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ABSTRACT

We present results of about 100 hydrodynamic simulations of potential Moon-forming impacts,
focusing onthe*“lateimpact” scenario in which the lunar forming impact occurs near the very end of
Earth’s accretion (Canup & Asphaug 2001). A new equation of state is utilized that includes a
treatment of molecular vapor (*“M-ANEOS’; Melosh 2000). We assess the sensitivity of impact
outcome to collision conditions, in particular how the mass, angular momentum, composition and
origin (target vs. impactor) of the material placed into circumterrestria orbit vary with impact angle,
speed, impactor-to-target mass ratio, and initia therma state of the colliding objects. The most
favorable conditionsfor producing asufficiently massive and iron-depleted protolunar disk involve
collisonswith animpact angle near 45 degrees and an impactor velocity at infinity <4 km/sec. For a
total mass and angular momentum near to that of the current Earth-Moon system, such impacts
typically place about alunar mass of material into orbits exterior to the Roche limit, with the orbiting
material composed of 10 to 30% vapor by mass. In al cases, the vast majority of the orbiting
materia originates from the impactor, consistent with previous findings. By mapping the end fate
(escaping, orbiting, or in the planet) of each particle and the peak temperature it experiences during
theimpact onto the figure of theinitial objects, it is shown that in the most successful collisions, the
impactor material that ends up in orbit is that portion of the object that was in general heated the
least, having avoided direct collision with the Earth. Using these and previousresultsasaguide, a
continuous suite of impact conditionsintermediateto the“lateimpact” (Canup & Asphaug 2001) and
“early Earth” (Cameron 2000, 2001) scenarios is identified that should also produce iron-poor, ~
lunar-sized satellites and a system angular momentum similar to that of the Earth-Moon system.
Among these, we favor those that leave the Earth > 95% accreted after the Moon-forming impact,

implying a giant impactor mass between 0.11 and 0.14 Earth masses.
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I.BACKGROUND

The origin of the Moon is one of the oldest and most studied problemsin planetary science.
The Moon's lack of alarge iron core—together with planet accretion model predictions that large
impacts would be common—Ied Hartmann and Davis (1975) to postulate that an impact with the
Earth could have gected iron-depleted mantle material into orbit from which the Moon then formed.
They aso suggested that gjected material might be depleted in volatile e ementsrel ative to the Earth.
Anindependent and contemporaneousinvestigation by Cameron & Ward (1976) recognized that the
obliqueimpact of aroughly Mars-sized planet could account for the rapid initial terrestria rotation
rate implied by the current angular momentum of the Earth-Moon system, and suggested that
vaporization might provide a physica mechanism to emplace materia into bound orbit. The
concepts described in these two works constitute the basis for what is now the leading theory for
lunar origin, the giant impact hypothesis.

Several decades of works have utilized increasingly sophisticated numerical simulations—
primarily smooth particle hydrodynamics (or SPH)—to model the hypothesized impact event. Early
workswere challenged by slow computational times di ctating necessarily low numerical resolutions
(Benz, Slattery & Cameron 1986, 1987; Benz, Cameron & Melosh 1989; Cameron & Benz 1991); in
these, acollision was represented by 3000 SPH particles, so that alunar mass of g ected material was
described by just 37 particles. Order-of-magnitude improvements in resolution are now possible
(Cameron 2000, 2001; Canup & Asphaug 2001), and 10°-10 particle simulations allow for amuch
more detailed description of the gjected material.

Despite these computational advances, identifying impacts capable of placing sufficient mass
into Earth orbit to yield the M oon while also accounting for the Earth-Moon system mass and angular
momentum proved challenging. Since Cameron & Benz (1991), progressively larger impactors
relative to the targets were considered in an effort to increase the yield of orbiting material, with
Cameron (2000, 2001) considering collisionsthat al involved impactors containing 30% of the total

colliding mass. Thetype of impact favored by those worksinvolved animpactor with roughly twice



the mass of Marsand an impact angular momentum closeto that of the current Earth-Moon system,
Lem, but with atotal mass (impactor plustarget) of only Mt ~0.65M4 . Inthisso-cdled “ early-Earth”
scenario, the Earth is only partially accreted when the Moon forms and must subsequently gain ~
0.35M4, with the later growth involving sufficiently small and numerousimpacts so that the system
angular momentum is not drastically atered. It is not clear that such a large quantity of small
material would exist at this|ate stage of planet accretion; e.g., Weidenschilling et al. (1997) find only
10% of the massin theterrestria region is contained in objects smaller than lunar size after 1 million
years, and dating of the lunar forming impact inferred from the Hf-W system placesit much later at
/30 million years (e.g., Halliday, Lee & Jacobsen 2000; Yin et al. 2002; Jacobsen & Yin 2003).
Another difficulty isthe potentia for the Moon to become contaminated by iron-rich material during
the post-impact interval when the Earth had to accumulate the final ~35% of itsmass (e.g., Stewart,
2000). If the Moon accreted a proportionate share based on its physical cross-section, the Earth could
only accrete ~0.06M 4 of terrestrial composition materia before the Moon gained more than 10% of
its mass in iron. There are factors that could mitigate this, including a less than perfect lunar
accretion efficiency (e.g., Morishima & Watanabe 2001). However in general, as the amount of
materia which must be added to the Earth after the M oon-forming impact in agiven impact scenario
increases, difficulties with the Moon becoming compositionally more similar to the Earth and the
other terrestria planets also increase.

Work has been ongoing to identify other impact scenariosthat can more closely produce the
Earth-Moon system. Canup, Ward & Cameron (2001) re-examined results of Cameron (2000), and
identified trends consistent across all of the simulations when results were viewed in terms of scaled
guantities. In particular, it was shown that for the impactor -to-total massratio of g= 0.3 utilized by
Cameron (2000, 2001), the maximum yield of orbiting materia resulted for an impact angular
momentum about 70 to 80% of that of agrazing impact, Ly, independent of thetotal colliding mass,

M-.



Utilizing the scaling analysisin Canup, Ward & Cameron (2001), Canup & Asphaug (2001,
hereafter CA01) predicted that the maximum yield for an L » Lgy and M+ » M impact should be
achieved when Ley/Lg, » 0.8; this gave a predicted optimal impactor-to-total massratio of g~0.1, or
an approximately Mars-sized object.” In a survey of 36 smulations, they found a variety of
successful candidate impacts that produced massive and iron-depleted disks, together with afinal
systemwith M1 » Mz and L » Lgy. For this“lateimpact” case, the Moon forming event occursat the
very end of Earth’s accretion; this scenario is attractive in that it requires little or no subsequent
dynamical modification of the Earth-Moon system and thus avoids problems associated with a period
of extended terrestrial growth after lunar formation.

However, intheir simulations CAO1 utilized asimple equation of state, Tillotson (Tillotson
1962), which lacks a consistent thermodynamica treatment of vaporization and mixed phase states.
Thisisakey weakness for modeling lunar-forming impacts because of the potentially important role
of pressure gradients in placing materia into orbit (e.g., Cameron & Ward 1976; Stevenson 1987,
Melosh & Kipp 1989). A sophisticated, semi-analytic equation of state known as ANEOS
(Thompson & Lauson 1972) has been utilized by previous giant impact studies (Benz, Cameron &
Meosh 1989, Cameron & Benz 1991, Cameron 1997, 2000, 2001). Unlike Tillotson, ANEOS
handl es phase changes and mixed phasesin athermodynamically consistent manner; however, inits
standard rendition ANEOS treats all vapor as monatomic species (e.g., Melosh & Pierazzo 1997).
The entropy and energy required for vaporization of molecular species—such as mantle rock—is

therefore overestimated, which may be responsiblefor the apparent lack of vapor production in recent

! Impactors with g< 0.12 had been ruled out as lunar forming candidatesin early low-resolution studies using
the Tillotson equation of state (Benz, Cameron & Slattery 1987), because they appeared to produce overly iron-
rich disks. However those simulations were unable to adequately resolve the disk iron, and were extremely

limited in number due to their computational demands at that time



high-resolution simulations (Cameron 2000, 2001).2

Recently, an extension to ANEOS to alow for molecular vapor has been undertaken by Meosh
(2000). Inthiswork, we utilize Melosh’ snew ANEOS (which werefer to hereafter asM-ANEOS)in
~ 100 SPH smulationsthat each involve between N = 20,000 and 120,000 particles, the latter arethe
highest resolution giant impact simulations published to date. We focuson the*lateimpact” scenario
of CAOQ1, considering a range of impactor sizes, impact angles, initial thermal states and impact
velocities. Our overall objectiveisto determine the types of impacts capable of producing the Earth-
Moon system, and the dynamical, compositional and thermal implicationsfor the post-impact Earth

and protolunar disk.

I1.KEY CONSTRAINTS

The lunar forming impact is constrained by basic properties of the Earth-Moon system: i) the
system angular momentum, Ley, © 3.5 x 10** g-cnm’/sec, ii) the masses of the Earth and Moon (M, =
7.35x 10°°g = 0.0123M,), and iii) the observed degree of lunar iron depletion.

The angular momentum of the Earth-Moon system has likely decreased somewhat
subsequent to lunar formation due to solar interactions, and/or the accretion of additional small
materia onto the Earth-Moon system after the Moon-forming impact. Direct solar tideson the Earth
could remove O(10?)Lgy (e.g., Canup, Ward & Cameron 2001); interaction of the Moon with the so-
called evection resonance—where the lunar apsidal precession period equals one year—(Kaula &
Y oder 1976, Touma& Wisdom 1998) could significantly increaseits orbital eccentricity and thus act
to reduce the system angular momentum (Kaula& Y oder 1976). The co-accretion of even ~10% of
an Earth mass in small materia after the Moon forming impact could produce ?L/Lgy ~ O(10™)

through the loss of lunar impact gecta (Morishima & Watanabe 2001). Given this, we consider

2 |n addition, there have been problems with the use of this equation of state in recent simulations (Cameron

2000), as temperatures in the Earth’ sinterior decrease to 0°K.



viable impacts to be those that leave an Earth-disk sysemwith 1.0 = L = 1.2L gy,
A lunar mass satellite on acircular orbit witha = ag (Whereag © 2.456R,(r o ) » 2.9Ry is

the Earth’ sRoche limit for lunar density materials), would contain an orbital angular momentum of
M, /GM zag,, » 0.18L;_,, providing a lower limit on the mass and angular momentum of

orbiting material necessary to yield the M oon assuming completely efficient accumulation. Inredity,
much of the orbiting material initially within ar will re-impact the Earth in the course of angular
momentum exchange within the protolunar disk and through interaction with theforming Moon (eg.,
Ida, Canup & Stewart 1997; Canup & Ward 2000); some may aso be gected from the system
entirely.

Simulations of accretion in a protolunar disk (Ida, Canup & Stewart 1997; Kokubo, 1da &
Makino 2000; review by Kokubo, Canup & Ida 2000) predict the formation of a satellite with a
characteristic orbital radius ~ 1.2az, or a ~ 3.5Rx. A basic conservation argument can be made to
estimate the mass of asatellite, M\, forming with a =1.2ai from an initial disk containing massMp,
and angular momentum L, (Ida, Canup & Stewart 1997):

M, »19L,/{GM;,a; - LM - 19M . (D)
where M is the mass that escapes during disk evolution. Eq. (1) assumesthat al of the mass and
angular momentum in the disk will eventually either become incorporated into asingle satellite, be
lost to the protoearth as the disk viscously spreads, or escape Such a relationship should be
approximately valid over awide range of potentia disk evolution and satellite accretion time scales,
solong asthefina stateisamoon formed near the Rochelimit and thereis no additional post-impact
source of angular momentum or massto thedisk. Thelatter condition could beviolatedif, e.g., tida
interactions of disk materia with the Earth led to a positive torque on the disk on atime scale less
than or comparableto the accretion time. Thismay be possibleif there are coherent structuresin the
disk such as spiral waves (Ward 1998), and would lead to ahigher value for My, than that implied by

Eq. (1). Herewe use Eg. (1) to estimate the mass of the satellite that will result from the orbiting



disks produced in our smulations assuming® (Me/Mp) = 0.05.

There aretwo reservoirsfor iron in the Moon: apotentia lunar core containing metallic Fe,
and the silicate lunar mantle/crust, containing FeO. Indirect seismic and gravitational analyses
suggest the presence of asmall lunar core, containing 0.01 to 0.03M, (e.g., Hood & Zuber 2000); a
smilarly sized coreisaso consistent with that needed to account for the lunar siderophile depletion
pattern (e.g., Jones & Palme 2000, Righter 2002). By comparison, the Earth’s core contains about
0.32M4, with approximately 0.27Mx in iron, while the terrestrial mantle contains about 6% iron by
mass in the form of FeO, for atotal terrestria iron abundance of about 31% (e.g., Jones & Pame
2000). The Moon is believed to be enriched in FeO relative to the Earth’s mantle; an iron mass
fraction ~ 7 to 8% has been measured for lower lunar crustal material (e.g., Lucey et al. 1995), and
lunar composition models predict 8 to 10% Fe in FeO (e.g., Jones & Delano 1989, aso Jones &
Palme 2000). Using a simpler approach based on the lunar bulk density r = 3.34 g/cn?, and the
assumption that dl lunar iron is oxidized and contained in low densty silicates, Wood (1986)
estimated that the Moon contains no more than ~ 8% iron by mass. Thus athough there are
considerable uncertainties, the overall lunar mass fraction of elemental iron is likely in the few to
10% range.

Compared to these distinctions, the treatment of Fein our smulationsisvery smplistic. We
assume our impactors and targets are composed of 30% iron by mass, contained entirely in their
cores, and consider as viable lunar-forming candidates those impacts that produce a sufficiently
massive orbiting disk with < 10% iron by mass overal, and < 5% iron in the material with equivalent

orbits exterior to the Roche limit.

® The (Me/Mp) = 0.05 value was obtained by accretion simulations of more centrally condensed
disks than those typically found here (e.g., Ida, Canup & Stewart 1997); the fractional disk mass

escaping during accretion could be higher than this for initially more radially extended disks.



I11. APPROACH

The method utilized is smooth particle hydrodynamics, or SPH (e.g., Lucy 1977). Our
specific code (see Appendix) isadescendant of that of Benz, Cameron & Melosh (1989), acousinto
that utilized in recent works by Cameron (e.g., Cameron 1997, 2000, 2001), and identical to that used
in CAQL, save the switch to a new equation of state as described below.

SPH is a Lagrangian technique in which the modeled materia is represented by a great
number of spherically symmetric overlapping ‘ particles whoseindividual evolutionsaretracked asa
function of time. Each particle represents a quantity of mass of a given composition, whose 3
dimensional spatia extent is specified by adensity weighting function known asthe kernel, and the
characteristic spatia width of the particle, known as the smoothing length, h. Thefunctiona form of
the kernel does not change during asimulation, but the smoothing length of each particleis adjusted
so asto maintain an overlap with adesired number of other particles, thus alowing even low-density
regionsto be smoothly resolved.* SPH iswell suited to intensaly deforming systems evolving within
mostly empty space, since the code resol ution follows the material evolution; it also alowsfor easy
tracking of material and compositiona identities/histories.

The evolution of each particle’ skinematic (position and velocity) and state (internal energy,
density) variables are evolved dueto 1) gravity, 2) compressiona heating and expansional cooling,
and 3) shock dissipation.® The chosen form for the equation of State relates a particle’s specific

internal energy and local density to pressure at each time step. Thetime step is Courant limited; for

* As the smoothing length of a particle isincreased, its overall volume density is decreased, so that
sparsely popul ated regions are necessarily low-density. Such a variable smoothing length method has
been utilized subsequent to Cameron (1997) , with earlier works using fixed smoothing lengths(Ba,
Sattery, & Cameron 1986, 1987; Benz, Cameron & Melosh 1989; Cameron & Benz 1991).

® For the object sizes considered here, material strength and fracture are unimportant, as are radiative

processes for our simulated times (~ a day).

10



the run times considered here, the typical energy error is DE/E ~ 10°, and angular momentum is

conserved to 1 part in 10* over the entire computational volume.

3.1 ANEOS with molecular vapor

We usethe equation of state (EOS) known as ANEOS (Thompson & Lauson 1972; seeaso
Benz, Cameron & Melosh 1989; Melosh 2000). In ANEOS, thermodynamic quantitiesin all states
arederived from the Helmholtz free energy, F, with temperature, T, and density, r , as independent
variables. ANEOS describes F as a sum of three components. a zero-temperature free energy, a
nuclear component, and an electronic term that accounts for ionization. The nuclear component is
determined viaan interpolation function that at low temperatures approximates a crystalline Debye
solid and at high temperatures, anideal gas. ANEOS describes mixed phase states (e.g., atwo-phase
vapor and melt) by treating the different phases as separate componentsthat are in temperature and
pressure equilibrium.® Thus a two-phase state within a single SPH particle is treated in a
thermodynamically self-consistent manner, and the mass fraction contained in each phase is
computed.

ANEOS has been utilized in previous giant impact simulations (e.g., Benz, Cameron &
Melosh 1989, Cameron & Benz 1991; Cameron 1997, 2000, 2001). However, the standard ANEOS
treatsall vapor as non-interacting monatomic species; this approximation was developed for metals,
but overestimates the energy and entropy required for vaporization for molecular materias, suchasa
mantle silicate (Melosh & Pierazzo 1997; Melosh 2000). Melosh (2000) has recently revised

ANEOS to include treatment of avapor containing bound diatomic molecules (e.g., SO or MgO for

% In contrast, Tillotson treats mixed phase states by performing asmooth extrapolation in pressure between that
of asolid and an ideal gasfor aninput (r , u). Thisapproach lacks any explicit treatment of phase changes or

mixed phases, and does not maintain thermodynamic consistency (see discussion in Benz, Cameron & Melosh

1989).
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forgterite, Mg,SIO,), by adding aterm to F that vanishes asthe predicted fraction of vapor molecules
approaches zero, but represents the free energy of a diatomic gas as this fraction approaches unity.
Three new M-ANEOS input variables are required for the molecular vapor modification: amolecular
binding energy, bond length, and number of interna degreesof freedom. The smulations here utilize
M-ANEOS and the associated material constantsfor forsterite, kindly provided to usby H. J. Melosh

and E. Pierazzo (e.g., Canup et a. 2002).

3.2 Initial Conditions

We consider impactors and targetsthat contain 30% iron and 70% silicate (forsterite/dunite)
by mass, differentiated into acore-mantle prior to theimpact. W e create objectsin one of two ways.
Inthefirst, we collisionally generate the objects by colliding an iron projectileinto adunite target to
produce a self-equilibrated and self-differentiated object (as in CAOL). For a nearly Earth-mass
target, this method produces temperatures ranging from 4000°K at the surface to as high as 20,000°K
inthe core, while temperaturesin an ~ Mars massimpactor typically range from 2000°K to 4000°K;
such temperatures would be similar to those expected for a planet having recently experienced
another largeimpact or with inefficient cooling betweenimpacts. Werefer to smulationsinvolving
objects created in this manner as “ hot starts’.

We also create initial objects with an iron core and a dunite mantle using a close-pack

agorithm.” Once particles are placed in a3D-lattice, they are assigned initial temperatureswith the

" Wenotethat by creating objectsin thismanner it is possible to set-up an unphysical initial condition
that can cause ANEOS to fail to converge on atemperature for the inputted specific internal energy and density.
For example, if theinitial internal energy of particlesin the center of a protoearth target is set artificially low
(e.g., setting the object to alow uniform temperature that does not increase with depth), ANEOS can crash on
inner particlesthat are under extremely high pressures but have apparently low specific intemal energies. A

typical failure mode is for ANEOS to iterate to lower and lower temperatures in an effort to provide a
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assumption of an adiabatic and isentropic temperature profile, dT/dP = aT/r C, ,wherea isthe
coefficient of thermal expansion and C, isthe specific heat at constant pressure (e.g., Solomatov 2000
and valuestherein), and aconstant average density r , sothat P(r) = 2pGr *(R- r)?/3, whereRis
theobject radiusand r isradia distance fromthe center. The objectsarethen “settled” (i.e., evolved
for multiple dynamical times) during which time compression and additional heating occurs; after
settling, the particle velocities are= 1% of theimpact vel ocitiesto be considered in the actual impact
simulations. For asurface temperature set to 2000°K, typical central temperatures are then ~ 3500°K
to 4500°K for the ~ Earth mass targets, and ~ 2500°K to 3500°K for the impactors. We refer to
simulations using such objects as “warm starts”.

Figure 1 shows density and temperature profiles for target protoearths created with both
methods. The predicted internd densities are similar to those predicted for the Earth; eg., a
hydrostatic density model based on seismic wave velocities (de Pater & Lissauer 2001 after Pieri &
Dziewondki 1999) estimatesterrestrial mantle densitiesincreasing with depth from ~ 3.3 g/cm?® a the
edge of theupper mantleto ~5 g/cm?’ near the core mantle boundary, with core densities increasing
from ~ 10g/c’ to ~ 13 g/’ in the center of the Earth.

[Figure 1]

In standard SPH, agiven particle’ sdensity is defined by asummation over the contributions
of the particleitself and al of its overlapping neighbors (Eq. A2); this summed density isthen sent to

the equation of state, which treatsthe particle asasingle pre-defined materia type (iron or dunitein

thermodynamical match to thislow entropy situation, eventually reaching all the way to 0°K; sometimes this
will occur in early stages of an impact, even when the objects were previously settled. We haveidentified two
ways around such potential difficulties: 1) start with high initial uniform temperatures (e.g., Cameron & Benz
1991 considered objects with temperatures of 4000°K) or 2) assign an initially more realistic temperature

profile that increases with depth.
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the ssimulations here). However, aparticle€’ s overlapping neighbors are not necessarily of the same
materia type or reference density asthe subject particle, so that asaresult of SPH’s* smoothing”, an
iron particle having dunite neighbors can have a reduced density relative to that it would have if
surrounded by other iron particles (and vice versafor asilicate particle surrounded by iron particles).
When objects are numerically settled prior to animpact simulation, such effects manifest themselves
inadight differencein SPH particle spacing at material boundaries (between the core and themantle,
and at the object’s surface) which have self-adjusted to create an equilibrated pressure profile.

However, in the course of an impact simulation, such effects can potentialy influence the
“buoyancy” of iron particles in the mantle, particularly if differences in the interacting particle
masses are large (Craig Agnor & Erik Asphaug, persona communication). Here for a given
simulation, resolutions of the impactor and target mantle are set so that the particle masses differ by
lessthan afactor of 2 (in our highest resolutions simulations, somewhat more massive particlesare
used to described the protoearth’s core). For the highest resolutions used here, particles in the

protoearth’s mantle have typical smoothing lengths of h ~ 300 km.®

3.3 Analysis

Output from a given time step contains the position, velocity, specific internal energy,
temperature, density, pressure, materia state variable (e.g., solid or two-phase), object of origin
(impactor vs. target) and matter type (i.e., dunite vs.iron) for each particle. Theimpacts aretracked
for ~1 day of simulated time, at which point the protoearth has assumed an approximately oblate
spheroid shape, and orbiting material has generally been sheared out into a disk.

The determination of whether agiven particle at the end of asimulation is considered in the

8 For a3-D simulation, h a N'?, so that even asthe number of particlesin agiven smulation
hasincreased by afactor of 40 from the earliest works (e.g., Benz, Cameron & Slattery 1986, 1987)

to that utilized here, the linear resolution has increased only by afactor of ~ 3.4.
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planet, orbiting, or escaping relies upon an iterative procedure (Appendix A of Canup, Ward &
Cameron 2001). First, a guess is made for the mass contained in the central planet, Mp, and the
planet’s oblateness, assuming a terrestrial density (r 4 = 5.5 g/cnT) and moment of inertia constant
(Kx = 0.335). These are used to compute the amounts of orbiting and escaping® material and their
associated angular momenta. For bound particles, an equivalent circular orbit of radius a is

computed from the magnitude of the particle’ s angular momentum normal to the equatoria plane of
the planet, L,, with L, = m,/GM 08 ; those particleswith aeq greater than the equatorial radius of

the planet are considered to be in the orbiting disk. The calculated escaping and disk masses and
angular momenta then yield an improved estimate of the central planet’s mass and angular
momentum (and thus, oblateness), and the process is repeated until convergence i achieved.
Amountsof orbiting massand angular momentainterior and exterior to the Rochelimit are estimated
by comparing aeq to ar.

The caculation of an equivalent circular orbit is consistent with an expectation that
interactions among disk partic leswould lead to energy dissipation on atime scale short compared to
that of angular momentum transport in the disk, since for agiven angular momentum, acircular orbit
isthe lowest energy state. However, such a calculation can include as disk material SPH particles
that have orbits with periapses below the surface of the centra planet, particularly if a significant
portion of the orbiting mass is on high eccentricity orbits. We thus also compute equivalent
Keplerian orbits for the bound particles using their instantaneous r and v vectors, and compare an
estimated disk mass computed by including only those particles with periapses above the equatorial
radius of the Earth to that obtained from an equivalent circular orbit as described above™® For the

great mgjority of our simulations, these two methods of calculating the orbiting mass converge to

® Escaping material is defined as those particles with positive energies (i.e, E/m=v2/2- GM o117 >0).
10 Both methods for estimating orbiting mass ignore the role of pressure support for partially or fully

vaporized material and so may underestimate the mass of orbiting material functionally in the disk.
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within less than afew percent after 24 hours of simulated time.

The orbiting massisitself adynamic quantity (e.g., Cameron 2000, hisFig. 6). Even after
the system has settled into a central-planet and disk phase, the orbiting mass continuesto generally
decrease over time as particles undergo angular momentum exchange and some are scattered onto the
protoearth. With time, this behavior is increasingly influenced by numerical effects due to the
resolution scale of the disk, specifically the viscosity associated with SPH disk particlesinteracting
over aradial distance determined by their smoothing lengths. An estimate of this effect can be made
by relating the SPH artificial viscosity parameter @ (see Appendix) to an equivalent disk viscosity
through the relation

Ney ~ Csha/8 @)
where csissound speed and h isthetypica disk smoothing length (e.g., Murray 1996, Nelson et al.

1998). In our smulations, a = 1.5, and the resulting time scale for disk particlesis

2 Xr &QSRA CE"D8kmlseC0

~10? hours g (3)

Uopn ~

SPH Aﬂe h Cs ﬂ

Spurious numerical angular momentum transport™ in the disk and associated mass |oss onto the

central planet should be minimal so 10Ng &S tsimuiated << t 5 ; this condition is satisfied for our

simulations for run times ~ aday (e.g, Fig. 5b).

“1wo potential modes for the viscous evolution of aprotolunar disk have been proposed. Thefirst isdriven by
an instability-enhanced viscosity in a Roche-interior disk of condensates (Ward & Cameron 1978, see also
Takeda & Ida 2001), which when applied to a lunar mass of disk material leads to predicted disk spreading
times ~ months. In the second, the viscosity is limited by the radiation budget of the disk, implying much
longer disk spreading times ~ 50 to 100 years (Thompson & Stevenson 1988). From basic energy arguments
for a~ lunar mass disk, the latter is more appropriate. But for the resolutions utilized here, the viscosity in Eq.
(2) is orders-of-magnitude larger (and the associated numerical spreading time is orders-of-magnitude shorter)

than any physical estimate of the protolunar disk viscosity.
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IV. EXAMPLE POTENTIAL MOON-FORMING IMPACTS
4.1 A disk-producing impact

Figure 2 shows a time series from an N = 60,000 particle smulation. Color scales with
particle temperature, with red indicating particles with temperatures exceeding 6444°K. All particles
in the 3D simulation are over-plotted, and viewed from above the plane of the impact. The
impactor-to-total mass ratio is g = 0.13, the total mass is Mt = 1.019M4, and the impact angular

momentum isL = 1.25Lgy. Theimpactor and target were assumed to have zero relative velocity at

2
esc’

infinity, so tht their impact velocity, Vi, = Vg +VZ,, wasjust their mutual escape velocity

Vae Z26(M 1y * M ) (R, + R, ) = 2GM7 2 (4pr 1372 [[¢"° +(1- 9], @
or approximately 9.3 km/sec. Both objects were constructed in the “warm start” method described

in §3.2. The scaled impact parameter was b’ = 0.73, where we define b¢® L/L ., © sinx,

wherex is the angle of the trgjectory to the local surface normal, and Ly, IS the angular
momentum of agrazing, b’ = 1 impact, which for Vi, = Ve iS:

Lyar = [3/(4pr )" 4/2G f (@)M 22 (5).
Herer isthe target/impactor density and f(g) © o(1-9[g"® + (1-9**]** (eg., Canup, Ward &
Cameron 2001).

[Figure 2]

After theinitia oblique impact and initiation of a shock wave in both objects (Fig. 2aat 6
minutes), a portion of the impactor that, as aresult of its physical offset, avoided colliding directly
with the protoearth is sheared off and continues forward ahead of the impact site, with some highly
heated material from the impact interface below and behind it (2b at 20 minutes). After about 50
minutes, the highly distorted form of the impactor extends to a distance of about 3 to 3.5 Earth radii

(2¢), and the target and theinner portions of theimpactor begin to rotate ahead of the distant portions
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of theimpactor. Both theinner orbiting impactor material and the wave/bulge on the surface of the
protoearth that forms after about 80 minutes (2d) lead ahead of the outer portions of the impactor,
providing apositivetorque; after about 2 hours (2e), the latter bulge has propagated about two-thirds
of the way around the planet from the initial impact site, while the most distant portions of the
impactor, now at about 6 Earth radii from the planet’ s center, begin to gravitationally self -contract.
An*“arm” of impactor material has formed extending from this distant clump to the surface of the
Earth; within this arm is the sheared iron core of the impactor. In the 3 to 5 hour time frame, the
radially inner portions of theimpactor (composed primarily of theimpactor’ s core), gravitationally
contract into asemi-coherent object that has an observabl e counterclockwise spin (2f), and which re-
collideswith the planet after about 6 hours (2g). At thispoint, most of theimpactor’ siron has been
removed from orbit. The outer clump of the impactor—composed entirdly of material from the
impactor’ s mantle—eventually makes an orbital pass with a perigee just above the surface of the
protoearth, and is sheared into along, spiral arm like structure (2i-2j), which finaly breaks up into
multiple smaller clumps (2k). Thelast frame (2I) isthe system at 27 hours viewed on edge, shown
with ahigher temperature scale (with red now indicating particle temperaturesin excess of 9110°K).

At the end of the Fig. 2 impact, the bound planet-disk system has an angular momentum of L
= 1.18L gy, the mass of the central planet is0.994M, and itsrotationa day is about 4.6 hourswith J,
» 0.03. A total massof 0.41M has escaping orbits. The orbiting disk, described by 2203 particles,
contains 1.62M, with 0.92M, having equivalent circular orbits exterior to the Roche limit; the total
angular momentum in orbiting material is Lp = 0.31Lgy. Using Eq. (1) with (Mes/Mp) = 0.05, the
predicted mass of the satellite that would accrete from thisdisk is 1.4M,.

Of the material with equivalent orbits exterior to agr, 80% of the mass originated in the

impactor, 24% isvapor™?, and 1.9% isiron. For material with equivalent orbitsinterior to ag, 85%is

12Vapor fractions are computed by summing 1) the particle massesin the ANEOS “two-phase’ state multiplied

by the predicted vapor mass fraction for each particle and 2) the entire particle masses for those particlesin a

18



from the impactor, 22% isvapor, and 9.1% isiron. Of al of thematerial (escaping and bound), 23%
is predicted to be in the vapor state. This vapor fraction is similar to that found by estimating the
degree of entropy production during an irreversible shock produced by theinitial impact. Stevenson
(1987, his Figure 4) estimated the entropy change and peak shock pressure as a function of impact
velocity, together with resulting liquid-vapor fractions during an assumed isentropic pressurerel ease
from this peak shock state. E.g., for animpact velocity of 10 km/sec, and assuming anormal impact,
an approximately 20% vapor/80% liquid mixture was predicted at T ~ 4000K starting from a peak
pressure comparable to that found here(~ 3" 10° bar at atime intermediate to that shown in Fig. 1
(@ and (b)).
[Figure 3]

Figure 3a-b shows amapping of the peak temperature achieved by each particle during the
simulation onto the original figures of the impactor and target. Not surprisingly, regions of highest
peak temperatures in both objects are located at the impact interface of the initia collison (e.g.,
bottom left quadrant of theimpactor in 3b), in addition to the impactor material involved in the front
face of the second collision, which here appears as bands crossing the impactor from the bottom | eft
to upper right.

Figures 3c-e show amapping of fina particle state (escape, orbiting, or in planet) onto the
origina objects (3c-d), and the objects just after theinitial impact (3e); here yellow-green particles
are those that comprise the final disk, red particles escape, and blue particles are accreted by the
planet. Most of the materia that endsup in orbit originates from the leading face of theimpactor that
wasjust exterior (e.g., at greater radial distance from the center of the target) to the primary impact
interface. A region of escaping particles on theimpactor just below thisregion isassociated with the

front edge of the initial impact site, which from (3a-b) is shown to be highly-heated/vaporized

single phase vapor state. For dunite, (1) occurs for particles with 2205K < T < 6034K and with densities <

3.1187 glent; typically the majority of the disk material isin this two-phase state.
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materia; thisis likely aresult of “jetting” (e.g., Vickery & Melosh 1987) from the initia oblique
impact. Figure (3f) showstheinstantaneous particle temperatures at the time step shown in (3e); only
particleswithin a4000-km slice centered on thez = 0 plane are plotted, together with vectors whose
length is proportional to particle velocity. From the velocity vectorsin (3f), it can be seen that the
leading materia in (3e) that eventually escapes has been significantly accelerated as a result of the
initia impact (e.g., the highest magnitude vel ocity at thistimeis~ 14 km/sec, vs. an impact vel ocity
~ 9 km/sec).

Comparison of (3d) with the temperature map in ( 3b) shows that the impactor material that
eventually comprises the orbiting disk is actualy in generd the least thermally heated of all of the
materia originally in the impactor, having for the most part avoided direct impact with the
protoearth. This is seemingly at odds with the view that would directly associate orbital
emplacement with material having experienced the greatest degree of heating/vaporization (e.g.,
Cameron & Ward 1976; Vickery & Melosh 1987), arguing instead for the importance of impact
geometry and gravitational torques However, the escaping vaporized material seenin (3e) and ( 3f)
may affect neighboring material via pressure gradients that helps the latter to eventualy achieve
orbit. Thisissue merits further investigation.

[Figure 4]

Figure 4(a-c) shows properties of a 2000-km dlice centered on the equatorial plane of the
final, post-impact protoearth. Comparison of (44d) (final temperature) with (4b) (impactor vs. target
origin of the material) showsthat the impactor material incorporated into the final protoearthismore
severely heated on average than the target material, most notably a ~ 7000-8000°K silicate
atmosphere of primarily impactor origin materia envelopesthefinal protoearth (also seenin Fig. 21).
Figure 4c showsiron vs. silicate composition; from comparison with (4a), the hottest material in the
planet isthe impactor iron, most of which has accumulated around the outer rim of the original target
core. Figure4d showsthe disk and protoearth, including all particles, with red and blue indicating

iron and dunite, respectively.
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[Figure 5]

Figure 5a shows computed Keplerian orbital elements for the disk particles; these must be
viewed as only broadly representative of theinitial debris distribution since they do not account for
pressure support. While amajority of the orbiting material has equivalent circular orbits exterior to
ar, most orbits have periapses interior to the Roche limit. This means that Roche exterior clumps
may undergo orbital passeswithin ag, and are then likely to be tidally disrupted in their immediate
post-impact evolution (e.g., Cameron 2000). Figure5b showsnumerica spreading times cal culated
for individual disk particles from Eq. (3); the shortest characteristic times are ~ 30 hours.

[Figure 6]

Figure 6 shows the final particle temperatures vs. instantaneous radia position for dunite
(black) vs. iron (red). Inthefina protoearth, rock temperatures arein the 2000°K to 10,000°K range,
with iron from the impactor reaching much higher temperatures of tens-of -thousands of degrees K.

The disk rock has temperatures ranging from 2500°K to 5000°K; some of the disk iron is

significantly hotter, with temperatures in excess of 10,000°K in the inner disk.

4.2 A disk-moon producing impact

[Figure 7]

Figure 7 shows an N = 120,000 particle simulation with asomewheat larger impactor with g=
0.15, and a dlightly reduced total mass of M1 =0.95M4. The impact angular momentum isL =
1.26Lewm, Vimp = Ve, aNd b’ = 0.726. A very similar impact sequenceresultsasin Fig. 2, with an inner
clump composed primarily of the iron core of the impactor undergoing a second impact with the
protoearth (7b). However, in this case, the outer clump remains largely intact on a Roche-exterior
orbit, yielding a fina moon-disk system.

At theend of the Fig. 7 impact, the bound planet-disk system has an angular momentum of L

= 1.21l gy, themassof the central planet is0.924M, and itsrotationa day isabout 4.2 hourswith J,
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» 0.035. A total massof 0.28M hasescaping orbits. The orbiting disk, described by 4800 particles,
contains 1.82M, 2.2% iron, and an angular momentum of Lp = 0.363Lgy. Of the mass having
equivalent orbits exterior toag (1.42M,), 86% originated in the impactor, 12% is vapor, and <1%is
iron. For materia with equivalent orbits interior to ag (0.4M,), 80% is from the impactor, 16% is
vapor, and 9.1% isiron. Using Eq. (1) with (M/Mp) = 0.05, the predicted mass of the satellite that
would accretefrom thisdisk isequal to thetotal disk mass. Thisisbecausethereissufficient angular
momentum in the disk to have al of the disk mass orbiting in a single moon with a = 1.2a.
However, this caseisan example of ahigh angular momentum disk that exceedsthe range considered
to date by accretion simulations; for such a disk the assumptions of (Me/My) = 0.05and a = 1.2a5
may no longer be valid (e.g., Kokubo, Canup & Ida 2000, Fig. 9).

We estimate the largest clump contains 61% of alunar massand is described by about 1700
SPH particles. Thetendency for the formation of large intact clumps as adirect result of the impact
has been found previoudy (e.g., Cameron & Benz 1991 Cameron 2000). For example, theN =3000
particle smulation shown in Cameron & Benz (1991, their Fig. 2 and run DE11) had g=0.14, L =
1.3Lewm, Vimp = Ve, and b’ = 0.74, and produced adisk containing 1.4 lunar masses, including asingle
clump containing 0.86M, described by 32 SPH particles. Although thetime sequenceinFig. 7 hasa
quite different morphology thanthat of DE11, the basic similarity in outcomesis striking given the
nearly two orders of magnitudedifferencein disk resolution. Similar outcomesto that of Fig. 7 were
aso found for some of the medium resolution runs in CAOL utilizing the Tillotson EOS. Thus the
direct formation of large clumps for certain impacts has been observed over a wide range in
resolution, and for all of the previoudy utilized equations of state (ANEOS, M-ANEOS, and
Tillotson). However, asacautionary reminder we notethat these results have dl been derived using
SPH, which as amethod is known to be capable of producing spurious clumping (e.g., Imaedaand

Inutsuka 2002).
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4.3 Properties of successful impacts
[Table 1]

Table 1 lists properties of 47 “successful” lunar-forming impacts, defined asthose that leave
iron-poor diskswith apredicted satellite mass® M, from Eq. (1). The successful impactsinvolved
impactor-to-total mass ratios ranging from 0.11 to 0.15, an impact occurring very late in Earth's
accretion with M+3 0.95Mg, impact velocitiesof 1.0 £ (Vimp MVese) £ 1.1, and impact parametersin the
range 0.67 £ b’ £ 0.76 (corresponding to arange in impact angle of 42 to 50 degrees). Of these, about
three-fourths produced disks with only small clumps asin Fig. 2 or no significant clumps, while
about 25% left adisk and alarge moon/clump asin Fig. 7; the second outcome was found &t al of the
resolutions considered (20K to 120K), although in some cases altering the resol ution for otherwise
identical impact conditions produced a change in the disk vs. disk-moon result. The disks contain
materia that isat least 70%impactor in origin, with disk vapor fractions ranging from 10 to 30%; the
final system angular momenta are typicaly 10 to 20% higher than that of the current Earth-Moon
system. Compared to the successful impactsidentified in Canup & Asphaug (2001), thosefound here
involve dightly larger impactors (0.11 £ g£ 0.15 herevs. 0.10 £ g£ 0.12 in CA01), and produce
systems with similar amounts of orbiting mass, and somewhat higher amounts of iron and final

angular momenta (see Fig. 11 and § 5.4).

V. GENERAL TRENDSIN IMPACT OUTCOME
Results from simulations with varied impact parameter (b’ =0.45t0 0.85), g(0.11, 0.13 and
0.15), Vimp (1.0 10 1.1V,), N (20,000 to 120,000 particles) and initial object thermal state (“warm” vs.
“hot”) are shown in Figs. 8 through 11 which contain resultsfrom 98 simulations. In general, there
are fairly consistent trends in the mass and angular momentum placed into orbit smilar to those
identified in Canup, Ward & Cameron (2001) and CAQ1, with both quantities generdly increasing

with increasing impact parameter. Thefraction of iron in the disk, aswell asthe fraction of the disk
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originating from the impactor, a so both tend to increase with increasingly grazing impacts. Of all of
these quantities, the orbiting angular momentum shows the most consistency, whiletheiron fraction
generaly has the widest scatter across different smulations, likely aresult of the relatively fewer
number of SPH particles describing the disk iron.

The maximum yield (both in terms of mass and angular momentum) of iron-depleted
material occurs consistently in the impact parameter range of 0.7 <b’ <0.75. Many of the casesin
this*peak” have asimilar morphology to that seen in Figures2 and 7, with the post-impact impactor
re-coaescing into two distinct clumps, theinner of which contains theimpactor core and re-collides
with the Earth, while the outer contains primarily impactor mantle and avoids direct impact with the
Earth, providing a major source of mass for the orbiting disk. For smaller impact parameters,
increasingly head-on collisionsyield less orbiting material because asmaller portion of the impactor
shears past thetarget during theinitial impact. For somewhat larger impact parameters, theimpactor
typically re-accumulates after the initial impact into a fairly coherent single object, which then re-
impacts with a dightly reduced impact parameter due to energy loss associated with the initial
impact. For very oblique impacts (b’ > 0.8) the yields of orbiting material can be large, but they
usually contain too much iron to be lunar forming candidates. In general, the mass fraction of
orbiting iron increases with impact parameter, as has been found previously (Canup, Ward &

Cameron 2001; Canup & Asphaug 2001).

5.1 Effect of resolution and initial thermal state

[Figure 8]

Figure 8 shows resultsfrom ssmulationsin which N and the initial thermal state of the colliding
objectswere varied for impactsthat all had g= 0.13 and Vim, = V.. The scatter in the results shows
no clear dependence on either resolution or initial thermal state for the values considered here. We
notethat for a3-D simulation, linear resolution scales asN?, so that characteristic smoothing lengths

vary by only about afactor of 1.6 acrossthe span of resolutions considered here (see @ so discussion
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in Section V1).

5.2 Effect of impact velocity

[Figure 9]

Previous high-resolution simulations (Cameron 1997, 2000, 2001; CA01) considered thelimiting
case of Vimy = Ve, Ut higher values would result if the impactor and protoearth had a sufficiently
large relative velocity at infinity, vy. Limits on vy-values appropriate for a lunar-forming impact
provide constraints on the pre-collision impactor and target orbits.

Figure 9 shows the same quantities asin Figure8 for smulations dl involving the same impactor
and target thermal state, with varied N, b’, and (Vimp/Vesc). Impactswith (Vimp/Ves) = 1, 1.02, 1.05 and
1.10 (corresponding to vy = 0, 1.9, 3.0 and 4.3 km/sec) producefair ly similar trendsin outcome asa
function of impact parameter, with the (Vimy/Ves) = 1.02 and 1.05 cases producing slightly higher
yields of orbiting massthan (Vimp/Ves:) = 1.00. However, astheimpact velocity isincreased to 1.1Veg,
an increasing amount of escaping materia yields lower peak disk masses and angular momenta; in
addition, there appears to be a fairly consistent increase in the fraction of disk iron with increasing
(Vimp/Vesc) fOr agivenimpact parameter. Thuswe consider (Vinp/Ves:) = 1.1 to bean gpproximate upper

limit for a potential lunar-forming impact.

5.3 Varying impactor to total massratio

[Figure 1Q]

In Figure 10, resultsfrom asmaller series of runs performed with adightly higher gammavalue
(g=10.15) and areducedtotal colliding mass of M1 =0.95M4. Similar general trendsresult. Figure
11(a-b) showsresults of smulationsthat al involved Vim,= Ves. and the sameinitial thermal state, but
with g = 0.11, 0.13 and 0.15. Here the orbiting mass is scaed by the total colliding mass. As g

increases, the fractiona yield of orbiting material increases for a given impact parameter; this was
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asofoundin CAOL. Acrossthisrange of gvaues, the maximum mass and angular momentumyield
of iron-depleted orbiting material occurs consistently inthe 0.7 <b’ <0.75range. Thismaximum

orbiting mass value scales approximately linearly with g, with

M ? P
d » 001522 6)

7 | max €0.1g

for thevim,= Ves: Cases. We note that (6) is also consistent with the maximum yield of iron-depleted
orbiting material seen in Cameron’s simulations with g= 0.3, where (My/M+)|vax ~ 0.045 (Canup,
Ward & Cameron 2001 their Fig. 28), aswell asthat of smulationswith 0.12 £ g£ 0.2 reported in
Cameron & Benz (1991). Eq. (6) thus applies generally acrossthe 0.1 £ g £ 0.3 range for low-
velocity impactsinvolving terrestrial composition objects, without astrong dependence on resolution

for 3000 £ N £ 120,000, or on the use of old vs. new ANEOS.

5.4 Comparison with late impact simulations using Tillotson EOS (CAQ1)

[Figure 11]

Figure 11(a-d) compares results of Vim,= Ves impacts smulated here using the new Melosh
ANEQOS vs. those of CAO01 using Tillotson. For the sameimpactor-to-target massratio (g=0.11) and
impact parameter, the M-ANEOS simulations produce somewhat less massive disks with
proportionaly moreiron. Thefirst has also been found in previous comparisons between simulations
using Tillotson vs. the old ANEOS (Benz, Cameron & Melosh 1989), and seems to be a result of
ANEOS being amore physicaly redistically EOSthat, e.g., accountsfor the energy budget of latent

heat during vaporization.*® To obtain the same fractional yield of orbiting massin an M-ANEOS

13 Including consideration of latent heat should be most important for impacts whose specific impact energy
per unit projectile mass, E;, is comparable to the heat of vaporization for rock, E, ~ 10" ergs/g, and less

important for impacts with either E; << E, or E; >> E,. FOr Vimp = Vesc,

E, =(1- g)@r /3)*GM,*®/[g"? +(1- g)"'?], sothat for g= 0.13 and Mr_»Ma, E; » 3.8 10"
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simulation thus requires a dightly higher impactor-to-total mass ratio (g-vaue) than a Tillotson
simulation with the same impact parameter and impact velocity, since for a given b’, (Mys/M-)
increaseswith increasing g(e.g., 84.3). Thisiswhy the optimal impactor sizerange hereis0.11£g
£0.15vs. 0.10£ g £0.12in CAOL. Although the M-ANEOS disks areless massive overall than their

Tillotson counterparts, they contain proportionally more material with equivaent orbits exterior to

the Roche limit. Thus the characteristic specific angular momenta of the disksin Table 1 (with an

averagevaueof L, /(M ,+/GM; a,) »1.13) aredlightly higher than those of the successful cases

in CAO1 using Tillotson (average value of L, /(M ,4/GM; ag) » 1.07.

The second difference—that for agiven gand b’ vadue ANEOS produces amore iron-rich
disk than a comparable Tillotson run—appears to be primarily due to differences in the mantle
material s used with each of the EOS's. The Tillotson mantle material used in CAO1 was basalt, with
areference density of r, = 270 g/cm3, while here we have used forsterite/dunite with r , = 3.32
g/cn’. Thusfor an assumed 70%-30% rock-iron composition, the ANEOS objects have arelatively
thinner mantle and alarger core-to-total radiusratio than the same mass Till otson object. | naddition,
the Tillotson targetsin CA01 were collisionally generated, which produced initial objectsthat had a
hot, very low density outer layer that was treated as intermediate to a solid and a vapor by the
Tillotson EOS,; thisfurther accentuated the A NEOS vs. Tillotson radius difference. Inal, theradius
of aTillotson protoearth target or impactor from CA01 was about 30% larger than the same mass

ANEOS objects considered here* Thelarger size of the corerd ative to the mantle for the ANEOS

ergs/g, comparabletoE,. Also of asimilar magnitude is the specific energy difference between an orbit
witha = 1.5R and the Earth’s surface, ~ 2 x 10** ergs/g. It isthus not surprising that accounting for the
latent heat budget resultsin a somewhat |ower yield of orbiting material for simulations using M -ANEOS
than those using Tillotson for similar impact conditions.

4 This difference in effective object densities between theM-ANEOS runs here and the CA01 Tillotson runs

requires an adjustment in the calculation of b’ to allow for direct comparison of thetwo sets of simulations. For
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impactors considered here will yield more iron in orbit for the same impact parameter than a
Tillotson impactor, since a greater fraction of the iron core can shear past the target with an
increasing degree of offset during the initial impact (e.g., Canup, Ward & Cameron 2001).

With both equations of state, the requirements of an appropriately massive and iron-poor
disk, together with a planet-disk system with M+~ My and Ls ~ Ly, are best satisfied by impactswith
an impact parameter between about 0.7 and 0.75, or for impact angles near 45 degrees. The
successful impacts with both EOS's also share morphological similarities in the impact dynamics
(e.g., Figure2herevs. Fig. 1 of CA01). In particular, acommon sequencein successful impactswith
g=0.1to 0.15is: 1) the portion of the impactor that shears past the target after the initial impact
stretches into an elongated arm-like structure, 2) the radialy inner portions of the “arm” rotate
somewhat ahead of the radially outer portions, providing an opportunity for angular momentum
exchange, 3) theinner portions of theimpactor arm (which contain the impactor’ s core) re-coalesce
into aquasi-coherent object that then re-impacts the planet, and 4) the outer portions clump and are
eventually sheared out during close approachesto the planet, but generally avoid direct secondary re-
impacts. Thissequence aso bears similaritiesto that described by Benz, Sattery & Cameron (1987)
for three N = 3000 particle smulations with g = 0.1 to 0.15 (their Section 5.1.3).

5.5 Comparison with results of Cameron (2000, 2001)

A striking difference in the character of the results here vs. those in Cameron (2000, 2001)
that utilized the standard ANEOS is the apparent degree of vaporization. From visual inspection, it
appears that little of the material in Cameron’s “early-Earth” impact cases (e.g., his runs AS04,
AS05, and AS06 in Cameron (2000)) was significantly vaporized, asthe material appearsto behave
like a molten fluid rather than a partially pressure-supported gas during the simulation. This is

particularly apparent when comparing the vertica profilesof thefinal disk in our Fig. 2, vs. Plates4,

a given impact angular momentum L, b’ = /Ly, and from (5) Lgraz 1 1 ° u RY2. Figure 11 shows CAO1

results replotted including an appropriate adjustment factor inb’ to account for (Ryijiot/ Raneos) ~ 1.3.
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6 and 8 in Cameron (2000), with our disks being more vertically extended. Increased vaporization
would be expected from both the larger total mass and thusimpact energy considered here, and the
use of thenew Melosh ANEOS. Similarly, the early-Earth impacts (Cameron 2000, hisFigs. 7 and
8) find lower final disk (2000 to 4000°K in the 1.5 to 6R4 range) and protoearth temperatures (<
10,000°K) than those here (Figure6). Our final protoearth is also significantly less oblate than that
of Cameron (2000), since the resulting rotational day for thelate impact casesis about twice aslong
asfor the early-Earth impacts.

Our impacts aretracked for 22 to 30 hours of smulated time, while thosein Cameron (2001)
arefollowed for morethan 10 days. Per Eq. (3) and Fig. 5b, we find that for current disk resolutions
of ~O(10%) particles, simulationslonger than about aday will be subject to numerically induced disk
spreading at an unphysically rapid rate. The next generation of simulations and/or disk modelswill
better address thisissue. However, we note that regardless of the time scale of disk evolution and
lunar accretion, abasic conservation of mass and angular momentum such asisexpressed in Eg. (1)
will likely be appropriate. We can estimate the satellite masses predicted from Eq. (1) for Cameron’s
high-resolution simulations at asimulated time similar to that considered here, and comparethem to
thefinal clump/moon masses predicted from his 260-hour simulations. The disk massesand angular
momentafor hissmulationsare given in Canup, Ward & Cameron (2001); again assuming (M /M)
= 0.05, the predicted satellite masses for Cameron’s AS04, AS05, and AS06 runs are 0.723, 0.635
and 0.97 lunar masses, respectively. These predicted massesare similar to thefinal largest clumpshe

reports (0.68, 0.73 and 1.09 lunar masses, respectively in AS04, AS05 and AS06).
5.6 Identification of impacts intermediate to the “ early-Earth” vs. “ late impact” cases

We have shown herethat for low-ve ocity impactswith 0.1 < g< 0.15, the impact parameter

isthe most critical quantity for determining orbita yield. Theimpact parameter range wefind to be

29



optimal, 0.7 < b’ < 0.75, is the same™ as that of the preferred “ early-Earth” impacts of Cameron
(2000), even though the | atter involve a proportionally much larger impactor withg=0.3. Thusthis
range of impact parameter/angle is the common feature of impacts that produce massive, iron-
depleted disks. The implication is that impact geometry plays a key rolein orbital mass injection.

Giventhisrange of b’ and adesired impact angular momentum, the combination of (g, M+)
necessary for producing an appropriate protolunar disk can then be anaytically estimated for agiven
(Vimp/Vesc). Figure 12 isaplot of M+ vs. g showing the phase-space of impacts having L = 1.25Lgy,
0.70E b’ £0.75and 1.00 £ (Vimp/Vese) £ 1.10. Between the two curvesis aregion of impacts that
should al beideal candidatesfor producing massive and iron-depleted disks with an impact angular
momentum close to that of the Earth-Moon system.

[Figure 12]

Onthe upper left, with Mt ~Mj and 0.11 < g£ 0.15, isthe late impact scenario we advocate
here (“lat€”); onthe lower right, with M+ ~0.65M 4 and g = 0.3 isthe early-Earth impact scenario of
Cameron (2000, 2001; “early”). Intermediate to these two casesisacontinuous array of impactsthat
could al likely produce a~lunar mass, iron-depleted satellite. Thelateimpact caseis distinguished
astheonly oneinthisarray of potential impacts that also produces a planet-satellite system with the
correct total mass. As one considers impacts that move progressively downward and to the right
along these curves, the fraction of the Earth’s mass that must be accreted after lunar formation
increases, and with it, the difficultiesin maintaining a compositional identity for the Moon distinct

from that of the Earth.

VI. CONCLUSION & DISCUSSION

The smplest explanation for the Moon’ sunusua compositiona characteristicsisthat itisthe

'* The N = 100,000 particle simulations of Cameron (2000)—A S04, AS05 and AS06—have b'= (L/Lgraz) =

0.698, 0.730, and 0.761 respectively (from Table 1in Canup, Ward & Cameron 2001).
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result of an impact that occurred near the very end of terrestrial accretion. We have thus focused on
the“lateimpact” scenario of Canup & Asphaug (2001), in which the Moon-forming impact occurs
when the Earth was > 95% accreted. We have used SPH to model potential lunar-forming impacts
with very high resolutions, and our simulations incorporate a new version of the equation of state,
ANEQOS, “M-ANEOS’, which has been recently revised to include a treatment of the formation of
molecular vapor (Melosh 2000). Thus we expect that the smulations here provide the best
representation of vapor production during giant impacts of any SPH simulations published to date.
Results from simulations of the most promising lunar-forming candidates are givenin Table
1. The successful impacts—defined as those that produce a sufficiently massive and iron-depleted
disk together with a planet-disk system angular momentum . 1.2 gy —involveimpactorsthat contain
between 0.11 and 0.14 Earth masses, have arelative vel ocity at infinity between 0 and 4 km/sec, and
an impact parameter between 0.67 and 0.76 (or an impact anglex between 42 and 50 degrees, where
0 degreesisahead-onimpact). For anisotropic flux of impactors, the probability of animpact with

anglex to(x +dx) isdP = 29n x cosx (e.g., Pierazzo & Melosh 2000); the probability of animpact

having 0.67 £ b’ £ 0.76 is then ~13%.

Maximum circumplanetary disk massesrange from 1.5t0 2.1 lunar masses, and disk angular
momentafrom 0.3t0 0.37Lgy. Thedisk vapor fraction rangesfrom 10 to 30%, and the fraction of the
disk mass originating from the impactor is greater than 70% in all of the successful lunar forming
candidates. For the most successful impacts, we identify the specific source region of the impactor
that suppliesthe majority of the orbiting material: a portion of the leading face of the impactor that
wasjust radially exterior to the primary impact interface. Thismaterial istypically heated the least
during the impact of any of the impactor material. Adjacent to thisregionismaterial that is highly
heated and expands rapidly from the front side of the impact site; this material isgenerally predicted
to escape the Earth-Moon system Our findings suggest that the most important physical processesto

orbital mass injection are impact geometry and gravitational torques. We have aso found that a
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simple expression approximatesthe maximum amount of iron-depleted materia placedinto orbit asa
function of the relative size of the impactor vs. target (Eq. 6); thisexpression isgenerally consistent
with results produced with both the old and new ANEOS (Cameron & Benz 1991; Cameron 2000,
2001; thiswork) over awide range in resolution (N = 3000 to 120,000 particles).

We have not identified any impacts that produce the massive (e.g., 3 — 4 lunar masses),
centrally condensed disks that would be consistent with the Moon forming entirely from material
initialy within Rochelimit. Weinstead typically find the mgjority of the disk materia has equivalent
circular orbits exterior to the Roche limit. Indeed, some of the disks produced here have higher
specific angular momentathan those studied by previouslunar accretion ssmulations (Ida, Canup &
Stewart 1997; Kokubo, Ida & Makino 2000; Takeda & Ida2001). In addition, the mgjority of the
orbiting materia is predicted to be in amelt-vapor two-phase state, rather than in solids, as assumed
by such models.

The overadl predictions for the bulk dynamical quantities of the protolunar disk—i.e., the
mass and angular momentum placed into orbit for a given impact— appear relatively insensitivetoa
variety of initia conditions, including numerical resolution for 10* < N < 10°, equation of state, and
theinitial thermal state of the colliding objects. Comparisonswith the orbiting masspredictionsfrom
even the earliest, lowest resolution simulationswith N = 3000 (e.g., Benz, Sattery & Cameron 1987;
Cameron & Benz 1991) are not vastly different than those obtained here for similar impacts. A
limitation of these early works that was perhaps as important as resolution itself was the
computational demand of SPH simulations at that time, which greatly limited their number.
Increased computational speeds and greater numbers of simulations have since led to therecognition
of the dominant impact scaling trends—and the associated predictions for optimal impact
characteristics for producing the Earth-Moon system (Canup, Ward & Cameron 2001; CAO1L; this
work).

Of the dynamical quantities, the massfraction of orbiting iron isthe most variable acrossthe

various works; this is not too surprising given that it was essentially unresolved by the earliest
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smulations, and here is described by a maximum of ~ 10° particles. Future generations of higher
resolution smulationswill better addressthisissue, and will also alow for longer simulations of the
orbiting material, since the latter is currently limited by the numerical viscosity associated with the
disk particle smoothing lengths (Eg. 2). In addition, to date nearly dl of the works modeling giant
impacts have utilized SPH; only alimited number of preliminary studies (e.g., Melosh & Kipp 1989,
Meosh & Spitale 1999) have utilized other hydrodynamic methods (e.g., CTH, agrid based Eulerian
code) to model the earliest stages of theimpact. Thusthe potential influence of SPH-specific traits
on simulation outcome remains uncertain, and comparisons with complimentary methods would be
very desirable.

But in general, results found here and elsewhere imply that low-velocity impacts (Vin, <
1.2v.) between similarly sized objects (0.1 . g . 0.3) produce orbiting disks once the impact
parameter exceeds about b’ / 0.5. Models of late stage planet accretion (e.g., Agnor, Canup &
Levison 1999) predict that such large, low-velocity impacts should be common, and for an isotropic
impactor flux, b’ 3 0.5 occurs for 75% of impacts. This suggests that short-lived circumplanetary
disks of various mass and composition (and their resulting impact-generated satellites) may be

ubiquitous features of collisional planetary systems.

33



Appendix

Herewe briefly describe the evolution of the SPH code through asingle time step, including
specific parameter choices utilized in our smulations. Eachi-th particle beginsthetime step with its
center position (r;), velocity (v;), specific internal energy (u;), smoothing length (h;), and mass (m).
Thekernel function weuse, W(r;, ), isaspherically symmetric beta spline, which at distancer from
the center of the particle is given by:
1- ng +%q3, 0£Qq£1

W(r|.h) = —

ph®

‘|
!
!
{=(2- q° 1£q£2 (AD)
1
i

1
4
0, g>2

t
where  © |r|/h and (W(r,h)dr =1, sothat Wisakin to aprobability density function. The beta

splineisvery centrally- peaked, similar to aGaussian, but with azero vauefor distances greater than
2h; from the particle center. For each particle, the number of overlapping “neighbor” particlesisfirs
identified for which |r; —r;| < 2<h;;> where the average smoothing length is < h;;> = (h; + h;)/2. The
dengity r ; at position of center of each particleisthen computed by adding contributionsfrom all N

neighbors (including the i-th particle itself):
N
ri:é_ijQri- rj|,hij) (A2
IE

Thusthe density of each particleis*smoothed” by the contributions of its neighbors (seealso §83.2).
The equation of stateis called to compute pressure (P;) fromr; and u.. ANEOStakesasitsinputsr ;
and T; (see, e.g., Benz, Cameron & Melosh 1989), and so an initia iteration is first required to
determine a temperature T; consistent with r; and u;. This is accomplished by use of a Newton-
Raphson method in combination with a bisection step whenever the prediction would take the
solution out of bounds, where the bounds are determined by the more restrictive of either fixed

physical limits (e.g., minimum temperature of 50K and maximum temperature of 10° K) or those set



by results of previousiterations (e.g., if atrial temperature returns a specific internal energy that is
too low, then this trial value becomes the new minimum temperature bound).We directly use the
ANEOS subroutines rather than alook-up table.

Next the accelerations due to pressure, artificia viscosity, and gravity are computed via the

momentum conservation equation, i.e.:

dv & &P P 6 NamM(lri-r.D(ri-r_) A3
E--%mj§3+ﬁ+Pij;Niqu-rj|,nj) - ed |ri_rj|; |ri-rjj| (A3)

where P ;; isartificia viscosity, thefirst parenthesesincludesthe pressure term and the loss of kinetic

energy due to viscous dissipation, and the second term on the right hand side is the gravitational
acceleration, whereM is computed via Poisson’ sequation for neighbor particles and reducesto the
particle massfor distant particles. A hierarchical treeisutilized for the gravitational force calculation
(e.g., Hernquist & Katz 1989), in which multipole expansions are used to approximate the potential
of groups of distant particles, providing an NlogN scaling vs. an N° scaling for a full explicit force
calculation among N particles.

A standard prescription for artificia viscosity isused to mimic shock dissipation, including
terms that are linear and quadratic in the velocity divergence of colliding particles (e.g., Basara
1995),witha =1.5and b = 2a . Theartificia viscosity isoperative only for converging particles.
Therate of changein h based on (dvi/dt) values computed in (A3), together with arequirement that a
minimum of 40 and a maximum of 100 neighbors for each particle be roughly maintained.

The rate of change in interna energy due to pressure and artificial viscosity is then from the

energy conservation equation:

' :éN—izmj(vi - vJ.)><KIiWQri - rj|,hij) +éN %iju v, - vJ.)>NiWQri - rj|, hu) (A4)
i j=1
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where the first term on the right hand side is the work due to compression heating or expansional
cooling, and the second term is heating due to shock dissipation. The latter isoperative for particles
with some component of their motion in convergence.

The time step is then computed by taking the shortest determined for any of the particles,
found by comparing each particle’' s Courant limit time (~ (hi/c) where ¢ is the sound speed) to the
times associated with a significant change in a particle's position, interna energy, or smoothing
length. Typical time stepsduring asimulation are~afew seconds. Finally, the system propertiesare

evolved using a2 order predictor-corrector method, and the simulation advancesto the next step.

Acknowledgements: A specia thanksis due to Jay Melosh and Betty Pierazzo, who generously
provided the new M-ANEOS and associated material parameter constants used in thiswork, aswell
as valuable advice during its somewhat laborious incorporation into the code. | aso thank Erik
Asphaug and Shigeru Idafor their very helpful and detailed reviews. Thiswork has benefited from
many conversations and prior work with William Ward, Richard Mihran, and Erik Asphaug; and
from Peter Tamblyn’'s assistance in development of some of the analysis software. SwRI specia
allocation capital equipment funds are acknowledged for purchase of the computer cluster used for
most of the simulations presented here, and Dirk Terrell and Peter Tamblyn for their impeccable
computer support at the Department of Space Studies.  Findly, | am grateful to A. G. W. Cameron
for our many correspondences/discussions on this topic, and for his inspiring my interest in these

simulations. Thiswork has been supported by the NASA Origins of Solar Systems program.

36



References

Agnor, C. B., R. M. Canup, and H. F. Levison 1999. On the character and consequences of large
impacts in the late stage of terrestrial planet formation. Icarus 142, 219-237.

Basara, D. 1995. Von Neumann stability analysis of smooth particle hydrodynamics--
suggestions for optimal algorithms J. Comput. Phys,, 121, 357-372.

Benz, W., W. L. Slattery, and A. G. W. Cameron 1986. The origin of the Moon and the single
impact hypothesis|. Icarus 66, 515-535.

Benz, W., W. L. Sattery, and A. G. W. Cameron 1987. The origin of the Moon and the single
impact hypothesisII. lcarus 71, 30-45.

Benz, W., A. G. W. Cameron, and H. J. Melosh 1989. The origin of the Moon and the single
impact hypothesisI11. Icarus81, 113-131.

Cameron, A. G. W. 1997. The origin of the Moon and the single impact hypothesis V. Icarus
126, 126-137.

Cameron, A. G. W. 2000. Higher-resolution simulations of the giant impact. In Origin of the
Earth and Moon (Eds. R. M. Canup and K. Righter), pp. 133-144, University of Arizona
Press, Tucson.

Cameron, A. G. W. 2001. From interstellar gas to the Earth-Moon system. Meteor. Plan. Sci. 36,
9-22.

Cameron, A. G. W. and W. Benz 1991. The origin of the Moon and the single impact hypothesis
1V. lcarus 92, 204-216.

Cameron, A. G. W. and W. R. Ward 1976. The Origin of the Moon. Lunar Planet. . VI,
120-122.

Canup, R. M. and L. W. Esposito 1996. Accretion of the Moon from an impact-generated disk.

Icarus 119, 427-446.

37



Canup, R. M. and W. R. Ward 2000. A hybrid fluid/N-body model for lunar accretion. Lunar
Planet. Sci. XXXI, 1916-1917.

Canup, R. M. and E. Asphaug 2001. Origin of the Moon in a giant impact near the end of the
Earth’ s formation. Nature 412, 708-712.

Canup, R. M., W. R. Ward, and A. G. W. Cameron 2001. A scaling relationship for satdllite-
forming impacts. Icarus 150, 288-296.

Canup, R. M., E. Asphaug, E. Pierazzo, and H. J. Melosh 2002. Simulations of Moon-forming
impacts. Lunar Planet. Sci. XXXI111, 1641-1642.

De Pater, I. and J. J. Lissauer 2001. Planetary Sciences. Cambridge University Press,
Cambridge.

Halliday, A. N., D. -C Lee, and S. B. Jacobsen 2000. Tungsten isotopes, the timing of metal-
slicate fractionation, and the origin of the Earth and Moon. In Origin of the Earth and
Moon (Eds. R. M. Canup and K. Righter), pp. 45-62, Univ. Arizona Press, Tucson.

Hartmann, W. K. and D. R. Davis 1975. Satellite-sized planetesimals and lunar origin. lcarus
24, 504-515.

Hernquigt, L. and N. Katz 1989. TREESPH - A unification of SPH with the hierarchical

tree method. Astrophys. J. Supp. 70, 419-446.

Hood, L. L. and M. T. Zuber 2000. Recent refinements in geophysical constraints on lunar origin

Ida, S., Bnd/evCanimn s O & nbtha EE887Y ahdidoacc(Eidsn Rrdvh. &empaatcyeheRitgiotefisiop.
BEut EB3INRB3ABONa Press, Tucson.

Imaeda, Y. and S. Inutsuka 2002. Shear flows in smoothed particle hydrodynamics. Astrophys.
J. 569, 501-518.

Jacobsen, S. B. and Q. Yin 2003. Hf-W, accretion of the Earth, core formation and the origin of

the Moon. Lunar Plan. Sci. Conf. XXXIV, 1913.

38



Jones, J. H. and J. W. Delano 1989. A three-component model for the bulk composition of the
Moon. Geochim. Cosmochim. Acta 53, 513-527.

Jones, J. H. and H. Palme 2000. Geochemical constraints on the origin of the Earth and Moon. In
Origin of the Earth and Moon (Eds. R. M. Canup and K. Righter), pp. 197-216, Univ.
Arizona Press, Tucson.

Kaula, W. M., 1968. Introduction to Planetary Physics. The Terrestrial Planets. (John Wiley &
Sons, Inc., New Y ork).

Kaula, W. M. and C. F. Yoder 1976. Lunar orbit evolution and tidal heating of the Moon. Lunar
Planet. Sci. XVII, 440-442.

Kokubo, E., R. M. Canup, and S. 1da 2000. Lunar accretion from an impact-generated disk. In
Origin of the Earth and Moon (Eds. R. M. Canup and K. Righter), pp. 145-164, Univ.
Arizona Press, Tucson.

Kokubo, E., J. Makino, and S. 1da 2000. Evolution of a circumterrestrial disk and formation of a
single Moon. Icarus 148, 419-436.

Lucey, P. G., G. J. Taylor and E. Maaret 1995. Abundance and Distribution of iron on the Moon.
Science 268, 1150-1153.

Lucy, L. B 1977. A numerical approach to the testing of the fission hypothesis. Astron. J. 82,
1013-1024.

Melosh, H. J. 2000. A new and improved equation of state for impact computations. Lunar
Planet. Sci. Conf. XXXI, 1903.

Melosh, H. J. and M. E. Kipp 1989. Giant impact theory of the Moon's origin: first 3-D
hydrocode results. Lunar Plan. Sci. Conf. 20, 685-686.

Melosh, H. J. and E. Pierazzo 1997. Impact vapor plume expansion with realistic geometry and
equation of state. Lunar Planet. Sci. XXVII1, 935.

Melosh, H. J. and J. N. Spitale 1999. New results on the giant impact model of the Moon's

origin. Amer. Geophysical Union Fall Meeting, San Francisco.

39



Morishima, R. and S. Watanabe 2001. Two types of co-accretion scenarios for the origin of the
Moon. Earth Planet. Space 53, 213-231.

Murray, J. R. 1996. SPH simulations of tidally unstable accretion discs in cataclysmic variables.
Mon. Not. R. Astron. Soc. 279, 402-414.

Neson, A. F., W. Benz, F. C. Adams, and D. Arnett 1998. Dynamics of circumstellar disks.
Astrophys. J. 502, 342-371.

Fieri, D. C., and A. M. Dziewondski 1999. Earth as a planet: surface and interior. In
Encyclopedia of the Solar System. (Eds. P. R. Weissman, L. McFadden,and T. V.
Johnson). pp. 209-245, Academic Press, Inc., New Y ork.

Pierazzo, E. and H. J. Melosh 2000. Understanding oblique impacts from experiments,
observations and modeling. Ann. Revs. Earth Plan. i, 28, 141-168.

Righter, K. 2002. Does the Moon have a metallic core? Congtraints from giant impact modeling
and siderophile elements. Icarus 158, 1-13.

Solomatov, V. S. Fluid dynamics of aterrestrial magma ocean. In Origin of the Earth and Moon
(Eds. R. M. Canup and K. Righter), pp. 323-338, Univ. Arizona Press, Tucson.

Stevenson, D. J. 1987. Origin of the moon - The collision hypothesis. Ann. Rev. Earth Planet.
i, 271-315.

Stewart, G. R. 2000. Outstanding questions for the giant impact hypothesis. In Origin of the
Earth and Moon (Eds. R. M. Canup and K. Righter), pp. 217-223, Univ. Arizona Press,
Tucson.

Takeda, T. and S. Ida 2001. Angular momentum transfer in a protolunar disk. Astrophys. J. 560,
514-533.

Tillotson, J. H. 1962. Metallic equations of state for hypervelocity impact. Rep. GA-3216, July 18,
Gen At., San Diego, Cdlifornia.

Thompson, C. and D. J. Stevenson 1988. Gravitational instability in two- phase disks and the origin

of the Moon. Astrophy. J. 333, 452-481.

40



Thompson, S.L., and H.S. Lauson 1972. Improvementsin the Chart-D radiation hydrodynamic code
I11: Revised analytical equation of state. Technical Rep. SC-RR-710714 (SandiaNat. Labs).

Touma, J. and J. Wisdom 1998. Resonancesin the early evolution of the Earth-Moon system. Adron.
J. 115, 1653-1663.

Ward, W. R. 1998. Earth interactions with an impact-generated disk. Origin of Earth and Moon
meeting, p. 52, Lunar & Planetary Institute Press, Houston. Ward, W. R. and A. G. W.

WeidensChrtiangn $978. Di sSpavti,tion R thiavithe Rdeher famit ahdriér Plaseki 097X, EOFERI
evolution of a planetesimal swarm. Icarus 128, 429-455.

Wood, J. H. 1986. Moon over MaunaLoa: A review of hypotheses of formation of Earth’sMaoon. In
Originof theMoon (Eds. W. K. Hartmann, R. J. Phillips, and G. J. Taylor), pp. 17-56, Lunar
& Planetary Institute Press, Houston.

Vickery, A. M. and H. J. Melosh 1987. Orbital evolution of the vapor jet from a giant impact.
Lunar Plan. Sci. Conf. XVI11, 1042-1043.

Yin, Qingzhu, S. B. Jacobsen, K. Y amashita, J. Blichert-Toft, P. Telouk, and F. Albarede 2002.
A short timescale for terrestrial planet formation from Hf-W chronometry of meteorites.

Nature 418, 949-952.

41



M/

N/ L/ M s/ Mg/ Lo/ Med | M/ Mimp/ Mgy Mgy Le/ M/

103 g V/Vesc b’ I—EM M L M L I—EM M d M d M d (a>aR) (a>aR) LEM M L
30| 0.11 1.00 0.728 1.07 0.46 1.19 0.23 | 0.03 0.18 0.81 0.57 0.04 1.00 1.00
30| 0.11 1.00 0.738 1.09 0.38 1.32 0.27 0.02 0.15 0.81 0.96 0.00 1.03 1.23
30| 0.11 1.00 0.750 1.10 0.54 1.25 0.24 | 0.07 0.23 0.84 0.73 0.02 0.99 1.07
30| 0.11 1.00 0.762 1.12 0.61 1.04 0.23| 0.10| 0.26 0.84 0.73 0.04 1.00 1.04
30| 0.13 1.00 0.723 1.24 0.42 1.33 0.26 | 0.07 0.28 0.75 0.81 0.03 1.16 1.17
20" 0.13 1.00 0.723 1.24 0.36 1.27 0.27 0.04| 0.25 0.78 0.92 0.00 1.18 1.27
30| 0.13 1.00 0.724 1.24 0.35 1.46 0.30 0.05| 0.23 0.79 0.92 0.02 1.19 1.38
30° 0.13 1.00 0.730 1.25 0.27 1.41 0.31 0.04| 0.15 0.81 1.17 0.01 1.20 1.41
30| 0.13 1.00 0.730 1.25 0.34 1.51 0.31 0.04| 0.16 0.84 1.17 0.03 1.19 1.49
60| 0.13 1.00 0.730 1.25 0.71 1.62 0.31 0.05| 0.23 0.82 0.92 0.02 1.18 1.38
120 | 0.13 1.00 0.730 1.25 0.51 1.59 030 0.05| 0.20 0.77 0.89 0.03 1.16 1.28
30| 0.13 1.00 0.733 1.26 0.71 1.41 0.31 0.02 0.15 0.86 1.14 0.00 1.10 1.41
20" 0.13 1.00 0.733 1.26 0.54 1.09 0.24 | 0.03 0.22 0.79 0.83 0.01 1.14 1.09
30| 0.13 1.00 0.735 1.26 0.41 1.41 0.31 0.04| 0.17 0.83 1.10 0.01 1.19 1.41
30| 0.13 1.00 0.740 1.27 0.43 1.58 035 0.04| 0.17 0.85 1.26 0.01 1.19 1.58
60| 0.13 1.00 0.740 1.27 0.36 1.59 0.34 | 0.03 0.17 0.87 1.20 0.01 1.21 1.59
120 | 0.13 1.00 0.740 1.27 0.45 1.54 0.31 0.04| 0.21 0.80 1.02 0.01 1.19 1.44
20" 0.13 1.00 0.744 1.28 0.35 1.62 0.35| 0.03 0.10 0.88 1.37 0.01 1.21 1.62
30| 0.13 1.00 0.745 1.28 0.41 1.33 0.30 | 0.06 0.24 0.89 1.05 0.01 1.21 1.33
30| 0.13 1.00 0.750 1.28 0.67 1.31 0.28 | 0.08 0.21 0.86 0.94 0.03 1.14 1.31
30| 0.13 1.00 0.756 1.29 0.86 1.12 0.23 | 0.09 0.26 0.83 0.74 0.03 1.11 1.09
20" 0.13 1.00 0.756 1.29 0.72 1.09 0.23 | 0.07 0.28 0.84 0.79 0.01 1.15 1.09
20" 0.13 1.02 0.703 1.23 0.42 1.67 030 0.05( 0.14 0.82 0.59 0.03 1.16 1.12
60| 0.13 1.02 0.730 1.28 0.39 1.82 0.37 0.03 0.13 0.86 1.47 0.02 1.22 1.71
20" 0.13 1.05 0.718 1.29 0.61 1.62 0.33 | 0.06 0.11 0.84 1.19 0.02 1.19 1.58
30| 0.13 1.05 0.730 1.31 0.58 1.68 0.36 | 0.03 0.12 0.86 1.29 0.00 1.21 1.68
20" 0.13 1.05 0.730 1.31 0.54 1.57 0.36 | 0.06 0.12 0.87 1.11 0.04 1.21 1.57
60| 0.13 1.05 0.730 1.31 0.70 1.76 0.33 | 0.06 0.13 0.85 0.98 0.03 1.19 1.43
120 | 0.13 1.05 0.730 1.31 0.79 1.74 0.32 0.05| 0.12 0.83 0.91 0.03 1.17 1.35
20" 0.13 1.10 0.714 1.34 0.98 1.83 0.35| 0.09 0.08 0.87 1.14 0.05 1.15 1.57
30| 0.13 1.10 0.730 1.37 1.03 1.33 0.30 | 0.09 0.16 0.81 0.88 0.03 1.18 1.33
30° 0.15 1.00 0.693 1.20 0.30 1.33 0.24| 0.05( 0.30 0.73 0.76 0.01 1.17 1.07
30° 0.15 1.00 0.706 1.22 0.30 1.52 0.29 0.03 0.23 0.77 1.05 0.01 1.17 1.38
30° 0.15 1.00 0.719 1.24 0.37 1.53 0.32 0.01 0.19 0.85 1.25 0.00 1.17 1.53
30° 0.15 1.00 0.726 1.26 0.31 1.61 0.34| 0.04| 0.20 0.87 1.31 0.02 1.21 1.61
120° 0.15 1.00 0.726 1.26 0.28 1.83 0.36 | 0.02 0.13 0.85 1.42 0.00 1.21 1.83
30° 0.15 1.00 0.732 1.27 0.53 1.42 0.29 0.10| 0.23 0.89 1.07 0.05 1.17 1.42
30° 0.15 1.00 0.737 1.28 0.65 1.31 0.26 | 0.08 0.25 0.87 0.88 0.02 1.15 1.29
30° 0.15 1.00 0.743 1.28 0.69 1.27 0.25( 0.04| 0.28 0.84 0.87 0.01 1.14 1.21
30° 0.15 1.02 0.726 1.28 0.41 1.52 0.32 0.07 0.21 0.88 1.18 0.03 1.22 1.52
30° 0.15 1.02 0.730 1.29 0.43 1.47 0.31 0.05| 0.27 0.85 1.11 0.02 1.23 1.47
30° 0.15 1.05 0.671 1.22 0.92 1.34 0.26  0.04| 0.23 0.73 0.85 0.02 1.09 1.23
30° 0.15 1.05 0.693 1.26 0.56 1.82 0.34 0.05| 0.15 0.80 1.06 0.05 1.17 1.56
120° 0.15 1.05 0.693 1.26 0.51 2.14 0.37 0.03 0.12 0.78 0.88 0.02 1.18 1.60
30° 0.15 1.05 0.726 1.32 0.60 1.59 0.32 0.07 0.22 0.76 1.09 0.03 1.22 1.59
30° 0.15 1.05 0.732 1.33 0.95 1.24 025 0.10| 0.25 0.84 0.80 0.04 1.14 1.24
30° 0.15 1.05 0.737 1.34 0.91 1.40 0.26 | 0.08 0.30 0.81 0.82 0.04 1.16 1.21

Table 1 (Canup 2003)
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Table/Figure Captions

Table 1: Results from 47 potentia lunar forming impacts, defined as those that yield predicted
satellite masses 3 M|, contain < 10% iron by mass in orbit, and < 5% iron by mass for disk
material with equivalent orbits exterior to the Roche limit. Results are grouped by impactor-to-
total mass ratio, impact velocity relative to escape velocity, and impact parameter. In al cases,
the total colliding mass = 1.109M4 except °, where M= 0.95M4. Runs utilized “warm starts”
with surface temperatures set to 2000°K except those marked " (hot start, see text for details) and

°(warm start target, impactor surface temperature set to 1000°K).

Figure 1. Example initid target protoearths containing 0.89M4. (@) Temperature in degreesK of
al particlesin an N = 20,000 protoearth created with the “ hot start” method (see text); (b) Density
in g/ent®; (c) Temperature of al particlesin an N = 40,000 particle protoearth created with the

“warm start” method; (d) Density in g/cn?’ for the object shown in (c).

Figure 2. Time series of an impact with N = 60,000, g=0.13, v = ve.and b’ =0.730. Timesare
shown in hours and color scales with particle temperature in degrees K; frames (a) through (k) are
FdenrRgAPBIe Bhd HIRAR GUIREITHRBAAIIHIHAR; B BSRRRAM RIS ANk BRSRARIN faPek
PREISR SRR IR DRI SO Iag. PRSI HR el st SRAQ SRRGSONIHAGRMREF e I
floarReatiny dbethiREen A8 stthaarag B85 dRse P PS ionageter. (c) Mapping of final
particle states; yellow particles end up in the orbiting disk, red escape the system, and blue end up
in the protoearth. (d) Same as (c¢), close-up on impactor. (€) Mapping of final particle states onto
time step shown in Fig. 1b, same color scale as (¢) and (d). (f) Instantaneous particle temperatures
within a4000-km dlice centered on the z= 0 plane for the time step shown in (€). The vectors are

proportional to the particle velocity magnitude.
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Figure 4: Post-impact state of protoearth and disk from simulation shown in Fig. 2. (a)
Temperatures within a 2000-km thick dlice through the protoearth, parallel with and centered on
the equatoria plane of the planet. (b) Same dice as shown in (a), but here color scales with the
source object of the material, with red particles originating from the impactor and blue from the
target. (¢) Same dice asin (a), but color scales with material type, with iron particlesin red and
dunite particlesin blue. (d) The entire protoearth and disk, with color scaling with material type

(iron vs. dunite) asin (c).

Figure 5: Properties of the disk particles at the end of the smulation shown in Fig. 2. (@) Particle
eccentricity vs. semi-major axis (computed assuming a Keplerian orhit); curves of constant
periapse are shown at 1.1 planetary radii (thick line) and the Roche limit (thin line). (b)
Numerical viscous spreading timescales from Eq. (3) computed for individual orbiting particles

asafunction of semi-magjor axis.

Figure 6: Temperature vs. instantaneous radial position for al of the particles at the end of the

smulation in Fig. 2. Red particles are iron; black are dunite.

Figure 7: Time series of an impact with N = 120,000, g=0.15, v = vecand b’ = 0.726. Timesare
shown in hours and color scales with particle temperature in degrees K; frames (a) through (e) are
looking down onto the plane of the impact, with particles with T > 6440°K shown in red.
Distances are shown in units of 1000-km. Frame (f) is the fina state viewed on-edge; here the
temperature scale has been shifted so that red correspondsto T > 9110°K. The large orbiting

clumpin (d) and (e) contains about 60% of a lunar mass and is represented by ~ 1700 particles.



Figure 8: Results from 40 impact smulations that al had Mt = 1.02M4, g= 0.13 and Vinmp = Ves,
but with varied resolutions and pre-impact thermal states for the colliding objects. Blue symbols
areresults of smulations utilizing “warm start” objects with surface temperatures set to 2000°K,
red are “hot start” objects that were collisonally generated, and yellow is a“warm start” target
but an impactor with a surface temperature of 1000°K (see §3.2 for details). Triangles, circles,
sguares, and inverted triangles correspond to resolutions of N = 20,000, 30,000, 60,000 and
120,000, respectively. (@) Mass of the orbiting disk in lunar masses as a function of scaled impact
parameter (with b’ = 1 corresponding to a grazing impact); (b) Angular momentum in the orbiting
disk in units of the angular momentum of the Earth-Moon system; (c) Mass fraction of orbiting
iron; (d) Fraction of the orbiting disk mass originating from the impactor; and (€) Disk vapor

mass fraction.

Figure 9: Results from 40 impact smulations that al had Mt = 1.02M4, g=0.13 and a“warm
start” initia thermal state, but with varied resolutions and impact velocities. Blue, white, yellow
and red symbols correspond respectively to simulations with (Vimp/Vesc) = 1.00, 1.02, 1.05 and
1.10. Shapes vary with simulation resolution as in Figure 7; frames (&) through (e) plot the same

quantities asthose in Figure 7.

Figure 10: Results from 23 impact smulations that all had M+ = 0.95M3, g= 0.15 and a“warm
gart” initia therma state, but with varied resolutions and impact velocities. Blue, white, and
yellow symbols correspond respectively to smulations with (Vimp/Ves) = 1.00, 1.02, and 1.05;
circles and inverted triangles correspond to N = 30,000 and N = 120,000. (&) Orbiting massin
lunar masses; (b) Orbiting angular momentum in units of that of the Earth-Moon system; (c)

Fraction of disk iron.
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Figure 11: Results from impact simulations performed here using the new ANEOS (Méelosh
2000) vs. those using the Tillotson equation of state (Canup & Asphaug 2001). All smulations
had Virp = Ves, but involved varied total masses, resolutions, and impactor-to-total mass ratios (g).
(8 Thefraction of the tota colliding mass, M, that is placed into orbit vs. b’ for ANEOS “warm
dart” smulations; (b) The disk iron fraction for the ANEOS runs; (¢)-(d) The same quantities are
plotted asin (a)-(b), only here for some of the Tillotson simulations of Canup & Asphaug (2001).
Cyan, yellow, gray, blue and red symbols correspond to g= 0.10, 0.11, 0.12, 0.13 and 0.15
respectively; shapes vary with both resolution and total colliding mass as shown in the legend

boxes.

Figure 12: M+ vs. gcontours for impacts having L = 1.25Lgy 0.70 £b’ £0.75,and 1.00 £
(Vimp/Vesc) £ 1.10. Giant impacts with parameters falling between the two curves are predicted to

all be good candidates for producing a lunar-mass, iron depleted protosatellite disk. The general
regions corresponding to the “late impact” favored here and the “ early-Earth” impact scenario of

Cameron (2000, 2001) are indicated.
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Figure 1. Canup (2003)
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Figure 2: Canup (2003)




Figure 2: Canup (2003)




Fig

ure 3: Canup (2003)
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Figure 4: Canup (2003)
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Figure 7: Canup (2003)




y=0.13, v, = v, My = 1.02M
18 085
a d
o A8 o s T— g
a2 2
e [= 1 E 085 - .:‘ .. .-..
i . £ ;e' a e
1.2 4 ! ' B % E QR 4- "':'T"""
L a4 gas
L b H w | e
1 1.0 .. H Lt %n?a_. ... . .
= & = "
E =3 L]
= 081 2 070 '
[ -E &
08 | E oss
- =
Dl o S e S L L DED . _'
[ ]
[y * :
o ' - oss 4o .
] 5 ]
u'u T T T T um T T T L
05 0.8 orF 0.8 a5 0.6 oT 08
bl bl
0.40 ®) 040
e
0.3s
Gm. & ﬁ X E i
- = &
o8 & .‘ L ] I:.I.Eu.m- . .
r ' - &
E 5 L. !‘ ﬁ [ ] . ® a
%I}l‘ﬂ' 3.5 g = 035 - = s )
_ ] . - »
a5 =3 3 . . e
& > 0204 - - s
—E ]
0.10 - e = oy a
oos 4 s - LR B
& ]
™ Fy
Qi T T T T 01 i , i t
o5 o0& oF 0B
b 05 0.6 b o7 0.8
025
(c)
0.20 o cold impactorfwarm target; N = 30K
5 ® & warm start; N = 30K
ik L]
— o . = warm start; N = 60K
= . - v warm start; N = 120K
s hot start; N = 20K
R [ CE R e LR i hot start; N = 30K
&
& L
. LN ] i
(41 1 5 PRSP R - ‘ﬁ P USRR
- &
- & & ';ﬂ
0004 = L] "
05 0.6 07 08
bl

Figure 8: Canup (2003)

55



1=0.13, M; = 1.02M,, warm start

Me/M,

08 4

@

e

L]

w0

Disk Impacter Mass Fraction

00

(L

0.50

055

060

085
[

oo

TS

0.ED

0.B5

0.35 -

0.30 1

025 =

020 3

(b)

S a ]

Loley

015 3

010 -

[ =]

Disk Vapor Mass Fraction

000

0,25

os0

ass

LR ]

uiﬂ_ A a Ay el g e e g N o iy, e A R

015

Meo/Mp

04 -

005

000

(c)

Q50

0.55

050

Figure 9: Canup (2003)

065
b

ro

075

080

083

] @ :
-
gl.'b* Ll i
e e T R R R T e B
-
o, =
0.7 A
.
&
08 i £
. L u
- .
05. E= P
=}
L] "
g4 4. - e
(=]
080 0B85 060 068 OV 075 080 OBS
b’
0,40
(e) .
0.35
a
0.304---- Lo K]
L] -
" -
- [ ]
025 . . -
& . -, e [ ]
]
0.20 - .- e E ...-:’..
-
. -
B8 4. - o L
a
o
0.10 T T T . T T
0.50 0.55 080 0.65 oo 0.75 080 0.85
b
L ] W= 1-anvgu: N=3‘DH
e v=1.00v.. . N=60K
a V=102V N = 60K
o v=1.08v. . N=30K
o v= 100V N=60K
v ¥=1.05vog0N =120K
» 1.l='|.1{]1.fﬂsc;|\|=30|{

56



1=0.15, My = 0.95M__, warm start

2.2 1

204"

1.8 4

F " (o Rr e

1.4 4

1.2 4

MM,

0.40

070 0rs

Loflew

0.15

0.10

(175 1 RN D A RO AR

Figure 10:

Canup (2003)

0.80

M- M

015
(c)
0410 y
Q
=3
a ]
(370 < (R e v U Mo oo Ml WY K
. o ® ¥ .
* B g T
L2
-
O e S R e T R AR
0.50 058 080 0ES 070 0.75
b

o v=100v, N =30K
v V=100V N=120K
o v=1.02v_ . N=30K
o v=105v_: N=30K
v v=1.08v_ N=120K

57

0.a0



V = Vgge: Warm start; New ANEOS

0.025 -

v
(a)
020 1 s

0 A PRSI E it Tl it RAN BT .......‘..'...

-
»

i ] . .
f o1 L T R E R R SR T TR Du ' B
s ° E R

a a

By 1 L T S e R S

.
00054 - K b
5 &
0.E0 065 0.70 075 0.80
0.20
.
(®) "
o
z 0104 : Frai s e -_. o
L+ -
= 3 . -
o0s 4. cmo- . .y .
" L] & z :‘-lr
. ve,
L]

D.m_ ......

0.60 065 0.7 075 0.80
bi

o =011, M, =1.02M:; N = 30K
e ¢=013;M,=1.02M.N = 30K
o p=0.13; M, = 1.02M; N = 60K
v ¢=0.13;M,=1.02M N = 120K
o =015 M, =0.95M_; N = 30K
v 1=015M,=0895M; N = 120K

Figure 11: Canup (2003)

MM,

MM

V = Ve, Tillotson (CAO1)
0.025
G
(c) . i
0.020 1 g ;s
® .0
a B o . ® [
oS 4-- - ..o...af.l. S L
D"
&
0.010 {- -
a
0.005 -
= i P
.60 065 0,70 0,75 080
0.20
(d)
D15 -
.
010 4 :
a
&
e e
o
o -]
w2 i
D_ul}_.. L=l . u&. &ﬁ
: - = - |
0.0 DEes5 Q.70 07s 0.80
b

-

£=0.10; M, = 0.98M_; N = 20K
e y=010 M. =1.02M_; N = 20K
a ¢=0.11;M; =0.98M_; N=20K
o y=011;M;=0.99M;; N = 30K
y=0.11; My = 1.01M:; N = 30K
a =011, M, =1.02M;, N = 20K
. y=0.412: M, = 0.87TM_: N = 20K

58



I.(\ T T T T 1 2 T T T I
L
L
\\.
5 *,
_\\ '\_\
10— o late ™.
- . .
k" et
A . .
Lo T
» I ~— ‘%Hx.,_
. 08} \x
= K R
06—
0.4 O VO A A I S N 1 AL |
10 2.45 0.20

Figure 12: Canup (2003)

59



