
Plane&smal	  hypothesis:	  solar	  
system	  forma&on	  revisited	  

Ar&sts	  impression	  of	  early	  
solar	  nebula	  (NASA)	  



•  Sun	  forms	  surrounded	  by	  protoplanetary	  disk,	  
containing	  gas	  and	  dust	  grains:	  we	  observe	  
such	  disks	  around	  young	  stars	  today	  
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•  Microscopic	  grains	  form	  

	  	  	  	  Depending	  on	  the	  distance	  from	  the	  proto-‐
Sun	  and	  thus	  the	  temperature	  of	  the	  nebula,	  
the	  grains	  are	  made	  of	  silicates	  and	  Fe	  
compounds	  (inner	  solar	  system,	  inside	  ice	  line)	  
or	  water	  and	  other	  compounds	  (outer	  solar	  
system)	  



•  Microscopic	  grains	  
aggregate	  to	  form	  
small	  (cm-‐size)	  
objects;	  fractal	  
shapes	  

•  They	  seIle	  to	  the	  
midplane	  and	  keep	  
growing	  
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13.5.2 Planetesimal Formation 
As a disk of gaseous matter cools, various compounds 
condense into microscopic grains. For a di sk of solar 
composition , the first substantial condensates are silicates 
and iron compounds . At lower temperatures, characteristic 
of the outer reg ion of our planetary system, large quan-
tities of water-ice and other ices can condense (§ 13.4.3). 
In these regions there al so may have been a significant 
fraction of pre-existing condensates from the interstellar 
medium and stellar atmospheres. Growth of solid particles 
then proceeds primarily by mutual colli sions. 

The microphysics of the growth of subcentimeter-
sized grains is quite different from the dynamical pro-
cesses important to later stages of planetary accre-
tion . The mechanical and chemical processes rel ated to 
grain agglomeration are poorly understood. Data from 
smokestack studies and numerical models suggest that 
loosely packed fractal structures which are held together 
by van der Waal s forces may be formed (Fi g. 13.15). 
However, most primitive meteorites differ from the sub-
ject of these studies as they contain chondrules, which 
are small igneous inclusions mm in size (§8.1 ). The 
large abundance of chondrules implies that a significant 
fraction of the hypothesized fluffy (very porous) aggre-
gates were rapidly heated and cooled prior to being incor-
porated into larger bodies. Various models of chondrule 
formation exist, but no consensus has yet been reached 

J). 
The motions of small grains in a protoplanetary disk 

are strongly coupled to the gas. For the parameter regime 
thought have existed in the Solar System's protoplane-
tary disk, the coupling between the gas and solid particles 
smaller than I em is well described by Epstein ' s drag law 
(eq. 2.55). When grains condense, the vertical compo-
nent of the star's gravity causes the dust to sediment out 
towards the midplane of the disk. The acceleration of a 
grain is given by 

dvz =- PgC, Vz - 11 2Z, 
dt Rp 

(13.14) 

where Vz is the grain's velocity in the (perpen-
dicular to the midplane of the disk) , Pg(Z) the gas den-
sity, p the grain's density, R is the radius of the grain, 
c, the local speed of sound, which is equal to the ther-
mal gas velocity (and thus c, ex: T 112) , and the Keplerian 
orbital angular velocity 11 = J G M 0 j r;b . Equation ( 13.14) 
describes the behavior of a damped oscillator. The vertical 
motion of a large solid object is nearly sinusoidal, with 
the Pg term providing a slow damping of the amplitude. In 
contrast, the small grains considered here are highly over-
damped, and they move very slowly relative to the gas- the 
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Figure 13.15 Examples of fractal aggregates produced by numer-
ical simulations of the collisional agglomeration of dust grains. In 
a bal listic partic le-cluster agglomeration (BPCA) process, a seed 
particle grows by the accumu lation of single part ic les that collide 
with random impact parameters and from random directions on 
linear trajectories (hit-and-stick process). A bal listic cl uster-cluster 

a001omertlll0n \BCCAI \hrQUKn !nO 1/QaKUialiOn 
ol :Jlli!rQQ:JtQs (dQ:lin on tmJQQtorioQ with rgndnm 
impact parameters and from random directions). (a) BPCA with 
1024 monod isperse spherica l parti cles; the simple BPCA process 
leads to aggregates with a fractal dimension of 3.0. (b) BCCA with 
1024 monodisperse spherical part icles; these aggregates have 
a fractal dimension of 1.9. (c) BPCA with 2001 spherical con-
stituent partic les, following a power-law size distribution wi th an 
exponent of -3. 15. (d) BPCA with 2000 monod isperse spheri-
cal particles, aggregated onto a large spherical core. (Blum eta/. 
1994) 

two terms on the right-hand side are both much larger in 
magnitude than the acceleration term on the left. 
Neglecting this small acceleration, the equilibrium set-
tling speed is 

11 2 R 
V L = - ___!!!____ 

PgCs . 
( 13. 15) 

Note that for particles of a given density, the settling rate 
is proportional to particle radius , and particles far from 
the midplane, where Pg is small (eq. 13. I Oa), settle much 
faster than do those close to the midplane. 

At a heliocentric distance of I AU, the temperature of 
the disk is approximately 500-800 K, and the gas density 

Simula&ons	  of	  
aggrega&ons	  from	  
different	  sizes	  of	  grains	  
(Blum	  et	  al	  1994)	  



•  When	  grains	  are	  small	  in	  size	  they	  interact	  
with	  the	  gas	  in	  ways	  that	  slow	  the	  grains	  down	  
a	  liIle	  

•  As	  plane&smals	  become	  larger,	  the	  gas	  has	  
liIle	  or	  no	  effect	  	  

•  They	  grow	  further	  via	  2-‐body	  collisions	  in	  
which	  smaller	  objects	  tend	  to	  fragment	  and	  
larger	  objects	  accrete	  and	  so	  grow	  to	  be	  even	  
larger	  

•  Eventually	  massive	  planetary	  embryos	  form	  at	  
regular	  intervals	  in	  semi-‐major	  axis	  





•  Simula&on	  shown	  on	  previous	  page	  starts	  with	  
25	  objects	  as	  massive	  as	  Mars,	  1000	  
plane&smals	  4%	  of	  Mars’	  mass	  and	  Jupiter	  and	  
Saturn	  on	  current	  orbit.	  

•  Gravita&onal	  perturba&ons	  induce	  orbits	  with	  
wide	  range	  of	  eccentricity,	  so	  orbits	  cross	  (see	  3	  
Myr	  panel)	  

•  We	  then	  have	  a	  period	  of	  much	  chaos:	  close	  
encounters	  and	  giant	  impacts	  

•  Form	  a	  small	  number	  of	  terrestrial	  planets	  in	  of	  
order	  10^8	  years:	  4	  different	  possible	  solar	  
systems	  shown	  






