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l Fowler, Greenstein and Hoyle, U r e y ,  and Cameron) bodies much 

The s t a r t i n g  p o i n t  i s  a s o l a r  nebula shown i n  1, wi th  countehclock- 

smaller than a p l ane t  a r e  formed ( 2 A ) ,  r e s i d u e  gases  are swept up 
o r  escape, i n t e rp l ane te s ima l  per turba t ions  give less-ordered o r b i t s  
( 3 A ) ,  and p lane t s  form by acc re t ion  ( 4 ) .  In  pro toplane t  t heo r i e s  
(Kuiper) a few condensations occur ( 2 B ) ,  and c o l l e c t  much of the  

, l i g h t  gases  a re  l o s t  by  evapora- i n t e r p l a n e t a r y  gas (3B). 

I w i s e  r o t a t i o n .  In planetesimal  theor ies  (Schmidt, Von Weizsacker, 

t i o n  and the  pro toplane ts  shr ink  t o  p l ane t s  ( 4 ) .  



Understanding the  o r i g i n  and evolu t ion  of the s o l a r  

system i s  one of t he  primary goals of the space program and 

many spacec ra f t  experiments and missions con t r ibu te  t o  t h i s  

goa l .  However the  r e l a t i o n s h i p  between the  ind iv idua l  exper i -  

ments proposed and t h i s  goal  i s  o f t e n  tenuousn The purpose of 

t h i s  s tudy has been t o  i s o l a t e  spacecraf t  measurements and 

o the r  f u t u r e  work which a r e  c lose ly  t i e d  t o  an understanding 

of t he  o r i g i n  and evolu t ion  of the s o l a r  system, 

Three broad areas of study have been pursued: 

I 

(1) Present  day observat ions,  t heo r i e s ,  and exper i -  
ments which a r e  thought t o  b e  boundary condi t ions  
on the o r i g i n  and evolut ion of the  solar system, 
i . e . ,  f a c t s  which must be explained by any com- 
p l e t e  theory.  

(2) A broad sampling and c r i t i q u e  of the  more promin- 
e n t  t heo r i e s  which have been der ived t o  expla in  
the  o r i g i n  and evolut ion of the  s o l a r  system, and 

(3 )  Future work, and experimentation which i s  necessary 
t o  advance our understanding, e i t h e r  by d i s t i n -  
guishing among proposed t h e o r i e s ,  o r  by con t r ibu t ing  
t o  o r  f u r t h e r  def ining e x i s t i n g  boundary condi t ions .  
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A discussion of the r e l i a b i l i t y  one can p lace  on each 

of t he  suggested boundary condi t ions i s  given. Where poss ib le ,  

t he  boundary condi t ions have been examined as t o  whether they 

should be placed on theo r i e s  of o r i g i n  o r  on theo r i e s  of evolu- 

t i o n  of the  s o l a r  system. 

The boundary condi t ions thought t o  b e  most r e l evan t  t o  

theo r i e s  of the  o r i g i n  and evolut ion of the s o l a r  s y s t e m  are: 

(1) The angular momentum pe r  u n i t  mass of the  Sun i s  
less than t h a t  of  the p l ane t s  by a f a c t o r  of more 
than 10,000. 

(2) The Sun's r o t a t i o n  speed i s  n o t  unusual when com- 
pared t o  o the r  stars of the  same s p e c t r a l  c l a s s .  

w106 years; i t  was then very act ive during some 
o r  a l l  of the  next  t-10 years; i t s  sur face  
temperature probably never exceeded ~ 6 0 0 0 ° K .  

(3)  The Sun w a s  probably very  l a r g e  and b r igh t  f o r  

7 

(4 )  The i n c l i n a t i o n s  and e c c e n t r i c i t i e s  of t he  p l ane t s  
and a s t e r o i d s  are very low; t h e i r  o r b i t a l  r a d i i  
follow an empir ical  l a w  (Bode's l a w )  approximately,  

(5) Regular sa te l l i t es  have extremely low i n c l i n a t i o n s  
and e c c e n t r i c i t i e s ;  t h e i r  o r b i t a l  r a d i i  fol low a 
"Bode's law"  less well  than do the  p l ane t s .  

( 6 )  The p lane t s  and a s t e r o i d s  r o t a t e  wi th  small var i -  
a t i o n s  i n  per iod,  except f o r  Venus, Mercury and 
Plu to ;  they tend t o  have f a i r l y  low ob l iqu i ty .  

(7 )  The average s p a t i a l  d i s t r i b u t i o n  of matter i n  
the  s o l a r  system. 
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(8) Based on gross  physical  p rope r t i e s ,  p l ane t s  f a l l  
i n t o  two c l a s s e s ,  Jovian ( l a rge ,  low dens i ty ,  l o w  
molecular weight) and t e r res t r ia l  (small, high 
dens i ty ,  high molecular weight).  

(9) The uncompressed d e n s i t i e s  of t e r r e s t r i a l  p l ane t s  
decrease ( s l i g h t l y )  wi th  increas ing  s o l a r  d i s t ance ,  

(10) The Earth,  and probably o ther  t e r r e s t r i a l  p l ane t s ,  
have much smaller than cosmic abundance of h ighly  
v o l a t i l e  elements, including those of high 
molecular weight. 

(11) Relative abundances of e lements  which d i f f e r  i n  
v o l a t i l i t y  by orders of magnitudes a t  e leva ted  
temperatures,  but not  a t  ~300"K, do n o t  depar t  
s i g n i f i c a n t l y  from cosmic abundance, 

the r a t i o  qf L i 6  t o  L i 7  i s  " 0 8 0 ;  t he  r a t i o  of BIO 
t o  B1' i s  - 2 3 2 .  

(12)  The r a t i o  of deuterium t o  hydrogen i s  1 . 5  x 
'! 

(13) Isotopes of xenon and s i lver  which are @-decay 
products of r ad ioac t ive  nuc l ides  are overabundant 
i n  meteor i tes ,  

A l a r g e  number of theor ies  have been proposed t o  expla in  

the o r i g i n  and evolu t ion  of the solar sys tem,  based on some of 

the  boundary condi t ions.  Almost a11 theo r i e s  fall i n t o  t h r e e  

classes: 

(1) "Catas trophic" theor ies  pos tula ' te  a Sun-s tar  
encounter,  

(2)  "Evolutionary" theor ies  form the  e n t i r e  solar 
system out  of a s ing le  con t r ac t ing  cloud of 
i n t e r s t e l l a r  mater ia l ,  and 
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(3 )  "Mixed" theo r i e s  pos tu l a t e  a Sun- in te rs  t e l l a r  
cloud encounter,  

Many more theo r i e s  have been proposed than are considered 

he re ,  Catas t rophic  theo r i e s  were once popular ,  However, they 

f a i l  t o  account f o r  c e r t a i n  very  important boundary condi t ions  

and are n o t  t r e a t e d  i n  d e t a i l .  

Evolutionary theo r i e s  a r e  confronted wi th  a se r ious  

problem i n  accounting f o r  the  angular momentum d i s t r i b u t i o n  i n  

the  s o l a r  system. 

p r i n c i p l e s  can make such theo r i e s  a t  least  p l a u s i b l e ,  A number 

of such evolut ionary theo r i e s  have been summarized The "mixed" 

theory of Schmidt and h i s  co l l abora to r s  has a l s o  been considered. 

New f l u i d  dynamical and hydromagnetic 

The theo r i e s  tend t o  diverge a t  a number of p o i n t s ,  

some of which are q u i t e  fundamental: 

Did the  e n t i r e  s o l a r  system o r i g i n a t e  from a 
s i n g l e  cloud, o r  did a p re -ex i s t ing  Sun capture  
p a r t  of an i n t e r s t e l l a r  cloud which u l t i m a t e l y  
formed p lane t s?  

I f  t he  s i n g l e  cloud theory i s  c o r r e c t ,  how did 
the  Sun l o s e  o r  f a i l  t o  acqui re  cons iderable  
angular  momentum? 

Did p l ane t s  grow from plane tes imals  o r  sh r ink  
from pro toplane ts?  

S t rengths  and weaknesses o f  each theory considered a r e  

pointed out ,  and a comparison between r e s u l t s  of each theory 

and the  boundary condi t ions  s e t  f o r t h  ear l ier  has been used t o  

determine those spacec ra f t  measurements and o the r  work which 
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. are most c l o s e l y  r e l a t e d  t o  so l a r  s y s t e m  o r i g i n  and evolu t ion ,  

Future work having the  highest  importance i s :  

(1) Measurements of i n t e r s t e l l a r  composition, in -  
c luding i so top ic  r a t i o s ,  on a mission t o  s o l a r  
sys t em escape. This would provide a s i g n i f i c a n t  
new boundary condi t ion on theo r i e s  of s o l a r  
system o r i g i n  by obtaining a "cosmic abundance" 
more r ea l i s t i c  than p resen t ly  a v a i l a b l e ,  and 
may modify e x i s t i n g  boundary condi t ions ,  

7 
(2) Measurements of t he  i s o t o p i c  r a t i o ( s )  L i 6 : L i  , 

B1':B1' and/or C l3*CI2 . on a Jovian p l a n e t  o r  a 
comet. The r e s u l t s  would con t r ibu te  t o  s e t t l i n g  
the  problem of planetary formation from pro to-  
p l ane t s  vs. planetesimals.  

Other knowledge of clear importance t o  snderstanding 

the o r i g i n  and evolu t ion  o f  the  so l a r  s y s t e m  i s :  

He:H r a t i o  on the Jovian p l ane t s ,  e s p e c i a l l y  
J u p i t e r .  

The evolu t ion  of s t a r s  i n  t h e i r  pre-main-sequence 
phase,  

Xenon (and s i l v e r ,  i f  poss ib l e )  i s o t o p i c  r a t i o s  
on p l ane t s ,  sa te l l i t es ,  a s t e r o i d s ,  comets. 

The dens i ty  of Mercury. 

The magnetic f i e l d  proper t ies  of the  p l a n e t s .  

The h e a t  f l u x  from lunar and p l ane ta ry  i n t e r i o r s .  

The equation of s t a t e  of i ron-n icke l ,  s i l i ca tes ,  
hydrogen under high pressure .  

Could the  p lane ts  have been h ighly  inc l ined  o r  
e c c e n t r i c  a f t e r  t h e i r  formation? 

The s p a t i a l  dens i ty  o f ,  and condi t ions  in s ide ,  
i n t e r s t e l l a r  c louds,  
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(12)  

(13)  I n t e r s t e l l a r  densi ty ,  temperature,  magnetic f i e l d .  

(14) Cloud con t r ac t ion  theory. 

(15) The condi t ions ,  i f  any, under which planetesimals  

The frequency of planetary sys t ems ,  

can accrete t o  form p lane t s .  

The exospheric temperatures of each p l ane t .  (16)  

(17)  The high v e l o c i t y  d i s t r i b u t i o n  o f  v e l o c i t i e s  i n  
the  exosphere, a t  l e a s t  of Earth.  
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s y s t e m  o r i g i n  and/or  evolutl-on. 

missions may lead t o  a d e s i r a b l e  inc rease  of knowledge of n a t u r a l  

Although such experiments and 
I 

b 

f 

SCIENTIFIC OBJECTIVES OF DEEP SPACE INVESTIGATIONS : 
THE O R I G I N  AND EVOLUTION OF THE>OL,.AR SYSTEM 

sc ience ,  many have only an i n d i r e c t  bearing on the o r i g i n  and 

evolu t ion  of t he  solar system. 

Man’s progress  i n  understanding the  origgn and evolu- 

t i o n  has come on two f r o n t s .  As more and more was learned about 

n a t u r a l  sc ience ,  some f a c t s  appeared which seemed r e l e v a n t  t o  

the  o r i g i n  and evolu t ion  of the system, such as the  low 

, , 

I 
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- i n c l i n a t i o n s  and e c c e n t r i c i t i e s  of the  known p l a n e t s ,  Theor i s t s  

then attempted t o  explain these observable f ea tu res  wi th  a 

theory of s o l a r  system o r i g i n  and evolu t ion  c o n s i s t e n t  w i th  

known phys ica l  laws. Throughout h i s t o r y  more f a c t s  became 

a v a i l a b l e ,  and new and more complete theo r i e s  were generated.  

The f a c t s  r e l evan t  t o  s o l a r  s y s t e m  o r i g i n  and evolu t ion  

a r e  c a l l e d  "boundary condi t ions"  i n  t h i s  r e p o r t .  It  i s  neces- 

s a r y  (but n o t  s u f f i c i e n t )  t h a t  a theory of s o l a r  system o r i g i n  

and evolu t ion  f i t  a l l  boundary condi t ions,  i f  i t  i s  t o  be 

c o r r e c t .  

The f i r s t  main sec t ion  of t h i s  r e p o r t  i s  concerned wi th  

boundary condi t ions ;  t he  second with t h e o r i e s ;  the  l a s t  w i th  

f u t u r e  work which would increase  knowledge of boundary condi t ions ,  

o r  s e t t l e  t h e o r e t i c a l  cont rovers ies ,  o r  both,  

Boundary condi t ions  which a r e  p r e s e n t l y  known are set  

down i n  as ob jec t ive  a manner as poss ib l e  and a r e  d iscussed .  

An a t tempt  i s  made t o  judge whether c e r t a i n  f e a t u r e s  now observed 

i n  t he  s o l a r  system are  s t a b l e  over i t s  f i ve  b i l l i o n  year l i f e -  

t i m e ,  and thus r e q u i r e  an explanation by a theory f o r  t he  

o r i g i n  of  t he  s o l a r  system. These can be d i s t ingu i shed  from 

those which could have come about i n  a slow fash ion  

during t h e  l i f e t i m e  of t he  s o l a r  system, and may be  explained 

by a theory for  the evolu t ion  of the  s o l a r  sys t em.  

It: would be iinpossi.ble t o  consider  i n  any d e t a i l  a l l  

o r  most of t he  t h e o r i e s  of the  o r i g i n  a n d  evolu t ion  of the  

s o l a r  system - f a r  too many have been proposed- Newly 

I l T  R E S E A R C H  I N S T I T U T E  
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discovered boundary condi t ions or d e t a i l e d  c a l c u l a t i o n s  have 

made many theo r i e s ,  such as those involving a star-Sun encounter,  

untenable.  These are dismissed a f t e r  a b r i e f  d i scuss ion .  

A r ep resen ta t ive  sample of i n f l u e n t i a l ,  perhaps c o r r e c t ,  

t h e o r i e s  are considered i n  more d e t a i l .  

Each theory i s  summarized b r i e f l y ,  and i t s  s t r eng ths  

and weaknesses are pointed out .  F ina l ly ,  a comparison of 

theory-boundary condi t ions  i s  drawn, i n  order  t o  determine 

whether t he  theory accounts f o r  a boundary condi t ion ,  does n o t  

account f o r  i t ,  o r  i s  contradicted by the  boundary condi t ion.  

These d iscuss ions  of boundary condi t ions ,  t heo r i e s ,  and 

t h e i r  i n t e r a c t i o n s  serve as a bas is  €or f u t u r e  work. W e  en- 

v i s i o n  the  a i m  of such work t o  e s t a b l i s h ,  extend, modify, o r  

re jec t  boundary condi t ions ,  and t o  o u t l i n e  methods by which 

e x i s t i n g  cont rovers ies  among theor ies  can be s e t t l e d .  

1 . 2  Def in i t i ons  

Some terms which are s p e c i f i c  t o  s o l a r  system o r i g i n  

and evolu t ion  are used f requent ly  i n  t h i s  r e p o r t .  For con- 

venience,  they are def ined here:  

Origin of the  s o l a r  system: Spans r e l e v a n t  events  
p r i o r  t o  and including p l a n e t  formation. 

Evolution of the  solar system: Spans r e l e v a n t  events  
a f t e r  p l ane t  formation. 

Boundary condi t ion :  Observable f a c t s  which must be  
f i t  by theo r i e s  of s o l a r  sys t em o r ig in  and evolu t ion .  

I l T  R E S E A R C H  I N S T I T U T E  
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Solar  nebula:  A cloud of mater ia l  i n  solar o r b i t ,  
u s u a l l y  i n  the  shape of a f l a t t ened  e l l i p s o i d ,  out  of which 
p l a n e t s  form, according t o  most theor ies .  

Evolutionary theory: A theory i n  which the e n t i r e  
s o l a r  systernformsout of a s ing le  cloud of matter. 

Mixed theory: A theory in  which a p re -ex i s t ing  Sun 
captures  a cloud of material t o  generate a s o l a r  nebula.  

Catastrophic  theory: A theory i n  which a p re -ex i s t ing  
Sun i s  d is rupted  by one o r  more la rge  c e l e s t i a l  ob jec t s ,  such 
a s  another  star.  

Planetesimal:  An ob jec t  smaller than a p l ane t  which 
becomes p a r t  of a p l ane t .  

Protoplanet :  An ob jec t  l a rge r  than a p l a n e t  which 
shr inks  t o  become a p l ane t .  

I I T  R E S E A R C H  I N S T ' I T U T E  
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I BOUNDARY CONDITIONS ON THEORIES OF TMZ ORIGTN 2 .  - 
AND EVOLUTION OF THE SOLAR SYSTEM 

The basis f o r  understanding the  o r i g i n  and evolut ion 

of the so la r  system l ies  i n  those p r e s e n t l y  observed f ea tu res  

t h a t  impose boundary condi t ions  on theo r i e s .  Some boundary 

condi t ions  have been known and appreciated longer than o the r s ;  

I 
1 
r' 
I t hese  a r e  discussed i n  d e t a i l  and c r i t i c i z e d .  The more r e c e n t l y  
f 

known boundary condi t ions ,  which w i l l  probably become more 

important f o r  f u t u r e  theo r i e s ,  a re  a l s o  considered. 

2 . 1  Angular Momentum Dis t r ibu t ion  

The angular  momentum of a system of p a r t i c l e s  about 

some p o i n t  i s  def ined by the  r e l a t i n n  

N = 1 mi (vi x r.> , 1 i 

where mi i s  the  mass of  a p a r t i c u l a r  p a r t i c l e ,  vi i s  i t s  

v e l o c i t y  , and ri i s  the  r ad ius  vector  from an a r b i t r a r y  o r i g i n .  

I f  t he  o r i g i n  i s  chosen a t  the  cen te r  o f  mass of t,he solar  

system, then the  Sun c o n t r i b u t e s  less than 2 percent  t o  the 

s o l a r  system's angular  momentum (mostly by r o t a t i o n ) ,  and the  

p l a n e t s  c o n t r i b u t e  more than 98 percent  (mostly by o r b i t a l  

motion), Since th.e Sun conta ins  more than 99 pe rcen t  o f  the  

mass of  t he  s o l a r  system, a boundary cond i t ion  on t h e  o r i g i n  
, 
, and evolu t ion  of the  solar system a r i s e s :  

THE ANGULAR MOMENTUM PER UNIT MASS OF THE SUM I S  
LESS THAN THAT OF THE PLANETS BY A FACTOR OF MORE 
THAN 10,000. 

t 
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c 

The angular momentum of a system i s  a constant of  the 

motion unless  torques are applied.  Since torques are d i f f i c u l t  

t o  apply (they are absent  i n  c e n t r a l  fo rce  f i e l d s ) ,  the  uneven 

aDgular rnonentum d i s t r i b u t i o n  i s  n e t  e a s i l y  explained. In  

f a c t ,  t he  o lder  evolut ionary theor ies  were unable t o  overcome 

t h i s  boundary condi t ion  and were i n  d i s f avor  u n t i l  the  l a s t  

few decades e 

f l u i d  coupling of angular  momentum from the  Sun t o  the  p l ane t s  

Explaining the  angular momentum d i s t r i b u t i o n  by 

c o n s t i t u t e s  a major po r t ion  of r ecen t ly  proposed t h e o r i e s ,  

which are rmst ly  evolut ionary.  

2 .2  Astronomical Boundary Conditions 

Astronomical evidence has provided some t e n t a t i v e  

answers t o  the  ques t ions :  (1) Does the  Sun possess  unusual 

r o t a t i o n  p r o p e r t i e s ,  r e l a t i v e  t o  o ther  stars? (A "yestt would 

imply a s p e c i a l  s o l u t i o n  t o  the  angular momentum problem; a 

would extend the  problem to o the r  stars and reqrlire a "*ov' 

genera l  s o l u t i o n . )  (2)  How does a star which will become " s m -  

l ike"  appear during i t s  ear ly  s tages  o f  formation? 

2.2.1 O t h e r  Solar  System and S te l l a r  Rotat ion - 
Prope r t i e s  

The Sun has r o t a t i o n  p r o p e r t i e s  no d i f f e r e n t  

from those t h a t  can b e  observed f o r  stars of the  same mass and 

luminosity.  This,  coupled wi th  a "d i rec  tsr observat ion,  

suggests  t h a t  p l ane ta ry  systems a r e  n o t  an extremely uncommon 

f e a t u r e  of s tars ,  as w a s  once widely thought. 

IIT R E S E A R C H  I N S T I T U T E  
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The obvious tes t  of  the com~p.~~mess :>f planetary systems 

would be to see them near  o the r  stars,  o r  e l s e  t o  show t h a t  

they are absent and should be seen i f  p re sen t ,  Grav i t a t iona l  

pe r tu rba t ions  on a c e n t r a l  star are p r e s e n t l y  the most semi-  

t ive  i n d i c a t o r  of the  presence of a p l ane t .  P I a n e t s  of the  

s i z e  of J u p i t e r  near  the c l o s e s t  few stars are detectable. In 

t h i s  way, a companion t o  Barnard's b t a ~  only s l i g h t l y  l a r g e r  

than J u p i t e r  ( I a 5  MJ) has r ecen t ly  been detected (van de Kamp 

1963) 

A more i n d i r e c t  t es t  of the commonness of p lane tary  

system is to no te  whether our Sun possesses unusual r o t a t i o n  

p r o p e r t i e s  as a resu l t  o f  an unusual event.  

Two kinds of  evidence e x i s t .  h e  i s  the evidence from 

mul t ip le  star systems. It i s  genera l ly  assiined on the  basis 

of observat ions of those stars which are close enough o r  b r igh t  

enough t o  be exarniqed t h a t  over f i f t y  percent  cf the stars i n  

our galaxy are members  of binary o r  muLtipBe star systems, 

Furthermore, the mean value of the separa t ions  of t h e  csmpsn- 

e n t s  in a l l  b ina r i e s  t h a t  have been inves t iga t zd  i s  about 

20 AU, about the same order  as the d i s t ance  sf ~ a j o r  pl .a~e.cs 

from the  Sun ( J u p i t e r  5 ABY, Neptune 30 AU) .  Thus m e  has t h e  

impression t h a t  t h e  formation of mul t ip le  s y s t e m s  5s a common 

oceurrence.  The s o l a r  system could then b e  some s o r t  of de- 

generate  double s t a r  i n  which the  mass s f  the companion w a s  

divided up among the p lane ts ,  comets, and a s t e r o i d s  (and some l o s t ) ,  

i n s t ead  of forming a i o t h e r  s t a r  (Huang 1957,1959; Ku ipe r  1951). 

IIT R E S E A R C H  I N S T I T U T E  
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The o ther  piece of astronomical evidence showing the 

Sun's s i m i l a r i t y  t o  o ther  stars i s  the  r o t a t i o n  r a t e s  of  other  

I stars l i k e  the  Sun. Many astronomers once f e l t  t h a t  the angular  

1 momentum problem could bes t  be solved by an unusual event lead-  

Ing t o  the  t r a n s f e r  of angular momentum from the Sun i n t o  the i 
forming p lane ts .  With t h i s  hypothesis one would expect t h a t  

most stars l i k e  the  Sun should contain about the same angular f 

momentum as our e n t i r e  solar  system, s ince  i t  w a s  assumed t h a t  

p l ane t  formation w a s  very uncommon. 

I 
I 

I 
I 

The observations con t r ad ic t  t h i s  conclusion. Figure 1 

shows the observed dependence of r o t a t i o n  ra te  of s i n g l e  stars 

I on spectral  type (Burbidge and Burbidge 1958) .  Using r e s u l t s  

of s t e l l a r  i n t e r i o r  theory (Arp 1958, Harris e t  a l .  1963),  we 

show the r e l a t i o n  between the  observed s p e c t r a l  t y p e  and the  
b 

1 
I 
I s t e l l a r  masses and r a d i i  i n  the lower p a r t  of Figure 1, 
1 

The dot ted  l i n e  shows the lower l i m i t  f o r  the  d e t e c t -  
1 
I a b i l i t y  of s t e l l a r  r o t a t i o n s .  N o  s ta r  less  massive than those 

of s p e c t r a l  class F5 has been detected a s  having r o t a t i o n  except 

the Sun whose low r o t a t i o n  r a t e  can be observed d i r e c t l y ,  T h i s  

i m p l i e s  t h a t  such stars have r o t a t i o n  speeds below 25 km/sec. I f  

i 

~ G 2  s tars  ( the  Sun's spectral  c l a s s )  had the  angular momentum of 

our e n t i r e  s o l a r  system, t h e i r  r o t a t i o n  speeds would b e  of the or -  

de r  of 100 km/sec, and would have been measured. Since no s tars  
\ 

l i k e  t h i s  have been found, the  hypothesis t h a t  most s tars  l i k e  the 

I l T  R E S E A R C H  I N S T I T U T E  
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I 
I Sun should conta in  about the  sqme angular momentum as our 

I 

I 

e n t i r e  s o l a r  system i s  i n c o r r e c t ,  

Many modem astronomers have gone f u r t h e r ,  maintaining 

t h a t  the  r ap id  drop i n  r o t a t i o n  rates of stars with decrease 

i n  s tar  mass i m p l i e s  the  exis tence of p l ane ta ry  systems f o r  

the  l i g h t e r  s tars ,  Their viewpoint has been summed up by 

Struve (1962): 

Thus the re  appears t o  be good evidence f o r  assuming 
t h a t  t he  angular  momentum of a star,  caused by i t s  
own a x i a l  r o t a t i o n ,  is  preserved over long i n t e r -  
vals of t i m e .  I t  a l s o  can be  assumed t h a t ,  p re-  
sumably, t he  d i scon t inu i ty  on the  main sequence 
a t  F5 i s  n o t  caused by  the braking a c t i o n  of 
magnetic f i e l d s  or  by other  phenomena t h a t  would 
opera te  "siiimthly" a?o?;g the  e n t i r e  spread of 
the  H-R [Hertzsprung-Russelg diagram, b u t  t h a t  
t he  d i s c o n t i n u i t y  represents  a r a t h e r  fundamental 
d i f f e r e n c e  i n  the  manner i n  which the  stars have 
been formed, Presumably main-sequence stars of 
s p e c t r a l  type F5 and l a t e r *  have formed p lane ta ry  
systems t h a t  have absorbed most of the  angular  
momentum of the  o r i g i n a l  p r o t o s t a r ;  stars o f  
ear l ier  s p e c t r a l  type* are  e i t h e r  devoid of 
p l ane ta ry  systems OL have a t  leas t  prz:served 
wi th in  the  s tar  i t s e l f  the major p a r t  of i t s  
o r i g i n a l  arrgular momentum, 

The o v e r a l l  conclusions of the  astronomical s t u d i e s  

are, then, (1) formation of p lane ts  by an unusual. event  i s  n o t  

demanded by the  Sun's l o w  angular momentum ( r e l a t i v e  t o  the  

p l a n e t s ) ,  because i t  i s  n o t  necessa r i ly  l o w  compared t o  o the r  

stars of similar s p e c t r a l  c l a s s ,  and (2)  i t  i s  l i k e l y  t h a t  the  

l o w  r o t a t i o n  rates of s i n g l e  s t a r s  less massive than those of 

*For h i s t o r i c a l  reasons,  massive luminous s tars  on the  main 
sequence a r e  c a l l e d  " e a r l  
main sequence are c a l l e d  ' late c tars". 
a d i r e c t i o n  along the  main sequence i s  no longer  thought t o  occur,  

s t a r s "  and l i g h t ,  dim stars on the  
Evolution of stars i n  

I I T  R E S E A R C H  I N S T I T U T E  
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I 
s p e c t r a l  c l a s s  F5 are the  r e s u l t  of  p lane tary  formation, The 

boundary condi t ion  on theo r i e s  of t he  o r i g i n  and evolu t ion  of 

t he  s o l a r  system i s :  
I 

THE S U N ' S  ROTATION SPEED IS NOT UNUSUAL WHEN COM- 
PARED TO OTHER STARS OF THE SAME SPECTRAL CLASS. 

2.2 .2  Evolution of Very Young Stars 
t 

Most o r  a l l  s t a r s  l i k e  our Sun are born out  of 
1 
l 

t a c o n t r a c t i n g  cloud composed mostly of hydrogen. The s t a r  
, becomes luminous by conversion of g r a v i t a t i o n a l  p o t e n t i a l  

energy t o  h e a t  long before  i t  reaches s o l a r  dimensions and 

before  nuc lea r  r e a c t i o n s  begin,  After f u r t h e r  cont rac t ion .  

nuc lear  r e a c t i o n s  provide the  energy source,  and the s t a r  evolves t o  

the  main sequence, where i t s  ex te rna l  c h a r a c t e r i s t i c s  remain 

n e a r l y  cons t an t  f o r  several b i l l i o n  years .  
P 

I 

Recent, widely-accepted, pre-main-sequence c a l c u l a t i o n s  I 
have been made by Hayashi (1961, 1966). Figure 2, which i s  I 

taken from Hayashi (1966), shows the  evolu t ionary  t r a c k  of a 

s ta r  of s o l a r  mass and composition as i t  heads toward the  main 
1 

I sequence. By the  t i m e  i t s  r ad ius  i s  of the o rde r  of magnitude 
I 
I of Mercury's p re sen t  o r b i t ,  the  star has reached a su r face  
I 

temperature of about 4000°K and its luminosity i s  much g r e a t e r  

than t h e  present-day Sun ' s ,  A s  can be  seen on the  downward 

l e g  of Figure 2 ,  i t  c o n t r a c t s  a l m o s t  i so thermal ly  i n  a very  

s h o r t  t i m e  ( ~ 2  mil l ion  yea r s ) ,  I t  then h e a t s  up t o  a su r face  

temperature of about 6000'K a t  e s s e n t i a l l y  cons t an t  luminosi ty  
I 

, I I T  R E S E A R C H  I N S T I T U T E  I 
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(,he lef tward l e g  of Fig.  2 )  i n  about 10 million years ,  

Hayashi 's  evolut ionary t rack should b e  regarded as 

r a t h e r  specu la t ive  a t  t h i s  t i m e ,  H i s  c a l c u l a t i o n s  depend on 

an assumption of convective mixing; i f  t h e  magnetic f i e l d s  

i n h i b i t  t h i s  convection, then the cons tan t  temperature contrac-  

t i o n  is replaced by a cons tan t  luminosity con t r ac t ion  and the  

evolu t ion  t o  the  main sequence i s  slower by an order  of mag- 

n i tude  (Faulkner e t  a l e  1963) .  

A number of  stars have been observed which are thought 

t o  have approximatly the same mass as the  Sun, and which have 

n o t  y e t  reached the main sequence. These are c a l l e d  T-Tauri 

s tars ,  and have been inves t iga ted  most ex tens ive ly  by 

G. H. Herbig, They are charac te r ized  by enormous s te l la r  

winds, such t h a t  the  m a s s  loss can exceed l o o 7  M, per  year 

(Kuhi 1966) .  Presumably, large magnetic f i e l d s  and chromospheric 

f l a r e s  are assoc ia ted  with such a c t i v i t y .  

Thus astronomical evidence i n d i c a t e s  another  boundary 

condi t ion  t o  theo r i e s  of  the  o r i g i n  and evol-utiori of t he  s o l a r  

sys t e m :  

THE SUN WAS PROEABLY VERY LARGE AND BR.l.GXJ FOR 
@lo6 YEARS; I T  WAS T E N  VERY --_1_.__-- ACTIVE DlJRHMG SOME OR 
ALL OF THE NEXT IV IO7 YEARS; I T S  SUWACE TEMPERATURE 
PROBABLY NEVER EXCEEDED N 60Q0°K. 

I I T  R E S E A R C H  I N S T I T U T E  
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2 . 3  Dynamical Boundary Conditions 

2 .3 .1  O r b i t a l  Elements o f  - the  P lane ts  and Asteroids 

The p l ane t s  are near ly  coplanar and a l l  move i n  

the  same d i r e c t i o n  i n  nea r ly  c i r c u l a r  s r h i t s  about t he  Sun. 

This s i m i l a r i t y  among the  p l ane t s '  motions form a s t r i k i n g  

r e g u l a r i t y  which has a minute p r o b a b i l i t y  of  being a chance 

arrangement. Thus., the  o r b i t a l  r e g u l a r i t i e s  were p re sen t  a t  

the  o r i g i n  of the  s o l a r  system, o r  evolved n a t u r a l l y ,  and a r e  

a boundary condi t ion  f o r  theor ies  of the o r i g i n  and evolu t ion  

of t he  solar system. 1.n t h i s  s ec t ion  the  r e g u l a r i t i e s  a r e  

t r e a t e d  independently of any theor ies .  The ques t ion  of 

whether they w e r e  p re sen t  a t  s o l a r  system o r i g i n  o r  are 

evolu t ionary  i s  discussed.  

2 .3 .1 .1  O r b i t a l  Regu la r i t i e s  

Figure 3 shows the  o r b i t  of a body 

about t he  Sun. The o r b i t a l  elements which are considered here  

are the i n c l i n a t i o n  i, the  e c c e n t r i c i t y  e,  t he  semi-major 

a x i s  a, t he  longi tude of ascending node fi3 and the  longi tude 

of p e r i h e l i o n  ze The elements i, h, and 3 depend on the  

plane t o  which the  o r b i t a l  plane i s  r e f e r r e d ,  and on an arbi- 

t r a r y  but  f i xed  d i r e c t i o n  i n  space, which s e t s  the  ze ro  of the  

longi tude  of ascending node. 

It i s  usua l  t o  r e f e r  o r b i t a l  elements t o  t he  e c l i p t i c  

plane and the  d i r e c t i o n  of t he  vernal equinox (1950). However, 

t he  i n c l i n a t i o n ,  longi tude of ascending node, and longi tude  of 

p e r i h e l i o n  of an ind iv idua l  p lane tary  o r b i t  can be  r e l a t e d  t o  

1 1 1  R E S E A R C H  I N S T I T U T E  
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f o r  clarity in presenting the definitions of the orbital elements. 

15 



t 

I. 
a phys ica l ly  more meaningful plane, t he  inva r i ab le  plane of 

the  s0lar system, which i s  defined as a plane perpendicular t o  

the  t o t a l  angular  momentum of the  s o l a r  system, passing through 

the  system's mass center .  The e c l i p t i c  plane changes i t s  

o r i e n t a t i o n  wi th  r e spec t  t o  t he  f ixed s t a r s  i n  r e l a t i v e l y  s h o r t  

per iods  of t i m e ;  the  inva r i ab le  plane i s  much more stable,  

because i t  can change only i f  torques are appl ied  t o  the  s o l a r  

system as a whole,, Helpful transformations can be found i n  

Gurnette and Woolley (1961) 

As shown i n  Figure 3 we r e f e r  o r b i t a l  elements t o  the 

inva r i ab le  plane of  the s o l a r  system, and take the  re ference  

d i r e c t i o n  t o  be along the  l i n e  of i n t e r s e c t i o n  between the  

e c l i p t i c  plane and the invar iab le  plane,  The d i r e c t i o n  of  the  

l i n e  i s  chosen such t h a t  nEarth = 180°. 

O r b i t a l  elements referred t o  the  e c l i p t i c - v e r n a l  

equincix art: given i n  Allen ( 1 9 6 3 1 ~  These have been transformed 

t o  an invar iab le-p lane- l ine  of nodes re ference  t o  make up the  

l i s t  of o r b i t a l  elements f o r  each p l a n e t  (an average f o r  t he  

a s t e r o i d s  where meaningful), Table 1. Because of  a wide var- 

i a t i o n  il? t h e i r  o r b i t a l  elements, comets a r e  n o t  considered 

I 
I 

here 
t 

Comparisons of the  o r b i t a l  elements of t he  p l ane t s  are 

shown i n  Figures 4 through 7. The accuracy of a l l  o r b i t a l  

elements i s  very  good; spreads i n  a s t e r o i d a l  elements re f lec t  

d i f f e rences  among indiv idua l  a s t e ro ids ,  and n o t  abserva t iona l  

e r r o r  
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I 

The i n c l i n a t i o n s  wi th  respec t  t o  the  inva r i ab le  plane 

of the  s o l a r  system are shown in Figure 4 ,  

a range of i n c l i n a t i o n s  which i s  indicated by a dashed l i n e ,  

The median value of a s t e r o i d a l  i n c l i n a t i o n  i s  shown as a d o t ,  

By convention, a d i s t i n c t i o n  between d i r e c t  and re t ro-grade  

o r b i t s  i s  made i n  spec i fy ing  i n c l i n a t i o n ,  Inc l ina t ions  between 

90" and 180" i n d i c a t e  a re t rograde  o r b i t ,  and the  t o t a l  range 

of poss ib l e  i n c l i n a t i o n  i s  O0-18Oo, A r e g u l a r i t y  is  apparent 

from Figure 4.  All i n c l i n a t i o n s  are c l o s e  t o  0'. Thus, the 

p l ane t s  and a s t e r o i d s  a l l  move around the Sun i n  the same 

d i r e c t i o n  and l i e  nea r ly  i n  a plane,  The Jovian p l ane t s  are 

seen t o  have e s p e c i a l l y  low i n c l i n a t i o n s .  The choice of t h e  

The a s t e r o i d s  have 

inva r i ab le  plane as a re ference  forces  some s u i t a b l e  average 

of t he  i n c l i n a t i o n s  of the Jovian p lane ts  t o  be low, because 

almost a l l  (99%) of the  s o l a r  system's angular momentum i s  

invested in  the  o r b i t a l  motion o f  the Jovian p l ane t s .  That 

- a l l  of the  Jovian p l ane t s  have extremely low i n c l i n a t i o n  i s  

s i g n i f i c a n t ,  

Figure 5 shows the  o r b i t a l  e c c e n t r i c i t i e s  of t he  p l a n e t s  

and the  median a s t e r o i d .  The dashed l i n e  again shows the  spread 

of va lues  f o r  the  a s t e r o i d s .  Any e c c e n t r i c i t y  from 0 t o  1 i s  

allowed for an e l l i p t i c a l  o r b i t .  The f a c t  that a l l  the  eccen- 

t r i c i t i e s  are q u i t e  low ind ica t e s  t h a t  a l l  the  p lane tary  o r b i t s  

are n e a r l y  c i r c u l a r ,  This s o l a r  system r e g u l a r i t y  i s  a boundary 

condi t ion  on the  o r i g i n  and evolution of t he  s o l a r  system., A 

second r e g u l a r i t y  seems t o  arise f o r  t h e  Jovian p l ane t s .  Except 

I I T  R E S E A R C H  I N S T I T U T E  
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Ear Neptune, t he  e c c e n t r i c i t i e s  l i e  between 0.047 and 0.056. 

This  s i m i l a r i t y  i n  a non-zero but low e c c e n t r i c i t y  may also be 

I *  

I 

, a s o l a r  system r e g u l a r i t y ,  though the  sample i s  so  small t h a t  

i 
1 

I 

I 

it  may be  due t o  chance. 

T i t i u s  proposed, and Bode promulgated, a t t l a w t t  ( t h e  

Titius-Bode law) t o  empi r i ca l ly  r e l a t e  p l ane ta ry  semi-major 

axes t o  p l a n e t a r y  number", This  has u s u a l l y  been considered 

I 
1 

I t  

t o  be a boundary cond i t ion  on theo r i e s  of t he  o r i g i n  and evolu- 

t i o n  of  t he  s o l a r  system. One form of the  l a w  i s  as follows: t 

I = c 1  + c2(x)n , 
~ an 

where an i s  the  semi-major a x i s  of t h e  o r b i t  of n t h  p l a n e t ,  cl ,  c 2 ,  and 
I 

x are cons tan t s  determined empir ica l ly ,  and n i s  the  p l a n e t a r y  
I 
I 

number taken as : 

n = -00 f o r  Mercury 
= 0 f o r  Venus 
= 1 f o r  Ear th  

= 3 f o r  the  mean a s t e r o i d  
= 4 f o r  J u p i t e r ,  
etc . 

, = 2 f o r  Mars 
I 

Values f o r  t he  cons t an t s  are: 

c1 = 0 . 4  AU 

c2 = 0.3 AU 
I x = 2.0. 

I Figure 6 d i s p l a y s  p l ane ta ry  and a s t e r o i d  semi-major 

axes i n  a form designed t o  b e s t  check the  accuracy of t he  
I 

1 I l t  R E S E A R C H  I N S T I T U T E  
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T h e  parameter c1 i s  found empir ica l ly  t o  be .4 AU 
A po in t  having n as absc i s sa  compares the semi- 

I 
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Titius-Bode l a w ' s  c o r r e l a t i o n s .  

ordered i n  ascending d i s t ance  from the  Sun, i t  follows t h a t  

t he  ( n + l ) s t  p l a n e t  has a l a r g e r  semi-major a x i s  than the  n t h  

p l ane t .  To compare observat ions with the  conten t  of Bode's 

l a w ,  i t  i s  d e s i r a b l e  t o  compare semi-major a x i s  of ad jacent  

p l a n e t s ,  and t o  normalize i n  some fashion.  I f  we form the  

Since the  p l ane t s  a r e  a l ready  

quan t i ty :  

dn has the 

1) 

4 )  

In 

following p rope r t i e s :  

It compares the  d is tances  of t he  semi-major 
axes of ad jacent  p lane ts  

It i s  nondimensional (normalized) 

Its value  can range only from 0 t o  1 f o r  
n > O ,  and 

The Titius-Bode l a w  p red ic t s  t h a t  dn i s  independent 
of n f o r  n i  0,  and i s  equal t o  ( x - l ) / x .  

Figure 6 ,  dn i s  p lo t t ed  a g a i n s t  n over the range 

n = 0 t o  n = 7 (n = 0 compares the semi-major a x i s  of Earth 

t o  t h a t  of Venus; n = 7 compares P lu to  t o  Neptune). The l a w  

i s  seen to hold f a i r l y  w e l l ,  i nd ica t ing  some r e g u l a r i t y .  It 

should be emphasized t h a t  the  Titius-Bode l a w  i t s e l f  has some 

undes i rab le  p rope r t i e s :  

1) Mercury must be t rea ted  sepa ra t e ly  in t h a t  i t s  
p lane tary  number i s  assigned as n = -co, a d i s -  
c o n t i n u i t y  i n  the  sequence of o the r  p l ane ta ry  
numbers ( . . .4 ,  3,  2,  1, 0, ...). 

I I T  R E S E A R C H  I N S T I T U T E  
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2) Three cons tan ts  appear which must be  evaluated 
empi r i ca l ly  from only ten  d a t a  po in t s .  

3 )  The a s t e r o i d s  count a s  exac t ly  1 p lane t ,  even 
though they are very numerous, and have, i n  t o t a l ,  
a mass even less than t h a t  of Mercury. 

Therefore,  though the re  i s  some r e g u l a r i t y  i n  the semi-major 

axes of the  p l ane t s  i n  t h a t  they fol low (with cons iderable  

s c a t t e r )  the  Titius-Bode l a w ,  the r e g u l a r i t y  i s  n o t  p a r t i c u l a r l y  

s t rong .  

In  Figure 7 the  longi tude of ascending n o d e n  and the  

longi tude of p e r i h e l i o n 8  i s  shown f o r  each p l ane t .  

l a r i t y  would e x i s t  i f  values  of  h and 3 were markedly c l u s t e r e d .  

Since t h e r e  i s  no marked c l u s t e r i n g ,  i t  is  c l e a r  t h a t  any 

r e g u l a r i t y  i n  these  elements i s  small and presumably of minor 

importance. 

A regu- 

The following boundary condi t ions are thus imposed on 

a theory of the o r i g i n  and evolut ion of  the  s o l a r  system: 

THE INCLINATIONS AND ECCENTRICITIES OF THE PLANETS 
AND ASTEROIDS ARE VERY LOW; THEIR ORBITAL R A D I I  
FOLLOW AN EMPIRICAL LAW (BODE'S LAW) APPROXI- 
MATELY. 

I 

One o t h e r  i n t e r e s t i n g  f e a t u r e  i s  apparent from Figures 

4 through 6. The o r b i t a l  elements of Mercury, Mars, the  

a s t e r o i d s  and P lu to  are the l e a s t  r egu la r  i n  the  s o l a r  

system, and those of J u p i t e r ,  Saturn, and Uranus are the  most 

r egu la r .  P lu to  and Mercury are d e f i n i t e l y  the  most i r r e g u l a r ,  

I l T  R E S E A R C H  I N S T I T U T E  
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and t h e y  are f a r t h e s t  from 10 AU. Mars and the  a s t e r o i d s  

have very  low mass. 

of t he  l a r g e ,  c e n t r a l l y  loca ted  p lane ts  ( J u p i t e r ,  Saturn,  

On the  other  hand, the  o r b i t a l  elements 

Uranus) show the  most r e g u l a r i t y .  Empirically,  t he  least  

r egu la r  p l a n e t s  with r e spec t  t o  t h e i r  o r b i t a l  elements are 

the  l i g h t e s t  ones, and/or those having o r b i t s  f a r t h e s t  from 

about 10 AU. The numbers of p l ane t s  on which these r e l a t i o n -  

sh ips  appear a r e  so  small, however, t h a t  they could be chance 

arrangements. 

We now ask whether the o r b i t a l  r e g u l a r i t i e s  are boun-. 

dary condi t ions  of s o l a r  system o r ig in ,  o r  are evolut ionary.  

Whipple (1963) s u c c i n c t l y  states the  quest ion:  

W e  n o t i c e  next  t h a t  the  o r b i t s  l i e  almost i n  a 
plane,  very c l o s e  t o  the  e c l i p t i c ,  t he  plane of 
t he  Ea r th ' s  o r b i t  about the Sun. This f avor i t i sm 
on the  p a r t  of t he  p lane ts  i n  adopting a common 
plane of  motion i s  probably n o t  due t o  chance. 
Although no r igorous proof has been given, i t  i s  
p o s s i b l e  t h a t  J u p i t e r  i s  respons ib le ,  because t h i s  
p l a n e t  i s  317 t i m e s  as massive as the  Ear th  and 
possesses  0 .7  of the  combined mass of all the  
p l a n e t s .  J u p i t e r  is  c e r t a i n l y  the  master p l a n e t  
and by g r a v i t a t i o n a l  a t t r a c t i o n  may have regu- 
la ted the  o r b i t s  of the  o thers .  There i s  the  
more l i k e l y  p o s s i b i l i t y ,  o f  course,  t h a t  t he  
p l a n e t s  w e r e  a l l  formed in a plane - but we  
must i n v e s t i g a t e  t h i s  matter l a t e r  on. 

A s  p a r t  of t h i s  program, a s tudy of p l ane ta ry  per turba-  

t i o n s  aimed a t  t he  s t a b i l i t y  of p o s s i b l e  "or ig ina l"  o r b i t a l  

elements has been undertaken. S impl i f ica t ions  are necessary.  

I n  p a r t i c u l a r ,  w e  considered the  secu la r  p e r t u r b a t i o n  of a 

small p l a n e t  by a massive p l a n e t  l i k e  J u p i t e r .  The r e s u l t s  

I l T  R E S E A R C H  I N S T I T U T E  
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are the  following: The semi-major a x i s  i s  inva r i an t .  The 

r e s u l t  of  s ecu la r  pe r tu rba t ion  theory c a r r i e d  t o  the  second 

order  i n  the  "smallness" parameters which a r e  taken t o  be the 

e c c e n t r i c i t y  and i n c l i n a t i o n  of both J u p i t e r  and the  perturbed 

body i s  t h a t  the  i n c l i n a t i o n  and e c c e n t r i c i t y  of t he  s m a l l  

body are unchanged. More soph i s t i ca t ed  theory i s  required t o  

go t o  higher  order .  For a c i r c u l a r  J u p i t e r  o r b i t ,  Kozai 

(1962) has shown a n a l y t i c a l l y  t h a t  t he  i n c l i n a t i o n  and eccen- 

t r i c i t y  undergo per iodic  o s c i l l a t i o n .  Numerical work c a r r i e d  

ou t  by the  author  y i e l d s  the same r e s u l t  obtained by Kozai, 

and a l s o  i n d i c a t e s  t h a t  t he  bounds on e and i a r e  q u i t e  narrow 

f o r  t y p i c a l  p lane tary  semi-major axes,  r ega rd le s s  of the  o the r  

o r b i t a l  elements. For an e l l i p t i c a l  J u p i t e r  o r b i t ,  numerical 

c a l c u l a t i o n s  i n d i c a t e  non-periodic behavior of e and i, though 

they s t i l l  appear bounded wi th in  f a i r l y  narrow l i m i t s ,  

Another kind of per turba t ion  has been s tud ied  i n  which 

e i t h e r  t he  mass of t he  Sun o r  a p lane t  changes i n  time, e .g . ,  

e i t h e r  by acc re t ion  o r  by atmospheric escape. P o s s i b l e  s ecu la r  

changes i n  the  g r a v i t a t i o n a l  constant  are a l s o  included. The 

r e s u l t  of t h i s  s tudy i s  t h a t ,  i f  t he  time taken f o r  s i g n i f i c a n t  

mass o r  g r a v i t a t i o n a l  cons tan t  changes i s  long compared with 

the o r b i t a l  per iod,  then only the semi-major a x i s  changes i n  

time, while t he  o the r  o r b i t a l  elements remain f ixed .  

Looking a t  the  s o l a r  system as a whole, i t  i s  l i k e l y  

t h a t  the  long-term e f f e c t  of per turba t ions  i s  t o  leave  the  

i n c l i n a t i o n  and the  e c c e n t r i c i t y  r e l a t i v e l y  f ixed ,  allowing 
\ \ 
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tne  semi-major a x i s  t o  change somewhat by s low processes of 

a c c r e t i o n  and deple t ion .  

The o v e r a l l  conclusion i s ,  then, t h a t  the  bmndary 

condi t ion  of small i n c l i n a t i o n s  and e c c e n t r i c i t i e s  a d  r e g u l a r i t y  

i n  seini-major axes c i t e d  e a r l i e r  a r e  probably boundary condi- 

t i o n s  on the  theo r i e s  of the  o r ig in  r a t h e r  than of the evolu- 

t i o n  of the  s o l a r  system. 

2.3.2 O r b i t a l  Elements of P lane tary  Satel l i tes  

S t r i k i n g  o r b i t a l  r e g u l a r i t i e s  are found i n  a 

major i ty  of p lane tary  s a t e l l i t e s .  They are the  same regu- 

l a r i t i es  as f o r  t he  p l ane t s  themselves - l o w  i n c l i n a t i o n s  

and e c c e n t r i c i t i e s  and a modest f i t  t o  a "Titius-Bode law". 

Here a l s o ,  there  appears t o  be f a r  too much order  t o  be ex- 

p l a i n a b l e  by chance.. 

Although theo r i e s  f o r  o r i g i n  and evolu t ion  of t he  

s o l a r  system tend t o  concentrate  more on the  p l ane t s  than on 

s a t e l l i t e  systems around p lane t s ,  a d iscuss ion  of t he  o r b i t a l  

elements of t he  sa te l l i t es  i s  r e l evan t ,  because the  Sun's 

p l ane ta ry  system and a p l a n e t ' s  s a t e l l i t e  system may have been 

formed i n  a similar fashion (see Brandt and Hodge 1964, 

Kuiper undated). 

Tab le  2,  which l i s t s  the  mean o r b i t a l  d i s t ance ,  i n -  

c l i n a t i o n  t o  the  p lane tary  equator, and e c c e n t r i c i t y  of a l l  

known s a t e l l i t e s ,  has been constructed from d a t a  found i n  

Allen (1963) and Gurnette and Woolley (1961). The sa te l l i t es  

f a l l  n a t u r a l l y  i n t o  two d i s t i n c t  c l a s s e s  and have been s p l i t  
I l l  R E S E A R C H  I N S T I T U T E  
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Table 2 

SATELLITE ORBITS 

i Inc l i n a  t i o n  E c c e n t r i c i t y  
Dis tance  o f  O r b i t  t o  of  Mean 
(103 km) P l a n e t ' s  Equator  O r b i t  

Class 1 - Regular S a t e l l i t e s  

Mars 
I Phobos 
I1 Diemos 

J u p i t e r  
V 
I Io 
I1 Europa 
I11 Ganymede 
IV C a l l i s t o  

S a t u r n  
I M i m a s  
I1 Ence l adus  
III Tethys 
IV Dione 
V Rhea 
VI T i  t a n  
VII Hyper i o n  

Uranus 
V Miranda 
I A r i e l  
IT Umbr i e 1 
I11 T i t a n i a  
IV Oberon 

E a r t h  
Moon 

J u p i t e r  
VI 
VI1 
X 
XI1 
XI 
VI11 
IX 

S a t u r n  
VI11 I a p e t u s  
IX Phoebe 

Neptune 
I T r i t o n  
I1 Nereid 

9.4 
2 3 , 5  

18 1 
422 
6 7 1  

107 1 
1884 

186 
238 
295 
378 
527 

1222 
148 1 

124 
192 
267 
438 
58 7 

o o  57' 
1 18 

0 24 
0 
0 
0 
0 

1 3 1  
0 01 
L 06 
0 01 
0 21. 
0 20 
0 26 

0 
0 
0 
0 
0 

Class 2 - I r r e g u l a r  S a t e l l i t e s  

384.4 Var 

11480 2 7 O  3 8 '  
11740 24 46 
11860 29 01. 
21200 14 7 
22600 164 
23500 14 5 
23700 153 

3562 14 43 
12960 1 5 0  

3 54 1 5 9  5 7  
5570 27 27 

0.0210 
0.0028 

0 e 003 
0 
0 
0 
0 

0.0201 
0.99444 
0 
0.00221 
0.00098 
0 0289 
0.104 

<O.Ol 
0.0028 
0.0035 
0.0024 
0.0007 

0.05490 

0.15798 
0,20719 
0,13029 
0.16870 
0.20678 
0.378 
0.275 

0 02828 
0 16326 

0 
0.76 
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up i n  Table 2.  

whose o rb i t a l .  i n c l i n a t i o n s  r e fe r r ed  t o  the equa to r i a l  plane of 

the  pa ren t  p l ane t  are extremely 'Low, l e s s  than 1.6".* In  addi- 

t i o n ,  t he  e c c e n t r i c i t i e s  of "regular" s a t e l l i t e s  a r e  very low. 

The second c l a s s  are the  " i r r egu la r "  sa te l l i t es  having 

In one c l a s s  are the "regular"  sa te l l i t es ,  

much higher  i n c l i n a t i o n s  r e f e r r e d  t o  the e q u a t o r i a l  plane of 

the  pa ren t  p l ane t ,  i n  no case  be ing  less than 14". This d e f i n i t e  

gap i n  i n c l t n a t i o n s ,  from 1.6' t o  14" permits unambiguous 

c l a s s i f i c a t i o n  of each sa te l l i t e .  The i r r e g u l a r  s a t e l l i t e s  a l s o  

tend t o  have moderately l a r g e  e c c e n t r i c i t i e s .  Most th ink  t h a t  

these  i r r e g u l a r  sa te l l i t es  are captured a s t e r o i d s  and, as 

such, are n o t  r e l evan t  t o  the  o r ig in  of the  s o l a r  system, nor 

are they p a r t i c u l a r l y  important for  understanding i t s  evolut ion.  

As i s  shown i n  Table 2, the i n c l i n a t i o n s  and eccen- 

t r i c i t i e s  of r egu la r  sa te l l i t es  a r e  even lower than the  i n c l i n a -  

t i ons  and e c c e n t r i c i t i e s  of the p lane ts .  These d i r e c t ,  eo- 

planar ,  and c i r c u l a r  o r b i t s  a r e  c e r t a i n l y  a r e g u l a r i t y .  

Three p l a n e t s ,  J u p i t e r ,  Saturn, and Uranus have enough 

r e g u l a r  sa te l l i tes  t o  consider  a " s a t e l l i t e  Titius-Bode law".  

The l a w  i s  of the form: 

n = Cf + c2 x an 

*It should b e  mentioned here  t h a t  the e q u a t o r i a l  plane i s  very  
n e a r l y  the  i n v a r i a b l e  plane of the sys tem (garent  p l a n e t  p lus  
s a t e l l i t e s ) .  The reason i s  t h a t  the pa ren t  s s p i n  angular  
momentum is very much g r e a t e r  than the  o r b i t a l  angular  momenta 
of t he  s a t e l l i t e s .  This d i f f e r s  from the  solar system as a 
whole, where the  Sun's sp in  angular momentum i s  small, only 2% 
of the  t o t a l .  A s  i s  shown by the  X i n  Figbre 3 ,  t he  Sun's 
equator  i s  inc l ined  a t  7" t o  the  inva r i ab le  plane.  

I t  P1 
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where an i s  the  semi-major a x i s  of the n t h  s a t e l l i t e  (n = -a0 

0, 1, . . . I  and c19 c2 ,  and x are 

system. Approximate f i t s  t o  t he  

each systerr? are used t o  eva lua te  

J u p i t e r  2 . 6  
Saturn 2.75 
Uranus Deleted 

constants  f o r  a given s a t e l l i t e  

f i r s t  three s a t e l l i t e s  of 

these cons tan ts :  

X "2 

304 2 
104 1 . 7 2  
6.15 1.50 

In  the  case  of Uranus, a good f i t  occurs i f  the  c1 i s  se t  t o  

zero,  and the  c l o s e s t  s a t e l l i t e  is given a " s a t e l l i t e  number" 

of 0, i n s t ead  of -00. 

Figure 8 d isp lays  dn as a func t ion  of n, where dn i s  

again def ined as: 

a - a  - - n+l n 
dn an+l - 

The f i r s t  p o i n t  on each curve i s  guaranteed to  l i e  on o r  near  

the  p r e d i c t i o n s  of  the  " s a t e l l i t e  Titius-Bode law"  because i t  

i s  used t o  eva lua te  the cons tan t  x, which s o l e l y  determines 

the  p o s i t i o n  of the  dashed l i n e .  Therefore,  t he  f i r s t  po in t  

should be  ignored i n  see ing  how well  the  l a w  i s  followed. The 

pred ic ted  po in t s  number 2 f o r  J u p i t e r ,  4 f o r  Saturn,  and 3 f o r  

Uranus. 

As can be seen from Figure 8, the  l a w  works f a i r l y  

we l l  i n  t he  case  of J u p i t e r ' s  s a t e l l i t e s ,  less w e l l  f o r  Uranus' 

and n o t  a t  a l l  w e l l  f o r  S a t u r n ' s ,  though the  

d i c t e d  po in t s  are so  small t h a t  drawing f i rm 
I l T  R E S E A R C H  I N S T I T U T E  
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r i sky .  I f  a-nything, poss ib le  r e g u l a r i t i e s  i n  s a t e l l i t e  semi-major 

axes are weak, even weaker than i n  p lane tary  semi-major axes. 

The boundary condi t ion  on theor ies  of the  o r i g i n  and 

evolu t ion  of the  s o l a r  sys ten  i s ,  then: 

REGUL4R SATELLITES HAVE EXTREMELY L,OW INCLINATIONS 
AXD ECCENTRICITIES; THEIR ORBITAL FL4DII FOLLOW A 
"BODE'S L-4W" LESS WELL T-WN DO THE PLANETS. 

The inf luence of t h i s  boundary condi t ion  f o r  the s o l a r  

system as a whole i s ,  then: 

(1) The very  low o r b i t a l  i n c l i n a t i o n s  and e c c e n t r i c i -  
t i es  of regular  s a t e l l i t e s  enhances the  importance 
of l o w  p l ane ta ry  e c c e n t r i c i t i e s  atid i n c l i n a t i o n s  
as boundary condi t ions f o r  t heo r i e s  of the  o r i g i n  
of the s o l a r  system. 

( 2 )  The somewhat l a r g e r  devia t ions  from a Titius-Bode 
l a w  by s a t e l l i t e s  than by p lane t s  reduces the  i m -  
portance of the p lane tary  Titius-Rode l a w  as a 
boundary condi t ion f o r  t h e a r i e s  of the o r i g i n  and 
evolu t ion  of the  solar sys ten .  

2.3.3 --- Boundary Coiiditions I_ - from Rotations 

In t h i s  s ec t ion  the  r o t a t i o n  of the  p l ane t s  i s  

t r e a t e d .  Although the o r i g i n  o f  p lane tary  magnetic f i e l d s  i s  n o t  

r e a l l y  known, most theo r i e s  involve p l ane ta ry  r o t a t i o n .  For t h i s  

reasoa,  magnetic f i e l d s  are a l s o  considered i n  t h i s  s ec t ion .  

The p l a n e t s ,  except f o r  Venu:; and Plu to ,  are 

known t o  ro t a t e  i n  a forward sense ( sp in  angular  momentum 

adds t o  o r b i t a l  angular  momentum), and almost a l l  p l a n e t s  a i d  

a s t e r o i d s  having knowa per iods r o t a t e  once i n  sesreral hours.  
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These r e g u l a r i t i e s ,  e spec ia l ly  the r o t a t i c n  per iod s i m i l a r i t y ,  

cannot b e  due t o  chance, and are boundary condi t ions f o r  the  

o r i g i n  and evolut ion of the s o l a r  sys t em,  

T a b l e  3 l i s t s  the b e s t  values known a t  present  f o r  the 

s i d e r e a l  r o t a t i o n  r a t e s  of the  p lane ts  and the Sun. The i n c l i n a -  

t i o n s  of the  p lane tary  equator r e fe r r ed  t o  i t s  o r b i t a l  plane 

( ca l l ed  "obl iqai ty"  i n  t h i s  repor t )  and of the S m ' s  equator t o  

the  inva r i ab le  plane of t he  s o l a r  system are l i s t e d .  Also i n -  

cluded i n  the t a b l e  are b e s t  cur ren t  estimates and measurements 

of p l ane ta ry  magnetic f i e l d  s t rengths  and o r i e n t a t i o n s .  

Figure 9 d isp lays  the  r o t a t i o n a l  da ta .  The t o p  h a l f  shows 

the i n c l i n a t i o n s  except f o r  the a s t e r o i d s  and Plu to  f o r  which 

da ta  are no t  a v a i l a b l e .  

as shown by radar  s t u d i e s ,  are c lose  t o  the  perpendicular t o  

t h e i r  o r b i t a l  plane.  Venus, however, r o t a t e s  i n  a re t rograde  

sense ( sp in  angular momentum vector  opposi te  t o  i t s  o r b i t a l  

angular  momentum) ( P e t t e n g i l l  a;ld Shapiro 1965) ,  leading t o  

values  of o b l i q u i t y  near  180O. In  the case of Uranus, the r o t a -  

t i o n a l  a x i s  l i e s  almost i n  the plane of i t s  o r b i t ,  r e s u l t i n g  i n  

an o b l i q u i t y  of n e a r l y  90 ' .  

The r o t a t i o n a l  axes of Mercury and Venus, 

The lower h a l f  of Figure 9 shows the  s i d e r e a l  r o t a t i o n  

per iod f o r  each p l ane t .  The value o f  some s i x  days f o r  P lu to  

i s  open t o  ques t ion ,  and the values f o r  Mercury azd 
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Sun Me V E Ma A J S U N P  

- ROTATIONS OF THE SUN, PLANETS, AND ASTEROIDS. 
on a s t e r o i d a l  r o t a t i o n  periods ind ica t e  the spread of values  I 

f o r  var ious a s t e r o i d s ;  the other e r r o r  bars ind ica t e  experi-  
mental uncer ta in ty .  Data a r e  taken from Allen (1962) ,  except 
f o r  Mercury and Venus, where l a t e s t  radar  measurements are given. 

T h e  error  bars 

I 
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Venzrs have a considerable  spread, Rs ta t ion  per iods c.f a number 

of a s t e r o i d s  have been measured in  pho toe lec t r i c  s t u d i e s  of 

f l u c t u a t i o n s  i n  the  r e f i e c t e d  sunl ight .  Resul t ing r o t a t i o n  
h per iods  range from 5h16m ( E m s )  to poss ib ly  as l a rge  as 18 

QHygiea). 

The i n c l i n a t i o n  between the e q u a t o r i a l  plane of a 

p l a n e t  and i t s  o r b i t a l  plane is  usua l ly  moderately low, N 25", 

although a couple of g l a r i n g  exceptions exis t  (Venus and 

Uranus). The tendency of p lane ts  t o  have l o w  r o t a t i o n a l  i n -  

c l i n a t i o n s  forms a r e g u l a r i t y ,  but a much weaker one than the 

r e g u l a r i t y  assoc ia ted  wi th  the  very l o w  i n c l i n a t i o n s  of the  

o r b i t s  themselves t o  the  invar iab le  plane of the  solar system. 

The re t rograde  sp in  of Venus seems d i f f i c u l t  t o  explain.  

On the  o the r  hand, the  r o t a t i o n  per iods show s u r p r i s i n g  

r e g u l a r i t y ,  In the  case  of the p lane ts  between Ear th  and 

Neptune the  r o t a t i o n  per iods,  everr incl i ldirg a s t e r o i d s ,  d i f f e r  

by nc more than a f a c t o r  of f i v e .  (Mercury and Venus may 

have had s u b s t a n t i a l l y  higher  r o t a t i o n a l  speeds i n  the p a s t  

which have been reduced by t i d a l  fo rces  by the  Sun.) This 

f a c t o r  o f  f ive d i f f e rence  i n  an i n t r i n s i c  proper ty  of s o l a r  

system bodies i s  markedly lower than the  d i f f e rences  i n  o the r  

i n t r i n s i c  p r o p e r t i e s  of the  same bodies,  such as mass, r ad ius ,  

eta=. which are many orders  of magnitude. To sum upJ the  follow- 

ing are boundary condi t ions t o  t h e  o r i g i n  and evolu t ion  of t he  

s o l a r  system: 

I l T  R E S E A R C H  I N S T I T U T E  
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I .  

THE FIAZL'ETS AND ASTEROIDS ROTATE WITH SMAL!, VARTA'I'ICWS 
I N  PERIOD, EXCEPT FOR VENUS, MERCUR.Y AND PLUrO: THEY 
'PI" TO JUVE FAIRLY LOW O I X I Q U I T Y .  

I- i--- - - _YQ -- 

The ques t ion  of the long-term s t a b i l i t y  of r o t a t i o n  r a t e s  

ca-3 be asked, t o  see whether the r o t a t i o n  r e g u l a r i t i e s  now ob- 

served were present  a t  the  s o l a r  system's o r i g i n .  The answer i s  

n o t  c l e a r  a t  present .  Ce r t a in ly  changes i n  a s a t e l l i t e ' s  s e m i -  

major a x i s  due t o  t i d a l  forces  w i l l  change the pr imary 's  r o t a t i o n  

ra te .  Except f o r  the  Earth-Moon system, however, r e s u l t i n g  changes 

i n  r o t a t i o n  ra te  are very small, because the  masses of a l l  sa te l -  

l i t e s  except Moon are very small cornpared t o  the masses of the  

pr imaries  ((2 x 10 >. S o l a r  torques ca-i lead to  chmges of a 

p l a n e t ' s  angular  momentum. I f  the p l a n e t  i s  a r i g i d  body, the 

magnitude of the angular momentum i s  i n v a r i a n t ,  however. The 

major unanswered quest ion i s  the response of a p l ane t  with an ex- 

tens ive  f l u i d  core ,  sur face ,  o r  atmosphere t o  solar torques over 

the f i v e  b i l l i o n  year l i f e t i m e  of the  solar  system. Un t i l  t h i s  

i s  answered, one cannot a s c e r t a i n  whether the r e g u l a r i t y  i n  

p lane tary  r o t a t i o n  ra tes  i s  evolutionary o r  was present  immedi- 

a t e l y  a f t e r  the o r i g i n  of the so la r  sys ten ,  

-4 

A s  can  be seen from T a b l e  3 ,  our present  knowledge of 

p l ane ta ry  magnetic f i e l d s  i s  q u i t e  scanty.  The E a r t h  and ,Jupi ter  

have s u b s t a n t i a l  sur face  magnetic f i e l d s ,  the Slin has a very l o w  

f i e l d  f o r  i t s  s i z e  (W 1 gauss) ,  and Venus aad Mars have very 

s m a l l  s u r f ace  magnetic f i e l d s ,  i f  any. There i s  e s s e n t i a l l y  

no information regarding the magnetic o r i e n t a t i o n  o r  f i e l d  

I l T  R E S E A R C H  I N S T I T W T E  
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I . s t r e n g t h  of o ther  planets .*  

'It i s  n o t  c l e a r  a t  t h i s  t i m e  whether a p l a n e t ' s  magnetic 

moment preserves  some c lues  t o  the o r i g i n  and/or evolut ion of 

the s o l a r  system, e .g . ,  i t s  thermal h i s t o r y ,  or whether i t  i s  

mere ly  a funct ion of o the r  planetary parameters such a s  s i z e ,  

i 

sp in ,  e l e c t r i c a l  conduct ivi ty ,  e t c .  Much add i t iona l  basic observa- 

t i o n a l  evidence i s  probably required before the relevance of 

p l ane ta ry  magnetic f i e l d s  t o  so l a r  system o r i g i n  and evolut ion 

can be  determined. 

and can be obtained t o  f i r s t  order from f lyby missions,  

i n  the  f i e l d  s t r e n g t h  and i t s  o r i e n t a t i o n  over very long per iods 

are a l s o  of i n t e r e s t  but w i l l  probably r equ i r e  lander  missions.  

2.4 Physical  and Chemical P r o p e r t i .  

The magnetic moment i s  most e a s i l y  determined 

Variat ions 

2.4.1 Overall  Solar  SEtem - Density 
-I- 

T a b l e  4 l i s t s  the masses and serni-major axes of 

the p l a n e t s ,  excluding Plu to ,  whose mass i s  unknown. The values  

show-i a r e  taken from Allen (1963) .  One parameter of i n t e r e s t  i s  

the p re sen t  s p a t i a l  d i s t r i b u t i o n  of  solar  system matter. 

acts as a s i g n i f i c a n t  boundary condi t ion i f  p l ane t s  form ou t  of 

a s i n g l e  cloud of gas o r  dus t .  O f  course,  most  of the matter i n  

the s o l a r  system i s  now found lumped i n  the Sun, p l ane t s  o r  

a s t e r o i d s .  In  order  t o  smooth out  a solar  system dens i ty  d i s t r i -  

bution, w e  take a l l  the  mass of a plane t  and spread i t  uniformly 

between sphe r i ca l  s h e l l s  located a t  the mid-point d i s t ance  

This 

*Nonthermal r ad io  emission from Saturn has been reported,  which 
would i n d i c a t e  the  presence of a magnetic f i e l d .  I t  now a p -  

r ad io  emission from Saturn has been de tec ted .  
I pears  t h a t  these r e s u l t s  are spurious,  and t h a t  only thermal 1 
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Plane t  

Mass Semi-Maj or Solar System 
( i n  Earth Axes 
masses) w 1 

Mercury 

Venus 

Earth 

Mars 

Asteroids  

J u p i t e r  

Saturn 

Uranus 

Neptune 

.054 

.815 

1.000 

108 

e 1  

318 

95.2 

14.5 

17,2 

387 

0 723 

10 000 

1. ,524 

2.4 

5.203 

9.540 

19-18 

30.07 

.85 

2.7 

1.5 

05 

.03 

2,4 

.15 

. 03  

. OE 
*Defined a s  the mass of the planets  divided by the volume be- 

tween the sphe r i ca l  s h e l l s  of r a d i i  1 / 2  (a, + an+$) and 
1 / 2  (a, + an-l)  where a, i s  t h e  semi-major a x i s  o 
i n  ques t ion  and 

the p lane t  
i s  the semi-major a x i s  of the p l ane t  

ad jacent  t o  the i n  quest ion.  
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I 

between the given p l ane t  and i t s  neares t  neighbors.  In  t h i s  

way i t  i s  poss ib l e  t o  convert  the mass data shown i n  Table 4 

t o  a dens i ty  histogram - Figure 10,  which i s  a p l o t  of t h i s  

d i s t r i b u t e d  dens i ty  of matter i n  the s o l a r  system versus d is tance  

from the  Sun. 

The choice of three-dimensional geometry ( spher ica l  

s h e l l s ,  as opposed to  segmezts of a d isk)  i s  a r b i t r a r y ,  as i s  

the inc lus ion  of the a s t e r o i d s  as a separa te  objec t .  Never- 

t h e l e s s ,  the  o v e r a l l  shape of  the curve does  n o t  change i f  two- 

dimensional geometry i s  adopted, o r  i f  the  a s t e r o i d s  are ignored, 

combined with Mars, or  combined with J u p i t e r ,  In p a r t i c u l a r ,  

the region near  Mars and the  a s t e ro ids  i s  much less dense than 

the reg ion  near J u p i t e r .  A boundary condi t ion  to  the o r i g i n  

and evolu t ion  of the  s o l a r  system i s ,  therefore ;  

I THF, DISTRIBUTION OF MATTER BE'TWEEN EARTH AND JUPITER. 

I I t  i s  i n t e r e s t i n g  t o  no te  t h a t  the a s t e r o i d s  e x i s t  a t  

1 the  only nearby p l ace  i n  the s o l a r  system so undense t h a t  s m a l l  

bodies would n o t  r ap id ly  be captured by a p l ane t .  

2 , 4 . 2  Differences Between Jovian and Leerrestrial  P lane ts  

The Jovian p l ane t s  ( J u p i t e r ,  Saturn,  Uranus, and 1 

I Neptune) are a l l  massive, low-density, low-molecular-weight 

p lane ts ;  the t e r res t r ia l  p l ane t s  (Mercury, Venus, Earth and  Mars) 

are a l l  l i g h t ,  high-density,  high-molecular-weight p l ane t s .  S i m i -  

l a r i t i e s  and d i s s i m i l a r i t i e s  i n  these gross  phys ica l  cha rac t e r -  

i s t i c s  are related t o  s o l a r  system o r i g i n  and evolut ion.  
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F i g u r e  10. DENSITY OF MATTER I N  THE SOLAR SYSTEM. The mass of  each  p l a n e t  
i s  s p r e a d  uniformly between s p h e r i c a l  s h e l l s  l o c a t e d  midway 
between t h e  p l a n e t  and i t s  n e a r e s t  ne ighbors .  



In T a b l e  5 the  g ross  physical  p r o p e r t i e s  of  the p l ane t s  

1 

I 
a r e  summarized (F lu to ' s  p rope r t i e s  are  so poorly kncm t h a t  i t  

i s  ignored he re ) .  The values  of p lane tary  dens i ty  shown are 
I 
1 

I 
I taken from Allen (19631, They are determined by comparing the  

s i z e  of t he  p l a n e t  (not too w e l l  determined) t o  the  mass of 

the  p l a n e t  (usua l ly  w e l l  determined) Table 5 aLso l i s t s  I 

t p l ane ta ry  blackbody temperatures, A p l a n e t  without i n t e r n a l  
L 

h e a t  sources  i n  thermal equi l ibr ium must radiate  as much energy 

(mostly i n  the  i n f r a r e d )  as i t  receives  from the  Sun (mostly 

i n  the  v i s i b l e )  

a r r i v i n g  a t  a temperature a t  which the p l a n e t  r a d i a t e s  as much 

energy as i t  rece ives ,  

The balance i s  achieved by the  p l a n e t ' s  

Blanco and McCluskey(1961) g ive  values  f o r  the  

temperature of each p l ane t ,  using the measured v i s i b l e  albedo, 

and p e r f e c t  emis s iv i ty  i n  the  in f r a red  (the "blackbody" 

temperature) These temperatures are giver, i n  T a b l e  5. 

A rough i n d i c a t i o n  of  the cozpos i t ion  of the  p l a n e t s ,  

as given by Whipple (1963) ,  i s  ineluded i n  Table 5. He s p l i t s  

the  kinds of material i n t o  t h r e e  types: ear thy ,  Fey, and 

gaseous. The ea r thy  type includes l i th ium,  magnesium, i r o n  

and many o the r s ,  as w e l l  as t h e i r  compounds ( s i l i c a t e s ,  oxides,  

e t c . ) .  The i c y  materials include carbon, n i t rogen ,  oxygen as 

w e l l  as t h e i r  compounds wi th  each o t h e r  and with hydrogen. 

The gaseous elements are hydrogen and noble gases. 

Knowledge of the  chemical composition of the  atmospheres 

of t he  va r ious  p l ane t s  i s  poor a t  p re sen t ,  though improvements 
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measured, because the  ex i s t ence  of some common gases ,  such as 

I hydrogen, helium, n i t rogen ,  and argon, carmot be  determined 

, 1500"K, w e  have assumed tha t  each p l a n e t ' s  exospheric tempera- 
1 

I t u r e  i s  s i x  t i m e s  i t s  blackbody temperature. This assumption i s  

ques t ionable  s i n c e  r e c e n t  work suggests lower exospheric tempera- 

t u r e s  than shown f o r  Mars and J u p i t e r .  However, some i n d i c a t i o n  

of escape s ince  o r i g i n  i s  obtained as a r e s u l t .  

i 
I 
I 

There i s  i n  Table 5 a s i m i l a r i t y  i n  the  observed gross  i 
i 

1 

phys ica l  p r o p e r t i e s ,  i . e . ,  mass, dens i ty ,  composition and a t -  

mospheric mol.ecular weights among terrestr ia l  p l a n e t s  (Mercury 

through Mars) and among Jovian p lane t s  ( J u p i t e r  through Neptune) a 

I 

I 

I Fur ther  t h e r e  i s  a g r e a t  d i s s i m i l a r i t y  of t he  observed gross  I 

physical  p r o p e r t i e s  of  a t e r r e s t r i a l  p l a n e t  and a Jovian p l a n e t ,  

l ead ing  t u  the  boundary condi t ion :  
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JL4SED ON GROSS PHYSICAL PROPERTIES, PLANETS FALL INTO 
TWO CLASSES, J O V I A N  (LARGE, LOW DENSITY, LOW MOLECULAR 
WEIGHT) AND TERRESTRIAL (SMALL, HIGH DENSITY, HIGH 
MOLECUL4R WEIGHT) ., 

The sharp d i s t i n c t i o n  i n  physical  p r o p e r t i e s  of t e r r e s -  

t r i a l  p l ane t s  compared t o  Jovian p lane ts  may b e  due t o  a wide gap 

i n  the molecular weight o f  gases poss ib le  a t  p lane tary  tempera- 

t u re s  and pressures ,  i . e . ,  no gas i s  poss ib l e  a t  high concentra- 

t i o n  having molecular weight between helium (molecular weight 4 ) ,  

and methane (molecular weight 16 ) .  The Jovian p l ane t s  a r e  cold 

enough and massive enough to  r e t a i n  hydrogen and helium, and 

become low dens i ty ,  low molecular weight p l ane t s  composed mostly 

of "gaseous" and "icy" cons t i t uen t s .  The t e r r e s t r i a l  p l ane t s  

were probably too ho t  and n o t  massive enough to  r e t a i n  hydrogen 

and helium, and could have evolved t o  p l a n e t s  of high dens i ty ,  

high molecular weights composed mostly of "earthy" mater ia l s .  

It  appears l i k e l y ,  then, t h a t  most of  the  r e g u l a r i t i e s  

found i n  the  gross  physical  p roper t ies  of the p l ane t s  a c t  as 

boundary condi t ions f o r  t heo r i e s  of  the  evolu t ion  of the  s o l a r  

system, but no t  necessa r i ly  o f  i t s  o r i g i n .  

2 . 4 . 3  Composition of T e r r e s t r i a l  Objects - 
Meteorites and the c r u s t  of the Earth are available 

f o r  d e t a i l e d  chemical study; some p rope r t i e s  of the  o the r  terres- 

t r i a l  p l ane t s  can be i n fe r r ed  from t h e i r  d e n s i t i e s .  The idea of 

formulating a r e l a t i o n  between such chemical evidence and ques- 

t i o n s  regarding s o l a r  system o r i g i n  and evolu t ion  i s  due p r i n c i -  

p a l l y  t o  Urey. This idea i s  a r a the r  r ecen t  development, and 
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sone of t he  d e t a i l e d  chemical s tud ies  show g r e a t  d i v e r s i t y ;  

conclusions must, therefore ,  be  drawn very c a r e f u l l y .  

As t i m e  goes on, i t  can be expected t h a t  chemical ev i -  

dence w i l l  p lay  an increas ingly  important r o l e  i n  s t u d i e s  of 

the o r i g i n  a n d  evolut ion of the solar system. In  t h i s  and the 

next  two sec t ions  w e  s h a l l  ou t l i ne  some of the  less  specula t ive  

conclusions a r r ived  a t  from chemical s t u d i e s ,  without going 

i n t o  too many of the  technica l  d e t a i l s .  I 

I 

Meteori tes  f a l l  i n t o  two broad c l a s s e s :  " i rons ,"  which 

are composed p r i m a r i l y  of i r o n  and n i c k e l ,  and "stones," which 

are composed p r i m a r i l y  of s i l i c a t e s .  Furthermore, i t  i s  thought ! 
I 

I t h a t  i ron-n icke l  and/or s i l i ca tes  form the  bulk of a l l  terres- 
I 
1 t r i a l  p l ane t s  and a s t e ro ids .  

I t  i s  poss ib l e  t o  ca l cu la t e ,  though no t  uniquely,  an 
I 

I approximate f r a c t i o n  of iron-nickel from t h e  dens i ty  and s i z e  
t 

of a t e r r e s t r i a l  ob jec t  ( the remainder being s i l i c a t e s ) .  T a b l e  6 ,  

taken f r o m  Vrey  (1957) shows the r e s u l t  of such c a l c u l a t i o n s .  The 

uncompressed dens i ty  i s  defined as  the mean dens i ty  a t  zero pres -  

sure .  Two values  f o r  Mercury and Mars a r e  shown, because t h e i r  

r a d i i  were uncer ta in  (Mercury's s t i l l  i s )  e 

I n  T a b l e  6 one can observe a boundary condi t ion  on 

theo r i e s  of the  o r i g i n  a i d  evolution of the  s o l a r  system. 

THE UNCOMPRESSED DENSITIES 03' TERRESTRIAL PLANETS 
- DECREASE (SLIGHTLY) WITH INCREASING SOLAR DISTANCE. 

The above statement i s  most accurate  only i f  the Earth-Moon 

s y s t e m  i s  lumped together .  
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Table 6 

PLANETARY DENSITIES AND COMPOSITIONS 

Percent 
Uncom- Iron- 

Mass Radius Mean pressed Nickel 
P lane t  Earth = 1 Earth = 1 Density Density Phase 

Mercury 0 .0543  0 . 3 8  5 .46  5 . 4  72 

0.403 4 .58  4 .5  50  

Venus 0.8136 0 . 9 6 1  5 . 0 6  4 . 4 ( ? )  45 

Ear th  1 1 5.515 4.4 45 

Moon 0 .012304  0.2728 3 . 3 4  3 . 3 1  0 

Mars 0.1080 0.520 4 . 2 4  4 . 0 2  30 

0.523 4 .17  3.95 27 
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2.4.4 Lack of Heavy Vola t i les  ---I on Earth 

Almost a l l  t heo r i e s  f o r  the o r i g i n  of the s o l a r  

system s t a r t  with a "cosmic" ( i . e . ,  n e a r l y  s o l a r )  abundance of 

r a w  ma te r i a l .  It  should be  pointed out  t h a t  s o l a r  abundances 

have r e c e n t l y  been questioned - pas t  observat ions may only r e f l e c t  

the  chromospheric abundances. I t  i s  r e l evan t  t o  look a t  present -  

day abundances on Earth and see which elements are c l e a r l y  de- 

I f i c i e n t  o r  abundant. Light ,  gaseous elements such as hydrogen 

I 
1 

I 

and helium are c l e a r l y  d e f i c i e n t ,  b u t  t h i s  def ic iency  i s  e a s i l y  

accounted f o r  by escape from the  atmosphere (see Section 2 . 4 . 2 ) .  

Another d e f i c i e x y ,  as poizzted nut by Acton (see Urey 

1957)  i s  t h a t  the abundances of a l l  the  i n e r t  gases are sub- 

s t a n t i a l l y  lower on Earth than on the Sun (Russell  and Menzel 

1933 co,zfirmed t h a t  o ther  stars have l a r g e  abundances of neon). 

The i n e r t  gases e x i s t  i n  the  gaseous phase a t  extremely low t e m -  

pe ra tu re s ,  aqd are very v o l a t i l e .  If one makes the assumption 

t h a t  the pr imordiai  matter which u i t imate iy  went i n t o  making up 

the  s o l a r  system w a s  a t  o r  near cosmic abmdance, then some 

mechanism must be foJnd f o r  g e t t i n g  r i d  of neon, argon, xenon, 

krypton, e tc .  Thus there  i s  a boundary condi t ion  on theo r i e s  

of the  o r i g i n  and evolut ion of t h e  s o l a r  sys t e s :  

THE EARTH, AND PROBABLY OTHER TERRESTRIAL PLANETS , 
HAVE MUCH - SMALLER THAN COSMIC ABUNDANCE OF HIGHLY 
VOLATILE ELEMENTS, INCLUDING THOSE OF H I G H  MOLECULAR 

WEIGHT . 
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It w a s  shown i n  Sec t ion  2 , 4 . 2  that p lane t s  as massive 

as the  Earth,  even wi th  high exospheric temperatures, w i l l  

r e t a i n  neon and a l l  heavier  r a r e  gases over a f i v e  b i l l i o n  y e a r  

t i m e  s c a l e .  Therefore,  evaporation, even with an exospheric 

temperature e leva ted  f a r  above Ea r th ' s  p re sen t  exospheric 

temperature,  i s  i n s u f f i c i e n t  t o  account f o r  t he  l ack  of these  

heavy gases .  Therefore, t he  boundary condi t ion  above i s  very 

important i n  t h a t  substances which are gaseous a t  low tempera- 

t u r e s  w e r e  probably l o s t  from the  solar  system by non-evaporative 

processes  such as momentum t r a n s f e r  from the  s o l a r  wind. 

2 . 4 , s  Norma1 Abundance of Medium-Volatile Elements 

T e r  Haar (19481 ,  followed by Urey ( 1 9 5 1 ,  1 9 5 2 1 ,  

suggested t h a t  s o l i d  bodies formed o r  accumulated i n  the  s o l a r  

sys tem a t  l o w  temperatures,  H i s  evidence i s  as follows: Under 

reasonable  condi t ions  of pressure ,  and assuming cosmic abun- 

dance, which implies  a reducing environment, t he  elements 

COY COZY and oxygen i n  H20,  CO, and C02).  

Urey (19.54) has extended the  arguments t o  o t h e r  ele- 

ments i n  both a reducing and a non-reducing environment. He 

concludes t h a t  t h e r e  a r e  very  l a r g e  d i f f e r e n c e s  i n  v o l a t i l i t e s  

of t h e  elements mercury, cadmium, z inc ,  s i l i c o n ,  magnesium, 

calcium, and aluminum. Mercury i s  1 2  orde r s  of magnitude more 

v o l a t i l e  than aluminum o r  calcium a t  1500°K i n  a reducing a t -  

mosphere, Y e t  t hese  elements show no s i g n i f i c a n t  depa r tu re s  
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I 

from cosmic abundance, leading t o  the boundary condi t ion  on 

r t h e o r i e s  o f  the  o r i g i n  and evolution of t he  solar  system: 

I RELATIVE ABUMDANCES OF ELEMENTS WHICH DIFFER I N  VOLA- 
TIEITY BY ORDERS OF MAGNITUDE AT ELEVATED TEMPERATURES, 

I 
BUT NOT AT N 300"K, DO NOT DEPART SIGNIFICANTLY FROM 
COSMIC ABUNDANCE 

I 

2.5 Boundary Conditions Imposed by I so top ic  Rat ios  
, I 2.5.1 Light  Element I so topic  Rat ios  

The importance o f  both the ex i s t ence  and the  

observed i s o t o p i c  r a t i o s  of some l i g h t  elements have been em-  

phasized i n  a thorough paper by Fowler, Greenstein and Hoyle 

I (1962). They show t h a t  production of  deuterium, l i th ium,  
I I 

beryll ium, and boron is. d i f f i c u l t  by "ordinary" nuc lea r  pro- 

c e s s e s .  Furthermore,gresent knowledge of t h e i r  i s o t o p i c  
I 
! r a t i o s  i s  independent of low energy processes ,  i . e . ,  chemistry.  
I 

Therefore,  the i s o t o p i c  r a t i o s  were probably the  same j u s t  

a f t e r  p l a e t s  xere fzrmec! 2s they are now. 
I 

6 7  The r a t i o s  of t he  abundance of i so topes  D2:H1, L i  : L i  

and B 'O0B1' a each show l i t t l e  v a r i a t i o n  from all t e r r e s t r i a l  

(and m e t e o r i t i c )  samples. Leighton (1958) t a b u l a t e s  t hese  

i s o t o p i c  ra t ios  , which form the  boundary condi t ion :  

THE RATIO OF DEUTERIUM TO HYDROGEN IS 1.5 x 10-4 
THE KATIO OF L i 6  TO L i 7  IS  .08; 
TO B1l IS .23, 

THE RATIO OF B" I 
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Me must now inqui re  as t o  l i k e l y  i so top ic  r a t i o s  of 

pr imordial  hydrogen, l i th ium and boron. Fowler, Burbidge and 

Burbidge (1955) conclude t h a t  deuterium, l i thium, beryll ium 

and boron are n o t  generated through r eac t ions  i n  s te l la r  in-  

t e r i o r s ,  and i t  i s  q u i t e  c l e a r  t h a t  temperatures which must 

e x i s t  i n  s te l lar  i n t e r i o r s  w i l l  r ap id ly  ( 10,000,000 years)  

dep le t e  any e x i s t i n g  D, L i ,  B e ,  B .  Lithium has been detected 

on a few s tars ,  but average s te l lar  abundance i s  much lower 

than terrestr ia l .  Deuterium has not  been de tec ted  i n  the 

s t e l l a r  atmosphere, and the upper l i m i t  t o  i t s  abundance, r e l a -  

t i v e  t o  H I is 871 order  cf magnitude less  than the D-:H' i s o -  

top ic  r a t i o  found i n  terrestr ia l  oceans (Kinman 1956). 

1 7 1  

There i s  general  agreement t h a t  these i so topes  a r i s e  

i n  nuclear  r eac t ions  of a non-thermal na tu re  somewhere outs ide  

s t e l l a r  i n t e r i o r s .  One method f o r  production of otherwise fo r -  

bidden l i g h t  elements i s  bombardment of s o l i d  sur faces  by 

s t c l l a r  protoils.  Such "spa l la t ion i i  can produce D,  L i ,  Be, B, 
6 but wi th  L i  : L i 7  and B1':B1' r a t i o s  o f  the order  of un i ty .  If 

the  above process i s  important, then the  boundary condi t ion  

imposed by t he  i s o t o p i c  r a t i o s  should be a l t e r e d  t o  include 

the change of the amounts o f  l i thium 6 and boron 10 r e l a t i v e  

t o  l i t h ium 7 and boron 11 from approximately un i ty  t o  the observed 

i s o t o p i c  r a t i o s .  
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2,5,2 Meteor i t i c -Te r re s t r i a l  Xenon and S i l v e r  
I so topic  Ratios 

Cameron (1962, 1963) has used experimental  

determinat ion of i so top ic  r a t i o s  o f  the  elements of xenon and 

s i l v e r  i n  meteori tes ,  r e l a t i v e  t o  the  i so top ic  r a t i o s  on 

Earth,  i n  order  t o  da t e  c e r t a i n  processes occurr ing i n  the  

e a r l y  h i s t o r y  of the  s o l a r  system. 

From the  work of Reynolds (1960a, b, c )  and o the r s  i t  

i s  now known t h a t  the  isotopes of xenon having mass numbers 

129 ,  131, 132,  134 and 136 a r e  much more abundant re la t ive t o  

X e  12' i n  s tone  meteori tes  than they are on Earth,  and somewhat 

more abundant i n  i ron  meteor i tes  than on Earth.  The t o t a l  

amount of xenon i s  a considerably l a r g e r  f r a c t i o n  of the t o t a l  

mass of a meteori te  than i t  i s  of the  Earth,  and the  meteor- 

i t e s  used f o r  the  d e t a i l e d  s tud ie s  are those which conta in  

the l a r g e s t  f r a c t i o n  of xenon, the carbonaceous chondr i tes .  

Among these  meteori tes ,  the xenon i s o t o p i c  r a t i o s  show very 

small scat ter  from meteori te  t o  meteori te  (with some excep- 

t i o n s )  and d i f f e r  by a l a rge  amount (10-20 percent )  from the 

i s o t o p i c  r a t i o s  of xenon i n  the  Ear th ' s  atmosphere. The 

overabundant nuc l ides  tu rn  out t o  be  those which can ar ise  

from f -decay of f i s s i o n  products of low-lifetime, heavy 

nucl ides  

I 

The same kinds of f a c t s  turn out  t o  be t r u e  f o r  i r o n  

meteor i tes ,  and a d d i t i o n a l l y  there  i s  a 2 percent  overabundance 

of Ag compared t o  Ag log (Murthy 1960),  Again, Ag107 i s  a 
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decay product of a f i s s i o n  product. These i so top ic  r a t i o s  pro- 

vide a boundary condi t ion  on theor ies  of the  evJ lu-  

t i o n  of t he  s o l a r  system: 

ISOTOPES OF I E N O N  AND SILVER WHICH ARE 
PRODUCTS OF RADIOACTIVE IWCLIDES ARE OVERABUNDANT I N  
METEORITES 

6 -DECAY 

2.6 Restatement of the Boundary Conditions 

I n  summary, the boundary condi t ions on theo r i e s  

of the  o r i g i n  and evolut ion of the s o l a r  system t h a t  were d i s -  

cussed i n  t h i s  s e c t i o n  are: 

1. 

2. 

3 .  

4. 

5. 

6. 

The angular  momentum p e r  u n i t  mass of t he  Sun i s  
less than t h a t  of  t he  p l ane t s  by a f a c t o r  of more 
than 10,000. 

The Sun's r o t a t i o n  speed i s  n o t  unusual when com- 
pared t o  o t h e r  s t a r s  o f  the  same s p e c t r a l  class. 

The Sun w a s  probably very l a r g e  and b r i g h t  f o r  
~ 1 0 6  years ;  i t  was then very  active during some 

7 o r  a l l  of the  next  w l 0  years;  i t s  su r face  
temperature probably never exceeded r ~ 6 0 0 0 ~ K .  

The i n c l i n a t i o n s  and e c c e n t r i c i t i e s  of the  
p l ane t s  and a s t e r o i d s  are very low; t h e i r  o r b i t a l  
r a d i i  fol low an  empir ical  l a w  (Bode's law) 
approximately. 

Regular s a t e l l i t e s  have extremely low i n c l i n a t i o n s  
and e c c e n t r i c i t i e s ;  t h e i r  o r b i t a l  r a d i i  fol low a 
"Bode's law"  less w e l l  than do the  p l ane t s .  

The p l ane t s  and a s t e r o i d s  r o t a t e  w i th  s m a l l  var i -  
a t i o n s  i n  per iod,  except f o r  Venus, Mercury and 
Plu to ;  they tend t o  have f a i r l y  l o w  ob l iqu i ty .  
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7. 

8. 

9 .  

10 0 

11. 

1 2 .  

13 .  

The dens i ty  histogram o f  Figure 10. 

Based on gross  physical  p r o p e r t i e s ,  p l ane t s  f a l l  
i n t o  two c l a s s e s ,  Jovian ( la rge ,  low dens i ty ,  l o w  
molecular weight) and t e r r e s t r i a l  (small ,  high 
dens i ty ,  high molecular weight) .  

The uncompressed d e n s i t i e s  of terrestrial  p l a n e t s  
decrease ( s l i g h t l y )  with increas ing  s o l a r  d i s t ance .  

The Earth,  and probably o t h e r  terrestrial  p l a n e t s ,  
have much smaller than cosmic abundance of h ighly  
v o l a t i l e  elements, including those of high 
molecular weight. 

Rela t ive  abundances of elements which d i f f e r  i n  
v o l a t i l i t y  by orders of magnitudes at e leva ted  
temperatures,  bu t  n o t  a t  ~ 3 0 0 ° K ~  do n o t  depa r t  
s i g n i f i c a n t l y  from cosmic abundance. 

The r a t i o  of deuterium to  hydrogen i s  1.5 x 
t he  r a t i o  of L i 6  t o  L i  
t o  B l '  i s  .232. 

7 10' i s  .080; the  r a t i o  of B 

Isotopes of xenon and s i l v e r  which a r e  f -decay 
products of r ad ioac t ive  nuc l ides  are overshuindamt 
i n  meteor i tes .  
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3 .  THEORIES OF THE ORIGIN AND E'JOLUTION OF THE SOLAR 
SYSTEM 

This sec t ion  c o n s i s t s  of a b r i e f  d i scuss ion  of some of 

the more prominent t heo r i e s  which are p resen t ly  thought t o  

c o n t r i b u t e  s i g n i f i c a n t l y  t o  man's understanding of the o r i g i n  

and evolu t ion  of the  s o l a r  system. 

A l a r g e  number of theor ies  have been proposed, and a l l  

make some con t r ibu t ions  t o  our understanding. 

g r e a t  number and complexity, w e  consider  he re  only a represen- 

t a t ive  sampling (with apologies t o  those t h e o r i s t s  who have 

made s u b s t a n t i a l  con t r ibu t ions  which do n o t  appear he re  due t o  

t i m e  and space l i m i t a t i o n s ) .  

Because of t h e i r  

Criteria chosen f o r  theory s e l e c t i o n  are: 

(I) The theory must be i n  a t  l e a s t  genera l  accordance 
wi th  p r e s e n t l y  known boundary condi t ions.  

(2)  The theory must b e  "popular, 1 1  io e. ,  widely 

r e f e r r e d  t o  i n  the  cu r ren t  l i t e r a t u r e .  

3 . 1  u Classes of Theory 

Theories of the  o r i g i n  of t he  s o l a r  system can be  

divided i n t o  t h r e e  c l a s s e s .  The f i r s t  class i s  c a l l e d  "catas- 

trophic".  In a l l  ca t a s t roph ic  theo r i e s ,  t he  Sun is  considered 

te  have formed without  p l ane t s .  Later i t  undergoes a c l o s e  

encounter o r  c o l l i s i o n  wi th  one or more stars. Hot gasses  

are t o r n  from the Sun t o  be used u l t ima te ly  f o r  p l ane ta ry  

formation. 

The major motivation f o r  generat ing catas t rophic  

theo r i e s  was the  d i f f i c u l t y  e a r l y  t h e o r i s t s  had i n  accounting 
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f o r  the  urleven d i s t r i b u t i o n  of a n g u l a r  momentum within the s o l a r  

system by less v i o l e n t  processes a Catastrophic  theo r i e s  (see 

f o r  example, Jeans 1929 and Lyt t le ton  1936, who a l s o  d iscuss  

and re ference  ear l ier  work) overcome the angular momentum prob- 

l e m  because the  passing s t a r ( s )  could r e a d i l y  exchange angular 

momentum with the mater ia l  pul led from the Sun a n d  even with 

the Sun i t s e l f  i n  an  a r b i t r a r y  fashion, dependent on de t a i l s  

of the encounter,  

There are th ree  s t rong  objec t ions  t o  such theo r i e s .  A 

fundamental ob jec t ion  t o  a ca tas t rophic  theory i s  the r e s u l t  of 

c a l c u l a t i o n s  by &lke (1930) and by Sp i t ze r  (1939), who showed 

t h a t  material pu l led  o f f  of our Sun i s  so  ho t  t h a t  i t  would 

r ap id ly  d i s s i p a t e  i n t o  space because of t i d a l  and pressure  forces .  

I t  would thus not  be r e t a ined  by the SU-I long enough t o  form 

p l a n e t s .  

A l s o ,  the  p r o b a b i l i t y  o€ a s u f f i c i e n t l y  c lose  encounter 

by our Sun wtth another s t a r  i s  very small. O n e  f i nds  t h a t ,  on 

the average, a given s tar  w i l l  encounter m o t h e r  s tar  c l o s e l y  

enough t o  p u l l  o f f  material o n l y  i f  the s tar  d e n s i t y  i s  many 

orders  o f  magnitude g r e a t e r  than a t  present .  

t h a t  s tar  dens i ty  w a s  much g rea t e r  i n  the p a s t  tha? now; thus 

increas ing  the c o l l i s i o n  p robab i l i t y .  Recent observat ions,  

however, i nd ica t e  an age of the universe aqd of  the  galaxy con- 

s ide rab ly  l a r g e r  than the age of our S u n .  

a b i l i t y  t h a t  the  s tars  were s i g n i f i c a n t l y  denser a t  o r  a f t e r  

the  Sun's b i r t h  i s  not very high. 

I t  has been argued 

Therefore the  prob- 
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Fina l ly ,  the r e s u l t s  o f  Section 2 . 2 ,  which i n d i c a t e  

small r o t a t i o n  speeds f o r  s tars  l i k e  our Sun, imply t h a t  a l l  

such stars have low angular momentum, Therefore,  the movitation 

f o r  ca t a s t roph ic  theor ies  has been removed, a i d  they have l o s t  

favor among cosmogonists. They are  discussed no f u r t h e r  t h i s  

r epor t .  

A new c l a s s  of theory a l so  involves a s o l a r  c o l l i s i o n ,  

but r a t h e r  with an i n t e r s t e l l a r  cloud of gas a-zd dus t ,  a much 

more proSable process than a Sun-star encounter.  Schmidt 

(1944) ou t l ined  the theory,  and Russian astronomers e s p e c i a l l y  

have found i t  a t t r a c t i v e .  This theory does not contain the  

objec t ions  t h a t  made ca t a s t roph ic  theo r i e s  unpopular. In the 

f i r s t  place, the p r o b a b i l i t y  of the Sun's encounter wi th  such 

a cloud i s  much higher tha2 a s t e l l a r  c o l l i s i o n ,  although i t  

i s  s t i l i  r a t h e r  improbable. Secondly, the  gas a i d  dus t  i n  the  

c l o u d  i s  assumed t o  be cold,  and there  i s  probably s u f f i c i e n t  

time f o r  p lane tary  formatim tc occur  n;akfr;g i i ~ e  oF khe cap- 

tured material. Again, t he re  i s  no angular  momentum problem 

because the cloud can have almost any i n i t i a l  angular  momentum 

wi th  r e spec t  t o  the  Subi, thus making the  Sun's  arlgular momentum 

independent of t h a t  of the p lane ts .  

The f i n a l  c l a s s  of theory s ta r t s  with a s i n g l e  cloud 

of i n t e r s t e l l a r  material out  of which the  Sun, the p l a n e t s ,  

azd the srnaller bodies of t he  s o l a r  system evolve.  The cloud 

a t  some t i m e  exceeds a c r i t i c a l  dens i ty  and s i z e  and c o n t r a c t s ,  

such t h a t  the c e n t e r  por t ions  of the cloud form the  Sun, and  
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the  ouCeerrnost pccrtkms escape or form plazets. Most non-Russian 

eosmogsnis ts new subscr ibe  t o  t h i s  Yoevolutio.nary" theory. 

Condf t i s n s  under which cloud contrac t i o n  can begin, 

and how vfacous and hydromagnetic e f f e c t s  can i n h i b i t  solar  

r o t a t i o n  a r e  discussed i n  some d e t a i l  i n  the  appendix. 

3 , 2  Indiv idua l  Theories for the Origin and Evolution 
of the  Solar System 

3.2,1 Theory of Kant and Laplace (1755, 1796) 

Kant (1755) and Laplace (1396) (see discuss ion  

by Berlage l 9 4 8 )  w e r e  the f i r s t  t o  propose the  hypothesis t h a t  

t he  solar  system w a s  formed o u t  of s c a t t e r e d  matter .  The 

authors  regarded the  process as a r egu la r  development of matter 

t h a t  followed the  l a w s  of na tu re ,  and i n f e r r e d  t h a t  g r e a t  

changes have taken place s i n c e  the beginning of the  s o l a r  system. 

Both Kant and haplace b u i l t  up their hypetheses oii &I-- L L l t :  

i d e a  t h a t  the Sun and the p l ane t s  w e r e  formed ou t  of d i spersed  

matter ,  and t h e i r  ideas  w e r e  s o  similar t h a t  they have become 

merged i n t o  m e  theory. Laplace said t h a t  the pr imordial  

nebular  medium w a s  gaseousp while  Kdlllt used the  term " p a r t i c l e s , "  

which may b e  understood as gas ,  dust  o r  any o t h e r  s m a l l  bodies.  

The d i f f e r e n c e  can b e  s i g n i f i c a n t ,  s i n c e  the  presence of d u s t  

o r  o t h e r  small s o l i d  p a r t i c l e s  i n  a s o l a r  nebula f a c i l i t a t e s  

the r e d i s t r i b u t i o n  of energy and the t ransformation of p a r t  of 

t he  k i n e t i c  energy i n t o  hea t ,  Secondly, Kant speaks of  t he  

gradual, a c c r e t i o n  of p a r t i c l e s  that c o l l i d e  during motion as 

a condi t ion  f o r  t h e i r  growth, whfle  Laplace 's  p l ane t s  are 
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I 

formed f rox  the condensation of gas. Both of  these thoughts 

w e r e  la ter  developed f u r t h e r .  ICrplt's hypothesis d id  n o t  in -  

clude the separation of  r ings  from the  con t r ac t ing  Sun (due t o  

r o t a t i o n a l  i n s t s b i l i t y )  t h a t  piayed such an important p a r t  i n  

LspPace's theory and w a s  of more interest  t o  h i s  fol lowers  

I 

I 
than anything else. 

The j o i n t  hypothesis could no t ,  however, cope with the  

angular momentum problem. 

angular  momentum was generated i n  the  process of evolut ion,  

Kant erroneous1.y imagined t h a t  

I while Laplace, by assuming i t  t o  be p re sen t  from the  very begin- 

ning (the r o t a t i n g  nebula) ,  could n o t  expla in  the  anomalous 

d i s t r i b u t i o n  of the  angular momentum between the Sun and the  I 

1 planets and ignored it. 

Their  concepts were, o f  course, l imi t ed  by the  level 
1 

of 18th century s c i e n t i f i c  knowledge. Not only were immeasur- 

a b l y  fewer facts  known, but such things as the  l a w  of conserva- 

t i on  of energy and the  transformation of one form of energy 

i n t o  another had n o t  y e t  been es tab l i shed .  There f u r t h e r  w a s  

no sc ience  of thermodynamics o r  s t a t i s t i c a l  mechanics i n  ex i s -  

tence. Though t h e i r  theory had many shortcomings, Kant and 

I 

I 
1 

Laplace d i d  make a break i n  metaphysics; t h e i r  hypotheses were 

b u i l t  upon the  r e g u l a r i t i e s  i n  the s t r u c t u r e  of the  s o l a r  

system as they were known a t  t h a t  t i m e  and provided an explana- 

t i o n  f o r  e number of f a c t s .  
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3 d . 2  Alfven (1942-1954) 

Alfvenl s theory (1942, 1954) cons ide r s  the  

s o l a r  system development from the  t i m e  a t  which a r o t a t i n g  

magnetic ( sur face  f i e l d  + l  gauss) Sun had formed and w a s  

surrounded by a solar  "nebula". 

a s o l a r  mass and w a s  w i th in  0 .1  l i g h t  years from the  Sun, h a l f  

of  i t  being wi th in  50 AU. A s  t he  mater ia l  i n  t he  nebula f e l l  

i n  toward the  Sun, c o l l i s i o n s  caused i o n i z a t i o n ,  so  t h a t  sub- 

sequent ly  motions w e r e  governed almost s o l e l y  by the  Sun's 

magnetic f i e l d .  Alfven ca l cu la t ed  the  fo rce  on a proton i n  

the  E a r t h ' s  o r b i t  due t o  the  Sun's magnetic f i e l d  t o  have been 

g r e a t e r  than i t s  g r a v i t a t i o n a l  force  by a f a c t o r  of 60,000. 

The nebula a t  t h a t  t i m e  had 

The Sun's f i e l d  served t o  separate d i f f e r e n t  elements 

on the  basis of i o n i z a t i o n  p o t e n t i a l .  An element r e l a t i v e l y  

d i f f i c u l t  t o  i on ize ,  l i k e  helium, f d l  r e l a t i v e l y  c l o s e  t o  t he  

Sun before  so la r  r a d i a t i o n  w a s  s t rong  enough f o r  i o n i z a t i o n .  

Alfven speaks of four  main clouds,  each r e q u i r i n g  d i f f e r e n t  

rclnrrn? A u l L b L e  =f  tnmnovntt l i ra  LLulyrLuLuLs te ;,mize d t f f e r e n t  elm?e?.?ts. E2ch 

group, of  course,  had " impur i ty '~  elements from a l l  t he  o the r  

groups The A cloud w a s  composed of high-ionization-potential 

material and f e l l  very c l o s e  t o  the  Sun. The B-cloud w a s  

stopped i n  t h e  region of t e r r e s t r i a l  p l a n e t s ;  the  C-cloud 

near  Jup i t e r ' ,  Saturn,  and Neptune, and the  ;)-cloud beyond 

Neptune, The procedure i s  shown t o  expla in ,  i n  p a r t ,  t he  d i f f e r -  

ence i n  the  gross  phys i ca l  p rope r t i e s  of the  Jovian and t e r -  

res t r ia l  p l a n e t s .  
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Alfven also explains the angular momentum d i s t r i b u t i o n .  

AS SOOT as zt p a r t i c u l a r  cloud i s  ionized, electromagnetic forces  

tend to acce le ra te  khe cloud material t o  the same angular  

velc~ci~sy as that of the central Sun. 

from Sun t o  clouds by a tenuous Ffesma. 

The f i e l d s  are coupled 

Angular momentum 

transfer i s  accsmpiished i n  only a 0 0  few years" and, as the  

material begins t o  sp in  r ap id ly ,  the increas ing  c e n t r i f u g a l  

force which i s  produced brakes i t s  inward motion, r e s u l t i n g  i n  

accumulation at c e r t a i n  d is tances  from the  Sun. 

Condensation enabled the  gas which w a s  a t  t h i s  po in t  

less ionized t o  form drops o r  gra ins  OE s o l i d  n u c l e i  present 

in tne o r i g i n a l  nebgla. E l e c t r o s t a t i c  e f f e c t s  a ided t h e  con- 

densation. The grafns  and drops aecreted i n t o  l a r g e r  and 

Larger badies, u l t ima te ly  forming p lane ts  and sa te l l i t es .  

kiter theorists have r e j ec t ed  many f e a t u r e s  of Alfven! s 

theory ,  especially the  separa t ion  o f  elements on the  b a s i s  of 

i o n i z a t k n  po",ntlals because the  temperatures recpired f s r  

even modest i on iza t ion  are thought t o  h e  much higher  than 

aetually existed i n  the nebula.  Akfven's novel i n j e c t i o n  of 

hydromagnetic forces t o  so lve  the angular momentum problem 

has endured, and has g r e a t l y  influenced la te r  work. 

3 , 2 . 3  Schmidt (1944-present) 

P r i o r  t o  the  1 9 4 0 ~ ~  the two p o s s i b i l i t i e s  con- 

cern ing  the o r i g i n  sf t he  s o l a r  system w e r e  (1) Sun-star 

interaction ( c o l l i s i o n ) ,  wi th  material being t o r n  ou t  t o  form 

p lane t s ,  and (2) gps imul t~neous"g  f o r h a t i o r  of Sun and p l a n e t s  
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I b o t t  of these  and assumed that  a c ioud  of gas and d u s t  was 

pres  en t conf igu ra t ion .  
I 

1 captured  by the pre-ex is t ing  Sun as it t rave led  through a 

I of the  m a t t e r "  of the  nebula w a s  c a r r i e d  away wi th  the  Sun and 
b 
I continued t o  move together  w i t h  it and revolve around it .  

! The dusk p a r t i c l e s  of  t he  cloud become separa ted  from 

the gas by s o l a r  r ad ia t ion .  They tended t o  c o l l e c t  towards 

~ t he  e q u a t o r i a l  plane of the  cloud, which was f l a t t e n e d  because 

o€ t h e  ro t a t ion .  The mutua1 g r a v i t a t i o n a l  a t t r a c t i o n s  be tween  

the  particles gradual ly  increased because of the smaller I 

separa t ion .  The r e s u l t  w a s  tlie agglomerayion of matter i n t o  

bodies intermediate  i n  s i z e  between the primordial, p a r t i c l e s  

and the  present planets. Some of the Larger bodies f i n a l l y  

I 
1 
I 

becam ["he p lane t s  by gradual  accretion o f  the smal.ler bodies 
1 
, and fragments. The f r o n t i s p i e c e  shows Schmidt' 9 evclu t ionary  

6 3  



r e s u l t ,  moved along an  almost circular o r b i t .  The minor planets 

1 

masses O F  t he  o u t e r  p l a n e t s  turned o u t  t o  be ve ry  l a r g e ,  whi le  
? 

Q2r \cr i .4 r rn  <-t--J..-<-- LL- 
y G . u A u G J  Lr lLLuUUL~~l t j  L L W  new c l a s s  or' solar s y s t e m  

I 
o r i g i n  theory based on cloud capture ,  the theory of Schmidt 

and followers has made several con t r ibu t ions  which are r e l e v a n t  

to a l l  t heo r i e s .  The importance o f  s o l i d s  i n  p l a n e t a r y  forma- 

t i o n  has  g e n e r a l l y  been favored by l a t e r  t h e o r i s t s .  

d e t a i l e d  s tudy  of the  a c c r e t i o n  mechanism has co r rec t ed  a num- 

ber  of  prev ious  misconceptions, and can even be used to  account  

for t he  p r e s e n t  d i r e c t i o n  of  rotation of most of t h e  p l ane t s .  

I 

The 

I 
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m 5 2.4 Van Weizskker  (1944-1946) 

Von weizaleker (1944, 1946) (also see  Chandrasekhar 

1946) ass-med p lane t s  were formed o u t  of a r egu la r  p a t t e r n  of 

t u rbu len t  eddies revolving around a c e n t r a l  s tar ,  the  Sun. The 

s t a r t i n g  p o i n t  i s  a f l a t t e n e d  solar nebula,  of mass 0 .1  Mae 

Because the  Reyno"rs number i s  so  l a r g e  (IU 10") t he  f l u i d  

motion w a s  h ighly  tu rbu len t  (see appendix). The tu rbu len t  

ve loc i t i e s  w e r e  assumed to  have been about 20 km/sec, which is  

comparable tr! rhc r e l a t i v e  v e l o c i t i e s  of neighboring stars,  

The eddies  ranged i n  size from a ceZlisiorz mean f r e e  pa th  t o  

n L,Garly c. the size of the  nebula ,  A? e n t i r e  spectrum of eddies  

i s  b u i l t  up on t he  basis of t h e i r  s i z e  and v e l o c i t y .  

The solar nebula i s  assfimed t o  have formed wi th  a r a t h e r  
14 3 high d e n s i t y  (10 /cm >, having a mean f r e e  pa th  of  the  order  

of 1 cm. Each p a r t  of the  nebula revolved around the  Sun i n  a 

f r e e  KeyZer o r b i t  and, as  turbulerice developed, a tu rbu len t  

pa t te rn  was superimposed on Ehe Kepleer mtaticz.  Vzn Weissscker, 

searching f o r  a p a t t e r n  which would cause the  least  d i s s i p a t i o n  

of energy by v i s c o s i t y ,  chose a complicated set  of ep icyc le  

eddies .  Condensation i s  assumed to  have s t a r t e d  where eddies  

couched each o the r .  

bodies i s  expected t o  have proceeded r ap id ly .  F i n a l l y ,  when a 

1 1  

Subsequent bui lding up of l a r g e r  s o l i d  

c e r t a i n  c r i t i c a l  r ad ius  w a s  passed, g r a v i t a t i c n a l  e f f e c t s  

become dominant and increase  the  rate of growth of the  body 

by g r a v i t a t i o n a l  i n s t a b i l i t i e s .  The r a t e  of growth of the  

p h i e t e s i m a l s  i n  the  i n i t i a l  s tages  w a s  assumed to  have been 
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p r o p o r t m n a i  t o  t i m e ,  

t i m e  scale9 though, s ince  the  r e l a t i v e  -,wBocity of impacting 

p a r t i c l e s  i s  some s o r t  of weighted mean of the  re la t ive par- 

1 t i c l e  v e l w i t y  and t h e  thermal veioeicy. I€ the temperature 

s f  the  gas was roughly 3 0 0 ° K / m  (where a i s  the d i s t ance  t o  

the Sun i n  astronomical u n i t s ) ,  then a s m a l l  condensation would 

There is some uncertainty i n  the o v e r a l l  

I 

i 
form i n  ~ 3 0  years  and a body some 2000 km i n  diameter would 

be formed i n  some 3 x 10 years .  Since rbe l i f e t i m e  of the  

I 

l a 

s o l a r  nebula w a s  computed t o  b e  10 7 years? condensation stopped 
1 

w i t h  the formation of 1000 km planetesimals.  

formation f a  envisioned t o  have proceeded by acc re t ion .  

p a r t i c u l a r  o r i g i n a l  eddy p a t t e r n  o r i g i n a l l y  assumed l ed  t o  the  

Jovian p l a n e t s  arranged according t o  Bodeu s lawo 

Fina l  p lane tary  

The 

r o  
V m  Weizsacker 's  theory made a s u b s t a n t i a l  con t r ibu t ion  

t o  understxmding the  m i g i n  of the solar syscem by introducing 

tu rbu len t  v i s c o s i t y  t o  so lve  the  al-rguiiar mcmentean; problem, 

UnfortunateIv,  turbulence w a s  not w e l l  under s &ood when he 

began h i s  work, and some of his q u a n t i t a t i v e  c a l c u l a t i o n s  of 

eddy decay rates and v e l o c i t y  spec t ra  are inco r rec t .  Kuiper 

followed Von Weizs&ker wi th  a theory r e t a i n i n g  a tu rbu len t  

s o l a r  nebula,  but incorporat ing l a t e r  wcrk on t h e  s t r a c t u r e  

of turbulence,  

3.2.5 Kuiper (1949-1954) 

Kuiper 's  work (summarized i n  Keziper 1951)  ex- 
I I  

tended Weizsacker's theory and added a l a r g e  amount of  

as troncPmieaL and o the r  evidence as boundary condi t ions  
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Kuiper used Kolmogsrov' s s p e c t r a l  law o f  tar bulence (unknown 

t o  Von Weizskke r ) ,  t o  show t h a t  Von Weizsgcker's p a t t e r n  of 

v o r t i c e s  w a s  very un l ike ly  t o  form, and once formed could n o t  . 

l as t  f o r  a t i m e  requi red  f o r  planetesimal formation. 

t i c u l a r ,  v o r t i c e s  would be unequal i n  s i z e ;  the  l a r g e r  ones 

would arise f u r t h e r  away from the Sun. 

In  par- 

In  determining a p laus ib l e  dens i ty  d i s t r i b u t i o n  i n  the  

s o l a r  nebula,  Kuiper included the e f f e c t s  of s o l a r  t i d a l  forces .  

H e  showed t h a t  a condensation would be uns tab le  i f  t h e  n e t  d i f -  

ference i n  the  Sun's a t t rac t ive  force on any two neighboring 

elements exceeds the  mutual g r a v i t a t i o n a l  attrao: t i o n  between 

them., In  t h a t  case the  t i d a l  forces  of t he  Sun w i l l  overcome 

the  s e l f - a t t r a c t i o n  of the  elements, and a condensation cannot 

occur.  

occur i s  given by 6M/nR the  l o c a l  Roche l i m i t ,  where M i s  

the  s o l a r  mass and R i s  the  d is tance  from the Sug. 

The c r i t i c a l  dens i ty  below which ccndensation cannot 
3 

Based on condensation at the Roche l i m i t ,  a l l  pr imordial  

condensations are shown t o  have had a b u t  the  same mass, which 

w a s  somewhat l a r g e r  than J u p i t e r ' s  p re sen t  mass. This r a i s e d  

a d i f f i c u l t y  i n  the  l i g h t  of the present  d i s p a r i t y  i n  p l ane ta ry  

masses. However, Kuiper a t t r i b u t e d  these  mass d i f f e r e n c e s  t o  
subsequent evolu t ion  of the  Protoplanets ,  I !  i . e .  l a r g e  bodies 

which sh r ink  t o  form p lane t s .  The terrestr ia l  p l ane t s  l o s t  

mass because they w e r e  c l o s e  t o  sclar  r a d i a t i o n .  Uranus and 

Neptune became smaller because l o s t  material could n o t  be  

recaptured s i n c e  i t  would leave the solar  system. 
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Further ,  during the course of the pro toplane ts '  con- 

t r a c t i o n ,  they were a l l  s t rong ly  a f f ec t ed  by s o l a r  t i d e s ,  which 

imposed a synchronous r o t a t i o n .  This i s  a consequence of  the  

f a c t  t h a t  condensations occur a t  the Roche l i m i t ,  s o  t h a t  

s o l a r  t i d a l  forces  and i n t e r n a l  a t t r a c t i o n  were balanced f o r  

each pro toplane t  a t  the s t a r t  of condensation. A s  these proto-  

p l a n e t s  cont rac ted ,  however, the  dens i ty  increased and the 

t i d a l  forces  became less e f f e c t i v e .  With the a t t enua t ion  of 

the  braking e f f e c t  of s o l a r  t i des ,  the r o t a t i o n  of the  p l ane t s  

increased due t o  conservat ion of angular momentum. The 

p l ane t s  thus began t o  r o t a t e  w i t h  per iods  smaller than t h e i r  

o r b i t a l  per iods ,  the  r o t a t i o n  being d i r e c t  f o r  a l l  cases .  

A very a t t r a c t i v e  f ea tu re  of Kuiper 's  work i s  t h a t  much 

of the  astronomical evidence c i te$  i n  Sect ion 2 . 2  i s  accounted 

f o r .  P lane tary  formation i s  considered as a s p e c i a l  case of 

a un ive r sa l  process which a l s o  'leads t o  b inary-s ta r  formation. 

I f  the mass of the nebula happens t o  b e  l a r g e ,  a s i n g l e  con- 

densat ion i s  formed, thus l e a d h g  t o  a binary star sys tem.  I f  

i t  i s  small, a s o l a r  system f u l l  of a s t e r o i d s ,  but  no p l ane t s ,  

i s  formed. Only i n  the intermediate case  i s  a system with a 

few p lane t s  the  end r e s u l t .  

Kuiper d i f f e r s  from most o the r  t h e o r i s t s  i n  t h a t  he sug- 

g e s t s  condensation leads to  protoplanets  and with subsequent 

evaporation leading  t o  p l ane t s ,  r a t h e r  than condensation t o  

form planetesimals  and subsequent acc re t ion  t o  form p lane t s .  
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3 2 6 Fowler, Greens t e i n ,  Hoyle 

I The cosmogony of Hoyle, Fowler, Greens t e i n  
I 

and o the r s  i s  se t  f o r t h  i n  a number of papers,  t he  most impor- 

t a n t  of which are those of Hoyle (1960) and Fowler, Greenstein 

and Hoyle (1962). The s t a r t i n g  point  i s  a low-density i n t e r -  

s t e l l a r  cloud which con t r ac t s  t o  form a c e n t r a l  Sun and an 

e q u a t o r i a l  d i s k  of s o l a r  nebula of low mass Me). A t  

t h i s  po in t ,  the  Sun w a s  l a r g e  (radius of 40 RJ), cold  (w5O0K),  

and spinning r ap id ly .  

I 

I 

Hoyle showed t h a t  the Sun's s p i n  could have been slowed 

I by hydromagnetic forces  even i n  a co ld ,  weakly ionized nebula,  

which acqui res  angular  momentum and recedes from the  Sun so 
I t h a t  t he  s o l a r  system i s  l i k e  a T-Taurid, wi th  mass flow out .  I 

I Sol id  p a r t i c l e s  condense, and these condensations grow. I f  

they grow enough, the  drag on them by the  outflowing gas i s  

i n s u f f i c i e n t  t o  e n t r a i n  them and they a r e  l e f t  behind as 1 

i 

I 

I p lanetesimals  
I 

Fowler, Greenstein and Hoyie have been a b l e  t o  use the  

boundary condi t ion  of l i g h t  element i s o t o p i c  r a t i o s  t o  determine 

the  s i z e  of the  planetesimals .  The Sun i s  assumed very a c t i v e  

and i r r a d i a t e s  t he  condensations with ene rge t i c  protons,  some 

of which,' upon nuclear  r eac t ions  , generate  neutrons.  The 

ene rge t i c  protons c r e a t e  elements n o t  o r i g i n a l l y  p re sen t  i n  

the  nebula, such as l i thium, b e r y l l i u m ,  and boron (Li,  Be, B), 

wi th  i so tope  ra t ios  L i 7 : L i  and B1o:B1l- 1. Neutrons, having 

been thermalized by s c a t t e r i n g  i n  t h e  p lane tes imals ,  dep le t e  

6 
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6 
' L i  and (and increase  L i 7  s l i g h t l y )  by the  following high- 

c ros s - sec t ion  r eac t ions :  

6 L i  + n - +  H 3 + d  

7 B'O + n-,  L i  +a. 

The planetesimals  during t h i s  s t age  must have dimen- 

s ions  of t he  order  of magnitude 1-50 meters. I f  smaller, no t  

enough s h i e l d i n g  would be p re sen t  to  prevent  removal of i so -  

topes l i k e  Gd157, which have high thermal neutron c ross -sec t ions  

but  which are observed wi th  normal i so top ic  abundance. 

i f  smaller, the  planetesimals  could n o t  s epa ra t e  from the  out-  

flowing gas of  v o l a t i l e s .  

l a r g e  ( > 5 0  meters) ,  t he  neutron reac t ions  a r e  too i n e f f i c i e n t  
t o  produce the  observed L i  6 / L i 7  and BIO/B1' i so tope  r a t io s ,  

Also, 

On. t he  o ther  hand, i f  they a r e  too 

1 

Near J u p i t e r  and Saturn,  the mass f l u x  outward w a s  

reduced, and hydrogen and helium was p resen t  during condensa- 

t i on .  This prevents t he  above nuclear  processes  from occurr ing.  

Subsequently, J u p i t e r  and Saturn were formed wi th  hydrogen 

and helium. Near Uranus and Neptune the  flow w a s  absent ,  but 

the  s o l a r  g r a v i t a t i o n a l  f i e l d  w a s  too weak t o  prevent  evapora- 

t i o n  and s o l a r  system escape of v o l a t i l e s ,  l eav ing  l e s s  H, H e  

on these  p l ane t s .  

The theory s tops  here ,  leaving p l a n e t  formation t o  

a c c r e t i o n  by p lane tes imals .  
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3 , 2 , 7  McCrea (1957-present) 

In the  theory of McCrea (1957, 1960) the  o r i g i n  

of the  s o l a r  system i s  a l s o  r e l a t e d  t o  the  general  problem of 

s t a r  format ion 

The Sun w a s  formedat a Litnewhen the  galaxy w a s  essen- 

t i a l l y  as i t  i s  now, and w a s  probably a member of a c l u s t e r .  

McCrea states t h a t ,  because of angular momentum problems, a 

s ta r  cannot be  formed by the condensation of a l l  t he  ma te r i a l  

o r i g i n a l l y  wi th in  any one p a r t i c u l a r  region of the  i n t e r s t e l l a r  

medium, but  r a t h e r  by the  accunulat ionof  parts of material from 

var ious  reg ions ,  It i s  t o  be  supposed t h a t  the  o r i g i n a l  

ma te r i a l  i s  i n  a s t a t e  of chaot ic  motion and t h a t  a po r t ion  of 

material goes i n t o  a p a r t i c u l a r  condensation (which i s  going 

t o  form a s t a r )  simply because i t  happens t o  be  moving toward 

t h a t  p a r t i c u l a r  condensation s l o w l y .  This au tomat ica l ly  guar- 

an tees  t h a t  ma te r i a l  going i n t o  a s t a r  does n o t  impar t  much 

angular  momentum t o  it. Fur ther  i t  suggests  t h a t  t he  s o l a r  

system o r i g i n  w a s  concerned wi th  a much l a r g e r  system than a 

" s o l a r  nebula". 

"Ploccules" a r e  the  basic  bui lding blocks of t he  theory.  

These are clumps of gas and dust  wandering through space. 

C o l l i s i o n s  can produce l a r g e r  (and more s u b s t a n t i a l )  f l o c c u l e s .  

Eventually,  condensations become of s u f f i c i e n t  s i z e  t o  c o n t r a c t  

under s e l f  - g r a v i t a t i o n  (see appendix) , which even tua l ly  grow 

i n t o  stars. MutuaP'encounters between f l o c c u l e s  o r  minor 
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, condensations i n  the g r a v i t a t i o n a l  f i e l d  of a l a r g e  condensa- 

t i o n  (star) w i l l  r e s u l t  i n  some mater ia l  being captured i n t o  

c losed  o r b i t s  around the s ta r  (planetary systems). I 
I n i t i a l .  condi t ions  are assumed t o  have been: 

Mean dens i ty  of "cloud" = 4 x 1 0 - ~ g / c m ~  

5 Number of f loccu le s  wi th in  the  
cont rae  t i n g  cloud = 10 

11 Mean f r e e  pa th  of f loccules  = 5 x 10 c m  
I 5 Random speed of f l occu le s  = 10 cm/sec 

Average temperature = 50°K.  

Under these p o s t u l a t e s ,  near ly  a l l  of t he  mass ul t im- l 

a t e l y  goes i n t o  forming the  Sun. Because the  f loccu le s  a r r i v e  

I a t  the  embryo Sun from random d i r e c t i o n s ,  the  most probable 

va lue  of t he  r e s u l t a n t  angular  momentum i s  about WJ, where 

N i s  the  number of f loccu le s ,  and J i s  the  angular  momentum 

of a s i n g l e  f loccu le .  For t h e  assumed condi t ions ,  t h i s  Is 

the  same order  of magnitude as the a c t u a l  angular  momentum of 

the  Sun, ( I t  i s  est imated t h a t  the Sun acquired 90 percent  

of i t s  mass i n  about 7 x 10 years,  w i th  another  10 years 

j 

I 

i 
4 5 

needed f o r  t he  a d d i t i o n a l  10 percent . )  

The f loccu le s  which remain a f t e r  t he  Sun has formed 1 
have (on average) high angular  momentum, and form a f l a t t e n e d  

4 

two r e l a t e d  processes  a r e  important. The c o l l i s i o n s  between 

I s o l a r  nebula,  t ak ing  about 10 years.  During the  f l a t t e n i n g ,  
I 

f l o c c u l e s  t h a t  produce the  f l a t t e n i n g  w i l l  r e s u l t  i n  some of 

the  material l o s i n g  angular  momentum and f a l l i n g  i n t o  the  Sun. 
I 
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' 1  

Also, condensations w i l l  form. This i s  a r e p e t i t i o n  of t h e $  

s o r t  o f  process  t h a t  l ed  t o  the  formation of the  Sun, bu t  I t  

now takes p l ace  i n  ma te r i a l  trapped l o c a l l y  i n  the  Sun's 
. I  

' g r a v i t a t i o n a l  € i e l d .  

McCrea, l i k e  Kuiper, considers t i d e s  produced by the  

1 Sun. 

a t  the  d i s t a n c e  of J u p i t e r  and beyond. 

s i d e r s  h i s  theory v a l i d  only f o r  the major p l ane t s .  The forma- 

H e  shows t h a t  a f l o c c u l e  i s  s t a b l e  a g a i n s t  breakup only 

McCrea t h e r e f o r e  con- 

l 

I t i o n  of the inner  p l ane t s  i s  l e f t  to  depend upon some o the r  

c r i t e r i o n .  It i s  suggested t h a t  the a s t e r o i d s  r e s u l t e d  from 

a condensation a t  j u s t  about t he  Roche l i m i t ,  
l 

I 
I 

The theory i s  shown t o  s a t i s f y  a l a r g e  number of the  

boundary condi t ions  set  f o r t h  i n  Sect ion 2 from a remarkably 

small number of p o s t u l a t e s ,  and, fo r  t h i s  reason, i s  a t t r a c -  

t i v e ,  even though the  h e a r t  of t he  theory,  iiamely the  sepa ra t e  

ex i s t ence  of i nd iv idua l  f l o c c u l e r ,  may n o t  be tau r e a l i s t i c .  

R 

3 . 2  8 Cameron (1962-present) t 

I Cameron (1962, 1963) has given a theory vhich 

i n t e r p r e t s  t he  boundary condi t ions  imposed by xenon and s i l v e r  
I 

1 i s o t o p i c  r a t i o s  found i n  me teo r i t i c  and t e r r e s t r i a l  samples. 

H i s  major con t r ibu t ion  i s  i n  dat ing events  e a r l y  i n  t h e  so la r  

I s y s  tem' s his  t o r y ,  

! Cameron assumes t h a t ,  a s  the  ma te r i a l  forming solar 
I 

sys tem c o n t r a c t s ,  i t  becomes i s p l a t e d  f rom the  i n j e c t i o n  of any 

I f u r t h e r  rad ionucl ides  i n  the  i n t e r s t e l l a r  mcdium, s o  'that the 
I 

e x i s t i n g  l e v e l  of  r a d i o a c t i v i t y  decays. 
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Decay products of r ad ioac t ive  nuc l ides  become enriched,  

and the  parent  n u e l c i  become depleted.  

pa ren t  and daughter are d i f f e r e n t  elements, and f r a c t i o n a t e  

chemically.  Frcrm the  i s o t o p i c  r a t i o s  of the. daught. r (xenon 

For $-decay processes ,  

I 
I 
I and s i lver ) ,  and the  chemical abundances of parent. and daughter,  
I 

Cameron h.as es t imated the  t i m e  between i s o l a t i o n  of the  solar 
I sys tem from the  i n t e r s t e l l a r  medium and the  c e s s a t i o n  of f r a c -  

t i o n a t i o n  of pa ren t  and daughter elements. Figure. 11 shows 

Cameron's r e s u l t s .  
I 

The f i r s t  i n t e r v a l ,  from i s o l a t i o n  t o  the  formation of 
I 

meteor i te  pa ren t  bodies, i s  n o t  based on evidence of i s o t o p i c  

r a t i o .  
I 

I Based on the  assumption of a minimum amount of t he  
I 

26 e x t i n c t  rad ionucl ide  A 1  , the t i m e  from the s t a r t  of cont rac-  

t i o n  t o  the  thermal i n s u l a t i o n  of m meteor i te  pa ren t  bodies i s  
I 6 
1 
I 

I 

less than -~10 years. 

The second i n t e r v a l  (20-40 m i l l i o n  years) i s  the t i m e  

taken for meteor i te  parent: bodies t o  reach i ? ~  ni?> L L L I ~  ceinperature 

of i r o n .  T h i s  i s  based on the  s i l .ver  i s o t o p i c  r a t io s  c i t e d  

I 

earli.er, and i s  the  p o i n t  a t  which the  daughter,  Aglo7 i s  n o t  
10 7 f r a c t i o n a t e d  from the  pa ren t ,  Pd . 

The next  i n t e r v a l  (130-170 m i l l i o n  years )  i s  the  t i m e  ~ 

taken f o r  xenon t o  s top  d i f f u s i d g  through s tone  meteor i tes ,  

which should occur a t  about 200'K. T h i s  is based on the  xenon. 
i 

i so tope  r a t i o s  i n  s tone  meteori tes ,  and i s  the  p o i n t  a t  which 

the  daughter i so topes  of xenon are n o t  f r a c t i o n a t e d  'from t h e i r  

pa ren t s .  
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The t i m e  i n t e r v a l  assoc ia ted  with the  r e t e n t i o n  of 
8 X e  i n  t he  E a r t h ' s  atmosphere seems t o  be about 2 , 5  x 10 years ,  

bu t  t h i s  number i s  d i f f i c u l t  t o  estimate,  and i s  s u b j e c t  t o  

w i d e  unce r t a in ty .  

F i n a l l y ,  t he  s m a l l  overabundance of decay i so topes  of 

Xe i n  i r o n  meteor i tes  enables Cameron t o  d a t e  the  c e s s a t i o n  of 

f r a c t i o n a t i o n  (cesqat ion of xenon d i f f u s i o n  through i r o n  

meteor i tes )  as 280-300 mi l l i on  years a f t e r  meteor i te  p a r e n t  

formation. 

3 .2 -9  Urey (1951-present) 

Urey's work (e ,g .  Urey 19631, l i k e  Cameron's, 

i s  concerned p r imar i ly  wi th  e a r l y  s o l a r  system h i s t o r y ,  More 

than anyone e l s e ,  he has given and i n t e r p r e t e d  the  boundary 

condi t ions  imposed by chemical evidence ( see  Sec t ion  2.4.3, 

2,4.4,  2.4.5) and devised a theory which accounts f o r  them, 

Urey proposes t h a t  t he  Sun and a f l a t t e n e d  nebula of 

gas and d u s t  were o r i g i n a l l y  formed ou t  of a s o l a r  cloud a t  

N O O C .  In  t he  region of the  t e r r e s t r i a l  p l a n e t s ,  a t  least, 

v o l a t i l e  elements (H2, H e ,  Ne, A, K r ,  e t c . )  were swept  ou t .  

The chemical composition includes s i l i c a t e s ,  FeO, FeS, some 

m e t a l l i c  i ron ,  i ce ,  NH3 and carbon compounds. 

formed ou t  of the d i s k  material a t  l o w  temperatures cons i s t ed  

Planetesimals  

o r i g i n a l l y  of s i l i c a t e s ,  FeO, FeS, hydrated minerals,  NH4C1, 

s o l i d  H20, NH3, 

of medium v o l a t i l i t y ,  A high temperature ( W  2000'K) s t a g e  

and carbon compounds, and locked-in elements 

occurred next ,  r e s u l t i n g  i n  reduction of i r o n  oxides,  loss of 

I l T  R E S E A R C H  I N S T I T U T E  

76 



I gases  and v o l a t i l i z a t i o n  of s i l i c a t e s  o r  s o l i d  s i l i c a t e  par-  

t i c les .  The l a r g e  planetesimals  then cons is ted  of FeO, 

I hydrated minerals ,  Pes ,  hX4C'.r' meta l l ic  i ron ,  C, Fe3C, T i N  

and carbon compounds, while the  smaller ones ccntained s i l i -  

c a t e s  and i r o n  compounds. This was followed by a second low 
I 

I temperature s tage ,  marking accre t ion  t o  planets I 

Urey emphasizes the importance of s o l i d  bodies and t h e  
1 
I phys ica l  and chemical processes t o  which they w e r e  subjected.  

The absence of any observable f r ac t iona t ion  of elements less 

I v o l a t i l e  than mercury and i t s  compounds ( i n  the  case of the  

meteor i tes  and of t he  Earth)  ind ica tes  gene ra l ly  low tempera- 

t u r e  accumulation and subsequent heat ing only under condi t ions  

I 

I 

l ead ing  t o  very  l imi t ed  lo s s  of elements which are v o l a t i l e  1 

I only above 1500°K. 
I 
I 

3 . 3  Summary of Conclusions of  Prominent Theories 

I Although t h e r e  are s u b s t a n t i a l  d i f f e rences  among the  
I 

var ious  t h e o r i e s  descr ibed,  t he re  a r e  a lso seve ra l  p c f n t s  
I 

I where the  theo r i e s  converge t o  one o r  two p a r t i c u l a r  s o l a r  
I 

system cunf igura t ions .  Therefore,  i t  i s  poss ib l e  t o  d iscuss  

the  t h e o r i e s  as a whole, and t o  show where they converge and 
t 

I 

where they d iverge ,  

T a b l e  7 and the  f r o n t i s p i e c e  summarize the  conclusions 
I 
I 

of the  t h e o r i s t s  of Sec t ion  3 . 2  a t  var ious  s t a g e s  i n  the  

o r i g i n  of  the  solar system. The s o l a r  nebula  i s  formed e i t h e r  

by con t r ac t ion  of a s i n g l e  cloud o r  by the  capture  of a cloud 

of i n t e r s t e l l a r  matter by an already e x i s t i n g  sun, In e i t h e r  
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case a f l a t t e n e d  nebula i s  formed a.romd a sun v7hich i n  most 

t heo r i e s  i s  s p i n n i n g  r ap id ly ,  Conditions o f  tewperature and 

t o t a l  mass i n  the  nebula vary g r e a t l y  from theorist to t h e o r i s t ,  

as can be  seen f rom thz t a b l e .  

when the  nebula has formed (only Schmidt and NcCrea arrive a t  

a slowly spinning sun a t  this s tage) ,  the  modern t h e o r i s t s  

envis ion a t r a n s f e r  of angular  momentum from the sun to the  

nebula via  hydromagnetic (MW) or viscous fc rces ,  Planevary 

formation now praceeda . Except i n  Schmidt' E theory, which 

has r e l a t i v e l y  l a r g e  s o l i d  ob jec t s  i n  the  n e b d a  from t he  

s t a r t ,  s o l i d s  condense out of the gasses in '&e nebula.  Two 

t h e o r i s t s ,  Kuiper and probably McGrea, envis ior  a few very  

l a r g e  condensations,  which proceed to p l a n e m r y  s i z e  (KcCreal 

o r  even l a r g e r  (Kuiper 's  p ro toplane ts ) .  The o the r  t h e o r i s t s  

envis ion a l a r g e  number of smaller condensations which form 

I f  t he  sun i s  spinning r a p i d l y  

I 

I 
I 

, 

s o l i d  planetesimals ,  whose s i z e  va r i e s  arncmg t h e o r i s t s  (e.g.  

Urey's planetesimals  are  moon- %;zed, Fcwlex  Greenstein and 

Hoyle! s are boulder-sized).  Ffna'hiy, K ~ i p e r ~  H pro top lape t s  

lose ~ a s a  by atin~spheric escape, vhi1.e the  & l a n e t e s l n a l s  of  

o t h e r  theori .s ts  are fused together  t c  form planets by 

accret ioc. .  

Although most of the  theor ies  descr ibed reach c e r t a i n  

conclusions at var ious  s tages  i n  the sol.ar system o r i g i n  and 

evolu t ion ,  t he  emphasis on the  17arbus s t ages  d i f fe rs  con- 

s i d e r a b l y  from th.sory t o  theory.  Table 8 shows the s i g n i f i c a n t  
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I -  

t 
I f e a t u r e s  of each of the  theor ies  described i n  t h i s  r epor t ,  and 

summarizes the more important weaknesses which have become 

apparent s ince  the theory has been given. 
t 
~ 3 . 4  Whether -- the  Theories F i t  or Do Not F i t  the  Boundary 
1 Conditions 
I 

The a i m  of a theory of the o r i g i n  and evolut ion of the 
1 

I 
s o l a r  system i s ,  of course,  t o  describe what a c t u a l l y  took 

, place.  This c e r t a i n l y  r equ i r e s  tha t  the theory f i t  the  boun- 

I dary condi t ions ,  and a l s o  t h a t  i t  be based on sound physical  

p r i n c i p l e s .  
I 

T a b l e  9 i s  given i n  order  t o  draw the comparison of 
I 

I boundary condi t ion and theory.  The rows of the t a b l e  a r e  

I boundary condi t ions ,  shown i n  abbreviated form. They are num- 1 

bered i n  accordance wi th  the unabbreviated boundary condi t ions 

given on pages 5 4  and 5 5 .  The columns of the table give the 

t h e o r i s t s .  I f  t h e i r  p a r t i c u l a r  theory has been shown t o  f i t  a 

p a r t i c u l a r  boundary condi t ion,  a "yes" i s  en tered  as the  approp- 

r i a t e  "matrix element". 

boundary condi t ion  has been v io la ted  by the theory.  

A "no" ind ica tes  t h a t  the p a r t i c u l a r  

I n  order  t o  judge how wel l  a theory f i t s  the  boundary 

condi t ions ,  i t  i s  n o t  s u f f i c i e n t  merely t o  count "yes's'' and 
I lnols 1 I , because the  boundary condi t ions a r e  n e i t h e r  equal ly  wel l  

e s t ab l i shed  nor equal ly  important.  Therefore,  l e t  us consider  

each theory using T a b l e  and T a b l e  9 t o  judge the soundness of 

the  phys ica l  processes invoked. 
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Kant and Laplace d id  no t  know most of the  boundary 

condi t ions  i n  T a b l e  9. Their theory explained those known but 

without modif icat ion i t  f a i l s  t o  explain the  uneven angular 

mornentEm d i s t r i b u t i c n  and, therefore ,  i s  n o t  s a t i s f a c t o r y  i n  

i t s  o r i g i n a l  form. 

Alfven's theory f i t s  a large number of dynamical boun- 

dary condi t ions ,  even Bode's l a w ,  and leads  n a t u r a l l y  t o  the  

J o v i a n - t e r r e s t r i a l  c l a s s i f i c a t i o n .  

nebula during a t  least  t h e  s ta r t  of planetesimal  formation, 

and i t  i s  d i f f i c u l t  t o  r econc i l e  these high temperatures with 

t h e  observed absence of d i f f e r e n t i a t i o n  of substances v o l a t i l e  

a t  these temperatures (Boundary Condition 11) Furthermore, 

the theory r equ i r e s  a l a r g e  number of ad hoc assumptions, 

which has l ed  later t h e o r i s t s  t o  r e j e c t  most of Alfven's theory,  

keeping on ly  the hydrmagnet ic  aspects  which l e d  t o  a reason- 

able s o l u t i o n  of the  angular momentum problem. 

It r equ i r e s  a very hot  

Schmidt 's  theory appears t o  be on s o l i d  ground as f a r  

as the  boundary condi t ions  are concerned; none are v i o l a t e d ,  

and the  theory i s  a b l e  t o  explain many of t he  dylnamical boundary 

condi t ions  w e l l  and completely. The basics d i f f e rence  between 

h i s  theory and some of the  o the r  planetesimal t heo r i e s  l i e s  i n  

how the  s o l a r  nebula i s  formed, and n o t  on condi t ions i n  the  

nebula o r  on how p lane t s  are formed ou t  of t h e  nebula.  

Von Weizs&ker's theory does f i t  a f e w  boundary condi- 

t i o n s  and v i o l a t e s  none; on the  other  hand, i t  i s  almost su re ly  

n o t  a c o r r e c t  explanat ion of s o l a r  system o r i g i n ,  as Kuiper 
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pointed ou t ,  because Von Weizsgcker's vo r t ex  s t r u c t u r e  i s  unstable  

over t i m e  scales required f o r  planet formation and seems an i m -  

probable s t r u c t u r e .  

Kuiper 's  theory i s  q u i t e  de t a i l ed  and very complete. A s  

can be seen from T a b l e  9 ,  almost a l l  of the boundary condi t ions 

known when the theory w a s  proposed a r e  accounted f o r ,  al though 

Kuiper i s  forced t o  pos tu l a t e  some unknown processes t o  r i d  t e r -  

r e s t r i a l  protoplanets  of heavy elements which are gaseous a t  low 

temperatures.  Since h i s  protoplanet theory w a s  proposed, Urey's 

cons idera t ions  of a chemical na ture  tend to  favor planetesimals 

over pro toplane ts .  Furthermore, i f  Fowler, Greeilstein ar;d Hoyle's 

i n t e r p r e t a t i o n  t h a t  t he  l i g h t  element i so top ic  r a t i o s  demand 

planetesimals ,  then Kuiper' s theory c o n t r a d i c t s  Boundary Condition 

1 2 ,  and must be r e j ec t ed .  It i s  unwise t o  r e j e c t  such a very 

complete and d e t a i l e d  theory which f i t s  so  many boundary condi t ions 

a t  t h i s  t i m e ,  however, before t h e  chemical evidence and in t e rp re -  

t a t i o n  of l i g h t  element i so top ic  r a t i o s  are digested.  

The theory of Fowler, Greenstein,  and Hoyle v i o l a t e s  no 

boundary condi t ion  s t a t e d ,  and it alone expla ins  the  l i g h t  ele- 

ment i s o t o p i c  r a t i o s .  By i t s e l f ,  i t  does n o t  consider  many boun- 

dary condi t ions ,  although i t  can be added t o  o the r  t heo r i e s  q u i t e  

r ead i ly .  It  i s  premature t o  judge whether i t s  explanat ion of 

the l i g h t  element i so top ic  r a t i o s  i s  c o r r e c t ;  they may be  ab le  

t o  be explained i n  o ther  ways. 

McCrea's theory i s  q u i t e  comprehensive and f i t s  s eve ra l  

boundary condi t ions .  It appears t o  v i o l a t e  Bode's l a w ,  b u t ,  
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t account f o r  Fowler, Greens t e i n  and Hoyle' s explanat ion of the 

l i g h t  element i s o t o p i c  r a t i o s .  Furthermore, the  concept of a 

r e l a t i v e l y  s t a b l e  "f loccule"  i s  open t o  considerable  c r i t i c i s m .  
1 

Urey and Cameron each concentrate  on a r e s t r i c t e d  por- 
I 

t i o n  of t he  s o l a r  system o r i g i n ,  and include the  r e s u l t s  of 

o ther  t heo r i e s  t o  complete the  p i c t u r e ,  Neither theory con- 
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4"  FUTURE PROGRESS IN UNDERSTANDING THE O R I G I N  
AND EVOLUTION OF THE SOLAR SYSTEM 

Prcgress  i n  understanding the o r i g i n  and evolu t ion  of 

P- 

the  solar sys tem has come i n  the  past pr imar i ly  from (1) ob- 

t a i n i n g  and iden t i fy ing  boundary condi t ions which must be m e t  

by theo r i e s  of the  o r i g i n  and evolut ion of  the  s o l a r  system, 

and (2) propcsing theo r i e s  of the  s o l a r  system which both f i t  

t he  boundary condi t ions  and a r e  reasonable,  i . e . ,  do n o t  i n -  

volve e i t h e r  v i o l a t i o n  of  physical  l a w s  nor depend on extremely 

un l ike ly  processes .  

W e  s h a l l  a r b i t r a r i l y  s p l i t  up suggest ions f o r  f u t u r e  

work i n t o  two ca tegor i e s :  

(1) Progress r e l a t e d  mostly t o  boundary condi t ions ,  
and 

(2) Progress r e l a t e d  mostly t o  s e t t l i n g  con t rove r s i a l  
points i n  pxi  st-ng +_henries ~ 

There i s  some overlap here,  where extension of a known 

boundary condi t ion  set t les  a con t rove r s i a l  p o i n t  i n  e x i s t i n g  

t h e o r i e s ,  

4.1 

These overlap areas are p u t  i n  category 2 .  

_I Progress  ke la ted  Mostly t o  Boundary Conditions 

Many boundary condi t ions,  notably nos.  10 and 11 

(page 55) compare p re sen t ly  known r e l a t i v e  abundances of e le-  

ments, i so topes ,  e t c  wi th  a standard ''cosmic abundance". The 

cosmic abundance'' i s  der ived from observa t ians  of the  Sun 

Omostlg), o ther  stars,  the  E a r t h ' s  atmosphere and c r u s t ,  

1 )  

.and meteor i tes .  what i s  most des i r ab le  are the  re la t ive  
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abundances wi th  r e spec t  t o  the i-?.tc.rs te l la r  nedi.un f ive  

b i l l i o n  years  ago. It i s  l i k e l y  t h a t  the composition i w  the 

i n t e r s t e l l a r  medium has changed on ly  slightiy since then, and 

so a very important boundary co rd i t i on  des i red  f o r  the f u t u r e  

is:  

THE INTERSTELLAR CHEMICAL AND ISQFOPK 6CM.POSITION. 

0 A r a t h e r  soph i s t i ca t ed  spacecraf t  mission t o  the i n t e r -  
s te l la r  medium i s  almost undoubtediy reqaiired f o r  thi ,s  
purpose. 

The Jovian p l ane t s ,  especial.Ty J u p i t e r ,  are preser , t ly  

thought t o  be extremely s tab le  aga ins t  evaporation of even 

hydrogen from the  top of t h e i r  atmospheres. I t  would b e  

d e s i r a b l e  t o  know whether the Jovian p l a n e t s ,  and J u p i t e r  i n  

p a r t i c u l a r ,  have a "cosmic abwdance" o r  a s o l a r  abt2ndame of 

the  l i g h t  elements,  Therefore,  as an extension of the boun- 

d a r y  condi t ion  on the gross physical. p r o p e x t i z s  of the plar ie ts ,  

i t  i s  proposed t o  detsrmine the  

HELIUM-HYDROGEN RATIO ON TtiE JOVIAN FrLA?JETS 
ESPECIALLY JUPITER. 

0 Probably the  most s i g n i f i c a n t  advance ltoward t h i s  end would 
be  a determinat ion of t he  s t r e n g t h  of a h e l i u m  emiss ion  l i n e  
taken by a spacec ra f t  viewing J u p i t e r ' s  dark s ide .  

Many t h e o r i s t s  invoke e i t h e r  l a r g e  s i z e ,  l m i n c s i t y ,  

o r  a c t i v i t y  t o  a l low t h e i r  theor ies  to bridge c h a s m s  of d i f -  

f i c u l t y .  Kuiper 's  problem wi th  heavy vslat i les  and Fowler., 

Greenstein and Hoyle's requirements of large solar proton 

f luxes  f o r  s p a l l a t i o n  a r e  examples. Boundary Condition 3 
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(page 54)  should b e  re f ined  and extended, i . e . ,  

THE EVOLUTION OF STARS I N  THEIR PRE-PU4IN-SEQUENCE 
PHASE SHOULD BE BETTER KNOWN. 

I a This undoubtedly requi res  both more extensive s t e l l a r  in -  

t e r i o r  theory,  and more and be t te r  observat ions of very  
I 
I young stars.  

I A s  w e  have seen, Cameron has been able  t o  d a t e  e a r l y  

s o l a r  system events  using the xenon and s i l v e r  i s o t o p i c  r a t i o s  

on the  Ear th  and meteori tes .  I f  h i s  t h e o r e t i c a l  ideas  a r e  

I c o r r e c t ,  i t  should be poss ib le  t o  date  the f r a c t i o n a t i o n  of 

I daughter and parent  nuc l ides  on any s o l a r  system o b j e c t  f o r  

I which the r e l e v a n t  i so top ic  r a t i o s  a r e  measured. Therefore,  
, an extension of Boundary Condition 13 i s  use fu l ,  i . e . ,  obtain 

1 
, ON AS MANY PLANETS, SATELLITES, ASTEROIDS, AND COMETS 

THE XENON (AND SILVER, IF POSSIBLE) ISOTOPIC RATIOS 

i AS POSSIBLE. 

I .  
I 

Rather soph i s t i ca t ed  measurements from a lander  o r  a t -  
mospheric probe are probably required.  

I n  order  t o  r e f i n e  Boundary Condition 9 ,  i t  i s  d e s i r -  

ab le  t o  measure 

THE DENSITY OF MERCURY. 

0 The des i r ed  accuracy can be obtained from t racking  a f lyby 
spacec ra f t  t o  Mercury, and obtaining i t s  s i z e  o p t i c a l l y .  

Most boundary condi t ions r e l a t e d  t o  chemical composi- 

t i o n  and s t r u c t u r e  ob ta in  t h e i r  basic da t a  from the  atmospheric 

c o n s t i t u e n t s .  These boundary condi t ions would be more va luable  
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if the  compositions and s t r u c t u r e s  o f  lunar  and p lane tary  in -  

t e r i o r s  were be t t e r  known. A number of d i f f e r e n t  model i n t e r -  

i o r s  have been proposed f o r  severa l  p l ane t s .  These models can 

be improved considerably i f  (1) planetary magnetic moments, 

conf igura t ions ,  and f luc tua t ions  were known ( t h i s  would y i e l d  

an estimate of the  conduct iv i ty  of  the i n t e r i o r ) ,  (2) i n t e r n a l  

h e a t  sources  w e r e  known and iden t i f i ed ,  and ( 3 )  i f  the  equation 

of s ta te  of l i k e l y  materials, e .g . ,  i ron-n icke l ,  s i l i c a t e s ,  

hydrogen, a t  high pressure  was ava i lab le .  Therefore,  i t  i s  

u s e f u l  t o  determine 

THE MAGNETIC FIELD PROPERTIES OF THE PLANETS; THE HEAT 
FLUX FROM LUNAR Am PLANETARY INTERIORS; THE EQUATION 
OF STATE OF IRON-NICKEL, SILICATES, HYDROGEN UNDER 
HIGH PRESSURE. 

0 The magnetic f i e l d  determinations almost undoubtedly re- 
q u i r e  spacec ra f t  measurements; ob ta in ing  equations of 
c+c+p rpqii irp Earth-haned  theory and experiment; obtaining 

hea t  f l uxes  probably r equ i r e s  a combination of both. 

F i n a l l y ,  Boundary Condition 4, t h a t  of low p lane tary  

e c c e n t r i c i t i e s  and i n c l i n a t i o n s ,  i s  extremely important.  The 

fac t  t h a t  a l l  t h e o r i s t s  expla in  t h i s  boundary condi t ion  can be 

seen from a l l  t h e  "yesses" i n  Table 9. Y e t  i t  i s  s t i l l  n o t  

c e r t a i n  ( a f t e r  300 years) t h a t  they a r e  indeed boundary condi- 

t i o n s  on s o l a r  system o r i g i n ,  as assumed by t h e  t h e o r i s t s  (as 

opposed t o  evolu t ion) .  I f  small i n c l i n a t i o n s  and e c c e n t r i c i t i e s  

could have been evolut ionary,  then, although p resen t  t heo r i e s  

are n o t  inva l ida ted ,  a p lace  i s  offered f o r  (poss ib ly  r a d i c a l l y )  
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d i f f e r e n t  classes of theory which a r r i v e  a t  e c c e n t r i c  o r  in -  

c l i n e d  p lane tary  o r b i t s  a t  the time of p lane tary  formation. 

Therefore,  an important study would b e  t o  answer: 

COULD THE PLANETS HAVE BEEN HIGHLY INCLINED OR 
ECCENTRIC AFTER THEIR FORMATION? 

0 Extensive computation, probably feasible now with f a s t  
computers, i s  required.  

4.2 Progress Related Mostly t o  Controversial  P a r t s  
o f  Theories 

Theor i s t s  of the o r i g i n  and evolu t ion  of t he  s o l a r  

sys  t e m  d i f f e r  most fundamentally on the  following quest ions : 

(1) Did the  e n t i r e  s o l a r  s y s t e m  o r i g i n a t e  from a 
s i n g l e  cloud, o r  d id  a p re -ex i s t ing  Sun capture  
p a r t  of an i n t e r s t e l l a r  cloud which u l t ima te ly  
formed p lane t s?  

1 3 )  8 -  / If +_he _cing,1p rl_nrrd + h ? T \ 1 > 7  i _ c  pm-rprr, I.eq .1FrJ 
the  Sun lose  o r  f a i l  t o  acqui re  considerable  
angular momentum? 

(3)  Did p lane t s  grow from planetesimals  o r  shr ink  
from pro toplane ts?  

Both s i n g l e  cloud cont rac t ion  and cloud capture  pres -  

e n t l y  appear t o  be admissible s t a r t i n g  po in t s  f o r  a s o l a r  nebula.  

Two new pieces  of evidence can b e  u se fu l  i n  determining 

whether cloud capture  i s  a l i k e l y  process,  however. F i r s t ,  

the  p r o b a b i l i t y  of the r i g h t  kind of encounter of a s tar  wi th  

an i n t e r s t e l l a r  cloud might be determined. Secondly, t he  
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p r o b a b i l i t y  of a s ta r  l i k e  the Sun's having a p lane tary  system I 
might be estimated. The measurements required are: 

I , THE SPATIAL DENSITY OF, AND CONDITIONS INSIDE INTER- 
I 

STELLAR CLOUDS 

and 

THE FREQUENCY OF PLANETARY SYSTEMS. 

0 Extension of work i n  r ad io  astronomy t o  higher  s p a t i a l  
r e so lu t ions  and s e n s i t i v i t i e s  can probably y i e l d  sa t i s -  
f a c t o r y  i n t e r s t e l l a r  cloud p rope r t i e s .  A breakthrough 
i n  technique, o r  very p a t i e n t  and very ex tens ive  obser- 
va t ions  w i l l  be  required t o  obtain a s a t i s f a c t o r y  
estimate of the  frequency of p lane tary  systems. 

A real s o l u t i o n  (or  demonstration t h a t  a s o l u t i o n  i s  

impossible) t o  the  f l u i d  dynamics problem of s ingle-cloud 

con t r ac t ion  would be very des i r ab le  a t  t h i s  t i m e .  It would be 

n i c e  t o  know whe the r  hydromagnetic forces  o r  viscous t o r c e s  

are the  more important,  and whether the  angular  d i s t r i b u t i o n  . 

i n  the  s o l a r  system can be explained by e i t h e r .  

i e n t s  are requi red  f o r  such a so lu t ion ,  i n i t i a l  condi t ions  

and c o r r e c t  ca l cu la t ion .  

Two ingred- 

Like ly  i n i t i a l  condi t ions can be estimated from r a d i o  

astronomical observat ions of i n t e r s t e l l a r  cloud p r o p e r t i e s  

c i t e d  above, and by d i r e c t  measurement of present-day 

INTERSTELLAR DENSITY, TEMPERATURE AND MAGNETIC FIELD. 
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With known l i k e l y  i n i t i a l  conditions i t  should be 

poss ib l e  t o  compute the  f i e l d  proper t ies  s f  a co l l aps ing  cloud, 

using a minimum number of r e s t r i c t i o n s .  In  p a r t i c u l a r ,  hydro- 

magnetic fo rces  and some form of viscous forces  a r i s i n g  from 

turbulence can be r e t a ined .  

The t h i r d  con t rove r s i a l  question apparent from the  

theo r i e s  i s  whether the  p l ane t s  were der ived from planetesimals  

o r  from pro toplane ts .  The remaining areas of new knowledge are 

use fu l  i n  f u r t h e r  understanding the  mechanisms of acc re t ion  of 

planetesimals  and evaporation from protoplanets  as w e l l  as 

determining which i s  probably co r rec t .  

A s  has been discussed, Fowler, Greenstein and Hoyle 

show t h a t  p r e s e n t l y  observed i so topic  r a t i o s  (Boundary Condi- 

t i o n  1 2 )  can b e  explained by the  presence of small (1-50 meter) 

planetesimals  i n  the  region of the t e r res t r ia l  p l ane t s .  I€ 

t h e i r  theory i s  c o r r e c t ,  then the  Jovian p l ane t s ,  as w e l l  as 

comets, should have an e n t i r e l y  d i f f e r e n t  se t  of i so top ic  

r a t i o s  of l i t h ium and boron, because of the  l a r g e  thermal- 

neutron-capturing hydrogen content  there .  Furthermore, they 

p r e d i c t  a d i f f e r e n t  i s o t o p i c  r a t i o  of C I 3  t o  C I 2  than on Earth.  

A very  s i g n i f i c a n t  measurement would be t o  ob ta in  the  

LIGHT ELEMENT ISOTOPIC RATIOS ON JUPITER AND/OR A 
COMET. 

0 A r a t h e r  soph i s t i ca t ed  spacecraf t  i s  probably requi red  
f o r  the  l i t h ium and boron r a t i o s .  
might be  easier t o  obta in ,  though somewhat less d e f i n i t i v e .  

The C l 3 : C I 2  r a t i o  
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A t  p resent ,  the mechanism of acc re t ion  of planetesimals  

t o  form p lane t s  i s  n o t  w e l l  understood. Asteroids  appear t o  

be fragments of l a r g e r  primordial  bodies, and s o  are n o t  

acc re t ing ;  r a t h e r  they are "unaccreting". Rain and snow 

a c c r e t e  only t o  the  s i z e  of h a i l ,  and no f u r t h e r .  I f  acc re t ion  

theo r i e s  are t o  remain viable,  some e f f o r t  should be made t o  

determine : 

THE CONDITIONS,  IF ANY, UNDER WHICH PLANETESIMALS 
CAN ACCRETE TO FORM PLANETS. 

0 Continued study of high ve loc i ty  impacts i s  probably a 
necessary ingredien t  of t h i s  determination. 

The most no t i ceab le  problem i n  pro toplane t  t heo r i e s  i s  

i n  (1) s e l e c t i v e l y  g e t t i n g  r i d  of heavy v o l a t i l e  gases on a 

pro toplane t  (Boundary Condition 10) and (2)  g e t t i n g  r i d  of 

ally Lliiiig u r i  piu tu-ZaiLl i ,  Z u p i t e ~ ,  Sst i i i r i i ,  Gzai-iiis si-id X ~ p t ~ i i ~ ,  

a l l  of which could have r e t a ined  even hydrogen under pos tu l a t ed  

condi t ions  o f  mass, and present-day exospheric temperatures 

( re levant  t o  Boundary Condition 8) .  

Y e t  t he  mechanism of atmospheric escape i s  n o t  known 

w e l l  enough a t  p re sen t  t o  r u l e  ou t  s u b s t a n t i a l  mass loss from 

pro toplane ts ,  even with modest exospheric temperatures.  

Furthermore, t he  estimate of exospheric temperatures given i n  

Sect ion 2 i s  very crude. It would b e  much be t t e r  t o  ob ta in  
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THE EXOSPHERIC TEMPERATURE OF EACH PLANET. 

0 A thorough knowledge of upper atmospheric composition and 
s c a l e  he ights  would permit ca l cu la t ion  of the  exospheric 
temperature.  

The escape r a t e s  from a p lane t  have been ca l cu la t ed  

under the assumption t h a t  the base of the exosphere, which 

l ies  above the ionosphere on Earth, has a Maxwellian v e l o c i t y  

d i s t r i b u t i o n .  There a r e  reasons t o  c r i t i c i z e  such an asswnp- 

t i o n  when there  a r e  ion iza t ion  processes nearby, and i t  is 

q u i t e  poss ib l e  t h a t  the t a i l  of the d i s t r i b u t i o n  func t ion  

decreases  wi th  increas ing  ve loc i ty  much slower than a Max- 

wel l ian .  

be a b l e  t o  account f o r  the problems c i t e d  above. 

I f  so, atmospheric escape from pro toplane ts  might 

Therefore,  
-------n na- Ln --el- h.9 - ~ l n n . . r 4 - n  y&Ug&GUU b Q b L  UFi L L I Q U G  U J  L L L C . U U U L , A L L 6  . 

THE .DTSTRICUTIO?I ~, . ..- OF VELOCITIES 114 THE 
EXOSPHERE, AT LEAST OF EARTH. 

.a  S a t e l l i t e  experiments a r e  prefer red .  

The d i r e c t i o n s  of f u t u r e  progress  discussed i n  t h i s  

s e c t i o n  are summarized and evaluated i n  Table 10. There, t he  

suggested work and i t s  purpose i s  l i s t e d  i n  the  same order  as 

i n  the above t ex t . .  

of how much improvement man's knowledge of the  solar system 

would be obtained wi th  the p a r t i c u l a r  area of f u t u r e  knowledge, 

P r i o r i t i e s  have been assigned on the basis 
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independent ly  of t he  d i f f i c u l t y  i n  obta in ing  the  requi red  in-  

formation. Unfortunately,  i t  tu rns  o u t  t h a t  t h e  easier and 

more s t r a igh t fo rward  measurements tend t o  be of l o w  p r i o r i t y .  

The h i g h e s t  p r i o r i t y  suggest ions probably r e q u i r e  very  sophis-  

t i c a t e d  s p a c e c r a f t  missions,  such as a mission t o  s o l a r  system 

escape, and an atmospheric probe t o  J u p i t e r  o r  rendezvous 

mission t o  a comet. 
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4 . 3  Mission Considerations 

The space program can make a valuable  con t r ibu t ion  t o  

understanding the  o r i g i n  and evolut ion of the  s o l a r  system. 

Most of the  areas of  f u t u r e  inves t iga t ion  l i s t e d  i n  Table 10 

r equ i r e  spacec ra f t  experimentation. It i s  clear,  though, t h a t  

t he re  i s  no easy so lu t ion  t o  the  problems which r e a l l y  con- 

s t i t u t e  b a r r i e r s  t o  our understanding of s o l a r  system o r i g i n  

and evolut ion.  

Some of  the  proposed work involves a very wide range 

of t a r g e t s ,  such as the  determination of the  magnetic f i e l d  

conf igura t ion  of a l l  the  p l ane t s  and the  xenon i so top ic  r a t i o s  

on p l ane t s ,  sa te l l i tes ,  a s t e r o i d s ,  and comets. Without a t  

least  a l a r g e  sampling of s o l a r  system bodies using properly 

instrumented spacecraf t ,  n o t  much progress can be made i n  

these  areas. 

iirl the  o the r  hand, some of the proposed work involves 

a r e s t r i c t e d  number of t a r g e t  o r  t a rge t s .  

s tand  o u t  as worthy of comment, J u p i t e r  and the  i n t e r s t e l l a r  

medium. 

Two such t a r g e t s  

Referr ing t o  T a b l e  10, there  are 6 areas i n  which a 

proper ly  instrumented mission t o  J u p i t e r  can con t r ibu te  

(nos. 2,  4, 6, 7, 14, 16) .  Two of these areas (nos. 2 and 14) 

are r e l a t e d  s p e c i f i c a l l y  t o  a Jovian p l ane t ,  of which J u p i t e r  

i s  the  most accessible, and one (no. 14)  i s  one of t he  two 

areas of r e l e v a n t  knowledge t h a t  i s  assigned h ighes t  p r i o r i t y .  
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It appears,  t he re fo re ,  t h a t  e a r l y  explorat ion of J u p i t e r  u l -  

t imate ly  lead ing  t o  soph i s t i ca t ed  missions capable of 

measuring i s o t o p i c  r a t i o s  of l i thium, boron, and carbon, 

would lead  t o  a s t e p  funct ion increase i n  our understanding 

the  o r i g i n  and evolut ion of t he  solar system. The end product 

of such an exp lo ra t ion  program i s  l i k e l y  t o  b e  the  s e t t l i n g  of 

the problem of planetesimals  versus  pro toplane ts ,  as we l l  as 

the  extension of some boundary condi t ions and the  generat ion 

of o the r s .  

The i n t e r s t e l l a r  medium i s  a l s o  a t a r g e t  of g r e a t  i m -  

por tance.  There are only two  a reas  of re levance (nos. 1 and 

12), but t he  f i r s t  of these  is  of the h ighes t  p r i o r i t y .  The 

chemical and i s o t o p i c  composition of i n t e r s t e l l a r  material i s  

the s tandard  t o  which the  composition of s o l a r  system members 

should be compared. 

condi t ions  summarized on page 55 are comparisons t o  a s t an -  

dard  "cosmic" o r  o the r  abundance (e.g. nos. 8, 9, 10, 11, 1 2  

13  a l l  involve such a comparison). 

mission t o  the  i n t e r s t e l l a r  medium might a l t e r  the  set  of 

boundary condi t ions  as p resen t ly  cons t i t u t ed ,  and r a d i c a l l y  

modify t h e o r i e s  r e s u l t i n g  from such an a l t e r e d  set  of boundary 

condi t ions .  

As we have seen, many of t he  boundary 

A proper ly  instrumented 
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Appendix A 

FLUID DYNAMICS OF CLOUD CONTRACTION 

In  t h i s  appendix w e  i nves t iga t e  some of the  f l u i d  dyn- 

amics involved i n  con t r ac t ion  of clouds of gas and d u s t  lead ing  

t o  s o l a r  system formation. Five kinds of fo rce  and var ious  

combinations thereof  a r e  considered, though i t  i s  q u i t e  poss ib l e  

t h a t  n o t  a l l  are r e l e v a n t  t o  the formation of a s o l a r  system, 

and a l s o  t h a t  fo rces  which are re levant  are n o t  included. 

Consider t he  motion of a f l u i d  element i n  a frame of 

re ference  which i s  r o t a t i n g  with a period equal  t o  the  per iod 

of r o t a t i o n  of t he  element. One can w r i t e  an approximate 

equat ion o f  motion f o r  the  element i n  t h e  fol lowing form: 

where the  3 ' s  are the  n e t  fo rce  per  u n i t  mass on the  f l u i d  

element, due t o  g r a v i t a t i o n a l ,  c e n t r i f u g a l ,  p ressure ,  v i scous ,  

and magnetic e f f e c t s ,  subscr ipted g, c y  p,  v and m r e spec t ive ly .  
+ 

The g r a v i t a t i o n a l  fo rce  3 i f  given by - V l b y  where 
g 

lb, the  g r a v i t a t i o n a l  p o t e n t i a l ,  i s  a func t ion  of the  mass 

d i s t r i b u t i o n  i n  the  cloud. For reasonable mass d i s t r i b u t i o n s  
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the  g r a v i t a t i o n a l  fo rce  i s  d i r ec t ed  approximately toward the 

c e n t e r  of the  cloud,  

The c e n t r i f u g a l  force,  ?c, which ar ises  because we  have 

chosen a r c t a t i n g  reference frame, i s  given by - dx ( 3 x  r ) ,  

where 3 i s  the r o t a t i o n  ra te  of the  frame and r the rad ius  

vec to r ,  The c e n t r i f u g a l  force  a c t s  i n  a d i r e c t i o n  away from 

the  r o t a t i o n  a x i s  and i s ,  therefore ,  e s s e n t i a l l y  a repuls ive  

force.  

Today, bodies i n  the s o l a r  system a r e  approximately i n  

equi l ibr ium between g r a v i t a t i o n a l  forces  and r o t a t i o n a l  forces .  

Viewed i n  a r o t a t i n g  frame, t he  a t t r a c t i o n  by the Sun on a 

p l ane t  i s  balanced by the repuls ion of the  p l ane t s  due t o  cen- 

t r i f u g a l  fo rces ,  wi th  co r rec t ions  due t o  C o r i o l i s  forces ,  which 

are small f o r  low-eccentr ic i ty  o r b i t s ,  

Presswe forces, which a r e  given by 3 = where 
1 " B  

p i s  the scalar (gas) pressure,  a r e  c e r t a i n l y  important dgring 

the e a r l y  s t ages  of cloud co l l apse ,  and may a l s o  b e  s i g n i f i c a n t  

a t  l a t e r  times, Since the  pressure i s  approximately propor t iona l  

t o  the  d e n s i t y  and temperature o f  the gas,  and s ince  both 

dens i ty  and temperature grad ien ts  tend t o  b e  p o s i t i v e  toward 

the  c e n t e r  of a cloud, the e f f e c t  of  p ressure  forces  i s  t o  

expand the  cloud o r  t o  res i s t  cont rac t ion .  

Jeans (1929) has given a c r i t e r i o n  f o r  t he  s t a b i l i t y  

of a uniform gas aga ins t  g r a v i t a t i o n a l  co l l apse ,  The only 

forces  considered a r e  those due t o  g r a v i t a t i o n ,  which tend t o  

amplify any dens i ty  dis turbance,  and those due t o  pressure ,  
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*which tend t o  a t t e n u a t e  any pressure dis turbance.  Jeans con- 

s idered  s inuso ida l  per turba t ions  i n  the uniform medium, and 

showed t h a t  small wavelength disturbances a r e  damped out  because 

pressure  fo rces  dominate, and l a rge  wavelength d i s  turbanzes are 

amplified because g r a v i t a t i o n a l  forces dominate, The r a t e  of 

growth i s  g r e a t e s t  f o r  the  longest  wavelengths, 
~ 

~ 

1 A f u r t h e r  assumption i s  necessary i n  order  t o  c a l c u l a t e  

the  c r i t i c a l  wavelength f o r  col lapse,  one which involves the  

equation of s ta te  of the  gas ,  I f  one assumes an ad iaba t i c  

process,  then i t  turns  out  t h a t  the  c r i t i c a l  wavelength f o r  

co l l apse  i s  given by: 

where i s  the r a t i o  of s p e c i f i c  heats ,  c i s  the thermal speed 

(RMS) of t h e  molecules, and G is the grzv i t a t iona l  c m s t a ~ t ; ,  

M3st t h e o r i s t s  employing c l o u d  co l lapse  a3 a s t a r t  of 

the formation of the  s o l a r  system assume t h a t  a per turba t ion  

i n  i n t e r s t e l l a r  dens i ty  grows due t o  a g r a v i t a t i o n a l  i n s t a b i l i t y ,  

leading t o  cloud c o l l a p s e ,  Original ly ,  the  cloud had a small 

r o t a t i o n  ( a t  a minimum, the r o t a t i o n  o f  the galaxy as a whole). 

Cent r i fuga l  forces  are n e g l i g i b l e  a t  f i r s t ,  but as the cloud 

co l l apses  very l a r g e  r o t a t i o n  speeds can be obtained i f  each 

f l u i d  element r e t a i n s  i t s  o r i g i n a l  angular momentum. When the  

dimensions of the  cloud are of the order of magnitude of the 

s o l a r  sys t e m ,  c en t r i fuga l  forces  can even exceed g r a v i t a t i o n a l  

forces ,  l ead ing  t o  the  shedding o f  r ings  of material from the  

I 
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' cloud. I f  the cloud reached s t e l l a r  dimensions without mass 

loss, t he  p a r t i c l e  v e l o c i t y  i n  c e r t a i n  regions would approach 

the  speed of l i g h t ,  and one would obtain a Sun wi th  an exceed- t 
i ng ly  high r o t a t i o n  r a t e .  

I Two kinds of forces  have been proposed t o  i n h i b i t  t he  

r o t a t i o n  ra te  of the  inner  p a r t  of the cloud under con t r ac t ion ,  

o r  t o  slow the  Sun's r o t a t i o n  speed a f t e r  formation, 

Viscous forces  tend t o  reduce any v e l o c i t y  g rad ien t  i n  

a gas.  I f  the flow i s  laminar,  then one can show t h a t  the  

r a t i o  of viscous forces  t o  pressure  fo rces  i s  approximately 

1 / R ,  where R i s  the Reynolds number, def ined by 

where u i s  a t y p i c a l  flow v e l o c i t y ,  ,!. i s  a dimension over which 

the  flow speed changes by a s i g n i f i c a n t  factor, and -d i s  the 

kinematic viscosi ty . ,  

ob ta ins  a Reynolds number of lo2' for  the s o l a r  system. 

enormous va lue  implies t h a t  ordinary viscous forces  are n e g l i g i b l e .  

Taking u as 1 0  km/sec and 1 as 5 AU, one 

This 

Recent (pos t - a i rp l ane )  developments i n  f l u i d  dynamics 

i n d i c a t e  t h a t  the above a n a l y s i s  i s  misleading, and t h a t  viscous 

forces  may n o t  be n e g l i g i b l e .  A t  l a rge  Reynolds numbers, the  

flow i s  tu rbu len t ,  and one e f f e c t  of the  turbulence i s  t o  en- 

hance e f f e c t s  of v i s c o s i t y .  For  experimental  flow s i t u a t i o n s  
8 a t  Reynolds numbers up t o  10 , i t  i s  known t h a t  one can approx- 

imate the  behavior of a turbulen t  flow by increas ing  the  

v i s c o s i t y  c o e f f i c i e n t  from i t s  o r i g i n a l  va lue  t o  an amount 
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g r e a t e r  by R I R ~ ~ ~ ~  (Landau and L i f sh i t z  1959), where Rcrit i s  

the  "cr i t ical"  Reynolds number, i o e o ,  the  Reynolds number a t  

which the  gas makes a t r a n s i t i o n  f rom laminar t o  turbulen t  

flow. 

C r i t i c a l  Reynolds numbers tend t o  be of the  order  of 

magnitude of 1000, which would imply t h a t ,  f o r  t he  cloud con- 

t r a c t i n g  i n  the s o l a r  system, v i scous  forces  are smaller than 

pressure  forces  by a f a c t o r  of n o t  10-210 Being drag 

forces ,  they can exchange v e r y  la rge  amounts of angular  momentum 

from the  Sun t o  the ou te r  reaches of the  s o l a r  system i f  allowed 

t o  a c t  f o r  a long durat ion.  

If viscous forces  are completely dominant, they would 

lead t o  a reduct ion i n  a l l  v e l o c i t y  g rad ien t s ,  and imply t h a t  

the s o l a r  system r o t a t e s  as a r i g i d  body. The Sun has a con- 

s ide rab ly  l a r g e r  r o t a t i o n  speed than the o r b i t a l  speed of any 

-c el, el---&- m---c-- -  L----L. . l  - - L  --I - - - -  I&-- 1 - - - - -  L - - - -  
VI L L L G  p A a i i c L a o  A i i c : c t : u L c  , C U L U U L C L I L  V L D L U D L L ~  t t t i g i i ~  i i a v c  ut=eii 

s u f f i c i e n t  t o  slow the Sun down t o  i t s  p resen t  r o t a t i o n  speed. 

If the  cloud has a s u f f i c i e n t l y  h igh  e l e c t r i c a l  conduc- 

t i v i t y ,  then any magnetic f i e l d s  present  a f f e c t  the  f l u i d  

motions and must be  included i n  the  a n a l y s i s ,  A hydromagnetic 

a n a l y s i s  i s  extremely complicated, though some s impl i f i ca t ions  

can be made. I f  the  r a t i o  of pressure fo rces  t o  magnetic forces  

i s  l a r g e  (as i t  i s  i n  today's s o l a r  wind), then magnetic f i e l d  

l i n e s  tend t o  be en t ra ined  i n  the flow, and the  flow i s  

r e l a t i v e l y  unaffected by the  f i e l d  l i n e s ,  I f  r o t a t i o n  i s  
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involved, the  f i e l d  l i n e s  a r e  twisted i n t o  a s p i r a l  (Parker 

1963), and apply a torque tending t o  s t r a i g h t e n  them out .  The 

n e t  e f f e c t  i s  a "viscosi ty"  which ac t s  t o  prevent any v e l o c i t y  

g rad ien t s  perpendicular t o  the f i e l d  l i n e s ,  Magnetic fo rces  

impose a torque on the  c e n t e r  of the cloud i n  the  d i r e c t i o n  of 

a r i g i d  r o t a t i o n ,  

Various t h e o r i s t s ,  notably Alfven (1942, 1954) and 

Hoyle (1960), have considered the problem i n  some d e t a i l ,  They 

conclude, and l a t e r  t h e o r i s t s  concur, t h a t  e a r l y  s o l a r  system 

condi t ions  could have been favorable f o r  l a r g e  enough magnetic 

fo rces  t o  d i s t r i b u t e  the  angular momentum as i t  i s  now observed 

i n  the s o l a r  system. 

To conclude, enough i s  present ly  known about the  

behavior of f l u i d s  t o  make p l aus ib l e  a theory of cloud co l l apse  

i n t o  a formation of a s o l a r  system, What would be very d e s i r -  

a b l e  is a L ' - - - - - - L 2 - - 1  L L I C U L G L I L ~ L  + ~ n n + m n n +  LLL.UC,,.bLIC t,"p e_n_tirp prnhlprn o f  

cloud co l l apse ,  from s t a r t  t o  s t e l l a r  formation, including 

viscous and magnetic forces  c a s t  i n  a phys ica l ly  j u s t i f i a b l e  

fashion a 
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