
Icarus 196 (2008) 518–538
Contents lists available at ScienceDirect

Icarus

www.elsevier.com/locate/icarus

Lunar-forming collisions with pre-impact rotation

Robin M. Canup ∗

Southwest Research Institute, Planetary Sciences Directorate, 1050 Walnut St., Suite 300, Boulder, CO 80302, USA

a r t i c l e i n f o a b s t r a c t

Article history:
Received 27 July 2007
Revised 29 February 2008
Available online 28 March 2008

Keywords:
Moon
Impact processes
Planetary formation
Satellites, formation

Prior models of lunar-forming impacts assume that both the impactor and the target protoearth were
not rotating prior to the Moon-forming event. However, planet formation models suggest that such
objects would have been rotating rapidly during the late stages of terrestrial accretion. In this paper I
explore the effects of pre-impact rotation on impact outcomes through more than 100 hydrodynamical
simulations that consider a range of impactor masses, impact angles and impact speeds. Pre-impact
rotation, particularly in the target protoearth, can substantially alter collisional outcomes and leads to
a more diverse set of final planet–disk systems than seen previously. However, the subset of these
impacts that are also lunar-forming candidates—i.e. that produce a sufficiently massive and iron-depleted
protolunar disk—have properties similar to those determined for collisions of non-rotating objects [Canup,
R.M., Asphaug, E., 2001. Nature 412, 708–712; Canup, R.M., 2004a. Icarus 168, 433–456]. With or without
pre-impact rotation, a lunar-forming impact requires an impact angle near 45 degrees, together with a
low impact velocity that is not more than 10% larger than the Earth’s escape velocity, and produces a
disk containing up to about two lunar masses that is composed predominantly of material originating
from the impactor. The most significant differences in the successful cases involving pre-impact spin
occur for impacts into a retrograde rotating protoearth, which allow for larger impactors (containing up
to 20% of Earth’s mass) and provide an improved match with the current Earth–Moon system angular
momentum compared to prior results. The most difficult state to reconcile with the Moon is that of a
rapidly spinning, low-obliquity protoearth before the giant impact, as these cases produce disks that are
not massive enough to yield the Moon.

© 2008 Elsevier Inc. All rights reserved.
1. Background

The leading theory for the Moon’s origin is that it formed as
a result of the impact of a Mars-sized object with the early Earth
(Cameron and Ward, 1976). Key strengths of the giant impact the-
ory include its ability to account for the Earth–Moon system angu-
lar momentum (which implies a terrestrial day of only about 5 h
when the Moon formed close to the Earth), and the Moon’s rela-
tively low iron abundance compared to other inner Solar System
objects. In addition, dynamical models of the final stages of Earth’s
accretion suggest that large impacts were common (e.g., Agnor et
al., 1999).

Three-dimensional hydrodynamical simulations (e.g., Benz et
al., 1989; Cameron, 2000; Canup and Asphaug, 2001; Canup,
2004a; Wada et al., 2006) are utilized to identify those impacts ca-
pable of simultaneously accounting for the masses of the Earth and
Moon, the Earth–Moon system angular momentum, and the low
lunar iron content. To date, successful cases involve low-velocity
collisions (i.e., having an impact speed within 10% of the Earth’s es-
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cape velocity) by an impactor containing ∼11 to 14% of the Earth’s
mass with an impact angle near 45◦ (Canup and Asphaug, 2001;
Canup, 2004a). Gravitational torques, both among the ejected ma-
terial and between the ejecta and the distorted post-impact shape
of the Earth, are the primary mechanism responsible for placing
material into bound circumplanetary orbit following such collisions
(Canup, 2004a, 2004b).

Despite their successes in accounting for the bulk properties of
the Earth–Moon system, several predictions of prior simulations
remain somewhat troubling. First, in all cases the protolunar disk
mass is derived predominantly from material originating from the
impactor rather than from the protoearth. This is contrary to one
key perceived strength of the original giant impact hypothesis: that
a Moon formed from material originating in the Earth’s mantle
would offer a natural explanation for the identical oxygen isotope
compositions of the Earth and Moon (e.g., Wiechert et al., 2001).
To obtain this isotopic commonality, previous results require either
an impactor with an identical O-isotope composition to the Earth
prior to the Moon-forming collision (which seems unlikely given
the dispersion in known O-isotope compositions of other inner So-
lar System materials, e.g., Clayton, 1993), or that the protolunar
disk material isotopically equilibrated with the Earth’s post-impact
atmosphere, thereby acquiring the terrestrial O-isotope composi-
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tion through mixing after the giant impact but before the Moon ac-
creted (Pahlevan and Stevenson, 2007). Both alternatives are more
restrictive than a Moon derived primarily from the Earth’s mantle
would be.

A second issue is that the great majority of successful impacts
identified to date produce final system angular momenta that are
10 to 20% larger than that of the current Earth–Moon system, LEM
(Canup, 2004a, 2004b). The Earth–Moon system angular momen-
tum would have been somewhat greater in the distant past, but
probably within a few to 10% of LEM. De-spinning of the Earth due
to tides raised on the Earth by the Sun removes about 0.03LEM
over 4.5 billion years, assuming the current terrestrial tidal dis-
sipation factor, Q ∼ 12, and Love number, k2 ∼ 0.25 (e.g., Canup
et al., 2001). If the Moon experienced a high-eccentricity phase
due to temporary capture into the evection resonance with the
Sun (Kaula and Yoder, 1976; Touma and Wisdom, 1998), an in-
crease in the lunar eccentricity, e, from an initial circular orbit
with semi-major axis a would lead to an angular momentum loss
�Le ∼ ML(1 − (1 − e2)1/2)

√
GM⊕a, where ML and M⊕ are the

masses of the Moon and Earth. For a ∼ 4.6 Earth radii and e ∼ 0.5
(example values from Touma and Wisdom, 1998), �Le ∼ 0.03LEM.

Finally, previous works assume that the protoearth and im-
pactor were not rotating prior to the Moon-forming collision. How-
ever, the same accretionary conditions that make a lunar-forming
impact probable also imply that terrestrial protoplanets would
have been rotating rapidly and with randomly oriented obliquities
due to earlier giant impacts (Agnor et al., 1999). Even in the ab-
sence of prior large impacts, terrestrial planets can form with rapid
prograde rotations and low obliquities in some situations (Ohtsuki
and Ida, 1998; Schlichting and Sari, 2007).

In this work I expand on the parameter space considered by
prior simulations by considering the effects of pre-impact rotation,
together with a broader range in impact velocities and angles, to
assess whether other classes of successful, less-restrictive Moon-
forming impacts exist.

2. Constraints

Basic properties that must be accounted for by a successful
impact include: (i) a total Earth–Moon system angular momen-
tum, LEM ≡ 3.5 × 1041 g-cm2/s, (ii) a Moon whose mass is ML =
7.35 × 1025 g = 0.012M⊕ , and (iii) a bulk lunar mass abundance of
elemental iron in the few to 10% range (e.g., Lucey et al., 1995;
Jones and Delano, 1989; Jones and Palme, 2000; Canup, 2004a,
2004b).

If the target and impactor are not rotating prior to impact, the
angular momentum delivered by an impactor of mass Mi ≡ γ MT
is

Lcol = b′M5/3
T f (γ )

√
2G

(4πρ/3)1/3

(
v imp

vesc

)

≈ 1.3LEMb′
(

MT

M⊕

)5/3(
γ

0.1

)(
v imp

vesc

)
, (1)

where b′ ≡ sin(ξ) is the scaled impact parameter, ξ is the angle
between the surface normal and the impact trajectory (so that a
grazing impact has b′ = 1 and ξ = 90◦), MT is the total colliding
mass (impactor + target), γ is the impactor-to-total mass ratio,
f (γ ) ≡ γ (1 − γ )

√
γ 1/3 + (1 − γ )1/3, ρ is the density of the col-

liding objects, (v imp/vesc) is the ratio of the impact velocity to
the mutual escape velocity, vesc ≡ √

2GMT /(Ri + Rtar) where Ri
and Rtar are the impactor and target radii, and v2

imp = v2
esc + v2∞ ,

where v∞ is the relative velocity of the target and impactor at
large separation. Terrestrial accretion simulations find that large
impacts with Lcol � LEM have 1.0 � (v imp/vesc) � 1.6, with an av-
erage 〈v imp/vesc〉 ∼ 1.2 (Agnor et al., 1999).
For a target and/or impactor rotating prior to collision, the total
angular momentum is Limp = Lcol + Lspin, with Lspin = Lspin,tar +
Lspin,i . For the case of pre-impact spins aligned or anti-aligned
with the collision angular momentum, (Lcol · Lspin)/(LcolLspin) =
±1, and

Limp = Lcol + K MT R2
T

[
γ 5/3ωi + (1 − γ )5/3ωtar

]
, (2)

where R3
T ≡ MT /(4πρ/3) is the radius of a single object contain-

ing the total colliding mass, ωtar and ωi are the pre-impact angular
rotation rates of the target and the impactor (with ω > 0{< 0} if
the pre-impact spin is in the same {opposite} rotational sense as
the impact), and K is the gyration constant for the colliding ob-
jects. The requirement that an impact produces a system with the
correct angular momentum (i.e., Limp ∼ LEM) thus brackets a multi-
dimensional parameter space in b′ , γ , v imp, ωtar and ωi , within
which cases that also give the correct lunar mass and low Fe-
abundance must be identified.

The mass and angular momentum of orbiting material needed
to produce the Moon can be estimated by a simple conserva-
tion argument. Simulations of lunar accretion from an impact-
generated disk (Ida et al., 1997; Kokubo et al., 2000) predict
an average initial lunar semi-major axis of approximately 1.2aR ,
where aR ≡ 2.456R⊕(ρ⊕/ρ)1/3 ≈ 2.9R⊕(3.3 g/cm3/ρ)1/3 is the
Earth’s Roche limit, and ρ⊕ = 5.5 g/cm3 and R⊕ = 6378 km are
the Earth’s density and radius. Assuming that all of the disk mate-
rial will eventually be (1) incorporated into a single satellite with
a ≈ 1.2aR , (2) removed due to collision with the protoearth as the
disk viscously spreads, or (3) lost to escape from bound Earth or-
bit, conservation of mass and angular momentum implies that an
initial disk containing mass Md and angular momentum Ld will
produce a satellite of mass M S , with (Ida et al., 1997)

MS ≈ 1.9Ld/
√

GM⊕aR − 1.1Md − 1.9Mesc, (3)

where Mesc is the escaping mass. Equation (3) will be a good
approximation over a wide range of disk evolution and satellite ac-
cretion time scales, provided that the final state is a moon formed
near the Roche limit and there is no additional post-impact source
of angular momentum or mass to the disk.

Here I use Eq. (3) to estimate the maximum mass satellite that
could accrete from an orbiting disk by assuming Mesc = 0, and de-
fine successful impacts to be those that by this estimate produce a
satellite with M S � ML , together with a disk containing <10% iron
by mass and a final system angular momentum �1.2LEM.

3. Approach

Smooth particle hydrodynamics, or SPH (e.g., Lucy, 1977; Benz
et al., 1989; Canup and Asphaug, 2001; Canup, 2004a, 2005), is
used here to model giant impacts. In SPH, matter is represented
by spherically symmetric overlapping ‘particles’ whose individ-
ual evolutions are calculated as a function of time. Each parti-
cle represents a quantity of mass of a given composition, whose
3-dimensional spatial extent is specified by a density weight-
ing function known as the kernel, and the characteristic spatial
width of the particle, known as the smoothing length, h. For each
particle, h is varied to maintain overlap with a desired number
of other neighbor particles, thus allowing low-density regions to
be smoothly (if coarsely) resolved. Because SPH is a Lagrangian
method, tracking mixed materials (iron vs silicate) and particle his-
tories (e.g., whether the mass that constitutes the disk originated
from the impactor or the target) is straightforward.

3.1. Equation of state

Simulations describe the evolution of each particle’s kinematic
(position and velocity) and state (internal energy, density) variables
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due to the effects of (1) gravity, (2) compressional heating and
expansional cooling, and (3) shock dissipation. The M-ANEOS equa-
tion of state is used to relate a particle’s specific internal energy
and local density to its pressure (Thompson and Lauson, 1972; see
also Benz et al., 1989; Melosh, 2000, 2008). ANEOS derives ther-
modynamic quantities from an approximation of each particle’s
Helmholtz free energy, with temperature and density as indepen-
dent variables. Mixed phase states (e.g., a two-phase vapor and
liquid) are described by treating the different phases as separate
components that are in temperature and pressure equilibrium. As
in Canup (2004a), I use the M-ANEOS version, revised by Melosh
(2000, 2008) to include the formation of silicate vapor composed
of diatomic molecules (e.g., SiO or MgO).

For a fixed set of impact conditions, a simulation using M-
ANEOS typically produces a somewhat less massive disk with pro-
portionally more iron compared to that obtained using SPH with
the simpler Tillotson equation of state (Tillotson, 1962). The first is
due to ANEOS being a more physically realistic equation of state,
while the second is due to the differences in density between
the representative mantle materials. Tillotson simulations typically
consider basalt mantles (with a 2.7 g/cm3 reference density, e.g.,
Canup and Asphaug, 2001) while ANEOS simulations use a more
realistic dunite composition (with a 3.3 g/cm3 reference density).
A denser mantle material means that a differentiated ANEOS object
has a larger core-to-mantle radius ratio than the same mass Tillot-
son object with the same fraction of iron, which leads to more
iron being placed into orbit with ANEOS for a fixed impact param-
eter. For detailed comparisons of ANEOS vs Tillotson simulations,
see Canup (2004a, Section 5.4) as well as Benz et al. (1989).

3.2. Initial conditions and analysis

I consider differentiated impactors and targets that contain 30%
iron and 70% silicate (forsterite) by mass, with initial temperatures
set as in the “warm start” cases in Canup (2004a), with surface
temperatures ∼2000 to 2500 K and central temperatures ∼3000
to 4500 K for the targets and impactors. The total number of par-
ticles, N , varies between 6 × 104 and 1.2 × 105 per simulation, so
that initial smoothing lengths within the protoearth and impactor
mantles are on the order of 250 to 350 km. The dynamical out-
comes of lunar-forming impacts (i.e., disk mass, disk angular mo-
mentum, and disk iron) show no systematic changes as resolution
is increased from N = 60,000 to N = 250,000 (see Appendix A and
Canup, 2004a, Section 5.1).

Impacts are modeled for ∼1 day of simulated time, at which
point the protoearth has assumed an approximately oblate spher-
oid shape, and orbiting material has been sheared out into a rela-
tively uniform disk. The determination of whether each particle at
the end of a simulation is considered to be in the planet, orbiting,
or escaping relies upon an iterative procedure (Canup et al., 2001;
Canup, 2004a). While disk particles initially have highly eccen-
tric orbits (e.g., Fig. 5 in Canup, 2004a), energy dissipation due
to interactions among the disk material will likely damp or-
bital eccentricities and inclinations on a time scale short com-
pared to the lunar accumulation time (e.g., Kokubo et al., 2000;
Thompson and Stevenson, 1988). For each disk particle of mass
m, an equivalent circular orbit of radius aeq is computed from the
magnitude of the particle’s post-impact angular momentum nor-
mal to the equatorial plane of the planet, l, with l = m

√
GM paeq,

where M p is the planet’s mass. Those particles with aeq greater
than the equatorial radius of the planet are considered to be in
the disk.

The orbiting mass is itself a dynamic quantity that varies as
disk particles undergo angular momentum exchange and some are
scattered onto the protoearth. With time, this behavior is increas-
ingly influenced by numerical effects due to the resolution of the
simulation, specifically the spurious viscosity associated with SPH
disk particles interacting over a radial distance determined by their
smoothing lengths, which grow large in low-density regions. Such
effects should be minimal for SPH runs of ∼ a day for the res-
olutions used here (Canup, 2004a). Recently, Wada et al. (2006)
have performed two very high-resolution giant impact simulations
using an Eulerian hydrocode in combination with a Tillotson-like
equation of state (Tillotson, 1962) and uniform compositions for
the target and impactor. The high resolution minimizes artificial
spreading of the disk and thus allows for longer simulations. Wada
et al. find that for an initial disk composed primarily of conden-
sates (true for lunar-forming impacts), the estimated satellite mass
from their simulation that used a grid large enough to track the or-
biting material (their Fig. 5, case B′) is similar to that obtained us-
ing SPH. In addition, they show that the predicted satellite mass at
20-h post-impact is comparable to that found at 120-h post-
impact. These findings support prior estimates that numerical ar-
tifacts with SPH are minimal for run times of ∼ a day (Canup,
2004a), and suggest that this simulation length is sufficient to ob-
tain a good estimate of the disk and satellite mass.

4. Results

In this section, I begin by describing general trends in the out-
comes of impacts between non-rotating Mars-sized impactors and
target protoearths. I then consider a single collision to which pre-
impact rotation in the target or the impactor has been added, and
use these results to identify which pre-impact spin orientations
have the largest effects on impact outcome for a given impactor
mass, impact speed and impact angle. Finally I describe several se-
ries of simulations involving pre-impact spin in the target that are
constrained so that Limp ∼ LEM. Here I consider the impactor size
that is optimal in the no-spin case (γ = 0.13), as well as smaller
impactors (γ = 0.05 and 0.11) for the case of a prograde-rotating
target and larger impactors (γ = 0.15,0.2 and 0.3) for the case of
a retrograde-rotating target. The properties of the successful lunar-
forming candidate impacts are then summarized in Table 1, and
the implications for the Earth’s rotational state before the giant
impact discussed.

4.1. Impact outcomes without pre-impact spin

As described by Eq. (1), an oblique collision by an impactor
with Mi � 0.1M⊕ can supply the Earth–Moon system angular mo-
mentum for a total colliding mass, MT , comparable to the Earth’s
mass. Fig. 1 shows results of collisions of non-rotating objects in-
volving Mi/MT = γ = 0.13 impactors, including simulations from
Canup (2004a) and additional simulations with lower b′ and higher
(v imp/vesc) values. For a fixed impactor-to-total mass ratio (γ ), the
yield of orbiting material generally increases with impact param-
eter, b′ (Fig. 1a). As b′ increases, a larger fraction of the impactor
grazes past the target during the initial collision. Because torques
within this material are primarily responsible for placing material
into bound orbits that avoid re-impact with the Earth, the result-
ing disk mass scales roughly as the square of the mass contained
in this portion of the impactor (Fig. 1a, dotted line; see Appendix
B) for (v imp/vesc) � 1.1 (purple, blue, and green points in Fig. 1)
and 0.4 � b′ � 0.8. Higher-velocity impacts (yellow, orange, and
red points) produce higher disk masses for relatively head-on col-
lisions (0.4 � b′ � 0.6) than low velocity impacts, while for oblique
collisions (b′ � 0.7), impacts with (v imp/vesc) � 1.2 produce little
orbiting mass and escape of most—if not all—of the impactor (also
Agnor and Asphaug, 2004).1

1 At impact parameters and speeds just below those required for the impactor’s
escape, a large portion of the impactor remains intact on a very high-eccentricity,



Lunar-forming impacts 521
Table 1
Successful simulations involving pre-impact spin in the target or impactor aligned with the collisional angular momentum such that (Lcol · Lspin)/(Lcol Lspin) = 1 (“prograde,”
light gray rows) or (Lcol · Lspin)/(Lcol Lspin) = −1 (“retrograde,” dark gray rows; see text for details). Listed are the impactor-to-total mass ratio (γ ); total angular momentum
(including that in the collision and in pre-impact spin) in units of the current Earth–Moon system angular momentum (Limp/LEM); the angular momentum in the collision
(Lcol/LEM); pre-impact spin period in hours (T ), where an asterisk indicates a pre-impact spin in the impactor and no asterisk indicates a pre-impact spin in the target;
impact velocity in units of the mutual escape velocity (v imp/vesc); scaled impact parameter (b′); orbiting disk mass in lunar masses (Md/ML ); disk angular momentum Ld

scaled by LEM; the disk vapor mass fraction (Mv/Md); percentage of the disk mass originating from the impactor; disk mass fraction of iron; angular momentum of final
bound planet–disk system L F scaled to LEM; and the predicted maximum mass of the resulting satellite (MS/ML , per Eq. (3) with Mesc = 0)

Run γ Limp/LEM Lcol/LEM T v imp/vesc b′ Md/ML Ld/LEM Mv/Md % Imp. MFe/Md L F /LEM MS /ML

16b 0.13 1.26 1.23 116 1.00 0.70 1.75 0.32 0.20 81 0.04 1.16 1.46

26 0.11 1.10 1.07 101 1.00 0.70 1.13 0.22 0.17 77 0.02 1.03 1.08

53p 0.13 1.30 1.24 56.1 1.05 0.65 1.28 0.25 0.20 65 0.08 1.08 1.21

32 0.11 1.27 1.06 16.8 1.00 0.70 1.22 0.23 0.15 80 0.03 1.20 1.11

119a 0.13 1.26 1.25 15* 1.00 0.73 1.52 0.33 0.13 87 0.02 1.20 1.52

119b 0.13 1.27 1.25 10* 1.00 0.73 1.34 0.30 0.12 88 0.02 1.18 1.34

119c 0.13 1.28 1.25 5* 1.00 0.73 1.52 0.30 0.10 90 0.05 1.11 1.52

78 0.13 1.12 1.18 60.6 1.00 0.65 1.42 0.25 0.20 76 0.04 1.06 1.11

119d 0.13 1.14 1.25 30 1.00 0.73 1.63 0.31 0.21 84 0.06 1.08 1.52

57 0.13 1.10 1.24 23.4 1.00 0.70 1.62 0.31 0.24 82 0.07 1.03 1.45

119e 0.13 1.08 1.25 20 1.00 0.73 1.51 0.28 0.21 82 0.08 0.99 1.33

82 0.13 1.13 1.32 18 1.05 0.70 1.40 0.29 0.16 85 0.07 1.00 1.40

119f 0.13 1.02 1.25 15 1.00 0.73 1.53 0.28 0.22 83 0.06 0.94 1.31

97 0.15 1.11 1.53 10.7 1.00 0.70 1.52 0.31 0.27 82 0.05 1.04 1.52

99b 0.15 1.11 1.48 8.93 1.00 0.73 1.56 0.30 0.33 85 0.10 1.00 1.48

83 0.20 1.18 1.65 6.33 1.00 0.65 1.70 0.31 0.35 69 0.03 1.14 1.44

91 0.20 1.20 1.76 5.38 1.05 0.65 1.69 0.31 0.36 74 0.10 1.11 1.37

92 0.20 1.10 1.75 4.6 1.05 0.65 1.59 0.28 0.36 73 0.10 1.00 1.23

87 0.20 1.18 1.91 4.1 1.00 0.75 2.08 0.40 0.33 62 0.09 1.10 1.96

119j 0.13 1.24 1.25 15* 1.00 0.73 1.43 0.27 0.25 76 0.06 1.17 1.28

119k 0.13 1.23 1.25 10* 1.00 0.73 1.35 0.26 0.27 73 0.07 1.17 1.21

119l 0.13 1.22 1.25 5* 1.00 0.73 1.29 0.25 0.29 63 0.09 1.16 1.17
Considering only those impacts that produce substantial disks,
Fig. 1b shows that at each impact parameter there exists a maxi-
mum characteristic impact speed above which an overly iron-rich
disk results, and this critical impact speed decreases as b′ in-
creases. For a fixed value of (v imp/vesc), increasing b′ generally
leads to an increase in the fraction of orbiting iron as a larger
fraction of the impactor’s core grazes past the target. A notable ex-
ception occurs for impacts with b′ ∼ 0.7 to 0.75, as in these cases a
large portion of the impactor’s core gravitationally re-contracts af-
ter the initial impact and collides directly with the protoearth (e.g.
Fig. 2f from Canup, 2004a), resulting in a substantially reduced
fraction of orbiting iron. Thus impact speeds �1.2vesc produce
excessively iron-rich disks (MFe/Md > 0.1) except in conjunction
with small impact parameters, but such cases produce much less
massive disks than their more oblique counterparts. Very oblique
(b′ > 0.75), low-velocity impacts produce massive disks, but they
contain too much iron to be viable lunar forming candidates.

Without pre-impact spin, disks containing enough mass to yield
the Moon are derived predominantly from the impactor’s mantle,
and there is a direct correlation between disk mass and the frac-

weakly bound orbit that re-impacts the planet after several days or more, and these
cases can require very long simulations. For example, the b′ = 0.75, v imp = 1.1vesc

case in Fig. 1 was simulated for 61 h in order to resolve the secondary collision of
the impactor.
tion of the disk originating from the impactor (Fig. 1c). Fig. 1d
shows the estimated satellite mass from Eq. (3) for the disk pro-
duced by each impact as a function of the final bound system an-
gular momentum, L F . Most cases that produce a lunar-mass satel-
lite also give planet–disk systems that contain too much angular
momentum, even given a generous estimate of 10% possible angu-
lar momentum loss over the Earth–Moon system’s history due to
solar interactions (Fig. 1d, solid and dotted lines). As the impactor
mass fraction (γ ) is varied, the orbiting mass increases with γ for
a given b′ and (v imp/vesc), and similar overall trends to those seen
in Fig. 1 result (see Appendix B; also Canup et al., 2001; Canup,
2004a, 2004b).

To date, the preferred lunar-forming candidate impacts have all
involved low-velocity collisions (v � 1.1vesc) with b′ ∼ 0.7 (or an
impact angle ξ ∼ 45◦), because these produce both an enhanced
yield of orbiting material and a reduced fraction of orbiting iron
(Canup and Asphaug, 2001; Canup, 2004a). To account for the
Earth’s mass and LEM then requires an impactor with 0.11 � γ �
0.14.

4.2. Pre-impact target and impactor spin with fixed impact velocity,
angle, and impactor mass

To isolate the effects of pre-impact spin, a successful case from
Canup (2004a) (“Earth 119”) is repeated with the addition of pre-
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Fig. 1. Results of simulations with γ = 0.13 and MT = 1.019M⊕ for varied scaled impact parameter, b′ , and impact speeds, v imp. All objects are non-spinning prior to
collision. Color scales with impact velocity, with purple, blue, green, yellow, orange and red points corresponding to (v imp/vesc) = 1,1.05,1.1,1.2,1.3, and 1.4, respectively.
Bold lines and arrows indicate successful regions of parameter space. (a) Orbiting mass in units of a lunar mass, ML , as a function of b′ . For (v imp/vesc) � 1.2 and b′ � 0.7,
most of the impactor escapes and little if any orbiting mass results. The dotted curve is an analytical prediction from Appendix B, Eq. (B.4). (b) Mass fraction of orbiting iron
vs b′ . (c) Disk mass in lunar masses vs the percentage of the disk mass originating from the impactor. (d) Predicted maximum satellite mass in lunar masses as a function of
the final bound system angular momentum, L F . Also plotted is the Earth–Moon system (black small squares and black line), with 1 � (L F /LEM) � 1.1 shown to account for
loss of angular momentum via solar interactions over the system’s history (see text). An impact that both produces MS � ML and is consistent with the current Earth–Moon
angular momentum would fall between the vertical dotted lines and above the solid black line.
impact rotation in either the target or impactor. The impactor mass
(γ = 0.13 with MT = 1.02M⊕), impact speed (v imp = vesc), and
impact angle (b′ = 0.73, ξ = 47◦) are held constant. The resulting
impacts have a wide variation in their total angular momentum
(with Limp ranging from 0.25LEM to 2.25LEM), so that many would
not be appropriate lunar-forming candidates.

I begin with pre-impact spin vectors that are aligned (“pro-
grade”) or anti-aligned (“retrograde”) with the angular momentum
vector of the collision. Figs. 2a and 2b show results of cases with
(Lcol · Lspin)/(LcolLspin) = ±1 as a function of Lspin = Iω, where ω is
the pre-impact angular velocity in the target or impactor and I is
the moment of inertia of either object (calculated assuming a gy-
ration constant equal to that of the Earth, with K = K⊕ = 0.335),
with Lspin > 0 (blue points) and Lspin < 0 (red points) correspond-
ing to the prograde and retrograde cases, respectively.

For a rotating target, I find relatively minor changes between
the cases with pre-impact spin (Figs. 2a and 2b, red and blue
squares) and the no-spin case (black square) until the target sur-
face velocity, vtar, reaches a significant fraction of the impact
speed (∼10 km/s). This occurs for cases with |Lspin|/LEM > 0.3,
which have pre-impact target spin periods of 11 h or less and
|vtar| > 1 km/s. The orbiting mass and angular momentum pro-
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Fig. 2. (a, b) Results of simulations involving the same impactor, target, impact angle, and speed, but with varied pre-impact spin states in the target (squares) or impactor
(triangles). Pre-impact targets (impactors) have rotational periods ranging from 3.4 to 30 h (5 to 15 h), and their pre-impact spin vectors are either aligned or anti-aligned
with the collision angular momentum vector. A pre-impact spin in the opposite sense of the impact has Lspin < 0 (a “retrograde” initial spin, indicated in red), while
a pre-impact spin in the same sense of the impact has Lspin > 0 (a “prograde” initial spin, shown in blue). Results from the reference simulation in Canup (2004a, Fig. 2)
with no pre-impact spin are shown by solid black squares. (a) Orbiting mass (filled symbols), escaping mass (open symbols), and mass of orbiting iron (black outlined filled
symbols) in units of a lunar mass, ML , shown as a function of the pre-impact spin angular momentum, Lspin , scaled to the angular momentum of the Earth–Moon system,
LEM. (b) Angular momentum in orbiting (filled symbols) and escaping (open symbols) material scaled to LEM shown as a function of (Lspin/LEM). Frames (c)–(e) show the
t = 1.3 h frame from the three simulations having (Lspin/LEM) = 0.5 (frame c), no pre-impact spin (frame d) and (Lspin/LEM) = −0.5 (frame e). In each case the collision was
in the counterclockwise sense. In frames (c)–(e), color represents the fate of the particle at the end of the simulation (blue = accreted by the protoearth, yellow = orbiting
in the disk, red = escapes from the protoearth), while distances are shown in units of 103 km.
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duced by each collision (Figs. 2a and 2b, filled squares) vary
approximately linearly with Lspin and vtar, with prograde (retro-
grade) cases yielding more (less) massive disks compared to the
no-spin case. The linear dependence on the target’s pre-impact
angular velocity reflects two processes as described below: (1)
momentum exchange between the target and impactor material
during the initial impact, and (2) an altered post-impact planet
spin rate.

In the hour or so following an oblique, low-velocity collision,
the impactor material that has grazed past the target initially
forms an elongated structure that is nearly in line with its orig-
inal trajectory. As this material undergoes Keplerian motion, it is
“wound up” into a structure coarsely resembling a trailing spiral
arm (e.g., Fig. 2c), and the gravitational torque across this struc-
ture allows the outer portions to gain angular momentum and
achieve orbit at the expense of the inner portions, which re-collide
with the Earth (e.g., Lynden-Bell and Kalnajs, 1972). In addition,
the distortion on the surface of the planet from the impact (e.g.,
Fig. 2c) rotates ahead of the impactor debris, acting akin to a
leading tidal bulge to provide a positive torque to the impactor
material.

Pre-impact spin in the target affects both processes. Figs. 2c–2e
show the same time step from the Lspin/LEM = 0.5 (prograde), the
no-spin, and the Lspin/LEM = −0.5 (retrograde) simulations. The
outermost portions of the impactor that are farthest from the im-
pact point are affected little by the target’s rotation; this material
comprises the outer portion of the spiral arm shown in Figs. 2c–2e,
which has a similar position in all three runs. However, impactor
material originally near the impact site interacts with the prograde
rotating target and is imparted a somewhat higher post-impact ve-
locity in the prograde case (Fig. 2c) compared to the no-spin case
(Fig. 2d). The direction of its post-impact trajectory is also altered,
with its velocity vector rotated in the direction of the target’s ro-
tation (counterclockwise for the prograde case). This material is
located in the inner-to-middle sections of the trailing arm seen in
Fig. 2c, and the change in its velocity due to the target’s prograde
spin cause it to “lead” the outer arm portions by an increased an-
gle relative to the no-spin case, yielding a somewhat more tightly
wound spiral and an increased torque on the outer arm mate-
rial. A pre-impact prograde target rotation also causes the planet
to have a somewhat higher post-impact rotation rate, so that the
impact-induced bulge on the planet’s surface (seen along the bot-
tom edge of the planet in Fig. 2c) rotates ahead of the impactor
material by a larger angle compared to the no-spin case, increas-
ing its torque as well. The net effect of a prograde target spin is
then both an increase in the orbiting mass and its characteristic
angular momentum. A pre-impact retrograde target spin has the
opposite effects, reducing the angle between the outer arm mate-
rial and both the inner arm material and the impact-induced bulge
on the planet’s surface (Fig. 2e).

Some fraction of the total colliding mass escapes even for
v imp = vesc. In this case, the escaping material originates pre-
dominantly from the most highly-shocked region at the initial
impact interface, with this material expanding upon pressure re-
lease to velocities exceeding v imp (e.g., Vickery and Melosh, 1987;
Canup, 2004a; Figs. 3e–3f). For a v imp = vesc impact, the escap-
ing mass is thus sensitive to the relative velocity between the
surfaces of contact of the impactor and the target, because this
affects the peak shock pressure. A pre-impact prograde spin in the
target reduces the relative velocity of the impactor and the tar-
get surfaces, leading to somewhat less highly shocked material and
therefore less escaping material, while a retrograde spin in the tar-
get has the opposite effect of increasing the relative velocity at
contact, leading to somewhat more escaping material (Figs. 2a–2b,
open squares). For collisions with v imp > vesc, escaping material
also originates from the outer portions of the spiral arm seen in
Figs. 2c–2e, and for such cases the amount of escaping material
would tend to increase with increasing prograde target spin, due
to effects described in the prior paragraph.

For this b′ ∼ 0.7 collision, the bulk of the impactor’s core re-
impacts the planet a few hours after the initial impact (Canup,
2004a; Fig. 2f), which removes the majority of the impactor’s iron
from orbit. A pre-impact retrograde target spin causes this core
material to have less angular momentum compared to the no-spin
case, so that the secondary collision of the iron core with the
planet occurs with a more direct, higher-energy impact, causing
somewhat more iron to be ejected outward from this secondary
collision into bound planetary orbit (Fig. 2a, red squares outlined
in black). Conversely, the prograde cases (blue squares outlined in
black) yield a more gentle and grazing collision of the impactor
core into the target and a somewhat lower percentage of iron in
orbit.

Rotation in the smaller impactor (Figs. 2a–2b, triangles) affects
the total angular momentum and therefore collisional outcomes to
a lesser degree than pre-impact spin in the target. For the γ = 0.13
case shown here, an impactor rotational period of 5 h or longer
changes the orbiting mass and angular momentum by ∼20% or
less. The most notable difference is that a prograde-rotating im-
pactor favors the production of a large intact moon, because this
spin state tends to counteract the shearing of impactor material
due to differential Kepler motion immediately following the ini-
tial impact. A similar effect is observed in Pluto–Charon forming
collisions (Canup, 2005). While other cases in Figs. 2a and 2b have
intact disk clumps containing up to ∼5 to 10% of a lunar mass, two
of the three cases involving a prograde impactor spin produced in-
tact, iron-free moonlets, containing 52 and 74% of a lunar mass and
formed nearly entirely from impactor-originating material.

Fig. 3 shows the effects of varying the direction of the target’s
pre-impact spin axis. With a collision angular momentum defined
along the positive z-axis (Fig. 3c), results of cases in which the
pre-impact spin axes of the target were aligned or anti-aligned
with the x (triangles), y (circles), and z (squares) axes are shown
for two target periods of 6.67 and 20 h. A target pre-impact spin
that is perpendicular to the collisional angular momentum vector
(triangles and circles) has only a modest effect on the final orbit-
ing mass and angular momentum compared to the no-spin case,
decreasing these quantities by 10% or less for pre-impact target
spin periods >6 h. For the cases in which Lspin of the target is or-
thogonal to Lcol = Lcol,z , the velocity of the impactor material in
the x direction after the initial impact is similar to the no-spin
case. The target’s spin imparts some motion in the z direction
to the material that has direct contact with the target, causing
a portion of the trailing arm of impactor material to be rotated
out of the x–y plane. Whether this rotation is in the positive or
the negative z direction, the net effect is to make the arm struc-
ture seen in Figs. 2c–2e somewhat more spatially dispersed so that
the torque is decreased. Similarly, rotation of the planet’s impact-
induced bulge out of the plane of the impact places it somewhat
farther away from the impactor material at the end of the arm
that is predominantly in the x–y place, decreasing its associated
torque on this material somewhat as well. However these effects
are minor compared to those in which the rotation of the planet
increases or decreases the velocity of the impactor material in the
same direction as the collision itself.

For the rest of the paper, I focus on cases where pre-impact
spins in the target are aligned or anti-aligned with the collision an-
gular momentum because other orientations produce both smaller
effects and intermediate outcomes.
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Fig. 3. Results of simulations involving the same impactor, target, impact angle and impact speed as in Fig. 2, but with varied pre-impact spin directions for two initial target
spin periods: 6.67 h (|Lspin|/LEM = 0.5) and 20 h (|Lspin|/LEM = 0.17). Shown are (a) disk mass in lunar masses and (b) disk angular momentum in units of LEM, both as
a function of |Lspin|/LEM. For all cases, the collisional angular momentum vector is in the direction of the positive z-axis, i.e., Lcol = Lcol ẑ as shown in (c). In (a) and (b)
the solid black square is the simulation without pre-impact spin, while the open and gray filled squares correspond to the prograde and retrograde cases from Figs. 2a and
2b that have pre-impact spin angular momenta vectors oriented in the positive and negative ẑ directions, respectively. The open and filled circles correspond to pre-impact
spin vectors in the positive and negative ŷ directions, while the open and filled triangles correspond to pre-impact spin vectors in the positive and negative x̂ directions,
respectively.
4.3. Pre-impact target rotation with fixed total impact angular
momentum

The next simulations explore how collisional outcome depends
on the partitioning of a fixed total angular momentum, Limp, be-
tween pre-impact spin in the target, the impact parameter, impact
velocity, and impactor mass.

4.3.1. Prograde target
For an impact speed comparable to the mutual escape velocity,

the loss of angular momentum in escaping material is minor, and
so a successful lunar-forming impact requires Limp ∼ LEM. Com-
pared to a successful case without pre-impact spin, the addition
of a prograde pre-impact spin in the target then requires a reduc-
tion in the scaled impact parameter, b′ , the scaled impact velocity,
(v imp/vesc), and/or the relative mass of the impactor, γ , in order
to maintain Limp ∼ LEM. For v imp > vesc, loss of collisional angu-
lar momentum in escaping material is more substantial and higher
angular momentum collisions can yield a final bound system with
L F ∼ LEM.

Fig. 4 shows results from 24 simulations that involve the
same impactor (γ = 0.13) as in Figs. 1–3, but with varied pre-
impact prograde target rotation, b′ , and (v imp/vesc) values; also
shown for comparison are 8 simulations without pre-impact spin
(Lspin/Limp = 0). For a fixed Limp (indicated by a given symbol
size) and γ , the disk mass typically decreases as a greater frac-
tion of the impact angular momentum is partitioned into target
spin, because this requires that b′ and/or (v imp/vesc) are decreased
(Fig. 4a). As in the non-spin cases, the disk mass generally in-
creases with impact parameter (Fig. 4b) and the iron mass fraction
for a given b′ increases as (v imp/vesc) increases (Fig. 4d). All disks
that contain a lunar mass or more are composed of more than 60%
impactor material (Fig. 4c). Fig. 4e shows that although impacts
with high impact speeds and high impact angular momenta (large
circles corresponding to Limp = 1.45LEM) can yield final systems
with L F ∼ LEM after accounting for the loss of angular momentum
in escaping material, their disks are either too small in mass or too
iron-rich to be Moon-forming candidates.

The successful cases (the four purple and blue points with
Md > ML in Fig. 4a) that produced both massive and iron-depleted
disks with M S � ML and MFe/Md < 0.1 had little or no pre-impact
rotation (with Lspin/Limp < 0.05, or a pre-impact target prograde
spin period of ∼55 h or longer), impact angles near 45◦ (with
0.65 < b′ < 0.75), low impact speeds with 1 �v imp/vesc � 1.05,
and produced disk masses ranging from 1.1 to 1.75ML .

Thus while adding a prograde target spin increases the yield
of orbiting material for a given impact configuration (Figs. 2a–2b),
when the total impact angular momentum is held constant adding
a prograde target spin generally decreases the orbiting mass, be-
cause it requires a compensating decrease in impact parameter. For
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Fig. 4. Results from simulations with γ = 0.13, MT = 1.02M⊕ , and a pre-impact prograde spin in the target. Color scales with impact velocity, with purple, blue, green, yellow,
orange and red points corresponding to (v imp/vesc) = 1,1.05,1.1,1.2,1.3 and 1.4, respectively, as in Fig. 1. Bold lines and arrows indicate successful regions of parameter
space. Shape size corresponds to total impact angular momentum, with small, medium and large circles corresponding to Limp/LEM = 1.1,1.3 and 1.45, respectively. (a) Disk
mass, Md , in units of a lunar mass, ML , as a function of the pre-impact spin angular momentum, Lspin , scaled to the impact angular momentum, Limp. (b) Disk mass in lunar
masses as a function of b′ . (c) (Md/ML ) vs the percentage of orbiting mass originating from the impactor. (d) Disk iron fraction vs b′ . (e) Predicted satellite mass (per Eq. (3))
in lunar masses as a function of the final bound system angular momentum, L F , scaled to LEM. Shown for comparison is the Earth–Moon system (black small squares and

black line).
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a given impactor mass, the enhancement in orbiting mass associ-
ated with a target’s prograde spin and its effects on the spatial dis-
tribution of post-impact impactor material is less important than
the reduction in orbiting mass caused by having a smaller impact
parameter (and therefore a smaller fraction of the impactor’s mass
grazing past the target).

The angular momentum contribution of a prograde rotating tar-
get however allows for low-velocity impacts by smaller impactors
to produce Limp ∼ LEM. Fig. 5 shows results of 19 simulations with
prograde target spin and smaller impactors with γ = 0.05 (trian-
gles) and 0.11 (circles). Successful cases with γ = 0.11 (three of the
purple circles having Md > ML in Fig. 5a) result for (v imp/vesc) =
1,0.7 � b′ � 0.75 and Lspin/Limp < 0.20 (or a pre-impact target
prograde spin period of ∼15 h or longer). Resulting disks with
Md > ML contain >75% impactor material by mass (Fig. 5c). The
successful smaller impactor cases provide a better match with the
Earth–Moon system angular momentum (Fig. 5e) than those in
Figs. 1 and 4 with γ = 0.13, but the γ = 0.11 disks are less mas-
sive, having 1.1 � Md/ML � 1.2. For γ = 0.05, disk masses are too
small across a wide range of b′ and (v imp/vesc). A rapidly pro-
grade rotating protoearth does not allow for substantially smaller
impactors to be viable Moon-forming candidates than those im-
plied by Eq. (1) and simulations without pre-impact spin.

4.3.2. Retrograde target
For a fixed impact angular momentum, a pre-impact retrograde

rotation in the target allows for more oblique impacts and/or larger
impactors, which are both associated with more massive disks.
Fig. 6 contains results of 28 simulations of impacts into retrograde-
rotating targets, all with γ = 0.13. The disk mass often increases as
the retrograde target spin is increased, because this allows for in-
creased b′ for a fixed total angular momentum (Fig. 6a). Overly
iron-rich disks are a common outcome when (v imp/vesc) > 1.1
and/or b′ � 0.75 (Fig. 6d). The three cases that produce both mas-
sive and iron-depleted disks have |Lspin|/Limp < 0.15 (or a pre-
impact target retrograde spin period >18 h), 0.65 � b′ � 0.75,
and v imp/vesc = 1. Disk masses for these successful cases ranged
from 1.1 to 1.6ML , and all disks having Md/ML > 1 are comprised
of >75% impactor material (Fig. 6c). These ranges are similar to
the successful non-spin and prograde target spin cases described
above. However, the successful retrograde target cases differ in
that they produce lower final angular momentum systems with
L F ∼ LEM (Fig. 6e).

Fig. 7 shows results of 20 simulations involving larger im-
pactors with γ = 0.15 (triangles), γ = 0.20 (circles), and γ = 0.30
(squares). Six produced successful outcomes, with these cases hav-
ing |Lspin|/Limp < 0.60 (or a pre-impact target retrograde spin pe-
riod of ∼4.1 h or longer), 0.65 � b′ � 0.75 and 1 � v imp/vesc �
1.05. As seen here and in the simulations in Figs. 1, 4 and 6, im-
pacts with v imp/vesc = 1.2 (yellow symbols) and b′ ≈ 0.6 can give
nearly successful results, but consistently produce disks that con-
tain insufficient mass and/or too much iron to yield the Moon.
The disk masses for the six successful cases ranged from 1.5 to
2.1ML , and are composed of >60% impactor material. In an ex-
treme case of γ = 0.3 and a target with a pre-impact spin period
of just 1.98 h, a disk with Md/ML > 1 and composed of only 45%
impactor material resulted (Fig. 7c). This was the only disk hav-
ing Md/ML > 1 produced by any of the simulations that contained
a majority of target-originating material, but it also produced an
overly iron-rich disk with MFe/Md = 0.19.

Thus larger impactors (γ ∼ 0.15 to 0.2) are plausible if the
protoearth had a substantial retrograde spin prior to the Moon-
forming impact. As with the successful simulations in Fig. 6, those
in Fig. 7 produce a closer agreement between L F and LEM than the
no-spin cases (Fig. 1). Oblique collisions by still larger impactors
with γ = 0.3 (Fig. 7, magenta points) require very rapid retrograde
pre-impact target rotation with periods less than 3 h to produce
final systems having Limp ∼ LEM, and these produced overly iron-
rich disks.

Note that because most pre-impact spin orientations would
have a reduced influence on impact outcome relative to the ex-
treme orientations simulated in Figs. 4 through 7, and given that
the potential parameter space is not evenly sampled, the number
of successful vs unsuccessful cases in Figs. 4–7 does not indicate
overall probability of a successful impact.

4.4. Properties of successful lunar-forming candidate impacts

Table 1 lists simulations involving pre-impact rotation with
(Lcol · Lspin)/(LcolLspin) = ±1 that produced iron-depleted disks,
predicted maximum satellites masses �ML , and final bound sys-
tems with L F � 1.2LEM. Most of the properties of these impacts
are similar to those of the successful cases without pre-impact
spin (Table 1 in Canup, 2004a). The successful cases with spin
display the same range of impact velocities (v imp/vesc < 1.1) and
a very similar range in impact parameter (0.65 � b′ � 0.75 vs
0.67 � b′ � 0.76 for the no-spin cases). The mass fraction of va-
por in the disk is somewhat higher on average in the retrograde
spin cases—expected because the relative velocity and thus impact
energy is enhanced by the sense of the target’s spin and because
the impactor can be larger—but the overall range of values for this
fraction (13 to 36%) for the simulations in Table 1 is similar to that
of the no-spin cases (10 to 30%; Canup, 2004a). The percentage of
the disk mass that originates from the impactor (62 to 90%) dis-
plays a slightly broader range than seen in the no-spin cases (73
to 89%).

The most significant differences occur for cases involving a pre-
impact retrograde rotation in the target, which allows for an in-
crease in the range of plausible impactor masses to include those
containing up to 20% of the Earth’s mass, and produces final
systems that on average show an improved agreement with the
Earth–Moon system angular momentum. Fig. 8 shows an example
of such a case (Run 87), which differs the most morphologically
from the simulations depicted in Canup (2004a). This is a rela-
tively extreme case of the collision of a 0.2M⊕ impactor with a
rapidly retrograde spinning target, whose pre-impact spin period is
just 4.1 h with a spin axis anti-aligned with the collisional angular
momentum. After the initial impact, the impactor gravitationally
re-coalesces into an intact form (Fig. 8d) that then undergoes a
secondary collision with the protoearth. The final disk contains 2.1
lunar masses and the planet–disk system has a final angular mo-
mentum of 1.1LEM. The majority of the disk mass (62%) originates
from the impactor (Fig. 8g), and most of the material in both the
target and impactor is heated by at least 3000 K relative to its ini-
tial temperatures (Fig. 8h).

Fig. 9 shows the simulation involving a pre-impact prograde ro-
tation in the target that produced the largest disk mass of any of
the prograde cases (Run 32). In this case, a γ = 0.13 impactor col-
lides with a target having an initial 56-h day with an impact speed
just exceeding the mutual escape velocity. The resulting disk con-
tains 1.28 lunar masses, with a final system angular momentum
of 1.08LEM. Compared to the larger impactor case shown in Fig. 8,
the degree of heating of the target and impactor during the impact
here is substantially reduced (Fig. 9h).

4.5. Implications for the pre-impact rotation state of the protoearth

Models of the evolution of the Earth–Moon–Sun system imply
a low initial terrestrial obliquity, with θ⊕ ∼ 7◦ to 15◦ (Goldreich,
1966; Touma and Wisdom, 1994), which in the context of the giant
impact model would reflect the orientation of the system angular
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Fig. 5. Results of simulations involving pre-impact prograde target spin in combination with smaller impactors (γ = 0.11, circles, and γ = 0.05, triangles). Color scales with
(v imp/vesc) as in Figs. 1 and 4, and symbol size varies with impact angular momentum, with small and medium circles corresponding to Limp/LEM = 1.1 and 1.3, and medium
triangles to Limp/LEM = 1.2. Frames (a) through (e) show the same quantities as in Fig. 4.
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Fig. 6. Results of simulations involving pre-impact retrograde target spins with γ = 0.13. Color scales with velocity as in Figs. 1, 4 and 5, with the addition of (v imp/vesc) = 1.5
points here (pink). Symbol size scales with impact angular momentum, with small, medium and large circles corresponding to Limp/LEM = 1.1,1.3 and 1.45, respectively.
Frames (a) through (e) show the same quantities as in Figs. 4 and 5.
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Fig. 7. Results of simulations involving pre-impact retrograde target spin in combination with larger impactors with γ = 0.15 (triangles), γ = 0.2 (circles) and γ = 0.3
(squares). Color scales with impact velocity as in Figs. 1 and 4–6. Small triangles have Limp/LEM = 1.1, medium circles have Limp/LEM = 1.2, and large symbols (triangles and
circles) have Limp/LEM = 1.45. In some cases data points are overlapping. Frames (a) through (e) show the same quantities as in Figs. 4 through 6.
momentum vector after the impact, i.e., Limp = Lcol + Lspin. Con-
sider a coordinate system (Fig. 10a) in which the positive z-axis
is defined by the desired direction of Limp, the x–z plane is that
which contains Lcol and Lspin, and the polar angles associated with
Lcol and Lspin are θc and θs , respectively. I define the positive x-axis
so that 0◦ � θs � 180◦ . Two simple relations apply:
Limp = |Lcol| cos θc + |Lspin| cos θs,

0 = |Lcol| sin θc + |Lspin| sin θs. (4)

The limiting “prograde” and “retrograde” cases discussed above
would correspond to θc = 0◦ and θs = 0◦ or 180◦ . Fig. 10b com-
pares results of all simulations with and without pre-impact spin



Lunar-forming impacts 531
Fig. 8. An N = 60,000 particle simulation of an extreme case of a large impactor containing 0.2M⊕ colliding with v imp = vesc into a rapidly retrograde rotating target with
a pre-impact spin period of 4 h (Run 87 in Table 1). Panels (a) through (f) show time steps viewed from above, with color scaling as temperature in degrees Kelvin and red
particles having T > 6500 K. The final disk in (f) contains 2.1 lunar masses. (g) Mapping of particle final states (blue = in the planet, red = escaping, yellow = in the disk)
onto the original figures of the target and impactor. (h) The difference between the peak temperature experienced by each particle and its initial temperature, mapped onto
the figures of the target and impactor; red particles have �T > 10,000 K.
in the protoearth that produced iron-depleted disks. The most fa-
vorable spin state is the retrograde, θs = 180◦ case (black circles),
with a wide range in rotation rates with this orientation yield-
ing massive disks and LEM � L F � 1.1LEM. Most of the prograde,
θs = 0◦ cases (gray circles) are unsuccessful, because they typically
require smaller impactors and/or smaller impact parameters that
yield less massive disks.

Intermediate values of θs that would also be favorable to form-
ing the Moon can be estimated as a function of |Lspin| in the
pre-impact protoearth. Accounting for angular momentum loss in
escaping material and later interactions with the Sun, a match
with the Earth–Moon system requires |Limp| ∼ 1.1 to 1.25LEM.
Given |Limp| and |Lspin|, allowable values for |Lcol| and θc can
be solved for as a function of θs from Eq. (4). Fig. 10c shows
|Lcol| as a function of θs for three values of |Lspin|, assuming
|Limp| = 1.2LEM. Simulations with or without pre-impact spin find
that |Lcol| > 1.06LEM is required to produce a sufficiently massive
protolunar disk, with most of the successful cases here (Table 1)
and in Canup (2004a) having |Lcol| > 1.2LEM. The gray horizon-
tal line in Fig. 10c shows |Lcol| = 1.06LEM. For a slow pre-impact
rotation in the protoearth (e.g., the |Lspin| = 0.1LEM short-dashed
curve, corresponding to about a 40-h pre-impact terrestrial day
prior to the lunar forming impact), any orientation for θs can
be consistent with |Lcol| > 1.06LEM and a potentially successful
impact. However for a rapid pre-impact spin in the protoearth,
θs must be substantial in order to allow for a sufficiently large
value for |Lcol|. For example, for 0.5 � |Lspin|/LEM � 1.0 (solid and
long-dashed curves, corresponding to an approximately 4- to 8-h
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Fig. 8. (continued)
pre-impact terrestrial day), θs � 60◦ is required. In order for the
orientation of Limp to be consistent with a post-impact obliquity
for the Earth of θ⊕ � 15◦ , a minimum pre-impact terrestrial obliq-
uity ∼45◦ is then implied. Still larger pre-impact obliquities would
yield more favorable outcomes, as they allow for higher values for
|Lcol| (Fig. 10c). Terrestrial accretion simulations (e.g., Agnor et al.,
1999) predict an isotropic spin-axis distribution, and in this case
obliquities near 90◦ are the most common.

5. Summary and discussion

Prior works consider non-rotating targets and impactors, as-
suming that the lunar-forming impact delivered the entire angular
momentum of the Earth–Moon system. In this case, a range of suc-
cessful candidate impacts has been identified that produces favor-
able conditions for forming the Moon (Canup and Asphaug, 2001;
Canup, 2004a, 2004b). However, planet formation models suggest
that the protoearth and impactor were likely rotating rapidly dur-
ing the late stages of their growth. This work has explored the
effects of pre-impact rotation on lunar forming impacts, in partic-
ular to determine whether this can allow for less restrictive impact
scenarios than those identified previously.

An exhaustive parameter space search of giant impacts involv-
ing pre-impact spins in the target and/or the impactor would be
computationally prohibitive. As such I have focused on the lim-
iting cases that I find have the greatest influence on impact out-
come: a prograde or retrograde spin in the target that is aligned or
anti-aligned with the collisional angular momentum vector. A pre-
impact spin in the target that lacks a component parallel to the
collisional angular momentum vector has much smaller effects on
impact outcome, and resembles the non-spin cases. Rotation in the
impactor is also less important, with impactor spin periods of 5 h
or more altering the disk mass and angular momentum by less
than 20% for a roughly Mars-sized impactor.

I define a “successful” impact as one in which the disk mass
and angular momentum is sufficient to produce the Moon outside
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Fig. 9. An N = 122,000 particle simulation of an impactor with mass 0.13M⊕ colliding with v imp = 1.05vesc into a prograde rotating target with a pre-impact spin period
of 56 h (Run 53p in Table 1). Panels (a) through (f) show time steps viewed from above, with color scaling as temperature in degrees Kelvin and red particles having
T > 6500 K. The final disk in (f) comprises 1.28 lunar masses, with the largest clump represented by 450 SPH particles containing 0.16ML . (g) Mapping of particle final
states (blue = in the planet, red = escaping, yellow = in the disk) onto the original figures of the target and impactor. (h) The difference between the peak temperature
experienced by each particle during the impact and its initial temperature, mapped onto the figures of the target and impactor; red particles have �T > 10,000 K.
the Earth’s Roche limit, the disk iron mass fraction is 10% or less,
and the final system angular momentum is �1.2LEM. Comparing
successful cases with and without pre-impact spin, the key differ-
ences occur for cases involving a pre-impact retrograde rotation in
the target, because these allow for larger impactors (up to γ = 0.2
vs 0.11 < γ < 0.15 for the no-spin cases) and provide improved
agreement between the final system angular momenta and that of
the current Earth–Moon system.

Overall however, the properties of successful impacts with and
without pre-impact rotation are remarkably similar. In this work I
consider a relatively wide range in impact speeds, angles, and im-
pactor masses, and the resulting collisions produce a correspond-
ingly broad range of final planet–disk systems (e.g., Figs. 4–7).
But a successful lunar-forming impact—with or without pre-impact
spin—consistently requires a low-velocity collision with an im-
pact speed within 10% of the Earth’s escape velocity, and an im-
pact angle between about 40 and 50 degrees. Resulting protol-
unar disks contain up to about 2 lunar masses, are composed
initially of melt together with ∼10 to 30% vapor by mass, and
are derived primarily (∼60 to 90%) from material originating in
the impactor’s mantle. An impactor origin of the majority of pro-
tolunar material thus continues to be a universal prediction of
all successful impact simulations, and must ultimately be recon-
ciled with the identical O-isotope compositions of the Earth and
Moon.

What limits can be placed on the rotational state of the pro-
toearth prior to a Moon-forming giant impact? If the protoearth
was rotating slowly, any pre-impact orientation of its spin axis can
be consistent with a successful Moon-forming impact. However, if
the protoearth was rotating rapidly before the giant impact, the re-
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Fig. 9. (continued)
sults here imply that its obliquity must have been substantial. Cre-
ating a disk massive enough to produce the Moon requires that the
angular momentum in the collision itself must be comparable to or
somewhat larger than LEM. For agreement with the current Earth–
Moon, the impact needs to leave the system with a total angular
momentum <1.1LEM, together with a relatively small, ∼7◦ to 15◦
obliquity. The most problematic pre-impact state is a low obliq-
uity, rapid prograde rotation in the protoearth. This state requires
a smaller impactor and/or a less oblique impact to reproduce the
Earth’s obliquity and the Earth–Moon system angular momentum,
and these conditions produce disks that are not massive enough
to yield the Moon. In contrast, a rapidly rotating protoearth with a
large or even retrograde pre-giant impact obliquity provides favor-
able conditions for producing the Moon.
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Appendix A. Effect of numerical resolution on impact outcome

A critical issue in the reliability of SPH results is numerical
resolution. As an interpolative method, SPH requires many over-
lapping particles for accuracy, and SPH cannot resolve effects that
occur on size scales comparable to or smaller than the character-
istic particle smoothing length. For impacts like those here, whose
outcomes are determined primarily by gravitational interactions,
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Fig. 10. (a) Angular momentum vectors associated with pre-impact spin (Lspin), the collision (Lcol), and the total angular momentum after the impact (Limp), where
Limp = Lcol + Lspin , and Limp defines the direction of the positive z-axis (see text for details). (b) Results of impact simulations that all produced iron-depleted disks having
MFe/Md � 0.1. Black circles correspond to impacts into a retrograde rotating protoearth (with θc = 0◦ and θs = 180◦), open circles are cases without pre-impact spin (from
Canup, 2004a), and gray circles are impacts into a prograde rotating protoearth (with θc = θs = 0◦). Symbol size scales with impactor size (small, γ = 0.11; medium, γ = 0.13;
large, γ = 0.15; extra-large, γ = 0.20). Plotted is the disk mass in lunar masses vs the final angular momentum of the bound planet–disk system, LF , in units of LEM. (c) Al-
lowable values for |Lcol|/LEM are shown as a function of θs for |Lspin|/LEM = 0.1 (short-dashed curve), 0.5 (long-dashed curve) and 1.0 (solid curve). The horizontal gray line
is |Lcol|/LEM = 1.06, the minimum value necessary for a successful lunar-forming collision based on simulations here and in Canup (2004a).
convergence of the results requires adequate resolution of the spa-
tial distribution of impactor material after the initial impact, as
well as the distorted figure of the post-impact protoearth. Vapor-
ization must also be correctly modeled to account for pressure
gradients and their effects on orbital emplacement, although in
simulations to date vaporization processes appear less important
effect than gravitational torques in determining overall impact out-
comes (e.g., Canup, 2004a, 2004b).

Fig. A1 shows results of simulations at four resolutions (N = 3×
104, 6 × 104, 1.2 × 105, and 2.3 × 105) of the collision “Earth 119”
(shown in Fig. 2 of Canup, 2004a), with γ = 0.13, MT = 1.019M⊕ ,
b′ = 0.73, and v imp = vesc. Each simulation was continued until the
outer clump of impactor material re-collides with the protoearth in
a grazing impact and then shears out into the disk (as occurs be-
tween Figs. 2i through 2k in Canup, 2004a). The disk mass, disk
angular momentum, mass of disk vapor, and mass of disk iron
computed at this point show no systematic variation with increas-
ing resolution for N � 60,000. Similar insensitivities were found in
Canup (2004a, Fig. 8) for 20,000 � N � 120,000.
Appendix B. Analytical approximation for mass placed in orbit as
a function of b′ and γ

The fraction of the colliding mass placed into orbit about the
primary for low-velocity, gravity-regime impacts increases with
impact parameter, b′ , and is derived predominantly from impactor
material that grazes past the target during the initial impact (e.g.,
Figs. 3c–3d in Canup, 2004a; Figs. 8g and 9g here). Immediately
post-impact, this portion of the impactor forms an elongated bar
of debris, which through Keplerian rotation winds up into a trailing
arm relative to the rotational sense of the impact. The self-gravity
of this configuration leads to a net transfer of angular momentum
from inner, leading material to the trailing, outermost material,
with the latter overwhelmingly supplying the orbiting disk (e.g.,
Figs. 2c–2e). In addition, the distortion on the target’s surface due
to the shock wave from the impact typically rotates ahead of the
ejected debris, also providing a positive torque. While the details of
these processes vary considerably from case to case, the observed
consistency in the overall trends relating the final disk mass to b′
and γ motivate the development of an analytical approximation.
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The gravitational torque associated with a trailing spiral wave is
proportional to the square of its surface density (e.g., Lynden-Bell

Fig. A1. Results of a lunar-forming impact simulation shown as a function of the to-
tal number of SPH particles. Circles, upside down triangles, and squares indicate the
disk mass, the mass of vapor in the disk, and the mass of orbiting iron, respectively,
all in units of a lunar mass. The triangles connected by the solid line indicate the
disk angular momentum in units of the angular momentum of the current Earth—
Moon system, LEM.
and Kalnajs, 1972). To the extent that a similar torque is respon-
sible for the emplacement of mass into orbit, one would expect
the orbiting mass to vary as the square of the mass within the
post-impact arm of debris, which in turn would be approximately
proportional to the square of the mass of the impactor that avoids
direct collision with the target. Here I calculate this mass as a
function of b′ and γ , and use this relation to derive an approxi-
mate expression for the orbiting mass produced by a low-velocity
oblique impact.

Consider an impact occurring along the x-axis (Fig. B1a). The
scaled impact parameter b′ defines the distance Y ′ between the
centers of the impactor and target, with Y ′ ≡ b′(Rtar + Ri), where
Rtar and Ri are the target and impactor radii. I first consider cir-
cular “slices” through the impactor of thickness dx and radius ri

(Fig. B1a), calculating for each slice the area that overlaps with the
target as a function of b′ and Rtar. Summing over these areas as
the entirety of the impactor moves past the target gives the vol-
ume of the impactor that collides with the target, which is then
used to determine the mass of the impactor that avoids direct col-
lision. For simplicity, the calculation assumes v = vx (and that the
impactor maintains this velocity direction as it shears through the
target), and that the impactor and target are spherical (i.e., distor-
tion due to either tidal interaction or the collision itself is ignored).

Fig. B1b shows a circular slice of the impactor of radius ri in
the z–y frame. It is helpful to perform a coordinate transform
into the z̃–y frame (Fig. B1b), where the z̃-axis is shifted below
the z-axis by a distance y1 = ri cos θ0, where θ0 = cos−1[(Y ′ 2 +
r2 − R2

tar)/2Y ′ri], and y1 + y2 = Y ′ . The area of overlap—the “lens”
i
Fig. B1. Schematics for the calculation of the fraction of the impactor’s mass that collides with vs misses the target during a collision. See text for details.
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Fig. B2. (a) Mass of impactor that avoids direct collision with the target, Mpass , scaled to the total colliding mass MT , as a function of γ (colored lines, γ -values shown
in legend) and b′ . (b) Curves estimating the orbiting mass in lunar masses produced by a collision with Eq. (3) for three γ values (γ = 0.1,0.15 and 0.3) with MT ≈ M⊕ .
Results from SPH simulations with v imp ∼ vesc and no pre-impact spin are shown as squares (from Canup, 2004a and this work).
between the thick solid curves in Fig. B1c—can be computed geo-
metrically. The upper half of the lens has an area

Au(ri) = 2

[
π R2

tar

(
θ1

2π

)
− 1

2
(Rtar cos θ1)(Rtar sin θ1)

]
, (B.1)

and similarly the lower half has an area

Al(ri) = 2

[
πr2

i

(
θ0

2π

)
− 1

2
(ri cos θ0)(ri sin θ0)

]
, (B.2)

so that the total overlapping area is

A(ri) = Au(ri) + Al(ri) = R2
tarθ1 + r2

i θ2 − Y ′ri sin θ0, (B.3)

where the relation r2
i = R2

tar + Y ′ 2 − 2RtarY ′ cos θ1 has been used.
Equation (B.3) is then integrated numerically with ri = Ri sin φ, as
φ is varied from 0 to π , to give the total impactor volume that
collides with the target, V T (b′, Rtar, Ri).

To estimate the colliding mass for a differentiated impactor, the
above calculation is repeated for Ri = Rcore, where Rcore ≈ 0.5Ri
(for a 30% iron, 70% dunite object) is the impactor core radius,
which gives the volume of the impactor’s core that directly col-
lides with the target, V Fe. The colliding volume of impactor mantle
is then V Si = V T − V Fe, so that the mass of the impactor that col-
lides with the target is Mhit = ρFe V Fe + ρSi V Si, and the impactor
mass that misses the target is Mpass = Mi − Mhit. Fig. B2a shows
predicted values for (Mpass/MT ) as a function of b′ for several val-
ues of γ ≡ Mi/MT . As the scaled impact parameter b′ approaches
zero (a head-on impact), the entire impactor collides with the tar-
get and (Mpass/MT ) → 0, while as b′ → 1, the impactor completely
grazes the target and (Mpass/MT ) → γ .

Fig. B2b shows results of impact simulations with low velocities
(v imp < 1.1vesc) without pre-impact spin. The orbiting mass can be
approximated as

Morb

MT
∼ Cγ

(
Mpass

MT

)2

, (B.4)

where (Mpass/MT ) is given in Fig. B2a, and Cγ ∼ 2.8(0.1/γ )1.25,
where Cγ has been determined empirically from the SPH data
and reflects that a larger fraction of (Mpass/MT ) is placed in or-
bit as γ is decreased. For a fixed value of (Mpass/MT ), a smaller
γ collision is more grazing (e.g., Fig. B2a) and the outermost por-
tions of the impactor that miss the target are at a greater distance
from the surface of the target, so that they are decelerated less
during the initial impact than in a larger γ collision having the
same (Mpass/MT ). Equation (B.4) is valid to better than a factor of
2 for collisions involving terrestrial composition objects with 0.4
� b′ � 0.7 and 1 � (v imp/vesc) � 1.4, and for 0.4 � b′ � 0.8 for
low impact velocities (1 � (v imp/vesc) � 1.1).
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