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THE ORIGIN OF THE MOON: FURTHER STUDIES OF THE GIANT 
IMPACT; W Benz and A. G. W. Cameron, Harvard-Smithsonian Center for Astrophysics, and H. J. Melosh, 
Lunar and Planetary Laboratory, University of Arizona. 

In previous work on the giant impact theory for the origin of the Moon, the smoothed particle hydro- 
dynamics method (SPH) has been used to explore the conditions in which a major planetary collision may 
have been responsible for the formation of the Moon (1,2). In (2) it was found that the optimum conditions 
were obtained for a mass ratio of impactor to protoearth of 0.136. Here we run this optimum case several 
times, varying the equation of state and other parameters. We also tried increasing the angular momentum 
slightly above this optimum case. The criteria for a "successful" run were that there should be enough rock 
in orbit with enough angular momentum to form the Moon outside the Roche lobe, and that there should be 
no significant amount of iron in orbit. 

The earlier SPH runs done at Los Alamos used the Tillotson (3) equation of state, an analytical expression 
which includes 10 material-dependent constants. This does not represent adequately a two-phase medium 
since such a medium cannot be described by two thermodynamic variables in the usual way. For example, 
for any internal energy one can have an enormous range of pressures, depending on the liquid mass fraction. 
Pressure gradients computed from this equation of state in any two-phase medium may be erroneous. 

The ANEOS (ANalytical Equation Of State) equation of state developed by Thompson and Lauson (4) 
includes a two-phase medium treatment which is thermodynamically more correct. This analytical equation 
of state includes treatment of the melt liquid-vapor and solid-vapor transitions, although only the solid- 
vapor transition was implemented. Each phase is described in terms of its Helmholtz free energy potential. 
Separate phases are treated as separate components in a mixture that is always in pressure and temperature 
equilibrium. Mixed phases can coexist at the same Gibbs potential. 

Both equations of state give a negative pressure for condensed matter to represent the cohesiie forces. 
The maximum negative pressure, a free parameter in the Tillotson (but not in the ANEOS) equation of state, 
was -1 x 101° dyne/crn2, except for one case with -1 x lo9 dyne/cm2. 

An important difference in the use of these equations of state for planetary collision calculations lies in 
the choice of rock material. The best material available for the Tillotson equation of state as reported in (1) 
and (2) was granite. For ANEOS, dunite (MgZSi04) was chosen, as representing better the bulk properties 
of mantle rocks. The ANEOS equation of state depends upon 24 coefficients, which were obtained for dunite 
using various experimental values of thermodynamic quantities. The resulting theoretical equation of state 
is an excellent fit to the observed Hugoniot and low pressure phase boundary data. 

The SPH method is a free Lagrangian approach for solving the conservation equations of hydrodynamics. 
A finite set of spatially-extended Lagrangian particles replaces the continuum of hydrodynamic variables. The 
extended spatial variation of a particle is called its 'kernel". For the results reported in (1) and (2) the kernel 
used had the form of an exponential. Several criticisms have been made concerning the exponential kernel 
(5). Recently a new type of kernel was proposed (6), based on spline functions, which interpolates a constant 
density correctly and has a finite density cutoff. This was used in the recent version of the SPH code. 

For the calculation of self-gravity, an obvious brute-force way to proceed is to compute the distances 
between all particle pairs every time the forces need to be updated, which in the scheme used here is twice per 
time step. In this lunar formation problem 3008 particles were used, so that such a gravitational computation 
involves more than 4.5 x lo6 calculations. The more distant particles in any subcalculation could be grouped 
together as far as their contributions to the gravitational forces on a given particle are concerned. This 
procedure, based on a tree structure of the data, allows the transformation of a lengthy N2 process (N is the 
number of particles) into a much faster Mog N process. We have implemented a tree algorithm due to Press 
(7) in the code. 

The original runs of (1) and (2) were done with Los Alarnos Cray XMP computers. The use of the tree 
code penalizes the Crays because it is not vectorizable. The subsequent runs have been done with a SUN 
3/260 workstation (running the code at 0.1 times the Cray rate) and a DEFINICON 780+/4 insert board 
(running an additional factor of 3 slower). The four SUN runs matched various aspects of the original Los 
Alamos run 3, which gave the optimum previous results. These included a run with a match to the original 
conditions with the Tillotson equation of state, but with the modified code, a run in which the maximum 
negative pressure in Tillotson was changed, a run with ANEOS, and a run with the Tillotson internal energy 
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modified to give the same protoearth radius as in the ANEOS run. The three DEFINICON runs used ANEOS 
with the same parameters as the SUN ANEOS run, but with slightly larger amounts of angular momentum. 

It was found that the mean orbital radius of the particles left in orbit in all of the SUN and DEFINICON 
runs is significantly smaller than in the Los Alamos runs; this mean radius shifts from just outside the Roche 
limit in the Los Alamos runs to just inside the Roche limit in the SUN runs and in two of the DEFINICON runs. 
We attribute this difference to the change in the form used for the kernel in the SPH code. 

All m s  left more than enough rock material in orbit to form the Moon, although none of the SUN runs 
left 2s much as a Moon mass outside the Roche limit. The SUN runs left no iron in orbit. A significant part 
of the mass of the Moon thus would have to come from inside the Roche limit. However, sufficient mass 
lies only a relatively small distance inside the Roche limit, so that only a small amount of disk dissipation 
apparently was needed to transport enough material outside the Roche limit to form the Moon. 

A comparison of the SUN run with ANEOS with the other SUN runs shows that the use of dunite appears 
to produce a slightly smaller yield of rock in the accretion disk and a mean orbital radius of this material 
slightly smaller than in the SUN Tillotson runs. We do not interpret this result to indicate that pressure 
gradient forces were more effective with the ANEOS equation of state; had this been the case, it seems likely 
that the mean radius of the orbiting rock would have been larger rather than smaller than in the Tillotson 
runs. 

Considering the differences in the material and the slight sensitivities to the initial conditions in the run, 
we consider the results obtained with the ANEOS equation of state to c o b  all the essential features of 
the runs obtained with the Tillotson equation of state. We see no evidence that gas pressure gradients play a 
significant role in the injection of material into orbits that do not intersect the protoearth. 

The intent of the three DEFINICON runs was to determine whether a modest increase in the angular 
momentum involved in a collision would improve the yield of rock in orbit and increase its mean orbital 
radius, since the modifications to the SPH code had decreased both of these quantities. The physical justi- 
fications for carrying out the runs were three in number. First, other collisions with the protoearth, smaller 
in the mass of the impactor, would have produced some spin which would add vectorially to that derived 
from the collision, making plausible a relatively small range of collisional angular momentum values about 
the present Earth-Moon angular momentum. Second, there has undoubtedly been some decrease over time 
in the angular momenrum of the Earth-Moon system due to the effects of solar tides on the rotation of the 
Earth (8). Third, the outcome of the collision is somewhat sensitive to the geometry of the collision, and 
the geometry in turn is uncertain because the radius of the protoearth depends upon the prior history of 
collisional heating and upon the equation of state of the material, which is oversirnplil?ed through the use of 
a single material for the mantle. 

The SUN runs used 1.08 JEM (JEM is the angular momentum of the Earth-Moon system) to compensate for 
the angular momentum carried away by escaping particles. The DEFINICON run with 1.16 JEM left nearly 
two Moon masses of rock (and no iron) in orbit with a mean orbital radius of 2.97 Earth radii (we took 
2.88 radii to be the Roche lobe). This satisfied our definition of a successful run very well. The other two 
DEFINICON runs had more angular momentum and left unacceptable amounts of iron in orbit. 

A distinctive feature of the successful DEFINICON run was the formation of a straight, rather thin bar, 
which rotated in orbit so as to keep one end pointing toward the protoearth through a significant fraction 
of an orbit. Since the bar remains straight during this motion, the particles contained in the bar are not in 
Keplerian orbits about the protoearth; the outer particles are accelerated in their orbital motion and the inner 
ones are retarded. The iron is concentrated in the inner part of the bar and is thus preferentially decelerated 
in its orbital motion as the bar rotates. This effect helps to dump all of the iron from the impactor into 
the protoearth after the collision. At the outer end of the bar, material is progressively lost and left behind 
in orbit. This material has received a large gravitational torque which has accelerated it into a fairly large 
orbital radius. The bar behaves in many respects like the central bars in barred spiral galaxies. We checked 
the thermodynamic state of the particles in the bar and found the internal energies to be sufficiently high 
that the pressure was positive. Thus the normal negative pressure of cold condensed matter in the ANEOS 
equation of state did not contribute to the stability of the bar. 
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