s  

P 
I f  now, a star is t o  

P *  
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free pa th  a t  least  a s  large 8s the 

f o r e  s i n c e  h.Z a photon near 

c l u s t e r  r ad ius ,  There- 

the  center of the 

c l u s t e r  w i l l  have a high p r o b a b i l i t y  of escaping. Con- 

sequently a c e n t r a l  star w i l l  not see a b r i g h t  sky, b u t  

rather a fa i r ly  dark one. 

We note t h a t  in general  a c o l l i s i o n  between two 

p r o t o s t a r s  need not  necessar i ly  be d i a r u p t i v e .  The gravi-  

t a t i o n a l  b inding  energy of a star is  approximately 

2 
E G G O ~ L ,  n , 

Its kinet ic  energy w i l l  be 

by t h e  v i r ia l  theorem a p p l i e d  t o  the c l u s t e r  as a whole, 

The r a t i o  Em:EG I s  then - 

If the  c l u s t e r  i s  s o  dense t h a t  t h e  sky would appear white,  

then by Eq. (4 )  w i t h & , Z R c ,  

S O  that Eq. (7)  becomes 

Clearly Ito>> rs and i n  t h i s  ca8e a c o l l i s i o n  is l i k e l y  

t o  be d i s r u p t i v e .  
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HQwever, f o r  a loose r  c l u s t e r ,  with smaller stars i t  

wwld  not be unusual t o  f i n d  Em Cc Ea. 

The occurrence of c l o s e  s te l lar  encounters  presents 

a mechanism f o r  exchange of energy and s p i n  between stars. 

Th i s  energy t r a n s f e r  has  been eva lua ted  by Burke (1965) . 
The amount transferred i n  a s i n g l e  encounter is so small i n  

comparison w i t h ,  say, t h e  s o l a r  energy radiated I n  a m i l -  

lenlum, that a very l a r g e  number of near c o l l i s i o n s  would 

be necessary  t o  provide a p r o t o s t a r  with a cont inuing  

energy supply,  apart  from con t rac t ion .  And f o r  such a 

large number of near (2 o r  3 stel lar  r a d i i )  c o l l i s i o n s  

there are bound t o  be head on, and sometimes d i s r u p t i v e ,  

c o l l i s i o n s ,  T h i s  point ,  of j u s t  what happens a f te r  a 

s t e l l a r  c o l l i s i o n ,  could bear f u r t h e r  i n v e s t i g a t i o n .  It 

may be t h a t  stars ape not des t royed  i n  t h e  process.  

We may likewise conclude tha t  the  s p i n  exchanged 

between p r o t o s t a r s  w i l l  be small. 

Of course,  i t  may be desirable t o  l e t  a major i ty  of 

the stars be a n n i h i l a t e d  i n  c o l l i s i o n s ,  while t h e  remain- 

i n g  ones a c q u i r e  some sp in .  Since t h e  angu la r  momentum 

vec to r  added a t  each encounter  w i l l  be randomly o r i e n t e d ,  

t h e  net t o t a l  angular  momentum af ter  N encounters  w i l l  

accumulate I n  a manner analogous t o  a random walk, and w i l l  

t h e r e f o r e  be Sm 

Actua l ly  once t h e  s t a r  begins  r o t a t i n g  the r e s u l t s  of 

Burke w i l l  no longer be s t r i c t l y  a p p l i c a b l e ,  b u t  they 

should s t i l l  provide a reasonable  approximation. 

where S is t h e  s p i n  added p e r  encounter ,  
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3. Star-= - I n t e r a c t i o n s .  We w i l l  d i s cuss  b r i e f l y  

three phenomena assoc ia ted  with i n t e r a c t i o n s  between stars 

and gas: acc re t ion ,  braking, and shock waves. Some 

aspec t s  of the f i rs t  two have been treated by Burke (1965). 

It i s  c l e a r  t h a t  acc re t ion  w i l l  change the mass and pe r -  

haps t h e  chemical composition of a star. It may a l s o  

provide braking of a start3 motion through the  c l u s t e r .  

Even without a c c r e t i o n  braking may occur,  i n  t h e  same way 

as dynamical f r i c t i o n ,  

t he  course of evolut ion of a star, a l though i t  i s  not  

l i ke ly  t o  retard i t  noticeably,  except i n  one way. It 

could add angular momentum, perhaps t o  t h e  e x t e n t  that  i t s  

r o t a t i o n  could a t t a in  nearly the c r i t i c a l  value.  That 

would p r e v e n t  s tellar co l lapse ,  wi th  the  u s u a l  q u a l i f y i n g  

Accret ion may s i g n i f i c a n t l y  a f f e c t  

remark about s t a b i l i t y  appended. 

Shock waves w i l l  be  c rea t ed  i n  the  inters te l lar  gas 

by t h e  passage of supersonic stars. If the gas is con- 

s iderably rarer than the p r o t o s t a r s  t h e  shock waves w i l l  

not  have a g rea t  per turbing inf luence  on the bulk of 

s te l lar  material upon impact.  They may a f f e c t  the  s te l -  

lar atmospheres. Again t h i s  w i l l  not  be l i k e l y  t o  d i r e c t l y  

a f f e c t  t h e  evolut ionary time s c a l e .  On the o t h e r  hand the  

shock waves may have q u i t e  a s i g n i f i c a n t  e f f e c t  on the 

i n t e r s t e l l a r  gas, However, we should add tha t  If t h e  

protostars are i n  a s t a t e  not g r e a t l y  different-from that  

of the gas,  that  the shocks might be d i s r u p t i v e ,  or a t  

least provide considerable  thermal energy. These p o i n t s  
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are now being  inves t iga ted .  

4. - C l u s t e r  Atmosphere. We might i n q u i r e  whether 

there could be a large, perhaps q u i t e  massive, atmosphere 

o r  cloud surrounding a p ro toc lus t e r .  Could such an 

atmosphere be supported against g r a v i t a t i o n a l  co l l apse ,  

and could i t  a f f e c t  t h e  evo lu t ion  of  stars w i t h i n ?  

Clearly i t  cannot b e  i n  h y d r o s t a t i c  e q u i l t b r  lum, 

supported by gas pressure,  f o r  then the  s i t i i ? i ; lo r :  s t l a 3  

of t he  g i a n t  star, w i t h  s h o r t  evolu t ionary  t j  r -  s le- i ,I 

radial i n s t a b i l i t y .  I n  f a c t ,  the presence of a c.iuster3 

of stars w i t h i n  should add t o  t he  g r a v i t a t i o n a l  c o l l a p s e  

fo rces ,  without o f f e r ing  s i g n i f i c a n t  retarding inf luence .  

If t h e  cloud i s  opaque enough t o  retard t h e  escape 

of r a d i a t i o n  from within,  then  of course i t  w i l l  f e e l  t h e  

pressure of the t r a p p e d  r a d i a t i o n ,  However, t he  s i t u a t i o n  

then  becomes analogous t o  t h a t  of a n  ear ly  type,  very 

massive star. The evolut ion and co l l apse  of the cloud 

proceed very rap id ly .  For s u f f i c i e n t l y  massive stjars 

the r a d i a t i o n  pressure i s  a n  u n s t a b i l l z i n g  i n f  luehce . 
The aloud might remain i n  place,  supported by macro- 

8copic motions, i . e . ,  turbulence.  There are t h e n  two 

poss ib le  so lu t ions :  t h e  t u r b u l e n t  energy i s  remnant in 

t h e  p r i m e v a l  cloud, and i s  s l o w l y ” d i s s i p a t i n g ,  o r  the  

internal  c l u s t e r  of s t a r s  feeds t u r b u l e n t  energy i n t o  the 

surrounding cloud. If t h e  large major i ty  of the  c l u s t e r  

mas3 I s  i n  the form of gas then  the f i r s t  alternative must 

be r e a l i z e d .  
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I n  a t u r b u l e n t  f l u i d  the k i n e t i c  energy s t o r e d  w i l l  

be 

2 
E = $ M v  ( 9 )  

The rate of d i s s i p a t i o n  of t u rbu len t  energy p e r  gram of 

f l u i d  i s  approximately (Batchelor  (1960) I p. 103) 

where A i s  the o h a r a c t e r i s t i c  size  of the l a r g e s t  

eddies, Therefore  t h e  time s c a l e  f o r  d i 8 s i p a t i O n  of E l a  

Clearly is the  time which i t  takes f o r  a n  eddy of s i z e  

x t o  move i t s  own length .  For a cloud t o  be i n  primarily 

dynamic equi l ibr ium t h e  time scale f o r  i n t e r n a l ~ m o t i o n s  

must be considerably s h o r t e r  than t h e  free f a l l  time of 

the cloud, Th i s  mean8 t h a t  t h e  cloud energy w i l l  be con- 

verted t o  thermal energy i n  a time s h o r t  compared t o  t he  

evolu t ionary  time of a q u a s i - s t a t i c  giant star,  .And once 

i n  t h e  form of thermal energy we are back t o  the  s i t u a t i o n  

of a g ian t  star i n  hydros t a t i c  equi l ibr ium.  

The alternative of t h e  i n t e r n a l  c l u s t e r  feeding energy 

t o  the cloud is t he re fo re  l i k e l y  t o  be a b i t  more promisin!s. 

The energy drawn from the  in te rna l  c l u s t e r  wil l -of  court3e 

come from i t s  g r a v i t a t i o n a l  s u p p l y ,  thereby causing I t  t o  

con t r ac t .  L e t  us begin by computing the approximate amount 

of con t r ac t ion ,  



For a body he ld  i n  equi l ibr ium by pressure f o r c e s  

(Landau and L i f s h i t z  (1958)).  The pressure from turbu-  

lence i s  (Batchelor (1960), p. 182) 

(13) P = - p v  1 - 2  
5 

Combining E q s .  (12) and (13) t o  eliminate P, we ob ta in  

where M =pV. 
obtained from the. v i r i a l  theorem by neglec t ing  the central 

body of stars, except i n  i t s  con t r ibu t ion  t o  Eo. 

We see t h i s  result could have been 

We take a gas cloud of rad ius  R2 and mass M2 t o  

have imbedded wi th in  It a stella?? system of mass M1 and 

rad ius  R1 (see F i g ,  1). 

oloud w i l l  t hen  be 

The g r a v i t a t i o n a l  energy of t h e  

where the  densi ty  has been taken t o  be uniform, and 
R12<< R2 2 . The graviba t iona l  energy of 

with the  same approximation, i s  

EGIl -$ GI M 1 2  - * 
R1 

I f  We then U s e  Eq. (14) f o r  E G ~  and Eq. 

of energy d i s s ipa t ion ,  we ob ta in  

the stellar system, 

(16) 

10) f o r  the  rate 
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Eq. (17) integrates to  g i v e  

where t h e  s u b s c r i p t  "f"  refers t o  f i n a l  and the s u b s c r i p t  

9 . l '  refers t o  i n i t i a l ,  I n  

Table 1 some s p e c i f i c  eval-  

ua t ions  of Eq. (18) have been 

tabula ted .  These values i n d i -  

c a t e  t h a t  a con t r ac t ing  core 

of p r o t o s t a r s  can -indeed pro- 

vide suff ic ient  turbulen t  energy 

(and t h e r e f o r e  pressure t o  keep Fig .  1, Gas Cloud 
with i n t e r n a l  c l u s t e r .  

a surrounding cloud of gas in 

equi l ibr ium.  However, there are several q u a l i f y i n g  

remarks t o  be made. i 

How i s  t h e  turbulen t  energy transferred t o  t h e  cloud? 

We have o b t i m i s t i c a l l y  taken & larger than Rlf i n  most 

cases .  

extremely small. But i t  w i l l  be d i f f i c u l t  f o r  a turbuler-f;  

T h i s  was necessary t o  p r e v e n t  Rlf from being 

core  of s i z e  R1 t o  produce eddies much larger than  R1. 

And even if these eddies are produced, a reasonable  f r a c -  

t i o n  of them must propagate f u r t h e r  than  t h e i r  cha rac t e r -  

i s t i c  S i m 8 J  & J  i n  order t o  provide tu rbu len t  energy t o  

the o u t e r  parts of the cloud. 
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Table  1. Evaluat ions of Eq. (18) . 

10l8 

1O2O 

10l6 

10l8 

1O2l 

2x1Ol6 

17 9x10 

6 ~ 1 0 ’ ~  
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To allow the  cloud t o  con t r ac t  does not h e l p  much 

s ince  t h e  d i s s i p a t i o n  w i l l  r ise r ap id ly  and r e q u i r e  the 

internal stellar system t o  con t r ac t  faster and far ther .  

It appears tha t  R2 mus,t always be cons iderably  larger than  

R 

i s  inoompatible wi th  transfer of energy t o  large eddies, 

i n  o rde r  t o  give Rlf a reasonably l a r g e  value,  b u t  t h i s  1 

comparable i n  s i z e  t o  R2j which w i l l  have lower d i s s i p a -  

t i o n  rates. 

Perhaps very small values of Rlf should be considered.  

If the  t u r b u l e n t  energy from a small core quickly becomes 

converted t o  thermal energy and t h i s  i s  r e a l l y - r e s p o n s i b l e  

f o r  eupport ing the outer l aye r s ,  then we have a problem 

ooncerning a very massive star with a somewhat pedu l i a r  

core,  and should treat a t  least the o u t e r  reg ions  i n  terms 

of s ta t ic  gas pressure.  

Without consider ing the s t ab i l i t y  problem, r o t a t i o n a l  

f o r c e s  are as usual capable of suppor t ing  an extended and 

massive atmosphere. Rotat ion a lone  however, will permi t  

con t r ac t ion  along the  r o t a t i o n  axis, which w i l l  make t h e  

cloud o p t i c a l l y  t h i n  i n  t h a t  d i r e c t i o n ,  even i f  opaque i n  

the  o t h e r  d i r e c t i o n s ,  The a d d i t i o n  of a magnetic f i e l d  

perpendicular  t o  the r o t a t i o n  a x i s  w i l l  tend t o  change 

the co l l apse  t o  a uniform con t rac t ion ,  as Mestel .f1964$, 

has shown. A magnetic f i e l d  without r o t a t i o n  w i l l  be sub- 

j e c t  t o  the same condi t ions mentioned i n  t h e  case of a 

single star. The presence of t h e  r o t a t i o n  and magnetic 

f i e l d  greatly reduces t h e  amount of gas pressure  support  
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needed, so t h a t  there i s  a better chance that ?ad . . t ior 

or t u r b u l e n c e  generated by the c e n t r a l  c lus tc  - (1 

hold the atmosphere i n  d i s t ens ion ,  

L e t  us, at  t h i s  point ,  consider  c rude ly  the s o r t  of 

, opaci ty  a dense c l u s t e r  atmosphere might have. Take 

where 

Gaustad (1963) has investigated t h e  opaoi ty  of material 

expected t o  be found i n  the interstellar medium. He f i n d s  

that known o p a c i t i e s  w i l l  be very low. As an upper l i i n i t  

is t h e  o p t i c a l  pa th ,  and K2 i s  the opac i ty .  
2 

c u r r e n t l y  known values of opac i ty  rarely exceed 1 o r  10, 

even i n  s te l lar  i n t e r i o r s .  I f  we then  eva lua te  Eq. (20) 
18 

T h i s  v a l u e  of T2 can be increased  by 

f o r  a very favorable  case,  say K = 1, M2 = 1027, R2 4 0  cm. 

we o b t a i n  T2 = 10. 
2 

diminishing R However, then t h e  rate of t u rbu len t  

d i s s i p a t i o n  increases ,  and Rlf diminishes  considerably,  
2' 

An atmosphere w i t h  o p t i c a l  depth somewhat -greater 

than  u n i t y  w i l l  of course somewhat modify the  temperature 

and pressure d i s t r i b u t i o n  inside the  c l u s t e r .  However, 

i t s  e f f e c t s  on evolu t ion  should be second order ,  or else 

not a d i r e c t  consequence of i t s  opac i ty .  It w i l l  no more 

prevent r a d i a t i o n  from escaping from a star than  does the 

very t h i n  o u t e r  layer of the star i t se l f ,  

We may conclude t h a t  condi t ions  seem unfavorable for 

t h e  maintenance of a massive, s t a t i c ,  c l u s t e r  atmosphere 

f o r  time s c a l e s  of t h e  order  of the age of the  galaxy. 
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And if one does ex i s t ,  i t s  e f f e c t s  on the in t e rna l  c l u s t e r  

w i l l  be not pr imar i ly  through i t s  opac i ty .  Th i s  d i scuss ion  

does not preclude the  ex is tence  of large amounts of inter-  

stellar gas i n  a c l u s t e r .  The opac i ty  of such gas would 

s t i l l  be too  low t o  retard evolu t ion  of the stars by a 

s i g n i f i c a n t  amount. Bu t  o the r  e f f e c t s ,  such as a c c r e t i o n ,  

f r i c t i o n ,  and shock wave propagation would s t i l l  be present .  

The d i s s o l u t i o n  outwards of a c l u s t e r  atmosphere 

would not a f f e c t  t he  binding f o r c e s  of  t h e  c lus te r ' .  How- 

ever, removal of gas from w i t h i n  the c l u s t e r  w i l l ,  of 

course,  enhance i t s  tendency t o  dissipate.  Shock waves 

may he lp  e f f e c t  t h i a  removal, The s i t u a t i o n  i s  q u a l i t a -  

t i v e l y  analogoua t o  t h a t  of shock waves i n  the  s o l a r  

atmosphere, and EL "c lus t e r  wind" may resu l t .  

The a p p l i c a b i l i t y  of much of t he  d i scuss ion  i n  t h i s  

pape r  depends on t h e  time s c a l e  f o r  some of the  processes  

involved, and p a r t i c u l a r l y  f o r  the magnetic processes,  

t h i s  was sometimes not discussed.  C e r t a i n l y  t h e  bime 

s c a l e s  f o r  magnetic f ie ld  slippage, co l l apse ' a long  t h e  

d i r e c t i o n  of t h e  f i e l d  (both with and without r o t a t i o n )  

and maintenance of Ioniza t ion ,  should be more thoroughly 

invea t  igated . 



- IV, MAGNETOTURBULENCE 

F ina l ly ,  a recent  suggestion advanced by Layzer 
+< 

(1965) may s i g n i f i c a n t l y  modify the  convent ional  pro- 

cesses  s o  far  considered i n  t h i s  paper .  I n  cons ider ing  

the "Nature and Or ig in  of Non-Thermal Radio Sources" he 

envis ions  t h e  ex i s t ence  of "magnetoturbulence: tu rbulence  

i n  t h e  presence of a s t rong  magnetic f ie ld ,  The proper ty  

of magnetoturbulence which interest8 us i n  t h e  p r e s e n t  

context is  the very low rate of d i s s i p a t i o n  a s s o c i a t e d  wi th  

i t ,  Although Layzer 's  theory has not yet been f u l l y  

developed, i t  i s  c l e a r  that non-decaying turbulence can 

o f f e r  a long term dis tending  fo rce .  This mechanism may 

in fact prove t o  be more viable and effective than rotation, 

Magnetoturbulence i n  i n d i v i d u a l  p r o t o s t a r s ,  i n  proto-  

c l u s t e r s ,  or i n  giant stars may prove able t o  provide 

fo rces  capable of r e t a r d i n g  their  evo lu t ion  f o r  time 

s c a l e s  of the order  of the  age of the galaxy, 
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