
PLANETARY AGGREGATION AND NEBULA TIDES. K. Hourigan and W. R. Ward, 
J e t  Propuls ion Laboratory, Ca l i f .  I n s t i t u t e  of Technology, Fasadena 91 109 

According t o  d e n s i t y  wave theory,  t h e  d i s t u r b i n g  g r a v i t a t i o n a l  p o t e n t i a l  
of a  p lane t  embedded i n  a  f l u i d  d i s c  l eads  t o  a  mutual torque t h a t  t r a n s f e r s  
angu la r  momentum between t h e  p l a n e t  and d i s c  (1-2). The continuous f u n c t i o n a l  

form f o r  t h e  torque d e n s l t y  can be w r i t t e n  d ~ / d r  - + f  G%; r do2 ~"(2-31, 

where x  is  t h e  d i s t a n c e  from t h e  p l a n e t  of mass %, n is  t h e  o r b i t a l  angular  
v e l o c i t y  of t h e  p l a n e t ,  f  is a  cons tan t  of order  un i ty ,  and t h e  - and + s i g n s  
r e f e r  t o  t h e  reg ions  of t h e  d i s c  i n t e r i o r  and e x t e r i o r ,  r e s p e c t i v e l y ,  t o  t h e  
planet ' s  o r b i t .  'Ihe torque d e n s l t y  c u t s  off  f o r  x < h, where h  is t h e  s c a l e  
h e i g h t  of t h e  d i sc .  Via t h i s  to rque  d e n s l t y ,  gas on e i t h e r  s i d e  of t h e  
planet ' s  o r b l t  tends  t o  withdraw, c l e a r i n g  a  zone. This formation of a  gap 
i n  t h e  nebula is  opposed by t h e  a c t i o n  of v iscous  shear  s t r e s s e s  i n  t h e  
d i s c .  Concomitantly, t h e  semi-major a x i s  of the  planet  undergoes a l t e r a t i o n  
due t o  to rque  imbalances r e s u l t i n g  from asymmetries i n  t h e  d i s c  p roper t i e s .  

It t u r n s  ou t ,  t h e  d e n s l t y  wave mechanism impl ies  a  severe  r e s t r i c t i o n  
on t h e  t imesca le  of nebular  d i s p e r s a l .  This is  t r u e  whether o r  not  a  p l a n e t  
c l e a r s  a  zone. In t h e  absence of a  gap, J u p i t e r ' s  semi-major a x i s  v a r i e s  on 
a  t imesca le  of less than  0(104) y e a r s  a s  a  r e s u l t  of probable  d i s c  asymmetries 
(1). On t h e  o t h e r  hand, t h e  e x i s t e n c e  of a  gap, which f u r n i s h e s  a  b a r r i e r  
t o  t h e  flow of nebular  m a t e r i a l s ,  provides  no permanent s t a b i l i z i n g  e f f e c t  
e i t h e r ,  because t h e  o r b i t a l  angular  momentum of t h e  p lane t  becomes locked i n t o  
t h e  angu la r  momentum r e d i s t r i b u t i o n  process  of t h e  d i s c  a s  a  whole and sub- 
s t a n t i a l  r a d i a l  d r i f t  of t h e  Jovian o r b i t  ensues ( 4 ) .  Only rap id  nebula d i s -  
p e r s a l  [ i .e . ,  0 ( 1 0 ~ - ~  y r s ) ]  s e e m  capable  of prevent ing t h i s .  Such inconsis-  
tency i n  t imesca les  p resen t s  a  p r i n c i p a l  o b s t a c l e  t o  cosmogonic models. 'Ihe 
above implied nebula l i f e  time is  much s h o r t e r  than t y p i c a l  e s t i m a t e s  of 
a c c r e t i o n  t imes,  i .e . ,  + ( l o 7  y r )  f o r  t h e  t e r r e s t r i a l  p l a n e t s  and : 0(109 y r s )  
f o r  t h e  ou te r  p lane ta ry  cores  (5,6). Espec ia l ly  noteworthy is  t h a t  f a c t  t h a t  
t h e  l a t t e r  e s t i m a t e  is dangerously c l o s e  t o  t h e  t o t a l  age of t h e  s o l a r  system. 

A p a r t i a l  r e s o l u t i o n  t o  t h i s  problem could be furnished by dens l ty  waves 
themselves. It is genera l ly  acknowledged t h a t  o b j e c t s  of o rder  10 25 gms can 
accumulate quickly  [i .e . ,  5 0(104 y r ) ]  v i a  s t rong  l o c a l  g r a v i t a t i o n a l  em- 
counters  (7). It is  t h e  t e rmina l  s t a g e s  of p lane ta ry  growth t o  : 0(1027  gms) 
t h a t  r e q u i r e s  a  comparatively p r o t r a c t e d  i n t e r v a l .  This is a  d i r e c t  conse- 
quence of t h e  low c o l l i s i o n  frequency a s  fewer and fewer o b j e c t s  a r e  assumed 
t o  be  d i s t r i b u t e d  more o r  l e s s  uniformly throughout a  region.  Shor ter  accre- 
t i o n  t imes would, of course,  be  p o s s i b l e  i f  p lanetes imals  were brought i n t o  
g r e a t e r  proximity through changes i n  t h e i r  d i f f e r e n t i a l  semi-major axes r a t h e r  
than  by inc reased  e c c e n t r i c i t i e s .  Although gas drag has  long been recognized 
a s  a  p o t e n t i a l  agent of r a d i a l  migrat ion,  t imescales  a s s o c i a t e d  wi th  2_ 10 25 gm 
o b j e c t s  become p r o h i b i t i v e l y  long (8). Hence a  s i g n i f i c a n t  p o r t i o n  of t h i s  
m a t e r i a l  must avoid p a r t i c i p a t i n g  i n  t h e  rap id  l o c a l  growth phase long enough 
t o  migrate  g r e a t  distances-a s i t u a t i o n  which seems l e s s  than c e r t a i n .  Here 
we c a l l  a t t e n t i o n  t o  t h e  f a c t  t h a t  o r b i t a l  d r i f t  generated by disc-planet  
t i d e s ,  

2  2  f - f '  rR(r /h)  ( m  /Me)(m/Me) (1) 

O Lunar and Planetary Institute Provided by the NASA Astrophysics Data System 



PLANETARY AGGREGATION 

Hourigan, K. and Ward, W. R.  

dominates aerodynamic drag i n  t h e  l a r g e  s i z e  range and f o r  reasonable  para- 

meters impl ies  a . c h a r a c t e r i s t i c  growth t ime, T~ = m / A  = m/2s on& , of o rder  - 
lo5-lo6 y r s  everywhere i n  t h e  disc .  In the  above, o and o ar; s u r f a c e  den- 

P s i t ies  f o r  gas and a c c r e t a b l e  m a t e r i a l ,  r e s p e c t i v e l y ;  r is t h e  h e l i o c e n t r i c  
d i s t a n c e ,  Mg is  t h e  s o l a r  mass, and f '  is  a constant  of o rder  uni ty .  Of 
course,  eqn. (1) i s  not  v a l i d  i f  a t i d a l  zone has  opened. Viscous d i f f u s i o n  
c l o s e s  a zone i f  t h e  c h a r a c t e r l s t i c  evolut ion t imescale  f o r  t h e  nebula 

2 -1 -2 
? = r / V  ( $2 r (h/ r13 . Were i t  no t  f o r  J u p i t e r  (and Saturn) it would be  N 
p o s s i b l e  t o  choose a v t h a t  would y i e l d  a s e l f - c o n s i s t e n t  model al lowing f o r  
bo th  a c c r e t i o n  and nebula d i s p e r s a l .  [In p a r t i c u l a r ,  a c c r e t i o n  i n  t h e  ex- 
treme o u t e r  p o r t i o n  of t h e  system would not r e q u i r e  i n t e r v a l s  comparable t o  
t h e  age of t h e  s o l a r  system.] However, 'rm is s t i l l  considerably  longer than 
t h e  c r i t i c a l  d i s p e r s a l  time of t h e  nebula needed t o  ensure  s t a b i l i t y  of 
J u p i t e r ' s  o r b i t .  Hence, t h e  mot ivat ion f o r  consider ing a two-stage nebula 
h i s t o r y  p e r s i s t s  (4) .  Although a two-stage h i s t o r y  seems r e g r e t t a b l y  cum- 
bersome, i t  would c l e a r l y  be  con t r ived  t o  assume a changing v i s c o s i t y  of j u s t  
t h e  requ i red  magnitude t o  c l o s e  t i d a l  zones throughout t h e  a c c r e t i o n  process  
bu t  not so l a r g e  a s  t o  d i s p e r s e  t h e  nebula too quickly.  In t h i s  context  we 
a l s o  p o i n t  ou t  t h a t  d i f  f  us ion e f f e c t s  may not b e  t h e  only mechanism t o  
suppress  zone formation.  I£ t h e  t imescale  f o r  an ob jec t  t o  d r i f t  a  d i s t a n c e  
comparable t o  t h e  s c a l e  he igh t  h v i a  eqn. (1) is l e s s  than t h e  time necessary  

-1 -2 
f o r  a zone of such width t o  form, i .e . ,  r - S2 u (h/ r15 , t h e  zone may 

Z 

indeed f a i l  t o  open. ?his is equ iva len t  t o  t h e  cond i t ion  m < O(U h2) ,  which 
i n  t h e  t e r r e s t r i a l  zone i s  gm) , i.e., susp ic ious ly  c l o s e  t o  p lane ta ry  
s i z e .  B u s ,  i n  a very  quiescent  nebula,  o b j e c t s  would tend t o  grow t o  a 
c r i t i c a l  s i z e  b e f o r e  gap formation i n h i b i t s  f u r t h e r  migration.  In t h e  ou te r  
s o l a r  system t h e  l i m i t i n g  s i z e  is about an order  of magnitude l a r g e r ,  again  
comparable t o  p lane ta ry  (o r  g i a n t  p l a n e t  core)  s i z e  i n  t h a t  region. In t h i s  
scheme then,  a f i n a l  vigorous s t a g e  of nebula evolut ion is s t i l l  required t o  
i n i t i a t e  gas  a c c r e t i o n  by t h e  g i a n t  p l a n e t s  and d i s p e r s e  t h e  remaining d i s c  
without d e s t a b i l i z i n g  t h e  system. 
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