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The early growth of planetesimals by mutual direct collisions 
is crucially dependent on the nature of the collision processes. 
Whether or not a body can gain mass upon collision depends on 
parameters such as impact velocity, relative mass ratio of 
colliding bodies, and their mechanical strength and surface 
properties (1). However, so far only a few quantitative studies 
of the relationships between these parameters and post-collisional 
behaviour have been reported (2,3). Therefore it is still unclear 
how planetesimals with specific mass- and velocity-distributions 
evolve into a full-size planet. Here I report on a Monte Carlo 
simulation of a direct planetesimal collision process, designed to 
clarify the effects of initial mass- and velocity-distribution 
and mechanical strength of planetesimals on the evolution of mass- 
distribution. 

Collision types. In this study I consider four types of 
collisions; (i) rebound (elastic) collision, (ii) erosive 
collision in which a large body is slightly eroded by the impact 
of a much smaller one and the smaller body is shattered, (iii) 
catastrophic collision in which both larger and smaller bodies are 
completely disrupted, and (iv) coagulative collision (mass gain) 
which is assumed to occur either if the rebound velocity is 
smaller than the escape velocity of the colliding system or if the 
total ejected mass is smaller than the projectile mass. Criteria 
subdividing the upper four regimes are derived from the available 
impact experiment data by Hartmann (1) and others (4 ,5 ) .  

Calculation technique. At first, I calculate the statistical 
collision probabilities of all individual collision pairs, then I 
use a random number (0 to 1) for the probability and choose the 
corresponding collision pair. Because of restrictions in computer 
time the masses m of the bodies are assumed to lie in a specified 
mass range Mo 5 m < MI and fragments with masses less than M are 

0 
removed from the system immediately as they occur. Then using 
the impact velocity (assigned by means of random numbers which 
obey a Gaussian distribution), mechanical strength and relative 
mass ratio of the collision pair, the appropriate collision type 
is determined. Fragments caused by either catastrophic or erosive 
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collisions are assumed to follow a comminution relation. The 
fraction of ejecta with velocity larger than the escape velocity 
of a collision pair is estimated by using Marcus's hypothetical 
ejecta velocity distribution [a v - ~ ,  2  < a(= 2.25) < 2 . 5 1  (6). 

Results. Mass distribution for an ensemble of mutually 
colliding bodies essentially evolves to a specific form (inverse 
power law distribution, N(m,t) = C(t) m-") regardless of the 
initial form of the distribution. Exponent values a of the 
steady state distribution are summarized as follows: (i) when 
increase and decrease in the number of bodies due to coagulative 

2  collision are balanced, D = 0 35  for a a r , CY 0.5 for 
3 4 a a r , and CY = 1.0 for 5 a r , where a is a cross section term 

of the collision probability, (ii) when increase and decrease in 
the number due to catastrophic and erosive collisions are 

2  balanced, CY PZ 0.85 for a a r , and (iii) when increase and 
decrease in the nuder due to both coagulative and catastrophic 
(including erosive) collisions are balanced, CY w 0.7 for 

2  a r . Preliminary results also reveal that either growth or 
survival from catastrophic collision occur only at the low - - 

velocity range of Vimp s 0.2 km/sec for basaltic bodies 
irrespective of the initial mass-distribution. However, the - 
critical mean impact velocity Vimp subdividing growth and 
fragmentation regimes is very dependent on mechanical strength 
and surface property of the planetesimals. 

A scenario of planetary formation. Although it is very 
difficult to estimate the mean impact velocity of planetesimals 
(7), we can say that this velocity is expected to be low if 
there were dense gases in the planetary particulate disk; the 
gas drag force is large enough to suppress the diffisuion of 
orbital elements due to distant and close encounter (8). There- 
fore accretion may be predominant at the early stage of 
collisional evolution, as is suggested by Greenberg et al. (2). 
As the largest body grows and gases in the inner planetary disk 
are gradually blown out, orbital elements of planetesimals may 
begin to diffuse because of the increasing frequency of distant 
and close encounters. Once mean eccentricity of planetesimals - 
exceeds 7 x (it corresponds to Vimp = 0.21 km/sec at 1 A.U.) , 
fragmentation becomes predominant as is shown in this study: 
the present mean eccentricity of the terrestrial planets is 
about 8 x lom2. Hence fragmentation might be a predominant 
collision type during the last phase of collisional evolution if 
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there were only silicate (basaltic) planetesimals. We need to 
introduce something like nucleating agents (such as iron bodies 
which have plastic (ductile) properties at temperatures higher 
than 200'~) in order to resolve this contradiction (1). This 
work suggests that planetesimals accrete inhomogeneously due to 
the differences in mechanical strength: iron being the first, 
and silicate the second. 
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