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Introduction:  Models for the collisional growth 

of planets center on criteria for coagulation and frag-
mentation. Recently, more sophisticated models have 
combined the collisional evolution of a population of 
bodies with their dynamical evolution [1-4]. Detailed 
understanding of the coupled collisional and dynami-
cal processes has the power to unveil the history of the 
solar system, especially through the study of remnant 
populations of planetesimals.  

Laboratory and numerical studies of fragmentation 
and the criteria for catastrophic disruption ( *

DQ

*

, the 
energy per unit mass of the target delivered by the pro-
jectile such that half the target mass remains) have 
generally focused on nonporous, homogeneous mate-
rials, e.g., [5, 6]. Simulations of planet formation have 
implemented simplified rules, based on these studies, 
which govern the outcome of collisions. However, we 
expect significant changes in DQ  as (1) the collision 
velocities increase from subsonic to supersonic (>100 
to 1000 m/s) encounters; (2) initially porous (and icy) 
planetesimals compact (and melt) into solid (homoge-
neous or layered/differentiated) planetesimals; and (3) 
solid bodies are disrupted into rubble piles. Each case 
results in a change of the coupling of the projectile's 
energy into the target and alters the value of *

DQ . Fur-
thermore, the sensitivity to these effects may vary be-
tween the strength-dominated and gravity-dominated 
size regimes [7] (Fig. 1). 

Here, we explore the possible range of variability 
in disruption criteria under conditions expected during 
planet formation. 

Method: We conduct numerical experiments of ca-
tastrophic disruption in the gravity regime and consid-
er published laboratory fragmentation experiments in 
the strength regime. Supersonic collisions are modeled 
using a hybrid shock hydrocode (CTH [8]) to N-body 
gravity code (pkdgrav [9]) technique [10]. The super-
sonic collisions are normal impacts onto nonporous 
basalt targets, which have a range of material strength. 
Target radii range from 1 to 50 km, and projectile 
masses are much less than target masses. 

Subsonic collisions are modeled exclusively with 
pkdgrav [11, 12]. Targets are gravitational aggregates 
of rigid spheres, with a bulk density range of 1.5 to 2.3 
g cm-3, to represent rubble piles. Inelastic collisions 
between spheres are governed by a normal restitution 

coefficient of 0.5 to 0.8 and no surface friction [13]. 
Because simulations of planet formation typically be-
gin with a population of km-size bodies, we consider 
collisions between equal mass bodies with radii of 1, 
10, and 50 km. The impact angle is 90º, producing *

DQ  
values ~10% less than 45º impacts [6, 12].  

Results and Discussion. The laboratory and nu-
merical experiments are summarized in Fig. 1. Curves 
are the results from numerical experiments of super-
sonic [6] and subsonic collisions [11, 14]. Shaded re-
gion represents several supersonic numerical studies 
and theory [10, 15]. 

*In the strength regime, DQ  is controlled primarily 
by the tensile strength of the material, which decreases 
with size for a brittle solid [16] (note the granite data 
[17]). For example, solid rocks have a larger *

DQ

*

 than 
solid ice. In contrast, supersonic experiments in porous 
ice and sintered glass aggregates, which are mechani-
cally weak, require a larger DQ  than their mechanical-
ly stronger, solid counterparts. Porous materials are 
efficient shock absorbers, and the projectile energy is 
inefficiently coupled to the target, requiring larger im-
pact energies for disruption. However, in the subsonic 
regime, numerical [14] and laboratory experiments (  
[18]) demonstrate that porous materials require lower 
disruption energies than a solid. In this case, the ener-
gy coupling is more efficient because of a combination 
of larger projectile sizes and less energy spent in ma-
terial deformation (e.g., melting); hence, the tensile 
strength again governs the outcome. Note that subson-
ic and supersonic sintered glass aggregate experiments 
have overlapping mechanical strengths, but *

DQ  varies 
by >4 orders of magnitude [18, 19]! 

*In the gravity regime, the calculated range of DQ  
depends primarily on the density and impact velocity 
[16]. As expected, the pkdgrav results follow an ener-
gy scaling power law, * b

D TaR= 2Q , with b = . For 
1.5ρ = g cm-3, . Because energy coupling is 

less efficient in hypervelocity impacts, b is less than 2 
and generally around 1.3. Under pure energy scaling, 
there is no dependence on the mass ratio of the target 
to projectile. For equal mass 

4.8210a −=

1.5ρ = g cm-3 rubble 
piles, the critical encounter velocity for disruption is 5 
m/s at 1 km and 270 m/s at 50 km. At larger target 
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sizes, the critical velocities transition into the super-
sonic regime. 

We also consider the transition from catastrophic 
disruption to the cratering and accretion regimes. The 
normalized size of the largest fragment scales linearly 
with the normalized impact energy over an extremely 
wide range of impact conditions [6, 10, 11] (Fig. 2). 
The fragment mass is much more sensitive to impact 
energy in the subsonic regime compared to the super-
sonic regime, and there is a rapid transition from ac-
cretion to erosion. The critical encounter energies for 
accretion versus erosion are within a factor of two. 
Supersonic collisions transition into the crater regime 
at low energies, and subsonic collisions transition to a 
rebounding regime.  

Conclusions. The catastrophic disruption criteria 
for bodies smaller than ~100 km changes dramatically 
during the formation and evolution of the solar system. 
Planet formation and collisional evolution calculations 
should implement velocity and porosity dependent 
criteria for disruption and fragmentation. 
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Figure 2. Mass of largest fragment normalized to target mas

 

s 
vs. impact energy normalized to catastrophic disruption 
energy for subsonic and supersonic collisions. Supersonic 
data for nonporous basalt targets [10]. Subsonic data for 
pkdgrav rubble piles [11]. 
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Figure 1. Laboratory (points with 1T <  m) and numerical (lines) experiments on the criteria for catastrophic disruption and 

dispersal of half the target mass ( *

 R

DQ ). Symbol and # indicate target material type and porosity. Color represents projectile veloc-
y. References for all data points in [11]. it
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