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Introduction. Planet formation is common. The 
observed systems are surprisingly diverse and very 
different from our solar system. At present, observa-
tions provide snapshots of the early protoplanetary 
disks and late stages of planet formation either as 
planetary systems or disks of debris, but have not pro-
vided a coherent story to connect the two. As a result, 
it is not known why there is such a diversity of extraso-
lar systems or what determines the type of solar system 
that develops. The solution is to build a complete nu-
merical model. However, such a complete model of 
planet formation has eluded the astrophysics commu-
nity because of numerical constraints and incomplete/
unknown physics. In order to make the problem of 
planet formation more tractable the planet formation 
process is often divided into separate stages, which are 
then tackled in isolation. This method has had some 
success: for example, numerical simulations show that 
~100 km planetesimals can grow into protoplanets of 
about a lunar mass. Further numerical simulations us-
ing simplified physical models have created planetary 
systems from an initial distribution of protoplanets. 
However, the diversity of the extrasolar planets and 
debris disks is still unexplained.  As a result, we have 
begun an ambitious project to develop a state of the art 
numerical model of planet formation that will include 
the most realistic model of planetestimal evolution to 
date.
     The evolution of planetesimals, the building blocks 
of planets, is dominated by collisions with other plane-
tesimals. The outcome of these collisions depends on 
the specific impact conditions: impact parameter, mass 
ratio, impact speed, and the composition of the target 
and projectile, such as porosity and ice fraction. In the 
past, direct global simulations of planetesimal evolu-
tion have assumed a simplified collision model. Terres-
trial planet embryos were shown to grow easily from 
an annulus of large planetesimals if the only outcome 
of planetesimal-planetesimal collisions is merging [1]. 
However, this numerical method did not allow for ero-
sion of planetesimals only accretion. Using a different 
numerical technique [2] conducted simulations that did 
allow for erosion but still used a simplified collision 
model. As a result, the simulations did not fully ac-
count for mass ratio or impact angle. Resolving the 
collisions within the simulations, [3], [4], and [5] em-
ployed a more direct approach.  However, the detailed 
collision models significantly increase the computa-

tional demand. In addition, the numerical methods 
employed are only valid for a specific impact speed 
regime. In the case of [3] and [4] the collision model 
assumed subsonic collisions and thus, could not be 
extended past oligarchic growth. In the case of [5] the 
model assumes supersonic collisions and, cannot be 
used in the slow early phases of planetesimal evolu-
tion. Thus, to create a coherent numerical model of 
planet formation, a new approach is needed.
     General Scaling Laws. Here we present the com-
pletion of the first phase in creating our planet forma-
tion model -- a series of empirical scaling laws for pre-
dicting collision outcomes of gravity dominated ob-
jects. We have parameterized the full range of possible 
collision outcomes for planetesimal collisions using a 
combination of hydrocode and N-body gravity code 
simulations. In previous work, [6][7] a “universal” 
scaling law was developed that predicts the mass of the 
largest post-collision remnant for head-on impacts. 
This scaling law held for all mass ratios and impact 
speeds but was only tested for one impact angle. We 
have now found that the universal law holds as long as 
the impact is not grazing and the impact energy is 
normalized with the correct catastrophic disruption 
threshold (Fig. 1A). Using the definition of grazing 
from [8], a collision is considered grazing when the 
center of the projectile misses the target. The critical 
impact parameter, bcrit = sin-1(R/(R+r)), occurs when 
the center of the projectile  is tangent to the surface of 
the target. Impact parameters above bcrit are grazing 
impacts. Impact parameters below this are described 
using the catastrophic disruption criteria [6][7]. How-
ever, even if the impact parameter is less than bcrit a 
significant fraction of the projectile can miss the target 
thus the catastrophic disruption threshold must be 
scaled by the faction of the projectile mass that is actu-
ally involved in the collision. Using this logic, we find 
that the universal law holds for impacts where b < bcrit. 
If the entire projectile mass hits the target (even if b > 
0) the impact can be approximated by a head on impact 
and no scaling of the disruption threshold is necessary.
     If b > bcrit, an additional collision outcome is possi-
ble. Instead of transitioning from merging to disrup-
tion, a grazing collision may result in an intermediate 
outcome -- graze-and-run (Fig. 1B) [8][9][10]. A 
graze-and-run collision results in a target that is effec-
tively intact. 
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     We have found that the transition out of graze-and-
run into the disruption regime is determined by impact 
energy. If the impact is so fast that the grazing impact 
is disruptive to the target (the target looses mass as a 
result of the impact), the universal law can again be 
used to predict the mass of the largest remnant as long 
as the catastrophic disruption threshold has been scaled 
with the fraction of mass from the projectile involved 
in the collision. 
     Conclusions. In previous work, we developed scal-
ing laws for predicting the largest remnant of head-on 
collisions between gravity dominated objects. We now 
have equations to describe the largest remnants, size 
distributions, the velocity dispersions, and the transi-
tions into and out of the various types of collision out-
comes. Our equations describe the dependence of col-
lision outcome on mass ratio, impact speed, and impact 
parameter. 
     Our velocity dependent QRD* equation [7] includes 
the energy loss due to irreversible work in the shock 
regime. As long as the correct QRD* regime is deter-
mined our scaling laws, which are dependent on QRD*, 
will transition naturally from subsonic to supersonic 
regimes. Thus, we expect that our scaling laws can be 
accurately employed during all phases of planet forma-
tion. It should not then be a surprise that our results in 
Fig 1B from subsonic N-body simulations of impacts 
between simple uniform density  objects agree well 
with the supersonic SPH simulations  of impacts be-
tween differentiated protoplanets from [9].
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Figure 1: A) Universal law -- mass of largest remnant 
versus impact energy normalized by total mass and the 
reduced catastrophic disruption threshold, respectively. 
The solid line is the universal law, Mlrem/MTot = 
-0.5(Q/QRD* - 1) + 0.5, from [7]. B) Accretion effi-
ciency, (Mlrem-MTarg)/MProj, versus speed at infinity, 
((Vimp/Vesc)2-1)1/2 [8]. Our data is shown in solid lines 
with four impact angles for each mass ratio. Data from 
[9] is shown as dashed lines with impact angles 0o 
(black), 30o (magenta), 45o (red), 60o (green).
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